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Editorial on the Research Topic

Editorial: Cancer Therapy: The Challenge of Handling a Double-Edged

Sword

Cancer is a worldwide public health priority with a high socioeconomic burden.

Unfortunately, cancer treatments often lead to side effects and impairments, greatly feared

by patients and clinicians, which need to be identified, properly managed, and prevented.

However, this is often not achieved, thus reducing the patient’s quality of life (QoL) and

survivorship. As a follow-up to our previous Frontiers Research Topic (FRT) (Nurgali

et al., 2018), this new FRT deals with the knowledge gaps about the side effects of anti-

cancer therapy, as well as the strategies aimed at improving QoL during and after cancer

treatment.

Chemotherapy-induced neurotoxicity is an important problem that may be long-

lasting, often irreversible, and may severely affect the QoL of cancer survivors. As shown

by Was et al. (2022) in their review, platinum-based agents, taxanes, vinca alkaloids,

proteasome inhibitors, thalidomide analogs and other chemotherapeutic drugs may cause

neurotoxic effects in both the peripheral and central nervous systems, including

neuropathic pain, chemobrain, enteric neuropathy, as well as nausea and emesis.

Direct neurotoxicity is considerable on peripheral nerves (including the enteric

nervous system) and the area postrema (which is not protected by the blood-brain

barrier) but is more limited to a few lipid-soluble drugs in the central nervous system.
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However, indirect mechanisms, mainly due to inflammatory

reactions, are increasingly recognized to contribute to

chemotherapy-induced neurotoxicity, including the central

nervous system toxicity that causes cognitive impairment

known as “chemobrain” or “chemofog”. Cannabinoids, due to

their demonstrated neuroprotective role in other cognitive-

related neuropathologies, were suggested as a potential

therapeutic tool against chemotherapy-induced cognitive side

effects (Boullon et al., 2021).

Peripheral neuropathy is a disabling side effect with few

effective preventive strategies. Leen et al. (2022) performed a

systematic review and meta-analysis, which focused on the

effectiveness of neuroprotectants for paclitaxel-induced

peripheral neuropathy. Interestingly, non-pharmacological

interventions (mainly cryotherapy, compression therapy, and

massage therapy) seemed to be more effective than

pharmacological interventions (gabapentin, omega-3 fatty

acids, vitamin E and N-acetylcysteine) in the 14 controlled

trials that were eligible for the study. However, the results

may be biased by the small sample size, methodological

heterogeneity, inconsistencies in reporting across the studies,

and evidence considered low to moderate.

Kerckhove et al. (2021), using cluster analysis, showed that

oxaliplatin-treated colorectal cancer patients might be

subclassified according to the severity of peripheral

neuropathy and the proportion of neuropathic pain. Similarly,

Selvy et al. showed that bortezomib (a proteasome inhibitor)

induced sensory peripheral neuropathy in approximately 25% of

the studied multiple myeloma patients, which was associated

with considerable psychological distress (anxiety, depression,

insomnia) and decreased QoL. Remarkably, in both studies,

duloxetine, the only treatment recommended by the American

Society of Clinical Oncology for chemotherapy-induced

peripheral neuropathy, was not used, leading to suboptimal

management of patients. Thus, more personalized and

effective management, in line with the current guidelines, is

needed.

Immune checkpoint inhibitors (ICI) are among the newest

therapies against cancer and are generally considered safer for

patients than conventional chemotherapy. However, they may

induce relevant immune-related adverse events (IRAEs), of

which dermatologic adverse events, particularly pruritus and

rash, are the most common and worrying, since they may lead

to drug withdrawal and decreased QoL. From an analysis of

50 randomized clinical trials, Ge et al. found that Programmed

cell death protein 1 (PD-1)/Programmed cell death-ligand 1

(PD-L1) inhibitors displayed a better safety profile than

Cytotoxic T lymphocyte associate protein 4 (CTLA-4)

inhibitors, in both monotherapy and combined

immunotherapy regimens. Furthermore, the addition of

chemotherapy did not seem to increase skin toxicity. Despite

some heterogeneity of the studies included in this systematic

review and meta-analysis, the results obtained seem to be robust

and highlight the need to study ICI-induced dermatologic

adverse events more deeply to improve the management of

patients receiving such treatments.

It has been shown that therapeutic outcomes are better in

patients that develop skin issues during ICI therapy. However,

this is not true for every patient. Li et al. reported the case of a

patient with cervical cancer who developed a severe bullous skin

reaction after treatment with anti-PD-1 monoclonal antibodies

(sintilimab and toripalimab), eventually leading to death,

probably associated with infection and sepsis (Li et al.). Skin

toxicity may also be induced by other cancer treatments. Shu and

Zheng reported the case of a patient with metastatic colorectal

cancer who developed severe rashes after 2 weeks of treatment

with fruquintinib, a highly selective inhibitor of vascular

endothelial growth factor receptor.

Gastrointestinal and cardiovascular toxicities are common

side effects of anti-cancer treatment. For the gastrointestinal side

effects, the mechanisms of nausea and emesis were examined

from a central and peripheral perspective in the context of cancer

treatment with platinum-based therapy (Was et al., 2022). The

contribution of G protein-coupled receptor (GPCR) downstream

signaling in general emetic circuitry was introduced with

emphasis on the role of phospholipase C (PLC) underpinning

the emetic action of a broad range of chemotherapeutics,

including those activating 5-HT3, tachykinin NK1, dopamine

D2/3 receptors, which are well-known targets for established anti-

emetic drugs. The PLC inhibitor, U73122, had broad inhibitory

action against these challenges. Notwithstanding these important

observations, the emetic action of a PLC activator, m-3M3FSB,

was antagonized by palonosetron and netupitant, highlighting

the complexity of GPCR (and ligand-gated ion channel

receptors) in the emetic reflex (Zhong & Darmani, 2021).

Inhibiting PLC in brain areas/tissues outside the emetic reflex

may be expected to result in a wide range of side effects and

problems for the cancer patient as GPCRs that are coupled to

PLC are important to a number of physiological systems.

However, as palonosetron and netupitant both did not

completely protect against m-3M3FSB, it may mean there is

an unidentified GPCR coupled to PLC that exists distal to 5-HT3

and NK1 receptors in the emetic reflex, which may represent a

new key target for anti-emetic drug development.

The emetic action of cisplatin in the periphery was shown to

be more complex than first understood, with regional differences

in gastrointestinal acute toxicity being revealed using

extracellular recording techniques. The discovery that cisplatin

could disrupt slow waves in a tissue-specific manner is a new

finding that could be relevant to nausea and emesis, reduced

appetite, and changes in gastrointestinal motility. How cisplatin

induces changes at the cellular level is presently not fully

understood but it may be related to the cell types and/or their

density in each region (Tu et al., 2021). Could the understanding

of the regional mechanisms of cisplatin-induced slow wave

dysrhythmia also lead to a new range of therapeutics to
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reduce side effects? Certainly, cisplatin caused changes in gastric

slow wave rhythm during the acute and delayed phases of emesis,

respiratory changes, mild hypothermia, and reduced blood

pressure, indicating the extent of toxicity involving multiple

systems (Tu et al., 2021).

ICIs have modernized cancer chemotherapy, with a notably

lower potential to cause nausea and emesis, but the potential to

cause exaggerated IRAEs, particularly in the gastrointestinal

system should not be overlooked. Colitis, hepatobiliary and

pancreatic disorders can present when using PD-1 (e.g.

pembrolizumab, nivolumab) and PD-L1 (e.g. avelumab)

inhibitors and CTLA-4 ligands (e.g. ipilimumab). Whilst the

incidence of adverse effects may be considered low (1–30%,

depending on the agent and organ system), the impact is a

rapid deterioration of function and increased risk of mortality

(Bai X et al., 2021). Understanding the risk factors with each

compound class is necessary to minimize these risks, particularly

considering the increasing trend towards polytherapy.

Chemotherapy-induced cardiotoxicity was also reviewed

from the perspective of cardiac function (ejection volume,

blood pressure) and endothelial toxicity in preclinical and

clinical studies. Cisplatin is known to have cardiotoxic

properties relating to alterations of autonomic output and

direct organ action (Tu et al., 2021). Vincristine is able to

cause dysfunction of the aorta, mesenteric vascular smooth

muscle, and endothelial health, through inducing the

expression of tumor necrosis factor-α and inducible forms of

nitric oxide synthase; these effects were not permanent and

would recover back to normal after treatment cessation

Herradon et al. Trastuzumab, an antibody targeting human

epidermal growth factor receptor 2 (HER2) used in the

treatment of breast cancer, increases the risk of cardiovascular

disease and death from cardiovascular disease. A meta-analysis

approach was used to investigate if common cardiovascular

medications including angiotensin receptor blockers,

angiotensin-converting enzyme inhibitors, and beta-blockers

may have protective effects. However, none of the treatments

were effective (Li et al., 2021a). This may be because the

mechanism and role of HER2 are intracellular and involved in

oxidative stress in cardiomyocytes, which is not impacted by

medications that protect against events via modulation of blood

pressure. Atezolizumab (a PD-1 antibody) and bevacizumab (an

endothelial growth factor antibody targeting angiogenesis) cause

hypertension when used alone and in combination for cancer

treatment. The significance of the impact of hypertension was

placed into perspective when considering the advantages of

combining atezolizumab and bevacizumab for cancer

treatment (Jiang et al., 2021).

Pneumonitis is an uncommon but very serious side effect of

chemo and immunotherapy often resulting in significant clinical

deterioration, acute respiratory failure accounting for a high

percentage of fatalities, and pulmonary fibrosis resulting in

chronic respiratory failure. In most cases, treatment-induced

pneumonitis occurs within days, weeks, or months following

the start of anti-cancer treatment. Rapoport et al. (2021) report

that treatment with PD-1 and PD-L1 inhibitors increases the risk

of pneumonitis five to six fold compared to cytotoxic

chemotherapy. The onset of immunotherapy-induced

pneumonitis, indicated by dyspnea, dry cough, low-grade

fever, and chest pain, varies widely from 1.9 to 24 months

(median 2.8 months). Clinical cases of interstitial pneumonitis

associated with the epidermal growth factor receptor tyrosine

kinase inhibitor, afatinib, in patients with advanced non-small

cell lung cancer and with taxane-based chemotherapy (paclitaxel)

in breast cancer patients have been analyzed by Liu et al. and

(Ardolino et al., 2021). The authors concluded that patients

presenting with a fever, dyspnea, and shortness of breath

should be assessed early for drug-induced interstitial

pneumonitis. Thoracic imaging and bronchoscopy should be

performed to exclude an atypical infection. High doses of

glucocorticoid therapy initiated promptly when drug-induced

interstitial pneumonitis is suspected, can increase patients’

survival rate.

Chemotherapy-induced myelosuppression is another

common adverse effect of anti-cancer treatment. It manifests

as reduced counts of white blood cells due to the inhibition of

their differentiation from bone marrow hematopoietic stem cells

(BMHSCs). Current drugs promoting the recovery of BMHSC

functions, such as erythropoietin and thrombopoietin, are

expensive, while a recombinant colony-stimulating factor can

potentially stimulate tumor cell proliferation. Gu et al., (2021)

tested the anti-myelosuppressive efficacy of the main bioactive

components of traditional Chinese medicine Shuanghuang

Shengbai granule in a mouse model of cyclophosphamide

(CTX)-treated lung adenocarcinoma. The study demonstrated

that these bioactive components improve the hematopoietic

function of BMHSCs via upregulation of high mobility group

box 1 protein through inhibition of miR-142-3p, which alleviates

CTX-induced cell injury and myelosuppression in this model.

As mentioned above, immunotherapy is one of the most

promising emerging anti-cancer therapies. However,

immunotherapies may cause several adverse effects, including

the so-called hyperprogressive disease (HPD) associated with the

accelerated proliferation of cancer cells, the rapid progression of

the disease, and a poor prognosis for the patient. Shen et al.

focused in their comprehensive review on defining HPD

characteristics and prognostic biomarkers, potential HPD

mechanisms, and avoidance strategies after ICI treatment.

Another less obvious side effect of the therapy might be

cancer relapse and the acquisition of resistance to further

treatment. Olszewska et al. (2021) suggested that cellular

senescence/senescence escape may be one of the mechanisms

of this phenomenon. Authors showed that hypoxia, which is a

common feature in tumors, may enhance the escape of cancer

cells from therapy-induced senescence. This resistance can be

overcome by co-administration of the antimalarial, analgesic,
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anti-inflammatory, and autophagy-inhibiting agent,

hydroxychloroquine. These results could be implemented in

patients, although verification in preclinical models and long-

term perspective is required.

Long-term adverse effects of chemotherapy, including

secondary malignant neoplasms, heart, liver, bone toxicity,

impaired vision, obesity, impact on fertility, and

neurocognitive impairments have been evaluated in survivors

of pediatric acute lymphoblastic leukemia (Al-Mahayri et al.,

2021). Several genetic factors increasing the risk of long-term

toxicity were identified. Some pharmacogenetic biomarkers were

found to be associated with a high risk of steroid sensitivity.

Identification of these biomarkers opens avenues for the

recognition of patients at a higher risk and the development

of mitigation strategies to prevent these long-term sequelae of

chemotherapy.

The nutritional status of elderly patients undergoing

chemotherapy has a strong impact on the adverse effects of

chemotherapy and patients’ survival outcome. A study

conducted by Chang et al. of docetaxel-treated metastatic

castration-resistant prostate cancer patients revealed that poor

nutrition is associated with a higher incidence of febrile

neutropenia, nausea, vomiting, liver toxicity, cardiovascular

events, and reduced survival. Therefore, the geriatric

nutritional risk index, which evaluates serum albumin levels

and the ratio of actual and ideal body weights, could be used

as a simple and valuable tool in making the choice and the doses

of chemotherapy.

New drugs or combinations of existing drugs are

continuously designed, re-designed, and tested to increase

their effectiveness and reduce adverse effects for patients. Bai

Y et al. (2021) expanded their previous in vitro studies with the

novel anti-cancer agent oxovanadium complex VO(hntdtsc)

(NPIP) in an animal model. They showed that VO(hntdtsc)

(NPIP) blocked the tumor growth and induced apoptosis of

human cervical cancer cells in mice xenograft models. Of

importance, it seemed to be less toxic than cisplatin. Tayarani-

Najaran et al. in their comprehensive review described recent

studies on the anticancer effects of Auraptene, a bioactive

monoterpene coumarin isolated from Citrus aurantium and

Aegle marmelos that belong to the Rutaceae family. Auraptene

showed inhibitory and chemo-preventive effects in several

cancer cell lines in vitro and in animal models. It also has anti-

bacterial and anti-fungal activities and an excellent safety

profile making it worthy for consideration in clinical trials.

Wang et al. (2021) performed an analysis of 3 open-label

randomized phase 2/3 clinical trials with a total of

1,108 previously untreated advanced soft tissue sarcoma

patients. The aim of the study was to compare

monotherapy with doxorubicin/adriamycin (ADM) alone to

ADM combined with ifosfamide (AI). Analysis of parameters

such as overall survival (OS), progression-free survival (PFS),

and objective response rate did not show a statistically

significant advantage of AI combination therapy over ADM

monotherapy. Both therapies were also comparable in terms

of adverse effects, as shown by discontinuation rate and toxic

death. Liang et al., (2021) conducted retrospective studies on

225 patients with advanced hepatocellular carcinoma. Patients were

subjected to hepatic arterial infusion chemotherapy (HAIC) using the

classical chemotherapeutics combination FOLFOX (oxaliplatin, 5-

fluorouracil, and leucovorin) alone or the same HAIC plus tyrosine

kinase inhibitor, sorafenib. HAIC plus sorafenib significantly

improved OS, PFS, and disease control rates compared with HAIC

alone, although the frequencies of some adverse effects were higher in

the HAIC plus sorafenib group than in the HAIC alone group.

Therefore, a large-sample, prospective, randomized controlled trial is

needed to verify these promising results. Chen et al. performed a

detailed analysis of 463 clinical trialswith 132 drugs for prostate cancer

(PC) completed over the years 2010–2020. In recent years, long-acting

hormone therapy, radiotherapy combined with ICIs, and gene-

targeting chemotherapeutic agents have revolutionized the concept

of PC treatment, prolonging patients’ lives and improving their QoL.

The authors noted that only 31 clinical trials testing 19 new

compounds were conducted in China at that time. Given the large

number of patients, China could be an important area for expanding

PC drug research.

In conclusion, the present FRT, like our previous one

(Nurgali et al., 2018) has already generated a lot of interest

with high numbers of views and citations. However,

many aspects of this topic area were not specifically dealt

with, such as the impact of cancer chemotherapy on sensory

functioning (hearing, vision, taste), vital organs like the

kidneys, the musculoskeletal system, and approaches to

maintaining fertility during and after treatment. Given

the increasing incidence, prevalence, and impact of cancer

on the health system, research on cancer treatments will

continue to expand, and the evaluation of their

negative impacts and how to overcome them should also

follow. The efforts posed by researchers in this area should

help cancer treatments be better tolerated and more

effective, leading to enhanced health and wellness of cancer

survivors.
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Purpose: To investigate the prognostic efficacy of the Geriatric Nutritional Risk Index
(GNRI) in patients with metastatic Castration–resistant Prostate Cancer (mCRPC) receiving
docetaxel as the first line of treatment.

Methods: We retrospectively reviewed patients with mCRPC and receiving first line
docetaxel in Taichung Veterans General Hospital from 2006 to 2012. The GNRI was
calculated using serum albumin and body mass index, with a poor nutritional status
defined as GNRI <92.0. Multivariate Cox-regression analysis was used to evaluate the risk
of survival.

Results: One-hundred seventy patients with mCRPC were included. One-hundred
twenty-five patients were of normal nutritional status (GNRI ≥92) and 45 patients were
of poor nutritional status (GNRI <92). The cumulative docetaxel dosage was 600
(360–1,185) mg in the normal nutritional status group and 360 (127.5–660) mg in the
poor nutritional status group (p < 0.001). The median overall survival from mCRPC was
30.39 months in the good nutritional status group and 11.07 months in the poor nutritional
status group (p of log rank <0.001). In a multivariate model, poor nutritional status was an
independent risk factor in overall survival (Hazard Ratio [HR] � 5.37, 95% Confidence
Interval [CI] 3.27–8.83), together with a high metastatic volume (HR � 4.03, 95% CI
2.16–7.53) and docetaxel cumulative dosage (HR � 0.999, 95% CI 0.999–0.9998).

Conclusion: Poor nutritional status with a GNRI <92 is associated with shorter
progression free survival and overall survival in mCRPC patients treated with
docetaxel. Metastatic volume and cumulative docetaxel dosage are also independent
prognostic factors in overall survival.

Keywords: geriatric nutritional risk index, metastasis castration resistant prostate cancer, chemotherapy,
DOCETAXEL, survival
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INTRODUCTION

Prostate cancer accounts for the most common type of cancer in
men, while having the second highest cancer related death rate
(Siegel et al., 2018). Although the incidence of metastatic prostate
cancer has decreased since recommendations for Prostate-
specific Antigen (PSA) exams have increased, it has
nevertheless still increased by >2.7% per year since 2012, with
the annual burden expected to increase 42% by the year 2025
(Kelly et al., 2018). Due to the rise in prostate cancer and its
progress depending upon the androgen signal pathway, androgen
deprivation therapy with medical or surgical castration has been
used as an effective therapeutic strategy since 1942 (Huggins,
1942). Nevertheless, disease progression occurs despite under
castration level as the condition of metastatic Castration-resistant
Prostate Cancer (mCRPC) remains the leading cause of death in
prostate cancer patients (Hussain et al., 2009).

In 2004, chemotherapy with docetaxel was approved as the
standard form of treatment for mCRPC according to the SWOG
99–16 study and the TAX-327 study (Petrylak et al., 2004;
Tannock et al., 2004). Three weekly doses of Docetaxel
75 mg/m2, along with androgen deprivation therapy
improved mCRPC, with a median 18.9 months overall
survival period, a 45 percent PSA response rate and a 35
percent improved symptom rate (Tannock et al., 2004).
Clinical characteristics including pretreatment PSA, Alkaline
phosphatase (ALP), Lactate dehydrogenase (LDH),
performance status, hemoglobin, Gleason sum, visceral or
liver metastases, PSA doubling time, clinical significance of
pain and number of metastases have all been recognized as
the prognostic predictive factors for Overall Survival (OS) in
mCRPC patients treated with docetaxel (Halabi et al., 2003;
Armstrong et al., 2007; Armstrong et al., 2010).

Nutritional status has been reported as being significantly
associated with the clinical outcome of many human pathologic
conditions, particularly in malignant diseases (Argilés, 2005). The
use of the Geriatric Nutritional Risk Index (GNRI), which
consists of serum albumin levels and the ratio of actual and
ideal body weights, is a simple and available nutritional
assessment initially designed to predict survival in elderly
hospitalized patients (Bouillanne et al., 2005). Meta-analysis,
which conducts the outcome of many human malignancies,
has reported that a low GNRI is significantly associated with
poor overall survival and cancer specific survival (Lv et al., 2019).
Okamoto et al. further reported that a low GNRI can predict a
higher mortality risk in patients with metastatic Hormone
Sensitive Prostate Cancer (mHSPC) (Okamoto et al., 2019).
However, there has been no study discussing the association
between GNRI and mCRPC. Therefore, the aim of this study was
to retrospectively investigate the impact of GNRI on the survival
outcome of mCRPC patients treated with docetaxel.

PATIENTS AND METHODS

The current study enrolled patients diagnosed with mCRPC at
Taichung Veterans General Hospital from 2006 to 2012. All

patients are in accordance with the pathology proved
metastatic prostate adenocarcinoma and clinical stage 4
disease (AJCC, American Joint Committee on Cancer prostate
cancer staging). Patients received informed consent forms
according to the certifications of the Institute Review Board of
Taichung Veterans General Hospital, CE20173B. Inclusion
criteria for mCRPC were pathology confirmed prostate
adenocarcinoma and progression under the castration level
(testosterone level <50 ng/dl).

Androgen deprivation therapy (involving either surgical
castration through orchiectomy or medical castration involving
LH-RH agonists or antagonists) began from metastasis prostate
cancer being diagnosed to throughout the entire period of
mCRPC. The protocol for chemotherapy with docetaxel was
75 mg/m2 during a 3-weeks interval, in combination with
10 mg prednisone daily, while 50 mg/m2 over a 2-weeks
interval could be prescribed instead, and later transferred into
standard 3-weeks cycle counts. PSA progression was defined
according to the Prostate Cancer Working Group second
publication (PCWG2) criteria (Scher et al., 2008).

The nutritional status was evaluated according to previous
reports, with GNRI values being calculated as 1.489 × serum
albumin level (g/L) + 41.7 × [actual body weight (kg)/ideal body
weight (kg)] (Yamada et al., 2008). The ideal body weight was
identified as [height (m)]2 × 22 (kg/m2). The value of the actual
body weight/ideal body weight was set to one when the actual
body weight exceeded the ideal body weight. Poor nutritional
status was defined as a GNRI <92.0, based upon previous
literature (Gu et al., 2015; Bo et al., 2016). Accordingly,
patients were divided into either a normal nutrition group
(GNRI ≥92.0) or poor nutrition group (GNRI <92.0).

Patient characteristics which were recorded included age at
mCRPC, Eastern Cooperative Oncology Group (ECOG)
performance status, PSA at initial metastatic prostate cancer
diagnosis, nadir PSA at mHSPC, hormone sensitive duration
(in months, as defined from initial ADT to mCRPC), Gleason
score (G/S), hypertension, diabetes mellitus, coronary artery
disease, Body Mass Index (BMI, kg/m2) and metastatic status
(bone, lymph node, lung, liver and brain).

Metastatic status at mCRPCwas defined according to previous
clinical trials. High volume disease was defined as the presence of
visceral metastases or four or more bone lesions, with more than
one lesion being located beyond the vertebral bodies and pelvis,
when compared to low volume disease (Sweeney et al., 2015).
High-risk disease was defined as a patient having any two of the
following: 1) three or more bone metastases as seen on a bone
scan, 2) a Gleason sum ≥8, and 3) any visceral metastases (Fizazi
et al., 2017).

End point evaluated the Overall Survival (OS) from mCRPC
and PSA Progression-free Survival (PFS) using the Kaplain-Meier
survival curve and log-rank test. The Mann–Whitney U test was
used for continuous variables and expressed as medians
[Interquartile Ranges (IQRs)]. The Fisher’s exact t-test was
used for categorical variables and expressed as percentages.
Univariate and multivariate Cox hazard regression were used
to estimate the Hazard Ratio (HR) and 95% Confidence Interval
(CI) for the association between the variables and OS. Analyses
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were performed using SAS software version 9.2 (SAS Institute,
Inc, Cary, NC, United States). A p-value of <0.05 was considered
statistically significant.

RESULTS

One-hundred twenty-five patients categorized as normal
nutrition (GNRI ≥92.0) and 45 patients grouped as poor
nutrition (GNRI <92.0) were enrolled in the study. Table 1
shows the patient characteristics for those enrolled in the study.
The median age was 74.09 (IQR 67.73–80.14) in the normal
nutrition group and 78.77 (72.38–81.54) in the poor nutrition
group. During a median follow up period of 22.49 (11.35–41.32)
months, 107 of 170 patients died of mCRPC after the first line of
docetaxel. Significant between-group differences included age at
mCRPC (p � 0.023*), ECOG performance state (p < 0.001**),

BMI (p < 0.001**), LDH (p � 0.025*), ALP (p � 0.002*), high
risk metastases status (p � 0.001**) and high volume
metastases (p � 0.001**). The incidence of lung metastases
and visceral metastases were lower in the normal nutrition
group when compared to the poor nutrition group (9.60 vs.
26.67%, p � 0.010* and 16.80 vs. 42.22%, p � 0.001**,
respectively). Cumulative dosage of docetaxel for mCRPC
was 600 (360–1,185) mg in the normal nutrition group,
while it was 360 (127.5–660) mg in the poor nutrition
group (p < 0.001**). After docetaxel treatment, PSA decline
was −55.11 (−82.02–6.95) % in the normal nutrition group,
compared to −36.54 (−57.82–20.97) % in the poor nutrition
group (p � 0.042*).

The poor nutrition group exhibited a significantly poorer
prognosis, with the median period for PFS being 7.25 months
in the normal nutrition group and 3.71 months in the poor
nutrition group (p � 0.001**) (Figure 1). The median period for

TABLE 1 | Baseline characteristics of patients with mCRPC.

GNRI≥92 (n = 125) GNRI<92 (n = 45) p value

Age at mCRPC 74.09 (67.73–80.14) 78.77 (72.38–81.54) 0.023*
Performance state (n � 169) <0.001**
0 54 (43.20%) 8 (18.18%)
1 60 (48.00%) 21 (47.73%)
2 11 (8.80%) 15 (34.09%)
PSA at initial 126.00 (37.51–400.5) 97.81 (22.95–400) 0.260
Nadir PSA at mHSPC 0.42 (0.11–2.02) 0.77 (0.17–3.04) 0.339
Hormon sensitive period 32.96 (15.66–75.22) 26.64 (15.61–51.32) 0.242
Gleason score 9.00 (7–9) 8.00 (7–9) 0.669
Hypertension 42 (33.60%) 17 (37.78%) 0.747
Diabetes mellitus 14 (11.20%) 6 (13.33%) 0.912
Coronary artery disease 14 (11.20%) 7 (15.56%) 0.619
BMI 24.65 (22.87–26.97) 23.10 (20.24–25.05) 0.001**
PSA at mCRPC 21.90 (9.82–60) 28.70 (10.49–118) 0.294
LDH 228.00 (189.25–270.75) 268.00 (211–364) 0.025*
ALP 113.00 (77–187.75) 149.00 (102.5–658.5) 0.002**
High risk metastases 48 (38.40%) 31 (68.89%) 0.001**
High volume metastases (at CRPC) 66 (52.80%) 37 (82.22%) 0.001**
Metastases site
Bone metastasesa 123 (98.40%) 45 (100%) 1.000
Lymph node metastases 69 (55.20%) 27 (60.00%) 0.703
Lung metastases 12 (9.60%) 12 (26.67%) 0.010*
Liver metastasesa 12 (9.60%) 3 (6.67%) 0.762
Brain metastases 2 (1.60%) 4 (8.89%) 0.072
Visceral metastases 21 (16.80%) 19 (42.22%) 0.001**

Docetaxel
Docetaxel 75 mg/m2 courses (n � 112) 5.00 (3–9) 3.00 (1–5) <0.001**
Docetaxel 60 mg/m2 courses (n � 26) 3.50 (2.25–10.75) 6.00 (6–7) 0.186
Docetaxel 50 mg/m2 courses (n � 38) 8.00 (5.5–15) 5.00 (2.5–11) 0.108

Cumulative docetaxel dosage (mg) 600.00 (360–1,185) 360.00 (127.5–660) <0.001**
PSA before treatment 38.03 (13.43–200) 99.02 (14.1–342) 0.321
Nadir PSA after treatment 16.00 (3.58–90.76) 38.75 (4.55–160.25) 0.294
PSA decline (%) −55.11 (−82.02–6.95) −36.54 (−57.72–20.97) 0.042*
Subsequent abiraterone acetate 54 (43.20%) 9 (20.00%) 0.010*
Subsequent enzalutamide 17 (13.60%) 3 (6.67%) 0.333
Median follow up time from mCRPC 30.39 (16.7–45.02) 11.07 (7.38–16.14) <0.001**

Chi-Square test.
aFisher’s Exact test. Mann-Whitney test. *p< 0.05, **p< 0.01.
Continuous data were expressed as a median (IQR).
Categorical data were expressed as a number and percentage.
GNRI, Geriatric Nutritional Risk Index; mCRPC, metastatic Castration–resistant Prostate Cancer; PSA, Prostate specific antigen; mHSPC, metastatic hormone sensitive prostate cancer;
BMI, body mass index; LDH, lactate dehydrogenase; ALP, alkaline phosphatase.
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FIGURE 1 | Kaplan-Meier curve for PSA Progression Free Survival (PFS)
among the normal nutrition group (GNRI ≥92.0) and poor nutrition group
(GNRI <92.0), median 7.25 months vs. 3.71 months, respectively
(p � 0.001**).

FIGURE 2 | Kaplan-Meier curve for Overall Survival (OS) among the
normal nutrition group (GNRI ≥92.0) and poor nutrition group (GNRI <92.0),
median 40.07 months vs. 11.25 months, respectively (p < 0.001**).

FIGURE 3 | PSA Progression Free Survival (PFS) for mCRPC patients
treated with docetaxel for a median of 6.29 months.

FIGURE 4 | Overall Survival (OS) for mCRPC patients treated with
docetaxel for a median 31.71 months.
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OS was 40.07 months in the normal nutrition group and
11.25 months in the poor nutrition group (p < 0.001**)
(Figure 2). Among all the mCRPC patients treated with
docetaxel, the median period for PFS was 6.29 months
(Figure 3), and for OS 31.71 months (Figure 4).

Table 2 demonstrates the results of univariate and
multivariate Cox hazard regression analyses for overall survival
from mCRPC. After adjustment, high metastases volume (HR �
4.03, 95% CI � 2.16–7.53, p < 0.001**), cumulative docetaxel
dosage (HR � 0.999, 95% CI � 0.999–0.9998, p � 0.002**) and a
GNRI<92 (HR � 5.37, 95% CI � 3.27–8.83, p < 0.001**) were all
independent risk factors affecting overall survival from mCRPC.

The adverse events are shown in Table 3. Incidences of febrile
neutropenia (35.56 vs. 12.00%, p � 0.001**) and liver function
impairment with elevated AST (Aspartate aminotransferase)/
ALT (Alanine aminotransferase) (17.78 vs. 4.00%, p � 0.006**)
were higher in the poor nutrition group.

DISCUSSION

Our results suggest that nutritional status evaluation using the
GNRI is a useful tool in predicting survival in mCRPC patients
treated with docetaxel. To the best of our knowledge, this was the
first study to have shown the positive correlation between the
GNRI and mCRPC. Additionally, a high metastases volume and

one’s cumulative docetaxel dosage were independent risk factors
associated with overall survival in mCRPC patients.

Poor nutritional status is a common problem in elderly
patients with advanced disease, and is associated with
decreased protein reserves and a negative protein and energy
balance which may lead to cachexia status and mortality (Dent
et al., 2015). Cachexia may be characterized by loss of muscle,
with or without the loss of fat mass, which in turn leads to weight
loss. This occurs in the majority of cancer patients prior to death
and is responsible for the deaths of 22% of cancer patients
(Argilés et al., 2010). Malnutrition and cachexia also suppress
the synthesis of serum albumin in advanced cancer patients as a
result of tumor progression, the immune response to the tumor,
and anticancer therapies (Gupta and Lis, 2010). GNRI is one of
the more simplified and convenient predictive tools and consists
of BMI and the albumin level of each patient. This is associated with
an elevated risk of all cause mortality in many human diseases such
as diabetes mellitus, cardiovascular disease, end stage renal disease
and various cancers (Hao et al., 2019). Lidoriki et al. concluded that
low GNRI scores were associated with an increased risk for both
developing postoperative complications and impaired survival in
cancer patients, as seen by a systemic review of eighteen studies
associated with GNRI and cancers (Lidoriki et al., 2020). Lee et al.
conducted GNRI studies from a randomized controlled trial of
extended-stage disease small cell lung cancer treated with
etoposide plus cisplatin, finding that a low GNRI value was

TABLE 2 | Uni-Multi variant analysis for overall survival.

Univariate Multivariate

HR 95% CI p value HR 95% CI p value

Age at mCRPC 1.01 (0.99–1.04) 0.254 0.98 (0.95–1.00) 0.071
Performance state
0 Ref
1 1.30 (0.84–1.99) 0.237
2 2.48 (1.42–4.35) 0.001**

PSA at initial 1.00 (1.00–1.00) 0.804
Nadir PSA at mHSPC 1.00 (1.00–1.00) 0.079
Hormone sensitive period 0.99 (0.99–0.999) 0.026* 1.00 (0.99–1.00) 0.706
Gleason score 1.00 (0.85–1.18) 0.998
BMI 0.94 (0.89–0.99) 0.027* 0.99 (0.93–1.05) 0.656
PSA at mCRPC 1.00 (1.00–1.00) 0.095
LDH 1.004 (1.002–1.01) <0.001**
ALP 1.001 (1.0005–1.001) <0.001**
High risk metastases 3.06 (2.04–4.59) <0.001** 0.82 (0.48–1.40) 0.468
High volume metastases (at CRPC) 4.61 (2.93–7.25) <0.001** 4.03 (2.16–7.53) <0.001**
Docetaxel
Docetaxel 75 mg/m2 courses 0.95 (0.91–0.99) 0.008**
Docetaxel 60 mg/m2 courses 0.84 (0.73–0.97) 0.016*
Docetaxel 50 mg/m2 courses 1.01 (0.95–1.06) 0.830
Cumulative docetaxel dosage 0.999 (0.999–0.9997) <0.001** 0.999 (0.999–0.9998) 0.002**
PSA before treatment 1.0003 (1.0001–1.0005) 0.008** 1.00 (1.00–1.00) 0.230
Nadir PSA after treatment 1.00 (1.00–1.00) 0.146

GNRI
≥92 Ref Ref
<92 5.64 (3.64–8.73) <0.001** 5.37 (3.27–8.83) <0.001**

Cox regression. *p< 0.05, **p< 0.01.
GNRI, Geriatric Nutritional Risk Index; mCRPC, metastatic Castration–resistant Prostate Cancer; PSA, Prostate specific antigen; mHSPC, metastatic hormone sensitive prostate cancer;
BMI, body mass index; LDH, lactate dehydrogenase; ALP, alkaline phosphatase.
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associated with systemic inflammation, nutritional status and a poor
prognosis outcome (Lee et al., 2020). Similar results were also found
that GNRI in elderly gastric cancer patients treated with a
gastrectomy as a simple, cost-effective, and promising nutritional
index (Hirahara et al., 2020).

Although prostate cancer is a relatively slow-growing
disease, it may progress aggressively if metastases tumors
exist, particularly in those patients resistant to castration
therapy in regards to mCRPC (Petrylak et al., 2004;
Tannock et al., 2004). Previous studies have shown the
association between nutritional status and oncology
outcomes of metastases prostate cancer patients.
Montgomery et al. evaluated the effect of BMI on outcomes
of metastatic prostate cancer patients as taken from phase III
randomized studies coordinated by the Southwest Oncology
Group. The team found that a higher BMI was associated with
better overall and progression-free survival in patients with
androgen dependent metastatic prostate cancer (Montgomery
et al., 2007). Wang et al. investigated the pretreatment serum
albumin/globulin ratio as being an independent prognostic
biomarker for progression free survival and cancer specific
survival in patients with metastatic prostate cancer who had
been receiving maximal androgen blockade treatment (Wang
et al., 2018).

Application of the GNRI for mHSPC was also reported and
concluded to be an independent risk factor surrounding cancer-
specific survival with a hazard ratio of 1.76. Additionally, the study
group designed a risk score comprised of a GNRI<92.0, Hb< 13.0 g/
dl, and LDH >222 IU/L as being effective in predicting survival
(Okamoto et al., 2019). The difference in our study is that it was
specifically focused on mCRPC, which is the most lethal stage of
prostate cancer with a median survival period of 17.5–18.9 months,

where our results revealed the strong association between GNRI and
overall survival with a hazard ratio of 5.37 (Petrylak et al., 2004;
Tannock et al., 2004). Furthermore, our results also revealed that
patients with a poor nutritional status had a median survival period
of 11.25 months, compared to 40.07 months in patients with a
normal nutritional status. When a tumor progressed and became
refractory to castration therapies, chemotherapy may then become
one of the most effective means of management. Patients
experiencing malnutrition and weight loss as the result of
advanced tumor progression and associated cachexia appeared to
develop more toxicity and intolerance to chemotherapies, which in
turn caused poorer outcomes (Andreyev et al., 1998).

As a nutrition-related risk index, GNRI is different from BMI in
increasing the weighting of albumin rather than body weight, thus to
differentiate malnutrition patients with high BMI and well nutrition
patients with low BMI (Bouillanne et al., 2005). Our result also
supports this finding that even adjusted with BMI, low GNRI
associated with 5.37-fold increase risk of death in multivariat
analysis in Table 2. Additionally, BMI alone did not have any
prognosis value after adjust in renal cell carcinoma, non-small cell
lung cancer, small cell lung cancer and gastric cancer (Miyake et al.,
2017; Shoji et al., 2018; Hirahara et al., 2020; Lee et al., 2020).

Ever since the results of the TAX 327 and SWOG 99–16
studies were published in 2004, Docetaxel became the standard
form of treatment in mCRPC patients for more than 10 years,
until the reports surrounding abiraterone acetate and
enzalutamide were published (Petrylak et al., 2004; Tannock
et al., 2004; de Bono et al., 2011; Scher et al., 2012). Both
improvements in survival and reduction in bone pain are the
advantages of chemotherapy, although grade 3 or four
neutropenic fevers, nausea and vomiting, as well as
cardiovascular events limit its application in geriatric patients
suffering from poor nutrition. The efficacy of docetaxel in healthy
senior adults appears to be compatible with younger patients as
well, however its tolerance in frail senior adults has not been well
studied (Droz and Chaladaj, 2008). Our results also revealed a
higher incidence of complications, including febrile neutropenia
and liver function impairment in the poor nutrition group. As
one option for deciding upon aggressive treatment in patients
diagnosed with advanced disease, the GNRI may be a useful tool
in making both the decision and choice for which drugs should be
prescribed.

There were also limitations in our study. The retrospective
design and unplanned subset analysis restricted the power to
determine the prognostic role of GNRI index and prospective
cohort study is needed to overcome the potential bias. There is
also lack of relative animal model study. Additionally, since the
advent of new androgen target agents in 2014, the impact of
abiraterone acetate and enzalutamide has not been well
characterized, leading to information bias. A higher
proportion of patients in the normal nutrition group
received abiraterone acetate, and this may be due to the
better tolerability for subsequent therapies in well nutrition
patients. Further large-scale prospective studies need to be
conducted in order to better explore the optimal treatment for
mCRPC patients, particularly when it involves androgen
receptor axis-targeted agents.

TABLE 3 | Adverse events.

GNRI<92 (n = 45) GNRI>92
(n = 125)

p value

n % n %

Neutropenia 0.028*
Grade 1/2 4 (8.89%) 30 (24.00%)
Grade 3/4 15 (33.33%) 48 (38.40%)
Febrile neutropenia 0.001**
Grade 3/4 16 (35.56%) 15 (12.00%)
Rasha 0.683
Grade 1/2 1 (2.22%) 7 (5.60%)
Fatigue 0.086
Grade 1/2 11 (24.44%) 14 (11.20%)
Grade 3/4 0 (0.00%) 1 (0.80%)
Elevated AST/ALTa 0.006**
Grade 1/2 8 (17.78%) 5 (4.00%)
Diarrheaa 0.286
Grade 1/2 2 (4.44%) 2 (1.60%)
Nausea 0.247
Grade 1/2 6 (13.33%) 17 (13.60%)
Grade 3/4 1 (2.22%) 0 (0.00%)

Chi-Square test.
aFisher’s Exact test. *p< 0.05, **p< 0.01.
GNRI, Geriatric Nutritional Risk Index; AST, Aspartate aminotransferase; ALT, Alanine
aminotransferase.
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CONCLUSION

Poor nutrition status with a GNRI <92 is associated with less
progression free survival and overall survival in mCRPC patients
treated with docetaxel. Metastatic volume and cumulative
docetaxel dosage in patients are also independent prognostic
factors surrounding overall survival.
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Novel Oxovanadium Complex
VO(hntdtsc)(NPIP): Anticancer Activity
and Mechanism of Action on HeLa
Cells
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Jiyuan Xiao1, Youcheng Zhang3* and Zhen Wang2*
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Lanzhou, China, 3Department of General Surgery, Lanzhou University Second Hospital, Lanzhou, China

Oxovanadium complexes, particularly vanadyl (IV) derivatives with hybrid ligands of
Schiff base and polypyridyl, have been demonstrated to possess great anticancerous
therapeutic efficacy. However, most of the studies on the activity of these oxovanadium
complexes have mainly focused on in vitro studies, and animal studies in vivo are extremely
scarce. Based on the antitumor test results of four novel oxovanadium complexes in our
previous work, this work further conducted a comprehensive antitumor activity study
in vitro and in vivo on VO(hntdtsc)(NPIP), which owned the strongest inhibitory activity
in vitro on multiple tumor cell proliferation. The cellular mechanism study suggested that
VO(hntdtsc)(NPIP) inhibited the cell proliferation via arresting the cell cycle at G0/G1 phase
through the p16-cyclin D1-CDK4-p-Rb pathway and inducing cell apoptosis through
mitochondrial-dependent apoptosis pathway on HeLa cells. Inconsistent with the effects
in vitro, VO(hntdtsc)(NPIP) significantly inhibited the growth of tumor and induced the
apoptosis of cancer cells in mice xenograft models according to the results of nude mice in
vivo image detection, H&E pathological examination, and immunohistochemical detection
of p16/Ki-67 protein expression. Collectively, all the results, particularly studies in vivo,
demonstrated that VO(hntdtsc)(NPIP) hold a potential to be the lead compound and further
to be an anticervical cancer drug.

Keywords: oxovanadium (IV) complexes, VO(hntdtsc)(NPIP), antiproliferative activity, mitochondrial-dependent
apoptosis, HeLa xenograft

INTRODUCTION

Malignant tumor is a serious threat to human health and is a disease with the significant mortality
rate. In the late 1960s, the discovery of the anticancer effect of cisplatin and its application clinically
opened up a new field of developing metal complexes as efficient anticancer drugs and set off a boom
in the metal antitumor drugs research (Wong and Giandomenico, 1999; Kelland, 2007). In recent
years, metal antitumor drugs have been widely used as the main chemotherapeutics; however, severe
drug resistance and side effects, such as nephrotoxicity and neurotoxicity, seriously restrict its
application in clinical practice (Siddik, 2003; Galluzzi et al., 2012). Thus, investigating novel
transition metal anticancer drugs with low toxicity, high efficiency, and good bioavailability is
imperative. Notably, some metal complexes with various ligands show more possibilities for the
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development of high-efficiency and low-toxicity anticancer drugs
due to their good water solubility and low toxicity towards
normal organisms. For years, a majority of achievements have
been obtained for metal complexes, including ruthenium
(Süssfink, 2010), tin (KaluCerović et al., 2010), titanium
(Meléndez, 2002), germanium (Pi et al., 2013), copper
(Quassinti et al., 2013), palladium (Ulukaya et al., 2011), and
vanadium (D’Cruz and Uckun, 2002). Among them, vanadium,
an ultratrace element with interesting pharmacological properties
present in animals and higher plants, has been extensively studied
from structures to its various physiological functions.

It is well known that vanadium has many different oxidation
states, including +2, +3, +4, and +5 (Hirao, 1997; Bishayee et al.,
2010). Particularly, tetravalent (IV) vanadyl (VO2+) derivatives,
one of the most widely used analogues to investigate the
pharmacological actions of vanadium, have been demonstrated
to exert great therapeutic efficacy as anticancerous (Kioseoglou
et al., 2015). Up to date, a series of oxovanadium complexes (IV)
with different ligands have been designed and synthesized, and
preliminary studies on their antitumor activities have been
conducted as well (Scheme 1), suggesting that oxovanadium
complexes have broad spectrum of antitumor potential, such
as for cervical cancer, which is one of the leading causes of cancer
death in women worldwide and poses a serious threat to the lives
of patients and normal life (D’Cruz and Uckun, 2002; Zhang
et al., 2013; Liao et al., 2014; León et al., 2015; Ying et al., 2015;
Zeng et al., 2015). Schiff bases, one kind of typical ligands with
chiral carbon atoms and abundant coordination patterns, could
combine with transition metals to show a variety of biological
activities, especially antitumor effects (Hazari et al., 2012; Ying
et al., 2015). Particularly, thiosemicarbazones, as common
derivatives of Schiff bases, were often chosen as ligands of
vanadium due to their wide ranges of pharmacological
applications (Benítez et al., 2011; Ying et al., 2015). However,
current studies on thiosemicarbazones containing oxovanadium
complexes mostly focus on the structure modification and the
activity evaluation in vitro; it is extremely scarce in molecular
mechanism studies and in animal models in vivo, which is a key
stage in the transformation from experimental studies to clinical
application (D’Cruz and Uckun, 2002; Hazari et al., 2012; Ying
et al., 2015; Bai et al., 2018).

Growing evidence suggests that the interaction between
transition metal complexes and nucleic acid molecules has a

close correlation with their antitumor activity, so it is significant
to investigate the interaction model of metal complexes with
DNA for studying antitumor mechanism of metal complexes
from molecular level (Wolkenberg and Boger, 2002; Sava et al.,
2012). In our previous work, we have reported four novel
thiosemicarbazones containing oxovanadium complexes, which
had certain anticancer effects against HeLa, BIU-87, and SPC-A-1
cell lines (Bai et al., 2018). Among them, VO(hntdtsc)(NPIP) has
been demonstrated to possess the strongest anticancer efficacy,
especially for human cervical carcinoma HeLa cells via arresting
the cell cycle and inducing cell apoptosis. Therefore, in order to
further explore and identify the antitumor mechanism
completely, the studies in vitro and in vivo on
VO(hntdtsc)(NPIP) were carried out systematically in this
study, and the results revealed that VO(hntdtsc)(NPIP)
exerted antiproliferative activities which might be through
arresting the cell cycle at G0/G1 phase via the p16-cyclin D1-
CDK4-p-Rb pathway and inducing cell apoptosis via
mitochondrial-dependent apoptosis pathway on HeLa cells.

MATERIALS AND METHODS

Cell Culture
Human cervical cancer HeLa cell, human bladder cancer BIU-87
cell, human lung cancer SPC-A-1 cell, human stomach cancer
SGC-7901 cell, human colon cancer HT-29 cell, human
pancreatic cancer PANC-1 cell, and human hepatoma HepG2
cell were purchased from the Cell Bank of Type Culture
Collection of the Chinese Academy of Sciences (Shanghai,
China). All the above cancer cells were cultured in RPMI-1640
medium supplemented with 10% FBS, 100 U/ml penicillin, and
100 U/ml streptomycin at 37 °C with 5% CO2.

Cytotoxicity Assay
In our previous work, we have synthesized four oxovanadium
complexes and further characterized them by elemental analysis,
UV-Vis, MS, IR, and NMR (Bai et al., 2018). In addition, the
capacities of the four oxovanadium complexes and the
corresponding free ligands to interfere with the growth of
HeLa, BIU-87, and SPC-A-1 also have been evaluated by MTT
assay. In this article, we further detected their ability to inhibit the
growth of SGC-7901, HT-29, PANC-1, and HepG2. All the cell

SCHEME 1 | Structures of some classical oxovanadium complexes.
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lines were incubated in RPMI1640 culture medium containing
10% fetal calf serum at 37 °C with 5% CO2. Exponentially growing
tumor cells were seeded into a 96-well plate at a density of 1 × 105

cells/ml after digestion with 0.25% trypsin. Compounds were then
added to each cell with the final concentrations ranging from 0.1 to
200 μM. After incubation at 37 °C for 48 h, the medium was
removed and 20 µl of MTT (0.5 mg/ml) were added to each well.
The plates were then incubated at 37 °C for an additional 4 h to allow
MTT to form formazan crystals, and subsequently 150 µl of DMSO
was added into each well. The cell viability was determined by
measuring the absorbance of each well at 490 nm using a Multiskan
SSCENTmicroplate reader. IC50 values were determined by plotting
the percentage viability vs. concentration on a logarithmic graph and
reading off the concentration at which 50% of cells remain viable
relative to the control.

Evaluation of the ROS Level Changes by
DCFH-DA Assay
HeLa cells were inoculated into 6-well plates at a density of 1 ×105
cells per well with 2 ml culture medium and incubated in 37 °C
with 5% CO2 for 24 h. Subsequently, VO(hntdtsc)NPIP at final
concentrations of 0, 0.5, 1.0, and 2.0 μM were added to each well.
After incubation for 48 h, the culture media were removed,
and carboxy-21,71-dichloro-dihydro-fluoresceindiacetate probes
(DCFH-DA) (Sigma, USA) dissolved in serum-free medium
(1.0 ml) were added into each well at a final concentration of
10 μM and incubated for 20min at 37 °C. Afterwards, HeLa cells
were washed with cold PBS three times and analyzed with flow
cytometer (Beckman, USA) at 488 nm for excitation and 525 nm
for emission. The fluorescence intensity was quantified using NIS
image processing system.

Detection of the MMP by JC-1 Assay
HeLa cells were inoculated into 6-well plates at a density of 1 ×105
cells per well and incubated in 37 °C with 5% CO2 for 24 h.
Subsequently, VO(hntdtsc)NPIP at final concentrations of 0, 0.5,
1.0, and 2.0 μM were added to each well. After incubation for 48
h, the culture medium was removed and then 500 μl JC-1
incubation buffer was added at 37 °C for 20 min. Then the
cells were observed under the fluorescence microscope with
red fluorescence at 585 nm for excitation and 590 nm for
emission, and green fluorescence at 514 nm for excitation and
529 nm for emission, respectively.

Western Blot Assay
Protein preparation and western blotting analysis were
performed using standard methods. HeLa cells were inoculated
into 6-well plates at a density of 1 ×105 cells per well and
incubated at 37 °C with 5% CO2 for 24 h. VO(hntdtsc)NPIP at
final concentrations of 0, 0.5, 1.0, and 2.0 μM were added to each
well. After incubation for 24 h, the cells were digested with 0.25%
trypsin and centrifuged for 5 min at 2000 rpm, then rinsed twice
with ice-cold PBS, and lysed in 100.0 μl RIPA lysis buffer
(Solarbio, R0010, China) containing 10% protease inhibitor for
30 min at 4 °C. The protein concentrations were determined by
BCA protein assay kit (Solarbio, PC0020, China). Then, protein

extracts (30 μg) were resolved in 8%–10% SDS-PAGE (SDS-
PAGE; Bio-Rad, Hercules, CA, United States) and transferred
to a polyvinylidene difluoride (PVDF) membrane (Macherey-
Nagel). Subsequently, the PVDF membranes were blocked in 5%
nofat milk for 1 h and incubated with primary antibodies Bax,
Bcl-2, cytochrome c, cleaved caspase-3, cleaved caspase-8, cleaved
caspase-9, p16, cyclin D1, CDK4, p-Rb, and β-actin with gentle
rotation overnight at 4 °C and were next incubated with the
secondary antibody consisting of horseradish peroxidase (HRP)
conjugated for 2 h. The enhanced chemiluminescent (NEN Life
Science Products, Boston, MA, USA) detection system was used
for immunoblot protein detection.

Animal Experiments
The 60 Kunming mice (half male and female) with a body weight
of 22.0–24.0 g were provided by Medical Animal Experiment
Center of Lanzhou University (SYXK (Gansu) 2013-0002), raised
in a clean grade animal house. The 22 BALB/C nude mice (SPF
level, female) with a body weight of 19.0–21.0 g were provided by
Shanghai SLAC Laboratory Animal Co.Ltd (China, animal
certificate no.: SCXK (Shanghai) 2012-0002). All procedures
for the animal experiments were approved by the
Experimental Animal Ethics Committee of Lanzhou University
Second Hospital (no. d2019-004). The nude mice were raised in
the SPF IVC animal room, and the feeds, bedding materials,
cages, and contact instruments used were all used after high
pressure disinfection. The animal room was maintained at a
constant temperature (22 ± 2 °C), constant humidity (50 ±
10%), and noise was lower than 60 dB and was controlled by
12 h circadian rhythm. All animals were given adaptive feeding
for 1 week after purchase and then were tested. We have tried our
best to minimize the number and pain of animals.

Acute Toxicity
Acute toxicity studies were carried out according to OECD
guidelines (Oecd, 2008). Briefly, sixty 8-week-old Kunming
mice weighing from 22 g to 24 g were purchased from the
GLP Laboratory of Lanzhou University. The mice were divided
into five groups randomly (n � 12, six female and six male mice).
The mice in different groups were given intraperitoneal injection
with VO(hntdtsc)(NPIP) aqueous solution at the doses of 4.0, 8.0,
16.0, 32.0, and 64.0 mg/kg, respectively. And the control group was
given intraperitoneal injection with the same volume of water for
injection. All treatments were operated by gavage with a single dose.
The treated animals were observed continuously for the first 4 h
followed by periodic monitoring for another 20 h. Then animals
were observed once daily for a period of 14 days and the time of
occurrence and recovery of toxic reactions (including animal hair,
behavior, mental state, and excretion) was recorded. After 14 days,
all animals were sacrificed to conduct histological studies on heart,
lung, kidney, and liver by using H&E staining method.

Establishment of HeLa Xenograft Model in
Nude Mice
All studies involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving animals.
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All procedures for the animal experiments were approved by the
Experimental Animal Ethics Committee of the Second Hospital
of Lanzhou University (no. d2019-004). Two nude mice (BALB/
c-nu/nu, 8-week-old) were injected under the skin of the right
lower neck axilla with 5 × 106 HeLa cells in 0.2 ml PBS. When the
tumors had reached an average volume of 500 mm3, the mice
were anaesthetized by intraperitoneal injection of 10% chloral
hydrate and then sacrificed by cervical dislocation. The
subcutaneous tumor tissues were isolated by surgery in a room
separated from the other animals and then were cut into equal-
volume tumor pieces with a diameter of about 2.0 mm after
removing the peripheral blood membrane and necrotic tissue.
The 20 small pieces with the same or similar color, volume, and
texture were selected and inoculated into 20 nude mice under the
skin of the right lower neck axilla, respectively. The body weight
of the nude mice was recorded daily after inoculation, and the
long diameter and short diameter of the implanted tumor were
measured. When the tumor volume reached 100.0 mm3, the mice
were divided into four groups with five mice per group according
to the random number table method, including the control group
and high (4.0 mg/kg), medium (2.0 mg/kg), and low (1.0 mg/kg)
dose groups containing VO(hntdtsc)(NPIP) at different
concentrations, which was intraperitoneally injected, and the
control group was intraperitoneally injected with water
containing DMSO in the same volume. VO(hntdtsc)(NPIP)
was administered every 3 days for a total of 7 times.
During this period, the physiological conditions and weight
changes of animals were observed every day, and the volume
changes of transplanted tumors were measured with vernier
calipers. Eventually, the body weight and tumor volume of the
nude mice were statistically analyzed at the 0, 7th, 14th, 21th,
and 28th day after tumor transplantation. The tumor volume
(V) was calculated as V (mm3) � length (mm) × width
(mm)2⁄ 2.

Imaging Analysis of Xenografts In Vivo
The HeLa cell xenograft models of nude mice were successfully
established according to the method in Section 2.8. On the 7th
day after inoculation, nude mice were intraperitoneally injected
with 200.0 μl luciferase substrate fluid D-luciferin potassium salt.
After 10 min, the nude mice were deeply anesthetized in an
isoflurane anesthesia box and transferred to an in vivo imager
(Spectrum CT). The posture was fixed to fully expose the tumor.
Bioluminescence signals were collected in the in vivo imaging
system, and the corresponding light intensity was measured and
analyzed. Repeat the procedure after the last administration on
the 28th day after inoculation.

Collection of Tumor Specimens and
Preparation of Paraffin Sections
After the last in vivo imaging analysis, 10% chloral hydrate
anaesthesia and cervical dislocation were performed in the
nude mice, and the tumor xenografts were completely
removed and placed in 4% paraformaldehyde fixative solution
for 2 h. Then the tumor xenografts were dehydrated by graded
ethanol solution at 4 °C. The gradient of ethanol is as follows: 70%

(1 h), 80% (1 h), 90% (1 h), 95% (30 min), and 100% (30 min).
Then the tumor xenografts were transparent as follows: 1/2
ethanol and 1/2 xylene (30 min), xylene (15 min + 10 min),
and they were infiltrated as follows: 1/2 xylene and 1/2
paraffin (1 h, 55 °C), paraffin (1 h, 55 °C). The tissue was
placed into a paraffin-filled mold for infiltration and then
embedded and cooled in a paraffin embedding machine.
Tissue wax blocks were marked and trimmed, and fixed on
the paraffin-sectioning machine for continuous sectioning. The
thickness of the slices was 3.0 μm. The slices were spread out over
warm water and transferred into the glass slides. The slices were
baked at 60 °C for 1 h and stored at room temperature after
numbering for later use.

Histopathological Evaluation by H&E
Staining Assay
The prepared tissue sections were deparaffinized in xylene and
rehydrated through graded ethanol solutions. The sections were
stained in Harris hematoxylin solution for 5 min and then rinsed
under running water and differentiated with 1% hydrochloric
acid ethanol for 10 s. Following that, tissue sections were
dehydrated in graded ethanol and permeabilized in xylene.
Tissue sections were examined under an inverted optical
microscope and the images were collected.

TUNEL (FITC)/DAPI Double Staining Assay
The TUNEL staining assay was conducted using the in situ Cell
Death Detection Kit from Roche Applied Science (Indianapolis,
IN, United States), according to the manufacturer’s instructions.
Briefly, paraffin-embedded tissue sections were deparaffinized
using a standard protocol and rinsed with PBS; then, Proteinase K
(20 mg/ml) solution was added after removing the surrounding
liquid. After incubation for 20 min at room temperature, tissue
sections were incubated with the TUNEL reaction buffer for 1 h at
37 °C in a humidified chamber under dark. Then tissue sections
were stained with 4’,6-Diamidino-2-phenylindole dihydrochloride
(DAPI) in the dark and observed by fluorescence microscopy at
461 nm and 520 nm, respectively.

Immunohistochemical Staining
Tumor tissues were fixed in 10% neutral formalin and embedded
in paraffin. Tissue sections were deparaffinized in xylene and
rehydrated through graded ethanol solutions. Antigen retrieval
was carried out using citric acid buffer solution. The sections were
then transferred into 3% hydrogen peroxide solution and
incubated for 10 min to eliminate endogenous peroxidase.
Subsequently, the slices were rinsed in 0.01 M PBS and
transferred to antibody sealing solution for incubation with
1 h. Tissue sections were stained using routine
immunohistochemical techniques and primarily antibodies
against Rabbit Anti-RatKi-67 and Rabbit Anti-Rat p16
monoclonal antibodies (the dilution ratios were all 1:1000)
and secondary HRP-conjugated goat anti-rabbit IgG (H + L)
(1:3000). The signal was detected using 3,3’N-Diaminobenzidine
Tetrahydrochloride (DAB). Sections were counterstained with
Mayer’s hematoxylin.
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Statistical Analysis
All experiments were carried out at least three times. Each sample
was tested in triplicate. The results are expressed as percentage ±
S.D. of control. Significance between the groups was determined
by one-way analysis of variance (ANOVA), followed by Fisher’s
PLSD procedure for post hoc comparison, to verify the
significance between two means. p < 0.05 was considered
significant for the all tests. The significance values were
analyzed by SPSS 17.0 software.

RESULTS

Antitumor Effect of VO(hntdtsc)NPIP In Vitro
Cytotoxicity Assay
In our previous work, preliminary cytotoxicity evaluation of four
oxovanadium complexes had been conducted and the results
showed that all the four oxovanadium complexes exhibited
obvious cytotoxicity against HeLa, BIU-87, and SPC-A-1 cell
lines. To further expand the antitumor spectrum of these
oxovanadium complexes, cytotoxicity assays on SGC-7901,
HT-29, PANC-1, and HepG2 cell lines were tested in this
study and the results (Table 1) showed that the four
oxovanadium complexes possessed certain cytotoxicity.
Combining all cytotoxicity assays together, the oxovanadium
complex VO(hntdtsc)(NPIP) had the best antiproliferative
activity against the above-mentioned seven common human
cancer cell lines, particularly HeLa cells. In order to further
ascertain the antiproliferative efficacy, the proliferation
inhibition rates of VO(hntdtsc)NPIP on HeLa cells at different
concentrations (0, 0.5, 1.0, and 2.0 μM) were measured after 24,
48, and 72 h (Figure 1B). In detail, the inhibition rates of
VO(hntdtsc)NPIP at 24, 48, and 72 h were as follows: 24 h:
(10.37 ± 1.01) %, (22.55 ± 3.23) %, and (34.52 ± 4.61) %;
48 h: (35.33 ± 3.36) %, (45.30 ± 7.23) %, and (57.46 ± 6.69)
%; and 72 h: (42.36 ± 7.33) %, (60.44 ± 8.63) %, and (74.61 ± 7.81)
%. The results revealed that the significant antiproliferative
efficacy of VO(hntdtsc)NPIP against HeLa cells was in a good
concentration-dependent and time-dependent manner. In

addition, after the incubation of HeLa cells by VO(hntdtsc)
NPIP for 48 h, the cells observed in microscope field were less
and sparsely distributed with increasing the concentration of the
coordination compound (Figure 1A). In addition, the
cytotoxicity assay of VO(hntdtsc)NPIP on the nontumor cell
lines, MRC-5 cell lines, was also examined at different
concentrations (0, 0.5, 1.0, and 2.0 μM) after 24, 48, and 72 h
(Figure 1C), and the result revealed that VO(hntdtsc)NPIP
exhibited no obvious cytotoxicity against MRC-5 cell lines.
Therefore, VO(hntdtsc)NPIP was chosen for further
investigation respecting its mechanism of anticancer activity
on HeLa cells.

Influence of VO(hntdtsc)NPIP on Cell Cycle
In order to define the mechanism of antiproliferative effect of
VO(hntdtsc)NPIP on HeLa cells, the cell cycle-phase
distribution was analyzed by flow cytometry with PI
staining as described in our previous work (Bai et al., 2018).
To further confirm the mechanism of VO(hntdtsc)NPIP on
arresting cell cycle at G0/G1 phase, the expression of cell cycle
regulatory proteins was detected using western blot assay. As
shown in Figures 1D,E, VO(hntdtsc)NPIP treatment on HeLa
cells could significantly increase the expression of p16 protein
(F � 68.55, p < 0.001) and decrease the expression of cyclin
D1, CDK4, and p-Rb (F � 19.15, p < 0.05; F � 20.41, p < 0.05;
F � 75.46, p < 0.001) with concentrations increasing (0, 0.5, 1.0,
and 2.0 μM).

Evaluation of ROS Levels by DCFH-DA
Assay
Our previous work has revealed that VO(hntdtsc)NPIP could
effectively induce apoptosis of HeLa cells through increasing the
apoptosis rates and changing the cell morphology, such as
chromatin condensation and nuclear fragmentation (Bai et al.,
2018). To further verify the mechanism of HeLa cells apoptosis
induced by VO(hntdtsc)NPIP, we tested the efficacy of
VO(hntdtsc)NPIP on ROS levels of HeLa cells at different
concentrations (0, 0.5, 1.0, and 2.0 μM) by fluorometric assay

Table 1 | Antiproliferative effects of four oxovanadium (IV) complexes and the corresponding free ligands and the positive drug cis-platin on different tumor cells lines after
48 h of treatment. Data are expressed as IC50 (μM).

Comp. IC50 (μM)

HeLa BIU-87 SPC-A-1 SGC-7901 HT-29 PANC-1 HepG2

Cisplatin 5.54 ± 0.81 7.82 ± 0.64 8.65 ± 1.01 7.32 ± 0.65 10.14 ± 1.02 13.32 ± 1.52 12.64 ± 1.22
Hntdtsc 100.04 ± 7.56 98.16 ± 6.78 74.56 ± 5.63 174.12 ± 16.35 110.23 ± 22.31 97.63 ± 6.89 169.36 ± 9.87
VO(acac)2 87.21 ± 7.24 76.87 ± 6.12 84.14 ± 5.89 123.69 ± 14.67 113.36 ± 23.14 134.69 ± 10.28 227.35 ± 36.58
CPIP 39.69 ± 7.12 60.23 ± 5.12 41.02 ± 3.45 101.23 ± 6.28 79.16 ± 13.46 98.41 ± 8.66 146.68 ± 14.38
NPIP 24.35 ± 1.63 39.65 ± 5.56 31.01 ± 5.01 79.75 ± 6.66 97.12 ± 10.25 90.46 ± 8.65 202.12 ± 26.46
MEPIP 41.02 ± 4.63 56.45 ± 7.36 61.02 ± 6.32 39.77 ± 5.22 110.03 ± 9.33 77.63 ± 6.11 59.38 ± 4.41
HPIP 78.62 ± 7.02 47.89 ± 4.12 54.36 ± 2.13 66.02 ± 7.47 198.22 ± 15.55 77.36 ± 8.12 99.69 ± 7.36
VO(L)MEPIP 20.11 ± 2.68 34.52 ± 3.67 24.63 ± 4.37 33.55 ± 1.99 51.22 ± 7.17 67.23 ± 4.34 56.56 ± 4.66
VO(L)NPIP 1.09 ± 0.16 4.51 ± 0.68 7.61 ± 0.55 14.23 ± 1.36 26.34 ± 4.11 35.23 ± 6.25 19.32 ± 3.45
VO(L)CPIP 10.36 ± 1.23 8.69 ± 1.05 21.43 ± 3.24 15.66 ± 2.33 31.23 ± 4.02 40.36 ± 2.99 33.31 ± 4.37
VO(L)HPIP 40.26 ± 4.01 19.86 ± 2.47 26.32 ± 4.75 54.10 ± 4.17 101.02 ± 8.15 69.22 ± 3.63 60.29 ± 4.44

*L � hntdtsc. Cells were treated with various concentrations (0.1, 0.5, 1.0, 5.0, 10.0, 50.0, 100.0, and 200.0 µM) of tested compounds for 48 h. Cell viability was determined byMTT assay
and IC50 values were calculated as the mean ± SD of triplicate in three independent experiments.
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using 2’,7’-dichlorofluorescein diacetate (DCFH-DA) as the
fluorescence probe (Kobayashi et al., 2002). As shown in
Figure 2, the green fluorescence was weak in the control
group, while a stronger green fluorescence was observed in the
VO(hntdtsc)NPIP treatment groups and the green fluorescence
intensity in HeLa cells was enhancing with concentrations of
VO(hntdtsc)NPIP increasing (0, 0.5, 1.0, and 2.0 µM), suggesting
that VO(hntdtsc)NPIP could significantly induce the increase of
ROS levels in HeLa cells in a dose-dependent manner (F � 112.24,
p < 0.001).

Evaluation of Mitochondrial Membrane Depolarization
by JC-1 Analysis
To lucubrate the effects of VO(hntdtsc)NPIP on apoptosis, the
changes of MMP in HeLa cells were detected by JC-1 dye, which
was a fluorescent probe that has been widely used in the detection
of MMP (Elefantova et al., 2018). As shown in Figure 3,
compared with the control group, the red fluorescence

intensity decreased (F � 36.08, p < 0.05) and the green
fluorescence intensity increased (F � 55.22, p < 0.01) in a
dose-dependent manner after VO(hntdtsc)NPIP treatment on
HeLa cells, and the red/green fluorescence intensity ratio
significantly decreased (F� 15.14, p < 0.01) as well, indicating
that VO(hntdtsc)NPIP could effectively induce the decrease of
MMP in HeLa cells.

Evaluation of the Expression of Apoptosis-Related
Proteins
Apoptosis is an important continuous process of destruction of
undesirable cells during the development or homeostasis in
multicellular organisms. It has also been known that cancer
was caused by the disruption of cellular homeostasis between
cell death and cell proliferation, and compounds that can
induce apoptosis are considered to have potential as
anticancer drugs (Verquin et al., 2004). To further illustrate
the mechanism of VO(hntdtsc)NPIP on inducing apoptosis,

FIGURE 1 | (A) The changes in the distribution of HeLa cells after being incubated for 48 h with VO(hntdtsc)NPIP at different concentrations (0, 0.5, 1.0, and
2.0 µM) (× 200). (B) The inhibition rates of VO(hntdtsc)NPIP on HeLa cells with different concentrations (0, 0.5, 1.0, and 2.0 µM) and time (24, 48, and 72 h). (C) The cell
viability of MRC-5 cells after VO(hntdtsc)NPIP treatment with different concentrations (0.5, 1.0, and 2.0 µM) and time (24, 48, and 72 h). (D)Cell cycle regulatory proteins
were detected using western blotting; HeLa cells were treated with VO(hntdtsc)NPIP at different concentrations (0, 0.5, 1.0, and 2.0 μM) for 24 h. (E) The density
ratio of p16, cyclin D1, CDK4, and p-Rb to β-actin, after treatment with VO(hntdtsc)NPIP. Data are represented as mean ± SD of three independent experiments. *p <
0.05, **p < 0.01 or ***p < 0.001 compared to the control group.
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the expression of apoptosis-related proteins was detected by
western blot assay. As shown in Figure 4, VO(hntdtsc)NPIP
significantly increased the expression of Bax, cytochrome c,
cleaved caspase-3, cleaved caspase-8, and cleaved caspase-9
(F � 16.22, p < 0.05; F � 54.32, p < 0.001; F � 25.54, p < 0.01; F �
34.68, p < 0.001; F � 40.63, p < 0.001) and decreased the
expression of pro-caspase-3, pro-caspase-8, and pro-caspase-9
(F � 15.68, p < 0.05; F � 16.39, p < 0.01; F � 11.36, p < 0.05) with

concentrations increasing (0, 0.5, 1, and 2 µM) accordingly.
Simultaneously, VO(hntdtsc)NPIP obviously decreased the
expression of Bcl-2 (F � 33.12, p < 0.001) and reduced the
ratio of Bcl-2/Bax (F � 86.74, p < 0.001) with concentrations
increasing (0, 0.5, 1, and 2 µM), which further proved that
VO(hntdtsc)NPIP inducing the apoptosis of HeLa cells was
related to mitochondrial apoptosis. Combined with the
mitochondrial depolarization results described above, these

FIGURE 2 | Effects of VO(hntdtsc)NPIP on the level of ROS in HeLa cells. (A) The production of ROS in HeLa cells after various concentrations (0, 0.5, 1.0, and
2.0 µM) of VO(hntdtsc)NPIP treatment for 48 h was detected by a fluorescence probe DCFH-DA (× 400). (B) Histograms displayed the fluorescence intensity after
different concentrations of VO(hntdtsc)NPIP treatment. Data are represented as mean ± SD of three independent experiments. *p < 0.05, **p < 0.01 or ***p < 0.001
compared to the control group.

FIGURE 3 | Effects of VO(hntdtsc)NPIP on mitochondrial membrane depolarization (MMP) in HeLa cells. (A) The changes of MMP of HeLa cells were detected by
JC-1 probe. HeLa cells were treated with various concentrations (0, 0.5, 1.0, and 2.0 µM) of VO(hntdtsc)NPIP for 48 h (× 400). (B) Histograms displayed the red/green
fluorescence intensity and red/green fluorescence ratio. Data are represented as mean ± SD of three independent experiments. *p < 0.05, **p < 0.01 or ***p < 0.001
compared to the control group.
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results suggested that VO(hntdtsc)NPIP induced apoptosis via
mitochondrial apoptosis pathway.

Antitumor Effect of VO(hntdtsc)NPIP In Vivo
Acute Toxicity Study on Kunming Mice
The experiments in vitro mentioned above indicate that
VO(hntdtsc)NPIP has significant antiproliferative and
apoptosis-induced efficacy on HeLa cells. We then verified its
activity in in vivo animal model. In order to confirm the nontoxic
and effective dosage, we firstly tested the acute toxicity of
VO(hntdtsc)NPIP on sixty Kunming mice according to OECD
guidelines. The results showed that in the control group, all the
indicators were basically normal in 14 days, including normal
diet, good mental state and active, elastic skin, smooth back hair
closed to the epidermis, and normal weight gain. With the dosage
of VO(hntdtsc)NPIP increasing, the toxic reaction symptoms of
the mice became more and more obvious, revealing a good dose-
toxicity dependence relationship. Detailedly, when the mice were
treated with VO(hntdtsc)NPIP after 24 h, one female mouse died
at 8.0 mg/kg, four mice died at 16.0 mg/kg, and six mice died at
32.0 mg/kg, respectively. At the maximum dose of 64.0 mg/kg, all
mice died within 4 h, and there was no significant difference
between male and female mortality. The weight growth rates of
the control group and the groups treated with VO(hntdtsc)NPIP

at different dosages (4.0, 8.0, and 16.0 mg/kg) were 20.12%,
19.48%, 14.22%, and 3.13%, respectively, and the weight loss
was 0.16% in the group treated with 32.0 mg/kg. In addition,
according to the symptoms of the mice in the experiment, such as
decreased autonomic activity, convulsion, imbalance of body, and
diarrhea, it could be preliminarily estimated that VO(hntdtsc)
NPIP might be relatively toxic to the central nervous system,
neuromuscular system, and digestive system. It is worth noting
that the LD50 value of VO(hntdtsc)NPIP was 24.26 mg/kg with
95% confidence interval [17.37, 34.91], which was nearly twice to
that of the classic metal drug cisplatin, indicating that
VO(hntdtsc)NPIP was less toxic and had the significance for
further study. In addition, in the VO(hntdtsc)NPIP treated group
at a dosage of 4.0 mg/kg, the Hematoxylin-Eosin (H&E) staining
pathological sections collected from heart, lung, kidney, and liver
showed no observable major organ-related toxicities (Figure 5A).
Based on these experimental results, the relatively safe dose of 1.0,
2.0, and 4.0 mg/kg was selected for xenograft nude mice models
in vivo.

Effects of VO(hntdtsc)NPIP on the Growth of HeLa
Xenografts
Up to date, overwhelming evidence demonstrates that
oxovanadium complexes have great potential of antiproliferation

FIGURE 4 |Mitochondria-dependent-apoptosis-related proteins were detected using western blotting; HeLa cells were treated with VO(hntdtsc)NPIP at different
concentrations (0.5, 1.0, and 2.0 μM) for 24 h. The quantification of the proteins was exhibited following the immunoblotting analysis. (A) The expressions of Bax, Bcl-2,
cytochrome c, pro-caspase-3, cleaved-caspase-3, pro-caspase-8, cleaved-caspase-8, pro-caspase-9, and cleaved-caspase-9 were determined by western blotting
using specific antibodies. (B) The density ratio of Bax, Bcl-2, cytochrome c, pro-caspase-3, cleaved-caspase-3, pro-caspase-8, cleaved-caspase-8, pro-
caspase-9, and cleaved-caspase-9 to β-actin, after treatment with VO(hntdtsc)NPIP. Data are represented as mean ± SD of three independent experiments. *p < 0.05,
**p < 0.01 or ***p < 0.001 compared to the control group.
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against various tumor cells; however, studies in vivo are scarce,
which perhaps is the key obstacle in the translational development
of these compounds to drugs [15–19]. To further verify the
inhibitory efficacy of VO(hntdtsc)NPIP against tumor growth in
vivo, theHeLa cells xenograftmodels in nudemice were established
successfully using tumor tissue block method, which could ensure
the uniformity of tumor formation (Lee et al., 2018). On the 7th
day after tumor transplantation, the volume of lumps all reached
100.0 mm3 and met the requirements of drug administration.
Then, the nude mice were treated with VO(hntdtsc)NPIP by
intraperitoneal injection in the doses of 1.0, 2.0, and 4.0 mg/kg

every 3 days for a total of 7 times. And the body weight and tumor
volume of nude mice on the 0, 7th, 14th, 21st, and 28th days after
tumor transplantation were selected to statistical analysis. The
tumor-bearing states and tumor anatomical specimens of nude
mice in each group on the 28th day after tumor transplantation
were shown in Figure 5B,C. The body weight growth curve of the
nude mice showed that, compared with that before the
transplantation, the average body weight of the nude mice in
each group gradually increased on the 14th, 21st, and 28th days
after transplantation (Figure 5D). In addition, tumor volume
growth curve showed that VO(hntdtsc)NPIP could suppress the

FIGURE 5 | (A) H&E staining was performed on heart, liver, kidney, and lung tissue sections of mice after a dose of 4.0 mg/kg of VO(hntdtsc)NPIP treatment (×
400). (B) Nude mice bearing HeLa cells at the 28th day after transplantation. (C) Nude mice xenograft specimens at the 28th day after inoculation of HeLa cells. (D)
Growth curves of the average body weight and tumor volume within each experimental group on the 0, 7th, 14th, 21st, and 28th days after tumor transplantation. Tumor
volume was calculated using the following formula: width2 × length × 0.5. *p < 0.05 or **p < 0.01 compared to the control group.
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tumor growth rate in a dose-dependent manner and had a
significant antitumor effect (Figure 5D). Moreover, in order to
confirm the inhibitory effect of VO(hntdtsc)NPIP against HeLa
cell xenografts growth and metastasis, dynamical observation of
tumor growth in vivo imaging systemwas tested (Figure 6) and the
results showed that, compared with the control group,
VO(hntdtsc)NPIP decreased the relative light intensity of live
imaging in nude mice in a dose-dependent manner, indicating
VO(hntdtsc)NPIP could significantly delay the onset of tumor
growth and inhibit visible tumor progression, which was consistent
with the results shown in Figure 5D. In a word, the above results
are consistent with the experimental results of antihuman cervical
cancer HeLa cells proliferation in vitro, which fully proved that the
complex VO(hntdtsc)NPIP has significant antiproliferative activity
against HeLa cells.

H&E Staining of Tumor Tissues in Nude Mice Bearing
HeLa Cells
Associations between the density of tumor cells in H&E-stained
sections were shown in Figure 7A, suggesting that, in the control
group, the tumor cells in the tumor tissue are numerous, densely
arranged, basophilic, and hyperchromatic, and the atypia nuclei
increased, presenting typical cancerous changes. While in the

group with VO(hntdtsc)NPIP treatment in different doses (1.0,
2.0, and 4.0 mg/kg), opposite results were observed: the tumor
cells were significantly decreased, the cell spacing was widened
and the arrangement was looser, and karyopyknosis and the
varying degrees of degenerative necrosis had occurred, indicating
that VO(hntdtsc)NPIP can effectively induce the apoptosis of
HeLa cells in xenograft models in nude mice.

Effects of VO(hntdtsc)NPIP on the Apoptosis in HeLa
Xenografts
As for cells apoptosis, DNA endonuclease can be active with
cutting the genomic DNA in the nucleosomes and exposing 3’-
OH terminal (Madeo et al., 1997). And the fragmentation of
nuclear DNA at the late stage of apoptosis can be detected by
FITC labeled TUNEL cell apoptosis detection kit (Wadskog et al.,
2004). DAPI, a blue fluorescent dye that binds strongly to DNA,
can pass through the intact cell membrane and bind to the AT
base pair position of the double-stranded DNA groove, staining
apoptotic and nonapoptotic cells to blue so that the number of
DNA can be detected (Madeo et al., 1999). To further examine
VO(hntdtsc)NPIP-induced apoptosis of HeLa cells in xenograft
nude mice, we investigated the colocalization of green
fluorescence and blue fluorescence by TUNEL (FITC)/DAPI

FIGURE 6 | Fluorescence kinetics in HeLa xenografts in nude mice after 10-Gy irradiation. (A) Dynamical observation of tumor growth with in vivo imaging system
on the 7th and 28th days, respectively, after different doses of VO(hntdtsc)NPIP treatment. (B) Effects of VO(hntdtsc)NPIP on mean optical density of HeLa xenografts in
nude mice on the 7th and 28th days.*p < 0.05 or **p < 0.01 compared to the control group.
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FIGURE 7 | (A) H&E staining was performed on tumor tissues in nude mice bearing HeLa cells after various doses of VO(hntdtsc)NPIP treatment and a
representative images have been displayed (× 200). (B) Apoptotic effect of VO(hntdtsc)NPIP on HeLa cells in xenograft nude mice was determined by TUNEL and DAPI
assay. TUNEL (FITC, green) was used to mark fragmented DNA. DAPI (blue) was used to indicate the cell nuclei. The changes of fluorescence intensity were determined
using TUNEL (FITC) + DAPI double staining after VO(hntdtsc)NPIP treatment (× 400). (C) Histograms display the green/blue fluorescence ratio. (D) Histograms
display the positive cleaved caspase-3 cell rates of xenografts after various doses of VO(hntdtsc)NPIP treatment. (E) The expression changes of cleaved caspase-3 after
VO(hntdtsc)NPIP treatment were detected using immunohistochemical staining. (× 400). Data are represented as mean ± SD of three independent experiments. **p <
0.01 or ***p < 0.001 compared to the control group.

FIGURE 8 | Expression of p16 and Ki-67 in HeLa xenografts in nude mice was determined by immunohistochemical staining. (A) The expression changes of p16
and Ki-67 after VO(hntdtsc)NPIP treatment were detected using immunohistochemical staining. (× 400) (B) Histograms display the positive p16 cell rates of xenografts
after various doses of VO(hntdtsc)NPIP treatment. (C)Histograms display the positive Ki-67 cell rates of xenografts after various doses of VO(hntdtsc)NPIP treatment. All
data are represented as mean ± SD of three independent experiments. *p < 0.05 or **p < 0.01 compared to the control group.
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staining, and the proportion of apoptotic cells after VO(hntdtsc)
NPIP treatment was detected (Park and Lee, 2010). As shown in
Figure 7B,C, after VO(hntdtsc)NPIP treatment, the green
fluorescence staining with TUNEL (FITC) was enhanced, and
the green fluorescence/blue fluorescence ratio increased in a dose-
dependent manner (F � 133.14, p < 0.001), indicating
VO(hntdtsc)NPIP increased the apoptosis rate of HeLa cells.
To further verify the efficacy of VO(hntdtsc)NPIP on the
apoptosis in HeLa xenografts, the expression level of cleave
caspase-3 was detected by immunohistochemical staining. As
shown in Figure 7D,E, VO(hntdtsc)NPIP remarkably increased
the expression of cleave caspase-3 in a dose-dependent manner (F
� 61.77, p < 0.01), suggesting that VO(hntdtsc)NPIP could
effectively induce the apoptosis of HeLa cells in xenograft
nude mice.

Effects of VO(hntdtsc)NPIP on the Expression of Ki-67
and p16 in HeLa Xenografts
To further explore the effects of VO(hntdtsc)NPIP on cell
proliferation in HeLa xenografts, immunohistochemical staining
was conducted and the results was shown in Figure 8, revealing
that the VO(hntdtsc)NPIP treatment significantly reduced the cell
positive rate with Ki-67 staining (F � 140.22, p < 0.001) and
enhanced the cell positive rate with p16 staining (F � 79.55, p <
0.01), suggesting that VO(hntdtsc)NPIP obviously inhibited the
proliferation index of HeLa cell xenografts and reduced the
malignant degree of the transplanted tumor.

DISCUSSION

In this study, a comprehensive antitumor activity study of
VO(hntdtsc)(NPIP) on cervical cancer HeLa cells in vitro and
in vivo was conducted. Cytotoxicity assays on HeLa, BIU-87, SPC-
A-1, SGC-7901, HT-29, PANC-1, and HepG2 cell lines showed
that VO(hntdtsc)(NPIP) had an obvious antiproliferative activity
against the above-mentioned seven common human cancer cell
lines, particularly HeLa cells in a good concentration-dependent
and time-dependent manner. Cell cycle is a vital process by which a
cell leads to duplication, and disorders of the cell cycle regulation
may lead to tumor formation. Growing evidence has demonstrated
that many antitumor drugs exert their antitumor efficacy by
regulating the cell cycle (Niknejad et al., 2016; Ling et al., 2018).
The successful progression of the cell cycle mainly depends on
three regulatory factors, including cyclins, cyclin-dependent
kinases (CDKs), and cyclin-dependent kinase inhibitors (CKIs)
(Satyanarayana and Kaldis, 2019). Studies have shown that cyclin-
CDKs complexes, such as cyclin D1-CDK4/6 complexes, mediate
the transformation process from G1 phase to S phase, and p16
proteins, as one of the main members of CKIs, are also an
important regulatory factor for the transformation from G1
phase to S phase (Hong et al., 2018). The overexpressed p16
could compete with cyclin D1 for CDK4, thereby inhibiting the
formation and activity of cyclin D1-CDK4 complex, leading to the
dephosphorylation and inactivation of p-Rb and causing G1 phase
arrest of the cell (Sherr and Roberts, 1999). In terms of mechanism,
the cell cycle-phase distribution was analyzed by flow cytometry

with PI staining and the expression of associated cell cycle
regulatory proteins was detected using western blot assay, and
we found that VO(hntdtsc)NPIP could obviously arrest HeLa cells
cycle at G0/G1 phase via p16-cyclin D1-CDK4-p-Rb pathway. In
view of the obvious antiproliferation effect of VO(hntdtsc)NPIP
in vitro, we further explored the antiproliferation effect of
VO(hntdtsc)NPIP in vivo. Ki-67, a nuclear antigen associated
with cell mitosis, mainly labeled cells in a proliferation cycle
other than G0 phase, and the higher the positive rate of the
marker is, the faster the tumor growth is and the higher the
degree of malignancy is (Qiao et al., 2016). P16, a tumor
suppressor, can prevent the cells from entering the S phase by
inhibiting the activity of CDK4 and has become an important
target for the development of antitumor drugs on cell cycle
inhibition (Kobierzycki et al., 2018). Further exploration on the
cell proliferation effect of VO(hntdtsc)NPIP in HeLa xenografts
revealed that VO(hntdtsc)NPIP obviously inhibited the
proliferation index of HeLa cell xenografts and reduced the
malignant degree of the transplanted tumor, which further
verified the results of experiments in vitro and suggested that
VO(hntdtsc)NPIP might regulate the p16-cyclin D1-CDK4-p-Rb
pathway while reducing the proportion of cells entering the S
phase, suppressing the synthesis of DNA and chromatin structural
proteins, interfering with the mitotic process of HeLa cells, and
ultimately leading to apoptosis or necrosis of HeLa cells.

Apoptosis is a programmed progress, and the unlimited
proliferation of tumor cells caused by the dysregulation of
apoptosis is one of the important causes of tumorigenesis. It
is generally believed that mammalian apoptosis occurs mainly
through two pathways, including the death-receptor-induced
extrinsic pathway and the mitochondria-apoptosis-mediated
intrinsic pathway (Kiraz et al., 2016). In the mitochondria-
apoptosis-mediated intrinsic pathway, mitochondria not only
serve as the regulatory center of cell apoptosis, but also is a key
link in the cascade of apoptosis (Nagy et al., 2015). The
assessment of mitochondrial membrane potential (MMP) in
intact cells could yield information which is necessary for the
evaluation of their physiopathological conditions (Seppet et al.,
2009). The loss of MMP often takes place during the induction
of neoplastic cell apoptosis (Ortiz-Lazareno et al., 2014). In this
study, we have preliminarily found that VO(hntdtsc)NPIP
could effectively induce apoptosis of HeLa cells. To lucubrate
the effects of VO(hntdtsc)NPIP on apoptosis, the changes of
MMP in HeLa cells were detected and the result showed that
VO(hntdtsc)NPIP could effectively induce the decrease of MMP
in HeLa cells. In addition, the oxidative-damage-induced
mitochondrial-dependent apoptosis pathway has attracted
more attention in the study of the mechanism of metal
antitumor drugs (León et al., 2014). Furthermore, growing
evidence suggests that the induction of oxovanadium
complexes on the production of oxygen free radicals such as
reactive oxygen species (ROS) can cause oxidative stress damage
in tumor cells (Maurya et al., 2010). Consistently, we also found
that VO(hntdtsc)NPIP could significantly induce the increase of
ROS levels in HeLa cells in a dose-dependent manner. To
further illustrate the mechanism of VO(hntdtsc)NPIP on
inducing apoptosis, detetion of apoptosis-related proteins
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expression was essential. The Bcl-2 family of proteins plays a key
regulatory role in the opening of the mitochondrial intimal
permeability transition pore (PT), including proapoptotic
proteins such as Bax and antiapoptotic proteins such as Bcl-2
(Martinou and Youle, 2011). The opening of PT pore causes the
change of MMP, which eventually leads to the destruction of
MMP and the release of cytochrome c into the cytoplasm, which
interacts with the apoptotic protease activator (Apaf-1) and the
precursor of caspase-9 to form a complex, activating the
downstream caspase (e.g., caspase 3) and eventually resulting
in the occurrence of apoptosis cascade reaction (Gross, 2016).
Overwhelming evidence has proved that the general
mechanisms of vanadium complexes for antitumor action
involve opening of mitochondrial permeability transition
pores (PT) resulting in cancer cell apoptosis (Zhao et al.,
2010). In this study, we found that VO(hntdtsc)NPIP
significantly increased the expression of Bax, cytochrome c,
cleaved caspase-3, cleaved caspase-8, and cleaved caspase-9 and
decreased the expression of pro-caspase-3, pro-caspase-8, and
pro-caspase-9 in a dose-dependent manner accordingly.
Similarly, VO(hntdtsc)NPIP obviously decreased the
expression of Bcl-2 and reduced the ratio of Bcl-2/Bax with
concentrations increasing, which further demonstrated that
VO(hntdtsc)NPIP induced apoptosis via mitochondrial
apoptosis pathway. Consistently, VO(hntdtsc)NPIP could
effectively increase the expression of cleaved caspase-3 and
induce the apoptosis of HeLa cells in xenograft nude mice.

To fully understand the mechanism involved in the regulation
of cell cycle and induction of apoptosis by VO(hntdtsc)NPIP,
further investigation needs to be carried out. All the above initial
observations are indeed encouraging to contemplate in-depth
studies in future.

CONCLUSION

In conclusion, the anticancer activity and the mechanism of the
novel oxovanadium complex VO(hntdtsc)NPIP on cervical
cancer HeLa cells were further evaluated via several biological
assays in vitro and in vivo. The preliminary studies of anticancer
activity showed that VO(hntdtsc)NPIP significantly inhibited the
proliferation of human cervical cancer HeLa cells, resulting in
arresting cell cycle at G0/G1 phase through the p16-cyclin D1-
CDK4-p-Rb pathway, which was demonstrated by upregulating
the expression of p16 and downregulating the expression of cyclin
D1, CDK4, and p-Rb and inducing cell apoptosis through the
mitochondrial-dependent apoptosis pathway, which was further
illustrated by downregulating the expression of Bcl-2/Bax ratio,
pro-caspase-3, pro-caspase-8, and pro-caspase-9, and upregulating
the expression of cytochrome c, cleaved caspase-3, cleaved caspase-
8, and cleaved caspase-9, the loss of MMP, and the change of
cellular morphology. Furthermore, the antitumor efficacy was
verified in cervical cancer xenograft mice models in vivo. In

accordance with the in vitro results, in vivo experiments
revealed that VO(hntdtsc)NPIP significantly inhibited the
cancer cell growth and induced the cancer apoptosis. As a bold
conjecture, considering the IC50 value of VO(hntdtsc)NPIP against
HeLa cell lines was only one-fifth such that, of cisplatin (5.54 ±
0.81 μM), an interesting project to make a systematic
comparison between VO(hntdtsc)NPIP and cisplatin in HeLa
cells could be conducted in the future. And the antiproliferation
efficacy of VO(hntdtsc)NPIP in HeLa cells would be further
verified and accelerate the transformation pace of synthetic
compounds to clinical drugs. Collectively, our research
dmonstrated that VO(hntdtsc)NPIP possessed a great
potential in the treatment of cervical cancer and was worthy
of continuous development. We believe that this study could
provide an important impetus for the research and development
of the anticancer potential of oxovanadium complexes;
especially, VO(hntdtsc)NPIP is expected to be developed as a
lead compound and further transformed into a new anticancer
drug. Further investigation into the development of efficient
anticancer agents based on these oxovanadium complexes is
underway in our group.
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Our previous study revealed that Shuanghuang Shengbai granule could cure the

myelosuppression induced by cyclophosphamide (CTX) in lung cancer. However, its

hematopoietic effects andmolecular mechanisms remain not fully understood. Therefore,

this study was intended to investigate the effects and the underlying mechanisms of

Astragaloside IV (AS) and saponins of rhizoma polygonati (SRP), the two main bioactive

ingredients of Shuanghuang Shengbai granule, on CTX-induced myelosuppression. CTX

inhibited the proliferation and promoted apoptosis in bone marrow hematopoietic stem

cells (BMHSCs), accompanied by the increased expression of miR-142-3p. AS and/or

SRP treatment could alleviate CTX-induced cell injury and suppress the expression of

miR-142-3p. Over-expression of miR-142-3p partially reversed the therapeutic effect of

AS and/or SRP on CTX-induced cell injury in BMHSCs. Further mechanism exploration

discovered that HMGB1was the target gene of miR-142-3p, and miR-142-3p negatively

regulated the expression of HMGB1. To further explore the function of AS and/or

SRP in vivo, we constructed a lung cancer xenograft combined with CTX-induced

myelosuppression mouse model, and we found that AS and SRP remarkably reversed

the CTX-induced reduction of white blood cells, bone marrow nucleated cells, and

thymus index in vivo and did not affect the chemotherapy effect of lung cancer.

Collectively, our results strongly suggested that AS and SRP could improve the

hematopoietic function of myelosuppressed lung cancer mice, and their effects may be

related to the inhibition of miR-142-3p expression in BMHSCs.

Keywords: astragaioside IV, saponins of rhizoma polygonati, mir-142-3p, myelosuppression, HMGB1

INTRODUCTION

Lung cancer is themost commonmalignant tumor that causes the highest number of cancer-related
death worldwide (1). Although significant progress has been made in the treatment strategies
of lung cancer, the 5-year survival rate of lung cancer patients is still <20%, according to the
latest epidemiological survey (2). Chemotherapy is the most effective systemic treatment for lung
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cancer (3). However, myelosuppression often occurs during
chemotherapy for lung cancer patients (4). Chemotherapy-
inducedmyelosuppression, which is oftenmanifested as a decline
in white blood cells (WBCs) and a series of hematopoietic
dysfunction, is a main obstacle that restricts the progress of
chemotherapy (5, 6). Therefore, it is important to improve
the symptoms of myelosuppression for the insurance of
the efficacy of chemotherapy. At present, drugs such as
recombinant human granulocyte colony stimulating factor
(G-CSF), erythropoietin (EPO), and thrombopoietin (TPO),
which can protect bone marrow function and promote
the recovery of hematopoietic function, are often added
in the sequential therapy of conventional chemotherapy
regimens (7, 8). EPO and TPO are expensive, while G-CSF
has a potential safety hazard (potential role in promoting
tumor cell proliferation) (9). Therefore, it is urgent to
find inexpensive, safe, and effective drugs to ameliorate
chemotherapy-induced myelosuppression.

Traditional Chinese medicine has increasingly been studied
and used as a novel adjunctive treatment in different cancers
(10). Shuanghuang Shengbai granule has been applied in cancer
treatment for decades (11). According to our previous studies
(12, 13), it had an ability to increase WBC recovery and
alleviate myelosuppression during chemotherapy. Reportedly
(13), WBCs were mainly differentiated from bone marrow
hematopoietic stem cells (BMHSCs), and Shuanghuang Shengbai
granule could promote the proliferation of CD34+SCA1+

BMHSCs via regulation of microRNAs. The results suggested
that some bioactive ingredients of Shuanghuang Shengbai
granule could inhibit BMHSC injury during chemotherapy,
and screening these bioactive ingredients may provide a
basis for the development of anti-myelosuppression drugs in
the future.

Based on all these backgrounds and our previous studies, our
present study focused on Astragaloside IV (AS) and saponins of
rhizoma polygonati (SRP), the two main bioactive ingredients of
Shuanghuang Shengbai granule, in bone marrow hematopoietic
function and their underlying mechanisms and further
exploring on whether these two bioactive ingredients could
cure myelosuppression in a CTX-induced myelosuppression
mouse model.

MATERIALS AND METHODS

Animals and Isolation of BMHSCs
Male BALB/c nude mice (6-week-old, weighing 20 ± 2 g) were
purchased from Vital River Laboratories (Jiaxing, Zhejiang,
China) and maintained in the specific pathogen-free animal
laboratory of Longhua Hospital (Shanghai, China) under
controlled environmental conditions. All of the animal
experiments and procedures were approved by the IACUC
of Longhua Hospital. After being sacrificed, the femur and
tibia of the mice were harvested. Then, bone marrow cells
(BMCs) were flushed from the bones before adding 2ml
hemolysin (Sigma-Aldrich, St. Louis, MO, USA) to damage
the red blood cells to form a single-cell suspension. The
CD34+SCA1+ BMHSCs were isolated from BMCs by using

a FACSCanto II flow cytometer (BD Biosciences, San Jose,
CA, USA) according to the manufacturers’ standard protocols
(BioLegend, San Diego, CA, USA) as previously described (13).
Data was analyzed by Flowjo software (Tree Star, San Diego,
CA, USA).

Cell Culture and miRNA Transfection
BMHSCs were cultured in StemSpan serum-free expansion
medium (StemCell Technologies, Vancouver, BC, Canada)
supplemented with 50 ng/ml stem cell factor (eBioscience,
San Diego, CA, USA) and 50 ng/ml fibroblast growth
factor-1 (PeproTech, Rocky Hill, NJ, USA) in a humidified
atmosphere of 5% CO2 at 37◦C. When the cells were in
logarithmic phase, the cells were collected for transfection.
The miR-142-3p mimics (142-3p) and corresponding
negative control (NC) were synthesized and purchased
from GenePharma Company (Shanghai, China). The full
length of HMGB1 was subcloned into pcDNA3.1 vector to
overexpress HMGB1 (HMGB1), and empty pcDNA3.1 as
negative control (pcDNA) was purchased from GenePharma
Company. Transfection was performed using Lipofectamine
3000 (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions.

CCK-8 Assay
Cell viability was measured by using a Cell Counting-8 kit (CCK-
8, Dojindo, Kumamoto, Japan). BMHSCs (5.0 × 103/well) were
seeded in 96-well microtiter plates (Corning Costar, NY, USA).
After the indicated treatment, the CCK-8 solution (10 µl/well)
was added into the wells and incubated for 2 h according to the
manufacturer’s protocol. Cell viability was reflected by measuring
the absorbance of the converted dye at 450 nm with a microplate
reader (Bio-rad, Hercules, CA, USA).

BrdU Assay
Cell proliferation was measured by BrdU incorporation assay
(Roche Applied Science, Germany). BMHSCs (5.0 × 103/well)
were plated in 96-well microtiter plates (Corning Costar). After
the indicated treatment, the BrdU solution (10 µl/well) was
added into the wells and incubated for 2 h. Then, the cells
were fixed and denatured with FixDenat solution for 30min
incubated with anti-BrdU monoclonal antibody for 1.5 h and
tetramethylbenzidine substrate for 15min according to the
manufacturer’s protocol. Cell proliferation was reflected by
measuring the absorbance of the converted dye at 450 nm with
a microplate reader (Bio-rad).

Annexin V-PI Staining Assay
Cell apoptosis was measured using Annexin V/PI staining assay
as described previously (14). After the indicated treatment,
BMHSCs were harvested and washed twice in PBS. Then,
Annexin V-FITC and PI reagents were added into the cell
suspension according to the manufacturer’s instruction (KeyGen,
Nanjing, Jiangsu, China). Each sample was quantitatively
analyzed at Em = 488 nm and Ex = 570 nm by using a
FACSCanto II flow cytometer (BD Biosciences), and then the
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fluorescence of each sample was analyzed by using the CellQuest
software (Becton Dickinson, Franklin Lakes, NJ, USA).

Luciferase Reporter Assay
The putative miR-142-3p binding site in the 3′UTR of HMGB1
was predicted by miRanda (http://www.microrna.org/microrna/
home.do). The 3′UTR of HMGB1 containing the wild-type
or mutant miR-142-3p binding site was constructed and
ligated into pGL3 plasmid (Invitrogen) according to the
manufacturer’s instruction. Cells were co-transfected with
plasmid pGL3- HMGB1-3′UTR-WT (WT)/pGL3-HMGB1-
3′UTR-MUT (MUT) and miR-142-3p mimics (142-3p) or NC
using Lipofectamine 3000. At 48 h later, cells were collected, and
relative luciferase activities were detected by a dual-luciferase
reporter assay system (Promega, Madison, WI, USA) according
to the manufacturer’s instruction. Renilla luciferase was used
for normalization.

Real-Time Quantitative PCR
RNA was extracted from cells using Trizol Reagent (Invitrogen)
and reversed transcriptase into cDNA by using a Prime Script RT
reagent kit (TaKaRa, Dalian, China). Then, real-time quantitative
PCR (RT-qPCR) was performed in triplicate using SYBR Premix
Ex Taq Kit (Takara) according to the manufacturer’s instruction.
U6 and GAPDH were used as internal controls for normalizing
and quantifying the expression of miR-142-3p and HMGB1,
respectively. The relative expression levels of miR-142-3p and
HMGB1 were calculated by using the 2−11Ct method. The
primer sequences for miR-142-3p were 5′-GTCGTATCCAGT
GCAGGG-3′ (forward) and 5′-CGACGTGTAGTGTTTCCAT-3′

(reverse). The primer sequences for HMGB1 mRMA were 5′-
GATGGGCAAAGGAGATCCTA-3′ (forward) and 5′-CTTGGT
CTCCCTTTGGGG-3′ (reverse).

Western Blot Analysis
Proteins were extracted by RIPA buffer (Sigma-Aldrich)
containing 1% protease inhibitor (cocktail, CalbioChem,
Darmstadt, Germany), and the concentration of proteins was
determined by using a BCA Protein Assay Kit (Beyotime,
Shanghai, China). Equal amounts of proteins (70 µg proteins
per sample) were denatured at 95◦C for 5min and then
separated by SDS-PAGE system (Bio-rad). After transferring
the electrophoretic protein onto PVDF membranes (Millipore,
Billerica, MA, USA) by electrotransfer (Bio-rad) and blocking
with 5% non-fat milk at room temperature for 90min,
the proteins were probed with primary antibodies against Bcl-2
(ab196495), Bax (ab216494), cleaved caspase3 (c-cas3, ab214430),
caspase3 (cas3, ab13847), HMGB1 (ab18256), and GAPDH
(ab181602) (Abcam, Cambridge, MA, USA) at 4◦C overnight,
followed by incubation with the appropriate peroxidase-
conjugated secondary antibodies at room temperature for 1 h.
Blots were developed by chemiluminescence (Beyotime), and
then an X-ray film was scanned. The gray ratios of the target
protein bands were accurately determined by an Image-J analysis
system (NIH, Rockville Pike, Bethesda, MD, USA).

Animal Model
Lung cancer xenograft model was constructed with A549 cell
inoculation according to our previous research (13). When the
tumor volume was about 200 mm3 [measured with a vernier
caliper, the tumor volume was calculated as described previously
(13)], then mice with similar tumor size were selected and
randomly divided into control group (Ctrl) (n = 10 mice), CTX
group (model) (n = 10 mice), CTX + AS group (n = 10 mice),
CTX + SRP group (n = 10 mice), and CTX + AS + SRP
group (n = 5 mice). CTX (Jiangsu Hengrui Medicine Co. Ltd,
Jiangsu, China) was used to establish a myelosuppression mouse
model. AS and SRP were obtained from the drug preparation
center of Longhua Hospital. The mice in the CTX model
group were given CTX (30 mg/kg/d) intraperitoneally (i.p.) for
14 days, and the control group received an equal volume of
saline. The treatment groups were i.p. injected with AS (20
mg/kg/day), SRP (40 mg/kg/day), or AS (20 mg/kg/day) + SRP
(40 mg/kg/day) for 14 days at 24 h after CTX administration.
The mice were sacrificed, and their BMCs were collected for
further analysis.

Determination of Bone Marrow
Hematopoietic Function
We investigated the effects of AS and SRP on bone marrow
hematopoietic function, including peripheral blood, bone
marrow nucleated cells (BMNCs) count, and thymus/spleen
indexes in mice.

For general blood indexes detection, all mice’s peripheral
blood was collected from the eye socket vein. Then, WBCs, red
blood cells (RBCs), and platelets (PLTs) were counted with an
automatic blood cell analyzer (DxH 800TM, Beckman Coulter,
Miami, FL, USA).

For BMNCs count, RBCs in BMC suspension were damaged
with hemolysin and then centrifuged for 15min at 2,000 rpm.
The BMNCs were removed and washed with sterile PBS and
then suspended and counted with an inverted optical microscope
(CX43, Olympus, Tokyo, Japan).

For determination of thymus/spleen indexes, the mice were
sacrificed, and then the thymus and spleen were obtained and
weighed: thymus index = thymus weight/body weight; spleen
index= spleen weight/body weight.

Statistical Analysis
Data were expressed as means ± SD (standard deviation). The
data were assessed using one-way ANOVA (post hoc test: LSD).
Statistical analysis was performed by GraphPad Prism software
(La Jolla, CA, USA). P <0.05 was considered a statistically
significant difference.

RESULTS

AS and SRP Alleviated CTX-Induced Cell
Injury in BMHSCs
At first, we examined the effect of CTX, AS, or SRP treatment
alone on cell viability in BMHSCs. The results (Figures 1A–C)
showed that, after treatment with CTX, AS, or SRP at a
concentration range from 0 to 40µM for 48 h, CTX inhibited
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FIGURE 1 | Astragaloside IV (AS) and saponins of rhizoma polygonati (SRP) alleviated cyclophosphamide (CTX)-induced cell injury in bone marrow hematopoietic

stem cells (BMHSCs). BMHSCs were treated with CTX, AS, or SRP at various concentrations that range from 0 to 40µM, 20µM CTX + 5µM AS, or 20µM CTX +

10µM SRP for 48 h. (A–D) Cell viability was measured by CCK-8 assay. (E) Cell proliferation was measured by BrdU assay. (F) Apoptosis was detected by Annexin

V-PI staining. (G) Protein expressions of Bcl-2, Bax, and c-cas3/cas3 were determined by Western blot. *P < 0.05, **P < 0.01 vs. Ctrl group; #P < 0.01 vs.

CTX-alone group; 1P < 0.05 vs. CTX + AS + SRP group; n = 6.

cell viability in a concentration-dependent manner, while AS or
SRP treatment alone had no harmful effect on it in BMHSCs.
We next investigated whether AS and SRP could alleviate CTX-
induced cell injury in BMHSCs. As shown in Figures 1D–F,
AS and SRP could inhibit CTX-induced cell viability reduction,
proliferation attenuation, and apoptosis. In addition, AS

combined with SRP had an obvious synergistic protective
effect in BMHSCs. Moreover, AS and SRP did not affect the

killing effect of CTX in A549 cells (Supplementary Figure 1).
We further investigated the effect of AS and SRP on the

expressions of CTX-induced apoptosis-related proteins. The

Western blot results illustrated that AS and SRP triggered a

rise of Bcl-2 and a decline of Bax and cleaved caspase-3 under
CTX condition (Figure 1G). All the data suggested that AS

and SRP may be the potential anti-myelosuppression drugs
during chemotherapy.

AS and SRP Prevented CTX-Induced Cell
Injury Through Down-Regulation of
miR-142-3p in BMHSCs
Our previous study indicated that Shuanghuang Shengbai
granule could reverse the up-regulation of miR-142-3p induced
by CTX (13). We hypothesized that AS and SRP could interact
with miR-142-3p in BMHSCs, and the RT-qPCR results disclosed
that CTX augmented miR-142-3p expression in BMHSCs, which
was consistent with our previous findings, while both AS
and SRP partially reversed the effects of CTX on miR-142-3p
expression (Figure 2A). Hence, we speculated that miR-142-3p
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FIGURE 2 | Over-expression of miR-142-3p abolished the inhibitory effect of Astragaloside IV (AS) and saponins of rhizoma polygonati (SRP) on CTX-induced cell

injury in bone marrow hematopoietic stem cells (BMHSCs). (A) BMHSCs were treated with 20µM CTX, 20µM CTX + 5µM AS, 20µM CTX + 10µM SRP, or 20µM

CTX + 5µM AS + 10µM SRP for 48 h. The expression of miR-142-3p was detected by RT-qPCR. (B) After transfection with miR-NC or miR-142-3p mimic, the

expression of miR-142-3p was detected by RT-qPCR. (C) Cell proliferation was measured by BrdU assay. (D,E) Cell apoptosis was detected by Annexin V-PI staining.

(E) Protein expressions of Bcl-2, Bax, and c-cas3/cas3 were determined by Western blot. **P < 0.01 vs. Ctrl group; *P < 0.05 vs. NC group; #P < 0.01 vs. CTX

alone group; 1P < 0.05 vs. CTX + AS + SRP group; n = 6.

expression may be involved in AS and SRP preventing CTX-
induced cell injury in BMHSCs. To investigate the potential
interaction among miR-142-3p expression, AS, SRP, and CTX-
induced cell injury in BMHSCs, we examined the role of miR-
142-3p over-expression in it. As shown in Figure 2B, miR-
142-3p level was enhanced after transfection of miR-142-3p
mimic. In the CTX-induced cell injury model, over-expression
of miR-142-3p could reverse the protective effect of AS and
SRP on BMHSCs by inhibiting cell proliferation (Figure 2C) and
promoting apoptosis (Figures 2D,E). The phenomenon was also

verified by Western blot. Compared to CTX + AS + NC group,
CTX + SRP + NC group, or CTX + AS + SRP + NC group,
over-expression of miR-142-3p induced the drop of Bcl-2 protein
level and the rise of Bax and caspase-3 protein level (Figure 2F).

MiR-142-3p Directly Targeted HMGB1 in
BMHSCs
Based on miRanda, we identified a putative miR-142-3p
binding site in the 3′UTR of HMGB1 (Figure 3A). Then, our
RT-qPCR and Western blot results found that miR-142-3p
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FIGURE 3 | HMGB1 was a direct target of miR-142-3p. (A) The potential

miR-142-3p binding sequence of HMGB1 3′UTR and the mutant sequence of

HMGB1. (B,C) After transfection with miR-NC or miR-142-3p mimic, HMGB1

mRNA and protein levels were determined by RT-qPCR and Western blot in

bone marrow hematopoietic stem cells, respectively. (D) The analysis of the

relative luciferase activities of HMGB1. **P < 0.01 vs. Ctrl group; *P < 0.05 vs.

NC group; n = 6.

transfection could significantly decrease HMGB1 mRNA and
protein expression in BMHSCs (Figures 3B,C). Moreover, dual-
luciferase reporter assays also showed that co-transfection of
miR-142-3p with the wild-type 3′UTR led to a 55% loss of
luciferase reporter activity (Figure 3D); however, mutation of the
miR-142-3p binding site in the HMGB1 3′UTR abolished the
effect of miR-142-3p (Figure 3D), which indicated that miR-142-
3p negatively regulates HMGB1 in BMHSCs by directly targeting
the 3′UTR of HMGB1.

Over-expression of HMGB1 Reversed the
Functional Roles of miR-142-3p
To further confirm that over-expression of miR-142-3p inhibited
the therapeutic effect of AS and SRP on CTX-induced cell
injury in BMHSCs through a HMGB1-dependent mechanism,
we conducted functional rescue assay. Our data showed that,
compared with miR-142-3p mimics + pcDNA3.1 vector group,
the expression of HMGB1 was dramatically increased after co-
transfection of miR-142-3p mimics and pcDNA-HMGB1 vector
in BMHSCs (Figures 4A,B). The Annexin V-PI staining results
showed that the promotion effect of miR-142-3p on apoptosis
was reversed by pcDNA-HMGB1 vector transfection in BMHSCs
under CTX + AS or CTX + SRP condition (Figures 4C,D). At
the same time, the expressions of Bax and cleaved caspase3 were
decreased, and the expression of Bcl-2 was increased in miR-
142-3p-overexpressed BMHSCs after exogenous up-regulation
of HMGB1 under CTX + AS or CTX + SRP condition

(Figures 4E,F). Therefore, our data clearly confirmed that over-
expression of miR-142-3p promoted apoptosis in BMHSCs
by directly targeting HMGB1 under CTX + AS or CTX +

SRP condition.

AS and SRP Cure Myelosuppression in vivo
To further explore the function of AS and/or SRP in vivo, we
constructed a lung cancer xenograft combined with a CTX-
induced myelosuppression mouse model. Although AS and/or
SRP did not affect the efficacy of CTX chemotherapy (compared
with CTX-alone group, the tumor mass in CTX + AS, CTX
+ SRP, and CTX + AS + SRP groups was not changed
significantly) (Figure 5A), they could alleviate the reduction
of WBCs (Table 1) and BMNCs (Figure 5B) caused by CTX
chemotherapy. In addition, we examined the thymus/spleen
indexes in all the groups, and the data showed that, compared
with the control group, the thymus index was decreased, and
the thymus index was increased in CTX groups. Compared with
the CTX-alone group, both AS and SRP remarkably increased
the thymus index, while their effects on spleen index were not
significant (Figures 5C,D). We also examined the expressions
of miR-142-3p and HMGB1 in BMHSCs isolated from the
mice in these groups, and the RT-qPCR and Western blot
results showed that, compared with the CTX-alone group, the
expression of miR-142-3p was significantly decreased, and the
mRNA and protein expression of HMGB1 were significantly
increased in the CTX + AS, CTX + SRP, and CTX +

AS + SRP groups (Supplementary Figure 2). All the data
suggested that AS and/or SRP could cure myelosuppression
after CTX chemotherapy, and the effects may be related to
their actions in regulating miR-142-3p and HMGB1 expressions
in BMHSCs.

DISCUSSION

At present, chemotherapy is still a relatively effective and widely
used treatment strategy for malignant tumors. However, due to
the serious multi-system toxic and side effects of chemotherapy
drugs, it may lead to the decline of immune function and
bone marrow hematopoietic dysfunction, thus leading to the
interruption of chemotherapy (5, 6). The currently used anti-
myelosuppression drugs are expensive and do not work as well
as expected (7–9), so it is very necessary to find inexpensive, safe,
and effective anti-myelosuppression drugs.

CTX is a broad-spectrum anti-tumor drug that has inhibitory
effects on a variety of tumors including lung cancer (15, 16). The
most common side effect of CTX is myelosuppression (16). WBC
reduction of peripheral blood is the main clinical manifestation
of chemotherapy-induced myelosuppression (13, 17). The main
source of WBCs is differentiation of BMHSCs (13). Therefore,
BMHSC injury can cause myelosuppression. According to our
previous studies (12, 13), we investigated the effect of AS
and/or SRP on CTX-induced myelosuppression in vitro, and our
findings showed that they could alleviate CTX-induced cell injury
in BMHSCs. As a consequence of the number of BMNCs, a direct
indicator of bone marrow hematopoietic function, high BMNC
content generally represents strong hematopoietic function (18).
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FIGURE 4 | Over-expression of HMGB1 reversed the effect of miR-142-3p on apoptosis in bone marrow hematopoietic stem cells. (A,B) After co-transfection with

miR-142-3p mimic and pcDNA-HMGB1, HMGB1 mRNA and protein levels were determined by RT-qPCR and Western blot, respectively. (C,D) Cell apoptosis was

detected by Annexin V-PI staining under CTX + AS (C) or CTX + SRP (D) condition. (E,F) Protein expressions of Bcl-2, Bax, and c-cas3/cas3 were determined by

Western blot. Cell apoptosis was detected by Annexin V-PI staining under CTX + AS (E) or CTX + SRP (F) condition. *P < 0.05 vs. NC + pcDNA group; #P < 0.05

vs. 142-3p + pcDNA group; n = 6.
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FIGURE 5 | Astragaloside IV (AS) and saponins of rhizoma polygonati (SRP)

cures myelosuppression in vivo. Effect of AS and SRP on tumor mass (A),

bone marrow hematopoietic stem cell counts (B), thymus index (C), and

spleen index (D) in lung cancer xenograft combined with cyclophosphamide

(CTX)-induced myelosuppression in mice. **P < 0.01 vs. Ctrl group;
#P < 0.05 vs. CTX-alone group; 1P < 0.05 vs. CTX + AS + SRP group;

n = 10 or 5.

Thymus index is one of the important indexes of cellular
immunity, and it is closely related to hematopoietic function
after chemotherapy (19). Therefore, we further examined
these indicators to evaluate the anti-myelosuppression and
hematopoietic effects of AS and/or SRP in lung cancer xenograft
combined with CTX-induced myelosuppression mice. As a
result, AS and/or SRP reversed the CTX-induced reduction of
WBCs, BMNCs, and thymus index in vivo and, at the same time,
did not affect the efficacy of CTX chemotherapy in vitro and
in vivo. Collectively, these results expounded that AS and SRP
could improve myelosuppression and hematopoietic function,
and they may be the prospective anti-myelosuppression drugs
during chemotherapy.

We next investigated why could AS and/or SRP inhibit CTX-
induced myelosuppression. It is well-known that the increased
expression of pro-apoptotic factor Bax and the decreased
expression of anti-apoptotic factor Bcl-2 can activate the cleavage
of casepase3 and induce apoptosis (20). In the present study, CTX
induced BHMSC apoptosis by down-regulation of Bcl-2 and up-
regulation of Bax, with activation of caspase3. This result was
consistent with the fact that CTX causes myelosuppression (21).
We observed that AS and/or SRP could partially reverse the effect
of CTX on the expression of the molecules mentioned above,
suggesting that As and SRP inhibited CTX-induced BMHSC

TABLE 1 | Effect of Astragaloside IV and saponins of rhizoma polygonati on

general blood indexes in mice.

Groups White blood

cells (×109/L)

Red blood

cells (×1012/L)

Platelets (×109/L)

Ctrl 8.73 ± 0.59 7.52 ± 0.29 124.35 ± 6.42

CTX 3.04 ± 0.21** 7.56 ± 0.77 116.74 ± 4.53

CTX + AS 8.36 ± 0.75# 7.98 ± 0.52 107.56 ± 5.17

CTX + SRP 7.17 ± 0.65# 7.69 ± 0.67 110.38 ± 4.21

CTX + AS + SRP 8.42 ± 0.46# 7.84 ± 0.33 114.15 ± 5.62

**P < 0.01 vs. Ctrl group; #P < 0.01 vs. CTX-alone group; n = 6.

injury by triggering the increase of Bcl-2 and the decrease of Bax
and cleaved caspase-3.

We further investigated how AS and/or SRP affects the
expressions of apoptosis-related proteins and prevent CTX-
induced cell injury in BMHSCs. Based on our previous results
(13), we hypothesized that miR-142-3p expression may be
involved in this study. As we have predicted, both AS and
SRP reversed the CTX-induced up-regulation of miR-142-3p
expression. There was an evidence that miR-142-3p accelerated
the formation and differentiation of hematopoietic stem cells
(22). To further confirm its function, miR-142-3p mimic was
used to simulate endogenous miR-142-3p expression, and the
results showed that miR-142-3p up-regulation counteracted the
inhibitory effect of AS and/or SRP on CTX-induced apoptosis of
BMHSCs. It hinted that AS and SRP alleviated CTX-induced cell
injury in BMHSC via down-regulation of miR-142-3p.

MiRNAs play biological roles by negatively regulating target
genes (23). Through the target gene prediction software, we
found that miR-142-3p and the HMGB1 3′-UTR region had
the complementary base pairing binding sequence. HMGB1
has been shown to be involved in regulating cell survival and
death mainly through DNA repair pathways (24–26). Xiao et
al. reported that miR-142-3p inhibited cell proliferation and
induced cell apoptosis in non-small cell lung cancer cells by
targeting HMGB1 (27). We further confirmed that miR-142-
3p directly targeted HMGB1 by RT-qPCR, Western blot, and
luciferase reporter assay. Importantly, we also showed that the
miR-142-3p overexpression-induced apoptosis in BMHSCs was
partly reversed by up-regulating HMGB1 expression under CTX
+ AS or CTX+ SRP condition.

Collectively, our data demonstrated that AS and SRP
alleviated CTX-induced cell injury in BMHSCs via up-regulation
of HMGB1 through inhibition of miR-142-3p, improved the
hematopoietic function, and cured myelosuppression in CTX-
induced myelosuppression mice.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Frontiers in Oncology | www.frontiersin.org 8 April 2021 | Volume 11 | Article 63092141

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Gu et al. AS and SRP Alleviates CTX-Induced Myelosuppression

ETHICS STATEMENT

The animal study was reviewed and approved by IACUC of
Longhua Hospital.

AUTHOR CONTRIBUTIONS

XG performed the experiments and drafted themanuscript. Z-yX
and K-pS participated in the design of this study. L-yZ performed
the statistical analysis. K-pS participated in scientific discussion
of the data and reviewed the manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation of China (no. 81804014).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fonc.
2021.630921/full#supplementary-material

REFERENCES
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Bortezomib is a pivotal drug for the management of multiple myeloma. However,
bortezomib is a neurotoxic anticancer drug responsible for chemotherapy-induced
peripheral neuropathy (CIPN). CIPN is associated with psychological distress and a
decrease of health-related quality of life (HRQoL), but little is known regarding
bortezomib-related CIPN. This single center, cross-sectional study assessed the
prevalence and severity of sensory/motor CIPN, neuropathic pain and ongoing pain
medications, anxiety, depression, and HRQoL, in multiple myeloma patients after the
end of bortezomib treatment. Paper questionnaires were sent to patients to record the
scores of sensory and motor CIPNs (QLQ-CIPN20), neuropathic pain (visual analogue
scale and DN4 interview), anxiety and depression (HADS), the scores of HRQoL (QLQ-C30
and QLQ-MY20) and ongoing pain medications. Oncological data were recorded using
chemotherapy prescription software and patient medical records. The prevalence of
sensory CIPN was 26.9% (95% CI 16.7; 39.1) among the 67 patients analyzed and
for a mean time of 2.9 ± 2.8 years since the last bortezomib administration. The proportion
of sensory CIPN was higher among patients treated by intravenous and subcutaneous
routes than intravenous or subcutaneous routes (p � 0.003). QLQ-CIPN20 motor scores
were higher for patients with a sensory CIPN than those without (p < 0.001) and were
correlated with the duration of treatment and the cumulative dose of bortezomib
(coefficient: 0.31 and 0.24, p � 0.01 and 0.0475, respectively), but not sensory
scores. Neuropathic pain was screened in 44.4% of patients with sensory CIPN and
66.7% of them had ongoing pain medications, but none were treated with duloxetine
(recommended drug). Multivariable analysis revealed that thalidomide treatment (odds-
ratio: 6.7, 95% CI 1.3; 35.5, p � 0.03) and both routes of bortezomib administration
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(odds-ratio: 13.4, 95% CI 1.3; 139.1, p � 0.03) were associated with sensory CIPN.
Sensory and motor CIPNs were associated with anxiety, depression, and deterioration of
HRQoL. Sensory CIPN was identified in a quarter of patients after bortezomib treatment
and associated with psychological distress that was far from being treated optimally. There
is a need to improve the management of patients with CIPN, which may include better
training of oncologists regarding its diagnosis and pharmacological treatment.

Keywords: bortezomib, multiple myeloma, chemotherapy-induced peripheral neuropathy, neuropathic pain, health-
related quality of life, anxiety, depression

INTRODUCTION

Chemotherapy-induced peripheral neuropathy (CIPN) is a
common adverse effect of neurotoxic anticancer drugs, such as
platinum derivative drugs (cisplatin, oxaliplatin), spindle poisons
(taxanes: paclitaxel, docetaxel; vinca alkaloids: vincristine;
epothilones; eribulin), bortezomib and thalidomide (Kerckhove
et al., 2017). CIPN is commonly described as a distal and
symmetric polyneuropathy (stocking and glove distribution).
Overall symptomatology includes paresthesia (tingling,
numbness), dysesthesia (thermal, tactile allodynia and
neuropathic pain). The incidence of CIPN is close to 38%, but
it can vary considerably according to the anticancer drugs and
regimen prescribed (Kerckhove et al., 2017). CIPN remains a
problematic adverse effect associated with a decline of health-
related quality of life (HRQoL), and no preventive and
unequivocally effective curative treatment (except duloxetine)
is available today (Hershman et al., 2014; Loprinzi et al.,
2020). Consequently, oncologists must decrease or stop the
neurotoxic anticancer regimen to limit the severity of CIPN
(Dault et al., 2016), possibly having a negative impact on
disease control and progression free survival (Chibaudel et al.,
2009).

Among all these neurotoxic anticancer drugs, bortezomib is
probably one of the least studied whereas it is used in the
treatment of multiple myeloma, the second most common
hematologic malignancy after lymphoma (Kazandjian, 2016).
Multiple myeloma arises from an asymptomatic premalignant
proliferation of monoclonal plasma cells derived from
post–germinal-center B cells. In the Western world, the age-
standardized incidence of multiple myeloma has been reported to
be approximately 5 cases per 100,000. The median age of patients
at diagnosis is approximately 70 years (Palumbo and Anderson,
2011), and the five-year relative survival ratio, between
2003–2013, was 0.41 (95% CI 0.40; 0.43) (Thorsteinsdottir
et al., 2018). According to the Cochrane database of
Systematic Reviews, the increased risk (odds-ratio) of
peripheral neuropathy in patients treated with bortezomib was
3.71 (95% CI 2.92; 4.70, p < 0.00001) (Scott et al., 2016). Li et al.
described a median incidence of 37.8% for all grades of sensory
CIPN for bortezomib treated patients in phase III clinical trials
(Li et al., 2019). CIPN symptoms commonly include paresthesia
and numbness occurring in the extremities, and progressing
proximally in a glove and stocking distribution. Small nerve
fiber involvement is common, characterized by pain in the

toes and soles of the feet. CIPN is often under recognized in
multiple myeloma patients. This can be explained in part by the
fact that up to 54% of treatment-naïve patients demonstrated
either clinical signs of peripheral neuropathy or presented
abnormal neurophysiological results at baseline (Richardson
et al., 2009). Moreover, bortezomib is often administered in
combination with other drugs, such as thalidomide, which are
also neurotoxic and have demonstrated a different mechanism of
neurotoxicity. Consequently, the interaction of bortezomib with
other treatments may lead to CIPN resulting from multiple
pathophysiological pathways (Li et al., 2019).

Bortezomib-related CIPN is associated with a significant
economic burden. A cost analysis based on US administrative
claim databases showed a significantly higher healthcare
utilization and expenditure per patient per month by $1509
for multiple myeloma patients with peripheral neuropathy
than controls, driven by higher hospitalization (peripheral
neuropathy 77.4%, controls 67.2%; p < 0.001) and emergency
department rates (peripheral neuropathy 67.8%, controls 58.4%;
p < 0.001) and more outpatient hospital-based visits (peripheral
neuropathy 13.5 ± 14.7, controls 11.5 ± 18.0; p < 0.001) (Song
et al., 2019).

The most commonly used evaluation tool for CIPN in clinical
trials is the National Cancer Institute’s common terminology
criteria Adverse Reactions (NCI-CTCAE) (Li et al., 2019), which
is a clinician-reported outcome (CROs) that includes criteria and
definitions for quantifying the severity of CIPN in both sensory
and motor components, utilizing a 5-point scale [grade 1
(asymptomatic) to grade 5 (death)] (Molassiotis et al., 2019a).
However, this scale only demonstrates moderate inter-observer
agreement (Postma et al., 1998) and is limited by floor and ceiling
effects with limited responsiveness to change (Griffith et al.,
2010). It is also well established that CROs underreport
symptoms experienced by patients and that patient-reported
outcomes (PROs) showed a higher incidence and severity of
treatment-related toxicities, including CIPN (Beutler et al., 2017).
Among the PROs, the QLQ-CIPN20 from the European
Organization for Research and Treatment of Cancer (EORTC)
is a valuable tool for the assessment of CIPN (Postma et al., 2005;
Le-Rademacher et al., 2017).

To our knowledge, only 4 studies have assessed bortezomib
associated CIPN with the QLQ-CIPN20 questionnaire for a total
of 102 multiple myeloma patients treated by bortezomib: two
studies including 80 patients (Beijers et al., 2016, 2017), another
with 20 patients, (Mendoza et al., 2020), and the last one with 2
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patients (Lavoie Smith et al., 2017). Moreover, very little
information is available regarding the time since the last
bortezomib administration. Only the study of Beijers et al.
provides the time since the last chemotherapy administration
(median: 10 months and range: 0–158) (Beijers et al., 2017). Thus,
the prevalence and severity of bortezomib associated CIPN after
the end of treatment has been studied only partially, likewise for
psychological distress and HRQoL.

The aim of this study was to assess the prevalence and severity
of CIPN associated with bortezomib based chemotherapy in
patients with multiple myeloma, after the end of bortezomib
administration. In addition, neuropathic pain, the use of pain
medications, anxiety, depression, and HRQoL were assessed.

MATERIALS AND METHODS

Study Design
This single center, observational and cross-sectional study was
designed to assess CIPN in patients who were treated by
bortezomib-based chemotherapy for multiple myeloma. The
primary objective was the assessment of prevalence and
severity of sensory CIPN. The secondary objectives were the
severity of motor CIPN, the prevalence of neuropathic pain, the
use of pain medications, the prevalence of anxiety and depression,
and the HRQoL. Patients were assessed once and no longitudinal
assessment was performed.

The study was designed according to the STROBE
(Strengthening the Reporting of Observational Studies in
Epidemiology) guidelines (von Elm et al., 2007). The study
protocol was registered on the ClinicalTrials.gov website
NCT03344328. The study was anonymous and approved by a
local ethics committee (Comité de Protection des Personnes sud-
est 5, IRB: 6705, No. 2017-A00651–52, april 25, 2017). The
participants’ consent was obtained orally by contacting each
eligible patient by phone.

The study design, the recruitment of patients and the data
analysis were performed by the authors M.S., N.K. and D.B., none
of whom were involved in the management of the patients
included.

Setting
This single center study was conducted in the rheumatology and
clinical hematology departments of the University Hospital of
Clermont-Ferrand (CHU Clermont-Ferrand). The inclusion of
patients and data collection were carried out fromMarch 13, 2019
until April 02, 2019.

Participants
Inclusion criteria were patients having been treated by
bortezomib-based chemotherapy for multiple myeloma.
Exclusion criteria were patients <18 years, and neurological
disease (stroke, Parkinson disease, Alzheimer disease,
fibromyalgia).

Eligible patients were identified from the database of the
chemotherapy prescription software (CHIMIO®, Computer
Engineering, France) of the University Hospital of

Clermont-Ferrand. A specific algorithm was prepared for
the systematic extraction of patient data. Thereafter, this first
selection of patients was checked by the oncologists in charge of
patients, to select patients according to inclusion and exclusion
criteria. Patients were phoned to inquire whether they would
participate in the study. After patient acceptance, a paper
questionnaire and a stamped envelope for the response were
sent to the patient. Patients returned their questionnaires to the
University Hospital of Clermont-Ferrand, where their responses
were recorded and analyzed.

Variables
The primary endpoints were the sensory score of the QLQ-
CIPN20 rated from 0 (least) to 100 (worst) (Postma et al.,
2005) (for scoring see: https://www.eortc.org/app/uploads/sites/
2/2018/02/SCmanual.pdf), used as a quantitative variable, and the
sensory CIPN defined as a sensory QLQ-CIPN20 score of ≥30/
100 (Alberti et al., 2014; Selvy et al., 2020b), used as a qualitative
variable. The secondary endpoints were the motor and vegetative
scores of the QLQ-CIPN20 rated from 0 (least) to 100 (worst)
(Postma et al., 2005). Present pain was reported by the patient
(yes/no). Screening for pain was assessed with a visual analogue
scale (VAS, 0 � no pain and 10 �maximum imaginable pain), and
defined for a threshold ≥4/10. Among patients with a positive
screening for pain (VAS score ≥4/10), neuropathic pain was
assessed with DN4 interview (French abbreviation: Douleur
Neuropathique 4, for neuropathic pain 4) questionnaire and
detected for a DN4 interview score ≥3/7 (Bouhassira et al.,
2005). The history of neuropathy and neuropathic pain before
the diagnosis of multiple myeloma was also recorded. Ongoing
pain medications in the past month were recorded, based on an
established list of pain medications. Anxiety and depression were
assessed with the Hospital Anxiety and Depression Scale (HADS)
at the time of the answer, considering the following thresholds,
normal (total score ≤7), borderline or suggestive of possible
anxiety/depression (total score of 8–10) and indicative of
anxiety/depression (total score ≥11) (Zigmond and Snaith,
1983). The HRQoL was assessed with the QLQ-C30 and
QLQ-MY20 questionnaire (EORTC) (Aaronson et al., 1993;
Cocks et al., 2007). The scoring of QLQ-C30 and QLQ-MY20
was done according to EORTC recommendations. The QLQ-C30
was divided into 3 subscales with a Global health status (0 worst
to 100 best), the functional scales (0 worst to 100 best for physical
functioning, role functioning, emotional functioning, cognitive
functioning and social functioning) and the symptom scales (0
least to 100 worst for fatigue, nausea and vomiting, pain, dyspnea,
insomnia, appetite loss, constipation, diarrhea and financial
difficulties). The QLQ-MY20 was divided into 2 subscales with
symptom scales (0 least to 100 worst for disease symptoms and
side effects of treatment) and functional scales (0 worst to 100
best for body image and future perspective).

The oncological characteristics were recorded such as
cumulative dose (mg/m2), route of administration
(intravenous, subcutaneous), the date of the last bortezomib
administration, the duration of bortezomib treatment, the
administration of thalidomide, the date of the last thalidomide
treatment, and the hematopoietic stem cell transplantation.
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The socio-demographic characteristics of patients were also
recorded such as gender, age, daily use of cigarettes, occasional
alcohol use and hazardous alcohol use (>10 alcohol units per
week) (France, 2017). Tobacco use has been associated to the
severity of oxaliplatin-related CIPN in a previous study of our
group (Selvy et al., 2020b). Alcohol use is a debated risk factor of
CIPN (Molassiotis et al., 2019a).

Data Sources/Measurement
Data assessing CIPN, neuropathic pain, ongoing pain
medications, anxiety, depression, and HRQoL were obtained
from the completed questionnaire. Oncological data and
patient characteristics were obtained from the software of
chemotherapy prescription and patient medical records. All
the data were recorded and managed using REDCap™
electronic data capture tools hosted at the University Hospital
of Clermont-Ferrand (Harris et al., 2009).

Statistical Methods
The sample size was determined to ensure that the confidence
interval (CI) of the sensory score of the QLQ-CIPN20 had an
accuracy of around 5 points for a standard-deviation at 20. The
calculation showed that at least 65 patients were necessary to
ensure a two-sided type I error of 5%.

The internal consistency of the QLQ-CIPN20 sensory scale
was assessed and determined using Cronbach’s α coefficient, with
a minimum accepted value of 0.70. Then, the categorical data
were presented using number of patients, percentage, and
appropriate 95% CI. Continuous data were expressed as mean
and standard-deviation. The normality of the data was assessed
using the Shapiro–Wilk test. Continuous data were compared
between independent groups (such as no sensory CIPN vs.
sensory CIPN) using the Student’s t-test or the
Mann–Whitney U test when the assumptions of the t-test
were not met. The homoscedasticity of the data was assessed
using the Fisher–Snedecor test. The results were expressed using
Hedge’s effect-size (ES) and 95% CI, and were interpreted
according to the rules of thumb reported by Cohen (Cohen,
1988), who defined the ES bounds as small (ES � 0.2), medium
(ES � 0.5), and large (ES � 0.8). Categorical data were compared
between groups (independent proportions) using the chi-squared
test or Fisher’s exact test, and McNemar test for paired
proportions. To analyze the relationships between continuous
parameters, Pearson and Spearman correlation coefficients were
estimated according to the statistical distribution of variables and
by applying Sidak’s type I error correction, and interpreted as:
<0.2 negligible, 0.2–0.4 weak, 0.4–0.7 moderate, >0.7 strong
(Altman, 1999). To determine factors associated with the
sensory CIPN (dependent variable), multivariable analysis (i.e.
generalized linear logistic regression) was performed, including
patients’ characteristics (gender, age, tobacco and alcohol
consumptions) and characteristics of chemotherapy (time
since last bortezomib administration, cumulative dose of
bortezomib, and thalidomide treatment). Particular attention
was paid to the study of multicollinearity and to the
interactions between covariates: 1) studying the relationships
between the covariables, and 2) evaluating the impact of

adding or deleting variables on a multivariable model. The
results are expressed as odds-ratios and 95% CI, and forest
plots were used to present the results. Statistical analyses were
performed using Stata 15 (StataCorp, College Station, US). All the
tests were two-sided, with a type I error set at 5%. In accordance
with the literature (Rothman, 1990; Bender and Lange, 2001;
Feise, 2002), we reported all individual p-values without
systematically applying any mathematical correction to the
aforementioned tests comparing groups. Specific attention was
given to the magnitude of differences (i.e., ES) and clinical
relevance.

RESULTS

Characteristics of Patients
One hundred and fifteen patients were screened by oncologists
for inclusion in the study. Among them, 74 patients accepted
to participate to the study and 67 sent back a filled
questionnaire (response rate: 90.5%) (Figure 1). The
characteristics of these 67 included patients are presented in
Table 1.

Sensory CIPN
The 20 items of the QLQ-CIPN20 indicated an excellent level of
internal consistency (Cronbach α � 0.92), the 9 items of the
sensory scale a good level (Cronbach α � 0.82), the 8 items of the
motor scale indicated a good level (Cronbach α � 0.86) and the 3
items of the vegetative scale indicated a poor level (Cronbach α �
0.65). Thereafter, the vegetative scale of the QLQ-CIPN20 was
not used for the analysis.

Among the patients analyzed, 26.9% 18) (95% CI 16.7; 39.1)
had a sensory CIPN (sensory QLQ-CIPN20 score ≥30/100). The
distribution of the sensory scores of the QLQ-CIPN20 over the
years after the end of chemotherapy is presented in Figure 2.
Sensory scores were not different between males and females
(20.1 ± 19.9 vs. 17.8 ± 20.8, p � 0.51) and not correlated with the
age of patients (Table 2).

Characteristics of bortezomib treatments (cumulative dose,
duration, and time since last administration) were not different
between patients with or without a sensory CIPN (Table 1).

FIGURE 1 | Flowchart.
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Likewise, sensory scores were not correlated with the cumulative
bortezomib dose, with the duration of bortezomib treatment, or
with the time since last bortezomib administration (Table 2 and
Figure 2). The proportions of sensory CIPN were significantly
different according to the route of bortezomib administration (p �
0.003) (Table 1). Post hoc analysis revealed a higher proportion of
sensory CIPN in patients with both routes of bortezomib
administration (intravenous + subcutaneous) compared to the

subcutaneous route only (p < 0.05). Interestingly, the
proportions of sensory CIPN were not different between
intravenous and subcutaneous routes. Similarly, the sensory
scores of the QLQ-CIN20 were different according to the route

TABLE 1 | Characteristics of the analyzed patients (N � 67).

Items Total
N = 67

No sensory
CIPN

N = 49 (73.1)

Sensory CIPN
N = 18
(26.9)

p Value Effect size
(95% CI)#

Female n (%) 35 (52.2) 27 (55.1) 8 (44.4) 0.44 −0.11 [−0.38; 0.16]
Age (years) 66.7 ± 10.4 66.2 ± 10.7 68.3 ± 9.7 0.44 0.20 [−0.33; 0.74]
Tobacco n (%) 3 (4.6) 2 (4.2) 1 (5.6) 0.81 0.01 [−0.11; 0.13]
Alcohol n (%) 32 (47.8) 25 (51.0) 7 (38.9) 0.38 −0.12 [−0.39; 0.14]
Hazardous alcohol use 4 (9.1) 3 (9.1) 1 (9.1) 1 0 [−0.20; 0.20]
History of neuropathic pain 40 (59.7) 29 (59.2) 11 (61.1) 0.89 −0.02 [−0.28; 0.24]
Bortezomib treatment 67 (100)
Cumulative dose (mg/m²) 68.8 ± 41.9 61.8 ± 35.3 88.0 ± 52.8 0.12 0.64 [0.09; 1.18]
Duration of treatment (months) 15.5 ± 21.8 11.8 ± 18.0 25.5 ± 28.0 0.13 0.64 [0.10; 1.19]
Time since last administration (years) 2.9 ± 2.8 2.6 ± 2.7 3.7 ± 2.9 0.08 0.41 [−0.13; 0.94]
Subcutaneous route 50 (74.6) 41 (83.7) 9 (50.0)
Intravenous route 9 (13.4) 6 (12.2) 3 (16.7) 0.003 0.04 [−0.15; 0.24]##
Both routes 8 (11.9) 2 (4.1) 6 (33.3) 0.29 [0.07; 0.52]##

Thalidomide treatment 35 (53.8) 23 (48.9) 12 (66.7) 0.20 0.18 [−0.8; 0.44]
Duration of treatment (months) 6.1 ± 3.2 6.5 ± 3.1 5.5 ± 3.4 0.39 −0.32 [−1.04; 0.40]
Time since last administration (years) 3.9 ± 2.6 3.2 ± 2.0 5.4 ± 3.1 0.0495 0.87 [0.12; 1.61]

Hematopoietic stem cell transplantation
One transplantation 41 (62.1) 29 (60.4) 12 (66.7) 0.78 0.06 [−0.20; 0.32]
Two transplantations 13 (31.7) 9 (31.0) 4 (33.3) 1 0.02 [−0.29; 0.34]

QLQ-CIPN20 scores
Sensory 18.9 ± 20.3 9.0 ± 10.5 45.7 ± 15.5 <0.001 3.02 [2.27; 3.76]
Motor 17.8 ± 20.7 10.9 ± 14.2 36.7 ± 23.9 <0.001 1.47 [0.88; 2.06]]

HADS scores
Anxiety 5.6 ± 3.7 4.7 ± 3.7 7.9 ± 2.7 <0.001 0.90 [0.35; 1.46]
Depression 5.6 ± 4.4 4.5 ± 4.0 8.7 ± 3.7 <0.001 1.06 [0.49; 1.62]

Categorical variables are expressed as percentages (number). Continuous variables are expressed as mean ± standard deviation.
Standardized mean difference for continuous variables and absolute difference for categorical variables, and 95% confidence interval [95%CI].
Comparison vs. reference (subcutaneous route). Statistical analyzes were performed using student orMann–Whitney tests for continuous variables andChi-squared or Fisher’s exact tests
for categorical variables.

FIGURE 2 | Distribution of the sensory scores of the QLQ-CIPN20 for
each patient and over years after the end of bortezomib administration.

TABLE 2 | Correlations between quantitative variables and the sensory scores of
the QLQ-CIPN20 and the motor scores of the QLQ-CIPN20.

QLQ-CIPN20 sensory scores Spearman coefficient p values

Age (years) 0.11 >0.05
Bortezomib treatment
Cumulative dose (mg/m²) 0.19 0.12
Duration of treatment (months) 0.19 0.12
Time since last administration (years) 0.04 0.72

Thalidomide treatment
Duration of treatment (months) 0.13 0.47
Time since last administration (years) 0.26 0.16

QLQ-CIPN20 motor scores

Age (years) 0.21 >0.05
Bortezomib treatment
Cumulative dose (mg/m²) 0.24 0.0475
Duration of treatment (months) 0.31 0.0099
Time since last administration (years) −0.16 0.18

Thalidomide treatment
Duration of treatment (months) −0.06 0.77
Time since last administration (years) 0.23 0.21
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of bortezomib administration (intravenous vs. subcutaneous vs.
both routes: 21.7 ± 28.9 vs. 15.8 ± 17.7 vs. 35.2 ± 18.8, p � 0.02).

Proportions of patients with a sensory CIPN and sensory
scores (20.0 ± 22.4 vs. 17.5 ± 18.3, p � 0.95) were not different
between patients treated or not with thalidomide (Table 1). The
durations of thalidomide treatment were not different between
patients with or without a sensory CIPN (Table 1), and were not
correlated with the sensory scores (Table 2). Times since last
thalidomide administration were longer for patients with a
sensory CIPN than patients without a sensory CIPN
(Table 1), but were not correlated with the sensory scores
(Table 2). Moreover, proportions of patients with a sensory
CIPN and the sensory scores were not different between
patients having received a hematopoietic stem cell
transplantation or not (for proportion see Table 1, and 17.8 ±
21.6 vs. 20.2 ± 18.5, p � 0.42, respectively). Finally, among
patients with a sensory CIPN, tingling and numbness were
proportionally higher in feet than in hands (p < 0.05) (Figure 3).

In parallel, a multivariable analysis of the sensory CIPN was
performed on associated factors (male, age, tobacco, alcohol, time
since last bortezomib administration, bortezomib routes, and
thalidomide treatment). Bortezomib administration via

intravenous + subcutaneous routes was associated with a
higher proportion of patients with a sensory CIPN, compared
to other routes (intravenous route only or subcutaneous route
only). Thalidomide treatment was associated with a higher
proportion of patients with a sensory CIPN compared to no
thalidomide treatment (Figure 4).

Motor CIPN
Motor scores of the QLQ-CIPN20 were strongly correlated with
sensory scores (Spearman coefficients: 0.74, p < 0.05), were higher
for patients with a sensory CIPN than patients without a CIPN
(36.7 ± 23.9 vs. 10.9 ± 14.2, p < 0.001), were not different between
males and females (15.1 ± 19.7 vs. 20.4 ± 21.5, p � 0.3), and were
not correlated with age of patients (Table 2). Motor scores were
weakly correlated with the duration and the cumulative dose of
bortezomib treatment, but not with the time since last bortezomib
administration (Table 2). Motor scores were not different
between patients having been treated by thalidomide or not
(18.7 ± 20.4 vs. 17.0 ± 21.9, p � 0.65), and were not correlated
with the time since last thalidomide administration, or the
duration of thalidomide treatment (Table 2). Lastly, motor
scores were not different between patient having received a

FIGURE 3 | Severity proportions of the QLQ-CIPN20 items assessing tingling, numbness, pain and cramp in hands and feet, among patients with a sensory CIPN.
The response categories were recoded to yield a dichotomous outcome per item (white: “not at all” and “a little” vs. black: “quite a bit” and “very much”). *p < 0.05,
**p < 0.01. Statistical analysis was performed using McNemar test for paired proportions.

FIGURE 4 | Forrest plot of the regression coefficients comparing sensory CIPN with patient characteristics and treatments. Multivariable analyses were performed,
including patient characteristics: gender (male vs. female), age, tobacco, and alcohol; and chemotherapy characteristics: time since last bortezomib (BTZ) administration
(logarithmic transformation), BTZ cumulative dose (logarithmic transformation), route of BTZ administration (intravenous (i.v.) vs. subcutaneous (s.c.) and i. v. + s. c. vs. s.
c.), and thalidomide administration. Statistical analysis was performed using multivariable logistic regression.
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hematopoietic stem cell transplantation or not (15.2 ± 20.0 vs.
21.9 ± 21.8, p � 0.11).

Neuropathic Pain and Pain Medications
History of neuropathy and neuropathic pain was similar
between patients with or without sensory CIPN. However,
this data must be interpreted cautiously because patients
tended to mix past neuropathy history, actual CIPN and
multiple myeloma symptoms.

Among the patients analyzed, 59.7% (40) declared having
present pain (yes/no), 25.4% 17) were screened positively for
pain (pain VAS ≥4/10), and 14.9% (10) for neuropathic pain
(pain VAS ≥4/10 and DN4 interview ≥3/7). Among patients
with a sensory CIPN, 50.0% 9) were screened positively for
pain, and 44.4% 8) for neuropathic pain; the latter proportion
was higher than for patients without a sensory CIPN (4.1%, p <
0.001). Sensory and motor scores were higher for patients with a
neuropathic pain than patients without (Sensory: 46.5 ± 21.7 vs.
14.1 ± 15.7, p < 0.001;Motor: 38.8 ± 19.8 vs. 14.2 ± 18.7, p < 0.001).

Finally, 52.0% of all the patients analyzed and 66.7% of patients
with a sensory CIPN declared they took pain medications
(Table 3). Most of the patients both in the sensory CIPN and
neuropathic pain groups, declared to take paracetamol (75.0 and
62.5%, respectively), which was also similar to patients without
sensory CIPN or neuropathic pain. No patient received duloxetine,
one patient with a sensory CIPN received gabapentin and another
one pregabalin. It is noteworthy that two patients without sensory
CIPN took pregabalin (Table 3).

Impact of CIPN on Anxiety, Depression and
Quality of Life
Proportions of anxiety and depression were higher in patients with
sensory CIPN than those without (Figure 5). Sensory scores were
higher among patients with anxiety or depression disorders (normal
vs. suggestive vs. indicative scores of anxiety: 13.2 ± 15.4 vs. 34.2 ±
22.2 vs. 37.1 ± 27.3, p < 0.001; normal vs. suggestive vs. indicative
scores of depression: 11.4 ± 15.9 vs. 34.5 ± 22.0 vs. 27.1 ± 18.8, p <
0.001). The same results were observed for motor scores (normal vs.
suggestive vs. indicative scores of anxiety: 12.0 ± 16.2 vs. 34.1 ± 23.3
vs. 35.9 ± 24.8, p < 0.001; normal vs. suggestive vs. indicative scores
of depression: 9.9 ± 15.4 vs. 26.5 ± 20.2 vs. 38.2 ± 23.3, p < 0.001).

The scores of sensory CIPN were moderately correlated with
the scores of quality of life of the QLQ-C30 questionnaire for

TABLE 3 |Ongoing analgesic treatments among all the patients included, patients without or with a sensory CIPN and patients without or with neuropathic pain. Categorical
variables are expressed as numbers (%).

Total
(N = 67)

No sensory CIPN
(N = 49)

Sensory CIPN
(N = 18)

No neuropathic
pain (N = 57)

Neuropathic pain
(N = 10)

Analgesic treatment 35 (52.2) 23 (46.9) 12 (66.7) 27 (47.4) 8 (80.0)

Paracetamol 26 (74.3) 17 (73.9) 9 (75.0) 21 (77.8) 5 (62.5)
Aspirin 5 (14.3) 4 (17.4) 1 (8.3) 4 (14.8) 1 (12.5)
Morphine 4 (11.4) 3 (13.0) 1 (8.3) 3 (11.1) 1 (12.5)
Tramadol + paracetamol 3 (8.6) 2 (8.7) 1 (8.3) 3 (11.1) 0 (0)
Pregabalin 3 (8.6) 2 (8.7) 1 (8.3) 3 (11.1) 0 (0)
Ibuprofen 2 (5.7) 2 (8.7) 0 (0) 2 (7.4) 0 (0)
Codeine + paracetamol 2 (5.7) 0 (0) 2 (16.7) 0 (0) 2 (25.0)
Tramadol 2 (5.7) 2 (8.7) 0 (0) 2 (7.4) 0 (0)
Opium + paracetamol 2 (5.7) 1 (4.4) 1 (8.3) 1 (3.7) 1 (12.5)
Paracetamol + opium + caffeine 1 (2.9) 1 (4.4) 0 (0) 0 (0) 1 (12.5)
Gabapentin 1 (2.9) 0 (0) 1 (8.3) 0 (0) 1 (12.5)
Amitriptyline 1 (2.9) 0 (0) 1 (8.3) 1 (3.7) 0 (0)
Codeine 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Duloxetine 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Dihydrocodeine 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Imipramine 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

FIGURE 5 | Proportion of anxiety and depression according to sensory
CIPN. The results are expressed as percentages. Normal scores of HADS
were ≤7, suggestive 8–10 and indicative ≥11 for anxiety or depression.
Statistical analysis was performed using Fisher’s exact test.
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several dimensions (global health status, physical functioning,
role functioning, emotional functioning, cognitive functioning,
social functioning, pain and insomnia) (Table 4). Moreover, the
scores of these dimensions were significantly different between
patients with a sensory CIPN and those without (Table 4). The
scores of sensory CIPN were moderately to strongly correlated
with the scores of all the dimensions of the QLQ-MY20 (disease
symptoms, side effects of treatment, body image and future
perspective) and the scores of these dimensions were different
between patients with a sensory CIPN and those without
(Table 4).

The scores of motor CIPN were moderately correlated with
the scores of each dimension of the QLQ-C30 questionnaire
(except: nausea and vomiting, dyspnea, constipation, diarrhea,
and financial difficulties, which had weak correlations) (Table 4).
The scores of motor CIPN were moderately to strongly correlated
with the scores of all the dimensions of the QLQ-MY20 (Table 4).

DISCUSSION

A preliminary finding was that the analysis of the QLQ-CIPN20
questionnaire revealed good internal validity of the sensory and
motor scales. In contrast, the results for the vegetative scale were
questionable with a poor level of internal consistency, which has
already been reported by other authors (Smith et al., 2019).

Among the 67 patients analyzed having completed bortezomib
treatment for multiple myeloma, 26.9% had a sensory CIPN after

a median of 1.8 years of bortezomib treatment (min: 0 and max:
10.8 years). In a recent meta-analysis of phase III randomized
controlled trials involving bortezomib in any treatment arm for
the treatment of multiple myeloma, the overall incidence of
sensory peripheral neuropathy ranged from 8.4 to 80.5%
(median � 37.8%) for all grades, and from 1 to 33.2% (median
� 8%) for grade 3–4 (Li et al., 2019). In another study assessing
the long-term outcomes (median follow-up time 24 months) of
128 bortezomib treated Chinese patients, the overall incidence of
peripheral neuropathy was 48.4% for all grades, and 17.1% for
grade 3–4 (Xia et al., 2016). Another study, focusing on CIPN in
multiple myeloma patients, reported 65% of grade 2–3 CIPN
assessed with the Indication for Common Toxicity Criteria
Grading of Peripheral Neuropathy Questionnaire, which is a
PRO (Beijers et al., 2016).

The sensory scores of the QLQ-CIPN20 and proportion of
patients with a sensory CIPN were not related to the time since
last bortezomib administration. These results suggested that this
CIPN does not completely regress over time, unlike in other
studies (Richardson et al., 2006). Our small number of patients
may limit this interpretation. Nevertheless, this difference could
be explained by the fact that screening and diagnosing CIPN are
highly dependent on the tools and methods used. PROs identified
a higher incidence and severity of treatment-related toxicities
including CIPN than CROs (Beutler et al., 2017). Moreover,
another study of our group with the same design and
assessing oxaliplatin-related CIPN in a cohort of 406 patients
showed a decrease of the QLQ-CIPN20 sensory scores (p � 0.048)

TABLE 4 | Scores of quality of life (QLQ-C30 and QLQ-MY20) according to sensory CIPN, and correlation with sensory and motor scores of the QLQ-CIPN20.

All the patients No sensory CIPN Sensory CIPN Effect size [CI 95%] Correlationssensoryscores Correlationsmotor scores

QLQ-C30
Global health status 63.5 ± 24.1 68.1 ± 22.7 51.9 ± 24.3* −0.69 [−1.24; −0.14] −0.52* −0.60*
Physical functioning 74.5 ± 23.0 79.5 ± 22.5 60.0 ± 18.3*** −0.90 [−1.46; −0.33] −0.66* −0.65*
Role functioning 75.8 ± 29.7 83.0 ± 25.8 54.9 ± 31.0** −1.02 [−1.59; −0.44] −0.56* −0.59*
Emotional functioning 74.8 ± 26.2 77.8 ± 26.1 67.0 ± 25.5* −0.42 [−0.95; 0.13] −0.47* −0.58*
Cognitive functioning 83.3 ± 22.5 87.5 ± 19.3 72.2 ± 26.8* −0.70 [−1.25; −0.15] −0.48* −0.59*
Social functioning 71.3 ± 27.7 77.3 ± 25.6 55.6 ± 27.4** −0.82 [−1.37; −0.26] −0.59* −0.70*
Fatigue 36.5 ± 31.4 30.2 ± 30.1 53.7 ± 28.8** 0.78 [0.23; 1.33] 0.51 0.65*
Nausea and vomiting 7.1 ± 17.8 6.5 ± 14.8 8.8 ± 25.1 0.13 [−0.42; 0.67] 0.11 0.30*
Pain 25.0 ± 27.6 18.1 ± 24.0 43.5 ± 28.7c 0.99 [0.43; 1.55] 0.54* 0.58*
Dyspnea 28.3 ± 29.4 27.2 ± 26.9 31.4 ± 36.3 0.14 [−0.41; 0.68] 0.19 0.29*
Insomnia 35.4 ± 35.0 27.9 ± 32.9 56.9 ± 32.8** 0.87 [0.30; 1.43] 0.49* 0.61*
Appetite loss 18.7 ± 31.6 16.3 ± 29.7 25.5 ± 36.4 0.29 [−0.26; 0.83] 0.19 0.40*
Constipation 27.8 ± 33.9 24.5 ± 31.7 37.2 ± 38.9 0.37 [−0.18; 0.92] 0.27* 0.37*
Diarrhea 16.4 ± 29.2 15.0 ± 28.1 20.4 ± 32.6 0.18 [−0.35; 0.72] 0.13 0.36*
Financial difficulties 8.6 ± 21.3 5.6 ± 17.3 16.7 ± 28.6 0.52 [−0.02; 1.07] 0.29* 0.35*

QLQ-MY20
Disease symptoms 20.8 ± 20.5 15.8 ± 16.2 34.6 ± 25.0** 0.98 [0.42; 1.54] 0.55* 0.58*
Side effects of treatment 22.4 ± 21.1 16.3 ± 17.4 38.9 ± 21.8*** 1.19 [0.62; 1.76] 0.74* 0.76*
Body image 75.4 ± 34.0 83.0 ± 30.2 55.6 ± 36.1** −0.85 [−1.40; −0.29] −0.44* −0.62*
Future perspective 61.2 ± 31.7 67.8 ± 29.2 43.8 ± 32.0** −0.79 [−1.34; −0.23] −0.47* −0.49*

The results present the Spearman coefficient (correlation) between the sensory and motor scores of the QLQ-CIPN20 and the scores of the QLQ-C30 and the scores of the QLQ-MY20.
The mean (±standard deviation) scores of the QLQ-C30 dimensions and the QLQ-MY20 dimensions are presented for all the patients, the patients with no sensory CIPN and the patients
with a sensory CIPN. Effect size (Hedge coefficient) and 95% interval confidence of this comparison are presented.
*p < 0.05.
**p < 0.01.
***p < 0.001.
No sensory CIPN vs. sensory CIPN. Statistical analyzes were performed using student or Mann–Whitney tests for the comparisons between sensory CIPN (yes vs no), and Spearman
correlation coefficient to the study of relationship between QLQ-C30, QLQ-MY20 and sensory/motor scores of the QLQ-CIPN20.
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but not of the prevalence of the sensory CIPN, over 5 years after
the end of chemotherapy (Selvy et al., 2020b).

The characteristics of bortezomib treatments (cumulative dose
and duration of treatment) did not influence neuropathy, as
described previously (Beijers et al., 2017; Li et al., 2019). Our
study revealed a higher proportion of sensory CIPN in patients
with both routes of bortezomib administration (intravenous +
subcutaneous) compared to the subcutaneous route, but not
between intravenous and subcutaneous routes. Noteworthy, ES
were weak to negligible between patients with or withour sensory
CIPN. In the same way, Minarik et al. did not find any
improvement in the incidence of peripheral neuropathy
according to the subcutaneous route (Minarik et al., 2015).
However, the subcutaneous route has also been described as
more neuroprotective than the intravenous route (Peng et al.,
2015). It should be noted that in the present study, the number of
patients having been treated only by intravenous route was
probably too small to show a statistical significance in
comparison to other routes of administration.

In the multivariable analysis, thalidomide treatment was
related to the severity of the sensory CIPN. This result has
already been described in the literature (Li et al., 2019) since
thalidomide is also a neurotoxic anticancer drug (Velasco et al.,
2019).

Sensory CIPN was associated with a higher severity of motor
CIPN, with a large ES. Besides being toxic to motor nerves,
bortezomib can induce a myopathy with symmetrical and
proximal lower limb muscle weakness, and without alteration
of serum creatine kinase. Bortezomib-induced myopathy
completely resolves after treatment discontinuation (Guglielmi
et al., 2017). Bortezomib-induced myopathy may result from
mitochondrial toxicity inducing or associating lipid accumulation
within muscle fibers (Guglielmi et al., 2017).

The severity of the sensory CIPN was associated with
neuropathic pain. Nearly half (44.4%) of the patients with a
sensory CIPN had neuropathic pain. These results are very close
to those of Lakshman et al. and Corso et al., who found a
prevalence between 40 and 50% according to the NCI CTCAE
(Corso et al., 2010; Lakshman et al., 2017). Comparatively,
neuropathic pain seems to be lower in other types of CIPN,
oxaliplatin-induced peripheral neuropathy (36.5% (Selvy et al.,
2020b) and 20% (de Carvalho Barbosa et al., 2014)) and
paclitaxel-induced peripheral neuropathy (22.5–50% (Golan-
Vered and Pud, 2013)). Multiple myeloma is by itself a painful
condition, because of osteolytic bone lesions, with back
localization in over three quarters of patients. Such lesions are
one of the most common complications of multiple myeloma.
Myeloma bone disease affects up to 90% of patients complaining
of bone pain (Coluzzi et al., 2019). This may be a confounding
factor in the assessment of neuropathic pain.

Due to the pain component of the CIPN and to multiple
myeloma, the patients included received mainly conventional
analgesic treatments. Interestingly, two patients without sensory
CIPN declared to take pregabalin, which could be interpreted that
pregabalin was effective to treat neuropathic symptoms in these
two patients. Duloxetine, which remains the only treatment
recommended by the American Society of Clinical Oncology

(ASCO) for CIPN (Hershman et al., 2014; Loprinzi et al., 2020),
was not used by oncologists to treat CIPN. There appears to be no
clear or robust explanation capable of justifying this lack of
management. The ASCO guidelines for the management of
CIPN (Hershman et al., 2014; Loprinzi et al., 2020) may not
have been correctly disseminated to French oncologists, a
consideration also mentioned in another study of our group
(Selvy et al., 2020b). A Japanese study demonstrated that the
dissemination of the Japanese Clinical Guidelines for the
Management of CIPN in 2017 (CIPN-GL2017), incorporating
ASCO recommendations, increased the prescription rate of
duloxetine by Japanese oncologists, for the management of
CIPN (Hirayama et al., 2020). Moreover medications used for
the management of peripheral neuropathic pain (antiepileptics
and antidepressants) are associated with many adverse effects
which are underestimated (Selvy et al., 2020a), and which may
decrease patient adherence to treatment (Oladapo et al., 2012;
Timmerman et al., 2016). Finally, the diagnosis of CIPN is still a
concern, as there is no clear consensus on a robust and easy-to-
use tool (Colvin, 2019), so perhaps difficulties in the diagnosis
and treatment have led to under-diagnosing and under-treating
these patients.

In this population of patients with multiple myeloma and
treated with bortezomib, sensory and motor CIPNs were strongly
associated with depression, anxiety, and a reduced HRQoL, with
large ESs for most of the QLQ-C30 and QLQ-MY20 items. To our
knowledge, no publication has explored the association of CIPN
and anxiety. Only two publications presented results between
CIPN and depression (Beijers et al., 2016; Azoulay et al., 2019). In
a cohort of 289 multiple myeloma patients, bone pain and
peripheral neuropathy were the two leading symptoms
interfering with daily life (Zaleta et al., 2020). Our findings are
also shared by other types of CIPNs (Simon et al., 2017; Bonhof
et al., 2019; Soveri et al., 2019; Selvy et al., 2020b) and they
confirmed Beijers’ findings (Beijers et al., 2016) that CIPN
significantly alters patients’ quality of life over the long term.
However, number of treatment lines, disease and treatment status
were not recorded in the study, whereas these parameters could
also influence HRQoL and psychological distress (Despiégel et al.,
2019). Importantly, scores of the QLQ-C30 and HADS
questionnaire in our study were very close to those of the
study of Servadio et al. assessing HRQoL in 99 multiple
myeloma survivors up to 11 years after diagnosis (Servadio
et al., 2019).

Limitations of the Study
The use of the QLQ-CIPN20 questionnaire to assess the
prevalence of CIPN may be controversial. In the present
study, based on a work by Alberti et al., we used QLQ-
CIPN20 scoring to approximate the prevalence of sensory
CIPN, considering a QLQ-CIPN20 threshold of ≥30/100 to
approximate a grade ≥2 sensory CIPN (Alberti et al., 2014).
Alberti et al. showed a close relation between QLQ-CIPN20
scores and NCI-CTCAE sensory grade (p < 0.001). QLQ-
CIPN20 scores between 30 and 40 (median ≈ 35, interquartile
range ≈ 26–50, and mean ≈ 39) were associated with an NCI-
CTCAE sensory neuropathy grade 2 and QLQ-CIPN20 scores
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>40 (median ≈ 59, interquartile range ≈ 39–62, and mean ≈ 57)
were associated with an NCI-CTCAE sensory neuropathy grade
3/4 (Alberti et al., 2014). The QLQ-CPIN20 scoring was able to
discriminate NCI-CTCAE neuropathy grade 1 vs. grade 2 (p <
0.001), and grade 2 vs. grade 3/4 (p < 0.001). However, the QLQ-
CIPN20 scoring was not able to discriminate neuropathy grade 0
vs. grade 1 (p � 0.53). Le-Rademacher et al. concluded that there
are no QLQ-CIPN20 score ranges that correspond directly with
NCI-CTCAE grading levels (Le-Rademacher et al., 2017).
However, they also emphasized that the QLQ-CIPN20
provided detailed information, distinguished more subtle
degrees of neuropathy, and that it was more responsive to
change over time than the NCI-CTCAE (Le-Rademacher
et al., 2017). Importantly, the sensory score of the QLQ-
CIPN20 of the present study (18.9 ± 20.3) were very close to
those of the studies of Mendoza et al. (17.2 ± 4.7) (Mendoza et al.,
2020) and Beijers et al. (15.3 ± 16.7) (Beijers et al., 2017). In our
study, the self-administered questionnaire was particularly useful
to assess CIPN severity using a paper questionnaire sent to
patients. Neuropathy history was initially recorded but data
were excluded from the analysis because the patients tended to
mix past neuropathy history and ongoing CIPN. However,
neuropathy history would have been of interest, because it has
already been described as a risk factor of CIPN (Molassiotis et al.,
2019b). Selection bias may be present in the study, since the
patients came from a single center. However, the patients were
managed in two different medical departments of the university
hospital of Clermont-Ferrand. It is also possible that neuropathic
patients are over-represented because these patients have felt
compelled to respond to the questionnaires. Information bias
was probably present, since the patients’ answers were
subjective and unsupported by clinical assessment (such as
neurological examination, nerve conduction studies,
quantitative sudomotor axon reflex test or skin biopsies).
Moreover, PRO measures may overestimate CIPN prevalence
as they include symptoms that may have pre-existed the
chemotherapy (Molassiotis et al., 2019b). Although the
oncological data came from the medical prescription software
of the university hospital.

CONCLUSION

Sensory CIPN was identified in a quarter of the patients after
ending bortezomib treatment, underlining the high prevalence
and persistence of this adverse effect. Interestingly, neuropathic

pain was highly prevalent in patients with a sensory CIPN, unlike
CIPN associated with other neurotoxic anticancer drugs. The
bortezomib-related CIPN was associated with considerable
psychological distress. Management of patients with a sensory
CIPN was not adequate, a finding in agreement with other
studies, and which highlights the global lack of management
of CIPN in France. There is a need to improve CIPNmanagement
which could include better screening, treatment and follow-up of
patients. Such strategy should also include a better training for
oncologists, since French oncologists’ professional practices are
not optimal (Selvy et al., 2021).

CIPN considerably decreases the HRQoL of cancer patients
and there is a current lack of innovative strategies for both
assessing and managing it.
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Department of Hepatobiliary Oncology, Sun Yat-sen University Cancer Center, State Key Laboratory of Oncology in South
China, Collaborative Innovation Center for Cancer Medicine, Guangzhou, China

Purpose: Our previous study showed that hepatic arterial infusion chemotherapy (HAIC)
using oxaliplatin, fluorouracil, and leucovorin (FOLFOX) plus sorafenib provided a
significant survival benefit over sorafenib for advanced hepatocellular carcinoma.
However, it is unclear whether the survival benefit should be attributed to the synergism
between HAIC and sorafenib or just HAIC alone. We aim to compare HAIC using FOLFOX
plus sorafenib with HAIC alone in patients with advanced hepatocellular carcinoma.

Materials and Methods: This was a retrospective study including 225 eligible patients
treated with HAIC using FOLFOX (HAIC alone group, n=126, oxaliplatin 85 mg/m²,
leucovorin 400 mg/m², fluorouracil bolus 400 mg/m² and 2400 mg/m² for 46 hours,
every 3 weeks) alone or HAIC plus sorafenib (soraHAIC group, n=99, sorafenib 400 mg
twice daily). Survival curves were calculated by the Kaplan-Meier method, and propensity-
score matching was used to reduce bias.

Results: The soraHAIC group showed a longer overall survival (12.9 [95% CI, 10.4-15.4]
vs. 10.5 [95% CI, 9.5-11.5] months, HR=0.71 [95% CI, 0.53-0.96]; P=0.025), a better
progression free survival (7.0 [95% CI, 5.3-8.8] vs. 5.3 [95% CI, 3.5-7.1] months,
HR=0.76 [95% CI, 0.58-0.99]; P=0.046), and a higher disease control rate (RECIST
1.1: 74.8% vs. 61.1%, P=0.030) than the HAIC alone group. In multivariate analysis,
soraHAIC was an independent favor factor for survival. In terms of the grade 3/4 adverse
event, hand–foot skin reaction was more frequent in the soraHAIC group than the HAIC
alone group. In the propensity-score matched cohorts (93 pairs), the overall survival, the
progression free survival and disease control rates in the soraHAIC group were also better
than those in the HAIC group (P<0.05).
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Conclusion: HAIC plus sorafenib may improve overall survival and progression free
survival compared with HAIC alone as initial treatment for advanced hepatocellular
carcinoma.
Keywords: hepatocellular carcinoma, hepatic arterial infusion chemotherapy, FOLFOX, sorafenib, treatment
INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most common
human malignancies in the world, ranking as the second leading
cause of cancer-related death (1). Approximately 50% of patients
are diagnosed with macroscopic vascular invasion or distant
metastasis (advanced stage), and curative treatments, such as
surgical resection, ablation and liver transplantation, are not
applicable (2, 3). The traditional standard treatment for these
patients is sorafenib, which has suffered from high-level
heterogeneity of individual response (4) and median overall
survival time (OS) of only 6.5-10.7 months (5, 6).

As an alternative therapy to sorafenib, hepatic arterial
infusion chemotherapy (HAIC) is recommended for advanced
HCC in Japan (7), with high response rates, favorable long-term
outcomes, and acceptable toxicities (8, 9). In 2018, a large sample
retrospective study showed that hepatic arterial infusion of
oxaliplat in, fluorouracil , and leucovorin (FOLFOX)
monotherapy can significantly improve survival compared with
sorafenib for advanced HCC (median OS 14.5 vs. 7.0 months;
P<0.001) (10). Recently, our previous randomized phase 3 trial
have also demonstrated that hepatic arterial infusion of FOLFOX
plus sorafenib provided marked survival benefits over sorafenib
for advanced HCC (median OS 13.37 vs. 7.13 months;
P<0.001) (11).

However, previous studies have failed to show whether the
prolonged survival benefit should be attributed to the synergism
between HAIC with FOLFOX and sorafenib or just HAIC alone
(10, 11). HAIC with cisplatin plus sorafenib in phase II trials has
shown favorable OS and a manageable safety profile (12), though
in phase III trials did not (13). Some previous studies also
suggested that sorafenib might increase the platinum sensitivity
thus exert a synergistic anticancer effect (14–16), while others
suggested that sorafenib might reduce cellular uptake of
platinum compounds and cytotoxicity thus exert an
antagonistic effect (17, 18). Therefore, research to date has not
yet determined whether sorafenib plus HAIC is superior to
HAIC alone.

To answer this question, we conducted a retrospective study
to compare the efficacy and safety of HAIC using FOLFOX plus
sorafenib to HAIC alone in patients with advanced HCC. We
hope that our data will make some contribution to fill the gap in
the literature.
P, alpha-fetoprotein; CT, computed
G PS, Eastern Cooperative Oncology
liplatin, fluorouracil, and leucovorin;
patic arterial infusion chemotherapy;
mor thrombus; RECIST, Response

256
MATERIALS AND METHODS

This was a retrospective study performed in China. From March
1, 2016 to July 22, 2018, 225 consecutive HCC patients with
HAIC alone or HAIC plus sorafenib as initial treatment were
included in this study. The study was approved by the
Institutional Review Board of Sun Yat-sen University Cancer
Center (no. 5010-2018-06-01) and was conducted in accordance
with the Declaration of Helsinki.

Patients Selection
The inclusion criteria were as follows: HCC patients in stage C
according to the Barcelona Clinic Liver Cancer staging system (19);
Child-Pugh class A; an Eastern Cooperative Oncology Group
performance status (ECOG PS) of 0-2; no previous treatment for
HCC; at least one measurable lesion according to the Response
Evaluation Criteria in Solid Tumors (RECIST) version 1.1 (20); at
least a cycle ofHAIC; andadequateorgan function (leukocyte count
≥3.0×109/L, absolute neutrophils ≥1.5×109/L, platelet cell count
≥75×109/L, albumin ≥30 g/L, total bilirubin ≤30 mmol/L, and
transaminase ≤ 5 times the upper limit of the normal range).

The exclusion criteria consisted of the following: hepatic
decompensation according to the European Association for the
Study of the Liver guidelines (21); combination with other
treatments, including transarterial chemoembolization (TACE),
lenvatinib, immune checkpoint inhibitors, radiotherapy, and
systemic chemotherapy; human immunodeficiency virus infection;
pregnancy or breastfeeding; a second malignancy; loss to follow-up;
and lack of imaging prior to the initiation of the treatments.

The inclusion and exclusion process used in this study is
shown in Figure 1. Ultimately, 225 patients were included in
this study.

Treatment Option
When advanced HCC was confirmed, the treatment of HAIC
using FOLFOX alone and HAIC plus sorafenib as initial
treatments were both recommended to the patients. Each
patient was informed of the efficacy and safety of the treatment
of HAIC using FOLFOX alone or HAIC plus sorafenib before
they made their choices according to previous studies (22–26).

HAIC Alone Cohort
In the HAIC alone group, HAIC was repeated every 3 weeks and
the interruptions and dose reductions were the same as reported
in our previous studies (11, 27). One of 5 doctors (M.K.H, Q.J.L,
W.W, Y.J.Z, M.S, with 5, 9, 15, 12, and 21 years of experience
performing transarterial chemoembolization, respectively)
performed HAIC according to the following protocol: a
catheter was inserted into the truncus celiacus or superior
May 2021 | Volume 11 | Article 619461
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mesenteric artery for arteriography. Then, the tip of a
microcatheter was superselectively inserted and located in the
main feeding hepatic artery depending on the arterial supply of
the tumor. The other end of microcatheter was marked and fixed
in vitro and connected to the artery infusion pump to administer
the chemotherapy agent: oxaliplatin 85 mg/m2 from hour 0 to 2
on day 1; leucovorin 400 mg/m2 from hour 2 to 3 on day 1; 5-
fluorouracil 400 mg/m2 bolus at hour 3 and 2400 mg/m2 over 46
hours on days 1 and 2. When the mark moved, bedside X-ray
radiography was also conducted to confirm the location of the
catheter tip. If dislocation of the catheter tip was confirmed, the
patient was transferred to the digital subtraction angiography
room to correct the location of the catheter tip. After the regimen
was completed, the catheter was removed.

HAIC Plus Sorafenib (soraHAIC) Cohort
Patients were treated by HAIC as described above. In addition,
these patients were also treated with 400 mg sorafenib twice
Frontiers in Oncology | www.frontiersin.org 357
daily. Sorafenib interruptions and dose reductions were based on
a previous study (5). If a patient could not tolerate the lowest
dose, sorafenib would be discontinued. Sorafenib was allowed to
begin before or after HAIC, but the start time of these two
treatments was within a week.

Follow-Up and Assessments
Treatments were maintained until one of the following situations
occurred: tumor progression; intolerable toxicity; the need for
surgery, ablation, or transarterial chemoembolization owing
to downstaging; or at the patient’s request. After tumor
progression, subsequent treatments would be recommended
by the doctors and finally decided by the patients. The follow
up and assessments were carried out in the same manner as
that in prior trial (11). The follow-up ended on September 3,
2019. Before HAIC treatment was discontinued, a blood
examination and safety assessment were conducted every
HAIC cycle. Additionally, upper abdomen-enhanced CT/MRI
FIGURE 1 | Flowchart showing the patient selection process. HAIC, hepatic arterial infusion chemotherapy of oxaliplatin, 5-fluorouracil and leucovorin; soraHAIC,
hepatic arterial infusion chemotherapy of oxaliplatin, 5-fluorouracil and leucovorin plus sorafenib.
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and chest-enhanced CT were performed every 6 (± 1) weeks.
Tumor assessments were retrospectively evaluated by 2
independent doctors who were blinded to the treatment groups
according to RECIST 1.1 with 4 levels: complete response (CR),
partial response (PR), stable disease (SD) and progressive
disease (PD). If there was a controversy in the tumor
assessments, the final judgment was made by another more
experienced radiologist.

Overall survival (OS) was calculated from the date of the start
of HAIC to death from any cause or the date of the last follow-
up. Progression-free survival (PFS) was calculated from the date
of the start of HAIC to progression according to RECIST 1.1
criteria or death from any cause, whichever occurred first. The
disease control rate (DCR) was the percentage of patients who
achieved complete response, partial response or stable disease,
and the objective response rate (ORR) was the percentage of
patients who achieved complete response or partial response
based on RECIST 1.1 (20). Adverse events were assessed by the
National Cancer Institute Common Terminology Criteria for
Adverse Events version 4.03.

Statistical Analysis
Student’s t tests or chi-square tests were used to compare the
results. The Kaplan-Meier method and log-rank test were used to
compare survival outcomes. A multivariable Cox proportional
hazards model was used to analyze factors with P < 0.10 using a
univariate analysis. P < 0.05 was considered significant, and
Statistical Package for Social Sciences (SPSS, version 24; IBM,
Armonk, NY) was used to perform analyses.

Propensity score matching analysis was used to reduce the
impact of selection bias and potential confounding factors
between the groups. The data after propensity score matching
analysis formed the propensity-score-matched cohort. To reduce
the impact of selection bias as much as possible, 10 clinical
parameters were included in the propensity score matching
analysis, including age, gender, ECOG-PS score, tumor size,
tumor number, portal vein tumor thrombus, hepatic vein
tumor thrombus, AFP, albumin, and extrahepatic metastasis.
Matched pairs were then formed using a one‐to‐one nearest‐
neighbor caliper of width 0.2.
RESULTS

From March 1, 2016 to July 22, 2018, 344 consecutive patients
with advanced HCC were treated with either HAIC alone or
HAIC plus sorafenib. Ultimately, 225 patients were included in
this study: 126 received the treatment of HAIC alone and 99
received HAIC plus sorafenib (Figure 1). Patient demographics
was shown in Table 1. No difference was observed in the baseline
characteristics of the original cohort. Using the propensity-score
matching method, we obtained the one-to-one paired cohort (93
patients in each group). The baseline characteristics were well
balanced in the PSM cohort too (Table 1).

The patients received a total of 744 cycles of HAIC therapy.
The mean and median number of HAIC administrations in the
Frontiers in Oncology | www.frontiersin.org 458
soraHAIC group were 3.3 [SD=1.68] and 3 [IQR 2-4], and those
in the HAIC group were 3.31 [SD=1.86] and 3 [IQR 2-4]. The
median dose intensity of sorafenib (range) was 612 mg/day (200–
800 mg) in the soraHAIC group. After tumor progression, 52
patients in the soraHAIC group and 70 patients in the HAIC
group underwent subsequent treatment, including transarterial
chemoembolization (soraHAIC: n=14; HAIC: n=12), resection
(soraHAIC: n=7; HAIC: n=8), lenvatinib (soraHAIC: n=14;
HAIC: 11), sorafenib (soraHAIC: n=0; HAIC: n=37), immune
checkpoint inhibitors (soraHAIC: n=8; HAIC: n=9),
radiotherapy (soraHAIC: n=6; HAIC: n=8), systemic
chemotherapy (soraHAIC: n=5; HAIC: n=7), and ablation
(soraHAIC: n=6; HAIC: n=5). There was also no difference in
the subsequent treatments between the two groups except that
more patients (n=37) in the HAIC group received sorafenib. The
median OS and PFS of patients who received additional
sorafenib treatment after tumor progression in the HAIC
group was 11.87 months (95% CI, 10.24-13.5) and 6.77
months (95% CI, 5.58-7.96).

For the original cohort, 185 patients had died at the time of
analysis (110 patients in the HAIC group and 75 patients in the
soraHAIC group). The median OS in the soraHAIC group was
12.9 months (95% CI, 10.4-15.4) compared with 10.5 months
(95% CI, 9.5-11.5) in the HAIC alone group (HR=0.71; 95% CI,
0.53-0.96; P=0.025; Figure 2A). The median PFS in the
soraHAIC group was 7.0 months (95% CI, 5.3-8.8) compared
with 5.3 months (95% CI, 3.5-7.1) in the HAIC alone group
(HR=0.76; 95% CI, 0.58-0.99; P=0.046; Figure 2C). The results of
univariable and multivariable analyses of overall survival
were listed in Table 2. Multivariable analysis showed that
independent risk factors for survival were type of treatment
(soraHAIC vs. HAIC alone, HR=0.69; 95% CI, 0.51-0.93;
P=0.013), portal vein tumor thrombus (PVTT grade Vp3-4 vs.
Vp0-2, HR=1.54; 95% CI, 1.12-2.11; P=0.007), and extrahepatic
metastasis (presence vs. absence, HR=1.71; 95% CI, 1.25-2.34;
P=0.001, Table 2). In addition, the DCR was significantly
higher in the soraHAIC group than in the HAIC alone
group (74.8% vs. 61.1%, P=0.03), while the ORR was similar
(37.4% vs. 36.5%, P=0.89) in the two groups based on the
RECIST 1.1 criteria (Table 3).

For the propensity-score-matched cohort, the median overall
survival in the soraHAIC group was 13.0 months (95% CI, 10.4-
15.5) compared with 10.0 months (95% CI, 8.6-11.4) in the
HAIC group (HR=0.67; 95% CI, 0.49-0.93; P=0.015; Figure 2B).
The median progression-free survival in the soraHAIC group
was 6.9 months (95% CI, 5.2-8.6) compared with 4.1 months
(95% CI, 2.1-6.2) in the HAIC alone group (HR 0.72 [95% CI,
0.54-0.98]; P=0.031; Figure 2D). Multivariable analysis showed
that independent risk factors for survival were type of treatment
(soraHAIC vs. HAIC, HR=0.65; 95% CI, 0.47-0.90; P=0.009),
portal vein tumor thrombus (PVTT grade Vp3-4 vs. Vp0-2,
HR=1.45; 95% CI, 1.02-2.07; P=0.041), and extrahepatic
metastasis (presence or absence, HR=1.66; 95% CI, 1.18-2.32;
P=0.004) (Table 2). As predicted, the DCR was significantly
higher in the soraHAIC group than in the HAIC group (74.2%
vs. 55.9%, P=0.01), while the ORR was similar (36.6% vs. 33.3%,
May 2021 | Volume 11 | Article 619461
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P=0.88) in the two groups based on the RECIST 1.1 criteria in the
propensity-score-matched cohort (Table 3).

The treatment-related adverse events with high incidence
rates (≥10%) are shown in Table 4. The frequencies of all-
grade hand–foot skin reaction, rash, vomiting, diarrhea and
Frontiers in Oncology | www.frontiersin.org 559
nausea were significantly higher in the soraHAIC group than
in the HAIC group (P<0.05). Grade 3–4 hand–foot skin reaction
was more frequent in the soraHAIC group (P<0.001). Serious
adverse events occurred in 10 (10.1%) of 99 patients (1 hepatic
encephalopathy, 3 gastrointestinal bleeding, 2 renal failure, and 4
TABLE 1 | Patient baseline demographic and clinical characteristics.

Initial cohort Propensity-score-matched cohort

HAIC (n=126) HAIC + sorafenib (n = 99) P HAIC (n = 93) HAIC + sorafenib (n = 93) P

Age 0.25 0.46
≤50 68 (54.0%) 61 (61.6%) 53 (57.0%) 58 (62.4%)
>50 58 (46.0%) 38 (38.4%) 40 (43.0%) 35 (37.6%)

Gender 0.23 0.60
male 111 (88.1%) 92 (92.9%) 84 (90.3%) 86 (92.5%)
female 15 (11.9%) 7 (7.1%) 9 (9.7%) 7 (7.5%)

ECOG 0.43 0.43
0-1 89 (70.6%) 65 (65.7%) 66 (71.0%) 61 (65.6%)
2 37 (29.4%) 34 (34.3%) 27 (29.0%) 32 (34.4%)

AFP 0.35 0.87
≤400 39 (31.0%) 25 (25.3%) 24 (25.8%) 23 (24.7%)
>400 87 (69.0%) 74 (74.7%) 69 (74.2%) 70 (75.3%)

Tumor Size 0.67 0.77
≤10 60 (47.6%) 50 (50.5%) 46 (49.5%) 48 (51.6%)
>10 66 (52.4%) 49 (49.5%) 47 (50.5%) 45 (48.4%)

Tumor Number 0.07 0.43
≤3 36 (28.6%) 18 (18.2%) 13 (14.0%) 17 (18.3%)
>3 90 (71.4%) 81 (81.8%) 80 (86.0%) 76 (81.7%)

PVTT† 0.37 0.76
Vp 0-2 52 (41.3%) 35 (35.4%) 33 (35.5%) 35 (37.6%)
Vp 3-4 74 (58.7%) 64 (64.6%) 60 (64.5%) 58 (62.4%)

HVTT 0.58 0.74
No 92 (73.0%) 69 (69.7%) 68 (73.1%) 66 (71.0%)
Yes 34 (27.0%) 30 (30.3%) 25 (26.9%) 27 (29.0%)

Metastasis 0.87 0.55
No 75 (59.5%) 60 (60.6%) 58 (62.4%) 54 (58.1%)
Yes 51 (40.5%) 39 (39.4%) 35 (37.6%) 39 (41.9%)

Lung only 8 (6.3%) 10 (10.1%) 5 (5.4%) 10 (10.1%)
Lymph node only 23 (18.3%) 11 (11.1%) 15 (16.1%) 11 (11.1%)
Bone only 2 (1.6%) 2 (2.0%) 1 (1.1%) 2 (2.0%)
Adrenal gland only 2 (1.6%) 2 (2.0%) 2 (2.1%) 2 (2.0%)
Peritoneal implantation only 1 (0.8%) 0 (0.0%) 1 (1.1%) 0 (0.0%)
Multiple organs 15 (11.9%) 14 (14.2%) 11 (11.8%) 14 (14.2%)

ALB 0.50 0.77
<40 63 (50.0%) 54 (54.5%) 49 (52.7%) 51 (54.8%)
≥40 63 (50.0%) 45 (45.5%) 44 (47.3%) 42 (45.2%)

HBV infection 0.52 0.23
Yes 117 (92.9%) 94 (94.9%) 85 (91.4%) 89 (95.7%)
No 9 (7.1%) 5 (5.1%) 8 (8.6%) 4 (4.3%)

ALT 0.30 0.38
≤45 66 (52.4%) 45 (45.5%) 47 (50.5%) 41 (44.1%)
> 45 60 (47.6%) 54 (54.5%) 46 (49.5%) 52 (55.9%)

AST 0.48 0.55
≤60 53 (42.1%) 37 (37.4%) 37 (39.8%) 33 (35.5%)
>60 73 (57.9%) 62 (62.6%) 56 (60.2%) 60 (64.5%)

TBil 0.14 0.21
≤20 93 (73.8%) 64 (64.6%) 67 (72.0%) 59 (63.4%)
>20 33 (26.2%) 35 (35.4%) 26 (28.0%) 34 (36.6%)
M
ay 2021 | Volume 11 | Article 61
Data are n (%). soraHAIC group, sorafenib plus hepatic arterial infusion chemotherapy of oxaliplatin, 5-fluorouracil and leucovorin group.
HAIC group, hepatic arterial infusion chemotherapy of oxaliplatin, 5-fluorouracil and leucovorin group.
ECOG, Eastern Cooperative Oncology Group. HBV, hepatitis B virus. AFP, alpha fetoprotein. ALT, Alanine aminotransferase.
AST, Aspartate aminotransferase; TBil, total bilirubin; Alb, albumin; PVTT, portal vein tumor thrombus. HVTT, hepatic vein tumor thrombus.
†PVTT was according to Liver Cancer Study Group of Japan criteria. Vp0 indicates no portal vein invasion, Vp1 third branch portal vein invasion, Vp2 second branch portal vein invasion
(segmental invasion), Vp3 first branch portal vein invasion (branch invasion), and Vp4 main portal vein invasion. P value was calculated by chi-square tests.
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ascites) who received HAIC plus sorafenib, and 11 (8.7%) of 126
patients who received HAIC (5 gastrointestinal bleeding, 3 renal
failure, and 3 ascites) (P=0.73). No treatment-related deaths were
observed within one month of the initial treatment in each
group. There was no difference in the reduction (36 of 99
patients vs. 42 of 126 patients, P=0.64), delay (25 of 99
patients vs. 26 of 126 patients, P=0.41), or discontinuation (30
of 99 patients vs. 33 of 126 patients, P=0.50) of HAIC treatment
because of adverse events between the two groups.
DISCUSSION

In the present study, we compared the efficacy and safety of
HAIC using FOLFOX plus sorafenib to HAIC alone as initial
treatment for patients with advanced HCC. We found that the
HAIC using FOLFOX plus sorafenib group presented a longer
OS (12.9 vs. 10.5 months, P=0.025), a better PFS (7.0 vs. 5.3
months, P=0.046), and a higher disease control rate (RECIST 1.1:
Frontiers in Oncology | www.frontiersin.org 660
74.8% vs. 61.1%, P=0.030) than the HAIC alone group.
Multivariate analysis suggested that the treatment of HAIC
using FOLFOX plus sorafenib was an independent favor
factors for OS compared with HAIC alone in advanced HCC.
In terms of safety, both HAIC using FOLFOX plus sorafenib and
HAIC alone had acceptable safety profiles. Similar results were
found in the propensity score matching cohort. Based on these
findings, it is suggested that HAIC using FOLFOX plus sorafenib
may be superior to HAIC alone as initial treatment for
advanced HCC.

Previous studies have shown that both HAIC plus sorafenib
and HAIC monotherapy can significantly improve survival
compared with sorafenib (10, 11). However, it is still unclear
whether the prolonged survival benefit should be attributed to
the synergism between HAIC with FOLFOX and sorafenib or
just HAIC alone. In this study, the OS, PFS and tumor response
in the soraHAIC group were consistent with those in prior
studies (11, 26). The OS in the HAIC alone group was lower
than that in the previous study (10). This finding might be
A B

C D

FIGURE 2 | Kaplan-Meier curves for overall survival (A) and progression-free survival (C) in the initial cohort and overall survival (B) and progression-free survival (D)
in the propensity-score-matched cohort.
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explained by the fact that more patients in this study had PVTT
and increased concentrations of AFP compared with the patients
in the previous study (10). And these characteristics (PVTT and
increased concentrations of AFP) have been shown to be adverse
prognostic factors for mortality in patients with advanced HCC
(26, 28). The present study indicated that HAIC using FOLFOX
plus sorafenib may improve the OS and PFS compared with
HAIC alone. The survival difference between HAIC plus
sorafenib and HAIC alone suggested that the extra survival
benefit may be partly due to the synergistic antitumor effect of
sorafenib and HAIC with sorafenib extending survival through
disease stabilization and HAIC shrinking tumors (29).

In addition, a higher disease control rate was observed in the
soraHAIC group (74.8% vs. 61.1%, P=0.030). It seems that the
addition of sorafenib to HAIC using FOLFOX could delay
disease progression but does not improve the rates of partial
response compared with HAIC alone. This finding might be
related to the disease stabilization of sorafenib (5). Previous
studies also showed that patients who were treated with sorafenib
Frontiers in Oncology | www.frontiersin.org 761
had a low partial response rate (2%-3.3%) and high stable disease
rate (54%-71%) (5, 6). Moreover, the soraHAIC group had
significantly elevated frequencies of all-grade hand–foot skin
reaction, rash, vomiting, diarrhea, nausea and grade 3-4
hand–foot skin reaction, these complications were also
common in sorafenib monotherapy in the previous studies (5,
6). Therefore, the adverse events were not unexpected and were
manageable by expectant treatment, treatment interruption or
dose modification.

There were some limitations in this study. First, this was a
retrospective study, which was affected by baseline confounding
factors. To improve the intergroup comparability, propensity
score matching analysis was used, and the baseline characteristics
were well balanced. Second, more than 90% of the patients had
hepatitis B virus infection. As such, whether these findings may
be applicable to Western countries, where HCC is more
commonly caused by hepatitis C virus and alcohol use (30),
needs further study. Finally, subsequent treatments might have
an impact on the OS of patients. However, there was no
TABLE 2 | Univariate and multivariate analysis of overall survival in initial and propensity-score-matched cohorts.

Initial cohort Propensity-score-matched cohort (1:1)

Univariate analysis Multivariate analysis Univariate analysis Multivariate analysis

P1 HR (95% CI) P2 P1 HR P2

Group (HAIC/soraHAIC) 0.026 0.69 (0.51-0.93) 0.013 0.016 0.65 (0.47-0.90) 0.009
Age, year (≤50/>50) 0.99 0.86
Gender (male/female) 0.84 0.60
ECOG (0-1/2) 0.034 1.18 (0.86-1.62) 0.30 0.041 1.25 (0.88-1.76) 0.21
Tumor size, cm (≤10/>10) 0.16 0.083 1.22 (0.88-1.70) 0.24
Tumor number (≤3/>3) 0.30 0.17
PVTT (Vp0-2/Vp3-4) 0.055 1.54 (1.12-2.11) 0.007 0.060 1.45 (1.02-2.07) 0.041
HVTT (no/yes) 0.64 0.49
Metastasis (no/yes) 0.002 1.71 (1.25-2.34) 0.001 0.009 1.66 (1.18-2.32) 0.004
AFP, ng/ml (≤400/>400) 0.11 0.29
ALB, g/L (≤40/>40) 0.035 0.77 (0.58-1.04) 0.08 0.038 0.74 (0.53-1.02) 0.07
May 202
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soraHAIC, sorafenib plus hepatic arterial infusion chemotherapy of oxaliplatin, 5-fluorouracil and leucovorin. HAIC= hepatic arterial infusion chemotherapy of oxaliplatin, 5-fluorouracil and
leucovorin; HR, hazard ratio; CI, confidence interval; ECOG, Eastern Cooperative Oncology Group; PVTT, portal vein tumor thrombus; HVTT, hepatic vein tumor thrombus. HBsAg,
hepatitis B surface antigen; PVTT, portal vein tumor thrombus; ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; Alb, albumin; TBIL, total bilirubin; AFP. alpha fetoprotein.
P1 value was calculated with two-sided log-rank test. Any factors that were statistically significant at P less than 10% in the univariate analysis were candidates for entry into a multivariable
Cox analysis.
P2 value was calculated by multivariable Cox proportional-hazards analysis.
TABLE 3 | Summary of best response based on the RECIST criteria.

Overall response (before PSM) Overall response (after PSM)

HAIC group (%) SoraHAIC group (%) P HAIC group (%) SoraHAIC group (%) P

CR 0 (0) 0 (0) 0 (0) 0 (0)
PR 46 (36.5) 37 (37.4) 0.89 31 (33.3) 34 (36.6) 0.64
SD 31 (24.6) 37 (37.4) 0.04 21 (22.6) 35 (37.6) 0.03
PD 49 (38.9) 25 (25.2) 0.03 41 (44.1) 24 (25.8) 0.01
DCR 77 (61.1) 74 (74.8) 0.03 52 (55.9) 69 (74.2) 0.01
ORR 46 (36.5) 37 (37.4) 0.89 31 (33.3) 34 (36.6) 0.88
1

RRECIST, Response Evaluation Criteria in Solid Tumors; CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease; DCR, disease control rate; ORR,
objective response rate.
SoraHAIC group, sorafenib plus hepatic arterial infusion chemotherapy group, Sorafenib group, sorafenib monotherapy group.
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difference in the subsequent treatments between the two cohorts
except that some patients in the HAIC alone group received
subsequent sorafenib which might improve the OS and PFS of
patients in the HAIC alone group.

In summary, HAIC using FOLFOX plus sorafenib may
improve OS, PFS and the disease control rate compared with
HAIC alone in patients with advanced HCC. HAIC using
FOLFOX plus sorafenib may be superior to HAIC alone as
initial treatment for advanced HCC. A large-sample,
prospective, randomized controlled trial is needed to compare
HAIC using FOLFOX plus sorafenib with HAIC alone for
advanced HCC.
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TABLE 4 | Treatment Related Adverse Events
†
.

Adverse event HAIC group (n=126) SoraHAIC group (n=99) P value

Any grade (%) Grade 3-4 (%) Any grade (%) Grade 3-4 (%) Any grade Grade 3-4

Overall incidence 112 (88.9) 50 (39.7) 93 (93.9) 51 (51.5) 0.19 0.08
Blood/bone marrow suppression
Neutropenia 38 (30.2) 5 (4) 40 (40.4) 8 (8.1) 0.11 0.19
Thrombocytopenia 55 (43.7) 7 (5.6) 52 (52.5) 10 (10.1) 0.19 0.2
Anemia 68 (54) 5 (4) 62 (62.6) 6 (6.1) 0.19 0.47
Constitutional symptoms
Fatigue 82 (65.1) 5 (4) 75 (75.8) 6 (6.1) 0.08 0.47
Fever 11 (8.7) 0 13 (13.1) 0 0.29 –

Weight loss 42 (33.3) 2 (1.6) 41 (41.4) 2 (2) 0.21 0.81
Dermatologic events
Hand–foot skin reaction 0 0 46 (46.5) 12 (12.1) <0.001 <0.001
Alopecia 10 (7.9) 0 12 (12.1) 0 0.29 –

Rash 7 (5.6) 0 16 (16.2) 0 0.01 –

Gastrointestinal events
Nausea 60 (47.6) 6 (4.8) 74 (74.7) 8 (8.1) <0.001 0.31
Vomiting 58 (46) 8 (6.3) 63 (63.6) 8 (8.1) 0.01 0.55
Diarrhea 20 (15.9) 5 (4) 30 (30.3) 7 (7.1) 0.01 0.3
Abdominal pain 45 (35.7) 6 (4.8) 38 (38.4) 5 (5.1) 0.68 0.92
Neurotoxicity
Sensory neuropathy 47 (37.3) 0 39 (39.4) 0 0.75 –

Hepatic function
Elevated ALT 90 (71.4) 20 (15.9) 79 (79.8) 14 (14.1) 0.15 0.72
Elevated AST 96 (76.2) 28 (22.2) 85 (85.9) 18 (18.2) 0.07 0.46
Hyperbilirubinemia 74 (58.7) 8 (6.3) 64 (64.6) 7 (7.1) 0.37 0.83
Hypoalbuminemia 88 (69.8) 5 (4) 75 (75.8) 3 (3) 0.32 1
May 2021
 | Volume 11 | Art
ALT, alanine aminotransferase; AST, aspartate aminotransferase.
soraHAIC group, sorafenib plus hepatic arterial infusion chemotherapy group; HAIC group, hepatic arterial infusion chemotherapy group.
P value was calculated by a two-sided chi-square test.
†Listed are adverse events, as defined by the National Cancer Institute Common Terminology Criteria (version 4.03), that occurred in at least 10% of patients in either study group.
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The overall aging of the world population has contributed to the continuous upward trend
in the incidence of prostate cancer (PC). Trials on PC therapy have been extensively
performed, but no study has analyzed the overall trends and characteristics of these trials,
especially for those carried out in China. This study aimed to provide insights on the future
direction of drug development in PC, thus supplying essential supportive data for
stakeholders, including researchers, patients, investors, clinicians, and pharmaceutical
industry. The details of the clinical trials of drug therapies for PC during January 1, 2010, to
January 1, 2020, were collected from Pharmaprojects. A total of 463 clinical trials on
different therapies with 132 different drugs were completed. The long-acting endocrine
therapy with few side effects, radiotherapy combined with immune checkpoint inhibitors,
gene-targeted chemotherapeutics, and novel immunotherapeutic products changed the
concept of PC treatment. In mainland China, 31 trials with 19 drugs have been completed
in the 10 assessment years. China has initiated a few trials investigating a limited number
of drug targets, centered in a markedly uneven geographical distribution of leading clinical
trial units; hence, the development of PC drugs has a long way to go. Given the large
patient pool, China deserves widespread attention for PC drug research and
development. These findings might have a significant impact on scientific research and
industrial investment.

Keywords: drug trials, prostate cancer, chemotherapy, gene-targeted, immunotherapy
INTRODUCTION

Prostate cancer (PC) is the most common non-cutaneous malignancy and the second most
common cause of cancer-related death among men in the United States. Estimates revealed
191,930 (21%) new cases and 33,330 (10%) cancer-related deaths in 2020 in the United States.
The lifetime risk of developing PC is 11.6% (1, 2). The situation in China is of concern in part
because of the rapid population growth and socioeconomic development. In 2016, 120,000 new
cases of PC were reported in China. China has greatly increased the global cancer burden
May 2021 | Volume 11 | Article 647110164
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because of its large population size, which is approximately
one-fifth of the world population; almost 22% of new cancer
cases and nearly 27% of cancer deaths worldwide occurred in
China (3, 4). The increasing average age of the population has
contributed to an upward trend in the incidence of PC and
related mortality.

Although the 5-year survival rate of localized PC is more than
99%, advanced PC is generally considered incurable (5). The 5-
year survival rate of metastatic PC is only 31%. Therefore,
effective new drugs and combination therapies are urgently
needed. Since the 1940s, the suppression of gonadal
production of testosterone via androgen deprivation therapy
has been the backbone of the management of advanced PC (6).
The currently approved agents for treating advanced PC act by
either inhibiting the androgen axis (Abiraterone, Enzalutamide,
Apalutamide, and Darolutamide), targeting microtubules by
inhibiting depolymerization or promoting polymerization
(Docetaxel and Cabazitaxel), using radioactive calcium
mimetics targeting bone metastases (radium-223, Ra 223), or
employing immune-related mechanisms (Sipuleucel-T).

A rapid change in PC treatment is now witnessed with the
increased understanding of the evolution, signaling pathways,
mutational profiles, and drug resistance mechanisms. However,
data analysis of the drug trials for PC and how they evolved over
the past decade were lacking. Thus, this systematic review was
performed on the trends of drug therapeutic development for PC
in China and globally during 2010–2020. The study aimed to
provide insights on the future direction of drug development in
PC, thus supplying essential supportive data for stakeholders,
including researchers, patients, investors, clinicians, and
pharmaceutical industry.
DATA COLLECTION AND ANALYSIS

Search Strategy and Selection Criteria
This study comprehensively analyzed all the active or completed
clinical trials of drug therapeutics for PC from January, 2010, to
January 1, 2020, worldwide and in China. The details of the trials
were obtained from Pharmaprojects, a drug development
database developed by INFORMA (https://pharma.id.informa.
com). Pharmaprojects harbors more than 40,000 public sources,
including Clinicaltrials.gov and Gene Therapy Clinical Trials
Worldwide, as well as many other sources. The following search
keywords were used: [(Actual Start Date is from 2010/01/01 to
2020/01/01) AND (Disease is oncology: Prostate) AND (Drug
Disease is cancer, prostate) OR [(Drug Disease is cancer,
prostate, neuroendocrine) AND (Development Status is
Active) AND (Trial Status is completed)].

The INFORMA platform documented 128,464 trials with
11,931 drugs spanning January 1, 2010 to January 1, 2020.
Data processing was divided into four steps. First, all trials
based on the disease (oncology: Prostate) were included, and
1,774 trials of PC with 693 drugs were identified. Second, the
therapeutic action was chosen as anti-PC, and 1,243 PC drug
trials with 343 drugs were included in the following analysis.
Frontiers in Oncology | www.frontiersin.org 265
Many drug trials were not actually carried out due to trial design
failures or inclusion difficulties. Therefore, all trials with
development status active (included complete) were included.
Manual data extraction was not required because this
information was already available on the INFORMA database,
a leading international research group. With data corrected,
1,041 trials of PC with 230 drugs were identified and used to
determine the trends. A total of 463 trials with 132 drugs
targeting PC were completed and included in the final analysis.
Finally, assignment was done according to the phase, primary
endpoint, or therapeutic classification (endocrine therapy,
chemotherapy, radiotherapy, and immunotherapy).

Statistical Analysis
SPSS Statistics 22.0 was used for data analysis. Number (%) was
used for qualitative variables. The 10-year trends in the selected
indicators were observed, including the number of completed
trials, proportion of phases I–IV, trial regions (country), primary
endpoint (safety or efficacy), line of therapy, and disease stage.
The year of a trial was defined as the start date of the trial.
RESULTS

Trends of Clinical Trials on PC Therapy
Over Time
From January 1, 2010 to January 1, 2020, 1041 clinical trials
testing 230 PC drugs were carried out worldwide. The total
number of trials worldwide has not much changed over the past
10 years with an average annual growth rate of 2.5% (Figure 1).
However, China represents an increasing percentage of the total
trials, especially after 2017, with an average annual growth rate
of 29.8%.

Characteristics of Global Clinical Trials on
Drug Therapeutics for PC
Based on a comprehensive review of the published literature and
data available from active clinical trials on therapeutic drugs for
PC, the drugs were classified into the following treatment classes:
chemotherapy, endocrine therapy, immunotherapy, and
radiotherapy. A total of 463 clinical trials were completed
between 2010 and 2020, including 192 (41.5%) on endocrine
therapy, 145 (31.3%) on chemotherapy, 96 (20.7%) on
immunotherapy, and 30 (6.5%) on radiotherapy trials (Table
1). Most of these trials were phase I or phase II trials (372/463,
80.3%), whereas only 91 were phase III or IV trials (19.7%)
(Table 1). The early phase clinical trials on immunotherapy and
chemotherapy accounted for 94.8 and 87.6% of trials,
respectively. The trials were conducted mainly in the United
States and Europe, with more than half in the United States (252/
463, 54.4%). In the United States, the proportion of endocrine
therapy, chemotherapy, and immunotherapy was similar in
trials. However, clinical trials involving endocrine therapy were
21 (21/31, 67.7%) in China. Safety was the most common
primary endpoint for chemotherapy and immunotherapy
trials, and efficacy was the primary endpoint for endocrine
May 2021 | Volume 11 | Article 647110
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therapy and radiotherapy trials. The lines of therapy were based
on first line (155/463, 33.5%) and second line (199/463, 43.0%).
Endocrine therapy and immunotherapy covered all lines of
therapy, including neoadjuvant and adjuvant. Chemotherapy,
endocrine therapy, and immunotherapy trials covered early and
late stages of prostate cancer. Radiotherapy is generally used for
later-stage disease. However, three trials used radiotherapy to
treat early stage disease.
Frontiers in Oncology | www.frontiersin.org 366
Classification of Drugs in Clinical
Investigations
Globally, 132 different drugs were used for treating PC in all
completed trials, including 25 (18.9%) endocrine therapy, 59
(44.7%) chemotherapy, 6 (4.6%) radiotherapy, and 42 (31.8%)
immunotherapy (Figure 2). Trials investigating 19 drugs
targeting PC were completed in mainland China in the last 10
years, including 12 (67.7%) for endocrine therapy, 5 (19.4%) for
TABLE 1 | Classification and characteristics of global clinical trials on drug therapeutics for prostate cancer.

Characteristic Type Chemotherapy n (%) Endocrinotherapy n (%) Immunotherapy n (%) Radiotherapy n (%) Totally n (%)

Phase I 81(55.9) 49(25.5) 55(57.3) 11(36.7) 196(42.3)
II 46(31.7) 84(43.7) 36(37.5) 10(33.3) 176(38.0)
III 7(4.8) 29(15.1) 2(2.1) 6(20.0) 44(9.5)
IV 11(7.6) 30(15.6) 3(3.1) 3(10.0) 47(10.2)

Trial Region/Country US 79(54.5) 88(46.1) 74(77.1) 11(36.7) 252(54.4)
China mainland 6(4.1) 21(10.5) 1(1.0) 3(10.0) 31(6.7)

Europe 62(42.8) 69(36.1) 38(39.6) 16(53.3) 185(40.0)
Primary endpoint Safety 77(53.1) 59(30.9) 54(56.2) 13(43.3) 203(43.8)

Efficacy 68(46.9) 133(69.1) 42(43.8) 17(56.7) 260(56.2)
Line of therapy Neoadjuvant 3(2.1) 17(8.9) 4(4.2) 2(6.7) 25(5.4)

Adjuvant 0 8(4.2) 5(5.2) 0 13(2.8)
First line 38(26.2) 64(33.0) 38(39.6) 15(50.0) 155(33.5)

Second line 96(66.2) 44(23.0) 46(47.9) 13(43.3) 199(43.0)
Latter line 27(18.6) 10(5.2) 19(19.8) 1(3.3) 57(12.3)

NA 18(12.4) 73(38.0) 12(12.5) 6(20.0) 109(23.5)
Stage of diseases Early stage 21(14.5) 36(18.8) 18(18.8) 3(10.0) 79(16.8)

III/IV 71(49.0) 71(37.0) 49(51.0) 1(3.3) 192(41.5)
I V 60(41.4) 85(44.3) 38(39.6) 26(86.7) 209(45.4)
N A 5(3.4) 24(12.5) 0 0 29(6.3)

Totally 145(31.3) 192(41.5) 96(20.7) 30(6.5) 463
M
ay 2021 | Volume 11 |
Phase: I, I/II, and II are early stage clinical trials.
Trial region/country: The region or country covered by clinical trials.
NA, Not applicable.
FIGURE 1 | Trends of clinical trials of prostate cancer therapy in China and worldwide. Left y-axis indicates the ratio of total trials, and right y-axis indicates the total
number of trials.
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chemotherapy, 1 (9.7%) for radiotherapy, and 1 (3.2%) for
immunotherapy (Figure 2). The treatments for PC evaluated
in trials over the past 10 years were predominantly
chemotherapeutic worldwide, whereas endocrine therapy
was the dominant therapy in China.

Analysis of Clinical Trials in
Mainland China
The clinical investigations on the use of therapeutic drugs for PC
in mainland China and worldwide were compared. In mainland
China, 31 trials were completed in the last 10 years, including 21
on endocrine therapy, six on chemotherapy, three on
radiotherapy, and one on immunotherapy. Most of these trials
were phase III or phase IV trials (19/31, 61.3%), whereas only 12
were phase I or II trials (12/31, 38.7%). The therapeutic targets in
each of these trials were identified (Figure 3). Endocrine therapy
targets included androgen receptor (AR) (11/21, 52.4%),
gonadotropin-releasing hormone (GnRH) (7/21, 33.3%), and
cytochrome p450c17 (3/21, 14.3%). Chemotherapy targets
included microtubules (3/6, 50%), poly(ADP-ribose)
polymerase (PARP) (1/6, 16.6%), PKCb (1/6, 16.6%), and
S100A9 (MRP-14 or calgranulin B) (1/6, 16.6%). All three
radiotherapy trials used radium-223 (Ra 223) to target actively
dividing cancer cells (3/3, 100%). The single immunotherapy
trial was a T-cell therapy targeting NY-ESO-1. China differs
from other regions of the world in that drug targets in mainland
China—initiated trials are limited. Moreover, the number of
organizations conducting clinical trials on PC therapies is
relatively low (125 organizations); these trials were mainly
done in large cities such as Shanghai, Beijing, Guangzhou, and
Chengdu (Figure 3).
DISCUSSION

This systematic review provided substantial information on the
landscape of drug and therapy development for PC in the last
decade. The drugs were classified into the following treatment
classes: chemotherapy, endocrine therapy, immunotherapy, and
radiotherapy. These four classes were described, and the
potential agents were listed (Figure 4), providing a critical
Frontiers in Oncology | www.frontiersin.org 467
review on several promising therapeutic agents with
novel targets.

Endocrine Therapy
Currently, an increasing number of clinicians and patients have
turned to androgen deprivation therapy as an alternative to
surgery, radiation, or conservative management, especially for
older men (6). Among such endocrine therapies are GnRH
agonists, which are synthetic peptides modeled after the
hypothalamic neuro-hormone GnRH, which interacts with the
GnRH receptor to elicit its biologic response (Figure 4). GnRH
antagonists, a similar but distinct strategy, represent a new class
of endocrine therapy that induces a more rapid suppression of
serum testosterone compared with GnRH receptor agonists, but
without the testosterone surge associated with the latter. The
principal mechanism of GnRH antagonists is competitive
binding to the GnRH receptor (5). In 2008, the GnRH
antagonist Degarelix was approved by the United States Food
and Drug Administration (FDA) for treating advanced PC (7–9).
After 3 years (2011), Degarelix was approved by FDA for the
treatment of castration-resistant PC (CRPC) (7). The results of
the two pooled analyses suggested that the incidence of
musculoskeletal adverse events, including back pain, myalgia,
arthralgia, spinal column stenosis, and fracture, was lower in the
Degarelix group than in the GnRH agonist group. Another
strategy to achieve androgen deprivation is Abiraterone, which
targets androgen production by inhibiting cytochrome p450c17,
a rate-limiting enzyme in androgen biosynthesis (10).
This drug interrupts androgen production at three sources,
that is, the testis, the adrenal glands, and the tumor itself.
However, the use of abiraterone as a treatment for PC is
associated with several undesirable physiological side effects,
including a decrease in cortisol levels and a compensatory
increase in adrenocorticotropic hormone (ACTH) (10, 11).
The antiandrogen Enzalutamide (commercially known as
XTANDI) is a small molecule that binds to the AR at the
androgen-binding site, thus preventing the transfer of the AR
to the nucleus and suppressing any possible tumor agonist-like
activity. Additionally, this drug inhibits DNA-binding and co-
activator recruitment by the AR, leading to cellular apoptosis and
decreased prostate tumor volume. The FDA has approved
A B

FIGURE 2 | Classification of drugs in clinical trials for prostate cancer worldwide (A) and in mainland China (B).
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XTANDI for metastatic CRPC in patients who received previous
docetaxel treatment (2012) for the treatment of non-metastatic
CRPC (2018) and metastatic castration-sensitive PC (CSPC)
(2019) (12–15). In many respects, the ability of endocrine
therapy to control PC has overshadowed its toxicity and
impact on the quality of life. The endocrine therapy covered all
lines of therapy, including neoadjuvant and adjuvant, which also
overlapped with the early and later stages of PC. Recently, a
mounting body of literature has highlighted the toxicities
associated with endocrine therapy, including cardiovascular
diseases; harmful metabolic changes such as obesity, insulin
resistance, and diabetes; dyslipidemia; and a higher risk of
bone fracture (16, 17). Thus, more effective, specific, and well-
Frontiers in Oncology | www.frontiersin.org 568
tolerated agents are needed, which can provide a longer and
better quality of life while ameliorating the side effects related to
disease and treatment morbidity.

Radiotherapy
Two major categories of radiotherapy for PC are external beam
radiotherapy (EBRT) and brachytherapy (BT), both of which
have improved with the use of high-quality multimodal imaging
and robotic assistance (18, 19). A large number of randomized
controlled clinical trials have assessed the efficacy and safety of
radiotherapy (20, 21). Ra-223 is a first-in-class, a-particle-
emitting, radioactive agent used as the first-line therapy for PC
(FDA approved in 2013), which has provided an additional
A

B

FIGURE 3 | Prostate cancer therapy trial classification and geographical locations. (A) Therapy type and targets for PC in clinical trials in mainland China. (B) Cities
with organizations for PC drug clinical trials (showing top 20).
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treatment option for patients with CRPC and symptomatic bone
metastases in the absence of visceral metastases (22). The safety
and tolerability of Ra-223 for metastatic CRPC have been
demonstrated in patients administered up to six intravenous
injections (23). Strontium-89 (Sr-89), in combination with
EBRT, increased the durability of pain relief in patients with
multiple bone metastases, and the addition of Sr-89 to
the chemotherapy of similar patients resulted in a small
increase in quality-adjusted life-years (24). As a monotherapy
for patients with multiple bone metastases from CRPC, Sr-89
effectively decreased pain at the cost of mild-to-moderate
myelosuppression (25, 26) and increased the duration of
response when combined with either EBRT or chemotherapy
(26, 27). Other radiopharmaceuticals, such as rhenium-188 and
rhenium-186, are still under investigation and hence not yet
available for widespread use. The complications of radiotherapy
in treating PC include the development of impotency, lower
urinary tract symptoms, and hematuria. Hematospermia,
orgasmalgia, and alteration in the intensity of orgasm of
limited duration were documented in 26, 15, and 38% of cases,
respectively. Treatment differences were observed especially in
Frontiers in Oncology | www.frontiersin.org 669
sexual, urinary, and bowel functions. The bowel function was
worse after EBRT compared with radical prostatectomy.
Radiotherapy is typically used to treat late-stage PC;
however, three trials tested radiotherapy for early stage PC
(NCT01851018, NCT01875393, and NCT01310894). Thus,
more attention should be paid to the toxic and side effects of
radiotherapy to provide better life experience for patients.
Radiotherapy combined with immune checkpoint inhibitors
(ICI) is currently under investigation as a treatment strategy
for PC (Figure 4). Many clinical trials characterized the toxicity
of ICI plus radiotherapy compared with ICI alone. The results
showed that the toxicities of ICI plus radiotherapy and ICI alone
were similar (28–31). Thus, it appeared that ICI plus
radiotherapy was a feasible treatment option and warranted
further exploration.

Immunotherapy
Immunotherapy uses a person’s own immune system to fight
cancer, including chimeric antigen receptors, T-cell receptor-
engineered T-cell therapy, dendritic cell vaccines, DNA vaccines,
oncolytic virus vaccines, traditional antibody drugs, and so forth.
A B

DC

FIGURE 4 | Categories of therapeutic strategies for prostate cancer. (A) Endocrine therapy: Androgens stimulate the growth of PC. Drugs to suppress androgen
biosynthesis as therapy for PC (androgen depletion) target adrenocorticotropic hormone (ACTH), gonadotropin-releasing hormone (GnRH), and luteinizing hormone
(LH). (B) Radiotherapy: Radiotherapy directly targets the tumor cells, which is followed by the release of tumor antigens and the activation of immune responses.
(C) Immunotherapy: The cells are obtained from the patient. The cells highly expressing the target gene or matching the tumor antigen are selected for expansion
in vitro. Finally, the expanded cells are transplanted back into the patient. (D) Chemotherapy: Effective components of a gene-targeted chemotherapeutic drug
include a polymer micelle that delivers cytotoxic chemicals and mRNA. Loading of the therapeutic protein can lead to the release of toxic components from the
PC cells, resulting in cell apoptosis.
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In the last 10 years, early phase, immunotherapy clinical trials
accounted for 94.8% of all the therapeutic trials on PC, indicating
that this was a major new focus in PC therapy development. In
2010, the first dendritic cell vaccine, Sipuleucel-T, was approved
by the FDA for metastatic, asymptomatic, hormone-refractory
PC in patients with a 3-year survival rate of 34% (32) (Figure 4).
This opened a new chapter in immunotherapy for PC.
Chimpanzee adenovirus and modified vaccinia Ankara (ChAd-
MVA) 5T4 vaccine, a recombinant virus encoding human
tumor-associated antigen 5T4, promotes the immune system
killing of cancer cells that express 5T4 on their surface. This
strategy is being evaluated as a neoadjuvant therapy, and 40
patients have been enrolled (NCT02390063). MVI-118 (pTVG-
AR) is an intradermal prostatic acid phosphatase encoding DNA
plasmid gene–based immunotherapy that has completed phase II
clinical trials and enrolled 99 patients with adenocarcinoma of
the prostate (NCT01341652). The use of tumor-infiltrating
lymphocytes grown ex vivo from resected cancer tissue and
reapplied to the patient via an intravenous infusion (adoptive
cell therapy) has completed phase I/II clinical trials with 25
patients with tumor enrolled (NCT03296137). TAEST-16001
(NY-ESO-1 T cells) is a specific T-cell receptor–based
immunotherapy product and is the only cell therapy that has
completed clinical trial for treating solid tumors in China. In the
last few years, immunotherapy has become an important cancer
treatment modality. However, it is unlikely that any of the
immunotherapeutics alone can dramatically change PC
outcomes, but combination strategies are more promising and
provide a reason for optimism. Several completed and ongoing
studies have shown that the combination of cancer vaccines or
checkpoint inhibitors with different immunotherapeutic agents,
hormonal therapy (Enzalutamide), radiotherapy (Radium 223),
DNA-damaging agents (Olaparib), or chemotherapy (Docetaxel)
can enhance immune responses and induce more dramatic,
long-lasting clinical responses without significant toxicity. The
goal of PC immunotherapy does not have to be the complete
eradication of advanced disease but rather the return to an
immunologic equilibrium with an indolent disease state.
Besides determining the optimal combination of treatment
regimens, efforts are also ongoing to discover the biomarkers
of immune response. With such concerted efforts, the future of
immunotherapy in PC looks brighter than ever.

Chemotherapy
Before the United States FDA approval of Docetaxel in 2004 for
the treatment of metastatic CRPC (33), no standard second-line
chemotherapy was available to improve overall survival. Another
tubulin-binding taxane drug, Cabazitaxel, was also FDA
approved to treat PC as second-line salvage chemotherapy
in 2010 (34). However, Docetaxel failed as the first-line
chemotherapy, and Cabazitaxel also showed more adverse
effects. Thirty-eight trials on first-line chemotherapy have been
completed in the last decade, and diverse combinations have
been attempted but not found to be successful (35). Recently,
interest has grown in neoadjuvant treatment to improve surgical
outcomes. Three clinical trials on chemotherapy neoadjuvant
Frontiers in Oncology | www.frontiersin.org 770
were completed during 2010–2020. One such treatment was
nanoparticle paclitaxel that completed phase II clinical trial with
16 patients enrolled diagnosed with PC and scheduled for
prostatectomy (NCT03077659). Nanoparticle paclitaxel
suspensions are administered by intratumoral injection directly
to the site of a tumor, where they become entrapped and
continuously release drug molecules as they dissolve. With the
development of gene editing technology, promising therapeutic
agents using this novel strategy are available, for example, IGF–
MTX, an insulin-like growth factor (IGF) conjugated to
chemically engineered methotrexate (MTX). This drug has
completed phase I clinical trials, with 92 patients enrolled with
tumors expressing IGF-1R (NCT02045368). IGF–MTX targets
IGF receptor proteins on cancer cells to precisely deliver the
drug. The principle of gene-targeted chemotherapy is to release
toxic components to the PC, with healthy cells receiving very less
toxicant (Figure 4). Gene-targeted chemotherapy holds great
potential for PC.

Moreover, most trials were performed and designed to
improve treatments for non-metastatic PC (67%). More than
half of all trials identified tested the effects of systemic treatment,
with some in patients with non-metastatic disease (36, 37).
However, patients with metastatic castration-resistant disease
require more aggressive systemic therapy. Thus, improvements
in systemic treatments, even in the non-metastatic setting, are
very important and may positively impact cancer control rates.
Trials focused on not only local treatment methods, such as
radiation therapy or immunotherapy, but also surgery for PC.
The study analysis demonstrated strong ongoing clinical
research activity, which might undoubtedly impact the future
of PC treatment worldwide.

This study revealed that the number of trials on PC therapies
has not much changed over the past 10 years worldwide, with an
average annual growth rate of 2.5%. Even then, China represents an
increasing percentage of the total trials globally with an average
annual growth rate of 29.8%. The increasing average age of the
population has contributed to a clear upward trend in the incidence
of PC and related mortality. In 2016, 120,000 new cases of PC were
reported in mainland China. It is expected that the number of new
cases will reach 237,000 by 2030, with a compound annual growth
rate of 5%. The Chinese market for PC drugs is expected to reach
$4.8 billion by 2030. China deserves widespread attention in
terms of PC drug research and development.

Most of these trials were phase I or phase II trials (372/463,
80.3%), whereas only 91 were phase III or IV trials (19.7%)
worldwide. In mainland China, most of these trials were phase III
or phase IV trials, whereas only 12 were phase I or II trials (12/
31, 38.7%). Phase I and II are direct evidence of innovation. Only
if they are successful will the trials proceed to phase III or IV. The
inadequacy of phase I or II in China was due to the lack of
capability of independent innovation. Hence, China still needs to
improve the ability to develop therapeutic drugs for PC. The
present review found that phase I or II clinical trials on
immunotherapy and chemotherapy accounted for >85% of all
trials globally, indicating that many new trials were being
conducted and novel drugs were being developed based mainly
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on these two aspects. The United States has completed more than
half of the clinical trials (252/463, 54.4%); the proportion of
treatment types in endocrine therapy, chemotherapy, and
immunotherapy was similar. Endocrine therapy has been the
backbone of the management of advanced PC. However, the
majority of the novel drugs being developed are based on
immunotherapy and chemotherapy. This uniformity represents
the balance between tradition and innovation. In contrast, China
has completed only 31 (31/463, 6.7%) clinical trials, mainly
involving endocrine therapy, and only one trial on
immunotherapy. The development of immunotherapy and
chemotherapy can not only provide more selectivity for
treatment but also increase the possibility of developing new
drugs for PC. Additionally, only nine drug targets have been
reported in China-initiated trials, with chemotherapy targets
including microtubules, PARP, PKCb, and S100A9, and the
immunotherapy target NY-ESO-1. Therefore, China differs
from other regions in the limited number of drug targets and
trials, particularly compared with the United States. However,
the clinical trial centers conducting studies on PC drugs are
limited and mainly concentrated in the large cities of Shanghai,
Beijing, Guangzhou, and Chengdu. This review further showed a
markedly uneven geographical distribution of the leading clinical
trial units across China. Therefore, not only uneven population
and patient distribution but also geographical disparity are the
direct manifestations of the uneven distribution of superior
medical resources for clinical research across China (38). How
to improve the balance between equitable access to new drugs
and the efficiency of pharmaceutical research and development is
an important topic worthy of exploration by policymakers.
CONCLUSIONS

The research and development of PC drugs showed rapid
progress over the decade 2010–2020. Long-acting endocrine
therapy with few side effects, radiotherapy combined with ICI,
Frontiers in Oncology | www.frontiersin.org 871
gene-targeted chemotherapeutics, and novel immunotherapeutic
products may change the concept of PC treatment. The clinical
investigations in mainland China are limited in terms of the
relatively low numbers of drug targets and trials and the
markedly uneven geographical distribution of the leading
clinical trial centers. Hence, the development of PC drugs has
a long way to go. However, given the large patient pool, China
deserves widespread attention regarding PC drug research and
development. These findings might have a significant impact on
scientific research and industrial investment.
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Auraptene is a bioactive monoterpene coumarin isolated from Citrus aurantium and Aegle
marmelos that belong to the Rutaceae family. Auraptene can modulate intracellular
signaling pathways that control cell growth, inflammation and apoptosis and can exert
pharmacological properties such as anti-bacterial, anti-fungal, antileishmania and anti-
oxidant activity. Auraptene had inhibitory and chemo-preventive effects on the
proliferation, tumorigenesis and growth of several cancer cell lines through increase in
the activity of glutathione S-transferase, formation of DNA adducts and reduction of the
number of aberrant crypt foci. Auraptene exhibits anticancer effects via targeting different
cell signaling pathways such as cytokines, genes modulating cellular proliferation, growth
factors, transcription factors and apoptosis. The present review is a detailed survey of
scientific researches on the cytotoxicity and anticancer activity of Auraptene on cancer
cells and tumor bearing animals.

Keywords: Auraptene, Rutaceae, cytotoxicity, anticancer activity, cancer cells

INTRODUCTION

Coumarins are a large class of natural compounds mainly found in the Apiaceae, Rutaceae, and
Composita families. The three main groups of coumarins are: 1) ring-fused coumarins, 2) substituted
coumarins and 3) C- and O-prenylcoumarins (Eghbaliferiz et al., 2020).

Auraptene, 7-geranyloxycoumarin, is a member of umbelliferone coumarins in which the
phenolic hydrogen has been replaced by a geranyl group. Auraptene is isolated from many of the
edible fruits and vegetables of the genus Ferula and Citrus like lemons, grapefruits and oranges.
Auraptene indicates a variety of therapeutic properties such as antidiabetic, antiprotozoal, anti-
bacterial, anti-fungal, anti-genotoxic, antileishmanial, anti-inflammatory, antihelicobacter, and
immunomodulatory activities (Bibak et al., 2019). This compound showed significant effect on
the treatment of several chronic illnesses including hypertension, nonalcoholic fatty liver and
cystic fibrosis (Derosa et al., 2016; Figure 1).

Tumor is a group of cells/tissues due to the activation of various oncogenes or inactivation
of tumor suppressors has lost its control on the normal growth at the gene level. Tumor tissue
can be divided into malignant (cancerous) and benign (non-cancerous) according to the size
and growth features. Malignant tumor grows rapidly and often infiltrate to the surrounding
tissues without envelops on the surface. Patients with advanced cancer after surgical excision
exhibited severe systemic symptoms and high recurrence rate, that causing a big challenge for
cancer therapy. In view of the enormous damage caused by cancer, the development of new
antitumor treatments has become a research hotspot. Natural products are a good source of
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antitumor compounds. In recent years, auraptene have drawn
scientists’ attention because of its broad-spectrum and
effective antitumor activities (Fu et al., 2020).

The information and literature available in this review
have been obtained through the Pubmed, Scopus, and Science
Direct databases for English articles published until 2020. For
this purpose, we used appropriate keywords including
“auraptene” or “coumarin” and “cancer” or “cytotoxic.”
The purpose of this review is to summarize the therapeutic
effect and mechanism of auraptene in different types of
cancers.

ANTICANCER PROPERTIES OF
AURAPTENE

The cytotoxic, antitumor and anticancer activities of auraptene
have been addressed in many in vivo and in vitro studies. The
underling mechanisms have been discussed in the next
paragraphs and summarized in Figure 2 and Table 1 and
Figure 3 displays the molecular mechanism of auraptene in
cancer treatment.

Breast Cancer
Breast cancer is the most widespread and second leading cause
of death in the female adult population. Hormone positive and
negative Breast cancer may be treated according to the

hormone status of the cancer cells. Hormone suppressive
treatment is assigned to hormone sensitive cells
(EghbaliFeriz et al., 2018).

Auraptene, a prenyloxycoumarin from Citrus species,
demonstrated anticancer activity against breast cancer. The
underlying mechanism responsible for this effect is the
modulation of estrogen receptors (ERs) and suppression of
cholesterol acyl transferase (ACAT) (De Medina et al., 2010).
Auraptene inhibited the proliferation of MDA-MB-231 and
MCF-7 human breast cancer cells and significantly inhibited
cyclin D1 dose-dependently and delayed tumor progression in
rat mammary tumors (Krishnan et al., 2009). It has also been
reported that the dietary administration of auraptene delayed
tumor expansion (or extension). Auraptene reduced cyclin D1
protein expression and inhibition of insulin-like growth factor-
1(IGF-1) in MCF-7 cells (Krishnan and Kleiner-Hancock, 2012).
In another study, auraptene from Ferula szowitsiana root
indicated anti-tumor activity in human breast cancer cells via
up-regulation of caspase-3 and caspase-8 and down-regulation of
MMP-9, MMP-2, VEGFR-1 (vascular endothelial growth factor),
and VEGFR-2 genes (Charmforoshan et al., 2019). Motlagh et al.
investigated the cytotoxic effects of umbelliprenin and auraptene
against MCF-7 cell lines. Auraptene was more cytotoxic than
umbelliprenin and exerted this effect through down-regulation of
Myeloid Cell Leukaemia Type-1 (Mcl-1) mRNA expression
(Motlagh and Gholami, 2017).

Colorectal Cancer
Colorectal cancer is one of the most prevalent and third leading
cause of death among patients in the world. The best strategy for
treatment of colorectal cancer is surgical resection combined with
chemotherapy and radiation (Kaur and Kaur, 2015).

Auraptene at a concentration of 10 µM significantly inhibited
the growth and formation of HT-29 and HT-116 cells in vitro.
Auraptene was reported to suppress the expression of CD166 and

FIGURE 1 | Structure of auraptene.

FIGURE 2 | The inhibition effects of auraptene in different type of cancer.
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TABLE 1 | The antitumor experiment of auraptene in vitro and in vivo.

Type of
cancer

Experimental
model

Dose IC50 Mechanism References

Breast cancer SW-620, MDA-MB-
231, MCF-7

0.1–100 µM 4.18 μg/ml Modulation of ERs and suppression of acyl-CoA De Medina et al. (2010)

Breast cancer MDA-MB-231, MCF-
7 and rat

1–50 µM 200,
500 ppm

85% inhibition Inhibition of cyclin D1 Krishnan et al. (2009)

Breast cancer MCF-7 250 μg/ml 61.3 μg/ml Up-regulation of caspase-3 and caspase-8 and
down-regulation of MMP9, MMP2, VEGFR-1, and
VEGFR-2

Charmforoshan et al.
(2019)

Breast cancer MCF-7 10, 20, 40 μg/ml 17.26–29.66
μg/ml

Down-regulation of Mcl-1 mRNA Motlagh and Gholami
(2017)

Breast cancer MCF-7 cells 500 ppm Reduction of cyclin D1 protein expression and
inhibition of IGF-1

Krishnan and
Kleiner-Hancock (2012)

Gastric cancer MGC-803 cells 0–4 µM 0.78–10.78 µM Expression of apoptosis- related protein Li et al. (2018)
Gastric cancer C57BL/6 mice 100, 500 ppm Inhibition of CD74 production Sekiguchi et al. (2012)
Gastric cancer NCI-N87 cells 20 µM Reduction of ERK 1/2 activation and IL-8 production Sekiguchi et al. (2010)
Gastric cancer SNU-1 cells 25–200 μg/ml ≤25 µM Inhibition of mTOR, activation of p53 and increase in

the phosphorylation of Akt
Moon et al. (2015)

Colon cancer HT-29 and HT-116
cells

10 µM ≥50% Suppression of CD166 and CD44 and inhibition of
colonospheres

Epifano et al. (2013)

Colon cancer F344 rats 100, 500 ppm Activation of the phase II enzymes QR and GST Tanaka et al. (1998a);
Tanaka et al. (1997)

Colon cancer C57BL/KsJ-db/db
mice

10 mg/kg Inhibition of COX-2 and iNOS, reduction of cell
proliferation and lipid profiles

Hayashi et al. (2007)

Colon cancer C57BL/KsJ-db/db
mice

10 mg/kg 67–80% inhibition Reduction of triglycerides and anti-inflammatory
activity of auraptene

Tanaka et al. (2008)

Colon cancer CD-1 (ICR) mice 100, 500 ppm 63–83% inhibition Suppression of colonic inflammation and modulation
of proinflammatory cytokines

Tanaka et al. (2010)

Colon cancer HT-29 cell line 1–50 µM 2.8 and 3 µM Suppression of proMMP-7 and inhibition of ERK1/2 Kawabata et al. (2006b)
Colon cancer ICR mice 100, 500 ppm Reduction of COX-2, PCNA, iNOS Kohno et al. (2006)
Colon cancer Colonic mucosa

mouse
0.1% w/w 82% inhibition Inhibition of MMP-2, MMp-9 and suppression DSS Kawabata et al. (2006a)

Colon cancer HT29 cells 10, 20 μg/ml 39 μg/ml Reduction of hyperthermia and down-regulation of
HSP27

Moussavi et al. (2018)

Colon cancer HT29 cells 10, 20, 40, and
80 μg/ml

31.8–42.1% Down regulation of CD44, ALDH1 and inhibited
expression of GATA6

Moussavi et al. (2017)

Hepatic cancer F344 rats 100, 500 ppm 83% inhibition Reduction of GST, TGF-α Sakata et al. (2004)
Hepatic cancer F344 rats 100, 500 ppm β-catenin mutation Hara et al. (2005)
Hepatic cancer C57BL/6 mice 30 mg/kg Reduction of toxic bile acids, inhibition of inflammation

and HSCs activation
Gao et al. (2018)

Hepatic cancer Rat 500 ppm Nob induction of cell cycle inhibition and apoptosis Ohnishi et al. (2004)
Hepatic cancer RCC4 cell line 0–100 μM Inhibition the mitochondrial respiration and blockade

HIF-1α
Jang et al. (2015)

Prostate cancer PC3 and DU145 30, 60 μM 30–45% Activation of caspase-9/3, Bax, inhibition of Bcl-2 and
Mcl-1, increase the TUNEL-positive cells

Lee et al. (2017)

Prostate cancer PC3 and DU145 500 ppm Induction of apoptosis and cell cycle arrest Tang et al. (2007)
Skin cancer ICR mouse skin 18 μM 450 μM Inhibition of TPA and suppression of O2

− Murakami et al. (1997)
Skin cancer C57BL/6 mice 500, 1,000 mg/kg Induction of apoptosis, inhibition of metastasis of

B16BL6 melanoma cells
Tanaka et al. (2000)

Skin cancer Xenograft mouse 200 mg/kg 84% inhibition Suppression of LPS-induced NF-κB activation Kleiner-Hancock et al.
(2010)

Skin cancer M4Beu melanoma 10 μg/ml 17.1 µM Induction of caspase-dependent apoptosis and cell-
cycle arrest

Barthomeuf et al. (2008)

Ovarian cancer Hela cell line 10, 20, 40 μg/ml 13.33–13.87 μg/
ml

Down-regulation of MCl-1 gene expression Motlagh and Gholami
(2017)

Ovarian cancer Hela and A2780 cell
line

12.5–100 μM 31.49 and
47.93 μM

Reduction of MMP-2 and MMP-9 enzymatic activity Jamialahmadi et al. (2018)

Esophageal
cancer

KYSE30 cells 20 μg/ml 76–80 μg/ml Reduction expression of CD44, BMI-1 Saboor-Maleki et al. (2017)

Esophageal
cancer

KYSE30 cells 10, 20, 40 μg/ml 11.75–15.25 μg/
ml

Down-regulation of Mcl-1 gene expression Motlagh and Gholami
(2017)

Leukaemia Jurkat cells 20 μg/ml 16.5 μg/ml Activation of caspase cascade, caspase-8 and
caspase-3, degradation of PARP and suppression of
Bcl-xL

Jun et al. (2007)

Leukaemia Jurkat cells 10, 20, 40 μg/ml 11.3–11.49 μg/ml Down-regulated Mcl-1 mRNA expression
(Continued on following page)
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CD44 in chemo-resistant HT-29 cells and inhibit the formation
of colonospheres and growth of both chemo-resistant and wild-
type colon cancer cells (Epifano et al., 2013). The administration
of auraptene significantly inhibited the development of
azoxymethane (AOM)-induced colonic aberrant crypt foci
(ACF) in male F344 rats. The mechanisms responsible for this
effect were activation of the phase II enzymes QR (quinone
reductase) and GST (glutathione Stransferase), reduction of
lipid peroxidation and suppression of cell proliferation
biomarkers such as ornithine decarboxylase activity, 5-bromo-
29-deoxyuridine labeling-index and polyamine content in the
colonic mucosa (Tanaka et al., 1997; Tanaka et al., 1998a). In
another study, administration of auraptene (10 mg/kg)
significantly inhibited the incidence of colon carcinogenesis in
C57BL/KsJ-db/db mice. The inhibition of COX-2 and iNOS in
colonic epithelial cells, reduction of cell proliferation, lipid
profiles and induction of apoptosis was responsible for this
effect (Hayashi et al., 2007). Also, the incidence and
multiplicity of colonic adenocarcinomas is suppressed by
administration of collinin and auraptene at dose of 0.05 and
0.01%, respectively in clitis- and obesity-related colon
tumorigenesis models in C57BL/KsJ-db/db mice. This activity
attributed to anti-inflammatory activity of auraptene and collinin

(Tanaka et al., 2008). Auraptene has been reported to prevent the
proliferation of colorectal cancer by modulation of inflammatory
and expression of proinflammatory cytokines in CD-1 (ICR)
mice. These results indicate that the administration of auraptene
suppresses the colonic inflammation and modulates
proinflammatory cytokines including interleukin (IL)-6 and
IL-1b, tumor necrosis factor-a, nuclear factor-kappaB, Stat3
and NF-E2-related factor 2 in adenocarcinomas (Tanaka et al.,
2010). In a study conducted by Kawabata et al., auraptene
suppressed the growth of human colorectal adenocarcinoma
HT-29 cell line. The suppression of proMMP-7 (Matrix
metalloproteinase) production and inhibition of extracellular
signal-regulated kinase (ERK1/2) protein translation
responsible for this effect (Kawabata et al., 2006b).

Kohno et al. reported that auraptene significantly reduced the
rates of cyclooxygenase (COX)-2, proliferating cell nuclear
antigen (PCNA), nitrotyrosine and inducible nitric oxide
(iNOS) in adenocarcinomas. Also, auraptene increased the
apoptotis and suppressed the occurrence of colonic
adenocarcinoma in male ICR mice (Kohno et al., 2006). It
addition, auraptene inhibited MMP-2, MMP-9 expression in
HT-29 human colon cancer cells suggesting the anti-metastatic
activity of auraptene (Kawabata et al., 2006a). In another study,

TABLE 1 | (Continued) The antitumor experiment of auraptene in vitro and in vivo.

Type of
cancer

Experimental
model

Dose IC50 Mechanism References

Motlagh and Gholami
(2017)

Oral
carcinogenesis

F344 rats 100, 500 ppm 63–91% reduction Suppression of 4-NQO activity, decreased dysplastic
lesions, inhibited the expression of cell proliferation

Tanaka et al. (1998b)

FIGURE 3 | The antitumor mechanism of auraptene.
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auraptene reduced the toxicity of hyperthermia in human colon
adenocarcinoma HT29 cells as a new and important therapeutic
strategy usually used as an adjunct to cancer treatment, which was
verified by down-regulation of HSP27 (Moussavi et al., 2018).
Jalilzadeh et al. reported that nano-encapsulated formulations
with biodegradable penta-block PLA-PCL-PEG-PCL-PLA and
triblock PCL-PEG-PCL increase the bio-distribution, solubility
and delivery of aurapetne to targeted sites and improve the
anticancer activity of auraptene especially in colon cancer cells
(Jalilzadeh et al., 2020). In colon adenocarcinoma cells, synergism
between auraptene and ionizing radiation increased the efficacy
of treatment on HT29 cells. Auraptene down regulated CD44,
ALDH1 (aldehyde dehydrogenase 1) and inhibited the expression
of GATA6 (GATA binding protein 6) (Moussavi et al., 2017).
Coadministration of auraptene and radiotherapy for treatment of
colon carcinoma cells was investigated in vitro and in vivo.
Increase in radiotherapy effects by AUR was observed and
confirmed by increased number of apoptotic cells. In vivo,
after administration of AUR + radiotherapy significant
regression in tumor size, down regulation of Cyclin D1 and
CD44, involvement of PI3K-AKT-mTORC signaling pathway
and Caspase-3 was observed (Salari et al., 2020).

Gastric Cancer
The one of the most common malignancies and third leading
cause of death worldwide is gastric cancer. The main therapeutic
approach for the treatment of gastric cancer is chemotherapy
(Torre et al., 2015).

Themajor human pathogen that plays an important role in gastric
cancer and chronic gastritis isHelicobacter pylori. Auraptene inhibited
Helicobacter pylori and CD74 production by reduction of extracellular
signaling-regulated kinase (ERK) 1/2 activation and IL-8 production
inNCI-N87 gasteric carcinoma cells (Sekiguchi et al., 2010). It has also
been reported that auraptene suppressesHelicobacter pylori adhesion.
The mechanism attributed to this activity was inhibition of CD74
production and reduction of inflammatory cytokine expression such
as tumor necrosis factor-α and interleukin-1β in C57BL/6 mice
(Sekiguchi et al., 2012). In another study auraptene, indicated
anticancer effect against SNU-1 gastric cancer cells. The underlying
mechanism was induction of apoptosis and cell cycle arrest by
inhibition of mTOR signaling pathway and activation of p53 along
with increase in the phosphorylation of Akt (Moon et al., 2015). Li
et al. reported that four new terpene coumarins with notable changes
in the skeletal backbone from 2-Z auraptene, a synthesized
monoterpene coumarin, demonstrate antiproliferative activity
against human gastric cancer cells (MGC-803) with IC50 values of
0.78 ± 0.13–10.78 ± 1.83 µM and induce apoptosis (Li et al., 2018).

Hepatic Cancer
As one of the most common types of liver cancer, Hepatocellular
carcinoma (HCC) is seen most often in people suffering from
chronic liver diseases such as hepatitis B or hepatitis C virus
infected individuals. Plant based natural products are routinely
used as adjuvants to chemotherapeutics (Yang et al., 2019).

Auraptene was introduced as a powerful chemopreventive
agent against N,N-diethylnitrosamine (DEN) that initiated
hepatocarcinogenesis in male F344 rats. In one study, the

consumption of AUR at doses of 100 and 500 ppm during DEN
exposure reduced the numbers of glutathione S-transferase (GST)
and transforming growth factor (TGF)-α and also suppressed the
incidence of liver cell carcinoma (Sakata et al., 2004). It has also been
reported that daily consumption of auraptene during DEN exposure
inhibited hepatocellular carcinoma via β-catenin mutation in male
F344 rats (Hara et al., 2005). Gao et al. investigated the
hepatoprotection of auraptene against thioacetamide (TAA)-
induced hepatic fibrosis in mice. The underlying mechanism was
reduction of toxic bile acids, inhibition of inflammation, and
activation of hepatic stellate cells (HSCs), all of which were
related to the activation of farnesoid X receptor (FXR) (Gao
et al., 2018). It seems inhibition of HCC cell growth and cell
cycle arrest are not the mechanisms of action of auraptene in
hepatocellular carcinoma of rat when compared with nobiletin
(Ohnishi et al., 2004). In another study which investigated F344
rats, similar data was obtained and auraptene did not inhibit cell
proliferation (Kitano et al., 2000).

Hypoxia-inducible factor 1α (HIF-1α) is an important
regulator of cancer metabolism, angiogenesis and migration
which is produced in renal cell carcinoma (RCC). Jang et al.,
reported auraptene suppresses the progression of RCC through
inhibition of mitochondrial respiration and blockade of HIF-1α
signaling, without any cytotoxic effects (Jang et al., 2015).

Prostate Cancer
As the main leading cause of death among men, prostate cancer is
routinely treated with chemotherapy, hormonal therapy and
radiotherapy. Some natural products have shown promising effects
as adjuvant treatments for prostate cancer (Lee et al., 2017).

Lee et al. investigated the anticancer mechanism of auraptene
in PC3 and DU145 prostate cancer cells. Auraptene induces
apoptosis in prostate cancer cells through activation of
caspase-9/3 and Bax, inhibition of Bcl-2 and myeloid cell
leukemia 1 (Mcl-1), increases in the number of transferase
dUTP nick end labeling (TUNEL)-positive cells and sub-G1
population, and regulation of apoptosis-related proteins such
as poly (ADP-ribose) polymerase (PARP) (Lee et al., 2017). In
another study, the growth of androgen positive DU145 and PC3
human prostate cancer cells was inhibited by both nobiletin and
auraptene in a dose-dependent manner via induction of apoptosis
and cell cycle arrest (Tang et al., 2007).

Skin Cancer
Melanoma and nonmelanoma are twomain classes of skin cancer
with high and increasing incidence in the world. Surgery freezing
(cryotherapy), anti-cancer creams, radiotherapy and a form of
light treatment called photodynamic therapy (PDT) are
therapeutic choices for skin cancer (Taleghani et al., 2021).

In ICR mouse skin, auraptene suppressed the skin tumorgenesis
through inhibition of 12-O-tetradecanoylphorbol-13-acetate (TPA)
and suppression of superoxide (O2

−) and intracellular hydroperoxide
production in leukocytes (Murakami et al., 1997). In another study,
auraptene and 1,4-phenylenebis (methylene) selenocyanate (p-XSC)
suppressed the metastasis of melanoma cells to lung in mice. The
underlying mechanism was induction of apoptosis and inhibition of
metastasis of B16BL6 melanoma cells to lung (Tanaka et al., 2000).

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 6983525

Tayarani-Najaran et al. Auraptene as an Anticancer Agent

77

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


In human squamous cell carcinoma (SCC) xenografts, auraptene
increased the protective effect of all-trans retinoic acid (ATRA) against
human skin cancer cell growth in female SCID/bg mice and
suppressed the LPS-induced NF-κB activation (Kleiner-Hancock
et al., 2010). Barthomeuf et al. reported that auraptene inhibits the
growth of human M4Beu melanoma cells (IC50 17.1 µM) via
induction of caspase-dependent apoptosis and cell-cycle arrest in
G1 (Barthomeuf et al., 2008).

Ovarian Cancer
Cervical and ovarian cancers are among the most common
gynecologic cancers. Surgery, chemotherapy, and radiation are
among the treatment plans (Koh et al., 2015). Like other cancers,
herbs and phytocompounds are being progressively introduced as
efficient complementary treatments for gynecologic cancers.

Between umbelliprenin and auraptene, auraptene showed
more cytotoxic effects against Hela cancer cells via down-
regulation of MCl-1 gene expression (Motlagh and Gholami,
2017). Auraptene has been reported to decrease the viability of
human cervical and ovarian cancer cells and suppresses the
migration and invasion of Hela and A2780 cell line by
reduction of matrix metalloproteinase-2 (MMP-2) and
metalloproteinase-9 (MMP-9) enzymatic activity, respectively
(Jamialahmadi et al., 2018). Maleki et al. reported that
prenylation at position six of the coumarin ring significantly
improved the anticancer activity of aurapten. In this study, eight
coumarins were examined and among them umbelliprenin,
auraptene, umbelliferone and herniarin with prenylation
substitution at position six indicated the best anticancer
activity, especially against cervical cancer, with minimal
cytotoxicity on normal cells (Maleki et al., 2020).

Esophageal Cancer
Esophageal cancer is the seventh common cancer in humans. In a
study conducted by Saboor-Maleki et al., auraptene upregulated P53
and P21 and downregulated the expression of stem-like cancer cell
markers such as CD44 (cluster of differentiation 44), BMI-1 (B cell-
specific moloney murine leukemia virus integration site 1) and
increased the sensitivity of esophageal squamous cell carcinoma
(ESCC) to paclitaxel, cisplatin, and 5-fluorouracil (Saboor-Maleki
et al., 2017). In another study on esophageal carcinoma cell line
(KYSE-30), auraptene down-regulated theMCl-1 gene expression and
indicated more cytotoxic effect in comparison with umbelliprenin
(Motlagh and Gholami, 2017).

Other Cancer
Jun et al., showed that auraptene, from leaves of Z. schinifolium, on
Jurkat T cells induce apoptosis through activation of caspase cascade
(caspase-8 and caspase-3), degradation of PARP and suppression of
Bcl-xL (Jun et al., 2007). In comparison between cytotoxic effects of
auraptene and umbelliprenin on Jurkat cells, auraptene was more
cytotoxic than umbelliprenin and down-regulated Mcl-1 mRNA
expression (Motlagh and Gholami, 2017).

In male F344 rats, dietary administration of auraptene
suppressed the carcinogenic activity of 4-nitroquinoline 1-
oxide (4-NQO) and inhibited development of oral neoplasms,
increased the activity of gluthathione S-transferase (GST) and

quinone reductase (QR) in the tongue and liver and decreased
dysplastic lesions (Tanaka et al., 1998b).

PHARMACOKINETICS OF AURAPTENE

The pharmacokinetics of auraptene has been evaluated in several
studies. Ye et al. determined the pharmacokinetics of auraptene in
rat plasma using LC-MS/MS method. Data showed that a dose
range of 0.5–200 ng/ml of auraptene was safe and bioavailability
of oral administration of auraptene was merely 8.5% in rats (Ye
et al., 2016). In another study, the absorption and metabolism of
auraptene in rodent models was examined. The result indicated
that oral administration of AUR at 50–200 mg/kg body wt
induced glutathione S-transferase (GST) activity and
xenobiotic phase II enzymes, and indicated chemopreventive
effects in rodents. These effects increase, absorption and stable
(stabilize) localization in the colon and liver (Murakami et al.,
2000). Auraptene showed higher absorption rate in comparison
with 7-ethoxycoumarin, with longer life span due to the presence
of the geranyloxyl side chain (Kuki et al., 2008).

TOXICOLOGY

The acute toxicity of orally administrated auraptene in rats was
investigated and different concentrations of the compound
(125–2,000 mg/kg body weight) had no effect on mortality.
However, administration of auraptene demonstrated some
differences in ALP, ALT, AST, blood urea, total bilirubin, total
protein, haematocrit, hemoglobin, RBC count, platelet count and
MCHC (mean corpuscular haemoglobin concentration) in AUR-
treated animals as compared to the controls but all were in
normal reference ranges. Histopathological examination of
organs such as liver, kidneys, bone marrow, heart and lungs
indicated no toxic effects of auraptene and showed the safety of
the compound (Vakili et al., 2017).

CONCLUSION

This review evaluated the effects of auraptene on different
cancer cells both in vivo and in vitro. Auraptene had
inhibitory and chemo-preventive effects on the proliferation,
tumorigenesis and growth of several cancer cell lines through
increase in the activity of glutathione S-transferase, formation
of DNA adducts and reduction of the number of aberrant crypt
foci. Auraptene exhibits anticancer effects via targeting different
cell signaling pathways such as cytokines, genes modulating
cellular proliferation, growth factors, transcription factors and
apoptosis.

Modulation of Bcl-2, increase in amount of Bax protein, reduction
of MMP-2 and MMP-9, inhibition of NF-κB, activation of caspase
and p53-independent, suppression of superoxide (O2

−), down-
regulation of Mcl-1 mRNA expression and reduction of
mitochondrial membrane potential are important mechanisms for
the cytotoxic and anticancer effects of auraptene. Low cytotoxic IC50s
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values of auraptene demonstrated its potency as a worthy
phytochemical for cancer treatment. However, lack of clinical
evaluation has made it difficult to use auraptene in conventional
chemotherapeutic regimens for cancer treatment.

In conclusion, auraptene has an excellent safety profile and the
ability to affect multiple molecular targets which are important in the
prevention and/or management of a number of cancers. However,
further studies andmore clinical trials are needed to fully elucidate the
putative potential of auraptene as an effective anticancer agent.
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GLOSSARY

ACAT: cholesterol acyltransferase

ACF: aberrant crypt foci

ALDH1: aldehyde dehydrogenase 1

AOM: azoxymethane

ATRA: all-trans retinoic acid

AUR: auraptene

BMI-1: B cell-specific moloney murine leukemia virus integration site 1

CD44: cluster of differentiation 44

COX-2: cyclooxygenase-2

ERs: estrogen receptors

ERK1/2: extracellular signal-regulated kinase

ESCC: esophageal squamous cell carcinoma

GATA6: GATA binding protein 6

GST: gluthathione S-transferase

HIF-1α: hypoxia-inducible factor 1α

IGF-1: insulin-like growth factor-1

iNOS: inducible nitric oxide synthase

MMP9: matrix metallopeptidase 9

MMP2: matrix metallopeptidase 2

Mcl-1: myeloid cell leukaemia Type-1

NF-κB: nuclear factor-kappaB, Stat3

NF-E2: nuclear factor erythroid 2

4-NQO: 4-nitroquinoline 1-oxide

PARP: poly (ADP-ribose) polymerase

PCNA: proliferating cell nuclear antigen

PDT: photodynamic therapy

QR: quinone reductaseand

RCC: renal cell carcinoma

SCC: squamous cell carcinomas

TNF-α: tumor necrosis factor-a, signal transducer and activator of
transcription 3

TPA: tetradecanoylphorbol-13-acetate

TUNEL: transferase dUTP nick end labeling

VEGFR-1: Vascular endothelial groth factor
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Taxane-based chemotherapy regimens are in widespread use as standard of care
treatment for patients with early breast cancer, though rarely its use can be
complicated by taxane-induced pneumonitis (TIP). While breast cancer is the most
diagnosed cancer in women worldwide, TIP remains under-described in this setting.
Key questions relate to its incidence, diagnosis and management, potential predictive
biomarkers, and the balance between this life-threatening toxicity and curatively intended
treatment. At a single Australian institution, 6 cases of TIP are identified among 132
patients treated with a paclitaxel-containing regimen for early breast cancer (4.55%, 95%
confidence interval 1.69-9.63%). This review first outlines the presentation, management,
and outcomes for these cases, then answers these questions and proposes an approach
to suspected TIP in patients with breast cancer.

Keywords: chemotherapy, pneumonitis and pulmonary toxicity, early breast cancer, management of
toxicities, immunotherapy
INTRODUCTION

Taxane-induced pneumonitis (TIP) usually occurs within days-weeks following treatment. It is rare
and poorly characterised, with incidence cautiously estimated to be 1-5% (1), yet it is critical that it
be diagnosed and managed early, as the consequences are potentially fatal. Most published cases are
in non-small cell lung cancer (NSCLC) or haematological malignancies and, despite the widespread
use of taxanes in breast cancer, there are only a few individual case reports and a small case series in
this tumour type.

Taxanes are microtubule toxins used to treat a wide range of malignancies. Commonly used
taxanes include docetaxel, cabazitaxel, and paclitaxel. The most common paclitaxel-related toxicities
are hypersensitivity reactions, neuropathies and haematological toxicities, most commonly
neutropenia (2). More rarely, paclitaxel can induce an interstitial pneumonitis, often resulting in
significant clinical deterioration and cessation of further chemotherapy. Nanoparticle-albumin
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bound paclitaxel (nab-paclitaxel) theoretically carries a reduced
risk of hypersensitivity reactions because it lacks many of the
solvents found in conventional paclitaxel (3). Interestingly, nab-
paclitaxel is associated with lower rates of pneumonitis and a
milder clinical course, perhaps leading to underreporting in
clinical trials.

Taxane induced pneumonitis (TIP) can occur through a variety
of different mechanisms and take a variety of forms. Respiratory
symptoms may start at the first treatment and worsen with
subsequent exposure or after several cycles. Several clinical
entities have been observed: 1) acute diffuse interstitial
pneumonia is the most severe and quickly progresses to acute
respiratory failure; 2) subacute diffuse interstitial pneumonitis has
delayed onset and a less severe clinical course; 3) pulmonary
opacities with peripheral eosinophilia are exceedingly rare marked
by an indolent course and excess infiltration of eosinophils within
lung interstitium and alveoli. Pulmonary fibrosis can occur as a
late complication following the initial inflammatory process and
may result in chronic respiratory failure (4). Radiological examples
of these four sub-types of TIP are presented in Figure 1.
Mechanistically, TIP is thought to be the result of delayed
hypersensitivity reaction, suggested by positive leukocyte
migration inhibition test to paclitaxel in lymphocytes taken
during bronchoalveolar lavage of affected patients (5). Curiously,
there have even been cases of TIP following insertion of paclitaxel-
containing coronary artery drug eluting stents (DES) (6).
Frontiers in Oncology | www.frontiersin.org 283
PREDISPOSING FACTORS TO TIP

There are a number of predisposing factors to TIP which should
prompt a lower threshold for investigating respiratory symptoms
in patients receiving taxanes. These include the following

Pre-Existing Interstitial Lung Disease (ILD)
ILD includes a group of pulmonary disorders that result in
radiological patterns that vary according to underlying histology.
High resolution computed tomography (HRCT) is themost sensitive
imaging examination to assist with differentiation of types of ILD.
HRCT findings primarily reflect interstitial fibrosis and commonly
include increased reticular markings, non-dependent ground glass
opacities, traction bronchiectasis, and honeycombing. In a
retrospective series of 392 Japanese patients with NSCLC treated
with 3-weekly docetaxel (60 mg/m2), TIP was observed in 26% of
those with pre-existing ILD compared to 4.6% in the overall cohort.
Analyses of patients with underlying ILD treated with docetaxel
demonstrated anacute exacerbationof the ILD in14-18%ofpatients,
withhalf of these exacerbations resulting indeath.Resultantly, it is the
view of many medical oncologists that baseline ILD is a relative
contraindication to taxane chemotherapy (7).

Use of Radiotherapy
The use of taxanes in combination with either concurrent or
sequential radiotherapy (RT) also appears to increase the risk of
FIGURE 1 | Thoracic HRCT images demonstrating the radiological appearances of the four sub-types of TIP. (A) Pulmonary Fibrosis - Case courtesy of Dr Ian
Bickle, Radiopaedia.org, rID: 26493 (B) Acute Diffuse Interstitial Pneumonia - Case courtesy of Radswiki, Radiopaedia.org, rID: 11516 (C) Sub-acute Diffuse
Interstitial Pneumonia - Case courtesy of Dr Mark Holland, Radiopaedia.org, rID: 19551 (D) Pulmonary Opacities with peripheral eosinophillia - Case courtesy of Dr
Lawrence Josey, Radiopaedia.org, rID: 18019.
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TIP. However, sequential rather than concurrent administration
of thoracic RT with taxane chemotherapy, does appear to negate
some of this risk, with an overall lower incidence of pneumonitis
(HR = 0.29. [p = 0.003]) (8–10). Additionally, taxane based
chemotherapy (especially paclitaxel) does appear to increase the
risk of radiation pneumonitis and radiation recall independently
of prior TIP, although this risk remains low (11, 12).

Combination Systemic Therapy
The incidence of TIP is higher when taxanes are combined with
other cytotoxic agents (2) and especially with gemcitabine (13,
14). In one case series, 4 of 12 patients (33%) with NSCLC who
were treated with the combination of paclitaxel and gemcitabine
developed CTCAE ≥ grade 2 pneumonitis (15). In two further
case series, ≥ grade 3 pneumonitis was observed in 4 of 39 (10%)
and 7 of 63 (11%) patients treated with combination paclitaxel
plus gemcitabine or docetaxel plus gemcitabine, respectively (13,
14). Finally, a meta-analysis describing TIP in 5,065 patients
receiving docetaxel with gemcitabine (22.1% breast cancer)
demonstrated an overall TIP incidence of 2.7% (95% CI 2.26-
3.14) for ≥ grade 3 lung toxicity. The lung cancer and breast
cancer specific incidence were 4% (95% CI 3.68-4.32) and 0.8%
(95% CI 0.68-0.87) respectively. Relative to patients with lung
cancer, patients with breast cancer developed severe lung toxicity
less frequently (OR = 0.18, 95% CI (0.09, 0.36). Among cases of
TIP, mortality was 0.35% in the overall population and in this
setting, patients with lung cancer, compared to breast cancer, did
not show significantly more fatal lung toxicity (OR = 0.20, 95%
CI (0.02, 1.67) (16).

Taxane Dose and Schedule
While observational studies have found paclitaxel doses greater
than 250mg/m2 to be associated with pneumonitis risk, there
was no dose-response relationship seen with lower doses (17).
Certainly, the standard schedule of weekly paclitaxel (80mg/m2)
used in breast cancer following AC is well below this dose
threshold. When compared with 3 weekly paclitaxel therapy
(175 mg/m2), weekly dosing may be associated with increased
incidence and severity of pneumonitis. Two comparative trials
comparing weekly with every-three-week paclitaxel in women
with advanced breast cancer, demonstrated rates of grade 3 or
higher dyspnoea during therapy of 5-7% versus 3-4%
respectively (3, 17). Additionally, in a further phase III trial
comparing weekly to three-weekly docetaxel, the overall
incidence of TIP was 27% and 6% respectively (7), however,
the incidence of lung toxicity of ≥ grade 3 was low in both groups
(5% and 3% respectively), similar to paclitaxel. Therefore,
although a weekly dosing schedule does appear to increase the
incidence of TIP, it is unlikely that there is any significant
difference between paclitaxel and docetaxel (18).
MANAGEMENT OF TIP

When presented with an acutely breathless and hypoxic patient
who has received paclitaxel, the initial assessment and treatment
Frontiers in Oncology | www.frontiersin.org 384
must consider alternative aetiologies including pulmonary
embolism, lymphangitis, and infection, in particular atypical
infections such as Pneumocystis Carinii which can arise in
immunocompromised hosts such as patients undergoing
chemotherapy or patients receiving dexamethasone as part of
their treatment regimen. Supplemental oxygen and empirical
antimicrobials can be provided while awaiting the results of
imaging. In patients with radiological features consistent with
TIP, such as organising pneumonia (OP) or non-specific
interstitial pneumonia (NSIP) patterns, who also have a
compatible clinical presentation, bronchoscopy should be
considered and bronchoalveolar lavage (BAL) performed. Fluid
should be examined for hemosiderin deposition, lipid-laden
macrophages, Langerhans cells, and malignant cells. If TIP is
suspected, glucocorticoid therapy should be initiated. This is
based on case reports and anecdotal observational essays of
patients’ respiratory failure being successfully reversed with
this treatment (2, 18, 19). The putative mechanism is by
suppressing the hypersensitivity reaction driving the
pneumonitis (6). While oral prednisone dosed at 0.7mg/kg/day
(40-60 mg) is usually adequate to treat TIP, intravenous methyl-
prednisone may be required for impending respiratory failure
dosed at 1-2mg/kg/day (19, 20). Following clinical recovery, the
glucocorticoid should be slowly tapered over 1-2 months.

Here, we report six cases of patients with early-stage breast
cancer diagnosed with TIP in the setting of dose-dense AC
chemotherapy followed by weekly paclitaxel. To the authors’
knowledge, this represents the largest breast-specific case series
in the literature and expands on our current knowledge from
previous smaller case studies.
CASE SERIES

Between 1 March 2018 to 1 March 2021, 132 patients received a
paclitaxel-containing chemotherapy regimen for either adjuvant
or neoadjuvant treatment of early-stage breast cancer. Six
patients were diagnosed with TIP. This provides a point
estimate of TIP incidence at our centre of 4.55% (95%
confidence interval 1.69-9.63%), similar to what has been
previously described (2).
DEMOGRAPHICS

The median age of our cohort was 57, and all patients were
prescribed dose-dense doxorubicin (60mg/m2) and
cyclophosphamide (600mg/m2) followed by weekly paclitaxel
(80mg/m2) for treatment of early-stage breast cancer.
Clinicopathological features of the breast cancer diagnoses are
described in Table 1. No patients had pre-existing ILD detectable
on baseline computed tomography (CT) staging imaging and all
were never-smokers. One had received prior preoperative
radiotherapy for a fungating primary breast carcinoma, which
was completed 17 weeks prior to developing TIP. Five patients
were planned for subsequent adjuvant radiotherapy.
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DIAGNOSIS OF TIP

There was a median of 15 days (range 2-20) from the first
paclitaxel infusion until development of pneumonitis. All
patients developed a dry cough, dyspnoea, and fever
(T ≥38°C). Four out of the five patients described additional
significant lethargy. All patients were admitted to hospital as
inpatients for respiratory support and further diagnostic work up
following clinical presentation. All received supplemental oxygen
and empirical intravenous antibiotics. Serum C-reactive protein
was elevated in all patients, with median 105mg/L (range 26-
270), though none had neutrophilia or eosinophilia. All patients
had chest radiographs showing diffuse, bilateral interstitial
opacities, and two patients had bilateral pleural effusions. All
underwent initial CT of the chest, with four patients proceeding
to HRCT: all had features of pneumonitis with specific patterns
outlined in Table 1. A radiological example of TIP with NSIP
pattern is presented in Figure 2.

All patients underwent pulmonary function testing (PFT),
with median diffusing capacity for carbon monoxide (DLCO) of
15.2 mL/min/mmHg (66% predicted; normal 75-140%
predicted). In the one case with pre-treatment PFTs available,
DLCO decreased from 16.8 mL/min/mmHg (67% predicted) to
13.6 mL/min/mmHg (57% predicted). In the one case with serial
PFTs following TIP diagnosis and treatment, there was only
marginal improvement in DLCO at 14-week interval: 66% to
69% predicted. All patients underwent bronchoscopy, and had
atypical infections such as PJP and malignant cells excluded on
brochoalveolar lavage (BAL) evaluation.
MANAGEMENT OF TIP

Four patients received oral corticosteroids at an initial daily dose
of 50mg oral prednisone or 8mg of intravenous dexamethasone
within 24 hours of clinical diagnosis, followed by prolonged
tapering over 4-12 weeks. The two patients who did not receive
corticosteroids were offered treatment, but declined due to
having a milder clinical course and concerns over developing
Frontiers in Oncology | www.frontiersin.org 485
corticosteroid-related toxicities. All patients, including the two
patients who did not receive corticosteroids, received
antimicrobial therapies and supportive management. All
patients had the paclitaxel discontinued.

Despite the reduced DLCO on PFTs, all women recovered
clinically within 6 weeks of presentation. All patients completed
their subsequent adjuvant therapy, including radiotherapy,
human epidermal growth factor receptor 2 (HER2) directed
therapy, and endocrine therapy. For the 4 patients who
required adjuvant radiotherapy, this was delayed for a median
duration of 37 days (range 28-42) from the last dose of paclitaxel
until the demonstration of recovery of PFTs and improvement of
the radiological changes.

The three patients receiving chemotherapy in the
neoadjuvant setting proceeded to uncomplicated surgery with a
median time to surgery from the last dose of paclitaxel of 34 days
(range 27 – 45). At surgery, pathological complete response was
reported in all three patients despite an abbreviated course of
systemic therapy. At 3 months after TIP diagnosis, all women
remained free of respiratory symptoms, oxygen requirement, and
functional impairment.
DISCUSSION

TIP is a relatively rare and potentially fatal toxicity in which early
recognition and management is critical. Any patient receiving
taxane chemotherapy who presents with a fever and/or dyspnoea
should have early thoracic imaging and consideration of
bronchoscopy to exclude an atypical infection, followed by the
rapid initiation of steroids.

In our series, the majority of patients had evidence of an OP
pattern of lung injury on CT, with bilateral ground glass changes
with patchy consolidation with a predominantly sub pleural and/
or peri-bronchial distribution, with the minority of patients
having an NSIP pattern, consistent with published reports of
paclitaxel induced pneumonitis in breast and other cancer
subtypes (2, 4, 18). The point estimate of TIP incidence at our
centre was 4.55%, which despite being aligned with previous TIP
TABLE 1 | Summary of patient’s demographics, diagnosis and management.

Case Age ER
status

HER-2
status

Nodal
status

Onset of symptoms
since commencing

paclitaxel

ILD on
staging

CT

Pattern DLCO (mL/min/mmHg)/
KCO (mL/min/mmHg/L)
at time of diagnosis

Received
anthracycline
prior to TIP

Received
Corticosteroids

Adjuvant RT
following
paclitaxel

1 67 Negative Negative Negative 16 days Negative NSIP 15.3 (64%)/ Yes Yes Yes
4.4 (77%)

2 44 Negative Negative Negative 7 days Negative OP 13.6 (54%)/ Yes No Yes
3.5 (66%)

3 62 Positive Negative Positive 2 days Negative OP 16.3 (74%)/ Yes Yes Yes
3.5 (73%)

4 63 Negative Positive Negative 15 days Negative OP 15.2 (66%)/ Yes Yes No
4.5 (71%)

5 37 Positive Positive Positive 17 days Negative NSIP Not performed Yes No Yes
6 52 Negative Positive Negative 20 days Negative OP 17.7 (71%)/ Yes Yes Yes

3.92 (81%)
June 202
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CT, Computerised Tomography; ILD, Interstitial lung disease; NSIP, Non-specific interstitial pneumonia; OP, Organising pneumonia; RT, Radiotherapy; TIP, Taxane induced pneumonitis.
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literature, was higher than that expected in a breast cancer
specific population. This increased incidence may have been
contributed to by all patients in our series receiving dose-dense
doxorubicin and cyclophosphamide, prior to paclitaxel.
Cyclophosphamide-induced pulmonary injury appears to be
rare; the frequency is <1 percent, but is increased with
concomitant use of other cytotoxic agents and can result in
both early and late-onset pneumonitis (21). Additionally,
doxorubicin, despite being far more commonly associated with
cumulative cardiac toxicity, several reported cases of
pneumonitis and, rarely, organizing pneumonia have been
described (22). However, we included 132 consecutive cases of
patients with breast cancer receiving paclitaxel in our series,
across a year-to-year time point to reduce selection bias.
Therefore, as we had a low threshold and defined clinical
pathway for investigating patients with suspected TIP, the
incidence described here may in fact reflect the true incidence
of TIP in patients receiving paclitaxel for breast cancer.

Predictive clinical characteristics are becoming increasingly
validated for risk stratification, but besides pre-existing ILD, they
rarely contraindicate treatment. Additionally, there are no
currently available predictive biomarkers for TIP risk. Pre-
existing ILD appears to significantly increase the incidence of
TIP (14-18%), with half of these exacerbations resulting in death
Frontiers in Oncology | www.frontiersin.org 586
(23). Therefore, pre-existing ILD is should be considered to be a
relative contraindication to taxane chemotherapy. Guidelines do
not however recommend routine screening for baseline lung
disease or to investigate asymptomatic patients for sub-clinical
TIP during treatment with taxane chemotherapy.

A diagnosis of TIP is highly likely to result in compromised
chemotherapy and a delay of planned subsequent curative
treatment. This is especially the case with chemotherapy
becoming increasingly used in the preoperative setting for triple
negative and HER2 positive breast cancer subtypes. Additionally,
as patients require resolution of their respiratory dysfunction in
order to be fit for surgery, a dilemma that may arise regarding
how long surgery can safely be delayed in the absence of systemic
therapy while the breast cancer remains in situ. Multidisciplinary
coordination between the oncologist, respiratory physician and
surgeon in critical. While taxane-based chemotherapy (especially
paclitaxel) increases the risk of radiation pneumonitis and
radiation recall independently of prior TIP, this risk remains
low (18, 21). Therefore, TIP should not contraindicate subsequent
adjuvant breast radiotherapy, and when indicated and where a
safe lung dose can be achieved, adjuvant radiotherapy should be
completed as planned. Similarly, TIP does not contraindicate
planned subsequent non-taxane based systemic therapies
including HER2 or endocrine directed therapies. However, once
FIGURE 2 | Thoracic HRCT from patient 4, demonstrating interstitial fibrosis, increased reticular markings, ground glass attenuation and traction bronchiectasis at
the time of diagnosis (above) and subsequent standard-resolution thoracic CT showing resolution of these changes following 6 weeks of corticosteroids (below).
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diagnosed, we do not recommend rechallenging with taxanes.
This remains a particular challenge, especially in patients with
high-risk disease where treatment intensity is important in
reducing risk of disease recurrence. Further investigation and
validation of alternative treatment regimens and rechallenge
strategies remains desirable.

Nab-paclitaxel theoretically carries a reduced risk of
hypersensitivity reactions, including pneumonitis compared
with conventional paclitaxel. Additionally, its use is becoming
increasingly validated in the treatment of breast cancer,
especially in the neoadjuvant and metastatic setting (24, 25).
One case report has described successful treatment with nab-
paclitaxel in a patient with NSCLC and pre-existing ILD (26).
Additionally, with other rare chemotherapy toxicities such as
doxorubicin-induced pancreatitis, successful rechallenge with
PEGylated doxorubicin has demonstrated success (27). Further
experience is needed to guide whether nab-paclitaxel may
represent a legitimate candidate for rechallenge following TIP.
If validated, this strategy may permit the completion of curatively
intended therapy in patients experiencing TIP who are at high
risk of developing metastatic disease. However, we cannot
recommend this strategy without further safety data.

Finally, the rise of checkpoint inhibitor immunotherapy in the
treatment of early triple-negative breast cancer adds a potential
confounder. The phase 3 study KEYNOTE-522 investigated
pembrolizumab versus placebo in 1174 women treated with
anthracycline, cyclophosphamide, paclitaxel, and carboplatin.
Paclitaxel and pembrolizumab were initiated concurrently in the
study. Despite exposure to two drugs each individually associated
with lung toxicity, the rate of pneumonitis of any grade was 1.3%
regardless of treatment arm (28). Similarly, the phase 3 study
IMpassion031 used atezolizumab versus placebo in 333 women
treated with doxorubicin, cyclophosphamide, and nab-paclitaxel;
the rate of any-grade pneumonitis was low at 1% in both arms (29).
While there was no signal for synergistic lung toxicity in these
chemo-immunotherapy combinations, the life-threatening nature
of this potential side effect warrants rapid assessment of such
patients presenting with respiratory decline.
CONCLUSION

TIP is potentially life-threatening and affects up to one in twenty
patients receiving curatively intended chemotherapy for breast
Frontiers in Oncology | www.frontiersin.org 687
cancer. Therefore, we recommend a low threshold for
performing chest CT in patients receiving paclitaxel who
present with dyspnoea or hypoxia. Additionally, if TIP is
suspected, glucocorticoid therapy should be initiated promptly
and slowly titrated with the resolution of symptoms over a period
of 4-6 weeks. TIP should not contraindicate adjuvant breast
radiotherapy (RT) or subsequent HER2 or endocrine directed
therapies, which should proceed as planned. Finally, at present,
we do not recommend rechallenging with taxane chemotherapy
following TIP. However, an unanswered question remains,
regarding optimal further management of patients at high-risk
for developing metastatic disease. Therefore, further
investigation and validation of alternative treatment regimens
and rechallenge strategies remains desirable.
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Hyperprogressive Disease in Cancers
Treated With Immune Checkpoint
Inhibitors
Pan Shen, Liang Han, Xin Ba, Kai Qin and Shenghao Tu*

Department of Integrated Traditional Chinese and Western Medicine, Tongji Hospital, Tongji Medical College of Huazhong
University of Science and Technology, Wuhan, China

Immunotherapy, which takes advantage of the immune system to eliminate cancer cells, has
beenwidely studied and applied in oncology. Immune checkpoint inhibitors (ICIs) prevent the
immune system from being turned off before cancer cells are eliminated. They have proven
to be among the most promising and effective immunotherapies, with significant survival
benefits and durable responses in diverse tumor types. However, an increasing number of
retrospective studies have found that some patients treated with ICIs experience unusual
responses, including accelerated proliferation of tumor cells and rapid progression of the
disease, with poor outcomes. Such unexpected adverse events are termed
hyperprogressive disease (HPD), and their occurrence suggests that ICIs are detrimental
to a subset of cancer patients. HPD is common, with an incidence ranging between 4 and
29% in several cancer types. However, the mechanisms of HPD remain poorly understood,
and no clinical predictive factors of HPD have been identified. In this review, we summarize
current findings, including retrospective studies and case reports, and focus on several key
issues including the defining characteristics, predictive biomarkers, potential mechanisms of
HPD, and strategies for avoiding HPD after ICI treatment.

Keywords: immune checkpoint inhibitors, hyperprogressive disease, immunotherapy, predictive biomarker,
pseudoprogression

INTRODUCTION

Cancer is a prevalent disease that threatens human health worldwide (Bray et al., 2018). The immune
escape of cancer cells is a significant challenge in tumor treatment. In-depth studies of the molecular
interactions between tumors and immune cells have provided new prospects for tumor treatments.
In recent years, nivolumab, pembrolizumab, durvalumab, and atezolizumab have been approved for
the treatment of non-small-cell lung cancer (NSCLC) and head and neck squamous cell carcinoma
(HNSCC) (Hodi et al., 2010; Robert et al., 2015; Herbst et al., 2016; Di Pilato et al., 2019). Immune
checkpoint blockade reestablishes the anti-tumor response and prevents tumor cells from evading
immune surveillance by targeting specific molecules such as programmed death receptor 1 (PD-1) or
its ligand (PD-L1) and cytotoxic T lymphocyte antigen 4 (CTLA-4) (Ribas and Wolchok, 2018).
Immune checkpoint inhibitors (ICIs) have been referred to as a breakthrough therapy in some cancer
types, and their application has led to a new era in immunotherapy. A total of ten anti-PD-1/PD-L1
antibodies, including pembrolizumab, treprizumab, nivolumab, atezolizumab, sintilimab,
durvalumab, carrelizumab, tilelizumab, avelumab, and cemiplimab, as well as one anti-CLTA-4
antibody, ipilimumab has been approved for the clinical application in United States and China.
These agents are different from conventional cytotoxic therapies and molecular targeted drugs in
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TABLE 1 | Studies on HPD after ICI treatment.

References Tumor types Therapy of ICIs HPD criteria Previous therapies HPD
incidence

HPD predictors/factors Study design

Champiat et al.
(2017)

Multiple cancer types PD-1/PD-L1 inhibitors 1. RECIST 1.1 progression Chemotherapy/
radiotherapy/targeted
therapy/immunotherapy

9%
(12/131)

Older age (≥65) (p � 0.007) Phase I trials
2. TGR ≥ 2-fold increase

Kato et al. (2017) Multiple cancer types
(Melanoma, 33%.
NSCLC, 25%)

PD-1/PD-L1/CTLA-4
inhibitors, other investigational
agents

1. TTF < 2 months Chemotherapy/
radiotherapy/targeted
therapy/immunotherapy<

3.9%
(6/155)

1. EGFR alteration (p � 0.005) Genomic
Analysis2. Progression pace > 2x 2. MDM2/MDM4 amplification (p �

0.007)
3. Tumor burden increase >50%

compared with baseline
—

Saâda-Bouzid
et al. (2017)

R/M HNSCC PD-1/PD-L1 inhibitors TGKR ≥ 2 — 29.4%
(10/34)

1. Locoregional recurrence (p �
0.008)

Retrospective

2. Presence of cervical nodes at
diagnosis

Weiss et al.
(2017)

Multiple cancer types
(Melanoma, 22%)

PD-1/PD-L1/CTLA-4
inhibitors

— Chemotherapy/targeted
therapy/radiotherapy/
immunotherapy

10.7%
(6/56)

Chromosomal instability
quantification in plasma of cell-
free DNA

Retrospective

Faure et al. (2018) Anorectal malignant
melanoma

PD-1 inhibitors — Chemotherapy Case report A role of monocytes Retrospective

Ferrara et al.
(2018)

NSCLC PD-1/PD-L1 inhibitors 1. RECIST 1.1 progression Chemotherapy/
radiotherapy

13.8%
(56/406)

Metastatic sites >2 (p � 0.006) Retrospective
2. Disease progression with
change in TGR >50%

Matos et al.
(2018)

Multiple cancer types PD-1/PD-L1/CTLA-4
inhibitors

TTF <2 months and increase in
measurable lesions of 10 mm plus
increase of ≥40% in target tumor
burden compared with baseline or
increase ≥20% in target tumor
burden plus multiple new lesions

— 15.4%
(33/214)

— Phase I trials

Boland et al.
(2019)

Epithelial ovarian cancer PD-1/PD-L1/CTLA-4/LAG3
inhibitors

— — 33.7%
(30/89)

1. Neutrophil-to-lymphocyte ratio
(NLR) ＞4 (p � 0.017)

Retrospective

2. Liver parenchymal metastases
(p � 0.001)

Costantini et al.
(2019)

Advanced NSCLC PD-1 inhibitors Patients receiving less than three
injections of nivolumab

Radiotherapy 19.5%
(57/292)

PS ≥ 2, Shorter duration of
treatment before nivolumab (p <
0.0001)

Retrospective

Ji et al. (2019) Malignant tumors of
digestive system

PD-1/PD-L1/CTLA-4
inhibitors

TGKR ≥ 2 — 20% (5/25) — Retrospective

Kanjanapan et al.
(2019)

Multiple cancer types PD-1/PD-L1/CTLA-4
inhibitors

1. RECIST 1.1 progression — 7%
(12/182)

Female gender Phase I trials
2. TGR ≥ twofold increase

Lo Russo et al.
(2019)

NSCLC PD-1/PD-L1/CTLA-4
inhibitors

RECIST 1.1 progression and at
least 3 of: 1. TTF <2 months

— 25.7%
(39/152)

Clustered macrophages with
epithelioid morphology and
colocalization of CD163, PD-L1,
and CD33 markers

Retrospective

2. ≥50% increase of sum of target
lesions major diameters
3. At least two new lesions in an
organ already involved
4. ECOG PS ≥ 2

Sasaki et al.
(2019)

Advanced gastric cancer PD-1 inhibitors TGK ≥ 2 Chemotherapy/
radiotherapy

21.0%
(13/62)

Neutrophil count increased (p �
0.002)

Retrospective

Increased CRP levels (p � 0.006)
PD-1/CTLA-4 inhibitors TGR ≥ 2-fold increase — Previous radiotherapy treatment Case series
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many respects; their effects include delayed tumor regression,
long-term survival benefits, and pseudoprogression (Soria et al.,
2018). However, some patients experience rapid disease
progression and deterioration. This particular type of
accelerated tumor progression has been described as
hyperprogressive disease (HPD) (Champiat et al., 2017; Kato
et al., 2017; Saâda-Bouzid et al., 2017; Weiss et al., 2017; Faure
et al., 2018; Ferrara et al., 2018; Matos et al., 2018; Boland et al.,
2019; Costantini et al., 2019; Ji et al., 2019; Kanjanapan et al.,
2019; Kim C. G. et al., 2019; Lo Russo et al., 2019; Lu et al., 2019;
Sasaki et al., 2019; Wong et al., 2019; Arasanz et al., 2020; Petrioli
et al., 2020; Refae et al., 2020; Ruiz-Patiño et al., 2020) (Table 1).
Thus, ICI immunotherapy may be not only ineffective in some
patients but also harmful. Several doctors and investigators have
studied this phenomenon in practice and found that a subset of
advanced cancer patients treated with ICIs are more likely to
experience a severe decline in their quality of life and poor
prognosis. According to previously published studies, the
incidence of HPD ranges from about 4 to 29%. In addition,
only 15–40% of patients benefit from ICIs (Borghaei et al., 2015),
and some experience relatively long-lasting adverse responses.
The emergence of HPD poses a new challenge to the current
approach used to evaluate the efficacy of ICIs. Various diagnostic
tools and criteria are used to assess disease progression, including
the immune response evaluation criteria in solid tumors
(iRECIST) (Seymour et al., 2017), immune-related response
evaluation criteria in solid tumors (irRECIST) (Nishino et al.,
2013), and immune-related response criteria (irRC) (Wolchok
et al., 2009).

Currently, there is no consensual definition of HPD. Previous
studies have explored its occurrence and biomarkers and the
molecular mechanisms underlying the role of ICIs in HPD. This
review aims to discuss unexplored questions and mechanisms
relevant to HPD and summarizes the current data on diagnostic
tools and potential biomarkers for HPD.

EVIDENCE OF HYPERPROGRESSIVE
DISEASE AND CONTROVERSY

In 2016, Champiat et al. first reported HPD with an incidence
of 9% (12/131) in a phase 1 trial of anti-PD-1/PD-L1 inhibitors
(Champiat et al., 2017). In this study, HPD was not associated
with an increased tumor load at baseline or specific types of
tumors but was found to occur more frequently in patients
over 65 years of age. A retrospective analysis of 34 patients
with HNSCC by Saada-Bouzid et al. reported a maximum
incidence of 29% (Saâda-Bouzid et al., 2017). In the clinical
trials CheckMate 057 (28), CheckMate 227 (Hellmann et al.,
2018), and CheckMate 141 (Ferris et al., 2016) that compared
ICIs with standard chemotherapy, the crossing of overall and
disease-free survival curves was proposed as evidence for HPD.
In recent years, a study by Lahmar et al. found that 10% of
NSCLC patients developed HPD (Lahmar et al., 2016). In a
cohort of 242 NSCLC patients, the incidence of HPD was 16%
(Ferrara et al., 2017). Although the clinical diagnostic criteria
for HPD varied between studies, tumor growth was comparedT
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before and after the initiation of immunotherapy within a
short time.

As HPD clinical studies are mostly retrospective, whether HPD
is an independent pattern of post-treatment responses to ICIs
remains controversial. The main dispute is over whether HPD is
a natural process of tumors or an accelerated growth process that
occurs after ICI treatment (Pearson and Sweis, 2019). In most trials,
there is no reference data on the tumor growth rate (TGR) before
initiation of ICIs. Moreover, the crossing of the two survival curves
is considered to occur because chemotherapy worksmore efficiently
than ICIs, rather than because of HPD itself. Gandara et al. reported
a similar proportion of fast-progressing patients in a cohort of 850
NSCLC participants treated with docetaxel or atezolizumab; they
suggested that HPD may be caused by a poor prognosis, not by the
immunotherapy (Gandara et al., 2018). Moreover, despite
accumulating data on HPD, its definition is not universal.
Future studies should assess the optimal HPD criteria to identify
patients who cannot benefit from ICI treatments and those who are
most likely to benefit from these costly and potentially toxic
treatments. It is important to collect imaging treatment and
tumor growth kinetic data before ICI therapy and to distinguish
HPD from an inherently aggressive disease or pseudoprogression.

DEFINITION AND DIAGNOSIS OF
HYPERPROGRESSIVE DISEASE

In contrast to pseudoprogression, tumor growth is not caused by
increased inflammation but by the specific action of ICIs as
enhancers of tumor progression. It is essential to detect and
distinguish progression, pseudoprogression, and HPD at an early
stage. Currently, the assessment and diagnosis of HPD are mainly
based on parameters related to pretreatment tumor kinetics and
early changes after the start of immunotherapy, including the
TGR, tumor growth kinetics (TGK), and time to treatment failure
(TTF). HPD was first described in case reports and retrospective
studies involving patients with accelerated tumor growth after ICI
treatment. According to RECIST 1.1, HPD can be defined by a
≥2-fold increase in TGR after immunotherapy (Kanjanapan et al.,
2019), whereas Ferrara et al. established a different criterion of the
TGR increasing by 50% (Ferrara et al., 2018). The TGR is a ratio
of the change in tumor size over a given time interval (Gomez-
Roca et al., 2011; Ferté et al., 2014) and is a predictor of overall
survival in clinical practice (Ten Berge et al., 2019). Assessment of
the TGR is based on RECIST, which assesses changes in the sum
of the largest diameter of target lesions at multiple time points
and uses a natural logarithm for correction. The lack of an
association between RECIST and changes in TGR before and
after treatment suggests that RECIST provides limited
information (Gomez-Roca et al., 2011). Therefore, RECIST 1.1
is not the most accurate way to evaluate the efficacy of
immunotherapy. In fact, the use of RECIST 1.1 was found to
underestimate the positive response rate in 160 NSCLC patients
and indicated a 15% treatment benefit rate in 655 melanoma
patients treated with ICIs.

The evaluation of TGK is similar to that of TGR: changes in
the sum of the largest diameter of the target lesion are also

measured, but no logarithm correction is performed. HPD is
defined by a ≥2-fold increase in the TGK of the target lesion at the
time of the first evaluation compared with before ICI treatment
(Saâda-Bouzid et al., 2017). According to RECIST, HPD
assessment requires tumor burden data to be obtained at
earlier time points for the first TGR assessment, and two
computed tomography scan evaluations are needed. However,
this HPD evaluation method is limited to target lesions of the
tumor and does not consider the appearance and changes of non-
target lesions. In actual clinical practice, TGR data before
immunotherapy cannot be obtained, and the rate cannot be
distinguished by basic imaging analysis of changes in tumor
size. Patients with HPD have no clinically detectable tumor
growth prior to their first treatment, and the maximum tumor
single diameter is unavailable; therefore TGR and TGK cannot
not be assessed. TGR- and TGK-based methods cannot be used to
evaluate new lesions in the assessment of tumor growth.
Importantly, these methods use only radiological criteria,
which may lead to misclassification of response patterns.
Previous studies have used a combination of clinical and
radiological criteria. A TTF of less than 2 months is also used
as a surrogate indicator for evaluating HPD. Kato et al. (2017)
provided an additional two criteria: an increase of more than 50%
of tumor burden compared with pre-immunotherapy imaging,
and a 2-fold or greater increase in progression pace. Kato et al.
found that melanoma patients had longer TTF compared with
patients with other tumor types; this may suggest either that
patients with melanoma are less likely to develop HPD or that
TTF is not an effective diagnostic marker for HPD.

Zuazo-Ibarra et al. quantified the number of circulating
senescent CD4+ T cells (Tsens) before ICI treatment.
Increased numbers of Tsens before immunotherapy indicate a
response, whereas a decrease in the number of Tsens after the first
treatment cycle indicates a good response. The decrease may be
due to G1 phase withdrawal or tumor cell recruitment from the
blood. Conversely, proliferation of Tsens suggests progression.
The authors concluded that extensive validation is necessary to
apply these findings in NSCLC and more widely in clinical
practice (Zuazo et al., 2018). Boeri et al. (2018) identified
potential prognostic value in the immune environment by
analyzing microRNAs in plasma samples. In general,
technologies based on liquid biopsy are expected to provide
reliable methods for stratification and disease tracking for
clinical applications, including future real-time applications.
Combinations of several methods provide the most valuable
assessments. Despite the relative inaccuracy of HPD diagnosis,
the current results are still informative for further studies.

WHAT IS PSEUDOPROGRESSION?

In brain cancer, the concept of tumor pseudoprogression was first
proposed in patients treated with the non-immunotherapeutic
agent temozolomide. However, this phenomenon was not
accompanied by real tumor progression, and the brain tumor
may have grown before temozolomide treatment (Brandsma and
van den Bent, 2009). Although pseudoprogression has rarely been
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observed in patients treated with conventional cytotoxic drugs, it
occurs relatively frequently during ICI therapy. Pseudoprogression
in patients treated with ICIs was first identified in a melanoma
study of the anti-CTLA4 inhibitor ipilimumab (Wolchok and
Saenger, 2008) and then in subsequent studies of the anti-PD-1
inhibitors pembrolizumab and nivolumab (Chiou and Burotto,
2015). Patients with pseudoprogression and HPD have completely
different outcomes. Moreover, pseudoprogression can either occur
within the first 12 weeks of treatment or be delayed. Given that
beneficial treatments are often discontinued in initial trials because
of pseudoprogression, it is essential to distinguish between
pseudoprogression and HPD. Pseudoprogression is not true
tumor progression but radiographic growth pathologically
characterized by infiltration, edema, and necrosis of immune
cells surrounding the tumor. Hodi et al. considered
pseudoprogression to be an increase in the tumor burden of at
least 25% with no representative progressive disease detected in
subsequent assessments (Hodi et al., 2016). In addition to the
inflammatory response induced by tumor immune cell invasion,
delayed immune responses may also play a part in
pseudoprogression, especially in patients with tumor regression
after pseudoprogression. There have been several studies on the
incidence of pseudoprogression when ICIs are used to treat solid
tumors, although this is relatively rare. In melanoma, an unusual
immune response or pseudoprogression followed by a delayed
response was observed in 3.7–15.8% of patients treated with ICIs
(Hodi et al., 2008; Ribas et al., 2012; Millward et al., 2013). The
incidences of pseudoprogression in patients with NSCLC,
urothelial carcinoma, HNSCC, and mesothelioma have been
reported to be 0.6–5.8, 1.5–7.1, 1.8, and 6.9%, respectively.
Although pseudoprogression mostly occurs in patients receiving
single checkpoint inhibitors, it has also been observed in patients
receiving dual immunotherapy. In a case report, a patient with
microsatellite unstable high metastatic colorectal cancer treated
with the combination of a PD-L1 antagonist and OX40 agonist
showed pseudoprogression, with a 163% increase in the baseline
tumor burden (Chae et al., 2017). Tumor atrophy was subsequently
observed, and the patient’s condition was stable. This large increase
in tumor size presents a challenge in differentiating
pseudoprogression from authentic progression (Wolchok et al.,
2009). Therefore, clinicians should depend on other information to
accurately assess tumor status. To address this issue, new criteria,
including irRC, irRECIST, and iRECIST, were applied to
differentiate true progression from pseudoprogression. The
patient was re-examined 4 weeks after the diagnosis of an
underlying progressive disease to ensure that it was not
spurious progression (Seymour et al., 2017).

Moreover, the analysis of cell-free circulating tumor DNA
(ctDNA) levels might be used as an effective tool in distinguishing
progressive disease, HPD, and pseudoprogression (Lipson et al.,
2014; Cabel et al., 2018). It evaluates the alternation in ctDNA
levels to separate cell-free DNA from plasma for liquid biopsy,
thereby detecting the changes of tumor-specific copy number and
genome instability number. Pseudoprogression showed as a
decrease in genome instability in ctDNA, unlike HPD (Jensen
et al., 2019). In a study of 125 patients with melanoma received
ICI treatment (Lee et al., 2018), ctDNA profiles distinguished

pseudoprogression and HPD with high sensitivity (90%) and
specificity (100%).

It is believed that pseudoprogression has a favorable prognosis
and should be identified as soon as possible to avoid delaying the
disease owing to the early interruption of treatment. At the same
time, it is important to be aware of the possibility of real tumor
progression (Figure 1).

BIOLOGICAL AND
CLINICOPATHOLOGICAL FACTORS OF
HYPERPROGRESSIVE DISEASE
It is essential to identify potential predictive factors of HPD. This
can enable the adverse effects caused by ICIs to be avoided and
has important clinical significance in prolonging the survival
period and quality of life of patients. Champiat et al. (2017) and
Saâda-Bouzid et al. (2017) found no association between HPD
and baseline tumor load, previous treatment line, tumor
histology, type of immunotherapy, or number of metastatic
sites. To date, five clinical variables—aging, female sex, higher
serum lactate dehydrogenase (LDH) concentration, metastasis
burden, and local recurrence of the cells in the irradiation
area—have been identified as potentially associated with HPD,
as have specific genomic mutations including MDM2/MDM4
amplification and EGFR aberrations.

In the study reported by Champiat et al., older age appeared to
be related to the occurrence of HPD. Patients with HPD were
significantly older than those without HPD, with 19% of patients
over 65 showing HPD compared with 5% of patients younger
than 64. These results indicate that older patients benefit less from
ICIs than younger people. T cell immunity declines with age
because of changes in T cell number, diversity, phenotype, and
function (Fulop et al., 2017). In addition, T cell signaling through
T cell receptors has been found to decrease with age (Solana et al.,
2012; Goronzy and Weyand, 2013). However, this was not
observed in two other studies. Therefore, the specific
relationship between HPD and aging is not completely clear.

Saada-Bouzid et al. found that HPD was related to
radiotherapy. In a previous anti-PD-1/PD-L1 study, 50% of
patients with regional recurrence had HPD, whereas only
6.25% of patients without regional recurrence had HPD.
Almost all cases of HPD occurred in patients with recurrence
in the irradiated area, but the underlying mechanism of this
phenomenon is unclear. Ferrara et al. found that HPD was more
frequent in NSCLC patients with more than two metastatic sites
(Weiss et al., 2017). Kanjanapan et al. found that the incidence of
HPD in women was significantly higher than that in men; this
was the only study in which HPDwas shown to be associated with
gender (Kanjanapan et al., 2019). Several studies found that
regional recurrence in HNSCC was associated with a higher
risk of HPD. Sasaki et al. reported that liver metastases, an
early increase in neutrophil counts and C reactive protein
levels, and a large sum of target lesion diameters at baseline
were associated with HPD risk (Sasaki et al., 2019). The local
recurrence of HNSCC and metastasis of most other types of
cancer are associated with poor prognosis, because in these cases
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the tumor has successfully acquired the characteristics necessary
for survival at the primary site and metastasis to a distant
location. Therefore, it is difficult to distinguish the relevant
prognostic factors and predictors.

Kato et al. analyzed genomic mutations (155 patients) as
potential genomic markers associated with immunotherapy and
HPD using next-generation sequencing (Kato et al., 2017). A
favorable clinical outcome (TTF ≥ 2 months) was observed in
patients with several genetic alternations, including mutations in
TERT [odds ratio (OR): 0.42; p � 0.07], PTEN (OR: 0.28; p � 0.10),
NF1 (OR: 0.15; p � 0.07), and NOTCH1 (OR: <0.19; p � 0.02).
Conversely, EGFR (OR: 10.2; p � 0.002),MDM2/4 (OR: > 11.9; p �
0.001), and DNMT3A (OR, 9.33; p � 0.03) alterations were related
to worse outcomes (TTF < 2 months). Six patients with alterations
exhibited an HPD phenotype, and all had a TTF < 2 months,
whereas 20% of patients with EGFR alterations exhibited an HPD
phenotype. Of five patients with DNMT3A alterations, only one
was radiologically evaluable and did not have an HPD phenotype.
In a study by Singavi et al., the incidence of HPD in patients with
EGFR amplification was 50% (Singavi et al., 2017). EGFR
mutations are likely to be associated with the upregulation of
PD-1/PD-L1, which can activate immune escape. If the results
obtained from larger cohorts are consistent with the current
findings, MDM2/4 and EGFR alternations could potentially be
used as reliable HPD predictive biomarkers.

Lo Russo et al. (2019) did not find significant differences in
tumor-infiltrating T cells of the following types: CD4+/CD8+
lymphocytes, regulatory T cells (Tregs), peritumoral and stromal
myeloperoxidase myeloid cells, and PD-1+ and PD-L1+ immune
cells. However, HPD was associated with the density of
myeloperoxidase myeloid cells within the tumor and inversely
correlated with PD-L1 expression in tumor cells. Some
investigators focused on CD8+ T cells in the peripheral blood to
find potential predictors. Studies have found that number of effector
CD8+ T cells (CCR7−CD45RA−) decreased (Jenkins et al., 2018),

whereas number of exhausted tumor-reactive CD8+ T cells (TIGIT
+ PD-1+) increased in HPD patients with NSCLC (Huang A. C.
et al., 2017). The results suggest that the exhaustion of CD8+ T cells
is one of the potential mechanisms that triggers the acceleration of
tumor growth with ICIs treatment. The severity of T cell exhaustion
can be predictors for HPD. In addition, HPDpatients also showed a
significant upregulation in the number of CD28−CD4+ cells after
immunotherapy (Arasanz et al., 2020). The number of
CD62LlowCD4+ effector Th1 cells was significantly higher in
the peripheral blood of patients with NSCLC before treatment
with PD-1 inhibitor, while a decrease in CD62LlowCD4+ T cells
was related with acquired resistance (Kagamu et al., 2020),
indicating that CD4+ T cell immunity could be a powerful
predictor in HPD.

Weiss et al. and Jensen et al. performed genome-wide
sequencing of plasma/serum-derived cell-free DNA and found
that genomic copy number instability (CNI) could help to
determine HPD (Weiss et al., 2017; Jensen et al., 2019);
however, their study included a small number of patients.
Further prospective research should be conducted to determine
whether CNI could be a novel marker for HPD. In an exploratory
study of HPD, NSCLC patients with an increased proportion of
depleted T cell subtypes and a decreased proportion of effector
T cells showed a higher incidence of HPD and worse prognosis.
These results suggest that T cell subtypes help predict the
occurrence of HPD (Ferrara et al., 2018). Lo Russo et al. (2019)
compared patient responses and histopathological and molecular
expression patterns in 35 patients with advanced NSCLC after
immunotherapy. The results showed that HPDwas associated with
the number ofmyeloperoxidase-positive myeloid cells in the tumor
and inversely associated with PD-L1 expression in tumor cells. In
patients with HPD, the presence of CD163 + CD33+PD-L1+
macrophages with an epithelioid morphology was identified
more frequently than in patients without HPD, suggesting that
these macrophages are important in the HPD process. In a study,
infiltration of epithelioid-shaped macrophages in tumor tissues
was observed in 104 NSCLC patients who experienced HPD (Lo
Russo et al., 2019). Tunali et al. established a clinical prediction
model by combining extensive clinical-pathological, laboratory,
and imaging data to predict the occurrence of HPD in NSCLC
patients (Tunali et al., 2019).

Owing to the limited size and scope of previous cohort studies,
we cannot draw reliable conclusions to accurately assess risks and
benefits in specific patient groups. Furthermore, the current
research hypothesis needs to be further verified. Tumor types,
stages, and other covariates should be controlled, especially in
studies that investigate covariates and their associations with
patient response or resistance to immunotherapy.

THE MAIN HYPOTHESES REGARDING
THE MECHANISMS UNDERLYING
HYPERPROGRESSIVE DISEASE
At present, the molecular mechanisms of HPD remain elusive.
Several studies have explored multiple hypotheses or mechanisms
of HPD from different perspectives (Figure 2; Table 2). These

FIGURE 1 | Patterns of response and progression with immune
checkpoint inhibitor treatment.
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mechanisms may act independently or be complementary. It is of
great significance to clarify the molecular mechanism of HPD.
HPD can be caused by a variety of factors, including the
characteristics of tumor cells, the status of the patient’s
immune system, and the patient’s current or previous
treatment history.

Upregulation of PD-1+ Tregs
In the context of infection or cancer, contra-suppression or
immune compensation is a self-stabilizing mechanism.
Immunosuppressive factors such as Tregs can maintain anti-
infection or anti-tumor immunity and reduce the adverse effects
of ICIs (Lehner, 2008; Barnaba and Schinzari, 2013). Studies have
confirmed that inhibiting the expression of PD-1 in mice
upregulates other immune checkpoints, including CTLA-4,
LAG3, and TIGIT, or induces the activation and proliferation
of Tregs, resulting in impaired immune killing ability (Ellestad
et al., 2014; Huang R. Y. et al., 2017). FOXP3 is a classical marker
of Tregs, which participate in inducing immune tolerance. Nair
et al. found that pembrolizumab inhibited peripheral Treg
differentiation and reduced FOXP3 expression through the
mTOR pathway in vitro (Sasidharan Nair et al., 2020). A
previous study analyzed gastric cancer tumor tissues before
and after ICI treatment and found increased numbers of
infiltrating effector Tregs (Ki67 + Tregs) in tissues from HPD
patients, suggesting that these Tregs may be activated by ICI
therapy (Kamada et al., 2019). Compared with patients without
HPD, the number of tumor-infiltrating Ki67 + Tregs was
significantly increased in HPD patients. In an in vitro gastric
cancer study, it was observed that when PD-1 was knocked out or
the binding of PD-1 to its ligand was inhibited in Tregs, Tregs

could proliferate and promote anti-tumor immune cells and
tumor suppression. In mouse models, the results also support
a similar effect of Tregs in HPD. From the above studies, PD-1
may mediate the occurrence of HPD, leading to the inhibition of
anti-tumor immunity.

T Cell Exhaustion
T cell dysfunction is defined as T cell exhaustion, in which the
ability to recognize and eliminate antigens is weakened, and
inhibitory receptors including PD-1, T cell immunoglobulin
and mucin domain-containing protein 3 (TIM3), TIGIT, and
LAG3 are upregulated. In mouse models and progressive cases,
TIM-3 has been found to be upregulated (Koyama et al., 2016). In
addition, the proportion of TIM-3+ cells was proportional to the
duration of ICI treatment. No increase in TIM-3+ cells was
detected in control cases. Therefore, overexpression of TIM-3
is likely to be a key mechanism of resistance to PD-1 treatment
(Shayan et al., 2017). After failure of anti-PD-1 treatment, TIM-3
antibodies can provide a survival benefit. Similarly, CTLA-4 and
LAG3 on cytotoxic CD8+ T cells were increased as a result of PD-
1 blockade in a model of ovarian cancer (Huang R. Y. et al., 2017).
With expression of the above compensatory receptors, CD8+

T cells show serious dysfunction in cytokine production,
proliferation, and migration. In a mouse virus infection model,
Odorizzi et al. found that cytotoxic CD8+ T cells were depleted,
with large numbers of inhibitory receptors such as LAG3 and
TIGIT on their cell surface (Odorizzi et al., 2015).

Increased Tsens
In a study of NSCLC patients with low baseline numbers of
senescent Tsens treated with anti-PD-1/PD-L1 agents, those with

FIGURE 2 | Potential mechanisms of HPD under immune checkpoint inhibitor treatment.
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Tsens elevated by 12.4% also had HPD. Conversely, patients who
showed a 14.4% decrease in Tsens experienced tumor regression
(Zuazo-Ibarra et al., 2018). The results indicate that Tsens
numbers in patients prior to immunotherapies could predict
the risk of HPD. Tsens baseline numbers may represent a pre-
existing large pool of antigen-specific central and effector T cells
with potential anti-tumor capacities. The decreases in Tsens
following antibody administration may indicate the
mobilization of Tsens from peripheral blood to secondary
lymphoid organs/tumor sites.

MDM2/4 amplification and EGFR Mutations
Studies involving multiple tumor types have shown that
oncogenic activation, such as that resulting from MDM2/4
amplification, is associated with the occurrence of HPD (Ferté
et al., 2014). In malignant tumors, a study using second-
generation sequencing found that the amplification rate of
MDM2/4 was about 3.9% (6/155), and that the TTF of all
patients with MDM2/4 amplification receiving immunotherapy
was less than 2 months (Champiat et al., 2018). MDM2/4 blocks
the p53 trans-activation domain and promotes proteasomal
ubiquitin-dependent degradation of p53 (Wang Q. et al.,
2018). IFN-γ can increase the expression of MDM2/4 and
further inhibit p53 activity (Zhou et al., 2009; Zhao et al.,
2014). However, loss of p53 activity is an essential driver of
oncogenesis. ICIs can increase the production of IFN-γ at the
tumor site, and it has been speculated that the MDM2/4-IFN-
γ/p53 axis may mediate the occurrence of HPD (Peng et al.,
2012). In about 50% of tumors, p53 is mutated or lost and
inactivated. The other 50% retain wild-type p53, the normal
regulation of which is disrupted by overexpression of MDM2
(Momand et al., 1998). Anti-PD-1/PD-L1 agents can activate
JAK/STAT signaling, resulting in increased expression of
interferon regulator 8 (IRF-8) (Schindler et al., 2007; Waight
et al., 2013). IRF-8 can bind to the MDM2/4 promoter and
promote the expression of MDM2/4, but the cascade may not
have a significant impact when MDM2/4 is not amplified (Zhao
et al., 2014). The amplification rate of MDM2 in malignant lung,
skin, and bladder tumors is lower, whereas that in sarcoma is
higher, consistent with the primary resistance of sarcoma to ICIs
[59]. If MDM2 amplification does cause ICI resistance or HPD,
the combination of ICIs and MDM2 inhibitors may be a
promising strategy to overcome resistance and HPD. In

addition to MDM2/4, the activation of other oncogenic signals
may also contribute to HPD after ICI therapy. Xiong et al. found
increased activity of IGF-1, ERK/MAPK, and PI3K/AKT in
patients with HPD after ICI therapy, whereas tumor
suppressor genes including TSC2 and VHL were not expressed
(Xiong et al., 2018). The activation of EGFR is usually
accompanied by upregulation of PD-1/PD-L1 or CTLA-4 to
promote tumor immune escape (Akbay et al., 2013). The
objective response rate of anti-PD-1 treatment in patients with
EGFR mutations is relatively low at about 3.6% (Gainor et al.,
2016). This may be related to the activation of EGFR, which can
promote the stability of PD-L1 and prevent it from being easily
degraded (Li et al., 2016). However, the mechanisms linking
EGFR mutations with HPD remain unclear.

The Effects of Fc Fragment of Macrophages
and Immune Checkpoint Inhibitors
Immune microenvironments are closely related to HPD. NSCLC
tumor tissues from patients (patient-derived xenografts, PDX)
were transplanted into athymic nude or severe combined
immunodeficient (SCID) mice. Nivolumab or nivolumab F
(ab)2 fragments were administered to mice at the nodule.
Nivolumab promoted tumor growth, whereas no substantial
tumor growth or HPD was observed in mice treated with the
F (ab)2 fragment of nivolumab (that is, lacking the Fc fragment)
(Lo Russo et al., 2019). Further studies found that M2
macrophage aggregation only occurred in lesions after
nivolumab treatment but not after the injection of nivolumab
F (ab)2 fragments. In another study, compared with PDX SCID
mice with wild-type EGFR, TGR and tumor cell dissemination
were significantly increased in PDX SCID mice with mutated
versions of EGFR after nivolumab therapy (Lo Russo et al., 2019).
Similarly, when mice with EGFR-mutated PDXs were treated
with nivolumab F (ab)2 fragments, there was no significant
evidence of HPD or tumor dissemination. It has been
suggested that the occurrence of HPD is related to the
interaction between macrophages and the Fc portion of
nivolumab. It is also important to consider the interaction
between the different Fc regions used in various PD-1
antibodies and the distinct Fc receptor variants. In a study of
malignant melanoma (Dahan et al., 2015), knocking out the Fcγ
receptor (FcγR) in mice enhanced the anti-tumor effect of the

TABLE 2 | Potential mechanisms of HPD in different types of tumors.

Mechanisms Tumor types

Upregulation of PD-1 + Tregs Multiple cancer types
T Cell exhaustion Metastatic ovarian cancer, Head and neck cancer
Increased Tsens NSCLC
MDM2/4 amplification and EGFR mutations Multiple cancer types
The effects of Fc fragment of macrophages and ICIs Multiple cancer types
Imbalance of immunosuppressive cytokines and factors Gastric cancer, Ovarian cancer, NSCLC
Increase in ILC3 Breast cancer, Colon cancer
The effects of neoantigens Multiple cancer types
Circulating LDH levels UTC, Lung cancer, HCC
Radiotherapy HCC
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anti-PD-1 antibody, directly showing a correlation between FcγR
and ICIs. Lo Russo et al. suggested that FcγR IIb has a detrimental
effect on anti-PD-1 immunotherapy efficacy in humans, resulting
in HPD (Lo Russo et al., 2019). Zhang et al. designed two anti-
PD-1 monoclonal antibodies with the same specificity but
different Fc sequences; they found that FcγR I induced
immune tolerance by regulating inflammatory cytokines and
played a part in the production of M2 macrophages to
promote tumor growth (Zhang et al., 2018). This could be
addressed by destabilizing the FcR interaction and modifying
the current immunotherapy strategy.

Imbalance of Immunosuppressive
Cytokines and Factors
Tumor-derived exosomes have been shown to induce PD1+
macrophages to produce IL-10 and inhibit the function of
CD8+T cells (Wang F. et al., 2018). In another study,
Lamichhane et al. found that inhibiting the expression of PD-
1 promoted the secretion of IL-10 by dendritic cells (DCs) and
further increased the expression of PD-L1 in DCs (Lamichhane
et al., 2017). The analysis of tumor tissues from 104 NSCLC
patients with HPD revealed a large number of M2-type PD-L1+
macrophages, which secrete IL-10 to mediate the occurrence of
HPD through the depletion of the PD-1 antibody (Kanazu et al.,
2018). Inhibition of PD-1 expression also increases the serum
angiogenin two concentration, which can increase the number of
M2 macrophages and promote tumor metastasis, angiogenesis,
and immunosuppression (Wu et al., 2017). The immune-
resistance of tumors can be enhanced by IFN-γ via elevated
expression of PD-L1 in cancer cells (Teng et al., 2018). The
activation of JAK1/STAT3 enables binding of IFN-γ to its
receptor IFNGR1/IFNGR2. The release of IFN-γ by T cells
could promote the selection pressure of cancer cells, resulting
in acquired deficiency of the IFN-γ pathway and acquired
resistance to ICIs through loss of sensitivity to IFN-γ. In
addition, resistance to immunotherapy was observed with a
loss of IFN-γ signaling in CD8+ T cells (Darvin et al., 2018).
These results demonstrate the potential effects of IFN-γ in HPD.

Increase in Type 3 Innate Lymphoid Cells
Xiong et al. showed that ILC3 were specifically increased in HPD
tumors (Xiong et al., 2018). ILC3s can respond to cytokine stimulation
without a specific antigen. It has been reported that ILC3 can produce
IL-17 and IL-22, thereby promoting cancer progression (Fung et al.,
2019). Irshad et al. showed that the presence of ILC3 in the tumor
microenvironment was associated with a higher risk of lymph node
metastasis in breast cancer. In a mouse model of colon cancer,
reduction of IL-22 production by ILC3 impaired the progression of
gastrointestinal cancers (Kirchberger et al., 2013). Inhibiting the
expression of PD-1 in tumors leads to increased levels of IL-6 and
IL-17 in the peripheral blood; because the main function of IL-6 and
IL-17 is to promote neutrophil-mediated inflammation, this may
weaken the anti-tumor immune response (Fielding et al., 2008;
Miossec and Kolls, 2012). This abnormal inflammatory
environment is likely to be related to the poor efficacy of ICIs, but
its relationship with HPD is not yet clear.

The Effects of Neoantigens
Mutations in the protein-coding regions produce truncated
proteins called “neoantigens.” Neoantigens result in higher
heterogenicity of cells, which facilitates immune cell targeting
and eliminates tumor cells. Acquired resistance to ICIs and HPD
can also be predicted using neoantigens. Tumor cells alter the
expression of multiple immune suppressive factors, leading to
acquired resistance against ICIs (Jenkins et al., 2018).
Dysfunction of neoantigens might promote metastasis and
recurrence of tumors. Screening of these neoantigens has the
potential to predict therapeutic resistance as well as HPD.

Other Mechanisms
As mentioned earlier, changes in tumor immune
microenvironments caused by radiotherapy combined with ICIs
may accelerate tumor growth. In a previous study (Saâda-Bouzid
et al., 2017), almost all cases of HPDoccurred in patients with at least
regional recurrence in an irradiated area. Radiotherapy not only
upregulates the expression of VEGF and promotes tumor
angiogenesis and growth, it can also enhance the expression of
TGF-β, thereby inhibiting the activation of T cells and DCs.

Inmost cases, it is common for patients to receive cytotoxic drugs
before immunotherapy. However, traditional chemotherapy has
been reported to reduce the anti-tumor efficacy of
immunotherapy. This suggests that resistant clones are selected
after chemotherapy treatment, and the immune system cannot
detect them when ICIs are used. As there is currently no effective
immune monitoring tool, it is impossible to predict the risk of HPD
in patients before ICI treatment. Kim et al. reported that high LDH
serum levels were significantly associated with HPD. High LDH
levels represent hypoxia in the tumor and acidification of the
extracellular environment (Kim J. Y. et al., 2019). High LDH
levels and acidic environments may influence the function of
antibodies and the conformation of antigens, thereby affecting
the specificity and affinity of ICIs. Okeya et al. found that after
5 weeks of pembrolizumab treatment, a 66-year-old male smoker
with advanced lung adenocarcinoma developed small-cell
carcinoma combined with HPD and metastases (Okeya et al.,
2019). In in vivo and in vitro studies, Kudo et al. observed the
presence of both chemotherapy- and immunotherapy-activated
cancer stem cells, which contributed to aggressive cell
proliferation and drug resistance (Kudo-Saito et al., 2019). They
proposed that HPD may depend on the proportions of cancer cells
eliminated and dormant cells activated. In addition, ICIs can
negatively affect the endocrine system and cause autoimmune
diseases. Several studies have found that gut microbiota influence
the effects of ICIs in melanoma patients. The microbiome is well
known to be a key regulator of inflammation and immune responses
and may have an important role in cancer therapy.

POSSIBLE STRATEGIES FOR AVOIDING
HYPERPROGRESSIVE DISEASE

Owing to the poor prognosis of patients with HPD, there is an
urgent need to develop strategies to reduce or eliminate harm to
these patients. In clinical practice, it is necessary to pay more
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attention to changes to the patient’s condition and to evaluate the
efficacy of treatment with ICIs. First, patients to be treated with ICIs
need to be fully informed of the risks of HPD, as the incidence is high
enough that some patients may refuse the treatment owing to the
unfavorable consequences (Zhang et al., 2021). In addition, current
tumor evaluation methods of immunotherapy do not include TGK,
which is a key to the early identification of HPD. It could enable a
considerable proportion of patients who meet the definition of HPD
to continue to receive the same treatment, and it will not be able to
block HPD in time (Champiat et al., 2018). Existing disease
monitoring and evaluation systems for cancer urgently need to
be changed. In salvage therapy, early identification of HPD and
timely replacement of ICIs might be the only remedies to avoid risk
to patients at present. However, pseudoprogression also affects the
identification of HPD; therefore, apparent progression of a tumor at
the first imaging after initiation of immunotherapy does not
necessarily mean that the treatment must be terminated, as
patients with pseudoprogression could benefit significantly from
this treatment (Tazdait et al., 2018). The assessment of MDM2/4
amplification, EGFR mutation and CNI score before treatment is
useful for selecting patients who will probably develop HPD.
However, the predictive value of these biomarkers has not been
validated. In addition, it is not possibly to accurately predict HPD in
patients with several of these features, including high serum LDH.

The antitumor activity of the treated NK cells (nuclear-trafficking
property-genome modulator) was enhanced, and repeated
administration of these NK cells attenuated PD-L1-positive
tumor cells in vivo. The use of NK cells combined with ICIs
could be an alternative option for patients with HPD (Teratake
et al., 2020). In the Checkmate227 trial, patients treated with
nivolumab combined with chemotherapy had a lower risk of
progression than those receiving nivolumab combined with
ipilimumab (Hellmann et al., 2019). Chemotherapy may help
prevent patients from developing ICI resistance and HPD; this
possibility deserves further research.

As the relevant studies are mostly retrospective analyses and
case reports, the results are inherently limited by selection bias.
Clinical trials do not usually include HPD based on radiological
criteria as a pattern of response, making the evaluation of this
phenomenon in large cohorts of patients difficult. Clinicians
should realize that after failure of ICI treatment, subsequent
treatment is likely to be ineffective (Schvartsman et al., 2017),
and most HPD patients do not have the opportunity to receive
subsequent treatment at all (Kim C. G. et al., 2019). Further studies
are required to confirmmore of the mechanisms underlying HPD,
and to explore other accurate biomarkers for this paradoxical
response to ICIs. Investigators should attempt to assess the
HPD status patients to guide their management.

DISCUSSION

The application of immunotherapy has contributed to fundamental
changes in the treatment of cancer. As ICIs are widely administered
by physicians, better survival rates are achieved in increasing
numbers of patients, especially those with solid tumors. With the
rapid development of ICIs, physicians should be aware of the adverse

effects and correctly assess response to tumor therapy and the
challenges in patient management. Although there are still many
controversies regarding HPD, it is known to occur inmultiple tumor
types and almost all malignant tumors, and to be related to poor
prognosis. An increasing number of retrospective studies indicate
that HPD is induced by ICIs. HPD is a severe adverse reaction in ICI
treatment, regardless of the specific type of ICI, but the underlying
mechanism and predictive indicators are not yet clear, which limits
the clinical application of ICIs. ICI-induced HPD is complex, and in
some patients, the tumor size increases dramatically after checkpoint
blockade. Therefore, it is imperative to explore the etiology and
pathogenesis of HPD and develop predictive and detection methods
to prevent the cessation of immunotherapy.

In clinical practice, the identification of HPD, disease progression
and pseudo-progression is of great significance. At present, TGK and
TGR are the main indicators for evaluating HPD, and rapid
progression and TTF are two alternative indicators. To date, we
have not yet determined the exact incidence of HPD because of the
uncertainties in current testing methods and the relatively small
number of patients examined. In the future, accurate diagnostic tools
should be applied to evaluate tumor changes. As for predictive
indicators, most existing conclusions are derived from retrospective
studies that explored the specific clinical characteristics of HPD
patients, but different types of studies may produce conflicting
conclusions, and there is still a lack of accurate predictive
indicators for HPD. To further understand HPD, more
prospective, randomized and controlled studies are needed to
verify whether HPD is an independent type of ICI response after
treatment, identify predictive indicators and develop consistent
criteria. This will allow us to efficiently predict the response of
personalized treatment and develop personalized treatment plans.

In this review, we proposed that factors such as tumor
microenvironments, radiation therapy, age, increased tumor
burden, gut and tumor microbiomes, changes in immune cell
subtypes, FcR polymorphisms, abnormal expression of tumor
drivers or resistance-related genes and compensatory activation
of other immune checkpoint pathways may be involved in the
occurrence of HPD. Additionally, genomic analyses may help to
elucidate the mechanisms of HPD and identify effective
biomarkers to distinguish individuals at high-risk of HPD.
Circulating tumor cell-free DNA may be used as a biomarker
in the early monitoring and diagnosis of HPD. This will require
large cohort studies to validate these potential detection methods.

In summary, HPD is a new phenomenon, and its underlying
mechanism remains to be elucidated. In addition, the clinical
relevance and predictive factors of HPD should be further
investigated. HPD provides a challenge and an opportunity for
the development of novel tumor biotherapies, and it will also
encourage research to improve the effectiveness and safety of
ICIs. It is important to study this issue in depth to protect cancer
patients from the potentially harmful side effects of ICI therapies.
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Metastatic colorectal cancer (mCRC) is a common and high-risk malignant tumor.
Fruquintinib is a novel small-molecule compound with high selective inhibition of
vascular endothelial growth factor (VEGF) receptor (VEGFR) for mCRC for which
second-line or higher standard chemotherapy has been ineffective. A female patient
with mCRC developed severe rashes after 2 weeks of taking fruquintinib. Considering the
relationship between fruquintinib and the rashes, she discontinued taking the drug, and
her condition improved. Although fruquintinib has shown good safety and manageable
toxicity in previous trials, the patient in the present case developed severe rashes after 2
weeks of taking fruquintinib. The common skin reactions of hand and foot are erythema
and paresthesia of hand and foot. Because few people have reported a severe rash
caused by fruquintinib, which is different from the common hand foot skin reaction. We
hope the case attracts the attention of oncologists.

Keywords: colorectal cancer, fruquintinib, rash, vascular endothelial growth factor receptor, case report
INTRODUCTION

Colorectal cancer ranks third and second in the incidence rate of male and female malignancies
respectively all over the world (1). There are approximately 1.36 million new patients with colorectal
cancer and nearly 700,000 related deaths every year, which is a huge global challenge. In China, the
number of new cases is 376,000 every year, and this number continues to grow. In approximately
50% of all cases, colorectal cancer may eventually develop into mCRC or advanced colorectal cancer.
After failure of second-line standard treatment, effective treatments of mCRC are limited, and some
patients have good resilience and a strong desire for survival.

Fruquintinib is a novel small-molecule compound with high selective inhibition of vascular
endothelial growth factor (VEGF) receptor (VEGFR) for mCRC for which second-line or higher
standard chemotherapy has been ineffective (2). Although fruquintinib has shown the advantages of
a strong effect, low toxicity, and good tolerance for colorectal cancer, it is associated with some
unrecognized adverse reactions.
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Shu and Zheng Case Report: Severe Rashes Associated With Fruquintinib
CASE REPORT

A 71-year-old woman was admitted to hospital due to increased
stool frequency and abdominal discomfort. She had no family
history of cancer or drug allergies. She underwent radical
resection of rectal cancer in May 2018. Postoperative pathology
showed that rectal moderately differentiated adenocarcinoma
was 3.5 × 2.5 cm with negative margin. The depth of ulcer was
full-thickness infiltration, involving serosa. One of nine lymph
nodes had cancer metastasis. Special examination showed MSH2
(+), MSH6 (+), MLH1 (+), PMS2 (+), CDX2 (+). According to
the Union for International Cancer Control/American Joint
Committee on Cancer tumor–node–metastasis staging system
(8th Edition, 2017), the postoperative pathological stage was
stage IIIB (T3N1M0). The patient did not receive preoperative
and postoperative radiotherapy. Eleven cycles of the FOLFOX6
regimen and one cycle of Xeloda were administered after the
surgery, and the patient was then followed up regularly. In May
2019, intrahepatic nodules and peri-intestinal metastasis were
considered. Positron emission tomography–computed
tomography (CT) showed ascending-colon mesangial and
omental nodules, liver S4 and S2 nodules, with increased
fluorodeoxyglucose metabolism. Gene detection indicated she
harbored wild-type KRAS/NRAS/BRAF, and microsatellite
instability detection indicated microsatellite stability (MSS).
Therefore, from May 16, 2019, FOLFIRI combined with
cetuximab was administered for 12 courses, and from January
20, 2020, cetuximab (700 mg) was administered for two courses
as maintenance treatment. When liver metastasis occurred,
stereotactic body radiation therapy was performed in other
hospital. The plan of radiotherapy is unknown. From May 19,
2020, three courses of raltitrexed, oxaliplatin, bevacizumab (q2w)
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were administered. On July 21, 2020, pelvic and abdominal
cavity CT was performed to evaluate disease progression.
Although the patient was a MSS colorectal patient, based on
the regonivo study (3) with ORR 36% and PFS 7.9 months and
her strong desire for survival, she tried small molecule targeted
drugs combined with immunotherapy. From July 24, 2020,
regorafenib (80 mg QD) oral targeted therapy plus
treprizumab (240 mg) immunotherapy were administered. On
September 30, 2020, because of fatigue, hand and foot skin
reaction, and loss of appetite, the treatment plan was adjusted
to TAS-102. Then, physical examination revealed a large amount
of ascites. On December 17, 2020, the whole abdominal
enhanced CT in our hospital showed liver II and V metastases
considered, a large number of peritoneal effusion, and multiple
metastases of omentum and mesentery (Figure 1). The disease
progressed; therefore, the treatment was changed to fruquintinib.
On January 12, 2021, the patient developed severe rashes after
receiving fruquintinib (3 mg qd) for approximately 2 weeks
(Figures 2A, B). The patient developed severe rashes (Common
Terminology Criteria for Adverse Events grade 3) in both lower
limbs, which affected the patient’s quality of life. Blood routine
and coagulation function were basically normal. A dermatology
consultation revealed dark purple infiltrative rashes scattered on
both lower limbs and pustules observed locally. Betamethasone
(1 ml, intramuscular injection), chlorphenamine maleate (10 mg,
intramuscular injection), mupirocin ointment (0.2 g, bid for
external use), and mometasone furoate cream (5 mg, QN for
external use) were recommended. The dermatologist diagnosed
these rashes as drug-induced rashes. Then the patient
discontinued taking fruquintinib due to severe rashes. The
severe rashes disappeared gradually after discontinuation of
fruquintinib for 1 week. On January 22, 2021, the patient
FIGURE 1 | On December 17, 2020, the whole abdominal enhanced CT in our hospital showed a large number of peritoneal effusion, multiple metastases of
omentum and mesentery (A, B), liver II metastases (C, red arrow) and V metastases (D, yellow arrow).
July 2021 | Volume 11 | Article 688231

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Shu and Zheng Case Report: Severe Rashes Associated With Fruquintinib
began to reduce the use of fruquintinib (1 mg QD), and there was
no recurrence of rashes. On March 2, 2021, the intraperitoneal
tumor was found to have progressed; therefore, fruquintinib was
discontinued. In the follow-up, the patient is receiving the best
supportive treatment. The case timeline is presented in Figure 3.

Informed written consent was obtained from the patient prior
to publication of this report and ethical approval was given by
Hangzhou Cancer Hospital.
DISCUSSION

Fruquintinib is a novel small molecule compound with high
selective inhibition of VEGFR1, -2, and, -3 (4). It inhibits VEGF-
induced VEGFR2 phosphorylation, endothelial cell proliferation,
and tubule formation (5). The approval of fruquintinib is based
on a multicenter, randomized, double-blind, placebo-controlled
phase III clinical study, Fresco. The results of the Fresco study
showed that the median overall survival of patients with mCRC
treated with fruquintinib was 9.3 months, which was 2.7 months
longer than that in the placebo group; in addition, the median
progression free survival of patients treated with fruquintinib
was 3.7 months, which was significantly longer than 1.8 months
in the placebo group, with a significant survival benefit (6).

However, in the Fresco study, grades 3 and 4 treatment-
emergent adverse events occurred in 61.2% of patients who
received fruquintinib. The most common adverse reactions
affecting patients in the fruquintinib group were hypertension,
proteinuria, hand foot skin reactions, etc., which were related to
Frontiers in Oncology | www.frontiersin.org 3104
the target VEGFR, and the prevalence was relatively low, which
was also controllable clinically, and most reactions were tolerable
(7). Hand foot syndrome (palmar or plantar swelling, or pain or
fingertip erythema) is the most common skin adverse reaction to
fruquintinib, which is usually mild to moderate (grade 1–2).
Fruquintinib also exhibits cross-toxicity with other anti-vascular
drugs (such as bevacizumab), including hypertension,
proteinuria, bleeding. A meta-analysis has shown that
fruquintinib exhibits less toxicity among all-grade toxicities
when compared with that of regorafenib (8).

The common skin reactions of hand and foot are erythema
and paresthesia of hand and foot. Because few people have
reported a severe rash caused by fruquintinib, which is
different from the common hand foot skin reaction. The
mechanism of fruquintinib induced rash is not very clear. We
think it may be related to the inhibition of VEGFR2/3
phosphorylation by fruquintinib, thus inhibiting the
proliferation and lumen formation of endothelial cells. The
specific mechanism of severe skin rash caused by fruquintinib
deserves further exploration.
CONCLUSION

Cancer therapy faces the challenge of handling a double-edged
sword. Fruquintinib brings not only clinical benefits, but also
some adverse reactions. How to manage fruquintinib to
maximize the therapeutic effect and avoid adverse reactions as
much as possible is a problem we need to explore.
FIGURE 2 | (A, B) The severe rashes after receiving fruquintinib for approximately 2 weeks.
July 2021 | Volume 11 | Article 688231
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Cardiovascular Toxicity Induced by
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Vincristine is an effective anticancer agent for treating leukemias, lymphomas, and other
solid tumors. Vincristine’s better-known severe side effects include bone marrow
depression, hyponatremia, peripheral neuropathy, and gastrointestinal distress. In
recent years, cardiovascular damage also has been described during vincristine
treatments. However, the vascular toxicity induced by vincristine is little studied. The
aim of the present is to evaluate whether these alterations remain after the suspension of
chemotherapy treatment (sequelae) and the possible mechanisms involved in this vascular
damage. Adult male Wistar rats were used. The animals were divided into four treatment
groups: two groups of saline (0.9% NaCl; saline, sequelae saline) and two groups of
vincristine (100 μg/kg; vincristine, sequelae vincristine). Saline or vincristine was
administered intraperitoneally in two cycles of 5 days each, leaving a rest period
between cycles of 2 days. The final cumulative vincristine dose administered was
1mg/kg. Sequelae groups correspond to 2 weeks after stopping treatment with the
antitumor agent. At the end of the different experimental protocols, cardiac and vascular
functions were analyzed. Alterations in the expression of different proteins in the
cardiovascular tissues were also investigated. Chronic treatment with vincristine did
not produce significant changes in basal cardiac function but provoked significant
endothelial dysfunction in the aorta and a significant decrease in the mesenteric
contractile function. These cardiovascular functional alterations disappeared 2 weeks
after the suspension of chemotherapy treatment. Vincristine treatment caused a
significant increase in the expression of tumor necrosis factor-alpha (TNFα), endothelial
and inducible nitric oxide synthases (eNOS and iNOS), and connexin 43 in cardiac tissue.
In the aorta, the chronic treatment with vincristine caused a slight non-significant increase
in TNFα expression, a significant increase in eNOS and iNOS, and a significant decrease in
connexin 43. After 2 weeks of vincristine treatment (sequelae group), the expression of
TNFα increased and eNOS and iNOS expressions disappeared, but a significant decrease
in the expression of connexin 43 was still observed in the aorta. In mesenteric arteries,
similar data to those found in the aorta were observed. In conclusion, chronic treatment
with vincristine causes functional alterations in the vascular function of both conductance
and resistance vessels and changes in the expressions of TNFα, eNOS, iNOS, and
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connexin 43 in cardiovascular tissues, implicating direct toxicity during its treatment. These
functional alterations are transitory and disappear after the suspension of its treatment.

Keywords: vincristine, cardiovascular toxic effect, sequelae, TNFα, nitric oxide synthase, connexin 43

INTRODUCTION

Many conventional and newer anticancer agents predispose patients
to cardiovascular side effects, including hypertension, acute coronary
syndromes, and arterial and venous thrombosis. Therefore,
chemotherapy-induced cardiovascular toxicity negatively affects
the quality of life and survival of oncological patients, requiring
adjustments or discontinuation of the chemotherapy regimen,
leading to worse outcomes (Cameron et al., 2016). For that
reason, early recognition of cardiovascular dysfunctions associated
with the different chemotherapeutic agents becomes imperative
(Curigliano et al., 2012; Hamo and Bloom, 2015; Denegri et al.,
2016), and understanding cardio-oncology is crucial for effective
preventive care (Hong et al., 2010).

Cardiovascular problems are not restricted to anti-
angiogenesis drugs alone but are documented with cytotoxic
drugs (Schimmel et al., 2004) and the cancer drugs that target
microtubules (Sevelda et al., 1994). Among all the possible
cardiovascular side effects induced by anticancer agents,
cardiotoxicity is the most studied (Madonna, 2017; Bidulescu
et al., 2019), but other toxicities and complications can occur with
cancer therapies. Vascular toxicity is of particular interest.

Little is known about the possible mechanisms of the vascular
complications associated with cancer chemotherapeutics.
Vascular toxicity of chemotherapy often reflects endothelial
dysfunction, with loss of vasorelaxant effects and suppressed
anti-inflammatory and vascular reparative functions. These
effects might serve to initiate and further perpetuate the
development of hypertension, thrombosis, and atherogenesis
(Cameron et al., 2016).

Vincristine, a microtubule-destabilizing drug, is commonly
administered as an effective anticancer agent for treating brain
tumors, leukemias, lymphomas, and other solid tumors (Murphy
et al., 2002; Pui and Evans, 2006; Van Den Bent et al., 2012).
Vincristine’s better-known severe side effects that limit clinical
utility include bone marrow depression, hyponatremia,
peripheral neuropathy, and gastrointestinal distress (Cavaletti
and Marmiroli, 2010; van de Velde et al., 2020; Geisler, 2021).
However, in recent years, cardiovascular damage also has been
described after vincristine treatments. The main cardiovascular
side effects provoked by vincristine are myocardial ischemia and
infarction, which tend to occur during or shortly after therapy
and might therefore be related to coronary artery vasospasm as a
result of cellular hypoxia (Meinardi et al., 2000). However, the
vascular toxicity induced by vincristine is little studied.

Previously, our research group has described that chronic
vincristine treatment causes cardiovascular alterations in rats that
mainly affect vascular function, provoking an increase in coronary
perfusion pressure and hyperresponsiveness of contractile function
and an endothelium-dependent vasorelaxant dysfunction in the aorta
(Paniagua et al., 2018). The present study aimed to analyze whether

these alterations remain after the chemotherapy treatment
suspension (sequelae) and evaluate the possible mechanisms
involved in this vascular damage.

MATERIALS AND METHODS

Ethics Statement
Experimental procedures were carried out following the
recommendations of the Ethical Committee of the Universidad
Rey Juan Carlos (URJC), the Directive 2010/63/EU for the
protection of animals used for scientific purposes, and Spanish
regulations (RD 109 53/2013).

Animals
Male Wistar rats (250–300 g; Harlan Iberica, Barcelona, Spain)
were used in this study. Animals were maintained in
environmentally controlled conditions (adequate cage size; a
temperature of 20°C; humidity of 60%) with a 12 h light/12 h
dark cycle. Animals were allowed free access to standard
laboratory rat chow (Harlan Iberica, Barcelona, Spain) and tap
water, which was refreshed every day.

Treatments
After a week of adaptation to the controlled conditions, we
divided the animals into four treatment groups (10–15 animals
per group).

Two groups were given saline (0.9% NaCl) or vincristine
(100 μg/kg), respectively. Saline or vincristine was
administered intraperitoneally in two cycles of 5 days each,
leaving a rest period between cycles of 2 days, and the
maximum injection volume administered in the animals was
0.5 ml. The final cumulative vincristine dose administered was
1 mg/kg (Aley et al., 1996; Weng et al., 2003).

To determine sequelae of vincristine treatment, two groups,
“sequelae saline” and “sequelae vincristine,” were compared. In
the sequelae saline group, animals received saline treatment for
10 days, and after 2 weeks of suspension saline treatment, the
corresponding experiments were carried out (control sequelae).
In the sequelae vincristine group, animals received vincristine
treatment, and after 2 weeks of suspension antitumoral agent
treatment, the corresponding experiments were carried out. In
the sequelae groups, saline and vincristine were administered
following the same protocols mentioned above.

Blood Pressure and Heart Rate
Measurements in Anesthetized Rats
In the animals of the different experimental groups, after
anesthesia with sodium pentobarbital (50 mg/kg
intraperitoneally) (Bencze et al., 2013), direct measurements of
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systolic (SBP) and diastolic arterial blood pressure (DBP) and
heart rate (HR) were carried out based on the method described
previously by Herradón et al. (2017). Recording of these
cardiovascular parameters lasted for 10 min. After blood
pressure measurements, the animals were euthanized and
exsanguinated, and the following experiments were performed.

Isolated Heart Preparation
Basal cardiac function in isolated hearts was evaluated following the
methodology described in Herradón et al. (2017). Briefly, hearts were
mounted on a Langendorff setup, and coronary perfusion pressure
(CPP), left ventricular developed pressure (LVDP), and end-diastolic
pressure (EDP) weremeasured using pressure transducers coupled to
a PowerLab 4e recording system (PanLab SA, Barcelona, Spain).
These experiments were carried out in 10–15 isolated hearts from
each experimental group.

Aortic Ring Preparations
Vascular reactivity in aorta preparations was performed as previously
described (Herradón et al., 2017). Briefly, after cleaned aorta rings
were mounted in an organ bath setup, aorta contractile and relaxant
reactivity was tested. To assess contractile function, phenylephrine
(Phe) (10−9M–10−5M) concentration-response curves were
performed. To evaluate vascular endothelium-dependent and
endothelium-independent relaxation, carbachol (10−9M–10−4M)
or sodium nitroprusside (SNP) (10−9M–10−6M) concentration-
response curves were established, respectively, in Phe (1mM)
(submaximal) precontracted preparations. Contraction responses
of the aorta rings were expressed as mean absolute values, and
relaxation responses are expressed as the percentage of relaxation
of the tone induced by Phe.

Mesenteric Perfused Bed Preparation
Vascular reactivity in the mesenteric perfused bed preparation was
evaluated as previously described (Herradón et al., 2017). The
experiments were performed in intact mesenteric beds. Mesenteric
bed contractile function (Carvalho Leone and Coelho, 2004) was
evaluated by a concentration-response curve of Phe (10–80 nmol).
The endothelium-dependent vasodilatation was evaluated with a
concentration-response curve of carbachol (3 × 10−10 mol–3 ×
10−5 mol), and endothelium-independent vasodilatation with a
concentration-response curve of SNP (10−11 mol–10−6 mol). These
experiments were carried out in 10–15 isolated mesenteric beds from
each experimental group. Contraction responses of the superior
mesenteric artery bed were expressed as mean absolute values,
and relaxation responses are expressed as the percentage
relaxation of the tone induced by Phe.

Western Blot Analysis and Tissue
Expression of Tumor Necrosis
Factor-Alpha, Endothelial Nitric Oxide
Synthase, Inducible Nitric Oxide Synthase,
and Connexin 43
Different authors have observed that the cardiovascular toxicity of
different antitumor drugs (doxorubicin, VEGF-targeting agents,
trastuzumab, etc.) modified the cardiac and vascular expressions

of TNFα, endothelial nitric oxide synthase (eNOS), inducible nitric
oxide synthase (iNOS), and connexin 43. Previous studies by our
research group (Herradón et al., 2017) have described that functional
alterations after chronic administration of cisplatin at the
cardiovascular level are accompanied by structural alterations in
cardiac and vascular tissue and changes in connexin 43 and
eNOS expression could be related to cardiac functional alterations
after cisplatin treatments. For that reason, in the presentwork, we also
evaluated the cardiac and vascular alterations in the expressions of
connexin 43, eNOS, and iNOS. On the other hand, a growing body of
data indicates that enhanced oxidative stress, inflammation, and
upregulation of pro-inflammatory cytokines could be involved in
different adverse effects of chemotherapy. For this reason, we also
wanted to know if a modification in the expression of TNFα was
involved in the cardiovascular functional alterations observed after
treatment with vincristine.

For western blot analysis, after different treatments, the heart
left ventricle and aorta were dissected and frozen immediately at
−80°C. The samples were obtained from 5-6 animals per
experimental group.

Protein extraction and total protein values quantification were
performed according to the method by (Somoza et al., 2007). After
cardiac left ventricle and aorta samples were separated by
electrophoresis and transferred onto a PVDF membrane, the
membranes were blocked with 3% fat-free milk at room
temperature for 1 h and then incubated at 4°C overnight with
primary antibody as follows: eNOS (1:500, Cat#610296, BD
Transduction Laboratories), connexin 43 (1:6,000, Cat#ab11370,
Abcam, Cambridge, United Kingdom), TNFα (1:500, Cat#ab6671,
Abcam, Cambridge, United Kingdom), iNOS (1:1,000, Cat#610431,
BD Transduction Laboratories), and GAPDH (1:5,000, Cat#ab8245,
Abcam, Cambridge, United Kingdom). Afterward, membranes were
incubated for 1 h at room temperature with goat anti-mouse (1:10.000,
Cat#31430, Thermo Fisher Scientific, United States) or goat anti-rabbit
(1:10.000, Cat#31460, Thermo Fisher Scientific, United States)
horseradish peroxidase (HRP) conjugated secondary antibody and
subsequently treated with ClarityTM Western ECL substrate (Bio-Rad
Laboratories). Protein bandswere detected using the ChemiDocXRS+
image system (Bio-Rad Laboratories), and the band intensity was
assessed with Image Lab software (Bio-Rad Laboratories).

Histological and Immunohistochemical
Analysis
The possible existence of structural damage after treatment with
vincristine was analyzed by histological studies following the
methodology previously described (Herradón et al., 2017). At
the end of the experimental period, samples of heart, aorta, and
mesenteric vessels were obtained from the different experimental
groups and then fixed and embedded in paraffin. Histological
damage was evaluated in sections stained with hematoxylin-eosin
stain (HE) and Masson’s trichrome stain. Tissue thickness was
measured using the image analysis software package AxioVision
4.6. The analysis was made by triplicate in 5–8 random fields per
section and specimen under a 20x or 40x objective. The
experimenter was blind to the treatment received by the rat
from which the sample under analysis was obtained.
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Besides, since methodological problems did not allow us to carry
out western blot analysis in the mesenteric bed, immunohistological
studies served to deepen the results obtained in the mesenteric bed.
Mesenteric samples were processed as previously described
(Herradón et al., 2017). Briefly, after heat-induced antigen
retrieval in 10mM citrate buffer for 30min and blocking
endogenous peroxidase, they were incubated overnight at 4°C with
the following rabbit polyclonal antibodies: anti-human connexin 43
(1:1,000; Abcam), anti-human tumor necrosis factor-alpha (TNFα; 1:
200; Abcam), anti-human eNOS (1:1,000; Novusbio), and anti-
human iNOS (1:200; ThermoFisher). After incubation with the
primary antibodies, samples were washed, and the peroxidase-
based kit ImmPRESS (Vector, MP-7801) was used as a secondary
antibody. Samples were then counterstained with hematoxylin and
coverslips mounted with Eukitt mounting media (O. Kindler GmbH
& Co., Freiburg, Germany). To determine the level of non-specific
staining, the preparations were incubated without the primary
antibody. ImageJ software was used to calculate the mean
intensity of staining in arbitrary units after calculating the
maximum threshold value of an average of three images.

Determinations of the Level of
Malondialdehyde
The existence of oxidative damage was determined by levels of MDA
in plasma. Levels of plasma MDA were measured by the
thiobarbituric acid (TBA) assay (Álvarez et al., 2007). The MDA
concentration was measured spectrophotometrically at 535 nm at
20°C, using a microplate reader (FLUOstar Omega, BMG
LABTECH). Results were expressed as nmol MDA per ml plasma.

Compounds and Drugs
Vincristine, phenylephrine, carbachol, and sodium nitroprusside
were obtained from Sigma (Sigma Chemical Company, Poole,
Dorset, United Kingdom). Phenylephrine, carbachol, and sodium
nitroprusside were dissolved in distilled water. Vincristine was
dissolved in saline (0.9% NaCl).

Statistical Analysis
Data are presented as the mean values ± SEM of observations
obtained from at least 6 to 15 animals. Statistically significant
differences were determined using two-way or one-way ANOVA
followed by post hoc Bonferroni multiple comparison tests, as
appropriate. For western blot analysis, differences between
groups were calculated using unpaired Student’s t-test, with
Welch’s correction where appropriate. Values of p < 0.05 were
regarded as being significantly different (GraphPad Prism v5).

RESULTS

Effects and Sequelae of Vincristine
Treatment on Blood Pressure and Heart
Rate
Chronic vincristine treatment did not cause any changes in
SBP (139.35 ± 10.11 mm Hg, n � 13, p > 0.05), DBP

(104.24 ± 7.71 mm Hg, n � 13, p > 0.05), or HR (332.20 ±
11.70 beats/minute, n � 13, p > 0.05) when compared to
control group (SPB: 139.52 ± 9.26 mm Hg, n � 13; DBP:
104.38 ± 5.80 mm Hg, n � 9; HR: 349.87 ± 18.39 beats/
minute, n � 9).

Two weeks after finishing treatment with vincristine, no
changes were observed in blood pressure and heart rate
between both experimental groups (vincristine sequelae SBP:
158.25 ± 9.86 mm Hg, n � 8; p > 0.05 vs. saline sequelae:
143.82 ± 10.47 mm Hg, n � 6; vincristine sequelae DBP
120.21 ± 7.09 mm Hg, n � 8; p > 0.05 vs. saline sequelae:
111.11 ± 9.65 mm Hg, n � 6; vincristine sequelae HR:
380.96 ± 11.74 beats/minute, n � 8; p > 0.05 vs. saline
sequelae: 333.75 ± 16.17 beats/minute, n � 6) (Figure 1).

Effects and Sequelae of Vincristine
Treatment on Cardiac Function
Chronic vincristine treatment did not cause any significant
changes in the left ventricle function (LVDP: 103.76 ±
9.94 mm Hg, p > 0.05; EDP: −9.39 ± 5.46 mm Hg, n � 11, p >
0.05); however, a slight increase in coronary flow (CPP: 104.81 ±
10.46 mm Hg, n � 11, p > 0.05) was observed when compared to
the control group (LVDP: 85.31 ± 5.23 mm Hg; EDP: −4.15 ±
5.71 mm Hg; CPP: 90.58 ± 4.72, n � 9).

After two weeks of finishing the treatment with vincristine,
similar values for left ventricular function or coronary flow were
observed (vincristine sequelae LVDP: 116.22 ± 14.82 mmHg, n �
10, p > 0.05 vs. saline sequelae LVDP: 104.49 ± 14.12 mmHg, n �
8; vincristine sequelae EDP: −9.74 ± 4.15 mmHg, n � 10, p > 0.05
vs. saline sequelae EDP: −8.38 ± 4.88 mm Hg, n � 8; vincristine
sequelae CPP: 106.33 ± 15.55 mm Hg, n � 10, p > 0.05 vs. saline
sequelae CPP: 92.37 ± 13.51 mm Hg, n � 8) (Figure 2).

Effects and Sequelae of Vincristine
Treatment on Aortic Vascular Function
In the saline-treated group, Phe provoked a concentration-
dependent increase in vascular tone resulting in a Rmax value
of 1.13 ± 0.08 g (n � 15), carbachol caused an endothelial-
dependent, concentration-dependent decrease in aortic
vascular tone resulting in a Rmax value of 93.69 ± 5.25% (n �
10), and SNP caused an endothelial-independent, concentration-
dependent decrease in aortic vascular tone resulting in a Rmax
value of 116.03 ± 2.69% (n � 13). The treatment with vincristine
caused a slight but not significant increase in the aortic
vasoconstrictor response to Phe (Rmax � 1.34 ± 0.11 g, n �
13, p > 0.05 vs. saline) (Figure 3A) but provoked a significant
inhibition of the carbachol-dependent endothelium vasorelaxant
response (Rmax � 63.18 ± 5.07%, n � 21, p < 0.01 vs. saline)
(Figure 3B). The endothelial-independent vasorelaxation
response to SNP was not altered by vincristine treatment
(Rmax � 109.74 ± 3.36%, n � 11, p > 0.05 vs. saline) (Figure 3C).

Two weeks posttreatment, similar aortic vasoconstrictor
response to Phe (vincristine sequelae Phe: Rmax � 0.97 ±
0.07 g, n � 10, p > 0.05 vs. saline sequelae Phe: Rmax � 1.00 ±
0.13 g, n � 9), endothelial-dependent response to carbachol
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(vincristine sequelae carbachol: Rmax � 93.69 ± 5.25%, n � 10, p >
0.05 vs. saline sequelae carbachol: Rmax� 85.50± 4.75%, n� 12), and
endothelial-independent response to SNP (vincristine sequelae SNP:
Rmax� 126.68± 3.94%, n� 9, p> 0.05 vs. saline sequelae SNP: Rmax
� 129.49 ± 7.24%, n � 10) were observed in saline and vincristine
sequelae groups (Figures 4A–C, respectively).

Effects and Sequelae of Vincristine
Treatment onMesenteric Vascular Function
In the saline-treated group, Phe provoked a concentration-
dependent increase in vascular tone resulting in a Rmax value
of 71.06 ± 8.59 1.13 mmHg (n � 9), carbachol caused an
endothelial-dependent, concentration-dependent decrease in
aortic vascular tone resulting in a Rmax value of 91.14 ±
1.64% (n � 9), and SNP caused an endothelial-independent,
concentration-dependent decrease in aortic vascular tone
resulting in a Rmax value of 88.38 ± 2.74% (n � 9). The
treatment with vincristine provoked a significant decrease in
the mesenteric bed vasoconstrictor response to Phe (Rmax �
12.60 ± 1.81 mmHg, n � 13, p < 0.001 vs. saline) (Figure 5A) but
did not provoke any modification in the endothelial-dependent
(Rmax � 89.54 ± 2.34%, n � 8, p > 0.05 vs. saline) or endothelial-
independent (Rmax � 90.57 ± 1.27%, n � 11, p > 0.05 vs. saline)
vasorelaxant function in the mesenteric bed (Figures 5B,C
respectively).

Two weeks after treatment with vincristine, similar values for
mesenteric vasoconstrictor response to Phe (vincristine sequelae
Phe: Rmax � 64.23 ± 8.96 mmHg, n � 6, p > 0.05 vs. saline
sequelae Phe: Rmax � 67.36 ± 6.80 mmHg, n � 7), endothelial-
dependent response to carbachol (vincristine sequelae carbachol:
Rmax � 93.45 ± 0.68%, n � 5, p > 0.05 vs. saline sequelae
carbachol: Rmax � 92.20 ± 2.36%, n � 6), and endothelial-
independent response to SNP (vincristine sequelae SNP: Rmax
� 91.42 ± 2.14%, n � 8, p > 0.05 vs. saline sequelae SNP: Rmax �
89.67 ± 2.48%, n � 6) were observed in vincristine and saline
sequelae experimental groups (Figures 6A–C, respectively).

Effects Induced by Vincristine Treatment on
Expression Cardiac of Tumor Necrosis
Factor-Alpha, Endothelial Nitric Oxide
Synthase, Inducible Nitric Oxide Synthase,
and Connexin 43
The treatment with vincristine provoked a significant increase in
the expression of TNFα (124.67 ± 5.20, n � 4, p < 0.01 vs. saline:
100.00 ± 2.69, n � 5), eNOS (188.09 ± 8.11, n � 4, p < 0.001 vs.
saline: 100.00 ± 4.32, n � 6), iNOS (148.04 ± 11.46, n � 6, p < 0.01
vs. saline: 100.00 ± 6.64, n � 6), and connexin 43 (141.41 ± 11.62,
n � 5, p < 0.01 vs. saline: 100.00 ± 5.12, n � 6) in the left cardiac
ventricle. Two weeks posttreatment with vincristine (sequelae
group), the increase in the expressions of TNFα, eNOS, iNOS,

FIGURE 1 | (A) Systolic arterial blood pressure (SBP), (B) diastolic blood pressure (DBP), and (C) heart rate (HR) of anesthetized animals chronically treated with
saline (saline treatment) or vincristine (vincristine treatment) and two weeks post-treatment (sequelae saline and sequelae vincristine). Data represent the mean ± SEM,
n � 6–13 animals per experimental group. A one-way ANOVA followed by Bonferroni’s multiple comparison test was used for statistical analysis.
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and connexin 43 disappeared (TNFα: 108.07 ± 14.20, n � 4, p >
0.05; eNOS: 118.87 ± 10.16, n � 5, p > 0.05; iNOS: 131.63 ± 18.23,
n � 5, p > 0.05; connexin 43: 109.81 ± 7.57, n � 5, p > 0.05),
resulting in values similar to those in the saline sequelae group
(TNFα: 100.07 ± 2.17, n � 6; eNOS: 100.00 ± 5.35, n � 6; iNOS:
100.00 ± 4.53, n � 6; connexin 43: 100.01 ± 8.17, n � 7) (Figure 7).

Effects Induced by Vincristine Treatment on
Aortic Vascular Expression of Tumor
Necrosis Factor-Alpha, Endothelial Nitric
Oxide Synthase, Inducible Nitric Oxide
Synthase, and Connexin 43
The chronic treatment with vincristine did not provoke any
modification in the expression of TNFα in aortic tissue
(120.82 ± 18.98, n � 5, p > 0.05 vs. saline 100.00 ± 8.20, n �
6). Moreover, no difference was observed in the expression of
TNFα 2 weeks after treatment with vincristine (120.68 ± 10.19,
n � 5, p > 0.05 vs. saline sequelae 100.00 ± 13.67, n � 6)
(Figure 8A).

In the aorta, the expressions of eNOS (146.66 ± 14.04, n � 5,
p < 0.05 vs. saline 100.00 ± 8.79, n � 5) and iNOS (128.27 ± 4.48,
n � 5, p < 0.05 vs. saline 100.00 ± 8.71, n � 6) were significantly
increased by the chronic treatment with vincristine. Two weeks
after treatment with vincristine (sequelae group), aortic eNOS

(101.59 ± 6.91, n � 5, p > 0.05 vs. saline sequelae 100.00 ± 5.32, n �
5) and iNOS (100.28 ± 13.90, n � 6, p > 0.05 vs. saline sequelae
100.00 ± 8.19, n � 6) expressions were normalized
(Figures 8B,D).

Furthermore, the expression of connexin 43 (33.47 ± 3.54, n � 6,
p < 0.05 vs. saline 100.00 ± 14.36, n � 4) was significantly decreased
after chronic treatment with vincristine. Two weeks after treatment
with vincristine (sequelae groups), a significant decrease in the
expression of connexin 43 (68.40 ± 6.25, n � 5, p < 0.05 vs. saline
sequelae 100.00 ± 8.33, n � 5) was maintained (Figure 8C).

Effects Induced by Vincristine Treatment on
Mesenteric Vascular Expression of Tumor
Necrosis Factor-Alpha, Endothelial Nitric
Oxide Synthase, Inducible Nitric Oxide
Synthase, and Connexin 43
As previously mentioned, immunohistochemical studies have
been carried out in the mesenteric artery to explore in-depth
the possible mechanisms involved in the functional alterations
found in this tissue.

The expression of TNF-α was more intense in the endothelial
layer than that in the muscular one, although the chronic
treatment with vincristine elicited a certain increase in the
staining of the tunica media, which tended to normalize two

FIGURE 2 | Basal values of (A) left ventricular developed pressure (LVDP), (B) end-diastolic pressure (EDP), and (C) coronary perfusion pressure (CPP) of isolated
hearts from animals chronically treated with saline (saline treatment) or vincristine (vincristine treatment) and two weeks post-treatment (sequelae saline and sequelae
vincristine). Data represent the mean ± SEM, n � 8–12 preparations per experimental group. A one-way ANOVA followed by Bonferroni’s multiple comparison test was
used for statistical analysis.
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FIGURE 3 | (A) Concentration-response curve of phenylephrine (10−9 M–10−5 M), (B) concentration-response curve of carbachol (10−9 M–10−4 M), and (C)
concentration-response curve of sodium nitroprusside (SNP) (10−9 M–10−6 M) in isolated rat aorta rings from animals chronically treated with saline (saline treatment,
white squares) or vincristine (vincristine treatment, black squares). Values are expressed as mean ± SEM, n � 11–21 preparations per experimental group. A two-way
ANOVA followed by the Bonferroni test was used for statistical analysis (***p < 0.001, *p < 0.05, vincristine treatment vs. saline treatment).

FIGURE 4 | (A) Concentration-response curve of phenylephrine (10−9 M–10−5 M), (B) concentration-response curve of carbachol (10−9 M–10−4 M), and (C)
concentration-response curve of sodium nitroprusside (SNP) (10−9 M–10−6 M) in isolated rat aorta rings from animals two weeks post-treatment with saline (sequelae
saline, white circles) or vincristine (sequelae vincristine, black circles). Values are expressed as mean ± SEM, n � 9–12 preparations per experimental group. A two-way
ANOVA followed by the Bonferroni test was used for statistical analysis.
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FIGURE 5 | (A) Concentration-response curve of phenylephrine (10–80 nmol), (B) concentration-response curve of carbachol (3·10−10 mol–3·10−5 mol), and (C)
concentration-response curve of sodium nitroprusside (SNP) (3·10−11 mol–3·10−6 mol) in perfused mesenteric bed from animals chronically treated with saline (saline
treatment, white squares) or vincristine (vincristine treatment, black squares). Values are expressed as mean ± SEM, n � 9–13 preparations per experimental group. A
two-way ANOVA followed by the Bonferroni test was used for statistical analysis (***p < 0.001, **p < 0.01, vincristine treatment vs. saline treatment).

FIGURE 6 | (A) Concentration-response curve of phenylephrine (10–80 nmol), (B) concentration-response curve of carbachol (3·10−10 mol–3·10−5 mol), and (C)
concentration-response curve of sodium nitroprusside (SNP) (3·10−11 mol–3·10−6 mol) in perfused mesenteric bed from animals two weeks post-treatment with saline
(sequelae saline, white circles) or vincristine (sequelae vincristine, black circles). Values are expressed as mean ± SEM, n � 6–8 preparations per experimental group. A
two-way ANOVA followed by the Bonferroni test was used for statistical analysis.
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weeks after treatment since only some positive patches remained.
The overall intensity of the staining did not vary between samples.
eNOS and iNOS expressions were higher in the endothelial and
adventitia layers in vincristine-treated animals than those in the
tunica media in animals given saline. Both increased their
immunoreactivity in the muscular layer after vincristine
treatment though not homogenously (mean intensity of
staining increased from 20.7 to 33.8 for eNOS and from 19.4
to 54.2 for iNOS). Two weeks after vincristine treatment, eNOS
and iNOS expressions tended to normalize, with intensities of
14.4 and 24.9, respectively. Finally, connexin 43 was mainly
negative (mean intensity was 2.5 in saline, 5.4 in vincristine,
and 8.6 in sequelae), with some immunoreactivity being restricted
to endothelial cells that seemed to be heterogeneously increased
with vincristine administration (Figure 9).

Effects of Vincristine on Cardiac and
Vascular Structure
No pathological damage was observed in the histological structure of
the heart after vincristine treatment, and no signs of fibrosis appeared
in these samples after exposure to vincristine. Similarly, mesenteric

arteries did not show changes in the thickness of their muscular
lamina after vincristine treatment (mean: 23.8 μm). On the contrary,
vincristine treatment significantly reduced the width of the aortic
tunica media by 15% (109.8 ± 1.7 μm, p < 0.01 vs. saline 127.9 ±
2.6 μm). This aortic dystrophy was not recovered two weeks after
treatment (sequelae group) (109.5± 2.8 μm, p< 0.01 vs. saline 124.6±
1.9 μm) (Figure 10).

Effects Induced by Vincristine Treatment on
Oxidative Damage
The concentration of MDA in plasma did not change after vincristine
chronic treatment (vincristine: 0.68 ± 0.02 nmol, n � 5, p > 0.05 vs.
saline: 0.73 ± 0.05 nmol, n � 6) or 2 weeks after treatment with
vincristine (sequelae groups) (vincristine sequelae: 0.85 ± 0.17 nmol,
n � 5, p > 0.05 vs. saline sequelae: 0.62 ± 0.05 nmol, n � 4) (Figure 11).

DISCUSSION

Through an experimental study, the present work shows that
chronic treatment with the antitumor vincristine causes

FIGURE 7 | Effect of vincristine treatment and two weeks post-treatment (sequelae) on TNFα (A), eNOS (B), connexin 43 (C), and iNOS (D) protein expression in
the left ventricle. Representative western blots show bands during vincristine treatment and 2 weeks post-treatment (sequelae). Densitometric evaluations of protein
levels were obtained from 4–6 different animals. Data represent the mean ± SEM. Saline vs. vincristine (*p < 0.05, *p < 0.05 and ***p < 0.001).
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cardiovascular alterations that do not affect all the components of
the cardiovascular system similarly. Thus, while alterations are
not observed in the general parameters of cardiovascular function
such as blood pressure and heart rate or the baseline cardiac
function, a significant deterioration is observed in the vascular
function, which includes endothelial dysfunction in conductance
vessels and contractile dysfunction in resistance vessels. In
addition, chronic treatment with vincristine produces
alterations in the expressions of TNFα, eNOs, iNOS, and
connexin 43 in all the tissues of the cardiovascular system
analyzed (heart, resistance vessels, and conductance vessels)
and structural alterations in some of them indicate that tissue
damage does occur due to the antitumor. After 2 weeks of
discontinuation of vincristine treatment, cardiovascular
function in the animals and most of the underlying tissue
damage were normalized.

Both conventional and new-generation antitumor agents have
been reported to predispose patients to cardiovascular
complications (Cameron et al., 2016). For this reason, it is
increasingly important to establish a balance between the
effectiveness of anticancer therapy and the development of the

possible risk of cardiovascular complications with the drugs used.
In this sense, experimental studies offer a useful alternative for
evaluating the toxicity of antitumor agents and their possible
mechanisms of action. In this work, the experimental model
developed has already been used by different authors for the
evaluation of gastrointestinal, hepatic, and hematological toxicity
and peripheral neuropathy caused by vincristine (Bessaguet et al.,
2018; Paniagua et al., 2018; Geisler, 2021), which validates it as
useful for the deeper analysis of the cardiovascular toxicity caused
by this antitumor agent. To date, few experimental studies have
evaluated the cardiovascular toxicity of vincristine. Previous
studies have only demonstrated the presence of cardiac
alterations after single doses or short treatments (2 days) of
vincristine (Meinardi et al., 2000; Mikaelian et al., 2010;
Tochinai et al., 2013), but no studies exist that analyze
cardiovascular alterations caused by longer treatments of
vincristine and whether these alterations are maintained after
the suspension of treatment with the antitumor.

Cardiotoxicity is recognized as a serious side effect of
chemotherapy (Bidulescu et al., 2019). Likewise, it has been
described that the main cardiovascular side effects of vinca

FIGURE 8 | Effects of vincristine treatment and two-week suspension of the treatment (sequelae) on TNFα (A), eNOS (B), connexin 43 (C), and iNOS (D) protein
expression in the aorta. Representative western blots show bands during vincristine treatment and 2 weeks after treatment (sequelae). Densitometric evaluations of
protein levels were obtained from 5–6 different animals. Data represent the mean ± SEM. Saline vs. vincristine (*p < 0.05), sequelae saline vs. sequelae vincristine
(+p < 0.05).
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alkaloids, vincristine, and vinblastine are myocardial ischemia
and infarction, which tend to occur during or shortly after
therapy and might therefore be related to coronary artery
vasospasm as a result of cellular hypoxia (Meinardi et al.,
2000). The results obtained in the present work show that
chronic treatment with vincristine does not produce
alterations in the levels of systolic and diastolic blood pressure
or the heart rate of the animals. Furthermore, no alterations have
been found in either contractile function or left ventricular
dilation function during chronic treatment with this
antitumor. Other authors have also described similar results
since they have demonstrated the lack of association between
an alteration in cardiac function and treatment with vincristine
(Maraldo et al., 2015). This could suggest the existence of
subclinical cardiotoxicity after treatment with this antitumor,
in the same way that occurs with other chemotherapeutic drugs
such as cisplatin or doxorubicin (Demkow et al., 2011; Sandamali
et al., 2020; Xu et al., 2021). It should be noted that, in our study,
after chronic treatment with vincristine, we observed a slight,

although not significant, elevation in the coronary perfusion
pressure that was maintained even after the suspension of
treatment. This fact is consistent with that described by
Meniardi and the possible development of vasospasm during
treatment with vincristine.

As previously discussed, although vascular toxicity caused by
antitumor agents has not been widely studied, it is of particular
significance since it could be responsible for accelerated
atherosclerosis, acute thrombosis, and acute vasospasm in
cancer survival patients (Skou Daher and Yeh, 2008;
Hedemann et al., 2017). The data obtained in the present
work show that after chronic treatment with vincristine, there
is significant damage to endothelial-dependent vasodilation in
the aorta and severe contractile dysfunction in the mesenteric
bed. These findings confirm the results previously obtained by
our research group (Paniagua et al., 2018), also demonstrating
that these functional alterations at the vascular level appear earlier
than others, such as cardiac alterations. Other authors have also
shown the presence of endothelial toxicity after treatment with

FIGURE 9 | Immunohistochemistry of mesenteric vessels. Expression of TNFα (A–C), eNOS (D–F), and connexin 43 (G–I) and iNOS (J–L). Animals treated with
saline (A, D, G, J), vincristine (B, E, H, K), and 2 weeks after vincristine administration (C, F, I, L). Bar: 100 μm.
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other antitumor drugs such as anthracyclines, cisplatin, taxanes,
or 5-fluorouracil (Di Lisi et al., 2017), with this toxicity appearing
before cardiac toxicity in the case of cisplatin treatment
(Herradón et al., 2017). Regarding the alterations observed in
resistance vessels, chronic treatment with vincristine caused a
significant decrease in contractile function without affecting
vasodilator function. This contractile dysfunction provoked by
vincristine could be due to autonomic neuropathy caused by this
antitumor (Weissman-Fogel et al., 2008).

Therefore, it can be concluded that vincristine produces
significant alterations in vascular function during its treatment
that occur before cardiac toxicity, suggesting a greater sensitivity
to its toxicity in vascular tissues compared to cardiac cells.
Identification of possible endothelial damage caused by
antitumor agents can be of great relevance when making
decisions about the antitumor treatment to be used to avoid
using chemotherapy agents in patients at high risk of vascular
complications (Soultati et al., 2012).

To delve into the possible mechanisms by which vincristine
causes the functional alterations observed, cardiac and vascular
expressions of TNFα, eNOS, and connexin 43 were determined.
All these markers have been implicated in the cardiovascular
toxicity of other antitumor drugs.

The results obtained in the present study show that treatment
with vincristine causes a significant increase in the expressions of

TNFα, eNOS, iNOS, and connexin 43 in the cardiac tissue of
animals. Similar results have been obtained with other antitumor
drugs such as doxorubicin (Lim, 2013; Bin Jardan et al., 2020;
Birari et al., 2020), sunitinib (Aldemir et al., 2020), and cisplatin
(El-Hawwary and Omar, 2019). On the other hand, enhanced
oxidative stress, inflammation, and upregulation of TNFα,
interleukin-6 (IL-6), and interleukin-10 (IL-10) have been
associated with vincristine-induced neurotoxicity of the
peripheral nervous system (Gong et al., 2016; Vashistha et al.,
2017; Qin et al., 2020; Geisler, 2021). Furthermore, the increase in
these pro-inflammatory cytokines in animals treated with
vincristine can be reversed with antioxidant and anti-
inflammatory drugs, alleviating the peripheral neuropathy
caused by this antitumor (Jiang et al., 2019; Singh et al., 2019).
In this way, and although the present study does not analyze
whether the development of cardiac alterations with vincristine is
mediated by the existence of an underlying inflammatory state,
the data obtained in this study are in accordance with this
hypothesis.

Different authors have pointed out that cardiac damage
produced by vinca alkaloids, such as vincristine, is associated
with a deterioration in the cardiac endothelium. Mikaelian et al.
have reported, in animals treated by a single dose of vincristine of
1 mg/kg (same dose that has been cumulatively achieved in the
present work), an increase in apoptotic markers in myocardial

FIGURE 10 | Effect of vincristine in the structure of the heart (A–C), mesenteric vessels (D–F), and aorta (G–I). Masson’s trichrome stain of saline (A, D, G), animals
treated with vincristine (B, E, H) or vincristine-treated animals 2 weeks after treatment (C, F). Bar: 100 μm. Mean thickness of the aortic tunica media (I), obtained from
4–6 different animals. Data represent the mean ± SEM. Saline vs. vincristine (***p < 0.001).

Frontiers in Pharmacology | www.frontiersin.org July 2021 | Volume 12 | Article 69297012

Herradón et al. Cardiovascular Toxicity Induced by Vincristine

117

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


endothelial cells, suggesting that the cardiotoxicity associated
with the use of vincristine is due to the damage produced at
this level (Mikaelian et al., 2010). Furthermore, acute and chronic
cardiotoxicity caused by doxorubicin seems to be due to the
generation of hydrogen peroxide by this antitumor agent. On the
other hand, it is known that cardiac damage can also result from
the increase in peroxynitrite levels from the massive production
of nitric oxide by iNOS and its subsequent oxidation. This
peroxide caused oxidative damage to cardiac myocytes, thus
inducing apoptosis and necrosis (Weinstein et al., 2000;
Kalivendi et al., 2001). The results obtained in this study are
in accordance with these data since a significant increase in the
expressions of eNOS and iNOS was observed. Akolkar et al. have
obtained similar results and also demonstrated in isolated
cardiomyocytes that treatment with doxorubicin increased the
expressions of eNOS and iNOS in this tissue, accompanied by an
increase in the generation of TNFα (Akolkar et al., 2017).
However, the eNOS and iNOS expression increase without the
concomitant existence of functional alterations at the cardiac level
could indicate that we are in an early stage of cardiac damage
associated with vincristine treatment. However, with doses of
vincristine higher than those used in the present work (1.5 mg/kg
cumulative dose), other authors have observed degenerative
damage and myocardial necrosis after treatment with this
antitumor. The type of regimen used may justify the
differences in the results obtained. It is known that the
toxicity of vincristine depends, among other factors, on the
concentration and the duration of exposure (Said and
Tsimberidou, 2014).

Many studies have reported that mitochondrial connexin 43
plays an important role in cardioprotection by regulating reactive
oxygen special (ROS) signaling and apoptosis, pointing out that,

in cardiotoxic situations, the increase in the expression of this
protein is an adaptive mechanism to counteract intracellular
calcium overload, free radical formation, and propagation of
apoptotic signals (Rodríguez-Sinovas et al., 2018). The results
obtained in the present study show that connexin 43 levels are
significantly increased in cardiac tissue after treatment with
vincristine, even before histological tissue damage is observed.
These results do not agree with those obtained by other authors in
experimental models of doxorubicin-induced cardiotoxicity, in
which myocardial histopathological damage has been observed in
the form of severe fibrosis accompanied by a decrease in the
expression of connexin 43 (Pecoraro et al., 2018; Elhadidy et al.,
2020). However, our results agree with those observed in cardiac
toxicity caused by trastuzumab (Pecoraro et al., 2020) or cisplatin
(Herradón et al., 2017). So, modifications in the expression of
connexin 43 and its participation in the cardiac alterations
produced by chemotherapy may depend on the drug analyzed.

As already mentioned, to delve into the possible mechanisms
involved in vascular alterations observed in vincristine treatment,
the vascular expressions of TNFα, eNOS, iNOS, and connexin 43
and the vascular tissue structure were also analyzed. The results
obtained in this work show that vincristine causes a slight
increase in the expression of TNFα, a significant increase in
the expression of eNOs and iNOS, and a significant decrease in
the expression of connexin 43 in the aorta. Furthermore, in this
tissue, a decrease of around 15% in the thickness of the tunica
media is also observed after treatment with vincristine. On the
other hand, when analyzing the expression of these markers at the
mesenteric tissue level, increases in the expressions of TNFα,
eNOS, iNOS, and connexin 43 have been observed, which were
not accompanied by histological alterations.

The production of pro-inflammatory cytokines is one of the
main risk factors for the development of endothelial dysfunction
and a fundamental contributor to the pathogenesis of
cardiovascular diseases. It has been demonstrated that TNFα
plays a major role in disrupting micro- and macrovascular
circulation (McKellar et al., 2009; Zhang et al., 2009). iNOS is
activated by external stimuli such as inflammatory cytokines and
oxidative stress (Nathan and Xie, 1994). Once iNOS is activated,
the nitric oxide produced reacts with the superoxide anion,
increasing peroxynitrite, a potent oxidizing agent that has
been involved in vascular damage (Beckman and Koppenol,
1996). Furthermore, TNFα in human aortic endothelial cells
has been shown to alter the expression of both iNOS and
eNOS (Macnaul and Hutchinson, 1993; Villanni F et al.,
2008). So, it is possible that the increase in TFNα produced in
the vascular tissues by vincristine causes an increase in the
expression of iNOS and thus the production of peroxynitrite,
which causes the endothelial damage and the hyporesponsiveness
observed after treatment with this antitumor in conduit and
resistance vascular territories, respectively. Other authors have
described similar results in animals treated with doxorubicin,
observing an increase in the expression of iNOS in vascular tissue
that is accompanied by endothelial dysfunction in this vascular
territory (Olukman et al., 2009).

On the other hand, the decrease in nitric oxide (NO)
production by the endothelium through eNOS would cause

FIGURE 11 | Effect of vincristine treatment and 2-week suspension of
treatment (sequelae) onmalondialdehyde (MDA) in plasma. Data represent the
mean ± SEM, n � 4–6 animals per experimental group. A one-way ANOVA
followed by Bonferroni’smultiple comparison test was used for statistical
analysis.

Frontiers in Pharmacology | www.frontiersin.org July 2021 | Volume 12 | Article 69297013

Herradón et al. Cardiovascular Toxicity Induced by Vincristine

118

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


endothelial dysfunction that could lead to cardiovascular
disorders. Recent experimental studies have shown that the
vascular endothelial growth factor (VEGF) targeting agent,
sorafenib, impairs endothelium-dependent vasodilation due to
decreased NO levels and the low expression of eNOS (Yu et al.,
2021). In addition, it has also been observed that treatment with
doxorubicin causes endotheliotoxicity through the production of,
among others, ROS at the vascular level and the decrease in the
vascular expression of eNOS with the consequent deficit in the
production of nitric oxide (He et al., 2019). Our results are not in
line with those obtained by these authors since a significant
increase in the expression of eNOS and iNOS has been
observed both in the aorta and in the mesenteric arteries. It is
possible that this increase, in the case of the aorta, is due to a
compensatory mechanism for the endothelial dysfunction
observed, as has been described in patients with arterial
preatherosclerotic changes (Gómez-Fernández et al., 2005).
However, this compensatory mechanism would not justify the
results obtained in the mesenteric territory where there is a
significant increase in the expression of eNOS and iNOS in
the absence of endothelial dysfunction. It is also possible that
uncoupling of eNOS could also justify the results obtained in this
study since this phenomenon is associated with the progression of
many pathological conditions such as endothelial dysfunction
(Yang et al., 2009). More studies are needed to corroborate this
hypothesis in animals treated with vincristine.

Connexin 43 is the main functional component of gap
junction in vascular cells. Gap junctional intercellular
communication plays an important role in cardiovascular
tissue homeostasis. For that, their alterations can be involved
in cardiovascular diseases. In the present work, the expression of
connexin 43 is significantly decreased in the aorta of animals
treated with vincristine, which could also be related to the
observed functional alterations. It is known that connexin 43
reduction results in the inhibition of gap junctional intercellular
communication activity, increased cell apoptosis, and decreased
structural organization and function (Li et al., 2016), which would
agree with the results obtained in this work. On the contrary, the
expression of connexin 43 is increased in mesenteric arteries,
which might not seem like a logical result. However, it has been
described that connexin 43 is expressed in a tissue or organ-
specific manner to perform a variety of roles (Li et al., 2016). In
fact, given that the functional alterations observed in the aorta
and mesenteric bed are different, connexin 43 could play a
different role in both tissues. In the case of the mesenteric
artery, the connection 43 increase could be a compensatory
mechanism for the marked hypocontractility observed. This
compensatory increase in connexin 43 in situations of
hyporesponsiveness has been described in different cardiac
pathologies (Michela et al., 2015) or cardiotoxicity induced by
doxorubicin (Pecoraro et al., 2015) or trastuzumab (Pecoraro
et al., 2020).

Finally, it is also important to note that the decrease in the
thickness of the tunica media observed in the aorta after
treatment with vincristine could be the consequence of direct
damage produced by this antitumor in the aortic tissue. Although
this damage has not been appreciated in the case of themesenteric

artery, it could also play a role in the hyporesponsiveness
observed at this level. On the other hand, it could also be
possible that the decrease in the tunica media of the aorta
could be attributed to the decrease in vasodilation induced by
the endothelium, which would be manifested in a lower elastic
capacity of the arteries. Similar data described by other authors
have not been found to corroborate these hypotheses.

On the other hand, it has been described that one of the causes
of systemic toxicity caused by antitumor drugs is the production
by these agents of ROS, that is, oxidative stress. This oxidative
stress could also be the cause of cardiovascular alterations
produced by antitumor drugs (Singh et al., 2018). Besides,
cellular membranes are vulnerable to oxidation by ROS due to
the presence of a high concentration of unsaturated fatty acids in
their lipid components, causing lipid peroxidation. The
consequences of lipid peroxidation are cross-linking of
membrane proteins, change in membrane fluidity, and
formation of lipid-protein lipid-DNA adduct, which may be
detrimental to the functioning of cells (Conklin, 2004;
Winterbourn, 2008). In the present study, whether this lipid
peroxidation could be involved in the functional alterations
observed at the cardiovascular level was analyzed by evaluating
plasma levels of MDA in the animals during treatment with
vincristine and two weeks after its suspension. The results
obtained in this work show no modifications in this parameter
after treatment with this antitumor, thus not demonstrating the
implication of this phenomenon in its cardiovascular toxicity.
Other authors have shown the development of oxidative stress
after treatment with different antitumor agents, including
vincristine, and the decrease in toxicity produced after
treatment with antioxidants (vitamin A, vitamin E, CN
acetylcysteine, etc.) (Singh et al., 2018), although not all results
have always been positive, particularly in the case of vincristine.
This increase in lipid peroxidation associated with liver toxicity
(Harchegani et al., 2019) or peripheral neurotoxicity (Erdoğan
et al., 2020) caused by vincristine has been observed in treatments
with cumulative doses of vincristine higher than those used in this
study. Besides, it is important to mention that a slight but not
significant increase in plasma levels of MDA was observed after
two weeks of suspension of vincristine treatment. As in other
types of injury, there may be an increase in lipid peroxidation
after damage caused by vincristine. Other authors have already
described that changes in MDA showed different temporal and
tissue-specific patterns in models of critical illness. Szczesny and
colleagues have described an increase in MDA levels in the heart
of animals subjected to burn injury. This increase appears as early
as 3 h post-injury and persists even at 40 days post-burn
(Szczesny et al., 2015). In any case, more research would be
necessary to rule out or confirm the participation of lipid
peroxidation in vincristine cardiovascular toxicity since the
duration of treatment and the drug regimen used could be not
sufficient to produce this lipid peroxidation, which if it occurs, it
would probably cause a greater deterioration in the
cardiovascular system.

Given the importance of knowing if the cardiovascular toxicity
produced by vincristine is maintained or disappears after its
treatment suspension, in the present study, an analysis of the
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parameters evaluated after 2 weeks of suspension of antitumor
treatment has been carried out. To our knowledge, this is the first
experimental study that analyzes the sequelae of cardiovascular
toxicity produced by vincristine. The results obtained show that
after 2 weeks of suspension of treatment with vincristine, no
changes in the levels of blood pressure and heart rate of the
animals or the baseline cardiac function were observed.
Moreover, after two weeks of suspension of treatment with
vincristine, complete recovery of vascular function both in the
aorta and in the mesenteric bed was observed. This indicates that
the antitumor vincristine does not produce, in the short term,
sequelae in the functioning of the cardiovascular system. The data
obtained also show that after suspension of vincristine treatment,
cardiac alterations observed in the expressions of TNFα, eNOS,
and connexin 43 are not maintained. These data suggest that
although the cardiac tissue may suffer from alterations during
treatment with vincristine, they are transitory alterations that are
not maintained when treatment is suspended. In vascular tissue,
the expressions of TNFα, eNOS, and iNOS are completely
normalized in the aorta and mesenteric artery after 2 weeks of
suspension of treatment with vincristine, maintaining; however, a
decrease in the thickness of the tunica media was observed in the
case of the aorta. The expression of connexin 43 is completely
normalized in the case of the aorta but only partially in the case of
the mesenteric bed. These results show that vincristine also causes
temporary vascular damage that disappears after its suspension.
Although after 2 weeks of suspension of treatment with
vincristine, not all the tissue parameters have been recovered
at the vascular level, complete normalization may be achieved
after a longer period of suspension. Other authors have described
the reversible partial effect in cardiac toxicity induced by
trastuzumab (Jacquinot et al., 2018) or toxicity induced by
doxorubicin (Zhou et al., 2018) after suspension of the
treatment. However, the present study is the first that
describes this aspect with vincristine.

CONCLUSION

In conclusion, the data obtained in this work show that the
antitumor vincristine affects the functionality of the
cardiovascular system, causing significant impairment in the
vasodilator and contractile function in different vascular
territories without causing changes in cardiac function.
However, this antitumor causes changes in the expression of
TNFα, eNOS, iNOS, and connexin 43 in the heart, conductance,
and resistance vessels, which could be correlated with direct
toxicity in these tissues during its treatment. All these data
suggest the need to analyze baseline cardiovascular function in

patients before treatment with this antitumor to not aggravate
previous pathologies and to monitor cardiovascular function
during treatment to control the possible appearance of
cardiovascular complications. On the other hand, the results of
the present study show that the cardiovascular toxicity caused by
vincristine is transitory, disappearing after the suspension of its
treatment. Therefore, vincristine could be considered a safe
antitumor in terms of the possible short-term and long-term
cardiovascular sequelae after its use.
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Differential Dermatologic Adverse
Events Associated With Checkpoint
Inhibitor Monotherapy and
Combination Therapy: A
Meta-Analysis of Randomized Control
Trials
Yang Ge1*†, Huiyun Zhang1†, Nathaniel Weygant2,3 and Jiannan Yao1*

1Beijing Chao-Yang Hospital, Dept. of Oncology, Capital Medical University, Beijing, China, 2Academy of Integrative Medicine,
Fujian Univ. of Traditional Chinese Medicine, Fuzhou, China, 3Fujian Key Laboratory of Integrative Medicine in Geriatrics, Fuzhou,
China

Background: As immune checkpoint inhibitors (ICIs) transition to the forefront of cancer
treatment, a better understanding of immune related adverse events (IRAEs) is essential to
promote safe clinical practice. Dermatologic adverse events are the most common IRAEs
and can lead to drug withdrawal and decreased quality of life. This meta-analysis aimed to
investigate the risk of the most prevalent dermatologic adverse events (pruritus and rash)
among various ICI treatment regimens.

Methods: A systematic search of electronic databases was performed to identify qualified
randomized controlled trials (RCTs). Data for any grade and high grade pruritus and rash
were extracted for meta-analysis. Two reviewers independently assessed methodological
quality. The relative risk summary and 95% confidence interval were calculated.

Results: 50 RCTs involving 29941 patients were analyzed. The risk of pruritus (2.15 and
4.21 relative risk respectively) and rash (1.61 and 3.89 relative risk respectively) developing
from CTLA-4 or PD-1/-L1 inhibitor were increased compared to placebo, but this effect
was not dose-dependent. PD-1/-L1 plus CTLA-4 inhibitor was associated with increased
risk of pruritus (1.76 and 0.98 relative risk respectively) and rash (1.72 and 1.37 relative risk
respectively) compared to either monotherapy. Compared with CTLA-4 inhibitor, PD-1/-
L1 inhibitor had a significantly decreased risk of pruritus and rash in both monotherapy and
combination therapy (0.65 and 0.29 relative risk respectively). No significant difference was
found between PD-1/-L1 inhibitor combined with chemotherapy and PD-1/-L1
monotherapy in any grade and high grade rash (0.84 and 1.43 relative risk
respectively). In subgroup analyses, PD-1 inhibitor was associated with reduced risk of
pruritus and rash compared to PD-L1 inhibitor.

Conclusion:Our meta-analysis demonstrates a better safety profile for PD-1/-L1 inhibitor
compared to CTLA-4 inhibitor in terms of pruritus and rash among both monotherapy and
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multiple combination therapies. PD-L1 inhibitor may contribute to an increased risk of
pruritus and rash compared to PD-1 inhibitor.

Keywords: meta-analysis, checkpoint inhibitors, combination immunotherapy, immune-related adverse events,
dermatologic adverse events

INTRODUCTION

The application of immune checkpoint inhibitors (ICIs) is a
significant milestone for clinical strategies in cancer. Due to
increased activation of the immune system, ICIs can cause a
spectrum of IRAEs that affect multiple organ systems and can
even lead to death (Fausto et al., 2020). Dermatologic toxicities
appear to be the most prevalent IRAEs, both with Programmed
cell death protein 1/Programmed cell death-ligand 1 (PD-1/
PD-L1) inhibitor and Cytotoxic T lymphocyte associate
protein 4 (CTLA-4) inhibitor, and occur in more than a
third of patients treated with ICI monotherapy (Sibaud
et al., 2016). Consequently, decreased quality of life due to
dermatologic adverse events may contribute to unnecessary
drug withdrawal by patients. Additionally, management of
serious dermatologic adverse events, including oral and
topical steroids, may result in reduced drug efficacy (Geisler
et al., 2020). Among dermatologic IRAEs manifestations,
pruritus and rash are the most common (Boutros et al.,
2016; Ellis et al., 2020; Geisler et al., 2020). Indeed, clinical
studies demonstrate that pruritus may occur in 11–21% of
patients treated with anti-PD-1/-L1 inhibitor, 24.4–35.4% of
patients treated with CTLA-4 inhibitor, and 33.2–47% of
patients in dual CTLA-4/PD-1 blockade (Geisler et al.,
2020; Nishijima et al., 2017; Sibaud et al., 2016). For rash,
incidence ranges as high as 20% for patients receiving PD-1
inhibitor, 14–26% for patients receiving CTLA-4 inhibitor,
and 28.4–55% for patients receiving dual anti-CTLA-4/PD-1
blockade therapy (Geisler et al., 2020; Sibaud et al., 2016).
Therefore, to balance the benefits and risks among multiple ICI
treatment patterns in clinical strategy, an improved
understanding of dermatologic IRAEs is essential (Collins
et al., 2017; Ellis et al., 2020).

Combination immunotherapy has become a popular
treatment option due to its superior clinical efficacy.
However, ICI combination therapy is associated with toxic
effects resulting from unbalanced activation of the immune
system (Da et al., 2020). As mentioned above, combination of
anti-CTLA-4 and anti-PD-1 therapy is associated with more
frequent, more severe, and earlier dermatologic IRAEs
compared to monotherapy (Almutairi et al., 2020; Sibaud
et al., 2016). However, few studies have assessed
dermatologic adverse events resulting from various ICI
treatment regimens. Although previous meta-analysis
(Nishijima et al., 2017; Yang et al., 2019) evaluated the
incidence of selected dermatologic and mucosal adverse
effects associated with PD-1/-L1 inhibitors, the authors
included chemotherapy and ipilimumab as the only control
arms. Other studies investigated the incidence and risk of
IRAEs (including dermatologic adverse events) due to ICI

monotherapy and combination therapy (Almutairi et al.,
2020; Velasco et al., 2017; Wang et al., 2021), yet the
patients included in their analysis were limited to a single
tumor such as melanoma or lung cancer. Moreover, direct
comparisons of the risk of dermatologic IRAEs between
combination therapy and ICI monotherapy are lacking due
to a dearth of head-to-head clinical trials. Therefore, a better
understanding of dermatologic adverse events in this context is
still needed. In the current study, we focused on the two most
common dermatologic adverse events, pruritus and rash
(Braun et al., 2020; Golian et al., 2016), in patients
receiving ICI monotherapies and combination therapies
including chemotherapy, targeted therapy, and other ICI
treatment regimens. All the data used in this meta-analysis
are derived from published literature and clinical trials.

MATERIALS AND METHODS

Search Strategy and Eligibility Criteria
Two investigators (Yang Ge and Hui-Yun Zhang) independently
searched PubMed, Embase, Web of Science, and the Cochrane
Library. The last search was performed on January 20, 2020. The
following terms were used: (Nivolumab or Opdivo or ONO-4538
or ONO 4538 MDX-1106 or BMS-936558 or pembrolizumab or
lambrolizumab or Keytruda or cemiplimab or Pidilizumab or
camrelizumab or SHR-1210 or JS001 or sintilimab or
Durvalumab or MEDI4736 or atezolizumab or avelumab or
Bavencio or tremelimumab or ticilimumab or Ipilimumab)
and (Carcinoma or Neoplasia or Tumor or Cancer or
Malignancy) and randomized controlled trials.

The following inclusion criteria were used: 1) studies included
either ICI monotherapy or ICI combination therapy with
chemotherapy/targeted therapy/ICIs in patients diagnosed with
solid tumor; 2) studies investigated the following dermatologic
adverse events: pruritus and rash; 3) randomized controlled
clinical trials published in English. The following exclusion
criteria were used: 1) phase I clinical trials; 2) studies without
related data; 3) studies reporting dermatologic adverse events
which are not related to ICIs; 3) editorials, letters, case reports,
expert opinions, or reviews; and 4) duplicate publications.

Data Extraction and Quality Assessment
The following information was extracted from each eligible study:
first author, publication year, number of patients, cancer type,
National Clinical Trial (NCT) number, randomization, trial
phase, line of therapy, treatment, events of pruritus and rash
in intervention and control arms (any grade and high grade). Our
identification of any grade and high grade IRAEs was based on
the Common Terminology Criteria for Adverse Events (CTCAE):
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“any grade” referred to CTCAE grades 1–5; “low grade” referred
to CTCAE grades 1–2; “high grade” referred to CTCAE grades
3–5. The dosage of ICIs was also extracted to investigate if high
dose ICIs are associated with increased IRAEs. Less than or equal
to 3 mg/kg of PD-1/CTLA-4 was identified as “low dose”, while
greater than or equal to 10 mg/kg was identified as “high dose”.
The extraction was performed by two investigators (Yang Ge and
Huiyun Zhang) independently and any controversies were
resolved by discussion.

Quality assessment was performed using Review Manager
5.3. Risk of bias for the eligible study was evaluated according
to following items recommended by the Cochrane
Collaboration: randomization, allocation concealment
blinding of participant, blinding of outcome assessors,
incomplete outcome data, selective reporting, and other bias.

Statistical Analysis
We conducted the meta-analysis using Review Manager 5.3. Risk
ratio (RR) and 95% confidence interval (95% CI) were applied to
evaluate the risk of pruritus and rash for both experimental and
control arms. Relative risk ratio (RRR) with 95% CIs between
different treatment regimens were calculated using RRs and 95%
CIs. Heterogeneity was tested by the I2 and Q test. When p > 0.1
and I2 ≤ 50%, it was considered to indicate no significant
heterogeneity and the fixed-effect model was applied.
Otherwise, the random-effects model was applied. Begg’s and
Egger’s tests were performed using Stata 16.0 to estimate
publication bias. Subgroup analyses were performed to explore
the sources of heterogeneity according to the different ICI class
and tumor types.

RESULTS

Search Results and Study Characteristics
14,819 publications were initially identified from the database and
plus 11 from other sources. After excluding duplicates, 13,777
publications were assessed for review of title and abstract. 336
articles were further assessed for full-text review. Finally, 50 RCTs
(n � 29,941 patients) were included in this meta-analysis
(Figure 1). Most of the included studies involved patients with
melanoma (N � 15) and none small cell lung carcinoma (NSCLC)
(N � 12). The others were focused on renal cell carcinoma (RCC)
(N � 5), head and neck squamous cell carcinoma (HNSCC) (N �
4), small cell lung cancer (SCLC) (N � 3), gastric cancer or gastro-
oesophageal junction cancer (GC/GOJC) (N � 3), prostate cancer
(N � 2), urothelial cancer (UC) (N � 2), malignant mesothelioma
(N � 1), triple-negative breast cancer (TNBC) (N � 1),
hepatocellular carcinoma (HCC) (N � 1), and pancreatic
cancer (N � 1). Details of characteristics of the included
studies are shown in Table 1.

Incidence of Pruritus/Rash Associated With
Immune Checkpoint Inhibitor Monotherapy
or Combination Therapy
Immune Checkpoint Inhibitors Monotherapy Vs
Placebo
A total of four studies including 2,624 patients were assessed in
this analysis. When comparing PD-1/-L1 inhibitor with placebo,
the RR was 2.15 (95% CI 1.60-2.89, p < 0.00001) (Supplementary
Figure 1A) for any grade pruritus. For high grade pruritus, RR

FIGURE 1 | PRISMA flow chart of study selection.
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TABLE 1 | Characteristics of the included studies.

NCT Author Year Cancer
type

Phase Line Blinding Treatment
regimen

No.
of

patients

No. of pruritus
events

No. of rash
events

Any
grade

High
grade

Any
grade

High
grade

00289640 Wolchok
et al. (2010)

2010 Melanoma 2 >1 Double-
blind

Ipilimumab
10 mg/kg q3w

71 23 2 16 0

Ipilimumab 3 mg/kg Q3w 71 15 1 17 1
Ipilimumab
0.3 mg/kg Q3w

72 2 0 3 0

00324155 C. Robert
et al. (2011)

2011 Melanoma 3 1 Double-
blind

Ipilimumab (10 mg/kg) +
dacarbazine (850 mg/m2
of body-surface area)
given at weeks 1, 4, 7,
and 10

247 66 5 55 3

Placebo (10 mg/kg) +
dacarbazine (850 mg/
m2of body-surface area)
given at weeks 1, 4, 7,
and 10

251 15 0 12 0

00527735 Reck et al.
(2013)

2013 SCLC 2 1 Double-
blind

Ipilimumab plus
chemotherapy

84 55 5 43 2

Placebo plus
chemotherapy

44 2 0 5 0

00257205 Ribas et al.
(2013)

2013 Melanoma 3 1 None Tremelimumab
(15 mg/kg once every
90 days)

325 100 3 106 7

Chemotherapy 319 16 0 17 1

00861614 Kwon et al.
(2014)

2014 Prostate cancer 3 >1 Double-
blind

Ipilimumab
10 mg/kg Q3W

393 80 1 68 2

Placebo 396 15 0 16 0

01354431 Motzer et al.
(2015b)

2015 Clear-cell renal cell
carcinoma

2 >1 Double-
blind

Nivolumab
0.3 mg/kg q3w

59 6 0 5 0

Nivolumab 2 mg/kg q3w 54 5 1 4 0
Nivolumab
10 mg/kg q3w

54 6 0 7 0

00636168 Eggermont
et al. (2015)

2015 Melanoma 3 Adjuvant Double-
blind

Ipilimumab
10 mg/kg q3w

471 187 11 162 52

Placebo 474 51 0 6 0

01642004 Brahmer
et al. (2015)

2015 NSCLC 3 >1 None Nivolumab 3 mg/kg Q2W 131 3 0 5 0
Docetaxel 75 mg/
m̂2 Q3W

129 0 0 8 2

01668784 Motzer et al.
(2015a)

2015 RCC 3 >1 None Nivolumab 3 mg/kg Q2W 406 57 39 41 2
Everolimus 10 mg QD 397 0 0 79 3

01673867 Borghaei
et al. (2015)

2015 NSCLC 3 >1 None Nivolumab 3 mg/kg Q2W 287 24 0 27 1
Docetaxel 75 mg/
m̂2 Q3W

268 4 0 8 0

01704287 Ribas et al.
(2015)

2015 Melanoma 2 >1 Double-
blind

Pembrolizumab
10 mg/kg Q3w

179 42 0 18 0

Pembrolizumab
2 mg/kg Q3w

178 37 0 21 0

Chemotherapy 171 6 0 8 0

01721746 Weber et al.
(2015)

2015 Melanoma 3 >1 None Nivolumab 268 43 0 25 1
Chemotherapy 102 2 0 5 0

01721772 2015 Melanoma 3 1 Nivolumab 3 mg/kg Q2W 206 35 1 31 1
(Continued on following page)
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TABLE 1 | (Continued) Characteristics of the included studies.

NCT Author Year Cancer
type

Phase Line Blinding Treatment
regimen

No.
of

patients

No. of pruritus
events

No. of rash
events

Any
grade

High
grade

Any
grade

High
grade

Robert et al.
(2015a)

Double-
blind

Dacarbazine 1,000 mg/
m̂2 Q3W

205 11 0 6 0

01844505 Larkin et al.
(2015)

2015 Melanoma 3 1 Double-
blind

Ipilimumab 3 mg/kg
Q3W for four cycles

311 110 1 65 5

Nivolumab 1 mg/kg +
ipilimumab 3 mg/kg Q3W

313 104 6 89 9

Nivolumab 3 mg/kg Q2W 313 59 0 68 1

01866319 Robert et al.
(2015b)

2015 Melanoma 3 ≥1 None Ipilimumab 3 mg/kg Q3w 256 65 1 37 2
Pembrolizumab
10 mg/kg Q2w

278 40 0 41 0

Pembrolizumab
10 mg/kg Q3w

277 39 0 37 0

01927419 Postow et al.
(2015b)

2015 Melanoma 2 1 Double-
blind

Nivolumab 1 mg/kg +
ipilimumab 3 mg/kg Q3W
for four cycles

94 33 1 39 5

Placebo 1 mg/kg +
ipilimumab 3 mg/kg Q3W

46 13 0 12 0

01057810 Beer et al.
(2016)

2016 Prostate cancer 3 1 Double-
blind

Ipilimumab
10 mg/kg q3w

399 109 1 132 10

Placebo 199 14 1 15 0

01450761 Reck et al.
(2016)

2016 SCLC 3 1 None Etoposide andplatinum
(cisplatin or carboplatin)
plus ipilimumab
10 mg/kg q3w

154 55 3 90 8

Etoposide andplatinum
(cisplatin or carboplatin)
plus placebo
10 mg/kg q3w

150 8 0 12 0

01905657 Herbst et al.
(2016)

2016 NSCLC 2/3 >1 None Pembrolizumab
10 mg/kg, Q3w

343 32 0 44 1

Pembrolizumab
2 mg/kg, Q3w

339 25 0 29 1

Docetaxel 75 mg/m2

every 3 weeks
309 5 1 14 0

02039674 Langer et al.
(2016)

2016 NSCLC 2 1 None Pembrolizumab 200 mg
+ pemetrexed 500 mg/
m2 + carboplatin area
under curve 5 mg/ml q3w

59 7 0 16 1

Pemetrexed 500 mg/m2

+ carboplatin AUC 5 mg/
ml per min

62 2 0 9 0

02105636 Ferris et al.
(2016)

2016 HNC 3 >1 None Nivolumab 3 mg/kg Q2W 236 17 0 18 0
Standard therapy 111 0 0 5 1

01285609 Govindan
et al. (2017)

2017 NSCLC 3 >1 Double-
blind

Paclitaxel and carboplatin
plus blinded ipilimumab
10 mg/kg q3w

388 56 4 67 8

Placebo plus
chemotherapy

361 8 0 14 0

01515189 Ascierto
et al. (2017)

2017 Melanoma 3 ≥1 Double-
blind

Ipilimumab 3 mg/kg Q3w 362 82 2 95 5
Ipilimumab
10 mg/kg Q3w

364 81 2 5 2

(Continued on following page)
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TABLE 1 | (Continued) Characteristics of the included studies.

NCT Author Year Cancer
type

Phase Line Blinding Treatment
regimen

No.
of

patients

No. of pruritus
events

No. of rash
events

Any
grade

High
grade

Any
grade

High
grade

01843374 Maio et al.
(2017)

2017 Malignant
mesothelioma

2 >1 Double-
blind

Tremelimumab
10 mg/kg Q4w

380 103 3 79 2

Placebo 189 15 0 13 0

02041533 Carbone
et al. (2017)

2017 NSCLC 3 1 None Nivolumab 3 mg/kg Q2W 267 22 0 26 2
Investigator’s choice
chemotherapy Q3W

263 7 1 15 1

02125461 Antonia et al.
(2017)

2017 NSCLC 3 >1 Double-
blind

Durvalumab (10 mg per
kilogram of body
weight) q2w

475 33 0 37 1

Placebo q2w 234 5 0 13 0

02256436 Bellmunt
et al. (2017)

2017 UC 3 >1 None Pembrolizumab
200 mg q3w

266 52 0 NA NA

Chemotherapy 255 7 1 NA NA

02267343 Kang et al.
(2017)

2017 GC/GOJC 3 >1 Double-
blind

3 mg/kg nivolumab Q2W 330 30 0 19 5
Placebo 161 9 0 0 0

02388906 Weber et al.
(2017)

2017 Melanoma 3 1 Double-
blind

Ipilimumab
10 mg/kg Q3W

453 152 5 133 14

Nivolumab 3 mg/kg Q2W 452 105 0 90 5

01928394 Janjigian
et al. (2018)

2018 Esophagogastric
cancer

2 >1 None Nivolumab 3 mg/kg +
ipilimumab 1 mg/kg Q3W

52 12 0 8 0

Nivolumab 1 mg/kg +
ipilimumab 3 mg/kg Q3W

49 9 1 10 0

Nivolumab 3 mg/kg Q2W 59 10 0 5 0

02302807 Powles et al.
(2018)

2018 Urothelial bladder
cancer

3 >1 None Atezolizumab
1,200 mg Q3W

459 59 NA 40 NA

Chemotherapy 443 14 NA 21 NA

02362594 Eggermont
et al. (2018)

2018 Melanoma 3 Adjuvant Double-
blind

Pembrolizumab
200 mg q3w

509 90 0 82 1

Placebo 502 51 0 52 0
02366143 Socinski

et al. (2018)
2018 NSCLC 3 1 None Atezolizumab 1,200 mg

plus bevacizumab plus
carboplatin plus
paclitaxel

393 NA NA 52 5

Bevacizumab plus
carboplatin plus
paclitaxel

394 NA NA 20 0

02374242 Long et al.
(2018)

2018 Melanoma 2 ≥1 None Nivolumab 1 mg/kg +
ipilimumab 3 mg/kg q3w

35 13 0 22 4

Nivolumab 3 mg/kg q2w 25 2 0 5 0

02425891 Schmid et al.
(2018)

2018 TNBC 3 1 Double-
blind

Atezolizumab plus nab-
paclitaxel

452 46 0 59 2

Placebo plus nab-
paclitaxel

438 36 0 54 2

02477826 Hellmann
et al. (2018)

2018 Lung cancer 3 1 None Nivolumab 3 mg/kg Q2w
+ ipilimumab
1 mg/kg Q6W

576 81 3 96 9

Nivolumab 240 mg Q2W 391 30 0 43 3
Chemotherapy 570 5 0 29 0

02578680 Gandhi et al.
(2018)

2018 NSCLC 3 1 Double-
blind

Pembrolizumab 200 mg
q3w + carboplatin/
cisplatin 75 mg/kg/m2

405 55 NA 109 NA

(Continued on following page)
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TABLE 1 | (Continued) Characteristics of the included studies.

NCT Author Year Cancer
type

Phase Line Blinding Treatment
regimen

No.
of

patients

No. of pruritus
events

No. of rash
events

Any
grade

High
grade

Any
grade

High
grade

q3w + pemetrexed
5 mg/kg/m2 q3w
placebo200 mg q3w +
carboplatin/cisplatin
75 mg/kg/m2 q3w +
pemetrexed 5 mg/kg/
m2 q3w

202 22 NA 28 NA

02763579 Horn et al.
(2018)

2018 SCLC 3 1 Double-
blind

Atezolizumab plus
chemotherapy

198 NA NA 37 4

Placebo plus
chemotherapy

196 NA NA 20 0

02775435 Paz-Ares
et al. (2018)

2018 NSCLC 3 1 Double-
blind

Pembrolizumab plus
chemotherapy

278 40 NA 47 NA

Placebo plus
chemotherapy

280 25 NA 32 NA

02220894 Mok et al.
(2019)

2019 NSCLC 3 1 None Pembrolizumab
200 mg q3w

636 46 2 46 3

Chemotherapy 615 15 0 27 0

02252042 Cohen et al.
(2019)

2019 HNC 3 >1 None Pembrolizumab
200 mg q3w

246 12 0 19 1

Chemotherapy 234 16 2 34 1

02358031 Burtness
et al. (2019)

2019 HNSCC 3 1 None Pembrolizumab 200 mg
every 3 weeks

330 NA NA 25 2

Pembrolizumab 200 mg
every 3 weeks +
carboplatin (5 mg/m2)/
cisplatin (100 mg/m2) +
5-fluorouracil (1,000 mg/
m2 per day for 4
consecutive days) q3w

276 NA NA 23 1

.Cetuximab (400 mg/m2

loading dose, then
250 mg/m2

qw)+carboplatin (5 mg/
m2)/cisplatin (100 mg/
m2) + 5-fluorouracil
(1,000 mg/m2 per day for
4 consecutive days) q3w

287 NA NA 101 17

02319044 Siu et al.
(2019)

2019 HNSCC 2 >1 None Durvalumab 20 mg/kg
Q4w plus tremelimumab
1 mg/kg Q4w for 4
cycles, durvalumab
10 mg/kg Q2W

133 5 NA 9 NA

Durvalumab 10 mg/kg
Q2w for 4 cycles,
durvalumab
10 mg/kg Q2W

65 5 NA 1 NA

Tremelimumab 10 mg/kg
Q4w for 7 cycles,
tremelimumab 10 mg/kg
Q12w for 2 cycles

65 3 NA 5 NA

02420821 Rini et al.
(2019b)

2019 RCC 3 1 None Atezolizumab 1200 mg
plus bevacizumab
15 mg/kg Q3W

451 85 0 70 3

Sunitinib 50 mg QD 446 22 0 53 2
(Continued on following page)

Frontiers in Pharmacology | www.frontiersin.org July 2021 | Volume 12 | Article 6400997

Ge et al. Dermatologic IRAEs in Different Patterns

129

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


could not be assessed because less than 3 RCTs were available. For
rash, the RRs were 1.61 (95% CI 1.24-2.11, p � 0.0004)
(Supplementary Figure 1B) and 1.87 (95% CI 0.30-11.56, p �
0.50), for any grade and high grade respectively (Supplementary
Figure 1C). A similar result was found when comparing CTLA-4
inhibitor with placebo. The RRs were 4.21 (95% CI 3.48-5.10, p <
0.00001) (Supplementary Figure 2A) and 5.57 (95% CI 1.77-17.48,
p � 0.003) (Supplementary Figure 2B) for any grade and high grade
pruritus respectively. For rash, the RRs were 3.89 (95% CI 3.21-4.72,
p < 0.00001) (Supplementary Figure 2C) and 7.37 (95% CI 2.24,
24.25, p � 0.001) for any grade and high grade respectively
(Supplementary Figure 2D).

Programmed Cell Death Protein 1/Programmed Cell
Death-Ligand 1 Inhibitor Vs Chemotherapy
To make a comparison between PD-1/-L1 inhibitor and
chemotherapy, 8,107 patients from 13 studies were included. The
RRs for any grade and high grade pruritus were 4.67 (95% CI
3.66–5.95, p < 0.00001) (Figure 2A) and 0.66 (95% CI 0.24-1.85 p �
0.43), respectively (Figure 2B). For rash, the RRs were 1.61 (95% CI
1.12-2.30, p � 0.009) (Figure 2C) and 1.48 (95% CI 0.72-3.05, p �
0.28) (Figure 2D) for any grade and high grade, respectively.

Programmed Cell Death Protein 1/Programmed cell
Death-Ligand 1 Vs CTLA-4 Inhibitor
To investigate the difference in pruritus and rash between PD-
1/-L1 inhibitor and CTLA-4 inhibitor, four studies with 2,370
patients were included. RRs for any grade and high grade
pruritus developed after PD-1/-L1 inhibitor treatment were
0.65 (95%CI 0.56-0.75, p < 0.00001) (Supplementary
Figure 3A) and 0.15 (95%CI 0.03-0.89, p � 0.04)
(Supplementary Figure 3B) respectively compared to CTLA-
4 inhibitor treatment. For rash the RRs were 1.06 (95%CI 0.85-
1.34, p � 0.60) (Supplementary Figure 3C) and 0.29 (95%CI
0.12-0.68, p � 0.005) for any grade and high grade respectively
(Supplementary Figure 3D).

High Dose Vs Low Dose Programmed Cell Death
Protein 1/Programmed Cell Death-Ligand 1 Inhibitor
In this section, five qualifying studies with 2,015 patients total
were analyzed. Compared to low dose groups, RRs for any grade
pruritus and any grade rash developed after high dose PD-1/PD-
L1 inhibitor therapy were 0.84 (95%CI 0.63-1.14, p � 0.26)
(Supplementary Figure 4A) and 0.79 (95%CI 0.56-1.11, p �
0.17) respectively (Supplementary Figure 4B).

TABLE 1 | (Continued) Characteristics of the included studies.

NCT Author Year Cancer
type

Phase Line Blinding Treatment
regimen

No.
of

patients

No. of pruritus
events

No. of rash
events

Any
grade

High
grade

Any
grade

High
grade

02558894 O’Reilly et al.
(2019)

2019 Pancreatic ductal
carcinoma

2 >1 None Durvalumab (1,500 mg
every 4 weeks)

33 2 0 NA NA

Durvalumab (1,500 mg
every 4 weeks) plus
tremelimumab (75 mg
every 4 weeks)

32 1 0 NA NA

02569242 Kato et al.
(2019)

2019 Oesophageal
squamous cell
carcinoma

3 >1 None Nivolumab 240 mg Q2W 209 NA NA 23 1
Chemotherapy 208 NA NA 31 2

02684006 Motzer et al.
(2019)

2019 RCC 3 1 None Avelumab (10 mg per
kilogram of body weight)
q2w + axitinib (5 mg)
orally twice daily

434 53 0 54 2

Sunitinib (50 mg) orally
once daily

439 19 0 42 2

02702401 Finn. et al.
(2019)

2019 HCC 3 >1 Double-
blind

Pembrolizumab
200 mg q3w

279 37 1 23 1

Placebo 134 6 0 3 0

02714218 Celeste et al.
(2019)

2019 Melanoma 3 1 Double-
blind

Nivolumab 1 mg/kg +
ipilimumab 3 mg/kg Q3W

178 47 0 47 0

Nivolumab 3 mg/kg +
ipilimumab 1 mg/kg Q3W

180 43 1 31 0

02853331 Rini et al.
(2019a)

2019 RCC 3 1 None Pembrolizumab plus
axitinib

429 53 1 46 1

Sunitinib 425 18 0 38 1
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Immune Checkpoint Inhibitors Combination
Chemotherapy Vs Chemotherapy Alone
Nine studies with 4,899 patients were suitable for this analysis.
When compared with chemotherapy alone, RRs were 1.39
(95%CI 1.08-1.80, p � 0.01) (Figure 3A) and 1.51 (95%CI
1.25-1.83, p < 0.0001) (Figure 3B) for any grade pruritus and
any grade rash developed after PD-1/-L1 inhibitor combined
with chemotherapy. RR for high grade rash was 2.64 (95%CI
0.71-9.88, p � 0.15) (Figure 3C). Data was not sufficient for
comparison of high grade pruritus between PD-1/-L1 plus
chemotherapy and chemotherapy. Studies available included
four RCTs reporting an any grade pruritus group, two of which
did not report data for high grade pruritus. No patients in the
remaining two studies were reported to have experienced high
grade pruritus. Similarly, the combination of CTLA-4 inhibitor
and chemotherapy increased the risk of pruritus and rash
compared with chemotherapy [any grade pruritus RR:6.31
(95%CI 4.40-9.04, p < 0.00001) (Figure 4A); high grade
pruritus RR:7.92 (95%CI 1.86-33.66, p � 0.005) (Figure 4B);
any grade rash RR:5.32 (95%CI 3.90-7.26, p < 0.00001)
(Figure 4C); and high grade rash RR:10.11 (95%CI
2.47–41.41, p � 0.001) (Figure 4D)].

Programmed Cell Death Protein 1/Programmed Cell
Death-Ligand 1 Inhibitor Combined With Targeted
Therapy Vs Targeted Therapy Alone
Three studies with 2,624 patients were included in this section.
Compared to targeted therapy, RR for any grade pruritus
associated with PD-1/-L1 inhibitor combined with targeted
therapy was 3.22 (95% CI 2.43-4.27, p < 0.00001) (Figure 5A).
RRs for any grade and high grade rash were 1.24 (95% CI 1.00-
1.55, p � 0.05) (Figure 5B) and 1.20 (95% CI 0.37-3.91, p � 0.77)
respectively (Figure 5C).

Programmed Cell Death Protein 1/Programmed Cell
Death-Ligand 1 and Cytotoxic T Lymphocyte
Associate Protein 4 Inhibitor Combination Therapy Vs
Monotherapy
1,878 patients in five studies were included in the comparison
between PD-1/PD-L1 plus CTLA-4 inhibitor and PD-/PD-L1
inhibitor alone. Compared to PD-1/-L1 inhibitor monotherapy,
PD-1/-L1 inhibitor plus CTLA-4 inhibitor was associated with
increased risk of pruritus and rash [any grade pruritus RR:1.76
(95% CI 1.42-2.18, p < 0.00001) (Figure 6A), high grade
pruritus RR: 6.05 (95% CI 1.17-31.33, p � 0.03) (Figure 6B),
any grade rash RR:1.72 (95% CI 1.29-2.31, p � 0.0003)
(Figure 6C), high grade rash RR:3.89 (95% CI 1.45-10.42,
p � 0.007) (Figure 6D)].

For comparison of PD-1/-L1 plus CTLA-4 inhibitor to CTLA-
4 inhibitor monotherapy, we included four studies with 1,813
patients total. Only any grade rash was more frequent in patients
administered CTLA-4 inhibitor combined with PD-1/-L1
inhibitor, in comparison to CTLA-4 inhibitor monotherapy
[any grade pruritus RR:0.98 (95% CI 0.80-1.19, p � 0.81)
(Figure 6E), any grade rash RR:1.37 (95% CI 1.07-1.74, p �
0.01) (Figure 6F)]. Data for high grade pruritus and high grade

rash are not reported because only two studies identified included
these categories, which was not sufficient for a qualified meta-
analysis.

Programmed Cell Death Protein 1/Programmed Cell
Death-Ligand 1 Inhibitor Combination Chemotherapy
Vs Programmed Cell Death Protein 1/Programmed
Cell Death-Ligand 1 Monotherapy or Cytotoxic T
Lymphocyte Associate Protein 4 Inhibitor
Combination Chemotherapy
16,039 patients from 25 studies were included in this analysis.
Compared to PD-1/-L1 inhibitor monotherapy, relative risk
ratios (RRRs) for any grade and high grade rash developed
during PD-1/-L1 inhibitor treatment combined with
chemotherapy were not significantly increased (RRR for any
grade pruritus was 0.30 (95% CI 0.21-0.42, p < 0.00001), RRR
for any grade rash was 0.84 (95% CI 0.61-1.15, p � 0.28), RRR for
high grade rash was 1.43 (95% CI 0.46-4.40, p � 0.54). A
comparison between PD-1/-L1 combination chemotherapy and
CTLA-4 combination chemotherapy was also conducted. PD-1/-
L1 plus chemotherapy was associated with decreased risk of any
grade pruritus and any grade rash, compared to CTLA-4 plus
chemotherapy. RRR for any grade pruritus was 0.22 (95% CI
0.14-0.49, p < 0.00001), RRR for any grade rash was 0.29 (95% CI
0.19–0.43, p < 0.00001), and RRR for high grade rash was 0.25
(95% CI 0.04-1.73, p � 0.08) (Table 2).

Subgroup Analyses
ProgrammedCell Death Protein 1 Vs ProgrammedCell
Death-Ligand 1 Inhibitor
Subgroup analysis was performed to identify the relative impact
of PD-1 and PD-L1 inhibitor on pruritus and rash. 20,769
patients from 42 studies were included in this analysis. Risks
of any grade pruritus (RR: 1.93 (95% CI 1.40-2.67) p <
0.00001 Supplementary Figure 5A) and any grade rash [RR:
1.28 (95% CI 1.03-1.58) p < 0.00001 Supplementary Figure 5B]
developed during PD-1 inhibitor therapy were decreased
compared to PD-L1 inhibitor. When assessing high grade rash
between PD-1 inhibitor and PD-L1 inhibitor therapies, no
statistically significant difference was found [RR: 0.67 (95% CI
0.39-1.17) p � 0.46 Supplementary Figure 5C].

Tumor Type Subgroup Analysis
43 studies with 24,871 patients were included in this
subgroup analysis. Cancer type stratification demonstrated
HNSCC has a lower risk for any grade pruritus and rash,
compared to all cancer types. RRs for any grade pruritus:
1.08 (95% CI 0.26-4.38, p � 0.94), high grade pruritus: 0.19
(95% CI 0.01-3.94), any grade rash: 0.49 (95% CI 0.20-1.15,
p � 0.001), high grade rash: 0.18 (95% CI 0.05-0.58, p �
0.004). The RRs for any grade pruritus did not reach the
statistical cutoff for significance (Supplementary
Figures 6A–D).

Sensitivity Analysis and Publication Bias
Risk of bias graph and risk of bias summary are shown in
Supplementary Figure 7 and Supplementary Figure 8.
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Sensitivity analysis showed that no single study could
significantly affect the aggregated estimates (Supplementary
Figure 9). However, there was mild asymmetry for RRs of
pruritus and rash (Supplementary Figure 10). The Egger’s

test (Supplementary Figure 11) shown some evidence of
publication bias for pruritus (p � 0.005/p � 0.006) and high
grade rash (p � 0.001), while the Begg’s test revealed no evidence
of publication bias (Supplementary Figure 12).

FIGURE 2 | Forest plots of the relative risks and 95% CIs for pruritus and rash after PD-1/-L1 inhibitor compared to chemotherapy. (A) any grade pruritus; (B) high
grade pruritus; (C) any grade rash; (D) high grade rash.
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DISCUSSION

With the growing number of patients receiving ICIs, there is
significant need to understand associated adverse events in order
to improve therapy management. In clinical practice ICIs have
shown significant efficiency in multiple tumors, both as mono-
and combination therapies. The unique ICI mechanism of action
(Sibaud et al., 2016) is also accompanied with a series of IRAEs,
which are distinguishable from traditional adverse effects of
cancer treatment. Dermatological reactions, especially pruritus
and rash, are some of the most common IRAEs, and can severely
affect the quality of life and psychological well-being of patients
(Sibaud et al., 2016). High grade rash can impact ICI treatment
efficacy through dose-limiting effects or even result in treatment
discontinuation (Geisler et al., 2020). To achieve better clinical
efficacy, ICI combination therapy has become more commonly
used. However, few studies have been conducted to assess the risk
of dermatological-specific IRAEs among multiple treatment
patterns. To our knowledge, the current study is the first
comprehensive assessment of the relative risk of pruritus and
rash among various ICI treatment regimens.

We first compared ICI monotherapy to placebo, and both PD-
1/-L1 and CTLA-4 inhibitor were associated with increased risk

of any grade pruritus and rash. Notably, CTLA-4 inhibitor was
associated with higher risk of high grade pruritus and rash. A
comparison between PD-1/-L1 inhibitor and CTLA-4 inhibitor
monotherapy was also conducted. RRs for pruritus and rash
developed after PD-1/-L1 inhibitor were decreased compared to
CTLA-4 inhibitor, which is in line with the current mainstream
consensus that CTLA-4 inhibitor is more likely to lead to pruritus
and rash (Almutairi et al., 2020; Geisler et al., 2020; Hansen et al.,
2017; Sibaud et al., 2016).

Whether the risk of developing pruritus and rash correlated
with different dose regimens of immune checkpoint inhibitor is an
important area of focus given issues regarding patient quality of life
and treatment discontinuation. Previous studies have shown no
significant correlation between PD-1/-L1 inhibitor dosage and
incidence of pruritus and rash (Hansen et al., 2017; Robert et al.,
2014). On the contrary, a retrospective study suggested that the
frequency of IRAEs (pruritus and rash included) developed after
Ipilimumab increased with dose. Another study reached a similar
conclusion (Golian et al., 2016) that cutaneous IRAEs related to
ipilimumab are dose-related. In the current study, compared with
the low dose group, RRs for any grade pruritus and rash developed
after PD-1/-L1 inhibitor in the high dose group were not
significantly increased. The corresponding comparison between

FIGURE 3 | Forest plots of the relative risks and 95% CIs for pruritus and rash in comparison of PD-1/-L1 plus chenotherapy and chemotherapy. (A) any grade
pruritus; (B) any grade rash; (C) high grade rash.

Frontiers in Pharmacology | www.frontiersin.org July 2021 | Volume 12 | Article 64009911

Ge et al. Dermatologic IRAEs in Different Patterns

133

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


CTLA-4 inhibitor high dose and low dose group could not be carried
out because of insufficient data. Overall, given the discrepancies
among findings in studies assessing dose-dependencyof rash and
pruritus, further efforts should be made to investigate the problem
and instruct clinical application, both in terms of mechanism and
clinical research.

In order to increase the percentage of patients benefiting from
ICI treatment and reduce the occurrence of IRAEs, efforts are
currently being made to combine current ICIs with new
checkpoint inhibitors or other treatment methods to achieve
synergistic effects (Kon and Benhar, 2019). In clinical practice,
PD-1/-L1 and CTLA-4 inhibitor are being combined with other
anti-cancer drugs including chemotherapy, targeted therapy,

radiotherapy and other immunotherapies. Although
traditionally regarded as immunosuppressive agents, some
preclinical studies have shown that chemotherapy may have
immune-stimulatory properties (Postow et al., 2015a). Some
studies indicate combination chemotherapy leads to more
general adverse events (Lynch et al., 2012; Wang et al., 2021),
while other studies report severe side effects (Chamoto et al.,
2020) . We used the relative risk ratio (RRR) to indirectly
compare the risk of pruritus and rash. RRR was used to
compare PD-1/PD-L1 inhibitor monotherapy with combined
chemotherapy based on PD-1/PD-L1 inhibitor, and showed
that the risk of pruritus, but not rash, was increased (Table 2).
These results suggest that PD-1/-L1 inhibitor combined with

FIGURE 4 | Forest plots of the relative risks and 95% CIs for pruritus and rash in comparison of CTLA-4 plus chenotherapy and chemotherapy. (A) any grade
pruritus; (B) high grade pruritus; (C) any grade rash; (D) high grade rash.
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chemotherapy may have a tolerable dermatologic adverse profile
in terms of pruritus and rash, indicating that increased efficacy
through combining ICIs with chemotherapy may be feasible.
Targeted therapies for oncogenic signaling pathways are also
attractive partners in combination with immune checkpoint
blockade (Postow et al., 2015a). Unfortunately, only 2 RCTs
comparing PD-1/-L1 inhibitor and targeted therapy resulted
from our database search, and RRR for PD-1/PD-L1 inhibitor
plus targeted therapy compared to PD-1/-L1 monotherapy could
not be calculated. When more data becomes available, further
analysis of this aspect may provide useful information.

Since CTLA-4 inhibitor monotherapy showed increased risk
of pruritus and rash relative to PD-1/-L1 inhibitor according to
our data, RRR was calculated to investigate the difference between
PD-1/-L1 plus chemotherapy and CTLA-4 plus chemotherapy.
When contrasted with PD-1/-L1 inhibitor combination
chemotherapy, CTLA-4 inhibitor combination chemotherapy
was associated with a much higher risk of pruritus and rash
(Table 2). The mechanism leading to this is not yet fully
understood. The major physiological role of CTLA-4 seems to
be through distinct effects on the two main subsets of cluster of
differentiation four positive (CD4+) T cells: down modulation of
helper T cell activity and enhancement of regulatory T (Treg) cell
immunosuppressive activity (Bylicki et al., 2020; Cancela et al.,

2020; Peggs et al., 2009). Blockade of the PD-1 pathway may
enhance antitumor immune responses by diminishing the
number and/or suppressive activity of intratumoral Treg cells
(Arigami et al., 2020). It is thought that PD-1 predominantly
regulates effector T cell activity within tissue and tumors, whereas
CTLA-4 predominantly regulates T cell activation (Arigami et al.,
2020). Although dermatologic adverse events observed with ICIs
used in combination are more frequent, more severe, and longer
lasting (Sibaud et al., 2016), combination immunotherapy has
more extensive clinical applications due to improved efficacy.
Therefore, our data suggest that PD-1/-L1 inhibitor may be
preferable in patients who have suffered from previous
dematologic problems. Moreover, in the case of severe
dermatologic IRAEs with CTLA-4 therapy, re-challenge with
an agent of a different class may be a good treatment strategy.

Subgroup analysis was performed to investigate if there was
any difference in the incidence of pruritus and rash between PD-1
and PD-L1 inhibitor. Based on the known interactions of PD-1
ligands, PD-1 antibodies may have different biological activities
than PD-L1 antibodies. PD-1 antibodies prevent PD-1 from
interacting with PD-L1 and Programmed cell death-ligand
2(PD-L2), but do not prevent the interaction between PD-L1
and Cluster of differentiation 80(CD80). In contrast, most PD-L1
antibodies prevent the interaction between PD-L1 and CD80 and

FIGURE 5 | Forest plots of the relative risks and 95%CIs for pruritus and rash in comparison of PD-1/-L1 inhibitor plus targeted therapy and targeted therapy alone.
(A) any grade pruritus; (B) any grade rash; (C) high grade rash.
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between PD-L1 and PD-1, but not the interaction between PD-1
and PD-L2. Therefore, it is possible that depending on which
interaction predominates in a particular cancer, PD-1 and PD-L1

antibodies may not have redundant activity (Arigami et al., 2020).
Results from subgroup analysis showed that any grade pruritus
and rash developed from PD-1 inhibitor were decreased

FIGURE 6 | Forest plots of the relative risks and 95% CIs for pruritus and rash in comparison of combined immunotherapy and either monotherapy: (A) any grade
pruritus for PD-1/-L1 plus CTLA-4 inhibitor compared to PD-1/-L1 inhibitor; (B) high grade pruritus for PD-1/-L1 plus CTLA-4 inhibitor compared to PD-1/-L1 inhibitor;
(C) any grade rash for PD-1/-L1 plus CTLA-4 inhibitor compared to PD-1/-L1 inhibitor; (D) high grade rash for PD-1/-L1 plus CTLA-4 inhibitor compared to PD-1/-L1
inhibitor; (E) any grade pruritus for PD-1/-L1 plus CTLA-4 inhibitor compared to CTLA-4 inhibitor; (F) any grade rash for PD-1/-L1 plus CTLA-4 inhibitor compared
to CTLA-4 inhibitor.
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compared to PD-L1 inhibitor, while the comparison in high grade
(3–5) rash did not reach a statistically significant level. Therefore,
PD-1 inhibitor may be recommended in terms of decreased
dermatologic adverse events (pruritus and rash) for clinical
applications. In cancer type subgroup analysis, we found that
patients with HNSCC may have better tolerability overall as
evidenced by a lower risk for any grade pruritus. Since only 1
RCT of HNSCC was included in high grade subgroup, more
efforts are needed to validate this observation.

Our study has some notable strengths. To the best of our
knowledge, this is the first and most comprehensive analysis that
investigated the risk of pruritus and rash among different ICI
treatment regiments in multiple solid tumors. In addition, the 50
clinical trials included in our meta-analysis were all highly
qualified randomized control trails, which supports the
credibility of our study. Morever, we investigated the risk of
not only all grade but also high grade pruritus and rash, for the
management of these two side effects of differing severity. Finally,
since head-to-head comparison of PD-1/PD-L1 inhibitor
combination therapies and PD-1/PD-L1 inhibitor alone were
not available, we used the relative risk ratio (RRR) to
indirectly compare the risk of pruritus and rash. The results of
our RRR analysis indicate that the added skin toxicity of
chemotherapy is manageable in combination immunotherapy,
which may have clinical implications.

This meta-analysis also has some limitations. Mild
heterogeneity was found among the included studies. The

heterogeneity may result from differences in cancer type, line
of therapy, follow-up time, or other unspecified factors. Study
design, blinding, dosage and frequency of drug administration in
both intervention and control arm could also have resulted in
heterogeneity. Thus, we utilized the random-effect model and
subgroup analyses for high heterogeneity to explore possible
variation in the outcomes of the included studies. What`s
more, since patients included in our meta-analysis were from
RCTs with strict inclusion criteria, risk of pruritus and rash could
be underestimated because of their better health condition,
compared with patients in real world application.

CONCLUSION

In summary, we identified that PD-1/-L1 inhibitor is
associated with decreased risk of pruritus and rash in
comparison to CTLA-4 inhibitor in both monotherapy and
combined immunotherapy regimens. Additionally, pruritus
and rash developed from PD-1/-L1 inhibitor are not dose-
dependent. Moreover, compared to PD-1/-L1 inhibitor alone,
the combination of chemotherapy with PD-1/-L1 inhibitor
may not significantly increase the risk of pruritus and rash. As
the most prevalent and obvious IRAEs, dermatologic adverse
events such as rash and pruritus should be further studied to
help manage such events and enhance patient benefits from
ICI therapy.

TABLE 2 | Relative risk ratios of treatment regimen differences for the risk of pruritus and rash.

Treatment
scheme

No.
of

trials

Any-grade pruritus No.
of trials

Any-grade rash No.
of

trials

3–5 grade pruritus No.
of trials

3–5 grade rash

RR
(95%CI)

p RR
(95%CI)

p RR
(95%CI)

RR
(95%
CI)

RR
(95%CI)

p

A:PD-1/L1+chemotherapyVS
chemotherapy

4 1.39
(1.08,
1.80)

0.01 5 1.53
(1.19,
1.98)

0.001 4 NA NA 5 2.64
(0.82,
4.16)

0.15

B: PD-1/L1 VS chemotherapy 13 4.67
(3.66,
5.95)

<0.00001 12 1.82
(1.52,
2.19)

<0.00001 13 0.86
(0.28,
2.66)

0.43 12 1.85
(0.54,
2.57)

0.69

RRR (A VS B) — 0.30
(0.21,
0.42)

<0.00001 RRR (A
VS B)

0.84
(0.61,
1.15)

0.28 — NA NA RRR (A
VS B)

1.43
(0.46,
4.40)

0.54

Treatment
scheme

No.
of

trials

Any-grade pruritus No.
of trials

Any-grade rash No.
of

trials

3–5 grade pruritus No.
of trials

3–5 grade rash

RR
(95%CI)

p RR
(95%CI)

p RR
(95%CI)

RR
(95%
CI)

RR
(95%CI)

p

C: PD-1/L1+chemotherapy
VS chemotherapy

3 1.39
(1.08,
1.80)

0.01 3 1.53
(1.19,
1.98)

0.001 3 NA NA 3 2.64
(0.71,
9.88)

0.15

D: CTLA-4+chemotherapy
VS chemotherapy

14 6.31
(4.40,
9.04)

<0.00001 14 5.32
(3.90,
7.28)

<0.00001 14 7.92
(1.86,
33.65)

0.005 14 10.11
(2.47,
41.41)

0.001

RRR (C VS D) — 0.22
(0.14,
0.49)

<0.00001 RRR (C
VS D)

0.29
(0.19,
0.43)

<0.00001 — NA NA RRR (C
VS D)

0.25
(0.04,
1.73)

0.08
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Interventions for Preventing
Cardiotoxicity in Breast Cancer
Patients Receiving Trastuzumab: A
Systemic Review and Bayesian
Network Meta-Analysis
Xinyi Li 1, Ziyang Wu2, Xin Du1, Yibo Wu1, Xiaohui Xie1* and Luwen Shi1

1Department of Pharmacy Administration and Clinical Pharmacy, School of Pharmaceutical Sciences, Peking University, Beijing,
China, 2Institute for Drug Evaluation, Peking University Health Science Center, Beijing, China

Background: Trastuzumab is associated with the risk of cardiotoxicity. Here, we aim to
explore interventions for preventing trastuzumab-related cardiotoxic effects in breast
cancer patients.

Methods: A systematic review was performed including trials of breast cancer patients
with intervention to prevent cardiotoxicity of trastuzumab. Trials were searched through
databases including PubMed, Embase, and Cochrane Library.

Results: Eight RCTs were included. Five trials reported the outcomes of short-duration
interventions, including 6-month and 9-week durations, and only 9-week treatment has a
significant difference from the 12-month group (OR 0.38; 95% CI 0.18–0.83) using
cardiotoxicity as the outcome. However, 6-month treatment turned out to yield less
occurrence of trastuzumab discontinuation (OR 0.32; 95% CI 0.24–0.42). Three trials
reported interventions of cardioprotective drugs, and there is no significant difference
shown in any cardioprotective group compared with placebo (cardiotoxicity outcome:
angiotensin-converting enzyme inhibitor: OR 0.48; 95% CI 0.057–2.3; angiotensin
receptor blocker: OR 1.3; 95% CI 0.12–14; β-blocker: OR 0.48; 95% CI 0.057–2.3;
trastuzumab interruption outcome: angiotensin-converting enzyme inhibitor: OR 0.45;
95%CI 0.12–1.3; angiotensin receptor blocker: OR 0.87; 95%CI 0.15–4.8; β-blocker: OR
0.41; 95% CI 0.11–1.2).

Conclusion:Only the 9-week group has a significant difference from the 12-month group
using cardiotoxicity as the outcome. And 6-month treatment turned out to yield less
occurrence of trastuzumab discontinuation. The use of cardioprotective drugs failed to
prevent trastuzumab-related cardiotoxic effects in breast cancer patients.

Keywords: trastuzumab, cardiotoxicity, short duration of trastuzumab, cardioprotective drugs, meta-analysis
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INTRODUCTION

Female breast cancer has leapt to be the most commonly diagnosed
cancer surpassing lung cancer, with an estimated 2.3million new cases
in 2020 (Sung et al., 2021). With the development of detection,
targeted therapy, and supportive care, the survival rates of breast
cancer have continued to improve, and the overall five-year breast
cancer survival rate has reached 98% for stage Ⅰ in the United States
(DeSantis et al., 2019). More and more people have got cured from
breast cancer, but there is evidence that they have got an increased risk
of cardiovascular disease and death from cardiovascular disease
because of the adverse effects of anticancer therapy (Zamorano
et al., 2016; Blaes and Konety, 2021).

Trastuzumab, an antibody targeting human epidermal growth
factor receptor 2 (HER2), delivered with chemotherapy for patients
with HER2-positive breast cancer has made a great progress in the
therapy of metastatic and adjuvant settings (Piccart-Gebhart et al.,
2005; Romond et al., 2005; Perez et al., 2014; Cameron et al., 2017).
However, trastuzumab is associated with the risk of cancer
treatment–related cardiotoxicity (Procter et al., 2010; de Azambuja
et al., 2014). There is a great need for effective interventions to prevent
or limit the cardiotoxic effects of trastuzumab. Previous meta-analysis
has shown that shorter treatment durations decreased the risk of
severe cardiac toxicity compared to 12months of trastuzumab (Eiger
et al., 2020). However, there is lack of comparison between different
treatment durations of trastuzumab. Besides, recent studies
demonstrated that cardioprotective drugs might be likely to reduce
the cardiotoxicity effect caused by the 12-month duration of

trastuzumab in breast cancer patients (Guglin et al., 2019).
Whether these drugs can confer cardioprotective effects in
trastuzumab-treated patients is still unclear.

To address this question, we performed a systematic review
including randomized controlled trials (RCTs) of interventions
for preventing cardiotoxicity in breast cancer patients receiving
trastuzumab. A network meta-analysis was performed to analyze

FIGURE 1 | Flow diagram of the selection process.

TABLE 1 | Study characteristics of eligible trials.

Cardiac outcomesStudy Design Sample
size

Background medication
therapy

Trial
intervention

Median/mean age
(years) Cardiotoxicity Interruptions in

trastuzumab
therapy

Short duration of trastuzumab

PHERSEPHONE,
2019

RCT,
phase III

4,088 Anthracycline/taxane + H 12 months 56 224/1968 146/1894
6 months 56 155/1994 61/1939

PHARE, 2019 RCT,
phase III

3,380 Anthracycline/taxane + H 12 months 54 111/1690 49/1690
6 months 55 67/1690 0/1690

HORG, 2015 RCT,
phase III

481 FEC→D + H 12 months 54 NRa 0/241
6 months 56 2/240

ShortHER, 2018 RCT,
phase III

1,253 AC/EC→ T/D+H 12 months 55 82/627 NR
D + H→ FEC 9 weeks 55 27/626

SOLD, 2018 RCT,
phase III

2,174 D + H→ FEC ± H 12 months 56 42/1089 NR
9 weeks 56 22/1085

Cardioprotective drugs

Pituskin (2017) RCT,
phase II

94 AC/FEC→D+H Placebo 30 6/30 9/30
D + carboplatin + H ACEI 33 1/33 3/33

BB 31 1/31 3/31
Boekhout (2016) RCT,

phase III
206 Anthracycline/taxane + H Placebo 50 16/103 9/103

ARB 50 20/103 8/103
Guglin (2019) RCT,

phase II
468 40.4% exposed to

anthracycline
Placebo 51.11 46/143 40/152
BB 51.58 43/149 24/156
ACEI 50.58 45/149 27/156

Abbreviations: AC � doxorubicin/cyclophosphamide; EC � epirubicin/cyclophosphamide; FEC � 5-FU/epidoxorubicin/cyclophosphamide; T � paclitaxel; D � docetaxel; H � Herceptin;
NR � not reported.
aCardiac toxicity did not differ between the two arms.
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the cardiotoxicity effects of various therapies by integrating all
available direct and indirect evidence.

METHODS

Search Strategy
This study was carried out following the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
criteria. To perform a systematic review of the published
literature, two independent investigators identified the relevant
studies through databases including Embase, PubMed, and
Cochrane Library up to February 1, 2021. The electronic
search was performed using the following search keywords:
(“breast cancer” OR “breast neoplasm” OR “breast tumor” OR
“breast tumour” OR “breast carcinoma”) and (“trastuzumab” OR

“Herceptin”). The searches were limited to randomized
controlled trials (RCTs).

The studies including breast cancer patients who were given
any intervention to prevent cardiotoxicity of trastuzumab were
eligible. Exclusion criteria were as follows: 1) studies coming from
conference abstracts, 2) studies without relevant data, 3) studies
without full text, 4) ongoing trials, and 5) trial protocols.

Data Extraction and Outcome
The data on study name, design, sample size, background
medication therapy, trial intervention, median age, and cardiac
outcomes were extracted by two independent investigators.

We accepted two outcome definitions (Abdel-Qadir et al.,
2017): 1) cardiotoxicity: all types of cardiac dysfunctions in
individual studies or a clinically relevant decline in left
ventricular ejection fraction (LVEF), utilizing the cut-off used
in individual studies, and 2) interruptions in trastuzumab
therapy: failing to complete the required trastuzumab
treatment duration due to any given clinical cardiac events.

Quality Assessment
The Cochrane Collaboration’s risk of bias tool was used to
perform the quality assessment of the included studies,
including six items: sequence generation, allocation
concealment, blinding of outcome data, incomplete outcome
data, selective outcome reporting, and free from other bias,
which were ranked to have high, unclear, and low risk of bias
for each trial.

Statistical Methods
R (v4.0.3) and the gemtc package (v0.8-8) were used to perform
our Bayesian network meta-analysis. A random-effects model
was conservatively applied. ORs and corresponding 95% credible
intervals (CrIs) served as the indices. The heterogeneity was
assessed by the “mtc.anohe” command in the “gemtc”
package. The heterogeneity between studies was assessed as
high if I2 ＞ 50%; on the contrary, the heterogeneity between
studies was assessed as low. The trace and density plots were used
to evaluate the convergence of models. A p-value (two-sided) less
than 0.05 was considered statistically significant. The hierarchy of
treatments was determined by calculating the rank probabilities.
In addition to network meta-analysis, a pairwise meta-analysis
concerning two managements was performed by Stata (v15.1).

RESULTS

Study Characteristics
A total of 1,691 citations were identified through electronic
searches, and eight RCTs were selected for our study
(Figure 1) (Mavroudis et al., 2015; Boekhout et al., 2016;
Pituskin et al., 2017; Conte et al., 2018; Joensuu et al., 2018;
Earl et al., 2019; Guglin et al., 2019; Pivot et al., 2019). Of these,
five studies assessed whether fewer cardiac events can be achieved
with reduced treatment duration, including a 6-month vs a 12-
month schedule (Mavroudis et al., 2015; Earl et al., 2019; Pivot
et al., 2019) and a 9-week vs a 12-month schedule (Conte et al.,

FIGURE 2 | Network evidence plots of interventions for preventing
cardiotoxicity in breast cancer patients receiving trastuzumab. (A) Short
duration of trastuzumab using cardiotoxicity as the outcome; (B)
cardioprotective drug intervention.
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2018; Joensuu et al., 2018). Other three studies assessed the
medical intervention for preventing the cardiotoxicity effect of
trastuzumab (Boekhout et al., 2016; Pituskin et al., 2017; Guglin
et al., 2019), including the intervention of β-blocker (BB),
angiotensin receptor blocker (ARB), or angiotensin-converting
enzyme inhibitor (ACEI) (Table 1). The treatment network is
shown in Figure 2. Three studies reported 6 months of
trastuzumab vs 12 months, and two studies reported 9 weeks
of trastuzumab vs 12 months for reduced treatment intervention
(Figure 2A). In addition, two studies reported placebo vs BB,
placebo vs ACEI, and ACEI vs BB, and one study reported
placebo vs ARB for medical intervention (Figure 2B).

Risk of Bias Assessment
All eight studies were considered to be of high quality with a low
risk of selection, attrition, and reporting biases. There is high risk
of blinding in the studies of short-duration intervention given
their open-label design (Supplementary Material S1).

Short Duration of Trastuzumab
Cardiotoxicity: Four studies with 10,769 patients reported cardiac
events of short duration vs 12-month treatment. Only treatment
with the 9-week group has a significant difference from the 12-
month group (OR 0.38; 95% CI 0.18–0.83; p � 0.015; Figure 3A).
No significant difference was seen between the 6-month group
and the 12-month group for the occurrence of cardiac events (OR

0.63; 95% CI 0.30–1.3; p � 0.21; Figure 3A). Based on treatment
ranking, cardiotoxicity increased with the treatment time. The
12-week trastuzumab treatment ranked first for cardiotoxicity,
followed by 6-month treatment and 9-week treatment. The
detailed ranking results are shown in Figure 4A.

Interruptions in trastuzumab therapy: Only three studies
consisting of 7,694 patients reported the interruptions in the
6-month treatment group vs the 12-month treatment group.
Compared with the 12-month treatment group, the 6-month
group turned out to yield less occurrence of trastuzumab
discontinuation (OR 0.32; 95% CI 0.24–0.42; I2 � 82.8%;
P<0.001; Figure 5).

Cardioprotective Drugs
Cardiotoxicity: Three studies with 764 patients were included in
the analysis. Compared with placebo, no significant advantage
was seen in any cardioprotective group (ACEI: OR 0.48; 95% CI
0.057–2.3; p � 0.28; ARB: OR 1.3; 95% CI 0.12–14; p � 0.83; BB:
OR 0.48; 95% CI 0.057–2.3; p � 0.28; Figure 3B). Based on
treatment ranking, ARB and placebo exhibited the highest
probability of yielding more occurrence of cardiac events,
followed by BB and ACEI. The detailed ranking results are
shown in Figure 4B.

Interruptions in trastuzumab therapy: Three studies with 764
patients reported the interruption events. No significant
difference was shown in any cardioprotective group compared

FIGURE 3 | Forest plots of the effect of interventions for reducing cardiotoxicity in breast cancer patients receiving trastuzumab. (A) Short duration of trastuzumab
using cardiotoxicity as the outcome; (B) cardioprotective drug intervention using cardiotoxicity as the outcome; (C) cardioprotective drug intervention using interruptions
in trastuzumab therapy as the outcome.
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with placebo (ACEI: OR 0.45; 95% CI 0.12–1.3; p � 0.13; ARB: OR
0.87; 95% CI 0.15–4.8; p � 0.85; BB: OR 0.41; 95% CI 0.11–1.2; p �
0.10; Figure 3C). Based on treatment ranking, placebo exhibited
the highest probability of yielding more occurrence of
interruptions in trastuzumab therapy, followed by ARB, ACEI,
and BB. The detailed ranking results are shown in Figure 4C.

Convergence and Heterogeneity Analyses
The single chain fluctuation cannot be recognized through the
naked eye, and the density map was normally distributed,
reflecting good convergence in this analysis. The
heterogeneity was discovered through the heterogeneity
analysis in the 9-week vs 12-month groups using
cardiotoxicity as the outcome (I2 � 58.3545%), 6-month vs
12-month groups using interruptions in trastuzumab therapy
as the outcome (I2 � 82.8%; Figure 5), the ACEI group vs the
placebo group using cardiotoxicity as the outcome (I2 �
80.45342%), and the BB group vs the placebo group (I2 �
79.03769%) using cardiotoxicity as the outcome; there is no
other heterogeneity seen in the overall pooled analysis. The full
results of the convergence and heterogeneity analyses are
illustrated in Supplementary Material S2.

DISCUSSION

The HER2-targeting agent trastuzumab plays an important
role in the treatment of HER2-overexpressing breast cancer.
However, there is evidence that trastuzumab is associated
with the risk of cardiotoxicity without the clear mechanism.
Previous findings demonstrate that the oxidative balance is
likely disrupted due to trastuzumab because the HER2
signaling pathway plays a part in the moderation of
oxidative stress in cardiac myocytes (Harbeck et al., 2011;
Zagar et al., 2016). Recognizing the effects of trastuzumab on
the heart, we explore the interventions to prevent or decrease
cardiotoxicity.

Currently, the optimal treatment duration of trastuzumab
in HER2-positive patients is still controversial because the
duration was chosen casually to conduct the clinical trials
(Pinto et al., 2013; Cameron et al., 2017). New trials have
been conducted to compare the short-duration therapy with
12-month therapy. However, 12-month adjuvant
trastuzumab is still the standard therapy although it has
cardiac toxic effects according to the current evidence (Chen
et al., 2019; Inno et al., 2019; Niraula and Gyawali, 2019). To
explore cardiotoxicity between different therapies, a meta-
analysis was conducted, which showed shorter treatment
durations decreased the occurrence of cardiac events
(Eiger et al., 2020). In our study, only 9-week duration
therapy has a significant difference of cardiotoxicity from
12-month trastuzumab although the results show that
cardiotoxicity is decreased with the shorter treatment.
Besides, E219817, a trial comparing treatment of the 12-
month group with 12-week treatment, has reported that 12-
month treatment with trastuzumab did not significantly
increase the occurrence of cardiac events with heart
failure as the outcome. However, we found that the 6-
month group turned out to yield less occurrence of
trastuzumab discontinuation compared with 12 months of
trastuzumab. In this way, the regimen should be made
according to the risk factors of cardiotoxicity and
financial situation of patients, in order to achieve the
balance of efficacy, safety, and economy.

FIGURE 4 | Rank plots of the probability for cardiotoxicity in breast
cancer patients receiving trastuzumab. (A) Short duration of trastuzumab
using cardiotoxicity as the outcome; (B) cardioprotective drug intervention
using cardiotoxicity as the outcome; (C) cardioprotective drug
intervention using interruptions in trastuzumab therapy as the outcome.
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Cardioprotective drugs might be a choice to prevent
cardiotoxicity of trastuzumab for breast cancer patients,
such as ARB, ACEI, and BB, since pharmacological
interventions have been proven effective in the prevention
of anthracycline-related toxic effects (Kalam and Marwick,
2013; Abdel-Qadir et al., 2017; Caspani et al., 2020).
Unfortunately, the results did not support the hypothesis
that cardioprotective drugs (ARB, ACEI, and BB) could
decrease cardiotoxicity or the occurrence of trastuzumab
discontinuation during trastuzumab treatment. In addition,
the retrospective studies have assessed the cardioprotective
effect of statins in patients receiving trastuzumab therapy
(Calvillo-Argüelles et al., 2019; Abdel-Qadir et al., 2021).
One study showed that the exposed statins can decrease the
risk of cardiotoxicity (Calvillo-Argüelles et al., 2019), while
another did not support this conclusion (Abdel-Qadir et al.,
2021). More trials are needed in this area to assess whether
cardioprotective drugs can be effective to prevent the
cardiotoxicity effect of trastuzumab and which one will be
the most effective.

In addition to the interventions above, physical exercise is
recommended to prevent cardiotoxicity in breast cancer
patients receiving trastuzumab. A clinical trial is ongoing
with the purpose of evaluating the impact of 3 months of
exercise intervention on myocardial function and especially
on the risk of cardiotoxicity (Jacquinot et al., 2017). The final
result is worth the wait.

Besides, the anthracyclines, which are also the important
treatment component in breast cancer, can induce
myocardial oxidative stress and cause cardiotoxicity. The
patients who were treated with both trastuzumab and
anthracyclines might have a greater risk of cardiotoxicity.

However, most of the clinical trials that we included did not
report data for an exploratory subgroup analysis of
anthracycline and non-anthracycline groups. There is only
one clinical trial with the subgroups of anthracycline and
non-anthracycline cohorts, which illustrated that ACEI and
BB could prevent cardiotoxicity in patients receiving both
trastuzumab and anthracyclines instead of those receiving
trastuzumab without anthracyclines.

To our best knowledge, this study is the first systemic review
and meta-analysis to summarize the prevention of trastuzumab-
mediated cardiotoxicity. In this study, we included two kinds of
interventions including the short duration of trastuzumab and
add-on therapy of cardioprotective drugs, which gave clinically
important advice in this area.

However, there are some limitations in this systemic
review in light of the small dataset size and limited trial
data. At first, only five eligible trials were included for
comparing short-duration treatment with 12 months of
trastuzumab treatment and three trials were included for
comparing cardioprotective drugs with placebo. Moreover,
the different definitions of cardiac events in different studies
consulted in heterogeneity. In addition, we did not include
multiple factors in the cardiotoxicity analysis of trastuzumab
because of the unavailability of the data.

In conclusion, the use of cardioprotective drugs failed to
prevent trastuzumab-related cardiotoxic effects in breast
cancer patients. Compared to 12 months of trastuzumab, the
evidence only supports that 9-week treatment decreases the
occurrence of cardiac events. In contrast, 6 months of
trastuzumab is associated with less occurrence of interruptions
in trastuzumab therapy compared with 12 months of
trastuzumab.

FIGURE 5 | Forest plot of the effect of short-duration interventions for decreasing occurrence of trastuzumab discontinuation in breast cancer patients receiving
trastuzumab.
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Case Report: A Case Report and
Literature Review on Severe Bullous
Skin Reaction Induced by anti-PD-1
Immunotherapy in a Cervical Cancer
Patient
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Background: Anti-programmed cell death protein 1 (PD-1) has been successfully used in
carcinomas treatment. However, it causes significant adverse effects (AEs), including
cutaneous reactions, particularly the life-threatening severe bullous skin reactions (SBSR)
and toxic epidermal necrolysis (TEN).

Case summary: Herein, we described for the first time a case report of SBSR induced by
anti-PD-1 therapy in a cervical cancer patient. In addition, we revised existing literature on
anti-PD-1 induced cutaneous reactions. We reported a cervical cancer patient who was
treated with four successive cycles of Sintilimab and Toripalimab injections and developed
systemic rashes, bullae, and epidermal desquamation, which worsened and led to
infection, eventually causing death after being unresponsive to aggressive treatments.

Conclusion: Anti-PD-1 antibodies commonly cause skin toxicity effects, some of which
may be deadly. Therefore, healthcare providers should observe early symptoms and
administer proper treatment to prevent aggravation of symptoms.

Keywords: severe bullous skin reactions, literature review, case report, toxic epidermal necrolysis, cervical cancer,
PD-1

INTRODUCTION

Cervical cancer is the fourth most common cancer in women (Colombo et al., 2012). Its main treatment
consists of platinum-based chemotherapy, with limited therapeutic outcomes and severe side effects
(Greer et al., 2010; Pfaendler and Tewari, 2016). Since the introduction of programmed death 1 (PD-1)
protein monoclonal antibodies, they have shown outstanding clinical efficacy in multiple cancer types,
including advanced cervical cancer (Martínez and Del Campo, 2017; Wang and Li, 2019). In this regard,
Pembrolizumab was used for advanced cervical cancer in the KEYNOTE-028 clinical study,
demonstrating the efficacy of PD-1/PD-L1 inhibitors in advanced cervical cancer (Frenel et al.,
2017). PD-1 monoclonal antibodies have been shown to potentiate T lymphocytes cytotoxic activity
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against tumor cells and control tumor growth (Pedoeem et al., 2014;
Tumeh et al., 2014). Most patients tolerated anti-PD-1 therapy,
whereas some presented toxic and side effects (Champiat et al.,
2016). Major anti-PD-1 associated adverse effects (AEs) included
skin toxicity, endocrine reaction, gastrointestinal reaction, hepatitis,
and renal dysfunction (Hofmann et al., 2016; Ansell, 2017; Nishijima
et al., 2017; O’Kane et al., 2017; Tie et al., 2017; Gubens et al., 2019).
The most common AEs involved skin reactions such as lichenoid
reaction, eczema, vitiligo, and pruritus (Joseph et al., 2015; Robert
et al., 2015a; Weber et al., 2015; Ciccarese et al., 2016; Hwang et al.,
2016; Yang et al., 2019). However, the most severe skin reaction
observed was toxic epidermal necrolysis (TEN) in three cases of
malignant melanoma (Nayar et al., 2016; Vivar et al., 2017; Logan
et al., 2020).

CASE PRESENTATIONS

The patient was a 38-year-old Asian female. In June 2019, cervical
tumor with invasion of the uterine wall, bladder and rectum walls,
and anterior sacral and bilateral inguinal lymphadenopathies was
detected by magnetic resonance imaging, which was prescribed
because she presented vaginal bleeding. Biopsy pathological
results suggested cervical squamous cell carcinoma, FIGO stage
IVA. On August 18, 2019, she was intravenously (i. v.)
administered 240mg paclitaxel +90mg cisplatin chemotherapy,
along with 200mg Sintilimab at 21-days cycle intervals. On

September 9, 2019, the patient received a second cycle of the
same dose of Sintilimab and chemotherapy. Sintilimab is an
innovative monoclonal antibody targeting PD-1, jointly developed
by Innovent and Lilly in China, which has been granted marketing
approval by the China Food andDrugAdministration. The drugwas
granted orphan drug status by the FDA in April 2020 for the
treatment of esophageal cancer. Because of financial issues,
Sintilimab was switched to 240mg Toripalimab in the third cycle
onOctober 1, 2019, for two consecutive weeks per cycle, whereas the
chemotherapy regimen remained unaltered. Toripalimab is also an
anti-PD-1 monoclonal antibody produced in China. InMarch 2020,
Toripalimab was granted orphan drug status by the US FDA in
combination with acytinib for the treatment of mucosal melanoma.
A follow-up exam after the third cycle showed progressive disease. In
the fourth cycle on October 21, 2019, we modified chemotherapy to
240mg paclitaxel and 135mg nedaplatin, combined with 200mg
Sintilimab. Six days after the fourth cycle of treatment, she presented
with rashes. Large erythemawas observed inmany parts of the body,
along with some prominent skin areas and pigmentation (Figure 1)
and she was given the antihistamine diphenhydramine. The patient
further developed shortness of breath and edema of both lower
limbs, which was considered a heart failure condition. Cardiotonic,
diuretic, and vasodilator agents were then provided. In addition, red
blood cell transfusionwas given, because her hemoglobinwas 61 g/L.

After antihistamine treatment, she presented with worsening
symptoms, with increased erythema, local transparent blisters, and

FIGURE 1 | Maculopapular skin rash on legs and feet.

FIGURE 2 | Epidermal exfoliation of upper limbs (BSA less than 10%).
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tender epidermal loss of less than 10% of the body surface area (BSA).
Furthermore, she developed mild swelling of oropharyngeal mucosa
with repeated bleeding and scabbing, resulting in mouth opening and
swallowing difficulties (Figure 2), but refused to undergo skin biopsy.
Stevens-Johnson syndrome (SJS) was diagnosed by a professor of
dermatology, and we started i. v. administration of 80mg/d
methylprednisolone, combined with 0.4 g/kg/d immunoglobulins
injection every day. We also improved the skin, mouth, and
perineal mucous membranes care. Six days after medication, the
epidermal peeling aggravated. Clear blisters locally appeared,
presenting apparent perineal skin damage, with skin loss over 30%
of BSA (Figure 3). The patient also presented fever, with respective
C-reactive protein and neutrophil values of 117.33mg/L and 89.20%.
The skin lesion developed to SBSR, accompanied by infection, which
was treated with antibiotics. The epidermal exfoliation and infection
continued to worsen, and a disturbance of consciousness was
observed. The patient died 33 days after the fourth cycle of
medication, probably due to sepsis.

DISCUSSION

Cutaneous Adverse Effects of Anti-
Programmed Death-1 Therapy
Although docetaxel and paclitaxel share the same pharmaceutical
composition, cases of SBSR -causing paclitaxel have not been

reported to date (Ohlmann et al., 2007; Kattan et al., 2008; Cohen
et al., 2019). The toxicity spectrum of anti-PD-1 is prone to skin-
related reactions, excluding the possibility that other drugs used
by the patient may cause SBSR, which we believed it was related to
anti-PD-1 treatment.

PD-1/PD-L1 pathway inhibits T cell activation, inducing
lymphocyte apoptosis, and maintains autoimmune tolerance.
In the tumor microenvironment, tumor cells bind to PD-1 on
the lymphocyte surface through PD-L1 overexpression to inhibit
lymphocytes function, thus escaping the immune surveillance
and destruction (Dong and Chen, 2006). PD-1 is an important
target in anti-tumor therapy because the aforementioned
inhibitory signaling pathways can be blocked, enhancing
T cells immune response (Topalian et al., 2012).

In major lung cancer related studies, CheckMate 017 and
CheckMate 057 (Borghaei et al., 2015; Brahmer et al., 2015)
revealed that anti-PD-1 AEs in lung cancer patients were mainly
grade 1–2, in KEYNOTE-010 (Herbst et al., 2016), two cases (less
than 1%) were reported as grade 3–4 rash, with a median time of
AEs of 5–7 weeks.

In the study of malignant melanoma, CheckMate 066
(Robert et al., 2015a) reported one case of grade 3–4 rash
and one case of grade 3–4 pruritus. The incidence of grade 3–4
cutaneous AEs was 0.5%. CheckMate 037 and KEYNOTE-002
did not report grade 3–4 cutaneous AEs (Ribas et al., 2015;
Weber et al., 2015). The incidence of Nivolumab and
Pembrolizumab associated rashes was 14.3 and 16.7%
respectively, and the incidence of rash over grade 3 was 1.2
and 1.9% respectively, according to the meta-analysis of V. R.
Belum (Belum et al., 2016). Skin reactions generally occur two
to 3 weeks after the administration of the immune inhibitor
(Kumar et al., 2017). Studies have shown that progression-free
survival and overall survival in cancer patients with skin
reactions are longer than those without skin reactions, after
immunotherapy (Sanlorenzo et al., 2015; Hasan Ali et al., 2016;
Imafuku et al., 2017; Min Lee et al., 2018; Quach et al., 2019). A
similar conclusion was reported in a study of immunotherapy
combined with radiotherapy (Haratani et al., 2018). Quach HT
(Quach et al., 2019) retrospective analysis of 318 patients
treated with anti-PD-1 monoclonal showed that patients
who experienced skin toxicity 3 months after the application
of the immune inhibitors, had better therapeutic outcomes
than those who did not show skin issues, and that a higher
response rate was observed in patients with vitiligo and
pruritus than patients with only vitiligo.

Clinical manifestations of severe bullous skin reaction caused
by PD-1 monoclonal antibody are very similar to those observed
in SJS/TEN. However, the former characterizes by the duration
of drug application, the involvement of the mucous membrane,
and the degree of skin peeling (Lipowicz et al., 2013; Zhao et al.,
2018). Research by Robin Reschke et al. (2019) showed that
among all the current reports of serious skin reactions caused by
checkpoint inhibitor therapy, only a small number are typical
SJS/TEN. Therefore, clinicians, especially oncologists, should
differentiate them by considering clinical evidence and if
necessary, request a dermatologist assistance in diagnosis and
treatment.

FIGURE 3 | A large exfoliated area of the body (BSA more than 30%).
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Case Reports on Toxic Epidermal
Necrolysis Induced by Immunotherapy
Although mild dermatotoxicity indicates a better clinical
outcome, severe dermatotoxicity may result in treatment
interruption (Macdonald et al., 2015), and sometimes it
may become a life-threatening condition (Nayar et al., 2016;
Vivar et al., 2017; Logan et al., 2020). TEN is the most serious
type of drug eruption, characterized by extensive epidermal
exfoliation and blistering (Roujeau and Stern, 1994), with a
mortality of 25–50% (Mockenhaupt et al., 2008; Kinoshita and
Saeki, 2017).

Three cases of TEN induced by anti-PD-1 in melanoma have
been reported to date (Nayar et al., 2016; Vivar et al., 2017; Logan
et al., 2020), all of which were treated with Nivolumab, and a
previous history of Ipilimumab or were treated with these drugs
in combination. TEN developed after the second or third cycle of
Nivolumab. In all cases, TEN was treated with immunoglobulins
(IVIg), two patients used cyclosporines, and other two used
glucocorticoids. All patients finally died, including those
reported in this article (Table 1).

The incidence of CTLA-4 adverse reactions is as high as 60%,
and skin and gastrointestinal tract is the most easily affected
organs (Hodi et al., 2010). The incidence of grade 3–4 adverse
events was 20% (Schachter et al., 2017). At present, it is believed
that the cause of CTLA-4 adverse reactions was the excessive
immune response to normal organs after activation of T cells
(Blansfield et al., 2005). However, the mechanism that causes
TEN is still unclear.

Relationship Between Anti-Programmed
Death-1 Monoclonal Antibodies and
Cutaneous Reactions
Immune-related AEs may damage any organ in the body
(Michot et al., 2016), mostly skin (Minkis et al., 2013;
Abdel-Rahman et al., 2015; Naidoo et al., 2015). However,

the mechanism of anti-PD-1-induced skin toxicity has not yet
been elucidated (Maloney et al., 2020). PD-1/PD-L1 pathway
plays an important role in autoimmunity, preventing T cells
from responding to autoantigens (Francisco et al., 2010). After
anti-PD-1 monoclonal antibody administration, this balance
may be broken, causing T cells to attack normal and tumor
cells, leading to toxic and side effects (Berman et al., 2015). In
the PD-1 knockout mouse model, Okazaki et al. (2003)
demonstrated that PD-1 blockade not only affected Treg
function, but also participated in the production of
autoantibodies. Similar results were observed in melanoma
patients treated with Nivolumab (Kanameishi et al., 2016).
The three reported cases of TEN induced by anti-PD-1 had
a medical history of anti-CTLA-4. Gu et al. (2019) meta-
analysis showed that anti-PD-1/PD-L1 combined with anti-
CTLA-4 caused a higher incidence of adverse reactions and was
prone to treatment discontinuation, as shown in Check-Mate
067 study (Larkin et al., 2015). However, results evidenced
higher remission rates when two immune inhibitors were used
in combination (Robert et al., 2015b). Choi et al. (2019)
reported a case of liver cancer patient who successfully
switched to pembrolizumab due to nivolumab allergy.
Therefore, different anti-PD-1 monoclonal antibodies share
the same mechanism, but may cause different reactions. Our
patients presented with TEN after using two different anti-PD-
1 monoclonal antibodies. However, interaction between these
two drugs may not be discarded.

Treatment of Skin Reactions Caused by
Immunotherapy
Early treatment of rash caused by immune agents is particularly
important (O’Kane et al., 2017). In general, patients can be
topically treated with glucocorticoid ointment and orally with
antipruritics (mainly antihistamines) if the patient presents
itching. For grade 3–4 toxic side effects caused by anti-PD-1
monoclonal antibodies, glucocorticoids should be orally

TABLE 1 | Reported cases of TEN caused by anti-PD-1 monoclonal antibodies therapy.

Publication
year

Authors Patient
age/
sex

Cancer
type

Immunotherapy History of
immunotherapy

TEN
time

Treatment
for TEN

Outcome

1 2016 Namrata
Nayar et al.
(2016), Weber
et al. (2015)

64/F Melanoma Nivolumab (3 mg every
2 weeks)

Ipilimumab
(3 mg/kg for one
cycle)

After
2nd
cycle

Prednisone,
methylprednisolone
cyclosporine, IVIg

Died because of
disease
progression and
sepsis

2 2017 Vivar et al.
(2017), Yang
et al. (2019)

50/F Melanoma Nivolumab (1 mg/kg for
1st cycle,3 mg/kg for
additional two)

Ipilimumab
(3 mg/kg for one
cycle)

After
3rd
cycle

Prednisone, infliximab,
IVIg

Died because of
sepsis and
multisystem organ
failure

3 2020 Logan et al.
(2020), Nayar
et al. (2016)

62/M Melanoma Ipilimumab (3 mg/kg)
+Nivolumab (1 mg/kg)

None After
2nd
cycle

IVIg, Cyclosporine,
G-CSF

Died (the author
did not mention
the reason)

4 This article 38/F Cervical
cancer

Sintilimab (200 mg
every 3 weeks for 1st
2nd and 4th cycle)
Toripalimab (3 mg/kg
for 3rd cycle)

None After
4th
cycle

Methylprednisolone, IVIg Died from septic
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administered and anti-PD-1 should be discontinued until
glucocorticoid dose reduction therapy is completed (Eigentler
et al., 2016; Weber et al., 2017). The drug should be immediately
discontinued and the patient should be hospitalized if TEN
develops. SJS/TEN treatment guidelines from the
United Kingdom (Creamer et al., 2016) and the literature
review of Friedman et al. (2016) indicate that glucocorticoids,
immunoglobulins, and cyclosporine may be used in TEN therapy
but such treatment has not been clearly demonstrated over
supportive therapy alone. Previous studies (de Sica-Chapman
et al., 2010) have shown that G-CSF has immunomodulatory
effects and promotes epithelial regeneration. SJS/TEN treatment
by plasmapheresis has also been reported (Narita et al., 2011). In
this regard, Koštál used plasmapheresis therapy in four patients
presenting TEN who did not respond to glucocorticoids and
immunoglobulin. Their symptoms improved and necrotic
epithelium began to repair (Kostal et al., 2012). Skin care
played an important role in the recovery from TEN (Cooper,
2012).

CONCLUSION

Although most skin reactions caused by anti-PD-1 monoclonal
antibodies were mild, they may still cause fatal skin toxicity.
Therefore, early recognition, intervention, and treatment are
essential to avoid further development of skin reactions. In
this regard, early application of glucocorticoids may slow the
response.
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The Contribution of Phospholipase C
in Vomiting in the Least Shrew
(Cryptotis Parva) Model of Emesis
Weixia Zhong and Nissar A. Darmani*

Department of Basic Medical Sciences, College of Osteopathic Medicine of the Pacific, Western University of Health Sciences,
Pomona, CA, United States

Gq and Gβγ protein-dependent phospholipase C (PLC) activation is extensively involved in
G protein-coupled receptor (GPCR)-mediated signaling pathways which are implicated in
a wide range of physiological and pathological events. Stimulation of several GPCRs, such
as substance P neurokinin 1-, dopamine D2/3-, histamine H1- and mu-opioid receptors,
can lead to vomiting. The aim of this study was to investigate the role of PLC in vomiting
through assessment of the emetic potential of a PLC activator (m-3M3FBS), and the
antiemetic efficacy of a PLC inhibitor (U73122), in the least shrew model of vomiting. We
find that a 50 mg/kg (i.p.) dose of m-3M3FBS induces vomiting in ∼90% of tested least
shrews, which was accompanied by significant increases in c-Fos expression and ERK1/2
phosphorylation in the shrew brainstem dorsal vagal complex, indicating activation of
brainstem emetic nuclei in m-3M3FBS-evoked emesis. The m-3M3FBS-evoked vomiting
was reduced by pretreatment with diverse antiemetics including the antagonists/inhibitors
of: PLC (U73122), L-type Ca2+ channel (nifedipine), IP3R (2-APB), RyR receptor
(dantrolene), ERK1/2 (U0126), PKC (GF109203X), the serotoninergic type 3 receptor
(palonosetron), and neurokinin 1 receptor (netupitant). In addition, the PLC inhibitor
U73122 displayed broad-spectrum antiemetic effects against diverse emetogens,
including the selective agonists of serotonin type 3 (2-Methyl-5-HT)-, neurokinin 1
receptor (GR73632), dopamine D2/3 (quinpirole)-, and muscarinic M1 (McN-A-343)
receptors, the L-type Ca2+ channel (FPL64176), and the sarco/endoplasmic reticulum
Ca2+-ATPase inhibitor thapsigargin. In sum, PLC activation contributes to emesis,
whereas PLC inhibition suppresses vomiting evoked by diverse emetogens.

Keywords: PLC, m-3M3FBS, U73122, emesis, dorsal vagal complex, least shrew

Edited by:
Gareth J. Sanger,

Queen Mary University of London,
United Kingdom

Reviewed by:
Maria José García Barrado,

University of Salamanca, Spain
Irwin Rose Alencar De Menezes,

Regional University of Cariri, Brazil

*Correspondence:
Nissar A. Darmani

ndarmani@westernu.edu

Specialty section:
This article was submitted to
Gastrointestinal and Hepatic

Pharmacology,
a section of the journal

Frontiers in Pharmacology

Received: 06 July 2021
Accepted: 26 August 2021

Published: 10 September 2021

Citation:
Zhong W and Darmani NA (2021) The

Contribution of Phospholipase C in
Vomiting in the Least Shrew (Cryptotis

Parva) Model of Emesis.
Front. Pharmacol. 12:736842.

doi: 10.3389/fphar.2021.736842

Abbreviations: PLC, phospholipase C; AP, area postrema; NTS, nucleus tractus solitarius; DMNV, dorsal motor nucleus of the
vagus; GPCRs, G protein-coupled receptors; 5-HT3R, Serotonergic type 3 receptor; NK1R, neurokinin 1 receptor; IP3R,
inositol-1, 4, 5-triphosphate receptor; DAG, diacylglycerol; PKC, protein kinase C; ERK1/2, extracellular signal-regulated
protein kinase1/2; LTCC, L-type Ca2+ channel; RyR, ryanodine receptor; i. p., intraperitoneally; s. c., subcutaneously; 5-HT,
serotonin; SERCA, sarco/endoplasmic reticulum Ca2+-ATPase; CINV, chemotherapy-induced nausea and vomiting.

Frontiers in Pharmacology | www.frontiersin.org September 2021 | Volume 12 | Article 7368421

ORIGINAL RESEARCH
published: 10 September 2021

doi: 10.3389/fphar.2021.736842

156

http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2021.736842&domain=pdf&date_stamp=2021-09-10
https://www.frontiersin.org/articles/10.3389/fphar.2021.736842/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.736842/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.736842/full
http://creativecommons.org/licenses/by/4.0/
mailto:ndarmani@westernu.edu
https://doi.org/10.3389/fphar.2021.736842
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2021.736842


HIGHLIGHTS

The PLC activator m-3M3FBS is proemetic in the least shrew.
m-3M3FBS evokes c-Fos expression and ERK1/2
phosphorylation in the brainstem emetic nuclei.
ERK1/2 and PKC inhibitors, Ca2+ channel modulators, and
serotonin 5-HT3/neurokinin NK1 receptor antagonists reduce
m-3M3FBS-induced vomiting.
The PLC inhibitor U73122 exerts antiemetic effects against the
vomiting-evoked by various emetogens including m-3M3FBS.

INTRODUCTION

The emetic nuclei involved in vomiting include the dorsal vagal
complex (DVC) [containing the area postrema (AP), nucleus
tractus solitarius (NTS) and dorsal motor nucleus of the vagus
(DMNV)] in the brainstem, as well peripheral loci such as neurons
of the enteric nervous system and enterochromaffin cells which are
embedded in the lining of the gastrointestinal tract, as well as vagal
afferents which carry input from the gastrointestinal tract to the
brainstem DVC (Darmani and Ray, 2009; Babic and Browning,
2014). It is well recognized that the numerous receptors involved in
vomiting are located both in the periphery such as the
gastrointestinal tract as well as in the brainstem DVC emetic
nuclei (Navari, 2014; Wickham, 2020). Receptors that mediate
vomiting include opioid mu and kappa, dopamine D2 and D3,
substance P neurokinin 1 (NK1), serotonin type 3 (5-HT3),
histamine H1, muscarinic M1 (Beleslin and Nedelkovski, 1988),
and neuropeptide Y2 receptors, just to name a few (MacDougall
and Sharma, 2020). All the above discussed emetic receptors except
5-HT3 receptors, belong to the G protein-coupled receptor family
(GPCRs) which are involved in a myriad of physiological functions
(Ilyaskina et al., 2018). GPCRs can couple to a family of Gα-protein
subclasses (Gi/o, Gq/11, Gs, and G12/13) as well as the Gβγ subunits
(Ilyaskina et al., 2018). In brief, in the inactive state the G-protein
exists as an αβγ trimer complex and following agonist activation a
conformational change in the GPCR occurs which leads to its
association with an α subunit and the dissociation of the Gβγ
subunit (Jo and Jung, 2016). Among the α-subunits, Gq/11 protein
activates phospholipase C (PLC) to generate inositol 1,4,5-
trisphosphate (IP3) and diacylglycerol (DAG). Cytosolic IP3
subsequently increases intracellular Ca2+ concentration via the
IP3 receptor (IP3R)-mediated release of Ca2+ from the
endoplasmic reticulum calcium stores into the cytoplasm which
then triggers protein kinase C (PKC) phosphorylation/activation,
as well as further activation of multiple protein kinases including
extracellular signal-regulated kinase1/2 (ERK1/2) (Goldsmith and
Dhanasekaran, 2007). The dimer Gβγ is also able to activate ERK1/
2 through PLC-dependent or phosphoinositide 3-kinase-
dependent pathways (Zhao et al., 2016). Several studies indicate
that IP3 production is involved in the induction of vomiting
(Hagbom et al., 2011; Kawakami and Xiao, 2013; Hille et al.,
2015). Thus, PLC activation following activation Gq/11 and the Gβγ
proteins represents an important factor in GPCRs signaling
pathways in diverse physiological functions and pathological
conditions (Hagbom et al., 2011; Kawakami and Xiao, 2013;

Hille et al., 2015). In addition, activation of the opioid mu
(Smart et al., 1997; Rubovitch et al., 2003)-, opioid kappa
(Murthy and Makhlouf, 1996; Joshi et al., 1999), dopamine D2

(Fregeau et al., 2013; Jijon-Lorenzo et al., 2018)-, dopamine D3

(Pedrosa et al., 2004)-, substance P neurokinin NK1 (NK1) (Javid
et al., 2019)-, histamine H1 (Parsons and Ganellin, 2006)-,
muscarinic M1 (Michal et al., 2015; Ilyaskina et al., 2018; Maeda
et al., 2019)-, and neuropeptide Y2-receptors (Domingues et al.,
2018; Tan et al., 2018; Ziffert et al., 2020), lead to PLC1-coupled
signaling events.

In the present study we sought to investigate the emetic
potential of the widely used pharmacological tool, the PLC
activator m-3M3FBS (Krjukova et al., 2004; Kim et al., 2012),
and the antiemetic efficacy of the PLC inhibitor U73122 (Kim
et al., 2012). Thus, we initially investigated whether
intraperitoneal (i.p.) administration of varying doses of m-
3M3FBS can evoke vomiting in the least shrew animal model
of vomiting. Secondly, we examined the central and peripheral
involvement of emetic loci underlying a maximally effective
emetic-dose of m-3M3FBS (50 mg/kg, i. p.) by means of c-Fos
and phospho-ERK1/2 immunostaining to indicate whether m-
3M3FBS activates the brainstem dorsal vagal complex and/or the
jejunum. Thereafter, we determined the receptor/signaling
mechanisms by which m-3M3FBS evokes vomiting via the use
of antiemetics including the: 1) PLC inhibitor, U73122; 2) ERK1/
2 inhibitor, U0126 (Hotokezaka et al., 2002); 3) L-type Ca2+

channel (LTCC) antagonist, nifedipine (Triggle, 2007); 4) IP3R
inhibitor 2-APB (Ng et al., 2007); 5) ryanodine receptor (RyR)
inhibitor, dantrolene (Ng et al., 2007); 6) PKC inhibitor,
GF109203X (Hauss et al., 1993); 7) 5-HT3R antagonist,
palonosetron (Navari, 2013; Rojas et al., 2014); and 8)
substance P neurokinin NK1 receptor (NK1R) antagonist,
netupitant (Navari, 2013; Rojas et al., 2014). Although the
PLC inhibitor U73122 is yet to be investigated, our previously
published studies demonstrate that pretreatment with the above
discussed drugs exert antiemetic effects against corresponding
emetogens (Darmani et al., 2014; Darmani et al., 2015; Zhong
et al., 2018; Zhong et al., 2019).

Specific emetogens such as selective agonists of 5-HT3 (2-
Methyl-5-HT)-, NK1 (GR73632)-, dopamine D2 (quinpirole)-,
and muscarinic M1 (McN-A-343)-receptors, as well as Ca2+

channel regulators including the LTCC agonist FPL6417, and
the sarco/endoplasmic reticulum Ca2+-ATPase (SERCA)
inhibitor thapsigargin, evoke pronounced vomiting in the
least shrews (Darmani et al., 2014; Zhong et al., 2016).
Thus, we further investigated whether pharmacological
inhibition of the PLC with U73122 displays antiemetic
effects against some or all of the above discussed
emetogens. Overall, our results suggest the importance PLC
in diverse causes of emesis.

MATERIALS AND METHODS

Animals
A colony of adult least shrews from the Western University of
Health Sciences Animal Facilities were housed in groups of 5–10
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on a 14:10 light:dark cycle, and were fed and watered ad libitum.
The experimental shrews were 45–60 days old and each weighed
between 4 and 6 g. Animal experiments were conducted in
accordance with the principles and procedures of the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals. All protocols were approved by the Institutional Animal
Care and Use Committee of Western University of Health
Sciences (Protocol number R20IACUC018). All efforts were
made to minimize animals suffering and to reduce the number
of animals used in the experiments.

Chemicals
The following drugs were used: m-3M3FBS, U73122, U0126,
GF109203X, FPL64176, 2-methyl-serotonin maleate salt (2-
Methyl-5-HT), and GR73632 were purchased from Tocris
(Minneapolis, MN); McN-A-343, quinpirole HCl and
nifedipine from Sigma Sigma/RBI (St. Louis, MO);
thapsigargin, dantrolene and 2-APB from Santa Cruz
Biotechnology (Dallas, TX). Palonosetron and netupitant were
kindly provided by Helsinn Health Care (Lugano, Switzerland).
m-3M3FBS, U73122, nifedipine, U0126, netupitant were
dissolved in a mixture of ethanol/Tween 80/saline at a volume
ratio of 1:1:18. Dantrolene, 2-APB, GF109203X and FPL64176
were dissolved in 25% DMSO in water. Thapsigargin was
dissolved in 10% DMSO in distilled water. Other drugs were
dissolved in distilled water. All drugs were administered at a
volume of 0.1 ml/10 g of body weight.

Behavioral Emesis Studies
On the day of experimentation shrews were brought from the
animal facility, separated into individual cages, and allowed to
adapt for at least 2 hours (h). Daily food was withheld 2 h prior to
the start of the experiment, but shrews were given 4 mealworms
each prior to emetogen injection to aid in identifying wet vomits
as described previously (Darmani, 1998). For systemic dose-
response emesis studies, different groups of shrews were
injected with varying doses of m-3M3FBS (0, 10, 20, and
50 mg/kg, i. p., n � 8 shrews per group). Each shrew was
immediately placed in the observation cage and the frequency
of emesis was recorded for the next 2 h m-3M3FBS at 50 mg/kg
dose caused vomiting with maximal frequency in 87.5% of tested
shrews. Thus, this dose was used for subsequent studies.

To evaluate drug interaction studies, different groups of
shrews were pretreated for 30 min with an injection of either
corresponding vehicle [(i.p.) or subcutaneously (s.c.)], or varying
doses of the following antiemetic antagonists/inhibitors: 1) PLC
inhibitor U73122 (2.5 and 10 mg/kg, i. p., n � 8 per group); 2)
ERK1/2 inhibitor U1026 (1 and 5 mg/kg, i. p., n � 8 per group); 3)
IP3R antagonist 2-APB (0.5, 2.5 and 10 mg/kg, i. p., n � 8 per
group); 4) RyR antagonist dantrolene (0.5, 2.5 and 10 mg/kg, i. p.,
n � 8 per group); 5) LTCC blocker nifedipine (0.5 and 1 mg/kg, s.
c., n � 10 per group); 6) PKC inhibitor GF109203X (0.1, 1 and
10 mg/kg, i. p., n � 8); 7) 5-HT3R antagonist palonosetron (0.1
and 0.5 mg/kg, s. c., n � 8 per group); 8) NK1R antagonist
netupitant (1, and 5 mg/kg, i. p., n � 8 per group). After
30 min pretreatment, each shrew was challenged with a single
dose of m-3M3FBS at 50 mg/kg (i.p.) and emesis behaviors were

recorded for the following 2 h. The selection of dosage levels of
the above tested drugs were based up on our previous antiemetic
studies (Zhong et al., 2019).

To determine the broad-spectrum dose-response antiemetic
potential of the PLC inhibitor U73122, varying doses were
injected (i.p.) into different groups of shrews at 0 min. Thirty
minutes later, shrews were challenged for vomiting with a fully
efficacious dose of one of the following emetogens (Darmani
et al., 2014; Zhong et al., 2016; 2014): 1) the selective serotonin 5-
HT3R agonist 2-Methyl-5-HT (5 mg/kg, i. p., n � 8 per group), 2)
the selective substance P neurokinin NK1R agonist GR73632
(5 mg/kg, i. p., n � 6 per group), 3) the dopamine D2/3

preferring receptor agonist quinpirole (2 mg/kg, i. p., n � 5
per group), 4) the selective muscarinic M1R agonist McN-A-
343 (2 mg/kg, i. p., n � 6 per group), 5) the LTCC agonist
FPL64176 (10 mg/kg, i. p., n � 6 per group), 6) the SERCA
inhibitor thapsigargin (0.5 mg/kg, i. p., n � 6 per group). The
vomiting behavior (number of animals vomiting within groups
and frequency of vomits) were then observed for 30 min.

In the forementioned emesis behavioral experiments, the
observer was blinded to administration conditions. In all
experiments each tested shrew was used once and then
euthanized with isoflurane following the termination of each
experiment.

c-Fos Immunostaining and Image Analysis
Immunohistochemistry of the least shrew brainstem and jejunal
sections was conducted as previously reported (Zhong et al., 2019;
Zhong et al., 2021). The jejunal segment of the least shrew small
intestine was dissected as described by Ray et al. (2009). Following
m-3M3FBS (50 mg/kg, i. p.) injection, vomiting shrews were
subjected to c-Fos staining (n � 3–4 shrews/group). Thus,
90 min after the first emesis occurred, shrews were
anesthetized with isoflurane and perfused with ice cold 4%
paraformaldehyde in pH 7.4, 0.1 M phosphate-buffered saline
(PBS) for 10 min. Brainstems and jejunum were removed and
cryoprotected with 30% sucrose in 0.01 M PBS overnight. The
OCT-embedded brainstem block and jejunum were cut on a
freezing microtome (Leica, Bannockburn, IL, United States) into
20-μm and 25-μm sections respectively and stored in PBS with
0.03% sodium azide. Immunolabeling using rabbit anti-c-Fos
polyclonal antibody (1:5,000, ab190289, Abcam) were
performed. Alexa Fluor 594 donkey anti-rabbit IgG (1:500,
Invitrogen) was used as secondary antibody. Nuclei of cells
were stained with DAPI. Images of the brainstem sections
containing the dorsal vagal complex (AP/NTS/DMNV) and
jejunal sections were taken by a confocal microscope (Zeiss
LMS 880) with Zen software using ×20 objective.
Cytoarchitectonic differences in the AP, NTS, and DMNV of
the least shrew brainstem have been described in our previous
report (Ray et al., 2009).

A Fos-expressing cell nucleus was only counted as positive if it
retained its ovoid shape after high-pass filtering to eliminate
variations in background as well as potential false positive and
was fully within the defined region of interest. The numbers of
Fos-positive nuclei of each region (AP/NTS/DMNV/jejunum)
were counted by an observer blind to the animal’s treatment

Frontiers in Pharmacology | www.frontiersin.org September 2021 | Volume 12 | Article 7368423

Zhong and Darmani Phospholipase C Involvement in Emesis

158

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


condition. For each region, the same number of sections were
counted per animal: 3 brainstem sections at 90-μm intervals each
through AP/NTS/DMNV and 3 jejunal sections. The mean value
of each region per section, from an individual animal was used in
statistical analysis.

Phospho-ERK1/2 Immunohistochemistry
Adult least shrews were administered m-3M3FBS (50 mg/kg, i. p.)
or vehicle (n � 3 animals per group) and rapidly anesthetized with
isoflurane and subjected to perfusion at 15 min post-treatment to
evaluate phospho-ERK1/2 alteration. Brain sections (20 μm)
observed under a light microscope and those containing the
brainstem dorsal vagal complex (DVC) were subjected to
immunostaining as described in our previous publication
(Zhong et al., 2019). Immunostaining using rabbit anti-
phospho-ERK1/2 (Thr202/Thr204) (1:500, 4,370, Cell
Signaling) antibody was followed by Alexa Fluor 594 donkey
anti-rabbit IgG (1:500, Invitrogen) secondary antibody
incubation. After washing with PBS 4 times, sections were
mounted with anti-fade mounting medium containing DAPI
staining nuclei (Vector Laboratories). Images were acquired
under a confocal microscope (Zeiss) with Zen software using
×20 and ×60 objectives. Integrated density of phospho-ERK1/2
immunoreactivity in the brainstem dorsal vagal complex of 3
sections from each animal of both groups was determined with
ImageJ and the mean value per section from individual animals
was used in statistical analysis.

Statistical Analysis
The vomit frequency data were analyzed using the Kruskal-Wallis
non-parametric one-way analysis of variance (ANOVA) followed
by Dunnett’s post hoc test and expressed as the mean ± SEM. The
percentage of animals vomiting across groups at different doses
was compared using the chi-square test. Statistical significance for
differences of c-Fos expression between two groups (vehicle
controls vs. shrews vomiting induced by m-3M3FBS) was tested
by unpaired t-test. p < 0.5 was considered statistically significant.

RESULTS

m-3M3FBS Induces Emesis
The emesis data for m-3M3FBS are depicted in Figure 1.
Intraperitoneal administration of m-3M3FBS increased the
frequency of emesis in the least shrew in a dose-dependent manner
(KW (3, 28) � 19.51, p � 0.0002). Dunn’s multiple comparisons post
hoc test showed that m-3M3FBS significantly increased the vomit
frequency at its 50mg/kg dose (p � 0.0004) (Figure 1A). In addition,
the chi-square test indicated that the percentage of animals exhibiting
emesis in response to m-3M3FBS also increased in a dose-dependent
fashion (χ2 (3, 28)� 20.25, p� 0.0002). However, only 87.5% of shrews
vomited at its 50mg/kg (p � 0.0004) (Figure 1B). We could not test
larger doses of m-3M3FBS due to its insolubility.

As shown in Figure 1C, the PLC inhibitor U73122 attenuated
the frequency of m-3M3FBS -induced vomiting [KW (2, 21) �

FIGURE 1 | The Proemetic effects of the PLC activator m-3M3FBS and the corresponding antiemetic efficacy of the PLC inhibitor U73122 in least shrews. (A,B)
Different groups of least shrews were given varying doses of m-3M3FBS (i.p., n � 8 shrews per group). Emetic parameters were recorded for the next 2 h. (C,D) In drug
interaction studies, different groups of least shrews were given an injection (i.p.) of either the corresponding vehicle, or varying doses of U73122, 30 minutes prior to an
injection of m-3M3FBS (50 mg/kg, i. p.), and were observed for the next 2 h. (A,C) The frequency of emesis was analyzed with Kruskal-Wallis non-parametric one-
way ANOVA followed by Dunnett’s post hoc test and presented as mean ± SEM. (B,D) Percentage of shrews vomiting was analyzed with chi-square test and presented
as mean. *p < 0.05, ***p < 0.001vs. 0 mg/kg.
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6.564, p � 0.0375], with a significant reduction (88%) seen at its
10 mg/kg dose (p � 0.0209). U73122 also reduced the percentage
of shrews vomiting [χ2 (2, 21) � 6.378; p � 0.0412], and significant
protection (62.5%) occurred at 10 mg/kg (p � 0.0117)
(Figure 1D).

m-3M3FBS Activates Brainstem Emetic
Nuclei
We conducted immunohistochemistry to determine c-Fos
responsiveness following systemic administration of m-
3M3FBS. Figures 2A,B show very few of c-Fos-positive cells
were observed in the dorsal vagal complex (DVC) emetic nuclei
in shrew brainstem sections from vehicle-treated controls.
Relative to the vehicle-treated control group, a 50 mg/kg (i.p.)
dose of m-3M3FBS caused a significant increase in c-Fos
expression in the brainstem throughout the three DVC emetic
nuclei, the AP, NTS and DMNV (Figures 2C,D). The numbers of
Fos-IR positive cell nuclei in each region are delineated in
Figure 2I. In vehicle-treated shrews, the average values for
Fos-positive cells were 12.9 ± 1.5, 27.8 ± 4.7, and 16.6 ± 2.6 in
the AP, NTS, and DMNX, respectively. Following vomiting
induced by m-3M3FBS, the average numbers of c-Fos-positive
cells were increased to 26.3 ± 4.7 in the AP (p � 0.0361 vs.
Control), 84.7 ± 3.6 in NTS (p < 0.0001), and 44.7 ± 1.8 in DMNX
(p � 0.0001). The c-Fos expression following m-3M3FBS-induced
vomiting was also examined in the shrew jejunum (Figures
2E–H). The mean number of c-Fos expressing cells in the
enteric nervous system of the jejunum was 0.5278 ± 0.3938 in
the vehicle-treated shrews, and 5.222 ± 2.164 after m-3M3FBS-
evoked vomiting (p � 0.0768, vehicle vs. m-3M3FBS) (Figure 2I).

m-3M3FBS-Induced Emesis Involves ERK1/
2 Phosphorylation
To determine the involvement of ERK1/2 in m-3M3FBS-induced
emesis, we performed immunohistochemistry to detect changes
in ERK1/2 phosphorylation expression evoked by m-3M3FBS
(50 mg/kg, i. p.). Representative images and statistical graph in
Figure 3 demonstrate that following systemic administration of
m-3M3FBS, a significant increase in ERK1/2 phosphorylation
(p � 0.0246) occurred throughout the dorsal vagal complex
including the emetic nuclei, AP, NTS and DMNV.

FIGURE 2 | Immunohistochemical analysis of c-Fos expression
following m-3M3FBS-induced emesis. Least shrews were sacrificed 90 min
post vehicle treatment, or after the first vomiting occurred post systemic
administration (50 mg/kg, i. p.) of m-3M3FBS (n � 3 shrews per group).
Shrew brainstem sections (20 μm) and jejunal sections (25 μm) were stained
with rabbit c-Fos antibody and Alexa Fluor 594 donkey anti-rabbit secondary
antibody. (A,C) Representative images show that compared to the vehicle-
treated control group, significant c-Fos expression evoked by m-3M3FBS

(Continued )

FIGURE 2 | was observed in the brainstem dorsal vagal complex emetic
nuclei, the area postrema (AP), the nucleus tractus solitarius (NTS) and the
dorsal motor nucleus of the vagus (DMNV). (B,D) Nuclei were stained with
DAPI in blue. Scale bar, 100 μm. (E,G) Representative images show that
compared to the vehicle-treated control group, a weak c-Fos expression
following m-3M3FBS-induced vomiting was peripherally observed in the
enteric nervous system (ENS) embedded in the wall of the jejunum of the small
intestine. (F,H) Nuclei were stained with DAPI in blue. Scale bar, 100 μm. (I)
Quantified data for the of m-3M3FBS-induced c-Fos expression in the least
shrew brainstem dorsal vagal complex and jejunum. Values represent the
mean number of c-Fos-positive nuclei of each region (AP/NTS/DMNV/jeju-
num) per section and is presented as mean ± SEM (n � 3 shrews per group).
*p < 0.05, ***p < 0.001, ****p < 0.0001 vs. Control (treated with vehicle of m-
3M3FBS), Unpaired t-test.
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Next, we examined the antiemetic potential of the ERK1/2
inhibitor U0126 against m-3M3FBS-induced emesis. The vehicle
or U0126 (1 and 5 mg/kg, i. p.) were administered to different

groups of shrews 30 min prior to m-3M3FBS (50 mg/kg, i. p.)
injection. U0126 pretreatment reduced the frequency of m-
3M3FBS-induced vomiting (KW (2, 21) � 11.4, p � 0.0034),

FIGURE 3 | Immunohistochemical analysis of ERK1/2 phosphorylation following m-3M3FBS-induced emesis. Least shrews were sacrificed 60 min after vehicle or
m-3M3FBS administration (50 mg/kg, i. p.) (n � 3 shrews per group). Brainstem sections (20 μm) were stained with rabbit anti-phospho-ERK1/2 antibody and Alexa
Fluor 594 donkey anti-rabbit secondary antibody. (A,B) Representative images show that compared to the vehicle-treated control group, m-3M3FBS increased ERK1/2
phosphorylation in the brainstem dorsal vagal complex. Scale bar, 100 μm. (C) Statistical analysis of integrated density of ERK1/2 phosphorylation in the brainstem
dorsal vagal complex. *p < 0.05 vs. Control, Unpaired t-test. (D–I) Representative magnified images show m-3M3FBS increased ERK1/2 phosphorylation in the emetic
nuclei located in the dorsal vagal complex, area postrema (AP), the nucleus tractus solitarius (NTS) and the dorsal motor nucleus of the vagus (DMNV). Scale bar, 10 μm.
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with a significant reduction in the vomit frequency at its 5 mg/kg
dose (p � 0.0015) (Figure 4A). The chi-square test showed U0126
pretreatment also reduced the percentage of shrews vomiting (χ2
(2, 21) � 9.399, p � 0.0091) in response to m-3M3FBS, and
achieved significance at 5 mg/kg dose (p � 0.0027) (Figure 4B).

The Protein Kinase C Inhibitor GF109203X
Reduces m-3M3FBS-Induced Emesis
The antiemetic potential of the PKC inhibitor GF109203X (0.1, 1 and
10mg/kg) was tested against m-3M3FBS (50mg/kg, i. p.)-induced
vomiting. GF109203X pretreatment reduced both the mean vomit
frequency [KW (3, 28) � 12.22, p � 0.0067] (Figure 5A) and

percentage of shrews vomiting [χ2 (3, 28) � 8.635; p � 0.0346]
(Figure 5B) in response to m-3M3FBS in a dose-dependent manner.
Significant reduction in the mean vomit frequency occurred at the
10mg/kg dose of GF109203X, whereas the percentage of shrews
vomiting was significantly reduced from its 1mg/kg dose.

Ca2+ Channel Modulators Reduce
m-3M3FBS-induced Emesis
Intracellular Ca2+ Channel Inhibitors
We next investigated whether the intracellular Ca2+ release channels
such as IP3Rs and/or RyRs located on the endoplasmic reticulum, are
involved inm-3M3FBS-evoked vomiting. IP3R blockade with 2-APB

FIGURE 4 | Antiemetic effects of the ERK1/2 inhibitor U0126 against m-3M3FBS-induced emesis. Different groups of shrews were given vehicle or varying doses
of U0126 (i.p.) (n � 8 shrews per group) 30 min prior tom-3M3FBS (1 mg/kg, i. p.) administration. Emetic parameters were recorded for the next 2 h. (A) The frequency of
emesis was analyzed with Kruskal-Wallis non-parametric one-way ANOVA followed by Dunnett’s post hoc test and presented as mean ± SEM. (B) Percentage of
shrews vomiting was analyzed with chi-square test and presented as mean. ***p < 0.001 vs. 0 mg/kg.

FIGURE 5 | The antiemetic effects of the PKC inhibitor GF109203X against m-3M3FBS-induced emesis. Different groups of least shrews were given an injection of
either the corresponding vehicle, or varying doses of GF109203X (i.p.) (n � 8 per group) 30 min prior to m-3M3FBS injection (50 mg/kg, i. p.). Emetic parameters were
recorded for the next 2 h. (A) The frequency of emesis was analyzed with Kruskal-Wallis non-parametric one-way ANOVA followed by Dunnett’s post hoc test and
presented as mean ± SEM. (B) Percentage of shrews vomiting was analyzed with chi-square test and presented as mean. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001 vs. 0 mg/kg.
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FIGURE 6 | The antiemetic effects of Ca2+ channels modulators against m-3M3FBS-induced emesis. Thirty minutes prior to an injection of m-3M3FBS (50 mg/kg,
i. p.), different groups of least shrews were given an injection (i.p.) of either the corresponding vehicle, or varying doses of: 1) the IP3R antagonist 2-APB (n � 8) (A,B), 2) the
RyR antagonist dantrolene (n � 8 shrews per group) (C,D), or 3) the LTCC inhibitor nifedipine (s.c.) (n � 8 shews per group) (E,F). Emetic parameters were recorded for
the next 2 h min post m-3M3FBS injection. (A,C,E) The frequency of emesis was analyzed with Kruskal-Wallis non-parametric one-way ANOVA followed by
Dunnett’s post hoc test and presented as mean ± SEM. (B,D,F) The percentage of shrews vomiting was analyzed with chi-square test and presented as mean. *p <
0.05, **p < 0.01, ****p < 0.0001 vs. 0 mg/kg.
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(0.5, 2.5, and 10mg/kg) caused a significant reduction in the
frequency of m-3M3FBS-evoked vomiting [KW (3, 28) � 10.69,
p � 0,135] at its 2.5 (p � 0.0076), but not at 10 mg/kg (p � 0.0512)
dose (Figure 6A). Moreover, 2-APB pretreatment significantly
attenuated the percentage of shrews vomiting [χ2 (3, 28) � 10.67,
p � 0.0137] (Figure 6B), with significant reductions occurring at
both its 2.5 (p � 0.0027) and 10mg/kg (p � 0.0117) doses
(Figure 6B). Figure 6C demonstrates that pretreatment with the
RyR antagonist dantrolene (0.5, 2.5 and 10mg/kg, i. p.), significantly
and in a dose-dependentmanner suppresses them-3M3FBS -evoked
mean vomit frequency [KW (3, 28) � 19.45, p � 0.0002] with
significant reductions occurring at its 2.5 (p � 0.001) and 10mg/kg
doses (p � 0.0003). Dantrolene also significantly suppressed the
percentage of shrews vomiting in response to m-3M3FBS [χ2 (3, 28)
� 16.97, p � 0.0007], with significant reduction appearing at its 2.5
(p � 0.0027) and complete protection at the 10 mg/kg (p � 0.0004)
doses (Figure 6D).

The L-Type Ca2+ Channel Inhibitor Nifedipine
Suppresses m-3M3FBS-Induced Emesis
Relative to the vehicle-treated control group, nifedipine
administration (0.5 and 1 mg/kg, s. c.) 30min prior to m-
3M3FBS (50 mg/kg, i. p.) injection caused dose-dependent
suppression of both the mean vomit frequency [KW (2, 21) �
11.89, p� 0.0026] and the percentage of shrews vomiting [χ2 (2, 21)
� 12.42; p � 0.0020] in response to m-3M3FBS (Figures 6E,F).
Nifedipine at 1 mg/kg completely suppressed m-3M3FBS-evoked
vomiting (p � 0.0011 for frequency and p � 0.0004 for percentage).

Emetic Receptor Antagonists Reduce
m-3M3FBS-Induced Emesis
Different groups of shrews were pretreated with either the 5-
HT3R antagonist palonosetron (0.025, 0.1, and 0.5 mg/kg, s. c.),
the NK1R antagonist netupitant (0.25, 1 and 5, i. p.), or their
corresponding vehicle, for 30 min prior to m-3M3FBS (50 mg/kg,
i. p.) injection. Palonosetron pretreatment reduced the mean
vomit frequency [KW (3, 28) � 8.218, p � 0.0417] in response
to m-3M3FBS (Figure 7A), with significant reduction occurring
at its 0.1 (p � 0.0460) and 0.5 (p � 0.0410) doses. However,
palonosetron failed to completely protect shrews from vomiting
[χ2 (3, 28) � 5.333; p � 0.1490] (Figure 7B).

The substance P receptor antagonist netupitant also caused a
dose-dependent decrease in the frequency of evoked vomits
[(KW (3, 28) � 14.78, p � 0.0020)] with significant reductions
occurring at its 1 mg/kg (p � 0.0038) and 5 mg/kg doses (p �
0.0020) (Figure 7C). The chi-square test indicates that the
number of shrews vomiting in response to m-3M3FBS was
also significantly attenuated by netupitant [(χ2 (3, 28) � 12.83,
p � 0.0050)] (Figure 7D) with ∼80% protection at 1 mg/kg and
5 mg/kg doses (p � 0.0027).

The Antiemetic Potential of the PLC
Inhibitor U73122
Figure 8 demonstrates the antiemetic potential of U73122 against
vomiting evoked by diverse emetic receptor agonists. In fact,

pretreatment with U73122 (5 and 10 mg/kg), reduced both the
frequency (KW (2, 21) � 8.768, p � 0.0125) and percentage (χ2 (2,
21) � 12.69; p � 0.0018) of shrews vomiting in response to the
administration of the 5-HT3R-selective agonist, 2-Methyl-5-HT
(5 mg/kg, i. p.) (Figures 8A,B). A significant reduction in vomit
frequency occurred at its 10 mg/kg dose (p � 0.0062). In addition,
the percentage of shrews vomiting was reduced by 87.5% at
10 mg/kg dose (p � 0.0004). As shown in Figures 8C,D,
U73122 (5 and 10 mg/kg) also caused a dose-dependent
decrease in the mean frequency of vomits induced by the
NK1R selective agonist GR73632 (KW (2, 15) � 8.693, p �
0.0076) with a significant reduction at its 10 mg/kg dose (p �
0.0072), but no significant decrease (χ2 (2, 15) � 3.877; p � 0.1439)
in the percentage of animals vomiting was observed.

Furthermore, the antiemetic effect of U73122 (1, 2.5 and
5 mg/kg) was also assessed against vomiting caused by the
dopamine D2/3R agonist, quinpirole (2 mg/kg, i. p.) (Figures
8E,F). The mean frequency of quinpirole-induced emesis (KW
(3, 16) � 12.21, p � 0.0067) was significantly reduced with
complete suppression at its 5 mg/kg dose (p � 0.0060).
Significant decrease (χ2 (3, 16) � 11.92; p � 0.0077) in the
percentage of animals vomiting were noted at its 2.5 (60%;
p � 0.0261) and complete protection at 5 mg/kg dose (100%;
p � 0.0009).

Next, the antiemetic effect of varying doses of U73122 was
tested against vomiting caused by the muscarinic M1R agonist,
McN-A-343 (2 mg/kg, i. p.) (Figures 8G,H). U73122
pretreatment (2.5, 5 and 10 mg/kg) also significantly reduced
the frequency of McN-A-343-induced emesis (KW (3, 20) �
12.97, p � 0.0047) in a dose-dependent manner with significant
reduction at 10 mg/kg dose (p � 0.0015). The percentage of
shrews vomiting was also reduced in a dose-dependent fashion
(χ2 (3, 20) � 14.4; p � 0.0024) with significant reductions at 5
(50%; p � 0.0455) and complete protection at its 10 mg/kg dose
(100%; p � 0.0005).

We then investigated the antiemetic potential of U73122
against vomiting evoked by Ca2+ channel regulators, such as the
selective LTCC agonist FPL64176 (10 mg/kg, i. p.) and the
SERCA inhibitor thapsigargin (0.5 mg/kg, i. p.) (Figure 9).
U73122 (5 and 10 mg/kg) significantly attenuated the mean
frequency of FPL64176-induced vomiting in a dose-dependent
manner (KW (2, 15) � 6.195, p � 0.0384) with a significant
reduction at 10 mg/kg dose (p � 0.0257) (Figures 9A,B). In
addition, the percentage of shrews vomiting in response to
FPL64176 was also suppressed by U73122 (χ2 (2, 15) � 6;
p � 0.0498) with a 66.7% reduction at its 10 mg/kg (p �
0.0143). Figures 9C,D show that U73122 (2.5, 5 and
10 mg/kg) dose-dependently suppressed vomiting caused by
thapsigargin (0.5 mg/kg, i. p.). The frequency of thapsigargin-
induced emesis (KW (3, 20) � 18.09, p � 0.0004) was
significantly reduced at 5 (p � 0.0023) and complete
reduction occurred at its 10 mg/kg dose (p � 0.0007).
Likewise, significant decreases (χ2 (3, 20) � 17.33; p �
0.0006) in the percentage of animals vomiting were also
noted at its 5 (83.3%; p � 0.0034) and complete protection at
the 10 mg/kg dose (100%; p � 0.0005).
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DISCUSSION

Significance of This Study
Phospholipase C (PLC) activation is a crucial component in
cellular signaling arising from the activation of diverse GPCRs,
the largest family of cell membrane-bound receptors, and plays
critical roles in signal transduction (Dorsam and Gutkind, 2007).
It has been established that a wide variety of GPCRs mediate
vomiting when stimulated by endogenous stimuli such as
neuropeptides (e.g., substance P) (Carpenter et al., 1984),
biogenic amines (e.g., histamine) (Bhargava and Dixit, 1968),
lipids (e.g. prostaglandins) (Kan et al., 2006) as well as diverse
pharmaceutical agents (Darmani et al., 2014; Zhong et al., 2018).
However, to date, scant evidence exists to support a role for PLC
in the emetic processes. In this study we demonstrated that a PLC
activator, m-3M3FBS, induces vomiting in the least shrew model
of emesis, with a mean maximal frequency (6.25 vomits ±2.6) of
vomits occurring at its 50 mg/kg (i.p.) dose in up to 90% tested
shrews. Because of solubility issues, we could not test a larger dose
of m-3M3FBS. In addition, the PLC inhibitor U73122 not only
suppressed m-3M3FBS-evoked vomiting, but also vomits
induced by selective agonists of diverse emetic receptors
including serotonin 5-HT3-, neurokinin NK1-, dopamine D2/3-,
and muscarinic M1-receptors. Thus, the present study provides
direct evidence for PLC participation in emesis. The major

limitation of this study is that the molecular mechanisms by
which PLC activation-mediates vomiting remain to be
deciphered. In the following sections, we attempt to discuss
the potential mechanisms by which downstream signaling
molecules following administration of the PLC activator m-
3M3FBS may contribute to the evoked emesis.

Potential Mechanisms in PLC
Activator-Induced Emesis
As we discussed in the introduction section, Ca2+, ERK1/2 and
PKC are important downstream effectors in PLC-dependent
signal transduction. In the current study, vomiting induced by
the PLC activator m-3M3FBS was followed by increased
expression of c-Fos and ERK1/2 phosphorylation in the
brainstem dorsal vagal complex, indicating central activation
of emetic nuclei (the area postrema, the NTS and DMNV)
following systemic administration of m-3M3FBS. The c-Fos
expression in the enteric nervous system of the jejunum
showed a weak response upon m-3M3FBS-induced vomiting,
whereas the statistics analysis showed no significant difference
(p � 0.077) between vehicle controls and m-3M3FBS-administed
shrews. Since the brainstem area postrema lacks a complete
blood-brain barrier (Wickham, 2020), circulating drugs may
directly act on this emetic region, which would then sends

FIGURE 7 | The antiemetic effects of receptor-selective antagonists against m-3M3FBS-induced emesis. Different groups of least shrews were given an injection of
either the corresponding vehicles (0 mg/kg), or varying doses of the 5-HT3R antagonist palonosetron (s.c.) (n � 8 shrews per group) (A,B), or the neurokinin NK1R
antagonist netupitant (i.p.) (n � 8) (C,D), 30 min prior to m-3M3FBS administration (50 mg/kg, i. p.). Emetic parameters were recorded for the next 2 h (A,C). The
frequency of emesis was analyzed with Kruskal-Wallis non-parametric one-way ANOVA followed by Dunnett’s post hoc test and presented as mean ± SEM. (B,D)
Percentage of shrews vomiting was analyzed with chi-square test and presented as mean. *p < 0.05, **p < 0.01 vs. 0 mg/kg.
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FIGURE 8 | The antiemetic effects of the PLC inhibitor U73122 against vomiting evoked by diverse receptor-selective emetogens. Varying doses of U73122 (i.p.)
were injected to different groups of shrews 30 min prior to an injection of a fully effective emetic dose of selective serotonin 5-HT3 receptor agonist 2-Methyl-5-HT
(5 mg/kg, i. p., n � 8) (A,B), the selective neurokinin NK1 receptor agonist GR73632 (5 mg/kg, i. p., n � 6) (C,D), the dopamine D2/3 receptor preferring agonist quinpirole
(2 mg/kg, i. p., n � 5) (E,F), or the muscarinic M1 receptor agonist McN-A-343 (2 mg/kg, i. p., n � 6) (G,H). Emetic parameters were recorded for the next 30 min
(A,C,E,G) The frequency of emesis was analyzed with Kruskal-Wallis non-parametric one-way ANOVA followed by Dunnett’s post hoc test and presented as mean ±
SEM. (B,D,F,H) The percentage of shrews vomiting was analyzed with chi-square test and presented as the mean. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs.
0 mg/kg (controls pretreated with vehicle of U73122).
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output to the NTS for integration, and ultimately sensory signals
are conveyed to the DMNV which mediates the emetic motor
signals to gastrointestinal tract during the vomiting process
(Hornby, 2001; Darmani and Ray, 2009; Bashashati and
McCallum, 2014). According to published literature, m-
3M3FBS can directly activate different PLC isoforms in
various cell types, which can lead to generation of both IP3 as
well as subsequent increase in intracellular Ca2+ (Bae et al., 2003).
Moreover, different PLC isoforms (PLCβ, PLCγ, PLCδ, and PLCε)
can also regulate the ERK1/2 signaling cascade (Owusu Obeng
et al., 2020).

In this study the emetic action of m-3M3FBS appears to be
sensitive to inhibitors of ERK1/2 (U0126), PKC (GF109203X),
and IP3R (2-APB), which are in line with current understanding
that DAG, IP3, and Ca2+ mobilization, are involved in PLC-
dependent cell signaling. In addition, our published findings
implicate ERK1/2 phosphorylation in the brainstem DVC as a
common emetic signal elicited by systemic administration (i.p.)
of diverse emetogens including the: 1) NK1 receptor agonist
GR73632 (5 mg/kg), 2) LTCC activator FPL64176 (10 mg/kg),
3) the SERCA inhibitor and thus an intracellular Ca2+ signaling
amplifier, thapsigargin (0.5 mg/kg), 4) the 5-HT3 receptor agonist
2-Methyl-5-HT (5 mg/kg) (Zhong et al., 2014; Zhong et al., 2016;
Zhong et al., 2018; Zhong et al., 2019), 5) chemotherapeutic agent
cisplatin (10 mg/kg, i. p.) (Darmani et al., 2015), and 6) Akt
inhibitor MK-2206 (10 mg/kg, i. p.) (Zhong et al., 2021).
Moreover, ERK1/2 inhibitors such as PD98059 or U0126,
exert substantial or partial antiemetic effects against vomiting-
evoked by the above discussed emetogens except cisplatin.

PKC phosphorylation in least shrew brainstem has also been
found to be associated with vomiting caused by several emetogens
including cisplatin (Darmani et al., 2013; Darmani et al., 2015),
FPL64176 and GR73632 (Zhong et al., 2018; Zhong et al., 2019).
Furthermore, the PKC inhibitor GF109203X can suppress the
vomiting evoked by either FPL64176 or GR73632 (Zhong et al.,
2018; Zhong et al., 2019).

Both IP3R and RyR contribute to increased intracellular Ca2+

concentration following PLC activation (Kim et al., 2015). In this
study, inhibitors of both IP3R (2-APB) and RyR (dantrolene)
displayed antiemetic efficacy against m-3M3FBS-induced
vomiting, suggesting the involvement of these intracellular
endoplasmic reticulum Ca2+ release channels in emesis.
Whether the antiemetic role of 2-APB and dantrolene
contribute to inhibition of intracellular Ca2+ release needs
further Ca2+ imaging studies on cells or brain slices of an
emetic species. Previously we have found that dantrolene and
2-APB exhibit differential antiemetic efficacy against vomiting
elicited by several emetogens, such as the 5-HT3R agonist 2-
Methyl-5HT (Zhong et al., 2014), FPL64176 (Zhong et al., 2018),
thapsigargin (Zhong et al., 2016), and NK1R agonist GR73632
(Zhong et al., 2014; Zhong et al., 2016; Zhong et al., 2018; Zhong
et al., 2019). Therefore, RyRs and IP3Rs ion-channels may be
differentially regulated by different emetogens and may be
potential targets for emesis prevention. 2-APB has often been
used as an IP3R inhibitor, but other studies suggest it also acts as a
store-operated Ca2+ entry inhibitor (Hofer et al., 2013). This non-
selectivity of 2-APB may help explain our current findings in that
the reduction in frequency of m-3M3FBS-induced vomiting by 2-

FIGURE 9 | The antiemetic effects of the selective plc inhibitor U73122 against vomiting caused by Ca2+ channel regulators: the LTCC agonist FPL64176 and the
SERCA inhibitor thapsigargin. Varying doses of U73122 (i.p.) were injected to different groups of shrews 30 min prior to an injection of a fully effective emetic dose of
FPL64176 (10 mg/kg, i. p., n � 6) (A,B), or thapsigargin (0.5 mg/kg, i. p., n � 6) (C,D). Emetic parameters were recorded for the next 30 min (A,C) The frequency of
emesis was analyzed with Kruskal-Wallis non-parametric one-way ANOVA followed by Dunnett’s post hoc test and presented as mean ± SEM. (B,D) Percentage
of shrews vomiting was analyzed with chi-square test and presented as the mean. *p < 0.05, **p < 0.01, ***p < 0.001 vs. 0 mg/kg.
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APB is significant at its 2.5 mg/kg dosage, but not at the10 mg/kg
dosage.

The complete blockade of m-3M3FBS-induced vomiting by
LTCC inhibitor nifedipine is not surprising. In the least shrew
emesis model, nifedipine exhibits broad-spectrum antiemetic
efficacy against vomiting evoked by a myriad of emetogens
including agonists of the LTCC (FPL64176), 5-HT3- (e.g., 5-HT
or 2-Me-5-HT), NK1- (GR73632), dopamine D2/3- (apomorphine
or quinpirole), muscarinic M1- (McN-A-343) receptors (Darmani
et al., 2014). Ca2+ mobilization is involved in both triggering
neurotransmitter release coupled with receptor activation, as
well as post-receptor excitation-contraction coupling (Zuccotti
et al., 2011), which can be an important aspect of vomit
induction, and has been further discussed in one of our reviews
(Zhong et al., 2017). The mechanism underlying the antiemetic
potential of Ca2+ signaling inhibitors may be closely related to
inhibition of Ca2+ mobilization and emetic receptor-mediated
downstream signaling pathways involving key molecules, such
as PKA, PKC, ERK1/2, and Ca2+/calmodulin-dependent protein
kinase II (Zhong et al., 2017).

m-3M3FB-evoked emesis is also sensitive to antagonists of
both 5-HT3R and NK1R (palonosetron and netupitant,
respectively). It remains to be determined whether the PLC
activator m-3M3FBS stimulates release of 5-HT or substance P,
or both, which would subsequently activate corresponding
serotonin 5-HT3R and/or neurokinin NK1R to evoke
vomiting, which our accompanying antagonist studies imply.
To the best of our knowledge, there is no published literature to
indicate PLC activation by m-3M3FBS would cause release of
such emetic mediators. However, it is known that the PLC
inhibitor U73122 inhibits lipopolysaccharide-induced
prostaglandin E2 production in mice, a process attributed to
the inhibition of PLC pathway (Hou et al., 2004). Moreover,
lipopolysaccharide is a potent emetogen in pigs (Girod et al.,
2000).

Antiemetic-Effects of the PLC Inhibitor
U73122
U73122 can selectively inhibit the PLC-dependent signaling
process, and thus has proven useful in evaluating PLC-
dependent cell activation both in vitro and in vivo when
administered i. p. or intravenously (Hou et al., 2004). In the
present study, U73122 suppressed vomiting evoked by the PLC
activator m-3M3FBS, or via the activation of key emetic
receptors (serotonin 5-HT3, neurokinin NK1, dopamine D2/

3, muscarinic M1) induced by their corresponding specific
agonists (2-Methyl-5-HT, GR73632, quinpirole, McN-A-
343, respectively) and Ca2+ signaling amplifiers (FPL64176
and thapsigargin) (Darmani et al., 2014; Zhong et al., 2016).
U73122 is a PLC isoform-nonspecific inhibitor which also
attenuates stimulus-evoked intracellular Ca2+ accumulation
as well as ERK1/2 phosphorylation in cellular studies (Shen
et al., 2013). Therefore, the mechanism underlying the
antiemetic potential of U73122 could be interpreted via
inhibition of Ca2+ mobilization and ERK1/2 signaling, both
of which play important roles in the vomiting-mediated by

various emetic receptors as demonstrated in our previous
studies (Zhong et al., 2017). Another potential explanation
could be stimulation of emetic receptors (e.g., 5-HT3R, LTCC)
may activate PLC through Ca2+ mobilization (Thore et al.,
2005).

The tested antiemetic doses of U73122 may nonspecifically
attenuate vomiting via a general decrease in locomotor activity.
Thus, we investigated the effect of U73122 on locomotor activity
parameters of least shrews using a computerized video tracking,
motion analysis and behavior recognition system (EthoVision)
as described in our published studies (Darmani, 2002). The
tested antiemetic doses of U73122 in this study did not affect
either the velocity or distance travelled by the shrews
(Supplementary Figure S1). Thus, inhibition of motor
activity per se does not contribute to the antiemetic potential
of U73122.

Anti-Nauseous Potential of the PLC
Inhibitor U73122
Per our introduction section, in addition to the described
limitation of the current study concerning molecular
mechanisms by which PLC activation-mediates vomiting,
the potential anti-nauseous activity of U73122 in the least
shrew remains to be established. Indeed, published anatomical
and pharmacological data imply several higher brain
structures (e.g., amygdala, cortex), as well as
neurotransmitters (e.g., cholinergic system, histaminergic),
their corresponding receptors, and cellular processes (e.g.,
expression of immediate early genes, kinase signaling
pathway) are probably involved in nausea (Welzl, 2001). As
suggested by our current emesis/antiemesis findings, PLC
activators and inhibitors would probably exert similar
nauseous/anti-nauseous outcomes which would need to be
investigated.

CONCLUSION AND PROSPECTS

Taken together, our findings demonstrate that when
administered in the least shrew systematically, the PLC
activator m-3M3FBS behaves as a proemetic agent. The
evoked vomiting is accompanied by central activation of
emetic loci as indicated by the evoked c-Fos expression and
ERK1/2 phosphorylation in the brainstem dorsal vagal
complex. The induced vomiting is sensitive to inhibitors of
Ca2+ signaling, ERK1/2, PKC as well as emetic receptors
(serotonin 5-HT3 and neurokinin NK1). Furthermore, the PLC
inhibitor U73122 is efficacious in reducing the emetic effects of
m-3M3FBS as well as agonists of emetic GPCRs, suggesting PLC
serves as an upstream activator of the cellular responses to such
emetogens.

Furthermore, inhibitors targeting PLC signaling, especially
PLC itself, and its downstream effectors (e.g., Ca2+, IP3, DAG,
PKC and ERK1/2), may provide antiemetic efficacy in patients.
Our long-term goal is to find new classes of antiemetic/antinausea
drugs which could concurrently prevent both chemotherapy-
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induced nausea and vomiting (CINV) in cancer patients.
Targeting common downstream intracellular emetic signals
may provide new avenues for development of much-needed
drugs to suppress both gastrointestinal side-effects of cisplatin-
type chemotherapeutics.
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The development of immune checkpoint inhibitors (ICIs) has revolutionized cancer
treatment, with agents such as nivolumab, pembrolizumab, and cemiplimab targeting
programmed cell death protein-1 (PD-1) and durvalumab, avelumab, and atezolizumab
targeting PD-ligand 1 (PD-L1). Ipilimumab targets cytotoxic T lymphocyte-associated
antigen-4 (CTLA-4). These inhibitors have shown remarkable efficacy in melanoma, lung
cancer, urothelial cancer, and a variety of solid tumors, either as single agents or in
combination with other anticancer modalities. Additional indications are continuing to
evolve. Checkpoint inhibitors are associated with less toxicity when compared to
chemotherapy. These agents enhance the antitumor immune response and produce
side- effects known as immune-related adverse events (irAEs). Although the incidence of
immune checkpoint inhibitor pneumonitis (ICI-Pneumonitis) is relatively low, this
complication is likely to cause the delay or cessation of immunotherapy and, in severe
cases, may be associated with treatment-related mortality. The primary mechanism of ICI-
Pneumonitis remains unclear, but it is believed to be associated with the immune
dysregulation caused by ICIs. The development of irAEs may be related to increased
T cell activity against cross-antigens expressed in tumor and normal tissues. Treatment
with ICIs is associated with an increased number of activated alveolar T cells and reduced
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activity of the anti-inflammatory Treg phenotype, leading to dysregulation of T cell activity.
This review discusses the pathogenesis of alveolar pneumonitis and the incidence,
diagnosis, and clinical management of pulmonary toxicity, as well as the pulmonary
complications of ICIs, either as monotherapy or in combination with other anticancer
modalities, such as thoracic radiotherapy.

Keywords: pneumonitis, immune checkpoint inhibitors, immune related adverse effects, anti-CTLA-4 antibodies,
anti-PDL-1 monoclonal antibodies

INTRODUCTION

Since FDA approval of the first ICI, ipilimumab, in 2011, a
growing portfolio of monoclonal antibodies targeting the
CTLA-4 and PD-1/PD-L1 pathways has emerged, which
purport therapeutic advantage over a broad spectrum of
cancers (Table 1). ICI-based therapies targeting CTLA-4 or
PD-1/PD-L1 have led to significant improvements in overall
survival and progression-free survival in patients with
hematologic malignancies, as well as solid cancers, including
Hodgkin’s lymphoma, melanoma, colon, renal cell, and Merkel
cell carcinomas and non-small cell lung carcinoma (NSCLC)
(Hodi et al., 2010; Brahmer et al., 2012; Ansell et al., 2015;
Borghaei et al., 2015; Le et al., 2015; Motzer et al., 2015).

With the expansion of ICI-targeted therapies and the
development of complex combination and multimodal
therapies, there has been increasing recognition of a unique
spectrum of associated end-organ toxicities, referred to as
immune-related adverse events (irAEs). Although the precise
pathophysiologic mechanism of lung injury associated with
ICIs remains under rigorous investigation, it is thought that
these therapies act as a double-edged sword in which release
of regulatory controls is responsible for both the therapeutic

efficacy of ICI therapy and the driver of irAEs. The incidence of
severe or life-threatening irAEs (grade ≥ 3) ranges from 20 to 30%
for patients receiving anti-CTLA-4 and 10–15% for patients
treated with anti-PD-1/anti-PD-L1 agents. The incidence of
these severe irAEs is highest (55%) for patients treated with
the combination of anti-CTLA-4/PD-1 or anti-CTLA-4/PD-L1.
These irAEs may affect virtually every organ system (Darnell
et al., 2020). Lung irAEs were rarely described in early clinical
trials, but have become increasingly recognized as clinically
significant, becoming more complex as ICI-containing
regimens have expanded (Topalian et al., 2012). Pneumonitis
is the primary manifestation of lung irAEs. Pleural effusions,
airway disease, and mediastinal lymphadenopathy associated
with sarcoid-like reactions have also been described (Nishino
et al., 2017a; Suresh et al., 2018b; Gkiozos et al., 2018; Rambhia
et al., 2019; Mitropoulou et al., 2020; Naidoo et al., 2020; Nobashi
et al., 2020; Shannon, 2020; Zhu et al., 2020). Most cases of ICI-
related lung injury are mild, but these events may be irreversible
and fatal. In fact, lung-related irAEs are the most common cause
of ICI interruption and ICI-related mortality (Nishino et al.,
2016a; Wang et al., 2018). Thus, knowledge regarding key
characteristics and optimal treatment of lung irAEs is critical
to good outcomes. This review provides an updated overview of

TABLE 1 | Immune checkpoint inhibitor drug class and associated FDA approved tumor targets.

Target Drug FDA-approved

CTLA-4 (CD152) (Cytotoxic T-lymphocyte-associated antigen-4) Ipilimumab (Yervoy) Unresectable metastatic melanoma
Renal cell carcinoma (with nivolumab)

PD-1 (CD279) (Programmed cell death protein-1) Pembrolizumab (Keytruda) Unresectable metastatic melanoma
NSCLC-Stage IV
Merkel cell carcinoma
Hepatocellular carcinoma
Gastric carcinoma
GE junction carcinoma
Cervical cancer
Urothelial carcinoma
Hodgkin lymphoma

Nivolumab (Opdivo) Unresectable metastatic melanoma
Non-small cell lung cancer-Stage IV
Small cell lung cancer (extensive disease)
Hepatocellular carcinoma
Renal cell carcinoma (with ipilimumab)

Cemiplimab Advanced squamous cell carcinoma-skin
PD-L1 (CD274, B7 homolog) (Programmed cell death –ligand 1) Atezolizumab Non-small cell lung cancer-Stage IV

Small cell lung cancer (extensive disease)
Breast carcinoma (triple negative)

Avelumab Merkel cell carcinoma
Durvalumab Urothelial cancer
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the biology of ICIs, the epidemiology, mechanisms,
clinicopathologic features, diagnosis, and management of lung
irAEs.

BIOLOGYOF IMMUNECHECKPOINTS AND
RATIONALE IN CANCER THERAPEUTICS

Compelling evidence gathered from studies highlighting key roles of
the immune system in cancer development has generated enormous
interest in the complex network of regulatory pathways that govern
immune homeostasis. Uncontrolled or excessive immune responses
to foreign pathogens or overexpressed self-antigens may promote
inflammatory tissue damage and autoimmunity. Thus, immune
homeostasis, which is tightly regulated by a balance between co-
stimulatory and inhibitory signals collectively known as immune
checkpoints, is critical for host survival. Cytotoxic T-lymphocyte
antigen-4 (CTLA-4) and its corresponding ligand B7.1/B7.2 and PD-
1 and its major ligands, PD-L1 and PD-L2, are dominant immune
checkpoint pathways that are essential modulators of immune
activation. These inhibitory checkpoint pathways play critical
roles in maintaining immune tolerance and T-cell responses
within a desired physiologic range, thereby ensuring more
uniform and controlled immune reactions and avoiding immune
hyper-responsiveness and autoimmunity (Waterhouse et al., 1995).

Engagement of CTLA-4 with its cognate ligands is induced early,
shortly after T cell activation (during T-cell priming), and effectively
down-regulates immune T-cell functions (Brunner et al., 1999).
CTLA-4 expression occurs primarily on activated T-cells within
lymphoid tissues during T-cell priming, but may also attenuate
T-cell activation within peripheral tissues (Ritprajak and Azuma,
2015). The binding ligands for PD-1 are widely expressed. PD-L1
expression is abundant in immune cells, such as activated T-cells,
B cells, dendritic cells, macrophages, myeloid cells, and NK cells
(Ritprajak and Azuma, 2015). Normal parenchymal tissues,
including the heart, skeletal muscle, placenta, and lung tissues,
express PD-L1 at high levels. In addition, induction of PD-L1
protein in various non-lymphoid tissue cells, including epithelial,
endothelial, and smooth muscle cells, occurs in response to
inflammatory cytokines released by damaged tissues (Freeman
et al., 2000; Liang et al., 2003; Rodig et al., 2003; Youngnak-
Piboonratanakit et al., 2006). PD-L2 expression is limited to
activated dendritic cells and macrophages. PD-1/PD-L1 and PD-
1/PD-L2 interactions inhibit effector T-cell function and are
dominant in the peripheral tissues and tumor microenvironments
(Parry et al., 2005; Keir et al., 2006; Weber, 2010; Wei et al., 2018).
The differential contributions of the CTLA-4 and PD-1 co-
inhibitory receptors create diverse expression phenotypes, which
may explain the varied efficacy of ICIs across tumor types, as well as
their distinct toxicity profiles.

Cancer cells often co-opt immune suppressive and tolerance
mechanisms as a strategy to escape immune destruction. For
example, by activating CTLA-4, PD-1, and PD-L1 inhibitory
signals, cancer cells can subvert or disarm immune regulatory
pathways, leading to increased tumor survival (Ribas and
Wolchok, 2018; Tang et al., 2018). In addition to
overexpression of inhibitory checkpoint proteins, tumor cells

also activate intrinsic cellular signals that enhance cancer cell
survival. Immune checkpoint inhibitors effectively block these
proteins, thereby restoring T-cell function and augmenting
immune attack and tumor killing (Butte et al., 2007; Escors
et al., 2018; Ribas and Wolchok, 2018). The therapeutic
potential of ICIs for treating numerous cancers is well
recognized, but these agents may also induce significant irAEs,
with the lung being an important target.

Incidence of Immune Checkpoint
Inhibitor-Mediated Pneumonitis
The incidence of pneumonitis in patients treated with ICIs varies
in different analyses. One large meta-analysis involving 16 trials
and 6,208 patients reported an incidence of 4% for any
pulmonary toxicity and 1.5% for high-grade pneumonitis,
which appeared similar across PD-1 and PD-L1 inhibitors
(Sun et al., 2019). A subsequent, larger meta-analysis showed
that anti-PD-1/PD-L1 was associated with a 5-6 fold higher risk
of pneumonitis compared with cytotoxic chemotherapy (Huang
et al., 2019). Notably, the odds ratio for pneumonitis for the
combination of ipilimumab/nivolumab was approximately twice
as high as single-agent anti-PD-1 therapy. Real-world studies
have suggested similar incidences in NSCLC and melanoma
patients, at approximately 5% for anti-PD-1/PD-L1
monotherapy and 10% for combination ipilimumab and
nivolumab (Naidoo et al., 2017). Although fatal toxicities are
uncommon (approximately 0.4% for single-agent anti-PD-1/PD-
L1 and 1.2% for combination ipilimumab and nivolumab),
pneumonitis likely comprises the most frequent fatal event,
accounting for 35% of fatal toxicities from anti-PD-1/PD-L1
(Wang et al., 2018).

Interestingly, combinations involving anti-PD-1/PD-L1 with
either chemotherapy or vascular endothelial growth factor
(VEGF) inhibitors may actually have a slightly lower incidence
of pneumonitis, although these regimens have generally not been
directly compared with anti-PD-1 monotherapy. The meta-
analysis described above suggested that the combination of
pembrolizumab and chemotherapy had a lower risk of
pneumonitis compared with anti-PD-1 therapy alone
(although higher than chemotherapy) (Huang et al., 2019).
Randomized studies, however, have shown that pneumonitis
occurs in 5–8% of patients treated with pembrolizumab and
chemotherapy, which appears broadly similar to that observed
with single-agent therapy (Gadgeel et al., 2020; Paz-Ares et al.,
2020). Pneumonitis appears perhaps slightly less common for the
combination of pembrolizumab and axitinib (3%, with one fatal
case) compared with single-agent anti-PD-1/PD-L1, although
these have not been directly compared prospectively (Atkins
et al., 2021).

Mechanisms of Alveolar Damage in
Pneumonitis (Non-Immune Checkpoint
Inhibitor-mediated)
To gain insight into the mechanisms of alveolar damage in ICI-
pneumonitis, we will briefly discuss the mechanisms of non-ICI
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associated types of pneumonitis. Pneumonitis is a condition that
encompasses a diverse spectrum of acute and chronic
inflammatory etiologies that evoke immune-mediated damage
to alveoli with resultant respiratory dysfunction. Triggers of
pneumonitis include a variety of airborne organic and
inorganic irritants, as well as radiation therapy, aspiration and
medications delivered by any route, resulting in non-IgE-
mediated hypersensitivity pneumonitis (HP, also known as
extrinsic allergic alveolitis), radiation-induced lung injury
(RILI), and drug-induced interstitial lung disease (DILD),
respectively. Pneumonitis may vary with respect to severity
and duration (sub-acute, acute, and chronic) and the more
severe forms of these pulmonary disorders may lead to
development of extensive fibrosis as a complication of disease
progression. Acute interstitial pneumonitis (AIP, Hamman-Rich
syndrome), on the other hand, is a distinct entity of unknown
etiology that is rapidly progressive. It is an uncommon condition
that clinically resembles the acute respiratory distress syndrome
(ARDS) and is associated with a high mortality of up to 60%
(Mastan et al., 2018).

Although not entirely clear, the immunopathogenesis of HP
appears to involve Th17 cells that are activated following
exposure to the offending irritant/antigen in the lungs. The
resultant production of IL-17A promotes IL-8-mediated influx
of neutrophils into the lungs with resultant inflammation-
mediated alveolar damage (Pardo et al., 2000; Girard et al.,
2011; Hasan et al., 2013; Costabel et al., 2020; Elmore et al.,
2020). Neutrophil recruitment to the lungs may be exacerbated by
low numbers of pulmonary regulatory T cells (Tregs) (Girard
et al., 2011; Elmore et al., 2020) and by the production of IgG
antibodies to the offending stimulus (Costabel et al., 2020).

Some patients with HP develop chronic, severe disease that is
associated with the occurrence of fibrosis. Although the
underlying immunopathogenesis remains to be established, an
association with co-existent autoimmune disease has been
described. In this context, one study has reported a high
prevalence of autoimmune thyroiditis in patients with chronic
HP (25.6% in patients vs. 10.7% in matched control subjects, p <
0.0001), which was found to be a significant predictor of mortality
(HR � 3.39, p � 0,012) (Adegunsoye et al., 2017). Similar findings
have been reported in a subset of HP patients who expressed the
DRB1*03:01-DQB1*02:01 HLA haplotype that was associated
with a significant risk of development of antinuclear
antibodies (OR � 19.23; p � 0.0088), while expression of the
HLA-DRB1*03:01 allele was associated with higher mortality (OR
� 5.9; p � 0.043) (Buendía-Roldán et al., 2020). Two other recent
studies have described associations between seropositivity for
antinuclear antibodies in patients with HP that was correlated
with disease severity and progression (Adegunsoye et al., 2015;
Bonella et al., 2019).

Giuranno et al. (2019) have recently described in detail events
involved in the pathogenesis of RILI. Among others, the most
prominent mechanisms of pulmonary damage involve radiation-
associated generation of reactive oxygen species (ROS), which are
cytotoxic for both type I and type II pneumocytes (Giuranno
et al., 2019). Type I cells line the alveoli and maintain structural
integrity, while type II pneumocytes produce the protective, lower

airway lining lipoproteins, surfactants A and D. In addition,
radiation-induced damage to resident cells in the airways also
results in the release of damage-associated molecular patterns
(DAMPs). These “alarmins” initiate the recruitment of cells of the
innate immune system, particularly neutrophils, which initiate
alveolar damage via the release of indiscriminate ROS and
proteinases, as well as neutrophil extracellular traps (NETs)
(Giuranno et al., 2019). In this context, the alarmin, high-
mobility group box 1 (HMGB1) and the chemokine, IL-8, are
major inducers of NETosis (Tadie et al., 2013; An et al., 2019)
with NETs having been described as playing a key role in the
“development of ILD of different etiologies” (Porto and Stein,
2016).

Drug-induced interstitial lung disease may manifest as an
acute interstitial pneumonitis mediated by cytotoxic and
immunological mechanisms (Matsuno, 2012). Reactive
oxidants that are toxic to the lung and cytokine-mediated
activation of inflammatory cells play important roles in
promoting DILD.

Putative Mechanisms of Immune
Checkpoint Blockade-mediated
Pneumonitis
Although several clinical risk factors for the development of ICI-
Pneumonitis have been identified, little is known about the
immunopathogenesis of this condition. Known risk factors
include type of malignancy (not surprisingly NSCLC, as well
as renal cell carcinoma), bronchial asthma, chronic obstructive
pulmonary disease (COPD), and prior radiotherapy (Giuranno
et al., 2019). Although not rigorously explored, measurement of
systemic biomarkers of sub-clinical inflammation such as the
circulating neutrophil count, interleukin (IL)-6, and C-reactive
protein (CRP)may help identify those at risk, while, as mentioned
earlier, measurement of thyroid and antinuclear autoantibodies
may also have predictive potential (Adegunsoye et al., 2015;
Adegunsoye et al., 2017; Bonella et al., 2019; Buendía-Roldán
et al., 2020).

The most probable mechanism of induction of ICI-
Pneumonitis is the recovery of pulmonary T cell reactivity to
inhaled antigens, autoantigens, or microbial products following
ICI-mediated reversal of the constraints (CTLA-4 and PD-1)
imposed on Th1 and Th17 cells by Tregs. In this context, a recent
report by Wang et al. is noteworthy (Wang et al., 2020). These
authors measured the levels of the counteracting cytokines IL-
17A (pro-inflammatory) and IL-35 (immunosuppressive,
produced by Tregs) in bronchoalveolar lavage fluid (BALF)
from patients (n � 13) with NSCLC who were experiencing
episodes of ICI-Pneumonitis. ICI-treated, non-ICI-
Pneumonitis NSCLC patients (n � 20) were included as
controls. The test cytokines and the percentages of Th1, Th2,
Th17, and Tregs were also measured in blood. The authors noted
higher frequencies of Th1 and Th17 cells in blood that correlated
positively with IL-17A (blood and BALF) and higher ratios of
Th17 cells to Tregs during development of ICI-Pneumonitis.
Although the numbers of patients recruited to the study were
small and given that independent confirmation of these findings
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is necessary, they nevertheless appear to implicate Th17 cells in
the immunopathogenesis of ICI-Pneumonitis, as well as a
counteracting role for IL-35 (Wang et al., 2020). Partially
confirming these results, another report by Suresh et al.
revealed that high lymphocytosis was associated with ICI-
Pneumonitis in BALF from ICI-treated patients with lung and
skin cancers (Suresh et al., 2019b). While healthy individuals and
ICI-treated patients that did not develop ICI-Pneumonitis had
10% lymphocytes and 85% macrophages as predominant BALF
immune populations, ICI-Pneumonitis in ICI-treated patients
was associated with a lymphocytosis of greater than 20%. To
investigate the phenotype of these lymphocytes, the authors
performed a comprehensive flow cytometry analysis and found
that central memory and TNF-αhighIFN-γhigh CD8 T cells were
enhanced in ICI-Pneumonitis patients, in the setting of
attenuation of immunosuppressive CTLA4highPD1high Treg cells.

Moreover, they also observed an increase in the numbers of IL-
1βhiTNF-αhiCD-11bhiCD14intCD16int inflammatory myeloid cells
(Suresh et al., 2019b). Although this work may not have
confirmed a clear role for IL-17A, it became evident that in
response to ICI treatment, patients that develop ICI-Pneumonitis
recruit increased numbers of inflammatory cells to the lungs, while
immunoregulatory populations decreased in number and potency.

Additional mechanisms that may be involved in the
immunopathogenesis of ICI-Pneumonitis include: 1)
autoantibodies; 2) auto-inflammatory cytokine cascades; 3)
neutralization of type M2 macrophages and myeloid-derived
suppressor cells; and 4) transition of the pulmonary
microbiome to a pro-inflammatory phenotype.

Clinical Approach to Immune Checkpoint
Inhibitor-Mediated Pneumonitis
The onset of ICI-Pneumonitis is most often heralded by symptoms
of dyspnea (53–79%), dry cough (35–88%), low-grade fever (12%),
and chest pain (7%). The time from the administration of the first
dose of an ICI to the occurrence of ICI-Pneumonitis varies widely
from 1.9 to 24months, with a median time of 2.8 months (Hassel
et al., 2017; Wang et al., 2021). Earlier occurrences have been
reported with combination therapies (median 2.7 vs. 4.6 months)
and among patients with lung cancer (2.1 months) compared to
melanoma (5.1 months) (Zhu et al., 2020).

Pneumonitis terminology is standardized, and associated
symptoms are graded on a 5-point scale in accordance with the
common terminology criteria for adverse events (CTCAE).
Compatible radiographic changes occurring in the absence of
symptoms (grade 1) or in the presence of mild symptoms that do
not limit normal activities of daily living (grade 2) are designated as
mild-to-moderate (low-grade) pneumonitis. High-grade pneumonitis
is indicated by severe or medically significant symptoms that are not
immediately life-threatening (grade 3), while life-threatening
symptoms that require urgent medical attention are considered
grade 4 pneumonitis. Pneumonitis-related death is designated as
grade 5 (Table 2) (Basch et al., 2014; Kluetz et al., 2016). Mild-to
moderate (grade 1–2) pneumonitis accounts for approximately
73–85% of ICI-Pneumonitis across tumor types. Higher rates of
severe and fatal pneumonitis have been reported among patients

with NSCLC, pre-existing fibrotic lung disease, and among patients
treated with dual ICI therapy, ICI plus potentially pneumotoxic
chemotherapy combinations and following talc slurry pleurodesis
(Suresh et al., 2018b; Sakata et al., 2018; Wang et al., 2018; Moey
et al., 2020; Yamagata et al., 2021; Yu et al., 2021).

A diverse spectrum of radiographic features of pneumonitis
may be found on CT imaging of the thorax. Five major subtypes
have been recognized (Table 3): organizing pneumonia (OP),
ground-glass opacities (GGO), nonspecific interstitial
pneumonitis (NSIP) (Figure 1), hypersensitivity pneumonitis
(HP), and acute interstitial pneumonia (AIP) (Figure 2)
associated with the acute respiratory distress syndrome
(ARDS) (Nishino et al., 2016b; Naidoo et al., 2017). The
radiologic subtypes are consistent throughout the clinical
course of ICI-Pneumonitis, although multiple histologic
subtypes may coexist in the same patient, while evolution to
other histologic subtypes over the course of ICI-Pneumonitis has
been reported (Koelzer et al., 2016; Naidoo et al., 2017).
Radiographic patterns of pneumonitis may correlate with
clinical severity and grades of pneumonitis. AIP and ARDS
correlate with more severe pneumonitis and a worse prognosis
followed by OP, while NSIP and HP are associated with lower-
grade pneumonitis. Thus, radiographic correlates of pneumonitis
are significant prognosticators of pneumonitis outcomes andmay
assist in the management, follow-up, and monitoring of these
patients (Nishino et al., 2016a; Nishino et al., 2017b).

DIFFERENTIAL DIAGNOSIS

The differential diagnosis of ICI-Pneumonitis poses clinical
challenges, particularly in the setting of pre-existing lung
disease, radiation pneumonitis, congestive heart failure, and
lymphangitic spread of tumor. In addition, infectious
pneumonia caused by bacteria, viruses, tuberculosis (van
Eeden et al., 2019), and fungi may mimic ICI-Pneumonitis.
Clinical and radiographic clues may help to distinguish ICI-
Pneumonitis from infectious pneumonia. For example, fever,
leukocytosis, and discolored sputum are clinical hallmarks of
lung infection, but uncommon in ICI-Pneumonitis. ICI-
Pneumonitis-related fevers, when they occur, are more often
low grade. Imaging manifestations of infectious pneumonias,
including multi-lobar consolidations and ground glass
opacities, may be indistinguishable from ICI-Pneumonitis.
Hemoptysis, weight loss, and increasing serum tumor markers
along with new or increasing nodular shadows and interlobular
septal thickening are helpful clinical and radiographic clues that
favor cancer progression. The challenges in distinguishing ICI-
Pneumonitis from radiation pneumonitis are particularly
relevant, especially in the setting of ICI-Pneumonitis following
concurrent chemoradiation therapy.

Radiation Therapy, Immune Checkpoints,
and Pneumonitis: Clinical Implications
Radiation therapy (RT) is a standard treatment modality for
certain thoracic malignancies in both the curative and palliative
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settings. Radiation pneumonitis is an acute manifestation of
radiation-induced lung damage and typically occurs
4–12 weeks after treatment is completed. Characteristic
radiologic features include ground-glass opacities and airspace
consolidation, usually located within or at the edge of the
irradiated field. Dyspnea, cough and chest pain are typical
symptoms, which can be challenging to distinguish from other
comorbidities, such as COPD.

The theory that a synergistic therapeutic effect exists between
prior chest RT and ICIs has previously been reported (Herrera et al.,
2017). This has led to the implementation of studies that aim to
establish the safety and efficacy of concurrent radio-immunotherapy.

On the other hand, however, there are studies that have suggested
that prior chest RT is a risk factor for the development of ICI-
Pneumonitis due to underlying radiation-induced lung damage
(Zhai et al., 2020). The exact mechanism underpinning this event
remains an area of active interest.

The advent of ICIs has impacted significantly on the outcome of
patientswith unresectable stage III andmetastaticNSCLC in particular.
These patients require multimodality treatment and receive RT in
either the curative or palliative settings. In this context, Voong et al.
(2019) investigated the relationship between RT and ICI-Pneumonitis
in patients with advanced NSCLC. Analysis of RT data included intent
(curative vs. palliative), dose (Gy), number of fractions, treatment site

TABLE 2 | National cancer institute common terminology criteria for adverse events (CTCAE) pneumonitis grading system.

CTCAE
grade

Clinical symptoms Associated radiologic findings

I Asymptomatic Infiltrates confined to one lobe of the lung or less than 25% of the
lung parenchyma

II New respiratory symptoms or aggravation of existing symptoms, including dyspnea,
cough, chest pain, low-grade fever, or increased oxygen requirements

Infiltrates involve 25–50% of the lung parenchyma on chest
computed tomography (CT)

III Severe symptoms that limit activities of daily living Infiltrates involve all lung lobes or>50% of the lung parenchyma
IV Life threatening symptoms, severe hypoxia requiring urgent intervention (ie,

tracheostomy, or intubation with ventilator support)
Infiltrates involve all lung lobes or>50% of the lung parenchyma

V Death —

TABLE 3 | Pneumonitis patterns associated with ICI-related lung injury.

Histopathologic correlate Clinical
signs and symptoms

CT description Usual
CTCAE
grade

CT findings

Organizing pneumonia (OP) Nonproductive cough, dyspnea, weight
loss, typically develop over<2 months

Patchy areas of consolidation or ground-glass
opacities, localize most often to lung periphery;
solitary opacities,multi-lobar alveolar opacities, or
infiltrative opacities can be seen; reverse halo sign

2

Nonspecific Interstitial Pneumonitis
(NSIP)

Nonproductive cough, dyspnea
typically develop over weeks to months.
Bibasilar crackles

Bilateral, reticular markings, traction
bronchiectasis, and ground-glass opacities
typically localizes to the lower lung zones;
subpleural sparing

1–2

Ground Glass opacities Nonproductive cough, dyspnea
typically develop over weeks to months.
Bibasilar crackles

Diffuse predominantly peripheral airspace
opacities. May be predominantly peripheral or
subpleural in location

1–2

Hypersensitivity Pneumonitis (HP) Dyspnea non-productive cough fatigue
typically develop within weeks to
months

Diffuse or centrilobular micronodular or reticular
opacities are most prominent in mid-to-upper
lobe predominance; air trapping

1–2

Diffuse Alveolar Damage (DAD)/
Acute Respiratory Distress
Syndrome

Acute onset of progressive dyspnea
cough typically develops over days to
weeks

Bilateral diffuse airspace opacities are more
prominent in the dependent areas of the lungs

3–4
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(chest vs. non-chest), RT technique, and dosimetric parameters (mean
lung dose and percentage lung volume receiving 20Gy). Notably, no
specific RT treatment parameter was identified that increased the risk
for the development of ICI-Pneumonitis. However, on subset analysis,
patients who had received curative doses of chest radiation followed by
ICI-based therapy were more likely to develop ICI-Pneumonitis
(Voong et al., 2019).

The PACIFIC trial (Antonia et al., 2018) investigated the
efficacy of definitive chemo-radiation followed by 1 year of
consolidation with durvalumab (PD-L1 inhibitor) versus
placebo on progression-free survival (PFS) and overall survival
(OS) in patients with locally advanced, unresectable NSCLC. Sub-
analysis of the prevalence of pneumonitis revealed that while
there was a higher rate of all-grade pneumonitis in the
durvalumab cohort, no difference was found in the rates of ≥
grade 3 pneumonitis (3.4 vs. 2.6%, no p-value).

In addition, the phase 1 KEYNOTE-001 study investigated the
efficacy and safety of pembrolizumab (PD-1 inhibitor) in patients with
advancedNSCLC (Garon et al., 2019). A secondary analysis of the data
from this study, undertaken by Shaverdian et al. (2017), revealed that
the duration of OS was longer (10.7 vs. 5.3months) in patients who
had previously received RT. Of the 24 patients who had previously
received thoracic RT, 63% developed pulmonary toxicity versus 40% in
the cohort who had not. Notably, there was no difference between the
two groups with respect to the number of patients who developed ≥
grade 3 pulmonary toxicity (Shaverdian et al., 2017).

In patients receiving combined modality treatment, it becomes
challenging for clinicians to differentiate whether pneumonitis is due
to immunotherapy, RT, or a combination of the two. A study by
Sureshb et al. designed to investigate this issue established that the
median time to ICI-Pneumonitis development was 82 days after the
initiation of ICI, which is similar to the onset of radiation
pneumonitis (Suresh et al., 2018b). In addition, the overlapping
symptoms and radiographic features of radiation pneumonitis and
ICI-Pneumonitis can make it difficult for clinicians to distinguish
which type of pneumonitis a patient has developed. In this context, it
is noteworthy that radiation pneumonitis usually occurs in, or in
close proximity to, the irradiated field, while ICI-Pneumonitis most
commonly develops at the edge of the radiation field or in a non-
irradiated region (Voong et al., 2019). It is crucial to consider the
effects of prior radiation therapy when evaluating a patient for
suspected ICI-Pneumonitis.

Diagnosis of Immune Checkpoint
Inhibitor-Pneumonitis
Establishment of temporal eligibility (symptom development
following initiation of the drug) and knowledge of typical
symptoms and the usual latency period following drug
exposure help to raise suspicion of ICI-Pneumonitis. Multi-
disciplinary collaborations involving physicians with expertise
in pulmonary medicine and infectious diseases and radiologists

FIGURE 1 | Exacerbation of preexisting interstitial lung disease. A 68 year-old man with a history of mild idiopathic pulmonary fibrosis and prostate cancer. Severe
dyspnea and cough developed 19 days following cycle 1 of ipilimumab plus hormonal therapy, given per protocol. Chest CT at baseline (A,C) demonstrates subpleural
ground glass and reticular opacities consistent IPF. CT imaging at presentation (B,D) shows interval development of poorly marginated scattered consolidative and
ground glass opacities consistent with pneumonitis. In addition, there is bilateral diffuse thickening of the interlobular septa associated with architectural distortion
suggesting progression of underlying fibrosis. Findings suggest that even mild preexisting lung disease may potentiate severe pneumonitis and worsening fibrotic
disease following ICI therapy.
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may expedite diagnosis and facilitate uniform management
strategies. Diagnostic confirmation requires the exclusion of
competing disease entities such as disease progression,
infection, or thromboembolism. Thoracic computed
tomography permits the identification of radiographic patterns
of lung abnormalities and is the preferred imaging strategy.
Analysis of blood, sputum, urine, nasal swabs and
bronchoscopically-obtained lavage fluid may help to exclude
infection. Evaluation for infection may be tailored to the index
of suspicion for infection and the grade of suspected pneumonitis
at presentation (Suresh et al., 2018a). Multiple society guidelines
now advocate bronchoscopy with bronchoalveolar lavage and a
complete infectious panel to evaluate patients with pneumonitis
grades 2 or higher prior to initiation of immunosuppressive
treatment. Bronchoalveolar lavage (BAL) fluid specimens
typically demonstrate a lymphocytic pleocytosis (Suresh et al.,
2019a). Lung biopsies are not a usual requirement for the
diagnosis of ICI-Pneumonitis, but may assist in excluding
other diagnoses, such as tumor progression. Histologic
descriptions of ICI-Pneumonitis range from NSIP, OP,
granulomatous inflammation, and cellular interstitial
pneumonitis. Less commonly, acute fibrinous OP and diffuse

alveolar damage are reported (Naidoo et al., 2017; Wang et al.,
2021). Associated inflammatory infiltrates are typically
lymphocyte-predominant. Poorly formed granulomas and
increased numbers of eosinophils may also be seen (Naidoo
et al., 2017; Hattori et al., 2019; Jodai et al., 2019). Increased
levels of interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α),
interleukin-17 (IL-17), and to a lesser extent, interleukin-8 (IL-8)
and interleukin-10 (IL-10) represent nonspecific signals of
inflammation, but cannot distinguish inflammation in the
setting of infection from a drug-related inflammatory response
(Larsen et al., 2019; Wang et al., 2021). Differential expression of
IL-17 in BAL IFNγ+ IL-17- CD8+ T and CXCR3+ CCR6+ Th17/
Th1 cells was noted in BAL fluid of patients with ICI-
Pneumonitis compared to patients with pneumonia; however,
larger studies are needed to confirm these findings (Kim et al.,
2021). If available, changes in pulmonary function tests (PFTs)
and 6-min walk tests (6 MWT) from baseline may be helpful in
detecting lung function changes in ICI-treated patients. In
addition, these studies may assist in risk stratification of
patients with pre-existing lung disease and determine the
severity of pneumonitis, while guiding response to specific
ICI-Pneumonitis therapy. These tests have been incorporated

FIGURE 2 | Recrudescence of pneumonitis with drug rechallenge. A 47-year-old man presented with dry cough and dyspnea 11 weeks after initiation of
Nivolumab for treatment of non-Hodgkin lymphoma. CT scan showed patchy bilateral ground glass changes (A,D). Bronchoscopy with biopsy confirmed organizing
pneumonia associated with grade II pneumonitis and the patient was started on high dose steroids. Clinical and radiographic improvement was seen 6 weeks later after
tapering off steroids (B,E). Nivolumab was resumed. Three weeks later, the patient returned with increased respiratory symptoms and hypoxia. CT imaging
demonstrated bilateral infiltrates which were worse than initial presentation (C,F).
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into multiple national guidelines as simple, inexpensive, and non-
invasive monitoring tools that can be performed at baseline
before initiating ICI-based therapies (Brahmer et al., 2021).
However, as demonstrated with other forms of drug-induced
pneumonitis, the sensitivity of PFTs and 6 MWT in the early
detection of ICI-Pneumonitis has not been established.

MANAGEMENT OF IMMUNE CHECKPOINT
INHIBITOR-PNEUMONITIS

Management principles have not been validated in any
prospective clinical trials and are primarily based on
observational reports, clinical experience, and consensus
opinion. Guidelines to assist in the diagnosis and management
of ICI-Pneumonitis have been issued by several national and
international societies, including the National Comprehensive
Cancer Network (NCCN), American Society of Clinical
Oncology (ASCO), American Thoracic Society (ATS), Society
for Immunotherapy of Cancer (SITC), and European Respiratory
Society (ERS) and the European Society for Medical Oncology
(ESMO). These treatment strategies largely depend on the clinical

severity of toxicity following the CTCAE classification scheme
(Table 4) (Haanen et al., 2017; Brahmer et al., 2018; Sears et al.,
2019; Brahmer et al., 2021).

No specific intervention is recommended for patients with
grade 1 pneumonitis, and ICI therapy may continue
uninterrupted. Patients should be carefully monitored with
repeat chest CT and lung function studies in 3–4 weeks. If
symptoms or radiologic changes develop that presage disease
progression, patients should be treated for higher-stage
pneumonitis. For patients with grade 2 pneumonitis,
withholding ICI therapy and initiation of oral prednisone,
1–2 mg/kg of ideal body weight/day, is recommended. These
patients are typically monitored as outpatients with assessments
within 48 h of initiation of steroid therapy and 1–2 times per week
thereafter. Steroids should be continued at the initial dose until
symptoms have returned to grade 1 (asymptomatic CT
abnormalities) or to baseline, at which time steroids are slowly
tapered over a 6-week period. Resumption of ICI therapy
following successful treatment of grade 2 pneumonitis may
be considered when there is resolution (or regression to
baseline) of clinical and radiographic findings, steroid dose is
less than 10 mg/day, and the patient is not receiving any other

TABLE 4 | ICI-P: Diagnosis and treatment guidelines.

Grade of
pneumonitis

Grade 1 Grade 2 Grade 3 Grade 4

Definition Asymptomatic chest
imaging findings

Mild symptoms that limit ADLs Severe debilitating symptoms that limit
self-care

Life-threatening symptoms

Intervention
indicated?

No Yes Yes Yes

FOB/BAL FOB typically not
indicated

Yes Yes, if stable Yes, when stable

PFTs, 6MWT Consider at baseline and
in 3–4 weeks

Yes Yes, at baseline if stable and following
discharge

Yes, at baseline if stable and following
discharge

Treatment • May continue ICI
therapy uninterrupted
with close monitoring

• Hold drug • Discontinue drug • Discontinue drug
• Typically treated as outpatient • Hospitalize • Hospitalize
• Start steroids (prednisone

1–2 mg/kg/day PO or
methylprednisolone 1 mg/kg/
day IV)

• Supplemental oxygen • Supplemental oxygen, NIPPV

• Consider antibiotics • May require, NIPPV • Typically requires ICU care, NIPPV,
intubation

— • Start steroids (methylprednisolone
1 mg/kg/day IV)

• Start steroids (methylprednisolone
1 mg/kg/day IV)

— • Add antibiotics • Add antibiotics
Follow-up • Reassess after

3–4 weeks
• Close monitoring • Close monitoring • Close monitoring

• If completely resolved
or non-drug-related:
continue treatment

• Symptoms improving: slowly
taper steroids

• No symptom improvement or
symptoms worsening after 48 h: add
additional immunosuppressive therapy
(infliximab, cytoxan, mycophenolate,
tocilizumab)

• No symptom improvement or
symptoms worsening after 48 h: add
additional immunosuppressive therapy
(infliximab, cytoxan, mycophenolate,
tocilizumab)

• If worsening: hold ICI
and treat as grade 2 or
3/4

• Symptoms worsening: treat as
grade 3/4

— —

Duration of
treatment

N/A 6 weeks 6 weeks, minimum 6 weeks, minimum

Restart Therapy Yes May be considered if symptoms
resolve to grade 1

No No

ADL � activities of daily living; BAL � bronchoalveolar lavage; FOB � fiberoptic bronchoscopy; ICU � intensive care unit; IV � intravenous; PFT � pulmonary function test; PO � bymouth; RX
� therapy; NIPPV � noninvasive positive pressure ventilation; 6MWT � Six Minute Walk Test.
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immunosuppressive therapy for ICI-Pneumonitis. Grades 3 and 4
pneumonitis are characterized by severe symptoms requiring
hospitalization and prompt discontinuation of ICI therapy.
With the exception of the European Society for Medical
Oncology, which advocates 2–4 mg/kg of daily systemic
steroids for patients in this group, most thoracic societies
recommend 1–2 mg/kg/day of intravenous methylprednisolone
or its equivalent for patients with grade 3–4 pneumonitis
(Brahmer et al., 2021). The efficacy of the higher steroid dose
has not been validated (Haanen et al., 2017; Brahmer et al., 2018).
Intravenous methylprednisolone may be transitioned to oral
prednisone once clinical improvement is established (typically
after 48–72 h) with plans for a slow steroid taper over at least
6 weeks. Rebound pneumonitis following rapid steroid taper may
be more severe than the initial presentation. ICI therapy should
be permanently discontinued following grade 4 pneumonitis. The
safety of ICI rechallenge after resolution of grade 3 pneumonitis
has been debated, but is not recommended in most cases (Haanen
et al., 2017; Brahmer et al., 2018). Evidence-based guidelines for
ICI resumption following ICI-Pneumonitis have not been
established, and decisions to re-treat should be systematically
discussed in the context of a multidisciplinary team, calibrated
against the risk: benefit ratio for each patient. ICI therapy should
be permanently discontinued following grade 4 pneumonitis.

If an infectious cause remains a possibility following the
diagnostic workup for ICI-Pneumonitis, empiric broad-
spectrum antimicrobial therapy, given in conjunction with
immunosuppressive therapy, is advocated (Haanen et al., 2017;
Brahmer et al., 2018). Emerging data suggests that the gut
microbiome plays a substantial role in the efficacy of ICI-based
therapy (Piccinno et al., 2014; Derosa et al., 2018; Zitvogel et al.,
2018; Elkrief et al., 2019; Derosa and Zitvogel, 2020). Antibiotics
are known to alter the gut microbiome (Zimmermann and Curtis,
2019). Thus, the role of empiric antibiotics in this scenario will
need to be calibrated against growing concerns regarding the
potential adverse effects of antibiotic therapy on ICI efficacy.

Clinical improvement is seen in most patients with low-grade
pneumonitis, although imaging abnormalitiesmay persist well beyond
clinical recovery (Johnson et al., 2019; Fukihara et al., 2019). Reported
mortality rates associated with grade 3–4 ICI-Pneumonitis are high
(22–33%), highlighting the need for early detection and optimization
of treatment (Wang et al., 2018; Tone et al., 2019). Opportunistic
infections triggered by prolonged high-dose steroid therapy are
thought to be an important cause of ICI-Pneumonitis-related
major morbidity and potentially mortal (Wang et al., 2021)).
Patients that show no signs of clinical or radiographic
improvement after 48 h of steroid therapy are deemed to be
steroid-refractory. Guidelines in these patients are based on expert
consensus and include the use of infliximab, mycophenolate mofetil,
cyclophosphamide, intravenous immunoglobulin, or tocilizumab
(Haanen et al., 2017; Brahmer et al., 2018; Stroud et al., 2019;
Brahmer et al., 2021). Both infliximab and cyclophosphamide have
been approved by the US FDA for patients with digestive toxicities
associated with ipilimumab, while possible benefits of IL-17 blockade
in the management of immune-mediated gastrointestinal and skin
toxicities were also suggested in a recent report (Esfahani and Miller,
2017). High levels of IL-17 have also been demonstrated in BAL fluid

andperipheral blood amongpatientswith ICI-Pneumonitis, indicative
of the therapeutic potential of monoclonal antibody targeting of this
cytokine or its receptor in this irAE (Petri et al., 2019; Stroud et al.,
2019; Kim et al., 2021; Tyan et al., 2021). However, robust data
regarding the use of any of these agents in ICI-Pneumonitis is
currently not available. It is, nevertheless noteworthy that the IL-6
receptor inhibitor, tocilizumab, has shown promise as a therapeutic
option in steroid-refractory toxicities associated with immune
checkpoint blockade, including ICI-Pneumonitis. However,
prospective clinical trials are needed to fully elucidate the efficacy
of tocilizumab therapy in this setting (Stroud et al., 2019).

Acute Immune Checkpoint
Inhibitor-Mediated Pulmonary Emergencies
In conjunction with corticosteroid therapy, it is essential that the
patient receives appropriately targeted oxygen therapy and chest
physiotherapy to support good sputumdrainage. Judicious empirical
antimicrobial therapy in accordance with local guidelines should be
commenced while infection screens are being processed. Early
decisions regarding escalations of care, including whether
intubation and ventilation should be undertaken.

Other rare immune-mediated respiratory emergencies include
myositis of the diaphragm, which presents with rapidly progressive
neuromuscular hypoventilation (Haddox et al., 2017; John et al.,
2017). In accordance with the management of other life-threatening,
immune-mediated toxicities, these patients require early recognition
with the initiation of high-dose corticosteroids, early
immunosuppression, and critical care support.

Pulmonary embolism (PE) is more common in melanoma
patients treated with ICIs (Sussman et al., 2021). Furthermore, it
appears to be more prevalent in patients treated with combination
checkpoint inhibition in comparison with single-agent therapy. A
high clinical suspicion for PE is thus required in dyspnoeic patients
with no other apparent cause, and therapeutic anticoagulation
should be commenced after confirmation of diagnosis.

Rare pulmonary complications associated with nivolumab
include acute pulmonary hypertension and an increased
pulmonary artery diameter (Fournel et al., 2020).

COVID-19 may mimic presentations of ICI- Pneumonitis and
is a recent important addition to the differential diagnosis in
patients with acute respiratory symptoms treated with ICI
therapy (Cooksley et al., 2021).

COVID-19 and Immune Checkpoint
Inhibitor-Pneumonitis
The COVID-19 pandemic caused by severe acute respiratory
syndrome coronavirus 2 (SARs-COV-2) has disproportionately
affected patients with cancer (Bakouny et al., 2020; Garassino et al.,
2020). Weakened T cell activity caused by exhaustion of T
lymphocytes is a distinguishing feature of cancer and chronic
infections. Characteristic findings of exhausted T-lymphocytes
include overexpression of PD-1 and CTLA-4 immune
checkpoint receptors and loss of IL-2 production, impaired
cytotoxicity, diminished proliferation, and altered production of
proinflammatory cytokines. T cell exhaustion is a hallmark of
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COVID-19 infection (Dyck and Mills, 2017; Hashimoto et al.,
2018;Wykes and Lewin, 2018). ICIs can abrogate T cell exhaustion
and depletion by blocking CTLA-4 and PD-1 inhibitory signaling.
These observations suggest that cancer patients with concomitant
infection might derive benefit from ICI therapy.

On the other hand, probable upregulation of hitherto
suppressed positive immune checkpoint molecules in effector
T cells and resultant generalized inflammatory cytokine secretion
may exacerbate end-organ damage associated with cytokine
release syndrome, leading to more severe COVID-19
symptoms. These observations have raised concerns regarding
the safety of ICI therapy for cancer patients in the setting of
COVID-19. The TERAVOLT study, a multinational investigation
of 200 patients with thoracic cancer and COVID-19, reported
that the mortality associated with COVID-19 infection in patients
with active thoracic cancers was 33%. The type of systemic
therapy (tyrosine kinase inhibitor, conventional chemotherapy,
or ICI therapy) did not impact survival, suggesting that
withholding or discontinuing ICI therapy for cancer patients
with concomitant COVID-19 might not be warranted (Garassino
et al., 2020). Several other smaller studies corroborate these
findings (Kattan et al., 2020; Luo et al., 2020; Quaglino et al.,
2020). These results must be considered with caution, and further
prospective investigations are needed.

Cytokine release syndrome (CRS) is very rarely observed
following ICI therapy and appears clinically indistinguishable

from a cytokine storm, a key feature of advanced COVID-19.
However, overlapping clinical features of ICI- Pneumonitis, which
is much more common, and COVID-19 pneumonitis create a
more frequent conundrum, rendering accurate diagnosis and
appropriate management difficult. Systemic glucocorticoids are
the mainstay of treatment for grade 2 or higher ICI-
Pneumonitis and during the early stages of COVID-19
pneumonia with ARDS. Cytokine excess, in particular IL-2, IL-
4, IL-6, TNF-α, and IFN-Ɣ are known drivers of the overactive
inflammatory response and associated COVID-19 severity (Liu
et al., 2020; Du et al., 2021). The TNF-α inhibitor, infliximab, and
the IL-6 inhibitor, tocilizumab, are used as second-line therapies in
patients with steroid-refractory irAEs, including ICI-Pneumonitis.
Their role in the management of COVID-19 is under intense
investigation, with early evidence from the REMAP-CAP trial
showing therapeutic promise (Gordon et al., 2021).

OTHER MANIFESTATIONS OF IMMUNE
CHECKPOINT INHIBITOR-RELATED LUNG
INJURY
Sarcoid-like Reactions
Both CTLA-4 and PD-1/PD-L1 inhibitors have been added to a
growing list of agents implicated in developing granulomatous
syndromes indistinguishable from sarcoidosis (Vogel et al., 2012;

FIGURE 3 | ICI-related sarcoid-like reaction. Diffuse lymphadenopathy in paratracheal, bi-hilar, and mediastinal locations (arrows), (A,C), developed after the third
cycle of ipilimumab plus nivolumab therapy for bladder cancer. Diffuse interstitial and nodular infiltrates along bronchovascular bundles (arrows), (B,D) were also seen.
Transbronchial biopsies and biopsies of the lymph nodes by endobronchial ultrasound (EBUS) demonstrated noncaseating granulomas. The diagnosis of ICI induced
sarcoid-like reaction was confirmed once competing diagnoses were excluded.
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Kim et al., 2016). Although mechanistic underpinnings of ICI-
associated sarcoid-like reactions have not been fully elucidated,
amplification of Th17 by CTLA-4 and PD-1 axis blockade is
thought to play an integral role (Vogel et al., 2012; Huang et al.,
2013; Braun et al., 2014; Broos et al., 2015). Noncaseating
granulomas, the cardinal feature of sarcoid-like reactions, are
indistinguishable from confirmed sarcoidosis. Sarcoid-like
reactions most commonly involve the lungs, lymph nodes, and
skin. Other extrathoracic manifestations involving the parotids,
spleen, bone, eyes, and brain have also been reported. Patients
typically present at 12 weeks (range 3 weeks to 2 years) following
drug administration with asymptomatic mediastinal and/or hilar
lymphadenopathy and upper lobe predominant pulmonary nodules
in a perilymphatic distribution on CT scan (Figure 3) (Kim et al.,
2016; Rambhia et al., 2019). Dry cough and dyspnea are occasionally
reported. No apparent ICI dose threshold that triggers sarcoid-like
reactions has been identified. ICI-related sarcoid-like reactions show
fluorodeoxyglucose uptake (FDG) in involved tissues on positron-
emission tomography (PET) scans that are indistinguishable from
confirmed sarcoidosis and sarcoid-like reactions from other causes
of lymphadenopathy, including malignancy. Hypercalcemia and
elevations in serum angiotensin-converting enzyme levels have
also been observed (Kim et al., 2016). Pulmonary function
studies are typically normal. BAL fluid commonly demonstrates a
CD4-rich lymphocytic alveolitis. The diagnosis requires examination
of tissue samples obtained by bronchial biopsy, transbronchial lung
biopsy, or biopsies of the mediastinal lymph nodes using
endobronchial ultrasound (Luke et al., 2015). Findings of focal

infiltration by noncaseating epithelioid and giant cell granulomas
establish the diagnosis once other causes have been excluded. In
most patients, resolution of signs and symptoms following drug-
interruption occurs with or without the initiation of steroids.
Spontaneous resolution in early disease despite continuation of
ICIs has also been reported. Recurrence of sarcoid-like reactions
following resumption of ICI therapy may occur. The indication,
dose, and duration, and optimal tapering schedule of steroid therapy
in this context has not been defined (Berthod et al., 2012; Murphy
et al., 2014; Danlos et al., 2016).

Radiation Recall
Specific drugs may trigger radiation injury within a previously
irradiated field. This phenomenon, known as radiation recall
pneumonitis (RRP), may be provoked by a variety of agents,
including the taxanes, anthracyclines, gemcitabine, erlotinib,
etoposide, oxaliplatin, and vinorelbine (Burris and Hurtig, 2010;
Ding et al., 2011). More recently, RRP has been reported following
anti-PD1 therapy (Gupta and Lee, 2017; Shibaki et al., 2017). In one
study, the incidence of PD-1-triggered RRP among patients with
NSCLCwas 4.2% but rose to nearly 31% among patients with a prior
history of PD-1 related pneumonitis (Gupta and Lee, 2017). The
development of new ground-glass and consolidated opacities within
the irradiated field signals RRP development, which typically appears
3 months to 2 years after completion of radiation therapy and one to
2 months after exposure to the triggering chemotherapeutic agent
(Gupta and Lee, 2017; Shibaki et al., 2017). The pulmonary infiltrates
may be asymptomatic or associated with dry cough, dyspnea, chest

FIGURE 4 | ICI-related radiation recall. A 56-year-old man with metastatic adenocarcinoma of the lung presented with severe shortness of breath and dry cough
3.5 weeks after the first cycle of pembrolizumab for metastatic adenocarcinoma. Radiation therapy to the right chest was completed 13 months prior. Stable subpleural
reticular opacities associated with traction bronchiectasis are seen on the baseline CT and consistent with sequelae of prior radiotherapy (A,C). Admitting CT scan
demonstrated new ground glass opacities in the right upper and lower lobes (B,D) that conformwith the prior radiation portal (E). Centrilobular emphysema is again
seen. Findings suggest radiation recall precipitated by pembrolizumab therapy.
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pain, and low-grade fevers (Figure 4). Signs and symptoms typically
respond to systemic corticosteroids. We use 0.5–1mg/kg of
methylprednisolone or equivalent with a 4–6-weeks taper,
although the optimal dose and duration of steroid therapy have
not been established in randomized trials.

Pseudoprogression and Hyperprogression
Pseudoprogression represents an unconventional clinical response
to ICI therapy in which there is an initial increased size of tumor
lesions or the appearance of new lesions on CT, with subsequent
reduction in tumor burden. This clinical response typically occurs
during the first cycles of therapy and has been observed in 2.8–15.8%
of all ICI-treated patients across tumor types. Pseudoprogression
may be erroneously classified as progressive disease according to the
size-based WHO or RECIST criteria, leading to premature
discontinuation of the drug. Distinguishing pseudoprogression
from true tumor progression based on radiological evidence alone
is challenging, particularly early in the course of ICI therapy. Ideally,
pathologic findings of peritumoral necrosis or inflammatory cell
infiltrates are needed for confirmation; however, tissue biopsies may
not be pragmatic in some patients. Thus, the diagnosis of
pseudoprogression is based on CT findings of tumor enlargement
following the initial cycle of ICI blockage and subsequent shrinkage
in tumor burden on subsequent CT, performed at least 4 weeks later.
If tumor shrinkage is noted on the subsequent CT, ICI therapy may
be safely continued. Shrinkage of tumor elsewhere and the absence of
clinical deterioration in the patient’s condition supports the
diagnosis of pseudoprogression.

Unlike pseudoprogression, in which there is a radiographically
apparent increase in tumor burden after ICI therapy followed by
tumor regression, hyperprogression, represents true tumor
progression in which there is a very rapid and sustained
progression of tumor following the initiation of
immunotherapy. This ICI-related rapid surge in tumor burden
has primarily been reported following PD-1/PD-L1 therapies for
lung cancer (Kato et al., 2000; Chubachi et al., 2016; Kurzrock and
Kato, 2018; Champiat et al., 2019).

Airway Disease
Severe isolated airway diseases, including bronchitis and
bronchiolitis, have been attributed to ICI therapy in individual
case reports. Response to bronchodilator therapy and inhaled
steroids has been variable (Mitropoulou et al., 2020). Pleural
effusion has also been rarely described following PD-1 and PD-L1
therapies (Kolla and Patel, 2016; Ikematsu et al., 2019). Effusions

are lymphocyte-predominant and may spontaneously remit
despite continuation of ICI therapy.

CONCLUSION

In the wake of the rapidly expanding field of cancer
immunotherapeutics, knowledge regarding immune-related
adverse events and toxicity profiles of various organ systems is
slowly starting to emerge. Lung toxicity associated with this class
of agents is no exception. Over the past decade, since the first ICI
was FDA-approved in the United States, it has become apparent
that the 2–5% incidence of ICI-related lung injury reported in
early clinical trials grossly underestimates the real-world
experience of 12–19%. ICI grading systems endorsed by
national organizations have helped characterize ICI-
Pneumonitis better and establish diagnostic evaluation and
management standards. Much of the data examining ICI-
Pneumonitis has been gleaned primarily from retrospective
reports, but these have significantly increased our
understanding of the clinical manifestations and temporal
onset of disease. Recognition of stereotyped patterns of ICI-
related lung injury on imaging studies has facilitated earlier
diagnosis. Identification of vulnerable populations, toxic drug-
drug combinations, and adverse drug interactions with other
treatment modalities has been critical for risk stratification and
optimizing treatment outcomes. However, key issues and
fundamental research questions remain.

First and foremost is the lack of a consensus definition of
pneumonitis and validated diagnostic criteria. Without these
factors, ICI-Pneumonitis is subject to widely varying
definitions and inaccurate reporting. Further clarification of at-
risk populations and ICI treatment combinations that confer a
higher risk for lung injury is also needed. Finally, identifying
biomarkers and improvements in diagnostic strategies may help
refine the diagnosis and facilitate the timely initiation of
appropriate treatment.
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Purpose: This study aims to inform previous clinical assessments to better understand
the total risk of hypertension with atezolizumab and bevacizumab (hereafter referred to as
“A-B”) in cancer patients, and reduce future incidence of hypertension-related
cardiovascular complications.

Methods: Databases, including PubMed, Embase, Cochrane, and Web of Science were
searched to identify relevant studies, which were retrieved from inception to March 6,
2021. Studies focused on cancer patients treated with A-B that provided data on
hypertension were included. Statistical analyses were conducted to calculate
hypertension incidence and relative risk (RR) with a random-effects or fixed-effects
model, hinging on heterogeneity status.

Results: Ten studies including 2106 patients with renal cell carcinoma (RCC),
hepatocellular carcinoma (HCC), ovarian cancer, anal cancer, neuroendocrine tumors
(NETs), and cervical cancer were selected for this meta-analysis. For patients treated with
A-B, the all-grade and high-grade (grade 3) hypertension incidence were 31.1% (95% CI:
25.5-37.3) and 14.1% (95% CI: 10.9-18.1), respectively. No significant difference was
observed in all-grade hypertension incidence between RCC and a non-RCC patients
(32.9% [95% CI: 25.3-42.6] v.s. 29.2% [95% CI: 19.7-39.6)]). However, the number of
high-grade hypertension incidence in RCC patients (9.4% [95% CI: 4.1-21.3]) was lower
than that of non-RCC patients (15.6% [95% CI: 12.8-19.1]). RCC or HCC patients who
received the A-B treatment were associated with significantly increased risk of all-grade
hypertension with a RR of 7.22 (95%CI: 3.3-15.7; p = 0.6) compared with patients treated
with atezolizumab.
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Conclusions: Cancer Patients treated with atezolizumab and bevacizumab have a
significantly increased risk of hypertension. Sufficient monitoring is highly recommended
to prevent the consequences of treatment-induced hypertension and other
cardiovascular complications.
Keywords: cancer, atezolizumab, bevacizumab, drug combination, hypertension
INTRODUCTION

Anti-vascular endothelial growth factor (VEGF) antibodies and
programmed death 1 (PD-1)/programmed death ligand 1 (PD-L1)
antibodies are novel and commonly used treatments for cancers (1,
2). Atezolizumab is amonoclonal immunoglobulinG antibody that
binds to and inhibits the PD-L1 (3). Bevacizumab is a recombinant,
humanized monoclonal blocking antibody specific for VEGF (4).
The clinical activity of atezolizumab and bevacizumab (hereafter
referred to as ”A-B”) was initially innovated in a phase Ib
randomized clinical trial. It was discovered that the A-B
combination improves antigen-specific T-cell migration in
metastatic RCC patients (5). Similarly, a phase II trial
(IMmotion150) also showed improved progression-free survival
in A-B-treated metastatic renal cell carcinoma (mRCC) patient
expressing PD-L1 (6). A phase III clinical trial (IMmotion151)
confirmed the aforementioned finding and showed a favorable
safety profile (7). Additionally, A-B has clinical activity in
unresectable hepatocellular carcinoma (8, 9). Currently, A-B has
been approved by theUnited States Food andDrugAdministration
(FDA) for treating patients with advanced unresectable or
metastatic HCC (10). In general, the purpose of the drug
combination is to increase clinical efficacy and minimize drug
resistance, offering a favorable therapeutic outcome. However,
even though combination improves clinical efficacy, there is still
uncertainty about whether the specific combination of A-B
minimizes side effects.

Previously, A-B was shown to induce adverse effects including
hypertension, proteinuria, fatigue, musculoskeletal pain,
hyponatremia, infection, bowel obstruction, and nausea. In
particular, hypertension is a major side effect, with its incidence
ranging from 18.2~47.5% (11, 12). The monitoring and treatment
of hypertension are therefore crucial in managing side effects in
patients treated withA-B, especially in RCC patients suffering from
kidneydysfunction. Inaphase Ib trial (GO30140) (9), aphase II trial
(IMmotion 150) (6), and two phase III trials (IMbrave 150,
IMmotion 151) (7, 8), proteinuria was more frequent in the A-B
groups than the control. However, there is uncertainty about
whether the combination of A-B showed a higher incidence of
hypertension compared with monotherapy. There have been no
reports or meta-analyses of the incidence of hypertension in
patients treated with A-B and the total risk of hypertension with
A-B is unclear.

Given the increasing use of A-B in clinical applications, and
the fact that hypertension, if not promptly recognized, can lead to
major adverse cardiovascular events, we conducted a systematic
review and meta-analysis to estimate the incidence and overall
risk of hypertension with A-B among patients with cancer.
2190
METHODS

This study followed the Preferred Reporting Items for Systematic
reviews and Meta-Analyses (PRISMA) guidelines (13).

Literature Search
PubMed, Embase, Cochrane, andWeb of Science were searched to
identify published studies on the incidence and risk of
hypertension in cancer patients treated with A+B. Studies were
retrieved from inception to March 6, 2021, and no language
restrictions or publication starting date limitations were applied.
The search terms included atezolizumab, MPDL3280A, Tecentriq,
Bevacizumab, Mvasi, Avastin, Neoplasms, Tumors, Hypertension,
and related free words (Supplementary Material 1).

Selection Criteria
All published clinical trials and observational studies were
included. Conference abstracts, reviews, individual cases,
editorials, letters to the editor and publishers, concerning non-
human studies, and other literature with unavailable study data
were excluded. Relevant data were extracted independently by
two reviewers, with differences reconciled by the third reviewer.

Data Extraction
Two reviewers performed independent double data extraction.
The following information was obtained from each study: first
author’s name, year of publication, region, study design, trial
phase, number of arms, treatment arms, number of patients
enrolled, number of events or incidences of hypertension,
median age, underlying malignancy (Table 1). The incidence
of hypertension was calculated for the cumulative incidence. All-
grade and high-grade (grade 3) hypertension, as defined by 2018
ESC/ESH Clinical Practice Guidelines for the Management of
Arterial Hypertension (17), were included in the analysis.

Statistical Analysis
Qualitative Synthesis
The characteristics and quality of the included studies were
assessed by two reviewers using the Newcastle-Ottawa scale
(NOS) independently (18). Disagreements were resolved by
discussion and further review.

Quantitative Synthesis
For this meta-analysis, both the fixed-effects and random-effects
models were considered, hinging on the heterogeneity across
included studies (19, 20). Significant heterogeneity was identified
to exist when p < 0.1 or I2 > 50% (21).
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Sources of Bias
Publication bias was evaluated by visual inspection of funnel
plots and with both the Begg’s and Egger’s tests.

Heterogeneity Analysis
TheQ tests and I2 index were estimated to quantified heterogeneity.

Statistical Software
All statistical analyses were performed with R software (version
4.0.2). A p value ≤ 0.05 was considered significant.
RESULTS

Data Extraction And Quality Assessment
Systematic Review Process
A total of 811 studies were identified, of which 390 were removed
owing to duplication or overlap (determined using Endnote
software). Another 266 studies were excluded with screening
titles and abstracts. Out of the remaining 155 full-text studies,
104 were excluded. Ultimately, 10 studies were eligible for
analysis. Figure 1 shows a flow chart depicting the process of
publication selection.
Frontiers in Oncology | www.frontiersin.org 3191
Quality Assessment With the Newcastle-Ottawa Scale
To evaluate the quality of the evidence, the Newcastle-Ottawa
quality assessment scale was used. According to the Newcastle-
Ottawa Scale, all selected studies achieved at least 6 stars, indicating
a low to moderate risk of bias (Supplementary Table 1).

Characteristics of Eligible Studies
In total, 2106 patients were eligible for analysis, and 1156
patients were treated with A-B, versus 950 patients treated
with other treatments included atezolizumab, sorafenib, and
sunitinib. The characteristics of the included studies are shown
in Table 1. All studies were interventional clinical trials, with 10
studies including 4 randomized controlled trials and 6 single-
arm trials. There was no mention of preexisting hypertension in
all trials. The underlying malignancies included RCC, HCC,
ovarian cancer, anal cancer, neuroendocrine tumors (NETs),
and cervical cancer. The dose and schedule of A-B was 1200 mg
of atezolizumab plus 15 mg per kilogram of body weight of
bevacizumab intravenously every 3 weeks in all trials.

Evidence Synthesis
The Overall Incidence of Hypertension
Data regarding all-grade hypertension were available for analysis
from 8 trials including 1107 patients who had various tumors and
received A-B. The all-grade hypertension incidence ranged from
TABLE 1 | Characteristics of the trials and patients included in the meta-analysis.

Author Year Region Study
Design

Phase Arm Treatment
arms

Patients
enrolled,

n

Sample
size

Sex Median age,
years

malignancy

Women Men

Moroney
et al. (14)

2020 USA Single
arm

Ib 1 A-B 20 20 20
(100%)

0
(0%)

59 (37-80) OC

Morris et al.
(15)

2020 USA Single
arm

II 1 A-B 20 20 – – 59 (43-80) AC

McGregor
et al. (16)

2020 USA Single
arm

II 1 A-B 60 60 13
(22%)

47
(78%)

61 (22–82) RCC

Lee et al.
(9)

2020 USA, AUS, China, Japan, Korea,
New Zealand, Taiwan

RCT Ib 2 A-B
Atezolizumab

223 104 20
(19%)

84
(81%)

62 (23–82) HCC

Halperin
et al. (12)

2020 USA Single
arm

II 1 A-B 40 40 – – – NETs

Friedman
et al. (11)

2020 USA Single
arm

II 1 A-B 11 11 11
(100%)

0
(0%)

48 (31–55) CC

Finn et al.
(8)

2020 USA, AUS, Canada, China,
Czechia, France, Germany, Hong
Kong, Italy, Japan, Korea,
Poland, Russia, Singapore,
Spain, Taiwan, UK

RCT III 2 A-B
Sorafenib

501 336 109
(18%)

227
(82%)

64 (56–71) HCC

Rini et al.
(7)

2019 USA, AUS, Bosnia and
Herzegovina, Brazil, Canada,
Czechia, Denmark, France,
Germany, Italy, Japan, Korea,
Mexico, Poland, Russia,
Singapore, Spain, Taiwan,
Thailand, Turkey, UK

RCT III 2 A-B
Sunitinib

915 454 137
(30%)

317
(70%)

62 (56–69) RCC

McDermott
et al. (6)

2018 USA, Czechia, France, Germany,
Italy, Poland, Romania, Spain, UK

RCT II 3 A-B
Atezolizumab
Sunitinib

305 101 27
(27%)

74
(73%)

62 (32-88) RCC

Wallin et al.
(5)

2016 USA Single
arm

Ib 1 A-B 11 10 3 (27%) 8
(73%)

59 (42-74) RCC
October 2021
 | Volume 11 | A
RCT, randomized controlled trial; A-B, atezolizumab, and bevacizumab; -, not available; OC, ovarian cancer; AC, anal cancer; RCC, renal cancer carcinoma; HCC, hepatocellular
carcinoma; NETs, neuroendocrine tumors; CV, cervical cancer.
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18.2% to 47.5%, with the lowest incidence noted in an advanced
cervical cancer clinical trial (11), and the highest in an advanced
neuroendocrine tumor clinical trial (12). The heterogeneity
statistic showed significance across the studies included in the
meta-analysis (I2 = 66%, p < 0·01). We performed a sensitivity
analysis conducted in which any single study was excluded by
turn to explore the source of heterogeneity. The results did not
change significantly, proposing the robustness of these findings
(Supplementary Figure 1). As analyzed by a random-effects
model, the all-grade hypertension incidence in patients treated
with A-B was 31.1% (95% CI: 25.5-37.3; Figure 2A).

High-grade hypertension cannot be controlled with
monotherapy that otherwise leads to life-threatening
consequences, resulting in adverse effects or even A-B
discontinuation. Data regarding high-grade hypertension were
Frontiers in Oncology | www.frontiersin.org 4192
assessable for analysis from 10 trials, which included 1147
patients. The grade 3 hypertension incidence ranged between
0% and 27.3%, with the lowest in the advanced cervical cancer
trial (11), and highest in the metastatic renal cell carcinoma trial
(5). The heterogeneity of the included studies was I2 = 44% (p <
0·01). A sensitivity analysis was performed to explore the source
of heterogeneity and the results were robust (Supplementary
Figure 1). As analyzed by the random-effects model, the
summary estimate for the incidence of high-grade
hypertension was 14.1% (95% CI: 10.9-18.1; Figure 2B).

Incidence of Hypertension in RCC and Non-RCC
RCC patients are more burdened by hypertension due to
previous renal parenchymal disease and renal insufficiency and
sufficient evidence demonstrating that hypertension predisposes
FIGURE 1 | Flow chart of the selection of publications included in the meta-analysis.
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them to renal cell cancer development (22). In addition, among
the 2106 patients included in the analysis, 61% had RCC. As
such, further analysis of the hypertension incidence in RCC
patients compared with non-RCC patients is required. Using the
random-effects model (considerable heterogeneity, I2 = 64%,
p = 0·04; I2 = 76%, p < 0·01), the incidence of all-grade and
high-grade hypertension was 32.9% (95% CI: 25.3-42.6) and
9.4% (95% CI: 4.1-21.3) respectively in RCC patients (Figure 3).
The all-grade and high-grade hypertension incidence were 29.2%
(95% CI: 19.7-39.6) and 15.6% (95% CI: 12.8-19.1) respectively
in non-RCC patients, as determined by the random-effects
model (considerable heterogeneity, I2 = 69%, p = 0.02) in all-
grade and fixed-effects model (no heterogeneity, I2 = 0%,
p =0.84) in high-grade hypertension (Figure 4). All results did
not significantly change by sensitivity analysis, hence proposing
the robustness of these findings (Supplementary Figure 1). No
significant difference was detected in the all-grade hypertension
incidence (RR 1.14[95% CI 0.95-1.36]) and high-grade
hypertension incidence (RR 0.78 [95% CI 0.58-1.05]) between
RCC and non-RCC patients.

RR of Hypertension
The summary RR for hypertension with A-B compared with the
control group in HCC or RCC patients was done among the 1908
patients from four randomized controlled trials. Two trials used
atezolizumab as the control, and the other used sorafenib or
sunitinib. In addition to a trial for RCC (40.1%) (7), hypertension
with lower incidence in the control group (1.7%, 20.2% and 24.4%,
respectively) (6, 8, 9). In conclusion, no evidence was found of an
association between A-B and a significantly increased risk of
Frontiers in Oncology | www.frontiersin.org 5193
hypertension compared with control (RR 1.36 [95% CI 0.81-
2.29]; Figure 5). The heterogeneity statistic showed significance
across the studies included in themeta-analysis (I2= 87%, p < 0·01).
Thus, we performed a sensitivity analysis and the results proposed
the robustness of these findings (Supplementary Figure 1). To
better understand the possible reasons for the heterogeneity, we
then performed subgroup analyses by drug type. In the
atezolizumab subset, the incidence of hypertension was
statistically higher among patients on A-B therapy (RR 7.22 [95%
CI 3.3-15.7]; Supplementary Figure 2). As a consequence, A-Bwas
associated with a significantly increased risk of hypertension in
patients compared with atezolizumab.

Publication Bias
No significant publication bias was indicated for all-grade
hypertension and high-grade hypertension by either the
Egger’s test (p = 0.72 and 0.40, respectively) or the Begg’s test
(p = 0.46 and 0.33, respectively). The funnel plots, Egger’s test,
and Begg’s test are provided in Supplementary Figures 3–5.
DISCUSSION

In 2019, more than 16.9 million Americans with a history of
cancer were alive, and this number is projected to grow to more
than 22.1 million by 2030 (23). The development of novel
anticancer drugs has significantly contributed to increased
survival rates for patients with cancer over recent decades and
comes at the cost of potential short-term and long-term toxicities
(24). Cardiovascular toxicity is nonnegligible and adversely
A

B

FIGURE 2 | Forest plot of hypertension incidence in cancer patients treated with (A, B). (A) incidences of all-grade hypertension; (B) incidences of high-grade hypertension.
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affects outcomes (25). Hypertension is an important risk factor
for cardiovascular diseases and a serious global problem.
The prevalence of hypertension has doubled in the past three
decades, accounting for 8.5 million deaths annually worldwide
(26, 27). More importantly, Hypertension was the most common
comorbidity among patients with cancer in a large observational
cohort study, with a reported prevalence of 38% (28). As
understanding of targeted therapies improves, there is growing
awareness of the importance and detrimental vascular effects
of a new generation of antitumor agents (29, 30). In this study,
we performed a meta-analysis of the incidence and risk of
Frontiers in Oncology | www.frontiersin.org 6194
hypertension in cancer patients treated with A-B. These
findings have important clinical implications for quantifying
the risks of hypertension in considering the trade-off of A-B
treatment during shared decision-making.

Solid tumors are angiogenesis-dependent for growth and
metastases. Currently, several proangiogenic factors have been
identified, among which VEGF is a critical mediator that
promotes angiogenesis (31). Anti-VEGF therapy was
demonstrated a significant antitumor effect, leading to the
rapid development of the VEGF signaling pathway (VSP)
inhibitors, which are an approved treatment of a broad
A

B

FIGURE 4 | Forest plot of the A-B-associated hypertension incidence in non-RCC patients. (A) incidences of all-grade hypertension with non-RCC; (B) incidences
of high-grade hypertension with non-RCC.
A

B

FIGURE 3 | Forest plot of the A-B-associated hypertension incidence in RCC patients. (A) incidences of all-grade hypertension with RCC; (B) incidences of high-
grade hypertension with RCC.
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spectrum of malignancies. However, wide clinical application of
VSP inhibitors is accompanied by increasing incidence of
cardiovascular risk, and increasing hypertension, arterial or
venous thrombotic events, and heart failure (32). Hypertension
associated with anti-programmed death-1 agents and
angiogenesis inhibitors is an issue that cannot be ignored in
patients receiving A-B therapy. In addition to atezolizumab,
several other anti-programmed death-1 agents, such as
durvalumab and avelumab appear to correlate with the genesis
of hypertension (Table 2). Likewise, apart from bevacizumab,
other angiogenesis inhibitors such as sorafenib, sunitinib,
cediranib, ramucirumab, and apatinib are also associated with
hypertension (Table 3). In a study by Abdel-Qadir and
colleagues, angiogenesis inhibitors were demonstrated to be
corrected with hypertension incidence of 22.1% and an OR of
5.28 [95%CI: 4.53–6.15] (40). Our study demonstrates that A-B
appears to correlate with a significantly increased risk of
hypertension incidence of 31.1% (95% CI: 25.5-37.3) and an
RR of 7.22 (95% CI: 3.3-15.7; p = 0.6) compared with
atezolizumab in a subset that included patients with RCC or
HCC. Thus, when considered these findings together, A-B was
significantly associated with a considerable risk of hypertension
in RCC, HCC, ovarian cancer, anal cancer, NETs, and
cervical cancer.

At present, the mechanisms of hypertension have not been fully
understood. However, many possible mechanisms have been
proposed. One of the key mechanisms by which VEGF signaling
pathway inhibitors mediate hypertension is through acute
inhibition of endothelial-derived vasodilatory factors such as
nitric oxide (NO) (41). Activation of VEGF induces rapid
hypotension, through upregulating NO synthase by PI3k/Akt and
MAPK dependent pathways in endothelial cells, which promotes
NO production, vascular permeability, and vascular vasodilation.
Frontiers in Oncology | www.frontiersin.org 7195
Treatment with VSP inhibitors has been demonstrated to decrease
NO synthesis and lead to hypertension (42). Other mechanisms
include rarefaction, a process of impaired angiogenesis in normal,
nontumor tissue, and neurohormonal activation, or the renin
angiotensin aldosterone system (RASS), which likely play roles
(43). The association of A-B with hypertension might be directly
correlated to the inhibition of bevacizumab on the vascular
endothelial growth factor receptor (VEGFR).

Hypertension was independently related to RCC risk, which
can either be an independent risk factor for RCC as a result of
chronic renal hypoxia and angiogenesis or RCC patients might
have an increased risk of hypertension due to previous renal
parenchymal disease and renal dysfunction (44, 45). Our study
showed that the all-grade hypertension incidence in RCC
patients (32.9% [95% CI: 25.3-42.6]) is higher than non-RCC
patients (29.2% [95% CI: 19.7-39.6]) when they are treated with
A-B; however, the high-grade hypertension incidence in RCC
patients (9.4% [95% CI: 4.1-21.3]) is lower than those with non-
RCC (15.6% [95% CI: 12.8-19.1]). A possible explanation that
might account for these findings is that the A-B has elevated
blood pressure and induced hypertension prominently so that
the difference between RCC and non-RCC becomes unapparent.
It is upheld by the observation that a high incidence in all-grade
hypertension with A-B (31.1% [95% CI: 25.5-37.3]) was noted in
this study. Another explanation is that A-B are mainly
metabolized by the liver (46, 47). Previous nephrectomy and
RCC-related renal insufficiency might not have a substantial
potential effect on the concentration of A-B.

Hypertension is mainly caused by bevacizumab and several
opinion managements of bevacizumab-associated hypertension
applied on A-B treatment perhaps are available. According to the
drug label information for bevacizumab, there is a higher
incidence of severe hypertension in patients who received
bevacizumab compared with those who received chemotherapy.
Across clinical studies, with high-grade hypertension incidence
was 5~18%, and monitoring of blood pressure is needed biweekly
or every 3 weeks during the treatment of A-B (46). Thereafter,
hypertension should be treated with appropriate antihypertensive
therapy and regular monitoring. Blood pressure should also be
monitored regularly in patients with bevacizumab-induced or
-exacerbated hypertension after discontinuing. Discontinuation
in cases of patients not fully controlled by medication,
TABLE 2 | Hypertension risk with programmed death ligand 1 (PD-L1) antibodies.

Molecular
target

Incidence of
hypertension

Relative risk of
hypertension

Reference

Atezolizumab PD-L1 0%-19% – (9, 33–35)
PD-L1, programmed death ligand 1; -, not available.
*durvalumab plus ramucirumab, durvalumab plus olaparib/cediranib, and velumab plus
axitinib associated with hypertension.
FIGURE 5 | The RR of atezolizumab plus bevacizumab-associated hypertension versus control.
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hypertensive crisis, or hypertensive encephalopathy (46).
According to this study, all-grade hypertension incidence is
(31.1% [95% CI: 25.5-37.3]) and high-grade hypertension is
14.1% (10.9-18.1), and perhaps similar monitoring, control, and
treatment deserve consideration. Based on the recommendations
of the European Society of Cardiology (ESC), angiotensin
converting enzyme inhibitors (ACEI), angiotensin receptor
blockers (ARBs), and dihydropyridine calcium channel blockers
(CCBs) have been recommended as first-line treatments (43).
Otherwise, beta-blockers may also be taken into account due to
their effects on NO and vasodilation. Additionally, salt restriction
might prevent VEGF inhibitor-induced toxicity since VEGF
inhibitor-induced hypertension is salt-sensitive (48).

Drug interactions are also a significant concern for cancer
patients. In a previous study, after 4 cycles of therapy (at Day 63),
3 out of 8 patients who received bevacizumab with paclitaxel and
carboplatin had lower paclitaxel exposure than initiation (Day 0).
In comparison, patients who received paclitaxel and carboplatin
had a better paclitaxel exposure at Day 63 compared with Day 0.
Fortunately, the current study shows that no potential drug-drug
interactions are presented in atezolizumab. Likewise, there are no
interactions of bevacizumab in other drugs. When bevacizumab
was administered in combination with irinotecan or SN38,
interferon-a, carboplatin, or paclitaxel, no clinically significant
interaction on the pharmacokinetics was observed (46).

Many risk factors may also have additive effects on
hypertension in patients with cancer. As the most frequent
comorbidity among patients with cancer, hypertension has a
relatively high proportion among those with preexisting
hypertension, older age, and high body mass index (28).
Several agents have also been shown to induce or aggravate
previously controlled hypertension. As discussed previously,
VEGF is the drug class that exhibits the strongest association
with hypertension in most relevant randomized trials (49). Other
anticancer therapies linked to hypertension include cisplatin
derivatives, proteasome inhibitors, corticosteroids, alkylating
agents, interferon-alpha, radiation therapy, inhibitors of the
mammalian target of rapamycin (mTOR inhibitors), taxanes,
vinca rosea alkaloids, and gemcitabine (50). Nonantineoplastic
agents, on the other hand, include immunosuppressive agents
(cyclosporine, tacrolimus), erythropoietin, and nonsteroidal
anti-inflammatory drugs (NSAIDs) (50). In terms of disease,
aside from renal cell carcinoma, which may cause hypertension
bidirectionally (51), hypertension is evident among patients with
hepatocellular carcinoma and paraneoplastic syndrome (52).
In addition, it is worth noting that hypertension may be due to
white-coat hypertension or a reactive anxiety disorder. It is of
Frontiers in Oncology | www.frontiersin.org 8196
great importance to investigate the patient’s history, and
undertake ECG and echocardiography or Holter ambulatory
BP monitoring (ABPM), to avoid prescribing drugs were not
necessary (53).

The strengths of the study include that it represents the first
meta-analysis of cancer patients treated with A-B, including 2106
patients, with 1156 patients assigned A-B. Furthermore, most of
the included trials are multinational and multicentric. In
addition, we sought to explore the sources of heterogeneity
observed in studies through subgroup analysis by comparing
different drug types. In addition, the statistical test showed no
indication of potential publication bias based on our
confirmation, as we attempted to diminish bias by contacting
corresponding authors.

Several limitations deserve comment in our systematic review
and meta-analysis. Firstly, like any other meta-analysis, our
study is affected by the limitations of the included clinical
trials. These trials might have underestimated A-B-associated
hypertension incidence due to the imperfection of a study by
Morris and colleagues (15) recording adverse events.
Additionally, patients with significant cardiovascular disease,
inadequately controlled hypertension, prior history of
hypertensive crisis or hypertensive encephalopathy, and other
cardiovascular-related abnormalities have been excluded from
some studies. Therefore, the capacity for determining the overall
incidence of hypertension is limited. In contrast, the baseline of
hypertension was not mentioned in the included clinical trials.
The omission may have contributed to an overestimation of
hypertension incidence with A-B. Secondly, the cancer patients
in our study were all screened from randomized clinical trials.
Therefore, our findings were concluded largely from academic
centers and research institutes and might not be representative of
community-treated cancer patients. Thirdly, although we have
concluded that there is no significant difference in hypertension
incidence between RCC and non-RCC patients treated with A-B,
our finding might be restricted to a small sample size of high-grade
hypertension patients. Finally, the included studies showed
heterogeneity in study design, population demographics, duration
of follow-up, and measurement and adjustment for confounders.
Despite the use of appropriate random-effectmodels and subgroup
analyses, these differences are not explained.

This study demonstrated that the drug combination does not
only not reduce side effects, it also causes more adverse reactions,
and the combination of A-B is associated with an increased risk
of hypertension. Sufficient monitoring and earlier administration
could be considered as ways to prevent the consequences of
treatment-induced hypertension and other cardiovascular
TABLE 3 | Hypertension risk with angiogenesis inhibitors.

Molecular target Incidence of
hypertension

Relative risk of
hypertension

Reference

Bevacizumab Anti-VEGF-A antibody 25.4% (21.3–30.1) 7.5 (4.2-13.4) (36)
Sorafenib B-Raf, FLT-1, FLT-3, FLT-4, KDR, KIT, PDGFR-A, PDGFR-B, FGFR, c-fms 22.5% (19.5–25.9) 3.9 (2.6-5.9) (37)
Sunitinib ABL-1, c-KIT, PDGFR-A, PDGFR-B, FLT-1, KDR, FLT-3, FLT-4, FGFR, SRC, c-smc 29% – (38)
Ramucirumab Anti-KDR antibody 21.3% 2.7 (2.3-3.2) (39)
October 20
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complications. Further trials of A-B will be needed due to the
limitations of our study, and more surveillance and reporting of
the hypertensive and cardiovascular events are required to
identify the individual and optimal therapeutic approach of
hypertension with A-B.
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Case Report: Afatinib-Induced
Interstitial Pneumonia: Experiences
and Lessons From Two Patients
Xiao Liu1, Baozhen Ma2, Tiepeng Li2 and Lingdi Zhao2*

1Department of Radiotherapy, Affiliated Cancer Hospital of Zhengzhou University and Henan Cancer Hospital, Zhengzhou, China,
2Department of Immunotherapy, Affiliated Cancer Hospital of Zhengzhou University and Henan Cancer Hospital, Zhengzhou,
China

Background: Afatinib has shown good efficacy in patients harboring uncommon EGFR
mutations, but the incidence of afatinib-induced interstitial pneumonia should be alert as its
rapid progression. Here, we report two cases of interstitial pneumonia during afatinib
treatment.

Case presentation: The first case was of a 58-year-old male with advanced lung
adenocarcinoma (cT4bN3M1b) with exon 18 G719X and exon 20 S781I EGFR
mutations and received afatinib therapy. After 68 days of therapy, he developed
shortness of breath and fever. Drug-induced pneumonia was not diagnosed timely, the
patient received empirical antibiotics and low-dose glucocorticoids. The pulmonary
inflammation rapidly progressed and the patient died 15 days after symptom onset.
The second case was of a 57-year-old man with stage IV (cT3N3M1b) lung
adenocarcinoma with exon 21 L861Q EGFR mutation. He received afatinib as second-
line therapy. Fever and shortness of breath occurred 22 days after afatinib therapy, he
received empirical antibiotic therapy. Five days later, CT showed aggravated pulmonary
inflammation, and afatinib-induced interstitial pneumonia was diagnosed. He received
glucocorticoid therapy, and the pneumonia quickly improved.

Conclusion: Although the incidence of EGFR-TKI-associated pneumonia is uncommon,
high vigilance for drug-induced interstitial pneumonia is necessary during treatment. Early
diagnosis and early glucocorticoid therapy could reverse lung injury.

Keywords: afatinib, interstitial pneumonia, glucocorticoid, lessons, lung cancer

INTRODUCTION

The emergence of epidermal growth factor receptor tyrosine kinase inhibitors (EGFR-TKIs) has
opened a new era in the treatment of advanced non-small cell lung cancer (NSCLC). The survival
time of advanced NSCLC patients with epidermal growth factor receptor (EGFR)-activated mutation
treated with EGFR-TKIs has been significantly prolonged. Further analysis of EGFR gene status has
also shown that the rate of EGFR-activated mutations was high among patients with
adenocarcinoma, non-smokers, East Asians, and females. Uncommon EGFR mutations account
for about 10% of all patients with EGFRmutations, representing a unique and highly heterogeneous
subgroup of NSCLC (O’Kane et al., 2017). The first generation EGFR-TKIs include gefitinib and
erlotinib, which target the activated mutation of the EGFR gene. However, the efficacy of gefitinib
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and erlotinib in patients with uncommon EGFR mutations is
relatively unsatisfactory. Nevertheless, second-generation EGFR-
TKIs compensate for the shortage of the first-generation EGFR-
TKIs in the treatment of uncommon EGFRmutations. Afatinib is
a second-generation EGFR-TKI that irreversibly inhibits tyrosine
kinase and abrogates EGFR signaling (Li et al., 2008; Solca et al.,
2012). Clinical and real-world data show that afatinib is effective
in patients with uncommon EGFR mutations (Yang et al., 2015;
Yang et al., 2020). At present, afatinib is usually the first choice in
clinical practice for advanced NSCLC patients with uncommon
EGFR mutations. However, high vigilance for the occurrence of
interstitial pneumonia should be practiced during clinical
applications of afatinib, despite its uncommon incidence
(Sharma and Graziano, 2018; Park et al., 2019). Here, we
report two cases of interstitial pneumonia induced by afatinib.

CASE DESCRIPTION

Case 1
A 58-year-old male who had no previous smoking history
consulted an oncologist because of pulmonary nodules
revealed by physical examination in July 2019. The diagnosis
was stage IV (cT4bN3M1b) adenocarcinoma. EGFR mutation
analysis showed mutations in exon 18 G719X and exon 20 S781I.
He received 40 mg of afatinib orally every day beginning on July
27, 2019, with the treatment being well-tolerated with mild
diarrhea. After 1 month, a partial response was obtained,
hence the patient continued receiving afatinib therapy.
However, the patient was admitted to the hospital on October
9, 2019 due to shortness of breath, fever without chills, and cough
for 1 week. Figures 1A–D shows the patient’s lung lesions at
partial response, and Figures 1E–H shows the lung
inflammation. Physical examination showed cyanosis of the
lips, short-breath, respiratory rate 26 per min, pulse 110 per
min, crepitus sounds in both lungs, expecially in the lower lungs.
Blood examination showed a white blood cell count of 9.7 × 109/
L, neutrophil percentage of 80.6%, brain natriuretic peptide
(BNP) of 29 pg/ml, procalcitonin (PCT) of 0.117 ng/ml, and

C-reactive protein (CRP) of 161.71 mg/L. Blood oxygen was
93% and arterial partial pressure of oxygen was 62 mmHg
when admission. Serum albumin 33.2 g/L, blood urea nitrogen
(BUN) 5.6 mmol/L, creatinine (Cr) 75 µmol/L, electrocardiogram
showed sinus tachycardia. The glucan (G) test, galactomannan
(GM) test, and sputum culture were all negative. The suspected
diagnosis for the pulmonary inflammation was infection. The
patient’s afatinib was discontinued and he was administered
empiric antibiotics instead. At the same time, he received
40 mg of methylprednisolone daily to reduce inflammatory
exudation. The patient’s shortness of breath and cough
progressively worsened, and type I respiratory failure occurred
3 days later. The patient was transferred to the intensive care unit
for respiratory support therapy and received broad-spectrum
antibacterial therapy. The patient died from respiratory failure
9 days after admission. Figure 2 showed the episodes according to
the order of occurrence for case 1.

Case 2
A 57-year-old male with a smoking history of 30-pack years was
diagnosed with stage IV (cT3N3M1b) adenocarcinoma inMarch
2020. EGFR mutation analysis showed an L861Q mutation in
exon 21. He also had a history of atrial fibrillation. He received
four cycles of icotinib plus pemetrexed and carboplatin, and
experienced stable disease. However, he developed a dry cough as
the mass protruded into the tracheal cavity. He received
palliative radiotherapy (50Gy/25f) and simultaneous
chemotherapy with pemetrexed and carboplatin for two
cycles. One month later, the disease progressed with the
appearance of bone and brain metastases. From August 8,
2020, he received 40 mg of afatinib daily. However, the
patient developed low fever and exertional dyspnea 22 days
later. Figures 3A–D showed there was no inflammation in
the lungs before afatinib. Figures 3E–H showed multiple
patches and grid shadows were seen on both sides of the
lung. Physical examination showed cyanosis of the lips, short-
breath, respiratory rate 28 per min, pulse 105 per min, crepitus
sounds in both lungs, expecially in the right upper lung, and
heart rate 135 per min, diastolic murmur in the tricuspid region.

FIGURE 1 | The chest CT of patient one. (A–D): chest CT showing the nodes in the lungs and the local grid change in the right lower lobe. (E–H): chest CT showing
the pneumonitis 74 days after afatinib therapy, the pneumonitis manifested subpleural reticular shadow, ground glass and consolidation, and beehives, distributed in
both lower lobe of both lungs. CT: computed tomography.
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COVID-19 was negative by throat swab. Blood oxygen was 90%
and arterial partial pressure of oxygen was 58 mmHg when
admission. Blood examination revealed a white blood cell
count of 4.65 × 109/L, neutrophil percentage of 74.2%, BNP
of 1665 pg/ml, BUN 4.6 mmol/L, Cr 51 µmol/L, PCT of 0.175 ng/
ml, and CRP of 88.01 mg/L. The G test, GM test, and sputum
culture were all negative. He received empiric broad-spectrum
antibiotics, and afatinib was discontinued upon admission. The
patient’s temperature returned to normal, but exertional dyspnea
was aggravated after 1 week. CT showed a larger range of lung

inflammation (Figures 3I–L). This time, a diagnosis of afatinib-
induced pneumonitis was made, and the patient received
methylprednisolone at the dose of 2 mg/Kg/d. Three days
later, the patient experienced relief from shortness of breath.
After 1 week the dose of methylprednisolone was gradually
reduced, and no recurrent symptoms occurred. Figures 3M–P
shows lung inflammation 17 days after the first dose of
methylprednisolone. Figure 4 showed the episodes according
to the order of occurrence for case 2. The cancer progressed and
he was subsequently shifted to anlotinib therapy.

FIGURE 2 | The episodes occurred in case 1.

FIGURE 3 | The chest CT of patient two. (A–D): chest CT showing the lung quality before afatinib. (E–H): chest CT showing pneumonia 27 days after afatinib
therapy, the grid changes and ground glass hinting on lung injury. (I–L): chest CT 5 days after discontinuation of afatinib and empirical antibiotics, showing enlarged field
of grid changes and pulmonary interstitial edema, indicating the diffused alveolar injury. (M–P): chest CT 17 days after glucocorticoid therapy, the grid changes and
pulmonary interstitial edema reduced significantly, indicating improvements of lung injury. CT: computed tomography.
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DISCUSSION

The occurrence of interstitial pneumonitis during EGFR-TKIs
treatment should be monitored, despite the drugs being well-
tolerated. The common adverse events associated with EGFR-
TKIs are rash and diarrhea, and these adverse events are usually
mild and easy to be controlled. Since the advent of these agents,
severe and even fatal interstitial pneumonitis has been occasionally
reported. However, the exact mechanisms of interstitial
pneumonitis caused by EGFR-TKIs remain unknown. Some
studies have shown that EGFR and its family members are
upregulated in the early stage of acute lung injury, indicating
that EGFR members might play a role in its repair (Hardie
et al., 1999; Higenbottam et al., 2004). This implies that
inhibition of the EGFR signaling pathway may damage lung
injury repair. In clinical studies, the incidence of interstitial
pneumonitis induced by afatinib is relatively low, usually
occurring approximately 1 month after the initiation of therapy
(Wu et al., 2014; Soria et al., 2015). In two clinical studies, no
afatinib-induced interstitial pneumonitis occurred in the Chinese
patient subgroup (Lu et al., 2018; Wu et al., 2018). However, in a
real-world study in Japan, the incidence of afatinib-induced
pneumonitis was as high as 4%. Further analysis showed that
there was a high incidence of afatinib-induced pneumonitis among
males, patients with poor performance status, patients with
contralateral lung metastasis, and patients who have received
lung radiotherapy within 1 year (Tamura et al., 2019). Both
patients in the current report were males and had contralateral
lung metastases. The second patient received radiotherapy within
3 months before afatinib administration. Hence, both had high risk
factors for afatinib-induced interstitial pneumonitis.

During imaging, the pulmonary adverse events induced by
EGFR-TKI agents may overlap with disease progression and
infection, which makes it challenging for the clinician to make
the correct diagnosis. The first patient in this report had a history
of staying at a duck farm before he developed a fever. The
inflammatory index in the patient’s blood was significantly
higher than normal, and strips and patches were observed in
both lungs through CT, with high possibility of pulmonary fungal
infection as well as bacterial infection that could not be ruled out.

The patient received empirical antibiotics for 3 days, but the
treatment was ineffective. The patient’s pneumonitis rapidly
progressed, and he died from respiratory failure several days
later. Although this patient received glucocorticoid therapy, as the
diagnosis of drug-induced interstitial pneumonitis was neglected,
the glucocorticoid dosage may not have been sufficient to block
further development of the pulmonary inflammation. High-dose
glucocorticoids are reportedly effective in the treatment of severe
interstitial pneumonitis induced by afatinib (Fujita et al., 2017),
[16]; hence, it is likely that the treatment failure could be ascribed
to insufficient glucocorticoid use. Afatinib-induced interstitial
pneumonitis was also diagnosed after failure of empirical
antibiotics in the second patient, who received high-dose
glucocorticoid therapy, and hence recovered from the
pneumonitis. In both patients, shortness of breath and fever
were present coupled with the PCT and CRP indices and the
treatment was focused on opportunistic infection (fungal
infection). Both patients received empirical antibiotics.
Although the incidence of EGFR-TKI-induced interstitial
pneumonitis is very low, the consequences could be very
serious or even fatal. For patients with dyspnea and shortness
of breath who are taking EGFR-TKIs, the possibility of drug-
induced interstitial pneumonitis should be assessed even if the
patient has a fever and a high index of inflammation. High doses
of glucocorticoids should be administered in time when drug-
induced interstitial pneumonitis is suspected, and should be
combined with other immunosuppressants if necessary.
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During the last few decades, pediatric acute lymphoblastic leukemia (ALL) cure rates have
improved significantly with rates exceeding 90%. Parallel to this remarkable improvement,
there has been mounting interest in the long-term health of the survivors. Consequently,
modified treatment protocols have been developed and resulted in the reduction of many
adverse long-term consequences. Nevertheless, these are still substantial concerns that
warrant further mitigation efforts. In the current review, pediatric-ALL survivors’ late
adverse events, including secondary malignant neoplasms (SMNs), cardiac toxicity,
neurotoxicity, bone toxicity, hepatic dysfunction, visual changes, obesity, impact on
fertility, and neurocognitive effects have been evaluated. Throughout this review, we
attempted to answer a fundamental question: can the recent molecular findings mitigate
pediatric-ALL chemotherapy’s long-term sequelae on adult survivors? For SMNs, few
genetic predisposition factors have been identified including TP53 and POT1 variants.
Other treatment-related risk factors have been identified such as anthracyclines’ possible
association with breast cancer in female survivors. Cardiotoxicity is another significant and
common adverse event with some germline variants been found, albeit with conflicting
evidence, to increase the risk of cardiac toxicity. For peripheral neurotoxicity, vincristine is
the primary neurotoxic agent in ALL regimens. Some germline genetic variants were found
to be associated with the vincristine neurotoxic effect’s vulnerability. However, these were
mainly detected with acute neuropathy. Moreover, the high steroid doses and prolonged
use increase bone toxicity and obesity risk with some pharmacogenetic biomarkers were
associated with increased steroid sensitivity. Therefore, the role of these biomarkers in
tailoring steroid choice and dose is a promising research area. Future directions in
pediatric ALL treatment should consider the various opportunities provided by genomic
medicine. Understanding the molecular bases underlying toxicities will classify patients
October 2021 | Volume 11 | Article 7101631204
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into risk groups and implement a closer follow-up to those at higher risk.
Pharmacogenetic-guided dosing and selecting between alternative agents have proven
their efficacy in the short-term management of childhood ALL. It is the right time to think
about a similar approach for the life-long consequences on survivors.
Keywords: pediatric acute lymphoblastic leukemia, long-term chemotherapy adverse events, secondary tumors,
cardiotoxicity, neurotoxicity, cancer survivors
1 INTRODUCTION

Pediatric acute lymphoblastic leukemia (ALL) is the most
common type of cancer in children. During the last decades,
pediatric ALL cure rates have improved to exceed 90% of patients,
with parallel progress in event-free and 5-years survival rates (1).
Current treatment modalities applied since the 1990s and beyond
stratified ALL patients into risk groups and tailored treatment
accordingly. This strategy succeeded in improving outcomes
significantly and reduced adverse treatment sequelae. Older
treatment regimens, used during the seventies and eighties of
the last century, involved cranial radiotherapy (CRT) for all
patients to prevent central nervous system relapse. Newer
regimens replaced CRT with intrathecal chemotherapeutic
regimens and high doses of intravenous chemotherapy.
Likewise, chemotherapy’s intensity has changed with time by
decreasing anthracycline concentrations but increasing
asparaginase, dexamethasone, and high dose methotrexate (2).

Parallel to this drastic improvement in pediatric ALL and
other types of childhood cancer outcomes, there has been a
growing interest in the survivors’ health and well-being. It is
estimated that in the United States alone there are currently
almost 500,000 adults who survived childhood cancer (i.e., one
childhood cancer survivor (CCS) for every 750 individuals). By
the age of 40, most of these survivors are anticipated to develop at
least one chronic condition. These figures stimulated re-
examination of treatment regimens’ long-term consequences
by applying longitudinal studies on survivors (3).

One of the most extensive longitudinal studies is the
Childhood Cancer Survivor Study (CCSS) (https://ccss.stjude.
org/). CCSS is a retrospective study carried by thirty-one USA
research centers to investigate the long-term effects of treatment
among cancer survivors diagnosed between 1970 and 1999.
Siblings of a random group of the recruited survivors were also
included as a comparison cohort (4). Although the CCSS did not
conclude its final results yet, several groups exploited its data to
analyze cancer treatment’s long-term effects in children. Gibson
and colleagues found a significant decrease of the 20-years
cumulative incidence of grade 3-5 chronic conditions between
cancer survivors treated in the 1970s and those treated in the
1990s (incidence rates 33.2% and 27.5%, respectively).
Nevertheless, this incidence is still significantly higher than the
survivors’ aged-matched siblings (incidence rates 4.6%) (5).

A more recent analysis from the same dataset reported a
significant decrease in mortality rates among contemporary
pediatric ALL survivors than the ALL 1970s survivors.
Moreover, Dixon and colleagues reported no significant
2205
difference in pediatrics mortality rates with standard-risk ALL
(SR-ALL) treated in the 1990s compared to the general
population. Still, an increase in chronic health conditions was
significant for patients treated in the 1990s with the high-risk ALL
(HR-ALL) protocols. Similarly, higher rates of specific chronic
conditions were reported for ALL patients who received bone
marrow transplants and those who suffered from relapse (BMT/R-
ALL). The pronounced chronic morbidities with increased
incidence rates included joint replacement, diabetes, and heart
failure. The authors concluded that the long-term outcomes of the
risk-stratified therapy followed in the 90s protocols are
encouraging for SR-ALL survivors. However, noticeably
increased specific chronic adverse effects were reported for HR-
ALL and BMT/R-ALL patients and warrant further mitigation
efforts (2).

In response to recognizing the high incidence of chronic
mortalities among cancer survivors, the Children’s Oncology
Group (COG) issued long-term follow-up guidelines for
practitioners, known as COG LTFU guidelines (http://www.
survivorshipguidelines.org/) according to the type of cancer
therapy the patient received during childhood (6). However,
the literature supporting these recommendations for pediatric
ALL survivors is heterogeneous, and the recent molecular
findings are not well-integrated.

The current review will describe the broad spectrum of long-
term adverse events, as listed in the COG LTFU, the evidence
supporting associations of these events with ALL treatment, their
etiology, possible risk factors, and the latest findings of predictive
biomarkers. Throughout the following sections, we try to answer
a fundamental question: can the most recent molecular and
pharmacogenetic results be used to mitigate pediatric-ALL
chemotherapy’s long-term sequelae on adult survivors?
2 LONG-TERM MORBIDITIES
FOLLOWING PEDIATRIC-ALL
CHEMOTHERAPY TREATMENT

Reports from the CCSS indicated that ALL survivors have higher
risks of early mortalities at 25 years from diagnosis than their
sibling controls. Besides relapse, multiple morbidities have been
attributed to the survivors’ decreased quality of life and as death
causes. The reported long-term morbidities include secondary
malignancies, cardiac, neurological, and endocrine disorders (7).
Figure 1 illustrates these morbidities for ALL survivors and their
estimated prevalence inferred from multiple reports. The order
October 2021 | Volume 11 | Article 710163
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of the following paragraphs does not indicate how the listed
events are prevalent among ALL survivors.

2.1 Secondary Cancers
Cancer survivors are more likely to develop second malignant
neoplasms (SMNs) than the general population by four to six
folds (8). SMNs include neoplasms occurring at any site with a
morphology other than that of the primary cancer. In data
collected from 3464 cancer survivors from the UK, 2% of those
were diagnosed with at least one SMN (9). SMNs usually occur
with more aggressive clinical manifestations and are harder to
treat with worse outcomes than their primary counterparts (10).
The highest risk of a second cancer is observed within the first
five years following the first cancer diagnosis; however, the risk
remains elevated over 20 years (11).

In a recent analysis of 24,403 pediatric leukemia cases, 1.81%
of the survivors developed a secondary malignancy within a time
frame of 0 to 41 years (median follow-up time = 13 years). The
most common secondary malignancy for leukemia survivors was
secondary leukemia (23.9%), followed by thyroid cancer
(18.33%), sarcoma (15.14%), astrocytoma (10.36%), lymphoma
(9.56%), salivary gland carcinoma (7.17%), melanoma (4.38%),
breast cancer (3.98%), followed by other less common types (12).
Older estimates reported quite different prevalence of SMN
types , w i th acu te mye logenous l eukemia (AML) ,
Frontiers in Oncology | www.frontiersin.org 3206
myelodysplastic syndrome (MDS), and brain tumors as the
most common ones in pediatric ALL survivors (13). Regardless
of the type of SMNs, these events, although rare, are devastating
complications for survivors and their families (12).

Radiotherapy is a well-established risk factor for SMNs
induction, but chemotherapeutic agents were later found to be
independent risk factors (11). For example, anthracyclines exert
their cell-killing activity through targeting topoisomerase II
(Top2). There are two isoforms of Top2, Top2a, and Top2b,
which have different functions in human cells. While
anthracyclines interfere with both isoforms, the effect on
Top2a is considered the primary basis of their activity as this
isoform is central to cell proliferation and replication. On the
other hand, the impact on Top2b has been associated with long-
term adverse events, including secondary tumors and
cardiotoxicity. Currently, it is believed that the poisoning
effects of anthracyclines on Top2b can induce therapy-related
chromosomal translocations, leading to secondary cancers (14).
One of the best-established associations between chemotherapy
exposure and SMN is between anthracyclines and therapy-
related AML and MDS (15).

Besides the treatment-related risk factors, the increased risk of
second tumors in childhood cancer survivors might be related to
the constitutional genetic predisposition to cancers (Figure 2).
For example, germline mutations in the tumor suppressor p53
FIGURE 1 | Long-term morbidities following pediatric ALL treatment. The commonly reported long-term morbidities for pediatric ALL survivors and their estimated
prevalence as reported from large studies like the CCSS. EOT, end of therapy.
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gene (TP53) that characterize Li Fraumeni syndrome (LFS) are
known to increase the risk of SMNs (10). Nevertheless, harboring
such predisposing variants can boost the tissue sensitivity to the
treatment’s toxic effects (11).

Regarding genetic predisposition mutations, ALL survivors
should be considered with more concern. ALL is one of the LFS-
associated cancers, and almost 50% of pediatric-ALL patients
who are hypodiploid at diagnosis harbor germline TP53
mutations (16). Besides poor prognosis and low survival rates,
TP53 variants in ALL were associated with SMN. These findings
suggest that analyzing germline TP53 mutations during
childhood cancer diagnosis can identify patients at higher risk
for developing SMNs later in life. Patients found to have
germline predisposition can benefit from modified therapy to
neutralize their SMN risk. In their study that comprehensively
characterized TP53 mutations in more than 3000 pediatric ALL
patients, Qian and colleagues suggested the use of non-genotoxic
agents, for example, immunotherapies, for patients carrying
these mutations as a measure to reduce SMN induction (17).
However, developing such new approaches is undoubtedly a
complicated process that requires strong evidence. Meanwhile,
patients identified with TP53 mutations can be offered a closer
SMN surveillance following cure. The current recommendations
from the COG LTFU and the National Comprehensive Cancer
Network (NCCN) guidelines focus on SMN surveillance in
patients treated with high radiation doses (10). Germline TP53
mutations are listed as risk factors for SMNs; however, testing for
these mutations is still not a routine practice (10).

Thyroid secondary neoplasm is one of the common SMNs in
pediatric leukemia survivors. Its risk increases in females, the
younger incidence age of primary cancer, radiation, and
alkylating chemotherapeutics use (18). Nevertheless, genetic
factors are investigated as potential predisposing factors for
thyroid SMN. Richard and coworkers found an intronic
variant in POT1 (protection of telomeres one gene) with a
statistically significant association with thyroid SMN in the
CCSS participants. This gene contributes to the “shelterin
complex” protecting DNA telomeres ends. The germline POT1
intronic variant can disturb the latter complex, resulting in a
Frontiers in Oncology | www.frontiersin.org 4207
longer and more fragile and unstable germline DNA, increasing
cancer risk. However, due to data limitations, whether this
genetic effect was enhanced by radiotherapy or chemotherapy
is not determined yet. Confirmatory studies might be applied
when a subset of cancer survivors larger than the CCSS emerges
(18). If such an interaction is confirmed, POT1 variants can be
added to the list of candidate genetic biomarkers for SMNs, and
interventional studies can examine the feasibility of genetic-
guided treatment.

On the other hand, the effect of treatment components as SMNs
inducers should be reconsidered. Female childhood cancer
survivors are at a four-fold increased risk of developing breast
cancer than the general population of the same age (19). Chest
radiotherapy during childhood cancer treatment has been regularly
ascribed to this increased risk. Henderson and colleagues showed
that by the age of 45, female leukemia survivors without any history
of radiotherapy have a 6.3% cumulative incidence of breast cancer.
In the same study, which revised data of 3,867 female cancer
survivors, from which 1,411 were ALL survivors, high doses of
anthracyclines (> 250 mg/m2) and alkylating agents
(cyclophosphamide) increased breast cancer risk to almost 10-
folds. The median age at breast cancer diagnosis in this group of
survivors was 38 years, which ismuch younger than themedian age
of breast cancer diagnosis in the general population (19). In another
study that includedmore than6000pediatric cancer survivors, from
which 2092 were leukemia survivors, doxorubicin was associated
with an increased breast SMN risk in a dose-dependent
manner (20).

Collectively, these findings raise awareness of the genetic
component in SMNs development. Future studies should
confirm the suggested biomarkers, like TP53 and POT1, and
investigate new ones. If such associations were proved, genetic
biomarkers’ early testing would warrant closer surveillance for
patients at risk. The association between specific chemotherapy
agents and the development of some kinds of SMNs, like the
suggested correlation between anthracyclines exposure and
breast cancer, warrant closer examination and confirmatory
studies that elucidate molecular and genetic mechanisms of
this association followed by studies on interventional
FIGURE 2 | Secondary tumors risk factors and potential measures. Examples of the suggested risk factors of secondary tumors in ALL survivors. There is a
probable interaction between genetic and treatment-related factors.
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approaches. Figure 2 illustrates the proposed risk factors of
SMNs in pediatric ALL survivors and the potential
prevention measures.

2.2 Cardiotoxicity
Cardiovascular diseases (CVD), including heart failure,
arrhythmias, coronary artery diseases, and other cardiac
morbidities, are the foremost concern of cancer survivors. It is
estimated that one of each eight cancer survivors treated with
radiotherapy or anthracyclines will develop a life-threatening
CVD thirty years after treatment. Moreover, death due to CVD
occurs seven more times in childhood cancer survivors
compared to the general population (21).

For pediatric ALL patients, anthracyclines are the primary
cardiotoxic cause. The cardiotoxicity risk increases significantly
when anthracyclines’ accumulative dose exceeds 250 mg/m2

(21). Since the introduction of current treatment regimens, a
higher percentage of patients are exposed to anthracyclines;
however, most of these are treated with doses less than 250
mg/m2 (22). Nevertheless, patients exposed to doses lower than
250 mg/m2 are still vulnerable to an increased cardiotoxicity risk
compared to those non-exposed with an odds ratio of 3.9 (23).
The CCSS data showed that patients treated with HR-ALL
regimens have a three-fold increase in heart failure than their
siblings. Moreover, the increase in heart failure rates reaches 13
folds more than healthy siblings for patients treated with the
BMT/R-ALL protocols (2).

Traditional cardiac risk factors, like obesity, smoking, and
hyperlipidemia contribute significantly to the cardiac risk in
cancer survivors (22). Other risk factors related to oncology
treatment include age at diagnosis, anthracycline dose, and chest
radiation. Using these variables in a prediction cohort of more
than 13,000 pediatric cancer survivors and a validation cohort of
more than 3,000 survivors, Chaw and colleagues built a heart
failure prediction model. In this model, patients were
successfully classified into low, moderate, and high-risk groups
with regard to heart failure by the age of 40 with incidence rates
of 0.5%, 2.4%, and 11.7%, respectively (24). Nevertheless,
interindividual differences in heart failure occurrence and
severity were not fully explained by the previous factors, which
suggested a genomic compartment (21).

A considerable body of research investigated anthracycline-
induced cardiotoxicity molecular pathogenesis; however, most
applied studies utilized animal models at doses higher than those
used in the clinic, limiting their findings. Moreover, the
mechanisms of chronic cardiotoxicity encountered in
childhood cancer survivors are probably distinct from acute
and adulthood cardiac toxicity (21). Still, understanding the
molecular pathogenesis of cardiac toxicity is indispensable for
prioritizing genomic targets. Superoxide species accumulation
leading to free radicals’ stress is the key mechanism of
anthracycline-induced cardiotoxicity (25). The increased
oxidative stress occurs due to different processes involving the
iron regulatory protein, mitochondrial function, impaired
adenosis triphosphate (ATP) levels, calcium degeneration, and
other complex and intersecting pathways (26).
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Moreover, the renin-angiotensin-aldosterone system (RAAS)
activation plays a vital role in anthracycline-induced cardiac
events. RASS is a precisely controlled system that maintains ions
and fluid balance and controls blood pressure. RASS has a role in
the cellular stress response at the cardiomyocytes contributing to
anthracycline-induced pathological heart remodeling and
chronic cardiac toxicity (25).

Building on its role in anthracycline-induced cardiotoxicity,
Blanco and colleagues explored the effect of a gene interacting
with oxidative stress, NQO1 (NAD(P)H Quinone Dehydrogenase
1). This gene encodes an oxidoreductase that protects against
intracellular oxidative stress. Another gene targeted in the same
study was CRB3 (Crumbs Cell Polarity Complex Component 3)
which catalyzes the reduction of anthracycline side chain during its
cardiotoxic alcohol metabolite formation. The findings indicated a
possible role of aCRB3 variant on the risk of anthracycline-induced
cardiotoxicity in survivors of childhood cancer, without a similar
association for the tested NQO1 variant (23).

Indeed, one of the common approaches in pharmacogenomic
(PGx) studies (i.e., studies carried to investigate genetic
compartments in pharmacological responses) is to explore
genes affecting the biotransformation of the drug(s) of interest.
This approach hypothesizes that differences in active to inactive
drug ratio might explain differences in drug responses and
toxicities. Under this assumption, Visscher and coworkers
explored variations in 220 genes involved in anthracyclines’
biotransformation. This work identified a highly significant
association between a variant in a transporter gene, SLC28A3
(Solute Carrier Family 28 Member 3): rs7853758, and
anthracycline-induced cardiotoxicity in a group of cancer
children followed for a median of 8.6 years. Unfortunately, the
previously identified association between CRB3 variants and
cardiotoxicity failed to replicate in this group (27). A UGT1A6
(UDP Glucuronosyltransferase Family 1 Member A6) allele,
known as UGT1A6*4, has been prioritized in the same group
(27), then successfully replicated in a succeeding study within an
independent cohort. The second study included an independent
cohort of 218 patients and examined 23 variants in different
anthracycline biotransformation pathways. Again, the same
variants in SLC28A3 showed a significant association with
cardiotoxicity (28).

Similarly, Semsei and colleagues hypothesized that the efflux
transporter gene, ABCC1 (ATP Binding Cassette Subfamily C
Member 1), might contribute to differential anthracycline
concentration at the heart tissue, affecting the drug’s
cardiotoxicity. In their study, 235 pediatric ALL patients were
followed for a median of 6.3 years. ABCC1 rs3743527 and
rs246221 were associated with lower left ventricular ejection
fraction shortening after anthracycline treatment, contributing
to cardiotoxicity development (29).

Other groups opted to explore genes involved in
cardiovascular diseases occurring in the general population as
plausible biomarkers for anthracycline-induced cardiac
morbidities. Wang and colleagues utilized a cardiovascular
array of 34,912 SNPs in 2,100 genes known to harbor heart
diseases biomarkers. The study participants included 93 cases
October 2021 | Volume 11 | Article 710163

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Al-Mahayri et al. Long-Term Effects of Pediatric ALL Chemotherapy
(i.e., with an anthracycline-induced cardiac disease), 194
controls, and an independent 73 patients as a validation set, all
childhood cancer survivors. The homozygous carriers of a
variant allele in hyaluronan synthase 3, HAS3, rs223228, were
at an increased cardiotoxicity risk by 8.9 folds compared to wild
type homozygous carriers. The authors suggested that the HAS3
variant exerted its effect by interrupting the extent of cardiac
remodeling and repair following anthracycline-induced
injury (30).

In the same context, Garcia-Pavia and coworkers utilized a
cardio sequencing panel in a next-generation sequencing
platform, focusing on nine genes previously identified as
cardiomyopathy risk genes. The study encompassed multiple
cohorts of cancer patients treated with anthracyclines, of which
41 were survivors of childhood AML. The results show a
significant association between cardiotoxicity and variants in
TTN (Titin) encoding titin, which has a role in controlling stress
in cardiomyocytes (31). Despite this study findings may not
apply to pediatric ALL survivors; it supported earlier evidence
about the contribution of cardiac morbidities’ genes to the
development of anthracycline-induced cardiotoxicity, which
suggests further investigation in these sets of genes.

Likewise, Hildebrandt and coworkers hypothesized that
hypertension susceptibility loci might serve as chronic
anthracycline-induced cardiotoxicity biomarkers. They
investigated twelve previously identified hypertension loci in a
cohort of 108 childhood cancer survivors. Variants in PLCE1
(Phospholipase C Epsilon 1) and ATP2B1 (ATPase Plasma
Membrane Ca2+ Transporting 1) were found to have a
protective effect from anthracycline-induced cardiotoxicity.
PLCE1 encodes a protein that reduces reactive oxygen species
generation, while ATP2B1 encodes a calcium pump that
maintains calcium levels during heart relaxation (32).

Krajinovic and coworkers carried another targeted-gene
design study on 251 Caucasian pediatric ALL survivors
followed for more than five years (mean time since diagnosis =
8.4 years). The targeted polymorphisms were in transporter
genes from the ABC family members, active in reactive oxygen
and nitrogen species like NQO1, NOS3 (Nitric Oxide Synthase
3), DNA repair proteins, and detoxifying enzymes. Associations
revealed variants in ABCC5 and NOS3 with a modulating
effect on anthracycline-induced cardiotoxicity. Both variants
were suggested as possible biomarkers that need further
confirmation (33).

On the other hand, multiple groups utilized the genome-wide
association studies (GWAS) agonistic design to explore genetic
biomarkers for anthracycline-induced cardiotoxicity rather than
the targeted gene design. However, most of these studies were
restricted by their small size and limited power. One of the
earliest GWASs applied on 280 cancer survivors treated with an
anthracycline identified a novel genetic biomarker in RARG
(retinoic acid receptor). In the same study, functional assays
suggested that patients with the RARG variant allele have higher
basal levels of the topoisomerase, TOP2 b, in cardiomyocytes,
which confers them to be more vulnerable to anthracycline
cardiotoxicity (34).
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Another GWAS suggested a variant in CELF4 to have an
enhancing cardiotoxic effect of anthracyclines. CELF4 encodes
for a splicing regulator that controls tissue-specific splicing
events. One of the latter regulators’ common targets is the
cardiac troponin T gene, TNNT2, which is a biochemical
biomarker of myocardial injury (35). Other studies pointed out
that the increase in troponin T levels in the first 90 days of
doxorubicin treatment in pediatric ALL patients was associated
with echocardiographic changes four years later, despite the
absence of such changes at the beginning of treatment.
Cardiomyocytes have limited regeneration capacity, which
reflects accumulative damage with cumulative anthracycline
doses. When the damage exceeds the repair mechanisms, it
results in chronic heart disease progression. Accordingly,
troponin T and other myocardial damage biomarkers
monitoring could facilitate the early identification of vulnerable
patients. Such approaches warrant deeper investigation as a
reasonable predictive measure (36).

A third GWAS was applied to 93 children treated with
anthracyclines for different tumors, including ALL. None of
the 246,060 examined SNPs reached genome-wide statistical
significance; however, a succeeding gene-based analysis
identified variants in GPR35, G Protein-Coupled Receptor 35,
as the gene most significantly associated with cardiotoxicity. This
gene encodes a G-coupled receptor proposed to function in heart
physiology and pathology and act as a biomarker of heart failure
(37). The same group utilized an identical array to investigate
chronic anthracycline-induced cardiotoxicity biomarkers in a
group of breast cancer patients with a validation cohort of
pediatric cancer patients. In this latter study, ETFB, Electron
Transfer Flavoprotein Subunit Beta, was identified and replicated
as a cardiotoxicity biomarker. ETFB is a flavoprotein subunit
located in the mitochondrial membrane that acts as an electron
acceptor during energy production. Hence, the ETFB variant
detected indicates mitochondrial dysfunction involvement in the
anthracycline-induced cardiotoxicity mechanisms (38).

All the previous studies included mainly survivors of
European ancestry. Individuals with African ancestry are
usually at higher risk of non-ischemic cardiomyopathy
compared to Europeans. Part of this high vulnerability to
cardiomyopathies lies in genetic factors. Nevertheless, PGx of
long-term anthracycline-induced cardiotoxicity has been
scarcely studied in populations other than Caucasians.
Recently, Sapkota and colleagues examined the possible PGx
biomarkers of anthracycline-induced cardiotoxicity among 246
African American childhood cancer survivors and compared the
findings with 1645 European-ancestry survivors. Both groups
were recruited from the St. Jude Lifetime Cohort (SJLIFE) ≥ five
years of childhood cancer survivors. This study pointed out a
novel locus at 1p13.2 with a significant association with ejection
fraction. The detected allele, rs6689879*C, was associated with
5.43-fold cardiomyopathy risk in African-ancestry survivors and
a 1.31 fold risk in European-ancestry survivors. Functional assays
revealed that the detected allele modulates PHTF1 (Putative
Homeodomain Transcription Factor 1) expression and
alternative splicing. The latter gene is involved in transcription
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regulation. Interestingly, the defective allele was more common
in Europeans than in Africans; however, its effect significantly
impacted Africans. Accordingly, rs6689879*C was suggested as a
cardiotoxicity risk allele for African survivors. In the same study,
another locus at chromosome 15 was found to confer increased
cardiotoxicity risk in African-ancestry survivors while being
absent in their European-ancestry counterparts (39).

Currently, Dexrazoxane is the only available drug approved to
prevent anthracycline-induced cardiac damage in children
taking high doxorubicin doses. This drug acts through binding
iron before entering the cardiomyocyte, thus preventing the
iron-anthracycline complex, preventing the free-radical
formation and cardiac damage. No other cardioprotective
measures are available for ALL children or any other type of
cancer (40).

Liposomal doxorubicin formulations have been proposed as
alternatives for the conventional formulations with lower
cardiotoxicity profiles (41). Liposomal formulations alter drug
distribution with a lower accumulation in the heart tissue.
However, these formulations are currently approved for
limited cases and after the failure of at least one other
treatment. The benefits of liposomal doxorubicin in pediatric
cancer survivors and its protection against induced
cardiotoxicity is still unstudied (42).

The current survivors’ follow-up recommendations include
periodic measurements of left ventricular ejection fraction
(LVEF) by echocardiography. Recently, alternative methods,
like cardiac magnetic resonance imaging (cMRI), are suggested
as early screening tools for late-onset cardiotoxicity. Such special
applications of non-invasive follow-up tools warrant further
research to determine their benefits in reducing long-term
consequences for childhood cancer survivors by early detection
that enables early intervention (43).

To summarize, we listed the most significant findings from
studies on chronic anthracycline-induced cardiotoxicity. The
detected PGx biomarkers associated with this toxicity lie in two
gene groups; genes active in anthracyclines biotransformation or
transport and genes that interfere with cardiomyocytes damage
and repair; i.e., cardiomyocytes vulnerability to toxicity (Figure 3).
These findings warrant further confirmatory efforts, which might
pave the way for identifying significant biomarkers to be used for
individualized therapy.

Notably, more studies have been conducted regarding the
acute cardiac events induced during anthracycline treatment,
which are not covered here. Nevertheless, biomarkers identified
with acute cardiac events are plausible contributors to chronic
heart injury. Future work should re-consider all the identified
biomarkers and proposed molecular pathways of anthracycline-
induced cardiac injury. Such efforts could enable designing more
protective agents or tailoring anthracycline doses or surveillance
strategies according to the patients’ genome.

2.3 Peripheral Sensory or
Motor Neuropathy
Chemotherapy-induced neuropathy has complex and multi-
factorial mechanisms. Common pathological pathways include
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oxidative stress, altered calcium homeostasis, membrane
remodeling, axon degeneration, and neuroinflammation (44).

Vincristine is the primary neurotoxic agent used in most
pediatric ALL protocols. The common adverse event encountered
with vincristine use is acute peripheral neuropathy experienced
during treatment. However, whether this effect continues to be
experienced chronically by the survivors was for a long time
uncertain (44). In a study that included 169 cancer survivors, of
which 66.9% received vincristine as the sole neurotoxic agent, 53%
of the survivors experienced lower limb sensory neuropathy that
compromised patients’ quality of life (45). Tay and coworkers
reported a vincristine-induced peripheral neuropathy (VIPN)
prevalence of 16% among pediatric ALL survivors (46). Other
reports indicated a much higher incidence of VIPN that reached
up to 78% of children treated with vincristine (47). In one of the
most recent analyses considering pediatric ALL survivors, 215
survivors underwent a neurophysiological analysis of motor and
sensory nerves.Clinical neuropathy symptomswere noted in 51.6%
of patients during the follow-up, with demyelination as the most
frequent abnormality. Follow-upwas carried at a rangeof0.3 to20.9
years following treatment completion (48). Accordingly, there is
increasing evidence supporting the persistence of chemotherapy-
neurotoxic consequences in pediatric ALL survivors in the
long term.

Several VIPN risk factors were inferred for adult cancer
patients, including smoking, diabetes, and other preexisting
neuropathy diseases, hypertension, age, and sex. Genetic
factors were also proposed with conflicting evidence (49).
Many of these risk factors do not exist for children, like
smoking, or are rare, like preexisting neuropathy. Hence,
genetic factors may play a more significant role for this
age group.

Multiple genetic variants have been proposed as probable
effectors in developing VIPN from studies applied on mixed
cohorts (i.e., adult and children with different types of tumors).
The candidate genes include vincristine metabolizing enzymes
genes from the cytochrome P450 family (CYP3A4, CYP3A5,
CYP3A7, CYP2C8, CYP2C9), transporters genes from the ATP
binding cassette family (ABCB1, ABCC1, ABCC2, ABCC4, ABCC5,
ABCC3, ABCC10), and other genes involved in vincristine
pharmacodynamics like Centrosomal Protein 72 (CEP72). In a
recent comprehensive review of the different genetic factors
affecting VIPN development, Pozzi and coworkers concluded that
the resulting associations are still contrasting, and more focused
studies are needed (49).

Focusing on PGx studies carried on pediatric ALL cohorts can
highlight some plausible targets for future studies. Children with
active CYP3A5 have a 5-fold vincristine clearance compared to
low CYP3A5 activity carriers. The same children with the active
enzyme exhibited a lower incidence of VIPN (50). Indeed, the
same finding was replicated in some studies (51, 52) and failed to
replicate in others (53, 54).

CEP72 is another proposed gene, given that it encodes a
centrosomal protein essential in microtubule formation. The first
report of the association between CEP72 and VIPN originated
from a GWAS that included 321 pediatric ALL patients (55). The
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FIGURE 3 | Anthracyclines-induced cardiotoxicity mechanisms and proposed biomarkers. Genes suggested contributing to anthracycline-induced cardiotoxicity risk
include: genes active in anthracyclines biotransformation or transport, and genes active in cardiomyocytes vulnerability. The complex interaction between these
genes products and the toxicity mechanisms is simplified here. ROS, Reactive Oxygen Species.
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same association was further confirmed by Wright and
colleagues in their study on pediatric ALL patients, including
167 cases of grade ≥ 2 neuropathy and 57 controls (54). Together,
both studies identified CEP72 as a possible VIPN biomarker that
can be used for individualizing vincristine doses (49).
Unfortunately, other studies on similar cohorts failed to
replicate this association (56, 57). Nevertheless, in this case, the
contradiction could be a result of using different neurotoxicity
assessment tools and scores (57). Accordingly, the strength of
evidence about the CEP72 effect on VIPN development warrants
further evaluation efforts.

With the lack of consensus on PGx biomarkers that can
predict VIPN, other approaches to avoid this drastic adverse
event have been suggested. One of these suggested approaches is
replacing vincristine with other less neurotoxic agents.
Bortezomib, a proteasome inhibitor approved for multiple
myeloma, has been suggested as a vincristine alternative for
pediatric ALL patients with a reduced neurotoxic profile (58).
Joshi and colleagues reported a significant decrease in neuropathy
events and a comparable response, measured through relapse
rates, for patients switched from vincristine into bortezomib.
Nevertheless, this was a small study with some limitations, and
further confirmatory randomized controlled trials are needed
before approving such approaches (58).

2.4 Bone Toxicity
Cancer treatment is known to interfere with bone metabolism.
Some of the bone toxicities effects will be occult or subclinical but
will be evident with the patient’s aging. These effects put
survivors at increased risk of failure to achieve potential peak
bone mass and increase their fracture vulnerability in adulthood
(59). The prevalence of low bone mineral density (BMD)
indicates that osteoporosis occurs in almost 10% of cancer
survivors with a median age of 32 years, the exact prevalence
of osteoporosis among adult Americans aged 60 to 80 (60).
Progression into osteonecrosis can be symptomatic,
characterized by severe pain, joint damage, and articular
collapse, or remain asymptomatic (61).

Several studies reported an increased risk of bone toxicity for
pediatric ALL survivors compared to other cancer types. It was
hypothesized that leukemia infiltration directly affects vitamin D
metabolism, which might be the causative agent of increased
bone toxicity in ALL. However, ALL patients are treated by high
doses of corticosteroids and methotrexate, and both agents
interfere with bone metabolism (59). Osteonecrosis in ALL
usually affects the femoral head, humeral head, shoulder, knee,
and ankle (62).

Different groups inferred variable prevalence of long-term
low BMD among ALL survivors, ranging between 20% and 50%
(63). Contrary to numerous reports, Gurney and colleagues
found that low BMD is uncommon in ALL survivors and that
the BMD Z-scores, representing the difference in bone density
between the study subject and age and sex-matched controls,
tend to improve when patients attain young adulthood. The
authors concluded that low BMD concerns in ALL survivors are
unwarranted (64). However, in this latter study, which included
data from SJLIFE, patients were mainly young (median age at
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ALL diagnosis was five years). Moreover, the BMD change was
not adjusted for potential cofounders like vitamin D intake or
physical exercise. Accordingly, the findings might not be
generalizable, and such conclusions would be better inferred
from longitudinal studies measuring BMD over time with fixed
intervals (65).

On the contrary, data from the CCSS shows that pediatric
HR-ALL and BMT/R-ALL patients treated in the 90s had an
increased incidence of a major-joint replacement after 20 years
since diagnosis, compared to the 70s ALL survivors (2.7% and
1.8%, respectively versus 0.1% in 70s survivors) (2). Accordingly,
the effect of ALL-chemotherapy alone on bone is still a vital
target for evaluation. Moreover, older studies pointed that
osteonecrosis affects up to one-third of ALL survivors, and risk
factors include female sex, ALL incidence at age more than ten
years, and white race (66). However, fracture risk and BMD
deficits are different among patients with similar treatment
histories. Accordingly, a genetic contribution in bone toxicity
risk was suggested.

2.4.1 Corticosteroids-Induced Bone Toxicity
Since the 1970s, the cumulative corticosteroid dose used during
pediatric ALL treatment has increased by 60% to 80%.
Dexamethasone replaced prednisone in many protocols
because of its longer duration of action, better CNS
penetration, and superior protection from central nervous
system relapse. However, the former is associated with a higher
incidence of side effects (67).

Avascular bone necrosis is a common corticosteroids
complication. Fractures are reported in 64% of pediatric ALL
patients, which is the highest rate in comparison to other
childhood cancer types (68).

Corticosteroids induce changes in the number and function of
osteoclasts/osteoblasts enriched with glucocorticoid receptors
(GRs). The ligand-GR complexes translocate into the nucleus,
initiating up-regulation of pro-apoptotic genes transcription,
leading to bone resorption and bone loss (69). Another
corticosteroid-induced osteonecrosis mechanism includes
creating a hypercoagulable state and microthrombi development
at the bone tissue (62). Thus corticosteroids at physiological
concentrations play a significant role in bone health, while in
higher doses and prolonged use, they will induce unfavorable
bone effects (69).

Moreover, hyperlipidemia was found to increase the risk of
osteoporosiswith a poorly understoodmechanism. Itwas proposed
that hyperlipidemia might induce this effect by increasing blood
viscosity and reducing bone blood flow (70). Accordingly,
corticosteroids lipids alteration is another suggested mechanism
of their induced osteoporosis. Furthermore, using asparaginase
with dexamethasone probably increases osteoporosis risk through
a pharmacokinetic interaction between both drugs and its
consequent effect on lipid levels. Nevertheless, this association is
still uncertain (70, 71).

In one of the oldest PGx studies exploring corticosteroid-
induced osteonecrosis, 12 candidate polymorphisms known for
their involvement in osteoporosis were examined. A variant in
plasminogen activator inhibitor-1 gene (PAI-1), rs6092, showed
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a positive association with osteonecrosis after adjustment for sex,
age, and treatment arm (66). The protein encoded by PAI-1 is the
primary fibrinolytic system’s regulatory controller involved in
bone toxicity without a clear understanding of its underlying
mechanism (72). Corticosteroids induce an increased production
of PAI-1 from bone marrow adipocytes. Accordingly,
corticosteroid-induced PAI-1 production is another suggested
corticosteroid-induced osteonecrosis mechanism (73). Carrying
a genetic variant in PAI-1 affecting PAI-1 serum levels is
expected to increase osteonecrosis risk further (58).
Nevertheless, data supporting this association is scarce and
limited to short-term follow-up studies. The same biomarker
can be considered as a plausible candidate for longitudinal
studies in survivors.

In another early PGx study of corticosteroid-induced
osteonecrosis, 364 pediatric ALL patients were enrolled. The
research aim was to investigate genetic and non-genetic risk
factors with a prospective screening of patients for an accurate
assignment to case/control groups. The authors reported
polymorphisms at ACP1 (Acid Phosphatase 1) as risk alleles
for corticosteroid-induced osteonecrosis. ACP1 is associated with
serum cholesterol levels, and it regulates osteoblasts
differentiation. Non-genetic factors concluded from the same
study were patients’ age of more than ten years, higher
cholesterol levels, lower albumin levels, and higher
dexamethasone exposure. These findings underscored the lipid
homeostasis alteration as a relevant corticosteroid-induced
osteonecrosis mechanism (74).

Interestingly, the same association with other polymorphisms
in the same gene, ACP1, was found in a recent study that
analyzed top hits from preceding GWASs findings. The latter
study was different from the older one in the included pediatric
ALL population, as the more recent one recruited patients of
mixed ancestry. The two studies also differed in corticosteroids
type and dose. Moreover, the more recent study supported its
findings with a comprehensive explanation of the ACP1 role as a
signaling molecule in bone formation. Accordingly, the ACP1
gene can be considered a robust candidate biomarker for
corticosteroid-induced osteonecrosis in pediatric ALL
patients (61).

One of the largest GWASs investigating PGx biomarkers of
corticosteroids-induced osteonecrosis included 2285 HR-ALL
children as a discovery cohort, 361 children as a validation
cohort, and a third independent group of 309 children and
adults treated with corticosteroids as a second validation
group. In this study, Karol and colleagues pointed out a
variant near the glutamate receptor gene, GRIN3A (Glutamate
Ionotropic Receptor NMDA Type Subunit 3A), as the most
significant biomarker. The glutamate receptor variation may
contribute to proximal vascular events that interrupt bone’s
vascular supply and increase the risk of osteonecrosis in
patients treated with corticosteroids (75).

Similarly, but for SR-ALL patients, an independent analysis
was carried to investigate corticosteroid-induced osteonecrosis
biomarkers. All enrolled patients were under ten years of age and
considered at lower risk of developing osteonecrosis. In the
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discovery subset, 82 developed grade 2-4 osteonecrosis counted
as the cases and 287 as controls. A replication set from the same
age range was also analyzed. The genome-wide association
revealed novel risk variants near BMP7 (Bone Morphogenetic
Protein 7) and PROX1-AS1 (PROX1 Antisense RNA 1). The
former gene encodes a protein produced in response to bone
damage and affects local bone vasculature. In comparison,
PROX1-AS1 is an RNA gene that alters lipid trafficking
through the bone. In the same study, pathway analysis pointed
to the glutamate receptor signaling pathway as the top pathway
represented by the highest density of genetic variants in the
studied cohorts. This latter finding was consistent with preceding
results from the HR-ALL group, which determined the same
pathway as the top contributing pathway in corticosteroid-
induced osteonecrosis. Nevertheless, the glutamate receptor
signaling pathway showed a more robust association with the
older age group treated with HR-ALL protocols. In contrast, the
BMP7 allele showed a greater osteonecrosis risk in younger ALL
patients (76).

Simultaneously, a third GWAS investigated osteonecrosis
PGx biomarkers in Asthma chi ldren treated with
corticosteroids and validated the resulting associations in a
pediatric ALL cohort. The selected endpoint for both groups
was the BMD Z-score. The highest association retrieved was with
rs6461639, an intronic variant located in RAPGEF5 (Rap guanine
nucleotide exchange factor 5) with an unidentified effect (77).

2.4.2 Bone Toxicity Induced by Other
Chemotherapy Agents
Methotrexate impairs osteoblasts’ function, number, and
responsiveness. After administering a high methotrexate dose,
its effect on osteoblast/osteoclast balance may result in bone pain
and fractures. However, these effects are reversible, and bone
density will improve when the drug is discontinued (78).

Similarly, asparaginase, anthracyclines, and vincristine can
affect bone health as an extension of their cytotoxic effects.
However, their bone toxicity effects are usually attributed to
the synergism with corticosteroids effects (78).

To conclude, chemotherapy affects the pediatric ALL
survivors’ bone health in the long term. The manifestations of
bone toxicity are not limited to the acute impact on bone density
but may affect lifelong bone health. Reduced BMD can be
managed by lifestyle changes and attention to other interacting
factors like growth hormone deficit and molecular risk factors.
The current recommendations for bone health in CCSs include
baseline assessment after two years of chemotherapy ends. Other
recommendations include adequate calcium and vitamin D
supplementation, suitable physical activity, antiresorptive
treatment in cases where low BMD is evident, and correction
of endocrine alterations if needed (79). However, identifying
genetic risk factors can intensify preventive measures in
vulnerable patients.

Studies on corticosteroid-induced toxicity PGx biomarkers
identified multiple candidate genes and pathways (Figure 4).
Future efforts should focus on validating these findings and
confirming the involved mechanisms. ACP1 and the lipid
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homeostasis pathway could be the most potential candidates for
closer examination.

2.5 Hepatic Dysfunction
The evidence of long-term liver damage following chemotherapy
in children has been inconclusive, compared to the multiple
reports of acute liver injury that resolves at the end of treatment.
However, one recent review of the studies conducted on long-
term liver injury in CCSs concluded that 1% to 53% of patients
show any degree of liver injury years after the treatment end,
manifested as an increase in liver enzymes. In the same review,
radiotherapy and thioguanine exposure were identified as the
treatment-related risk factors encountered by pediatric ALL
patients (80).

Pegylated asparaginase has progressively improved the
survival rate in children with ALL. It has multiple adverse
effects, including hypersensitivity, that warrants replacing it
with Erwinia asparaginase. However, abnormal liver function is
reported with all asparaginase formulations, causing remarkable
elevation of liver transaminase, alkaline phosphate enzymes, and
bilirubin (81, 82). Moreover, a similar risk is reported with 6-
mercaptopurine and methotrexate, which are indispensable
components of ALL protocols. However, all these changes in
liver enzymes are usually transient and reversed after therapy
discontinuation (83). Significantly, transfusion-associated iron
overload, hepatic dysfunction associated with graft-versus-host
disease, and veno-occlusive disease can contribute to irreversible
liver injury (84).

For 6-mercaptopurine (6-MP) and thioguanine, the
therapeutic and toxic response is influenced by the thiopurine
methyltransferase (TPMT) enzyme encoded by the TPMT gene.
Any alteration of its activity could cause hepatotoxic metabolites’
accumulation (85). Indeed, there is a strong recommendation for
TPMT and NUDT15 genetic testing before starting treatment
with thiopurines in ALL children. Dose adjustment
recommendations are also available according to genotypes to
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avoid acute toxicity (86, 87). However, the effect of impaired
thiopurine metabolism impairment and personalized treatment
on long-term adverse events is not apparent (86).

The major 6-MP metabol i te bel ieved to induce
gastrointestinal toxicity, including hepatotoxicity, is 6-
methylmercaptopurine (6-MMP). Allopurinol acts by altering
the metabolism pathways of 6-MP towards less methylation into
6-MMP. Accordingly, allopurinol has been used concomitantly
with 6-MP in adults with inflammatory bowel disease refractory
to 6-MP. The same approach was suggested as a measure for
pediatric ALL patients experiencing acute 6-MP hepatotoxicity.
However, such an approach’s long-term impact is still not
validated (88).

On the other hand, most studies about methotrexate-induced
hepatic injury in cancer children reported its mild nature,
transient effect, and low incidence of progression to end-stage
liver disease in the absence of co-morbidities. However, leukemia
survivors with viral hepatitis who receive high-dose methotrexate
are at risk of progressive hepatic dysfunction in adulthood (84).

Multiple PGx biomarkers of methotrexate toxicities were
proposed in studies on pediatric ALL patients. Nevertheless, the
inconsistency between these studies’ findings excluded inferring a
risk allele with a strong evidence association. According to the
pharmacogenomics knowledgebase (PharmGKB), MTHFR
(Methylenetetrahydrofolate Reductase), GSTP1 (Glutathione S-
Transferase Pi 1), and ABCB1 are the proposed genes for
methotrexate toxicities but with limited supporting evidence (89).

There is growing evidence of omega-3 fatty acids’ effects in
improving non-alcoholic fatty liver disease, which suggested
using these agents to mitigate methotrexate-induced liver
injury. In a clinical trial that included 70 pediatric ALL
patients, omega-3 fatty acid at a 1000 mg/day dose was well-
tolerated and correlated with better liver function parameters
compared to placebo. However, such approaches need validation
in more extensive trials. The long-term benefit of such protective
measures should be evaluated as well (90).
FIGURE 4 | Corticosteroids-induced bone toxicity candidate genomic biomarkers. Pharmacogenomic studies suggested that genetic variants affecting lipid
homeostasis and vascular supply to bones might partially explain the mechanisms of corticosteroid-induced bone toxicity. Other mechanisms are still unknown.
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2.6 Visual Changes
Cancer survivors report neurosensory complications impacting
ocular, auditory, speech, and olfactory systems. Whelan and
colleagues described the increased risk of eye-related disorders
in a report from 8,507 children from the CCSS data with a
follow-up spanning 25 years. The studied defects included
cataracts, glaucoma, blindness, double vision, and dry eye. In
the same report, the identified risk factors were radiation and
corticosteroids exposure (91).

Few studies have evaluated the visual deterioration or other
treatment-induced eye defects, specifically in pediatric ALL survivors.
One recent report from 59 ALL survivors compared multiple ocular
parameters, including visual acuity, accommodation amplitude, and
other parameters, with 48 age, sex, and race-matched controls. The
survivors demonstrated significant differences, with substantial
premature ocular aging features among survivors (92).

Apart from this limited data from pediatric ALL survivors, no
more reports about ocular health are available. More research on
ALL-treatment long-term effects on the ocular system is needed.

2.7 Body Mass Index Changes, Obesity,
and Metabolic Syndrome
Obesity, defined by a body mass index (BMI) ≥ 30 kg/m2, is a
common long-term consequence of pediatric ALL treatment.
The CCSS data shows an increase of 20% and 50% in obesity
prevalence among male and female ALL-survivors, respectively,
compared to the general population (93). A more recent meta-
analysis, reporting on 9223 ALL survivors from 47 studies,
indicated a significantly higher BMI than the reference
population. Prevalence ranged between 29% and 69% in 11
studies where patients were off treatment between 5 and 9
years. In contrast, for studies including survivors off-treatment
for at least ten years, obesity prevalence ranged between 34% and
64% (94).

Accordingly, obesity is a significant sequela that affects
survivors’ life in the long term. Given its association with the
risk of multiple morbidities, including hypertension, type 2
diabetes, and cardiovascular diseases, weight gain induced by
ALL-treatment has been repeatedly investigated (95). The
contribution of obesity in cardiovascular morbidities and
mortalities is of additional concern, considering that the same
patients have received potential cardiotoxic chemotherapy (96).

Weight gain risk factors among ALL-survivors were explored
by multiple groups with conflicting outcomes. A study that
included 1,638 patients treated with the CCG-1961 protocol,
found significant risk factors include female gender, age, race,
baseline BMI, and glucose toxicity during induction. In contrast,
cranial radiation was not an obesity risk factor in the same trial
(97). The latter finding was contrary to multiple other groups
that designated CRT and radiation doses as obesity risk factors in
ALL-survivors (98, 99). Similarly, the effect of gender on weight
gain risk was inconsistent. Some studies reported a higher
prevalence among females (97, 99, 100) compared to other
groups that found no difference between genders. Due to the
multiple inconsistencies between the predisposing risk factors in
different cohorts, the most substantial evidence can be based on a
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meta-analysis. In their meta-analysis of 47 extensive studies,
Zhang and colleagues reported that obesity prevalence among
ALL-survivors was independent of gender, age at diagnosis, or
CRT receipt (94). On the other hand, it is still unclear if
dexamethasone can cause a more significant increase in weight
gain than prednisone and whether the effect of cortisone is only
transient or long-lasting (96).

Indeed, effective investigation and intervention planning
require understanding the etiology of obesity and identifying
vulnerable patients to enable follow-up and protective measures.
During treatment, low physical activity due to hospitalization,
diminished exercise capacity because of cancer-induced or
treatment-induced pain (e.g., vincristine-induced neuropathy),
and increased energy intake, are all lifestyle factors contributing
to weight gain (96). However, the same elements cannot justify
the prevalence of obesity among survivors after decades of
diagnosis and treatment cessation.

Molecular studies pointed out that CRT and chemotherapy
can induce obesity in survivors with distinct mechanisms (95).
Radiotherapy can provoke hypothalamic damage, which might
dysregulate food intake control or cause hormonal deficiency.
Both are suggested mechanisms for long-term weight gain for
ALL-survivors treated with CRT. Nevertheless, conflicting
evidence supports the association between CRT or the
radiation dose and survivor’s obesity and the mechanism
behind this association (96).

The continued observation of long-term obesity among not
irradiated survivors suggested that chemotherapy is an
independent risk factor. Currently, the proposed mechanisms
include the central effects of chemotherapeutic agents leading to
growth hormone deficiency, which predisposes survivors to
metabolic consequences, including weight gain. Moreover,
corticosteroids impact appetite and energy uptake/expenditure
(96). Furthermore, corticosteroid exposure during early
childhood may induce epigenetic changes, which predispose to
long-term body composition changes (101).

The complexity of the BMI trait and the hundreds of
identified loci which explain about 6% only of its variability,
may justify the low available data in this topic. Indeed, a limited
number of studies explored genomic biomarkers of obesity in
pediatric ALL survivors. In a study of 1996 cancer survivors
followed up to median age of 32.4 years; 47% and 29.4% of
patients treated with or without CRT, respectively, were obese.
The results confirmed the increased odds of obesity in adults
treated with corticosteroids during childhood. In the same study,
the whole-genome analysis yielded 166 SNPs associated with a
BMI ≥ 30 kg/m2. The strongest associations were found in
neuronal growth, repair, and connectivity genes, namely
NALF1 (NALCN Channel Auxiliary Factor 1 genes, previously
known as FAM155A), SOX11 (SRY-Box Transcription Factor
11), CDH18 (Cadherin 18), and GLRA3 (Glycine Receptor Alpha
3) (102).

One recent trial investigating 1458 adult survivors of pediatric
ALL mostly treated with CRT identified two novel loci;
LINC00856 (Long Intergenic Non-Protein Coding RNA 856):
rs575792008 and EMR1 (EGF-Like Module Receptor 1):
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rs62123082. A later comparison of the detected associations and
loci known to affect BMI variance in the general population
concluded similarities between the heritability factors of obesity
in ALL survivors and the general population. Nevertheless, CRT
modified the effect of these variants on the survivors’ BMI. The
low number of patients treated with chemotherapy alone
precluded finding significant associations in the same study,
although high BMI was still reported in this subgroup (103).

Interestingly, the N363S polymorphism in the glucocorticoid
receptor gene, NR3C1, known to increase corticosteroid toxicity
vulnerability, was investigated in a group of pediatric ALL
survivors. The results indicated the increased exposure of the
N363S carriers to several corticosteroid long-term toxicities. The
same study did not include obesity indicators as one of its
collected data; nevertheless, the same polymorphism has been
identified as a risk allele for corticosteroid-induced obesity in
preceding studies on non-cancer patients. Herein, the same allele
warrants further investigation in pediatric-ALL survivors, which
might enable a better corticosteroid individualized therapy (104).

Emerging evidence suggests that epigenetic changes correlate
better than genomic variants to BMI and other obesity
quantitative traits. DNA methylation is an epigenomic event
that involves the reversible and heritable attachment of a methyl
group to a nucleotide, occurring mainly at the CpG islands in the
gene promotors. DNA methylation is affected by genetic and
environmental factors, which integrate into a phenotype impact.
Vise-versa, the epigenetic changes, like DNA-methylation, will
affect gene expression (105). In the pathogenesis of a complex
trait like obesity, DNA methylation can explain the phenotype’s
cause and consequence. Few epigenome-wide studies (EWAS)
have been conducted to explore the molecular mechanisms of
obesity on samples from the general population. These studies
concluded several DNA-methylation hotspots which correlate to
obesity (105, 106). Using a similar approach, Lupo and
colleagues performed an EWAS on pediatric ALL survivors,
with BMI as the phenotype. The study, which included 96
adult survivors of pediatric ALL, concluded that patients not
treated with CRT share a DNA-methylation profile similar to the
DNA-methylation profile of obese from the general population
but distinct from those treated with CRT. These findings support
the growing body of evidence that obesity mechanisms in CRT
exposed and un-exposed (chemotherapy-alone) patients are
different; nevertheless, they are similar to general population
obesity mechanisms (95).

Importantly, central obesity is considered one of the metabolic
syndrome disorders (MS). Other components of MS include
elevated plasma glucose, insulin resistance, hypercholesteremia,
hypertension, and prothrombotic/proinflammatory state (96).
Childhood ALL survivors treated with chemotherapy alone are at
increased risk of MS by almost two folds compared to their age-
matched controls. In general, regardless of the treatment they
received, ALL survivors are at an increased risk of MS, which
warrants closer follow-up for these individuals (107).

Moreover, diabetes was among the treatment complications
with high frequency in the data collected from the CCSS group
with a frequency of 4% and 5.7% for HR-ALL and BMT/R-ALL,
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respectively (Dixon 2020). Diabetes can result from asparaginase
toxicity. Asparaginase can induce pancreatitis, which can
progress into a chronic form leading to insulin-dependent
diabetes mellitus and exocrine function impairment (71).
Endocrine late effects frequently occur in the long term after
the end of cancer treatment. The cumulative risk of developing
an endocrine disorder increases steadily over time in childhood
cancer survivors. The current COG-LTFU guidelines
recommend screening patients treated with high-risk therapies
(i.e., high dose radiation and alkylating agents). Nevertheless,
recent evidence supports the increased incidence of
endocrinopathies in childhood cancer survivors treated with
non-high-risk therapies (108).

To conclude, obesity forms a unique modifiable factor. Data
about its molecular mechanisms and the genetic contribution
towards obesity and MS progress is scarce. Given the complexity
of identifying molecular biomarkers for patients at risk,
epigenetic studies can reveal more information about
molecular mechanisms of obesity in cancer survivors and form
a hot spot for future research.

2.8 Infertility and Sex Hormone Deficiency
Substantial evidence supports the impact of gonadal or cranial
radiotherapy on gonads and fertility of cancer survivors.
Moreover, the gonads are vulnerable to cytotoxic effects of
anticancer therapy. With the gradual reduction in radiotherapy
and replacing it with higher intensity chemotherapeutics, the
long-term effects of these newer protocols on survivors’ fertility
and sexual health are understudied (101, 102).

Male gonads are usually more prone to cancer therapy effects
than females. Oligospermia and harmful changes in the sperms’
quality are commonly reported, matched to fewer reports on
induced ovarian insufficiency, and oocyte number depletion in
females (109).

In a report from more than 10,000 survivors of the CCSS
dataset who were not exposed to radiotherapy, male survivors
were less likely to sire a pregnancy than siblings. Similarly,
females were less likely to report pregnancy or live birth when
compared to siblings. Females who did not report pregnancy
before the age of 30 were less likely to have any pregnancy by 45.
This cohort’s treatment risk factors included alkylating agents’
cumulative doses, cisplatin treatment for males, and busulfan
treatment in females. Nevertheless, this data describes the
survivors’ pregnancy incidence rather than directly assessing
gonadal function. Accordingly, a percentage of the results
could be reflecting personal choices, or psychosocial factors,
rather than biological functions (110).

Cyclophosphamide, used in some pediatric ALL protocols,
has a gonadal toxic effect on high doses. Moreover, harmful
gonadal effects are reported with cytarabine and doxorubicin, but
to less extent. However, ALL patients usually suffer less gonadal
toxicity than other types of tumors (109). To determine the effect
of different ALL treatment modalities on gonadal function,
Krawczuck-Rybak and colleagues analyzed multiple parameters
in a group of pediatric ALL survivors of both sexes. The analysis
encompassed measuring follicle-stimulating hormone (FSH),
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luteinizing hormone (LH), and inhibin B, with testosterone for
males and estradiol with anti-Mullerian hormone (AMH) for
females. Despite the low gonadal toxicity attributed to the
administered agents, the findings indicated significant
hormonal changes in ALL survivors. For males, elevated levels
of FSH and LH and decreased inhibin B levels, as indicators of
lower spermatogenesis, characterized the survivors, with more
predominant changes in the HR-ALL group. Only lower AMH
levels in the HR-ALL group were reported in females, reflecting
lower ovarian reserve (109).

Cryopreserved ovarian/testicular tissue before cancer chemo/
radiotherapy has been suggested as a prophylaxis measure.
Multiple researchers investigated the possibility and safety of
implanting these tissue after the recovery of ALL patients.
Unfortunately, re-implanting spermatogonia stem cells (SSC)
or oogonial stem cells (OSC) was associated with a potential risk
of disease recurrence due to the infiltration of leukemic cells into
the ovarian/testicular tissues (111, 112). There is plenty of
research on in vitro auto-transplantation that reinforces stem
cell preservation practice. Detecting the round spermatids taken
from the testicular biopsy can give another hope for round
spermatid injection (ROSI). With the pros and cons of fertility
cell preservation and the complexity of handling cancer patients,
it is crucial to have a multidisciplinary collaboration to achieve
superior overall fertility outcomes for survivors (112).

2.9 Neurocognitive Effects
Long termeffect of cancer treatment on the patient’s neurocognitive
abilities has been usually ascribed to the CRT impact. In pediatric
ALL, CNS-directed prophylaxis is indispensable. The high
probability of leukemic cell infiltration to the CNS puts patients
at an elevated risk of CNS relapse and associated severe morbidity
and mortality. Older regimens used a combination of CRT and
intrathecal methotrexate as CNS prophylaxis. However, CRT
intensity has been reduced, and then it was omitted for most ALL
patients after recognizing its detrimental effects on intellectual and
learning capabilities (68, 113).

Nevertheless, cognitive function deterioration is encountered
with patients not exposed to CRT and is attributed mainly to the
CNSprophylactic chemotherapy (113). The suggestedmechanisms
include chemotherapy-induced suppression of cell proliferation
and an increase in neuroinflammation (114). Other proposed
mechanisms are loss of phospholipids affecting white matter
architecture and the disruption of the developing neural networks
in children (115).

The measurement of neurocognitive changes is usually
determined through educational progress and long-term job
achievements. In a study that included 129 childhood cancer
survivors treated by the 1990s treatment protocols, additional
school resources were needed by 30% of the survivors, from which
50%were pediatricALL survivorsmostly treatedwith chemotherapy
alone. In the same study, 10% of participants required attention
deficit hyperactivity disorder (ADHD) prescription medication,
double the national average of children between 2-17 years of age
(68). Other studies reported an increased cumulative dose of
intravenous methotrexate (doses more than 4.3mg/m2) is
associated with an increased risk of inattention-hyperactivity (116).
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A recent analysis of the CCSS dataset analyzed 1207 survivors of
pediatric ALLwhowere treated with chemotherapy alone andwere
all at least 18 years old at the follow-up assessment. The participants
and their non-cancer siblings completed neurocognitive surveys.
The results revealed an increased neurocognitive, efficiency, and
memory impairment in the survivors compared to their same-sex
siblings. Methotrexate was associated with neurocognitive
impairment in both sexes, while dexamethasone was associated
with memory impairment only in males. The difference in
dexamethasone effect among sexes might result from an
interaction between sex hormones and external steroids. This
study concluded that neurocognitive impairment risk factors are
sex, methotrexate and/or dexamethasone exposure, and chronic
conditions, like pulmonary diseases (115).

These recent results were preceded by several other reports
and reviews that shed light on ALL treatment’s critical effects on
the neurocognitive functions during adulthood (113). However,
this research body did not elucidate the underlying mechanisms
or suggested any pharmacological targets or interventional
approaches. More research needs to be performed in this area
to understand the mechanisms and design effective interventions.
3 CONCLUSIONS AND FUTURE
DIRECTIONS IN LONG-TERM SEQUELA
OF PEDIATRIC ALL TREATMENT

As illustrated in the above sections, several long-term effects have
been attributed to pediatric ALL therapy. Despite the lower
incidence of life-long consequences in newer protocols,
clinicians should keep these events in mind during the early
treatment phases.

The reported long-term effects can be categorized into:

1. Rare events with devastating consequences, like SMNs.
2. Common adverse events with severe late manifestations, like

cardiotoxicity.
3. Common events that can be modulated by lifestyle changes,

like obesity and bone density impairment.
4. Adverse events that are not well studied in the long term, like

VIPN, ocular effects, fertility impairment, neurocognitive
impairment, and liver function impairment.

Accordingly, each of the previous groups requires a different
approach. Table 1 summarizes the recommendations we
concluded from the reviewed literature.

Undoubtedly, achieving a cure is the caregivers’ priority at the
acute stage; nevertheless, the following suggested approaches
have the potential to present life-long improved outcomes:

1. Genetic testing to predict vulnerable patients: Testing for
genetic predisposition mutations, like TP53 indicating
susceptibility to secondary cancers, would identify patients
with high risk for individualized follow-up measures.
Likewise, when more vulnerability biomarkers of other
toxicities are confirmed, the proved variants warrant early
testing during the first phases of treatment. Inclusion of such
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results in patients’ electronic files would provide them with
the opportunity of individualized follow-up.

2. Delineating the underlying cellular mechanisms of toxicity
and long-term effects of those therapies would provide new
opportunities for minimizing them.

3. PGx guided drug choice and dose adjustment: When adequate
evidence supporting toxicity risk biomarkers is accumulated,
prospective studies of genotype-guided dose adjustment will
pave theway forpersonalizeddosing to avoid long-termsequelae.

4. Targeted therapies instead of chemotherapies: Theoretically,
targeted therapies can spare patients from the off-target
effects of traditional cytotoxic chemotherapies. Currently,
targeted therapies are under evaluation for relapsed ALL.
These agents are still not the standard of care yet; however,
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they might be soon (117). As soon as targeted therapy
strategies are adopted, longitudinal studies will be needed
to explore their long-term toxicities.

5. Adjusting follow-up recommendations: There is an immense
need to update the current pediatric-ALL follow-up
recommendations to accommodate the latest findings.
Utilizing the newer techniques of massive data analysis and
artificial intelligence can facilitate interpreting the results to
apply optimized precision follow-up practices.

To conclude, throughout this literature review, we highlighted
the novel findings at understanding long-term sequela of
pediatric ALL treatment. We shed light on the available data at
the molecular level and the knowledge gaps in the field.
TABLE 1 | The revised long-term adverse events of pediatric ALL treatment and the recommended approaches to respond to the latest findings.

Long-term
adverse event

Latest findings Recommended approach

Rare and severe Secondary
malignant
neoplasms
(SMNs)

Patients carrying TP53 are at an increased risk of SMNs. • To initiate early detection of TP53 mutations in the routine
tests at diagnosis.

• To add survivors with TP53 mutations to the high-risk group
of patients that need closer surveillance.

• Using less-genotoxic agents for these patients should be
evaluated.

POT1 variants are possible biomarkers of secondary thyroid
tumors.

• Confirmatory studies may lead to adding POT1 mutation
carriers to the high-risk group of survivors.

Anthracyclines increase the risk of breast cancer in
survivors.

• To apply research to confirm this association and elucidate
its mechanism followed by preventive strategies (e.g., early
detection, treatment individualization).

Common and
severe

Anthracycline
induced
cardiotoxicity
(AICT)

Several candidate genes are proposed biomarkers of AICT
like CRB3, SLC28A3, UGT1A6, ABCC1, and others.

• Research is needed to confirm the suggested associations
and establish a list of biomarkers that can be tested early
after diagnosis.

• Survivors with confirmed cardiotoxicity genetic vulnerability
require closer follow-up.

Africans harbor distinct AICT biomarkers. • Future research should consider different ethnicities.
Currently, dexrazoxane is the only available drug to prevent
cardiotoxicity when high doses of anthracyclines are used.

• Other protective agents can be developed to target the
variable AICT pathogenesis mechanisms.

MRI can identify cardiac damage earlier than the
conventionally used ones

• Confirmatory research should be applied to children to
measure the benefits of this approach in the long term.

Liposomal anthracyclines induce fewer cardiotoxic effects in
adults

• Research is needed to approve the safety of these
formulations for children.

Common and can
be modulated by
lifestyle changes

Bone toxicity Some genetic variants are identified as possible biomarkers
of corticosteroid-induced bone toxicity.

• Confirmatory studies are required to confirm the suggested
associations.

• Early genetic testing for the confirmed biomarkers can
identify patients who might need lower corticosteroid doses
or benefit from replacing dexamethasone with prednisolone.

• To recommend lifestyle changes for patients with confirmed
risk variants (e.g., Vitamin D supplements, physical
exercises).

Obesity and
metabolic
syndrome

Some genetic variants are identified as possible biomarkers
of obesity vulnerability.

• Confirmatory studies are required to confirm the suggested
associations.

• Early genetic testing for the confirmed biomarkers can
identify patients who might need lower corticosteroid doses
or benefit from replacing dexamethasone with prednisolone.

• To recommend lifestyle changes for patients with confirmed
risk variants (e.g., adjusted diets, physical exercises).

Chemotherapy-induced obesity is probably associated with
genetic biomarkers similar to those reported from common
obesity in contrast to radiation-induced obesity

• More research is needed for a better understanding of
chemotherapy-induced obesity mechanisms to enable
designing better protective measures.

Rarely studied
events

Liver toxicity Few reports of long-term toxicity • More investigation is needed on survivors to determine the
prevalence of these events, understand their
pathophysiology, and design protective and follow-up
measures.

Ocular effects Very few reports
Neurocognitive
effects

Very few reports
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Nevertheless, it is still early for the majority of the illustrated
findings to impact clinical practice.
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Oxaliplatin, a pivotal drug in the management of colorectal cancer, causes
chemotherapy-induced peripheral neuropathy (CIPN) in a third of cancer survivors.
Based on a previous cross-sectional study assessing oxaliplatin-related sensory
CIPN in colorectal cancer survivors, a secondary analysis was designed to explore
the possibility that different clusters of patients may co-exist among a cohort of patients
with oxaliplatin-related CIPN. Other objectives were to characterize these clusters
considering CIPN severity, anxiety, depression, health-related quality of life (HRQOL),
patients’ characteristics and oxaliplatin treatments. Among the 96 patients analyzed,
three clusters were identified (cluster 1: 52, cluster 2: 34, and cluster 3: 10 patients).
Clusters were significantly different according to CIPN severity and the proportion of
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neuropathic pain (cluster 1: low, cluster 2: intermediate, and cluster 3: high). Anxiety,
depressive disorders and HRQOL alteration were lower in cluster 1 in comparison to
clusters 2 and 3, but not different between clusters 2 and 3. This study underlines that
patients with CIPN are not a homogenous group, and that CIPN severity is associated
with psychological distress and a decline of HRQOL. Further studies are needed to
explore the relation between clusters and CIPN management.

Keywords: chemotherapy-induced peripheral neuropathy, neuropathic pain, colorectal cancer, oxaliplatin, cluster
analysis

1 INTRODUCTION

Oxaliplatin is a key anticancer drug in the management of
colorectal cancer. However, oxaliplatin is one of the most
neurotoxic anticancer drugs and responsible for
chemotherapy-induced peripheral neuropathy (CIPN). More
precisely, oxaliplatin induces acute neuronal hyperexcitability,
occurring shortly after infusion, mainly characterized by cold
hypersensitivity of the distal extremities and of the orofacial area
(Gebremedhn et al., 2018). This acute neurotoxicity can affect
up to 98% of patients (Gebremedhn et al., 2018). Thereafter, the
repetition of the chemotherapy cycles can be responsible for
chronic CIPN, typically described as distal and symmetric
sensitive disorders, such as dysesthesia/paresthesia and to a
lesser extent neuropathic pain, affecting the hands and feet
(Alberti, 2019). Oxaliplatin-associated CIPN has persisted for
several years after the end of treatment in several cancer
survivors (5 years after the end of chemotherapy: 31.3% [95%
confidence interval (CI): 26.8; 36.0]), and is associated with
psychological distress, a decrease of health-related quality of life
(HRQOL) (Selvy et al., 2020) and a greater risk of patients
falling, with all the negative consequences that can result from
this (Kolb et al., 2016).

Patients with CIPN are frequently described as a homogenous
population of patients with symptoms of neuropathy. But
recently, Wang et al. identified four symptom clusters among
patients with CIPN (i.e. sensory neuropathy symptoms, mixed
motor-sensory neuropathy symptoms, mixed sensorimotor
neuropathy symptoms, and autonomic neuropathy symptoms)
(Wang et al., 2019). This study was the only one to underline that
CIPN is predominantly a sensory neuropathy but that some
patients may present mixed motor-related and autonomic
symptoms. Moreover, neuropathic pain is frequently
associated with CIPN symptomatology, whereas less than half
of patients present pain symptoms (de Carvalho Barbosa et al.,
2014; Selvy et al., 2020).

Cluster analysis is a statistical technique that aims to identify
homogenous groups of patients characterized by their responses
to a set of variables. Cluster analysis can be used to complement
the problem-oriented approach by assessing the existence and
size of patient groups with systematically poorer experiences
across a set of variables. These patient groups can then be
profiled by describing intra-group characteristics, and quality
problems within groups might be explored to better target quality
improvement initiatives (Bjertnaes et al., 2013). Knowledge of

such subgroups of patients is valuable for tailoring and
implementing management quality (Bjertnaes et al., 2013).

Based on a previous cross-sectional study assessing
oxaliplatin-related sensory CIPN in colorectal cancer survivors
(Selvy et al., 2020), the main objective of this secondary analysis
was to explore the possibility that different clusters of patients
may co-exist among a cohort of patients with oxaliplatin-related
CIPN. The secondary objective was to characterize these clusters
of patients considering CIPN severity and symptoms, anxiety,
depression, HRQOL, patients’ characteristics and oxaliplatin
treatments.

2 MATERIALS AND METHODS

2.1 Study Design
This secondary analysis is based on a previous multicenter cross-
sectional study assessing the prevalence and severity of CIPN in
survivors of colorectal cancer, 5 years after the end of oxaliplatin-
based chemotherapy (Selvy et al., 2020). This previous study also
assessed the prevalence of neuropathic pain, anxiety, depression,
and HRQOL. Patients were assessed once using a self-
administered questionnaire, and no longitudinal assessment
was performed (Selvy et al., 2020).

In the present cluster analysis, the main objective was to
explore the existence of different clusters (subgroups) of
patients among patients with oxaliplatin-related CIPN. The
secondary objectives were to characterize these clusters
according to anxiety, depression, HRQOL, patients’
characteristics and oxaliplatin treatments.

The study conformed to the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) guidelines
(von Elm et al., 2007), and the protocol was registered on
ClinicalTrials.gov (NCT02970526). The study was approved by
a local ethics committee (Comité de Protection des Personnes
sud-est 6, IRB: 00008526, No. 2016/CE16, 26/02/2016) and
carried out anonymously. It was approved by the Advisory
Committee on the Treatment of Research Information (No.
15.645, 13/05/2015). Consent was obtained from all the
participants by telephone.

2.2 Setting
The study was coordinated by the University Hospital of
Clermont-Ferrand (CHU Clermont-Ferrand, France). The
patients were recruited from 16 French centers (University
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Hospitals: CHU Clermont-Ferrand, CHU Limoges, CHU Reims,
CHRU Lille, and Institut du Cancer Montpellier; General
Hospitals: CH Saint-Flour, CH Moulins, CH Boulogne-sur-
Mer, CH Béziers, CH Puy en Velay, Infirmerie Protestante de
Lyon, CH Saint-Joseph Saint Luc Lyon, CH Alpes Leman, CHI
Les Hôpitaux du Léman, CHVichy, and GHMGrenoble) from 21
June 2016 until 29 August 2019.

2.3 Participants
The inclusion criteria have been already described (Selvy et al.,
2020), and for this secondary analysis were as follows: sensory
scores of the QLQ-CIPN20 ≥ 30/100, treatment with adjuvant
oxaliplatin-based chemotherapy (FOLFOX-4) for colorectal
cancer, ≤5 years from the time chemotherapy was
discontinued, and no cancer relapse during these 5 years
(cancer survivors). The exclusion criteria were sensory scores
of the QLQ-CIPN20 < 30/100, age <18 years, and patients with
neurological diseases (stroke, Parkinson’s disease, Alzheimer’s
disease). Missing data on any of the variables were added to the
exclusion criteria.

Patients were identified from the database of the
chemotherapy prescription software of each participating
center. Thereafter, according to the inclusion/exclusion
criteria, each center phoned their patients to inquire whether
they would participate in the study. After patient acceptance, a
paper questionnaire and a stamped envelope for the response
were sent to the patient. Patients returned their questionnaires to
the coordinating center, where their responses were recorded and
analyzed (For more details see Selvy et al. (Selvy et al., 2020)).

2.4 Variables
The primary endpoint was the sensory score of the EORTCQLQ-
CIPN20 (Lavoie Smith et al., 2013), which rates CIPN severity
from 0 (least) to 100 (worst) during the last week (Postma et al.,
2005) (for scoring see: https://www.eortc.org/app/uploads/sites/
2/2018/02/SCmanual.pdf). Sensory CIPN was defined as a
sensory QLQ-CIPN20 score of ≥30/100 in the present study,
based on the work by Alberti et al. (2014) (Alberti et al., 2014).

With regards to the secondary endpoints, ongoing
neuropathic pain was defined as a visual analogue scale
(VAS) score ≥40/100 and a DN4 (French abbreviation:
Douleur Neuropathique 4, for neuropathic pain 4)
interview questionnaire score ≥3/7 (Bouhassira et al.,
2005). Anxiety and depression were assessed using the
Hospital Anxiety and Depression Scale (HADS)
questionnaire at the time of the answer (normal: ≤7/21,
borderline or suggestive of anxiety/depression: 8–10/21,
indicative of anxiety/depression: ≥11/21) (Zigmond and
Snaith, 1983). The patients’ HRQOL at the time of the
answer was assessed using the EORTC QLQ-C30 (global
health status, functional scales, physical functioning, role
functioning, emotional functioning, cognitive functioning,
social functioning, fatigue, nausea and vomiting, pain,
dyspnea, insomnia, appetite loss, constipation, diarrhea,
financial difficulties) (Aaronson et al., 1993). The
patients’ oncological treatment characteristics, including
cumulative dose (mg/m2), dose intensity (mg/m2/week),

and the dates of the first and last oxaliplatin cycles were
recorded. Socio-demographiccharacteristics were recorded,
including gender, age, daily cigarette use, and hazardous
alcohol use (males: ≥21 alcohol units/week and females: ≥14
alcohol units/week), at the time of the answer. Weight
variation between the first and the last chemotherapy
cycle, and body mass index (BMI) at the first
chemotherapy cycle were recorded.

2.5 Data Sources and Measurements
Data assessing CIPN, neuropathic pain, anxiety, depression, and
HRQOL were obtained from the completed questionnaire.
Oncological data and patients’ characteristics were obtained
from the chemotherapy prescription software of each center.
All the data were recorded and managed using REDCap
electronic data capture tools hosted at CHU Clermont-Ferrand
(Harris et al., 2009).

2.6 Data Selection
Patients’ (gender, age, tobacco, hazardous alcohol, BMI first cycle,
weight variation) and treatment characteristics (cumulative dose,
dose intensity, time since last administration) were collected to
characterize and compare our patients. Several studies have
shown that weight and BMI (Aprile et al., 2008; Shahriari-
Ahmadi et al., 2015), gender and age (Vincenzi et al., 2013;
Molassiotis et al., 2019; Selvy et al., 2020), tobacco and alcohol
(Kawakami et al., 2012; Scott et al., 2013; Vincenzi et al., 2013;
Molassiotis et al., 2019), and chemotherapy regimen (Beijers
et al., 2014; Molassiotis et al., 2019; Selvy et al., 2020) are
related to chemotherapy toxicity in colorectal cancer patients.
Items of QLQ-CIPN20 were collected to characterize (sensory,
motor and autonomic symptoms) and determine the intensity of
CIPN. The QLQ-CIPN20 is a validated questionnaire of EORTC
(Lavoie Smith et al., 2013) that provided detailed information,
distinguished more subtle degrees of neuropathy, and was more
responsive to change over time than the NCI-CTCAE (Le-
Rademacher et al., 2017). Data on neuropathic pain (VAS ≥4/
10 + DN4 interview ≥3/7), a common symptom affecting about
30% of patients with CIPN and considered as a sign of
aggravation (de Carvalho Barbosa et al., 2014; Selvy et al.,
2020), was collected to determine the presence of pain with a
neuropathic component or not. Items of QLQ-C30
(questionnaire of EORTC) were collected to determine the
HRQOL of patients which is degraded in the majority of
patients with CIPN (Selvy et al., 2020; Bonhof et al., 2021).
Items of HADS were collected to highlight the presence of
anxiety and depressive disorders, which are well-known to be
comorbidities associated with CIPN and neuropathic pain
(Bonhof et al., 2019; Selvy et al., 2020).

2.7 Statistical Methods
Statistical analyses were performed using Stata software (version
15, StataCorp, College Station, US) and R 3.5.1 (http://cran.r-
project.org/). All the tests were two-sided with a type I error set at
0.05. Categorical variables were expressed as number of patients
and percentages, and quantitative variables as mean ± standard
deviation or as median [interquartile range], according to
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statistical distribution. Normality was verified by the Shapiro-
Wilk test and/or histogram. A multiple correspondence analysis
(MCA), which can be considered as a generalization of principal
component analysis for categorical rather than quantitative
variables, was applied to study the associations between the
sociodemographic (e.g. age, gender, BMI) and chemotherapy
(e.g. cumulative dose, dose intensity) characteristics of the
patients, QLQ-CIPN20, neuropathic pain, anxiety, depression
and HRQOL. For this analysis, variables were chosen according
to clinical relevance and statistical distribution (characteristics
always present or always absent were not considered).
Quantitative variables were transformed into qualitative ones
according to pre-existing validated categories if applicable or
considering terciles to obtain similar categories in terms of
numbers of patients. Only individuals without missing data
were used for the MCA, and they were compared to the
excluded ones in order to study the representativeness of the
sample (with chi-squared test, Student’s t test or Mann-Whitney
test). Then, a mixed unsupervised classification (k-means
clustering applied to the partition obtained from an ascending
hierarchical classification using Ward’s distance) was used to
determine groups of patients. Finally, the three clusters obtained
were compared with the chi-squared test or Fisher’s exact test for
qualitative variables (followed by the Marascuilo procedure if the
omnibus p-value was less than 0.05), and with ANOVA or the
Kruskal-Wallis test for quantitative ones, followed by the Tukey-
Kramer test and Dunn’s test, respectively, if appropriate.

3 RESULTS

Among the initial 127 patients with an oxaliplatin-related CIPN
(Selvy et al., 2020), 96 patients were included and 31 excluded
because of data missing from any of the variables selected for the
analysis (Figure 1). Excluded patients had higher sensory CIPN
scores than included patients (54.1 ± 16.5 vs 46.8 ± 13.3, p � 0.01).
The characteristics of the selected patients are presented in
Table 1. Among the 96 patients analyzed, three clusters
(cluster 1: 52 patients, cluster 2: 34 patients, and cluster 3: 10
patients) were identified (Figure_supplementary file).

Regarding the demographic and chemotherapy characteristics
of these three clusters of patients (Table 2), no difference was
observed, except for BMI, for which cluster 1 had a lower BMI
than clusters 2 and 3. Concerning neuropathic symptoms, cluster
3 had higher global QLQ-CIPN20 sensory scores than the other
clusters, while those of cluster 2 were higher than those of cluster
1. Moreover, the clusters can be distinguished from each other if
we look more precisely at the sensory, motor and vegetative
symptoms (Figure 2). Cluster 1 could be considered as patients
with slight neuropathic symptoms, cluster 3 as patients with
severe neuropathic symptoms, and cluster 2 as an intermediate
subgroup. Interestingly, cluster 3 is distinguished from the other
clusters by the more frequent presence of numbness in the hands,
pain in the feet, disorders of sensitivity to heat/cold, disorders of
fine motor skills (difficulty in writing), weakness in the feet/
hands, and foot drop. Note that few differences between clusters
were found concerning vegetative disorders, except for blurred
vision which was scarcely present in cluster 1 in comparison to
the other clusters.

Focusing on the pain symptoms (Figure 3), cluster 1
consists of patients with the least pain and neuropathic
pain, and vice versa for cluster 3. Noteworthy, cluster 2 had
intermediate proportions of pain and neuropathic pain in
comparison to cluster 1 and cluster 3, respectively. Finally,
the assessment of psychological distress (Figure 3) highlighted

FIGURE 1 | Study flowchart.

TABLE 1 |Characteristics of the patients analyzed. Data are presented as number
(percentages), mean ± standard deviation or median [interquartile range].
Hazardous alcohol use (males: ≥21 alcohol units/week and females: ≥14 alcohol
units/week). BMI: body mass index.

Items Total (n = 96)

Female 46 (47.9)
Age (years) 67.6 ± 7.7
<65 31 (32.3)
65–70 32 (33.3)
>70 33 (34.4)
Weight variation (%) 0.0 [-3.4; 3.3]
Decrease 31 (32.3)
Stable 33 (34.4)
Increase 32 (33.3)
BMI (kg/m2) 1st cycle 25.3 ± 5.1
<25 54 (56.2)
25–30 23 (24.0)
≥30 19 (19.8)
Tobacco (daily) 13 (13.5)
Alcohol (hazardous use) 11 (11.5)
Oxaliplatin treatment
Time since last infusion (years)

1.9 [1.0; 3.3]

<1 year 24 (25.0)
[1, 2 [ years 27 (28.1)
[2, 3 [ years 18 (18.8)
[3, 4 [ years 13 (13.5)
≥4 years 14 (14.6)
Cumulative dose (mg/m2) 1,268 ± 437
<1,000 26 (27.1)
1,000–1,500 36 (37.5)
>1,500 34 (35.4)
Dose intensity (mg/m2/day) 9.4 ± 2.8
<10 56 (58.3)
≥10 40 (41.7)
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that cluster 1 had less indicative scores of anxiety and more
normal scores of depression, better scores of HRQOL (QLQ-
C30 quality of life and symptoms) than the other clusters,
especially cluster 3 which is its opposite. Cluster 2 is an
intermediate group. Role, emotional, cognitive and social
functioning scores were significantly lower for cluster 3 in
comparison to the other clusters. Conversely, physical, role,
emotional and social functioning scores were significantly
higher for cluster 1 in comparison to the other clusters.
Fatigue scores were significantly different between each
cluster. Cluster 1 had the lower scores, cluster 3 the highest
ones and cluster 2 intermediate ones. Cluster 1 had also the
lowest scores of insomnia in comparison to other clusters.

Overall, we can summarize the different clusters as such in
Figure 4, and propose relationships between the presence of
certain neuropathic symptoms and the severity of CIPN.

4 DISCUSSION

The purpose of this secondary study was to investigate the
presence of different subgroups in a population of patients
with CIPN, in this case after an adjuvant oxaliplatin-based

regimen for colorectal cancer. The identification of patient
subgroups and their distinct characteristics would improve
knowledge of the pathophysiology of CIPN, as well as their
management, including the identification of signals of CIPN
worsening. This is all the more important as there is currently
no preventive or curative treatment for CIPN (except for
duloxetine [only for the symptom “neuropathic pain”])
(Loprinzi et al., 2020) and its diagnosis and management
remain far from optimal (Selvy et al., 2021b). Thus, a finer
characterization of patients could lead to more personalized
and effective management. Previous studies, including two
recent ones, have already characterized patients suffering from
CIPN, but only regarding their neuropathic symptoms (Wang
et al., 2019; Zhi et al., 2021). The interest of our study and its
innovative aspect is that it includes sociodemographic factors,
HRQOL, and comorbidities in this characterization.

Our study was able to identify three subgroups (clusters) of
neuropathic patients. These different clusters are mainly
distinguished by the severity of their neuropathic symptoms
and their comorbidities, going gradually from cluster 1 (less
severe) to cluster 3 (more severe). Conversely, these clusters
were not driven by the sociodemographic characteristics of the
patients or the chemotherapy regimen, whereas several risk

TABLE 2 | Characteristics of the patients according to their cluster. Data are presented as number (percentages), mean ± standard deviation or median [interquartile range].
Hazardous alcohol use (males: ≥21 alcohol units/week and females: ≥14 alcohol units/week). Weight variations were defined as follows: decrease (-2% between first
oxaliplatin infusion and last one), increase (+2%) and stable (less than -2 and 2%). BMI: body mass index. Significant difference (p < 0.05, post hoc analysis) between: a,
cluster 1 and cluster 2; b, cluster 1 and cluster 3; c: cluster 2 and cluster 3.

Items Cluster 1 n = 52 Cluster 2 n = 34 Cluster 3 n = 10 p-values

Female 28 (53.8) 12 (35.3) 6 (60.0) 0.17
Age (years) 68.3 ± 7.8 66.8 ± 8.4 66.7 ± 4.9 0.61
<65 15 (28.9) 11 (32.4) 5 (50.0) 0.48
65–70 18 (34.6) 13 (38.2) 1 (10.0)
>70 19 (36.5) 10 (29.4) 4 (40.0)
Weight variation (%) 0.0 [-4.1; 2.5] 0.9 [-2.5; 3.9] 0.0 [-1.8; 1.7] 0.26
Decrease 20 (38.5) 9 (26.5) 2 (20.0) 0.17
Stable 18 (34.6) 9 (26.5) 6 (60.0)
Increase 14 (26.9) 16 (47.1) 2 (20.0)
BMI (kg/m2) 1st cycle 24.1 ± 4.3 26.8 ± 5.8 26.7 ± 5.3 0.03a

<25 34 (65.4) 16 (47.1) 4 (40.0) 0.03b

25–30 13 (25.0) 9 (26.5) 1 (10.0)
≥30 5 (9.6) 9 (26.5) 5 (50.0)
Tobacco (daily) 8 (15.4) 5 (14.7) 0 (0.0) 0.57
Alcohol (hazardous use) 5 (9.6) 4 (11.8) 2 (20.0) 0.52
Oxaliplatin treatment
Time since last infusion (years)

2.0 [1.2; 3.3] 2.0 [0.8; 3.3] 1.0 [0.5; 2.8] 0.43

<1 year 9 (17.3) 10 (29.4) 5 (50.0) 0.33
[1, 2 [ years 18 (34.6) 7 (20.6) 2 (20.0)
[2, 3 [ years 9 (17.3) 8 (23.5) 1 (10.0)
[3, 4 [ years 7 (13.5) 6 (17.7) 0 (0.0)
≥4 years 9 (17.3) 3 (8.8) 2 (20.0)
Cumulative dose (mg/m2) 1,231 ± 413 1,353 ± 451 1,175 ± 503 0.30
<1,000 15 (28.9) 8 (23.5) 3 (30.0) 0.53
1,000–1,500 22 (42.3) 10 (29.4) 4 (40.0)
>1,500 15 (28.9) 16 (47.1) 3 (30.0)
Dose intensity (mg/m2/day) 8.9 ± 2.6 10.1 ± 3.1 9.6 ± 2.6 0.16
<10 35 (67.3) 16 (47.1) 5 (50.0) 0.14
≥10 17 (32.7) 18 (52.9) 5 (50.0)
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factors have been associated with oxaliplatin-related CIPN, such
as younger age (<60 years), body surface area (because of larger
dose of oxaliplatin administered), higher body weight, female,
cumulative dose, diabetes, and smoking (Pulvers and Marx,
2017; Staff et al., 2019). The fact that we found no impact of
some of these risk factors in our study suggests that they are not
related to the severity or worsening of oxaliplatin-related
neuropathic disorders. Nevertheless, this result must be
considered with caution due to the small number of patients
studied, which limits the identification of risk factors.

Concerning neuropathic symptoms, a gradation clearly
appears with cluster 1 consisting of patients with mild CIPN
severity of and associated comorbidities, as opposed to cluster 3.
We therefore focused on cluster 3 to identify possible
characteristics that could indicate a CIPN severity/worsening.
The results obtained show that the most severe patients have
neuropathic disorders characterized more by disorders in the
lower limbs (pain, motor disorders, muscle weakness, but no
numbness in feet), sensory disorders in the distinction of hot and

cold, and also disorders of fine motor skills (manipulation of
objects).

Concerning pain disorders, the results clearly show that
neuropathic pain is linked to cluster 3, and therefore to the
severity of CIPN. Finally, concerning comorbidities, cluster 3 is
mostly composed of patients whose CIPN has a significant
impact on their HRQOL, and suffer from significant fatigue,
insomnia and psychological distress (anxiety/depression). Our
results are in line with the NCI-CTCAE classification of CIPN
grades which indicate that a severity grade 3–4 incorporates a
significant impact of CIPN on the patient’s daily life. This post-
hoc study emphasized the intimate link between CIPN severity
and psychological distress (Bao et al., 2016).

Based on our results, we propose to clinician some
strategies to manage patients suffering from CIPN. Firstly,
we encourage clinician to respect the guidelines of ESMO and
ASCO, which inform that only duloxetine was effective to
treat patients with chronic pain-related to CIPN (here cluster
3) (Jordan et al., 2020; Loprinzi et al., 2020; Derman and

FIGURE 2 | Scores of the QLQ-CIPN20 (sensory, motor and vegetative) among the three clusters of patients with a sensory CIPN. Omnibus p-value: *p < 0.05;
**p < 0.01; ***p < 0.001; ns, not significant. Significant difference (p < 0.05, post hoc analysis) between: a, cluster 1 and cluster 2; b, cluster 1 and cluster 3; c: cluster 2
and cluster 3.
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Davis, 2021). Nevertheless, it has been demonstrated that
higher baseline emotional functioning predicted duloxetine
response in a cohort of patients with oxaliplatin-induced
CIPN (Smith et al., 2017). In our study, patients of cluster
3, who are suited to receive duloxetine, had the lowest scores
of emotional functioning. Then, they would be more difficult
to treat with duloxetine. This point underlines the expected
difficulties to manage neuropathic pain in CIPN patients.
Especially since recent studies in Japan (Hirayama et al.,
2016, 2020), France (Selvy et al., 2020; 2021a; 2021b) and
United States (Gewandter et al., 2020) have shown that
oncologists do not prescribe duloxetine, or prescribe it

very little, for the management of chronic pain related to
CIPN. Secondly, we advise clinicians to consider particular
attention to aggravating factors or factors related to the
presence of severe CIPN, such as those listed above. This
can be done with the help of specific questionnaires or even
neurological explorations. But these explorations remain
marginal and difficult to implement in a current practice
and in the structures which do not have the equipment, an
expert neurologist and/or the medical time necessary for this
type of exploration. From our point of view, the association of
patient-reported outcomes and clinician-reported outcomes,
evaluating the whole biopsychosocial field of the patient,

FIGURE 3 | Characteristics of pain, anxiety, depression and HRQOL among the four clusters of patients with a sensory CIPN. Anxiety and depression were
assessed thanks to the HADS questionnaire and classified according to normal (≤7/21), suggestive (8–10/21) and indicative (≥11/21) scores of anxiety or depression.
HRQOLwas assessed thanks to the QLQ-C30 questionnaire and classified according each third of the scores (<33.3 [33.3–66.7 [, and ≥66.7) for the global health scale,
the functional scales (physical, role functioning, emotional, cognitive, and social), and the symptomatic scales (fatigue, nausea/vomiting, dyspnea, insomnia,
appetite loss, constipation, diarrhea, and financial difficulties). Omnibus p-value: *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant. Significant difference (p < 0.05,
post hoc analysis) between: a, cluster 1 and cluster 2; b, cluster 1 and cluster 3; c: cluster 2 and cluster 3.
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remains the most adequate strategy for the management of
CIPN. At last, looking at the high levels of comorbidities
(anxiety and depression) in the cluster 2 and cluster 3, a
management of the psychological distress, in addition to the
symptoms of CIPN, would be encourage for these patients.

In conclusion, our results support the importance of
characterizing patients treated with oxaliplatin-based
chemotherapy (and more broadly with neurotoxic
chemotherapies), in order to identify characteristics
aggravating or signaling the worsening of CIPN. These
characteristics were high BMI, localization of neuropathic

disorders in the lower limbs, fine motor impairment, presence
of neuropathic pain, impairment of HRQOL, fatigue, insomnia,
and psychological distress (anxiety/depression). Many of these
features may be related to cancer alone and its management,
making it difficult to diagnose CIPN and monitor the progression
of its symptoms. Nevertheless, the characteristics of sensory,
motor and vegetative disorders, including neuropathic pain,
are signals that need to be finely characterized and assessed
for each patient throughout chemotherapy in order to improve
their management. This characterization and evaluation can be
done using the various clinician reported outcomes (CROs) and/

FIGURE 4 | Summary of cluster characteristics. Figure_supplementary file: Multiple correspondence analysis (MCA) plot of variables (A) and patients (B). QLQ-
CIPN20–17 (3 + 4): QLQ-CIPN20 questionnaire blurred vision, score “quite a bit” and “very much” HADS depression [8; 10]: HADS questionnaire, depression scale,
suggestive scores between 8 and 10.QLQ-C30 - AP ≥ 66.7: QLQ-C30 questionnaire appetite loss, scores higher than or equal to 66.7. QLQ-C30 - AP [33.3; 66.7
[: QLQ-C30 questionnaire appetite loss, scores between 33.3 and 66.7 (66.7 excluded). QLQ-C30 - EF < 33.3: QLQ-C30 questionnaire emotional functioning,
scores lower than 33.3. QLQ-C30-CF < 33.3: QLQ-C30 questionnaire cognitive functioning, scores lower than 33.3. QLQ-C30-CF [33.3; 66.7 [: QLQ-C30 questionnaire
cognitive functioning, scores between 33.3 and 66.7 (66.7 excluded). QLQ-C30-FA < 33.3: QLQ-C30 questionnaire fatigue, scores lower than 33.3. QLQ-C30-PA ≥
66.7: QLQ-C30 questionnaire pain, scores higher than or equal to 66.7. QLQ-C30-RF < 33.3: QLQ-C30 questionnaire role functioning, scores lower than 33.3. QLQ-
C30-RF [33.3; 66.7 [: QLQ-C30 questionnaire role functioning, scores between 33.3 and 66.7 (66.7 excluded) QLQ-C30-QOL <33.3: C30 questionnaire global health
status, scores lower than 33.3 QLQ-C30-SF < 33.3: QLQ-C30 questionnaire social functioning, scores lower than 33.3. QLQ-C30 - SL < 33.3: QLQ-C30 questionnaire
insomnia, scores lower than 33.3.
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or patient reported outcomes (PROs) available to clinicians.
Nevertheless, it is preferable to integrate the two evaluation
systems because CROs underestimate the symptoms of CIPN
and PROs may overestimate them (Alberti et al., 2014; Le-
Rademacher et al., 2017; Jordan et al., 2020). Finally, it is
important to add questionnaires on the psychological distress
and HRQOL of the patients to these assessments that should also
include a neurological assessment if possible (Jordan et al., 2020).

Limitations of the Study
Some limitations may be discussed. The number of patients
selected in cluster 3, and overall, may limit the significance of
our secondary analyses. However, the very pronounced
characteristics of cluster 3 allow identifying the highly
neuropathic profile of these patients and suggest factors that
worsen CIPN.
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In recent years, and particularly associated with the increase of cancer patients’ life
expectancy, the occurrence of cancer treatment sequelae, including cognitive
impairments, has received considerable attention. Chemotherapy-induced cognitive
impairments (CICI) can be observed not only during pharmacological treatment of the
disease but also long after cessation of this therapy. The lack of effective tools for its
diagnosis together with the limited treatments currently available for alleviation of the side-
effects induced by chemotherapeutic agents, demonstrates the need of a better
understanding of the mechanisms underlying the pathology. This review focuses on
the comprehensive appraisal of two main processes associated with the development
of CICI: neuroinflammation and oxidative stress, and proposes the endogenous
cannabinoid system (ECS) as a new therapeutic target against CICI. The
neuroprotective role of the ECS, well described in other cognitive-related
neuropathologies, seems to be able to reduce the activation of pro-inflammatory
cytokines involved in the neuroinflammatory supraspinal processes underlying CICI.
This review also provides evidence supporting the role of cannabinoid-based drugs in
the modulation of oxidative stress processes that underpin cognitive impairments, and
warrant the investigation of endocannabinoid components, still unknown, that may
mediate the molecular mechanism behind this neuroprotective activity. Finally, this
review points forward the urgent need of research focused on the understanding of
CICI and the investigation of new therapeutic targets.

Keywords: chemotherapy-induced cognitive impairment, cannabinoid drugs, endocannabinoid system,
neuroinflammation, oxidative stress
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TABLE 1 | Summary of cognitive deficits induced by chemotherapeutic drugs in preclinical animal models of chemotherapy-induced cognitive impairment (CICI).

Chemotherapeutic
drug

Animal model Regime Cognitive
impairments observed

References

Cyclophosphamide
(CPA)

Young adult male ICR
mice

One i.p. administration (40 mg/kg) • CPA induced deficits in memory retention in the
PAT and the NOR 12 h after administration

Yang et al. (2010)

• These CPA-related effects on cognition were not
observed 10 days after drug administration

Young adult male ICR
mice

Weekly i.p. administration for 4
consecutive weeks (80 mg/kg per
administration)

• Learning deficiencies in the PAT. Hou et al. (2013)
• Impairment of spatial memory in the Y-maze

Young adult male
athymic nude rats

Weekly i.p. administration for 5
consecutive weeks (50 mg/kg per
administration)

• CPA administration caused an impairment of
spatial memory in the NLR.

Christie et al. (2012)

• In the FC paradigm, CPA caused a decrease of
freezing upon re-exposure to the context, but not
to the cue

Oxaliplatin (OXA) Male and female
hooded Wistar rats

One i.p. administration (6 mg/kg) • Male and female animals treated with OXA
exhibited a deficit of working memory in the NOR.

Johnston et al.
(2017)

• OXA induced a significant impairment of spatial
memory in the NLR.

• In the FC paradigm, OXA impaired the renewal of
extinguished fear conditioning for up to 19 days
after administration

Male Sprague-Dawley
rats

One i.p. administration (12 mg/kg) • OXA administration induced an impairment in the
renewal of extinguished fear in the FC paradigm

Sharpe et al. (2012)

Male hoodedWistar rats Weekly i.p. administration for 3
consecutive weeks (0.6, 2 and 6 mg/kg
per administration)

• Only the highest dose of OXA (6 mg/kg) induced a
gradual deterioration of the recognition memory in
the NOR. This impairment became appreciable
4 months after and lasted up to 11 months

Fardell et al. (2015)

• In the NLR the lower doses of OXA (0.6 and
2 mg/kg) induced a deficit of spatial memory 15
and 30 days after treatment, although this
deleterious effect was not observed 4 and
11 months after OXA administration

• The highest dose (6 mg/kg) induced a long lasting
(up to 11 months after administration) deficit of
spatial memory in the NLR.

Cisplatin Infant and adolescent
male Sprague-Dawley
rats

Weekly i.p. administration for 5
consecutive weeksd (2 mg/kg per
administration)

• Cisplatin induced in infant and adolescent animals
an impairment of the recognition memory in
the NOR.

John et al. (2017)

• Only adolescent animals exhibited an impairment
of spatial memory in the NLR.

• In the FC paradigm, cisplatin impaired contextual
memory, but not cued memory, of infant and
adolescent animals

5-Fluorouracil (5-FU) Young adult male
C57BL/6 J mice

One i.p. administration (75 mg/kg) • 5-FU caused short-term (2–12 weeks)
impairments of spatial memory in the NLR and the
Barnes maze. Likewise, 5-FU impaired
recognition memory in the NOR.

Seigers et al. (2015)

• In the long term (15–25 weeks) only the spatial
memory impairment in the NLR persisted

Methotrexate (MTX) Male Sprague-Dawley
rats

One i.p. administration (20 mg/kg) • Animals treated with MTX exhibited in the short-
term deficits of memory retention in the PAT and
an impairment of spatial memory in the Y-maze

Shalaby et al.
(2019)

Infant female C57BL/6 J
mice

One i.p. administration (20 mg/kg) • Administration of MTX during infancy induced in
the adulthood an impairment of spatial memory in
the Morris water maze

Elens et al. (2019)

Young adult male Long
Evans rats

- One i.t. administration (0.5 mg/kg) • Both administration schedules of MTX induced a
deficit in recognition and spatial memory
measured by the NOR and the NLR respectively

Vijayanathan et al.
(2011)

- Four i.t. administrations over 10 days
(0.5 mg/kg per administration)

• Repeated MTX administration induced a longer
deleterious effect on cognition than the single
administration protocol

Infant male and female
Swiss-Webster mice

Daily i.p. administration for 3 consecutive
days (2 mg/kg per administration)

• Infant administration of MTX induced in the
adolescence an impairment of recognition
memory in the NOR.

Bisen-Hersh et al.
(2013)

(Continued on following page)
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INTRODUCTION

The occurrence of sequelae after chemotherapeutic treatment has
recently attracted increasing interest, particularly given the higher
life expectancy of those with a lived experience of cancer. The
cognitive alterations described following cancer experience
normally occur during pharmacological treatment of the
disease, however, it can prevail long after the cessation of
therapy. This phenomenon is known as chemotherapy-
induced cognitive impairment (CICI), chemofog or
chemobrain. Preclinical research has shown that
chemotherapeutic agents such as oxaliplatin, paclitaxel,
cyclophosphamide, methotrexate, 5-fluorouracil or doxorubicin
can induce short- and long-term deleterious effects in working
memory and fear and spatial learning in a wide variety of rodent
models (Table 1). Moreover, neuroimaging studies have collected
data from patients following chemotherapeutic regime
supporting chemotherapy induced alterations on brain
structure and plasticity. These studies showed the presence of
cognitive alterations independently on the tumour location;
suggesting that chronic chemotherapy treatment may induce
alterations on cognitive functionality (Wefel and Schagen,
2012; Conroy et al., 2013; McDonald et al., 2013; Sleurs et al.,
2016).

Despite the great number of antineoplastic drugs available in
the market, only a few of them have been tested on preclinical and
clinical studies of CICI, emphasizing the lack of clinical
evaluation of cognition-related side effects. In addition, the
majority of models investigating CICI have limited their
attention on non-CNS cancer types (Wefel and Schagen,
2012), especially on breast cancer, biasing thus the
investigation of CICI into one sex population and type of
cancer disease.

Among the most common cognitive deficiencies reported, are
those of short-term working and visuospatial memories, verbal
ability, executive functions and attention span (Conroy et al.,
2013; Du et al., 2013; McDonald et al., 2013; Sleurs et al., 2016).
These deficiencies are difficult to detect since the cognitive levels
observed in CICI patients are often placed at the lower end of the
normal range of the population. In addition, the lack of approved
tests for CICI diagnosis complicates medical evaluation
(Horowitz et al., 2018; Nguyen and Ehrlich, 2020). Similar
limitations are observed in the cognitive rehabilitation of CICI
patients. The current, palliative, therapies available involves
physical activity and cognitive-behavioural therapy (Kesler
et al., 2013; Ferguson et al., 2014; Fernandes et al., 2019). Even
though these therapies seem to improve the life quality of the
patients, they require a lot of time, effort and economical aids.
Therefore, the ongoing investigation of CICI leads the attention
to develop new pharmacotherapies attending to the
neurobiological alterations associated with this disease.

There are a great number of biological mechanisms that seem
to be implicated in the cognitive deficits induced by
chemotherapy agents, including: direct neurotoxic effects,
impaired neurogenesis or increased death of nervous cells,
white matter abnormalities, inflammatory responses, oxidative
stress and even alterations in the levels of sex and stress hormones
(Sleurs et al., 2016; El-Agamy et al., 2019; Mounier et al., 2020;
Nguyen and Ehrlich, 2020).

The endogenous cannabinoid system (ECS) is a complex
signalling system comprised of cannabinoid type 1 (CB1) and
cannabinoid type 2 (CB2) receptors; endocannabinoid ligands:
anandamide (AEA) and 2-arachidonoylglycerol (2-AG); and
catabolizing enzymes: fatty acid amide hydrolase (FAAH) and
monoacylglycerol lipase (MAGL) (Viveros et al., 2012; Kaur et al.,
2016; Woodhams et al., 2017; Fraguas-Sánchez et al., 2018;

TABLE 1 | (Continued) Summary of cognitive deficits induced by chemotherapeutic drugs in preclinical animal models of chemotherapy-induced cognitive impairment (CICI).

Chemotherapeutic
drug

Animal model Regime Cognitive
impairments observed

References

Paclitaxel Young adult male
Sprague-Dawley rats

Four i.p. administrations every 2 days
(2 mg/kg per administration)

• Impairment of spatial memory in the Morris water
test

(Li et al., 2017), (Li
et al., 2018)

Young adult male
C57BL/6 J mice

One i.p. administration (33 mg/kg) • Paclitaxel induced in the short (2–12 weeks) and
the long term (15–25 weeks) an impairment of
spatial memory in the NLR.

Seigers et al. (2015)

Doxorubicin (DOX) Young adult male
C57BL/6 J mice

One i.v. administration (5 or 10 mg/kg) • The lowest dose (5 mg/kg) impaired spatial
memory in the NLR.

Seigers et al. (2015)

• The highest dose (10 mg/kg) induced an
impairment of the recognition memory in the NOR
and the spatial memory in the NLR and the
Barnes maze

Young adult male Wistar
rats

Four i.p. administrations every 2 days
(2 mg/kg per administration)

• DOX caused an impairment of spatial memory in
the Morris water maze and memory retention in
the PAT.

Park et al. (2018)

Young adult male Wistar
rats

One administration every 5 days over
50 days (2.5 mg/kg)

• DOX impaired recognition memory in the NOR. Verma et al. (2017)

- Chemotherapeutic agents: 5-FU, 5-Fluorouracil; CPA, cyclophosphamide; DOX, doxorubicin; MTX, methotrexate; OXA, oxaliplatin.
- Type of administration: i.p., intraperitoneal; i.t., intrathecal; i.v., intravenous.
- Behavioural test: FC, fear conditioning; NLR, novel location recognition test; NOR, novel object recognition test; PAT, passive avoidance test.
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Gorzkiewicz and Szemraj, 2018; Micale and Drago, 2018; Zou and
Kumar, 2018). Other related biogenic lipids such as
oleoylethanolamine (OEA) and palmitoylethanolamine (PEA)
are also included within the ECS as endocannabinoid-related
compounds (Di Marzo, 2018). Interestingly, pharmacological
modulation of the ECS has been shown to reduce cancer-
induced side effects such as nausea, vomiting (Taylor et al.,
2020) and peripheral neuropathy (Lynch et al., 2014; Masocha,
2018; Blanton et al., 2019). Several studies in animal models have
evaluated the role of the ECS in the modulation of cognitive
functions (Schreiner and Dunn, 2012; Cohen and Weinstein,
2018) indicating for example the anxiolytic effects of low doses of
cannabinoids. However, only few trials with cannabinoids have
evaluated the mood state of cancer patients. Δ-9-
tetrahydrocannabinol (THC) and nabilone have been proposed
as alleviators for cancer-related psychological disorders,
including depression and anxiety (Guzmán, 2003), however
they need to be further evaluated though clinical trials. As a
matter of fact, to the best of our knowledge no study has ever
analysed the potential therapeutic value of cannabinoid drugs in
CICI (Kleckner et al., 2019).

In this review we aim to describe the role of the ECS in two
well-known CICI-associated processes: neuroinflammation and
oxidative stress. In lack of specific studies on the topic, we will
review the involvement of the ECS in cancer disease and other
pathologies exhibiting similar cognitive phenotype to CICI.

CANNABINOIDS AND CANCER

From a preclinical perspective, several studies have reported the
involvement of the ECS in cancer disease. Increased expression of
endocannabinoid receptors and ligand levels have been classically
associated with carcinogenesis processes and a higher
aggressiveness of cancer (Zhu et al., 2000; Hart et al., 2004;
McKallip et al., 2005). Additionally, CB2 receptors have been
demonstrated to regulate HER2 (human epidermal growth factor
receptor 2) oncogene expression, whose upregulation increases
vulnerability to leukemia induced by viral infection (Pérez-
Gómez et al., 2015).

Regarding the ECS as a therapeutic target against cancer
activity, it has been observed its implication in the inhibition of
cell proliferation and/or angiogenesis in different tumour
types (Śledziński et al., 2020). Attending to cancer cell type
and substance, the anti-tumorigenic effects of cannabinoids
have been shown to be mediated via CB1, CB2 and TRPV1
receptors. Cell activation of CB2 receptors led to a reduced cell
motility in bladder cancer, decreasing proliferation rates
(Bettiga et al., 2017). The phytocannabinoids THC and
Cannabidiol (CBD) have been also reported to exert anti-
tumour effects on U-87 MG cell-derived tumour xenografts
by decreasing cancer growth via cell apoptosis (Torres et al.,
2011). THC was shown to induce apoptosis of primary brain
tumour cells (Carracedo et al., 2006) and to inhibit tumour
growth and survival in a murine Lewis lung adenocarcinoma
model (Ramer and Hinz, 2017). Interestingly, knockout mice
for CB1/CB2 receptors exhibited a lower incidence to develop

skin cancer after treatment with ultraviolet radioation (Surh et
al., 2008). In vivo investigations have revealed cannabinoid-
inhibition of tumour angiogenesis by inhibition of vascular
endothelial cell migration and survival; as well as suppression
of proangiogenic factor and matrix metalloprotease (MMP)
expression in tumours (Blázquez e al., 2003). Cannabinoid
administration has also been associated with a significant
decrease in the expression of proangiogenic factors VEGF
and Ang2, which result essential for the vascularization of
different types of tumours (Carmeliet and Jain, 2000; Casanova
et al., 2002). Altogether, the anti-tumour activity, including
cancer cell death induction and angiogenesis inhibition, of
cannabinoid drugs remark their potential as emergent and
effective pharmacological targets in cancer.

Despite the potential anti tumorigenic effects demonstrated in
numerous preclinical evaluations only one clinical study tested
THC phytocannabinoid as systemically anticancer agent in
glioblastoma multiforme (Guzmán et al., 2006). THC was
injected intracranially into patients with an early diagnosed
glioblastoma. However, the experiment failed to provide strong
data supporting THC’s efficacy at that cancer stage. Recent
clinical investigations have tested the administration of
exocannabinoid compounds, such as Sativex, CBD or
dexanabidiol, in different modalities of cancer (e.g.
glioblastoma, advanced solid tumours, brain cancer, and neck
squamous cell carcinoma); showing reductions in circulating
tumour cells, reductions in tumour size, improved survival
rate or reduced risk of head and neck squamous cell
carcinoma (Moreno et al., 2019). Another possible approach
could combine the use of chemotherapeutic agents and
cannabinoid drugs to establish whether cannabinoids can
enhance the current drug treatments. The few experiments
that have investigated this hypothesis have shown
controversial results. One study, using γ-radiation combined
with a cannabinoid-based treatment demonstrated increased
leukemic cell death than single administration of γ-radiation
(Jacobsson et al., 2000). However, synergism was not observed
when cannabinoids and tamoxifen were combined to induce
glioma cell death (Radin, 2003).

It is important to remark that cannabinoids are currently used
in palliative medicine for treatment of nausea and vomiting in
cancer patients undergoing chemotherapy (Besner et al., 1992;
Hall et al., 2001; Walsh et al., 2002). In addition, several
preclinical studies have shown beneficial effects of cannabinoid
drugs in chemotherapy-induced neuropathy, which is a common
side effect of several chemotherapeutic agents, especially
platinum-based compounds and taxanes (Abrams and
Guzman, 2015; Blanton et al., 2019). Even though the
anticancer effectiveness of cannabinoid drugs still remains
unclear, its clinical use for the alleviation of cancer side effects
such as pain, vomiting, nausea or anorexia is well stablished
(Abrams and Guzman, 2015; Dariš et al., 2019; Vecera et al.,
2020).

Taking this context into account, the following sections aim to
clarify the involvement of the ECS in the two main processes
underlying chemotherapy-induced cognitive impairment:
neuroinflammation and oxidative stress.
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CANNABINOIDS AND
NEUROINFLAMMATION

The presence of a tumour and/or the pharmacological management
of cancer provokes the activation of the immune system. This
mechanism of defence promotes the release of pro-inflammatory
mediators responsible for an inflammatory response (Mounier et al.,
2020). The pro-inflammatory factors reach the central nervous
system (CNS) enhancing the inflammatory response through the
activation of glial cells such as microglia and astroglia (Nguyen and
Ehrlich, 2020) and promote the release of proinflammatory
cytokines such as: tumour necrosis factor alpha (TNFα),
interleukin 1 (IL-1) and interleukin 6 (IL-6). A persistent
neuroinflammatory response provokes, among others, alterations
in neurogenesis and changes in the myelination processes (Mounier
et al., 2020), which are responsible for the emergence of cognitive
impairments (Fourrier et al., 2019).

The ECS plays a key role in the homeostasis of the immune
system. The ECS modulation of the immune system can promote
neurogenesis or neurodegeneration (Molina-Holgado and Molina-
Holgado, 2010; Tanasescu et al., 2013). Cannabinoid drugs have
been used as therapeutic tools in a great number of
neuroinflammatory and ageing animal models that involve
cognitive dysregulation (Bisogno and di Marzo, 2008; Bilkei-
Gorzo, 2012; Chiurchiù et al., 2018; Estrada and Contreras,
2020). As reported below, several studies have analysed the
neuroprotective actions of cannabinoid drugs in pathologies that
combine neuroinflammatory responses and cognitive impairments,
but present different aetiologies, such as Parkinson’s disease (PD),
Alzheimer’s disease (AD) or traumatic brain injury (TBI) (Schurman
and Lichtman, 2017; Rodrigues et al., 2019; Uddin et al., 2020). In
this section, we propose to analyse the modulatory effect of
cannabinoids in these neuropathologies to envision the potential
beneficial role over CICI.

PD is a progressive and chronic neurodegenerative disorder
characterized by the death of dopaminergic neurons in the
substantia nigra pars compacta and the presence of intraneuronal
inclusions of the protein a-synuclein, generally known as Lewy
bodies (Braak et al., 2004; Concannon et al., 2015a; Rodrigues et al.,
2019). In PD patients and animal models of PD, the ECS is highly
dysregulated (Concannon et al., 2015a; Concannon et al., 2015b),
suggesting an implication of this system in the pathology and
progression of the disease. In addition, it has also been observed
that pharmacological modulation of the ECS can induce
neuroprotective actions in PD (Aymerich et al., 2018). For
instance, the CB1 receptor agonist HU-210 exhibited
neuroprotective properties to 6-hydroxydopamine (6-OHDA)
neurotoxicity in vitro. This neuroprotective effect was greater in
the presence of glial cells, suggesting that HU-210 neuroprotection
depends on its ability to modify this type of cells (Lastres-Becker
et al., 2005). Similar results were observed in two animal models of
PD-induced neuroinflammation; PD induced by lipopolysaccharide
(LPS) and PD induced by 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP). Both animal models exhibited a
reduction of microglial activation, thus pro-inflammatory
cytokines expression, following HU-210 and WIN55,212-2, CB1
and CB1/CB2 agonists respectively, administration (Chung et al.,

2011; Chung et al., 2012). In addition to WIN55,212–2, the CB2
receptor agonist JWH155 induced a similar effect against MPTP
neurotoxicity, while CB2 receptor genetic ablation exacerbated
MPTP neurotoxicity (Price et al., 2009). Likewise, CB2 receptor
knockout mice are more sensitive to the neuroinflammatory effects
induced by LPS compared to their wild littermates (García et al.,
2011). Additionally, an increase in CB2 receptor expression has been
positively correlated with an increase of microglial activation
(Concannon et al., 2015b) in animal models of
neuroinflammation and neutoxocity. Moreover, recent post-
mortem studies have shown that there is an increase in the
expression of CB2 receptors in microglia of the substantia nigra
and a decreased expression of this cannabinoid receptor in tyrosine
hydroxylase-positive cells in patients suffering from PD (García
et al., 2015; Gómez-Gálvez et al., 2016). Additionally, it was detected,
in neurotoxic and inflammation-driven animal models of PD, an
increase in CB2 receptor expression that correlated with an increase
of microglial activation (Concannon et al., 2015b), attributing
clinical relevance to the involvement of CB2 receptors in
neuroinflammatory processes associated with PD.

AD is a neuropsychiatric and neurodegenerative disorder with
an important neuroinflammatory component. In fact, chronic
inflammation contributes to the pathophysiology of AD and is
closely associated to the neuropathological and cognitive
syndromes of AD (Marchalant et al., 2008; Bonnet and
Marchalant, 2015). Several studies have observed that the
activation of CB2 receptors decrease neuroinflammation in
animal models of AD (Uddin et al., 2020). In a recent study
the administration of the CB2 receptor agonist JWH-015 induced
a significant reduction of the gene expression of pro-
inflammatory cytokines in the prefrontal cortex of the APP/
PS1 double transgenic mice linked to a decrease of the
microglial biomarker Iba-1. Yet, CB2 activation did not reduce
neuroinflammation in the hippocampus or decreased the
β-amyloid plaque deposition (Li et al., 2019). In addition,
administration of JWH-015 in these transgenic mice improved
their working memory in the novel object recognition test, but
not their spatial memory measured in the Morris water maze (Li
et al., 2019). In the same animal model, the administration of the
CB1 receptor agonist ACEA decreased astroglial response in the
vicinity of β-amyloid plaques and decreased the expression of the
pro-inflammatory cytokine interferon-γ in astrocytes (Aso et al.,
2012). ACEA also improved the working memory and decreased
the activity of Akt and ERK in the hippocampus of another AD
animal model consisting in intracerebroventricular
administration of streptozotocin (STZ) (Crunfli et al., 2019).
CBD is one of the main pharmacologically active
phytocannabinoids of the plant Cannabis sativa L. (Atalay
et al., 2020), but, unlike THC, it does not produce
psychotropic effects and presents no affinity to CB1 and CB2
receptors. In vitro studies have described the anti-inflammatory
effects of CBD (Esposito et al., 2006a; Esposito et al., 2006b;
Martín-Moreno et al., 2011), however, recent in vivo studies have
failed to relate these effects with a reversion of cognitive
impairments in animal models of AD (Cheng et al., 2014a;
Cheng et al., 2014b; Watt et al., 2020) which may indicate that
CB1 and CB2 receptors play a crucial role in the cognitive
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impairments induced by the inflammatory response and they are
potential therapeutic targets to take into account in future
experiments.

Traumatic Brain injury (TBI) is a non-degenerative disease
induced by a mechanical neuronal damage. This type of damage
triggers a cascade of neuroinflammatory events usually followed
by an increase of endocannabinoid ligand levels: AEA and 2-AG.
This effect is thought to be an immediate response to maintain
brain-related homeostasis since binding of these ligands to CB1
and CB2 receptors generate an anti-inflammatory response in an
attempt to counteract the injury-related inflammation (Vázquez
et al., 2015; Schurman and Lichtman, 2017). AEA levels have been
shown to be increased in the brain ipsilateral side of the lesion in
different TBI animal models, a compensatory effect that is
thought to prevent cell degeneration. Administration of the
FAAH inhibitor PF-3845 prevented dendritic loss and restored
the levels of synaptophysin, a synaptic transmission precursor, in

the ipsilateral dentate gyrus. Furthermore, the administration of
PF-3845 (5 mg/kg) reversed TBI-induced impairment of
hippocampal-dependent memory. However, since PF3845 not
only induced an increase on AEA levels but also 2-AG levels
(Tchantchou et al., 2014), both endocannabinoid ligands could be
involved in this neuroprotective activity observed in the
ipsilateral brain. In addition, CB1 receptor antagonists reverted
2-AG anti-inflammatory effects suggesting 2-AG-mediated
activation of CB1 receptors induce neuroprotection
(Panikashvili et al., 2001; Panikashvili et al., 2005; Panikashvili
et al., 2006). TBI also induces a significant increase of CB2
receptors expression in the injured cortex. Activation of CB2
receptors by GP1a (a CB2 receptor agonist) induced a significant
decrease in the levels of pro-inflammatory cytokines as well as an
increase in the number of M2 macrophages in a TBI animal
model (Braun et al., 2018). Since CB1 and CB2 activation plays
such an important role counteracting the neuroinflammatory

FIGURE 1 | Graphic representation of the neuroinflammatory processes and oxidative stress underlying chemotherapy-induced cognitive impairment (CICI). The
activation of the pro-inflammatory cascade, following chemotherapeutic drug administration, is characterized by the central/peripheral release of pro-inflammatory
cytokines such as TNFα, IL-1 and IL-6. Transport of these cytokines through the blood brain barrier (BBB) affects its functionality, facilitating, thus, the access of further
cytokines and chemotherapeutic drugs into the supraspinal central nervous system (CNS). Therefore, persistent neuroinflammation in the CNS alters brain’s
plasticity and functionality mediating the development of cognitive alterations. The commencement of oxidative stress cascade, following chemotherapeutic drug
administration, is characterised by the activation of NOX2/NOX4 enzymes which synthesize oxygen and nitrogen reactive species (ROS and RNS, respectively).
Increased redox activity due to intracellular accumulation of ROS/RNS induces protein and DNA isoforms alterations that lead to cell death. The endocannabinoid system
(ECS), as previously described in similar cognitive-related alterations, proposes a new target for the inhibition of neurotoxicity, providing thus neuroprotection. However,
the mechanisms through which the ECS may mediate this process are still unknown in CICI pathology.
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response after TBI it is not surprising that two well-known
neuroprotective compounds with no direct relation with the
ECS, such as the antibiotic minocycline and the hormone
leptin, had their anti-inflammatory properties blocked when
CB1 and CB2 receptor antagonists were administered (Lopez-
Rodriguez et al., 2015; Lopez-Rodriguez et al., 2016). Although
the use of cannabinoid drugs following TBI has been linked to
decreased inflammatory cell activation and decreases in pro-
inflammatory cytokine production (Price et al., 2009), little is
known about the prevention or reversion of the development of
cognitive impairments after TBI.

CANNABINOIDS AND OXIDATIVE STRESS

Chemotherapeutic drugs induce an increase of the mitochondrial
production and accumulation of reactive oxygen and nitrogen
species (ROS/RNS), a phenomenon known as oxidative stress
(Lipina and Hundal, 2016; Atalay et al., 2020; Mounier et al.,
2020). Intracellular accumulation of ROS and RNS results in cell
damage and subsequent death (Lipina and Hundal, 2016; Umeno
et al., 2017; Gallelli et al., 2018; Atalay et al., 2020). Oxidative
stress is especially toxic in cancer cells due to their high metabolic
rate, however, healthy cells in the CNS can also be damaged by the
oxidative stress-related toxicity generated by chemotherapeutic
agents (Kawai et al., 2006; Rajamani et al., 2006; Joshi et al., 2007;
Tangpong et al., 2007; Liu et al., 2009).

In the past few years, it has been observed a correlation
between the ECS and the synthesis of ROS/RNS. For instance,
the ECS has been demonstrated to modulate the activity and
expression of key enzymes involved in the synthesis of oxygen
reactive species in the CNS, such as NOX2 andNOX4 (Lipina and
Hundal, 2016; Gallelli et al., 2018). Moreover, AEA is able to
partially reverse oxidative stress induced by exposure to hydrogen
peroxide in a culture of hippocampal neural HT22 cells. In
particular, AEA increased the cellular metabolic rate and
decreased the number of apoptotic cells. AEA also increased
the expression of the antioxidant enzyme superoxide dismutase
(SOD) and decreased mRNA expression of NOX2 provoking a
significant reduction of the intracellular levels of ROS. These
AEA-related antioxidant effects were attributed to the activation
of CB1 receptors, since their pharmacological and genetic
blockade reversed those effects (Jia et al., 2014). The ECS can
also regulate oxidative stress and lipid peroxidation by
conveying beneficial free radical scavenging effects or
through directly targeting CB1 and CB2 receptors (Lipina and
Hundal, 2016; Gallelli et al., 2018). Interestingly, the beneficial
or detrimental effects induced by the activation of cannabinoid
receptors on ROS/RNS synthesis, seems to depend on the cell
type and the aetiology and stage of the disease, and CB1 and CB2
receptors seem to have opposite effects in ROS formation. In
the murine macrophage cell line RAW264.7, CB1 receptor
activation promoted ROS formation via phosphorylation of
p38-mitogen-activated protein kinase, whereas CB2 receptors
suppressed this CB1 receptor-mediated effect (Han et al.,
2009). Interestingly, this opposite action of CB1 and CB2

receptors has been documented in studies in which the

oxidative stress was caused by a chemotherapeutic agent.
For instance, acute and chronic administration of
doxorubicin increased markers of oxidative/nitrosative
stress in the myocardium of CB1

+/+ mice. This effect was
attenuated in CB1

−/− mice, suggesting the implication of
CB1 receptors in the oxidative stress induced by
doxorubicin (Mukhopadhyay et al., 2010a). In addition, CB1

receptor agonists, such as AEA and HU-210, increased ROS
generation in human cardiomyocytes, and this effect was
attenuated by the concomitant application of the CB1

receptor antagonists SR1 and AM281 (Mukhopadhyay et al.,
2010b). Similarly, cisplatin administration induced a
significant increased expression of renal ROS/RNS
synthesising enzymes, such as NOX2 and NOX4, and cell
death. These deleterious effects were attenuated by the
blockade of CB1 receptor or activation of CB2 receptors
thus protecting against tubular damage (Mukhopadhyay
et al., 2010a; Mukhopadhyay et al., 2010c; Horváth et al., 2012).

There is a great number of neuropathologies that cause an
increment of the oxidative stress, including neurodegenerative
diseases that are commonly associated with the development of
cognitive deficits such as AD and PD. In fact, the antioxidant
properties of cannabinoid drugs and their effect on cognition
have been extensively studied in neurodegenerative animal
models. In the STZ animal model of AD, a chronic treatment
with the CB1 receptor agonist ACEA induced a reduction of nitric
oxide (NO) accompanied by an improvement of the short- and
long-termworkingmemorymeasured by novel object recognition test
(Crunfli et al., 2019). In a neurotoxic animal model of AD, the
injection of β-amyloid peptide in the frontal cortex induced an
important neural loss in the CA1, CA2 and CA3 hippocampal
regions accompanied with the increased expression of biomarkers
for apoptosis and gliosis, only 12 days following β-amyloid peptide
administration. It was also observed an increase of the pro-oxidative
enzyme inducible nitric oxide synthase (iNOS). Acute administration
of VDM11, an inhibitor of AEA cellular reuptake, ameliorated the
amnesia induced by β-amyloid peptide administration in the passive
avoidance task. Interestingly, the significant increase in the
hippocampal levels of AEA induced by the repeated administration
of VDM11 reduced the neuronal loss and also the expression of iNOS
(van der Stelt et al., 2006). A similar effect was observed when CB1
receptors were pharmacologically activated by administration of HU-
210 or WIN55,212–2 in the MPTP-induced animal model of PD.
Treated animals showed enhanced survival of nigrostriatal
dopaminergic neurons, suppressed NOX enzymes and decreased
ROS production (Chung et al., 2011).

Other cannabinoid-related compounds have recently attracted
attention for their neuroprotective and antioxidant properties.
One of these compounds is the endogenous lipid mediator PEA.
In the 3xTg genetic mouse model, which contains three well
established mutations for the development of AD, a chronic
treatment for 90 days with ultramicronized PEA resulted in
the rescue of the memory deficits typically observed in this
phenotype of mice (Scuderi et al., 2018). Interestingly, this
treatment also reversed astrogliosis and neuroinflammation,
incremented the expression levels of BDNF in the
hippocampus and decreased iNOS levels (Bronzuoli et al.,
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2018). Another different cannabinoid compound that has been
extensively studied for its antioxidant properties is CBD. CBD,
like other antioxidants, can modify the level and activity of
oxidants and antioxidants and interrupt free radical chain
reactions (Atalay et al., 2020). CBD administration also
reduces the oxidant effects of chemotherapy drugs. For
instance, CBD reduced iNOS levels in cardiac tissue and
decreased serum levels of NO in mice treated with
doxorubicin (Fouad et al., 2013). In addition, in the mouse
model of cisplatin-induced nephropathy, CBD markedly
attenuated cisplatin-induced oxidative/nitrosative stress,
inflammation and cell death, improving renal function (Pan
et al., 2009). As previously mentioned, these CBD antioxidant
effects are similar to that provoked by the blockade of CB1 or the
activation of CB2 receptors in this same animal model of
nephropathy (Mukhopadhyay et al., 2010a; Mukhopadhyay
et al., 2010c; Horváth et al., 2012). In the neurotoxic animal
model of AD induced by the intracerebroventricular
administration of β-amyloid peptide in mice, chronic
administration of CBD reduced the hippocampal expression of
iNOS and the subsequent NO release (Esposito et al., 2007) and
prevented the spatial memory deficits usually observed in this
animal model (Martín-Moreno et al., 2011). CBD was also able to
recover 6-OHDA-induced dopamine depletion in this animal
model of PD, but only when it was administered immediately
after the lesion. This effect was accompanied by an increase in the
levels of SOD (García-Arencibia et al., 2006).

CLINICAL EVIDENCE FOR THE USE OF
CANNABINOID DRUGS IN COGNITIVE-
RELATED DISEASES
The preclinical findings on the antioxidant and anti-inflamatory
effects induced by the pharmacological modulation of the ECS
during PD or AD has also been translated into the clinical field.
Despite the vast evidence of cannabinoids-induced
neuroprotection in TBI, there are still no studies translating
those finding into humans. Elevated endocannabinoid levels
have been found in the cerebrospinal fluid of PD patients,
together with decreased CB1 receptors in the basal ganglia
(Hurley et al., 2003; Pisani et al., 2005). A small human trial
performed in patients suffering from PD revealed that
cannabinoid-related drugs such as CBD, nabilone or even
cannabis improved motor symptoms an attenuated levodopa-
induced dyskinesia. Moreover, resting tremor, rigidity,
bradykinesia, and posture were corrected, followed by a
decrease on pain sensitivity and amelioriated sleep quality
(Carroll et al., 2004; Mesnage et al., 2004; Lotan et al., 2014).
CBD has also been associated with diminished REM sleep
behavior disorder in PD patiens (Chagas et al., 2014).

A post-mortem study in human brain samples of AD patients
showed an increased expression of CB2 receptors in microglia
associated with β-amyloid-enriched neuritic plaques. This effect
was not detected in CB1 receptors expression, suggesting the
involvement of CB2 dependent mechanisms in this disorder
(Benito et al., 2003). Several clincial studies have investigated

the effects of dronabinol, which is a synthetic version of THC, in
advanced stages of AD. Dronabinol improved side effects
associated with late stages of AD such as food intake, sleep
duration and circadian rhythm; decreasing also agitation
(Volicer et al., 1997; Woodward et al., 2014; Suryadevara et al.,
2017).

These reports demonstrate the potential therapeutic activity
of cannabinoid drugs to relieve PD and AD symthomatology.
However, to the best of our knowledge, there is no clinical
evidence of improvement in the cognitive alterations associated
with these neurodegenerative disorders yet. Further clinical and
preclinical research is required to assess the cognitive-related
therapeutic effects that cannabinoid drugs may exert.

DISCUSSION

Due to the increased survival of cancer patients, there is an
urgent need to address the possible sequelae that the current
treatments may provoke. Amongst these adverse effects, those
affecting cognition and other brain functionality are
particularly worrying. The occurrence of chemotherapy-
induced cognitive impairment (CICI) has been
demonstrated in animal models and human patients.
Different biological mechanisms seem to be involved,
however there is a big gap in the understanding of those
yet. The ECS is implicated in neuroinflammation and
oxidative stress (Figure 1). This review comprehends
evidence on the use of cannabinoid-related drugs for the
modulation of neuroinflammation and oxidative stress in
different pathologies with similar cognitive phenotype to
CICI, as well as their anti-tumour activity.

The data collected elucidate the positive outcomes of
cannabinoid-based drugs in the relief of PD- and AD-side
effects in human patients. These results highlight the possible
therapeutic potential of cannabinoid drugs in the treatment of
CICI. The lack of clinical evidence supporting the anti-cancer role
described of the ECS in animal and in vitro models, emphasizes
the importance of translating the preclinical findings into
humans. This fact points forward the urgent need of clinical
assays where the preclinical effectiveness of cannabinoid drugs in
the recovery of chemotherapy-induced cognitive alterations can
be also investigated.
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Bi-Cheng Wang1*, Bo-Hua Kuang1, Bo-Ya Xiao2,3 and Guo-He Lin4

1 Cancer Center, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China,
2 Eastern Hepatobiliary Surgery Hospital, Second Military Medical University, Shanghai, China, 3 Department of Medical
Psychology, Faculty of Psychology, Naval Medical University (Second Military Medical University), Shanghai, China,
4 Department of Oncology, The Second Affiliated Hospital of Anhui Medical University, Hefei, China

Background: Doxorubicin/Adriamycin (ADM) alone or combined with ifosfamide (IFO) (AI)
is available for previously untreated advanced soft tissue sarcoma (ASTS). However, the
clinical choice between them remains controversial. In this pooled analysis, we
comprehensively compared the efficacy and tolerability of AI versus ADM in patients
with ASTS.

Methods: PubMed, Web of Science, EMBASE, and Cochrane Library were
systematically searched from inception to April 14, 2021. Eligible studies were
randomized clinical trials comparing AI to ADM. The primary outcomes were overall
survival (OS), progression-free survival (PFS), and objective response rate (ORR).
Discontinuation rate (DR) and toxic death (TD) were explored as secondary outcomes.

Results: Overall, three open-label randomized phase 2/3 clinical trials with a total of 1108
newly diagnosed ASTS patients were enrolled. Between AI and ADM, pooled hazard
ratios were 0.93 (95% confidence interval 0.58-1.50, p = 0.78) for OS and 0.85 (0.57-
1.25, p = 0.41) for PFS. While pooled risk ratios for ORR, DR, and TD were 1.37 (0.94-
1.99, p = 0.10), 1.04 (0.74-1.46, p = 0.82), and 0.68 (0.19-2.36, p = 0.54) respectively. No
publication bias was observed across the studies.

Conclusion: In the first-line setting, adding IFO to ADM failed to benefit ASTS patients
against ADM alone, even with comparable tolerability.

Keywords: soft tissue sarcoma, doxorubicin, ifosfamide, survival, tolerability
INTRODUCTION

Anthracycline-based cytotoxic chemotherapies have been the main treatment of soft tissue sarcoma
(STS) for nearly 40 years (1). Currently, the standard first-line treatments for advanced soft tissue
sarcoma (ASTS) comprise doxorubicin/adriamycin (ADM) alone or combined with ifosfamide
(IFO) (AI) (2). Both therapeutic strategies have been administrated in patients with
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rhabdomyosarcoma, clear cell sarcoma, angiosarcoma,
dedifferentiated liposarcoma, undifferentiated pleomorphic
sarcoma, synovial sarcoma, fibrosarcoma, leiomyosarcoma, and
et al. However, if ADM monotherapy is adequate, might adding
IFO to ADM be a necessity for ASTS?

In retrospective studies, AI combination therapy was found to
be associated with better prognostics (3–6). A recently published
report showed that the median progression-free survival (PFS)
was, respectively, 8.2 months and 4.8 months with objective
response rates (ORRs) of 19.5% and 25.6% for AI and ADM (7).
Additionally, single-arm data have also indicated the feasibility
and tolerability of AI (8–15).

Nevertheless, the effects brought by the addition of IFO to
ADM remain controversial in the prospective studies (16–18). In
this study, we conducted a pooled analysis to comprehensively
compare the efficacy and tolerability between AI and ADM in
patients with previously untreated ASTS.
MATERIALS AND METHODS

This analysis was conducted according to the Preferred
Reporting Items for Systematic Reviews and Meta-analyses
guideline (PRISMA) (19).

Search Strategy
A literature search was systematically performed in PubMed,
Web of Science, EMBASE, and Cochrane Library databases. The
last searching date was April 14, 2021. Search keywords were (1)
sarcoma, (2) doxorubicin or adriamycin, (3) ifosfamide, (4) first-
line, and (5) trial or study. For more eligible studies, references of
relevant records were reviewed.

Selection Criteria
All of the eligible clinical trials should meet the following
inclusion criteria: (1) patients were newly diagnosed as ASTS,
(2) patients were treated with AI or ADM alone, (3) the efficacy
and safety between the AI group and ADM group were
compared, (4) enrolled studies were prospective clinical trials
and published in English.

Exclusion criteria were (1) single-arm studies, (2)
retrospective studies, (3) meeting abstracts, and (4) patients
with Ewing’s sarcoma, osteosarcoma, malignant mesothelioma,
chondrosarcoma, neuroblastoma, gastrointestinal stromal
sarcoma, paraganglioma, primitive neuroectodermal tumor, or
dermatofibrosarcoma protuberans. Any disagreements were
resolved by discussion.

Data Extraction and Quality Assessment
The primary outcomes were OS, PFS, and ORR, and the
secondary outcomes were discontinuation rate (DR) and toxic
death (TD). Bi-Cheng Wang and Bo-Hua Kuang independently
extracted detailed data from the full articles and supplementary
materials, including first author, journal, publication year,
therapeutic regimens, number of patients, dosage, OS, PFS,
response rate, DR, TD, and toxicities. For time-to-event data
Frontiers in Oncology | www.frontiersin.org 2246
that were not reported or available directly, Engauge Digitizer
software and the method reported by Jayne F Tierney were
applied to extract and synthesize the survival data (20). Egger’s
test was used to evaluate latent publication bias. Any
discrepancies were resolved by consensus.

Statistical Analysis
OS and PFS data were assessed by hazard ratio (HR) with 95%
confidence interval (CI). While data of ORR, DR, and TD were
evaluated by risk ratio (RR) with 95% CIs respectively. R (version
4.1) software and the “meta” package was used in the
pooled analysis.

Both fixed effect and random effects models were calculated.
t2 and I2 statistic percentages were performed to test the
heterogeneity. when I2 < 50% or p value of heterogeneity < 0.1,
pooled data through a fixed effect model with Mantel-Haenszel
method were adopted. Otherwise, pooled data in the random
effects model line were chosen. Differences with p values for all
outcomes under 0.05 were considered statistically significant.
RESULTS

Eligible Studies and Basic Characteristics
Our search of the PubMed, Web of Science, EMBASE, and
Cochrane Library databases identified 518 relevant records.
211 duplicated records were removed. 279 records were
excluded after screening the titles and abstracts. 24 full-text
articles were excluded since the researches were reviews/
comments/letters (n = 6), meeting abstracts (n = 2), protocols
(n = 2), retrospective studies (n = 5), and single-arm studies
(n = 9). Finally, three prospective trials were reviewed and
pooled-analyzed (Figure 1) (16–18).

Table 1 showed the basic characteristics of the enrolled
studies. Two studies were open-label, randomized phase 3
trials (16, 18), and the other (17) was an open-label
randomized phase 2 trial. Only the trial published by Ian
Judson provided the trial number (NCT00061984).

In Joan Maurel’s trial, the ORRs were 23.4% in the ADM
group and 24.1% in the AI group. Median PFS was 26 weeks and
24 weeks, respectively (17). In Ian Judson’s trial, no significant
differences were found in OS between the groups (median OS:
12.8 months versus 14.3 months). But the median PFS and ORR
were significantly higher for the combination therapy (7.4
months and 26%) versus the monotherapy (4.6 months and
14%) (18).

Efficacy
HR and 95% CI data in Joan Maurel’s and Ian Judson’s trials
could be extracted directly from the published articles. While the
time-to-event data from Armando Santoro’s trial were
reproduced according to the surviving curves. Comparing AI
versus ADM, the reproduced HR for OS was 1.01 (95% CI 0.85-
1.19), and for PFS was 0.94, (95% CI 0.81-1.10).

The pooled HR for OS were 0.93 (95% CI 0.58-1.50, Fixed
effect model, p = 0.78). The forest plot indicated that patients
November 2021 | Volume 11 | Article 762288
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obtained similar OS benefit from AI compared with ADM
alone (Figure 2A).

The pooled HR for PFS were 0.85 (95% CI 0.57-1.25, Fixed
effect model, p = 0.41), illustrating that AI combination therapy
did not exhibit significant PFS superiority compared with
ADM (Figure 2B).

The pooled analysis of ORR showed that the RR was 1.37
(95% CI 0.94-1.99, Random effects model, p = 0.1). No significant
improvements in tumor responses were found when patients
were treated with AI (Figure 2C).

Tolerability
In terms of DR, the overall DRs in AI and ADM groups were
27.1% and 27.6%. The pooled RR was 1.04 (95% CI 0.74-1.46,
Frontiers in Oncology | www.frontiersin.org 3247
Random effects model, p = 0.82), demonstrating that both AI and
ADM had comparable DRs (Figure 3A).

For toxic death, Joan Maurel reported two cases in the AI
group and one in the ADM group, and Ian Judson recorded two
in the combination chemotherapy group and five in the
monotherapy group. The pooled RR was 0.68 (95% CI 0.19-
2.36, Fixed effect model, p = 0.54) (Figure 3B). AI combination
therapy did not increase the risk of death against
ADM monotherapy.

Risk of Bias
Figure 4 showed the results of Egger’s test in the pooled analyses
of OS, PFS, ORR, and DR. No publication bias among the studies
was observed.
TABLE 1 | Basic characteristics of the eligible clinical trials.

First
author

Phase Journal Publication
year

Registered
number

Groups No.
patents

Dose

Santoro
et al. (16)

Open-label randomized
phase 3 trial

Journal of Clinical
Oncology

1995 NA A 263 A: 75 mg/m2, every 3 weeks at least 2 cycles
AI 258 A: 50 mg/m2 + I: 5 g/m2, every 3 weeks at least 2

cycles
Maurel
et al. (17)

Open-label randomized
phase 2 trial

Journal of Clinical
Oncology

2009 NA A 67 A: 75 mg/m2, every 3 weeks for 6 cycles
AI 65 A: 90 mg/m2, every 2 weeks for 3 cycles + I: 12.5 g/

m2, every 3 weeks for 3 cycles
Judson
et al. (18)

Open-label randomized
phase 3 trial

Lancet Oncology 2014 NCT00061984 A 228 A: 75 mg/m2, every 3 weeks for 6 cycles
AI 227 A: 75 mg/m2 + I: 10 g/m2, every 3 weeks for 6 cycles
A, doxorubicin; I, ifosfamide; NA, not available.
FIGURE 1 | Flowchart of the selection process.
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DISCUSSION

ADM is an anthracycline type of regimen, and IFO is an alkylating
agent. Researchers combined the two drugs with different types to
enhance the proapoptotic and antitumor activities (21, 22).However,
according to our pooled analysis, AI combination chemotherapy had
similar effects (OS, PFS, and ORR) and tolerability (DC and TD)
compared with ADM alone. These results could provide a useful
guide and constructive suggestions for clinicians.

In a previously published meta-analysis, the efficacy and
toxicity of ADM monotherapy were evaluated compared to
other first-line treatment choices (including vincristine,
cyclophosphamide, actinomycin D, dacarbazine, ifosfamide,
mitomycin C, cisplatin, trabectedin, melphalan, epirubicin,
docetaxel, gemcitabine, pazopanib, and eribulin) in ASTS (23).
The results showed that the efficacy between ADM alone and
other first-line treatments was comparable, but higher risks of
treatment-related toxicities were observed in the combination
chemotherapy group. Therefore, the authors considered that
ADM monotherapy might be preferred in the first-line setting
of ASTS. But, in the study, ADM was compared to a total data of
Frontiers in Oncology | www.frontiersin.org 4248
other first-line drugs, and this design might increase the bias.
Thus, we should treat the conclusion with caution.

Due to the limited eligible studies, more detailed data, like
pooled subgroup analysis, could not be further analyzed.
Actually, there should be some specific populations who could
benefit from the AI combination chemotherapy. In the post-hoc
analysis of Joan Maurel’s trial, poor performance status or lung
metastasis alone predicted worse OS and PFS (17). In the other
study reported by Ian Judson, 40-49 years old or non-liver
metastasis patients could benefit more from AI combination
therapy (18). Accordingly, we suspect that patients under 50
years old with well performance and without lung metastasis
might be suggested to receive AI combination therapy.

Although DR and TD were comparable between both groups,
treatment-related hematological and non-hematological toxicities
deserved our attention. AI showed a higher incidence of
myelosuppression. In Armando Santoro’s study, 32% of patients in
the AI group and 13% in the ADM group had experienced grade 4
leukopenia (16). Additionally, in Ian Judson’s study, AI chemotherapy
caused more leucopenia (43% versus 18%), anemia (35% versus 4%),
and thrombocytopenia (33% versus <1%) compared to ADM
A

B

C

FIGURE 2 | Forest plots of the pooled hazard ratio for overall survival (A) and progression-free survival (B) and odds ratio for objective response rate (C) between
doxorubicin/adriamycin plus ifosfamide combination chemotherapy and doxorubicin/adriamycin monotherapy.
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monotherapy (18). In termsofnon-hematological adverse events, Joan
Maurel reported that the incidences of asthenia and mucositis were
more frequent when patients were treated with AI (17). On the other
hand, TD had been recorded in both treatment groups (four of 292 in
Frontiers in Oncology | www.frontiersin.org 5249
theAIandsixof295 in theADM), indicating thatgreatcautionsshould
be paid during the whole treating process.

Cumulative cardiotoxicity is another serious side-effect ofADM.
Among the eligible studies, only Armando Santoro reported more
A

B

FIGURE 3 | Forest plots of the pooled risk ratios for discontinuation rate (A) and toxic death (B) between doxorubicin/adriamycin plus ifosfamide combination
chemotherapy and doxorubicin/adriamycin monotherapy.
A B

C D

FIGURE 4 | Publication bias acrossing the enrolled studies. (A) Overall survival; (B) Progression-free survival; (C) Objective response rate; (D) Discontinuation rate.
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frequent of cardiotoxicity in the combination group. Since
cardiotoxicity of ADM is dose-limiting, pegylated-liposomal
ADM, a methoxypoly liposomes coated formulation of ADM,
could effectively prolong half-life in blood and reduce
cardiotoxicity (24). In Liu’s single-arm study (25), newly
diagnosed ASTS patients had received pegylated liposomal-AI.
The results showed that the median OS was 24 months, the ORR
was 26.1%, and no grade three ormore cardiotoxicitywas reported.
Moreover, a case study reported that pegylated-liposomal ADM
could be an efficient second-line treatment ofASTSwith recurrence
after ADM therapy (26). These results demonstrated that
pegylated-liposome ADM could be an active and well-tolerated
therapeutic drug in treating naive ASTS patients.

Limitations
Several limitations existed in this study. (1) The enrolled studies
were open-label trials, which might bias disease progression and
response assessment. (2) The doses of ADM and IFO differed
from each study that might also increase the bias.

CONCLUSION

Although both therapies had similar DC and TD, adding IFO to
ADM failed to improve the efficacy (including OS, PFS, and ORR)
compared to ADM alone in treatment-naive ASTS patients.
Therefore, as a first-line strategy, ADM monotherapy could be
adequate.More future prospective studies arewarranted to confirm
our results.
Frontiers in Oncology | www.frontiersin.org 6250
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Immune checkpoint inhibitors (ICIs) have revolutionized cancer treatment; however, immune-
related adverse events (irAEs) in the gastrointestinal (GI) system commonly occur. In this
study, data were obtained from the US Food and Drug Administration adverse event
reporting system between July 2014 and December 2020. Colitis, hepatobiliary disorders,
and pancreatitis were identified as irAEs in our study. Reporting odds ratio (ROR) with
information components (IC) was adopted for disproportionate analysis. A total of 70,330
adverse events were reported during the selected period, 4,075 records of which were
associated with ICIs. GI toxicities have been reportedly increased with ICI, with ROR025 of
17.2, 6.7, and 2.3 for colitis, hepatobiliary disorders, and pancreatitis, respectively. The risks
of colitis, hepatobiliary disorders, and pancreatitis were higher with anti-CTLA-4 treatment
than that with anti-PD-1 (ROR025 2.6, 1.3, and 1.1, respectively) or anti-PD-L1 treatment
(ROR025 4.8, 1.3, and 1.3, respectively). Logistic analysis indicated that hepatobiliary
disorders and pancreatitis more frequently occurred in female patients (adjusted odds
ratio, 1.16 and 1.52; both p < 0.05). Consistently, polytherapy was a strong risk factor for
colitis (adjusted odds ratio 2.52, p < 0.001), hepatobiliary disorders (adjusted odds ratio
2.50, p < 0.001), and pancreatitis (adjusted odds ratio 2.29, p < 0.001) according to
multivariate logistic analysis. This pharmacovigilance analysis demonstrated an increased
risk of all three GI irAEs associated with ICI therapies. The comparative analysis offered
supportive insights on selecting GI irAEs for patients treated with ICIs.
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INTRODUCTION

The increasing clinical use of approved antibodies against
programmed cell death protein 1 (PD-1) (pembrolizumab,
nivolumab, and cemiplimab), programmed death-ligand 1 (PD-L1)
(avelumab, atezolizumab, and durvalumab), and cytotoxic
T-lymphocyte-associated antigen 4 (CTLA-4) (ipilimumab) has
changed the paradigm of cancer treatment (Ackermann et al.,
2020). However, exaggerated immune responses and immune-
related toxicities, known as immune-mediated adverse events
(irAEs), decreased the patients’ survival. GI toxicities are the
second most commonly reported irAEs, such as colitis,
hepatotoxicity and biliary abnormality, and pancreatitis (Tan et al.,
2020). As the most common type, colitis more commonly occurs after
the administration of anti-CTLA-4 antibodies (7–12%) than that of
anti-PD-1/PD-L1 antibodies (3%) (Davies and Duffield, 2017). This
proportion increased to 12–18%when combining CTLA-4 and PD-1/
PD-L1 inhibitors (Motzer et al., 2018). The incidence of immune-
associated hepatotoxicity with either ipilimumab or nivolumab was
approximately 5–10%, which was lower than that of ipilimumab plus
nivolumab treatment (25–30%) (Larkin et al., 2015). Immune-related
acute pancreatitis only occurs in <1% of patients (Friedman et al.,
2017). Despite the low incidence, it rapidly progresses and is associated
with high mortality. Currently, the majority of GI irAEs were detected
in clinical trials examining single drugs, making the comparison
difficult. Therefore, irAEs related to ICIs should be investigated in
the real-world setting. This study characterized the safety profiles of
ICIs and performed a disproportionality analysis through data-mining
using the US Food and Drug Administration adverse event reporting
system (FAERS), a postmarketing safety surveillance database, aimed
at providing the new insights intoGI toxicities associatedwith different
ICIs or their combination.

MATERIALS AND METHODS

Data Collection
In this pharmacovigilance study, disproportional analysis was
performed in FAERS, which retrospectively collects adverse event
(AR) reports submitted by patients, medical professionals,
pharmaceutical manufacturers, and others to the FDA to
monitor safety risks associated with marketed drugs and
biologics. Data of this study were retrieved from the publicly
released FAERS (https://www.open.fda.gov/) between July 1,
2014, and December 31, 2020.

Data Processing
Medications used in this study included PD-1 (nivolumab,
pembrolizumab, and cemiplimab), PD-L1 (atezolizumab, avelumab,
and durvalumab), and CTLA-4 blockade (ipilimumab) alone or in
combination. Polytherapywas defined as the combined administration
of an anti-CTLA-4 antibody plus an anti-PD-1/PD-L1 antibody. To
identify ICI-related records, both brandnames and generic nameswere
used. Furthermore, AE reports in FAERS are coded using the preferred
term (PT) according to the Medical Dictionary for Regulatory
Activities Terminology (MedDRA). Despite the rarity of immune-
related pancreatitis (1.9%) (George et al., 2019), immediate and

appropriate management was vital to eliminate long-term toxicities.
Thus, besides PTs of “colitis” and “hepatobiliary disorders,” PTs
involving “pancreatitis” were also obtained from MedDRA version
20.0 (https://www.meddra.org/; details in Supplemental materials) in
this study. Gender, age, year and country of reporting, and AE
outcomes were also collected and analyzed.

Statistical Analysis
A disproportional analysis is a generally accepted mathematical
algorithm used for calculating the association between a specific
AE and a drug. We used either proportional reports reporting
odds ratio (ROR) or Bayesian confidence propagation neural
networks of information components (IC) to calculate
disproportionality in this study. The relevant data-mining
theory and calculation formulae have been described in detail
in previous studies (Sakaeda et al., 2013; Zhai et al., 2019) when
the entire database is used as a comparator. ROR was only used
when comparing different treatment regimens. tROR025 is
defined as significant with a lower 95% confidence interval
(CI) boundary of >1 and with ≥3 patients. Conversely, the
lower boundary 95%CI of >0 for IC (IC025) was deemed
statistically significant. Demographic characteristics (age and

TABLE 1 | Demographic and clinical characteristics of patients with ICIs-induced
intestinal, hepatobiliary, and pancreatic toxicity.

AEs in ICIs
(n = 4,075)

AEs in other drugs
(n = 66,255)

Gender
Male 2,093 (51.4%) 24,478 (36.9%)
Female 1,320 (32.4%) 31,099 (46.9%)
Missing 662 (16.2%) 10,678 (16.2%)

Age
<65 1,297 (31.8%) 26,826 (40.5%)
≥65 1,523 (37.4%) 14,268 (21.5%)
Missing 1,255 (30.8%) 25,161 (38.0%)

Year
2014 98 (2.4%) 3,779 (5.7%)
2015 182 (4.5%) 7,738 (11.7%)
2016 315 (7.7%) 8,081 (12.2%)
2017 578 (14.2%) 9,741 (14.7%)
2018 899 (22.1%) 13,680 (20.6%)
2019 1,248 (30.6%) 13,698 (20.7%)
2020 755 (18.5%) 9,538 (14.4%)

Outcomes
Death 754 (18.5%) 7,862 (11.9%)
Life-threatening 173 (4.2%) 2,957 (4.5%)
Disability 48 (1.2%) 774 (1.2%)
Hospitalization 1,413 (34.7%) 22,134 (33.4%)
Congenital anomaly 1 (0.0%) 41 (0.0%)
Other serious 1,608 (39.5%) 27,814 (42.0%)
Required intervention 1 (0.0%) 34 (0.0%)
Missing 77 (1.9%) 4,639 (7.0%)

Report countries
United States 1,197 (29.3%) 25,044 (37.8%)
Japan 1,754 (42.8%) 7,350 (11.1%)
Great Britain 89 (2.2%) 3,841 (5.8%)
France 222 (5.4%) 4,782 (7.2%)
Canada 42 (1.0%) 3,836 (5.8%)
Italy 47 (1.2%) 1,875 (2.8%)
Other countries 715 (17.5%) 17,313 (26.1%)
Missing 9 (0.1%) 2,214 (3.3%)

ICIs, immune checkpoint inhibitors; AE, adverse event.
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TABLE 2 | The associations of induced intestinal, hepatobiliary, and pancreatic toxicity with different ICI regimens.

Therapy Colitis Hepatobiliary Pancreatitis All GI

No.
of AEs

ROR (ROR025;
ROR975)

IC (IC025;
IC975)

No.
of AEs

ROR (ROR025;
ROR975)

IC (IC025;
IC975)

No.
of AEs

ROR (ROR025;
ROR975)

IC (IC025;
IC975)

No.
of AEs

ROR (ROR025;
ROR975)

IC (IC025;
IC975)

All ICIs 1737 18.1 (17.2; 19.1) 3.9 (3.8; 4.0) 2,295 7.0 (6.7; 7.3) 2.7 (2.6; 2.7) 202 2.6 (2.3; 3.0) 1.4 (1.1; 1.5) 4,075 8.6 (8.4; 8.9) 2.9 (2.8; 2.9)
Anti-PD-1 antibody 1,229 15.4 (14.5; 16.3) 3.8 (3.7; 3.8) 1936 7.3 (7.0; 7.7) 2.7 (2.7; 2.8) 168 2.7 (2.3; 3.2) 1.4 (1.2; 1.6) 3,190 8.3 (8.0; 8.6) 2.9 (2.8; 2.9)
Nivolumab 910 16.7 (15.6; 17.9) 3.9 (3.8; 4.0) 1,374 7.7 (7.3; 8.2) 2.8 (2.7; 2.9) 115 2.8 (2.3; 3.3) 1.4 (1.1; 1.7) 2,267 8.8 (8.4; 9.2) 3.0 (2.9; 3.0)
Pembrolizumab 339 11.9 (10.6; 13.2) 3.5 (3.3; 3.6) 587 6.4 (5.9; 7.0) 2.6 (2.5; 2.7) 55 2.6 (2.0; 3.5) 1.4 (0.9; 1.7) 964 7.3 (6.8; 7.8) 2.7 (2.6; 2.8)
Cemiplimab 2 5.6 (1.4; 22.4) 1.5 (-1.1; 2.9) 6 5.3 (2.4; 12.1) 2.0 (0.6; 2.9) 0 -0.6 (-10.9; 1.4) 8 4.8 (2.3; 9.7) 1.9 (0.7; 2.7)
Anti-PD-L1 antibody 78 6.6 (5.3; 8.3) 2.6 (2.3; 2.9) 248 6.8 (6.0; 7.8) 2.7 (2.5; 2.8) 18 2.2 (1.4; 3.4) 1.1 (0.3; 1.6) 337 6.2 (5.6; 7.0) 2.5 (2.4; 2.7)
Atezolizumab 54 6.8 (5.2; 8.9) 2.7 (2.2; 3.0) 181 7.4 (6.4; 8.6) 2.8 (2.5; 3.0) 13 2.3 (1.4; 4.0) 1.1 (0.2; 1.8) 241 6.6 (5.8; 7.6) 2.6 (2.4; 2.8)
Avelumab 10 9.5 (5.1; 17.8) 2.7 (1.7; 3.5) 12 3.6 (2.0; 6.3) 1.7 (0.7; 2.3) 1 1.3 (0.2; 9.5) 0.3 (−3.5; 2.0) 22 4.4 (2.9; 6.8) 2.0 (1.3; 2.5)
Durvalumab 16 5.7 (3.5; 9.3) 2.3 (1.5; 2.9) 56 6.4 (4.9; 8.4) 2.6 (2.1; 2.9) 4 2.0 (0.8; 5.4) 0.9 (−0.9; 1.9) 76 5.9 (4.6; 7.4) 2.4 (2.0; 2.7)
Anti-CTLA-4 antibody
Ipilimumab 909 43.1 (40.1; 46.2) 5.2 (5.1; 5.2) 750 10.3 (9.6; 11.1) 3.2 (3.1; 3.3) 66 3.9 (3.0; 4.9) 1.9 (1.5; 2.2) 1,615 16.4 (15.6; 17.4) 3.7 (3.6; 3.8)
Polytherapy 487 38.0 (34.6; 41.8) 5.0 (4.9; 5.1) 649 15.9 (14.7; 17.3) 3.8 (3.6; 3.9) 52 5.2 (4.0; 6.8) 2.3 (1.8; 2.6) 1,087 19.4 (18.2; 20.8) 3.9 (3.8; 4.0)
Nivolumab + ipilimumab 446 36.7 (33.2; 40.5) 5.0 (4.8; 5.1) 620 16.2 (14.8; 17.6) 3.8 (3.7; 3.9) 45 4.8 (3.6; 6.4) 2.2 (1.7; 2.5) 1,015 19.2 (17.9; 20.6) 3.9 (3.8; 4.0)
Pembrolizumab +
ipilimumab

41 56.8 (40.9; 79.0) 5.0 (4.4; 5.3) 29 11.9 (8.1; 17.4) 3.2 (2.6; 3.6) 7 12.4 (5.8; 26.2) 2.8 (1.5; 3.6) 72 23.1 (17.8; 30.1) 4.0 (3.6; 4.3)

Comparison
Anti-CTLA-4 vs. anti-PD-1 — 2.9 (2.6; 3.1) — — 1.4 (1.3; 1.6) — — 1.4 (1.1; 1.9) — — 2.0 (1.9; 2.1) —

Anti-CTLA-4 vs. anti-PD-L1 — 6.1 (4.8; 7.7) — — 1.5 (1.3; 1.7) — — 1.8 (1.0; 3.0) — — 2.6 (2.3; 2.9) —

Anti-PD-1 vs. anti-PD-L1 — 1.9 (1.7; 2.1) — — 1.0 (0.9; 1.2) — — 1.2 (0.8; 2.0) — — 1.9 (1.7; 2.0) —

Polytherapy vs.
monotherapy

— 1.9 (1.7; 2.1) — — 1.9 (1.8; 2.1) — — 1.6 (1.2; 2.2) — — 1.9 (1.7; 2.0) —

ICIs, immune checkpoint inhibitors.
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gender) and treatment strategy (monotherapy or polytherapy)
were used as covariates to predict risk factors for AEs by logistic
regression analysis. All analyses were performed with SPSS
version 23.0 (IBM Corporation, Armonk, NY, United States).

RESULTS

Descriptive Analysis
A total of 70,330 reports of gastrointestinal, hepatobiliary, and
pancreatic toxicities were identified from FAERS between July 1,
2014, and December 31, 2020. Collectively, 4,075 cases were reported
with ICI treatment, including nivolumab (n� 2,267), pembrolizumab
(n� 964), cemiplimab (n� 8), atezolizumab (n� 241), avelumab (n�
22), durvalumab (n � 76), and ipilimumab (n � 1,615). The clinical
features of events are presented in Table 1. The number of male
patients with ICI-related AEs nearly doubled that of female patients
(2,093 vs. 1,320 events). AEs were mainly reported from Japan
(43.0%), followed by the United States (29.3%) and France (5.4%).
Of all the outcomes reported, hospitalization (34.7%) and death
(18.5%) were the most common, whereas life-threatening AEs
occurred in 173 (4.2%) patients.

Associations Between GI Disorders and
ICIs
A disproportional analysis was performed to evaluate the
associations of the occurrence of colitis, hepatobiliary disorders,
or pancreatitis with ICI treatment. Overall, 1,737 colitis events were
reported in the ICI group, including 1,229, 78, and 909 from anti-
PD-1, anti-PD-L1, and anti-CTLA-4 drugs, respectively (Table 2).
An increased risk of colitis was identified with ICI treatment
(ROR025 17.2, IC025 3.9). The risk of colitis was higher in
patients treated with anti-CTLA-4 antibodies than in those
treated with anti-PD-1 (ROR025 2.6) or anti-PD-L1 antibodies
(ROR025 4.8). As expected, colitis more frequently occurred in
patients receiving anti-PD-1/PD-L1 plus anti-CTLA-4 antibodies
(ROR025 1.7, IC025 0.5) than either single agent alone. Similarly, the
risk of hepatobiliary disorders was also increased with ICI
treatment (ROR025 6.7, IC025 2.6). Similar to colitis, the risk of
hepatobiliary disorders in the anti-CTLA-4 antibodies group was
speculated to be higher than PD-1/PD-L1 inhibitors (ROR025 1.3
and 1.3, respectively, Table 2). The risk was even higher in the
combined anti-PD-1/PD-L1 and anti-CTLA-4 antibody treatment
than that in monotherapy (ROR025 1.8). Regarding pancreatitis
(Table 2), 202 reports were identified in the ICI group, indicating
an increased risk (ROR025 2.3, IC025 1.1). Moreover, anti-PD-1/
PD-L1 combined with anti-CTLA-4 inhibitors increased the
number of patients treated with monotherapy (ROR025 1.2).

Risk Factors for GI irAEs
Logistic regression analysis was performed according to GI AE
subtypes indicating polytherapy as a strong risk factor for colitis
[adjusted odds ratio, 2.89 (95%CI: 2.52, 3.31), p < 0.001],
hepatobiliary disorders [adjusted odds ratio, 2.80 (95%CI: 2.50,
3.12), p < 0.001], and pancreatitis [adjusted odds ratio, 2.29 (95%
CI: 1.59, 3.31), p < 0.001] (Table 3). Hepatobiliary disorders more

frequently occurred in female patients [adjusted odds ratio, 1.16
(95%CI: 1.05, 1.29); p � 0.004]. Meanwhile, patients aged
≥65 years were less likely to develop colitis [adjusted odds
ratio, 0.87 (95%CI: 0.76, 0.98); p � 0.025] and pancreatitis
[adjusted odds ratio, 0.67 (95%CI: 0.48, 0.93); p � 0.018]. The
details of data are shown in Table 3.

DISCUSSION

As an extensive pharmacovigilance analysis on GI irAEs after ICI
treatments obtained from the FAERS database, this study
demonstrated that increased risk of colitis, hepatobiliary
abnormalities, and pancreatitis was associated with ICI
monotherapy or combination therapies. Among those
administered ICIs, PD-1 plus CTLA-4 polytherapy correlated
with increased risk of these three GI irAEs. This comparative
analysis provided abundant data on GI profiles of individual ICIs
alone or combined, providing supportive safety insights in
selecting specific ICI therapies for patients with preexisting GI
disorders and identifying posttherapeutic GI irAEs.

Based on a previous meta-analysis, ipilimumab was reportedly
correlated with a higher risk of high-grade colitis as compared
with anti-PD-1/PD-L1 inhibitors (p � 0.021) (De Velasco et al.,
2017). In line with this, the present study also showed that
patients receiving ipilimumab were more likely to experience
colitis. Moreover, the risk of colitis was also demonstrated to be
higher with PD-1 than with PD-L1 inhibitors. As irAE onset has
been indicated as a predictor for ICI treatment efficacy (Rogado
et al., 2019; Zhou et al., 2020), rechallenging ICI treatment is an
option for selected patients after discontinuation due to toxicity
or clinical decision (Gobbini et al., 2020). The risk of colitis with
different ICI agents may inform tailoring of ICI treatment for
patients previously diagnosed with immune-related colitis.

Hepatobiliary disorders commonly occur in patients with
cancer. A higher risk of immune-mediated hepatitis secondary
to ICIs has been observed (Lin et al., 2020). The risk of increased
aspartate aminotransferase level (relative risk 1.80, p � 0.020) has
been reportedly associated with ICIs compared with non-ICI
treatment (De Velasco et al., 2017). This study confirmed that
liver injury may occur with ICI treatment and indicated no
difference in hepatic transaminase elevation between CTLA-4
and PD-1/PD-L1 inhibitors.

Gender difference has been observed in the irAE incidence
(Valpione et al., 2018; Duma et al., 2019). Recently, a large
pharmacovigilance study indicated gender-related differences in
endocrine irAEs, with a significantly lower occurrence of thyroid
dysfunction in male patients (Morganstein et al., 2017; Zhai et al.,
2019). The evidence of GI irAEs is increased further, showing that
the occurrence of hepatobiliary disordersmore frequently occurs in
female patients. This gender difference may be associated with
greater antigen-presenting activity, more frequent antibody
expression, and higher sex hormone levels in female patients
(Shen et al., 2016). Thus, enhanced immunoactivity after the
ICI administration may result in increased toxicity in their male
counterparts, which could be incorporated into safety evaluation,
especially when rechallenging the ICI treatment.
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Results in the relationship between age and irAE incidence
have been reportedly inconsistent. A previous report
demonstrated an increased likelihood (odds ratio, 5.4) of irAE-
related hospitalization in patients aged >65 years (Balaji et al.,
2019), whereas other reports suggested no increased risk of irAEs
or irAE-related hospitalization in older patients administered
with PD-1 antibody (Sattar et al., 2019; Ksienski et al., 2020).
These inconsistencies could be due to the sample size of the study
and the bias of different drugs. Based on the current population-
based study, patients aged ≥65 years seem to be less likely to
experience colitis and pancreatitis.

An increasing number of published studies have revealed that
irAEs due to polytherapy occurred more frequently than those
due to monotherapy. Consistent with previous observations, this
study presents real-world evidence that combination treatment
could result in a considerably higher rate of GI AEs secondary to
ICI treatment (Boutros et al., 2016; Khoja et al., 2017). When
treating patients with cancer currently treated with or previously
exposed to ICIs with GI disorders, general practitioners and GI
physicians should consider that this could be some irAE
presentation. Medication history and patient demographics
and characteristics should be carefully evaluated. Once irAEs
are suspected, consultation with medical oncologists is necessary
to manage these immune-related GI disorders.

The AE signal mining methods in this study consisted of three
main categories: proportional disequilibrium, logistic regression
modeling, and association rule mining. Furthermore, ROR and IC
in the proportional imbalance algorithm were used for signals in
reports obtained from the FAERS database (Dias et al., 2015). The
limitations of this study are specific to the use of the FAERS
database. Reports are spontaneous; therefore, exposure data may
be lacking and cause under- and overreporting. Furthermore, due
to the retrospective nature of pharmacovigilance databases, the
causality should be cautiously interpreted.

Our real-world pharmacovigilance analysis demonstrated an
increased risk of GI AEs due to ICIs. AE patterns greatly vary with
different ICI regimens and patient characteristics. With the

increasing use of ICIs, studies regarding irAEs and rechallenging
ICIs are warranted in the following years to standardize
management strategies, minimize irAE-related mortality, and
thereby promote survival benefit to patients with cancer.
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TABLE 3 | Multivariate logistic analysis of patients with common GI irAEs.

Characteristics AEs of interest All other
AEs

OR crude OR-adjusted p value

GI irAEs 4,075 36,637 — — —

Female sex 1,607 11,826 1.01 (0.94,1.09) 1.08 (0.99,1.17) 0.077
Age ≥65 1,932 12,792 0.90 (0.83,0.97) 0.96 (0.88,1.04) 0.295
Polytherapy 2,186 8,577 2.75 (2.55,2.97) 2.87 (2.62,3.15) <0.001
Colitis 1,737 38,975 — — —

Female sex 618 12,815 0.93 (0.83,1.04) 0.94 (0.82,1.07) 0.340
Age ≥65 714 14,010 0.82 (0.73,0.93) 0.87 (0.76,0.98) 0.025
Polytherapy 981 9,782 2.68 (2.40,2.90) 2.89 (2.52,3.31) <0.001
Pancreatitis 202 40,510 — — —

Female sex 105 13,328 1.50 (1.11,2.01) 1.52 (1.09,2.12) 0.014
Age ≥65 82 14,642 0.63 (0.45,0.87) 0.67 (0.48,0.93) 0.018
Polytherapy 102 10,661 2.22 (1.61,3.06) 2.29 (1.59,3.31) <0.001
Hepatobiliary 2,295 38,417 — — —

Female sex 1,002 12,431 1.06 (0.97,1.17) 1.16 (1.05,1.29) 0.004
Age ≥65 1,224 13,500 0.95 (0.86,1.05) 1.03 (0.93,1.14) 0.584
Polytherapy 1,317 9,446 2.83 (2.57,3.12) 2.80 (2.50,3.12) <0.001

GI, gastrointestinal.
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Purpose: Cancer patients receiving cisplatin therapy often experience side-effects such
as nausea and emesis, but current anti-emetic regimens are suboptimal. Thus, to enable
the development of efficacious anti-emetic treatments, the mechanisms of cisplatin-
induced emesis must be determined. We therefore investigated these mechanisms in
Suncus murinus, an insectivore that is capable of vomiting.

Methods:We used a microelectrode array system to examine the effect of cisplatin on the
spatiotemporal properties of slow waves in stomach antrum, duodenum, ileum and colon
tissues isolated from S. murinus. In addition, we used amulti-wire radiotelemetry system to
record conscious animals’ gastric myoelectric activity, core body temperature, blood
pressure (BP) and heart rate viability over 96-h periods. Furthermore, we used whole-body
plethysmography to simultaneously monitor animals’ respiratory activity. At the end of in
vivo experiments, the stomach antrum was collected and immunohistochemistry was
performed to identify c-Kit and cluster of differentiation 45 (CD45)-positive cells.

Results: Our acute in vitro studies revealed that cisplatin (1–10 μM) treatment had acute
region-dependent effects on pacemaking activity along the gastrointestinal tract, such that
the stomach and colon responded oppositely to the duodenum and ileum. S. murinus
treated with cisplatin for 90 min had a significantly lower dominant frequency (DF) in the
ileum and a longer waveform period in the ileum and colon. Our 96-h recordings showed
that cisplatin inhibited food and water intake and caused weight loss during the early and
delayed phases. Moreover, cisplatin decreased the DF, increased the percentage power of
bradygastria, and evoked a hypothermic response during the acute and delayed phases.
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Reductions in BP and respiratory rate were also observed. Finally, we demonstrated that
treatment with cisplatin caused inflammation in the antrum of the stomach and reduced the
density of the interstitial cells of Cajal (ICC).

Conclusion: These studies indicate that cisplatin treatment of S. murinus disrupted ICC
networking and viability and also affected general homeostatic mechanisms of the
cardiovascular system and gastrointestinal tract. The effect on the gastrointestinal tract
appeared to be region-specific. Further investigations are required to comprehensively
understand these mechanistic effects of cisplatin and their relationship to emesis.

Keywords: cisplatin, Suncusmurinus, gastric myoelectric activity, respiratory activity, blood pressure, hypothermia,
microelectrode assay

INTRODUCTION

The treatment of cancer with cisplatin-based therapy commonly
causes side effects, such as severe nausea and emesis (retching and
vomiting). These can be classified into “acute” and “delayed”
phases: the acute phase comprises emetic episodes occurring
during the first 24 h after beginning the treatment, and the
delayed phase comprises those occurring from 24 to 120 h
after beginning the treatment (Martin, 1996). Guidelines for
the treatment of chemotherapy-induced acute and delayed
emesis suggest the use of a combination of 5-HT3 antagonists
(e.g., ondansetron or palonosetron) and NK1 receptor antagonists
(e.g., aprepitant or netupitant), plus a glucocorticoid (e.g.,
dexamethasone) (Einhorn et al., 2017). However, the best
combinations of anti-emetics are currently only effective in up
to 80% of chemotherapy patients, and treatments for other causes
of emesis (e.g., following surgery with anaesthesia and motion
sickness) are also far from optimal (Aapro et al., 2013; Van den
Brande et al., 2014).Whilst emesis is relatively easy to quantify, an
assesment of nausea is more problematic and comparison across
studies is difficult. Nevertheless, it is known that nausea remains a
problem for some patients, even when their emesis is reduced
(Andrews and Sanger, 2014). Therefore, further investigations are
needed to fully elucidate the mechanisms by which cisplatin
causes nausea and vomiting (Andrews and Sanger, 2014).

Cisplatin disrupts inter-digestive myoelectric activity and
causes jejuno-gastric retrograde contraction during emesis in
dogs (Chey et al., 1988), whereas nausea is commonly
associated with myoelectrical dysrhythmias of the stomach in
humans (Koch, 2014). In addition, our previous studies in ferrets
revealed that cisplatin treatment reduced the dominant power
(DP) in the stomach, concomitant with a decrease in the
percentage of bradygastric power during the acute and delayed
phases of the treatment, but had no effect on the dominant
frequency (DF) or the percentage of normogastric or tachygastric
power (Percie du Sert et al., 2009; Lu et al., 2017a). We further
showed that cisplatin modified the multifractal magnitude of
slow-wave structure, which was manifested as a reduction in
slow-wave power and a shift to a simpler slow-wave shape (Lu
et al., 2017a).

Clinical studies have shown that cisplatin may affect the
autonomic nervous system and cause an increase in heart rate

(HR) and a decrease in heart rate viability (HRV) (Morrow et al.,
1999; Farmer et al., 2014). Similarly, we demonstrated that ferrets
treated with cisplatin exhibited an (up to ∼50 bpm) increase in
HR and a (∼25%) decrease in HRV during the acute phase of
emesis (0–24 h) (Lu et al., 2017a). In contrast, there was a
decrease in HR during the delayed phase of emesis (24–72 h)
in these cisplatin-treated animals, but HRV was not altered (Lu
et al., 2017a).

Suncus murinus, commonly known as the house musk shrew,
is an insectivore that has been extensively used in research on the
mechanisms of chemotherapy-induced nausea and vomiting
(CINV) (Ueno et al., 1987; Matsuki et al., 1988). It would
therefore be of interest to confirm the CINV findings
previously obtained in this species, and to obtain additional
information for anti-emetic research and on the ability of
cisplatin to affect gastric slow-waves, as these waves, together
with HRV and hypothermia, have been found to be associated
with nausea and vomiting (Koch, 2014; Ngampramuan et al.,
2014; Lu et al., 2016; Lu et al., 2017b). Accordingly, we
simultaneously recorded the gastric myoelectric activity
(GMA), core body temperature, BP and HRV of S. murinus
using a multi-wire radiotelemetry system in experiments lasting
96 h (a 24-h baseline period, followed by a 72-h recording period
subsequent to cisplatin administration). The dose of cisplatin
(30 mg/kg, i.p.) we selected was based on previous studies where
emesis was observed to occur over a 3-day period (Sam et al.,
2003). Larger species including ferrets and cats would not survive
such a high dose of cisplatin as toxicity, particularly to the kidney,
would result in renal failure. (Rudd et al., 1994; Rudd et al., 2000;
Eiseman et al., 2017). Based on doses calculated as mg/body
surface area, the dose of 30 mg/kg (∼270–300 mg/m2) is
acknowledged to be considerably higher (∼4 times) than doses
of cisplatin causing emesis in man (Eiseman et al., 2017). The
reason(s) underlying the species differences of mechanism of
emetic sensitivity is unknown. Indeed, cisplatin at 30 mg/kg may
be considered a borderline toxic dose in Suncus murinus and
animals must be closely observed for humane endpoints and
terminated at 3 days (Sam et al., 2003). It would not be possible to
extend observation times past 3 days, nor give a repeated cycle of
cisplatin in these animals. Indeed, some drugs, such as
dexamethasone, paradoxically increase the toxicity of cisplatin
which limits the translational value of the studies relevant to anti-
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emetic discovery (Sam et al., 2003). We also simultaneously
recorded the respiratory function of S. murinus using whole-
body plethysmography, which has previously been found to be
altered during emesis in this species (Horn et al., 2016; Tu et al.,
2017a). At the end of the experiments, the shrews were humanely
sacrificed, and the antrum region of the stomach was isolated and
processed to determine pathological changes, and
immunohistochemistically stained to detect the presence of
c-kit (a marker of ICC) and CD45 (a marker of
inflammation). In addition, the effects of cisplatin on the
spatiotemporal properties of slow-waves in isolated stomach
antrum, duodenum, ileum and colon tissues were investigated
using an MEA system (Liu et al., 2019). Acute effects (within
minutes) of cisplatin on gastrointestinal tissue was investigated,
but an ex vivo sampling time of 90 min from animals treated with
cisplatin was also used, to correspond to a timepoint where the
most intense vagally-mediated emetic response in this species is
observed (Sam et al., 2003). We expected that these studies would
yield new information on the mechanisms of emesis control
related to respiratory activity, homeostasis and the
gastrointestinal tract.

METHODS

Animals
Adult male S. murinus (55–75 g) were obtained from the Chinese
University of Hong Kong and housed in a temperature-controlled
room (24 ± 1°C). Artificial lighting was provided between 06:00
and 18:00 h, and the relative humidity was maintained at 50 ± 5%.
Water and dry-pelleted cat chow (Feline Diet 5003, PMI Feeds, St.
Louis, United States) were given ad libitum, unless otherwise
stated. All experiments were conducted under licence from the
Government of the Hong Kong SAR and the Animal
Experimentation Ethics Committee of The Chinese University
of Hong Kong.

Drug Formulation
Cisplatin (Merck, St. Louis, United States) was dissolved in
acidified saline (154 mM NaCl, adjusted to pH 4.0 with 0.1 N
HCl) with a final dose of 30 mg/kg (i.p., 10 ml/kg). The selection
of 30 mg/kg is able to induce acute and delayed emesis reliably in
S. murinus based on our previous studies (Sam et al., 2003; Chan
et al., 2014).

MEA
Electrical recordings were performed using an MEA, as
previously described (Liu et al., 2019). In brief, intact full-
thickness tissue segments of the antrum, duodenum, ileum and
colon were isolated from the adult male shrews (55–75 g) and
incubated in Kreb’s medium (in mM: NaCl, 115; KCl, 4.7;
KH2PO4, 1.2; MgSO4.7H2O, 1.2; CaCl2.2H2O, 2.5; glucose, 10;
NaHCO3, 25; sparged with 95%/5% oxygen/carbon dioxide.
Tissue contents were washed out with Kreb’s medium via small
openings at the fundus and at the pyloric sphincter of the
stomach, or at the end of intestinal segments. Nifedipine
(1 μM, Merck) was used to reduce smooth-muscle

movements. An antrum segment was aligned facing the
electrodes of an MEA60 chip (Ayanda Boisystems S.A.), or
a 1-cm length of an intestinal segment was aligned with the
lumen sitting horizontally across the MEA60 electrode
recording area. The MEA60 chip consists of sixty 3-D tip-
shaped microelectrodes of 30 µm diameter and 200 µm inter-
electrode distance. The signals were recorded, digitised and
amplified using an MEA1060 1200x (Multichannel Systems,
Germany). The internal filter was customized to 0.05–3,000 Hz
to fit the purpose of slow wave recordings. The temperature
was maintained at 37.0°C. Pacemaker potentials were recorded
at a sampling frequency of 1,000 Hz. This sampling frequency
was considered enough to catch the pacemaker frequency at
<1 Hz where aliasing artefact did not significantly alter the
final signal shape. Raw data was directly recorded and saved
without applying further filters using MC_Rack V4.6.2
(Multichannel Systems, Germany). The isolated GI tissues
were tested separately using a randomized protocol to either
1 μM or 10 μM of cisplatin after 5 min baseline recordings,
followed by another 7 min of post-drug administration
recordings. No tissue was used more than once.

In other experiments, 20 adult male shrews (65–90 g) were
treated with cisplatin (i.p., 30 mg/kg, n � 10) or saline vehicle (n �
10), and 90-min later were sacrificed by carbon dioxide
asphyxiation. Tissues were collected and treated using a
similar approach to that described above, and the baseline
slow-wave signals of the tissues were then recorded for 5 min.

Implantation of Radiotelemetry
Transmitters
The surgical procedures were as described in our previous studies
(Percie du Sert et al., 2010). In brief, animals were fasted
overnight, injected with buprenorphine (Temgesic; 0.05 mg/kg,
subcutaneous [s.c.]; Schering Plough, Welwyn Garden City,
United Kingdom), anaesthetised with ketamine (20 mg/kg,
intramuscular [i.m.]; Alfasan, Holland) and xylazine (3 mg/kg,
i.m.; Alfasan, Holland), and maintained under anaesthesia with
3% isoflurane (Halocarbon Products Corporation, United States)
in a 3:1 ratio of O2 to N2O using an anaesthetic machine
(Narkomed 2C, Drager, United States). Following a midline
abdominal incision, the distal stomach was exposed. Two
biopotential wires of an HD-X11 transmitter (Data Sciences,
Inc., United States) were inserted into the serosal wall of the
antrum, and its catheter was inserted into the cervical artery up to
a length of approximately 1.8 cm. A 1- × 1-cm piece of sterile
gauze was placed over the catheter’s entry-point and fixed with a
drop of tissue glue. The body of the transmitter was placed
subcutaneously on the dorsal aspect of the animal. The
abdominal cavity was closed using a continuous suture for the
muscle layer and a discontinuous suture for the skin, and the
initial incision was sprayed with a permeable spray dressing
(Opsite, Smith and Nephew, United Kingdom). After surgery,
all animals were administered marbofloxacin (Marbocyl,
2 mg/kg, s.c.) once per day for 3 days, and buprenorphine
(0.05 mg/kg, s.c.) 12 h after the first dose. The animals were
allowed 7 days to recover from these surgical procedures.
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Experimental Protocol
At approximately 9:00 am, the shrews were placed into a
transparent Perspex whole-body plethysmography chamber
(diameter, 19.1 cm; height, 14 cm; volume, 4,014.83 cm3;
Data Sciences, Inc., United States) in which the airflow at
2.5 L/min was provided by a bias flow generator (Data
Sciences, Inc., United States) and food and water were
available ad libitum. After a 24-h period of baseline
recordings, the animals were treated with cisplatin
(30 mg/kg, i.p.) and then subjected to a 72-h period of
recordings. Telemetric and respiratory data were acquired
throughout the entire recording period. Emesis data were
recorded for 72 h after cisplatin treatment via a video system
(Panasonic WV-PC-240, China), and body weight and food
and water intake were measured at 24-h intervals. All animals
were terminated at 72 h by CO2 asphyxiation.

Histological Studies
After the animals were sacrificed by CO2 asphyxiation, the
antrum region of the stomach was collected and fixed in 4%
paraformaldehyde, dehydrated and embedded in paraffin, and
then divided into 6-µm sections. These sections were stained with
haematoxylin and eosin (H&E), and then morphologically
examined under a microscope (Carl Zeiss Axiophot 2 Upright
Microscope, Carl Zeiss Inc., Thornwood, United States).
Microscopy images were captured using a digital camera
(Q-Imaging digital Camera).

For immunohistochemistry staining, the paraffin-
embedded sections were deparaffinised, rehydrated, and
then placed in 0.3% H2O2 for 10 min to block endogenous
peroxidase activity. The sections were then washed with three
successive volumes of phosphate-buffered saline (PBS).
Antigen retrieval was conducted in a citrate buffer with a
PH value of 6.0 at 95°C for at least 20 min (PT Module™,
ThermoFisher, United States). Non-specific binding sites
were blocked with 5% bovine serum albumin solution, and
then CD45 and c-kit antibodies were added at a working
concentration of 0.25 μg/ml (#13917, Cell Signaling
Technology, United States) and 1.28 μg/ml (#3074, Cell
Signaling Technology, United States), respectively, and the
resulting mixtures left overnight at 4°C. The slides were then
removed from their respective solutions, washed with PBS for
3 times, and then incubated with a secondary antibody for 2 h
at room temperature. Next, the slides were developed with a
3,3′-Diaminobenzidine Substrate Kit (SK-4100, Vector
Laboratories, California, United States) for 5 min, and then
counterstained with haematoxylin. Stained slides were
examined under a microscope, and the number of positive
cells in each captured image were counted using ImageJ 1.51
(National Institutes of Health, Bethesda, MD, United States).

Data Acquisition and Analysis
MEA Analysis
Raw data were recorded using MC_Rack, V4.6.2
(Multichannel Systems, Germany) and imported into Spike
2® (Version 8.1, Cambridge Electronic Design,
United Kingdom) for temporal analysis and into MATLAB

(2016a, MathWorks) for spatial-temporal analysis, as
previously described (Liu et al., 2019). In brief, a second-
order Butterworth lowpass IIR filter at 100 Hz was applied to
the raw data, which was then down-sampled to 100 Hz. A
bandpass filter 0.05–0.5 Hz was furthered applied to down-
sampled data. The DF was defined as the frequency with the
highest power following a fast Fourier transform (FFT) -
based (1,024-sample Hann window) spectrum analysis. The
power spectrum was divided into brady-rhythm range
frequencies [2 cycles per minute (cpm) to (DF − 1) cpm],
normal-rhythm range frequencies [(DF ± 1) cpm], tachy-
rhythm range frequencies [(DF + 1) cpm to 40 cpm] and out-
of-range frequencies [(<2 cpm) and (>40 cpm)]. The average
period of waveforms was derived by averaging the periods of
all waveforms (or peak events) that were identified. The
propagating velocity was defined by the movement of the
same peak event horizontally/vertically across the MEA, as
previously described (Liu et al., 2019).

Radiotelemetry
GMA data were initially analysed using Spike2 (Version 8.1,
Cambridge Electronic Design, United Kingdom), using
methods previously developed by our laboratory (Percie du
Sert et al., 2010; Tu et al., 2017a). In brief, gastric slow-waves
were recorded at a sampling frequency of 1,000 Hz, and were
then filtered in several steps to a 0.03–0.5 Hz (2–30 cpm)
window, and subsequently down-sampled to 10.24 Hz to
remove cardiac and respiratory signals and low-frequency
artefacts (such as movement). FFTs (2,048-sample Hann
window) were computed for successive 10-min sections of
the data. The following parameters were used to characterise
the GMA data: DF – the frequency bin with the highest power
in the 2–24 cpm range; DP – the highest power in the 2–24
cpm range; and the repartition of power in bradygastric
(2–DF-2 cpm), normal (DF-2–DF + 2 cpm) and
tachygastric (DF + 2–24 cpm) ranges (i.e. bradygastria,
normogastria and tachygastria). All data collected by
radiotelemetry, including body temperature data, were
averages of data recorded every 10 min.

We also used advanced analytical techniques to examine the
structure of slow waves. Thus, multifractal detrended fluctuation
analysis (MFDFA) was used to obtain singularity spectra (α)
(Kantelhardt et al., 2002), as a multifractal spectrum identifies the
deviation in fractal structure over time by comparing large and
small fluctuations (Ihlen, 2012). Generally, the multifractal
spectra [plot f(α) vs. α] of signals with multifractal
organisation have a concave-downward curvature. The width
(α � α max–α min) of singularity spectra can be used to
characterise the spectra, as a measure of the complexity of the
multifractal process. We used Spike2 with custom scripts to
perform MFDFA. The code for MFDFA in the Spike2
software was provided in the Supplementary Material.

Respiration
Compensated whole-body plethysmography (500-05RevA,
Data Sciences, Inc., United States) has been used in studies
of respiratory functions implicated in emesis in S. murinus
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(Tu et al., 2017a). In brief, the system we used consisted of
two transparent chambers, each equipped with a Validyne
pressure transducer (600–900 mmHg), a temperature sensor
(0–100°C), and a humidity sensor (0–100%). All channel
signals from the two chambers were collected using an
ACQ7700 Carrier and a UniversalXE Signal Conditioner
connected to a Micro 1401 data acquisition unit
(Cambridge Electronic Design, United Kingdom). Signals
were thereafter acquired and analysed using Spike2. As
body temperature is required for calculating respiratory
tidal volume, the real-time body temperature data from the
telemetry transmitters were calculated using offline
processing software [Microsoft Excel 2010 (v14.0,
United States )].

Analysis of Emetic Data Using Burst Analysis
Burst analysis of emetic data was as previously performed in
studies of emesis in S. murinus (Tu et al., 2017a). In brief, six
parameters were defined to enable automated burst analysis
using Spike2: the events per episode, the mean inter-event
duration, the mean retch/vomit frequency, episode duration,
the interval between episodes (the time between the end of the
most recent episode to the onset of the next episode) and the
cycles between episodes (the time between the onset of the
most recent episode to the onset of the next episode).

Statistical Analyses
All statistical analyses were performed using GraphPad Prism
version 7 (GraphPad Prism version 7.0, Inc. California,
United States). Differences in food and water
consumption, body weight, mean arterial BP, HR, HRV,
core body temperature, GMA and Δα between baseline and
post-cisplatin injection in saline groups were assessed using a
one-way analysis of variance (ANOVA), followed by
Bonferroni’s multiple comparison tests, or by paired
Student’s t-tests, as appropriate. Differences in the MEA
data were assessed using paired t-tests to compare the
baseline and the post-drug recordings. All data from the in
vivo studies are expressed as means ± standard errors of the
means (SEMs), while data from the MEA analysis are
expressed as means ± standard deviations (SDs).
Differences were considered statistically significant at
p < 0.05.

RESULTS

Effects of Acute Cisplatin Treatment on
Slow Waves in the Gastrointestinal Tract of
S. murinus
Acute in vitro Effects of Acute Cisplatin Treatment on
the DF
Treatment with 10 μM cisplatin significantly increased the DF in
the stomach (from 5.8 ± 6–6.6 ± 1.0 cpm; p < 0.01, n � 14) and in
the colon (from 24.6 ± 0.9–26.8 ± 1.0 cpm; p < 0.001, n � 7), but
treatment with 1 μM cisplatin did not significantly affect the DF
in the stomach (p > 0.05, n � 13) or colon (p > 0.05, n � 6) (Tables
1, 2). Treatment with 10 μM cisplatin had a different effect on the
duodenum, as it significantly decreased the DF (from 26.2 ± 1.5 to
24.6 ± 1.4 cpm; p < 0.05, n � 8), but treatment with 1 μM cisplatin
had no effect (p > 0.05, n � 6). Cisplatin (1–10 μM) had no effect
on the DF in the ileum (1 μM, p > 0.05, n � 6; 10 μM, p > 0.05, n �
9) (Tables 1, 2).

In relative terms, treatment with cisplatin (1–10 μM) increased
the DF of pacemaker potentials in the antrum (1 μM: 62%
increase, 15% no change, 23% decrease, n � 13; 10 μM: 79%
increase, 0% no change, 21% decrease, n � 14) and colon (1 μM:
33% increase, 17% no change, 50% decrease, n � 7; 10 μM: 100%
increase, 0% no change, 0% decrease, n � 6), but decreased the DF
of pacemaker potentials in the duodenum (1 μM: 33% increase,
17% no change, 50% decrease, n � 6; 10 μM: 13% increase, 0% no
change, 88% decrease, n � 8) and ileum (1 μM: 0% increase, 17%
no change, 83% decrease, n � 6; 10 μM: 11% increase, 33% no
change, 56% decrease, n � 9). Representative raw traces of
pacemaker potentials at baseline and during cisplatin
treatment were shown in Supplementary Figure S1.

Acute In Vitro Effects of Acute Cisplatin Treatment on
Average Period of Waveforms
Cisplatin (1–10 μM) significantly increased the average period of
waveforms in the ileum, from 2.4 ± 0.2–2.6 ± 0.2 s (1 μM, p < 0.05,
n � 6), and from 2.4 ± 0.1–2.8 ± 0.3 s (10 μM, p < 0.01, n � 9)
(Tables 1, 2). Cisplatin at 10 μM significantly increased the
average period of waveforms in the duodenum from 2.3 ±
0.1–2.5 ± 0.2 s (p < 0.05, n � 8), but no significant differences
were found after 1 μM treatment (p > 0.05, n � 6) (Tables 1, 2).
Cisplatin at 1 μM significantly increased the average period of

TABLE 1 | Effect of cisplatin (1 μM) on the dominant frequency (DF), average period and propagating velocity, compared to baseline.

DF (cpm) Average period (s) Propagating velocity (mm s−1) Number of
repeats (n)Baseline Cisplatin (1 μM) Baseline Cisplatin (1 μM) Baseline Cisplatin (1 μM)

Stomach 7.6 ± 1.6 7.6 ± 2.3 4.9 ± 0.7 4.7 ± 0.7 19.9 ± 17.7 9.4 ± 9.0 13
Duodenum 26.6 ± 2.2 25.6 ± 1.3 2.3 ± 0.2 2.0 ± 0.4 35.0 ± 27.3 39.4 ± 27.6 6
Ileum 25.9 ± 2.9 21.9 ± 5.9 2.4 ± 0.2 2.6 ± 0.2* 10.0 ± 11.2 9.3 ± 9.3 6
Colon 25.2 ± 1.2 24.9 ± 1.3 2.4 ± 0.2 2.7 ± 0.2* 3.1 ± 0.3 3.9 ± 0.7 6

Data are mean values ± standard deviations. Significant differences relative to the baseline are indicated as * p < 0.05, ** p < 0.01 or p < 0.001 (paired t-tests).
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waveforms in the colon from 2.4 ± 0.2–2.7 ± 0.2 s (p < 0.05, n � 6),
but no significant differences were found after 10 μM treatment
(p > 0.05, n � 7) (Tables 1, 2). In the stomach, cisplatin (1–10 μM)
did not change the average period of waveforms (1 μM, p > 0.05,
n � 13; 10 μM, p > 0.05, n � 14) (Tables 1, 2).

Acute In Vitro Effects of Acute Cisplatin Treatment on
Propagating Velocity
Cisplatin at 10 μM significantly increased the propagating
velocity in the duodenum (from 36.1 ± 28.0–75.4 ± 53.9 mm
s−1, p < 0.05, n � 8), but reduced the propagating velocity in the
colon (from 8.6 ± 4.4–5.3 ± 3.5 mm s−1, p < 0.05, n � 7). However,
no significant differences in the propagating velocity were found
after 1 μM treatment in either the duodenum (p > 0.05, n � 6) or
colon (p > 0.05, n � 6) (Tables 1, 2). In the stomach and ileum,
cisplatin (1–10 μM) did not change the propagating velocity
(stomach: 1 μM, p > 0.05, n � 13; 10 μM, p > 0.05, n � 14;
ileum: 1 μM, p > 0.05, n � 6; 10 μM, p > 0.05, n � 9) (Tables 1, 2).

Acute In Vitro Effects of Acute Cisplatin Treatment on
Frequency Distributions
Analysing the power spectrum of pacemaking potentials reveals
the drug-induced changes in the pacing or rhythm of the
gastrointestinal tract. The DF was defined by the basal
recordings for each separate experiment and was
approximately 6–8 cpm in the stomach and 21–27 cpm in the
intestines (Figure 1A).

In the stomach, cisplatin (1–10 μM) did not change the
percentage of brady-rhythm range frequencies, but
significantly increased the percentage of tachy-rhythm
range frequencies (from 38.1 ± 11.1% to 44.1 ± 12.0% at
1 μM, p < 0.001, n � 13 and from 23.0 ± 13.5% to 36.5 ± 12.1%
at 10 μM, p < 0.05, n � 14). It also caused a significant decrease
in the percentage of normal-rhythm range frequencies from
45.5–4.3 to 39.0 ± 8.1% at 1 μM (p < 0.01, n � 13) and from
67.0 ± 17.1%–43.6 ± 20.4% at 10 μM (p < 0.05, n � 14)
(Figure 1B). In the duodenum, cisplatin (1–10 μM) did not
change the percentage of tachy-rhythm range frequencies,
but significantly increased the percentage of brady-rhythm
range frequencies from 21.4 ± 16.3% to 57.5 ± 31.5% at 1 μM
(p < 0.05, n � 6) and from 29.3 ± 12.1% to 61.8 ± 25.3% at
10 μM (p < 0.01, n � 8). It also caused a significant decrease in
the percentage of normal-rhythm range frequencies (from
68.9 ± 18.2 to 32.9 ± 21.3% at 1 μM, p < 0.05, n � 6 and from
68.8 ± 12.0% to 35.0 ± 23.7% at 10 μM, p < 0.01, n � 8)
(Figure 1B). In the ileum, cisplatin (1–10 μM) did not change

the percentage of tachy-rhythm range frequencies, but
significantly increased the percentage of brady-rhythm
range frequencies (from 24.6 ± 11.9% to 66.2 ± 22.4% at
1 μM, p < 0.01, n � 6 and from 24.1 ± 9.9% to 60.4 ± 28.4% at
10 μM, p < 0.01, n � 9). It also caused a significant decrease in
the percentage of normal-rhythm range frequencies (from
70.4 ± 12.5 to 30.8 ± 22.1% at 1 μM, p < 0.01, n � 6 and from
71.8 ± 9.5% to 33.1 ± 30.0% at 10 μM, p < 0.01, n � 9)
(Figure 1B). In the colon, cisplatin at 1 μM significantly
decreased the percentage of normal-rhythm range
frequencies (from 64.3.4 ± 14.3 to 41.1 ± 26.1%, p < 0.05,
n � 6), but did not change the percentage of tachy-rhythm and
brady-rhythm range frequencies, whereas cisplatin at 10 μM
significantly increased the percentage of tachy-rhythm range
frequencies (from 2.6 ± 3.2 to 45.7 ± 23.2%, p < 0.01, n � 7)
and also caused a significant decrease in the percentage of
normal-rhythm range frequencies (from 76.2 ± 3.8 to 33.8 ±
23.3%, p < 0.01, n � 7) (Figure 1B).

Acute In Vitro Effects of Acute Cisplatin Treatment on
Wave Propagation
Spatiotemporal analysis of the MEA data revealed that cisplatin
(1–10 μM) increased the propagating velocity in the duodenum
and ileum, but decreased the propagating velocity in the stomach
and colon (Figure 2A). Thus, cisplatin (1–10 μM) decreased the
time taken for a wavefront to move across the array of electrodes
(red to blue) in the duodenum and ileum, but increased the time
taken for a wavefront to move across this array in the stomach
(10 μM) and colon (1–10 μM) (Figure 2A).

Effect of Cisplatin Assessed Ex Vivo at
90min
Compared with S. murinus treated with a vehicle control,
those treated with cisplatin (30 mg/kg, intraperitoneal) for
90 min had a significantly lower DF in the ileum (vehicle:
25.3 ± 2.0 cpm vs. cisplatin: 19.7 ± 1.7 cpm; p < 0.001, n � 10),
but treatment effects on the stomach (vehicle: 8.1 ± 1.3 cpm
vs. cisplatin: 7.7 ± 1.2 cpm), duodenum (vehicle: 22.7 ± 5.0
cpm vs. cisplatin: 19.6 ± 3.5 cpm) and colon (vehicle: 26.3 ±
5.3 cpm vs. cisplatin: 17.9 ± 5.6 cpm) were not significant (p >
0.05, n � 10) (Figure 2B). Cisplatin also significantly
increased the period of waveforms in the ileum (vehicle:
2.6 ± 0.3 s vs. cisplatin: 3.3 ± 0.3 s) and colon (vehicle:
2.5 ± 0.3 s vs. cisplatin: 3.2 ± 0.3 s) compared to a vehicle
control (p < 0.001, n � 10), but treatment effects on the

TABLE 2 | Effect of cisplatin (10 μM) on the dominant frequency (DF), average period and propagating velocity, compared to baseline.

DF (cpm) Average period (s) Propagating velocity (mm s−1) Number of
repeats (n)Baseline Cisplatin (10 μM) Baseline Cisplatin (10 μM) Baseline Cisplatin (10 μM)

Stomach 5.8 ± 0.6 6.6 ± 1.0** 4.6 ± 0.4 4.4 ± 0.4 3.9 ± 5.2 4.2 ± 3.4 14
Duodenum 26.2 ± 1.5 24.6 ± 1.4* 2.3 ± 0.1 2.5 ± 0.2* 36.1 ± 28.0 75.4 ± 53.9* 8
Ileum 24.6 ± 1.6 22.4 ± 4.2 2.4 ± 0.1 2.8 ± 0.3** 29.9 ± 19.1 24.4 ± 34.7 9
Colon 24.6 ± 0.9 26.8 ± 1.0*** 2.4 ± 0.1 2.4 ± 0.1 8.6 ± 4.4 5.3 ± 3.5* 7

Data are mean values ± standard deviations. Significant differences relative to the baseline are indicated as * p < 0.05, ** p < 0.01 or p < 0.001 (paired t-tests).
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stomach (vehicle: 6.3 ± 0.8 s vs. cisplatin: 7.6 ± 0.8 s) and
duodenum (vehicle: 3.2 ± 0.9 s vs. cisplatin: 3.8 ± 0.7 s) were
not significant (p > 0.05, n � 10) (Figure 2B).

In Vivo Effect of Cisplatin on Emesis, Body
Weight, and Food and Water Intake
Cisplatin treatment (30 mg/kg, i.p.) induced emesis in all
animals (n � 7) with a median latency of 45.1 min, while

animals treated with vehicle (n � 8) did not exhibit emesis
during the 72-h observation period. During the acute phase of
emesis (0–24 h), cisplatin induced ∼13 episodes of emesis that
comprised ∼88 retches and vomits. Moreover, ∼two and three
episodes of emesis, comprising ∼17 and ∼25 retches and
vomits, were observed during the 24–48-h and 48–72-h
periods, respectively. The profile of cisplatin- and vehicle-
induced retching + vomiting is shown in Supplementary
Figure S2.

FIGURE 1 | Acute In vitro effects of cisplatin on pacemaking potentials in the gastrointestinal tract of Suncus murinus. (A) A representative power spectrum of the
(upper) stomach or (lower) intestinal segment in S. murinus. The power distribution was defined as brady-rhythm range frequencies [2 cpm to (dominant frequency
(DF)) − 1)]; normal-rhythm range frequencies [(DF − 1) to (DF + 1)]; tachy-rhythm range frequencies [(DF + 1) to 40 cpm]; and out-of-range frequencies [(<2 cpm) and (>40
cpm)]. (B) Graphs showing the effect of cisplatin (1–10 μM) on the percentage of each range in the power spectrum in the stomach (1 μM: n � 13; 10 μM: n � 14),
duodenum (1 μM: n � 6; 10 μM: n � 8), ileum (1 μM: n � 6; 10 μM: n � 9) and colon (1 μM: n � 7; 10 μM: n � 6). Data are mean values ± standard deviations. Significant
differences relative to the baseline are indicated as *p < 0.05, **p < 0.01 or ***p < 0.001 (paired t-tests).
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Cisplatin caused a significant reduction in body weight during
the 48–72-h period after treatment (−24–0 h vs. 48–72 h: 69.1 vs.
59.2 g, p < 0.01) (Table 3). Compared with baseline measurements
at −24–0 h (102.1 g/kg), a decrease in food intake was observed
after treatment with cisplatin during the 0–24-h (48.7 g/kg, p <
0.001), 24–48-h (59.0 g/kg, p < 0.01) and 48–72-h (30.2 g/kg, p <
0.001) periods (Table 3). Additionally, in comparison with baseline
measurements at −24–0 h (223.7 ml/kg), animals treated with
cisplatin had a significantly lower water intake during the 0–24-
h (96.0 ml/kg, p < 0.001), 24–48-h (126.3 g/kg, p < 0.001) and
48–72-h (105.0 ml/kg, p < 0.001) periods (Table 3). While vehicle

treatment did not modify the animals’ body weight or eating or
drinking behaviour (p > 0.05) (Table 3).

In Vivo Effect of Cisplatin on GMA and Body
Temperature
Prior to randomisation to different treatment groups, the baseline
GMA recordings (-24–0 h) revealed a DF of 12.6 ± 0.7 cpm
concomitant with a DP of 2.6 × 10-3 ± 1.7 × 10-3 mV2, where
48.4 ± 3.0% of power was in the bradygastric range, 32.0 ± 3.7% of
power was in the normogastric range, and 13.1 ± 1.1% of power

FIGURE 2 | (A) Diagram showing representative activation maps indicating the spread of slow waves (red to blue) over time. Propagation became faster in the
duodenum, but became slower in the colon or stomach following cisplatin (1–10 μM). The same peak events are labelled with red dots (plus green dots in stomach) and
aligned vertically and separated by time across a horizontal/vertical array of eight electrodes. The raw traces of the stomach represent 60 s of data, while the raw traces of
the duodenum, ileum and colon represent 8 s of data. (B) In vivo effects of cisplatin treatment (30 mg/kg, i.p.) at 90 min. Slow-wave signals were measured using
microelectrode array techniques. Data are means ± standard deviations. Significant differences relative to the baseline are indicated as ***p < 0.001 (unpaired t-tests). D:
duodenum; I, ileum; C, colon; S, stomach.

TABLE 3 | Effect of vehicle or cisplatin (30 mg/kg, intraperitoneal) on the body weight and food and water intake of Suncus murinus.

Body weight (g) Food Intake (g·kg−1) Water Intake (ml·kg−1)

Vehicle Cisplatin Vehicle Cisplatin Vehicle Cisplatin

-24–0 h 70.1 ± 1.6 69.1 ± 1.7 95.2 ± 4.8 102.1 ± 9.5 199.6 ± 14.1 223.7 ± 3.3
0–24 h 69.9 ± 1.7 64.5 ± 1.9 94.9 ± 7.0 48.7 ± 10.0***### 203.2 ± 16.0 96.0 ± 7.7***###

24–48 h 69.9 ± 2.4 63.3 ± 1.7 92.1 ± 6.6 59.0 ± 7.8*## 180.5 ± 11.2 126.3 ± 17.4###

48–72 h 70.8 ± 2.2 59.2 ± 2.0***## 101.4 ± 4.6 30.2 ± 13.8***### 184.5 ± 16.2 105.0 ± 17.8***###

Data aremeans ± standard errors of themean for 7 – 8 animals. Significant differences relative to the baseline (-24–0 h) for each group are shown as ## p < 0.01 or ###p < 0.001; Significant
differences between cisplatin and vehicle groups are shown as * p < 0.05, **p < 0.01 or ***p < 0.001 (two-way analysis of variance, followed by Bonferroni tests).
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was in the tachygastric range (pooled data, n � 15). Compared
with animals treated with vehicle, those treated with cisplatin
showed a significant reduction in the DF during the 0–24-h
(13.76 vs. 10.30 cpm, p < 0.05), 24–48-h (13.85 vs. 8.94 cpm, p <
0.001) and 48–72 h (14.05 vs. 8.63 cpm, p < 0.001) periods
(Figures 3A,B). Moreover, cisplatin caused a significant
increase in the power of the bradygastric range during the
0–24-h (40.91 vs. 60.23%, p < 0.05), 24–48-h (42.17 vs.
63.78%, p < 0.001) and 48–72-h (43.15 vs. 64.56%, p < 0.001)
periods (Figures 3E,F). In contrast, a non -significant reduction
in the power in the normogastric range was observed in cisplatin-
treated animals during the 0–24-h (39.41 vs. 23.53%, p � 0.14),
24–48-h (37.90 vs. 19.86%, p � 0.07) and 48–72-h (33.90 vs.
18.52%, p � 0.16) periods (Figures 3G,H). Neither vehicle nor
cisplatin modified the DP or power in the tachygastric range
during the 72-h observation period after treatment (Figures
3C,D, 3I,J). A representative running spectrum analysis (RSA)
of the GMA of one saline- and one cisplatin-treated animal is
shown in Figure 4.

The MFDFA analysis of GMA did not reveal significant
differences between the width of the singularity strength Δα in
animals treated with cisplatin or vehicle during the 72-h
observation period (p > 0.05) (Supplementary Figure S3C).
Representative multifractal spectrum graphs of a cisplatin-
treated animal are shown in Supplementary Figures S3A,B.

Analysis of data around and during cisplatin-induced emetic
episodes revealed a significant increase of DF before emetic events
(7.95 vs. 12.08, p < 0.01) in comparison with baseline
(Supplementary Figure S4A). Moreover, a 98% increase
before emesis, and an 85% increase after emesis in the %
power of tachygastria were observed (p < 0.05)
(Supplementary Figure S4D), without affecting of the %
power of bradygastria or normogastria (p > 0.05) when
compared to baseline (Supplementary Figures S4B,C).

The radiotelemetric recording revealed a body temperature of
35.4 ± 0.1°C during the baseline (-24–0 h) period (pooled data,
n � 15). Compared with animals treated with vehicle, those
treated with cisplatin showed a significant decrease body
temperature during the 0–24-h (35.35 vs. 34.55°C, p < 0.01),
24–48-h (35.30 vs. 34.21°C, p < 0.001) and 48–72-h (35.24 vs.
33.65°C, p < 0.001) post-treatment periods (Figures 3K,L).
Animals treated with vehicle had a relatively stable body
temperature throughout the entire experiment.

In Vivo Effects of Cisplatin on
Cardiovascular Homeostasis
During baseline recordings (-24–0 h), the animals’ mean
arterial BP was 101.6 ± 3.9 mmHg (systolic BP 123 ±
3.7 mmHg; diastolic BP 90.7 ± 4.9 mmHg; pooled data, n �
6), and their HR and HRV were 332.3 ± 33.6 bpm and 0.053 ±
0.013, respectively (pooled data, n � 6). Compared with
treatment with vehicle, treatment with cisplatin caused a
significant reduction in the systolic BP during the 0–24-h
(130.04 vs. 111.23 mmHg, p < 0.01), 24–48-h (130.53 vs.
107.38 mmHg, p < 0.01) and 48–72-h (127.20 vs.
111.17 mmHg, p < 0.05) post-treatment periods (Figures

FIGURE 3 | Effect of cisplatin (30 mg/kg, intraperitoneal) on gastric
myoelectric activity in Suncus murinus. (A) The dominant frequency (DF); (B) the
change in the DF averaged over 24 h; (C) the dominant power (DP); (D) the
change in theDP averaged over 24 h; (E)bradygastria (%); (F) the change in
bradygastria averaged over 24 h; (G) normogastria (%); (H) the change in
normogastria averaged over 24 h; (I) tachygastria (%); (J) the change in
tachygastria averaged over 24 h; (K) body temperature; and (L) the change in
body temperature averaged over 24 h cpm � cycles per min. Data are means ±
standard errors of the mean for n � 7 – 8 animals. Significant differences relative
to baseline (-24–0 h) in the groups are shown as # p < 0.05, ## p < 0.01,
###p < 0.001 [two-way analysis of variance (ANOVA) followed byBonferroni tests].
Significant differences between cisplatin and saline groups are shown as * p <
0.05, **p < 0.01 or ***p < 0.001 (two-way ANOVA followed by Bonferroni tests).
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5A,B), as well as a significant reduction in the mean arterial BP
during the 0–24-h (106.40 vs. 92.31 mmHg, p < 0.05), 24–48-h
(105.61 vs. 86.93 mmHg, p < 0.01) and 48–72 h (101.99 vs.
89.17 mmHg, p < 0.05) post-treatment periods (Figures 5E,F).
Moreover, treatment with cisplatin led to a decrease in
diastolic BP during the 24–48-h (93.15 vs. 76.70 mmHg, p <
0.05) and 48–72-h (89.37 vs. 78.17 mmHg, p < 0.05) post-
treatment periods (Figures 5C,D), as well as a decrease in HR
during the 24–48-h (374.60 vs. 327.46 bpm, p < 0.05) and
48–72-h (374.60 vs. 315.78 bpm, p < 0.01) post-treatment
periods (Figures 5G,H). Neither vehicle nor cisplatin
treatment had an effect on HRV throughout the
experiments (p > 0.05) (Figures 5I,J).

In Vivo Effects of Cisplatin on Respiratory
Activity
Prior to randomisation to different treatment groups, the basal data
revealed that the animals’ respiratory rate was 236.9 ± 9.1 bpm,
respiratory rate viability was 0.19 ± 0.01, tidal volume was 0.41 ±
0.01ml, inspiration time was 0.11 ± 0.002 s and inspiration flow
was 0.60 ± 0.02 ml/s (pooled data, n � 15). There were no
significant differences in any of these parameters
(i.e., respiratory rate and viability, tidal volume, inspiration time
and inspiration flow) between the vehicle control and cisplatin
treatment groups during the 24-h baseline period. However,
compared with baseline, cisplatin treatment caused a significant
reduction in the respiratory rate during the 0–24-h (251.14 vs.
206.56 cpm, p < 0.01), 24–48-h (251.14 vs. 205.14 cpm, p < 0.01)
and 48–72-h (251.14 vs. 211.27 cpm, p < 0.01) post-treatment
periods (Figures 6A,B). Moreover, cisplatin treatment also
induced a significant increase in inspiration time during the
24–48-h post-treatment period (0.107 vs. 0.121 s, p < 0.05)
(Figures 6G,H). Vehicle treatment had no effect on respiratory
activity throughout the entire experiment (p > 0.05).

Analysis of Emetic Data Using Burst
Analysis
No significant differences were found in emetic patterns between
the events occurring in the 0–24-h, 24–48-h, 48–72-h, and 0–72-h
post-treatment periods. Thus, the events/episode, the mean retch
+ vomit frequency, the emetic episode duration, the intervals
between episodes, and the cycles between episodes were fairly
consistent (Figures 7A–F).

Effects of Cisplatin on Morphology and
CD45 and c-Kit Expression in the Antrum
Region of the Stomach
We examined the general morphology of the antrum region of the
stomach by microscopic analysis of H&E-stained tissue. The
gastric antrum (the mucosa, submucosa, circular layer and
longitudinal layers) of saline-treated animals appeared normal.
Cisplatin treatment did not modify the morphology of the
antrum (Figure 8A). However, a suspected gastric parietal
hyperplasia was observed in some sections of cisplatin-treated
animals. Immunohistochemistry analysis showed that in
comparison with vehicle treatment, cisplatin treatment caused
a reduction in c-kit-positive cells (25.0 vs. 35.8 per section, p <
0.01) (Figure 8B) and a significant increase in CD45-positive cells
(93.4 vs. 25.1 per section, p < 0.001) (Figure 8C) in the antrum
region of the stomach.

DISCUSSION

The present investigation was the first to use radiotelemetry to
collect GMA data, core body temperature, cardiovascular activity
data, and respiratory activity data in a single experiment to
examine the side effects of cisplatin in S. murinus. We also
used an MEA technique to characterise the acute in intro and

FIGURE 4 | Running spectrum analysis of gastric myoelectric activity in vehicle- (A) and cisplatin-treated (B) Suncus murinus. This cisplatin-treated animal
exhibited emesis after a latency of 37.3 min, and it had 12 and 7 episodes of emesis during the 0–24 h and 24–72 h periods, respectively. Note the decrease in the DF
following cisplatin administration. Red arrows indicate where emetic events occurred after treatment with cisplatin.
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FIGURE 5 | Effect of cisplatin (30 mg/kg, intraperitoneal) on cardiovascular homeostasis in Suncus murinus. (A) Systolic blood pressure (BP); (B) change in systolic
BP averaged over 24 h; (C) diastolic BP; (D) change in diastolic BP averaged over 24 h; (E) mean arterial BP; (F) change in mean arterial BP averaged over 24 h; (G)
heart rate (HR); (H) change in HR averaged over 24 h; (I) heart rate viability (HRV); (J) change in HRV averaged over 24 h. Data are means ± standard errors of the mean
for three animals. Significant differences relative to baseline (−24–0 h) of each group are shown as # p < 0.05 or ## p < 0.01 (two-way analysis of variance, followed
by Bonferroni tests). Significant difference between the two groups are shown as *p < 0.05 or **p < 0.01 (two-way ANOVA followed by Bonferroni tests).
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ex vivo effects of cisplatin on pacemaker activity along the
gastrointestinal tract of S. murinus.

We found that cisplatin (1–10 μM) had acute (within
minutes) region-dependent effects on the pacemaking
activity along the gastrointestinal tract of S. murinus. The

stomach and colon responded to cisplatin treatment in an
opposite fashion to the duodenum and ileum, as cisplatin
(10 μM) increased the DF in the stomach and colon, but
decreased the DF in the duodenum and ileum. Changes in the
DF appeared to inversely correlate with changes in the
propagating velocity. For example, in the colon, cisplatin
(10 μM) significantly increased the DF and simultaneously
decreased the propagating velocity. How these changes in
electrical pacemaking signals physiologically affect gut
motility remains unknown, but the rapid development of
regional differences is intriguing. Cisplatin may have been
more rapidly concentrated in the duodenum and ileum than
in the stomach and colon, because of the difference between
the cell types in these areas; if this is the case, this may be part
of a mechanism contributing to emesis. We suggest that the
cisplatin-induced acute dysrhythmia that we observed
in vitro may increase over the long term and may
contribute to the mechanisms of emesis and changes in
gastric function observed in cancer patients treated with
cisplatin (Clavel et al., 1987).

It is known that cisplatin affects the functions of several ion
channels. For example, cisplatin (0.5 μM) increased currents via
N-type voltage-gated Ca2+ channels in dorsal root ganglion cells
in rats, and caused significant damage to those cells after a 26-day
treatment (Leo et al., 2017). No studies have indicated that N-type
voltage-gated Ca2+ channels play a role in gastrointestinal (GI)
slow-wave activities, but inhibitors of N-type voltage-gated Ca2+

channels have been used to treat GI dysmotility and chronic
visceral pain (McMillan and Srinivasan, 2010; Sadeghi et al.,
2018). Cisplatin was also shown to be a non-competitive inhibitor
of the mechanosensitive Na+/H+ exchanger NHE-1 and to block
the Cl–- and K+-mechanosensitive ion channels VSORC and
TREK-1 with an ID50 of 30 μg/ml (Milosavljevic et al., 2010).
However, these ion channels are not known to be expressed in
ICCs in the mouse (Lee et al., 2017). Cisplatin (0.5 mM) also
induced K+ currents in a murine colon carcinoma cell culture,
which can be blocked by tetraethylammonium chloride (Sharma
et al., 2016). The possible direct effects of cisplatin on ion
channels expressed in ICCs require further investigation.
Alternatively, the region-dependent effects of cisplatin in our
studies may be explained by the differential expression of many
ion channels in the jejunum, colon and other regions in the
mouse (Lee et al., 2017).

The time to reach peak emesis following cisplatin treatment in
S. murinus was ∼90 min after i.p. injection (Supplementary
Figure S2). At this time point, the DF (measured using an ex
vivo MEA technique) was generally reduced along the entire GI
tract, with a significantly lower DF in the ileum of cisplatin-
treated animals compared to saline control-treated animals. The
period of waveforms was also significantly reduced in the ileum
and colon 90 min after cisplatin treatment. The reductions in the
DF in the ileumwere similar to those seen in the ex vivo study, but
there were no changes in the DF in the colon or stomach.

It is not surprising that cisplatin inhibited food and water
intake and caused weight loss during the early and delayed
phases, as this is highly consistent with data from studies
using ferrets (Yamamoto et al., 2004; Lu et al., 2017a).

FIGURE 6 | Effect of cisplatin (30 mg/kg, intraperitoneal) on respiratory
activity in Suncus murinus. (A) Respiratory rate in breaths per min (bpm); (B)
change in respiratory rate averaged over 24 h; (C) respiratory rate viability; (D)
change in respiratory rate viability averaged over 24 h; (E) adjusted tidal
volume; (F) change in adjusted tidal volume averaged over 24 h; (G)
inspiration time; (H) change in inspiration time averaged over 24 h; (I)
inspiration flow; and (J) change in inspiration flow averaged over 24 h. Data
are means ± standard errors of the mean for n � 7 – 8 animals. Significant
differences relative to baseline (−24– 0 h) in each group are shown as # p <
0.05, or ## p < 0.01 [two-way analysis of variance (ANOVA) followed by
Bonferroni tests]. There was no significant difference between the two groups
p > 0.05 (two-way ANOVA followed by Bonferroni tests).
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Moreover, the inhibition of food intake and/or anorexia and
weight loss caused by cisplatin has been observed in a range of
mammals (Liu et al., 2005; Malik et al., 2007). Themechanisms by
which cisplatin inhibits food intake and causes weight loss are
unknown. However, recent data highlighted that the activation of
dorsal vagal complex neurons that project to the lateral
parabrachial nucleus (IPBN), and a population of activated
IPBN calcitonin gene-related peptide (CGRP) neurons that
project to the central nucleus of the amygdala mediate
cisplatin-induced malaise and energy-balance dysregulation
(Alhadeff et al., 2015). Further studies revealed that excitatory
hindbrain-forebrain communication mediated the anorexia and
weight loss caused by cisplatin in rats (Alhadeff et al., 2017). Our
previous studies in S. murinus also demonstrated that cisplatin
caused an increase in c-fos expression in the area postrema and
the nucleus of the solitary tract, which might also contribute to
the inhibition of food intake (Chan et al., 2014). Available
evidence suggests that anorexia, as well as “nausea” and emesis

induced by cisplatin is associated with increase of growth
differentiation factor 15 (GDF15) (Borner et al., 2020). Hsu
et al., have shown that GDF15 receptor, derived neurotrophic
factor (GDNF) receptor alpha-like (GFRAL) knockout mice are
resistant to chemotherapy-induced anorexia and body weight loss
(Hsu et al., 2017). Further evidence revealed that GDF15 signals
via activation of cholecystokinin neurons in the area postrema
and nucleus of the tractus solitarius may contribute to anorexia
and body weight loss (Worth et al., 2020).

In the presence of emesis, cisplatin has been shown to cause
gastric dysrhythmia in ferrets and dogs (Chey et al., 1988; Percie
du Sert et al., 2009; Yu et al., 2009; Lu et al., 2017a). In ferrets,
cisplatin caused a transient increase in the DF and a decrease in
the DP in the first 8 h after treatment; a significant reduction in
the percentage power of normogastria, concomitant with an
increase in the percentage power of tachygastria, was also
observed (Lu et al., 2017a). Furthermore, there was a decrease
in the DP, shown by a 74.5% reduction in the percentage power of

FIGURE 7 | Analysis of emetic data using burst analysis. (A) Events per episode/burst; (B)mean inter-event duration; (C)mean retch/vomit frequency; (D) episode
durations; (E) interval between episodes; (F) cycles between episodes. The results are presented means ± standard errors of the mean for n � 7 animals.
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bradygastria 12 h after treatment (Lu et al., 2017a). A study in
dogs revealed that cisplatin [1.2 mg/kg, intravenous (i.v.)]
disrupted gastric and intestinal inter-digestive myoelectric
activity for at least 24 h (Chey et al., 1988). Another dog study
showed that cisplatin (1.5 mg/kg, i.v.) significantly reduced the
time for which the GMA frequency was in the normal range (Yu
et al., 2009). However, these two studies did not provide a further
analysis of GMA, unlike the studies on ferrets. In the present
study in S. murinus, we found that cisplatin decreased the DF and
increased the percentage power of bradygastria during the acute
and delayed phases. The reason for the different effects of
cisplatin in GMA in dogs, ferrets and S. murinus is unknown.
When we looked at a peri-analysis of data around emetic episodes
in (Supplementary Figure S4), a shift to tachygastria was more
prominent for Suncus murinus than seen in in our previous
studies in ferrets (Percie du Sert et al., 2009). Species differences,
the dose and the route of cisplatin administration, and the
analytical methods used may account for the differences
observed between studies.

A gastric slow-wave is a summation of voltages that are
initiated by ICCs and smooth muscle (Koch and Stern, 2004).
However, there is no evidence that cisplatin directly reacts with
ICCs or smooth muscle. Our MEA data revealed that 10 μM
cisplatin increased the DF in the stomach, whereas 1 and 10 μM
cisplatin increased the tachy-rhythm percentage and decreased
the normal-rhythm percentage in the stomach. There were
differences in the effect of cisplatin between assessments made
on tissues excised (‘ex vivo’) and assessed on the microelectrode

array, and from the radiotelemetric recordings made in vivo. A
local release of 5-HT and other mediators from enterochromaffin
cells in the GI tract may be envisaged to activate/sensitize vagal
afferents to modulate neurons in the nucleus tractus solitarius in
the brainstem resulting in nausea and vomiting (Sanger and
Andrews, 2018). There may be other mediators released into
the circulation and/or change in function of efferent nerves
impinging on ICCs. However, once tissues are excised, the
ICCs would no longer be exposed to circulating factors, or be
under the control of efferent nerve modulation from the CNS or
other indirect mechanisms. Therefore, this may explain the
differences that we observed.

In the present study, hypothermia was observed in S. murinus
in the 0–24-h and 24–72-h post-cisplatin treatment periods,
which has not been previously reported. In contrast,
hyperthermia was observed in a previous study of ferrets in
the 0–8-h post-cisplatin treatment period, followed by
hypothermia in the 24–72-h post-cisplatin treatment period
(Lu et al., 2017a). There is also evidence that chronic
treatment with cisplatin induced hypothermia in rats
(Guindon and Hohmann, 2013). The underlying mechanism
of cisplatin-induced hypothermia might be related to the
anorexia and lowered energy expenditure caused by cisplatin.
Another pro-emetic stimulus, provocative motion, has also been
shown to cause hypothermia in laboratory animals (e.g., rats, S.
murinus and mice) (Ngampramuan et al., 2014; Tu et al., 2017b).
However, it is unclear whether hypothermia is an indicator of a
nausea-like state in such animals, given the complexity of

FIGURE 8 | Effects of cisplatin (30 mg/kg, intraperitoneal) on morphology and associated protein expression in the antrum region of the stomach in Suncus
murinus. (A) Representative images of haematoxylin and eosin staining, and immunohistochemistry images of c-kit and CD45; (B) changes in the number of c-kit-
positive cells; (C) changes in the number of CD45-positive cells. Significant differences between cisplatin and saline groups are shown as **p < 0.01 or ***p < 0.001
(Student’s t-test). The results are presented as means ± standard errors of the mean for n � 7 – 8 animals. Positive cells are indicated by black arrows. Scale bar:
100 μm.
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mechanisms involved in nausea in humans and animals
(Andrews and Sanger, 2014; Nalivaiko et al., 2014).

The present study was the first to record BP and HR in
conscious S. murinus. However, we only used three animals in
each vehicle- and cisplatin-treated group, as this enabled us to
record BP and HR continuously (as the catheter of the HD-X11
transmitter did not fit well into the S. murinus carotid).
Nevertheless, our data showed that treatment with cisplatin
caused a significant reduction in systolic, diastolic and mean
arterial BP in the early (0–24-h) phase and the delayed (24–72-h)
phase of emesis in S. murinus. Our previous studies in ferrets
demonstrated that cisplatin did not change BP in the acute or
delayed phase of emesis (Lu et al., 2017a). Furthermore, in the
present study, we found that cisplatin reduced HR during the
delayed phase of emesis, but had no effect on HRV; in contrast, in
ferrets we found that cisplatin decreased HR and HRV only
during the acute phase of emesis (Lu et al., 2017a). The reason for
these discrepancies in the cardiovascular effects of cisplatin in
ferrets and S. murinus is unknown. The species difference may be
responsible, even though both species have been extensively used
for research on emesis. This is supported by our previous finding
that the combined ability of ondansetron and dexamethasone to
reduce acute and delayed emesis is not seen in S. murinus, but is
seen in other species (Sam et al., 2003).

Several studies have shown that respiratory function is
disturbed during nausea and interrupted during emesis (Horn
et al., 2016; Gavgani et al., 2017). Our previous studies in shrews
have revealed that provocative motion induces a significant
increase in the respiratory rate, concomitant with a reduction
in tidal volume (Tu et al., 2017a; Tu et al., 2020). In the present
study, we found that cisplatin treatment of S. murinus caused a
reduction in the animals’ respiratory rate, while other parameters
remained unchanged. A study conducted in rats illustrated that
lithium chloride, a commonly used and well-characterised pro-
emetic compound that robustly induces vomiting in S. murinus
and ferrets, caused a significant reduction in the respiratory rate
(Ngampramuan et al., 2013). The disturbance of respiratory
function in these contexts suggest that respiratory function
may be associated with a “nausea-like” state and/or emesis in
animals.

Lastly, we demonstrated that treatment with cisplatin
causes inflammation in the antrum of the stomach in S.
murinus. This finding is not surprising, because a single
6 mg/kg dose of cisplatin was found to be sufficient to
cause mucosal damage in the GI tract of rats (Yamamoto
et al., 2013). It was suggested that in addition to 5-HT,
inflammatory mediators released in the GI tract may be
involved in cisplatin-induced emesis and loss of appetite
(Andrews and Rudd, 2015). Interestingly, in the present
study, we also found that cisplatin caused a decrease in
c-kit expression in the antrum of S. murinus, which may
indicate a reduction in ICC density. It is not known if this
reflects a direct action of cisplatin on ICCs, and we did not
examine if cisplatin caused changes in inflammatory markers
or ICC density in other regions of the GI tract.

One limitation of the present study was whether observed
effects were caused by cisplatin directly or were a consequence of

reduction in food intake. Whilst a pair-fed group would be useful
in the future to address this possibility, it would be expected to
have different consequences. For example, fasting is known to
have beneficial effects on blood pressure and heart rate variability
(Nicoll and Henein, 2018) and also produces a reduction in the
power of slow waves (Lu et al., 2014).

In conclusion, the present study revealed that cisplatin exerts
acute region-dependent effects on the pacemaking activity along
the gastrointestinal tract of S. murinus. Moreover, this is the first
study to have simultaneously quantified gastric GMA, respiratory
function, body temperature, and cardiovascular (BP, HRV) and
behavioural (food and water intake) effects of cisplatin, in
addition to its emetic effects, over a 72-h period encompassing
acute and delayed emetic phases. The results provide novel
insights into events that are likely to occur in patients
undergoing cisplatin-based anticancer chemotherapy.
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Supplementary Figure 1 | Representative raw trace of pacemaker potentials at
baseline (black) and during cisplatin (1 – 10 μM; red or blue) treatment. Red and blue
lines represent data showing an increase or decrease in the dominant frequency,
respectively.

Supplementary Figure 2 | The profile of cisplatin- and vehicle-induced retching +
vomiting in Suncus murinus during a 72-h observation period. Results are plotted as
means ± standard errors of the mean for n � 7 animals.

Supplementary Figure 3 | Multifractal detrended fluctuation analysis of gastric
myoelectric activity (GMA) in Suncus murinus. (A) Generalised Hurst exponent h(q)
vs. order q, and (B) dimension of subset series f(α) vs. singularity strength α for GMA
in one animal during four different time-periods: pre-cisplatin treatment (-24 – 0 h)
and post-cisplatin treatment (0 – 24 h, 24 – 48 h and 48 – 72 h); (C) the width of the
multifractal spectrum (Δα) in four different periods (-24 – 0 h, 0 – 24 h, 24 – 48 h and
48 – 72 h) in the vehicle and cisplatin groups are shown, and data are means ±
standard errors of the mean for n � 7 – 8 animals. No significant differences were
found between the saline and cisplatin groups [one-way analysis of variance
(ANOVA) or two-way ANOVA, as appropriate].

Supplementary Figure 4 | Dominant frequency (A) and repartition of gastric
myoelectric activity in the bradygastric (B), normogastric (C) and tachygastric (D)
ranges during baseline, immediately before emetic episodes, during emetic episodes
and immediately after emetic episodes induced by cisplatin (30 mg/kg, i.p.) in Suncus
murinus (seeMethod 2.7.2, for methodology). Results are shown asmeans ± standard
errors of the mean for n � 7 animals. Significant differences compared to baseline are
shown as **p < 0.0 or *p < 0.05 (one-way ANOVA followed by Bonferroni tests).

REFERENCES

Aapro, M. S., Schmoll, H. J., Jahn, F., Carides, A. D., and Webb, R. T. (2013).
Review of the Efficacy of Aprepitant for the Prevention of Chemotherapy-
Induced Nausea and Vomiting in a Range of Tumor Types. Cancer Treat. Rev.
39, 113–117. doi:10.1016/j.ctrv.2012.09.002

Alhadeff, A. L., Holland, R. A., Nelson, A., Grill, H. J., and De Jonghe, B. C. (2015).
Glutamate Receptors in the central Nucleus of the AmygdalaMediate Cisplatin-
Induced Malaise and Energy Balance Dysregulation through Direct Hindbrain
Projections. J. Neurosci. 35, 11094–11104. doi:10.1523/JNEUROSCI.0440-
15.2015

Alhadeff, A. L., Holland, R. A., Zheng, H., Rinaman, L., Grill, H. J., and De Jonghe,
B. C. (2017). Excitatory Hindbrain-Forebrain Communication Is Required for
Cisplatin-Induced Anorexia and Weight Loss. J. Neurosci. 37, 362–370.
doi:10.1523/JNEUROSCI.2714-16.2016

Andrews, P. L., and Sanger, G. J. (2014). Nausea and the Quest for the Perfect
Anti-emetic. Eur. J. Pharmacol. 722, 108–121. doi:10.1016/
j.ejphar.2013.09.072

Andrews, P. L. R., and Rudd, J. A. (2015). “The Physiology and Pharmacology of
Nausea and Vomiting Induced by Anti-cancer Chemotherapy in Humans,” in
Management of Chemotherapy-Induced Nausea and Vomiting: New Agents and
New Uses of Current Agents. Editor R. Navari (London, England: Springer
Health Care Publishers).

Borner, T., Shaulson, E. D., Ghidewon, M. Y., Barnett, A. B., Horn, C. C., Doyle, R.
P., et al. (2020). GDF15 Induces Anorexia through Nausea and Emesis. Cell
Metab 31, 351–e5. doi:10.1016/j.cmet.2019.12.004

Chan, S. W., Lu, Z., Lin, G., Yew, D. T., Yeung, C. K., and Rudd, J. A. (2014). The
Differential Antiemetic Properties of GLP-1 Receptor Antagonist, Exendin (9-
39) in Suncus Murinus (House Musk Shrew). Neuropharmacology 83, 71–78.
doi:10.1016/j.neuropharm.2014.03.016

Chey, R. D., Lee, K. Y., Asbury, R., and Chey, W. Y. (1988). Effect of Cisplatin on
Myoelectric Activity of the Stomach and Small Intestine in Dogs. Dig. Dis. Sci.
33, 338–344. doi:10.1007/BF01535760

Clavel, M., Cognetti, F., Dodion, P., Wildiers, J., Rosso, R., Rossi, A., et al. (1987).
Combination Chemotherapy with Methotrexate, Bleomycin, and Vincristine
with or without Cisplatin in Advanced Squamous Cell Carcinoma of the Head
and Neck. Cancer 60, 1173–1177. doi:10.1002/1097-0142(19870915)60:6<1173:
aid-cncr2820600603>3.0.co;2-9

Einhorn, L. H., Rapoport, B., Navari, R. M., Herrstedt, J., and Brames, M. J. (2017).
2016 Updated MASCC/ESMO Consensus Recommendations: Prevention of
Nausea and Vomiting Following Multiple-Day Chemotherapy, High-Dose
Chemotherapy, and Breakthrough Nausea and Vomiting. Support Care
Cancer 25, 303–308. doi:10.1007/s00520-016-3449-y

Eiseman, J. L., Sciullo, M., Wang, H., Beumer, J. H., and Horn, C. C. (2017).
Estimation of Body Surface Area in the Musk Shrew ( Suncus Murinus): a Small

Animal for Testing Chemotherapy-Induced Emesis. Lab. Anim. 51 (5),
534–537. doi:10.1177/0023677217695851

Farmer, A. D., Coen, S. J., Kano, M., Weltens, N., Ly, H. G., Botha, C., et al. (2014).
Normal Values and Reproducibility of the Real-Time index of Vagal Tone in
Healthy Humans: a Multi-center Study. Ann. Gastroenterol. 27, 362–368.
doi:10.1136/gutjnl-2013-304907.211

Gavgani, A. M., Nesbitt, K. V., Blackmore, K. L., and Nalivaiko, E. (2017). Profiling
Subjective Symptoms and Autonomic Changes Associated with Cybersickness.
Auton. Neurosci. 203, 41–50. doi:10.1016/j.autneu.2016.12.004

Guindon, J., and Hohmann, A. G. (2013). Use of Sodium Bicarbonate to
Promote Weight Gain, Maintain Body Temperature, Normalize Renal
Functions and Minimize Mortality in Rodents Receiving the
Chemotherapeutic Agent Cisplatin. Neurosci. Lett. 544, 41–46.
doi:10.1016/j.neulet.2013.03.033

Horn, C. C., Zirpel, L., Sciullo, M. G., and Rosenberg, D. M. (2016). Impact of
Electrical Stimulation of the Stomach on Gastric Distension-Induced Emesis in
the Musk Shrew. Neurogastroenterol Motil. 28, 1217–1232. doi:10.1111/
nmo.12821

Hsu, J. Y., Crawley, S., Chen, M., Ayupova, D. A., Lindhout, D. A., Higbee, J., et al.
(2017). Non-homeostatic Body Weight Regulation through a Brainstem-
Restricted Receptor for GDF15. Nature 550, 255–259. doi:10.1038/nature24042

Ihlen, E. A. (2012). Introduction to Multifractal Detrended Fluctuation Analysis in
Matlab. Front. Physiol. 3, 141. doi:10.3389/fphys.2012.00141

Kantelhardt, J. W., Zschiegner, S. A., Koscielny-Bunde, E., Havlin, S., Bunde, A.,
and Stanley, H. E. (2002). Multifractal Detrended Fluctuation Analysis of
Nonstationary Time Series. Physica A: Stat. Mech. its Appl. 316, 87–114.
doi:10.1016/s0378-4371(02)01383-3

Koch, K. L. (2014). Gastric Dysrhythmias: a Potential Objective Measure of
Nausea. Exp. Brain Res. 232, 2553–2561. doi:10.1007/s00221-014-4007-9

Koch, K. L., and Stern, R. M. (2004). Handbook of Electrogastrography. Oxford
University Press.

Lee, M. Y., Ha, S. E., Park, C., Park, P. J., Fuchs, R., Wei, L., et al. (2017).
Transcriptome of Interstitial Cells of Cajal Reveals Unique and Selective Gene
Signatures. PLoS One 12, e0176031. doi:10.1371/journal.pone.0176031

Leo, M., Schmitt, L. I., Jastrow, H., Thomale, J., Kleinschnitz, C., and
Hagenacker, T. (2017). Cisplatin Alters the Function and Expression of
N-type Voltage-Gated Calcium Channels in the Absence of Morphological
Damage of Sensory Neurons. Mol. Pain 13, 1744806917746565. doi:10.1177/
1744806917746565

Liu, J. Y. H., Du, P., Chan, W. Y., and Rudd, J. A. (2019). Use of a Microelectrode
Array to Record Extracellular Pacemaker Potentials from the Gastrointestinal
Tracts of the ICR Mouse and House Musk Shrew (Suncus Murinus). Cell
Calcium 80, 175–188. doi:10.1016/j.ceca.2019.05.002

Liu, Y. L., Malik, N., Sanger, G. J., Friedman, M. I., and Andrews, P. L. (2005). Pica--
a Model of Nausea? Species Differences in Response to Cisplatin. Physiol.
Behav. 85, 271–277. doi:10.1016/j.physbeh.2005.04.009

Frontiers in Pharmacology | www.frontiersin.org December 2021 | Volume 12 | Article 74605316

Tu et al. Cisplatin-Induced Emesis

273

https://www.frontiersin.org/articles/10.3389/fphar.2021.746053/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.746053/full#supplementary-material
https://doi.org/10.1016/j.ctrv.2012.09.002
https://doi.org/10.1523/JNEUROSCI.0440-15.2015
https://doi.org/10.1523/JNEUROSCI.0440-15.2015
https://doi.org/10.1523/JNEUROSCI.2714-16.2016
https://doi.org/10.1016/j.ejphar.2013.09.072
https://doi.org/10.1016/j.ejphar.2013.09.072
https://doi.org/10.1016/j.cmet.2019.12.004
https://doi.org/10.1016/j.neuropharm.2014.03.016
https://doi.org/10.1007/BF01535760
https://doi.org/10.1002/1097-0142(19870915)60:6<1173:aid-cncr2820600603>3.0.co;2-9
https://doi.org/10.1002/1097-0142(19870915)60:6<1173:aid-cncr2820600603>3.0.co;2-9
https://doi.org/10.1007/s00520-016-3449-y
https://doi.org/10.1177/0023677217695851
https://doi.org/10.1136/gutjnl-2013-304907.211
https://doi.org/10.1016/j.autneu.2016.12.004
https://doi.org/10.1016/j.neulet.2013.03.033
https://doi.org/10.1111/nmo.12821
https://doi.org/10.1111/nmo.12821
https://doi.org/10.1038/nature24042
https://doi.org/10.3389/fphys.2012.00141
https://doi.org/10.1016/s0378-4371(02)01383-3
https://doi.org/10.1007/s00221-014-4007-9
https://doi.org/10.1371/journal.pone.0176031
https://doi.org/10.1177/1744806917746565
https://doi.org/10.1177/1744806917746565
https://doi.org/10.1016/j.ceca.2019.05.002
https://doi.org/10.1016/j.physbeh.2005.04.009
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Lu, Z., Ngan, M. P., Lin, G., Yew, D. T. W., Fan, X., Andrews, P. L. R., et al. (2017a).
Gastric Myoelectric Activity during Cisplatin-Induced Acute and Delayed
Emesis Reveals a Temporal Impairment of Slow Waves in Ferrets: Effects
Not Reversed by the GLP-1 Receptor Antagonist, Exendin (9-39). Oncotarget 8,
98691–98707. doi:10.18632/oncotarget.21859

Lu, Z., Percie Du Sert, N., Chan, S. W., Yeung, C. K., Lin, G., Yew, D. T., et al.
(2014). Differential Hypoglycaemic, Anorectic, Autonomic and Emetic
Effects of the Glucagon-like Peptide Receptor Agonist, Exendin-4, in the
Conscious Telemetered Ferret. J. Transl Med. 12 (1), 1–13. doi:10.1186/
s12967-014-0327-6

Lu, Z., Yeung, C. K., Lin, G., Yew, D. T., Andrews, P. L., and Rudd, J. A. (2016).
Insights into the central Pathways Involved in the Emetic and Behavioural
Responses to Exendin-4 in the Ferret. Auton. Neurosci. 202, 122–135.
doi:10.1016/j.autneu.2016.09.003

Lu, Z., Yeung, C. K., Lin, G., Yew, D. T. W., Andrews, P. L. R., and Rudd, J. A.
(2017b). Centrally Located GLP-1 Receptors Modulate Gastric SlowWaves and
Cardiovascular Function in Ferrets Consistent with the Induction of Nausea.
Neuropeptides 65, 28–36. doi:10.1016/j.npep.2017.04.006

Malik, N. M., Liu, Y. L., Cole, N., Sanger, G. J., and Andrews, P. L. (2007).
Differential Effects of Dexamethasone, Ondansetron and a Tachykinin NK1
Receptor Antagonist (GR205171) on Cisplatin-Induced Changes in Behaviour,
Food Intake, pica and Gastric Function in Rats. Eur. J. Pharmacol. 555,
164–173. doi:10.1016/j.ejphar.2006.10.043

Martin, M. (1996). The Severity and Pattern of Emesis Following Different
Cytotoxic Agents. Oncology 53 Suppl 1, 26–31. doi:10.1159/000227637

Matsuki, N., Ueno, S., Kaji, T., Ishihara, A., Wang, C. H., and Saito, H. (1988).
Emesis Induced by Cancer Chemotherapeutic Agents in the Suncus Murinus: a
New Experimental Model. Jpn. J. Pharmacol. 48, 303–306. doi:10.1254/
jjp.48.303

Mcmillan, H. J., and Srinivasan, J. (2010). Achalasia, Chronic Sensory Neuropathy,
and N-type Calcium Channel Autoantibodies: Beneficial Response to IVIG.
Clin. J. Gastroenterol. 3, 78–82. doi:10.1007/s12328-010-0140-6

Milosavljevic, N., Duranton, C., Djerbi, N., Puech, P. H., Gounon, P., Lagadic-
Gossmann, D., et al. (2010). Nongenomic Effects of Cisplatin: Acute Inhibition
of Mechanosensitive Transporters and Channels without Actin Remodeling.
Cancer Res. 70, 7514–7522. doi:10.1158/0008-5472.CAN-10-1253

Morrow, G. R., Hickok, J. T., Dubeshter, B., and Lipshultz, S. E. (1999). Changes in
Clinical Measures of Autonomic Nervous System Function Related to Cancer
Chemotherapy-Induced Nausea. J. Auton. Nerv Syst. 78, 57–63. doi:10.1016/
s0165-1838(99)00053-3

Nalivaiko, E., Rudd, J. A., and So, R. H. (2014). Motion Sickness, Nausea and
Thermoregulation: The "toxic" Hypothesis. Temperature (Austin) 1, 164–171.
doi:10.4161/23328940.2014.982047

Ngampramuan, S., Baumert, M., Czippelova, B., and Nalivaiko, E. (2013).
Ondansetron Prevents Changes in Respiratory Pattern Provoked by LiCl: a
New Approach for Studying Pro-emetic States in Rodents? Neuroscience 246,
342–350. doi:10.1016/j.neuroscience.2013.05.012

Ngampramuan, S., Cerri, M., Del Vecchio, F., Corrigan, J. J., Kamphee, A., Dragic,
A. S., et al. (2014). Thermoregulatory Correlates of Nausea in Rats and Musk
Shrews. Oncotarget 5, 1565–1575. doi:10.18632/oncotarget.1732

Nicoll, R., and Henein, M. Y. (2018). Caloric Restriction and its Effect on Blood
Pressure, Heart Rate Variability and Arterial Stiffness and Dilatation: a Review
of the Evidence. Int. J. Mol. Sci. 19 (3), 751. doi:10.3390/ijms19030751

Percie du Sert, N., Chu, K. M., Wai, M. K., Rudd, J. A., and Andrews, P. L. (2009).
ReducedNormogastric Electrical Activity Associated with Emesis: a Telemetric Study
in Ferrets. World J. Gastroenterol. 15, 6034–6043. doi:10.3748/wjg.15.6034

Percie du Sert, N., Chu, K. M., Wai, M. K., Rudd, J. A., and Andrews, P. L. (2010).
Telemetry in a Motion-Sickness Model Implicates the Abdominal Vagus in
Motion-Induced Gastric Dysrhythmia. Exp. Physiol. 95, 768–773. doi:10.1113/
expphysiol.2009.052001

Rudd, J. A., Jordan, C. C., and Naylor, R. J. (1994). Profiles of Emetic Action of
Cisplatin in the Ferret: a Potential Model of Acute and Delayed Emesis. Eur.
J. Pharmacol. 262, R1–R2. doi:10.1016/0014-2999(94)90048-5

Rudd, J. A., Tse, J. Y., and Wai, M. K. (2000). Cisplatin-induced Emesis in the Cat:
Effect of Granisetron and Dexamethasone. Eur. J. Pharmacol. 391, 145–150.
doi:10.1016/s0014-2999(00)00061-3

Sadeghi, M., Carstens, B. B., Callaghan, B. P., Daniel, J. T., Tae, H. S., O’donnell, T.,
et al. (2018). Structure-Activity Studies Reveal the Molecular Basis for GABAB-
Receptor Mediated Inhibition of High Voltage-Activated Calcium Channels by
α-Conotoxin Vc1.1. ACS Chem. Biol. 13, 1577–1587. doi:10.1021/
acschembio.8b00190

Sam, T. S., Cheng, J. T., Johnston, K. D., Kan, K. K., Ngan, M. P., Rudd, J. A., et al.
(2003). Action of 5-HT3 Receptor Antagonists and Dexamethasone to Modify
Cisplatin-Induced Emesis in Suncus Murinus (House Musk Shrew). Eur.
J. Pharmacol. 472, 135–145. doi:10.1016/s0014-2999(03)01863-6

Sanger, G. J., and Andrews, P. L. R. (2018). A History of Drug Discovery for
Treatment of Nausea and Vomiting and the Implications for Future Research.
Front. Pharmacol. 9, 913. doi:10.3389/fphar.2018.00913

Sharma, N., Bhattarai, J. P., Kim, S. Y., Hwang, P. H., Kim, M. S., and Han, S. K.
(2016). Effects of Cisplatin on Potassium Currents in CT26 Cells. J. Cancer Res.
Ther. 12, 248–253. doi:10.4103/0973-1482.154085

Tu, L., Lu, Z., Dieser, K., Schmitt, C., Chan, S. W., Ngan, M. P., et al. (2017a). Brain
Activation by H1 Antihistamines Challenges Conventional View of Their
Mechanism of Action in Motion Sickness: A Behavioral, C-Fos and
Physiological Study in Suncus Murinus (House Musk Shrew). Front. Physiol.
8, 412. doi:10.3389/fphys.2017.00412

Tu, L., Lu, Z., Ngan, M. P., Lam, F. F. Y., Giuliano, C., Lovati, E., et al. (2020). The
Brain-Penetrating, Orally Bioavailable, Ghrelin Receptor Agonist HM01
Ameliorates Motion-Induced Emesis in Suncus Murinus (House Musk
Shrew). Br. J. Pharmacol. 177, 1635–1650. doi:10.1111/bph.14924

Tu, L., Poppi, L., Rudd, J., Cresswell, E. T., Smith, D. W., Brichta, A., et al. (2017b).
Alpha-9 Nicotinic Acetylcholine Receptors Mediate Hypothermic Responses
Elicited by Provocative Motion in Mice. Physiol. Behav. 174, 114–119.
doi:10.1016/j.physbeh.2017.03.012

Ueno, S., Matsuki, N., and Saito, H. (1987). Suncus Murinus: a New Experimental
Model in Emesis Research. Life Sci. 41, 513–518. doi:10.1016/0024-3205(87)
90229-3

Van Den Brande, J., Brouwer, A., and Peeters, M. (2014). Use of Antiemetics in the
Prevention of Chemotherapy-Induced Nausea and Vomiting: Review and
Focus on the Belgian Situation. Acta Gastroenterol. Belg. 77, 240–248.

Worth, A. A., Shoop, R., Tye, K., Feetham, C. H., D’agostino, G., Dodd, G. T., et al.
(2020). The Cytokine GDF15 Signals through a Population of Brainstem
Cholecystokinin Neurons to Mediate Anorectic Signalling. Elife 9.
doi:10.7554/eLife.55164

Yamamoto, H., Ishihara, K., Takeda, Y., Koizumi, W., and Ichikawa, T. (2013).
Changes in the Mucus Barrier during Cisplatin-Induced Intestinal Mucositis in
Rats. Biomed. Res. Int. 2013, 276186. doi:10.1155/2013/276186

Yamamoto, K., Ngan, M. P., Takeda, N., Yamatodani, A., and Rudd, J. A. (2004).
Differential Activity of Drugs to Induce Emesis and pica Behavior in Suncus
Murinus (House Musk Shrew) and Rats. Physiol. Behav. 83, 151–156.
doi:10.1016/j.physbeh.2004.08.006

Yu, X., Yang, J., Hou, X., Zhang, K., Qian, W., and Chen, J. D. (2009). Cisplatin-
induced Gastric Dysrhythmia and Emesis in Dogs and Possible Role of Gastric
Electrical Stimulation. Dig. Dis. Sci. 54, 922–927. doi:10.1007/s10620-008-0470-0

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Tu, Liu, Lu, Cui, Ngan, Du and Rudd. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org December 2021 | Volume 12 | Article 74605317

Tu et al. Cisplatin-Induced Emesis

274

https://doi.org/10.18632/oncotarget.21859
https://doi.org/10.1186/s12967-014-0327-6
https://doi.org/10.1186/s12967-014-0327-6
https://doi.org/10.1016/j.autneu.2016.09.003
https://doi.org/10.1016/j.npep.2017.04.006
https://doi.org/10.1016/j.ejphar.2006.10.043
https://doi.org/10.1159/000227637
https://doi.org/10.1254/jjp.48.303
https://doi.org/10.1254/jjp.48.303
https://doi.org/10.1007/s12328-010-0140-6
https://doi.org/10.1158/0008-5472.CAN-10-1253
https://doi.org/10.1016/s0165-1838(99)00053-3
https://doi.org/10.1016/s0165-1838(99)00053-3
https://doi.org/10.4161/23328940.2014.982047
https://doi.org/10.1016/j.neuroscience.2013.05.012
https://doi.org/10.18632/oncotarget.1732
https://doi.org/10.3390/ijms19030751
https://doi.org/10.3748/wjg.15.6034
https://doi.org/10.1113/expphysiol.2009.052001
https://doi.org/10.1113/expphysiol.2009.052001
https://doi.org/10.1016/0014-2999(94)90048-5
https://doi.org/10.1016/s0014-2999(00)00061-3
https://doi.org/10.1021/acschembio.8b00190
https://doi.org/10.1021/acschembio.8b00190
https://doi.org/10.1016/s0014-2999(03)01863-6
https://doi.org/10.3389/fphar.2018.00913
https://doi.org/10.4103/0973-1482.154085
https://doi.org/10.3389/fphys.2017.00412
https://doi.org/10.1111/bph.14924
https://doi.org/10.1016/j.physbeh.2017.03.012
https://doi.org/10.1016/0024-3205(87)90229-3
https://doi.org/10.1016/0024-3205(87)90229-3
https://doi.org/10.7554/eLife.55164
https://doi.org/10.1155/2013/276186
https://doi.org/10.1016/j.physbeh.2004.08.006
https://doi.org/10.1007/s10620-008-0470-0
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Frontiers in Oncology | www.frontiersin.org

Edited by:
Raquel Abalo,

Rey Juan Carlos University, Spain

Reviewed by:
Yang Li,

The Ohio State University,
United States

Helmar Lehmann,
University of Cologne, Germany

Laura Gilchrist,
St. Catherine University, United States

*Correspondence:
Aishwarya Bandla
lsiab@nus.edu.sg

Yu Yang Soon
yu_yang_soon@nuhs.edu.sg

Raghav Sundar
mdcragh@nus.edu.sg

†These authors have contributed
equally to this work and share

first authorship

Specialty section:
This article was submitted to

Pharmacology of Anti-Cancer Drugs,
a section of the journal
Frontiers in Oncology

Received: 23 August 2021
Accepted: 07 December 2021
Published: 05 January 2022

Citation:
Leen AJ, Yap DWT, Teo CB, Tan BKJ,
Molassiotis A, Ishiguro H, Fan SWX,
Sundar R, Soon YY and Bandla A

(2022) A Systematic Review andMeta-
Analysis of the Effectiveness of
Neuroprotectants for Paclitaxel-
Induced Peripheral Neuropathy.

Front. Oncol. 11:763229.
doi: 10.3389/fonc.2021.763229

SYSTEMATIC REVIEW
published: 05 January 2022

doi: 10.3389/fonc.2021.763229
A Systematic Review and Meta-
Analysis of the Effectiveness of
Neuroprotectants for Paclitaxel-
Induced Peripheral Neuropathy
Alisha Joan Leen1,2,3†, Dominic Wei Ting Yap4†, Chong Boon Teo4,
Benjamin Kye Jyn Tan4, Alex Molassiotis5, Hiroshi Ishiguro6, Sarah Wei Xian Fan3,
Raghav Sundar2,3,4,7*, Yu Yang Soon8* and Aishwarya Bandla3,7*

1 School of Medicine, National University of Ireland (NUI) Galway, Galway, Ireland, 2 Department of Haematology-Oncology,
National University Health System, Singapore, Singapore, 3 The N.1 Institute for Health, National University of Singapore,
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Background: Paclitaxel-induced peripheral neuropathy (PIPN) is a disabling side effect of
paclitaxel with few effective preventive strategies. We aim to determine the efficacy of
pharmacological and non-pharmacological neuroprotective interventions in preventing
PIPN incidence.

Methods: Biomedical literature databases were searched from years 2000 to 2021 for
trials comparing neuroprotective interventions and control. Meta-analysis was performed
using the random-effects model. The primary outcome was the incidence of PIPN.

Results: Of 24 relevant controlled trials, 14 were eligible for meta-analysis. Pooled results
from seven non-pharmacological trials were associated with a statistically significant 48%
relative reduction of PIPN risk with low heterogeneity. Conversely, pooled results from six
pharmacological trials were associated with a significant 20% relative reduction of PIPN
risk with moderate heterogeneity. Both pharmacological and non-pharmacological
approaches appear effective in reducing PIPN incidence in the treatment arm
compared to control (pooled RR < 1).

Conclusion: Current evidence suggests that both interventions may reduce PIPN risk.
Non-pharmacological interventions appear more effective than pharmacological
interventions.

Keywords: chemotherapy-induced peripheral neuropathy (CIPN), taxane, prevention, neuroprotection, paclitaxel-
induced peripheral neuropathy, non-invasive
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INTRODUCTION

Chemotherapy-induced peripheral neuropathy (CIPN), a severe
dose-dependent toxicity, often results in chemotherapy dose
reduction or cessation, adversely affecting efficacy of
chemotherapy itself. The resulting neurotoxicity profoundly
impacts the quality of life of survivors. With increasing survival
rates of cancer patients, there has been an emerging research interest
in addressing the detrimental dose-limiting and long-term effects of
CIPN (1, 2).

Paclitaxel, a taxane, is used to treat various cancers, including
ovarian, breast, and lung carcinomas. Paclitaxel-induced
peripheral neuropathy (PIPN) presents as predominantly
sensory peripheral neuropathy, while motor and autonomic
neuropathy occur to a lesser extent. A recent study showed
that up to 80% of patients had neuropathic symptoms for up to 2
years post-treatment, with approximately 25% reporting severe
symptoms of numbness and/or discomfort in their hands and
feet (3, 4). Existing treatment is limited to dose management and
symptomatic cure i.e. pain killers (1). Prevention of these toxic
neuropathies impels clinical impact by delivery of the
appropriate chemotherapy dose and improved quality of life.

Neuroprotective strategies are being explored to address this
unmet medical need. Several interventions have been reported
for preventing PIPN. Despite extensive research efforts and
successfully reported preclinical studies, there is paucity of
high-quality, consistent evidences of clinical successes (2). Trial
designs vary in several parameters. Moreover, the absence of a
standardized CIPN assessment approach contributes to the lack
of clarity of outcomes reported (3).

Prevention of PIPN is crucial to ensure effective delivery, hence
maximal benefit, of paclitaxel. PIPN is often irreversible and
deteriorates the quality of life of affected patients financially
(unemployment and medications), psychologically, and physically,
leading to economic and healthcare costs (5). Interventions reducing
incidence of CIPN could be key adjuncts to future oncological
treatment using such neurotoxic chemotherapeutic agents.

The objective of this systematic review and meta-analysis was to
determine the effectiveness of pharmacological and non-
pharmacological interventions in reducing the incidence of PIPN.
This meta-analysis is designed to better assess the potential efficacy
of such neuroprotective interventions currently tested in humans
and provides a better understanding of the current state of
neuroprotectants. With more interventions (pharmacological and
non-pharmacological) gaining recent focus towards the prevention
of this disabling side effect, this systematic review aims to
consolidate available evidence to help identify promising
directions and address factors that would propel development of
more wholesome future clinical trials for PIPN prevention.
METHODS

Inclusion Criteria
Only controlled trials were included—randomized controlled
trials (RCTs) and internal controls (to accommodate non-
pharmacological studies). Studies with adult participants, of
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either sex and diagnosed with any cancer or stage, and
scheduled to undergo paclitaxel chemotherapy were included.
The intervention arm would include pharmacological or non-
pharmacological interventions. The control arm comprised
participants assigned to the placebo or control arm. Self-
controlled studies were also included, where an intervention
was administered unilaterally/one limb and the PIPN burden
compared between the two limbs, e.g., frozen gloves applied to
one hand per participant. The primary outcome was incidence of
PIPN. Studies that investigated symptomatic treatment of pre-
existing peripheral neuropathy were excluded. i.e., only studies
that excluded patients with pre-existing grade 1 neuropathy
were accepted. Studies that investigated combinations of
antineoplastic drugs (which included paclitaxel) were excluded.

Search Method
We searched MEDLINE (via PubMed), Embase, and Scopus
from January 2000 to Sept 2021. The search strategy included the
medical subject headings “paclitaxel neuropathy” with “clinical”
and “oncology” filter. The full search string may be found in
Supplementary Table 1. The results were hand-searched for
eligible studies, and their reference lists were searched for any
other relevant studies.

Data Collection and Analysis
Selection of Studies
All titles and abstracts retrieved by electronic search were
downloaded to a reference management database, duplicates were
removed, and the remaining references were examined
independently by two review authors (AL and DY). Studies that
failed to meet the eligibility criteria were excluded and copies of the
full texts of potentially relevant references were obtained. The
eligibility of the retrieved papers was assessed independently, and
disagreements were resolved by discussion between the two authors.

Data Extraction and Management
Two reviewers (AL and DY) independently extracted the data on
characteristics of patients (inclusion criteria, age, primary cancer
histology, paclitaxel administration schedule, and number
enrolled in each arm) and interventions (pharmacological or
non-pharmacological therapies, dose and administration routes
of pharmacological agents), risk of bias, duration of follow-up,
and primary outcome for all included studies.

For the primary outcome, the number of patients in the
treatment and control arms who experienced PIPN and that of
patients assessed at the endpoint was extracted to estimate a risk
ratio (RR) and 95% confidence interval (CI). For studies that
reported participant numbers at different chemotherapy cycles,
the last data point was extracted. To avoid heterogeneity
introduced by studies that used different CIPN evaluation
questionnaires, the participant numbers across neuropathic
grades were summed for studies that reported patient numbers
stratified by grade of neuropathy.

Assessment of Risk of Bias
Two authors independently assessed risk of bias of included
studies using Cochrane Collaboration’s risk of bias tool on the
January 2022 | Volume 11 | Article 763229
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following domains: allocation sequence generation; allocation
concealment; blinding of participants and personnel; blinding of
outcome assessment; incomplete outcome data and selective
reporting (6). Differences were resolved by discussion.

Assessment of Heterogeneity
Visual inspection of forest plots, chi-square tests, and the I2

statistic assessed heterogeneity between studies. A p-value higher
than 0.10 for the chi-square test and an I2 value lower than 25%
was interpreted as a low level of heterogeneity.

Data Synthesis
When sufficient clinically similar studies were available, their
results were pooled in the meta-analysis. For the primary
outcome, the RR for each study was calculated and combined
using the random-effects model based on the Mantel-Haenzsel
method (7). An RR of less than 1 indicated an advantage for the
neuroprotective intervention.

Subgroup Analyses
Subgroup analyses determined a priori were performed for
routes of administration of pharmacological agents (oral
versus parenteral). Additional subgroup analyses were
conducted including studies deemed to have clinically similar
interventions. Any statistically significant differences in primary
outcome measure between subgroups was determined by testing
for heterogeneity.

Quality of Summarized Evidence
We determined the quality of evidence using Grading of
Recommendations Assessment, Development and Evaluation
(GRADE) criteria for the following domains: risk of bias of
included studies; inconsistency; indirectness, imprecision, and
publication bias.
RESULTS

Search Strategy Results
Database search identified 2,473 records, of which following de-
duplication and screening, 46 full-text articles were retrieved for
further assessment and 24 RCTs met the inclusion criteria
(Figure 1). Of these, 14 (seven pharmacological and seven
non-pharmacological) were included in quantitative synthesis
(meta-analysis).

To evaluate the presence of neuropathy, 11 studies used
validated questionnaires based on self-reported symptoms (8–18).
Seven studies used objective measures such as nerve conduction
studies, electrophysiological studies, sensory testing, or balance
scores (19–25). Six studies used a combination of questionnaires
and objective measures (26–31). The studies primarily included
breast cancer patients treated with paclitaxel.

Characteristics of Included Studies
Of the 24 included studies, 12 investigated pharmacological
agents while the other 12 investigated non-pharmacological
interventions (Tables 1 and 2).
Frontiers in Oncology | www.frontiersin.org 3277
For the 12 pharmacological RCTs, median sample size was 64.
The age of included participants ranged from 30 to 74 years. Six
RCTs included only female patients with breast cancer. The
pharmacological interventions include gabapentin (19), omega-3
fatty acids (20, 21), vitamin E supplementation (alfa-tocopheryl
acetate) (20, 27), minocycline (8), pregabalin (9), glutathione
(10), glutamate (26), amifostine (11), recombinant human
leukemia inhibitory factor (rhuLIF) (22), Acetyl-L-carnitine
(12), and N-acetylcysteine (13).

For the 12 non-pharmacological controlled trials, median
sample size was 43.5. The age of included participants ranged
from 23 to 74 years. Nine trials included only female patients
with breast cancer. The non-pharmacological interventions
included cryotherapy (14–16, 23, 24, 28–30), classical massage
(31), compression therapy (17, 18) and sensorimotor
exercises (25).

Risk of Bias of Included Studies
The risk of bias for the selected studies is summarized in
Figures 2 and 3.

Of the 12 selected pharmacological RCTs (Figure 2), four had
unclear risk of selection bias as their methods for random
sequence generation were not reported, while five had an
unclear risk of selection bias with respect to the lack of
reporting on allocation concealment. Blinding of participants
and personnel was not reported in five trials, hence judged to
have unclear risk of performance bias. Similarly, seven trials had
an unclear risk of detection bias as blinding of outcome assessors
was not reported. Two trials had an unclear risk, and three trials
a high risk of attrition bias as more than 30% of the study
participants were not included in the analysis for various reasons
including loss of follow-up or disease progression. All trials were
FIGURE 1 | Flow chart describing the search and selection of studies according
to the PRISMA guidelines.
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TABLE 1 | Characteristics of included studies describing pharmacological interventions to reduce the incidence of paclitaxel-induced peripheral neuropathy.

Author Year Total
sample
size

Median
age

Population
statistics:

Percentage of (%)

Intervention Type of
control

Primary outcomes Outcome
Measures

Female
patients

Patients
with

breast
cancer

Aghili (19) 2019 40 45.1 40 (100) 40 (100) Gabapentin dose
(intervention group) or
placebo capsules, orally
prescribed—300 mg for
the 1st day, 600 mg for
the 2nd day, and 900
mg divided into three
doses for the 3rd up to
the 14th day of each
cycle.

Placebo Incidence of both subjective
and objective neuropathy.

1. Relative frequency of
neuropathy (subjective)
2. Change in Nerve Conduction
Velocity in electrophysiological
nerve studies (objective)

Anoushirvani
(20)

2018 63 51.5 46 (73) 36 (57) Omega-3 capsules of
640 mg three times a
day while receiving
taxol, or vitamin E
supplements at a dose
300 mg twice daily, or
placebo capsules for
the same period.

Placebo To assess the efficacy of
omega-3 and vitamin E on
preventing PIPN via
electrophysiological nerve
studies and clinical
evaluation.

1. Clinical and
electrophysiological evaluation
before the onset of
chemotherapy and at months 1
and 3; presence of neuropathy
and its progression was
recorded by the neurologist

Argyriou (27) 2006 37 57 23
(62.2)

19 (51.4) Oral supplementation of
synthetic DL-alfa-
tocopheryl acetate (Eviol
soft gelatin capsules) at
a dose of 300 mg/day
twice daily during
chemotherapy and up
to 3 months after its
suspension.

Standard
of care

To estimate the efficacy of
vitamin E supplementation in
preventing PIPN by
determining significant
differences in PIPN
occurrence between study
arms.

1. Peripheral Neuropathy score
2. Neurological Symptom
Score
2. Neurological Disability Score
2. Hughes’ Functional Grading
Scale

Davis (22) 2005 117 58 53
(45.3)

Not
reported

Study drug was given
subcutaneous daily for
7 days starting the day
before chemotherapy.
Patients were
randomized to receive
low-dose rhuLIF (2 mg/
kg), high-dose rhuLIF (4
mg/kg), or placebo.

Placebo To observe a change in
neurologic assessments,
measured using standardized
composite peripheral nerve
electrophysiology score, from
baseline to the end of cycle
4.

1. Standardized composite
peripheral nerve
electrophysiology score; based
on nerve velocities and
amplitudes
2. Vibration perception
threshold
3. H-reflex latency
4. Symptom scores
5. Quantitative assessment of
neurologic signs
6. NCI CTC
7. Production of rhuLIF
antibodies (For toxicity)

Ghoreishi
(21)

2012 69 45.9 69 (100) 69 (100) Omega-3 fatty acid oral
supplements as soft
gelatin capsules at a
dose of 640 mg three
times a day during
chemotherapy with
paclitaxel and one
month after the end of
therapy or placebo of
Sunflower soft gelatin
capsules.

Placebo To evaluate Reduced Total
Neuropathy Score as a
measure of the existence and
severity of PIPN in patients.

1. Reduced Total Neuropathy
Score (subjective sensory
symptoms, pin sensibility, deep
tendon reflexes, and nerve
conduction studies of sural and
peroneal nerves)
2. Nerve conduction study
unilaterally using Nicolet/
VIASYS Viking Quest
electromyography Machine
based on standard methods,
Serum levels of omega-3 fatty
acids
- Motor conduction
assessment: Distal motor

(Continued)
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TABLE 1 | Continued

Author Year Total
sample
size

Median
age

Population
statistics:

Percentage of (%)

Intervention Type of
control

Primary outcomes Outcome
Measures

Female
patients

Patients
with

breast
cancer

latency, peak to baseline
amplitude of compound muscle
action potential and motor
conduction velocity for tibial,
peroneal, and ulnar nerves
- Sensory nerve conduction of
sural and ulnar nerves: peak-
to-peak amplitude
measurement of sensory action
potentials and sensory
conduction velocity (antidromic
technique)

Hershman
(12)

2018 409 53 409
(100)

409 (100) Six active capsules,
each containing 590 mg
of Acetyl-L-carnitine
hydrochloride (provides
500 mg of Acetyl-L-
carnitine) and 10 mg of
cellulose, were given to
the intervention arm,
while the control arm
received six capsules
containing 600 mg of
cellulose.

Placebo To determine the FACT-NTX
score at each time point (1
and 2 years).

11-item FACT-NTX symptom
module as a continuous
measure (range = 0–44); a
lowering in the FACT-NTX
score (worse CIPN) of more
than 10% or five points is
considered clinically significant

Hilpert (11) 2005 72 Not
reported

72 (100) 0 (0) I.V. premedication with
amifostine
(thiophosphate
cytoprotectant) 740 mg/
m2 or placebo.

Placebo To assess whether amifostine
reduces chemotherapy-
induced neurotoxicity of a
first-line therapy with
standard carboplatin/
paclitaxel or with additional
epirubicin in advanced
ovarian carcinoma in
comparison with a placebo
treatment, as determined by
the measurement of vibration
perception thresholds and
vibration disappearance
thresholds before cycle 4 and
after the end of treatment.

1. Vibration perception
thresholds and Vibration
disappearance thresholds
before cycle 4 and after the
end of treatment
2. Patella and Achilles tendon
reflex activities
3. Two-point-discrimination
[back of the hands, 10, 5, 3,
and 1.5 cm separation; tibia
(vertical), 10 and 4 cm
separation]
4. Specific sensory symptoms
and fine and global motor
activities, surveyed via a patient
questionnaire
5. EORTC QLQ-C30
questionnaire
6. Toxicity including sensory
neuropathy and pain categories
according to NCI-CTC

Khalefa (13) 2020 65 Not
reported

65 (100) 65 (100) For the intervention
groups, the low-dose
group received
paclitaxel in addition to
N−acetylcysteine 600
mg twice daily for 12
weeks while the high-
dose group received N
−acetylcysteine 1,200

Standard
of care

To determine the incidence of
grade II or more PIPN at 12
weeks.

1. CTCAE v4.0, assessed
weekly for 12 weeks
2. Modified Total Neuropathy
Score at baseline and after 6
and 12 weeks
3. FACT/Gynecologic Oncology
Group-NTX subscale assessed
at baseline and after 6 and 12
weeks

(Continued)
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TABLE 1 | Continued

Author Year Total
sample
size

Median
age

Population
statistics:

Percentage of (%)

Intervention Type of
control

Primary outcomes Outcome
Measures

Female
patients

Patients
with

breast
cancer

mg twice daily for 12
weeks. The control
group received
paclitaxel only.

4. Blood samples withdrawn
from patients at baseline and
after 12 weeks to evaluate
serum levels of
malondialdehyde and nerve
growth factor using commercial
spectrophotometric and ELISA
kits, respectively

Leal (10) 2014 185 63 150 (81) Not
reported

Patients received
glutathione 1.5 g/m2 or
placebo (100 ml of
0.9% saline)
intravenously over 15
min immediately before
second dose of
chemotherapy.

Placebo To measure sensory
chemotherapy-induced
peripheral neuropathy as
measured repeatedly by the
sensory subscale of the
EORTC QLQ-CIPN20 during
the first 6 cycles of
chemotherapy.

1. EORTC QLQ-CIPN20
1. FACT for Patients with
Ovarian Cancer assessments
3. CTCAE v4.0

Loven (26) 2009 43 59 43 (100) 0 (0) On the first day of
chemotherapy, every
participant received one
batch containing eight
bottles of either
glutamate 500 mg or
identical-looking
placebo capsules: 6
bottles for 6 cycles of
chemotherapy, and 2
bottles for
supplementation when
capsules of a previous
bottle were not enough
due to delay of
chemotherapy.

Placebo To achieve a 65% reduction
in the rate of patients with
CIPN in the Glutamate group
as compared with Placebo
group as defined either by
the rate of patients with signs
and symptoms
corresponding to severity
scores 2–3 or by the rate of
appearance of impaired
electrophysiological features.

1. Rate of patients with signs
and symptoms corresponding
to severity scores 2–3
2. Rate of appearance of
impaired electrophysiological
features
3. Standard sensory–motor
nerve conduction study using a
Dantec Keypoint or Nicolet
Voyager Electromyography
4. Specially designed
questionnaire regarding the
presence of tingling,
numbness, pain, and muscle
weakness

1 capsule 3x daily,
either half an hour
before or 2 h after a
meal, starting on that
day.
This supplementation
treatment was
continued throughout
the period of 6 cycles of
chemotherapy and until
3 weeks later.

Pachman (8) 2017 45 54.9 45 (100) 45 (100) 200 mg of minocycline
(x2 100 mg capsules)
on Day 1 followed by
100 mg twice daily or
matching placebos until
the 12 weeks of
chemotherapy were
completed.

Placebo Obtain pilot data regarding
the possible effect of
minocycline on the prevention
of PIPN and Paclitaxel acute
pain syndrome.

1. Daily average Area Under
Curve pain score
1. Acute pain syndrome
questionnaire daily during
chemotherapy to measure
Paclitaxel acute pain syndrome
1. EORTC QLQ-CIPN20
questionnaire

Shinde (9) 2016 46 53.7 46 (100) 46 (100) Pregabalin 75 mg or
placebo twice daily,
starting on the first night
of chemotherapy and

Placebo To assess the effectiveness
of pregabalin on the
Paclitaxel acute pain
syndrome via the maximum

1. EORTC QLQ-CIPN20
questionnaire
2. Patient-reported acute pain
syndrome questionnaire
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judged to have low risk of reporting bias, except one with an
unclear risk.

Of the 12 non-pharmacological trials (Figure 3), two studies
were at high risk of selection bias as the intervention was
conducted on the participants’ dominant hands. Two studies
were at high risk of selection bias as allocation was not concealed.
All except one study had an unclear risk of performance bias as
the blinding of the participants and study personnel was not
reported. All except two studies had an unclear risk of detection
bias the studies did not describe the blinding of outcome
assessment. Two of the studies were at high risk of attrition
bias as both studies had a 34% dropout rate, while all the other
studies were at low risk. All the studies were at low risk of
reporting bias.

Pharmacological Interventions
12 controlled trials investigated the effect of pharmacological
interventions on the prevention of neuropathy (Table 1).

Meta-Analysis
A meta-analysis including seven of the 12 pharmacological
controlled trials was pursued (10, 12, 13, 20, 21, 26, 27) as they
reported the number of participants corresponding to each
grade of neuropathy, which allowed pooling of data. Three
studies reported a significant reduction in the risk of
neuropathy, while four studies did not find any statistically
significant reduction. Pooling these estimates, we found a small
reduction in the risk of peripheral neuropathy (RR 0.80, 95% CI
0.60–1.06) (Figure 4). The GRADE quality was judged to be
low due to high risk of bias in the methodological components
of the included studies and inconsistency and imprecision for
the pooled results (Table 3). There was significant
heterogeneity between individual trial results (chi-square
p value = 0.003, I2 = 69%). There were insufficient studies to
pursue sub-group analysis stratified by intervention method
(oral and parenteral).
Frontiers in Oncology | www.frontiersin.org 7281
Interventions That Reduced the Incidence of PIPN
The study by Aghili et al. (19), which investigated the effect of
gabapentin, showed a statistically significant difference between
intervention and placebo groups in terms of neuropathic grade
based on the National Cancer Institute Common Terminology
Criteria for Adverse Events version 4.0 questionnaire (CTCAE
v4.0) and sensory nerve conduction. However, patient-reported
symptoms varied across the different chemotherapy cycles. The
study by Anoushirvani et al. (20) reported a significant difference
between patients receiving Omega-3 or Vitamin E as compared
to placebo, although no significant difference was seen in the
electrophysiological variables measured and the study was
limited by the small sample size (n = 21) per intervention. The
study by Argyriou et al. (27) showed that patients who received
Vitamin E were at lower risk of developing PIPN, although it is
worth noting that the trial was limited by its small intervention
sample size (n = 18) and lack of placebo. The study by Ghoreishi
et al. (21) showed that patients who received Omega-3 fatty acid
supplements were at lower risk of incidence of peripheral
neuropathy, and a significantly higher (better) sural sensory
action potential amplitude. It is worth noting, however, that
the trial was limited by its relatively small sample size in the
intervention group (n = 35). The study by Khalefa et al. (13)
showed that patients who received N-acetylcysteine had a
statistically significant reduction in the incidence of Grade 3
peripheral neuropathy. Similarly, however, the study was also
limited by small intervention sample size (n = 42).

Interventions That Did Not Reduce the Incidence of
PIPN
The study by Davis et al. (22), which investigated the effect of
rhuLIF, showed that it was not effective in preventing, delaying,
or diminishing CIPN caused by carboplatin and paclitaxel. The
study by Hilpert et al. (11) showed that while Amifostine did
show some protective effects in that a significantly delayed onset
and accelerated recovery was observed, there were no differences
TABLE 1 | Continued

Author Year Total
sample
size

Median
age

Population
statistics:

Percentage of (%)

Intervention Type of
control

Primary outcomes Outcome
Measures

Female
patients

Patients
with

breast
cancer

continuing through the
planned 12 weeks of
chemotherapy. During
the 13th week, the
dose was decreased to
once a day at bedtime,
after which patients
went off-study.

of the worst pain scores for
the week following the first
cycle of paclitaxel
administration, as measured
by a question on the daily
post-paclitaxel questionnaire.

3. Maximum of the worst acute
pain scores
4. Adverse events per CTCAE
criteria
January 202
CIPN, Chemotherapy-Induced Peripheral Neuropathy; NCI-CTC, National Cancer Institute Common Toxicity Criteria; CTCAE, National Cancer Institute Common Terminology Criteria for
Adverse Events; ELISA, Enzyme-linked immunosorbent assay; EORTC QLQ, European Organization for Research and Treatment of Cancer Quality-of-Life Questionnaire; FACT-NTX,
Neurotoxicity component of the Functional Assessment of Cancer Therapy-Taxane; PIPN, Paclitaxel-Induced Peripheral Neuropathy; rhuLIF, recombinant human leukemia
inhibitory factor.
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TABLE 2 | Characteristics of included studies describing non-pharmacological interventions to reduce the incidence of paclitaxel-induced peripheral neuropathy.

Author Year Total
sample
size

Median
age

Population
statistics:

Percentage of (%)

Intervention Type of
control

Primary outcomes Outcome measures

Female
patients

Patients
with

breast
cancer

Beijers (14) 2020 180 60 102 (57) 62 (34) Elasto-Gel hypothermia frozen
gloves worn bilaterally 15 min
before, during the 1- to 2-h
infusion of chemotherapy up till
15 min after the treatment.
Frozen gloves were put in a
freezer (−20°C) for 3 h prior
and are changed every 45 min.

Standard
of care

To assess incidence of CIPN
by comparing scores of
patients on the EORTC QLQ-
CIPN20 scale.

1. EORTC QLQ-
CIPN20 scale

2. Secondary
endpoints: CIPN
single items, quality
of life, tolerance of
frozen gloves usage
and dose reduction
due to CIPN

Griffiths (28) 2018 46 47.3 46 (100) 46 (100) Participants served as their
own paired control, with
randomization of the cooled
glove/sock to either the
dominant or the non-dominant
hand/foot, worn for 15 min
prior to, during, and 15 min
after completion of the
paclitaxel infusion.

Internal
control

To assess symptoms of
neuropathic pain, pain severity,
and sensory sensitivity—
measured with the Neuropathic
Pain Symptom Inventory, Brief
Pain Inventory, and
Quantitative Sensory Testing,
respectively—for the
intervention versus control
extremity at the end of the
paclitaxel treatments,
respectively. (primary
outcomes not specified)

1. Neuropathic Pain
Symptom Inventory
for symptoms of
neuropathic pain

2. Brief Pain Inventory
for pain severity

3. Quantitative sensory
testing for sensory
sensitivity

Hanai (29) 2018 45 56 45 (100) 45 (100) Patients wore frozen gloves
and socks on the dominant
side for 90 min, including the
entire duration of drug infusion.

Internal
control

To assess the incidence of
CIPN (any grade), defined as a
decline in tactile sensation from
the pre-treatment baseline, as
assessed by the Semmes-
Weinstein monofilament test,
which is a validated measure of
peripheral neuropathy.

1. Patient-reported
subjective
symptoms

2. Tactile sensation
assessed by the
Semmes-Weinstein
monofilament test

3. Thermosensory
disturbance

4. Manipulative
dexterity

5. Vibration perception
6. Electrophysiological

signs
7. Cryotherapy

tolerability
8. Pharmacokinetics

Izgu (31) 2018 40 45.8 40 (100) 40 (100) Patients in the intervention
group went to a special room
with thermostatically controlled
temperature (20–22°C) to
receive classical massage
sessions 1 h before paclitaxel
infusion for 30 min during days
of chemotherapy once a week.

Standard
of care

To assess for the presence of
peripheral neuropathic pain
and CIPN-related quality of life
assessed by the Self-Leeds
assessment of neuropathic
symptoms and signs and
EORTC QLQ-CIPN20 and with
nerve conduction studies as an
objective outcome.

1. Self-Leeds
assessment of
neuropathic
symptoms and
signs and EORTC
QLQ-CIPN20—
assessed at
baseline and weeks
4, 8, 12, and 16.

2. Nerve conduction
study findings—
baseline and week
12

Kanbayashi
(15)

2020 38 57.6 38 (100) 38 (100) On one hand (intervention),
patients wore frozen flexible
gloves (Elasto-gel or Cool
Mitten) from 15 min before start

Internal
control

To compare frequencies of
CTCAE v4.0 grade ≥ 2 and
Patient Neurotoxicity
Questionnaire grade ≥ D

1. Patient
Neurotoxicity
Questionnaire

(Continued)
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TABLE 2 | Continued

Author Year Total
sample
size

Median
age

Population
statistics:

Percentage of (%)

Intervention Type of
control

Primary outcomes Outcome measures

Female
patients

Patients
with

breast
cancer

of infusion of nab-PTX till 15
min after continuously. On the
other hand (control), patients
wore 2 surgical gloves (one
size smaller than best fit) from
30 min before the infusion till
30 min after.

(neuropathy interfering with
Activities of Daily Living)
peripheral neuropathies at the
last evaluation between frozen
glove-protected and surgical
glove-protected hand.

2. FACT-Taxane
subscale

3. Temperatures at
each fingertip in
both groups
measured
thermographically

4. CTCAE v4.0
Kotani (18) 2021 49 52.5 49 (100) 49 (100) Each patient donned two

surgical gloves on each hand at
every Paclitaxel infusion. Two
one-size-smaller gloves were
donned on one hand (study
side) and two normal-size
gloves were donned on the
other hand (control side) over
the 90 min from 30 min before
the infusion to 30 min after the
end of the infusion.

Internal
control

To determine the difference in
the incidence of Grade ≥ 2
CIPN (motor/sensory) between
the study and control side.

Physician-reported
CTCAE v4.0

Ng (30) 2020 38 55 38 (100) 38 (100) The intervention group received

cryotherapy via Elasto-Gel™

hypothermia frozen socks and
gloves on all extremities from
15 min before paclitaxel until 15
min post-infusion every cycle.

Standard
of care

To determine proportion of
participants reporting Grade C-
E symptoms on Patient
Neurotoxicity Questionnaire at
2 weeks after 12 cycles of
weekly paclitaxel.

Patient-Reported
Outcomes
questionnaires
administered at
baseline prior to
paclitaxel, 1–2 weeks,
and 3, 6, and 9
months post-paclitaxel
treatment: Patient
1. Neurotoxicity

Questionnaire,
EORTC QLQ-
CIPN20

2. Electrophysiological
assessments
conducted at
baseline, 1–2
weeks, and 6
months post-
paclitaxel treatment:
Nerve Conduction
Studies and
Sympathetic Skin
Response

Ruddy (16) 2019 42 54 41
(97.6)

42 (100) On hands, patients wore cotton
gloves inserted into the pocket
of a quart-sized plastic bag 2/3
full of ice and another similar
quart-sized plastic bag was
placed on top of both hands if
there were no IV lines. On feet,
patients wore light cotton
socks, which were then placed
on top and beneath similar
gallon-sized plastic bags half
full of ice.

Standard
of care

To assess the EORTC QLQ-
CIPN20 score and measure
Area Under Curve of EORTC
QLQ-CIPN20 sensory scores
over the 12 weeks of
paclitaxel, adjusted for baseline
scores.

1. EORTC QLQ-
CIPN20 was
completed at
baseline, weekly
×12, then monthly
×6

2. Area Under Curve
of EORTC QLQ-
CIPN20 scores was
calculated for
subscale scores,
adjusting for
baseline, and
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in self-reported sensory or motor symptoms, which led the
authors to conclude that Amifostine should not be routinely
recommended. Leal et al. (10) showed that Glutathione did not
have any statistically significant effect on the development of
CIPN. Loven et al. (26) showed that long-term glutamate
supplementation did not have any statistically significant effect
Frontiers in Oncology | www.frontiersin.org 10284
on neurological examinations, questionnaires and nerve
conduction studies. The study by Pachman et al. (8) showed
that minocycline was able to reduce the pain score attributed to
Paclitaxel acute pain syndrome, but no statistically significant
difference was seen in CIPN scores as defined by European
Organization for Research and Treatment of Cancer Quality-of-
TABLE 2 | Continued

Author Year Total
sample
size

Median
age

Population
statistics:

Percentage of (%)

Intervention Type of
control

Primary outcomes Outcome measures

Female
patients

Patients
with

breast
cancer

compared between
arms (Wilcoxon
rank-sum test)

3. CTCAE
Shigematsu
(24)

2020 44 Not
reported

44 (100) 44 (100) Frozen (−20°C) gloves/socks
(Elasto-Gel, mittens, and
slippers) worn on both hands
and feet continuously for 15
min before paclitaxel infusion
until 15 min after infusion in
accordance with previous
report regarding cryotherapy
(total 90 min) for each cycle.

Standard
of care

To assess the percentage of
patients with a significant
decrease in their FACT-NTX
score.

1. Patient
Neurotoxicity
Questionnaire

2. CTCAE
3. FACT-NTX score

Sundar (23) 2017 69 53 69 (100) 69 (100) Continuous-flow limb
hypothermia at a coolant
temperature of 22°C using
thermoregulator device
supplying coolant (water) to
limb wraps.

Internal
control

To observe differences in nerve
conduction studies carried out
at baseline, 1 month into
treatment, the end of
treatment, and 3 months post-
treatment.

1. Nerve conduction
studies

2. Total Neuropathy
Score (safety and
tolerance measures)

3. Visual analog pain
scale

4. Subjective tolerance
scale

5. Shivering
Assessment Scale

Randomization for limb cooling
was carried out and the non-
cooled limb served as internal
control prior to the first cycle of
therapy, and the same limb
underwent cooling for all
subsequent cycles, while the
non-cooled limb remained as
control.

Tsuyuki (17) 2016 43 60 43 (100) 43 (100) For every nab-PTX infusion,
each patient wore 2 surgical
gloves (provided at room
temperature) of the same size
on their dominant hand for only
90 min: during the 30 min
before the administration of
nab-PTX, during the 30 min
nab-PTX infusion itself, and
during the 30 min after the end
of the infusion.

Internal
control

To assess the incidence of
nab-PTX-induced peripheral
neuropathy grade 2 or higher
between the compression
surgical gloves-protected
hands and control hands using
the CTCAE v4.0.

1. CTCAE v4.0
2. Patient

Neurotoxicity
Questionnaire

3. Temperature
changes of the tip
of each finger using
thermography

Vollmers
(25)

2018 36 50 36 (100) 36 (100) Following assessment by a
sports scientist, patients were
assigned to physical exercises
on one hand. Intensity
depended on age, weight and
training state.

Internal
Control

Primary endpoints were sway
areas and Fullerton Advanced
Balance Scale scores.
Secondary endpoints were
upper and lower extremity
strength and the scores on
subjective scales

1. Posturometry
2. Chair Rising Test
3. Fullerton Advanced

Balance Scale
4. EORTC QLQ-C30
January 2022 | Volu
CIPN, Chemotherapy-Induced Peripheral Neuropathy; CTCAE, National Cancer Institute Common Terminology Criteria for Adverse Events; EORTC QLQ, European Organization for Research
and Treatment of Cancer Quality-of-Life Questionnaire; FACT-NTX, Neurotoxicity component of the Functional Assessment of Cancer Therapy-Taxane; nab-PTX, Nanoparticle albumin-bound
paclitaxel.
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Life Questionnaire CIPN20 (EORTC QLQ-CIPN20) sensory
scores. Similarly, Shinde et al. (9) showed that patients treated
with pregabalin did not find a statistically significant difference in
the pain score associated with Paclitaxel acute pain syndrome
and CIPN as determined by EORTC QLQ-CIPN20.

Interventions That Increased the Incidence of PIPN
Only one study showed that patients were at higher risk of PIPN.
Hershman et al. (12) showed that patients who were co-
administered Acetyl-L-Carnitine during chemotherapy on
average had worse peripheral neuropathy as determined by the
Frontiers in Oncology | www.frontiersin.org 11285
neurotoxicity component of the Functional Assessment of
Cancer Therapy-Taxane (FACT-NTX) symptom module. The
CIPN also persisted throughout the two-year period following
Acetyl-L-Carnitine discontinuation.
Non-Pharmacological Interventions
12 controlled trials investigated the effect of non-pharmacological
interventions on the prevention of neuropathy (14–18, 23–25, 28–
31) (Table 2).
FIGURE 2 | Risk of bias summary for studies investigating pharmacological
approaches to prevent PIPN. Green circles represent low risk of bias, yellow
circles represent unclear risk of bias, and red circles represent high risk of
bias for their corresponding component categories.
FIGURE 3 | Risk of bias summary for studies investigating non-
pharmacological approaches to prevent PIPN. Green circles represent low
risk of bias, yellow circle represents unclear risk of bias, and red circle
represents high risk of bias for their corresponding component categories.
FIGURE 4 | Forest plot comparing the incidence of PIPN between the experimental (pharmacological approaches) and control (placebo) arms. Black diamonds are
the estimated pooled hazard ratio for each meta-analysis; blue box sizes reflect the relative weight apportioned to studies in the meta-analysis.
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Meta-Analysis
A meta-analysis was pursued for studies that used non-
pharmacological interventions, as per our protocol. Seven studies
were included in the meta-analysis as they reported the number of
participants corresponding to each grade of neuropathy. Six studies
reported a reduced relative risk of neuropathy, while one study did
not find any difference. Pooling these estimates, we found that non-
pharmacological interventions were able to halve the risk of
developing neuropathy (pooled RR = 0.52, 95% CI = 0.38–0.70,
p < 0.001, I2 = 29%) (Figure 5A).

The GRADE quality was judged to be moderate due to serious
risk of bias in the methodological components of included
studies but there were no serious inconsistencies between
studies (Table 4).

Cryotherapy
Limb cryotherapy was the most investigated intervention, with
eight studies included in this analysis (14–16, 23, 24, 28–30). Six
of these studies used frozen or cooled gloves to cool limbs (14, 15,
24, 28–30), one study used a thermoregulatory device (23), and
one study involved immersing the patient’s cotton gloved hands
into an ice bucket (16). Of these, one study did not find any
difference in the incidence of neuropathy, while four studies
found a reduced incidence (Figure 5B).

A subgroup meta-analysis including five of the eight studies
was conducted. Pooling these estimates (Figure 5B), it was found
that non-pharmacological interventions were able to
significantly reduce the incidence of neuropathy (pooled RR =
0.47, 95% CI = 0.35–0.63, p < 0.001, I2 = 0%). Additional
sensitivity analysis also revealed that no single study had a
substantial effect on the CI.

Compression Therapy
Two studies explored the effect of peripheral compression (through
wearing smaller glove sizes) during chemotherapy infusion (17, 18).
The study by Tsuyuki et al. (17) found that hands compressed using
surgical gloves had significantly lower mean grade of neuropathy as
compared to non-treated hands. Conversely, the study by Kotani
et al. (18) found that surgical glove compression therapy was not
effective in preventing the incidence of peripheral neuropathy. The
limited number of studies precluded a meta-analysis.

Kanbayashi et al. (15) evaluated efficacy of compression therapy
via surgical glove and cryotherapy via frozen gloves, and found that
they showed comparable efficacy in preventing CIPN.

Other Therapies
Izgu et al. showed that classical massage therapy prior to
chemotherapy infusion showed a significantly reduced relative
incidence of neuropathy at week 12 of infusion, although the
effect was not preserved at week 16 (31). Vollmers et al. showed
Frontiers in Oncology | www.frontiersin.org 12286
that sensorimotor exercise during treatment period improved
strength and balance, although the improvements were not
statistically significant (25).
DISCUSSION

CIPN is a critical issue affecting delivery of chemotherapy and quality
of life of survivors; hence, prevention is imperative. Thismeta-analysis
assesses clinically explored neuroprotectants for reducing incidence of
PIPN, aiming to interpret their therapeutic efficacy and identify
promising directions. Importantly, this study includes newer non-
pharmacological trials not included in previous similar reviews. This
study evidences a relatively higher efficacy of non-pharmacological
than pharmacological interventions in reducing the incidence of
PIPN in the treatment arm compared to the control.

Overall, when comparing the forest plots, non-pharmacological
interventions displayed a lower pooled RR of 0.52 compared to 0.80
for the pharmacological (Figures 4 and 5), supporting higher
efficacy of non-pharmacological interventions in reducing PIPN
incidence. Among the non-pharmacological interventions, there
was a notable benefit observed by the subgroup of studies
investigating cryotherapy with a pooled RR of 0.47. This suggests
that cryotherapy, through its vasoconstrictive effects, may have the
potential to reduce the incidence of peripheral neuropathy by
limiting initial exposure damage during the chemotherapy infusion.

The inconsistency in study design across the pharmacological
and non-pharmacological studies was substantial. Though the
evaluated studies demonstrated low heterogeneity, a low GRADE
score was observed when comparing the incidence of PIPN in the
treatment to control arms for pharmacological interventions.
However, a high GRADE score was observed for the non-
pharmacological interventions (Tables 3 and 4). Placebo control
was a commonly used standard in all pharmacological studies
except one. In the non-pharmacological studies, most used
internal controls, while one used a placebo to demonstrate
efficacy. The non-possibility of relevant placebos in physical
interventions is important to recognize and consider.

A variety of outcomemeasures was used to assess PIPN incidence
and treatment efficacy in preventing PIPN. Of the included
pharmacological studies, the most commonly reported outcome
measure was nerve conduction studies, while the most commonly
used outcome in non-pharmacological studies was the EORTCQLQ-
CIPN20 questionnaire. Majority of the studies reported adverse
events as per CTCAE criteria. The diversity of CIPN assessment
methods is concerning, with implications in clinical trial design, result
interpretation, and practice (3, 32). Several consortiums have been
formed to address this and propose a standardized approach (33).
This study further emphasizes the importance of a gold standard
objective approach to assess and report CIPN outcomes.
TABLE 3 | GRADE score on the quality of summarized evidence comparing the incidence of peripheral neuropathy between the experimental (pharmacological
approaches) with control (placebo) arms.

Study design Risk of bias Inconsistency Indirectness Imprecision Other considerations GRADE score

Randomized trials Serious Serious Not serious Not serious Publication bias strongly suspected Low
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Apart from the efficacy of the interventions in the prevention
of neuropathy, it is also important to consider the limitations, in
terms of their safety and tolerability. In this review, majority of
studies did not observe a large dropout rate due to direct
concerns of safety. However, in the field of cryotherapy, there
have been reports of frozen gloves used for limb hypothermia
being recalled over concerns of frostbite and patient intolerance
(34). In the studies that investigated compression therapy,
limitations such as the patient physique and amount of
required compression were raised (18). Thus, further studies
investigating the safety, tolerability, and reproducibility (across
various population cohorts) of the proposed interventions
are imperative.

Study Limitations
While mitigated through a systematic search, there is a risk of
sampling bias due to exclusion of gray or non-English literature.
Studies that investigated combinations of antineoplastic drugs
(which included paclitaxel) were not included. The included
studies often reported the incidence of PIPN using varying
assessment tools. This precluded further investigation of the
effect of these interventions on a reduction in the severity of
neuropathy. Furthermore, methodological heterogeneity
was observed across studies and inconsistencies in reporting
were observed, which limits the conclusion strength for
pharmacological interventions.
Frontiers in Oncology | www.frontiersin.org 13287
Practice Implications
The included neuroprotective interventions are promising
approaches in development. Low-to-moderate quality evidence
suggests that non-pharmacological interventions are more
efficacious than pharmacological agents explored in this study in
reducing the incidence of PIPN. Specifically, subgroup analysis has
revealed that limb cryotherapy appears to hold promise as a
potential intervention for the prevention of PIPN. However, the
strength of evidence is weak due to the small number of evaluable
studies with small sample size. Considering the diversity in clinical
and methodological aspects, the results should be interpreted with
caution, and no absolute or general recommendations can
be made.

Research Implications
Relatively few clinical studies have explored non-pharmacological
interventions for PIPN prevention. Some emerging ones include
combination therapies such as cryocompression, and behavioral
interventions such as acupuncture and exercise therapy (35–38).
Larger multi-center, well-designed trials should investigate the
effects of these promising agents for more conclusive evidence.
Future trials may also consider the combination of strategies—
pharmacological, non-pharmacological, or both, in the
prevention of peripheral neuropathy. Trials should use
standardized objective assessment methods and well-defined
primary and secondary outcomes to ensure validity.
A

B

FIGURE 5 | (A) Forest plot comparing the incidence of PIPN between the experimental (non-pharmacological approaches) with control (placebo) arms. (B) Forest
plot comparing the incidence of PIPN between experimental (cryotherapy) and control (placebo) arms. Black diamonds are the estimated pooled hazard ratio for
each meta-analysis; blue box sizes reflect the relative weight apportioned to studies in the meta-analysis.
TABLE 4 | GRADE score on the quality of summarized evidence comparing the incidence of peripheral neuropathy between the experimental (non-pharmacological
approaches) with control (placebo) arms.

Study design Risk of bias Inconsistency Indirectness Imprecision Other considerations GRADE score

Controlled trials Not serious Serious Not serious Not serious NIL Moderate
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Experimental studies uncovering the mechanisms of action of
these methods are required. These can advance treatment by
incorporation of optimal therapeutic parameters.
CONCLUSION

This meta-analysis assessed neuroprotectants for preventing
PIPN and highlights the emergence of non-pharmacological
interventions (especially cryotherapy and compression
therapy). Evidence from the selected trials demonstrate a
greater efficacy of non-pharmacological than pharmacological
interventions in reducing the incidence of PIPN. The quality of
evidence from the evaluated studies is overall low, and sample
size is small. Meticulous planning of trial design and
standardizing CIPN assessment techniques will greatly improve
outcome reporting and ease judgement of prospective
interventions for incorporation into clinical practice.
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Chemotherapy is the commonly used treatment for advanced lung cancer. However, it
produces side effects such as the development of chemoresistance. A possible
responsible mechanism may be therapy-induced senescence (TIS). TIS cells display
increased senescence-associated b-galactosidase (SA-b-gal) activity and irreversible
growth arrest. However, recent data suggest that TIS cells can reactivate their
proliferative potential and lead to cancer recurrence. Our previous study indicated that
reactivation of proliferation by TIS cells might be related with autophagy modulation.
However, exact relationship between both processes required further studies. Therefore,
the aim of our study was to investigate the role of autophagy in the senescence-related
chemoresistance of lung cancer cells. For this purpose, human and murine lung cancer
cells were treated with two commonly used chemotherapeutics: cisplatin (CIS), which
forms DNA adducts or docetaxel (DOC), a microtubule poison. Hypoxia, often overlooked
in experimental settings, has been implicated as a mechanism responsible for a significant
change in the response to treatment. Thus, cells were cultured under normoxic (~19%O2)
or hypoxic (1% O2) conditions. Herein, we show that hypoxia increases resistance to CIS.
Lung cancer cells cultured under hypoxic conditions escaped from CIS-induced
senescence, displayed reduced SA-b-gal activity and a decreased percentage of cells
in the G2/M phase of the cell cycle. In turn, hypoxia increased the proliferation of lung
cancer cells and the proportion of cells proceeding to the G0/G1 phase. Further molecular
analyses demonstrated that hypoxia inhibited the prosenescent p53/p21 signaling
pathway and induced epithelial to mesenchymal transition in CIS-treated cancer cells.
In cells treated with DOC, such effects were not observed. Of importance,
pharmacological autophagy inhibitor, hydroxychloroquine (HCQ) was capable of
overcoming short-term CIS-induced resistance of lung cancer cells in hypoxic
conditions. Altogether, our data demonstrated that hypoxia favors cancer cell escape
from CIS-induced senescence, what could be overcome by inhibition of autophagy with
HCQ. Therefore, we propose that HCQ might be used to interfere with the ability of
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senescent cancer cells to repopulate following exposure to DNA-damaging agents. This
effect, however, needs to be tested in a long-term perspective for preclinical and
clinical applications.
Keywords: cancer, hypoxia, senescence, autophagy, chemoresistance
INTRODUCTION

Lung cancer remains the leading cause of cancer-related deaths.
Approximately 85% of all lung cancer cases are nonsmall cell
lung cancer (NSCLC) and adenocarcinoma is the most common
histological subtype of NSCLC (1, 2). Despite the development of
targeted therapies, platinum-based chemotherapy (CIS or
carboplatin) is still a predominant treatment regimen for
advanced lung cancer patients. In general, it is combined with
other chemotherapeutic drugs: vinorelbine, gemcitabine, or
taxanes (DOC or paclitaxel). Unfortunately, the treatment is
not always effective. Stage III disease is correlated with poor
prognosis, where the 5-year survival probability is only 15%.
Moreover, patients who are subjected to such treatment,
experience systemic toxicity and many adverse effects,
including the following: hair and weight loss, vomiting, greater
risk of infection, as well as development of secondary resistance
and cancer recurrence (3–5). A responsible mechanism of action
might be cellular senescence. This process can be induced by
telomere shortening (replicative senescence) or by various stress
factors [stress-induced premature senescence (SIPS)] (6). One of
the most recently described SIPS is therapy-induced senescence
(TIS) (7–10). Besides arrest of cell proliferation, hallmarks of
cells displaying TIS are as follows: morphological changes (cell
flattening and enlargement), enhanced activity of SA-b-gal,
higher production of cytokines and chemokines described as
senescence-associated secretory phenotype (SASP), and
activation of the DNA damage response (DDR) pathway (5,
11, 12). The induction of senescence has been considered for
decades as a satisfactory objective for positive treatment outcome
(10, 13, 14). However, it has been largely documented that tumor
heterogeneity, plasticity, and adaptation may cause TIS cells to
escape from senescence and return into an actively reproductive
state, leading to cancer recurrence (7, 15–17). A feature of TIS
cells associated with the tumor repopulation might be
polyploidy, which determines their ability for atypical divisions
(18–21). In addition, the literature suggests that TIS may result in
activation of cancer cell invasive properties and induction of
stemness phenotype that may contribute to an increased risk of
tumor relapse and metastasis (16, 17, 22–26). Therefore, the
induction of senescence itself seems to be an insufficient
endpoint and additional strategies are needed to achieve a
better therapeutic response.

Prior studies, including ours, have indicated that
chemotherapy-induced senescence is accompanied by
autophagy. Therefore, modulation of this process seems to be
an attractive therapeutic strategy for cancer (16, 27, 28).
Autophagy is a catabolic process responsible for the recycling
of cellular compounds, which allows cells to maintain cellular
2291
homeostasis and provides substrates for energy production (29).
In cancer, autophagy and senescence show many, often
overlapping activities, including an impact on tumor
development and modulation of responses to chemotherapy
(30). However, the exact relationship between autophagy and
senescence is not clear (31–33), pointing to the need for further
research that would consider the biologically relevant
microenvironmental conditions of tumor growth and proper
perspective of treatment intervals.

Hypoxia is a crucial variable in solid tumors, which should be
considered in studies evaluating chemoresistance. Although, it is
commonly overlooked in in vitro experiments. The examination of
tumor cells under normoxic conditions brings an artificial context
in terms of oxygen balance, which can be misleading to interpret
cell actual response to therapies (34). Therefore the research in a
hypoxic environment is closer to the conditions in the tumor
compared to standard normoxic culture. Recent data on clinical
samples confirm significant changes in the transcriptome of
cancer cells in response to hypoxia and suggest their prognostic
associations with drug response (35, 36). Importantly, resistance to
chemotherapy caused by hypoxia has been reported in many types
of cells and the presence of hypoxic sites is a prognostic factor of
neoplastic diseases (37, 38). However, the role of senescence and
autophagy in the chemoresistance of hypoxic cancer cells has not
been studied in detail.

Thus, in this study, we investigated the effects of hypoxia on
therapy-induced senescence of lung cancer cells. Additionally,
we examined, whether inhibition of autophagy using the
autophagy inhibitor hydroxychloroquine (HCQ) could
modulate the ability of TIS cells to escape senescence.
MATERIALS AND METHODS

Reagents and Antibodies
CIS, DOC, ir inotecan (IRINO), HCQ, and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
were obtained from Sigma Aldrich, St. Louis, MO, USA.
Nutlin-3 (NUT) was obtained from Tocris Bioscience, Bristol,
UK. Antibodies against p53 and p16 were purchased from Santa
Cruz Biotechnology, Dallas, TX, USA. Antibodies against: E-
cadherin, N-cadherin, cyclin B, p-Rb, p-cdc2, SOX-2, and Nanog
were procured from Cell Signaling Technology, Danvers, MA,
USA. Antibodies against p21 were bought from Sigma Aldrich,
St. Louis, MO, USA. Antibodies against p-S6 (Ser235/236) and
p62 were purchased from BD Transduction Laboratories™,
Lexington, KY, USA. Antibodies against GAPDH were
procured from Millipore, Temecula, CA, USA and ALDH1A
from LifeSpan Biosciences, Seattle, WA, USA. Secondary
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antimouse and antirabbit antibodies conjugated with HRP were
obtained from Vector Laboratories, Burlingame, CA, USA.

Cells and Culture Conditions
The human A549 lung cancer cell line was kindly provided by Prof.
Bozena Kaminska-Kaczmarek (Nencki Institute of Experimental
Biology, Warsaw, Poland). The human colon HCT116 cancer cell
line was kindly provided by Dr. Bert Vogelstein (Johns Hopkins
University, Baltimore, MD, USA). Authentication of these cells was
performed by the American Type Culture Collection (ATCC). The
LLC1 murine Lewis lung carcinoma cell line was purchased from
the ATCC. A549 and LLC1 cells were cultured in high-glucose
Dulbecco’s modified Eagle’s medium (Gibco, Life Technologies
Limited, Middlesex, UK) supplemented with 10% fetal bovine
serum (Gibco, Life Technologies Limited, UK), while HCT116 in
McCoy’s medium supplemented with 10% fetal bovine serum (Bio-
West, Nuaillé, France). Both media were supplemented with:
100 units/ml of penicillin, 100 mg/ml of streptomycin, and 25 mg/
ml of amphotericin B (Antibiotic-Antimycotic, Gibco, Life
Technologies Corporation, Grand Island, NY, USA). All
experiments were performed in normoxia (~19% O2) or hypoxia
(1% O2) under standard culture conditions (37°C, 5% CO2). After
experiments, cells were collected by trypsinization (Gibco, Life
Technologies Limited, UK). Hypoxic phenotype was confirmed
using NGS method. Expression of hypoxia-induced mir210HG and
Egl-9 Family Hypoxia Inducible Factor 3 (EGLN3), for example,
was elevated in cells cultured under hypoxic conditions (data
not shown).

General Experimental Scheme
In the experiments performed on 96-well plates, cells were
seeded at 1,500 cells/per well for A549 cells and 91 cells per
well for LLC1 cells. For the remaining tests, 125,000 cells were
plated on 25 cm2

flask for each A549, LLC1, or HCT116 cell line.
After seeding, cells were grown in normoxia for 24 h. Some
plates/flasks were then left in normoxic condition, whereas other
culture dishes were transferred to the hypoxic chamber, and
medium was changed. The hypoxic medium was incubated for at
least for 24 h in the hypoxic chamber prior to the experimental
procedure. After 24 h of culture in normoxia or hypoxia, cells
were treated with chemotherapeutics for the next 24 h. CIS was
used at a concentration of 8 µM for A549 or 6 µM for LLC1 cells,
and DOC was used at 3 nM and IRINO at 5 µM concentration.
After 24 h incubation with chemotherapeutic drugs, medium was
changed and cells were cultured in drug-free medium for the
next 7 days. Additionally, medium was changed on day 4.

Activation of p53 With Nutlin-3
To study the role of p53 in escaping of hypoxicCIS-treated cells from
senescence,nutlin-3 (NUT)wasapplied togetherwithCIS.After24h,
medium was changed and cells were cultured in drug-free medium
for the next 7 days. Additionally, medium was changed on day 4.

Inhibition of Autophagy by
Hydroxychloroquine
Experiments with hydroxychloroquine (HCQ) were carried out as
described above (General Experimental Scheme) up to day 4 after
Frontiers in Oncology | www.frontiersin.org 3292
chemotherapeutics treatment. At that point, to inhibit autophagy,
HCQ was administered for 24 h. Subsequently, the medium was
changed and cells were cultured in drug-free medium for the next
3 days. For gene expression analysis, cells were collected on day 8 of
the experiment. For all other analyses, cells were collected on day 11.

Silencing of Autophagy-Related Genes
Using siRNAs
A549 cells were seeded at 750 perwell or 62,500 cells per 25 cm2

flask
in normoxic conditions. Twenty-four hours later, some plates/flasks
were left in normoxic condition, whereas other culture dishes were
transferred to the hypoxic chamber and the medium was changed.
After a 24-h incubation, cells were transfected with pooled siRNAs
targeting autophagy-related genes: ATG5, ATG7, or BCN1 (ON-
TARGETplus siRNA, Dharmacon, Lafayette, CO, USA) using
lipofectamine RNAiMAX (Invitrogen, Life Technologies
Corporation, Carlsbad, CA, USA). Nontargeting siRNAs was used
as a control. Lipofectamine and siRNA dilutions were prepared
according to manufacturers’ protocols. Next day, cancer cells were
treated with respective drugs for 24 h followed by 7 days of drug-free
culture. All analyses were performed on day 12 of the experiment.

Western Blotting
Cellswere lysed inRIPA lysis buffer (ThermoScientific, Rockford, IL,
USA) and then lysates were frozen. After defrosting, the lysates were
centrifuged at 10,000×g. The protein concentration was determined
using thePierceBCAProteinAssayKit (ThermoScientific,Rockford,
IL,USA), and aliquotswere harvested into Laemmli SDS sample lysis
buffer (Bio-Rad, Hercules, CA, USA or EurX, Gdańsk, Poland). The
sameprotein amount (10–50mg)was loaded intowells for separation
bySDS-PAGEelectrophoresis and then transferred toanitrocellulose
membrane (Bio-Rad, Feldkirchen, Germany). After proteins were
transferred, themembranewas blockedwith 5%nonfatmilk in Tris-
buffered saline pH 7.6/0.15% Tween 20 (TBST) for 1 h at room
temperature (RT) and then incubated with primary antibodies
diluted in a TBST overnight at 4°C. Next, the membrane was
incubated for 1 h at RT with relevant secondary antibodies. Protein
signals were visualized on X-ray film with the use of
chemiluminescent substrates (Santa Cruz, Santa Cruz, CA, USA or
Bio-Rad, Segrate, Italy). The protein size was determined using a
protein size-marker (ThermoFisher Scientific,Waltham,MA,USA).
Densitometric analysis was carried out using ImageJ software.

Hypertrophy Evaluation
Cellular hypertrophy was calculated as the amount of total
protein and normalized to total cell number. Protein
concentration was examined using the BCA method (see
Western Blotting). Total cell number was counted using
Bürker’s chamber. The results were presented as the amount of
total protein per cell.

Measurement of Mitochondrial
Dehydrogenase Activity
Mitochondrial dehydrogenase activity was evaluated by
measuring the conversion of MTT (final concentration of
0.5 mg/ml) to formazan crystals in living cells. Cells were
cultured in 96-well plates as described previously. Seven days
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after treatment with drugs, cells were incubated for 2 h with
MTT at 37°C. Obtained crystals were then dissolved in 50 mM
HCl diluted with isopropanol. The optical density was measured
at a wavelength of 562 nm using a scanning multiwell Varioskan
Lux spectrophotometer (Thermo Scientific).

Analysis of Cell Proliferation
Proliferation of lung cancer cells was performed using the BrdU
incorporation assay (Roche, Mannheim, Germany). Cells were
cultured in 96-well plates as described previously. Seven days
after treatment with drugs, BrdU was added for 2 h, and its
incorporation was evaluated according to the manufacturer’s
instructions. The optical density was measured at a wavelength
of 450 nm using a scanning multiwell Varioskan Lux
spectrophotometer (Thermo Scientific).

Detection of SA-b-Gal
SA-b-Gal activity was detected according to modified protocol
described by Dimri et al. (39). Cells were trypsinized, fixed with
2% formaldehyde, 0.2% glutaraldehyde in PBS, and washed with
PBS. Next, 80,000 cells were cytospined at 800 rpm for 5 min and
exposed to a solution containing: 1 mg/ml 5-bromo-4-chloro-3-
indolyl-b-D-galactopyranoside, 5 mM potassium ferrocyanide,
150 mMNaCl, 2 mMMgCl2, and 0.1 M phosphate buffer, pH 6.0
for 16 h in 37°C. Microscopic slides were then washed and sealed
with fluorescence mounting medium (Dako, Carpinteria, CA,
USA). SA-b-Gal-positive and SA-b-Gal-negative cells were
calculated (at least 100 cells per condition). Results were
presented as a percentage of SA-b-Gal-positive cells.

Flow Cytometry Analysis of Cell Cycle
For DNA analysis, live and adherent cells were collected by
trypsinization, centrifuged at 1,200×g for 5 min, suspended in
500 ml PBS, and fixed in frozen 70% ethanol. Fixed cells were
stored at −20°C. Before analysis, cells were washed with PBS,
centrifuged, and suspended in 200 ml of Muse™ Cell Cycle
Reagent (Millipore, Hayward, CA, USA) with propidium
iodide (PI). Histograms of cellular DNA content were collected
with Beckman Coulter CytoFLEX flow cytometer (Brea, CA,
USA). FSC/SSC parameter and DNA content analysis were
performed using CytExpert software. Detailed analysis was
performed as follows. Events considered as cell debris were
excluded from analysis using the FSC/SSC parameters.
Subsequently, on the basis of the PI fluorescence intensity, the
phases of the cell cycle were identified: subG1 (before the first
peak), G0/G1 (first peak), S (between the first and second peaks),
G2/M (second peak), and polyploidy (after the second peak).
Results were showed as percentage of cells accumulated in the
distinct cell cycle phases. At least 10,000 events were analyzed for
each sample.

RNA Extraction and qPCR
RNA was extracted using RNeasy Mini Kit (Qiagen, Hilden,
Germany) following the manufacturer’s instructions. The
concentration and quality of RNA were evaluated using a
Varioskan Lux spectrophotometer (Thermo Scientific). Next, the
extracted mRNA was subjected to reverse transcription using the
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High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Thermo Fisher Scientific Baltics, UAB, Vilnius,
Lithuania). The cDNA obtained was used as a template in the
qPCR reaction. For HIF and E-cadherin genes, SsoAdvanced
Universal SYBR Green Supermix (Bio-Rad, Hercules, CA, USA)
was used, GAPDH served as a reference, and the following human
primer sets were used: hypoxia inducible factor 1a (HIF-1a): for-
ATTTTGGCAGCAACGACACA and rev-CGTTTCAGCGG
TGGGTAATG, hypoxia inducible factor 2a (HIF-2a): for-
CACCTCGGACCTTCACCAC and rev-GCTACTCCT
TTTCTTCTCCTTGT, E-cadherin: for-CTTTGACGCCGAG
AGCTACA and rev-AAATTCACTCTGCCCAGGACG, and
GAPDH: for-GGAGCGAGATCCCTCCAAAAT and rev-
GGCTGTTGTCATACTTCTCATGG. For other genes, the
TaqMan Gene Expression Master Mix (Applied Biosystems,
Thermo Fisher Scientific Baltics, UAB, Lithuania) was used,
PPIA served as a reference gene, and following primers were
obtained from Thermo Scientific: SOX-2, Hs01053049_s1;
ALDH1A, Hs00946916_m1; Nanog, Hs04399610_g1; OCT-4,
Hs04260367_gH; and PPIA, Hs01565699_g1.

Statistical Analysis
All experiments were performed at least three times. Results were
expressed as mean ± SEM. p-values were calculated in GraphPad
PRISM v.9.0. and p -values < 0.05 were recognized as statistically
significant (*vs. N control; #vs. H control, $ N vs. H, % 8 vs. 11).
The normality of the distributions of numerical data was checked
using the Shapiro-Wilk test. For normal distribution, groups
were compared using a two-tailed unpaired t-test with Welch’s
correction. In the case of an abnormal distribution, a
nonparametric two-tailed Mann-Whitney U test was used.
RESULTS

Lung Cancer Cell Cultures Showed
Higher Resistance to Cisplatin in
Hypoxic Than in Normoxic Conditions
A two-drug regimen based on a platinum derivative and a drug
disrupting the microtubule function is most often used in patients
with lung cancer. Therefore, we tested the effects of two agents
from these groups: CIS and DOC on the induction of senescence
of lung cancer cells in vitro. To mimic a regime of chemotherapy
in patients, we subjected human lung cancer A549 cell cultures to
long-term treatment with a chemotherapeutic drug. The cells were
treated with CIS or DOC for 24 h. After drug removal, cells were
cultured in a drug-free medium for the next 7 days (Figure 1A).
To reproduce the cell response to chemotherapy in the natural
microenvironment, we also investigated the effects of both
chemotherapeutic agents under hypoxic conditions. The aim of
the initial experiments was to define the senescence-inducing dose
of CIS and DOC. They were identified as doses that were subtoxic
(Figures 1B, D), inhibited cell proliferation (Figures 1C, E), and
produced morphological changes: increased size and granularity
as well as polyploidization (data not shown). Under CIS, the
mitochondrial dehydrogenase activity of A549 lung cancer cells
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was moderately decreased under hypoxic conditions compared
with the normoxic condition (Figure 1B). Accordingly, the effects
on A549 cell proliferation were less pronounced under hypoxia
than in normoxia (Figure 1C). In contrast, such differences in cell
responses to hypoxia vs. normoxia were not observed, when cells
were treated with DOC (Figures 1D, E). On the basis of above
tests, the senescence-inducing doses of drugs for further
experiments were selected as 8 µM for CIS and 3 nM for DOC.
Analogous analyses were performed for the murine LLC1 cell line
and the 6-mM dose of CIS was chosen (Supplementary Figures
1A, B).

Altogether, the data demonstrated that A549 lung cancer cell
cultures exhibited a higher resistance to cisplatin in hypoxic than
in normoxic conditions, while DOC treatment did not induce
similar effects.
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Upon Hypoxia Human and Murine Lung
Cancer Cells Escaped From Cisplatin-
Induced Senescence
To test the hypothesis of the effects of hypoxia on senescence
escape, several markers were investigated. Seven days after CIS
treatment, the cells displayed an increased expression of
senescence markers: SA-b-gal activity counted as a percentage
of positive cells (Figures 2A, B), granularity (Figure 2C), or
hypertrophy expressed as the amount of total protein
(Figure 2D). Of note, all studied markers showed lower
expression, when cells were treated with CIS in hypoxic
conditions in comparison with normoxic ones (Figures 2A–D).
Consequently, in hypoxia, 7 days after chemotherapeutics
treatment, a significant increase in the cell number was
observed, indicating cell proliferation and escape from
A

B C

D E

FIGURE 1 | Human A549 lung cancer cells show higher resistance to CIS in hypoxic than in normoxic conditions. Experimental scheme (A). Cells were grown in
normoxic conditions (~19% O2) for 24 hours (a). Then, some plates or flasks were transferred to the hypoxic chamber and the medium was changed (b). After 24
hours, cells in the normoxia or hypoxia conditions were treated with chemotherapeutics for 24 hours (c) and then they were cultured in drug-free medium for 4 days
(d). Next medium was changed and cells were incubated next 3 days (e). Analysis and quantification of cell metabolism and proliferation was performed on 11th day
of the experiment (according to scheme A). Mitochondrial dehydrogenase activity (MDH) test in normoxia or hypoxia (B) was performed for assessment of CIS effect
on cell metabolic activity. BrdU incorporation test in normoxia or hypoxia (C) was performed for assessment of CIS effect on cell proliferation. Both tests were
conducted also for DOC-treated cells: MDH in normoxia or hypoxia (D) and BrdU assay in normoxia or hypoxia (E). Each bar represents mean ± SEM. The
respective P-values were calculated using a two-tailed t test and a P-value < 0.05 was considered statistically significant: *P < 0.05, **P < 0.01, ***P < 0.001
comparing to normoxic control, #P < 0.05, ##P < 0.01, ###P < 0.001 comparing to hypoxic control, n ≥ 3.
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FIGURE 2 | Hypoxia reduces markers of senescence and increases proliferation of CIS-treated human lung cancer cells. Detection and quantification of senescence
and proliferation markers in cells after CIS or DOC treatment were performed on the 11th day of the experiment (according to Figure 1A). Detection and quantification of
senescence were conducted using SA-b-gal staining on cytospined A549 lung cancer cells. Representative photos were acquired using light microscopy: original
magnification, ×400; scale bar, 20 µm (A). Quantification of SA-b-gal-positive cells shown as a percentage of positive cells (B). Percentages of granular cells were
determined by FSC/SSC analysis using flow cytometry (C). Hypertrophy was defined as the ratio of the amount of total protein measured by BCA method to the number
of A549 cells counted using Bürker’s chamber (D). Evaluation of cell number after chemotherapeutics treatment was performed using Bürker’s chamber (E). Each bar
represents mean ± SEM. The respective p-values were calculated using a two-tailed t-test or Mann-Whitney U test, and a p-value <0.05 was considered statistically
significant: *p < 0.05, **p < 0.01, ***p < 0.001 comparing with normoxic control, #p < 0.05, ##p < 0.01, ###p < 0.001 comparing with hypoxic control, $p < 0.05,
$$p < 0.01, $$$p < 0.001 comparing hypoxia with normoxia, n ≥ 3.
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senescence (Figure 2E). A similar pattern of changes was
observed for murine LLC1 lung cancer cells (Supplementary
Figures S1C–E). It is worth noting, that in the case of cells
treated with DOC, no difference in the expression of senescence
(Figures 2A–D) or proliferation (Figure 2E) markers was
observed between the distinct aerobic conditions. As we have
previously shown for the colon and glioma cancer cells, escape
from senescence is associated with significant changes in the cell
cycle distribution (16). In normoxia, 7 days after CIS treatment,
lung cancer cells escaped from the G0/G1 phase (Figure 3B) and
accumulated markedly in the G2/M phase (Figure 3D) with a
reduced accumulation in S phase (Figure 3C) and an increased
polyploidization (Figure 3E). In contrast, hypoxic cells escaped
from G2/M (Figure 3D) and proceeded to the G0/G1 phase
(Figure 3B), which suggests active progression through the cell
cycle. However, hypoxia did not produce a significant effect on
the distribution of cells in the S phase (Figure 3C) or on
polyploidization (Figure 3E). Similarly, to CIS treatment in
normoxia, DOC treatment downregulated the percentage of
cells in the G0/G1 phase (Figure 3B) and augmented
polyploidization (Figure 3E). Additionally, there was almost a
tenfold increase in the percentage of cells in the sub-G1 phase
after DOC treatment (Figure 3A), which indicated a significant
proportion of cell death. As previously described, there were no
observed effects due to hypoxia (Figures 3A–E).

In order to confirm that CIS-treated hypoxic lung cancer cells
exhibited an active escape from senescence, time-course
experiments were conducted. Cell number (Figure 4A) and
cell cycle distribution (Figures 4B–F) on two time-points: days
8 and 11 of the experiment were analyzed. On day 8, there were
no differences in cell number between normoxic and hypoxic
conditions. In contrast, on day 11, the restoration of cell growth
was observed in hypoxia but not in normoxia (Figure 4A). It was
accompanied by changes in cell cycle distribution: an increase
accumulation of hypoxic cells in sub-G1 (Figure 4B) and
reduced proportion of cells in S (Figure 4D) and G2/M
(Figure 4E) phases. There were no differences in cell number
in other phases of cell cycle: G0/G1 phase (Figure 4C) or
polyploidization (Figure 4F).

In summary, these data showed that in hypoxia, human and
murine lung cancer cells escape from cisplatin-induced
senescence. After initial growth inhibition, the cells escaped
from the G2/M phase, proceed to the G0/G1 phase of cell
cycle, and exhibited increased proliferation. It seemed to be
accompanied by elevated rate of apoptotic events.

Escape From Senescence of Hypoxic CIS-
Treated Lung Cancer Cells Depended on
the p53/p21 Signaling Pathway
To identify the potential molecular mechanism responsible for
the observed differences induced by hypoxia, an analysis of
protein expression, leading to senescence and proliferation, was
performed. Induction of senescence depends on the activation of
two major molecular pathways: p53/p21 and p16/Rb (40). CIS-
treated human A549 lung cancer cells produced a significant
increase in the expression of p53 (Figure 5A; Supplementary
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Figure 2A), p21 (Figure 5A; Supplementary Figure 2B), and
p16 (Figure 5B; Supplementary Figure 2C), while expression of
p-Rb was decreased (Figure 5B; Supplementary Figure 2D).
Accordingly in hypoxia, the cells exhibited reduced levels of p53
(Figure 5A; Supplementary Figure 2A) and p21 (Figure 5A;
Supplementary Figure 2B), suggesting that this pathway was
mainly involved in escaping from CIS-induced senescence.
Expression of p16 (Figure 5B; Supplementary Figure 2C) and
p-Rb (Figure 5B; Supplementary Figure 2D) did not show any
significant changes between the various oxygen conditions. Of
importance, the levels of the two proteins that regulate
progression from the G2 phase of cell cycle to mitosis–cyclin B
and p-cdc2 (Figure 5C; Supplementary Figure 2E) and p-cdc2
(Figure 5C; Supplementary Figure 2F) were augmented in
CIS-treated lung cancer cells under hypoxic conditions in
comparison with normoxia. As we showed previously, colon
cancer cells exhibited epithelial to mesenchymal transition
(EMT) during escape from senescence (16, 17). Under
normoxic conditions, CIS treatment of lung cancer cells also
strongly elevated the expression of the epithelial marker, E-
cadherin compared with untreated cells (Figures 5D, E;
Supplementary Figure 2G). Subsequently, its level was
decreased in hypoxia, both at the mRNA (Figure 5D) and
protein levels (Figure 5E; Supplementary Figure 2G).
Conversely, expression of the mesenchymal marker, N-
cadherin showed a tendency to be upregulated in CIS-treated
A549 cells under hypoxia in comparison with normoxia
(Figure 5E; Supplementary Figure 2H).

DOC-treated A549 cells also exhibited an increased
expression of senescence markers: p53 (Figure 5A ;
Supplementary Figure 2A), p21 (Figure 5A; Supplementary
Figure 2B), and p16 (Figure 5B; Supplementary Figure 2C), as
well as decreased expression of proliferation proteins: p-Rb
(Figure 5B; Supplementary Figure 2D), cyclin B (Figure 5C
and Supplementary Figure 2E), and p-cdc2 (Figure 5C and
Supplementary Figure 2F). Cells cultured under hypoxic
conditions showed a significant reduction in p21 expression
(Figure 5A; Supplementary Figure 2B). Moreover, DOC-
treated cells demonstrated an increased expression of E-
cadherin in normoxia, which was downregulated in hypoxia
(Figure 5E and Supplementary Figure 2G).

To verify that escaping of CIS-treated lung cancer cells from
senescence is dependent on p53/p21 signaling pathway,
additional treatment of senescent cells with p53 activator, NUT
was applied. NUT-treated cells showed elevated expression of p53
(Figure 5F and Supplementary Figure 3A) and its downstream
target, p21 (Figure 5F; Supplementary Figure 3B). It was
correlated with decreased cell number (Figure 5G), changed
cell morphology (Figure 5H), and reduced expression of
proliferation markers: cyclin B (Figure 5F; Supplementary
Figure 3C) and p-cdc2 (Figure 5F; Supplementary Figure 3D).

Taken together, these results indicated that escape from
senescence in hypoxic CIS-treated lung cancer cells depended on
the p53/p21 signaling pathway and the progression from the G2
phase to mitosis required activation of cyclin B. In addition, the
EMT results suggested a role in escaping from senescence.
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Importantly, we do not specify the exact point where the senescence
escape process begins: before or after senescence induction.

Colon Cancer Cells Treated With a
DNA-Damaging Agent Showed Evidence
of Escape From Senescence Under
Hypoxic Conditions
To verify our observations in a different cellular model, we used
human colon cancer cells HCT116. As CIS is not offered to colon
cancer patients in clinical practice, we tested the effects of IRINO in
the same hypoxic conditions. IRINO inhibits topoisomerase I, what
results in the formation of DNA breaks and the arrest of the cell
cycle by activating checkpoints (41). Similar to CIS, IRINO acts on
DNA and disturbs acid-base balance, which may affect the response
of cancer cells to both drugs in hypoxic conditions (42).
Frontiers in Oncology | www.frontiersin.org 8297
The cells were treated with 5 mM of IRINO for 24 h, and then
they were cultured in a drug-free medium for the next 7 days.
IRINO caused a significant increase in the number of SA-b-gal+
(Figures 6A, B) and granular (Figure 6C) cells. Despite the lack of
significant differences in the number of cells (Figure 6D) and
percentages of SA-b-gal-positive (Figure 6B) and granular
(Figure 6C) cells between the different aerobic conditions, the
appearance of the cells differed on macroscopic inspection.
Namely, hypoxia reduced cell size and SA-b-gal staining intensity
(Figure 6A). Similar to CIS-treated lung cancer cells, IRINO-treated
colon cancer cells showed higher accumulation in: the subG1
(Figure 7A), the G2/M phase (Figure 7D) and polyploidization
(Figure 7E), whereas the proportion of cells in G0/G1 (Figure 7B)
and S phase (Figure 7C) was diminished. Of note, hypoxia
abolished the effects of IRINO on G2/M accumulation
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FIGURE 3 | Low oxygen level modifies distribution of CIS-treated human lung cancer cells in the cell cycle. Analysis and quantification of cell cycle distribution was
performed on the 11th day of the experiment (according to Figure 1A). Cell cycle distribution after CIS or DOC treatment was performed using PI staining and flow
cytometry: sub-G1 (A), G0/G1 (B), S (C), G2/M (D), and polyploidy (E). The respective p-values were calculated using a two-tailed t-test or Mann-Whitney U test,
and a p-value <0.05 was considered statistically significant: *p < 0.05, **p < 0.01, ***p < 0.001 comparing with normoxic control, #p < 0.05, ##p < 0.01,
###p < 0.001 comparing with hypoxic control, $p < 0.05, $$p < 0.01, $$$p < 0.001 comparing hypoxia with normoxia, n ≥ 3.
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(Figure 7D). Consequently, HCT116 cells cultured under hypoxic
conditions showed decreased expression of the senescent markers:
p53 (Figure 7F; Supplementary Figure 3E) and p21 (Figure 7F;
Supplementary Figure 3F), whereas expression of proliferation
proteins: cyclin B (Figure 7F; Supplementary Figure 3G) and p-
cdc2 (Figure 7F; Supplementary Figure 3H) was upregulated.
Moreover, hypoxia reduced expression of E-cadherin in IRINO-
treated colon cancer cells (Figure 7F; Supplementary Figure 3I).

In summary, under hypoxic conditions, cancer cells treated
with DNA-damaging agents showed escape from senescence,
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and the process seemed to be dependent on the p53/p21
pathway, progression from the G2 phase of the cell cycle to
mitosis and subsequent EMT.

Autophagy Inhibition by HCQ Reduced
Escape From Senescence of CIS-Treated
Lung Cancer Cells Under Hypoxic
Conditions
As demonstrated previously, modulation of autophagy
influences the escape from senescence in colon and glioma
A B
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FIGURE 4 | Hypoxic human lung cancer cells treated with cisplatin escape from G2/M phase and increase proliferation. Cell number and cell cycle distribution after
CIS treatment was assessed on the 8th or 11th day of the experiment (according to Figure 1A). Quantification of cell number after CIS treatment was performed
using Bürker’s chamber (A). Cell cycle distribution was conducted using PI staining and flow cytometry: sub-G1 (B), G0/G1 (C), S (D), G2/M (E), and polyploidy (F).
The respective p-values were calculated using a two-tailed t-test or Mann-Whitney U test and, a p-value <0.05 was considered statistically significant: *p < 0.05,
**p < 0.01, ***p < 0.001 comparing with normoxic control, #p < 0.05, ##p < 0.01, ###p < 0.001 comparing with hypoxic control, $p < 0.05, $$p < 0.01, $$$p < 0.001
comparing hypoxia with normoxia, n ≥ 3. %P < 0.05, %%P < 0.01, %%%P < 0.001 comparing day 8 vs day 11.
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FIGURE 5 | Hypoxia modulates expression of proteins related to senescence, proliferation, and EMT in CIS-treated human lung cancer, what can be inverted by
p53 activation. Analysis was performed on the 11th day of the experiment (according to Figure 1A). Representative Western blots showing expression of p53 and
p21 (A), p16 and pRb (B), cyclin B and p-cdc2 (C), and E-cadherin and N-cadherin (E) after CIS or DOC treatment. GAPDH was used as a constitutive reference
protein. Expression of E-cadherin gene expression was measured using qRT-PCR. GAPDH was used as a constitutive reference gene (D). To test the effect of p53,
lung cancer cells were treated with p53 activator, NUT together with CIS. Representative Western blots showing expression of p53, p21, cyclin B, and p-cdc2 in
NUT-treated cells. GAPDH was used as a constitutive reference protein (F). Evaluation of cell number after NUT treatment in hypoxia was performed using Bürker’s
chamber (G). Cell morphology after NUT treatment shown as representative images were acquired using light microscopy: original magnification, ×100; scale bar,
200 µm (H). The respective p-values were calculated using a two-tailed t-test or Mann-Whitney U test, and p < 0.05 was considered statistically significant:
*p < 0.05, **p < 0.01, ***p-value <0.001 comparing with normoxic control, #p < 0.05, ##p < 0.01, ###p < 0.001 comparing with hypoxic control, $p < 0.05,
$$p < 0.01, $$$p < 0.001 comparing hypoxia with normoxia, n ≥ 3.
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cancer cells both in vitro and in vivo (16). Thus, we asked the
question, whether this would be observed in CIS-treated lung
cancer cells cultured under hypoxic conditions.

Expression of two proteins related with autophagy was tested:
p62/SQSTM1 (p62), which is centrally involved in the
degradation of ubiquitinated cargo and LC3-binding protein
(LC3B), which is directly degraded in autophagosomes during
autophagy (16). Expression of p62 was reduced in untreated lung
cancer cells in hypoxia (Figure 8A; Supplementary Figure 4A),
suggesting that autophagy was activated. CIS treatment
potentiated the effect (Figure 8A; Supplementary Figure 4A).
In line, expression of another autophagic protein, LC3B II/I was
increased after chemotherapeutics treatment in both oxygen
conditions (Figure 8A; Supplementary Figure 4B), although
CIS-treated cells showed reduced LC3B II/I ratio in hypoxia as
compared with normoxia (Figure 8A; Supplementary Figure
4B). As autophagy and senescence are strongly linked to mTOR
signaling pathway (43–45) expression of mTOR and its
downstream target, p-S6 was checked. mTOR expression in
CIS-treated cells was downregulated in hypoxic conditions
Frontiers in Oncology | www.frontiersin.org 11300
compared with normoxic ones (Figure 8B; Supplementary
Figure 4C). p-S6 protein showed similar pattern of expression
as p62 (Figure 8B; Supplementary Figure 4D). Additionally, p-
S6 expression was downregulated in DOC-treated cells both in
normoxia and hypoxia (Figure 8B; Supplementary Figure 4D).

Since we observed a tendency to activate autophagy in CIS-
treated lung cancer cells in hypoxia and normoxia differently
(Figures 8A, B; Supplementary Figures 4A–D), the effects of
autophagy modulation was investigated. Two approaches were
applied to distinguish involvement of autophagy in induction of
senescence from its effect on ability of cancer cells to
escape senescence.

Effect of autophagy on induction of senescence in lung cancer
cells was studied using genetic modulations. Cells were
transfected with siRNAs against major autophagy-related
genes: Beclin1, ATG5, or ATG7 (46) 1 day before CIS
administration (Supplementary Figure 5A). Effectiveness of
gene si lencing was confirmed on the protein level
(Supplementary Figures 5B–E). Knockdown of autophagy-
related genes produced rather slight effects on: activity of
A

B

C D

FIGURE 6 | Hypoxia does not alter phenotypic markers of senescence and proliferation in IRINO-treated HCT116 colon cancer cells. Detection and quantification of
senescence and proliferation markers in cells after IRINO treatment were performed on the 11th day of the experiment (according to Figure 1A). Detection of
senescent cells after IRINO treatment was performed using SA-b-gal staining on cytospined cells. Representative photos were acquired using light microscopy: original
magnification, ×400; scale bar, 20 µm (A). Quantification of SA-b-gal-positive cells shown as a percentage of positive cells (B). Percentages of granular cells were
obtained using FSC/SSC analysis and flow cytometry (C). Evaluation of cell number after chemotherapeutic drug was performed using Bürker’s chamber (D). Each bar
represents mean ± SEM. The respective p-values were calculated using two-tailed t-test or Mann-Whitney U test, and a p-value <0.05 was considered statistically
significant: *p < 0.05, **p < 0.01, ***p < 0.001 comparing with normoxic control, #p < 0.05, ##p < 0.01, ###p < 0.001 comparing with hypoxic control, n ≥ 3. $P < 0.05,
$$P < 0.01, $$$P < 0.001 comparing hypoxia to normoxia.
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mitochondrial dehydrogenase (Supplementary Figure 6A),
proliferation (Supplementary Figure 6B), or cell number
(Supplementary Figure 6C) both in normoxia and hypoxia.
Nevertheless, the most pronounced results were observed after
ATG5 and ATG7, but not Beclin1 silencing (Supplementary
Figures 6A–C). There were no substantial differences in
expression of p62 or LC3B II/I in cells transfected with siRNAs
Frontiers in Oncology | www.frontiersin.org 12301
against autophagy-related genes (Supplementary Figures 6D–
F), which may be due to a compensatory effect by other
autophagy-related genes.

Next, effect of autophagy modulation on ability of cancer cells
to escape senescence was investigated. As senescent cells are
hardly transfected nondividing cells, the pharmacological
inhibitor HCQ was applied. HCQ blocks the late phase of
A B
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E F

FIGURE 7 | Hypoxia alters molecular markers of senescence, proliferation, and EMT in IRINO-treated colon cancer cells. Detection and quantification of senescence
and proliferation markers in cells after IRINO treatment were performed on the 11th day of the experiment (according to Figure 1A). Cell cycle distribution after IRINO
treatment was performed using PI staining and flow cytometry: sub-G1 (A), G0/G1 (B), S (C), G2/M (D), and polyploidy (E). Representative Western blots showing
expression of p53, p21, cyclin B, p-cdc2, and E-cadherin. GAPDH was used as a constitutive reference protein (F). The respective p-values were calculated using two-
tailed t-test or Mann-Whitney U test, and a p-value <0.05 was considered statistically significant: *p < 0.05; **p < 0.01, ***p < 0.001 comparing with normoxic control,
#p < 0.05, ##p < 0.01, ###p < 0.001 comparing with hypoxic control, $p < 0.05, $$p < 0.01, $$$p < 0.001 comparing hypoxia with normoxia, n ≥ 3.
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FIGURE 8 | HCQ inhibits ability of hypoxic CIS-treated lung cancer cells to escape from the senescence. All analyses after CIS and HCQ treatment were performed
on the 11th day of the experiment (according to scheme C). Representative Western blot presenting expression of p62 and LC3B II/I (A) and mTOR and p-S6 (B)
proteins after CIS or DOC treatment. GAPDH was used as a constitutive reference protein. Scheme of the experiment with HCQ (C). Cells were grown in normoxic
condition (~19% O2) for 24 h (a). Some plates or flasks were then transferred to the hypoxic chamber, and the medium was changed (b). After the next 24 h, cells in
normoxia or hypoxia were treated with CIS for 24 h (c), and then they were cultured in drug-free medium for 4 days (d). For the next 24 h, cells were incubated in
medium with 50 µM HCQ (e). Medium was then changed and cells were incubated for the next 2 days (f). MDH test in normoxia or hypoxia (D) was performed to
assess an effect of HCQ on cell metabolism of CIS-treated lung cancer cells. BrdU incorporation test under normoxia or hypoxia conditions (E) was performed to
assess the effects of HCQ on cell proliferation of CIS-treated lung cancer cells. Representative Western blots showing expression of p62 (F) and LC3B II/I (G) in
HCQ-treated cells. GAPDH was used as a constitutive reference protein. Cell number evaluation was performed in CIS-treated A549 (H) and LLC1 (I) cells cultured
with 50 mM HCQ using Bürker’s chamber. Each bar represents mean ± SEM. The respective p-values was calculated using two-tailed t-test or Mann-Whitney U
test, and a p-value <0.05 was considered statistically significant: *p < 0.05, **p < 0.01, ***p < 0.001 comparing with normoxic control, #p < 0.05, ##p < 0.01,
###p < 0.001 comparing with hypoxic control, $p < 0.05, $$p < 0.01, $$$p < 0.001 comparing hypoxia with normoxia, n ≥ 3.
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autophagy, as it prevents the maturation of autophagic vacuoles
by inhibiting the fusion between autophagosomes and lysosomes
(47). To test, whether autophagy takes part in escaping from
senescence, CIS-treated cells were cultured in the presence of
50 µM HCQ for 24 h. Next, the inhibitor was removed and cells
were cultured in drug-free medium for the next 3 days
(Figure 8C). In response to HCQ, CIS-treated lung cancer cells
reduced mitochondrial dehydrogenase (Figure 8D) and
proliferative activity (Figure 8E) but under hypoxic conditions
only (Figures 8D, E). Protein expression analysis showed that
treatment with HCQ perturbed the autophagic flux, shown as
p62 accumulation (Figure 8F; Supplementary Figure 7A) and
LC3B activation (Figure 8G; Supplementary Figure 7B).
Although, hypoxia seemed to reduce expression of p62 in
HCQ-treated senescent cells (Figure 8F; Supplementary
Figure 7A). Inhibition of autophagy by HCQ was translated
into a decrease in the number of proliferating cells in hypoxia
both in human (Figure 8H) and murine (Figure 8I) lung cancer
cell lines. When investigating the activity of SA-b-gal, the cells
stained weakly after HCQ treatment, but the characteristic
features of TIS cells were retained [Figures 9A, B, discussed
already in (16)]. Accordingly, the expression of proliferative
proteins: cyclin B (Figure 9C; Supplementary Figure 7C) and
Frontiers in Oncology | www.frontiersin.org 14303
p-cdc2 (Figure 9C; Supplementary Figure 7D), despite their
induction by hypoxia, significantly decreased upon HCQ actions.
No significant difference was observed for senescence pathway-
associated proteins: p21 (Figure 9D; Supplementary Figure 7E)
or p53 (Figure 9D; Supplementary Figure 7F). HCQ was
applied also to nonsenescent lung cancer cells. HCQ produced
some toxic effect to nonsenescent cells under hypoxia, presented
as increased proportion of cells in sub-G1 phase (Supplementary
Figure 7G) and reduced cell number (Supplementary
Figure 7H).

Twenty-four hours after HCQ treatment (Figure 10A), the
expression of E-cadherin mRNA in CIS-treated A549 cells was
further reduced under hypoxic conditions (Figure 10B),
suggesting acquisition of mesenchymal phenotype (EMT). As
this phenotype is one of a characteristic of cancer stem cells
(CSCs) (48, 49), stemness-related markers were tested: OCT-3/4,
NANOG, SOX2, and ALDH1. HCQ reduced expression of SOX-
2 and NANOG in hypoxic CIS-treated cells both on mRNA
(Supplementary Figures 8A, B) and protein level (Figures 10C–
E). ALDH1 mRNA was also downregulated in senescent cancer
cells after HCQ treatment (Supplementary Figure 8C), but
expression of its protein was not changed significantly
(Figure 10F). Finally, HCQ did not affect expression of OCT-
A
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FIGURE 9 | HCQ decreases expression of proliferation but not senescence markers in hypoxic CIS-treated lung cancer cells. All analyses after HCQ and CIS
treatment were performed on the 11th day of the experiment (according to Figure 8C). Evaluation of senescent cells was conducted using SA-b-gal staining on
cytospined A549 cells. Representative photos were acquired using light microscopy: original magnification, ×400; scale bar, 50 µm (A). Quantification of SA-b-gal-
positive cells shown as a percentage of positive cells (B). Representative Western blot showing expression of cyclin B and p-cdc2 (C) and p53 and p21 (D) after
HCQ treatment. GAPDH was used as a constitutive reference protein. Each bar represents mean ± SEM. The respective p-values was calculated using two-tailed t-
test or Mann-Whitney U test, and a p-value <0.05 was considered statistically significant: *p < 0.05, **p < 0.01, ***p < 0.001 comparing with normoxic control,
#p < 0.05, ##p < 0.01, ###p < 0.001 comparing with hypoxic control, $p < 0.05, $$p < 0.01, $$$p < 0.001 comparing hypoxia with normoxia, n ≥ 3.
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3/4 in hypoxic cells (Supplementary Figure 8D). As both, EMT
process and appearance of CSCs might be related with hypoxia
(50–55), expression of hypoxia-inducible factors, HIF-1a and
HIF-2a were analyzed. HCQ elevated the expression of HIF-2a
(Figure 10H) in CIS-treated cells but not of the HIF-1a
gene (Figure 10G).

Taken together, HCQ reduced the escape from senescence of
CIS-treated lung cancer cells under hypoxia. Moreover, exposure
to HCQ led to EMT and, when associated with hypoxia, it
modulated distinctly combinations of cancer stem cell markers.
DISCUSSION

Enhanced proliferation and elevated metabolism of cancer cells
as well as inefficient angiogenesis may lead to hypoxia within
tumor tissues (56). This phenomenon plays a significant role in
cancer chemoresistance and is partly responsible for therapy
failure (57). Hypoxia takes part in the chemoresistance of
different types of cancers to DNA-damaging agents, including
cisplatin (58–63). Cisplatin forms different adducts with DNA
(monoadducts, intrastrand crosslinks, DNA-protein crosslinks)
activating DDR, cell cycle arrest, and apoptosis. Additionally,
CIS induces mitochondrial damage, resulting in excessive
reactive oxygen species (ROS) generation and lipid
peroxidation. Finally, cisplatin toxicity involves disruption of
calcium signaling, disruption of the Na+/H+ membrane pump,
and inhibition of the Na+/K+ ATPase pump (64). All these
mechanisms can interfere with chemoresistance of cancer cells
under hypoxic conditions. However, there are very few reports
linking hypoxia with cellular senescence (65). Therefore, herein,
we investigated the effects of hypoxia on the therapy-induced
senescence of lung cancer cells, considering its potential role in
the control of the deleterious escape from senescence, which is
linked to cells being subjected to autophagy modulation. Our
findings showed that: (i) lung cancer cell cultures exhibited
higher resistance to cisplatin in hypoxic than in normoxic
conditions; (ii) upon exposure to hypoxic conditions, lung
cancer cells escaped from cisplatin-induced senescence, which
relied on the p53/p21 signaling pathway; and (iii) autophagy
inhibition by HCQ reduced escape from senescence of CIS-
treated lung cancer cells in hypoxia.

We observed that human (A549) and murine (LLC1) lung
cancer cell lines exhibited higher resistance to cisplatin in
hypoxic compared with normoxic conditions. Moreover,
cisplatin treatment led to the induction of senescence, which
was associated with mesenchymal to epithelial transition (MET).
Furthermore, hypoxia reversed this phenotype, leading to escape
from senescence. The question remains open: at what senescence
stage does this escape occurs. Mechanistically, resistance was
accompanied by alterations in the major senescence pathway,
p53/p21, as confirmed by experiments with nutlin-3, p53
activator. Accordingly, Cramer and coworkers concluded that
activation of HIF-1a in cisplatin-treated gastric cancer led to
reduced cellular senescence and apoptosis by suppressing p53
and p21. Silencing HIF-1a with RNA interference increased
Frontiers in Oncology | www.frontiersin.org 15304
cancer cell chemosensitivity (65). Additionally, mesenchymal
stromal cells (MSCs) showed an increase in the resistance to
genotoxic damage under hypoxic conditions. This was
accompanied by a decrease in the expression of p53 and p21
and reduced accumulation of cells in the G2/M phase.
Furthermore, MSCs with shRNA-mediated p53 knockdown
exhibited downregulated cell cycle arrest and increased cyclin
B/cdc-2 expression. However, p53 knockdown did not modulate
resistance to cisplatin (66). A preoxygenated perfluorooctyl
bromide (PFOB) nanoemulsion with carbogen breathing
effectively increased tumor oxygenation in mouse model,
which associated with an increase in cisplatin-mediated
apoptosis of cancer cells and inhibition of tumor growth with
low doses of cisplatin treatment (67).

We verified our observations relative to hypoxia-induced
escape from senescence using another experimental model. As
cisplatin is not used for treatment of colon cancer, human
HCT116 colon cancer cells were treated with IRINO, which is
a different DNA-damaging agent. This camptothecin derivative
targets topoisomerase-1 and is largely used in combination
regimens to treat metastatic colon cancer (68). Interestingly,
we did not observe any significant phenotypic changes across
oxygen conditions. Although, hypoxic IRINO-treated colon
cancer cells displayed altered expression of senescence,
proliferation, and EMT markers, which suggested an early
stage of escape from senescence. Accordingly, Chintala et al.
indicated that the degradation of HIF-1a sensitized cancer to
IRINO treatment in animal model (69). Additionally, resistance
to IRINO was correlated with lack of microvessel formation,
hypoxia, and limited drug delivery in mice bearing head and
neck squamous cell carcinoma (HNSCC) xenografts (70). We
and others showed that colon cancer cells underwent senescence
in response to IRINO and could escape, which contributed to
cancer repopulation (17, 71). Interestingly, Yes-Associated
Protein (YAP), a key mediator of the Hippo pathway, has been
proposed as a novel mediator of hypoxic resistance to SN38
(active metabolite of IRINO) in hepatocellular carcinoma. The
induction of YAP by hypoxia was not mediated by HIF-1a, but
rather by the mevalonate-HMG-CoA reductase (HMGCR)
pathway (72). Moreover, the embryonic-like stemness
characteristic of polyploid giant cells (PGCCs) was associated
with nuclear accumulation of YAP in ovarian cancer cells (24).
Accordingly, we previously observed that rare, polyploid colon
cancer cells might develop a blastocyst-like morphology and
produce progeny (17). A critical feature of PGCCs is the
generation of progeny during depolyploidization, which may
display marked aggressiveness, resulting in the formation of
resistant disease and tumor recurrence (19).

Subsequently, we compared data obtained from cells treated
with the DNA-damaging agents, cisplatin and IRINO to data
obtained from cells treated with DOC, which has a different
mode of action. DOC is a second-generation taxane that
promotes microtubulin assembly and stabilizes polymers
against depolymerization. In turn, this leads to a significant
decline in free tubulin, needed for microtubule formation and
causes inhibition of mitotic cell division between metaphase and
January 2022 | Volume 11 | Article 738385
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FIGURE 10 | HCQ reduces expression of E-cadherin and changes expression of hypoxia and stemness-related genes in CIS-treated lung cancer cells under
hypoxic conditions. All analyses after HCQ and CIS treatment were performed on the 9th day of the experiment (according to scheme). Scheme of the experiment
(A) (10A). Cells were grown in normoxic condition (~19% O2) for 24 h (a). Some plates or flasks were then transferred to the hypoxic chamber, and the medium was
changed (b). After the next 24 h, cells in normoxia or hypoxia were treated with CIS for 24 h (c) and then they were cultured in drug-free medium for 4 days (d). For
the next 24 h, cells were incubated in medium with HCQ at 50 µM concentration (e). Expression of E-cadherin gene was measured using qRT-PCR. GAPDH was
used as a reference gene (B). Representative Western blots showing expression of SOX-2, Nanog, and ALDH1A in HCQ-treated cells (C). Quantification of Western
blotting results was performed using densitometric analysis and ImageJ software. Data shown as a ratio of the respective protein: SOX-2 (D), Nanog (E) ALDH1 (F)
to a loading control (GAPDH). Expression of HIF-1a (G) and HIF-2a (H) genes was measured using qRT-PCR. GAPDH or PPIA was used as a reference gene. The
respective p-values was calculated using two-tailed t-test or Mann-Whitney U test, and a p-value <0.05 was considered statistically significant. *p < 0.05,
**p < 0.01, ***p < 0.001 comparing with normoxic control, #p < 0.05, ##p < 0.01, ###p < 0.001 comparing with hypoxic control, $p < 0.05, $$p < 0.01, $$$p < 0.001
comparing hypoxia with normoxia, n ≥ 3.
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anaphase (73, 74). We showed that DOC induced senescence of
A549 lung cancer cells both in normoxia and hypoxia, but there
were no significant differences in resistance to the drug in either
of these oxygen conditions. Although, we did not observe any
phenotypic changes related to escape from senescence, a
reduction in the expression of p21 and E-cadherin proteins
was observed upon exposure to hypoxia. It might suggest a
very early stage of escape from senescence. In accordance, DOC
caused senescence of cancer cells and the inhibition of this
process affected the resistance to the drug under normoxic
conditions (75, 76). Moreover, HIF-1a increased resistance to
taxanes (77–79). However, there is no clear evidence linking this
effect with TIS. Additionally, propofol (2,6-diisopropylphenol)
reversed the hypoxia-induced DOC resistance in prostate cancer.
Propofol reduced hypoxia-induced HIF-1a expression and
reversed hypoxia-induced EMT by inhibiting HIF-1a (80).
Interestingly, Peng et al. showed that normoxic breast cancer
cells utilized a crosstalk between EGFR signals and HIF-1a to
increase the expression of the antiapoptotic gene, survivin.
Targeting HIF-1a could be considered a therapeutic approach
for both hypoxic and normoxic tumor cells (81). In turn, survivin
was demonstrated to cooperate with cdc-2/cdk1 to inhibit
apoptosis following chemotherapy and promote senescence
escape (82). We achieved the senescence effect for DOC at
much lower doses (3 nM) compared with CIS (8 µM) and
IRINO (5 µM) and the cells after DOC showed no clear
phenotypic signs of recovery from senescence throughout the
experiment. Therefore, we hypothesize that DOC is a stronger
inducer of senescence than CIS or IRINO and inhibit escaping
from senescence more efficiently than DNA-damaging agents. It
might be related with its mode of action. DOC controls processes
that are crucial for cell division, namely: assembly of mitotic
spindle and separation of the sister chromatids of chromosome.
These could be critical also for cell polypliodization/
depolyploidization and formation of progeny by senescent
cancer cells. Moreover, our data suggest that docetaxel mode of
action is not as much dependent of oxygen tension as cisplatin or
irinotecan. Nevertheless, our observations and hypotheses
require further studies and confirmation.

As we demonstrated previously, modulation of autophagy affects
the escape from senescence in colon cancer cells both in vitro and in
vivo (16). Inhibiting autophagy to overcome resistance to
chemotherapy has been investigated in clinical trials, where HCQ
has been combined with different chemotherapeutics (83–85). The
relationship between autophagy and chemoresistance under
hypoxic conditions has been identified in several types of cancer
(86–88), including resistance to cisplatin (89, 90). Accordingly,
hypoxia significantly protected A549 and SPC-A1 lung cancer
cells from cisplatin-induced cell death in a HIF-1a- and HIF-2a-
dependent manner. When autophagy was inhibited by 3-
methyladenine (3-MA) or siRNA targeting ATG5, this reduction
was effectively diminished (86). Additionally, exposure of A549 cells
to hypoxia stimulated autophagic induction and resistance of cancer
cells to cisplatin, and LC3B siRNA restored the sensitivity of cancer
cells to chemotherapy. Of note, human lung cancer tissues that
experienced chemotherapy exhibited an increase rate of autophagy
Frontiers in Oncology | www.frontiersin.org 17306
compared with chemo-naive cancer (88). Though, the effects of TIS
on acquired drug resistance and the role of inhibition of autophagy
on cellular senescence under hypoxic conditions have not been
studied in detail. Therefore, here, we focused on effect of autophagy
inhibition on escaping of cancer cells from senescence in hypoxia. In
a recent study by Saleh and coworkers, neither shRNAs against
ATG5 nor BAF A1/HCQ treatment prior to the subsequent
exposure to chemotherapeutics or radiation affected ability of
cancer cells to induce senescence or recover from it (91). In line,
here, we showed that siRNAs against: ATG5, ATG7, or Beclin1
introduced to normoxic or hypoxic lung cancer cells prior to CIS
treatment, did not changed their ability to induce senescence or
senescence escaping. Therefore, we investigated the effect of
autophagy inhibition on elimination of already senescent cells
and/or their ability to reactivate proliferation. Wakita et al.
showed that upregulation of autophagy removed senescent
hepatic stellate cells in obese mouse livers (92). Here, we
demonstrated that HCQ could prevent hypoxic CIS-induced lung
cancer cells from senescence escaping. HCQ significantly reduced
the number of cells and the expression of proliferation markers but
did not change the expression of senescence markers. In the same
time, HCQ toxicity to nonsenescent lung cancer cells was slight. In
contrast, our previous studies on colon and glioma cancer cells
indicated that senescent cells were more resistant to BAF A1 than
nonsenescent ones (16). Therefore, the question remains, whether
the globally measured inhibition of cells escaping from TIS, when
treated with autophagy inhibitors, is a result of the following:
(i) elimination of senescent cancer cells, (ii) elimination of
nonsenescent proliferating cancer cells (maternal cells, progeny),
(iii) reduced ability of senescent cancer cells to re-activate
proliferation and produce progeny, or (iiii) any combinations
of above.

Twenty-four hours after HCQ administration to CIS-treated
lung cancer cells, we observed induction of HIF-2a, but not HIF-
1a gene expression. Expression of HIF is time dependent, peaks
after 24 h in hypoxia. HIF-1a is the earlier and HIF-2a later factor
induced by hypoxia (86, 93). Our long-term experimental
conditions were likely the reason why we did not observe any
upregulation of HIFs. However, since cells were treated with HCQ
1 day before being harvested, its effects on the expression of HIFs
could still be detected. Accordingly, Saint-Martin et al.
demonstrated that synchronized autophagy and mTOR
inhibition could increase cell death and tumor remission was
activated only in HIF-2a-silenced cells. Nonetheless, they showed
that the HIF-2a inhibitor alone or in combination with drugs in
patient-derived primary colon cancer cells was able to overcome
resistance to 5-fluorouracil (5-FU) or mTOR inhibitor, CCI-779
(94). Therefore, HCQ via HIF-2a upregulation can lead to the
development of secondary resistance. Accordingly, we showed that
expression of the epithelial marker, E-cadherin in CIS-treated
hypoxic A549 cells was further reduced upon HCQ treatment,
suggesting appearance of cells with mesenchymal phenotype. The
mesenchymal phenotype is one of the characteristics of cancer
stem cells mediating the increased metastatic potential and
chemoresistance of cancer cells (95, 96). Thus, we tested the
stemness markers: OCT-3/4, NANOG, SOX2, and ALDH1,
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which showed a mixed pattern of modulation. Accordingly, our
previous study showed that colon cancer cells treated with another
autophagy inhibitor BAF A1 postponed the in vitro cell
repopulation in the short term. Although, with long-term
treatment, a pulse of BAF A1 induced the reactivation of
autophagy and proliferation, which was correlated only with a
transient decrease in the expression of cancer stem cell markers.
Notably, senescent HCT116 cells treated with BAF A1 injected
into NOD/SCID mice, formed tumors faster than their untreated
counterparts (16). Consequently, it was demonstrated that the
autophagy/lysosomal pathway is involved in chromatin processing
in senescent cells (97) and in the segregation of functional
subnuclei during their amitotic divisions (98). Finally, Rahim
et al. showed that glioblastoma cells activated ATG9A-related
autophagy as a survival mechanism to the hypoxic environment
and HCQ treatment in vivo significantly increased survival of
patient-derived xenotransplants (99). Altogether, we believe that
long-term consequences of chemotherapeutics combined with
autophagy modulators should by tested in the context of TIS
and stemness induction.
CONCLUSIONS

We showed that hypoxia increased the resistance of lung and colon
cancer cell lines to the DNA-damaging agents, CIS and IRINO and
increased the escape from senescence. In contrast, hypoxia had no
direct effect on the microtubule modulator, DOC. Hypoxia and
senescence are thus crucial in the modulation of chemoresistance.
This study also considered the cancer cell type, drug concentration,
and treatment duration. Thus, we propose these parameters are key
points to consider for a personalized medicine approach.

Inhibition of autophagy by HCQ treatment may be used to
overcome CIS-induced resistance in hypoxia in a time-
dependent manner. Nevertheless, HCQ treatment may lead to
development of secondary resistance. This opens new study
possibilities for the long-term consequences of such combined
treatment in preclinical and clinical trials.

We propose that escape from senescence of epithelial cancers is a
multistage process, which can be followed during its development
by a pattern of specific markers as summarized (Table 1). The early
stage of escape from senescence is associated with a decrease in the
expression of the cell cycle inhibitor, p21 and the EMT protein, E-
cadherin. There is then a decrease in expression of another cell cycle
inhibitor, p53, followed by the upregulation of cyclin B and p-cdc2,
which are responsible for transition from G2 to M phases. Finally,
cells proceed to the G0/G1 phase and phenotypic changes (a rise in
cell number, reduced granularity and SA-b-gal activity) are evident.
Although, our proposed mechanism of escape from senescence
requires further verification using other experimental models.
Additionally, it may be helpful to determine whether the reason
for senescence escaping is its weaker induction or whether it is based
on later events. We believe this algorithm to be useful in preclinical
and clinical studies as a prognostic and diagnostic tool to improve
the effectiveness of anticancer treatment and to decrease undesired
adverse effects.
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↓ E-cadherin + + +
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CIS-treated murine LLC1 lung cancer cells were performed on 11th day of the
experiment (according to Figure 1A). MDH test in normoxia (A) was performed for
assessment of CIS effect on cell metabolism. BrdU incorporation test in normoxia
(B) was performed to assess CIS effects on cell proliferation. Detection and
quantification of senescent cells using SA-b-gal staining was performed on
cytospined LLC1 cells. Representative photos for cells were acquired using light
microscopy: original magnification - 400x, scale bar - 20 µm (C). Quantification of
SA-b-gal positive cells was showed as a percentage of positive cells (D). Cell
numbers were determined using a Bürker’s chamber (E). Each bar represents
mean ± SEM. The respective P-values were calculated using two-tailed t-test or
Mann-Whitney test and a P-value < 0.05 was considered statistically significant.
*P < 0.05, **P < 0.01, ***P < 0.001 comparing to normoxic control, #P < 0.05, ##P <
0.01, ###P < 0.001 comparing to hypoxic control, $P < 0.05, $$P < 0.01, $$$P <
0.001 comparing hypoxia to normoxia, n ≥ 3.

Supplementary Figure 2 | Evaluation of protein expression related with
senescence, proliferation and EMT in CIS- or DOC-treated A549 lung cancer cells.
All analyses after CIS treatment were performed on 11th day of the experiment
(according to Figure 1A). Quantification of western blotting results was performed
using densitometric analysis and ImageJ software. Data shown as a ratio of the
respective protein to a loading control (GAPDH): p53 (A), p21 (B), p16 (C), pRb (D),
cyclin B (E), p-cdc2 (F), E-cadherin (G) and N-cadherin (H). Each bar represents
mean ± SEM. The respective P-values were calculated using two-tailed t-test or
Mann-Whitney test and a P-value < 0.05 was considered statistically significant.
*P < 0.05, **P < 0.01, ***P < 0.001 comparing to normoxic control, #P < 0.05, ##P <
0.01, ###P < 0.001 comparing to hypoxic control, $p value < 0.05, $$P < 0.01, $$
$P < 0.001 comparing hypoxia to normoxia, n ≥ 3.

Supplementary Figure 3 | Evaluation of expression of proteins related with
senescence, proliferation and EMT in NUT- and CIS-treated A549 lung cancer or
IRINO-treated HCT116 colon cancer cells. All analyses were performed on 11th day
of the experiment (according to Figure 1A). Quantification of western blotting
results was performed using densitometric analysis and ImageJ software. Data
shown as a ratio of the respective protein to a loading control (GAPDH). In NUT+CIS
experiments: p53 (A), p21 (B), cyclin B (C), p-cdc2 (D), E-cadherin (E) and in IRINO
experiments: p53 (E), p21 (F), cyclin B (G), p-cdc2 (H) and E-cadherin (I). Each bar
represents mean ± SEM. The respective P-values were calculated using two-tailed
t-test or Mann-Whitney test and a P-value < 0.05 was considered statistically
significant. $P < 0.05, $$P < 0.01, $$$p value < 0.001 comparing hypoxia to
normoxia, n ≥ 3.

Supplementary Figure 4 | Evaluation of expression of proteins associated with
autophagy as well as mTOR signaling pathway in CIS- and DOC-treated A549 lung
cancer cells. All analyses were performed on 11th day of the experiment (according
to Figure 1A). Quantification of western blotting results was performed using
densitometric analysis and ImageJ software. Data shown as a ratio of the respective
protein: p62 (A), LC3B II/I (B), mTOR (C) and p-S6 (D) to a loading control
(GAPDH). Each bar represents mean ± SEM. The respective P-values was
calculated using two-tailed t-test or Mann-Whitney test and a P-value < 0.05 was
considered statistically significant. *P < 0.05, **P < 0.01, ***p value < 0.001, #P <
0.05, ##P < 0.01, ###P < 0.001 comparing to hypoxic control, $P < 0.05, $$P <
0.01, $$$P < 0.001 comparing hypoxia to normoxia, n ≥ 3.

Supplementary Figure 5 | Evaluation of efficacy of silencing autophagy-related
genes with siRNAs in CIS-treated lung cancer cells. All analyses were performed on
12th day of the experiment (according to A). Scheme of the experiment (5A). Cells
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were grown in normoxic condition (~19% O2) for 24 hours (a). Then, some plates or
flasks were transferred to the hypoxic chamber and the medium was changed (b).
Then, autophagy-related gene encoding: BCN1, ATG5 and ATG7 were silenced
using siRNAs (c). After next 24 hours the cells were treated with CIS for 24 hours (d)
and subsequently cultured in drug-free medium for 4 days (e). Next, medium was
changed and cells were incubated for 3 days (f). Western blots with GAPDH as a
loading control were performed to confirm ATG5, ATG7 or BCN gene silencing (B).
Quantification of western blotting results was performed using densitometric analysis
and ImageJ software. Data shown as a ratio of a respective protein: ATG5 (C), ATG7
(D) or BCN1 (E) to a loading control (GAPDH). Each bar represents mean ± SEM.
The respective P-values was calculated using two-tailed t-test or Mann-Whitney test
and a P-value < 0.05 was considered statistically significant. *P < 0.05, **P < 0.01,
***p value < 0.001, #P < 0.05, ##P < 0.01, ###P < 0.001 comparing to hypoxic
control, $P < 0.05, $$P < 0.01, $$$P < 0.001 comparing hypoxia to normoxia, n ≥ 3.

Supplementary Figure 6 | Effect of BCN1-, ATG5- and ATG7-silencing on
metabolism, proliferation and autophagy of CIS-treated lung cancer cells. All
analyses were performed on 12th day of the experiment (according to
Supplementary Figure 5A). MDH test in normoxia or hypoxia (A)was performed to
assess an effect of gene silencing on the cell metabolism of CIS-treated lung cancer
cells. BrdU incorporation test in normoxia and hypoxia (B) was performed to assess
an effect of gene silencing on cell proliferation of CIS-treated lung cancer cells. Cell
number estimation after autophagy-related genes silencing was performed using
Bürker’s chamber (C). Representative western blots showing expression of p62 and
LC3B II/I (D) in ATGs-silenced cells. Quantification of western blotting results was
performed using densitometric analysis and ImageJ software. Data shown as a ratio
of a respective protein: p62 (E) and LC3B II/I (F) to a protein loading control
(GAPDH). Each bar represents mean ± SEM. The respective P-values was calculated
using two-tailed t-test or Mann-Whitney test and a P-value < 0.05 was considered
statistically significant: *P < 0.05, **P < 0.01, ***P < 0.001, n ≥ 3.

Supplementary Figure 7 | HCQ affects expression of proteins related to
autophagy, proliferation and senescence in CIS-treated A549 lung cancer cells
and it increases apoptosis of non-senescent cancer cells. All analyseswere performed
on 11th day of the experiment (according to Figure 8C). Quantification of protein
expression in HCQ- and CIS-treated cells was performed using densitometric analysis
and ImageJ software. Data shown as a ratio of the respective protein: p62 (A), LC3B
II/I (B), cyclin B (C), p-cdc2 (D), p-21 (E), and p53 (F) to a protein loading control
(GAPDH). Distribution of HCQ-treated non-senescent lung cancer cells in subG1
phase of cell cycle was evaluated using PI staining and flow cytometry (G). Cell
number estimation of non-senescent cells treated with HCQ was performed using
Bürker’s chamber (H). Each bar represents mean ± SEM. The respective P-values
was calculated using two-tailed t-test or Mann-Whitney test and a P-value < 0.05 was
considered statistically significant. *P < 0.05, **P < 0.01, ***p value < 0.001, #P < 0.05,
##P < 0.01, ###P < 0.001 comparing to hypoxic control, $P < 0.05, $$P < 0.01,
$$$P < 0.001 comparing hypoxia to normoxia, n ≥ 3.

Supplementary Figure 8 | HCQ effects expression of stem cell-related genes in
CIS-treated lung cancer cells. All analyses after HCQ and CIS treatment were
performed on 9th day of the experiment (according to Figure 10A). Expression of:
SOX-2 (A), Nanog (B), ALDH1 (C) and OCT-3/4 (D) genes was measured using
qRT-PCR. GAPDH or PPIA were used as a reference genes. The respective P-values
was calculated using two-tailed t-test or Mann-Whitney test and a P-value < 0.05
was considered statistically significant. *P < 0.05, **P < 0.01, ***P < 0.001 comparing
to normoxic control, #P < 0.05, ##P < 0.01, ###P < 0.001 comparing to hypoxic
control, $P < 0.05, $$P < 0.01, $$$P < 0.001 comparing hypoxia to normoxia, n ≥ 3.
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Since the first clinical trials conducted after World War II, chemotherapeutic drugs have
been extensively used in the clinic as the main cancer treatment either alone or as an
adjuvant therapy before and after surgery. Although the use of chemotherapeutic drugs
improved the survival of cancer patients, these drugs are notorious for causing many
severe side effects that significantly reduce the efficacy of anti-cancer treatment and
patients’ quality of life. Many widely used chemotherapy drugs including platinum-based
agents, taxanes, vinca alkaloids, proteasome inhibitors, and thalidomide analogs may
cause direct and indirect neurotoxicity. In this review we discuss the main effects of
chemotherapy on the peripheral and central nervous systems, including neuropathic pain,
chemobrain, enteric neuropathy, as well as nausea and emesis. Understanding
mechanisms involved in chemotherapy-induced neurotoxicity is crucial for the
development of drugs that can protect the nervous system, reduce symptoms
experienced by millions of patients, and improve the outcome of the treatment and
patients’ quality of life.

Keywords: chemotherapy, neurotoxicity, chemotherapy-induced peripheral neuropathy (CIPN), chemobrain, enteric
neuropathy, chemotherapy-induced nausea and vomiting (CINV)

INTRODUCTION

Whilst the use of certain drugs, such as pain killers, go back to ancient history, the development of
anti-cancer drugs is quite recent, and they have led to a real revolution in cancer treatment. The first
antitumor agent is related to World War II when the John Harvey ship carrying nitrogen mustard
bombs was attacked and the toxic gas was released into the atmosphere. Those men and women who
had been exposed to the gas died because of bone marrow aplasia. After the war, the mechanisms by
which dichloroethyl sulfide acted were studied, thus finding that rabbits injected with high doses
showed a pronounced drop in leucocyte number. AfterWorldWar II, the first clinical chemotherapy
trials were conducted using the analogs of mustard gases for the treatment of lymphoma (Falzone
et al., 2018).
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Classical antitumoral drugs are cytotoxic and act on different
phases of the cell cycle, therefore, inhibiting cancer cell division
(Table 1). However, they have prominent side effects, especially in
fast-dividing cells such as those of the bone marrow or
gastrointestinal mucosa. Although neurons are not fast-dividing
cells, anti-cancer drugs may act upon them, causing neurotoxicity.
Chemotherapy-induced neurotoxicity may affect any neuron in the
body, both directly (direct interaction with the cell body and neurites)
or indirectly (due to glial damage, inflammation and other
mechanisms) and may thus cause many different symptoms
affecting the quality of life of patients undergoing anti-cancer
treatment.Whereas neurotoxic effects of chemotherapy on the
somatic peripheral nervous system, particularly neuropathic pain,
are well recognized and have been extensively studied, other entities,
such as the neurotoxicity affecting the enteric nervous system (enteric
neuropathy) or the brain (chemobrain), have received comparatively
less attention and only recently some of the underlying mechanisms
are being elucidated. Furthermore, the mechanisms involved in
nausea and vomiting (which are well-known and feared adverse
effects of many antineoplastic drugs) are far from clear and new
exciting strategies are currently being developed to get a deeper
insight into them, particularly those involving the vagus nerve.

Herein, we review the main effects that chemotherapy causes on
the peripheral and central nervous systems, including neuropathic
pain, chemobrain, enteric neuropathy, as well as nausea and emesis.
The different mechanisms involved are described.

PERIPHERAL NEUROPATHY:
NEUROPATHIC PAIN

The effects of the chemotherapeutic agents on the nervous system
vary across the different classes of drugs, depending on their physical,

chemical properties and also on their dosage (Banach et al., 2017).
Importantly, compared to the central nervous system (CNS), the
peripheral nervous system (PNS) is not protected by a structure
similar to the blood-brain barrier (BBB), and therefore, direct toxic
effects of antineoplastic drugs upon peripheral neurons are
considerable, but also indirect effects contribute, mainly due to
inflammatory reactions, leading to the development of
chemotherapy-induced peripheral neuropathy (CIPN).

CIPN is a highly prevalent, severe, and dose-limiting toxicity,
resulting in dose interruptions, subtherapeutic dosing, or
discontinued therapy (Staff et al., 2017). Acute symptoms
of CIPN appear in the hours and days after drug infusion,
whereas persistent symptoms occur in approximately 68% of
patients 1 month following completion of chemotherapy and
in 30% of patients 5 months later (Omran et al., 2021).
Neuropathic pain is characterized by the presence of
allodynia and hyperalgesia due to the decrease of the
sensitivity threshold for non-noxious and noxious stimuli,
respectively. Remarkably, also spontaneous pain can be
present in some patients. Likewise, peripheral motor nerves
may also be affected by some drugs, leading to motor
impairments (Zajączkowska et al., 2019). A summary of the
clinical symptoms induced by the main antitumoral drug
classes underlying CIPN is shown in Table 2.

Many widely used chemotherapy drugs, including platinum-
based agents (oxaliplatin, cisplatin, carboplatin), taxanes
(paclitaxel, docetaxel), vinca alkaloids (vincristine, vinblastine),
proteasome inhibitors, and thalidomide analogues may cause
direct neurotoxicity and CIPN (Zajączkowska et al., 2019).
Knowing how these agents interact with the nervous system is
crucial for the development of drugs that can protect against
peripheral neuropathy.

TABLE 1 | Main classes of cytotoxic antitumoral drugs according to their main mechanism of antiproliferative action.

Class Mechanism of action Cancer type Drugs

Alkylating agents DNA damage by producing inter and intrastrand
crosslinks

Leukemia, lymphoma, Hodgkin’s disease, multiple myeloma,
sarcoma, breast, lung, ovarian cancers

Cyclophosphamide
Melphalan
Temozolomide
Platinum drugs

Mitotic inhibitors Alter mitosis due to alterations in the mitotic
spindle formation or function

Breast, ovarian, lung cancers, myeloma, leukemia, lymphoma Microtubule stabilizers: taxanes
Microtubule destabilizers: vinca
alkaloids

Antimetabolites Interfere with the synthesis of DNA or its
components

Leukemia, breast, ovarian, intestinal cancers 5-fluorouracil
6-mercaptopurine
Cytarabine
Gemcitabine
Methotrexate

Anti-tumor antibiotics Inhibit enzymes that allow DNA to be replicated Many types of cancer Actinomycin-D
Bleomycine
Anthracyclines (daunorubicin,
doxorubicin)

Topoisomerase
inhibitors

Inhibit topoisomerase I or II Leukemia, lung, ovarian, intestinal cancer Topoisomerase I: irinotecan,
topotecan
Topoisomerase II: etoposide,
teniposide
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TABLE 2 | Chemotherapy induced neuropathy and clinical symptoms induced by representative antitumoral drugs.

Drug Type of neuropathy Clinical symptoms

Cisplatin/oxaliplatin Pure sensory Paresthesia
Dysesthesia
Neuropathic pain in a stocking-and-glove distribution

Acute oxaliplatin Paresthesia
Muscle tightness
Cramps

Paclitaxel Mixed sensory—motor Paresthesia
Hypoesthesia
Neuropathic pain in a stocking-and-glove distribution
Myalgia, myopathy

Vincristine Mixed sensory-motor and autonomic Paresthesia
Hypoesthesia
Neuropathic pain in a stocking-and-glove distribution
Muscle cramps
Mild distal weakness
Enteric neuropathy
Autonomic dysfunctions

Bortezomib and thalidomide Sensory-motor Neuropathic pain
Hypoesthesia
Paresthesia in distal extremities of limbs
Muscle cramps

Bortezomib Sensory-motor (rare) and autonomic Paresthesia
Painful sensory neuropathy in distal extremities of limbs

FIGURE 1 | Schematic representation of the mechanisms of action of the main antitumoral drugs that cause direct neurotoxicity and peripheral neuropathy. 1)
Bortezomib inhibits the 26S proteasome. 2) Taxanes stabilize the tubulin proteins, therefore anaphase cannot be achieved. 3) Vinca alkaloids de-stabilize the
microtubules, thus the mitotic spindle cannot be formed. 4) Platinum-based compounds form intra-strand and cross-strand links. 5) 5- Fluorouracil (5-FU) binds to
thymidylate synthase (TS). Both platinum-based compounds and 5-FU inhibit DNA synthesis.
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Although the neuropathic symptoms induced by the different
chemotherapeutic agents have been classically related with
their mechanism of action underlying their antiproliferative
effect (Figure 1), new evidence seems to demonstrate the
contribution of numerous off-target players which may also
contribute to structural damage, mitochondria dysfunction
and the release of different pro-inflammatory cytokines
amongst others (Figure 2) (Montague and Malcangio,
2017; Zajączkowska et al., 2019; Pellacani and Eleftheriou,
2020; Fumagalli et al., 2021; Vermeer et al., 2021; Yamamoto
and Egashira, 2021). Thus, the direct mechanism of action of
the different antitumor agents and how they differ regarding
the alterations they induce in the peripheral nervous system
(PNS) causing peripheral neuropathy (or not, in some cases)
will be reviewed below, with special emphasis on the
activation of the innate immune system and the release of
chemokines, as recently proposed as an initiating factor
for CIPN.

Platinum-Based Compounds
The first antitumoral agent of this group was cisplatin, patented
in 1978 for the treatment of different types of solid tumors.
However, due to its side effects and the appearance of cell
resistance, carboplatin (a second-generation platinum agent)
and oxaliplatin (a third-generation platinum agent) are
nowadays the most frequently used in the clinic (Fischer and
Robin Ganellin, 2006).

Platinum agents are intravenously administered and enter the
cell through passive diffusion, but also through active transport
(Johnstone et al., 2016). Once entered, all platinating agents
become aquated, and, although they interact with ribonucleic
acid (RNA) and proteins, the main target is deoxynucleic acid
(DNA). All platinum agents bind preferentially to guanosine and
adenosine, to form intrastrand and interstrand crosslinks. This
results in restriction of DNA replication, transcription, cell cycle
arrest, and programmed cell death (Rabik and Dolan, 2007).
Several studies have demonstrated that although the mechanisms
by which cisplatin and carboplatin act are similar, differences are
observed with oxaliplatin, the latter showing fewer platination
lesions of DNA, with the same cytotoxic effect as cisplatin at
equimolar concentrations. Additionally, oxaliplatin adducts are
bulkier and more hydrophobic than those formed from cisplatin
or carboplatin. The fact that oxaliplatin is more efficient than
cisplatin could be explained by the fact that DNA-oxaliplatin
adducts are more effective in inhibiting DNA synthesis and less
susceptible to the repair mechanisms of the cell (Dilruba and
Kalayda, 2016; Schoch et al., 2020). Mechanisms activating the
immune system have been proposed to act additively to the
inhibition of DNA replication, although these remain to be
elucidated (De Biasi et al., 2014).

Because platinum drugs do not cross the BBB, the dorsal root
ganglia (DRG), involved in somatic and visceral sensitivity, as
well as the area postrema (AP), involved in nausea and emesis
(see Peripheral Mechanisms in Nausea and Emesis: Unresolved

FIGURE 2 | Schematic representation of the main structural alterations, cytokine release and modifications in ion channels and receptors induced by antitumoral
drugs which cause neuroinflammation and altered neuronal excitability. Abbreviations: IL, interleukins; PGE2, prostaglandin E2; ROS, reactive oxygen species; TLR, toll-
like receptors; TRP, transient receptor potential.
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Issues for Exploration), which are vascularized by fenestrated
capillaries, are the main targets of platinum compounds in the
nervous system. The main mechanism by which platinum
compounds induce neuropathy is mainly due to the DNA
adducts they form in the nucleus of the neurons. Some of
these adducts are less efficiently repaired by the nucleotide
excision repair pathway (NER), thus the DNA-platinum
adducts that are not removed by NER do not allow correct
transcription of the ribosomal RNA. DRG neurons are cells
with high metabolic activity and so the lack of physiological
dense ribosomal RNA synthesis may be lethal for this cell type
(Dzagnidze et al., 2007). Oxaliplatin induces less sensory
neuropathy than cisplatin (André et al., 1999; de Gramont
et al., 2000), this has been proven to be related to a reduced
number of oxaliplatin adducts in the DRG when compared to
cisplatin at equimolar concentrations (Ta et al., 2006).
Additionally, carboplatin is less neurotoxic at conventional
doses than cisplatin, which could also be due to lower
intracellular platinum accumulation and platination (Schoch
et al., 2020).

Platinum compounds have also the ability to bind to
mitochondrial DNA (mtDNA), which cannot be repaired
because there are no DNA repair systems in mitochondria,
thus increasing the amount of reactive oxygen species (ROS)
and oxidative stress (Podratz et al., 2011). Studies performed in
vivo and in vitro showed functional and morphological damage
after platinum exposure; mitochondria appeared swollen and
vacuolated with impaired mtDNA replication and ATP
production (Canta et al., 2015). Additionally, mitochondria are
localized in the axons of the neurons of the PNS, thus causing
alterations in the axonal transport; this phenomenon is thought
to be involved in the onset of neuropathic pain (Chiorazzi et al.,
2015). Mitochondria and endoplasmic reticulum are internal
storages for Ca2+; when damaged, intracellular levels of Ca2+

are increased, with the consequent alteration in neuronal
excitability and activation of calpain causing axonal
degeneration (Wang et al., 2012).

Besides the chronic neuropathy, oxaliplatin presents a unique
characteristic: its administration associates with an acute and
transient neuropathy, which consists of muscle tightness, cramps,
paresthesias, and dysesthesias in the limbs and perioral region
that are worsened by cold (Lehky et al., 2004; Wolf et al., 2008;
Lucchetta et al., 2012). The mechanisms of this phenomenon
seem to be due to acidification of intracellular pH of DRG
neurons, which does not occur in cells treated with cisplatin at
equimolar concentrations. The authors hypothesize that the
acidification hypersensitizes the transient receptor potential
(TRP)A1 channel but could also be explained by the
participation of TRPM8 and TRPV1 channels, which have
been implicated in this side effect (Riva et al., 2018).

Growing evidence suggests an important neuro-inflammatory
contribution in the development of peripheral neuropathy and
structural damage caused by the direct mechanism of antitumoral
agents. Although the participation of the immune system has
been more profoundly studied in paclitaxel-induced neuropathy
(see below), a previous study demonstrated that a single
administration of oxaliplatin increased the levels of the

chemokine, CCL2, and its receptor, CCR2, at the same time as
mechanical hypersensitivity developed; pretreatment with the
CCL2 antibody predictably prevented the development of
allodynia (Illias et al., 2018). The chemokine, CX3CL1, has
also been shown to be upregulated in DRG neurons and
contributes to thermal hyperalgesia and an increase in the
number of action potentials in small diameter neurons of the
DRG in a model of oxaliplatin-induced chronic neuropathy. The
increase in CX3CL1 was mediated through nuclear factor κB
(NF-κB) pathways (Wang et al., 2017). Additionally, the
chemokine, CXCL12, has been shown to be upregulated
following chronic oxaliplatin administration and contributes to
mechanical and thermal hypersensitivity via the TNF-α/IL-
1β–dependent STAT3 pathway.

High mobility group box-1 (HMGB1) is a DNA binding
nuclear protein that activates toll-like receptor (TLR) 4
signalling and induces inflammatory processes. Curiously, an
anti-HMGB1 antibody reversed mechanical but not cold
hypersensitivity induced by oxaliplatin treatment. Antagonism
of HMGB1 receptors, TLR4, receptor for advanced glycation end
products (RAGE) and CXCR4, prevented the appearance of
mechanical allodynia, whilst only RAGE was overexpressed in
the DRG; no modifications of TLR4, CXCR4 and RAGE were
observed in the sciatic nerve (Tsubota et al., 2019). Additionally,
and in contrast to paclitaxel treatment, oxaliplatin did not
increase macrophage infiltration or accumulation in the sciatic
nerve, and treatment with a macrophage depletor did not prevent
or reverse allodynia in mice, but pretreatment with
thrombomodulin (an endothelial transmembrane protein that
sequestrates and degrades HMGB1) did prevent oxaliplatin-
induced sensory neuropathy (Tsubota et al., 2019). Thus, the
authors proposed that HMGB1 derived from non-macrophage
cells mediates oxaliplatin-induced neuropathy (Tsubota et al.,
2019). On the contrary, an increase in macrophage infiltration
into DRGs did occur after repeated oxaliplatin administration,
where both neurons and macrophages secreted matrix
metallopeptidase (MMP) 9-2 (proteolytic enzymes involved in
neuroinflammation and chronic pain), by activating TLR4
through HMGB1 protein; this mechanism contributes to the
onset of mechanical hypersensitivity through the HMGB1-
TLR4-PI3K/Akt-MMP9 axis (Gu et al., 2020). These data
demonstrate that although the symptoms that these drugs
induce are similar, the initiating factors are different, thus
future drugs with different and more selective action
mechanisms can be developed.

Additionally, an acute administration of oxaliplatin
upregulates the phosphoinositide 3-kinases - mammalian
target of rapamycin receptor (PI3K-mTOR) pathways and the
resultant expression of cytokines, interleukin (IL)-6, IL-1β and
tumor necrosis factor (TNF)-α, whilst inhibiting PI3K signalling
reduces mechanical and cold hypersensitivity and the levels of
proinflammatory cytokines (Duan et al., 2018).

Sex dimorphism has been shown to modify the response to
platinum-based chemotherapeutics. The neuroendocrine stress
axis plays an important role in the development of neuropathy,
although with different implications. Whilst adrenalectomy and
corticoid receptor downregulation reduced and prevented
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oxaliplatin-induced hyperalgesia in both sexes, the
downregulation of β2 adrenergic receptor prevented and
reversed oxaliplatin-induced hyperalgesia only in males.
Moreover, the type of induced stress also resulted in sex-
dependent differences in oxaliplatin-induced peripheral
sensory neuropathy (Staurengo-Ferrari et al., 2021).

Recently, the role of gut microbiota has been implicated in the
development of oxaliplatin-induced peripheral sensory
neuropathy. Chronic administration of oxaliplatin did not
induce mechanical hypersensitivity in mice nor spontaneous
pain behaviour in rats pretreated with antibiotics, nor in
germ-free mice, whilst neuropathy did appear in control
animals (Shen et al., 2017). The germ-free animals presented
lower levels of IL-6 and TNF-α than the corresponding controls,
and lower levels of ROS and less macrophage infiltration in the
DRG, whilst these differences were not observed in the spinal
cord and the major immune cells in peripheral blood were
unaffected. The authors found that microbiota influenced the
development of mechanical oxaliplatin-induced hypersensitivity
through a lipopolysaccharide (LPS)-TLR4 pathway and the
expression of TLR4 on hematopoietic cells seems to be
responsible, at least partially, for this effect (Shen et al., 2017).

Taxanes
The name taxanes comes from the Latin term of yew Taxus sp. as
they are found in these plants. Paclitaxel (PCTX) was the first
drug of this group isolated from the stem bark of the Pacific yew
tree in 1960, although it was not until 1994 that it was approved
for its use in ovarian cancer treatment (Menzin et al., 1994).
Docetaxel (DCTX) is a semisynthetic paclitaxel derivative. Both
drugs are very insoluble; they require different solvents, which
frequently induce allergic reactions. Thus, research into a new
generation of taxanes aims to obtain molecules with better
therapeutic and toxicity profiles and higher solubility (Velasco
and Bruna, 2015).

Taxanes are chemically very similar and therefore have a
similar mechanism of action, which is dose-dependent. At
high concentrations, PCTX binds to the β-tubulin subunit,
which promotes the assembly of tubulin-enhancing
microtubule polymerization. The formation of altered mitotic
spindles prevents normal mitosis and cells undergo apoptosis. On
the other hand, small concentrations of PCTX do not increase
microtubule polymerization, but act as microtubule-stabilizing
agents, blocking depolymerization, thus the anaphase cannot be
achieved and apoptosis mechanisms are activated (Tamburin
et al., 2019).

DCTX has shown to be a more potent drug and more active in
preclinical studies; it also has a higher affinity for the binding site
in the β-tubulin subunit, although this has not been shown to
translate into increased survival rates in clinical studies where
PCTX and DCTX are administered with other antitumoral drugs
(Melchior et al., 2018). Although chemically quite similar, DCTX
and PCTX show certain differences in the mechanism of action.
The tubulin polymers generated by DCTX are structured
differently than those of PCTX, and DCTX does not change
the number of the protofilaments in the microtubules (Verweij
et al., 1994).

Most previous studies have demonstrated that the incidence of
PCTX-induced neuropathy is higher than that of DCTX
(Stubblefield et al., 2009; Song et al., 2017), although certain
controversy exists as this is not always observed (Velasco and
Bruna, 2015). Neuropathy caused by taxanes mostly affects small-
diameter sensory fibers, inducing altered proprioception and
paresthesias, dysesthesias, and numbness in a stocking-glove
distribution. Accordingly, PCTX treatment has been associated
with a reduction in the sensory nerve action potential and a
reduction of nerve conduction velocity (Boehmerle et al., 2014).
Motor and autonomic dysfunction are less likely to occur
(Pascual et al., 2005; De Iuliis et al., 2015).

Axons of sensory neurons have a high activity in retrograde
and anterograde transport of different molecules, which is
necessary for their survival and is microtubule-dependent
(Nirschl et al., 2017). Several studies have pointed out that
alterations in the microtubule structure induced by taxanes
could impair axonal transport and, therefore, cause the
degeneration of distal nerve segments (Hagiwara and Sunada,
2004; Gornstein and Schwarz, 2014). However, this theory is in
dispute because through in vitro techniques using microfluidic
chambers, Gornstein and Schwarz have recently found that the
distal part of the axon is selectively sensitive to PCTX (Gornstein
and Schwarz, 2017). This finding is in agreement with that of Silva
et al. (2006) who found that low doses of vincristine (a vinca
alkaloid, see below) were toxic at the distal part of the axon but
not the mid-region (Silva et al., 2006). Thus, a selective
vulnerability of the distal axon could be a commonality for
microtubule-targeting agents, leading to axonal demyelination
and the loss of intraepidermal nerve fibres (IENF) in the hindpaw
skin of rodents (Siau et al., 2006; Wozniak et al., 2018; Vermeer
et al., 2021). This finding is also supported by the fact that
mitochondrial damage is more intense in the distal axons
when compared to more proximal ones (Bobylev et al., 2015;
Vermeer et al., 2021). Additionally, studies have observed PCTX-
induced modifications of acetylated tubulin, but tubulin
expression returns to control levels rapidly after cessation of
drug treatment, whilst morphological effects persist long after the
treatment (Cook et al., 2018).

Interestingly, although PCTX does not cause direct
mitochondrial DNA damage, mitochondria have been
suggested as potential mediators for PCTX toxicity, as swollen
and vacuolated mitochondria have been observed in myelinated
and unmyelinated sensory nerves, thus the authors conclude that
alterations in mitochondria contribute to PCTX-induced pain
instead of dysfunctions of axonal microtubules (Flatters and
Bennett 2006; Staff et al., 2017). Furthermore, mitochondria
pathology has been related to taxane administration, possibly
causing oxidative stress and the production of ROS leading to the
activation of apoptotic processes, disruption of cell structure, and
demyelination. As with platinum, taxane-induced mitochondria
pathology also causes an efflux of calcium from the mitochondria
and endoplasmic reticulum, inducing axon degeneration and
DRG cell apoptosis (Flatters and Bennett, 2006; Xiao et al., 2012).

In the clinical setting, the coadministration of taxanes and
platinum is frequent. It has the advantage of lowering the
appearance of resistance and the side effects. Curiously,
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although PCTX administration after completion of the
carboplatin regimen seems to induce more severe neuropathy
in mice (Toma et al., 2017), the combined regimen of PCTX and
oxaliplatin does not worsen the neuropathy induced by each
antitumor drug separately in the rat (Paniagua et al., 2021).
Further research should clarify whether these differences are
due to drug regimen, differences in species, or possibly
different mechanisms of neuropathy induction.

Previous studies have demonstrated that macrophage
infiltration in the DRG coincides with the development of cold
and mechanical hypersensitivity after PCTX treatment.
Additionally, cotreatment of PCTX with a macrophage toxin
prevents the appearance of this neuropathy (Peters et al., 2007;
Zhang et al., 2016). Remarkably, the infiltration of macrophages
in the DRG occurred at the same time as mechanical
hypersensitivity developed. Depletion of the macrophages
partially reversed this mechanical hypersensitivity and reduced
the expression of the proinflammatory cytokine TNF-α, as did the
injection of the MCP-1 (methyl-accepting chemotaxis proteins
-1, whose receptor is CCR2) neutralizing antibody. Importantly, a
TLR4 antagonist attenuated the mechanical hypersensitivity,
reduced MCP-1 expression, and blocked the infiltration of
macrophages, and both the TLR4 antagonist and the
macrophage toxin prevented the alterations of IENF endings.
In line with this finding, PCTX upregulated CXCL1 in a time-
dependent manner in myelinated A and C fibers but not in
satellite glial cells, and the intrathecal injection of neutralizing
antibodies against CX3CL1 or CX3CR1 and the macrophage
toxin significantly reduced macrophage infiltration and delayed
hypersensitivity induced by PCTX (Huang et al., 2014). In
addition, the inhibitor of NF-kβ significantly reduced the
upregulation of CX3CL1 proteins and the mechanical
allodynia induced by PCTX (Li et al., 2015).

During the last years other chemokines which bind to the
CXCR2 receptor have been studied, such as CXCL1, although
curiously the systemic administration of the CXCL1 antibody was
much less effective in reducing the PCTX-induced peripheral
neuropathy than intrathecal administration, possibly indicating
different chemokine involvement in the PNS and central nervous
system (CNS) (Manjavachi et al., 2019).

As CIPN induced by platinum-based chemotherapeutics,
CIPN induced by PCTX seems to be influenced by factors
such as sex and microbiome. Thus, recent studies have shown
that TLR9 mutation attenuated the development of neuropathic
pain caused by PCTX, and inhibited CXCL1 and TNF-α
upregulation in cultures of DRG-derived macrophages
obtained from male mice (Luo et al., 2019). Also, IL-23
promotes the release of IL-17A from macrophages, which in
turn activates nociceptors through the TRPV1 receptor, and this
effect was prevented by ovariectomy and induced by the
administration of estrogen. When collecting serum and the
DRG from PCTX-treated mice, the authors found an increase
in IL-23 only in female mice. The early and late phases of
mechanical allodynia were reduced in IL-23 receptor knockout
mice. Furthermore, the ablation of macrophages prevented the
mechanical hypersensitivity mediated through IL-23 induced
by PCTX.

With regards to the microbiome, in vitro studies have
demonstrated that the combined treatment of PCTX and a
probiotic normalizes the expression of TRPV4 and acetylated
α-tubulin which are overexpressed in PCTX-treated hybridoma
F11 cells (an in vitro model of sensitive DRG neurons). The
mechanism by which this occurs is by restoring the control
conditions of different pathways leading to peripheral sensory
neuropathy (Castelli et al., 2018). The finding that mice treated
previously and during PCTX administration with a probiotic
formulation prevented the mechanical hypersensitivity
development further validated this study. Ex vivo analyses
showed that probiotics reduced colon tissue damage,
upregulated the levels of cannabinoid and opioid expression in
the spinal cord, reduced the expression of inducible nitric oxide
synthase (iNOS) and cyclooxygenase (COX)-2 and peroxisome
proliferator-activated receptor γ (PPAR γ) and reduced serum
levels of TNF-α, IL-1 and IL-6 when compared to PCTX
treatment (Cuozzo et al., 2021).

Vinca Alkaloids
Vinca alkaloids are also naturally derived molecules, which are
found in the Madagascar periwinkle Catharanthus roseus leaves.
Vincristine was discovered in an attempt to find hypoglycemic
drugs for the treatment of diabetes. However, studies in mice
demonstrated that instead of lowering glycemia, it decreased the
number of leukocytes, thus opening a new possibility for the
treatment of leukemia. Like taxanes, vinca alkaloids are
microtubule–targeting agents, although instead of stabilizing
the structure they bind to the β-tubulin subunit, preventing
the straightening of the structure of the molecule, thus
interfering with the polymerization with microtubular α-
tubulin (Ravelli et al., 2004; Van Vuuren et al., 2015).

Vinca alkaloids include vincristine, vinblastine, and
vinorelbine. All of them induce sensory-motor neuropathy,
although vincristine induces the most severe neurotoxicity,
possibly due to the differences in the potency and affinities to
the binding site. The differential binding to individual tubulin
isotypes may explain the differences in the toxicities (Lobert et al.,
1996). Thus, vincristine doses are limited by the drug-induced
neurotoxicity, whereas vinblastine and vinorelbine doses are
limited by bone marrow toxicity (Lobert et al., 1996).

The mechanisms by which vincristine induces alterations in
the neuron structure are similar to those of PCTX, including
disruption of microtubules, leading to altered axonal transport
and interference with normal mitochondrial function, which in
turn causes altered calcium homeostasis and increased release of
ROS, both causing axon degeneration and abnormal myelination
(for review see Triarico et al., 2021). As in the case of taxanes,
there seems to be contradictory results whether peripheral
neuropathy can be due to axonal transport disruption or
higher sensitivity of the distal axon to especially vincristine, as
stated above (Silva et al., 2006).

Additionally, activation of the immune system has also been
observed. Thus, Old et al. (2014), found that the administration of
2 consecutive cycles of vincristine (5 days of consecutive
treatment in each cycle) induced mechanical hypersensitivity,
but did not induce DRG, axon damage nor alterations in the
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microglia of the peripheral nerves, although by the end of the
treatment there was an increase in the number of monocytes
expressing the CX3CR1 receptors in the sciatic nerve. When
vincristine was administered in CX3CR1 knockout mice,
mechanical hypersensitivity was delayed and the activation of
CX3CR1 monocytes by fractalkine induced ROS production
which in turn activated the TRPA1 channel in sensory
neurons (Old et al., 2014). Curiously, CCR2 knockout mice
developed similar initial neuropathy to that in control
littermates, whilst during the second cycle CCR2-deficient
mice had less mechanical neuropathy than controls, and also
presented less expression of the macrophage marker than the
controls. Additionally, in CX3CR1 deficient mice allodynia was
only developed during the second week and was reversed by
treatment with the CCR2 antagonist, which also reduced the
macrophage infiltration in the sciatic nerve. The downregulation
of CX3CR1 resulted in an increase in the release of the
proinflammatory cytokines, TNF-α and IL1-β, which could in
turn mediate noxious signaling following TNF-α receptor
activation in sensory neurons (Montague et al., 2018).

Bortezomib
Bortezomib is an inhibitor of the proteasome, which was
discovered relatively recently compared to the above
mentioned chemotherapeutic agents (Adams, 2002).
Afterwards, it was approved for the treatment of multiple
myeloma in 2003; and over the years, it has been used for the
treatment of different hematologic cancers.

26S proteasome is the major protease in eukaryotic cells, it is a
large multiprotein complex, which degrades damaged or obsolete
proteins, with a 19S regulatory subunit and a 20S catalytic
domain. When proteins need to be degraded, they are marked
with ubiquitin, which binds to the receptor on the 19S complex
and are introduced into the catalytic chamber in the center of the
20S subunit, consequently, these proteins are broken into small
polypeptides. Bortezomib inhibits the 20S core proteasome,
resulting in cancer cell death via multiple mechanisms,
including suppression of the unfolded protein response,
accumulation of ubiquitinated proteins, stabilization of tumor
suppressor proteins, such as p21, p27, Bax and p54, and induction
of ROS (Geisler, 2021).

One of the most severe side effects of bortezomib is peripheral
neuropathy, which is very painful (Saifee et al., 2010). The exact
mechanism by which bortezomib induces peripheral neuropathy
has not been elucidated. In the peripheral nerves, bortezomib has
been shown to reduce nerve conduction velocities and alter nerve
action potentials in animals and humans (Cavaletti et al., 2007;
Carozzi et al., 2010; Alé et al., 2014; Bechakra et al., 2018),
although differences in animal and human results exist in
whether it induces IENF alterations (Bechakra et al., 2018;
Meregalli et al., 2018). Additionally, chronic administration of
bortezomib in animals induces degeneration of myelinated and
unmyelinated axons of the caudal and sciatic nerves,
vacuolization and detachment of satellite glial cells and an
upregulation of substance P (SP) and calcitonin gene-related
peptide (CGRP) Il-6, TNF-α, transforming growth factor
(TGF)-β1 and IL-1β in the DRG (Carozzi et al., 2010, 2013;

Ale et al., 2014; Quartu et al., 2014; Meregalli et al., 2018; Liu et al.,
2019). Some studies have found that it can cause alterations in
DRG satellite cells leading to an immune-mediated,
demyelinating neuropathy (Pitarokoili et al., 2017; Xu et al.,
2019). Additionally, this drug induces axonal membrane
depolarization prior to the onset of neuropathy, which seems
to be due to the impairment of the Na+/K+ ATPase pump, caused
by mitochondrial dysfunction (Nasu et al., 2014). Alterations in
calcium homeostasis, autoimmune inflammatory processes, and
blockade of nerve growth factor (NGF) mediated neuronal
survival have also been implicated in peripheral neuropathy
induced by bortezomib (Landowski et al., 2005; Yin et al., 2018).

Vincristine, PCTX, and bortezomib cause axonal degeneration
although through a different mechanism than those triggered by
microtubule-stabilizing agents. In vitro experiments have
demonstrated that bortezomib does not induce microtubule
bundles in contrast to PCTX-treated ones, suggesting
microtubule stabilization occurs via an indirect-induced
neuropathy mechanism and not directly through drug binding
(Poruchynsky et al., 2008). In addition, in in vitro studies
vincristine induces a degeneration of axon when directly in
contact with it, but not when in contact only with the cell
body, whilst the opposite occurs with bortezomib. Axon
degeneration induced by vincristine is dependent on mitogen-
activated protein kinase (MAPK) pathways, whilst in the case of
bortezomib it is dependent on the activation of axonal caspases.
Both mechanisms finally converge in a common pathway, similar
to Wallerian degeneration in the case of vincristine and apoptosis
after bortezomib administration (Geisler et al., 2019). These
results are in accordance with those of Landowski et al., who
found that dysregulation of mitochondrial calcium after
bortezomib administration triggered caspase 12 activity
(Landowski et al., 2005). Furthermore, bortezomib-induced
peripheral neuropathy has been associated with impairment of
the mitochondrial function, with a deficiency in ATP production
and increased ROS production and an increase of vacuolated and
swollen mitochondria in A and C fibers (Zheng et al., 2012;
Duggett and Flatters, 2017), although whether vacuolated
mitochondria appear in the DRG remains controversial
(Cavaletti et al., 2007; Meregalli et al., 2010).

With regards to the innate immune response and chemokine
release, very little has been published. CCL1 and CCL2 have been
shown to be upregulated in the DRG. Whereas CCL1 increased
rapidly after initiating bortezomib treatment, CCL2 increased
transitorily and in a similar pattern to the development of
allodynia. CCL2 was overexpressed in neuronal cell bodies but
not satellite glial cells, with infiltration of macrophages in the
DRG. The authors demonstrated that CCL2 was upregulated
through the recruitment of the transcription factor, c-Jun, to the
ccl2 gene promoter, and this was facilitated by activating
transcription factor 3 (ATF3) (Liu et al., 2016). In line with
the previous studies, bortezomib caused mechanical allodynia in
mice which was prevented by the anti-HMGB1 neutralizing
antibody. As previously mentioned, HMGB1 can bind to
different receptors: RAGE, CXCR4 and TLR4. The receptor
antagonist for RAGE and CXCR4 completely abolished the
bortezomib-induced allodynia, but only the RAGE antagonist
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transiently reversed the allodynia once it had established; a TLR4
antagonist had no effect. Minocycline and ethyl pyruvate (which
inhibits HMGB1 release from macrophages) and macrophage
depletion with liposomal clodronate prevented the appearance of
neuropathy, but only minocycline abolished the established
neuropathy. Curiously, the caspase 8 inhibitor significantly
reduced bortezomib-induced macrophage release of HMGB1,
preventing neuropathy. Thus, in contrast to data from the
PCTX model, HMGB1 release from macrophages was not
mediated through NF-κB and p38MAPK but instead through
a caspase-dependent mechanism (Tsubota et al., 2019).

Thalidomide
Thalidomide is a synthetic glutamic derivative, it was approved
for pregnancy-associated morning sickness in 1957, although a
few years later it was withdrawn because of teratogenicity. In the
late 1990s, it was reintroduced for the treatment of certain types
of cancer due to its antiangiogenic and pro-apoptotic effects
(Fernyhough et al., 2005). The anti-cancer mechanisms of
thalidomide are not well known, although they include the
blocking of the production of TNF-α, and the blocking of the
activation of NF-κB, accelerating cell death.

The incidence of thalidomide-induced neuropathy is relatively
high, occurring in 25–75% of patients. Generally, it is a classical
sensory neuropathy, although at high doses it can also induce
motor impairment. Autonomic neuropathy also occurs
frequently affecting 80–90% of patients (Briani et al., 2004;
Glasmacher et al., 2006). The mechanisms by which
thalidomide induces the antitumor effect have been postulated
to cause this neuropathy: the antiangiogenic mechanism would
cause secondary hypoxia and ischemia of nerve fibers, whilst
inhibition of TNF-α and the blocking of the activation of NF-κB
would accelerate neuronal cell death by dysregulating the
neurotrophins and their receptors (Keifer et al., 2001). These
mechanisms need further research as thalidomide has been
demonstrated to reduce hyperalgesia in other models of
neuropathic pain in a TNF-α dependent mechanism
(Nascimento et al., 2015; Zajączkowska et al., 2019).

5-Fluorouracil
5-fluorouracil (5-FU) is one of the oldest chemotherapy agents,
synthesized by Heidelberg et al. in 1957. It is a molecule that is
produced by substituting a hydrogen atom of uracil for a fluorine
atom. It acts as an antimetabolite inhibiting the thymidylate
synthase (TS), which is a key enzyme in the synthesis of 2′-
deoxythymidine-5′-monophosphate, required for DNA
synthesis, therefore DNA synthesis and repair is ultimately
inhibited. 5-FU is also capable of binding to DNA, thus
altering the sequence of nucleotides. Finally, at higher doses,
dysfunction of RNA can be caused, thus interfering with the
synthesis of cellular proteins and leading to apoptosis (Tanaka
et al., 2005).

5-FU poorly permeates biological membranes. Thus, a high
dose needs to be administered to reach effective intracellular
concentrations. It has a narrow therapeutic index with a high
incidence of side effects (Ewert de Oliveira et al., 2021). Some of
the most common are mucositis, diarrhea, or myelosuppression.

Although generally unrecognized, due to the fact that other
antitumoral drugs with which 5-FU is often administered
(i.e., oxaliplatin, for colorectal cancer treatment, McQuade
et al., 2016a) exert clearer neurotoxicity, 5-FU may induce
CIPN, as the signs of hyperalgesia and allodynia have been
detected in rats treated with a single dose of the compound
(even at low doses causing mucositis but not frank diarrhea;
unpublished observations). Importantly, unlike the above-
mentioned antitumoral agents, 5-FU does cross the BBB
(Fournier et al., 2003), causing CNS neurotoxicity as
described below.

Methotrexate
Methotrexate (MTX) is an anti-metabolite of folic acid. It blocks
the enzyme dihydrofolate reductase, which catalyzes the
dihydrofolate to tetrahydrofolate. Because tetrahydrofolate acts
as a coenzyme for several pathways in purine and pyrimidine
nucleotide synthesis, DNA repair and replication are disrupted
(Koźmiński et al., 2020). MTX does not cross the BBB at low
doses, although at high doses it has modest permeability (Myers
et al., 2008). The mechanisms by which MTX is neurotoxic
remains unclear. Abnormal folate metabolism has been
implicated in neuronal alterations in the CNS (Meethal et al.,
2013), although an effect on other cells of the CNS such as
astrocytes, seems possible (Shao et al., 2019). Not much is known
about methotrexate’s effects on the PNS.

Cyclophosphamide
Cyclophosphamide (CP) belongs to the group of alkylating drugs.
It is administered as a prodrug, which is metabolized in the liver
to produce the active drug. Thus, the hepatic cytochrome P-450
enzymes convert CP into hydroxy-cyclophosphamide, which is
then metabolized to aldophosphamide. Aldophosphamide is
cleaved to phosphoramide mustard and acrolein, and it is
phosphoramide which induces the antitumoral effect. Similar
to platinum compounds, the mechanism of action by which CP
induces antiproliferative effect is by creating crosslinks between
the two strands of DNA at the guanine N-7 position, therefore
preventing cell replication and repair which eventually leads to
cell death (Singh et al., 2018; Ogino and Tadi, 2021). Although it
may cause CNS neurotoxicity (see below), to our knowledge, its
potential peripheral neurotoxic effects have not been described.

CENTRAL NEUROTOXICITY: CHEMOBRAIN

Chemotherapy might lead to the development of severe CNS side
effects including seizures, strokes, syndrome of inappropriate
antidiuretic hormone (SIADH) secretion, visual, hearing, and
taste loss as well as memory deficiencies. Taken together, these
changes can result in dementia, problems with consciousness, and
cognitive disorders known as “chemobrain” (Newton, 2012;
Magge and DeAngelis, 2015; Hoeffner, 2016; Taillibert et al.,
2016). The term “chemobrain” or “chemofog” was coined for
chemotherapy-induced cognitive impairment in the 2000s (Wefel
et al., 2004). Cognitive complaints are common among cancer
patients during and after chemotherapeutic treatment. The
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TABLE 3 | Involvement of chemotherapeutic agents on chemobrain development basing on their molecular activity.

Chemotherapeutic
agent

Mechanism Type of the
study

Reference

Alkylating agents

Cisplatin Impairment in neurogenesis In vitro,
in vivo

Dietrich et al. (2006), Lomeli et al. (2017)

Impairment in neural network dynamics In vivo Andres et al. (2014), Ma et al. (2018)
Impairment of LTP In vivo Mu et al. (2015)
Stimulation of neuroinflammation Clinical

studies
Brandolini et al. (2019)

Abnormal exocytic neurotransmitters secretion In vitro Mohammadi et al. (2018)

Carmustine Toxicity for NPCs In vitro,
in vivo

Dietrich et al. (2006)

Limited self-renewal of OPCs In vitro,
in silico

Hyrien et al. (2010)

Stimulation of neuroinflammation Gaman et al. (2016)
Induction of oxidative stress

Cyclophosphamide Inhibition of new cell production in the hippocampus In vivo Christie et al. (2012)
Reduction of spinal and dendritic complexity In vivo Acharya et al. (2015), Kang et al. (2018)
Stimulation of neuroinflammation In vivo Shi et al. (2019b), Gaman et al. (2016)
Disruption of microglia function In vivo Shi et al. (2019a)

thioTEPA Decreased number of NPCs, immature and mature neurons Nguyen and Ehrlich, (2020)

Oxaliplatin BBB breakdown In vivo Branca et al. (2018)
Stimulation of neuroinflammation In vivo Brandolini et al. (2019)

Carboplatin Impairment in neurotransmitter release In vivo Kaplan et al. (2016), Field et al. (2018)

Microtubule destabilizing drugs

Vincristine, Vinblastine Impairment in neuronal polarization Sordillo and Sordillo, (2020)

Vincristine Stimulation of neuroinflammation Clinical
studies

Brandolini et al. (2019)

Microtubule stabilizing drugs

Docetaxel Decreased number of NPCs, immature and mature neurons Nguyen and Ehrlich, (2020)
Impairment in neuronal stabilization Mihlon et al. (2010), Sordillo and Sordillo (2020)
Stimulation of neuroinflammation In vivo Groves et al. (2017), Shi et al. (2019b)
Disruption of microglia, astrocytes function In vivo Shi et al. (2019a), Fardell et al. (2014)

Paclitaxel Stimulation of neuroinflammation In vivo Brandolini et al. (2019)
Neuronal damage In vivo Wardill et al. (2016b)

Antimetabolites

5-Fluororuracil Decreased number of NPCs, immature and mature neurons,
inhibition of cell production in the hippocampus

In vivo Nguyen and Ehrlich (2020), Han et al. (2008), Monje and Dietrich
(2012)

Impairment in neural network dynamics In vivo Groves et al. (2017)
Decreased myelination In vivo Argyriou et al. (2011), Han et al. (2008)
Decreased BDNF production In vivo Mustafa et al. (2008)
Stimulation of neuroinflammation In vivo Groves et al. (2017), Shi et al. (2019b)
Apoptosis and neuronal damage In vivo Wardill et al. (2016b)
Reduction in dopamine secretion In vivo Jarmolowicz et al. (2019)

Methotrexate Decreased number of NPCs, immature and mature neurons In vivo Nguyen and Ehrlich, (2020)
Dysregulation of microglia, astrocytes, and oligodendrocytes In vivo Seigers et al. (2010), Geraghty et al. (2019), Gibson et al. (2019)
Stimulation of neuroinflammation Clinical

studies
Brandolini et al. (2019), Yang et al. (2012), Gaman et al. (2016)

In vivo
Polymorphism of ADORA2A Clinical

studies
Tsujimoto et al. (2016)

(Continued on following page)
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growing body of evidence shows that chemotherapy is associated
with short- and long-term mood alterations and cognitive
deficits, characterized by disruptions in learning, short-term
and working memory, impaired attention and concentration,
information processing speed, and executive functions (e.g.,
multi-tasking, decision-making, language) (Dietrich et al.,
2015; Bompaire et al., 2017). Chemofog is also related to
anxiety, depression, fatigue and insomnia, and overall health-
related decline. In turn, these changes may significantly affect
activities of daily living, including autonomy, return to work,
social relationships, and self-confidence (Minton and Stone,
2012; Pullens et al., 2013; Dhillon et al., 2018).

Cognitive changes are rather subtle, subjective and difficult to
measure, therefore they are often undetected or underestimated by
patients and clinicians (Horowitz et al., 2018). Thus, it is difficult to
estimate the percentage of cancer survivors with chemobrain and a
wide range between 17 and 75%has been estimated (Hermelink et al.,
2010; Wefel and Schagen, 2012). Therefore, the International Cancer
and Cognition Task Force made recommendations to unify studies
on cognitive functions in patients with cancer, based on
neuropsychological tests and clinical data. Recommended tests
measure learning and memory, processing speed, and executive
function based on findings of the cognitive effects of
chemotherapy on the frontal cortex (Wefel et al., 2011).
Chemobrain is most noticeable in the population of patients with
breast cancer, with a frequency reaching 80% (Oberste et al., 2018),
but also in lung cancer (Simo et al., 2018), CNS malignancies
(Fliessbach et al., 2005; Schagen et al., 2014), testicular cancer
(Schagen et al., 2008; Wefel et al., 2014) and hematologic
malignancies (Scherwath et al., 2013).

Although it cannot be discarded that other treatments received by
the cancer patients (opiates, neuroleptics) and other confounders, like
inadequate nutritional status, may contribute to the problem,
preclinical in vitro and in vivo studies do support that
chemotherapy causes brain neurotoxicity (Rzeski et al., 2004;
Matsos and Johnston, 2019; Boullon et al., 2021; Bagues et al.,
2022). Indeed, currently, chemofog is hypothesized to be the
result of neuronal injury with abnormal brain remodeling. It

might be related to neuroinflammation, neuroendocrine changes,
alterations in the BBB that allow increased access of cytotoxic agents
and pro-inflammatory cytokines to neurons and supportive glial
(astrocytes and microglia) cells as well as secondary activation of glial
cells and myelin-producing (oligodendrocyte lineage) cell defects. Of
importance, these cognitive deficits appear following treatment with
various chemotherapeutic agents, independently of their mode of
actions (Rzeski et al., 2004; Dietrich et al., 2006; Monje and Dietrich,
2012; Wefel and Schagen, 2012; Wigmore, 2013; Shi et al., 2019b;
Gutmann, 2019; Lange et al., 2019; Walczak and Janowski, 2019;
Nguyen and Ehrlich, 2020). Below, we describe the involvement of
the different chemotherapeutic drugs and various biological
mechanisms in the development of chemofog in detail. Table 3
summarizes these findings.

Impairment in Neurogenesis and Neural
Network Dynamics
Reduced neurogenesis is the most commonly studied mechanism
for chemobrain. Adult neurogenesis occurs primarily in niche
regions: the subgranular zone (SGZ) of the dentate gyrus of the
hippocampus, the subventricular zone (SVZ) lining the lateral
ventricles (Ming and Song, 2011), and the striatum (Ernst et al.,
2014). In the SGZ, neural precursor cells (NPCs) undergo self-
renewal or give rise to immature cells that can differentiate into
neurons and glial cells (Choi and Goldstein, 2018).
Chemotherapeutic drugs are designed to selectively target
rapidly proliferating cells, but in most neurons this process is
stopped. Neurogenic regions of the brain, such as the
hippocampus, are the most vulnerable for anti-mitotic
therapies (Wigmore, 2013). Chemotherapeutic agents can lead
to extensive DNA damage in post-mitotic neurons, inducing their
death (Hoeijmakers, 2009; Maynard et al., 2015). Lower doses of
chemotherapy, similar to the levels of chemotherapeutic drugs
found in the brain after systemic administration, may cause
cellular senescence. Senescent cells are non-proliferating but
remain metabolically active. They exhibit so called senescence-
associated secretory phenotype (SASP), which consists of growth

TABLE 3 | (Continued) Involvement of chemotherapeutic agents on chemobrain development basing on their molecular activity.

Chemotherapeutic
agent

Mechanism Type of the
study

Reference

Antibiotics

Doxorubicin Decreased number of NPCs, immature and mature neurons Nguyen and Ehrlich, (2020)
Inhibition of cell production in the hippocampus Monje and Dietrich, (2012)
Reduction of spinal and dendritic complexity In vivo Kang et al. (2018)
Impairment of LTP In vivo Alhowail et al. (2019), Shaker et al. (2021)
Decreased BDNF production In vivo Park et al. (2018)
Stimulation of neuroinflammation In vivo Shi et al. (2019b)
Disruption of microglia function In vivo Shi et al. (2019a)
Impaired neurotransmitter release In vivo Thomas et al. (2017), El-Agamy et al. (2018), Keeney et al. (2018)
Induction of oxidative stress in the brain In vitro Gaman et al. (2016), Alhowail et al. (2019), Shaker et al. (2021),

Keeney et al. (2018), El-Agamy et al. (2018), Joshi et al. (2007)

ADORA2A, Adenosine A2A receptor; BBB, Blood-Brain Barrier; BDNF, Brain-derived neurotrophic factor; LTP, Long-term potentiation; NPCs, Neural precursor cells; OPCs,
Oligodendrocyte precursor cells.
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factors, inflammatory and proangiogenic agents, chemokines,
metalloproteinases, and many others, that may affect their
environment. Of note, some recent studies suggest that
senescent cells can re-enter the cell cycle and carry abnormal
divisions (Sundaram et al., 2004; Campisi and d’Adda di Fagagna,
2007; Sliwinska et al., 2009; Gewirtz, 2014; Erenpreisa et al., 2015;
Niu et al., 2017;Was et al., 2017; Mirzayans et al., 2018;Was et al.,
2018; Sikora et al., 2021). The development of neuronal
senescence can be also linked to oxidative damage, as it was
observed in rodents treated with DCTX (Moruno-Manchon et al.,
2016). In addition, the post-mitotic brain shows many alterations
of DNA repair mechanisms, increasing the chance of apoptosis or
senescence induction (Maynard et al., 2015). Therefore, the
accumulation of DNA damage caused by chemotherapy can
accelerate neuronal dysfunction and death. Intraperitoneal (IP)
or intravenous (IV) injections of various drugs, ranging from
MTX, 5-FU, CP, doxorubicin (DOX), DCTX, PCTX, cisplatin to
thioTEPA were shown to increase the impairment of memory
and decreased numbers of NPCs, immature or mature neurons
(Nguyen and Ehrlich, 2020). In accordance, several studies found
a reduction in the number of NPCs in the brains of cancer
survivors (Seigers et al., 2008; El Beltagy et al., 2010; Briones and
Woods, 2011; Nokia et al., 2012). Carmustine, cisplatin, and
cytosine arabinoside (cytarabine) were reported to be more toxic
for the progenitor cells of the CNS than they are for multiple
cancer cell lines. In preclinical studies, administration of these
chemotherapeutic agents was associated with increased cell death
and reduced cell proliferation in the SVZ, in the dentate gyrus of
the hippocampus and the corpus callosum of the CNS (Dietrich
et al., 2006). In turn, 5-FU was demonstrated to be toxic for CNS
progenitor cells in vitro and in vivo. Systemic treatment with 5-
FU was shown to cause CNS impairment with severe damage to
white-matter tracts of treated animals (Han et al., 2008). CP,
DOX, and 5-FU prevented the production of new cells in the
hippocampus, which is crucial for brain plasticity and neural
repair. Therefore, suppression of neurogenesis was directly
related to chronic neurotoxic effects, including hippocampus-
dependent cognitive functions (Christie et al., 2012; Monje and
Dietrich, 2012; Lomeli et al., 2017).

Most neurons are highly polarized cells with complex
morphology (Barnes and Polleux, 2009). The microtubule
network is critical for regulating their polarization, migration,
cell proliferation, and cargo transport (Dubey et al., 2015). Spines
and dendrites regulate the synaptic plasticity essential for
learning, memory, and executive functions (Forrest et al.,
2018) and they remain dynamic even in mature, non-dividing
neurons (Forrest et al., 2018). Several studies have shown a
reduction in dendritic and spinal complexity in rodents
following the administration of chemotherapeutic agents such
as cisplatin (Andres et al., 2014), 5-FU (Groves et al., 2017), DOX,
and CP (Acharya et al., 2015; Kang et al., 2018). High cisplatin
levels led to the rapid loss of synapses and dendritic
disintegration, and neuronal, but not NPCs apoptosis. In
accordance, in vivo administration of cisplatin reduced
dendritic branches and decreased spine density in CA1 and
CA3 hippocampal neurons (Andres et al., 2014). Interestingly,
short-term daily treatment with the histone deacetylase 6

(HDAC6) inhibitor was demonstrated to reverse behavioral,
structural, and functional deficits induced by cisplatin in a
mouse model (Ma et al., 2018). Drugs that target the
microtubule network directly through hyperstabilizing (PCTX,
DCTX, and ixabepilone) or destabilizing (vincristine and
vinblastine) it, may lead to chemobrain as well (Mihlon et al.,
2010). Abnormalities in microtubules were reported to cause
cognition and memory problems, and damage to microtubules
correlated with numerous neurological diseases (Sordillo and
Sordillo, 2020). Accordingly, PCTX, the microtubule-
stabilizing agent, was demonstrated to cause impaired memory
acquisition in rodent models. Chemotherapeutics-treated
animals behaved poorly in the Morris water maze (MWM)
test comparing to counterparts, and microtubule dynamics in
their brain extracts were significantly reduced (Atarod et al., 2015;
You et al., 2018).

Chemotherapeutics do not only act by the induction of
neurodegeneration, but they can also play a crucial role in
disturbing neuronal signaling and altering long-term
potentiation (LTP). LTP plays an essential role in synaptic
mediation of learning acquisition and memory consolidation,
whose disturbances are characteristic of chemobrain. Those
changes are most likely related to the ability of
chemotherapeutics to interact off-target with: N-methyl-D-
aspartate receptor (NMDA-R), α-amino-3-hydroxy-5-methyl-
4-isoxazole propionic acid receptor (AMPA-R), protein kinase
A (PKA), extracellular signal-regulated kinase (ERK2), and Ca2+/
calmodulin-dependent protein kinase II (CaMKII), which are
major regulators of LTP. The effect on LTP was pointed as
possible for several drugs, including dactinomycin and
irinotecan in in silico simulation (Fahim et al., 2019).
However, impairment of LTP was also observed in rodent
models due to cisplatin and DOX treatment (Mu et al., 2015;
Alhowail et al., 2019). Cisplatin reduced spontaneous exploratory
activity, recent and remote memory retrieval, induced decision-
making, which correlated with impairment in LTP-like synaptic
plasticity (Mu et al., 2015). In turn, DOX led to reduced LTP in
the hippocampal region as well as a decrease in postsynaptic
potentials in the rat brains (Alhowail et al., 2019). Synaptic
plasticity and normal cognitive function strongly depend also
on Sirtuin I (SIRT1), which is a histone III deacetylase. In mice,
SIRT1 is localized specifically in neurons, but not in glial cells.
The lack of this protein resulted in defective neuron plasticity and
disturbances in LTP-related processes, which led to impairment
of cognition (Michan et al., 2010). It was observed that expression
of SIRT1 decreased upon treatment with DOX (Shaker et al.,
2021).

Altogether, different chemotherapeutic drugs may cause
chemobrain by inducing neurons’ senescence or death, alter
their polarization and ability to form functional networks.

Downregulated Secretion of
Neurotransmitters
Most neurological agents act through modulating
neurotransmitters. Variants of catechol-O-methyltransferase
(COMT) were correlated with differential risks of developing
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chemobrain in cancer survivors. COMT catalyzes the
O-methylation of the catecholamines: dopamine (DA),
epinephrine, and norepinephrine (NE) (Sheldrick et al., 2008).
In vitro experiments on PC12 cells, which are a type of
catecholaminergic cells that synthesize, store and release NE
and DA, revealed that cisplatin may affect cell membrane
lipids, particularly phosphatidylcholine and cholesterol, leading
to the abnormal exocytotic release of neurotransmitters
(Mohammadi et al., 2018). In turn, carboplatin affected
dopamine and serotonin (5-HT) release and uptake in rat
brains, which was related to cognitive and mood impairments
(Kaplan et al., 2016). Carboplatin was demonstrated to impair
dopamine release and uptake in the zebrafish model of
chemobrain-related studies (Field et al., 2018). Similarly, a
reduction in DA release in the striatum following injections of
5-FU was shown (Jarmolowicz et al., 2019). Treatment with DOX
impaired glutamate neurotransmission in the mouse frontal
cortex and hippocampus. Especially, glutamate clearance was
reduced by about 50% in the frontal cortex and dentate gyrus
(Thomas et al., 2017). It might be related to the reduced glutamate
transporter expression (Thomas et al., 2017) and impaired
exocytosis (Kaplan et al., 2016). Additionally, elevated
acetylcholine esterase activity was reported in the
hippocampus of rats treated with DOX (El-Agamy et al.,
2018). In accordance, a reduction in choline content, the
precursor for acetylcholine, was also demonstrated after DOX
treatment (Keeney et al., 2018), suggesting that inhibited
cholinergic activity may be a risk factor in chemobrain.

Altogether, various chemotherapeutic drugs may cause
chemobrain by reducing neurotransmitters’ production and
disturbing effective communication between neurons.

Reduced Gliogenesis and Hyperactivation
of Microglia and Astrocytes
Non-neuronal cells, including astrocytes, oligodendrocytes, and
microglia, play important roles in maintaining the health and
normal functions of neurons (Jessen, 2004; Walczak and
Janowski, 2019). Reduced gliogenesis in the SVZ and SGZ can
impair memory encoding and consolidation (Fields et al., 2014).
Proper axonal myelination is crucial for fast conduction speed
and enhanced cognitive processing (Bendlin et al., 2010; Lu et al.,
2011). Generation of new oligodendrocytes is also required for
complex motor learning (McKenzie et al., 2014) and spatial
memory consolidation (Steadman et al., 2020). Glial cells, as
fast-dividing cells, are very vulnerable to chemotherapeutic
agents. Carmustine, cisplatin, and cytosine arabinoside
(cytarabine), when injected systemically in mice, were
demonstrated to inhibit proliferation and induced cell death of
progenitor cells and oligodendrocytes throughout the CNS
(Dietrich et al., 2006). Several other studies demonstrated that
PDGFRa+/Olig2+ oligodendrocyte precursor cells (OPCs) and
non-dividing mature oligodendrocytes are especially sensitive to
chemotherapy as compared to neurons and astrocytes (Dietrich
et al., 2006; Han et al., 2008; Hyrien et al., 2010; Gutmann, 2019).
Persistent depletion of OPCs in the subcortical white matter
tracts was shown after MTX treatment both in humans and mice

(Gibson et al., 2019). Moreover, chemotherapeutics also altered
OPCs differentiation and consequently proper myelination
(Hyrien et al., 2010; Gibson et al., 2019) and were associated
with numerous behavioral deficits, including decreased forepaw
swing speed, increased anxiety (attention system dysfunction),
and persistent cognitive defects in mouse models (Gibson et al.,
2019). Mathematical and experimental analysis showed that
transient exposures to carmustine lengthened the cell cycle of
OPCs and accelerated their time of differentiation. In accordance,
their ability to self-renew was significantly limited (Hyrien et al.,
2010). Of importance, imaging studies on human cancer
survivors reveal a reduction in several white matter tracts,
suggesting reduced myelination (Deprez et al., 2011; Deprez
et al., 2012; Chen et al., 2020). One of the drugs, which can
cross BBB and act directly on cells of CNS, causing decreased
myelination, is 5-FU (Argyriou et al., 2011). Systemic
administration of 5-FU led to acute CNS injury and damage
of myelinated tracts of the CNS that was correlated with changes
in transcriptional regulation of oligodendrocytes and an
increased myelin pathology (Han et al., 2008). Furthermore,
damage to neurons or glial cells can activate microglia and
astrocytes, leading to increased production of inflammatory
cytokines and the development of chronic neuroinflammation.
Astrocyte activation was demonstrated after DCTX injection
(Fardell et al., 2012), and microglial activation was shown after
CP treatment (Christie et al., 2012). Additionally, hyperactivation
of microglia may contribute to long-term cognitive deficits as
shown for MTX (Seigers et al., 2010). Astrocytes and
oligodendrocytes can be also dysregulated following MTX
treatment (Geraghty et al., 2019; Gibson et al., 2019). MTX
treatment was reported to cause persistent activation of
microglia and subsequent astrocyte activation, further leading
to exhaustion of OPCs, reduced myelination, and decreased
cortical brain-derived neurotrophic factor (BDNF) levels. In
turn, pharmacological depletion of microglia normalized
oligodendroglial lineage dynamics, myelin microstructure, and
cognitive and behavioral deficits after MTX chemotherapy
(Gibson et al., 2019). Brain blood vessels-derived vascular
endothelial growth factor (VEGF) and BDNF were
demonstrated to play a crucial role in the survival and
differentiation of NPCs (Schanzer et al., 2004; Goldman and
Chen, 2011).

Altogether, different chemotherapeutics may lead to chemofog
by reducing gliogenesis and causing activation of microglia and
astrocytes, resulting in neuroinflammation.

Neuro-Inflammation and Breakdown of
Blood-Brain Barrier
Chronic neuroinflammation might be responsible for
maintaining long-term cognitive dysfunctions (Glass et al.,
2010; Michaud et al., 2013). As mentioned above (Peripheral
Neuropathy: Neuropathic Pain), most chemotherapeutic agents
administered systemically do not cross the intact BBB. Cytokines
in the brain are mainly derived from microglia, astrocytes,
oligodendrocytes, and neurons, rather than peripheral sources
(Kronfol and Remick, 2000). Activated microglia and astrocytes
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can produce cytokines, e.g., IL-1β and TNF-α directly in CNS.
Peripherally released cytokines can also access the brain and
compromise the protective BBB, thereby enabling the entrance of
more cytokines and chemotherapeutic drugs (Ren et al., 2017)
and increased peripheral cytokines are observed in cancer
survivors (Wang et al., 2015). Pro-inflammatory cytokines may
affect tight junctions and thus the integrity of the BBB. This is
important, when considering BBB breakdown in cancer patients,
as there is a number of sources of pro-inflammatory cytokines,
derived from the tumor and the effects of chemotherapy on other
organs (Wardill et al., 2016b). Cytokines enter the brain by
receptor mediated-endocytosis or passive diffusion through the
leaky regions of BBB, resulting in glial activation and local
inflammatory reaction in the brain (Banks and Erickson, 2010;
Wardill et al., 2016b). In a rat brain endothelial cell line (RBE4)
oxaliplatin induced the disassembly of the tight junctions and
brain dysfunction (Branca et al., 2018). 5-FU and a combination
of DCTX, DOX, and CP led to cytokine dysregulation and
disruptions in neuroplasticity, which correlated with
behavioral and imaging alterations in a mouse model. In turn,
these changes were associated with serum and brain levels of pro-
inflammatory cytokines, IL-6 and TNF-α. On the other hand,
levels of anti-inflammatory cytokines IL-4 and IL-10 in serum
and brain were reduced in most animals (Groves et al., 2017; Shi
et al., 2019b). Elevated IL-6 and TNF-α that were detected in
chemotherapy-treated breast cancer survivors correlated with
persistent hippocampal structural changes and reduced verbal
memory performance (Collado-Hidalgo et al., 2006; Bower et al.,
2007). BBB permeability, astrocytic activation, and peripheral
production of IL-1β, IL-6 and TNF-α were demonstrated to
increase also after treatment with irinotecan (Wardill et al.,
2016a).

It is suspected that overproduction of pro-inflammatory
proteins which can cross BBB, such as TNF-α, can stimulate
microglial cells to further produce inflammatory cytokines, which
promote brain damage (Tangpong et al., 2007; Tacar et al., 2013).
It was observed that upon treatment with a combination of
DCTX, DOX and CP, microglia cells drastically changed in
morphology. They became round and ameboid-like in shape
with large perinuclear cytoplasm including the dense and
heterochromatic nucleus (Shi et al., 2019a). It was shown that
prolonged activation of microglia can act as a mechanism leading
to neurodegenerative disorders and can inhibit neurogenesis due
to the impairment in neuronal stem cells (NSCs) located in the
hippocampus (Dheen et al., 2007; Smith et al., 2012).

At least partly due to BBB breakdown, some chemotherapeutic
agents, such as cisplatin, carmustine, PCTX, and 5-FU, were also
detected in the brains of rodents or primates after IV injection,
leading to apoptosis and neuronal damage associated with
neurological dysfunction (Wardill et al., 2016b). DCTX led to
cognitive impairment of mice in post-treatment behavioral tests,
and this was correlated with substantial amounts of DCTX in the
brain and astrocyte activation. DCTX treatment did not
significantly elevate the rate of apoptosis within the CNS, but
increased autophagy was detected (Fardell et al., 2014). The
neurotoxic effect of DCTX in neurons might be modulated by
impairment of autophagy and damage of lysosomes, which was

demonstrated in both in vitro and in vivo studies (Moruno-
Manchon et al., 2016). The anti-autophagic capacity of DCTX
was marked by the downregulation of PTEN-induced kinase 1
(PINK1) and Parkin expression (Wahdan et al., 2020). MTX-
treated breast tumor-bearing mice exhibited significant
depressive-like behaviors and cognitive impairment. At the
same time, these mice showed reduced numbers of NPCs in
the hippocampal dentate gyrus and augmented pro-
inflammatory enzymes, including iNOS and COX-2 (Yang
et al., 2012). Patients undergoing chemotherapy with taxanes
or anthracycline-containing regimens for breast, ovarian cancer,
and Hodgkin’s disease had statistically significant increases in
interferon (IFN)-α, IL-1β, IL-6, IL-8, IL-10, and monocyte
chemoattractant protein 1 (MCP-1) (Wang et al., 2015).
Cytokine change may induce alterations in neurotransmitter
systems and neuronal integrity by inducing excitotoxic
glutamate receptor-mediated damage, influencing
monoaminergic systems [serotonin (5-HT), DA, and NE], γ-
aminobutyric acid (GABA), acetylcholine, neuropeptides, and
BDNF, which are directly associated with cognitive function and
neurodegenerative processes (Wang et al., 2015).

BBB breakdown might be also a result of cerebral blood
pressure autoregulation failure (Stone and DeAngelis, 2016).
One of the theories explaining the development of this
dysfunction claims that failure of blood pressure
autoregulation is induced by endothelial dysfunction. It may
result from circulating toxins, including chemotherapeutics
(Fischer and Schmutzhard, 2017): vincristine, gemcitabine,
cytarabine, and cyclosporine (Peddi et al., 2014; Hoeffner,
2016; Stone and DeAngelis, 2016).

Altogether, different chemotherapeutic agents may cause
chemobrain by disturbing the BBB and inducing inflammation
in both the CNS and the periphery.

Overproduction of Reactive Oxygen
Species
Chemobrain seems to be accompanied by ROS and reactive
nitrogen species (RNS) production, that cumulatively increase
oxidative stress (Chen et al., 2007). The post-mitotic brain
consumes ~20% of glucose-derived energy, leading to high
production of ROS (Patel, 2016). Additionally, the activated
glial cells were demonstrated to upregulate nitric oxide
synthase (NOS) and RNS production (Tangpong et al., 2006).
Finally, a majority of cancer survivors are older, which may
additionally increase the level of ROS and senescence
phenotype (Miller et al., 2019). ROS are known as DNA-
damaging and senescence-inducing agents. The
overproduction of ROS and RNS have been reported as the
most frequent cause of DNA damage in neuronal cells (Abner
and McKinnon, 2004) and a direct cause of a cognitive decline in
cancer patients (Nadin et al., 2006).

It was observed that oxidative stress in the brain can be
induced by DOX, carmustine, MTX, and CP (Gaman et al.,
2016). DOX is known to generate intracellular ROS. In
in vitro studies, it was shown that DOX can significantly
induce mitochondrial stress in hippocampus-derived cells
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(Alhowail et al., 2019). Even though DOX does not cross the BBB,
it can modulate ROS production indirectly in the CNS. It was
responsible for the oxidization of plasma apolipoprotein A1, that
in turn promoted macrophage TNF-α production, which
significantly induced oxidative stress in the brain (Aluise et al.,
2011). TNF-α overproduction correlated with increased levels of
glutathione-S-transferase as well as glutathione peroxidase and
reductase (Joshi et al., 2010). It also decreased mitochondrial
respiration as a result of increased p53 and apoptosis-associated
proteins (Tangpong et al., 2006). Similar to DOX, treatment with
carmustine, MTX and CP also generated increased levels of TNF-
α in plasma (Gaman et al., 2016).

Oxidative stress in the hippocampus induced by DOX, followed
by neurodegeneration, correlated with decreased expression of
SIRT1 protein. SIRT1 plays a crucial role in the regulation of
ROS production and controls the expression of proteins
responsible for oxidative stress protection (Olmos et al., 2013;
Ren Z. et al., 2019). Berberine (BER), the natural alkaloid,
decreased cognitive impairment and protected against DOX
toxicity in a rodent model. The mechanism of BER was most
likely based on restoration of the metabolic balance controlled by
SIRT1, as its expression increased in response to BER treatment
(Shaker et al., 2021). Moreover, DOX administration was shown to
cause a significant decrease in choline-containing compounds and
activities of the phospholipase enzymes in the hippocampus in
mice. DOX administration was shown to correlate with elevated
apoptosis of hippocampal neurons, diminished antioxidant
glutathione (GSH) levels, reduced activity of catalase, and
elevated level of the lipid peroxidation products in a rat model
(El-Agamy et al., 2018). In turn, γ-glutamyl cysteine ethyl ester
(GCEE), a precursor of the antioxidant GSH, restored GSH level
and GSH transferase activity and reduced the levels of oxidative
stressmarkers of protein oxidation and lipid peroxidation inDOX-
treated mice brains (Joshi et al., 2007).

Finally, ROS can compromise the BBB by triggering several
pathways (Pun et al., 2009). Of importance, mice co-treated with
the natural antioxidant, resveratrol demonstrated a reversion of
harmful effects of chemotherapy-induced cytokine dysregulation
and disruptions in neuroplasticity (Shi et al., 2018).

Altogether, different chemotherapeutic agents may activate
chemofog by inducing oxidative stress, which accelerates
neuronal degeneration, inflammatory cytokine overproduction
and a leak of the BBB.

Genetic Alterations
Risk factors responsible for the development of cognitive
impairments are still not clear. However, there is some
evidence indicating that there are some genetic alterations that
might increase the possibility of chemobrain occurrence. Some
studies indicate that the rate of MTX-mediated toxicity might be
regulated by adenosine, whose release is promoted by this drug
(Cronstein et al., 1993). Adenosine regulates CNS by interactions
with the adenosine A2A receptor (ADORA2A). Polymorphisms
in the gene encoding this protein were associated with an
increased risk of encephalopathy and the development of
cognitive disorders after this type of treatment (Tsujimoto
et al., 2016). It is suggested that patients with higher levels of

DNA impairments have a much higher risk of developing
cognition-related problems. In accordance, genetic
polymorphisms in DNA repair genes, including 8-Oxoguanine
glycosylase (OGG1), APEX1, XRCC1, ERCC1, XPC, XPD, XPF,
BRCA2, XRCC3, and MDR1 (multi-drug resistance -1) are
considered important factors to influence the degree of
chemotherapy-associated CNS damage, especially those
associated with oxidative stress (Goode et al., 2002; Kerb,
2006; Ahles and Saykin, 2007; Ren X. et al., 2019). Moreover,
disturbances in the expression of MDR1 and closely associated
multidrug resistance-associated protein-1 (MRP1) can promote
BBB damage, which directly influences the level of
chemotherapeutics in the brain. The presence of those
polymorphisms allows toxic drugs to cross BBB and therefore
increase their deleterious activity on neuronal cells (Ren X. et al.,
2019).

Chemofog risk increases when polymorphisms occur in the
genes associated with neuron growth and their functions. For
example, it was observed that BDNF Val66Met mutation
increased the incidence of chemobrain. BDNF genetic
alterations were demonstrated to play a role in
neuroinflammation-linked cognitive depression in breast
cancer survivors (Dooley et al., 2016; Ng et al., 2017) and
their poorer performance on verbal fluency and multitasking
test (Ng et al., 2016). In turn, polymorphism of COMT, the main
modulator of neurotransmitter (e.g., DA, epinephrine, and NE)
degradation, was shown to affect their bioavailability (Miskowiak
et al., 2017). It has been correlated with cognitive impairment
(e.g., decreased performance in attention, motor speed, and
verbal fluency) in lymphocytic leukemia (Cole et al., 2015) and
adult breast cancer survivors (Small et al., 2011).

Apolipoprotein E (APOE) is a glycoprotein responsible for
lipid transport in the nervous system. It also plays a crucial role in
the maintenance of BBB, as well as in processes of oxidative stress,
inflammation, and neuronal health. APOE can produce three
alleles, but only the presence of APOE4 is considered as one of the
possible risk factors for chemobrain development (Fernandez
et al., 2020). Cognitive impairment might occur regardless of used
therapy, as it was observed in the cohort study on lymphoma and
breast cancer survivors. It was demonstrated that patients bearing
the APOE4 allele showed lower performance in visual memory
and spatial ability (Ahles et al., 2003). The correlation of APOE4
and cognitive impairment was further confirmed in other studies
conducted on breast cancer survivors in different age groups
(Ahles et al., 2014; Mandelblatt et al., 2018). In vivo studies
revealed that the presence of APOE4 in mice resulted in a slight
decrease in the volume of the frontal cortex and grey matter.
Observations made on the role of APOE4 in chemobrain
development in cancer survivors were confirmed by controlled
studies in rodents (Speidell et al., 2019; Demby et al., 2020). The
presence of APOE4 correlated with breakage of BBB due to
impairment of tight-junctions (Nishitsuji et al., 2011) as well
as activation of pro-inflammatory cytokine secretion by
pluripotent stem cell-derived microglia in vitro (Lin et al., 2018).

Altogether, different genetic alterations may increase the
chance of chemobrain by affecting neuronal morphology and
functions.
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ENTERIC NEUROTOXICITY

Diarrhea, constipation, oral mucositis, nausea, and vomiting
are common gastrointestinal side effects of chemotherapeutic
medications experienced by 80–90% of patients (Keefe et al.,
2014; McQuade et al., 2014; Numico et al., 2015; McQuade
et al., 2016a; Sommariva et al., 2016; Escalante et al., 2017;
Dahlgren et al., 2021). As a result of these side effects, patients
commonly develop malnutrition and dehydration. Early death
rates of up to 5% associated with chemotherapy are primarily
due to gastrointestinal toxicity (Rothenberg et al., 2001). The
gastrointestinal side effects often limit the dose of
chemotherapy reducing the efficacy of anti-cancer
treatment, leading to poor survival, and having a severe
impact on a patient’s quality of life (Arbuckle et al., 2000;
Sharma et al., 2005; Mitchell, 2006; McQuade et al., 2017a;
Sougiannis et al., 2021). Chronic post-treatment diarrhea can
persist for over 10 years after the end of treatment in 13–50%
of long-term cancer survivors (Denlinger and Barsevick, 2009;
Buccafusca et al., 2019). Most drugs used clinically to alleviate
gastrointestinal side effects of chemotherapy have adverse
effects themselves and often have limited efficacy
(McQuade et al., 2016a; Koth and Kolesar, 2017).

The traditional view is that gastrointestinal side effects of
anti-cancer drugs are due to mucosal damage (Keefe et al.,
2004; Van Sebille et al., 2015; Dahlgren et al., 2021). However,
while mucosal damage is undoubtedly significant for the acute
symptoms associated with chemotherapy (Pulito et al., 2020;
Sougiannis et al., 2021), the persistence of gastrointestinal
symptoms long after treatment is completed suggests that
there is long-term damage to the gastrointestinal innervation
(Thorpe et al., 2013; Escalante et al., 2017; McQuade et al.,
2020).

The enteric nervous system (ENS) embedded into the wall of
the gastrointestinal tract controls its functions; most of the enteric
neurons locate within the enteric ganglia organized into two
major plexi, myenteric plexus that controls intestinal motility and
submucosal plexus that controls intestinal secretion and
vasodilation (Bornstein et al., 2012; Furness, 2012; Bon-
Frauches and Boesmans, 2020; Fleming et al., 2020; Brehmer,
2021). Despite mounting evidence for chemotherapy-induced
enteric neuropathy, research in this area is scarce. As
described below, recent studies demonstrate that enteric
neuronal degeneration and dysfunction are emerging key
players in gastrointestinal disorders induced by chemotherapy.
Several chemotherapeutic agents currently used in the clinic for
anti-cancer treatment have a profound impact on the ENS, and
mechanisms underlying enteric neuropathy caused by different
classes of chemotherapeutic drugs vary to a significant extent.

Mechanisms Involved in
Chemotherapy-Induced Enteric
Neuropathy
Damage and death of enteric neurons, severe axonal damage,
changes in glial cells, neuropeptides, and in neuromuscular

transmission, as well as altered molecular expression, persisted
long after the cessation of chemotherapy when mucosal damage
has subsided in animals treated with cisplatin (Vera et al., 2011;
Pini et al., 2016; Uranga et al., 2017; Nardini et al., 2020),
oxaliplatin (Wafai et al., 2013; McQuade et al., 2016c;
Robinson et al., 2016; Stojanovska et al., 2018b), 5-FU
(McQuade et al., 2016b), irinotecan (McQuade et al., 2017b;
Thorpe et al., 2020), vincristine (Hobson et al., 1974; López-
Gómez et al., 2018; Gao et al., 2021), and adriamycin/doxorubicin
(Cheng et al., 1997, 1999). Studies in fresh colon specimens
resected from chemotherapy-treated non-obstructive
carcinoma patients revealed morphological changes and
hyperexcitability of myenteric neurons, and increased numbers
of neurons with nuclear translocation of Hu, an mRNA binding
protein present in all enteric neurons (Stojanovska et al., 2015;
Carbone et al., 2016). Enteric neuropathy associates with long-
term gastrointestinal dysfunctions, including changes in
gastrointestinal transit, oesophageal, gastric and colonic
dysmotility, and clinical symptoms: chronic constipation,
chronic diarrhea, lack of weight gain, and pica (equivalent to
vomiting in humans) (Cheng et al., 1997, 1999; Vera et al., 2006,
2007; Yamamoto et al., 2007; Cabezos et al., 2008; Cabezos et al.,
2010; McQuade et al., 2016b; McQuade et al., 2016c; Pini et al.,
2016; Spencer, 2016; Abalo et al., 2017; McQuade et al., 2017b;
Vera et al., 2017; López-Gómez et al., 2018; Belsky et al., 2020;
Gao et al., 2021).

Mechanisms underlying chemotherapy-induced enteric
neuropathy involve oxidative stress, inflammation, and direct
toxicity leading to mitochondrial and nuclear damage
(Escalante et al., 2017; McQuade et al., 2020). Oxidative
stress resulting from an imbalance between ROS/RNS
production and the antioxidant defense system is an
important factor contributing to gastrointestinal dysfunctions
(Kashyap and Farrugia, 2011; Aviello and Knaus, 2017).
Increased nitrosylation of protein tyrosines by RNS (e.g.,
reactive peroxynitrates) has been observed in colonic enteric
neurons of FOLFOX (a combination of 5-FU, leukovorin, and
oxaliplatin) and 5-FU-treated patients and oxaliplatin-treated
mice (Carbone et al., 2016; McQuade et al., 2016c). Augmented
soma size of neuronal nitric oxide synthase (nNOS)-
immunoreactive myenteric neurons has been found in the
colons from FOLFOX and 5-FU-treated patients (Carbone
et al., 2016). Higher proportions of nNOS-immunoreactive
myenteric and submucosal neurons have been observed in
the gastric fundus and colon from cisplatin-treated rats and
mice, vincristine-treated rats, as well as oxaliplatin-treated mice
(Vera et al., 2011; Wafai et al., 2013; McQuade et al., 2016c; Pini
et al., 2016; López-Gómez et al., 2018). Increased expression of
iNOS and nNOS, excessive production of superoxide,
mitochondrial membrane depolarization, the release of
cytochrome c, and activation of caspase 3 leading to
apoptosis of myenteric and submucosal neurons are
prominent after oxaliplatin treatment (McQuade et al.,
2016c). These findings provide evidence that oxidative stress
is a key player in chemotherapy-induced enteric neuropathy.
Co-treatment with neuroprotective agents with strong
antioxidant properties, resveratrol, and BGP-15, alleviates
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enteric neuropathy and gastrointestinal dysfunction induced by
oxaliplatin (Donald et al., 2017; McQuade et al., 2018).
However, the use of these compounds is limited due to the
low bioavailability and activation of multiple pathways, which
might produce unwanted results. Therefore, further studies to
determine more specific molecular targets for enteric
neuroprotection are needed.

Indirect toxicity resulting from chemotherapy-induced
inflammation also leads to damage and death of enteric
neurons. Chemotherapeutic agents modulate local and
systemic immune activity, causing damage to the epithelial
barrier, leading to the infiltration of enterotoxins from the
lumen into the lamina propria, inducing the recruitment of
leukocytes and stimulation of the production and release of
soluble mediators such as cytokines and chemokines. Released
mediators and neurotoxins induce damage to the nerve fibers
projecting to the mucosa and invade enteric ganglia inducing
changes in neuroimmune interactions, ENS structure and
functions, leading to neuronal damage and death. Mucosal
injury, activation of pro-inflammatory immune cells,
increased cytokine release leading to ENS remodeling have
been observed in animal models after treatments with
cisplatin (Nardini et al., 2020), 5-FU (McQuade et al., 2016b;
Abalo et al., 2017), irinotecan (McQuade et al., 2017b; Thorpe
et al., 2020), and vincristine (López-Gómez et al., 2018; Gao
et al., 2021). Chemotherapy induces changes in TLRs and gut
microbiota (Stojanovska et al., 2018a). TLRs trigger activation of
transcription factors, such as NF-κB and other intracellular
mediators (e.g., HMGB1) causing excessive production of
pro-inflammatory cytokines leading to neuronal toxicity
underlying intestinal dysfunction (Stojanovska et al., 2015).
Recent studies demonstrate that glucagon-like peptide-2
exerting trophic and repair functions in the gut can prevent

cisplatin-induced mucosal injury, enteric neuropathy and
gliopathy and induce remodeling of the ENS (Nardini et al.,
2020). Thus, novel strategies targeting enteric neuropathy might
be effective in preventing gastrointestinal dysfunction
associated with chemotherapy.

Direct damage to the enteric neurons might be caused by
chemotherapeutic agents such as platinum-based
chemotherapeutics, which might cause DNA damage. Long-
term retention of platinum in the tissues and plasma has been
observed in patients treated with platinum-based
chemotherapeutics 8–75 months after the end of the
treatment (Brouwers et al., 2008). In the DRG, treatment
with cisplatin and oxaliplatin caused the binding of platinum
to neuronal DNA, and the formation of platinum-DNA adducts
resulting in neuronal apoptosis (Ta et al., 2006). It is unknown
whether neurons are more susceptible to platinum-based
chemotherapeutics or their drug clearance capacity is
insufficient. This suggests that platinum-based agents and
possibly other chemotherapeutics might cause direct enteric
neurotoxicity due to their accumulation in the ENS
(Stojanovska et al., 2017), which needs to be investigated.
Thus, several mechanisms, including oxidative stress,
inflammation, and direct toxicity might contribute to
chemotherapy-induced ENS damage.

Mechanisms involved in chemotherapy-induced damage to
the enteric glial cells have not been elucidated. Moreover, it
should be noted that most animal studies use only a single
chemotherapeutic treatment and are performed in naïve
animals, whereas, in most cases, clinical treatment of cancer
patients involves combinations of chemotherapeutic drugs
targeting various pathways in order to achieve enhanced
anti-cancer efficacy of the treatment. These are all areas
warranting further investigation.

TABLE 4 | Classification of chemotherapeutic agents according to their emetogenicity.

Risk level Chemotherapeutic agent

High (>90%) Cytotoxic agents AC combination
Non-AC agents: carmustine, cisplatin, CP (≥1,500 mg/m2), dacarbazine, mechlorethamine, streptozotocin

Moderate (30–90%) Cytotoxic agents Arsenic trioxide, azacytidine, bendamustine, busulfan, carboplatin, clofarabine, CP (<1,500 mg/m2), cytarabine
(>1,000 mg/m2), daunorubicin, daunorubicin + cytarabine liposome, doxorubicin, epirubicin, idarubicin, ifosfamide,
irinotecan, irinotecan liposomal injection, oxaliplatin, romidepsin, temozolomide (*), thioTEPA (#), trabectedin

Non-cytotoxic agents Alemtuzumab, fam-trastuzumab deruxtecan-nxki

Low (10–30%) Cytotoxic agents 5-FU, belinostat, cabazitaxel, cytarabine (up to 1,000 mg/m2), decitabine, DCTX, eribulin, etoposide, gemcitabine,
ixabepilone, MTX, mitomycin, mitoxantrone, nab-PCTX, nelarabine, PCTX, pegylated liposomal doxorubicin, pemetrexed,
topotecan, vinflunine

Non-cytotoxic agents Aflibercept, axicabtagene ciloleucel, blinatumomab, bortezomib, brentuximab, carfilzomib, copanlisib, catumaxumab,
cetuximab, elotuzumab, enfortumab vedotin-ejfv, gemtuzumab ozogamicin, inotuzumab ozogamicin, moxetumomab
pasudotox, necitumumab, panitumumab, tagraxofusp-rzs, tisagenlecleucel, temsirolimus, trastuzumab-emtansine

Minimal (<10%) Cytotoxic agents Bleomycin, 2-chlorodeoxyadenosine, cladribine, fludarabine, pixantrone, pralatrexate, vinblastine, vincristine, vinorelbine
Non-cytotoxic agents Atezolizumab, avelumab, bevacizumab, cemiplimab, daratumumab, durvalumab, emapalumab, ipilimumab, nivolumab,

obinutuzumab, ofatumumab, pembrolizumab, polatuzumab vedotin, ramuciumab, rituximab, trastuzumab

Both cytotoxic and non-cytotoxic (antibodies, protein kinase inhibitors, etc) are classified according to their emetogenic risk after intravenous administration to adults (exceptions: *
indicates oral administration; # indicates pediatric patients). Cisplatin is highlighted in bold, since it is the emetogenic drug of reference used in the development of new antiemetics.
Adapted from Hesketh et al., 2020. Abbreviations: 5-FU, 5-fluorouracil; AC, anthracycline +cyclophosphamide; CP, cyclophosphamide; DCTX, docetaxel; MTX, methotrexate; PCTX,
paclitaxel.
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PERIPHERAL MECHANISMS IN NAUSEA
AND EMESIS: UNRESOLVED ISSUES FOR
EXPLORATION
The treatment of cancer may involve the use of
chemotherapeutic agents that have a variety of side effects.
As shown in Table 4, anti-cancer agents have been classified
according to their potential to induce nausea and emesis and
are ranked into high-risk anthracyclines and
cyclophosphamide (AC), high-risk non-AC, moderate-,
low-, and minimal-risk groups (Roila et al., 2016; Hesketh
et al., 2020). Most preclinical anti-emetic drug discovery
research has focused on mechanisms involving cisplatin,
with a view that it is the most emetogenic of the agents
used, and if an agent reduces emesis to this anti-cancer
drug, it should be also successful to reduce nausea and
emesis resulting from the lower-risk treatments (Andrews
and Rudd, 2004).

In humans, cisplatin can cause emesis lasting several days via
pharmacologically distinct mechanisms. There is an “acute”
phase comprising emetic episodes occurring during the first 24
h, which is highly susceptible to 5-HT3 receptor antagonists, and
a subsequent delayed phase lasting 2–5 days, which is thought to
also involve SP and inflammatory mediators. Guidelines
recommend a combination of 5-HT3 and tachykinin NK1

receptor antagonists, plus dexamethasone for acute nausea and
emesis to high-risk non-AC and high-risk AC based
chemotherapy; delayed emesis has several approaches with the
base of anti-emetics being an NK1 receptor antagonist and
dexamethasone (Roila et al., 2016; Hesketh et al., 2020).
Recent advances have been to include the use of the atypical
neuroleptic agent, olanzapine, in situations where nausea and
emesis remain problematic. Whilst olanzapine does improve the
control of nausea and emesis, it also increases the risks of several
unwanted side effects, including sedation (Sutherland et al.,
2018). Olanzapine has complex pharmacology and probably
involves a combined action at DA, histamine, muscarinic and
5-HT2 receptors located in the brain (Rasmussen et al., 2005).

Unfortunately, increased attempts to understand mechanisms
involved in nausea have resulted in less attention on mechanisms
perturbed in the gastrointestinal tract. However, if all afferent
signals derived from the gastrointestinal tract are reduced, then
there would be less activation of central mechanisms, and this
may represent a more targeted approach to the problems still
faced by millions of cancer patients.

The major forces that are required for the vomiting are
coordinated mainly through inspiratory and expiratory
neurons causing precisely timed contraction of the diaphragm
and abdominal and intercostal muscles (Brizzee, 1990). There
may also be local changes in gastrointestinal motility patterns
involving the enteric nervous system and local mediators (Lang,
1990). The firing of inspiratory and expiratory neurons occurs in
the reticular formation of the brainstem as part of the “vomiting
center” (Borison and Wang, 1953). The pattern generator for
emesis is probably the Botzinger complex which is essentially the
pacemaker of respiration; it can also be influenced by afferent
input coming from the periphery or other brain areas. Through

nerve and brain tissue lesioning experiments, the AP and vagi
became the most heavily studied afferent pathways, although
input from other “afferents” (e.g., inner ear, vestibular system,
hypothalamus, forebrain, etc.) are also well-known (Brizzee,
1990).

The AP (or chemoreceptor trigger zone) is a circumventricular
organ (it serves as a link between the brain parenchyma and the
cerebrospinal fluid, CSF) that is located on the floor of the fourth
ventricle within the dorsal surface of the medulla oblongata. This
organ is covered by a thin ependymal cover and is penetrated by
fenestrated capillaries (a proper BBB is missing here). Thus, its
receptors detect emetic agents in both the blood and the CSF and
relay the information to the vomiting center to induce emesis
(MacDougall and Sharma, 2021).

The major peripheral nerve at the center of hypotheses to
explain chemotherapy-induced emesis is the vagus, the Xth
cranial nerve; splanchnic nerves play a supportive role
(Andrews and Rudd, 2004). The vagus also has a vital
homeostatic role in gastrointestinal chemosensation following
food ingestion (Bai et al., 2019), and, besides the gastrointestinal
tract, it also serves other major organ systems including the lungs,
heart, and liver (Paintal, 1973). It is therefore involved in a
plethora of physiological functions, with cell bodies in the
nodose ganglion connecting tissues with the brainstem via
termination sites in the nucleus tractus solitarius (NTS), which
is below the AP on the floor of the fourth ventricle (Browning,
2015). The vagus is mainly afferent, but efferent neurons originate
in the dorsal motor nucleus of the vagus nerve and nucleus
ambiguus, which are in close vicinity to the NTS. Neuronal
activity in the NTS can therefore be invoked by afferent
discharge from multiple organs and afferents coming from the
thorax would traverse to the NTS via the cervical vagus along with
afferent fibers traveling from the gastrointestinal tract (Babic and
Browning, 2014). Electrically stimulating the vagus at the
abdominal level can cause retching and vomiting (Makale and
King, 1992), but stimulating the cervical vagi has the opposite
effect and can prevent the emesis to several challenges (Zabara,
1992). Electrical pacing of the vagus at the cervical level also has
the potential to treat epilepsy, depression, headaches, and heart
disease, for example (Breit et al., 2018). However, it is also known
that stimulation of cardiac vagal afferent fibres can evoke nausea
and vomiting (Abrahamsson and Thoren, 1973).

The ability of an animal to vomit has been envisaged to be an
evolutionary step for survival against the accidental absorption of
potentially dangerous microorganisms, toxins, life-threatening
substances, or irritants (Hawthorn et al., 1988). Investigating the
role of the vagus nerve and other afferents in mechanisms of
emesis control has relied on specialized laboratory animals
capable of vomiting, including the cat, dog, monkey, ferret,
and shrew (Horn et al., 2013). Abdominal vagotomies are
usually carried out with and without a splanchnic nerve
section. The impact of these lesions on the latency to either
retch and/or vomit, and the number of retches and vomits, has
been investigated against a variety of stimuli, usually following
1–2 weeks recovery from surgery. The findings are that lesioning
the vagi and/or splanchnic nerves can reduce emesis induced by
oral administration of bacterial toxins, gastric irritants, certain
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drug challenges (receptor-specific, and route of administration-
specific) including the early emesis induced by chemotherapeutic
agents and radiation (Andrews et al., 1990). Conversely, motion-
induced emesis and treatments inducing emesis via the AP are
essentially unaffected (Borison and Wang, 1953; Percie du Sert
et al., 2010).

Many of the experiments where vagotomy had been employed
were against relatively “high doses” of chemotherapeutic drugs in
experiments lasting only a few hours. The “high-dose” models
have been particularly important in the history of the discovery of
the mechanism of action of the 5-HT3 receptor antagonists and
the concept that 5-HT drives the emetic response after being
released from enterochromaffin cells in the gastrointestinal tract
(Johnston et al., 2014). It is hypothesized that chemotherapeutic
agents may cause free radical damage to cause the 5-HT release
from enterochromaffin cells which then activates 5-HT3 receptors
located on vagal afferents leading to depolarization (Andrews and
Rudd, 2004). Evidence for the release of 5-HT by cytotoxic drugs
comes from studies on isolated enterochromaffin cells in vitro
(Schworer et al., 1991; Minami et al., 1997), and also from
measurements of ileal dialysates in dogs (Fukui et al., 1993).
Increases in the urinary levels of the 5-HT metabolite, 5-HIAA,
correlate with periods of nausea and emesis in humans. However,
it is also possible that cholecystokinin, glucagon-like peptide-1,
and peptide YY, which are released from enteroendocrine cells
and are associated with nausea and/or emesis, may also have a
local effect on vagal afferents and/or the AP (Andrews and
Sanger, 2014).

After a “high” cisplatin dose, released inflammatory mediators
(e.g., prostaglandins, bradykinin) may sensitize afferents so that
stimulation thresholds are reduced (Andrews and Rudd, 2004).
Using a “lower” dose of cisplatin has enabled the development of
a model of acute and delayed emesis in ferrets which is
pharmacologically similar to man and where emesis can be
studied over a 3-day period (Rudd et al., 1994). In this model,
bilateral abdominal vagotomy, alone or in combination with
greater splanchnic nerve section (7 days prior to challenge),
had no effect on the emesis occurring on days 2–3 following
cisplatin treatment (Percie du Sert et al., 2009b). Indeed, longer
recording times in shrews and pigeons have similarly shown that
the protective effect of vagotomy only lasts for a few hours
(Tanihata et al., 2000; Sam et al., 2003). Yet in the ferret
model, AP ablation protected against delayed emesis and the
associated decreases in food and water consumption (Percie du
Sert et al., 2009b). If we take these experiments at face value, then
we may assume the vagus is important to early emetic
mechanisms. However, this assumption must be made cautiously.

As mentioned previously, there is generally a period of
recovery between the lesion and the challenge and this delay
may have introduced caveats since there is plasticity in the emetic
reflex following nerve lesion, whereby the sensitivity of the animal
is changed (Andrews et al., 1992). Abdominal vagotomy severs
the connection between the gastrointestinal tract and the brain
and there would be a loss of mechanisms whereby the peripheral
end of the vagus could be activated, either directly or indirectly.
There would be time to up- or down-regulation systems to
compensate in the brain and gastrointestinal tract. Indeed,

there may be local inflammatory changes in the
gastrointestinal tract resulting from the degeneration of the
severed and perishing peripheral vagal trunk and its nerve
endings as they are no longer connected to their ganglia in the
neck. Inflammatory mediators and/or other substances released
from the gastrointestinal tract could still reach the AP via the
circulation, perhaps in higher concentrations (Andrews et al.,
1992). To circumvent this problem, investigators surgically
prepared ferrets whereby they could cut the vagus at any time
during an ongoing emetic response (Andrews et al., 1992). The
approach interrupted radiation-induced emesis (Andrews et al.,
1992). Unfortunately, no studies have applied this technique at
different time points of the acute, nor during the delayed phase of
the response to chemotherapy. Therefore, we still await further
experimentation in order to be confident of the contribution of
the vagus to mechanisms of acute and delayed emesis. If the vagus
is indeed found to be important in delayed emesis, it would
change our understanding of mechanisms and potentially switch
anti-emetic drug discovery efforts away from brainstem
mechanisms to the periphery.

The vagus comprises A and B-fibres for visceral and motor
input, but it is the C- fibers that carry afferent visceral input that
have attracted the most attention (Browning, 2015; Wang et al.,
2020); these fibers can be chemically ablated with capsaicin
administered neonatally and this has been shown to prevent
emesis in adult shrews to resiniferatoxin, a TRPV1 channel
opener (Andrews et al., 2000). This has been attempted in a
small study in ferrets which suggested a reduction in radiation-
induced emesis (Bhandari and Andrews, 1992). It would be of
great interest to use neonatal capsaicin to ablate TRPV1 C- fibers
to see if chemotherapy-induced emesis could be reduced but the
gap between the capsaicin administration and the test would be
longer than vagotomy, which would also, therefore, permit
plasticity. Resiniferatoxin, an ultra-potent TRPV1 opener
administered acutely in ferrets reduced acute and delayed
chemotherapy-induced emesis (Yamakuni et al., 2002),
whereas the non-pungent TRPV1 opener, olvanil, was
ineffective (Chu et al., 2010). Unfortunately, the side effect
profiles of TRPV1 ligands have halted further exploration in
man (Rudd et al., 2015).

Altered patterns of motility occur as a consequence of several
diseases and following drug treatments including
chemotherapeutic drugs. Gastric dysrhythmia, which is
normally assessed in man by electrogastrography, is commonly
associated with nausea and vomiting (Stern et al., 2011).
Specifically, gastrointestinal smooth muscle pacing is
controlled by rhythmic electrical activity involving calcium
currents, or slow waves, generated by interstitial cells of Cajal
(ICCs) located within the gut wall (Klein et al., 2013). In humans,
the slow wave frequency of the stomach is three counts per
minute and the power of the signal can increase as a consequence
of stretching the tissue following ingestion of food (Stern et al.,
2011). ICCs have an extensive distribution in both circular and
longitudinal muscle layers, and myenteric and submucosal
plexuses. ICCs express many receptors and ion channels
involved in emesis control including those also commonly
expressed in enteric neurons (Lee et al., 2017).
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In ferrets, high-dose cisplatin decreased the % power of
normogastria and increased the % power of bradygastria,
without modifying the dominant frequency of the slow waves;
these changes were most apparent during the first 2–3 h of 4 h
total recording time and were associated with periods of emesis
(Percie du Sert et al., 2009a). A study in conscious dogs showed
that cisplatin interrupted gastric and intestinal inter-digestive
motility with changes in myoelectric activity occurring changes
shortly before the onset of emesis (Chey et al., 1988); the changes
in myoelectric activity lasted for at least 24 h. Another study in
dogs found that cisplatin decreased the time that gastric
myoelectric activity (GMA) was in the normal range leading
the investigators to conclude that dysrhythmia had occurred
during their 6 h recording session (Yu et al., 2009) but the
conclusion was based on a simplistic method of analysis,
without assessing the power of the slow waves, or if the slow
waves were in fact “disordered”. A similar study in dogs showed

an increase in gastric dysrhythmia for a period of 6 h following
cisplatin (Chen et al., 2011).

Only one study has investigated the effect of chemotherapy
on slow waves over a 3-day period in detail using the ferret
low-dose cisplatin model. Gastric dysrhythmia was observed
during the first 24 h period; there was bradygastria and
tachygastria (Lu et al., 2017). During the delayed phase,
there was a reduction of the power of the slow waves, and
the structure of the slow waves became much more simplistic
(Lu et al., 2017). A follow-up study using Suncus murinus also
revealed changes in GMA (without changes in signal structure)
during acute and delayed phases and when tissue was taken at
90 min, the propagation of slow waves was affected in a
regional-specific manner (e.g., duodenum and ileum versus
stomach and colon), cisplatin also had tissue-specific acute
(within minutes) effect on gastrointestinal tissue, in vitro (Tu
et al., 2021).

FIGURE 3 | Peripheral and central neurotoxicity - a wheel of bad fortune. In Roman mythology, Fortuna is the goddess, who directs human fate as the deity of both
happiness and misfortune. In the art, Fortuna was depicted sitting or standing with a cornucopia and often blindfolded. On the reverse of Roman coins, she is usually
shown with a wheel at her side. We propose to consider chemotherapy-induced neurotoxicity (peripheral neuropathy, chemobrain) as a wheel of bad fortune. No matter
what chemotherapeutics drugs are used: alkylating agents, platinum-based drugs, antimetabolites, microtubule modulators or antibiotics and what biological
mechanisms they trigger: 1. downregulated neurotransmitters’ secretion, 2. overproduction of reactive oxygen species, 3. genetic alterations, 4. neuro-inflammation and
breakdown of the blood-brain barrier, 5. reduced gliogenesis and hyperactivation of microglia and astrocytes, 6. impairment in neurogenesis and neural network
dynamics, this will lead to the development of nervous dysfunctions (neuropathic pain, cognitive deficits) in the majority of cancer patients.
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Clearly, cisplatin can disrupt slow waves during
chemotherapy-induced emesis, which is likely to impact
contractile activity and the sensation of nausea. Unfortunately,
however, the precise relationship between the slow waves, the
vagus, and contractile activity of the gastrointestinal tract is not
clearly defined during acute and delayed mechanisms of nausea
and emesis. Additional studies are required to fully understand
mechanisms of dysrhythmia and the contribution to the side
effects of chemotherapy and the interplay between the brain and
gastrointestinal tract via the vagus in mechanisms of nausea and
emesis.

CONCLUSION

Chemotherapeutic drugs may cause a variety of adverse effects,
including pain, motor impairment, cognitive dysfunctions,
altered emotions, diarrhea, constipation, nausea, and vomiting,
all of which are associated at least to some extent, with their
neurotoxic potential.

Neurotoxicity may develop through different modes of action,
alone or in combination: direct injury of neurons, impairment of
neural network dynamics, reduced neurogenesis and gliogenesis,
hyperactivation of supportive glial cells (e.g., astrocytes,
microglia, satellite glial cells, enteric glial cells), alterations in
the BBB (in chemo-brain), neuro-inflammation and
neuroendocrine changes, increased oxidative stress and genetic
mutations. Importantly, similar peripheral and central nervous
system deficits (that may be long-lasting) are found in many
patients, irrespective of the drug(s) used and the mechanisms
involved. Therefore, we propose to consider chemotherapy-
induced peripheral and central neurotoxicity as a wheel of bad
fortune (Figure 3). Importantly, no matter what
chemotherapeutic drugs are used and what biological
mechanisms they trigger, this might lead to the development
of sensory and cognitive deficits in most cancer patients. To turn
the wheel of misfortune, we need to recognize the underlying
mechanisms of chemotherapy-induced peripheral neuropathy
and chemobrain and find ways to overcome them.

Unfortunately, although the typical cancer patient receives a
cocktail of drugs during chemotherapy, preclinical findings are of
limited translational value because studies aimed at evaluating the
neurotoxic effects of combination treatments and those using
animal models of various cancers are lacking. Further, most
preclinical studies used common laboratory animals incapable

of vomiting, and/or short experimentation times, where the more
complex situation in humans may not have been truly replicated
(Bagues et al., 2022).

In conclusion, there is a need to build upon the vast amount of
data in the literature indicating that chemotherapy has
caused neurotoxicity and/or caused distress via neuronal
mechanisms. Investigating the mechanisms at the
molecular level in appropriately designed experiments may
provide a way to overcome the effects of neurotoxicity to
permit a more aggressive treatment of cancer and improve
the quality of life of patients during treatment, and
importantly, during recovery from chemotherapy. This will
allow us to turn the misfortune wheels associated with
peripheral neuropathy, enteric neuropathy, gastric
dysrhythmia, and chemobrain, towards a more successful
outcome of cancer treatment.
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GLOSSARY

5-FU 5-Fluorouracil

5-HT 5-hydroxytryptamine (serotonin)

AC Anthracyclines and cyclophosphamide

ADORA2A Adenosine A2A receptor

AMPA-R α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor

AP Area postrema

APOE Apolipoprotein E

ATF3 Activating transcription factor 3

BBB Blood-Brain Barrier

BER Berberine

BDNF Brain-derived neurotrophic factor

CaMKII Ca2+/calmodulin-dependent protein kinase II

CGRP calcitonin gene-related peptide

CIPN Chemotherapy-induced peripheral neuropathy

CNS Central Nervous System

COMT Catechol-O-methyltransferase

COX Cyclooxygenase

CP Cyclophosphamide

CSF Cerebrospinal fluid

DA Dopamine

DNA Deoxynucleic acid

DCTX Docetaxel

DOX Doxorubicin

DRG Dorsal root ganglia

ENS Enteric nervous system

ERK2 Extracellular signal–regulated kinase

FOLFOX 5-Fluorouracil, leukovorin, and oxaliplatin

GABA γ-Aminobutyric acid

GCEE γ-Glutamyl cysteine ethyl ester

GMA Gastric myoelectric activity

GSH Glutathione

HDAC6 Histone deacetylase 6

HMGB1 High mobility group box-1

ICCs— Interstitial cells of Cajal

IENF Intraepidermal nerve fibres

IFN interferon

IL Interleukin

iNOS Inducible nitric oxide synthase

IP Intraperitoneal injection

IV Intravenous injections

LPS Lipopolysaccharide

LTP Long-term potentiation

MAPK mitogen-activated protein kinase

MCP-1 Monocyte chemoattractant protein 1

MDR1 Multi-drug resistance -1

MMP Matrix metallopeptidase

MRP1 Multidrug resistance-associated protein-1

mtDNA Mitochondrial DNA

MTX Methotrexate

MWM Morris water maze

NE Norepinephrine

NER Nucleotide excision repair pathway

NF-κB Nuclear factor κB

NGF Nerve growth factor

NMDA-R N-methyl-D-aspartate receptor

nNOS Neuronal nitric oxide synthase

NOS- Nitric oxide synthase

NPCs Neural precursor cells

NSCs Neuronal stem cells

NTS Nucleus tractus solitarius

OGG1 8-Oxoguanine glycosylase

OPCs Oligodendrocyte precursor cells

PCTX Paclitaxel

PINK1 PTEN-induced kinase 1

PKA Protein kinase A

PNS Peripheral nervous system

PPAR γ Peroxisome proliferator-activated receptor γ

RAGE Receptor for advanced glycation end products

RNA Ribonucleic acid

RNS Reactive nitrogen species

ROS Reactive oxygen species

SASP Senescence-associated secretory phenotype

SGZ Subgranular zone

SIADH Syndrome of inappropriate antidiuretic hormone

SIRT1 Sirtuin I

SP Substance P

SVZ Subventricular zone

TGF Transforming growth factor

TLR Toll-like receptor

TNF-α Tumor necrosis factor-α

TRP Transient receptor potential

TS Thymidylate synthase

VEGF Vascular endothelial growth factor
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