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Editorial on the Research Topic
Evolution of phytochemicals and phytotherapies in the treatment and
management of cancer: targeted strategies in cancer precision medicine

There is a rising recurrence of cancers in humans and related complications of
chemotherapeutic agents that reduce the clinical potency of numerous anticancer agents,
including those which are currently in use. Hence, there is a consistent need for the
development of alternative or synergistic anticancer drugs with lower side complications.
Plants are predicted to have innumerable functional phytochemical constituents with potent
features, and aid as prime source and candidates for the discovery of anticancer drugs.
Therefore, considering the fact, this Research Topic of Frontiers in Pharmacology aims to
cover the current trends and advancements in phytotherapies with an emphasis on targeted
strategies in cancer precision medicine. Total of 17 manuscripts, which includes 10 research
and 7 review articles were published in this Research Topic covering the recent advances in
phytochemicals and phytotherapies for targeted cancer therapy.

First paper focuses on the treatment of rhabdomyosarcoma (RMS), the most common
type of pediatric soft tissue sarcoma. Since RMS efficiently activates mechanisms of
resistance to therapies, despite improvements, the prognosis remains still largely
unsatisfactory. Here, authors have showed the therapeutic properties of PBI-05204, an
extract fromNerium oleander containing the CG oleandrin, which is already studied in phase
I and II clinical trials for cancer patients, were investigated, in vitro and in vivo, against FN-
and FP-RMS cancer models. They found that PBI-05204 efficiently counteracted the
transformed and intrinsically radioresistant phenotype of RMS by concomitantly
inducing cytostatic and cytotoxic effects, promoting RT-induced G2 cell cycle arrest and
restraining the ability of RMS cells to repair RT-induced DNA damage. These results suggest
that PBI-05204 could have therapeutic and radiosensitizing properties on RMS (Vaccaro
et al.).
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Second paper highlights the role of dietary flavone apigenin
(4′,5,7-trihydroxyflavone) in interacting and inhibiting the
topoisomerase 1 and upregulating the CD26/DPP4 on colorectal
carcinoma cells (CRC). They observed a unique synergistic
interaction with the CRC chemotherapeutic agent irinotecan. The
interplay between apigenin and irinotecan was not observed when
apigenin was combined with other chemotherapeutic drugs
including the topoisomerase 2 inhibitors doxorubicin or
etoposide. Authors conclude that apigenin has a unique fit into
the Topo1-DNA functional complex that leads to direct inhibition of
Topo1 activity, and suggest that this is the basis for the exceptional
interaction with the CRC drug irinotecan. A combined action of
these two agents may therefore exert a role to limit local signals that
facilitate tumour progression (Fux et al.).

Third paper focuses on locating the potential interactions of the
diosgenin-regulated proteins and attributable pathways implicated in
breast cancer using a range of system biology techniques, i.e., gene
ontology (GO) analysis, molecular docking, and molecular dynamics
(MD) simulations, and reinforcing its findings using diverse functional
biomarkers using in vitro experiments. Authors identified the probable
action of the diosgenin against breast cancer via FoxO, PI3K-Akt, p53,
Ras, andMAPK signaling pathways. This workwill open theway for the
development of novel therapeutic techniques and/or medication
candidates for breast cancer (Khanal et al.).

Fourth paper presents a comprehensive review focussed on the
potential anticancer benefits of bromelain, analyzing the cytotoxic,
apoptotic, necrotic, autophagic, immunomodulating, and anti-
inflammatory effects in cancer cells and animal models.
Bromelain, the main medicinal component of pineapple, is an
enzyme with numerous pharmacological properties, as it can act
on different health disorders, including osteoporosis and
osteoarthritis, diarrhea, chronic wounds, surgical debridement,
edema, inflammation, and cancer. The anticancer properties of
bromelain are extensively documented in vitro experiments, but
such demonstrations in vivo animal models are far less. Here,
authors have presented the novel approaches to cancer
chemotherapy, which are warmly urgent and bromelain could be
regarded as an important tool in the cancer fight (Pezzani et al.).

Fifth paper aimed to investigate the effects and mechanism of
HQ (Astragalus membranaceus (Fisch.) Bunge (Huang Qi in
Chinese), a well-known Chinese herbal medicine, and its
bioactive ingredients FMNT (isoflavonoid, formononetin) and CS
(isoflavonoid, calycosin) against colon cancer using network
pharmacology analysis coupled with experimental validation and
molecular docking. The findings suggested that the HQ exerted good
therapeutic effects against colon cancer by mainly inhibiting the
ERK1/2 signaling pathway. FMNT and CS were two bioactive
ingredients responsible for the inhibitory effects of HQ against
colon cancer. The current study expands our knowledge
pertaining to the effects and mechanism of HQ against colon
cancer, and suggests that FMNT and CS will hopefully serve as
prospective compounds for colon cancer treatment (Hu et al.).

Sixth paper presents a systematic review focussed on the wide range
of anticancer effects of licochalcones in gastric, lung, colon, breast, liver,
and bladder cancer. After analyzing and collating the literature, authors
concluded that the regulation of multiple signaling pathways by
licochalcones includes the EGFR/ERK, PI3K/Akt/mTOR, p38/JNK,
JAK2/STAT3, MEK/ERK, Wnt/β-catenin, and MKK4/JNK signaling

pathways, which is the key to their antineoplastic effects. Among all the
examined licochalcones, licochalcone A (LA) not only has
antineoplastic effects, but also can be used to reduce drug efflux
from cancer cells and reduce adverse reactions caused by other
antitumor drugs. Authors therefore believe that the use of LA as an
adjunct to anticancer drugs holds great promise (Deng et al.).

Seventh paper summarizes the antitumor activity and associated
mechanisms of the organosulfur compounds of garlic in breast
carcinoma. Authors presented in this review that garlic extract, its
bioactive compounds, and their use in nanoformulations can prevent
breast cancer in all of its stages, including initiation, promotion, and
progression. Additionally, these bioactive compounds may affect cell
signaling for cell cycle arrest and survival along with lipid peroxidation,
nitric oxide synthase activity, epidermal growth factor receptor, nuclear
factor kappa B (NF-κB), and protein kinase C in breast carcinoma.
Altogether, in this review, authors have demonstrated the anticancer
potential of garlic phytoconstituents and its nanoformulations as
beneficial nutraceuticals and pharmaceuticals for the efficient
management of human breast cancer (Pandey et al).

Eighth paper discusses the specific mechanisms and molecular
targets of calotropin, a pharmacologically active compound isolated
from milkweed plants like Calotropis procera, Calotropis gigantea,
and Asclepias currasavica in cancer treatment. Calotropin is
identified as a highly potent cardenolide that has a similar
chemical structure to cardiac glycosides (such as digoxin and
digitoxin). During the last few years, cytotoxic and antitumor
effects of cardenolides glycosides have been reported more
frequently. Among cardenolides, calotropin is identified as the
most promising agent. Authors demonstrated that calotropin can
be a potential chemotherapeutic/chemopreventive adjunctive agent
in cancer pharmacotherapeutic management (Rajkovic et al.).

Ninth paper demonstrates the antitumor effects and potential
mechanisms underlying the impact of 5-Demethylnobiletin (5-DMN),
the active ingredient in citrus polymethoxyflavones on Glioblastoma
(GBM) for the first time both in vitro and in vivo. Authors elucidated that
5-DMNpromotedG0/G1phase arrest and apoptosis in glioblastoma cells
by restraining the ERK1/2, AKT and STAT3 signaling pathways. The
results will help to evaluate the potential applications of 5-DMN as a
clinical agent for glioblastoma (Zhang et al.).

Tenth paper investigates the inhibitory mechanisms of
Polymethoxyflavonoids (PMFs) from Citrus reticulata ‘Chachi’
(CRCP) on nasopharyngeal carcinoma (NPC) growth in vivo and
in vitro. The results of this study demonstrated for the first time that
heptamethoxyflavone (HMF) purified from CRCP significantly
inhibited the proliferation and induced apoptosis of NPC cells (CNE-
2 and 5–8F), and also inhibited NPC cell migration and invasion. The
results of the tumor transplantation experiment in nudemice confirmed
the inhibitory effect of HMF on NPC cell growth in vivo. These findings
provide a preliminary experimental basis for treating NPC and the
development and utilization of PMFs in CRCP (Yang et al.).

Eleventh paper aimed to determine whether the administration
of cocoa bean extract reduces doxorubicin-induced organ damage in
mice with Ehrlich ascites carcinoma (EAC) without compromising
doxorubicin efficacy. Authors demonstrated the protective effect of
cocoa extract (COE) against doxorubicin-induced organ toxicities
(heart, liver, and kidney), but also indicated synergistic potential
with the anticancer activity of doxorubicin. Furthermore, the study
also demonstrated the efficacy of COE to neutralize the free radicals
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generated by doxorubicin; maintaining the cell integrity, along with
the inherent anti-cancer properties; and prolonging the survival
time of EAC mice. These findings exhibit the promising
nutraceutical properties toward cardioprotective,
hepatoprotective, and nephroprotective effects, when
supplemented with doxorubicin (Patil et al.).

Twelfth paper aims to summarize and understand the
mechanisms behind the anticancer potential of sulforaphane
(SFN). Authors from this review concludes that SFN provides
cancer protection through the alteration of various epigenetic and
non-epigenetic pathways. It is a potent anticancer phytochemical
that is safe to consume with minimal side effects. However, there is
still a need for further research regarding SFN and the development
of a standard dose. This will point to new therapeutic perspectives
towards the possible development of new sulforaphane-based
anticancer drugs (Ali et al.).

Thirteenth paper focuses on exploring the anticancer attributes of
Cucurbitacin-B (Cur-B) against androgen-dependent prostate
adenocarcinoma (PCa) LNCaP cells. Authors concluded that Cur-B
suppressed the growth of PCa cells, which is associated with apoptosis
induction, caspase activation, ROS generation, dissipation of
mitochondrial membrane potential, and modulation of genes
associated with apoptosis and cell cycle arrest. As a result, the data
suggests the plausible potential of Cur-B as an alternative and
complementary medicine for the treatment of PCa (Alafnan et al.).

Fourteenth paper focuses on details regarding the traits of the
pentacyclic triterpenes known as boswellic acids (BAs), their roles as
anti-cancer agents, the mechanism underlying their activities, and
the function of their semi-synthetic derivatives in managing and
treating certain cancers. The review also explores the biological
sources of BAs, how they are conserved, and how biotechnology
might help preserve and improve in vitro BA production. Authors
conclude that the BAs and their semi-synthetic derivatives are
effective against a broad spectrum of cancer cell lines. This
comprehensive review can be helpful for researchers to gain
more information about BAs and BA-based medications for
efficient and cost-effective cancer treatments (Trivedi et al.).

Fifteenth paper is the first study to summarize the research
progress on various compounds, including natural products and
derivatives, that target the canonical Wnt pathway in lung cancer
(LC) to develop safer and more targeted drugs or alternatives.
Authors have particularly presented the impact of Wnt in
mediating clinically relevant therapies for LC, such as
chemotherapy, radiotherapy, EGFR-TKI, immunotherapy, and
even anti-angiogenic therapy. Therefore, Wnt combination
therapy is a good strategy for overcoming drug resistance in LC,
and should be an overriding direction for future research. Many
naturally occurring small molecules used as Wnt inhibitors have
good effects, when used in combination with chemotherapy and
targeted drugs, with the advantage of inhibiting proliferation and
overcoming drug resistance (Shen et al.).

Sixteenth paper aimed to explore the efficacy of diallyl trisulfide
(DATS) combined with cisplatin (DDP) for gastric cancer treatment
and its underlying mechanism based on network pharmacology.
Here, authors demonstrated that the combination of DDP and
DATS significantly increased cytotoxicity and cell apoptosis
compared to the DATS or DDP treatment group in vitro. In
addition, continuous intraperitoneal injection of DATS markedly

improved the tumor inhibitory effect of DDP in the SGC-7901
tumor-bearing mouse model. Authors further revealed that the
combination of DATS and DDP synergistically enhanced
antitumor activity by regulating endoplasmic reticulum stress and
inhibiting STAT3/PKC-δ andMAPK signaling pathways. This study
offers a new adjuvant strategy based on DATS and DDP for the
treatment of gastric cancer (Lv et al.).

Seventeenth and final paper report the synthesis of
methotrexate-conjugated zinc oxide nanoparticles (MTX-
ZnONPs) and their high efficacy against lung cancer cells. The
results of the current study have illustrated the conjugation of MTX
with ZnONPs with high drug-loading efficiency. Authors
emphasized the efficient delivery of MTX to lung cancer cells via
ZnONPs as nanocarriers and showed that MTX could induce
apoptosis in lung cancer cells via both caspase-dependent and
caspase-independent pathways (Mishra et al.).

Existing therapeutic approaches to treat cancer in humans are
invasive and often exhibit long-lasting side effects. Furthermore,
there are a limited number of treatments available to treat different
types of cancers, which represents a major challenge for cancer drug
discovery. It is therefore necessary to develop new anticancer drugs.
Improving fundamental understanding of the mechanisms
underlying the cascade of cancer progression is of key
importance towards transforming the landscape of cancer
research and developing new and improved treatments of
numerous cancerous cell types. Finally, the Guest Editors would
like to sincerely thank all the authors and reviewers for their valuable
contributions.
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Treatment of rhabdomyosarcoma (RMS), the most common a soft tissue

sarcoma in childhood, provides intensive multimodal therapy, with

radiotherapy (RT) playing a critical role for local tumor control. However,

since RMS efficiently activates mechanisms of resistance to therapies,

despite improvements, the prognosis remains still largely unsatisfactory,

mainly in RMS expressing chimeric oncoproteins PAX3/PAX7-FOXO1, and

fusion-positive (FP)-RMS. Cardiac glycosides (CGs), plant-derived steroid-like

compounds with a selective inhibitory activity of the Na+/K+-ATPase pump

(NKA), have shown antitumor and radio-sensitizing properties. Herein, the

therapeutic properties of PBI-05204, an extract from Nerium oleander

containing the CG oleandrin already studied in phase I and II clinical trials

for cancer patients, were investigated, in vitro and in vivo, against FN- and FP-
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RMS cancer models. PBI-05204 induced growth arrest in a concentration

dependent manner, with FP-RMS being more sensitive than FN-RMS, by

differently regulating cell cycle regulators and commonly upregulating cell

cycle inhibitors p21Waf1/Cip1 and p27Cip1/Kip1. Furthermore, PBI-05204

concomitantly induced cell death on both RMS types and senescence in

FN-RMS. Notably, PBI-05204 counteracted in vitro migration and invasion

abilities and suppressed the formation of spheroids enriched in CD133+

cancer stem cells (CSCs). PBI-05204 sensitized both cell types to RT by

improving the ability of RT to induce G2 growth arrest and counteracting

the RT-induced activation of both Non-Homologous End-Joining and

homologous recombination DSBs repair pathways. Finally, the antitumor and

radio-sensitizing proprieties of PBI-05204 were confirmed in vivo. Notably,

both in vitro and in vivo evidence confirmed the higher sensitivity to PBI-05204

of FP-RMS. Thus, PBI-05204 represents a valid radio-sensitizing agent for the

treatment of RMS, including the intrinsically radio-resistant FP-RMS.

KEYWORDS

PBI-05204, oleandrin, rhabdomyosarcoma, Na/K +ATPase, radiotherapy,
radiosenisitizing agent

Introduction

Rhabdomyosarcoma (RMS) is the most common pediatric

soft tissue sarcoma. The two major subtypes are the alveolar

(ARMS), more frequently expressing the pro-oncogenic fusion

proteins PAX3/7-FOXO1 (PAX3/7-FKHR), namely “fusion

positive” RMS (FP-RMS), and the embryonal (ERMS),

characterized by different mutations, “fusion negative” (FN-

RMS). However, despite the status of fusion proteins, ARMS

and ERMS present similar molecular perturbations, this

indicating some commonality in the molecular driving forces

in RMS (Sorensen et al., 2002; Davicioni et al., 2009; Rudzinski

et al., 2015, 2017; Skapek et al., 2019). Treatment of RMS,

currently consists of neoadjuvant radiotherapy (RT), with or

without adjuvant chemotherapy (CHT), followed by a delayed

excision (PDQ Pediatric Treatment Editorial Board, 2002;

Cecchetto et al., 2007; Gallego et al., 2021). RT is critical to

improve survival in RMS patients (Terezakis andWharam, 2013;

Mandeville, 2019). However, RMS has been shown to aberrantly

express several mechanisms that sustain the resistance to RT

(Marampon et al., 2011; 2019b; 2019c; 2019a; Ciccarelli et al.,

2016; Gravina et al., 2016; Megiorni et al., 2017; Camero et al.,

2019, 2020, 2021; Giannattasio et al., 2019; Petragnano et al.,

2020a; 2020b; Casey et al., 2021; Cassandri et al., 2021; Codenotti

et al., 2021; Rossetti et al., 2021; Perrone et al., 2022)., potentially

responsible of the high relapse rate after apparent complete

remission (Heske and Mascarenhas, 2021). Notably, the use of

larger dose of radiations, has not improved the therapeutic

efficiency of radiation (Kalbasi et al., 2020; Parsai et al., 2020)

suggesting that new radiosensitizing strategies are urgently

needed in order to improve patient overall survival.

RT kills cancer cells by inducing the accumulation of

potentially repairable DNA single strand breaks (SSBs) and

their transformation into non-repairable DNA double strand

breaks (DSBs) (Baskar et al., 2014). cancer cells can efficiently

repair SBSs, preventing the formation of DSBs formation, ability

that result to be higher in the cancer stem cell (CSC)

subpopulations (Wang, 2015), thus resulting the real

responsible of intrinsic radioresistance (Rycaj and Tang, 2014;

Wang, 2015; Schulz et al., 2019; Arnold et al., 2020). Cardiac

glycosides (CGs) (e.g., digitoxin, digoxin, ouabain, and

oleandrin) are selective inhibitors of the Na+/K+-ATPase

pump (NKA), , commonly used to treat heart failure

(Pavlovic, 2020). The aberrant expression/activity of NAK has

been found in several cancer types (Mijatovic et al., 2012;

Durlacher et al., 2015), including RMS (Liepkans, 1990).

Thus, CGs have shown towards some types of malignant

tumors, both in vitro and in vivo (López-Lázaro et al., 2005;

Kumavath et al., 2021), working at concentrations commonly

found in the plasma of cardiopathic patients treated with CGs

(López-Lázaro et al., 2005). Thus, CGs have been tested in clinical

trials for the treatment of cancer demonstrating satisfactory

safety and efficacy (Mekhail et al., 2006; Menger et al., 2013;

Hong et al., 2014; Frankel et al., 2017; Roth et al., 2020).

Furthermore, considering that CGs to act as potent inhibitors

of DSB repair (Wha Jun et al., 2013; Surovtseva et al., 2016; Tian

et al., 2020), increasing evidence suggests their use as effective

radiosensitizers (Verheye-Dua and Böhm, 1998; Nasu et al.,

2002; Lee et al., 2017; Zhang et al., 2017; Du et al., 2018;

Colapietro et al., 2022). Notably no studies have been still

conducted on RMS.

We have recently show that PBI-05204, a defined

supercritical CO2 extract of N. oleander, has anticancer and

radiosensiting effects towards glioblastoma (Colapietro et al.,

2020; Colapietro et al., 2022). Herein, we have investigated the

therapeutic potential of PBI-05204, alone and in combination
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with RT, towards RMS, by using, in vitro and in vivo, RD (FN-

RMS) and RH30 (FP-RMS), the most representative RMS cell

lines. Herein we found that PBI-05204 efficiently counteracted

the transformed and intrinsically radioresistant phenotype of

RMS by concomitantly inducing cytostatic and cytotoxic effects,

promoting RT-induced G2 cell cycle arrest and restraining the

ability of RMS cells to repair RT-induced DNA damage. Notably,

PBI-05204 showed important in vivo effects, enhanced by RT.

Altogether, these results suggest that PBI-05204 could have

therapeutic and radiosensitizing properties on RMS.

Materials and methods

Cell lines and pharmacological treatment

RD (ERMS, FN-RMS) and RH30 (ARMS, FP-RMS) human

cell lines were purchased from American Type Culture Collection

(Manassas, VA, United States), cultured, in Dulbecco’s Modified

Eagle’s and RPMI medium (DMEM) containing 10% Fetal Bovine

Serum (Hyclone, Logan, UT, United States) supplemented with

glutamine and gentamycin (GIBCO-BRL Gaithersburg, MD,

United States), dissociated using 0.25% trypsin and 0.02%

EDTA solution and resuspended into a fresh medium once

every 2–3 days (Camero et al., 2019b). GenePrint 10 System

(Promega Corporation, Madison, WI, United States) was used

to authenticate cell cultures by comparing the DNA profiles of cell

lines with those found in GenBank. Multipotent mesenchymal

stromal cells (MSCs) were previously described (Vulcano et al.,

2016). The supercritical CO2 extract of N. oleander PBI-05204 was

provided by Phoenix Biotechnology, Inc., (San Antonio, Texas)

and characterized by using an AccuTOF-DART mass

spectrometer (Jeol UAS, Peabody, MA). Specific molecular

content of the extract was previously reported (Siddiqui et al.,

1995; Dunn et al., 2011).

Viability of cells

RD and RH30 cells were seeded into 6-well tissue culture

plates at a density of 8,500 cells/cm2 and treated with PBI-05204

24 (hours) h later. Trypan blue (Thermofisher) dye exclusion test

was used to assess cell viability. A Countess II Automated Cell

Counter (ThermoFisher Scientific, Waltham, MA, United States)

was used to assess the number of the cells. “Quest Graph™ IC50

Calculator” (AAT Bioquest, Inc.,) was used to calculate IC50

values (AAT Bioquest, 2022).

Migration and invasion assays

Migration was assessed using wound healing assays that were

performed as previously described (Gravina et al., 2017). Briefly,

RD and RH30 cells were plated in 6-well plates and incubated

with or without PBI-05204 for 24 h. The following day, a sterile

pipette tip was used to scratch the cell monolayer (4–5 parallel

scratches/plate). Cells were washed with PBS, photographed to

mark scratched tracks, and incubated for an additional 24 h to

evaluate cell migration into the injured areas. Wound healing was

quantified using ImageJ 1.47v software. For the invasion assay,

RD and RH30 cells (8 × 105 cells/ml) were seeded in the upper

portion of a Boyden chamber separated from the lower

compartment, containing DMEM with 10% FBS added with

PBI-05204 (IC50) or DMSO, by a matrigel-coated PVP-free

polycarbonate filter with 8 mm pore size (Costar, Cambridge,

United States). After incubation at 37°C for 6 h, migrated cells

were stained with Diff-Quik (Dade-Behring, Milan, Italy)

(Codenotti et al., 2019). The number of migrated cells was

quantified using ImageJ 1.47v software. Experiments were

carried out in triplicate.

Sphere culture and sphere formation

Sphere-forming cells were obtained as previously described

(Ciccarelli et al., 2016; Camero et al., 2020; Megiorni et al., 2021).

Briefly, RD and RH30 cells were cultured in anchorage-

independent conditions (ultra-low attachment flasks or plates,

Corning) in stem cell (SC)-medium consisting of DMEM:

F12 medium (Gibco-Invitrogen) and B27 (ThermoFischer).

Fresh human epidermal growth factor (20 ng/ml) and

fibroblast growth factor (20 ng/ml) (PeproTech, London,

United Kingdom) were added twice/week until cells formed

floating spheres. To evaluate the primary sphere formation,

cells from sub-confluent (70–80%) monolayer cultures were

plated at a density of 100, 500 or 1,000 cells in a 24-well

culture plate (Corning Inc., Corning, NY, United States). For

the sphere formation assay, the number of primary tumor

spheres was determined.

Flow cytometer analysis of cell cycle
distribution and stem cell markers

For cell cycle analysis, a BD Cycletest Plus DNA Kit (BD

Biosciences) was used for DNA staining. Following

trypsinization, cells were adjusted to a concentration of

1×106 cells/ml and treated using reagent kit, according to the

manufacturer’s instructions. The cell cycle status was analyzed by

flow cytometry using propidium iodide (PI). Analysis was

performed using a flow cytometer (FACSCalibur), and the

cell-cycle distribution was analyzed using the Mod-Fit LT

software (Verity Software House, Topsham, ME,

United States). Stem cell markers in RMS cells were evaluated

by staining with monoclonal antibodies conjugated with

phycoerythrin (PE) anti–CD133 (BD Biosciences, Buccinasco,
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Italy). Appropriate isotype controls for non-specific binding were

used for each antibody. A minimum of 50,000 events were

acquired for each sample by the flow cytometer and the

CellQuest software (BD Biosciences) was used for both data

acquisition and analysis (Marampon et al., 2019d).

Protein extraction,western blot and
protein simple WES western analysis

For total protein extraction, RD and RH30 cells were lysed in

2% SDS containing 2 mM phenyl-methyl sulphonyl fluoride

(PMSF) (Sigma-Aldrich (St. Louis, MO, United States), 10 μg/

ml antipain, leupeptin and trypsin inhibitor, 10 mM sodium

fluoride and 1 mM sodium orthovanadate (all from Sigma-

Aldrich, St. Louis, MO, United States) and sonicated for 30 s

(sec). Protein concentration was estimated by BCA assay and

equal amounts were separated on SDS-PAGE. Proteins were

transferred to a nitrocellulose membrane (ThermoFisher

Scientific, Waltham, MA, United States) by electroblotting.

The balance of total protein levels was confirmed by staining

the membranes with Ponceau S (Sigma-Aldrich (St. Louis, MO,

United States). Membranes were blocked for 1 h in 5% non-fat

dry milk in Tris-buffered saline and Tween-20 (TBS-T) and then

incubated at 4 °C overnight with primary antibodies. The primary

antibodies used were: p21Waf1/Cip1 (C-19) and p27Cip1/Kip1 (F-8),

Cyclin A (BF683), Cyclin B1 (H-20), Cyclin E (HE12),

myelocytomatosis virus oncogene cellular homolog (c-Myc)

(9E10), N-Myc (B.8.4.B), phosphorylated extracellular signal-

regulated kinase 1/2 (ERK1/2PO4) (E-4), extracellular signal-

regulated kinase (ERK1/2) (C-14), phosphorylated protein

kinase B (AktPO4) (C-11), e phosphorylated protein kinase B

(Akt) (5C10), and vinculin (7F9) by Santa Cruz Biotechnology

(Dallas, TX, United States). Appropriate horseradish peroxidase

(HRP)-conjugated secondary antibodies (Santa Cruz

Biotechnology (Dallas, TX, United States) were used for 1 h at

room temperature (Gravina et al., 2019; Menna et al., 2022).

Western blots for ATM, ATMPO4, DNA-PKCs, DNA-PKCsPO4

and vinculin were performed using a Protein Simple WES

Western instrument (San Jose, CA). Cell and tissue lysates

were prepared as described above. Protein simple (6 µl) was

mixed with 5x fluorescent master mix (Protein Simple) to achieve

a finial concentration of 1x master mix buffer according to

manufacturer’s instructions. Samples were then denatured at

95°C for 5 min. All materials and solutions added onto the

assay plate were purchased from Protein Simple except

primary antibodies. Antibody diluent (10 µl), protein

normalizing reagent, primary antibodies, secondary antibodies,

chemiluminescent substrates, 3 µl of sample, and 500 µl of wash

buffer were prepared and dispensed into the assay plate. Assay

plates were loaded into the instrument and proteins were

separated within individual capillaries. Protein detection and

digital images were collected and analyzed with Compass

software (Protein Simple) and data were reported as area

under the peak, which represents the intensity of the signal.

For primary antibody, phospho-ATM (D6H9, Ser 1981, used at

1:25), phospho-DNA-PKCs (E9J4G, Ser 2056, used at 1:25) and

DNA-PKCs (E6U3A, used at 1:100) by Cell Signaling (Danvers,

MA, United States); ATM (G-12, used at 1:50) by Santa Cruz

Biothecnology (Dallas, TX, United States) were mixed with

vinculin (hVIN-1, used at 1:100) by Sigma-Aldrich Inc. (Saint

Louis, MO, United States). Anti-mouse HRP and anti-rabbit

HRP secondary antibodies from Protein Simple were used

(Kannan et al., 2018; Hui et al., 2020). Quantification of

Western blot data was performed by using a ChemiDoc MP

(Bio-Rad) imager.

Radiation exposure and clonogenic assay

Radiation was delivered at room temperature using a x-6 MV

photon linear accelerator. The total single dose of 4 Gy was

delivered with a dose rate of 2 Gy/min using a source-to-surface

distance (SSD) of 100 cm. A plate of Perspex thick 1.2 cm was

positioned below the cell culture flasks in order to compensate for

the build-up effect. Tumor cells were then irradiated placing the

gantry angle at 180°. Non-irradiated controls were handled

identically to the irradiated cells with the exception of

radiation exposure. The absorbed dose was measured using a

Duplex dosimeter (PTW). For clonogenic survival assay,

exponentially growing RD and RH30 cells in 25-cm2
flasks

were treated with PBI-05204 or vehicle and irradiated 24 h

later. Three h after irradiation, cells were harvested, counted,

diluted serially to appropriate densities, plated in triplicate in six

multi-well plates with 2 ml of complete drug-free medium/each

well. Fourteen days (d) later, cells were fixed with methanol:acetic

acid (10:1, v/v), and stained with crystal violet. Colonies

containing >50 cells were counted.

Animal research ethics statement and
in vivo xenograft experiments

The recommendations of the European Community (EC)

guidelines (2010/63/UE and DL 26/2014 for the use of laboratory

animals) and the Istituto Superiore di Sanità guidelines,

complying with the Italian government regulation n.116

27 January 1992 for the use of laboratory animals code 221/

2022-PR (D9997.140) approved 4 April 2022 were followed to

undertake in vivo experiments. Before any invasive

manipulation, mice were anesthetized with a mixture of

ketamine (25 mg/ml)/xylazine (5 mg/ml). For xenotransplants

exponentially growing RD or RH30 cells were detached by

trypsin-EDTA, washed twice in PBS, and resuspended in

saline solution at cell densities of 1 × 106/200 μl.

Xenotransplants were done in 45-day-old female nude
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CD1 mice from Charles River Laboratories Italia, SRL (Calco,

Italy), by subcutaneously injection in the leg using a 21-gauge

needle on a tuberculin syringe. Treatments were started when

tumors reached a volume of 0.3–0.5 cm3 (Cassandri et al., 2021).

Mice were irradiated at room temperature using an Elekta 6-MV

photon linear accelerator. Three fractions of 2 Gy were delivered

every other day, the first, third and fifth d, for a total dose of 6 Gy.

A dose rate of 1.5 Gy/min was used with a source-to-surface

distance (SSD) of 100 cm. Prior to irradiation, mice were

anesthetized and were protected from off-target radiation by a

3 mm lead shield. Before tumor inoculation mice were randomly

assigned to four experimental groups. Each group was composed

of eight mice. One control group received 200 μl carrier solution

by mouth (PO); PBI-05204 (20 mg/kg/5 Day/week (PO); one

group received RT (3 fractions of 2 Gy delivered every other day

to a total dose of 6 Gy); PBI-05204 (20 mg/kg/5 Day/week, (PO)

coupled with RT (3 fractions of 2 Gy delivered every other day to

a total dose of 6 Gy) (Colapietro et al., 2022). During treatment,

mice with significant body weight loss approaching (10–15%)

were euthanized early per protocol, by using Carbon Dioxide,

following the AVMA Guidelines for the Euthanasia of Animals

(AVMA, 2019). The effects on tumor growth because of different

treatments were evaluated as follows: tumor volume was

measured during and at the end of the experiment; tumor

volume was assessed every 4 days with a Vernier caliper

(length × width); the volume of the tumor was expressed in

mm3 according to formula 4/3π r3, measuring tumor weight at

the end of the experiment and defining tumor progression (TP),

the doubling of the tumor volume.

Statistical analysis and data analysis

Three independent experiments, each performed in

triplicate, were carried out and the results were expressed as

the mean ± SD. Assessment of normal distribution of data was

confirmed by Shapiro–Wilk, D’Agostino and Pearson and

Kolmogorov–Smirnov tests. Real-time PCR experiments were

evaluated by one-way (ANOVA) with a Tukey’s post hoc test

using 2−ΔΔCT values for each sample. Flow cytometry data were

analyzed by ANOVAwith a Bonferroni post hoc test. All analyses

were performed using the SAS System (SAS Institute Inc., Cary,

NC, United States) and GraphPad Prism 6.1.

Results

PBI-05204 Induces Concomitant Growth Arrest and Cell

Death in RMS but not in MSCs Cell Lines in vitro.

Trypan blue dye exclusion test showed that increasing doses

(0–50 ng/ml) of PBI-05204 treatment, performed for 24, 48 and

72 h, significantly reduced the number of live cells in a

concentration-dependent manner, both in RD (Figure 1A, Left

Panel) and RH30 cells (Figure 1A, Right Panels), with an average

of 50% cell viability at a concentration of 4.8 ng/ml on RD

(Figure 1B, Left Panel) and 2.2 ng/ml on RH30 cell line

(Figure 1B, Right Panel). RMS cultures were treated with PBI-

05204 (IC50) for 8 days. As shown in Figure 1C, 4 days of PBI-

05204 (IC50) treatment reduced the number of living cells by

71.4 ± 4.7% in RD (Figure 1C, Left Panel, 4 d, Live Cells) and

78.3 ± 3.7% in RH30 cells (Figure 1C, Right Panel, 4 d, Live Cells).

Prolonged drug exposure resulted in the total absence of viable

cells (Figure 1C, RD, Left Panel, and RH30, Right Panel, Time

8 days, Live Cells). Concomitantly, the number of dead cells was

progressively and persistently induced by the presence of PBI-

05204 (Figure 1C, RD, Left Panel, and RH30, Right Panel.

Notably, PBI-05204-treated adherent cells exhibited a

substantial change in their morphology, with larger cellular

bodies at 4 d post-exposure (Figure 1D, RD, Left Panel, and

RH30, Right Panel, 4 d). Cell fragments and cells almost devoid

of cytoplasm appeared after 8 days of continuous treatment

(Figure 1D, RD, Left Panel, and RH30, Right Panel, 8 days).

The IC50 of PBI-05204 was of 93.7 ng/ml for MSCs cells

(Supplementary Data S1; Figure 1A), 19.5 and 42.5 times

higher than RD and RH30, respectively. Notably, treating

MSCs did not induce any statistically significant increase in

dead cells (Supplementary Data S1; Figure 1B). Altogether,

these data indicate that PBI-05204 induces concomitant

growth arrest and cell death in RMS but not in the normal

counterpart with FP-RMS being more sensitive to the drug than

FN-RMS.

PBI-05204 Causes G1 Phase Cell Cycle Arrest of Both FN-

RMS and FP-RMS and Senescence in FN-RMS.

Cell cycle distribution analysis, performed by flow

cytometry on RMS cells treated for 24 h and 4 days with

PBI-05204 (IC50), showed that in RD cells this drug

significantly, but transiently, arrested cells in the G1 phase.

After 24 h of treatment with PBI-05204 the percentage of cells

in G1 phase significantly increased (Figure 2A, RD 24 h, 33% ±

1.1 PBI-05204 vs. 21% ± 1.3 Untreated) by primarily reducing

the number of cells in S phase (Figure 2A, RD 24 h, 36% ±

1.3 PBI-05204 vs. 53% ± 2.2 Untreated) while no statistically

significant differences on cell cycle distribution were observed

after 4 days of treatment (Figure 2A, RD 4 days). In RH30 cells,

PBI-05204 induced a rapidly (24 h) and persistently (4 days)

cell cycle arrest as indicated by the increase of cell number in the

G1 phase (Figure 2A, RH30 24 h, G1 phase: 65% ± 2 PBI-05204

vs. 41% ± 1.2 Untreated and 4 days, G1 phase: 62% ± 1.4 PBI-

05204 vs. 45% ± 1.1 Untreated) and the concomitant reduction

in both the S phase (Figure 2A, RH30 24 h, S phase: 29% ±

3 PBI-05204 vs. 42% ± 2 Untreated and 4 days, S phase: 33% ±

2.1 PBI-05204 vs. 44% ± 2 Untreated) and the G2 phase

(Figure 2A, RH30 24 h, G2 phase: 6% ± 1 PBI-05204 vs.

17% ± 0.6 Untreated and 4 d, G2 phase: 4% ± 0.4 PBI-05204

vs. 11% ± 1 Untreated). RD cells treated with PBI-05204

downregulated the expression of the cell cycle promoters
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c-Myc (Figure 2B, RD, c-Myc), but not of Cyclin A1 (Figure 2B,

RD, Cyclin A1), Cyclin B1 (Figures 2B,D, Cyclin B1), Cyclin E

(Figure 2B, RD, Cyclin E), CDK1 (Figure 2B, RD, CDK1) and

CDK2 (Figure 2B, RH30, CDK2), and upregulated the

expression of cell cycle inhibitors p21Waf1/Cip1 and p27Cip1/Kip1

(Figure 2B, RD, p21Waf1/Cip1 and p27Cip1/Kip1). On the other hand,

consistent with G1 cell cycle arrest, RH30 cells treated with PBI-

05204 showed the a downregulation of Cyclin A1 (Figure 2B,

FIGURE 1
PBI-05204 induces concomitant cell death and growth arrest in FN-RMS and FP-RMS cells. RD (Left) and RH30 (Right) cell lines were treated for
24, 48 and 72 h with increasing concentrations (0, 1, 2, 5, 7.5, 10, 25, 50 ng/ml) of the drug. Surviving (A) cells were counted using Trypan blue dye
exclusion test. (B)Concentration of PBI-05204 able to reduce by 50% the cell survival of RD (Left) and RH30 (Right) cell lines. (C) Effect of PBI-05204
IC50 on cell number of live and dead RD (Left) and RH30 (Right) cells. Surviving cells were counted using Trypan blue dye exclusion test. Results
represent the mean values of three independent experiments ±SD. Statistical significance: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 vs. Untreated. (D)
Cellular morphology of RD (Left) and RH30 (Right), untreated or treated with PBI-05204 (IC50) for 4 d was analyzed under light microscope
at ×200 magnification.
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RH30, Cyclin A1), Cyclin B1 (Figure 2B, RH30, Cyclin B1),

Cyclin E (Figure 2B, RH30, Cyclin E) and CDK2 expression

levels (Figure 2B, RH30, CDK2), and an the upregulation of the

expression of p21Waf1/Cip1 and p27Cip1/Kip1 cell cycle inhibitors

(Figure 2B, RH30, p21Waf1/Cip1 and p27Cip1/Kip1), whilst no

changes were observed in N-Myc and CDK1 protein levels

(Figure 2B, RH30, N-Myc). Furthermore, PBI-05204 affected

the phosphorylation/activation of ERKs in RD (Figure 2B, RD,

ERKsPO4) and of Akt in RH30 (Figure 2B, RD, AktPO4,

RH30). Due to PBI-05204-induced upregulation of

p21Waf1/Cip1 and p27Cip1/Kip1, biomarkers of senescent cells

(Flores et al., 2014; Kumari and Jat, 2021), the induction of

FIGURE 2
PBI-05204 affects cell cycle distribution. (A) FACS analysis performed on RD (Left) and RH30 (Right) untreated or treated for 4 with PBI-05204
(IC50). Data (Up) indicates the percentage of cells in each cell cycle phase representing the mean value of three independent experiments. (Down)
Representative data of three independent experiments is shown. (B) Cell lysates from RD (Left) and RH30 (Right) cells treated for 24 h and 4 d with
PBI-05204 (IC50) were analyzed by immunoblotting with specific antibodies for the indicated proteins; vinculin expression was used as a
loading control. Histograms (Up) of densitometric analysis represent themean values of three independent experiments ±SD. Statistical significance:
**p ≤ 0.01, ***p ≤ 0.001 vs. Untreated cells. Representative data from three independent experiments is shown (Down).
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senescence-associated β-galactosidase activity (SA-β-Gal),
considered to be an important hallmark of cell senescence

(Dimri et al., 1995), was evaluated on RMS cells after 24 h

and 4 days of PBI-05204 (IC50) treatment. As shown in

Figure 3, PBI-05204 increased SA-β-Gal 24 h later (Figure 3,

RD 24 h, 26.3% ± 4,1 PBI-05204 vs. 2.3% ± 0,2 Untreated), up to

4 days (Figure 3, RD cell lines 4 d, 50.1% ± 8,3 PBI-05204 vs.

5.2% ± 0,6 Untreated) in RD whilst no statistically significant

differences were obtained in RH30 (Figure 4, RH30 24 h and

3 days, PBI-05204 vs. Untreated). Thus, these data indicate that

PBI-05204 induce the growth arrest of FP- and FN-RMS in two

different ways: persistently perturbing the cell cycle distribution

of RH30 cells and promoting the senescence in RD cells.

PBI-05204 Inhibits the Ability of RMS to
Migrate and Invade.

The ability of PBI-05204 to affect the migration/invasion

ability of RMS cells was investigated. As shown in Figure 4A,

PBI-05204 (IC50) reduced RMS cell migration as assessed by

wound healing assays in which the same fields of confluent cells

were pictured immediately after the scratch (time 0 h) and

again after 6, 12, 18 and 24 h following drug pre-incubation.

Particularly, 24 h after the scratch, PBI-05204 decreased the

level of wound closure to 41.1% ± 4.9% for RD (Figure 4A, RD,

24 h Untreated vs. PBI-05204) and 42.4% ± 3.8% for RH30 of

the control sample (Figure 4A, RH30, 24 h Untreated vs. PBI-

05204). Furthermore, PBI-05204 inhibited the ability of both

RD of 92.3% ± 2.1% and RH30 of 98.7% ± 1.1% to invade

chambers coated with Matrigel (Figure 4B, RD and

RH30 Untreated vs. PBI-05204). Altogether, these data

indicate that PBI-05204 can also counteract the in vitro

ability of RMS to migrate and invade.

PBI-05204 sensitizes RMS cells to
radiation affecting also the intrinsically
radioresistant stem-like cell population

The ability of PBI-05204 to sensitize cells to ionizing

radiation was assessed through colony formation assay

performed on RMS cells (Figure 5A) and RMS-derived

CSC-like cells (Figure 5B) pre-treated for 24 h with PBI-

05204 (IC50) and then irradiated with a dose of 4 Gy. The

combination of RT and PBI-05204 improved the ability of this

treatment to affect the clonogenic ability (Figure 5A) and to

form tumor-spheres (Figure 5B) in both cell lines. The

clonogenic ability was affected by RT alone of 39.1% ± 8%

in RD (Figure 5A, RD, RT vs. Untreated) and 18% ± 8% in

RH30 (Figure 5A, RH30, RT vs. Untreated), by PBI-05204

alone of 76% ± 3% in RD (Figure 5A, RD, PBI-05204 vs.

Untreated) and 79% ± 5% in RH30 (Figure 5A, RH30, PBI-

05204 vs. Untreated), and by RT combined with PBI-05204 by

94% ± 0.8% in RD (Figure 5A, RD, PBI-05204 + RT vs.

Untreated) and 98% ± 0.4% in RH30 (Figure 5A, RH30,

PBI-05204 + RT vs. Untreated). Drug treatment in

combination with RT significantly reduced the

rhabdosphere formation by 94.3% ± 0.6% in RD

(Figure 5A, RD, PBI-05204 + RT vs. Untreated) and

98.2% ± 0.4% in RH30 (Figure 5A, RH30, PBI-05204 + RT

vs. Untreated), significantly improving the efficiency of RT

alone by 92.8% ± 2.9% in RD (Figure 5A, RD, PBI-05204 + RT

vs. RT) and 97.5% ± 3.2% in RH30 (Figure 5A, RH30, PBI-

05204 + RT vs. RT) and PBI-05204 alone by 77.3% ± 3.1% in

RD (Figure 5A, RD, PBI-05204 + RT vs. PBI-05204) and

90.8% ± 2.4% in RH30 (Figure 6A, RH30, PBI-05204 + RT

vs. PBI-05204). Notably, 24 h of PBI-05204 pre-treatment

alone affected the formation of tumorspheres in RD by

90.5% ± 3.8% (Figure 5B, RD, Upper Panel, PBI-05204 vs.

FIGURE 3
PBI-05204 induces senescence in FN-RMS but not in FP-RMS cells. (A) b-Galactosidase test performed on RD (Left) and RH30 (Right) cells
untreated or treated for 24 h and 4 d with PBI-05204 (IC50). Data represent the mean value of three independent experiments ±SD. Statistical
significance: **p ≤ 0.01, ***p ≤ 0.001 vs. Untreated cells.
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Untreated) and in RH30 by 98.8% ± 2.6% (Figure 5B, RH30,

Upper Panel, PBI-05204 vs. Untreated) and, parallelly, the

number of the CD133+ RMS cells (Figure 5B, RD and RH30,

Lower Panel, PBI-05204 vs. Untreated). Thus, PBI-05204 can

radiosensitize RMS independently from FP status, also

targeting the CSC subpopulation.

PBI-05204 promotes RT-induced G2
phase cell cycle arrest and impairs DNA
double-strand break repair in RMS

The effects of PBI-05204 on cell cycle distribution and

DNA repair were investigated. Cell cycle distribution analysis

FIGURE 4
PBI-05204 impairs migration and invasion as determined bywound closure by FN-RMS and FP-RMS cells. (A)Wound healing experiments in RD
(Left) and RH30 (Right) cell lines, treated or not with PBI-05204 IC50. The scratch and then PBI-05204 treatment was made at time 0 andmaintained
or not for 24 h. The dotted lines represent the edges of the wound. Photographs (Left Panel) were taken under light microscope (×10magnification).
The migration index was plotted in bar graphs as the % of wound area (Right Panel). Lines (Up) represent the mean values of three independent
experiments ±SD. Statistical significance: **p ≤ 0.01, ***p ≤ 0.001 vs. Untreated cells. Representative data from three independent experiments is
shown (Down). (B)Matrigel invasion assay using a Transwell system. Results represent the mean values of three independent experiments ±SD (Up).
Statistical significance: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 vs. Untreated. Representative data from three independent experiments is shown (Down).
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was performed by flow cytometry on RMS cells pre-treated for

24 h with PBI-05204 (IC50) and then irradiated with 4 Gy,

24 h, and 4 days after RT. As shown in Figure 6A, on RD cells,

PBI-05204 pre-treatment increased the percentage of cells

arrested in the G2 cell cycle phase by RT, 4 days after

irradiation (Figure 6A, RD, 4 d, 30.7% ± 1.3% PBI-05204 +

RT vs. 24.6% ± 2.3% RT). On RH30, PBI-05204 pre-treatment

induced an early, 24 h (Figure 6A, RH30, 24 h, 43.3% ± 0.6%

PBI-05204 + RT vs. 7.6% ± 1.2% RT), and stable G2 cell cycle

phase arrest following 4 d (Figure 6A, RH30, 4 d, 28.3% ± 1.6%

PBI-05204 + RT vs. 17.4% ± 1.1% RT) of drug exposure. The

phosphorylation/activation status of DNA-PKcs and ATM,

respectively upstream of Non-Homologous End-Joining

(NHEJ) and Homologous Recombination (HR) DSB repair

pathways, were also investigated. Pre-treating cells with PBI-

05204 counteracted the RT-induced phosphorylation/

activation of DNA-PKcs (Figure 6B, DNA-PKcsPO4 PBI-

05204 + RT vs. RT), and ATM (Figure 6B, ATMPO4 PBI-

05204 + RT vs. RT) in both RD and RH30 cells. Thus, the data

suggest that PBI-05204 can sensitize FN-RMS and FP-RMS to

RT by promoting the accumulation of cells in the G2, the most

radiosensitive phase of the cell cycle (Pawlik and Keyomarsi,

2004), thereby impairing the ability of FN-RMS and FP-RMS

to repair RT-induced DSBs.

FIGURE 5
PBI-05204 radiosensitizes FN-RMS and FP-RMS cell lines and cancer-stem like derived cells. (A) Colony formation assay of RD (Left) and RH30
(Right) treated with PBI-05204 IC50, RT alone or with the combination. Three h after RT (4 Gy), cells were seeded at low concentrations for colony
assays. Colony forming efficiency was calculated by crystal violet absorbance after 14 d of PBI-05204 treatment. (B) The formation of spheres
enriched in stem-like cells and the expression of CD133 were assessed in RD (Left) and RH30 (Right) treated with PBI-05204 (IC50), RT alone or
with the combination. Results represent the mean values ±SD of three independent experiments (Up). Representative data from three independent
experiments is shown (Down). Statistical significance: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, vs. Untreated, §p ≤ 0.05, §§p ≤ 0.01, §§§p ≤ 0.001 vs. RT, +p ≤
0.05, ++p ≤ 0.01, +++p ≤ 0.001 vs. PBI-05204.
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PBI-05204 radiosensitizes RMS cells in
vivo

In vivo experiments were then performed by subcutaneously

injecting (SC) RMS cells in nude mice. When the tumor volume

reached 0.5 cm3 (T0), mice received PBI-05204 (20 mg/kg)

(Colapietro et al., 2022) or vehicle (PBS) by mouth once daily

for five consecutive d (see Methods) and then were irradiated, or

not, with 2 Gy on the 1st, 3rd, and fifth d with PBI-05204 given

1 h before RT. Tumor volumes were measured every 5 days for a

FIGURE 6
PBI-05204 promotes RT-induced accumulation of cancer cells in the G2 phase of the cell cycle and counteracts the ability of FN-RMS and FP-
RMS to repair damaged DNA. (A) FACS analysis performed on RD (Left) and RH30 (Right) treated with PBI-05204 (IC50), RT alone or with the
combination. Data (Up) show the percentage of cells in each cell cycle phase representing themean value of three independent experiments. (Down)
Representative data from three independent experiments is shown. (B) Cell lysates from RD (Left) and RH30 (Right) cells pre-treated for 24 h
with PBI-05204 (IC50) and then irradiated with 4 Gy were collected 10 min, 6 and 24 h after RT. Cell lysates were analyzed by immunoblotting with
specific antibodies for the indicated proteins; vinculin expression was used as a loading control. Histograms (Up) of densitometric analysis represent
the mean values of three independent experiments ±SD. Statistical significance: **p ≤ 0.01, ***p ≤ 0.001 vs. Untreated cells, §p ≤ 0.05, §§p ≤ 0.01,
§§§p ≤ 0.001 vs. RT, +p ≤ 0.05, ++p ≤ 0.01, +++p ≤ 0.001 vs. PBI-05204. A representative of three independent experiments is shown (Down).
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period of 20 days after the start of treatment. Compared to single

treatments, combining RT and PBI-05204 significantly improved

the therapeutic efficiency of RT resulting in 60.4% ± 6.3% volume

reduction in RD (Figure 7A, RD, PBI-05204 + RT vs. RT) and

83.3% ± 6.2% in RH30 (Figure 7A, RH30, PBI-05204 + RT vs.

RT) xenografts compared to RT alone, and of 37.5% ± 5.7% in

RD (Figure 7A, RD, PBI-05204 + RT vs. PBI-05204) and 54.4% ±

8.1% in RH30 (Figure 7A, RH30, PBI-05204 + RT vs. PBI-05204)

FIGURE 7
Effect of PBI-05204 combined or not with irradiation on in vivo tumor growth. The diagram above all the figures indicates the experiment
procedure. (A)Growth curve of tumor volumes from xenografted RD and RH30 cell lines, untreated, PBI-05204-treated, irradiated (RT), PBI-05204-
pre-treated and irradiated (RT + PBI-05204). Tumor volumes were evaluated as described in methods and represent the mean ± SEM of eight mice
per group. The graphs show the sequential treatments of xenografted mice started when tumors reached an initial volume of approximately
0.5 cm3. Results represent the mean values ±SD. Statistical significance: **p ≤ 0.01, ***p ≤ 0.001 vs. Untreated mice; $$$ p ≤ 0.001 vs. RT-treated
mice; ###p ≤ 0.001 vs. PBI-05204-treatedmice. (B) Tumor weights frommice injected with RD (Left) and RH30 (Right) and treated with PBI-05204
and RT alone or in combination. (C) Kaplan–Meier estimates for rates of progression for untreated, PBI-05204, RT, or PBI-05204 + RT combination
in RMS-derived tumors.
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xenografts compared to PBI-05204 alone. Notably, PBI-05204

alone significantly affected the in vivo tumor growth of RD by

44% ± 3.9% (Figure 7A, RD, PBI-05204 vs. Untreated) and of

RH30 by 52.1% ± 7.1% (Figure 7A, RH30, PBI-05204 vs.

Untreated). Accordingly, tumor weights of xenografts from

mice co-treated with PBI-05204 and RT decreased

significantly compared to those of untreated mice and single

treatments (Figure 7B, RH30, PBI-05204 vs. Untreated). In both

RD and RH30 xenografted mice PBI-05204 and RT co-treatment

slowed the tumor progression (TP) compared to PBI-05204

(Figure 7C, RD and RH30, PBI-05204 + RT vs. PBI-05204) or

RT (Figure 7C, RD and RH30, PBI-05204 + RT vs. RT) alone.

Taken together, these findings highlight the ability of PBI-05204

to radiosensitize both FN-RMS and FP-RMS with a greater effect

on FP-RMS.\

Discussion

Herein, the therapeutic potential of PBI-05204, a

supercritical CO2 extract of N. oleander (Colapietro et al.,

2022) already clinically successfully tested for its tolerability

and safety in cancer patients (Hong et al., 2014; Roth et al.,

2020), has been investigated in RMS cells, as a single agent and in

combination with RT.

As previously demonstrated with in vitro and in vivo models

of pancreatic cancer (Pan et al., 2015) and glioblastoma

(Colapietro et al., 2020, 2022), PBI-05204 counteracted,

in vitro, the aberrant proliferation of RMS, by concomitantly

inducing cytostatic and cytotoxic effects in a concentration

dependent manner. Notably, the half maximal inhibitory

concentration (IC50) able to induce growth arrest was 4.8 ng/

ml in FN- and 2.2 ng/ml in FP-RMS, suggesting a higher

sensitivity to PBI-20054 of the most aggressive RMS subtype.

Furthermore, prolonged treatment induced the death of all cells,

suggesting that the initial cytostatic effect induced by PBI-05204

could be a failed attempt by cells to resist the cytotoxic action of

the drug.

Treatment of FP-RMS resulted rapidly (24 h) and

persistently (4 days) in an arrest in the G2/M phase of the cell

cycle, while FN-RMS was transiently restrained in the G1/S

phase, with a different molecular pattern between RMS subtypes.

In FP-RMS, PBI-05204 downregulated the expression of

cyclin A1 and cyclin B1, promoters of G2/M transition

(Jackman and Pines, 1997), and upregulated the expression of

p21Waf1/Cip1 and p27Cip1/Kip1, cell cycle inhibitors globally acting in

any phase of the cell cycle (Abukhdeir and Park, 2008).

According to previously reported evidence (Hong et al., 2014),

PBI-05204 inhibited the PI3-kinase/AKT protein kinase

pathway. PI3-kinase/AKT signaling, known to be aberrantly

activated and sustained in the transformed phenotype of FP-

RMS (Sorensen et al., 2002; Davicioni et al., 2009; Rudzinski et al.,

2015, 2017; Skapek et al., 2019), has multiple roles in regulation

of cell cycle progression (Liang and Slingerland, 2003), including

the G2/M phase (Shtivelman et al., 2002) in part by

phosphorylating/inhibiting p21Waf1/Cip1 and p27Cip1/Kip1 (Chen

et al., 2019). Furthermore, targeted inhibition of the PI3K/

AKT pathway has been shown to enhance cell death in FP-

RMS (Liu et al., 2009; Crose and Linardic, 2011). Thus, we believe

that the cytostatic and cytotoxic effects concomitantly induced by

PBI-05204 could be related to PI3K/AKT pathway inhibition.

Notably, we noticed that PBI-05204 also downregulated the

expression of cyclin E/CDK2 complex, known to be a G1 cell

cycle promoter (Hinds et al., 1992). However, it has been shown

that cyclin E/CDK2 complex can also promote non-cell cycle-

related (Hydbring et al., 2016; Liu et al., 2019) pro-oncogenic

functions (Hwang and Clurman, 2005; Pang et al., 2020),

including in FP-RMS (Takahashi et al., 2004; Tamura et al.,

2022). Thus, although we cannot exclude a possible role in

growth arrest, we believe that PBI-05204-induced cyclin

E/CDK2 downregulation is relevant in terms of affecting the

relative aggressiveness FP-RMS.

In contrast to FP-RMS, PBI-05204-treatment did not

modulate the expression of cyclins and/or CDKs in FN-RMS

but downregulated the expression of the oncoprotein c-Myc.

Similarly, PBI-05204 upregulated the expression of p21Waf1/Cip1

and p27Cip1/Kip1. We have previously shown that overexpression

of p21Waf1/Cip1 (Ciccarelli et al., 2005) or downregulation of c-Myc

itself (Gravina et al., 2016) can induce growth arrest in FN-RMS.

Considering that PBI-05204 induces the dephosphorylation/

inhibition of ERKs, known to be aberrantly activated in FN-

RMS (Sorensen et al., 2002; Davicioni et al., 2009; Rudzinski et al.,

2015, 2017; Skapek et al., 2019), upregulates p21Waf1/Cip1

(Ciccarelli et al., 2005) and downregulates c-Myc (Marampon

et al., 2006) expression, the molecular modulations induced by

PBI-05204 in FN-RMS may occur through disruption of the

MEKs/ERKs signaling and consequent c-Myc-downregulation-

mediated p21Waf1/Cip1 expression (Gartel et al., 2001) and

p27Cip1/Kip1 phosphorylation/activation (García-Gutiérrez et al.,

2019). Notably, according to the proposed roles of p21Waf1/Cip1

and p27Cip1/Kip1 as key master regulators of cellular senescence

(Flores et al., 2014), a potentially reversible type of cell cycle

arrest (Flores et al., 2014; Kumari and Jat, 2021), it was

demonstrated that PBI-05204 increased the expression levels

of SA-β-Gal, a marker of cell senescence (Dimri et al., 1995),

in FN-RMS but not in FP-RMS. It has been recently shown that

senescence is not always definitive and that arrested cancer cells

can use senescence as an adaptive pathway to restart proliferation

(Guillon et al., 2019). Thus, we speculate that the lower sensitivity

of FN-RMS to PBI-05204 could be related to an ability of this

RMS subtype to activate a program of senescence-mediated

cellular protection in which an inability to be activated in FP-

RMS makes the latter more sensitive to the drug.

The potential therapeutic efficiency of PBI-05204 is also

suggested by its ability to counteract the growth of the cancer

stem cell (CSC) subpopulation, as suggested by the assays based
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on the formation of CSCs-like enriched tumorspheres and the

reduction in the expression of the stem cell marker CD133. The

subpopulation of CSCs has been shown to drive tumor initiation,

resistance to therapies and be responsible for local relapses and

distant metastases (Phi et al., 2018; Arnold et al., 2020). Notably,

according to the role of CSCs in promoting cancer metastases

and the ability of PBI-05204 to counteract RMS stemness, the

treatment reduced the ability of FN- and FP-RMS to migrate and

invade. It has been recently shown that MEKs/ERKs signaling in

FN-RMS and PI3K/AKTs signaling in FP-RMS sustain CSCs and

a pro-metastatic phenotype (Ciccarelli et al., 2016; Manzella

et al., 2020; Ramadan et al., 2020; Skrzypek et al., 2020).

Thus, inhibition of these pathways by PBI-05204 could be

explained at least in part by its ability to counteract stemness

and the migratory behavior/metastatic potential of RMS cancer

cells.

Since monotherapy frequently fails to adequately control tumor

proliferation and RT has been shown to play a critical role in

treating RMSs patients, the ability of PBI-05204 to increase the

therapeutic efficacy of RT was investigated. PBI-05204

radiosensitized both FN- and FP-RMS, as indicated by the

impaired clonogenic survival of PBI-05204-pre-treated non-CSCs

and CSCs RMS cells. Since CSCs have been shown to contribute

significantly to radiation resistance, and PBI-05204 has recently

been shown to radiosensitize CSCs of GBM (Colapietro et al., 2022),

it is suggested that this botanical drug is a strong candidate for use as

a radiosensitizer in the treatment of RD. Themolecularmechanisms

involved in radioresistance are not fully understood (Arnold et al.,

2020), even though DNA repair remains the mechanism primarily

responsible for resistance of cancer cells to radiation (Schulz et al.,

2019). A tumor cell’s ability to effectively repair DNA damage can

enable it to: 1) resume proliferation, abandoning the redistribution

of the cell cycle induced by radiation; 2) effectively repopulate the

portion of cancer cells killed by radiation; 3) counteract the

radiosensitizing phenomenon of reoxygenation; and, 4) acquire a

more aggressive phenotype capable of increasing intratumoral

heterogeneity, reducing the immunostimulating potential of RT

(Boustani et al., 2019). Homologous recombination (HR), mediated

by ATM signaling, and NHEJ, mediated by DNA-PKcs signaling,

are the two major pathways for repair of DSBs, (Toulany, 2019).

PBI-05204 efficiently, stably, and persistently counteracted the

phosphorylation/activation of ATM on both FN- and FP-RMS.

ATM contributes to radioresistance of several cancer cell types

(Tribius et al., 2001; ZHOU et al., 2013; Bernardino-Sgherri et al.,

2021; Cao et al., 2021; Zhang et al., 2022), resulting in an important

pathway for DSB repair (Helleday, 2010), as also confirmed by

García et al., 2022. Recently, a Phase I clinical trial investigating the

radiosensitizing efficiency of M3541, a selective inhibitor of ATM,

has closed unsuccessfully (Waqar et al., 2022), while another,

assessing the safety and tolerability of the ATM inhibitor

AZD1390 in combination to RT in patients with brain cancer is

ongoing (NCT03423628). It has been largely shown that cancer cells

can activate alternative survival pathways as a major mechanism of

drug resistance and this also involves resistance to DNA repair

inhibitors (Baxter et al., 2022). In this context, having available a

drug capable of inhibiting the main pathways responsible for

rhabdomyosarcomagenesis and DNA repair is certainly an

advantage. That PBI-05204 can counteract in a stable and

persistent way the state of phosphorylation/activation of DNA-

PKcs, and thereby abolish repair of DSBs in the most aggressive and

radioresistant subtype of RMS, the FP-RMS, represents a further

point in favor of the use of PBI-05204 as a radiosensitizing agent.

Further research is required to understand why inhibition of DNA-

PKcs is transient in FN-RMS and whether this can be interpreted as

a potential attempt to activate a resistance mechanism. However,

PBI-05204 efficiently counteracted the ability of RMS to escape from

RT-induced G2/M growth arrest on both FN- and FP-RMS,

predisposing cancer cells to a higher sensitivity to subsequent

fractions of irradiation (Toulany, 2019).

Finally, PBI-05204 radiosensitized FN- and FP-RMS in in

vivo xenograft models of RMS as indicated by the ability of RT to

counteract tumor growth and progression more efficiently in

PBI-05204 pre-treated mice. The dose of PBI-05204 (20 mg/kg)

(Colapietro et al., 2022) herein used in in vivo experiments is

effectively higher than used in the phase I clinical trial (Hong

et al., 2014). This is explained by the fact that mice lack

expression of the Na, K-ATPase alpha3 subunit, which is

important for efficient uptake of oleandrin, the major

bioactive component of PBI-05204 (Yang et al., 2009), which

leads to a relatively low absorption. However, no differences were

noticed between the blood concentration of oleandrin in treated

mice (Pan et al., 2015) and patients treated with the highest dose

of PBI-05204 (Hong et al., 2014). Additional research requires

that lower doses of PBI-05204 will need to be evaluated.

RT remains a pivotal treatment in the management of RMS

even though a significant number of patients experience local and/

or distant recurrences. The use of hypofractionated schedules has

not improved the therapeutic efficiency of RT. Therefore, there is

an urgent need to identify new radiosensitizing strategies. The data

reported herein suggests that PBI-05204 could be an important

new radiosensitizer with strong activity toward FP-RMS, the most

aggressive type of RMS.
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SUPPLEMENTAL FIGURE S1
Multipotent mesenchymal stromal cells (MSCs) are slightly sensitive to
PBI-05204. Dose of PBI-05204 able to reduce by 50% the cell survival of
MSCs cells. (B) Effect of PBI-05204 IC50 on cell number of dead MSCs
cells. Surviving cells were counted using Trypan blue dye exclusion test.
Results represent the mean values of three independent experiments ±
SD. Statistical significance: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, Live Cells,
Untreated vs. PBI-05204.
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Apigenin directly interacts with
and inhibits topoisomerase 1 to
upregulate CD26/DPP4 on
colorectal carcinoma cells
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Jonathan Blay1,2*
1School of Pharmacy, University of Waterloo, Waterloo, ON, Canada, 2Department of Pathology,
Dalhousie University, Halifax, NS, Canada

Introduction: CD26/dipeptidyl peptidase IV (DPP4) is a cell-surface

glycoprotein present on most epithelial cells that modulates the local

response to external signals. We have previously shown that the dietary

flavone apigenin (4′,5,7-trihydroxyflavone) upregulates cell-surface CD26/

DPP4 on human colorectal carcinoma (CRC) cells and regulates its activities.

We observed a unique synergistic interaction with the CRC chemotherapeutic

agent irinotecan, which through its metabolite SN38 elevates CD26 at doses

that are sub-cytotoxic. As SN38 interacts with topoisomerase 1 (Topo1) we

evaluated whether apigenin influences Topo1 activity.

Methods:We used a radioimmunoassay to selectively measure CD26 at the cell

surface of HT-29 cells following various treatments. Topoisomerase 1 mRNA

expression wasmeasured by q-RT-PCR and protein abundance by western blot

analysis. Direct inhibition of topoisomerase activity was measured using an

assay of DNA supercoil relaxation with recombinant human Topo1. The role of

Topo1 in the effect of apigenin was shown both pharmacologically and by

siRNA silencing of Topo1. Molecular docking analysis was done with SBD

computational software using the CDOCKER algorithm.

Results: The interplay between apigenin and irinotecan was not observed when

apigenin was combined with other chemotherapeutic drugs including the

topoisomerase 2 inhibitors doxorubicin or etoposide. There was no

enhancement of irinotecan action if apigenin was replaced with its

hydroxylated metabolite luteolin (3′,4′,5,7-tetrahydroxyflavone) or emodin

(6-methyl-1,3,8-trihydroxyanthraquinone), which is an inhibitor of the

principal kinase target of apigenin, casein kinase 2 (CK2). Apigenin did not

alter Topo1 mRNA expression, but siRNA knockdown of functional Topo1

eliminated the effect of apigenin and itself increased CD26 levels. Apigenin

inhibited Topo1 activity in intact HT-29 cells and showed comparable inhibition

of purified recombinant human Topo1 enzyme activity to that of SN-38, the

active metabolite of irinotecan. Apigenin fits into the complex of Topo1 with

DNA to directly inhibit Topo1 enzyme activity.

Discussion: We conclude that apigenin has a unique fit into the Topo1-DNA

functional complex that leads to direct inhibition of Topo1 activity, and suggest
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that this is the basis for the exceptional interactionwith theCRCdrug irinotecan.

A combined action of these two agents may therefore exert a role to limit local

signals that facilitate tumour progression.

KEYWORDS

apigenin, DPP4 (CD26), CK2 (casein kinase II), topoisomerase 1 (Top1), irinotecan
(CPT-11)

Introduction

Apigenin (4′,5,7-trihydroxyflavone; 5,7-dihydroxy-2-(4-

hydroxyphenyl)-4H-1-benzopyran-4-one) is one of many

bioactive compounds found in the diet, being present at

significant levels in many fruits, vegetables, herbs, and spices and

particularly abundant in parsley and chamomile (Birt et al., 2001;

Yang et al., 2001; Lefort and Blay 2013). As a flavonoid, it has the

potential to impact multiple cellular signalling pathways and

consequent cell behaviour, giving it the capacity to alter the

relationship of cells with their surroundings and potentially affect

cell disposition in both normal and pathological situations. We have

reviewed these actions and how they might impact on cancer,

particularly in neoplasias situated in, or associated with, the

gastrointestinal tract (Lefort and Blay 2013). Most importantly,

we have recently shown that the use of oral supplements of

apigenin in a semi-purified form should be able to reach

circulating blood levels capable of causing the cellular changes

that are predicted to be beneficial against cancers, including

those of the gastrointestinal tract (DeRango-Adem and Blay

2021). This may be achieved using dosing quantities comparable

with those currently accepted for other natural product supplements

(DeRango-Adem and Blay 2021).

Amongst its actions, we have shown that apigenin is able to

upregulate CD26 at the surface of human colorectal carcinoma (CRC)

cells, including those of the HT-29, HRT-18 and Caco-2 cultured cell

lines (Lefort and Blay 2011; Lefort et al., 2020). CD26 is a 110-kDa

membrane glycoprotein that is normally found at the apical surface of

mature intestinal epithelial cells including those of the colon (Darmoul

et al., 1991; Lefort and Blay 2013). It shows changes in expression and

distribution in cancer (Balis 1985; Kotackova et al., 2009). CD26 is a

multifunctional protein and in its mature, dimeric form it is

enzymatically active at the cell surface and has an intrinsic

hydrolase activity (dipeptidyl peptidase IV, DPP4) that cleaves

N-terminal dipeptides from certain extracellular signalling peptides

(De Meester et al., 1999; Havre et al., 2008). Amongst its substrates

that are key cell mediators are the cell-directing peptides known as

chemokines, and the highest affinity ofDPP4 is for CXCL12 (stromal-

derived factor-1, SDF-1), which is the ligand for the receptor CXCR4,

a regulator of cell migration that is itself regulated by constituents of

the tumour microenvironment (Richard et al., 2006; Richard et al.,

2007; Richard and Blay 2008). CD26 also (i) functions as the major

cellular binding protein for adenosine deaminase (ADA), a soluble

ecto-enzyme that inactivates the immunosuppressive metabolite

adenosine (Dong et al., 1997), and (ii) directly interacts with the

extracellular matrix (ECM) proteins collagen and fibronectin (Loster

et al., 1995; Cheng et al., 2003). CD26 is therefore a nexus of regulation

governing the cell’s relationship with its extracellular milieu, and it is

regulated by apigenin.

We have recently shown (Lefort et al., 2020) that apigenin’s

ability to upregulate CD26 is dependent upon its ability to inhibit

the activity of casein kinase 2 (CK2). CK2 is a ubiquitous cellular

Ser/Thr-protein kinase that has downstream effects on cell

proliferation, cell viability, modulation of DNA damage,

contractility, and cellular invasion through the extracellular

matrix (Pinna and Meggio 1997; Morales and Carpenter 2004;

Kim et al., 2018; Suhas et al., 2018). Apigenin is well known for its

ability to inhibit CK2 and has been used experimentally as a

CK2 inhibitor (Ahmad et al., 2006; Kroonen et al., 2012; Jung

et al., 2014; Kim et al., 2018; Suhas et al., 2018). However, it is

uncertain that apigenin exerts its effect on cellular behaviours

including regulation of interactions with the extracellular matrix,

cellular contractility and the function of molecules including

CD26 (Lefort and Blay 2011; Kim et al., 2018; Suhas et al., 2018)

solely through CK2. Apigenin and related flavonoids differ from

synthetic CK2 inhibitors both in terms of the stereochemistry of

their interaction with CK2 and their observed effect in

experimental cellular systems (Sarno et al., 2002; Suhas et al.,

2018). Furthermore, However, the protracted time course of the

change in CD26 levels [maximum reached after 24 h–48 h,

(Lefort and Blay 2011)] suggests that there are additional or

subsequent events necessary in order to have changes in CD26.

In our earlier work (Lefort and Blay 2011) we noted that apigenin

has a distinct property in how it interacts with the anti-cancer drug

irinotecan at the cellular level. Multiple chemotherapeutic agents also

have the property, independent of their cytotoxic action, of

upregulating CD26 (Cutler et al., 2015). However while the effects

of combining apigenin with, for example, 5-fluorouracil or oxaliplatin

are simply additive, the combination with irinotecan shows a marked

synergism, with irinotecan enhancing the potency for apigenin to

increase CD26 by 30-fold (Lefort and Blay 2011). The primary mode

of action of irinotecan, through its active metabolite SN-38, is to

poison the nuclear enzyme DNA topoisomerase 1 (Topo1) (Liu et al.,

2000). We therefore hypothesized that apigenin might somehow also

be acting on Topo1, which would lead to an interaction with

SN38 and explain the synergism with irinotecan in elevating CD26.

In this work we show that apigenin can directly interact with

and inhibit the activity of topoisomerase, that the interaction is

selective for Topo1, and that the resultant inhibition is a part of

the ability of apigenin to upregulate CD26/DPP4.
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Materials and methods

Culture of human colorectal carcinoma
cells

HT-29 human colorectal carcinoma (CRC) cells were

obtained from the American Type Culture Collection (ATCC,

Manassas, VA, United States) and were maintained at 37°C in a

humidified atmosphere of 90% air/10% CO2. The stocks used

have been confirmed for genotype, and cultures were negative for

mycoplasma contamination when tested using a PCR-based

approach. All responses have been confirmed in cells within

4 passages of receipt from ATCC.

Cells were cultured in 80-cm2
flasks (Corning, Nepean, ON,

Canada), containing Dulbecco’s modified Eagle medium

(DMEM), supplemented with 10% (v/v) heat-inactivated

newborn calf serum (NCS; Life technologies, Burlington, ON,

Canada) and passaged with brief exposure to TrypLE™ Express

(Life technologies, Burlington, ON, Canada). For experimental

purposes, cells were seeded at density of 90,000 cells/ml unless

otherwise indicated. Once cultures reached 60%–70% of

confluent density, they were treated with compounds of

interest or with control vehicle, as specified in figure legends.

Chemotherapeutic treatmentswere irinotecan (Sandoz,Montreal,

QC, Canada), etoposide (Novopharm, Toronto, ON, Canada)

and doxorubicin (Mayne Pharma, Montreal, QC, Canada).

Bovine serum albumin (BSA), dimethyl sulfoxide (DMSO),

apigenin, luteolin (3′,4′,5,7-tetrahydroxyflavone), 6-methyl-1,3,8-

trihydroxyanthraquinone (emodin), and the irinotecan active

metabolite SN-38 (7-Ethyl-10-hydroxycamptothecin) were obtained

from Sigma-Aldrich (St. Louis, MO. United States). Flavonoids were

dissolved in DMSO tomake stock solutions and subsequently further

diluted in medium to give a final DMSO concentration in whole cell

assays of less than 0.02% (v/v), a concentration that does not affect

CD26 levels (Tan et al., 2004).

Radioimmunoassay for cell-surface CD26

Following a 48 h treatment, cell-surface CD26 was quantified

using a radioimmunoassay as previously described (Tan et al., 2004).

All washes and incubations were performed at 4°C.Wells from a 48-

(or 24-) well plate were washed once with 500 µl (750 µl for 24-well

plate) of ice-cold phosphate-buffered saline (PBS; 137 mM NaCl,

24.8 mM Tris-HCl, 5mM KCl, 0.7 mM Na2HPO4, 0.5 mM MgSO4

and 1 mMCaCl2; pH 7.2) containing 0.2% (w/v) BSA and incubated

for 1 hwith 125 µl (200 µl for a 24-well plate) PBS containing 1% (w/

v) BSA and 1 μg/ml mouse anti-human CD26 (clone M-A261)

monoclonal antibody (mAb) ormouse IgG isotype-matched control

mAb (clone W3/25). Following the incubation period, cells were

washed twice with 500 µl (750 µl for a 24-well plate) PBS containing

0.2% (w/v) BSA and were incubated for 1 h with 125 µl (200 µl for a

24-well plate) PBS containing 1% (w/v) BSA and 1 μCi/ml

125I-labeled goat anti-mouse IgG mAb obtained from

(PerkinElmer Life Sciences, NEN, Boston, MA, United States).

Cells received two final washes with 500 µl (750 µl for a 24-well

plate) PBS containing 0.2% (w/v) BSA. Finally, 500 µl of 0.5 MNaOH

was added to each well in order to solubilize the cells, and

radioactivity was assessed using a gamma counter (Model

1,480 Wizard™ 3, Wallac Co., Turku, Finland). Radioactive

counts were corrected for both non-specific binding relative to

an isotype control and the number of viable cells as assessed by

a Coulter® Model ZM151183 particle counter (Beckman Coulter,

Mississauga, ON, Canada).

Topoisomerase 1 mRNA expression using
q-RT-PCR

Total RNA was extracted from HT-29 cells grown in 6-well

plates (VWR International, Mississauga, ON, Canada) using the

TRIzol® reagent (Life technologies, Burlington, ON, Canada), as

indicated by themanufacturer. RNA concentrations were quantified

by spectrophotometric analysis at 280 nm/260 nm wavelengths.

RNA (1 μg) was reverse-transcribed using an M-MLV reverse

transcriptase enzyme, 5 mM deoxyribonucleotide triphosphate,

0.5 µM oligo (dT), dithiothreitol, 5x First Strand buffer, all

obtained from Life technologies (Burlington, ON, Canada) and

DEPC-H2O (GE Healthcare Life Sciences, Baie D’Ufré, QC,

Canada) in a total volume of 20 µl. Custom primers (Life

technologies, Burlington, ON, Canada) were designed to amplify

specific regions in the transcript and the sequences usedwere: Topo1

forward primer 5′- TCCGGAACCAGTATCGAGAAGA-3′ and

reverse primer 5′- CCTCCTTTTCATTGCCTGCTC-3′. For each
of the samples, mRNA levels were normalized to cyclophilin A,

sequence forward: 5′-TTCATCTGCACTGCCAAGAC-3′, reverse:
5′-TCGAGTTGTCCACAGTCAGC-3′. Amplification reactions

included an initial cycle of denaturation for 10 min at 95°C,

followed by 40 cycles of denaturation at 95°C for 20 s, annealing

at 60°C for 18 s, and extension at 70°C for 30 s, with brilliant SYBR

Green detection, and a final melting curve cycle of 95°C for 1 min,

65°C for 30 s, and 95°C for 30 s in a Stratagene Mx3000P

thermocycler (Cedar Creek, TX, United States). Relative Topo1

expression as indicated by the fluorescence was analyzed using

the comparative Ct method.

Western blot analysis for topoisomerase 1

HT-29 cells were seeded into 6-well plates and were grown to

60%–70% confluency, after which they were exposed to apigenin

over a time period of 0 h–60 h. Cells were washed twice with ice-cold

PBS and dissolved in lysis buffer (50 mM Tris-HCl, pH 7.4, 1%

Nonidet P-40, 0.25% sodium deoxycholate, 150 mM NaCl)

supplemented with 1 mM EDTA, 1 mM NaF, 1 mM

phenylmethyl sulfonyl fluoride and 1X protease inhibitor cocktail
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set 1 (EMD Canada Inc. Mississauga, ON, Canada). Samples were

incubated on a plate rotator for 20 min at 4°C and cell lysates then

clarified by centrifugation (12,000 x g for 20 min). Cellular protein

was quantified using Bio-Rad Protein Assay Dye Reagent (Bio-Rad

Laboratories Inc. Mississauga, ON, Canada).

HT-29 cells were seeded into 6-well plates and were grown to

60%–70% confluency, after which they were exposed to apigenin

over a time period of 0 h–60 h. Cells were washed twice with ice-

cold PBS and dissolved in lysis buffer (50 mM Tris-HCl, pH 7.4,

1% Nonidet P-40, 0.25% sodium deoxycholate, 150 mM NaCl)

supplemented with 1 mM EDTA, 1 mM NaF, 1 mM

phenylmethyl sulfonyl fluoride and 1X protease inhibitor

cocktail set 1 (EMD Canada Inc. Mississauga, ON, Canada).

Samples were incubated on a plate rotator for 20 min at 4°C and

cell lysates then clarified by centrifugation (12,000 x g for

20 min). Cellular protein was quantified using Bio-Rad

Protein Assay Dye Reagent (Bio-Rad Laboratories Inc.

Mississauga, ON, Canada). Samples were denatured in

Laemmli buffer at 95°C for 5 min and 15 µg of protein per

lane was separated by SDS-PAGE using 4% stacking and 10%

resolving gels as previously described [27]. Gels were then

electroblotted onto a nitrocellulose membrane, blocked with

3% BSA (CD26) and probed overnight at 4°C with IgM

mouse anti-human DNA Topo1 (clone C-21) (BD

Pharmingen, San Diego, CA, United States). Membranes were

washed 5 times with Tris-buffered saline with 0.1% Tween 20 and

then incubated with horseradish peroxidase (HRP)-conjugated

polyclonal IgM goat anti-mouse secondary Ab (BD Pharmingen,

San Diego, CA. United States), for 1 h at room temperature.

Protein expression was detected using an enhanced

chemiluminescence detection system (Thermo scientific,

Ottawa, ON, Canada). To confirm equal protein loading in

each sample, the membrane was re-probed with a IgG rabbit

anti-human α–tubulin (11H10) primary Ab (Cell Signaling

Technology®, Pickering, ON, Canada), followed by an IgG

HRP-conjugated goat anti-rabbit secondary mAb (BD

Pharmingen, San Diego, CA, United States).

Assay of inhibition of recombinant
topoisomerase 1

Recombinant human DNA topoisomerase 1 (rhTopo1; Prospec-

TanyTechnogene Ltd., East Brunswick, NJ, United States) was diluted

to 10 μg/ml in 10mM Tris-HCl, pH 7.9, 150mM NaCl, 1 mM

EDTA, 5% glycerol, 0.1 mM spermidine and 0.1% BSA, and used

at 10 ng per reaction. The rhTopo1was pre-incubatedwith flavonoids

for 15min at room temperature, followed by incubation for 25 min at

37°C with 250 ng supercoiled pHOT1 plasmid substrate from a

commercial topoisomerase 1 assay kit (Topogen Inc., Buena Vista,

CO, United States). Bands were visualized after electrophoresis for 2 h

at 70V on 1% (w/v) agarose with 0.01% (w/v) SDS and staining with

GelRed (Biotium, Fremont, CA, United States) for 30 min.

Assay of topoisomerase 1 inhibition in cells

HT-29 cells at ~60% of confluent density were treated with

apigenin or SN38 for 48 h. Cells were then rinsed with PBS,

released by trypsinisation, and pelleted by centrifugation (200 x g,

10 min, 4°C). The pellet (~107 cells) was washed 3 times with cold

PBS and resuspended in 180 μl ice-cold low-salt buffer (20 mM

Tris-HCl, pH7.5, containing 5 mM KCl, 1 mM dithiothreitol,

10% (v/v) glycerol) and 1x HALT® (Pierce Biotechnology,

Rockford, IL, United States) protease inhibitors for a total of

10 min at 4°C and then physically disrupted by trituration 5x

through a 27G needle. After further incubation for 30 min at 4°C,

the homogenate was centrifuged (15,000 x g, 3 min, 4°C) and the

nuclear pellet resuspended in 180 μl ice-cold high-salt buffer

(low-salt buffer supplemented with 355 mM KCl) for total of

80 min at 4°C. The sample was then recentrifuged (15,000 x g,

10 min, 4°C) and the supernatant containing extracted nuclear

proteins assayed for topoisomerase activity. Topoisomerase

1 activity was assessed as described (Webb and Ebeler 2003;

Nitiss et al., 2012) using 5 μg protein, 200 ng supercoiled pEGFP

DNA plasmid (Clontech Laboratories Inc., Mountain View, CA,

United States) and incubation for 10 min at 37°C.

Silencing of topoisomerase 1 using siRNA
transfection

Small interfering RNA (siRNA) transfection of HT-29 cells

was carried out according to the manufacture’s instructions,

using 3.0 μl/well siPORT™ Amine Transfection Agent

(AM4503) in 24-well plates. Silencer ® Select negative control

#1 siRNA was used as a negative control. Cells were seeded in

10% NCS DMEM at a density of 240,000 cells/ml and were

transfected with an optimized concentration of 7.5 nM, using

validated silencer® Select siRNA specific for Topo1. 24 h

following seeding, cells received a medium change in order to

reduce cellular cytotoxicity. 48 h following siRNA transfection

(when the knock-down became established as evaluated through

western blot), cells were treated with 60 µM apigenin or its

equivalent DMSO control. To examine the effect of apigenin

on Topo1 knocked-down cells, cell-surface CD26 levels were

assessed through a radioimmunoassay 48 h following treatment;

this corresponded to 96 h after transfection.

Molecular docking studies

Molecular docking studies were carried out using the

computational software Discovery Studio Structure Base

Design (SBD) suite from BIOVIA v17.1.0.16143 (Dassault

Systemes, France). Flavonoids apigenin, luteolin, kaempferol

and genistein were built in 3D and subjected to energy

minimization by 500 steps each of steepest descent and
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conjugate gradient minimization respectively (RMS gradient

0.1 kcal/mol), using the CHARMm force field, distance-

dependent dielectric constant and SHAKE algorithm using the

small molecules tool in SBD. The x-ray coordinates of human

Topo1-DNA complex were obtained from PDB (pdb id: 1K4T),

water molecules were removed and the protein configuration was

prepared using the macromolecules tool in SBD. The bound

ligand topotecan was then used to create a 10 Å sphere to

define the active site and the ligand (both cyclic lactone and

open carboxylate) was deleted. In the next step, docking studies

of flavonoids were carried out using the CDOCKER algorithm

which is based on a simulated-annealing protocol using the

CHARMm force field, 2,000 heating steps, 700 K target

temperature and 5,000 cooling steps with a target temperature

of 300 K to obtain 10 docked ligand poses with the Topo1-DNA

complex. The binding poses were ranked using CDOCKER

energy in kcal/mol, by determining the polar and non-polar

interactions and bond distance parameters.

Statistical analysis

Unless otherwise noted, figures are representative of

independent experiments conducted on at least three separate

occasions. Statistical analyses were performed using Prism

8.0 software (GraphPad, San Diego, CA, United States).

Comparisons of data were performed using two-way ANOVA

with Bonferroni’s comparison test to compare the replicate

means unless otherwise indicated. For all analyses a

p-value <0.05 was considered as the minimum for statistical

significance.

Results

Other inhibitors of CK2 do not reproduce
the ability of apigenin to interact with
irinotecan

In our original work showing that apigenin can upregulate

the protein CD26 on human colon carcinoma cells we noted that

apigenin had a unique interaction with the anticancer drug

irinotecan (Lefort and Blay 2011). We have since documented

how multiple chemotherapeutic agents have the additional

property, independent of their cytotoxic action, of

upregulating CD26 (Cutler et al., 2015). However while the

effects of combining apigenin with, for example, 5-fluorouracil

or oxaliplatin are no more than additive, the interaction with

irinotecan is highly synergistic.

Irinotecan enhances the potency for apigenin to increase

CD26 by 30-fold (Lefort and Blay 2011). Conversely, apigenin

itself enhances the potency of the irinotecan effect; it leads to a

4.2-fold enhancement of irinotecan potency, with 30 µM

apigenin causing a reduction in the irinotecan EC50 from

4.7 μg/ml to 1.1 μg/ml (Lefort and Blay 2011).

We have recently shown (Lefort et al., 2020) that the ability of

apigenin to elevate CD26 involves and requires inhibition of the

activity of the kinase CK2. Furthermore, multiple synthetic

CK2 inhibitors (Emodin, 6-methyl-1,3,8-trihydroxyanthraquinone;

TBB, 4,5,6,7-tetrabromobenzotriazole; and DRB, 5,6-

dichlorobenzimidazole 1-β-D-ribofuranoside) also upregulate CD26

(Lefort et al., 2020). We first examine whether CK2 inhibition is also

necessary and sufficient for the ability to interact synergistically with

irinotecan.

Consistent with our earlier work (Lefort et al., 2020) the

CK2 inhibitor emodin was itself able to elevate cell-surface CD26

(Figure 1A). Furthermore, the apigenin metabolite luteolin

(3′,4′,5,7-tetrahydroxyflavone), which is also an inhibitor of CK2

(Li et al., 2009; Lolli et al., 2012) was itself able to upregulate CD26 in

a dose-dependent fashion (Figures 1B, C). As well, treating the cells

with irinotecan produced a dose-dependent elevation of CD26

(Figures 1A, C) comparable to that we had observed before

(Lefort and Blay 2011). However, neither emodin nor luteolin

showed an ability to interact productively with irinotecan, nor

the ability to increase the potency of irinotecan to act on CD26

(Figures 1A, C). Indeed, with the single exception of emodin at the

highest dose of irinotecan, the effect of irinotecan was to mask the

positive effect of the CK2 inhibitors.

Therefore, we conclude that although CK2 kinase inhibition

is a key step in allowing flavonoids to elevate CD26, it is not

sufficient to generate a synergism with irinotecan. Furthermore,

this aspect of apigenin action has structural specificity in that it is

not shared with its metabolite luteolin, which differs from

apigenin only in the addition of a further hydroxyl group in

the 3′ ring position. Apigenin also is more efficaceous in elevating

CD26 and its associated activities than its isoflavone equivalent

genistein or kaempferol, an analogue with an additional hydroxyl

in the 3 position (Lefort and Blay 2011).

The apigenin interaction with irinotecan is
not seen with topoisomerase 2 inhibitors

We next asked if this interaction would be present if apigenin

were combined with type 2 topoisomerase-targeted anticancer

drugs. As anticipated, given the breadth of chemotherapeutic

triggers to this response, Topo2-active agents were able to elevate

the level of CD26 on viable CRC cells (Figure 2). The response to

the standard Topo2 drug etoposide was quantitatively similar to

that for irinotecan (Figures 2A, B), and CD26 upregulation was

also seen with another such agent, doxorubicin (Figure 2D).

However, neither etoposide nor doxorubicin gave a further

elevation of CD26 when combined with apigenin, unlike

irinotecan (Figures 2C, D). Indeed, the response to apigenin

was reduced to below statistical significance in the presence of

both Topo2 inibitors. This is in agreement with our prior findings
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(Lefort and Blay 2011) that the synergistic potential of apigenin

in elevating CD26 is restricted to the agent irinotecan, of the

broad variety of anticancer drugs from different classes of

activity, which now includes 5-FU, oxaliplatin, and irinotecan

(Lefort and Blay 2011), cisplatin, vinblastine, methotrexate

(Cutler et al., 2015) and etoposide and doxorubicin (this study).

The ability of apigenin to upregulate
CD26 involves Topo1 but is not due to
altered Topo1 expression

Topo1mRNA expression showed some variation over a 60-h

time course (Figure 3A), likely reflecting cell cycle-dependent

changes as we have noted for chemokine receptor CXCR4

(Richard et al., 2006). Apigenin treatment led to a modified

time profile but no aggregate change in Topo1 expression over

the entire experimental period. The abundance of cellular

Topo1 protein similarly showed no change relative to

α–tubulin (Figure 3B). Apigenin does not therefore

substantially alter the amount of Topo1 mRNA or protein.

To further probe for the importance of Topo1 in apigenin

action, we knocked down expression using an siRNA approach

with a combination of 3 validated siRNA constructs, and then

subsequently tested the cells to see whether apigenin would still

enhance CD26 levels. We were able to substantially (> 75%)

knock down Topo1 protein at 48 h (Figure 3C) while retaining

good cellular viability, which is also taken into account in our

CD26 radioimmunoassay. The reduction in Topo1 was largely

preserved at 96 h, which represents the total period covered for

apigenin treatment and CD26 immunoassay (Figure 3C).

As shown in Figure 3D, the sham-transfected cells

retained a robust apigenin response for the elevation of

CD26 (mean increase, 114%). The baseline CD26 at the cell

surface, and the ability to be upregulated by apigenin, were

unaltered using a scrambled siRNA negative control.

However, with Topo1 knockdown (i) the control-treated

cells showed a significant increase in CD26, and (ii) the

apigenin-treated cells showed no increase in CD26 above

sham and scrambled controls that had received apigenin,

and had lost their response to apigenin relative to the

appropriate knock-down control (Figure 3D). This provides

FIGURE 1
Neither CK2 inhibition, nor use of the apigenin metabolite luteolin, reproduce the interaction with apigenin seen with irinotecan. (A) The
CK2 inhibitor emodin does not enhance the upregulation of CD26 by irinotecan. HT-29 cells were treatedwith irinotecan in the absence or presence
of emodin (20 µM) as indicated, and cell-surface CD26 was assessed 48 h afterward. Data are means ± SEM (n = 4); *p < 0.05, **p < 0.01,
enhancement by emodin; n.s., not significant; #p < 0.05 and###p < 0.001 enhancement by irinotecan. (B) Luteolin enhances cell-surface CD26 in
a dose-dependent manner. Means ± SEM (n = 4); *p < 0.05, **p < 0.01 and ***p < 0.001. (C) Luteolin does not enhance the upregulation of CD26 by
irinotecan. Means ± SEM (n = 4); **p < 0.01, enhancement by luteolin (30 µM); n.s., not significant; ##p < 0.01 and ###p < 0.001
enhancement by irinotecan.
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direct evidence for the involvement of Topo1 activity in the

CD26 upregulatory response, and suggests that apigenin’s

effect may depend on functional Topo1.

Apigenin directly suppresses
topoisomerase 1 activity

The evidence that apigenin might act through Topo1, and the

unique interaction with the Topo1 poison irinotecan, suggest

that apigenin might affect topoisomerase 1 activity. We assessed

this directly in both whole cells and an in vitro enzyme system.

We first tested whether apigenin treatment led to inhibition

of the topoisomerase 1 activity isolated from pretreated whole

cells. As illustrated in Figure 4A recoverable Topo1 leads to

progressive uncoiling of supercoiled plasmid DNA (‘Sup’) to

produce a series of products culminating in the fully relaxed and

slowest-migrating (topmost) band. Treating the cells for 48 h

with apigenin over its active concentration range 0 µM–100 µM

led to progressive inhibition of the topoisomerase activity in

those cells with greater preservation of supercoiled structure on

the final assay. Maximal effect in this system was at 60 μM

apigenin, consistent with its effect in elevating cellular CD26.

The efficacy of apigenin was equivalent to that of a maximally

effective dose (30 nM) of the irinotecan active metabolite SN38,

which is a cell-permeable direct inhibitor of Topo1 (Cutler et al.,

2015) (Figure 4A). The inhibitory effect of apigenin was

observable at culture confluencies between 30% and post-

confluent, and for cultures with apigenin treatment times of

6 h–48 h (data not shown).

When apigenin was added directly into an assay of

topoisomerase 1 activity using purified rhTopo1, it

substantially inhibited the uncoiling of supercoiled DNA

(Figure 4B). Inhibition was substantial (greater than 30%)

with 10 µM apigenin (Figure 4C), which is below the EC50 of

32.8 µM ± 1.1 µM seen in whole cells (Lefort and Blay 2011).

Inhibition of activity exceeded 80% with apigenin present at

100 μM, the highest exposure to which whole cells may be

exposed without substantial acute toxicity (Lefort and Blay

2011), and was essentially complete (3 independent

experiments) with apigenin present at 1 mM. The solvent

vehicle, DMSO, slightly interfered with Topo1 activity

(Figure 4C), but this did not exceed 10% inhibition at the

highest concentration (1.7%v/v) used in these assays.

Luteolin, over the concentration range 0 µM–100 µM, within

which it is able to elevate CD26 levels in whole cell assays

(Figure 1B) did not directly inhibit Topo1 in these assays

(Figure 4C). It had a minor (< 15%) effect at the highest

concentration used (1 mM), which exceeds that attainable

with whole cells.

FIGURE 2
Topoisomerase 2 inhibitors elevate CD26 but do not reproduce the interaction with apigenin. (A,B) Topoisomerase 1 and 2 inhibitors both
enhance cell-surface CD26. HT-29 cells treated for 48 h. Means ± SE (n = 4), one-way ANOVA followed by Dunnett’s test; *p < 0.05 and **p < 0.01,
enhancement in CD26 by topoisomerase inhibitors. (C) Apigenin does not enhance the action or potency of etoposide. Means + SE (n= 4); *p < 0.05,
enhancement by apigenin (30 µM); ###p < 0.001 up-regulation by etoposide. (D) Apigenin interacts solely with the Topo1 inhibitor irinotecan.
Means + SE (n = 4); *p < 0.05, ***p < 0.01 enhancement by apigenin (30 µM); ###p < 0.001 up-regulation by topoisomerase inhibitors.
Concentrations are: Irinotecan, 2 μg/ml; doxorubicin, 1 μg/ml; etoposide, 10 μg/m.
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Apigenin therefore: (i) inhibits Topo1 activity in whole cells over

the same concentration range at which it elevates CD26, (ii)

inhibition is present over the time course in which it produces

progressive elevation of CD26 (Lefort and Blay 2011), (iii) it inhibits

Topo1 activity directly in an in vitro assay with recombinant

enzyme, (iv) luteolin the predominant metabolite of apigenin,

which is also able to elevate CD26 but does not exhibit synergy

with irinotecan (SN-38) in this response, is unable to inhibit the

activity of Topo1. We therefore propose that the ability of apigenin

to interact synergistically with irinotecan in causing elevation of cell-

surface CD26 is due to direct interaction with Topo1 enzyme.

Apigenin has a direct fit into the Topo1-
DNA complex

We propose that Topo1 is one of the components of the

pathway(s) that cause cells to express increased amounts of

CD26 on their cell surface, and that apigenin has a particular

fit to Topo1 that enables its unique interaction with irinotecan.

We used computational modeling of binding interactions to

assess the feasibility of this proposal.

The binding interactions of apigenin, luteolin, kaempferol

and genistein with human DNA-topoisomerase 1 (Topo1)

complex were investigated by molecular docking studies. The

x-ray crystal structure of human Topo1-DNA in complex with its

known inhibitor topotecan [pdb id: 1K4T; (Staker et al., 2002)]

was used as the basis for these studies.

Computational analysis of molecular interaction with the

Topo1-DNA complex showed that each of these flavones in

planar conformation is able to intercalate at the site of DNA

cleavage (Figures 5, 6).

For apigenin (4′,5,7-trihydroxyflavone, Figure 5A) after

intercalation the flavone structure undergoes several

hydrophobic π-π stacking interactions with the DNA base

pairs adenine, guanine, thymine and cytosine (distance

range = 4.0 Å–5.2 Å). Furthermore, bound apigenin is in

contact with the Topo1 enzyme via polar interactions, with

the C7 OH undergoing a hydrogen bond with the Glu356 side

chain (distance <2.9 Å), the benzopyran-4-one ketone forming a

hydrogen bonding interaction with the Arg364 side chain

(distance <1.8 Å) and the C2 phenolic group undergoing

hydrogen bonding interaction with the side chain of Asn722

(distance <2.6 Å), as shown in Figure 5A.

FIGURE 3
Apigenin’s ability to upregulate CD26 requires Topo1 but does not come from changes in Topo1 expression. (A) Apigenin does not alter Topo1
mRNA expression. HT-29 cells were treated with apigenin (30 µM) or vehicle control for the times indicated and Topo1mRNA levels were quantified
by q-RT-PCR. Values are means ± SEM (n = 3). (B) Apigenin does not alter Topo1 protein expression. HT-29 cells were treated with apigenin (60 µM)
for the times indicated and Topo1 protein levels were quantified by western blotting relative to a-tubulin as loading control. (C) siRNA knock-
down of Topo1. Topo1 protein levels were measured after 48 h or 96 h by western blot. (D) Knock-down of Topo1 enhances cell-surface CD26 and
abrogates the apigenin upregulation of CD26. CD26 levels were evaluated 48 h following apigenin (60 µM) treatment. Values are means ± SEM (n =
4), from 3 independent experiments. #, p < 0.05, enhancement by knock-down; *, p < 0.05 and **, p < 0.01, enhancement by apigenin. n.s., not
significant.
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Luteolin (3′,4′,5,7-tetrahydroxyflavone, Figure 5B) is the 3′-
hydroxylated metabolite of apigenin. Modeling luteolin in the

Topo1-DNA complex showed that it is also able to intercalate

between DNA base pairs. Compared to apigenin, it exhibits a

completely different binding mode where the planar

benzopyran-4-one ring is primarily interacting with guanine

and thymine base pairs on either sides instead of adenine and

cytosine (distance <5.5 Å). These π-π stacking interactions lead

to a more stable complex (CDOCKER energy = ‒42.02 kcal/mol)

compared to apigenin (CDOCKER energy = ‒37.35 kcal/mol). In

addition, luteolin was also in contact with amino acids of

Topo1 via hydrogen bonding interactions (Glu356, Arg364,

and Asn722; distance <2.8 Å) as shown in Figure 5B.

Kaempferol (3,4′,5,7-tetrahydroxyflavone), which differs

from apigenin in the addition of a hydroxyl at the 3 position,

exhibited a similar binding mode to luteolin in the Topo1-DNA

complex (Figure 5C). It was able to intercalate between DNA base

pairs by several π-π stacking interactions and also formed

hydrogen bonding interactions with Topo1 amino acid

residues Arg364 and Asn722. The ternary complex energy

(CDOCKER energy = ‒38.11 kcal/mol) showed that it was

able to exhibit slightly superior binding compared to apigenin.

The flavonoid genistein (4′,5,7-trihydroxyisoflavone), which is

apigenin’s isoflavone analogue, shows a similar binding mode to

apigenin (Figure 5D) in which the benzopyran-4-one is flanked by

guanine, adenine and cytosine via π-π stacking interactions. Genistein
also undergoes additional polar interactions with Topo1 amino acids

Glu356, Arg364, and Thr718 (distance <3.0 Å). Genistein exhibited a

less stable ternary complex than the other flavones (CDOCKER

energy = ‒30.69 kcal/mol).

The fit of apigenin into the topotecan-stabilized Topo1-DNA

complex, and key interaction distances, are summarized in

Figure 6. The molecular modeling studies show that all of

these flavones potentially act as DNA base pair mimics, and

that their planar conformation enables them to intercalate at the

site of DNA cleavage. In this way they are similar to other natural

products with planar structures that are able to intercalate into

the DNA helix and have been found to inhibit the activities of

FIGURE 4
Apigenin suppresses topoisomerase 1 activity. (A) Apigenin suppresses topoisomerase 1 activity in whole cells. HT-29 cells were treated with
apigenin for 48 h at the concentrations indicated. The original supercoiled DNA is shown (‘Sup’) as well as the effect of treating cells with 30 nM SN38
(positive control for Topo1 inhibition). The lowest band is the supercoiled DNA that is successively uncoiled (ladder) by cellular Topo1 activity to yield
the final uncoiled structure (topmost band). Maximal uncoiling is present with untreated cells (“0 µM apigenin”) and this is inhibited by increasing
concentrations of apigenin or exposure to SN38 (more intense lowest band). Representative of three independent experiments. (B) Representative
result showing the gel separation of supercoiled plasmid (“Sup”), the effect of incubation with rhTopo1 alone and the result of co-incubation with
apigenin at concentrations shown. As for panel A the lowest band is input supercoiled DNA that shows uncoiling to higher bands in the presence of
Topo1, in this case rhTopo1. Increasing concentrations of apigenin added directly to the reactionmixture inhibit Topo1 activity, such that at 1,000 µM
apigenin the uncoiling activity of the enzyme is essentially blocked. (C) rhTopo1 activity wasmeasured in the presence of apigenin (•) or luteolin (◆) at
the concentrations shown. Representative of three independent experiments.
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both types 1 and 2 topoisomerases. It may be that apigenin’s

action is like that of topotecan (Staker et al., 2002) and that it can

bind and stabilize the Topo1-DNA complex to prevent DNA

religation (Drwal et al., 2011; Jadaun et al., 2017). However, the

affinity of binding under these conditions may be less important

to the effect on Topo1 activity than the nature of the specific

interactions with particular base pair combinations and/or

Topo1 amino acid residue side chains. Our data show that

luteolin, which has the greatest overall binding potency, does

not reproducibly inhibit Topo1 activity to a substantial degree.

Discussion

The ability to elevate cell-surface CD26 is a feature of many

chemotherapeutic agents, including 5-fluorouracil, cisplatin,

vinblastine, methotrexate, oxaliplatin and irinotecan (Lefort

and Blay 2011; Cutler et al., 2015), etoposide and doxorubicin

(this paper). It is also seen to different degrees extent with

flavones such as apigenin, genistein, kaempferol (Lefort and

Blay 2011) and luteolin (this paper). Transduction of the

enabling signal involves a network of protein kinases,

including CK2 (Lefort et al., 2020) and MAPK (Lefort and

Blay, unpublished data) kinases. We have though noted a

pharmacologic interaction only between apigenin and

irinotecan, a chemotherapeutic drug that acts as a

topoisomerase 1 inhibitor. Taken together, our findings here

provide evidence for a unique involvement of the irinotecan

(SN38) target Topo1 in CD26 upregulation by apigenin.

We have previously observed that multiple chemotherapeutic

drugs have the ability to upregulate CD26 over a prolonged period

(beginning 24 h–72 h after initial exposure), at doses below those

causing cytotoxicity (Lefort and Blay 2011; Cutler et al., 2015). Our

data here confirm that irinotecan, etoposide and doxorubicin have

this action in HT-29 cells, producing elevations in cell-surface

CD26 within the range 71%–212%. This phenomenon is seen in

cells fromdifferent cancers including prostate, breast, lung and colon

and is consistently demonstrable in different cell lines from a given

cancer (Lefort and Blay 2011; Cutler et al., 2015). The increased

abundance of CD26 is found at the cell surface and accompanied by

elevations in dipeptidyl peptidase IV (DPP4) and adenosine

deaminase (ADA)-binding activities, which are the functionalities

of the CD26 protein (Lefort and Blay 2011; Cutler et al., 2015). As

these functions serve to dampen external pathways that facilitate

tumour progression, we have proposed that is an additional

beneficial action of anticancer drugs due to the activation of

antimetastatic pathways secondary to their cytotoxic action

(Cutler et al., 2015).

Separately, we have shown that apigenin increases cell-

surface CD26 on CRC cancer cells (Lefort and Blay 2011).

FIGURE 5
Binding modes of flavonoids within the human Top 1-DNA
complex. The binding modes within the human Topo1-DNA
complex (pdb id: 1K4T) are shown for, (A) apigenin, (B) luteolin, (C)
kaempferol, and (D) genistein. Polar and non-polar
interactions are colored coded and details are provided in text.

FIGURE 6
Molecular modeling of apigenin fit within in human Top 1-
DNA complex. The figure shows the result of computational
modeling for apigenin bound within the Topo1-DNA complex and
key interaction distances.
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This is common to relatively differentiated CRC cell lines (HT-29,

HRT-18 and Caco-2) but not seen in less-differentiated cells such as

those of the HCT-116, SW480 and SW620 lines, which express very

low intrinsic levels of CD26 (Lefort et al., 2020). The apigenin

enhancement of CD26 in CRC cells is independent of detectable

cytotoxicity, but is accompanied by subsequent decreases in cell

growth and profileration as measured by assays of DNA synthesis,

energy metabolism and cell population number (Lefort and Blay

2011). We have also shown that elevation of CD26 by apigenin is

preceded by inhibition of the activity of the kinase CK2 (Lefort et al.,

2020). The cellular distribution of CK2 in a cancer cell differs from

that of a normal cell. In the former, CK2 is mainly localized in a

diffuse pattern in the nucleus and the cytoplasm whereas in a cancer

cell, CK2 levels are higher in the nuclear compartment (Faust et al.,

1999; Laramas et al., 2007). This raises the possibility that apigenin’s

actions on CK2 might directly interplay with its ability to target

Topo1 as reported here.

Topo1 plays a role in the pathway to elevate CD26. In addition to

the ability of the Topo1 inhibitors irinotecan and SN38 to upregulate

CD26, we show here that direct knockdown of Topo1 with a specific

siRNA leads to a substantial (mean, 96.5%) increase in CD26.

Moreover, there is a unique interaction with apigenin. Our

molecular modeling shows that all 4 related flavones tested,

apigenin, luteolin, kaempferol, and genistein, have the capacity to

bind within the Topo1-DNA complex, but that the binding of

apigenin is unique in terms of its angle relative to the base-pair

structure, potentially giving apigenin the ability to interfere with

topoisomerase function. Direct measurements of topoisomerase

activities, both in whole cells and with purified recombinant

Topo1, showed that apigenin has the ability to directly inhibit

Topo1 activity, and that this occurs within the concentration range

that is non-toxic and able to elevate CD26 on whole cells.

Although luteolin, the primary hydroxylated metabolite of

apigenin, is itself able to elevate CD26, it does not inhibit

topoisomerase activity (Figure 4C) and does not yield a

synergistic effect with irinotecan (Figure 1C). These two

actions are unique to apigenin. We propose that the unique

ability of apigenin to sensitize cells to irinotecan (4.2-fold

reduction in the EC50, (Lefort and Blay 2011)) and conversely

that of irinotecan to increase sensitivity to apigenin (29.8-fold

reduction in EC50, (Lefort and Blay 2011)) follow from direct

cooperation of apigenin and the active metabolite of irinotecan

SN-38 in modulating the activity of Topo1.

We conclude that apigenin has a unique fit into the Topo1-

DNA functional complex that leads to direct inhibition of

Topo1 activity, and suggest that this is the basis for the

unique interaction with the CRC drug irinotecan. The

combined action of these two agents in elevating cell-surface

CD26, which may play a role in limiting local signals that

facilitate tumour progression, may allow an approach to

enhance the beneficial action of irinotecan in CRC,

independently of its direct cytotoxic action. This is consistent

with findings that irinotecan analogues may have beneficial

clinical actions in cancer patients that are independent of

their ability to inhibit Topo1 (Li et al., 2017).
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Aim: The purpose of this study was to establish a mode of action for diosgenin

against breast cancer employing a range of system biology tools and to

corroborate its results with experimental facts.

Methodology: The diosgenin-regulated domains implicated in breast cancer

were enriched in the Kyoto Encyclopedia of Genes and Genomes database to

establish diosgenin-protein(s)-pathway(s) associations. Later, molecular

docking and the lead complexes were considered for molecular dynamics

simulations, MMPBSA, principal component, and dynamics cross-correlation

matrix analysis using GROMACS v2021. Furthermore, survival analysis was

carried out for the diosgenin-regulated proteins that were anticipated to be

involved in breast cancer. For gene expression analyses, the top three targets

with the highest binding affinity for diosgenin and tumor expression were

examined. Furthermore, the effect of diosgenin on cell proliferation,

cytotoxicity, and the partial Warburg effect was tested to validate the

computational findings using functional outputs of the lead targets.

Results: The protein-protein interaction had 57 edges, an average node degree

of 5.43, and a p-value of 3.83e-14. Furthermore, enrichment analysis showed

36 KEGG pathways, 12 cellular components, 27 molecular functions, and

307 biological processes. In network analysis, three hub proteins were

notably modulated: IGF1R, MDM2, and SRC, diosgenin with the highest

binding affinity with IGF1R (binding energy −8.6 kcal/mol). Furthermore,

during the 150 ns molecular dynamics (MD) projection run, diosgenin

exhibited robust intermolecular interactions and had the least free binding

energy with IGF1R (−35.143 kcal/mol) compared to MDM2 (−34.619 kcal/mol),

and SRC (-17.944 kcal/mol). Diosgenin exhibited the highest cytotoxicity

against MCF7 cell lines (IC50 12.05 ± 1.33) µg/ml. Furthermore, in H2O2-

induced oxidative stress, the inhibitory constant (IC50 7.68 ± 0.51) µg/ml of

diosgenin was lowest in MCF7 cell lines. However, the reversal of the Warburg

effect by diosgenin seemed to bemaximum in non-cancer Vero cell lines (EC50
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15.27 ± 0.95) µg/ml compared to the rest. Furthermore, diosgenin inhibited cell

proliferation in SKBR3 cell lines more though.

Conclusion: The current study demonstrated that diosgenin impacts a series of

signaling pathways, involved in the advancement of breast cancer, including

FoxO, PI3K-Akt, p53, Ras, and MAPK signaling. Additionally, diosgenin

established a persistent diosgenin-protein complex and had a significant

binding affinity towards IGF1R, MDM2, and SRC. It is possible that this

slowed down cell growth, countered the Warburg phenomenon, and

showed the cytotoxicity towards breast cancer cells.

KEYWORDS

breast cancer, computational pharmacology, diosgenin, gene ontology analysis,
system biology

Introduction

Breast cancer spreads through the inner layer of the milk

gland or lobules and ducts (Sariego, 2010), and it is one of the

second leading causes of mortality for women between the

ages of 45 and 55 (Jemal et al., 2009). It includes age, iodine

deficiency (Venturi, 2001; Aceves et al., 2005; Stoddard et al.,

2008), high hormone levels (Russo and Russo, 2006; Yager

and Davidson, 2006), and age-related (Steiner et al., 2008)

risk factors. This incident potentially results in the breast

being surgically removed entirely or in requiring chemo-,

radio-, or hormone-therapy (HeraviKarimovi et al., 2006).

However, these practises are preoccupied with multiple side

effects that are not specific to the breast tumor. Furthermore,

the currently used chemotherapeutic drugs in medical care

result in anemia, exhaustion, mouth soreness, vomiting, and

diarrhea. This suggests the requirement to discover a novel

therapeutic agent against breast cancer.

Diosgenin is a phyto steroid sapogenin obtained from the

hydrolysis by strong bases, acids, or enzymes of saponin. It is

commercially used as a precursor to synthesis various

hormones and steroid products like pregnenolone, and

cortisone including progesterone (Marker and Krueger,

1940) for the early manufacture of combined oral

contraceptive pills (Djerassi, 1992). Additionally, diosgenin

has the potential to inhibit activated pro-inflammatory and

pro-survival signaling pathways and promote the death of a

variety of cancer cells (Shishodia and Aggarwal, 2006).

Additionally, diosgenin inhibits the growth of oestrogen

receptor-positive MCF-7 cells by activating caspase three

and upregulating the p53 tumor suppressor gene. Further,

BCL2 is downregulated in estrogen receptor-negative MDA-

MB-231 breast cancer cells (Srinivasan et al., 2009). Although

the potential of diosgenin to treat breast cancer has been

demonstrated its interaction with proteins involved in the

progenesis of breast cancer has yet to be investigated.

As a result, the current study focuses on locating the

potential interactions of the diosgenin-regulated proteins

and attributable pathways implicated in breast cancer using

a range of system biology techniques i.e., gene ontology (GO)

analysis, molecular docking, and molecular dynamics (MD)

simulations, and reinforcing its findings using diverse

functional biomarkers using in vitro experiments in four

distinct cell lines.

Materials and methods

Computational pharmacology

The detected diosgenin-regulated proteins were enriched to

determine the altered pathways. Later, diosgenin was docked

with proteins, and the proteins with the maximum diosgenin

binding affinity were chosen for MD simulation. Furthermore,

the diosgenin-regulated proteins involved in breast cancer were

examined for survival and gene expression in normal and tumor

cell lines, including the three hub proteins determined by

molecular docking.

ADMET profile of diosgenin and its targets
Canonical SMILES of diosgenin (Figure 1) were retrieved

from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/)

andADMEprofile was predicted by SwissADME (Daina et al., 2017;

http://www.swissadme.ch/) and ADMETlab 2.0 (Xiong et al., 2021;

https://admetmesh.scbdd.com) and adverse effects from

ADVERPred (Ivanov et al., 2018; http://www.way2drug.

com/adverpred/).

Diosgenin-modulated targets were predicted using

SwissTargetPrediction (Daina et al., 2019; http://www.

swisstargetprediction.ch/), DIGEP-Pred (Lagunin et al.,

2013; http://www.way2drug.com/ge/), and BindingDB (Liu

et al., 2007; https://www.bindingdb.org/bind/index.jsp) and

any duplicates were eliminated. In addition, the semantic type

(neoplastic process) oestrogen receptor-positive breast cancer

targets (UMLS CUI: C2938924), were retrieved from

DisGeNET (https://www.disgenet.org/). Later, the
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diosgenin-modulated targets were compared with DisGeNET-

recorded targets to trace the reported targets involved in

oestrogen receptor-positive breast cancer using PivotTable

(Microsoft excel 2007; https://www.microsoft.com/en-in/

microsoft-365/excel).

GO and cluster analysis
The diosgenin-modulated targets involved in oestrogen

receptor-positive breast cancer were queried in STRING

(Szklarczyk et al., 2021; https://string-db.org/) ver 11.5 for

“Homo sapiens” to trace three GO terms i.e., cellular

components, molecular function, and biological processes.

In addition, probable regulations of multiple pathways were

also traced concerning the KEGG database (https://www.

genome.jp/kegg/pathway.html) with whole genome

statistical background. Also, the regulated proteins were

concerned with subcellular location (COMPARTMENT),

protein domains and features (InterPro), protein domain

(Pfam), and tissue expression (TISSUES). Later, the

protein-protein interaction (PPI) was also assessed for the

cluster analysis via k means clustering to identify three lead

distinct clusters.

Network construction and analysis

The network between diosgenin, its targets (involved in

oestrogen receptor-positive breast cancer), and the regulated

pathways were constructed using Cytoscape ver 3.5.1

(Shannon et al., 2003; https://cytoscape.org/). The constructed

network was recognized as directed and inspected by translating

node size and color to low values corresponding to small sizes

and low values corresponding to bright colors toward edge count.

In addition, the edge size and color were mapped to edge

betweenness, with low values corresponding to small sizes and

low values equating to bright colors.

Molecular docking
The regulation of insulin-like growth factor 1 receptor

(IGF1R), E3 ubiquitin-protein ligase Mdm2 (MDM2), and

proto-oncogene tyrosine-protein kinase Src (SRC) were

majorly triggered in the network interaction among

diosgenin-target(s)-pathway(s). As a result, these three

proteins were considered for molecular docking studies.

Ligand preparation: The ligand’s 3D conformation,

diosgenin, was obtained from the PubChem database (https://

pubchem.ncbi.nlm.nih.gov) and converted to .pdb using

Discovery Studio Visualizer (https://discover.3ds.com/discover-

studio-visualizer-download) ver. 2019. The ligand’s energy was

minimized using the mmff94 force field (Halgren 1996) and

saved in .pdbqt format.

Preparation of macromolecule:Diosgenin was docked against

IGF1R (PDB: 3I81),MDM2 (PDB: 3LBL), and SRC (PDB: 1O43);

retrieved from a protein data bank maintained by the Research

Collaboratory for Structural Bioinformatics (RCSB; https://www.

rcsb.org). All proteins were refined and saved in .pdb format after

eliminating all heteroatoms and pre-complex ligands.

Ligand–protein docking: Diosgenin was docked against the

aforementioned targets using AutoDock Vina, which was run

through the POAP pipeline (Trott and Olson 2010; Samdani and

Vetrivel 2018; Patil et al., 2022). Nine different poses of ligand

were obtained after docking. Docking results were analysed based

on the binding affinity, and number of interactions as explained

previously (Dwivedi et al., 2021; Badraoui et al., 2022). Further,

the diosgenin pose with the lowest binding energy was chosen to

visualize the ligand-protein interactions and perform MD

simulation (Samdani and Vetrivel 2018).

MD simulation
To examine the structural stabilities and intermolecular

interactions of diosgenin with IGF1R, MDM2, and SRC, an

all-atom MD simulation in an explicit solvent was performed

for 150 ns.We used the GROMACS software package, ver. 2021.3

FIGURE 1
Structure of Diosgenin (A) 2D and (B) 3D (ball and stick). PubChem CID: 99474, Molecular Formula: C27H42O3, Synonyms: Nitogenin, UNII-
K49P2K8WLX, (3β, 25R)-spirost-5-en-3-ol, Molecular Weight: 414.6.
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(https://www.gromacs.org/) and Amber ff99SB-ildn force field to

run MD simulations (Berendsen et al., 2005; Saeed et al., 2020;

Dwivedi et al., 2022). The topological parameters of the ligands

and the entire complex were calculated using the AmberTool’s

xleap module (https://ambermd.org/AmberTools.php) and the

partial charges of the small molecules were calculated using an

antechamber with a “bcc” charge model. The built systems were

solvated in a rectangular box with 10.0 Å boundary conditions

from the protein’s borders in all directions using the TIP3P water

model. The required amounts of counter ions were introduced to

the prepared systems to neutralize the charges. The steepest

descent and conjugate gradient energy reduction methods were

used to discover the least energy conformations of the near-

global state. To equilibrate the systems for 1 ns, “Canonical

(NVT) and isobaric (NPT) ensembles” were used. A modified

Berendsen thermostat approach was utilized to keep the volume

and temperature consistent during NVT equilibration (300 K).

During NPT equilibration, a Parrinello-Rahman barostat was

used to keep the pressure constant at 1 bar. Furthermore, the

Particle Mesh Ewald approximation with a cut-off value of 1 nm

was used to calculate the long-range electrostatic interactions,

van der Waals, and Coulomb interactions. A similar LINear

Constraint Solver method was used to constrain bond length.

Every complex went through a 150 ns production run with

coordinates recorded every 2 fs. Other software programs, in

addition to the built-in gromacs tools, were utilized to perform

specific analyses on the acquired trajectories as required.

Analysis of free binding energy of complexes
utilizing molecular mechanics
Poisson–Boltzmann surface area (MM-PBSA)

In MD simulations and thermodynamic calculations, the

relative binding energy of a ligand-protein complex was

employed to investigate the binding free energies. The relative

binding free energy and its contribution to individual residues

were calculated using the MM-PBSA method and the “g_

mmpbsa” tool (Kumari et al., 2014; Dwivedi et al., 2022). The

parameters for binding free energy calculations were taken from

our previous study (Khanal et al., 2022). The binding free energy

(ΔG) was calculated using 50 representative snapshots taken

throughout the stable trajectory observed between 100 and

150 ns. The change in entropy (ΔS) was calculated using the

Schlitter formula and finally, accurate binding free energy was

calculated using the formula, ΔG = ΔH–TΔS, where, ΔG = Gibbs

free energy, ΔH = enthalpy change, T = temperature (Kelvin),

and ΔS = entropy change.

Principal component (PCA) and dynamic cross-
correlation matrix (DCCM) analysis

PCA was performed over the stable MD trajectory to examine

various forms of molecular motion (Amadei et al., 1993; Amadei

et al., 1996; Bhandare and Ramaswamy 2018). To accomplish this,

the “least square fit” to the reference structure was used to account

for themolecular translational and rotationalmotion. The collection

of eigenvectors obtained by diagonalizing a covariance matrix was

produced by a linear transform of cartesian coordinate space to

reflect the direction of the molecular motion. The energy

contribution of each eigenvector to the motion was presented by

the eigenvalue associated with the respective eigenvector. The “time-

dependent motions” that the components carry out in an atomic

vibrational mode were demonstrated by projecting the trajectory

onto a particular eigenvector. The atomic vibrational components’

contribution to this form of coordinated motion was shown by the

projection’s time average (Amadei et al., 1993; Van Aalten et al.,

1995; Amadei et al., 1996; Bhandare and Ramaswamy 2018).

DCCM evaluates the magnitude of each pairwise cross-

correlation coefficient to determine whether or not atomic

pair motion is correlated i.e., positive or negative (Khanal

et al., 2021). We examined each DCCM component in this

section, where Cij = 1 denotes the same period and phase

(positive correlation), Cij = 0 indicates a lack of correlation,

and Cij = −1 indicates a negative correlation between the

fluctuations of i and j (Khanal et al., 2021).

Survival analysis of hub genes
To assess the prognostic values of hub genes of diosgenin-

regulated oestrogen receptor-positive breast cancer targets, the

Kaplan–Meier plotter breast cancer database (http://kmplot.

com/analysis/) was used with APP, AR, CDK4, CRHR1,

CYP17A1, CYP19A1, CYP3A4, FASN, FGFR2, GRM1, IGF1R,

LYN, MDM2, MDM4, NR3C1, PDGFRB, PRCP, PTPN1, RET,

SRC, and STAT3 probe ID. Patients were divided into two groups

with “auto-detected best cutoff”; overall survival was analyzed

against n = 2,976 samples with a follow-up of 20 years of data.

Also, the subtype analysis was restricted to lymph node status

(n = 2,887), ER status (n = 2,789), PGR status (n = 2,662), HER2

status (n = 2,875), KI67 status (n = 1,360), Nottingham histologic

grade (n = 2,917), and PAM50 subtype (n = 2,976) and cohort

restriction i.e., endocrine treated (n = 2,955) and chemo treated

(n = 2,956). The difference among the groups was considered to

be statistically significant if p < 0.05.

Gene expression analysis in tumor, normal and
metastatic tissues

Herein, we evaluated the top three genes based on the log-

rank test from survival analysis, and in silico molecular docking

was evaluated for the gene expression in normal, tumor, and

metastatic tissues using RNA sequence data in the platform of

tumor, normal and metastatic samples. These data were analyzed

using Kruskal Wallis and Dunn test.

Experimental pharmacology

Through different in vitro pharmacology profiling, we

investigated the influence of diosgenin on breast cancer cell
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lines. To begin, brine shrimp lethality (BSL) bioassay was used to

assess its cytotoxicity and the effect was compared with

doxorubicin. Later, the effect of diosgenin on breast cancer

cell lines (MCF7, MDA-MB-231, SKBR3, and T47D) was

compared to normal epithelial cell lines (Vero) by

emphasizing on cell viability, proliferation, and Warburg effect.

BSL bioassay
The brine shrimp lethality bioassay was performed as

explained by McLaughlin et al. (1998) with minor

modifications. Here, Artemia salina Leach. eggs from

Seamonk international Artemia cyst 003 were used for the

assay. Briefly, 10–12 brine shrimps were incubated within the

different concentrations of diosgenin and doxorubicin (prepared

in seawater) for 24 h. Controls were used without the test agents.

After 24 h, the survived shrimps were counted and the %

cytotoxicity was calculated as

% cytotoxicity � Total shrimps added − live shrimps

Total shrimps
( ) × 100

The LC50 was calculated using a linear regression curve.

In vitro MTT assay tumor and non-tumor cell
lines

The cytotoxic activity of diosgenin and doxorubicin on

tumor and normal cell lines was performed using an MTT

assay (Mosmann, 1983) with minor modifications. Briefly, cell

lines were plated onto 96-well flat-bottom plates, maintaining the

cell density (20,000 cells/well), and were allowed to proliferate

(24 h). After that, the cells were treated with different

concentrations of diosgenin and doxorubicin maintaining the

final volume of 250 µL after adding DMEM media

(supplemented with 3% FBS) and incubated (37°C, 48 h, 5%

CO2). Next, 20 μL of MTT reagent was added and incubated

(37°C in 5% CO2, 4 h). After incubation, the wells were washed

(PBS, 3X) to discard the MTT. Then, formazan crystals were

dissolved in DMSO (99.5% v/v, 100 μL) by gentle shaking. The

absorbance was then recorded (570 nm) using an ELISA plate

reader. The cell viability was calculated as

% viability � Absorbance of control − Absorbance of sample

Absorbance of control
( ) × 100

In vitro scratch assay
In vitro scratch assay was performed as explained by Bolla

et al (2019) with minor modifications. Briefly, a stock solution

(200 μg/ml) of diosgenin and doxorubicin was prepared and

sterilized by filtering using a sterile membrane filter (0.22 µm).

Later the solution was diluted using geometric series up to

1.56 μg/ml. This series of concentrations were chosen based

on the number of experiments (trial and error). All the cells

were seeded (2 × 105 cells/well) in 12-well tissue culture plates to

obtain the confluence of 80–90% after 24 h of culture. After 24 h

of post-seeding, the cell monolayers were scraped to create

scratches of (300 µm). The detached cells and debris were

washed with phosphate buffer. The media containing the

samples were added to each well. Suitable controls were used

by adding the minimal media and the scratch coverage was

recorded at 0, 12, 24, 48, and 72 h after sample addition. The

percentage scratch coverage was calculated using the following

formula

% scratch coverage � Scratch length at 0 min − t min( )
Scratch length at 0 min

( ) × 100

Effect of diosgenin on Warburg effect
The effect of diosgenin on the Warburg phenomena was

evaluated by evaluating glucose uptake via the above-mentioned

cancer cell lines vs. normal cell lines (Vero). Initially, the cells

were grown in six well plates and incubated (37°C, 48 h) in a CO2

incubator. After the formation of the confluent monolayer, the

culture was renewed (DMEM consisting of 0.2% BSA) and again

incubated (37°C, 18 h) in the CO2 incubator. After incubation,

the media was discarded and washed with KRP buffer. The cells

were then treated with diosgenin and metformin in the presence

of insulin followed by the addition of glucose (1 M) and

incubated (30 min). The remaining amount of glucose was

quantified from the supernatant. The percentage glucose

uptake was calculated as the difference between the initial and

final glucose content in the incubated medium (Gupta et al.,

2009).

Statistical analysis

For the enrichment analysis, the whole-genome statistical

background was used. The inhibitory constant (IC50) and

effective concentration (EC50) were calculated using linear

regression in GraphPad Prism (https://www.graphpad.com/)

ver 5.0.

Results

Computational pharmacology

Diosgenin ADMET profile and its targets
Diosgenin has molecular weight of 414.62 g/mol with 3 H-bond

acceptors and 1 H-bond donor. Diosgenin was predicted to possess

the high human intestinal absorption (>30). In addition, it also

showed the plasma protein binding, fraction unbound in plasma,

and its volume of distribution 97.743%, 1.872%, and 1.695 L/kg,

respectively. It was predicted as no inhibitory action towards

CYP1A2, CYP2C19, CYP2C9, CYP2D6, and CYP3A4 and showed
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high clearance rate of 23.332 ml/min/kg. In addition, it was not

predicted for any side effects based on the ADVERPred server

projection.

Diosgenin was predicted to regulate 105 targets in

SwissTargetPrediction and four in DIGEP-Pred and

BindingDB. The predicted targets in BindingDB were in

common with SwissTargetPrediction. Similarly, a total of

510 different targets were recorded in DisGeNET for the

neoplastic process of oestrogen receptor-positive breast cancer

targets (UMLS CUI: C2938924). In general, the Diosgenin

targeted 21 different proteins involved in breast cancer

compared to recorded targets in DisGeNET (UMLS CUI:

C2938924); Supplementary Figure S1.

Gene set enrichment analysis
The interaction of diosgenin-targeted 21 proteins had a

total of 57 edges, 5.43 average node degree, 0.701 average local

clustering coefficient, 17 edges (expected), and 3.83e-

14 enrichment p-value (Figure 2).

KEGG enrichment analysis
Concerning the KEGG record, the PPI reflected the

regulation of 36 different pathways in which EGFR tyrosine

kinase inhibitor resistance (hsa01521) had the lowest false

discovery rate i.e., 1.06E-05 via the regulation of five genes

i.e., PDGFRB, STAT3, IGF1R, SRC, and FGFR2 against

78 background genes at 1.78 strength. Additionally, eight

different pathways were detected for keyword “cancer” i.e.

pathways in cancer; hsa05200 (regulated eight genes i.e.

CDK4, MDM2, PDGFRB, STAT3, IGF1R, RET, AR, and

FGFR2 against 517 background genes at 1.16 strength and

1.06E-05 false discovery rate), prostate cancer; hsa05215

(regulated five genes i.e. MDM2, PDGFRB, IGF1R, AR, and

FGFR2 against 96 background genes at 1.69 strength and 1.06E-

05 false discovery rate), bladder cancer; hsa05219 (regulated

three genes i.e. CDK4, MDM2, and SRC against 41 background

genes at 1.83 strength and 0.00062 false discovery rate),

microRNAs in cancer; hsa05206 (regulated four genes i.e.

MDM2, PDGFRB, STAT3, and MDM4 against

FIGURE 2
Protein-protein interaction of the diosgenin-triggered protein. Node color; colored nodes: query proteins and first shell of interactors,

white nodes: second shell of interactors, Node content; empty nodes: proteins of unknown 3D structure, filled nodes: some 3D structure
is known or predicted, Known Interactions; from curated databases, experimentally determined, Predicted Interactions;

gene neighborhood, gene fusions, gene co-occurrence and Others; text mining, co-
expression, protein homology.
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160 background genes at 1.37 strength and 0.00099 false

discovery rate), proteoglycans in cancer; hsa05205 (regulated

four genes i.e. MDM2, STAT3, IGF1R, and SRC against

196 background genes at 1.28 strength and 0.0015 false

discovery rate), central carbon metabolism in cancer;

hsa05230 (regulated three genes i.e. PDGFRB, RET, and

FGFR2 against 69 background genes at 1.61 strength and

0.0015 false discovery rate), non-small cell lung cancer;

hsa05223 (regulated two genes i.e. CDK4 and STAT3 against

68 background genes at 1.44 strength and 0.0349 false discovery

rate), and pancreatic cancer; hsa05212 (regulated two genes i.e.

CDK4 and STAT3 against 73 background genes at 1.41 strength

and 0.0387 false discovery rate). Also, a total of 129 genes were

modulated in 36 different pathways in which insulin-like

growth factor-1 receptor (IGF1R) was majorly triggered in

18 different pathways i.e., EGFR tyrosine kinase inhibitor

resistance; hsa01521, pathways in cancer; hsa05200, prostate

cancer; hsa05215, long-term depression; hsa04730, glioma;

hsa05214, melanoma; hsa05218, endocrine resistance;

hsa01522, ovarian steroidogenesis; hsa04913, signaling

pathways regulating pluripotency of stem cells; hsa04550,

adherens junction; hsa04520, proteoglycans in cancer;

hsa05205, endocytosis; hsa04144, focal adhesion; hsa04510,

and Ras; hsa04014, MAPK; hsa04010, FoxO; hsa04068, PI3K-

Akt; hsa04151, and Rap1 signaling pathway; hsa04015

(Supplementary File S1; Supplementary Sheet S1). The

modulated genes in the KEGG pathways were observed to be

common with three GO terms i.e., cellular components,

molecular function, and biological processes (Supplementary

Figure S2); detailed below. Further, the interaction between the

diosgenin-modulated targets and triggered pathways is

presented in Figure 3. The associated protein-pathways

interaction with respective false discovery rate and strengths

is presented in Figure 4.

FIGURE 3
Network interaction of diosgenin-regulated proteins and respective pathways. Pink color presents a low edge count and green color presents a
high edge count. A large node size presents a higher edge count and a smaller edge count presents a lower edge count.
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GO analysis
GO analysis identified 12 GO terms for cellular components

in which receptor complex; GO:0043235 had the lowest false

discovery rate i.e., 0.00025 regulated seven genes i.e., PDGFRB,

IGF1R, APP, RET, GRM1, FGFR2, and LYN against 381 genes at

1.23 strength. Also, a total of 21 genes were triggered in multiple

cellular components in which tyrosine-protein kinase Lyn (LYN)

was majorly triggered in 11 cellular components except for

cytoplasmic vesicles; GO:0031410 (Supplementary File S1;

Supplementary Sheet S1). In addition, the Pearson p-value for

cellular components was 0.795 strength vs. false discovery rate,

0.0003 strength vs. observed gene count, 0.8093 false discovery

rate vs. observed gene count, 2.684e-004 observed gene count vs.

strength, and 0.809 observed gene count vs. false discovery rate.

In addition, the minimum observed Pearson r was −0.084 and the

maximum was 1.000 (Supplementary Figure S3). The proteins

modulated by the diosgenin in the different cellular

compartments are presented in Figure 5.

Likewise, 27 different molecular functions GO terms were

identified via the PPI in which protein tyrosine kinase activity;

GO:0004713 had the lowest false discovery rate i.e., 3.53E-05 to

trigger six genes i.e., PDGFRB, IGF1R, RET, SRC, FGFR2, and LYN

against 137 background genes at 1.61 strength. Herein, a total of

22 genes were triggered in 27 molecular functions in which proto-

oncogene tyrosine-protein kinase Src (SRC) was involved in

18 molecular functions except hormone binding; GO:0042562,

transmembrane receptor protein tyrosine kinase activity; GO:

0004714, transition metal ion binding; GO:0046914, steroid

hydroxylase activity; GO:0008395, oxygen binding; GO:0019825,

nuclear receptor activity; GO:0004879, peptide hormone binding;

GO:0017046, platelet-derived growth factor receptor binding; GO:

0005161, and steroid-binding; GO:0005496 (Supplementary File S1;

Supplementary Sheet S3). Herein, the correlation p values were

0.130 strength vs. false discovery rate, 2.0510e-009 strength vs.

observed gene count, and 0.753 false discovery rate vs. observed

gene count. Within the interaction of strength, false discovery rate,

and observed gene count, −0.877 and 1.000 were minimum and

maximum r values for molecular function (Supplementary

Figure S3).

Similarly, a total of 307 biological processes was traced due to

PPI in which cellular response to oxygen-containing compound;

GO:1901701 had the lowest false discovery rate i.e., 2.72E-09 in

modulating 14 genes i.e., NR3C1, CDK4, MDM2, PDGFRB,

STAT3, IGF1R, APP, RET, PTPN1, SRC, AR, CRHR1, FGFR2,

and LYN against 1,055 background proteins at 1.09 strength. In

addition, a total of 21 genes were triggered for 307 biological

processes via the 21 proteins associated with breast cancer in

which SRCwas involved and linked with 213 biological processes.

In addition, the order of triggered genes in multiple pathways was

as CYP17A1 (17) < CYP3A4 (22) < PRCP (33) < CRHR1 (35) <
FASN (42) < GRM1 (52) < CYP19A1 (59) < NR3C1 (60) <
MDM4 (71) < CDK4 (111) < IGF1R (113) < PTPN1 (114) < RET

(130) < MDM2 (134) < AR (139) < STAT3 (140) < FGFR2

(149) < PDGFRB (160) < LYN (161) < APP (198) < SRC (213).

The detailed biological processes of participation of the above

genes are supplemented in Supplementary File S1;

Supplementary Sheet S4. The Pearson correlation p-value was

found to be 0.034 strength vs. false discovery rate,

FIGURE 4
The associated protein-pathways interaction with respective false discovery rate and strength.
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1.0622e-063 strength vs. observed gene count, and 8.1767e-

017 false discovery rate vs. observed gene count. In addition,

the minimum Pearson r values for biological processes were

-0.779 and 1.000 respectively (Supplementary Figure S3).

Compartments enrichment analysis
The PPI reflected the modulation of proteins in 16 different

compartments in which the intrinsic component of plasma

membrane; GOCC:0031226 had the lowest false discovery rate

i.e., 0.00027 in regulating nine genes i.e., PDGFRB, STAT3,

IGF1R, APP, RET, GRM1, CRHR1, FGFR2, and LYN against

841 background genes at 1 strength. Herein, a total 21 were

triggered in 16 compartments in which LYN was traced in all; the

order of genes regulation in multiple enriched compartments was

MDM4 (5) < NR3C1 (6) = AR (6) < CYP17A1 (7) < CYP19A1

(8) = CYP3A4 (8) = CDK4 (8) = GRM1 (8) =MDM2 (8) < FASN

(9) = PDGFRB (9) = PRCP (9) = PTPN1 (9) = SRC (9) < CRHR1

(12) = FGFR2 (12) < IGF1R (13) < RET (14) = STAT3 (14) <APP

(15) < LYN (16); Supplementary File S1; Supplementary

Sheet S5.

InterPro enrichment analysis
Protein-protein enrichment analysis traced seven InterPro in

which tyrosine-protein kinase, catalytic domain; IPR020635 was

FIGURE 5
Different proteins affected by the diosgenin in the various compartment of the cell. The cellular organelles presented reflect the membrane-
bounded organelle or intracellular organelle.
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traced with minimum false discovery rate i.e., 8.42E-06 to

regulate six genes i.e., PDGFRB, IGF1R, RET, SRC, FGFR2,

and LYN against 79 background genes at 1.85 strength.

Herein, in the enrichment of InterPro analysis, a total of nine

genes were triggered in order asMDM2 (1) =MDM4 (1) < CDK4

(3) < FGFR2 (6) = IGF1R (6) = LYN (6) = PDGFRB (6) = RET

(6) = SRC (6); Supplementary File S1; Supplementary Sheet S6.

Pfam enrichment analysis
Enrichment analysis concerning to Pfam database traced the

regulation of protein kinase domain; PF00069 and protein

tyrosine kinase; PF07714 at the false discovery rate of

0.0068 to regulate seven genes i.e., CDK4, PDGFRB, IGF1R,

RET, SRC, FGFR2, and LYN at 1.13 strength against 486 and

481 background genes respectively; Supplementary File S1;

Supplementary Sheet S7.

Tissues enrichment analysis
Enrichment analysis of PPI for TISSUES traced 13 different

TISSUES terms in which erythroleukemia cell; BTO:0000426 was

traced with the lowest false discovery rate i.e., 0.0088 in

regulating five genes i.e., MDM2, STAT3, PTPN1, SRC, and

LYN at 1.32 strength against 225 background genes. Herein,

there was a regulation of 21 genes i.e. APP, AR, CDK4, CRHR1,

CYP17A1, CYP19A1, CYP3A4, FASN, FGFR2, GRM1, IGF1R,

LYN, MDM2, MDM4, NR3C1, PDGFRB, PRCP, PTPN1, RET,

SRC, and STAT3 in which nuclear receptor subfamily 3, group C,

member 1 (NR3C1) was majorly triggered in 10 different

TISSUES i.e. bone marrow cancer cell (BTO:0000583),

organism form (BTO:0000284), leukemia cell (BTO:0001271),

fibroblast (BTO:0000452), liver (BTO:0000759), whole body

(BTO:0001489), reproductive system (BTO:0000081),

embryonic structure (BTO:0000174), endocrine gland (BTO:

0001488) and connective tissue (BTO:0000421);

Supplementary File S1; Supplementary Sheet S8.

Cluster analysis
K means analysis of PPI against the whole genome of Homo

sapiens traced three sets of clusters which are indicated by red

(cluster 1; included AR, CYP17A1, CYP19A1, CYP3A4, FASN,

NR3C1, and PRCP), green (cluster 2; included APP, CDK4,

CRHR1, FGFR2, GRM1, IGF1R, LYN, PDGFRB, PTPN1, RET,

SRC, and STAT3) and blue (cluster 3; included MDM2 and

MDM4); Supplementary Table S1.

In cluster 1, the interaction of seven nodes corresponded to

11 edges with 3.14 average node degree, 0.8 average local

clustering coefficients, 1 expected edge, and 1.07e-09 PPI

enrichment p-value. Herein, a total of nine molecular

functions were traced in which steroid hydroxylase activity

(GO:0008395) and oxygen binding (GO:0019825) scored the

lowest false discovery rate i.e., 0.0013 via the regulation of

three genes i.e., CYP3A4, CYP17A1, and CYP19A1 against

36 background genes at 2.37 strength. Similarly, Steroid

binding (GO:0005496) showed 0.0082 false discovery rate and

regulated three genes i.e., NR3C1, CYP3A4, and AR against

104 background genes at a strength of 1.91. Similarly,

two KEGG pathways i.e., steroid hormone biosynthesis

(hsa00140) and ovarian steroidogenesis (hsa04913) were

traced. Herein, steroid hormone biosynthesis was identified

with a false discovery rate of 0.00048 to regulate three genes

i.e., CYP3A4, CYP17A1, and CYP19A1 against 59 background

genes at 2.15 strength. In addition, ovarian steroidogenesis

regulated two genes i.e., CYP17A1 and CYP19A1 against

50 genes at 2.05 strength and 0.0327 false discovery rate. Also,

two different biological processes i.e., androgen metabolic

process (GO:0008209) and organic cyclic compound

biosynthetic process (GO:1901362) were identified to regulate

three genes i.e., CYP3A4, CYP17A1, and CYP19A1 against

27 background genes at 2.47 strength and 0.002 false

discovery rate and six genes (NR3C1, FASN, CYP3A4,

CYP17A1, AR, and CYP19A1I) against 1,211 background

genes at 1.14 strength and 0.0033 respectively (Supplementary

File S2; Supplementary Sheet S1).

In cluster 2, 12 protein interactions traced 25 edges with

4.17 average node degree, 0.843 average local clustering

coefficient, seven expected edges, and 3.83e-07 PPI

enrichment p-value. Herein, a total of 25 enriched cellular

components were traced in which receptor complex (GO:

0043235), an integral component of the plasma membrane

(GO:0005887), and cell junction (GO:0030054) were majorly

enriched at a false discovery rate of 2.03E-06, 0.001, and

0.0033 and strength of 1.48, 0.91, and 0.8 respectively. Herein,

the receptor complex was enriched with seven genes

i.e., PDGFRB, IGF1R, APP, RET, GRM1, FGFR2, and LYN, an

integral component of the plasma membrane with eight genes

i.e., PDGFRB, IGF1R, APP, RET, GRM1, CRHR1, FGFR2, and

LYN and cell junction with eight genes i.e., CDK4, PDGFRB,

STAT3, APP, GRM1, SRC, FGFR2, and LYN. Also, a total of

21 enriched molecular functions were traced for cluster 2 in

which protein tyrosine kinase activity; GO:0004713 (regulated six

genes i.e. PDGFRB, IGF1R, RET, SRC, FGFR2, and LYN against

137 background genes at 1.85 strength and 6.36E-07 false

discovery rate), insulin receptor binding; GO:0005158

(regulated four genes i.e. IGF1R, APP, PTPN1, and SRC

against 24 background genes at 2.43 strength and 4.29E-

06 false discovery rate) and ephrin receptor binding; GO:

0046875 (regulated four genes i.e. APP, PTPN1, SRC, and LYN

against 28 background genes at 2.37 strength and 5.02E-06 false

discovery rate). A total of 45 KEGG pathways were traced within

the PPI of cluster 2 in which EGFR tyrosine kinase inhibitor

resistance; hsa01521 (regulated five genes i.e. PDGFRB, STAT3,

IGF1R, SRC, and FGFR2 against 78 background genes at

2.02 strength and 4.26E-07 false discovery rate), long-term

depression; hsa04730 (regulated four genes i.e. IGF1R, GRM1,

CRHR1, and LYN against 59 background genes at 2.04 strength

and 1.07E-05 false discovery rate), and pathways in cancer;
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hsa05200 (regulated six genes i.e. CDK4, PDGFRB, STAT3,

IGF1R, RET, and FGFR2 against 517 background genes at

1.28 strength and 4.31E-05 false discovery rate) were

identified to be top three majorly triggered pathways.

Similarly, a total of 222 biological processes were traced

within the PPI of cluster 2 in which cellular response to

oxygen-containing compound; GO:1901701 (regulated

11 genes i.e. CDK4, PDGFRB, STAT3, IGF1R, APP, RET,

PTPN1, SRC, CRHR1, FGFR2, and LYN against

1,055 background genes at 1.23 strength and 2.37E-09 false

discovery rate), regulation of protein serine/threonine kinase

activity; GO:0071900 (regulated nine genes i.e. CDK4,

PDGFRB, IGF1R, APP, RET, GRM1, PTPN1, SRC, and LYN

against 521 genes at 1.45 strength and 1.31E-08 false

discovery rate), and regulation of protein phosphorylation;

GO:0001932 (regulated 11 genes i.e. CDK4, PDGFRB, STAT3,

IGF1R, APP, RET, GRM1, PTPN1, SRC, FGFR2, and LYN against

1,459 background genes at 1.09 strength and 1.93E-08 false

discovery rate (Supplementary File S2; Supplementary Sheet S2).

In cluster 3 the interaction of the nodes had 1 edge count,

average node degree, and average local clustering coefficient with

0.0398 PPI enrichment p-values. Here, only two KEGG pathways

and eight biological processes were traced. In KEGG pathways,

the p53 signaling pathway; hsa04115, and microRNAs in cancer;

hsa05206 were associated with two genes i.e., MDM2 andMDM4

against 72 and 160 background genes, 2.43 and 2.09 strength and

0.0064 and 0.0155 false discovery rate respectively. Further,

interaction between MDM2 and MDM4 triggered eight

biological processes i.e. atrioventricular valve morphogenesis;

GO:0003181 (24 background genes at 2.91 strength and

0.0274 false discovery rate), endocardial cushion

morphogenesis; GO:0003203 (34 background genes at

2.76 strength and 0.0274 false discovery rate), ventricular

septum development; GO:0003281 (73 background genes at

2.43 strength and 0.0274 false discovery rate), atrial septum

development; GO:0003283 (23 background genes at

2.93 strength and 0.0274 false discovery rate), DNA damage

response, signal transduction by p53 class mediator resulting in

cell cycle arrest; GO:0006977 (59 background genes, 2.52 strength

and 0.0274 false discovery rate), negative regulation of cell cycle

arrest; GO:0071157 (23 background genes, 2.93 strength and

0.0274 false discovery rate), regulation of signal transduction by

p53 class mediator; GO:1901796 (182 background genes,

2.03 strength, and 0.0376 false discovery rate), and cellular

response to hypoxia; GO:0071456 (189 background genes,

2.02 strength and 0.0395 false discovery rate); Supplementary

File S2; Supplementary Sheet S3.

Diosgenin-targets-protein network analysis
The combined interaction between the diosgenin, its targets,

and regulated pathways traced IGF1R, MDM2, SRC, CDK4, and

PDGFRB as the top five lead hub proteins. In addition, pathways

in cancer; hsa05200, EGFR tyrosine kinase inhibitor resistance;

hsa01521 prostate cancer; hsa05215, viral carcinogenesis;

hsa05203, and PI3K-Akt signaling pathway; hsa04151 were

traced as the top five lead hub pathways modulated within

diosgenin-targets-pathways interactions.

In diosgenin-targets-pathways interactions, none of the

nodes were single or undirected. Herein, two pathways’ nodes

i.e., adherens junction and central carbon metabolism in cancer

had a maximum average shortest path length i.e., 2.67. Herein,

33 nodes i.e. diosgenin, PI3K-Akt signaling pathway, EGFR

tyrosine kinase inhibitor resistance, viral carcinogenesis,

prostate cancer, endocrine resistance, proteoglycans in cancer,

glioma, melanoma, human cytomegalovirus infection,

endocytosis, Rap1 signaling pathway, FoxO signaling pathway,

Kaposi sarcoma-associated herpesvirus infection, Epstein-Barr

virus infection, MicroRNAs in cancer, long-term depression,

focal adhesion, bladder cancer, signaling pathways regulating

pluripotency of stem cells, Ras signaling pathway, MAPK

signaling pathway, regulation of actin cytoskeleton, chemokine

signaling pathway, p53 signaling pathway, prolactin signaling

pathway, gap junction, ovarian steroidogenesis, Cushing

syndrome, chronic myeloid leukemia, non-small cell lung

cancer, pancreatic cancer, and epithelial cell signaling in

Helicobacter pylori infection had the maximum closeness

centralities i.e. 1. Further, the CYP3A4 node had the

maximum clustering coefficient i.e., 0.5. Likewise, three

pathways nodes i.e., adherens junction, central carbon

metabolism in cancer, and pathways in cancer had maximum

eccentricity i.e., 3. In addition, node diosgenin had the maximum

stress i.e., 101 followed by 21°, 0.03 betweenness centrality,

21 directed nodes, 0.85 radiality, 22 edge count, and,

19 outdegrees. Further, four nodes i.e. NR3C1, PRCP, APP,

FIGURE 6
Edgebetweenness of network interaction and node
interaction count. The highest edge betweenness was 51
(1 interaction) and the lowest was 1 (125 interactions).
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and FASN had maximum neighborhood connectivity i.e., 22. In

addition, the AR node had the maximum topological coefficient

i.e., 0.79 and IGF1R had maximum indegree i.e., 19

(Supplementary File S3; Supplementary Sheet S1).

In a network a total of nine categories of edge betweenness

were traced i.e., 1 (125 interactions), 5 (3 interactions), 6

(7 interactions), 7 (9 interactions), 19 (2 interactions), 14, 18,

38, and 51 had the 1 interaction (Figure 6). Herein, within the

whole network, 51 edge betweenness was within the RET and

diosgenin interaction, 38 with PTP1B and diosgenin interaction,

19 with adherens junction interaction with PTPN1, and central

carbon metabolism in cancer interaction with RET, 18 with

steroid hormone biosynthesis with diosgenin, and 14 with

pathways in cancer with RET (Supplementary File S3;

Supplementary Sheet S2).

Molecular docking
Among the three studied targets, diosgenin was predicted to

possess a maximum binding affinity with IGF1R (ΔG= −8.6 kcal/

mol, 11 alkyl interactions with Val983, Met1126, Val1033,

Met1112, Met1049, Ala1001, and Ile1130) compared to MDM2

(ΔG = -8.5 kcal/mol, 16 alkyl interactions with Ile61, Val75,

Phe86, Ile99, Leu54, Ile103, Leu57, Val93, Tyr67, and His73

and three van der Walls interactions with Phe91, Gly58, and

His96) and SRC (ΔG = -7.4 kcal/mol, five alkyl interactions with

Phe194, Leu200, and Ala168, four van der Waals interaction and

three carbon-hydrogen bond with Arg172); Figure 7.

Molecular dynamics simulation
Stability of diosgenin–IGF1R complex

The diosgenin-IGF1R complex showed stable dynamics up

to 150 ns after a 20 ns equilibration phase. Initial backbone

and complex RMSD values climbed steadily increased from

1.0 Å to 3.1 Å and ~1.4 Å to ~3.7 Å, respectively from 0 to

20 ns After 20 ns, it was discovered that the backbone and

complex RMSD (~2.5 Å and 3.0 Å, respectively) were

stabilized with lesser fluctuations (Figure 8A). The loop-

forming residues Leu1064 to Pro1077 showed comparatively

greater fluctuations (7.0 Å). On the other hand, residues

Leu975, Val983, Ala1001, Glu1050, Asp1123, and Ile1130

that interacted with diosgenin during docking studies

didn’t exhibit fluctuation because they were involved in

stable non-bonded interactions. Additionally, it was

discovered that residues Gly1122 to Tyr1131 forming the

loop region were involved in ligand binding and showed

the least RMS fluctuation (~2.0 Å) (Figure 8B,

Supplementary Movie S1). There was a formation of a

compact globular shape, which was supported by a gradual

drop in Rg value from 20.5 Å to 19.6 Å and was further found

to be stable at 20.0 Å (Figure 8C). The initial and final surface

FIGURE 7
3D interaction of diosgenin with (A) SRC, (B)MDM2 and (C) IGF1R. The surface around the ligand presents an aromatic surface. The ligand was
presented in ball and stick. Amino acid residues were presented on a stick and the active site of the protein was presented with .
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area occupied by IGF1R and diosgenin docked complex was

163.825 nm2 and 159.1106 nm2. The complex typically

occupied 159.95 nm2 (Figure 8D). The complex formed

3 H-bonds of which two were consistent during the

simulation (Figure 8E). It was discovered that diosgenin

and IGF1R had relative binding energy of −35.143 ±

3.03 kcal/mol. Supplementary Table S2 summarizes the free

energy contribution of diosgenin with IGF1R, MDM2, and

SRC. The per residue contribution energy revealed that

16 residues from the binding pocket i.e. Glu974, Leu975,

Val983, Tyr984, Glu985, Ala1001, Glu1020, Val1033,

Leu1051, Met1052, Asp1056, Met1112, Asp1123, Met1126,

Ile1130, and Tyr1131 significantly contributed to the

formation of a stable complex. These residues also scored

the least per residue decomposition/contribution energy

which ranged from −2.0 kJ/mol to −6.8 kJ/mol whereas the

positive contribution energy of 4.0 kJ/mol was achieved by

residues Lys1003, Lys1058, and Arg1109 (Figure 8F).

Stability of diosgenin–MDM2 complex

Throughout a 150 ns production run, the Diosgenin-

MDM2 complex exhibited stable dynamics. The initial and

final backbone RMSD values were 0.62 and 1.21, respectively,

and an average was 1.40 Å. Similar to this, the initial and final

RMSD of the docked complex MDM2 and diosgenin were

0.92 and 2.13 respectively with an average of ~2.30 Å

(Figure 9A). The loop forming Met17 to Ser22 residues at

the N-terminus had substantially greater fluctuations

(~4.2 Å). Further, residues interacting with diosgenin

during docking studies (Leu57, Tyr67, Phe91, Val93, and

Ile99) did not exhibit variations as they were involved in

stable non-bonded interactions (Figure 9B and

Supplementary Movie S2). By monitoring a stable Rg, a

more compact and stable complex was formed. The

complex’s initial and final Rg values were determined to be

13.2 Å and 1.31 Å. Similarly, the initial and final surface area

occupied by IGF1R and diosgenin docked complex was

63.90 nm2 and 61.57 nm2. The complex had an average

surface area of 62.89 nm2 (Figure 9D). Two H-bonds were

established by the complex of which one was consistent during

MD simulation (Figure 9E). The relative binding energy

between diosgenin and IGF1R was discovered to

be −34.619 ± 2.81 kcal/mol. Further, seven residues (Leu57,

Gly58, Ile61,Met62, Tyr67, Val93, and Ile99) from the binding

pocket scored the lowest per residue decomposition/

contribution energy, ranging from −3.65 kJ/mol to −8.87 kJ/

mol. These residues contributed significantly to forming the

stable complex according to the per residue decomposition/

contribution energy. The residue Glu69 had positive

contribution energy of 2.68 kJ/mol (Figure 9F).

Stability of diosgenin–SRC complex

Another diosgenin–SRC complex also showed stable

dynamics with the RMSD value of < 2Å after the

equilibration period of 50 ns(Figure 10A). In addition, the

RMSD of the complex showed a sharp increase in its values

after 40 ns to 8 Å (Figure 10A). The careful observation of the

entire complex trajectory and representative snapshots

extracted from the region reveal the structural transition of

diosgenin from its primary binding pocket to the neighboring

alternate pocket which formed a stable complex during the

entire simulation period. Thus, for the first time, we report the

existence of an alternate binding site other than the primary

binding site on SRC. From the simulation movie

(Supplementary Movie S3) it was observed that the

complex undergoes major conformational changes in the

FIGURE 8
Parameters representing the structural stability of the Diosgenin-IGF1R complex. (A) Backbone and complex RMSD, (B) RMSF, (C) Rg, (D) SASA,
(E) number of H-bond interactions, and (F) contribution energy plot demonstrates the significance of the ligand binding domain residues in stable
complex formation.
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secondary structure of the protein including the primary

binding pocket, leading to the increased conformational

flexibility of SRC, hence the diosgenin switches its original

position from the primary binding pocket to the reported

alternate binding pocket (formed by the residues Tyr152 to

Leu164). The residual fluctuations observed show fewer

C-alpha fluctuations (<2.2Å), interestingly the residues

from the primary binding pocket as well as new reported

alternate binding pocket show the least RMSF values ~0.5Å

(Figure 10B), mainly due to the stable non-bonded

interactions shown by them. The complex diosgenin–SRC

gains a compact globular shape during the simulation, thus

we propose the stable complex formation was favored after the

equilibration period of MD simulation (Figure 10C). The

solvent-accessible surface area represents an exposure of

the hydrophobic residues to the solvent, here in this

complex SASA exhibited a similar trend as that of Rg

values. SASA value decreased gradually till the equilibration

state and further, it stabilized till the simulation end

(Figure 10D), suggesting the proper folding of the

hydrophobic core including both the binding sites. Two

H-bonds were established by the complex of which one was

consistent during MD simulation (Figure 10E). The relative

binding energy between diosgenin to SRC was discovered to

be −17.994 ± 5.67 kcal/mol. In addition, three residues

i.e., Ile156, Thr157, and Leu164 from the binding pocket

scored the lowest energy contribution per residue. These

residues contributed significantly to forming the stable

complex according to the per residue decomposition/

contribution energy. The residue Ile156 had the least

contribution energy of −8.9 kJ/mol (Figure 10F).

Principal component and dynamic cross-
correlation matrix

PCA is a statistical technique being used to study the

dynamics of bimolecular complexes as it limits the 3 N (N =

number of atoms in the protein) degrees of freedom describing

functionally crucial motions of the protein. It was observed that

in all the complexes maximum dynamics during the simulation

have been captured by the first 10 eigenvectors, of which the first

two contributed significantly to the collective motions exerted by

all the simulated complexes (Figures 14A–C). Hence, we

examined the collective motion sampled by the first two

principal components (PCs), and 2D projections for PC1 and

PC2 were plotted (Figures 11D–F). The complexes of diosgenin

with MDM2 and SRC express the compact clusters in the

conformational spaces those range from -1.5 to 1.5. In the

MD trajectory of complexes Diosgenin-SRC and Diosgenin-

MDM2, PC1 and PC2 (top two modes) showed the uniform

distribution across the configurational space while the remaining

complex of Diosgenin-IGF1R showed a large diversity in the

conformational space and was widely clustered in the range of

-4.5 to 4.5 (Figure 11D). MD trajectory sampled three states of

the protein as seen by the three individual clusters in the

scatterplot of PC1 v/s PC2. Herein, we propose that the

Diosgenin-IGF1R complex has undergone significant

conformational changes in the secondary structure during the

simulation those favored in forming a stable complex. However,

other complexes namely Diosgenin-SRC and Diosgenin-MDM2

were well stabilized and undergone comparatively lesser

conformational changes in the secondary structure hence

exhibited compact cluster in the conformations space. Further,

the convergence of sampling was also analyzed by calculating the

FIGURE 9
Parameters representing the structural stability of the Diosgenin-MDM2 complex. (A) Backbone and complex RMSD, (B) RMSF, (C) Rg, (D) SASA,
(E) number of H-bond interactions, and (F) contribution energy plot demonstrates the significance of the ligand binding domain residues in stable
complex formation.
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cosine content of all the trajectories obtained. The cosine content

was calculated for the trajectories of the first top two principal

components (PC1 and PC2) for complexes Diosgenin-SRC and

Diosgenin-MDM2, and Diosgenin-IGF1R is observed as

0.024225, 0.0175249 and 0.158163 respectively. It has been

reported that the value of cosine content for the first few PCs

FIGURE 10
Parameters representing the structural stability of the Diosgenin-SRC complex. (A) Backbone and complex RMSD, (B) RMSF, (C) Rg, (D) SASA, (E)
number of H-bond interactions, and (F) contribution energy plot demonstrates the significance of the ligand binding domain residues in stable
complex formation.

FIGURE 11
Represents the principal component analysis and dynamic cross-correlation matrix of complexes: The first 120 eigenvectors were plotted v/s
eigenvalues for diosgenin with (A) IGF1R (B) MDM2, and (C) SRC. The collective motions of diosgenin with (D) IGF1R (E) MDM2, and (F) SRC using
projections of MD trajectories on two eigenvectors corresponding to the first two principal components. Dynamic cross-correlation matrix of Cα
atoms observed in diosgenin with (G) IGF1R (H) MDM2, and (I) SRC. The amber-colored positive regions reflect strongly correlated Cα atom
movements (Cij = 1), whereas the blue-colored negative regions show anticorrelated motions (Cij = -1).
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close to 1 indicated bad sampling of the trajectory pointing to all

our simulation trajectories being well converged and properly

sampled in the free energy landscape.

The concerted motion exerted by the three complexes during

the simulation was examined using DCCM (dynamic cross-

correlation matrix). The calculation of the correlation matrix

is utilized to depict the dynamical information of proteins in two

dimensions. To observe the correlation in the dynamics of the

binding site correlation matrix over the stable trajectory of all the

complexes were plotted (Figures 11F,G). The diagonal orange-

red line indicates the self-correlation of the individual residues

with themselves. The orange-red region in the correlation map

signifies the concerted movement of the residues in the same

direction whereas the dark blue region represents anti-correlated

fluctuations. The N- and C-terminal region of the complex

Diosgenin-MDM2 represents strong anticooperative

movement with each other. Comparatively, this complex

exhibited a maximum amplitude of negative correlation across

all the residues. The maximum region in the complex Diosgenin-

IGF1R showed positive correlation mainly at the binding pocket

region (residues Glu974, Leu975, Val983, Tyr984, Glu985,

Ala1001, Glu1020, Val1033, Leu1051, Met1052, Asp1056,

Met1112, Asp1123, Met1126, Ile1130, and Tyr1131). This

signifies the closure movement observed at the binding pocket

region facilitating stable complex formation (Supplementary

Movie S1). Similarly, in the Diosgenin-SRC complex, the

binding pocket residues (Arg158, Glu181, Thr182, Cys188,

Lys203-Lys206) showed moderately positive cooperative

motion compared to other regions in the SRC structures.

Interestingly, the residues from the alternate binding region

show the cooperative motion results in stable non-bonded

contact with the newly reported alternate binding pocket.

In general, the conformational flexibility of all the complexes

i.e., Diosgenin-IGF1R, Diosgenin-MDM2, and Diosgenin-SRC

varies greatly as observed in the DCCM plot and the collective

dynamics nature observed in the PCA and DCCM plot favors the

stable complex formation during the simulation.

Survival analysis of hub genes
To evaluate the prognostic significance of genes, we analyzed the

survival curves of each gene. Among 21 genes, 17 geneswere observed

to had the significant effect over the Kaplan–Meier survival analysis

i.e., APP (log-rank p = 0.0018),AR (log-rank p = 0.0033), CDK4 (log-

rank p= 0.0062),CYP19A1 (log-rank p= 0.036), FGFR2 (log-rank p=

2.9 × 10–5), GRM1 (log-rank p = 0.027), IGF1R (log-rank p = 3.2 ×

10–05), LYN (log-rank p = 0.017), MDM2 (log-rank p = 0.0012),

MDM4 (log-rank p= 0.044),NR3C1 (log-rank p= 0.00038),PDGFRB

(log-rank p = 1.2 × 10–06), PRCP (log-rank p = 0.015), PTPN1 (log-

rank p=0.00041),RET (log-rank p=0.03), SRC (log-rank p=0.0039),

and STAT3 (log-rank p = 1.4 × 10–06). Similarly, four genes

i.e., CRHR1 (log-rank p = 0.09), CYP17A1 (log-rank p = 0.14),

CYP3A4 (log-rank p = 0.056), and FASN (log-rank p = 0.15) were

insignificantly linked with disease prognosis; Table S3.

Gene expression analysis in tumor, normal and
metastatic tissues

Kruskal Wallis test revealed the significant expression (p =

5.96e-04) of the PDGFRB gene in breast invasive carcinoma

compared to normal and metastatic samples. In addition, the

similar observations were also noted for the FGFR2 (p = 3.03e-

08) and STAT3 (p = 9.51e-02) genes. In addition, Dunn test pointed

the difference in PDGFRB expression in the normal vs. tumor (p =

7.74e-05), tumor vs.metastasis (p = 5.66e-02), normal vs.metastasis

(p = 2.61e-01), FGFR2 in normal vs. tumor (p = 2.31e-04), tumor vs.

metastasis (p = 2.98e-02), and normal vs. metastasis (p = 3.41e-01)

and STAT3 normal vs. tumor (p = 1.59e-02), tumor vs. metastasis

(p = 4.26e-01), and normal vs.metastasis (p = 3.57e-01); Figure 12).

Among IGF1R, SRC, andMDM2, all the genes had a significant

difference in gene expression compared to three different tissues

i.e., IGF1R (p = 2.07e-01), SRC (p = 2.71e-18), and MDM2 (p =

1.91e-02) which were evaluated using Kruskal Wallis test. In

addition, there was a significant difference in MDM2 expression

in normal vs. tumor (p = 3.83e-03), tumor vs.metastasis (6.87e-02),

and normal vs. metastasis (2.03e-01) as revealed by the Dunn test.

Likewise, there was a significant difference in SRC expression in

normal vs. tumor (p = 1.72e-19), tumor vs. metastasis (1.92e-03),

and normal vs. metastasis (2.62e-01). Likewise, there was a

significant difference in IGF1R expression in normal vs. tumor

(p = 4.25e-02), tumor vs. metastasis (p = 4.91e-01), and normal vs.

metastasis (p = 3.19e-01); Figure 13.

In vitro pharmacology

BSL bioassay
Exposure to the different concentrations of diosgenin and

doxorubicin showed concentration-dependent brine shrimp

lethality. In addition, the LC50 was found to be 19.15 and

0.71 μg/ml respectively reflecting the doxorubicin to be

27.06 times more potent than diosgenin (Supplementary Figure S4).

In vitro MTT assay
Here, the MTT assay showed the IC50 of the diosgenin to be

significantly higher than that of the doxorubicin in MCF7 (p <
0.001), MDA-MB-231 (p < 0.05), SKBR3 (p < 0.05) and Vero (p <
0.001) compared to the doxorubicin. In vitro MTT assay on

MCF7 cell lines reflected the doxorubicin (IC50 3.21 ± 0.29 μg/

ml) to be 3.7 times more potent than the diosgenin (IC50 12.05 ±

1.33 μg/ml). In addition, over the MDA-MB-231 cell lines, the

IC50 of diosgenin was found to be (45.54 ± 23.41) µg/ml

compared to doxorubicin (6.30 ± 2.67) µg/ml which suggests

the doxorubicin to be 7.2 times more potent than diosgenin. In

addition, the diosgenin and doxorubicin had the IC50 (15.11 ±

5.32) µg/ml and (5.47 ± 1.09) µg/ml respectively over

SKBR3 reflecting the doxorubicin to be 2.76 times more

potent than that of diosgenin. In addition, the IC50 of

diosgenin and doxorubicin was found to be (17.78 ± 7.86)
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and (8.18 ± 8.18) µg/ml respectively over the T47D cell lines to

point doxorubicin to be 2.17 times more potent. Further,

diosgenin and doxorubicin had the IC50 of (38.59 ± 4.03) and

(7.05 ± 0.69) µg/ml respectively in which the doxorubicin was

found to be 7 times more cytotoxic than Vero cell lines;

Supplementary Figure S5; Supplementary Table S4.

In vitro scratch assay
After the 72-h exposure to different cells, it was observed that

diosgenin (200 μg/ml) had the highest effect on SKBR3 cell lines

(18.22 ± 1.237%) to prevent cell migration compared to the rest.

In addition, we observed a significant difference in percentage

scratch closure within MCF vs. SKBR3 (p < 0.01), MDA-MB-

231 vs. SKBR3 (p < 0.05), SKBR3 vs. T47D (p < 0.01) and

SKBR3 vs. Vero (p < 0.001) cell lines (Supplementary Figure S6).

In addition, the concentration and time-dependent effect of the

diosgenin on scratch closure are presented in Supplementary

Figure S7.

Effect of diosgenin and doxorubicin over H2O2-
induced stress in cell lines

Upon the 24 h exposure of the H2O2, it was observed that

diosgenin has an equivalent effect to ascorbic acid over MCF cell

lines with an IC50 (7.68 ± 0.51) µg/ml and (7.13 ± 0.31) µg/ml

respectively. In addition, diosgenin and ascorbic acid showed the

IC50 of (13.58 ± 0.90) µg/ml and (10.60 ± 1.60) µg/ml respectively

over the MDA-MB-231 cell lines. However, diosgenin (IC50

6.68 ± 0.67 μg/ml) had more effect over the SKBR3 compared

to ascorbic acid (9.39 ± 3.09 μg/ml). Similarly, diosgenin and

doxorubicin had the IC50 (8.90 ± 0.98) and (9.14 ± 0.78) µg/ml

respectively over T47D cell lines. Further, the diosgenin and

ascorbic acid had the IC50 (13.72 ± 1.83) µg/ml and (12.68 ±

4.53) µg/ml respectively over the Vero cell lines (Supplementary

Table S5). The concentration-dependent effect of diosgenin and

ascorbic acid is presented in Supplementary Figure S8.

Effect of diosgenin on Warburg effect
It was observed that diosgenin had efficacy in dealing

glucose uptake in tumor cells. The EC50 of the diosgenin was

observed to be significantly higher in glucose uptake in MCF7

(p < 0.001), SKBR3 (p < 0.05), T47D (p < 0.001), and Vero (p <
0.01) cell lines compared to metformin in the presence of

insulin. It was observed that diosgenin had a comparatively

higher EC50 (26.19 ± 2.77) µg/ml compared to metformin

(3.10 ± 0.99) µg/ml which showed the diosgenin to possess a

comparatively lower glucose uptake efficacy than metformin in

FIGURE 12
Differential gene expression analysis of PDGFRB, FBFR2, and STAT3 in tumor, normal and metastatic tissues. These genes were identified to
possess the least log-rank test.

FIGURE 13
Differential gene expression analysis of IGF1R,MDM2, and RSC in tumor, normal andmetastatic tissues. Diosgenin was predicted to possess the
highest binding affinity with these targets.
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MCF7 cell lines. In addition, in MDA-MB-231 cell lines,

diosgenin and metformin had an equivalent EC50 in

promoting glucose uptake i.e., EC50 (17.92 ± 1.19) and

(17.03 ± 2.59) µg/ml respectively. Furthermore, it was

observed that diosgenin had comparatively higher the EC50

in promoting the glucose uptake in SKBR3 (EC50 19.99 ±

2.91 μg/ml), T47D (EC50 37.47 ± 1.75 μg/ml), and Vero

(EC50 15.27 ± 0.95 μg/ml) compared to metformin (EC50

SKBR3; 11.74 ± 3.19 μg/ml, T47D; 12.50 ± 1.42 μg/ml, and

Vero; 11.79 ± 1.65 μg/ml); Supplementary Table S6;

Supplementary Figure S9

Discussion

The present study focused on tracing the targets of diosgenin

and evaluates the probably triggered pathways via the PPI in

breast cancer. In this regard initially, we predicted the targets

using three open-source platforms i.e. SwissTargetPrediction,

DIGEP-Pred, and BindingDB; matched with estrogen

receptor-positive breast cancer targets (UMLS CUI:

C2938924); retrieved from DisGeNET in which diosgenin was

predicted to target 21 different proteins i.e. APP, CDK4, CRHR1,

CYP17A1, CYP19A1, CYP3A4, FASN, FGFR2, GRM1, IGF1R,

LYN, MDM2, MDM4, PDGFRB, PRCP, PTPN1, RET, and SRC,

(predicted in SwissTargetPrediction) AR and NR3C1 (predicted

in DIGEP-Pred), and STAT3 (predicted in SwissTargetPrediction

and BindingDB) in the breast cancer. Herein concerning the

KEGG database, it was observed that 36 different pathways were

triggered in which 12 pathways i.e. pathways in cancer; hsa05200,

prostate cancer; hsa05215, viral carcinogenesis; hsa05203, glioma;

hsa05214, melanoma; hsa05218, bladder cancer; hsa05219,

MicroRNAs in cancer; hsa05206, Kaposi sarcoma-associated

herpesvirus infection; hsa05167, proteoglycans in cancer;

hsa05205, central carbon metabolism in cancer; hsa05230,

non-small cell lung cancer; hsa05223, and pancreatic cancer;

hsa05212 were identified which explores the anti-cancer

pharmacological spectra of the diosgenin.

Breast cancer is one of the main causes of death among

women. Chiefly, the cells lining the milk-forming duct of the

mammary glands are the origination of breast cancer (Herbein

and Kumar, 2014) which can be further subdivided based on the

presence or absence of the hormone receptors i.e., estrogen and

progesterone subtypes and human epidermal growth factor

receptor-2 (HER2). In addition, the estrogen receptor pathway

triggers hormone receptor-positive breast cancer (Rani et al.,

2019). Similarly, in HER2-positive breast cancer, HER2 triggers

RAS/RAF/MAPK and PI3K/AKT signaling pathways that

stimulate cell growth, survival, and differentiation (Dittrich

et al., 2014). We discovered 21 diosgenin-regulated proteins

that are involved with oestrogen receptor-positive breast

cancer (UMLS CUI: C2938924) targets in this investigation. In

addition, three pathways i.e., PI3K-Akt (modulated five genes

i.e., CDK4, MDM2, PDGFRB, IGF1R, and FGFR2), Ras

(modulated three genes i.e., PDGFRB, IGF1R, and FGFR2),

and MAPK (modulated three genes i.e., PDGFRB, IGF1R, and

FGFR2) signaling pathways associated to HER2 positive breast

cancer were modulated. Since diosgenin modulated three

pathways closely associated with HER2-linked pathogenesis, it

can be speculated that diosgenin could act via the manipulation

of HER2.

It has previously been proposed that Akt activation

influences endocrine resistance in metastatic breast cancer. In

addition, Akt activation in the downstream pathway of

HER2 could resist the endocrine therapy of breast cancer

(Tokunaga et al., 2006). Furthermore, Ras proteins activate

the cytoplasm and extracellular signaling networks via

receptor tyrosine kinase and are involved in cell proliferation,

survival, growth, metabolism, motility, and apoptosis, and their

hyperactivation promotes the growth and progression of breast

cancer. In addition, Ras’s intracellular localization, activation,

and signaling have been used in developing therapeutic

candidates against breast cancer via the enzymes involved in

posttranslational modification of Ras e.g., farnesyltransferase and

geranylgeranyltransferase 1 (Moon, 2021). Further, MAPK links

the extracellular mitogenic signals to cell proliferation which may

be concerned with or act independently towards estrogen-

mediated events in breast cancer cells (Yue et al., 2002). In

the present study, we identified the modulation of the above-

modulated pathways i.e., PI3K-Akt signaling pathway (false

discovery rate: 0.0011, strength: 1.12), Ras signaling pathway

(false discovery rate: 0.0263, strength: 1.09), andMAPK signaling

pathway (false discovery rate: 0.0446, strength: 0.99). This

suggests the probability of involvement of these pathways

linked to HER2 function which could be modulated by

diosgenin in breast cancer.

The role of EGFR dysregulation or mutation in cancer

etiology, particularly breast cancer, has been proposed

previously. However, resistance towards EGFR tyrosine kinase

inhibitors may occur due to secondary mutations (T790M),

activation of secondary pathways (AXL, c-Met, HGF),

aberrant downstream pathways (K-RAS mutations, loss of

PTEN), deregulation of the EGFR tyrosine kinase-mediated

apoptosis, histological transformation, and ATP binding

cassette transporter effusion, etc (Huang and Fu 2015).

The FoxO signaling system interacts with the PI3K-Akt

signaling pathway and relates to cancer progression,

particularly breast cancer advancement (Farhan et al., 2017).

In addition, FoxO negatively regulates activated EGFR signaling

which was demonstrated via the in vitro cell line culture method

and in vivomodels (Sangodkar et al., 2012). Here, in the present

study, we identified the regulation of the FoxO signaling

pathway via the modulation of four genes i.e. MDM2,

STAT3, IGF1R, and GRM1 which could support the

functioning of the PI3K-Akt and EGFR signal against breast

cancer pathogenesis.
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Furthermore, the Rap1 signal has been linked to tumor cell

proliferation, invasion, and metastasis through regulating

integrin- or cadherin-mediated cell function, cytoskeletal

alterations, protease (metal metalloprotease) production, and

cell adhesion (Zhang et al., 2017). In addition, Rap1 has been

traced to attenuate metastasis and EGFR-triggered carcinoma

(Huang et al., 2012). Since breast cancer progression is closely

linked to EGFR tyrosine kinase signal; it can be speculated that

diosgenin-mediated Rap1 signal could attenuate tumor invasion

andmetastasis; was observed to be modulated via the modulation

of three genes i.e., PDGFRB, IGF1R, and FGFR2.

The p53 acts as a transcription factor for p21 via cyclin-CDK

interactions which is important for the transition of the G2 phase to

the mitosis phase (Alam et al., 2015). In addition, p21 protects cells

from apoptosis, regulates the cell cycle, causes apoptosis, and

decreases cell proliferation in tumor cells (Wang et al., 2021).

Mutant p53 has been pointed to as the guardian of the cancer

cells (Mantovani et al., 2019) and is also associated with worsening

breast cancer affecting overall survival (Gasco et al., 2002). In the

present study, we identified the regulation of the three genes

i.e., CDK4, MDM2, and MDM4 which could activate the

p53 signal against breast cancer. Furthermore, excessive plasma

prolactin levels have been associated with an increased risk of

breast cancer in both premenopausal and postmenopausal

women; is more prominent in estrogen or progestogen receptor

cancer type (Tworoger et al., 2004; Tworoger et al., 2006). Here, in the

present study, we identified the diosgenin to regulate the prolactin

signaling pathway via the regulation of three genes i.e., STAT3,

CYP17A1, and SRC which could avoid estrogen or progestogen

receptor-mediated breast cancer progression. In addition, chemokine

signals are not limited to tissue differentiation, hematopoiesis,

inflammation, and immune regulation but also process tumor

development by triggering angiogenesis, metastasis, drug

resistance, and immunity of breast cancer (Liu et al., 2020). In the

present study, we identified the diosgenin to trigger the chemokine

signaling pathway, and regulated three genes i.e., STAT3, SRC, and

LYN at 1.18 strength and 0.0168 false discovery rate). In addition, in

enrichment analysis i.e., tissues, Pfam, InterPro, and compartments

enrichment analysis we observed the multiple proteins that are

concerned with the breast cancer prognosis.

Also, in the present study, we identified three proteins

i.e., IGF1R, MDM2, and SRC in diosgenin-protein(s)-pathway(s)

interaction. Hence, these were further considered for post-network

analysis i.e.,molecular docking andmolecular dynamics simulation.

Apart fromhandling the transcription, IGF1R can trigger the growth

and metastasis of malignant melanoma cells through the PI3K-Akt

signaling pathway (Ekyalongo and Yee, 2017). Diosgenin was

anticipated to interact with IGF1R in the current investigation,

potentially preventing breast cancer metastasis and tumor

invasion, which could be PI3K-Akt driven, as previously discussed.

The IGF1R is a transcription factor that binds to DNA and

influence transcription. Both ERK1/2 and AKT are involved in

the transcriptional control of the IGF1R gene. MicroRNA-139-5p

modulates the growth and metastasis of malignant melanoma

cells via the PI3K/AKT signaling pathway by binding to IGF1R

(binding energy -8.6 kcal/mol). Previously,MDM2 amplification

has been reported to relate to estrogen receptor status and its

presence has been indicated in human breast cancer cell (Quesnel

et al., 1994); was observed to be manipulated with diosgenin in

the third cluster of the PPI binding (binding energy −8.5 kcal/

mol). Likewise, another modulated protein i.e., SRC has been

reported to increase its expression in human breast cancer by

4–30 fold which was evidenced via both immunohistochemistry

and immunoblotting (Verbeek et al., 1996); was also predicted to

be modulated by diosgenin interaction (binding energy -7.4 kcal/

mol). In addition, since 17 genes i.e. APP, AR, CDK4, CYP19A1,

FGFR2, GRM1, IGF1R, LYN,MDM2,MDM4, NR3C1, PDGFRB,

PRCP, PTPN1, RET, SRC, and STAT3 were observed to have a

significant role in disease prognosis, it can be speculated that the

above-modulated proteins are primarily concerned with breast

cancer management with diosgenin treatment.

The docking study revealed diosgenin to interact with active

site residues of three potential targets involved in breast cancer

via IGF1R, MDM2, and SRC. Diosgenin formed stable

intermolecular interactions throughout 150 ns MD simulation

revealing them as the best lead. Among the interactions of

diosgenin with IGF1R, diosgenin interactions with Leu975,

Val983, Met1112, Met1126, and Ile1130 were consistent in

both docking and MD simulation. Multiple studies have

demonstrated these residues involve the pocket as a primary

binding site (also validated by PrankWeb server; https://

prankweb.cz/) for inhibition of IGF1R (Munshi et al., 2002; Li

et al., 2009; Guo et al., 2015). This indicates, that diosgenin as a

potent lead hit against IGF1R. Similarly, diosgenin scored the

lowest binding energy of -8.5 kcal/mol and binding free energy of

-34.619 kcal/mol and formed stable interactions Leu57, Gly58,

Ile61,Met62, Tyr67, Val93, and Ile99 throughout the 150 ns MD

production run. Both docking and MD simulation revealed

diosgenin as a potent lead hit for targeting MDM2.

Interestingly, a study by Li et al. (2021) identified AG-690/

37072075 and AO-022/43452814 as potent anticancer lead

hits against MDM2. These molecules were predicted to

interact with the residues “Leu57, Gly58, Ile61, Met62, Tyr67,

Val93, and Ile99” and were also found to inhibit p53-MDM2

interaction in wild-type p53 cells. Hence, we believe that

diosgenin may interfere with the p53-MDM2 interaction

(MDM2 inhibits the transcriptional activity of p53 by

attaching to its transactivation domain), and further

experimental studies are required to validate our findings.

Further, diosgenin scored -7.4 kcal/mol binding energy against

SRC and formed interaction with Ala168, Arg172, Phe194, and

Leu200. The structural shift of diosgenin from its initial binding

pocket to the neighboring alternative pocket was revealed

through MD simulation, and the complex remained stable

throughout the entire simulation. As a result, we are the first

to disclose the discovery of a secondary binding site in the SRC.
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The simulation movie (Supplementary Movie S3) shows that the

complex undergoes significant conformational changes in the

protein’s secondary structure, including the primary binding

pocket, increasing the conformational flexibility of SRC and

causing diosgenin to switch positions from the primary

binding pocket to the alternate binding pocket that has been

reported. The PCA and DCCM revealed that diosgenin with

IGF1R, MDM2, and SRC exhibited significant differences in

conformational flexibility and also support the stable complex

formation during the simulation.

During the differential gene expression analysis of diosgenin-

regulated genes, we observed that PDGFRB, FBFR2, and STAT3

possess maximum gene expression in tumor and metastatic vs.

normal tissues. In addition, molecular docking and simulation

also identified IGF1R, MDM2, and SRC could be the prime

diosgenin-modulated targets against breast cancer. Hence, to

confirm this we further assessed the functional role of each target

using cell line studies. The PDGF family (PDFGRB) has been

reported to use PDGF ligands released by cancer stromal cells

from breast cancer cells to drive cell proliferation (Farooqi and

FIGURE 14
Mechanism of action of diosgenin against oestrogen receptor-positive breast cancer. Diosgenin acts on the two cell surface proteins IGF1R and
PDGFRB and inhibits invasion, metastasis, angiogenesis, and cell proliferation. In addition, it acts on the four cytoplasmic proteins i.e.,MDM2, STAT3,
FGFR2, and SRC. Diosgenin may inhibit the cell to escape p53 surveillance by binding withMDM2, inhibit cell proliferation and promote apoptosis by
binding to STAT3, interfere withNF-kB signals check the cancer cell self-renewal, and inhibit themetastatic spread by inhibiting the SRC action.
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Siddik, 2015). Similarly, FBFR2 has been reported to promoting

cell self-renewal by interacting with NF-kB signals (Kim et al.,

2013). Likewise in previous studies, STAT3 inhibition has been

reported to decrease cell proliferation and apoptosis promotion

in various cancers including breast cancer (Kanai et al., 2003;

Pancotti et al., 2012; Chen et al., 2013). In this regard, because

these targets were directly triggered by diosgenin and were also

significantly higher in the tumor than in the normal, diosgenin

may limit cell proliferation and promote apoptosis by interfering

with the self-renewal process. This hypothesis was further

supported by the MTT and scratch assays. Previously, an

increase in glucose uptake has been reported in the cancer cell

which supports ATP production and acts as a fuel (Adekola et al.,

2012). This glucose uptake can be reduced by blocking insulin’s

impact on cancer cells. In comparison to metformin, the current

investigation found a considerably greater effective

concentration to limit glucose uptake. As a result, diosgenin

may inhibit glucose uptake in cancer cells. In the current

investigation, however, the glucose absorption assay was done

in the presence of insulin. As a consequence, more research is

needed to determine its role in glucose uptake in the absence of

insulin. Similarly, MDM2 helps cancer cells to escape

p53 surveillance and avoid cellular apoptosis (Momand et al.,

1998). In the present study, since, diosgenin had a significant

binding affinity with MDM2, it could probably promote the

apoptosis that needs to be further confirmed. In addition, SRC

has been indicated for cancer metastasis and also helps in cancer

progression and development which is an indicator of cell

proliferation (Wheeler et al., 2009). In the current

investigation, we discovered that diosgenin inhibited cell

proliferation in a variety of cell lines. This may be due to the

blockage of the SRC generated by diosgenin by binding to it. This

could have prevented cell multiplication, as revealed by the

scratch assay. Based on the information presented above, it is

FIGURE 15
Probable checkpoints affected by the diosgenin in the pathogenesis of breast cancer (Homo sapiens (human); hsa05224) targets/

pathways. In the KEGG pathway analysis, it was diosgenin-regulated targets involved in breast cancer were also identified to trigger EGFR, PI3K-Akt,

MAPK, and p53 signaling pathways.
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reasonable to believe that diosgenin may act against breast cancer

by reducing glucose utilization, invasion, and metastasis via the

surface protein IGF1R. Furthermore, it may limit cancer cell

proliferation by acting on another surface protein, PDGFRB. In

addition, the diosgenin may also act over theMDM2 and prevent

the cancer cell to escape the p53 surveillance in the cytoplasm.

Also, diosgenin may primarily act over two cytoplasmic targets

FGFR2 and SRC to prevent the interaction with NF-kB (prevents

cell self-renewal) and metastatic spread respectively (Figure 14)

and may also modulate other pathways within the breast cancer

pathogenesis (Figure 15) which was evidenced during KEGG

pathway analysis.

Although diosgenin inhibited cell growth, was cytotoxic,

and had an effect on the various cellular compartments of the

tumor cell, the inhibitory constant efficacy was found to be

greater than that of doxorubicin. In addition, the previous

drug discovery process utilized the concept of the “lock and

key” approach in which a designed drug is specific to a single

protein e.g. doxorubicin complexes with DNA by

intercalation and inhibits topoisomerase II. However, this

approach has often failed many times and molecules were

potent cytotoxic to normal cells which was also observed in

the present study. However, a single compound preferably

from a natural source tends to act through a

polypharmacology approach in which a single molecule

can target multiple proteins based on the concept “master

key can unlock multiple locks” to target multiple proteins and

pathways (Chandran et al., 2017). If it happens, the amount

of concentration required is a bit high; however, approaches

should be made through the targeted drug delivery to breast

cancer which is yet to be studied. This issue could be

remedied by increasing diosgenin’s cellular permeability

and promoting anti-cancer action against breast tumors

via a novel drug delivery mechanism, as established in

previous studies (Dhamecha et al., 2015; Jagwani et al.,

2020; Dhamecha et al., 2021; Ramasamy et al., 2021). In

addition, the effect of diosgenin on the hub genes (SRC,

MDM2, and IGF1R) expression is based on the

computational models which need to be further evaluated

using real-time or reverse transcriptase polymerase chain

reaction even though the present study pointed their

functional effect via the glucose uptake, cell proliferation,

and apoptosis which is the perspective of the present

findings.

Conclusion

The present study utilized a series of system biology tools

to trace the potential action of diosgenin against breast cancer.

Herein, we identified the probable action of the diosgenin

against breast cancer via FoxO, PI3K-Akt, p53, Ras, and

MAPK signaling pathways. In addition, we traced the

selectivity of the diosgenin to manipulate the action of

three hub genes i.e., IGF1R, MDM2, and SRC. Our

molecular modeling study reveals that the stable complex

formation is primarily facilitated by the cooperative closure

motion exerted by the primary binding pocket residues in

diosgenin-MDM2, and diosgenin-IGF1R complex while, in

Diosgenin-SRC similar compact closure dynamics are also

observed at the alternate binding pocket. Conformational

flexibility and convergence of the trajectories during MD

have been investigated using PCA. Diosgenin showed stable

non-bonded interactions forming stable binary complexes

with all three screened targets namely SRC, MDM2, and

IGF1R. Thus, we proposed that these stable interactions of

Diosgenin would trigger the successful inhibition of SRC,

MDM2, and IGF1R; the newly identified targets in breast

cancer. The results of our computer modeling

investigations agree well with the results of the

experimental cell line tests. As a result, we hope that this

work will open the way for the development of novel

therapeutic techniques and/or medication candidates for

breast cancer.
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Bromelain is a key enzyme found in pineapple (Ananas comosus (L.) Merr.); a

proteolytic substance with multiple beneficial effects for human health such as

anti-inflammatory, immunomodulatory, antioxidant and anticarcinogenic,

traditionally used in many countries for its potential therapeutic value. The

aim of this updated and comprehensive review focuses on the potential

anticancer benefits of bromelain, analyzing the cytotoxic, apoptotic, necrotic,

autophagic, immunomodulating, and anti-inflammatory effects in cancer cells

and animal models. Detailed information about Bromelain and its anticancer

effects at the cellular, molecular and signaling levels were collected from online

databases such as PubMed/MedLine, TRIP database, GeenMedical, Scopus,

Web of Science and Google Scholar. The results of the analyzed studies

showed that Bromelain possesses corroborated pharmacological activities,
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such as anticancer, anti-edema, anti-inflammatory, anti-microbial, anti-

coagulant, anti-osteoarthritis, anti-trauma pain, anti-diarrhea, wound repair.

Nonetheless, bromelain clinical studies are scarce and still more research is

needed to validate the scientific value of this enzyme in human cancer diseases.
KEYWORDS

bromelain, cancer, chemotherapeutics, cytotoxicity, apoptosis, molecular targets
1 Introduction

Cancer has become a global problem, with a negative impact on

patients, their families and the whole of society. Tumor cells can

affect any part of the body and are characterized by proliferation

caused by the loss of control of cell division, reducing the possibility

of repairing cell DNA mutations, the ability to avoid genetically

programmed cell death (apoptosis), to form new blood vessels

(angiogenesis), to invade other tissues and develop metastases, the

ability to hide from the action of the immune system or the loss of

abilities to fulfil a function in the body (1, 2). The main objectives of

oncological treatments are the remission or cure of the disease, the

extension of the duration and the improvement of the patient’s

quality of life. The effectiveness of oncological therapies depends on

early detection, accurate diagnosis of cancer, compliance with

standards of care and the correct way of administering

treatments. Chemotherapy is a systemic treatment, administered

to destroy tumor cells or stop their multiplication (3). The cytotoxic

action also manifests itself in healthy cells that multiply rapidly (eg

hair, and cells of the intestinal mucosa), causing adverse reactions

(4). Chemotherapy is administered strictly according to the type of

tumor cell and the patient’s response to treatment (5, 6). Today,

there are a variety of natural cancer treatments that may be able to

provide results comparable to chemotherapy and radiation therapy

(7, 8). They are much less toxic and invasive compared to standard

methods of cytostatic treatment. Some of the most successful cancer

treatment plans involve a combination of therapies (9–11).

Bromelain is an enzyme with a particular proteolytic activity

that can be easily obtained from the pineapple stem (Ananas

comosus (L.) Merr.). Bromelain is also present in other parts of the

pineapple and is found in association with other cysteine proteases

(12). Bromelain is traditionally extracted from the juice following

ultrafiltration and centrifugation, with an end process culminating

in lyophilization (13). However, the growing request for this

substance induced the research to develop new purification

techniques, i.e. ion exchange chromatography, gel filtration,

aqueous two-phase extraction, affinity chromatography, reverse

micelle chromatography, and recombinant DNA technology, with
02
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the final aim to contain costs and increase the production yield

(14). Given the elevated costs of production and a market that

needs a highly purified and certified bromelain, pineapple

cultivation is widespread in many tropical and subtropical areas,

i.e. South-East Asia, Africa, and Central-South America (15). At

the basis of this great request for bromelain, there are the

extraordinary properties that make it indispensable for

numerous processes related to foods production, cosmetics,

pharmaceuticals, and textile industries (13, 15–18). In addition,

since its discovery, bromelain demonstrated interesting

pharmacological and potential medical applications. In 1875,

bromelain was first analyzed as a specific substance obtained by

pineapple (19) and later in 1892, other researchers defined their

matter of investigation as “bromelin” (20). After in 1962, Seligman

and collaborators demonstrated the anti-inflammatory effect of

bromelain (21). Since this finding, bromelain has been

increasingly studied in different settings, leading to the discovery

of numerous properties in human health, i.e. treatment of

osteoporosis and osteoarthritis, diarrhea, treatment of chronic

wounds, surgical debridement, anti-edema and anti-inflammatory

processes, trauma pain, burn eschars, and many others (Figure 1)

(22–29). Certainly, such clinical studies have been based on

previous animal or cellular experiments. Indeed, a plethora of

preclinical works have been published on this substance as they

will be reported in this review. In particular, this updated review is

focused on the anti-cancer effect of bromelain, an activity that

emerged since 1972, when a first work explored the use of the

enzyme in malignant tumors with notable remissions in some

anecdotal cases (30).
2 Review methodology

To carry out this updated review on the anticancer effects of

bromelain, published studies were searched in specialized databases

such as PubMed/MedLine, TRIP database, GeenMedical, Scopus,

Web of Science and Google Scholar, using the next MeSH terms:

‘Animals” , “Anticarcinogenic Agents/pharmacology” ,
frontiersin.org
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“Antineoplastic Agents/pharmacology” , “Bromelain/

pharmacology”, “Bromelain/administration and dosage”,

“Bromelain/chemistry”, “Cell Line, Tumor”, “Cell Survival/drug

effects”, “Dose-Response Relationship”, “Drug, Humans”,

“Nanocapsules/administration and dosage”, “Neoplasms/drug

therapy”, “Neoplasms, Experimental/pathology”, “Signal

Transduction/drug effects”, “Treatment Outcome”. Each article

published before 1 August 2022, written in English, and their

significance was evaluated by analyzing the title and abstract. All

studies written in preclinical and clinical language that highlighted

the anticancer molecular mechanisms, signaling pathways and

action targets of bromelain were included. Duplicate studies,

abstracts, presentations at conferences or that had associated

homeopathic preparations were excluded. The chemical forms

were validated with Chemspider and the scientific names of the

plant species were validated according to WorldFloraOnline

(31, 32).
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3 Chemistry data of bromelain

3.1 Physicochemical characteristics

The term “bromelain” initially referred to a mixture of

proteases produced by any member of the bromeliaceae family

(14). However, the extraction is most common from pineapple

fruit (Ananas comosus). These extracts usually contain several

enzymes (including proteases, phosphatases, nucleases,

oxidoreductases, and glycosidases), but the most characteristics

among them are some cysteine endopeptidases that specifically

hydrolytically cleave non-terminal peptide bonds (33, 34). Four

main enzymes have been identified, as shown in Table 1.

Proteolytic activity is present in almost all parts of the plants,

but the stem and fruit are indeed richer. The main enzyme is

bromelain. This is a + b protein that can be extracted both from

the stem (EC: 3.4.22.32) and from fruit (EC: 3.4.22.33). The first is
TABLE 1 summary of the most prominent characteristics of pineapple cysteine proteases (adapted from (Colletti et al., 2021; Murachi, 1976;
Rowan & Buttle, 1994) (33).

Protease Mr (kDa) pI Optimum pH Glycoprotein

Bromelain (fruit) 25-31 4.6 3-8 Yes

Bromelain (stem) 23.8-27 9.5 6-7 Yes

Ananain 23.4-25 >10 ~7 No

Comosain 24.5 >10 ~7 Yes
FIGURE 1

Illustrative diagram with the most representative anticancer molecular mechanisms of Bromelain. Abbreviations and symbols: ↑increase, ↓decrease,
extracellular signal-related kinase (ERK), c-Jun N-terminal kinase (JNK), X-linked inhibitor of apoptosis protein (XIAP), Heat shock protein 27 (HSP27),
Heme oxygenase-1 (HO-1), long-chain fatty acyl-CoA synthetase 4 (ACSL4), reactive oxygen species (ROS), superoxide dismutase.(SOD), Glutathione (L-
g-glutamyl-L-cysteinyl-glycine; GSH), malondialdehyde (MDA), Bcl-2 Associated X (Bax), B-cell lymphoma 2 (Bcl-2), Pro-Apoptotic Apoptosis Protease–
Activating Factor 1 (Apaf-1), mitogen-activated protein kinase (MAPK), serine/threonine protein kinase (Akt), nuclear factor-kappa B (NF-kB), cluster of
differentiation 44 (CD44), serine/threonine kinase (Raf1), mitogen-activated protein kinase (MEK), Autophagy related 5 protein (ATG5), Microtubule-
associated protein 1A/1B-light chain 3 (LC3), IL (interleukin), Interferon-gamma (IFNg), cyclooxygenase-2 (COX-2), Granulocyte-macrophage colony-
stimulating factor (GM-CSF), granulocyte-colony stimulating factor (G-CSF).
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the most abundant showing MW of about 23.8 kDa, a pI of 9.5

and a pH optimum around neutrality (33). Bromelain from the

fruit on the contrary has a slightly higher MW (25 kDa), a more

acidic pI (4.6) and a broader pH optimum (3-8). All these

differences on the whole may be, at least in part, responsible for

the very different results observed in all the clinical and preclinical

studies (33, 35). Stem bromelain is a single polypeptide chain

(211/212 aminoacids), presenting at least a single glycosylation

point accountable for the 23.8 kDa MW. A crucial glutamate

residue (Glu68) has been suggested responsible for the preference

for positively charged substrates (36). Both enzymes could

undergo however complex glycosylation patterns, increasing the

global MW. These reactions depend on a lot of factors and are still

largely poorly known (34). The aminoacidic sequence of stem

bromelain is quite homologous to other plant cysteine-peptidases

such as papain, chymopapain and actinidin (37). Nonetheless,

several authors reported that this proteolytic activity could be only

marginally connected to the pharmacological effects. Other

components (protein and non-protein) could be responsible for

a complex network of interactions and synergistic actions

resulting in pharmacological effects (16). Stem bromelain is very

stable when frozen at -20°C, whereas a complete loss activity

occurs when boiled at 100°C for 10’ (38). Optimum activity has

been found at 30°C and neutrality for the glycosylated form. Both

heating (40-60°C) and acidification (pH 3-4) led to significant

inactivation (39). The deglycosylated form was found to be more

susceptible to temperature and organic solvent inactivation,

suggesting an important role of the oligosaccharide portion in

the retention of the enzyme’s native form (39).

Fruit bromelain showed a similar pH optimum around

neutrality and a loss of activity for a pH higher than 8.0 (40).

The enzyme retained a part of catalytic activity (respectively 22%

and 44%) after 30 days of storage at 30°C and 60 days of storage at

4°C (41). On the contrary, 180 days of freezing at -4°C led to an

almost complete retaining (75%) of proteolytic power. Slightly

different results were obtained by Chaurasiya and colleagues (40).

In this study after 9 days at 5-8°C the loss of activity was

significant (around 30% residual activity) (40). These differences

could be explained by the different degrees of purification.

Glutaraldehyde crosslinking has been shown to increase thermal

and pH stability, up to 60°C and pH 8 (42). Even the effect of

different organic solvents led to less marked losses of proteolytic

activity. Recently, Zhou and coworkers showed that thermal

inactivation followed the first-order reaction, and that half-life

from 45 to 75°C decreased from 81’ to 5’ (43).
3.2 Purification of bromelain

Protein purification is always a challenging task since all

proteins show similar physicochemical properties (being

constituted always by the same 20 aminoacidic building

blocks). In addition, all the required purification techniques
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must be performed under very controlled conditions to avoid

protein inactivation (and consequently the complete loss of

commercial value of the protein). Temperature, pH, presence

of organic solvents, ionic strength, dilution or concentration,

and various chemical and biological contaminants are all factors

that should be carefully monitored and controlled during

purification, affecting the overall cost of the process. In

accordance, a lot of attention has been paid to the purification

strategies, looking for the most effective approaches, also from

an economical point of view. Up to now the most used protocol

encompass the preparation of a crude bromelain extract, using

conventional low-resolution techniques (44). After cleaning,

peeling and cutting down the whole pineapple, cell lysis is

usually obtained mechanically without any further water

addition. This homogenization, after centrifugation, allows for

recovering an active extract presenting however several

impurities. The product can be then concentrated to improve

the purification fold. Size exclusion membranes (cut-off > 5-

10kDa) are usually the basis for ultrafiltration techniques, giving

encouraging results (45–47). Such a strategy is quite simple and

the costs are relatively low. A more expensive way to concentrate

protein is lyophilization (freeze-dry). The transition of water

from solid to gas form under a deep vacuum requires a high

amount of energy but allows a complete solvent removal (not

possible with membrane filtration). On the negative side, the

stability of bromelain during freeze-drying is not high (35, 48)

possibly suggesting the use of a stabilizer. All these approaches

lead to a crude extract in which bromelain has been isolated

from non-protein contaminants, but no real protein purification

has been done. This can be achieved with high-resolution

techniques, that greatly increase the final cost of the purified

product. Usually low- and high-resolution isolation steps are

combined following the purpose of the purified extract (Arshad

et al., 2014). One of the easiest ways to fractionate proteins is

reversible precipitation. Several approaches can be used,

including salts, isoelectric, organic solvents and non-ionic

polymer precipitation. All these techniques have been tested

for bromelain, with various results (40). Ethanol precipitation

gave better yields than isoelectric, PEG and ammonium sulfate

(48, 49). PEG can be also used in aqueous two-phase systems,

preserving bromelain activity (50, 51). Precipitation is a very

affordable option, with quite good recovery yields. However, the

obtained purification fold factors are not very high, and the

product could be contaminated by salts or polymers (33).

To improve protein purification fold, the golden standard in

biochemistry is chromatography. This term encompassed all the

techniques using a combination of two immiscible phases,

moving one on the other. The analytes are separated giving

their different affinity for the two phases. Chromatographic

separation typically highly increases the protein purification

y ie lds , bu t wi th h igher opera t iona l cos t s . Of t en

chromatography is employed in combination with fractionated

precipitation (52). Ion exchange chromatography relies on
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reversible electrostatic interaction between a resin and charged

analytes. Such an approach has been proved able to remove

contaminant polysaccharides (35), increasing bromelain-specific

activity (even more than salt precipitation) (53, 54). Ion

exchange has been also tested in combination with size

exclusion chromatography, resulting in a 41% recovery of

initial activity (55).

Affinity chromatography (AC) is a very potent separation

technique, relying on a specific interaction between a protein

and a ligand-functionalized chromatographic column (56). This

could allow (theoretically) to completely purify proteins in a

single step. Bobb and colleagues achieved a similar result using

an e-aminocaproic-D-tryptophan methyl ester coupled with

Sepharose 4B (57). In this case stem, bromelain was effectively

purified to a single SDS-PAGE band in one step. Alternatively,

Rowan et al. used acetone precipitation and a Sepharose- Ahx-

Phe-GlySc resin to purify fruit bromelain (Rowan et al., 1990). In

both cases, mercury was used to allow elution after sample

application and resin washing of unbound. The downside of

such approaches is the high costs of similarly functionalized

resins. In the case of recombinant bromelain, His-tag could be

inserted allowing AC purification based on nickel/nitriloacetic

aced-based resins (58, 59). High recovery yields of bromelain

have been also obtained using reversed micellar extraction

(RME) process (40, 60, 61). RME relies on the inclusion of

proteins into micellar inner cores, and the subsequent release in

the aqueous phase. The works reported good bromelain recovery

and significant enhancement in the purification fold.
3.3 Determination of bromelain activity

Casein and azocasein are the most used substrates for the

spectrophotometric determination of bromelain activity. Casein

is chosen due to its low cost and high availability (62). The

reaction is performed in 0.5-1% casein solutions at neutral pH.

After 5-30’ at 37°C trichloroacetic is added to stop the reaction

and the resulting soluble peptides are spectrophotometrically

detected at 280 nm, comparing absorbance with a tyrosine

standard curve (48, 63). Reducing thiols and EDTA is required

to, respectively, prevent oxidation of cysteine in the active site

and chelate interfering metals (64, 65). Upon proteolysis,

azocasein releases instead diazo sulphonic analogues of Tyr

and His residues, quantifiable at 440 nm. Operational

conditions are like casein, but alkali addition is necessary to

develop color (66). Also, in this case, the reaction is performed at

37°C. As alternatives, several synthetic substrates are available

usually based on chromogenic or fluorogenic moieties (such as

p-nitrophenol or p-nitroaniline) coupled to small peptides. For

instance, Z-Arg-Arg-p-nitroaniline, Bz-Phe-Val-Arg-pNA,

pGlu-Phe-Leu-p-nitroanilide and N-Cbz-L-Gln-p-nitrophenyl

ester hydrolysis leads in solution to chromophores easy

detectable at 405 nm (67, 68). These approaches are easy,
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convenient and quick. One more advantage is the fact that

different substrates present different specificity for various

bromelain forms. For instance, Z-Arg-Arg is more specific for

stem enzymes (69, 70). On the other hand, fruit bromelain

showed a preference for Bz-Phe-Val-Arg.
4 Bromelain as an emerging
anticancer agent: Molecular
mechanisms, signaling pathways
and therapeutic targets

To elucidate in detail the potential mechanisms of anticancer

action, bromelain has been extensively studied in numerous

studies (16, 71–73). Bromelain anticancer effects were evaluated

in both “in vivo” in animal models and “in vitro” as a potential

agent against several cancer lines such as gastrointestinal,

colorectal, breast, mesothelioma, lung, hepatic, pancreatic,

epidermoid, and melanoma (71) (Table 2 and Figure 1).
4.1 Cytotoxicity

The cytotoxic properties of bromelain have been known

since ancient times, as it was used in traditional Asian medicine.

Cytotoxic or anticancer bromelain effects are associated with its

protease activity (16). In SCC25 human oral squamous

carcinoma cells, cell viability decreased in a dose‐ and time‐

dependent manner after 24‐hr treatment with bromelain, from

95.16% (at 0.78 mg/mL) to 69.93% (at 25 mg/mL) (85). It has

been reported that bromelain-induced cytotoxic activity in

human gastrointestinal cancer cells (76, 96), breast cancer cells

(76, 80), and hepatocellular carcinoma cell lines (97). It is also

evidenced that bromelain presented antiproliferative properties

in gastric and colon carcinoma cells. For example in human

gastrointestinal cell lines, in the case of MKN45 cells, the enzyme

in a range of concentration from 100 to 600 µg/mL but non-dose

dependently reduced cell survival at 72h of treatment (81). In the

case of KATO-III cells, antiproliferative effects were shown at

concentrations above 100 µg/mL, while in LS174 cells, cytotoxic

properties of bromelain were evidenced above 30 µg/mL and its

cytotoxicity increased with higher bromelain concentrations at

72h (81). Cytotoxicity of bromelain was also evaluated in other

human gastric carcinoma cells (AGS cells) at concentrations

from 5 to 600 µg/mL, whereas the first anti-proliferative effects

(25% growth reduction) were observed at concentrations >50

µg/mL in a dose-dependent manner at 24h of treatment (76).

Another study demonstrated a reduction of almost 75% cell

viability after 12 hours of treatment with a concentration of 50

µg/mL bromelain in DLD-1 colorectal carcinoma cells (89).

Cytotoxic properties of bromelain were also tested in

hepatocellular carcinoma cells (HepG2). Cells treated for 48
frontiersin.org

https://doi.org/10.3389/fonc.2022.1068778
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Pezzani et al. 10.3389/fonc.2022.1068778
TABLE 2 Table with summarized anticancer mechanisms of Bromelain from in vitro studies.

Type of tested cancer cell lines Effects Results/Potential Mechanisms Ref

MDA-MB231breast adenocarcinoma
A2058 melanoma
OCI-LY19 non-adherent human B cell lymphoma
HL-60 human leukemia cells

↑cytotoxicity
anti-proliferative

IC50 = 0.3 µM
↑ cancer cells death in MDA-MB231, A2058
IC50 = 1 µM
↑ cancer cells death in OCI-LY19, HL-60

(36)

MCF-7, MDA-MB-231 breast adenocarcinoma ↑cytotoxicity
↑autophagy
↑apoptosis

IC50 = 1 µg/mL
↓ cancer cells viability: 20% for MCF-7, 30% for MDA-MB-231
IC50 = 100 µg/mL
↓cancer cell viability, ↓caspase 9, ↓ERK½, ↑JNK, ↑p38
60% for MCF-7, 80% for MDA-MB-231
↑autophagic markers: ↑LC3BII, ↑beclin-1

(74)

MCF-7 breast adenocarcinoma ↓ proliferation nanocapsules of bromelain
↓cells proliferation
72.6% at IC50 = 1.25 µg/mL
66.4% at IC50 = 0.625 µg/mL

(75)

↓cells viability ↑cytotoxicity
IC50 = >75 µg/mL

(76)

↓cells viability anti-proliferative
80% similar to taxol at IC50 > 50 µg/mL

(77)

4T1 breast adenocarcinoma ↓tumor mass
↑cytotoxicity

combination treatment of bromelain + cisplatin reduced tumor
cells growth
↓GREM1
↓IL-1b, ↓IL-4, ↓NF-kB, ↓PTGS2, ↓NO

(78)

MDA-MB-231 breast adenocarcinoma ↓cells viability
↑apoptosis

combination treatment
bromelain IC50 = 2 µM + cisplatin IC50 = 1.5 µM
↓ cell viability to 50%
bromelain IC50 = 0.9 µM + cisplatin IC50 = 4.0 µM
↓ cell viability to 70%
↓anti-apoptotic proteins: ↓cIAP 1, ↓Bcl-2, ↓CAT, ↓clusterin,
↓HO-1, ↓livin, ↓XIAP, ↓claspin, ↓HSP27
↓IkB kinase, ↓NF-kB
no effect on pro-apoptotic protein Bax

(79)

GI-101A breast adenocarcinoma ↓cells viability
↑apoptosis
↑cytotoxicity

IC50 = 5, 10, 20, 40, 50 µg/mL
↓cell viability 36%
↑apoptosis
↑DNA fragmentation
↑JNK, ↑kinase 38 ↑caspase-3, ↑caspase-9

(80)

MKN45, KATO-III, LS174
gastrointestinal carcinoma

↓cells survival
↑autophagy
↑apoptosis
↑mucin depletion

↓cells survival
IC50 = 100 -600 µg/mL for MKN45, KATO-III
IC50 = 30 µg/mL for LS174
synergic anticancer effects with N-acetylcysteine
↑caspase-3, 7, 8, ↓PARP, ↓cytochrome C
↓LC3-II, ↓Bcl-2, ↓ p-Akt, ↓Atg3, ↓Atg5, ↓Atg7, ↓Atg12, ↓Beclin
1, ↓MUC2, ↓MUC5AC

(81,
82)

AGS gastric carcinoma ↑cytotoxicity
anti-proliferative

↑cytotoxicity
IC50 >50 µg/mL

(76)

MPM malignant peritoneal mesothelioma ↓cells viability
↑autophagy
↑apoptosis

↓cell viability
60% at IC50 = 100 µg/mL
↑caspase-3, 7, 8, 9, ↑Cyt C
↓PARP, ↓ p-Ikkb, ↓NF-kB,↓ p-Akt

(83,
84)

SCC25 oral squamous carcinoma ↓cells viability ↓cell viability
31.07% at IC50 = 25 mg/mL

(85)

HepG2 hepatocellular carcinoma ↓cells survival
↑apoptosis
↓ cells proliferation
↓cells growth

↓cell viability
IC50 = 25 mg/mL
antioxidant in cell cancers: ↓SOD, ↓CAT, ↓GSH, ↓MDA

(86)

(Continued)
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hours with bromelain at 25 µg/mL, 50 µg/mL, 100 µg/mL, and

125 µg/mL, showed a decrease in cell viability in a

concentration-dependent manner (86). Bromelain cytotoxic

effects were also tested in malignant Peritoneal Mesothelioma

(MPM cells). This study showed a reduction of 60% in cell

viability after 4 hours of treatment with 100 µg/mL, while at 72

hours of treatment the reduction in cell viability was much

higher (>80%) (83).

Human breast cancer cells were frequently used to study the

cytotoxic effects of different bioactive compounds (98–100).

Azarcan and their collaborators showed that bromelain at 0.3

µM induced high mortality in breast adenocarcinoma and

melanoma cell lines (36). Bhui and colleagues showed that

bromelain in a dose and time-dependent manner induced a

cytotoxic response in MCF-7 cells after 72 or 96 hours of
Frontiers in Oncology 07
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treatment (74). Bromelain induced a reduction in cell

proliferation of 72.6% (at 1.25 µg/mL) and 66.5% (at 0.625 µg/

mL) at 24h in MCF-7 cells, however in this case bromelain was

mobilized in nanocapsules surface by coordination with Zn+2

facilitating the entry into the cell (75). Similarly to previous data,

Raeisi and collaborators tested the effects of bromelain in MCF-7

cells, where concentrations >75 µg/mL was able to induce

cytotoxicity greater than 70% at 24h of treatment (76). Again

in MCF-7 cells, another work established that bromelain at 50

µg/mL for 48h could reduce by 80% cell viability in a similar way

that taxol (77). In GI-101A cells human breast cancer line, a

decrease in viable cell number after 24h of treatment with

different concentrations of bromelain (5, 10, 20, 40, and 50 µg/

mL) was demonstrated (80). In particular, at 20 µg/mL,

bromelain diminished the percentage of viable cells to 36%,
TABLE 2 Continued

Type of tested cancer cell lines Effects Results/Potential Mechanisms Ref

↑ cell cycle arrest in
G2/M phase

↑apoptosis: ↑p53
↓b- catenin

PC3 prostate cancer ↓cell survival
↑apoptosis

↓cell viability
25% at IC50 >50 µg/mL

(76)

A431 epidermoid carcinoma
A375 melanoma

↓cell survival
↑apoptosis

↑cytotoxicity
IC50 = 200mg/mL for A431
IC50 = 400mg/mL for A375 cells
↑Bax, ↑Apaf-1, ↑caspases-3, 9, ↓Bcl-2

(87)

DLD-1, HT-29, HCT116 colorectal carcinoma ↑cytotoxicity
↑autophagy

IC50 = 50 mg/ml for HCT116
IC50 = 70 mg/ml for HT-29, DLD-1
↑AIF, ↑Endo G, ↑caspases -3, -8, -9,
↑PARP-1, ↑ATG5/12, ↑Beclin, ↑p62, ↑LC3

(88)

Non-Kras mutant (Caco2 and NCI-H508) Kras mutant
(HCT-116, DLD-1) colorectal carcinoma

↓cell viability
↑ferroptosis

↑cytotoxicity
IC50 = 50 µg/mL
Kras mutant cells were more susceptible
↓ACSL-4, ↑ miRNAs in Caco2 cells
↑ROS, ↑feroptosis Kras mutant cells

(89)

DMBA-TPA-induced mouse skin cancer cells ↑apoptosis
↓papilloma cells
development

↓tumorigenesis
↓IkBa, ↓NF-kB, ↓COX-2, ↓Bcl-2, ↑Bax, ↑caspase 3, 9, ↑p53,
↓ERK1/2, ↓MAPK, ↓Akt

(90)

K562 human acute myeloid leukemia ↑apoptosis ↑peroxidase, ↑ROS, ↑Bax, ↑caspase-3, ↑Cyt C, ↓Bcl2, ↑p53 (91)

DLA Ascitic Dalton’s lymphoma cells from mice ↑apoptosis ↑ROS, ↓Cyt C, ↓Bad, ↓Bax protein
↑NF-kB, ↑Bcl-2, x↑serum vitamin C, E

(92)

Mouse lung adenocarcinoma cells ↓carcinogenesis
↓inflammation
↓oxidative stress

bromelain plus ethanolic olive leaf extract ↑Nrf2, ↓NF-kB
translocation,
↓IL-6, ↓TNF-a, ↓MMP2, ↓MMP9, ↑LPO, ↑ROS

(93)

TFK-1, SZ-1, cholangiocarcinoma cells ↑cytotoxicity
↑apoptosis

↓cells viability
IC50 = 150 mM
↓NF-kB/AMPK, ↓p-AKT, ↓p-ERK, ↓p-STAT3, ↓MMP9 ↑PARP,
↑p-AMPK

(94)

C57BL/6N strain mice musculocutaneous flaps ↓necrotic
inflammation

↓tissue necrosis by 25%
↓apoptotic cells, ↑angiogenesis

(95)

↑increase, ↓decrease, tumor inflammatory genes Gremlin (GREM1), interleukin 1b (IL-1b), interleukin-4 [IL-4], nuclear factor kB subunit 1 (NFkB1), and prostaglandin-endoperoxide
synthase 2 (PTGS2), extracellular signal-regulated kinase ½ (ERK½), c-jun N-terminal kinase (JNK), light chain 3 protein B II (LC3BII), c-Jun N-terminal kinase (JNK), poly(ADP
ribose) polymerase (PARP)-1, nuclear factor-kappa B (NF-kappaB), cyclooxygenase-2 (Cox-2), extracellular signal-regulated protein kinase (ERK1/2), mitogen-activated protein kinase
(MAPK), 7,12-dimethylbenz(a)anthracene (DMBA)-initiated and 12-O-tetradecanoylphorbol-13-acetate (TPA), metalloproteinases MMP.
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while higher doses caused cell death in the range of 95% or

greater (80). Cytotoxic effects were also reported in another

human cell line (PC3 prostate cancer cells) where a 25%

reduction of cell viability was observed at concentrations >50

µg/mL in a dose-dependent manner (Raeisi et al., 2019).
4.2 Apoptosis

Apoptosis is a basic cell death mechanism, is vital in

physiological processes, maintaining cellular homeostasis, and is

detrimental in pathological processes, for example in tumour

suppression (98, 101–104). This cell death process can be

responsible for blocking cancer cell spread, intervening in the

inhibition of the metastasis process (105, 106). Apoptosis has two

pathways to be carried out, one that is considered internal, in which

various families of proteins are implicated, and a second pathway, in

this case external, in which different ligands bind to specific

receptors (107). In both cases, various caspases, key proteins in

executing the apoptotic signals, will be activated (108–110).

Bromelain has been extensively studied for its implication in cell

death, indeed it can intervene in the expression of Bcl-2, a type of

protein with an anti-apoptotic effect but can also positively regulates

the expression of apoptotic genes, such as Bax, Apaf-1, and

caspases-9 and -3 (87). In vitro studies have shown that

bromelain can induce apoptosis. In breast cancer cells, specifically

in GI-101A cells, the use of this proteolytic enzyme positively

regulates the N-terminal kinase c-Jun and kinase 38, in addition

to improving the activity of caspases -3 and -9 at 24h (80).

Moreover, bromelain’s capacity to increase apoptosis has been

shown in other cancer types. In different lines of colorectal

cancer, the levels of apoptosis-inducing factor (AIF), Endo G, and

caspases -3, -8, and -9 increased once the cells have been treated

with bromelain (88). In another study with colorectal cancer cell

lines, bromelain stimulated a process called ferroptosis (89).

Ferroptosis is a type of cell death, also programmed, which

depends on iron, and is characterized by an accumulation of lipid

peroxides. Currently, this type of cell death is being studied as a

mechanism to combat cancer cells (111) (112). In this study, an

increase in the expression of ACSL-4 has been observed after

treatment with bromelain in Caco2 cells (89). This protein is

responsible for ferroptosis to take place, thus bromelain also

exerted cytotoxic effects against colorectal cancer cells and could

reduce polyp number and submucosal layer length in mice (89).

From another study, it has been possible to corroborate the effect of

bromelain with other enzymes or pathways that intervene in

apoptotic processes. This is the case of cyclooxygenase-2 (Cox-2) or

the MAPK and Akt/protein kinase B (PKB) pathways, all of which

downregulate their expression (90). In particular, bromelain acted by

inhibiting the phosphorylation of IkBa, which triggers the retention

of NF-kB in the cytosol, decreasing the expression level of Cox-2 (90).

In human cholangiocarcinoma cells (TFK-1, SZ-1), bromelain

(and papain) blocked NF-kB/AMPK signalling, inducing cytotoxic
Frontiers in Oncology 08
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effects through the activation of apoptosis in both cell lines after 48h

of treatment (94). Apart from apoptosis, the anti-cancer effects of

bromelain appear to be also controlled by necrosis, a process in

which cell death occurs because of adverse external cell conditions

such as injury, trauma, or infections that lead to unregulated

digestion of cell components (113). In a recent study with

C57BL/6N strain mice, the use of bromelain reduced tissue

necrosis by 25% (95). A higher density of functional microvessels

was lost compared to controls, as well as a decrease in

myeloperoxidase-positive neutrophils, and a reduction in

apoptotic cells (95). Therefore, the use of bromelain could be

considered in the future as a therapy to prevent cell necrosis, a

harmful cell process that often results in inflammation and tissue

damage (95).
4.3 Autophagy

Another process in which the implication of bromelain has

been verified is autophagy. This mechanism focuses on the

degradation and recycling of cellular components (107, 114,

115). In the case of cancer, this process has a dual activity, since

it is capable of promoting the survival of cancer cells, through

protective autophagy, or participating in the death of these cells,

inducing cytotoxic autophagy (116, 117). In normal tissues,

autophagy at the basal level is necessary as it provides

housekeeping functions as well as increased apoptosis (118,

119). Even in periods of stress and hunger, the autophagy

process is necessary (120). Differently, in cancer cells this

process can allow them to survive metabolic stress, for

example, being a source of energy in the face of a possible lack

of nutrients, which is why its inhibition or activation in cancer

cells is not completely understood (120). Although autophagy

may present this duality, various studies showed that bromelain

participated in the reduction of cells of different cancer types

through the activation of this process. In MCF-7 cells treatment

with bromelain increased the autophagic process and slow down

their growth (74). In that same study, pre-treated cells with 3-

methyladenine (autophagy inhibitor) demonstrated a decrease

in the apoptotic process, thus showing that autophagy can affect

the onset of apoptosis (74). In colorectal cancer cells, it has been

shown an increased level (2 to 3 times) of autophagy with the

creation of lysosomes in the cells treated with bromelain.

Concurrently, levels of proteins related to autophagy were

enhanced, such as ATG5/12, Beclin-1, p62, and LC3I/II (88).
4.4 Immunomodulatory

The immunomodulatory effects of bromelain have been

studied extensively, showing that it can activate or suppress

the mammalian immune system (121). One of the first

researches was conducted on human T cells from bromelain-
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treated PBMC stimulated by mitogenic CD2 mAb to explore the

migration and activation of lymphocytes (122). Bromelain acted

by removing the extracellular domains of the CD44, CD45RA,

E2/MIC2, CD6, CD7, CD8, and Leu 8/LAM1 surface molecules

and thus enhancing T cell activation through CD2. The

continuation of the research expanded the use of bromelain in

monocytes and granulocytes and extended the surface molecules

affected by the enzyme, again remarking on the promoting

effects on adhesion and activation of immune cells (123). Also,

human peripheral blood lymphocytes were pretreated with

bromelain to study the anti-proliferative activity in different

cancer cell lines (124). The authors reported that lymphocytes

were boosted by the enzyme and could enhance the immune

system response to the fight against cancer at least in vitro

experiments. More strictly to human studies, in 16 breast cancer

patients treated for 10 days, bromelain could reduce CD44

expression (similar to above), while augmenting CD11a and

CD62L expression (125). The work was done on PBMC of breast

cancer patients, where also monocytic activity was increased,

suggesting that bromelain could stimulate the suppressed

immunocytotoxicity of monocytes at least in a proportion of

breast cancer patients (only 40% responded to the enzyme).

Opposite effects of bromelain were also reported, such as those

blocking signal transduction through Raf-1/MEK/ERK-2

signaling pathway in stimulated T helper cells (126). The

inhibition was probably unspecific, as it acted on ERK-2 and

p21ras of T cells, however proteolytic-dependent, evoked by

selective cysteine protease inhibitor in further experiments.

In another tissue cell model (splenocyte cultures), the

enzyme could induce TCR-mediated T cell proliferation, but

not CD4+ or CD8+ lymphocytes, with concomitant inhibition of

TCR-mediated IL-2 production albeit T cells growth (127). In

addition, the work showed that Ag-specific B cell antibody

response was expanded in bromelain-treated mice, though IL-

2 mRNA expression was simultaneously blocked. The authors

remarked as bromelain could concurrently boost and inhibit T

cell responses, depending on the immune environment and

consequently, the enzyme could be potentially implicated in T

cell autoimmunity. Bromelain was also studied in the innate

immune system, where it could enhance and sustain the process.

In a recent study, murine macrophages (RAW 264.7 cells and

primary macrophages) were challenged with the enzyme, that

caused IFN-g-mediated nitric oxide and TNFa production to

strengthen human defences (128). In addition, in murine natural

killer, bromelain was able to augment IL-2- and IL-12-mediated

IFN- g production, IL-6, and Gm-CSF, while reducing T helper

cells activation.
4.5 Inflammation

One important property of bromelain is its anti-inflammatory

action. Since ancient times, pineapple as the main source of
Frontiers in Oncology 09
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bromelain has been widely applied against inflammation

disorders (34). The main applications of bromelain concern the

edema processes of an inflammatory nature in the medical and

surgical fields. Bromelain administered i.p. and orally at doses of 5-

10, mg/kg reduces edema and inflammation in animals due to

histamine, formalin, dextran, carrageenan and egg albumin. At the

level of inflammatory tissue, bromelain reduces vasodilation, and

increased capillary permeability, leukocyte migration and local pain

by inhibiting the formation of bradykinin and serotonin. In

addition to these, bromelain exhibited anticancer activity and the

ability to induce apoptotic, necrotic and autophagic mechanisms.

More recently, the inflamed colon tissue was used as a model

to evaluate the bromelain anti-inflammatory role. For example,

in spontaneous colitis (in C57BL/6 IL-10-/- mice) the enzyme

was able to reduce histological and clinical signs of inflammation

(129). The research was expanded with the use of pineapple juice

or purified bromelain in the same animal model, showing that

both treatments could lessen colon inflammation and neoplastic

lesions (130). Previously in colon biopsies from patients affected

by ulcerative colitis and Crohn’s disease, bromelain in vitro

experiments resulted in diminished amounts of IL-2, IL-6, IL-4,

G-CSF, Gm-CSF, IFN-g, CCL4/macrophage inhibitory protein

(MIP)-1b, and TNF, implying a role in inflamed colon against

pro-inflammatory cytokines and chemokines (131). Moreover,

in the murine inflammatory bowel disease model, a reduction in

neutrophil migration was demonstrated through the blockade of

the CD128 chemokine receptor (132). Reduced cytokines/

chemokines expression and alteration of white blood cell

trafficking can impact on tumor microenvironment, another

possible immune-mediated and anti-cancer effect of bromelain.

In another inflammatory disorder, bromelain has notably

been shown to reduce inflammation in the gastro-enteric

environment (133). In particular, using 3 different cell lines as

digestion simulated models (AGS, Caco-2, and SW1353 cells),

the authors demonstrated that a proprietary bromelain extract

could decrease IL-8, COX-2, iNOS, and TNF-a without affecting

cell viability. In addition, bromelain inhibited the iNOS and

COX-2 expression in LPS-stimulated RAW 264.7 cells

presumably as a result of inhibiting ERK (extracellular signal-

regulated kinase) and p-38 phosphorylation (134).

Zhou and co-authors have reported that purified fruit

bromelain could stop epithelial TNF-a receptors in rat colitis

models and intestinal cell line IEC-6 and Caco-2 cells (43). The

work reported that colitis symptoms were ameliorated, together

with reduced macroscopic damage, decreased mucosal

inflammation, and tight junction barrier recovery.

Bromelain can accelerate tissue repair processes as a result of

the depolymerization of intercellular structures and

modification of vascular permeability (135). The biological

effects of bromelain have been partially associated with the

modulation of the arachidonic acid cascade (124), similar to

another study that showed the alteration of arachidonic acid

metabolism with anti-inflammatory and antiplatelet effects of
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bromelain (135). Bromelain therapy resulted in platelet

formation reduction with increased resistance to aggregation

(136). It experimentally induced inflammatory reactions in

the rat with the interference of eicosanoid formation in the

arachidonic acid cascade (124) and could modulate the immune

system as an anti-inflammatory factor (71).

Habashi and co-authors have also reported that bromelain

potentially exerted anti-inflammatory effects by reducing nitric

oxide synthesis in vitro without cytotoxicity (137). Bromelain

downregulated COX-2 and PGE-2 (prostaglandin E2)

expression levels in cells (138). Bhui and co-authors explored

that bromelain inhibits COX-2 expression by blocking the

activation of MAPK-regulated NF-kappa B against skin tumor

initiation triggering the mitochondrial death pathway (139).

Bromelain was able to inhibit PGE2 production (56.3%) in

doses of 40 mg/kg in the rat (140). In addition, after 10 and

20 mg/kg oral application of bromelain in rats, it reduced

inflammations mediators, such as PGE2 and substance P

(tachykinin family of peptides) production in plasma and

peripheral tissues (141).

Anti-inflammatory effects of bromelain were observed at 100

µg/mL in LPS-induced human U937 macrophages by

suppressing macrophage inflammatory protein-1 (MIP-1a and

MIP-1b), monocyte chemoattractant protein-1 (MCP-1), IL-8,

IL-1 b, IL-6 and COX-2 (142). Moreover, bromelain (50-100 µg/

ml) reduced TNF-a, IL-1b and IL-6 from LPS-induced

peripheral blood mononuclear cells and monocytic leukemia

THP-1 cells (143). Similarly, another work suggested that

bromelain could regulate inflammatory cytokines and growth

factors, including TNF-a, IL-1b, IL-6, and IFNg (144).

Moreover, 2.5 mg/kg intragastrically application of cross-

linked bromelain with organic acids and polysaccharides (CL-

bromelain) for 7 days considerably showed anti-inflammatory

effects via reduction of NF-kB activity and COX-2 mRNA

expression in rat livers (145). In addition, CL-bromelain was

reported for its suppression of ERK, c-Jun N-terminal kinase,

and p38 mitogen-activated protein kinase (145). Kalra and

others have reported that bromelain regulates p53, NF-kB, and

COX-2 expression by targeting the mitogen-activated protein

kinase pathway in mouse skin (90). Plasma prekallikrein and

kininogen notably decreased fifteen minutes after a single

injection of bromelain (10 mg/kg) in rats and gradually

recovered over 72 hours (146).

Another hypothetic role of bromelain is in the inflammation

caused by advanced glycation end-products (AGEs). It has been

shown that the enzyme could increase the soluble form of

receptor for advanced glycation end products (sRAGE) in 11

patients affected by chronic kidney disease (CDK). It is known

that kidneys are implicated in the removal of sRAGE and

circulating AGEs and non-AGE ligands are present in CKD

(128). The authors suggested that the rise of sRAGE in CDK

patients was associated with an improved detaching of the cell

surface RAGE, however, bromelain’s role in CDK or AGE
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removal is still unclear, in particular for the small number of

patients analyzed (147).
5 Synergistic anticancer effects of
bromelain combined with
chemotherapeutics or other
bioactive compounds

Bromelain delivery in association with other molecules is

often used to obtain a synergistic effect. Although bromelain

alone has shown apoptotic effects in cancer cell lines, other

studies combining this enzyme with other compounds or

extracts have been developed. An example is the combination

of this enzyme with peroxidase, indeed their association

produced additive effects with an intensification of

intracellular ROS level and disruption of mitochondrial

membrane potential, leading to acute myeloid cells (K562)

growth inhibition. In addition, they participated in the

regulation of the expression of Bax, Bcl2, caspase-3, and

cytochrome, which are highly related to apoptosis, as well as

promoting a positive regulation of p53, a key molecule involved

in cell death (91). In another study, the combination of olive leaf

extract (Olea europaea L.) and bromelain could have promising

effects against lung cancer (93). Combining ethanolic olive leaf

extract (EOLE) with bromelain increased Nrf2 translocation

from the cytoplasm to the nucleus and terminated the

translocation of NF-kB from the cytoplasm to the nucleus.

Furthermore, the levels of IL-6 and TNF-a, as well as some

metalloproteinases, decreased, suggesting that this association

could reduce lung carcinogenesis through the regulation of

inflammation and oxidative stress (93).

The combination of curcumin, harpagophytum and

bromelain has been shown to reduce inflammation and pain

in osteoarthritic human synovial cells, through the decrease of

prostaglandin E2, Nerve Growth Factor (NGF), IL-6 (148).

Similarly to the previous study, the combination treatment of

bromelain, trypsin, and rutin resulted in a significant reduction

in pain and inflammation in 103 patients with osteoarthritis of

the knee (149). This randomized double-blind study

demonstrated that the combination regimen was efficacy in

51.4% of the osteoarthritis patients (while for the control

group, diclofenac treatment, was 37.2%), thus sufficiently

better to induce the authors to suggest this treatment as a new

potential tool for osteoarthritis.

Bromelain may increase the cytotoxicity of cisplatin in the

treatment of breast cancer as reported in 2 studies with MDA-

MB-231 and 4T1 Breast Tumor cell lines (78, 79). Besides the use

of bromelain as a single drug, there are studies in which the effect

of bromelain has been combined with other molecules, such as

N-acetylcysteine. The combination of the two compounds in

different gastrointestinal cancer cell lines showed significant
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inhibition of cell proliferation, with an increase in

autophagosomal markers such as LC3-II (81). In another

study, malignant peritoneal mesothelioma (MPM) cells were

exposed to the combination of bromelain with cisplatin and

fluorouracil, showing cytotoxic effects against these cells in the

mixture between bromelain and cisplatin (84).

Bromelain and N-acetylcysteine (NAC) constitute two active

ingredients capable of inhibiting the growth and proliferation of

induced peritoneal tumors in mice as model animals.

Intraperitoneal administration of tumor cells in association with

bromelain and NAC showed that bromelain/NAC as a single agent

or combination treatment on alternate days inhibited tumor growth

and the number of peritoneal nodules in a dose-dependent manner

(82). This activity can be traced back to the proteolytic activity of

bromelain and the mucolytic activity of NAC. It is known that some

mucins, highly glycosylated high molecular weight proteins (i.e.

MUC2 and MUC5AC), are involved in the pathogenesis of cancer.

Some tumors may use mucins during invasion, metastasis and

growth in otherwise inhospitable sites (Byrd & Bresalier, 2004).

Besides, extracellular mucus presents a clinically relevant barrier to

effective therapy in mucinous cancers. Thus, extracellular mucolytic

would decrease compressive effects from bulky mucinous tumor

burden. Such an effect was observed when a combination of

bromelain + NAC was used to lysate extracellular mucus in the

experimental animal model. Bromelain is made up of a mixture of

hydrolytic enzymes, not only with endopeptidase activity,

hydrolyzes esters, amides and glycosidic bonds, while NAC can

reduce disulfide bridges. Such a combination impaired the complex

lattice framework of mucus thus improving drug delivery and

increasing cytotoxic effects (150).

Bromelain-based mucus-disrupting strategies are also

gaining much attention as an effective tool in decreasing the

mucus barrier. However, this effect of bromelain may be

ineffective, if not harmful, in some circumstances. Non-Small

Cell Lung Cancer (NSCLC) is any type of epithelial lung cancer

other than small cell lung cancer (SCLC). There are different

types of NSCLC which represent about 90% of all lung cancer

cases. A significant percentage of these NSCLC cases are

characterized by the expression of the anaplastic lymphoma

kinase (ALK) protein. Inhibition of ALK is a target for slowing

proliferation in NSCLC. Commercial bromelain was tested to

evaluate efficacy during the administration of certain ALK

inhibitor drugs such as alectinib (ALC), ceritinib (CER), and

crizotinib (CRZ). Interestingly, bromelain administration in

male Wistar rats caused a significant decrease in plasma levels

of CER and CRZ along with an increase in the apparent

clearance. However, no significant effect was noticed with ALC

(151). Thus, the well-known bromelain muco-permeation

enhancing effect can sometimes have unwanted effects.

Even the simple administration of bromelain in mice

challenged with 4T1 triple-negative breast cancer cells can

increase the effectiveness of anticancer drugs with severe side

effects. Animals receiving cisplatin and bromelain jointly showed
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more significant effects in tumor shrinkage than those receiving

bromelain and cisplatin separately by modulating the tumor

environmental inflammation (78).

Significant benefits could be obtained if the administration

of bromelain allowed the total elimination of synthetic drugs

with anticancer activity, which often cause severe side effects. An

interesting attempt was made against Dalton’s ascites lymphoma

tumor model in Swiss albino mice. When bromelain was used in

association with peroxidase, the two enzymatic systems were

able to counteract some of the typical effects of lymphoma. In

fact, during the progression of the tumor the white blood cell

count was increased as well as the number of abnormal

leukocytes, while the red blood cell count decreased. These

negative effects were mitigated following the administration of

bromelain and peroxidase, both enzymatic systems found in

some pineapple extracts. This may be due to the increase in

tumor cell apoptosis (92) resulting from the increase of pro-

apoptotic protein factors and the restoration of ROS levels by

controlling the activity of antioxidant enzymes.

A similar approach aims to replace drugs with antioxidant

substances extracted from plants rich in phenolic compounds. For

this purpose, ethanol extract of Olea europaea leaves (EOLE) in

combination with bromelain was used to evaluate the amelioration

of various hallmarks associated with benzo(a)pyrene-induced lung

carcinogenesis in male Swiss albino mice (Majumder et al., 2021).

The combined treatment of bromelain and EOLE significantly

restored body weight and lung weight in treated animals thus

suggesting protection due to the inactivation of excess ROS and/or

through inhibition of inflammation or deactivating inflammatory

markers. The same kind of antioxidant protection can explain the

observed general improvement in lung tissue architecture.

Hydroxytyrosol and oleuropein are the main components of the

polyphenolic fraction of Olea europaea, and their antioxidant

potential has long been recognized. On the other side,

inflammation provides various molecules essential to the

formation of a microenvironment suitable for tumor

development. Such molecules include growth factors, survival

factors, proangiogenic factors and extracellular matrix-modifying

enzymes (Ben-Baruch, 2006). Treatment with bromelain-EOLE

reduced some crucial proinflammatory cytokines (TNF-a and IL-

6), and also interrupted the NF-kB translocation. Altogether, a

combination of EOLE and bromelain alleviated the benzo(a)

pyrene-induced lung carcinogenesis associated with pulmonary

oxidative stress and inflammation (Majumder et al., 2021).

The various strategies for the fight against cancer include

also radiotherapy, the effectiveness of which can be limited by

the radioresistance of some tumors as well as by the undesirable

effects affecting normal tissues. The development of

radiosensitizing drugs has therefore found application in the

treatment of tumors by radiotherapy. Radiosensitizers are

intended to enhance tumor cell killing while having much less

effect on normal surrounding tissues. Some drugs target different

physiological characteristics of the tumor, particularly hypoxia
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of the solid tumor tissue which is considered a major cause

associated with radioresistance. From this perspective, the

hypothesis that bromelain acts as a radiosensitizer and

radioprotector becomes suggestive. Mekkawy and coworkers

make this hypothesis their own through in vivo studies in

Ehrlich solid tumor (EST) bearing mice (152). The size and

weight of tumors in gamma-irradiated EST-bearing mice treated

with bromelain decreased significantly with a significant

amelioration in the histopathological examination (Mekkawy

et al., 2020). The benefits could be linked to the gene expression

of some nuclear factors (poly ADP ribose polymerase-I, NF-kB),
and peroxisome proliferator-activated receptor a together with

restored liver function. Besides, bromelain radiosensitizing

action could be expressed through increasing lipid

peroxidation and ROS production in tumor tissue, inhibition

of repair of DNA strand breaks and inhibition of

proliferation (153).
6 Clinical studies

The administration of bromelain in tumor patients has been

also tested in a few numbers of clinical studies and could

represent an adjuvant treatment in cancer care. The

immunotoxicity effect of monocytes and lymphocytes against

target cells of mammary carcinoma (K562 and MDA-MB-231)

was tested in vitro after 10 days of oral bromelain administration

in breast cancer patients (daily up to a dose of 7800 mg) as above

mentioned (paragraph 4.4) (Eckert et al., 1999). Eckert and

coworkers found that the intake of the bromelain increases the

activity b-MAk and MAK of patient monocytes about 2-fold; in

the responder patients, it was recorded an increase in

cytotoxicity of b-MAK and MK cells respectively from 7.8% to

54% and from 16% to 47%. No detectable IL-1b from monocyte

was found in patients before, during and after the treatment in

contrast with what was recorded in healthy blood donors, and no

effects were observed in NK and LAK-cell activity in the patient

cohort. Moreover, the oral intake of bromelain reduced the

expression of the cell surface markers CD44 but poorly

increased the expression of CD11a and CD62L without

changing the level of CD16. These effects were observed also

in vitro with a higher decrease in the expression of CD16 and

CD44. On the whole, the bromelain’s capacity to improve the

monocytic cytotoxicity of breast tumor patients makes it suitable

as alternative support care in combating cancer.

The anti-cancer properties of bromelain, in combination

with N-acetylcysteine, were used also to produce a new drug

(BromAc®) which has been recently proved effective in the

recurrent thoracic pseudomyxoma peritonei (PMP) treatment

(154). According to the bromelain-based mucus-disrupting

activity (see above), the mucolytic properties of BromAc® help

the tumor dissolution when it was injected directly into

mucinous disease. However, its effectiveness is related to
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neoplastic characteristics. Tumors with soft or intermediate

textures are more susceptible to the drug’s action. In the first

two cases reported, effectively, large response differences were

reported, possibly due to the tumor consistency (Lam et al.,

2021). The safety profile was however good as also the

objective response.

In a phase I study, the safety of bromelain treatment was

tested on 20 patients affected by inoperable mucinous cancer.

Among the patients, 13 had intra-tumoral treatment and 7 had

intraperitoneal treatment (Valle et al., 2021). Intra-tumoral

doses consisted of 30-45 mg of bromelain and 1.5 g of NAC

while intraperitoneal doses of 45-60 mg of bromelain and 1.5-2 g

of acetylcysteine, administrated in 5% glucose. The volume of

the fluidized tumor removed was measured and collected for

laboratory analysis. The side effects of treatment were recorded

after 24 h. Adverse effects were observed in 85% of patients. The

main side effects were fever (35%), pain in the injection site

(30%), rise in C-reactive protein (CRP)(80%) and white blood

cells (WBC) (55%). No death or anaphylactic reactions were

recorded. Although the study was carried out on a small number

of patients, it was nevertheless promising as in 15 patients (75%)

a reduction in tumor-related symptoms after BromAc®

administration was reported with manageable side effects.

BromAc® safety was investigated also using blood parameters

in 25 patients (mean age 64) with inoperable PMP pre and post-

treatment administration (Ke et al., 2021). Patients received

bromelain mean dosage of 124 mg and 4.9 g of NAC for each

period of treatment, which consisted of an average of 3.8 drug

administration on different days. It was tested in the high and low-

dose subgroups (mean of 64 mg of bromelain + 2.7 g of NAC and

183 mg of bromelain plus 7.2 g of NAC respectively). An increase

in CRP values andWBC, neutrophils and monocytes in both high

and low-dose subgroups was found, with a concomitant decrease

in albumin and lymphocyte levels suggesting an inflammatory

reaction. The other blood parameters, including liver enzymes or

coagulation parameters, have not undergone any alteration. This

aspect is important in the evaluation of BromAc® safety, that have

not shown liver or kidney toxicity.

The role of bromelain (in combination with papain, sodium

selenite and Lens culinaris lectin) has been also tested as a

complementary medicine on more than 600 breast cancer

patients to reduce the side effects caused by the administration

of the adjuvant hormone therapy. Side effects were measured by

scoring from 1 (no side-effects/optimal tolerability) to 6

(extreme side-effects/extremely poor tolerability) The main

side effects, arthralgia and mucosal dryness, were drastically

reduced after 4 weeks (p<0.001) and 8 weeks (p<0.0001) of

treatment (155, 156).

On the whole, these results support further studies on the

role of bromelain in the treatment of tumors possibly

representing a non-invasive treatment for people suffering

from cancer. Despite these promising effects, the number of

clinical trials is low and limited to early stages. More efforts are
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thus desirable to validate a promising new strategy for

inoperable neoplastic cases.
7 Toxicity and safety data

The recent studies underline its safety and easy of

administration with sufficient bioavailability and tolerability

both in animal and human studies. Indeed toxicity studies

showed a lethal dose of LD50 greater than 10 g/kg in mice,

without carcinogenic or teratogenic effects at dosages of 1.5 g/kg

per day (157, 158). Other recent studies have shown few side

effects arising as a result of taking bromelain in both animals and

humans, thus bromelain is considered relatively safe. The main

side effects are attributable to the gastrointestinal system

(stomach pain and diarrhea), although allergic reactions are

always possible in predisposed individuals (159). Bromelain is

considered to be safe and it is an effective agent in burn

debridement. In Europe, bromelain is approved as a non-

steroidal anti-inflammatory agent for oral and topical use for

surgical wounds, inflammation, and debridement of deep burns

(159, 160). A single 4-hour application of the bromelain-based

agent completely debrides deep partial-thickness burns in a

validated porcine model (161).
8 Limitations, challenges
and prospects

Numerous studies in the literature were focused on the anti-

cancer role of bromelain, highlighting its importance in cell

processes such as apoptosis and necrosis (95). Available data on

bromelain also suggested that the enzyme possesses anti-

inflammatory activity in acute and chronic inflammation

which are associated with cancer. Bromelain can modulate the

metabolism of arachidonic acid affecting the production or

activity of cytokines and growth factors involved in the

inflammatory process. There are numerous published data on

the potential mechanism of action of bromelain in anti-

inflammatory activity. Nonetheless, they are not exhaustive

and leave many questions unanswered: additional anti-

inflammatory works are necessary for a better understanding

of its mechanism of action. Many preclinical pharmacological

studies showed that Bromelain affected cell viability of cancer

cells, however, the exact mechanisms of action produced by

bromelain are rarely explored. Nonetheless, it is reported that

bromelain could act as an immunomodulator by improving the

weakened immunocytotoxicity. Other recent studies showed

that bromelain stimulates autophagy which is involved in

cancer progression and drug resistance. The activation of

autophagosome and lysosome formation by bromelain induces

cancer cell death, a key factor that should be more profitably

exploited in future research.
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A complex picture of the effects of bromelain on the immune

system is also perceived. Indeed, most of the published papers

reported an immunomodulatory activity of bromelain, with a

different behavior based on a specific tissue or cell type.

Preclinical pharmacological experiments represent the vast

majority of research on the effects of bromelain on the

immune system, from which it appears that in the future it is

necessary to test bromelain in larger clinical studies in humans.

Moreover, its cytotoxic effects in cancer cells could be triggered

by proteolytic activity, or by platelet aggregation-inhibitory

activity or anti-inflammatory properties (16). Tumour cells

with such compromised processes are potential targets of

bromelain. In addition, it is known that cancer cell death can

be induced in different ways, such as via apoptosis, necrosis,

and autophagy.

The lack of wide clinical trials leaves the opportunity to

further test bromelain in humans, giving the possibility to

clinicians to lay clear indications of its use. Another issue to be

expanded in future research will be bromelain association with

other compounds, as above mentioned in some successful works

(78, 82, 84, 92–94, 162–164). The possibilities are enormous, and

should not be limited to chemotherapeutic drugs (78, 84, 162–

164), but expanded to other drug categories, such as anti-

hypertensives, hypoglycemics, anti-asthmatics, anti-microbials,

immunomodulators, etc. Moreover, it should be kept in mind

that bromelain is highly attractive for the industry, given its

indispensable nature in foods, cosmetics, pharmaceuticals,

and textiles.

A key limitation factor for the successful use of bromelain as

a potential anticancer agent is its production and method of

extraction: the more these are reduced and the more the market

expands. Indeed, more economical but equally effective

bromelain will be highly competitive with other products or

other sources and will facilitate its use among both the

population and industry. This could in turn generate a

scientific relapse with the initiation and extension of new and

old research in this field. It is expected that in the next future

bromelain will be deeply studied and explored, especially

focusing on its anti-cancer activity, as this kind of disease is

considered the second leading cause of death all over the

world (165).

New perspectives and strategies have been proposed to

increase the anti-cancer effects of Bromelain from the bench to

bedside. The most promising approach is to enhance the

bioavai labi l i ty of bioact ive compounds using new

pharmaceutical nanoformulations (166). Thus and simple

bromelain delivery may require high doses of the active

principle also due to the characteristics of the extracellular

matrix (ECM) which constitutes a barrier that slows down or

prevents the spread of drugs in the parenchyma of the tumor.

For this reason, other delivery methods have been investigated.

NPs-based delivery systems can offer an effective alternative. The

proteolytic activity of bromelain can pave the way for these
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antitumor drug delivery systems by increasing their penetration

into the cell, weakening the resistance of ECM proteins. Thus,

doxorubicin, a potent anticancer drug, but with heavy side

effects, was delivered in association with chemically

immobilized bromelain, by lactobionic acid-modified chitosan

NPs. In vivo drug biodistribution and antitumor activity in ICR,

male mice model lead to higher drug concentration in tumor

area and superior antitumor effect (Wang et al., 2018).

Pancreatic cancer is one of the most difficult cancers to treat

largely because of the inability of anticancer drugs to penetrate

the malignant tissue as a result of the dense ECM (167). This can

limit the effect of bromelain in degrading the tumor ECM due to

the short half-life of bromelain in the blood. An interesting

technology has recently been developed capable of increasing

blood retention of proteins termed “Self-assembly PEGylation

Retaining Activity (SPRA)” (Higashi et al., 2020). This

technology based on reversible poly (ethylene glycol) (PEG)

modification was applied to stabilization of bromelain in vivo,

thus enhancing antitumor activities of doxorubicin and

doxorubicin encapsulated in PEGylated liposomes (DOXIL) in

tumour-bearing mice. The release rate of doxorubicin can be

increased by using nanocarriers prepared by crosslinking

bromelain with an ortho-ester-based crosslink agent. The

release of bromelain in tumour-bearing mice by pH-sensitive

NPs increased the hydrolysis of the ECM favoring the

penetration of the anticancer drug (164). Bromelain can also

be uploaded to obtain poly(lactic-co-glycolic acid) NPs

(bromelain-PLGA NPs). Such a delivery system was evaluated

for its anti-cancer efficacy in 7,12-dimethylbenz[a]anthracene

(DMBA)-induced and 12-O-tetradecanoylphorbol-13-acetate

(TPA) promoted 2-stage skin tumorigenesis model in Swiss

albino mice. Bromelain-PLGA NPs showed the most

significant chemopreventive and chemotherapeutic effects

when compared with free bromelain (Bhatnagar et al., 2015).

Bromelain-NPs possibly acted by maintaining a balance between

the positive and negative regulators of apoptosis and triggering

more cells to apoptosis than free bromelain.
9 Conclusions

Bromelain, the main medicinal component of pineapple, was

discovered in the late 1800s and since that time research

continues to increase available data on its potential benefits.

Bromelain is an enzyme with numerous pharmacological

properties, as it can act on different health disorders, including

osteoporosis and osteoarthritis, diarrhea, chronic wounds,

surgical debridement, edema, inflammation, and cancer.

Nonetheless, clinical uses of bromelain are limited and poorly

representative. The anticancer properties of bromelain are

extensively documented in vitro experiments, but such
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demonstrations in vivo animal models are far less. The

methods and techniques of administration/delivery of

bromelain vary significantly. Modalities were tested that

involved both the administration of bromelain alone, and in

association with other molecules, but the most promising use

was the formulation of nanoparticles. Novel approaches to

cancer chemotherapy are warmly urgent and bromelain could

be regarded as an important tool in the cancer fight.

Several clinical properties have been ascribed to bromelain

vide supra including anticancer activity. Besides, the utility of

these proteins also comprises the cosmetic field, food and

beverage production and textile industries as a consequence,

the industrial demand in the last few years increased. This

phenomenon further affected the final price of the product.

However, the protein isolation and purification costs are

responsible for more than half of the final commercial price.
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Colon cancer is a highly malignant cancer with poor prognosis. Astragalus
membranaceus (Fisch.) Bunge (Huang Qi in Chinese, HQ), a well-known Chinese
herbal medicine and a popular food additive, possesses various biological functions
and has been frequently used for clinical treatment of colon cancer. However, the
underlying mechanism is not fully understood. Isoflavonoids, including
formononetin (FMNT) and calycosin (CS), are the main bioactive ingredients
isolated from HQ. Thus, this study aimed to explore the inhibitory effects and
mechanism of HQ, FMNT and CS against colon cancer by using network
pharmacology coupled with experimental validation and molecular docking. The
network pharmacology analysis revealed that FMNT and CS exerted their
anticarcinogenic actions against colon cancer by regulating multiple signaling
molecules and pathways, including MAPK and PI3K-Akt signaling pathways. The
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experimental validation data showed that HQ, FMNT and CS significantly suppressed
the viability and proliferation, and promoted the apoptosis in colon cancer Caco2 and
HT-29 cells. HQ, FMNT and CS alsomarkedly inhibited themigration of Caco2 andHT-
29 cells, accompanied by a marked increase in E-cadherin expression, and a notable
decrease in N-cadherin and Vimentin expression. In addition, HQ, FMNT and CS
strikingly decreased the expression of ERK1/2 phosphorylation (p-ERK1/2) without
marked change in total ERK1/2 expression. They also slightly downregulated the p-Akt
expression without significant alteration in total Akt expression. Pearson correlation
analysis showed a significant positive correlation between the inactivation of ERK1/
2 signaling pathway and the HQ, FMNT and CS-induced suppression of colon cancer.
Themolecular docking results indicated that FMNT and CS had a strong binding affinity
for the key molecules of ERK1/2 signaling pathway. Conclusively, HQ, FMNT and CS
exerted good therapeutic effects against colon cancer by mainly inhibiting the ERK1/
2 signaling pathway, suggesting that HQ, FMNT and CS could be useful supplements
that may enhance chemotherapeutic outcomes and benefit colon cancer patients.

KEYWORDS

colon cancer, Astragalus membranaceus (Fisch.) Bunge, formononetin, calycosin, network
pharmacology, ERK1/2

1 Introduction

Colon cancer is among the most prevalent cancers, which has a
complex aetiology consisting of environmental component and
genetic component (Fagunwa et al., 2017; Kong et al., 2020).
Evidence exists that colon cancer arises from two types of
precursor polyps via two distinct pathways: conventional adenomas
by the conventional adenoma-to-carcinoma sequence and serrated
adenomas according to the serrated adenoma-to-carcinoma theory
(Cappell, 2008). Currently, colon cancer is the third most common
diagnosis and second deadliest malignancy for both sexes combined. It
is estimated that colon cancer will cause 1.1 million deaths by 2030
(Kong et al., 2020). Current clinical treatment of colon cancer mainly
includes operation, radiotherapy and chemotherapy. Despite advances
in the development of these therapies, the prognosis in colon cancer
patients remains poor and the recurrence rate is still high (Kong et al.,
2020). Moreover, long-term use of these therapies easily produces
severe toxicities side effects, including hepatotoxicity, vomiting,
diarrhea and immunosuppression (Kong et al., 2020). Thus,
alternative therapies with pronounced effectiveness but low toxicity
are necessary.

Nowadays, the interest in Chinese herbal medicines (CHMs) has
increased worldwide due to their health-beneficial properties. The
obvious advantages of CHMs in the prevention and treatment of colon
cancer has been widely recognized and confirmed (Ye et al., 2015; Yan
et al., 2017; Kong et al., 2020). Astragalus membranaceus (Fisch.)
Bunge (Huang Qi in Chinese, HQ), one of the most well-known
CHMs, is frequently used as a major component in over 200 Chinese
medicine formulas to treat a wide variety of diseases and body
disorders, including chronic fatigue, weakness, wounds, anemia,
fever, uterine bleeding, allergies and cancer (Guo et al., 2019; Lou
et al., 2019). Moreover, as a health-beneficial additive in some food,
HQ is popularly consumed to strengthen the immune system and
reinforce vital energy (Guo et al., 2019). Pharmacological evidence
revealed that HQ manifests various biological functions, such as anti-
inflammation, anti-oxidant, antiviral, immunomodulation, and anti-
carcinogenic activities without any appreciable toxicity (Guo et al.,
2019; Lou et al., 2019; An et al., 2020). Previous studies demonstrated

that HQ has a utility in clinical applications for the colon cancer
treatment. For example, HQ could not only inhibit the proliferation,
cause cell cycle arrest and promote apoptosis of colon cancer cells, but
also suppress the migration of colon cancer cells (Tseng et al., 2016;
Tan et al., 2019). HQ could effectively inhibit the tumors of human
colon cancer cells grafted into nude mice without obvious side effect
(Tseng et al., 2016), which demonstrated that HQ might be a potential
chemopreventive drug for colon cancer therapy. What is more, HQ
exerted potent anti-tumor activity through simultaneous modulation
of mammalian target of rapamycin (mTOR) and cyclooxygenase-2
(COX-2) signaling, which together decreased vascular endothelial
growth factor (VEGF) expression to effectively suppress
angiogenesis in tumor xenograft and human colon cancer cells
(Auyeung et al., 2016). Although increasing evidence supports the
potent inhibitory activity of HQ against colon cancer, the molecular
mechanism underlying the action has yet to be fully elucidated.
Moreover, colon cancer is a systemic and complicated disease with
involvement of multiple signaling molecules. It is essential to further
investigate the underlying mechanisms of HQ in the suppression of
colon cancer.

Numerous ingredients have been isolated and identified from HQ
(Guo et al., 2019). Formononetin (FMNT) and calycosin (CS), two main
bioactive isoflavone ingredients isolated from HQ, contribute to the
therapeutic efficacy and pharmacological activities of HQ (Guo et al.,
2019). It was reported that FMNT could suppress the growth and induce
apoptosis of colon cancer cells, which were associated with caspase
activation and decrease in protein levels of Bcl-2 and Bcl-x(L). FMNT
also inhibited angiogenesis and invasion of colon cancer cells, thereby
supporting its potential application in advanced and metastatic colon
therapies (Auyeung et al., 2012). CS, as an important marker for
monitoring the HQ quality, is pharmacologically beneficial due to its
antioxidative, cytoprotection, hypolipemic, neuroprotection, and
hypoglycemic effects (Gong et al., 2021; Li et al., 2022). Moreover, CS
has potent anti-carcinogenic activities, including action against colon
cancer. It was reported that CS notably inhibited proliferation and
induced apoptosis of colon cancer cells through regulating the ERβ/
MiR-95, IGF-1R and PI3K-Akt signaling pathways (Zhao et al., 2016). CS
also promoted apoptosis of human colon cancer cells through

Frontiers in Pharmacology frontiersin.org02

Hu et al. 10.3389/fphar.2023.1111912

83

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1111912


modulation of ERβ/miR-17 signaling pathway (Chen et al., 2015b). These
studies indicate that FMNT and CS may be used as candidate agents for
clinical treatment of colon cancer in the future. However, the network
molecular mechanisms of FMNT and CS against colon cancer has not
been well defined.

Network pharmacology is an emerging methodology that attempts
to eliminate drug actions and reveal the interactions between drugs
and targets (Hopkins, 2007). As a powerful tool, network
pharmacology can combine network biology and polypharmacology
approaches to provide evidence for the molecular targets and the

FIGURE 1
Technological road-map. The whole technical roadmap was divided into five steps, including target identification, network construction, enrichment
analysis, experimental validation and a molecular docking study.
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potential mechanisms of action of CHMs (Gan et al., 2019; An et al.,
2020). Thus, this current study integrates network pharmacology with
experimental validation and molecular docking to clarify the effects
and potential mechanism of HQ, FMNT and CS against colon cancer
(Figure 1). The objectives of the current study were: 1) to determine
the content of FMNT and CS in the water extract of HQ for quality
control; 2) to screen the potential targets of FMNT and CS against
colon cancer; 3) to explore the potential mechanism of FMNT and CS
against colon cancer by using network pharmacology; 4) to evaluate
the inhibitory effects of HQwater extract, FMNT and CS against colon
cancer HT-29 and Caco-2 cells, and to elucidate the potential
mechanism by using experimental validation; 5) to investigate the
binding ability between FMNT and CS and key targets by using
molecular docking. Our results may expand our current knowledge

about the mechanism of HQ as a therapeutic candidate for colon
cancer therapy.

2 Materials and methods

2.1 Preparation of HQ water extract and
UHPLC-MS/MS analysis

One hundred-gram pieces of HQ were weighed. Preparation of
HQ water extract (1 g/mL) were performed as previously described
(Shi et al., 2015; Lou et al., 2019). Chemical profiling and
standardization of HQ water extract using FMNT and CS was
performed via UHPLC-MS/MS analysis by using an Agilent

FIGURE 2
Screening and analysis of the common targets of FMNT and CS for the treatment of colon cancer. The content of FMNT and CS were quantitated in HQ
water extract using erlotinib as an internal standard (IS) (A) A chromatogram of FMNT and CS standard solution (B) A chromatogram of FMNT and CS in HQ
water extract (C) Venn diagram of compounds (FMNT and CS)-colon cancer intersection targets. The 1866 targets of colon cancer were mapped to the
263 targets of FMNT andCS to screen out the 147 common targets (D) The PPI network of the 147 nodes. The red nodes represent the big hub nodes, the
green nodes represent the other nodes. The node size is proportional to its degree.
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1290 infinity LC system (Supplementary materials and methods). The
content of FMNT and CS were quantitated in HQ water extract at
levels of 0.3338 mg/g and 0.1998 mg/g, respectively (Figures 2A, B).

2.2 Prediction of the targets for FMNT and CS

Several databases, including TCMSP (http://tcmspw.com/) (Tan
et al., 2022), SuperPred (http://prediction.charite.de/) (An et al., 2020),
SwissTargetPrediction (http://www.swisstargetprediction.ch/) (Tan
et al., 2022), PubChem (https://pubchem.ncbi.nlm.nih.gov/) (An
et al., 2020) and STITCH (http://stitch.embl.de/) (An et al., 2020)
databases, which limit species for “Homo sapiens”, were used to collect
the potential targets of FMNT and CS. Finally, the UniProt database
(https://www.uniprot.org/) was used to identify all the targets (An
et al., 2020).

2.3 Screening of potential targets for colon
cancer

Keywords of “colon cancer”, “colon adenocarcinoma” and
“colorectal cancer” were used to identify targets related to colon
cancer from GeneCards (https://www.genecards.org/) (Tan et al.,
2022), OMIM (https://www.omim.org/) (Amberger et al., 2015),
TTD (http://db.idrblab.net/ttd/) (Tan et al., 2022), DisGeNET
(https://www.disgenet.org/) (Tan et al., 2022) and CTD (http://
ctdbase.org) (Tan et al., 2022) databases. Finally, the UniProt
database (https://www.uniprot.org/) was used to identify all the
targets (An et al., 2020).

2.4 Network construction and analysis

Venn diagram (http://bioinformatics.psb.ugent.be/webtools/
Venn/) was used to collect the common targets of FMNT and CS
and colon cancer. The detectable targets in the protein-protein
interaction (PPI) of FMNT and CS against colon cancer were
constructed by the STRING database (https://string-db.org/) and
were further visualized by using Cytoscape software (An et al.,
2020; Xu et al., 2022). Crucial biotargets of FMNT and CS against
colon cancer were obtained according to the degree values in the
Cytoscape settings.

2.5 Gene ontology and pathway enrichment
analysis

The Omicshare Online tools (https://www.omicshare.com/tools),
a free online platform for data analysis, was used to understand the
role of the potential targets in gene functions and signaling pathways,
including the Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analysis (An et al., 2020).
GO (https://geneontology.org/) is one of the main resources of
biological information, which provides a specific definition of
protein functions. GO is subdivided into three non-overlapping
ontologies: biological process (BP), cellular component (CC), and
molecular function (MF) terms (Ashburner et al., 2000). Those terms
with a p < 0.05 were chosen for further analysis and the top 20 of GO

terms enrichment were displayed. KEGG (https://www.kegg.jp/) is a
database resource for the biological interpretation by genome
sequencing and other high-throughput experimental technologies
(Chen et al., 2015a; An et al., 2020). Those terms with an p < 0.
05 were chosen for further analysis and the top 25 enriched KEGG
pathways were mapped.

2.6 Chemicals and reagents

Astragalus membranaceus (Fisch.) Bunge was purchased from
Daxiang Chinese Pharmaceutical Co., Ltd. (Guangdong, China).
FMNT and CS (purity ≥98%) were purchased from Chengdu Must
Biotechnology Co., Ltd. (Chengdu, China). MTT were bought from
Solarbio Science and Technology Co., Ltd. (Beijing, China).
BeyoClick™ EdU cell proliferation kitwas bought from Beyotime
Biotechnology (Haimen, China). Annexin V-fluorescein
isothiocyanate (FITC)/propidium iodide (PI) apoptosis detection
kit was purchased from Absin Bioscience Inc. (Shanghai, China).
DMSO and HEPES were purchased from GBCBIO Technologies
(Guangzhou, China). p-Akt (Ser473); Akt, p-ERK1/2 (Thr202/
Tyr204), ERK1/2, and β-actin antibodies were purchased from Cell
Signaling Technology (Danvers, MA, United States). N-cadherin,
E-cadherin and Vimentin antibodies were purchased from Affinity
Biosciences (OH, United States). All other chemicals not mentioned
here were of analytical reagent grade or better.

2.7 Cell culture

HT29 and Caco2 human colon carcinoma cells were purchased
from American Type Culture Collection (ATCC, Manassas, VA,
United States) and then routinely cultured in DMEM medium
(Gibco, United States) containing 10% (v/v) fetal bovine serum
(FBS) (Gibco, United States) and 100 U/mL streptomycin-penicillin
solution (Gibco, United States) in a humidified atmosphere containing
5% CO2 at 37°C.

2.8 MTT assay

Cell viability was measured by MTT assay. HT29 and Caco2 cells
were seeded in 96-well plates and cultured with the vehicle, HQ
(3.125–100 mg/mL), FMNT (3.125–200 μM) or CS (3.125–200 μM)
for 48 h. 5-Fluorouracil (5-FU) (25 μM) was used as a positive control.
Then, the medium was removed and each well was added 200 μLMTT
solution (0.5 mg/mL) and incubated at 37°C for additional 4 h. After
that, supernatant was discarded and 150 μl DMSO was added to each
well to dissolve formazan crystals. Optical density (OD) values were
measured at 490 nm by a microplate reader (PerkinElmer, Waltham,
MA, United States). Finally, cell inhibitory rates and 50% inhibitory
concentration (IC50) values were calculated for each group.

2.9 5-Ethynyl-2′-Deoxyuridine (EdU) assay

Cell proliferation ability was measured by EdU assay following the
manufacturer’s instructions. HT29 and Caco2 cells were seeded in 96-
well plates and cultured with the vehicle, HQ (25, 50, and 100 mg/mL),
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FMNT (25, 50, and 100 μM) or CS (25, 50, and 100 μM) for 48 h. 5-FU
(25 μM)was used as a positive control. Then, cells were incubated with
EdU labeling medium (50 mM) at 37°C for 2 h. Other details of the
procedure are described in literature (Wu et al., 2020). Finally, the
images were captured using a fluorescence microscope (Leica,
Germany) and analyzed by ImageJ software.

2.10 Wound healing assay

HT29 and Caco2 cells were seeded in 6-well plates. Scratch lines
were drawn on the monolith of the fused cells using 10 μL pipette tips.
Then, the cells were cultured with the vehicle, HQ (25, 50, and 100 mg/
mL), FMNT (25, 50, and 100 μM) or CS (25, 50, and 100 μM) for 12,
24 or 48 h, respectively. Pictures of the scratch lines were captured
using a microscope (Leica, Germany) at 0, 12, 24 and 48 h,
respectively. The cell migration ratio of linear wounds was
calculated by using ImageJ software.

2.11 Cell apoptosis assay

HT29 and Caco2 cells were stained with Annexin V-FITC/PI and
evaluated for apoptosis by flow cytometry according to the
manufacturer’s instructions. Briefly, HT29 and Caco2 cells were
seeded in 6-well plates and exposed to the vehicle, HQ (25, 50, and
100 mg/mL), FMNT (25, 50, and 100 μM) or CS (25, 50, and 100 μM)
for 48 h. Then, cells were collected and stained with Annexin V-FITC
and PI for 20 min at room temperature in dark. Finally, cell apoptosis
was analyzed by the flow cytometry (BD Biosciences, San Diego, CA,
United States).

2.12 Western blot assay

HT29 and Caco2 cells were seeded in 6-well plates and exposed to
the vehicle, HQ (25, 50, and 100 mg/mL), FMNT (25, 50, and 100 μM)
or CS (25, 50, and 100 μM) for 48 h. After that, the cells were washed
with cold PBS and harvested. Total proteins were extracted from cells
using the RIPA lysis reagent containing a protease inhibitor and then
quantified using a BCA estimation kit. Western blotting was
performed as previously described (An et al., 2020) using primary
antibodies against p-Akt, Akt, p-ERK1/2, ERK1/2, N-cadherin,
E-cadherin, Vimentin or β-actin (1:1000). Protein bands were
detected by a gel imaging analysis system and were analyzed using
ImageJ software.

2.13 Immunofluorescence

HT29 and Caco2 cells were seeded on confocal dishes and exposed
to the vehicle, HQ (100 mg/mL), FMNT (100 μM) or CS (100 μM) for
48 h. At the end of the incubation, the cells were fixed in
paraformaldehyde, permeabilized with TritonX-100 and blocked
with bovine serum albumin. Then, the cells were incubated with a
N-cadherin, an E-cadherin, or a Vimentin (1:200) antibody at 4°C
overnight and then stained with a secondary fluorescent antibody (1:
200; Alexa Fluor 488). Finally, the cells were incubated with DAPI for
20 min. Fluorescence signals were detected using a Leica TCS

SP8 confocal fluorescence microscope (Leica, Germany). The
relative fluorescence of N-cadherin, E-cadherin and Vimentin were
analyzed by ImageJ software.

2.14 Molecular docking

Molecular docking was carried out by AutoDock Vina software to
measure the interactions between the two compounds and the key
upstream molecules of ERK1/2 signaling pathway, including EGFR,
BRAF, MEK1/2 and ERK1/2. The crystal structures of EGFR, BRAF,
MEK1/2 and ERK1/2 were retrieved from the Protein Data Bank
(Table 1). The mol2 file format structures of the FMNT and CS were
obtained from the PubChem database. Details of the procedure are
described in literature (Ruan et al., 2020). After docking,
conformations with the lowest docking energy were selected for the
binding conformations between the ligands (FMNT and CS) and the
target proteins. Finally, the analysis and visualization of the ligand-
protein complexes were performed by PyMOL software.

2.15 Statistical analysis

All assays were performed in triplicate. Results were expressed as
mean with standard deviations (mean ± SD). One-way analysis of
variance (ANOVA) was performed to compare the differences
between different groups by SPSS 19.0. Correlation analyses were
performed using Pearson product–moment correlation by SPSS 19.0.
Statistical significance of differences was accepted at p < 0.05, p <
0.01 and p < 0.001.

3 Results

3.1 Potential targets for compounds and
colon cancer

A total of 263 potential targets for FMNT and CS were identified
after screening the databases of TCMSP, SuperPred,
SwissTargetPrediction, STITCH and PubChem, (Figure 2C).
Through the GeneCards, OMIM, TTD, CTD and DisGeNET
databases, a total of 1866 colon cancer targets were obtained
(Figure 2C).

3.2 Network construction

Then, compound targets and colon cancer-related targets were
mapped using a Venn diagram, 147 common targets were obtained as
the potential targets of FMNT and CS against colon cancer
(Figure 2C). The PPI network of the 147 targets were established
by Cytoscape 3.7.2 software (An et al., 2020) (Figure 2D). There were
147 nodes and 2,382 edges in the PPI network with a medium degree
centrality (DC) value of 28 (Figure 2D). Afterwards, hub nodes for
FMNT and CS against colon cancer were established based on DC
values. Finally, a total of 19 hub nodes were screened when the
thresholds were set at DC ≥ 57. These 19 crucial targets with
higher DC values were identified as the candidate targets of FMNT
and CS against colon cancer, including AKT1, TP53, MAPK3, EGFR,
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HSP90AA1, ESR1, MYC, CASP3, TNF, JUN, PTEN, MAPK1, FOS,
RELA, FN1, PTGS2, HSP90AB1, MAPK8 and PPARG (Figure 2D).

3.3 GO analysis and KEGG pathway
enrichment analysis

To evaluate the pharmacological effects of FMNT and CS against
colon cancer. The potential 147 targets were further utilized for the
GO analysis and KEGG pathway enrichment analysis. GO analysis
showed that the majority of these 147 targets were enriched in cells
with molecular function of protein binding. Specifically, these targets
were abundantly enriched in cellular process, metabolic process,
biological regulation and response to stimuli (Figure 3A). These
results implicated that various cellular functions could be involved
in the diverse and synergistic effects of FMNT and CS against colon
cancer. The top 20 of GO terms enrichment were mapped (Figures 3B,
C). The results showed that targets were closely related to multiple
biological processes (BPs), including cellular response to chemical
stimuli, response to chemical, response to oxygen-containing
compounds, response to organic substances, regulation of
programmed cell death, regulation of cell death, regulation of
apoptotic process, and apoptotic process, etc (Figure 3B). In
molecular functions (MFs), the significant terms were mainly
enriched in enzyme binding, kinase binding, protein kinase
binding, ubiquitin-like protein ligase binding, protein domain
specific binding, identical protein binding, ubiquitin protein ligase
binding, and organic cyclic compound binding, etc (Figure 3C).
Moreover, cellular components (CCs) analysis showed that the
significant terms mainly included cytoplasmic part, membrane-
bounded organelle, mitochondrion, intracellular organelle lumen,
organelle lumen, membrane-enclosed lumen, cytoplasm and
nucleoplasm, etc (Figure 3D).

To further elucidate the potential mechanisms of FMNT and CS
against colon cancer, KEGG pathway enrichment analysis of those
147 key targets was conducted. KEGG pathway annotation showed
that 91 and 89 targets were involved in the signal transduction and

cancer, respectively (Figure 4A). The top 20 KEGG pathway
enrichments with a p-value <0.05 were displayed in Figure 4B.
The significant pathways mainly included hepatitis C, pathways in
cancer, hepatitis B, MAPK signaling pathway, prostate cancer,
PI3K-Akt signaling pathway, toxoplasmosis and apoptosis, etc. It
further showed that 42 and 46 targets were involved in the MAPK
(ko04010) and PI3K-Akt (ko04151) signaling pathways,
respectively (Figure 4C). The MAPK signaling pathway is
essential in regulating many cellular processes including cell
differentiation, cell stress response, cell division, metabolism, cell
proliferation, motility and apoptosis. The role of the MAPK
pathway in various diseases, including cancer, has been widely
studied and well recognized (Haigis et al., 2008; Ahearn et al.,
2011). As shown in Supplementary Figure 1, FMNT and CS could
modulate multiple signaling molecules and pathways to suppress
cancer proliferation, promote apoptosis, and inhibit angiogenesis.
The key targets of the MAPK signaling pathway mainly include
MAPK1, MAPK3, EGFR, AKT1, TP53, MYC, FOS, and MAPK8
(Supplementary Figure S1A). The PI3K-Akt signaling pathway is
another crucial intracellular signal transduction pathway that
closely regulate cell growth, migration, metabolism, proliferation
and angiogenesis [28]. The PI3K-Akt is also a crucial signaling
pathway contributing to initiation and development of various
cancers (Noorolyai et al., 2019; Pompura and Dominguez-Villar,
2018). The key targets of the PI3K-Akt signaling pathway mainly
include AKT1, HSP90AA1, HSP90AB1, TP53, PTEN, MYC, EGFR,
and RELA (Supplementary Figure S1B). Hence, the potential
mechanisms associated with the MAPK and PI3K-Akt signaling
pathways were further verified using experimental validation
coupled with molecular docking.

3.4 HQ, FMNT and CS significantly inhibited
the viability of HT29 and Caco2 cells

MTT assay was performed to detect the effects of HQ, FMNT and
CS on the viability of HT29 and Caco2 cells. It was found that

TABLE 1 Molecular docking of FMNT and CS and corresponding targets.

Targets Protein data bank ID Compounds Binding energy (kcal/mol)

EGFR 1M17 formononetin −7.9

EGFR 1M17 calycosin −8.3

BRAF 4EHG formononetin −9.2

BRAF 4EHG calycosin −9.5

MEK1 7B9L formononetin −8.5

MEK1 7B9L calycosin −9.0

MEK2 1S9I formononetin −7.8

MEK2 1S9I calycosin −8.3

ERK1 4QTB formononetin −9.3

ERK1 4QTB calycosin −9.6

ERK2 4ZZN formononetin −7.3

ERK2 4ZZN calycosin −7.3
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treatment with HQ at 3.125–100 mg/mL for 48 h significantly
suppressed the viability of HT29 and Caco2 cells in a dose-
dependent manner (Figures 5A, B, p < 0.001). The IC50 value of
HQ in HT29 and Caco2 cells after treatment was 26.67 and 25.31 mg/
mL, respectively. After treating cells with FMNT and CS at
3.125–200 μM for 48 h, cell viabilities were also significantly
suppressed in a dose-dependent manner (Figures 5C–F, p < 0.05 or
p < 0.001). 5-FU, which was used a positive control, also produced
significant inhibition toward the viability of HT29 and Caco2 cells as
expected (p < 0.001). Accordingly, three concentrations of 25, 50, and
100 mg/mL for HQ, and three concentrations of 25, 50, and 100 μM
for FMNT or CS, and a duration of 48 h treatment were selected to
conduct the following experiments.

3.5 HQ, FMNT and CS significantly inhibited
the proliferation of HT29 and Caco2 cells

EdU assay was used to further evaluate the effects of HQ, FMNT
and CS on the proliferation of HT29 and Caco2 cells. As shown in
Figures 6A, B, treatment with HQ at 25, 50, and 100 mg/mL for 48 h
significantly decreased EdU positive cells in a dose-dependent
manner over the control (p < 0.05 or p < 0.001), indicating that
HQ could significantly suppressed the proliferation of HT29 and
Caco2 cells. The number of EdU positive cells in the FMNT or CS
treated groups were also significantly reduced in a dose-dependent
manner (Figures 6C–F, p < 0.05, p < 0.01 or p < 0.001), indicating
that both FMNT and CS significantly suppressed the proliferation

FIGURE 3
GO enrichment analysis of the key targets of FMNT and CS against colon cancer (A) The number of genes involved in the biological process (BP),
molecular function (MF) and cellular component (CC) (B) GO-BP enrichment analysis of the 147 key targets (C) GO-MF enrichment analysis of the 147 key
targets (D) GO-CC enrichment analysis of the 147 key targets. The top 20 enriched GO terms are displayed, and only terms with p < 0.05 were selected for
analysis.
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of HT29 and Caco2 cells. 5-FU, as a positive control, markedly
inhibited the proliferation of HT29 and Caco2 cells as expected (p <
0.001).

3.6 HQ, FMNT and CS significantly induced
apoptosis of HT29 and Caco2 cells

An Annexin V-FITC/PI staining assay was performed to evaluate
whether HQ, FMNT and CS could induce apoptosis of HT29 and
Caco2 cells. Treatment with HQ at 25, 50, and 100 mg/mL for 48 h
significantly induced the apoptosis rate of HT29 and Caco2 cells in a
dose-dependent manner (Figure 7A, p < 0.001). Apoptosis rate was
also dose-dependently increased in HT29 and Caco2 cells exposed to
FMNT (Figure 7B, p < 0.01 or p < 0.001) or CS (Figure 7C, p < 0.001)
at 10, 20, and 40 μM for 48 h.

3.7 HQ, FMNT and CS significantly suppressed
the migration of HT29 and Caco2 cells

Wound healing assay was used to evaluate the effects of HQ,
FMNT and CS on the migration of HT29 and Caco2 cells. As shown in
Figures 8A, B, treatment with HQ at 25, 50, and 100 mg/mL for
12–48 h significantly suppressed the migration ratio of HT29 and
Caco2 cells dose-dependently over the control (p < 0.05, p < 0.01 or p <
0.001). Incubation of FMNT and CS at 10, 20, and 40 μM also
exhibited significant inhibitory effects on the migration of
HT29 and Caco2 cells (Figures 8C–F, p < 0.05, p < 0.01 or p < 0.001).

E-cadherin, N-cadherin, and Vimentin are critical
epithelial–mesenchymal transformation (EMT)-related proteins,
which that modulate cell migration and tumor invasiveness.
E-cadherin is notably downregulated while N-cadherin and
Vimentin are upregulated during EMT [30]. Hence, the

FIGURE 4
KEGG enrichment analysis of the key targets of FMNT andCS against colon cancer (A) The number of genes involved in the KEGG enrichment annotation
(B) KEGG enrichment analysis of the 147 key targets. The top 25 enriched KEGGpathways are displayed, and only termswith p < 0.05were selected for analysis
(C) The number of genes and rich factors of the top 25 enriched KEGG pathways.
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intracellular protein levels of E-cadherin, N-cadherin, and Vimentin
were further determined. As shown in Figure 9A, exposure to HQ at
25, 50, and 100 mg/mL for 48 h significantly upregulated the
E-cadherin protein levels, while dose-dependently downregulated
the protein levels of N-cadherin and Vimentin over the control
(p < 0.05, p < 0.01, or p < 0.001). It was observed that incubation
of FMNT and CS at 10, 20, and 40 μM for 48 h also strikingly increased
the E-cadherin protein levels, while decreased the protein levels of
N-cadherin and Vimentin in a dose-dependent manner (Figures 9B,
C, p < 0.05, p < 0.01, or p < 0.001). Moreover, the results of
immunofluorescence assay further revealed the expression of
intracellular E-cadherin, N-cadherin, and Vimentin with the same
treatment. Of note, the fluorescence intensity of E-cadherin was
markedly enhanced, while the fluorescence intensity of N-cadherin
and Vimentin was notably decreased in the cells exposed to HQ,
FMNT and CS over the control cells (Figure 10).

3.8 HQ, FMNT and CS significantly inhibited
the ERK1/2 and PI3K-Akt signaling pathways

Western blot analysis was further performed to understand the
roles of ERK1/2 and PI3K-Akt signaling in mediating the inhibitory
effects of HQ, FMNT and CS against colon cancer. Compared with
the control cells, exposure to HQ at 25, 50, and 100 mg/mL for 48 h
strikingly downregulated the p-ERK1/2 expression in a dose-
dependent manner (Figure 11A, p < 0.01, or p < 0.001), while
did not notably alter the total ERK1/2 expression. Thus, p-ERK1/2/
ERK1/2 ratio was significantly decreased in the cells exposed to HQ
than that in the control cells (Figure 11A, p < 0.01, or p < 0.001).
The treatment of HQ at high dose also slightly downregulated the
p-AKT expression without marked change in total Akt expression.
Similarly, Western blot analysis demonstrated a decreased p-ERK1/
2 expression in the cells exposed to FMNT or CS (Figures 11B, C,

FIGURE 5
HQ, FMNT and CS significantly inhibited the viability of HT29 and Caco2 cells. The cytotoxicity of HQ (3.125–100 mg/mL, 48 h) (A and B), FMNT
(3.125–200 μM, 48 h) (C and D) and CS (3.125–200 μM, 48 h) (E and F) toward HT29 and Caco2 cells, respectively. 5-FU was used as a positive control for
inhibition of cell viability. The data represent the mean ± SD (n = 3). *p < 0.05 and ***p < 0.001 compared with the control group.
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p < 0.05 or p < 0.001). Thus, FMNT and CS treatment significantly
decreased the p-ERK1/2/ERK1/2 ratio compared with the control
cells (Figures 11B, C, p < 0.01, or p < 0.001). The same treatment of
FMNT and CS at their high doses also slightly downregulated the
p-Akt protein levels, while did not notably alter the total Akt
expression (Figures 11B, C).

Person correlation analysis showed that the inactivation of HQ,
FMNT and CS on ERK1/2 signaling pathway was closely related to
their inhibitory effects against colon cancer. It was observed that HQ-
induced decrease in ratio of p-ERK1/2/ERK1/2 was positively related
to inhibition of cell viability, proliferation, and migration, while were
negatively related to promotion of the cell apoptosis (Supplementary
Figure S2, p < 0.001). Similarity, a strong positive correlation was
found between the decrease in p-ERK1/2/ERK1/2 ratio and inhibition
of cell viability, proliferation, and migration by FMNT and CS.
Conversely, a significant negative correlation was observed between
the decreased p-ERK1/2/ERK1/2 ratio and promotion of the cell
apoptosis by FMNT and CS (Supplementary Figures S3, S4, p < 0.001).

3.9 FMNT and CS showed strong binding
affinity for the core targets of EGFR/RAS/RAF/
MEK/ERK pathway

Overactivation of the RAS/RAF/MEK/ERK signaling pathway is
associated with the carcinogenesis and progression of numerous
cancers (Zhang et al., 2019; Zhu et al., 2020). Epidermal growth
factor receptor (EGFR), a typical receptor tyrosine kinase, is

activated by binding with ligands and takes part in cell
differentiation, proliferation, migration, and apoptosis via activating
the subsequent intracellular signaling pathways (Zhang et al., 2019).
RAS/RAF/MEK/ERK is one of the most key EGFR downstream
signaling pathways (Zhang et al., 2019). Thus, EGFR/RAS/RAF/
MEK/ERK pathway is an essential target in clinical cancer therapy.
Development of inhibitors of this pathway is considered as promising
strategy for the prevention and treatment of numerous cancers
(Supplementary Figure S5). Hence, molecular docking study was
further conducted to explore the binding affinity of FMNT and CS
with EGFR/RAS/RAF/MEK/ERK pathway. The pattern diagram of
molecular docking was shown in Figure 12. Protein residues
Glu738 and Asp831 in EGFR formed hydrogen bonds with FMNT
and CS, respectively (Figures 12A, B). FMNT could bind to the protein
residue Lys483, forming one single hydrogen bond (Figure 12C), while
CS could bind to the protein residues Cys532 and Lys483 in BRAF
through hydrogen bonds (Figure 12D). Protein residues Met146 and
Gly144 in MEK1 formed hydrogen bonds with FMNT (Figure 12E),
while only residue Met146 in MEK1 and CS bonded to each other
through one single hydrogen bond (Figure 12F). FMNT could interact
with the residueMet150 (Figure 12G), while CS could interact with the
residues Met150 and Asn199 in MEK2 through hydrogen bonds
(Figure 12H). Both FMNT and CS could interact with the residue
Met125 in ERK1through hydrogen bonds (Figures 12I, J). CS could
also interact with the residue Asp184 in ERK1 (Figure 12J). Protein
residues Lys52 and Glu107 in ERK2 formed one single hydrogen bond
with FMNT and CS, respectively (Figures 12K, L). The docking scores
for FMNT and CS with the six crystal structures were showed in

FIGURE 6
HQ, FMNT and CS significantly inhibited the proliferation of HT29 and Caco2 cells. The effects of HQ (25, 50 and 100 mg/mL, 48 h) (A and B), FMNT (25,
50 and 100 μM, 48 h) (C and D) and CS (25, 50 and 100 μM, 48 h) (E and F) on the proliferation of HT29 and Caco2 cells, respectively. 5-FU was used as a
positive control for inhibition of cell proliferation. The data represent the mean ± SD (n = 3). *p < 0.05, **p < 0.01 and ***p < 0.001 compared with the control
group.
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Table 1. The bond strength of hydrogen bonds represents the binding
affinity between ligand compounds and receptor molecules, and when
the docking score is lower, the binding affinity is stronger. An
affinity <−7 indicates strong binding activity (Trott and Olson,

2010). Thus, the results revealed that FMNT and CS have a strong
binding affinity for the key targets of EGFR/RAS/RAF/MEK/ERK
pathway, and the binding affinity of CS with the targets was stronger
than that of FMNT to the same targets.

FIGURE 7
HQ, FMNT and CS significantly induced apoptosis of HT29 and Caco2 cells. The effects of HQ (25, 50 and 100 mg/mL, 48 h) (A), FMNT (25, 50 and
100 μM, 48 h) (B) and CS (25, 50 and 100 μM, 48 h) (C) on the apoptosis of HT29 and Caco2 cells. The data represent the mean ± SD (n = 3). **p < 0.01 and
***p < 0.001 compared with the control group.
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4 Discussion

Worldwide, colon cancer is the third most frequent malignant
disease with high morbidity, recurrence and mortality (Ferlay et al.,
2019; Kong et al., 2020). Despite advances in surgery, chemotherapy,
radiotherapy and immunotherapy, the prognosis in colon cancer
patients remains poor and the recurrence rate is still high (Kong
et al., 2020). What is more, long-term use of these therapies will easily
produce undesirable side effects and toxicologically unsafe
consequences (Kong et al., 2020). CHMs have played an
indispensable role in healthcare throughout Chinese history, and
have also been increasingly used worldwide for prevention and
treatment of various diseases. Substantial evidence exists that
CHMs are effective and safe as alternative remedies for patients
with colon cancer. However, the applications of many CHMs in
the clinical treatment of colon cancer is also greatly restricted
because of their multiple ingredients and different mechanisms of
action (Yan et al., 2017; Guo et al., 2019). Hence, it is urgent and
necessary to fully elucidate the effects and molecular mechanisms to
promote the applications of CHMs for healthcare all over the world.

In recent years, network pharmacology has been increasingly
applied to expand our knowledge pertaining to the multiple targets
andmechanisms of CHMs in the clinical treatment of various diseases,
including numerous cancers (Li and Zhang, 2013; Hao da and Xiao,
2014). Network pharmacology, a new discipline which integrates
network biology and polypharmacology approaches, is able to
reveal drug properties and interactions with multiple protein
targets. Hence, network pharmacology can provide beneficial
information for studying the modulation of various complex
biological, physiological, and pathological systems (Berger and
Iyengar, 2009; Li and Zhang, 2013; Hao da and Xiao, 2014).
Currently, network pharmacology has been frequently used as a
powerful tool to elucidate the complex and holistic mechanisms of
CHMs (Li and Zhang, 2013; Hao da and Xiao, 2014). Therefore, we
first screened the potential targets of HQ and its bioactive ingredients
FMNT and CS against colon cancer, as well as investigated the
mechanism using network pharmacology analysis. 147 potential
targets of FMNT and CS in the suppression of colon cancer were
obtained (Figure 2). 19 core targets were further screened and
analyzed. It was apparent that the 19 key targets, included AKT1,

FIGURE 8
HQ, FMNT andCS significantly suppressed themigration of HT29 and Caco2 cells. The effects of HQ (25, 50 and 100 mg/mL) (A and B), FMNT (25, 50 and
100 μM) (C and D) and CS (25, 50 and 100 μM) (E and F) on the migration of HT29 and Caco2 cells for 12, 24 and 48 h, respectively. The data represent the
mean ± SD (n = 3). &p < 0.05, &&p < 0.01 and &&&p < 0.001 compared with the control group for 12 h incubation. ***p < 0.001 compared with the control group
for 24 h incubation. #p < 0.05, ##p < 0.01 and ###p < 0.001 compared with the control group for 48 h incubation.
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TP53, MAPK3, EGFR, HSP90AA1, ESR1, MYC, CASP3, TNF, JUN,
PTEN, MAPK1, FOS, RELA, FN1, PTGS2, HSP90AB1, MAPK8 and
PPARG, were closely involved in cell proliferation, differentiation,
migration, and apoptosis. Next, GO enrichment analysis proposed
that FMNT and CS could exhibit inhibitory activity against colon
cancer by simultaneously activating various BPs, CCs, and MFs
(Figure 3). KEGG pathway enrichment further indicated that
multiple pathways including pathways in cancer, MAPK and PI3K-
Akt signaling pathways could be associated with the inhibitory effects
of FMNT and CS against colon cancer (Figure 4). Accordingly, we next
conducted experimental validation to elucidate the mechanism of HQ,
FMNT and CS against colon cancer.

Previous studies showed that HQ and its isoflavonoids have
pharmacological effects against colon cancer. HQ can not only
inhibit the proliferation, cause cell cycle arrest and promote
apoptosis of colon cancer cells, but also inhibit the migration of
colon cancer cells (Tseng et al., 2016; Tan et al., 2019). HQ could
effectively inhibit the tumors of human colon cancer cells grafted into
nude mice without obvious unsafe consequences (Tseng et al., 2016),
which demonstrated that HQ might be a potential chemopreventive
drug for therapy colon cancer. The study of HQ in controlling
angiogenesis revealed that HQ exerted anti-tumor activity in colon

cancer cells via modulation of mTOR and COX-2 signaling, which
together reduced VEGF expression to suppress angiogenesis in human
CRC cell and tumor xenograft (Auyeung et al., 2016). FMNT was also
proven to downregulate the expression of key pro-angiogenic factors
such as VEGF andmatrix metalloproteinases in colon cancer cells, and
to inhibit angiogenesis and tumor cell invasion, thereby supporting its
use in advanced and metastatic colon therapies (Auyeung et al., 2012).
In addition to FMNT, CS could notably inhibited proliferation and
induced apoptosis of colon cancer cells through regulating multiple
signaling, including ERβ/MiR-95, ERβ/miR-17, IGF-1R and PI3K-Akt
signaling pathways (Chen et al., 2015b; Zhao et al., 2016), which
indicates that CS serves as an attractive chemotherapeutic agent
against colon cancer. The results from this study demonstrated that
HQ, FMNT and CS could effectively inhibit the viability and
proliferation, as well as promote apoptosis of HT29 and
Caco2 cells (Figures 5–7), suggesting that FMNT and CS could be
the beneficial ingredients responsible for the therapeutic efficacy of
HQ in the suppression of colon cancer.

Growing evidence suggests that invasion and metastasis are the
fundamental reason of colon cancer treatment failure and the
leading cause of death in colon cancer patients (Wen et al.,
2022). Suppression of invasion and metastasis is of great

FIGURE 9
HQ, FMNT and CS significantly upregulated E-cadherin protein levels, and downregulated N-cadherin and Vimentin protein levels in HT29 and Caco2
cells. The protein levels of E-cadherin, N-cadherin, and Vimentin in HT29 and Caco2 cells were detected after treatment with HQ (25, 50 and 100 mg/mL,
48 h) (A), FMNT (25, 50 and 100 μM, 48 h) (B) or CS (25, 50 and 100 μM, 48 h) (C), respectively. The data represent themean ± SD (n = 3). **p < 0.01 and ***p <
0.001 compared with the control group.
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therapeutic interest in counteracting chemoresistance in patients
with colon cancer. The proliferation of tumor cells was the basis of
tumor invasion and metastasis (Yang et al., 2019). This current
study showed that HQ, FMNT and CS could dose-dependently
inhibit the proliferation of colon cancer cells (Figure 6). Thus, the
wound healing assay was conducted to further confirm the impact
of HQ, FMNT and CS on the metastasis of colon cancer cells. It was
found that HQ, FMNT and CS could significantly suppress the
migration of colon cancer cells in dose- and time-dependent
manners (Figure 8), indicating that HQ, FMNT and CS could
inhibit the metastasis of colon cancer cells. It is well-known that
E-cadherin, N-cadherin, and Vimentin are critical EMT-related
proteins, which play pivotal roles in modulation of cell migration
and tumor invasiveness (Hazan et al., 2000). E-cadherin, a calcium-
dependent cell-cell adhesion molecule, takes part in epithelial cell
behavior, tissue formation, and cancer suppression (van Roy and
Berx, 2008). N-cadherin, which serves as an indicator of ongoing
EMT, is closely associated with the development of diverse cancers
(Loh et al., 2019). Vimentin, as a typical marker for EMT, is
overexpressed in various epithelial cancers and correlates well
with accelerated tumor growth, invasion, and poor prognosis
(Satelli and Li, 2011). During EMT, N-cadherin and Vimentin
are upregulated while E-cadherin is downregulated. Hence, the
expression of intracellular E-cadherin, N-cadherin, and Vimentin
were further determined. It was found that HQ, FMNT and CS
could strikingly upregulate the E-cadherin protein levels, while

simultaneously downregulated the protein levels of N-cadherin and
Vimentin in a dose-dependent manner (Figure 9). In addition,
immunofluorescence assay revealed that the fluorescence intensity
of E-cadherin was markedly increased, while the fluorescence
intensity of N-cadherin and Vimentin was notably decreased
(Figure 10). These data further indicate that HQ, FMNT and CS
could effectively suppress colon cancer by inhibiting the metastasis
of colon cancer cells.

In this study, the network pharmacological study found that the
MAPK and PI3K-Akt signaling pathways were two important
pathways for HQ in treating colon cancer. MAPK signaling
pathway has a crucial role in cell proliferation, differentiation,
migration, and apoptosis, including phosphorylation of ERK1/2,
P38, and JNK (Haigis et al., 2008; Ahearn et al., 2011). ERK1/2, one
of the best-characterized members of MAPK family, mediates a
wide range of cellular responses like gene expression, metabolism,
motility, cell survival and death (Wang et al., 2022). Substantial
evidence exists that the phosphorylation of ERK1/2 could increase
cell proliferation and cause an anti-apoptotic effect, thereby
promoting the progression of tumor invasion and metastasis
(Lebedev et al., 2022; Wang et al., 2022). Conversely,
suppression of ERK1/2 could effectively block many other
extracellular signals that promote cell growth and movement,
ultimately suppressing tumor invasion and metastasis (Lebedev
et al., 2022; Wang et al., 2022). Hence, identification of small
molecules that can inhibit ERK1/2 activity may be a useful

FIGURE 10
HQ, FMNT and CS significantly increased the fluorescence intensity of E-cadherin (A, B), and decreased the fluorescence intensity of N-cadherin (C, D)
and Vimentin (E, F) in HT29 and Caco2 cells. The fluorescence intensity of E-cadherin, N-cadherin, and Vimentin in HT29 and Caco2 cells were detected after
treatment with HQ (100 mg/mL, 48 h), FMNT (100 μM, 48 h) or CS (100 μM, 48 h), respectively. The data represent the mean ± SD (n = 3). ***p <
0.001 compared with the control group.

Frontiers in Pharmacology frontiersin.org15

Hu et al. 10.3389/fphar.2023.1111912

96

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1111912


pharmacological strategy for the clinical treatment of numerous
cancers (Lebedev et al., 2022; Wang et al., 2022). In addition to
ERK1/2, the PI3K-Akt signaling pathway also takes part in a variety
of cellular activities, including cell growth, metabolism, motility,

proliferation, survival, and apoptosis (Porta et al., 2014). Aberrant
activation of the PI3K-Akt pathway promotes the growth and
proliferation of tumor cells in various types of human cancers
(Huang and Hung, 2009; Porta et al., 2014). Knockout or

FIGURE 11
HQ, FMNT and CS significantly inhibited the ERK1/2 and PI3K-AKT signaling pathways. The protein levels of p-Erk1/2, ERK1/2, p-AKT and AKT in HT29 and
Caco2 cells were detected after treatment with HQ (25, 50 and 100 mg/mL, 48 h) (A), FMNT (25, 50 and 100 μM, 48 h) (B) or CS (25, 50 and 100 μM, 48 h) (C),
respectively. The data represent the mean ± SD (n = 3). *p < 0.05, **p < 0.01 and ***p < 0.001 compared with the control group.
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suppression of PI3K-Akt pathway has been an attractive strategy to
effectively inhibit tumor growth and invasiveness (Cheng et al.,
2005). The data of this study displayed that HQ, FMNT and CS
significantly decreased the intracellular p-ERK1/2 expression in a
dose-dependent manner, while did not notably alter the total
ERK1/2 expression (Figure 11). The same treatment of HQ,
FMNT and CS at their high doses also slightly downregulated
the intracellular p-AKT expression without marked alteration in
total Akt expression (Figure 11). Person correlation analysis
revealed that HQ, FMNT and CS-induced decrease in p-ERK1/2/
ERK1/2 ratio was positively related to their inhibition of cell
viability, proliferation, and migration, while were negatively
related to their promotion of the cell apoptosis (Supplementary

Figures S2-S4). These results suggested that HQ, FMNT and CS
could manifest remarkable inhibitory activity against colon cancer
mainly via reducing the phosphorylation of ERK1/2 to inhibit the
ERK1/2 pathway. This suppression of colon cancer by HQ, FMNT
and CS was also partially mediated via inactivation of the PI3K-Akt
signaling pathway. Finally, to validate the potential mechanism of
HQ, FMNT and CS against colon cancer, molecular docking was
further performed to explore the binding affinity of FMNT and CS
with upstream molecules of ERK1/2 pathway. As protein-serine/
threonine kinases, ERK1 and ERK2 participate in the RAS/ARF/
MEK/ERK signal transduction cascade that play a crucial role in the
modulation of a large variety of cellular activities including cell
adhesion, metabolism, cell survival, cell migration, cell cycle

FIGURE 12
Pattern diagrams of molecular docking. FMNT-EGFR (A). CS-EGFR (B). FMNT-BRAF (C). CS-BRAF (D). FMNT-MEK1 (E). CS-MEK1 (F). FMNT-MEK2 (G).
CS-MEK2 (H). FMNT-ERK1 (I). CS-ERK1 (J). FMNT-ERK2 (K). CS-ERK2 (L).
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progression, proliferation, differentiation and transcription
(Roskoski, 2012). Overactivation of the RAS/ARF/MEK/ERK
signaling is correlated with the carcinogenesis and progression
of numerous cancers (Zhang et al., 2019; Zhu et al., 2020).
Epidermal growth factor receptor (EGFR), a typical receptor
tyrosine kinase, is activated by binding with ligands and takes
part in cell survival, proliferation, migration, differentiation, and
apoptosis via activating the subsequent intracellular signaling
pathways (Zhang et al., 2019). RAS/ARF/MEK/ERK is one of the
most key EGFR downstream signaling pathways (Zhang et al.,
2019). Development of inhibitors that target EGFR/RAS/ARF/
MEK/ERK pathway is considered an effective and promising
strategy for the clinical treatment of numerous cancers
(Supplementary Figures S5). The pattern diagram of molecular
docking showed that different amino acid residues in the crystal
structures of EGFR, RAS, ARF, MEK or ERK formed hydrogen
bonds with FMNT and CS, respectively (Figure 12). The bond
strength of hydrogen bonds represents the binding affinity between
ligand compounds and receptor molecules, and when the docking
score is lower, the binding affinity is stronger. An
affinity <−7 suggests strong binding activity (Trott and Olson,
2010). The results of molecular docking study indicate that FMNT
and CS have a strong binding affinity for the key targets of EGFR/
RAS/ARF/MEK/ERK pathway, and the binding affinity of CS with
the targets was stronger than that of FMNT to the same targets
(Table 1). These finding indicated that the mechanism of the HQ,
FMNT and CS against colon cancer might be due to suppression of
the ERK1/2 pathway through potent inhibition of its upstream
molecules. Further studies are needed to determine the exact
mechanism(s) of the regulation of HQ, FMNT and CS on the
ERK1/2 signaling pathway. Further animal experimental research
on the inhibitory effects of HQ, FMNT and CS against colon cancer
needs to be continued.

5 Conclusion

This study investigated the effects and mechanism of HQ and its
bioactive ingredients FMNT and CS against colon cancer using
network pharmacology analysis coupled with experimental
validation and molecular docking. The findings suggested that the
HQ exerted good therapeutic effects against colon cancer by mainly
inhibiting the ERK1/2 signaling pathway. FMNT and CS were two
bioactive ingredients responsible for the inhibitory effects of HQ
against colon cancer. The current study expands our knowledge
pertaining to the effects and mechanism of HQ against colon
cancer, and suggests that FMNT and CS will hopefully serve as
prospective compounds for colon cancer treatment.
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Cancer is a disease with a high fatality rate representing a serious threat to human
health. Researchers have tried to identify effective anticancer drugs. Licorice is a
widely used traditional Chinese medicine with various pharmacological properties,
and licorice-derived flavonoids include licochalcones like licochalcone A,
licochalcone B, licochalcone C, licochalcone D, licochalcone E, and licochalcone
H. By regulating the expression in multiple signaling pathways such as the EGFR/ERK,
PI3K/Akt/mTOR, p38/JNK, JAK2/STAT3, MEK/ERK, Wnt/β-catenin, and MKK4/JNK
pathways, and their downstream proteins, licochalcones can activate the
mitochondrial apoptosis pathway and death receptor pathway, promote
autophagy-related protein expression, inhibit the expression of cell cycle proteins
and angiogenesis factors, regulate autophagy and apoptosis, and inhibit the
proliferation, migration, and invasion of cancer cells. Among the licochalcones,
the largest number of studies examined licochalcone A, far more than other
licochalcones. Licochalcone A not only has prominent anticancer effects but also
can be used to inhibit the efflux of antineoplastic drugs from cancer cells. Moreover,
derivatives of licochalcone A exhibit strong antitumor effects. Currently, most results
of the anticancer effects of licochalcones are derived from cell experiments. Thus,
more clinical studies are needed to confirm the antineoplastic effects of
licochalcones.

KEYWORDS

anti-cancer, mechanism, licochalcone, licochalcone A, autophagy, apoptosis, cell cycle

1 Introduction

Cancer seriously affects human health, and in the 21st century, it is expected to become the
main cause of death in every country/region (Bray et al., 2018; Keshavarz-Fathi and Rezaei,
2021). Licorice is a widely used traditional Chinese medicine with a variety of pharmacological
properties including anti-inflammatory, antioxidant, antidiabetic, anti-asthmatic, and
anticancer activities. The pharmacological effects are related to the flavonoids it contains,
among which licochalcones have considerable antitumor activity (Hosseinzadeh and Nassiri-
Asl, 2015; Pia et al., 2019).

This review systematically reviewed the evidence on the anticancer effects of licochalcones.
Licochalcones in licorice comprise licochalcone A (LA), licochalcone B (LB), licochalcone C
(LC), licochalcone D (LD), licochalcone E (LE), and licochalcone H (LH) (Figure 1). These
licochalcones can activate the mitochondrial apoptosis pathway and the death receptor
pathway, promote autophagy-related protein expression, inhibit cell cycle protein
expression, and regulate cancer migration-related protein expression via multiple signaling
pathways, including EGFR/ERK, PI3K/Akt/mTOR, p38/JNK, JAK2/STAT3, MEK/ERK, Wnt/
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β-catenin, andMKK4/JNK signaling pathways. Via these mechanisms,
licochalcones can induce autophagy and apoptosis in cancer cells, as
well as inhibit cancer cell proliferation, migration, and invasion. In
tumor tissues, LA can also inhibit angiogenesis and the cellular efflux
of anticancer drugs. At present, the antineoplastic effects of LA are
most prominent. Various LA derivatives exhibit stronger antitumor
effects than LA, and exploring the anticancer mechanisms of these
licochalcone derivatives may be a focus of future studies. As most of
the licochalcone-induced effects have been examined in cell
experiments, more clinical studies are needed to confirm the
antitumor effects of licochalcones in the future. Thus, this paper
systematically reviewed the literature regarding licochalcone-
induced anticancer effects with a focus on LA to provide an
overview of the current knowledge and guide further basic and
clinical research.

2 Anticancer effects of licochalcones on
tumor cells

2.1 Lung cancer

Epidemiological studies have shown that approximately
18 million people are diagnosed with lung cancer each year, and
16 million of them die from this disease (Chen et al., 2014; Hirsch
et al., 2017). Licochalcones can induce apoptosis and autophagy, and
they inhibit the proliferation, migration, and invasion of lung cancer
cells (Keshavarz-Fathi and Rezaei, 2021).

2.1.1 Induction of autophagy
LC3-II is considered to be a characteristic protein of the autophagy

process. LA (10–15 μM) can induce autophagy in A549 and
H1299 lung cancer cells by increasing the LC3-II/LC3-I ratio, as
well as the levels of the autophagy-related proteins ATG5, ATG7,
and P62. LA-induced increases in CHOP expression also promote
autophagy (Tang et al., 2016; Lin et al., 2019a). Furthermore,

LA-induced autophagy in lung cancer cells is associated with the
induction of endoplasmic reticulum stress. LA (10 μM) enhances the
expression of miR-144-3p, causes unfolded protein response, and
triggers autophagy by promoting the accumulation and expression
of ATG1, ATG3, ATG6, and ATG16 via activation of the PERK/
ATF4/CHOP signaling pathway (Chen et al., 2018).

2.1.2 Induction of apoptosis
Activation of the mitochondrial apoptosis pathway is closely

related to mitochondrial dysfunction. LA (2.5–25 μM) inhibited
ATP production and caused mitochondrial dysfunction in
H1299 and H322 lung cancer cells by inhibiting hypoxia-induced
HIF-1α accumulation and the expression of target genes GLUT1 and
PDK1, which induced activation of the mitochondrial apoptosis
pathway and apoptosis of cancer cells (Park et al., 2021). LA
(10–15 μM) can activate the mitochondrial apoptosis pathway and
induce apoptosis in H460 and A549 lung cancer cells by decreasing the
levels of Bcl-xL and Bcl-2 while increasing the levels of Bad, Bax,
cleaved PARP, and caspase-3 (Tang et al., 2016; Qiu et al., 2017; Lin
et al., 2019a). In addition, the survivin protein inhibits caspase-3
activity and prevents cancer cell apoptosis. LA (5–50 μM)
downregulated the expression of survivin by inhibiting the EGFR
signaling pathway and its downstream kinases ERK1/2 and AKT in
H3255, HCC827, H1975, and A549 lung cancer cells (Gao et al., 2021).
LB (5–15 μM) inhibited the EGFR and MET signaling pathways and
induced mitochondrial dysfunction and endoplasmic reticulum stress
in HCC827 lung cancer cells, which induced the loss of MMP, release
of cytochrome c, and increased expression of caspases (Oh et al.,
2019a).

2.1.3 Cell cycle block
By inhibiting the expression of MDM2, cyclin B1, CDC2, and

CDC25C, LA (10–15 μM) led to cell cycle arrest of H460 and
A549 lung cancer cells at the G2/M phase (Qiu et al., 2017; Lin
et al., 2019a). Heng et al. found that decreases in the proliferation of
lung cancer cells by LA were related to the inhibition of the

FIGURE 1
Chemical structure of licochalcones.
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Wnt/β-catenin signaling pathway (Heng and Cheah, 2021). LB
(5–15 μM) caused cell cycle arrest of HCC827 lung cancer cells at
the G2/M phase by decreasing the expression of cyclinB1 and
CDC2 proteins while increasing p27 expression (Oh et al., 2019a).

2.1.4 Inhibition of migration and invasion
LA (2–20 μM) inhibited the AKT signaling pathway and the

expression of the downstream transcription factor Sp1, which
reduced the levels of MMP-1 and MMP-3 and inhibited the
migration and invasion of A549 and H460 lung cancer cells
(Huang et al., 2014).

2.1.5 Activation of the immune system
PD-L1 is a key immune checkpoint, and reducing the production

of PD-L1 can play a role in immunotherapy. LA (10–50 μM) inhibited
the expression of PD-L1 and thereby induced the production of
reactive oxygen species (ROS) in A549 lung cancer cells, which
inhibited the phosphorylation of 4EBP1, activated the PERK/eIF2α
pathway, and ultimately induced apoptosis in cancer cells (Yuan et al.,
2021).

2.2 Liver cancer

Licochalcones can induce apoptosis and inhibit the proliferation,
migration, and invasion of hepatocellular carcinoma cells (Keshavarz-
Fathi and Rezaei, 2021).

2.2.1 Induction of apoptosis
By inhibiting the PI3K/Akt/mTOR signaling pathway, LA

(5–20 μM) activated the mitochondrial apoptosis pathway and
promoted the expression of Bax, Bad, and caspase-3, thereby
inducing apoptosis in HepG2 cells (Wu et al., 2019). In addition,
LA (1–50 μM) induced endoplasmic reticulum stress in HepG2 cells
by inducing phosphorylation of VEGFR2, c-Met receptor, and
PLCγ1 and enhancing the cytosolic Ca2+ release from the
endoplasmic reticulum, which subsequently induced ROS
accumulation, the expression of CHOP, as well as caspase-4, -9,
and -3, and ultimately cell apoptosis (Choi et al., 2014). Wang
et al. found that the production and accumulation of intracellular
ROS also activate the mitochondrial apoptosis pathway and increased
the expression of Bad, Bax, Bak, PUMA, and caspase-3. The
production of intracellular ROS in HepG2 cells is involved in the
LA-induced (5–50 μM) downregulation of PDK1 and rubicon by
activating the ULK1/Atg13 signaling pathway and increasing the
expression of TSC1/2, PRAS40, CTMP, and PP2A. Moreover, LA
activates the death receptor pathway and caspase cascade by increasing
the expression of DR3, DR5, and Fas. LA also decreases the expression
of the survival factor PKCε, p70S6K, and Akt. Through these effects,
LA (30–70 μM) finally induces apoptosis in HepG2 cells (Niu et al.,
2018; Wang et al., 2018). LA (70 μM) can induce apoptosis of
HepG2 cells by regulating the MAPK and FoxO signaling pathways
(Wang et al., 2021). Likewise, LB (10–120 μM) induces apoptosis in
HepG2 cells by activating the extrinsic apoptotic pathway
(i.e., increasing the expression of TNFR1, Fas, Fas-L, caspase-8,
JUN, and Fos) and mitochondrial apoptosis pathway
(i.e., increasing the expression of Bak, caspase-9, and caspase-3)
(Wang et al., 2019). LB (120 μM) can promote the apoptosis of
HepG2 cells by regulating microRNAs (miRNAs) including

miR-29b-3p and miR-96-5p (Wang and Wang, 2021). By
inhibiting the expression of EGFR and MET, promoting the
accumulation of intracellular ROS, activating the mitochondrial
apoptosis pathway, increasing the expression of Bid, Bad, and
cleaved PARP, and reducing the expression of Bcl-xL and Mcl-1,
LD (5–20 μM) induced apoptosis in HCC827 cells (Oh et al., 2020).

2.2.2 Cell cycle block
LA (30–70 μM) blocked the cell cycle of HepG2 cells at the G2/M

transition by increasing the expression of Weel, P21, and JNK1 while
decreasing the expression of survivin, cyclin B1, cyclin D1, and CDK1.
Further research showed the observed effects were related to the
inhibition of the p38/JNK/ERK signaling pathway (Chen et al.,
2017; Wang et al., 2018). By decreasing the expression of CDK1,
cyclin B1, CHK2, CDC14B, and CDC7 and increasing the expression
of p21, LB (10–120 μM) caused the cell cycle arrest of HepG2 cells at
the G2/M phase (Wang et al., 2019). LB (10–20 μM) blocked the cell
cycle of HepG2 and Huh7 cells at the G2/M phase via increased
p27 expression and decreased cyclin B1 and Cdc2 levels (Zhang et al.,
2022). By decreasing the expression levels of cyclin B1 and CDC2 and
increasing those of p21 and p27, LD (5–20 μM) induced a cell cycle
arrest of HCC827 cells at the G2/M phase (Oh et al., 2020).

2.2.3 Inhibition of migration and invasion
By downregulating the expression of uPA and MMP9 through

inhibition of the MKK4/JNK and NF-κB signaling pathways, LA
(5–20 μM) inhibited the migration and invasion of HA22T/VGH
and SK-Hep-1 cells (Tsai et al., 2014; Wu et al., 2018a).

2.3 Breast cancer

Research has shown that licochalcones can induce apoptosis and
autophagy and inhibit the proliferation, migration, invasion, and
angiogenesis of breast cancer cells (Keshavarz-Fathi and Rezaei, 2021).

2.3.1 Induction of autophagy
LA (5–50 μM) can inhibit the PI3K/Akt/mTOR signaling

pathway, which increases the expression of LC3-II protein and
ultimately induces autophagy in MCF-7 cells (Xue et al., 2018).

2.3.2 Induction of apoptosis
By inhibiting the PI3K/Akt/mTOR signaling pathway, LA

(5–50 μM) activated the mitochondrial apoptosis pathway,
reduced the expression of Bcl-2, and promoted the expression of
Bax and caspase-3, thereby inducing the apoptosis in MCF-7 cells
(Huang et al., 2019). By decreasing the mitochondrial membrane
potential and inducing ROS production, LA (5–50 μM)
upregulated the expression of Bid, Bad and cleaved PARP,
downregulated the expression of Bcl-2 and Bcl-xL, and induced
the apoptosis in MCF-7 and MDA-MB-231 cells. The authors
suggested that these effects were related to the inhibition of Sp1
(Kang et al., 2017a). Via increases in the level of acylcarnitine and
inhibition of prostaglandin reductase 1 expression, LA (1–100 μM)
caused respiratory dysfunction in HCC38 TNBC cells and thus
induced cancer cells apoptosis (Roberts et al., 2017). LB
(10–50 μM) induced apoptosis in MCF-7 cells by increasing the
expression of Bid, Bad, cleaved PARP, and caspase-3 while
decreasing the expression of Bcl-2 (Yu et al., 2016).
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2.3.3 Cell cycle block
By downregulating the expression of Sp1, LA inhibited the

proliferation of MCF-7 and MDA-MB-231 cells via increases in the
expression of the proteins p21 and p27 and decreases in the expression
of Mcl-1 and survivin (Kang et al., 2017a). LA (5–15 μg/mL) also
blocked the cell cycle of MCF-7 cells at the G1 phase via reduced cyclin
D1 expression (Bortolotto et al., 2017). By reducing the expression of
cyclin D1 and increasing the expression of p21, LA (5–50 μM) led to
cell cycle arrest ofMCF-7 cells at the G0/G1 phase (Huang et al., 2019).
The overexpression of PRMT6 in human breast cancer is related to
tumorigenesis (Cheng and Bedford, 2011), and LA (10–100 μM)
caused the cell cycle arrest of MCF-7 cells at the G2/M phase by
inhibiting PRMT6 expression and subsequently p53 expression (Gong
et al., 2020). By downregulating the expression levels of cyclin A,
CDK2, and CDC25A and increasing the level of p21, LB (10–50 μM)
induced the cell cycle arrest of MCF-7 cells at the S phase (Yu et al.,
2016). By decreasing the expression of CDK4, CDK2, cyclin A, and
cyclin D1, LE (7–14 mg/kg) inhibited the proliferation of MDA-MB
231 cells in mice (Kwon et al., 2013).

2.3.4 Inhibition of migration and invasion
LA (5–40 μΜ) inhibited the migration and invasion of MDA-MB-

231 cells by suppressing the expression of E-cadherin and vimentin via
inhibition of the p38 MAPK and AKT signaling pathways (Huang
et al., 2019). By decreasing the expression of uPA and MMP-9, LE
(7–14 mg/kg) inhibited the migration and invasion of MDA-MB
231 cells in mice (Kwon et al., 2013).

2.3.5 Inhibition of angiogenesis
Via downregulation of VEGF-A, LE (7–14 mg/kg) inhibited

angiogenesis in cancer tissue in a xenograft mouse model using
MDA-MB 231 breast cancer cells (Kwon et al., 2013).

2.4 Oral carcinoma

Head and neck cancer is the seventh most common cancer in the
world, and almost half of the tumors are oral carcinomas. Oral
squamous cell carcinoma is the most common form of oral cancer,
with a poor prognosis and high mortality (Vitorio et al., 2020).
Licochalcones can induce apoptosis and inhibit the proliferation,
migration, and invasion of oral carcinoma cells (Keshavarz-Fathi
and Rezaei, 2021).

2.4.1 Induction of apoptosis
By activating the mitochondrial apoptosis pathway and increasing

the expression of Bax, Bid, cleaved PARP, and caspase-3, LA
(10–40 μM) induced apoptosis in HN22 and HSC4 cells (Cho
et al., 2014). Similarly, by activating the mitochondrial apoptosis
pathway and the caspase cascade, LA (5–100 μg/mL) induced
apoptosis in SCC-25 cells (Zeng et al., 2014). In addition to its
effects on the mitochondrial apoptosis pathway, LA (IC50 = 50 μM)
activated the FasL-mediated death receptor pathway and upregulated
the caspase-8 and -3 levels in KB cells (Kim et al., 2014). In pharyngeal
squamous carcinoma FaDu cells, LA (10–100 μM) activated the death
receptor pathway by increasing the expression of TRAIL via
stimulation of the ERK1/2 and p38 MAPK signaling pathways.
Moreover, the activation of the ERK1/2 and p38 MAPK signaling
pathways upregulated the p53 expression, thereby increasing the levels

of Bad, Bax, caspase-3, -8, and -9, as well as the release of cytochrome c
(Yang et al., 2014; Park et al., 2015). LB (10–30 μM) can also activate
the death receptor pathway (i.e., increased expression of DR 4 and
DR5) and induce endoplasmic reticulum stress (i.e., increased CHOP
expression) in HN22 and HSC4 cells, which causes mitochondrial
membrane depolarization, upregulates the expression of Bax, cleaved
PARP, and caspase-3, and downregulates the expression of survivin,
Bcl-xL, and Mcl-1 (Oh et al., 2016). By inhibiting the JAK2/
STAT3 signaling pathway leading to activation of the death
receptor pathway (i.e., increased expression of DR4 and DR5),
endoplasmic reticulum stress (i.e., elevated ROS and CHOP
levels), and mitochondrial apoptosis pathway (i.e., upregulated
expression of p21, Bax, Bid, Apaf-1, and cleaved PARP;
downregulated expression of Bcl-2, Mcl-1, and survivin), LC
(10–50 μM) and LD (10–30 μM) induced apoptosis in HN22 and
HSC4 cells (Oh et al., 2018; Seo et al., 2019). LD (12.5–50 μg/mL)
induced apoptosis in pharyngeal squamous carcinoma FaDu cells
by increasing Fas-L, p53, Bax, Bid, and caspase-3 expression while
decreasing the expression of Bcl-2 by activating the death receptor
and mitochondrial apoptosis pathways (Yu et al., 2017). LH
(10–30 μM) induced apoptosis in HSC2 and HSC3 cells by
downregulating the expression of Bcl-2 and Bcl-xL and
upregulating the expression of Bax and Bad via inhibition of
Matr3 expression (Nho et al., 2019). LH (5–20 μM) can also
induce apoptosis in HN22 and HSC4 cells by activating the
death receptor pathway, endoplasmic reticulum stress, and
mitochondrial apoptosis pathway via inhibition of the JAK/
STAT3 signaling pathway (Oh et al., 2019b).

2.4.2 Cell cycle block
LA (5–100 μg/mL) led to cell cycle arrest of SCC-25 cells at the S

and G2/M phases (Zeng et al., 2014). Further research showed that LA
(10–40 μM) inhibited the proliferation of HN22 and HSC4 cells by
inhibiting Sp1 expression and regulating its downstream proteins
including p27, p21, and cyclin D1 (Cho et al., 2014). Both LB and
LD (10–30 μM) can induce G1 phase arrest in HN22 and HSC4 cells
by increasing the p21 and p27 levels and decreasing the level of cyclin
D1 (Oh et al., 2016; Seo et al., 2019). Likewise, LH (5–20 μM) induced
G1 phase arrest in HN22 and HSC4 cells by increasing the p21 and
p27 levels and decreasing the level of cyclin D1 via inhibition of the
JAK/STAT3 signaling pathway (Oh et al., 2019b).

2.4.3 Inhibition of migration and invasion
LA (25–100 μM) inhibited the migration and invasion of

SCC4 and CAL-27 cells by downregulating the IGF-1, MMP-2,
and MMP-9 levels via inhibition of the PI3K/AKT signaling
pathway (Hao et al., 2019). LA (25–100 μg/mL) can also inhibit
the migration and invasion of SCC-25 cells by decreasing MMP-2
expression while increasing the levels of TIMP and E-cadherin
(Shen et al., 2014).

2.5 Esophageal cancer

Esophageal cancer belongs to the head and neck cancers and is the
sixth leading cause of cancer-related death. Its incidence rate increases
every year (Zhang et al., 2021). Licochalcones can induce apoptosis
and inhibit proliferation in esophageal cancer cells (Keshavarz-Fathi
and Rezaei, 2021).
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2.5.1 Induction of apoptosis
LB (5–20 μM) induced apoptosis in KYSE-450 and KYSE-510 cells

by inhibiting the JAK2/STAT3 signaling pathway and decreasing the
expression of Mcl-1 (Song et al., 2020). Via inhibition of the JNK/
p38 MAPK signaling pathway, LC (10–50 μM) induced endoplasmic
reticulum stress (i.e., increased GRP78 and CHOP expression) and
activated the mitochondrial apoptosis pathway in various esophageal
squamous carcinoma cells, including KYSE-30, KYSE-70, KYSE-410,
KYSE-450, and KYSE-510 cells (Kwak et al., 2020a). LH (5–20 μM)
induced the apoptosis in KYSE-30 and KYSE-450 cells by activating
the death receptor pathway, mitochondrial apoptosis pathway, and
endoplasmic reticulum stress via increased DR4, DR5, CHOP, p21,
Bax, Bid, Apaf-1, and cleaved PARP expression, stimulated ROS
production, and decreased expression of Bcl-2, Mcl-1, and survivin
(Kwak et al., 2020b).

2.5.2 Cell cycle block
LB (5–20 μM) induced G2/M phase cell cycle arrest in KYSE-450

and KYSE-510 cells (Song et al., 2020). LH (5–20 μM) blocked the cell
cycle of KYSE-30 and KYSE-450 cells at the G2/M phase by
downregulating CDC2 and cyclin B1 expression and upregulating
p21 and p27 (Kwak et al., 2020b).

2.6 Gastric cancer

Stomach cancer is the fifth most commonly diagnosed cancer and
the third leading cause of cancer death (Bray et al., 2018). Research has
shown that licochalcones can induce apoptosis and inhibit
proliferation in gastric cancer cells (Keshavarz-Fathi and Rezaei,
2021).

2.6.1 Induction of apoptosis
By activating the ERK, JNK, and p38 MAPK signaling pathways

and inhibiting the PI3K/AKT signaling pathway, LA (20–100 μM)
promoted the intracellular ROS generation and stimulated both the
mitochondrial apoptosis pathway and caspase cascade in BGC-823
cells (Hao et al., 2015). Via activation of the mitochondrial apoptosis
pathway, induction of Bax, Bad, cleaved PARP, caspase-3, -8, and
-9 expression, and decrease in Bcl-2 expression, LA induced the
apoptosis in five gastric cell lines including GES-1, MKN-28,
SGC7901, AGS, and MKN-45 cells. The respective IC50 values of
LA were 92.7, 42.0, 40.8, 41.1, and 40.7 μM (Xiao et al., 2011; Lin et al.,
2017). Moreover, the inhibitory effect of LA (10–50 μM) on the AKT
signaling pathway can downregulate the expression of hexokinase 2A
and inhibit glycolysis, thereby inducing apoptosis of MKN45 and
SGC7901 cells (Wu et al., 2018b).

2.6.2 Cell cycle block
By increasing retinoblastoma expression and decreasing cyclin A,

cyclin B, and MDM2 expression, LA (5–50 μM) caused the cell cycle
arrest of MKN-28, AGS, and MKN-45 cells at the G2/M transition
(Xiao et al., 2011; Lin et al., 2017).

2.7 Colon cancer

Globally, colon cancer is the second most common cancer in
women and the third most common cancer in men with slightly

increased case numbers in men (O’Keefe, 2016). Licochalcones can
induce apoptosis and inhibit proliferation in colon cancer cells
(Keshavarz-Fathi and Rezaei, 2021).

2.7.1 Induction of apoptosis
LA (10–40 μM) can enhance the production of intracellular ROS

by inhibiting the expression of thioredoxin reductase-1, which
activates the mitochondrial apoptosis pathway and induces
apoptosis in HCT-116 cells (Wu et al., 2020).

2.7.2 Cell cycle block
LA(IC50 = 7 and 8.8 µM, respectively) can prevent the hypoxia-

induced proliferation of SW480 and SW620 cells by inhibiting the
TrkB/AKT signaling pathway (Arita et al., 2020). LA (5–25 μmol/L)
blocked the cell cycle of HCT116 cells at the G1 phase by increasing
the level of p21 via inhibition of the JNK1 signaling pathway (Yao
et al., 2014).

2.8 Bladder cancer

Bladder cancer is the 10th most common form of cancer
worldwide (Bray et al., 2018). Research has shown that
licochalcones can induce apoptosis of bladder cancer cells, inhibit
their proliferation, and activate the immune system (Keshavarz-Fathi
and Rezaei, 2021).

2.8.1 Induction of apoptosis
By increasing intracellular Ca2+ and ROS levels, decreasing

mitochondrial membrane potential, upregulating Apaf-1, caspase-9,
caspase-3, and cleaved PARP levels, and elevating the Bax/Bcl-2 ratio,
LA (10–80 μM) induced T24 cells apoptosis (Yang et al., 2016; Hong
et al., 2019). LB (40–80 μM) induced apoptosis in T24 and EJ cells via
decreases in Bcl-2 and survivin expression and enhanced expression of
Bax, cleaved PARP, and caspase-3 (Yuan et al., 2014). LC (10–50 μM)
induced apoptosis in T24 cells by decreasing Bcl-2, Bcl-w, and Bcl-xL
expression levels while increasing Bax and Bim expression levels
(Wang et al., 2015).

2.8.2 Cell cycle block
By downregulating cyclin A, cyclin B1, and Wee1 expression and

upregulating the expression of the cyclin-dependent kinase inhibitor
p21WAF1/CIP1, LA (10–60 μM) blocked the cell cycle of T24 cells at
the G2/M phase (Jiang et al., 2014; Hong et al., 2019). Via decreases in
CDK1, CDK2, CDC25A, and CDC25B expression, LB (40–80 μM) led
to cell cycle arrest of T24 and EJ cells at the S phase (Yuan et al., 2014).

2.8.3 Activation of the immune system
In C3H/HeN mice carrying UM-UC-3 cells, LA (40 mg/kg)

enhanced the activity of cytotoxic T lymphocytes and increased the
number of CD4+ CD25+ Foxp3+ regulatory T cells. This suggests that
LA can be used to treat bladder cancer by modulating the immune
response (Zhang et al., 2016).

2.9 Cervical and ovarian cancer

In women, the incidence and mortality rates of cervical and
ovarian cancers are lower than those of breast, colorectal, and lung
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cancers (Bray et al., 2018). Licochalcones can induce autophagy and
apoptosis and inhibit the proliferation of cervical and ovarian cancer
cells (Keshavarz-Fathi and Rezaei, 2021).

2.9.1 Induction of autophagy
LA (10–50 μM) induced autophagy in SiHa andHeLa cervical cells

by increasing the levels of LC3-II, Beclin1, ATG5, ATG7, and
ATG12 through inhibition of the PI3K/Akt/mTOR signaling
pathway (Tsai et al., 2015).

2.9.2 Induction of apoptosis
By inhibiting the PI3K/Akt/mTOR signaling pathway, LA

(10–50 μM) also induced apoptosis in SiHa, HeLa, CaSki, and
C33A cervical cells via upregulation of caspase-3, caspase-9, and
cleaved PARP levels and downregulation of Bcl-2 levels (Tsai et al.,
2015). In addition, LA (25–50 μM) induces apoptosis in HeLa cells by
increasing the expression of TRAIL-R2 (Szliszka et al., 2012). Via
induction of ROS production, loss of mitochondrial transmembrane
potential, cytochrome c release, increases in Bid and Bax levels,
decreases in survivin, Bcl-2, and p53 levels, and activation of the
caspase cascade, LA (5–25 μM) induced also the apoptosis in OVCAR-
3 and SK-OV-3 ovarian cancer cells (Lee et al., 2012; Kim et al., 2013).

2.9.2 Cell cycle block
LA (IC50 = 10.7 µM) prevented the hypoxia-induced proliferation

of HeLa S3 cells by inhibiting the TrkB/AKT signaling pathway (Arita
et al., 2020).

2.10 Glioma

Glioma is one of the most common primary malignancies of the
adult central nervous system (Chen et al., 2021). Licochalcones can
induce apoptosis and inhibit the proliferation, migration, and invasion
of gliomas (Keshavarz-Fathi and Rezaei, 2021).

2.10.1 Induction of apoptosis
By reducing the mitochondrial membrane potential and the

production of ATP, LA (2–12.5 μM) induced mitochondrial
fragmentation and caspase-3, -8, and -9 expression in glioma stem
cells including GS-Y01, GS-Y03, U87GS, GS-NCC01, and A172GS
cells (Kuramoto et al., 2017).

2.10.2 Cell cycle block
By reducing the cyclin A, cyclin B1, cyclin E1, CDK1, CDK2, and

CDK4 expression levels, LA (5–40 μM) induced the cell cycle arrest of
glioma U87 cells at the G2/M phase (Lu et al., 2018).

2.10.3 Inhibition of migration and invasion
By downregulating ADAM9 expression through inhibited

activation of the MEK/ERK signaling pathway, LA (10–50 μM)
prevented the migration and invasion of human gliomas including
M059K, U-251 MG, and GBM8901 cells (Huang et al., 2018).

2.11 Sarcomas

Sarcomas are a rare, heterogeneous group of malignant tumors of
the bone or soft tissue (Walczak and Irwin, 2013). Research has shown

that licochalcones can induce autophagy and apoptosis and inhibit the
proliferation, migration, and invasion of sarcomas (Keshavarz-Fathi
and Rezaei, 2021).

2.11.1 Induction of autophagy
LA (5–20 μmol/L) induced autophagy in A375 and B16 cells by

increasing the expression of LC3-II, Beclin1, ATG5, and p62 via
activation of the miR-142-3p/Rheb/mTOR signaling pathway
(Zhang et al., 2020). By upregulating the LC3A/B-II level, LA
(10–40 μM) induced autophagy in osteosarcoma HOS cells (Shen
et al., 2019). By suppressing the PI3K/AKT/mTOR pathway, LB
(5–20 μM) increased the expression of ARPs (ATG7, Beclin1) and
promoted the p62 and LC3B decomposition turnover in MG-63 and
U2OS cells, thereby inducing autophagy (Huang and Jin, 2022).

2.11.2 Induction of apoptosis
By activating the miR-142-3p/Rheb/mTOR signaling pathway, LA

(5–20 μmol/L) activated the caspase cascade and induced apoptosis in
A375 and B16 cells (Chen et al., 2019; Zhang et al., 2020). In addition,
by activating the extrinsic (i.e., upregulation of CHOP, DR4, and
DR5 expression) and intrinsic (i.e., inhibition of Sp1 expression)
apoptosis pathways, LA (5–20 μM) induced mitochondrial
dysfunction, endoplasmic reticulum stress, and ultimately apoptosis
in A375 melanoma cells (Kang et al., 2017b). Via increases in caspase-
8, caspase-3, and cleaved PARP expression levels and decreases in Bcl-
2, XIAP, and survivin expression levels, LA (10–40 μM) induced
apoptosis in HOS cells (Shen et al., 2019). By activating the
p38 MAPK signaling pathway, increasing the expression of Bax,
cleaved PARP, caspase-3, -8, and -9, and decreasing the expression
of Bcl-2, LA (20–100 μM) induced apoptosis in osteosarcoma
143B cells (Lin et al., 2019b). Via activation of the death receptor
pathway (i.e., increased DR4 and DR5 expression), endoplasmic
reticulum stress (i.e., increased CHOP expression), and
mitochondrial apoptosis pathway (i.e., increased Bax and cleaved
PARP expression and decreased Bcl-xL, Mcl-1, survivin, and Bcl-2
expression), LA (10–40 μM) induced apoptosis in malignant pleural
mesothelioma MSTO-211H and H28 cells (Kim et al., 2015).
Moreover, LD (20–80 μmol/L) induced the apoptosis in A375 cells
by causing a loss in mitochondrial membrane potential, increasing
ROS production and Bax, caspase-9, and caspase-3 expression, and
downregulating the expression of Bcl-2 (Si et al., 2018).

2.11.3 Cell cycle block
LA (10–40 μM) induced the cell cycle arrest of HOS cells at the G2/M

transition by decreasing the levels of CDC2 andCDC25C via activation of
the ATM/Chk2 checkpoint pathway (Shen et al., 2019). Moreover, LA
(10–40 μM) blocked the cell cycle of MSTO-211H and H28 cells at the
G1 phase by inhibiting cyclin D1 expression (Kim et al., 2015). LA
(5–20 μM) also led to cell cycle arrest of HT-1080 cells at the G2 phase by
decreasing the levels of CDK1 and CDK2 via inhibition of R132C-mutant
isocitrate dehydrogenase 1 (Hu et al., 2020). Furthermore, LA (IC50 =
10.7 µM) inhibited hypoxia-induced proliferation of the neuroblastoma
cell lines SK-N-SH, TGW, and GOTO by inhibiting the TrkB/AKT
signaling pathway (Arita et al., 2020).

2.11.4 Inhibition of migration and invasion
By decreasing the expression of MMP-2 and MMP-9, LD

(20–80 μmol/L) inhibited the migration and invasion of A375 cells
(Si et al., 2018).

Frontiers in Pharmacology frontiersin.org06

Deng et al. 10.3389/fphar.2023.1074506

106

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1074506


3 Inhibition of the efflux of anticancer
drugs

BCRP is an ATP-binding cassette transporter that has an
important influence on the metabolism of anticancer drugs.
Inhibition of BCRP expression can promote increased intestinal
(re)uptake of antineoplastic drugs and decrease their hepatic
metabolization, thereby enhancing their bioavailability. In addition
to BCRP functions in normal tissues, the overexpression of this
transporter in tumors causes multidrug resistance to anticancer
drugs such as mitoxantrone, flavonol, and methotrexate (Steinbach
et al., 2002; Volk et al., 2002; Tamaki et al., 2010). By reducing the
expression of BCRP, LA (10–100 μM) reduced the BCRP-
mediated efflux of doxorubicin and temozolomide in BCRP-
MDCKII cells. Molecular docking analyses showed that Pi-Pi
stacked interactions and potential Pi-Alkyl interactions play
important roles (Fan et al., 2019). P-glycoprotein is also an
important efflux protein, which mediates the drug resistance of
a variety of cancer cells. LA (50–100 μM) reversed the resi stance
of KB/MDR1 cells to vinblastine by inhibiting the activity of
P-glycoprotein (Nabekura et al., 2015). By inhibiting c-Met
overexpression, LA (Chen et al., 2014; Choi et al., 2014; Huang
et al., 2014; Tang et al., 2016; Hirsch et al., 2017; Qiu et al., 2017;
Chen et al., 2018; Niu et al., 2018; Wang et al., 2018; Lin et al.,
2019a; Oh et al., 2019a; Wu et al., 2019; Gao et al., 2021; Heng and
Cheah, 2021; Park et al., 2021; Yuan et al., 2021) decreased the
activity of HCC827 and PC-9 cells and decreased gefitinib
resistance in non-small cell lung cancer cells (Han et al.,
2022). For H1975 gefitinib-resistant non-small cell lung cancer
cells, LA (10–100 μM) reduced their drug resistance by decreasing
Hsp90 activity through binding to the N-terminal ATP binding
site of Hsp90 (Seo, 2013).

4 Review and speculation of the
structure-activity relationship

Chalcones are widely recognized as privileged structures, families
of molecules featuring scaffolds that upon appropriate decoration can
lead to a large spectrum of diverse biological effects. Rossi et al.
inserted substituents with different electronic and steric properties
into ring B, and altered their positions on the aromatic core, resulting a
new range of derivatives. These derivatives induced a remarkable block
in G2/M phases, earlier and higher than LA (Rossi et al., 2022).
Additionally, approximating to paclitaxel, a series of derivatives of LA
(benzimidazole-2-substituted phenyl or pyridine-propylenone)
showed significantly better anti-proliferative activity against
HCT116, MCF-7 and HepG2 cells than 5-fluorouracil (Wu et al.,
2016). Studies have shown that various synthetic LA derivatives are
more cytotoxic to cancer cells than naturally occurring licochalcones.
Bromo-retrochalcone and trifluoromethyl-retrochalcone can be used
as antineoplastic drugs for pleural mesothelioma and oral squamous
cell carcinoma with stronger anticancer activity than LA (Yoon et al.,
2018). A derivative of LA (LA-linked thiazole-imidazopyridine) has
greater antitumor activity than etoposide in MCF-7 and MDA MB-
231 breast cancer cells, A549 lung cancer cells, and DU-145 prostate
cancer cells (Suma et al., 2020). This indicates that structural
modifications of licochalcones to increase their anticancer efficacy
are promising.

5 Conclusion

Studies have shown that licochalcones have a wide range of
anticancer activities, such as in gastric, lung, colon, breast, liver,
and bladder cancer. Among all licochalcones, LA has the most

FIGURE 2
The anti-cancer activities and molecular mechanisms of licochalcones.
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substantial antitumor effect. Although LA does not have such effects
on all types of cancers, it still shows great potential for anticancer
treatment. After analyzing and collating the literature, we conclude
that the regulation of multiple signaling pathways by licochalcones
including the EGFR/ERK, PI3K/Akt/mTOR, p38/JNK, JAK2/STAT3,
MEK/ERK, Wnt/β-catenin, and MKK4/JNK signaling pathways is the
key to their antineoplastic effects (Figure 2).

Among the examined licochalcones, LA not only has antineoplastic
effects but also can be used to reduce drug efflux from cancer cells and
reduce adverse reactions caused by other antitumor drugs (Herbrechter
et al., 2015). Therefore, we believe that the use of LA as an adjunct to
anticancer drugs holds great promise. Although licochalcones have
demonstrated their value as antitumor drugs, most of these studies
are in the cell experiment stage. More clinical studies are needed to
confirm the antineoplastic effects of licochalcones. Moreover, except for
LA, studies of other licochalcones regarding their anticancer potential
are insufficient, making it necessary to further explore the antitumor
mechanisms of other licochalcones.
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Garlic (Allium sativum L.) possesses numerous pharmacological potential,
including antibacterial, antiarthritic, antithrombotic, anticancer, hypoglycemic,
and hypolipidemic effects. The anti-cancer action of garlic is likely the best
researched of the many advantageous pharmacological effects, and its use
offers significant protection against the risk of developing cancer. A few active
metabolites of garlic have been reported to be essential in the destruction of
malignant cells due to their multi-targeted activities and lack of significant toxicity.
The bioactive compounds in garlic having anticancer properties include diallyl
trisulfide, allicin, allyl mercaptan diallyl disulfide, and diallyl sulphide. Different
garlic-derived constituents and their nanoformulations have been tested for their
effects against various cancers including skin, ovarian, prostate, gastric, breast, and
lung, colorectal, liver, oral, and pancreatic cancer. The objective of this review is to
summarize the antitumor activity and associated mechanisms of the organosulfur
compounds of garlic in breast carcinoma. Breast cancer continues to have a
significant impact on the total number of cancer deaths worldwide. Global
measures are required to reduce its growing burden, particularly in developing
nations where incidence is increasing quickly and fatality rates are still high. It has
been demonstrated that garlic extract, its bioactive compounds, and their use in
nanoformulations can prevent breast cancer in all of its stages, including initiation,
promotion, and progression. Additionally, these bioactive compounds affect cell
signaling for cell cycle arrest and survival along with lipid peroxidation, nitric oxide
synthase activity, epidermal growth factor receptor, nuclear factor kappa B (NF-
κB), and protein kinase C in breast carcinoma. Hence, this review deciphers the
anticancer potential of garlic components and its nanoformulations against
several breast cancer thereby projecting it as a potent drug candidate for
efficient breast cancer management.

KEYWORDS

garlic, plant therapeutics, cancer, nanoformulations, organosulfur compounds, drug
delivery, molecular mechanism
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1 Introduction

Natural remedies have been used extensively to cure human
illnesses since ancient times, and they are now being used as a key
resource in drug development studies. The best hope for cancer
patients is either early diagnosis or surgical tumor removal
followed by radiation therapy and chemotherapy. Nevertheless,
cancer continues to be one of the major cause of mortality across
the globe and demands an urgent need for developing effective
ways to combat morbidity and mortality along with high economic
costs (Newman and Cragg, 2012; George et al., 2021). In-depth
research on phytochemicals has shown that they have
anticarcinogenic properties, which affect cancer initiation,
proliferation, and progression via regulating numerous
pathways, such as differentiation, cell proliferation, apoptosis,
invasion, angiogenesis, metastasis, and migration (Basmadjian
et al., 2014; Ranjan et al., 2019). Allium sativum L., also
recognized as garlic, is a member of the Alliaceae family. The
term Alliaceae comes from the Celtic word “all,” which means
strong and nature’s gift to mankind. The bulbs of garlic range in
color fromwhite to pink having a pungent scent and fragrant flavor
(Takagi, 2020). The therapeutic and preventive properties of garlic
against numerous cancers have been assessed by several
epidemiologic, preclinical, and clinical investigations. Allium
sativum extracts have been shown to have numerous biological
properties including antiviral, antiprotozoal, antibacterial, anti-
inflammatory, antifungal, and antioxidant activities (El-Saber
Batiha et al., 2020). The anti-cancerous potential of garlic has
been validated by many preclinical studies using human cancer
cells, including those of the lung, mouth, stomach, pancreas, ovary,
endometrium, breast, prostate, and bone cancer (Dorant et al.,
1993; Tanaka et al., 2006). Further, laboratory experimentation has
demonstrated that chemical components reported in garlic can
repair DNA damage, induce cancer cell growth arrest, and reduce
inflammatory responses.

Nanotechnology aims to improve the ability of drugs to
effectively treat cancer by ensuring that they are delivered to the
right target at the right times. Recently, nanotechnology-based
delivery approaches have drawn wider attention as a potential
solution to issues related with drug solubility and bioavailability,
toxicity, and distribution. Novel approaches incorporating the
therapeutic characteristics of garlic extracts and their
constituents, either alone or in nanoparticle formulations, may
thus result in more efficient and effective anticancer activity
(Charron et al., 2015; Mandal et al., 2019; Zhang et al., 2020).
Nanobiotechnology has gained attention in the last 20 years as a field
of study that has influenced the development of new medications.
Due to their low volume/surface ratio and several advanced and
novel physiochemical properties, such as color, solubility, strength,
toxicity, magnetic, optical, and thermodynamics, nanomaterial, the
topic of our investigation, differ significantly from their macro scale
counterparts in terms of capabilities. Mechanism associated with
nanoparticles biogenesis include reduction of metallic ions of
numerous biomolecules found in living things. The manufacture
of vast amounts of well-defined, contaminant-free nanoparticles
with defined size and morphology is made possible by nanoparticle
biogenesis, which also lessens the environmental impact of
biological synthesis. Recent nanotechnological advancements

demonstrated the synthesis of nanoparticles utilizing the
potential of microorganisms and plant based materials (tissue
and extracts) including garlic constituents.

Garlic and its derived components potentially reduced the
progression of tumor in animal model and suppressed cancer cell
growth. In conventional medicine, A. sativum L. is used to prevent,
and treat a number of malignancies, including cancers of blood,
breast, prostate, ovarian, and gastrointestine. Major active
phytoconstituents of A. sativum include diallyl thiosulfinate,
methyl allyl trisulfide, diallyl tetrasulfide, S-allyl cysteine
sulfoxide, dipropyl sulfide, dially trisulfide, 3-vinyl-4H-1,2-dithiin,
allyl methane sulfinate, diallyl disulfide, dipropyl disulfide, allyl
methyl thiosulfinate, S-methyl cysteinesulfoxide, 3-vinyl-6H-1,2-
dithiin, dimethyl disulfide, dimethyl sulfide, methylpropyl
disulfide, S-propyl cysteine sulfoxide, 3-vinyl-6H-1,3-dithiin, and,
methyl methane sulfinate. Garlic derivatives including diallyl
disulfide, are found to be highly effective in suppressing the
growth of breast cancer cells. Mechanisms behind this growth
suppression include the activation of metabolizing enzymes for
carcinogen detoxification, inhibition of reactive oxygen species
(ROS) generation and DNA adduct formation, control of the cell
cycle, and apoptosis induction. Thus, we have focused our review on
deciphering the anticancer potential of garlic against breast cancer in
order to elucidate the potent drug candidate for effective
management of breast cancer.

Breast cancer is one of the most common neoplasm in women
worldwide, in both industrialized and developing nations. The
invasion and proliferation of breast cancer have been lessened by
using available therapies such as chemotherapy, hormone and
radiation therapy, and/or surgery. Scientists are looking for more
effective treatments for breast cancer, such as natural chemicals, as
the majority of chemotherapeutic medications are linked to drug
resistance, cancer relapse, and adverse effects. Apoptosis is induced
and metastasis is inhibited by specific natural molecules, substances
originating from living things, which inhibit cancer progression.
These bioactive molecules have displayed significant efficacy in
advanced stage of several cancers including breast cancer with
increased survival rate and reduced morbidity (Noel et al., 2020;
Sung et al., 2021). Here, we also review organosulfur compounds
that have been shown in numerous studies to have anti-cancer
properties against breast cancer cells. These organosulfur
compounds encourage cell death, prevent breast cancer
formation, and slow the growth of cancerous cells. There are
very limited reviews discussing the potential anticancer efficacy
of new formulations of garlic extracts and their constituents in
breast cancer. In-depth descriptions of how garlic, its bioactive
components, and its nanoformulations work against various
malignancies are provided in this review, which also considers
the potential for turning these substances into medications that
fight cancer.

2 Major active constituents of Allium
sativum L

The anticancer potential of numerous sulfur-containing
compounds and other bioactive constituents of garlic has been
extensively studied. Garlic has high concentrations of zinc,
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TABLE 1 Phytoconstituents of garlic (Data retrieved from SWISS ADME software).

Major active constituents Full form Chemical structure Pubchem ID GI absorption BBB
permeant

γ-glutamyl-S-allyl-L-cysteine gamma-L-glutamyl-[(S)-allyl]-L-cysteine 91,820,320 Low No

Alliin S-allyl-L-cysteine sulfoxide 9,576,089 High No

Allicin S-allyl prop-2-ene-1-sulfinothioate 65,036 High Yes

DATS Diallyl trisulfide 16,315 High Yes

DADS Diallyl disulfide 16,590 High Yes

DAS Diallyl sulfide 11,617 High Yes

AMS Allyl methyl sulfide 66,282 High Yes

Thiacremonone 2,4-Dihydroxy-2,5-dimethylthiophen-
3(2H)-one

539,170 High No

Ajoene (E)-Ajoene 5386591 High No

SAMC S-allyl mercapto cysteine 129847556 Low No

FO N-trans-feruloyloctopamine 24096391 High No

MSeC Se-methyl-L-selenocysteine 147,004 High No

SAC S-allyl-L-cysteine 9793905 High No

SBC S-benzyl-cysteine 13817365 High No

(Continued on following page)
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potassium, sulfur, phosphorus, and a moderate level of selenium,
magnesium, calcium, iron, sodium, manganese, and vitamins (A, B
and C). In recent years numerous bioactive compounds have been
identified in garlic including polyphenols, flavanols, flavonoids,
saponins, tannins, sulfur-containing compounds (such as alliin,
ajoene, allicin, DATS, allylpropyl disulfide, S-allylcysteine (SAC),
vinyldithiins, poly-saccharides, enzymes (including myrosinase,
allinase, and peroxidase) and other com-pounds including
phellandrene, ß-phellandrene, linalool, geraniol, and citral
(Ansary et al., 2020). Table 1 summarizes the best reported
phytoconstituents of garlic that have displayed significant
anticancer potential. Allicin is the main sulfur containing active
compound, and it produces a large number of allyl sulfur
compounds that are oil-soluble and have anticancer properties
(Bat-Chen et al., 2010; Chen et al., 2016; Zou et al., 2016;
Dhanarasu, 2017). Two different non-volatile organosulfur
compounds, L-cysteine sulfoxides and γ-glutamyl-L-cysteine
peptides (having γ-glutamyl-S-allyl-L-cysteine), are present in
whole, intact garlic cloves. When raw garlic cloves are crushed,
mashed, or chewed, an enzyme called alliinase is created. The
enzyme alliinase breaks down the amino acid allicin into 2-
propenesulfenic acid, releasing pyruvic acid and ammonia in the
process. At room temperature, 2-propenesulfenic acid is highly
reactive and unstable. Two molecules of 2-propenesulfenic acid
spontaneously interact to form allicin and eliminate water
(Shukla and Kalra, 2007; Omar and Al-Wabel, 2010; Yun et al.,
2014). Diallyl trisulfide (DATS), diallyl disulfide (DADS), allyl
methyl sulphide (AMS), and diallyl sulphide (DAS) are some of
the organosulfur compounds that are produced when allicin breaks
down and are soluble in fat (Shang et al., 2019). It additionally yields
ajoene when fermented with organic solvents. To create S-allyl
mercapto cysteine (SAMC), allicin can interact with L-cysteine in
the body. It was discovered that the skin of garlic contained FO
(N-trans-feruloyloctopamine), a hydroxycinnamic acid derivative
(Viswanathan et al., 2014; Wu et al., 2015). Natural organoselenium
compounds named MSeC (Se-methyl-L-selenocysteine), a
derivative of S-methyl cysteine, have been reported in garlic. The
dipeptide glutamyl-S-allyl-L-cysteine, which is water soluble, is
reported as peptide-glutamyl-L-cysteine. During formation of
aged garlic extracts, SAC and SAMC (water-soluble organosulfur
compounds) are produced from glutamyl-S-allyl-L-cysteine after
prolonged fermentation of crushed garlic in an aqueous solution
(Block et al., 1996; Block, 1997). From aged garlic extract, S-benzyl-
cysteine (SBC), a structural analog of SAC that is water soluble, was
isolated and studied. S-propargyl-cysteine (SPRC) is a derivative of
SAC, an H2S donor has been prepared from garlic extract (Rose
et al., 2005; Rose et al., 2019).

3 Anti-cancer efficacy of garlic extracts
and their nanoformulations in breast
carcinoma

The most common neoplasm in women worldwide, in both
industrialized and developing nations, is breast cancer. Over 2
million new cases of female breast cancer are anticipated, along
with 684,996 cancer-related fatalities worldwide in 2020. Among
women, it is the primary cause of cancer and the most frequently
diagnosed type. The invasion and proliferation of breast cancer have
been lessened by using available therapeutics such as chemotherapy,
hormone therapy, radiation therapy, and surgery. Lipodox™,
Doxil™ (pegylated liposomal doxorubicin), and Abraxane™
(nanoparticulate albumin-based paclitaxel therapeutic) have been
clinically utilized as a potent component of current combinatorial
chemotherapies against triple negative breast cancer over
conventional drug therapies. Myocet liposomal™ (non-pegylated
liposome) has been approved for its usage in triple negative breast
cancer along with vinorelbine or cyclophosphamide. Taxol™
(carrier free paclitaxel solution) with Cremophor EL has also got
approval for its usage triple negative breast cancer (Ghanbari-
Movahed et al., 2021; Ghosh et al., 2021; Miguel et al., 2022).
However, these therapies still associated with life threatening
toxicities.

Garlic is recognized to have potent anticancer efficacy due to the
presence of several organic and sulfur components. These
compounds affect multiple stages of cancer cell proliferation,
development, growth, migration, invasion, and metastasis by
interfering with cell cycle regulation, inhibiting cell signaling
pathways, apoptosis induction, autophagy, and antioxidant
potential (Shang et al., 2019; Zhang et al., 2020; De Greef et al.,
2021). The sulfur compounds in garlic are both fat- and water-
soluble and demonstrate anticancer effects by reducing oxidative
stress, metabolizing carcinogens, and boosting immune response
(Miroddi et al., 2011; Lan et al., 2013). The therapeutic potential of
garlic nanoformulations was higher than that of the photo
component alone. For instance, allicin nanoparticles showed a
stronger anti-angiogenesis impact than allicin by itself (Shafeeque
and Hashim, 2018). In addition to providing targeted drug delivery,
the use of NDDSs for drug delivery can in-crease the bioavailability
of medications that are poorly water-soluble, allow for the co-
delivery of several medications, prevent drug toxicity in normal
cells, and extend the duration of therapeutic activity. In order to
show their potential anticancer actions, nanoformulations have been
used to deliver parent chemicals directly to the crucial locations of
the malignant tissues. Nanoscale materials are used as carriers for
delivering medications to their sites of action in NDDSs, which is a

TABLE 1 (Continued) Phytoconstituents of garlic (Data retrieved from SWISS ADME software).

Major active constituents Full form Chemical structure Pubchem ID GI absorption BBB
permeant

SPRC S-propargyl-cysteine 22789047 High No
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rapidly evolving field of science. ROS and cytotoxicity investigation
revealed enhanced antitumor potential of DADS when incorporated
with solid lipid nanoparticles in comparison to DADS-free drug in
breast cancer cells (Nkrumah-Elie et al., 2012). The anticancer
potential of key constituents of garlic extracts, and their
nanoformulations should therefore be thoroughly studied. The
growth of MCF-7 human breast cancer cells was inhibited by an
aqueous preparation of allicin and garlic powder. Growth arrest of
cancer cells in G2/M or G0/G1 phase of cell cycle were reported in
conjunction with growth inhibition. The growth-inhibitory impact
of allicin was closely related to the reduction in intracellular
glutathione (GSH) levels in both MCF-7 (luminal-A) and HCC-
70 (triple-negative) breast cancer cells (Hirsch et al., 2000; Chen
et al., 2016; Rosas-González et al., 2020).While both alliin and allicin
reduced cell viability of MCF-7 (luminal-A) and HCC-70 (triple-
negative) breast cancer cells, allicin showed more pronounced
cytotoxicity and antiproliferative activity in both cells by lowering
mitochondrial membrane potential, apoptotic induction, and
enhanced expression level of various caspases. Additionally, it
increased the expression level of proapoptotic proteins (p21,
Noxa, and Bak) while downregulated the expression level of Bcl-
xL antiapoptotic protein (Tsubura et al., 2011; Milczarek, 2020;
Fatima et al., 2021; Catanzaro et al., 2022). In contrast to allicin,
alliin caused senescence in both MCF-7 (luminal-A) and HCC-70
(triple-negative) breast cancer cells in a dose dependent manner
(Farhat et al., 2021).

Oil-soluble components from garlic, namely, DAS, DADS, and
DATS, significantly reduced the proliferation of CMT-13 (canine
mammary tumor) cells in comparison to water soluble organosulfur
compounds. While DATS was cytotoxic, DAS and DADS were
cytostatic. The cancer-suppressing potency was enhanced with an
increase in intracellular GSH levels in addition to the number of
sulfur atoms (Sundaram and Milner, 1993; Nakagawa et al., 2001;
Lei et al., 2008). DADS also showed cytotoxicity toward the MCF-7
(ER-positive human breast cancer) cells, T47D (differentiated
epithelial sub strain), KPL-1 (created from the malignant effusion
of a breast cancer patient), MDA-MB-231 and MKL-F (ER-
negative) human breast cancer cells (Altonsy et al., 2012; Na
et al., 2012; Hahm et al., 2021). In MDA-MB-231 cells, it
resulted in cell cycle arrest (sub-G1 phase) and apoptotic
induction. This was accompanied by modulations in the
expression levels of numerous proteins such as Bax, Bcl-xL, and
caspase-3.

DADS presented significant cytotoxicity against MCF-7 cancer
cells via apoptosis induction, increased PARP and caspase-3
cleavages, activated SAPK/JNK/p38 pathways and suppressed
extracellular ERK/MAPK cell signaling pathways (Lei et al., 2008;
Jun et al., 2009). Diallyl trisulfide (DATS) treatment significantly
increased growth arrest at the G2/M phase in both MCF-7 and
MDA-MB-231cells when compared to control cells, which is
consistent with the RNA seq findings. In addition, DATS
administration dramatically elevated the Ser10 phosphorylation
of histone H3 (mitotic marker) in both breast cancer cells.
However, DADS did not affect SLIT/ROBO signaling in breast
cancer cells (Huang et al., 2015). Annexin V/propidium iodide
(PI) staining in DATS-treated MCF-7 cells indicated apoptotic
cell death with an increased growth arrest at G0/G1 phase. In
MCF-7 cells, DATS triggered the Bcl-2 (anti-apoptotic protein)

phosphorylation and the proteolytic cleavage of PARP (poly
ADP-ribose polymerase). MCF-7 cells treated with SP600125
(JNK inhibitor) or transiently transfected with dominant-negative
JNK experienced a reduction in DATS-induced apoptosis and
increased ROS generation. N-acetyl-l-cysteine prevented DATS-
induced apoptosis and JNK activation. Additionally, DATS-
treated MCF-7 cells demonstrated enhanced AP-1 DNA binding
activity, which was suppressed by NAC and the JNK inhibitor. The
cells treated with c-jun siRNA were resistant to proteolytic PARP
cleavage in DATS treated cancer cells. Female Balb/c mice given
5 mol/kg DATS orally were unable to generate human MCF-7 cell
tumor xenografts (Nkrumah-Elie et al., 2012). Altonsy et al.
(Altonsy et al., 2012) corroborated these findings and reported
that DADS inhibited the growth of MCF-7 carcinoma cells via
cell cycle arrest at sub-G0 phase and apoptotic induction.
Additionally, DADS promoted H4 histone hyperacetylation by
inducing phosphatidylserine translocation to modulate Bax, Bcl-
xL, Bcl-2, and Bcl-W protein expression levels and caspase-3
activation. Another study reported DADS cytotoxicity toward
MCF-7 cells with reduced cell proliferation and apoptosis
induction via intrinsic signaling pathways associated with
upregulated protein (Bax, Bad, and caspases) expression levels
and downregulated Bcl-2 protein expression levels (Xiao et al.,
2014). DADS treatment further resulted in reduced cell growth of
several human triple-negative breast cancer cells (MDA-MB-231,
BT-549, and MDA-MB-468) via regulating ß-catenin signaling
pathway. Increased expression of Bax, caspase-3, and caspase-9,
as well as decreased levels of Bcl-2, matrix metallo-proteinase-9
(MMP-9), and ß-catenin siRNA, were associated with the induction
of apoptosis and inhibition of cell proliferation (Malki et al., 2009;
Nkrumah-Elie et al., 2012; Li et al., 2018). MDA-MB-231 cells
treated with DADS had higher levels of miR-34a expression. The
SRC/Ras/ERK signaling pathway was finally blocked by further
suppression of SRC expression (Cao et al., 2014). In MCF-10A
cells (typical human mammary epithelial cells), DATS reduced the
ability of benzo [a]pyrene to cause cancer by preventing cell division,
causing cell cycle arrest at the G2/M phase, and inhibiting the
production of ROS and DNA damage (Kiesel and Stan, 2017).

DATS treatment induced cell cycle arrest (G2/M phase) and
apoptosis, which drastically reduced MCF-7 cell viability and not
affected the MCF-12A normal human breast epithelial cells.
Enhanced translocation of p53 from the cytoplasm into the
nucleus was associated with the activation of apoptosis, along-
with upregulation of the Bax and p53 protein expression levels.
Akt and Bcl-2 protein expression levels were further inhibited,
whereas FAS and cyclin D1 protein expression levels were
elevated (Liu et al., 2017). Cancer stem cells (CSCs) from the
MCF-7 and SUM159 cell lines of two human breast cancers were
used to create tumor spheres, however, DATS blocked this by
lowering the levels of numerous proteins CD44, ALDH1A1,
Nanog, and Oct4. Apoptosis was found to inhibit cell
proliferation via modulating Bax, caspases, cyclin D1, Bcl-2,
caspases and proliferating cell nuclear antigen (PCNA)
expression levels. Further it has been shown that DATS inhibited
the aberrant cell signaling pathway associated with carcinogenesis
such as Wnt/β-catenin (regulator of breast CSCs). Exposure of
DATS in breast cancer cells has enhanced c-Myc and GSK-3β
expression levels while downregulated the expression levels of
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phospho-glycogen synthase kinase-3β (p-GSK-3β), and ß-catenin
(Johnston, 2010).

Kim and colleagues noted downregulation of numerous cell
components including that Forkhead transcription factor Forkhead
box Q1 (FoxQ1) protein, Dachshund homolog 1 (DACH1) and
aldehyde dehydrogenase 1 (ALDH1) in DATS-mediated CSC
suppression. Trx-1 expression and Trx-1 reductase enzyme
activity were decreased by DATS in breast cancer cells (MDA-
MB-231, ZR-75–1, Hs578T, and MCF-7) (Malla et al., 2021). The
cysteine residues in thioredoxin-1 (redox-active disulfide/dithiol)
containing 12kD protein, are converted to an oxidized disulfide
bond (intra-molecular Trx-1-S2) configuration through a chemical
process. Trx-1, which is released by tumor cells, speeds up the
growth of tumors and reduces patient survival. Trx1 overexpression
in tumor cells caused the JNK/p38 signaling pathway-associated
apoptosis signal-regulating kinase 1 (ASK1) expression to be
suppressed, which in turn suppressed apoptosis. Another study
revealed DATS mediated growth inhibition of MDA-MB-231,
MCF10A-H-Ras, and MCF-7 breast cancer cells by reducing
secretases expression levels such as ADAM-17 and ADAM-10 (a
disintegrin and metalloprotease-10), that are linked to the activated
Notch signaling pathway. Additionally, it inhibited Jagged-2 and
Jagged-1 (Notch ligands) associated with activated Notch signaling
pathway (Kim et al., 2016).

DATS reduced transforming growth factor-β1 (TGF-β1) and
thromboxane B2 (TXB2) production via blocking platelet activation
and aggregation (by platelet-activating factor), and hence resulted in
inhibition of platelet-mediated hematogenous metastasis of MDA-
MB-231 cells (Hahm and Singh, 2014; Liu et al., 2015; Li et al., 2020).
DATS suppressed ER-protein levels, a novel target of the drug in two
potent breast cancer cells, MCF-7 and T47D. Along with reduced
nuclear ER-protein levels and inhibition of ER-mRNA, the
expression levels of cyclin D1 and pS2 were also downregulated.
DATS treatment also resulted in downregulation of overexpressed
Peptidyl-prolyl cis-trans isomerase (Pin1), which further restrained
the activity of ERE2e1b-luciferase reporter (Sigounas et al., 1997). By
suppressing mRNA expression levels of Bcl-2, cyclin D1, Bcl-xL,
MMP-2, and vascular endothelial growth factor (VEGF) in MDA-
MB-231 and MCF-7 breast cancer cells, DATS intervention
significantly reduced leptin-induced cell proliferation, clonogenic
cell viability, invasion and migration potential. DATS also displayed
a strong antimetastatic effect by reducing MMP-2/9 expression
levels in triple-negative breast cancer cells (HS 578t and MDA-
MB-231 cells) and ultimately blocked both the NF-κB and ERK/
MAPK signaling pathway (Ip et al., 1992; Zhang et al., 2014). In
MCF-7 cells, DATS treatment induced ROS mediated apoptosis and
subsequent activation of AP-1 and JNK, together with enhanced
ROS accumulation (Cao et al., 2014).

Another in vivo study reported reduced STAT3 expression levels
in DATS treated breast cancer xenografts in mice. Further, DATS
treatment decreased the incidences of breast cancers in xenografted
MDA-MB-231 tumor models via reducing MMP-2 and
-9 expression levels (Wei et al., 2017; Liu et al., 2018;
Vijayakumar et al., 2019). DATS (natural histone deacetylase
inhibitor) treatment prevented the MDA-MB-231 hypoxia-
inducing cell metastasis in embryonic zebrafish tumor model via
blocking the HIF-1 transcriptional activity. Furthermore, it reduced
EMT-related proteins (Slug, MMP-2 and Snail), VEGF-A and

L1CAM protein expression levels. In female ACI rats (an inbred
line derived from a cross between Copenhagen and August strains),
DAS reduced the concentrations of diethylstilbestrol (DES)-induced
lipid hydroperoxides (Selvan et al., 2018).

SAMC, a stable organosulfur derivative from garlic, displayed
potent anti-proliferative properties against MCF-7 breast cancer
cells (Sigounas et al., 1997). MCF-7 and MDA-MB-231 cells
displayed potent growth inhibition after SAMC treatment due to
increased p21 and p53 expression levels, induction of apoptosis, cell
cycle arrest (G0/G1 phase), increased caspase-9, and caspase-3
expression levels in relation to the mitochondrial apoptotic
pathway, reduced Bcl-xL and Bcl-2 expression levels. SAC
dramatically slowed the development of MDA-MB-231 breast
carcinoma cells in a dose and time dependent manner. Increased
E-cadherin expression and decreased MMP-2 expression levels in
MDA-MB-231 cells after SAC therapy imply that cell proliferation,
adhesion, and invasion are inhibited, which helps to prevent
metastasis.

Using a rat model of DMBA-induced mammary tumors, it is
shown that the use of garlic powder successfully inhibited the growth
of tumors and validated the fact that DADS has been more active
than AMS and DAS. According to Schaffer et al., supplementation
with garlic powder, SAC, and DADS reduced the incidence of
mammary cancer in rats, hence preventing the development of
mammary carcinogenesis brought on by N-methyl-N-nitrosourea
(MNU) (Schaffer et al., 1996; Petrovic et al., 2018; Xiong et al., 2018).
67NR breast cancer cell, which was implanted in mammary pads of
BALB/c mice, demonstrated anticancer activity by being inhibited
by garlic extract. Additionally, by reducing the DMBA-DNA
interaction to lower the incidence of mammary tumors, in the
long run, garlic powder prevented DMBA-induced mammary
cancer tumors in rats. Among the numerous organosulfur
compounds, garlic compounds that are oil-soluble have been
shown in rodents to have stronger anticancer action than those
that are water-soluble. DMBA, 2-amino-1-methyl-6-phenylimidazo
[4,5-b] pyridine (PhIP) and MNU induced mammary cancer in rats
were significantly inhibited by DADS (Zhang et al., 2014). After
subcutaneous injection of MCF-7 and MDA-MB-231 cells in nude
mice xenograft tumor models were created that showed anticancer
and antiproliferative behavior from DADS. DADS treatment lead to
the activation of tristetraprolin expression and significant
downregulation of MMP-9 protein and urokinase-type
plasminogen activator expression (Nakagawa et al., 2001). DADS
demonstrated reduced growth proliferation by reducing initial
tumor weight in female nude mice (with orthotopic
transplantation, KPL-1), resulting in growth inhibition in human
breast cancer cells (in vitro and in vivo) (Yi and Su, 2013; Kim et al.,
2020). Table 2 summarizes the mechanism of garlic and its
constituents by which they slow anticancer activity against breast
cancer cells.

Despite strong anticancer activity of various garlic derived plant
therapeutics, these compounds suffer from oral bioavailability and
off target toxicity. Therefore, several nanoformulations have been
tried to improve the bioavailability of these compounds. Garlic
extracts contain anticancer chemicals can combine to generate
nano-conjugates that can help stop the spread of cancer cells.
When administered at a concentration of 100 g/mL, garlic clove
extract-mediated silver nanoparticles (G-AgNPs) displayed
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cytotoxic action against the MCF-7 cell line. Additionally, it affected
the nucleus morphology of MCF-7 cells, causing cell clumping and
membrane instability (Menon et al., 2012). G-AgNPs did not cause
any toxicity or mortality in neonates of Corylus cornuta. In a
different study, garlic extract-mediated silver nanoparticles (Ag-
S2) caused cytotoxicity in the MCF-7 cancer cell line by reducing cell
viability in a concentration-dependent manner (Ahamed et al.,
2022). Nevertheless, MCF-7 cells were not toxicated by the gold
nanoparticles (G-AuNPs) produced by garlic extract.
Superparamagnetic hematite nanoparticles made from garlic
extract were synthesized, and their cytotoxicity against the breast
cancer MCF-7 cell line was examined. The findings imply that at an
IC50 of 346.25 mg/mL, the cell proliferation was inhibited in a dose
responsive manner (Talluri et al., 2017). Even ZnO-reduced
graphene oxide nanocomposites (ZnO-RGO NCs) made from the
extract of garlic cloves showed increased cytotoxicity against MCF-7
cells (Kim et al., 2020). DADS nanoparticles (solid lipid)
demonstrated higher cytotoxicity than DADS alone against MCF-
7 carcinoma cells by inducing apoptosis (via intrinsic signaling
pathway) associated with elevated expression levels of Bax, Bad,
caspase-3, and caspase-9, and decreased protein expression level of
Bcl-2 (Lee et al., 2015). Figure 1 presents a proposed pathway for
garlic induced apoptosis in breast cancer.

4 Clinical trials of garlic products and
constituents in breast cancer

Five grams of crushed garlic (raw) enhanced the expression of
several genes, including the proto-oncogene c-Jun, the aryl
hydrocarbon receptor, nuclear translocator, HIF-1A (hypoxia-
inducible factor 1A), oncostatin M (OSM), and the viral

oncogene homolog (V-rel avian reticuloendotheliosis) in a
clinical investigation involving 17 volunteers. These findings
indicated that garlic components are multifaceted and comprise
activation of genes associated with immunity, xenobiotic

TABLE 2 Anticancer effects of garlic constituents on breast cancer.

Components of garlic Mechanism of action References

DATS

• DATS treatment induced apoptosis in MCF-7 cells with Bax (pro-apoptotic protein) and p53 induction and
offered a potent strategy for breast cancer management

Hahm and Singh (2014)

• Apoptotic induction via reducing peptidyl-prolyl cis–trans isomerase (Pin1) protein expression level in T47D
and MCF-7 cells

Liu et al. (2015)

• Inhibited metastasis andMMP2/9 activity of TNBC cells via down-regulating transcriptional activities of ERK/
MAPK and NF-κB signaling pathways

Kim et al. (2016)

• Inhibition of leptin induced oncogenic signaling in MCF-7 and MDA-MB-231 via reducing STAT3 protein
expression

Liu et al. (2018)

• Inhibited the Trx-1 expression and enzymatic activity of Trx reductase in breast cancer cells Wei et al. (2017)

• Inhibited HIF-1α transcriptional activity and hypoxia-induced hematogenous metastasis in a dose-dependent
manner in MDA-MB-231 cells. Induced ROS production and apoptotic cell death in MCF-7 and MDA-MB-
231 breast cancer cells

Chandra-Kuntal et al.
(2013)

SAMC (aged garlic) Displayed growth inhibitory potential in MCF-7 breast cancer cells Sigounas et al. (1997)

DADS DADS alienated the efficacy of linoleic acid (breast cancer cell stimulator) and synergized the efficacy of
eicosapentaenoic acid (breast cancer cell suppressor) in MDA-MB-231 cells thereby projecting it as a strong
modulator of breast cancer cell proliferation

Nakagawa et al. (2001)

Diallyl disulfide Prevented mammary cancer growth in female rats Ip et al. (1992)

Ajoene Induced growth arrest and apoptosis via targeting protein folding in the endoplasmic reticulum of in MDA-MB-
231 cancer cells

Kaschula et al. (2016)

FIGURE 1
Proposed pathway for garlic induced apoptosis in breast cancer.
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metabolism, and apoptosis in humans and Mono Mac six cells.
(Charron et al., 2015). Similar findings were made in clinical
research that involved 20 cancer patients and found that raw
garlic and allicin had cytotoxic effects against a variety of cancer
types (Bespalov et al., 2004). Garlic supplements were reported
beneficial in the management of breast cancer (benign) patients,
where they resulted in the suppression of breast fibromatosis.
Furthermore, garlic intake also reduced docetaxel removal in
patients having CYP3A5*1A allele (Zuniga et al., 2019). Garlic
consumption can be increased to promote health, according to a
randomized controlled trial of breast cancer survivors (Ishikawa
et al., 2006). A dose of four capsules per day for 12 weeks of aged
garlic extract (AGE) treatment significantly enhanced number of
natural killer (NK) cells and its activity in patients with advanced
lung, colon, pancreatic and liver cancer. Each capsule included
500 mg of AGE, 11 mg of sucrose fatty acid ester and 727 mg of
crystalline cellulose. Respective doses were ceased after 12 weeks,
with a follow-up after further 12 weeks to monitor the number of
NK cells and its activity (Tanaka et al., 2006). Additionally, aged
garlic extract inhibited cell growth and minimized the occurrence of
human colorectal adenoma via modulating numerous cell signaling
path-ways (Millen et al., 2007). Raw garlic consumption (five
pyramid doses per day) for a duration of 12 months, with a
follow-up after 12 months, was found to lessen the risk of
colorectal adenoma in a randomized controlled trial on
57,560 patients (Ma et al., 2012).

Long-term garlic supplementation was further associated with
reduced risk of mortality in patients with stomach cancer. For a
period of 7 years, a dosage of 200 mg of aged garlic extract and 1 mg
of steam-distilled garlic oil was administered twice daily. In this
randomized intervention study, 3,365 participants were used to
investigate the incidence and mortality of stomach cancer using a
2 2 factorial design. Follow-up period is initially 7.3 years, and it is
later extended to 22.3 years (Li et al., 2019; Guo et al., 2020). Garlic
supplementation had more pronounced protective impact on gastric
cancer prevention when combined with abstinence from alcohol.
This randomized clinical trial found a relationship between smoking
and an increased risk of gastric cancer incidence and death. After a
follow-up period of 22.3 years, more pronounced anti cancerous
effect was reported after garlic supplementation in gastric cancer
when the individuals abstained from alcohol (You et al., 2001).
Garlic formulations slowed the evolution of pre-cancerous gastric
lesion, and examinations of serum samples further demonstrated
that participants in the participating treatment groups had
significantly greater S-allyl cysteine (SAC) doses (Zhang et al.,
2008). Allicin was injected into the lesion site of individuals with
gastric cancer via a gastroscopy in a different study that involved a
randomized controlled trial with 80 participants. The medication
was given to the patient 48 h before surgery.

Laboratory testing of the gastric cancer tissue removed after
gastrectomy demonstrated that allicin had the ability to impede
cancer cell proliferation via apoptotic induction, cell cycle arrest (at
G0/G1 phase) and modulated Bax and Fas (upregulated), Bcl-2
(downregulated) expression levels (Gatt et al., 2015). Allin and
allicin, two garlic constituents, have been shown to protect
patients against the side effects of chemotherapy (including
febrile neutropenia). This was frequently seen in chemotherapy
patients with hematological malignancies. Patients who

participated in a 101-patient randomized controlled experiment
received two doses of 450 mg of allicin and allin daily. The
patients were monitored daily until the neutropenia was resolved
by incessant monitoring of complete blood count (CBC) (Tilli et al.,
2003). In another clinical trial, aqueous garlic extract showed
preventive properties against prostate carcinoma by increasing
flow and frequency of urine. Despite the fact that the follow-up
period was unreported, the trial was carried out on 27 patients (daily
dose of 1 mL/kg body weight) for 30 days. A study using 21 patients
found that the active ingredient in garlic, ajoene, had anticancer
properties against skin cancer. The tumor size was reduced after
topical application of 0.4% ajoene cream (400 mg ajoene, 0.3 ml
sorbitonoleate and 0.3 ml polysorbate 80 in 100 ml 1% of carbomeric
gel) as shown by activated apoptotic pathways and modulated Bcl-2
expression levels (Shashikant et al., 1985).

Evaluation of dietary supplements and medications used for
health purposes requires documentation of their efficacy and safety.
The ways of processing garlic can influence its effectiveness and
safety. However, there is no recommended everyday garlic in-take,
the German Commission E monograph from 1988 advised that a
per day intake of 12 cloves (or about 4 g) of garlic is good for human
health. Fresh garlic, garlic oil, garlic powder, and AGE are the four
main categories into which commercially produced garlic
preparations fall. Even though garlic has been reported safe when
used as a complementary (or condiment) agent, safety concerns still
need to be addressed. There are three things to keep in mind when
using garlic: a) allicin remains one of the key irritant in raw garlic; b)
oil-soluble OSCs reported to be more toxic in comparison to water-
soluble OSCs and c) toxicity associated with OSCs becomes much
less harmful over time. When allicin was administered directly into
the intestinal tract of rats, the intestinal linings were harmed and the
gut flora was altered using enteric-coated garlic products. The
mucosal epithelial membrane may become damaged by fresh
garlic (Amagase et al., 2001; Macan et al., 2006). A number of
studies, including those for teratogenicity, mutagenicity, acute and
subacute toxicity, and chronic toxicity, have shown that AGE is
relatively safe. Recent clinical trials demonstrated that, when used as
a supplemental drug, AGE was safe for patients receiving warfarin
therapy (Song and Milner, 2001). Because there are so many
different garlic preparations available, the medicinal
consequences are also diverse, suggesting that some preparations
could have negative effects. A monograph that outlines the process
and requirements for AGE has been created by the U.S.
Pharmacopoeia and other organizations. Garlic preparations
should be consumed while considering their potential side
effects, metabolism, drug-synergistic interactions, interference
with vital enzymes, and impact on normal microflora.
Consumers could make better decisions if labels included
recommendations based on laboratory and clinical findings.
Additionally, the anticancer properties of uncrushed garlic will
be reduced when heated in the microwave or oven (Nakagawa
et al., 2001; Mondal et al., 2022). Garlic has been shown to have
anticancer properties by obstructing various phases of
carcinogenesis. The nutritional or chemopreventive benefits of
garlic, however, go far beyond the idea that it has therapeutic
effects against cancer. To investigate the novel properties of
garlic, more carefully planned experiments and trials are needed.
(Hirsch et al., 2000).
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5 Conclusion

Garlic contains bioactive substances that have substantial
anticarcinogenic effects via a number of pathways, including cell
cycle arrest, apoptosis, and stimulation of the angiogenic cascade. The
nutritional and therapeutic benefits of garlic have been well-known.
Among the numerous phytoconstituents of garlic, certain
compounds, including SAC, allicin, DAS, SAMC, DATS, and
DADS have strong anti-cancer activity. Derivatives of garlic and
their nanoformulations resulted in altered expression levels of
numerous re-ported genes associated with the regulation of several
important signaling pathways, including the JNK, Akt/PI3K, p38,
MAPK, EMT, Wnt, p53, ERK1/2, NF-κB, Nrf2, STAT3 and Chk1/
cyclin B1 in human breast carcinoma. In a variety of preclinical cancer
models, bioactive constituents of garlic and their nanoformulations
decreased the cell proliferation, adhesion, apoptosis evasion,
migration, invasion, and metastasis of several cancer types. While
several signaling pathways have been targeted by various researchers
for investigating the mechanism behind the anticancer efficacy of
garlic phytocomponents, additional research is still required to fully
comprehend these molecular targets of garlic and their derivatives
inside diverse organ systems. Paucity of well-studied, potent clinical
studies and thorough safety assessment, despite promising preclinical
research on the anticancer potential of garlic components, increases
the desire for additional clinical research. The nanoformulations of
garlic demonstrated some efficient delivery methods with enhanced
bioavailability. The efficacy of nanoparticles formulations of garlic
constituents in the treatment of breast cancer was higher than
compounds alone. However, more investigations are still needed
to decipher the therapeutic potential of garlic components via
utilizing crucial targets of cell signaling pathways for better
management of human breast cancer in addition to well-
controlled clinical investigations. Altogether, in this review, we
have demonstrated the anticancer potential of garlic
phytoconstituents and its nanoformulations as beneficial
nutraceuticals and pharmaceuticals for the efficient management
of human breast cancer.
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Calotropin is a pharmacologically active compound isolated frommilkweed plants
likeCalotropis procera, Calotropis gigantea, and Asclepias currasavica that belong
to the Asclepiadaceae family. All of these plants are recognised as medical
traditional plants used in Asian countries. Calotropin is identified as a highly
potent cardenolide that has a similar chemical structure to cardiac glycosides
(such as digoxin and digitoxin). During the last few years, cytotoxic and antitumor
effects of cardenolides glycosides have been reported more frequently. Among
cardenolides, calotropin is identified as the most promising agent. In this updated
and comprehensive review, we aimed to analyze and discuss the specific
mechanisms and molecular targets of calotropin in cancer treatment to open
new perspectives for the adjuvant treatment of different types of cancer. The
effects of calotropin on cancer have been extensively studied in preclinical
pharmacological studies in vitro using cancer cell lines and in vivo in
experimental animal models that have targeted antitumor mechanisms and
anticancer signaling pathways. The analyzed information from the specialized
literature was obtained from scientific databases until December 2022, mainly
from PubMed/MedLine, Google Scholar, Scopus, Web of Science, and Science
Direct databases using specific MeSH search terms. The results of our analysis
demonstrate that calotropin can be a potential chemotherapeutic/
chemopreventive adjunctive agent in cancer pharmacotherapeutic management.

KEYWORDS

calotropin, anticancer, molecular targets, signaling pathways, apoptosis, cytotoxicity

1 Introduction

Cancer is a process that occurs in different cells of the body, resulting from acquiring
genetic and epigenetic changes in them, which leads to uncontrolled cell growth (Lee and
Kim, 2022; GBD 2019 Colorectal Cancer Collaborators, 2022). In tumor formation increased
attendance of reactive oxygen species (ROS) is involved because they activate various
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oncogenic signaling pathways, induce mutation of DNA, and induce
immune escape, which, together with the microenvironment,
angiogenesis, often lead to metastasis (Mitroi et al., 2019;
Tsoukalas et al., 2019; Nakamura and Takada, 2021; Scheau
et al., 2021) Cancer drug treatments differ depending on the type
and stage of the tumor (Buga et al., 2019). Due to the heterogeneity
of cancers and their responses to treatment, major efforts are being
made to improve existing therapeutic protocols or to find new
adequate therapeutics (Ianoși et al., 2019; Iordache et al., 2019)
In light of this, is still actual to explore natural products to develop
the final anticancer drug entity, which has fewer side effects, is low-
cost, and has better application. Numerous studies have reported
that many plant species and their bioactive compounds have anti-
cancer properties (Khan et al., 2022). The cytotoxic effects of
different plant extracts are well known and many compounds
isolated from the plants are being detailed and evaluated for
anticancer activities in different in vitro and in vivo models.
Solowey et al. (2014) investigated 17 whole plant extracts on ten
different human cancer cells. The efficacy of cell death in tumor cells
varied depending on the content of multiple molecules with
antitumor activities but was often aligned with ethnobotanical
sources of historical use (Solowey et al., 2014). Calotropin
belongs to the cardenolides, which is a class of cardiac glycosides
(Mo et al., 2016) (Supplementary File S1). Cardiac glycosides are
prominent in the treatment of cardiovascular diseases treat as
congestive heart failure in humans (Silva et al., 2018), but also as
a poison in the African dart arrow (Agrawal et al., 2012). The main
and first established mechanism of action of cardenolides such as
calotropin was the inhibition of the sodium-potassium exchanger,
Na+/K+-ATPase. This enzyme allows the active transport of Na+ and
K+ ions through the cell membrane. It was observed that calotropin
has a more perceptible impact on the myocardium compared to it on
skeletal muscles, as myocytes have more active Na+/K+-ATPase
(Koch et al., 2020). As consequence, this can allow for higher
cardiac output by the cardiac muscles but can also lead to
arrhythmia (Hoyer et al., 2011). In the upcoming years after
calotropin isolation, many studies have been dedicated to its
crystal and molecular structure, and new methods of isolation. In
recent years, researchers have conducted numerous studies on the
anticancer effects of calotropin. One of the reasons is the fact that
cardenolides target the enzyme Na+/K+-ATPase and lead to
dysregulation of the sodium-potassium ion gradients and disrupt
the membrane potential (Vila Petroff et al., 2003). Others have
sought to exhibit in vitro cytotoxic and cytotoxic effects of the
cardiac glycosides against lung cancer (Ibrahim et al., 2014; Kim
et al., 2016), and leukemia (Nakano et al., 2020). In preclinical
models of the STK11mutant lung cancer cells, the cardiac glycosides
directly inhibit ATP function. Clinical-relevant doses of cardenolide
inhibit cell proliferation and migration of these tumor cells (Kim
et al., 2016). In leukemia, overexpression of MYC protein initiates
proliferation and blocks cell differentiation, thus treatment of these
cells with cardiac glycoside leads to inhibition of the MYC pathway
(Da Costa et al., 2018). Pederson et al. (2020) reported that
cardenolide display potency against two triple-negative breast
cancer (TNBC) cells BT-549 and Hs578T cells. A similar study
was done by Zhou et al. (2019) about the anticancer activity of
colorectal cancer cells. Today, despite considerable efforts to find
adequate anticancer therapy, cancer remains one of the leading

causes of death worldwide (Nakamura and Takada, 2021). The use
of traditional chemotherapy and radiation therapy in combination
with surgery, and/or immunotherapies, and hormone therapy
sometimes do not give satisfactory results, and therefore use of
targeted therapies has become more common in recent times
(Nakamura and Takada, 2021). The current review represents an
update of the anticancer mechanisms, molecular targets, and
signaling pathways of calotropin, a natural bioactive compound
of current interest in the pharmacotherapeutic management of
cancer.

2 Review methodology

To get a comprehensive overview of the most recent data on
anticancer molecular mechanisms of calotropin, the following
specialized databases were searched, such as PubMed/MedLine,
Google Scholar, Scopus, Web of Science, and Science Direct
using the following terms MeSH alone or in combination:
“Antineoplastic Agents,” “Phytogenic/pharmacology,” “Apoptosis/
drug effects,” “Calotropis/chemistry,” “Calotropis/metabolism,”
“Cardenolides/chemistry”, “Cardenolides/isolation and
purification”, “Cardenolides/pharmacology”, “Cell Line, Tumor,
Cell Proliferation/drug effects”, “Reactive Oxygen Species/
metabolism”, “Humans”, “Signal Transduction/drug effects”,
“Reactive Oxygen Species/metabolism”. This study included
articles published in English that proved the anticancer molecular
mechanisms of calotropin. Pharmacological studies that did not
specify anticancer mechanisms and specific signaling pathways,
doses used in the experiment, and in silico studies without
evidence from preclinical pharmacological studies were excluded.
The most important data were summarized in tables and figures.
The taxonomy of plant species was validated according to World
Flora Online and the chemical structures according to PubChem
(WFO, 2021; PubChem, 2022).

3 Natural sources, traditional and
current uses

Calotropin (also known as Pecilocerin A, Pekilocerin A)
primarily was isolated from Calotropis procera (Ait) R. Br.,
Calotropis gigantea (L.) R. Br (Cg) and Asclepias subulata, the
plants belonging to the family Asclepiadaceae (Agrawal et al.,
2012; Kadiyala et al., 2013; Rascón Valenzuela et al., 2015a).
Plants from the family Asclepiadoideae, have been found in
Africa, Asia, Europe, Australia, South America, and the tropics of
North America. Calotropis sp. is common in Africa and Asia and
widely distributed throughout India, Sri Lanka, Nepal, Maldives,
South China and Malaysia, and Pakistan (Kadiyala et al., 2013).
Other species of this family such as Asclepias sp., mostly known as
the desert plants, are native to America (Rascón Valenzuela et al.,
2015b). The mentioned species of the family Asclepiadoideae have
been since ancient times part of traditional medicine for the
treatment of various diseases related to the central nervous
system, skin diseases, digestive system, respiratory system,
reproductive system pain, and cancer (Rascón Valenzuela et al.,
2015a). Different parts of these plants have been used since antiquity
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as a galenical in traditional medicine. Calotropin is isolated from
latex, leaves, and root bark from plants (Kadiyala et al., 2013).
Accidental poisoning is common in animals who have ingested
milkweed. Interestingly, some insects species, the pyrgomorphid
grasshopper P. bufonius and caterpillar of monarch butterflies eat
milkweeds of the plants family Asclepiadoideae and stored
calotropin as a defense mechanism against predators and
parasites (Agrawal et al., 2012). Phytochemical studies of plants
from family Asclepiadoideae have revealed the presence of several
types of compounds such as cardenolide, pregnane glycosides,
secopregnane glycosides, triterpenoids, steroidal glycosides
(Elgamal et al., 1999). A native plant of the family Asclepiadaceae
is distributed in the tropical and subtropical regions of the planet. In
some of these regions, the dependence on traditional plant-based
medicines persists until today, especially if you keep in mind that
many parts of this plant are useable. In the past, these plants have
been popular to cure several human diseases such as fever, asthma,
rheumatism, indigestion, diarrhoea, and dysentery (Al-Taweel et al.,
2017). Despite long evidence of using traditional plants that contain
calotpropin as a part of folk medicine, its antitumor and cytotoxic
effects have been examined just recently in a controlled laboratory
condition. The first evidence of the cytotoxic effect of calotropin may
be found in an article written by Kupchan et al. (1964) dated 1964.
An alcoholic extract of Asclepias curassavica was tested on in vitro
cells cultured from human carcinoma of the nasopharynx and the
observed cytotoxic activity was attributed to calotropin isolated from
that extract. The flower and leaf are widely used parts of Calotropis
procera (Cp). The leaf extract of Cp possessed a powerful antiulcer
activity by to the reduction gastric acid secretion, as well as
augmenting the mucosal defensive factors and inhibiting lipid
peroxide levels (Al-Taweel et al., 2017). In a previous study, it
has been shown that extracts from all parts of these plants have a
variety of biological activities (Huang et al., 2018; Mutiah et al.,
2018). The pharmaceutical potential of extracts gained from the bark
and leaves of plant Cp showed notable antibacterial potential against
different bacterial strains (Sharma et al., 2015; Pattnaik et al., 2017).
The ethanol extract of the Cp in a dosage of 500 mg/kg induced
significant antipyretic and analgesic activity in mice (Mossa et al.,
1991). The study of Magalhães et al. (2010) reported that among five
extracts, ethyl acetate and acetone extract of Cp displayed higher
cytotoxic potential against two different tumor cells: colon (HCT-8)
and melanoma (B-16) cells. The same authors also reported that
those extracts induced a significant reduction in tumor weight as
well as the growth of the sarcoma tumor in mice. Several previous
studies of the biological activities of Cp have shown anti-
inflammatory (Kumar et al., 2015; Kumar et al., 2022), and
antifungal activity (Al-Rowaily et al., 2020; Freitas et al., 2020)
were shown.

4 Therapeutic activity, cellular and
molecular mechanisms of calotropin in
various types of cancer

4.1 Brain cancer

A recent study investigated several types of cardiac glycosides
isolated from Calotropis gigantea and showed that calotropin had

the most pronounced cytotoxicity on A172 and U251 glioblastoma
cell lines, and confirmed a possible anticancer mechanism that
includes G2/M phase cell arrest (He et al., 2021). Another
evidence that calotropin may have cytotoxic effects on cancer cell
lines derives from its capability to inhibit the enzyme Na+/K+-
ATPase. Na+/K+-ATPase is an important transmembrane protein
found in all mammalian cells with the main role in cell ion
homeostasis. A potential target for anticancer therapy contributes
to its role in signal transduction, and overexpression, as well as in ion
homeostasis, in severe neoplasms (Bejček et al., 2021). In research
that was done by Meneses-Sagrero et al. (2022) anticancer effects of
calotropin were analysed using commercial brain porcine Na+/K+-
ATPase. Calotropin showed dose-response inhibitory effects on
Na+/K+-ATPase activity (IC50 = 0.27 ± 0.06 μM). The IC50 value
was by a previous study where was observed that calotropin has the
same IC50 value on porcine cerebral cortex Na+/K+-ATPase activity
(Agrawal et al., 2021). This value of IC50 of calotropin is very similar
to other well-known cardenolides like ouabain and digoxin which
indicated the great inhibitory potential of calotropin on Na+/K+-
ATPase. Also, kinetic analysis on Na+/K+-ATPase activity showed
that the nature of this inhibition is non-competitive (Meneses-
Sagrero et al., 2022).

4.2 Breast cancer

Breast cancer occurs when normal cells in the breast change and
grow out of control and it occurs with a frequency of 13% in the
global population, and TNBC represents 10%–20% of all breast
cancers (Yao et al., 2017). More than a decade ago six TNBC
subtypes of breast cancer cells have been identified based on
tumor gene expression analyses, one of them being BT-549 cells
(Pederson et al., 2020). Nine cardenolides from Calotropis gigantea
exhibited selective cytotoxic activities on TNBC, but calotropin was
notably more selective for BT-549 cells (Pederson et al., 2020).
Regarding human triple-negative breast cancers (TNBC) cell lines
were shown effects of calotropin different IC50 values and selectivity
across different human TNBC cell lines (Pederson et al., 2020).
Calotropin was more selective for BT-459 cells (IC50 = 0.03 ±
0.002 µM) and Hs578T cells (IC50 = 0.06 ± 0.01 µM) compared
to MDA-MB-231 (IC50 value was 0.44 ± 0.08 µM). The results
suggested that BT-459 cells are more sensitive to calotropin due to
increases in intracellular Ca2+ levels, leading to cell death at lower
concentrations than is required in other human TNBC cell lines.
Another evidence that calotropin may have cytotoxic effects on
cancer cell lines derives from its capability to inhibit the enzyme
Na+/K + -ATPase viz altering through key transmembrane cellular
protein homeostasis. The possible explanation of the different effects
of calotropin in the different human triple-negative breast cancer
cell lines may derive from the expression of different Na+/K+-
ATPase isoforms and ↑Na+/Ca2+ exchanger (NCX) isoforms. It
has been shown that α1 Na+/K+-ATPase isoform is more
resistant to inhibition by some cardiac glycosides, and at the
same time, its expression was lowest in BT-459 cells. However, in
another cell line Hs578T the expression of α1 Na+/K+-ATPase
isoform was intermediate. Related to another hypothesis with
Na+/Ca2+ exchanger isoforms, it was observed that the mRNA of
NCX1 isoform was significantly higher in BT-459 and Hs578T
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compared to the other human triple-negative breast cancer cell lines.
Thus, the high mRNA expression of NCX1may predict sensitivity to
calotropin. The breast cancer BT-549 cells were treated with
different doses of calotropin, 150 nM and 500 nM. The results
showed that both doses of calotropin inhibit the efflux of Ca2+

via the Na+/Ca2+ exchanger. A major consequence of this
inhibition is increased intracellular Na+, leading to increased Ca2+

entry and elevated concentrations of intracellular Ca2+. Cancer cells
with defects in this signalling pathway might be particularly
vulnerable, as an increase in intracellular Ca2+ triggers apoptosis
(Vila Petroff et al., 2003) (Figure 1). Calotropin also induces
apoptosis in breast cancer MCF-7 cell lines, by modulating the
phosphatidylserine gene, DNA disintegration, and G2/cell cycle
arrest. Also, this treatment increased the expression of Bax/
Bak1 and significantly reduced Bcl-2 expression, so this ratio of
Bax/Bcl-2 plays an important role in determining apoptosis (Kharat
and Kharat, 2019) (Figure 1).

4.3 Lung cancer

One of the most common types of human cancer is non-small
cell lung cancer (NSCLC) which is characterized by invasion,
migration, rapid growth, and reoccurrence (Guo et al., 2022). In
vitro studies on NSCLC showed that treatment with calotropin

promoted apoptosis by increasing the expression of pro-apoptosis
genes: caspase-3, caspase-8, and apoptotic protease activating factor-
1 (Apaf-1) and downregulated expression of anti-apoptotic proteins:
p53, B-cell lymphoma (Bcl 2) and Bclw (Paesmans et al., 2015). On
the same calotropin treatment of cancer cells activates the TGF-β/
ERK signaling pathway, by decreasing the expression of TGF-β and
ERK½, and downregulating phosphorylation of ERK½ (Paesmans
et al., 2015). In vivo assay on NSCLC-bearing mice showed that
calotropin treatment markedly inhibited tumor growth, increased
the number of apoptotic cells, and significantly promoted apoptosis
markers: caspase-3 and caspase-8. Long-term observation has
shown that this treatment significantly prolonged the survival of
these mice (Paesmans et al., 2015) (Figure 2).

Epithelial-mesenchymal transition (EMT) involves changes in
the intracellular cytoskeleton and extracellular matrix. After EMT,
cells lost polarization, acquire an elongatedmorphology, and possess
strong intercellular adhesion and polarity, which can be attributed to
the reorganization of the actin cytoskeleton as well as increased
expression of vimentin or keratin (Grände et al., 2002). EMT is a
complex which can be activated by different inflammatory stimuli
like TGF-β growth factor, cytotoxic T-lymphocyte–associated
antigen 4 (CTLA-4), hypoxia, or extracellular matrix components
(Grände et al., 2002). CTLA-4 is a multifactorial protein with an
important role in the communication process in cells, was significant
downregulation in NSCLC cells after calotropin administration led

FIGURE 1
Potential mechanisms of anticancer effects of calotropin in breast malignant tumor. Calotropin inhibits Ca2+ efflux via the Na+/Ca2+ exchanger,
increasing intracellular Na+ and Ca2+, triggering apoptosis. Calotropin also induces apoptosis and cell death in tumour cells by disintegrating DNA and
arresting the cell cycle in the G2/M phase. It also increases Bax/Bak1 expression and significantly reduces Bcl-2 expression, so this Bax/Bcl-2 ratio plays an
important role in determining apoptosis. Symbols: ↑increase, ↓decrease.
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to tumor inhibition. Also, calotropin inhibited the protein
expression levels of TGF-β, an essential factor in carcinogenesis
(Tian et al., 2018). Therefore, calotropin administration regulated
apoptosis, inhibited tumor growth, and prolonged survival in
NSCLC cells via the TGF-β/ERK signaling pathway (Tian et al.,
2018).

Another research compared calotropin inhibitory and pro-
apoptotic activity on two types of NSCLC cell lines: cisplatin-
induced resistant NSCLC cell line (A549/CDDP) and its parent’s
cells lung adenocarcinoma A549 (Mo et al., 2016). Interestingly,
while A549/CDDP was significantly inhibited by calotropin in a
concentration-dependent manner (IC50 0.33 ± 0.06 μM at 48 h), the
same inhibitory effect on A549 was weak (IC50 38.46 ± 1.16 μM at
48 h). Furthermore, while cell cycle arrest in the G2/M phase and an
increased number of cells in the apoptotic phase were observed in
A549/CDDP after treatment with calotropin, the same effects lack in
A549. After the treatment with calotropin the expression of CDK1,
CDK2, cyclin A, and cyclin B was significantly downregulated in
A549/CDDP cell line, while p21 and p53 protein levels were
increased. The same as in the previously mentioned research, the
expression levels of the precursor forms of Cap- 3, Cap-8, and Cap-9
were downregulated and their active forms were upregulated. Also,
the increased intracellular levels of ROS were observed in the same
cell lines, as well as changes in mitochondrial membrane potential
and poly (ADP-ribose) polymerase (PARP) after treatment with
calotropin (in a dose of 0.5 and 1.0 μM) compared to a control
group. The levels of anti-apoptotic protein Bcl-2 were decreased and
pro-apoptotic Bax protein levels were increased in a concentration-
dependent manner in the treatment group. All of the previously
mentioned results were not observed after the treatment of
calotropin on the A549 cell line. In A549/CDDP cell line
treatment with calotropin was correlated with increased
phosphorylation of JNK (which has an essential role in signalling

pathways of apoptosis), while this was not observed in the A549 cell
line. There is no provided explanation of the differences in the effects
of calotropin on these 2 cell lines (Mo et al., 2016).

The anticancer activity of calotropin on A549 cells through
caspase-dependent apoptosis activated by extrinsic pathway was
obtained in research done by Rascón-Valenzuela et al. (2016) and
colleagues. A recent study (Rascón Valenzuela et al., 2015a)
indicated that the IC50 values of calotropin on the same cell line
are 0.0013 µM, while antiproliferative activity was confirmed on
another two cancer cell lines LS 180 (human colorectal
adenocarcinoma cell line) and PC-3 (human prostate cancer cell
line) with IC50 values 0.06 and 0.41 µM, respectively. Also, the
cytotoxic effects of calotropin on lung adenocarcinoma A549 cells
were confirmed in the research done by Sweidan et al. (2021).
Interestingly, they compared the effects of calotropin on human
fibroblast cell lines as normal cells and the toxicity of calotropin was
lower which indicated that calotropin is more selective to cancer
cells compared to normal cells. The same observation on human
normal cells was reported by Rascón-Valenzuela et al. (2015). The
in vitro growth inhibitory activity of calotropin was tested on
A549 cells, PC-3, and U373 (glioblastoma cell line) by Ibrahim
and colleagues, and the same value of IC50 (0.005 µM) was reported
for all 3 cell lines (Ibrahim et al., 2014).

Comprehensive research on the anticancer effects of calotropin
was done by Tian et al. (2018). They used bronchioalveolar
carcinoma H358 cells treated with calotropin (0.50 mg/mL) for
24 h, 48 h, and 72 h based on the subject of analysis to
investigate the inhibitory effects of calotropin on the growth and
aggressiveness of cancer cells. Also, in vivo study was performed
using 80 specific pathogen-free female nude (6–8 weeks old, weight
30–35 g) mice. All of them were subcutaneously injected with
H358 cells and after that divided into 2 groups. In the treatment
group, mice were intravenously injected with calotropin (5.0 mg/kg)

FIGURE 2
Illustrative scheme with cytotoxic mechanisms of Calotropin in lung cancer. Abbreviations and symbols: ↑ increase, ↓decrease, Epithelial-
mesenchymal transition (EMT), Reactive oxygen species (ROS), mitogen-activated protein (MAP) kinases and cJun NH2-terminal kinase (JNK),
transforming growth factor β (TGF-β), cytotoxic T-lymphocyte–associated antigen 4 (CTLA-4).
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every day for 7 days, while PBS injections were used as the control.
Related to in vitro experiments on H358 cells it was observed that
calotropin suppressed cell growth in a time-dependent manner
(after 72 h treatment). The cell proliferation was arrested at the
G2/M phase. Also, calotropin inhibited protein level expression of
cyclins (cyclin-dependent kinases: CDK1 and CDK2), fibronectin,
vimentin and E-cadherin. The migration and invasion were
inhibited after treatment with calotropin. Analysis of calotropin
effects onH358 cells apoptosis showed that apoptosis was promoted.
There was increased pro-apoptosis gene expression of caspase-3
(Cap-3), caspase-8 (Cap-8), and Apaf-1, while anti-apoptosis
protein expression levels of p53, Bcl-2, and Bsl-w were decreased.
Also, calotropin promoted Cyt-c and JNK protein expression levels.
Additional effects of calotropin indicated that its treatment of
H358 cells decreased the CTLA-4 (T-lymphocyte-associated-
protein 4) protein expression (CTLA-4 protein is a checkpoint
receptor that downregulates T cell activation), and inhibited the
TGF-β protein expression levels and phosphorylation and protein
expression levels of ERK1/2, indicated that probably TGF-β/ERK
signalling pathway is included in calotropin-mediated apoptosis.

4.4 Digestive cancers

4.4.1 Liver cancer
One of the most aggressive cancers with a poor prognosis is liver

cancer, the most common type being hepatocellular carcinoma

(HCC). The anticancer activity of calotropin in HCC was linked
to the suppression of fatty acid levels by a decrease in inflammatory
cytokines and adipocyte shrinkage, as can be seen in a different
model of liver carcinogenesis (Zhang et al., 2020). During the early
phase of hepatocarcinogenesis, inflammatory and parenchymal cells
release large amounts of IL-6 and TNF-αwhich is responsible for the
release of TGF-β1. The elevated level of inflammatory cytokines
triggers mitogen-activated protein (MAP) kinases and cJun NH2-
terminal kinase (JNK), which is implicated in the progression of liver
fibrosis and deposition of collagen. Calotropin treatment decreases
IL-6 and TNF-α expression, implying that the inflammatory process
suppresses and slows the progression of carcinogenesis (Pan et al.,
2018). Also, the IC50 value of calotropin was reported on the human
hepatocarcinoma cell line (HepG2) and Raji cells (human B
lymphoblastoid cell line), and values were 0.04 and 0.02 µM,
respectively, which confirmed its cytotoxic effect on tumor cell
lines (Li et al., 2009).

Recently, the pro-apoptotic effects of calotropin were confirmed
on HepG2 and human colorectal adenocarcinoma cells (Caco-2)
(Martucciello et al., 2022).

4.4.2 Colorectal cancer
Colorectal cancer (CRC) is a malignant neoplasm that develops in

the colon and rectum, and its symptoms can be extremely varied; in its
early stages, CRC is asymptomatic and is detected through screening
examinations (2022). Calotropin markedly suppresses the proliferation
of colorectal cancer cells by the Hippo pathway through the activity of

FIGURE 3
Schematic representation of anticancer mechanisms of calotropin in colorectal cancer.
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YAP (Zhou et al., 2019). Since the Hippo pathway is a highly complex
signaling network with >30 components, dysregulation of the Hippo
pathway components often leads to aberrant cell growth and tumor
formation (Meng et al., 2016). Treatment with calotropin induces YAP
dephosphorylation in colorectal cancer cells. Dephosphorylation of YAP,
after calotropin treatment, induced its translocation into the nucleus of
the colorectal cancer cells. After nuclear localization, YAP interacts with
the transcription factors of the TEAD family (Figure 3). Downregulation
of the TEAD target gene, after administration of calotropin decrease the
expansion of progenitor cells, and tissue overgrowth. Together, these
data showed that calotropin inhibits tumor growth in colorectal cancer
cells (Meng et al., 2016) (Figure 3).When in vivo experiments of a 25-day
short-term observation period were analysed it was suggested that
injection of calotropin inhibited tumor growth. In the treatment
group, the number of apoptotic cells and lymphocyte infiltration was
increased. In excised tumors from the treatment group expression levels
of Casp-3 and Casp-8 were increased. Besides the fact that the
administration of calotropin has significantly inhibited tumor growth,
after the 120-day observation period the prolonged mice survival was
noted as well.

In another research done by Zhou et al. (2019), it was indicated that
calotropin may inhibit tumor growth. The in vitro study was done on

two types of human colorectal cancer cell lines HT-29 and HCT116,
treated with calotropin for 24 h. Increased concentrations of calotropin
(0.2–10 µM) inhibit proliferation in a dose-dependent manner in both
cancer cell lines. Also, calotropin promoted dephosphorylation of YAP
(Yes-associated protein) and induced its nuclear localization in colorectal
cancer cells, therefore supporting the hypothesis that the Hippo
signalling pathway is included in calotropin-induced inhibition of cell
proliferation. Additionally, calotropin treatment shortened the half-life
of LATS1 (large tumor suppressor 1) protein, the main kinase in the
Hippo pathway that phosphorylates YAP. Calotropin probably
promotes LATS1 degradation through the ubiquitination/proteasome
pathway. Another part of the study was in vivo performed with BALB/c
immunodeficient nude mice injected with HT-29 cells (6–8 weeks old).
Mice were divided into two groups, the treatment group where
calotropin was intravenously administered once every 2 days for
3 weeks, and the control group was treated in the same way during
the same period with DMSO as a vehicle. It has been shown that the
tumor obtained from the calotropin-treatment group was reduced in
volume and weight. Another research on colon cancer cells
(SW480 colon adenocarcinoma cell line) marked calotropin as an
anticancer agent which inhibits the Wnt signalling pathway by
decreasing nuclear and cytosolic located β-catenin in a dose-

FIGURE 4
Illustrative diagram with anti-leukemic mechanisms of calotropin. Symbols: ↑increase, ↓decrease.
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TABLE 1 Summarized data obtained from preclinical pharmacological studies regarding calotropin anticancer activity.

Cancer
type

Experimental model Molecular mechanisms/
signaling pathways

Results Ref

Brain cancer in vitro ↑cell arrest in G2/M phase ↑cytotoxicity He et al. (2021)

A172, U251 glioblastoma cells ↓Na+/K+-ATPase IC50 = 0.27 ± 0.06 μM

Breast cancer in vitro ↑intracellular Ca2+ ↑cytotoxicity Pederson et al. (2020)

BT-549, Hs578T ↓Na+/K+-ATPase ↑ apoptosis

MDA-MB-231 ↓NCX1 IC50 = 0.03 ± 0.002 µM for BT-459

TNBC cells ↑intracellular Ca2+ IC50 = 0.06 ± 0.01 µM for Hs578T

IC50 = 0.44 ± 0.08 µM for MDA-
MB-231

in vitro ↓Na+/K+-ATPase ↑ apoptosis Vila Petroff et al. (2003)

BT-549 cells ↑intracellular Ca2+ IC50 = 150–500 nM

in vitro ↑DNA disintegration ↑ apoptosis Kharat and Kharat (2019)

MCF-7 cells ↑G2/M cell cycle arrest IC50 = 40 μg/mL

↑Bax/Bak1, ↓Bcl-2

Lung cancer in vitro ↑ caspases 3,8; ↑Apaf-1 ↑ apoptosis Paesmans et al. (2015)

non-small cell lung cancer ↓p53, ↓Bcl2, ↓Bclw ↓tumor growth

NSCLC cells in vivo ↑TGF-β/ERK ↑apoptotic cells

NSCLC-bearing mice ↑survival of mice

in vitro ↑TGF-β/ERK ↓tumor growth Tian et al. (2018)

NSCLC cells ↓carcinogenesis

in vitro ↑cycle arrest in the G2/M phase ↑ apoptosis Mo et al. (2016)

A549/CDDP cells ↓CDK1, ↓CDK2 IC50 = 0.33 ± 0.06 μM for A549/
CDDP cellsA549 cells ↓cyclin A, B
IC50 = 38.46 ± 1.16 µM for
A549 cells↑p2, ↑p53, ↓Cap- 3, 8, 9

↑ROS, ↑PARP, ↓Bcl-2, ↑Bax, ↑JNK

in vitro ↑caspases ↑ apoptosis Rascón-Valenzuela et al.
(2016)A549 cells IC50 = 0.0013 µM

in vitro ↑G2/M cell cycle arrest ↓cancer cells growth Tian et al. (2018)

bronchioalveolar carcinoma ↓CDK1, ↓CDK2, ↓fibronectin,
↓vimentin, ↓E-cadherin

Dose = 5.0 mg/kg

H358 cells in vivo
↑caspases

↑ apoptosis

mice injected with H358 cells
↓p53, ↓Bcl-2, ↓Bsl-w

IC50 = 0.50 mg/mL

↓CTLA-4, ↓TGF-β/ERK

Liver cancer in vitro ↓IL-6, ↓TNF-α ↑cytotoxicity anti-inflammatory,
↓carcinogenesis

Li et al. (2009)

hepatocarcinoma ↓TGF-β1, ↓JNK
IC50 = 0.04–0.02 µMHepG2 cells

Colorectal
cancer

in vitro ↓Hippo pathway ↓proliferation Meng et al. (2016)

CRC cells in vivo ↑YAP dephosphorylation ↑apoptosis
mice with CRC ↓TEAD ↑lymphocyte infiltration

↑Cap-3, 8 ↓ cancer cells growth

↓tumor formation

↑mice survival

in vitro ↑YAP dephosphorylation ↓cell proliferation Zhou et al. (2019)

HT-29, HCT116 cells in vivo ↓Hippo ↓tumor growth

BALB/c immunodeficient nude mice
injected with HT-29 cells

↓LATS1 ↓ tumor volume and weight

IC50 = 0.2–10 µM

in vitro ↓Wnt, ↓β-catenin ↑apoptosis Park et al. (2014)

SW480 cells ↓CK1α, ↑mRNA IC50 = 5.2 nM

(Continued on following page)
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dependentmanner and leading to degradation of β-catenin by increasing
the phosphorylation of β-catenin through casein kinase 1α (CK1α) (Park
et al., 2014). Additionally, they concluded that calotropin increased
mRNA and protein levels of CK1α. Further, since the Wnt signalling
pathway is recognised as a regulator of the early and late stages of
apoptosis, the early signs of apoptosis on the SW480 colon cancer cell
line were observed after calotropin (5.2 nM) exposure for 24 h.

4.5 Leukemia

The observation that the anticancer effects of calotropin are
probably mediated in a caspase-dependent manner was for the first
time reported on human chronic myeloid leukemia K562 cells in
research done by Wang et al. (2009). In the same research,
calotropin treatment showed that the human acute myeloid
leukemia HL 60 cells were more sensitive to cytotoxicity than
K562 cells (K562 cells are the model system for the study of
resistance to chemotherapy). The growth of cells was inhibited in
a time and dose-dependent manner (0.01–20 μg/mL) in the G2/M
phase with observed downregulation of cyclins, cyclin A, and cyclin
B, and upregulation of p27 in K562 cells. It was suggested that
calotropin may induce apoptosis through the caspase-dependent
mechanism because in a dose-dependent manner was observed
increases in the activity of Casp-3, Caps 8, and Casp-9 after
calotropin treatment. Also, in a dose-dependent manner
treatment with calotropin inhibit the expression of anti-apoptotic
proteins and inhibitors of apoptotic proteins including NF-κB, p50,
p-Akt and survivin, and XIAP (Figure 4). Calotropin is considered a
potential agent for the treatment of adult T-cell leukemia/lymphoma
(ATL). Nakano et al. (2020) showed that calotropin stopped the
proliferation of MT-1 and MT-2 cells at the G2/M phase and
promote apoptosis. At the same time, lower toxicity of calotropin
was expressed toward normal PB-MNCs (peripheral blood
mononuclear cells) compared to human T-cell leukemia virus
type I infected T-cell lines (HTLV-I). MT-1 was derived from
leukemia cells of peripheral blood from a patient with ATL,
while the MT-2 cell line was derived from normal human cord
leukocytes of the healthy donor which were co-cultivated with
leukemia cells from an ATL patient (Yoshida et al., 1982). Table 1

5 Calotropin synergistic effects with
chemotherapeutic agents

Standard treatments currently involve chemotherapy with or
without surgical resection but there are still certain limitations.
Using traditional plant extracts as an alternative therapeutic
strategy is subject to much research. Standard chemotherapy is
associated with drug resistance and the occurrence of systemic
adverse effects on different organs that limit its utility Therefore, to
overcome these barriers and achieve better therapeutic success,
there are recommendations in some studies of a combination
regimen of traditional chemotherapeutic and medicinal plant
extracts (Sawong et al., 2022). In recent years, the role of
cardenolides as a potential anticancer agent was revealed and
has emerged as a possible adjunctive therapy to anticancer
therapeutics. Sawong et al. (2022) have shown in a recent study
that a combination of low-concentration doxorubicin and
calotropin-induced apoptosis is accompanied by suppressed
ATP production in HepG2 cells. After this treatment, the
production of ATP was reduced, which was associated with the
inhibition of glucose intake. Hepatocellular carcinoma cells switch
to the glycolysis pathway, but they cannot neutralize ATP deficit so
it induced apoptotic cell death in cancer cells. The rate of colorectal
cancer is about 4.3% for men and 4.0% for women (https://www.
wcrf.org/cancer-trends/colorectal-cancer-statistics/accessed
September 2022), so only during 2020, there were more than 1.
9 million of new cases (https://www.wcrf.org/cancer-trends/
colorectal-cancer-statistics/accessed September 2022) (2022).
The combination of low concentrations of 5-FU and calotropin
in comparison to a high dose of 5-FU reduced cell viability and
abolish resistance to this conventional chemotherapeutic in
HCT116 colorectal cancer cells. The same treatment
significantly reduced the cellular ATP levels and increase ROS
levels in HCT116 cells (Winitchaikul et al., 2021). Additionally, the
increased intracellular concentration of ROS triggers autophagy
and induced apoptotic cell death suppressing the activity of
antioxidative enzymes (Scherz-Shouval et al., 2019). The level of
the expression of autophagy-related genes could be reduced or
even completely absent in cancer cells after calotropin treatment
(Pederson et al., 2020).

TABLE 1 (Continued) Summarized data obtained from preclinical pharmacological studies regarding calotropin anticancer activity.

Cancer
type

Experimental model Molecular mechanisms/
signaling pathways

Results Ref

Leukemia in vitro ↑cell arrest in G2/M phase ↓ cancer cells growth Wang et al. (2009)

human chronic myeloid leukemia ↓cyclin A, B ↑apoptosis
K562 cells human acute myeloid leukemia
HL 60 cells

↑Cap-3, 8,9, ↑p27 IC50 = 0.01–20 μg/mL

↓NFκB/p50, ↓p-Akt
↓survivin
↓XIAP

in vitro ↑cell arrest in G2/M phase ↑apoptosis Nakano et al. (2020)

adult T-cell leukemia/lymphoma ATL cells

Abbreviations and symbols: ↑upregulated, ↓downregulated, B-cell lymphoma (Bcl 2), cisplatin-induced resistant NSCLC cell line (A549/CDDP), Yes-associated protein (YAP), large tumor

suppressor 1 protein (LAST1), casein kinase 1α (CK1α), caspase (Cap), apoptotic protease activating factor-1 (Apaf-1), Na+-Ca2+ exchanger (NCX), bcl-2-like protein 4 (Bax), interleukin (IL),

X-linked inhibitor of apoptosis protein (XIAP), transforming growth factor β (TGF-β), Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB).
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6 Limitations

The therapeutic limitations and clinical pitfalls of calotropin as
an anticancer agent are represented by insufficient data on adverse
and toxic effects in humans. Very few cases have reported some
digestive, hepatotoxic adverse effects and only one case with severe
cardiotoxicity (Iyadurai et al., 2020). Other important limitations are
the lack of clinical studies of calotropin in cancer, and the lack of in
vivo studies of calotropin in experimental animal models for all
cancers. As a result, these studies are needed in the future to confirm
its anti-cancer therapeutic potential. Translational pharmacological
studies are also needed to establish effective therapeutic doses in
humans.

7 Conclusion

Traditional medicine from the Middle East, India, and China has
a long period of usage, development and impact on the later
evolvement of a great number of approved drugs and supplements.
Until today this traditional medicine has been recognized as one of the
most diverse with daily consumption by a huge number of their
citizens. Despite their long-term usage, for most of the traditionally
used plants, the full mechanism of action has not been discovered yet.
However, modern medicine in the last few decades turns to reveal its
true impact on health improvement and to confirm its mechanism of
action. Finding the critical molecules in these traditionally used plants
has a further influence on the development ofmodern drugs approved
by different regulatory bodies across the world. Studies have shown
that calotropin has cytotoxic and antitumor effects, the most
representative effects being on breast, colon, lung and leukemia
cancers. The main limitation of calotropin is represented by the
fact its anticancer activity has been confirmed in vitro, while there
is a lack of in vivo evidence, which is especially noted regarding human
clinical studies; there are no available clinical trials where calotropin
was investigated. Increasing interest in the anticancer effects of
calotropin and numerous evidences of its activity on cancer
cell lines puts calotropin on the pedestal of cancer research.
Additionally, the encouraging evidence that the cytotoxic effects
of calotropin can be avoided on normal cell lines makes it a

promising agent for further research. There is not a lot of
evidence of anticancer activity for chemicals obtained from
plant-like there are for calotropin. However, it is evident that
in vivo experiments on animals are still deficient, and that should
be the next step in calotropin research.
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5-Demethylnobiletin mediates
cell cycle arrest and apoptosis
via the ERK1/2/AKT/STAT3
signaling pathways in
glioblastoma cells

Xuehua Zhang1, Leilei Zhao1, Jinlong Xiao1, Yudi Wang1,
Yunmeng Li1, Chaoqun Zhu2, He Zhang3, Yurui Zhang1,
Xiao Zhu2* and Yucui Dong1*

1Department of Immunology, Binzhou Medical University, Yantai, China, 2School of Computer and
Control Engineering, Yantai University, Yantai, China, 3Department of Immunology, Qiqihar Medical
University, Qiqihar, China
5-Demethylnobiletin is the active ingredient in citrus polymethoxyflavones that

could inhibit the proliferation of several tumor cells. However, the anti-tumor

effect of 5-Demethylnobiletin on glioblastoma and the underlying molecular

mechanisms are remains unknown. In our study, 5-Demethylnobiletin markedly

inhibited the viability, migration and invasion of glioblastoma U87-MG, A172 and

U251 cells. Further research revealed that 5-Demethylnobiletin induces cell cycle

arrest at the G0/G1 phase in glioblastoma cells by downregulating Cyclin D1 and

CDK6 expression levels. Furthermore, 5-Demethylnobiletin significantly induced

glioblastoma cells apoptosis by upregulating the protein levels of Bax and

downregulating the protein level of Bcl-2, subsequently increasing the

expression of cleaved caspase-3 and cleaved caspase-9. Mechanically, 5-

Demethylnobiletin trigged G0/G1 phase arrest and apoptosis by inhibiting the

ERK1/2, AKT and STAT3 signaling pathway. Furthermore, 5-Demethylnobiletin

inhibition of U87-MG cell growth was reproducible in vivo model. Therefore, 5-

Demethylnobiletin is a promising bioactive agent that might be used as

glioblastoma treatment drug.

KEYWORDS

glioblastoma, 5-Demethylnobiletin, cell cycle arrest, cell apoptosis, ERK1/2, AKT, STAT3
1 Introduction

Glioblastoma (GBM) is the most common, lethal, and aggressive adult central nervous

system (CNS) primary malignant brain tumor (1). The traditional treatment of standard

for patients with GBM consists of maximum surgical excision followed by concurrent

chemotherapy and radiotherapy (2). Unfortunately, the traditional treatment methods are

not ideal, the recurrence rate is high as well as the emergence of tumor resistance. After

treatment, the median survival time for GBM patients is 15 months, with a 5-year survival
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rate of less than 5% (3). Therefore, it is essential to discover novel

drugs and identify new therapeutic strategies to enhance

GBM therapy.

Polymethoxyflavones (PMFs) are a class of highly methoxylated

flavonoids unique to citrus plants, and they are gaining increasing

attention due to their diverse biological activities (4–6). Nobiletin

and tangeretin are the main PMFs in citrus peels (7). Previous

research has shown that nobiletin has potent anti-leukemic

characteristics and has the potential for chemoprevention (8, 9).

5-Demethylnobiletin (5-DMN) is one of the promising nobiletin

derivatives, the most plentiful demethylated PMF, which is mainly

generated during long-term storage by autohydrolysis of nobiletin

in citrus peel. 5-DMN has plenty of biological properties, including

anticancer, anti-inflammatory, antioxidant and neuroprotective (7,

10). Interestingly enough, 5-DMN inhibited the growth of various

tumor cells more effectively than nobiletin (11). Recent research has

demonstrated that 5-DMN has anticancer effects in human

leukemia (12), colon (13) and lung cancer (14). Chen et al. (6)

discovered that 5-DMN could increase the synthesis of polymerized

tubulin and cause cell cycle arrest in the G2/M phase by activating

JNK signal in lung cancer cells. In acute myeloid leukemia, 5-DMN

inhibited cell proliferation and induced apoptosis by affecting the

NF-kB signaling pathway (15). Furthermore, 5-DMN treatment of

colon cancer cell line HCT116 cells increased the apoptosis rate of

the cells by activating the caspase cascade reaction (16). However,

there was no evidence that 5-DMN inhibited GBM cell growth

specifically by modulating cell cycle and apoptosis-related signaling

pathways. In addition, studies have shown that 5-DMN not only

promoted neurocytogenesis and neurogenesis, but also negatively

regulated acetylcholinesterase (AChE) activity (17). This means that

5-DMN could through the blood-brain barrier and could be used in

the treatment of neurodegenerative diseases and cholinergic

abnormalities (18, 19), and may have a pharmacological

advantage in the treatment of intracranial tumors.

In our study, the antitumor effects and potential mechanisms

underlying the impact of 5-DMN on GBM were investigated for the

first time both in vitro and in vivo. We elucidated that 5-DMN

promoted G0/G1 phase arrest and apoptosis in glioblastoma cells by

restraining the ERK1/2, AKT and STAT3 signaling pathways. The

results of our study will help to evaluate the potential applications of

5-DMN as a clinical agent for glioblastoma.
2 Materials and methods

2.1 Ethical statement

All animal experiments protocols were designed in strict

accordance with the guidelines and approved by the Animal

Experiment Ethics Committee of Binzhou Medical University.
2.2 Cell culture and reagents

Human glioblastoma cell lines, including U87-MG, A172 and

U251 were obtained from the American Type Culture Collection
Frontiers in Oncology 02135
(ATCC) (Manassas, VA, USA). Cells were grown in Dulbecco’s

Modified Eagle’s Medium (DMEM, Gibco) with 10% fetal bovine

serum (FBS; Vistech) and 1% penicillin/streptomycin (Beyotime,

Shanghai, China) at 37°C incubator with 5% CO2. 5-

Demethylnobiletin was obtained from Selleck (Shanghai, China)

and stored in dimethyl sulfoxide (DMSO) at the appropriate

concentration of 10 mM. The inhibitors were purchased from

Sigma-Aldrich (StLouis, MO, USA), which were kept at optimal

concentrations in DMSO.
2.3 MTT assays

When cells reached the logarithmic growth phase, they were

digested with 0.25% trypsin and adjusted to a density of 6 × 104

cells/ml and 100 mL cell suspension was added to a 96-well plate.

The GBM cells were treated for 48 h with 5-DMN at various doses

(0, 6.25, 12.5, 25, 50, 100 mM) after cell adhesion. Each well received

20 mL of MTT reagent (0.5 mg/mL, Sigma-Aldrich) and the cells

were incubated for 4 h. The supernatant was discarded, and 150 µL

of DMSO was added. After 3 times of shaking plate, the absorbance

at 490 nm was measured using a microplate reader (DMI3000,

Leica, Germany) to determine the cell viability rate.
2.4 Live/dead co-staining by Calcein-AM
and PI

Different doses of 5-DMN (0, 12.5, 25, 50 mM) or inhibitors

were applied after cells attained 80% confluence in a 6-well plate.

After 48 h treatment, the Calcein AM/Propidium Iodide (PI)

staining kit (Solarbio, Beijing, China) was used to stain the cells.

Incubation for 0.5 h at 37°C, PBS was used to wash the cells and

representative photograph were captured using Confocal laser

scanning microscopy (Carl Zeiss AG, Jena, Germany).
2.5 Migration assays

Wound healing experiments were used to measure cell

migratory ability. When GBM cells reached the appropriate

density, and confluent cells were wounded with a 10-mL pipette

tip before being incubated with 5-DMN for 48 h. Six visual fields

were randomly selected to observe and quantify the wound closure

rate at different time points under the microscope.
2.6 Invasion assays

Transwell chambers (Corning, New York, USA) were precoated

with Matrigel (BD Biosciences) in a 24-well plate. The serum-

starved cells were diluted with serum-free DMEM medium to a

density of 1 × 106 cells/ml and 100 mL cell suspension was added to

the upper chamber. The lower well contains 600 mL DMEM

supplemented with 5% FBS. When GBM cells had adhered to the

well, the lower chamber medium was changed to drug-medium
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containing 5-DMN of 25 or 50 mM and then incubation for 48 h.

The GBM cells on the lower surface were fixed and stained with 1%

crystal violet (Sigma-Aldrich). Cell invasion rates were quantified in

six randomly selected fields and images of the cells were captured at

20 × magnification.
2.7 Cell cycle analysis

GBM cells were incubated with four concentrations of 5-DMN

for 48 h before being collected, fixed with 70% pre-cooled ethanol

and incubated additional 12 h at 4 °C. Cell precipitation were rinsed

twice with PBS, RNase and PI were added for DNA staining, and the

fluorescence intensity was measured by Flow cytometry (Beckman

Coulter, Inc., Brea, CA, USA). The Modfit software (Scribpps

Research, La Jolla, CA, USA) was used to analyze the percentage

of cells in each phase of the cell cycle.
2.8 Cell apoptosis assays

The flow cytometer was used to analyze cell apoptosis using the

Annexin V-FITC Apoptosis Assay Kit (Beyotime). GBM cells at the

logarithmic growth stage were seeded in 6-well plate before being

treated with 5-DMN (0, 12.5, 25, 50 µM) for 48 h. After the cells

were collected, loading buffer in moderation was added for

suspended cells, followed by 5 mL Annexin V-FITC and 5 mL PI

incubation and prepared within 1 h.
2.9 Western blotting

Cell protein was harvested using cell lysis buffer (Solarbio)

and protein concentration was measured using the BSA protein

kit (Solarbio). Protein samples of 30 mg were taken from each lane

for 10% sodium dodecy l su l fa te -polyacry lamide ge l

electrophoresis (SDS-PAGE). The proteins were transferred to

PVDF membranes, which were incubated with primary antibody

at 4 °C overnight. All antibodies were purchased from Cell

Signaling Technology (CST, Danvers, MA, USA): anti-Cyclin

D1 (1:1000, cat no. 55506), anti-CDK6 (1:1000, cat no. 13331),

anti-Bcl-2 (1:1000, cat no. 15071), anti-Bax (1:1000, cat no.

89477), anti-caspase-3 (1:1000, cat no. 9662), anti-cleaved

caspase-3 (1:1000, cat no. 9661), anti-caspase-9 (1:1000, cat no.

9508), anti-cleaved caspase-9 (1:1000, cat no. 9509), p-ERK1/2

(1:2000, cat no. 4370), ERK (1:1000, cat no. 4695), p-AKT

(1:2000, cat no. 4060), AKT (1:1000, cat no. 4685), p-STAT3 (1:

2000, cat no. 9145), STAT3 (1:1000, cat no. 9139) and b-actin
(1:1000, cat no. 4970). After being three times washed in TBST,

PVDF membrane was incubated with HRP-conjugated second

an t i body a t room tempera tu r e fo r 2 h . Enhanced

chemiluminescence (ECL, Thermo Fisher Scientific, Shanghai,

China) was used to visualize the immunocomplexes, and gray-

scale values for each band were determined using Image

J software.
Frontiers in Oncology 03136
2.10 In vivo antitumor activity study

BALB/c female nude mice aged 4-week-old were purchased

from SiPeiFu (SPF Biotechnology Co., Ltd, Beijing) and lived in a

germfree environment with constant temperature and humidity,

suitable for food and water. All mice were slowly injected

subcutaneously with U87-MG cells (5 × 106 cells/100 µL) under

the armpit of the right forelimb. When the tumors reached 3-4mm

in diameter, these nude mice were divided into 5-DMN and control

groups, and administered an intraperitoneal (i. p.) injection of 5%

DMSO + 40% PEG300 (Selleck) + 5% Tween 80 (Selleck) + 50%

water (control) or 5-DMN 3 mg/kg that was dissolved in DMSO,

PEG300, Tween 80 and water (5:40:5:50 v/v). Mice were given

treatment every other day using 100 mL total volumes. Tumor

volumes were assessed every two days and were calculated as 0.5 ×

length × width2. The mice were sacrificed under adequate

anesthesia 21 days after treatment.
2.11 Statistical analyses

The experiments data was expressed as the mean ± standard

deviation (mean ± SD). All statistical analyses were performed with

the SPSS version 23.0 software, and graphics were created with the

GraphPad Prism 8 program (GraphPad Software, San Diego, CA).

The data from two groups were compared using a two-tailed

Student’s t-test or a two-way ANOVA. *p < 0.05; **p < 0.01; ***p

< 0.001 were considered statistically significant differences.
3 Results

3.1 5-DMN inhibits the viability, migration
and invasion ability of GBM cells in vitro

To explore the impact of 5-DMN on glioblastoma in vitro, U87-

MG, A172 and U251 cells were treated with 5-DMN for 48 h at set

concentrations. The cell activity data revealed that 5-DMN

administration greatly inhibited the proliferation of U87-MG,

A172, and U251 cells (Figure 1A). Similar procedures were

implemented to assess the cell activity on normal human brain

astrocyte cell lines (HA1800) and human embryonic kidney

(HEK293T) cell lines. The results showed that 5-DMN had no

significant cytotoxic activity on HA1800 and HEK293T cell in the

concentration range of 0 - 100 mM for 48 h (Figure S1A). To

determine cell viability more intuitively, a living/dead assay was

conducted. Calcein-AM/PI was employed to stain living with green

and dead cells with red. The results indicated that the green

fluorescence of living cells reduced dramatically, while the red

fluorescence increased significantly accompanied the increase of

5-DMN concentration, which further verified the outstanding

cytotoxicity of 5-DMN (Figure 1B).

The poor prognosis of GBM patients was related to the motility

and metastasis ability of the tumor cells. Therefore, migration and

invasion experiments were conducted after different concentration
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5-DMN (25 mM, 50 mM) was added to U87-MG, A172 and U251

cells. As shown in Figures 1C, D, GBM cells migration and invasion

in the 5-DMN treatment group was considerably reduced in a dose-

dependent manner. In addition, to further evaluate the cytotoxicity

on GBM cells of 5-DMN compared with Temozolomide (TMZ),

which is the first-line chemotherapeutic drug for patients with

GBM, U87-MG, A172 and U251 cells were treated with TMZ for
Frontiers in Oncology 04137
48 h. As shown in Figure S1B, in treatments with the same drug

concentration, the cytotoxic effect of TMZ was not obvious in the

three GBM cells compared with 5-DMN, suggesting a higher anti-

cancer efficacy of 5-DMN in GBM cells. Furthermore, wound

healing experiment was conducted after different concentration

TMZ (25 mM, 50 mM) was added to GBM cells for 48 h, the

results showed that U87-MG, A172 and U251 cells migration was
A B

D

C

FIGURE 1

Inhibitory effects of 5-DMN on the viability, migration and invasion of GBM cells. (A) Cell viability was determined using the MTT assay after cultured
U87-MG, A172, and U251 cells were incubated with various doses of 5-DMN for 48 h. (B) The merged image of live cells (green) and dead cells (red)
in GBM cells treated with different concentrations of 5-DMN. Scale bar = 100 mm. (C) Wound healing assays were used to determine the migration
ability of U87-MG, A172, and U251 cells after 48 h of incubation with 5-DMN (0, 25, 50 mM). (D) The invasion ability of GBM cells treated with or
without 5-DMN (25, 50 mM) for 48 h was detected by transwell assays. Values are the means ± SD of three independent experiments. *p<0.05,
**p<0.01, ***p<0.001 vs. cells in the untreated control group. ns, no significance.
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not significantly reduced in the TMZ treatment group (Figure S1C).

In conclusion, our results demonstrated that 5-DMN had the

potential to inhibit GBM cells malignant biological behavior

in vitro.
3.2 5-DMN induces G0/G1 phase cycle
arrest in GBM cells

To investigate whether 5-DMN-induced decrease in GBM cell

viability was related to cell cycle arrest, flow cytometry was used to

analyze cell cycle distribution after a 48-h treatment with 5-DMN.

Figure 2A showed that the percentages of 5-DMN treated cells in

the G0/G1 phase was considerably higher than that the control

group. To further explained the mechanism that 5-DMN mediated

cell cycle arrest, the expression of G0/G1 phase related proteins was

evaluated in U87-MG, A172 and U251 cells, respectively. The

activity of Cyclin D1 and CDK are required for G1 phase

progression of the cell cycle and G1/S transition (20). Western

blotting analysis demonstrated that Cyclin D1 and CDK6

expression was considerably reduced in 5-DMN-treated GBM

cells compared with the control group (Figure 2B). The

aforementioned data showed that 5-DMN induced G0/G1 phase

cell cycle arrest by regulating the expression of Cyclin D1

and CDK6.
Frontiers in Oncology 05138
3.3 5-DMN induces apoptosis in GBM cells

To further investigate whether the inhibitory activity of 5-

DMN-induced cell proliferation was associated with apoptosis,

Annexin V-FITC/PI double staining was used to evaluate the

apoptotic rate of cells treated with 5-DMN for 48 h. As shown in

Figure 3A, the apoptotic cells were significantly increased in U87-

MG, A172 and U251 cells with the increase of 5-DMN

concentration. Then, the expression of signaling proteins related

to apoptosis was tested by western blotting in these cells. We found

that the protein levels of Bax, cleaved caspase-3, -9 was remarkedly

elevated, while the expression of Bcl-2, caspase-3, -9 was inhibited

in 5-DMN-treated cells (Figure 3B). In conclusion, these results

demonstrated that 5-DMN effectively induced GBM cells apoptosis.
3.4 5-DMN inhibits the ERK1/2, AKT and
STAT3 signaling pathways in GBM cells

ERK1/2, PI3K/AKT and STAT3 signaling are classical

oncogenic signaling pathways that have been reported in GBM

(21, 22). To tested whether 5-DMN had the inhibitory effect on

these signal molecules, we treated GBM cells with 5-DMN at four

different concentrations. Western blotting analysis showed that the

phosphorylation of ERK1/2, AKT and STAT3 in 5-DMN treated
A

B

FIGURE 2

5-DMN induces cell cycle arrest at the G0/G1 phase in GBM cells. (A) The cell cycle distribution of U87-MG, A172, and U251 cells treated with
different concentrations of 5-DMN was determined using flow cytometry. The histograms indicated the distribution of cell cycle from three separate
experiments. (B) Levels of Cyclin D1 and CDK6 proteins in 5-DMN-treated GBM cells were detected by western blotting. The loading control was
b-actin. *p<0.05, **p<0.01, ***p<0.001. ns, no significance.
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cells were considerably lower than the control group (Figures 4A,

B). These data indicated that 5-DMN could inhibit the ERK1/2,

PI3K/AKT and STAT3 signal pathway in GBM cells.
3.5 Cell cycle arrest and apoptosis are
mediated by the inhibition of the ERK1/2,
AKT and STAT3 signaling pathway

To determine whether 5-DMN induced cell viability, cell cycle

arrest and apoptosis were related to ERK1/2, AKT or STAT3

signaling pathways, the MEK inhibitor U0126, PI3K inhibitor

LY294002 and STAT3 inhibitor WP1066 were used for further

investigation in U87-MG cells. Figure 5A showed that the number

of PI-positive cells in the U0126, LY294002 and WP1066 groups

were obviously higher than the control group. Interestingly, a

higher number of PI-positive cells were observed when

combination of these inhibitors and 5-DMN than for 5-DMN

treatment. Flow cytometric analysis also demonstrated that

U0126, LY294002 and WP1066 significantly increased G0/G1
Frontiers in Oncology 06139
phase arrest induced by 5-DMN (Figure 5B). The same results

were obtained by using flow cytometry to detect the apoptotic rate

in 5-DMN or combination different inhibitors treated U87-MG

cells (Figure 6A). These results indicated that in the process of G0/

G1 phase arrest and cell death, ERK1/2, AKT and STAT3 signaling

were suppressed by 5-DMN. Western blotting revealed that U0126,

LY294002 and WP1066 further enhanced the inhibition of 5-DMN

on the expression of cyclin-related proteins (Cyclin D1 and CDK6)

and the promotion on the expression of pro-apoptosis-related

proteins (caspase-3 and -9) (Figure 6B). In summary, 5-DMN

induced G0/G1 phase arrest and triggered apoptosis by blocking

the ERK1/2, AKT and STAT3 signaling pathways in GBM cells.
3.6 5-DMN inhibits the proliferation of
GBM cells in vivo

To further assess the cytotoxicity of 5-DMN in vivo, U87-MG

cells (5 × 106 cells/100 µL) were implanted into BALB/c nude mice

via slowly injection. When the tumor grew to a diameter of 3-4 mm,
A

B

FIGURE 3

5-DMN induces GBM cells apoptosis. (A) The apoptotic rate of U87-MG, A172, and U251 cells after 5-DMN treatment was determined using double
staining with Annexin V-FITC/PI. The histograms showed the percentage of apoptosis in three separate experiments. (B) Western blotting analysis of
the expression of Bcl-2, Bax and caspase-3/9. The loading control was b-actin. *p<0.05, **p<0.01, ***p<0.001 vs. the untreated group cells.
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nude mice were randomly assigned to the control and 5-DMN

groups, and then injected intraperitoneally every other day. After

nine times of administration, the tumor growth curve results

showed that 5-DMN (3 mg/kg) effectively inhibited the tumor

growth compared with the control group (Figure 7A). During

treatment, the weight of nude mice was monitored before each

injection, and the results demonstrated that 5-DMN treatment had

no influence on body weight (Figure 7B). Tumors were separated

and tumor weights were also measured (Figures 7C, D). The tumor

weight of the animals in 5-DMN group was 0.135 ± 0.027 g,

significantly less than that of 0.317 ± 0.043 g in the control

group. The aforementioned results suggested 5-DMN treatment

group could delay tumor growth compared with the control group.

During the tumorigenesis period, there was no mice death in the

treatment group or the control group. To evaluate the drug toxicity

of 5-DMN on mice at the therapeutic dose, the weights of body and

organs weights were also measured when tumors were removed. As

shown in Figures 7E, F, the results demonstrated there were no

statistical different between 5-DMN and control groups. Therefore,

the results showed that 5-DMN, which might have limited toxicity

in vivo, could significantly inhibited the growth of GBM xenograft.
4 Discussion

Glioblastoma (GBM) is the most common primary malignant

brain tumor with the characteristics of high recurrence rate, high

mortality and the median survival of less than one year (23).

Although 5-DMN has been implicated in the inhibition of cell
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proliferation in some cancers (12–14, 24), the underlying molecular

mechanism which 5-DMN inhibits glioblastoma progression

remains unclear. According to our findings, 5-DMN decreased

the growth of GBM cell lines both in vitro and in vivo. This

inhibition of 5-DMN was associated with cell cycle arrest and

enhanced apoptosis. Furthermore, we also observed that 5-DMN

has the capacity to prevent GBM cell migration and invasion. The

underlying mechanisms of 5-DMN action in GBM cells may be

influenced by the inhibitory effect of 5-DMN on the ERK1/2, PI3K/

AKT and STAT3 signaling pathway.

Recent research have indicated that 5-DMN induced cytotoxicity

in a variety types of cancer cells; however, the pharmacokinetics of 5-

DMN differ in different tissues, which may lead to different antitumor

effects (18). In in vitro studies, 5-DMN significantly decreased cancer

cell line viability, including HCT116, THP1, CL1-5 and CL13, which

IC50 values were 13.5 mM, 32.3 mM, 12.8 mM and 21.8 mM,

respectively (6, 15, 16). Our results showed that 5-DMN exhibited

different cytotoxicity in U87-MG, A172 and U251 cells. A172 and

U251 cells treated with 5-DMN for 48 h had a similar IC50 values (50

mM) whereas the IC50 values in U87-MG cells were 33.5 mM. In

addition, the high death rates and low cure rates of cancer are due in

large part to the highly aggressive nature of tumor cells (25). Our

study showed that 5-DMN could inhibit the migratory and invasive

potential of cultured three different GBM cells.

The G1/S phase checkpoint is the first important restriction

point in the cell division cycle (26). Cyclin-dependent kinases

(CDKs) belongs to the serine/threonine protein kinase family,

which regulate cell division and transcription (27). Unrestricted

cell cycle progression and rapid growth caused by abnormal CDK4/
A

B

FIGURE 4

5-DMN inhibits the ERK1/2, AKT and STAT3 pathways in GBM cells. Cultured U87-MG, A172 and U251 cells were incubated with or without 50 µM
5-DMN for 48 h. (A) Western blotting analysis of the expression of p-ERK1/2, ERK1/2, p-AKT, AKT, p-STAT3 and STAT3. (B) The relative protein levels
of p-ERK1/2, p-AKT and p-STAT3 in 5-DMN-treated GBM cells were analyzed. The protein levels in the untreated group were used to standardize
the relative protein ratio. *p<0.05, **p<0.01, ***p<0.001 vs. cells in the untreated group.
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6 signaling have been confirmed as glioma progression markers

(28). Cyclin D1, a D-type cyclin protein, is an important regulator

of cell cycle progression. Recent research found that Cyclin D1

expression was significantly higher in GBM tissues, predicting poor

outcomes (29). Cyclin D1/CDK4 (CDK6) form complexes and then

responsible for early G1 regulation (30). 5-DMN was discovered to

block cell cycles in both the G0/G1 and G2/M phases of HCT116

(p53+/+), while in THP-1 and lung cancer cells, 5-DMN induced S-

and G2/M phase arrest respectively (6, 8, 15, 31). Our results

demonstrated that 5-DMN enhanced the percentage of G0/G1

phase in three GBM cells. A further western blotting analysis

showed that 5-DMN was able to significantly downregulate the

protein level of Cyclin D1 and CDK6 in concentration-dependent

manner in GBM cells. Therefore, 5-DMN is a natural Cyclin D1 and

CDKs inhibitor that suppress GBM tumorigenesis by inducting G0/

G1 phase arrest. In addition, p21 and p27 are endogenous inhibitors

of Cyclin/CDK and prevent the G1 transition to S by binding to the

complex (32, 33). Whether p21 and p27 participate in the inhibition

of 5-DMN-induced glioma cell proliferation remains to be

further tested.

Apoptosis is programmed cell death that plays a critical role in

the pathogenesis of GBM. Mitochondria-mediated caspase cascade
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activation is intimately associated with apoptosis, can be initiated by

many stimuli (34). Members of the Bcl-2 family are generally

considered to be located in the mitochondrial outer model and act

as important regulators to regulate apoptosis (35). The Bcl-2 family is

separated into two groups: One group contains anti-apoptotic

proteins such as Bcl-2, while another group contains pro-apoptotic

proteins such as Bax. The balance between these two proteins

influences whether or not tumor cells undergo apoptosis (36, 37).

Increasing evidence revealed that 5-DMN is a powerful apoptosis

inducer in AML cell and non-small-cell lung carcinoma cells (6, 15).

Consistent with previous research, GBM cell apoptosis related

proteins were also changed after 5-DMN treatment, including

caspase-9 and caspase-3 activation; the Bcl-2 was down-regulated,

while the Bax was up-regulated. Therefore, 5-DMN can induce

apoptosis of GBM cells through mitochondrial signaling pathway.

Inflammation is a stress response that is closely associated with

the development of cancer (38). Previous study reported that

5-DMN reduced the expression of inflammation-related cytokines

IL-1b, IL-6 and TNF-a by inhibiting the expression of p-JAK2 and

p-STAT3 (39). Another study demonstrated that 5-DMN could

reduce CCl4-induced fibrotic liver and regulate inflammatory

responses in liver tissue via blocking the MAPK pathway (40). As
A

B

FIGURE 5

Roles of ERK1/2, AKT and STAT3 signaling in cell viability and G0/G1 phase arrest triggered by 5-DMN. (A) Live/dead staining assay of U87-MG cells after
5-DMN (50 mM) with or without the U0126 (15 mM), LY294002 (15 mM) and WP1066 (10 mM) for 48 h. (B) U87-MG cells were treated 5-DMN with or
without the inhibitors and cell cycle distribution was determined. *p<0.05, **p<0.01, ***p<0.001 vs. cells in the control group. ns, no significance.
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we know, the JAK2/STAT3 and MAPK pathways also are classic

crucial oncogenic signaling pathway, but whether 5-DMN regulates

these two pathways in tumors has not been reported. Our study

found that 5-DMN could significantly reduce the levels of p-ERK1/

2 and p-STAT3 in a concentration-dependent manner in GBM

cells. Furthermore, the inhibition of the ERK1/2 and STAT3

pathway by application U0126 and WP1066 could increase cell

apoptosis and the number of cells blocked in G0/G1 phase. PI3K/

AKT signaling not only regulates cell proliferation, but it also plays

a role in tumor cell apoptosis (41). The PI3K/AKT pathway is also

abnormally activated in GBM, as evidenced by abnormally elevated

phosphorylation levels (42, 43). Although previous research found

that the PI3K/AKT pathway was not required for autophagy in

response to 5-DMN (6), our data showed that 5-DMN reduced the

expression of p-AKT. Surprisingly, the PI3K/AKT pathway was also

involved in the regulation of cell cycle arrest and apoptosis
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produced by 5-DMN. In summary, the above evidence indicated

that 5-DMN promoted cell cycle arrest and apoptosis via inhibition

of the ERK1/2, PI3K/AKT, and STAT3 signaling pathways.

Chen and Tan et al. reported that 5-DMN inhibited the growth

of CL1-5 cells using murine ectopic xenografts models of lung

cancer (6, 44). Our in vivo data demonstrated that the i.p. injection

of 5-DMN at doses of 3 mg/kg, could greatly decrease tumor

development in the nude mice transplantation model of GBM.

Moreover, the body and organ weight data demonstrated that the

nude mice treated with 5-DMN grow normally, which may imply

that 5-DMN has low toxicity and less impact side effects in vivo.

This may serve as a reminder that 5-DMN is a potentially

effective anti-GBM drug, and we will investigate its toxicity in

future experiments.

However, there are some limitations in our study. Although

treatment with 5-DMN significantly decreased cell malignant
A

B

FIGURE 6

The ERK1/2, AKT and STAT3 signaling pathways influence the effects of 5-DMN on cell apoptosis, cycle and apoptosis-related proteins. (A) The
apoptotic rate of U87-MG cells was determined using Annexin V-FITC/PI double staining after 5-DMN treatment with or without inhibitor.
(B) Western blotting detected cell cycle proteins and apoptosis-related proteins levels in 5-DMN-treated U87-MG cells with or without pathway
inhibitors. *p<0.05, **p<0.01, ***p<0.001 vs. cells in the control group.
frontiersin.org

https://doi.org/10.3389/fonc.2023.1143664
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Zhang et al. 10.3389/fonc.2023.1143664
behavior and promoted cell apoptosis, this phenomenon was only

validated in three human GBM cell lines and subcutaneous tumor

models. Further study will be required to better characterize this

function. In conclusion, this study demonstrated that 5-DMN could

inhibit cell proliferation, induce apoptosis in GBM cells in vitro and

in vivo and effectively arrest the cell cycle in G0/G1 phase, probably

by deactivating the ERK1/2, PI3K/AKT and STAT3 signaling

pathways. According to the findings of this study, 5-DMN might

be utilized as a potential drug for GBM treatment.
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isolated from killed nude mice. (D) Quantification of tumor weight. Body weights (E) and organs weights (F) of nude mice were measured after
tumors were resection. *p<0.05, **p<0.01 vs. cells in the untreated group. n= 6. ns, no significance.
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SUPPLEMENTARY FIGURE 1

The inhibitory effect of 5-DMN on normal cells viability and TMZ on GBM
cells. (A) Cell viability of normal human brain astrocyte HA1800 and HEK293T

cells after being treated with different concentrations of 5-DMN for 48 h. (B)
Cell viability was determined using the MTT assay after cultured U87-MG,
A172, and U251 cells were incubated with various doses (0, 6.25, 12.5, 25, 50,

100 mM) of TMZ for 48 h. (C) Wound healing assays were used to determine
the migration ability of GBM cells after 48 h of incubation with TMZ (0, 25, 50

mM). Values are the means ± SD of three independent experiments. *p<0.05,
**p<0.01, ***p<0.001 vs. cells in the untreated control group.
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The molecular mechanism for
inhibiting the growth of
nasopharyngeal carcinoma cells
using polymethoxyflavonoids
purified from pericarp of Citrus
reticulata ‘Chachi’ via HSCCC

Wanling Yang1†, Yiyao Liang1†, Yujie Liu1†, Baizhong Chen2,
Kanghui Wang1, Xiaojing Chen1, Zhiqian Yu1, Depo Yang3*‡,
Yi Cai1*‡ and Guodong Zheng1*‡

1Guangzhou Municipal and Guangdong Provincial Key Laboratory of Molecular Target and Clinical
Pharmacology, The NMPA and State Key Laboratory of Respiratory Disease, School of Pharmaceutical
Sciences and the Fifth Affiliated Hospital, GuangzhouMedical University, Guangzhou, China, 2Guangdong
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Polymethoxyflavonoids (PMFs), the main bioactive compounds naturally
occurring in the pericarp of Citrus reticulata ‘Chachi’ (CRCP), possess
significant antitumor action. However, the action of PMFs in nasopharyngeal
carcinoma (NPC) is currently unknown. The present research study was
conducted to investigate the inhibitory mechanisms of PMFs from CRCP on
NPC growth in vivo and in vitro. In our research, we used high-speed counter-
current chromatography (HSCCC) to separate four PMFs (nobiletin (NOB),
3,5,6,7,8,3′,4′-heptamethoxyflavone (HMF), tangeretin (TGN), and 5-hydroxy-
6,7,8,3′,4′-pentamethoxyflavone (5-HPMF)) from CRCP. CCK-8 assay was used
to preliminarily screen cell viability following exposure to the four PMFs. Colony
formation, Hoechst-33258 staining, transwell, and wound scratch assays were
performed to assess the anti-proliferation, invasion, migration, and apoptosis-
inducing effects of HMF on NPC cells. NPC tumors in xenograft tumor
transplantation experiments were also established to explore the effect of HMF
(100 and 150mg/kg/day) on NPC. The histopathological changes in the treated
rats were observed by H&E staining and Ki-67 detection by immunohistochemical
techniques. The expressions of P70S6K, p-P70S6K, S6, p-S6, COX-2, p53, and
p-p53 were measured by Western blot. The four PMFs were obtained with high
purity (>95.0%). The results of the preliminary screening by CCK-8 assay
suggested that HMF had the strongest inhibitory effect on NPC cell growth.
The results of the colony formation, Hoechst-33258 staining, transwell, and
wound scratch assays indicated that HMF had significant anti-proliferation,
invasion, migration, and apoptosis-inducing ability in NPC cells. Moreover, HMF

OPEN ACCESS

EDITED BY

Guangying Qi,
Affiliated Hospital of Guilin Medical
University, China

REVIEWED BY

Shih-Min Hsia,
Taipei Medical University, Taiwan
Guolin Tan,
Central South University, China

*CORRESPONDENCE

Guodong Zheng,
gd200237@126.com

Yi Cai,
yicaisysu@163.com

Depo Yang,
lssydp@mail.sysu.edu.cn

†These authors have contributed equally
to this work and share first authorship

‡These authors share last authorship

RECEIVED 11 November 2022
ACCEPTED 07 April 2023
PUBLISHED 27 April 2023

CITATION

Yang W, Liang Y, Liu Y, Chen B, Wang K,
Chen X, Yu Z, Yang D, Cai Y and Zheng G
(2023), The molecular mechanism for
inhibiting the growth of nasopharyngeal
carcinoma cells using
polymethoxyflavonoids purified from
pericarp of Citrus reticulata ‘Chachi’
via HSCCC.
Front. Pharmacol. 14:1096001.
doi: 10.3389/fphar.2023.1096001

COPYRIGHT

© 2023 Yang, Liang, Liu, Chen, Wang,
Chen, Yu, Yang, Cai and Zheng. 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.

Abbreviations: AMPK, AMP-activated protein kinase; CRCP, Citrus reticulata ‘Chachi’ pericarp; FBS, fetal
bovine serum; HSCCC, high-speed counter-current chromatography; HMF, 3,5,6,7,8,3′,4′-
heptamethoxyflavone; NOB, nobiletin; NPC, nasopharyngeal carcinoma; PBS, phosphate-buffered
saline; IMRT, intensity-modulated radiotherapy; PMFs, polymethoxyflavonoids; PE, petroleum ether;
TGN, tangeretin; 5-HPMF, 5-hydroxy-6,7,8,3′,4′-pentamethoxyflavone.

Frontiers in Pharmacology frontiersin.org01

TYPE Original Research
PUBLISHED 27 April 2023
DOI 10.3389/fphar.2023.1096001

146

https://www.frontiersin.org/articles/10.3389/fphar.2023.1096001/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1096001/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1096001/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1096001/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1096001/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1096001/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2023.1096001&domain=pdf&date_stamp=2023-04-27
mailto:gd200237@126.com
mailto:gd200237@126.com
mailto:yicaisysu@163.com
mailto:yicaisysu@163.com
mailto:lssydp@mail.sysu.edu.cn
mailto:lssydp@mail.sysu.edu.cn
https://doi.org/10.3389/fphar.2023.1096001
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2023.1096001


suppressed NPC tumor growth in xenograft tumor transplantation experiments.
Further investigation suggested that HMF regulated NPC cells proliferation,
apoptosis, migration, and invasion by activating AMPK-dependent signaling
pathways. In conclusion, HMF-induced AMPK activation inhibited NPC cell
growth, invasion, and metastatic potency by downregulating the activation of
the mTOR signaling pathway and COX-2 protein levels, as well as enhancing
the p53 phosphorylation level. Our study provides a crucial experimental basis
for the clinical treatment of NPC, as well as the development and utilization of PMFs
from CRCP.

KEYWORDS

Citrus reticulata ‘Chachi’ pericarp, high-speed counter-current chromatography,
polymethoxyflavonoids, proliferation, AMPK signaling pathway

1 Introduction

Nasopharyngeal carcinoma (NPC), emerging from the
nasopharyngeal epithelium, is especially common in East and
Southeast Asia (Lee et al., 2019). The delayed treatment and
worse prognosis occur mainly due to the hidden early clinical
symptoms. Intensity-modulated radiotherapy (IMRT) is
considered ideal for the local treatment of NPC for its dose
protection on organs around the nasopharynx, whereas distant
metastases also occur in some patients treated with IMRT; these
tumor cells develop resistance to chemotherapy and radiotherapy in
the later period of treatment (Perri et al., 2019). Collectively,
metastasis, relapse, resistance to chemotherapy, and side effects
are urgent clinical problems in NPC treatment. Hence,
developing naturally efficient and low-toxicity drugs as NPC
therapeutics is of urgent need (Wang C Y et al., 2020).

Based on the Chinese Pharmacopoeia (2020 edition), Citrus
reticulata ‘Chachi’, a major cultivar of Citrus reticulata Blanco,
is planted and harvested in Xinhui region, Guangdong Province
in China (Pharmacopoeia, 2020). Polymethoxyflavonoids
(PMFs) naturally occurring in citrus have been identified as
the main bioactive non-volatile constituents in the pericarpium
of Citrus reticulata ‘Chachi’ (CRCP), mainly including nobiletin
(NOB), 3,5,6,7,8,3′,4′-heptamethoxyflavone (HMF), tangeretin
(TGN), and 5-hydroxy-6,7,8,3′,4′-pentamethoxyflavone (5-
HPMF) (Kong et al., 2020; Nair et al., 2018). Emerging
studies have reported that PMFs strongly inhibit tumor cell
proliferation (Shi et al., 2013). For instance, TGN has
proliferation inhibitory and apoptosis induction effects in
three gastric cancer cell lines (AGS, SGC-7901, and BGC-
823) (Wang Y et al., 2020). Moreover, 5-HPMF led to
apoptosis induction and cell cycle block in HCT116 colon
cancer cells (Qiu et al., 2011). We also previously
demonstrated the growth inhibition and apoptosis induction
of nobiletin in NPC cells (Zheng et al., 2019). Nevertheless, the
mechanism of action of PMFs in CRCP on NPC is unknown and
worth exploring in further studies.

AMP-activated protein kinase (AMPK) is capable of regulating
cell metabolism in eukaryotic cells and is crucial for maintaining
energy homeostasis in the human body (Tokunaga et al., 2019).
AMPK activation elicited the inhibition of malignant tumor
occurrence and development by inhibiting tumor cell
proliferation, migration, and invasion and inducing apoptosis.

For instance, the AMPK activator (Acadesine, AICAR) inhibited
the proliferation and induced apoptosis in HepG2/C3A, Huh-7, and
SK-HEP-1 hepatoma cells (Ferretti et al., 2016). In contrast, the
effect of apoptosis-inducing ginsenoside metabolites on non-small
cell lung cancer cells A549 and H1975 could be reversed by AMPK
inhibition (Li et al., 2019). Moreover, metformin-induced AMPK
activation inhibited the proliferation and induced apoptosis of NPC
C666-1 cells, suggesting that AMPK is a potential target for NPC
therapy (Zhao et al., 2011).

In the present study, the high-speed counter-current
chromatography (HSCCC) method was established for the isolation
and preparation of four PMF monomeric components from CRCP for
the first time. Cell counting kit-8 (CCK-8) assays were used to further
screen the four monomeric compounds for their proliferation-
inhibiting effects on NPC cells. Moreover, colony formation,
Hoechst-33258 staining, transwell, and wound scratch assays were
performed to examine the anti-proliferation, invasion, migration,
and apoptosis-inducing abilities following HMF treatment of NPC
cells. The xenograft NPC-tumor transplantation experiments were
constructed in vivo, and H&E staining and Ki-67 detection by
immunohistochemical technique were performed to observe
histopathological changes to investigate the anti-NPC effect of HMF
(100 and 150 mg/kg/day). In addition, the molecular mechanism of the
PMF components in regulating the apoptotic, migratory, and invasive
effects of NPC cells in combination with the AMPK-mTOR signaling
pathway was explored.

2 Materials and methods

2.1 Herbal medicine

The Citrus reticulata “Chachi” pericarp (CRCP), purchased
from Xinbaotang Biological Technology Co., Ltd. (Jiangmen,
Guangdong, China) in January 2018, was identified by Prof.
Guodong Zheng. Meanwhile, the CRCP samples were stored at
the Pharmacognosy Laboratory of Guangzhou Medical University.

2.2 Chemicals and reagents

Chromatographical acetonitrile was bought from Thermo Fisher
Scientific (China). Analytical-grade petroleum ether (PE), methanol,
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and ethyl acetate were bought from Honeywell (USA). Ultrapure
water was obtained from a Milli-Q system (Millipore, USA). The
other chemicals were analysis-grade chemicals.

RPMI 1640 medium and fetal bovine serum (FBS) were
purchased from Gibco (Logan, UT, USA). Cell counting kit 8
(CCK-8) was bought from DOJINDO (Japan). Antibodies
(including β-actin, p-AMPK, AMPK, p-S6, S6, p-P70S6K,
P70S6K, p-p53, p53, and COX-2) were purchased from Cell
Signaling Technology (USA); Compound C (an AMPK inhibitor)
was bought from Santa Cruz Biotech (USA). Matrix basement
membrane was purchased from Corning Co., Ltd. (USA). The
apoptosis-Hoechst Staining Kit was purchased from Beyotime
Biotechnology Co., Ltd. (Shanghai, China). Crystal violet reagent
was purchased from Damao (Tianjin, China). Ki-67 was purchased
from Wuhan Servicebio Technology Co., Ltd. The four PMFs
obtained from CRCP were used in DMSO and were stored
at −20°C and diluted for use.

2.3 Simultaneous purification of four PMFs
from CRCP by HSCCC

2.3.1 Enrichment of PMFs from CRCP
The CRCP was pulverized into powder and passed through a

20-mesh sieve (1 kg). The powder samples were then extracted
four times by PE solvent heat reflux extraction. The parameters
(liquid to solid ratio) were 4:1, 3:1, 3:1, and 3:1, with an extraction
time of 1 h, respectively. The aforementioned four extracting
solutions were merged for rotatory evaporation until deposition
occurred. The residues were weighed accurately after drying and
kept at 4°C.

The HPLC-PDA method for the aforementioned PE extracts
was performed on the Dikma Diamonsil C18 column (250 mm ×
4.6 mm i.d., 5 μm). The elution system was composed of 50% water
(phase A) and 50% acetonitrile (phase B). The flow velocity was
1 mL·min-1, and the injection sample load was 10 μL. All samples
were verified at 330 nm and 25°C after filtering through a 0.22-μm
membrane.

2.3.2 Purification and identification of four PMFs
from CRCP

A solvent system including petroleum ether–ethyl
acetate–methanol–water (1:0.8:0.9:1, v/v/v/v) was chosen for
further HSCCC purification of PMFs by comparing the partition
coefficient (K = A1/A2) values by the peak areas of the PMFs by
HPLC-PDA (A1 and A2) and the peak shape in HSCCC. In each
HSCCC separation, the column was first filled with the upper
(stationary) phase, and then the rotary was set at 1,000 rpm. The
other apparatus was set as follows: column temperature 35°C and
detection wavelength 330 nm. The bottom (mobile) phase was then
pumped into the column at a flow rate of 2.0 mL·min-1. When the
two phases reached hydrodynamic equilibrium, the PE extract
deposit (200 mg) was dissolved in the bottom phase solution
(10 mL) for injection. All effluent was detected at a wavelength of
330 nm, and sample fractions (3 mL of each test tube) were gathered
for further analysis and other research.

The sample fractions were dissolved in trichloro-deuterio-
methane to identify compounds by 1H-NMR, 13C-NMR, and ESI-

MS. The purity analyses were performed by the normalization
method of the peak area. The HPLC-PDA method was
performed as described in Section 2.3.1.

2.4 Cell culture

CNE-2 and 5-8F cells were cultured in RPMI 1640 with
certain percentages of FBS in an incubator (air to CO2 ratio
95:5) at 37°C. Replacement of the medium was performed every
other day. As the cells reached 80%–90% confluency, trypsin was
added to digest cells for the proper time, and then the cells were
subcultured. Before treatment with PMFs purified from CRCP,
the cells were incubated in RPMI 1640 containing free FBS
for 12 h.

2.5 Cell viability

CNE-2 and 5-8F cells were cultured in 96-well cell plates
(5×103/well). Next, 100 μL of RPMI 1640 medium (10% FBS) was
added to 96-well cell plates, and the plates were incubated in 5%
CO2, at 37°C for 24 h. Replacement of the FBS-free medium was
carried out for 12 h on cells before treatment with HMF. Each
well was supplied with CCK-8 liquid (10 μL) for 1 h. The
absorbance measurement was performed on a Multi-Volume
Spectrophotometer system (BioTek Instruments, Inc., USA) at
450nm.

2.6 Colony formation assay

CNE-2 and 5-8F cells were inoculated into six-well cell plates
(800/well). RPMI 1640 medium containing 10% FBS (2 mL) was
added and incubated in a cell incubator (5% CO2, 37°C) for 24 h
to allow the cells to completely adhere to the wall. Then, the cells
were incubated with media containing HMF at different
concentrations (10 μM, 25 μM, and 50 μM), respectively. The
incubation medium was changed every 2 days while maintaining
the original drug concentrations. After 14 days, colonies
with >50 cells stained with crystal violet (0.5%) at room
temperature, were counted on a stereomicroscope after 1 h.
Relative clone-forming efficiency (%) = (number of cell
colonies with more than 50 cells in the administration group/
number of cell colonies with cells more critical than 50 in the
control group) × 100%.

2.7 Hoechst-33258 staining

CNE-2 and 5-8F cells were plated at 9×104/well into 12-well
plates supplemented with 1 mL of medium (10% FBS) and
incubated at 37°C overnight. Next, 4% paraformaldehyde
(500 μL/well) was used to fix the cells at room temperature for
10 min after treatment with HMF (10 μM, 25 μM, 50 μM) for 24 h.
Then, 500 μL of Hoechst-33258 (Beyotime, China) was added to
stain the cells for 5 min at room temperature in the dark, washing
twice with PBS. A liquor of 50 μL anti-fluorescence sealing was
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added to prevent fluorescence quenching. A fluorescence
microscope was used to observe and image apoptotic
morphological features (chromatin condensation and nuclear
fragmentation) (20×).

2.8 Wound scratch healing

CNE-2 and 5-8F cells were inoculated into six-well plates
(3×105/well) supplemented with medium for 24 h. Semblable
straight scratches were made on monolayers in each well with
sterile pipette tips, which were then washed twice with 1 mL PBS.
An inverted microscope (10×) was used to take representative
pictures at 0 h. After that, the wounds were treated with HMF
(10 μM, 25 μM, and 50 μM) for 24 h, respectively, and then the same
scratch position at 0 h was photographed. ImageJ software was used
to measure and analyze the areas between the edges of the wounds.
Mobility (%) = (0 h blank area → 24 h blank area)/0 h blank
area × 100%.

2.9 Transwell migration assay

Matrix glue (50 mg/L) was diluted with RPMI 1640 medium
without serum (v/v, 1:8). A matrix glue dilution (45 μL) was
appended to the upper transwell chamber. An incubator (5%
CO2) at 37°C was used to incubate for 2 h. The excess medium
was removed after forming. CNE-2 and 5-8F cell suspensions
incubated with HMF (10 μM, 25 μM, 50 μM) were spread in
Matrigel plate wells with serum-free RPMI 1640 medium
(2.5×106 cells/well). The lower well was supplied with 600 μL
of complete medium (RPMI 1640 and 10% FBS) to stimulate cell

migration. The cells were incubated for 24 h and those that had
not migrated through the Matrigel plate wells were wiped off with
swabs. A total of 1 mL of paraformaldehyde (4%) was applied to
fix the cells in the bottom chamber for 30 min. Pictures of the
cells were taken under the microscope (10×) and counted in
ImageJ software after staining with 1 mL of 1% crystal violet at
room temperature for 1 h.

2.10 Western blot analysis

The expression levels of AMPK-dependent signaling pathway
proteins (P70S6K, p-P70S6K, S6, p-S6, COX-2, p53, and p-p53)
were examined by Western blot analysis. Cells (CNE-2 and 5-8F)
were inoculated into six-well plates (2×106/well), incubated with
HMF (10 μM, 25 μM, and 50 μM) for 48 h, and then lysed with
RIPA buffer with an added inhibitor cocktail of protease and
phosphatase. The BCA assay method was used to measure
protein concentrations. Appropriate quantities of protein
samples (20 μg) were subjected to polyacrylamide gel
electrophoresis and transferred to PVDF membranes. The
membranes were then incubated with 5% skim milk for 1 h at
room temperature and then incubated with the primary
antibodies (p-AMPK, AMPK, p-P70S6K, P70S6K, p-S6, S6,
COX-2, p-p53, and p53) at 4°C overnight before washing three
times with TBST. Then, the membranes were incubated with an
appropriate peroxidase-conjugated secondary antibody (1:1,500)
at room temperature for 1 h. Finally, enhancement of the
immunoreactivity signals was detected by a
chemiluminescence system. The relative density of the target
bands was statistically analyzed using Quantity One analysis
software. β-Actin was used for protein level normalization.

FIGURE 1
(A) HPLC chromatogram of nobiletin (I), HMF (II), tangeretin (III), and 5-HPMF (IV) purified from a PE deposit of CRCP at 330 nm. (B) Chromatogram
of HSCCC separation for components (I–IV) at 330 nm and a flow rate of 2 mL·min–1. Fractions (I–Ⅳ) were collected from the effluent. (C) Identification
and purity analysis of fractions (I–IV) by ESI-MS, 1H-NMR, 13C-NMR, and HPLC-PDA.
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2.11 Construction of the transplanted tumor
model in vivo

2.11.1 Construction of nude mice tumor-bearing
model

Thirty male nude mice (6 weeks old, 18–22 g) were bought
from Guangzhou Jingwei Biological Co., Ltd. (Guangdong,
China). The environment is under specific pathogen-free
conditions between 22°C and 28°C and give free access to
food and water. CNE-2 (1.5×106 cells) were suspended in
PBS and Matrigel matrix solution (1:1, v/v) and
subcutaneously injected into the axilla of the right forelimb
of the nude mice. When the mean tumor volume reached
approximately 100 mm3, the mice were randomly and

equally divided into three groups (n = 10), and administered
oral HMF (100 and 150 mg/kg/day) for 14 days, respectively.
At the same time, the normal control (NC) group was
administered 0.5% CMC-Na. The weights of the mice were
recorded daily, and the tumor volume was weighed on the
scales and measured with a ruler. The curve of changes was
plotted. The tumor volume was calculated as the long diameter
length × short diameter2 × 0.5.

2.11.2 Hematoxylin and eosin (H&E) staining
H&E staining was performed as previously described (Zhang

et al., 2018). The nude-mouse transplanted tumor was removed
and weighed. Then, the tumor tissue was stored in a 4%
paraformaldehyde solution to maintain cell morphology and

FIGURE 2
Anti-proliferation effects of the four PMFs (5-HPMF, TGN, NOB, and HMF) in human nasopharyngeal carcinoma cells. (A–H) 5-8F and CNE-2 cell
lines were incubated with the four PMFs (50 μM) for 12 h, 24 h, and 48 h, respectively. (I–P) 5-8F and CNE-2 cell lines were incubated with different
concentrations (0, 0.5, 1, 2.5, 5, 10, 25, 50, and 100 μM) of the four PMFs for 48 h. Cell viability was examined by CCK-8 assay. All data were described as
the mean ± SD of three independent and repeated experiments. Compared to the control group (0 μM): *p < 0.05; **p < 0.01; ns, not significant.
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structure for >24 h. The tumor tissues were then embedded in
paraffin, cut into slices (8 μm), and stained with H&E. The
stained slices were scanned under a light microscope
(Olympus, Japan) to evaluate tumor damage.

2.11.3 Immunohistochemistry (IHC)
The tissue sections were first dewaxed and hydrated. Antigen

retrieval of Ki-67 was performed with a steamer with citrate
buffer, pH 7, for 32 min. The tissue sections were then incubated

FIGURE 3
HMF induces NPC cell apoptosis and inhibits migration and invasion. (A,C) The indicated numbers of cells were incubated in six-well dishes and
treated with HMF (0, 10, 25, and 50 μM). After 7 days, the colonies were stained with 0.5% crystal violet. (B,D) The number of colonies containing ≥50 cells
and the relative colony formation were counted under amicroscope to quantify the proliferation. (E,G) 5-8F and CNE-2 cells were stained with Hoechst-
33258 after incubation with different concentrations (0, 10, 25, and 50 μM) of HMF. Themorphological changes were analyzed using a fluorescence
microscope (20×). (F,H) Apoptosis (%) of 5-8F and CNE-2 cells treated with HMF (0, 10, 25, and 50 μM) for 24 h. (I,K) Representative images of transwell-
migration assays of 5-8F and CNE-2 cells treated with HMF (0, 10, 25, and 50 μM) for 24 h (10×). (J,L) Quantification of cell migration expressed by cell
counting. (M,N) Representative images of scratch assays performed in 5-8F and CNE-2 cells with HMF treatment (0, 10, 25, and 50 μM) for 24 h (10×).
(O,P) Mobility (%) was measured 24 h after the cells were scratched. All data are described as the mean ± SD of three independent and repeated
experiments. Compared to the control group (0 μM): *p < 0.05; **p < 0.01; ns, not significant.
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with primary polyclonal mouse monoclonal antibodies against
Ki-67. Biotinylated goat anti-mouse IgG and IgM (200 mg·ml−1)
were used as secondary antibodies. The I-ViewTM DAB
Detection Kit was used for endogenous peroxidase blocking,

followed by an ethanol gradient for rehydration. Neutral gum
was used to seal the slices. Finally, the slices were inspected via a
microscope. Ki-67 cells were considered positive when the cells
were stained brownish yellow.

FIGURE 4
Effect of HMF on 5-8F and CNE-2 human nasopharyngeal carcinoma cells through the AMPK signaling pathway. (A,G) 5-8F and CNE-2 cell lysates
treated with HMF (0, 10, 25, and 50 μM) assessed by Western blot analysis with antibodies against p-AMPK, AMPK, p-P70S6K, P70S6K, p-S6, S6, COX-2,
p-p53, and p53. β-Actin served as the loading control. (B–D) and (H–J)Quantification of phosphorylation expression levels of key AMPK-mTOR pathway
molecules (p-AMPK/AMPK, p-P70S6K/P70S6K, and p-S6/S6) in two NPC cells lines. (E,K) Quantification of COX-2 expression levels. (F,L)
Quantification of p53 phosphorylation levels. All data are described as the mean ± SD of three independent and repeated experiments. Compared to the
control group (0 μM): *p < 0.05, **p < 0.01; ns, no significance.
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2.12 Statistical analysis

All experimental data were described as means ± standard
deviation (mean ± SD), and each experiment was repeated three
times (n = 3). Data analyses were performed on one-way ANOVA
LSD statistics using SPSS 16.0 software. The significance of the
differences was indicated as *p < 0.05 and **p < 0.01.

3 Results

3.1 Four PMFs purified via HSCCC from PE
deposits in CRCP

Approximately 1 mg of petroleum ether extract enriched from
CRCP was dissolved in 10 mL of methanol, from which four
compounds (I–Ⅳ) were detected by the HPLC-PDA method
(Figure 1A). These included 325 mg of Compound I, 67 mg of
Compound II, 249 mg of Compound III, and 90 mg of Compound
Ⅳ, which were obtained after separation by HSCCC (Figure 1B). The
purity examination was analyzed by HPLC-PDA and calculated using
the peak area normalization method, which suggested that these
compounds reached 95.0% purity (95.9%, 95.5%, 99.8%, and 96.3%
for Compounds I–IV), respectively. ESI-MS, 1H-NMR, and 13C-NMR
analyses were further performed to identify the structures of the four
purified PMFs (5-HPMF, TGN, NOB, and HMF) (Figure 1C).

3.2 Effects of the four PMFs on the viability of
5-8F and CNE-2 cell lines

To evaluate the anti-NPC effects of the four PMFs (5-HPMF, TGN,
NOB, and HMF), the cell viability of two NPC cell lines treated with
various concentrations of monomeric PMFs (0, 0.5, 1, 2.5, 5, 10, 25, 50,
and 100 μM) for 48 h and treated with monomeric PMFs (50 μM) for
12 h, 24 h, and 48 h, respectively, was analyzed by CCK-8 assay. As
indicated in Figure 2, the four PMFs (5-HPMF, TGN, NOB, and HMF)
could inhibit the proliferation of 5-8F andCNE-2 cells lines in time- and
dose-dependent manners (*p < 0.05 and **p < 0.01). The IC50 values of
5-HPMF and TGN in the two NPC cell lines exceeded >50 μM. The
IC50 values of NOB were 36.579 ± 0.659 μM (CNE-2) and 37.256 ±
0.365 μM (5-8F cells), respectively. HMF showed the strongest
cytotoxicity, with IC50 values of 36.273 ± 0.502 μM (CNE-2) and
31.786 ± 0.841 μM (5-8F cells). Thus, HMF was selected for further
research on its anti-NPC effects.

3.3 HMF inhibits proliferation and induces
apoptosis in 5-8F and CNE-2 cell lines

Based on the aforementioned results, we focused on the anti-
NPC effects of HMF in further studies. As Figures 3A–D show, the
number of cell colonies containing ≥50 cells and the relative colony
formation were significantly decreased in cells treated with HMF
(10, 25, 50 μM) compared to the control group after 7 days. These
findings further indicated that HMF suppressed 5-8F and CNE-2
cell proliferation. To simultaneously explore the anti-apoptotic
effects of HMF on NPC cell lines, we performed Hoechst-33258

staining and examined the samples on a fluorescence microscope.
The morphological changes of 5-8F and CNE-2 cell lines treated
with HMF (10, 25, and 50 μM) were observed on a fluorescence
microscope (20×). Compared with the control group, 5-8F and
CNE-2 cells in the HMF group showed condensation of nuclear
chromatin staining, atomic shrinkage, and other apoptosis
phenomena. The apoptosis rate of the HMF group was
remarkably higher than that in the control group (*p <
0.05 and **p < 0.01). Among them, the apoptotic effect of high-
dose HMF (50 μM) groups was the strongest (Figures 3E–H).
These results indicated that HMF significantly induced growth
inhibition and apoptosis in NPC cell lines (5-8F and CNE-2).

3.4 HMF inhibits invasion andmigration of 5-
8F and CNE-2 cell lines

To determine the effect of HMF on the migration and
invasion of CNE-2 and 5-8F cells, wound-healing and
transwell-migration assays were performed. As shown in
Figures 3I–L, the HMF dose dependently inhibited the
invasion of CNE-2 and 5-8F cells. The wound healing levels
calculated at two time points (0 h and 24 h) showed remarkably
weaker cell migration ability in HMF groups (10, 25, and 50 μM)
compared to the control groups in the two NPC cell lines (Figures
3M–P) (*p < 0.05, **p < 0.01). These results demonstrated that
HMF dose-dependently inhibited the invasion and migration of
NPC cells (5-8F and CNE-2).

3.5 HMF regulates the AMPK-dependent
signaling pathway in NPC cells

AMPK is a crucial regulator of cellular energy metabolism.
AMPK activation participates in the body’s metabolic and
energy regulation by regulating multiple related pathways,
accounting for apoptosis and proliferation inhibition in
cancer cells. The protein levels of p-AMPK, AMPK,
p-P70S6K, P70S6K, p-S6, S6, COX-2, p-p53, and p53 in two
NPC cell lines were detected by Western blot to explore the
effects of the AMPK signal cascade on HMF-induced NPC cell
apoptosis and proliferation inhibition. As shown in Figures
4A–F, in 5-8F cells, the HMF treatment group (25 and
50 μM) showed significantly upregulated protein levels of
phosphorylated AMPK (p-AMPK/AMPK). At the same time,
phosphorylated P70S6K and S6 (p-P70S6K/P70S6K and p-S6/
S6) levels were dose-dependently and significantly reduced.
These results suggested that HMF could inhibit the AMPK-
mTOR signaling pathway in 5-8F cells. Moreover, the protein
levels of COX-2 were downregulated in the HMF group
compared to the control group, suggesting that HMF induced
the activation of the AMPK/COX-2 signaling pathway in both
cell lines. Meanwhile, compared to the control group, the HMF
treatment group showed significantly upregulated p-p53/p53,
indicating that HMF inhibited NPC cell growth and
proliferation through the AMPK/p53 signaling pathway (*p <
0.05 and **p < 0.01). We also showed that HMF inhibited the
AMPK-dependent pathway in NPC CNE-2 cells (Figures 4G–L).
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FIGURE 5
Effects of AMPK on proliferation, apoptosis, and metastasis through regulation of the AMPK-dependent signal pathway in two NPC cell lines. After
high-dose HMF (50 μM) co-treated with Compound C (AMPK inhibitor) for 24 h. (A,B) The cell viability was determined by CCK-8 assay. (C–F) The
colonies were stainedwith 0.5% crystal violet, and the colony numbers were quantified. (G,I) Assessment of themorphological changes in each treatment
group using a fluorescence microscope (20×). (H,J) Apoptosis (%) in each group. (K–N) Representative images of transwell migration assays (10×)
and quantification of cell migration expressed by cell counting. (O–I) Representative images of the scratch assay (10×) andmobility (%)24 h after the cells
were scratched. All data are described as the mean ± SD of three independent and repeated experiments. Compared to the control group (0 μM): *p <
0.05; **p < 0.01; ns, not significant.
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3.6 HMF inhibits proliferation and induces
apoptosis by regulating the AMPK-
dependent signal pathway in NPC cells

To further confirm whether the AMPK-dependent pathway
participates in the effect of HMF on NPC cells, we co-
administered an AMPK inhibitor (Compound C) and HMF in
two NPC cell lines. As shown in Figures 5A, B, HMF inhibited

the proliferation of 5-8F and CNE-2 cells; however, pretreatment
with compound C reversed the HMF-induced inhibition of
proliferation. Similarly, the relative colony formation was
significantly increased in the Compound C/HMF group
compared to the group administered HMF alone (Figures 5C–F).
Moreover, we also showed that Compound C pretreatment reversed
the HMF-induced apoptosis in 5-8F and CNE-2 cells (Figures 5G–J)
(*p < 0.05 and **p < 0.01). These results indicated that HMF

FIGURE 6
HMF inhibits NPC tumor growth and promotes tumor cell death in nude mice. (A,B) NPC tumors of nude mice. (C) Daily body weight variation in
tumor-bearing nudemice in the control and HMF treatment groups. (D)Weight and (E) volume changes of implanted tumors for 10 days. (F)H&E staining
of tumor tissues from each treatment group (400×). (G) Ki-67 staining was conducted to detect NPC cell proliferation. (H) Quantified analysis of Ki-67
positivity rate (%) and AMPK expression (%). All data are described as the mean ± SD of three independent and repeated experiments. Compared to
the control group (0 μM): *p < 0.05; **p < 0.01; ns, not significant.

Frontiers in Pharmacology frontiersin.org10

Yang et al. 10.3389/fphar.2023.1096001

155

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1096001


inhibited the proliferation and induced the apoptosis of NPC cell
lines through the AMPK-dependent pathway.

3.7 HMF inhibits invasion and migration by
regulating the AMPK-dependent signal
pathway in NPC cells

Compound C was co-administered with HMF in 5-8F and CNE-
2 cells to confirm whether HMF was involved in regulating the
invasion and migration of NPC cell lines via the AMPK-related
pathway. Compound C was co-administered with HMF in 5-8F and
CNE-2 cells. As shown in Figures 5K–N, HMF could inhibit 5-8F
and CNE-2 cell invasion, which was ameliorated by pretreatment
with Compound C. Similarly, HMF also could inhibit migration of
CNE-2 and 5-8F cells, while pretreatment with Compound C
reversed this HMF-induced migration inhibition (Figures 5O–I)
(*p < 0.05 and **p < 0.01). These results showed that HMF inhibited
invasion and migration by activating AMPK-dependent signaling
pathways in NPC cells.

3.8 HMF inhibits NPC cell growth in vivo

A CNE-2 cell-transplanted xenograft tumor model in nude mice
was performed to assess the anti-tumor action of HMF. The nude
mice were split at random into three groups and were administrated
HMF (100 and 150 mg/kg/day). After 14 days of implantation and
HMF treatment, the tumor volumes and weights were measured
after the dissection of the nude mice. As shown in Figures 6A–E, the
tumor sizes in the HMF-treated mice were smaller than those in the
control mice (*p < 0.05, **p < 0.01); however, no remarkable change
in body weight was observed (Figure 6C). H&E staining showed that
nude mice administered HMF treatment had worse tumor tissue
necrosis than those of the control group. The tumor cells in the
control group showed evident nucleolus and large nuclei that were
arranged densely. In contrast, a loose arrangement was observed in
the HMF-treated groups (Figure 6F). The Ki-67 assay revealed that
compared to the control group, HMF treatment inhibited tumor cell
proliferation (Figures 6G, H) (*p < 0.05). These results indicated that
HMF inhibited NPC cell growth in vivo.

4 Discussion

HSCCC, unlike the traditional chromatographic column and
adsorbent resin, is a continuous liquid–liquid partitioning
chromatography with the advantages of a reduced analysis
running time, no irreversible adsorption, and a high loading
amount. HSCCC has been successfully used for the separation of
many natural products due to its flexible two-phase solvent system
(Yang et al., 2020; Li et al., 2022). In the present study, four PMFs
were successfully isolated and purified from CRCP in large
quantities by petroleum ether heated reflux and HSCCC. These
compounds were identified as NOB (325 mg), HMF (67 mg), TGN
(249 mg), and 5-HPMF (90 mg) by ESI-MS, 1H-NMR, and
13C-NMR, and all purities were >95.0% by HPLC-PDA method.
Hence, HSCCC is an ideal method for efficiently purifying large

amounts of PMFs from CRCP. The valorization of PMFs is
beneficial to provide a material basis for follow-up research on
anti-NPC.

PMFs have been a research focus for their significant and broad
pharmacological activities, such as anti-atherosclerosis, anti-
inflammatory, and anti-tumor effects (Kong et al., 2020). For
instance, TGN inhibits G1/S division and breast cancer cell
metastasis by up-regulating p53/P21 and inhibiting matrix
metalloproteinase-2 (MMP-2), MMP-9, and vascular endothelial
growth factor, respectively (Arivazhagan and Sorimuthu, 2014). We
previously reported inhibition of the proliferation and induction of
apoptosis in NPC C666-1 cells by nobiletin (Zheng et al., 2019).
However, systematic studies on PMF action in NPC are lacking. The
present study compared the inhibitory effects of four PMFs (5-
HPMF, TGN, NOB, and HMF) on NPC cells by CCK-8 assay. The
results showed that the four PMFs inhibited the proliferation of 5-8F
and CNE-2 cells in time- and dose-dependent manners. The
inhibition effect based on IC50 was in the following order:
HMF>NOB>TGN>5-HPMF. HMF showed the strongest
cytotoxicity, with IC50 values of 36.273 ± 0.502 μM (CNE-2) and
31.786 ± 0.841 μM (5-8F). Further studies demonstrated the
inhibitory effects of HMF on the proliferation, migration, and
invasion and induction of apoptosis in NPC cell lines (CNE-
2 and 5-8F). More importantly, HMF (100 and 150 mg/kg/day)
could singly inhibit NPC growth in vivo.

PMFs attached with more methoxy group show stronger anti-
tumor ability since the lower polarity contributes to cancer cell
penetration (Gao et al., 2018; Kim and Lim, 2020). 3,5,6,7,8,3′,4′-
Heptamethoxyflavone (HMF) contains 2-phenyl chromogenic
ketone as the basic parent nucleus and C-3, C-5, C-6, C-7, C-8,
C-3′, and C-4′ attached with -OCH3, which indicate its lower
polarity and planar structure.

Emerging studies have focused on the neuroprotective and
antidepressant effect of HMF (Sawamoto et al., 2017). For
instance, HMF showed neuroprotection against brain ischemia by
inducing BDNF production and anti-inflammatory actions
(Okuyama et al., 2014; Okuyama et al., 2015) and demonstrated
an immunomodulatory function for the reduction of interleukin-4
expression in CD3/CD28-stimulated spleen cells in mice (Nakajima
et al., 2016). However, its anti-tumor activity rarely has been
mentioned, and the molecular mechanism for the anti-tumor
effects of HMF remains unclear.

AMPK, an evolutionarily highly conserved serine/threonine
protein kinase, functions to maintain and regulate the dynamic
balance of cell energy by participating in glucose and lipid
metabolism, in which it serves as an important physiological and
pathological energy receptor in eukaryotic cells. Previous studies
demonstrated that AMPK affects tumor cell growth in the following
AMPK-dependent pathways. First, AMPK inhibits tumor cell
proliferation and protein synthesis by negatively regulating
mTOR-dependent signaling pathways. Ribosomal protein
S6 kinase, 70 kDa (P70S6K) is one of the main downstream
effectors of the AMPK-mTOR signal pathway. In general, mTOR
phosphorylates S6K, which in turn phosphorylates the S6 protein of
the 40S ribosomal subunit, regulating the initiation of translation,
mRNA processing, and cell growth. Malignant tumor cells require
large amounts of energy for proliferation. AMPK is activated when
energy is depleted, accounting for the inactivation of mTOR and
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tumor cell growth inhibition. Briefly, AMPK activation regulates
tumor cell growth, invasion, and metastasis, whereas the specific
action of AMPK on the metastatic potency of NPC cells remains
unknown (Zhou et al., 2017). In our study, following HMF
treatment, the protein expression levels of p-AMPK, which
promotes cell death, and the protein levels of the phosphorylated
form of P70S6K and S6 were remarkably inhibited in 5-8F and CNE-
2 cells. This observation is consistent with those of previous studies
which reported that the AMPK and mTOR pathways might interact
in inhibiting the proliferation and inducing the apoptosis of cancer
cells, such as colorectal cancer (Dutta et al., 2022), breast cancer (Li
et al., 2021), and lung cancer (Song et al., 2021). For instance, the
volatile components of frankincense, pine needle, and geranium
inhibited the activity, proliferation, migration, and invasion and
induced apoptosis of McF-7 human breast cancer cells. In the
present study, we found that HMF significantly upregulated
AMPK phosphorylation and decreased the protein level of
p-P70S6K and S6 in CNE-2 and 5-8F cells, suggesting that HMF
induced the activation of an AMPK-mTOR signaling pathway.

AMPK is a critical factor in regulating cellular energy metabolism
by promoting ATP production and energymetabolism (Thirupathi and
Chang, 2019). The AMPK/COX-2 pathway is also involved in
regulating tumor cell growth, migration, and invasion.
Cyclooxygenase-2 (COX-2), an inducible central enzyme of
prostaglandin biosynthesis, is stimulated by growth factors,
inflammatory mediators, and carcinogenic agents; thus, it is also
considered an anticancer target, as it is highly expressed in tumor
tissues and participates in tumor occurrence and development.MMP-2,
which functions to degrade cellular basement membranes, is necessary
for malignant tumor cells to penetrate multiple basement membrane
barriers around tissues, blood vessels, nerves, andmuscles in the process
of metastasis. The invasive and metastatic ability of cancer cells occurs
due to the metabolites of the cyclooxygenase (COX) and lipoxygenase
pathways (PGF2-α and 5-HPETE). Therefore, COX-2 inhibition

reduces MMP-2 production, which, in turn, inhibits tumor invasion
and metastasis (Reich and Martin, 1996). Highly activated AMPK
inhibits the extracellular signal-regulated kinase (ERK) and COX
signaling pathways, thereby reducing melanoma metastasis (Kim
et al., 2012). Moreover, COX-2 inhibitors affect the apoptosis
susceptibility of solid tumors, which is closely related to prognosis.
The AMPK/COX-2 signaling pathway is also involved in apoptosis
induced by natural products, such as curcumin, quercetin (Lee et al.,
2009), and green tea catechin (Park et al., 2009) in colon cancer cells.
Our research found that compared to the control group, the HMF
treatment group upregulated the p-AMPK/AMPK protein level and
downregulated the COX-2 protein level. Combining with the results of
Hoechst-33258 staining to detect the level of cell apoptosis, transwell
assays to examine cell migration, and wound scratch healing assays to
measure invasion ability, HMF may inhibit NPC cell growth through
the AMPK/COX-2 signaling pathway.

Previous studies demonstrated that AMPK induced apoptosis by
regulating p53-dependent signaling pathways. p53, themost commonly
mutated gene in cancer, is considered a tumor suppressor under
metabolic stress. Deletion or mutation of p53 leads to uncontrolled
cell growth, apoptosis inhibition, chemotherapy resistance, and
promotion of tumor formation (Liu et al., 2011). When energy is
scarce in the body, AMPK phosphorylates p53 to limit cell growth and
save energy. Hence, increased AMPK activity promotes
p53 transcription and inhibits cancer cell growth rates. Hemistepsin
A could inhibit HCC cell proliferation and induce G0/G1 cell cycle
arrest and mitochondrial-related apoptosis by activating AMPK/
p53 pathways in the human hepatoma Huh7 cell line (Baek et al.,
2020). Analogously, α-lipoic acid inhibits cell proliferation, adhesion,
invasion, and colony formation in the human HT29 and mouse
MCA38 colon cancer cell lines via the AMPK/p53 signaling
pathway (Park et al., 2015). In the present study, after HMF
treatment, the expression levels of p-p53/p53 and p-AMPK/AMPK
on CNE-2 and 5-8F in the HMF group were significantly increased
compared to those in the control group. Synthesizing the
aforementioned results of apoptosis indicators, we concluded that
HMF might mediate the AMPK/p53 signaling pathway to regulate
apoptosis and exert an anti-NPC effect.

Whilemultiple studies have reported that the upregulation of AMPK
could inhibit cancer cell growth, few studies have focused on the
inhibitory effect of AMPK-activated drugs on NPC cells (Xia et al.,
2021; Liu et al., 2022). Previous studies reported that metformin and
some plant-derived products, including curcumol, lupeol, resveratrol,
and andrographolide, inhibited NPC cell growth by AMPK activation.
Metformin, a synthetic biguanide, is used for the treatment of type II
diabetes and induces both AMPK-dependent and AMPK-independent
genes/pathways, accounting for its inhibitory effects on cancer cell
growth (An and He, 2016; Safe et al., 2018). For instance, metformin
inhibited C666-1 cell proliferation by decreasing cyclin D1 levels and
inducing G1 cell cycle arrest, which may be involved in the AMPK-
mediated inhibition of mTORC1 signaling (Zhao et al., 2011). Among
the aforementioned natural AMPK-activated drugs, curcumol, lupeol,
and andrographolide are terpenoid compounds with low polarity.
Curcumol-induced autophagy and apoptosis through the activation of
the AMPK/mTOR pathway in CNE-2 cells (Wang et al., 2021).
Analogously, andrographolide suppressed the proliferation and
induced the apoptosis of C666-1 cells through regulation of the
LKB1/AMPK/mTOR signal pathway (Wu et al., 2018). Lupeol

FIGURE 7
Molecular mechanism by which HFM inhibits nasopharyngeal
carcinoma cell growth. HMF-induced AMPK activation inhibits NPC
cell growth, invasion, and metastatic potency via downregulation of
the activation of themTOR signaling pathway and COX-2 protein
levels, as well as enhancement of p53 phosphorylation.
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modulated apoptosis, ferroptosis, and inflammation in
CNE1 nasopharyngeal carcinoma cells through the AMPK/NF-κB
pathway (Zhou et al., 2022). Resveratrol, a natural non-flavonoid
phenolic compound found in red grapes, inhibited proliferation and
induced apoptosis in the C666-1 nasopharyngeal carcinoma cell line via
AMPK activation (Cai et al., 2015). PMFs attached with more methoxy
group show stronger anti-tumor effects since their lower polarity
contributes to the penetration of cancer cells. In our study, HMF
belonged to PMFs attached with seven methoxy groups, indicating its
low polarity and plan structure. HMF-induced AMPK activation
inhibited the growth, invasion, and metastatic potency of NPC cells
by downregulating mTOR signaling pathway activation and COX-2
protein levels, as well as enhancing p53 phosphorylation.

In conclusion, the results of this study demonstrated for the first time
that HMF purified from CRCP significantly inhibited the proliferation
and induced apoptosis of NPC cells (CNE-2 and 5-8F) and also inhibited
NPCcellmigration and invasion. The results of the tumor transplantation
experiment in nudemice confirmed the inhibitory effect ofHMFonNPC
cell growth in vivo. Further investigation revealed that HMF appeared to
act via AMPK-dependent signaling pathways involved in NPC cell
growth, migration, and invasion inhibition (Figure 7). These findings
provide a preliminary experimental basis for treating NPC and the
development and utilization of PMFs in CRCP.
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Background and objective: Doxorubicin is extensively utilized chemotherapeutic
drug, and it causes damage to the heart, liver, and kidneys through oxidative stress.
Theobroma cacao L (cocoa) is reported to possess protective effects against
several chemical-induced organ damages and also acts as an anticancer agent.
The study aimed to determine whether the administration of cocoa bean extract
reduces doxorubicin-induced organ damage in mice with Ehrlich ascites
carcinoma (EAC) without compromising doxorubicin efficacy.

Methodology: Multiple in vitro methods such as cell proliferation, colony
formation, chemo-sensitivity, and scratch assay were carried out on cancer as
well as normal cell lines to document the effect of cocoa extract (COE) on cellular
physiology, followed by in vivo mouse survival analysis, and the organ-protective
effect of COE on DOX-treated animals with EAC-induced solid tumors was then
investigated. In silico studies were conducted on cocoa compounds with
lipoxygenase and xanthine oxidase to provide possible molecular explanations
for the experimental observations.

Results: In vitro studies revealed potent selective cytotoxicity of COE on cancer
cells compared to normal. Interestingly, COE enhanced DOX potency when used
in combination. The in vivo results revealed reduction in EAC and DOX-induced
toxicities in mice treated with COE, which also improved the mouse survival time;
percentage of lifespan; antioxidant defense system; renal, hepatic, and cardiac
function biomarkers; and also oxidative stress markers. COE reduced DOX-
induced histopathological alterations. Through molecular docking and MD
simulations, we observed chlorogenic acid and 8′8 methylenebiscatechin,
present in cocoa, to have the highest binding affinity with lipoxygenase and
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xanthine oxidase, which lends support to their potential in ameliorating oxidative
stress.

Conclusion: The COE reduced DOX-induced organ damage in the EAC-induced
tumor model and exhibited powerful anticancer and antioxidant effects. Therefore,
COE might be useful as an adjuvant nutritional supplement in cancer therapy.

KEYWORDS

cocoa, cytotoxicity, doxorubicin, organ toxicity, oxidative stress

Introduction

Doxorubicin is an anthracycline antibiotic that has been
indicated to deal with malignancy associated with vital organs
with topoisomerase II inhibition, which cleaves the DNA of
tumor cells (Thorn et al., 2011). Although doxorubicin is a
potent cytotoxic agent in cancer chemotherapy, its utilization is
limited due to its unwanted adverse effects, including
myelosuppression, cardiomyopathy, and damage to other vital
organs due to the free radicals produced by the doxorubicin
metabolite (van der Zanden et al., 2021). In this regard, it is
important to identify the agent to deal with the doxorubicin
metabolite-activated reactive oxygen species (ROS) system
without affecting the therapeutic action of doxorubicin.
Cardiotoxicity caused by doxorubicin can be acute and manifest
during or 2 to 3 days after administration. Acute cardiotoxicity
occurs in about 11% of cases. There are substantially fewer cases of
persistent doxorubicin cardiotoxicity, with an estimated incidence of
1.7%. For themajority of the time, it becomes evident after 30 days of
administration of the last dose, although it can also happen
6–10 years afterward. Dosage is a major factor in doxorubicin
cardiomyopathy incidence. When doxorubicin is administered at
doses of 500–550 mg/m2, 551–600 mg/m2, and greater than 600 mg/
m2, the incidence is around 4%, 18%, and 36%, respectively (Tri and
Wilkins, 1978).

Previously, several reports have explained that medicinal plants
possess a broad biological spectrum due to the presence of many
secondarymetabolites, whichmay act onmultiple pathways involved in
disease pathogenesis. In this regard, one can think to conceptualize the
broad pharmacological spectral activity in managing cancer by
“neutralization of the ROS system and enhancement of the
pharmacological threshold of established chemotherapeutic agents,”
which may be achieved by utilizing traditional medicines as they are
rich in bioactive principles for multiple pharmacological activities with
broad biological processes (Atanasov et al., 2021).

Theobroma cacao L. nibs (family Sterculiaceae), native to Central
America, have been reported to contain multiple secondary metabolites
(flavonoids, polyphenols, and alkaloids) and are also indicated for
multiple pharmacological activities, viz., anti-inflammatory, anti-
cancer, cardioprotective, nephroprotective, and hepatoprotective,
including anti-oxidant properties (Zięba et al., 2019; Cura et al.,
2021; Fanton et al., 2021; Sun et al., 2021). Due to these
pharmacological properties, it can be hypothesized that nibs of
Theobroma cacao may neutralize the doxorubicin-metabolite-
mediated ROS system and have a protective effect on the heart,
liver, and kidneys in the chemotherapy involving doxorubicin. In
addition, it may also amplify the effect of doxorubicin as T. cacao
itself possesses anti-cancer properties.

Hence, the present study aimed to investigate the effect of T.
cacao nibs’ hydroalcoholic extract (COE) supplementation over
doxorubicin-induced organ toxicities in solid tumor models and
cell line models in vitro and also assess the anticancer efficacies of
COE alone or in combination with doxorubicin.

Materials and methods

Plant collection, authentication, and extract
preparation

Cocoa nibs were collected from Sirsi (14°.34′38.7984 N,
74°.58′21.288 E), India; authenticated at ICMR-NITM Belagavi, and
deposited in the herbarium (voucher number RMRC-1392). The freshly
collected nibs were washed under running water, chopped, and dried
under shade; turned into a coarse powder; defatted with petroleum
ether; macerated (1 week) in a closed container using ethanol 80% v/v;
filtered, concentrated, and lyophilized; and stored in an airtight
container for further use (Ruzaidi et al., 2005).

In vitro assays

Cell culture and maintenance
All the in vitro studies were carried out on the A549, Ehrlich’s

ascites carcinoma, and Chinese hamster ovary (CHO) cell lines. All
the cell lines were procured from the National Center for Cell
Sciences (NCCS), Pune. A549 cells were grown in Ham’s F12K
media (AL1065-500 mL), while EAC and CHO cell lines were grown
in Dulbecco’s modified Eagle’s medium (DMEM, D6429-500 mL),
each supplemented with fetal bovine serum (Gibco: 10270–106; 10%
v/v), penicillin (100 U/mL), and streptomycin (100 μg/mL)
(penicillin–streptomycin, Sigma: P4333-100 ML). All the cells
were cultured at 37°C and 5% CO2 in a humidified incubator.

Chemo-sensitivity assay
All three cell lines were used for chemo-sensitivity assay using

various concentrations of COE (2.5 μg/mL to 2560 μg/mL),
doxorubicin (0.125 μg/mL to 128 μg/mL), and a combination of both
(1.25–1280 μg/mL COE + 0.0625–64 μg/mL doxorubicin) for 48 h, and
cell viability was assayed using MTT (as explained in cell proliferation
assay in the following section). The data were normalized and plotted.

Cell proliferation assay
All three cell lines were utilized for the cell proliferation assay

(Kumar et al., 2019). Briefly, cells were treated with doxorubicin
(1 μg/mL), COE (40 μg/mL), and a combination of doxorubicin
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(0.5 μg/mL) with COE (20 μg/mL) along with control (DMSO) for
48 h. Later, cells were detached using a trypsin–EDTA solution,
collected, counted, and plated for all the assays. For the cell
proliferation assay, 2000 cells per well were seeded in a 96-well
plate (in triplicate). MTT (Sigma: M5655-1G) was added after 24, 48,
and 96 h of seeding (for triplicate samples) for each treatment group,
and after 4 h of incubation at 37°C, absorbance was recorded at
570 nm. The data were normalized and plotted.

Colony formation assay
The colony formation assay was performed similarly to the cell

proliferation assay, except for the seeding density, i.e., 200 cells per
well were seeded in a 24-well plate in duplicate and cultured for
2 weeks. Colonies with at least 50 cells were counted and plotted, and
an image was captured and presented (Kumar et al., 2019).

Scratch assay
For the scratch assay, 0.2 × 106 cells per well were seeded in a

24-well plate. Cells were treated with the aforementioned
concentration of test samples, and the migration was analyzed
by measuring the scratch size over various time points. The data
were normalized as per the scratch size at 0 hours and plotted
(Kumar et al., 2019).

In vivo pharmacology

Ethical clearance and animal procurement
The experiment was performed after obtaining ethical clearance

from the IAEC at ICMR-NITM, Belagavi for the use of laboratory
animals (approval number: IAEC/ICMR-NITM BGM/2019/3).
Healthy female Balb/c mice (22–25 g) were procured from a
registered CPCSEA supplier and maintained at 23°C ± 2°C
temperature, 50% ± 5% humidity, and a 12/12 h light-dark cycle.
Animals had ad libitum access to food and water throughout the
experiment.

Tumor cell transplantation and grouping of animals
The Ehrlich ascites carcinoma cells-carrying donor mice

were obtained from Invivo biosciences, Bangalore, India, and
were maintained and propagated by serial intraperitoneal
transplantation (1×106 cells) into healthy mice in an aseptic
environment and propagated for 14 d. Ehrlich ascites
carcinoma cells were received from donor mice and
suspended in sterile saline. A viable number of cells (~2 ×
106 cells) were injected subcutaneously into the thigh region of
the right hind limb (Gothoskar and Ranadive, 1971; Elsherbiny
et al., 2016).

In the present study, a total of 80 animals were randomly divided
into five groups (n = 16), of which group 1 served as normal (n = 16)
and the rest were induced tumors by injecting EAC cells (2×106)
(suspended in 0.2 mL saline/mice) subcutaneously. The tumor size
of all EAC-inoculated mice crossing the 50 mm3 limit was
considered day 0 (11th day after implantation), and treatment
was initiated. Tumor size was measured using a Vernier caliper
every week and calculated using the following equation as
mentioned by Schirner et al. (1998).

Tumor volume � Longest diameterX Shortest widthX 0.5

The study included the animals grouping asNormal: vehicle (2%
gum acacia OD); EAC: vehicle (2% gum acacia p. o., OD);DOX: EAC
+ doxorubicin 4.91 mg/kg, i. p., q. w.; COE200: EAC + Cocoa
200 mg/kg, p. o., OD; and COE200+ DOX: EAC + doxorubicin
4.91 mg/kg, i. p., q. w. + cocoa 200 mg/kg, p. o., OD.

The treatment was carried out for 21 days, and six animals from
each group were randomly separated. Blood was collected by the
retro-orbital route separately for hematological and biochemical
analysis. Furthermore, animals were euthanized with an overdose
of ketamine to collect the tumor mass and vital organs (heart, liver,
and kidneys) for antioxidant and histopathological studies. However,
the rest of the animals (n = 10 per group) were kept for survival
analysis for up to 60 days. The mean survival time was calculated as
explained by Elsherbiny et al. (2016) as follows:

FIGURE 1
Effect of doxorubicin and COE treatment on relative cell
proliferation in (A) A549, (B) EAC, and (C) CHO cell lines.
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MST � Σ Survival time days( ) ofeachmouse ∈ agroup

Total numberofmice
.

Increased life span %( ) � MSTof treatedmice

MST of the cancer control group
X100.

Measurements and methods
As mentioned previously, body weight and tumor size were

measured once a week. A total of six animals from each group were
selected randomly, and blood, vital organs, and tumor mass were
collected as previously mentioned. Furthermore, we evaluated
multiple biochemical parameters, i.e., creatinine kinase-MB,
lactate dehydrogenase, aspartate aminotransferase (AST), alanine
aminotransferase (ALT), alkaline phosphatase (ALP), creatinine,
and urea using commercially available kits (Biosystems) using a
semi-automated analyzer (A15 Biosystems). In addition, we
evaluated the anti-oxidant biomarkers, i.e., catalase (Claiborn, A.,
1985), SOD (Misra and Fridovich, 1972), GSH (Sedlak and Lindsay,
1968), and LPO (Ohkawa et al., 1979). The hematological
parameters such as complete blood counts (RBC, WBC, and
platelets), mean corpuscular volume (MCV), mean corpuscular
hemoglobin concentration, % Hb mean corpuscular hemoglobin,
mean cell hemoglobin concentration, and packed cell volume were
measured using an automatic hematology analyzer (Erba H560).

For histopathological analysis, the tissue was sectioned, and the
samples (heart, liver, kidney, and tumor) were fixed in formalin
(10%) and stained using hematoxylin and eosin. The samples were
observed under a light microscope (Olympus BH-2, Olympus,
Tokyo, Japan).

Molecular modeling studies
The anticancer agent doxorubicin induces hepatic and renal

toxicity, mainly due to oxidative stress. Our experimental study

showed that cacao extracts have significant potential in reducing
the oxidative stress triggered by doxorubicin. Therefore, to gain
detailed structural insights into this mechanism, we proposed
screening phytocompounds from T. cacao against two important
enzymes: lipoxygenase (LOX) and xanthine oxidase (XO), which
are the key players in producing oxidative stress (Chung et al.,
1997; Czapski et al., 2012; Kostić et al., 2015).

In this study, phytocompounds from T. cacao were selected,
and their structures (in SDF format) were retrieved from the
PubChem small-molecular databases. The virtual screening was
performed using an automated POAP pipeline based on the
AutoDock Vina interface (Samdani and Vetrivel, 2018; Patil
et al., 2022). The structures of all the ligands were converted
to 3D format and subjected to energy minimization for 5000 steps
using the default LigPrep parameters in the POAP pipeline. The
structures of receptors (LOX: 1N8Q and XO: 3AM9) have been
prepared by removing water molecules and other heteroatoms
that were used to obtain the crystal structures. The missing loop
regions in the structures were built using the modeler interface in
Chimera 1.15. We used the CastP tool to predict the largest and
best possible binding pocket in both receptors, namely, LOX and
XO. The parameters used for the virtual screening of
phytochemicals against LOX and XO were selected from
earlier similar studies (Patil et al., 2022b). The docked
conformations obtained were ranked by the binding energy
values, the intermolecular interactions were analyzed using
Chimera, and publication-quality figures were generated in
PyMOL. The best identified docked complex of
phytocompounds for each of the receptors, i.e., LOX and XO,
was further subjected to all-atom MD simulation in an explicit
solvent. The chlorogenic acid (CHL) and 8,8-
methylenebiscatechin (MBC) formed much more stable
complexes with the least binding energy (−6.4 kcal/mol

FIGURE 2
Effect of doxorubicin and COE treatment on colony formation in (A) A549, (B) CHO, and (C) EAC cell lines.
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and −11.3 kcal/mol, respectively) and expressed stable non-
bonded interactions at the conserved binding site region.
Therefore, we have considered these two complexes, namely,

LOX-CHL and XO-MBC, for further molecular dynamics
simulations. To investigate the structural stability of LOX-
CHL and XO-MBC complexes, we used all atom-explicit MD

FIGURE 3
Effect of doxorubicin and COE treatment on chemo-sensitivity assays in (A) A549, (B) EAC, and (C) CHO cell lines.
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simulation methods using the GROMACS 2021.5 software
package. The partial charges of both ligands MBC and CHL
were generated using the antechamber module of AmberTools18.
The Amber ff99SBildn force field was used to build the topology
files. The complexes were solvated in a cuboidal box (10Å) with
the TIP3P water model using periodic boundary conditions, and
charges over the systems were neutralized by adding the required
number of counterions such as Na+/Cl-. The topology and
coordinate files for both these complexes were generated and
converted to a Gromacs-compatible file format using ParmEd.
The prepared systems were subjected to energy minimization
using the steepest descent method, followed by a conjugate
gradient. Systems were equilibrated using canonical NVT and
isothermic–isobaric NPT ensembles for a period of 1 ns. The
unrestrained production MD run was further continued for
100 ns, and trajectories were recorded every 2 fs. The
parameters used to perform MD simulations were adopted
from earlier similar studies (Khanal et al., 2022). The

FIGURE 4
Effect of doxorubicin and COE treatment on relative scratch in (A) A549, (B) EAC, and (C)CHOcell lines and effect of doxorubicin and COE treatment
on relative scratch in (D) A549, (E) EAC, and (F) CHO cell lines. Represents cell under cell death.

FIGURE 5
Kaplan–Meier survival curve for COE- and doxorubicin-treated
groups. There was a significant difference (p < 0.001) in Mantel–Cox
log-rank between the groups.
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trajectories obtained were analyzed for structural stability and
their intermolecular interactions, followed by reimaging the PBC
conditions. The inbuilt Gromacs tools like gmxrms, gms rmsf,
and gmx gyrate were used to analyze structural stability, and
other required tools were used for specific analysis wherever
required, such as CPPTRAJ and LigPlus. The plots were
generated using Grace 5.1.25.

Statistical analysis
Data were expressed as mean ± SEM. The mean difference

between groups was analyzed using one-way ANOVA followed
by Tukey’s post-hoc test with GraphPad Prism ver. 5. The
difference in mean of the group was considered to be
significant if p < 0.05.

Results

In vitro assays

We examined the effect of COE on cellular physiology, such as cell
proliferation and colony formation assays. In a cell proliferation assay,
COE-treated cells showed reduced viability compared to the control in
all three cell lines (A549, EAC, and CHO). However, the treatment with
the chemotherapeutic drug, doxorubicin, was more effective than the
COE-independent treatment. As expected, COE co-treatment with
doxorubicin was more potent than COE-independent treatment.
However, the effectiveness of COE and doxorubicin co-treatment was
in a similar pattern compared to that of doxorubicin-independent
treatment (Figure 1). Similarly, the colony formation assay resulted in
reduced colony formation capability on COE treatment compared to
control (the number of colonies was much higher in control vs. COE
treatment for A549 (77 vs. 31), EAC (58 vs. 13), and CHO (80 vs. 49)
cells). However, the treatment of doxorubicin alone or in combination
with COE resulted in complete inhibition of colony formation capability,
which is due to the lethal effect of doxorubicin (Figure 2).

Similarly, the chemo-sensitivity assay showed that there was a
similar run in percentage viability in the control group. In COE and
doxorubicin-independent treatments, there was a decrease in the
percentage viability in A549, EAC, and CHO cell lines. However, it
was observed that doxorubicin alone was more potent than COE-
independent treatment. In addition, within the lower concentration
of doxorubicin and COE treatments, the percentage viability was
reduced in all the cell lines compared to the rest of the treatments,
i.e., A549 (log concentration ~0.5 μg/mL), EAC (log concentration
~2 μg/mL), and CHO (log concentration ~8 μg/mL) (Figure 3).

The scratch assay was performed to evaluate the effect of COE on
migration. In A549, EAC, and CHO cell lines, the generated scratch size
(at 0 h) started decreasing gradually over time in the control
group. However, doxorubicin treatment led to cell death and
resulted in a relatively higher scratch size at 12 and 24 h compared
to the control. Interestingly, the COE treatment showed higher scratch
size, i.e., a reduction in migration with time compared to the control.

FIGURE 6
Effect of COE on (A) percentage change in body weight and (B) tumor weight (g) in solid Ehrlich tumor-bearing mice after 21 days of treatment. All
values are expressed as the mean ± SEM (n = 6). One-way analysis of variance (ANOVA) followed by Tukey’s test; p < 0.001, compared with normal; Δ p <
0.05 and Δ Δ Δ p < 0.001, compared with EAC; ••p < 0.01 compared with DOX.

FIGURE 7
Tumor volume (mm3) in solid Ehrlich tumor-bearing mice. All
values are expressed as a mean ± SEM (n = 6). One-way analysis of
variance (ANOVA) followed by Tukey’s test; p < 0.001, compared with
normal; Δ p < 0.05 and Δ ΔΔ p < 0.001, compared with EAC; CCp <
0.01 compared with DOX.
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COE co-treatment with a lower doxorubicin concentration showed a
greater reduction in migration (Figure 4A). The CHO cell line scratch
closure was much faster than that of the other two cell lines, which
allowed us to collect data for up to 12 h only (Figure 4B).

In vivo pharmacology

Effect of COE treatment on survival
There was no death observed in the normal group throughout

the study. However, deaths were observed from the 28th to the 39th
day in the EAC group. Furthermore, treatment with COE and

doxorubicin has shown an increased lifespan, and it was maximal
within the COE200+ DOX group (Figure 5). The log-rank
(Mantel–Cox) test reflected the increased lifespan of COE-treated
animals in combination with doxorubicin compared to the rest of
the animals with χ2 = 185.8 and Df = 4.

Effect of COE on body weight, tumor weight, and
tumor size

There was a significant increase in percentage change in body
weight (p < 0.001) within EAC compared to normal, which was
significantly reversed in all treatment groups (Figure 6). In addition,
the combined action of COE and doxorubicin significantly

TABLE 1 Effect of doxorubicin and COE treatment on hematological parameters.

Groups Normal EAC DOX COE 200 COE 200+ DOX

Hb (% g) 13.83 ± 0.68 9.20 ± 0.15▀ ▀ ▀ 7.90 ± 0.18 11.33 ± 0.13▲▲ 10.77 ± 0.20CCC

WBCs (cell/cmm) 27.21 ± 2.10 51.02 ± 1.50▀ ▀ ▀ 25.56 ± 1.70▲▲▲ 33.91 ± 0.10▲▲▲ 29.77 ± 1.40▲▲▲

RBC million (cell/cmm) 8.79 ± 0.20 5.00 ± 0.20▀ ▀ ▀ 4.23 ± 0.20 7.40 ± 0.00▲▲▲ 6.03 ± 0.20▲CCC

Platelet count (cell/cmm) 1030.00 ± 20.90 789.00 ± 20.00▀ ▀ ▀ 645.60 ± 16.20▲▲ 1007.00 ± 23.80▲▲▲ 870.40 ± 35.60CCC

PCV (%) 54.78 ± 1.40 27.37 ± 2.20▀ ▀ ▀ 32.23 ± 1.00 36.97 ± 0.70▲▲▲ 39.63 ± 0.40▲▲▲CC

MCV (fL) 51.52 ± 0.80 52.40 ± 0.20 51.43 ± 0.30 50.37 ± 0.06▲ 51.37 ± 0.20

MCHC (gm/dL) 31.75 ± 0.70 24.12 ± 0.70▀ ▀ ▀ 31.18 ± 0.3▲▲▲ 32.03 ± 0.40▲▲▲ 32.05 ± 0.50▲▲▲

Lymphocytes (%) 74.50 ± 0.60 11.67 ± 1.05▀ ▀ ▀ 19.67 ± 0.60▲▲▲ 32.00 ± 1.00▲▲▲ 44.50 ± 1.50▲▲▲CCC

Neutrophils (%) 21.83 ± 0.80 80.83 ± 1.60▀ ▀ ▀ 63.00 ± 0.40▲▲▲ 59.83 ± 0.90▲▲▲ 54.17 ± 1.70▲▲▲CCC

Eosinophils (%) 0.66 ± 0.20 2.50 ± 0.20▀ ▀ ▀ 1.50 ± 0.20▲ 1.80 ± 0.10 1.30 ± 0.20▲▲

Monocytes (%) 0.30 ± 0.20 5.16 ± 0.70▀ ▀ ▀ 2.50 ± 0.40▲▲ 3.16 ± 0.10▲ 2.16 ± 0.40▲▲

MCH(pg) 16.45 ± 0.20 17.90 ± 0.10▀ ▀ 17.10 ± 0.20 15.52 ± 0.30▲▲▲ 15.77 ± 0.30▲▲▲C

All values are expressed as a mean ± SEM (n = 6). One-way analysis of variance (ANOVA) followed by Tukey’s test. ▀ ▀p < 0.01.
▀ ▀ ▀p < 0.001, compared with normal.
▲ p < 0.05.
▲▲ p < 0.01.
▲▲▲ p < 0.001, compared with EAC.
CC p < 0.01.
CCC p < 0.001 compared with DOX.

TABLE 2 Effect of COE treatment on cardiac, Hepatic, and kidney biomarkers.

Groups Normal EAC DOX COE200 COE200+ DOX

CK-MB(U/L) 170.2 ± 1.6 251.5 ± 2.4 ▀ ▀ ▀ 360 ± 2.6▲▲▲ 236.8 ± 1.5▲▲ 255.5 ± 3.2CCC

LDH(U/L) 1955 ± 14.6 4268 ± 22.5▀ ▀ ▀ 5264 ± 20.8▲▲▲ 2654 ± 15.5▲▲▲ 4176 ± 18.3▲CCC

AST(U/L) 217.7 ± 16.3 620.3 ± 21.2▀ ▀ ▀ 898.7 ± 25.4▲▲▲ 512.2 ± 17.2▲▲ 547.7 ± 7.9 ▲▲ CCC

ALT(U/L) 75.5 ± 2.2 150.7 ± 2.9▀ ▀ ▀ 234.8 ± 5.8▲▲▲ 80 ± 6.7▲▲▲ 124.5 ± 1.4▲▲CCC

ALP(U/L) 20.83 ± 0.4 37.83 ± 2.6▀ ▀ ▀ 46.67 ± 1.0▲▲ 29.33 ± 1.1▲▲ 39.5 ± 2.0C

Creatinine (mgs %) 0.125 ± 0.0 0.28 ± 0.0▀ ▀ ▀ 0.32 ± 0.0▲ 0.23 ± 0.0▲▲ 0.2383 ± 0.0▲CCC

BUN (mgs %) 30.83 ± 0.9 77.33 ± 0.9▀ ▀ ▀ 87.67 ± 1.6▲▲▲ 55.67 ± 0.9▲▲▲ 70.17 ± 1.64▲▲CCC

All values are expressed as a mean ± SEM (n = 6). One-way analysis of variance (ANOVA) followed by Tukey’s test ▀ ▀ ▀p < 0.001, compared with normal.
▲ p < 0.05.
▲▲ p < 0.01.
▲▲▲ p < 0.001, compared with EAC.
C p < 0.05.
CC p < 0.01.
CCC p < 0.001, compared with DOX.
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decreased the change in body weight compared to doxorubicin alone
(Figure 6). In addition, there was a significant decrease (p < 0.001) in
tumor weight with doxorubicin and COE-independent and
combination treatment. Furthermore, the combined action of
COE and doxorubicin significantly decreased tumor weight
compared to the DOX group. Likewise, there was a significant
decrease (p < 0.001) in the progression of tumor size observed
from the 14th day of treatment in COE treatment groups.
Furthermore, on the 21st day, there was a significant decrease
(p < 0.001) in tumor size in all treatment groups compared to
EAC, although the combination group showed a significant
reduction (p < 0.01) in tumor size compared to the independent
DOX group (Figure 7).

Effect on hematological parameters
There was a significant decrease in hemoglobin (p < 0.001) in

EAC (9.2% ± 0.15%) compared to normal (13.83% ± 0.68%),
which was significantly increased (p < 0.01) with COE-
independent treatment. A further decrease in hemoglobin in
the DOX group (7.9% ± 0.18%) was observed, which was
significantly increased in the combination group (10.77% ±
0.20%) compared to DOX. Furthermore, there was a
significant increase (p < 0.001) in WBC count (51.02 ±
1.5 cell/cm) in EAC compared to normal (27.21 ± 2.1 cell/
cm), which was significantly decreased (p < 0.001) in all

treatment groups compared to EAC (Table 1). In addition,
there was a significant decrease in RBC and platelet count in
EAC (p < 0.001). These cell counts were further decreased after
doxorubicin treatment. The reduction in the cell count was
reversed in the COE treatment groups. There was a significant
decrease (p < 0.001) in PCV, MCHC, and lymphocytes compared
to normal, which were observed to be significantly improved (p <
0.005–0.001) with doxorubicin and COE treatment, independent
and in combination. In contrast, there was a significant increase
(p < 0.001) in neutrophil, eosinophils, monocytes, and MCH (p <
0.01) within EAC compared with normal, which was ameliorated
with independent or combination of doxorubicin and COE
(Table 1).

Effect of COE on cardiac, hepatic, and kidney
biomarkers

In the present study, we observed a significant increase (p <
0.001) in CK-MB, LDH, ALT, AST, ALP, creatinine, and BUN
levels within the EAC groups. Furthermore, these biomarkers
were significantly increased (p < 0.05–0.001) in the DOX
group. In contrast, these markers were significantly (p <
0.05–0.001) ameliorated in the COE group. Likewise, in the
combination treatment group, significant decreases in these
parameters were observed when compared to the DOX group
(Table 2).

TABLE 3 Effect of administration of COE on doxorubicin-induced depletion of LPO, GSH, SOD, and CAT levels in heart, liver, and kidney tissues of mice.

Tissue Treatment LPO (nano-moles/mg of
protein)

GSH (µMol/mg
protein)

SOD (units/mg of
protein)

CAT(units/mg of
protein)

Heart Normal 50.77 ± 1.7 26.29 ± 3.1 196.1 ± 2.7 0.57 ± 0.05

EAC 177.3 ± 4.1 ▀ ▀ ▀ 17.51 ± 1.1 ▀ ▀ 76.87 ± 3.7 ▀ ▀ ▀ 0.39 ± 0.02▀ ▀

DOX 229 ± 3.08▲▲▲ 14.99 ± 0.7 77.07 ± 5.9 0.31 ± 0.02

COE200 148.3 ± 3.3▲▲▲ 25.56 ± 1.05▲ 111.5 ± 7.2 ▲▲ 0.55 ± 0.01▲

COE200+ DOX 163.6 ± 1.9▲CCC 22.75 ± 0.8C 105.4 ± 9.0▲C 0.49 ± 0.02CC

Liver Normal 86.5 1 ± 6.5 164.2 ± 3.4 192.6 ± 11.2 0.5 ± 0.06

EAC 165.8 ± 7.1▀ ▀ ▀ 91.47 ± 4.9▀ ▀ ▀ 127.8 ± 15.4▀ ▀ 0.2 ± 0.02▀ ▀

DOX 212 ± 7.6▲▲▲ 88.39 ± 2 124.8 ± 9.3 0.1 ± 0.03

COE200 105.8 ± 4.1▲▲▲ 149.5 ± 9▲▲▲ 181.9 ± 3.4▲ 0.4 ± 0.03▲

COE200+ DOX 168.5 ± 3.4CCC 131.7 ± 3.3▲▲▲CCC 176.2 ± 7.6▲C 0.3 ± 0.05

Kidney Normal 252.9 ± 6.7 29.7 ± 2.4 46 ± 3.7 0.79 ± 0.02

EAC 526.9 ± 18.9 ▀ ▀ ▀ 13.03 ± 1.6 ▀ ▀ ▀ 22.5 ± 2▀ ▀ ▀ 0.38 ± 0.01▀ ▀ ▀

DOX 483.1 ± 15.2 ▲▲▲ 12.2 ± 0.4 14.9 ± 0.3 0.16 ± 0.01▲▲▲

COE200 238 ± 13.2▲▲▲ 26.2 ± 1.7 ▲▲▲ 36.81 ± 2.8▲▲ 0.60 ± 0.03▲▲▲

COE200+ DOX 303.3 ± 11.9 ▲▲▲ 20.41 ± 0.8▲▲▲CCC 21.7 ± 0.9 0.42 ± 0.0CCC

All values are expressed as a mean ± SEM (n = 6). One-way analysis of variance (ANOVA) followed by Tukey’s test.
▀ ▀ ▀p < 0.001, compared with normal.
▲ p < 0.05.
▲▲ p < 0.01.
▲▲▲ p < 0.001, compared with EAC.
C p < 0.05.
CC p < 0.01.
CCC p < 0.001, compared with DOX. LPO, lipid peroxidation; GSH, glutathione; SOD, superoxide dismutase; CAT: catalase.
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Effect of COE on antioxidant biomarkers
There was a significant increase in the LPO level (p < 0.001) in the

heart, liver, and kidney within EAC animals compared to normal,
which was significantly reversed with COE treatment. Furthermore,
there was a significant increase in LPO (p < 0.001) in the DOX group
compared to the EAC group, which was reversed with combination
treatment. Similarly, there was a significant decrease (p < 0.01, 0.001) in
cardiac, hepatic, and kidney GSH, SOD, and CAT activities compared
to normal. Doxorubicin-independent treatment had no significant
influence over GSH, SOD, and CAT activities in the heart, liver, and
kidney. However, COE treatment groups significantly ameliorated (p <
0.05–0.001) their GSH, SOD, and CAT activity in the heart, liver, and
kidney compared to the EAC group. In addition, the combined action of
COE with doxorubicin significantly (p < 0.05–0.001) influenced GSH
level, SOD, and CAT activity in the heart, liver, and kidney (Table 3).

Effect of COE on cardiac, hepatic, kidney, and solid
tumor histology

Normal architecture was observed in the heart, liver, and kidney
tissue in the normal group of animals. Furthermore, in the EAC
group, congestion and myofibrillar degeneration were noted in
cardiac tissues (Figure 8). Venous and sinusoidal congestion,

Kupffer cell hyperplasia, spotty necrosis, apoptosis, inflammation,
and hepatocellular dysplasia were noted within hepatic tissues
(Figure 9), while tubular and glomerular congestion, glomerular
atrophy, tubular cell swelling, inflammation, widening of the
Bowman space, and cytoplasmic vacuoles were observed in
kidney tissues (Figure 10). In addition, these variables were
traced in the EAC group, which were markedly increased with
doxorubicin-independent treatment. Furthermore, these
histopathological changes were mitigated in COE-treated groups.
We also observed the tumor tissue and saw a maximum number of
cords and nests of tumor cells, congestion, angiogenesis,
hemorrhage, invading muscle infiltration, fibrosis, necrosis,
anaplasia, and mitotic activity in the EAC group compared to the
rest of the interventions (Figure 11).

In silico study

Molecular modeling studies
About 27 previously reported phytocompounds in cacao were

collated (Patil et al., 2022b). The successful docking of these
27 phytocompounds to both the receptors LOX and XO has been

FIGURE 8
Effect of COE in cardiac histology. Photograph of the heart section of different treatment groups stained with hematoxylin and eosin. Plates
at ×40 magnification. (A) Normal, (B) EAC, (C) DOX, (D) COE, and (E) COE + DOX. EAC group (B) showing congestion (blue arrow) and myofibrillar
degeneration (black arrow). All values are expressed as mean ± SEM (n = 3), one-way analysis of variance (ANOVA) followed by Tukey’s test • p < 0.05,
compared with DOX.
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performed using the POAP pipeline to the binding site determined
by CastP. It has been observed that the 27 compounds docked to the
LOX and XO bind to the binding pocket with varying binding
affinity. We also observed that some of the phytocompounds bound
to the LOX do not favor the binding site interactions and show
higher binding energy (+ve binding energy value). The binding
energy value of the phytocompounds bound to LOX ranged
from −6.4 kcal/mol to + 38.5 kcal/mol, while phytocompounds
bound to XO ranged from −6.2 kcal/mol to −11.3 kcal/mol.
Careful analysis of the docked complexes revealed that large-
sized compounds having a higher molecular weight failed to
occupy the specified binding pocket in the LOX structure, and
hence do not form stable interactions. We have now considered
top-screened compounds, namely, chlorogenic acid (binding
energy = −6.4 kcal/mol) and 8′8 methylenebiscatechin (binding
energy = −11.3 kcal/mol) bound to LOX and XO, respectively,
for further MD simulation studies. For simplicity, chlorogenic
acid and 8′8 methylenebiscatechin are hereafter referred to as
CHL and MBC, respectively. The orientation of the docked pose
of complexes LOX–CHL and XO–MBC is shown in Figures 12A, B.
The significant intermolecular non-bonded interactions stabilizing
the complexes LOX–CHL and XO–MBC are shown in Table 4.

The structural stability of the complexes LOX–CHL and
XO–MBC for the period of 100 ns has been investigated by
analyzing parameters such as RMSD, RMSF, Rg, and SASA. The

average RMSD values for complexes LOX–CHL and XO–MBC have
been recorded as 1.8 Å and 3.2 Å, respectively (Supplementary
Figure S1A). Both trajectories reached an equilibrated state after
40 ns of simulation. The LOX–CHL and XO–MBC complexes show
very stable dynamics and conserved binding pocket interactions
during the 100 ns of simulation (refer Supplementary Figures S1 and
S2). The probability of RMSD distribution has been analyzed to gain
more confidence in the convergence of the MD simulation trajectory
(Supplementary Figure S2) The probability distribution plot showed
a higher probability (0.9) for both the complexes LOX–CHL and
XO–MBC for fewer RMSD values (1.8 Å and 3.25 Å, respectively),
indicating the trajectories are well-converged (refer Supplementary
Figure S2). The Rg values represent the compactness of both
complexes and reveal the stable dynamics throughout the
simulation (Supplementary Figure S1B). Similar stable dynamics
have also been expressed by the SASA values representing the
compact folding and showed no exposure of the binding pocket
region to the solvent (Supplementary Figure S1B). The maximum
number of H-bonding interactions formed by the complexes
LOX–CHL and XO–MBC were 6 and 11, respectively
(Supplementary Figure S1D). The RMSF values show the least
residual fluctuations (<1.5 Å) at the active site residues and the
surrounding region of the binding pocket in both complexes
(Supplementary Figures S3A and S3B). In XO, the C-terminal
flexible loop, where native secondary structure folds are lacking,

FIGURE 9
Effect of COE in hepatic histology. Photograph of liver section of different treatment groups stained with hematoxylin and eosin. Plates
at ×40 magnification. (A) Normal, (B) EAC, (C) DOX, (D) COE, and (E) COE + DOX. EAC and DOX groups are showing venous and sinusoidal congestion
(red and blue), Kupffer cell hyperplasia (yellow), apoptosis, and spotty necrosis (black). All values are expressed as a mean ± SEM (n = 3), one-way analysis
of variance (ANOVA) followed by Tukey’s test.
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represents maximum RMSF values (>6 Å). In LOX, the N-terminal
loop region showed higher residual fluctuations up to 5 Å
(Supplementary Figure S3A). The minimum distance and the
total number of all contacts are plotted for both complexes to
provide detailed insights into their inter-molecular interactions
(Figures 13A, B).

Theminimum distance plotted for LOX–CHL shows an increase
in the distance of 2.4 Å; furthermore, it decreases to 1.5 after 80 ns,
while XO–MBC shows a consistent minimum distance of 1.6 Å
throughout the simulation period.

The free energy landscape has been explored for both the
complexes, of which complex XO–MBC showed the least energy
state conformations were clustered in one group in the free
energy landscape, while the other complex LOX–CHL showed
three minimums over the free energy landscape, representing
conformational diversity exhibited by the LOX upon binding of
CHL. Supplementary Figures S4A and S4B represent the free
energy landscape for both the complexes in 2D and 3D,
respectively. Further concerted motion in complexes
LOX–CHL (Figure 14A) and XO–MBC (Figure 14B) has been
analyzed for representative frames from the stable trajectories,
and it reveals the strong self-correlation for the individual
residues (diagonal line shown in red) with itself, and binding
pocket residues also express the positive correlation with
moderate amplitude. Overall, the amplitude of the negative
correlation was decreased in the complex XO–MBC when
compared to LOX–CHL (Figures 14A, B).

Discussion

The results obtained during our study clearly demonstrated that
COE alone or in combination with doxorubicin exerted better
antitumor activity than doxorubicin alone, as evidenced by the
improved survival time and tumor regression. In vitro assays
provide the physiological environment to examine several cellular
activities. In vitro studies showed that COE alone has a role in the
reduction of the cell proliferation rate, colony formation capability,
and migratory potential in EAC as well as human cancer cell lines
(A549). COE has demonstrated stronger anticancer action on cancer
cells than on healthy cells. In addition, COE enhanced the potency of
doxorubicin when used in combination with a lower concentration
(of doxorubicin) in the inhibition of cancer cell proliferation,
migration, and cell cycle arrest. In this assay, the 1:1 ratio of
DOX and cocoa (50% of each) in the combination group was
selected to evaluate the potential therapeutic benefits of DOX at
a lower concentration when used in combination with cocoa.
Furthermore, it also has the added advantage of preventing
possible undesirable effects when combining the two substances
at higher concentration. The scratch assay results suggest that COE
might have a role in the inhibition of epithelial–mesenchymal
transition (EMT), the first step of metastasis. The induction of
the EMT process leads to resistance toward chemotherapeutic drugs
(Shibue and Weinberg, 2017). The EMT induction may reduce the
cell proliferation rate and increase the expression of proteins
responsible for inhibiting apoptosis as well as the expression of

FIGURE 10
Effect of COE in kidney histology. Photograph of the kidney section of different treatment groups stained with hematoxylin and eosin. Plates
at ×40 magnification. (A) Normal, (B) EAC, (C) DOX, (D) COE, (E) COE + DOX. EAC and DOX groups are showing tubular (black) and glomerular (blue)
congestion, inflammation, glomerular atrophy (red), and tubular cell swelling (yellow). All values are expressed as a mean ± SEM (n = 3), one-way analysis
of variance (ANOVA) followed by Tukey’s test.
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transporter-related proteins to efflux drugs (Shibue and Weinberg,
2017). The COE might be involved in the modulation of EMT
initiation. Some anti-proliferative agents have already been designed
to inhibit EMT initiation (Thiery and Sleeman, 2006). The natural
product COE can be used as an alternative anti-proliferative agent.
The COE may be involved in the modulation of signaling processes
and may provide a better delivery system for chemotherapeutic
drugs such as doxorubicin. However, further experimental
validation will be needed to confirm our hypothesis.

Furthermore, COE markedly reduced the doxorubicin-induced
cytotoxicities in cardiac, hepatic, and nephritic tissues in the EAC-
induced solid tumor mouse model. The cell protective nature of
COE toward cardiac myocytes, hepatocytes, and nephrons,
manifested through histological and biochemical investigation,
could be through the termination of Fenton and redox reactions,
as there were ameliorated enzymatic and non-enzymatic antioxidant
biomarkers.

Further combinatorial therapy of COE with doxorubicin in
tumor-bearing mice showed an increase in survival time by
1.20 fold compared to the DOX group. Within 21 days of
treatment, we observed a significant decrease in tumor size in
doxorubicin- and COE-treated animals; the outcome was further
effective with combined treatment, which was evidenced via the
assessment of tumor size. This decrease in tumor size with combined
treatment could be the outcome of the synergetic effect, which might
be due to the anti-cancer potency of COE (Martin et al., 2013).
Moreover, there was a significant increase in the percentage change
in body weight in the EAC group, which pointedly declined with the

combined and independent action of both agents. In addition, there
was no significant difference between the percentage change in body
weight in the doxorubicin- and COE-treated groups. However, the
percentage change in body weight was significantly lower in
combination than in the DOX group, suggesting COE’s
synergetic effect with doxorubicin. In addition, this decrease in
percentage change in body weight supports the outcome of
controlling tumor size with each intervention. Likewise, we
observed a significant reduction in tumor weight with
doxorubicin and COE-independent and combination action over
tumor weight; a significant reduction in tumor weight in
combination vs. DOX points toward a synergistic effect.
Furthermore, the anti-tumor effect of COE reflected in our study
is the auxiliary outcome, conveyed via a significant increase in
lifespan.

In chemotherapy, doxorubicin has a major role in dealing with
many cancers. However, it produces severe toxic effects on
hematological parameters, which is one of the limiting factors in
implementing doxorubicin chemotherapy (Ogura, 2001). In this
regard, one can contemplate if any natural products with
antioxidant potency could ameliorate the hematological
parameters over synthetic chemotherapeutic agents, including
doxorubicin. Herein, we observed significant amelioration of
multiple hematological parameters with the combined action of
COE with doxorubicin vs. DOX. Previously, it was reported that
doxorubicin metabolites disturb hematological function, which
could be a doxorubicin-activated ROS system (Afsar et al., 2017).
In addition, ROS has a direct impact on Hb, RBC, WBC, platelets,

FIGURE 11
Effect of COE on tumor histology. Photograph of the tumor section of different treatment groups stained with hematoxylin and eosin. Plates
at ×40 magnification. (A) EAC, (B) DOX, (C) COE, and (D) COE + DOX. EAC and DOX groups are showing congestion (black), inflammation (blue),
hemorrhage, angiogenesis, apoptosis, and necrosis (red). All values are expressed as a mean ± SEM (n = 3). One-way analysis of variance (ANOVA)
followed by Tukey’s test ▲ p < 0.05 compared with EAC.
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and other hematological parameters, which directly affects cellular
apoptosis due to compromising immunity, affecting the transport of
nutrition and oxygen (Gwozdzinski et al., 2021). Previously, COE
extract was reported for its potent antioxidant activity due to the
presence of phenolic bioactives and flavonoids (catechin,
epicatechin, and procyanidins) (Lamuela-Raventós et al., 2001;
Massee et al., 2015); this may trigger scavenging free radicals and
terminate redox and Fenton reactions within the ROS system, which
could have driven the ameliorated hematological parameters.

In cancer chemotherapy, organ toxicity is one of the major
complications, and it affects the homeostatic function, which is most
commonly reported in doxorubicin therapy (Mitry and Edwards,
2016; Santos and Goldenberg, 2018). Therefore, we quantified

multiple parameters like CK-MB, LDH, AST, ALT, ALP,
creatinine, and BUN in different treatment groups. We found
that these biomarkers were significantly increased in treatment
with doxorubicin alone compared to EAC, indicating
chemotherapy-induced organ toxicities. Likewise, free radical
generation during doxorubicin therapy causes significant damage
to the myocardium, resulting in increased membrane permeability
and release of CPK-MB and LDH enzymes. Doxorubicin treatment
showed a 1.43-fold and 1.23-fold increase in CPK_MB and LDH
enzymes, respectively, compared to EAC treatment. In addition, the
liver and kidney showed an increased AST level by 1.44 folds, ALT
by 1.55 folds, creatinine by 1.14 folds, and BUN by 1.13 folds
compared to that of EAC. Interestingly, these parameters were

FIGURE 12
(A) 2D and (B) 3D presentation for the interaction of CHL with LOX, (C) 2D and (B) 3D presentation for the interaction of MBC with XO. The green
bond represents the H-bond interaction, the red bond represents unfavorable interaction due to steric hindrance, and the rest represent hydrophobic
interaction.
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TABLE 4 Crucial intermolecular non-bonded interactions stabilizing LOX–CHL and XO–MBC complexes during MD simulation.

Complex Conformation Interactions Type Distance Angle

LOX–CHL Initial B:UNL850:HO1–A:ASN556:OD1 Conventional hydrogen bond 2.91137 112.244

B:UNL850:HO3–A:ARG252:O Conventional hydrogen bond 2.41292 121.391

A:LYS278:HE3–B:UNL850:O1 Carbon hydrogen bond 2.86753 129.811

A:LEU560:HA–B:UNL850:O5 Carbon hydrogen bond 3.03038 110.953

A:ASN254:HA–B:UNL850 Pi-sigma 2.74586

A:SER253:C,O; ASN254:N - B:UNL850 Amide-Pi stacked 4.39367

Final B:UNL850:HO1–A:GLU197:OE1 Conventional hydrogen bond 1.47963 178.887

B:UNL850:HO4–A:ASN556:O Conventional hydrogen bond 2.92387 109.221

A:GLY559:HA3–B:UNL850:O3 Carbon hydrogen bond 2.67742 127.64

B:UNL850–A:LEU258 Pi-alkyl 5.41188

XO–MBC Initial A:LYS247:HZ2–B:UNL1330:O4 Conventional hydrogen bond 1.91825 159.485

A:LEU255:HN–B:UNL1330:O10 Conventional hydrogen bond 2.78719 153.983

A:ILE351:HN–B:UNL1330:O9 Conventional hydrogen bond 3.02736 157.068

A:SER353:HN–B:UNL1330:O7 Conventional hydrogen bond 2.31487 153.78

A:ASN359:HD21–B:UNL1330:O7 Conventional hydrogen bond 2.00375 139.321

B:UNL1330:HO3–A:GLY396:O Conventional hydrogen bond 1.96909 133.105

B:UNL1330:HO5–A:GLY347:O Conventional hydrogen bond 1.71796 151.971

B:UNL1330:HO6–A:ASN359:OD1 Conventional hydrogen bond 1.93259 138.227

A:GLU252:HA–B:UNL1330:O11 Carbon hydrogen bond 2.89095

A:LYS254:HA–B:UNL1330:O10 Carbon hydrogen bond 2.46619

A:PRO397:HA–B:UNL1330:O3 Carbon hydrogen bond 2.6411

B:UNL1330:HC1–A:PRO251:O Carbon hydrogen bond 2.71201

B:UNL1330:HO1–B:UNL1330 Pi-donor hydrogen bond 2.77657

B:UNL1330–A:ILE351 Alkyl 5.08421

B:UNL1330:C29–A:ILE351 Alkyl 4.4021

B:UNL1330–A:LEU395 Pi-alkyl

final A:ILE350:HN–B:UNL1330:O9 Conventional hydrogen bond 1.91771 148.298

A:ILE351:HN–B:UNL1330:O9 Conventional hydrogen bond 2.70033 170.438

A:SER353:HN–B:UNL1330:O7 Conventional hydrogen bond 2.73856 157.904

B:UNL1330:HO1–B:UNL1330:O Conventional hydrogen bond 1.91953 164.544

B:UNL1330:HO3–A:LEU395:O Conventional hydrogen bond 1.93889 96.437

B:UNL1330:HO4–A:LEU255:O Conventional hydrogen bond 1.63738 168.378

B:UNL1330:HO5–A:GLY347:O Conventional hydrogen bond 1.88205 131.813

B:UNL1330:HO8–A:ASN349:OD1 Conventional hydrogen bond 1.82011

B:UNL1330:HO8–A:ASN349:O Conventional hydrogen bond 2.96447

B:UNL1330:HO9–A:GLU252:O Conventional hydrogen bond 1.59684

A:PRO397:HA–B:UNL1330:O4 Carbon hydrogen bond 2.78821

A:LYS254:NZ–B:UNL1330 Pi-cation 4.3856

(Continued on following page)
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markedly reversed in a combinatorial regimen of COE along with
doxorubicin, which showed better activity of COE in the protection
of vital organs in chemotherapy. This protective action of cocoa is
owing to its defense against oxidative stress induced during
chemotherapy. Cocoa in the form of dark chocolate high in
flavonoids may be a good strategy for reducing cardiovascular
risk by having beneficial effects in inhibiting platelet aggregation,
lowering blood pressure, reducing dyslipidemia, and lowering
plasma glucose levels (Zięba et al., 2019). Reactive oxygen
species, which are generated during drug biotransformation
processes, can bind and react with cellular components in the
liver to cause liver damage and thereby impair liver function
(Cichoż-Lach and Michalak, 2014). Antioxidants present in cocoa
increase nitric oxide levels and have hepatoprotective potential
(Asiedu-Gyekye et al., 2016). A similar trend was observed when
antioxidant biomarkers were monitored. The elevated levels of LPO
and decreased GSH, SOD, CAT, and total thiol levels in the DOX
group compared to the EAC group were substantially reversed in all
COE-treated groups, augmenting its effectiveness in organ
protection. Similar findings were reported previously for the

potency of COE in the neutralization of the ROS system
generated via various stress responses that could have been
ameliorated, as evidenced by multiple investigations into
regulating the homeostatic functions of various organs (S. Noori
et al., 2008).

Lipoxygenase and xanthine oxidase are involved in the generation
of oxidative stress (Chung et al., 1997; Wisastra and Dekker, 2014),
which is observed in various pathogenic conditions, including cancer,
and contributes to tissue injury (Pizzino et al., 2017). In the present
study, we observed the amelioration of various oxidative stress
biomarkers in multiple organs after COE co-treatment with
doxorubicin. Moreover, our previous studies also support the
efficacy of COE in ameliorating oxidative stress and cancer
progression (Patil et al., 2022b; 2022a). Emmanuel et al. reported
that cocoa leaf polyphenolic-rich extract inhibited xanthine oxidase
due to the flavonoids and phenolic acids present in the extract (Irondi
et al., 2017). In addition, catechin and its derivatives are reported to
inhibit xanthine oxidase (catechin 303.95 μM, uncompetitive;
epicatechin 20.48 μM, mixed; epigallocatechin 10.66 μM, mixed;
epicatechin gallate 2.86 μM, mixed; and epigallocatechin gallate

TABLE 4 (Continued) Crucial intermolecular non-bonded interactions stabilizing LOX–CHL and XO–MBC complexes during MD simulation.

Complex Conformation Interactions Type Distance Angle

A:PHE273–B:UNL1330 Pi–Pi T-shaped 4.92736

B:UNL1330–A:ILE351 Alkyl 5.26081

B:UNL1330–A:LEU395 Pi-Alkyl 5.46509

B:UNL1330–A:LYS254

FIGURE 13
Intermolecular interactions between LOX–CHL and XO–MBC. Complexes were investigated by calculating the minimum distance between the
protein and ligand group (A) and maximum number of total non-bonded contacts formed are shown (B).
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0.76 μM, competitive inhibition. Collectively, cocoa flavonoids not only
have antioxidant effects but also inhibit lipoxygenase activities (Schewe
et al., 2002). Human LOX5 and LTA4 synthase activities are inhibited
by (−)-epicatechin, and its low-molecular-weight procyanidins from
cocoa products have a purported anti-inflammatory effect (Schewe
et al., 2002). Previous studies showed CHL as a potent LOX inhibitor
with an IC50 of 0.32 mg/mL and 61.27 μmol/L. In addition, based on the
molecular docking and MD simulations, we observed chlorogenic acid
and 8′8 methylenebiscatechin to have the highest binding affinity with
lipoxygenase and xanthine oxidase to support their potential in
ameliorating oxidative stress, which is also supported by the
previous reports of the anti-oxidant properties of chlorogenic acid
(Xu et al., 2012) and catechins (Bernatoniene and Kopustinskiene,
2018).

The roles of the aforementioned markers were further supported
by the results of histopathological examination. There was a
significant increase in the congestion score and myofibrillar
degeneration in the EAC solid tumor model, which was further
increased with doxorubicin treatment. Similar findings of
cardiotoxicity were reported by Reddy et al. (2012), in which the
authors demonstrated the efficacy of the cocoa extract as a
cardioprotective agent in the EAC solid tumor model.
Furthermore, in the EAC and DOX groups, we traced a
remarkable increase in spotty necrosis, apoptosis, inflammation,
hepatocellular dysplasia, venous and sinusoidal congestion, and
Kupffer cell hyperplasia in hepatic tissues (Reddy et al., 2012).
However, in COE 200, regeneration of cells was noted; this
compromised tissue damage. These results summarize the effect of
COE on doxorubicin-induced organ toxicity. Similarly, EAC- and
DOX-exposed groups pointed toward tubular and glomerular
congestion, glomerular atrophy, tubular cell swelling,

inflammation, widening Bowman space, and cytoplasmic vacuoles,
which were ameliorated via COE treatment, whether independent or
in combination with doxorubicin. Furthermore, the observed
cytotoxicity was also confirmed by histopathological devastation of
the tumor mass, reduced tumor growth, decreased mitotic pattern,
increased necrosis, and the occurrence of apoptotic nuclei via COE
treatment.

Conclusion

This study not only demonstrated the protective effect of COE
against doxorubicin-induced organ toxicities (heart, liver, and
kidney) but also indicated synergistic potential with the
anticancer activity of doxorubicin. Furthermore, our study
demonstrated the efficacy of COE to neutralize the free radicals
generated by doxorubicin; maintain cell integrity, along with
inherent anti-cancer properties; and prolong the survival time of
EACmice. Overall, COE exhibits promising nutraceutical properties
toward cardioprotective, hepatoprotective, and nephroprotective
effects when supplemented with doxorubicin. Further
confirmatory studies at the clinical level are needed to establish
COE as a health supplement in cancer patients undergoing
doxorubicin-based chemotherapy.
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FIGURE 14
The dynamic cross-correlation matrix reveals concerted motion in the complexes (A) LOX–CHL and (B) XO–MBC. The red color represents the
positive correlation, the blue color represents the negative correction, and the cyan color (zero value) represents no correlation.
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Sulforaphane (SFN) is an isothiocyanate with multiple biomedical applications.

Sulforaphane can be extracted from the plants of the genus Brassica. However,

broccoli sprouts are the chief source of sulforaphane and are 20 to 50 times

richer than mature broccoli as they contain 1,153 mg/100 g. SFN is a secondary

metabolite that is produced as a result of the hydrolysis of glucoraphanin (a

glucosinolate) by the enzyme myrosinase. This review paper aims to summarize

and understand the mechanisms behind the anticancer potential of

sulforaphane. The data was collected by searching PubMed/MedLine, Scopus,

Web of Science, and Google Scholar. This paper concludes that sulforaphane

provides cancer protection through the alteration of various epigenetic and non-

epigenetic pathways. It is a potent anticancer phytochemical that is safe to

consume with minimal side effects. However, there is still a need for further

research regarding SFN and the development of a standard dose.
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1 Introduction

Cancer is one of the most prevalent and fatal diseases

throughout the globe. As per the World Health Organization,

in 2020, cancer is the sole reason for the death of more than

10 million individuals (1). For the treatment of cancer, various

medical treatments are applied, including chemotherapies and

radiotherapies. Besides their potential benefits, such treatments

also impose detrimental effects on various organs of the body (2).

The consumption of phytochemicals must be incorporated into our

diet to benefit from their anticancer properties. Since the beginning,

cruciferous vegetables are known for their anticancer properties.

Unfortunately, these are never ingested in sufficient amounts

that can alter the health biomarkers. Cruciferous vegetables are

rich in several nutrients and bioactive components, especially

isothiocyanates that provide various health benefits (3). The

isothiocyanates are the hydrolytic metabolites of glucosinolates,

and examples include allyl isothiocyanate (AITC), benzyl

isothiocyanate (BITC), phenethyl isothiocyanate (PEITC), and

sulforaphane (SFN) (4, 5). The most important biological active

isothiocyanate is sulforaphane, or simply SFN, which is potent in

providing numerous health benefits by modulating epigenetic and

non-epigenetic mechanisms. It did not receive much attention until

1992, even though it was first identified and isolated in 1959 (6).

This updated review aimed to summarize and highlight the

mechanisms behind the anticancer potential of sulforaphane.
2 Review methodology

This comprehensive review aims to provide updated

information on the anticancer mechanisms of sulforaphane. The

most relevant and recent data regarding the anticancer activity of

sulforaphane were obtained through an online search of the

following scientific databases—PubMed/MedLine, Scopus, Web of

Science, and Google Scholar—using the next MeSH terms:

“Brassica/chemistry”, “Chemoprevention”, “Isothiocyanates/

metabolism”, “Isothiocyanates/pharmacology”, “Isothiocyanates/

therapeutic use”, “Neoplasms/drug therapy”, “Neoplasms/

prevention & control”, “Biological Products/therapeutic use”. The

chemical structure has been validated using Pubchem and the

taxonomy of the plant according to WorldFloraOnline (7, 8).

The most representative data regarding the anticancer activities of

sulforaphane are summarized in a schematic diagram and tables.
3 Bioavailability of sulforaphane and
applications of nanotechnologies in
improving its bioactivity

The dietary sources of SFN include mainly the plants

(especially cruciferous vegetables) of the genus Brassica such as

broccoli, brussels sprouts, kale, and cauliflower (3). As per a recent
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review, broccoli sprouts are the chief source of sulforaphane and

are 20 to 50 times richer than mature broccoli as they contain

1,153 mg/100 g, whereas the concentration of SFN in mature

broccoli is 44–171 mg/100 g. Sulforaphane is significantly effective

as it is readily available in blood because of its high bioavailability

(80%). The higher bioavailability is due to its lighter molecular

weight in comparison to other polyphenols (6, 9). Recently, the

trend of nanoencapsulation of various bioactive components

to gain maximum benefits is increased. Since the last century,

a lot of progress has been made in the field of nanotechnology.

Advancement in research has made it possible for the

development of polymeric biodegradable nanoparticles for

better results and controlled/targeted delivery of drugs. Longhai

Piao et al. likewise worked on the nanoencapsulation of

sulforaphane using a triblock copolymer PCL-PEG-PCL, i.e.,

poly(caprolactone)-poly(ethylene glycol)-poly(caprolactone).

The results revealed that the PCL-PEG-PCL-encapsulated SFN

enhanced the cancer cell apoptosis more efficiently than the free

sulforaphane in the in vitro trial. Additionally, the study validated

that the SFN encapsulation with triblock copolymer was safe and

can be used for effective and targeted sulforaphane delivery to

cancerous cells (10). A study on the effect of basil seed gum-

encapsulated broccoli sprout extract disclosed that encapsulation

helped in the controlled release of sulforaphane, which is more

effective in the treatment of cancer than free sulforaphane.

Furthermore, the data also revealed that the release of SFN from

the micelles was more in intestinal-stimulated conditions

compared to the gastric-stimulated condition (11). Similarly, the

results of an investigation conducted by Lucıá Yepes-Molina et al.

showed that the encapsulated sulforaphane had more stability.

Additionally, in the in vitro trial, the investigators discovered that

the SFN-rich membrane vesicles were potent in reducing the

inflammatory markers on HL-60 cell linings. Another group of

investigators worked on the encapsulation of sulforaphane in

broccoli membrane vesicles (BM vesicles). The study evaluated

the capability and potential of encapsulated sulforaphane on SK-

MEL-28 (melanoma) cell linings. The in vitro analysis revealed

that BM vesicles containing SFN had high absorption and

metabolism in cancerous cells. Furthermore, encapsulated

sulforaphane efficiently reduced cancer and its markers (12).
4 Phytochemistry of sulforaphane
and its derivatives

Sulforaphane is chemically a product of a 4-(methylsulfonyl)

butyl group that is attached to a nitrogen atom (6, 13, 14). SFN is a

secondary metabolite produced as a result of the hydrolysis of

glucoraphanin (a glucosinolate) by the enzyme myrosinase (6, 9,

15). Because sulforaphane has gained a lot of attention due to its

potential against numerous diseases, especially cancer, scientists are

interested in developing its derivatives which could be an important

discovery in the world of medicine for cancer treatment. The group
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of Prachi Heda et al. had made some progress in this regard by

synthesizing sulforaphane derivatives including SFN-glutathione,

SFN-cysteine-glycine, SFN-cysteine, SFN-N-acetylcysteine, PEITC,

and sulforaphane. Out of all these SFN derivatives, phenethyl

isothiocyanate was found to be the most effective due to its high

bioavailability, gastric absorption, and blood–brain barrier

permeability. PEITC was involved in the inhibition of human S-

adenosylmethionine decarboxylase (a lyase), p38alpha (a

transferase), heme-oxygenase 1 (an oxidoreductase), and human

cytochrome P450 (an oxidoreductase) activation. Furthermore, the

downregulation of these enzymes exhibited a reduction in

cancerous cell proliferation and angiogenesis and other cancer-

progressing mechanisms (16). A review paper also unveiled the

similar anticancer properties of sulforaphane and its derivatives,

including sulforaphane and phenethyl isothiocyanate (17). Another

in vitro study also disclosed that benzyl sulforaphane (a derivative

of SFN) is more efficient in preventing and treating liver carcinoma

by restraining the Akt/MAPK pathways and triggering the Nrf2/

ARE signaling pathways (18). Similarly, Kun Hu et al. derived a

series of SFN derivatives and evaluated the potential of these

derivatives in an in vitro study on five different cell linings

isolated from liver hepatocellular carcinoma (HepG2), human

breast adenocarcinoma (MCF-7), human lung adenocarcinoma

(A549), human neuroblastoma (SH-SY5Y), and human colon

cancer (HCT-116). The data revealed that the sulforaphane

derivative synthesized by introducing the benzyl group at the side

chain of sulforaphane (benzyl sulforaphane) showed enhanced

anticancer activity than any other derivative and SFN itself. The

benzyl derivative of sulforaphane triggered cell cycle arrest

apoptosis and Nrf2 activation more efficiently than SFN (19).
Frontiers in Oncology 03181
5 Anticancer mechanisms
of sulforaphane

5.1 Cellular and molecular implications

Since the discovery of sulforaphane, many scientific studies

outlining its health benefits have been published; it is a biologically

active phytochemical that has many biological properties, such as

anti-inflammatory, anticancer, cardioprotective, antioxidative,

cytoprotective, DNA protective, and antimicrobial properties.

Additionally, it is also a potent immune booster and detoxifier (9,

14). Table 1 presents all the beneficial effects of sulforaphane proven

in various research articles. Although SFN shows various properties,

the most important property is its potential against cancer. SFN

protects against cancer by inhibiting cancer cell proliferation,

arresting the cell cycle, and enhancing the process of apoptosis

(24–26). Sulforaphane provides cancer protection via the alteration

of several epigenetic and non-epigenetic mechanisms; this was

demonstrated in the case of many types of cancer. Sulforaphane

stalls the activity of the enzyme histone deacetylase (HDAC) in

cancerous cells. The inhibition of histone deacetylase is important

in cancer prevention as it enhances several mechanisms such as

apoptosis and cell cycle arrest (50–54). Furthermore, SFN also halts

histone phosphorylation by enhancing the phosphatases, especially

PP1b and PP2a (25, 55, 56). The epigenetic modulation of

sulforaphane on breast cancer was assessed in another study. The

results disclosed that there was a significant reduction in histone

deacetylase activity and the cell proliferation marker (Ki-67) (57).

Another study revealed that SFN downgraded processes like cell

proliferation, the activity of histone deacetylase, and cell growth.
TABLE 1 Summary of sulforaphane biological activities.

Bioactivity Mechanism Reference

Anti-
inflammatory

↓proinflammatory markers, ↓NF- kB (20–23)

Anticancer

↑cell cycle arrest, ↓metastases, ↓angiogenesis
↑apoptosis, ↑Nrf2

(24–26)

Protects the DNA, ↑ histone deacetylase (27–30)

↑Nrf2 antioxidant signaling cascade (29, 31–34)

Antioxidant ↑antioxidant defense, ↑GSH (22, 35, 36)

Cardioprotective
↓oxidative stress
↑TRxRS, ↑GR, ↑GSTs, ↑NQO1

(36–38)

Cytoprotective
The antioxidative potential of sulforaphane enhanced the production and activity of cytoprotective proteins to help protect the cell
lining
↑cellular defense mechanisms, ↑detoxification, ↑redox reactions, ↑Nrf2

(32, 33)

Immunostimulant Immune booster, ↑NK cell activity (22)

Antimicrobial
↓growth of various gram-positive and gram-negative bacteria by preventing pyocyanin production, biofilm formation, and quorum
sensing highly effective against Helicobacter pylori

(39–42)

Anti-
carcinogenesis

Nrf2 and TrxRs have a dual role in cancer by protecting against oxidative stress. However, overactivation can promote tumor
growth and may cause chemoresistance. Therefore, sulforaphane dosage must be selected carefully

(43–49)
f

↑, increase; ↓, decrease; Nrf2, nuclear transcription factor; TRxRS, thioredoxin reductase; GSH, glutathione; GR, glutathione reductase; GSTs, glutathione-S transferase; NADPH, nicotinamide
adenine dinucleotide phosphate; NQO1, NAD(P)H quinone oxidoreductase; NK cells, natural killer cells.
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Furthermore, it reduced the expression of various receptors such as

estrogen receptor-a and human epidermal growth factor receptor-2

in cancerous cell lining (58) (Figure 1).

DNA methyl transferases (DNMTs) are a family of enzymes

that catalyze the transfer of the methyl group to the DNA. The

suppression of these enzymes enhances the process of apoptosis and

cell cycle arrest. SNF actively downregulates the function of

DNMTs (especially DNMT1 and DNMT3B) and protects against

cancer (25, 54, 59, 60) (Figure 1). Noncoding RNA is a molecule

that does not need to be translated into protein to perform its

functions. There are several different types of ncRNA, but miRNA

(microRNA) and lncRNA (long noncoding RNA) are of great

importance. These ncRNAs are usually involved in the regulation

of numerous cell functions such as apoptosis, proliferation, and

differentiation. The upregulation or downregulation of ncRNA

plays a vital role in controlling the progression of cancer.

Sulforaphane is one of those bioactive components that can

suppress the growth of cancerous cells by regulating these

ncRNAs. Various studies validated that SFN exhibits anticancer

properties by halting as well as by enhancing the expression of a

wide range of miRNAs and lncRNAs (25, 60–63). A study

conducted by Scott R. Baier et al. likewise unveiled the off-target

effects of SFN. The results were in favor of the hypothesis, i.e., SFN

not only targets the cancer suppressor genes but also stimulates the

transcriptional activity of long terminal repeats. The study also

confirmed that the consumption of broccoli sprouts causes the

inhibition of histone acetylation (64) (Figure 1).

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a

transcription factor that regulates the cellular defense mechanism

(65). The activation of Nrf2 channels the cascade of antioxidants

and exerts the anticancer effect by causing a reduction in cell

transformation and development. SFN decreases cancer

proliferation by enhancing the expression of Nrf2. Additionally,

sulforaphane suppresses the expression of NF-KB that ultimately

downregulates the inflammatory markers (25, 29, 31–34, 66, 67).
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The group of Julie E. Bauman studied the chemopreventive

potential of sulforaphane by using preclinical models. The results

of an in vitro model revealed that sulforaphane enhances the

activation of Nrf2 signaling in normal mucosal epithelial cells and

head and neck squamous cell carcinoma cell lines. The SFN extract

was found to be highly effective in blocking the activity of

inactivation of an oncogenic factor pSTAT3. However, in the

outcomes of the in vivo model, SFN notably decreased the size

and incidence of 4-nitroquinoline-1-oxide (a carcinogen) which

induced oral cancer in mice (68). Several studies confirmed

that sulforaphane provides cancer protection by inhibiting the

proliferation of cancerous cells and downgrading the process of

angiogenesis. To investigate this potential, Prayag et al. conducted

an in vitro study. The results disclosed that sulforaphane notably

increased the antioxidant cascade and enhanced the activity of

natural cell killers by increasing the expression of MHC class I

chain-related proteins A and B (69).
5.2 The hormetic effect of sulforaphane

Hormesis is a phenomenon characterized by a biphasic dose or

concentration–response, where low doses or concentrations of a

compound can stimulate a beneficial effect, while high doses or

concentrations can lead to inhibitory effects (70).

This means that, at low doses, a compound may have a

stimulatory effect, while at high doses, it may have an inhibitory

effect. The review of Calabrese et al. explained this hormetic effect of

sulforaphane and revealed that SFN induces hormetic dose

responses in studies through the upregulation of the Nrf2/ARE

pathway. This biphasic response is well integrated, concentration

dependent, and specific to targeted cell types. The hormetic

response of sulforaphane can decrease the incidence and severity

of various human-related pathologies, and it has also been found to

be involved in the enhancement of stem cell proliferation. Similar
FIGURE 1

Summarized scheme regarding epigenetic modifications of sulforaphane in cancer. At the cellular level, sulforaphane shows anticancer activity by
altering the epigenetic mechanisms. These epigenetic mechanisms involve histone acetylation, histone phosphorylation, DNA methylation, and
modulation of noncoding RNAs. x, inhibition; Ac, acetylation; P, phosphorylation; Me, methylation; DNA, deoxyribonucleic acid; RNA, ribonucleic
acid; DNMT, DNA methyltransferase.
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hormesis-based chemoprotection has been reported with other

dietary supplements such as curcumin, ginkgo biloba, ginseng,

green tea, and resveratrol. The activation of the Nrf2 (nuclear

factor erythroid-derived 2)/ARE (antioxidant response elements)

pathway is likely a principal and underlying mechanism of

hormesis, which can limit age-related damage, numerous disease

processes progression, and induction of toxicities due to chemicals

and radiations (70).
6 Synergic anticancer effect of
sulforaphane in combination with
other chemotherapeutic agents

Sulforaphane can also be used with conventional cancer

treatments to achieve an enhanced effect. The group of

Małgorzata Milczarek shed light on the development of new

combinations by conducting an in vitro study. The data unveiled

that the combination of sulforaphane and fluorouracil is more

effective in enhancing the process of apoptosis than fluorouracil

alone. In the in vitro analysis, it was confirmed that combination

arrests the cancerous cell cycle in the S-phase in the colon cell

linings, especially HT-29 and Caco-2 (71). Similarly, the

combination of sulforaphane with gefitinib (a potent drug used

for the treatment of lung cancer) also showed a marked increase in

the inhibition of cell proliferation and expression of numerous

factors in comparison to both agents alone (72). Recently, another

study disclosed that a combinatory regimen of SFN with allyl

isothiocyanate is more effective in cancer prevention compared to

a single treatment. The synergism between these two compounds

enhanced the arrest of the cell cycle and the programmed cell death.

In addition to this, the investigators found that the combined

therapy also caused an increase in the downregulation of cell

migration (73). Similarly, another research supported the notion

that both luteolin and SFN together provide enhanced anti-

inflammatory properties than alone. The dose-dependent

inhibition of NO by sulforaphane was 51% and by luteolin was

46%, respectively. However, the combined therapy demonstrated

inhibited nitric oxide production by 56%, proving that the

combination led to an increase in the reduction of inflammatory

markers, especially the decrease in nitric oxide production (74).
7 Clinical studies

Broccoli is rich in glucoraphanin which is a precursor of

sulforaphane. To study the effect of sulforaphane, a randomized

control trial on the prevention of prostate cancer was designed by a

group of investigators. The study showed that sulforaphane

significantly reduced the progression of prostate cancer and

disease severity after the broccoli soup intervention for at least 1

year by altering the gene expression (75). Melanoma is a form of

skin cancer that originates from melanocytes (pigment-producing
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cells). Several studies inferred that the presence of atypical nevi is

one of the key risk factors for melanoma. Therefore, in melanoma

patients, Shawn Tahata et al. explored the effect of the oral

administration of broccoli sprout extract at three different dose

levels (50, 100, and 200 µmol). The study inferred that sulforaphane

significantly reduced the levels of proinflammatory cytokines in

plasma and increased the tumor suppressor decorin in tissues, thus

preventing the risk of melanoma (76). Another randomized double-

blinded study disclosed that sulforaphane is highly effective in

reducing serum prostate-specific antigen (PSA) levels. Serum PSA

levels are usually high in men suffering from prostate cancer after

radical prostatectomy. The study inferred that the administration of

60 mg SFN in the form of a tablet significantly reduced the PSA

progression after at least 3 months of treatment (77). A recent study

suggested that sulforaphane is highly beneficial in preventing

ulcerative disease by inhibiting the growth of Helicobacter pylori.

As per the group of Akinori Yanaka, the consumption of broccoli

sprouts consecutively for 2 months can downgrade the colonization

of the bacterium. This poses a cancer-preventive effect because of

the reduction in oxidative stress caused by H. pylori (78).

Additionally, several ongoing and completed clinical trials aim

to investigate the chemoprotective and preventive effects of

sulforaphane. The investigations also revealed that sulforaphane

can help prevent and reduce the risk of cancer via modulating

the gene expression by downregulating and upregulating

various pathways in cells. However, there is still a need for

further investigation on the sulforaphane cancer protective/

preventive potential and mechanisms (57, 79–84). Table 2 shows

a summary of the representative data regarding the clinical

studies with sulphoraphane.
8 Safety data

Conventional chemotherapeutic drugs such as paclitaxel,

fluorouracil, tamoxifen, and raloxifene are a few commonly used

chemo-preventive medications; but, besides their beneficial effect,

such chemotherapy also poses several harmful effects (85). For this

reason, over the past few years, the use of traditional medicinal plants

for the treatment of various diseases has caught the attention of

scientists. Medicinal plants are rich in bioactive components and

phytochemicals and protect against many diseases without causing

detrimental effects on the body’s organs. Such plants are highly

advantageous for the innovation of numerous drugs with enormous

benefits and lower undesirable effects. Isothiocyanates, especially

sulforaphane, are highly effective against cancer and have been used

as a medicine in China for thousands of years (86–88). Numerous

studies proved that SFN can be used at various doses and in

combination with other compounds without showing toxicity. A

randomized controlled trial was designed to assess the safety and

therapeutic effect of sulforaphane-rich drinks on thyroid hormonal

status and thyroid autoimmune status. The results of the 12-week study

concluded that the beverage containing on average of 40 µmol of SFN

and 600 µmol of glucoraphanin per day was safe to consume (89).
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TABLE 2 Clinical studies with sulphoraphane.

Study subjects Type of
study

Country Enrolled
subjects

Type of
intervention

Status/
phase

Objectives/main findings Refs

Men on active surveillance
for prostate cancer

Randomized
control trial

United
Kingdom

199
patients

Glucoraphanin-
rich broccoli
soup for 12
months

Completed SFN significantly reduced the progression of
prostate cancer and disease severity after the
broccoli soup intervention for at least 1 year
by altering the gene expression

(75)

Melanoma patients with
multiple atypical nevi

Randomized
control trial

United
States of
America

17
patients

Broccoli sprout
extract at three
different dose
levels (50, 100,
and 200 µmol)
for 28 days

Completed SFN prevented the risk of melanoma by
reducing plasma proinflammatory cytokines
and by enhancing the tumor suppressor
decorin in tissues

(76)

Men with biochemical
recurrence after radical
prostatectomy

Double-
blinded,
randomized,
placebo-
controlled
multicenter
trial

France 78
patients

60 mg of oral
sulforaphane
(two tablets
comprising of
10-mg
sulforaphane
each for three
times a day) for
6 months

Completed SFN is highly effective in reducing the serum
PSA levels

(77)

Helicobacter pylori-positive
volunteers

Randomized
control trial

Japan 50
participants

70 g/day of
glucoraphanin-
rich 3-day-old
germinated
broccoli sprouts
(Broccoli Super
Sprout) for 8
weeks

Completed The consumption of broccoli sprouts
consecutively for 2 months can downgrade
the colonization of Helicobacter pylori and
provide a cancer-preventive effect due to the
reduction in oxidative stress caused by H.
pylori

(78)

Former smokers Randomized
clinical trial

United
States of
America

67
participants

Four tablets of
sulforaphane two
times per day
(each dose
comprising of
120
mmol of
sulforaphane)

Active,
not
recruiting

The study aims to investigate that SFN can
improve, maintain, or worsen the condition
of former smokers who are at a high risk of
developing cancer due to their smoking
habit.
Furthermore, the study also seeks to examine
the potential of sulforaphane in reversing the
changes in lung cells that are associated with
cancer development

(84)

Men with recurrent
prostate cancer

Phase II
clinical trial

United
States of
America

20
patients

Sulforaphane-
rich extracts
(200 mmol/daily)
for 20 weeks

Completed The investigation revealed that using the
SFN extract did not result in significant PSA
declines in most of the patients with
recurrent prostate cancer. Despite this, the
treatment was found to be safe and had
some positive effects on PSADT modulation.
However, there is still a need for further
investigation

(79)

Men scheduled for a
prostate biopsy aged ≥21
years

Double-blind,
randomized
controlled trial

United
States of
America

98
participants

Sulforaphane-
rich broccoli
sprout extract
capsules twice a
day for 4 weeks
(each capsule
consists of 200
µmol of
sulforaphane)

Completed The supplementation of broccoli sprout
extract is correlated with the modulation of
gene expression. The study also disclosed
that there was no significant difference in
HDAC activity and the biomarkers of
prostate cancer

(83)

Female patients of age
greater than 18 years
diagnosed with DCIS on
core or incisional/excisional
biopsy scheduled for
definitive surgery

Phase II
double-blind,
randomized
clinical trial

United
States of
America

34
participants

100 µmols of
sulforaphane
from broccoli
sprout dissolved
in 150 ml mango
juice once a day
for 14 days

Completed The investigators aim to study the effect of
the intervention on breast cancer-related
factors. Furthermore, the investigators want
to determine the potential of SFN in the
enhancement of protective enzyme levels in
breast tissue and the acceptability of the
treatment among participants

(81)

(Continued)
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9 Conclusion

Natural bioactive compounds currently have numerous

applications in cancer chemotherapy. Furthermore, the vast

spectrum of natural compounds provides important compounds

for therapeutic refinement through molecular modifications. Many

anticancer compounds are either natural products or substances

derived from natural products. The conjugation of toxic natural

products with monoclonal antibodies or with macromolecular

carriers can lead to more precisely targeted therapies. As only a

small percentage of higher plants have been systematically

investigated, research on natural compounds as chemotherapeutic

agents arouses further interest as well as multidisciplinary scientific

collaborations. The results of preclinical studies showed that

sulforaphane provides cancer protection through the alteration of

various epigenetic and non-epigenetic pathways. The therapeutic

limitations of the use of sulforaphane in cancer are represented by

the complete lack of knowledge of the potential anticancer effects

at the cellular level and the effects on the immune system, the

lack of translational studies to establish the effective doses in

humans, and the interactions with conventional chemotherapy

medication. However, considering everything together, the

results of preclinical and clinical studies point to new therapeutic

perspectives towards the possible development of new

sulforaphane-based anticancer drugs.
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TABLE 2 Continued

Study subjects Type of
study

Country Enrolled
subjects

Type of
intervention

Status/
phase

Objectives/main findings Refs

Male patients of age 18–80
years scheduled for
template biopsy of the
prostate as part of routine
investigation or staging for
prostate cancer

Double-
blind,
randomized
clinical trial

United
Kingdom

40
participants

1. Two Allin
capsules once
a day for 4
weeks
2.
Sulforaphane
capsules once
a day for 4
weeks

Completed The study aims to investigate the
relationship between the ingestion of allin,
sulforaphane, and prostate metabolism.

(82)

Male patients between 40
and 75 years old with low-
or intermediate-grade
prostate cancer have a PSA
level <20 ng/ml and have
chosen radical
prostatectomy,
brachytherapy, or active
surveillance as their main
treatment

Randomized
clinical trial

United
States

45
participants

Sulforaphane-
rich broccoli
sprout extract
(100 mol of
sulforaphane,
every other
day for 5
weeks)

Completed The investigation revealed the changes in
phase II enzyme expression, levels of blood
F2 isoprostane, levels of prostate tissue 8-
hydroxy-2’-deoxyguanosine (8OHdG), levels
of serum DHT (dihydrotestosterone) and
testosterone, and levels of serum 3-alpha-
diol gluconate (3a-DG)

(80)

Women with abnormal
mammogram findings were
scheduled for breast
biopsies

Double-
blind,
randomized
controlled
trial

United
States of
America

54
participants

250 mg of a
broccoli seed
extract
containing
glucoraphanin
as precursor to
sulforaphane

Completed The study disclosed that glucoraphanin
supplementation for 2–8 weeks does not
cause any adverse effects but may not be
sufficient for producing changes in breast
tissue tumor biomarkers. Future studies
employing larger sample sizes should
evaluate alternative dosing and duration
regimens to inform dietary SFN strategies in
breast cancer chemoprevention

(57)
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Introduction: Among numerous triterpenoids of the Cucurbitaceae family,
Cucurbitacin-B (Cur-B) is being explored for its pharmacological attributes.
Reports from previous studies have explicitly shown that Cur-B possesses
substantial anticancer effects. The present report focuses on exploring the
anticancer attributes of Cur-B against androgen-dependent PCa LNCaP cells.

Methods: LNCaP cells were exposed to commercially available purified Cur-B at
varying concentrations that were selected as 5, 10, 15, 20, and 25 µM for some
time of 24 h to perform various experimental studies.

Results: Cytotoxicity evaluation revealed that Cur-B impeded the LNCaP cell’s
viability at 5 µM (p <0.05) which increased considerably at a concentration of
25 µM (p <0.001). Cur-B was also efficacious in inducing the changes within nu-
clear morphology followed by a concomitant increase in the activities of key
caspases including caspase-3, -8, and -9 intriguingly in a dose-dependent trend.
Cur-B treatment not only resulted in the augmentation of intracellular ROS levels
within LNCaP cells at 5 µM (p <0.05) but also in-creased significantly at 25 µM
concentration (p <0.001). Elevation in the ROS levels was also found to be
correlated with dissipated mitochondrial membrane potential (ΔΨm) which
culminated in the onset of significant apoptosis at 25 µM concentration
(p <0.001). Cur-B exposure also resulted in the downregulation of cyclin D1,
cyclin-dependent kinase 4 (CDK4) followed by amplified levels of p21Cip1 mRNA.
Importantly, exposure of Cur-B competently reduced the expression of the Notch
signaling cascade which may be the plausible cause behind Cur-B-instigated
apoptotic cell death and cell cycle arrest in LNCaP cells.

Discussion: These observations thus, explicitly indicated that Cur-B could be
plausibly further explored as potent therapeutics against androgen-
dependent PCa.
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1 Introduction

Prostate cancer (PCa) is a debilitating malignancy within the
male population globally. As per the recently available statistics,
1,414,259 male individuals were diagnosed positive for PCa by the
end of the year 2020. Indeed, PCa contributed to 7.3% of the total
19,292,789 cases of positively diagnosed different cancers. Moreover,
PCa was also responsible for 375,304 confirmed deaths globally by
the end of the year 2020 (Bilal, et al., 2022). Usually, the onset of the
disease in males happens during 60–70 years of age, which
significantly increases both the mortality and morbidity of PCa
(Alafnan, et al., 2021). The Notch signaling pathway serves as an
important development pathway that modulates the onset and
progression followed by metastasis of PCa (Leong and Gao,
2008). Previously, Notch signaling was reviewed to modulate the
tumorigenicity of PCa stem cells and is thus involved in regulating
the proliferation of oncogenes along with the development of
chemotherapeutic resistance (Mourkioti, et al., 2022). Indeed,
hyperactivated Notch signaling has been the hallmark of PCa
observed in both clinical and preclinical models (Shou, et al.,
2001; Mourkioti, et al., 2022).

Furthermore, Notch signaling was also shown to play an
important role in imparting resistance toward enzalutamide
within PCa cells that were found to be ameliorated by using
Notch signaling inhibitors (Farah, et al., 2019). Exhaustive
research over the last several decades has provided the impetus
for a better understanding of some very important
pathophysiological and their associated mechanisms in PCa. This
has further contributed to elucidating various interventions
(including surgical and/or radiological interventions usually
coupled with chemotherapeutics) followed by androgen ablation
therapies. Although effective, the efficiencies of these interventions
are primarily dependent on the stage of PCa, thereby compelling the
need for further exploration of new interventions against PCa. The
present typical protocol for clinical management of prostate cancer
mostly relies on the use of drugs like docetaxel, which have already
been reported to cause a side effect on the health of individuals by
affecting the microtubules and destabilizing them (Mukhtar, et al.,
2014). Docetaxel has also been associated with various research
studies to prompt resistance due to the instantaneous efflux of the
therapeutic drug caused by mutations in the microtubules (Hwang,
2012).

In addition to it, another key drawback due to the utilization of
standard chemotherapeutics is their related ill effects, which
appallingly have an unconstructive impact on blood cells along
with cells of the mouth and digestive tract and even hair follicles
(Altun and Sonkaya, 2018). Among diverse recognized fruit and
vegetable crops, Cucurbitaceae is one of the major families, which
has almost 125 genera besides 960 species. The members of this
family have been identified as a component of prehistoric medical
and culinary traditions. Interestingly, they have also been considered
a key component of folk medicines that are formerly mentioned in
Ayurveda for their medicinal benefits (Olarewaju, et al., 2021). Quite
a few members of the Cucurbitaceae family have already been
mentioned for the treatment of various diseases. The chemical
composition of cucurbitacins is referred to as triterpenoid
adjoined by a base nuclear frame as 19-(10″9)-abeo-5α-lanostane
that is responsible for carrying oxygen atoms at different positions

(Kaushik, et al., 2015). A recent study has documented the
antitumor effect of cucurbitacin compound and its derivative
against human breast cancer cells like MCF-7 and MDA-MB 231
(Varela, et al., 2022). Cucurbitacin B (Cur-B) is a predominantly
distributed natural compound. It primarily belongs to the families
Cucurbitaceae and Cruciferae and has been shown in a range of
plants, such as Cucumis melo, Cucurbita andreana, Ecballium
elaterium, Wilbrandia ebracteata, and Trichosanthes cucumerina
(Cai, et al., 2015). An accrued number of reports have demonstrated
the multiple pharmacological activities, such as anti-inflammatory,
antioxidant, antiviral, hypoglycemic, hepatoprotective,
neuroprotective, and anti-cancer effects, which mainly contribute
to the treatment and management of various ailments, namely,
inflammatory diseases, neurodegenerative diseases, diabetes
mellitus, and cancers (Chen, et al., 2008). It is worth noting that
Cur-B is the most abundant and active form of cucurbitacin, and as a
result, it has garnered substantial attention from researchers across
the globe as compared to the other classes of cucurbitacin (Sallam,
et al., 2018).

Nevertheless, the mechanistic approach to the anti-cancerous
potential of Cur-B and its probable role in the modulation of the
Notch signaling cascade remains unfamiliar in the case of androgen-
dependent human PCa LNCaP cells. Therefore, we hypothesized
this study to examine that Cur-B mediates anti-cancer effects
through the modulation of Notch signaling components against
human PCa LNCaP cells.

2 Materials and methods

2.1 Materials

Cucurbitacin-B (SKU: PHL82226) and inhibitors of
respective caspases, propidium iodide (PI), DCFH-DA, and
Hoechst-33342 dye were commercially procured from Sigma-
Aldrich (St. Louis, Missouri, USA). The caspase-specific kits used
in the study were procured from BioVision, Waltham,
Massachusetts, United States. Materials required for tissue
culture including Ham’s F12K media, FBS along with
antibiotic–antimycotic solution, SYBR Green kit (DyNAmo
ColorFlash), and Verso cDNA Synthesis Kit were obtained
from Thermo Fisher Scientific, Waltham, Massachusetts, USA.
MTT dye along with the total RNA purification kit was obtained
from HiMedia Labs, Pune, India.

2.2 Cell culture

Human-derived androgen-dependent prostate adenocarcinoma
LNCaP cells were obtained from the National Centre for Cell
Science, Pune, India. LNCaP cells were allowed to proliferate
under standard tissue culture conditions at 37 °C along with 5%
CO2. The RPMI-1640 media supplemented with a cocktail of 1%
antibiotic–antimycotic and 10% FBS was used during the study. The
passage number of the LNCaP cells used in the present study was
five. All the imaging reported in the present study was accomplished
using FLoid Imaging Station (Thermo Fisher Scientific,
United States).
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2.3 Methods

2.3.1 Cur-B-mediated cytotoxicity
The evaluation of cytotoxicity of Cur-B at varied concentrations

on LNCaP cells (androgen-sensitive prostate adenocarcinoma) was
performed through the MTT assay, with a slightly modified protocol
(Marignol, et al., 2013). Approximately 5 × 103 cells per well were
given treatment of Cur-B at the concentration of 5, 10, 15, 20, and
25 μM for a time period of 24 h, incubated in a humidified
environment. After incubation, the media of each well were
removed, and MTT dye was added to it (5 mg/mL; 10 μL) and
was further left for 4 h. The formazan crystals were dissolved in
100 μL DMSO, and the absorbance of treated and untreated groups
was documented at 570 nm with the help of a spectrophotometer.
The cellular viability of LNCaP cells was estimated as percentage (%)
in comparison with the control LNCaP cells.

Cellular viability % = (absorbance of treated LNCaP cells)/
(absorbance of untreated LNCaP control cells) × 100.

2.3.2 Morphological attributes of PCa cells
Cur-B-treated PCa cells were observed for modifications in their

morphology in comparison with untreated cells. Nearly 5 × 103 cells/
well were subjected to the treatment of Cur-B at previously
mentioned concentrations and left for 24 h. Finally,
morphological modifications in different groups of PCa LNCaP
cells were examined in the bright light of FLoid Imaging Station.

2.3.3 Effects on nuclear morphology
The apoptotic efficacy of Cur-B was evaluated on LNCaP cells,

and the treated cells were examined qualitatively through DAPI
(Tiwari, et al., 2021). LNCaP cells were seeded approximately 5 × 103

cells/well. Cells were afterward exposed to the previously mentioned
Cur-B concentrations, followed by an incubation of 24 h.
Subsequently, the LNCaP cells were washed using chilled PBS.
Thereafter, chilled methanol was used for fixing the LNCaP cells
approximately for 10 min. Finally, these were then permeabilized
using a mixture of 3% paraformaldehyde (PFA) and Triton X-100
(0.25%) and consequently stained with DAPI. The LNCaP cells were
observed, and photomicrographs were captured at an excitation :
emission ratio of 390/40 nm : 446/33 nm, respectively.

2.3.4 Onset of apoptosis
For the assessment of Cur-B in instigating the apoptosis

induction in LNCaP cells, PI staining was performed along with
the quantification through ImageJ software (NIH, USA).
Approximately 5 × 103 cells per well were exposed to the
treatment of Cur-B at previously mentioned concentrations and
left for 24 h. The PI staining fluorescence was further recorded at an
excitation: emission wavelength of 586/15 nm: 646/68 nm,
respectively, and further quantified though ImageJ software.

2.3.5 Estimation of caspase/s activities
Commercially accessible caspase-8, -9, and -3 colorimetric kits

were acquired and utilized to exhibit the activities of stated caspases
in androgen-sensitive LNCaP cells as per the supplier’s instructions.
After Cur-B treatment (aforementioned concentrations), 3 × 106

LNCaP cells were lysed using 0.05 mL chilled lysis buffer along with
10 min incubation on ice. The lysate was subjected to centrifugation

at 4 °C, 10,000 rpm for 1 min, and the supernatant was collected.
Thereafter, 0.05 mL lysate of treatment and control cells well
supplemented with 0.05 mL reaction buffer. Subsequently, each
well was further supplemented with DEVD-pNA (4 mM) and
incubated for approximately 10 min; last, the absorbance of each
well was recorded at 405 nm. Percentage enhancement within the
activities of the different caspases was further pre-meditated by
comparing the alterations with that of untreated LNCaP cells.

2.3.6 Effects of caspase inhibitors
Cytotoxicity instigated by Cur-B on LNCaP cells was further

investigated through using inhibitors for caspase-8, -9, and -3.
LNCaP cells were at first treated for approximately 2 h with ZIETD-
FMK, Z-LEHD-FMK, and Z-DEVD-FMK (50 μM each; inhibitors for
caspase-8, -9, and -3, respectively). Afterward, the cells were retreated
with Cur-B at aforementioned concentrations and incubated for
another 24 h. Finally, the viable percentage of Cur-B-treated LNCaP
cells was quantified following the procedure described previously in
MTT-mediated estimation of viable LNCaP cells.

2.3.7 Estimation of mitochondrial membrane
potential (ΔΨm)

ΔΨm of Cur-B treated LNCaP cells was examined using
commercially accessible kit using the supplier’s protocol. The
fluorescence intensity was assessed approximately 30 min after
addition to the Mito-NIR dye and assay buffer-B at excitation/
emission 640/680 nm, respectively, through a microplate reader.

2.3.8 ROS estimation
The elevation of ROS production after the Cur-B treatment

within the androgen-sensitive LNCaP cells was assessed qualitatively
with the help of DCFH-DA stain as described earlier (Ahmad, et al.,
2021). Approximately 5 × 103 cells per well were supplemented with
Cur-B at aforementioned concentrations (5–25 μM) followed by
12 h of incubation. After incubation, the media from every well was
removed, cells were stained using DCFH-DA (10 μM) and incubated
in the dark for 30 min; last, the cells were washed carefully and
visualized, and photomicrographs were captured under the green
channel fluorescence microscope.

2.3.9 Real-time qPCR analysis
For evaluating the alterations within the genes like CDK4, p21Cipl,

cyclin D1, Bax, Bad, Bcl2, Notch1 , Hes1, and Jagged1, LNCaP cells
(1 × 106 cells/well) were transferred and left to adhere for the night
under optimum tissue culture environment. After overnight adherence,
these cells were given treatment with the previously stated Cur-B
concentration for 24 h before their total RNA was extracted. The
extracted RNA was further used to synthesize cDNA, and then the
qRT-PCR-based analysis was performed using the SYBR Green qPCR
Kit as per the supplier’s manual. Comparative CT method was
employed for analyzing the variations in the expression of stated
genes with GAPDH as the control gene. The primers used were the
same as reported previously as demonstrated in Table 1 (Ahmad, et al.,
2022; Alafnan, et al., 2022).

2.3.10 Statistical evaluation
Data characterize the mean ± SEM of separate experiments (n =

3), where each experiment was performed at least thrice. Statistical
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significances in between the formulated groups were estimated using
one-way ANOVA.

3 Results

3.1 Cur-B suppressed the proliferation of
androgen-dependent PCa LNCaP cells

The cytotoxicity assay was performed by treating LNCaP cells with
different doses of Cur-B (5, 10, 15, 20, and 25 µM) for 24 h. IC50 of Cur-
B against LNCaP cells was found to be 10.71 ± 1.08 µM (Figure 1A). It
was demonstrated that the treatment of Cur-B substantially inhibited

the proliferation of PCa cells (Figure 1B), which was found to 89.46% ±
3.75%, 64.42%± 4.05%, 47.06%± 4.97%, 30.59%± 3.85%, and 21.92%±
2.21% as compared to the vehicle or control at the suggested doses of 5,
10, 15, 20, and 25 µM of Cur-B, respectively. Thus, these findings
concluded that Cur-B suppressed the proliferation rate of PCa cells in a
dose-dependent manner.

3.2 Cur-B altered the morphology of
androgen-dependent PCa LNCaP cells

To investigate whether the suppression of cell proliferation and
occurrence of cell death are due to the treatment of Cur-B, LNCaP

TABLE 1 List of forward and reverse sequences of primers used in the study.

Target gene Forward (5′–3′) sequence Reverse (3′–5′) sequence

CDK4 CCATCAGCACAGTTCGTGAGGT TCAGTTCGGGATGTGGCACAGA

p21Cip1 AGGTGGACCTGGAGACTCTCAG TCCTCTTGGAGAAGATCAGCCG

Cyclin D1 CTTCCTCTCCAAAATGCCAG AGAGATGGAAGGGGGAAAGA

Bax TCAGGATGCGTCCACCAAGAAG TGTGTCCACGGCGGCAATCATC

Bad CCAACCTCTGGGCAGCACAGC TTTGCCGCATCTGCGTTGCTGT

Bcl2 ATCGCCCTGTGGATGACTGAGT GCCAGGAGAAATCAAACAGAGGC

GAPDH CGACCACTTTGTCAAGCTCA CCCCTCTTCAAGGGGTCTAC

Hes1 GGAAATGACAGTGAAGCACCTCC GAAGCGGGTCACCTCGTTCATG

Notch1 CTGGTCAGGGAAATCGTG TGGGCAGTGGCAGATGTAG

Jagged1 TGCTACAACCGTGCCAGTGACT TCAGGTGTGTCGTTGGAAGCCA

FIGURE 1
(A) Percent (%) cell viability of LnCap cells after treatment with various doses of Cur-B and (B) Alterations in morphology of LnCap cells upon
treatment with different doses of Cur-B for 24 h as compared to the control. Scale bar = 100 µm.
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cells were examined under a phase contrast microscope. It was
observed that treatment with increasing doses of Cur-B reduced the
number of adherent cells and enhanced the number of floating PCa
cells. Phase contrast micrographs revealed that a considerable
number of cells underwent various morphological alterations,
such as cell swelling, rounding up of cells, and disintegration of
plasma, as shown in Figure 1C, substantiating Cur-B-mediated
antiproliferative effects in androgen-dependent PCa cells, whereas
vehicle or control cells exhibited unaltered flattened morphology.

3.3 Cur-B induced fragmentation and
condensation in androgen-dependent
LNCaP cells

Multiple morphological alterations are found linked with the cells
undergoing apoptosis such as the rounding up of cells that shrunk and
lost communication with neighboring cells. However, there are some
highly sensitive cells that even get removed from the surface of the
plates. To evaluate nuclear condensation and fragmentation induced by
Cur-B in LNCaP, cells were cultured with Cur-B for 24 h. The cells were
stained with DAPI after treatment with Cur-B for 24 h and studied by
fluorescence microscopy. It was evident that the treated PCa cells
exhibited substantial condensation and fragmentation, which are
peculiar attributes of apoptosis as compared to the vehicle or
control, which demonstrated the exact round nuclei with diffuse
blue fluorescence (Figure 2).

3.4 Cur-B instigated apoptosis in androgen-
dependent PCa cells

Cur-B instigated apoptosis within LNCaP cells and was
measured by PI staining through a fluorescence microscope. As
shown in the fluorescence micrographs of Figure 3, apoptotic cells
were distinguished by augmented red fluorescence suggesting the
formation of apoptotic bodies in Cur-B-treated LNCaP cells. Indeed,
due to the presence of intact nuclei in vehicle or control cells, they
were defined by the presence of diffuse red fluorescence.
Furthermore, Cur-B-induced apoptosis was quantified in LNCaP
cells. As observed in Figure 3, a dose-dependent increase in
apoptotic cells exhibiting bright red fluorescence was observed in
comparison with the control. Thus, our results suggested that Cur-
B-induced morphological alterations in a dose-dependent manner
in the nucleus eventually lead to apoptosis.

3.5 Cur-B treatment increases caspase
activation

To investigate, the underlying mechanism in Cur-B-induced
apoptosis is due to the activation of caspases in PCa cells. As
shown in Figure 4A, there was a substantial induction of caspase
activities within PCa cells upon treatment with increasing doses
of Cur-B (5, 10, 15, 20, and 25 µM) for 24 h. The percentage (%)
increase in the activities of caspase-8 and -9 was found to be

FIGURE 2
Cur-B mediates nuclear condensation and fragmentation in LNCaP PCa cells after staining with DAPI. White arrows indicate the nuclear
condensation in LNCaP cells. Scale bar = 100 µm.
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19.87% ± 3.45%, 32.43% ± 4.19%, 52.72% ± 3.53%, 77.37% ±
3.57%, and 99.26% ± 4.96%; 29.65% ± 3.54%, 53.73% ± 3.40%,
83.58% ± 3.45%, 114.51% ± 2.36%, and 123.68% ± 3.64% in
comparison with control, at the indicated doses of 5, 10, 15, 20,
and 25 µM of Cur-B, respectively (Figure 4A). In addition,
enhancement in caspase-3 activity was found to be 35.87% ±
3.45%, 54.43% ± 4.54%, 79.72% ± 4.72%, 123.96% ± 3.36%, and
173.68 ± 5.12, respectively. Thus, these findings concluded the
involvement of both extrinsic and intrinsic pathways of apoptosis
in Cur-B-treated PCa cells.

3.6 Attenuation of Cur-B-mediated
apoptosis

To subsequently affirm the involvement of caspase activation in
Cur-B-mediated apoptosis in LNCaP cells, the MTT assay was
performed in prostate cells pre-treated with caspase-8, -9, and
-3 inhibitors (Z-IETD-FMK, Z-LEHD-FMK, and Z-DEVD-FMK,
respectively) for 2 h followed by treatment with different doses of
Cur-B for another 24 h (Figures 4B–D). It was witnessed that
preliminary treatment with caspase inhibitors completely
attenuated the apoptosis induced by Cur-B in PCa cells
suggesting that caspase activation is tightly linked to apoptosis
induction in LNCaP cells.

3.7 Cur-B impeded ΔΨm

The loss in mitochondrial viability is an established mediator
of apoptosis. The alteration within ΔΨm indicates the initiation
of apoptotic cell death through the intrinsic pathway. As
explicitly seen in Figure 5, Cur-B exposure succeeded in
reducing Mito-NIR-mediated fluorescence, clearly outlining
the efficacy of Cur-B in altering the ΔΨm in LNCaP cells
comparatively with untreated control. Intriguingly, the ΔΨm
reduction in LNCaP cells was directly proportional with the
Cur-B concentration.

3.8 Cur-B increased intracellular ROS

To delineate the mode of action in Cur-B, we therefore assessed
the levels of intracellular ROS in Cur-B treated and untreated PCa
cells by the DCFH-DA staining method. It was observed that the
aggregation of DCHF-DA in treated cells indicated that Cur-B
elevated the ROS generation in LNCaP cells (Figure 6A).
Furthermore, the quantitative assessment of ROS generation was
performed to validate the aforementioned results. As observed, in
LNCaP cells, the intracellular level of ROS was enhanced by
41.71% ± 5.48%, 59.01% ± 4.59%, 79.42% ± 3.62%, 122.88% ±
4.66%, and 150.86% ± 4.94% in C33A cells at the indicated doses of

FIGURE 3
Cur-B mediated the instigation of apoptosis within LNCaP cells as evaluated through PI staining. White arrows indicate the apoptotic nuclei of
Cur-B-treated LNCaP cells. Scale bar 100 µm. Significance among different dosage groups were determined using one-way ANOVA followed by
Dunnett’s post-test, where * represents p < 0.05, **p < 0.01, and ***p < 0.001 (GraphPad Prism, Ver. 5).
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5, 10, 15, 20, and 25 µM Cur-B, respectively (Figure 6B). Therefore,
these results suggested that Cur-B elevated the production of ROS in
PCa cells in a dose-proportional trend.

3.9 Cur-B modulated the expression of key
gene mRNA in androgen-dependent LNCaP
cells

Real-time PCR analysis was performed to assess the effects of
Cur-B on the gene expression of key genes of the cell cycle in LNCaP
PCa cells. As shown in Figure 7, treatment with increasing doses of
Cur-B decreased the mRNA expression of cyclinD1 and CDK4 to
0.85 ± 0.04, 0.76 ± 0.05, 0.52 ± 0.02, and 0.31 ± 0.04 folds; 0.93 ±
0.02, 0.76 ± 0.04, 0.57 ± 0.05, and 0.31 ± 0.03 folds, respectively, as
compared with the control. In addition, the mRNA expression of
p21Cip1 was augmented by 1.34 ± 0.06, 1.54 ± 0.05, 1.76 ± 0.03, and
2.09 ± 0.05 folds, as compared to the control. Thus, it is suggested
that Cur-B significantly modulated the expression level of cell cycle-
related genes in PCa cells.

3.10 Cur-B modulated the mRNA expression
of pro- and anti-apoptotic proteins

To investigate the effect of Cur-B on the expression of apoptotic
and anti-apoptotic markers in androgen-dependent LNCaP PCa
cells, qPCR was performed. It was found that the treatment, with

FIGURE 5
Cur-B mediates the decrease in NIR fluorescence in LnCap cells
as compared to the control after staining with Mito-NIR dye indicating
depolarized mitochondria. Scale bar 100 µm.

FIGURE 4
(A) Effect of Cur-B on the activation of caspase-8, -9, and -3 and (B–D) cytotoxic effects of Cur-B against the caspase inhibitor pre-treated LNCaP
cells. Significance among different dosage groups were determined using one-way ANOVA followed by Dunnett’s post-test and by two-tailed Paired
Student’s t-test as applicable, where * represents p < 0.05, **p < 0.01, and ***p < 0.001 (GraphPad Prism, Ver. 5).
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FIGURE 6
(A)Qualitative and (B) quantitative assessment of ROS levels within LnCap cells after treatment with various concentrations of Cur-B as compared to
the control. Scale bar = 100 µµm.

FIGURE 7
Effect of Cur-B in the modulation of apoptotic and cell cycle genes mRNA expression in LNCaP PCa cells. Significance among different dosage
groups were determined using one-way ANOVA followed by Dunnett’s post-test where * represents p < 0.05, **p < 0.01, and ***p < 0.001 (GraphPad
Prism, Ver. 5).
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increasing concentrations of Cur-B (5, 10, 15, and 20 µM), declined
in the gene expression of the anti-apoptotic marker, namely, Bcl2 by
0.91 ± 0.04, 0.73 ± 0.03, 0.55 ± 0.02, and 0.34 ± 0.03 folds. On the
other hand, Cur-B treatment augmented the mRNA expression of
Bax and Bad by 1.43 ± 0.03, 1.81 ± 0.04, 2.04 ± 0.09, and 2.36 ±
0.06 folds; and 1.32 ± 0.03, 1.53 ± 0.06, 1.79 ± 0.04, and 1.97 ±
0.05 folds, respectively, after 24-h treatment (Figure 7).

3.11 Cur-B mediates the downregulation of
Notch signaling pathway in LNCaP cells

To decipher the underlying molecular mechanism of Cur-B-
mediated apoptosis in androgen-dependent LNCaP cells, its efficacy
on modulating the key components of the Notch signaling cascade
was studied. We examined the effect of Cur-B on Notch-1, its ligand
Jagged-1, and its downstream target Hes-1 in LNCaP cells. As
demonstrated in Figure 8, Cur-B reduced the mRNA expression
of Notch-1 mRNA within LNCaP cells in a dose-proportional
manner. The increasing doses of Cur-B declined the expression
of Notch-1 by 0.85 ± 0.04, 0.64 ± 0.06, 0.33 ± 0.03, and 0.25 ±
0.03 folds, as compared to the vehicle or control (Figure 8).
Additionally, we also studied the effect of Cur-B on the
expression of Jagged-1 (ligand of Notch-1) and Hes-1
(downstream target). It was found that Cur-B reduced the
expression of Jagged-1 by 0.83 ± 0.03, 0.76 ± 0.07, 0.50 ± 0.04,
and 0.26 ± 0.05 folds, whereas this reduction for Hes-1 was found to
be 0.89 ± 0.03, 0.73 ± 0.03, 0.49 ± 0.05, and 0.21 ± 0.04 folds, as
compared to the vehicle or control in PCa cells (Figure 8).

4 Discussion

Due to delayed diagnosis and inadequacy in the therapeutic
strategies, PCa still remains the prime cause of cancer-associated
demises in men (Dong, et al., 2019). It has been established that
multiple dietary phytochemicals have been explored for their
chemo-preventive potential and their capability to suppress the
growth and proliferation rate, metastasis, invasion, and
angiogenesis without incurring deleterious aftereffects. Thus,

they could be a plausible adjunct in declining both the
occurrence and mortality of cancer by obstructing, reversing,
and delaying the process of tumorigenesis (Ranjan, et al., 2019).
For decades, cucurbitacins which are also called tetracyclic
triterpenes frequently found in the Cucurbitaceae family are
used as complementary medicine (Budisan, et al., 2017). They
hold the potential to be employed as plausible bioactive agents for
suppressing the progression of cancer, and also, these
compounds contain various structural modifications for
anticipatory chemotherapeutic modalities. Henceforth, we
studied and explored the mechanistic action and potential
utility of Cur-B in PCa cells with the urge of finding a new
and potent anticancer candidate. In the present investigation, we
have demonstrated that Cur-B exhibited an anticancer effect,
enhanced the generation of intracellular ROS, and apoptosis
induction via downregulating Notch signaling pathways in
PCa cells.

First, we demonstrated that treatment with Cur-B significantly
suppressed the growth and proliferation of LNCaP PCa cells in a
dose-proportional manner as assessed by theMTT assay. Thereafter,
phase contrast microscopy has revealed that treatment of Cur-B has
substantially altered the morphology of LNCaP cells by detaching
them from the surface of flasks, rounding up of cells, and cellular
constriction, which indicated Cur-B-mediated cytotoxicity in PCa
cells.

Earlier investigations have suggested that various
chemotherapeutic candidates suppress cellular proliferation by
inducing apoptosis (Chen, et al., 2012). It is very well-known
that chromatin condensation and fragmentation are the chief
characteristics of apoptosis, which are associated with cell
rounding, the decline in the volume of cells, and the formation
of apoptotic bodies (Wong, 2011). Our results of DAPI staining
suggested that Cur-B instigated apoptosis in androgen-dependent
LNCaP cells. Furthermore, our results of PI staining also support the
aforementioned results, where apoptotic nuclei stained with PI in
LNCaP cells indicated that Cur-B induced apoptosis in PCa cells.

During apoptosis caspases (proteolytic enzymes) are activated
from their inactive proenzymes form to their active form, which
eventually leads to cleavage at specific aspartate sites. However,
caspase-8 and -9 are initiators which undergo autocatalytic

FIGURE 8
Effect of Cur-B on the key components of the Notch signaling pathway in LNCaP PCa cells. Significance among different dosage groups were
determined using one-way ANOVA followed by Dunnett’s post-test, where * represents p < 0.05, **p < 0., and ***p < 0.001 (GraphPad Prism, Ver. 5).
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activation and mediate the procession of executioner-caspase-3 (Shi,
2004). It was observed that the treatment of Cur-B mediates the
dose-dependent activation of caspase-8, -9, and -3, which indicated
that Cur-B mediates apoptosis induction via both extrinsic and
intrinsic apoptotic pathways in human PCa cells. Moreover, Cur-B-
induced cytotoxicity in LNCaP cells was substantially decreased and
reduced by caspase-8, -9, and -3 inhibitors, thereby implicating the
critical contribution of caspase-8, -9, and -3 during Cur-B-induced
apoptosis. Thus, it is can be reasonably concluded that Cur-B might
induce apoptosis in LNCaP cells via both caspase-dependent and
independent pathways.

An upsurge in oxidative stress via the elevation of intracellular
ROS levels is anticipated to modulate cellular homeostasis resulting
in a decrease in the dissipation of mitochondrial membrane
potential and DNA damage, eventually leading to apoptosis
(Guo, et al., 2013). Moreover, DCHF-DA fluorescence staining
substantiated that Cur-B mediates the augmentation of
intracellular ROS in LNCaP cells. In addition, the quantitative
evaluation of the intracellular ROS level was in support of
microscopy and thus concluded that Cur-B induces ROS-
mediated apoptosis in LNCaP cells.

Mitochondria are the chief cellular sites for the production of
ROS which results in the loss of mitochondrial membrane potential
leading to cytochrome c release (Zorov, et al., 2014). Our findings
revealed that Cur-B treatment decreases the NIR fluorescence,
which was indicative of mitochondrial depolarization in Mito-
NIR dye-stained LNCaP PCa cells. Thus, Cur-B treatment
effectively altered the mitochondrial membrane potential with
increasing doses of Cur-B in PCa cells.

Various phases of cell cycle progression in cancer cells are
positively regulated by cyclin-dependent kinases (CDKs) and
negatively regulated by CDK inhibitors (CDKIs) (Shi, 2004). Our
qPCR analysis revealed that treatment of Cur-B modulated the gene
expression of cyclin D1, CDK4, and p21 in prostate cancer cells.
Furthermore, Bcl-2 family members are also known as the regulators
of apoptosis. Both pro- and anti-apoptotic proteins act in
coordination to maintain the homeostatic balance within the cells
(Moin, et al., 2021). Cur-B treatment significantly elevated the
mRNA expressions of Bax and Bad and deflated the levels of Bcl-
2 expression in LNCaP PCa cells.

Hyperactivated Notch signaling is found to be associated with
various carcinomas of the breast, brain, cervical, lung, colon,
head, and neck, renal cell carcinoma, acute myeloid, Hodgkin and
large cell lymphomas, and pancreatic cancer (Singh, et al., 2019).
However, Notch-1 is reportedly found to be overexpressed in
prostate cancer cells (Guo, et al., 2011). Therefore, in the present
investigation, our findings revealed that Cur-B obstructed the
Notch signaling pathway in PCa cells. It was observed that gene
expression studies have shown that Cur-B downregulated Notch
signaling via the inhibition of Notch-1 and its ligand Jagged-1
within treated PCa cells along with the suppression of Hes-1, its
downstream target. It is essential to target Notch as it may have
chemo-preventive and anti-cancer effects, which could lead to
decreased incidences of disease and ameliorated survival rate of
patients. Although there are multiple drug candidates or
therapeutic agents in the process to accomplish this goal, the
Notch signaling pathway is often found to be hyperactivated in
solid tumors and regulates cell fate decisions and maintains

cancer stem cells. Additionally, the enhanced expression of
Notch pathway components is clinically linked with poorer
prognosis in various types of cancer. As a consequence,
targeting Notch may have chemopreventive and anti-cancer
effects, leading to decreased incidences of diseases and
improved survival. However, various researchers are paying
more attention in developing such therapeutic agents to
achieve this goal. Utilizing the potential of naturally derived
agents to target the Notch pathway offers the potential advantage
of low toxicity to normal tissue. There are various terpenoids,
such as glycyrrhizin, carvacrol, and andrographolide, which
modulate Notch pathway components in a context-dependent
manner. A recent study showed that the inhibitory effect of
carvacrol on the cell cycle is associated with the
downregulation of cyclinD1 and CDK4 and the upregulation
of suppressor protein p21 in androgen-independent PC-3 human
prostate cancer. Additionally, carvacrol blocked Notch-1 and
Jagged-1 protein expression, resulting in the inhibition of the
Notch signaling pathway (Khan et al., 2019). In addition,
andrographolide is a lactone diterpenoid that constraints the
growth of SW-480 cells through the inhibition of the Notch
signaling pathway (Khan et al., 2021). Furthermore, glycyrrhizin,
a triterpenoid, suppressed the growth of cervical cancer cells via
targeting the key components of the Notch signaling pathway
(Ahmad et al., 2022). Thus, terpenoids modulate Notch signaling
in several types of cancer and concurrently decrease in vitro cell
viability and in vivo tumor growth, suggesting a potential role for
their clinical use to target Notch pathway components, either
alone or in combination with current therapeutic agents.

Consequently, various scientists have switched their focus
toward dietary natural compounds for targeting the Notch
signaling cascade in cancer (Kiesel and Stan, 2022). Therefore,
our present study strengthened the inhibitory role of Cur-B
against the development and progression of PCa via the
induction of apoptosis and alteration of the Notch signaling
cascade. Furthermore, there are some shortcomings in utilizing
Cur-B as an effective anticancer drug in which it exerts non-
selective toxicity which indicates its toxic nature toward normal
cells. However, under conditions of a reasonable dose and
administration time, Cur-B exhibits no toxicity to experimental
cells and animals. Various pharmacokinetic studies have
demonstrated that Cur-B can be absorbed and cleared in vivo
and is broadly distributed in internal organs in huge amounts
with a high tissue to plasma ratio; however, its oral
bioavailability is low (Dai et al., 2023).

5 Conclusion

To summarize, our report revealed that Cur-B holds a propitious
apoptotic and anticancer potential against the androgen-dependent
LNCaP cell line in vitro. Our results concluded that Cur-B suppressed
the growth of PCa cells, which is associated with apoptosis induction,
caspase activation, ROS generation, dissipation of mitochondrial
membrane potential, and modulation of genes associated with
apoptosis and cell cycle arrest. Thus, our data affirmed the plausible
potential of Cur-B as an alternative and complementary medicine for
the treatment of PCa.
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With the advent of highly effective plant-based medications with few or no side
effects, the use of phytomedicines against complex diseases such as cancer is
becoming more widespread. The broadly recognized pentacyclic triterpenes
known as boswellic acids (BAs) are derived from the oleogum resin, or
frankincense, extracted from the plant species of the genus Boswellia. The
frankincense mixture contains various BA types, each having a different
potential and helping treat certain cancers. This review focuses on details
regarding the traits of the BAs, their roles as anti-cancer agents, the
mechanism underlying their activities, and the function of their semi-synthetic
derivatives in managing and treating certain cancers. The review also explores the
biological sources of BAs, how they are conserved, and how biotechnology might
help preserve and improve in vitro BA production. The review concludes that the
BAs and their semi-synthetic derivatives are effective against a broad spectrum of
cancer cell lines. The detailed information in the review can be helpful for
researchers to gain more information about BAs and BA-based medications for
efficient and cost-effective cancer treatments.
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1 Introduction

The discovery of several plant-based chemicals with anti-cancer
potential reinstated the ancient traditional knowledge of herbal
medicines with the support of scientific knowledge. The
identification of compounds such as vinblastine, vincristine, and
taxol as anti-cancerous agents laid the fundamentals for the
discovery of new phytochemical anti-cancerous agents (Dhyani
et al., 2022). In recent years, the finding of phytochemicals with
potential anti-cancer activities with no or fewer side effects has been
accelerated. One such class of compounds, known as boswellic acids,
is extracted from the Boswellia genus and is extensively used to treat
various other chronic diseases. These include haemolytic,
spasmolytic, antiviral, anti-inflammatory, hepatoprotective,
gastroprotective, and anti-microbial properties (Sun et al., 2006;
Agrawal et al., 2011; Hussain et al., 2017). Boswellic acids (BAs) are
pentacyclic triterpenes derived from the frankincense tree. Boswellia
serrata, popularly referred to as white guggal, Indian olibanum, Salai
Guggal, and dhup, is the main source of BAs (Havel et al., 2002;
Qurishi et al., 2012), although B. carteri (Roy et al., 2019), B. sacra,
and B. papyrifera are additional sources of BAs (Al-Harrasi et al.,
2019). Usually, the gum resins of Boswellia species were employed
for various purposes, such as adhesives, cosmetic preparations,
coating materials, and incense used in cultural ceremonies and
rituals. It is one of the most important and widely used
ingredients in traditional Ayurvedic and Unani remedies, which
are exceptionally successful in treating a variety of inflammatory,
gastrointestinal, hormonal, and microbiological illnesses (Siddiqui,
2011). The BAs are separated from the gum resin frankincense,
which is made up of essential oil, mucous, and a lipophilic portion.
The grades and content of this resin vary according to the species of
Boswellia used to extract it (Saraswati and Agrawal, 2012). The gum
resin of Boswellia species contains up to 12 different types of BAs
among which four major types of BAs are β-BA, A-β-BA, KBA, and
AKBA with different pharmacological properties such as anti-
cancer, anti-angiogenic, anti-tumour, apoptosis induction, anti-
proliferative, and anti-inflammatory, among others (Liu et al.,
2002). Nevertheless, not all BAs have an identical activity or
potency (Liu et al., 2002; Yadav et al., 2012). For example, KBA
and AKBA are the most effective at suppressing cytokine production
and inhibiting the enzymes responsible for inflammatory reactions.
As a result, these have been described as effective treatments for a
variety of chronic conditions (Siddiqui, 2011; Roy et al., 2019).

BAs have been reported to be beneficial in both the prevention
and treatment of various cancers such as breast, bladder, cervix,
prostate, colorectal, head and neck, liver, lung, and pancreas (Roy
et al., 2019). Several semi-synthetic derivatives of the different BAs,
that show chemotherapeutic promise against diverse cancerous
human cell lines, were also synthesized further to enhance the
BAs’ anti-cancer action (Liu et al., 2002). Apoptosis, reducing
angiogenesis of cancerous cells, obstructing blood flow to the
tumour tissue, and down-regulating AKT phosphorylation are
some of the mechanisms that BAs use to prevent cancer
metastasis, depending on the type of cancer cells targeted (Liu
et al., 2002; Uthaman et al., 2012).

This review examines BAs concerning their natural sources,
conservation status, and in vitro biotechnological production
potentials. This review also aims to describe the types of BAs,

their chemical properties, semi-synthetic derivatives, and the
mechanism of action of these compounds as anti-cancer agents.
Scientific evidence supporting their categorization as anti-cancer
substances is also presented, along with their modern and traditional
applications as valuable drugs. The review will help increase the
knowledge about plant-based anti-cancer therapeutics that includes
various BAs and their derivatives.

2 General characterization of boswellic
acid and its semi-synthetic derivatives

For centuries, frankincense (olibanum) extracted from the
Boswellia tree, mainly from B. serrata, has been used as a source
of BAs. Other species studied included B. sacra, B. papyrifera, and B.
carteri, which are also used as BA sources worldwide (Al-Harrasi
et al., 2019; Bongers et al., 2019). The resin of the Boswellia tree is
composed of essential oil (5%–9%) and mucilage (6%–20%), the
major component of the BAs, which has been quantified around
25%–35% of the resin acid mixture (Ennet, 2000; Al-Harrasi et al.,
2021). BAs are a group of bioactive organic acids containing a
pentacyclic triterpene and a β-carboxyl group at the C-4 position.
BAs are grouped into two groups: the first one is ursane-type (β-
BAs), and the second one is oleanane-type (α-BAs). Ursane-type
BAs contain ursane triterpene skeleton-type and include β-boswellic
acid (BA), 11-keto-β-boswellic acid (KBA), acetyl-β-boswellic acid
(ABA), and acetyl-11-keto-β-boswellic acid (AKBA). Oleanane-type
boswellic acid consisted oleanane structure and included α-boswellic
acid (α-BA), 11-keto-α-boswellic acid (α-KBA), acetyl-α-boswellic
acid (α-ABA), and acetyl-11-keto-α-boswellic acid (α-AKBA) (Shah
et al., 2009; Al-Harrasi et al., 2019; Al-Harrasi et al., 2021; Schmiech
et al., 2021) (Figure 1).

The resin containing the BAs is isolated from the Boswellia tree
through wounding and subsequent tapping. These extraction
procedures induced a chain of signaling process in the Boswellia
tree involving gene expression and endogenous BAs production in
the wounded location of the tree ultimately resulting in the clumpy
frankincense (Khan et al., 2018). However, the BA content in the
resin of the Boswellia genus varies at inter-species and intra-species
levels. Studies showed considerable variation in BAs, their precursor
content, and the type of BAs present in the resin of B. serrata, B.
sacra, and B. papyrifera (Paul, 2012). For example, in the study of
Paul (2012), B. papyrifera showed higher β-AKB concentration but
lower concentrations of the other BAs and other secondary
metabolites, whereas B. serrata showed lower β-KBA and β-
AKBA concentrations and higher concentrations of α-BA and β-
BA. Within a species, the BA content is greatly influenced by the
micro- and macroclimatic conditions to which the Boswellia trees
are subjected (Park et al., 2011). Geographical variations were also
observed in various Boswellia spp. populations in the BA content of
the resin (Al-Harrasi et al., 2018). Even the different tissues of the
same tree showed variations in the BA content and the compositions
in the studies; for instance, B. sacra roots were devoid of the BAs
(Paul, 2012), whereas the leaves had trace amounts of β-ABA and β-
AKBA. The amyrins are the BAs synthesized by the terpenoid
biosynthetic pathway (MVA Pathway), the immediate precursor
of the boswellic acids. β-Amyrin is the α-boswellic acid precursor,
which is an oleanane, and α-amyrin is the β-boswellic acid
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FIGURE 1
Chemical structure of ursane and oleanane-type boswellic acid. (A) β-Boswellic acid; (B)11-keto-β-boswellic acid; (C) acetyl-β-boswellic acid; (D)
acetyl-11-keto-β-boswellic acid; (E) α-boswellic acid; (F) 11-keto-α-boswellic acid; (G) acetyl-α-boswellic acid; and (H) acetyl-11-keto-α-boswellic acid.

TABLE 1 Boswellic acids naturally found in Boswellia species.

Compound name Chemical formula of the compound Molecular weight of the compound (g/mol)

β-Boswellic acid C30H48O3 456.7

11-Keto-β-boswellic acid C30H46O4 470.7

3-Acetyl-β-boswellic acid C32H50O4 498.7

11-Hydroxy-β-boswellic acid C30H48O4 472.7

3-Acetyl-11-keto-β-boswellic acid C32H48O5 512.7

3-O-Acetyl-11-hydroxy-β-boswellic acid C32H50O5 514.7

3-O-Acetoxy-11-methoxy-β-boswellic acid C33H52O5 528.7

9,11-Dehydro-β-boswellic acid C30H46O3 454.7

3-O-Acetyl-9,11-dehydro-β-boswellic acid C32H48O4 496.7

α-Boswellic acid C30H48O3 456.7

11-Keto-α-Boswellic Acid C30H46O4 470.7

3-O-Acetyl-9,11-dehydro-α-boswellic acid C32H48O4 496.7

11-Hydroxy-α-boswellic acid C30H48O4 472.7

9,11-Dehydro-α-boswellic acid C30H46O3 454.7

3-O-Acetyl-α-boswellic acid C32H50O4 498.7
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TABLE 2 Derivatives of the boswellic acids with their pharmacological action.

Precursor BA Derivative Pharmacological actions Type of study and model References

KBA 3-O-naproxen-β-boswellic
acid

Anti-inflammatory potential and anti-
arthritic properties

In vivo study, carrageenan-induced mice
model, carrageenan-induced rat model

Chaturvedi et al.
(2015)

KBA 3-O-naproxen-11-keto-β-
boswellic acid

Anti-inflammatory and anti-arthritic
activities

In vivo study, carrageenan-induced mice
model, carrageenan-induced rat model

Chaturvedi et al.
(2015)

KBA 3-O-ibuprofen-β-boswellic
acid

Anti-inflammatory activity In vivo study, carrageenan-induced mice
model, carrageenan-induced rat model

Chaturvedi et al.
(2015)

KBA 3-O-aspirin-β-boswellic acid Anti-inflammatory activity In vivo study, carrageenan-induced mice
model, carrageenan-induced rat model

Chaturvedi et al.
(2015)

KBA 3-O-aspirin-11-keto-β-
boswellic acid

Anti-inflammatory activity In vivo study, carrageenan-induced mice
model, carrageenan-induced rat model

Chaturvedi et al.
(2015)

KBA 3-O-cinnamyl-11-keto-β-
boswellic acid

Anti-inflammatory activity In vivo study, carrageenan-induced mice
model, carrageenan-induced rat model

Chaturvedi et al.
(2015)

β-BA 11α-Hydroxy-β-boswellic acid Inhibited 5-lipoxygenase and cathepsin G
and promoted apoptosis

In vitro, intact human neutrophils and
purified cathepsin G

Koeberle et al.
(2018)

β-BA 11β-Hydroxy-β-boswellic acid Weak 5-LO inhibitors In vitro, intact human neutrophils Koeberle et al.
(2018)

β-BA 3-O-oxaloyl-β-boswellic acid Inhibits cathepsin G and promotes apoptosis In vitro, purified cathepsin G Koeberle et al.
(2018)

β-BA 3-O-succinoyl-β-boswellic acid Weak 5-LO inhibitors In vitro, intact human neutrophils Koeberle et al.
(2018)

KBA 3-O-succinoyl-11-keto-β-
boswellic acid

Weak 5-LO inhibitors In vitro, intact human neutrophils Koeberle et al.
(2018)

β-BA 3-O-glutaroyl-β-boswellic acid Inhibits cathepsin G and promotes apoptosis In vitro, purified cathepsin G Koeberle et al.
(2018)

KBA 3-O-glutaroyl-11-keto-β-
boswellic acid

Weak 5-LO inhibitors In vitro, intact human neutrophils Koeberle et al.
(2018)

β-BA 3-O-carboxymethyl-β-
boswellic acid

Inhibits cathepsin G and promotes apoptosis In vitro, purified cathepsin G Koeberle et al.
(2018)

KBA 3-O-carboxymethyl-11-keto-
β-boswellic acid

Weak 5-LO inhibitors In vitro, intact human neutrophils Koeberle et al.
(2018)

AKBA 2,3-Dehydro-11-keto-β-
boswellic acid

Cytotoxic In vitro, human tumour cell lines Serbian et al.
(2018)

AKBA 2α-Hydroxy-11-keto-β-
boswellic acid

Cytotoxic In vitro, mouse monocyte–macrophage
RAW 264.7 cells

Wang et al. (2013)

AKBA 1α-Hydroxy-2,3-dehydro-11-
keto-β-boswellic acid

Cytotoxic In vitro, mouse monocyte–macrophage
RAW 264.7 cells

Wang et al. (2013)

AKBA 11-Keto-β-boswellic acid
methyl ester

Cytotoxic In vitro, mouse monocyte–macrophage
RAW 264.7 cells

Wang et al. (2013)

AKBA 2,3-Dehydro-11-keto-β-
boswellic acid methyl ester

Cytotoxic In vitro, mouse monocyte–macrophage
RAW 264.7 cells

Wang et al. (2013)

α BA 2α-Cyano-3-en-X-one of
methyl boswellates

Growth inhibition of the cancerous cells,
cytotoxic, anti-inflammatory, and pro-
differentiating activities

In vitro, cancer cell lines Ravanan et al.
(2011)

βBA 2β-Cyano-3-en-X-one of the
methyl boswellates

Growth inhibition of the cancerous cells,
cytotoxic, anti-inflammatory, and pro-
differentiating activities

In vitro, mouse monocyte–macrophage
RAW 264.7 cells

Wang et al. (2013)

βBA 3α-Propionyloxy-β-boswellic
acid

Cytotoxicity toward human cancerous cell
lines by suppressing the PI3K pathway

In vitro, human cancer cell lines and in vivo,
murine tumour models (Swiss albino mice)

Qurishi et al.
(2012)

βBA 3α-Butyryloxy-β-boswellic
acid

PI3K-mediated apoptosis In vitro, mouse monocyte–macrophage
RAW 264.7 cells

Wang et al. (2013)

(Continued on following page)
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precursor, which is an ursane. The different BA compounds
extracted from the frankincense (resin) of Boswellia are listed in
Table 1.

The main problem with most of the BAs is their low
bioavailability, particularly for AKBA and KBA, which, in turn,
raises questions about the pharmacological relevance of their
bioactivities in animal and human research (Du et al., 2015).
Synthesis of new derivatives by chemical modification and
biotransformation of BAs can be an option (Table 2). BA
derivatives have been synthesized for the discovery of new potent
drugs, particularly the anti-cancer and tumour suppressors (Meng
et al., 2005; Chaturvedi et al., 2015; Koeberle et al., 2018; Serbian
et al., 2018; Shamraiz et al., 2020).

3 Mechanism of anti-tumour action of
boswellic acid

BAs have been investigated for decades and are found to exhibit
robust anti-cancer properties in vitro and in vivo (Table 3). Different
isomers and extracts from the acids exhibit anti-cancer
characteristics with distinct mechanisms in many types of cancer.
The mechanisms of activity of BAs comprise a variety of targets,
including the enzymes of angiogenesis and others such as
topoisomerases, 5-lipoxygenase (5-LO), cytochrome P450, and
mitogen-activated protein kinase (MAPK, especially p38) which
are either promoted or inhibited by BAs (Iram et al., 2017).

B. serrata gum resin extract (methanolic) showed the
occurrence of triterpenoids, β-boswellic acid, and its
analogues. Huang et al., 2000 reported that b-BA naturally
occurring triterpenoids with their derivatives had been part of
traditional medicine for cancer treatment (Huang et al., 2000).
Several scientific studies have also shown Boswellia’s pentacyclic
triterpenes as one of the most promising anti-cancer agents
(Poeckel and Werz, 2006; Yuan et al., 2013; Al-Bahlani et al.,

2020). AKBA and KBA are assessed by active inhibition of
topoisomerase I and IIa, which restricts the growth of the
cells and their proliferation and induces apoptosis through a
pathway dependent on caspase-8 in human leukaemia,
hepatoma, colon, and in a wide range of cancer cell lines (Xia
et al., 2005; Suhail et al., 2011). Moreover, a chemoproteomic
study based on mass spectrometry indicated that b-BAs also
interact with the ribosomal proteins, inhibit protein synthesis,
and thus further modulate cancer progression (Casapullo et al.,
2016). Morphological alterations were noticed in treated HL-60
cells with AKBA, which is a signal of apoptosis of the cells. BA, 3-
O-acetyl-β-boswellic acid, AKBA, and 3-O-acetyl-11-keto-
boswellic acid showed anti-tumour activity and inhibition of
DNA, RNA, and proteins synthesis in human leukaemia
HL60 cells in a dose-dependent manner (Shao et al., 1998;
Hoernlein et al., 1999).

AKBA showed cytotoxic action against three treatment-
resistance triple-negative breast cancer cell lines (TNBC) and
apoptosis in MDA-MB-231 xenografts in the in vitro study
(Schmiech et al., 2021). AKBA diminished the viability of the cell
in H460, H1299, A549, and BEAS-2B cell lines. In A549, cells caused
cell cycle arrest at the G0/G1 phase, thus suppressing the clone
formation and promoting the cellular apoptosis. It also reduced the
expression of LC3A/B-I and LC3A/B-II, along with Beclin-1
proteins and inhibition of the signalling pathway of PI3K/Akt. It
also suppressed protein expression and autolysosome formation (Lv
et al., 2020). The latest β-isomer synthesized and characterized as 11-
keto-boswellic acid (KBA) was discovered to have cytotoxic effects
against three treatment-resistant triple-negative breast cancer
(TNBC) cell lines in vitro and to cause apoptosis in MDA-MB-
231 xenografts in vivo (Schmiech et al., 2021).

Recently, β-BA has been shown to inhibit precancerous breast
lesions by suppressing the glycolysis pathway and reducing ATP
production in MCF-10AT cells without damaging normal MCF-
10A. It is also observed to suppress glycolysis which activates the

TABLE 2 (Continued) Derivatives of the boswellic acids with their pharmacological action.

Precursor BA Derivative Pharmacological actions Type of study and model References

KBA 3-Cinnamoyl-11-keto-β-
boswellic acid

Proapoptotic effects and anti-proliferative In vitro, cancer cell lines, and in vivo, PC-3
prostate cancer xenografts

Morad et al.
(2013)

KBA 7β-Hydroxy-11-keto-β-
boswellic acid

NO production inhibition by LPS-induced
mechanism without declining cell viability in
macrophages (RAW 264.7)

In vitro, mouse monocyte–macrophage
RAW 264.7 cells

Wang et al. (2013)

KBA 7β,22β-Dihydroxy-11-keto-β-
boswellic acid

NO production inhibition by LPS-induced
mechanism without declining cell viability in
macrophages (RAW 264.7)

In vitro, mouse monocyte–macrophage
RAW 264.7 cells

Wang et al. (2013)

Acetyl-α-boswellic acid 3α-Acetyl-11-keto-α-boswellic
acid

Activates apoptosis in androgen-
independent chemo-resistant cancerous cells
in vivo and in vitro by caspase-3 activation
and DNA fragmentation induction

In vitro, human PC-3 prostate cancer cells
and in vivo, xenograft model

Büchele et al.
(2006)

3-Acetyl-11-keto-β-
boswellic acid

7β-Hydroxyl-3-acety-11-keto-
β-boswellic acid

NO production inhibition by LPS-induced
mechanism without declining cell viability in
macrophages (RAW 264.7)

In vitro, RAW 264.7 macrophage cells Sun et al. (2013)

3-Acetyl-11-keto-β-
boswellic acid

7β,16α-Dihydroxy-3-acety-11-
keto-β-boswellic acid

NO production inhibition by LPS-induced
mechanism without declining cell viability in
macrophages (RAW 264.7)

In vitro, RAW 264.7 macrophage cells Sun et al. (2013)
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AMPK pathway and inhibits the mTOR pathway to limit MCF-
10AT proliferation. In the same study, analysis using molecular
docking suggested that the target of β-BA might be GLUT1. The
GLUT1 forced expression could rescue the suppression of
glycolysis and induce survival checks on MCF-10AT (Bie
et al., 2022).

In another study, the effect of β-BA and AKBA has examined in
nine human glioma stem-like cells and five glioma-initiating cell
lines to analyse the acute growth inhibitory mechanism. The same
study includes the anti-clonogenic characteristics along with the
application of temozolomide (TMZ) or irradiation. The findings
were correlated with previous findings indicating BA cytotoxicity in
glioblastoma at low molecular concentrations. A significant
synergistic action after application with irradiation and
transcranial magnetic stimulation (TMS) was also observed
(Schneider and Weller, 2016). These studies have provided
insights into the different underlying mechanisms acquired by
BAs for their anti-tumour actions. These findings can support
the future development of their prospective as anti-inflammatory
and anti-cancer drugs. The detailed mechanism of action of BAs as
promising anti-cancer agents is depicted in the schematic diagram
shown in Figure 2.

4 Studies that confirmed the anti-
cancer properties of boswellic acids

BAs extracted from the plant Boswellia serrata are considered as
the essential active constituents to treat many inflammatory
diseases, either acute or chronic. Along with their potential as
anti-arthritic, anti-asthmatic, anti-rheumatic, anti-diarrhoeal, and
anti-hyperlipidemic, actions they also possess anti-microbial,
hepatoprotective, analgesic, immunomodulatory actions, and
anti-cancer characteristics. These acids have been found to
exhibit very effective anti-inflammatory as well as anti-cancer
activities in different models both in vitro and in vivo. They
showed anti-cancer potential against a range of malignant
tumours, and many semi-synthetic BAs illustrate outstanding
cytotoxic effects (Hussain et al., 2021).

4.1 Cytotoxic effect of boswellic acid on
colorectal cancer

Colorectal cancer is a multifaceted disease with epigenetic and
genetic mutations in a wide range of oncogenes and tumour

TABLE 3 Scientific studies emphasizing boswellic acids as a promising anti-cancer agent.

Boswellic acids Type of cancer Inhibitory activities on cell lines Techniques to analyse the inhibitory
activities

References

BAA (o- and
b-boswellic acid
acetate)

Metastatic,
melanoma,
fibrosarcoma

Mouse melanoma cells BI6F10 and human
fibrosarcoma cell line HT-1080

MTT proliferation assay, cell viability analysis,
gelatin zymography, topoisomerase-II catalytic
assay, flow cytometry, and DNA fragmentation

Zhao et al. (2003)

AKBA Prostate cancer Inhibited cellular proliferation on LNCaP cell
lines associated with reduced androgen receptor
expression

Flow cytometry, MTT assay, transient transfection
assay, electrophoretic mobility shift assay, and
western blot analysis

Yuan et al. (2008)

AKBA Colon cancer Initiated apoptosis in HT 29 colon cancer cells Flow cytometry and caspase assay on cell lines Liu and Duan
(2009)

AKBA Pancreatic cancer Induced cellular proliferation inhibition of AsPC-
1, BxPC-3, and MIAPaCa-2

MTT proliferation assay, western blot, and
immune histochemical analysis PANC-28, an
orthotopic mouse model

Park et al. (2011)

BA Breast cancer Inhibited MCF-7 cell proliferation and
potentiated the cell death

Caspase activity assay, cytokine ELISA assay,
superoxide dismutase activity, glutathione essay,
and catalase activity

Saraswati and
Agrawal (2012)

BA Colorectal cancer Orthotopic mouse model Proliferative index and nuclear factor-κB
suppression

Yadav et al. (2012)

BSE (Boswellia serrata
extract)

Pancreatic cancer Cytotoxic effect on A375, MIA-PaCa, mouse
melanoma, and human pancreatic cancer cell line

DNA fragmentation assay Uthaman et al.
(2012)

BA Brain tumour Exhibited antioxidant and analysing anti-
inflammatory effects on p65/NF-κB and
leukotriene B4 expression

Growth factors and interleukins production
(vascular endothelial growth factor, IL-8 and IL-6,
MMP-9, and CXCL-12)

Barbarisi et al.
(2019)

AKBA Lung cancer Inhibited cell growth in A549, H460, H1299, and
BEAS-2B cell lines

CCK-8 assay and flow cytometry Lv et al. (2020)

11-Keto-boswellic
acids (KBA)

Breast cancer Three triple-negative breast cancer (TNBC) cell
lines resistant to therapy were used to induce
apoptosis in MDA-MB-231 xenografts in vivo

High-resolution mass spectrometry (HR-MS) and
NMR spectroscopy and HPLC-MS/MS method
developed

Schmiech et al.
(2021)

KBA and AKBA Lung cancer Inhibited cell proliferation in eight cell lines HPLC analysis, MTT assay, DPPH scavenging,
and ABTS assays

Gupta et al. (2022)

β-Boswellic acid Breast precancerous
lesions

MCF-10A and MDA-MB-231 cell lines Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis, metabolism-related assays, and
molecular docking analysis

Bie et al. (2022)
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suppressor genes (Parmar and Easwaran, 2022). AKBA shows
chemo-preventive characteristics capable of targeting principle
oncogenic proteins, including 5-lipoxygenase and nuclear factor-
kappa B. These BAs are known to modulate specific microRNA
(miRNA) pathways due to their chemo-preventive effects. In the
pathways, let-7 and miR-200 are both putative tumour-suppressive
miRNAs. AKBA showed significantly upregulated expression of
both families in various colorectal cancer cell lines. miRNA
knockdown has been shown to inhibit let-7 and enable increased
cancer cell propagation, migration, and invasion. AKBA modulates
the expression of various downstream targets of the miR-200 and
let-7 families (vimentin, CDK6, and E-cadherin). Similar findings of
inducingmodulation of these downstream genes have been observed
in CRC cells orthotopically implanted in nude mice. This study gives
novel evidence for the ability of BAs to regulate cellular epigenetic
mechanisms that emphasise their anti-cancer characteristics and
further highlight their potential in the prevention and treatment of
CRC (Takahashi et al., 2012).

4.2 Anti-tumor effect of boswellic acid in
human colonic adenocarcinoma

Ranjbarnejad et al. (2017) investigated the methanolic extract of
Boswellia serrata for its anti-cancer activity on human colon cancer
cells. This study establishes that the methanolic extract decreased the
expression of cyclooxygenase-2 gene and its terminal end products,
such as microsomal prostaglandin E synthase-1 (mPGES-1),
vascular endothelial growth factor (VEGF), C-X-C chemokine

receptor type 4 (CXCR4), matrix metalloproteinase-2 (MMP-2),
MMP-9, and hypoxia-inducible factor-1 (HIF-1). The study,
therefore, suggested that the B. serrata extract can be a potential
agent to inhibit the proliferation, angiogenesis, and migration in
colorectal cancer. Similarly, another study (Wang et al., 2018) also
finds that BA can be used for the growth suppression of HCT-116
colon cancer cells. With an IC50 value of 15 uM, BA altered the Bax/
Bcl-2 ratio in the HCT-116 cells. Therefore, a general understanding
can be developed of the usage of BA as an anti-cancerous agent for
human colon cancer, provided further in vivo detailed studies are
performed.

4.3 Role of boswellic acid in growth
suppression of human pancreatic tumours
and its metastasis

BA acts as a growth suppressor for human pancreatic tumours in
a mouse model by interacting with multiple targets and also limiting
its metastasis. AKBA activity was studied in an in vitro model of
orthotopic nude mice against human PaCa; it revealed that AKBA
inhibited the proliferation of four PaCa cell lines. It comprised
PANC-28, AsPC-1, and with p53 and K-Ras mutations, BxPC-3
with wild-type K-Ras and p53 mutation were also included. AKBA
also inhibited the metastasis of the PaCa in the liver, spleen, and
lungs in the same mouse model. The study indicated the potential of
AKBA as an anti-tumour agent that exhibited an ability to suppress
human pancreatic tumour growth and metastasis with multiple
target modulations (Park et al., 2011).

FIGURE 2
Schematic diagram of mechanisms of the boswellic acids extracted from the plant Boswellia serrata. These acids exhibit anti-cancer activities
against different cancers by acting on numerous targets like 5-lipoxygenase (5-LO), topoisomerases, angiogenesis, and cytochrome p450 enzymes
which finally lead to a reduction in cancer cell growth and apoptosis.
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4.4 Inhibitory activity of boswellic acids
against human leukaemia

Four BAs of B. serrata: β-boswellic acid, 11-keto-β-boswellic
acid, 3-O-acetyl-β-boswellic acid, and 3-O-acetyl-11-keto-β-
boswellic acid were evaluated for their anti-cancer properties.
They were examined to restrict the DNA, RNA, and protein
synthesis in human leukaemia HL-60 cells. 3-O-Acetyl-11-keto-β-
boswellic acid significantly inhibited the synthesis of DNA, RNA,
and proteins. This compound had an irreversible effect on DNA
synthesis, inhibiting the HL-60 cellular growth without affecting cell
viability. The result of the study revealed a significant potential of
this compound in the regulation of human leukaemia proliferation
(Shao et al., 1998).

4.5 Apoptotic effect of boswellic acid in liver
cancer cells

Only one study explored the anti-proliferative and apoptotic
effect on Hep G2 liver cancer cells of keto-β-boswellic acid and
acetyl-keto-β-boswellic acid. Following their application on the cell’s
DNA synthesis, apoptosis and cell proliferation were examined. The
apoptotic pathway was explored employing specific caspase
inhibitors, which revealed the decreased cell viability and
thymidine amalgamation and enlarged percentage of sub-G1 in
the G1 phase. BAs significantly influenced apoptosis, complemented
by the activation of these caspase inhibitors. Hence, the study led to
the possibility of using the BAs for anti-cancer and anti-proliferation
effects in the liver Hep G2 cells (Liu et al., 2002).

4.6 Apoptosis in prostate cancer cells in vitro
and in vivo by boswellic acid

In androgen-independent PC-3 cells, a chemo-resistant prostate
cancerous line, acetyl-β-boswellic acid, and acetyl-11-keto-β-
boswellic acid inhibited their growth. They promoted the death
of the cell in vitro as well as in vivomodels (Syrovets et al., 2005). For
analysing apoptosis, parameters like DNA fragmentation and
mitochondrial cytochrome C release were examined in cultured
PC-3 cells. The underlying molecular mechanism involved the
inhibition of signalling of the NF-κB (constitutively activated) by
IκB kinase (IKK) activity interruption. The IKK inhibition showed
specificity because the signalling through the interferon-stimulated
response element remained unchanged. The study was further
confirmed in nude mice carrying PC-3 tumours, where the
systemic application of AKβBA-γ- cyclodextrin reduced tumour
growth. This treatment also activated apoptosis without detectable
systemic toxicity. AKβBA and related compounds acting on IKK

provide a novel approach for treating chemo-resistant human
tumours, including androgen-independent human prostate cancers.

5 Conclusion

BAs and their semi-synthetic derivatives are effective against a
broad spectrum of cancer cell lines. They have a minimal potential
for resistance due to the multiple ways they operate in the cancer cell
lines. The ability of BAs to control cellular epigenetic mechanisms
highlights their anti-cancer properties, as they promote apoptosis in
cancer cells and inhibit the malignant primary metabolic pathways
and DNA, RNA, and protein synthesis. BAs are only present in the
Boswellia genus, but they display several kinds and contents
according to the species. Globally, the survival of the natural
sources of frankincense is threatened by over-extraction to obtain
BAs and other anthropogenic factors, including climate change.
Seed dormancy and slower growth rate make it worse, so more
in vitro conservation methods are required to protect these plant
species. More research is necessary to develop technology for in vitro
production of BAs from Boswellia spp., as well as more clinical trials
and scientific studies to validate its anti-cancer potential and obtain
novel cancer treatment.
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The Wnt/β-catenin pathway is abnormally activated in most lung cancer tissues
and considered to be an accelerator of carcinogenesis and lung cancer
progression, which is closely related to increased morbidity rates, malignant
progression, and treatment resistance. Although targeting the canonical Wnt/β-
catenin pathway shows significant potential for lung cancer therapy, it still faces
challenges owing to its complexity, tumor heterogeneity and wide physiological
activity. Therefore, it is necessary to elucidate the role of the abnormal activation
of the Wnt/β-catenin pathway in lung cancer progression. Moreover, Wnt
inhibitors used in lung cancer clinical trials are expected to break existing
therapeutic patterns, although their adverse effects limit the treatment
window. This is the first study to summarize the research progress on various
compounds, including natural products and derivatives, that target the canonical
Wnt pathway in lung cancer to develop safer and more targeted drugs or
alternatives. Various natural products have been found to inhibit Wnt/β-catenin
in various ways, such as through upstream and downstream intervention
pathways, and have shown encouraging preclinical anti-tumor efficacy. Their
diversity and low toxicity make them a popular research topic, laying the
foundation for further combination therapies and drug development.
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1 Introduction

With an estimated 2 million new diagnoses and 176 million
deaths worldwide, lung cancer (LC) is the most prevalent
malignancy and a major cause of cancer-related deaths (Thai
et al., 2021). Its prognosis is one of the worst among all tumor
types, with a 5-year survival rate of less than 20% (Allemani et al.,
2018; Neal et al., 2019). Despite substantial advancements in disease
management, the treatment of advanced LC is fraught with the risk
of failure due to solid metastases, drug resistance, and the limited
efficacy of current treatment options, including immunotherapy
(Miller and Hanna, 2021). Therefore, there is an urgent need to
identify new LC targets and develop safe treatment strategies.

The Wnt signal transduction cascade controls multiple
embryonic and somatic processes, including cell fate
classification, tissue repair, organ formation, and several
pathological states (Nusse and Clevers, 2017). Notably,
immoderate activation of Wnt signaling has been observed in
numerous solid tumors, such as LC, and in other hematological
tumors, such as leukemia. This abnormal activation can determine
stem cell fate; promote tumorigenesis; and aid in tumor progression,
metastatic spread, and drug resistance to chemotherapy,
radiotherapy, immunotherapy, and targeting therapy (Ferrarelli,
2017; McMellen et al., 2020; Aguilera and Dawson, 2021; Yu
et al., 2022).

Characteristic of adenocarcinomas, especially lung
adenocarcinoma (LUAD), are abnormalities in the epigenetic
control of the Wnt signaling system (Li et al., 2016a). Compared
to normal tissues, the level of β-catenin in LC tissues was also
significantly increased and was closely related to the differentiation
and lymph node metastasis of LC. In addition, the recurrence rate in
patients with high β-catenin expression was significantly higher than
that in patients with low β-catenin expression (Liu et al., 2015).

Wnt3a, a canonical Wnt pathway ligand, is overexpressed in 43% of
squamous cell carcinomas and 51% of adenocarcinomas (Nardi
et al., 2018). It was found that the expression of Wnt3a protein was
low in normal or grade 1 LC tissues, but remarkably increased in
higher-grade samples. Approximately 35%–70% of non-small cell
lung cancers (NSCLC) are estimated to have anomalous Wnt
signaling, depending on the quantification assay (Xu et al., 2011).
Additional studies have confirmed that coercive activation of the
Wnt pathway via engineered gene alleles promotes the advancement
of KRAS- or BRAF-mutant lung adenomas (Juan et al., 2014; Rogers
et al., 2018). The Wnt signaling cascade is a highly promising cancer
target, and its diversity and importance provide great opportunities
for the development of targeted therapies for LC (Tennis et al.,
2007).

Targeted Wnt/β-catenin pathway therapy shows outstanding
anti-LC efficacy, and a range of Wnt pathway inhibitors provide
great potential for combination therapy in LC, according to
preclinical studies conducted in recent years (Okada-Iwasaki
et al., 2016; Scarborough et al., 2017). Unfortunately, most
existing Wnt inhibitors have limited clinical application due to
their non-negligible toxicity and side effects; thus far, no
medicines that target this route have received FDA market
approval (Krishnamurthy and Kurzrock, 2018; Torres et al.,
2019) (Table 1). It is worth noting that acute inhibition of Wnt
signaling or systemic elimination of Wnt secretion can affect
intestinal homeostasis, leading to severe diarrhea, osteoblast and
osteoclast differentiation, bone loss, and other serious side effects
(Jung and Park, 2020). For example, the non-specific distribution of
Wnt inhibitors leads to the development of diarrhea or fractures that
force patients to discontinue treatment (Diamond et al., 2020).
Therefore, a better understanding of the mechanism of this
pathway will assist in new drug research to further explore new
ways of targeting the Wnt/β-catenin pathway specifically or in

TABLE 1 The Wnt pathway inhibitors in LC clinical trials.

Drug Cancer type Trial
phase

Status Clinical trial

LGK974 Lung Squamous Cell Cancer and some Malignancies Dependent on Wnt Ligands I Active, not
recruiting

NCT1351103

OMP-54F28 Solid Tumors I Completed NCT1608867

XNW7201 Advanced Solid Tumors I Completed NCT3901950

CGX1321 Advanced Solid Tumors I Recruiting NCT2675946

RXC004 cancer/Solid Tumors I Recruiting NCT3447470

PRI-724 Advanced Solid Tumors I Terminated NCT1302405

MCLA-158 NSCLC and Advanced/Metastatic Solid Tumors I/II Recruiting NCT03526835

ETC-
1922159

Solid Tumor I Recruiting NCT02521844

DKN-01 Adenocarcinoma、Squamous cell carcinoma and other advanced solid tumors with Wnt-activated
mutations

I/II Available NCT04681248

OMP-18R5 recurrent or advanced (Stage IV) NSCLC I Completed NCT01957007

JS015 Advanced malignant solid tumors I Recruiting CTR20223111

BI-905681 Advanced, unresectable and/or metastatic non-hematologic malignancies I Completed NCT04147247

The data obtained from https://clinicaltrials.gov/ and https://db.pharnexcloud.com/. Last accessed on 30 April 2023.

Frontiers in Pharmacology frontiersin.org02

Shen et al. 10.3389/fphar.2023.1250893

211

https://clinicaltrials.gov/
https://db.pharnexcloud.com/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1250893


combination. Therapeutic efficacy and toxicity should be perfectly
balanced in treatments that target this route, given its extensive
biological activity in LC.

The research prospects for plant-derived medicines are relatively
broad owing to the variety of targets, good safety standards, and
excellent synergism (Guan et al., 2022; Liu et al., 2022). Furthermore,
sub-non-toxic-specific targeting may offer new therapeutic windows
for LC therapy. To better understand the impact of the Wnt/β-
catenin pathway on LC, we discuss its role in various aspects of
tumor progression. With a limited number of potential Wnt
inhibitors available in the clinic, this study is the first to
systematically summarize the mechanism of action of flavonoids,
polyphenols, alkaloids, terpenoids, and other natural products and
their derivatives in the intervention of the Wnt signaling pathway in
LC tomeet the high demand for the development of more secure and
manageable Wnt inhibitors. Various classes of compounds can
interfere with multiple targets of the Wnt pathway to produce
inhibitory effects and show great therapeutic potential when used
alone or in combination with other drugs. Additionally, exploring
these compounds in combination with existing anti-LC drugs could
potentially enhance the effectiveness of current therapies and reduce
the risk of drug resistance.

2 Composition and activation of the
Wnt/β-catenin pathway

Wnt ligands are cysteine-rich proteins whose family consists of
19 secreted glycoproteins. Wnt ligand-mediated signaling pathways
have a variety of physiological functions that have been conserved
throughout evolution (Eubelen et al., 2018). Depending on whether
they have a direct impact on β-catenin, the three pathways that the
Wnt receptor activates are the canonical β-catenin cascade, the non-
canonical planar cell polarity pathway, and the Wnt/Ca2+ pathway.
These three pathways form a network of mutual regulation that
finely coordinates various biological activities. Among them, the
canonical pathway is closely related to the occurrence and
development of LC and the most widely studied pathway; it is
also the subject of this review.

The β-catenin-dependent pathway consists of three major
components: transduction of Wnt signaling in the membrane,
modulation of β-catenin stability in the cytoplasm, and
overactivation of Wnt target genes in the nucleus (Nusse and
Clevers, 2017). Ligand-related activation of the Wnt/β-catenin
signaling pathway is induced by the binding of the Wnt ligand to
the co-receptor complex, which includes the transmembrane
domain protein frizzled (Fzd) and low-density lipoprotein
receptor-related protein (LRP) 5/6. Activation of the Wnt
pathway results in initiation intracellular signaling and
membrane recruitment of Disheveled (Dsh/Dvl) which induces
unsteadiness of the destruction complex made up of axis
inhibition protein (Axin), glycogen synthase kinase-3beta (GSK-
3β), casein kinase 1alpha (CK1α), and adenmatous polyposis coli
(APC). This leads to the stabilization and accumulation of β-catenin
in the cytoplasm and its subsequent nuclear localization. B-catenin
attaches to T-cell factors/lymphoid-enhancer factors (TCFs/LEFs)
in the nucleus and elicits the transcription of Wnt target genes, such
as c-myc (Myc), Cyclin D1 (CCND1), and survivin, to regulate cell

proliferation, transdifferentiation, apoptosis, and other life processes
(Yao et al., 2011; Okada-Iwasaki et al., 2016; Zhao H. et al., 2022).
When no Wnt ligand is present, β-catenin is degraded by protein-
destroying complexes. β-catenin is markedly degraded after
phosphorylation by CK1α and GSK-3β. Dissociative β-catenin is
then recognized by the E3 ubiquitin ligase-transducin repeat-
containing protein (β-TrCP) and degraded via the ubiquitin-
dependent proteasome pathway to maintain low levels of free β-
catenin in the Wnt-off state (Stamos and Weis, 2013) (Figure 1).

There are various abnormal Wnt activation modes in malignant
tumors, including acquired mutations, decreased expression of
pathway inhibitors, and abnormal expression of ligands and
receptors (Tortelote et al., 2017). Most sporadic colorectal tumors
accumulate APC or β-catenin mutations, leading to abnormal Wnt
signaling (Ferrarelli, 2017). Compared with colorectal cancer,
activation of Wnt-mediated signaling takes place differently in
LC, which is often associated with increased expression of Wnt
pathway-activating effectors, such as Dvl and Wnt ligands, and
downregulation of negative regulators, such as Axin and Wnt
inhibitory factor-1 (WIF-1) (Mazieres et al., 2004; Mazieres et al.,
2005; Tennis et al., 2007; Luo et al., 2018). It is clear that the mode of
Wnt activation correlates with the type of tumor tissue. Therefore,
future efforts to regulate this pathway more effectively may benefit
from a clearer understanding of the unique aberrant activation of
Wnt in LC.

3 Wnt/β-catenin in LC

Abnormally activated Wnt signalings frequently manifests in a
variety of tumors that are widely involved in the occurrence and
development of cancer. The Wnt signaling network controls a wide
range of biological processes in LC (Katoh and Katoh, 2022). The
undesirable activation of the Wnt/β-catenin signaling pathway has
been linked to increased cancer prevalence, accelerated malignant
progression, poor prognosis, and higher LC-related mortality (Xu
et al., 2011; Parsons et al., 2021). Moreover, abnormal activation of
the Wnt pathway interferes with stemness, proliferation,
angiogenesis, metastasis/invasion treatment resistance, and other
critical tumor developmental processes in LC, which are discussed
below in light of the significant role of the classical Wnt pathway.

3.1 Maintain the stemness

Cancer stem cells (CSCs) are now considered the main “seeds”
in tumorigenesis, development, metastasis and recurrence (Reya
et al., 2001). Wnt signaling plays a role in the development of LCs by
producing CSCs from non-CSCs or normal stem cells (Chaudhary
et al., 2023). For example, the Wnt/β-catenin pathway is involved in
the process of tobacco smoke (TS)-induced LC. After prolonged
exposure to TS, human bronchial epithelial (HBE) cells are
malignantly transformed and acquire CSC-like characteristics. In
TS-transformed HBE spherical cells, silencing of β-catenin impeded
the tumorsphere and reduced the expression levels of lung CSC
markers (Wang J. et al., 2018). Similar to normal lung stem cells,
CSCs enlist the Wnt, Notch, and Hedgehog signaling cascades to
control stemness (Rowbotham et al., 2022).
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Wnt/β-catenin signaling is thought to be necessary for
maintaining the CSC phenotype. In CSCS, β-catenin dependent
Wnt signaling is extremely active and contributes to maintaining the
expression of putative lung CSC markers such as cluster of
differentiation 44 (CD44) and cluster of differentiation 133
(CD133) (Teng et al., 2010; Zhu J. Y. et al., 2017). Compared to
non-CSCs, LEF/TCF-binding elements have higher transcriptional
activity, and Wnt signaling is increased in CSCs (Li X. et al., 2020).
The high expression of Fzd 4/5 and higher sensitivity to Wnt3a-
induced β-catenin dependent Wnt signaling further show that CSCs
have heightened expression of Wnt downstream molecules
compared with that in non-CSCs (He et al., 2021). In addition,
transcription factor Stat3 is required for the proliferation and
pluripotency of stem cells, and Stat3 activity is Wnt/β-catenin
dependent, which suggests that Wnt signaling can control stem
cell fate by affecting other pathways essential for stem cell
maintenance (Peron et al., 2020).

Wnt signaling regulates complex biological behaviors that are
beneficial for the survival and metastasis of lung CSCs. Through
various target genes, Wnt pathway activation can aid CSCs in
penetrating adjacent tissues and entering the bloodstream.
During this time, tumor cells remain dormant, allowing them to
survive and avoid immune monitoring through the adverse feedback
of Wnt signaling. When CSCs reach appropriate sites, another burst
of Wnt signaling induces successful CSC reinitiation and
colonization of secondary organs (Malladi et al., 2016; Kim et al.,
2017). In addition, a subset of p53-and KRAS-mutated lung
carcinoma cells can serve as Wnt-producing niches for other
cancer cell subsets. After treatment with the Wnt pathway
inhibitor (LGK974), the lifespan of LC mice increased by nearly
50%, and leucine-rich repeat-containing G-protein-coupled
receptor 5 (LGR5)+LUAD cells lost the potential for unlimited

proliferation and metastasis similar to stem cells (Tammela et al.,
2017). In summary, aberrant Wnt/β-catenin activation maintains
LC stem cell-like characteristics and promotes LC progression. The
Wnt/β-catenin signaling pathway has been implicated in the
regulation of CSCs, although the underlying regulatory pathways
of CSCs remain elusive (Cheng et al., 2023).

3.2 Participate in proliferation

Control of the cell cycle by Wnt signaling is responsible for the
most mechanisms that promote proliferation during cancer (Pate
et al., 2014). Wnt signaling is involved in LC cell cycle regulation in
multiple mechanistic layers. Two key cell cycle regulators, Myc and
CCND1, are direct target genes of the β-catenin/TCF transcription
complex (Shtutman et al., 1999; Tetsu and McCormick, 1999). As
one of the most important oncogenic transcription factors, Myc
positively regulates multiple key cell cycle effectors including E2F
transcription factors, cyclins, and cyclin-dependent kinases
(Bretones et al., 2015). Wnt ligands accelerate tumor proliferation
in NSCLC, partly by upregulating Myc and CCND1. The Ki-67
proliferation index of Myc-positive LC tissues is significantly higher
than that of Myc-negative tissues (Huang et al., 2008). Compared to
nearby normal tissues, CCND1 was significantly upregulated in
NSCLC tissues and promoted cell proliferation and colony
formation (Wu et al., 2020).

LC cells are also tightly regulated by multiple negative regulators
and avoidance of these growth suppressors is necessary for
tumorigenesis and facilitates cancer progression. Wnt signaling
accelerates cell cycle progression by reducing the expression of
many key cyclin-dependent kinase inhibitors (CDKNs) (Zhong
et al., 2020). Nuclear accumulation of β-catenin in NSCLC is

FIGURE 1
The state of the Wnt signaling path on and off. When Wnt ligand is present, the cytoplasmic concentration of β-catenin rises and β-catenin
translocates to the nucleus, promoting the expression of target genes; In the Wnt Off state, β-catenin is degraded by ubiquitination.
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accompanied by increased cell proliferation. It was also observed
that β-catenin expression was inversely correlated with CDKN1B
(p27KIP), and dysregulation of β-catenin activity was shown to
induce p53-dependent growth arrest in LC cells (Kotsinas et al.,
2002). In addition, cancer cells acquire a characteristic resistance to
apoptosis, which prevents them from dying and maintains
uncontrolled proliferation (Jan and Chaudhry, 2019). Wnt3a
triggers the canonical Wnt pathway to stop apoptosis caused by
decreased levels of caspase-9 and caspase-3 (Wang T. L. et al., 2018).
Suppressive Wnt/β-catenin signaling may encourage LC cell death
and prevent proliferation through downstream transcription factors
such as survivin, an inhibitor of the apoptosis family, although the
precise mechanism is still unknown (You et al., 2004).

Tumor cell proliferation and malignant behavior require energy
support (Patel and Powell, 2016) and CSCs prefer aerobic glycolytic
energy metabolism, enabling constitutive proliferation and
resilience to treatment-induced damage (Sancho et al., 2016). The
Wnt pathway affects tumor cell energy metabolism through a variety
of target genes (Pate et al., 2014). Myc is a major regulator of
glycolysis (Dang et al., 2008). Myc-overexpressing LC cells exhibit
enhanced aerobic glycolysis, whereas Myc-low cell lines appear to be
more dependent on oxidative metabolism (Cargill et al., 2021).
Activated Wnt/β-catenin signaling promotes Myc mRNA
translation and expression and subsequently increases glycolysis
and proliferation of LC cells (Yang X. et al., 2021; Huang et al., 2021).

3.3 Regulate angiogenesis

LC is a highly vascularized tumor and microvessel density
(MVD) is the primary characteristic of intratumoral angiogenesis
(Daum et al., 2020). Wnt signaling is an important factor in both
pathological and physiological angiogenesis (Dejana, 2010). High-
level angiogenesis is a crucial event in cancer cell dissemination and
distant metastasis (Herbst et al., 2005), and hypoxia is considered a
major catalyst for tumor angiogenesis (Brahimi-Horn et al., 2001).
Hypoxia in LUAD cells can promote Wnt signaling by stabilizing β-
catenin and altering its localization in the nucleus. Meanwhile,
overexpression of hypoxia-inducible factors increases the content
of β-catenin and enhances the resistance of LC cells to chronic
hypoxia-induced stress (Hong et al., 2017). The most significant
pro-angiogenic molecules, including members of the vascular
endothelial growth factor (VEGF) family, matrix
metalloproteinases (MMPs), and multiple chemokines, are
regulated by canonical Wnt/β-catenin downstream signaling
(Glaw et al., 2010). Numerous genes associated with tumor
angiogenesis are expressed more frequently than usual when
nuclear-β-catenin levels are elevated (Kasprzak, 2020). VEGF is a
major mediator of the tumor microvasculature and is closely linked
to the progression, metastasis, and recurrence of NSCLC. Previous
studies have reported a positive correlation between β-catenin and
VEGF protein expression in patients with NSCLC (Huang et al.,
2008; Zhao Y. et al., 2022). In addition, tumor blood vessels are often
leaky, poorly differentiated, and regardless of grade; one of the
reasons for this phenomenon may be that differential Wnt
expression induces modulation of cell morphology and function
in LC (Rapp et al., 2017). For example, Wnt5a signaling can induce
vasculogenic mimicry (Yao et al., 2014), while Wnt3a-induced Wnt

activation is associated with increased angiogenesis (Shukla et al.,
2016).

Wnt signaling can also indirectly affect angiogenesis by
regulating the tumor microenvironment. For instance,
angiogenesis can be induced by tumor-associated macrophages
(TAMs) in the tumor microenvironment, which is thought to be
the “switch” that first causes tumor angiogenesis (Cassetta and
Pollard, 2023). TAMs release a range of pro-angiogenic
substances that eventually lead to tumor angiogenesis due to
the abnormally active Wnt pathway and autocrine signaling,
which simultaneously promote M2 polarization (Cui et al.,
2022). It is worth noting that although antiangiogenic therapy
brings sufficient benefits to patients, its efficacy of antiangiogenic
therapy is limited and is often accompanied by local hypoxia,
tumor adaptation, progression, and metastasis (Uribesalgo et al.,
2019). Studies have observed that when VEGF is inhibited,
feedback activates Wnt signaling to increase the expression of
β-catenin and CCND1, leading to a certain degree of
upregulation of the proliferation and invasion abilities of
human NSCLC A549 cells (Zhang X. X. et al., 2016). This
implies that Wnt inhibitors can improve LC treatment when
combined with antiangiogenic therapy.

3.4 Related to metastasis/invasion

Metastasis and invasion of the primary tumor and systemic
tumor dissemination are the most deleterious events in the
development of cancer, which pose challenging therapeutic
difficulties and are significant contributors to cancer-related
mortality (Hanahan and Weinberg, 2011). Changes that occur
during LC initiation and metastasis can be described as epithelial-
to-mesenchymal transition (EMT) (Brabletz et al., 2018). EMT-
progressing cells exhibit altered phenotypes, lose epithelial
features, and express more mesenchymal markers. The
activation of EMT during cancer growth enables cancer cells to
develop migratory, invasive, and stem cell-like characteristics (Liao
and Yang, 2017; O’Leary et al., 2018). It has been demonstrated
that Wnt signaling is essential for EMT and that the Wnt/GSK-3β
axis regulates the degradation of Snail, an important mediator of
EMT (Yook et al., 2005). Wnt signaling also regulates cell
adhesion, triggering the adhesion junction protein E-cadherin,
and upregulates the expression of the mesenchym-specific
marker N-cadherin during EMT (Wu et al., 2017).
Transforming growth factor-β (TGF-β), a key element in
stimulating the EMT process, upregulated the expression of β-
catenin, and the progression of EMT was positively correlated with
the activity of Wnt/β-catenin pathway (Luan et al., 2022).
Activation of Wnt/β-catenin signaling can also contribute to
EMT induction either directly or indirectly by stimulating
several EMT-related transcription factors, such as Slug, Twist,
ZEB1, ZEB2, and E47 (Shin et al., 2010; Sánchez-Tilló et al., 2011).
Notably, Wnt may also affect EMT by affecting CSCs, because the
expression of the CSC marker CD44 is associated with the
mesenchymal phenotype, suggesting a role in EMT induction
and maintenance in LC (Suda et al., 2018).

Cell-cell adhesion and matrix depletion are important steps in
the progression of all cancers from localized malignancy to
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metastatic disease. Wnt/β-catenin and its downstream products
may affect the actin cytoskeleton and destabilize adhesion
molecule junctions (Liu et al., 2023). Activation of Wnt/β-
catenin signaling can work in conjunction with other
oncogenic pathways such as KRAS in lung epithelial cells to
produce a more aggressive cancer phenotype by forcing an
embryonic distal progenitor phenotype and reducing
E-cadherin expression (Pacheco-Pinedo et al., 2011; Hung
et al., 2020). Moreover, MMPs enzymes directly regulated by
Wnt can promote cancer metastasis by aiding the breakdown of
the extracellular matrix and enabling cancer cells to spread
throughout the lymphatic and blood arteries of the body (Ku
et al., 2015). Wnt signaling may influence the organotropism of
LC cells that progress along the metastatic cascade. A metastatic
subpopulation isolated from node-derived lung adenocarcinoma
cell lines has previously been shown to exhibit highly active Wnt/
TCF signaling, and the Wnt/TCF target genes LEF1 and
HOXB9 have been shown to promote LUAD cell colonization
in the bone and brain (Nguyen et al., 2009). In addition,
activation of the Wnt pathway in tumors results in a
noninflammatory environment and suppresses immune
surveillance through a variety of mechanisms (Du et al.,
2023). This suggests that Wnt signaling may indirectly
promote tumor growth and metastasis by inhibiting the
immune-resistant tumor microenvironment.

3.5 Implicate in medication resistance

Systemic anti-LC treatments face great challenges, and drug
resistance is primarily responsible for cancer patient mortality,
whether directly or indirectly. The persistence of CSCs, enhanced
multidrug resistance (MDR) and the downregulation of apoptosis
are important causes of treatment failure (Yuan et al., 2017;
Aleksakhina et al., 2019). It has been demonstrated that CSCs are
more resistant to standard chemotherapy and radiotherapy. This
may be because these cells produce large levels of anti-apoptotic
proteins such as Myc, express more genes for drug resistance, and
have more effective DNA damage repair (Ayob and Ramasamy,
2018). Several cancers, including LC, exhibit treatment resistance,
given that Wnt signaling is crucial for sustaining CSCs (Yang et al.,
2016b). Silencing β-catenin abolished Oct4/Nanog-mediated MDR
and EMT in NSCLC cells (Liu et al., 2020).

MDR is the primary contributor to cancer chemotherapy
failure (Wang et al., 2021). Wnt signaling activation is an
important mechanism of chemoresistance in recurrent LC.
Activation of Wnt signaling by APC inhibition resulted in
chemoresistance in chemosensitive human LC cell lines, and
higher Wnt activity was observed in vitro derived
chemoresistant cell lines (Wagner et al., 2018). Overexpression
of MDR-associated transporters is the key mechanism by which
the aberrant activation of Wnt/β-catenin signaling results in the
induction of cancer MDR (Ghandadi et al., 2019). The level of
Wnt/β-catenin activity is positively correlated with resistance to
several common chemotherapeutic drugs, such as paclitaxel and
cisplatin, and radiation used in the treatment of LC (Yang et al.,
2016b; Datta et al., 2019; Li et al., 2022). Frequently used adjuvant
chemotherapy agents activate β-catenin-dependent signaling,

which results in the upregulation of the expression and activity
of multidrug-resistant protein 1 and other multidrug efflux
transporters (Vesel et al., 2017). Upregulation of Wnt signaling
protects cancer cells from cell cycle arrest or apoptosis which can
promote tumor chemoresistance (Yuan et al., 2020). For example,
the upregulation of β-catenin signaling may promote cisplatin
resistance in LUAD cells through the overexpression of the BCL-
XL gene (Zhang J. et al., 2016). Experiments have revealed that
blocking Wnt signaling increases the radiosensitivity of LC cells
(Wu et al., 2016; Li et al., 2022). Although this protective effect is
attributed to downstream effectors of Wnt/β-catenin signaling, the
more general mechanism of stress remains unclear (Lee et al.,
2013).

Targeted therapy for LC is drug-resistant, partly because of
the Wnt pathway. Adenocarcinoma is usually associated with
activating mutations in the epidermal growth factor receptor
(EGFR) gene and LC patients with activating mutations in the
kinase domain of EGFR can be treated with tyrosine kinase
inhibitors (TKIs) (Casás-Selves et al., 2012; Nakayama et al.,
2014). Cross-regulation of EGFR and Wnt signaling in cancer
results in abnormal increases in signaling proteins and
transcription factors, leading to the failure of targeted
therapies (Tabasum and Singh, 2019). Overexpression of
EGFR not only increased the synthesis of Wnt3a, Fzd, and β-
catenin, but also deactivated the phosphorylation of multiple
Wnt components (Kim N. Y. et al., 2022). Although EGFR
inhibitors have not been shown to significantly upregulate
Wnt signaling in preclinical investigations, Wnt/β-catenin
signaling promotes resistance to EGFR inhibitors in EGFR-
mutated LC cells. Previous studies have shown that the
canonical Wnt pathway contributes to the maintenance of
NSCLC cells during EGFR inhibition and that the efficacy of
EGFR inhibitors can be significantly improved by inhibiting
various components of the canonical Wnt pathway.
Importantly, inhibiting multiple elements of the canonical
Wnt pathway can dramatically increase the in vitro and in
vivo effectiveness of EGFR inhibitors (Casás-Selves et al.,
2012; Scarborough et al., 2017; Yan et al., 2022). Furthermore,
pharmacological reduction of β-catenin nuclear localization
inhibited resistance to osimertinib (a third-generation EGFR-
TKI) in PC-9 cells resistant to gefitinib (a first-generation EGFR-
TKI), and IMU1003, an inhibitor of nuclear localization of β-
catenin, significantly reduced the emergence of osimertinib-
resistant colonies (Katagiri et al., 2023). This implies that
inhibition of nuclear β-catenin function may overcome
transgenerational EGFR-TKI resistance.

Aberrant Wnt signaling can inhibit the recruitment of
inflammatory anti-tumor T cells and may undermine cancer
immunosurveillance, thereby negatively controlling innate
immunity, fostering immunoevasion, and boosting resistance
to a variety of immunotherapeutics, including immune
checkpoint inhibitors (ICIs) (Galluzzi et al., 2019; Hargadon,
2023). Wnt3a overexpression significantly increases the
transcriptional activity of the programmed death ligand 1
(PD-L1) promoter reporter (Ma et al., 2022). Molecular
screening performed at the time of progression after ICIs
treatment in patients with advanced NSCLC revealed
molecular alterations in the genes involved in the Wnt
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TABLE 2 The intervention for lung cancer Wnt using natural compounds and others.

Group Name Mode of action Effect Cell type/Modle References

Flavonoids EGCG ↓ the expression of p-GSK-
3β(Ser9), β-catenin and its
downstream target gene c-Myc,
↑GSK-3 expression

↓tumor globular formation. ↓protein
and mRNA levels of CSCs markers.
↓proliferation and ↑apoptosis

A549, H1299 cells Zhu et al. (2017a)

↑WIF-1 promoter and recovery of
WIF-1 expression. ↓β-catenin level
and Tcf/Lef reporter activity

potential therapeutic use of reversing
the methylation of the WIF-1
promoter

H460, A549 cells Gao et al. (2009)

Garcinol ↓phosphorylation of LRP6. ↓β-
catenin, Dvl2, Axin2 and Cyclin
D1 expression

↓colony formation capacity.
↑cytotoxic death and apoptosis.
↓tumor initiation and growth

H441, A549 cells and H441 CSC
mouse xenograft model

Huang et al. (2018)

Fisetin ↓the expression of various signaling
proteins (β-catenin, NF-κB, EGFR,
STAT-3) acting on the upstream
of EMT

↓EMT program. ↓the migration,
invasion potential and stem cell
phenotype of LC cells

A549 and H1299 cells Tabasum and
Singh (2019)

Nobiletin ↓miR-15-5p expression. ↓Wnt/β-
catenin

↓stemness and the migration ability.
↑cell apoptosis

A549 and H460 cells Han et al. (2021)

TF ↓COX-2, Wnt and β-catenin
mRNA expression

↓proliferate and ↑apoptosis of LC
cells. ↓tumor growth of mice.
↑survival time of mice

A549 cells, BALB/c nude mouse Han et al. (2020)

Polyphenols Curcumin ↓Wnt/β-catenin pathway
upregulation mediated by oxidative
stress

↓LC cell proliferation A549 Wang et al.
(2018b)

↓p-GSK3β(Ser9), ↑GSK3β. ↓β-
catenin and its downstream c-Myc
and Cyclin D1

↓lung CSC proliferation and
↑apoptosis

A549 and H1299 cells Zhu et al. (2017b)

↓MTAl-Wnt/β-catenin signal path
and ↓downstream targets such as
Cyclin D1, and MMP-7

↓proliferation and invasion of
NSCLC cells, and ↑G0/G1 phase
arrest

95D and A549 cells Lu et al. (2014)

RES ↓p-GSK3β(Ser9) β-catenin and
c-Myc expression

↓tumor sphere size, expression of
CSC specific markers, and activation
of Wnt/β-catenin

A549, NCI-H460, NCI-H226
and NCI-H1299 cells, BALB/c
nude mice

Xie et al. (2023)

↑snail stability to reduce
Axin2 levels, ↑the binding of β-
catenin/TCF to PD-L1 promoter,
and of ↑PD-L1 expression

suggesting the role in tumor immune
escape

A549 and H1299 cells Yang et al. (2021a)

Maclurin antioxidant activity and ↓Src/FAK-
ERK-β-catenin pathway. ↓MMP-2
and MMP-9

↓the migration and invasion of LC
cells

A549 Ku et al. (2015)

Eugenol regulated the phosphorylation
pattern of β-catenin and ↓its
nuclear translocation

↓CSC complexity. ↓development of
LC and ↑the life span of mice

A549, female Swiss Albino mice Choudhury et al.
(2021)

Alkaloids Sanguinarine ↓the expressions of Wnt1 and
Wnt7b in M2 macrophages

↓tumor growth and angiogenesis in
mice

Lewis LC cells, HUVEC, C57BL/
6 mice

Cui et al. (2022)

↓snail and wnt target gene
cyclin-D1

↓proliferation, invasion and
metastasis of CSC

A549 and H1299 cell lines, nude
mice

Yang et al. (2016a)

Chelerythrine ↓β-catenin cell expression and the
localization of β-catenin in the
nucleus

↓colony formation and spheroid
growth. ↓ability to migrate and
invade

NCI-H1703, SK-LU-1, HLCSCs Heng and Cheah
(2020)

Nuciferine ↑accumulation and stabilization of
Axin, ↑degradation of β-catenin
and ↓the expression of target genes

↓cell proliferation and apoptosis-
resistance. ↓LC growth

A549 and H1299, BALB/c
athymic nude (nu/nu) mice

Liu et al. (2015)

β-asarone ↑GSK-3β expression. ↓protein
expression of p-GSK-3β, DVL 2, β-
catenin and Cyclin D1.
↓transcriptional activity of β-
catenin/TCF

↓tumor cell viability, ↓migration/
invasion/adhesion. ↑mitochondria-
related apoptosis

A549, NCI-H1299, NCI-H1650
and HCC827 cells

Wang et al.
(2018c)

(Continued on following page)
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TABLE 2 (Continued) The intervention for lung cancer Wnt using natural compounds and others.

Group Name Mode of action Effect Cell type/Modle References

Lycorine ↑GSK-3β expression. ↓β-catenin
and EMT

↓growth and metastasis of lung
tumors

A549, H460 cells and A549/Luc
mice

Sun et al. (2018)

Daurisoline ↓the stability of β-catenin and ↑the
degradation of β-catenin

↑G1 phase cell cycle arrest. ↓the
invasion and metastasis potential of
tumor cells and tumor growth in
mice

A549, Hop62 and H1299 cells.
Female BALB/c nude mice

Huang et al. (2020)

Matrine ↑Let-7b level. ↓CCND1/Wnt
signaling pathway and ↓EMT

↓characteristic labeling and renewal
of CSCs and ↑the sensitivity 5-FU.
↓the growth and migration

NCI-A549 and NCI-H460 cells Li et al. (2020b)

Ligustrazine ↑GSK-3β expression and ↓the
activation of Wnt/β-catenin
pathway in tumor tissues

↓tumor formation and development
in mice

H1650, A549, H1299 and PC-9
cells

Dong et al. (2020)

Male BALB/c nude mice

Fascaplysin ↓expression levels of β-catenin,
AXIN2, GSK-3β and C-myc. EMT
phenotype was reversed

↓migration of A549 cells A549 cells Luo and Xu (2022)

(1′S, 6R)-
nitidumalkaloid B

↓β-catenin, Axin2, and p-GSK-
3β↑p-β-catenin expression

↓tumor cell proliferation, ↑arrest cell
cycle and apoptosis

A549 cells Qin et al. (2023)

Terpenoids TP ↑methylation of histone H3.
↓expression of various wnt
inhibitors (including WIF1, FRZB,
SFRP1, ENY2, and DKK1)

A549 and H460 cells.
Fen1 E160D transgenic mouse

Nardi et al. (2018)

the expression level of WIF-1 is
increased by demethylation of
WIF-1 promoter

↓cell proliferation, invasion,
migration and anti-apoptosis

A549 and H460 cells Mao et al. (2018)

↑phosphorylation of β-catenin and
↓expression of p-GSK3β(ser9)

↓growth and EMT/metastasis of
NSCLC cells

NCI-H1299 and NCI-H460 cells Deng et al. (2021)

↓the activity of p70S6K. ↑activated
GSK-3 to promote β-catenin
degradation

↓the EMT of paclitaxel-resistant
LUAD cells

A549 and A549/TaxR cells,
(BALB)/c nude mice

Tian et al. (2021)

CuB ↓Wnt3/Wnt3a expression. ↓GSK-3
Inactivated phosphorylation. ↓β-
catenin nuclear localization and
TCF-1 interaction

↓cell stemness and metastasis.
↓tumor angiogenesis

A549, H1299 and H23 cells.
NNK-induced A/J mouse

Shukla et al. (2016)

Curcumol ↓LRP5/6 phosphorylation,
↑expression of Axin, APC, GSK-3β
and p-β-catenin

↓cell proliferation and survival,
motility and migration

A549 and H460 cells. BALB/c
nude mice

Li et al. (2021)

FDN ↓Wnt3 and β-catenin expression
levels

↑apoptosis and cell cycle arres A549 cells Al Saqr et al.
(2022)

EPBS ↓expression of EGFR, Wnt3a and
Fzd-1 which triggered the
activation of GSK-3β and induced
the degradation of β-catenin

regulated the activity of Wnt/β-
catenin pathway proteins in cancer
cells with EGFR overexpression and
EGFR depletion

A549 and PC-9 cells Kim et al. (2022a)

Artemisinin ↓Wnt5a/b, LRP6 Dvl2 and β-
catenin expression. ↑NKD2 and
Axin2 expression

↑G1 phase cell cycle arrest. ↓tumor
proliferation and metastasis

A549 and H1299 cells, Female
Balb/c-nude mice

Tong et al. (2016)

PPD25 ↓β-catenin, c-myc, cyclin D1, TCF-
4. ↓β-catenin/TCF transcriptional
activity

↓proliferation, ↑apoptosis A549 cells Bi et al. (2009)

Isothiocyanate BI and PI ↓β-catenin localization in the
nucleus

BI more effectively inhibited long-
term colony formation. PI more
effectively inhibited the growth of
tumor

SK-LU-1, HLCSC Heng and Cheah
(2021)

NCI-H1703 cells line

Bufadienolides 19-HB ↓β-catenin c-Myc and CCND1 ↓tumor cell viability and ↑apoptosis NCI-H1299, NCI-H838,
A549 cell lines, xenograft mouse
model

Yu et al. (2021)

(Continued on following page)
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pathway, with significantly higher activation of the Wnt pathway
in NSCLC during ICIs treatment than before, suggesting a role
for this pathway in secondary ICIs resistance (Giroux Leprieur
et al., 2020). Inhibition of Wnt signaling, dominated by

pharmacological Wnt ligand inhibition, promotes the
development of the tumor microenvironment, making it more
receptive to checkpoint blocking in patients with LC (DeVito
et al., 2021).

TABLE 2 (Continued) The intervention for lung cancer Wnt using natural compounds and others.

Group Name Mode of action Effect Cell type/Modle References

Plant steroid
hormone

Epibrassinolide ↓the level of β-catenin. ↓the mRNA
levels for a number of genes ( Axin-
2, c-Jun, c-Myc, MMP7, MMP9,
Nanog

↑cell apoptosis and ↓drug resistance
of tumor

VPA17 and H69 SCLC cells Sadava and Kane
(2017)

Survivin, etc.)

Fungal metabolite Patulin ↑inhibitors of Wnt pathway, Dkk
and WIF-1, ↓Cyclin D1

antiproliferative, proapoptotic, and
antimigration effects

A549 cells Monteillier et al.
(2018)

Phenanthrene Dehydroeffusol ↓expression of β-catenin and its
downstream related proteins

↓hypoxic-induced migration and
invasion of NSCLC cells

A549 cells Wei et al. (2020)

Aldehyd Cinnamaldehyde ↑GSK-3β, p-β-catenin expression.
↓β-catenin, TCF-1 and related
genes

↓EMT and growth of NSCLC cells.
↓cell movement and metastasis

A549, YTMLC-90 and NCI-
H1299 cells. BALB/c/nu/nu
nude mice

Wu et al. (2017)

Carotenoid Fucoxanthin ↓β-catenin and EMT-associated
proteins levels

↓TGF-β1 induced cell migration and
invasion and EMT

A549 cells Luan et al. (2022)

saponin Ophiopogonin B ↑Axin stabilization to inhibit β-
catenin

↓EMT in β-catenin overexpressed
cells and↓ movement and metastasis

A549, NCI-H1299 and NCI-
H460 cells

Zhang et al. (2021)

Polysaccharide ASPS ↓the levels of wnt3a, p-GSK-3β and
Cyclin D1. ↓the expression of
EMT-related markers

↓cell proliferation and metastasis NCI-H520 cells Sun et al. (2019)

Derivatives FV429 ↑protein expression of GSK-3β and
AXIN. ↓β-catenin nuclear
localization

↑G2/M phase arrest induced by
paclitaxel

A549 and NCI–H460 cells Guo et al. (2021)

MRx102 ↑WIF-1 by promoter
hypomethylation

had similar effects to triptolide
without unwanted toxicity

A549 and H460 cells, NSG
Mouse Model

Reno et al. (2016)

xl, 1c and 8b ↓levels of β-catenin and its
downstream targets Cyclin D1,
CDK4 and c-myc

↓LC cells and tumor growth A549 and H460 cells, tumor-
bearing mice model

Bi et al. (2014)

DUD ↑Axin expression and p-β-catenin
proteolysis

reversed EMT and inhibited
migration

A549 cells Dai et al. (2020)

12K ↓LRP5/6 phosphorylation and ↓β-
catenin expression and nuclear
translocation

↓cell growth and metastasis A549 cells Dai et al. (2017)

Extracts GBEE ↓expression of Wnt3a and β-
catenin. ↓levels of VEGF and
VEGFR2

↓tumor growth and metastasis.
↓MVD in LC grafts

Lewis LC cells, C57BL/6 nude
mice

Han et al. (2016)

AvL-EtOH ↓Wnt3a, β-catenin and
downstream genes

↑Caspase-mediated apoptosis and
↓proliferation

A549 cells Tiwari et al. (2023)

Atranorin ↓nuclear import of β-catenin and
downstream genes

↓invasion and inhibit tumor
growth↓tumorigenesis

A549, H460, H1650 and LLC
cells, C57BL/6 mice

Zhou et al. (2017)

Chinese medicinal
formulae

Miao ↓the expression of c-myc, AXIN
and β-catenin

Miao and cisplatin can
synergistically regulate LC cell
proliferation and apoptosis

NCI-H446 cells, C57BL/6 nude
mice

Li et al. (2020a)

QYSL ↓Wnt1、Wnt2、Wnt5a、
GSK3β、p-GSK-3β、β-catenin
and Dvl-1

synergistic anti-tumor effect with
cisplatin

Lewis lung carcinoma cell
xenografts model in nude mice

Tong et al. (2018)

FYLM ↓expression of p-EGFR, PRC1 and
Wnt pathway-related proteins such
as β-catenin, c-Myc and c-Jun

↑EGFR-mutated NSCLC cells
sensitive to osimertinib

EGFR triple-mutant Lewis LC
cells and xenograft mouse model

Shi et al. (2023)

FYN ↓GSK-3β and β-catenin ↓proliferation and migration of
Osimertinib-resistant cell lines

HCC827OR, PC9OR cells,
xenografts model in nude mice

Sang et al. (2022)
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4 Intervention of natural products on
the canonical Wnt pathway in LC

Targeted Wnt therapy has become an important research
direction in the development of cancer drugs; however, it also
faces problems such as insufficient targeting and large toxic side
effects. Therefore, the search for safer and broader drug sources has
become the focus of Wnt-targeting research. Natural products have
become valuable effective drug sources owing to their wide range of
sources, high bioavailability, good safety, and low cost (Sheremet
et al., 2017). In the following section, natural products are classified
according to their type to discuss their anti-tumor effects via
regulation of the Wnt pathway in LC (Table 2). The natural
products we discuss in the article are pure compounds extracted
from plants except for the Extracts and Chinese Medicine Formulas
section.

4.1 Flavonoids

Flavonoids, which are frequently found in human diets and have
biological effects, including antioxidant, antibacterial, and anti-
inflammatory properties, can lower the risk of disease and are
thought to be natural tumor-preventive agents. The biological
activity of flavonoids relies on the structural substitution of the
C6-C3-C6 loop (Shen et al., 2022). The following is a review of
relevant literature on Epigallocatechin gallate (EGCG), garcinol,
fisetin, nobiletin, and total flavonoids (TF) involved:

EGCG, the main bioactive ingredient in green tea, is linked to a
number of bioactivities, including, anti-cancer, antioxidant, anti-
inflammatory and antibacterial activities (Zhang S. et al., 2023). The
inactive form of GSK-3β, which is phosphorylated at Ser9 and
inhibited by EGCG, became significantly more abundant in the
presence of EGCG, while β-catenin and Myc decreased. EGCG
increased apoptosis, prevented lung CSCs from proliferating, and
decreased the expression of lung CSCs markers at both the protein
and mRNA levels (Zhu J. et al., 2017). Lithium chloride (LiCl) is a
typical Wnt activator. By causing its phosphorylation at ser9, LiCl
therapy inactivated GSK-3β to enhance β-catenin activation which
overrode the inhibitory effects of EGCG on theWnt pathway, tumor
sphere formation, and lung CSC markers. LiCl treatment decreased
EGCG’s ability of EGCG to inhibit the growth of lung CSCs and
induce apoptosis (Zhu J. et al., 2017). In addition, aberrant promoter
methylation ofWIF-1 is the basic mechanism of epigenetic silencing
in human cancers. Previous studies have also shown that EGCG
treatment can regain WIF-1 expression by promoter demethylation
of WIF-1 in NSCLC cell lines (Mazieres et al., 2004). Additionally,
cytosolic β-catenin protein levels are lowered by EGCG, and TCF/
LEF reporter activity is suppressed (Gao et al., 2009).

Garcinol, a polyisoprenylated benzophenone derived from
Garcinia indica Choisy (kokum) fruiting bodies and having anti-
inflammatory, antioxidant, acetyltransferase inhibitory, and anti-
cancer effects, alters lung CSCs’ activity and the aggression that goes
along with them. Garcinol interferes with the phosphorylation of
LRP6, a shared Wnt and Stat3 receptor, and blocks the activation of
theWnt/β-catenin/Stat3 axis. In NSCLC-produced spheres, garcinol
reduced the expression of Dvl2, Axin2, β-catenin, and CCND1,
indicating that garcinol can control the Wnt/β-catenin signaling

pathway. Garcinol therapy dramatically slowed the formation of
tumors in a mouse model of H441 CSC, confirming the above
findings in vivo. Garcinol was found to modulate the lung CSCs
phenotype by modulating Wnt/β-catenin signaling and
Stat3 inactivation, thus suggesting that garcinol might be a
potential new anti-lung CSC medicinal substance (Huang et al.,
2018).

Fisetin (3,3′,4′,7-tetrahydroxyflavone) is a natural bioactive
flavonoid present in a variety of fruits and vegetables, displaying
a range of pharmacological properties, such as anti-invasive and
anti-cancer actions (Sundarraj et al., 2018). Fisetin controls the
expression of EMT markers and lowered the expression of several
signaling proteins that act upstream of EMT such as β-catenin,
EGFR, and Stat3. It also decreases the expression of the invasion
markers MMP-2, vimentin, and N-cadherin, thereby limiting the
potential of the tumor to metastasize. Both the stem cell-like
phenotype of H1299 cells and the expression of the lung CSC
markers CD44 and CD133 were downregulated following fisetin
treatment. Fisetin also inhibited LC cell proliferation by inducing
G1-phase cell cycle arrest instead of cell death (Tabasum and Singh,
2019).

The polymethoxylated flavonoid nobiletin (3′,4′,5,6,7,8-
hexamethoxyflavone) is specifically accumulated in citrus fruit
peel, with many anti-cancer activities. Nobiletin was found to
enhance regulators of Wnt/β-catenin signaling, such as
Axin2 and WIF-1, which are related to the inhibition of miR-15-
5p expression. Nobiletin significantly reduced the ability of NSCLC
cells to form spheres and the expression of proteins linked to cancer
stemness, namely, CD133 and ALDH1 (Han et al., 2021). Study also
discovered that nobiletin prevented A549 and H460 cells from
migrating, demonstrating a strong anti-metastatic effect that may
be related to the suppression of cell stemness and EMT induced by
the inactivation of the Wnt pathway (Han et al., 2021).

TF isolated from Fructus viticis significantly reduced the mRNA
expression levels of cyclooxygenase 2 (COX-2), Wnt, and β-catenin
in A549 cells. Further research found that TF promoted the
apoptosis of A549 cells by inhibiting the COX-2 mediated Wnt/
β-catenin signaling pathway, increasing multiple pro-apoptotic
genes expression such as apoptotic peptidase activating factor 1,
and lowering expression of anti-apoptotic genes BCL2L2 and BCL2.
The ability of A549 cells to proliferate was decreased by TF in a dose-
dependent manner; however, this effect was reversed by activating
Wnt signaling via COX-2. Additionally, animal studies revealed that
TF therapy greatly slowed the growth of mouse tumors, with a
tumor inhibition rate of 64.07%, and increased the survival time of
the animals (Han et al., 2020).

4.2 Polyphenols

Phenols in large numbers and diverse forms provide a variety of
potential benefits to human health. Polyphenols have multiple
conjugated double bonds and show strong antioxidant capacities.
Therefore, when electrons at certain sites are removed by free
radicals, the molecular structure is stabilized by conjugation,
thereby protecting the cell (Sharoni et al., 2012). This review
discusses curcumin, resveratrol, and other compounds (maclurin
and eugenol).
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4.2.1 Curcumin
Oxidative stress is one of the most common causes of cellular

damage, mainly due to the accumulation of reactive oxygen species
(ROS) and other free radicals causing damage to antioxidant
enzymes such as superoxide dismutase (SOD) (Sies et al., 2017).
Previous studies have demonstrated that the Wnt/β-catenin
pathway can be activated by ROS-mediated induction, and that
the crosstalk between ROS and the Wnt pathway plays an important
role in LC adeno-to-squamous transdifferentiation (Fang et al.,
2023). The primary component of turmeric (Curcuma longa L.),
a commonly used traditional Chinese herbal remedy, is curcumin
(diferuloylmethane), which has numerous pharmacological effects,
including anti-tumor, anti-inflammatory, antioxidative, and
neuroprotective properties (Deng et al., 2022). Curcumin reduced
ROS levels, increased SOD and γ-glutamyl cysteine synthetase levels,
and inhibited A549 cell growth. Curcumin also significantly reduced
the expression of nuclear β-catenin and phosphorylated GSK-3β
(p-GSK3-β) in their respective proteins. Curcumin treatment
drastically inhibited CCND1 and Myc expression. Pretreatment
with an ROS scavenger (NAC) significantly reversed this effect. It
is clear that oxidative stress plays a role in curcumin-induced
suppression of the Wnt/β-catenin pathway by curcumin (Wang
J. Y. et al., 2018).

Another study discovered that curcumin effectively reduces lung
CSC activity by suppressing theWnt/β-catenin and Sonic Hedgehog
pathways to diminish tumor sphere formation, downregulate CSC
marker expression, inhibit proliferation, and induce apoptosis. LiCl-
triggered Wnt/β-catenin activation reversed the anti-tumor effects
of curcumin (Zhu J. Y. et al., 2017). Curcumin can reduce the
transcription and translation of metastasis-associated protein 1
(MTA1) in LC cells and increase the number of cells in the G0/
G1 phase. In addition, MTA1 knockout affected the protein levels of
β-catenin, MMP7, and CCND1, which was similar to the effect of
curcumin treatment in NSCLC. These results suggest that curcumin
inhibits the proliferation and metastasis of 95D and A549 cells by
reducing their downstream targets via inactivation of the MTAl-
Wnt/β-catenin pathway (Lu et al., 2014). Furthermore, the
inhibitory impact of curcumin on NSCLC cells may also be
attributed to overexpression of miR-192-5p, which targetd c-Myc
and deactivated the Wnt/β-catenin signaling pathway (Pan et al.,
2020).

4.2.2 Resveratrol
The bioactive phytochemical resveratrol (RES), which is

obtained from a variety of plants, has tumor-suppressing effects
on LC. RES successfully reduced IL-6 expression and the levels of the
CSC-specific markers CD133, ALDH1A1, and Nanog in NSCLC cell
lines. Moreover, RES dose-dependently decreased the expression of
β-catenin, p-GSK-3β (Ser9), and Myc and inhibited Wnt/β-catenin
signaling in vivo, which increased the lifespan of mice and prevented
the growth of LC. The addition of LiCl partially counteracts the
inhibitory effect of RES on lung CSCs and reverses the inhibition of
Wnt/β-catenin signaling by RES (Xie et al., 2023). Interestingly, the
Wnt pathway was found to be essential for mediating RES-induced
upregulation of PD-L1. In H1299 cells, RES reduced Axin2 levels by
increasing Snail stability, leading to breakdown of the destruction
complex and enhancing TCF/β-catenin adherence to the PD-L1
promoter. RES dose-dependently increases PD-L1 expression in

NSCLC cells at pharmacologically accessible concentrations
(<30 μM), and RES treatment strongly inhibits T cell function in
a co-culture model (Yang M. et al., 2021). These findings imply that
RES may contribute to tumor immune evasion.

These contradictory results may be attributed to the different
concentrations of RES. PD-L1 expression was induced after
exposure to low doses of resveratrol in H1299 cells. However, at
higher doses (>40 μM), RES treatment resulted in a gradual
reduction of PD-L1, suggesting that RES can modulate PD-L1
expression in a dose-dependent manner (Yang M. et al., 2021).
More importantly, there are two structures of natural RES, cis
(3,5,4′-Trihydroxystilbene) and trans (trans-3, 5,4′-
trihydroxystilbene), which have significant metabolic differences,
and may have different or even opposite effects on cells. Further
investigation is required to fully understand the possible advantages
and hazards of using RES as an adjuvant cancer therapy (Sundarraj
et al., 2018; Jarosova et al., 2020; Jhanji et al., 2021).

4.2.3 Other polyphenols
Morus alba L. and Garcinia mangostana L. are sources of the

natural compound maclurin ((3,4-dihydroxyphenyl)-(2,4,6-
trihydroxyphenyl)methanone), a member of the benzophenone
family (Moon et al., 2022). The antioxidant activity of maclurin
significantly reduced intracellular ROS levels, leading to the
inhibition of Src/FAK and ERK in A549 cells. Subsequently,
attenuated GSK-3β and reduced accumulation of nuclear β-catenin
were observed after maclurin treatment, which further caused
downregulation of transcriptional expression and activation of
metastasis-related MMP-2 and MMP-9, leading to the inhibition of
migration and invasion of human NCLC cells (Ku et al., 2015).

Eugenol (4-allyl (-2-methoxyphenol)) is abundant in the
essential oils of widely used Asian species, such as cloves.
Eugenol, a naturally occurring β-catenin inhibitor, is an
extremely important chemopreventive agent for LC. Eugenol can
sequester β-catenin in the cytoplasm and regulate the
phosphorylated form of β-catenin to promote its degradation,
thus helping the cellular environment to resemble the normal
state. Meticulous molecular analysis clearly revealed GSK-3β-
mediated phosphorylation of β-catenin after eugenol treatment,
leading to degradation of cytoplasmic β-catenin, which
significantly limited its transfer to the nucleus. Eugenol activity
reduced the expression of CSC markers regulated by β-catenin
(CD44, Oct4, EpCAM, and Notch1). Eugenol successfully slowed
the activity of the small-molecule CK1 inhibitor D4476,
perpetuating the mandatory phosphorylation of β-catenin by
CK1α, thereby pushing it toward degradation and minimizing
CSC expression. Eugenol treatment showed tumor-preventing
effects and significantly prolonged the lifespan of mice with
N-nitrosodiethylamine-induced LC (Choudhury et al., 2021).

4.3 Alkaloids

Natural alkaloids are regarded as valuable sources of anti-cancer
medicines because they not only exhibit potent anti-tumor effects
when taken alone but also when combined with other anti-tumor
agents (Luo et al., 2021). Consequently, alkaloids have attracted
considerable interest for tumor treatment.
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Sanguinarine, a benzophenanthrodine alkaloid, exerts anti-
tumor effects through multiple targets and pathways, such as the
CSC and TAM phenotypes. A tappable driver of the
immunosuppressive M2-like TAM phenotype is the Wnt
signaling pathway, which can be regulated by sanguinarine. In
M2 macrophages, sanguinarine reduced the protein expression of
the nuclear transcription factor β-catenin as well as the mRNA
expression of Wnt1 and Wnt7b. By preventing Wnt signaling in
TAMs, sanguinarine controlled M2 macrophage polarization and
inhibited angiogenesis, showing potential application value in
immunotherapy and anti-angiogenesis therapy for LC (Cui et al.,
2022). In addition, sanguinarine inhibited the proliferation,
invasion, and metastasis of lung CSC mainly through direct
downregulation of Wnt/β-catenin self-renewal pathway and
indirect interruption of EMT. Sanguinarine, which can be used to
target lung CSC, decreased the expression of β-catenin and
downstream CCND1 (Yang et al., 2016a). Moreover, a possible
anti-cancer target of sanguinarine in vitro is the interaction between
β-catenin and LEF1, based on a high-throughput sequencing assay
(Chen et al., 2021).

The type III benzophenanthridine alkaloid Fisetin was
discovered in medicinal plants including Chelidonium majus L.
and Macleaya cordata (Willd.) R. Br (Liu et al., 2006). The major
histology of lung CSCs is sensitive to the growth inhibitor
chelerythrine chloride, which inhibits the growth of LC cell lines
derived from different proximal/distal origins. By downregulating β-
catenin, it suppressed the function of CSCs and triggered apoptosis
in a variety of LC cells with diverse histological backgrounds.
Chelerythrine chloride caused not only a reduction in average β-
catenin cellular expression, but also a reduction in nuclear β-catenin
localization in several lung tissues, regardless of tissue origin, and
different concentrations could trigger the specific targeting required
in different cell lines. This broad applicability of chelidonine
chloride as a β-catenin inhibitor would favor its development as
an anti-CSC therapy for LC (Heng and Cheah, 2020).

Nuciferine (NF), an alkaloid originally isolated from lotus
(Nelumbo nucifera Gaertn.) leaves, has therapeutic effects such as
anti-obesity, antioxidant, and anti-inflammatory properties (Kim
S. M. et al., 2022). Axin protein levels significantly increased in
NF-treated cells, but not APC or GSK-3 expression levels, while
Axin, APC, or GSK-3 mRNA levels were unaffected. The effect of
NF was sufficient to induce the accumulation and stabilization of
Axin, which accelerated β-catenin degradation and inhibited
Wnt/β-catenin signaling in NSCLC cells. NF effectively
inhibited the proliferation of nicotine-pretreated NSCLC cells
and exerted chemotherapeutic effects on tumor xenograft
growth in vivo. NF effectively inhibited the proliferation of
NSCLC cells pretreated with nicotine in vitro and exerted
chemotherapeutic effects on tumor xenograft growth in vivo
(Liu et al., 2015).

β-asarone (1-propenyl-2,4,5-methoxybenzol), the main bioactive
component of Acorus calamus L., possesses diverse pharmacological
activities, including anti-cancer, antidepressant, antiepileptic,
antihyperlipidemic, antithrombotic, and radioprotective activities
(Chellian et al., 2017). β-asarone induced a dose-dependent
decrease in lung carcinoma cell viability, cell migration, invasion
and adhesion, and induced tumormitochondria-associated apoptosis
through an endogenous pathway, which significantly increased the

activities of caspase-3 and caspase-9. β-asarone increased the
expression of GSK-3β while downregulating the expression of
Dvl2, p-GSK-3β (Ser 9), and β-catenin. β-asarone treatment also
impaired the transcriptional activity of β-catenin/TCF and the
expression of its downstream target genes, including MMP-7,
Myc, and CCND1. Restoring Wnt/β-catenin signaling pathway
activation by Wnt3a can overcome the anti-LC effect induced by
β-Asarone (Wang T. L. et al., 2018).

The natural isoquinoline alkaloid lycorine, which is extracted
from the herb Lycoris radiata (L’Her.), has many anti-cancer
properties. After treatment with lycorine, the expression of GSK-
3β was increased, the cellular level of β-catenin was inhibited, and
the growth and metastasis of LC were significantly hindered. This is
closely related to the inhibition of Wnt/β-catenin signal
transduction by lycorine and the reversal of EMT in LC cells
(Sun et al., 2018).

Daurisoline, an alkaloid constituent ofMenispermum Dauricum
DC., has excellent anti-inflammatory properties (Zhou et al., 2022).
Daurisoline may directly target HSP90, preventing its interaction
with β-catenin and accelerating β-catenin’s ubiquitin-mediated
proteasomal destruction. Daurisoline decreased the expression of
the downstream genes Myc and CCND1, resulting in cell cycle arrest
at the G1 phase. It also influenced the expression of mesenchymal
markers, such as N-cadherin and vimentin, which impair the
invasive and metastatic potential of LC cells. Daurisoline inhibits
the tumorigenicity of LC both in vitro and in vivo (Huang et al.,
2020).

Matrine is the main bioactive component of Sophora flavescentis
Ait. and has been widely used clinically in China, either alone or in
combination with chemotherapeutic drugs or radiotherapy (Li et al.,
2016b).Matrine regulates CSCs renewal in NSCLC in a CCND1/Wnt
signaling-dependentmanner. By targeting theWnt/CCND1 pathway
to prevent 5-fluorouracil-induced CCND1 accumulation in tumor
tissues, matrine sensitized NSCLC cells to the effects of 5-fluorouracil
in vivo and markedly boosted apoptosis. In addition, matrine
alleviated EMT by increasing the expression of E-cadherin and
lowering the level of N-cadherin, and CCND1 knockdown in
NSCLC cells reduced EMT. Matrine regulates CCND1/Wnt-
mediated EMT and decreases the mobility of NSCLC cells (Li X.
et al., 2020).

The alkaloid ligustrazine is an active component of the Chinese
herbal remedy Ligusticum chuanxiong Hort. By increasing the level
of GSK-3β, ligustrazine considerably reduced the weight and volume
of mouse tumors and significantly blocked the activation of theWnt/
β-catenin pathway in LC tissue. This resulted in the inhibition of
tumor growth in mice (Dong et al., 2020).

Natural substances derived from sponges, such as fascaplysin,
exhibit promising anti-cancer properties. Fascaplysin blocks the cell
cycle of A549 cells by regulating cycle-related proteins such as cyclin
D1. Fascaplysin treatment reduced the expression levels of Axin2,
GSK-3β, β-catenin, and Myc proteins, which inhibited LC cell
migration by hindering Wnt signal transduction and reversing
the EMT phenotyp (Luo and Xu, 2022).

(1′S, 6R)-nitidumalkaloid B is a novel alkaloid identified from
Zanthoxylum nitidum (Roxb.) DC. and its antiproliferative activity
is partly related to G2/M cell cycle arrest, induction of apoptosis and
inhibition of the Wnt/β-catenin signaling pathway. It effectively
suppressed the expression of β-catenin, Axin2, and p-GSK-3β but
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increased p-β-catenin expression in a concentration-dependent
manner. Constitutive relationship analysis suggested that the C-6
substituent of benzophenanthridine alkaloids had a direct effect on
its antiproliferative activity (Qin et al., 2023).

4.4 Terpenoids

Terpenoids, also known as isoprenoids, are the most diverse
compounds in nature, accounting for approximately one-third of all
natural products, and are widely used in the field of medicine. For
example, paclitaxel is a widely used chemotherapeutic drug in
clinical practic (Christianson, 2017). Recently, some terpenoids
have shown beneficial effects on the Wnt pathway in LC.

4.4.1 Triptolide
Triptolide (TP), an important active compound in Tripterygium

wilfordii Hook. f., is a natural diterpene epoxy compound with
strong anti-cancer activity that has been widely studied. TP-induced
epigenetic changes in histone H3 methylation and nuclear
translocation of β-catenin effectively inhibited Wnt signaling in
multiple LC models, thereby inhibiting the proliferation, metastasis,
and drug resistance of LC cells. The expression of several Wnt
inhibitors, such as WIF-1 and DKK1, significantly increased
following treatment with TP (Nardi et al., 2018). After treatment
with TP, the demethylation of WIF-1 promoter increased the
mRNA and protein levels of WIF-1, which prevented the
excessive activation of Wnt pathway and affected the
downstream Axin2 and β-catenin expression (Mao et al., 2018).
Triptolide treatment promoted β-catenin phosphorylation and
decreased p-GSK-3β(ser9) expression, inhibited EMT in the
xenograft model and reduced lung metastasis in the tail vein
injection model. β-catenin overexpression antagonized the
triptolide-mediated inhibition of EMT marker expression and
counteracted the triptolide-mediated inhibition of the migration
and invasion of LC cells (Deng et al., 2021). TP promoted the
degradation of β-catenin by blocking the activity of the protein
kinase p70S6K, which was found to inactivate phosphorylated GSK-
3 at serine 9/21. By repressing the Wnt/β-catenin pathway, TP
reversed EMT in paclitaxel-resistant lung adenocarcinoma cells,
offering a prospective use for TP and paclitaxel combination
therapy (Tian et al., 2021).

4.4.2 Other terpenoids
Cucurbitacin B (CuB) is a natural plant triterpenoid that inhibits

endothelial cell migration, invasion, and angiogenesis in NSCLC.
CuB treatment inhibited the expression of Wnt3/Wnt3a,
inactivating GSK-3 phosphorylation, and restricted β-catenin
nuclear localization to influnce interaction with TCF-1 in NSCLC
cells. Downregulation of the Wnt/β-catenin signaling axis conferred
the ability of CuB to resist NSCLC stemness and metastasis.
Additionally, CuB showed strong antiangiogenic properties both
in vivo and in vitro. This property may be attained by influencing
angiogenic mediators such MMP-2, survivin, and VEGF in Wnt
target genes (Shukla et al., 2016).

The sesquiterpene Curcumol, a bioactive substance purported to
have anti-cancer effects, was isolated from rhizome of various
Curcuma species. Curcumol treatment controlled the motility,

migration, and proliferation of LC cells by altering the expression
of Wnt signaling molecules. Curcumol inhibited the
phosphorylation of LRP5/6, although Fzd8 was not altered,
thereby greatly increasing the protein expression of downstream
Axin, APC and GSK-3β. Thus, the β-catenin protein expression was
dramatically reduced while its degree of phosphorylation was
significantly higher (Li et al., 2021).

Sesquiterpenoids isolated from Curcuma species also contain
furanedienone, which may be a potential adjuvant therapy for the
treatment of LC. In A549 cells, furanodienone administration
suppressed Wnt3 and β-catenin in a dose-dependent manner,
thereby downregulating the Wnt signaling pathway. This was
correlated with increased apoptosis and cell cycle arrest (Al Saqr
et al., 2022).

Euphorbiasteroid (EPBS), a tricyclic terpenoid extracted from
Euphorbia lathyrism L., inhibited the expression of EGFR, Wnt3a,
and Fzd-1 in NSCLC cells and triggered the activation of GSK-3β,
which in turn induced β-catenin degradation. In EGFR-overexpressing
and-depleted LC cells, EPBS regulated the constitutive activation of the
Wnt/β-catenin pathway, and the nuclear translocation of β-catenin was
considerably decreased upon EPBS administration, suggesting that
EPBS may be implemented alongside EGFR-TKIs in drug-resistant
LC (Kim N. Y. et al., 2022).

The antimalarial compounds artemisinin, dihydroartemisinin,
and artesunate halt lung tumor progression by blocking the Wnt/β-
catenin pathway. They suppressed Wnt5-a/b protein levels and
efficiently lowered the expression of LRP6 and Dvl2 while
increasing Axin2 expression. Ultimately, this results in
downregulation of β-catenin and inhibition of LC proliferation
and metastasis (Tong et al., 2016).

20(S)-25-OCH3-PPD (PPD25), a dammarane-type triterpenoid
saponin from the leaves of Panax notoginseng (Burk.) F. H., has
been reported to have cytotoxic effects in several human cancer cell
lines. PPD25 dose-dependently decreased β-catenin expression and
inhibited β-catenin/TCF transcriptional activity in A549 cells. It
inhibited the expression of Wnt pathway-associated proteins and
effectively suppressed proliferation of LC cells, demonstrating the
potential as a chemotherapeutic and/or chemopreventive agent for
LC (Bi et al., 2009).

4.5 Other types

Isothiocyanate members reduce the signature activation event of β-
catenin nuclear localization in LC cell lines. Phenethylisothiocyanate
was more effective in preventing the growth of a multicellular tumor
spheroid model that mimicked micrometastases, whereas Benzyl
isothiocyanate was better at preventing the Long-term colony
formation dependent on CSC viability in Wnt-dependent squamous
cells. Therefore, Phenethylisothiocyanate might work as chemotherapy
to remove a large tumor and Benzyl isothiocyanate may be a safer
alternative to target undifferentiated CSCs (Heng and Cheah, 2021).

19-Hydroxybufalin (19-HB) is a monomer of bufadienolides
from the skin of toads. 19-HB reduced β-catenin as well as
downstream target genes. It produced safe anti-tumor effects
in vitro and in vivo by decreasing viability and promoting
apoptosis of LC cells, and its anti-tumor effects were mediated by
inhibition of the Wnt signaling pathway (Yu et al., 2021).
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Epibrassinolide is a steroid hormone in plants that acts via
membrane receptors and GSK-3 pathway, resulting in stabilization
of transcription factors. It significantly reduced β-catenin-
dependent cytokinesis, metastasis, and anti-apoptotic gene
expression in both drug-resistant (VPA17) and drug-sensitized
(H69) small cell LC (SCLC) cells, but had no effect on normal
lung epithelial cells (Sadava and Kane, 2017).

Patulin, a metabolite of Penicillium vulpinum, exhibited
antiproliferative, proapoptotic, and antimigration effects on
human LUAD cells through inhibition of the Wnt pathway. It
upregulated the expression of two endogenous inhibitors of Wnt
pathway, Dkk and WIF-1, and downregulated the expression of
CCND1 (Monteillier et al., 2018).

Other compounds, such as dehydroeffusol (Wei et al., 2020),
cinnamaldehyde (Wu et al., 2017), fucoxanthin (Luan et al., 2022),
ophiopogonin B (Zhang et al., 2021) and acanthopanax senticosus
polysaccharide (ASPS) (Sun et al., 2019), can inhibit the Wnt
pathway to weaken the EMT process and inhibit tumor metastasis.

4.6 Derivatives

In addition, some derivatives artificially manufactured based on
the well-defined structures of pure compounds extracted from
plants. Most of them showed better bioavailability and achieved
better anti-tumor effects by enhancing efficacy and attenuating
toxicity.

FV-429, a derivative of the natural flavonoid wogonin,
reprogrammed cancer cell metabolism and reduced fatty acid
levels. The combination of FV-429 and paclitaxel not only
reduced the levels of Wnt3a, LRP6, and Dvl 2 but also increased
the protein expression of GSK-3β and Axin, which blocked the
hypoxia-driven nuclear localization of β-catenin. Furthermore, FV-
429-regulated fatty acid metabolism enhanced the efficacy of
paclitaxel in NSCLC through Wnt-mediated G2/M phase arrest
(Guo et al., 2021).

The triptolide derivative MRx102 upregulated WIF-1 in LC cell
lines via hypomethylation of its promoter. Interestingly,
MRx102 has effects similar to those of triptolide without
unwanted toxicity (Reno et al., 2016). Three ginsenoside
derivatives, xl, 1c, and 8b, showed good anti-tumor activity
against LC, and their anti-growth activity against LC cells partly
involved β-catenin-mediated signaling, as these substances reduced
the expression of β-catenin and its subsequent targets CCND1,
CDK4, and Myc (Bi et al., 2014).

Based on the structure of the natural product taspine, a
diphenylurea derivative (DUD) was synthesized using a
computer-aided drug design method to reduce the expression
and nuclear translocation of β-catenin. DUD significantly
upregulated Axin expression and stabilized the β-catenin
destruction complex to promote proteasome-mediated protein
hydrolysis of phosphorylated β-catenin. DUD reversed EMT
process and inhibited LC cell migration via Wnt/β-catenin and
PI3K/Akt signaling (Dai et al., 2020). Compound 12k, a derivative of
taspine, adversely controlled theWnt signaling pathway by reducing
the nuclear translocation of β-catenin and suppressing the
phosphorylation of LRP5/6. Compound 12k downregulated
MMP3 and MMP7 expression, which was controlled by

β-catenin in A549 cells. Related migration proteins such as
VEGF, MMP2, and MMP9 were impaired after 12k treatment
(Dai et al., 2017).

4.7 Extracts and Chinese Medicine Formulas

Ginkgo biloba exocarp extract (GBEE) contains a large number
of components with bioactivities, such as antioxidant, antibacterial
and anti-tumor. Ginkgo biloba seed exocarp polysaccharides and
ginkgolic acids are be identified as the main components in GBEE
contributing to the anti-tumor effect (Wang et al., 2022). GBEE
significantly inhibited the expression of Wnt3a and β-catenin in
mice and reduced VEGF and VEGFR2 mRNA levels in LC cells.
GBEE inhibits Lewis LC angiogenesis by inhibiting the Wnt/β-
catenin-VEGF signaling pathway to suppress MVD in transplant
tumors which inhibits tumor growth and suppresses tumor lung
metastasis in a dose-dependent manner (Han et al., 2016).

The ethanolic extract of Artemisia vulgaris L. (AvL-EtOH)
decreased the downstream activation of Wnt3a in A549 cells,
thereby inhibiting tumor cell proliferation and promoting caspase
cascade activation-induced apoptosis. The gas chromatography-
mass spectrometry analysis of AvL-EtOH exhibited 48 peaks of
various secondary metabolites such as terpenoids, flavonoids,
carbohydrates, coumarins, amino acids, steroids and proteins
(Tiwari et al., 2023).

Everniastrum vexans is a secondary metabolite extracted from
lichen with anti-migration activity to LC cells, and atranorin is
identified as an active subcomponent of this extract. Atranorin
inhibited LC cell motility and tumorigenic potential in xenograft
tumor model by inhibiting the nuclear import of β-catenin and
down-regulating downstream genes expression (Zhou et al., 2017).

Anti-cancer formulas, such as Miao-Yi-Ai-Tang (Miao) and
Qiyusanlong (QYSL) decoction, significantly enhance the effect of
Cisplatin on LC cells. Miao treatment inhibited the expression of
Axin, β-catenin, and Myc, restricting the development of LC. Miao
not only had similar effects as cisplatin on LC cells, but also induced
an improvement in cisplatin resistance. The simultaneous use of
Miao and cisplatin synergistically regulated cell proliferation and
apoptosis and enhanced the inhibitory effect on LC cells (Li B. et al.,
2020). QYSL inhibited Wnt1, Wnt2, Wnt5a, GSK-3β, p-GSK-3β, β-
catenin, and Dvl-1 protein levels and decreased downstream
expression of related mRNAs. The combination of chemotherapy
drug Cisplatin and a high dose of QYSL decoction significantly
enhanced the inhibitory effect on LC (Tong et al., 2018).

The Feiyiliu Mixture (FYLM) and Feiyanning Formula (FYN)
are experienced Chinese medicinal formulas. FYLM reduced the
expression of phosphorylated EGFR and Wnt pathway-related
proteins, such as β-catenin and Myc. FYLM treatment delays the
resistance of EGFR-mutant cell lines and EGFR-mutant tumor-
bearing mice to osimertinib by inhibiting the Wnt/EGFR pathway
(Shi et al., 2023). FYN in combination with osimertinib significantly
inhibited the proliferation and migration of drug-resistant NSCLC
cell lines. It reduced GSK-3β and β-catenin expression and exerted
anti-osimertinib resistance by inhibiting theWnt/β-catenin pathway
(Sang et al., 2022).

Additionally, almost every element of the Wnt signaling
pathway, from the synthesis and secretion of Wnt ligands to the
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transcription of Wnt target genes, has the potential to become a
molecular target for cancer therapy (Sheridan, 2018). Natural
products and their derivatives could target various components
of the canonical Wnt pathway (Figure 2) and have a high safety
profile. Some can enhance efficacy or inhibit drug resistance,
showing good potential for combination therapy with existing
anti-tumor drugs (Table 3). This may be an important
breakthrough point to address the limited therapeutic window,
and provide new avenues for LC treatment.

5 Drug delivery systems

Although natural products and their derivatives have achieved
promising anti-tumor effects in basic research, they still face
challenges in clinical applications, such as low solubility, limited
oral bioavailability, poor metabolism and insufficient organ

targeting. Because of these limitations, most the natural products
have to apply to patients with a huge dosage, which may increase the
risk of inducing side effects (Atanasov et al., 2021). Therefore, it
would be crucial to research effective drug delivery systems (DDSs)
for these compounds.

Nanotechnology helps reduce chaotic distribution and direct
drug containment in cancer cells through the movement of DDSs to
a greater extent, increasing local utilization, maintaining a higher
bioactivity and improving metabolic stability (Hu et al., 2017;
Maqsoudlou et al., 2022). The immature vascular system with
large cellular gaps in LC has enhanced permeability and
retention of nanosized DDSs. The smaller capillaries in the lung
enable passive lung targeting of DDSs larger than 7 µm in size (Park
et al., 2019). It has been suggested that the delivery of Wnt pathway
inhibitors to CSCs requires stable liposomal encapsulation and
delayed tumor tissue drug release. Liposomal drugs specifically
interfere with aberrant Wnt signaling in tumor tissues, resulting

FIGURE 2
Themanner in which the studied product acts on theWnt pathway in lung cancer. Natural compounds and their derivatives inhibit theWnt signaling
pathway by reducing upstream activators such as SOX and COX-2, inhibiting Wnt ligands, inhibiting receptor phosphorylation such as Fzd, inhibiting Dvl,
promoting destruction complex stabilization, and inhibiting β-catenin nuclear localization and TCF/LEF transcription factor activity.
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in a focused effect on LGR5+ CSCs (Li et al., 2019). Encapsulation in
nanoparticles such as liposomes and nanomicelles has solved the
problem of poor water solubility and bioavailability of natural
products to be a favorable curcumin delivery system for targeting
LC (Ibrahim et al., 2018; Zhang et al., 2018). Co-delivery of erlotinib
and curcumin by nanomicelles improved anti-tumor effects in vitro
by reducing Wnt pathway-related gene expression (Bagherian et al.,
2021). Liposomes, as the DDSs we are concerned about, have been
developed from the initial modification of classical lipid components
to long-circulating, environmentally-sensitive and actively-targeted
liposomes. It is expected that multifunctional liposomes with high
potential for clinical applications can be obtained through organic
combinations (Wang L. et al., 2021).

Nanoparticles can be modified to allow delivery of drugs by
inhalation, which offers a promising non-invasive therapeutic
option for the treatment of LC, such as a nanocomposite system
loaded with RES for nebulization, demonstrating higher anti-cancer
selectivity index (Wang et al., 2020; Zhang X. et al., 2023).
Nanocrystalline materials have good atomization properties and
are good carriers for local targeted delivery of natural products with
poor water solubility to achieve continuous lung delivery (Lai et al.,
2019). Other types of nanocarriers, such as chitosan nanoparticles,
mesoporous silica nanoparticles, polymer nanoparticles, etc., have
also shown non-negligible development potential, and they not only
improve bioavailability in vivo, but also enhance the synergistic
delivery efficiency of chemotherapeutic agents (Liang et al., 2021).
Quercetin and doxorubicin co-delivery using mesoporous silica
nanoparticles decreased expression of Wnt16 and P-glycoprotein,
thereby reshaping the tumor microenvironment and reversing
multidrug resistance (Fang et al., 2018). Nano-delivery systems
combining physical, biological and chemical means of targeting
have shown promising anti-tumor efficacy and provide templates
for multi-technology co-design of DDSs (Lin et al., 2020). However,

various DDSs loaded with natural products still need to be explored
in-depth preclinical experiments and clinical trials to clarify their
safety and efficacy.

6 Summary

Current Wnt studies in LC have focused on LUAD-dominated
NSCLC, and markers suggesting efficacy remain inadequately
studied, although there have been reports on Wnt ligand-
dependent tumor markers (Kleeman et al., 2020). In the future,
more attention should be paid to the specific activation modes of
Wnt in the LC, such as Wnt effector overexpression and inhibition
by Wnt antagonists, which are common alterations in the LC. A
fuller understanding of the possible LC-specific mechanisms of Wnt
activation and analysis of the conformational relationships between
natural product interventions and Wnt will facilitate research on
more targeted inhibitors that may reduce the impact of widespread
inhibition on normal human function.

Targeted toxicity of existing Wnt inhibitor therapeutic-grade
molecules is a major limitation hindering their clinical development
(Diamond et al., 2020; Angers, 2021). Compared with chemically
synthesized medications, small-molecule compounds of natural
product origin are less toxic, more biocompatible, and may
present better safety and tolerability in humans. Among them,
eugenol was observed to regulate the phosphorylation pattern of
β-catenin in tumor cells to near normal, and no excessive inhibition
or adverse toxic side effects were observed, indicating its potential as
a novel regulator of Wnt (Choudhury et al., 2021). We are interested
in this particular way of regulating theWnt pathway, although we do
not have a clear understanding of the constitutive relationship and
the deeper mechanism of action of its intervention in the Wnt
pathway because of the limited evidence of previous studies.

TABLE 3 Effectiveness of subjects in combination with existing drugs.

Name Anti-LC
drugs

Effect of combination References

Fisetin Erlotinib enhance the cytotoxic effect of the drug Tabasum and Singh
(2019)

Matrine 5-fluorouracil matrine increased the sensitivity of lung CSCs to 5-FU and inhibited the accumulation of CCND1 in tumor
tissues induced by 5-FU.

Li et al. (2020b)

TP Paclitaxel reversing EMT and impairing tumor growth in paclitaxel-resistant LUAD cells Tian et al. (2021)

EPBS - modulation of Wnt pathway protein activity in EGFR overexpressing and EGFR depleted cancer cells with
potential for anti-TKI resistance

Kim et al. (2022a)

Epibrassinolide Etoposide the combination index showed synergism between epibrassinolide and etoposide and between
epibrassinolide and doxorubicin. Reversing resistance to two chemotherapeutics

Sadava and Kane (2017)

Doxorubicin

FV-429 Paclitaxel remodeling of fatty acid metabolism in hypoxia-induced paclitaxel-resistant NSCLC through inactivation of
the Wnt pathway and increasing sensitivity to paclitaxel

Guo et al. (2021)

Miao Cisplatin simultaneous treatment can significantly enhance the effect of DDP on LC cells. It can synergistically regulate
the proliferation and apoptosis of lung cancer cells

Li et al. (2020a)

OYSL Cisplatin treatment with QYSL broth alone was milder compared to DDP, however, the combination of QYSL broth
and chemotherapy demonstrated enhanced anti-tumor effects compared to treatment administered alone

Tong et al. (2018)

FYLM Osimertinib sensitizing EGFR Del19/T790M/C797S mutant NSCLC cells to osimertinib Shi et al. (2023)

FYN Osimertinib synergistic effect against cell proliferation and migration. Inhibit drug resistance Sang et al. (2022)
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Therefore, further conformational and experimental studies are
required to investigate the mechanism of action and clinical
therapeutic effects.

Although the limited number of studies and the incomplete
study of Wnt inhibition modalities may have influenced us to draw
definite conclusions, we found from the relevant studies that
different types of compounds seem to play their own roles in
interfering with the Wnt pathway in LC. Polyphenolic
compounds, such as curcumin, have an excellent ability to inhibit
oxidative stress-mediated upregulation of the abnormal Wnt
pathway, an ability not possessed by other compounds. Half of
the studied alkaloids and their derivatives could promote the
stabilization of β-catenin destructive complex by up-regulating
Axin, GSK-3β or downregulating its inactive phosphorylation.
Terpenoids appear to act upstream of the Wnt pathway to
inhibit it, and most terpenoids and derivatives, such as triptolide,
inhibit the Wnt pathway in LC through the upregulation of Wnt
antagonists and the downregulation of Wnt ligands. Natural small-
molecule products have greatly increased the diversity and potential
for drug development, with diverse mechanisms of action, thus
allowing them to act on multiple targets of the Wnt pathway in LC
and present partial inhibition of some of the more difficult targets,
such as c-Myc, which may reduce the risk of future drug resistance.

In the context of the limited clinical studies on existing Wnt
inhibitors, our study provides pharmaceutical companies and
researchers with safer and more diverse options for the future
development of inhibitors targeting the key Wnt pathway in LC,
thereby enriching the clinical treatment options for LC.

7 Outlook

The complexity of the molecular interactions of the Wnt/β-
catenin pathway and its involvement in different physiological
functions make drug discovery challenging (Chatterjee et al.,
2022). The introduction of new technologies such as artificial
intelligence using, natural language processing, deep learning,
and image recognition has greatly improved the efficiency and
success rate of drug discovery (Freedman, 2019). Although the
development of phytochemicals high-value of is in the spotlight,
natural compounds isolated from living organisms currently face
difficulties in screening new drugs due to their poor solubility,
stability, and pharmacokinetics (Süntar et al., 2021).
Nanoparticles and liposomes are useful strategies to overcome
the poor absorption, rapid metabolism, and elimination inherent
in most natural products; helping to increase their bioavailability
and target specific sites, such as the lung. Given the emerging
treatment landscape of non-invasive therapy in LC, a precise
targeted local therapy should be attempted to reduce the systemic
side effects of Wnt inhibitors.

In addition, the direct tumor-killing effect of Wnt inhibitors
alone is limited. We are particularly interested in the impact of Wnt
in mediating clinically relevant therapies for LC, such as
chemotherapy, radiotherapy, EGFR-TKI, immunotherapy, and

even antiangiogenic therapy. Therefore, Wnt combination
therapy is a good strategy for overcoming drug resistance in LC,
and should be an overriding direction for future research. Many
naturally occurring small molecules used as Wnt inhibitors have
good effects when used in combination with chemotherapy and
targeted drugs, with the advantage of inhibiting proliferation and
overcoming drug resistance, but the effectiveness and safety of
clinical treatment still need to be further determined (Guo et al.,
2021; Shah et al., 2021; Tian et al., 2021). The therapeutic treatment
of LC could be significantly improved by the discovery of more
effective and selective inhibitors of Wnt/β-catenin in combination
with other therapies.
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Methotrexate-conjugated zinc
oxide nanoparticles exert a
substantially improved cytotoxic
effect on lung cancer cells by
inducing apoptosis
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In the current study, we report the synthesis of methotrexate-conjugated zinc
oxide nanoparticles (MTX-ZnONPs) and their high efficacy against lung cancer
cells. Conjugation of MTX with ZnONPs was authenticated by UV-vis
spectroscopy, dynamic light scattering (DLS), Fourier-transform infrared (FTIR)
spectroscopy, and transmission electron microscopy (TEM). This drug-
nanoconjugate also showed high drug-loading efficiency. The therapeutic
efficacy of MTX-ZnONPs was further tested in vitro against A549 cells, and the
results of MTT and LDH release assays showed that MTX-ZnONPs, in addition to
free MTX, were efficient in exerting cytotoxic effect on A549 cells; however, the
effectiveness of MTX-ZnONPs was found to be considerably enhanced at very low
doses compared to that of free MTX. Moreover, ZnONPs alone significantly
inhibited the cell viability of A549 cells at a much higher concentration
compared to MTX-ZnONPs and MTX. Furthermore, the cytomorphology of
A549 cells was characterized by cellular shrinkage and detachment from the
surface in all the treatment groups. Similarly, A549 cells, in all the treatment
groups, showed fragmented and condensed nuclei, indicating the initiation of
apoptosis. Mitochondrial membrane potential (ψm) in A549 cells showed a gradual
loss in all the treatment groups. Results of the qualitative and quantitative analyses
depicted increased reactive oxygen species (ROS) levels in A549 cells. The results
of the caspase activity assay showed that MTX-ZnONPs andfree MTX caused
significant activation of caspase-9, -8, and -3 in A549 cells; however, the effect of
MTX-ZnONPswasmore profound at very low doses compared to that of freeMTX.
Thus, our results showed high efficacy of MTX-ZnONPs, suggesting efficient
intracellular delivery of the drug by ZnONPs as nanocarriers.
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zinc oxide, nanoparticles, methotrexate, lung cancer, A549, reactive oxygen species,
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Introduction

Despite recent advancements in molecularly targeted therapy
that have fundamentally transformed the therapeutic strategies for
lung cancer, chemotherapy is still a key component of lung cancer
treatment (Lee, 2019). Whether administered alone or in
conjunction with other treatment options, chemotherapy has
benefitted patients with early- and late-stage lung cancer in terms
of survival and quality of life. Combination therapy with other
classes of anticancer agents and new drug delivery systems haves
shown promising results, and these are currently the focus of
ongoing research. The ultimate objective of researchers is to
increase therapeutic efficacy and reduce the potential risks
associated with a drug.

Methotrexate (MTX) is a well-established drug, widely used
in numerous cancer treatments, psoriasis, and rheumatological
diseases (Khan et al., 2012). Currently, many forms of cancer,
such as osteosarcoma, acute lymphoblastic leukemia, acute
myeloid leukemia, meningeal leukemia and lymphoma, non-
lymphoma, Hodgkin’s lymphoma, breast cancer, and bladder
cancer, are treated with MTX in conjunction with other drugs
(Frei et al., 1975; Evans et al., 1986; Huennekens, 1994; Crews
et al., 2004). MTX is a folic acid analog that inhibits
dihydrofolate reductase activity, thereby disrupting cellular
folate metabolism (Aghajanzadeh et al., 2018). MTX has been
shown to exhibit therapeutic efficacy against numerous types of
cancer cells that have overexpress folate receptors on their
surface (Duthie, 2001).

The bioavailability of chemotherapeutic drugs, which can cause
severe toxicities and off-target side effects, is one of the major
challenges in cancer chemotherapy (Gewirtz et al., 2010). One
plausible approach to overcome these challenges is the design of
a nanocarrier that can selectively deliver cytotoxic doses of
therapeutic drugs to cancer cells (Nosrati et al., 2017;
Aghajanzadeh et al., 2018; Zamani et al., 2018). Zinc oxide
nanoparticles (ZnONPs), one of the nanocarriers used for drug
delivery and cancer therapy, have attracted significant interest in
drug delivery systems (Barui et al., 2018). ZnONPs are considered as
potential candidates for drug delivery due to their easy synthesis
from low-cost precursors, biocompatibility, and effective cellular
internalization through endocytosis (Duncan and Richardson, 2012;
Singh et al., 2020).

When compared to conventional methods, formulation and
targeting techniques for MTX using controlled release carriers,
multi-articulate approaches, prodrugs, and drug conjugates, have
been found to increase bioavailability, minimize adverse effects,
and maximize clinical effectiveness (Khan et al., 2012). Previous
studies have reported high expression of folate receptors on lung
cancer cells (Nunez et al., 2012; O’Shannessy et al., 2012).
Moreover, MTX has some affinity for folate receptors because
of its structural similarity with folic acid (Xie et al., 2018).
Moreover, there is no report to date showing the conjugation of
MTX with ZnONPs. Therefore, we hypothesized that due to the
high expression of folate receptors on lung cancer cells, MTX-
conjugated nanoparticles could potentially be efficiently
internalized inside cancer cells and show an increased cytotoxic
effect against lung cancer cells. Accordingly, to test this hypothesis,
we synthesized and investigated the efficacy of MTX-conjugated

ZnO nanoparticles (MTX-ZnONPs) against an A549 non-small
cell lung adenocarcinoma cell line.

Materials and methods

Materials

Methotrexate, 1-ethyl-3-(3-dimethyl) carbodiimide (EDC),
2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA), 4′,6-
diamidino-2-phenylindole (DAPI), 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT), and Rhodamine
123 were purchased from Sigma-Aldrich (St. Louis,
United States). Dulbecco’s Modified Eagle Medium,
antibiotic–antimycotic solution (penicillin, streptomycin, and
amphotericin B), fetal bovine serum (FBS), and LDH
Cytotoxicity Assay Kit were procured from Gibco (Thermo
Fisher Scientific, Waltham, United States). Caspase-9, -8, and
-3 assay kits were procured from BioVision(Milpitas,
United States). All other chemicals were of analytical grade.

Methods

Biosynthesis and characterization of ZnONPs
The synthesis process of the fungus (Aspergillus niger

OL636020)-mediated ZnONPs and their characterization by
FTIR, DLS, zeta potential, TEM, and UV-vis spectroscopy
analysis were discussed in our previous publication [13].

Conjugation of MTX with ZnONPs
MTX was conjugated with biogenically synthesized ZnONPs.

The conjugation was achieved using an EDC coupler, which reacts
with carboxyl groups present on ZnONPs and the amino group of
MTX to produce MTX-ZnONPs. Briefly, 1 mL of the reaction
mixture was prepared by adding 50 mM HEPES buffer, MTX
(3 mg/mL), 800 µL of ZnONP suspension, and 5 mM EDC. The
mixture was incubated for 5 h at 30°C. Finally, MTX-ZnONPs were
separated via centrifugation at 10,000 rpm for 10 min.

Drug loading efficiency of ZnONPs
The loading percentage of MTX on ZnONPs was determined by

measuring the absorbance before and after conjugation at 302 nm.
The loading efficiency of the nanoparticle was calculated using the
following formula:

Percent Loading ofMTXonZnONPs � A − B( )[ ] × 100
A

,

where A represents the absorbance of the whole drug added to
ZnONPs and B represents the absorbance of the unbound drug in
the supernatant of the drug–nanoparticle conjugate solution.

Characterization of MTX-conjugated
ZnONPs

MTX-ZnONPs were characterized by UV-vis spectrophotometry
(Shimadzu dual-beam spectrophotometer, model UV-1601 PC, 1 nm
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resolution. Kyoto, Japan). The mean particle size and zeta potential of
MTX-ZnONPs were determined using a particle size analyzer (Zetasizer
Nano-ZS, Model ZEN3600, Malvern Instruments Ltd., Malvern,

United Kingdom) [(Gomathy and Sabarinathan, 2010), 15].
Transmission electron microscope (Tecnai™ G2 Spirit Bio-TWIN,
FEI, Hillsboro, United States) was used to investigate the size of the

FIGURE 1
Characterization of MTX-ZnONPs under (A) UV-visible spectra (339 nm), (B) hydrodynamic diameter (62.5 nm), (C) zeta potential (−20.6 mV), and
(D) transmission electron microscopy (size 25.4 nm). (E) Size distribution graph showing the size of MTX-ZnONPs (25.407 ± 5.295 nm).
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inorganic core at a accelerating voltage of 80 kV (Khan S. et al.,
2018). The binding confirmation of MTX on the surface of ZnONPs
was analyzed by Fourier-transform infrared spectroscopy (FTIR)
(Shimadzu FTIR-8201 PC infrared spectrophotometer) operating
in the diffuse reflectance mode at a resolution of 4 cm−1. A total
of 256 scans of the ZnONPs film (400–4,000 cm−1 range) were
acquired to obtain good signal-to-noise ratios.

Cell culture

A549 cells were purchased from the National Centre for Cell
Science (NCCS), Pune, India. The cells were cultured in DMEM,
supplemented with 10% FBS and 1% antibiotic–antimycotic
solution, in a humidified atmosphere containing 5% CO2 at 37°C.

Assessment of cytotoxicity

To assess the cytotoxic effect of MTX-ZnONPs andMTX and
ZnONPs alone, A549 cells (5 × 103 per well) were treated with various
doses ofMTX-ZnONPs andMTX and ZnONPs alone, for 24 h. Then,
10 μL of MTT dye (5 mg/mL in PBS) was added to each well, followed
by incubation for 2 h. Later, 100 μL DMSO was added to each well to
solubilize the formazan crystals formed by viable cells. Finally, the
absorbance of each well was measured at 570 nm using a microplate
reader (Bio-Rad, United States). The results were expressed as percent
cell viability, which was calculated using the following formula:

Cell viability %( ) � Average ofAt

Average ofAc
× 100,

where At and Ac are the absorbances of the treated and untreated
control wells, respectively.

LDH cytotoxicity assay

Briefly, A549 cells (5 × 103 per well) were placed in a 96-well
plate, then co-cultured with various doses of MTX-ZnONPs and
MTX and ZnONPs alone for 24 h. Subsequently, LDH activity was
measured in all the treatment groups, as per the manufacturer’s
instructions. Then, the percent cytotoxicity in A549 cells in all the
treatment groups, was calculated using the following formula:

%Cytotoxicity � DrugTreated LDHactivity( ) − Spontaneous LDHactivity( )
MaximumLDHactivity − Spontaneous LDHactivity

× 100.

Examination of the morphological
alterations

Briefly, A549 cells (5 × 103 per well) were co-cultured with
isoeffective doses (IC25, IC50, and IC75) of MTX-ZnONPs, MTX
alone, and ZnONPs alone for 24 h. Subsequently, the changes in
cellular morphology of cells in all the treatment groups were
examined, and images were taken using the relief phase channel
of the FLoid imaging station (ThermoScientific, United States).

Assessment of nuclear changes

Nuclear changes in A549 cells were assessed by staining with
DAPI dye. The cells (1 × 104 per well) were treated with isoeffective
doses of MTX-ZnONPs, MTX alone, and ZnONPs alone for 24 h,
followed by washing with PBS and fixing in 4% paraformaldehyde
for 10 min. Cells were permeabilized with permeabilizing buffer
(0.25% Triton X-100) and, subsequently, stained with DAPI dye
(300 nM). Finally, the cells were observed under a blue filter using
the FLoid imaging station (ThermoScientific, United States).

Analysis of mitochondrial membrane
potential (ΔΨm)

Mitochondrial membrane potential in lung cancer cells was
examined via Rhodamine 123 staining. Briefly, A549 cells (1 × 105

cells per well) were grown in a 24-well plate, followed by treatment
with isoeffective concentrations of MTX-ZnONPs and MTX and
ZnONPs alone for 24 h. Later, the cells were washed and stained
with Rhodamine 123 (300 nM) for 30 min in the dark, and
photomicrographs were taken using a FLoid imaging station
(ThermoScientific, United States).

Detection and quantification of cytosolic
reactive oxygen species (ROS)

The cytosolic ROS in A549 cells was detected by a fluorogenic dye
(H2DCFDA). Briefly, A549 cells (5 × 104 per well) were treated with
isoeffective doses of MTX-ZnONPs as well asMTX and ZnONPs alone
for 6 h. Thereafter, the cells were stained with H2DCFDA (25 µM) for
30 min at 37°C, followed by washing of excess dye with phosphate-
buffered saline (PBS). Finally, photomicrographs were captured using
the green fluorescence channel of a FLoid imaging station (Thermo
Scientific, United States).

For the quantification of cytosolic ROS, A549 cells (1 × 104 per
well) in a 96-well black-bottomed culture plate were treated with
various doses of MTX-ZnONPs, MTX alone, and ZnONPs alone for
6 h, followed by incubation with H2DCFDA (25 µM) for 30 min at
37°C. Fluorescence intensity was measured using a multi-well
microplate reader (Synergy H1 hybrid multi-mode microplate
reader, BioTek, United States). Values were shown as percent
DCF fluorescence relative to the untreated control.

To further confirm the role of ROS in drug–nanoparticle
conjugate-induced apoptosis, A549 cells were pretreated with
5 mM NAC for 2 h, followed by various doses of MTX-ZnONPs,
MTX alone, and ZnONPs alone for another 24 h. Thereafter, cell
viability was determined in each treatment group by MTT assay.

Measurement of caspase activity

The activation of caspases in A549 cells was determined using
caspase-9, -8, and -3 assay kits to find out the mode of apoptosis in lung
cancer cells. Briefly, A549 cells (1 × 106) were co-cultured with various
doses of MTX-ZnONPs, MTX alone, and ZnONPs alone for 24 h.
Later, caspase activity was measured as per themanufacturer’s protocol.
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Evaluation of the effect of caspase inhibitors

Caspase-3 inhibitor was used to confirm the activation of
caspases and ultimately program cell death in lung cancer cells
due to drug–nanoparticle conjugate treatment. Briefly, A549 cells
were pretreated with 50 μM of each caspase inhibitor for 2 h,
followed by treatment with various doses of MTX-ZnONPs,
MTX alone, and ZnONPs alone for another 24 h. Finally, cell
survival in each treatment group was evaluated using theMTT assay.

Statistical analysis

The data are represented as the mean ± SEM of three separate
experiments that were carried out in triplicate. One-way ANOVA
with Dunnett’s post hoc test, two-way ANOVA with Bonferroni’s
post hoc test, and paired t-test (GraphPad Prism 8.0) were used to
determine significance in various treatment groups (*p < 0.05, **p <
0.01, and ***p < 0.001 denote significant differences between means
of various treatment groups).

Results

Characterization of drug–nanoparticle
conjugates

Conjugation of MTX with ZnONPs was characterized by
observing the spectra of drug–nanoparticle conjugate solution,
which depicted a shift of the characteristic wavelength of ZnONPs
(334 nm to 339 nm) (Figure 1A). Furthermore, the hydrodynamic
diameter of drug–nanoparticle conjugates was found to be 62.5 nm,
which was higher than that of ZnONPs (53.28 nm) (Figure 1B). The
zeta potential ofMTX-ZnONPswas observed to be −20.6 mV, slightly
higher than that of ZnONPs (−21.4 mV), which describes the good

stability of drug-nanoconjugate (Figure 1C). The average size and
shape of the MTX-ZnONPs were further validated by TEM. The
average size of drug–nanoparticle conjugates, as shown in the size
distribution graph, was 25.4 nm, which was greater than that of
ZnONPs (17.2 nm) (Figures 1D,E). Moreover, the shape of drug-
nanoconjugates was spherical, and they were found to be
monodispersed.

The FTIR spectrum of ZnONPs was shown in our previously
published article [13]. In the FTIR spectrum ofMTX, the bend peaks
of –OH, –NH2, and –COOH groups were observed at 3,417 cm−1,
1,649 cm−1, and 2,133 cm−1, respectively (Figure 2B). The stretch
peak of the aromatic ring was observed at 2,920 cm−1. The FTIR
spectrum of the prepared MTX-ZnONPs exhibited strong
absorption bands at 3,406 cm−1, corresponding to the -OH group
stretching (Figure 2C). A new peak was observed at 1,643 cm−1,
corresponding to the bend peak of the N-H bond. A new peak was
also observed at 1,022 cm−1, corresponding to the stretchof C-N of
the peptide bond, which confirmed the conjugation. Interestingly, in
the spectrum ofMTX-ZnONPs, the stretch peak of the aromatic ring
of MTX was observed at 2,922 cm−1. The presence of these peaks in
MTX-ZnONPs confirmed the conjugation of MTX with ZnONPs.

Percent drug loading

The amount of MTX conjugated with ZnONPs was shown as
percent drug loading or drug loading efficiency, which was found to
be 82.04% ± 3.78%. Thus, the result showed high conjugation of
MTX with ZnONPs.

Cytotoxicity assay

As shown in Figure 4.3, MTX-ZnONPs (100–800 ng/mL)
significantly reduced the viability of A549 cells after 24 h of

FIGURE 2
FTIR spectra of (A) methotrexate and (B) MTX-ZnONPs.
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treatment. The cell viability was found to be 86.07% ± 2.37%, 72.6% ±
3.20%, 44.10% ± 2.94%, 30.20% ± 2.93%, and 15.69% ± 1.69% at the
doses of 100, 200, 400, 600, and 800 ng/mL MTX-ZnONPs,
respectively (Figure 3A). Similarly, MTX alone also significantly
inhibited the survival of A549 cells, and the viability was found to
be 85.14%± 2.12%, 68.57%± 2.54%, 55.03%± 1.61%, 34.63%± 2.65%,
and 14.59% ± 2.42% at the doses of 1, 2, 4, 6, and 8 μg/mL MTX,
respectively (Figure 3B). However, cytotoxic doses of ZnONPs alone
for A549 cells were found to be in the range of 10–100 μg/mL, and the
cell viability was found to be 81.48% ± 2.53%, 72.97% ± 2.31%,
66.54% ± 2.62%, 57.62% ± 3.32%, 21.18% ± 0.79%, and 5.32 ± 0.55 at
the doses of 10, 20, 40, 60, 80, and 100 μg/mL ZnONPs, respectively
(Figure 3C). Furthermore, we also performed the cytotoxicity assay of

ZnONPs against normal 3T3 cells and found that ZnONPs also
significantly inhibited the growth of 3T3 cells at a dose of 10–100 μg/
mL (Supplementary Figure S1).

The isoeffective concentrations (IC25, IC50, and IC75) of MTX-
ZnONPs were found to be 182 ng/mL, 327 ng/mL, and 588 ng/mL,
respectively. Similarly, the IC25, IC50, and IC75 of MTX alone were
1.95 μg/mL, 3.58 μg/mL, and 6.57 μg/mL, respectively. However, the
IC25, IC50, and IC75 of ZnONPs alone were 27.83 μg/mL, 65.30 μg/
mL, and 70.41 μg/mL, respectively. According to the aforementioned
data, the IC25 of MTX-ZnONPs was found to be reduced by
approximately 10.71-fold, while the IC50 was reduced by
approximately 10.95-fold compared to MTX alone. Thus, the
isoeffective concentrations of MTX-ZnONPs were significantly

FIGURE 3
Percent cell viability of A549 cells treated with (A)MTX-ZnONPs, (B)MTX alone, and (C) ZnONPs alone for 24 h assessed by MTT assay. The results
presented are the mean ± SEM of three independent experiments performed in triplicate. Significance among different dosage groups were determined
using one-way ANOVA followed byDunnett’s post hoc test (where *p <0.05, **p <0.01, and ***p < 0.001 represent significant differences comparedwith
vehicle control).
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reduced compared to MTX alone, which substantiated that MTX-
ZnONPs exhibited a similar effect on A549 non-small cell lung cancer
cells at a much lower concentration compared to MTX. The results
also emphasized the efficient delivery of drug-conjugated ZnONPs.

LDH release assay

The result of the LDH assay revealed that treatment of A549 cells
with MTX-ZnONPs for 24 h resulted in a significant amount of cell
death, and the percent cytotoxicity was found to be 19.52% ± 5.22%,
34.45% ± 3.37%, 54.78% ± 4.02%, 69.44% ± 3.84%, and 89.40% ± 4.14%
at the doses of 100, 200, 400, 600, and 800 ng/mL, respectively
(Figure 4A). Similarly, MTX alone also caused significant cell death
in A549 cells, and the percent cytotoxicity was found to be 10.65% ±
2.96%, 32.58%± 2.12%, 48.45%± 2.60%, 67.77%± 3.53%, and 83.40%±
3.47% at the doses of 1, 2, 4, 6, and 8 μg/mL, respectively (Figure 4B).
Furthermore, ZnONPs alone exerted a cytotoxic effect on A549 cells
only at a dose of 10–80 μg/mL (Figure 4C). Thus, the aforementioned
results further established that, at similar doses, drug-nanoconjugate
treatment led to a greater amount of death in A549 cells compared to
drug alone treatment. This assay also indicated the effective intracellular
delivery of the drug via zinc oxide nanocarriers.

Morphological alterations

To analyze morphological alterations in lung cancer cells,
A549 cells were treated with isoeffective doses of MTX-ZnONPs,

and MTX and ZnONPs alone. The morphology of A549 cells was
significantly altered in all the treated groups after 24 h of treatment with
IC25 (MTX-ZnONPs 182 ng/mL; MTX 1.95 μg/mL; and ZnONPs
27.83 μg/mL), IC50 (MTX-ZnONPs 327 ng/mL; MTX 3.58 μg/mL;
and ZnONPs 65.3 μg/mL), and IC75 (MTX-ZnONPs 588 ng/mL;
MTX 6.57 μg/mL; and ZnONPs 70.41 μg/mL) concentrations. A
well-spread flattened morphology of cells was observed in the
untreated control group, while a round morphology with cell
shrinkage was observed in all the treatment groups. Membrane
blebbing and lysis were also observed in some proportion of cells
among all the treated groups, suggesting their cytotoxicity at the
respective doses (Figure 5). As the treatment doses were increased
from IC25 to IC75, the morphological alterations in A549 cells gradually
increased in all the treated groups. As observed previously, MTX-
ZnONPs induced similar changes in the cytomorphology of A549 cells
at much lower doses compared with MTX, which also indicated the
effective delivery of the drug by the carrier nanoparticles.

Nuclear alterations

After treatment with IC25, IC50, and IC75 of MTX-ZnONPs,
MTX alone, and ZnONPs alone for 24 h, substantial nuclear
condensation and fragmentation in A549 cells were observed in
all the treatment groups, whereas normal nuclear morphology was
observed in the untreated control group (Figure 6). As the treatment
doses were increased from IC25 to IC75, the nuclear alterations in
A549 cells gradually increased in all the treatment groups. The result
showed that MTX-ZnONPs exhibited corresponding nuclear

FIGURE 4
Percent cytotoxicity of A549 cells treated with different doses of (A)MTX-ZnONPs, (B)MTX alone, and (C) ZnONPs alone for 24 h assessed by LDH
release assay. The results presented are the mean ± SEM of three independent experiments performed in triplicate. Significance among different dosage
groups were determined using one-way ANOVA followed by Dunnett’s post hoc test (where *p < 0.05, **p < 0.01, and ***p < 0.001 represent significant
differences compared with vehicle control).

Frontiers in Pharmacology frontiersin.org07

Mishra et al. 10.3389/fphar.2023.1194578

238

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1194578


changes in A549 cells at much lower concentrations compared to
MTX. Furthermore, the nuclear condensation in A549 cells
suggested the initiation of apoptosis induced by the drug.

Disrupted mitochondrial membrane
potential (ΔΨm)

After treatment with IC25, IC50, and IC75 of MTX-ZnONPs, MTX
alone, and ZnONPs alone for 24 h, A549 cells exhibited a significant
loss of ΔΨm in all the treatment groups (Figure 7). The fluorescence
intensity of Rhodamine 123 in A549 cells, in all the treatment groups,
was proportional to ΔΨm. Maximum fluorescence intensity was
observed in the untreated control group, while reduced

fluorescence was observed in all the treatment groups. As the
treatment doses were increased from IC25 to IC75, the Rhodamine
123 fluorescence in A549 cells gradually decreased in all the treatment
groups. Our result demonstrated that MTX-ZnONPs caused an
equivalent reduction in ΔΨm in A549 cells at much reduced
concentrations compared with MTX. Moreover, the loss of ΔΨm
in A549 cells indicated the initiation of the intrinsic pathway of
apoptosis caused by the aforementioned drug.

Augmented ROS production

The intracellular ROS level was found to be enhanced in
A549 cells treated with IC25, IC50, and IC75 of MTX-ZnONPs,

FIGURE 5
Cytomorphological images of A549 cells treated with IC25 (ZnONPs 27.83 μg/mL; MTX 1.95 μg/mL; and MTX-ZnONPs 182 ng/mL), IC50 (ZnONPs
65.30 μg/mL; MTX 3.58 μg/mL; and MTX-ZnONPs 327 ng/mL), and IC75 (ZnONPs 70.41 μg/mL; MTX 6.57 μg/mL; and MTX-ZnONPs 588 ng/mL)
concentrations for 24 h analyzed by phase contrast microscopy. Images shown are representative of three independent experiments performed in
triplicate (magnification ×20; scale bar 100 µm). The control image was reused in each treatment group.
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MTX alone, and ZnONPs alone for 24 h (Figure 8). The DCF
fluorescence intensity in A549 cells was proportional to the level
of ROS in all the treatment groups. The untreated control cells
demonstrated insignificant fluorescence, while augmented
fluorescence was observed in all the treatment groups. As the
treatment doses were increased from IC25 to IC75, the
intracellular ROS level in A549 cells gradually increased in all the
treatment groups. The result showed that MTX-ZnONPs caused a
similar increment in cellular ROS production in A549 cells at much
lower concentrations compared to MTX. Moreover, the enhanced
ROS production in A549 cells indicated the activation of the
apoptotic pathway induced by the drug.

In an additional experiment, we also quantified the amount of
ROS produced in lung cancer cells treated with MTX-ZnONPs and

MTX and ZnONPs alone. The result demonstrated a dose-
dependent increase of DCF fluorescence in A549 cells treated
with MTX-ZnONPs, which was found to be 13.38% ± 2.96%,
28.29% ± 3.47%, 50.35% ± 4.68%, 64.84% ± 4.06%, and 82.62% ±
4.12% at the doses of 100, 200, 400, 600, and 800 ng/mL,
respectively (Figure 9A). Similarly, MTX alone also caused a
significant augmentation of DCF fluorescence in A549 cells,
which was found to be 13.47% ± 3.49%, 33.34% ± 3.39%,
52.78% ± 3.49%, 71.21% ± 3.74%, and 80.17% ± 3.87% at the
doses of 1, 2, 4, 6, and 8 μg/mL, respectively (Figure 9B).
Furthermore, ZnONPs alone exhibited significant DCF
fluorescence in A549 cells at a dose of 10–80 μg/mL
(Figure 9C). Our result demonstrated that, at similar doses,
MTX-ZnONP treatment led to the generation of a greater

FIGURE 6
Nuclear morphology of DAPI-stained nuclei of A549 cells treated at IC25 (ZnONPs 27.83 μg/mL; MTX 1.95 μg/mL; and MTX-ZnONPs 182 ng/mL),
IC50 (ZnONPs 65.30 μg/mL; MTX 3.58 μg/mL; and MTX-ZnONPs 327 ng/mL), and IC75 (ZnONPs 70.41 μg/mL; MTX 6.57 μg/mL; and MTX-ZnONPs
588 ng/mL) concentrations for 24 h analyzed by fluorescence microscopy. Images shown are representative of three independent experiments (scale
bar: 100 μm; magnification: ×20). The control image was reused in each treatment group.
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amount of ROS in A549 cells compared to treatment with MTX
alone.

NAC reduced cytotoxicity

Pretreatment of NAC considerably reduced the cytotoxicity in
A549 cells caused by MTX-ZnONPs, MTX alone, and ZnONPs
alone (Figure 10). Our findings authenticated the fact that an
enhanced level of ROS in all the treatment groups was critical for
apoptosis in A549 cells. However, it was interesting to note that the
cytotoxicity of MTX-ZnONPs, and MTX and ZnONPs alone, was
not completely abrogated by NAC, which implicated the
involvement of some ROS-independent apoptotic pathways in all
the treatment groups.

Activation of caspases

To determine whether apoptosis in lung cancer cells was due to
the activation of caspase-dependent or caspase-independent
pathways, caspase activities were determined in A549 cells
treated with the effective doses of MTX-ZnONPs and MTX and
ZnONPs alone. The caspase-9 activity in the MTX-ZnONP-treated
group was substantially augmented by 15.17% ± 2.01%, 32.70% ±
4.05%, 56.94% ± 4.33%, 73.50% ± 3.14%, and 91.54% ± 1.86%
compared to the untreated control at the doses of 100, 200, 400, 600,
and 800 ng/mL, respectively (Figure 11A). Similarly, MTX alone also
exhibited significantly increased caspase-9 activity in A549 cells by
10.94% ± 2.81%, 20.03% ± 4.06%, 39.61% ± 4.14%, 64.17% ± 3.28%,
and 87.87% ± 3.42% at the doses of 1, 2, 4, 6, and 8 μg/mL,
respectively (Figure 11B). Furthermore, the activity of caspase-3

FIGURE 7
Qualitative assessment of mitochondrial membrane potential in Rhodamine 123-stained A549 cells treated at IC25 (ZnONPs 27.83 μg/mL; MTX
1.95 μg/mL; and MTX-ZnONPs 182 ng/mL), IC50 (ZnONPs 65.30 μg/mL; MTX 3.58 μg/mL; and MTX-ZnONPs 327 ng/mL), and IC75 (ZnONPs 70.41 μg/
mL; MTX 6.57 μg/mL; and MTX-ZnONPs 588 ng/mL) concentrations for 24 h analyzed by fluorescencemicroscopy. Images shown are representative of
three independent experiments (scale bar: 100 μm; magnification: ×20). The control image was reused in each treatment group.
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was significantly enhanced in MTX-ZnONP-treated A549 cells by
19.49% ± 3.13%, 32.41% ± 2.97%, 56.89% ± 5.43%, 72.35% ± 4.39%,
and 88.08% ± 4.62% at the doses of 100, 200, 400, 600, and 800 ng/
mL, respectively (Figure 11A). Similarly, MTX alone also exhibited
substantially elevated caspase-3 activity in A549 cells by 14.49% ±
3.26%, 24.97% ± 4.23%, 42.81% ± 3.99%, 71.30% ± 5.37%, and
91.46% ± 3.44% at the doses of 1, 2, 4, 6, and 8 μg/mL, respectively
(Figure 11B). The caspase-8 activity in A549 cells treated with MTX-
ZnONPs was substantially augmented by 18.82% ± 1.80%, 29.30% ±
3.67%, 55.81% ± 5.64%, 67.96% ± 2.26%, and 86.33% ± 4.08% at the
doses of 100, 200, 400, 600, and 800 ng/mL, respectively
(Figure 11A). Likewise, MTX alone also exhibited significantly
increased caspase-8 activity in A549 cells by 13.16% ± 2.68%,
22.97% ± 2.46%, 40.81% ± 3.96%, 65.23% ± 4.28%, and 88.66% ±
3.08% at the doses of 1, 2, 4, 6, and 8 μg/mL, respectively

(Figure 11B). Additionally, ZnONPs alone did not exhibit any
significant activity of caspase-8 in A549 cells after 24 h of
treatment (Figure 11C). Our results demonstrated that, at similar
doses, the MTX-ZnONP-treated group showed prominent caspase-
9, -8, and -3 activities in A549 cells compared to that treated with
MTX alone. Thus, our results established that MTX induced
caspase-dependent apoptosis in lung cancer cells via the
activation of both intrinsic and extrinsic pathways.

Caspase inhibitors reduced the cytotoxicity

Our results demonstrated that the caspase-3 inhibitor
considerably attenuated the cytotoxicity in all the treatment
groups, substantiating the activation of caspases in A549 cells

FIGURE 8
Qualitative evaluation of ROS in H2DCFDA-stained A549 cells treated at IC25 (ZnONPs 27.83 μg/mL; MTX 1.95 μg/mL; and MTX-ZnONPs 182 ng/
mL), IC50 (ZnONPs 65.30 μg/mL; MTX 3.58 μg/mL; and MTX-ZnONPs 327 ng/mL), and IC75 (ZnONPs 70.41 μg/mL; MTX 6.57 μg/mL; and MTX-ZnONPs
588 ng/mL) concentrations for 24 h analyzed by fluorescence microscopy. Images shown are representative of three independent experiments (scale
bar: 100 μm; magnification: ×20). The control image was reused in each treatment group.
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FIGURE 9
Quantitative determination of ROS in H2DCFDA-stained A549 cells treated with different concentrations of (A)MTX-ZnONPs, (B)MTX alone, and (C)
ZnONPs alone for 24 h. The results presented are the mean ± SEM of three independent experiments performed in triplicate. Significance among
different dosage groups were determined using one-way ANOVA followed by Dunnett’s post hoc test (where *p < 0.05, **p < 0.01, and ***p <
0.001 represent significant differences compared with vehicle control).

FIGURE 10
Percent cell viability of A549 cells, pretreated with NAC (5 mM), followed by treatment with different doses of (A)MTX-ZnONPs, (B)MTX alone, and
(C) ZnONPs alone for 24 h assessed by MTT assay. The results presented are the mean ± SEM of three independent experiments performed in triplicate.
Significance among two treatment groups were determined using two-tailed paired t-test (where *p < 0.05 represents significant difference between
means of both treatment groups).
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(Figure 12). Interestingly, the caspase-3 inhibitor did not completely
reduce the cytotoxicity in all the treatment groups, which indicates a
minor role of a caspase-independent pathway of apoptosis in
A549 cells along with the caspase-dependent pathway.

Discussion

Since standard chemotherapeutic agents often exhibit serious
side effects during chemotherapy, their dosage can be reduced by
coupling them with some carrier or delivery agent to minimize
the side effects of these drugs. This type of conjugation of drugs
with some carrier will help deliver drugs directly to the cancer
cells. Thus, a lower dose of the drug will be more effective than a
higher therapeutic dose (Zhang et al., 2018). In this regard,
nanotechnology can offer good drug-delivery options. The
biocompatibility and exceptional physicochemical properties
of ZnONPs have shown their potential in the diagnosis and
treatment of various types of cancer (Hanley et al., 2008; Deng
et al., 2009). ZnONPs have been shown to exhibit cytotoxicity in
cancer cells by inducing intracellular ROS production and
abrogation of ΔΨm, ultimately leading to the activation of
caspases and apoptosis (Anjum et al., 2021). For the effective
use of ZnONPs, their surface needs to be modified with certain
capping (Kalpana et al., 2018; Xu et al., 2018). In this regard, the
green synthesis of ZnONPs has received increasing attention
recently (Lv et al., 2017). In the current study, biogenically
synthesized ZnONPs were conjugated with the antifolate drug

MTX, and their cytotoxic efficacy was determined against lung
cancer cells.

We have discussed the biogenic synthesis of ZnONPs using a
fungus, later identified as an A. niger strain, in the previous
publication (Mishra et al., 2017; Mishra et al., 2022). In the
current study, we have successfully shown the conjugation of
MTX with biogenically synthesized ZnONPs. The conjugation of
MTX with ZnONPs was authenticated by UV-vis spectroscopy,
DLS, FTIR, and TEM. The drug-nanoconjugate showed high drug-
loading efficiency, which indicated the efficiency of ZnONPs as drug
carriers. We utilized EDC chemistry to conjugate MTX with
ZnONPs. The drug–nanoparticle conjugates were highly stable
due to the amide linkage of MTX with ZnONPs.

The cytotoxic efficacy of MTX-ZnONPs was further tested
in vitro on a non-small cell lung cancer cell line, and the results
of MTT and LDH release assays showed that MTX-ZnONPs (at the
dose of 100–800 ng/mL) and MTX (at the dose of 1–8 μg/mL) were
efficient in suppressing the growth of A549 cells; however, the
efficacy of MTX-ZnONPs was found to be substantially enhanced
at very low doses compared to that of MTX. The most plausible
reason behind this enhanced activity of MTX-ZnONPs may be the
high drug-loading efficiency of the biogenic nanocarrier and
effective delivery of the drug, which could significantly increase
the intracellular concentration of MTX, thus enhancing the
inhibition of cancer cell proliferation. Interestingly, human folate
receptors have been reported to take up MTX-loaded nanoparticles
into cells to a better degree than MTX and are most likely to be
released only in the acidic environment of lysosomes (Xie et al.,

FIGURE 11
Percent caspase-9, -8, and -3 activities in A549 cells treatedwith different concentrations of (A)MTX-ZnONPs, (B)MTX alone, and (C) ZnONPs alone
for 24 h. The results presented are the mean ± SEM of three independent experiments performed in triplicate. Significance among different dosage
groups were determined using one-way ANOVA followed by Dunnett’s post hoc test (where *p < 0.05, **p < 0.01, and ***p < 0.001 represent significant
differences compared with vehicle control).
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2018). Due to the high expression of the folate receptor on the target
cancer cells, MTX-ZnONPs could possibly be internalized inside
cancer cells easily and efficiently (Figure 13). Our results were in
agreement with a previous study where MTX was conjugated with
iron oxide nanoparticles (IONPs) as a drug delivery system to study
its cytotoxic effect on cancer cells (Nosrati et al., 2018). Moreover,
ZnONPs alone significantly inhibited the cell viability of A549 cells
at a much higher concentration (at a dose of 10–80 μg/mL)
compared to MTX-ZnONPs and MTX, which suggested the
intrinsic cytotoxic properties of ZnONPs against lung cancer cells
at higher concentrations. Previously, the cytotoxic property of
ZnONPs was demonstrated in cancer cells, which corroborated
our finding (Anjum et al., 2021). Furthermore, our results have
also shown a significant cytotoxicity effect of ZnONPs against
normal 3T3 cells at a dose range of 10–100 μg/mL
(Supplementary Figure S1). This signified that ZnONPs are
cytotoxic not only to A549 cells but also to 3T3 cells at this dose
range (Pinho et al., 2020).

When conjugated with MTX, these ZnONPs intriguingly
exhibited a similar degree of effect at much lower doses
(100–800 ng/mL). This observation might be due to drug alone
or the nanocarrier. So, to confirm this observation, we again
performed the cell viability assay of A549 cells treated with free
ZnONPs at 100–800 ng/mL doses, which showed that ZnONPs were
not cytotoxic to A549 cells at the indicated doses (Supplementary
Figure S2). This result suggested the non-toxic behavior of free
ZnONPs at much lower doses, which could be articulated to be its
good nanocarrier property.

Furthermore, cytomorphological analysis performed at
isoeffective concentrations by phase contrast microscopy revealed
significant changes in the morphology of A549 cells in all the
treatment groups, which were evident by cell shrinkage and
detachment from the surface, forming clusters. Similarly, the
nuclear changes in A549 cells in all the treatment groups,
analyzed at isoeffective doses by a fluorescent dye DAPI, revealed
fragmented and condensed nuclei, indicating initiation of apoptosis.
Interestingly, at isoeffective concentrations, ZnONPs alone exerted
similar effects on A549 cells compared to MTX-ZnONPs and MTX
alone, which indicated the inherent cytotoxic properties of ZnONPs
against lung cancer cells at higher concentrations (Figure 8).
Moreover, the results also showed that MTX-ZnONPs exerted
similar morphological changes in lung cancer cells at very low
doses compared to MTX.

As described previously, the reduction in mitochondrial
membrane potential (Δψm) is an important event during the
activation of the intrinsic pathway of apoptosis (Khan I. et al.,
2018). Thus, Δψm in A549 cells in all the treatment groups,
analyzed at isoeffective doses by using a cationic fluorescent dye
Rhodamine 123, showed a gradual decrease. ZnONPs alone
caused an equivalent reduction in Δψm in A549 cells
compared to MTX-ZnONPs and MTX alone, which suggested
the apoptotic potential of ZnONPs against lung cancer cells at
higher doses. Furthermore, the results also showed that MTX-
ZnONPs reduced the Δψm in lung cancer cells at very low
concentrations compared to MTX, suggesting efficient delivery
of the drug inside the cell.

FIGURE 12
Percent cell viability of A549 cells, pretreated with caspase-3 inhibitor Z-DEVD-FMK (50 µM), followed by treatment with different doses of (A)MTX-
ZnONPs, (B) MTX alone, and (C) ZnONPs alone for 24 h assessed by MTT assay. The results presented are the mean ± SEM of three independent
experiments performed in triplicate. Significance among two treatment groups were determined using two-tailed paired t-test (where *p <
0.05 represents significant difference between means of both treatment groups).
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Many anticancer drugs exert their therapeutic effect on cancer
cells by augmenting the production of cytosolic ROS (Doroshow,
1986; Oh et al., 2007). ROS have been implicated in many cellular
functions, such as apoptosis (Nakazato et al., 2007). Results of
qualitative analysis of ROS, analyzed at isoeffective doses in
A549 cells in all the treatment groups, depicted an augmented
intracellular ROS level. Intriguingly, ZnONPs alone induced a
similar amount of ROS generation in A549 cells compared to
MTX-ZnONPs and MTX at isoeffective doses, which suggested
that ZnONPs alone caused ROS-dependent apoptosis in lung
cancer cells at higher doses. Furthermore, the results also showed
that MTX-ZnONPs induced a similar amount of ROS in lung cancer
cells at very low concentrations compared to MTX. Thus, our results
suggested that MTX primarily caused ROS-mediated cell death in
A549 cells.

Additionally, the results of quantitative analysis of ROS revealed
that MTX-ZnONPs (at the dose of 100–800 ng/mL) and MTX alone
(at the dose of 1–8 μg/mL) were effective in augmenting the
intracellular ROS level in A549 cells; however, the effect of MTX-
ZnONPs was more profound at very low doses compared to that of
MTX. Moreover, ZnONPs alone substantially elevated the ROS level
in A549 cells at much higher concentrations (10–80 μg/mL)
compared to MTX-ZnONPs and MTX alone, which illustrated
that the cytotoxic property of ZnONPs was due to ROS-mediated
programmed cell death in lung cancer cells at higher concentrations.

To corroborate the production of ROS in all the treatment groups,
cell survival was estimated in lung cancer cells pretreated with NAC.
It was observed that NAC significantly ameliorated the cell viability
in all the treatment groups, authenticating the crucial role of ROS-
mediated apoptosis in A549 cells. Interestingly, NAC did not
completely ameliorate the survival of A549 cells in all the
treatment groups, which indicated the role of ROS-independent
pathways of apoptosis in A549 cells. Thus, our results showed that
MTX could induce apoptosis in lung cancer cells via both ROS-
dependent and ROS-independent pathways.

It has been well established that caspase-8 and caspase-9 play
indispensable roles in the activation of the extrinsic and intrinsic
apoptotic pathways, respectively (Ona et al., 1999). Moreover,
caspase-3 is the chief executor of apoptosis by cleaving and
dismantling the cellular structures (Bakar et al., 2010). Therefore,
to confirm whether the cell death induced in lung cancer cells in all
the treatment groups was due to the extrinsic or intrinsic pathway of
apoptosis, caspase activities were determined in A549 cells. The
results showed that MTX-ZnONPs (at the dose of 100–800 ng/mL)
and MTX alone (at the dose of 1–8 μg/mL) caused significant
activation of caspase-9, -8, and -3 in A549 cells; however, the
effect of MTX-ZnONPs was more profound at very low doses
compared to that of MTX. These results suggested that MTX
induced apoptosis in A549 cells via both extrinsic and intrinsic
pathways. Moreover, ZnONPs alone substantially activated caspase-

FIGURE 13
Possible mode of internalization of MTX-ZnONPs via caveolin-mediated or clathrin-mediated endocytosis and mechanism of action of MTX in
A549 cells.
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9 and -3 in A549 cells at much higher concentrations (10–80 μg/mL)
compared to MTX-ZnONPs (at the dose of 100–800 ng/mL) and
MTX alone (at the dose of 1–8 μg/mL), while there was no
significant activation of caspase-8, illustrating the activation of
only the mitochondrial pathway of programmed cell death in
lung cancer cells treated with ZnONPs at higher concentrations.

To validate the activation of caspases in lung cancer cells, cell
survival was estimated in all the treatment groups pretreated with
the caspase-3 inhibitor. The results showed that pre-treatment with
the caspase-3 inhibitor significantly ameliorated the cell viability,
demonstrating the instigation of caspases during programmed cell
death in A549 cells in all the treatment groups. Intriguingly,
pretreatment with a caspase-3 inhibitor did not completely
ameliorate cell viability in lung cancer cells, indicating the
activation of a caspase-independent pathway of apoptosis in
A549 cells. Thus, our results showed that MTX could induce
apoptosis in lung cancer cells via both caspase-dependent and
caspase-independent pathways.

Conclusion

In conclusion, the results of the current study have illustrated the
conjugation of MTX with ZnONPs with high drug-loading
efficiency. Moreover, the cytotoxic efficiency of MTX-ZnONPs
was found to be enhanced compared to MTX alone in lung
cancer cells. ZnONPs exhibited significant toxicity against lung
cancer cells only at very high doses compared to the effective
doses of drug-nanoconjugates, which suggested that the high
therapeutic efficiency of MTX-ZnONPs was due to intracellular
delivery of MTX. Thus, our results emphasized the efficient delivery
of MTX to lung cancer cells via ZnONPs as nanocarriers.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material; further inquiries can be directed
to the corresponding authors.

Author contributions

Conceptualization: IA and PM; methodology: PM and MFA;
software: IA, MS, and NA; validation: MS, PM, MFA, MV, SF, AA,
and NA; formal analysis: LK, NMA, MS, and NA; investigation: PM
and AA; resources: MS, NMA, LK, and IA; data curation: IA;
writing—original draft preparation: PM; writing—review and

editing: IA; visualization: IA, MS, and LK; supervision: IA and
LK; project administration: IA, MS, and LK.

Acknowledgments

The authors are thankful to the Princess Nourah bint
Abdulrahman University researcher supporting program number
(PNURSP2023R82), Princess Nourah bint Abdulrahman
University, Riyadh, Saudia Arabia.

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.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2023.1194578/
full#supplementary-material

SUPPLEMENTARY FIGURE S1
Percent cell viability of 3T3 cells treated with different doses of ZnONPs for
24 h assessed by MTT assay. The results presented are the mean ± SEM of
three independent experiments performed in triplicate. Significance
among different dosage groups were determined using one-way ANOVA
followed by Dunnett’s post hoc test (where *p <0.05, **p <0.01, and
***p <0.001 represent significant differences compared with vehicle
control).

SUPPLEMENTARY FIGURE S2
Percent cell viability of A549 cells in all the treatment groups treated with the
effective doses of MTX-ZnONPs (100–800 ng/mL) for 24 h. The results
presented are the mean ± SEM of three independent experiments
performed in triplicate. Significance in different treatment groups at different
doses were determined using two-way ANOVA with Bonferroni’s post hoc
tests (where *p <0.05, **p <0.01, and ***p <0.001 represent significant
differences betweenmeans of different treatment groups at different doses).
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Background: In this research, we aimed to explore the efficacy of diallyl trisulfide
(DATS) combined with cisplatin (DDP) for gastric cancer treatment and its
underlying mechanism based on network pharmacology.

Methods: First, the pharmacological mechanism by which DATS combined with
DDP acts against gastric cancer was predicted using network pharmacology. The
TTD, GeneCards, and OMIM databases were used to extract drug and disease
targets. The David Bioinformatics Resources 6.8 database was used to conduct
GO and KEGG analyses. We investigated the efficacy of DATS combined with DDP
against gastric cancer in SGC7901 cells and a xenograft model. Furthermore, the
specific mechanism of DATS combined with DDP, inferred by network
pharmacology, was identified by Western blotting and immunohistochemistry.

Results: The combination of DDP and DATS significantly increased cytotoxicity
and cell apoptosis compared to the DATS or DDP treatment group in vitro. In
addition, continuous intraperitoneal injection of DATS markedly improved the
tumor inhibitory effect of DDP in the SGC-7901 tumor-bearing mouse model.
Furthermore, network pharmacology and experimental validation studies revealed
that the combination of DATS andDDP synergistically enhanced antitumor activity
by regulating endoplasmic reticulum stress and inhibiting STAT3/PKC-δ andMAPK
signaling pathways.

Conclusion: Our study showed that the combination of DATS and DDP could
exert outstanding therapeutic effects in gastric cancer. Moreover, network
pharmacology coupled with experimental validation revealed the molecular
mechanisms of combination therapy for gastric cancer. This study offers a new
adjuvant strategy based on DATS and DDP for the treatment of gastric cancer.
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1 Introduction

Gastric cancer (GC) is the fifth most confirmedmalignant tumor
worldwide, with an annual increase of more than 1 million cases.
Owing to its advanced stage at diagnosis, it has become the third
leading cause of cancer-related deaths (Sung et al., 2021).
Continuous chemotherapy based on first-line platinum and
fluoropyrimidine has been used in the treatment of advanced
gastric cancer. Cis-diaminedichloroplatinum II (DDP, cisplatin) is
a widely used first-line chemotherapy drug and the main treatment
strategy for patients with advanced GC, and has been shown to
effectively improve the survival rate of patients with advanced GC
(Shah, 2015; Sasaki et al., 2017). However, DDP exhibits drug
resistance and significant organ toxicity, such as nephrotoxicity,
ototoxicity, hepatotoxicity, and gastrointestinal toxicities (Ghosh,
2019). After several cycles of chemotherapy with DDP,
approximately one-third of the patients developed renal
dysfunction (Merouani et al., 1996), and half of the patients
showed acquired drug resistance. Therefore, various new
adjuvant approaches are urgently needed to protect normal
organs from damage and enhance the therapeutic effect of DDP
on gastric cancer cells or tumors, which could provide new ideas to
improve DDP-based cancer treatment.

Garlic (Allium sativum) is an ancient cultivated plant that
possesses the dual-purpose characteristics of food and medicine.
Epidemiological and research studies have demonstrated that
many active components of garlic have preventive and
suppressive effects on various types of tumors (Iciek et al.,
2009; Tsubura et al., 2011; Jin et al., 2013; Yan et al., 2014).
Recent research has shown that basic treatment with H. pylori
(H.pylori) and garlic supplementation for 7 years significantly
decreased the risk of death from gastric cancer (Li et al., 2019).
Garlic extract products possess activity against Helicobacter
pylori and gastric inflammation, which promotes its potential
role in the treatment of peptic ulcer diseases (Sivam, 2001).
Moreover, garlic powder, aged garlic extract, and some
organosulfur compounds (s-allylcysteine, diallyl disulfide, and
diallyl sulfide) have been reported to exhibit antioxidant effects
that can ameliorate the nephrotoxic effects of DDP (Dwivedi
et al., 1996; Chiarandini Fiore et al., 2008; Razo-Rodriguez et al.,
2008; Gomez-Sierra et al., 2014; Nasr and Saleh, 2014). Diallyl
trisulfide (DATS), a major bioactive compound in garlic, has
multiple health benefits such as anticancer, anti-inflammatory,
and immunomodulatory effects. Due to the existence of a triple
sulfur bond (-S-S-S-) structure, DATS was reported to be more
effective than single and double sulfur-containing compounds in
antitumor activity and chemical detoxification defense functions
(Tsai et al., 2005; Lai et al., 2013). In addition, DATS has been
proven to have a variety of active metabolites in vivo in drug
metabolism and pharmacokinetics (DMPK) studies, which might
offer better protective and therapeutic effects depending on
multiple target strategies (Gao et al., 2013). Nevertheless,
existing research on garlic organic sulfur compounds has
focused on their anti-tumor and anti-oxidation properties.
Based on the characteristics of garlic ingredients in dietary
therapy, it is worth exploring in-depth in the joint treatment
strategy.

Network pharmacology, as a new scientific approach for drug
combinatorial research, has the characteristics of constructing
“drug-gene-target-disease” networks based on biological
properties, analyzing the linkages between drugs, proteins/genes,
and diseases, and predicting the mechanism of action of small
molecule drugs on diseases (Nogales et al., 2022). Network
pharmacology offers brilliant prospects for multiple disease
treatments rather than targeting a single disease target. Given its
systematic and comprehensive characteristics, more and more
research on the active substances in herbal medicines and their
mechanisms of action on disease targets were based on network
pharmacology (Li et al., 2022).

In this study, we attempted to apply network pharmacology to
predict the mechanism of action of DATS combined with DDP
against gastric cancer and then validated its protective effect as well
as the possible mechanism through pharmacological experiments
in vitro and in vivo. This research revealed the effects and molecular
mechanism of the combination of DATS and DDP, which could
provide novel ideas for chemotherapy of gastric cancer.

2 Materials and methods

2.1 Drugs and chemicals

DATS (98% purity) was availible from AIKE Biotechnology
(Chengdu, China). DDP was obtained from Qilu Pharmaceutical
(Jinan, China). Antibodies against Akt, phospho-Akt, phospho-
ERK1/2, ERK1/2, phospho-p38, p38, phospho-JNK, JNK, and
PKC-δ were obtained from Cell Signaling Technology (Danvers,
MA, United States). Antibodies against XBP1, IRE1α, Calnexin
and GAPDH were purchased from Beyotime Biotechnology
(Shanghai, China). The apoptosis detection kit, cell
mitochondrial membrane potential assay kit (TMRE), Annexin
V-FITC apoptosis detection kit, TUNEL staining kit, Cell
Counting Kit-8 (CCK-8) and calcium ion fluorescent probes
(Fluo 3-AM) were purchased from Servicebio Biotechnology
(Wuhan, China). Transwell Chambers and Matrigel were
obtained from Corning (New York, NY, United States).

2.2 Collection of gene symbols for gastric
cancer and construction of protein-protein
interaction (PPI) networks

First, the targets of DDP combined with DATS were identified
by importing the chemical structures into the SwissTargetPrediction
data library (http://www.swisstargetprediction.ch/). After
standardizing the target names by the UniProt database (https://
www.uniprot.org/), the underlying gene targets for gastric cancer
were selected from the following three databases, GeneCards
(https://www.genecards.org/), TTD (http://db.idrblab.net/ttd/),
and OMIM databases (http://omim.org/). Next, the protein-
protein interaction (PPI) network of DDP combined with DATS
treatment in gastric cancer was obtained by uploading the selected
intersecting genes of 3 databases into STRING 11.0 (http://stringdb.
org/cgi/input.pl).
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2.3 Definition of target pathway by building
networks

The drug target network was constructed by Cytoscape
3.7.1 software to explore the molecular mechanism of DDP
combined with DATS against GC. The potential pathways of
DDP combined with DATS against GC were analyzed using gene
ontology (GO) enrichment and KEGG pathway analyses using the
David Bioinformatics Resources 6.8 database (https://david.ncifcrf.
gov/).

2.4 Cell culture and cell proliferation

SGC-7901 cells were used as a gastric cancer model and were
obtained from Cobioer Biotechnology (Beijing, China). SGC-
7901 cells were cultured in RMPI-1640 medium with 10% fetal
bovine serum (BioInd, Israel) at 37°C in a 5% CO2 incubator. The

percentage inhibition of cell growth for 24 h by different
concentrations of DATS and DDP was determined using the
CCK-8 kit and following its instructions with 450 nm absorbance
by a Microplate Reader (Safire2, TECAN, France). The
combination index (CI) analysed by Calcusyn 2.1 software
(Biosoft, Cambridge, United Kingdom) was used to reveal the
interaction between DATS and DDP. CI < 1 indicated synergistic
interactions (Chou, 2010).

2.5 Cell apoptosis

SGC-7901 cells were cultured in six-well plates and treated with
the indicated doses of DATS, DDP, or their combination for 48 h.
The cells were collected and stained with apoptosis detection kit
according to the manufacturer’s instructions. To evaluate apoptosis,
the cells were analyzed by flow cytometry (Beckman FC 500,
United States of America) and calculated using FlowJo software.

FIGURE 1
Protein-protein interaction (PPI) networks of potential targets for the DDP combined DATS treatment of GC. (A) Top 100 targets of DATS combined
DDP in SwissTargetPrediction; (B) 95 targets of DATS combined DDP related to GC by Venn diagram; (C) PPI networks of potential targets for DATS
combined DDP against GC.
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2.6 Cell migration assay

The migration of SGC-7901 cells was examined by transwell cell
migration and scratch assays. For transwell, the matrigel was diluted
at a ratio of 1:8 with serum-free medium, and 40 μL diluted matrigel
was spread on the upper layer of the chamber. SGC-7901 cells were
adjusted to 5 × 105 cells ml−1 using serum-free medium, then 100 μL
cells and 100 μL drugs were added to the upper layer of the chamber,
and 500 μL medium with 10% FBS was added to the lower layer of
the chamber. After 48 h of incubation at 37°C, cells were fixed with
4% paraformaldehyde. After removing the cells in the upper
compartment, the cells were stained with 0.1% crystal violet. The
migrating cells were recorded under the microscope. Finally,
photographs were taken using an inverted microscope. The
number of cells migrating between the chambers was calculated
using the ImageJ software. The scratch test was performed according
to a standard protocol (Chou, 2010).

2.7 Calcium ion and mitochondrial
membrane potential detections

SGC-7901 cells were plated on glass coverslips and incubated for
24 h. The cells were washed twice with PBS, fixed with 4%
formaldehyde for 15 min, permeabilized with 0.2% TritonX-100
for 20 min, and blocked with 5% BSA for 0.5 h. After incubation
with Fluo-3 AM and TMRE at 4°C for 1 h, the cells were washed
thrice, followed by incubation with Hoechst for 5 min. Finally,
images were obtained using an LSM900 confocal laser
microscope (Carl Zeiss AG, Germany). The fluorescence intensity
was quantified using flow cytometry.

2.8 Western blot

SGC-7901 cells were harvested and lysed in lysis buffer. Total
protein was extracted and loaded into each well of 8%–10% SDS-
PAGE gel and blotted onto PVDF membranes. The membranes
were incubated with primary antibodies (1:1000 dilution) overnight
at 4°C after blocking. After washing with TBST buffer three times,
incubation with 1:5000 dilution of secondary antibodies linked to
horseradish peroxidase (Bioss, China) were carried out for 2 h.
Finally, the blots were visualized using ECL Plus reagent
(Millipore Corp, Bedford, MA, United States). GAPDH was used
to assess the amount of the reference protein in each lane. The
relative protein levels were analyzed using AlphaView SA software.

2.9 In vivo tumor xenograft experiment

Female athymic nude mice (16–18 g) were purchased from the
Institute of Laboratory Animal Sciences (Beijing, China). 5 × 106

SGC-7901 cells in 100 µL PBS were injected subcutaneously into the
armpit of the right forelimb of the mice. As the tumor volume (TV)
reached approximately 100 mm3, four groups of mice (n = 6) were
randomly divided and injected intraperitoneally with vehicle, DATS,
DDP, and their combination: (i) vehicle (Control group), every day;
(ii) DATS, 30 mg/kg every day; (iii) DDP, 4 mg/kg every 7 days; (iv)

DATS+DDP, 4 mg/kg of DDP every 7 days, and 30 mg/kg of DATS
every day. Tumor length (a), width (b), and body weight (BW) were
recorded every 4 days, and TV was calculated as follows: TV = (a ×
b2)/2. After 32 days, the mice were sacrificed, and the main tissues
were acquired for further assessment.

2.10 Histopathologic analysis

Tumor tissues were fixed in paraformaldehyde and embedded in
paraffin. Sections were made and stained with hematoxylin and
eosin to evaluate histopathological changes from three independent
images using an Olympus microscope (Tokyo, Japan).

2.11 Immunohistochemistry and TUNEL
assay

The immunohistochemical expression of calnexin, PKC-δ,
XBP1, and p-JNK was determined. A series of xylene and
ethanol aqueous solutions were used to dewax and rehydrate
paraffin sections. After blocking, the sections were treated with
microwaves to repair the antigen and expose antigenic determinants.
After serum blocking, the paraffin sections were incubated with the
primary antibody at a 1:100 dilution at 37°C in a humidified
chamber for 2 h and then incubated with the diluted secondary
antibody for 1 h. The specific binding antibodies in the sections were
developed using DAB substrate and hematoxylin counterstain.
While, according to the instructions from the TUNEL staining
kit, DNA of tissue sections was also counterstained by DAPI.
Images were acquired by an Olympus microscope (Tokyo, Japan).

2.12 Statistical analysis

Data were showed as mean ± SD and statistically evaluated by
one-way ANOVA based on GraphPad Prism 6.0 statistical software.
The significant differences between groups was evaluated by
Unpaired t-test, with p < 0.05 the criterion for statistical significance.

3 Results

3.1 Construction of PPI network of DDP and
DATS against GC

As shown in Figure 1, the top 108 targets of DATS combined
with DDP were selected from SwissTargetPrediction data
(Figure 1A) while 12641 targets for GC were gathered from
3 databases. Consequently, 95 overlapping targets related to
DATS, DDP, and GC were identified (Figure 1B). Protein
intersections were then performed by mapping the targets of
DATS combined with DDP on GC in the STRING database.
Three topological features (betweenness centrality, degree and
closeness centrality) focused on identification of the key targets
in the network. A total of 45 points were identified as key targets in
the network, including Calnexin, STAT3, PKC-δ and Calreticulin
(Figure 1C).
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3.2 KEGG and GO enrichment analysis

To confirm the biological properties of the relevant targets of
DATS combined with DDP on GC in detail, KEGG and GO
enrichment analysis was performed as shown in Figure 2.
Through KEGG pathway enrichment, 83 related pathways were
identified, of which the top twenty pathways are shown in
Figure 2A.The P38/MAPK, IRE1/XBP1, and ATF6 signaling
pathways are the three main pathways closely associated with
proliferation and endoplasmic reticulum stress in GC.

GO analysis showed that 133 genes were selected among
2684 GO entries (p < 0.05), consisting of 2181 biological
progress (BP), 215 cellular components (CC), and 288 molecular
functions (MF). The top 10 entries of biological progress, cellular
components, and molecular functions among the selected 133 genes
are shown in Figures 2B–D, respectively. The potential targets
among the top biological processes were primarily focused on the
response to the drug and the cellular response to monoamine
stimulus. In addition, the potential cellular targets were mainly
focused on the integral components of the synaptic and presynaptic
membranes. The major molecular functions are related to
catecholamine and drug binding.

3.3 Effects of DATS and DDP on the
proliferation and apoptosis of SGC-7901
cells

To determine the potential anticancer activity of DATS and
DDP in combination, the CCK-8 assay was used to evaluate cell
viability after treatment with DATS alone or in combination with
DDP by CCK-8 assay. As shown in Figure 3A, DATS treatment
(50–400 μM) resulted in dose-dependent growth inhibition of SGC-
7901 cells, which increased from 16.20% ± 6.56% to 45.48% ± 6.91%.
Nevertheless, when combined with 3 μg/mL DDP, the inhibition
rate of DATS against SGC-7901 cells increased from 59.5% to 72.7%,
which showed that DATS and DDP in combination significantly
enhanced the cytotoxicity of SGC-7901 cells in comparison with
DATS alone. In addition, CI values calculated using Comsyn
software showed a strong synergy for the combination of DATS
and DDP (CI < 1; Figure 3B). To explore the influence of the
combination of DATS and DDP on apoptosis (Jiang et al., 2017), cell
apoptosis was evaluated using flow cytometry. As shown in Figures
3C, D, compared to the two monotherapy groups, the combination
treatment dramatically increased the apoptosis ratio in SGC-7901
cells. Apoptosis rate in the combination group was enhanced to

FIGURE 2
Diagrams of mechanistic analyses of (A) Pathways enrichment; (B) Biological process enrichment; (C) Molecular function enrichment; (D) Cellular
component enrichment.
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29.7% ± 2.4%, which was much higher than that in the two
monotherapy groups (21.6% ± 2.0% for DATS and 13.9% ± 2.5%
for DDP).

3.4 Effects of DATS and DDP on the
metastasis of SGC-7901 cells

To explore whether DATS and DDP affect GC metastasis, the
effects of DATS and DDP in combination on cell invasion and
migration were evaluated. Both the DATS and DDP groups
exhibited the ability to inhibit cell migration compared with the
control group. Interestingly, we observed that the inhibition of
migration in the combination group was stronger than that of either
DATS orDDP alone (***p< 0.001, **p< 0.01, respectively) (Figures 4A,
C). In addition, as can be seen in Figures 4B, D, compared with the
control group, the number of cells invading the bottom of the vesicles
was significantly reduced after DATS and DDP treatment, and this

effect was remarkably enhanced in the co-treatment group of DATS
and DDP as compared with the groups of single treatment.

3.5 DATS and DDP cooperated to increase
endoplasmic reticulum stress in SGC-7901
cells

Calcium ions are essential for the stability of the endoplasmic
reticulum, and abnormal concentrations of calcium ions trigger
endoplasmic reticulum stress, resulting in apoptosis. Changes in
mitochondrial membrane potential are closely related to ER function
of the endoplasmic reticulum. Therefore, the levels of calcium ions and
mitochondrial membrane potential were evaluated to determine the
effects of DATS+DDP on endoplasmic reticulum stress. As shown in
Figure 5A, when DATS and DDP were used in combination, the
mitochondrial membrane potential decreased significantly compared to
both the DATS and DDP groups, according to the fluorescence

FIGURE 3
DATS synergistically enhanced the effects of cell growth inhibition and apoptosis of DDP in SGC-7901 cells. (A) The inhibition rate of SGC-7901 cells;
(B) The CI values of DATS and DDP; (C) Apoptosis of SGC-7901 cells; (D) Apoptosis ratio of SGC-7901 cells after different treatments. Data are shown as
mean ± SD (n = 3). Compared with the DATS+DDP group, *p < 0.05, **p < 0.01, ***p < 0.001.
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intensity of TMRE by flow cytometry (**p < 0.01, Figure 5B). Besides,
the content of intracellular calcium ions (shown as fluorescence
intensity of Fluo-3 a.m.) in the DATS+DDP group increased
dramatically compared to that in the DATS and DDP groups (**p <
0.01, ***p< 0.001, respectively, Figure 5C). These results suggest that co-
treatment with DATS and DDP triggers endoplasmic reticulum stress
in SGC-7901 cells.

3.6 DATS and DDP regulatedMAPK pathway,
STAT3/PKC-δ and endoplasmic reticulum
stress

To verify the predictions of network pharmacology, the MAPK
pathway, STAT3/PKC-δ, and endoplasmic reticulum stress were

detected by Western blotting. The MAPK pathway was validated
using p-p38, p-ERK, and p-JNK. STAT3/PKC-δ are closely related
to the proliferation and invasion of GC cells. In addition, IRE1α, XBP1,
and calnexin have been reported to be key proteins in endoplasmic
reticulum stress generation (Wang et al., 2013). As important nodes for
the combined effects of DATS and DDP, they have been explored using
network pharmacology. Our results showed that the expression of the
relevant proteins (p-p38, p-ERK, p-JNK, STAT3, and PKC-δ) was
remarkably reduced after DDP or DATS treatment. Compared to the
monotherapy groups, a considerable decrease in (p-p38, p-ERK, p-JNK,
STAT3, and PKC-δ) was observed in the DDP and DATS groups
(Figures 6A, C, D, F). IRE1α expression significantly increased after
treatment with DDP+DATS (Figures 6B, E). Additionally, the levels of
XBP1 and Calnexin showed a trend similar to that of IRE1α
(Figures 6B, E).

FIGURE 4
DATS synergistically enhanced the anti-migration of DDP in SGC-7901 cells. (A) The effects of DATS+DDP on the migration of SGC-7901 cells; (B)
The effect of DATS+DDP on the Invasion ability of SGC-7901 cells. (C) Wound healing rate. (D) Cell number. Data are shown as the mean ± SD (n = 3).
Compared to the DATS+DDP group, *p < 0.05, **p < 0.01, ***p < 0.001.
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3.7 DATS combined with DDP synergistically
inhibited SGC-7901 tumor growth in vivo

An SGC-7901 subcutaneous xenograft model in nude mice was
established to further evaluate the in vivo effects of combined
exposure. We observed that 30 mg/kg DATS and 4 mg/kg DDP
effectively inhibited SGC-7901 xenograft after a 32-day treatment.
In addition, the combined treatment showed a stronger inhibitory
effect on TV and tumor weight (Figures 7A–C) than the DATS and
DDP groups. Representative H&E-stained tumor sections
demonstrated an increase in the area of cell-cell contact loss and
tissue disintegration in the DATS, DDP, and the combined group,
compared to the control group (Figure 7D), and notable necrosis
and the fewest tumor cell infiltration were observed in DATS and
DDP-treated tumor tissues. Compared to the control group, more
TUNEL-positive cells were stained in the monotherapy groups.
Additionally, the number of apoptotic tumor cells in the
combination group was substantially higher than that in the
DATS and DDP groups (***p < 0.001 and **p < 0.01,
respectively) (Figures 7E, F). Therefore, DATS synergistically
enhanced the effect of DDP on tumor growth inhibition and
apoptosis in vivo.

3.8 Combined treatment of DATS and DDP
regulated MAPK pathway, STAT3/PKC-δ and
endoplasmic reticulum stress in vivo

To verify the mechanism of the combination of DATS and DDP,
the expression of p-JNK, Calnexin, XBP1 and PKC-δ was detected
by immunohistochemistry. As shown in Figure 8, the expression of
p-JNK and PKC-δ was decreased by DDP and DATS alone, while
the expression of XBP1 and Calnexin, as signs of endoplasmic
reticulum stress, was elevated compared to control group. In
addition, the above changes were enhanced under the combined
treatment of DATS and DDP compared with the groups treated with
DATS or DDP alone.

4 Discussion

Garlic has been used in alternative medicine to treat a variety of
diseases such as cardiovascular and cerebrovascular diseases
(Sobenin et al., 2019), antigenic microbial infections, and several
tumors (Nicastro et al., 2015; Mondal et al., 2022). DATS, the main
component of garlic, was reported to exert anti-GC activity and

FIGURE 5
The effect of DATS andDDP on endoplasmic reticulum stress in SGC-7901 cells. (A) Representative immunofluorescence images of TMRE and Fluo-
3 AM in SGC-7901 cells; (B) The expression of TMRE in SGC-7901 cells; (C) The expression of Fluo-3 AM in SGC-7901 cells. Data are shown asmean ± SD
(n = 3). Compared with the DATS+DDP group, *p < 0.05, **p < 0.01, ***p < 0.001.
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enhance the chemosensitivity to GC of chemotherapeutic agent
(Izdebska et al., 2016). DDP is the first-line drug used clinically for
the treatment of GC, but its therapeutic effect is often affected by
drug-resistance-associated problems (Fu et al., 2021). In addition,
the use of high-dose DDP often causes strong side effects in patients
(Dasari and Tchounwou, 2014). Therefore, by combining DATS
with DDP, adverse effects may be improved by lowering the dose of
DDP. On one hand, it is a promising way to reduce the development
of tumor resistance by producing a synergistic anti-tumor effect. In

our study, the synergistic therapeutic ability of DATS was found to
enhance the anti-tumor effect of DDP in SGC-7901 cells and tumor-
bearing models.

In terms of the molecular mechanism, the predictions of
network pharmacology confirmed DATS played an important
role in GC treatment combined with DDP in multiple pathways.
PPI network analysis indicated combination of DATS and DDP
may exert therapeutic effects on modulation of endoplasmic
reticulum (ER) stress and STAT3/PKC-δ and MAPK signaling

FIGURE 6
Effects of DATS and DDP on protein expressions of p-p38, p-ERK, p-JNK, STAT3, PKC-δ, IRE1α, XBP1 and Calnexin in SGC7901 cells. (A) p38, p-p38,
ERK, p-ERK, JNK and p-JNK gel electrophoresis bands; (B) IRE1α, XBP1 and Calnexin gel electrophoresis bands; (C) STAT3 and PKC-δ gel electrophoresis
bands; (D) p-p38, p-ERK and p-JNK protein expression; (E) IRE1α, XBP1 and Calnexin protein expression; (F) STAT3 and PKC-δ protein expression. Data
are shown as mean ± SD (n = 3). Compared with the DATS and DDP group, *p < 0.05, **p < 0.01, ***p < 0.001.
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pathways, which was consistent with the KEGG pathway and GO
analyses. The results offered preliminary insights into the
mechanism of action of DATS combined with DDP against
GC. Experimental mechanistic studies were performed to
validate the protective effects of DATS combined with DDP
against GC and its possible mechanism.

Mitogen activated protein kinase (MAPK) plays a critical role in
progression of GC and drug resistance. Previous studies have
suggested that activation in p38-MAPK pathway may be
responsible for modulating multidrug resistance in the SGC-
7901/VCR cell line (Guo et al., 2008). The role of garlic
components in the MAPK pathway has also been partially
reported (Chang et al., 2011). In addition, sustained activation of
STAT3 maintains self-renewal of tumor stem cells, making tumors

prone to recurrence, metastasis, and drug resistance (Aziz et al.,
2007). Therefore, STAT3 plays an important role in tumor cell
transformation, infiltration, metastasis, and progression. Moreover,
STAT3 can continue to activate downstream PKC-δ and promote
tumor survival in multiple ways. In our study, DATS combined with
DDP synergistically enhanced cell growth inhibition, induction of
cell apoptosis, inhibition of MAPK signaling phosphorylation, and
STAT3/PKC-δ.

When cells are exposed to stress conditions such as nutrient
deficiency, hypoxia, calcium imbalance, and oxidative stress,
unfolded or misfolded proteins accumulate in the endoplasmic
reticulum, resulting in ER stress (Oakes and Papa, 2015). If ER
stress persists or is exacerbated, ER stress shifts from a pro-survival
state to a pro-apoptotic state (Ferri and Kroemer, 2001). Therefore,

FIGURE 7
In vivo treatment of DATS andDDP in SGC-7901 tumor-bearingmice. (A)Average tumor volume; (B) Tumorweight; (C) Tumormorphology ofmice;
(D) HE staining results of tumor tissues; (E) TUNEL apoptosis results of tumor tissues; (F) Analysis of TUNEL-positive cells. Data are shown as mean ± SD
(n = 6). Compared with the DATS+DDP group, *p < 0.05, **p < 0.01, ***p < 0.001.
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promoting ER stress to initiate the apoptotic pathway is an
anticancer therapeutic strategy (Yadav et al., 2014). In addition,
persistent aggravation of ER stress also inhibits the MAPK pathway
and STAT3 expression (Kim and Kim, 2018). In particular, studies
focusing on cross-linking between natural products and existing
chemotherapeutic agents via ER stress between apoptosis in cancer
are of increasing interest (López-Antón et al., 2006; Law et al., 2010;
Shi et al., 2016). It has been shown that certain drugs can induce
apoptosis by inducing sustained activation of IRE1α-XBP1 and
increased expression of calnexin thereby sustaining ER activation
(Cubillos-Ruiz et al., 2015; Ryan et al., 2016; Wang et al., 2018). In

our study, DATS combined with DDP synergistically enhanced the
inhibition of ER stress.

In summary, the findings of our research confirmed that DATS
increased the chemosensitivity to cisplatin in the treatment of GC,
and its mechanism may be related to the MAPK pathway, STAT3/
PKC-δ, and endoplasmic reticulum stress. These results suggest that
DATS combined with DDP may be a new therapeutic strategy for
the clinical treatment of GC. However, this study only focused on
the synergistic anti-tumor activity and mechanism of DATS and
DDP in normal gastric cancer cells, lacking relevant data on drug
resistance and requiring further exploration.

FIGURE 8
DATS and DDP regulated p-JNK, Calnexin, XBP1 and PKC-δ in SGC-7901 tumor-bearing mice. (A) Immunohistochemical detection of p-JNK,
Calnexin, PKC-δ and XBP1 in tumor tissues; (B) Analysis of positive cells of p-JNK, Calnexin, PKC-δ and XBP1. Data are shown as mean ± SD (n = 3).
Compared with the DATS+DDP group, *p < 0.05, **p < 0.01, ***p < 0.001.
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