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Editorial on the Research Topic

Novel targets and state of the art therapies in ARDS and sepsis

Acute respiratory distress syndrome (ARDS) and sepsis remain leading causes of

patient morbidity and mortality and the COVID-19 pandemic has highlighted the

continuing lack of effective therapeutic options for these and other related acute

inflammatory conditions. Among the problems facing ARDS researchers is that there is

currently no specific biomarker for rapid diagnosis, and adhering to the Berlin consensus

criteria (1) and therefore necessitates methods that are time consuming and expensive,

particularly in the context of overloaded health care services. Recent hot topics are sub-

phenotyping of patients, with clearly delineated hyper- and hypo-inflammatory versions

of ARDS being more widely recognized (2) and emerging biomarkers of patient outcome

giving clinicians the opportunity to treat these quite distinct disease variants with distinct

therapeutic approaches. There are also still no licensed medicine specifically targeting

ARDS or sepsis (3), a critical gap in the clinician’s arsenal and individual organ and

symptom support remains the mainstay (4).

Recently, a host of novel medicinal approaches have been investigated to address these

problems, such as advances in the development of pharmacological agents, recombinant

protein drugs, and cell and gene therapies. Bioinformatics based approaches and clinical

profiling of patients are also paving the way for stratification, targeted therapies, and

precisionmedicines. Here, we summarize breaking contributions to the field in a collection

of articles published as part of the Research Topic entitled “Novel targets and state of the art

therapies in ARDS and sepsis.”

Our first review paper explores the utility of measuring mitochondrial markers of

ARDS related disease (McClintock et al.). The summarized studies include assessments

of mitochondrial DNA in blood, peroxidation markers and a range of metabolites such as

glucose, lactate and xanthine and point to a future where simple point of care devices could

instantly diagnose ARDS and ARDS severity based on minimal essential parameters. In a

patient sample analysis study, Peng et al. have identified dysfunctional iron metabolism

mediated via hepcidin as a predictor of patient outcome in COVID-19 ARDS, a finding

which could ultimately be applicable to ARDS of any etiology. Finally in this group of

manuscripts we have a study of immune cell subpopulations in ARDS patients where it

was discovered that the ratio of CD4/CD8 markers was an effective predictor of disease

severity and could assist in directing resources and appropriate care to specific sufferers

(Pascual-Dapena et al.).
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Our second thematic grouping of papers is a deep dive

into the pathology and pathobiology of ARDS. Indeed, it

could be argued that this Research Topic overlaps with and

informs diagnostics and therapeutics and is fundamental to

an intelligent approach to ARDS patient care. As well as the

alveolar cells of the lung, acute lung injury is also associated

with endothelial dysfunction and vascular thrombosis and we

are provided with a comprehensive overview of how the

Kallikrein-Kinin axis contributes to this disease process (Bailey

et al.). Large datasets demand increasingly complex computational

approaches to maximize the meaningful information extracted,

and so we are happy to welcome from Parkinson et al. a

machine learning assisted mRNA profiling of one of the more

vulnerable patient populations, that of neonatal sepsis. We also

see a single-cell analysis approach to assessment of risk factors

for progression of shock to ARDS that has identified the

importance of chromatin accessibility near a specific gene locus,

CALCRL (Armstead et al.). To round off this section, we have

two studies focusing on specific disease mechanisms and their

involvement in ARDS and sepsis. Firstly, Liu et al. elucidates the

contribution of the ferroptosis pathway in ischemia/reperfusion

driven inflammation in a rat model and secondly we have from

Hu et al. an intriguing paper detailing the involvement of the C-

type lectin pancreatic stone protein in multiple organ dysfunction

syndrome (MODS).

In our final subsection we explore approaches to ARDS

and sepsis patient management and therapeutics, from refining

traditional support protocols to cutting edge advanced therapeutic

medicinal products (ATMPs). This theme includes a retrospective

sepsis patient analysis comparing saline and Ringers solutions for

resuscitation (Isha et al.), followed with a preclinical study from

González et al. of a nebulizer delivered stem cell therapy for ARDS,

this with the novelty of utilizing the secretome as opposed to the

cell itself.

We, the editors of this special edition of Frontiers in Medicine,

hope that you, the reader, find this Research Topic to be as

informative and interesting as we did when assembling and

curating it, and expect that it will spark future research into

diagnosing and treating this devastating family of diseases.
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Backgrounds: Hepcidin has been identified as a systemic iron-regulatory hormone.

Recent studies have suggested that iron metabolism disorders may be involved in the

pathogenesis of acute respiratory distress syndrome and multiple organ dysfunction in

coronavirus disease 2019 (COVID-19).

Objectives: To re-evaluate the hepcidin-related ironmetabolism parameters and explore

the relationship between hepcidin-mediated iron dysmetabolism and COVID-19 severity.

Methods: COVID-19 is classified as mild and moderate as non-severe, severe and

critical as severe. A meta-analysis was conducted. Four bibliographic databases were

comprehensively searched up to December 31st 2021.

Results: Six unique studies with data from 477 COVID-19 patients were included.

Compared to non-severe cases, severe cases had higher hepcidin (standardized mean

difference (SMD), −0.39; 95% Confidence Interval (CI) [−0.76, −0.03]; P = 0.03) and

ferritin (SMD, −0.84; 95% CI [−1.30, −0.38]; P = 0.0004). In five out of six studies, a

total of 427 patients were tested for serum iron, and there were significant differences

in their levels between severe and non-severe cases (SMD, 0.22; 95% CI [0.02, 0.41];

P = 0.03). A total of 320 patients from four out of six studies were tested for transferrin

saturation, and the statistical difference was not significant (SMD, 0.06; 95% CI [−0.17,

0.28]; P = 0.64).

Conclusion: Severe COVID-19 cases had higher serum levels of hepcidin and ferritin,

and lower serum iron, without significant differences in transferrin saturation. Further

studies are needed to verify whether targeting the hepcidin-mediated iron metabolism

axis may influence the outcome and treatment of COVID-19.

Keywords: COVID-19, ferritin, hepcidin, iron metabolism, severity

7

https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://doi.org/10.3389/fpubh.2022.881412
http://crossmark.crossref.org/dialog/?doi=10.3389/fpubh.2022.881412&domain=pdf&date_stamp=2022-04-26
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles
https://creativecommons.org/licenses/by/4.0/
mailto:yingxialiu@hotmail.com
https://doi.org/10.3389/fpubh.2022.881412
https://www.frontiersin.org/articles/10.3389/fpubh.2022.881412/full


Peng et al. Iron Dysmetabolism and COVID-19 Severity

INTRODUCTION

Since the outbreak of coronavirus disease 2019 (COVID-19)
caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) (1), the number of confirmed cases has increased
rapidly around the world (2, 3). Acute respiratory distress
syndrome (ARDS) and multiple organ dysfunction are the
main clinical manifestations and leading causes of mortality in
severe COVID-19 cases (4). Iron homeostasis is crucial for host
immune defense and inflammatory response. Disorders of iron
metabolism are mainly manifested as iron deficiency and/or
overload, both of which can cause cellular and organ dysfunction
(5). Low serum iron (SI) concentration restricts hemoglobin
synthesis and causes anemia and systemic hypoxemia. Emerging
data have found that hypoferremia is an independent risk factor
for hypoxic respiratory failure and death in COVID-19 patients
(6, 7). The rapid and excessive accumulation of intracellular
iron, especially in macrophages, causes cell and tissue damage,
presumably through the production of reactive oxygen species
(ROS) catalyzed by iron. In addition, iron overload may also
trigger a unique iron-dependent form of non-apoptotic cell death
termed ferroptosis (8). Serum ferritin concentration has been
proven to reflect the individual’s iron storage status. Studies
have found that increased serum ferritin levels are associated
with adverse outcomes (9–11). Although studies on transferrin
saturation (TSAT) have been far fewer than that of ferritin and
hypoferritemia, low TSAT has been consistently reported in
severe COVID-19, and significantly correlated to lung aeration
loss, inflammatory markers and worse outcomes (7, 12–14).

The hepatic peptide hepcidin has been identified as the
systemic iron-regulatory hormone and plays an important role in
maintaining iron homeostasis (15). Hepcidin regulates intestinal
iron absorption, SI concentrations, and tissue iron redistribution
by inducing the degradation of its receptor, the sole iron exporter
ferroportin (14, 16), and blocking ferroportin export activity
(17). Serum hepcidin measurement may be a promising tool for
assessing the status of iron metabolism (18), but has not been
widely implemented in clinical practice (14, 19, 20). Notably,
unlike serum ferritin testing that has been documented in
guidelines, hepcidin has been rarely measured in COVID-19
patients (13, 21). As expected in severe inflammatory diseases,
recent studies have reported that most COVID-19 patients
showed varying degrees of upregulation of hepcidin levels (16,
21–25). More importantly, hepcidin levels have significantly
negatively correlated with the ratio of arterial oxygen partial
pressure (PaO2) and fraction of inspired oxygen (FiO2), which
can be used to predict COVID-19 severity and mortality (22). To
adopt the results for clinical use, these interesting findings need
to be validated in wider cohorts, and the relationship between
hepcidin-mediated iron dysmetabolism and COVID-19 severity
also needs to be further analyzed. In view of the particularity

Abbreviations: ARDS, acute respiratory distress syndrome; CI, confidence

interval; COVID-19, coronavirus disease 2019; FiO2, fraction of inspired oxygen;

HIF, hypoxia induced factor; NOS, Newcastle-Ottawa quality assessment scale;

PaO2, arterial oxygen partial pressure; SARS-CoV-2, severe acute respiratory

syndrome coronavirus 2; SMD, standardized mean difference; SI, serum iron;

TSAT, transferrin saturation.

FIGURE 1 | The literature selection process based on the PRISMA flow

diagram.

of the prevention and control of the COVID-19 epidemic
and the randomness of its incidence, large-scale, multi-center,
prospective cohort studies are very difficult to achieve. Here we
classify mild and moderate as non-severe, severe, and critical as
severe, and conduct a meta-analysis to re-evaluate the hepcidin-
related iron metabolism parameters (hepcidin, ferritin, iron,
and TSAT) in COVID-19 patients and explore the relationship
between iron dysmetabolism and severity.

METHODS

Research Strategy
This meta-analysis was performed following a recently published
guideline and reported according to PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-Analyses)
guidelines (26). We searched comprehensively MEDLINE
(National Library of Medicine, US), EMBASE (Elsevier,
Netherlands), Cochrane (Cochrane Collaboration, UK), and
the WHO COVID-19 database to identify relevant articles
up to December 31, 2021. Keywords include “COVID-19,”
“SARS-CoV-2,” and iron metabolism biomarkers, including
“hepcidin,” “ferritin,” “serum iron,” “transferrin,” “soluble
transferrin receptor,” “unsaturated iron binding capacity,” and
“transferrin saturation,” The detailed search strategy is given in
Supplementary File 1.

Study Selection and Eligibility Criteria
We follow the international guidelines for the diagnosis and
treatment of COVID-19. The detailed severity classification
criteria used in the evaluation of original studies and meta-
analyses include: (1) Mild: asymptomatic or mild clinical
symptoms, and no pneumonia on imaging, or outward
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treatment; (2) Moderate: fever, respiratory tract symptoms,
pneumonia on imaging, and inward treatment; (3) Severe:
dyspnea, or respiratory rate >30 breaths/min at rest, or oxygen
saturation <93%, or PaO2/FiO2 < 300 mmHg; (4) Critical:
respiratory failure and need for mechanical ventilation, or shock,
or combined with other organ failure should be treated in the
Intensive Care Unit. Severe and critical categories were defined
as severe, mild, and moderate as non-severe in data analysis.

Inclusion criteria:

(1) All observational studies (e.g., cross-sectional,
longitudinal, case-control, and cohort) with prospective
or retrospective designs.

(2) Studies published in English, including preprints.
(3) Studies investigating hepcidin-mediated iron metabolism in

COVID-19 cases.

Exclusion criteria:

(1) Duplicate studies, or repeated published studies.
(2) Studies in which accurate data cannot be obtained or some

data are missing.
(3) Studies not strictly grouped by severity.

Data Extraction
The extraction methodology was discussed and formulated by
the team. Two of us (ZL and HW) independently screened
the full text according to the selection criteria, and recorded
information about the author’s name, publication time, study
location, study design, sample size, laboratory results of iron
metabolism parameters, and COVID-19 severity in the data
file. All laboratory values were converted to conventional units
based on the US National Institute of Standards and Technology
conversion factors. For studies that only reported the median
and interquartile range, we converted these values into mean
and standard deviation according to the methods reported by
Hozo et al. (27) and Wan et al. (28).

Risk of Bias Assessment
Two authors (LZ and YG) independently used the Newcastle-
Ottawa scale to assess the quality of the included studies (29).
A third author (DP) ruled in case consensus was not reached.
The scale was developed for non-random and observational
studies including case-control, cross-sectional, longitudinal, and
cohort studies (if applicable). The quality was assessed using a
9-star system. Studies rated ≥6 stars were defined as “acceptable
quality” and proceeded to the final meta-analysis step.

Statistical Analysis
This meta-analysis used RveMan5.4 (Cochrane Collaboration),
with inverse variance as the statistical method to calculate
standardized mean differences (SMDs) and corresponding 95%
confidence intervals (CIs) for continuous variables. A P < 0.05
was determined to be statistically significant. The I2 statistic was
used to assess the heterogeneity among the analyzed studies.
An I2 > 50% or P < 0.10 indicated heterogeneity, for which
the random effects model was used. Otherwise, the fixed effects
model was used. In addition, visual inspection of funnel plots was
used to evaluate publication bias.

RESULTS

Study Identification and Selection
Sixty-four unique citations were identified, of which 48 non-
observational studies were excluded and 16 were selected
for full-text eligibility assessment. Of these, six observational
studies including 477 COVID-19 patients were included in
the final data analysis and synthesis. The flow chart and
details of study selection results can be found in Figure 1

and Supplementary File 1. The detailed characteristics of the
included studies were shown in Table 1.

Serum Levels of Iron Metabolism
Parameters
Six unique studies with data from 477 COVID-19 patients were
included. Hepcidin and ferritin were assessed in six out of six
(100%) studies. Heterogeneity was assessed at P = 0.006, I² =
70% and P = 0.0001, I² = 80%, respectively (Figures 2A,B).
Both of them had significant heterogeneity, and the random
effects model was used. Compared to non-severe cases, severe
cases have higher hepcidin (SMD,−0.39; 95% CI [−0.76,−0.03];
P = 0.03) and ferritin (SMD, −0.84; 95% CI [−1.30, −0.38];
P = 0.0004). In five out of six (83.3%) studies, a total of 427
patients were tested for SI, and there were significant differences
in their levels between severe and non-severe cases (SMD, 0.22;
95% CI [0.02, 0.41]; P = 0.03). A total of 320 patients from four
out of six (66.7%) studies were tested for TSAT, and the statistical
difference was insignificant (SMD, 0.06; 95% CI [−0.17, 0.28];
P = 0.64). Heterogeneity was assessed at P = 0.38, I² = 4%
and P = 0.66, I² = 0%, respectively (Figures 2C,D). Neither of
them was significantly heterogenous, and the fixed effects model
was used.

Quality of Studies and Publication Bias
All six included studies had NOS scores ≥6 stars, and their
quality was acceptable. The funnel plots of SMDs in hepcidin and
ferritin (both included six studies) were asymmetric, suggesting
the possible presence of publication bias. For SI and TAST, five
and four studies were included, respectively, and we found no
evidence of publication bias (Supplementary File 1).

DISCUSSION

To our knowledge, this study is the first meta-analysis of the
relationship between hepcidin-mediated iron dysmetabolism and
COVID-19 severity. However, there is significant heterogeneity
among six studies included in the data synthesis of hepcidin
and ferritin. The possible reasons are analyzed as follows: (a)
The time point and time course of laboratory testing were
different. Some studies collected blood samples at admission (21–
23), another 2 months after onset (16), and others throughout
the hospital stay (24, 25). In addition, the detection methods
and the reagents used were not the same. Enzyme-linked
immunosorbent assay (ELISA) kits (16, 21–24) or competitive
enzyme immunoassay (EIA) kits (25) were used to detect
hepcidin. (b) Iron metabolism is strongly influenced by gender,
with females generally having lower SI and hepcidin levels
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TABLE 1 | Detailed characteristics of the eligible studies.

References Region Center Design Sample size Cohort settings Iron parameter NOS score

Chakurkar et al. (24) India Single Prospective, cohort,

longitudinal

120 Mild (n = 22);

Moderate (n = 57);

Severe (n = 41)

Hepcidin, Ferritin, SI,

TSAT

7*

Duca et al. (25) Italy (Piacenza) Single Prospective, cohort,

longitudinal

32 PaO2/FiO2 ratio:

>300 mmHg (n = 13)

>200, <300 (n = 14)

<100 (n = 5)

Hepcidin, Ferritin, SI,

TSAT

6*

Nai et al. (22) Italy (Milano) Single Retrospective,

cohort, cross

-sectional

107 PaO2/FiO2 ratio:

>300 (n = 50)

<300 (n = 57)

Hepcidin, Ferritin, SI 7*

Sonnweber et al. (16) Austria Multiple Prospective, cohort,

cross -sectional

109 Mild (n = 22);

Moderate (n = 34);

Severe (n = 53)

Hepcidin, Ferritin, SI,

TSAT

8*

Yagci et al. (23) Turkey Single Retrospective,

cohort, cross

-sectional

59 Mild (n = 18);

Severe (n = 19);

Critical (n = 22)

Hepcidin, Ferritin, SI,

TSAT

7*

Zhou et al. (21) China Single Retrospective,

cohort, cross

-sectional

50 Mild (n = 38);

Severe (n = 12)

Hepcidin, Ferritin 6*

FiO2, fraction of inspired oxygen; NOS, Newcastle-Ottawa quality assessment scale; PaO2, arterial oxygen partial pressure; SI, serum iron; TSAT, transferrin saturation. The symbol *

means stars.

than males (22). Also, males have a higher ratio of severe
COVID-19 cases. There were potential effects on heterogeneity
due to differences in the composition of males and females
between studies. (c) Our study classified mild and moderate
as non-severe, severe and critical as severe. Differences in
the proportions and sample sizes of cases of distinct severity
between studies contributed to heterogeneity. Unfortunately,
hepcidin and its related iron metabolism parameters are rarely
tested simultaneously in COVID-19, and there are even fewer
original studies analyzing the relationship between hepcidin
and disease severity. Also, subgroup analysis could not be
performed due to the lack of access to raw data. Furthermore,
only the Sonnweber 2020 study tested hepcidin and ferritin
2 months after onset. We removed this study and performed
a new meta-analysis and found no significant change in the
final overall effect (Supplementary Figure 1). Therefore, from
the results of the meta-analysis, differences in blood collection
at different stages of COVID-19 between studies may not
affect the fact that severe cases have higher levels of hepcidin
and ferritin. This also suggests that hepcidin-mediated iron
dysmetabolism throughout the course of COVID-19 may be
some very promising therapeutic targets. Comprehensively, these
studies met rigid criteria for inclusion and were homogeneous in
terms of study design and objectives, as well as cohort settings.
Therefore, the final overall effect generated by the random
effects model brings novel insights into the biological effects
of COVID-19.

Hepcidin, the key iron metabolism regulatory hormone,
sequesters iron and prevents iron efflux in enterocytes and
macrophages, resulting in increased intracellular ferritin and
hypoferremia (30, 31). Physiologically, hepcidin synthesis by
hepatocytes is reactively upregulated or downregulated by
high or low SI, respectively. Other hepcidin agonists are

inflammatory cytokines represented by interleukin-6 (IL-6).
Conversely, hepcidin is antagonized by hypoxemia, with hypoxia
induced factors (HIF) release (15, 32). Our study found that
severe COVID-19 cases had higher serum levels of hepcidin and
ferritin, and lower SI, without significant differences in TSAT.

These findings were consistent with most of other studies.
Unexpectedly, hepcidin levels in severe COVID-19 cases
did not appear to be downregulated by hypoferremia in a
feedback manner and antagonized by systemic hypoxemia.
Hyperferritinemia inevitably promotes the production of ROS
and lipoperoxidation, which ultimately leads to extensive
cell and tissue damage possibly through the ferroptosis
pathway, and cascade-amplified inflammation (32, 33). In turn,
hyperinflammation will transcriptionally upregulate hepcidin,
further exacerbating iron dysmetabolism. We speculate that the
potential intervention targets for this vicious circle may lie in the
hepcidin-mediated iron metabolism axis.

Cytokine storm is a hallmark of the hyperinflammatory state
of COVID-19 and is closely linked to disturbances in iron
metabolism (30, 34). A growing body of studies have suggested
that several components of elevated inflammatory status may be
effective therapeutic targets, notably the administration of IL-
6 receptor antagonists such as tocilizumab, which significantly
reduces the mortality of severe COVID-19 cases (35, 36).
However, the effective suppression of the excessive inflammatory
response has also raised concerns about prolonged SARS-
CoV-2 clearance. Furthermore, data on whether IL-6 receptor
antagonists can correct hepcidin-mediated iron dysmetabolism
in COVID-19 cases have been lacking to date.

Ehsani highlighted the striking similarity between the amino
acid sequence of the SARS-CoV-2 spike glycoprotein and the
hepcidin protein (37). This observation provides ideas for
vaccine design and bioengineered antibody development for
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FIGURE 2 | Comparison of iron metabolism parameters between non-severe and severe COVID-19 cases. (A) Hepcidin; (B) Ferritin; (C) Serum iron; (D) Transferrin

saturation (TSAT).

SARS-CoV-2. Hepcidin-mimetic action of SARS-CoV-2 may
markedly increase circulating and tissue ferritin, while inducing
SI deficiency (32, 33). However, whether SARS-CoV-2 utilizes
ferroportin on the cell membrane as another binding receptor for
the spike protein to invade host cells requires further analysis.
Moreover, whether SARS-CoV-2 directly degrades ferroportin
through mimicking hepcidin or indirectly upregulates hepcidin
through inflammation to mediate iron dysmetabolism also
needs to be carefully investigated. In animal models, hepcidin-
neutralizing monoclonal antibodies have been shown to reverse
inflammatory anemia (38). Recently, an antibody targeting

ferroportin has been described and hypothesized to reduce
ferroportin degradation by interfering with hepcidin binding,
thereby increasing SI (39). The application of hepcidin antibodies
to block viral entry and correct iron metabolism disturbances in
COVID-19 cases may be a very promising therapeutic approach
in the future.

Hyperferritinemia in COVID-19 lies downstream of the
hepcidin-mediated iron metabolism axis. Iron chelation has been
shown to reduce viral replication and exert anti-inflammatory
effects in viral infections (32, 40, 41). Multiple evidences have
shown that deferoxamine reduces the levels of IL-6, the main
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inflammatory mediator that triggers cytokine storm, mimics HIF,
and downregulates hepcidin (40, 42). However, the application
of iron chelators in COVID-19 has brought great controversy
(42–44). The iron dysmetabolism of COVID-19 is essentially
abnormal iron distribution; the coexistence of low SI and local
intracellular iron overload, and total iron in the body may
not increase. Therefore, the safety and efficacy of systemic
iron chelator administration has been challenged (43), and
hepcidin antagonists may be preferred as supportive treatments
for COVID-19 compared with iron chelators. Four clinical
trials of iron chelation are currently underway (NCT04333550,
NCT04361032, NCT04389801, IRCT20200506047323N4) and
the results are pending.

There are some limitations to this study that need to be
noted. First, most of the studies were single-center, retrospective,
with small sample sizes, and may be subject to confounding
and bias. Second, the six studies used for hepcidin and ferritin
data synthesis were heterogeneous, subgroup analyses were
not performed, and the results from random-effects models
may be inaccurate. Third, the literature search may not be
completely comprehensive, resulting in the omission of a few
relevant studies. Fourth, this included preprint is a preliminary
manuscript version. There are certain risks to the validity and
applicability of the data it provides.

CONCLUSIONS

Severe COVID-19 cases had higher serum levels of hepcidin
and ferritin, and lower SI, without significant differences in
TSAT. Compared with other clinically applied therapeutic
options targeting the iron metabolism axis, such as IL-6
receptor antagonists and iron chelators, hepcidin antibody
may be more promising, but further studies are needed

to verify whether targeting the hepcidin-mediated iron

metabolism axis may influence the outcome and treatment
of COVID-19.
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Individuals With Higher CD4/CD8
Ratio Exhibit Increased Risk of Acute
Respiratory Distress Syndrome and
In-Hospital Mortality During Acute
SARS-CoV-2 Infection
Ana Pascual-Dapena1,2, Juan José Chillaron3, Gemma Llauradó3, Isabel Arnau-Barres4,
Juana Flores3, Inmaculada Lopez-Montesinos5, Luisa Sorlí5,
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1 Medicine and Life Sciences Department, Pompeu Fabra University, Barcelona, Spain, 2 Departament de Medicina,
Universitat Autonoma de Barcelona, Barcelona, Spain, 3 Endocrinology Department, Hospital del Mar Institute of Medical
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Background: CD4/CD8 ratio has been used as a quantitative prognostic risk factor
in patients with viral infections. This study aims to assess the association between in-
hospital mortality and at admission CD4/CD8 ratio among individuals with acute SARS-
CoV-2 infection.

Methods: This is a longitudinal cohort study with data of all consecutive patients
admitted to the COVID-19 unit at Hospital del Mar, Barcelona, Spain for ≥48 h between
March to May 2020. The CD4+ CD8+ T-cell subset differentiation was assessed by
flow cytometry at admission as well as a complete blood test. Patients were classified
according to CD4/CD8 ratio tertiles. The primary outcome was in-hospital mortality and
the secondary outcome was acute respiratory distress (ARDS).

Results: A total of 338 patients were included in the cohort. A high CD4/CD8 ratio
(third tertile) was associated with a higher in-hospital mortality [adjusted Cox model
hazard ratio (HR) 4.68 (95%CI 1.56–14.04, p = 0.006), reference: second tertile HR
1]. Similarly, a high CD4/CD8 ratio (third tertile) was associated with a higher incidence
of ARDS [adjusted logistic regression model OR 1.97 (95%CI 1.11–3.55, p = 0.022)
reference: second tertile HR 1]. There was a trend of higher in-hospital mortality and
incidence of ARDS in patients within the first tertile of CD4/CD8 ratio compared with
the second one, but the difference was not significant. No associations were found with
total lymphocyte count or inflammatory parameters, including D-dimer.

Conclusion: CD4/CD8 ratio is a prognostic factor for the severity of COVID-19,
reflecting the negative impact on prognosis of those individuals whose immune response
has abnormal CD8+ T-cell expansion during the early response to the infection.
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Frontiers in Medicine | www.frontiersin.org 1 June 2022 | Volume 9 | Article 92426714

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2022.924267
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmed.2022.924267
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2022.924267&domain=pdf&date_stamp=2022-06-23
https://www.frontiersin.org/articles/10.3389/fmed.2022.924267/full
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/medicine#articles


fmed-09-924267 June 17, 2022 Time: 15:47 # 2

Pascual-Dapena et al. SARS-CoV-2 Mortality and High CD4/CD8

INTRODUCTION

SARS-CoV-2 has caused a world-wide pandemic, with more than
400 million confirmed cases and over 5.8 million deaths until
March 2022 (1).

Since its first detection in December of 2019, several prognosis
factors have been described. Some of them are directly associated
with uncontrolled immune response to the virus leading to
a hyperinflammatory status, and some other ones such as
hypoalbuminemia or myocardial injury, depend on the host
clinical response (2, 3). The impact of the virus in the immune
system can be summarized as lymphopenia, which has been
widely reported as a notable aspect of SARS-CoV-2 infection.
This is common to other respiratory viral infections, including
influenza A H3N2 virus or human rhinovirus (4, 5). However,
lymphopenia associated with SARS-CoV-2 infection is more
intense, it lasts longer (5, 6) and it seems to be more selective
in T cell lineages, with a higher impact on CD8+ T cells (7, 8).
Notwithstanding, a larger wide-spread lymphopenia involving
CD4+ T cells, CD8+ T cells, B cells and natural killer cells has
also been reported (9, 10).

The CD4/CD8 ratio has shown relevance in chronic viral
infections such as HIV infection, in which the CD4/CD8 ratio
has been reported as a quantitative outcome reflecting the critical
role of both T-cells subsets in the HIV pathogenesis or disease
progression. Examination of CD4/CD8 ratio as a quantitative
trait can be important to patient care as it might be used as a
prognostic risk factor (11–13).

This study aims to assess the association between in-hospital
mortality and at admission CD4/CD8 ratio in individuals with
acute SARS-CoV-2 infection, to elucidate if a T-cell subset
disbalance might be behind an abnormal response of the host
against the virus.

MATERIALS AND METHODS

Study Design and Patient Selection
A longitudinal cohort study where data of all consecutive patients
admitted to the COVID-19 unit at Hospital del Mar, Barcelona,
Spain for ≥48 h between March to May 2020 were collected.
The study procedures have previously been described (3, 14). As
per protocol, the differentiation of CD4+ CD8+ T-cell subset was
assessed in all admitted patients by flow cytometry at admission
(day 1 of hospitalization), as well as a complete blood test.

The single-cell suspensions were stained with Aqua-viability
dye and PacBlue-anti-CD3 and ECD-anti-CD4 from Beckman-
Coulter (Brea, CA, United States); and APC-H7-anti-CD8 from
Becton-Dickinson (San Jose, CA, United States) according to
manufacturers’ recommendations. Fluorescence-activated cell
sorter analysis was performed on a custom Becton-Dickinson
LSR II flow cytometer used for data acquisition and analyzed with
FlowJo (TreeStar, Ashland, OR, United States). A representative
example of the gating strategy for the lymphocyte subsets is
shown in Supplementary Figure 1.

Patients were classified according to CD4/CD8 ratio tertiles.
The primary outcome was in-hospital mortality and the

secondary outcome was acute respiratory distress syndrome
(ARDS) defined as a PaO2-to-FiO2 ratio < 200 and compatible
alveolar X-Ray infiltrates.

Ethics Considerations
The Institutional Ethics Committee of Hospital del Mar of
Barcelona approved the study and due to the nature of the
retrospective data review and the emergent situation derived
from the SARS-coV-2 pandemic, waived the need for informed
consent from individual patients (CEIm 2020/9352).

Statistical Analysis
Continuous variables are expressed as mean and standard
deviation or the median and interquartile range (IQR).
Qualitative variables are presented as frequencies (percentages).
Normality for baseline characteristics was evaluated by Shapiro–
Wilk normality test. Quantitative data was analyzed by Kruskal–
Wallis test and Dunn’s test or Wilcoxon rank-sum (Mann–
Whitney) test, and qualitative data was analyzed by chi-square
test or Fisher exact test, as required. Appropriate coefficient tests
were used for correlation among various continuous variables.

The association between the CD4/CD8 ratio and its tertiles
and the primary outcome (in-hospital mortality) was assessed
with unadjusted/adjusted Cox proportional hazards models. The
reference group was the second tertile of CD4/CD8 ratio, for
representing the most physiological range of values. Results are
expressed as hazard ratio (HR) [95% confidence interval (CI)].
The same model was explored with tertiles of CD4+ T-cells and
CD8+ T-cells. The association between the secondary end points
and the CD4/CD8 ratio and its tertiles was assessed by logistic
regression. The area under curve (AUC)-receiver operating
characteristics (ROC) curve was obtained for the CD4/CD8 ratio
analyzed as a continuous variable.

The level of significance in this study was set at a
p ≤ 0.05 and CI of 95%. All statistical analyses were performed
using STATA/MP V.14.

RESULTS

A total of 388 individuals admitted to COVID-19 unit were
included in the eligibility review, 210 (54%) males and 178
(46%) females. Median age was 63 years (IQR 52–75). Patients
were divided into three groups according to the CD4/CD8
ratio tertile. Baseline characteristics of each group are shown in
Table 1. Tertile 2 which encompasses the more physiological
range of values (1.49–2.41; 15) was considered as reference
for comparisons. This group showed the lowest rate of in-
hospital mortality, the lowest intensive care unit admissions
and the lowest acute respiratory distress syndrome (ARDS)
incidence (Table 1).

Total lymphocyte count was not different between the three
tertiles (p = 0.679), with a median in the lower limit of reference
values of a normal hemogram (median 1.03 106 lymphocytes/ml,
IQR 0.75–1.39), showing a common tendency to lymphopenia
in all groups. The first tertile showed the lowest CD4+ T-cell
count and the third tertile showed the lowest CD8+ T-cell
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TABLE 1 | Baseline characteristics and the comparison according to the three different CD4/CD8 T-cell ratio tertiles.

Overall CD4/CD8 T-cell ratio

First tertile
(≤1.494)

second tertile
(1.495–2.413)

Third tertile
(≥2.414)

p-value

n 388 130 129 129

Age, median (IQR) 63 (52–75) 65 (53–77) 62 (50–74) 64 (53–73) 0.409

Male, n (%) 210 (54%) 80 (62%) 66 (51%) 64 (49%) 0.082

Current smoker, n (%) 28 (7%) 10 (7%) 6 (4.6%) 12 (9.3%) 0.347

Days of symptoms, median (IQR) 7 (4–9) 7 (5–9) 7 (4–9) 7 (5–9) 0.732

In-hospital stay, days, median (IQR) 9 (6–16) 9 (6–15) 9 (5–16) 9 (6.5–17) 0.843

Comorbidities, n (%)

Hypertension 215 (55%) 69 (53%) 66 (51%) 80 (62%) 0.173

Diabetes mellitus 95 (24%) 32 (24%) 36 (28%) 27 (21%) 0.427

Cardiovascular disease 45 (11.6%) 12 (9.2%) 13 (10%) 20 (15.5%) 0.261

Chronic respiratory disease 34 (8.7%) 11 (8.4%) 13 (10%) 10 (7.7%) 0.812

Chronic kidney disease 120 (30%) 50 (38%) 38 (29.5%) 32 (24.5%) 0.052

Chronic liver disease 30 (7.7%) 15 (11.5%) 6 (4.6%) 9 (7%) 0.134

Immune condition 16 (4%) 4 (3%) 5 (4%) 7 (5%) 0.411

Charlson comorbidity index

No comorbidity 171 (44%) 58 (44%) 54 (42%) 59 (45%) 0.933

Medium-low (1–2) 125 (32%) 35 (27%) 51 (39.5%) 39 (30%) 0.083

High (≥3) 92 (24%) 37 (28.5%) 23 (18%) 32 (25%) 0.118

Clinical markers at onset, median (IQR)

C-Reactive protein mg/dl 7 (3.1–15.6) 6.8 (3.7–13.4) 6.1 (2.7–14.5) 7.8 (2.8–19.2) 0.772

IL-6 pg/ml 40
(13–83)

46.6
(19.9–75.7)

33.8
(13.2–83.8)

39.3
(10–92)

0.928

D-Dimer UI/l 765
(460–1,330)

870
(520–1,550)

650
(390–1,020)*

825
(460–1,520) ‡

0.018

Creatinin mg/dl 0.93
(0.73–1.12)

0.94
(0.74–1.14)

0.9
(0.73–1.07)

0.93
(0.73–1.14)

0.329

Hemogram, median (IQR)

Lymphocyte 106 count/ml 1.03
(0.75–1.39)

1.04
(0.73–1.45)

1.09
(0.74–1.41)

0.98
(0.77–1.31)

0.679

CD4+ T-cell (106 cells/ml) 0.380
(0.250–0.609)

0.285
(0.179–0.416)

0.417
(0.280–0.609)*

0.492
(0.331–0.743) † ‡

<0.001

CD8+ T-cell (106 cells/ml) 0.199
(0.123–0.345)

0.295
(0.181–0.435)

0.211
(0.150–0.339)*

0.127
(0.079–0.191) † ‡

<0.001

Severity parameters, median (IQR)

MEWS 2 (1–3) 2 (1–3) 2 (1–3) 2 (2–3) 0.401

PaO2-to-FiO2 ratio, 208
(112–310)

210
(132–317)

265
(92–316)

171
(108–278)

0.249

CURB-65 1 (0–2) 1 (0–2) 1 (0–2) 1 (0–2) 0.157

Outcomes, n (%)

In-hospital Mortality 33 (8.5%) 12 (9%) 5 (4%) 16 (12%)‡ 0.050

ARDS 99 (25%) 35 (27%) 24 (19%) 40 (31%) 0.078

ICU-Admission 85 (21%) 29 (22%) 25 (19%) 31 (24%) 0.674

Data are given as median (IQR) or n (%) unless otherwise indicated. CURB-65, confusion, urea >7 mmol/L, respiratory rate $30/min, low blood pressure #90/60 mm Hg,
and age 65 years; FiO2, fraction of inspired oxygen; MEWS, Modified Early Warning Score; PaO2, arterial partial pressure of oxygen.
*P < 0.05 for second tertile compared with first tertile.
†P < 0.05 for third tertile compared with first tertile.
‡P < 0.05 for third tertile compared with second tertile.

count, suggesting that the abnormal CD4/CD8 ratio was due to
depletion of CD4+ T-cells or lack of expansion of CD8+ T-cells,
respectively, and not because of an anomalous expansion of
one of the cell-types. No significant differences in inflammatory
markers were found among groups, except for D-dimer levels
which were higher in first and third tertiles (p = 0.018), showing
an increased underlying infection activity compared to the

reference second tertile. However, these differences were not
sustained after multivariate adjustment.

Additionally, no significant differences were observed among
tertile groups in the severity scores at admission, nor in the
main comorbidities. In spite of not being different across all
tertiles, chronic kidney disease was significantly more prevalent
in patients with lower ratios (first tertile) when compared to the
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TABLE 2 | Adjusted models for in-hospital mortality and ARDS risk according to
the CD4/CD8 T-cell ratio tertiles.

In-hospital mortality Hazard ratio CI (95%) p-value

First tertile (Ref: 1, second tertile) 2.16 0.71 6.58 0.175

Third tertile (Ref: 1, second tertile) 4.68 1.56 14.04 0.006

ARDS Odds ratio CI (95%) p-value

First tertile (Ref: 1, second tertile) 1.58 0.87 2.87 0.131

Third tertile (Ref: 1, second tertile) 1.97 1.11 3.55 0.022

ARDS: Acute respiratory distress syndrome.
Adjusted models. For In-hospital mortality we used a Cox Proportional Hazards
model, adjusted for age, sex, comorbidity, and severity of the episode.
For ARDS we applied a logistic regression model adjusted for age, sex,
comorbidity, and severity.

highest ratios (third tertile; p = 0.018), but showed no differences
when compared to the reference tertile.

We found a significant association between CD4/CD8 ratio
and in-hospital mortality [HR1.08 (95%CI: 1.03–1.41); p = 0.002].
Each unit increase in the ratio was associated with an 8%

increase in mortality. Thus, higher CD4/CD8 ratios (third tertile)
was significantly associated with increased risk of in-hospital
mortality [HR 4.42 (95% CI: 1.36–12.55); p = 0.005] respect to
second tertile (Table 2). We also found this trend in lower ratios
(first tertile), but without statistical significance as compared to
the reference [HR 2.69 (95% CI: 0.94–7.69); p = 0.064]. This
association presents a comprehensive Kaplan–Meier log rank of
8.75 (p = 0.012). After adjusting by age, sex, comorbidity, and
severity of the episode, the third tertile remained significantly
associated with in-hospital mortality [HR 4.68 (1.56–14.04);
p = 0.006] (Table 2). No association was found with mortality and
total lymphocyte count or inflammatory parameters, including
D-dimer. No global differences between CD4/CD8 ratio and the
incidence of ARDS were found (p = 0.078). However, when
analyzing across tertiles, the third tertile with higher CD4/CD8
ratio showed an increased incidence of ARDS after adjusting by
age, sex and comorbidity [OR 1.97 (95% CI: 1.11–3.55); p = 0.022]
than the reference group. There was no association between
ARDS and lower ratios (p = 0.131).

Several sensitivity analyses were performed, creating models
that controlled for specific comorbidities like chronic kidney

FIGURE 1 | (A) Unadjusted Hazard ratio for In-hospital mortality (Cox Proportional Hazards model) for CD4/CD8 ratio tertiles, CD4 tertiles, and CD8 tertiles. (B)
Adjusted Hazard ratio by age, sex, comorbidity, and severity for in-hospital mortality (Cox Proportional Hazards model) for CD4/CD8 ratio tertiles, CD4 tertiles, and
CD8 tertiles.
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disease, inflammatory markers, as well as creating an alternative
division of groups (considering standard measures of CD4/CD8
ratio: <1.0, 1.0–2.5, >2.5, instead of tertiles). All analyzes yielded
similar findings that are in favor of those already presented (data
not shown). In an alternative exploratory model with the same
adjustment but considering CD4 and CD8 tertiles, no association
was found with in-hospital mortality (Figure 1).

Receiver Operating Characteristics curves and AUCs were
used to assess the discriminative accuracy of the CD4/CD8 ratio
on mortality (Figure 2A) and ARDS (Figure 2B). In this case,
the CD4/CD8 ratio was analyzed as a continuous variable. The
AUC (95% CI) for discriminating mortality was 0.56 (0.44–0.68),
standard error = 0.061. Using the best cut-off point of 2.027 in
the CD4/CD8 ratio, the sensitivity was 57.6% with a specificity
of 58.03%. The AUC (95% CI) for discriminating ARDS was 0.50
(0.43–0.57), standard error = 0.036, hence the model using lineal
values of the CD4/CD8 ratio has no discrimination capacity to
distinguish between patients with or without ARDS.

DISCUSSION

We report an association between the CD4/CD8 ratio and
in-hospital mortality due to acute SARS-CoV-2 infection,
regardeless of total lymphocyte count. Higher ratios (third
tertile), which demonstrated lack of CD8+ T cell expansion, were
significantly associated with mortality, but also lower ratios (first
tertile) showed a trend to worse prognosis.

An abnormal CD4/CD8 ratio is often viewed as clinically
relevant (16–18), it rarely measures below 1.0 or above 2.5 (15)
and its disbalance by excess or defect always offers insights about
immune malfunction. There is evidence that the CD4/CD8 ratio
is genetically controlled in healthy humans (15, 19) and in the
case of sarcoidosis, for example, a higher CD4+/CD8+ ratio is
found in patients who carry HLA-DRB1∗03 (19).

Indeed, the CD4/CD8 ratio has been used clinically in
different scenarios: For example in the diagnosis of sarcoidosis
and in chronic granulomatours diseases where a depletion in
CD8+ T-cells leading to a higher CD4/CD8 ratio seems to be
protective to worse disease presentations (19). Conversely, in
HIV infection, the CD4/CD8 ratio is abnormally low (20). This
shows on the one hand, the damage that the infection induces
in the CD4+ T-cell compartment, and on the other hand, the
restoration of the immune system after starting antiretroviral
treatment, which sometimes restores CD4+ T-cells correctly but
favors an over-expansion of CD8+ T-cell compartment (12, 21,
22). Thus, a CD4/CD8 ratio below 1 in individuals with HIV
under antiretroviral therapy shows an incomplete and abnormal
reconstitution of the immune system (12, 23, 24). These low
ratios have been associated with worse outcomes like increased
cardiovascular events, long-term complications, and all-cause
mortality (18). Hence, there are clinical scenarios in which a
depletion in CD8+ T-cells can be beneficial, and others where an
expansion can be detrimental.

A particular scenario occurs in SARS-CoV-2 infection where,
as we report, the highest tertile of CD4/CD8 ratio (with
values > 2.4) is associated with a higher risk in-hospital death

A

B

FIGURE 2 | ROC curve for the CD4/CD8 ratio: (A) The best cutoff for
mortality discrimination is ≥ 2.027 Sensitivity: 57.58% Specificity: 58.03%; (B)
the best cutoff for ARDS discrimination is ≥ 1.945 Sensitivity: 48.48%
Specificity: 53.98%.

during the acute infection. There is also a trend in the case of
the lower tertile of the CD4/CD8 ratio which could be taken
into consideration.

In our cohort, individuals with higher CD4/CD8 ratio levels
had lower CD8+ T-cell levels, showing an inadequate expansion
of CD8+ cytotoxic T-cells, while those with lower CD4/CD8 ratio
levels had lower CD4+ T-cell levels (not an abnormal expansion
of CD8+ T-cells).

Therefore, the absence of an adequate expansion of CD8+
T-cells, leading to higher CD4/CD8 ratios, has a deleterious
impact on the prognosis of the infection in terms of in-hospital
mortality but also in ARDS incidence (13, 25).

This highlights the determining role of cytotoxic cellular
immunity in the response in the acute phase of infection, setting
its importance as keystone for a first line defense against SARS-
CoV-2 infection. Although this fact has been reported by some
authors, the evidence remained inconclusive (26, 27) or was based
in small populations (28).
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We can infer that an impaired CD8+ T-cell response with
low cell clonal expansion, may lead to a poorer infection control
and consequently worse prognosis, as opposed to a high and
robust clonal expansion of this subset of T-cell that may be
associated with milder forms of the disease (29, 30). In fact, an
early development of a cytotoxic CD8+ T cell response, typically
observed within 7 days of symptoms and peaking at 14 days, is
correlated with effective viral clearance (7) and mild disease (31).
In this line, Zuani et al. studied the T-cell subset composition in
the peripheral blood of COVID-19 survivors and non-survivors
(11). Analyzing CD8+ T-cell subpopulations, they observed lower
counts in memory cells and effector memory cells re-expressing
CD45RA (temra) among non-survivors with a lower absolute
CD8+ T-cell count (11).

Notably, our patients with lower CD8 levels leading to a higher
CD4/CD8 ratio did not present a more severe acute presentation
of infection nor more inflammation at admission to the hospital
when comparing to the other groups. It reflects the important role
of the CD8+ T-cell subset in controlling the infection in its early
stages, before an hyperinflammatory state has been established.

However, we also found a trend to a worse prognosis among
the individuals in the lowest tertile of CD4/CD8 ratio. Similarly
to what happens in HIV infection inadequate and persistent
expansion of CD8+ T-cells can lead to an excessive uncontrolled
immune response that can also affect the prognosis of the SARS-
CoV-2 infection.

In fact, individuals with the lowest or highest CD4/CD8 ratio
have worse prognosis than individuals within the second tertile.
This could be related to the fact that patients within the lowest
tertile also have a trend increased mortality. Hence, the risk
of a poorer prognosis is determined by the fact of having an
unbalanced CD4/CD8 out of the normal range.

This study has some limitations that must be stated. Firstly, it
is a single-center study, with the consequent limited population.
Also, the retrospective nature of the study does not allow
us to establish causality between the CD4/CD8 ratio and the
outcome. In addition, only CD4+ or CD8 T-cells global count
were analyzed. Further studies to evaluate how naïve, effector
memory cells and other subpopulations are associated with
worse prognosis, pinpointing the underlaying mechanisms for
the depletion of CD8+ Tcells and broadening our findings.

This study also presents some strengths. Importantly, samples
are consistently collected at admission for all patients, therefore
not generating bias and being a good representation of patients
who need hospitalization due to COVID-19. Likewise, the
healthcare was provided under the same guidelines by the same
group of healthcare providers, eliminating variability that could
lead to difference in outcomes.

In conclusion, CD4/CD8 ratio is a prognostic factor for
acute SARS-CoV-2 infection independent of CD4 or CD8 alone,
reflecting the negative impact on prognosis of those individuals

whose immune response is disbalanced with an abnormal CD8+
T-cell depletion during the early response to the infection. This
is different to other viral infections such as HIV, for which
persistently low CD4/CD8 ratio is associated with worse outcome
and increased risk of non-AIDS (18), or systemic diseases
like sarcoidosis, for which lack of expansion and high ratios
is advantageous.
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Introduction: Acute respiratory distress syndrome (ARDS) is one of the main

causes of Intensive Care Unit morbidity and mortality. Metabolic biomarkers of

mitochondrial dysfunction are correlated with disease development and high

mortality in many respiratory conditions, however it is not known if they can

be used to assess risk of mortality in patients with ARDS.

Objectives: The aim of this systematic review was to examine the link between

recorded biomarkers of mitochondrial dysfunction in ARDS and mortality.

Methods: A systematic review of CINAHL, EMBASE, MEDLINE, and Cochrane

databases was performed. Studies had to include critically ill ARDS patients

with reported biomarkers of mitochondrial dysfunction and mortality.

Information on the levels of biomarkers reflective of energy metabolism and

mitochondrial respiratory function, mitochondrial metabolites, coenzymes,

and mitochondrial deoxyribonucleic acid (mtDNA) copy number was

recorded. RevMan5.4 was used for meta-analysis. Biomarkers measured in the

samples representative of systemic circulation were analyzed separately from

the biomarkers measured in the samples representative of lung compartment.

Cochrane risk of bias tool and Newcastle-Ottawa scale were used to evaluate

publication bias (Prospero protocol: CRD42022288262).

Results: Twenty-five studies were included in the systematic review and

nine had raw data available for follow up meta-analysis. Biomarkers of

mitochondrial dysfunction included mtDNA, glutathione coupled mediators,

lactate, malondialdehyde, mitochondrial genetic defects, oxidative stress

associated markers. Biomarkers that were eligible for meta-analysis inclusion

were: xanthine, hypoxanthine, acetone, N-pentane, isoprene and mtDNA.

Levels of mitochondrial biomarkers were significantly higher in ARDS than

in non-ARDS controls (P = 0.0008) in the blood-based samples, whereas

in the BAL the difference did not reach statistical significance (P = 0.14).
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mtDNA was the most frequently measured biomarker, its levels in the blood-

based samples were significantly higher in ARDS compared to non-ARDS

controls (P = 0.04). Difference between mtDNA levels in ARDS non-survivors

compared to ARDS survivors did not reach statistical significance (P = 0.05).

Conclusion: Increased levels of biomarkers of mitochondrial dysfunction in

the blood-based samples are positively associated with ARDS. Circulating

mtDNA is the most frequently measured biomarker of mitochondrial

dysfunction, with significantly elevated levels in ARDS patients compared to

non-ARDS controls. Its potential to predict risk of ARDS mortality requires

further investigation.

Systematic review registration: [https://www.crd.york.ac.uk/prospero],

identifier [CRD42022288262].

KEYWORDS

acute respiratory distress syndrome, biomarker, mitochondrial dysfunction,
mitochondrial DNA, mortality, systematic review, meta-analysis, ARDS

Introduction

Acute Respiratory Distress Syndrome is a principle cause of
respiratory failure in critically ill patients requiring mechanical
ventilation, characterized by severe pulmonary inflammation,
diffuse alveolar damage and pulmonary edema (1). Due to
a lack of effective treatment, ARDS results in substantial
mortality of up to 30–40% (2). In addition to this, the
current COVID-19 pandemic reports ARDS as one of the
leading causes of ICU mortality, presenting an urgent need
for advancement in ARDS research (3). ARDS pathogenesis
remains nebulous; consequently, pharmacological therapies that
reduce the severity of lung injury in preclinical models have
not yet been translated into effective clinical treatment options.
Therefore, further research into the mechanisms of ARDS
pathogenesis and translational therapies is imperative.

Mitochondria are complex para-symbiotic organelles that
perform a myriad of diverse yet interconnected functions,
producing ATP and biosynthetic intermediates while also
contributing to cellular stress responses such as autophagy
and apoptosis (4). Acute inflammation can alter various
mitochondrial functions, including reduced levels oxidative
phosphorylation, and thus ATP production, increased
mtROS production, increased apoptosis, as well as altered
mitochondrial biogenesis and mitophagy (5). Dysfunctional
mitochondria release multiple forms of damage-associated
molecular patterns (DAMPs), such as ATP and mtDNA (6,
7). Similar to pathogenic stimuli, mitochondrial DAMPs can
activate innate immunoreceptors, thus contributing to a vicious
cycle of dysregulated inflammation. Other biochemical markers
of mitochondrial dysfunction described in the literature include
direct (lactate, pyruvate, lactate-to-pyruvate ratio, ubiquinone,
alanine) and indirect markers (creatine kinase (CK), carnitine,

aspartate aminotransferase (AST), alanine aminotransferase
(ALT) and ammonia) (8). Clinical observational studies
demonstrate that biochemical markers of mitochondrial
dysfunction are associated with higher mortality and a higher
risk of disease development in many respiratory conditions as
well as sepsis (6, 9).

This review aims to assess the association between
levels of biomarkers of mitochondrial dysfunction in any
biological sample with mortality and other physiological and
clinical outcomes in critically ill patients with ARDS. This
will be carried out by presenting and appraising current
research publications using standardized predefined assessable
outcome measurements.

Methods

This systematic review was conducted in accordance to
the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) and Cochrane guidelines. Please
see Supplementary Methods 1 for extended explanations of
search criterion.

Literature search

The databases CINAHL, EMBASE, MEDLINE, and
Cochrane were systematically searched using predefined
search terms for headings: Mitochondria, ARDS, and patient;
synonyms and analogous terms of these headlines were defined
in Table 1. In order to be eligible studies must include adult
(18y/o) participants with ARDS in intensive care units (ICU)
(critically ill patients). The severity, cause, and duration of
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TABLE 1 Title and abstract article screening terms.

Mitochondrial
search terms
(35 terms)

ARDS search terms
(10 terms)

Patient search
terms

(8 terms)

Mitochondria Acute respiratory distress
syndrome

Patient

Mitochondrial function ARDS Case report

Mitochondrial
dysfunction

Infant respiratory distress
syndrome

Case study

Mitochondrial disorder Infantile respiratory distress
syndrome

Human subject

Mitochondrial
respiration

IRDS Human

Mitochondrial biogenesis Adult respiratory distress
syndrome

Trial

Mitochondrial
homeostasis

Respiratory distress
syndrome adult

Human trial

Mitochondrial fitness Respiratory insufficiency Clinical trial

Mitochondrial DNA Respiratory failure

mtDNA Respiratory distress
syndrome

Cytopathic hypoxia

Mitochondrial RNA

Mitochondrial miRNA

mitoMIRs

Aerobic metabolism

ATP

Adenosine triphosphate

Tricarboxylic acid cycle

TCA cycle

Krebs cycle

Electron transport chain

ROS

Reactive oxygen species

Oxidative stress

OXPHOS

Oxidative
phosphorylation

Retrograde signaling

Sirtuins

SIRT

Amino acid synthesis

Fatty acid oxidation

Mitophagy

Biogenesis

Fission

Fusion

ARDS will not be restricted. The definition of ARDS was not a
limiting factor. Covid-ARDS was not included in this systematic
review due to differences in disease pathophysiology. No other
exclusion criteria was applied to patients. Published relevant
studies up to a March 5, 2022 were searched. Full search code,

database limitation and limits applied for each database search
can be found on PROSPERO (CRD42022288262).

Study selection

Following the initial procurement of studies, by McClintock
and Mulholland independently, from search databases, articles
were retrieved in full text and stored on Endnote software.
A 97% similarity in search results was obtained upon
comparison of independent searches. Endnote enabled removal
of duplicate articles. Those studies initially applicable were
reviewed in full and criterion assessed, those failing to meet
criterion were omitted.

Data extraction

The primary outcome was to assess the association between
levels of biomarkers of mitochondrial dysfunction in clinical
samples and ARDS patient mortality. The secondary outcome
was to assess the association between levels of biomarkers
of mitochondrial dysfunction in clinical samples and; (i)
disease development and (ii) aggravation of ARDS disease
severity. Alongside outcome data, the following information
was also extracted: patient characteristics (age and sex), year
of study publication, study design, sample size, characteristics
of ARDS, type of biomarker, type of clinical sample, time of
sampling, methods of biomarker measurement, concentration
levels of the biomarkers.

All study designs were eligible for inclusion in this
systematic review. Studies lacking a comparator/control, for
example in the instance of retrospective case reports, were
not eligible for meta-analysis inclusion. In the case of
interventional studies, the data were extracted from the non-
interventional/control arm of the study; this was to ensure
that the mitochondrial biomarkers were not confounded by the
intervention carried out.

Where possible biomarker concentration data for meta-
analysis was collected in the form of mean, standardized mean
difference (SMD) and “N” study participant. In the cases where
median with interquartile range (IQR) were the only data
provided, they were converted to Mean ± SD using the range
rule (the standard deviation of a sample is approximately equal
to one-fourth of the range of the data). Any standard errors
provided were converted to standard deviation for consistency.
RevMan software 5.4 was used to store and analyze data, as
recommend by Cochrane guidelines. The random-effects model
using the inverse- variance method was used on this statistical
software, as this allowed for studies with the same biomarker
lacking the same units to be compared. The I2 statistics was used
to analyze between-study heterogeneity, and values higher than
50% was considered as high heterogeneity. P-values less than
0.05 were considered significant.
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Quality assessment

Given the inclusion of all study designs in this systematic
review, the risk of bias assessment methods used to assess study
quality were chosen based on applicable nature to study design.
The study design was confirmed using the SIGN checklist prior
to assessmen.1 Randomized Control Trials (RCT) were grouped
together and assessed using the Cochrane risk of bias tool2 and

1 https://www.sign.ac.uk/assets/study_design.pdf

2 https://methods.cochrane.org/bias/resources/rob-2-revised-
cochrane-risk-bias-tool-randomized-trials

non-randomized studies, were assessed using the Newcastle-
Ottawa Scale (NOS).3 Studies were considered high quality if the
NOS score was more than six points.

Results

Study selection

A total of 3,029 articles were identified through search of
the four databases. Twenty-six articles were included in the

3 http://www.ohri.ca/programs/clinical_epidemiology/oxford.asp

FIGURE 1

PRISMA flow diagram of literature search for studies included in this review.
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TABLE 2 Summary of patient characteristics.

References Patient sample size Patient age Patient sex ARDS
characteristic
type/Cause

ARDS Non-ARDS ARDS Non-ARDS ARDSmale Non-ARDS
male

Quinlan et al.
(29)

29 6 35.9± 18 NR 14 (48.3) NR Trauma (24.1),
pneumonia (10.3),
sepsis (10.3),
aspiration (10.3) and
other (55.3)

Ortolani et al.
(17)

12 0 55± 13 0 (0) 7 (58.3) 0 (0) NR

Nathens et al.
(30)

0 294 0 39± 15 0 222 (76) NR

Scholpp et al.
(24)

13 10 43.2± 12 44.1± 18 4 (5.3) 50 (66.7) Pneumonia (30.7),
sepsis (7.7) and other
(61.6)

Nelson et al. (31) 94 62 NR 41± 1.22 NR NR NR

Soltan-Sharifi
et al. (18)

10 0 52.7± 7.2 0 NR 0 NR

Moradi et al.
(19)

13 0 49.2± 4.5 0 8 (61.5) 0 NR

Nakahira et al.
(10)

134 309 49.5±≈12.5* 275 (62.1) NR

Bhargava et al.
(26)

22 0 49.4±≈15.28* 0 16 (72.7) 0 Sepsis (27),
pneumonia (59) and
other (14)

Evans et al. (20) 18 8 46.1± 14.9 39.8± 11.0 9.9 (55) 4 (50) Sepsis (39),
aspiration (22),
pneumonia (33) and
other/unknown (5)

Liu et al. (25) 18 10 58.34± 8.25 57.93± 7.96 12 (66.7) 6 (60) NR

Serpa et al. (22) 545 0 41.4± 14 0 331 (60.7) 0 Type: Pulmonary
(92.4) and
non-pulmonary (7.6)
Cause: Pnemonia
(83.8),
non-pulmonary
sepsis (1.8), trauma
(8.9) and other (5.5)

Dorward et al.
(27)

12
Divided into:
10 BAL and 7
serum sample
for exp1
3 BAL and 6
serum samples
for exp2

10
Divided into:
10 BAL and 8
serum samples
3 BAL and 6
serum samples

58±≈30.5* 60±≈30* Calculation not
available (64)

16.69 (79) NR

Garramone et al.
(11)

60 0 76.9± 13.0 0 34.2 (57) 0 NR

Fredenburgh
et al. (33)

Cohort 1: 2
Cohort 2: 2

0 Cohort 1: 57± 19,
Cohort 2: 49± 9

0 (0) NR 0 (0) NR

Mahmoodpoor
et al. (21)

20 0 58±≈10.5* 0 (0) 11 (55) 0 (0) ARDS with
comorbidities
Sepsis (20)
Surgery/Trauma (25)
pneumonia (10)

(Continued)
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TABLE 2 (Continued)

References Patient sample size Patient age Patient sex ARDS
characteristic
type/Cause

ARDS Non-ARDS ARDS Non-ARDS ARDSmale Non-ARDS
male

Grazioli et al.
(13)

8 3 NR NR NR NR NR

Bos et al. (28) Phenotype one:
82 (uninflamed)
ARDS with
sepsis Phenotype
two: 128
(reactive) ARDS
with sepsis

547 sepsis 42
healthy control

64±≈8* 62.258±≈12.6* 121 (58) 323 (59) Sepsis ARDS

Rosenberg et al.
(32)

142 0 65± 0 0 (0) 64 (45.1) 0 (0) NR

Blot et al. (14) 7 ARDS 14 60.5 50 (32–54 IQR) 17 (80.9) 5 (17.9) NR

Huang et al. (15) 73 0 64 0 57 (78.1) 0 (0) Pneumonia (57.53),
aspiration (10/96),
trauma (6.85),
drowning (2.74),
sepsis (16.44) and
other (5.48)

Faust et al. (6) PETROS: 41
MESSI: 45

PETROS: 183
MESSI: 75

44± 15≈* PETROS
62± 7.5≈* MESSI

33± 15≈18*
PETROS 60± 18≈*

MESSI

52 (15.1) 176 (51.2) Trauma and sepsis

Korsunov et al.
(23)

14 15 68±≈7* 60.5±≈14.25* NR NR NR

Hernandez-
Beeftink et al.
(16)

264 423 63± 14 64± 15 175 (66) 255 (60) Sepsis (100)

NR, not recorded; ARDS, acute respiratory distress syndrome; BAL, broncho-alveolar lavage; PETROS, Penn trauma organ dysfunction study; MESSI, molecular epidemiology of sepsis
in the ICU; ICU, intensive care unit.
*Approximate range rule calculations.

review, nine of which contained sufficient information for meta-
analysis. The selection process has been summarized according
to the PRISMA guidelines in Figure 1. No potentially relevant
papers were excluded from review.

Patient and study characteristics

Participant characteristics are summarized in the Table 2.
The mean number of ARDS patients across all included articles
was 79 and the mean non-ARDS was 148. In the ARDS studies
there was a greater number of male participants (53.9% male),
than in the non-ARDS (52.8% male). The mean ages of the
ARDS participants was 55.4 and non-ARDS 51.3. The type
and cause of ARDS varied, in the studies that provided this
information, pneumonia and sepsis were the most prevalent
causes of ARDS. There was a degree in variation of sample
collection time, the majority of samples were collected upon
enrollment or day 0 (52%) and the maximal collection time was
35 days. 29 sample sources across 25 studies. Sample sources

were: blood (34.4%), plasma (34.4%), BAL (27.6%) and muscle
tissue (3.45%).

Biomarkers of mitochondrial dysfunction reported in the
included studies were: mitochondrial DNA (mtDNA) (eight
studies) (6, 10–16) glutathione coupled mediators [(referenced
retrospectively, glutathione, glutanation, glutathione
S-transferase (GST), L-gluatamate and glutathione perosidase)]
(five studies) (17–21), lactate (three studies) (20, 22, 23),
malondialdehyde (MDA) (three studies) (17, 24, 25), metabolic
signaling pathways and mediators [(referenced retrospectively:
Nicotinamide adenine dinucleotide (NADH), N-terminal
peptide FMNPLAQ - also known as NADH2, glyceraldehyde-
3-phosphate dehydrogenase-like 6 (GAPDHL6), sirtuin
enrichment, xanthine and hypoxanthine)] (four studies) (26–
29), oxidative stress associated markers [(hydrogen peroxide
(H2O2), super oxidase dismutase (SOD), ascorbate, alpha
tocopherol, beta-carotene and retinol] (three studies) (24, 30,
31) (Table 3). Notably, multiple studies reported more than
one biomarker, as recorded in Tables 2–5. Methods of sample
analysis varied depending on the nature of sample biomarker.
Mitochondrial DNA was recurrently analyzed using PCR (based
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on mitochondrial copy number|), other markers were analyzed
using HPLC, ELISA, enzyme immunoassay, mass spectrometry
and GeneTitan Affymetrix (Table 3).

Mortality was recorded in seventeen of the twenty-five
studies included in this review (Table 4). Mortality time point
recording ranged from 4 to 60-day; however a number of
studies failed to record a specific time point of mortality used in
the analysis. Studies were examined for significant associations
between raised biomarker levels and mortality outcomes, as
well as non-significant trends. Due to a number of studies
reporting multiple biomarkers, two studies fell into both of these
categories (27, 30).

In the 17 studies which had recorded mortality, seven
(41%) reported a significant association between elevated levels
of mitochondrial biomarkers and higher mortality of ARDS
patients (6, 15, 16, 19, 22, 27, 30). From these studies the
significantly associated biomarkers were: hypoxanthine (30),
GST isoform M1 (19), Thioredoxin (27), lactate (22) and
mtDNA (6, 14–16). Due to the lack of provided numerical
information only three studies were eligible for inclusion into
the meta-analysis for association with mortality. Mitochondrial
DNA was the only biomarker reported with significant
association in more than one study.

Seven studies (41%) reported numerical trends toward
association of higher levels of mitochondrial biomarkers with
higher mortality, however the association did not reach
statistical significance, or insufficient numerical information
was provided (17, 23, 27, 29–32). Positively but non-significantly
associated with mortality biomarkers consisted of: xanthine
(30), glutathione, MDA (17), ascorbate, alpha-tocopherol
(31), GAPDHL6 (27), glutathione peroxidase (selenium) (21),
mediators of sirtuin signaling pathway, mediators of oxidative
phosphorylation (29) and lactate (23).

The five (29%) remaining study biomarkers, from the 17
eligible for mortality association assessment, did not show
any significant, nor general trend with biomarker levels and
mortality (10, 14, 25, 27, 32). Of these five studies, two reported
mortality of ARDS and non-ARDS groups together (10, 25), and
two did not report mortality in non-ARDS group (14, 27), due
to inability to draw comparisons between ARDS and non-ARDS
cohorts for these four studies, no conclusions of association
could be drawn. The remaining study has unclear findings. In
Rosenberg et al., raised levels of GDF-19 were found in patients
prior to hospital discharge, before declining in recovery. Whilst
patient mortality was recorded, due to the temporary nature
of increased biomarker levels no conclusive association can be
drawn (33).

Development of other adverse clinical outcomes was
recorded in five studies. These clinical outcomes included:
multiple organ failure, renal failure, pulmonary fibrosis, atrial
thrombus, hypotension and acute kidney injury. No statistical
correlations of measured levels of mitochondrial biomarkers

and development of other adverse clinical outcomes were
performed (Table 5).

20 out of 25 studies assessed association of levels of
mitochondrial biomarkers and risks of ARDS development
or progression (Table 5). Eight studies (40%) reported a
significant association between higher levels of mitochondrial
biomarkers and the risk of developing ARDS or worsening
of ARDS severity (6, 14, 15, 24, 27–29, 31). The biomarkers
that indicated significant correlation with ARDS progression
include; xanthine, hypoxanthine (29), N-pentane (24). Lipid
peroxidation markers (31), NADH, NADH2 (27), sirtuin,
mediators of oxidative phosphorylation (27), and mtDNA (6, 14,
15). Nine studies (45%) reported non-significant trend toward
association between biomarker levels and risk of development
or progression of ARDS (12, 13, 16–18, 20, 24, 30, 33). The
biomarker are as follows: MDA (17, 24), glutathione (17),
ascorbate, alpha-tocopherol (30), GSH, N-acetylcysteine (18),
metabolite ion chromatograph (20), and mtDNA (12, 13, 16,
33). One study showed an opposing finding, with decreased
biomarker levels in association with ARDS disease progression,
reporting higher lactate levels in non-ARDS compare to ARDS
(23).

Meta-analysis

Ten publications reported mean, standard deviation,
and “n” number for inclusion in the meta-analysis. First,
we compared the blood, plasma, broncho-alveolar lavage
fluid (BAL), and lung epithelial lining fluid (ELF) levels
of mitochondrial biomarkers between ARDS and non-
ARDS subjects. To reflect the biological differences between
biomarkers measured in the systemic circulation vs. lung
compartment, peripheral blood, arterial blood and plasma were
combined for comparison under the category “blood based
biomarkers” and biomarkers measured in the BAL or ELF were
combined under the category “BAL based biomarkers”. Eight
out of ten studies were eligible for this comparison (6, 10, 13, 14,
16, 23, 24, 29). Several studies provided information on multiple
biomarkers, Faust et al., and Nakahira et al., reported data from
two cohorts, the data on different biomarkers and different
cohorts were included in meta-analysis separately (Figure 2).
Collectively, 609ARDS patients and 1,054 non-ARDS were
included in the comparison, of these 743 ARDS and 1,363 non-
ARDS samples were blood based and the remainder were BAL.
Biomarkers that were eligible for meta-analysis inclusion were:
xanthine, hypoxanthine, (29), acetone, N-pentane, isoprene
(24), lactate (23) and mtDNA (6, 10, 13, 14, 16). Xanthine and
hypoxanthine are mediators involved in mitochondrial redox
balance (34), acetone, isoprene and N-pentane are indicators of
metabolic changes in association with oxidative stress (35–37)
and accumulation of lactate is a metabolic indicator of oxidative
phosphorylation impairment (38).
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TABLE 3 Summary of study characteristics.

References Study
design

Sample size Sample
source

Sample
moment

Sample analysis Biomarker of
mitochondrial
dysfunctionARDS Non-ARDS

Quinlan et al.
(29)

Observational
study

29 6 Plasma and
BAL

Plasma: 24 h after
closure of venous
catheter
BAL: admission into
ICU (from 11 ARDS
patients)

HPLC analysis Xanthine and
hypoxanthine

Ortolani et al.
(17)

RCT 12 0 BAL Days 0,3,6 and 9 of
placebo therapy

HPLC analysis Glutathione and
malondialdehyde
(MDA)

Nathens et al.
(30)

RCT 0 294 Plasma and
BAL

Days 1,3,5,7,14 and
21 after admission

Enzyme
immunoassay

Ascorbate and alpha
tocopherol (metabolites)

Scholpp et al.
(24)

Observational
study

13 10 Plasma Second day after
admission to the
intensive care unit
(ICU)

HPLC analysis Lipid peroxidation
markers (acetone,
isoprene and n-pentane)
and MDA

Nelson et al. (31) Permuted block
randomized,
single blinded
trial

94 62 Plasma Upon enrollment to
study

HPLC analysis Lipid peroxidation
markers (beta-carotene,
retinol, and α-
tocopherol)

Soltan-Sharifi
et al. (18)

Randomized
interventional
trial

10 0 Blood – red
blood cells

(time 0), and times
24, 48, and 72 h post
administration

GSH assay Glutation (GSH) and
N-acetylcysteine

Moradi et al. (9) Prospective
randomized
single blinded
trial

13 0 Peripheral
blood

Administration of
placebo day 0,
samples taken day 2,
3, and 4

DNA genotyping via
PCR

Three glutathione-S-
transferase (GST)
isoforms: GST m1, GST
T1, GST P1

Nakahira et al.
(10)

Retrospective
study with two
cohorts

134 309 Plasma Upon initial
enrollment of
patients

qPCR mtDNA copy number
(NADH dehydrogenase
1 DNA level

Bhargava et al.
(26)

Exploratory
patient sample
study

22 0 BAL (Day 1–7) or the late
phase (day 8–35)

iTRAQ labeling and
2D LC-Orbitrap M

Glycolysis protein
expression and
enrichment

Evans et al. (20) Pre- RCT study 18 8 BAL 0–72 h of the
diagnosis of ARDS

Chromatographic
method

Metabolite ion
chromatographs
(L-glutamate,
hypoxanthine, xanthine
and L-lactate)

Liu et al. (25) Case-control
study

18 10 Arterial
blood serum

T1,T2,T3, and T4 Assays for mediators
of inflammation and
oxidative stress

MDA, superoxide
dismutase (SOD) and
hydrogen peroxide
(H2O2)

Serpa et al.(22) Meta-analysis of
observational
studies

545 0 Arterial
blood

Upon initial
enrollment of
patients

NR Lactate measurement

Dorward et al.
(27)

Retrospective
study

12
Divided into:
10 BAL and 7
serum sample
for exp1
3 BAL and 6
serum samples
for exp2

10
Divided into:
10 BAL and 8 serum
samples
3 BAL and 6 serum
samples

BAL and
blood

Upon initial
enrollment of
patients

Exp1: Liquid
chromatography–
tandem mass
spectrometry
Exp2: qPCR

Exp1: N-Formylated
mitochondrial peptides:
(N-formylated termini
of NADH-ubiquinone
oxidoreductase chain 2
(NADH2; fMNPLAQ)
and NADH-ubiquinone
oxidoreductase chain
4 L (NADH4L;
fMPLIYM)
Exp2: mtDNA

(Continued)
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TABLE 3 (Continued)

References Study
design

Sample size Sample
source

Sample
moment

Sample analysis Biomarker of
mitochondrial
dysfunctionARDS Non-ARDS

Garramone et al.
(11)

Cohort study 60 0 Blood plasma
and serum

Upon initial
enrollment of patients

ELIZA Soluble Nox2-derived
peptide (sNOX2-dp) a
marker of
NADPH-oxidase
activity

Fredenburgh et al.
(33)

Interventional
double-blinded
randomized
parallel assigned
trial

Cohort 1: 2
Cohort 2: 2

0 Plasma Prior to treatment on
day 1 and after
treatment on days 1–5
and 7

Quantitative PCR of
human NADH
dehydrogenase 1
(MTND1)

mtDNA

Mahmoodpoor
et al. (21)

Double-blind
placebo-
controlled
randomized
parallel clinical
trial

20 0 Blood Day 0,day 7, and day
14

Enzyme-linked
immunosorent assay
(EILZA)

Natural levels of
selenium (glutathione
peroxidase)

Pan et al. (12) Case report 1 0 Muscle tissue Upon admission to
ICU

PCR mtDNA

Grazioli et al. (13) Observational 8 3 BAL Day 1 and day 7 qRT-PCR mtDNA

Bos et al. (28) Observational
prospective study

Phenotype one:
82 (uninflamed)
ARDS with sepsis
phenotype two:
128 (reactive)
ARDS with sepsis

547 sepsis 42 healthy
control

Whole blood Within 24 h of ICU
admission

Human genome U219
96-array plates and the
GeneTitan instrument
(Affymetrix)

mRNA

Rosenberg et al.
(32)

Retrospective
preliminary study

142 0 Blood One week prior to
hospital discharge

ELIZA GDF-15

Blot et al. (14) Observational
case-control
prospective study

7 ARDS 14 BAL and
plasma

Upon enrollment qPCR mtDNA

Huang et al. (15) Observational
study

73 0 Plasma Days 1, 3, and 7 after
ICU admission

RT-qPCR mtDNA

Faust et al. (6) Two sided
prospective study

41 PETROS
cohort (trauma
patients)
45 MESSI cohort
(sepsis patients)

183 PETROS 75
MESSI

Plasma At ED presentation
and 48 h later

PCR mtDNA

Korsunov et al.
(23)

Single-center
prospective
comparative
study

14 15 Arterial
blood

Taken upon
enrollment to study,
over the period
July–October 2021

Lactate = Chemray
120 Mindray
biochemical analyser
(China)

Lactate and oxygen
transport

Hernandez-
Beeftink et al.
(16)

National,
multicenter,
observational
study

264 423 Peripheral
blood

24 h of sepsis
diagnosis

mtDNA probes from
the array data – CEU 1
array data

mtDNA

NR, not recorded; BAL, broncho-alveolar lavage; ICU, intensive care unit; HPLC, high-performance liquid chromatographic; RCT, randomized controlled trial; MDA, malondialdehyde;
PCR, polymerase chain reaction; SNP, single nucleotide polymorphism; NAC, N-acetylcysteine; GST, glutathione-S-transferase; BWH RoCI, Brigham and Women’s Hospital registry
of critical illness; ME ARDS, molecular epidemiology of acute respiratory distress syndrome; mtDNA, mitochondrial deoxyribonucleic acid; ED, emergency department; ELISA,
enzyme-linked immunosorbent assay; NIV, non-invasive ventilation; sNOX2-dp, Nox2-derived peptide; ARF, acute respiratory failure; NADPH, nicotinamide adenine dinucleotide
phosphate; iCO, inhaled carbon monoxide; PETROS, Penn trauma organ dysfunction study; MESSI, molecular epidemiology of sepsis in the ICU; qRT-PCR, real-time quantitative
reverse transcription; tRNA, transfer ribonucleic acid; GDF-15, growth differentiation factor-15; RCT, randomized controlled trial; mtDNA, mitochondrial deoxyribonucleic acid; MDA,
malondialdehyde.

Mitochondrial biomarker levels in the blood based samples
were significantly higher in ARDS than in non-ARDS controls.
Standardized mean difference 0.66 [0.28,1.05], overall effect
Z = 3.36, P = 0.0008. Heterogeneity, I2 = 88%, P < 0.00001.
I2 values show very large heterogeneity across non-ARDS and
ARDS comparisons (Figure 2A).

Difference in the levels of the BAL based mitochondrial
biomarkers did not reach statistical significance. Standardized
mean difference 2.67 [–0.84,6.18], overall effect Z = 1.49,

P = 0.14. Heterogeneity, I2 = 88%, P = 0.004. I2 values also
show very large heterogeneity across non-ARDS and ARDS BAL
biomarker comparisons (Figure 2B).

Next, levels of blood based mitochondrial biomarkers
were compared between survivors and those who died from
ARDS. The blood biomarkers eligible for this analysis were,
hypoxanthine, xanthine (31), mtDNA (6, 15, 16) and lactate
(22). All these biomarkers were measured within 24-h of
enrollment. Mortality was recorded at 7- (15), 28- (22)
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TABLE 4 Primary outcome: Association of mitochondrial biomarker levels with ARDS mortality.

References Biomarker Mortality rates
non-survivors

Biomarker summary Summary of
statistical
comparison with
mortality

Mortality
time point

Association
conclusion

ARDS Non-ARDS ARDS Non-ARDS

Quinlan et al.
(29)

Hypoxanthine
and xanthine

14 (48.3) 0 (0) Plasma Xanthine:
S = 13.3± 2.01

NS = 7.76± 0.09
Plasma

Hypoxanthine:
S = (15.24± 2.09)
NS = (37.48± 3.1)

Plasma Xanthine:
(9.4± 2.7)

Plasma
Hypoxanthine:
(1.69± 0.76)

Plasma Xanthine:
S vs NS P = 0.68
ARDS vs non = P > 0.05
Plasma Hypoxanthine:
S vs NS P = 0.001
ARDS vs Non P < 0.01
No association with BAL

Time point
unrecorded

Possible
correlation
Significant
association
No association

Ortolani et al.
(17)

Glutathione and
Malondialdehyde
(MDA)

7 (58.3) 0 (0) Glutathione
(<450 µM to
<550 nM)

Malondialdehyde
(<4 to >4 nM)

0 Both markers show
non-significant positive
association

28-day Possible
correlation

Nathens et al.
(30)

Ascorbate and
alpha tocopherol

0 (0)
0 (0)

7 (2.4)
9 (3.1)
9 (3.1)

Not applicable Ascorbate:
day-0 ≤ 0.5,
day-21 ≤ 0.5

Alpha-
tocopherol:

day- <5,
day-21 ≥ 10

53 (18) patients in
non-ARDS cohort
developed ARDS, statistics
not carried out

28-day
ICU
Hospital

Possible
correlation

Scholpp et al.
(24)

MDA and lipid
peroxidation
markers (acetone,
isoprene and
pentane)

NR NR MDA: 0.55
Acetone: 1.32
Isoprene: 50.0
n-Petane: 1

MDA: 0.38
Acetone: 0.55
Isoprene: 33.2
n-Petane: 0.12

n-Petane statistically
different in ARDS vs
NON-ARDS

NR Not applicable to
this study

Nelson et al.
(31)

Lipid
peroxidation
markers
(beta-carotene,
retinol, and α-
tocopherol)

NR NR Exact values not provided:
Beta carotene, retinol and α-

tocopherol all significantly reduced
in ARDS vs NON-ARDS

NR Not applicable to
this study

Soltan-Sharifi
et al. (18)

Glutation (GSH)
and
N-acetylcysteine

NR NR GSH 0 h – <600
increased to <800

at 72 h

0 Not calculated, no trend
of association with disease
and time

NR Not applicable to
this study

Moradi et al.
(19)

GST isoforms:
M1, T1 and P1

10 (76.9) 0 (0) Significant association of mortality
with GST M1 null polymorphism
and double deletion of both genes

(M1, T1) in control
ARDS placebo group of interest

(P < 0.05). No significance for the
GST P1 isoform with mortality.

Absence of the GST M1
gene/deletion of both GTS M1 and

GST T1 are more vulnerable to
oxidative stress contributing to

ARDS/ALI

Mortality with GST M1
P < 0.05
T1 and P1 non-significant

NR Significant
association

Nakahira et al.
(10)

mtDNA copy
number (NADH
dehydrogenase 1
DNA level)

BWH
60 (30)
ME
40 (16)

BWH
[46,648

(14,468–63,510)]
ME

[29,828
(7,857–84,675)]

BWH
[10,584

(3,992–41,466)]
ME

[8,771
(3,296–20,464)]

Only median and IQR
provided – unable to
calculate

28-day Unclear
correlation

Bhargava et al.
(26)

Glycolysis protein
expression &
enrichment, and
thioredoxin

15 (68.2) 0 (0) Glycolysis is
enriched in ARDS

non-survivors
with a fold change

increase of 2.01
for GAPDHL6 (an

example gene
from the list of

glycolytic
proteins). This

was not enriched
in survivors.
thioredoxin:
S = apx. 2.5

NS = apx. 7.5

0 Significance was not
provide with fold change
thioredoxin P < 0.05

NR Possible
correlation
Significant
association

(Continued)
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TABLE 4 (Continued)

References Biomarker Mortality rates
non-survivors

Biomarker summary Summary of
statistical
comparison with
mortality

Mortality
time point

Association
conclusion

ARDS Non-ARDS ARDS Non-ARDS

Evans et al.
(20)

Metabolite ion
chromatographs
(L-glutamate,
hypoxanthine,
xanthine and
L-lactate)

NR NR Metabolite fold change expression
of ARDS vs healthy controls:

L-Glutamate 7.94FC
Hypoxanthine 40.96FC

L-Lactate 3.49FC

L-Glutamate P = 2.49E-06
Hypoxanthine
P = 6.93E-10
L-Lactate P = 0.0437

NR Not applicable to
this study

Liu et al. (25) MDA, superoxide
dismutase (SOD)
and hydrogen
peroxide (H2O2)

0 (0)
Two patient mortality
recorded – unclear as to which
group

MDA = significantly higher in ARDS group
(P = 0.01)
SOD = significantly lower in ARDS group (P < 0.01)
H2O2= significantly higher in ARDS group
(P = 0.02)

4-day
One year follow
up

Unclear findings

Serpa et al. (22) Lactate
measurement

192 (35.23) 0 (0) Lactate:
S = (29.9± 34.8)

NS = (46.7± 43.0)

0 P = 0.003
Significant increase in
lactate in non-survivors of
ARDs

28-day Significant
association

Dorward et al.
(27)

NADH,
FMNPLAQ and
NADH-

5 (42) NR Exact numbers not provided in text.
Mitochondrial formylated peptides were elevated in BAL and

serum from patients with ARDS. Bal and serum showed
strong significant increase in markers in ARDS patients to

healthy patient controls (P < 0.001) (Exp1). mtDNA recorded
in BAL (n = 3 per group) and serum (n = 6 per group) showed
p < 0.05 increase in mtDNA copy number in ARDS group

compared to healthy control (Exp2).

NR Unclear

Fredenburgh
et al. (33)

mtDNA NR NR Initial enrollment
level: 7,218.0
End of study:

24,083.5

NR Non-significant increase
between biomarker levels,
mortality not included in
study

NR Not applicable to
this study

Mahmoodpoor
et al. (21)

Natural levels of
selenium
(glutathione
peroxidase)

16 (22.2) 0 (0) Sele-:
Day 0 – apx. > 75
Day 14 – apx > 75
Exact data values

not available

0 Non-significant 14- day Non-significant
positive
association

Pan et al. (12) mtDNA NR NR Patient was diagnosed with mitochondrial myopathy.
Pathological findings of RRF in a muscle biopsy and
genetic analysis of an A3243G point mutation in the
tRNALEU (UUR) gene of mtDNA. Paper indicates a

link between respiratory failure and mtDNA
mutation in adult.

NR Not applicable to
this study

Grazioli et al.
(13)

mtDNA NR NR 179.8583777 1.0 Not calculated NR Not applicable to
this study

Bos et al. (28) Mitochondrial
canonical
pathways based
off mRNA
expression

59 (28) 95 (17.4) Pathway expression levels of
mitochondrial function:
SIRTUIN signaling and
oxidative phosphorylation.
ARDS fold change compared
to Non-ARDS and significance
presented in paper.

Statistical testing
P < 0.001
Significant difference
between mitochondrial
dysfunctional
genes/SIRTUIN pathway,
oxidative phosphorylation
in sepsis ARDS compared
to sepsis. Mortality
statistics not calculated.

60-day Possible
correlation

Rosenberg
et al. (32)

GDF15 21 (14.8) 0 (0) Raised levels of
GDF-15 prior to
discharge, and

lower in recovery

NR Not calculated NR Unclear

Blot et al. (14) mtDNA 1 (14) NR 0.1503 0.01546 No calculation available 30 day Unclear
Huang et al.
(15)

mtDNA 36 (49.3) 0 (0) Severe: 1,230
(588–22,387)

Moderate: 5,370
(628–13,052)
Mild: 15,792

(1,623–186,814)
S: 7,585

(1,717–15,792)
NS: 67,608

(19,498–346,736)

NR Severe ARDS vs Mild
ARDS mtDNA levels
P = 0.03
P < 0.05 – higher levels of
mtDNA in ARDS
survivors vs ARDS
non-survivors

Day-7 Significant
association

(Continued)
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TABLE 4 (Continued)

References Biomarker Mortality rates
non-survivors

Biomarker summary Summary of
statistical
comparison with
mortality

Mortality
time point

Association
conclusion

ARDS Non-ARDS ARDS Non-ARDS

Faust et al. (6) mtDNA PETROS: 17 (7.6)
MESSI: 50 (41.7)

PETROS:
ARDS = 12.28

1.07
MESSI:

ARDS = 11.06
1.31

PETROS:
NON = 12.04

1.01
MESSI:

NON = 11.25
1.20

PETROS:
ARDS vs NON P = 0.009
S vs NS P = 0.06
MESSI:
ARDS vs NON P = 0.003
S vs NS P = 0.073

30-day Significant
association

Korsunov et al.
(23)

Lactate and
oxygen transport

14 (100) 11 (73.3) 3.4± 3.75 5.3± 0.675 Not carried out,
correlative trend evident
in ARDS vs NON-ARDS

NR Possible
correlation

Hernandez-
Beeftink et al.
(16)

mtDNA 39 (82) 45 (174) 3.65 (1.39–9.59
(hazard ratio and

95% CL)
0.031± 0.2036

S:
–0.0038± 0.2012

NS:
0.0702± 0.2001

1.24 (0.44–3.51)
–0.0073± 0.2004

Non-ARDS P = 0.683
ARDS
P = 0.009
mtDNA significantly
associated with 28-day
mortality

28-day Significant
association

S, survivor; NS, non-survivor; NR, not recorded; CL, confidence limit.

or 30-days (6), Quinlan et al., did not specify the time
when mortality was recorded (31) (Table 4). By meta-
analysis, levels of biomarkers were significantly higher in non-
survivors compared to survivors of ARDS. Standardized mean
difference 0.37 [0.11,0.62], overall effect Z = 3.15, P = 0.002.
Heterogeneity, I2 = 90%, P < 0.00001. I2 values show very
large heterogeneity across non-ARDS and ARDS comparisons
(Figure 2C).

Among the studies included in this review, mitochondrial
DNA was the most frequently measured biomarker, therefore
separate meta-analysis was performed on these studies. Three
studies reported levels of mtDNA in plasma, serum or whole
blood from ARDS and non-ARDS subjects (6, 10, 16). In
the study of Nakahira et al., samples were collected upon
enrollment into trial, Faust et al., collected samples upon arrival
to emergency department (6, 10) and Hernández-Beeftink
et al., recorded collection at 24 h after sepsis diagnosis
(16). 484 ARDS patients and 990 non-ARDS patients were
included in this comparison. Circulating mitochondrial DNA
levels in patients with ARDS were significantly higher than
in non-ARDS control groups. 0.50 [0.03,0.98], overall effect
Z = 2.07, P = 0.04. Heterogeneity, I2 = 93%, P < 0.00001.
Again, I2 values show very large heterogeneity across non-
ARDS and ARDS comparisons (Figure 3A). Although Blot et al.,
and Grazioli et al., reported significant elevation of mtDNA
in the BAL samples of ARDS patients compared to healthy
controls in small cohorts (5 ARDS vs.3 heathy and 7 ARDS
vs. 3 healthy, respectively), numerical information provided in
these studies was not sufficient to carry out meta-analysis. Also,
Nakahira et al., displayed graphs with significant differences
in mtDNA copy numbers between patients with and without
ARDS however raw values were not provided and thus could
not be included in meta-analysis.

Three studies also reported data on the levels of circulating
mtDNA in ARDS survivors and non-survivors (6, 15, 16).
Both Haung et al., and Hernandez-Beeftink et al., collected
samples at 24 h or 1 day after presentation (15, 16), Faust
et al., collected samples at presentation (Table 3). There were
489 ARDS survivors and 192 ARDS non-survivors included
in the comparison. Mortality was recorded at 30 days (Faust
et al.), 28 days (Hernandez-Beeftink et al.) and 7 days (Huang
et al.) (Table 4). Results of meta-analysis did not allow to draw
definitive conclusions about whether or not levels of mtDNA
are elevated in non-survivors as overall P value is on the
border of significance, although there is a numeric trend toward
higher levels in non-survivors. Standardized mean difference
0.37 [0.01,0.73], overall effect Z = 2.00, P = 0.05. Heterogeneity,
I2 = 72%, P = 0.01. I2 values show large heterogeneity across
ARDS survivor and non-survivor comparisons (Figure 3B).

Publication bias

The nine RCT trials were assessed using the Cochrane
risk of bias charts. Five studies were classed as low risk, and
two as high risks (Figure 4 and Table 6) (17–21, 30–33). The
remaining 16, cohort and case–control studies, were assessed by
the Newcastle–Ottawa Scale (NOS) (10, 13–16, 20, 22–29). The
mean score was 6. 12 out of 16 of studies were considered low
risk (Table 7).

Discussion

Clinical and biological markers for prediction of ARDS
outcomes are based upon inflammatory indicators, including
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TABLE 5 Secondary outcome: Association between levels of mitochondrial biomarkers and risks of development of new complications of ARDS or
worsening of severity or development of ARDS.

References Biomarker Biomarker summary Association to
disease presence/
progression

Association to other
worse outcomes of
ARDSARDS Non-ARDS

Quinlan et al.
(29)

Hypoxanthine and
xanthine

Plasma xanthine:
S = 13.3± 2.01
NS = 7.76± 0.09
Plasma hypoxanthine:
S = (15.24± 2.09)
NS = (37.48± 3.1)

Plasma xanthine:
(9.4± 2.7)
Plasma hypoxanthine:
(1.69± 0.76)

Significant association
with both hypoxanthine
(Plasma P < 0.01 and BAL
P < 0.02). Xanthine
(plasma P < 0.05 and BAL
P < 0.01)

NR

Ortolani et al.
(17)

Glutathione and
malondialdehyde
(MDA)

Glutathione
(<450 µM to
<550 nM)
Malondialdehyde
(<4 to>4 nM)

0 Non-significant trend
increase with time (9 days)
of both Glutathione and
Malondialdehyde

NR

Nathens et al.
(30)

Ascorbate and alpha
tocopherol

Not applicable Ascorbate: day-0 ≤ 0.5,
day-21 ≤ 0.5
Alpha-tocopherol:
day- < 5,
day-21 ≥ 10

Non-significant positive
association (18%
developed ARDS)

Multiple organ failure in
6.1% of subjects.
Pneumonia in 15% at
28-day follow up, and 1.3%
had renal failure

Scholpp et al.
(24)

MDA and lipid
peroxidation markers
(acetone, isoprene and
pentane)

MDA: 0.55
Acetone: 1.32
Isoprene: 50.0
n-Petane: 1

MDA: 0.38
Acetone: 0.55
Isoprene: 33.2
n-Petane: 0.12

Significant positive
association for N-pentane
(P < 0.05) non-significant
positive association for
MDA acetone and isoprene

NR

Nelson et al. (31) Lipid peroxidation
markers (beta-carotene,
retinol, and α-
tocopherol)

Exact values not provided:
Beta carotene, retinol and α- tocopherol all

significantly reduced in ARDS vs NON-ARDS

Significant levels of lipid
peroxidation markers in
ARDS vs non-ARDS
patients (P > 0.05)

NR

Soltan-Sharifi
et al. (18)

Glutation (GSH) and
N-acetylcysteine

GSH 0 h – <600
increased to <800 at
72 h

0 Non-significant trend of
association with time
(3-days) with ARDS
disease

NR

Moradi et al.
(19)

GST isoforms: M1, T1
and P1

Significant association of mortality with GST M1
null polymorphism and double deletion of both

genes (M1, T1) in control
ARDS placebo group of interest (P < 0.05). No

significance for the GST P1 isoform with mortality.
Absence of the GST M1 gene/deletion of both GTS
M1 and GST T1 are more vulnerable to oxidative

stress contributing to ARDS/ALI

No association with
recorded factors of
duration of mechanical
ventilation or Length of
ICU stay
Not directly applicable
(NR)

NR

Nakahira et al.
(10)

mtDNA copy number
(NADH dehydrogenase
1 DNA level

BWH
[46,648
(14,468–63,510)]
ME
[29,828
(7,857–84,675)]

BWH
[10,584
(3,992–41,466)]
ME
[8,771 (3,296–20,464)]

Non-significant trend in
association

NR

Bhargava et al.
(26)

Glycolysis protein
expression &
enrichment, and
Thioredoxin

Glycolysis is enriched
in ARDS
non-survivors with a
fold change increase of
2.01 for GAPDHL6 (an
example gene from the
list of glycolytic
proteins). This was not
enriched in survivors
Thioredoxin:
S = apx. 2.5
NS = apx. 7.5

0 NR NR

(Continued)
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TABLE 5 (Continued)

References Biomarker Biomarker summary Association to
disease presence/
progression

Association to other
worse outcomes of
ARDSARDS Non-ARDS

Rosenberg et al.
(32)

GDF15 Raised levels of
GDF-15 prior to
discharge, and lower in
recovery

NR NR More comorbidities
present in higher GDF-15
quartiles – non-significant
association

Blot et al. (14) mtDNA 0.1503 0.01546 mtDNA levels significantly
raised in ARDS patients
indicating association
significant P = 0.02

NR

Huang et al. (15) mtDNA Severe: 1,230
(588–22,387)
Moderate: 5,370
(628–13,052)
Mild: 15,792
(1,623–186,814)
S: 7,585 (1,717–15,792)
NS: 67,608
(19,498–346,736)

NR Significant association
p = 0.04

NR

Faust et al. (6) mtDNA PETROS:
ARDS = 12.28 1.07
MESSI:
ARDS = 11.06 1.31

PETROS:
NON = 12.04 1.01
MESSI:
NON = 11.25 1.20

Significant positive
association (P = 0.009)
Pero S (P = 0.003)

NR

Korsunov et al.
(23)

Lactate and oxygen
transport

3.4 5.3 Moderate evidence to
suggest lower levels of
lactate in ARDS patients

In-group one AKI was
diagnosed in 8 patients
(57.14%) which is twice as
much as group 2–4 (26.7%)

Hernández-
Beeftink et al.
(16)

mtDNA 3.65 (1.39–9.59 (hazard
ratio and 95% CL)
0.031± 0.2036
S: –0.0038± 0.2012
NS: 0.0702± 0.2001

1.24 (0.44–3.51)
–0.0073± 0.2004

Non-significant trend of
association

NR

S, survivor; NS, non-survivor; NR, not recorded; CL, confidence limit.

IL-6, IL-8, RAGE, Ang-2, C-reactive protein and procalcitonin
(39, 40). A systematic review by van der Zee et al. examined the
multivariate biomarkers associated with ARDS disease, in which
RAGE and Ang-2 showed significant association with the risk
of ARDS development; yet none were significantly correlated to
mortality (40). This likely is contingent on the heterogeneous
nature of ARDS pathophysiology.

Pneumonia and sepsis were the top two the most
frequent and most devastating causes of ARDS in the studies
included in the review. Recently mitochondrial dysfunction,
specifically ability of immune cells to switch between glycolytic
and oxidative phosphorylation pathways has emerged as a
mechanism of pathogenesis of sepsis (41). Patients with sepsis
have been shown to have decreased expression of mitochondrial
quality mitophagy markers PINK1 and PARKIN, elevated
levels of mtDNA, dysfunctional mitochondrial morphology
and decreased mitochondrial mass, as well as increased cell
death due to calcium overload and raised levels of reactive
oxygen species (42–44). The consolidated contribution of

mitochondrial dysfunction with the pathogenesis of sepsis,
alongside the well-established sepsis induction of ARDS;
combined made it plausible to hypothesize that mitochondrial
dysfunction might too contribute to ARDS (5, 45).

To our knowledge, this is the first systematic review with
meta-analysis investigating association of levels of biomarkers
of mitochondrial dysfunction with ARDS. Majority of studies
included into this review reported positive trends toward
association of elevated levels of biomarkers of mitochondria
dysfunction with ARDS. These trends reached statistical
significance in the cases of mtDNA, xanthine, hypoxanthine,
lactate, isoprene and n-pentane in the blood based samples,
however statistically significant difference is absent in BAL
samples. Of note, levels of xanthine were not detectable in the
BAL of non-ARDS patients which could have impacted the
results of meta-analysis.

Importantly, levels of circulating hypoxanthine, xanthine,
mtDNA and lactate measured at early time points after
presentation were significantly elevated in those who survived
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FIGURE 2

Levels of biomarkers of mitochondrial dysfunction. Forest plot meta-analysis of the levels of biomarkers in ARDS patients and non-ARDS
controls in (A) blood samples P = 0.008 and (B) BAL samples P = 0.14 (C) ARDS survivors vs ARDS non-survivors, P = 0.002. Data analysis
generated on RevMan 5.4.

FIGURE 3

Levels of circulating mtDNA. Forest plot meta-analysis of the levels of circulating mtDNA in ARDS patients and non-ARDS controls, P = 0.04 (A)
and in ARDS survivors vs ARDS non- survivors P = 0.05 (B). Data analysis generated on RevMan 5.4.

ARDS compared to non-survivors, suggesting a potential role of
mitochondrial dysfunction in ARDS pathogenesis.

MtDNA was the most frequently measured biomarker
across the included studies. Levels of circulating cell-free
mtDNA were significantly higher in ARDS patients compared
to non-ARDS in six studies. This was further confirmed by

meta-analysis of the three studies which have provided necessary
raw values for comparison. Difference in mtDNA levels between
ARDS survivors and non-survivors did not reach statistical
significance by meta-analysis with overall P = 0.05, however
there was strong trend toward higher levels in non-survivors.
Interestingly, Faust et al., also reported mtDNA levels at 48 h
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FIGURE 4

Quality assessment Cochrane risk of bias for RCT trial studies.

after presentation which were significantly higher in non-
survivors than in survivors in both cohorts (6), suggesting that
later time points might be more appropriate for measurements
of mtDNA as predictor of mortality in ARDS. Taken together,
these data indicate an association of mitochondrial dysfunction
with ARDS pathophysiology and highlight blood mtDNA as
important mediator of ARDS pathogenesis with the potential to
serve as a biomarker for predicting the risk of mortality.

This systematic review identified ten different biomarkers
of mitochondrial dysfunction measured in ARDS patients.
Initial overview of mitochondrial biomarkers in ARDS vs non-
ARDS patients showed significantly higher levels in the ARDS
patient groups, regardless of the cause of ARDS (Figure 2 and
Tables 4, 5). However, 6 of these biomarkers were only measured
in one study; the top four most frequently measured biomarkers
were (i) mtDNA, (ii) glutathione, (iii) lactate, and (iv) MDA.
The study weighting of the meta-analysis was largely driven
by blood mtDNA as the most frequently measured biomarker.
Therefore, we carried out separate meta-analysis of the studies
that reported levels of mtDNA. Plasma mtDNA levels were
significantly higher in ARDS vs non-ARDS at time points from 0

to 24 h from presentation. Interestingly, Bolt et al., and Grazioli
et al., also reported significant elevation in mtDNA levels in
the BAL samples in ARDS patients compared to non-ARDS
controls, although the information provided in these studies was
not sufficient to run meta-analysis. However, the sample size
was small in both studies (7 heathy vs. 7 ARDS and 3 healthy
vs. 5ARDS BAL samples, respectively), therefore further studies
are required to investigate the significance of alveolar release of
mtDNA in ARDS, as a potential biomarker of lung injury.

Mitochondrial DNA levels are currently used as prognostic
biomarker in a number of diseases such as Parkinson’s disease
and type two diabetes in combination with coronary heart
disease (46). Hernandez-Beeftink et al., observed that mtDNA
copies in the whole blood were significantly associated with 28-
day survival in sepsis patients who developed ARDS (hazard
ratio = 3.65, 95% confidence interval = 1.39–9.59, p = 0.009)
but not in sepsis patients without ARDS. These findings support
the hypothesis that cell free mtDNA copies at sepsis diagnosis
could be considered an early prognostic biomarker in sepsis-
associated ARDS patients. Results of this review support the
potential use of mtDNA as ARDS biomarker; however, more
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TABLE 6 Quality assessment Cochrane risk of bias table justifications for RCT trial studies.

Random
sequence
generation

(selection bias)

Allocation
concealment
(selection bias)

Blinding of
participants and

personnel
(performance

bias)

Blinding of
outcome
assessment

(detection bias)

Incomplete
outcome data
(attrition bias)

Selective
reporting
(reporting

bias)

Other bias

Ortolani et al.
(17)

Random assignment of participants into
treatment groups

Non-blinded study Evenly assigned
patient groups, no
loose of patients in

follow up

All outcome data
reported

Other bias not
discussed

Nathens et al.
(30)

Random assignment of participants into
treatment groups (1:1)

Personnel were blinded
to grouping [carried out

by computer and
Pharmacy

(non-investigators)].
Participants were

non-blinded, but data
taken from samples

collected from blood thus
removing this concern

Non-blinded for ease of
care organization

High level of
exclusion post trial

administration

All outcome data
reported

Lack of placebo for
control group of

inte rest for this SR
and blinding for

investigators post
group assignment.

Nelson et al.
(31)

Double blinded, controlled, randomized
multicenter trial, permuted-block randomization

design

Full patient follow up All outcome data
reported

Other bias not
discussed

Soltan-Sharifi
et al. (18)

Information not
disclosed

Information not
disclosed

Information not
disclosed

Information not
disclosed

Full patient follow up All outcome data
reported

Other bias not
discussed

Moradi et al.
(19)

Simple randomization
was performed

Information not
disclosed

Single blinding Non-blinded Full patient follow up All outcomes set
out, were recorded

Other bias not
discussed

Evans et al. (20) Randomized patients
into treatment to control

Samples random order
and were assigned to a

random LC-MS run
order using a

computerized algorithm.

Agilent MassHunter Quantitative Analysis
software, with the analyst blinded to the identity of

the subjects.

Full patient follow up All outcomes set
out, were recorded

Other bias not
discussed

Fredenburgh
et al. (33)

Phase one unmasked for
safety reasons, phase two
was masked. Data taken
only from phase two in

relation for this SR.

Random allocation
hidden from trial

executives

Masking of which group
participants where in as

well as

Unclear Full patient follow up Data, even if
unsuccessful

reported

Other bias not
discussed

Mahmoodpoor
et al. (21)

Random assignment of participants into
treatment groups (1:1)

Masking of which group
participants where in as

well as

Double blinded study Full patient follow up Data, even if
unsuccessful

reported

Other bias not
discussed

Rosenberg et al.
(32)

Information not
disclosed

Information not
disclosed

Information not
disclosed

Information not
disclosed

Information not
disclosed

Information not
disclosed

Potential recall
bias

Risk of bias is higher with greater intensity of gray.

research would be required to determine the most appropriate
sample (plasma or whole blood) as well as best time points
for sample collection. Additionally, studies recorded mtDNA
levels in different units (e.g., copy numbers per µl, µmol,
intensities); although the meta-analysis model considers this
factor, there is a need for standardization of the measurement
units. Circulating mtDNA levels may facilitate the stratification
of patients, however, future studies are necessary to standardize
the technique and to define more accurate cut-off points.

Glutathione, and its downstream mediators, hypoxanthine
and xanthine, follow a similar trend to mtDNA, with elevated
levels in ARDS patients (Tables 1, 2). Both hypoxanthine and
xanthine are converted to uric acid through xanthine oxidase,
resulting in ROS production and leading to oxidative stress (47,
48). In similar fashion, decreased glutathione reduction and
increased redox imbalances are known to be associated with
mitochondrial disorders (49). It is feasible that one, or both of
these mediators could act as prognostic biomarkers for ARDS

given the positive trends observed across the two studies (20,
21). Glutathione mediators were recorded in the blood and BAL
samples, demonstrating similar trends. To further this avenue,
measurement of all three ROS mediators in larger cohorts
would be required.

Oxidative damage to lipids, amino acids, and DNA leads to
accumulation of malondialdehyde (MDA) (Tables 4, 5). MDA
inhibits mitochondrial complex I, II and V, thus impacting
the functionality of present mitochondria (50). Due to lack of
control comparator for mortality/other worse outcomes, it was
not possible to draw any definitive conclusions in regards to
MDA. One out of three studies found significantly higher levels
in ARDS compared to non-ARDS (17, 51), while the other
two studies showed a non-significant trend with higher levels
in ARDS (24). MDA was measured in both BAL and plasma;
this variation could be driving the lack of conclusive results.
Interestingly, studies which investigated the levels of lactate,
another metabolite indirectly representative of mitochondrial
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TABLE 7 Quality assessment Newcastle-Ottawa scale table for non-RCT studies.

Studies Represen-
tativeness of
the exposed

cohort

Selection of
the

non-exposed
cohort

Ascertain-
ment of
exposure

Demon-
stration that
outcome of
interest was
not present at

start
of study

Compa-
rability of
cohorts on
the basis of
the design or

analysis

Assessment
of outcome

Was
follow-up

long
enough
for

outcomes
to occur

Adequacy
of

follow up
of cohorts

Total

Quinlan et al.
(29)

* * NR * * * NR * 6

Scholpp et al.
(24)

* * * * * * * * 8

Nakahira et al.
(10)

* * * * * * * * 8

Bhargava et al.
(26)

* * * NA * * * NA 6

Evans et al. (20) * * * 3
Liu et al. (25) * NR * * * * 5
Serpa et al. (22) * * NR * * * * * 7
Dorward et al.
(27)

* * * * * * * * 8

Garramone et al.
(11)

* NR * * * 4

Grazioli et al.
(13)

* NR * * 3

Bos et al. (28) * * Unclear * * * * * 7
Blot et al. (14) * * * * * * * 7
Huang et al. (15) * * * * * * * * 8
Faust et al. (6) * * * * * * * * 8
Korsunov et al.
(23)

* NR * * * 4

Hernández
-Beeftink et al.
(16)

* * * * * * 6

NR, not recorded. *One score.

dysfunction, also reported controversial findings (52). Evans
et al., observed a fold-change increase in lactate in ARDS vs
non-ARDS, while Serpa et al., demonstrated a higher level of
lactate in ARDS non-survivors. On the contrary, Korsunov et al.,
reported higher levels of lactate in non-ARDS vs ARDS. No
data comparisons around lactate were significant across the
three studies (20, 22, 23). As there is no consistency across
all three studies, it is plausible that metabolites such as MDA
and lactate are not useful as prospective biomarkers for ARDS
clinical outcomes (53).

One study examined a biomarker associated to
mitochondria genetic defects; GDF-15 (Tables 4, 5). GDF-
15 is a secretory protein induced by mitochondrial stress,
overexpressed in patients with mitochondrial point mutation
syndromes (54, 55). The outcomes of this biomarker, as
described in Tables 4, 5, do indicate a possible link of
association of mitochondrial dysfunction with ARDS, however
the lack of raw numbers and limited size of the cohort did not
allow for definitive conclusions; current evidence would not
support the use of this genetic biomarker in ARDS.

The quality assessment imply a minimal risk of bias
across the board of studies included. Main findings were
drawn from meta-analysis, of which only one study, Korsunov
et al., presented with NOS score of four, due to lack of
provided information.

Limitations

This review had several limitations. First, the lack of
global representation across study cohorts could influence the
predictive power of the examined biomarkers. Secondly, a large
variance in study size resulted in high I2 values across all
meta-analysis carried out; some of the smaller studies included
less than 100 patients could be underpowered for significance
calculations. Finally, regardless of standardized mean difference
calculation weighting of studies, the inconsistency in biomarker
units, as well as different methods of analysis of the same type of
biomarkers could affect the statistical conclusions drawn from
this small-scale meta-analysis.

Conclusion

This systematic review and meta-analysis suggest that
increased levels of biomarkers of mitochondrial dysfunction
are positively associated with ARDS. Blood-based biomarkers
were the most appropriate for assessment of mitochondrial
dysfunction. Circulating mtDNA is the most frequently
measured biomarker of mitochondrial dysfunction; circulating
mtDNA levels are significantly higher in ARDS patients
compared to non-ARDS controls. Mitochondrial DNA is
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a plausible biomarker candidate for further investigation
of its role in ARDS pathogenesis. Further research is
required to explore the role of mitochondrial biomarkers
in greater populations of ARDS patients and between
ARDS subphenotypes.
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Background: The Surviving Sepsis Campaign suggested preferential resuscitation

with balanced crystalloids, such as Lactated Ringer’s (LR), although the level of

recommendation was weak, and the quality of evidence was low. Past studies

reported an association of unbalanced solutions, such as normal saline (NS),

with increased AKI risks, metabolic acidosis, and prolonged ICU stay, although

some of the findings are conflicting. We have compared the outcomes with the

preferential use of normal saline vs. ringer’s lactate in a cohort of sepsis patients.

Method: We performed a retrospective cohort analysis of patients visiting the

ED of 19 different Mayo Clinic sites between August 2018 to November 2020

with sepsis and receiving at least 30 mL/kg fluid in the first 6 h. Patients were

divided into two cohorts based on the type of resuscitation fluid (LR vs. NS) and

propensity-matching was done based on clinical characteristics as well as fluid

amount (with 5 ml/kg). Single variable logistic regression (categorical outcomes)

and Cox proportional hazards regression models were used to compare the

primary and secondary outcomes between the 2 groups.

Results: Out of 2022 patients meeting our inclusion criteria; 1,428 (70.6%)

received NS, and 594 (29.4%) received LR as the predominant fluid (>30 mL/kg).

Patients receiving predominantly NS were more likely to be male and older in

age. The LR cohort had a higher BMI, lactate level and incidence of septic shock.

Propensity-matched analysis did not show a difference in 30-day and in-hospital

mortality rate, mechanical ventilation, oxygen therapy, or CRRT requirement. We

did observe longer hospital LOS in the LR group (median 5 vs. 4 days, p = 0.047

and higher requirement for ICU post-admission (OR: 0.70; 95% CI: 0.51–0.96;
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p = 0.026) in the NS group. However, these did not remain statistically significant

after adjustment for multiple testing.

Conclusion: In our matched cohort, we did not show any statistically significant

difference in mortality rates, hospital LOS, ICU admission after diagnosis,

mechanical ventilation, oxygen therapy and RRT between sepsis patients

receiving lactated ringers and normal saline as predominant resuscitation fluid.

Further large-scale prospective studies are needed to solidify the current

guidelines on the use of balanced crystalloids.

KEYWORDS

sepsis, fluid dose, balanced solution, ringers lactate, normal saline, resuscitation

1. Introduction

The Third International Consensus Guidelines defined sepsis as
a “life-threatening organ dysfunction caused by a dysregulated host
immune response to infection.” On the other hand, septic shock
has been defined as “a vasopressor requirement to maintain a mean
arterial pressure of 65 mmHg or greater and serum lactate level
greater than 2 mmol/L in the absence of hypovolemia” in a patient
with suspected or confirmed sepsis (1). Sepsis and septic shock as a
disease entity confer a major burden on the healthcare system and
rigorous attempts have been made to improve the overall mortality
and morbidity by adjusting the guidelines as per existing evidence
(2, 3).

Early diagnosis and initiation treatment, which comprises of
antibiotics and judicious fluid therapy during the initial phase of
resuscitation have received strong recommendations. The 2021
updates on International Guidelines for Management of Sepsis and
Septic Shock strongly recommended the use of crystalloids as first-
line fluid therapy during the initial resuscitation phase of sepsis or
septic shock. Moreover, for adults with sepsis or septic shock, the
use of balanced crystalloids over normal saline was suggested by
the guideline although the quality of evidence was reported to be
“low” and the recommendation was “weak” (4).

Balanced crystalloid solutions, such as lactated Ringer’s solution
(LR), Ringer Acetate, Plasmalyte, etc., are usually normotonic and
have a lower tendency to cause hyperchloremic acidosis (5, 6). On
the other hand, the normal saline (NS) solution is an unbalanced
solution and has been associated with hyperchloremic metabolic
acidosis (7, 8). A large volume of NS infusion may also cause
coagulopathy, renal dysfunction, and impaired immunological
response (9). Despite significant work that has been done on the use
of balanced crystalloids in critically ill patients, the data regarding
the crystalloid of choice in sepsis is conflicting.

A large retrospective cohort study done by Raghunathan et al.
(10) on patients admitted with sepsis failed to demonstrate any
difference in the incidence of AKI and in-hospital and ICU
length of stay, although the mortality rates were lower in the
balanced crystalloid cohort. The SMART trial also showed favorable
outcomes (lower rates of mortality, renal replacement therapy,
or persistent renal dysfunction) in critically ill patients treated
with balanced crystalloid use compared to normal saline (11).
A network meta-analysis done by Rochwerg et al. (12) revealed

that fluid resuscitation with balanced crystalloids was associated
with lower mortality compared to normal saline in patients with
sepsis, based on an indirect comparison. On the other hand, a
chloride-restrictive strategy during fluid resuscitation of critically ill
patients was shown to have a lower incidence of acute kidney injury
(AKI) and renal replacement therapy requirement in a sequential
prospective study conducted by Yunos et al. (13) however, no
difference in mortality, hospital stay, or ICU stay was noted.

In the background of conflicting evidence, we have tried to
compare the outcomes associated with NS and LR as a resuscitation
fluid in patients who presented to the emergency department and
were subsequently diagnosed with sepsis.

2. Materials and methods

Our automated data pull identified 2,899 hospitalization in
2,751 sepsis patients who presented to the Emergency Departments
of 19 different Mayo Clinic sites between August 2018 to November
2020 with a diagnosis of sepsis and were treated with ≥30 mL/kg
of either NS or LR during the first 6 h. Patients were excluded
(n = 221) if they declined research authorization, were under
18 years old at the time of presentation to the ED or if the date
of diagnosis was missing. Patients were also excluded (n = 571)
they received >30 ml/kg of both fluid type or, received <30 ml/kg
of each fluid type during the first 6 h. If a patient had more than
one hospitalization with a diagnosis of sepsis during the study
period, then we selected the first encounter per patient for inclusion
in the study. Our final analysis included 2022 unique patients of
these, 1,428 (70.6%) received NS, and 594 (29.4%) received LR as
the predominant fluid. Patient information and relevant data were
collected from the Electronic Health record. The time of diagnosis
was determined by either time of antibiotic administration or the
time of a lactic acid draw, not the result. Primary outcomes include
in-hospital death, and secondary outcomes include in-hospital
length-of-stay, 30-day mortality, ICU admission after diagnosis,
ventilator use, and CRRT use. We used mean arterial pressure
(MAP), vasopressor requirement and lactate level to define septic
shock retrospectively. Any patient with a vasopressor requirement
to maintain a mean arterial pressure of 65 mm Hg or greater and
serum lactate level greater than 2 mmol/L was identified to have
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TABLE 1A Baseline characteristics before and after matching according to fluid type among those who received 30 ml/kg or more.

Before matching After matching

Normal saline
(N = 1,428)

Lactated ringers
(N = 594)

SMD Normal saline
(N = 436)

Lactated ringers
(N = 436)

SMD

Age at diagnosis (years) 71 (60, 81) 68 (58, 79) 0.11 69 (59, 79) 69 (59, 80) 0.04

Male sex 640 (44.8%) 238 (40.1%) 0.10 170 (39.0%) 188 (43.1%) 0.08

Race 0.13 0.06

American Indian/Alaskan
Native

10 (0.7%) 3 (0.5%) 4 (0.9%) 3 (0.7%)

Asian 32 (2.2%) 14 (2.4%) 11 (2.5%) 12 (2.8%)

Black 33 (2.3%) 22 (3.7%) 13 (3.0%) 15 (3.4%)

Native Hawaiian/Pacific
Islander

3 (0.2%) 2 (0.3%) 1 (0.2%) 1 (0.2%)

White 1,312 (91.9%) 528 (88.9%) 390 (89.4%) 392 (89.9%)

Other/unknown 38 (2.7%) 25 (4.2%) 17 (3.9%) 13 (3.0%)

Ethnicity 0.08 0.03

Not Hispanic or Latino 1,353 (94.7%) 554 (93.3%) 411 (94.3%) 409 (93.8%)

Hispanic or Latino 41 (2.9%) 18 (3.0%) 14 (3.2%) 14 (3.2%)

Other/Unknown 34 (2.4%) 22 (3.7%) 11 (2.5%) 13 (3.0%)

Body mass index 24.6 (21.5, 28.7) 28.7 (23.9, 34.9) 0.60 26.2 (23.0, 30.6) 26.8 (23.2, 31.5) 0.02

COPD 173 (12.1%) 62 (10.4%) 0.05 40 (9.2%) 43 (9.9%) 0.02

Hypertension 530 (37.1%) 225 (37.9%) 0.02 171 (39.2%) 161 (36.9%) 0.05

CKD 236 (16.5%) 103 (17.3%) 0.02 74 (17.0%) 75 (17.2%) 0.01

Diabetes 276 (19.3%) 101 (17.0%) 0.06 85 (19.5%) 71 (16.3%) 0.08

CAD 254 (17.8%) 88 (14.8%) 0.08 69 (15.8%) 73 (16.7%) 0.03

CHF 154 (10.8%) 62 (10.4%) 0.01 47 (10.8%) 41 (9.4%) 0.05

Obesity 231 (16.2%) 184 (31.0%) 0.35 100 (22.9%) 107 (24.5%) 0.04

Dialysis 48 (3.4%) 19 (3.2%) 0.01 11 (2.5%) 13 (3.0%) 0.03

Type of diagnosis: lactate-draw 806 (56.4%) 434 (73.1%) 0.35 311 (71.3%) 304 (69.7%) 0.04

Hospital type (destination) 834 (58.4%) 469 (79.0%) 0.45 338 (77.5%) 344 (78.9%) 0.03

MAP 90.2 (81.3, 99.3) 88.7 (79.0, 98.3) 0.14 89.0 (80.0, 99.1) 88.7 (79.3, 98.3) 0.03

Septic shock 95 (6.7%) 113 (19.0%) 0.38 64 (14.7%) 67 (15.4%) 0.02

Blood culture positive 94 (6.6%) 58 (9.8%) 0.12 41 (9.4%) 44 (10.1%) 0.04

Maximum lactate 3.3 (2.6, 4.6) 3.8 (2.9, 5.7) 0.30 3.9 (2.9, 5.5) 3.7 (2.9, 5.8) 0.07

Total fluid amount (ml/kg) 40.3 (33.8, 50.9) 49.6 (39.9, 63.0) 0.04 44.7 (37.2, 55.2) 45.4 (37.7, 55.9) 0.05

SMD, standardized mean difference; COPD, chronic obstructive pulmonary disease; CKD, chronic kidney disease; CAD, coronary artery disease; CHF, congestive heart failure; MAP, mean
arterial pressure. Numerical characteristics are given as median (interquartile range), while categorical characteristics are given as the percentage of patients. Overall maximum lactate was not
available 740 patients before matching and 252 patients after matching.

septic shock, as per the “Third International Consensus Definitions
for Sepsis and Septic Shock” guidelines (1).

Mayo Clinic Institutional Review Board (IRB) granted an
exemption (application number 20-008691) from the need for
approval for our study on 3 September 2020. The need for
informed consent was waived by our IRB. Procedures were
followed in accordance with the ethical standards of the committee
responsible for human experimentation and with the Helsinki
Declaration of 1975.

2.1. Statistical analysis

Continuous characteristics were summarized with the sample
median and interquartile range. Categorical characteristics were
summarized with the frequency and percentage of patients.

Characteristics known at the time of sepsis diagnosis were
summarized according to fluid type among the cohort of patients
who received 30 ml/kg or more of fluid. We aimed to estimate
the effect of fluid type on outcomes (in-hospital mortality
(primary), hospital LOS (secondary), death within 30 days of
diagnosis (secondary), ICU admission after diagnosis (secondary),
mechanical ventilator (secondary), adult oxygen therapy
(secondary), and CRRT (secondary). To control confounding,
propensity score matching was used to identify a cohort of
patients with similar baseline characteristics. Propensity score is
defined here as the conditional probability of a patient diagnosed
with sepsis receiving predominantly lactated ringers vs. normal
saline given a set of covariates known at the time of sepsis
diagnosis (baseline).

A logistic regression model with fluid type as the dependent
variable and all the baseline characteristics displayed in Table 1A
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FIGURE 1

Flowchart showing inclusion and exclusion of patients in the study cohort.

as covariates was used to estimate the propensity score. Due to
missingness, MAP was categorized based on tertiles and missing
values were assigned to as separate category to estimate the
propensity score. The nearest neighbor matching algorithm was
used to select one patient who received normal saline to each
patient who received lactated ringers with a caliper width equal to
0.2 of the standard deviation (SD) of the logit of the propensity
score. The matching algorithm additionally included body mass
index with a caliper width of 5 kg/m2 and total fluid amount
with a caliper width of 5 ml/kg. Standardized differences were
estimated before and after matching using the tableone R package
to assess potential imbalance in baseline characteristics between
the 2 groups (14). A standardized difference less than 0.10 for a
given baseline characteristic was considered a negligible imbalance
between groups (substantial imbalance was defined as a standardize
difference >0.2). Odds ratios (OR) and Hazard ratios (HR)
were estimated from single variable logistic regression (categorical
outcomes) and Cox proportional hazards regression (hospital
length of stay). For hospital LOS, censoring occurred at the date
of death for those who had an inpatient death and the Kaplan-
Meier method was used to estimate median (25th percentile, 75th
percentile); an HR less than 1.00 indicates a worse outcome (longer
length of stay) for patients who were given LR compared to
patients who were given NS. For categorical outcomes, ORs greater
than 1.00 indicate a worse outcome for patients who were given
>30 ml/kg of LR compared to patients who were given >30 ml/kg
of NS. All statistical tests were two-sided. For our primary outcome,
p > 0.05 was considered statistically significant without adjustment
for multiple testing. For our secondary outcomes, p < 0.05 was
considered statistically significant after adjustment for multiple
testing using the Holm method, however, we do note unadjusted
p-values in the results and tables. Adjusted p-values will be labeled

as such. Statistical analyses were performed using R version 4.0.3 (R
Foundation for Statistical Computing, Vienna, Austria).

3. Results

Our retrospective analysis included 2022 patients; of these,
1,428 (70.6%) received NS, and 594 (29.4%) received LR as
the predominant fluid (Figure 1). Baseline patient characteristics
are summarized in Table 1A before and after propensity score
matching. Before matching, there were substantial baseline
differences (standardized difference >0.2) between LR and NS,
where patients who received predominantly LR were more likely
to have had a higher body mass index and/or history of obesity,
a lactate draw diagnosis, treated at a destination hospital, had
septic shock, and a higher overall maximum lactate. After
matching, all standardized differences were 0.08 or less and
considered negligible. Table 1B shows baseline vital signs and
laboratory information according to fluid type after matching.
We did not observe any substantial imbalance in baseline
vital signs and labs after matching (all standardized differences
≤0.18).

Table 2 summarizes the outcomes according to the fluid
category. In our matched cohort, 8.0% died in-hospital among
those who predominantly received >30 mL/kg of NS, and 8.5%
died in-hospital among the group who predominantly received
>30 mL/kg of LR. We did not find evidence of an association
of fluid type (LR vs. NS) with in-hospital mortality (OR 1.06;
95% CI 0.66–1.73; p = 0.81) (primary outcome). The median
hospital LOS after diagnosis was 1 day longer for those who
received LR vs. NS (5 vs. 4 days; p = 0.046) (secondary
outcome). In the subset of patients not in the ICU at the time
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TABLE 1B Baseline vital signs and laboratory information of RL and NS
cohorts after matching.

Normal
saline > 30 ml/kg

(N = 436)

Lactated
ringers > 30 ml/kg

(N = 436)

SMD

Temperature (F) n = 436 n = 435

98.1 (97.5, 98.4) 98.1 (97.5, 98.4) 0.13

Systolic blood
pressure (mmHg)

n = 436 n = 436

123 (110, 138) 123 (111, 137) 0.02

Diastolic blood
pressure (mmHg)

n = 436 n = 436

71 (62, 80) 71 (61, 80) 0.06

Pulse (beats per
minute)

n = 435 n = 435

82 (71, 94) 81 (71, 92) 0.06

Respirations (breaths
per minute)

n = 431 n = 427

18 (16, 20) 18 (16, 19) 0.03

Oxygen saturation
(%)

n = 65 n = 61

95.1 (92.6, 97.0) 95.2 (92.8, 97.4) 0.08

Hemoglobin (g/dL) n = 436 n = 435

11.9 (10.0, 13.7) 11.4 (9.6, 12.9) 0.18

White blood cell
count (x103/mcL)

n = 436 n = 435

13.4 (8.4, 18.2) 12.4 (7.2, 17.4) 0.07

Platelets (x103/mcL) n = 436 n = 435

208 (139, 280) 213 (149, 282) 0.06

Sodium P (mmol/L) n = 301 n = 294

135 (132, 139) 136 (133, 139) 0.15

Potassium P
(mmol/L)

n = 299 n = 295

4.0 (3.7, 4.5) 4.1 (3.7, 4.5) 0.02

BUN P (mg/dL) n = 301 n = 293

22 (15, 33) 25 (16, 39) 0.18

Creatinine P
(mg/dL)

n = 301 n = 293

1.2 (0.8, 1.6) 1.2 (0.8, 1.9) 0.11

Lactate P (mmol/L) n = 320 n = 321

2.3 (1.6, 3.7) 2.1 (1.4, 3.2) 0.14

Bicarbonate P
(mmol/L)

n = 301 n = 294

22 (19, 25) 22 (19, 24) 0.06

SMD, standardized difference. The number of available observations and median (25th
percentile, 75th percentile) are shown.

of diagnosis, we found those who received LR were less likely
to be admitted to the ICU after diagnosis compared to those
who received NS (36.5% vs. 45.2%; OR 0.70; 95% CI 0.51–0.96;
p = 0.026) (secondary outcome). We did not find evidence of
differences in 30-day mortality or requirements for mechanical
ventilator, adult oxygen therapy, or CRRT (all p ≥ 0.066).
After adjustment for multiple testing, associations of fluid type
with hospital LOS and ICU admission after diagnosis were
no longer statistically significant (adjusted p = 0.28 and 0.18,
respectively).

4. Discussion

In our original cohort, we noted that most of the patients
(1,428/2,022) were predominantly treated with >30 mL/kg of NS.
Those treated with LR tended to have a higher BMI and were sicker
with 19.0% having septic shock vs. 6.7% among those who received
NS. Prior to matching patients on baseline characteristics and fluid
amount, we observed in-patient mortality rates of 10.9% among
those who received LR and 6.4% among those who received NS.
After matching, in-patient mortality rates were similar (8.5 and
8.0%, respectively). For our secondary outcomes, after matching
we observed a slight increase in hospital LOS and lower rate of
ICU admission after diagnosis among those who had LR vs. NS,
but these would not be considered statistically significant after
adjustment for multiple testing based on 8 hypothesis tests of
secondary outcomes. Such study findings contrast with some of
the prior studies that reported favorable outcomes with balanced
crystalloids (10, 13, 15).

While most of these studies were limited by their retrospective
design, findings from the recent clinical trials have tried to shed
more light on this domain. The SPLIT multicenter, double-blinded,
cluster randomized, double-crossover clinical trial on 2,278 eligible
medical and surgical ICU patients did not demonstrate any
difference in AKI-related outcomes and mortality rate between
buffered crystalloid and normal saline as fluid therapy (16).
Although the SPLIT trial did not focus on sepsis patients, a similar
finding was reported by the SALT pilot trial comprising of 974
patients with septic patients comprising 25 and 28% of balanced
crystalloid and normal saline groups, respectively, in line with the
findings of our study (17). On the other hand, the SMART single-
center, randomized trial reported a lower rates of 30-day inpatient
mortality and adverse renal outcome with the use of balanced
crystalloid in their subgroup analysis of sepsis patients (18).

Limitations related to patient demographics and site-specific
variations in outcome may be present in some of these past
literatures. In that aspect, this study has several strengths.
With more than 2,000 patients from 19 sites, both academic
and community, from across multiple regions, including the
Southeast, Southwest, and Midwestern United States adds to the
generalizability. We have large sample size in our original cohort
and even our sample size after matching would have at least
80% power at the two-sided 5% significance level to detect a
difference of at least 6% in in-patient mortality (for example, 5% vs.
10%, 10% vs. 16%). Considering the current evidence on varying
patient outcomes based on culture-status and fluid overload, our
propensity-matched analysis addresses potential confounders and
strengthens the overall methodology (19, 20).

The is a retrospective analysis, which comes with inherent
limitations. We did not stratify our cohort based on the site of
infection and origin of sepsis, which can obscure some of the
findings. Also, there was no standardization of rate, type, or mode
of delivery of fluid resuscitation among our patients, all of which
could have a significant impact on the outcome. Particularly, the
lack of information on infusion rate is a salient limitation, as
previous studies have shown better survival with quicker rates
(21, 22). Additionally, we could not account for prehospital fluid
administration and partial administration of different fluid types
leading to potential mixed effects. Finally, our study cohort had
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TABLE 2 Association of fluid type with outcomes in the matched LR and NS cohorts.

Outcome Normal saline
(N = 436)a

Lactated ringers
(N = 436)a

OR or HR (95% CI),
LR vs. NSb

Unadjusted
p-value

Primary outcome

In-hospital mortality 35 (8.0%) 37 (8.5%) 1.06 (0.66–1.73) 0.81

Secondary outcomes

Hospital LOS 4 (3, 7) 5 (3, 8) 0.87 (0.76–1.00) 0.047

Death within 30 days of diagnosis 69 (15.8%) 76 (17.4%) 1.12 (0.79–1.61) 0.52

ICU admission after diagnosisc 159/352 (45.2%) 107/293 (36.5%) 0.70 (0.51–0.96) 0.026

Mechanical ventilator 39 (8.9%) 56 (12.8%) 1.50 (0.98–2.32) 0.066

Adult oxygen therapy 187/326 (57.4%) 178/323 (55.1%) 0.91 (0.67–1.24) 0.56

CRRT 13/326 (4.0%) 12/323 (3.7%) 0.93 (0.41–2.08) 0.86

P-value of 0.05 was considered to be cut-off for statistical significance. Values shown in bold font represent statistical significance.
OR, odds ratio; HR, hazard ratio; CI, confidence interval; LOS, length of stay.
aNumber (percent) or sample median (25th percentile, 75th percentile). Median hospital LOS was estimated using the Kaplan-Meier method censoring at the day of death for those patients
who died in-hospital.
bORs and HRs were estimated from single variable logistic regression (categorical outcomes) and Cox proportional hazards regression (hospital length of stay). For hospital length of stay,
censoring occurred at the date of death for those who had an inpatient death and an HR less than 1.00 indicates a worse outcome (longer length of stay) for patients who were given LR
compared to patients who were given NS. For categorical outcomes, ORs greater than 1.00 indicate a worse outcome for patients who were given >30 ml/kg of LR compared to patients who
were given >30 ml/kg of NS.
cIn subset of patients not admitted to the ICU prior to diagnosis.

more than 90% of white patients, which is non-representative of
the overall US population, although the collection of data from 19
different sites provides generalizability. With the contrasting pieces
of data, a further large-scale study is needed on the outcome of
different types of resuscitation fluid in sepsis.

5. Conclusion

In our study, we did not show any difference in outcomes with
LR as a predominant fluid for sepsis resuscitation compared to NS.
Additional evidence is warranted to solidify the current guidelines
on the use of balanced crystalloids.
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Machine learning (ML) algorithms are powerful tools that are increasingly being
used for sepsis biomarker discovery in RNA-Seq data. RNA-Seq datasets contain
multiple sources and types of noise (operator, technical and non-systematic) that
may bias ML classification. Normalisation and independent gene filtering
approaches described in RNA-Seq workflows account for some of this
variability and are typically only targeted at differential expression analysis
rather than ML applications. Pre-processing normalisation steps significantly
reduce the number of variables in the data and thereby increase the power of
statistical testing, but can potentially discard valuable and insightful classification
features. A systematic assessment of applying transcript level filtering on the
robustness and stability of ML based RNA-seq classification remains to be fully
explored. In this report we examine the impact of filtering out low count
transcripts and those with influential outliers read counts on downstream ML
analysis for sepsis biomarker discovery using elastic net regularised logistic
regression, L1-reguarlised support vector machines and random forests. We
demonstrate that applying a systematic objective strategy for removal of
uninformative and potentially biasing biomarkers representing up to 60% of
transcripts in different sample size datasets, including two illustrative neonatal
sepsis cohorts, leads to substantial improvements in classification performance,
higher stability of the resulting gene signatures, and better agreement with
previously reported sepsis biomarkers. We also demonstrate that the
performance uplift from gene filtering depends on the ML classifier chosen,
with L1-regularlised support vector machines showing the greatest
performance improvements with our experimental data.
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neonatal sepsis, machine learning with RNA-seq, transcriptomic sepsis biomarkers,
independent gene filtering, gene signature stability
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1 Introduction

Supervised machine learning (ML) analysis of gene expression
data is a widely used AI approach to derive informative gene subsets
with potential utility as diagnostic and prognostic clinical
biomarkers (Liu et al., 2014; Lin et al., 2017; Zhang et al., 2021).
These ML based feature selection algorithms have the power to both
eliminate redundant genes, and identify relevant genes that both
discriminate between clinical conditions of interest, and that
generalise over the relevant patient populations (Mahendran
et al., 2020). These techniques are referred to as ML gene
selection or simply gene selection throughout this work. To date,
the majority of validated sepsis biomarkers have been derived from
microarray gene expression data (Smith et al., 2014; McHugh et al.,
2015; Sweeney et al., 2015). In recent years RNA-Seq has largely
replaced microarray as the preferred technology for generating gene
expression data, given the higher resolution and decreasing cost of
sequencing (Wang et al., 2009; Stark et al., 2019). The combination
of ML gene selection with richer RNA-Seq data presents the
opportunity to discover previously unidentified sepsis biomarkers.
ML classification algorithms are however highly sensitive to any
feature data characteristic, regardless of scale, that may differ
between experimental groups, and will exploit these data
characteristic differences in gene selection. Systematically adding
noise to feature data has been shown to significantly degrade
classification performance across a range of ML classification
algorithms (Zhu and Wu, 2004; Hasan and Chu, 2022). It is
therefore desirable to minimise this interference to ensure
patterns detected have biological relevancy. To date the impact of
applying independent filtering and pre-processing strategies to
eliminate noise on the performance of ML approaches to
biomarker discovery with RNA-Seq data has not been fully
investigated.

Here we consider two sources of noise inherent in RNA-Seq data
that may negatively impact ML gene selection. Firstly low read
counts. Genes with consistently low read count values across all
replicates may be technical or biological stochastic artefacts such as
the detection of a transcript from a gene that is not uniformly active
in a heterogeneous cell population or as the result of a
transcriptional error (Wagner et al., 2013). Below some count
threshold, genes with low read counts are subject to greater
dispersion (variability) with greater false negatives (zero inflation)
and false positives (outliers) that are not representative of true
biological differences related to the condition of interest. The
filtering out of low read count genes from RNA-Seq data in
differential expression analyses is reported to improve detection
of differentially expressed genes by reducing the impact of multiple
testing corrections (Bourgon et al., 2010). A wide variety of
approaches to filtering low count genes have been proposed, the
most common being maximum-based filters, where genes with a
maximum normalised count over all samples below a threshold t are
filtered out (Rau et al., 2013). At a lower threshold t, the number of
genes retained after filtering is expected to be more variable between
samples, given differences in low count noise between samples. As t
increases, the number of genes retained is expected to converge as
the read counts increasingly represent the true biological signal,
which is more consistent across samples (Koch et al., 2018). To avoid
setting arbitrary thresholds, multiple authors have proposed

approaches to setting the filter threshold based on the data. Rau
et al. (2013) determine the optimal threshold based on maximising
the similarity of expression between samples. Love et al. (2014)
implement gene filtering in the R package DESeq2 to maximise the
number of genes found to be significantly differentially expressed
based on a user-specified target false discovery rate (FDR). Deyneko
et al. (2022) derive a sample specific threshold by separately
modelling the random (low count noise) and true biological
signal, and subtracting the low count noise component from the
reads of each sample. Zehetmayer et al. (2022) propose an adaptive
approach, testing the impact of multiple filters and selecting the filter
that maximises the power of a hypothesis test in the given data set. In
all these approaches, the goal of independent gene filtering is to
reduce the impact of multiple testing correction in gene by gene
hypothesis testing. In a multivariate supervised learning setting, it is
well known that features may have significant effects in combination
despite having weak effects individually (Guyon and Elisseeff, 2003).
This raises the question of whether and how low count filtering
should be performed. Filtering out genes based on arbitrary
thresholds risks discarding valuable biomarkers that may have
discriminate power in combination with other genes and provide
useful insights into underlying biology.

A second source of noise are influential outlier read counts.
Relatively high read counts occurring in only a very small number
of samples relative to the size of each patient group are unlikely to be
representative of the general population and a result of biological
heterogeneity and technical effects. These gene valuesmay bias feature
selection algorithms as they discriminate between examples in a
training set, leading to model overfitting. Such influential outliers
may be the result of natural variation between individuals or theymay
have been introduced during sample preparation. cDNA libraries
require PCR amplification prior to sequencing to achieve sufficient
sequence depth. This clonal amplification by PCR is stochastic in
nature; different fragments may be amplified with different
probabilities. This leaves the possibility of outlier read counts
having resulted from bias introduced by amplification, rather than
biological differences between samples (Fu et al., 2018; Stark et al.,
2019). As with low count genes, in the context of differential
expression analyses, hypothesis testing based on the negative
binomial distribution, extreme outlier read counts can have a
disproportionate effect on the results, increasing false positives and
false negatives, and inflating the observed association between
particular genes and the condition of interest (Mangiola et al.,
2021). Multiple approaches to identify and remove outliers have
been proposed in this context (Love et al., 2014; Brechtmann et al.,
2018; Mangiola et al., 2021).

Despite significant work in the area of differential expression
analysis, to our knowledge, there is a lack of analysis of the impact of
gene filtering on downstream ML analysis, specifically in gene
selection for biomarker discovery. Although multiple software
pipelines have been developed to aid researchers in conducting
this type of analysis using high-throughput sequence data (Chiesa
et al., 2018; Goksuluk et al., 2019; Dag et al., 2022), gene filtering
features are limited to removing low count and low variance genes
and typically require users to provide their own arbitrary thresholds.
Previous authors provide little justification for the use of these filters,
nor do they provide recommended thresholds or guidance on how
these might be adjusted to the ML algorithm being employed.
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Evaluation of the impact of gene filtering in ML gene selection
requires a success measure equivalent to the number of significant
genes identified by a series of hypothesis tests in the differential
expression analysis setting. In the task of biomarker discovery, the
chosen set of genes effectively form an hypothesis on the underlying
biological mechanisms of disease. The ability of the selected genes to
discriminate between disease states is of primary importance if the
biomarkers are to be translated into a clinical setting. Perhaps
equally important to their predictive power is the stability of the
chosen gene set in the event of changes to the training dataset
(Jurman et al., 2008; Sechidis et al., 2019). An unstable gene selection
procedure can be thought of as one where small changes to the
training data result in large changes to the chosen gene set (Nogueira
et al., 2018). We propose therefore that the appropriate way to
evaluate the impact of gene filtering is to measure the relative
classification performance of a derived gene set and the stability
of the gene set to perturbation of the training data with and without
gene filtering employed. A stability measure quantifies the similarity
of a group of gene sets, often giving a value between zero and one,
where zero implies a random choice of genes in each set, and one
implies identical sets. A wide variety of stability measures have been
proposed, and a comprehensive review is provided by Bommert et al.
(2017) and Nogueira et al. (2018). Where existing biomarkers have
been validated, as in the case of sepsis, an additional measure is the
level of agreement of a new gene set with existing validated
biomarkers.

In this article, we examine the impact of gene filtering on the
performance and stability of three common ML algorithms for
sepsis biomarker discovery using bulk RNA-Seq data. The
motivation of this article is to assess the need to perform
independent gene filtering in preparation for a ML analysis, the
implications of not doing so, and the impact of gene filtering on the
downstream classification performance and stability to changes in
experimental data. We provide practical guidelines on the gene
filtering steps needed in ML analysis of RNA-Seq data absent in the
existing literature. The rest of this article is organised as follows: In
the Materials and Methods section we summarise the data
processing pipeline, the datasets used and the nature of the gene
filters andML classifiers applied. The Results and Discussion section
demonstrates the impact of gene filtering on feature selection and
the classification performance of the resulting gene sets, as well as
their stability, and agreement with previously validated sepsis
biomarkers. Finally, the Conclusion summarises the rationale for
gene filtering prior to ML gene selection and outlines areas for future
investigation.

2 Materials and methods

This section introduces the datasets used in this work and
provides a brief theoretical background to the gene filter methods
and supervised ML approaches employed.

2.1 Data processing pipeline overview

A schematic overview of the data processing and analysis
pipeline used in this work is depicted in Figure 1. A detailed

description of each stage of the pipeline is provided in the
following sections.

2.2 Test datasets

The impact of gene filtering on ML performance is
demonstrated using three experimental bulk RNA-Seq datasets.
To the best of our knowledge, there are a limited number of
RNA-Seq datasets profiling sepsis patients, and those that exist
contain a small number of samples. We therefore conduct our
analysis using two relatively small cohorts of neonatal infants
containing sepsis cases, supplemented by a publicly available
dataset of inflammatory bowel disease patients containing a far
larger number of samples, to assess generality as well as increase
confidence in the results.

2.2.1 Inflammatory bowel disease (“IBD”) dataset
The IBD data is taken from the recent study by Nowak et al.

(2022) who deposited 590 pediatric and adult patient samples in the
EMBL-EBI ArrayExpress database (E-MTAB-11349). The data used
in this work include the raw count data from 434 patients recruited
at six gastrointestinal clinics across Europe between 2012 and 2016,
with 167 patients diagnosed with ulcerative colitis and 267 controls.
49% of the patients are female and they range in age from 3 to 79.
Details of the sequencing whole-blood RNA for this cohort using the
Ion Torrent sequencing platform are given by Nowak et al. (2022).

2.2.2 Neonatal sepsis datasets
The first neonatal sepsis dataset (referred to as Sepsis 1 below)

derives from a 2020 study by Ng et al. (2020) of 18 very preterm
neonatal infants, deposited in the NCBI GEO omnibus gene
expression database (GSE138712). Infants are classified based on a
positive blood culture and elevated C-reactive protein concentrations
as having confirmed late onset sepsis (n = 5), clinical late onset sepsis
(n = 4) or no late onset sepsis (n = 9). Suspicion of sepsis in premature
infants has a low threshold and there is a good possibility that they will
not have sepsis. For the purposes of this work we have tested this
assumption using neonatal sepsis biomarkers described by Smith et al.
(2014), hereafter referred to as the “Sep3” gene signature. Accordingly,
all clinical late onset sepsis cases are considered to have no late onset
sepsis, with the exception of a single sample, classified as confirmed
sepsis based on clear discrimination fromPCA analysis using neonatal
sepsis biomarkers and illustrated in Supplementary Figure S1. The
retention of the clinical late onset sepsis group and allocation between
confirmed and no sepsis is further justified by the need maintain the
sample size and class balance to aid the performance of ML
classification algorithms in what is already a very small dataset.
Details of the sequencing whole-blood RNA procedure are
provided by Ng et al. (2020).

The second sepsis dataset (referred to as Sepsis 2 below) derives
from a cohort of 45 very preterm infants recruited from the neonatal
intensive care unit of King Edward Memorial Hospital, Perth,
Australia, a sub-study of The PROTECT Trial (Simmer et al.,
2016), a pragmatic randomised placebo-controlled clinical trial
evaluating the effectiveness of intravenous pentoxifylline for
improving long-term outcomes in preterm infants with late onset
sepsis or necrotising enterocolitis. The PROTECT study was approved
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by the institutional Human Research Ethics Committee at King
Edward Memorial Hospital, Perth, Australia (RGS0000002684).
Written, informed consent was obtained by the Principal
Investigator or delegate from the parent(s) prior to study
participation. Infants with suspected late onset sepsis (> 72 hours
after birth) were enrolled in the sub-study between 2016 and 2019.12 of
the 45 infants were classified as having confirmed late onset sepsis in
the event of a positive blood culture and the causative pathogen
identified, two or more serial CRP measurements of > 20 mg/L
within 72 h of blood culture and having been treated with
antibiotics for five or more consecutive days. The remaining
33 infants are classified as no late onset sepsis, with negative blood
culture, all CRP measurements below 20 mg/L and not more than
3 days of treatment with antibiotics. A peripheral whole blood sample
was taken near the time of blood culture sampling for suspected late
onset sepsis and prior to administration of study treatment. RNA was
stabilised in PAX and stored at −80C until extraction. Total RNA
quality and quantity was assessed using Agilent 4,200 TapeStation and
a High Sensitivity RNA kit (Agilent Technologies). 75–100 ng of Total
RNA with a RIN value > 7 was depleted of ribosomal RNA using the
NEBNext® Globin and rRNA Depletion Kit (Human/Mouse/Rat)
(New England BioLabs, NEB) and the sequencing libraries were
prepared using the NEB® Ultra™ II Directional RNA Library Prep
Kit for Illumina® (NEB). The steps included RNA fragmentation and
priming, first strand cDNA synthesis, 2nd strand cDNA synthesis,
adenylation of 3′ ends, adapter ligation, PCR amplification (16-cycles)
and validation. The manufacturer’s instructions were followed. The
libraries were validated using the Agilent 4,200 TapeStation and a
DNA1000 tape (Agilent Technologies) to ascertain the insert size, and
the CLARIOstar® (BMG Labtech) was used to perform the
fluorometric quantitation. Following validation, the libraries were
normalized to 3nM, pooled together and sequenced using a 100-
base paired-end (2 × 100bp PE) dual index read format on the
Illumina® NovaSeq™6000 according to the manufacturer’s
instructions. Paired-end reads from Illumina sequencing were
trimmed with Trim Galore (Babraham Bioinformatics Group,
2019a) and assessed for quality using FastQC (Babraham
Bioinformatics Group, 2019b), using default parameters. Reads were
mapped to the human GRCh38 reference genome using STAR (Dobin
et al., 2013) and counts were assigned to transcripts using
featureCounts (Liao et al., 2014) with the GRCh38.96 Ensembl gene
build GTF. Both the reference genome and GTF were downloaded
from the Ensembl FTP site (Ensembl, 2021).

2.3 Between sample normalisation

Raw read counts for each dataset are scaled using the median-of-
ratios method described by Anders and Huber (2010) (often referred to
as “normalisation” in bioinformatics literature) to account for
systematic differences between samples resulting from technical
factors, namely sequence depth (total number of aligned reads) and
sample composition (relative proportion of transcripts for a given
number of reads). These normalised read counts allow comparison
of the relative expression level for each gene between samples. Filtering
to identify genes with relatively low and extreme outlier read count
genes is conducted using these normalised counts as described below.

2.4 Gene filtering

To demonstrate the impact of filtering low count and influential
outlier genes on feature selection in a supervised ML setting, we
apply two widely used filtering methods to each datasets. For the
remainder of this work, the term gene is used as a shorthand to refer
to an RNA transcript with a unique EBI Ensembl or NCBI RefSeq
accession number; the level at which filtering is implemented.

2.4.1 Low count genes
To filter out low expression genes, we apply the data-based

maximum filter approach proposed by Rau et al. (2013) and
demonstrated to be superior to other maximum based filters for
filtering out low count noise in a differential expression analysis
setting. This approach derives a filter threshold t that maximises the
similarity between samples using the Jaccard index (Jaccard, 1901).
The vector of read counts for all genes in a given sample j with
experimental condition c ( j ) is given by sj. sj is binarised for a given
threshold t (sj > t is 1, otherwise 0). The Jaccard similarity index
between the binary vectors for each pair of samples j and j′ from the
same experimental condition (c ( j ) = c ( j ′)) is given by Eq. 1.

JS sj, sj′( ) � sj ⋂ sj′
sj ⋃ sj′

(1)

The optimum threshold t* is defined as the threshold that
maximises the similarity between samples, corresponding to the
maximum average Jaccard index over all pairs in each experimental
condition, as in Eq. 2.

FIGURE 1
Data processing and analysis pipeline.
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t* � argmax
t

mean JS sj, sj′( ): j< j′ and c j( ) � c j′( ){ } (2)

2.4.2 Influential outlier genes
To identify sample gene pairs with influential outlier read

counts, we implement the approach used in DESeq2 (Love et al.,
2014) that uses Cook’s distance (Cook, 1977a). Briefly, Cook’s
distance is a measure of influential points in a generalised linear
regression model (GLM). In the context of the negative binomial
distribution most frequently used to model RNA-Seq count data,
Cook’s distance is given by Eq. 3, where Rij is the Pearson residual of
sample j, a measure of the extent to which an observed value differs
from the predicted value in the model; hii is the leverage of each
count, which can be thought of as the weighted distance the values of
the independent variables vary from the mean, τ is an over
dispersion parameter that is set to 1 in the GLM, and p is the
number of parameters. The Cook’s distanceDij is the scaled distance
that the coefficient vector βi of the GLM for gene i would change if
the sample j were removed and the model refit. Counts with larger
values of Dij therefore have a greater influence on the model
parameters.

Dij �
R2
ij

τp

hjj

1 − hjj( )2 (3)

Influential outliers are defined by transforming the values of Dij

to points on the F (p, m − p) distribution where the p is the number
of model parameters andm is the number of samples, and defining a
threshold by an arbitrary quantile q (Cook, 1977b). In this work q is
set to 0.95, and a gene is filtered out if an influential outlier read
count is present in one or more samples.

Following filtering, the filtered genes are removed from the raw
count data and the raw counts are re-normalised by the median-of-
ratios method.

2.5 Feature engineering

The skewed and heteroskedastic nature of RNA-Seq count data
means that certain machine learning algorithms, in particular those
such as support vector machines employing distance based measures,
may be disproportionately influenced by the genes with the highest
mean counts, due to the larger variance (absolute distances) between
samples. To overcome this potential issue, the median-ratio scaled
data is further pre-processed with the variance stabilising
transformation described by Love et al. (2014) to reduce both the
skewness and the mean-variance relationship and scaled to values
between 0 and 1 to ensure all genes are on a comparable scale.

2.6 Gene selection with supervised machine
learning

Gene selection is performed using supervised ML classification
algorithms with embedded feature selection and computationally
efficient implementations in R, henceforth referred to as classifiers
or models interchangeably. The overall scheme for model training is
illustrated in Figure 2.

2.6.1 Choice of machine learning classifiers
The classifiers selected are elastic net regularised logistic

regression (eNet) (Zou and Hastie, 2005; Friedman et al., 2010),
L1 regularised Support Vector Machines using the LIBLINEAR
library (L1-SVM) (Fan et al., 2008) and Random Forest (RF)
(Breiman, 2001). These methods are chosen for several reasons.
Firstly because they are widely known and frequently used in gene
selection applications (Mahendran et al., 2020). Secondly because each
of these ML methods applies fundamentally different principles to fit
the data, including linear (eNet, L1-SVM) and non-linear (RF)
models, allowing us to investigate whether gene filtering
approaches are applicable over a diverse set of ML approaches.
Thirdly and perhaps most importantly because feature selection is
embedded within these three methods. eNet and L1-SVM implicitly
perform feature selection as a result of the L1 penalty shrinking the
coefficients of the least important features to zero during the
optimisation. In the case of Random Forest, the relative
importance of features can be calculated following model training,
and features ranked by importance. Other machine learning
approaches without this property of embedded feature selection
would require either a gene selection filter method to be applied
prior to training the classifier, or a wrapper method such as recursive
feature elimination (Guyon et al., 2002) to be applied during model
training. Both these alternatives are deemed to complicate the analysis
unnecessarily, and in the case of recursively searching for an optimum
feature set, to increase the computational complexity so as tomake the
analysis impractical given the high dimensionality of the datasets.

2.6.2 Model training and gene selection
The procedure used to train each classifier and extract a gene set is

illustrated in the central panel of Figure 2. The eNet and L1-SVM
models are trained with a range of values of their respective
regularisation hyperparameters in a k-fold cross validation scheme
(k = 10 for the IBD dataset and ‘leave-one-out’ for the sepsis datasets) to
provide a validation set for classification performance evaluation.
Hyperparameter values are selected to yield a gene set of similar size
for eachmodel, targeting 30 genes for the IBD and Sepsis 2 datasets and
10 genes for the Sepsis 1 dataset, given the smaller number of samples in
this case. Fixing the model hyperparameters to yield gene sets of a
similar size is important to ensure gene set stability measures are
broadly comparable between the models. A final model is trained
on the full dataset, without cross validation, using the selected
hyperparameter values, and the set of selected genes identified. The
model predictions on the cross validation set at the chosen
hyperparameter values are used to evaluate the classification
performance1.

The RF classifier is implemented with fixed hyperparameters
(1,000 trees and

��
p

√
randomly selected genes per tree, where p is the

total number of genes in the training set). Feature importance based
on maximum decrease in Gini coefficient is used to manually select

1 Given the same cross validation scheme is used to both select the
hyperparameter values that provide the desired number of genes and
to evaluate classification performance, it is acknowledged the
performance estimate is biased as a result, however given the low
sample sizes of the Neonatal Sepsis datasets, a hold out test set is
deemed impractical
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the most discriminative genes with respect to the target condition
(Bommert et al., 2020). The top 30 genes by feature importance are
selected for the IBD and Sepsis 2 datasets, and the top 10 are selected
for the Sepsis 1 dataset. A final model is retrained on the full dataset
using only the selected features, and the predictions on the out-of-
bag samples used to evaluate classification performance.

2.7 Performance evaluation

2.7.1 Classification performance measurement
Classification performance is evaluated using the F1 score

(Chinchor, 1992), a widely used metric for evaluating ML
classification performance, in particular where the two
experimental groups under consideration are of different sizes, as
is the case here. F1 score is the harmonic mean of the Sensitivity (also
known as Recall) and Positive Predictive Value (PPV, also known as
Precision), as defined in Eq. 4, and gives a value in the range 0–1.

F1 � 2 · Sensitivity · PPV
Sensitivity + PPV

(4)

A baseline F1 score can be derived by assuming that a ‘dumb’
classifier predicts all patients to be the positive class (e.g., sepsis), in
which case the F1 score simplifies to 2p/(p + 1), where p is the
probability of a positive example in a given dataset.

2.7.2 Feature stability measurement
To estimate gene set stability with and without gene filtering,

training and gene selection was repeated on M 90% random
stratified sub-samples of the unfiltered and filtered data (with
M = 100), producing gene sets k1, k1, . . . ,kM in each case.

In the context of transcriptomic biomarker discovery, given the
high level of correlation between features, two feature sets may contain
different genes that are however correlated as a result of related
biological function. Feature selection algorithms may only select one
of a number of correlated features, and therefore if these correlations are
not taken into account, stability may be underestimated (Sechidis et al.,
2019). The recently reported stability measure by Sechidis et al. (2019)
was considered for this work, however was found to be computationally
expensive to compute using our very high dimensional datasets. Thus,

gene set stability over the M gene sets is calculated using the measure
proposed by Zucknick et al. (2008) that meets the majority of desirable
properties of a stability measure (Nogueira et al., 2018; Bommert, 2020),
takes into account the correlation between genes in the dataset and is
bounded between 0 and 1, aiding comparisons between datasets. The
Zucknick stability over M gene sets is the mean pairwise correlation-
extended Jaccard index between set Vi and Vj, defined in Equation 5.
The intersection term is supplemented by a correlation factor C(Vi, Vj)
defined as the mean absolute correlation R(x,y) of all genes selected in Vi

with all genes selected in Vj but not in Vi. R(x,y) is thresholded on
parameter τ = 0.5, to avoid computing the effect of a large number of
weak correlations.

Φ̂ Z( ) � 2
M M − 1( ) ∑M−1

i�1
∑M
j�i+1

|Vi ∩ Vj| + C Vi, Vj( ) + C Vj, Vi( )
|Vi ∪ Vj|

C Vk, Vl( ) � 1
|Vl| ∑

x,y( )∈Vkx Vl\Vk( )
1(R x,y( ) > τ)

∣∣∣∣R x,y( )
∣∣∣∣

1(R x,y( ) > τ) � 1, if R x,y( ) > τ
0, otherwise

{
(5)

3 Results and discussion

The experimental results describe how gene filtering impacts the
classification performance and stability of the gene sets selected by
the three supervised ML approaches (eNet, L1-SVM and RF), and
evaluates the biological relevance of the resulting sepsis biomarkers
in the context of previously validated gene signatures.

3.1 Filtered genes

The derived low counts maximum filter thresholds for the IBD,
Sepsis 1 and Sepsis 2 datasets were calculated as t* = 13, t* = 11, and
t* = 60 respectively. The corresponding number of genes filtered out
by the low counts, influential outlier and combined low counts and
influential outlier filters are given in Table 1. The notable differences
in the original number of genes reflects the different sequencing
depths and technologies used for these cohorts.

FIGURE 2
Gene selection performance and stability evaluation.
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The three datasets illustrate the potential variability in the
proportion of genes that may be removed by filtering. The Sepsis
1 and Sepsis 2 datasets have a higher proportion of genes with low
counts with 53% and 63% of the genes removed by the low counts filter
respectively, compared with only 19% for the IBD dataset. The IBD
dataset has a proportionally higher number of genes with influential
outlier values, with 7% of genes removed by the outlier filter.

3.2 Gene Selection Frequency of low count
and outlier genes

Figures 3, 4, 5 show the frequency of selection of all genes over
M = 100 sub-samples of the three unfiltered datasets for each of the
three ML gene selection approaches. In each plot, a bar on the
horizontal axis represents a gene ID that is selected at least once over
all sub-samples. The vertical axis gives the frequency that each gene
is selected over 100 sub-samples. Genes selected by classifiers in the
unfiltered dataset that would have passed both filters are labelled in

red (Retained), selected genes that would have been filtered out by
applying a low counts filter are labelled in green (Low Count), while
those that would have been filtered out by the outlier filter are
labelled in blue (Outlier).

It is striking that low count genes are selected in all datasets and
by all classifiers, with the exception of RF with the IBD dataset. In
both of the sepsis datasets, the majority of L1-SVM gene selections
are low count genes, and low count genes represent the most
frequently selected gene in the by eNet in the Sepsis 1 dataset
and by L1-SVM in the Sepsis 2 dataset. RF appears to be the most
robust to low count genes across all datasets. Influential outlier genes
are also selected by the eNet and RF classifiers in both of the sepsis
datasets, albeit at a lower frequency compared with low count genes
likely due to the small number of genes identified as containing
outlier read counts. These results clearly illustrate how, without
prior filtering out of low count and influential outlier genes, ML gene
selection is at risk of actively selecting non-informative and biasing
genes that happen to be statistically useful in classifying the training
examples, and as illustrated here, these non-informative genes can
dominate the resultant patterns. This highlights the need for a
considered and objective approach to filtering prior to
conducting ML analysis.

3.3 Performance impact of gene filters

Table 2 outlines the F1 scores achieved on classifying the
validation set (eNet and L1-SVM) or out-of-bag samples (RF)
without filtering, with each filter applied independently and with
the combined filters. The F1 scores for the L1-SVM and RF models
are a mean value over ten repeated measures, and the mean and
standard deviation are given, along with p-values of a t-test of mean
F1 score for filtered vs. unfiltered cases, with the null hypothesis of
equal means. The baseline F1 scores achieved by a dumb model
predicting all examples as positive are 0.56 for IBD, 0.50 for Sepsis 1,
0.42 for Sepsis 2.

All three classifiers achieve significantly higher than baseline
performance on the IBD dataset, and classification performance is
significantly improved by both the low counts and outlier filters. The
performance scores for the Sepsis 1 dataset should be treated with
some caution, given the small number of examples, with only

TABLE 1 Filtered genes.

Original Retained Filtered % filtered

IBD

Low Count 22,656 18,278 4,378 19

Outlier 22,656 21,052 1,604 7

Low Count + Outlier 22,656 16,674 5,982 26

Sepsis 1

Low Count 28,325 13,361 14,964 53

Outlier 28,325 28,111 214 1

Low Count + Outlier 28,325 13,173 15,152 54

Sepsis 2

Low Count 55,574 20,606 34,968 63

Outlier 55,574 54,942 632 1

Low Count + Outlier 55,574 20,176 35,398 64

FIGURE 3
Gene selection frequency: IBD
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6 infants in the sepsis group. However, despite the eNet and L1-SVM
models failing to perform better than the baseline in the unfiltered
data, filtering again appears to improve performance. RF
performance appears unchanged by gene filtering. Nevertheless, it
can be said that removing over 50% of the genes in the Sepsis
1 dataset has not detrimentally impacted RF performance (all
p-values are much greater than 0.05). Similarly, in the Sepsis
2 dataset, all models achieve above baseline performance, and the
performance of eNet and L1-SVM is significantly improved by low
count filtering and not negatively impacted by outlier filtering.
Again RF performance is not significantly impacted by filtering.
These results are consistent with previous studies on the impact of
noise in feature data on machine learning classification
performance. Zhu and Wu (2004) and Hasan and Chu (2022)
both demonstrate that ML classification performance is
materially improved by systematic removal of noise in feature
data. By removing non-informative and biasing genes, the risk
that such genes are used to construct a model is reduced,
resulting in models that are better able to generalise to unseen
patient data. In short, gene filtering reduces the risk of overfitting.

The consistent performance improvements across all three
datasets using the eNet and L1-SVM models also indicate that
gene filtering strategies are relevant to datasets with very different

sample sizes (n = 434 for IBD compared with n = 18 for Sepsis 1),
including datasets with very small sample sizes.

Comparing the performance of the three classifiers, in the
Sepsis 1 and Sepsis 2 datasets, where 50%–60% of genes are
removed by the low counts filter, RF achieves significantly better
classification performance than eNet and L1-SVM, in particular
where no filtering is applied. This result is consistent with the
findings of (Hasan and Chu, 2022) that RF achieves relatively
higher classification performance than a range of other classifiers
in the presence of high levels of feature noise over a range of
datasets.

One point of caution in interpreting these results: although the
dimensionality of the datasets have been significantly reduced by
gene filtering, and classification performance is improved on the
validation set in the majority of cases, the F1 scores should be
interpreted in relative terms only. The risk remains that these
classifiers are somewhat over fit to these relatively small datasets,
and further work is required using a larger number of samples to
characterise the true classification performance on new data.

A similar picture is seen in relation to gene set stability as
outlined in Table 3.

For the L1-SVM and RF classifiers, feature set stability is shown
increase in all three datasets when genes are filtered prior to model

FIGURE 4
Gene selection frequency: Sepsis 1.

FIGURE 5
Gene selection frequency: Sepsis 2.
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TABLE 2 Gene filter impact on classification performance.

eNET L1-SVM RF

Filter F1 Mean F1 Sd p-value Mean F1 Sd p-value

IBD

None 0.885 0.703 0.005 — 0.703 0.007 —

Low Count 0.891 0.728 0.005 < 0.001 0.724 0.011 < 0.001

Outlier 0.895 0.725 0.002 < 0.001 0.718 0.008 < 0.001

Low Count + Outlier 0.898 0.735 0.002 < 0.001 0.718 0.010 0.0014

Sepsis 1

None 0.500 0.286 0.000 — 0.982 0.038 —

Low Count 0.667 0.800 0.000 — 1.000 0.000 0.168

Outlier 0.500 0.286 0.000 — 0.992 0.029 0.556

Low Count + Outlier 0.667 0.800 0.000 — 0.973 0.044 0.628

Sepsis 2

None 0.762 0.671 0.071 — 0.944 0.021 —

Low Count 0.818 0.731 0.011 0.026 0.949 0.017 0.580

Outlier 0.762 0.709 0.036 0.154 0.949 0.017 0.580

Low Count + Outlier 0.870 0.734 0.015 0.021 0.957 0.000 0.082

The bold values are the highest scoring filter for each dataset.

TABLE 3 Gene filter impact on feature stability.

eNET L1-SVM RF

Filter Avg. No. Selected Stability Avg. No. Selected Stability Avg. No. Selected Stability

IBD

None 27.8 0.470 35.6 0.491 30 0.835

Low Count 27.9 0.474 24.7 0.545 30 0.841

Outlier 27.9 0.449 28.4 0.559 30 0.833

Low Count + Outlier 27.7 0.458 25.0 0.548 30 0.839

Sepsis 1

None 11.6 0.581 6.400 0.479 10 0.410

Low Count 9.7 0.548 5.646 0.549 10 0.462

Outlier 9.7 0.583 6.121 0.510 10 0.430

Low Count + Outlier 9.7 0.547 5.485 0.544 10 0.485

Sepsis 2

None 27.6 0.369 26.8 0.278 30 0.552

Low Count 25.3 0.426 22.7 0.392 30 0.588

Outlier 27.2 0.377 27.8 0.268 30 0.562

Low Count + Outlier 25.0 0.424 21.9 0.382 30 0.603

The bold values are the highest scoring filter for each dataset.
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training. This is particularly clear for the low counts filter. The
stability of the genes selected by eNet show conflicting results, with
stability decreasing with the application of the outlier filter in the
IBD dataset, and with the application of the low count filter in the
Sepsis 1 dataset. The overall trend however is that filtering out
uninformative genes results in gene sets that are less sensitive to
changes in the data, and therefore likely to be more generalisable to
new patient populations.

Beyond the improvements to classification performance and
feature stability, filtering to remove uninformative and
potentially biasing genes has reduced the dimensionality of
the dataset. This has the further benefits of reducing data
storage requirements and leading to a simpler optimisation
of the model parameters, reducing the computational time
required for analysis.

3.4 Correspondence with known sepsis
biomarkers

A final evaluation of the impact of gene filtering is to determine
the consistency of the genes identified by ML gene selection with
known biomarkers for sepsis. Here, we compare the top 20 most
frequently selected genes over the 100 random sub-samples of the
Sepsis 2 dataset to each of three validated transcriptomic biomarker
signatures. The signatures used are the Sep3 signature identified by
Smith et al. (2014), the 12 gene signature used to compute the
“Sepsis Meta Score” (SMS) reported by Sweeney et al. (2015) and the
19 gene “Extended Signature” used to derive the quantitative sepsis
response signature (SRSq) reported by Cano-Gamez et al. (2022). A
preliminary check is performed to determine whether any of the
genes in these signatures are filtered out by applying the low count
and outlier filters to the datasets. All genes are retained in the filtered
dataset, with the exception of MMP9, removed on the basis of an
outlier read count.

Given the small sample sizes and imbalanced nature of the
neonatal sepsis datasets, any significance or inference from these
investigations with regard new biomarkers cannot be made.
However, the correlation between the biomarkers identified
before and after gene filtering with validated sepsis biomarkers
provides a proxy for biological relevance of the selected genes,
and how this is impacted by gene filtering. The Pearson
correlation coefficient between all pairs of genes in the
normalised and unfiltered data set is calculated. The mean
correlation between the top 20 genes identified by each classifier
using unfiltered and filtered data, and the genes in the three
signatures is calculated for each classifier gene signature pair. The

results are shown in Table 4, and heat maps illustrating the
individual correlations are provided Supplementary Figures S2—S4.

Both the eNet and L1-SVM classifiers select genes that are more
highly correlated with the three known sepsis biomarker signatures
after gene filtering; the difference is marginal for eNet but notably
different for L1-SVM. These results are consistent with the above
observation that the eNet and L1-SVM classifiers selected a
significant proportion of uninformative low count genes when
applied to the unfiltered dataset. Gene filtering improved
classification performance, the stability of the selected genes, and
the correlation of the selected genes with known biomarkers. In the
case of RF, the average correlations of the identified genes with
known biomarkers are lower after gene filtering, consistent with the
observations above RF is more robust to low count genes in
particular, and material improvements in performance are not
observed when gene filtering is applied.

4 Conclusion

Biological data is noisy. RNA-Seq count data contains multiple
sources of technical and biological noise that can bias ML
classification algorithms used in biomarker discovery, resulting in
misleading conclusions. In this short study, we have empirically
demonstrated the value of independent filtering of genes in RNA-
Seq data sets prior to ML gene selection. We have shown that three
popular ML algorithms used for gene selection, eNet, L1-SVM, and
RF all selected low count and influential outlier genes without filtering
first being applied in a range of experimental datasets. We have also
demonstrated that gene filtering can improve the classification
performance and stability of the resulting gene signature, despite
eliminating over 50% of the initial variables. In the case of L1-SVM,
we have demonstrated that classification performance is especially
improved by employing a low counts filter. Filtering out unnecessary
genes brings the additional benefit of working with smaller data sets,
reducing computational time and data storage requirements. We also
find in the data sets analysed in this study that RF is more robust with
small sample sizes to the presence of low counts genes, although this
requires further validation to assess generality. In the light of these
findings, we offer a number of guidelines on gene filtering to
researchers using ML for sepsis biomarker discovery using RNA-
Seq data.

1. The performance of gene selection models is very likely to be
improved by removing technical and biological stochastic noise
from RNA-Seq data, such as very low and outlier read counts. A
systematic objective approach should be adopted to filter

TABLE 4 Mean correlation between genes identified and known sepsis biomarker signatures.

Gene signature Sep3 Sepsis meta score SRSq-extended

Filter eNet L1-SVM RF eNet L1-SVM RF eNet L1-SVM RF

None 0.319 0.279 0.432 0.404 0.351 0.52 0.270 0.232 0.336

Low Count + Outlier 0.340 0.322 0.415 0.408 0.397 0.51 0.276 0.294 0.326

Difference 0.021 0.043 (0.017) 0.004 0.046 (0.010) 0.006 0.062 (0.010)
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transcripts to remove such effects, identifying as best as possible
the boundary between noise and true biological signal in
preference to applying arbitrary thresholds.

2. Include feature set stability in the evaluation metrics for any
biomarker discovery analysis. Use stability improvements as well
as classification performance to refine gene filtering thresholds
and approaches.

3. Compare genes that are filtered out with validated biomarkers for
the condition of interest and use this to sense check filter
thresholds.

4. In noisy datasets, and where gene filtering appears to remove
potentially relevant biomarkers, employ classifiers such as
Random Forest, more likely to be robust to the noise in the data

A number of areas are identified for further work. Firstly, this
work only considers a single approach for low count gene filtering
and influential outlier detection. Multiple other methodologies
exist in the literature, and further work is needed to evaluate their
impact on ML classification performance, and how best to set a
filter threshold in the context of ML gene selection analysis.
Secondly, the impact of additional filters, whether to reduce
other sources of technical noise and bias beyond low and
outlier counts, and gene filters based on biological criteria
should be investigated for their impact on ML performance.
Thirdly, the work should be extended to a broader range of
ML classifiers and datasets to be able to draw firmer
conclusions on the level of gene filtering required for a specific
class of classifier. Finally, in the case of sepsis biomarker
discovery, a broader patient population is required for analysis
to be able to confidently declare novel discriminate biomarkers
for sepsis using the approaches described here.
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Introduction: Acute lung injury (ALI)/acute respiratory distress syndrome (ARDS)

is a commonly occurring sequelae of traumatic injury resulting from indirect

insults like hypovolemic shock and/or extrapulmonary sepsis. The high lethality

rate associated with these pathologies outlines the importance of clarifying the

“priming” effects seen in the post-shock lung microenvironment, which are

understood to bring about a dysregulated or overt immune response when

triggered by a secondary systemic infectious/septic challenge culminating in

ALI. In this pilot project, we test the hypothesis that application of a single

cell multiomics approach can elucidate novel phenotype specific pathways

potentially contributing to shock-induced ALI/ARDS.

Methods: Hypovolemic shock was induced in C57BL/6 (wild-type), PD-1, PD-L1,

or VISTA gene deficient male mice, 8–12 weeks old. Wild-type sham surgeries

function as negative controls. A total of 24-h post-shock rodents were sacrificed,

their lungs harvested and sectioned, with pools prepared from 2 mice per

background, and flash frozen on liquid nitrogen. N = 2 biological replicates

(representing 4 mice total) were achieved for all treatment groups across

genetic backgrounds. Samples were received by the Boas Center for Genomics

and Human Genetics, where single cell multiomics libraries were prepared for

RNA/ATAC sequencing. The analysis pipeline Cell Ranger ARC was implemented

to attain feature linkage assessments across genes of interest.

Results: Sham (pre-shock) results suggest high chromatin accessibility around

calcitonin receptor like receptor (CALCRL) across cellular phenotypes with 17

and 18 feature links, exhibiting positive correlation with gene expression between

biological replicates. Similarity between both sample chromatin profiles/linkage

arcs is evident. Post-shock wild-type accessibility is starkly reduced across

replicates where the number of feature links drops to 1 and 3, again
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presenting similar replicate profiles. Samples from shocked gene deficient

backgrounds displayed high accessibility and similar profiles to the pre-shock

lung microenvironment.

Conclusion: High pre-shock availability of DNA segments and their positive

correlation with CALCRL gene expression suggests an apparent regulatory

capacity on transcription. Post-shock gene deficient chromatin profiles presented

similar results to that of pre-shock wild-type samples, suggesting an influence

on CALCRL accessibility. Key changes illustrated in the pre-ALI context of shock

may allow for additional resolution of “priming” and “cellular pre-activation/pre-

disposition” processes within the lung microenvironment.

KEYWORDS

shock, sepsis, trauma, single cell, multiomics, ALI, ARDS

1. Introduction

1.1. Severe shock as a driver of ALI/ARDS

The altered cellular microenvironment resultant from severe
blood loss has proven to be an important pre-dispositional
contributor to downstream injury or organ failure (1–3). This is
often characteristic of individuals who have undergone traumatic
injury and reduced systemic blood volume resulting in sustained
reduced mean arterial blood pressure (hypovolemic/hemorrhagic
shock). Shock initially primes a variety of organ compartments,
especially the lung, and results in a hyper-sensitive state for
all cells within these tissues, a.k.a., priming, predisposition, re-
programming, innate immune memory, etc. (1, 4–6). Oftentimes,
surgical intervention corrects the injuries associated with the
traumatic event. However, damage to the bowel-a reservoir
of pathogens capable of causing severe infections-may be
disseminated during surgery. A septic event may occur, which
is characterized as the host dysregulated immune response to
systemic infection (7). This infectious challenge then triggers
the priming seen after shock and may result in varying severe
pathologies which may contribute to acute lung injury (ALI).

One form of ALI, acute respiratory distress syndrome (ARDS),
is commonly seen in patients who have undergone shock
and/or sepsis (1, 2). The high mortality associated with ARDS
(approximately 40% lethality) further highlights the importance
of additional characterization and phenotypic identification of
the pre-disease state elicited by shock in the lung (8). While
targeted therapeutics have yet to offer considerable benefits in
treating ARDS patients, the post-shock lung microenvironment has
provided an important landscape worthy of survey and putative
therapeutic targeting.

1.2. ALI pre-disease states

Acute lung injury is resultant from a variety of pre-injury
or pre-disease states all of which culminate in tissue damage
and eventual organ failure (1, 2, 8). These contributing factors

are often characterized as either direct or indirect sources of
ALI (8). Pulmonary contusion, or injury to the lung itself is
an example of direct ALI. Other sources include, aspiration on
gastric/bowel contents and pneumonia. Indirect sources of ALI
include extrapulmonary septic events, shock, and massive blood
transfusion. Additional characterization of these causative factors
to ALI provides further clarity on molecular mechanisms important
to disease predisposition, and may further improve currently
exasperated and somewhat ineffective treatment modalities (9, 10).

1.3. Novel methods in transcriptional and
chromatin profiling

Single cell or single nuclei methods for analyzing the
transcriptional milieu and chromatin landscape have provided
useful tools for clarifying and validating phenotype specific
alterations in gene expression (11–13). Transcriptional assessments
through single cell methods alone offer useful and informative
conclusions not available through the implementation of bulk
sequencing methods (11, 14). However, there remains some
ambiguity in these analyses. The confidence in accurate evaluation
of relevant biological phenomena has necessitated use of other
assays such as flow cytometry analysis or qPCR as validation
steps. Another helpful approach has been use of the assay for
transposase accessible chromatin (ATAC) sequencing (15). This
allows for the identification of changes in chromatin availability
to transcription factors and key regulatory proteins, which
importantly bind promoter regions or enhancer/silencer elements
of transcribed genes (16, 17). Open or accessible regions of
chromatin are understood to be positions of these important
regulatory interactions. Such regions influence transcription of
genes upstream or downstream of their location. Therefore,
implementation of ATAC sequencing allows for the identification
of regulatory elements influencing expression of genes enriched
and detected through RNA sequencing.

Generating both RNA and ATAC sequencing readouts from a
single cell offers an extremely useful means of corroborating data.
This was recently adopted as a multiomics technique providing
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FIGURE 1

Illustrates workflow involved in data acquisition. Surgical techniques, sample harvesting, sequencing library preparation, and data analysis make up
this process (N = 2/group).

information on correlation strength between accessible chromatin
as well as transcript abundance at single cell resolution (18). Despite
these advancements in technology, there remains the burden of
further confirmation of multiomics datasets. However, through
the novel incorporation of both transcriptomics and identification
of chromatin landscape alterations, an initial level of confidence
may be assigned to such analyses due to their tightly linked
regulatory nature.

The most important aspect of the Cell Ranger ARC analysis
pipeline used for this multiomics approach is the delineation of
correlation strength between transcript abundance and accessible
chromatin. These are referred to as linked features (19). Default
pipeline settings allowed for the identification of links within
1 Mb. The stronger this relationship, the more likely an accessible
locus possesses some regulatory capacity. Positive correlation
beyond a pre-determined significance threshold aids in identifying
enhancer elements, which drive transcription of linked genes.
Anticorrelation is also detectable and occurs in the event of
low transcript abundance and highly accessible chromatin, which
indicates silencer elements that suppress transcription of linked
genes. Silencers and enhancers are important regulatory genomic
elements that will be discussed later. Both can be identified through
this single cell multiomics approach.

1.4. Checkpoint proteins as
immunomodulators of ALI

Signaling interactions between immunomodulatory receptors
and ligands expressed across cellular phenotypes have recently
been leveraged for immunotherapeutic benefits (20, 21). These
regulators referred to as checkpoint proteins, have offered
considerable benefits pertaining to tumor resolution and
attenuating dysregulated immune responses leading to severe
pathologies. Several of these proteins of particular importance
serve as suppressors of the immune response. Following the
initial signals required for lymphocyte activation which include
antigen presentation via MHC I/II to the T-cell receptor, and
co-stimulation by B-7 family/CD28 interactions, checkpoint
proteins serves to either exacerbate or suppress subsequent
immune activation.

Interactions between programmed cell death receptor 1 (PD-
1) and its ligands (PD-L1/L2) importantly serve to suppress
the immune response by blocking the activity of several key
adaptor molecules, which normally act to stimulate T-cell activation
(22–25). PD-1 is mainly expressed on lymphocytes and antigen
presenting cells, but also across the endothelium/epithelium.
These checkpoint proteins have been targeted clinically for
oncogenic clearance (26), and an understanding of these benefits
may be useful for other maladies of immune dysregulation
pertaining to ALI/ARDS.

Another checkpoint protein providing putative utility in
curtailing an aberrant immune response is the B-7 Ig superfamily
member V-domain immunoglobulin suppressor of T-cell activation
(VISTA) (27), which is primarily expressed on hematopoietic
lineages (20, 28, 29). Myeloid populations possess higher VISTA
expression than lymphoid groups, but among lymphocytes it is
most highly expressed on regulatory T-cells. Interestingly, VISTA
behaves as either a receptor or ligand and the outcome of its
signaling is strongly tied to the cell and tissue specific context
of these interactions. Ultimately, VISTA signaling suppresses the
immune response and may drive other outcomes related to the
development of ALI. Important therapeutic potential may be
available through targeted stimulation or antagonism of VISTA
signaling in the pre-development of lung inflammation, endothelial
barrier dysfunction and/or fibrosis.

1.5. Disparate sepsis survival outcomes in
the context of specific gene deficiencies

Sepsis is the most commonly seen pre-disease state for
ALI (8). It is important to further characterize this relevant
disease phenotype, especially in the context of checkpoint
proteins and their impact on sepsis mortality. In experimental
sepsis induced via the cecal ligation and puncture method,
C57BL/6 mice deficient in PD-1 or PD-L1 expression relative
to wild-type counterparts display improved survival (30, 31).
However, mice deficient in VISTA expression are imparted
a survival disadvantage relative to the wild-type background
(32). Despite the shared co-inhibitory nature of their signaling,
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FIGURE 2

All samples in this multiomics approach are presented here in T-SNE plot format from Loupe Browser data visualization software. Wild-type
sham/hemorrhaged as well as gene deficient hemorrhaged profiles are depicted. Samples are bracketed by individual biological replicates. Colored
datapoints are clustered according to similarities in transcriptional profiles (N = 2/group).

these distinct mortality events in the context of experimental
sepsis offer novel insights on the complex nature of checkpoint
protein biology and specific impacts on pre-ALI disease states
worthy of additional clarification. Shock presents another
pre-dispositional insult for the development of ALI. Such
checkpoint protein deficiencies are important and may create
unique microenvironments within the lung concurrent with
altered priming states.

1.6. Hypothesis

Taken together, we posit that the application of a single cell
multiomics approach should allow us to begin to elucidate novel
phenotype specific pathways potentially contributing to shock-
induced priming/reprograming/predisposition to the development
of ALI/ARDS in the face of a subsequent septic insult. Presented
here is a multiomics analysis of wild-type vs. gene deficient murine
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FIGURE 3

Depicts graph based projections (A) for all clusters in a representative sample [wild-type hem (1)], and its log2 fold change expression profile (B) for
Calcrl.

lungs in the context of hemorrhage (hem) computed through Cell
Ranger ARC (33), as depicted in Figure 1.

2. Results

2.1. Unsupervised analysis

Following implementation of the analysis pipeline Cell Ranger
ARC on all 10 multiomics datasets, graph based clustering results
were filtered/re-clustered based on cells falling within the linear
distribution cut-off range of unique molecular identifiers (UMI’s),
features per barcode and a threshold of mitochondrial reads
through the Loupe Browser data visualization platform (34).
Clusters from the gene expression plot were identified based
on similar patterns from referenced murine lung NGS (35–37)
genes and others found in the online reference BioGPS (38)
(Supplementary Table 1). Sample plots are shown in T-SNE
(39) format, as presented in Figure 2. Identities included type 1
(ATI) and type II (ATII) alveolar epithelial cells, club (clara) cells,
endothelial cells, B cells, alveolar macrophages, a mixed population
of monocytes/macrophages/dendritic cells, fibroblasts, mesothelial
cells, ciliated cells and an unidentified population of cells with
overlapping expression from both endothelial and ATII cells. NK
cells were only detected as a sizable cluster amongst PD-1−/−

hem (2) and VISTA−/− hem (1). Neutrophils were unexpectedly
detected in PD-L1−/− hem (1), as they are polymorphonuclear
cells that should not have been captured. The sample preparation
workflow applied here targets single nuclei. Neutrophils have
proven difficult to detect in other single cell methods due to several
factors, including their relatively low content of RNA and high
amount of RNases (40).

Representative images from sample WT hem (1) are shown
to depict unique cellular identities (Figure 3A) alongside the
log2 fold change expression profiles of Calcitonin receptor like
receptor (Calcrl) (Figure 3B), one of several markers used to
identify endothelial cells. A heat map from this sample (Figure 4A)
depicts some of the top upregulated genes expressed per cluster
identity (log2 fold change) shown in T-SNE format, as well as

Calcrl (Figure 4B), and the remaining endothelial markers Tek
(Figure 4C) and TMEM100 (Figure 4D) in violin plots.

2.2. Feature linkage assessment

In an attempt to discover genes with consistent expression
and chromatin accessibility between biological replicates in the
sham (wild-type) background, profiles for targets of interest
were compared. These were then compared to hemorrhaged
wild-type samples with distinct alterations in accessibility,
and similarly for consistency between replicates. The third
approach was surveying accessibility and expression across
hemorrhaged samples gene deficient in global PD-1, PD-
L1, or VISTA expression. Replicate consistency was again
taken into account.

Representative images from one sample (Figure 5) are shown to
illustrate global links for Calcrl (Figure 5A), a single (highlighted)
link (Figure 5B), and higher resolution at this specific chromosome
locus of accessibility (Figure 5C). The average number of single cell
RNA-seq UMI’s detected per cluster for Calcrl (Figure 5D), and
average number of single cell ATAC-seq cut sites per cell at this
specific locus (Figure 5E) are presented in bar graph format for all
cells identified in this sample. The relative strength of correlation
between linked features is indicated by the height of blue linkage
arcs (19). Higher amplification arcs indicate strong correlation
between transcript abundance and detectable accessible chromatin.
Below each set of linkage arcs is pertinent gene information.
Below this, is a representation of peak accessibility colored by the
associated cluster. The height of each peak indicates the proportion
of cells with accessible chromatin at that particular locus.

By totaling the number of feature links for specific genes in
a given sample, the process of clarifying regulatory networks is
somewhat expedited. Calcrl was found to be significantly enriched
across clusters in both sham samples. Importantly, there was a
similar number of feature links between replicates, with 18 in
sample 1 (Figure 6A and Table 1) and 17 in sample 2. These
loci were similarly positioned both upstream and downstream
the Calcrl gene on Chromosome 2, and also exhibited positive
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FIGURE 4

(A) Depicts a heat map of top significant genes upregulated per cluster (log2 fold change) in a representative sample [wild-type hem (1)]. Violin plots
show relative log2 fold change expression profiles for markers used to identify endothelial cells in this sample: Calcrl (B), Tek (C), and Tmem100 (D).

correlation. In the hemorrhaged wild-type background, feature
linkages were starkly reduced and consistent between replicates
(Figure 6B and Table 1) as illustrated by 3 links and 1 link
in samples 1 and 2, respectively. All were positively correlated.

These data are also depicted in Supplementary Tables 2–5. In
the context of specific gene deficiencies following hemorrhage
shown in Figure 7 and Table 1, PD-1−/− (Figure 7A) featured
strong consistency between replicates with 15 and 13 feature
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FIGURE 5

All feature links are depicted (within 1 Mb of Calcrl) (A) for representative sample wild-type hem (1). A single feature link is highlighted (B), then
shown at higher resolution at this specific locus chr2:84184437-84185292 (C). The genomic location of Calcrl is denoted by the bracketed dashed
line below the linkage arcs. (D) Displays average number of Calcrl unique molecular identifiers (UMIs), or cut sites per cell at this locus (E) for cells
within each identified phenotype, presented in bar graph format.

FIGURE 6

Feature linkage assessment of wild-type pre (A) and post-shock (B) lung microenvironments of Calcrl. Blue linkage arcs are displayed at the top of
each sample plot; relative strength of correlation between accessible loci and Calcrl enrichment is conveyed via arc height. Colored peak
information below arcs displays accessibility based on cells in individual clusters. The abundance of cells with accessible chromatin is represented by
peak heights (N = 2/group).
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FIGURE 7

Feature linkage assessment of hemorrhaged gene deficient backgrounds. PD-1−/− (A), PD-L1−/− (B) and VISTA−/− (C). Data is displayed as
represented in Figure 6.

TABLE 1 Total numbers of feature linkages are listed for each sample/replicate (N = 2/group).

Total feature links

Sample WT sham hem WT hem PD-1−/− hem PD-L1−/− hem VISTA−/− hem

Replicate 1 18 3 15 8 10

Replicate 2 17 1 13 22 16

links. PD-L1−/− (Figure 7B) was less consistent, as shown by
8 and 22 feature links. VISTA−/− featured somewhat greater
consistency (Figure 7C) with 10 and 16 feature links. These were
also all positively correlated; data are tabulated in Supplementary
Tables 6–11.

While the hemorrhaged wild-type backgrounds displayed
reduced feature links, individual deficiencies in costimulatory
checkpoint proteins appeared to maintain high accessibility around
this particular gene. These profiles appeared more similar to sham
controls than hemorrhaged wild-type samples.

3. Discussion

3.1. Genomic regulatory elements and
transcription

Distally dispersed genomic loci can influence the transcription
of linked genes following the binding of relevant adaptor
molecules (15). A conformational change occurs within the
chromatin structure once these proteins bind to such regulatory
regions (16, 17). Proteins bound to this locus may then interact
with transcription factors bound to the promoter region of a
relevant gene, further influencing its transcription. In this way,
such structural changes allow the bound regulatory region to

subsequently influence gene regulation. As mentioned in the
description of feature linkage assessments, elements that increase
or upregulate transcription are referred to as enhancers. Those that
suppress transcription are known as silencers. The nature of key
modifications at the chromatin level allows for increased availability
of these regulatory loci to adaptor binding. Through silencer or
enhancer activity and subsequent chromatin folding, linked genes
undergo altered transcription. These important dynamics serve to
further illustrate the relationship between chromatin accessibility
and transcriptional networks.

3.2. Cellular phenotypes amongst lung
datasets

A broad distribution of identities from referenced datasets
were detected throughout the samples represented here (35–37).
The frequencies at which these were found across each sample
somewhat varied, although this analysis was completed by one
individual. That may account for some of these apparent disparities
between calls made in the determination of cluster identities.
Additional heat maps are provided illustrating each sample and the
top enriched genes per cluster (Supplementary Figures 1–10).

An inherent inability to identify a prevalent neutrophil
(polymorphonuclear) signal amongst this dataset due to single
nuclei workflow limitations, particularly in hemorrhaged samples
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where a high proportion of neutrophils is expected (1) has
confounded certain aspects of this analysis, including an
identification of their specific genomic alterations. This is
with the exception of one sample detailed previously. The library
preparation protocol for the datasets presented here relies on
whole nuclei as an input material. Polymorphonuclear cells do not
feature the typical single nucleus seen in other phenotypes (41)
and, thus, are not expected to be captured through these methods
due to sample sorting prior to library preparation.

3.3. Calcrl accessibility

As detected by the multiomics approach employed in this
analysis, the receptor CALCRL exhibited altered chromatin profiles
following shock. CALCRL provides a quality marker for endothelial
cells (36), which serve an important role in the development
of ALI/ARDS. A strong result in peak accessibility was notable
amongst endothelial cells and several other phenotypes across all
feature linkage profiles presented (Figures 5–7). This appears to
echo the expression profile Calcrl exhibited in Figures 3B, 4B, in
which positive signal was detected predominantly in endothelial
cells and scattered across several other phenotypes including
alveolar macrophages and the mixed population of monocytes,
macrophages and dendritic cells.

The deterioration of endothelial barrier function signals a
hallmark characteristic of ARDS (42, 43). It is currently unclear
whether this reduced accessibility near Calcrl in experimental
shock offers potential as a clinical biomarker for this pre-
disease state. The means by which such selective gene deficiencies
maintain their sham profile of high accessibility also remains
uncertain. Wild-type accessibility around Calcrl was high in sham
backgrounds as noted by total feature linkages, with strong positive
correlation. The strength of this correlation indicated that the
relationship between transcripts detected by RNA sequencing
relative to accessible genomic loci from ATAC sequencing was
nearly 1:1. This indicates these regions were tightly regulating
the transcription of this gene. The reduced accessibility near
Calcrl in the wild-type hemorrhaged background is an interesting
biological result. Of further importance is the outcome of
maintained accessibility following hemorrhage in the context of
individual checkpoint protein deficiencies. These profiles were
more similar to sham results than hemorrhaged wild-type type
profiles. Following sepsis modeling it was predicted that VISTA
and PD-1/L1 uniquely contributed to pre-ALI priming and/or
disease states given the disparate experimental sepsis mortality seen
in gene deficient backgrounds relative to wild-type counterparts
(30–32). Unexpectedly, all three gene deficiencies somewhat
similarly featured accessible chromatin near Calcrl. Albeit this
was less conserved between PD-L1−/− samples. Further work
is necessary to clarify Calcrl and its role in the hemorrhaged
lung microenvironment. Additional functional assays in cell types
of interest may validate a defined role for this gene across
hemorrhaged wild-type or deficient backgrounds.

3.4. Adrenomedullin signaling in sepsis
and acute lung injury

CALCRL serves as a receptor for the peptide adrenomedullin
(AM), along with receptor activity-modifying protein 2 (RAMP2)
and RAMP3 as co-receptors (44–47). Not addressed within this
manuscript is calcitonin gene-related peptide (CGRP), which binds
a complex of RAMP1 and CALCRL (44, 48). Experimental data
has identified multiple roles for this key ligand. In rats it has
been shown that delivery of adrenomedullin binding protein-
1 (AMBP-1) once sepsis was initiated, along with delivery of
AM peptide prior to and throughout induction slowed the shift
from hyperdynamic to hypodynamic sepsis, improved survival and
reduced tissue damage associated with the insult (46). Furthermore,
administering AM and AMBP-1 following sepsis induction in rats
reduced inflammatory indices including circulating TNF-α, IL-6,
and IL-1β (47). Importantly, circulating levels of AM are increased
in septic patients (49). Such conflicting outcomes of AM activity in
sepsis associated pathologies begets a murky role for this peptide in
disease progression.

Experimental modeling has shown that the effects of
adrenomedullin are favorable for a variety of lung injury indices,
including endothelial permeability (50). It has also been confirmed
that the signaling from CALCRL/AM ligation and endothelial
nitric oxide synthase activity is important for the resolution
of experimental bronchopulmonary dysplasia associated with
pulmonary hypertension, clinically seen amongst infants (51).
As others have shown, this activity is important for development
of the murine lymphatic vascular system (45). These results may
further suggest that the CALCRL/RAMP2 signaling axis via
adrenomedullin ligation impacts the lung vascular endothelium
in clinical contexts, and possibly the associated effects of ALI.
Experimental data shared here in the context of shock induced by
sustained hemorrhage highlights a potential role for this activity in
the pre-ALI microenvironment.

This analysis posits similarities in Calcrl accessibility in the
hemorrhaged lung microenvironment across cellular phenotypes
of coinhibitory gene deficient backgrounds. Sham conditions
appeared to present a baseline of high chromatin availability
near Calcrl relative to an apparent reduction or loss in wild-
type backgrounds, characterizing a primed state or altered
predisposition of cells in the lung microenvironment. This begets
the development of ALI/ARDS, whereas gene deficiencies seem
to maintain homeostatic levels and mitigate priming. These data
support viability of Calcrl as a therapeutic target for such diseases.
Another consideration to be made is regarding the availability of
the AM peptide across each deficient background. Of note, the
PD-1/L1 deficiency offers a survival benefit in experimental ALI
(52, 53). This is consistent with the aforementioned results in
experimental sepsis (30–32). Additional work is planned to survey
across each (post-hemorrhage) gene deficient group in order to
determine whether AM levels are variable, as its ability to interact
with the CALCRL endothelial receptor may play a role in either the
septic immune response or shock-induced ALI priming.
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3.5. Novel regulatory elements

The implementation of such methods for chromatin landscape
profiling serves as an identifier of novel regulatory sites
dispersed throughout the genome. These previously undescribed
loci offer insights on the means by which widely dispersed
enhancers/silencers seem to influence transcription. Correlation
scores provide additional clarity on the likelihood of regulatory
influence imparted by these loci. The specificity provided in
this analysis is at chromosomal base pair resolution, which may
be used to reference commonly occurring polymorphisms or
genomic abnormalities leading to pathogenesis. While complexities
in deciphering these details remain, the increased ubiquity of
single cell multiomics approaches continues to favor iterative
and accessible options for tailored analysis. The suite of
tools for enhanced visualization offered by Loupe Browser are
often modified and updated, providing the field with new
and improved means of identifying highly specific druggable
genomic targets.

4. Conclusion

The primary drivers of ALI and ARDS predispositional
priming have required an additional degree of resolution not
previously achieved. The complex lung microenvironment
is composed of various immune/non-immune phenotypes
involved in the associated hypersensitive state seen after shock.
The methods presented in this pilot study offer a glimpse
at clarifying altered cell specific roles resultant from shock-
induced priming. The two-pronged multiomics approach
of RNA/ATAC sequencing at single cell resolution has
provided putative molecular target and genomic loci worthy
of further analysis.

The work presented here has addressed the priming response
concurrent with critical illness across backgrounds deficient in
several key immunotherapeutic coinhibitory targets. This has
resulted in identification of interesting alterations near the
gene Calcrl following shock, which was significantly enriched
across individual lung phenotypes. The peptide adrenomedullin
AM, which binds CALCRL (44–47), has been implicated in
the pathogenesis of sepsis and the immune response (46, 47).
These interactions have implicated the vascular endothelium as
it pertains to experimental lung injury (45, 50, 51). Despite
the small sample size of this project, alterations made at the
chromatin level during the pre-ALI state of shock induced
priming were evident. The nature by which such reduced
accessibility near CALCRL might pre-dispose to ALI/ARDS elicits
additional questions pertaining to pre-transcriptional chromatin
modifications. High pre-shock availability of DNA segments near
CALCRL and their positive correlation with its expression suggest
an apparent regulatory capacity on transcription. Post-shock
coinhibitory gene deficient chromatin profiles presented similar
results to that of pre-shock wild-type samples, suggesting an
influence on CALCRL accessibility. Key changes illustrated in the
pre-ALI context of hypovolemic/hemorrhagic shock may allow for
additional resolution of “priming” and “cellular pre-activation/pre-
disposition” processes within the lung microenvironment.

5. Materials and methods

5.1. Murine backgrounds

Mice deficient in PD-1 (PD-1−/−) or PD-L1 (PD-L1−/−)
were used to breed the knock-out pups (provided by Tasuku
Honjo, Kyoto University, Kyoto, Japan, through Megan Sykes
at Massachusetts General Hospital, Boston, MA, USA) here
at Lifespan-Rhode Island Hospital. VISTA deficient mice were
generated through use of the CRISPR Cas9 system also in the
C57BL/6 background as previously described by Gray et al. (32).
Mice were genotyped to confirm global loss of expression per
relevant receptor or ligand. All mice used in experimental shock
modeling were aged 8–12 weeks (12: 12-h light/dark cycle, 68–72◦F,
30–70% humidity).

5.2. Experimental model of shock

A model of hypovolemic shock was implemented, whereby
a fixed-pressure hemorrhage was utilized to achieved sustained
reduced mean arterial blood pressure in male C57BL/6 murine
hosts aged 8–12 weeks. This choice was made so as to maximize our
ability to initially see an experimental difference in the ALI/ARDS
response based on previous reports that male mice did poorer in
response to these experimental stressors of shock (hemorrhage)
and/or septic (CLP) challenge than pro-estrus stratified females
(54, 55). In brief, an isoflurane/oxygen gas mixture was used as
anesthesia under the Rhode Island Hospital IACUC approved
protocol for animal safety (AWC# 5064-18 and 5054-21). Bi-
lateral arteriotomies were catheterized and used to monitor blood
pressure and draw blood throughout the procedure. Mice were
kept in this state for a 90-min duration, during which additional
blood was drawn to maintain reduced blood pressure ∼40 mmHg
(±5 mmHg). This provides a standardized and effective mimic
of severely injured hypovolemic patients. Immediately following
this experimental insult, mice were administered a crystalloid
solution of lactated ringer’s equivalent to 4× the volume of
blood hemorrhaged. Sham surgeries were performed under
anesthesia by which both femoral arteries were ligated. However,
blood was not drawn and these serve as negative controls
in this analysis.

5.3. Preparation of samples for
sequencing libraries

An N = 2 was established in order to compare consistencies
between chromatin alterations between biological replicates. A total
of 24-h post-resuscitation, mice were euthanized and lungs
were harvested. Tissue was pooled from 2 mice per treatment
group/genotype for all samples prepared, and flash frozen on
liquid nitrogen for 10 min. These were then stored at −80◦C
and shipped on dry ice to the Robert Boas Center for Genomics
and Human Genetics within the Feinstein Institute for Medical
Research-Northwell Health, Manhasset, NY, USA, where single cell
(single nucleus) multiomics libraries from 4,000 cells/sample were
prepared from lysed tissue. This was then filtered and washed,
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followed by nuclear 7AAD exclusion staining. These were sorted
and permeabilized, then washed and counted for use in subsequent
steps. The 10× Genomics Chromium Next GEM Single Cell
Multiome ATAC + Gene Expression library preparation kit was
implemented (Product Code 1000285). Libraries were loaded and
run on a Nextseq 500.

5.4. Single cell multiomics analysis
pipeline and unsupervised analysis

Cell Ranger ARC was utilized for all pertinent pre-
processing of multiomics datasets including mouse reference
genome alignment (mm10), transcript counting (33). During
additional pre-processing, all sample datasets were filtered and
re-clustered based on cells falling within the linear distribution
cut-off range of UMI’s (unique molecular identifiers) (20–
20,000) per barcode and (1–30,001) features per barcode
and a maximum threshold of 5% mitochondrial reads (56)
through the Loupe Browser data visualization platform (34). An
unsupervised analysis was performed through which clusters
from the gene expression plot were identified by patterns of
positive signal detected. These profiled similarly to general
expression patterns in referenced murine lung NGS (35–37)
datasets and others found in the online reference BioGPS (38)
(Supplementary Table 1).

5.5. Feature linkage assessment

Linked features provide a better understanding of the
correlation between significantly enriched genes per cluster relative
to altered chromatin accessibility and the likely presence of
regulatory genomic elements (19). These were identified for Calcrl
across all samples. The default settings for Cell Ranger ARC were
implemented in which all resolved linked features fell within 1 Mb
of Calcrl. The total number of links for each sample is provided in
Table 1.
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The critical role of pancreatic 
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protein in sepsis-related 
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1 Department of Critical Care Medicine, The First Affiliated Hospital of Nanchang University, Nanchang, 
Jiangxi, China, 2 Medical Innovation Center, The First Affiliated Hospital of Nanchang University, 
Nanchang, Jiangxi, China

Introduction: Multiple organ dysfunction syndrome (MODS) is common in patients 
with sepsistic admitted to an intensive care unit (ICU) and greatly increases mortality. 
Pancreatic stone protein/regenerating protein (PSP/Reg) is a type of C-type lectin 
protein that is overexpressed during sepsis. This study aimed to evaluate the potential 
involvement of PSP/Reg in MODS development in patients with sepsis.

Materials and methods: The relationship between circulating PSP/Reg levels, 
patient prognosis, and progression to MODS was analyzed in patients with sepsis 
admitted to the ICU of a general tertiary hospital. Furthermore, to examine the 
potential involvement of PSP/Reg in sepsis-induced MODS, a septic mouse model 
was established per the cecal ligation and puncture procedure, randomized into 
three groups, and subjected to a caudal vein injection of recombinant PSP/
Reg at two different doses and phosphate-buffered saline. Survival analyses 
and disease severity scoring were performed to evaluate the survival status of 
the mice; enzyme-linked immunosorbent assays were performed to detect the 
levels of inflammatory factors and organ-damage markers in murine peripheral 
blood; terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 
staining was performed to measure apoptosis levels in lung, heart, liver, and 
kidney tissue sections and to visualize the degree of organ damage in the mouse 
model; myeloperoxidase activity assay, immunofluorescence staining, and flow 
cytometry were performed to detect neutrophil infiltration levels in vital murine 
organs and the activation indexes of neutrophils.

Results and discussion: Our findings indicated that Circulating PSP/Reg levels 
were correlated with patient prognosis and sequential organ failure assessment 
scores. Furthermore, PSP/Reg administration increased disease severity 
scores, shortened survival time, increased the TUNEL-positive staining rate, 
and increased the levels of inflammatory factors, organ-damage markers, and 
neutrophil infiltration in the organs. Neutrophils can be activated by PSP/Reg to 
an inflammatory state, both in vivo and in vitro, which is characterized by the 
increased levels of intercellular adhesion molecule 1 and CD29.

Conclusion: Patient prognosis and progression to MODS can be  visualized 
by monitoring PSP/Reg levels upon ICU admission. Additionally, PSP/Reg 
administration in animal models exacerbates the inflammatory response and 
severity of multiorgan damage, which may be accomplished by promoting the 
inflammatory state of neutrophils.
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1. Introduction

Sepsis was initially considered a systemic inflammatory response 
syndrome mediated by the release of massive amounts of inflammatory 
mediators; however, subsequent clinical trials targeting inflammatory 
suppression failed to reduce the mortality associated with sepsis (1–3). 
This failure has prompted a re-evaluation of the underlying 
mechanisms of sepsis and led to a growing appreciation of the complex 
interplay between host defense mechanisms, immune activation, and 
tissue injury that contributes to the development of sepsis and multiple 
organ dysfunction syndrome (MODS). The Third International 
Consensus Definitions for Sepsis and Septic Shock (Sepsis-3), 
published in 2016, defines sepsis as a life-threatening organ 
dysfunction induced by a dysregulated host response to infections, 
reaffirming the significance of the development of organ dysfunction 
(4) because the severity of organ dysfunction and the number of failed 
organs are closely correlated with the survival probability of patients. 
It has been estimated that 15% of patients admitted to an intensive 
care unit (ICU) experience MODS, which, depending on the number 
of dysfunctional organs, is associated with a mortality rate as high as 
30–100% (5). However, the mechanism by which of sepsis triggers 
organ dysfunction is not fully understood, making MODS the leading 
cause of morbidity and mortality in patients admitted to the ICU (5).

2. Materials and methods

2.1. Study design and patients

In the current prospective study, adult patients with sepsis 
admitted to the ICU of the First Affiliated Hospital of Nanchang 
University from September 2021 to October 2022 were included, and 
some patients with potential bias were excluded 
(Supplementary Figure S1). Clinical data and blood samples were 
collected upon admission. The blood samples were centrifuged at 4°C 
(1,000 × g, 15 min) within 30 min of the collection to get the serum, 
which was then stored at −80°C for subsequent analysis. The study 
endpoints were mortality 28 days after admission and progression to 
MODS 48–72 h after admission. MODS was identified when the 
Sequential Organ Failure Assessment (SOFA) score was ≥5 points.

This study was approved by the Ethics Committee of the First 
Affiliated Hospital of Nanchang University (approval number: 
NC-2022-1-004), and each patient signed an informed consent form 
prior to participation.

2.2. Mice and septic model

C57BL/6 male mice aged 8–10 weeks and weighing 20–24 g were 
purchased from Vital River Lab Rotary (Zhejiang, China) and housed 

under specific pathogen-free conditions. All the experiments were 
performed in accordance with the regulations of the Experimental 
Animal Welfare and Ethics Committee of the First Affiliated Hospital 
of Nanchang University. Prior to the experiment, the mice were 
acclimated to a controlled indoor environment for over 1 week 
without food or water restrictions, followed by cecal ligation and 
puncture (CLP) for sepsis induction (6). The specific steps are briefly 
described below. After pentobarbital anesthesia, a midline incision of 
1–2 cm was made under sterile conditions to expose the cecum, 
followed by the ligation of the cecal ileocecal valve using 6–0 
nonabsorbable sutures between the third and fourth caudal vessels of 
the cecum. Subsequently, the cecum was punctured with an 18G 
needle to gently squeeze a small amount of intestinal content into the 
murine abdominal cavity, which was then closed with sutures after 
the intestine was incorporated. Postoperatively, the mice were placed 
on a heating pad, injected with 1 mL saline, and observed until the 
emergence of anesthesia.

Twenty-four hours after CLP, the health status of the mice was 
evaluated in a blinded manner based on the murine sepsis score (7). 
The scoring system comprises seven elements: appearance, level of 
consciousness, activity, response to stimuli, eyes, respiration rate, and 
respiration quality.

2.3. Animal treatments

Following CLP, the mice were randomized into phosphate-
buffered saline (PBS) (control), PSP-40, and PSP-400 groups (n = 5 
per group). Recombinant pancreatic stone protein/regenerating 
protein (PSP/Reg) (Sino Biological) was dissolved in PBS of 100 μL, 
and the solution was injected into the caudal vein 30 min after CLP 
at 40 and 400 ng/kg. Mice injected with low-dose PSP/Reg 
corresponded to patients with systemic infections, whereas high-dose 
PSP/Reg was the median amount in patients with sepsis (8). Control 
mice were administered PBS of the same volume, and all mice were 
euthanized 24 h post-treatment, and plasma, lung, liver, heart, and 
kidney samples were collected. A portion of the samples was utilized 
for immediate tissue myeloperoxidase (MPO) activity testing, 
whereas the remaining portion was promptly frozen and stored at 
−80°C for subsequent analysis.

2.4. Survival study

To evaluate the effect of PSP/Reg in a septic mouse model, 26 
mice were randomized into three groups 30 min after CLP and 
injected with PSP/Reg (40 ng/kg) (n = 10), PSP/Reg (400 ng/kg) 
(n = 10), or an equivalent volume of PBS (n = 6) in the caudal vein. 
Over the subsequent 7 days, the survival rate was assessed 
every 2 h.
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2.5. Measurement of PSP/Reg, cytokines, 
and organ-damage markers

The concentration of PSP/Reg in the serum samples was 
determined using a commercially available Human REG1α ELISA Kit 
(Wuhan Fine Biotech) according to the manufacturer’s protocol. The 
laboratory technicians who performed the assays were blinded to the 
clinical information. The levels of cytokines (tumor necrosis factor-α, 
interleukin [IL]-6, and IL-1β) and organ-damage markers (lactate 
dehydrogenase, creatinine, and troponin I) were quantified using 
ELISA assay kits from R&D Systems and BD Life Science, respectively, 
following the manufacturer’s instructions.

2.6. Immunofluorescence staining and 
terminal deoxynucleotidyl transferase 
dUTP nick end labeling (TUNEL)

Tissue samples were fixed in 4% paraformaldehyde, embedded into 
the optimal-cutting-temperature compound, and cut into 5-μm sections. 
The sections were then incubated in a blocking solution (PBS containing 
10% goat serum and 1% bovine serum albumin) for 30 min, followed by 
overnight co-incubation at 4°C with the anti-LY6G antibody (Abcam). 
After washing, the sections were incubated with the fluorescein 
isothiocyanate-conjugated secondary antibody (Proteintech) for 2 h, and 
the cell nuclei were labeled with 4′,6-diamidino-2-phenylindole (Bioss).

The TUNEL assay was performed using One-Step TUNEL 
Apoptosis Assay Kit (Beyotime Biotechnology) following the 
manufacturer’s instructions. Tissue sections were fixed in 4% 
paraformaldehyde, permeabilized with 0.1% Triton X-100 for 10 min, 
and incubated with the TUNEL reaction mixture for 1 h at 37°C in 
the dark. Cell nuclei were visualized with 4′,6-diamidino-2-
phenylindole. Images were captured using an Olympus IX71 
microscope and quantified using the ImageJ software.

2.7. MPO activity assay

MPO activity in murine lungs, hearts, livers, and kidneys was evaluated 
by performing a tissue MPO activity assay (Elabscience Biotechnology Co. 
Ltd.) according to the manufacturer’s instructions. MPO activity was 
expressed as the optical density at 460 nm per mg of protein.

2.8. Determination of wet/dry ratio in lung 
tissue

Fresh lung tissue was placed on sterile gauze and weighed to obtain 
the wet weight. The tissue was then placed in an oven at 60°C for 72 h 
to obtain the dry weight, which was measured three times. The wet/
dry ratio was calculated as the ratio of the wet weight to the dry weight.

2.9. Neutrophil isolation and culture

A mouse bone marrow neutrophil isolation kit (Solarbio) was used 
to isolate neutrophils from the mouse bone marrow. The specific steps 
are as follows. The mouse thigh bone was first rinsed with 75% ethanol 

and PBS and then with the 10% fetal bovine serum-supplemented 
Roswell Park Memorial Institute 1,640 medium after both ends of the 
thigh bone were sheared to obtain bone cells. Next, density gradient 
centrifugation was performed according to the manufacturer’s 
instructions after erythrocyte lysis to obtain neutrophils, the morphology 
of which was observed by performing Wright-Giemsa staining. Flow 
cytometry (FCM) analysis revealed that the purity of the neutrophils 
was >90%. Subsequently, the isolated neutrophils were cultured in the 
complete Roswell Park Memorial Institute medium (10% PBS, 1% 
penicillin/streptomycin, 1% glutamine), and equivalent amounts of 
40 ng/mL or 400 ng/ml PSP/Reg or PBS for 24 h of stimulation. The next 
day the Neutrophils were collected for further analysis.

2.10. FCM

Phycoerythrin-conjugated anti-intercellular adhesion molecule 1 
(ICAM-1) (BD Biosciences) and fluorescein isothiocyanate-
conjugated anti-CD29 antibodies (BD Biosciences) were used to 
detect the levels of surface antigens on neutrophils. After co-incubation 
at room temperature for 30 min, the cells were washed thrice with PBS 
containing 2% bovine serum albumin. FCM analysis was performed 
using an LSRFortessa cell analyzer (BD Biosciences), and the samples 
were analyzed using the FlowJo software.

2.11. Statistical analysis

Continuous variables in the clinical data were non-parametrically 
distributed and are, therefore, represented as the median (interquartile 
range [IQR]) or number (percentage). The Mann–Whitney U test was 
performed to compare differences in the median values of continuous 
clinical variables between the two groups, and the Kruskal–Wallis test 
was performed to compare PSP/Reg levels among the groups according 
to the SOFA score. The Spearman rank correlation test was performed 
to analyze the correlation between circulating PSP/Reg levels and organ 
support therapy using human data. Logistic regression and receiver 
operating characteristic (ROC) analyses were performed to assess 
whether circulating PSP/Reg was a predictive factor for MODS 
development (48–72 h after ICU admission) and 28-day mortality. 
Continuous variables in the in vitro and in vivo experiments were 
normally distributed and are described as the mean ± standard error of 
the mean. Statistical significance was assessed using Student’s t-test or 
one- or two-way analysis of variance, as appropriate, to identify any 
differences within the groups. Kaplan–Meier survival curves were used 
to compare survival times, and the log-rank test was performed to 
compare differences between the groups.

3. Results

3.1. Increased circulating PSP/Reg levels in 
patients with sepsis admitted to the ICU 
were associated with MODS

To determine the clinical relevance of circulating PSP/Reg levels, 
141 adult patients with sepsis who were admitted to the ICU were 
prospectively recruited. The patients’ clinical characteristics are 
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presented in Table 1. Among the included patients, 102 (72%) survived 
(survival group) and 39 (28%) died (death group), with males 
outnumbering females in each subgroup. A total of 72 cases (51%) 
presented with community-acquired infections, whereas 69 (49%) with 
hospital-acquired infections. Most patients (55%) had Gram-negative 
infections, and the most common site of infection was the lungs (63%). 
The average length of ICU stay was 11 days (9–14 days).

Overall, the data revealed that the circulating PSP/Reg levels in 
patients with septic shock improved significantly compared with 
those in patients with severe sepsis (median, 347.1 ng/mL; [IQR, 
179.1–665.2 ng/mL] vs. 82 ng/mL [IQR, 62–297.7 ng/mL]; p < 0.001) 
(Figure 1A). In addition, initial PSP/Reg levels correlated with initial 
SOFA scores (p < 0.001) (Figure 1B).

The Spearman rank correlation test showed a strong correlation 
between circulating PSP/Reg levels and dependence on organ 
support therapies among patients with a high demand for 
vasopressors at admission (r = 0.496; p < 0.001) and those who needed 
the long-term administration of vasopressors (r = 0.545; p < 0.001), 
mechanical ventilation (r = 0.607; p < 0.01), or renal replacement 
therapy (r = 0.360; p = 0.015).

Patients with MODS (SOFA scores ≥5) exhibited higher circulating 
PSP/Reg levels compared with patients without MODS (median, 
427.2 ng/mL [IQR, 268–951.2 ng/mL] vs. 213.8 ng/mL [IQR, 136.8–
536.4 ng/mL]; p = 0.001) (Figure  1C). Similarly, patients who died 
within 28 days of ICU stay exhibited higher circulating PSP/Reg levels 
than did surviving patients (median, 427.2 ng/mL [IQR, 289–842.1 ng/
mL] vs. 208.1 ng/mL [IQR, 135.3–516.2 ng/mL]; p < 0.001) (Figure 1D).

Performing the Kaplan–Meier analysis of PSP/Reg values stratified 
by quartiles revealed that PSP/Reg plasma levels at admission exhibited 
a strong correlation with the 28-day mortality rate. Furthermore, the 
survival rate of patients with PSP/Reg levels exceeding the third 
quartile (246.73 ng/mL) sharply declined during the second week of 
sepsis (Figure 1E). These findings indicated that the circulating PSP/
Reg levels reflected disease severity and that the presence of PSP/Reg 
might lead to MODS and mortality, especially at high levels.

After adjusting for age and sex, the log regression model showed 
that the circulating PSP/Reg level was an independent risk factor for 
progression to MODS 48–72 h after admission and 28-day mortality 
(odds ratio: 1.012 [1.003, 1.020], p = 0.005; odds ratio: 1.006 [1.002, 
1.010], p < 0.001). The ROC analysis also revealed that it was a 
predictor of progression to MODS (area under the ROC curve, 0.714; 
p = 0.001) (Figure 1F) and 28-day mortality (area under the ROC 
curve, 0.734; p < 0.001) (Figure  1G).Furthermore, sub-analysis of 
severe sepsis and septic shock revealed that the predictive value of 
PSP/Reg level was confirmed (Supplementary Tables S1 and S2).

3.2. PSP/Reg aggravated severity scores 
and shortened survival in septic mice

To investigate the role of PSP/Reg in inflammation in early-stage 
sepsis, mice were treated with two doses of PSP/Reg 30 min after 
successful modeling. It was revealed that 24 h after CLP,the disease 
severity scores of PSP-40 mice were evidently higher compared with 

TABLE 1 Baseline characteristics of patients included in the study.

Characteristic Total (n = 141) Survivors (n = 102) Non-survivors (n = 39) p-values

Age (years) 61 (50–72) 60 (49–71) 63 (51–74) 0.80

Male, n (%) 91 (64) 69 (68) 22 (57) 0.21

ICU stay (days) 11 (9–14) 9 (7–11) 12 (10–14) 0.001

Site of infection, n (%)

Abdomen 35 (25) 25 (25) 10 (26) 0.88

Respiratory tract 89 (63) 67 (66) 22 (56) 0.307

Urinary tract 2 (2) 2 (2) None –

Skin/Soft tissue 5 (4) 3 (3) 2 (5) 0.53

Others 10 (7) 5 (5) 5 (13) 0.1

Community/Hospital infections, n (%) 72 (51) 65 (64) 7 (18) <0.001

Pathogen, n (%)

Gram-positive 50 (35) 39 (38) 11 (28) 0.26

Gram-negative 78 (55) 56 (55) 22 (56) 0.872

Both 7 (5) 3 (3) 4 (10) 0.07

Fungi 6 (4) 4 (4) 2 (1) 0.75

Score (IQR)

APACHE II 23 (16–33) 21 (16–31) 24 (19–36) <0.001

SOFA (day 1) 6 (3–10) 4 (3–8) 7 (4–10) <0.001

Organ failure, n (%) 87 (62) 57 (56) 30 (77) 0.028

Renal replacement therapy, n (%) 12 (9) 6 (6) 6 (15) 0.07

Vasopressors, n (%) 85 (60) 66 (65) 19 (49) 0.08

Mechanical ventilation, n (%) 93 (66) 71 (69) 22 (56) 0.139

AKI within 7 days, n (%) 43 (30) 28 (27) 15 (38) 0.204
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those of PBS mice but were visibly lower compared with those of 
PSP-400 mice (p < 0.01), suggesting that PSP/Reg increased the 
disease severity score of the mice in a dose-depended manner 
(Figure 2A). Survival analyses were performed to further verify the 
long-term effect of PSP/Reg on animal models, which showed that 

the median survival time was significantly shorter in PSP-40 mice 
compared with that in PBS mice (48 h 95% confidence interval [CI]: 
41.86–50.13 vs. 52 h 95% CI: 37.59–66.4, p < 0.01), and PSP-400 mice 
showed the shortest median survival time (48 h 95% CI: 41.86–50.13 
vs. 38 h 95% CI: 33.86–42.13, p < 0.001) (Figure 2B).

FIGURE 1

Correlation between circulating Pancreatic stone protein/regenerating protein (PSP/Reg) levels and prognosis as well as progression to multiple organ 
dysfunction syndrome (MODS) in patients with sepsis admitted to an intensive care unit. (A) Circulating PSP/Reg levels were compared according to 
disease severity in patients. Mann–Whitney U test showed a significant increase in PSP/Reg levels in patients with septic shock compared with an 
increase in those with severe sepsis (p < 0.001). (B) PSP/Reg levels were evaluated in patients stratified by Sequential Organ Failure Assessment (SOFA) 
scores, and Kruskal–Wallis test showed a significant increase in PSP/Reg levels (median and interquartile range) with increasing SOFA scores (p < 0.001). 
Mann–Whitney U test indicated significant differences in PSP/Reg levels between patients with and without MODS (C) and between survivors and non-
survivors of sepsis. (D) *p < 0.05, **p < 0.01. (E) According to the quartile division of PSP/Reg at admission, the Kaplan–Meier survival curve for 28 days is 
shown. The receiver operating characteristic curve analysis of PSP/Reg for the prediction of MODS (F) and 28d mortality (G).
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3.3. PSP/Reg exacerbated systemic 
inflammation and multiorgan damage in 
mouse models

Levels of inflammatory factors reflect the level of systemic 
inflammation. In this study, compared with PBS mice, PSP-40 mice 
exhibited significantly increased levels of the inflammatory factors 
tumor necrosis factor-α, IL-6, and Il-1β. High-dose PSP further 

increased tumor necrosis factor-α and IL-6 levels but did not 
further exacerbate IL-1β levels (Figures 2C–E).

Key parameters reflecting multiorgan damage were also 
measured. It was found that the plasma levels of lactate dehydrogenase 
(1781 ± 105.4 U/L), troponin I (29.65 ± 1.01 ng/mL), and creatinine 
(1.82 ± 0.02 mg/dL) in PSP-40 mice were indicative of tissue damage 
in the liver, heart, and kidney, respectively, compared with those in 
PBS mice (1,488 ± 37.49 U/L; 19.66 ± 0.85 ng/mL; 1.31 ± 0.04 mg/dL, 

FIGURE 2

Pancreatic stone protein/regenerating protein (PSP/Reg) exacerbates multiple organ failure in a cecal ligation and puncture (CLP) mouse model. Mice were 
randomly selected to undergo CLP surgery and were intravenously administered with phosphate-buffered saline (PBS), PSP/Reg (40 ng/kg), or PSP/Reg 
(400 ng/kg) 30 min later. (A) Murine sepsis score at 24 h after CLP was significantly increased by PSP/Reg treatment by one-way analysis of variance (ANOVA). 
(B) Survival curves and log-rank test showed that compared with PBS, PSP/Reg significantly shortened the survival time of the mice. Serum levels of 
inflammatory cytokines and organ-damage markers were evaluated at 24 h after CLP. (C) tumor necrosis factor-α levels (ng/mL), (D) interleukin (IL)-6 levels 
(pg/mL), (E) IL-1β levels (pg/mL), (F) lactate dehydrogenase (U/L), (G) troponin I (ng/mL), (H) creatinine (mg/dL), and (I) lung wet/dry (W/D) ratio were 
measured. Data are expressed as the mean ± standard error of the mean and analyzed by one-way ANOVA. *p < 0.01, **p < 0.001, compared with the PBS group.
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respectively), and that organ damage was further exacerbated among 
PSP-400 mice (Figures 2F–H). Additionally, PSP/Reg administration 
(even at a low dose) resulted in a two-fold increase in the lung wet/
dry ratio compared with PBS treatment (Figure 2I). These findings 
suggested that PSP/Reg aggravated organ damage in a dose-
dependent manner in mouse models.

An independent analysis measuring tissue damage was 
performed on the TUNEL-stained lung, heart, liver, and kidney tissue 
sections. The lung, heart, liver, and kidney tissues collected from mice 

injected with PSP/Reg showed a higher TUNEL-positive staining rate 
than those collected from PBS-treated mice (Figures 3A–D).

3.4. PSP/Reg exacerbated neutrophil tissue 
infiltration and activation in vivo

Given the aggravating effect of PSP/Reg on multiorgan damage in 
the CLP model, the potential mechanism underlying the exacerbation 

FIGURE 3

Pancreatic stone protein/regenerating protein exacerbated the level of cellular apoptosis in multiple organ tissues of cecal ligation and puncture (CLP) 
mice. After 24 h of CLP surgery, terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining was performed to assess the level of 
cellular apoptosis (represented by red fluorescence) in lung (A), heart (B), liver (C), and kidney (D) tissue sections and quantified using the ImageJ software 
with the TUNEL-positive percentage analyzed by one-way analysis of variance. *p < 0.01, **p < 0.001 compared with the phosphate-buffered saline group.
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was further explored. Neutrophil infiltration in important organs is a 
crucial cause of multiple-organ dysfunction and is associated with the 
severity of organ damage. We  performed MPO activity tests and 
immunofluorescence staining of tissue sections 24 h after modeling to 
determine the effects of PSP/Reg administration on neutrophil tissue 
infiltration. Then we found that MPO levels in the lungs (1.26 ± 0.06 U/g 
vs. 2.53 ± 0.07 U/g) and kidneys (0.88 ± 0.02 U/g vs. 1.8 ± 0.16 U/g) 
increased by over two-fold in PSP-40 mice compared with those in PBS 
mice, and a similar trend was also observed in the heart (0.81 ± 0.05 U/g 

vs. 1.22 ± 0.07 U/g) and liver (1.21 ± 0.09 U/g vs. 1.84 ± 0.42 U/g) 
(Figures 4A–D). Similarly, compared with PSP-40 mice, PSP-400 mice 
showed increased MPO levels in all four organs (p < 0.01). After 
immunofluorescence staining, neutrophil tissue infiltration was 
observed in the lungs, kidneys, hearts, and livers of PBS mice, whereas 
PSP/Reg administration markedly increased PMN tissue infiltration, 
which was more pronounced in mice injected with a higher dose of 
PSP/Reg (Figures  4E–H). These findings suggested that PSP/Reg 
administration enhanced neutrophil infiltration in important organs.

FIGURE 4

Pancreatic stone protein/regenerating protein (PSP/Reg) increased neutrophil infiltration in multiple organs of cecal ligation and puncture (CLP) mice. 
The level of myeloperoxidase (MPO) activity and neutrophil (Ly6G+) infiltration in multiple organ tissues were measured 24 h after CLP in mice treated 
with PSP/Reg. (A): lung tissue MPO activity, (B): kidney tissue MPO activity, (C): heart tissue MPO activity, and (D): liver tissue MPO activity. The data 
were analyzed by one-way analysis of variance. *p < 0.01, **p < 0.001 compared with the PBS group. Representative images of Ly6G+ (green 
fluorescence) areas in lung (E), kidney (F), heart (G), and liver (H) tissues. Scale bar, 20 mm.
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3.5. PSP/Reg promoted PMN activation 
induced By CLP in vivo and in vitro

The effect of PSP/Reg administration on the PMN status of 
experimental mice was analyzed by isolating neutrophils from the 
bone marrow of CLP-treated mice. FCM showed that PSP/
Reg-injected mice showed significantly increased levels of ICAM-1 
and CD29 (integrin 1β) (Figures  5A,B). To further validate the 
activating effect of PSP/Reg on neutrophils, they were isolated from 
the bone marrow of wild-type mice, cultured in vitro, and injected 
with equivalent amounts of PSP/Reg (40 or 400 ng/mL) or PBS. PSP/
Reg stimulation resulted in increased levels of ICAM-1 and CD29 
(Figures 5C,D), consistent with the in vivo findings. These results 
indicated that PSP/Reg administration put neutrophils in a 
proinflammatory state, exacerbated sepsis-induced high PMN tissue 
infiltration, and led to aggravated multiorgan damage.

4. Discussion

MODS is a devastating complication in critically ill patients that 
frequently leads to increased morbidity and mortality in the 
ICU. Despite the severe effect of MODS on patient outcomes, factors 
that drive its development into sepsis remain poorly understood. 
Further in-depth investigations are warranted to gain a better 
understanding of the mechanisms underlying this condition. 
Therefore, we designed a prospective clinical study to explore the 
potential correlation between PSP/Reg and the development of sepsis-
induced multiple organ dysfunction. In this study, we established a 
mouse model of CLP-induced sepsis to investigate the possible 
involvement of PSP/Reg in the progression of sepsis-induced multiple 
organ dysfunction via neutrophil activation.

Initially, PSP/Reg was named PSP because it was found to inhibit 
the precipitation of calcium carbonate crystals in the pancreatic juice 
within the pancreatic stones of patients with chronic calcific 
pancreatitis (9). Subsequently, Reg promoted pancreatic tissue repair 
and regeneration. Because Reg and PSP were later proved to 
be identical, both of which are encoded by a transcript of the same 
REG gene and are structurally similar to the C-type lectin-like protein, 
the protein was renamed PSP/Reg (10). Further research on PSP/Reg 
has revealed its increased levels in various infectious diseases, 
including severe infections (11), appendicitis (12), peritonitis (13), 
pneumonia (14), and sepsis (15). It has also been identified as a 
potential biomarker for infection and sepsis. Keel et al. demonstrated 
that (16) PSP/Reg levels increased in 83 patients with severe trauma, 
but no pancreatic injuries, thus serving as a favorable predictor of 
infection and sepsis. Moreover, it was confirmed that the onset of 
sepsis could be predicted earlier via increased PSP/Reg levels than via 
conventional inflammatory factors, such as C-reactive protein and 
procalcitonin (15). Similar to previous research, the present study 
revealed that PSP/Reg levels, which are associated with the severity of 
sepsis among adult patients, could be  utilized to predict patient 
prognosis and progression to MODS. Notably, PSP/Reg has been 
identified as a stress protein in both animal models and clinical 
experiments, indicating its potential as a target for therapeutic 
interventions against sepsis and related conditions (16, 17). Reding 
et al. revealed that (18) PSP/Reg, which can respond to injuries in 
early-stage infections, might be an indicator of systemic stress and a 

type of secretory stress protein secreted by pancreatic acinar cells after 
pancreatic perception of distal organ injury and systemic stress. 
Compelling evidence was provided to confirm that PSP/Reg levels 
increased during early-stage infections, burns, and traumatic diseases 
and were visibly associated with the severity of injuries.

In sepsis, it is difficult for neutrophils to be recruited to the site of 
infection (19), which makes it difficult for invading pathogens to 
be cleared away from the body in a timely and effective manner, leading 
to an overactive inflammatory response in the body. In addition, owing 
to the excessive infiltration of neutrophils in important distal organs, 
activated PMNs in the organs generate and release proinflammatory 
cytokines, reactive oxygen species, lysosomal enzymes, neutrophil 
extracellular traps, and other active substances that trigger organ injury 
and MODS (20). Therefore, a better understanding of the mechanisms 
underlying sepsis-induced organ damage caused by PMN activation 
and recruitment is of great importance for the development of potential 
therapeutic strategies. In this study, PSP/Reg injection increased the 
levels of systemic inflammatory factors in mice receiving CLP, 
exacerbated the apoptosis in their vital organs, and increased levels of 
organ-damage markers. In the meantime, the infiltration of PMNs in 
their organs was also found to be enhanced. Although the effect of PSP/
Reg has not yet been clarified, its structural homology has been 
characterized; PSP/Reg is a type of globular polypeptide that adopts the 
overall folds of C-type lectins (21). C-type lectin-like proteins, calcium-
dependent glycan-binding proteins, are known to function as adhesion 
and signaling receptors in homeostasis and innate immunity and play 
a crucial role in inflammatory responses as well as leukocyte and 
platelet trafficking (22). The protein structure of PSP/Reg also supports 
its interaction with neutrophils. In addition, following the incubation 
of PSP/Reg with human whole blood, the levels of β-2-integrins 
(CD11b) in blood PMNs increased, whereas those of L-selectins 
(CD62L) decreased; PSP/Reg could also directly bind to PMNs after 
incubation with purified PMNs (16). Therefore, we hypothesized that 
sharply increased levels of PSP/Reg during sepsis might be involved in 
the host response to pathogens by activating PMNs, thus playing a role 
in the progression to MODS.

To further verify the regulatory effect of PSP/Reg on PMN tissue 
infiltration, we detected the surface activation indicators of bone-
marrow PMNs in mice administered with PSP/Reg and discovered 
that PSP/Reg stimulation increased the levels of the adhesion 
molecules ICAM-1 and CD29 on the surface of PMNs. The activation 
and tissue infiltration of neutrophils are strictly regulated by adhesion 
molecules (23). During inflammation, the increased levels of 
adhesion molecules mediate the recruitment and activation of PMNs 
and induce tissue infiltration through the binding of their cytoplasmic 
domains to actin cytoskeletons (24). Furthermore, it has been 
reported that the increased level of ICAM-1 in neutrophils in both 
human and animal models of sepsis induces membrane surface 
rigidity and impairs cell deformability (25), leading to their decreased 
ability to migrate to infectious sites, resulting in microvascular and 
organ dysfunction. Notably, treatment with ICAM-1-specific 
antibodies can reduce neutrophil migration to distant organs, such 
as the lungs and spleen (26). The increased level of CD29, also known 
as integrin beta-1, on the surface of PMNs is associated with the 
activation and recruitment of neutrophils during inflammation (23). 
The present study suggested that the activation and induction of 
neutrophils and inhibition of anti-inflammatory factors by PSP/Reg 
were partially responsible for the inflammatory responses during 

81

https://doi.org/10.3389/fmed.2023.1172529
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Hu et al. 10.3389/fmed.2023.1172529

Frontiers in Medicine 10 frontiersin.org

FIGURE 5

Pancreatic stone protein/regenerating protein (PSP/Reg) increased the levels of neutrophil surface adhesion molecules. Cecal ligation and puncture 
mice were stimulated with PSP/Reg 30 min after surgery, and 24 h later, flow cytometry was performed to detect the percentage of intercellular 
adhesion molecule 1 (ICAM-1)-positive (A) and CD29-positive (B) cells in mouse bone marrow neutrophils. Neutrophils were isolated from the mouse 
bone marrow and stimulated with 40 ng/ml and 400 ng/ml of PSP/Reg overnight. (C) Representative histograms and MFI quantification analysis of 
ICAM-1 levels in PMN under 40 ng/ml stimulation. (D) Representative histograms and MFI quantification analysis of CD29 levels in PMN under 400 ng/
ml stimulation.The data were analyzed by one-way analysis of variance. *p < 0.01, **p < 0.001 compared with the PBS group.
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early-stage sepsis and multiple organ dysfunction, which also 
explained the relationship between PSP/Reg levels and progression 
to MODS in patients with sepsis.

Among the 141 patients with sepsis admitted to the ICU in our 
study, those with septic shock exhibited significantly higher levels of 
circulating PSP/Reg. There was a strong correlation between 
circulating PSP/Reg levels and 7-day survivors requiring organ 
support, indicating that disease severity was an independent risk 
factor for progression to MODS 48–72 h after admission and 28-day 
mortality. Moreover, this study showed that the intravenous injection 
of PSP/Reg aggravated multiorgan damage in the CLP mouse models 
and shortened their survival time. At the cellular level, we confirmed 
that PSP/Reg induced the inflammatory activation of murine 
neutrophils, further supporting its role in promoting inflammation 
during sepsis. This indicated that PSP/Reg might facilitate the 
activation and infiltration of neutrophils in distal organs to intensify 
the CLP-induced inflammatory cascade, thereby exacerbating 
multiorgan damage in sepsis.

Sepsis and MODS are multifaceted conditions with highly 
intricate pathogeneses involving a dynamic and complex immune 
response that may involve both proinflammatory and anti-
inflammatory mechanisms. The effect of PMNs on multiorgan 
damage in early and late sepsis is not yet fully understood, and 
further studies are needed to investigate the underlying mechanisms 
that regulate the immune response during these phases of sepsis. 
Our study has shed new light on the potential role of PSP/Reg in 
exacerbating sepsis-induced multiple organ dysfunction by 
facilitating the activation and infiltration of neutrophils; the 
underlying regulatory mechanisms involved in this process are likely 
to be highly complex and multifactorial. Thus, it is necessary to 
explore these mechanisms in greater detail to identify potential 
therapeutic targets for the prevention and treatment of sepsis 
and MODS.

List of abbreviations: PSP/Reg, Pancreatic stone protein/
regenerating protein; MODS, multiple organ dysfunction syndrome; 
ICU, intensive care unit; CLP, cecal ligation and puncture; PBS, 
phosphate-buffered saline; TUNEL, terminal deoxynucleotidyl 
transferase dUTP nick end labeling; MPO, myeloperoxidase; SOFA, 
sequential organ failure assessment; ICAM-1, intercellular adhesion 
molecule 1; FCM, flow cytometry; IL, interleukin; IQR, interquartile 
range; ROC curve, receiver operating characteristic curve; CI, 
confidence interval.
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Nebulized mesenchymal stem cell 
derived conditioned medium 
ameliorates Escherichia coli 
induced pneumonia in a rat model
Héctor E. González 1, Sean D. McCarthy 1, Claire Masterson 1, 
John G. Laffey 1, Ronan MacLoughlin 2 and Daniel O’Toole 1*
1 REMEDI at CÚRAM Medical Devices Center and Discipline of Anesthesia, University of Galway, Galway, 
Ireland, 2 Aerogen Ltd., Galway, Ireland

Background: Mesenchymal stem cells (MSC) have shown immense therapeutic 
promise in a range of inflammatory diseases, including acute respiratory distress 
syndrome (ARDS), and are rapidly advancing through clinical trials. Among their 
multimodal mechanisms of action, MSCs exert strong immunomodulatory effects 
via their secretome, which contains cytokines, small molecules, extracellular 
vesicles, and a range of other factors. Recent studies have shown that the MSC 
secretome can recapitulate many of the beneficial effects of the MSC itself. 
We aimed to determine the therapeutic capacity of the MSC secretome in a rat 
bacterial pneumonia model, especially when delivered directly to the lung by 
nebulization which is a technique more appropriate for the ventilated patient.

Methods: Conditioned medium (CM) was generated from human bone marrow 
derived MSCs in the absence of antibiotics and serum supplements. Post-
nebulization lung penetration was estimated through nebulization of CM to a 
cascade impactor and simulated lung and quantification of collected total protein 
and IL-8 cytokine. Control and nebulized CM was added to a variety of lung cell 
culture models and injury resolution assessed. In a rat E. coli pneumonia model, 
CM was instilled or administered by nebulization and lung injury and inflammation 
assessed at 48 h.

Results: MSC-CM was predicted to have good distal lung penetration and 
delivery when administered by nebulizer. Both control and nebulized CM reduced  
NF-κB activation and inflammatory cytokine production in lung cell culture, while 
promoting cell viability and would closure in oxidative stress and scratch wound 
models. In a rat bacterial pneumonia model, both instilled and nebulizer delivered 
CM improved lung function, increasing blood oxygenation and reducing carbon 
dioxide levels compared to unconditioned medium controls. A reduction in 
bacterial load was also observed in both treatment groups. Inflammatory cytokines 
were reduced significantly by both liquid and aerosol CM administration, with less 
IL-1β, IL-6, and CINC1 in these groups compared to controls.

Conclusion: MSC-CM is a potential therapeutic for pneumonia ARDS, and 
administration is compatible with vibrating mesh nebulization.
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mesenchymal stem cell, pneumonia, secretome, nebulizer, aerosol—therapeutic
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Introduction

Acute respiratory distress syndrome (ARDS) is a severe disease of 
the lung with a continuing high mortality. It is diagnosed on the basis 
of acute onset not attributable to background disease, infiltration of 
blood or tissue derived cells to the airspace and impaired blood 
oxygenation levels, the last of which can be used to denote severity 
level (1). The most problematic form of ARDS arises from infectious 
etiologies, commonly as a result of bacterial or viral infection, termed 
pneumonia (2). Here the infectious particles trigger an immune 
response in the lung epithelium and resident alveolar macrophages 
causing the production of a wide range of soluble signaling factors 
termed the “cytokine storm,” which in turn signals to a wide a variety 
of tissue and immune effector cells (3). Inflammation and fluid in the 
airspace eventually impair gas exchange resulting in hypoxemia and 
possible death. Current standard of care is largely supportive, with 
hydration, immediate broad-spectrum antibiotics and mechanical 
ventilation continuing to be mainstays of therapy (4). Of particular 
concern is the rise in antimicrobial resistant (AMR) strains of bacteria 
which mean more reliance on the patient’s own immune system to 
clear the infection, which may not be  sufficient. Despite many 
promising preclinical tests, an effective specific therapy for ARDS 
remains elusive.

Mesenchymal stem/stromal cells (MSCs) have recently risen to 
prominence in the field of inflammation therapeutics (5). Their 
multimodal immunomodulatory action has led to investigations in 
the fields of graft versus host disease (GvHD), diabetic ulcers, 
critical limb ischemia, and acute kidney injury, to name but a few 
(6–8). They have also been widely developed for both chronic and 
acute lung diseases, with promising in vitro and preclinical results 
now graduating to clinical trials (9). While bone marrow is the most 
studied tissue source of MSCs, they have been prepared from a wide 
range of tissues by a multiplicity of isolation techniques. However, 
several issues of practicality have emerged regarding stem cell 
therapy, including difficulty and expense of human dose 
manufacture, the requirement of careful cryogenic preservation 
during storage and transport, and lingering concerns regarding the 
introduction of a foreign living cell to the patient (10, 11). To 
alleviate these concerns, recent studies have shown that various 
MSC products can recapitulate many of the beneficial activities of 
the MSC itself, including in lung disease model settings (12). While 
many groups have investigated specific secreted factors such as 
extracellular vesicles (EV), the total secretome or “conditioned 
medium” (CM) is also an attractive option for inflammatory, 
antibacterial and other research and is readily available as a 
by-product of the MSC manufacturing process.

In light of these emerging possibly superior therapeutic options, 
our overall hypothesis is that MSC-CM will replicate previous findings 
with MSC and MSC-EVs in ARDS models and prove a more 
abundant, more accessible and less expensive source of medicine. 
We have aimed to build on previous in vitro work to apply MSC-CM 
to cell and animal models of pneumonia. We have also aimed to utilize 
the novel administration option of vibrating mesh nebulization to the 
airspace, which is a technique that requires a smaller dose and is likely 
to produce a stronger and faster effect as it is delivered directly to the 
affected organ. Of relevance, delivery of MSC themselves 
intratracheally has previously been shown to be effective in an ARDS 
model (13, 14), although delivery of volumes of liquid suspensions to 

the lungs is not considered a viable approach in patients due to an 
existing dangerous accumulation of fluid. Vibrating mesh nebulization 
has been previously described to preserve the activity of a broad range 
of proteins and other soluble factors due the low shear stress applied 
on solutions during aerosolization, yet it is also capable of providing 
a mist that penetrates to the distal lung under mechanical ventilation 
which is the situation in ARDS (15–18).

Methods

Mesenchymal stem cell conditioned 
medium

Human bone marrow derived MSCs were isolated from healthy 
donor tissue based on plastic adherence. Briefly, after obtaining 
informed consent, bone marrow aspirate was sampled from the iliac 
crest, diluted with minimum essential media alpha (MEMα; Sigma 
Aldrich, Arklow, Ireland) containing 10% fetal bovine serum (FBS; 
Gibco, ThermoFisher Scientific, Waltham, MA, United States) and 
penicillin/streptomycin, and plated to tissue culture flasks (Corning 
Limited, Dublin, Ireland) at 106 cell per cm2. After 24 h in a humidified 
incubator at 37°C and 5% CO2 in air, non-adherent cells were 
aspirated and remaining cells washed with phosphate buffered saline 
(PBS). After a further 7 days of incubation with medium refresh on 
the third day, MSC colonies were trypsinized, counted, and 
cryopreserved as passage 0. MSC markers were confirmed by flow 
cytometry as per the minimum criteria for MSC established by 
Dominici et al. (data not shown) (19). Cryovials of MSCs were then 
seeded to tissue culture plastic and expanded to 175 cm2 flasks at 
passage 3. At 80% confluence, cells were treated with either 
lipopolysaccharide (LPS) for nebulizer dynamics studies or vehicle for 
other studies. After 24 h, medium was aspirated, cells washed with PBS 
and flasks refed with 15 mL of MEMα with no additions, i.e., serum 
free medium (SFM). After 24 h of further incubation, conditioned 
medium (CM) was aspirated, centrifuged at 1,000 × g for 10 min to 
remove cells and cell debris. After that, CM was transferred into 
centrifugal concentrator units (Amicon® Ultra −15 Centrifugal filter 
Units) with 3 KDa MWCO limit size membrane. Tubes were places in 
a centrifuge (Epperndorf™ 5810R, Epperndorf, Hamburg, Germany) 
with swinging rotor at 4,000 × g at 4°C until desired final volume. In 
addition, concentrated CM was transferred into dialysis tubes 
(Tube-O DIALYZER™ mini dialysis system) with a pore size of 4 KDa 
MWCO. Dialyzer tubes were placed in closed buckets and exposed to 
PBS with a ratio of 500 mL of PBS per 100 μL of concentrated CM for 
24 h at 4°C. The CM was then collected, aliquoted, and stored 
at −80°C.

Nebulization and collection of CM

For all experiments where control and nebulized CM were to 
be compared, in a tissue culture cabinet a vibrating mesh nebulizer 
(VMN; Aerogen Solo®; Aerogen, Galway, Ireland) was placed so that 
the lower part fitted into a 50 mL polypropylene tube and the contact 
points sealed with Parafilm. The controller box was turned on until 
the CM was passed through and condensed in the tube and a 
centrifugation (4,000 × g, 5 min) settled all the liquid to the bottom. 
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This process took c. 1 min per mL of CM and recovery was c. 95% 
by volume.

Nebulized conditioned medium aerosol 
dynamics

10 mL of LPS-induced CM (LPS-CM) was defrosted, nebulized, 
and collected. The nebulizer was then washed with PBS and then 
inverted and washed again with PBS with aerosol collected each time. 
10 mL of LPS-CM was then nebulized to a cascade impactor [Next 
Generation Impactor (NGI); Copley Scientific Ltd., Colwick, 
United Kingdom] under a normal breathing ventilation regimen (15 L 
per minute) and each collection plate and connector washed with 
10 mL of PBS and collected. Finally, 10 mL of LPS-CM was applied to 
a simulated lung device (ASL 5000™ Lung Solution; Laerdal, 
Wappingers Falls, NY, United States), again under normal breathing 
ventilation, and the various collection filters washed with 10 mL PBS 
and collected. All samples were then analyzed for total protein content 
by BCA assay (Pierce BCA Protein Assay Kit; Thermofisher Scientific) 
and a representative cytokine quantified by ELISA as per 
manufacturer’s instructions (Human IL-8/CXCL8 DuoSet; R&D 
Systems, Minneapolis, MN, United States).

In vitro lung epithelial model studies

An A549 lung epithelial cell line incorporating an NF-κB driven 
luciferase reporter construct (A549-κB-luc; Panomics, Fremont, CA, 
United States) was used for transcription factor assessment and scratch 
wound assays. A BEAS2B bronchial epithelial cell line (ATCC, Manassas, 
VA, United States) was used for other injury models. These were both 
cultured in RPMI-1640 (Sigma) with 10% FBS and penicillin/
streptomycin. Reporter assays: A549-κB-luc cells were seeded to 96 well 
plates at 50,000 cells in 100 μL of medium per well and 50 μL of SFM, 
non-nebulized or nebulized and collected MSC-CM was added 24 h later. 
An inflammatory activation cocktail (IL-1β 10 ng/mL, TNF-α 50 ng/mL, 
and IFN-γ 50 ng/mL) was then added for a further 24 h, whereupon 
medium was aspirated, cells homogenized in luciferase substrate 
(Bright-Glo™ Luciferase Assay System; Promega, Madison, WI, 
United States) and luminescence quantified in a Victor™ multilabel plate 
reader (PerkinElmer, Waltham, MA, United  States). Scratch wound 
assays: A549-κB-luc cells were seeded to 24 well plates at 200,000 cells in 
1 mL of medium. When confluence was reached, a single scratch wound 
was performed on the cell monolayer using a 1,000 μL pipette tip, 
medium aspirated, and cells washed with PBS. 1 mL of fresh medium was 
then added to each well with 250 μL of SFM, non-nebulized or nebulized 
MSC-CM. At various timepoints up to 24 h, scratch wounds were imaged 
under light microscopy (Cytation 5™; BioTek, Shoreline, WA, 
United States) and total remaining wound size quantified. Endotoxin 
inflammation model: BEAS2B were seeded to 96 well plates at 50,000 cells 
in 100 μL of medium per well and 50 μL of SFM, non-nebulized or 
nebulized and collected MSC-CM was added 24 h later. Escherichia coli 
derived lipopolysaccharide (LPS; Sigma) was then added to each well at 
1 μg/mL. After another 24 h, media was harvested for cytokine ELISA 
(Human IL-1β, IL-8/CXCL8 Duoset; R&D Systems) and cell viability 
assessed through addition of fresh media with 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma) at a final 

concentration of 0.5 mg/mL. After 2 h, media was aspirated, formazan 
crystals solubilized in 100 μL of DMSO, and absorbance read at 630 nm. 
Oxidative stress model: BEAS2B cells were seeded as above and MSC-CM 
added. Hydrogen peroxide (H2O2) was then added to a final 
concentration of 10 mM for 2 h and an MTT viability assays performed 
as described above.

In vitro antibacterial activity models

Direct bacterial inhibition: Overnight bacterial cultures were 
established from cryofrozen beads in 5 mL of Luria Broth (Fannin, 
Dublin, Ireland) in an orbital shaker at 37°C, 220RPM, overnight. 
Bacterial strains used were a patient isolate Gram-negative E. coli 
(Department of Clinical Microbiology, University of Galway, Ireland) 
and a reference Gram-positive S. aureus (#5624; ATCC, Manassas, VA, 
United States). Serial dilution and plating to agar determined these 
cultures to be c. 5 × 109 and 10 × 109 CFU/mL, respectively. MSC-CM 
was either used directly or passed through a VMN and added to 96 well 
V-bottom plates at 200 μL per well. Bacteria was then added in 10 μL of 
PBS to give final concentrations of 1,000 or 10,000 CFU/μL. Plates were 
placed in an orbital shaker at 37°C, 220 RPM for 4 h and then 
centrifuged with a plate adaptor in a benchtop centrifuge at 2,000 × g 
for 10 min. Medium was aspirated, bacteria pellet resuspended in 
200 μL and transferred to a flat bottomed 96 well plate. Absorbance was 
assessed at 650 nm in a multilabel plate reader (Victor™). A linear 
relationship between absorbance and CFUs has been previously 
established for these strains (20). Phagocytosis assay: THP-1 monocyte 
cells were seeded to 96 well plates at 100,000 cells per well and 
differentiated to macrophages with 1 μg/mL of phorbol myristate 
acetate (PMA) for 72 h. Wells were aspirated and refed with 100 μL of 
pre-nebulized or control MSC-CM and LPS (100 ng/mL) added to 
simulate the pneumonia environment. 24 h later, zymosan particles 
were added (four particles per cell ratio) and phagocytosis allowed to 
proceed for 4 h. Wells were then imaged under fluorescent microscopy 
(Leica Biosystems, Clare, Ireland) with two fluorescent particles in a 
cell being considered positive for phagocytosis activity.

In vivo pneumonia model

All animal experiments were performed under the ethical 
approval of the Animal Care in Research Ethical Committee (ACREC) 
at the University of Galway and the regulatory approval of the Health 
Products Regulatory Agency (HPRA) Ireland.

Adult male Sprague Dawley rats, 350–450 g, were used (Envigo, 
London, United  Kingdom). Animals were anesthetized with 
inhalational isoflurane (2% in air) and a bolus of clinically isolated 
E. coli delivered intratracheally. Animals were maintained under 
anaesthesia for 1 h between bacteria administration and treatment and 
then given IT instillation or attached to a Flexivent small animal 
ventilator (SciReq, Montral, Canada) for nebulization. Animals were 
ventilated with room air with 90 breaths per minute, flow rate 500 cc 
per minute and duty cycle 30%. 300 μL of MSC-CM was delivered to 
the animals via VMN IT over the course of approximately 5 min. In a 
separate group, animals were anesthetized and received 300 μL of 
MSC-CM by direct instillation IT. All animals were allowed to recover 
and returned to cages for observation.
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FIGURE 1

Nebulized MSC-CM will penetrate deep into the lung and has preserved protein content. 10 mL of MSC-CM was applied by VMN to a cascade impactor 
with an airflow of 15 L/min and protein deposition in the chambers quantified (A). The same MSC-CM was then applied by VMN to a simulated lung and 
protein deposition to the various parts of the circuit assessed (B). In IL-8 ELISAs as representative of intact protein delivery, naïve and LPS-treated MSC-
CM was passed through a VMN and collected (C), and the IL-8 content from the various plates of the cascade impactor (D) and points in the simulated 
lung circuit (E) were quantified after delivery of LPS-CM to the devices.

48 h later, animals were reanesthetized with medetomidine 1 mg/
kg (1 mg/mL Medetor®; Chanelle Veterinary, Ireland) and ketamine 
75 mg/kg (100 mg/mL Ketamidor, RicherPharma AG, Austria), and 
after confirmation of anesthesia intubated and attached to the 
ventilator. Ventilation regime was 90 breaths per minute, flow rate 
500 cc per minute. Animals were tracheostomized and a canula 
inserted in the coronary artery for continuous blood pressure and 
heart rate monitoring. Arterial blood for gas and metabolite analysis 
was also taken from this canula intermittently (ABL 90 Flex Plus; 
Radiometer Ireland, Dublin, Ireland). After 1 h, cisatracurium besilate 
(10 mg·kg−1·h−1; Atricorium besylate, Aspe, Ireland) was administered 
to induce respiratory paralysis immediately prior to static lung 
compliance measurement. Animals were then given an anesthetic 
overdose and sacrificed by exsanguination.

Bronchoalveolar lavage was performed by delivering 5 mL of PBS 
to the lungs by intratracheal instillation and allowing the fluid to drip 
into a collection tube. This was repeated twice and all three BAL 
collections pooled.

Sample analysis

Lung wet:dry ratio: The left lung lobe was separated and weighed. 
It was then placed in a 37°C oven for 24 h to dehydrate it and 
reweighed. Wet to dry ratio was then calculated. Leukocyte differential 
counts: 5 mL of BAL was centrifuged at 1,000 × g for 10 min and the 
pelleted cells resuspended in 1 mL of PBS. This was then transferred 
to a glass slide by centrifugation (Cytospin™; ThermoFisher 

Scientific), dried and stained with Haema-Gurr for 5 min followed by 
5 min of ethanol destain and dried in air. Infiltrating cells were imaged 
under light microscopy (Leica) and total and neutrophil cell numbers 
counted. Cytokine multiplex: BAL was applied to a bead based cytokine 
multiplex assay (Bio-Plex Pro™ Rat Cytokine 23-Plex Assay; 
Accuscience, Naas, Ireland) as per manufacturer’s instructions in a 
multiplex bead reader (Bio-Plex 200 System; Accuscience). Lung 
bacterial load: BAL was serially diluted and plated to Brilliance UTI 
Clarity agar plates (Fannin). 24 h later E.coli presence was confirmed 
by color of colonies and CFU counted.

Statistical analysis

All data were analyzed using GraphPad Prism Software (GraphPad 
Software, San Diego, CA, United States). Data were tested for normal 
distribution and significance determined by ANOVA, with p < 0.05 
considered significant.

Results

Nebulized MSC-CM has excellent 
compatibility with VMN delivery

Naïve MSC-CM applied to a cascade impactor by VMN showed 
delivery to compartments corresponding to airways of diameter 1.39–
8.61 mm (Figure 1A) showing deep penetration to the distal lung. 
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Total delivery to a simulated lung was a significant percentage of the 
sample applied, with 40 μg/mL of protein recovered from the lung 
compared to only 5 μg/mL in the exhalation filter (Figure  1B), 
indicating that doses of conditioned medium can be  successfully 
delivered to patient airways. LPS activated MSC-CM contains a high 
concentration of IL-8 cytokine, which almost completely survived the 
nebulization process, with little cytokine observed in the filter 
wash-out (Figure  1C), suggesting that most proteins in the MSC 
secretome are delivered to the lung intact. However, the profile of IL-8 
protein delivered to the airways is somewhat different to that of the 
total LPS-CM protein (Figures 1D,E). Overall this delivery profile is 
in line with other aqueous solutions delivered by VMN.

Vibrating mesh nebulization preserves 
MSC-CM activity in vitro

MSC-CM was passed through a VMN, collected, and used in a 
variety of lung inflammation and injury models. MSC-CM was able 

to reduce the activity of an NF-κB reporter in alveolar epithelial cells 
in response to inflammatory cytokine induction and this anti-
inflammatory nature persisted after nebulization (Figure 2A). In a 
bronchial epithelial cell line exposed to E. coli LPS induced 
inflammation, MSC-CM significantly inhibited production of IL-1β 
(Figure 2B) and IL-8 (Figure 2C) cytokines, and this activity was also 
preserved after nebulization. This LPS injury model simultaneously 
resulted in a drop in viability in the bronchial cells, which could 
be  ameliorated by MSC-CM treatment (Figure  2D). Interestingly, 
nebulized MSC-CM actually performed better than non-nebulized 
with a significant further increase in cell viability (Figure 2D). In an 
oxidative stress model, hydrogen peroxide significantly reduced 
bronchial epithelial cell viability, as measured by MTT assay, and this 
could be  reversed with either control or nebulized MSC-CM 
(Figure 2E). Finally, in an alveolar epithelial scratch wound model, 
MSC-CM significantly increased wound closing speed, and 
pre-nebulization of the MSC-CM actually resulted in an even faster 
restitution of the epithelial layer (Figure  2F) with representative 
images available in Supplementary Figure S1.

FIGURE 2

Anti-inflammatory and tissue healing capacity of MSC-CM in vitro after nebulization. Nebulization of MSC-CM did not attenuate the induction of the 
pro-inflammatory pathway NF-κB compared with the non-nebulized CM (A). MSC-CM reduced IL-1β (B) and IL-8 (C) production while attenuating the 
decrease in BEAS2B cell viability (D) after 250 ng/mL LPS stimulation, with significant increase of effect after nebulization. MSC-CM also attenuated the 
viability of BEAS2B after oxidative stress damage (E) with no reduction in the effect after nebulization. MSC-CM increased wound closure in A549 
monolayers at 6, 9, and 24 h after initiation, with no significant reduction in the effect after nebulization (F; Data presented mean ± SD. †significant 
between no injury and PBS group, *significant difference between treated group and PBS group, both p ≤ 0.05. **significant difference between treated 
group and vehicle p ≤ 0.01. **significant difference between treated group and vehicle p ≤ 0.00.1. NS, no significant difference).
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FIGURE 3

Antibacterial capacity of MSC-CM in vitro after nebulization. MSC-CM inhibited the growth of Escherichia coli (A) and S. aureus (B) cultures before and 
after nebulization at an initial bacterial concentration of 10,000 or 1,000 CFU/μL. MSC-CM increased the phagocytic capacity of LPS-stimulated THP-1 
cells compared with vehicle treatment (B) with no significant decrease in effect after nebulization (Data presented mean ± SD; *significant difference 
between treated group and no treatment p ≤ 0.05; **significant difference between treated group and no treatment p ≤ 0.01; **significant difference 
between treated group and no treatment p ≤ 0.00.1; NS, no significant difference).

Antimicrobial activity of nebulized 
MSC-CM

MSC-CM reduced the proliferation rate of both Gram-negative 
E. coli (Figure 3A) and Gram-positive S. aureus (Figure 3B) although 
this did not reach significance with lower inoculation density of 
E. coli and was particularly pronounced against S. aureus. This 
inhibition was preserved after nebulization in both pathogen strains 
(Figures  3A,B). In monocyte/macrophages, phagocytosis was 
enhanced by exposure to both control and nebulized MSC-CM 
(Figure 3C).

Nebulized MSC-CM ameliorates 
Escherichia coli induced pneumonia

In a rodent model of pneumonia ARDS, instilled MSC-CM 
reduced the decrease in blood oxygenation observed in injured 
animals and this therapeutic effect could be  reproduced with 
MSC-CM nebulized to the airspace IT (Figures 4A,B). This benefit 
did not reach significance for both modes at 21% inspired oxygen 
(Figure 4A) but did at 100% (Figure 4B). To further explore lung 
function parameters, blood CO2 levels were seen to rise with 
pneumonia injury compared to vehicle control, and this could 
be reversed by MSC-CM, with no significant difference between 
instilled or nebulizer delivery modes, however overall significance 

against vehicle was here lost with nebulization (Figure 4C). The 
calculated alveolar:arterial (A:a) gradient was also significantly 
improved by MSC-CM administered by either method 
(Figure  4D). Respiratory static compliance was improved by 
instilled MSC-CM alone (Figure 5A), but accumulation of fluid in 
the lung with pneumonia was reduced by MSC-CM delivered by 
instillation or nebulization (Figure 5B), an important parameter 
of lung function. With regard to infiltration of leukocytes to the 
airspace, significant numbers of total white cells accumulated in 
the BAL after pneumonia injury, and this was reduced by 
MSC-CM but only significantly so by direct IT instillation 
(Figure 5C). However, the percentage of these infiltrating cells 
that are of the important and more deleterious neutrophil type 
was significantly attenuated by both IT instilled and nebulized 
MSC-CM (Figure 5D). Finally, bacteria load in the BAL of animals 
with pneumonia injury was reduced by both instilled and 
nebulized MSC-CM although this did not reach significance in 
either modality (Figure 6).

Nebulized MSC-CM reduced inflammatory 
cytokines in Escherichia coli induced 
pneumonia

In a 23-plex cytokine assay, almost all cytokines measured were 
present in BAL in higher concentrations after E. coli pneumonia 
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compared to healthy control animals (Figure 7). Cytokines reduced by 
MSC-CM instilled directly to the lung were: IL-1b, IL-2, IL-5, IL-6, 
IL-12. IL-18, GRO/KC, and M-CSF. Of these, all were also significantly 
ameliorated by IT nebulized MSC-CM apart from IL-2, IL-12, and 
M-CSF. The anti-inflammatory/pro-healing cytokines IL-10 and 
VEGF were both significantly increased by nebulized MSC-CM alone 
compared to vehicle control.

Discussion

While there are promising preclinical findings and clinical 
trials are ongoing, there are still challenges associated with cell 
isolation, production, and administration that need to be solved 
in order for MSCs to become a feasible treatment for ARDS (10). 
MSC products are also gaining traction as therapeutics to replace 
the MSC itself, but these can be expensive and wasteful to isolate. 
Local administration of MSC conditioned media has been proven 
effective in the amelioration of lung injury after E. coli LPS 
endotoxin administration (21, 22). However, the intratracheal 
administration of MSC suspensions could produce a tissue injury 
due to the additional delivery of vehicle liquid to the lung, where 
nebulization can overcome local administration issues through 
delivery of a highly respirable aerosol containing the desired 

therapeutic over a longer time frame and with a deeper penetration 
throughout the lung tissue (23).

Supporting this idea, we have observed that nebulization of the 
MSC-CM allows penetration deep into the lung airways with a 
minimal waste of the product, confirming the compatibility of this 
delivery method with MSC cell products. In addition, the nebulization 
process did not alter the therapeutic capacity of the MSC-CM in 
reducing inflammatory cytokine concentrations and increasing cell 
viability after inflammatory damage in vitro. In the same vein, as 
McCarthy et al. (20) demonstrated recently, the direct antibacterial 
effects were also not adversely affected, with nebulized conditioned 
medium able to inhibit bacterial growth in live cultures of Gram-
positive and Gram-negative bacteria species (20). Ionescu et  al. 
demonstrated that IT delivered MSC-CM reduced the presence of 
neutrophils in the alveolar space in an LPS lung injury model (21). 
Similarly, we  observed that IT delivery of MSC-CM reduced the 
immune cell presence in the lungs in a full E. coli pneumonia model, 
with a significant reduction in the percentage of neutrophils as 
reported in previous studies after whole cell administration (24). 
Interestingly, nebulization of the same MSC-CM product improved 
the reduction in infiltrating cells, particularly neutrophils, in the 
lungs compared with the IT delivery mode. In the same direction, 
MSC-CM produced a reduction in the fluid infiltration with a lower 
wet:dry weight ratio in treated animals regardless of the delivery 

FIGURE 4

MSC-CM ameliorates physiological parameters in bacterial induced lung injury. Nebulization of MSC-CM 1 h after Escherichia coli installation mitigated 
the arterial PO2 decrease on 21% O2 (A) and 100% O2 (B) ventilation and attenuated PCO2 increase (C) at 48 h. No difference between delivery methods 
was observed. MSC-CM attenuated the increase in alveolar-arterial O2 gradient (D) with no statistical difference in effect based on the delivery methods 
(Data presented mean ± SD; †significant between control and vehicle; *significant difference between treated group and vehicle, both p ≤ 0.05; 
**significant difference between treated group and vehicle p ≤ 0.01; and NS, no significant difference between nebulized and instilled delivery method).
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FIGURE 6

MSC-CM reduces bacterial load in bacterial induced lung injury. 
MSC-CM reduced the presence of Escherichia coli colony forming 
units in lung BAL measured 48 h after treatment with no difference 
between nebulized and non-nebulized CM (Data presented 
mean ± SD).

methods. MSC-CM treated animals showed reduction in pivotal 
cytokines for the inflammatory process such as IL-1β and IL-6 similar 
to previous studies where whole MSCs were administrated (25). In 
addition, there were lower levels of immune cell chemoattractants 
like GRO/KC, possibly explaining the reduced presence of these cells 

in the lungs. There was also an increase in the levels of the cytokine 
IL-10, with an anti-inflammatory effect reminiscent of the findings 
reported by Gupta et al. after BM-MSC administration in an LPS lung 
injury model (14). The improvement observed in lung physiology 
translated into a better organ functionality as proven by the 
physiological parameters measured in the treated animals. Among 
these parameters, the alveolar-arterial gradient measurement is a 
strong indicator of gas exchange efficiency, with a high gradient 
relating to poor capacity for blood oxygenation (26). The reduction 
of the alveolar-arterial gradient, added to the reduction in arterial 
PCO2 and increase in the PO2, suggests a recovery of the blood-
alveolar barrier and better O2/CO2 exchange in animals treated with 
nebulised MSC-CM.

As observed in previous studies, the MSC secretome modulates 
macrophage activity, generating an increase in M2 differentiated 
subpopulations, with anti-inflammatory cytokine production and 
increased phagocytosis (27). In this sense, we  observed that 
nebulization of MSC-CM did not alter the capacity of MSC-CM to 
increase phagocytic activity in macrophages-like cells in vitro. This 
mechanism could be  partially responsible for the reduction in 
bacterial presence observed in BAL samples from treated animals.

There are some limitations to this study. Firstly, transformed 
cell lines can only be  considered the first line of in vitro 
investigation and deeper mechanistic studies should utilize 

FIGURE 5

MSC-CM ameliorates other injury markers in bacterial induced lung injury. Nebulization of MSC-CM attenuated compliance decrease (A) while 
reducing total infiltrating cell count (B), wet:dry ratio (C), and neutrophils number (D) in the lung with no statistical difference between delivery 
methods (Data presented mean ± SD; †significant between control and vehicle; *significant difference between treated group and vehicle, both p ≤ 0.05; 
**significant difference between treated group and vehicle p ≤ 0.01; and NS, no significant difference between nebulized and instilled delivery methods).
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primary human or animal lung epithelial cells. Secondly, the 
secretome is an incredibly complex mix of molecules and 
subcellular constructs, and determining which factors ultimately 
result in therapeutic effect is ongoing. The absence of a detailed 
mechanism of action may also have implications for potency 
assays during larger scale production and eventual trial licensing. 
Another limitation is that only a single timepoint of therapeutic 
delivery and injury assessment was possible within the scope of 
the study. Whether MSC-CM reduces the injurious process of 
ARDS or enhances the subsequent repair (or indeed both) is not 
answered. It also remains to be  determined in MSC-CM can 
address a more established pneumonia infection and for the 
therapeutic window to be calculated.

In summary, the direct nebulization of MSC-CM broadly 
recapitulated the antibacterial and anti-inflammatory capacity of the 
MSC itself widely described in the scientific literature. In addition, 
nebulization enhanced the immune cell and fluid clearance capacity 
of the MSC-CM, offering a promising delivery route for the MSC 
secretome in ARDS patients where instillation of liquid therapeutics 
should be avoided.
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FIGURE 7

MSC-CM reduced inflammatory markers in lung after bacterial infection. Nebulizer administration of MSC-CM mitigated the increase of inflammatory 
cytokines IL-1α, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-7, IL-12, IL-18, and IFN-γ while increasing anti-inflammatory cytokine IL-10 compared with the vehicle 
group at 48 h after injury induction with significant increase in effect with nebulised MSC-CM in IL-4 and IL-10, and no negative effect in the remaining 
cytokines. MSC-CM also mitigated the increase in chemoattractant GRO/KC and inflammatory related molecules such as M-CSF and VEGF after 
Escherichia coli administration 48 h after injury induction. No significance was observed between delivery routes (Data presented mean ± SD; 
†statistically significant between control and vehicle group; *significant difference between treated group and vehicle, p ≤ 0.05; and NS, no significant 
difference between nebulised and IT delivery route).
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Ischemia/reperfusion-activated
ferroptosis in the early stage
triggers excessive inflammation to
aggregate lung injury in rats

Xiujie Liu1,2†, Binhui Pan3†, Xiaoting Wang1,2†, Junpeng Xu1,2,

Xinyu Wang1,2, Zhengyang Song1,2, Eryao Zhang4,

Fangyan Wang1,2* and Wantie Wang1,2*

1School of Basic Medical Science, Wenzhou Medical University, Wenzhou, China, 2Institute of

Ischemia/Reperfusion Injury, Wenzhou Medical University, Wenzhou, China, 3Nephrology Department,

Wenzhou Central Hospital, Wenzhou, China, 4Department of Gastroenterology, The Second A�liated

Hospital and Yuying Children’s Hospital of Wenzhou Medical University, Wenzhou, China

Objective: Lung ischemia/reperfusion injury (LIRI) is a clinical syndrome of acute

lung injury that occurs after lung transplantation or remote organ ischemia.

Ferroptosis and inflammation are involved in the pathogenesis of LIRI according

to the results of several studies on animal models. However, the interactive

mechanisms between ferroptosis and inflammation contributing to LIRI remain

unclear.

Methods: HE staining and indicators of oxidative stress were used to evaluated

the lung injury. The reactive oxygen species (ROS) level was examined by DHE

staining. The quantitative Real-time PCR (qRT-PCR) andwestern blot analysis were

employed to detect the level of inflammation and ferroptosis, and deferoxamine

(DFO) was used to assess the importance of ferroptosis in LIRI and its e�ect on

inflammation.

Results: In the present study, the link of ferroptosis with inflammation was

evaluated at reperfusion 30-, 60- and 180-minute time points, respectively.

As the results at reperfusion 30-minute point shown, the pro-ferroptotic

indicators, especially cyclooxygenase (COX)-2 and acyl-CoA synthetase long-

chain family member 4 (ACSL4), were upregulated while the anti-ferroptotic

factors glutathione peroxidase 4 (GPX4), cystine-glumate antiporter (XCT) and

ferritin heavy chain (FTH1) were downregulated. Meanwhile, the increased level

of interleukin (IL)-6, tumor necrosis factor alpha (TNF-α) and IL-1β were observed

beginning at reperfusion 60-minute point but mostly activated at reperfusion

180-minute point. Furthermore, deferoxamine (DFO) was employed to block

ferroptosis, which can alleviate lung injury. Expectedly, the survival rate of rats was

increased and the lung injury was mitigated containing the improvement of type II

alveolar cells ultrastructure and ROS production. In addition, at the reperfusion

180-minute point, the inflammation was observed to be dramatically inhibited

after DFO administration as verified by IL-6, TNF-α and IL-1β detection.

Conclusion: These findings suggest that ischemia/reperfusion-activated

ferroptosis plays an important role as the trigger for inflammation to further

deteriorate lung damages. Inhibiting ferroptosis may have therapeutic potential

for LIRI in clinical practice.

KEYWORDS

ferroptosis, lung, ischemia/reperfusion injury, inflammation cytokines, rat
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1. Introduction

Lung ischemia/reperfusion injury (LIRI) is a common risk

factor for adverse outcomes occurring when oxygen supply to the

lung has been compromised, followed by a period of reperfusion

(1–3). The accumulation of lipid reactive oxygen species (ROS)

induced by ischemia/reperfusion (IR) and excessive inflammation

is considered the main pathogenesis for exacerbating lung tissue

damages (4, 5). However, traditional antioxidative and anti-

inflammatory properties are unable to completely abrogate the

subsequent LIRI. Therefore, it is urgent to explore the underlying

mechanisms and targeted treatments for LIRI.

Ferroptosis has been recently identified as an iron- and lipid

hydroperoxide-dependent non-apoptotic cell death in numerous

clinical pathologies such as intestinal IR injury, myocardial

infarction, and renal failure (6, 7). It has been reported that the acyl-

CoA synthetase long-chain family member (ACSL4) located in the

lipid membrane initiates ferroptosis (8). Some core genes related

to the lipid peroxide removal system such as cystine/glutamic acid

transporter (XCT) and glutathione peroxidase 4 (GPX4) have been

also found to be involved in the suppression of ferroptosis (9, 10).

GPX4 is known for its ability to reduce lipid hydroperoxides and

other reactive oxygen species (ROS) using glutathione (GSH) as

an electron donor. When GPX4 reacts with lipid hydroperoxides,

GSH provides the reducing power necessary to convert the

hydroperoxide into its corresponding alcohol. This reaction also

regenerates the active form of GPX4, allowing it to continue to

scavenge ROS and protect the cell from oxidative damage. As

evidence shows, lung IR increased the tissue iron content and

lipid peroxidation accumulation, along with key protein (GPX4

and ACSL4) expression alteration during reperfusion. Moreover,

inhibition of ferroptosis mitigated ferroptotic damage in IR-

induced lung injury by reducing lipid peroxidation and increasing

the glutathione and GPX4 levels, suggesting that ferroptosis is

correlated with LIRI (11). However, the specific role of ferroptosis

in LIRI needs further exploration.

Excessive inflammation, another key contributor to LIRI, has

been reported to be triggered by necroptosis in several animal

models (12–14); however, in fact, ferroptosis is recognized as more

immunogenic than necroptosis due to potentiating a series of

inflammatory reactions (15). It is well-known that arachidonic

acid (AA) is the main component of cell membrane lipids, and

AA is metabolized as a precursor of bioactive pro-inflammatory

mediators mainly through the cyclooxygenase (COX) and

lipoxygenase (LOX) pathways, which are also core pathways

for ACSL4, contributing to ferroptosis. In particular, ferroptosis

inhibitors have been shown to have anti-inflammatory effects

in models of neurological disorders, intracerebral hemorrhage,

and acute kidney injury (16–18). IL-6 and TNF-α, playing a

key role in the inflammatory reactions through upregulating

cytokines, cyclooxygenase, adhesion molecules, and chemokines,

were reported to promote the ERK pathway in different organ IR

models (19–21). However, the interaction between ferroptosis and

inflammation needs further investigation in LIRI.

In this study, we sought to elucidate the specific role

of ferroptosis and the interaction between ferroptosis and

inflammation in LIRI. To figure out the underlying mechanism,

we formulated three different reperfusion points to investigate

both ferroptotic and inflammatory indicators and found that

key protein GPX4 and ACSL4 expression systems were altered

at the 30-min reperfusion point, while interleukin (IL)-6 and

tumor necrosis factor-alpha (TNF-α) were upregulated at the

180-min reperfusion point. Furthermore, inhibition of ferroptosis

can ameliorate lung injury through inflammation depression.

Evidenced by the improvement of lung functions in lung damage,

we hypothesize that ferroptosis triggers excessive inflammation in

LIRI, and inhibition of ferroptosis would serve as a promising

treatment for acute lung diseases.

2. Methods

2.1. Rat model of lung IR injury

Male Sprague–Dawley (SD) rats weighing 220–270 g were

purchased from Weitonglihua (Beijing, China), and the rats

were fed standard food and water and were acclimated to the

environment before use. They were anesthetized and subjected

to IR according to the protocols approved by the Animal Care

and Use Committee of the University of Wenzhou Medical

University (wydw2023-0099).

A total of 60 male SD rats were randomly divided into five

groups, including the sham operation group (control group), 30-

min lung ischemia–reperfusion (IR) group (IR30 group), 60-min

lung IR group (IR60 group), 180-min lung IR group (IR180 group),

and deferoxamine (DFO) pretreatment group (IR30+DFO and

IR180+DFO group). Rats in the sham operation group did not

undergo other procedures, except for opening the left chest. The

left hilum of rats in the IR group was clamped with a non-invasive

vascular clamp to establish an ischemic model. After 30min, the

vascular clamp was released, and the rats underwent reperfusion

for 30, 60, and 180min. As for rats in the IR30+DFO group

and IR180+DFO group, 100 mg/kg of DFO was intraperitoneally

injected 1 h before clamping the left hilar (22). Each rat was injected

with 500 µl of DFO solution using physiological saline as a solvent,

while the control rats were injected with an equivalent volume

of physiological saline, and the rest are the same as the IR30 or

IR180 group.

2.2. Survival experiment

A total of 30 male SD rats were randomly divided into three

groups, including the control group, IR group, and IR + DFO

group. Rats in the control group were opened to the left chest for

30min and then sutured. The left hilar of rats in the IR group

were clamped for 30min and then sutured. As for rats in the

DFO pretreatment group, 100 mg/kg of DFO was intraperitoneally

injected 1 h before clamping the left hilar, and the rest are the same

as the IR group. All the rats were kept warm on an electric blanket.

2.3. The wet–dry weight ratio experiment

After rats were sacrificed, part of the lungs was cut and weighed

as the wet weight. Then, all the lungs were put in a constant

temperature oven for 48 h and weighed as the dry weight.
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2.4. Hematoxylin–eosin (HE) staining

The lungs were retrieved from indicated animals, and sections

were prepared for HE staining. The staining was performed using

the standard protocol. The general histopathology examination is

under a light microscope (Olympus, Tokyo, Japan).

2.5. Detection of ROS fluorescence levels

Dihydroethidium (DHE) was used to interact with intracellular

superoxide anions to create ethidium and 2-hydroxyethidium

bromide, a bright red fluorescent complex that may be used to

measure the concentration of superoxide anions by measuring

the intensity of the fluorescence. DHE (10 mmol/L, Beyotime

Institute of Biotechnology, Shanghai, China) was incubated with

frozen sections that were sectioned on a cryostat microtome

(Leica, Wetzlar, Germany), 5µm thick, and mounted onto glass

slides (CITOTEST, Jiangsu, China), at 37◦C, in the dark. The

slices mounted by Antifade Solution were examined under an

orthographic microscope after being rinsed three times in PBS.

2.6. Measurement of malonaldehyde
(MDA), glutathione (GSH), and Fe

Malondialdehyde (MDA) in the degradation products of lipid

peroxide can be condensed with thiobarbituric acid (TBA) to form

a red product with a maximum absorption peak at 532 nm. The

substrate of this method is thiobarbituric acid. According to the

manufacturer’s instructions, lung samples were homogenized with

0.9% NaCl and centrifuged to extract the supernatant. MDA, GSH,

and Fe were quantified in accordance with the detection assays’

directions (A006-2-1, A003-1, and A039-2-1, Nanjing Jiancheng

Bioengineering Institute, Nanjing, China). MDA, GSH, and Fe

levels were standardized to the level of total protein.

2.7. Enzyme-linked immunosorbent assay
(ELISA) detection of the level of IL-6 and
TNF-α in the lung

ELISA kits were purchased from Elabscience (Wuhan, China),

and the level of IL-6 (E-EL-R0015c, Elabscience) and TNF-α

(E-EL-R2856c, Elabscience) detection was detected following the

instruction provided.

2.8. Transmission electron microscope
(TEM) analysis

The rats were sacrificed after reperfusion, and the lung was

excised and rinsed with precooled PBS (pH 7.4). A portion of the

lung was incubated in 2.5% glutaraldehyde for the whole night.

With a vibratome, 50-um thick slices of the lung sample were

sliced. Then, 1% osmium tetroxide was used to postfix the targeted

lung for 1 h; then, the tissue was dehydrated in a series of graded

ethanol and embedded in epoxy resin. The polymerization was

performed at 80◦C for 24 h. Next, 100-nm thick ultrathin sections

were cut, stained with uranyl acetate and lead citrate, and observed

under a JEM2000EX TEM (JEOL, Tokyo, Japan). Five fields were

randomly selected for each sample to examine mitochondria with

ferroptosis features.

2.9. Western blot analysis

Total protein samples were extracted from tissues

using RIPA lysis buffer (Yamei, Shanghai, China). Protein

concentrations were determined using a BCA protein detection

kit (Beyotime Institute of Biotechnology, Shanghai, China).

Proteins were separated using 10% SDS-PAGE and transferred

to polyvinylidene fluoride membranes. Membranes were

blocked in 5% skimmed milk and then incubated with the

primary antibodies ACSL4 (ab155282, Abcam, 1:10,000),

transferrin receptor 1 (TFR1) (A5865, ABclonal, 1:1,000),

ferritin heavy chain (FTH1) (ab65080, Abcam, 1:1,000),

XCT (Abcam, ab175186, 1:5000), GPX4 (Abcam, ab125066,

1:5000), and GAPDH (0494-1-AP, Proteintech,1:1,000) at 4◦C

overnight. After washing three times with tris-buffered saline,

the membranes were incubated with appropriate anti-rabbit

or anti-mouse secondary antibodies at room temperature

for 1 h. Imprinting was observed using chemiluminescence

(Yamei, Shanghai, China) and an Odyssey imaging system

(Li-Cor-Biosciences, NE).

2.10. Quantitative real-time PCR analysis

Total RNA was extracted with TRIzol reagent (Yamei,

Shanghai, China) from the lung tissue and reverse-transcribed

to cDNA using a kit (Vazyme, Nanjing, China). The cDNA

obtained was subjected to PCR using primers designed for

COX-2, solute carrier family 39, member 14 (SLC39A14),

ACSL4, GPX4, IL-6, IL-1β, TNF-α, and caspase3. The

primer sequences are shown in Supplementary Table 1.

Gene expression was determined using the SYBR Green kit

(Vazyme, Nanjing, China), according to the instructions.

All the results were normalized against β-actin expression

using the Thermal Cycler Dice Real Time system (TaKaRa

Company, Japan).

2.11. Statistical analysis

GraphPad Prism version 9.0 (GraphPad Software, San Diego,

CA) was used for statistical treatment. Experimental data were

shown as the mean ± SD. Two-tailed unpaired Student’s t-test

and one-way ANOVA with Tukey’s correction were used for all

comparisons of rat-related experiments. A P-value of <0.05 was

considered significant. The sample distribution was determined

using a Kolmogorov–Smirnov normality test.
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3. Results

3.1. Ferroptosis is activated by
ischemia–reperfusion at an early stage in
LIRI

Oxidative stress is one of the main pathological mechanisms in

LIRI that can induce excessive lipid peroxidation, which is also a

characteristic of ferroptosis (23). Therefore, to evaluate ferroptosis

sensitivity after reperfusion in the lung, we determined the level of

ROS under reperfusion conditions. As shown in Figure 1A, DHE

staining has been employed to assess the level of ROS induced

after reperfusion at different times. Compared with the control

group, the ROS level increased at the 30-min reperfusion point

and decreased at the 60- and 180-min reperfusion points in IR

group, which strongly suggested that oxidative stress may play

a pivotal role in the early stage of LIRI, particularly at the 30-

min reperfusion point. Meanwhile, HE staining showed that IR

caused the disruption of lung structure, alveolar damage, and red

blood cell aggregation. Similar to the above results, MDA, another

essential factor for ferroptosis execution, showed a significant

increase, while the reduction of the GSH level and increased

Fe cytoplasmic accumulation were observed in the early phase

(Figure 1B). In addition, the mRNA level of key ferroptotic factors

COX-2, SLC39A14, ACSL4, GPX4, and XCT was upregulated at

the early reperfusion stage (Figures 1C, D). Meanwhile, Western

blot analysis showed that these anti-ferroptotic proteins such as

GPX4, XCT, and FTH1 were downregulated, while pro-ferroptotic

proteins ACSL4 and TFR1 were upregulated at the early phase after

reperfusion (Figure 1E). These findings indicate that ferroptosis

induced by IR occurs at an early stage.

3.2. Inflammation erupts following
ferroptosis in LIRI

Since ferroptosis is likely to be a trigger of inflammation,

we further investigated some inflammation cytokines occurring at

different reperfusion stages in LIRI. As results shown in Figure 2A,

the gene expression of inflammatory cytokines IL-6, TNF-α, and IL-

1β were remarkably increased during prolonged reperfusion along

with the upregulated level of caspase 3. To reconfirm the above

results, ELISA detection was used to examine the level of IL-6

and TNF-α. As expected, the level of the two key inflammatory

cytokines was upregulated at the 180-min reperfusion point

(Figure 2B). Furthermore, Western blot analysis of total ERK

showed that the ERK increased along with the extension of

reperfusion time (Figure 2C). As a result, excessive inflammation

erupts following ferroptosis in LIRI.

3.3. DFO attenuates lung damage by
inhibiting ferroptosis in LIRI

The survival experiment has been carried out to further

elucidate the significance of ferroptosis in LIRI. As the result shown,

the survival rate of the IR group was just 40%, but while using the

ferroptosis inhibitor DFO, the survival rate significantly increased

to 100%, indicating that the ferroptosis plays an important role

in LIRI (Figure 3A). In addition, the lung tissue wet–dry ratio

showed that DFO relieves pulmonary edema induced by IR

(Figure 3B). Additionally, the results of DHE staining showed

that IR resulted in an accumulation of ROS, which could be

apparently repressed by DFO (Figure 3C). Meanwhile, TEM results

at 25,000 magnification showed that IR resulted in rupture of the

outer mitochondrial membrane after reperfusion; however, similar

features were not observed with DFO treatment (as yellow arrows

in Figure 3C). It is reported that MDA and GSH serve key roles

in maintaining the balance of oxidation and reduction. Along with

the increase of MDA and Fe induced by IR, a decrease of GSH

was observed in LIRI which could be reversed by DFO (Figure 3D).

The results of Western blot showed that GPX4, FTH1, and XCT

were upregulated while TFR1 and ACSL4 were reduced after DFO

treatment (Figure 3E). Taken collectively, these results suggest that

the ferroptosis inhibitor DFO significantly attenuates the lung

injury through inhibiting ferroptosis.

3.4. DFO mitigates lung damage by
suppressing inflammation

To investigate whether ferroptosis signals contribute to

inflammation, the levels of inflammation cytokines were examined

after 180min of reperfusion in LIRI. The results of qRT-PCR

analysis showed that DFO dramatically inhibited the levels

of IL-6, TNF-α, IL-1β, and caspase 3 (Figure 4A). Moreover,

ELISA detection of IL-6 and TNF-α reconfirmed that DFO

can suppress inflammation, suggesting that ferroptosis triggers

excessive inflammation in LIRI (Figure 4B). Expectedly, the

increased total protein level of ERK was inhibited at the 180-

min reperfusion phase (Figure 4C). In addition, MDA, GSH,

and Fe levels were improved by DFO (Figure 4D). HE staining

also showed that lung damage was relieved after DFO treatment

(Figure 4E). Therefore, the results above imply that ferroptosis

triggers inflammation and the use of ferroptosis inhibitors can

suppress inflammation to mitigate lung damage.

4. Discussion

Given that ferroptosis and inflammation are increasingly

reported to play significant roles in acute lung injury pathogenesis

(24, 25), however, the link of ferroptosis to inflammation in

LIRI is still unclear and needs to further explore the possible

mechanisms. It has been reported that DFO, targeting iron excess,

which was widely utilized to inhibit ferroptosis in animal research,

can significantly mitigate renal injury by restraining inflammation

(26). Our study found that ferroptosis was activated by IR in the

early stage of reperfusion, and inhibition of ferroptosis can mitigate

lung damage by depressing excessive inflammation.

Herein, we showed the time variation of ferroptosis in LIRI,

which is almost compatible with a previous study of intestinal

ischemia–reperfusion (27). By controlling the level of cellular

iron and the state of lipid peroxidation, numerous substances

took part in ferroptosis. It has been suggested that ACSL4, a key
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FIGURE 1

Ferroptosis is activated by ischemia–reperfusion at an early stage in LIRI. (A) HE and DHE staining of the lung (n = 3/group). (B) Levels of MDA, GSH,

and Fe in the lung tissue (n = 5/group). (C) qRT-PCR analysis of COX-2 and SLC39A14 in the lung (n = 5/group). (D) qRT-PCR analysis of ACSL4,

GPX4, and XCT (n = 5/group). (E) Western blot analysis of GPX4, XST, FTH1, ACSL4, and TFR1 in the lung (n = 3/group). Data are expressed as mean

± standard deviation. A one-way ANOVA was used to analyze statistical di�erences; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

enzyme involved in the creation of phospholipids that contain

polyunsaturated fatty acids, contributes to lipid peroxidation

and the ensuing ferroptosis (8). Increased ACSL4 was captured

beginning at the 30-min reperfusion point in the current study,

declaring that the lung cells were undergoing ferroptosis. In

addition, it is well-known that GPX4, a core gene against ferroptosis

through lipid hydroperoxides clearance, is influenced by the GSH

level in its activity (28). The generation of GSH can be impacted by

the glutamate/cysteine antiporter solute carrier family 7 member

11 (SLC7A11), which can influence cysteine absorption (29).

Consistently, the reduction of SLC7A11 and GSH, leading to

a weakened GPX4 level, was observed, which reconfirmed that

ferroptosis happened in the early stage of reperfusion in LIRI.

Inhibiting ferroptosis has been proposed as a potential target for

several disorders since it is linked to numerous pathophysiological

processes. In this study, GPX4 was shown to be significantly
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FIGURE 2

Inflammation erupts following ferroptosis in LIRI. (A) qRT-PCR analysis of IL-6, TNF-α, IL-1β, and caspase 3 in the lung (n = 5/group). (B) ELISA

detection of IL-6 and TNF-α in the lung (n = 5/group). (C) Western blot analysis of total ERK in the lung (n = 3/group). Data are expressed as mean ±

standard deviation. A one-way ANOVA was used to analyze statistical di�erences; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

decreased after reperfusion of 30min, verified by the level of

GSH and XCT. The transient induction of GPX4 at 60min

of reperfusion observed in this study may be induced by the

transient profit under a period of compensation response. The

decreased GPX4 expression was found in prolonged reperfusion,

similarly to other anti-ferroptotic factors FTH1 and XCT. However,

the complete impact of ferroptosis on the pathogenesis of

LIRI presumably is more complicated, and further research

is warranted.

In recent years, accumulating studies demonstrate that

inflammation is directly associated with iron and lipid metabolism,

which could be triggered by various acute injuries in both

humans and animals (30, 31). Ferroptosis is, therefore, believed

to play a pathogenic role in LIRI, combining oxidative stress and

inflammatory responses linked to iron and lipid metabolism.

The well-known ferroptosis biomarker COX-2 accelerates the

metabolism of AA and increases inflammation by secreting

inflammatory signaling molecules (32), which implies that

ferroptosis links inflammation through the activation of

cyclooxygenase (33). Moreover, it has been reported that

hepatic ferroptosis plays an important role as the trigger for

initiating inflammation in non-alcoholic steatohepatitis, showing

that the expressions of TNF-α, IL-6, and IL-1β were significantly

upregulated following ferroptosis (34). Additionally, evidence

exhibited that ferroptosis inhibitors can block inflammatory

responses in psoriasis with the reduced production of cytokines

including TNF-α, IL-6, IL-1α, IL-1β, IL-17, IL-22, and IL-23 (35).

In our study, the inflammatory cytokines, including TNF-α, IL-6,

and IL-1β, were also found to be greatly increased in the beginning

at the 60-min reperfusion points; however, this increase could

be inhibited during DFO administration, which revealed a close

connection to the initial ferroptosis.

The ERK signal pathway has been well-researched in various

acute injuries covering LIRI (20, 36, 37). As a previous

study evidenced, ERK expression was significantly suppressed to

attenuate the IR-induced lung injury during the administration of

preconditioning anti-vascular endothelial growth factor antibody,

which suggests that ERK plays a vital role in LIRI, meaning

that there must be a complicated link between ERK and

ferroptosis (38). It has been reported that ERK could regulate

ferritinophagy and inflammation, contributing to ferroptosis in

macrophage (39). However, in the current study, ferroptosis was

found to be activated by IR in the early stage of reperfusion,

while increased ERK was observed at the following reperfusion.

Interestingly, the increased ERK can be inhibited after DFO

treatment, revealing that ERK might be triggered by ferroptosis.

In brief, the interaction between ERK and ferroptosis needs

further exploration.
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FIGURE 3

DFO attenuates lung damage by inhibiting ferroptosis in LIRI. (A) The survival rate of rats after IR operation (n = 10/group). (B) Wet–dry weight ratio

of the lung (n = 5/group). (C) TEM analysis and DHE staining of the lung (n = 3/group), and TEM results were at 25,000 × magnification, and yellow

arrows show mitochondria. (D) Levels of MDA, GSH, and Fe in the lung tissue (n = 5/group). (E) Western blot analysis of GPX4, XCT, FTH1, ACSL4, and

TFR1 in the lung (n = 3/group). Data are expressed as mean ± standard deviation. A one-way ANOVA was used to analyze statistical di�erences; *P <

0.05, **P < 0.01, and ****P < 0.0001.

5. Conclusion

In this study, we established a LIRI model to explore the

underlying mechanism. The relationship between inflammation

and ferroptosis was evaluated through the related indicators,

showing that the pro-ferroptotic markers COX-2 and ACSL4 were

upregulated and anti-ferroptotic genes GPX4, XCT, and FTH1

were depressed. Additionally, the level of IL-6, TNF-α, and IL-

1β, especially ERK, were observed to be increased following

ferroptosis, suggesting that ferroptosis is activated by IR in the early

reperfusion stage, which is the initiator of subsequent inflammation

in LIRI. Furthermore, DFO significantly ameliorated lung injury,

including improvement in type II alveolar cells’ ultrastructure

and reactive oxygen species (ROS) production, accompanied by

a substantial reduction in the levels of IL-6, TNF-α, and IL-

1β, which implied that the TNF-α/IL-6-ERK pathway is the

crucial role to lung damage. Note that inhibition of ferroptosis

with DFO can depress inflammation and thus attenuate LIRI,
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FIGURE 4

DFO mitigates lung damage by suppressing inflammation. (A) qRT-PCR analysis of IL-6, TNF-α, IL-1β, and caspase 3 in the lung (n = 5/group). (B)

ELISA detection of IL-6 and TNF-α in the lung (n = 5/group). (C) Western blot analysis of total ERK in the lung (n = 3/group). (D) Levels of MDA, GSH,

and Fe in the lung tissue (n = 5/group). (E) HE staining of the lung (n = 3/group). Data are expressed as mean ± standard deviation. A one-way

ANOVA was used to analyze statistical di�erences; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

which can provide the clinical value for various ferroptosis-related

diseases. However, this study only employed male rats, which

has limitations, and more experiments need to be carried out

in future.
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Vascular risk factors for COVID-19 
ARDS: endothelium, contact-kinin 
system
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1 Mater Infirmorum Hospital, Belfast Health and Social Care Trust, Belfast, United Kingdom,  
2 Wellcome - Wolfson Institute for Experimental Medicine, Queen’s University Belfast, Belfast, United 
Kingdom

SARS-CoV-2 binds to ACE2 receptors, expressed within the lungs. Risk factors 
for hospitalization include hypertension, diabetes, ischaemic heart disease 
and obesity–conditions linked by the presence of endothelial pathology. Viral 
infection in this setting causes increased conversion of circulating Factor XII to 
its active form (FXIIa). This is the first step in the contact-kinin pathway, leading 
to synchronous activation of the intrinsic coagulation cascade and the plasma 
Kallikrein-Kinin system, resulting in clotting and inflammatory lung disease. 
Temporal trends are evident from blood results of hospitalized patients. In the first 
week of symptoms the activated partial thromboplastin time (APTT) is prolonged. 
This can occur when clotting factors are consumed as part of the contact 
(intrinsic) pathway. Platelet counts initially fall, reflecting their consumption in 
coagulation. Lymphopenia occurs after approximately 1 week, reflecting the 
emergence of a lymphocytic pneumonitis [COVID-19 acute respiratory distress 
syndrome (ARDS)]. Intrinsic coagulation also induces the contact-kinin pathway 
of inflammation. A major product of this pathway, bradykinin causes oedema 
with ground glass opacities (GGO) on imaging in early COVID-19. Bradykinin 
also causes release of the pleiotrophic cytokine IL-6, which causes lymphocyte 
recruitment. Thromobosis and lymphocytic pneumonitis are hallmark features of 
COVID-19 ARDS. In this review we examine the literature with particular reference 
to the contact-kinin pathway. Measurements of platelets, lymphocytes and APTT 
should be undertaken in severe infections to stratify for risk of developing ARDS.
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bradykinin, inflammation, coagulation, endothelium, COVID-19

Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has spread around the 
world rapidly. This novel beta coronavirus, responsible for coronavirus disease of 2019 (COVID-
19) may result in a spectrum of illness ranging from asymptomatic infection to severe respiratory 
failure and death. COVID-19 is extremely contagious and is transmitted via respiratory droplets. 
Viral cell entry is enabled via the SARS-CoV-2 spike protein receptor binding domain (RBD) 
which attaches to the angiotensin-converting enzyme-2 (ACE2) receptor which is expressed in 
a wide variety of tissues, including pulmonary epithelial cells and the endothelium. With the 
help of transmembrane serine protease (TMPRSS2), the virus-receptor complex becomes 
internalized in cells enabling viral replication within the cell. The principal effects of initial 
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infection are cough, fever, breathlessness, anosmia, loss of taste and 
infiltrates on the chest radiograph or computed tomography (CT). 
These infiltrates are alveolar filling defects, caused initially by oedema. 
A proportion of patients develop worsening symptoms and require 
hospitalization, often due to respiratory failure. These patients also 
develop coagulopathy, abnormal thrombosis, hypotension and acute 
renal impairment (1). Risk factors for progressive infection and 
mortality include age, hypertension, diabetes, ischaemic heart disease 
and obesity (2) suggesting that endothelial pathology may signify a 
unifying disease mechanism. Pre-existing endothelial dysfunction 
may cause excessive activation of the contact system in response to 
SARS-CoV-2 infection. The contact system is a key component of the 
innate immune response to inflammatory stimuli, tissue injury and 
infection. It is initiated by the conversion of the circulating zymogen 
Factor XII (FXII) to its active form FXIIa. This causes synchronous 
triggering of the intrinsic clotting pathway and the plasma Kallikrein-
Kinin System (KKS). Activation of the intrinsic coagulation pathway 
causes clotting factor consumption (seen as raised APTT) and 
thrombus formation. Triggering of the KKS leads to the production of 
bradykinin, resulting in vascular proliferation, vasodilation, oedema, 
cough and IL-6 release (3). The diverse manifestations of COVID-19 
infection could be  due to sustained activation of these systems/
pathways. Temporal changes in blood markers may reflect the actions 
of the contact-kinin system.

The contact system and coagulopathy

FXII is a serine protease that circulates in plasma as a single-chain 
zymogen. After contact with anionic surfaces such as neutrophil 
extracellular traps (NETs), polyphosphates, activated platelets or DNA 
released from damaged cells, FXII undergoes autoactivation to FXIIa 
which triggers the intrinsic clotting cascade via FXI cleavage to 
generate FXIa.

The subsequent proteolytic cleavage of factors IX and X ultimately 
leads to thrombin generation, fibrin formation and clotting (Figure 1). 
Activated partial thromboplastin time (APTT) measures the length of 
time taken for blood to clot via the intrinsic and common pathways. 
Prolonged results can indicate factor deficiencies/depletion or the 
presence of a competing antibody. APTT is often abnormally 
prolonged in COVID-19 (4). The mechanism behind this is not fully 
understood. Studies have identified the antiphospholipid antibody, 
lupus anticoagulant (LA) (5–7). Findings remain controversial as LA 
assays can be inaccurate in setting of raised C-reactive protein (CRP) 
or in patients on anticoagulant therapy (8) and these aspects were not 
always taken into consideration (9). Importantly, APTT prolongation 
is also found in LA negative COVID-19 patients (10–12). Prothrombin 
time (PT), fibrinogen and D-dimer levels are often abnormally 
elevated in COVID-19 (13, 14), and as the incidence of 
thromboembolism is known to be much higher than hemorrhagic 
events (15), APTT prolongation may therefore reflect clotting 
factor depletion.

The contact system and kallikrein kinin 
system

In addition to triggering the clotting cascade, FXIIa also 
synchronously activates the KKS; a complex pathway that modulates 

inflammation, blood pressure control, coagulation and pain (Figure 2). 
This system is initiated when FXIIa cleaves plasma prekallikrein (PKa) 
to kallikrein, a serine protease which forms a feedback loop to 
continue the activation of FXII. Kallikrein then cleaves circulating 
high-molecular-weight-kininogen (HK), releasing bradykinin and 
subsequent derivatives. Bradykinin is broken down by ACE receptors. 
ACE inhibitor drugs are widely used for the treatment of hypertension, 
heart failure and diabetic nephropathy. Their effects are well 
established. Between 7 and 25% of people develop a dry cough (3, 16). 
A lymphocytic alveolitis can also occur (17).

Bradykinin binds to cell receptor B2, a G-protein-coupled 
receptor which is ubiquitously expressed in most human tissues (18). 
Further enzymatic processing of bradykinin produces des-Arg-9 
bradykinin (DABK), a ligand of receptor B1, which is present on 
endothelial cells and upregulated in tissue injury and inflammatory 
states (19). Stimulation of these receptors has a potent effect; inducing 
vasodilation, vascular proliferation, micro-vascular permeability, 
oedema and release of pro-inflammatory cytokines including  
IL-6 and TNF-⍺ (20–22). Nagashima et  al. studied lung tissue 
immunoexpression of B1 and B2 in post mortem lung samples from 
mechanically ventilated patients with COVID-19 (n = 24) and 
influenza (n = 10). Notably, expression of B1 and B2 were significantly 
increased in both COVID-19 and influenza patients compared to 
uninfected controls (n = 11) (23).

Bradykinin peptides can be generated independently of FXIIa due 
to the actions of proteases which trigger distal elements of the 
KKS. Prolylcarboxypeptidase (PRCP), a regulatory protease involved 
in the renin-angiotensin system (RAS) can cleave PKa to kallikrein 
(24). However, PRCP activity has been found to be  similar in 
COVID-19 patients and controls (25). Cleavage of HK and kinin 
generation also occurs by agents other than kallikrein, such as the 
protease neutrophil elastase (NE), tryptase, cathepsins and 
proteinase-3 (PR3). These not only cleave HK but liberate bradykinin-
like peptides with the ability to act at B2R (26, 27). Neutrophilia 
occurs frequently in COVID-19 and is associated with poorer 

FIGURE 1

Activators of Factor XII. Factor XII is activated upon contact with 
anionic surfaces leading to dual activation of the Kallikrein-Kinin 
system and Intrinsic Coagulation cascade.
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outcomes (28). Neutrophils release a variety of potent enzymes 
including PR3 and NE (29). PR3 is a destructive protease with 
microbicidal activity and is capable of extracellular matrix 
degradation. Furthermore, PR3 can cleave high molecular weight 
kininogen producing PR3-kinin, which is then processed to 
bradykinin and des-Arg9-bradykinin in plasma (30). Increased PR3 
has been reported in severe COVID-19 (31, 32). NE acts on elastin, 
collagens and HK  - producing E-kinin, which is then cleaved to 
release bradykinin (26). Compared to healthy controls, progressively 
increasing NE levels correlated with hospitalization, need for ICU 
admission and mortality (33).

Factor XII in COVID-19

Wygrecka et al. compared the levels of factor XII (FXII) and its 
activation products from critically ill COVID-19 patients with samples 
from influenza patients with severe ARDS (34). FXII was reduced, 
plasma kallikrein-like activity and HK cleavage products were 
increased in COVID-19 patients in comparison to influenza ARDS 
and controls. This shows the decrease in FXII is due to activation (34). 
A similar pattern of decreased FXII, PKa and HK was reported in a 
study of 66 intensive care COVID-19 patients (35). Neutrophil 
extracellular traps (NETS) have been implicated as triggers for the 
cascade in a study demonstrating the presence of FXIIa alongside 
NETS in lung parenchyma of COVID-19 patients (36). An increase in 
serum FXIIa was also seen in a separate group of COVID-19 patients 
(36). In a study of 128 COVID-19 and 16 healthy controls, admission 
FXII levels were increased in asymptomatic/ mild/ moderate disease 
in comparison to controls–possibly reflecting an acute phase response. 
However, FXII levels were significantly lower in those who progressed 
to severe disease (37). Importantly this finding is not limited to 

severely ill COVID-19 patients: reduced FXII levels have also been 
found in critically ill patients with sepsis (38), likely reflecting 
increased activation.

Endothelial activity

Pre-existing endothelial pathology may be a priming factor for 
contact system activation in COVID-19. The endothelium is a 
complex organ that controls vascular tone, angiogenesis, clotting and 
the recruitment of leukocytes and platelets. These functions are 
regulated by expression of cell adhesion molecules such as E-selectin, 
intracellular adhesion molecule 1 (ICAM-1), vascular cell adhesion 
molecule 1 (VCAM-1) and thrombomodulin, an anticoagulant 
glycoprotein. Endothelial cells rapid responses are aided by organelles 
which function as storage granules called Weibel-Palade bodies. These 
store P-selectin, Von-Willebrand factor (vWF), eotaxin-3, 
interleukin-8, tissue-plasminogen activator, angiopoetin-2 (Ang-2), 
osteoprotegerin and endothelin-1. These are powerful inflammatory 
and physiological regulators which are rapidly expelled in response to 
vessel injury or inflammation. Vascular tone is regulated by 
endothelin-1, a potent vasoconstrictor. Angiopoietin-2, a form of 
growth factor, can function as a pro or anti-angiogenesis agent 
depending on inflammatory conditions and the presence or absence 
of other growth factors (39). P-selectin and vWF promote platelet and 
leucocyte adhesion. Activated platelets release adhesion molecules, 
perpetuating endothelial activation and cell recruitment. Von 
Willebrand factor polymerizes into large multimers that are size 
regulated by ADAMTS-13 (A Disintegrin And Metalloprotease with 
ThrombSpondin Motif type 1 motif, member 13), which is reduced in 
severely ill COVID-19 patients (40–42). This may reflect secondary 
consumption due to excessive release of vWF–which has been 

FIGURE 2

Contact Kinin System: Kallikrein-Kinin system (Blue) FXIIa cleaves pre-kallikrein to kallikrein (positive feedback loop to continue FXII activation), 
kallikrein cleaves high molecular weight kininogen (HK) to produce bradykinin, further processed to Des-Arg9 bradykinin. Bradykinin and Des-Arg9 
bradykinin act at receptors B2 and B1, respectively. Intrinsic coagulation cascade (Orange)–abbreviated pathway.
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consistently shown to be markedly raised in the infection (43, 44). In 
a study examining components secreted from Weibel-palade bodies, 
blood from 39 patients with moderate/critical/fatal COVID-19 
infection had significantly increased levels of plasma vWF, Ang-2 and 
osteoprotegerin compared to 15 healthy controls (45). When plasma 
was added to human endothelial cell cultures vWF increased 
significantly with critical/ fatal case plasma, though not with moderate 
disease plasma. Furthermore, plasma from fatal cases induced higher 
intracellular levels, but lower secreted levels of Ang-2, while inducing 
features of angiogenesis.

COVID-19 infection is also associated with elevated levels of 
endothelial P-selectin, E-selectin, VCAM-1 and Ang-2 (43, 46–49). At 
an early stage in the pandemic, Goshua et al. reported a significant 
increase in vWF factor and P-selectin in both non-ICU and ICU 
COVID-19 patients compared to controls (46). Notably, disease 
severity and mortality directly correlated with elevated vWF (46) and 
this trend has subsequently been shown in further studies (44, 50). 
Levels of soluble thrombomodulin (sTM) were found to have a 
mortality correlation (46). Philippe et al. studied results from patients 
with COVID-19 (n = 208) and unaffected controls (n = 29) (44). 
Ang-2, VCAM-1 and E-selectin were included in their analysis. 
Patients had bloods drawn on admission and were classified into 
groups (outpatient, non-critical and critical) according to outcomes 
over next 48 h. Compared to the control group, VCAM-1 was 
significantly increased in both the critical group and non-critical 
group. Elevated Ang-2, sTM and E-selectin was only demonstrated in 
the critical group. None of these markers varied significantly between 
the non-COVID-19 control group and the outpatient cohort of 
COVID-19 patients. A markedly different pattern was observed with 
vWF, with levels significantly elevated in all COVID-19 patients 
compared to controls. In addition, vWF levels further increased 
according to disease severity. Both of these results were seen in a 
smaller study of 50 mild/mod/severe patients and in a study of 28 
patients (40, 51).

In a separate hospitalized group, E-selectin levels were raised in 
severe disease only, but Von Willebrand factor was raised in all patient 
groups with COVID-19. In 20 of the evaluated patients with mild/
mod/severe disease, vWF levels remained elevated in 57% 30 days 
after admission (52). A larger study of 203 COVID-19 patients found 
that over 80% had raised vWF levels 3 months after the onset of 
infection (43). A study of 215 patients investigated endothelial 
markers in relation to transfer factor (DLCO) 6 months after 
COVID-19 illness. Patients with the lowest DLCO had higher levels 
of ICAM-1 and angiopoetin-2 (53). The prolonged lag in 
normalization may reflect the severity of the endothelial damage 
occurring during infection. Alternatively, it is possible that patients 
with persistent, abnormal endothelial markers may have had baseline 
abnormalities which accentuated their illness.

Viral infection causes oxidative stress and excess protein 
production in the endoplasmic reticulum. This overwhelms the 
regulatory unfolded protein response and results in loss of cellular 
homeostasis (54), which may accentuate the vigorous systemic 
response to COVID-19  in patients with pre-existing endothelial 
dysfunction. This includes the known high risk groups of older age, 
hypertension, ischemic heart disease, obesity, COPD and diabetes. For 
example, untreated hypertension has been associated with higher 
levels of vWF and P-selectin (55, 56). Levels improve with treatment 
though may still remain higher than control results (57). Other studies 

of hypertensive disorders have also found raised E-selectin (56, 58). 
Schumacher et al. found that patients with coronary artery disease 
(n = 193) have elevated levels of ICAM-1, VCAM-1 and P selectin 
compared to healthy controls (n = 193) (59). Patients with obesity have 
elevated levels of chemokines IL-6, TNF⍺ and MCP-1 and increased 
levels of endothelial ICAM-1, E-selectin, and P-selectin compared to 
those with a normal BMI (60). Elevated levels of vWF, E-selectin, 
ICAM-1 and VCAM-1 can be seen in patients with Type II diabetes–
and can also precede diagnosis (61–63). Interestingly, increased vWF 
has also been found in patients experiencing acute COPD 
exacerbations (64). Hospital admissions due to COPD exacerbations 
are linked to a markedly increased risk of cardiovascular events (65). 
Polatli et  al. compared levels of vWF in a healthy control group 
(n = 16), patients with stable COPD (n = 33) and patients with acute 
COPD exacerbations (n = 26). They found that the levels were 
progressively higher between the groups though not reaching 
statistical significance between stable/acute COPD (66).

Histological features and ACE2

Post-mortem findings from patients with severe COVID-19 lung 
disease have shown marked endothelial dysfunction, lymphocytic 
infiltration, intussusceptive angiogenesis and widespread thrombosis 
with microangiopathy (67). Pathological abnormalities can also 
be seen in asymptomatic patients. Resected lung samples in patients 
who were subsequently found to have COVID-19 in the postoperative 
period have shown alveolar damage, oedema, proteinaceous exudates, 
vascular congestion, alveolar hemorrhage and interstitial 
inflammatory infiltrates (68–70). Histological abnormalities are not 
limited to the respiratory system, demonstrating the systemic nature 
of the infection. Lymphocytic infiltration, endotheliitis, oedema, 
microthrombi and vascular proliferation are found in organs such as 
small bowel, spleen, kidney and liver (67, 70, 71). As neurological 
symptoms and complications are commonly seen (confusion, 
delirium, headache, autonomic dysfunction, stroke and 
meningoencephalitis) histological examination of brain tissue is of 
significance in this systemic effect. There are ischemic lesions, oedema 
and microhaemorrhages. Lymphocytic infiltration is seen, affecting 
the brainstem in particular (72).

These findings are indicative of dysfunction at the epithelial/
endothelial interface. Endothelial viral infection and endotheliitis in 
heart, lung, kidney and liver has been reported (73). A closer look at 
the mechanism of viral entry may provide an explanation for 
endothelial disruption. The ACE2 receptor serves as the binding site 
for SARS-CoV-2. Membrane bound ACE2 undergoes cleavage by 
ADAM Metallopeptidase Domain 17 (ADAM17) to form soluble 
ACE2, which plays a critical role in the renin-angiotensin system and 
the cleavage of numerous bioactive peptides including Des-Arg9-
bradykinin (DABK). ACE2 is expressed in lung epithelial cells, the 
starting point of infection. It is known to be increased in the airways 
of COPD and current smokers (74). It is found throughout endothelial 
surfaces in veins, arteries and arterioles and also in arterial smooth 
muscle cells (75). However, an RNA sequencing study found that 
ACE2 expression on endothelial cells was low in comparison to 
epithelial cells from respiratory, gastrointestinal and skin sites (76). 
Similarly, early in the pandemic ACE2 expression was shown to 
be highest in small intestine, heart, kidney, adrenal glands, with blood 
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vessels grouped among tissues with lowest expression (77). However, 
the endothelium is capable of mounting instant systemic responses 
and it is possible that low levels of expression are sufficient for damage. 
Bordoni et al. demonstrated that SARS-CoV-2 viral replication can 
occur in both airway epithelial and pulmonary endothelial cells (78). 
They also showed that culture of infected endothelial cells with 
non-infected pulmonary epithelial cells induced low levels of viral 
RNA in the pulmonary epithelial cells – though not vice versa. 
Moreover, viral infection of endothelial cells did not cause an increase 
in adhesion molecules (E-selectin, ICAM-1 and VCAM-1), but 
infection of epithelial cells resulted in increased E-selectin and 
VCAM-1, suggesting that the endothelial damage observed in 
COVID-19 is initiated by a cytotoxic effect from neighboring infected 
pulmonary epithelial cells.

Cells infected with SARS-CoV2 undergo pyroptosis leading to 
cytokines and danger associated molecular patterns (DAMPs). The 
response to these signals includes the release of neutrophil 
extracellular traps (NETS) and the activation of platelets. In addition 
to the damage caused by cell death, internalization of the viral/ACE2 
complex leads to a relative ACE2 deficiency, which is significant, as 
ACE2 plays a vital role in the renin-angiotensin system by converting 
angiotensin II to angiotensin 1–7 (a vasodilator with anti-
inflammatory, anti-thrombotic, antiproliferative and antifibrotic, 
activity) (79). The beneficial effects of ACE2 have been investigated in 
mouse models, showing that ACE2 deficient mice with acute lung 
injury improved following administration of recombinant ACE2 (80). 
Downregulation of the normal ACE2 function in COVID-19 leads to 
increased tissue and vessel exposure to angiotensin II, characterized 
by vasoconstriction, enhanced thrombosis, cell proliferation, 
increased tissue permeability, and cytokine production (81). Most 
importantly, a key agent of the contact-kinin pathway is bradykinin. 
ACE2 metabolizes des-Arg9-bradykinin.

Hematological findings and dynamic 
changes

Blood results in hospitalized patients with COVID-19 often follow 
predictable trends, correlating with stage of infection. Blood markers 
can also indicate severity of disease and aid in predicting outcomes. 
Lymphopenia is regarded as a cardinal finding, occurring in 
approximately two-thirds of people with COVID-19 (82). The lowest 
values occur after 7 days from symptom onset (83), reflecting 
recruitment to affected tissues. Patients with more severe disease tend 
to have lower lymphocyte counts at point of admission and have a 
more prolonged period of lymphopenia than those with mild disease. 
A retrospective study described admission blood results and 
subsequent dynamic changes for 548 inpatients (84). In severe disease, 
average counts were lower than in patients with mild disease. 
Non-survivors display very low levels on admission without 
appreciable lymphocyte recovery (84, 85).

Neutrophils usually rise from infection onset (85). Neutrophilia is 
associated with disease severity and mortality (28). Throughout the 
pandemic, lymphocyte and neutrophil results have been combined to 
form the neutrophil/lymphocyte ratio. A score of >11.75 predictive of 
mortality in hospitalized patients (86). Evidence has suggested that 
neutrophils may promote organ injury and coagulopathy via direct 
tissue infiltration and subsequent formation of Neutrophil 

Extracellular Traps (NETs) (87). NETS are networks of extracellular 
fibers composed of DNA and histones complexes. Structurally, they 
play an important role in the entrapment of microbes. They are potent 
activators of FXII and thus mediators of thromboinflammation. There 
is evidence to suggest that neutrophils in COVID-19 patients produce 
higher levels of NETs and also longer complexes in comparison to 
those from healthy controls (88).

Platelet counts are also affected by COVID-19 infection. 
Thrombocytopenia is present on admission in over a third of patients 
(89) although it is typically mild. Studies correlating platelets with day 
of symptoms have shown that counts begin drop from infection onset 
and are markedly lower at 7 days post symptom onset. This is often 
overlooked as the reduction may still fall within normal parameters. 
The sudden decrease in platelets may reflect depletion due to 
activation and subsequent consumption. At a later stage in infection, 
a rebound increase occurs (90, 91)—often meeting criteria for 
thrombocytosis. This pattern was also observed in the 2002 SARS 
infection (92). Activated platelets are likely to be a major contributing 
factor to the disease pathology in COVID-19. Patients with critical 
disease have increased levels of soluble P-selectin and CD40 ligand 
(circulating markers of platelet activation) (93). The use of antiplatelet 
agents has been explored. Anti-platelet therapy has a number of 
potentially beneficial mechanisms, including inhibition of platelet 
aggregation, reduction of platelet activation inflammation, and 
blocking of neutrophil extracellular traps. The RECOVERY trial 
investigated the use of aspirin in hospitalized COVID-19 patients and 
found no difference in mortality compared to standard care (94). 
However, there may be a role for antiplatelet agents in the prevention 
of disease severity. A cohort study of 984 COVID-19 patients (253 
pre-admission aspirin, 751 not on aspirin) reported that that 
requirement for respiratory support (as defined by non-invasive or 
invasive ventilation) was significantly lower in the pre-hospital aspirin 
group: 33% vs. 49%. They also found that this group had a lower 
neutrophil to lymphocyte ratio on admission (p = 0.013) (95). In 
addition, a large, propensity matched study found there was a 2.6% 
absolute reduction in mortality with pre-hospital antiplatelet 
agents (96).

There are limited studies reporting dynamic coagulation changes 
according to day of symptoms as the majority of studies report 
findings by day of admission. In a retrospective analysis of 843 
COVID-19 inpatients the APTT was significantly higher after 5 days 
of symptoms, but not after 10 or 13 days (97). This is confirmed by a 
separate group which reported raised APTT levels from day 5 of 
symptoms in patients with severe disease which then decreased until 
day 10 (98). Similarly a significantly higher APTT level was seen in 
the first week of symptoms compared to the 4th week (99). Studies 
reporting dynamic changes per day of admission have also 
demonstrated this trend. A meta-analysis of coagulation factors in 
COVID-19 reported that APTT levels decreased from point of 
admission, day 4 and onwards (100). A study of 1,131 hospitalized 
patients (36 severe) reported a slightly increasing trend in APTT and 
PT for the severe group and a slightly decreasing trend in the mild 
group within the first 10 days of admission (4). There was no temporal 
change in D-dimer for the mild group, but an increasing trend was 
observed in the severe group, a finding similar to a study of 320 
hospitalized patients (101). Smadja et al. studied temporal trends of 
fibrin monomers, which are generated from the cleavage of fibrinogen 
from thrombin. They evaluated results from 246 inpatients during 
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their first 9 days of hospitalization and demonstrated an increasing 
trend until approximately day 6 of admission in critically ill 
patients (102).

Interleukin-6

In addition to abnormal hematological parameters, numerous 
pro-inflammatory cytokines have been detected and associated with 
the disease evolution of COVID-19. Studies of COVID-19 inpatients 
have revealed elevated levels of TNF-α, IFN-γ, IL-6, IL-8 and IL-10 
(103–105). IL-6 is one of the most widely studied cytokines, leading 
to the utilization of targeted therapies such as tocilizumab and 
sarilumab. IL-6 is implicated in multiple processes, however it has a 
strong lymphotrophic effect, recruiting lymphocytes to the site of 
inflammation. Studies have consistently shown that elevated levels are 
predictive of disease severity and mortality (103, 104, 106). A cross 
sectional observation study of 272 COVID-19 inpatients demonstrated 
that a value of >79.9 pg./mL was predictive of unfavorable outcomes 
in terms of respiratory support and mortality (107). Santa Cruz et al. 
demonstrated that IL-6 levels peaked between 7 and 10 days post 
symptom onset in hospitalized patients (108). In keeping with risk 
factors for severe disease, IL-6 levels are higher in men and increase 
with age (105). This may be the link between high levels and severe 
lymphopenia and severe disease. It is notable that bradykinin causes 
release of IL-6.

Radiological features

Chest imaging abnormalities are a signature feature of COVID-19 
disease and may even be observed in asymptomatic individuals. Chest 
radiographs and CT imaging can demonstrate ground glass, oedema, 
consolidation and fibrotic change. For patients who require 
hospitalization, these changes also follow trends that can help to 
distinguish stage of disease. Many studies have correlated imaging 
findings with days of symptoms. Patients may have imaging changes 
without symptoms; a meta-analysis of 231 asymptomatic cases 
reported that 63% had findings on CT imaging–the majority were 
ground glass opacities (GGO) (109). Within the first 7 days from 
symptom onset, GGOs are the main radiographic finding (83) and are 
usually bilateral and favor mid/lower zones (110). After 7 days, 
consolidation increases and may lead to respiratory failure and ARDS 
in a proportion of patients. Management involves escalated therapy 
with ventilatory support via NIV/CPAP and may require treatment in 
intensive care with invasive ventilation, which is associated with a high 
mortality (111). A meta-analysis of risk factors for COVID-19 severity 
reported that male sex, hypertension, cardiovascular, cerebrovascular, 
diabetes and respiratory disease were significantly associated with 
progression to ARDS (112). Hospitalized patients have a high risk of 
venous thromboembolic disease. A meta-analysis of hospitalized 
patients reported a pooled incidence of pulmonary embolism in 
14.7% of cases (113). Ackermann et al. carried out high resolution 
Syncroton imaging on lung samples from 31 COVID-19 patients who 
had died from respiratory failures, showing partial/total occlusion in 
sub segmental pulmonary arteries (114).

In addition to parenchymal changes and thrombosis, studies have 
reported enlargement/dilation of sub segmental blood vessels at an early 

stage of infection/ on admission to hospital (110, 115). Bianco et al. 
investigated this phenomenon in COVID-19 patients and compared the 
findings with CT scans carried out in patients with influenza pneumonia 
(116). They found that vascular enlargement was present in 90% (45/50) 
COVID-19 patients, but only seen in 24% (12/50) patients with influenza 
pneumonia. Poletti et  al. carried out an analysis of the thoracic 
vasculature in COVID-19 patients (n = 279), Influenza patients (n = 159) 
and patients with normal CT chest imaging (n = 634). Blood vessel 
volume percentage (BV%) was calculated for small, medium and large 
vessels. In COVID-19, small vessel BV% were decreased in comparison 
to normal controls (14% vs. 18%), but larger vessels were significantly 
bigger (15% vs. 11%) (117). It is possible that these vascular changes 
develop due to dysregulated release of bradykinin and alterations in the 
RAS as a consequence of ACE2 downregulation.

Inhibitors of the contact system

The contact system is known to be  regulated by several 
physiological inhibitors. C1-esterase inhibitor (C1-INH) is the main 
inhibitor of FXIIa and FXIa and also acts to inhibit plasma kallikrein 
and the complement classical and lectin pathways. C1 inhibitor 
deficiency is the main cause for hereditary episodic angioedema 
(HAE); a rare genetic condition characterized by bradykinin mediated 
episodes of oedema. Consequently, individuals with C1-INH HAE 
have reduced regulation of the coagulation system and are at an 
increased risk of thromboembolic disease (118)—a finding recently 
replicated in a mouse model study (119). There have been differing 
reports of C1-INH in COVID-19. At the start of the pandemic, a study 
of admission blood results from 154 COVID-19 inpatients reported 
elevated levels of C1-INH which correlated positively with peak CRP, 
LDH and ferritin (120). A smaller study also reported increased 
C1-INH levels in 5 patients with severe disease (121). Conversely, 27 
COVID-19 positive hemodialysis (HD) patients compared with 32 
COVID-19 negative HD patients had significantly lower levels of 
CI-INH in the positive group. However, both HD groups were 
elevated in comparison to healthy controls (122). Other agents that 
can inhibit FXIIa (to a lesser extent) include antithrombin, 
α2-antiplasmin and α2-macroglobulin (123). Antithrombin targets 
FXIIa, FXIa and plasma kallikrein. Several studies have identified 
lower antithrombin levels in COVID-19 non-survivors compared to 
surviving groups (123–126). α2-antiplasmin is the main inhibitor of 
plasmin and can also inhibit FXIIa. Data on α2-antiplasmin levels in 
COVID-19 is limited, however similar results have been found 
between healthy control groups and admission values for COVID-19 
patients (127, 128). α2-macroglobulin regulates several proteases 
including kallikrein and FXIIa. De Laat-Kreemers et al. reported that 
α2-macroglobulin levels were within normal range in 133 COVID-19 
inpatients, but significantly lower levels were noted in patients with 
thrombosis compared to those without (129).

C1 esterase inhibitor

C1 esterase inhibitor - inhibitor of FXIIa and FXIa and also acts 
to inhibit plasma kallikrein and the complement classical and lectin 
pathways. A small case–control study compared the outcomes of 5 
COVID-19 patients who received C1-esterase inhibitor with 15 
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matched controls. The baseline characteristics and admission 
laboratory parameters were similar between groups. Eight patients 
(53%) in the matched control group died or required mechanical 
ventilation compared to only 1 (20%) in the C1-esterase inhibitor 
group (121). Another study reported the results of a randomized, open 
label trial of C1-esterase inhibitor, bradykinin B2 receptor antagonist 
(icatibant) or standard care alone (n = 9, 10, 9 respectively) (130). 
COVID-19 patients with severe infection (radiological pneumonia; 
SpO2 ≤ 94% in ambient air or Pa02/FiO2 ≤ 300 mmHg) were recruited 
and allocated to treatment arms 1:1:1 up to day 12 of symptoms. There 
were no significant differences between groups in terms of time to 
clinical improvement or mortality. There was an improvement in lung 
CT scores. The size of this study would require a strong signal to 
identify clinical improvement or mortality.

Plasma kallikrein inhibitors

Plasma kallikrein inhibitors have been developed for use in 
hereditary episodic angioedema (HAE). Lanadelumab and berotralstat 
are licensed for the prevention of recurrent attacks. Lanadelumab is 
administered as a subcutaneous injection every 2–4 weeks, depending 
on disease stability. Trials in COVID-19 are currently underway. 
Berotralstat is taken orally once per day. Both medications have been 
shown to significantly reduce the incidence of attacks compared to 
placebo (131, 132). Ecallantide is a plasma kallikrein inhibitor used to 
treat acute HAE attacks (133). Donidalorsen is an antisense 
oligonucleotide treatment which results in decreased production of 
PK from the liver. A phase 2 study has demonstrated a reduced rate of 
angioedema attacks compared to placebo (p = <0.001) (134).

Factor XII/FXIIa inhibitors

Garadacimab, a novel FXIIa inhibitor has been recently trialed  
in a phase 1 study (135). Dose-dependent increases in plasma 
concentration and pharmacodynamic effects in kinin and coagulation 
pathways were observed. Trials are currently underway in COVID-19.

B2 receptor blockade in COVID-19

Bradykinin receptor activation may cause the radiological 
oedema, hypotension and cytokine release seen in early COVID-19 
infection. The use of a receptor antagonist may interrupt this pathway 
and prevent progression to secondary damage, as defined by 
inflammatory cell infiltrates, thrombosis and vascular injury. Icatibant 
is a B2 receptor antagonist that has been in use since 2008 for the 
treatment of oedema caused by hereditary angioedema. It has a rapid 
onset of action, with median time of 2–2.5 h to symptom relief 
following a single dose (136, 137). It has a short half-life of 1.48 +/− 
0.35 h (138). Published data on the use of icatibant in COVID-19 is 
limited to four studies and two case reports. Importantly, there have 
been no safety concerns noted regarding the use of icatibant in 
COVID-19 in existing reports.

A case report of a single patient with severe COVID-19 infection 
described a favorable clinical response after icatibant (139). Giol et al. 

reported radiological improvement in a COVID-19 patient who 
received icatibant as a treatment for ACE inhibitor induced 
angioedema (140). Van de Veerdonk et al. described decreased oxygen 
requirements in COVID-19 patients (n = 9) treated with open label 
icatibant compared to standard care (n = 18). After 24 h, 89% of 
patients receiving Icatibant had a reduction of at least 3 L of oxygen 
compared to only 17% of controls (141). Mansour et al. carried out a 
randomized, open-label trial with three treatment arms; icatibant, C1 
esterase inhibitor and no trial drug (“usual care”) (130). Eligible 
patients had hypoxia, radiological COVID-19 pneumonia and were 
within 12 days of symptom onset. Patients in the icatibant arm 
received 30 mg three times per day for 4 days. The C1 esterase group 
were administered a dose on days 1 and 4. The main outcomes were 
time to clinical improvement as defined by the WHO ordinal scale 
and improvement in lung CT scoring. There were no significant 
differences between the groups.

Malchair et  al. carried out a randomized, open label trial of 
icatibant 30 mg three times per day for 3 days plus standard care 
compared to standard care alone. Patients were eligible if requiring 
supplemental oxygen, but not high flow oxygen or ventilation. Patients 
were required to have a positive PCR or antigen test within 10 days of 
randomization although symptom onset was not recorded. The 
primary outcome was clinical response (defined as category 2 or lower 
of the WHO ordinal scale, sustained for 48 h) by day 10 or discharge. 
The primary outcome was assessed for 37 and 36 patients, respectively. 
73% of patients in the icatibant arm (27/37) and 53% of standard care 
patients (20/36) met the clinical response target, although this did not 
meet statistical significance. However, clinical response was 
maintained at day 28 by all of the patients in the icatibant arm 
compared to controls (p = 0.011) and icatibant patients had a 
significantly shorter inpatient admission, 8 days vs. 10 (p = 0.014) (142).

A platform study has recently published data for the first seven 
medications trialed (including icatibant). The trial recruited patients 
with severe/ critical disease (requiring ≥6 L of oxygen) and an average 
symptom history of 9–10 days. There were 96 patients enrolled in the 
icatibant arm. Over half of the patients required ≥15 L of oxygen and 
a third were on non-invasive or mechanical ventilation. The primary 
aim was to find a large signal in terms of improved recovery time and 
mortality. This was not achieved for any of the medications used (143).

Conclusion

Activation of the bradykinin pathway begins at infection onset. In 
a proportion of cases this process eventually leads to inflammatory cell 
infiltration and tissue damage. These features are most evident at a 
later stage of the illness (>7 days post symptom onset). At this point, 
lymphocyte counts are lowest and neutrophil counts increase. Chest 
radiological appearances demonstrate progression from initial ground 
glass appearance (oedema) to dense consolidation. It is acknowledged 
that widespread vaccine uptake and the emergence of other variants 
are associated with milder illness in COVID-19. However, patients 
with vascular co-morbidities remain at risk of infection progression 
and this may be due to accentuation of the contact-kinin system in 
setting of endothelial dysfunction.

The study authors are conducting a proof of concept trial of 
icatibant in hospitalized patients with early COVID-19 infection. 
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The aim is to trial bradykinin blockade in early, potentially 
reversible disease, before the onset of secondary damage and acute 
respiratory distress syndrome (ARDS). Patients who have had 
symptoms for more than 7 days will not be included. The primary 
outcome is to determine the effect on the Alveolar-arterial gradient 
(as measured by arterial blood gas before and after treatment). If an 
improvement in oxygenation is found, icatibant or alterative 
medications targeting the KKS could be tested on a larger scale. This 
could potentially change the management at point of admission for 
early COVID-19, preventing progression to respiratory failure. 
There may be  wider implications for lung injury, as a study  
of bradykinin inhibition showed an improvement in the 28-day 
risk-adjusted survival in patients with SIRS from gram-negative 
infections (144).
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