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Editorial on the Research Topic
Fibrosis: etiology, pathophysiology, measurements, and therapy

Various stress injuries can cause organ fibrosis, depending on different pathogeneses and
mechanisms. Excessive fibrosis aggravates pathological remodeling and functional
deterioration of kidney, heart, lung, liver, etc. Progress has been made in the diagnosis
and treatment of fibrosis; for example, the N-terminal propeptide of collagen type I and the
amino-terminal peptide of procollagen type III have been shown to correlate with
inflammation and fibrosis in the liver but not specifically with the liver (Lurie et al.,
2015). In the absence of specific therapeutic targets, circulating biomarkers, and imaging
techniques, fibrosis research is challenging.

For this Research Topic, we collected 7 review articles, 8 original research papers, and 2meta-
analyses in the field of organ fibrosis. One review (Yang et al.) focused on endogenous exosomes,
as small extracellular vesicles, in the development, evaluation, and treatment of pulmonary
fibrosis. Endogenous exosomes are involved in intercellular communication by delivering cellular
cargoes to recipient cells, including nucleic acids, functional proteins, metabolites, etc., and in
numerous biological processes, such as inflammation, extracellular matrix deposition, and
epithelial-mesenchymal transition, showing promise for the evaluation and treatment of
pulmonary fibrosis. Another review (Tepus et al.) examined the possibility of using
extracellular vesicles to evaluate renal fibrosis. Molecular profiling data showed that
extracellular vesicles have potential diagnostic and therapeutic value in chronic kidney
disease. Techniques for the application of extracellular vesicles are not yet mature, as there
are still obstacles in obtaining, preserving, and loading extracellular vesicles. Simplified and
reproducible methods need to be explored for clinical application of extracellular vesicles,
especially exosomes. Li et al. summarized novel mechanisms and therapeutic targets for
metabolic reprogramming in myofibroblasts, endothelial cells, alveolar epithelial cells and
macrophages during pulmonary fibrosis. How the tumor suppressor p53 is involved in the
development and progression of liver fibrosis was discussed by Yu et al. Targeted regulation of
p53 may be effective in the treatment of liver fibrosis. According to a review article (Liu et al.),
cGAS/STING helps the body fight harmful factors, such as microorganisms and cancer, while
many reports show the flip side that cGAS/STING enhances immunopathological responses and
injury. cGAS/STING overactivation exacerbates immunopathological damage and fibrosis,
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contributing to a new potential target for fibrosis assessment and
intervention. Ding et al. reviewed the effects of bariatric surgery on
cardiac, hepatic and renal comorbidities in patients with type 2 diabetes
mellitus and the possible mechanisms. Clinical evidence shows that
bariatric surgery is superior to drug therapy in terms of glycemic control
and organ fibrosis, and that bariatric surgery has long-term benefits for
cardiac, hepatic, renal, and other organ function by reversing fibrosis.
Thus, bariatric surgery is recommended for the treatment of severely
obese patients with type 2 diabetes. Yin et al. discussed the
pathophysiology, evaluation, and intervention of postinfarction
myocardial fibrosis. Regional fibrosis in infarcted zones and collagen
deposition in noninfarcted zones promote pathological ventricular
remodeling. Reperfusion in combination with new drugs such as
angiotensin receptor neprilysin inhibitors and sodium/glucose
cotransporter 2 inhibitors, as well as mineralocorticoid receptor
antagonists and β-adrenoceptor antagonists, counteracts pathological
ventricular remodeling and delays heart failure. Promising therapeutic
options such as anti-inflammatory agents, bone marrow-derived cells,
and microRNAs are being explored.

Six preclinical studies addressed the mechanisms and therapeutic
strategies for organ fibrosis (Figure 1). Among them, three studies
investigated therapeutic strategies for renal fibrosis (Li et al.; Repova
et al.;Wang et al.). One herbal formulation, Heidihuangwan, was shown
to improve renal fibrosis and functional deterioration in rats with 5/
6 nephrectomy (Li et al.). Heidihuangwan inhibited autophagy through
increasing insulin-like growth factor 1 level and its binding to its specific
receptor and activating the PI3K/Akt signaling pathway, resulting in
attenuation of renal fibrosis. Another study investigated whether
lactacystin induces fibrotic renal remodeling and how melatonin and
captopril affect these changes (Repova et al.). Lactacystin damaged rat
kidneys, and treatment with melatonin or captopril increased
glomerular density, decreased glomerular tuft area, and decreased
hydroxyproline levels in kidneys. Melatonin or captopril therapy
decreased intraglomerular and tubulointerstitial collagen I and III.
Because melatonin did not lower blood pressure, the antifibrotic
effect was probably achieved by its direct and pleiotropic actions.
Considering the results on cardiac fibrosis from other studies and

renal fibrosis from this experiment, the model of cardiorenal injury and
fibrosis established using lactacystin is promising. In the third study
(Wang et al.), investigators examined the role of emodin in renal fibrosis
and the underlying mechanisms using a mouse model with unilateral
ureteral obstruction and a rat renal tubule epithelial cell line stimulated
with TGF-β1. Emodin increased miR-490-3p level, decreased high
migration protein A2 level, and attenuated TGF-β1-dependent fibrosis.

With regard to cardiac fibrosis, Cheng et al. found that
knockdown of ADAM17 attenuated left ventricular fibrosis and
functional deterioration in diabetic mice, whereas overexpression of
ADAM17 exacerbated it by shearing angiotensin-converting
enzyme 2, downregulating angiotensin-(1–7) production and
promoting myofibroblast transformation via the TGF-β1/
Smad3 pathway. Targeted regulation of ADAM17/angiotensin-
converting enzyme 2/angiotensin-(1–7) may be a promising
approach to prevent and treat pathological ventricular remodeling.

A study by Wang et al. confirmed the detrimental effect of
salusin-β on monocrotaline-induced pulmonary vascular
remodeling. Increased salusin-β activity in pulmonary arteries of
rats with pulmonary hypertension contributes to pulmonary artery
smooth muscle cell proliferation and migration and vascular
remodeling through upregulation of reactive oxygen species.

In a study by Zhu et al., a mouse model with mechanical
corneal injury was used to investigate the effects of acriflavine, an
inhibitor of hypoxia-inducible factor (HIF) dimerization, on
corneal fibrosis and transparency. The results showed that
inhibiting HIF alleviated corneal fibrosis and transparency in
mechanically injured corneal stroma. Acriflavine inhibited
corneal fibrosis by downregulating the TGF-β1 signaling
pathway and myofibroblast transformation. In addition,
inhibiting HIF also downregulated fibronectin level, which did
not depend on the TGF-β1 pathway.

A preclinical meta-analysis (Wu et al.) evaluated the effects of
metformin on pulmonary inflammation and fibrosis score in animal
models of pulmonary fibrosis. The results showed that metformin can
ameliorate pulmonary fibrosis in animals by activating AMPK,
reducing TGF-β levels and phosphorylation of Smad2/3 and ERK1/

FIGURE 1
Summary of the preclinical studies in this Research Topic. ACE2, angiotensin-converting enzyme 2; ADAM17, a disintegrin and metalloprotease
domain family protein 17; Ang-(1–7), angiotensin-(1–7); HIF, hypoxia-inducible factor; HMGA2, highmobility protein A2; IGF-1, insulin-like growth factor
1; PASMCs, pulmonary arterial smooth muscle cells; ROS, reactive oxygen species.
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2, and inhibiting fibroblast proliferation and differentiation, epithelial-
mesenchymal transition, and inflammation.

This Research Topic included two retrospective clinical studies, one
of which examined the relationship between myocardial strain and
infarct size in patients with preserved systolic function after myocardial
infarction (Wang et al.). The global circumferential strain determined
by cardiac magnetic resonance imaging had higher diagnostic accuracy
than the global longitudinal strain in assessing infarct size. Park et al.
analyzed magnetic resonance elastography of 6215 subjects at average
risk for liver fibrosis. The diagnostic value of fibrosis-4 was confirmed to
be better than the fibrosis score for nonalcoholic fatty liver disease in
screening for liver fibrosis in such average-risk populations.

The efficacy of cordyceps in patients with cardiac arrhythmias
and the identification of possible mechanisms have been studied
using meta-analysis and network pharmacology (Wang et al.).
Cordyceps improves sinus node and atrioventricular conduction
by regulating PI3K/Akt and adrenergic signalling pathways in
patients with cardiac arrhythmias, with no apparent side effects.

In conclusion, the broad coverage of this Research Topic opens
numerous new perspectives on molecular mechanisms, evaluation,
and therapeutic approaches in organ fibrosis.
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Bidirectional regulatory effects of
Cordyceps on arrhythmia:
Clinical evaluations and network
pharmacology
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First Medical University and Shandong Academy of Medical Sciences, Jinan, China, 5Ambulatory
Surgery Centers, Tai’an City Central Hospital, Tai’an, China, 6Department of Endocrinology and
Metabolism, Affiliated Hospital of Weifang Medical University, Weifang, China

Background: Cordyceps is a precious Chinese herbal medicine with rich bio-

active ingredients and is used for regulating arrhythmia alongside routine

treatments. However, the efficacy and potential mechanisms of Cordyceps

on patients with arrhythmia remain unclear.

Methods: Randomized controlled trials of bradycardia treatment with

Cordyceps were retrieved from diverse databases and available data.

Dichotomous variables were expressed as a risk ratio (RR) with a 95%

confidence interval (CI). Continuous variables were expressed as a

standardized mean difference (SMD) with a 95% CI. Network pharmacology

was used to identify potential targets of Cordyceps for arrhythmia. Metascape

was used for gene ontology (GO) and genome (KEGG) pathway enrichment

analysis.

Results: Nineteen trials included 1,805 patients with arrhythmia, of whom

918 were treated with Ningxinbao capsule plus routine drugs, and, as a

control, 887 were treated with only routine drugs. Six trials reported on

bradycardia and the other 13 on tachycardia. Treatment with Cordyceps

significantly improved the total efficacy rate in both bradycardia (RR = 1.24;

95% CI, 1.15 to 1.35; Pz <0.00001) and tachycardia (RR = 1.27; 95% CI, 1.17 to

1.39; Pz <0.00001). Cordyceps also had beneficial secondary outcomes. No

serious adverse events occurred in patients treated with Cordyceps. The results

of KEGG pathway enrichment analysis were mainly connected to adrenergic

signaling in cardiomyocytes and the PI3K-Akt signaling pathway. IL6, TNF, TP53,

CASP3, CTNNB1, EGF, and NOS3 might be key targets for Cordyceps in the

treatment of arrhythmia.
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Conclusion: This study confirmed that Cordyceps has a certain positive effect

on the treatment of arrhythmia and that its main mechanism may be through

the regulation of adrenergic signaling in cardiomyocytes and the PI3K-Akt

signaling pathway.

KEYWORDS

cordyceps, traditional Chinese medicine, arrhythmia, network pharmacology, meta-
analysis

1 Introduction

Cardiovascular disease takes the lives of 17.7 million people

every year, accounting for 31% of all global deaths, and this

number will possibly rise to 23.6 million by 2030 (Borghi et al.,

2018). Cardiac arrhythmias are mostly found in patients with

organic cardiovascular diseases and are abnormalities or

disturbances in the normal activation or beating of the heart

muscles (Fu, 2015). Arrhythmias are a set of life-threatening

cardiovascular diseases that can be divided into two types:

bradyarrhythmias and tachyarrhythmias (Hategan et al., 2017;

Black et al., 2019). Although the therapies for arrhythmias have

attracted much attention, the efficacy and safety of modern

medicines in the treatment of this disease are not satisfactory.

Treatment with anti-arrhythmia drugs is not proven to reduce

mortality, and the side effects of anti-arrhythmia drugs in

patients’ digestive and cardiovascular systems have been

brought to the forefront (Hao et al., 2015).

In recent years, with the development of evidence-based

studies, the effects of traditional Chinese medicine (TCM)

have been further confirmed and valued. Chinese herbs and

herbal formulas have been used for arrhythmia since the 1970s

(Hao et al., 2015; Hao et al., 2017). Herbal formulas can improve

symptoms and adjust the heart rate to a normal level in patients

with arrhythmia (Liu et al., 2018). Cordyceps, under the trade

name “Ningxinbao capsule”—a liquid submerged fermentation

of dry mycelium powder (Hao et al., 2017; Hategan et al., 2017)—

is a standardized traditional Chinese medication that is widely

used in the arrhythmia treatment, including for atrioventricular

block, refractory bradycardia, and conduction block (Zhang

et al., 2017; Das et al., 2020). However, there is no credible

scientific evidence supporting the use of Cordyceps in treating

and preventing arrhythmia. Currently available randomized

controlled trials (RCTs) are limited to small sample sizes with

inconsistent outcomes. Drawing authoritative conclusions about

the genuine benefits and possible side effects is thus difficult.

Network pharmacology has become a new approach to drug

mechanism research and drug development. In recent years, a

variety of related databases and tools have provided crucial

support for TCM network pharmacology (Zhang et al., 2019).

We thus performed this meta-analysis to estimate the

effectiveness and safety of Cordyceps compared to

contemporary anti-arrhythmia drugs and placebos, by

assessing total effectiveness rates, improvement in symptoms,

changes in heart rates, and the incidence of drug-related adverse

effects. Network pharmacology was also used to identify the

potential mechanisms of Cordyceps for treating arrhythmia.

2 Materials and methods

2.1 Meta-analysis

2.1.1 RCT preparation
Literature was retrieved from the PubMed Database, the

China National Knowledge Infrastructure (CNKI), the

Wanfang Database, the China Scientific Journal Database

(VIP), and the Chinese Biomedicine Literature Service System

(SinoMed). Published review articles, editorials, and information

from the internet (http://www.clinicaltrialresults.org, http://

www.clinicaltrials.gov, and http://www.theheart.org), were also

considered, covering the period from the earliest possible date up

to December 30, 2021. Bradyarrhythmia, which is basically a

heart rate below 60 beats per minute, can be due to sinus, atrial or

junctional bradycardia, or problems with the conduction system,

e.g., sinus bradycardia, sinoatrial block, atrioventricular block,

and others (Kumar et al., 2012; Sidhu and Marine, 2020).

Tachyarrhythmia, usually defined as a heart rate of more than

100 beats per minute, mainly involves premature beat, atrial

flutter, atrial fibrillation, and so on (Boateng, 2013; Sagris et al.,

2021). The search algorithms for PubMed were as follows:

“Ningxinbao,” “Cordyceps,” AND (“arrhythmia” or

“arrhythmia” or “bradyarrhythmia” or “bradycardia” or

“sinoatrial block” or “sinus arrest” or “atrioventricular block”

or “sick sinus syndrome” or “tachyarrhythmia” or “tachycardia”

or “premature beat” or “premature ventricular contractions” or

“tachycardia” or “flutter” or “fibrillation”), AND “randomized,”

AND “blind,” with no restriction on subheadings. Similar but

appropriate search terms were used for other literature databases

or search engines. The reference lists of all included articles were

searched for other relevant citations, and articles not included in

the above electronic databases were checked manually.

Whenever necessary, the authors of the included trials were

contacted for additional information. Available citations were

searched and selected by two authors (L. J. and H. L.)

independently and in duplicate; two authors (L. J. and H. L.)

abstracted data and assessed the methodological quality of the

trials.
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2.1.2 Inclusion and exclusion criteria of the
studies

The inclusion criteria were as follows: 1) Study subjects

were diagnosed as arrhythmic according to the

corresponding guidelines. 2) All patients were randomized

to receive treatment with Ningxinbao and contemporary

medications, or contemporary medications only. 3) The

sample size in each study group was ≥10 cases. 4) Follow-

up in each study group was ≥2 weeks. 5) Quantitative

measurements of surrogate endpoints and/or adverse

cardiovascular events and/or adverse drug effects were

available to facilitate outcome analysis.

Exclusion criteria were as follows: 1) Studies were non-

randomized or non-blinded. 2) Patients enrolled had no

definite diagnosis. 3) Different TCM medications were

compared. 4) Studies reported only symptomatic changes

in patients without objective laboratory measurements. 5)

Methodological quality was poor with a Jadad score of <2.

2.1.3 Statistical analysis
RevMan 5.3.5 software (Cochrane Collaboration, London,

United Kingdom) was used to synthesize the data. Continuous

variables were expressed as mean difference (MD) with a 95%

confidence interval (CI), and dichotomous variables as odds ratio

(OR) with a 95%CI. Statistical significance was denoted by a two-

tailed p < 0.05. Chi-square and I2 tests were used to test the

heterogeneity among trials. Moreover, the fail-safe number was

used to estimate the extent of publication bias (Cheng et al.,

2016).

2.2 Network pharmacology

2.2.1 Data collection
The ingredients of Cordyceps were collected from TCMSP

(http://tcmspw.com/tcmsp.php), which is a system pharmacology

platform designed for studying TCM comprehensively. Our

condition was set with compounds OB ≥ 30%, DL ≥ 0.18, while

some ingredients that did not meet the criteria, but had significant

pharmacological activity were also selected for the next step. We

retrieved the targets of tachyarrhythmia (atrial flutter, atrial

fibrillation, premature ventricular beat, ventricular tachycardia,

ventricular flutter, ventricular fibrillation, junctional escape and

escape rhythm, nonparoxysmal junctional tachycardia, premature

contraction of the atrioventricular junction, and sinus

tachyarrhythmia), as well as the targets of bradyarrhythmia

(sinus bradycardia, sinus arrest, sinoatrial block, atrioventricular

block, intraventricular block, sick sinus syndrome) from GeneCards

(https://www.genecards.org/), which are online servers for target

identification. After gathering all the data, we took the intersections

of Cordyceps and disease targets using the online drawing tool called

Interactive Venn (http://www.interactivenn.net/).

2.2.2 Protein–protein interaction network
construction

The PPI network of the genes was constructed using STRING

(https://string-db.org/cgi/input.pl). The protein interaction

network was downloaded from its “string_interactions.tsv”

format file. For the list of names, we used common targets of

Cordyceps with tachyarrhythmia and bradyarrhythmia. After

finishing construction, we hid disconnected nodes in the

network. Cytoscape 3.9 was used to build the protein-protein

interaction network construction.

2.2.3 Functional and pathway enrichment
analysis

For the biological and functional annotation of the genes

within each herb-disease-target network and PPI, gene ontology

(GO) analysis and Kyoto Encyclopedia of Genes and Genomes

(KEGG) pathway enrichment analysis were performed using

Metascape (http://www.metascape.org/). The function activities

and the pathways were ranked by their nominal p values with a

cut-off of 0.05.

2.3 Molecular docking

The 2D structural information was downloaded from the

PubChem database (https://pubchem.ncbi.nlm.nih.gov/), and its

mechanical structure was optimized by Chem3D software. The

Uniprot database (https://www.uniprot.org/) was searched, and

the 3D structures regulating the candidate target proteins in the

PDB database were downloaded (http://www.rcsb.org/).

Autodock tools 1.5.6 (http://autodock.Scripps.Edu/resources/

tools) were used for water removal and hydrogenation, for

calculating Gasteiger charge, and storing targets and bioactive

components as a “pdbqt” format file. The binding conformations

were visualized by PyMOL 2.4.0 and Discovery Studio 2019. A

flowchart of the network pharmacology study is given in Figure 1.

3 Results

3.1 Pooled analysis

3.1.1 Study characteristics
In the end, 19 RCTs were included, all of which were

published in Chinese. Six trials reported on bradyarrhythmia;

the other 13 on tachyarrhythmia. The characteristics of the

eligible 19 RCTs are listed in Table 1. The sample sizes

ranged from 20 to 180 participants. The 19 RCTs enrolled

1,805 participants, of whom 918 were treated with Ningxinbao

capsule plus routine drugs, and, as the control, 887 were treated

with only routine drugs. The dosage of Ningxinbao capsule was

0.25 g thrice daily in one trial, and 0.5 g thrice daily in the others.
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FIGURE 1
Flow chart investigating Cordyceps in the treatment of arrhythmia.
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Treatment duration varied from 2 weeks to 1.5 years, and

16 trials used the efficacy rate as the primary outcome.

Fourteen trials reported drug-related adverse reactions,

including skin allergy, nausea, vomiting, abdominal

discomfort, etc. All 19 trials were parallel group RCTs, the

Jadad score was 4 in two trials, and 3 in the others.

3.1.2 Clinical endpoints
3.1.2.1 Bradyarrhythmia

A total of six trials (Zhang & Fan, 2009; Liu et al., 2014;

Zeng, 2015; Zhong, 2016; Wang, 2017; Chen, 2018) reported on

bradyarrhythmia, enrolling 641 participants, of whom 332 were

treated with Ningxinbao capsule plus routine drugs, and, as the

control, 309 were treated with only routine drugs. All the

participants received routine treatments, including treating

the primary disease, reducing blood pressure, decreasing

myocardial oxygen consumption, improving myocardial

blood supply, strengthening myocardial nutrition, and lipid

regulation. The Jadad score was 4 in one trial (Zhong, 2016) and

3 in the others (Zhang & Fan, 2009; Liu et al., 2014; Zeng, 2015;

Wang, 2017; Chen, 2018). Five trials used the effective rate as

the primary outcome (Liu et al., 2014; Zeng, 2015; Zhong, 2016;

Wang, 2017; Chen, 2018). Analyses from five eligible trials with

461 patients (236 in the Ningxinbao capsule groups and 225 in

the control groups) exhibited a higher effectiveness rate in

patients treated with Ningxinbao capsule plus routine

therapy, compared with routine treatment alone (RR = 1.24;

95% CI, 1.15 to 1.35; z = 5.42; Pz < 0.00001; I2 = 37%) (Table 1).

Among the studies that provided a comparison, there was no

significant difference in heart rate between the groups with and

without Ningxinbao capsule after treatment. Pooled data from

two trials (Zhang & Fan, 2009; Zeng, 2015) enrolling

272 patients (142 in Ningxinbao groups and 130 in control

groups) indicated that the patients in the Ningxinbao groups

had a significant increase in average heart rate (SMD = 1.10;

95% CI, 0.85 to 1.36; z = 8.44; Pz < 0.00001; I2 = 0%) and

minimal heart rate (SMD = 0.99; 95% CI, -0.49 to 2.46; z = 1.31;

Pz = 0.19; I2 = 97%), compared with the control groups

(Table 2).

3.1.2.2 Tachyarrhythmia

A total of 13 trials (Xu & Zheng, 1992; Wang et al., 2002;

Wang et al., 2009; Zhao, 2012; Wu, 2013; Tao et al., 2014; Li et al.,

2016; Wang, 2016; Liu & Chen, 2018; Chen & Zhang, 2019; Cai

et al., 2020; Wang, 2020; Cao et al., 2021) reported on

tachyarrhythmia. enrolling 1,164 participants, of whom

586 were treated with Ningxinbao capsule plus routine drugs,

and, as the control, 578 with only routine drugs. All the

participants undertook routine treatment for both the primary

disease and the relief of symptoms. Eleven trials (Xu & Zheng,

1992; Wang et al., 2002; Wang et al., 2009; Zhao, 2012; Wu, 2013;

Li et al., 2016; Liu & Chen, 2018; Chen & Zhang, 2019; Cai et al.,

2020; Wang, 2020; Cao et al., 2021) reported total effectiveness

rate as an outcome measure, and our study demonstrates that the

total effectiveness rate of the experimental group was higher than

the control group, with the difference being statistically

significant with obvious heterogeneity. Among the different

types of tachyarrhythmia, including three subgroups, results

were as follows: ventricular arrhythmia (RR = 1.27; 95% CI,

1.17 to 1.39; z = 5.51; Pz < 0.00001), atrial arrhythmia (RR = 1.40;

95% CI, 1.20 to 1.63; z = 4.24; Pz < 0.0001), and multiple types of

arrhythmias (RR = 1.34; 95% CI, 1.19 to 1.51; z = 4.75; Pz <
0.00001) (Table 1).

Two trials (Wang et al., 2009; Cai et al., 2020) of 218 patients

(110 in Ningxinbao groups and 108 in control groups), indicated

that the patients in the Ningxinbao groups had a significant

increase in average heart rate (SMD = −1.14; 95% CI, −2.83 to

0.56; z = 1.32; Pz = 0.19; I2 = 0%) (Table 2).

TABLE 1 Meta-analysis of arrhythmia patients’ treatment with Cordyceps.

Category n Participants, n
(cases/controls)

Heterogeneity RR
(95%CI)

Z-test

Ph I2

(%)

Effective rate

Bradyarrhythmia 5 236/225 0.18 37 1.24 (1.15–1.35) z = 5.42; Pz <0.00001
Ventricular arrhythmia 5 259/257 0.08 51 1.27 (1.17–1.39) z = 5.51; P z <0.00001
Atrial arrhythmia 4 145/145 0.36 7 1.40 (1.20–1.63) z = 4.24; Pz <0.0001
Multiple types of arrhythmias 4 182/176 <0.0001 88 1.34 (1.19–1.51) z = 4.75; Pz <0.00001

Incidence of disease

Ventricular premature beat 1 40/41 NA NA 0.34 (0.10–1.17) z = 1.71; Pz = 0.09

Ventricular tachycardia 1 40/41 NA NA 1.02 (0.22–4.78) z = 0.03; Pz = 0.97

Ventricular flutter 1 40/41 NA NA 0.51 (0.05–5.43) z = 0.56; Pz = 0.58

Ventricular fibrillation 1 40/41 NA NA 0.13 (0.02–0.98) z = 1.98; Pz = 0.05

Pz<0.05 shows a significant association. CI, confidence interval; NA, not available; RR, relative risk; Ph, p-values.
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One trial (Tao et al., 2014) reported the incidence of

ventricular tachyarrhythmia, ventricular premature beat,

ventricular flutter, and ventricular fibrillation during the

Ningxinbao capsule treatment and follow-up. The result

showed that the groups treated with Ningxinbao capsule had

a greater reduction in the occurrence of ventricular premature

beat (RR = 0.34; 95% CI, 0.10 to 1.17; z = 1.75; Pz = 0.09),

ventricular tachyarrhythmia (RR = 1.02; 95% CI, 0.22 to 4.78; z =

0.03; Pz = 0.97), ventricular flutter (RR = 0.51; 95% CI, 0.05 to

5.43; z = 0.56; Pz = 0.58), and ventricular fibrillation (RR = 0.13;

95% CI, 0.02 to 0.98; z = 1.98; Pz = 0.05) (Table 1). One trial (Xu

& Zheng, 1992) reported on the improvement of symptoms, and

here the Ningxinbao capsule had a mild effect on relieving

palpitation and chest distress caused by premature ventricular

contraction (PVC). One trial (Cao et al., 2021) reported on a

comparison of serum inflammatory factors between two groups

that showed after 2 months of treatment that the levels of hs-CRP

(SMD = 2.86; 2.37 to 3.35; z = 11.46; Pz < 0.00001), IL6 (SMD =

2.29; 1.84 to 2.73; z = 10.15; Pz< 0.00001), and TNF (SMD = 2.13;

1.70 to 2.56; z = 9.72; Pz <.00001) in the Ningxinbao capsule

group were better than those in the control group (Table 2).

3.1.3 Adverse reactions
3.1.3.1 Bradyarrhythmia

Six trials on bradyarrhythmia (Zhang & Fan, 2009; Liu et al.,

2014; Zeng, 2015; Zhong, 2016; Wang, 2017; Chen, 2018)

reported drug-related adverse reactions. Three trials reported

drug-related adverse events quantitatively (Zhong, 2016; Wang,

2017; Chen, 2018), and the results of these three trials showed

that the incidence of adverse events in the Ningxinbao capsule

group was 0%, 2.22%, and 0%, respectively, and the incidence of

adverse events in the control group was 19.6%, 7.8%, and 17.9%,

respectively. The incidence of adverse digestive system events in

the Ningxinbao capsule group was significantly lower than in the

control group.

3.1.3.2 Tachyarrhythmia

Eight trials reported drug-related adverse reactions

quantitatively (Wang et al., 2002; Wu, 2013; Tao et al., 2014;

Li et al., 2016; Wang, 2016; Chen & Zhang, 2019; Chen & Zhang,

2019; Cai et al., 2020; Cao et al., 2021), and a distinct difference

was observed between the groups with and without the

Ningxinbao capsule treatment in terms of adverse effect,

which proved that the groups that included the Ningxinbao

capsule had less adverse effects on patients’ cardiovascular

and digestive systems.

3.2 Network pharmacology

3.2.1 Data collection
Cordyceps, tachyarrhythmia, and bradyarrhythmia were selected

for network pharmacology analysis. In total, 18 main ingredients

from Cordyceps were described in the TCMSP database, and

159 related targets were collected. The main ingredients of

Cordyceps are listed in Supplementary Table S2. We retrieved

526 and 467 genes from the GeneCards database for

tachyarrhythmia and bradyarrhythmia, respectively. Cordyceps

shared 34 common targets with bradyarrhythmia and

40 common targets with tachyarrhythmia. The intersections of

Cordyceps and disease targets are displayed in Figure 2.

3.2.2 Protein–protein interaction network
construction

In order to speculate on the role of targets in the disease,

overlapping bradyarrhythmia and tachyarrhythmia targets were

submitted to a string platform to establish the PPI network.

Targets and interacting edges were sorted in descending order by

degree, and arranged in a concentric circle according to a degree,

as shown in Figure 3. After hiding disconnected nodes in the

network, there were 40 targets with bradyarrhythmia and 33 with

TABLE 2 Meta-analysis of arrhythmia patients’ treatment with Cordyceps.

Category n Participants, n
(cases/controls)

Heterogeneity SMD
(95%CI)

Z-test

Ph I2

(%)

Average heart rate

Bradyarrhythmia 2 142/130 0.92 0 1.10 (0.85–1.36) z = 8.44; Pz<0.00001
Tachyarrhythmia 2 110/108 <0.00001 97 −1.14 (−2.83 to 0.56) z = 1.32; Pz = 0.19

Minimal heart rate

Bradyarrhythmia 2 142/130 <0.00001 97 0.99 (−0.49–2.46) z = 1.31; Pz = 0.19

Inflammation index

Hs-CRP 1 66/66 NA NA 2.86 (2.37–3.35) z = 11.46; Pz<0.00001
IL6 1 66/66 NA NA 2.29 (1.84–2.73) z = 10.15; Pz<0.00001
TNF 1 66/66 NA NA 2.13 (1.70–2.56) z = 9.72; Pz<0.00001

Pz<0.05 shows a significant association. CI, confidence interval; NA, not available; SMD, standardized mean difference; Ph, p-values.
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tachyarrhythmia, with the targets in the innermost circle

predicted to be important.

3.2.3 Functional and pathway enrichment
analysis

GO functional analysis and KEGG pathway enrichment

analysis were conducted to elucidate the biological effects on

gene functions and signaling pathways of the related targets of

Cordyceps in the treatment of arrhythmia. The top 10 GO items

and top 20 KEGG pathways were selected based on the p values.

For bradyarrhythmia, the biological processes were mainly

concentrated in negative regulation of smooth muscle

contraction, negative regulation of B cell proliferation,

regulation of production of miRNAs involved in gene

silencing by miRNA, positive regulation of pri-miRNA

transcription by RNA polymerase II, the release of

cytochrome c from mitochondria, vasodilation, the adenylate

cyclase-activating adrenergic receptor signaling pathway,

regulation of the B cell apoptotic process, the adrenergic

receptor signaling pathway, and regulation of macrophage

FIGURE 2
Venn diagram. (A) Purple stands for 159 targets of Cordyceps from TCMSP, blue stands for 526 targets of tachyarrhythmia, 40 in the central
overlapping section are intersecting Cordyceps and bradyarrhythmia targets. (B) Purple stands for 159 targets of Cordyceps from TCMSP, blue stands
for 647 targets of tachyarrhythmia, 34 in the central overlapping section are intersecting Cordyceps and tachyarrhythmia targets.

FIGURE 3
Protein–protein interaction network. (A) The pink nodes represent the targets of bradyarrhythmia; the PPI network structure of bradyarrhythmia
has 40 nodes and 321 edges. (B) The blue nodes represent the targets of tachyarrhythmia; the PPI network structure of tachyarrhythmia has 33 nodes
and 207 edges. The sizes of the nodes of the two images are illustrated from large to small in descending order of degree values.
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differentiation. The cellular components were mainly related to

caveolae, the transcription repressor complex, the plasma

membrane raft, and the presynaptic active zone. The

molecular function was mainly enriched in adrenergic

receptor activity, R-SMAD binding, and G protein-coupled

amine receptor activity. KEGG pathway results showed that

the top 20 pathways were mainly enriched in the PI3K-Akt

signaling pathway, adrenergic signaling in cardiomyocytes, fluid

shear stress and atherosclerosis, the mTOR signaling pathway,

and the Rap1 signaling pathway (Figure 4).

FIGURE 4
KEGG pathway enrichment analysis and GO functional enrichment analysis of Cordyceps in treating bradyarrhythmia. (A) GO functional
analysis. The top 10 items of each part are shown. (B) KEGGpathway enrichment analysis. The sizes of the bubbles are illustrated from large to small in
descending order of the number of potential targets involved in the pathway.
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For tachyarrhythmia, the biological processes were mainly

concentrated in the regulation of macrophage-derived foam

cell differentiation, protein kinase B signaling, cellular

extravasation, prostate gland development, astrocyte

differentiation, regulation of cellular response to oxidative

stress, regulation of immunoglobulin production, positive

regulation of nuclear division, and positive regulation of

phosphatidylinositol 3-kinase signaling. In terms of cellular

components, the top 10 items were mainly related to

platelet alpha granules, caveolae, the clathrin-coated

endocytic vesicle membrane, and the plasma membrane

raft. The molecular function was mainly enriched in

protease binding, nuclear receptor activity, ligand-activated

transcription factor activity, and SMAD binding. The KEGG

FIGURE 5
KEGG pathway enrichment analysis and GO functional enrichment analysis of Cordyceps in treating tachyarrhythmia. (A) GO functional
analysis. The top 10 items of each part are shown. (B) KEGGpathway enrichment analysis. The sizes of the bubbles are illustrated from large to small in
descending order of the number of potential targets involved in the pathway.

Frontiers in Pharmacology frontiersin.org09

Wang et al. 10.3389/fphar.2022.948173

16

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.948173


pathway analysis revealed that common genes were mainly

enriched in the PI3K-Akt signaling pathway, the AGE-RAGE

signaling pathway in diabetic complications, fluid shear stress

and atherosclerosis, the MAPK signaling pathway, and the

FOXO signaling pathway (Figure 5).

3.3 Molecular docking

To confirm the valid bonding effects between ingredients of

Cordyceps and key targets, molecular docking was performed by

Autodock. The modes of 11 binding complexes are displayed in

Figure 6, including caffeine-TNF docking (−5 kcal/mol),

caffeine-IL6 docking (−5.1 kcal/mol), caffeine-TP53 docking

(−6.3 kcal/mol), arachidonic acid-EGF docking (−4.0 kcal/

mol), arachidonic acid-CASP3 docking (−3.9 kcal/mol), beta-

sitosterol-CASP3 docking (−7.0 kcal/mol), caffeine-CASP3

docking (−5.3 kcal/mol), caffeine-CTNNB1(−4.9 kcal/mol),

arachidonic acid-NOS3(−5.6 kcal/mol), and nicotinic acid-

NOS3(−5.4 kcal/mol). The docking results are shown as

molecular surface representations, which can effectively reflect

the topical details of binding sites. The binding sites are shown in

different colors on the protein surface, and hydrogen bonds are

shown as dotted lines (Figure 6A). The absolute values of binding

affinities (kcal/mol) of all docking patterns indicate a stable

combination, and the details of the binding affinities are

shown in Figure 6B.

4 Discussion

In this study, we investigated the efficacy, safety, and

potential protective mechanism of Cordyceps in the treatment

of arrhythmia. We found that Cordyceps could improve sinus

node and atrioventricular conduction in patients with

arrhythmia, without obvious adverse reactions. Its possible

mechanism of protection is the modulation of adrenergic

signaling in cardiomyocytes and the PI3K-Akt signaling

pathway (Figure 7).

According to previous studies, the petroleum ether extract of

Cordyceps improves the arrhythmia caused by aconitine,

prolongs the induction time of arrhythmia, and reduces the

duration and severity of arrhythmia in rats. The extract of

Cordyceps also has an antagonistic effect on arrhythmia

induced by barium chloride. The mechanism of its anti-

arrhythmic action might involve the regulation of the

transport of ion channels in the cell membrane (Mei et al.,

1989). In our meta-analysis, Cordyceps exerts dual regulatory

effects on arrhythmias. The underlying mechanisms of

Cordyceps in the treatment of bradycardia are as follows: 1)

Cordyceps not only increases the sinus heart rate but also

improves the electrical activity of the sinus node and

atrioventricular conduction. 2) Cordyceps could increase the

blood flow of the heart and brain, improve microcirculation,

and stabilize blood pressure. 3) Cordyceps might improve the

activity of fibrinolytic enzymes, promote fibrinolysis, and reduce

FIGURE 6
Molecular docking diagram. (A) Ten conformations of molecular
docking simulation. Diagrams (3D) indicate that the molecular model
of the compound is in the binding pocket of the protein. The
compound is shown as a stick model with orange coloring. The
amino acid residues surrounding are represented by surface style
(A,C,E,G,I,K,M,O,Q,S). Diagrams (2D) show the interactions between
the compoundand surrounding residues (B,D,F,H,J,L,N,P,R,T). (B)The
3D column diagram shows the affinity of 10 conformations. X-axis:
bioactive component, Y-axis: target names, Z-axis: docking affinity
(absolute value of the binding energy). Taking the caffeine-IL6
docking, for example, the small molecule ligand caffeine potentially
fits into the interface pocket formed by the interaction of amino acid
residues in protein (Figure 6A). As shown in Figure 6 (B), a hydrogen
bond was formed with caffeine SER52 near the active site of IL6. The
other essential residues (ASP55, TUR51, GLY101, ALA100, GLN183,
ARG182, ARG179, TYR34, LEU178 and ARG30) through van der Waal’s
forces, carbon hydrogen bond, pi-donor hydrogen bond, pi–pi
T-shaped, alkyl, and pi–alkyl. These forms of hydrogen bonds and
interactions contribute to the stability of the binding of small
molecules to the active sites of proteins.
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blood viscosity. 4) Cordyceps might increase the activity of

circulating superoxide dismutase and inhibit the production of

lipid peroxides and free radicals (Zeng, 2015; Das et al., 2020).

Cordyceps contains a variety of chemical components, such

as sterols amino acids, polysaccharides, organic acids,

nucleosides, peptides, and trace elements. Caffeine plays an

important role in preventing and treating arrhythmia.

Previous studies have found that taking a certain amount of

caffeine before aerobic exercise can delay the recovery of

autonomic control of heart rate in young adults (Gonzaga

et al., 2017). Low doses of caffeine can reduce heart rate

during submaximal cycle ergometry (Flueck et al., 2016),

while a high dose of caffeine (a dose of 150°mg) increases the

heart rate of healthy people (Vukovich et al., 2005). The effect of

caffeine on heart rate may be one of the reasons for the

bidirectional regulation of heart rate by Cordyceps. It has

been reported that beta-sitosterol can reduce blood lipids and

prevent a variety of cardiovascular diseases. Beta-sitosterol can

inhibit the arrhythmia induced by aconitine, ouabain, and

myocardial ischemia (Zhang et al., 2013). Cinnamon is a plant

with strong antioxidant activity. Due to its antioxidant

properties, the ethanol extract of cinnamon bark protects the

heart from ischemia-reperfusion injury (Sedighi et al., 2018).

Arachidonic, linoleic, stearic, and oleic acids are the fatty acids in

the human body that can reduce oxidative stress and hence help

prevent cardiovascular disease (Sakai et al., 2017). Fatty acids and

arachidonic acid prevent arrhythmias by modulating ion channel

homeostasis, while intravenous application of arachidonic acid

and linoleic acid-induced strong antiarrhythmic effects in three

experimental arrhythmia models (Forster et al., 1976; Xiao et al.,

2004). In order to better explore the mechanism of action of

Cordyceps, we collected the common targets of Cordyceps,

bradyarrhythmia, and tachyarrhythmia through network

pharmacology constructed a PPI network, and performed

enrichment analysis. Interestingly, two of the top 10 biological

process items for bradyarrhythmia are associated with the

adrenergic receptor and have molecular functional references

to that receptor. According to KEGG results, which mainly

enriched the PI3K-Akt signaling pathway and adrenergic

signaling in cardiomyocytes, it is possible that the PI3K-Akt

signaling pathway and adrenergic signaling in cardiomyocytes

act together to regulate bradyarrhythmia. Two of the biological

processes for tachyarrhythmia mentioned were positive

regulation of protein kinase B signaling and

phosphatidylinositol 3-kinase signaling. The results of the

KEGG enrichment analysis suggest that Cordyceps may play a

FIGURE 7
Mechanisms underlying the action of Cordyceps, a traditional Chinese medicine in cardiac function improvement. The red nodes represent the
hub genes, the yellow nodes represent common genes, and the other nodes are the genes of the pathway.
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role in the treatment of tachyarrhythmia through PI3K-Akt

signaling. Subsequently, through molecular docking, the

results showed that Cordyceps has good docking activity with

the core gene hints of bradyarrhythmia and tachyarrhythmia

targets.

According to the analysis of the PPI network, IL6, TNF,

TP53, CASP3, CTNNB1, EGF, and NOS3 may be the key targets

of Cordyceps in the treatment of arrhythmia. Previous studies

have found that acute administration of IL6 to isolated rat hearts

could recapitulate part of the Ca2+ handling phenotype. In

addition, intraperitoneal injection of IL-6 in rats increased

susceptibility to atrial fibrillation (Liao et al., 2021). TNF⁃α is

a proinflammatory cytokine, which increases in several cardiac

diseases. TNF-α rapidly increased spontaneous calcium release

activity in mouse atrial cells via the mitochondrial reactive

oxygen species pathway and promoted the possibility of

arrhythmia-triggered activity (Zuo et al., 2019). There is

growing evidence that IL-6 and TNF have significant

inhibitory effects on myocardial metabolic processes in both

ventricles, which can worsen the course of cardiovascular disease

and increase the risk of tachyarrhythmia (Tverskaya et al., 2017).

It has been experimentally confirmed that the mechanism of

trimethyltin chloride induced bradyarrhythmia may indicate a

close correlation between Na+/K+-ATPase activity and

CASP3 protein expression (Liu et al., 2020). Cardiac tissue-

specific plakoglobin and CTNNB1 are essential for the

maintenance of cardiac conduction, while cardiac tissue-

specific plakoglobin and rent series proteins are required to

anchor the n-calcium mucoprotein/serial protein adhesion

complex on the cytoskeleton. Loss of this connection leads to

disruption of cardiac intercalated disc structure and the failure of

the fatal cardiac arrhythmia (Swope et al., 2012). Previous studies

have observed an increased incidence of arrhythmias in

NOS3−/−mice. NOS3 may prevent arrhythmias by modulating

Ca2+ transient amplitude (Wang et al., 2008). TP53 is a

transcription regulator and a significant tumor suppressor.

Notably, TGF-β1 and TP53 in transplanted left ventricular

tissue suggest a direct link between these genes and

ventricular arrhythmias (Huizar et al., 2019; Haywood et al.,

2020). Experimental results suggest that by interfering with beta-

adrenergic receptor signaling, EGF protects the heart from the

deleterious effects of adrenaline (Lorita et al., 2002).

The main mechanism of arrhythmia is a change in the

physiological characteristics of the Na+, K+, and Ca2+ channels

of the myocardial cell membrane, which leads to abnormal

autonomic activity, triggering activity, and reentry excitement

of the myocardium. Adrenergic receptors, as G protein-coupled

receptors, play a key role in cardiac physiology in both health and

disease. Previous investigations have indicated that cardiac

adrenal receptors are directly involved in the control of

intercellular electrical communication, which may be a key

factor in maintaining normal intercellular conduction and the

cardiac electrical network. This may in turn be related to the

formation of arrhythmogenic substrates in some heart diseases

(Salameh and Dhein, 2011). Adenine dinucleotide phosphate

nicotinic acid is the most potent second messenger for Ca2+

release known to date. Stimulation of beta-adrenaline leading to

Ca2+ release can induce arrhythmias (Nebel et al., 2013). The

binding of sympathetic nervous system agonists to adrenergic

receptors in cardiac myocytes can increase heart rate and

myocardial contractility through cascade signaling pathways

and protein kinase A (Papa et al., 2022). Enhanced α1-
adrenoceptor stimulation affects intracellular Ca2+ signaling,

thereby regulating heart rate (Luo et al., 2007). It has been

shown in animal studies that α 1-adrenergic receptors can

influence heart rate by inducing positive or negative inotropic

responses by altering K+ and Ca2+ currents, intracellular pH, and

Ca2+ sensitivity of myofilaments (O’connell et al., 2014). Beta-

adrenergic receptors induced an acute inhibitory K+ response in

the hearts of aging guinea pigs, and thus inhibited those receptors

in reducing the occurrence of arrhythmias (Zou et al., 2021).

The movement of Ca2+ through the cell membrane generates

various electrical currents to stimulate action potential,

determining the cardiac cycle and cardiac function (Tosaki,

2020). Previous investigations have indicated that allicin may

inhibit Ca2+ overload-induced apoptosis and the PI3K-mediated

GRK2/PLC-γ/IP3R signaling pathway to protect against

myocardial injury (Gao et al., 2021). In cardiomyocytes, PI3K-

mediated regulation of Cav2.2α1/β2a transport is considered to

be a general mechanism for regulating Ca2+ entry into excitatory

cells (Viard et al., 2004). In addition, the fact that Akt regulates

the C-terminal region of the Ca2+ channel function

CaVβ2 through mediated phosphorylation of CaVβ2 in all

excitable cells, including cardiomyocytes, highlights the

biological relevance of this mechanism. More importantly,

phosphorylation of CaVβ2 is thought to affect calcium influx

and myocardial contractility, which is closely associated with the

mechanism of arrhythmia (Ghigo et al., 2017). Previous research

also indicates that elevated levels of angiotensin II may indirectly

inhibit PI3Kα, and ultimately reduce the number of L-type Ca2+

channels in cardiac myocytes. These studies confirmed that

PI3Kα is the main regulator of Ca2+ current regulation in

cardiomyocytes (Liang et al., 2010). PI3K is believed to

indirectly regulate ptdIns-3,4, 5-P3 in calcium signal

transduction. The release of activated Ca2+, in addition to

ptdIns-3,4, 5-P3, has been identified as part of a signaling

pathway used to regulate the cytoplasmic calcium

concentration, suggesting that the functional link between the

PI3K-Akt pathway and the calcium signaling pathway may be of

broad importance (Blair & Marshall, 1997; Scharenberg & Kinet,

1998). The PI3K-Akt pathway is a key pathway for cardiac

protection under stress conditions. Mice with reduced cardiac

PI3K-Akt activity are very sensitive to atrial fibrillation, and

clinical studies have found that surgical specimens from patients

with atrial fibrillation showed significantly lower cardiac PI3K-

Akt activity than patients with sinus rhythm (Pretorius et al.,
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2009). The cardioprotective role of this pathway has been further

highlighted by studies showing that increased PI3K-Akt activity

improves the function of failing hearts in mouse models of heart

failure (Mcmullen et al., 2014).

Our study presented a relatively strict illustration of the

results. However, there were still some limitations. First, all

trials included were published in Chinese and their sample

sizes were small. Since all studies included were conducted in

China, there might be a geographic bias, which limits

generalization to the world. Second, all studies included

reported positive results, which might reflect publication bias.

Further, strictly designed multicenter RCTs are needed to assess

the effectiveness and safety of TCM, especially long-term hard

endpoints. Finally, in this study, the molecular mechanisms of

Cordyceps were predicted only through network pharmacology,

so further experiments are needed to confirm these mechanisms.

Taken together, based on meta-analysis, network

pharmacology, and molecular docking technology, the results

of our study suggest that Cordyceps is effective in stabilizing

heart rates of patients with arrhythmia. It is hypothesized that

Cordyceps may play a role in the treatment of cardiac

arrhythmias by modulating adrenergic signaling in

cardiomyocytes and the PI3K-Akt signaling pathway.

However, the effect of Cordyceps on long-term outcomes in

these patients remains unknown. It is hoped that our study will

provide more references for the treatment of arrhythmia.
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Pulmonary fibrosis (PF) is a group of interstitial lung diseases that seriously

endanger human life and health. Despite the current advances in research on

the pathogenesis and treatment of PF, the overall quality of survival and survival

rates of PF patients remain low, prompting the search for more effective

therapeutic approaches. Exosomes are nanoscale vesicles with diameters

ranging from approximately 30–150 nm, capable of transporting a variety of

molecules in the body and mediating intercellular communication. There is an

increasing number of studies focusing on the role of exosomes in PF. This

review demonstrates the significance of exosomes in the pathogenesis,

diagnosis, and treatment of PF. Exosomes are able to influence

inflammatory, immune, and extracellular matrix deposition processes in PF

and regulate the corresponding cytokines. Some exosomes detected in

sputum, blood, and bronchoalveolar lavage fluid may be used as potential

diagnostic and prognostic biomarkers for PF. Exosomes derived from several

cells, such as mesenchymal stem cells, have demonstrated potential as PF

therapeutic agents. Drug delivery systems using exosomes may also provide

new insights into PF therapy.

KEYWORDS

exosomes, pulmonary fibrosis, pathogenesis, therapeutics, biomarkers

1 Introduction

Pulmonary fibrosis (PF) is an irreversible structural and functional change in the lung

caused by excessive deposition of extra-alveolar matrix proteins resulting in fibrotic

remodeling and alveolar destruction. PF is a severe risk to human life and health, with a

median survival time of only 3–5 years after diagnosis of idiopathic pulmonary fibrosis

(IPF). The pathogenesis of PF involves an inflammatory environment, oxidative stress,

ageing, epigenetic and genetic and epithelial-mesenchymal transition (EMT)

(Sundarakrishnan et al., 2018; Kinoshita and Goto, 2019; Yanagihara et al., 2020).

There are limited drugs available for the treatment of PF. Pirfenidone and nintedanib

are commonly used in the treatment of PF. Although these two drugs can improve lung
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function and reduce clinical symptoms to some extent, they do

not have significant advantages in improving survival and

stopping or even reversing disease progression. And there are

also uncertainties in the use of these drugs in terms of treatment

duration, initial selection, etc., (Sgalla et al., 2018; Sgalla et al.,

2020).

As exosomes have been refined in recent years, more and

more studies have uncovered the significance of exosomes in the

development of disease, and exosomes are expected to be a safe

emerging method for the diagnosis and treatment of PF (Guiot

et al., 2019; Xie and Zeng, 2020).

2 Exosomes

Exosomes are nanoscale vesicles ranging from approximately

30–150 nm in diameter, produced and released by most cells, and

are a subtype of extracellular vesicles (EVs) (Yang D. et al., 2020).

Exosomes can be found in body fluids such as blood, saliva,

amniotic fluid, urine, semen, bronchial fluid, and cerebrospinal

fluid (Doyle and Wang, 2019). The discovery of exosomes dates

back to the 1980s when exosomes were first identified in

reticulocytes (Harding et al., 1983; Pan et al., 1985; Johnstone

et al., 1987), and were initially thought of simply as a means of

removing unwanted cellular components (Johnstone, 1992).

With the intensive study of exosomes, they are now

considered to be involved in the regulation of intercellular

communication, playing specific roles in biological processes

such as immune response (Anel et al., 2019), antigen

presentation (Arima et al., 2019), cell differentiation (Lloret-

Llinares et al., 2018) and tumour invasion (Zhang and Yu, 2019;

Rezaie et al., 2022).

2.1 Composition of exosomes

The exosome is enclosed by a lipid bilayer and carries a

variety of biologically active substances such as proteins, lipids,

and nucleic acids (Wortzel et al., 2019) (Figure 1). The lipids of

the exosome contain sphingolipids, phosphatidylserine,

cholesterol, etc., (De Abreu et al., 2020). The nucleic acids

carried by exosomes are divided into DNA and RNA, and

RNA can include mRNA, microRNA (miRNA), tRNA, etc.,

(Keshtkar et al., 2021). Most exosomal proteins are associated

with their formation and secretion, such as tetraspanins (e.g.,

CD9, CD63, CD81), heat shock proteins (e.g., HSP70, HSP90),

TSG101, Alix, Rab GTPase, and Integrin. Furthermore, there are

exosome-specific proteins secreted by specific cells, such as

MHC-II from dendritic cells (Janockova et al., 2021; Liu et al.,

2021).

2.2 Biogenesis, secretion and uptake of
exosomes

Exosome production is associated with the endosomal

system. Early-sorting endosome (ESE) formation is caused by

invagination of the plasma membrane and endocytosis of the

extracellular component cell surface proteins (Kalluri and

LeBleu, 2020). The endoplasmic reticulum, Golgi complex,

and mitochondria can participate in the maturation of the

ESE (Hoyer et al., 2018; Shi et al., 2018; Amari and Germain,

2021). ESE can mature into late-sorting endosome (LSE) and

eventually produce multivesicular bodies (MVBs, also known as

MVEs) (Hessvik and Llorente, 2018). During this process, the

endosomal membrane invaginates to produce intraluminal

vesicles (ILVs), and MVBs contain a large number of ILVs

(Abels and Breakefield, 2016). A portion of MVBs can be

degraded by autophagosomal or lysosomal fusion, and a

portion of MVBs fuse with the plasma membrane to release

the contained ILVs as exosomes to be taken up and function

extracellularly (Hassanpour et al., 2020) (Figure 2).

There are currently thought to be two pathways that regulate

the formation of ILVs, one involving the endosomal sorting

complex required for transport (ESCRT) and the other

independent of ESCRT (Osaki and Okada, 2019). ESCRT is

mainly composed of four complexes (ESCRT-0, ESCRT-I,

ESCRT-II, and ESCRT-III) and associated proteins (e.g.,

VPS4, ALIX, TSG101) (Larios et al., 2020). ESCRT plays a

role in ubiquitin-mediated and ubiquitin-independent cargo

FIGURE 1
Composition of exosome.
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recognition and sorting and can induce membrane deformation,

with substrates of the ESCRT pathway ultimately available in

translocated to ILVs (Frankel and Audhya, 2018).

Another pathway regulating the formation of ILVs

involves mainly ceramide and tetraspanins. The exosomes

contain ceramides, cholesterol, sphingomyelin, and

tetraspanins (Toh et al., 2018). Ceramide is essential for

exosome formation and secretion, but the exact mechanism

is unclear. Ceramide has been found that may promote the

inward budding of MVBs to produce ILVs by affecting

membrane curvature (Elsherbini and Bieberich, 2018).

Ceramides, cholesterol, and sphingolipids are involved in

forming lipid rafts (Wei et al., 2021). Lipid rafts play an

essential function in membrane budding, may contribute to

the assembly of proteins or other molecules into endosomes,

and can regulate the formation of epidermal growth factor

receptor-containing ILVs (Li et al., 2018; Wei et al., 2021).

Tetraspanins have been shown to regulate the transport of

selectively associated proteins and their function through

membrane compartmentalization and play a role in

membrane fusion and the production of ILVs (Böker et al.,

2018; Ghossoub et al., 2020).

Exosomes contain unique contents of nucleic acids,

proteins, and lipids, and the sorting mechanism of these

exosomal cargoes is closely related to the ILVs formation

pathway described above. Exosomal miRNAs play an

essential role in intercellular communication. The type

and amount of miRNAs loaded into exosomes depend on

FIGURE 2
Biogenesis, secretion and uptake of exosome. Note: ESE, early-sorting endosome; LSE, late-sorting endosome; MVB, multivesicular body; ILV,
intraluminal vesicle; ESCRT, endosomal sorting complex required for transport; SNARE, soluble N -ethylmaleimide-sensitive factor attachment
protein receptor.
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the type of parental cells, cell-specific sorting mechanisms,

and stimuli such as inflammation (Wozniak et al., 2020; Xie

et al., 2022). According to current studies, the potential

modes of miRNA sorting into exosomes can be

summarized as the following: the neural sphingomyelinase

2-dependent pathway, the sumoylated heterogeneous

nuclear ribonucleoproteins-dependent pathway, the

3′miRNA sequence-dependent pathway, and the miRNA-

induced silencing complex-associated pathway. In addition,

other membrane proteins (e.g., Vps4A), RNA-binding

proteins (e.g., Argonaute 2, YB-1), and lipid rafts have also

been associated with miRNA sorting (Wei H. et al., 2021; Xie

et al., 2022).

The release of exosomes involves the translocation of

MVBs to the plasma membrane and the fusion of MVBs with

the plasma membrane. MVBs fuse with the plasma

membrane and release the contained LIVs into the

extracellular space as exosomes via exocytosis. The release

of exosomes is currently thought to be associated with the

cytoskeleton, Rab GTPase, and the soluble

N-ethylmaleimide-sensitive factor attachment protein

receptor (SNARE) (Hessvik and Llorente, 2018). The

cytoskeleton regulates the translocation of MVBs to the

plasma membrane, depending mainly on the interaction

between actin and the microtubule cytoskeleton

(Villarroya-Beltri et al., 2014; Gurunathan et al., 2021).

Rab GTPases play a role in vesicle transport with the main

functions of regulating vesicle budding, vesicle transport

along with the cytoskeleton, and membrane fusion (Jin

et al., 2021). For example, Rab11 facilitates the

transportation of MVBs and the fusion of MVBs with the

plasma membrane (Savina et al., 2005; Messenger et al.,

2018), and Rab27 can regulate the docking of MVBs with

the plasma membrane (Song et al., 2019), and Rab35 is a

critical factor in regulating the transport of MVBs (Yang

et al., 2019). SNARE is a central mechanism that mediates

membrane fusion (Wang et al., 2017). It has been found to

facilitate the docking of MVBs to the plasma membrane and

thus contribute to exosome release (Yu et al., 2020).

After releasing outside the cell, exosomes are taken up and

acted upon by the recipient cells mainly through membrane

fusion and endocytosis (Gonda et al., 2019). The exosome uptake

mechanism largely depends on the recipient cell (Horibe et al.,

2018).

3 The function of exosomes in PF

In recent years, an increasing number of studies have

focused on the role played by exosomes in PF. The

initiation of PF is associated with lung injury and impaired

repair, with multiple causes of lung epithelial cell injury

followed by inflammatory cell recruitment and massive

pro-inflammatory cytokine release, triggering an immune

response. Monocytes and macrophages can drive fibrosis

through an over-repair response to lung injury. The pro-

fibrotic mediators act on lung fibroblasts, causing excessive

proliferation and differentiation of fibroblasts, which in turn

promotes the proliferation of myofibroblasts and the

production of extracellular matrix (ECM), ultimately

leading to PF pathological features such as excessive ECM

deposition in lung tissue (Mei et al., 2021) (Figure 3). It has

been reported in several publications that exosomes can

influence inflammation and immunity, fibroblast

proliferation and differentiation, ECM deposition, and

other aspects of the PF disease process. The functions of

exosomes reported so far in PF are highlighted in Figure 4

and discussed in more detail in subsequent sections.

FIGURE 3
Direct effects of regulatory immune cells, fibroblasts and extracellular matrix in pulmonary fibrosis. Note: ECM, extracellular matrix.
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FIGURE 4
This figure summarizes the role of regulatory exosomes in PF. Mechanism investigation revealed that exosomes secreted by different kinds of
cells, eg: human amnion epithelial cell (HAEC), Menstrual Blood-Derived Endometrial Stem Cell (MenSC), Mesenchymal stem cells (MSC), Human
umbilical cord mesenchymal stem cell (HUCMSC), Bone marrow mesenchymal stem cell (BMSC), Pluripotent stem cell (iPSC), Lung spheroid
cell(LSC), Vascular endothelial cell (EnC), Macrophage, M2 macrophages. The exosomes transmitted protein cargo and microRNAs regulated
MAPK, NF-kb, PI3k/Akt, Wnt/β-catenin, TGFβRI/FoxM1/Smad/β-catenin, HIF-1α/Notch1/PDGFRβ/YAP1/ Twist1 signaling pathways. Finally these
pathways assess their interaction with epithelial-mesenchymal transition, apoptosis and proliferation in contradicting findings.
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3.1 Exosomes affect inflammation and
immunity in PF

Fibrosis is the result of excessive trauma repair and tissue

remodeling, which is considered to be chronic inflammation and

eventual fibrosis caused by epithelial injury (Heukels et al., 2019).

Inflammatory stimulation or persistence of the inflammatory

state is an essential condition for the development of PF.

Following injury, damaged epithelium and recruited

inflammatory cells secrete a variety of mediators, including

transforming growth factor-β (TGF-β) to regulate epithelial

repair and promote fibroblast recruitment and myofibroblast

activation (Hewlett et al., 2018).

Macrophages can polarize to M1 and M2 phenotypes after

different environmental and cytokine stimuli. Under chronic

inflammatory conditions, pro-inflammatory M1 macrophages

slowly convert to the more anti-inflammatory M2 phenotype,

secreting mediators that promote wound healing. M2-type

macrophages regulate fibrosis by secreting various growth

factors (including TGF-β) and other mechanisms (Heukels

et al., 2019).

Oxidative stress and inflammation are closely linked and play

a pro-fibrotic role in the fibrotic process. Under sustained

stimulation, abnormally functioning mitochondria

overproduce reactive oxygen species (ROS) (Lv et al., 2019).

ROS can be involved in inflammation by affecting NF-κB
signaling, TNF signaling, and so on (Blaser et al., 2016). In

addition, abnormal production and accumulation of ROS can

lead to cellular damage at the level of nucleic acids, proteins,

lipids, and carbohydrates, thus participating in the pathogenesis

of PF (Cameli et al., 2020).

Exosomes can down-regulate inflammatory cell infiltration

during PF disease and participate in the regulation of PF disease

through the mediation of some classical inflammatory

pathways such as NF-κB, MAPK, and other pathways. In

these studies, miRNAs contained in exosomes such as miR-

23a-3p and miR-182-5p could play an important role in the

regulation of PF (Tan et al., 2018; Royce et al., 2019; Xiao et al.,

2020; Kaur et al., 2021). Exosomes can also regulate PF by

affecting ROS. For example, exosomal let-7 exerts an anti-PF

effect by regulating ROS and mitochondrial DNA damage (Sun

et al., 2019).

Some studies have focused on the effect of exosomes on the

differentiation and proliferation of immune cells. In these

studies, exosomes could alleviate PF by modulating the

phenotypic switch of monocytes and macrophages, enhancing

macrophage phagocytosis, and inhibiting T cell proliferation

(Tan et al., 2018; Mansouri et al., 2019; Zhou et al., 2021).

For example, exosomes from induced pluripotent stem cells

(iPSCs) attenuate PF by suppressing M2-type macrophages

during PF through the miR-302a-3p/TET1 axis (Zhou et al.,

2021).

Macrophages can participate in the progression of PF

through their secreted exosomes. Macrophage-derived

exosomes promote differentiation, proliferation, and

migration of myofibroblasts after exposure to silica (Qin

et al., 2021). In bleomycin-induced PF, one study found that

macrophage-derived exosomes mediated intercellular

communication between macrophages and fibroblasts by

transferring angiotensin II type 1 receptors to lung

fibroblasts (Sun N. N. et al., 2021). Another study showed

that the M2 macrophage-derived exosome miRNA-328

enhances lung interstitial fibroblast proliferation and

promotes PF by regulating FAM13A (Yao et al., 2019).

3.2 Exosomes affect ECM deposition in PF

Excessive ECM deposition is a characteristic feature of PF.

The large number of cytokines produced after epithelial injury in

PF stimulates fibroblasts to proliferate and differentiate into

myofibroblasts, which leads to the production of high

amounts of collagen, fibronectin, and other ECM proteins and

their deposition in the interstitial lung, leading to reduced gas

exchange and impaired lung function, and ultimately to

respiratory failure (Chanda et al., 2019; Bueno et al., 2020;

Mei et al., 2021).

A study showed that exosomes in bronchoalveolar lavage

fluid (BALF) of PF rats, specifically exosome miR-204-5p,

promote fibroblast proliferation and collagen deposition in

lung tissue, indicating that exosomes may participate in the PF

process by regulating ECM deposition (Zhu et al., 2021). Long

noncoding RNA (lncRNA) HOTAIRM1 delivered by alveolar

epithelial cell-derived exosomes was found to play a role in PF,

and lncRNA HOTAIRM1 was able to promote lung fibroblast

proliferation and differentiation and contribute to ECM

remodeling by regulating the miR-30d-3p/HSF1/YY1 axis

(Chen et al., 2022). Zhang et al. (2021) found that

exosomes derived from bone marrow mesenchymal stem

cells in a silicosis PF model reduced collagen accumulation

in lung tissue and inhibited the expression of components of

the Wnt/β-catenin pathway, which is closely related to EMT.

Wnt5a was also found to be directly transported by EVs in PF

and induced fibroblast proliferation, which incidentally

consisted mainly of exosomes in that study (Martin-Medina

et al., 2018). Phuong-Uyen C. Dinh et al. (2020) found that

lung spheroid cell-derived exosomes (LSC-EXOs) reduced

collagen deposition in PF induced by bleomycin or silica,

in addition to inhibiting the proliferation of myofibroblasts.

The above study illustrates the role of exosomes in regulating

the proliferation of fibroblasts and myofibroblasts, which are

the primary sources of ECM in PF, and this may be an entry

point to investigate the mechanisms by which exosomes

regulate ECM deposition (Tsukui et al., 2020).
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TABLE 1 Biomarker potential of exosomes in PF.

Exosome—Cargos Expression
in
PF (vs.
Controls)

Source Cohort selection Clinical implication References

let-7d Downregulated Serum 61 IPF patients and
15 controls

Promising diagnostic biomarkers for IPF Lacedonia et al.
(2021)

miR-16 Downregulated

miR-142-3p Upregulated Sputum 16 IPF patients and
14 controls

Potential biomarkers for diagnosis and prediction of disease
severity in IPF

Njock et al. (2019)

miR-33a-5p Upregulated

let-7d-5p Downregulated

miR-142-3p Upregulated Sputum 19 IPF patients and
23 controls

Promising diagnostic biomarkers for IPF Guiot et al. (2020)

Plasma 14 IPF patients and
14 controls

miR-22-3p Upregulated BALF 8 IPF patients and
8 controls

Promising diagnostic biomarkers for IPF Kaur et al. (2021)

miR-320a-3p Upregulated

miR-320b Upregulated

miR-24-3p Upregulated

miR-375-3p Downregulated

miR-200a-3p Downregulated

miR-200b-3p Downregulated

miR-141-3p Downregulated

miR-423-5p Downregulated

miR-125b Upregulated BALF 30 IPF patients and
16 controls

Promising diagnostic biomarkers for IPF Liu et al. (2018)

miR-128 Upregulated

miR-21 Upregulated

miR-100 Upregulated

miR-140-3p Upregulated

miR-374b Upregulated

let-7d Downregulated

miR-103 Downregulated

miR-26 Downregulated

miR-30a-5p Downregulated

miR-21-5p Upregulated Serum Potential biomarkers for diagnosis and prognosis of IPF Makiguchi et al.
(2016)

CD19 Upregulated Serum 90 IPF patients and
19 controls

Potential biomarkers for diagnosis of IPF; CD8 is a potential
prognostic biomarker for IPF

D’Alessandro et al.
(2021)

CD69 Upregulated

CD8 Upregulated

CD86 Upregulated

CD209 Upregulated

Cd133/1 Upregulated

MCSP Upregulated

ROR1 Upregulated

CD42a Downregulated

Note: PF, pulmonary fibrosis; IPF, idiopathic pulmonary fibrosis; BALF, bronchoalveolar lavage fluid.
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3.3 Exosomes regulate PF-related
cytokines

Cytokines can be involved in multiple aspects of

inflammation and ECM deposition in PF (Luzina et al.,

2015). TGF-β plays a vital role in the progression of PF,

mediating fibroblast recruitment and differentiation,

promoting ECM deposition, and inducing EMT. TGF-β
can exert pro-fibrotic effects in cooperation with platelet-

derived growth factor (PDGF), which itself can be involved

in lung fibroblast proliferation and collagen synthesis

(Chanda et al., 2019; Wang et al., 2020). Other cytokines

such as connective tissue growth factor (CTGF), insulin-like

growth factor, and CCL2 also modulate PF (Luzina et al.,

2015).

Several studies have shown that exosomes can regulate PF

through cytokines such as TGF-β. Activated TGF-β binds to

its receptor and regulates the expression of target genes,

including pro-fibrotic genes, through Smad proteins

(Massagué, 2012). Smad7 is a negative regulator of TGF-β
signaling that blocks the TGF-β1/Smads signaling pathway

and inhibits fibroblast differentiation. A study elucidated

that in cigarette smoke-induced PF, exosomes promote

abnormal epithelial-fibroblast crosstalk by inhibiting

Smad7 to activate the TGF-β1/Smad3 pathway (Bai et al.,

2021). TGF-β1 and its receptor can regulate the

transformation of lung pericytes into myofibroblasts. Han

Xie et al. found that the lung vascular endothelium-derived

exosome low let-7d targets transforming growth factor β
receptor 1 (TGFβR1) to regulate the TGFβRI/FoxM1/

Smad/β-catenin pathway, which drives lung pericytes

fibrosis (Xie et al., 2020). In addition, exosomal miR-22

was found to significantly inhibit TGF-β1-induced α-
smooth muscle actin (α-SMA) expression (Kuse et al.,

2020). Guiot et al. (2020) found that the macrophage-

derived exosome miR-142-3p was able to reduce

TGFβR1 expression and inhibit TGF-β-induced fibrotic

responses in alveolar epithelial cells and lung fibroblasts

by targeting TGFβR1. The finding of another study

demonstrated that human umbilical cord mesenchymal

stem cell-derived exosome let-7i-5p could target

TGFβR1 and inhibit lung fibroblast activation via the

TGFβR1/Smad3 signaling pathway in a silica-induced PF

model (Xu et al., 2022).

Platelet-derived growth factor receptor β (PDGFRβ) is

expressed in pericytes, and a study demonstrated that the

pulmonary vascular endothelial cell-derived exosome miR-

107 could target HIF-1α to regulate PDGFRβ and mitigate

pericyte-promoted PF progression by inhibiting the HIF-1α/
Notch1/PDGFRβ/YAP1/Twist1 signaling pathway (Wang

et al., 2021). Kuse et al. (2020) found in an in vitro PF

model that exosomal miR-22 could attenuate the

expression of CTGF, which is an important mediator of

fibrosis and stimulates lung fibroblast differentiation,

thereby inhibiting CTGF-induced α-SMA expression.

4 Exosomes as biomarkers of PF

The current diagnosis of PF is not straightforward and

requires multidisciplinary collaboration between

pulmonologists, pathologists, and radiologists, and there

remains a recognized need for an accurate, early diagnosis of

PF. Early diagnosis of PF is critical for prognosis with survival

being poor in several fibrotic interstitial lung diseases, including

IPF, and patients with PF may benefit more from early diagnosis

and timely disease management (Spagnolo et al., 2012; Cottin

et al., 2018). Biomarkers have objective detection and evaluation

properties and can be used as indicators of physiological/

pathological processes or pharmacological responses to

therapeutic interventions, which are essential in PF (Guiot

et al., 2017). To date, several studies have shown that

exosomes detected in body fluids such as blood and sputum

have the potential to be diagnostic, prognostic, and predictive

biomarkers of PF (Table 1).

Hematological tests, sputum examination, and bronchoscopy

are diagnostic tools for respiratory diseases, and exosomal

miRNAs can be detected by these tests. Several studies have

reported the potential of some exosomal miRNAs as biomarkers

for the diagnosis of PF. Donato Lacedonia et al. (2021) analyzed

the expression of exosomal miRNAs in the serum of IPF patients

and found that let-7d and miR-16 were down-regulated

compared to controls. Previous studies have shown that let-7d

has a key regulatory role in the prevention of PF, while fewer

works have been conducted on the association between miR-16

and PF, and further studies are necessary to determine their

ability to act as biomarkers of IPF (Pandit et al., 2010; Huleihel

et al., 2014; Liang et al., 2016; Min et al., 2016). Makon-Sébastien

Njock and his colleagues worked on finding exosomal

biomarkers of IPF in sputum. By analyzing sputum samples

from IPF patients and healthy controls, they found that the

significantly upregulated exosomes miR-142-3p, miR-33a-5p,

and downregulated exosome let-7d-5p in sputum were

promising diagnostic biomarkers, and notably, they

demonstrated that exosomal miR-142-3p was negatively

correlated with diffusing capacity/alveolar volume of carbon

monoxide and exosomal let-7d-5p was positively correlated,

which may help to evaluate the severity of IPF (Njock et al.,

2019). When they further investigated the relationship between

exosomal miR-142-3p and IPF, they found that in addition to its

potential as a sputum biomarker for IPF, exosomal miR-142-3p

was significantly upregulated in the plasma of IPF patients,

making it more promising as a diagnostic modality for IPF

(Guiot et al., 2020). Kaur et al. (2021) compared IPF patients

with healthy nonsmokers and detected 55 differentially expressed

exosomal miRNAs in IPF human lung tissue, also finding
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TABLE 2 Potential therapeutic implication of exosomes in PF.

Source of
exosomes

Extraction method Experimental
model

Exosome -
cargos

Species Delivery of
exosomes

Potential
therapeutic
implication

References

BMSC Differential
Ultracentrifugation

Silca Unknown Rats Intravenous
injection

Alleviate PF, reduce collagen
accumulation, inhibit TGF-β1
and decrease HYP content

Zhang et al.
(2021)

BMSC iodixanol (OptiPrep)
cushion density flotation

Bleomycin Unknown Mice Intravenous
injection

Alleviate PF, reduce collagen
accumulation and reduce the
degree of apoptosis

Mansouri et al.
(2019)

hucMSC Ultracentrifugation +
Exoquick exosome
precipitation solution

Silca Unknown Mice Intravenous
injection

Alleviate PF, improve
respiratory impairment and
reduce collagen deposition in
NIH-3T3 cells

Xu et al. (2020)

hucMSC Ultracentrifugation +
Exoquick exosome
precipitation solution

Silca let-7i-5p Mice Intravenous
injection

Affect the expression of α-
SMA, collagen type I,
fibronectin, TGFβR1 and
P-Smad3 in NIH-3T3 cells,
and inhibit fibroblast
activation

Xu et al. (2022)

hucMSC Differential centrifugation Bleomycin Unknown Mice Intravenous
injection

Reduced lung coefficient,
improved lung
histopathological changes and
collagen deposition in mice
with PF, reduced TGF-β1
expression, inhibited
p-Smad2/3 and vimentin
expression and increased
E-cadherin expression

Yang et al.
(2020b)

MSC Ultracentrifugation Lipopolysaccharide miR-23a-3p
miR-182-5p

Mice Intravenous
injection

Alleviate PF and injury,
attenuate apoptosis and EMT
progression

Xiao et al. (2020)

MSC Ultracentrifugation Monocrotaline Unknown Rats Intravenous
injection

Attenuate PF and pulmonary
vascular remodelling, reduce
right ventricular systolic
pressure and right ventricular
hypertrophy index

Zhang et al.
(2020b)

MSC Differential Centrifugation
+ Iodixanol (OptiPrep)

Hyperoxia Unknown Mice Intravenous
injection

Alleviate PF, reduce collagen
accumulation, reduce
pulmonary vascular
remodelling and
inflammation, improve lung
function

Willis et al.
(2018)

iPSC Ultracentrifugation Bleomycin miR-302a-3p Mice Intravenous
injection

Relieve PF, reduce collagen
deposition, and inhibit the
increase of M2 type
macrophages

Zhou et al.
(2021)

hESC Ultracentrifugation Radiation Unknown Mice Intravenous
injection

Alleviates PF and reduces
collagen accumulation,
macrophage infiltration and
inflammation

Montay-Gruel
et al. (2020)

MenSC Differential centrifugation
+ exosome extraction kit
(Wako Pure Chemicals
Industry)

Bleomycin let-7 Mice Intravenous
injection

Alleviate PF and alveolar
epithelial cell damage, reduce
collagen accumulation in lung
tissue and adjust wet and dry
specific gravity

Sun et al. (2019)

hAEC Ultracentrifugation Bleomycin Unknown Mice Intranasal
administration

Alleviate PF, reduce collagen
accumulation and lung
inflammation

Tan et al. (2018)

hAEC Ultracentrifugation Bleomycin Unknown Mice Intranasal
administration

Alleviate PF, reduce airway
remodeling and inflammation,
with the above effects being
better when exosomes are
combined with Serelaxin

Royce et al.
(2019)

(Continued on following page)
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significant downregulation of exosomes miR-375-3p, miR-200a-

3p, miR-200b-3p, miR-141-3p, and miR-423-5p and

upregulation of exosomes miR-22-3p, miR-320a-3p, miR-

320b, and miR-24-3p in BALF-derived exosomes in IPF

patients. Bronchoscopic lung cryobiopsy is a promising

examination technique in the diagnosis of PF, allowing safer

and more effective access to lung tissue with BALF, thus

providing a source of feasibility for BALF exosomal miRNAs

to become a diagnostic tool for PF (Tomassetti et al., 2016).

Another study showed that exosomes miR-125b, miR-128, miR-

21, miR-100, miR-140-3p, and miR-374b were upregulated in

BALF from IPF patients, while let-7d, miR-103, miR-26, and

miR-30a-5p were downregulated (Liu et al., 2018). These findings

suggest the potential of BALF-derived exosomal miRNAs as PF

biomarkers.

Furthermore, Makiguchi et al. (2016) found that serum EV

miR-21-5p was upregulated throughout the progression of PF

compared to controls in an animal model of bleomycin-induced

PF, and they observed significantly higher EV miR-21-5p in the

sera of IPF patients compared to healthy controls, suggesting that

EV miR-21-5p is a candidate biomarker for IPF. Tomonori

Makiguchi and his colleagues also confirmed the potential of

serum EV miR-21-5p as a prognostic biomarker for IPF.

According to their study, serum EV miR-21-5p correlated

with the rate of lung volume loss in IPF patients, and Kaplan-

Meier analysis indicated that patients with higher baseline serum

EVmiR-21-5p levels had significantly lower survival rates. Given

that the investigators obtained serum EV miR-21-5p by Total

Exosome Isolation reagent, serum exosome miR-21-5p may

have the same biomarker potential. Kaur et al. (2020)

suggested that downregulation of an exosomal lncRNA

encoding a WT1 transcription factor in the plasma of

smokers may represent a possibility for them to develop PF

in the future . Miriana d’Alessandro et al. examined blood

exosome surface epitopes in IPF patients and found many

exosome surface epitopes CD19, CD69, CD8, CD86, CD209,

Cd133/1, MCSP, and ROR1 were significantly higher in IPF

patients and CD42a was lower than in controls. In addition,

increased expression of CD8 was associated with poor

prognosis in IPF in survival analysis. These results provide

the basis for the use of blood exosome surface epitopes as

candidate biomarkers for the diagnosis and prognosis of IPF

(D’Alessandro et al., 2021).

5 Exosomes in PF treatment

5.1 Potential of exosomes as PF
therapeutics

Lung transplantation is currently the most effective

treatment for most PF. Still, only a small number of

patients can benefit from it due to the limited availability

of donor organs, rejection reactions, and the cost of treatment.

The drug treatment options for PF are relatively limited, and

taking IPF as an example, the main treatment options for IPF

are nintedanib, pirfenidone, and a combination of both.

Although they can slow down the disease progression of PF

to some extent, these therapies have adverse drug reactions

and do not have the ability to cure the disease. Many patients

with PF have a low quality of life and a short survival time after

diagnosis. Thus there is still an urgent need for a treatment

that can stop or even reverse PF. An increasing number of

studies are currently dedicated to the search for safe and

effective new therapies for PF (Richeldi et al., 2017; Mei

et al., 2021). As previously described, exosomes have the

ability to regulate fibroblast proliferation and

differentiation, ECM deposition, and EMT, and several

studies have demonstrated the therapeutic potential of

exosomes for PF in animal models, as shown in Table 2,

TABLE 2 (Continued) Potential therapeutic implication of exosomes in PF.

Source of
exosomes

Extraction method Experimental
model

Exosome -
cargos

Species Delivery of
exosomes

Potential
therapeutic
implication

References

LSC Ultrafiltration +
Centrifugation

Bleomycin Unknown Mice Nebulised
inhalation

Alleviate PF, restore normal
alveolar structure, reduce
collagen accumulation and
myofibroblast proliferation,
and improve lung function

Dinh et al.
(2020)Silica Rats

— — Bleomycin miR-16 Mice Intravenous
injection

Relieve PF and reduce collagen
accumulation

Inomata et al.
(2021)

— — Bleomycin miR-22 Mice Intravenous
injection

Alleviate PF, reduce PF scores
and collagen accumulation

Kuse et al.
(2020)

Note: BMSC, bonemarrowmesenchymal stem/stromal cell; hucMSC, human umbilical cordmesenchymal stem cell; MSC, mesenchymal stem/stromal cell; iPSC, induced pluripotent stem

cell; hESC, human embryonic stem cell; hAEC, human amnion epithelial cell; MenSC, menstrual blood-derived endometrial stem cell; LSC, lung spheroid cell; EnC, vascular endothelial

cell; α-SMA, α-smooth muscle actin; TGF-β:transforming growth factor-β; TGFβR1, TGF-β receptor 1; P-Smad: phosphorylated smad; —, no relevant data.
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suggesting that exosomes may be a valuable clue to address

this issue of developing new therapies for PF.

Mesenchymal stem/stromal cell-derived exosomes (MSC-

EXOs) have been proposed as promising therapeutic tools for

a variety of diseases (Ahmadi and Rezaie, 2021; Janockova et al.,

2021) and have shown anti-fibrotic potential such as for liver,

kidney, and cardiac fibrosis (Li et al., 2013; Eirin et al., 2017; Rong

et al., 2019; Chen et al., 2020). MSCs are also a preferred source of

exosomes for the study of PF treatment. Mansouri et al. (2019)

found that bone marrowmesenchymal stem/stromal cell-derived

exosomes (BMSC-EXOs) were effective in attenuating

bleomycin-induced PF and modulating lung inflammation,

and interestingly, the investigators observed that BMSC-EXOs

significantly restored bleomycin-induced PF in mice after

intravenous injection of BMSC-EXOs on day 7 post-modeling.

The ability of BMSC-EXOs to reverse PF is of interest and needs

to be studied in depth. In addition to this, they found that bone

marrow-derived mononuclear cell transplantation pretreated by

BMSC-EXOs could exert a preventive effect on PF. Another

study demonstrated the ability of BMSC-EXOs to effectively

alleviate silica-induced PF in a rat model of silicosis (Zhang

et al., 2021). There are no effective therapies to slow down the

progression of silicosis, especially its fibrosis, and exosomes offer

a therapeutic idea for PF in silicosis. Xu et al. (2020) found that

human umbilical cord MSC-derived exosomes (hucMSC-EXOs)

exerted anti-PF effects in a mouse silicosis model, effectively

reducing collagen deposition, attenuating pulmonary fibrosis-

related indices, and improving impaired lung function in silicosis

mice. Chunjie Xu and colleagues found through a more in-depth

study that the exosome let-7i-5p in hucMSC-EXOs effectively

attenuated collagen deposition in silicosis mice and improved

silica-induced PF in mice by inhibiting fibroblasts (Xu et al.,

2022). Another study elucidated that hucMSC-EXOs had the

effect of alleviating bleomycin-induced PF and significantly

attenuated the pathological changes, and reduced collagen

deposition in the lung tissue of PF mice (Yang J. et al., 2020).

Acute lung injury can lead to fibrosis in lung tissue. In studying

the mechanisms by whichMSC regulates the progression of acute

lung injury, Xiao et al. (2020) found that MSC-EXOs have the

potential to attenuate lipopolysaccharide-induced PF

progression, and the investigators demonstrated that miR-23a-

3p and miR-182-5p transported by MSC-EXOs have the ability

to reverse the EMT process that is closely associated with PF.

Zhang Z. et al. (2020b) found that MSC-EXOs also had the ability

to attenuate PF in a rat model of monocrotaline-induced

pulmonary arterial hypertension. Another study indicated that

MSC-EXOs could also attenuate PF and improve lung function

in a mouse model of hyperoxia-induced bronchopulmonary

dysplasia (Willis et al., 2018).

Stem cell-derived exosomes other than MSCs have also

demonstrated promising therapeutic effects on PF in several

studies. In view of the potential therapeutic value of iPSCs

and their derivatives in several diseases, Yan Zhou and

colleagues, after observing the potential of iPSCs for the

treatment of PF, further built on their findings that iPSC-

derived exosomes (iPSC-EXOs) could alleviate bleomycin-

induced PF in mice, and that miR-302a-3p carried by iPSC-

EXOs was able to reduce collagen deposition and inhibit M2-type

macrophage increase in mouse lungs (Zhou et al., 2016; Zhou

et al., 2021). Pierre Montay-Gruel et al. administered human

embryonic stem cell (hESC)-derived EVs intravenously to mice

receiving chest radiation exposure, most of which were actually

exosomes, and observed a significant reduction in radiation-

induced PF. This study suggests that hESC-derived exosomes

may have the potential to become a therapeutic pathway for

radiation therapy-induced PF (Montay-Gruel et al., 2020).

Menstrual blood-derived endometrial stem cells (MenSCs)

have antifibrotic effects, and Lifang Sun et al. found that

MenSC-derived exosomes (MenSC-EXOs) ameliorated

bleomycin-induced PF and alveolar epithelial cell injury in

mice, which may be closely related to exosomal let-7. The

investigators observed that let-7 carried by MenSC-EXOs

could inhibit the process of EMT in mice and attenuate lung

histopathological changes and that MenSC-EXOs could also

translocate let-7 into alveolar epithelial cells to attenuate cell

damage (Sun et al., 2019).

In addition to the stem cell-derived exosomes described

above, several other types of exosomes have the potential for

the treatment of PF. Tan et al. (2018) endeavored to explore the

feasibility of human amnion epithelial cell-derived exosomes

(hAEC-EXOs) as a potential therapy for IPF. They performed

early and late interventions in juvenile mice with bleomycin-

induced PF via intranasal drip of hAEC-EXOs and found that

hAEC-EXOs were able to exert anti-inflammatory and anti-

fibrotic effects at different stages of PF, with the potential to

prevent, mitigate and even reverse PF. They also showed that the

aforementioned anti-PF effects of hAEC-EXOs in juvenile mice

were reproduced in aged mice, which were used to simulate the

clinical setting of elderly patients with IPF, demonstrating the

therapeutic potential of hAEC-EXOs for various disease stages

and ages of PF. Another study found that hAEC-EXOs, in

combination with the anti-fibrotic drug serelaxin, exerted

better anti-inflammatory, anti-fibrotic, and alleviating airway

dysfunction in bleomycin-induced PF mice (Royce et al.,

2019). Dinh et al. (2020) used a nebulizer to treat bleomycin-

induced and silica-induced PF mice with nebulized inhaled lung

spheroid cell exosomes (LSC-EXOs) and found that LSC-EXOs

exerted anti-PF effects in both PF mouse models, reducing

collagen accumulation and myofibroblast proliferation, and

improving impaired lung function. In addition, their results

suggest that LSC-EXOs may be superior to MSC-EXOs in

attenuating PF. Exosomal miR-107 and let-7d produced by

pulmonary vascular endothelial cells have been reported to

inhibit the function of pericytes in PF, which provides a

promising therapeutic target for PF (Xie et al., 2020; Wang

et al., 2021). In addition, exosomal miR-22 and exosomal
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miR-16 demonstrated experimentally their ability to ameliorate

bleomycin-induced PF in mice through their mimics (Kuse et al.,

2020; Inomata et al., 2021). In most of the above studies, an

intravenous injection was chosen as the mode of exosome

administration. Interestingly, in exploring the therapeutic

potential of hAEC-EXOs and LSC-EXOs for PF, the

investigators chose intranasal drip and nebulized inhalation

administration, respectively, which enriches the effective

routes of administration in anti-PF exosomes.

5.2 Potential of exosomes as PF drug
delivery vehicles

With the development of nanomedicine, more and more

literature has reported that nano-drug delivery systems can

function as stable, safe, and effective drug delivery, and the

progressive exploration of pulmonary drug delivery vehicles,

including exosomes, has helped to advance the development

of PF therapy (Skibba et al., 2020). Compared to nano-drug

delivery systems such as in vitro synthesized liposomes,

exosomes have unique drug delivery advantages. Exosomes are

naturally secreted by organismal cells, can be widely and stably

present in body fluids, and have better biocompatibility and

lower immunogenicity. The lipid-rich composition of exosomes

facilitates their loading of hydrophilic and lipophilic active

pharmaceutical ingredients, which happens to be lipophilic for

pirfenidone, a therapeutic drug for PF (Haak et al., 2017; Guiot

et al., 2019). Exosomes are capable of mediating intercellular

communication in the body, have the ability to target tissues and

cells, and can cross biological barriers such as the blood-brain

barrier (Zhang Y. et al., 2020; Saint-Pol et al., 2020). With these

properties and abilities, exosomes have the potential to deliver PF

therapeutic agents such as drugs and miRNAs.

There are already studies invested in the development of

exosomes as drug delivery systems for anti-PF agents. Lingna Sun

and coworkers designed a hybrid drug delivery system of

fibroblast-derived exosomes and clodronate (CLD)-loaded

liposomes (EL-CLD), which utilizes the affinity of fibroblast-

derived exosomes for fibroblasts and CLD to reduce the uptake of

drugs by the liver, proposing to solve the problem of poor

selectivity and low delivery efficiency of PF therapeutic drugs

to fibroblasts. In an animal model of PF, the investigators found

that the anti-PF efficacy of Nintedanib was significantly increased

when it was loaded with EL-CLD, thanks to the ability of EL-CLD

to increase the delivery of nintedanib to the lung and its

accumulation in fibrotic lung tissue, as well as to attenuate the

macrophage-induced inflammatory response (Sun L. et al.,

2021). Notably, the team has also developed another hybrid

exosome-liposome drug delivery system that enhances the

efficacy of nintedanib in the treatment of liver fibrosis (Ji

et al., 2022). These findings highlight that the ability of

exosomes to target delivery enables them to be advantageous

in drug delivery, and furthermore, they demonstrate the

feasibility and effectiveness of exosomes as delivery vehicles

for anti-fibrotic, especially anti-PF drugs. However, the

technology of exosome application for drug delivery is still

immature. Problems such as how to extract exosomes

efficiently and completely, how to improve the drug loading

rate of exosomes, how to surface modify exosomes to improve

their stability, and the types of drugs delivered are limiting the

further development of this technology, and more research needs

to be invested in tackling these challenges (Zhang Y. et al., 2020).

Based on the barriers of exosomes as drug carriers, Yanzhen Yu

and colleagues developed a functional ECM biomaterial capable

of loading exosomes, which is able to capture and enrich

exosomes without damaging the exosome membrane,

increasing the stability of exosomes as carriers for delivery of

anti-PF miR-29. The investigators observed that the application

of this miR-29 exosome-enriched ECM material in bleomycin-

induced PF mice resulted in good attenuation of lung tissue

fibrosis in mice, which provided inspiration for optimizing the

exosome delivery technology (Yu et al., 2021). Therefore, as the

technology continues to improve, exosomes may hold a

promising future as anti-PF agent delivery vehicles.

6 Conclusion

In recent years, research on exosomes has increased

rapidly. In this context, many advances have been made in

the study of the relationship between exosomes and a variety

of respiratory diseases, including PF. Exosomes play an

important role in communication between human cells,

can participate in multiple physiopathological processes,

and are closely associated with many therapeutic

mechanisms (Guiot et al., 2019; Mashouri et al., 2019;

Soraya et al., 2021; Yamada, 2021). According to several

studies mentioned above, exosomes have the ability to

participate in processes such as inflammation and

immunity, ECM deposition, and EMT in PF, which is

associated with the ability of exosomes to regulate

inflammatory cell infiltration, immune cell proliferation,

and fibroblast proliferation and differentiation in the lung,

as well as to influence cytokines such as TGF-β1. Exosomes

have great potential for the diagnosis and determination of

prognosis in PF and show therapeutic promise for the

prevention, mitigation, and even reversal of PF. In

addition, the biocompatibility, low immunogenicity, and

ability to target tissues of exosomes provide new insights

into the development of anti-PF drug delivery systems.

However, there is still a long way to go to translate the

potential of exosomes as biomarkers and therapeutics in PF into

clinical applications that can benefit patients. The diagnostic and

therapeutic mechanisms of exosomes in PF are currently unclear

and need to be further investigated. The technical basis for the
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clinical application of exosomes is immature due to obstacles

such as exosome extraction, preservation, and drug loading. As

highlighted at the 2021 annual meeting of the International

Society for Extracellular Vesicles, clinical applications of EVs

such as exosomes need to explore effective, rapid, simplified,

reproducible, and scalable pathways. Clinical translation of

current results and further achievements require continuous

efforts of multidisciplinary teams (Picciolini et al., 2021).

Despite these obstacles, the prospect of clinical application of

exosomes in PF currently requires more efforts to be invested in

the research of exosomes as a diagnostic method and new

therapies for PF to benefit PF patients.
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Background: Pulmonary fibrosis (PF) is a lung disease with no curative drug,

characterized by a progressive decrease in lung function. Metformin (MET) is a

hypoglycemic agent with the advantages of high safety and low cost and has

been used in several in vivo trials to treat fibrotic diseases.

Objective: This study aimed to explore the efficacy and safety of MET in treating

PF and elaborate on its mechanism.

Methods: Eight databases were searched for in vivo animal trials of MET for PF

from the time of database creation until 1 March 2022. The risk of bias quality

assessment of the included studies was conducted using SYRCLE’s risk of bias

assessment. Pulmonary inflammation and fibrosis scores were the primary

outcomes of this study. Hydroxyproline (HYP), type I collagen (collagen I), α-
smooth muscle actin (α-SMA), transforming growth factor-β (TGF-β), Smad,

AMP-activated protein kinase (AMPK), and extracellular signal–regulated kinase

(ERK) protein expression in lung tissues and animal mortality were secondary

outcomes. Effect magnitudes were combined and calculated using Revman

5.3 and Stata 16.0 to assess the efficacy and safety of MET in animal models of

PF. Inter-study heterogeneity was examined using the I2 or Q test, and

publication bias was assessed using funnel plots and Egger’s test.

Results: A total of 19 studies involving 368 animals were included, with a mean

risk of bias of 5.9. The meta-analysis showed that MET significantly suppressed

the level of inflammation and degree of PF in the lung tissue of the PF animal

model. MET also reduced the content of HYP, collagen I, α-SMA, and TGF-β and
phosphorylation levels of Smad2, Smad3, p-smad2/3/smad2/3, ERK1/2, and

p-ERK1/2/ERK1/2 in lung tissues. MET also elevated AMPK/p-AMPK levels in

lung tissues and significantly reduced animal mortality.
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Conclusion: The results of this study suggest thatMET has a protective effect on

lung tissues in PF animal models and may be a potential therapeutic candidate

for PF treatment.

Systematic Review Registration: https://www.crd.york.ac.uk/PROSPERO/

display_record.php?RecordID=327285, identifier CRD42022327285.

KEYWORDS

pulmonary fibrosis, metformin, animal models, potential mechanisms, meta-analysis

1 Introduction

Pulmonary fibrosis (PF) is characterized by a progressive and

irreversible decrease in lung function, eventually leading to

respiratory failure and death. Chemical injury, drug toxicity,

environmental factors, autoimmunity, and inflammatory

infections are significant causes of PF pathogenesis

(Thannickal et al., 2004). The most severe type of PF is

idiopathic pulmonary fibrosis (IPF), which has no specific

cause, with a median survival of 3–5 years after disease onset

(Raghu et al., 2011; Thannickal, 2013; Travis et al., 2013). The

global incidence of IPF has increased (Hutchinson et al., 2015),

with a high incidence among older men, especially those with

chronic diseases, such as hypertension and diabetes (King and

Nathan, 2017).

In recent years, researchers have begun to link structural

remodeling in the lungs to abnormalities in glucose metabolic

pathways (Dos Santos et al., 2018). Diabetes mellitus (DM) is a

systemic metabolic disease characterized by insulin deficiency or

resistance, which causes a chronic hyperglycemic state.

Inflammation, oxidative stress, and vascular damage caused by

hyperglycemia often damage the cardiovascular system, kidneys,

retina, and other organs (Kowluru and Chan, 2007; Kashihara

et al., 2010; Folli et al., 2011; Fujita et al., 2013). The lungs possess

a complex capillary network and are a target organ for diabetic

microvascular injury. The correlation between DM and PF has

attracted the attention of researchers in recent years. Patients

with DM are at a higher risk of developing PF (Kopf et al., 2018).

Hyperglycemia can thicken the alveolar septa, cause PF-related

pathological structural changes in the lungs, and affect lung

function, ultimately resulting in PF (Zou et al., 2017).

Hyperglycemia causes inflammation and oxidative stress in the

body, which are closely related to the core developmental

mechanisms of PF, such as extracellular matrix (ECM)

deposition, fibroblast/myofibroblast proliferation, and structural

disruption of the lung tissue (Willis & Borok, 2007). Similarly, in a

meta-analysis, a significant increase in the prevalence of DM was

demonstrated in patients with IPF compared with that in controls,

suggesting a potential positive association between DM and the

development of IPF (Bai et al., 2021).

There is a lack of specific therapeutic drugs for the treatment

of PF. Pirfenidone and nintedanib (Raghu et al., 2015; Teague

et al., 2022), approved for the treatment of PF, have been shown

to reduce the decline in forced vital capacity (FVC) and

deterioration in the acute phase in patients with IPF (Richeldi

et al., 2011; King et al., 2014). However, current studies show that

these two drugs do not cure or reverse PF (Wollin et al., 2015);

they can only prevent the development or further progression of

PF. To date, no drug has been able to reverse already established

PF (Dos Santos et al., 2018). Only a few patients can afford

pirfenidone and nintedanib because they are expensive (Teague

et al., 2022). Moreover, the diagnosis of IPF and the adverse

effects of these drugs are uncertain (Maher et al., 2018; Maher

and Strek, 2019). Lung transplantation is the best approach to

prolong survival in patients with PF (Wynn, 2011). Therefore, it

is essential to identify additional ways to treat PF. In 2018,

Rangarajan et al. proposed that metformin (MET) could

reverse bleomycin-induced PF in animal models. As an older

drug, this new therapeutic effect of MET is appealing

(Rangarajan et al., 2018). Additionally, MET is cheaper and

more conducive to further research (Diabetes Prevention

Program Research Group, 2012).

MET, a biguanide derivative that acts on the liver to reduce

high blood glucose levels, is a commonly used first-line drug for

the treatment of type 2 diabetes mellitus (T2DM) and has been

used for more than 60 years (Bailey, 2017). The central

mechanism of MET action is the inhibition of mitochondrial

respiratory chain complex I (Batandier et al., 2006), which

reduces adenosine triphosphate (ATP) production, as well as

decreases adenosine monophosphate (AMP) deaminase activity

and increases AMP content, thereby increasing the AMP/ATP

ratio (Richeldi et al., 2011) and activating AMP-dependent

protein kinase (AMPK). AMPK is a heterotrimeric protein with

important roles in the metabolism and regulation of glucose, lipids,

and energy (Lin & Hardie, 2018). AMPK activation enables cells to

switch from an anabolic to a catabolic state (Viollet et al., 2012). It

can reduce and improve DM (Foretz et al., 2019), obesity

(Yerevanian & Soukas, 2019), effects of aging (Chaudhari et al.,

2020), and cancer (Coyle et al., 2016).

Recent studies have shown that MET may inverse PF. MET

may inhibit the transforming growth factor-beta (TGF-β)/Smad

signaling pathway by activating AMPK signaling. Treatment of

PF mouse models with MET resulted in significant improvement

in several fibrosis marker indicators, including hydroxyproline

(HYP), α-smooth muscle actin (α-SMA), TGF-β1, type I collagen
(collagen I), and fibronectin. However, the anti-PF effect of MET
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disappeared when the same approach was used to treat AMPKa-

deficient mice, suggesting that MET may act as an anti-PF agent

by activating AMPK (Rangarajan et al., 2018). MET may inhibit

the mammalian rapamycin (mTOR) signaling pathway via

AMPK, upregulate Beclin1 and light chain 3 B (LC3B),

downregulate p62 protein, and activate autophagy. It also

inhibits the inflammatory cytokines TGF-β1, tumor necrosis

factor-α (TNF-α), and interleukin-1β (IL-1β) and reduces

alveolar inflammation. Elevated E-cadherin (E-Cad) levels

decrease α-SMA and vimentin and inhibit the

epithelial–mesenchymal transition (EMT) process (Li et al.,

2021b). The anti-PF effect of MET involves the inhibition of

reactive oxygen species (ROS) and lipid peroxidation product

malondialdehyde (MDA), which catalyzes the expression of

antioxidant proteins to inhibit intracellular oxidative stress

and other pathways (Cheng et al., 2021).

We aimed to determine if MET could reverse PF. Our

hypothesis was positive, and we believe that MET is a

potential anti-fibrosis drug that needs to be developed and

studied further. However, the efficacy and safety of MET to

treat PF in animals is still uncertain and lacks sufficient

evaluation; therefore, it is necessary to conduct a systematic

evidence-based evaluation. Our goal was to systematically

evaluate and meta-analyze the effectiveness and safety of MET

in treating PF in animal models, determine the effect of MET on

the related factors in the process of PF, and further explore its

cellular and molecular mechanisms. A research roadmap is in

Figure 1.

2 Materials and methods

This review was based on the Preferred Reporting Items for

Systematic Reviews and Meta-analyses (PRISMA) statement

checklist (Page et al., 2021). The protocol was registered in

PROSPERO (registration number: CRD42022327285).

FIGURE 1
Research roadmap (created using BioRender.com).
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2.1 Data sources and search strategy

Eight databases were searched from the time of establishment

to 1 March 2022: PubMed, EMBASE, Web of Science, Cochrane

Library, China National Knowledge Infrastructure, Chinese

Biomedical Database, VIP Database, and Wanfang Database.

The abovementioned databases were searched with MET (e.g.,

metformin, dimethylguanylguanidine, and metformin HCl),

TABLE 1 Inclusion and exclusion criteria.

Principles Inclusion criteria Exclusion criteria

Animals 1. There is no restriction on the race, category, weeks of age, and sex of the
included animals. Any animal previously used for pulmonary fibrosis (PF)
modeling will be included

1. Not an animal model of PF.

2. Animals that have not been previously used to establish PF models

Interventions 2. Animal models of pulmonary fibrosis in the experimental and control groups
are modeled using bleomycin, radiation, or silica

3. Not using bleomycin, radiation, or silica to establish PF animal models

3. The experimental group received metformin/metformin hydrochloride. The
control group was given saline or no measure of treatment

4. Treatment with metformin-based prescriptions or in combination with
other drugs

4. The route of administration is not restricted 5. Experimental design without a control group

Type 5. Randomized controlled animal experiments (in vivo studies) are required 6. Case reports, clinical trial studies, abstracts, editorials, reviews, conference
abstracts, duplicate data, and incomplete text

Outcomes 6. (1) The primary outcome indicators are the histological effect of metformin
on the degree of PF and pulmonary inflammation in animal models, using the
pulmonary inflammation score to represent the degree of pulmonary
inflammation and the pulmonary fibrosis score to represent the degree of PF.

7. No predetermined outcome indicators or available data

(2) Secondary outcome indicators are the effects of metformin on fibrosis-
related proteins in vivo in animal models of PF, including TGF-β, HYP, α-SMA,
collagen I, AMPK, and extracellular signal–regulated kinase animal mortality

8. The literature does not use numerical quantification, and quantitative data
are not available through the literature

FIGURE 2
Flow diagram of the study-search process.
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pulmonary fibrosis (e.g., pulmonary fibrosis, alveolitis, fibrosis,

and idiopathic pulmonary fibrosis), and animal models (e.g.,

models, animal, animal model, and experimental) as the main

keywords, and the references of the included studies were

searched to obtain more available studies. The language used

was limited to Chinese and English. A detailed search strategy for

each database is provided in Supplementary Material S1.

2.2 Eligibility criteria and literature
screening

The inclusion and exclusion criteria were predefined for the

meta-analysis (Table 1) (Sun et al., 2021). Two investigators (XY-C

and QW-F) independently screened the literature using EndNote

X9 software. After eliminating duplicate literature, investigators

excluded the literature that did not meet the inclusion criteria by

reading the titles and abstracts and confirmed the final included

literature by reading the full articles. In the event of disagreement, a

third investigator (H-Y) arbitrated.

2.3 Data extraction

Two investigators (XX and SJ-S) independently extracted

detailed data for the included studies using Excel 2019 software,

including the first author, year of publication, modeling method

and route, animal details, MET manufacturer batch, MET

treatment regimen, narcotic drug use, ethical statement status,

intervention site, primary/secondary outcomes, and between-

group differences. Experimental data were uniformly recorded

using the mean and standard deviation (SD), and if only standard

error (SEM) was provided, the raw data were converted to

standard deviation according to statistical principles. If the

literature presented the experimental results graphically,

Origin 2018 was used to extract data from the images, and

multiple readings were obtained to reduce errors. If the

literature lacked data or was reported unclearly, XY-W

attempted to contact the corresponding author; if the original

data were still unavailable, XY-W excluded the literature. After

completing data extraction, the two investigators crosschecked

the results. Disagreements were marked, summarized, discussed,

and resolved in a meeting. The study was excluded if any essential

results were not available.

2.4 Assessment of risk of bias

Two investigators (MY-Y and ZP-H) used SYRCLE’s risk-of-

bias quality assessment tool for animal experiments (Hooijmans

et al., 2014). Risk of bias and methodological quality assessments

of the included studies were performed. A score of 1 was assigned

during the assessment process when the investigator judged an

entry to be at low risk of bias, with a maximum score of 10 for one

piece of literature. Disagreements were resolved by consensus or

arbitration between the two authors (HY and QY-D).

2.5 Statistical analysis

For data processing of the included studies, one study

contained multiple subgroups of MET doses, which were

treated as independent experiments for this meta-analysis. The

sample size of the control group for these independent studies

was extracted by dividing the sample size of the control group by

the number of experimental groups to avoid artificially increasing

the sample size of the control group and further improving the

accuracy of the study (Lin et al., 2020). In addition, the doses

administered were pre-classified based on the inclusion of

experiments to facilitate further subgroup analysis. The doses

of administered MET were divided into three groups (0 < low-

dose group <150 mg/kg, 150 mg/kg ≤ medium-dose

group <300 mg/kg, and 300 mg/kg ≤ high-dose

group ≤500 mg/kg) according to previous studies (Gamad

et al., 2018; Wu, 2018; Hao et al., 2019; Li et al., 2021a; Li

et al., 2021b; Cheng et al., 2021).

RevMan 5.3 and Stata 16.0 were used for data analysis in this

meta-analysis. The lung tissue fibrosis score, inflammation score,

and fibrosis-related proteins were analyzed as continuous

variables. The mean difference (MD) and 95% confidence

interval (CI) were used for the overall effect size comparison

if the effect size units were the same or the assay was the same

between studies. Moreover, the standardized mean difference

(SMD) and 95%CI were used if the effect size units were different

or if the assay differed between studies. Animal mortality was

used as a dichotomous variable, and relative risk (RR) and 95%

CI were used as the effect analysis statistics. Differences were

considered statistically significant at p < 0.05.

Heterogeneity between studies was tested using the I2 or

Q-test. Heterogeneity was considered nonsignificant when p >
0.1 or I2 ≤ 50. When p < 0.1 or I2 > 50, heterogeneity was

considered significant, and sensitivity analysis was performed to

determine the stability of the results. If any one piece of literature

was found to have a more significant effect on inter-study

heterogeneity, the effect sizes were combined after excluding

that piece of literature. If there was excessive heterogeneity in

important outcomes (i.e., inflammation score, fibrosis score, and

TGF-β levels) and the cause could not be found after sensitivity

analysis, subgroup analysis or meta-regression was used to

further search for the source of heterogeneity. Dosage is the

predetermined factor of subgroup analysis (Lin et al., 2020)

because it may be an important factor affecting the effect

(Garber et al., 1997). Each subgroup included at least two

studies. For meta-regression, eight variables were analyzed:

modeling method, route of administration, time of

administration, animal sex, animal type, dosage, year of
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publication, and manufacturer of MET. The effect of other

possible factors on inter-study heterogeneity was explored in

the analysis, and variables were considered sources of

heterogeneity when p < 0.05. When heterogeneity was

substantial and could not be eliminated, a random effects

model was used instead of a fixed effects model. When more

than ten studies were included, funnel plotting and observation

were performed using Stata 16.0 with Egger’s test (Sun et al.,

2021). Publication bias was assessed by observing whether the

funnel plot was symmetrical and the p-value of Egger’s test.

When the funnel plot was significantly asymmetrical and Egger’s

test p < 0.05, the difference was considered significant, i.e., having

publication bias.

3 Results

3.1 Inclusion of study selection

Through a preliminary search of eight databases, 445 studies

were identified. In addition, seven articles from our records met

the requirements for this meta-analysis but did not appear in the

search results, and we included those (Xavier et al., 2021). After

removing duplicate studies, 285 articles remained, and we

performed title and abstract readings to exclude 265 articles,

including 238 irrelevant studies, 16 studies whose interventions

did not meet inclusion requirements, five literature reviews, three

conference abstracts, and three articles for which the full text was

not available. The complete manuscripts of the 20 screened

studies were then read, and one manuscript with an outcome

that did not meet the requirements was excluded (Kheirollahi

et al., 2019), resulting in 19 remaining studies (Huang, 2015; Choi

et al., 2016; Jiang 2016; Jian 2017; Wang J. et al., 2017; Wang Y.

et al., 2017; Gamad et al., 2018; Rangarajan et al., 2018; Wu 2018;

Xiao et al., 2018; Farhood et al., 2019; Hao et al., 2019; Yahyapour

et al., 2019; Wang et al., 2020; Xiao et al., 2020; Li et al., 2021a; Li

et al., 2021b; Cheng et al., 2021; Gu et al., 2021). Six studies

included multiple dose groups. Two independent trials were

conducted with two levels of dosing (Choi et al., 2016; Hao

et al., 2019), and four independent trials had three levels of dosing

[Cheng et al., 2021; Gamad et al., 2018; Li et al., 2021a; Li et al.,

2021b] out of the 29 independent studies. A flow chart of

literature selection is shown in Figure 2.

3.2 Study characteristics

The characteristics of all the included studies are summarized

in Supplementary Tables S2 and S3. Supplementary Table S2

shows the basic information of the included studies, and

Supplementary Table S3 shows the modeling and drug

treatment of the included studies. A total of 368 experimental

and control animals were included in this meta-analysis. Eight of

the 19 studies used mice, and the types of mice used included

wild-type, C57BL/6, and NMRI. A total of 11 studies used rats; of

these, eight used Sprague-Dawley rats, and three used Wistar

rats. Of the studies that have elaborated on the sex of the animals,

three used female, 15 used male, and one did not report sex. Only

two studies have reported animals used as adults (Wang Y. et al.,

2017; Gamad et al., 2018).

All included studies used three modalities, four used

irradiation, three used silica particle tracheal injection, and

12 used bleomycin tracheal injection. Among the 12 studies

using bleomycin, two did not report the companies of bleomycin

manufacture, one was purchased from Fresenius Kabi Oncology

Limited, India, one was from Hanhui Pharmaceuticals Co., Ltd.,

Zhejiang, China, four were from Zhejiang Hisun Pharmaceutical

Co., Ltd., one was from Thermo Fisher Scientific, and three were

from Nippon Kayaku, Takasaki, Japan. Modeling drugs may be

an important factor affecting the results of this study. The

conditions for subgroup analysis were not met, and a

descriptive analysis was conducted for comparison. After

modeling, the pathological manifestations of these 12 studies

mentioned thickening of the alveolar septum, infiltration of

inflammatory cells, and an increase in collagen fibers.

Research on fibrosis and inflammation scores has also been

reported. There were significant differences in fibrosis and

inflammation scores between the two groups compared with

that in the blank control group (p < 0.05). Therefore, it can be

assumed that the bleomycin used in the literature included in this

study were all positive in terms of their modeling effect.

All studies controlled the duration of MET treatment

between 2 and 5 weeks, limiting the treatment duration to this

range. MET used in the included studies was obtained from six

different manufacturers, including Sino-American Shanghai

Squibb Pharmaceuticals Ltd. (6), Sigma Aldrich Corporation,

United States (5), Tehran Chemie Pharmaceutical Company (2),

Beyotime Institute of Biotechnology, Shanghai Sine

Pharmaceutical Laboratories Co., Ltd., and Cipla

Pharmaceutical (1 each). Three studies did not specify the

drug manufacturer used.

Drug dose is an important factor influencing the efficacy of

MET (Garber et al., 1997). In the included studies, MET was

administered at doses ranging from 65 to 500 mg/kg. The

29 independent studies included 11, nine, and nine studies in

the low-, medium-, and high-dose groups, respectively. In the

literature by Choi et al., 2016, two low-dose groups, 50 and

100 mg/kg, were present in the same study; both were considered

low-dose groups, but the later combined effect sizes were

distinguished by naming them Choi 2016 (50 mg/kg) and

Choi 2016 (100 mg/kg).

Adverse reactions (i.e., animal deaths during the experiment)

were reported in four of the 19 studies. Researchers who use

animals in pursuit of academic goals must adhere to ethical

principles. Among the included studies, 11 reported ethical

considerations, whereas eight did not. A total of 13 studies
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reported the use of anesthetics, of which six used pentobarbital

sodium, four used chloral hydrate 10%, two used a combination

of ketamine and xylazine, one study used isoflurane, and six did

not report anesthesia. Of note, four studies reported ethical

statements but did not report the use of anesthetics.

3.3 Risk of bias and quality of included
studies

The risk of bias and quality of all studies were assessed and

scored according to SYRCLE’s risk of bias tool (Hooijmans et al.,

2014) to obtain the included literature scores (Figure 3). The risk

of bias scores of the included studies ranged between 5 and 7,

with a mean of 5.9. Six studies were rated as low in terms of

random sequence generation because they described the method

of random sequence generation in detail. All studies were rated

low for baseline characteristics because of the detailed description

of animal characteristics and ensuring that animals were similar

at baseline. When assessing allocation concealment, all studies

showed unclear risk, and none described in detail whether

animals were concealed at allocation. For the assessment of

animal placement randomization, 11 studies were rated as low

risk because they described in detail the consistency and

randomization of the housing environment of the

experimental animals. None of the included studies mentioned

the animal keeper or the investigator performing blinding, and

one study was rated as high risk because it did not describe the

experimental procedure. One study was rated as having unclear

risk in the evaluation of randomized outcomes because it did not

state whether animals were randomly selected for outcome

assessment. One study described the specific method of

blinding the outcome assessor, while the remaining studies

did not. Two of the remaining studies were judged to be at

high risk because they explicitly did not blind the outcome

assessors. None of the studies had incomplete data, selective

outcome reporting, or other sources of bias.

3.4 Outcomes

3.4.1 Metformin reduced inflammation scores in
lung tissues of pulmonary fibrosis animals

The effect sizes were combined for inflammation scores in

the lung tissue of animals in ten independent experiments

(Figure 4A). MET use significantly reduced lung inflammation

scores in the treatment groups compared with that in controls

[SMD = −1.00, 95% CI (−1.17, −0.83), p < 0.00001]. I2 = 0%, and

there was no heterogeneity between studies. The funnel plot

symmetry (Figure 4B) and Egger’s test (Figure 4C) indicated no

publication bias (p > 0.05).

3.4.2 Metformin reduced fibrosis scores in lung
tissues of pulmonary fibrosis animals

A total of 23 independent studies reported fibrosis scores.

The studies by Rasoul (2019) (Yahyapour et al., 2019) and Bagher

FIGURE 3
Risk of bias assessment table. Assessment of literature quality
results obtained through the risk of bias by SYRCLE based on
Cochrane tools. (A) Risk of bias summary diagram; review of
authors’ judgments for each risk of bias item for each
included study. (B) Risk of bias diagram; overview of authors’
judgments for each risk of bias item, expressed as a percentage of
all included studies.
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(2019) (Farhood et al., 2019) were not included in the effect size

analysis because their values did not meet the requirements for

continuous variable effect size calculation. The effect sizes were

combined for lung tissue fibrosis scores in animals from the

21 independent trials (Figure 5A), and the overall effect of MET

was a significant reduction in lung fibrosis scores in the treatment

groups compared with that in controls [SMD = –2.06, 95% CI

(–2.73, –1.39), p < 0.00001] with high inter-study heterogeneity.

Sensitivity analysis was subsequently performed (Figure 5B),

excluding data from independent experiments; the

heterogeneity did not decrease significantly, demonstrating the

reliability of the results. We conducted subgroup analyses of the

21 trials and combined the effect sizes. The results showed a

significant decrease in PF scores for all three dose levels of MET.

However, subgroup analysis (Figure 5C) revealed a high degree of

heterogeneity between high-dose, mid-dose, and low-dose

subgroups, with I2 values of 49, 80, and 69%, respectively. In

addition, funnel plots (Figure 5D) and Egger’s test (Figure 5E)

indicated a publication bias (p < 0.05). To further explore the

heterogeneity between studies, a meta-regression analysis of

factors contributing to heterogeneity (modeling method, route

of administration, time of administration, animal sex, animal

type, dosage, year of publication, and manufacturer of MET) was

performed (Table 2). However, the results showed that none of

the abovementioned factors was a significant source of

heterogeneity (p > 0.05).

3.4.3Metformin reduced TGF-β in lung tissues of
pulmonary fibrosis animals

The effect sizes for TGF-β were combined in 20 independent

experiments (Figure 6A), and MET was effective in reducing

TGF-β levels in the PF animal models [SMD = −2.54, 95% CI

(−3.36, −1.72), p < 0.00001]. However, heterogeneity was

observed between the studies, with I2 = 64%. Subgroup

analysis was performed according to the different dose levels

(Figure 6B). All three subgroups showed significant differences in

TGF-β levels. In the high- and low-dose subgroups, heterogeneity
disappeared. Heterogeneity was elevated in the mid-dose group

and was mainly caused by the results fromWang Y. et al., (2017);

heterogeneity was reduced after removing this literature

(Figure 6C). Thus, we confirmed that the primary

heterogeneity between the studies was due to the different

doses of MET. The funnel plot (Figure 6D) and Egger’s test

(Figure 6E) indicated no publication bias (p > 0.05).

FIGURE 4
Effect of MET on inflammation scores of lung tissues in PF animals. (A) Forest plot of inflammation scores; (B) Funnel plot of inflammation
scores; (C) Egger’s test for inflammation scores.
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FIGURE 5
Effect of MET on fibrosis scores of lung tissues in PF animals. (A) Forest plot of fibrosis scores; (B) Forest plot of fibrosis scores (subgroups); (C)
Sensitivity analysis of fibrosis scores; (D) Funnel plot of fibrosis scores; (E) Egger’s test for fibrosis scores.
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3.4.4 Metformin reduced hydroxyproline
content in lung tissues of pulmonary fibrosis
animals

Effect sizes were combined for HYP content of animals

from 18 independent experiments (Figure 7A), which showed

that MET significantly reduced HYP content in the lung tissue

of PF animals compared with that in controls [SMD = −3.80,

95% CI (−5.00,−2.61), p < 0.00001]. However, I2 = 77%

indicated an inter-study heterogeneity. Sensitivity analysis

was performed (Figure 7B), thereby demonstrating the

stability of these findings. Publication bias was indicated

based on a funnel plot (Figure 7C) and Egger’s test

(Figure 7D) (p < 0.05).

3.4.5 Metformin reduced collagen I content in
lung tissues of pulmonary fibrosis animals

The effect sizes of collagen I were combined from

15 independent experiments. The results (Figure 8A)

indicated that MET was effective in reducing collagen I

content in the lung tissue of animal models of PF compared

with that in controls [SMD = −3.06, 95% CI (−3.98, −2.13), p <
0.00001]. I2 = 58% indicated an inter-study heterogeneity, and

sensitivity analysis (Figure 8B) confirmed the stability of the

findings. Publication bias was judged based on a funnel plot

(Figure 8C) and Egger’s test (Figure 8D) (p < 0.05).

3.4.6 Metformin reduced α-SMA content in lung
tissues of pulmonary fibrosis animals

The effect sizes for α-SMA were combined for

13 independent experiments (Figure 9A). MET significantly

reduced α-SMA content in the lung tissue of PF animals

compared with that in controls [SMD = −3.89, 95% CI

(−5.24, −2.54), p < 0.00001]. The heterogeneity between

studies was I2 = 68%. Sensitivity analysis (Figure 9B)

confirmed the stability of the findings with some publication

bias, identified using the funnel plot (Figure 9C) and Egger’s test

(Figure 9D) (p < 0.05).

3.4.7 Metformin reduced Smad2 and
Smad3 phosphorylation levels in lung tissues of
pulmonary fibrosis animals with p-Smad2/3/
Smad2/3

Effect sizes were combined for p-Smad2, p-Smad3, Smad2/3, and

p-Smad2/3/Smad2/3 in three, three, four, and two independent

experiments, respectively. The Smad2/3 effect size was merged

(Figures 10A and B). The use of MET significantly reduced the

levels of p-Smad2 and p-Smad3 in the lung tissue of PF animals

compared to those in controls (Figure 10A) [SMD = −10.14, 95% CI

(−13.51, −6.78), p < 0.00001; SMD = −8.43, 95% CI (−11.15, −5.70),

p < 0.00001; I2 = 46% (low between-study heterogeneity; I2 = 0% (no

between-study heterogeneity)]. However, there was no significant

difference in the change in Smad2/3 levels between the control and

experimental groups [SMD=0.34, 95%CI (−0.23, 0.92), p> 0.05; I2=
0% (no heterogeneity between studies)]. In the comparison of the

control and experimental groups with p-Smad2/3/Smad2/3,

(Figure 10B) MET significantly reduced this result [SMD = −0.19,

95% CI (−0.29, −0.08), p < 0.05], with heterogeneity between studies,

I2 = 93%.

3.4.8 Metformin increased AMPK/p-AMPK
content in lung tissues of pulmonary fibrosis
animals

Five and three independent experiments were combined to

determine the lung tissue AMPK and p-AMPK effect sizes,

respectively. The results showed (Figures 11A and B) that the

treatment of PF animals with MET significantly reduced AMPK

and p-AMPK levels [SMD = 0.92, 95% CI (0.35, 1.48), p < 0.001;

SMD = 0.81, 95% CI (0.78, 0.83), p < 0.001]. There was no

heterogeneity in the effect sizes for AMPK; p > 0.24, I2 = 26%. The

combined effect sizes of p-AMPK showed heterogeneity between

studies and reduced after sensitivity analysis by removing the

results from Wang Y. et al., (2017) (Figure 11C).

3.4.9 Metformin significantly reduced ERK1/
2 phosphorylation levels in lung tissues of
pulmonary fibrosis animals

The effect sizes of ERK1/2, p-ERK1/2, and p-ERK1/2/ERK1/2

(each metric contained two independent experiments) in the lung

tissue of PF animals were combined for the included studies (Figures

12A–C). There was no significant difference in ERK1/2/β-actin levels

afterMET treatment compared to those in controls [SMD=0.03, 95%

CI (−0.02, 0.07), p > 0.05]. In the experimental group, the use of MET

significantly reduced the phosphorylation levels of both p-ERK1/2/β-
actin and p-ERK1/2/ERK1/2/β-actin overall [SMD = −6.03, 95% CI

(−11.05, −1.01), p < 0.05; SMD = −3.67, 95% CI (−6.67, −0.67), p <
0.05] compared to those in the control group (Figures 12B andC). I2 =

0% (with no heterogeneity between studies), I2 = 85% (with high

heterogeneity between studies), I2 = 24% (with no heterogeneity

between studies) are the results of sensitivity analyses for ERK1/2,

p-ERK1/2, and p-ERK1/2/ERK1/2, respectively.

TABLE 2 Meta-regression analysis of the effect of MET on lung tissue
fibrosis scores in PF animals.

Sources of heterogeneity P>|t| (95% Conf.
Interval)

Modeling Method 0.390 −1.573 3.696

Route of Administration 0.832 −1.863 2.266

Time of Administration 0.198 −0.499 2.118

Animal Sex 0.379 −3.520 8.474

Animal Type 0.315 −6.041 2.149

Dosage 0.306 −1.942 0.675

Year of Publication 0.336 −2.277 0.855

Manufacturers of MET 0.362 −0.652 1.631
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FIGURE 6
Effect of MET on TGF-β in lung tissues of PF animals. (A) Forest plot of TGF-β; (B) Forest plot of TGF-β (subgroups); (C) Forest plot of TGF-β
[subgroups after removing Wang Y. et al., (2017)]; (D) Funnel plot of TGF-β; (E). Egger’s test for TGF-β.
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3.4.10 Metformin reduced mortality in
pulmonary fibrosis animals

The effect sizes for mortality in PF animal models were

combined for six independent experiments (Figure 13), and

the protective effect of MET on mortality was significant

compared to that of controls [RR = 0.54, 95% CI (0.30,

0.96), p < 0.05]. I2 = 0%, indicating no heterogeneity

between studies.

4 Discussion

The non-standard use of a drug is a method to improve

treatment and understanding of the disease. Compared to

traditional drug development, exploring the treatment scope of

existing drugs is more convenient, cheaper, and less risky (Jin and

Wong, 2014; Tzouvelekis et al., 2018). A new function of the old

drug MET, the anti-fibrotic effect, has been explored. Clinical

FIGURE 7
Effect of MET on HYP in lung tissues of PF animals. (A) Forest plot of HYP; (B) Sensitivity analysis of HYP; (C) Funnel plot of HYP; (D) Egger’s test
for HYP.
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studies usingMET in treating patients with IPF are currently scarce,

with two previous studies indicating no significant effect of MET on

the clinical outcomes in patients with PF (Spagnolo et al., 2018;

Lambert et al., 2021). However, both studies were limited by their

small sample sizes (n = 28 and n = 71). In contrast, a recent

retrospective cohort study that included 3,599 patients with IPF and

T2DM showed a significant 54% reduction in all-cause mortality

with MET treatment (Teague et al., 2022). This effect was

substantially better than that of the current anti-fibrotic agents

(23%) (Dempsey et al., 2019). This study confirms that our proposal

for the use of MET for the treatment of PF is both scientific and

innovative and provides strong practical evidence for our research.

However, it is worth noting that this study observed the effect of

MET in patients with PF and T2DM, and there is insufficient

FIGURE 8
Effect of MET on collagen I in lung tissues of PF animals. (A) Forest plot of collagen I; (B) Sensitivity analysis of collagen I; (C) Funnel plot of
collagen I; (D) Egger’s test for collagen I.
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evidence of a direct causal relationship between MET and PF. In

addition to its anti-fibrotic effect,MET also has cardioprotective and

hypoglycemic effects (Holman et al., 2008; Roumie et al., 2012),

whichmay be responsible for reducingmortality in patients with PF

and T2DM (Teague et al., 2022). Therefore, further clinical trials are

required. Preclinical studies often support the development of

clinical trials. There are many preclinical studies on MET for PF

animal models, but reviews summarizing these studies are scarce or

incomplete. In addition, some of the published reviews on the

mechanisms of MET for PF lack relatively complete experimental

evidence or focus on specific aspects of the anti-PF mechanisms of

MET. Systematic evaluation based on evidence is conducive to

improving the quality of animal experiments and transforming

from preclinical to clinical research.

4.1 Summary of current findings

To the best of our knowledge, this is the first systematic

review and meta-analysis of the effects of MET in animal models

of PF. During the literature screening process, we initially

selected 20 articles but eventually included only 19 articles

after careful reading. An article (Kheirollahi et al., 2019) was

excluded from this study because it did not quantify the scoring

FIGURE 9
Effect of MET on α-SMA content in lung tissues of the PF animalmodels; (A) Forest plot of the α-SMA; (B) Sensitivity analysis of α-SMA; (C) Funnel
plot of α-SMA; (D) Egger’s test for α-SMA.

Frontiers in Pharmacology frontiersin.org14

Wu et al. 10.3389/fphar.2022.948101

52

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.948101


of inflammation, degree of fibrosis, or collagen content in

Masson-stained sections of animal lung tissue. Although the

article used the degree of fibrosis (%) for evaluation, it was not the

desired outcome indicator. A total of 19 studies that included

29 separate experiments involving 368 animals in both

experimental and control groups were eventually used in this

study. This meta-analysis showed that MET significantly reduced

lung inflammation, fibrosis, and its associated markers in PF

animal models. MET administration directly or indirectly

improved almost all observed markers. The results of this

study suggest that MET is a promising candidate for the

treatment and suppression of PF.

4.2 Heterogeneity

Due to the different experimental designs included in the

studies, there were multiple variables, such as modeling method,

route of administration, time of administration, animal sex, animal

type, dosage, year of publication, andmanufacturer of MET, which

may have contributed to the high heterogeneity of some of the

outcomes (Bailoo et al., 2014; Chaudhari et al., 2020). We

anticipated high heterogeneity before conducting the meta-

analysis. Each independent experiment clearly stated the dose

of MET and the dose fluctuation range in the included studies

was 50–500 mg/kg. Therefore, the dose types in the included

studies were classified according to the dose classification

method mentioned in the Materials and Methods Section

2.5. Subgroups were introduced to calculate the fibrosis score

and TGF-β level because their heterogeneity was too high (Lin

et al., 2020). These two results demonstrated that different

doses of MET could produce the same effect. Subgroup analysis

combined with meta-regression results showed that dose did

not affect the fibrosis score. There was no heterogeneity

between the studies in the calculation of the inflammation

score. Therefore, it cannot be determined whether the dose

FIGURE 10
Effect of MET on Smad in lung tissues of PF animals. (A) Forest plot of p-Smad2, p-Smad3, and Smad2/3; (B) Forest plot of p-Smad2/3/Smad2/3.
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significantly affected the heterogeneity of the inflammation

score. Moreover, regarding TGF-β, it has been proven that

the dose is the main factor affecting the level of heterogeneity

because the heterogeneity reduced to varying degrees after

subgroup analysis. Therefore, based on the existing evidence,

there is no significant effect between dosage and the

heterogeneity of fibrosis or inflammation score; however, the

heterogeneity reduced in TGF-β analysis. In the fibrosis score

analysis after subgroup analysis, dose and factors other than it

were considered. The fibrosis score and the dose administered

again proved to be unrelated in the regression analysis. We

explored the influence of other possible factors on

heterogeneity between studies. We conducted a meta-

regression analysis of eight factors, including the mode of

modeling, route of administration, time of administration,

sex of animals, type of animals, the dosage of

administration, year of publication, and MET manufacturer.

However, these variables did not significantly affect

heterogeneity. We believe that some other factors may

contribute to high heterogeneity, such as subjective

conditions, differences in scores given by different

investigators, experimental conditions, and differences in

testing equipment.

4.3 Interpretation and discussion of the
study results

4.3.1 Selection of animal types
This study did not limit the types of experimental animals, as

several animals have been used to construct animal models of PF

(Tashiro et al., 2017). Different species of PF animal models are

used to reflect patients with PF, a disease difficult to replicate fully.

The animals used in the included studies were all male and female

murine (mice and rats), which are commonly used for PF

modeling. Redente et al. argued that male animals respond

better to PF than females (Redente et al., 2011). However, in

the present study, there was no significant effect of gender on the

FIGURE 11
Effect of MET on AMPK/p-AMPK. (A) Forest plot of AMPK; (B) Forest plot of p-AMPK; (C) Forest plot of p-AMPK [after removing Wang Y. et al.,
(2017)].
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findings based on the meta-regression of fibrosis scores (p > 0.05).

It has been suggested that fibrosis occurring in young mice after

receiving a single dose of bleomycin spontaneously regresses, but

this was not observed in older mice (Degryse et al., 2010). Multiple

modeling injections into young mice can better characterize

human fibrosis (Degryse and Lawson, 2011; Wang et al., 2019).

Of the included studies that used bleomycin interventions, only

one mentioned modeling with multiple doses of bleomycin; the

rest used a single dose for modeling. Of the included studies, only

two mentioned the age of the animals. This suggests that in future

relevant experiments, researchers should try to use older rats or

administer multiple doses to younger rats to optimize the animal

model and demonstrate the characteristics of human IPF (Degryse

et al., 2010).

FIGURE 12
Effect of MET on ERK1/2 phosphorylation levels in lung tissues of PF animals. (A) Forest plot of ERK1/2; (B) Forest plot of ERK1/2p-ERK1/2; (C)
Forest plot of ERK1/2p-ERK1/2/ERK1/2.

FIGURE 13
Effect of MET on mortality in animals.
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4.3.2 Modeling method
The current meta-analysis did not restrict the mode of

modeling to better demonstrate the various states and

etiologies of the PF development process. Bleomycin was used

for modeling in 63% of the included studies (12), which aligns

with the current consensus for studying animal models of PF

(Jenkins et al., 2017). However, animal models of bleomycin are

problematic, as previously described. Fibrosis in young mice may

regress spontaneously (Jenkins et al., 2017) and is often

bleomycin-induced. Bleomycin-induced PF is not fully

representative of IPF because of the acute lung tissue damage

that often leads to high mortality in animals (Tashiro et al., 2017).

Another 16% 3) of the included studies used silica

interventions, and 21% 4) used radiation interventions.

Silica-induced PF demonstrated silicosis-induced PF (Davis

et al., 1998), and the resulting PF lesions tended to be more

persistent (Barbarin et al., 2004; Tashiro et al., 2017).

Radiation-induced PF tends to be a slow process and is less

dependent on TGF-β (Haston, 2012). The inclusion of these

two modeling studies can, to some extent, compensate for the

limitations of the bleomycin-induced PF model and provide a

more comprehensive response to the therapeutic effect of MET

on PF.

4.3.3 The effect andmechanismofmetformin on
animal models of pulmonary fibrosis

In this meta-analysis, the effect of MET on PF was divided
into two aspects. MET administration reduced lung
inflammation scores, and acute inflammation-dominated lung
injury was the main feature of animal PF models in the early
stages of PF development (1–10 days) (Moeller et al., 2008;
Tashiro et al., 2017). Infiltration of inflammatory cells and
damage to alveolar epithelial cells were the main
manifestations during this period. This meta-analysis
demonstrated that MET had a significant effect on the
inflammatory state of the lungs at this stage. On the other
hand, fibrosis in the lung generally starts with the deposition
of the ECM. The progression of fibrosis on days 10–21, especially
on day 14, was the peak of development (Tashiro et al., 2017).
The present meta-analysis demonstrated the effect of MET on
the fibrosis stage with regard to the fibrosis score of pathological
lung tissue and the expression of fibrosis factors HYP, collagen
I, and α-SMA. The use of MET significantly improves alveolar
wall thickness and reduces collagen deposition in lung tissues,
thereby reducing the extent of fibrosis in the lung tissue (Hao
et al., 2019).

In addition, we explored the underlying mechanisms of MET

in PF amelioration. The essence of PF is the excessive deposition

of collagen and ECM proteins (Jones et al., 2018). The reasons

behind considering collagen I, HYP, and α-SMA as factors to

monitor the extent of fibrosis were: 1) Collagen I, the primary

collagen involved in the ECM, is used as a targeting probe

(Désogère et al., 2017) to determine the extent of fibrosis.

HYP is a major component of collagen and is often used as

an indicator of the total collagen content (Zhao et al., 2015).

Investigators recommend HYP content reduction as the primary

criterion for evaluating anti-fibrotic efficacy in preclinical animal

models (Jenkins et al., 2017). α-SMA may reflect the levels of

activated fibroblasts (Li et al., 2011). This study demonstrates the

improvement in the degree of fibrosis (collagen I), anti-fibrotic

effect (HYP), and level of collagen fibril activation (α-SMA)

during MET treatment. Ultimately, MET reduced these three

indicators, indicating that MET can influence fibroblast

activation by modulating α-SMA, which improves the degree

of fibrosis in the lung by reducing collagen I levels and exerting

an anti-fibrotic effect. 2) Collagen I is a protein, and HYP is an

amino acid (Xu et al., 2021). Taking these two markers as the

research results is convenient for reactions at different functional

levels. 3) In lung tissues, collagen I and III are the most important

collagen proteins, and HYP reflects the overall collagen

deposition. Selecting HYP and collagen I is also conducive to

further exploring the mechanism and pathway of collagen

deposition and determining whether MET improves PF by

reducing the collagen I pathway. MET acts mainly through

the regulation of AMPK (Rangarajan et al., 2018). It is

believed that the activation of AMPK can inhibit the most

crucial part of the PF process, the TGF-β signaling pathway

(Wu et al., 2021). Therefore, this meta-analysis explored several

indicators related to TGF-β, including TGF-β, AMPK, Smad, and

ERK. The results showed that MET significantly affected AMPK

and p-AMPK levels and significantly elevated TGF-β, Smad

(p-Smad2, p-Smad3, and p-Smad2/3), and ERK (p-ERK1/2/β-
actin and p-ERK1/2/ERK1/2) levels. This suggests the ability of

MET to enhance anti-fibrotic and lung-protective effects by

activating AMPK in animals post MET administration (Wynn

and Ramalingam, 2012). This meta-analysis also demonstrated

that MET inhibited the effect of EMT, as represented by α-SMA,

which further inhibited the occurrence of PF. Notably, in the final

merging of effect sizes for p-AMPK, we removed Wang Y. et al.,

(2017) because of the high heterogeneity of p-AMPK. MET did

not result in elevated AMPK phosphorylation. This validates a

previous view that MET may have non-AMPK–dependent

pathways to prevent PF (Feng et al., 2017). In addition, not

all indicators in this meta-analysis yielded satisfactory results.

The effect of MET on Smad2/3 and ERK1/2/β-actin was p > 0.05,

i.e., there was no significant difference between the control and

experimental groups. However, the comparative results of the

effect sizes associated with p-Smad2, p-Smad3, p-Smad2/3,

p-ERK1/2/β-actin, and p-ERK1/2/ERK1/2 were p < 0.05,

which was in accordance with our expectations. We

speculated that the main reason for this discrepancy was that

the number of included studies reporting the two outcomes of
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Smad2/3 and ERK1/2/β-actin was low, resulting in a combined

effect size that does not reflect a broader and more realistic

picture. However, it is possible that the time point selection of the

assay resulted in a small difference between these two outcomes

in the comparison of experimental and control groups and did

not prove their significance when combining the effect sizes.

The cellular and molecular mechanisms underlying MET

treatment in PF are unknown. The current focus is mainly on

AMPK, suggesting that MET inhibits and ameliorates PF mainly

through the AMPK pathway. However, there may also be non-

AMPK pathway–dependent mechanisms (Wang Y. et al., 2017)

(Figure 14)

4.3.3.1 Inhibitory effect of metformin on inflammatory

response

MET further inhibits the inflammatory response by

activating AMPK and inhibiting pro-inflammatory factors,

such as IL-1β, TNF-α, and TGF-β1 (Jian, 2017; Li et al.,

2021a; Li et al., 2021b).

4.3.3.2 Inhibition of EMT by metformin

MET inhibits the TGF-β pathway in lung fibroblasts, thereby

diminishing the activity of its downstream molecules p-Smad2,

p-Smad3, and p-ERK1/2 proteins (Wang et al., 2020), and

inhibition of Smad2/3 phosphorylation can enhance E-Cad

transcription (Huang, 2015), while leading to decreased

expression of proteins, such as α-SMA (Li et al., 2021a; Li

et al., 2021b), ultimately inhibiting EMT. MET can also

inhibit EMT by upregulating p-AMPK and activating

autophagy (Li et al., 2021a).

4.3.3.3 Inhibitory effect of metformin on fibroblast

differentiation and proliferation

MET activates AMPK phosphorylation and inhibits

fibroblast proliferation. AMPK can inhibit NADPH oxidase 4

(NOX4) expression downstream of TGF-β and reduce ROS

production, thus, inhibiting Smad phosphorylation and

myofibroblast differentiation (Sato et al., 2016).

4.3.3.4 Metformin reduces extracellular matrix

deposition

MET downregulates TGF-β expression, which, in turn,

inhibits COL, COL-I, COL III, COL-IV, pro-COL, and

fibronectin production (Choi et al., 2016; Wang J. et al., 2017;

Gamad et al., 2018; Hao et al., 2019), leading to a decrease in

ECM deposition. HYP is a product of collagen catabolism, and an

increase in its level implies an increased expression of collagen in

tissues. This suggests that MET can reduce collagen in lung

tissues by inhibiting HYP production, thus, reducing ECM

deposition (Jian, 2017). MET also decreases TGF-β1, Smad2,

and Smad3 phosphorylation levels, and the process of collagen I

inhibition can be affected through a non-AMPK–dependent

pathway (Wang Y. et al., 2017). In addition, MET may

produce anti-fibrotic effects through other non-AMPK

pathways (Gao et al., 2020). MET exerts an anti-fibrotic effect

by inhibiting insulin-like growth factor 1 (IGF-1) (Xiao et al.,

FIGURE 14
Schematic representation of the possible molecular mechanism of MET inhibition of PF. (Created using BioRender.com).
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2020). The MET hypoglycemic mechanism of MET also

functions through IGF-1. Inhibition of IGF-1 prevents the

activation of IGF-1 receptors and inhibits IGF-1-mediated

downregulation of insulin sensitivity (Kang et al., 2016). MET

can also exert anti-PF effects by inhibiting the regulation of

NOX4 (Sato et al., 2016). Similarly, MET has been shown to

prevent and treat T2DM and its complications, such as diabetic

cataracts, by inhibiting NADPH oxidase and preventing ROS

accumulation (Chen et al., 2022). MET may also induce lipid

differentiation through activation of BMP2 release and the

PPARγ phosphorylation pathway (Kheirollahi et al., 2019), a

pathway that has also been reported to regulate glycemic effects

(Schultze et al., 2012). It can also inhibit transglutaminase 2

(TG2) upstream of TGF-β1, which is involved in inhibiting the

PI3K-Akt, TGF-β/Smad, and RTK/RAS/ERK pathways to exhibit

an anti-fibrosis role (Hsu et al., 2017; Wang et al., 2020).

Interestingly, the hypoglycemic effect of MET is also mediated

by the PI3K-Akt pathway but with positive activation (Schultze

et al., 2012).

In summary, the effects of MET on animal models of PF may

proceed through four aspects: inhibition of the body’s oxidative

stress and inflammatory response by the AMPK pathway, EMT,

fibroblast proliferation and differentiation, and ECM deposition;

however, they can also function through non-AMPK–dependent

pathways.

4.4 Limitations

Although this study’s careful and detailed analysis was

based on the Handbook for Systematic Evaluation of Animal

Intervention Studies (de Vries et al., 2015), the studies

included in this meta-analysis have some limitations. First,

animal models cannot fully replicate the full range of human

diseases (Perel et al., 2007). Furthermore, rodents recovered

much faster than humans did. Therefore, we cannot confirm

whether the results of the current meta-analysis can be applied

to PF treatment in humans. Second, the age of the animals was

poorly described by the investigators in the included studies,

with only two studies mentioning the age and sex of the

animals. Because rodent age and sex affect the effect of

MET (Chaudhari et al., 2020), we cannot affirm whether

the animal models in the current included studies are fully

representative of the effect of MET on the primary onset

population of PF. In addition, the included studies lacked

many basic methods to reduce bias, such as concealment

allocation and blinding of animal-keepers and investigators.

Better quality animal models of PF can translate to human

patients with PF and predict the effects of drugs in humans in a

better way (Perel et al., 2007). Future research should focus on

improving experimental methods, modeling approaches, and

the quality of reporting of animal experiments to provide

high-quality evidence.

4.5 Future of metformin for pulmonary
fibrosis treatment

Research on the mechanism of MET in the treatment of PF

requires further preclinical studies. In addition, the following

issues may need to be addressed when transitioning from

preclinical to clinical studies. 1) There may be a drug dose

conversion problem withMET use in patients with PF. MET is a

therapeutic agent for the treatment of systemic diseases,

whereas PF is a restrictive disease. If the effect of MET on

PF is to be studied, efficient drug delivery to the lungs must be

considered to optimize the drug concentration in the lungs

(Manning et al., 2019). To date, the preclinical studies used

large doses of MET compared with regular doses to enable

adequate efficacy in the lungs of animals. 2) Biomarkers in

patients with IPF are often specific (Guiot et al., 2017), affecting

patient mortality and drug response. Therefore, the clinical

effectiveness of MET in patients with PF should be combined

with ongoing studies on PF-specific biomarkers (Raghu et al.,

2018). 3) PF may not be clinically isolated, often existing in

combination with other diseases, and may be influenced by

factors such as smoking, age, and sex of the patient, suggesting

that confounding factors often influence these studies (Bai et al.,

2021). This may be the reason for some bias in the studies and

the impact of the results. Nevertheless, we hope that clinical

studies on MET for PF will be conducted in the future. This is

because there is more than adequate evidence from preclinical

studies and positive evidence from retrospective cohort studies

with larger sample sizes. However, given the respect and

protection of life, future investigators must address the

possible abovementioned shortcomings.

5 Conclusion

This study is the first systematic review andmeta-analysis of

the effects of MET in animal models of PF. The present meta-

analysis showed that MET significantly improved PF in animal

models. MET may reverse and attenuate PF by activating

AMPK and inhibiting TGF-β, α-SMA, and other pathways,

ultimately inhibiting the phenotypes of fibroblast proliferation

and differentiation, EMT, collagen deposition, and

inflammatory response in lung tissues. In conclusion, this

study suggests that MET may be a potential candidate for

the treatment of PF.
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Heidihuangwan alleviates renal
fibrosis in rats with 5/
6 nephrectomy by inhibiting
autophagy
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Renal fibrosis is a common pathway for the progression of various chronic kidney

diseases (CKD), and the formation and deterioration will eventually lead to end-

stage renal failure, which brings a heavy medical burden to the world.

HeidihuangWan (HDHW) is a herbal formulation with stable and reliable

clinical efficacy in the treatment of renal fibrosis. However, the mechanism of

HDHW in treating renal fibrosis is not clear. In this study, we aimed to investigate

the mechanism of HDHW to improve renal fibrosis. Wistar rats were randomly

divided into the normal control group, 5/6 Nephrectomy group, astragaloside IV

(AS-IV) group, HDHW group, and HDHW + IGF-1R inhibitor (JB1) group. Except

for the normal control group, the rat renal fibrosis model was established by 5/

6 nephrectomy and intervened with drugs for 8 weeks. Blood samples were

collected to evaluate renal function. Hematoxylin-Eosin (HE), Periodic Acid-Schiff

(PAS), Modified Masson’s Trichrome (Masson) staining were used to evaluate the

pathological renal injury, and immunohistochemistry and Western blotting were

used to detect the protein expression of renal tissue. The results showed that

HDHWwas effective in improving renal function and reducing renal pathological

damage. HDHW down-regulated the levels of fibrosis marker proteins, including

α-smooth muscle actin (α-SMA), vimentin, and transforming growth

factors–β(TGF-β), which in turn reduced renal fibrosis. Further studies showed
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that HDHW down-regulated the expression of autophagy-related proteins

Beclin1 and LC3II, indicating that HDHW inhibited autophagy. In addition, we

examined the activity of the class I phosphatidylinositol-3 kinase (PI3K)/serine-

threonine kinase (Akt)/mTOR pathway, an important signaling pathway regulating

autophagy, and the level of insulin-like growth factor 1 (IGF-1), an upstream

activator of PI3K/Akt/mTOR. HDHW upregulated the expression of IGF-1 and

activated the PI3K/Akt/mTOR pathway, which may be a vital pathway for its

inhibition of autophagy. Application of insulin-like growth factor 1 receptor (IGF-

1R) inhibitor further confirmed that the regulation of autophagy and renal fibrosis

by HDHWwas associated with IGF-1-mediated activation of the PI3K/Akt/mTOR

pathway. In conclusion, our study showed that HDHW inhibited autophagy by

upregulating IGF-1 expression, promoting the binding of IGF-1 to IGF-1R, and

activating the PI3K/Akt/mTOR signaling pathway, thereby reducing renal fibrosis

and protecting renal function. This study provides support for the application and

further study of HDHW.

KEYWORDS

heidihuangwan, renal fibrosis, autophagy, insulin-like growth factor 1, PI3K/Akt/mTOR

Introduction

Chronic kidney disease (CKD) is mainly characterized by

irreversible impairment or loss of renal function, eventually

leading to end-stage renal disease (ESRD) or chronic renal

failure (CRF). It has become one of the serious global public

health problems because of its high prevalence (GBD

2017 Disease and Injury Incidence and Prevalence

Collaborators, 2018), high mortality (GBD 2017 Causes of

Death Collaborators, 2018; GBD 2017 DALYs and HALE

Collaborators, 2018), many complications (GBD Chronic

Kidney Disease Collaboration, 2020), and lack of effective

means of prevention and treatment (Zhang et al., 2022a).

Renal fibrosis is the underlying pathological process of CKD

independent of the underlying cause, and its formation and

progression can lead to the destruction of normal kidney

structure and loss of kidney function, eventually leading to

end-stage renal failure (Liu et al., 2017). End-stage renal

failure is difficult to reverse, and since most chronic kidney

diseases lead to renal fibrosis, which in turn is an important

pathological process leading to the continued progression of

kidney damage. Therefore, there is a strong interest in

identifying the underlying factors and pathogenesis of this

process to reverse the progression of CKD (da Silva et al.,

2015), and the development of new strategies for the

treatment of this pathological process is considered to be

extremely urgent for the prevention and treatment of CKD.

The pathogenesis of renal fibrosis is complex and has been

outlined by some investigators as 4 pathological stages, mainly

including Stage 1: Activation and injury stage. The renal

disease leads to epithelial cell injury (E-calcine mucin

shedding), fibroblast proliferation, and macrophage

infiltration. Stage 2: Fibrogenic signaling stage.

Inflammatory and fibrotic signaling pathways are activated.

Stage 3: Fibrosis stage. Increased epithelial-mesenchymal

transition (EMT) and extracellular matrix (ECM)

deposition (EMT may also lead to ECM deposition). Stage

4: Destructive stage. Fibronectin, collagen, and α-SMA

increase, eventually leading to renal failure (Zhuang et al.,

2019). Multiple cellular targets and molecular pathways are

involved in these stages, and the cellular targets mainly include

the intrinsic renal cells such as podocytes (Xuan et al., 2021),

tubular epithelial cells (Hu et al., 2022a), and thylakoid cells

(Xiao et al., 2022), especially tubular epithelial cells, as

interstitial myofibroblasts are the main effector cells in

renal fibrosis, a large proportion of which are formed

through the occurrence of EMT in tubular epithelial cells in

the affected kidney (Hu et al., 2021). Molecular pathways

mainly include nuclear factor-kappaB (NF-κB) (Wang et al.,

2018a), TGF-β1/Smad (Loboda et al., 2016), Notch, wingless-

type MMTV integration site (Wnt), Hedgehog (Edeling et al.,

2016), protein kinase C (PKC)/extracellular regulated protein

kinases (ERK), and PI3K/Akt (Liu et al., 2017), etc. Notably,

related studies have shown that the PI3K/Akt signaling

pathway can be used as an intervention target in renal

fibrosis (Fan et al., 2022; Li et al., 2022), and also, the

PI3K/Akt signaling pathway plays an important regulatory

role in the process of cellular autophagy.

Autophagy is closely related to renal fibrosis, and a recent

study found that sustained activation of autophagy is detrimental

to the kidney after severe injury, leading to renal cell senescence

and promoting renal fibrosis through the secretion of pro-fibrotic

cytokines (Zheng et al., 2019). mTOR is one of the key regulators

of autophagy in mammalian cells and can be activated by signal

transducers including PI3K and Akt activation in response to

insulin, IGF and other growth signals, which in turn inhibit
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autophagy (Liang et al., 2022). And further studies have shown

that IGF-1, as a PI3K/Akt activator, improves renal fibrosis

indicators in UUO rats (Wu et al., 2016). Therefore, targeting

the IGF-1/PI3K/Akt/mTOR pathway to inhibit the sustained

activation of autophagy during renal fibrosis may be an

appropriate approach for the treatment of renal fibrosis.

HDHW, which consisted of Shu Di Huang, Cang Zhu, Gan

Jiang, and Da Zao, is a classical kidney tonic herbal compound,

and a large number of previous studies by our group have shown

that HDHWcan reduce renal fibrosis and improve renal function

(Changlei et al., 2013) by improving micro inflammatory status,

lowering lipids, improving renal anemia, and regulating

gastrointestinal hormone disorders (Sun et al., 2014a; Sun

et al., 2014b; Yang et al., 2016; Zhao et al., 2017; Yang et al.,

2019), with significant clinical efficacy (Zhang et al., 2009;

Changlei et al., 2013). However, the mechanism of HDHW

for the treatment of renal fibrosis is not well defined due to

the complex composition and targets of the Chinese medicine

compound, and it deserves further study. In the present study, we

identified the main components of HDHW using high-

performance liquid chromatography and further evaluated the

effects of HDHW on renal function and renal fibrosis in 5/

6 nephrectomized rats. We hypothesized that HDHW could

modulate the activity of the IGF-1/PI3K/Akt/mTOR pathway,

inhibits autophagy and ameliorate renal fibrosis.

Materials and methods

Drugs and reagents

The single herbal granules (batch number 19051981) used in

this study to prepare the decoction of HDHW were purchased

from the Affiliated Hospital of Shandong University of

Traditional Chinese Medicine (Manufactured by Jiangyin

Tianjiang Pharmaceutical Co., Ltd., Wuxi, Jiangsu, China).

The formula granules of HDHW have been qualified by

Jiangyin Tianjiang Pharmaceutical Co., Ltd., whose quality

inspection center has been accredited by CNAS National

Laboratory. The Chinese herbal formula granules are single

herbal products that simulate the decoction of traditional

Chinese medicine tonics and are refined from Chinese herbal

tablets by extraction, concentration, and drying processes using

modern science and technology. AS-IV and Carboxymethyl

Cellulose (CMC)were purchased from Chuzhou Sinoda

Biotechnology Co. IGF-1R inhibitor (JB1) (78617-10-4) was

purchased from Topscience Co. Ltd., Shanghai, China, with a

purity of ≥98% (HPLC). Antibodies against PI3K (4249), Akt

(4691), p-Akt (4060) were purchased from Cell Signaling

Technology (Danvers, MA, United States). Antibodies against

p-mTOR (80596-1-RR), LC3I/II (14600-1-AP), α-SMA (14395-

1-AP), IGF-1 (28530-1-AP) were from Proteintech (Wuhan,

China). Antibodies against p-PI3K(AP0854), and Beclin1

(A17028) were from ABclonal (Shanghai, China). Antibodies

against mTOR (ab134903) were from Abcam (Cambridge,

United Kingdom). Horseradish enzyme-labeled goat anti-

rabbit IgG (H+L) was purchased from Beijing Zhongsun

Jinqiao Biotechnology Co.

Preparation of HeidihuangWan decoction

HDHW consists of Shu Di Huang, Cang Zhu, Gan Jiang, and

Da Zao, and the herb information and composition ratio are

shown in Table 1. The adult dosage of HDHW is 18.5g/60 kg.

According to the equivalent dose ratio (6.3) converted from the

body surface area of humans and rats, the dosage for rats is

1.94 g/kg. According to this ratio, the single herb granules were

mixed and dissolved in ultrapure water. The decoction of

HDHW was prepared. Some of the HDHW decoction was

stored at −80°C and analyzed by UHPLC-Q-Orbitrap-MS/MS.

UHPLC-Q-orbitrap-MS/MS analysis

Add 1,000 µL of 80% methanol to 200 µL of the solution of

HeidihuangWan Decoction, and vortex for 10 min. Centrifuge at

12,000 rpm for 10 min at 4°C. The supernatant was filtered and

analyzed on the machine. Mass spectrometry conditions: ion

source: electrospray ionization source (ESI); Scan mode: positive

and negative ion switching scan; Detection mode: full mass/dd-

MS2; Resolution: 70000 (full mass); 17500 (dd-MS2); Scan range:

100.0–1500.0 m/z; Electrospray voltage (Spary Voltage: 3.2 kV

(Positive); Capillary Temperature: 300°C; Collision gas: high-

purity argon (purity ≥99.999%); Collision energy (N)CE: 30;

Sheath gas: nitrogen (purity ≥99.999%), 40 Arb; Auxiliary gas:

nitrogen (purity ≥99.999%), 15 Arb, 350°C; Data acquisition

time: 30.0 min. Chromatographic column: AQ-C18, 150 ×

2.1 mm, 1.8 µm, Welch; Flow rate: 0.3 ml/min; Aqueous

phase: 0.1% formic acid/water solution; Organic phase:

methanol; Eluent: methanol; Column oven temperature: 35°C;

Autosampler temperature: 10.0°C; Autosampler injection

volume: 5.00 µL see Table 2 for the gradient elution

procedure. The data for the high-resolution liquid mass

acquisition was completed by CD2.1 (Thermo Fisher).

Retention time correction, peak identification, peak extraction,

peak integration, and peak alignment were performed. The data

were then searched and compared through the mzCloud

database.

Animal experiments

Animals
Seven-week-old male Wistar rats (200 ± 20 g) were used as

research subjects. All animals were purchased from Beijing Viton
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Lihua Laboratory Animal Science and Technology Co. Ltd.

(SCXK 2016-0006). All animal experiments were conducted

in compliance with the National Institute of Health Guide

for the Care and Use of Laboratory Animals and were

approved by the Animal Ethics Committee of Shandong

University of Traditional Chinese Medicine

(SDUTCM20201019002).

Making animal models
According to the method of the literature (Ji and HE,

2019), after adaptive feeding of the rats for 1 week, the rats

were anesthetized by intraperitoneal injection of sodium

pentobarbital (35 mg/kg). Then the rats were fixed in a

prone position, the skin was sterilized routinely, the right

kidney was exposed, the perirenal membrane was stripped, the

renal phylum was ligated, the right kidney was removed (the

adrenal gland was preserved), and finally, the skin was sutured

layer by layer. Ten days after the first operation, after

anesthetizing the rat in the same manner, the renal

parenchyma of the upper and lower poles of the left kidney

was removed, followed by hemostasis using gelatin sponge

compression. Finally, the abdominal cavity was closed. In

addition, the normal control group did not remove the

kidney, and only the perirenal membrane was stripped.

Penicillin was injected intraperitoneally for 3 consecutive

days after surgery to prevent infection (Figure 2A).

Grouping and drug administration
After 12 weeks of modeling, blood was collected through the

tail vein of rats to detect serum creatinine (Scr) and blood urea

nitrogen (BUN) levels, and the success of modeling was judged

by the fact that the Scr and BUN in the operated rats were

significantly higher than those in the normal group. The rats with

successful modeling were randomly divided into the following

groups: 5/6 Nephrectomy group, HDHW group, AS-IV group,

HDHW + IGF-1R inhibitor (JB1) group, and another normal

control group (n = 6). HDHW group was given HDHW

decoction, AS-IV group was given AS-IV decoction

(1.5 mg/kg) dissolved in 0.5% CMC (Zhu et al., 2014). The

corresponding volume of saline was given to the 5/

6 Nephrectomy group and normal control group. The

HDHW + JB1 group was injected subcutaneously with JB1 at

a concentration of 50 ng/uL for 7 consecutive days, with each

injection dose of 18 ng/g, and given HDHW decoction. The oral

administration time of each group was 10:00a.m. every day, and

the injection time of JB1 was 9:00a.m. every day, while the

corresponding volume of saline was injected at the same time

in the remaining groups to ensure the accuracy of the

experiment. After 8 weeks of continuous administration, the

rats were anesthetized by intraperitoneal injection of sodium

pentobarbital (35 mg/kg), blood was collected from the

abdominal aorta, and the kidneys were immediately isolated

and part of them was stored in the refrigerator at −80°C, and

the other part was immersed in 4% paraformaldehyde for

fixation.

Detection of serum biochemical
indicators

After the end of the drug intervention, blood was collected

through the abdominal aorta and the collected blood was left at

room temperature for 2h, centrifuged at 3000 rpm for 20min,

TABLE 1 | Composition of HeidihuangWan.

Chinses
name

Scientific name Plant
part

Batch
number

Adult daily
dose of
granules
(g)

Corresponding Composition
(%)

Used Herb dose
(g)

Shu Di Huang Rehmannia glutinosa (Gaetn.) Libosch. ex Fisch. et
MeyPraeparata

Root 19051981 8 20 43.24

Cang Zhu Atractylodes lancea (Thunb.)DC. Rhizome 19070691 6 20 32.43

Gan Jiang Zingiber oj-jicinale Rosc Rhizome 19052411 0.5 3 16.22

Da Zao Ziziphus jujuba Mill Fruit 19060131 4 20 21.62

TABLE 2 Chromatographic gradient.

Time (min) Water
phase ratio (%)

Organic
phase ratio (%)

1 98 2

5 80 20

10 50 50

15 20 80

20 5 95

27 5 95

28 98 2

30 98 2
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collected supernatant, and detected Scr, BUN, aspartate

aminotransferase (AST) and alanine aminotransferase (ALT)

in rat serum according to the manufacturer’s instructions.

Histological and immunohistochemical
assays

The kidney tissue soaked in 4% paraformaldehyde-fixed for

48 h was cut into small pieces, dehydrated, embedded with

paraffin wax, and cut into 4 μm slices. Perform hematoxylin-

eosin (HE), Masson, periodic-acid Schiff (PAS), and

immunohistochemistry (IHC) staining experiments according

to the manufacturer’s instructions. All sections were analyzed

under an x200 advanced upright fluorescence microscope (Axio

Imager. A2, ZEISS, Germany).

Hematoxylin-eosin staining
Dewax and hydrate to water. Stain nucleus with Hematoxylin

Solution for 10 min.Rinse in running tap water. Differentiate

with Differentiation Solution for 3 min, wash with tap water

twice for 2 min each. Re-dyeing with Eosin Y Aqueous Solution

for 1min. Quickly wash in deionized water. Dehydrated and

transparent, then sealed with mounting medium. The nucleus is

purple-blue, and the cytoplasm, basal membrane, and interstitial

collagen are red to varying degrees.

Modified masson’s trichrome staining
Dewax and hydrate to water. Incubate the section into

Mordant Solution in a 60°C incubator for 1 h, and wash with

running water. Drop Celestite Blue Solution onto the section

and stain for 2 min. Slightly wash with distilled water twice,

each for 20 s. Drop Mayer Hematoxylin Solution onto the

section and stain for 2 min. Slightly wash with distilled water

twice, each for 20 s. Differentiate by Acid Alcohol

Differentiation Solution for several seconds. Rinse in

running water for 10min. Drop Ponceau-Acid Fuchsin

Solution onto the section and stain for 10min. Slightly wash

with distilled water twice, each for 20 s. Treat with

Phosphmolybic Acid Solution for 10 min. Discard the

remaining dye solution and directly stain with Aniline Blue

Solution for 5 min without washing with water. As the radio of

1:2, mix the Acetic Acid Solution and water to prepare the

Acetic Acid working Solution, and rinse in the Acetic Acid

working Solution for 2 min. Dehydrate quickly in 95% ethanol.

Dehydrated and transparent, sealed with mounting medium.

The nucleus is dark red, the collagen fibers are blue, and the

muscle fibers, cytoplasm, and keratin are red.

Periodic acid-schiff staining
Dewax and hydrate to water. Rinse in tap water for 2 min,

and wash with distilled water twice. Place in Oxidant for 6 min at

room temperature. Wash with tap water once, and then wash

with distilled water twice. Soak the section in Schiff Reagent in a

dark place at room temperature, and stain for 15 min. Rinse in

tap water for 10 min. Stain with Mayer Hematoxylin Solution for

1 min. Differentiate by Acidic Differentiation Solution for 3 s.

Wash with tap water for 12 min to blue. Dehydrated and

transparent, sealed with mounting medium. The nuclei are

blue, and the basal membrane, collagen fibers, muscle fibers,

and cytoplasm are red.

Immunohistochemical staining
Dewax and hydrate to water. Sections were submerged in

citric acid antigen repair solution and heated in a microwave

oven for antigen repair. Wash 3 times with PBS for 5 min each

time. Sections were incubated in 3% H2O2 solution for 25 min

at room temperature and protected from light. Wash 3 times

with PBS for 5 min each time. The serum was closed for

30 min. Thereafter, the sections were incubated with anti-

Beclin1 (1:100), anti-LC3 (1:500), anti-α-SMA (1:2000), anti-

TGF-β (1:500), and anti-Vimentin (1:300), and incubated

overnight at 4°C. The sections were washed 3 times with

PBS for 5 min each time. Add secondary antibody (1:200)

dropwise and incubate at room temperature for 50 min. Wash

3 times with PBS for 5 min each time. Add DAB working

solution dropwise on the sections until a brownish-yellow

positive signal is observed under the microscope. Rinse the

sections with water to terminate the color development. The

hematoxylin staining solution was used to re-stain the nuclei

for 3 min, and the sections were rinsed with water.

Fractionated with hematoxylin differentiation solution for

3s and rinsed with water. Hematoxylin blue-returning

solution was used to return the blue color and rinsed with

water. Conventional dehydration and transparency, sealed

with mounting medium. Positive sites were brownish-

yellow. Cumulative optical density was collected and

calculated using Image-Pro Plus software (Media

Cybernetics, United States).

Western blot analysis

Weigh the frozen kidney tissue and add 500 µL of tissue

lysate (containing 5 µLPMSF, 5 µL phosphatase inhibitor) per

50 mg of kidney tissue and homogenize in a tissue homogenizer.

The homogenized samples were continued to be lysed in ice

water for 20 min and centrifuged at 12,000 rpm for 15 min at 4°C.

The supernatant was collected and set aside at 4°C. Protein

concentration was measured using the BCA Protein

Quantitative Assay Kit. Mix SDS-PAGE protein loading buffer

with protein samples at a ratio of 1:4, and adjust the protein

sample concentration to 6 μg/μL by adding PBS. Heat at 100°C

for 5 min to denature the protein sufficiently. 13 ul of the sample

was uploaded to the gel for electrophoresis. The proteins in the

gel were then transferred to PVDF membranes. 5% skim milk
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was closed at room temperature for 2 h. The PVDF membranes

were placed in primary antibody working solution (anti-PI3K 1:

1000, anti-Akt 1:1000, anti-mTOR 1:10000, anti-p-Akt 1:2000,

anti-p-PI3K 1:1000, anti-p-mTOR 1:10000, anti-LC3I/II 1:2000,

anti-Beclin1 1:1500, anti-α-SMA 1:2000, anti-IGF-1 1:1000),

incubated overnight at 4°C. Then, PVDF membranes were co-

FIGURE 1
Identification of chemical components of HeidihuangWan decoction (HDHW). HDHW samples were examined by UHPLC-Q-Orbitrap-MS/MS.
Total ion chromatography in negative (A) and positive (B) ionmodes for HDHW samples are shown. (C)Molecular structure of constituents. UHPLC-
Q-Orbitrap-MS/MS, Ultra High Performance Liquid Chromatography-Quadrupole-Electrostatic Field Orbitrap Tandem Mass Spectrometry.
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incubated with secondary antibodies (1:2500) at room

temperature for 1 h. Finally, enhanced chemiluminescence

reagents were added to the PVDF membranes and the target

proteins were visualized by a chemiluminescence imaging system

(GE Amersham Imager600, United States).

Data analysis

To ensure the accuracy of the experimental results, all

experiments in this study were independently repeated

3 times. All statistical analyses were performed using SPSS

26.0 statistical software (IBM, United States). Statistical

analysis among multiple groups was performed by one-way

analysis of variance (ANOVA) followed by least significant

difference (LSD) test or Dunnett’s T3 test. Statistical analysis

between the two groups was performed by independent

samples t-test. All data were expressed as means ± standard

deviations. When p < 0.05, the result was considered to be

statistically significant. Graphs were constructed using

GraphPad Prism 6.0.

Results

Composition analysis of HeidihuangWan
decoction

The major compounds in the HDHW samples were

identified by UHPLC-Q-Orbitrap-MS/MS analysis. The total

negative (Figure 1A) and positive (Figure 1B) ion

chromatograms of HDHW demonstrated the chemical

composition of all compounds. Several components were

found in HDHW. As shown in Figure 1C, fourteen

compounds were distinguished: Linoleic acid, Oleanolic acid,

Nicotinamide, Rutin, Gallic acid, Shogaol, Ferulic acid,

Scopoletin, 5-Hydroxymethyl-2-furaldehyde, Coumarin,

Theophylline, 4-Coumaric acid, Fraxetin, and Trans-Anethole.

Then, we compared these components through the Traditional

Chinese Medicine Systems Pharmacology Database and Analysis

Platform (TCMSP) and found that Ferulic acid and 5-

Hydroxymethyl-2-furaldehyde are the active components of

Rehmannia glutinosa. Linoleic acid and Shogaol are the active

ingredients of dried ginger. 4-Coumaric acid, Coumarin,

Oleanolic acid, and Rutin are the active ingredients of jujube.

We did not directly find the active ingredients of Atractylodes

Rhizoma but found the ingredients often contained in aromatic

medicines such as trans-Anethole, Oleanolic acid, and so on. In

addition, the chemical structural formula, molecular weight,

retention time, and peak area of these 14 components are

shown in Table 3.

HeidihuangWan protects the renal
function of 5/6 nephrectomy rats and
reduces the pathological damage to the
kidney

ALT and AST levels were detected in the normal control

group and normal control+HDHW group to evaluate the

safety of HDHW. The results showed that there was no

significant difference in AST, ALT, and AST/ALT between

the normal control group and the normal control+HDHW

group (p > 0.05) (Figure 2F), which proved that HDHW had

TABLE 3 | Information on the fourteen chemical constituents of HDHW.

Name Formula Calc.MW m/z RT (min) Compound peak
area

Corresponding Chinese
medicine

Linoleic acid C18 H32 O2 280.24037 279.23309 22.216 318419116.3 Rehmannia Ginger

Oleanolic acid C30 H48 O3 456.36027 455.35327 22.212 35474426.59 Jujube

Nicotinamide C6 H6 N2 O 122.04828 123.05556 2.162 975771717.5 --

Rutin C27 H30 O16 610.15316 609.14606 12.92 284463906.2 Jujube

Gallic acid C7 H6 O5 170.02058 169.01329 5.251 288677199.2 Jujube

Shogaol C17 H24 O3 276.17209 277.17935 17.609 7393025189 Ginger

Ferulic acid C10 H10 O4 134.03601 193.04982 11.873 173170124.2 Rehmannia

Scopoletin C10 H8 O4 192.04215 193.04959 11.504 263234163.8 --

5-Hydroxymethyl-2-furaldehyde C6 H6 O3 126.03187 127.03912 6.036 25644994018 Rehmannia

Coumarin C9 H6 O2 146.03671 147.04399 12.159 371288074.8 Jujube

trans-Anethole C10 H12 O 148.08878 149.09605 10.624 100703628.5 --

Theophylline C7 H8 N4 O2 180.06244 179.05499 1.337 5872606281 --

4-Coumaric acid C9 H8 O3 164.04747 165.05476 6.63 210576680.5 Jujube

Fraxetin C10 H8 O5 208.03659 207.02931 11.563 133322185.3 --
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FIGURE 2
HeidihuangWan (HDHW) improves renal function and renal pathological damage in 5/6 nephrectomized rats. (A) Timeline of animal
experiments. (B) Serum creatinine (Scr) and (C) blood urea nitrogen (BUN) levels before and after 8 weeks of drug intervention. (D) Hematoxylin-
Eosin (HE), Periodic Acid-Schiff (PAS), Modified Masson’s Trichrome (Masson) staining. Collagen fiber deposition was observed in the 5/
6 nephrectomy group (arrows). (E) The degree of renal fibrosis was calculated using ImageJ software. (F) Serum aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) levels after drug intervention. Data are presented as mean ± SD, n = 6. The data are expressed as ***p <
0.001: compared with normal control group; ##p < 0.01, ###p < 0.001: compared with 5/6 nephrectomy group; &&p < 0.01: compared with
HDHW group, respectively.
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no hepatotoxicity. The levels of Scr and BUN were detected

before administration of the rats to verify whether the 5/

6 nephrectomy rat model was successfully constructed.

Then, the levels of Scr, BUN, and renal pathological

changes were detected after drug administration to verify

the effect of HDHW on renal function in 5/6 nephrectomy

rats. The results showed that after 12 weeks of modeling, the

levels of Scr and BUN in the 5/6 nephrectomy group, HDHW

group, AS-IV group, and HDHW+JB1 group were

significantly increased (p < 0.001) (Figures 2B,C), compared

with the normal control group. It indicated that the 5/

6 nephrectomy rat model was successfully constructed in

this study; After 8 weeks of drug intervention, the levels of

Scr and BUN in the 5/6 nephrectomy group were significantly

increased compared with the normal control group (p <
0.001); Compared with 5/6 nephrectomy group, Scr and

BUN levels in HDHW group, AS-IV group were

significantly decreased (p < 0.01) (Figures 2B,C). The renal

pathological staining results (Figure 2D) showed that the size

and shape of the glomeruli in the normal control group were

normal, with clear borders; The internal brush border

structure of the renal tubules was intact. In the 5/

6 nephrectomy group, the glomeruli were irregular in

shape, with balloon adhesion, interstitial widening,

proximal tubular atrophy, distal tubular dilatation with

enlarged lumen, and vacuolation of tubular epithelial cells,

FIGURE 3
HeidihuangWan (HDHW) ameliorates renal fibrosis. (A) Immunohistochemical staining was used to analyze the expression of α-smoothmuscle
actin (α-SMA), transforming growth factor-β (TGF-β), and Vimentin. (B,C,D) Image-Pro Plus software was used to statistically analyze the
immunohistochemical staining results of α-SMA, TGF-β, and Vimentin, respectively. (E) Western Blotting to detect the protein level of α-SMA. (F)
Protein concentration analysis. Data are presented asmean ± SD, n = 6. The data are expressed as ***p < 0.001: compared with normal control
group; ###p < 0.001: compared with 5/6 nephrectomy group; &p < 0.05: compared with HDHW group, respectively.
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accompanied by the infiltration of inflammatory cells in

the renal interstitium and the proliferation of fibrous

tissue was obvious. Compared with the 5/6 nephrectomy

group, HDHW and AS-IV could alleviate these pathological

lesions.

HeidihuangWan alleviates renal fibrosis

The pathological manifestations of renal fibrosis are

dominated by increased collagenous components in the renal

interstitium, tubular atrophy and dilated deformation,

FIGURE 4
Effects of HeidihuangWan (HDHW) on autophagy. (A) Immunohistochemical staining analysis of Beclin1, LC3II expression. (B)Western Blotting
to detect the protein levels of Beclin1, LC3II. (C,D) Image-Pro Plus software was used to statistically analyze the immunohistochemical staining
results of Beclin1 and LC3II, respectively. (E,F) Protein concentration analysis. Data are presented as mean ± SD, n = 6. The data are expressed as
***p < 0.001: compared with normal control group; #p < 0.05, ##p < 0.01, ###p < 0.001: compared with 5/6 nephrectomy group,
respectively.
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myofibroblast proliferation, and excessive accumulation of

extracellular matrix. α-SMA, TGF-β, and Vimentin are fibrosis

marker proteins whose expression is positively correlated with

the degree of renal fibrosis (Ma et al., 2019). Among them, α-

SMA, a marker of fibroblasts, also showed a positive correlation

with extracellular matrix expression (Wan et al., 2020), which is a

reliable test to assess the degree of renal fibrosis. To assess the

effect of HDHWon renal fibrosis, we performedMasson staining

FIGURE 5
Effects of HeidihuangWan (HDHW) on IGF-1-mediated PI3K/Akt/mTOR pathway. (A)Western Blotting to detect the protein levels of IGF-1, PI3K,
p-PI3K, Akt, p-Akt, mTOR, and p-mTOR. (B,C,D,E,F,G,H) Protein concentration analysis. Data are presented as mean ± SD, n = 3. The data are
expressed as *p < 0.05: compared with normal control group; #p < 0.05, ##p < 0.01, ##p < 0.001: compared with 5/6 nephrectomy group; &p <
0.05, &&p < 0.01: compared with HDHW group, respectively.
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and immunohistochemical staining for α-SMA, TGF-β, and

Vimentin of rat kidney tissues, and further detected the level

of α-SMA by Western blot. In Masson staining, red color

indicates muscle fibers and blue color indicates collagen fibers.

Compared with the normal control group, collagen fibers

accumulated significantly in the renal tissue of the 5/

6 nephrectomy group (p < 0.001); HDHW and AS-IV

significantly reduced the number of collagen fibers compared

with the 5/6 nephrectomy group (p < 0.001), which in turn

improved renal fibrosis (Figures 2D,E). In addition, the

expressions of α-SMA, TGF-β, and Vimentin in the kidney

tissues of rats in the 5/6 nephrectomy group were significantly

higher compared with the normal control group (p < 0.001);

HDHW and AS-IV significantly down-regulated the expressions

of α-SMA, TGF-β, and Vimentin compared with the 5/

6 nephrectomy group (p < 0.001), and HDHW was more

advantageous in downregulating TGF-β compared with the

AS-IV group (p < 0.05) (Figure 3).

HeidihuangWan inhibits autophagy

Beclin1 (BECN1, Vps30 or Atg6) is a key component of

the autophagy-stimulating complex. Beclin1 is involved in the

initiation of autophagosome formation by forming a

multiprotein complex. Microtubule-associated protein

FIGURE 6
IGF-1R inhibitor (JB1) blocks the inhibitory effect of HeidihuangWan (HDHW) on renal fibrosis and autophagy. (A,C)Western Blotting for protein
levels of α-SMA, Beclin1, LC3II. (B,D,E) Protein concentration analysis. Data are presented as mean ± SD, n = 3. The data are expressed as *p < 0.05:
compared with normal control group; #p < 0.05, ##p < 0.01, ###p < 0.001: comparedwith 5/6 nephrectomy group; &p < 0.05, &&p < 0.01, &&&p <
0.001: compared with HDHW group, respectively.
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1 light chain 3 (LC3) is cleaved to LC3I immediately after

synthesis. Cytoplasmic LC3I is then recruited to the

membrane and converted to LC3II after coupling to

phosphatidylethanolamine during autophagosome

formation. Increased conversion of LC3I to LC3II provides

evidence for autophagy in mammalian cells (Li et al., 2010).

To assess the effect of HDHW on autophagy, we examined the

levels of autophagy marker proteins Beclin1, LC3II/Ⅰ in rat

kidney tissue by Western blot and immunohistochemistry.

Immunohistochemical analysis showed that the expression of

Beclin1 and LC3II/Ⅰ was significantly upregulated in the 5/

6 nephrectomy group, compared with the normal control

group (p < 0.001); Compared with the 5/6 nephrectomy

group, HDHW and AS-IV significantly downregulated the

FIGURE 7
HeidihuangWan (HDHW) exerts nephroprotective effects by regulating the IGF-1-mediated PI3K/Akt/mTOR pathway. (A)Western Blotting for
protein levels of PI3K, p-PI3K, Akt, p-Akt, mTOR, p-mTOR. (B,C,D,E,F,G) Protein concentration analysis. Data are presented asmean ± SD, n = 3. The
data are expressed as **p < 0.01: compared with normal control group; #p < 0.05, ##p < 0.01: compared with 5/6 nephrectomy group; &p < 0.05,
&&p < 0.01: compared with HDHW group, respectively.
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expression of Beclin1 and LC3II/Ⅰ (p < 0.001), and there was

no difference between HDHW and AS-IV groups (p > 0.05)

(Figures 4A,C,D). Western blot analysis also showed that

HDHW and AS-IV could significantly down-regulate the

expressions of Beclin1 and LC3II/Ⅰ (p < 0.05) (Figures 4B,E,F).

HeidihuangWan affects the expression of
IGF-1-mediated PI3K/Akt/mTOR signaling
pathway

The PI3K/Akt/mTOR pathway is a key pathway that

regulates autophagy, and activation of the PI3K/Akt/mTOR

pathway can inhibit autophagy. IGF-1 is an upstream

regulatory molecule of the PI3K/Akt/mTOR pathway. We

examined the expression of IGF-1, PI3K, p-PI3K, Akt,

p-Akt, mTOR, and p-mTOR in rat kidneys. The results

showed that the expression of IGF-1 was down-regulated in

the 5/6 nephrectomy group, compared with the normal

control group (p < 0.05); HDHW up-regulated the

expression of IGF-1, compared with the 5/6nephrectomy

group (p < 0.05) (Figures 5A,B). Compared with the 5/

6 nephrectomy group, the expression of PI3K and Akt in

the HDHW group had no significant change (p > 0.05).

However, the expression of mTOR was significantly down-

regulated (p < 0.01), while the expressions of p-PI3K/PI3K,

p-Akt/Akt, and p-mTOR/mTOR were significantly up-

regulated (p < 0.05) (Figures 5A,C–H), indicating that

HDHW activated IGF-1/PI3K/Akt/mTOR pathway. This

may be the mechanism by which HDHW regulates

autophagy and anti-nephrogenic fibrosis.

HeidihuangWan inhibits autophagy by
regulating IGF-1-mediated PI3K/Akt/
mTOR pathway and exerts anti-fibrosis
effect

In order to further verify that the regulation of autophagy and

the anti-fibrosis effect of HDHW is related to the IGF-1-

mediated PI3K/Akt/mTOR pathway, we blocked the binding

of IGF-1 to the IGF-1R receptor. Masson staining analyzed the

amount of collagen fiber deposited; Western blot was used to

detect the expression of fibrosis marker protein α-SMA,

autophagy marker protein Beclin1, LC3Ⅱ, and the expression

of PI3K/Akt/mTOR signaling pathway proteins. The results

showed that the deposition of collagen fibers in

HDHW+JB1 group was significantly more than that in

HDHW group (p < 0.01) (Figure 2E). Meanwhile, the

expression of α-SMA was significantly up-regulated in the

HDHW+JB1 group compared with the HDHW group (p <
0.001) (Figures 6A,B), indicating that the effect of HDHW in

reducing renal fibrosis was related to the regulation of IGF-1

signaling. Compared with the HDHW group, the expressions of

Beclin1 and LC3II/LC3I in the kidney tissue of the

HDHW+JB1 group were significantly up-regulated (p < 0.05)

(Figures 6C–E), indicating that the inhibitory effect of HDHW

on autophagy was related to the regulation of IGF-1 signaling.

Compared with HDHW group, PI3K, Akt and mTOR in kidney

tissue of HDHW+JB1 group had no significant changes (p >
0.05) (Figures 7A–D), but the expression of p-PI3K/PI3K, p-Akt/

Akt, and p-mTOR/mTOR were significantly down-regulated

(p < 0.05) (Figures 7A,E–G), indicating that HDHW activates

the PI3K/Akt/mTOR pathway by promoting the binding of IGF-

1 to IGF-1R.

Discussion

It has been shown that single herbs (Liu et al., 2022; Qian

et al., 2022), herbal extracts (Yu, 2020; Zheng et al., 2021; Cong

et al., 2022; Ma et al., 2022), and Chinese medicine compounds

(Chen et al., 2022a; Chen et al., 2022b;Wu et al., 2022; Zhao et al.,

2022) have made great progress in the prevention and even

treatment of renal fibrosis (Xu et al., 2021). They regulate

multiple signaling pathways such as Wnt/β-catenin (Zhao

et al., 2022), TGF-β1/Smad (Mao et al., 2019; Wu et al.,

2022), Akt/mTOR (Lian et al., 2022), CX3CL1-RAF/MEK/

ERK (Hu et al., 2022b), mTORC1/p70S6K (Chen et al., 2019),

SIRT1-NF-κB (Wang et al., 2018b), and interfere with different

cytokine or inflammatory factors expression to regulate the

development and progression of renal fibrosis. The Chinese

herbal extract AS-IV, which has been widely recognized to

have significant anti-nephrogenic effects (Yu, 2020; Fu et al.,

2022), is the main active component of Huangqi, a Chinese

herbal medicine, and its mechanism has been richly studied and

FIGURE 8
Diagram of the anti-renal fibrosis mechanism of
HeidihuangWan.
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repeatedly validated (Wang et al., 2018b; Chen et al., 2019; Mao

et al., 2019; Hu et al., 2022b; Lian et al., 2022). Therefore, it was

used as a positive control drug in this study. Traditional Chinese

medicine (TCM) is a rich source of drug discovery with its multi-

component, multi-target, and multi-pathway characteristics,

which can enhance body functions and reduce drug toxicity

through the synergistic effects of its main active ingredients.

Studying the specific mechanism of TCM in the treatment of

renal fibrosis can identify more potential targets for the treatment

of renal fibrosis (Zhang et al., 2022b).

HDHW is a traditional Chinese medicine compound

formula containing 4 herbs, including Shu Di Huang, Cang

Zhu, Gan Jiang, and Da Zao. My supervisor has been working

on the efficacy and mechanism of HDHW in the treatment of

kidney diseases for more than 10 years. The good clinical

efficacy and significant renal protection effect of HDHW

prompted us to further study the mechanism of its renal

protection. In this study, HDHW components were

identified by UHPLC-Q-Orbitrap-MS/MS and

14 components were identified. Among these

14 ingredients, the anti-renal fibrosis effects of Linoleic acid

(Zhan et al., 2015; Zhou et al., 2017), Oleanolic acid (Zhao and

Luan, 2020), Nicotinamide (Kumakura et al., 2021), Rutin

(Han et al., 2015; Wang et al., 2016), Gallic acid (Yousuf and

Vellaichamy, 2015), Ferulic acid (Mir et al., 2018; Qi et al.,

2020), Fraxetin (natural derivatives of coumarin) (Hsieh et al.,

2021), and Theophylline (adenosine antagonist) (Tang et al.,

2015) have been demonstrated. They exert antifibrotic effects

mainly through autophagy regulation, apoptosis regulation,

antioxidant, and anti-inflammatory. The identification of

HDHW components provides additional evidence to

support its anti-nephrogenic effects. In addition, we also

detected the levels of Scr and BUN in rats and observed the

renal pathological changes by HE, PAS, and Masson staining,

and confirmed that HDHW significantly improved renal

function in 5/6 nephrectomized rats, reduced atrophy of

proximal tubules, infiltration of inflammatory cells, collagen

deposition, and reduced fibrous tissue proliferation, which

verified the renal protective effect of HDHW. Moreover, we

also confirmed the inhibitory effect of HDHW on renal

fibrosis from three indicators, α-SMA, Vimentin, and TGF-

β, which we have never observed before. Interestingly, we

found that HDHW also significantly reduced the expression of

TGF-β in the kidneys of 5/6 nephrectomized rats and was

more potent than the positive control drug AS-IV. TGF-β is an
important molecule that accelerates renal fibrosis (Chen et al.,

2022b). This suggests that TGF-β may also be a pathway for

HDHW to improve renal fibrosis, but we did not continue to

study the effect of HDHW on TGF-β-mediated pathways in

this article.

Autophagy is closely associated with renal fibrosis (Tang

et al., 2020). In the kidney, basal autophagy of renal cells is

critical for maintaining renal homeostasis, structure, and

function. In contrast, under stressful conditions, autophagy

is altered as part of an adaptive response in kidney cells, a

process that is tightly regulated by key regulators of

autophagy, the mammalian target of rapamycin, AMP-

activated protein kinases and deacetylases, and related

signaling pathways. Activation of autophagy protects kidney

cells under stress, while lack of autophagy increases kidney

susceptibility to injury, leading to impaired renal function and

accumulation of damaged mitochondria, which in turn leads

to more severe renal fibrosis. However, other studies have

found that persistent activation of autophagy is detrimental

after severe renal injury, leading to renal cell senescence and

promoting renal fibrosis by secreting pro-fibrotic cytokines

(Liang et al., 2022). Therefore, maintaining the balance of

autophagy is crucial for improving renal fibrosis.

Several researchers have pointed out that in certain

diseases, the role of autophagy depends on the type of cells

involved in the disease process and the stage of the disease

(Tang et al., 2020). For example, under physiological

conditions, podocytes have higher levels of basal autophagy

(Bork et al., 2020) and renal tubular epithelial cells have lower

levels of autophagy (Liu et al., 2012). In an ischemia-

reperfusion-induced acute kidney injury mouse model,

autophagy is enhanced in the proximal tubule after 1 day of

reperfusion and is eliminated by fusion of autophagosomes

with lysosomes on day 3 (Li et al., 2014; Cheng et al., 2015).

These findings suggest that autophagy increases cell survival

during the initial tubular injury but impedes normal renal

repair during the recovery period. Some findings suggest a

protective role for autophagy in renal fibrosis. For example, in

a study of the anti-RIF mechanism of curcumin, the number of

autophagosomes was reduced and LC3II and Beclin1 protein

expression was decreased in the UUO rat model of renal

interstitial fibrosis. At the same time, PI3K/Akt signaling

pathway was activated and mTOR was upregulated. In

contrast, curcumin reversed this process and attenuated RIF

(Lu et al., 2021). The UUO mouse model exhibited

mitochondrial damage, ROS production, TGF- β1/Smad

pathway activation, epithelial-mesenchymal transition, and

renal fibrosis, and these changes were ameliorated by the

use of UMI-77 (mitochondrial autophagy activator) (Jin

et al., 2022), suggesting that activation of autophagy

protects the damaged kidney. In adult Sprague Dawley rats,

the expression of autophagy marker proteins Beclin1, LC3II,

PRR, ATG7, and ATG5 was significantly lower in glomeruli

than in normal rats 8 weeks after undergoing 5/6 nephrectomy

(Yildirim et al., 2021). In addition, a high phosphorus diet

increased renal impairment and interstitial fibrosis in 5/

6 nephrectomized Wistar rats, a process that was shown to

be associated with inhibition of autophagy (Duayer et al.,

2021). On the other hand, there is also evidence to support

that autophagy activation promotes renal fibrosis. d. Zepeda-

Orozco et al. (Li et al., 2010) first identified enhanced
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autophagy in the obstructed kidney of the UUO mouse model,

including accumulation of autophagosomes, increased

expression of Beclin 1, and increased conversion of LC3I to

II. Another study using UUO mice as a model of renal fibrosis

came to similar conclusions, with increased Beclin 1 and

LC3 expression and decreased P62 expression. At the same

time, the levels of fibronectin, type I collagen, and α-SMA were

significantly increased. However, injection of the autophagy

inhibitor ODN significantly decreased the expression of

Beclin1 and LC3 and reduced the expression of renal

fibrosis marker proteins. This suggests that by inhibiting

autophagy, renal fibrosis can be attenuated (Wu et al., 2021;

Jung et al., 2022). In the UUO rat model, rats were executed on

days 3, 7, and 14 after modeling, and time-dependent

induction of autophagy was found in both the obstructed

and contralateral unobstructed kidneys, and sustained

activation of autophagy led to tubular apoptosis and renal

fibrosis, whereas the autophagy inhibitor 3-methyladenine (3-

MA) inhibited sustained autophagy-induced tubular apoptosis

and renal fibrosis (Kim et al., 2012). Further in vitro,

experimental studies confirmed that inhibition of mTOR in

some proximal tubular cells resulted in sustained activation of

autophagy and impaired proliferation of proximal tubular

cells. Activation of mTOR inhibits autophagy and

contributes to renal tubular repair (Li et al., 2014).

An interesting finding is that the role of autophagy in renal

fibrosis differs in different models of renal fibrosis (Li et al.,

2010; Lu et al., 2021; Yildirim et al., 2021); In the same model of

renal fibrosis (Lu et al., 2021) (Kim et al., 2012), the role of

autophagy in renal fibrosis differs even when the time points of

intervention are essentially the same. The former may be related

to the different pathological changes of renal injury induced by

different modeling methods, such as the pathological changes in

the 5/6 nephrectomy model: increased glomerular extramural

matrix, a proliferation of thylakoid cells, capillary dilatation or

occlusion, focal or total glomerular sclerosis, tubular atrophy or

dilatation, massive protein tubular pattern, increased renal

interstitium, and diffuse infiltration of inflammatory cells;

The pathological changes in the UUO model are: renal

interstitial collagen fiber hyperplasia, diffuse infiltration of

inflammatory cells, tubular atrophy or dilation; glomerular

basement membrane thickening, glomerular glassy changes

(Ma et al., 2018). The latter requires more studies to reveal

and justify. In conclusion, the relationship between autophagy

and renal fibrosis needs more studies to reveal and prove.

Unfortunately, our immunohistochemical results showed that

the level of autophagy was elevated in the kidneys of 5/

6 nephrectomized rats, supporting a pathological role of

autophagy in renal injury. However, our Western Blot results

showed that the autophagy level of 5/6 nephrectomy rats

showed an upward trend compared with normal rats of the

same age, but it was not statistically significant. Therefore,

increasing the sample size of the study is necessary to

further confirm the level of autophagy in the kidneys of 5/

6 nephrectomized rats.

It has been shown that herbal medicines can exert antifibrotic

effects by modulating autophagy (Ma et al., 2018). Cytoprotective

effects of autophagy regulators have so far only been reported in

animal models of kidney disease, and evidence that these findings

can be applied to humans is currently lacking (Tang et al., 2020).

The results of this study showed that HDHW could significantly

down-regulate the expressions of Beclin1 and LC3II/I in the

kidneys of 5/6 nephrectomized rats, suggesting that the anti-renal

fibrosis of HDHWmay be related to the inhibition of autophagy.

Therefore, HDHW may be a promising regulator of autophagy.

Further study revealed that HDHW can significantly up-regulate

the expression of IGF-1 in the kidney of 5/6 nephrectomy rats,

and at the same time significantly up-regulate the expressions of

p-PI3K, p-Akt, and p-mTOR. This suggests that HDHW

activates the IGF-1/PI3K/Akt/mTOR signaling pathway, a key

pathway in regulating autophagy (Tang et al., 2020), which

further supports the regulatory effect of HDHW on autophagy

in renal fibrosis rats. To verify that the regulation of autophagy

and the improvement of renal fibrosis by HDHW are related to

the IGF-1-mediated PI3K/Akt/mTOR signaling pathway, this

study blocked the binding of IGF-1 to IGF-1R by intraperitoneal

injection of IGF-1R blocker JB1 and observed the expression of

downstream signaling factors, including PI3K, Akt, mTOR,

p-PI3K, p Akt, p-mTOR, as well as the expression of

autophagy marker proteins including Beclin1, LC3II/Ⅰ, and

renal fibrosis marker proteins including α-SMA. The results of

the study showed that the inhibitory effect of HDHW on

autophagy and renal fibrosis was altered after blocking the

binding of IGF-1 to IGF-1R, and the phosphorylation

processes of PI3K, Akt, and mTOR were also blocked. This

result confirms that HDHW can inhibit autophagy and attenuate

renal fibrosis by upregulating IGF-1 expression, promoting the

binding of IGF-1 to IGF-1R, and activating the autophagy-

related pathway PI3K/Akt/mTOR. In addition, HDHW has

been widely used in the clinical treatment of chronic kidney

disease, especially chronic renal failure, with good therapeutic

effects, and the autophagy-regulating effect of HDWH on renal

fibrosis was found in this study, providing a reference for the lack

of autophagy regulators for human use (Tang et al., 2020).

Conclusion

In conclusion, our results showed that HDHW improved

renal function and renal pathological damage and attenuated

renal fibrosis in 5/6 nephrectomized rats. The mechanism of

HDHW ameliorating renal fibrosis may be that HDHW inhibits

autophagy by upregulating IGF-1 expression, promoting the

binding of IGF-1 to IGF-1R, and activating the autophagy-

related pathway PI3K/Akt/mTOR, which in turn attenuate

renal fibrosis (Figure 8).
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Lactacystin is a specific proteasome inhibitor that blocks the hydrolysis of

intracellular proteins by ubiquitin/proteasome system inhibition. The

administration of lactacystin to rats induced hypertension and remodeling of

the left ventricle and aorta. This study tested whether lactacystin induces

structural and fibrotic rebuilding of the kidneys and whether melatonin and

captopril can prevent these potential changes. Six weeks of lactacystin

administration to rats increased their average systolic blood pressure (SBP).

In the kidneys, lactacystin reduced glomerular density, increased the glomerular

tuft area, and enhanced hydroxyproline concentrations. It also elevated the

intraglomerular proportion including the amounts of collagen (Col) I and Col III.

Lactacystin also raised the tubulointerstitial amounts of Col I and the sum of Col

I and Col III with no effect on vascular/perivascular collagen. Six weeks of

captopril treatment reduced SBP, while melatonin had no effect. Both

melatonin and captopril increased glomerular density, reduced the

glomerular tuft area, and lowered the hydroxyproline concentration in the

kidneys. Both drugs reduced the proportion and total amounts of

intraglomerular and tubulointerstitial Col I and Col III. We conclude that

chronic lactacystin treatment stimulated structural and fibrotic remodeling

of the kidneys, and melatonin and captopril partly prevented these

alterations. Considering the effect of lactacystin on both the heart and

kidneys, chronic treatment with this drug may be a prospective model of

cardiorenal damage suitable for testing pharmacological drugs as protective

agents.

KEYWORDS

lactacystin, melatonin, captopril, kidney injury, fibrotic remodeling, cardiorenal
damage
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Introduction

Hypertension and diabetes are the leading causes of chronic

kidney disease (CKD) (Hamrahian and Falkner, 2017). The

pathogenesis of CKD in hypertension is multifactorial,

involving genetic alterations, oxidative stress, endothelial

dysfunction, and renin-angiotensin-aldosterone system

(RAAS) disturbances (Mennuni et al., 2014). These factors

promote inflammation, fibrosis, and both a reduced nephron

count and a lower glomerular filtration rate (GFR) (Schlondorff,

2008). CKD is associated with a worsening cardiovascular

prognosis and constitutes a serious health and social

condition. Thus, there is a continuous search for new ways of

protection in experimental models of hypertension.

Cardiovascular homeostasis is tightly bound to proper

protein turnover, which is controlled by the ubiquitin-

proteasome system (UPS). Proteasomes are multisubunit

protease complexes that degrade damaged proteins in all

parts of the cells (Pagan et al., 2013). The proteasomes

specific to the heart involve a number of proteins with

various biological impacts, such as atrogin (known as

muscle atrophy F-box) participating in myocardial

remodeling (Li et al., 2004); murine double minute 2

(MDM2), a ubiquitin ligase that mediates p53 participating

on myocardial hypertrophy modulation (Chatterjee et al.,

2011); the calcineurin-nuclear factor of the activated T cells

(NFAT) pathway that mediates cardiac remodeling (Tang

et al., 2010); sarcomere-associated protein

MuRF1 associated with heart failure (Willis et al., 2009); or

Nedd4 containing E3 ligase controlling the biological impact

of multifunctional vascular endothelial growth factor (VEGF)

(Murdaca et al., 2004). In the kidney, Nedd4L/Nedd4-2 seems

to participate in distal nephron salt sensitivity (Ishigami et al.,

2020), and ubiquitin-conjugating enzyme E2 contributes to

HUWE1-mediated degradation of tubulointerstitial fibrosis

(Wang et al., 2022). Pharmacological interference with

proteasomes is emerging as a potential approach to

influence various pathological processes.

Lactacystin is a proteasome inhibitor that blocks the

hydrolysis and degradation of intracellular proteins by the

UPS (Craiu et al., 1997). Chronic lactacystin administration

induces a mild but significant rise in systolic blood pressure

(BP) along with fibrotic remodeling of the left ventricle (LV) in

Wistar rats (Simko et al., 2017), and hypertrophy of the aorta in

L-NAME (L-NG-nitro arginine methyl ester)-induced

hypertension (Vrankova et al., 2010). Several hypothetical

mechanisms for hemodynamic alterations and heart and

vessel damage by lactacystin have been proposed, such as

enhanced oxidative stress (Vrankova et al., 2010; Huseby

et al., 2016; Parajuli, 2019), decreased NO bioavailability

(Simko et al., 2017; Sharma et al., 2020), sympathetic nervous

system activation (Congo Carbajosa et al., 2015) and

modification of various cytosolic, nuclear, and myofibrillar

protein turnovers (Mearini et al., 2008). However, data on

lactacystin’s renal effects are not available.

The aim of this study was to test whether lactacystin induces

structural and fibrotic rebuilding of the kidneys. Furthermore, we

sought to determine whether melatonin prevents these potential

alterations. Melatonin (N-acetyl-5-methoxytryptamine), the

main product of the pineal gland, not only regulates biological

circadian rhythms (Reiter et al., 2020), but exerts various

pleiotropic protective effects on the heart, vasculature (Reiter

et al., 2010; Simko et al., 2019, 2020; Domínguez-Rodríguez et al.,

2021; Tobeiha et al., 2022) and kidneys (Russcher et al., 2012;

Hrenák et al., 2013; Hrenak et al., 2015; Shi et al., 2019). The

effects of melatonin were compared with captopril, a classical

angiotensin-converting enzyme (ACE) inhibitor, which exerts a

well-established antiremodeling action in several organs and

various pathologies (Pfeffer et al., 1992; Pechánová et al.,

1997; Simko et al., 2010, 2014; Repová-Bednárová et al., 2013)

including lactacystin-induced LV remodeling (Simko et al.,

2017).

Materials and methods

Animals and treatment

The experiments were conducted in conformance with the

Guide for the Care and Use of Laboratory Animals published by

the US National Institutes of Health (NIH Publication No. 85-23,

revised 1996). The study protocol was approved by the ethics

committee of the Institute of Pathological Physiology, Faculty of

Medicine, at Comenius University in Bratislava, Slovakia.

Thirty-two adult (12-week-old) weight-matched maleWistar

rats (obtained from the Department of Toxicology and

Laboratory Animals Breeding, Slovak Academy of Sciences,

Dobra Voda, Slovakia) were randomly divided into four

groups (n = 8 per group) and treated for 6 weeks as follows:

control (C; untreated), lactacystin (Lac; 5 μg/kg/day), lactacystin

plus captopril (Lac + Cap; 5 μg/kg/day lactacystin + 100 mg/kg/

day captopril), and lactacystin plus melatonin (Lac + Mel;

5 μg/kg/day lactacystin + 10 mg/kg/day melatonin).

Lactacystin, captopril, and melatonin were dissolved in

drinking water and their concentrations were adjusted to daily

water consumption to ensure the correct dosage. The melatonin

solutions were offered in non-transparent bottles to protect them

from light.

Lactacystin and melatonin were purchased from Sigma-

Aldrich Chemie, Munich, Germany, and captopril from Egis

Pharmaceuticals, Budapest, Hungary.

The rats were housed in individual cages, maintained under

standard laboratory conditions (12:12-h light-dark cycle at

22–24°C temperature and 45%–65% humidity), and fed a

regular pelleted diet ad libitum. Systolic blood pressure (SBP)

was measured once a week in each animal by non-invasive tail-
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cuff plethysmography (Hugo-Sachs Elektronik, Freiburg,

Germany). After 6 weeks of treatment, the rats were

euthanized by isoflurane inhalation. Two halves of the left

kidney were harvested for subsequent analyses: one half was

fixed in 4% formaldehyde for histopathological analysis. The

other was snap-frozen at −80°C for determination of

hydroxyproline concentration.

Kidney histopathology

The kidney samples fixed in 4% formaldehyde were embedded

in paraffin and cut into 5 μm-thick sections. Then, two sets of

sections per sample were deparaffinized, rehydrated, and stained,

one with hematoxylin-eosin (H-E) for glomerular morphometry,

and the other with picrosirius red (PSR) for quantitative analysis of

kidney fibrosis. Photomicrographs were taken using a NIKON

Eclipse Ti C2+ microscope (NIKON, Tokyo, Japan) with

transmitted or polarized light and subsequently analyzed with

NIKON NIS-Elements Analysis software (NIKON, Tokyo, Japan)

and ImageJ version 1.52p for Windows (National Institutes of

Health, Bethesda, MD, United States).

The H-E-stained sections were analyzed using transmitted

light microscopy at ×10 magnification and NIKON NIS-

Elements Analysis software to assess glomerular

morphometry, as previously described (Pechanova et al., 2006;

Hrenák et al., 2013; Stanko et al., 2020). Glomerular density was

determined by counting preserved glomeruli in a 1 mm2 digital

frame put over the kidney cortex at 10 microscopic fields per

section; i.e., 80 digital frames were investigated per group. The

glomerular tuft area was determined by measuring perpendicular

maximum and minimum diameters (dmax and dmin, respectively)

of 10 random glomerular tufts per section used for subsequent

tuft area calculation as follows: glomerular tuft area = π(dmax/2)

(dmin/2); i.e., 80 glomerular tuft areas were calculated per group.

The PSR-stained sections were analyzed with polarized

light microscopy, set at ×100 magnification, and ImageJ to

allow for a quantitative assessment of kidney fibrosis, as

previously described (Seccia et al., 2008; Stanko et al.,

2020). Due to the birefringence shift by PSR, the thick type

I collagen (Col I) was shown in red-orange shades, and the

thin type III collagen (Col III) was visualized in green-yellow

shades. Thus, the Col I and Col III volumes were determined

as the percentage of red-orange and green-yellow shaded areas

in a particular region of interest (ROI) by setting the

FIGURE 1
Effect of captopril (Lac + Cap) and melatonin (Lac + Mel) on
average systolic blood pressure (SBP) (A), renal hydroxyproline
concentration (B), and kidney morphology: glomerular numerical
density per 1 mm2 (C) and glomerular tuft area (D) of lactacystin-
treated (Lac) rats; glomerular numerical density (E)anddetailed images

(Continued )

FIGURE 1
of the glomerular content (F) in lactacystin-treated rats:
H-E-stained sections at ×10 (E) and ×100 (F) magnification using
transmitted light microscopy; mesangial cell proliferation with
extracellular matrix expansion (arrow). C, controls; *p <
0.05 vs. C; #p < 0.05 vs. Lac.
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appropriate “hue” thresholds of the color spectrum in

ImageJ. To assess glomerular fibrosis, 40 ROIs per section

of 50 × 50 μm were placed in intraglomerular space;

i.e., 320 intraglomerular ROIs were investigated per

group. To assess tubulointerstitial fibrosis, 40 ROIs per

section of 192 × 72 μm were placed at the interstitial cortex

without glomeruli or vessels; i.e., 320 tubulointerstitial ROIs

were investigated per group. To evaluate the amount of

vascular/perivascular fibrosis, five ROIs per section were

examined, tight-cropping a cross-section captured artery

with a diameter between 50 and 100 μm; i.e., 40 vascular/

perivascular ROIs were investigated per group.

The histopathological analysis was performed by an

experienced investigator blinded to the group identity.

Determination of kidney hydroxyproline
concentration

The kidney samples, snap-frozen and stored at −80°C, were

dried at 100°C for 24 h and then hydrolyzed using a solution of

6 mol/L HCl. The hydroxyproline concentration was determined

spectrophotometrically at 550 nm (Reddy and Enwemeka, 1996;

Hrenák et al., 2013).

Statistical analysis

The results are presented as the mean ± SEM. The one-way,

two-tailed analysis of variance (ANOVA), followed by a Holm-

Sidak multiple comparisons test, was used for statistical

analysis. p values below 0.05 were considered statistically

significant. The statistical analysis was conducted using

GraphPad Prism 8 for Windows (GraphPad Software, La

Jolla, CA, United States).

Results

Systolic blood pressure

The SBP averaged over 6 weeks of treatment was 120.07 ±

0.58 mmHg in controls, and lactacystin raised the value by 6%

(p < 0.05). In the lactacystin group, captopril lowered the average

SBP by 18% (p < 0.05), while melatonin had no effect on average

SBP (Figure 1A).

Glomerular morphometry

The glomerular numerical density was 7.06 ± 0.28 per mm2

in controls; lactacystin decreased this value by 37% (p < 0.05). In

the lactacystin group, both captopril and melatonin augmented

the glomerular numerical density by 53% and 44% (p < 0.05 for

both measures), respectively (Figures 1C,E).

The glomerular tuft area was 5.173 ± 198 μm2 in controls,

and lactacystin increased this value by 65% (p < 0.05). In the

lactacystin group, both captopril and melatonin reduced the

glomerular tuft area by 33% and 41% (p < 0.05 for both

measures), respectively (Figures 1D,F).

Kidney hydroxyproline concentration

The kidney hydroxyproline concentration was 0.15 ±

0.05 mg/g in controls, and lactacystin raised (p < 0.05) it by

139%. In the lactacystin group, both captopril and melatonin

lowered (p < 0.05) the kidney hydroxyproline concentration by

23% (Figure 1B).

Quantitative analysis of kidney fibrosis

For intraglomerular ROIs, the volume of Col I and Col III in

controls was 0.90 ± 0.23 and 1.16 ± 0.30%, respectively. Lactacystin

increased the proportion of both Col I and Col III by 101% and

103% (p < 0.05 for both measures), respectively. In the lactacystin

group, captopril lowered the proportion of both Col I and Col III

by 93% (p < 0.05 for both measures). Similarly, melatonin reduced

the proportion of both Col I and Col III by 76% and 79% (p <
0.05 for both measures), respectively. The sum of Col I and Col III

volume in intraglomerular ROIs was 2.06 ± 0.53% in controls, and

lactacystin increased this value by 102% (p < 0.05). In the

lactacystin group, both captopril and melatonin decreased the

sum of Col I and Col III volume by 93% and 78% (p < 0.05 for both

measures), respectively. The ratio of Col I to Col III (Col I/Col III)

was 0.78 ± 0.09 in controls, and neither lactacystin, captopril, nor

melatonin had any effect on the ratio (Figure 2).

For tubulointerstitial ROIs, the volume of Col I and Col III in

controls were 2.57 ± 0.81 and 3.88 ± 1.34%, respectively. Lactacystin

increased the proportion of Col I by 139% (p < 0.05) and enhanced

the proportion of Col III by 131% (ns). In the lactacystin group,

captopril reduced the proportion of both Col I and Col III by 94%

and 96% (p < 0.05 for both measures), respectively. Similarly,

melatonin decreased the proportion of both Col I and Col III by

83% and 84% (p < 0.05 for bothmeasures), respectively. The sum of

Col I and Col III volume in tubulointerstitial ROIswas 6.45 ± 2.13%

in controls, and lactacystin increased this value by 134% (p < 0.05).

In the lactacystin group, both captopril and melatonin reduced the

sum of Col I and Col III volume by 95% and 84% (p < 0.05 for both

measures), respectively. Col I/Col III was 0.78 ± 0.11 in controls,

and lactacystin, captopril, or melatonin had no effect on the ratio

(Figure 3).

In vascular/perivascular ROIs, Col I and Col III’s volume in

controls was 0.80 ± 0.12 and 0.64 ± 0.13%, respectively. Lactacystin

had no significant effect on the volume of Col I and Col III. In the
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lactacystin group, captopril reduced the proportion of both Col I and

Col III by 76% and 90% (p < 0.05 for both measures), respectively,

whilemelatonin had no effect. The sumofCol I andCol III volume in

vascular/perivascular ROIs was 1.44 ± 0.24% in controls, and

lactacystin did not significantly change this parameter. In the

lactacystin group, captopril decreased the sum of Col I and Col

III volume by 82% (p < 0.05), and melatonin had no effect. Col I/Col

III was 1.45 ± 0.18 in controls, and lactacystin had no significant effect

on the ratio. In the lactacystin group, captopril increased Col I/Col III

ratio by 226% (p < 0.05), and melatonin had no effect (Figure 4).

FIGURE 2
Effect of captopril (Lac + Cap) and melatonin (Lac + Mel) on glomerular fibrosis of lactacystin-treated (Lac) rats. PSR-stained section
at ×100 magnification using polarized light microscopy (A), the volume of collagen I (Col I) (B), collagen III (Col III) (C), the sum of collagen I + III (D),
the Col I/Col III ratio (E) and PSR-stained sections at ×200 magnification using polarized microscopy showing collagen I in red and collagen III in
yellow (F). C, controls; ROI, region of interest depicted as the shaded rectangle. Intraglomerular ROI dimensions: 50 μm × 50 μm. Scale bar:
50 μm. *p < 0.05 vs. C; #p < 0.05 vs. Lac.
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Discussion

Six weeks of lactacystin administration raised the average SBP. In

kidneys, lactacystin reduced glomerular density, increased the

glomerular tuft area, and enhanced the hydroxyproline

concentration. Lactacystin likewise elevated the intraglomerular

proportion and the sum of Col I and Col III, the tubulointerstitial

proportion of Col I and the sum of Col I and Col III without an effect

on vascular/perivascular collagen. Six weeks of captopril treatment

reduced SBP, while melatonin had no effect. Both melatonin and

FIGURE 3
Effect of captopril (Lac + Cap) and melatonin (Lac + Mel) on tubulointerstitial fibrosis of lactacystin-treated (Lac) rats. PSR-stained section
at ×100 magnification using polarized light microscopy (A), the volume of collagen I (Col I) (B), collagen III (Col III) (C), the sum of collagen I + III (D),
the Col I/Col III ratio (E) and PSR-stained sections at ×100 magnification using polarized microscopy showing collagen I in red and collagen III in
yellow (F). C, controls; ROI, region of interest depicted as the shaded rectangle. Tubulointerstitial ROI dimensions: 72 μm × 192 μm. Scale bar:
50 μm. *p < 0.05 vs. C; #p < 0.05 vs. Lac.
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captopril raised glomerular density, reduced the glomerular tuft area,

and decreased hydroxyproline concentration in the kidneys. Both

drugs reduced the proportion and sum of intraglomerular and

tubulointerstitial Col I and Col III.

Since the UPS controls the protein turnover of both regulatory

and structural proteins, it becomes an attractive target for

pharmacological interventions. Lactacystin represents the classical,

first discovered proteasome inhibitor, reported in 1991 (Ōmura and

FIGURE 4
Effect of captopril (Lac + Cap) and melatonin (Lac + Mel) on vascular/perivascular fibrosis of lactacystin-treated (Lac) rats. PSR-stained section
at ×100 magnification using polarized light microscopy (A), the volume of collagen I (Col I) (B), collagen III (Col III) (C), the sum of collagen I + III (D),
the Col I/Col III ratio (E) and PSR-stained sections at ×100 magnification using polarized microscopy showing collagen I in red and collagen III in
yellow (F). C, controls; ROI, region of interest depicted as the shaded rectangle. Vascular/perivascular ROI dimensions: from 50 × 100 μm to
200 × 300 μm. Scale bar: 50 μm. *p < 0.05 vs. C; #p < 0.05 vs. Lac.
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Crump, 2019). Among other effects, lactacystin is considered to be

an inhibitor of nuclear factor kappa B (NF-κB) transcription factor.

Since NF-κB is assumed to be a checkpoint for hypertrophic growth

mediated by humoral factors, inhibitors of NF-κB, such as

lactacystin, are considered a possible way of protection. The net

effect of lactacystin is challenging to estimate for two reasons: first,

NF-κB is not only an essential factor for proliferation (Bellas et al.,

1995); it may also interfere with nitric oxide synthesis, having the

opposite effect (Vrankova et al., 2010; Simko et al., 2017). Moreover,

lactacystin not only specifically blocks the degradation of the NF-κB
inhibitor IκBα but can also modify other proteins involved in

signaling processes (Vrankova et al., 2010).

In line with this, surprisingly, lactacystin did not reduce but

increased blood pressure and fibrotic rebuilding in the left

ventricle (Simko et al., 2017). Thus, lactacystin

administration-induced BP elevation was recently

characterized as a novel model of experimental hypertension

(Vrankova et al., 2010; Simko et al., 2017; Sharma et al., 2020).

Proteasome inhibition may cause hypertension either because of

an increased endogenous protein inhibitor of neuronal nitric

oxide synthase, leading to decreased NO bioavailability in the

paraventricular nucleus (Sharma et al., 2020), or from tyrosine

hydroxylase upregulation and activation in the hypothalamus

and brainstem (Congo Carbajosa et al., 2015), both resulting in

increased sympathetic outflow. Bearing in mind the remodeling

of the heart (Simko et al., 2017) and aorta (Vrankova et al., 2010)

in this model, it seems to be of importance to disclose whether

lactacystin could act in a similar pro-proliferative way in

hypertensive kidneys.

In this experiment, chronic lactacystin treatment was

associated with the loss of glomeruli, indicated by decreased

glomerular density and simultaneous glomerular hypertrophy,

reflected in increased glomerular tuft area. Some authors

consider the reduction of nephron density to be a risk factor

for hypertension and CKD progression (Kanzaki et al., 2020).

Furthermore, lactacystin treatment was associated with enhanced

hydroxyproline concentration and site-specific fibrotic

rebuilding of renal tissue. Published data suggest that chronic

hypertension leads to the accumulation and dysregulation of

extracellular matrix in the kidneys, resulting in renal fibrosis

(Schlondorff, 2008). The fibrotic changes in the kidneys are

common 1) in the glomerulus—glomerulosclerosis; 2) in the

tubulointerstitium—interstitial fibrosis; and 3) in the

vessels—arteriosclerosis and perivascular fibrosis (Bülow and

Boor, 2019). The most abundant collagens expressed in the

kidneys are types I and III. Col I forms long, thick, and stiff

fibrils, decreasing tissue compliance (Sopakayang et al., 2012). In

the early stages of renal fibrosis, Col I deposits in the glomerulus,

tubulointerstitial space, and arterial wall (Alexakis et al., 2006).

Col III is mainly found in softer tissues and is more distensible

than Col I (Silver et al., 2001). In renal fibrosis, the expression of

Col III increases in both interstitium and glomeruli (Alexakis

et al., 2006). In the present study, an excessive deposition of Col I

and Col III was observed in the glomerulus and tubulointerstitial

space in lactacystin-treated hypertensive rats.

ACE inhibitor captopril reduces fibrosis associated with target

organ damage. Indeed, captopril decreased the concentration of

soluble collagen in the LV of rats with combined continuous light

and L-NAME-induced hypertension (Simko et al., 2010), attenuated

LV collagen deposition in SHR (Zhao et al., 2015), and reduced LV

fibrosis in mice with transverse aortic constriction (Zhang et al.,

2019) and Sprague-Dawley rats with L-NAME-induced

hypertension (Sonoda et al., 2017). Similarly, in kidneys captopril

reduced interstitial renal fibrosis in neonatal dogs with partial

urethral obstruction (PUO) (Shirazi et al., 2007), ameliorated

fibrosis in rats with PUO (Shirazi et al., 2014), and

downregulated interstitial fibrosis in rats with unilateral ureteral

obstruction (Hosseinian et al., 2019). In line with these data, our

results show reduced intraglomerular, tubulointerstitial, and

perivascular collagen accumulation and renal hydroxyproline

concentration after 6 weeks of captopril administration in

lactacystin-treated rats. In this experiment, captopril reduced the

proportion and sum of intraglomerular and tubulointerstitial Col I

and Col III, lowered the sum of vascular/perivascular Col I and Col

III and increased the vascular/perivascular ratio of Col I to Col III,

while reducing the kidney hydroxyproline concentration.

Melatonin exerts a vast number of pleiotropic protective

effects on various tissues, including fibrosis amelioration. The

antifibrotic effects of melatonin have been observed in the LV of

lactacystin-treated rats (Simko et al., 2017), of SHRs (Simko et al.,

2009), and in the LV and aorta of 24-h continuous light-exposed

rats (Repová-Bednárová et al., 2013; Simko et al., 2014). In the

kidneys, melatonin reduced renal fibrosis in mice with unilateral

ureteral obstruction (Li et al., 2020), adenine-induced CKD mice

(Yoon et al., 2020), diabetic mice (Li et al., 2019; Fan et al., 2020),

prenatally diclofenac sodium injected rats (Khoshvakhti et al.,

2015), and in human renal proximal tubule epithelial cells on a

high glucose diet (Han et al., 2020). Accordingly, in this study,

6 weeks of melatonin treatment prevented intraglomerular and

tubulointerstitial fibrosis development, alongside reduced renal

hydroxyproline concentration in rats administered lactacystin.

Although melatonin failed to reduce SBP in this experiment, its

antifibrotic effects were likely a result of melatonin’s direct, local

actions, such as obvious antioxidant and radical scavenging

actions (Simko et al., 2009; Reiter et al., 2018), modulation of

the sympathetic and renin-angiotensin system (Simko and

Paulis, 2013), and increasing NO bioavailability and

antiproliferative action (Paulis and Simko, 2007; Simko and

Paulis, 2007, 2013; Simko and Pechanova, 2009; Domínguez-

Rodríguez et al., 2021).

The lactacystin administration induced fibrotic rebuilding of

the kidneys. Both captopril and melatonin reduced the proportion

and sum of intraglomerular and tubulointerstitial Col I and Col III

and hydroxyproline concentration in the kidneys. Although

captopril more prominently reduced Col I and Col III

accumulation in the vascular/perivascular area compared to
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melatonin, the Col I/Col III ratio rose. Considering the stiffness of

Col I, the findings suggest that captopril might cause renal

capillaries to become more rigid, altering renal perfusion. On

the contrary, melatonin did not significantly change the renal

vascular/perivascular fibrosis while maintaining a normal Col I/

Col III ratio. Since it concurrently reduced glomerular fibrosis,

melatonin may play a role in maintaining adequate glomerular

perfusion and filtration. Thus, melatonin may be comparable or

superior to ACE inhibition because of its distinct effect on renal

collagen composition, potentially contributing to improved renal

perfusion and filtration rate.

Conclusion

In a model of lactacystin-induced hypertension and organ

damage, both melatonin and captopril raised glomerular density,

reduced the glomerular tuft area, and lowered the kidney

hydroxyproline concentration. Both drugs reduced the

proportion and sum of intraglomerular and tubulointerstitial

Col I and Col III. As melatonin failed to reduce SBP, its

antifibrotic effects were supposedly delivered by melatonin’s

direct, local pleiotropic effects.

Considering the fibrotic remodeling of the left ventricle

observed in previous works and the site-specific fibrotic

rebuilding of the kidneys observed in this study, it seems

reasonable to suggest that chronic treatment with lactacystin

may be a perspective model of cardiorenal damage. Furthermore,

we showed that melatonin, similar to captopril, is a promising

means of protection against hypertensive kidney damage.

Limitations

It would be of interest to correlate the renal histopathologic

findings with immunohistochemical analysis of growth factors,

angiogenic factors, and markers of collagen turnover in the

kidneys. Indeed, according to the literature, there is a correlation

between the histopathological evidence of renal fibrosis and

profibrotic renal tissue markers, such as transforming growth

factor-β1 (TGF-β1), connective tissue growth factor (CTGF), and

vascular endothelial growth factor A (VEGF-A) (Lopes et al., 2019).

Moreover, the inhibition of matrix metalloproteinase (MMP)-9

(Wang et al., 2019) and decreased expression of MMP-1

(Nazneen et al., 2002) resulted in decreased histological evidence

of renal fibrosis. However, these analyses were beyond the scope and

possibilities of the present histopathological study.
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Purpose: The hyper-proliferation, promoted migration, fibrosis, and

calcification of pulmonary arterial smooth muscle cells (PASMCs) play critical

roles in pulmonary artery (PA) continuous contraction and vascular remodeling,

leading to elevated pulmonary arterial resistance and pulmonary hypertension

(PH). In this study, we sought to ascertain the effects of a TOR2A gene product,

salusin-β, on PASMCs’ proliferation, migration, fibrosis, calcification, and the

imbalance of vasomotor function as well as pulmonary vascular remodeling in

monocrotaline (MCT)-induced PH rats and their underlying mechanisms.

Methods: Knockdown or overexpression of salusin-β in rats or PASMCs was

performed through tail vein injection or cell transfection of virus. The right

ventricular systolic pressure (RVSP) of the rat was measured by right ventricle

catheterization. Sodium nitroprusside (SNP) or acetylcholine (ACh)-induced

dose-dependent relaxation was used to evaluate the vasodilatation function.

Primary PASMCs were isolated from the PAs of control and PH rats.

Results: The salusin-β protein expressions were significantly increased in PAs

and PASMCs isolated from PH rats compared with control rats. Knockdown of

salusin-β in rats decreased high K+ solution-induced contraction, RVSP and RV

hypertrophy index, improved SNP or ACh-induced vascular relaxation of PAs,
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and relieved vascular remodeling and calcification of PAs fromPH rats. Silencing

salusin-β in PASMCs isolated from PH rats alleviated the proliferation, migration,

fibrosis, and calcification, as well as the NAD(P)H oxidase activity and reactive

oxygen species (ROS) level. Overexpression of salusin-β exerted the opposite

effects on vasomotor function and vascular remodeling, and PASMCs

proliferation, migration, fibrosis and calcification.

Conclusion: Increased salusin-β activity in PAs from PH rats contributes to

PASMCs proliferation, migration, fibrosis, and calcification, leading to the

imbalance of vascular contraction and relaxation and vascular remodeling

through stimulating the production of NAD(P)H oxidase derived ROS.

KEYWORDS

pulmonary artrial smooth muscle cells, pulmonary hypertension, vasomotor function,
reactive oxygen species, vascular remodeling

Introduction

Pulmonary hypertension (PH) is characterized by persistent

increases in mean pulmonary arterial pressure (mPAP) and right

ventricular systolic pressure (RVSP), which eventually lead to

right heart failure with shortness of breath and syncope

(Southgate et al., 2020). In the past decade, the death rate of

PH has remained at a high level, increasing by 2.5% per year for

women and 0.9% for men (Benza et al., 2012). Attenuated

relaxation and continuous contraction of pulmonary arteries

(PAs), sustained media hyperplasia and fibrosis, and increased

wall stiffness lead to the decrease of lumen diameter and even

occlusion of PAs, resulting in increases in pulmonary arterial

resistance (PAR) and mPAP in PH (Pan et al., 2017; Zabini et al.,

2018; Sommer et al., 2021). Pulmonary arterial smooth muscle

cells (PASMCs) isolated from patients or animal models with PH

exhibit a phenotypic switch from a differentiated state to a

dedifferentiated/proliferative state. The structural and

functional properties changes of PASMCs due to phenotypic

switch are major causes for continuous contraction, increased

media thickness (Murray et al., 1990; Brozovich et al., 2016), and

migration, fibrosis, and calcification, which vitally decrease vessel

elasticity and increase the stiffness of PAs in PH (Humbert et al.,

2019; Sommer et al., 2021). However, at present, clinical therapy

for PH mainly relies on vasodilators or anticoagulants.

Established pharmacological therapies for PH rarely prevent

or reverse pulmonary arterial wall thickening, stiffening, and

hypercontractility (Gerthoffer, 2020). Therefore, it is important

to determine the pathological mechanism of PH during

continuous contraction and vascular remodeling for clinical

therapy.

Through alternative splicing and RNA rearrangement, the

torsin family two member A gene (TOR2A) productions include

salusin-α and salusin-β, which both can be found in human

plasma and urine (Suzuki et al., 2007). They are a class of vascular

active peptides, and compared to salusin-α, salusin-β is more

related with cardiovascular diseases and abundantly expressed in

many organs and tissues including heart, brain, and kidneys,

especially in the blood vessels (Suzuki et al., 2007). Recent studies

have identified that salusin-β contributes to various diseases

including atherosclerosis, hypertension, diabetes and metabolic

syndrome (Watanabe et al., 2008). Salusin-β has also been

reported to be involved in the regulation of proliferation,

migration, fibrosis, and calcification of normal vascular

smooth muscle cells (VSMCs) (Sun et al., 2015; Sun et al.,

2019). Increased salusin-β expression contributed to vascular

inflammation associated with pulmonary arterial hypertension in

rats (Xu et al., 2016). However, whether salusin-β is associated

with increased vascular tension and regulating the proliferation,

migration, fibrosis, and calcification of PASMCs in PH, and its

down-steam mechanisms remain unclear.

Therefore using monocrotaline (MCT)-induced PH rat

model and derived PASMCs with salusin-β knockdown or

overexpression, we evaluated the roles of salusin-β in

regulating the proliferation, migration, fibrosis, and

calcification of PASMCs, and the roles of it in regulating the

imbalance of vasomotor function, vascular remodeling, and the

development and progression of pulmonary hypertension, as

well as its down-steam mechanisms.

Materials and methods

Animals

Male Sprague-Dawley rats were fed in the animal facility,

which has controlled temperature and humidity in an automatic

12 h light/dark cycle. Rats were provided with standard chow and

tap water ad libitum. Animal experiments were carried out

according to the procedures approved by the Nanjing Medical

University Experimental Animal Care committee and complied

with the Guide for the Care and Use of Laboratory Animals

published by the US National Institutes of Health (NIH

publication, 8th edition, 2011).
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Model of pulmonary hypertension

A single subcutaneous injection of MCT (60 mg/kg) was

administered to male rats (200–250 g) to induce PH. Control rats

were injected with vehicle (saline). Three weeks after MCT

injection, animals were assessed for right ventricular pressure,

vascular remodeling, and right ventricular hypertrophy (RVH).

Knockdown or overexpression of salusin-
β in rats or pulmonary arterial smooth
muscle cells

PH and control rats were injected with recombinant adeno-

associated virus serotype 9 (AAV9) carrying the rat salusin-β
short hairpin small–interfering RNA (shRNA, 3.69 × 1012 vg/ml,

Shanghai Genechem Co., China) and scrambled via tail vein to

knockdown salusin-β as previously reported (Ren et al., 2017).

The AAV9 vectors encoding salusin-β (2.13 × 1012 vg/ml,

constructed by Shanghai Genechem Co., China) were injected

to overexpress the salusin-β gene in rats. The empty vectors were

used as the negative control. To determine the validity of AAV9,

after 2 weeks, expression level of salusin-β in the PAs of rats was

measured using western blot. Knockdown or overexpression of

salusin-β in PASMCs was performed by adenovirus infection

(100MOI).

Hemodynamic measurements and
evaluation of right ventricular hypertrophy

The rats were weighed and anaesthetized with an

intraperitoneal injection of urethane (800 mg/kg). RVP was

measured by a catheter connected with a pressure transducer

and positioned in the right ventricle (RV) from the right jugular

vein as previously described (Tang et al., 2016). The signal from

the pressure transducer was recorded using a four-channel bridge

amplifier (QUAD bridge, ADInstruments, Australia) and the

PoweLab data analysis and processing system (8SP type,

ADInstruments, Australia), and the right ventricular systolic

pressure (RVSP) was calculated. After measuring the RVSP,

the lung and heart of a rat were isolated, the RV, left ventricle

(LV), and interventricular septum (S) were separated and

weighted. Right ventricular hypertrophy (RVH) index was

defined as the ratio of RV weight to the LV plus S weight

[(RV/LV+S)].

Histopathology assessment

Lungs were isolated from rats, fixed in 4% paraformaldehyde,

embedded in paraffin, sectioned at 4 μm thick and mounted onto

slides. Every slide from different groups was made at same place

of lung of rats. Subsequently, the slides were stained with

hematoxylin and eosin (H&E), Masson, or von Kossa, and

were observed under a light microscope form or photometric

assay for PAs wall thickness, lumen diameter, vascular fibrosis, or

vascular calcium deposition of PAs, respectively. The PAs wall

thickness, lumen diameter, and collagen volume fraction (%)

were measured by Image-Pro Plus 6.0 software. The statistics of

collagen volume fraction (%), which is equal to the ratio of blue

collagen deposition area/total cross-sectional area of blood

vessels (%), were used to show the vascular fibrosis

quantitatively. The statistics of the amount of calcificated

distal PAs/the total amount of distal PAs (%) in one slide

were used to show the ratio of calcificated PAs.

Isometric tension measurements

The tertiary-branch PAs rings (2 mm long) were isolated

from rats and were superfused in Krebs-Henseleit solution

[the composition was described in a previous report (Zhang

et al., 2019)]. Then the PA ring was mounted to the jaw in a

four-chambered myograph (620M, DMT, Denmark). In one

rat, only one PA ring was used to test the tension response to

one drug or one treatment factor. The resting tension was set

at 0.1 g. After equilibration, arterial rings were stimulated with

the high K+ solution [the composition was described as

previous reported (Zhang et al., 2019)] to evaluate

contractile function. Sodium nitroprusside (SNP) is a nitric

oxide (NO) donor which can cause the relaxation of vascular

smooth muscle directly. SNP administration to PAs in a dose-

dependent manner (10−9~10−4 mol/L) after the prostaglandin

F2α (PGF 2α) (1–5 μmol/L) induced pre-contraction was

performed to evaluate PASMCs relaxing function.

Acetylcholine (ACh) stimulates the release of NO in

vascular endothelial cells, causing endothelium-dependent

relaxation. ACh (10−9~10−4 mol/L) administration in a

dose-dependent manner after PGF 2α was also performed

to evaluate vascular endothelium-dependent relaxation. The

degree of relaxation is shown as a percentage of PGF 2α-
induced contraction.

Culture of primary pulmonary arterial
smooth muscle cells

PASMCs were isolated from the media of the PAs of control

and PH rats, as previously reported (Sun et al., 2016b). After the

perivascular adipose tissues and adventitia of the PAs were

stripped off with forceps, the endothelium was carefully

removed using a cotton swab. The tissues were minced and

incubated with type I collagenase for digestion until the shape of

the tissues disappeared and then centrifuged to isolate the cells.

The isolated primary PASMCs were cultured in DMEM
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containing 15% fetal bovine serum (FBS), penicillin (100 IU/ml),

and streptomycin (10 mg/ml) (Gibco, Grand Island, NY,

United States) at 37°C in an incubator with 5% CO2 for

5 days. The PASMCs were identified by their substantial

smooth muscle-specific α-actin (α-SMA) expression (a marker

of VSMCs) without detectable vimentin (a marker of fibroblasts)

and platelet endothelial cell adhesion molecule (PECAM)-1 (a

marker of endothelial cells) expressions. The overall cell

experiments were performed with the second to fifth passage

of PASMCs. The same cell passage for each experiment was

chosen individually.

CCK8 test

The proliferation of PASMCs was determined using the

CCK8 test. First, PASMCs were seeded in the 96-well plate

and the absorbance value was detected with a microplate

reader at a wavelength of 450 nm. PASMCs were then

subjected to virus infection for 24 h and 48 h. The absorbance

values were again measured.

Wound-healing assay

Migration of PASMCs was assessed using a wound-healing

assay as previously reported (Sun et al., 2016b). Briefly,

PASMCs were plated into a 6-well plate and cultured to

reach confluence. Then, cells were scratched to form a gap

using a standard 200 µl pipette tip and were washed with PBS

to remove the detached cells. Subsequently, the cells were

incubated for 36 h with fresh medium and were observed at

0 and 36 h under an inverted microscope (Axio Vert. A1,

Zeiss, Oberkochen, Germany).

Boyden chamber assay

PASMCs were seeded into FBS-free medium in the upper

chamber of a 24-well transwell with an 8 µm pore size (Millipore,

United States). The lower chamber was added with a complete

medium containing 15% FBS. After being incubated for 24 h,

cells on the upper surface of each filter were removed with a

cotton swab and migrated cells on the lower surface were stained

with crystal violet. Stained cells were counted in five random

fields.

Western blot analysis

The salusin-β protein expression in PAs was detected by

western blot as described in our previous reports (Wu et al.,

2020). First, lysis buffer was used to extract protein samples and

the BCA protein assay kit (BCA, Pierce, United States) was used

to detect the protein concentration. Equal amounts of protein

samples were added to an SDS-PAGE gel for electrophoresis and

then transferred to a polyvinylidene fluoride (PVDF) membrane.

The membranes were blocked in 5% skim milk at room

temperature for 2 h and were incubated overnight at 4°C with

anti-salusin-β IgG (1:1000, Clound-Clone Corp, United States),

proliferating cell nuclear antigen (PCNA) antibody (1:2000,

Abcam, United States), β-actin antibody (1:5000, Abways

Technology Inc., Shanghai, China) or GAPDH antibody (1:

10000, Proteintech, China) followed by incubation with

horseradish peroxidase-conjugated goat anti-rabbit IgG (1:

5000, Immunology Consultants Lab, Portland, OR,

United States). Bands were detected with an enhanced

chemiluminescence ECL system (Pierce Chemical, Rockford,

IL, United States). The expression levels of salusin-β or PCNA

proteins were normalized to those of GAPDH or β-actin protein,

respectively.

Measurement of Collagen I, Collagen III,
connective tissue growth factor, and
tansforming growth factor-β1 mRNA level

The levels of collagen I, collagen III, connective tissue

growth factor (CTGF), and tansforming growth factor-β1
(TGF-β1) in PASMCs were used to evaluate the degree of

fibrosis as previous report (Sun et al., 2015) and were

measured using qPCR. Briefly, RNA was extracted with

RNA-easy Isolation Reagent (Nuo Wei Zan, Biotechnology,

China) according to the manufacturer’s protocol. PrimeScript®

RT reagent kits (Takara, Otsu, Shiga, Japan) and an ABI PRISM

7500 sequence detection PCR system (Applied Biosystems,

Foster City, CA, United States) were used for quantitative

RT-PCR. Fold-change of RNA was calculated using the

2−ΔΔCt, normalized to GAPDH expression. The primer

sequences used are shown in Table 1.

TABLE 1 Primer pairs used in this study.

Primer sequence (59–39)

Collagen I Forward TGGTGGTTATGACTTTGGTTACGAT

Reverse TGTGCGAGCTGGGTTCTTTCTA

Collagen III Forward CTCCTGCAGGCTAGAGAAGC

Reverse GATGCACTTTTTGCCCTTCTT

CTGF Forward CAGGGAGTAAGGGACACGA

Reverse ACAGCAGTTAGGAACCCAGAT

TGF-β1 Forward GCTCCACGGAGAAGAACTGCT

Reverse CTGCTCCACCTTGGGCTTGC

GAPDH Forward GGAAAGCTGTGGCGTGAT

Reverse AAGGTGGAAGAATGGGAGTT
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FIGURE 1
Effects of salusin-β knockdown on salusin-β protein expressions in PAs (A), right ventricular pressure (RVP) and right ventricular systolic pressure
(RVSP) (C), and right ventricular hypertrophy index (RVHI) [RV/(LV + S)] (E); as well as the effects of overexpression of salusin-β on its protein
expressions in PAs (B), RVP and RVSP (D), and RVHI (F) in control and MCT-induced PH rats. Values are mean ± SE. *p < 0.05 compared with Con-
shRNA or vector. †p < 0.05 compared with control (Ctrl) rats. n = 5–8 for each group.
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FIGURE 2
Effects of salusin-β knockdown on high K+ solution-induced contraction (A), sodium nitroprusside (SNP)-induced relaxation (C), and
acetylcholine (ACh)-induced relaxation of PAs (E); as well as the effects of overexpression of salusin-β on high K+ solution-induced contraction (B),
SNP-induced relaxation (D), and ACh-induced relaxation of PAs (F) in control and MCT-induced PH rats. Values are mean ± SE. *p < 0.05 compared
with Con-shRNA or vector. †p < 0.05 compared with control (Ctrl) rats. n = 6–9 for each group.
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Measurement of NAD(P)H oxidase activity
and reactive oxygen species levels

To measure NAD(P)H oxidase activity and ROS levels, the

enhanced lucigenin-derived chemiluminescence method was

utilized, as we previously reported (Sun et al., 2016b; Lu et al.,

2017). The dark-adapted lucigenin was added to PASMCs

protein supernatants and reacted with the superoxide anions

to induce the photon emission, which can be detected using a

luminometer (Model 20/20n, Turner, CA, United States) for

1 time every 1 min until 10 times to represent the ROS level. To

detect NAD(P)H oxidase activity, PASMCs protein supernatants

were incubated with NAD(P)H (100 µM) to generate new

superoxide anions before lucigenin application. The mean

light unit (MLU) per minute per milligram of protein

represents the values of ROS level and NAD(P)H oxidase activity.

Detection of alkaline phosphatase activity
and calcium content

ALP activity was measured using an ALP assay kit (Nanjing

Jiancheng Bioengineering Institute, Nanjing, China) according to

the manufacturer’s instructions as our previous reports (Zhou

et al., 2013; Sun et al., 2019). The absorbance was determined at

520 nm, and the results were normalized to the protein content of

each sample. Calcium content was measured using the

o-cresolphthalein colorimetric method as previously described

(Ma et al., 2016). The calcium levels in PASMCs samples were

normalized to the protein content, as determined by the BCA

method (Zhu et al., 2018).

Statistical analysis

Data are expressed as mean ± S.E. SPSS analysis software was

used to perform statistical analysis. A comparison of means

between two groups was performed using an unpaired

Student’s t-test. One-way or two-way ANOVA, followed by

the Bonferroni test for post-hoc analysis, was performed when

multiple comparisons were made. Statistical significance was set

at p < 0.05.

Results

The salusin-β expressions in pulmonary
arteries or pulmonary arterial smooth
muscle cells in monocrotaline-induced
PH and control rats

The protein expressions of salusin-β in both PAs

(Figures 1A,B) and PASMCs (Figures 5A,B) of MCT-induced

PH rats were higher than that in control rats. Knockdown of

salusin-β gene in either rats or PASMCs decreased its expression,

and overexpression of salusin-β significantly increased its

expression, which confirmed the effectiveness of knockdown

or overexpression of salusin-β in rats or PASMCs.

Effects of salusin-β knockdown or
overexpression on RVSP, RVH index,
high K+ solution-induced contraction and
SNP or ACh-induced relaxation of PAs

Compared to control rats, both the RVSP (Figures 1C,D) and

RVH index (Figures 1E,F) of MCT-PH rats were significantly

higher. There was no significant difference in high K+ solution-

induced PAs contraction between control and PH rats (Figures

2A,B), whereas both the SNP- and ACh-induced dose-dependent

vasodilatation of PAs were significantly attenuated in PH rats

(Figures 2C–F). Silencing of salusin-β gene in PH rats

significantly decreased the RVSP (Figure 1C), RVH index

(Figure 1E) and high K+ solution-induced PAs contraction

(Figure 2A), improved either SNP- (Figure 2C) or ACh-

induced endothelium-independent vascular relaxation

(Figure 2E), while overexpression of salusin-β worsened the

above parameters in PH rats. It was worth noting that

although knockdown of salusin-β had no significant roles in

control rats, overexpression of salusin-β in control rats elevated

the RVSP, RVH index, PAs contraction and attenuated SNP or

ACh-induced PA relaxation (Figures 1D,F, 2B,D,F). The

pEC50 and Rmax (%) data of SNP or ACh-induced dose-

dependent vasodilatation of PAs in control and PH rats with

different pretreatments were shown in Table 2, which suggested

similar results.

Effects of salusin-β knockdown or
overexpression on vascular remodeling of
pulmonary arteries

From the representative H&E staining of lung tissues, we

observed a significant increase in PA wall thickness and a

decrease in lumen diameter, resulting in stenosis or even

complete occlusion of PAs in MCT-PH rats compared to

control rats (Figure 3A,B). The statistical graph also

showed that the lumen diameter of PAs was decreased

(Figure 3F), while media thickness (Figure 3E) and media

thickness/lumen diameter of PAs (Figure 3G) in PH rats were

significantly increased. Additionally, Masson staining of lung

tissue images and statistical collagen volume fraction (%)

showed severe vascular fibrosis of PAs in PH rats (Figures

3C,D,H). These results suggest the occurrence of vascular

remodeling of PAs in PH rats. PAs from PH rats with

salusin-β knockdown presented increased lumen diameter,
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reduced media thickness, with a lower media thickness/lumen

diameter ratio, and decreased vascular fibrosis, while salusin-β
overexpression caused more severe vascular remodeling in PH

rats (Figure 3).

Effects of salusin-β knockdown or
overexpression on vascular calcification of
pulmonary arteries

The representative Von Kossa staining of lung tissues and

statistical data on the percentage of calcified PAs showed that PH

rats had a certain degree of vascular calcification in the PAs

(Figure 4). Knockdown of salusin-β decreased the degree of

calcification and percentage of calcified PAs (Figures 4A,C),

whereas the overexpression of salusin-β played the opposite

role (Figures 4B,D) in MCT-PH rats. Furthermore,

overexpression of salusin-β in control rats induced vascular

calcification in the PAs (Figures 4B,D).

Effects of salusin-β knockdown or
overexpression on pulmonary arterial
smooth muscle cells proliferation

The results of CCK8 (Figures 5C,D) and elevated PCNA

expression (Figures 5E,F) of PASMCs in PH rats showed that

PASMC proliferation in PH rats was significantly increased

compared to that in control rats. Salusin-β knockdown in

PASMCs inhibited proliferation (Figures 5C,E), while

overexpression of salusin-β further promoted the

proliferation of PASMCs derived from PH rats (Figures

5D,F). In addition, the significant change was not found in

silencing salusin-β in control rats, whereas enhanced PASMCs

proliferation was observed in control rats with overexpression

of salusin-β (Figure 5).

Effects of salusin-β knockdown or
overexpression on pulmonary arterial
smooth muscle cells migration

Boyden chamber assay (Figures 6A,B) and wound-healing

assay results (Figures 6C,D) showed that PASMCs migration in

PH rats was enhanced compared to that in control rats.

Overexpression of salusin-β promoted the migration of

PASMCs derived from both PH rats and control rats (Figures

6B,D), whereas knockdown of salusin-β only reduced the

migration of PASMCs in PH rats (Figures 6A,C).

Effects of salusin-β knockdown or
overexpression on pulmonary arterial
smooth muscle cells fibrosis

The mRNA levels of collagen I (Figures 7A,B), collagen III

(Figures 7C,D), CTGF (Figures 7E,F), and TGF-β1 (Figures

7G,H) in the PASMCs of control rats and MCT-PH rats were

measured to evaluate the degree of fibrosis. The ΔCT values of

each group were shown in Table 3.

We found that the mRNA levels of these fibrosis indices in

PASMCs from MCT-PH rats were higher compared to those in

control rats, which suggested that PASMC fibrosis was increased

in PH. Knockdown of salusin-β attenuated, while the

TABLE 2 pEC50 and Rmax (%) data of SNP or ACh-induced dose-dependent vasodilatation of PAs in Ctrl and PH rats with different pretreatments.

Ctrl PH

pEC50 Rmax pEC50 Rmax

SNP

Con-shRNA 7.59 ± 0.19 100.59 ± 2.22 7.43 ± 0.07 86.82 ± 4.33†

Salusin-β-shRNA 7.63 ± 0.12 103.60 ± 1.68 7.39 ± 0.12 96.17 ± 1.99*

Vector 7.36 ± 0.11 101.14 ± 0.60 7.31 ± 0.07 83.49 ± 1.84†

Salusin-β 7.43 ± 0.13 82.44 ± 2.13* 7.51 ± 0.19 73.63 ± 2.94*†

ACh

Con-shRNA 7.17 ± 0.06 95.98 ± 1.49 6.98 ± 0.21 70.75 ± 2.26†

Salusin-β-shRNA 7.69 ± 0.15* 96.71 ± 1.21 6.84 ± 0.23† 91.38 ± 2.21*

Vector 7.17 ± 0.12 98.03 ± 2.89 6.79 ± 0.29 75.63 ± 0.73†

Salusin-β 7.61 ± 0.43 96.01 ± 0.96 6.27 ± 0.28† 63.34 ± 0.86*†

SNP, sodium nitroprusside; ACh, acetylcholine. Values are mean ± SE. *p < 0.05 vs. Con-shRNA or vector. †p < 0.05 vs. Ctrl. n = 6–9 for each group.
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overexpression of salusin-β enhanced the fibrosis of PASMCs

from PH. Similarly, knockdown of salusin-β had no significant

roles, while overexpression of salusin-β also elevated the

PASMCs fibrosis index of control rats (Figure 7).

Effects of salusin-β knockdown or
overexpression on pulmonary arterial
smooth muscle cells calcification and
oxidative stress

ALP activity is an indicator of calcification. Compared

with PASMCs of control rats, both the ALP activity (Figures

8A,B) and calcium content (Figures 8C,D) in PASMCs of PH

rats were higher, which indicated that the PH-PASMC

calcification level was elevated. NAD(P)H oxidase activity

(Figures 8E,F) and superoxide anions level (Figures 8G,H) in

PASMCs of PH rats were also higher than those in PASMCs

of control rats, suggesting the occurrence of oxidative stress.

Silencing of salusin-β reversed the high ALP activity,

calcium content, NAD(P)H oxidase activity, and

superoxide anions level in PASMCs derived from PH rats,

but had no significant effect on PASMCs from control rats.

Overexpression of salusin-β increased the above indices of

PASMCs derived from either PH rats or control rats

(Figure 8).

FIGURE 3
Representative images of lung tissue cross-sections with H and E staining (A) and Masson’s staining (Blue indicates collagen deposition) (C)
showing the effects of salusin-β knockdown on PAs vascular remodeling and fibrosis; lung tissue cross-sections with H and E staining (B) and
Masson’s staining (D) showing the effects of salusin-β overexpression on PAs vascular remodeling and fibrosis. The effects of salusin-β knockdown or
overexpression on themedia thickness (E), lumen diameter (F), media thickness/lumen diameter (G) and collagen volume fraction (%) (H) of PAs
in control and MCT-induced PH rats. Values are mean ± SE. *p < 0.05 compared with Con-shRNA or vector. †p < 0.05 compared with control (Ctrl)
rats. n = 6 for each group.
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Discussion

The proliferation, migration, fibrosis, and calcification of

PASMCs are the major causes of vascular remodeling, which

increases the media wall thickness and stiffness, narrows the

blood vessel, and ultimately increases PAR and PAP in PH(Tang

et al., 2015; Tang et al., 2016; Tanguay et al., 2019; Gerthoffer,

2020). Our previous studies reported that the TOR2A gene

product, salusin-β, participates in the regulation of

proliferation, migration, fibrosis, and calcification of normal

VSMCs(Sun et al., 2015; Sun et al., 2019), as well as the

regulation of vasoconstriction and vasodilatation function

(Pan et al., 2021; Sun et al., 2021). Knockdown of salusin-β
improves vascular relaxation, alleviates vascular remodeling, and

decreases vasoconstriction in spontaneously hypertensive rats

(Pan et al., 2021; Sun et al., 2021). However, whether salusin-β
has similar effects in mediating morphology and function of

PASMCs and vascular remodeling, as well as the vasoconstriction

and vascular relaxation of PA in PH is still unclear. The present

study found that the increased salusin-β activity of PAs in MCT-

induced PH rats contributed to the proliferation, migration,

fibrosis, and calcification of PASMCs, vascular remodeling,

and the imbalance of vascular contraction and relaxation in

MCT-induced PH through stimulating the production of

NAD(P)H oxidase derived ROS. Reducing endogenous

salusin-β levels by salusin-β gene knockdown decreased

contractions of PAs, RVSP, and RV hypertrophy, improved

the vascular relaxation and prevented the vascular remodeling

in PH, while overexpression of salusin-β in rats or PASMCs

deteriorates the symptom of PH, which provide a potential

therapeutic target for PH.

The TOR2A gene product, salusin-β, is present in human

plasma and urine and widely expressed in the lung (Suzuki

et al., 2007), and is particularly abundant in vascular

FIGURE 4
Representative images of lung tissue cross-sections with Von Kossa staining (The calcium deposits are black spots, with blue nuclei and a red
background), in which the representative calcium deposits were indicated by yellow arrows (A) and statistical percentage of calcified PAs (C) showing
the effects of salusin-β knockdown on vascular calcification in PAs; images of lung tissue cross-sections with Von Kossa staining (B) and percentage
of calcified PAs (D) showing the effects of salusin-β overexpression on vascular calcification in PAs. Values are mean ± SE. *p < 0.05 compared
with Con-shRNA or vector. †p < 0.05 compared with control (Ctrl) rats. n = 6 for each group.
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FIGURE 5
Effects of salusin-β knockdown on salusin-β protein expressions of PASMCs (A), cell viability tested by CCK-8 assay (C) and protein expressions
of proliferation marker proliferating cell nuclear antigen (PCNA) (E); as well as the effects of overexpression of salusin-β on salusin-β protein
expressions (B), cell viability tested by CCK-8 assay (D) and proliferation marker PCNA protein expressions (F) in PASMCs isolated from control and
MCT-induced PH rats. Values are mean ± SE. *p < 0.05 compared with Con-shRNA or vector. †p < 0.05 compared with control (Ctrl) rats. n =
3 for A, B, E, and F groups. n = 6 for C and D groups.
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FIGURE 6
Effects of salusin-β knockdown on PASMCs migration evaluated by the boyden chamber assay (A) and a wound healing assay (C); as well as the
effects of overexpression of salusin-β on PASMCsmigration evaluated by the boyden chamber assay (B) and awound healing assay (D) in control and
MCT-induced PH rats. Values are mean ± SE. *p < 0.05 compared with Con-shRNA or vector. †p < 0.05 compared with control (Ctrl) rats. n = 6 for
each group.
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FIGURE 7
Effects of salusin-β knockdown on mRNA levels of fibrosis indexes of PASMCs: collagen I (A), collagen III (C), connective tissue growth factor
(CTGF) (E) and transforming growth factor-β1 (TGF-β1) (G); as well as the effects of overexpression of salusin-β on collagen I (B), collagen III (D), CTGF
(F) and TGF-β1 (H)of PASMCs isolated from control andMCT-induced PH rats. Values aremean± SE. *p < 0.05 comparedwith Con-shRNA or vector.
†p < 0.05 compared with control (Ctrl) rats. n = 6 for each group.
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endothelial cells and VSMCs (Watanabe et al., 2008). We

recently found that salusin-β participates in regulating the

vascular constriction and relaxation function in

spontaneously hypertensive rats (Pan et al., 2021; Sun

et al., 2021). However, whether salusin-β also plays a

regulating role in vasomotor function in pulmonary

hypertension is still unknown.

The current study found that compared to control rats, the

salusin-β protein expressions in both PAs and PASMCs were

significantly increased in MCT-PH rats. The high K+ solution-

induced contraction is usually used to evaluate the contractile

ability of vascular smooth muscle; and SNP, an NO donor, which

acts on the VSMCs to directly induce vascular smooth muscle

relaxation, can be used to evaluate the vasodilator ability of

vascular smooth muscle. ACh stimulates endothelial cells to

release NO, and NO then causes VSMCs to relax, which is

called endothelium-dependent relaxation. We found that

compared with control rats, both the SNP- and ACh-induced

relaxation of PAs of MCT-PH rats were attenuated, indicating

that both the endothelial function and the smooth muscle

relaxing ability of PAs were impaired in PH. Tail vein

injection of salusin-β shRNA improved either SNP-or ACh-

induced vascular relaxation and decreased high K+ solution-

induced PAs contraction, while overexpression of salusin-β
enhanced PAs contraction and worsened vascular relaxation

in MCT-PH rats. In addition, although knockdown of salusin-

β had no significant roles in control rats, overexpression of

salusin-β in control rats similarly elevated PAs contraction

and impaired SNP- or ACh-induced PAs relaxation. These

results suggested that salusin-β has ability to enhance

contraction, and impair endothelial function and PASMCs

relaxation, and through that, it consequently increases PAR

and PAP.

Furthermore, it is known that high K+ solution-elicited

contraction is mainly related either to smooth muscle mass or

to the function of voltage-dependent calcium channels in

pulmonary vascular smooth muscle (Karaki et al., 1986; Ishida

et al., 2017). SNP-mediated vasodilatation is related to signaling

dependent on soluble guanylate cyclase (GC)-cGMP-

production-protein kinase G (PKG) signaling (Bilodeau-

Goeseels, 2007). We speculated that salusin-β enhanced

contraction might through increasing smooth muscle mass or

enhancing the function of voltage-dependent calcium channels

of PASMCs, and impaired PASMCs relaxation might through

inhibiting GC-cGMP-PKG signaling, which would be studied in

the future.

We further found that the RVSP and RVH index inMCT-PH

rats were much higher than those of control rats, which were the

subsequent results of the high PA pressure. Knockdown of

salusin-β decreased RVSP and RVH index in PH rats, while

overexpression of salusin-β not only increased RVSP and RVH

index in MCT-PH rats, but also increased these parameters in

control rats, which further suggested that salusin-β contributes to
the pathogenesis and development of PH by influencing the

vascular contraction and relaxation function of PAs.

Studies have reported that PASMCs undergo phenotypic

changes under pathological conditions in PH, resulting in

enhanced proliferation and migration and vascular remodeling

(Tajsic and Morrell, 2011; Morris et al., 2019). Excessive

hyperplasia and hypertrophy of PASMCs have become the

most important pathological basis for pulmonary artery

stenosis and increased PAR (You et al., 2018). Fibrosis and

TABLE 3 The ΔCT values for Collagen-I, Collagen-III, CTGF, and TGF-β1 during mRNA measurement using quantitative RT-PCR.

Collagen-I Collagen-III

Ctrl PH Ctrl PH

Con-shRNA 5.53 ± 0.043 3.59 ± 0.05† 7.09 ± 0.09 4.14 ± 0.07†

Salusin-β-shRNA 5.33 ± 0.03 4.36 ± 0.06*† 6.99 ± 0.10 5.00 ± 0.09*†

Vector 5.52 ± 0.06 3.89 ± 0.05† 6.97 ± 0.05 4.03 ± 0.04†

Salusin-β 4.53 ± 0.08* 2.80 ± 0.04*† 5.03 ± 0.06 3.30 ± 0.07*†

CTGF TGF-β1

Ctrl PH Ctrl PH

Con-shRNA 1.19 ± 0.04 −0.56 ± 0.06† 2.78 ± 0.09 1.17 ± 0.07†

Salusin-β-shRNA 1.05 ± 0.06 0.20 ± 0.02*† 2.59 ± 0.12 1.87 ± 0.09*†

Vector 1.09 ± 0.02 −0.78 ± 0.02† 2.50 ± 0.03 0.44 ± 0.04†

Salusin-β 1.03 ± 0.02* −1.41 ± 0.04*† 1.24 ± 0.04* −0.75 ± 0.03*†

Values are mean ± SE. *p < 0.05 vs. Con-shRNA or vector. †p < 0.05 vs. Ctrl. n = 6 for each group.
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FIGURE 8
Effect of salusin-β knockdown on ALP activity (A), calcium content (C), NAD(P)H oxidase activity (E) and superoxide anions level (G); as well as
the effects of overexpression of salusin-β on ALP activity (B), calcium content (D), NAD(P)H oxidase activity (F) and superoxide anions level (H) of
PASMCs isolated from control andMCT-induced PH rats. Values are mean ± SE. *p < 0.05 compared with Con-shRNA or vector. †p < 0.05 compared
with control (Ctrl) rats. n = 6 for each group.
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calcification of smooth muscles, which increases the stiffness of

PAs, are also important causes for the vascular remodeling of

pulmonary hypertension (Chan and Loscalzo, 2008; Ruffenach

et al., 2016). Vascular fibrosis includes the deposition of

extracellular matrix in the vascular wall, especially the

accumulation of collagen and fibronectin. Excessive synthesis

and deposition of collagen in the vascular wall increases vascular

hardness (Lan et al., 2013; Thenappan et al., 2018). Since the

1960s, researchers have found that similar to other vascular

lesions involving arterial thickening (e.g., atherosclerosis),

vascular calcification is also ubiquitous and is associated with

an increased risk of death in pulmonary hypertension (Ruffenach

et al., 2016; Tanguay et al., 2019). Studies have suggested that

salusin-β contributes to the progression of cardiovascular

diseases such as atherosclerosis and hypertension, by

regulating the proliferation, migration, fibrosis and

calcification of VSMCs (Sun et al., 2015; Sun et al., 2019;

Sommer et al., 2021) and vascular remodeling (Sun et al.,

2015). Therefore we explored the effects of salusin-β on

proliferation, migration, fibrosis, and calcification of PASMCs

in PH in vivo and in vitro.

In the present study, we found that compared to control rats,

there was a significant increase in PAs media wall thickness and a

decrease in lumen diameter, resulting in stenosis or even

complete occlusion of PAs in MCT-PH rats in vivo. Severe

vascular fibrosis and proportional vascular calcification of

small PAs of PH rats existed, which increased the stiffness of

PAs and aggravated vascular remodeling in PH rats. Knockdown

of salusin-β in PH rats increased lumen diameter, decreased

media thickness and media thickness/lumen diameter, and

relieved the vascular fibrosis and calcification of PAs, whereas

salusin-β overexpression resulted in more severe vascular

remodeling. In vitro, we also found that compared with

PASMCs derived from control rats, the proliferation,

migration, fibrosis, and calcification indices of PASMCs

derived from MCT-PH rats were elevated. Overexpression of

salusin-β not only further promoted them in PH-PASMCs but

also elevated them in control-PASMCs. In contrast, knockdown

of the salusin-β in PH-PASMCs decreased the proliferation and

migration ability, as well as fibrosis and calcification index. These

results indicated that salusin-β promotes the proliferation,

migration, fibrosis, and calcification of PASMCs, and that

endogenic salusin-β is involved in the mechanisms of these

manifestations of vascular remodeling in PH.

Although the exact pathophysiology of PH is still unclear, there is

increasing evidence that oxidative stress plays a vital role in the

proliferation, migration, fibrosis, and remodeling of pulmonary

arteries, leading to the development and progression of PH

(Crosswhite and Sun, 2010; Xiao et al., 2020; Sekar, 2021).

Furthermore, salusin-β has been reported to increase oxidative

stress in VSMCs and induce the migration of VSMCs and intimal

hyperplasia following vascular injury (Sun et al., 2015). Through

stimulating the production of ROS, salusin-β promotes the foam cells

formation and monocyte adhesion in atherosclerosis (Sun et al.,

2016a). Our previous studies also have demonstrated that salusin-β
regulates blood pressure and vascular function in spontaneously

hypertensive rats through provoking the NAD(P)H oxidase derived

ROS production in arteries (Pan et al., 2021; Sun et al., 2021).

However, whether NAD(P)H oxidase-ROS also mediate the

effects of salusin-β in pulmonary hypertension remains unclear.

In the current study, compared with control, we found that both

NAD(P)H oxidase activity and ROS level of PASMCs derived from

MCT-PH rats were significantly increased, and overexpression of

salusin-β further elevated them, while knockdown of salusin-β
decreased them. In addition, overexpression of salusin-β also

increased the NAD(P)H oxidase activity and ROS level in

PASMCs derived from control rats. These results suggested that

the elevated NAD(P)H oxidase activity-derived ROS production by

endogenic salusin-β stimulation in PH might contribute to the

proliferation, migration, fibrosis, and remodeling of the

pulmonary arteries, which we will study in detail in the future.

In addition, we also found that there was the lack of effects of

salusin-β knockdown in either the animals or cells experiments of

control rats. We speculated that salusin-β might has not a

prominent role under physiological conditions, but its

overexpression resulting from other factors under pathological

conditions contributed in turn to enhance PH characteristics,

which we will study in detail in the future.

Conclusion

Increased salusin-β activity in PAs in PH rats contributes to

proliferation, migration, fibrosis, and calcification of PASMCs, and

eventually promotes vascular remodeling. Together with its capacity

of promoting the imbalance of vascular contraction and relaxation

of PAs, salusin-β plays an important role in elevating the pulmonary

arterial resistance and pressure and promotes the pathogenesis and

development of pulmonary hypertension. The roles of salusin-β is

achievedmight by stimulating the production of NAD(P)H oxidase-

derived ROS. Reducing endogenous salusin-β may provide a new

idea and strategy for the prevention and treatment of pulmonary

hypertension in the future.
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Background: The correlation between myocardial strain and infraction size by

cardiac magnetic resonance imaging in ST-segment elevation myocardial

infarction (STEMI) with preserved left ventricular ejection fraction (LVEF) is

not clear.

Objective: To investigate the correlation between myocardial strain and

myocardial infarction size in patients of acute STEMI with preserved LVEF.

Materials andMethods: A retrospective studywas conducted to assess 31 patients

with acute ST-segment elevation myocardial infarction (STEMI)after primary

percutaneous coronary intervention (PCI) who received cardiac magnetic

resonance (CMR) imaging during hospitalization at the Central Hospital of

Shandong First Medical University from 2019 to 2022 and whose

echocardiography indicated preserved LVEF (LVEF≥50%). The control group

consisted of 21 healthy adults who underwent CMR during the same period. We

compared the CMR characteristics, global and segmental strain between the two

groups. Furthermore, the correlation between the global strain and the segmental

strain of the left ventricle and late gadolinium enhancement (LGE) were evaluated.

Results: Compared with healthy controls, the left ventricular ejection fraction

(LVEF) of STEMI patients with preserved LVEF was significantly decreased (p <
0.05). Moreover, the global radial strain (GRS) (24.09% [IQR:17.88–29.60%] vs.

39.56% [IQR:29.19–42.20%], p < 0.05), global circumferential strain (GCS)

[−14.66% (IQR: 17.91–11.56%) vs. −19.26% (IQR: 21.03–17.73%), p < 0.05],

and global longitudinal strains (GLS) (−8.88 ± 2.25% vs. −13.46 ± 2.63%, p <
0.05) were damaged in patients. Furthermore, GCS and GLS were associated
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with LGE size (%left ventricle) (GCS: r = 0.58, p < 0.05; GLS: r = 0.37, p < 0.05). In

the multivariate model, we found that LGE size was significantly associated with

GCS (β coefficient = 2.110, p = 0.016) but was not associated with GLS (β
coefficient = −0.102, p = 0.900) and LVEF (β coefficient = 0.227, p = 0.354). The

receiver operating characteristic (ROC) results showed that GCS emerged as

the strongest LGE size (LGE >25%) prognosticator among strain parameters

(AUC: 0.836 [95% CI, 0.692—0.981], sensitivity: 91%, specificity: 80%) and was

significantly better (p = 0.001) than GLS [AUC: 0.761 (95% CI, 0.583—0.939),

sensitivity: 64%, specificity: 85%] and LVEF [AUC: 0.673 (95% CI, 0.469—0.877),

sensitivity: 73%, specificity: 70%].

Conclusion: Among STEMI patients with preserved LVEF after PCI, CMR-FT-

derived GCS had superior diagnostic accuracy than GLS and LVEF in predicting

myocardial infarction size.

KEYWORDS

acute ST-segment elevation myocardial infarction, preserved left ventricle ejection
fraction, magnetic resonance imaging, strain, late gadolinium enhancement (LGE)

Introduction

In the last decade, advances in reperfusion and preventive

therapies have reduced ST-segment elevation myocardial

infarction (STEMI)-related mortality in hospitalized patients

(Szummer et al., 2017). Early revascularization is the key to

saving ischemic myocardium and limiting the infarct size (Ibanez

et al., 2017) and significantly reduces the incidence of adverse

cardiovascular events and improves the prognosis of patients

(Sugiyama et al., 2015). However, about 20% of patients

experience recurrent cardiovascular events within a year

following acute myocardial infarction (Pedersen et al., 2014).

Thus, new assessment and diagnostic methods are necessary to

develop judgments on cardiac function and infarct size and scope

that are more accurate, which will assist cardiovascular physicians in

making clinical decisions.

The left ventricular ejection fraction (LVEF) shown by

echocardiography can reflect only global systolic function,

whereas regional functional abnormalities or diastolic dysfunction

cannot be accurately portrayed (Kim et al., 1999; Thiele et al., 2006).

With LVEF, it is difficult to accurately determine the degree of

cardiac damage and predict the infarct size (IS). Feature-tracking

cardiac magnetic resonance (FT-CMR) has been developed as a

more comprehensive method for measuring myocardial strain and

establishing the functional status of the left ventricle, enabling the

assessment of global and regional myocardial deformation (Smiseth

et al., 2016). CMR examination is considered the in vivo reference

standard for measuring infarct size in STEMI patients (Mahrholdt

et al., 2005; Thiele et al., 2006). It is recommended that late

gadolinium enhancement (LGE) be used for infraction size (IS)

quantification (Mahrholdt et al., 2005; Thiele et al., 2006; Ibanez

et al., 2019). However, data regarding the correlation between strain

and LGE of FT-CMR in STEMI patients are scarce and sometimes

controversial (Khan et al., 2015; Yu et al., 2021). The predictive value

of strain by FT-CMR for the infarct size of STEMI patients with

preserved LVEF remains unclear.

Therefore, we aimed to explore whether CMR myocardial

strain could be more sensitive and accurate than LVEF in

detecting the degree of cardiac dysfunction and predicting

myocardial infarction size in STEMI patients with preserved

LVEF. In addition, we aimed to find parameters related to the

infarction size so we may better stratify patient risk in clinical

practice and formulate treatment plans based on reference data.

Materials and methods

Study design and participants

The cases for this retrospective study originated from the

Affiliated Central Hospital of Shandong First Medical University,

FIGURE 1
Flowchart of recruitment for patients. PCI, percutaneous
coronary intervention; LVEF, left ventricular ejection fraction;
CMR, Cardiac Magnetic Resonance.
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which owns the first national chest pain emergency center in

Jinan City. Our study selected patients who underwent

emergency PCI and were hospitalized for acute ST-segment

elevation myocardial infarction in the Central Hospital of

Shandong First Medical University from 2019 to 2022. Thirty-

one patients who underwent cardiac MRI over 14 days after PCI

and whose echocardiography results showed LVEF ≥50% were

selected for the study (Figure 1). Among the 31 STEMI patients

with preserved left ventricular ejection fraction, 15 patients had

single-vessel disease (48%), seven patients had double-vessel

disease (23%), and nine patients had triple-vessel disease

(29%). All these patients were admitted to our hospital with

acute ST-segment elevation myocardial infarction, and we only

performed revascularization of the culprit vessel during this

hospitalization. Besides, all patients’ culprit vessels recovered

TIMI three blood flow after PCI. In addition, patients were

treated with aspirin and platelet P2Y12 receptor antagonists

such as clopidogrel or ticagrelor at discharge. Twenty-one

healthy adults with no history of cardiovascular disease who

had undergone CMR imaging during the screening period were

selected as controls.

Based on the clinical baseline characteristics of the patients and

the control group, the following information was obtained: age,

gender, height, weight, body mass index (BMI), body surface area

(BSA), smoking status, and history of hypertension, history of

diabetes and of hyperlipidemia. The following are the diagnostic

criteria for ST-segment elevation (measured at the J-point) in

myocardial infarction: 1) Signs and symptoms consistent with

myocardial ischemia (i.e., persistent chest pain lasting more than

30 min), 2) Electrocardiogram findings (ST-segment elevation

measured at the J-point) suggestive of ongoing coronary artery

acute occlusion, as in the following cases: at least two contiguous

leads with ST-segment elevation of 2.5 mm inmen <40 years, 2 mm

in men 40 years, or 1.5 mm in women in leads V2—V3 or 1 mm in

the other leads [in the absence of left ventricular (LV) hypertrophy

or left bundle branch block (LBBB)] or new left bundle-branch block

on the 18-lead electrocardiogram and elevated troponin I level

(Ibanez et al., 2017). The exclusion criteria were as follows: aortic

valve disease, infiltrative disease (cardiac amyloidosis, Anderson-

Fabry disease, andDanon disease), or systemic disease. Patients with

MRI contraindications, such as implanted pacemakers, metallic

intracranial implants, claustrophobia, and renal function

impairment, were also excluded. The local ethics committee

approved this study, and all subjects gave written informed consent.

CMR imaging

Cardiac MRI was performed on 3.0 T MRI systems (Elition,

Philips Healthcare, Best, the Netherlands) using a 32-channel

phased-array abdomen coil. The protocol consisted of cine

imaging and LGE imaging for analysis. First, standard

cine images were acquired with end-expiratory breath hold

steady-state free precession sequences (SSFP). Then, phase-

sensitive inversion recovery (PSIR) was applied to late

gadolinium enhancement (LGE) imaging. Infarct size was

determined from the LGE images. The acquisitions of SSFP

cine and PSIR were conducted in 2-chamber, 3-chamber, and

4-chamber long-axis planes, as well as a stack of contiguous

short-axis slices, which encompassed the left ventricle from the

atrioventricular ring to the apex.

Cine images were obtained using a steady-state free

precession (SSFP) sequence with a breath-hold and ECG

trigger for cardiac morphologic and functional analyses. The

scanning parameters were as follows: repetition time (TR)/echo

time (TE) = 2.8–3.0/1.4–1.5 ms, field of view (FOV) = 300 mm2 ×

300 mm2, voxel = 2 mm × 2 mm × 6 mm, flip angle = 45°, and

6–8 mm slice thickness. LGE images were acquired 10–15 min

after intravenous injection of 0.2 mmol/kg of gadolinium-based

contrast agent (Jiangsu Hengrui Pharmaceutical Co., Ltd.) using

a phase-sensitive inversion recovery (PSIR) sequence. The

scanning parameters were as follows: TR/TE = 4.4/2.1 ms,

FOV = 300 mm2 × 300 mm2, voxel = 1.5 mm × 1.5 mm ×

10.0 mm, flip angle = 5°, and 10 mm slice thickness.

CMR analysis

All the analyses were conducted by two investigators with

more than 5 years of experience each using the commercial

software CVI42 (Circle Cardiovascular Imaging, Calgary,

Canada). Endocardial and epicardial contours of the

myocardium were applied, followed by subsequent software-

driven automatic tracking (Figure 2). A quality adjustment

was performed, and contours were amended manually, if

necessary. Cardiac functional parameters were computed

automatically. For quantification of contrast enhancement, the

outline of the left ventricular myocardium was manually

depicted, and LGE was detected by +5 SDs over the signal

intensity of the normal myocardium. The LGE results were

expressed as a percentage of the myocardial volume of the left

ventricle (Global LGE size %). In addition, LV volumes, LV EF

(LVEF), RV volumes, RV EF (RVEF), LA volumes, and LA EF

(LAEF) were recorded. Feature-tracking was performed on

standard long-axis cine (two, three, and four-chamber views)

and short-axis cine to calculate the LV peak strain parameters,

including global circumferential strain (GCS), global longitudinal

strain (GLS), global radial strain (GRS), segmental peak

circumferential strain, segmental peak longitudinal strain, and

segmental peak radial strain (Figure 2).

Statistical analysis

Continuous variables were presented as mean ± standard

deviation (SD) or median values with interquartile range (IQR),
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depending on the normality variables. Student’s t-test or

Mann–Whitney U test was applied to compare the continuous

variables. Categorical variables were presented as exact numbers

with percentages, and the x2 test or Fisher exact test was

conducted for comparison. Correlation between variables was

performed using Spearman’s rank or Pearson correlation test. A

multiple linear regression model was constructed to assess

correlates of GCS, GLS, LVEF, and LGE size. The optimal

cut-off values to identify the LGE size of STEMI patients,

whether higher than 25% or not, were derived from receiver

FIGURE 2
Measurement of cardiac magnetic resonance imaging. A 43-year-old male of ST-segment elevation myocardial infarction with preserved left
ventricular ejection fraction. Epicardial (green) and endocardial (red) contours, LGE areas are marked in yellow (A,E). Feature-tracking strain values of
the same patient show global radial strain (GRS) = 25.8% (B,F), global circumferential strain (GCS) = -14.6% (C,G) and global longitudinal strain (GLS) =
-9.1% (D,H).

TABLE 1 Baseline characteristics of the study population.

Variable STEMI (n = 31) Control (n = 21) p-value

Age, years 51.90±12.32 54.90±12.81 0.405

Male, n (%) 25 (80.65) 13 (61.90) 0.239

Hight, m 1.73 [1.66–1.76] 1.70 [1.65–1.74] 0.304

Weight, kg 79.06±14.92 72.88±9.37 0.073

Body mass index, kg/m2 26.12 [24.58–29.76] 24.91 [23.67–26.23] 0.119

Body surface area, m2 1.93±0.21 1.83±0.15 0.057

Hypertension, n (%) 16 (51.61) 6 (28.57) 0.173

Hyperlipidemia, n (%) 10 (32.26) 2 (9.52) 0.093

Diabetes mellitus, n (%) 9 (29.03) 2 (9.52) 0.165

Smoke, n (%) 21 (67.74) 8 (38.10) 0.068

Culprit Vessel, n (%) -

LAD 22 (70.97) -

RCA 9 (29.03) -

LAD, left anterior descending artery; RCA, right coronary artery.
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operating characteristics (ROC) analysis by the Youden Index.

AUCs were compared using validated methods described by

DeLong et al. (DeLong et al., 1988). All tests were two-sided, and

p < 0.05 was considered statistically significant. All statistical

analyses were conducted using R version 4.1.0 (The R

Foundation, Austria).

Results

Baseline characteristics and CMR
parameters

A total of 31 STEMI patients with preserved LVEF who

met the selection criteria were retrospectively identified in this

study (age 51.90 ± 12.32 years; 25 men); 21 healthy controls

(age 54.90 ± 12.81 years; 13 men) were also included. No

differences were observed between STEMI patients and

healthy controls regarding age, gender, height, weight, body

mass index (BMI), and body surface area (BSA) (Table 1). In

addition, the patients had a high prevalence of hypertension

(51.61%), hyperlipidemia (32.26%), and diabetes mellitus

(29.03%) (Table 1).

CMR examinations were conducted between the STEMI

patients with preserved LVEF and healthy subjects. An

overview of assessed CMR parameters is presented in

Table 2. We divided the left ventricle into apical, middle,

and basal parts, according to the American Heart Association

model (Cerqueira et al., 2002). LGE was distributed in each

part of the left ventricle. Compared with the controls, all the

CMR parameters of the left ventricle, including LVEF, were

impaired in the STEMI group (all p < 0.05). However, we did

TABLE 2 CMR parameters of the study population.

Variable STEMI (n = 31) Control (n = 21) p-value

LVEF, % 49.48±9.50 62.88±6.96 <0.001
LV mass index, g/m2 58.59 [51.88–66.70] 44.59 [42.11–52.23] <0.001
LVEDV, mL 153.99 [134.30–175.72] 131.46 [118.83–152.88] 0.013

LVEDVi, mL/m2 82.63 [70.51–90.83] 72.66 [66.47–77.94] 0.027

LVESV, mL 72.21 [57.20–85.53] 51.14 [37.93–58.40] <0.001
LVESVi, mL/m2 37.26 [30.09–49.22] 27.11 [23.52–31.67] <0.001
LVSVi, mL/m2 39.23 [33.24–44.77] 42.03 [39.62–51.18] 0.049

RVEF, % 54.66±7.88 54.31±7.07 0.866

RVEDV, mL 134.50±31.88 139.84±29.08 0.535

RVEDVi, mL/m2 69.85±14.53 75.67±12.66 0.133

RVESVi, mL/m2 31.74±8.79 34.79±8.45 0.216

RVSVi, mL/m2 38.24±9.20 40.88±7.52 0.262

Global LGE size, % 18.23 [15.55–27.87] - -

GLS, % −8.88±2.25 −13.46±2.63 <0.001
GRS, % 24.09 [17.88–29.60] 39.56 [29.19–42.20] <0.001
GCS, % −14.66 [−17.91–11.56] −19.26 [−21.03–17.73] <0.001
Basal LS%, % 41.01 [28.03–52.97] 62.58 [45.63–78.95] <0.001
Basal RS, % −14.15±3.68 −15.42±2.94 0.173

Basal CS, % −7.39 [−8.77–5.12] −9.89 [−11.92–7.62] 0.012

Mid LS, % 21.56±8.44 33.09±9.42 <0.001
Mid RS, % −14.89±3.35 −19.43±2.31 <0.001
Mid CS, % −8.91±3.11 −13.52±2.78 <0.001
Apical LS, % 18.26 [9.63–24.11] 27.34 [21.47–35.16] 0.003

Apical RS, % −16.32±4.03 −22.15±2.64 <0.001
Apical CS, % −11.77±2.78 −17.08±2.28 <0.001
LA size, mm 69.27±19.33 62.79±15.32 0.185

LAV pre-a, mL 50.16 [39.49–60.29] 39.39 [33.68–48.14] 0.023

LAEF total, % 53.42±9.31 58.93±5.78 0.011

LVEF, left ventricular ejection fraction; LV, left ventricular; LVEDVi, left ventricular end-diastolic volume index; LVESVi, left ventricular end-systolic volume index; LVSVi, left ventricular

stroke volume index; RVEF, right ventricular ejection fraction; RVEDVi, right ventricular end-diastolic volume index; RVESVi, right ventricular end-systolic volume index; RVSVi, right

ventricular stroke volume index; LGE, late gadolinium enhancement; GRS, global peak radial strain; GCS, global peak circumferential strain; GLS, global peak longitudinal strain; RS, radial

strain; CS, circumferential strain; LS, longitudinal strain; LA, left atrium; LAVpre-a, left atrial active pre-systolic volume; LAEFtotal, left atrial total ejection fraction.
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not detect any impairments of the CMR parameters of the

right ventricular in the STEMI group (all p > 0.05).

Global LGE size was 18.23% [IQR: 15.55–27.87] in the

patients. GRS, GCS, and GLS were significantly lower in the

STEMI patients than healthy controls (GRS: 24.09% [IQR:

17.88–29.60] vs 39.56% [IQR: 29.19–42.20], p < 0.001; GCS:

14.66% [IQR: 17.91–11.56] vs. −19.26% [IQR: 21.03–17.73],

p < 0.001; GLS: 8.88 ± 2.25% vs. −13.46 ± 2.63%, p < 0.001).

Furthermore, we divided the left ventricle into apical, middle,

and basal parts, according to the American Heart Association

model (Cerqueira et al., 2002). The segmental strain

parameters (basal strain, mid strain, and apical strain) were

impaired in patients with STEMI (p < 0.05) except basal radial

strain (p = 0.173). In addition, the left atrial total ejection

fraction of the STEMI patients was worse than in healthy

controls (p < 0.05) (Table 2).

Association between LV strain, LVEF,
and LGE

As Figure 3 shows, LV GCS and GLS were associated with

LGE (GCS: r = 0.58, p < 0.05; GLS: r = 0.37, p < 0.05). However,

we found that LV GRS was not associated with LGE (GRS:

r = −0.32, p > 0.05). Also, an inverse correlation was found

between LVEF and LGE (r = −0.36, p < 0.05).

Multivariable regression analysis for LGE
size

We constructed the multivariable linear models to assess

the relationship of LGE with GCS, GLS, and LVEF. We found

that LGE was significantly associated with GCS (β
coefficient = 2.11, std error = 0.82, p = 0.02) but not

associated with GLS (β coefficient = −0.102, std error =

0.80, p = 0.90) and LVEF (β coefficient = 0.23, std error =

0.24, p = 0.35) (Table 3).

FIGURE 3
Correlation between global strain, LVEF and LGE size. GLS, global longitudinal strain; GRS, global radial strain; GCS, global circumferential strain;
LVEF, left ventricular ejection fraction; LGE, late gadolinium enhancement.

TABLE 3 Multivariable linear regression analysis for LGE size.

Variable Beta 95% CI p-value

GCS 2.11 0.42 to 3.80 0.02

GLS −0.10 −1.76 to 1.56 0.90

LVEF 0.23 −0.27 to 0.72 0.35

LGE, late gadolinium enhancement; GCS, global peak circumferential strain; GLS,

global peak longitudinal strain; LVEF, left ventricular ejection fraction.
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Receiver operating characteristic analysis
for prediction of LGE size

The area under the curve (AUC) for the ability of each

cardiac function parameter to correctly identify the LGE size of

the STEMI patients with preserved LVEF (whether higher than

25% or not) were as follows: GCS: 0.836 [95% CI, 0.692—0.981],

p = 0.001; GLS: 0.761 [95% CI, 0.583–0.939], p = 0.009, and for

LVEF: 0.673 [95% CI, 0.469—0.877], p = 0.061 (Figure 4). The

cut-off values of GCS, GLS, and LVEF were −14.54% (sensitivity:

91%, specificity: 80%), −7.72% (sensitivity: 64%, specificity: 85%),

and 49.30 (sensitivity: 73%, specificity: 70%), respectively.

Furthermore, the comparison of the AUC values for the

assessed cardiac function parameters showed that GCS had a

significantly higher diagnostic accuracy than LVEF (p < 0.05) but

no statistical significance with GLS (p > 0.05).

Discussion

In the present study, we investigated the characteristics of

conventional CMR parameters and the correlation between the

strain and LGE assessment by CMR-FT in STEMI patients with

preserved LVEF. Our research has found that STEMI patients

with preserved LVEF have impaired segmental strain, GLS, GCS,

and GRS. Compared with healthy controls, STEMI patients had

enlarged LVEDV, LVEDVi, LVESV, LVESVi, and LAVpre-a.

Additionally, LVSVi and total LA EF tended to decline in

patients. However, we did not find any significant differences

in RVEF, RVEDV, RVEDVi, RVESV, RVESVi, or RVSVi

between the two groups. GCS, GLS, and LVEF were

associated with LGE size. Furthermore, GCS had superior

diagnostic accuracy to GLS and LVEF in identifying

myocardial infarction size in the STEMI patients with

preserved LVEF. This work demonstrates that it may be

possible to detect infarction size when GCS is impaired.

Although an integrated myocardial infarction emergency

system allows more patients to receive timely revascularization

treatment and is more likely to minimize the size of the infarcted

myocardium, it is essential to note that the adult heart does not

possess any regenerative capacity. Therefore, a scar is formed

when the infarcted myocardium heals. As part of the healing

process, alarmins released by dying cells trigger a cascade of

inflammatory reactions. When fibroblasts are activated by the

renin-angiotensin-aldosterone system and released by

transforming growth factor-β (Sun and Weber, 1996), they

become myofibroblasts and produce an extracellular matrix

(Moore-Morris et al., 2014). Generally, the procedure for

healing an infarct is associated with a geometric remodeling

of the chamber, characterized by dilation, hypertrophy, and

progressive dysfunction of viable segments (Mukherjee et al.,

2003).

Our study included STEMI patients with preserved LVEF,

suggesting that left ventricular systolic function may be less

affected by myocardial infarction, and infarct size may be

smaller. However, compared with the control group, we found

that the left ventricular volume CMR parameters LVEDV,

LVEDVi, LVESV, and LVESVi were significantly increased

(p < 0.05). Several different processes may cause expansion of

the infarcted segment. First, this may reduce the number of layers

across the ventricular wall due to the rearrangement of bundles of

cardiomyocytes, accompanied by the elongation of these

cardiomyocytes. Second, through activation of matrix

metalloproteinases (MMPs), the interstitial matrix may be

degradable, leading to increased dilation of the chambers

(Radwan et al., 2021). Third, the organization, spatial

polarization, and contraction of infarct myofibroblasts may

result in perturbed scar maturation, stimulating the dilation of

the chambers.

Compared with the control group, we did not find significant

changes in right ventricular (RV) CMR parameters in patients

(p > 0.05), perhaps due to the patient’s left ventricular systolic

function being preserved due to ventricular interdependence,

resulting in little effect on the right ventricle. RV dysfunction is

associated with worse in-hospital outcomes regardless of the

localization of AMI and a lower 1-year survival rate (Mukherjee

et al., 2003). Thus, we can infer that STEMI patients with

preserved LVEF and normal right ventricular function are

more likely to have better short-term outcomes.

FIGURE 4
Receiver operating characteristic curves for accuracy of GCS,
GLS and LVEF in the prediction of LGE>25%. GCS, global
circumferential strain; GLS, global longitudinal strain; LVEF, left
ventricular ejection fraction; LGE, late gadolinium enhancement.
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In this study, left atrial (LA) parameters were also measured,

and we found that LAEF was significantly decreased compared to

the control group (p < 0.05). A more extensive analysis by

Ledwoch and others, including 684 STEMI patients, measured

LA function only by ejection fraction and found an independent

association between LAEF and adverse clinical events. However,

the prognostic value of LAEF was not incremental to LVEF

(Ledwoch et al., 2018). Therefore, a reduction in LAEF is a

predictor of adverse clinical events.

Different researchers have demonstrated that LVEF for

predicting challenging clinical events post-STEMI is

independent and incremental to established outcome factors

such as echocardiography-based LVEF (Bodi et al., 2009; de

Waha et al., 2010; de Waha et al., 2014). Additionally, LVEF is

limited by reflecting only global systolic function while

insufficiently conveying regional functional abnormalities

(Smiseth et al., 2016; Amzulescu et al., 2019).

Echocardiography showed that every subject in this study had

a generally normal LVEF. Cardiologists have noted that the

LVEF cannot predict the infarct size or estimate the degree of

damage to its global or segmental functions. Hence, cardiologists

cannot formulate treatment plans that are more appropriate and

individualized, such as earlier and more appropriate use of

angiotensin-converting enzyme inhibitor (ACEI), angiotensin

receptor blockers (ARB), angiotensin receptor neprilysin

inhibitor (ARNI), β-blockers, and sodium-dependent glucose

transporters two inhibitors (SGLT-2i) (Paolisso et al., 2022).

The results of our study suggest that LVEF measured by CMR

in patients was significantly lower than in the control group

(49.48 ± 9.5% vs. 62.88 ± 6.96%, p < 0.05). Nevertheless, LVEF is

still critical, making it difficult for cardiologists to judge the

infarction size accurately, predict outcomes, and give appropriate

treatment guidance based on the parameter.

An analysis of myocardial strain evaluates deformations of

the myocardium throughout the cardiac cycle, providing

information on global and regional LV function (Smiseth

et al., 2016; Amzulescu et al., 2019). Myocardial strain

analysis is a powerful tool to quantify subtle and regional

myocardial dysfunction over LVEF (Khan et al., 2016a;

Mangion et al., 2017). CMR is currently considered the

standard test for determining LV morphology, and the

development of FT-CMR has enabled a highly accurate

assessment of myocardial strain. Our analysis confirmed that

several previous studies, including STEMI patients,

demonstrated excellent intra- and inter-observer variability in

FT-CMR (Eitel et al., 2018).

Several investigations have shown that cine-derived strain

analyses can be performed with high accuracy and

reproducibility after STEMI (Hor et al., 2010; Khan et al.,

2015; Mangion et al., 2017). The global strain parameters

derived from early CMR after STEMI have been prognostic. A

study by Martin Reindl and others found that all three global

strain measures (GLS, GRS, and GCS) are significantly correlated

with major adverse cardiovascular events (MACE) (Reindl et al.,

2019). Yu et al. reported that global strain was first impaired in

anterior STEMI patients with normal LVEF (Yu et al., 2021). In

our study, all global strain parameters (GLS, GCS, and GRS) and

segmental strain parameters (apical, intermediate, and basal

strains) except basal radial strain were significantly decreased

in STEMI patients with preserved LVEF.

The results of this study are consistent with those of a

previous study. Notably, our population did not define the site

of myocardial infarction, indicating that global and segmental

strain has decreased regardless of the location of the myocardial

infarction in patients. However, the global strain had better

reproducibility than the segmental strain in CMR feature-

tracking (Dobrovie et al., 2019). Global strain is more

accurate than segmental strain for assessing cardiac function

and predicting the degree of cardiac damage. CMR is the gold

standard for assessing of infarct size (IS) in STEMI patients.

Accordingly, the quantification of acute IS by LGE should be

performed 3—7 days after an MI (Lund et al., 2007). It has been

demonstrated that acute IS quantified in this time frame is highly

predictive of outcomes in STEMI patients (Larose et al., 2010).

Microvascular obstruction (MVO) is recognized as a strong

predictor of adverse clinical outcomes after STEMI. The index

of microcirculatory resistance (IMR) provides assessment of

coronary microvascular status early after primary PCI. IMR

has been identified as a predictor of change in LVEF and IS

after STEMI. De Maria GL et al. found a relation between IS

assessed by CMR andmicrovascular dysfunction (DeMaria et al.,

2019). Therefore, IS measured in the acute phase after STEMI

predicts LV remodeling and complex clinical outcomes (Lund

et al., 2007; Eitel et al., 2013).

IS by LGE has been recommended as a primary CMR

endpoint measure in experimental and clinical trials (Ibanez

et al., 2019). For the relationship between LGE and global strain

after myocardial infarction, there is only a moderate correlation

between global strain and infarction size when assessed early

post-STEMI. A study conducted by Khan et al. included

24 patients (8% with anterior myocardial infarctions) with

STEMI who underwent CMR on average 2.2 days after PCI

showed that there was a moderate correlation between the

total IS and GLS, GCS, and GRS, which were significantly

lower in segments with infarct than in segments without

(Khan et al., 2015). A study by Yu et al. (Yu et al., 2021)

included 129 acute anterior myocardial infarction patients

who underwent CMR 1 month after surgery and showed a

strong association between strain parameters and LGE (GRS:

r = 0.65; GCS: r = 0.69; GLS: r = 0.61).

Unlike our study, previous ones did not delineate study

populations based on LVEF, whereas we included patients

with preserved LVEF. In addition, our patients underwent

CMR up to 14 days after PCI, and the site of myocardial

infarction included the anterior and inferior-posterior walls.

Our results showed that there was a moderate correlation
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between GCS and LGE (r = 0.58, p < 0.05) and a weak correlation

between GLS and LGE (r = 0.37, p < 0.05), but we found no

correlation between GRS and LGE (p > 0.05). In the multivariate

model, we found that the LGE size was significantly associated

with GCS (β coefficient = 2.110, p = 0.016) but was not associated

with GLS (β coefficient = −0.102, p = 0.900) or LVEF (β
coefficient = 0.227, p = 0.354).

Consistent with the above findings, GCS was correlated with

the LGE size. Khan et al. also found a moderate correlation

between GCS and IS but did not find a correlation between GLS

and IS (Khan et al., 2015), possibly due to the small proportion of

patients with anterior myocardial infarction that were included

in their study as longitudinal myofibers are typically located in

the mid-endocardium, and particularly in the anterior wall,

which has a more significant impact on cardiac function. Yu

et al. (Yu et al., 2021) found that GCS, GLS, and GRS were

associated with LGE because they enrolled patients with anterior

myocardial infarction regardless of LVEF. Larger infarcted

myocardium in the anterior wall region may carry more

substantial damage in both longitudinal myocardial fibers

located in the mid-endocardium and circumferential

myocardial fibers on the epicardial side. Therefore, GCS, GLS,

and GRS are all correlated with LGE.

Based on the studies mentioned above, we believe there is a

correlation between GCS and LGE in STEMI patients. A possible

pathophysiological explanation is that the subendocardium is

more susceptible to ischemic injury than the mid-myocardium

and subepicardium. A “wavefront of necrosis” is, therefore,

widely accepted as a mechanism of cardiomyocyte death that

occurs during the progression of ischemic injury from the

subendocardium to the subepicardium due to the increased

duration of the insult (Reimer et al., 1977). In addition,

circumferential myofibers are typically located on the

epicardial aspect of the heart, so the infarct area spreads from

the endocardium to the epicardium with prolonged ischemia

time, and circumferential fibers suffer more damage as the infarct

size expands (Bogaert et al., 2000).

Furthermore, the circumferential strain has a more excellent

discriminative value for assessing the transmural extent of

infarction in patients with recent MI (Koos et al., 2013). The

circumferential strain rate has incremental prognostic use in

predicting LV functional recovery in the longer term after an

acute STEMI (Neizel et al., 2010). Moreover, our study found a

weak correlation between GLS and LGE, perhaps because the

selected patients had an approximately normal LVEF or only

mild impairment. Longitudinal myofibers are typically located in

the mid-endocardium, and the “wavefront phenomenon”

describes ischemic myocardial injury starting at the

subendocardial layers. Research has shown that GLS is a

modest predictor of adverse remodeling of the LV and

provides strong validity for the prediction of MACE post-

STEMI. As a result, GLS may be slightly less affected than

GCS in STEMI patients with preserved LVEF and only weakly

correlated with LGE, suggesting that our study population may

have a relatively good prognosis with a lower incidence of MACE

than the general population with STEMI. GRS represents radially

directed myocardial deformation toward the center of the LV

cavity and indicates the LV thickening and thinning motion

during the cardiac cycle. In contrast to the findings of Shiqin Yu,

we found no significant correlation between GRS and LGE,

possibly because about two-thirds of the patients in their

study had decreased LVEF. It is possible that different infarct

sizes and locations in patients can affect GRS differently.

A previous study reported that >25% of LGE extent was

hard to recover and implied adverse outcomes despite

successful revascularization (Kim et al., 2000). Our study

showed that GCS discriminated well for LGE >25% (AUC:

0.836 [95% CI, 0.692—0.981]). However, GLS is less effective

in predicting LGE >25% (AUC: 0.761 [95% CI, 0.583—0.939]).

LVEF is not an ideal indicator of LGE >25% [AUC: 0.673 (95%

CI, 0.469—0.877)]. Khan et al. found that accuracy in

predicting segmental transmural LGE was greatest for FT-

derived GCS (AUC: 0.772) (Khan et al., 2015). In patients with

acute anterior myocardial infarction, Yu et al. found that

segmental CS was more valuable in predicting segmental

LGE >50% (AUC: 0.903) (Yu et al., 2021).

Therefore, we believe that GCS may effectively predict

infarct size in STEMI patients with preserved LVEF. Although

GLS is a better predictor of MACE, it is less accurate at

predicting infarct size than GCS. Even though LVEF is one

of the most commonly used clinical indicators to reflect

cardiac function, it does not help predict infarct size. In a

group of patients referred for CMR (11% with coronary artery

disease) (Mordi et al., 2015), tagging-derived GCS was a

multivariate predictor of MACE. Some patients develop

renal impairment after acute MI, which makes them

ineligible for gadolinium-contrast imaging. It is also

possible to use strain imaging when gadolinium-contrast

medium cannot be tolerated to assess infarct size. The

strain provides more direct information on regional and

global LV function in patients with acute MI than LVEF.

Cardiologists can use CMR to measure GCS early after STEMI

to estimate the infarct size and optimize drug therapy more

efficiently. In addition, the myocardial strain has the potential

to provide biomarkers that are predictive of LV recovery after

STEMI. Patients with preserved LVEF may benefit from strain

measurement in assessing treatment effectiveness predicated

on improved precision and accuracy over LVEF. Using strain

imaging in patient follow-up may facilitate the evaluation of

infarct size, scarring, myocardial fibrosis, and MACE and

allow cardiologists to adjust medications such as

antiplatelet therapy (Khan et al., 2016b; Cimmino et al.,

2020), angiotensin-converting enzyme inhibitor (ACEI),

angiotensin receptor blockers (ARB), angiotensin receptor

neprilysin inhibitor (ARNI), β-blockers and SGLT-2i

(Paolisso et al., 2022) more precisely.
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This study had several limitations. First, the sample size was

relatively small. Second, this study was a single-center, retrospective

study based on the preferred time point for assessing late gadolinium

enhancement imaging. CMR scans were performed up to 14 days

after MI, but it is not sure that this time point was optimal for the

CMR measurements. Third, because the study focused on STEMI

patients with preserved LVEF, extrapolating the findings to STEMI

patients who had decreased LVEF or non-STEMI patients was

limited. Moreover, we included patients with preserved LVEF based

on echocardiographic findings, which were likely to be affected by

equipment and operator factors. Furthermore, we could not perform

predictive analysis on the relationship between strain, LGE, and

prognosis due to a lack of follow-up formany patients. Theremay be

a need for a more comprehensive prospective study with a more

significant number of participants.

In conclusion, global and segmental strain were impaired in

STEMI patients with preserved LVEF treated by contemporary

primary percutaneous coronary intervention. GCS and LGE were

correlated, and GCS, as determined by CMR, emerged as a strong

and independent predictor of infarction size. Moreover, GCS had

superior diagnostic accuracy to GLS and LVEF for predicting

myocardial infarction size. Consequently, multiparametric CMR

imaging (including the strain) has an emerging role in infarction

size prediction in post-STEMI patients that warrants further research.
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A disintegrin and metalloprotease domain family protein 17 (ADAM17) is a new

member of renin-angiotensin system (RAS) but its role in the pathogenesis of

diabetic cardiomyopathy (DCM) is obscure. To test the hypothesis that

ADAM17 knockdown mitigates while ADAM17 overexpression aggravates

cardiac fibrosis via regulating ACE2 shedding and myofibroblast

transformation in diabetic mice, ADAM17 gene was knocked down and

overexpressed by means of adenovirus-mediated short-hairpin RNA (shRNA)

and adenovirus vector carrying ADAM17 cDNA, respectively, in a mouse model

of DCM. Two-dimensional and Doppler echocardiography, histopathology and

immunohistochemistry were performed in all mice and in vitro experiments

conducted in primary cardiofibroblasts. The results showed that

ADAM17 knockdown ameliorated while ADAM17 overexpression worsened

cardiac dysfunction and cardiac fibrosis in diabetic mice. In addition,

ADAM17 knockdown increased ACE2 while reduced AT1R expression in

diabetic hearts. Mechanistically, ADAM17 knockdown decreased while

ADAM17 overexpression increased cardiac fibroblast-to-myofibroblast

transformation through regulation of TGF-β1/Smad3 signaling pathway. In

conclusion, ADAM17 knockdown attenuates while ADAM17 overexpression
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aggravates cardiac fibrosis via regulating ACE2 shedding and myofibroblast

transformation through TGF-β1/Smad3 signaling pathway in diabetic mice.

Targeting ADAM17 may provide a promising approach to the prevention and

treatment of cardiac fibrosis in DCM.

KEYWORDS

ADAM17, cardiac fibrosis, ACE2, myofibroblast transformation, TGF-β1/
Smad3 signaling

Introduction

The incidence of diabetes has increased rapidly in recent

years, and contributed tremendously to the burden of health cost

worldwide (Williams et al., 2020). Cardiovascular complications,

especially diabetic cardiomyopathy (DCM), are considered as the

main cause of morbidity and mortality among diabetic patients

(Cai and Kang, 2003). DCM is characterized by prominent

cardiac fibrosis and left ventricular remodeling and systolic

and diastolic dysfunction (Nakamura and Sadoshima, 2020).

Although the pathogenesis of DCM is not completely

understood, the vital role of overactivated renin-angiotensin

system (RAS) in the development and progression of DCM

has been widely recognized and administration of angiotensin

converting enzyme inhibitors (ACEIs) and angiotensin receptor

blockers (ARBs) have substantially improved the clinical

outcomes of patients with DCM (McDonagh and Metra,

2021). However, these classical medications have inherent

limitations which make them still insufficient to counteract

overactivated RAS in a large number of patients with DCM

and novel approaches to counterbalance overactivated RAS in

these patients are highly warranted.

A disintegrin and metalloprotease domain family protein 17

(ADAM17), also known as tumor necrosis factor-α converting

enzyme (TACE), is a metallopeptidase highly expressed in

multiple tissues, such as heart, vessels and brain (Dreymueller

et al., 2012). ADAM17 is an important biological regulator of

cellular microenvironment by shedding more than 70 cytokines

and their receptors (Lichtenthaler and Meinl, 2020) and thereby

regulating inflammatory responses, oxidative stress, energy

metabolism, and fatty acid metabolism (Zunke and Rose-John,

2017). Recently, it has been demonstrated that

ADAM17 participates in the development of several

cardiovascular diseases such as hypertensive cardiomyopathy,

heart failure, and atherosclerotic heart disease (Iwata et al., 2009;

Xu J. et al., 2016a; Chemaly et al., 2017). Angiotensin-converting

enzyme 2 (ACE2) cleaves angiotensin II (Ang II) to produce

angiotensin-(1–7) [Ang-(1–7)] and thus acts as a negative

regulator of RAS (Simões and Teixeira, 2016).

ACE2 overexpression and administration of exogenous Ang-

(1–7) alleviated Ang II or diabetes-induced cardiac hypertrophy

and fibrosis (Zhai et al., 2018; Dang et al., 2020). However,

ADAM17 has been found to shed ACE2 on the cell membrane

into the peripheral blood (Iwata et al., 2009), which reduces

transmembrane ACE2 protein level and activity in the

myocardium with a corresponding increase in soluble

ACE2 level and activity in the serum. In addition, Ang II may

activate ADAM17 leading to enhanced ACE2 shedding, which

forms negative feedback of RAS (Patel et al., 2014a). Available

evidence showed that ADAM17 expression was elevated in the

myocardium of patients with dilated cardiomyopathy (Fedak

et al., 2006) and ADAM17 gene silencing prevented Ang II-

induced cardiac hypertrophy and fibrosis in mice (Wang et al.,

2009). Our previous study found that dickkopf-3 (DKK3)

overexpression adequately alleviated Ang II-induced

myocardial fibrosis in mice through ADAM17/ACE2 pathway

(Zhai et al., 2018). However, the role of ADAM17 in the

prevention and treatment of cardiac fibrosis in DCM is still

unclear.

Diabetes-induced myocardial fibrosis is characterized by

interstitial and perivascular collagen deposition, which ultimately

results inmyocardial remodeling (Jia et al., 2018). Transformation of

fibroblast to myofibroblast is a key step of cardiac fibrosis as

myofibroblasts are the principal producer of extracellular matrix

composition (ECM), and myofibroblasts are characterized and

identified by the presence of α-smooth muscle actin (α-SMA) in

these cells (He et al., 2018). Cardiac fibrosis results from collagen

deposition and impaired degradation of extracellular matrix

composition, and myofibroblast transformation is primarily

regulated by TGF-β signaling in mice with myocardial infarction

(Zhou et al., 2019). However, the mechanism underlying the role of

ADAM17 in myofibroblast transformation has not been clarified.

Thus, the present study was undertaken to test the hypothesis that

ADAM17 knockdown mitigates while ADAM17 overexpression

aggravates cardiac fibrosis via regulating ACE2 shedding and

myofibroblast transformation through TGF-β1/Smad3 signaling

pathway in diabetic mice.

Methods

Animal model

Fifty C57BL/6J male mice aged 8 weeks were randomly

assigned to five groups: normal control (NC) group, diabetes

mellitus (DM) group, DM + adenovirus vector (DM + Vector)

group, DM + ADAM17-shRNA group, and DM + Ad-ADAM17

group. All mice except for NC group received intraperitoneal
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injection of streptozotocin (STZ, Sigma-Aldrich, St Louis, MO)

dissolved in 0.2 ml vehicle (0.1 M citrate buffer; pH 4.5) at a dosage

of 55 mg/kg for five consecutive days to induce type 1 DM.Mice in

the NC group received intraperitoneal injection of equivalent

volume of saline. In all mice, fasting blood glucose levels were

measured by a glucometer (ACCU-CHEK Advantage; Roche,

Indianapolis, IN) 1 week after STZ injection. Only mice with

blood glucose levels ≥16.7 mM were included in the four DM

groups. Adenovirus-mediated shRNA against murine ADAM17

(ADAM17 shRNA) or adenovirus-mediated ADAM17 cDNA

(Ad-ADAM17) was used to knockdown or increase ADAM17

expression, respectively (Figure 1A, Protocol). The sequence of

ADAM17 shRNA was 5′-GGACCAAGGAGGAAAGTAT-3′. At
12, 14 and 16 weeks after diabetes induction, adenovirus vector

carrying ADAM17 cDNA (SinoGenoMax, Beijing, China), 5×109

UT/200 uL adenovirus vector carrying ADAM17 shRNA

(Genechem, Shanghai, China), and adenovirus vector of

equivalent volume (Genechem, Shanghai, China) were injected

via the tail vein in the DM + adenovirus vector group, DM +

ADAM17-shRNA group and DM + Ad-ADAM17 group,

respectively. All mice were fed with a normal diet throughout

the experiment and body weight was measured before euthanasia.

All animal experiments were in accordance with the Guide of the

Care and Use of Laboratory Animals (NIH Publication No. 86–23,

revised 1996) and approved by the Animal Care and Use

Committee of Shandong University Qilu Hospital (Jinan, China).

Two-dimensional and Doppler
echocardiography

Left ventricular systolic and diastolic function was assessed

by transthoracic echocardiography using Vevo2100 imaging

system (VisualSonics, Toronto, Canada) in all mice after

anesthesia with isoflurane. Left ventricular end-diastolic

diameter (LVEDd) and left ventricular ejection fraction

(LVEF) and fractional shortening (FS) were measured by

M-mode echocardiography in the left ventricular long axis

view. The early (E) and late (A) diastolic mitral flow velocities

were measure by pulsed Doppler in the four-chamber view and

the ratio of E/A was calculated. The early (E′) and late (A′)
diastolic mitral annular velocities were measure by tissue

Doppler imaging in the four-chamber view and the ratio of

E’/A’ was derived.

Histopathology and
immunohistochemistry

Mouse hearts were bisected transversely at the mid-

ventricular level and then fixed in 4% paraformaldehyde for

12h. Paraffin-embedded specimens were sectioned (4 μm thick of

slide) for subsequent experiments. Masson’s trichrome staining

was performed to detect myocardial fibrosis. Sections were

FIGURE 1
Time line of experimental studies and echocardiographicmeasurements in 5 groups of mice. (A) Animal grouping and time line of experimental
studies in 5 groups of mice. (B) Representative two-dimensional echocardiograms (first row), M-mode echocardiograms (second row), pulse-wave
Doppler spectra of mitral inflow (third row), and tissue Doppler spectra of mitral annulus (fourth row). (C) Measurements of left ventricular end-
diastolic diameter (LVEDd) in 5 groups of mice. (D) Measurements of left ventricular ejection fraction (LVEF) in 5 groups of mice. (E)
Measurements of fractional shortening (FS) in 5 groups of mice. (F) Measurements of ratio of early to late left ventricular filling velocity (E/A) in
5 groups of mice. (G) Measurements of ratio of early to late diastolic peak annular velocity (E’/A′) in 5 groups of mice. Data were expressed as the
means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. n = 10 per group.
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incubated with primary antibody of anti-ACE2 (dilution, 1:100;

Abcam, Cambridge, MA) overnight at 4°C and subsequently

incubated with goat anti-rabbit secondary antibody for 30 min at

37°C. Sections were stained with diaminobenzidine and

counterstained with hematoxylin. Sections were analyzed

using Image-Pro Plus 6.0.

Cell culture

Primary cardiofibroblasts were isolated from 1- to 3-day-old

mouse as described previously (Kapadia et al., 2000). Briefly,

hearts were excised from 1- to 3-day-old mouse, minced, and

digested in 0.08% trypsin (GIBCO) in calcium-free Hanks’

balanced salt solution (DHEPES) by serial digestion.

Cardiofibroblasts were separated after 2-hr adhesion and

cultured in Dulbecco’s modified Eagle’s medium containing

10% fetal bovine serum and 2 mM glutamine at 37°C under

5% CO2 and 95% relative humidity condition. Cardiofibroblasts

at 60% confluence were randomly divided into 6 groups who

were disposed to different treatment: 1) 5.5 mM glucose (low

glucose control, NC); 2) combination of 5.5 mM glucose and

27.8 mM mannitol (high osmotic pressure control, HO); 3)

33.3 mM glucose (high glucose, HG); 4) adenovirus-mediated

scrambled shRNA prior to high glucose treatment (high glucose

and scrambled vector (HG + Vector); 5) adenovirus-mediated

ADAM17 shRNA prior to high glucose treatment (high glucose

and ADAM17-ShRNA, HG + Sh-ADAM17) and 6) adenovirus-

mediated ADAM17 plasmid prior to high glucose treatment

(high glucose and ADAM17 plasmid, HG + Ad-ADAM17).

To examine the effects of ADAM17 on fibroblast-

myofibroblast transition, scrambled vector, adenovirus-

mediated ADAM17 shRNA and ADAM17 plasmid were

transfected 24 h prior to stimulation with different

concentrations of glucose in cardiofibroblasts.

Quantitative real-time RT-PCR

Total RNA was extracted from primary cardiofibroblasts by

using RNA Extraction Kit (CWBIO, Beijing, China). Applied

Biosystems cDNA Reverse Transcription and CWBIO SYBR

RT-PCR kits were used for quantitative real-time RT-PCR. The

primer sequences for ADAM17, ACE2 and β-actin genes are listed
in Supplementary Table S1. Quantitative values were obtained

from the threshold cycle value (Ct value) and relative mRNA

expression levels were analyzed by the 2-△△Ct method.

ADAM17 activity assay

After treatment, cardiofibroblasts were lysed by activity assay

buffer (pH 7.4; 50 mM Tris HCl, 25 mM NaCl, 4% glycerol and

10 mM ZnCl2). ADAM17 activity was measured in triplicate for

each sample by using the SensoLyte 520 TACE (α-Secretase)
Activity Assay Kit (AnaSpec, Fremont, CA).

Enzyme-linked immunosorbent assay

Supernatant concentration of ACE2 was measured by ELISA

kit (OmnimAbs, CA) following the manufacturer’s instructions.

All samples were detected in triplicate in a blinded manner.

Immunofluorescence staining

After treatment, cardiofibroblasts were washed with PBS and

fixed with 4% paraformaldehyde for 15 min at room

temperature. Then cells were blocked by 5% donkey serum

(Sigma-Aldrich, St Louis, MO) for 1 h at room temperature

after rinsing thoroughly. Cardiofibroblasts were incubated

overnight at 4°C with anti-S100A4 (1:100; Proteintech,

Wuhan, China) and anti-α-SMA (1:200; Abcam). Sections

were then incubated with fluorescent secondary antibodies

conjugated with Alexa Fluor 594-conjugated anti-rabbit (1:

400; Abcam) and Alexa Fluor 488 anti-mouse (1:400; Abcam)

for 1 h at room temperature. Nuclei were counterstained with

4’,6 diamino-2-phenylindole (DAPI, Abcam). Images were

captured though laser scanning confocal microscopy

(ECLIPSE-Ni, Nikon, Japan).

Western blot analysis

Proteins from cardiofibroblasts and murine heart tissues

were separated by 10% sodium dodecyl sulfate-polyacrylamide

gel electrophoresis (SDS-PAGE). Then proteins were

transferred to PVDF membrane from SDS-PAGE gel.

Proteins in PVDF membrane were incubated with primary

antibodies for collagen I (1:1,000; Abcam), collagen III (1:

1,000; Abcam), TGF-β1 (1:1,000; Abcam), ADAM17 (1:

1,000; Abcam), ACE2 (1:1,000; Abcam), Ang receptor type I

(AT1R) (1:1,000; Abcam), Ang receptor type II (AT2R) (1:

1,000; Abcam), MasR (1:1,000; OmnimAbs, CA), α-SMA (1:

1,000; Abcam), p-p38 (1:1,000; Cell Signaling Technology,

Danvers, MA), p38 (1:1,000; Cell Signaling Technology),

p-Smad3 (1:1,000; Cell Signaling Technology), Smad3 (1:

1,000; Cell Signaling Technology), and GAPDH (1:1,000;

Abcam) overnight at 4°C. The membranes were then washed

and incubated with horseradish peroxidase-conjugated

secondary antibodies (1:5,000; Proteintech, Wuhan, China)

for 1 h at room temperature. Protein levels of collagen I,

collagen III, ADAM17, ACE2 and TGF-β1 were normalized

to that of GAPDH, and levels of phospho-proteins were

normalized to that of total proteins.
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Data analysis

Continuous data were reported as the mean ± standard error

of mean (SEM). Comparisons were analyzed by one-way analysis

of variance (ANOVA) and Post hoc Bonferroni tests were

performed in case of significant interactions of ANOVAs. p

value <0.05 was considered statistically significant. GraphPad

Prism version 7.0 (GraphPad Software Inc., San Diego, CA) was

used for statistical analysis.

Results

ADAM17 knockdown ameliorated while
ADAM17 overexpression worsened
cardiac dysfunction in diabetic mice

At the end of the experiment, blood glucose level was

significantly increased in all diabetic groups compared with

the normal control group. However, blood glucose level did

not differ between DM + adenovirus vector group and DM +

ADAM17-shRNA group or DM + Ad-ADAM17 group

(Supplementary Figure S1A).

Echocardiography was used to assess left ventricular systolic

and diastolic function in all mice before euthanasia. As shown in

Figure 1, LVEDd was increased whereas LVEF, FS, E/A and E’/A′
were decreased in DM and DM + Vector groups of mice in

comparison with the NC group (Figures 1B–G). However, these

measurements in cardiac size and function were substantially

improved in the ADAM17-shRNA group relative to the DM +

Vector group and basically returned to the NC group levels

(Figures 1B–G). In contrast, LVEDd was again increased whereas

LVEF, FS, E/A and E’/A’ were decreased in DM + Ad-ADAM17

group in comparison with NC group and these differences were

more significant for values of LVEF and FS. These results

indicated that ADAM17 knockdown ameliorated while

ADAM17 overexpression worsened cardiac dysfunction in

diabetic mice.

ADAM17 knockdown prevented while
ADAM17 overexpression promoted
cardiac fibrosis in diabetic mice

HE staining showed that the heart size and the left ventricular

cross-sectional area were larger in DM and DM + Vector groups

than in the NC group, and normalized in the ADAM17-shRNA

group, which were again increased in Ad-ADAM17 group

(Figure 2A). Heart-to-body weight ratio was increased in DM

andDM+Vector groups of mice versus the NC group, which was

largely reversed in the DM + ADAM17-shRNA group but

resumed in the DM + Ad-ADAM17 group (Figure 2B).

Masson’s trichrome staining showed that the left ventricular

fibrotic area was dramatically increased in DM and DM + Vector

groups of mice compared with that in the NC group, and such an

increase was substantially abolished by ADAM17-shRNA

treatment while reverted to a higher level by Ad-ADAM17

treatment relative to the DM + Vector group (Figures 2A,C).

Furthermore, mice in the DM andDM+Vector groups exhibited

a higher level of collagen I and collagen III expression compared

with the NC group, which was offset by ADAM17-shRNA

treatment but resumed by Ad-ADAM17 treatment (Figures

2D–F). These results suggested that ADAM17 inhibition

prevented while ADAM17 overexpression promoted cardiac

fibrosis in diabetic mice.

ADAM17 knockdown increased
ACE2 while reduced AT1R expression in
diabetic hearts

In comparison with the NC group, ADAM17 mRNA and

protein expression in themyocardiumwas significantly increased

in the DM group relative to the NC group, possibly due to an

activated RAS in the setting of diabetes. However, ADAM17-

shRNA treatment reduced cardiac ADAM17 mRNA and protein

levels virtually to the levels of NC group which were again raised

to high levels by Ad-ADAM17 treatment (Figures 3A–C). These

results verified the successful knockdown and overexpression of

ADAM17 in our DCM model, which were the premise of

imaging, morphological, and molecular biological changes in

these animals. By comparison, ACE2 expression did not differ

between NC and DM or DM + Vector groups. However,

ADAM17-shRNA treatment significantly increased the

expression level of ACE2 protein in diabetic hearts as detected

by bothWestern blot (Figures 3B,D) and immunohistochemistry

(Figures 3E,F). In addition, AT1R protein expression was

markedly higher in DM or DM + Vector groups than the NC

group, possibly due to activated RAS and increased Ang II

secretion in diabetic hearts ae revealed by our previous studies

(Dong et al., 2012). ADAM17-shRNA treatment significantly

reduced AT1R protein level as compared with DM + Vector

group (Figures 3G,H), which was reverted by Ad-ADAM17

treatment. In contrast, no difference was observed in AT2R

and MasR protein levels among five groups of mice.

ADAM17 knockdown decreased while
ADAM17 overexpression increased
myofibroblast transformation in diabetic
hearts

As shown in Figure 4, the protein expression of α-SMA, a

unique marker of cardio-myofibroblast, was remarkably

increased in DM or DM + Vector groups relative to the NC

group, which was blunted by ADAM17-shRNA treatment while
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raised again to a even higher level by Ad-ADAM17 treatment

(Figures 4A,B). There was no significant difference in

p38 phosphorylation level among 5 groups of mice (Figures

4A,C). Both TGF-β1 protein expression and

Smad3 phosphorylation levels were significantly higher in DM

or DM + Vector groups than the NC group, which were reduced

to the NC group level in the ADAM17-shRNA group and

resumed in the Ad-ADAM17 group (Figures 4A,D,E). Taken

together, ADAM17 knockdown decreased while

ADAM17 overexpression increased myofibroblast

transformation in diabetic hearts.

Effects of high glucose treatment and
ADAM17 genemanipulation on RAS in vitro

Primary cardiofibroblasts were divided into 6 groups

depending to different treatments (NC, HO, HG, HG +

FIGURE 2
Comparison of heart size, cardiac fibrosis and myocardial collagen deposition in 5 groups of mice. (A) Representative images of cardiac cross
sections (first row; scale bar: 2 mm), hematoxylin and eosin (HE) staining (second row, 40x, scale bar: 500 μm; third row, 400x, scale bar: 50 μm) and
Masson’s trichrome staining (fourth row; 400x, scale bar: 50 μm) in 5 groups of mice. (B) Measurements of heart/body weight ratio in 5 groups of
mice. (C)Measurements of fibrotic area in cardiac cross sections in 5 groups of mice. (D) Representative Western blot images and quantification
of collagen I (E) and III (F) expression in 5 groups of mice. Data were expressed as the means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. n = 6 per
group.

Frontiers in Pharmacology frontiersin.org06

Cheng et al. 10.3389/fphar.2022.997916

126

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.997916


Vector, HG + Sh-ADAM17, and HG + Ad-ADAM17 groups).

The HO group was used to assess the effect of a higher osmotic

pressure on protein expression in the four HG groups versus the

NC group. As no significant difference in the protein expression

of ADAM17, ACE2, AT1R, AT2R and MasR was noted between

the NC and HO groups, the possibility that a high osmotic

pressure in cell culture solution may alter protein expression in

the HG groups can be eliminated. (Figures 5A,B).

ADAM17 mRNA and protein expression was significantly

increased in the HG and HG + Vector groups relative to the

NC groups, which returned to the baseline level in the HG + Sh-

ADAM17 group while raised again in the HG + Ad-ADAM17

group (Figures 5A–D). ACE2 mRNA level was dramatically

increased in cardiofibroblasts exposed to high glucose

compared with the NC group, which was not altered by

ADAM17 knockdown or overexpression (Figure 5E). No

difference in ACE2 protein level was observed among

cardiofibroblasts in the NC, HO, HG and HG + Vector,

which was similar to our in vivo finding that ACE2 protein

expression did not differ between NC and DM or DM + Vector

groups of mice. In contrast, ADAM17 knockdown

significantly increased ACE2 protein level in

cardiofibroblasts stimulated with high glucose, which was

abolished by ADAM17 overexpression (Figures 5A,B). By

comparison, ACE2 protein level in the cell supernatant was

significantly increased in HG group versus the NC and HO

groups, and ADAM17 shRNA treatment significantly reduced

ACE2 level in the supernatant (Figure 5F), indicating that

ADAM17 may cleave ACE2 into supernatant under high

glucose conditions. Furthermore, ADAM17 knockdown

significantly reduced AT1R protein expression in

cardiofibroblasts cultured in high glucose as compared with

scramble vector treatment (Figures 5A,B). However, there was

no significant difference in AT2R and MasR protein

expressions in cardiofibroblasts among 6 groups of

cardiofibroblasts (Figures 5A,B).

FIGURE 3
Comparison of ADAM17, ACE2, AT1R, AT2R andMasR expression in 5 groups of mice. (A)Quantification ofmRNA level of ADAM17 in 5 groups of
mice. (B) Representative Western blot images of ADAM17 and ACE2 in 5 groups of mice. (C) Quantification of protein expression of ADAM17 in
5 groups of mice. (D) Quantification of protein expression of ACE2 in 5 groups of mice. (E) Representative immunohistochemical staining of ACE2
(Scale: 50 μm) in 5 groups of mice. (F)Quantitative analysis of ACE2 expression in 5 groups of mice. (G) Representative Western blot images of
AT1R, AT2R andMasR in 5 groups of mice. (H)Quantification of protein expression of AT1R, AT2R andMasR in 5 groups ofmice. Data were expressed
as the means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. n = 6 per group.
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FIGURE 4
Comparison of α-SMA, p38, TGF-β1, and Smad3 expression in 5 groups of mice. (A) Representative Western blot images of α-SMA, p-p38, p38,
TGF-β1, p-Smad3 and Smad3 in 5 groups of mice. (B) Quantification of α-SMA protein expression in 5 groups of mice. (C) Quantification of
p38 phosphorylation in 5 groups of mice. (D) Quantification of TGF-β1 protein expression in 5 groups of mice. (E) Quantification of
Smad3 phosphorylation in 5 groups of mice. Data were expressed as the means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. n = 6 per group.

FIGURE 5
Comparison of ADAM17, ACE2, AT1R, AT2R and MasR expression in 6 groups of primary cardiofibroblasts. (A) Representative Western blot
images of ADAM17, ACE2, AT1R, AT2R, and MasR in 6 groups of cardiofibroblasts. (B) Quantification of protein expression of ADAM17, ACE2, AT1R,
AT2R, and MasR in 6 groups of cardiofibroblasts. (C)Quantification of mRNA level of ADAM17 in 6 groups of cardiofibroblasts. (D) Quantification of
ADAM17 activity in 6 groups of cardiofibroblasts. (E)Quantification of mRNA level of ACE2 in 6 groups of cardiofibroblasts. (F)Quantification of
ACE2 expression in the medium supernatant of 6 groups of cardiofibroblasts. Data were expressed as the means ± SEM. *p < 0.05, **p < 0.01, ***p <
0.001. n = 6 per group.
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ADAM17 knockdown and overexpression
affected myofibroblast transformation
through regulation of TGF-β1/
Smad3 pathway in vitro

We further examined the effect of ADAM17 knockdown

and overexpression on myofibroblast transformation and the

underlying mechanism in primary cardiofibroblasts. As shown

in Figure 6, the green and red staining represented S100A4-

positive and α-SMA-positive cells, respectively, where

S100A4 is a marker of cardiofibroblasts and α-SMA is a

marker of myofibroblasts. High glucose stimulation

significantly increased α-SMA+/S100A4+ ratio compared with

NC group, while this ratio was normalized in the HG +

ADAM17-siRNA group (Figures 6A,B). In addition, high

glucose treatment significantly increased α-SMA and TGF-β1
protein expressions as well as Smad3 phosphorylation in

cardiofibroblasts, relative to the NC group, which were

reversed by ADAM17 knockdown but increased again by

ADAM 17 overexpression (Figures 6C–F).

Discussion

There were several important findings in the present study.

Frist, ADAM17 knockdown ameliorated while

ADAM17 overexpression worsened cardiac dysfunction and

cardiac fibrosis in diabetic mice. Second,

ADAM17 knockdown increased ACE2 while reduced AT1R

expression in diabetic hearts; Third, ADAM17 knockdown

decreased while ADAM17 overexpression increased

myofibroblast transformation through regulation of TGF-β1/
Smad3 pathway. To the best of our knowledge, our study is

the first to demonstrate the opposite effects of

FIGURE 6
Comparison of α-SMA, S100A4, TGF-β1 and Smad3 in primary cardiofibroblasts. (A) Representative immunohistochemical staining of
S100A4 and α-SMA (400x, scale bar: 50 μm) in 4 groups of cardiofibroblasts. (B) Quantification of α-SMA+/S100A4+ ratio in 4 groups of
cardiofibroblasts. (C) Representative Western blot images of α-SMA, TGF-β1, Smad3 phosphorylation and Smad3 in 6 groups of cardiofibroblasts. (D)
Quantification of α-SMA protein expression in 6 groups of cardiofibroblasts. (E) Quantification of TGF-β1 protein expression in 6 groups of
cardiofibroblasts. (F)Quantification of Smad3 phosphorylation level in 6 groups of cardiofibroblasts. Data were expressed as the means ± SEM. *p <
0.05, **p < 0.01, ***p < 0.001. n = 6 per group.
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ADAM17 knockdown and overexpression on cardiac fibrosis in

diabetic hearts through regulating ACE2 shedding and

myofibroblast transformation.

Ample evidence indicates that overactivation of RAS plays a

key role in the pathogenesis of cardiac fibrosis in diabetic

cardiomyopathy and attempts at diminishing RAS activity

ameliorate cardiac pathology and function in this condition.

ACE2, a homolog of ACE, is expressed widely in the heart

which converts octapeptide angiotensin Ang II to

heptapeptide Ang-(1–7), thus mitigating the deleterious effects

of RAS (Nunes-Silva et al., 2017). Recent studies found that

ACE2 ectodomain can be cleaved by ADAM17 and then released

from the cell membrane into the extracellular milieu (Xu et al.,

2017). In the present study, ACE2 mRNA level was increased in

high glucose-treated cardiofibroblasts relative to the NC group,

whereas ACE2 protein levels were not increased in HG-treated

cardiofibroblasts or diabetic mice relative to the normal control

group, which might be because an upregulated ACE2 mRNA

level may increase ACE2 protein expression whereas upregulated

ADAM17 expression may enhance ACE2 shedding in the

diabetic condition, resulting in an unchanged ACE2 protein

expression. However, ADAM17 knockdown significantly

increased ACE2 protein levels in both diabetic hearts and

HG-treated cardiofibroblasts. Similarly, protein levels of

ADAM17 and AT1R were increased in diabetic hearts and

HG-treated cardiofibroblasts, which were both reversed by

ADAM17 knockdown. Patel et al. also found that Ang II

infusion upregulated the expression of myocardial ADAM17,

which was mediated by AT1R, and ADAM17 inhibition

prevented ACE2 shedding (Patel et al., 2014a). Thus, our

study provided evidence that ADAM17 knockdown

diminished ACE2 shedding, thus preserving the

ACE2 function to convert profibrotic Ang II to antifibrotic

Ang-(1–7). As HG stimulation upregulated ADAM17 protein

expression in cardiofibroblasts, ACE2 level in supernatant

medium was increased secondary to enhanced

ACE2 shedding. In contrast, ADAM17 knockdown

significantly decreased ACE2 shedding, resulting in a declined

ACE2 level in supernatant medium. Nonetheless, either

knockdown or overexpression of ADAM17 exerted no effect

on the mRNA level of ACE2.

DCM, as a serious diabetic complication, is characterized as

abnormal cardiac structure and function. Cardiac fibrosis is a

salient pathological feature of DCM manifested as accumulation

of extracellular matrix proteins including collagen I and III,

which may lead to an increased left and right ventricular

stiffness and cardiac diastolic dysfunction (Hao P. P. et al.,

2015b). Progressive cardiac fibrosis may ultimately induce

cardiac systolic dysfunction and overt heart failure

(Evangelista et al., 2019). Numerous studies have shown that

TGF-β1 is an important mediator in fibrogenesis and DCM

progression (Yue et al., 2017). In the current study, two-

dimensional and Doppler echocardiography revealed left

ventricular systolic and diastolic dysfunction in diabetic mice,

which was significantly improved by ADAM17 shRNA

treatment. In addition, ADAM17 knockdown decreased

collagen deposition and downregulated collagen I, collagen III

and TGF-β1 expression in diabetic hearts. On the contrary,

ADAM17 overexpression enhanced collagen deposition and

expression in the myocardium of diabetic mice. These results

lend support to previous observations that ADAM17 systemic

knockdown prevented cardiac hypertrophy and myocardial

fibrosis in spontaneously hypertensive rodents (Wang et al.,

2009), and ADAM17 antibody prevented cardiac hypertrophy

and fibrosis induced by Ang II infusion (Takayanagi et al., 2016).

Thus, ADAM17 inhibition reduced collagen I, collagen III and

TGF-β1 expression, and ameliorated cardiac fibrosis in diabetic

cardiomyopathy.

TGF-β, as a master regulator in tissue fibrosis, consists of

three isoforms, TGF-β1, TGF-β2 and TGF-β3 (Zhao et al., 2020).
TGF-β activation promoted myofibroblast differentiation and

secretion of ECM components, such as collagen and fibronectin

(Wang et al., 2021). TGF-β1 mediated fibrosis via its downstream

Smad3 rather than Smad2 signaling (Meng et al., 2010). Loss of

Smad3 reduced cardiac fibrosis and improved cardiac

compliance (Biernacka et al., 2015). Besides, Smad3 binds to

the promoter of α-SMA in mouse cardiofibroblasts and regulates

its transcription (Li et al., 2011). Deletion of Smad3 protected

against cardiac fibrosis under a number of conditions such as

hypertension, myocardial infarction, and diabetes (Li et al.,

2011). In addition, Smad3-deficient mice demonstrated

reduction in both renal and cardiac fibrosis in STZ-induced

type 1 diabetes and in obese diabetic mice (Wang et al., 2007;

Biernacka et al., 2015). Taken together, accumulating evidence

suggests that TGF-β/Smad3 signaling plays an important role in

cardiovascular diseases, especially in the pathogenesis of DCM

(Wang et al., 2021).

Upon myocardial injury, resting cardiac fibroblasts are

transdifferentiated into contractile and secretory

myofibroblasts, which produce and secret a large amount of

TGF-β1, collagen I and collagen III to promote cardiac

repairment. However, sustained activation of myofibroblasts

may lead to excessive accumulation of extracellular matrix

and cardiac fibrosis (Weber et al., 2013). As the quantity of

cardiac fibroblasts are overwhelmingly beyond that of

cardiomyocytes, an increased fibroblast-to-myofibroblast

transformation have been recognized as an important

biomarker of cardiac fibrosis (Frangogiannis, 2019). In this

study, the expression α-SMA, a marker of myofibroblasts, was

significantly increased in high glucose-treated cardiofibroblasts,

indicating an enhanced fibroblast-to-myofibroblast

transformation, which was reversed by ADAM17 knockdown,

suggesting a normalized fibroblast-myofibroblast

transformation. In addition, previous studies have shown that

both canonical and non-canonical TGF-β signaling pathways

play an important role in the development of cardiac fibrosis
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(Finnson et al., 2020). In light of the interplay between

ADAM17 and cardiac fibrosis, there may be a possible link

between ADAM17 and TGF-β. In the present study, we found

that ADAM17-shRNA treatment reversed the elevated levels of

TGF-β1 protein expression and decreased the phosphorylation

level of Smad3 in diabetic mice. This is consistent with a previous

study where 25-O-methylalisol F (MAF), a novel RAS inhibitor,

was found to attenuate tubulo-interstitial fibrosis and epithelial-

mesenchymal transition via inhibiting Smad3 signaling without

altering Smad2, PI3K, ERK1/2 and p38 phosphorylation in Ang

II-stimulated fibroblasts (Chen et al., 2018). In addition, TGF-β
was reported to promote fibroblast-to-myofibroblast

transformation, and canonical TGF-β signaling upregulated

Smad2/3 transcription factors thereby inducing cardiac

fibrosis (Khalil et al., 2017). Thus, our results supported the

notion that ADAM17 knockdown ameliorates cardiac fibrosis

probably via TGF-β/Smad3 signaling in diabetes mice. Besides, a

recent study showed that ADAM17 knockdown inhibited the

expression of TGF-β in gastric carcinoma cells, with the

downstream Smad2 and Smad3 also being attenuated (Xu M.

et al., 2016b). Furthermore, Kawasaki disease and secondary

coronary artery lesions are found to be associated with

ADAM17 genetic variants through TGF-β/Smad3 signaling

pathway (Peng et al., 2016). Thus, ADAM17 inhibition may

play a protective role in cardiac fibrosis, which is likely mediated

by TGF-β/Smad3 signaling pathway.

The majority of detrimental effects of Ang II is mediated via

AT1R activation (Patel et al., 2014b). High glucose stimulation

increases intracellular Ang II production in cardiomyocytes,

resulting in an activation of the Ang II/AT1R pathway

(Sukumaran et al., 2017). Previous studies demonstrated that

administration of ACE2 activator increased ACE2 expression

and activity while decreased AT1R expression in the

myocardium of rats with DCM (Murça et al., 2012a; Murça

et al., 2012b). In the present study, ADAM17 knockdown

upregulated ACE2 expression and downregulated AT1R

expression, but exerted no effect on AT2R and MasR

expression. The study by Wang et al., who used

ADAM17 knockdown to treat Ang II-induced cardiac

hypertrophy and fibrosis in mice, did not explore the effect of

ADAM17 knockdown on AT1R, AT2R and MasR expression

(Wang et al., 2009). Other studies that used Ang-(1–7) or

azilsartan to treat DCM in rats or mice found a significant

reduction in AT1R expression in the myocardium but the

effect on AT2R and MasR expression was variable (Hao P.

et al., 2015a; Sukumaran et al., 2017). Thus, the major

therapeutic benefit of ADAM17 knockdown in the current

mouse model of DCM derived from AT1R inhibition.

FIGURE 7
Proposed mechanisms underlying the roles of ADAM17 in cardiac fibrosis. High glucose increases ADAM17 activity, ACE2 shedding and AT1R
expression, which activates TGF-β1/Smad3 signaling in cardiac fibroblasts, leading to an enhanced myofibroblast transformation and collagen
deposition in the myocardium. ADAM17 deficiency attenuates ACE2 shedding and AT1R expression, which inactivates TGF-β1/Smad3 signaling in
cardiac fibroblasts, leading to a reducedmyofibroblast transformation and collagen deposition in the myocardium, thus ameliorating diabetes-
induced left ventricular dysfunction and cardiac fibrosis.
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There were a couple of limitations to the present study. First,

adenovirus-mediated shRNA against murine ADAM17 was used

to inhibit ADAM17 activity although cardiac fibroblast-specific

knockout of ADAM17 may more effectively remove the function

of ADAM17 in the pathogenesis of cardiac fibrosis. As there is no

specific marker of cardiac fibroblast, we created a mouse model of

fibroblast-specific knockout of ADAM17 and found severe sepsis

and high mortality in these mice with unclear mechanism. To

date, there has been no report in the literature of a successful

mouse model of cardiac fibroblast-specific knockout of

ADAM17. Second, although we found that

ADAM17 knockdown ameliorated cardiac fibrosis probably

via TGF-β/Smad3 signaling, we did not testify the causal

relation between TGF-β/Smad3 signaling and cardiac fibrosis

in our mouse model, and further studies are warranted in this

regard. Finally, it has been shown that oxidative stress plays a

major role inmyocardial ischemia reperfusion injury (Chen et al.,

2021; Zhao et al., 2022) and DCM (Ren et al., 2020), and it

requires further investigation whether the therapeutic effects of

ADAM17 knockdown on DCM involve suppression of oxidative

stress.

In conclusion, ADAM17 knockdown ameliorated while

ADAM17 overexpression worsened cardiac dysfunction and

cardiac fibrosis in diabetic mice. The mechanism may involve

reduced ACE2 shedding and myofibroblast transformation

through inhibition of TGF-β1/Smad3 pathway by

ADAM17 knockdown (Figure 7). Targeting ADAM17 may

provide a promising approach to prevention and treatment of

cardiac fibrosis in DCM.
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Therapeutic potential of topical
administration of acriflavine
against hypoxia-inducible factors
for corneal fibrosis
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Transdifferentiation of keratocytes into fibroblasts or further into

myofibroblasts, which produced denser and more disorganized extracellular

matrix, is the major cause of corneal fibrosis and scarring, leading to corneal

blindness. TGF-β1 is the critical cytokine for the myofibroblast’s

transdifferentiation and survival. Hypoxia Inducible Factor (HIF) was found to

play an important role in promoting fibrosis in lung, kidney, and dermal tissues

recently. Our preliminary study demonstrated that topical administration of the

acriflavine (ACF), a drug inhibiting HIF dimerization, delayed corneal opacity and

neovascularization after the alkali burn. To know whether ACF could prevent

corneal fibrosis and improve corneal transparency, we created a mouse

mechanical corneal injury model and found that topical administration of

ACF significantly inhibited corneal fibrosis at day 14 post-injury. The

reduction of myofibroblast marker α-SMA, and fibronectin, one of the

disorganized extracellular matrix molecules, in the corneal stroma were

confirmed by the examination of immunohistochemistry and real-time PCR.

Furthermore, the ACF inhibited the expression of α-SMA and fibronectin in both

TGF-β1 stimulated or unstimulated fibroblasts in vitro. This effect was based on

the inhibition of HIF signal pathways since the levels of the HIF-1α downstream

genes including Slc2a1, Bnip3 and VEGFA were downregulated. To our

knowledge, this is the first time to implicate that HIFs might be a new

treatment target for controlling corneal fibrosis in mechanical corneal injuries.
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Introduction

The cornea is an avascular and transparent tissue that

covers the front of the eye and is responsible for appropriately

70% of the refractive power of the eye. The corneal fibrosis is

the third most common cause of blindness, following

cataracts and glaucoma (Ibrahim Al-Mashahedah et al.,

2019). The risk factors for corneal fibrosis are highly

complex and encompass a wide variety of factors such as

physical trauma to the eye, chemical burns, infections,

refractive surgery, etc. (Karamichos et al., 2010; Wilson

et al., 2012; Ibrahim Al-Mashahedah et al., 2019). After

the injury, the keratocytes that existed in the corneal

stroma are stimulated to proliferate and differentiate into

fibroblasts. In some wound sites, the fibroblasts are

stimulated by inflammatory factors or cytokines such as

transforming growth factor β (particularly TGF-β1 and

TGF-β2) and further differentiate into the α -smooth

muscle actin (α-SMA) expressed myofibroblasts, which

produced denser and more disorganized extracellular

matrix (e.g., fibronectin, etc.), resulting in corneal fibrosis

and scarring (Gupta et al., 2011; Mittal et al., 2016). At

present, treatment options are limited and consist

primarily of corneal transplantation.

As an avascular tissue, the cornea is unique in

consumption by acquiring oxygen from the atmosphere

and is sensitive to the oxygen concentration change (Pang

et al., 2021). Hypoxia caused by the contact lens wearing,

inflammation, wounds and infections, results in the

disruption of corneal epithelial barrier function, delay of

the wound healing, alteration of the extracellular matrix,

and leads to corneal neovascularization and opacity (Lee

et al., 2020; Onochie et al., 2020; Bai et al., 2021).

Moreover, the enhancement of hypoxia in the

myofibroblast transdifferentiation has been found in many

tissues, such as sclera (Wu et al., 2018), skin (Zhao et al.,

2017), artery adventitia (Short et al., 2004), and nasal polyps

(Moon et al., 2012). The widely known cellular response to

oxygen changes is the hypoxia-inducible factors (HIFs). HIF is

a heterodimeric complex comprising one of three major

oxygen labile HIF-α subunits (HIF-1α, HIF-2α, or HIF-3α)
dimerized with HIF-1β to form HIF-1, HIF-2, or HIF-3

transcriptional complexes, respectively (Koh and Powis,

2012). Under hypoxia or inflammatory conditions, HIF-α is

stabilized and translocated to the nucleus, where it dimerizes

with HIF-1β to transactivate a large number of target genes

including those promoting angiogenesis (VEGFA),

metabolism (GLUT1/3), cell proliferation and survival

(Bnip3, TGF-α), etc. (Corcoran and O’Neil, 2016;

Pullamsetti et al., 2020; Yang et al., 2020). Interestingly,

multiple studies revealed that HIF played a critical role in

promoting fibrosis (Basu et al., 2011; Brereton et al., 2022;

Yuan et al., 2022). TGF-β has been reported to cause HIF

stabilization (Basu et al., 2011). Noteworthily, the elevated

mRNA level of HIFs has also been noted in injured (our

preliminary study) or infected corneal tissues (Rao and Suvas,

2019). However, the effects and mechanisms of HIFs in the

cornea are unknown and need to be further investigated.

In this study, we found that alkali burn led to hypoxia in the

mice’s anterior chamber and promoted the elevation of HIF-1α
mRNA levels in the cornea. In order to know how HIFs affected

the ocular outcomes after the burn, we treated the injured mice’s

eyes with the acriflavine (ACF), a drug inhibiting HIF

dimerization by binding to the PAS-B subdomain of HIF-1α
and HIF-2α, thereby leading to the inhibition of HIF DNA-

binding and transcriptional activity (Lee et al., 2009). We found

that ACF treatment delayed the corneal opacity and

neovascularization after the injury. However, due to the

complex mechanisms of corneal opacity resulting from the

alkali-burn-induced limbal stem cell deficiency model, we

created a mechanical corneal injury model as described

previously to observe how it attenuated the corneal opacity

(Mittal et al., 2016). We found that topical administration of

ACF restored the corneal transparency during 28 days of follow-

up, and inhibited the generation of fibrosis in the injured corneal

stroma. Furthermore, ACF reduced the mRNA level of α-SMA

and fibronectin in the corneal fibroblasts stimulated by TGF-β1,
and downregulated the levels of HIF-1α downstream genes. To

our knowledge, this was the first time to demonstrate that HIF

signaling pathways played an important role in corneal fibrosis.

Materials and methods

Animals

Six- to eight-week-old male BALB/c and C57BL/6 wild-type

mice were used in these experiments. All the protocols were

approved by the Animal Care and Use Committee of Qilu

Hospital, and all animals were treated according to the ARVO

Statement for the Use of Animals in Ophthalmic and Vision

Research.

Corneal injury and topical administration
of acriflavine

Mice were anesthetized by intraperitoneal injection of

Ketamine and Xylazine followed by one to two drops of

topical 0.5% Proparacaine. Alkali burn induced corneal injury

was generated in the right eye of each BALB/c mouse according

to a previous report (Kethiri et al., 2019) with a minor

modification. In brief, after the corneal and limbal epithelium

was gently scraped by using a surgical scalpel No.15, topical

application of 6 μl 0.1 M sodium hydroxide (NaOH) for 10 s was

followed. The eye was rinsed immediately for 4 min with normal
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saline after the burn, and followed by topical application of 0.05%

and 0.01% ACF (w/w, dissolved in PBS) twice daily, respectively.

PBS was used as a control. A scoring system was used to evaluate

the corneal neovascularization and corneal opacity.

Neovascularization was scored on a scale of 0–4 which was

assigned to the five areas of each cornea (central, superior,

inferior, nasal, and temporal) based on the occupied area of

the new blood vessels: 0, no new blood vessels; 1, less than 30%

area; 2, more than 30% area but less than 70%; 3, more than 70%

area less than 100%; and 4, 100% area. A total score of each

cornea was calculated (range 0–20). The corneal opacity was also

scored on a scale of 0–4 where 0 = completely clear; 1 = slightly

hazy, iris and pupils easily visible; 2 = slightly opaque, iris and

pupils still detectable; 3 = opaque, pupils hardly detectable, and

4 = completely opaque with no view of the pupils (Yoeruek et al.,

2008). The healing percentage of the corneal epithelium was

calculated using the NIH ImageJ software. The anterior chamber

oxygen was measured using the DP-PSt7-2 oxygen sensor

(PreSens, Regensburg, Germany).

A modified protocol of mechanical corneal injury was

performed in the right eye of each C57BL/6 mouse as

previously described (Mittal et al., 2016). In brief, the surface

of the central cornea was demarcated with a 2-mm trephine

followed by gentle scraping of the central epithelium with a

surgical scalpel No. 15. Next, the basement membrane and

anterior portion were removed using a hand-held Algerbrush

II (Alger Equipment). Two days after the injury, 0.01% ACF was

topical administrated twice daily. PBS was used as a control.

Digital corneal images were taken by using a slit-lamp

microscope and the degree of opacity was calculated using the

NIH ImageJ software. Anterior segment images were taken using

anterior segment-optical coherence tomography (OCT)

(Bioptigen Inc., Durham, NC). Central corneal thickness was

measured using the OCT built-in software.

Immunofluorescent staining and histology

Cryosections of the whole eyeball were fixed in 4%

paraformaldehyde for 20 min followed by incubating in 0.1%

Triton X-100 and 2% BSA for 1 h at room temperature. The

slides were incubated with anti-α-SMA (ab124964, Abcam), anti-

fibronectin (15613-1-AP, ThermoFisher) and anti-CD45

(160302, Biolegend) antibodies at 4°C overnight, followed by

immunostaining with Alexa Fluor 594 donkey anti-rabbit (A-

21207, Invitrogen) or Alexa Fluor 488-donkey anti-rat (712-545-

150, Jackson ImmunoResearch Europe Ltd.) secondary antibody

for 1 h at room temperature. The slides were mounted with DAPI

mounting medium (H-1200, Vector lab, Burlingame, CA) and

photographed under a confocal laser scanning microscope (SP8,

Leica, Wetzlar, Germany). For histological evaluation, corneal

sections were stained with H&E and examined using bright-field

microscopy (DMiL, Leica).

In vitro corneal fibroblasts stimulation

Corneas were harvested from C57BL/6 wide-type mice and

the Descemet’s-endothelium complex was stripped away with

forceps. To loosen epithelial sheets, the remaining corneal stroma

and epithelium were incubated in Dispase II (Roche) in

Dulbecco’s modified Eagle’s medium (DMEM, Gibco)

supplemented with 10% fetal bovine serum (FBS) and

antibiotics (penicillin and streptomycin at 100 μg/ml) in 5%

CO2 at 37°C. After removal of the epithelium, the stroma was

cut into small segments and digested in DMEM containing

3.3 mg/ml collagenase type II (Sigma-Aldrich) at 37°C with

shaking for 90 min. The isolated keratocytes were grown in

DMEM supplemented with 10% FBS at 37°C in a 5% CO2

humidified atmosphere. One to three passage corneal

fibroblasts were used for all experiments. The mouse corneal

fibroblast was seeded at 1 × 105 cells in 24-well plates and starved

in DMEM containing 1% FBS overnight. Then the cells were

cultured in medium alone or stimulated with 100 ng/ml murine

recombinant TGF-β1 (R&D Systems) in the presence or absence

of 0.0001% acriflavine (Sigma-Aldrich) for 24 h. Cells were then

used for the evaluation of α-SMA, fibronectin, and the HIF-1

downstream genes of Bnip3 and Slc2a1 by

immunocytochemistry and real-time PCR.

Live/dead cells staining

The cell viability was evaluated using LIVE/DEAD™
Viability/Cytotoxicity Kit (L3224, Invitrogen) according to the

product’s procedure. In brief, corneal fibroblasts cells were

incubated for 30 min at room temperature with a mixture of

2 μM calcein acetoxymethyl ester (Calcein AM) and 4 μM

ethidium homodimer-1 (EthD-1). The live cells (green

fluorescence) and dead cells (red fluorescence) were

photographed using fluorescence microscope (DMi8, Leica).

RNA isolation and real-time PCR

Corneal tissues were harvested under dissecting microscope

and placed in TRIzol solution (Invitrogen). Total RNA was

isolated using the RNeasy Micro Kit (Qiagen) following the

manufacturer’s protocol and reverse-transcribed to cDNA

with QuantiTect Rev. Transcription Kit (Qiagen). Real-time

PCR was then performed using Taqman Universal PCR

Mastermix (ThermoFisher) and pre-formulated Taqman

primers for murine glyceraldehyde-3-phosphate

dehydrogenase (GAPDH), β-Actin (Mm02619580_g1), HIF-1α
(Mm00468869_m1), α-SMA (Mm00725412_m1), fibronectin

(Mm01256744_m1), Bnip3 (Mm01275600_g1), Slc2a1

(Mm00441473_m1), and VEGFA (Mm00437306_m1)

(ThermoFisher). The results were analyzed by the comparative

Frontiers in Pharmacology frontiersin.org03

Zhu et al. 10.3389/fphar.2022.996635

137

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.996635


threshold cycle method and normalized to GAPDH or β-Actin as

internal control.

Flow cytometry

A single-cell suspension of corneal cells was prepared by

digesting the individual cornea with Liberase TL (2.5 mg/ml)

(Sigma-Aldrich) as previously reported (Gaddipati et al., 2015).

Cells were stained with fluorochrome-conjugated monoclonal

antibodies against CD45 (103116, Biolegend), HIF-1α (IC1935G,
R&D system) and their isotype controls (400623, 400132,

Biolegend). The stained cells were analyzed using the LSRII

flow cytometer (BD Biosciences, San Jose, CA) and FlowJo

software.

Statistical analysis

The statistical analysis was conducted using GraphPad Prism

software. Results are presented as means ± SEM. Comparisons

between two groups were performed by an unpaired, two-tailed

Student’s t-test; and comparison among three groups was

performed by One-way ANOVA test. The statistically

significant was set at p < 0.05.

Results

The HIF-1α level was elevated in the alkali
burn injured corneal tissue

In the alkali burn induced mouse corneal injury models, the

oxygen level in the anterior chamber was downregulated

immediately after the burn and then increased to a higher

level of around 160 μmol/L in 10 min due to the corneal

epithelium disruption. After that, the oxygen level decreased

smoothly to a low level of around 60 μmol/L in 2 h (Figures

1A,B).We detected the HIF-1αmRNA level during the 14 days of

follow-up and found that the mRNA levels of HIF-1α were

significantly increased at 2 days and 14 days (p = 0.0429 and

p = 0.0231, respectively) compared to the naïve cornea after the

burn (Figure 1C). The protein level of HIF-1α in the injured

cornea was much higher than in native corneal tissue after the

injury as demonstrated by flow cytometry analysis

(Supplementary Figure S1). However, the significant difference

in HIF-1αmRNA level compared to the naïve corneal tissue was

not observed at both 4 and 7 days of follow-up.

Acriflavine treatment delayed the corneal
opacity and neovascularization after the
burn

Besides limbal stem cell deficiency, neovascularization and

corneal stromal fibrosis are both serious risk factors for blindness

after alkali burn. Hence, we administered the drug ACF (0.01%

and 0.05%, respectively) topically after the burn and determine

how it worked in this model (Figure 2A). The scoring of corneal

opacity and neovascularization were carried out in three groups

at 7d post-injury. We found that both 0.01% and 0.05% ACF

inhibited the corneal neovascularization (p = 0.3337 and p =

0.0215, respectively) and opacity (p = 0.0250 and p = 0.0250,

respectively) compared to PBS treated group (Figures 2C,D).

However, there were no significant differences in these three

groups 10 days after alkali burn (data not shown). We also

observed that ACF delayed epithelial healing in a dose-

dependent manner by fluorescein staining (Figures 2B,E).

FIGURE 1
The alkali burn induced hypoxia in themouse anterior chamber and elevated theHIF-1αmRNA level in the corneal tissue. Oxygen concentration
in the anterior chamber (B) was recorded in real-time by inserting a micro-oxygen sensor (A). The mRNA level of HIF-1α in naïve and day 2, 4, 7,
14 post-injured cornea was assayed by RT-PCR (C). Data were presented as the mean ± SEM.
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Although the ACF drugs inhibited the hemangiogenesis and

corneal opacity at the early stage after the alkali burn, no

significant difference was observed in a long-term follow-up.

The reason might be the limbal stem cells deficiency and corneal

conjunctivalization in the chronic-stage post-injury that the

independent inhibition of HIF could not overcome these

pathological processes.

Topical administration of acriflavine
restored the corneal transparency in
mechanical ocular injury

To determine whether topical ACF treatment has the

potential to restore the corneal transparency following injury,

we utilized a well-characterized sterile injury model of mouse

cornea (Mittal et al., 2016) with a minor modification, as details

were described in the Materials and methods. The injury was

induced by themechanical removal of the corneal epithelium and

anterior stroma (Figure 3A); 2 days after the injury, topical 0.01%

ACF was administrated twice daily (Figure 3B). Topical

administration of PBS was used as the control group. Slit-

lamp biomicroscopy was used to monitor the extent of

corneal opacity and analyzed by ImageJ (NIH). The central

corneal thickness was evaluated by OCT. On day 2 post-

injury, both groups showed a significant development of

corneal opacity. However, the corneas of mice administrated

with topical 0.01% ACF showed a significant reduction in corneal

opacity at days 14 and 28 post-injury compared to PBS treated

group (p = 0.0237 at days 14; p = 0.0318 at days 28; Figures

3C,D). Moreover, the central corneal thickness was also

significantly reduced at 28 days (101.3 ± 9.4 μm in ACF

treated group and 112.7 ± 24.5 μm in the control group, p =

0.0376; Figures 3E,F).

Acriflavine treatment inhibited the
generation of fibrosis in the injured
corneal stroma

To confirm the efficacy of ACF in reducing corneal opacity

formation and preserving transparency, the corneal tissues were

harvested at days 2, 7, 14, and 28 post-injury to determine the

expression of α-SMA and fibronectin at cellular and molecular

levels in the corneal stroma. The confocal micrographs of

immunofluorescent staining corneas showed a significant

reduction in the expression of α-SMA and fibronectin in the

ACF-treated corneas at 7, 14, 28 days post-injury compared with

control corneas (Figures 4A,B; Supplementary Figures S2,

S3B,C). These findings were also confirmed by real-time PCR

in two groups 7 days after injury (p = 0.0075 and p = 0.0036,

respectively; Figures 4E,F). H.E. staining of corneal cross-sections

FIGURE 2
Topical administration of ACF delayed the corneal opacity and neovascularization after the alkali burn injury. (A) Slit-lamp photos of the alkali
burn injury treated by 0.05% and 0.01% ACF. PBS treated group was as the control. A dose-dependent manner of delayed epithelium healing was
observed in ACF treated group by fluorescein staining (B,E). However, no significant difference was demonstrated among the three groups. On day
7 after the burn, both 0.05% and 0.01% ACF significantly reduced the neovascularization (C) and corneal opacity (D) compared to the control
group. Data were presented as the mean ± SEM.
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revealed the increased stratification of the epithelial cell layer in

the ACF-treated cornea (Supplementary Figure S4). We also

examined the infiltration of leucocytes in the injured corneal

stroma at two- and seven-days post-injury and did not find

significant difference between the two groups (Figures 4C,D,G).

Inhibition of hypoxia-inducible factors
reduced the expression of α-SMA and
fibronectin in the corneal fibroblasts
stimulated by TGF-β1

To determine whether ACF can directly inhibit the

expression of α-SMA and fibronectin in the corneal

fibroblasts, we stimulated the mouse corneal fibroblast with

TGF-β1 in the absence or presence of ACF for 24 h. The

unstimulated cultures served as a control group. Before this

study, we analyzed the cell viability after the ACF treatment

by using a Live/Dead Viability/Cytotoxicity Kit, and found that

ACF did not affect the cell viability (Supplementary Figure S5).

ACF suppressed the TGF-β1-induced α-SMA expression in

corneal fibroblasts by the examination of the

immunofluorescent staining and real-time PCR (Figures

5B,C). TGF-β1 stimulation could not promote the mRNA

level of fibronectin in the corneal fibroblasts (p = 0.3877,

Figure 5D). However, ACF treatment significantly reduced the

baseline level of fibronectin as well as α-SMA in corneal

fibroblasts (Figures 5A,C,D), suggesting that ACF could be

effective in reversing pre-formed myofibroblasts into α-SMA

negative fibroblasts and reducing the fibrosis. In addition, we

found that the mRNA level of HIF-1α downstream gene Slc2a1,

responsible for the production of glucose transporter protein-1

(GLUT-1), and the VEGFA, were both elevated by TGF-β1
stimulation. ACF down-regulated the Slc2a1 and VEGFA

mRNA levels without the presence of TGF-β1 (Figures 5E,G).

TGF-β1 had no effect on another HIF-1α downstream gene

bnip3. However, it was significantly downregulated by the

presence of ACF (Figure 5F).

Discussion

The fibrosis of the cornea can occur for many reasons

including chemical burn, infections, trauma, inflammation,

FIGURE 3
Topical administration of ACF restored the corneal transparency in mechanical ocular injury. The corneal injury was induced by themechanical
removal of the corneal epithelium and anterior stroma (A). Two days after the injury, 0.01% ACF was topically administrated twice daily and followed
for 28 days (B). Slit-lamp photos demonstrated that ACF significantly reduced the corneal scarring and restored the corneal transparency at day
14 and 28 post-injury compared to PBS treated group (C). The corneal opacity was analyzed by ImageJ (D). The central corneal thickness was
examined by OCT (E), and showed a reduction 28 days after the injury (E,F). Data were presented as the mean ± SEM.
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FIGURE 4
ACF inhibited the generation of fibrosis in the injured corneal stroma. Tissues were harvested at day 7 and 28 for immunohistochemistry
evaluation. The immunofluorescent staining of α-SMA (red) and fibronectin (red) in corneal stroma were much higher in PBS treated control group
(A,B). ThemRNA level of α-SMA and fibronectin at day 7 post-injurywas consistent with the immunofluorescent staining result (E,F). The infiltration of
CD45+ leucocytes in the corneal tissues was evaluated by immunofluorescent staining [(C), green] and flow cytometry (D,G), respectively. No
significant differencewas observed between the two groups at day 2 and 7 after the injury. Data were presented as themean ± SEM. Scale bar: 10 μm.
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FIGURE 5
ACF inhibited the expression of α-SMA and fibronectin in the corneal fibroblasts. The corneal fibroblasts were cultured in medium alone or
stimulated with 100 ng/ml murine recombinant TGF-β1 in the presence or absence of 0.0001% ACF for 24 h. (A,B) are the immunofluorescent
staining of fibronectin (red) and α-SMA (red), respectively. ThemRNA level of α-SMAwas significantly reduced in the presence of ACF with or without
TGF-β1 stimulation (C). The mRNA level of fibronectin was not affected by TGF-β1 but reduced by the presence of ACF (D). The mRNA level of
HIF-1α downstreamgene Slc2a1was elevated by TGF-β1 stimulating (E). ACF inhibited the Slc2a1mRNA level without the presence of TGF-β1 (E). The
other HIF-1α downstream genes bnip3 (F) and VEGFA (G) were significantly downregulated by the presence of ACF. Data were presented as the
mean ± SEM. Scale bar: 10 μm.
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surgeries, or other corneal diseases, leading to corneal blindness

(Wilson et al., 2012). TGF-β signaling pathway is the most well-

known and robust inducer of fibrosis in the cornea (Bonnans

et al., 2014). In the healthy cornea, the keratocytes in the stroma

are quiescent and responsible for maintaining the balance of the

stromal extracellular matrix (ECM) which is vital to corneal

transparency (Pei et al., 2004). Upon injury, the keratocytes are

driven by the TGF-β that enters the stroma mainly from the

corneal epithelium and tears, and transdifferentiate into

fibroblasts or myofibroblasts, thereby synthesizing a

disorganized opaque matrix (such as fibronectin, type III

collagen, tenascin C etc.) (de Oliveira et al., 2021). The α-
SMA expressing myofibroblast is mainly responsible for

corneal fibrosis, and sometimes is differentiated from other

cells (e.g., bone marrow-derived fibrocytes) in the stroma

(Kempuraj and Mohan, 2022; Wilson et al., 2022). Corneal

hypoxia caused by contact lens wear or inflammation, usually

results in corneal neovascularization (CNV), which often

severely compromises vision by decreasing the transparency of

corneal stroma (Safvati et al., 2009). The CNV-associated

pericytes are α-SMA positive and have been found to have the

capacity to transdifferentiate into myofibroblasts (Kostallari and

Shah, 2019; Wilson et al., 2022). Therefore, under hypoxia

conditions or serious corneal damage, multiple studies focused

on the inhibition of CNV to prevent corneal opacity by blocking

vascular endothelial growth factor (VEGF) receptors, attenuating

inflammation or targeting the VEGF upstream regulator of HIF-

1α (Peral et al., 2022).

HIF, a basic loop-helix-loop protein that forms a heterodimeric

complex, is a crucial mediator of the hypoxic response, which

transactivates a wide range of downstream genes including those

promoting angiogenesis, anaerobic metabolism, resistance to

apoptosis and potentially profibrotic (McNutt, 2013; Palazon

et al., 2014). These genes include VEGF, erythropoietin (EPO),

GLUT-1, Bnip3, connective tissue growth factor (CTGF),

transforming growth factor-β1, platelet-derived growth factor

(PDGF), etc. (Darby and Hewitson, 2016). Besides hypoxia,

bacteria (Peyssonnaux et al., 2005), inflammatory cytokines (e.g.,

TNF-α, NF-κB, IL-6, IL-4) (Albina et al., 2001; Rius et al., 2008;

Takeda et al., 2010; Dang et al., 2011) and reactive oxygen species

(ROS) (Shatrov et al., 2003) were found to be responsible for HIF-1α
or HIF-2α stabilization, which indicated that HIFs might play wide

range roles in physiological function (Palazon et al., 2014).

Noteworthily, normoxic TGF-β stimulation increased HIF-1α
expression in human kidney epithelial cells (Basu et al., 2011).

The increased production of matrix components such as fibronectin

and collagen following the stabilization of HIF-1 in dermal

fibroblasts has also been demonstrated (Darby and Hewitson,

2016). In most tissues, progressive fibrosis is observed if hypoxia

persists (Ballermann and Obeidat, 2014). The fibrosis inhibition has

also been noted in kidney and lung tissues by reducing or inhibiting

the nuclear localization of HIF-1α or HIF-2α (Tanaka, 2016; Fu

et al., 2021). As demonstrated previously, the blocking or reduction

of HIF-1/2 signaling pathways in both renal and dermal cells has a

negative effect on collagen synthesis and on the TGF- β stimulation

of collagen synthesis (Darby and Hewitson, 2016). Hence the HIF

pathways might be a potential target for inhibiting fibrosis.

The nuclear localization of HIF-1α and HIF-2α protein was

observed in Herpes stromal keratitis (HSK)-developing corneas

(Rao and Suvas, 2019). In this model, the stabilization of HIF-2α
protein was detected in corneal epithelial cells, whereas HIF-1α
protein stabilization was observed in infiltrating cells.

Interestingly, in the alkali-burn-induced mouse limbal stem

cell deficiency (LSCD) mouse model, we also observed that

the burn induced the hypoxia in anterior chamber and

significantly increased the mRNA levels of HIF-1α in the

corneas at 2 and 14 days follow-up. As described before, HIF-

1α was highly expressed in the inflammatory cells (Rao and

Suvas, 2019). The elevation of HIF-1α 2 days after the burnmight

be due to the infiltration of leukocytes. After 14 days, the CNV

fully covered the cornea and induced a second peak expression of

HIF-1α. In order to determine how the HIFs worked in this

model, we topically administrated acriflavine (ACF), a drug

inhibiting HIF DNA-binding and transcriptional activity (Lee

et al., 2009), and found that ACF delayed the CNV formation and

corneal opacity during the follow-up. However, due to the

combination of limbal stem cells dysfunction (LSCD) after the

alkali burn, intervention on HIF signaling alone might not

enough for the inhibition of CNV and improvement of

corneal transparency in a long-term follow-up.

In order to reduce the effect of LSCD on the results and detect

whetherHIF signaling played a role in corneal fibrosis formation, we

utilized a mechanical corneal injury mouse model according to a

previous report (Mittal et al., 2016). Since ACF delayed the

epithelium closure in a dose-dependent manner from LSCD

models, we treated the mechanical corneal injury with a lower

dose of ACF after the epithelium fully closed 2 days after the injury.

Noteworthily, the topical administration of ACF significantly

improved the corneal transparency beginning at days 14 post-

injury. The inhibition of corneal fibrosis was confirmed by

immunohistochemistry and real-time PCR that the expression of

α-SMA and fibronectin were both reduced in the ACF-treated

corneal stroma. To further confirm the effect of the ACF and

HIF pathways on corneal fibrosis, we cultured the corneal

fibroblasts in vitro followed by stimulating with TGF-β1 with or

without ACF. Similar to the in vivo results, ACF reduced the

expression of α-SMA and fibronectin in both TGF-β1 stimulated

or unstimulated fibroblasts. The HIF-1α downstream genes of

Slc2a1, Bnip3 and VEGFA were also downregulated, and

indirectly confirmed that ACF inhibited corneal fibrosis by

working on HIF pathways. These data were consistent with

previous reports in other tissues (McNutt, 2013; Palazon et al.,

2014; Tanaka, 2016; Fu et al., 2021). However, Rao and Suvas (2019)

demonstrated a different result that the systemic administration of

ACF increased the influx of neutrophils in progressing herpes

stroma keratitis lesions, resulting in increased corneal opacity.
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We also detected the infiltration of leukocytes in the mechanical

injured corneal stroma and did not find any significant differences in

ACF treated and PBS treated control group. Due to the different

models and administration approaches between these two studies,

HIF signals might play different roles in different etiologies of

corneal stroma damage.

However, this study has drawbacks that need further investigation.

As previously mentioned, the enhancement of hypoxia in the

myofibroblast transdifferentiation has been found in many tissues,

such as sclera, skin, etc. We detected that hypoxia and the elevated

mRNA level ofHIF-1α existed in the alkali burn injured corneal tissue,
but we did not know exactly whether and how hypoxia directly

affected the function and characteristics of keratocytes or fibroblasts in

the injured corneal tissue or the formation of the corneal fibrosis. The

in vivo or in vitro phenotypes and functions of keratocytes under

hypoxia conditions are needed for further observation. In addition,

although we observed that the inhibition of HIFs by using ACF

improved the corneal transparency post-injury and reduced the

transdifferentiation of myofibroblast, we did not know whether and

how HIFs enhanced the fibrosis formation in the cornea stroma. For

example, we should know if the elevation of HIFs in corneal tissue or

keratocytes promoted corneal fibrosis or myofibroblast

transdifferentiation in vivo and in vitro. Moreover, additional

studies are needed to determine the precise mechanisms of the

relationship between HIF and TGF-β1 pathways as well as the

inhibition of fibronectin production byHIFs throughwhich pathways.

In summary, we demonstrated that the inhibition of HIF

signals reduced the corneal fibrosis in the mechanical damaged

corneal stroma and improved corneal transparency. The ACF

could be effective in reversing pre-formed myofibroblasts into α-
SMA negative fibroblasts and reducing the corneal fibrosis. This

mechanism involved the TGF-β1 pathways. Moreover, based on

our study, inhibition of HIF signals also reduced the fibronectin

expression in corneal fibroblast and deposition in corneal stroma,

which was not TGF-β1 dependent. This is the first study to

implicate that HIFs might be a new treatment target for

controlling corneal fibrosis in mechanical corneal injuries.
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A Corrigendum on
Therapeutic potential of topical administration of acriflavine against
hypoxia-inducible factors for corneal fibrosis

by Zhu S, ShanH, Li J, Pan L,Wang S, Zhu J, GuoH,Mi F,Wu X and Pang K (2022). Front. Pharmacol.
13:996635. doi: 10.3389/fphar.2022.996635

In the published article, there was an error in the Author list, and author “Jia Yin” was
erroneously excluded. The corrected Author list appears below.

“Shuyan Zhu1, Huimin Shan2, Jianqiao Li2, Lijie Pan2, Shudan Wang3, Jing Zhu2, Hui
Guo2, Fenghua Mi2, Xinyi Wu2, Jia Yin3*, Kunpeng Pang2*.”

In the published article, Jia Yin’s information was not included in the correspondence
information. The corrected Correspondence information is “Jia Yin, jia_yin@
meei.harvard.edu; Kunpeng Pang, k.pang@sdu.edu.cn.”

In the published article, the Author Contributions statement did not mention Jia
Yin’s contributions. The correct statement is “JY and KP contributed to conception and
design of the study. KP supervised the study. SZ, HS, SW, and KP conducted
experiments and acquired data; HS and KP wrote the manuscript; LP analyzed data;
FM assisted in conducting the experiments; JZ and HG assisted in analyzing data; JL
and XW provided the reagents; KP designed research studies and revised the
manuscript.”

In the published article, the Acknowledgements statement was displayed as “We
thank Dr. Jia Yin as an advisor for the hypoxia study.” The correct statement is
“None.”

The authors apologize for this error and state that this does not change the scientific
conclusions of the article in any way. The original article has been updated.
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Continuously rising trends in diabetes render this disease spectrum an epidemic

proportion worldwide. As the disease progresses, the pathological effects of

diabetes may impair the normal function of several vital organs, eventually

leading to increase the risk of other diabetic comorbidities with advanced

fibrosis such as non-alcoholic fatty liver disease, diabetic cardiomyopathy,

and diabetic kidney disease. Currently, lifestyle changes and drug therapies

of hypoglycemic and lipid-lowering are effective in improving multi-organ

function, but therapeutic efficacy is difficult to maintain due to poor

compliance and drug reactions. Bariatric surgery, including sleeve

gastrectomy and Roux-en-Y gastric bypass surgery, has shown better results

in terms of prognosis for diabetes through long-term follow-up. Moreover,

bariatric surgery has significant long-term benefits on the function of the heart,

liver, kidneys, and other organs throughmechanisms associated with reversal of

tissue fibrosis. The aim of this review is to describe the impact of type 2 diabetes

mellitus on hepatic, cardiac and renal fibrosis and to summarize the potential

mechanisms by which bariatric surgery improves multiple organ function,

particularly reversal of fibrosis.

KEYWORDS

bariatric surgery, Roux-en-Y gastric bypass, sleeve gastrectomy, diabetic
cardiomyopathy, non-alcoholic fatty liver disease, diabetic kidney disease, fibrosis

1 Introduction

As a global prevalent metabolic disease, diabetes mellitus (DM) is characterized by a

lack of insulin production or cellular uptake of insulin (2018). Insulin is essential for

controlling glucose levels in the body (Tokarz et al., 2018). In type 2 diabetes mellitus

(T2DM), insulin resistance (IR) affects the metabolism of carbohydrates, proteins and

lipids, thereby promoting the development of hyperglycemia and hyperlipidemia (Taylor,

2013).
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The state of being chronically overweight combined with

T2DM substantially increases the incidence of comorbidities

such as non-alcoholic fatty liver disease (NAFLD), diabetic

cardiomyopathy (DCM) and diabetic kidney disease (DKD)

(Al-Sulaiti et al., 2019; La Sala and Pontiroli, 2020). As the

degree of organ fibrosis increases, the functions of the liver,

heart and kidney are gradually damaged and become more

and more serious. The fibrotic process of these diseases has

been slowed down to some extent by conservative medical

management such as pharmacological interventions and

lifestyle changes (Cox et al., 2013). However, low

adherence makes it difficult to maintain positive

treatment outcomes.

Over the past few decades, the role of bariatric surgery for

long-term improvement in metabolic disease has received

increasing attention (Hanipah and Schauer, 2020). There is

substantial evidence that surgery is better at improving weight

loss and T2DM outcomes than nonsurgical interventions,

regardless of the type of surgery used. The 1991 National

Institutes of Health guidelines recommend consideration of

bariatric surgery in patients with a body mass index [BMI

(calculated as weight in kilograms divided by height in meters

squared)] of at least 40 kg or at least 35 kg with severe obesity-

related comorbidities (1991). However, there is growing

evidence that bariatric surgery should also be considered in

people with T2DM with a BMI of 30–35 kg who are not

adequately controlling hyperglycemia despite optimal T2DM

medication Operation (Di Lorenzo et al., 2020). As the most

commonly used bariatric surgery, Roux-en-Y gastric bypass

(RYGB)and Sleeve gastrectomy (SG)not only have significant

effect on weight loss and hypoglycemia, but also can improve or

even reverse the complications of T2DM in the long term

(Arterburn et al., 2020). Therefore, we summarize the effects

of treating T2DM on fibrosis and the current status of bariatric

surgery, with a focus on the underlying mechanisms by which

bariatric surgery improves function and fibrosis of vital organs.

This provides evidence that bariatric surgery may be a better

treatment for these conditions.

2 Effects of type 2 diabetes mellitus
on fibrosis of vital organs

Acute and chronic inflammation often triggers fibrosis in

various vital organs (Mack, 2018; Henderson et al., 2020).

Inflammation results in damage to resident epithelial cells and

often endothelial cells, leading to increased release of

inflammatory mediators including cytokines, chemokines,

etc. This process contributes to the recruitment of

numerous inflammatory cells, including lymphocytes,

polymorphonuclear leukocytes, eosinophils, basophils, mast

cells, and macrophages. These inflammatory cells trigger the

activation of effector cells that drive the process of fibrosis

(Wynn, 2004). Fibroblasts and myofibroblasts serve as key

fibrotic effectors in several organs and are responsible for the

synthesis of extracellular matrix (ECM) proteins (Hinz et al.,

2007). The matrix proteins that make up fibrotic scars are

mainly composed of interstitial collagens (types I and III),

cellular fibronectin, and basement membrane proteins

(Rockey et al., 1993). Molecular systems involved in fibrosis

include platelet-derived growth factor (PDGF), connective

tissue growth factor (CTGF), and the vasoactive peptide

system, especially angiotensin II and endothelin-1 (Wynn,

2007).

Liver fibrosis is usually caused by an inflammatory process

resulting in injuries to liver cells or bile duct cells.
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Inflammation leads to the activation of effector cells, which

contributes to the deposition of ECM (Bessone et al., 2019).

Although multiple effectors synthesize ECM in the liver,

hepatic stellate cells (HSCs) appear to be the major source

of ECM. There is substantial evidence that hepatic stellate cells

transform into myofibroblasts upon injury (Rockey et al.,

1993). IR worsens with NAFLD disease progression and is

considered a component of the pathogenesis of liver fibrosis

(Friedman et al., 2018; Schwabe et al., 2020). One study

showed that IR-related hyperinsulinemia directly stimulates

HSCs proliferation and type I collagen secretion by activating

PI3K and ERK-dependent pathways (Svegliati-Baroni et al.,

1999). Inflammation can be caused by IR itself.

Simultaneously, hepatocyte stress and death also promote

inflammation, leading to macrophage recruitment and

secretion of fibrotic-derived mediators, such as

transforming growth factor beta (TGF-β), which is central

to the liver fibrotic response (Koyama and Brenner, 2017;

Tsuchida and Friedman, 2017).

Cardiomyocyte hypertrophy and excessive deposition of

ECM are pivotal to the cardiac remodeling after injury

(Porter and Turner, 2009). Cardiac fibrosis is generally

divided into two types including reactive fibrosis and

replacement fibrosis (Liu et al., 2021). Reactive fibrosis

occurs in perivascular spaces. Replacement fibrosis occurs at

the site of muscle cell loss. Fibrosis in the heart is attributed to

fibroblasts, which are the most abundant cell type in the heart

muscle. These cells are derived from cardiomyocyte-native

fibroblasts, circulating fibroblasts, and fibroblasts resulting

from the epithelial-mesenchymal transition (Zeisberg et al.,

2007; Moore-Morris et al., 2014). The process by which all

these cell types proliferate and differentiate into myofibroblasts

after injury is driven by factors such as TGF-β, endothelin-1,
and angiotensin II (Ang II). Type I and III interstitial collagen

deposition was significantly increased in DCM patients

compared with myocardial biopsies in non-diabetic patients,

corroborating reports of cardiac interstitial and perivascular

fibrosis found at earlier autopsy (van Hoeven and Factor, 1990;

Shimizu et al., 1993). It has also been suggested that an

important component of the increased cardiac fibrosis

caused by T2DM may be replacement fibrosis. The above

indicates that the two types of fibrosis are likely to coexist in

DCM (Regan et al., 1977).

T2DM and hypertension are two major causes of renal

fibrosis (Kaissling et al., 2013). Renal fibrosis is mediated by

cellular components (e.g., inflammatory cells) and molecular

components (e.g., cytokines, TGF-β, and endothelin-1) (Liu,

2011). The renin-angiotensin-aldosterone axis is particularly

important in hypertension-induced fibrosis (Mezzano et al.,

2001). The kidney has a unique cellular structure consisting of

glomeruli, tubules, interstitium and capillaries. Damage to any of

these sites triggers the deposition of ECM. Abnormal and

excessive deposition of ECM proteins in the glomerular and

interstitial regions are typical features of renal fibrosis (Sun et al.,

2016). In DKD, T2DM and systemic hypertension exacerbate

glomerular capillary pressure, leading to proteinuria, activation

of cytokines and complement, and infiltration of immune cells,

ultimately resulting in epithelial and interstitial fibrosis (Liu,

2011).

3 Non-alcoholic fatty liver disease

A large number of diabetic patients develop NAFLD and

non-alcoholic steatohepatitis (NASH). NAFLD is the most

common cause of chronic liver disease and includes a series of

liver diseases ranging from simple steatosis to NASH, fibrosis

and cirrhosis (Powell et al., 2021). The incidence of NAFLD is

rising due to the diabetes pandemic, with a global prevalence

of 24% in the general population (Younossi et al., 2018).

NASH is an inflammatory subtype of NAFLD with evidence

of steatosis and hepatocellular damage (ballooning) and

inflammation, with or without fibrosis (Chalasani et al.,

2018). Regardless of the underlying mechanism, significant

weight loss is known to have beneficial effects on NASH, with

sustained weight loss of 10% being associated with reduced

liver fibrosis (Vilar-Gomez et al., 2015). An ideal treatment

would effectively reverse liver damage and fibrosis without

negatively affecting other metabolic parameters or

cardiovascular complications.

3.1 Effects and underlying mechanisms of
bariatric surgery in improving non-
alcoholic fatty liver disease

Bariatric surgery can improve liver metabolism and reduce

biochemical indicators of nonalcoholic fatty liver disease,

including aspartate aminotransferase, alanine

aminotransferase, and alkaline phosphatase, as well as

histological parameters such as steatosis, fibrosis, Lobular

inflammation and hepatocyte ballooning (Bower et al.,

2015). Reduction in hepatic fat content and improvement

in hepatic insulin resistance is one of the earliest beneficial

effects of bariatric surgery and thus constitutes an attractive

treatment option for NAFLD (Fakhry et al., 2019). General

retrospective or cohort studies suggest that improvement in

NAFLD after bariatric surgery is more likely than with other

interventions; however, current data are insufficient to

demonstrate a reduction in liver-specific mortality (Wolfe

et al., 2016). Among patients with biopsy-proven NAFLD/

NASH, the majority of SG and RYGB patients had essentially

normal liver function in the 1-year follow-up, and the two

procedures were equally effective in improving liver function

(Cherla et al., 2020; de Brito et al., 2021). In addition, NAFLD

patients underwent RYGB were more likely to experience
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early transient deterioration of liver function than those

underwent SG, possibly due to postoperative

malabsorption or rapid weight loss (Kalinowski et al.,

2017). However, RYGB seems to have more advantages in

improving hepatic fibrosis (de Brito et al., 2021). Liver

biopsies from 180 severely obese patients with biopsy-

proven NASH after bariatric surgery showed that 84% of

patients observed regression of NASH at 1 year after bariatric

surgery, with no apparent recurrence within 1–5 years (p =

0.17). Fibrosis began to decrease 1 year after surgery and

continued to decrease within 5 years (Lassailly et al., 2020).

3.1.1 Effects of altered gut hormone levels
GLP-1 is a peptide hormone and neurotransmitter with many

metabolic and non-metabolic effects, secreted from the gut by L cells

(Drucker, 2018). Increased GLP-1 levels improve beta cell function

and insulin sensitivity (Lima et al., 2013). Elevated postprandial GLP-

1 levels in patients after SG or RYGB (Jiménez et al., 2013; Jiménez

et al., 2014). While most research on GLP-1 has focused on glucose

metabolism, GLP-1 functions beyond glycemic control. GLP-1

promotes satiety, enhances insulin release, and inhibits glucagon

release in response to nutrient intake (Jiménez et al., 2014). These

findings point to possible mechanisms of relative glycemic control

and weight loss found after surgery involving GLP-1, glucose

homeostasis and T2DM remission. In NASH patients, GLP-1

reduces de novo lipogenesis, lipolysis-induced free fatty acid levels,

and triglyceride-derived toxic metabolites (Armstrong et al., 2016b).

In animal experiments comparing the therapeutic effects of

liraglutide and bariatric surgery, bariatric surgery may enhance

GLP-1 secretion by increasing serum bile acids and L cell

proliferation in the ileum compared with liraglutide, thereby

Ameliorates hepatic steatosis in obese rats (Kashihara et al., 2015).

In addition, in a phase 2 trial on NAFLD, liraglutide resulted in some

resolution of liver fibrosis (Armstrong et al., 2016a). On this basis,

bariatric surgery appears to be more likely to alleviate the degree of

liver fibrosis through a GLP-1-mediated mechanism.

In humans, hormone-like members of the FGF family

include FGF-15/19 and FGF-21 (Itoh, 2010). The metabolism

of FGF-19 and FGF-21 is involved in the regulation of bile acid

biosynthesis, glucose metabolism and lipid metabolism in beta

cells of pancreatic islets, liver and adipose tissue (Fisher et al.,

2011). FGF-15 and FGF-21 have been shown to be protective

against liver fibrosis in a mouse model (Zarei et al., 2018; Liu

et al., 2020). Plasma FGF-19 and FGF-21 levels were analyzed in

28 patients who received RYGB (Harris et al., 2017). They found

that RYGB surgery resulted in increased postprandial plasma

FGF-19 concentrations. They also found that plasma FGF-21

exceeded baseline levels by approximately three times after

RYGB surgery. Bariatric surgery induces FGF-15/

19 expression in the distal small intestine via direct

stimulation of FXR by bile acids (Huang et al., 2019; Eiken

et al., 2020). Furthermore, FGF-15/19 acts in an endocrine-like

manner to improve the metabolic function of insulin target

tissues. DJB and SG surgery restores the FGF21 signaling

pathway in the liver of high-fat diet/streptomycin-induced

diabetic rats and increases FGF21 sensitivity (Liu et al., 2019).

PYY, also known as a short peptide of pancreatic polypeptide

YY3-36, is released by L cells in the distal small intestine and

colon (le Roux and Bloom, 2005). The main effects of PYY

involve the central regulation of appetite as well as the regulation

of blood glucose homeostasis (Batterham et al., 2003). In mouse

models, PYY modulates weight loss after bypass surgery

(Chandarana et al., 2011), while increased PYY has been

observed in patients after bariatric surgery, both as a result of

post-operative anatomical changes in the gastrointestinal tract

(Magouliotis et al., 2017). Notably, several studies suggest that

PYY3-36 levels are reduced in obesity and elevated after gastric

bypass surgery, possibly contributing to increased satiety after

this procedure (Price and Bloom, 2014; Guida et al., 2017).

Overall, as PYY is strongly associated with weight loss and

NAFLD after bariatric surgery, its role in metabolism warrants

further investigation. Although more research is needed, elevated

levels of PYY are associated with stabilization of blood glucose

levels, metabolism, and body weight, which directly affect the

incidence and complications of obesity and T2DM.

3.1.2 Changes in bile acid metabolism, transport
and signal transduction

Both RYGB and SG have been shown to induce sustained

increases in systemic bile acid (BA) concentrations and intestinal

BA signaling, which are associated with improvements in insulin

resistance and glycemic control (Belgaumkar et al., 2016; Risstad

et al., 2017). Bile acids are signaling molecules and metabolic

integrators, which involve in activating nuclear farnesoid X

receptor (FXR) and membrane Takeda G-protein-coupled

receptor 5 (TGR5) to regulate glucose, lipid and energy

metabolism (Chiang and Ferrell, 2020). However, BA includes

more than 20 components, each of which may have specific

effects on metabolism (de Aguiar Vallim et al., 2013). Notably,

12α-hydroxylated bile acids promote liver fibrosis through TGR5-

mediated p38MAPK and ERK1/2 signaling, but these bile acids were

significantly reduced after SG (Wang et al., 2017; Xie et al., 2021).

RYGB upregulates the expression of hepatic BA targets FXR and

peroxisome proliferator-activated receptor-α (PPARα) in severely

obese patients, and these changes are accompanied by regression of

NASH and T2DM after 1 year (Francque et al., 2015; Mazzini et al.,

2019). BA treatment of primary and immortalized human

hepatocytes induces FXR and PPARα to downregulate glycolysis

and restrict glucose entry into the Krebs cycle, thereby inhibiting fatty

acid synthesis from excess glucose (Cai and Sewer, 2013). PPARα
activation combined with PPARβ/δ agonists improves steatosis,

inflammation and fibrosis in preclinical models of NAFLD,

identifying new potential therapeutic areas (Pawlak et al., 2015).

Activation of the gut FXR/FGF19 signaling pathway inhibits the key

lipogenic enzyme, acetyl-CoA carboxylase, supporting the

downregulation of de novo fatty acid production by hepatic FXR
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and indirectly promoting fatty acid oxidation by downregulating the

expression of carnitine palmitoyl transferase 1α (CPT1α) serving as a
key mitochondrial fatty acid transporter. Recent studies have shown

that CPT1α is elevated in HSCs from fibrotic patients and mouse

models of fibrosis, and that CPT1α induces activation of these cells

leading to fibrosis (Fondevila et al., 2022).

Although studies of the effects of SG on FXR and its

downstream targets are lacking in humans, the observed

increase in post-operative systemic FGF19 concentrations is

consistent with enhanced gut FXR signaling following SG.

Likewise, findings in FXR-deficient mouse models receiving

SG suggest that FXR is essential to achieve the full metabolic

benefits of surgery, including postoperative recovery of glucose

tolerance and reduced energy intake (Ryan et al., 2014; Cavin

et al., 2016). It is worth mentioning that FXR agonists have

emerged as a potential therapy against liver fibrosis, despite the

issue of side effects (Li et al., 2021). In addition to the direct

effects of FXR signaling on hepatic BA, glucose, and fat

metabolism, inhibition of intestinal FXR after RYGB is also

associated with upregulation of TGR5 (Zhai et al., 2018), which

may contribute to postprandial insulin hormone pancreatic

elevation in enteroendocrine L cells after surgery Increased

levels of GLP1 and PYY suggest a multifaceted antidiabetic

effect (Trabelsi et al., 2015; Li et al., 2019).

3.1.3 Reversing inflammation
In a group of patients undergoing bariatric surgery, the

expression of inflammatory genes in subcutaneous and visceral

adipose tissue was proportional to the severity of NAFLD

histology (Rosso et al., 2019). One year post-surgery, SG

improved liver histology, especially the degree of fibrosis, in all

NASH patients (Cabré et al., 2019). At the same time, there were

significant differences in C-C chemokine receptor type 2 (CCR2) and

Tumor necrosis factor-α (TNF-α) in preoperative plasma and liver

between NASH patients and non-NASH patients, so it is considered

that the improvement of liver fibrosis involves the regulation of

oxidative stress and inflammation levels. TNF-α, a key cytokine

upregulated in obesity, is mainly produced by macrophages (Kunz

et al., 2021). Serum levels of various inflammatory markers correlate

with liver inflammation, CD11c+ CD206+ and CCR2+ macrophage

expansion in visceral adipose tissue of patients with NASH and/or

fibrosis (Wentworth et al., 2010; du Plessis et al., 2015).

Transplantation of visceral adipose tissue in obese mice increased

hepatic macrophage accumulation and exacerbated steatohepatitis

compared with a high cholesterol diet model (Bijnen et al., 2018).

Toll-like receptor 4 (TLR4) is considered to be one of the

cutting-edge cross-communicators between gut bacteria and the

host regulating inflammatory signaling and energy homeostasis

(Sala et al., 2020). A pathway specific to liver fibrosis involves

TLR4 and is associated with enhanced TGF-β signaling (Seki

et al., 2007). TLR4 is activated on the surface of HSCs by gut

bacterial lipopolysaccharides from the gut, triggering cell

activation and fibrosis formation, thereby linking fibrosis to

the microbiome (Sorribas et al., 2019). TLR4 expression in

patients with NAFLD is associated with fibrosis (Vespasiani-

Gentilucci et al., 2015). It has been shown that RYGB specifically

reduces TLR4 expression in the small and large intestines of

C57Blc/6J mice, and that TLR4 and myeloid differentiation

factor 8 (MyD88, a key downstream signaling regulators) are

required for RYGB-induced metabolic responses (Abu El Haija

et al., 2021).

4 Diabetic cardiomyopathy

There is a broad link between T2DM and cardiovascular

disease (CVD). T2DM causes cardiomyopathy and increases

the risk of heart failure (HF) even independent of traditional

HF risks, including hypertension (HTN), coronary heart

disease (CHD), and valvular heart disease (VHD)

(Dillmann, 2019). DCM is characterized by abnormal

diastolic relaxation at an early stage (Jia et al., 2018).

Numerous pathophysiological abnormalities collectively

promote interstitial fibrosis, diastolic dysfunction, and

later systolic dysfunction in cardiac tissue, resulting in

clinical HF syndrome. A retrospective cohort study of

8,231 people with T2DM showed a 2.5-fold increased risk

of HF in people with T2DM (Nichols et al., 2004). In addition,

an observational study involving 25,958 men and

22,900 women showed that a 1% increase in HbA1c was

associated with an 8% increased risk of HF regardless of blood

pressure, obesity, age and the presence of coronary heart

disease (Iribarren et al., 2001). Therefore, glycemic control in

patients with T2DM is a key mechanism to prevent cardiac

dysfunction and HF.

4.1 Effects and underlying mechanisms of
bariatric surgery in improving diabetic
cardiomyopathy

Bariatric surgery significantly improves cardiac geometry,

function, providing a unique and effective treatment for patients

with DCM and HF (Roth et al., 2020). Studies have shown that

the remission rate of high blood pressure is 60%–70% within a

year after bariatric surgery (Benaiges et al., 2019). In addition to

controlling blood pressure, RYGB and SG are effective in

reducing cardiovascular risk and the incidence of sudden

macrovascular disease (Fisher et al., 2018; Blanco et al., 2019).

In severely obese patients with T2DM, weight loss after bariatric

surgery improves left ventricular end diastolic dimension

(LVDD) (Elagizi et al., 2018). Notably, many patients with

pre-existing cardiovascular disease can reduce or completely

discontinue cardiovascular medications following bariatric

surgery (English and Williams, 2018). Furthermore, according

to a large retrospective analysis, bariatric surgery reduces in-
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hospital mortality by nearly 50% and length of stay in

hospitalized patients with HF (Aleassa et al., 2019).

4.1.1 Reducing heart load and cardiac fatty acid
utilization

Preload and afterload, as well as systemic and local energy

requirements, are decreased after bariatric surgery due to

significant reductions in adipose tissue and mass (Lin et al.,

2011). Concentrations of vasoconstrictors (e.g., enkephalinase,

angiotensin II, renin, and endothelin-1) decreased significantly

(p < 0.05) 6 months after RYGB by follow-up. These changes

promote beneficial “reverse remodeling,” improve fibrosis and

the incidence of ventricular tachycardia (Massare et al., 2010)

and reduce the incidence of sudden death (Spinale, 2007). Due to

lipid metabolism disorder, excessive fat deposition in the heart

can create a lipotoxic environment, and at the same time increase

the uptake and utilization rate of fatty acids by the myocardium,

thereby impairing cardiac function over time (Labbé et al., 2012;

Shulman, 2014). By studying positron emission tomography

scans of the hearts of 12 obese subjects with T2DM before

and after bariatric surgery, Carreau et al. (2020) found that

bariatric surgery reduces cardiac fatty acid utilization and

enhances left ventricular function.

4.1.2 Improving mitochondrial function and
regulating calcium homeostasis

Both cellular and tissue mitochondrial respiration were

increased in patients receiving RYGB or SG compared to

preoperatively (Nijhawan et al., 2013). Evidence suggests that

in a rat model of DCM, SG restores mitochondrial dysfunction

and fragmentation by activating 5′ adenosine monophosphate-

activated protein kinase (AMPK) signaling (Li et al., 2022).

Myocardial Ca2+ transients exhibit significantly higher

amplitudes and faster decay after SG and DJB, suggesting that

bariatric surgery can promote myocardial Ca2+ homeostasis in

DCM rats (Huang et al., 2018). The above-mentioned

postoperative repair of mitochondrial function and Ca2+

homeostasis can improve cardiac structure and cardiac

function by reducing myocardial collagen deposition and

fibrosis (Huang et al., 2018; Li et al., 2022). Despite this, there

are currently few clinical studies on specific improvements in

postoperative cardiac mitochondrial function and calcium

homeostasis in patients undergoing bariatric surgery (Kindel

and Strande, 2018).

4.1.3 Adjusting the enterocardiac axis and
inhibiting inflammation

Other beneficial effects of bariatric surgery include altered

gastrointestinal microbiota, changed bile acid profile, and

increased postprandial GLP-1 in the days following surgery

(Chambers et al., 2011; Ryan et al., 2014). Bariatric surgery may

beneficially alter the enterocardiac axis through one or more of

these mechanisms to further improve cardiac function beyond

the effects of weight loss. Gut-secreted GLP-1 in

cardiomyocytes is now known to lead to decreased apoptosis

and increased glucose uptake, and to reverse myocardial

fibrosis, independent of canonical insulin signaling (Bose

et al., 2005; Helmstädter et al., 2020). Increased level of

GLP-1 after bariatric surgery can reverse endothelial

dysfunction and restore the endothelial protective properties

of high-density lipoprotein (HDL) (Osto et al., 2015). In

addition, GLP-1R agonists have been used to treat ischemia-

reperfusion injury and HF.

Adiponectin (APN), the most abundant product of white

adipose tissue (WAT), has been proposed as a potential

prognostic biomarker and therapeutic target in patients

with cardiometabolic disease, which is inversely associated

with obesity (Messina et al., 2018). Adiponectin levels are

associated with a reduction in total fat mass and

atherosclerosis risk (Umeda et al., 2013) and are

significantly elevated after bariatric surgery (Valenzano

et al., 2020). Current studies have shown that APN reduces

the degree of cardiac fibrosis by activating autophagy in

macrophages and inhibiting Ang II-induced inflammatory

responses (Qi et al., 2014). Serum Hsp60 (a kind of

adipokine) was elevated in patients with DCM but

decreased after bariatric surgery. As a predictor of

cardiovascular disease, Hsp60 correlates with inflammatory

markers and may be a molecular link between adipose tissue

inflammation and the development of cardiovascular disease

(Sell et al., 2017). TLR4 mediates HSP60-induced apoptosis in

cardiac myocytes fromWTmice, which appears to be involved

in replacement fibrosis (Heiserman et al., 2015).

5 Diabetic kidney disease

Rising global prevalence of T2DM and chronic kidney

disease (CKD) has prompted research into DKD (Anders

et al., 2018). The leading cause of kidney failure worldwide is

DKD (Reidy et al., 2014). More serious, All-cause mortality in

DKD patients was 31% and 10-year mortality was 20% (Afkarian

et al., 2013). Hyperglycemia is the main cause of the development

of DKD. The earliest signs of DKD are microalbuminuria

(>30 mg/day), which progresses to macroalbuminuria

(>300 mg/day) and decreased glomerular filtration rate (GFR),

culminating in end-stage renal disease (ESRD) (Rocco and Berns,

2009). Metabolic changes associated with T2DM can lead to

glomerular hypertrophy, glomerulosclerosis, and

tubulointerstitial inflammation and fibrosis (Tervaert et al.,

2010). More than 40% of people with obesity and T2DM

develop renal impairment as microvascular complications, and

30% go on to develop end-stage renal disease (Adler et al., 2003).

Tight glycemic control significantly reduces the incidence of

diabetic nephropathy, suggesting that hyperglycemia-induced

metabolic changes, including changes in energy utilization and
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mitochondrial dysfunction, play a key role in disease

development (Reidy et al., 2014).

5.1 Effects and underlying mechanisms of
bariatric surgery in improving diabetic
kidney disease

A large retrospective observational cohort study of

patients with T2DM showed that bariatric surgery

significantly reduced the incidence of kidney disease

relative to nonsurgical interventions (6.4% vs. 14%)

(O’Brien et al., 2018). For patients with pre-existing kidney

disease, almost 80% improvement in albuminuria in the short

and long term after bariatric surgery including RYGB and SG

(Young et al., 2019). Obvious renal histopathological lesions

including glomerulosclerosis, mesangial matrix expansion,

and podocyte hypertrophy are prevalent in T2DM and can

be ameliorated by bariatric surgery (Navarro-Díaz et al.,

2006). This is consistent with the anti-proteinuric effect of

SG and RYGB in STZ-induced DKD rats (Canney et al., 2020;

Xiong et al., 2020). Meanwhile, improvements in glomerular

structure and ultrastructure were also observed in animal

models. An observational retrospective cohort study

demonstrated that bariatric surgery, particularly RYGB

surgery, significantly improved Estimated glomerular

filtration rate (eGFR) for up to 3 years. Bariatric surgery

should be considered for patients with DKD who have

failed lifestyle changes and medical therapy, which have

potential benefits in slowing DKD progression (Friedman

and Wolfe, 2016). As a means to improve outcomes in

patients with renal disease, bariatric surgery has myriad

potential roles that require more clinically relevant studies

to explore (Martin et al., 2020).

Bariatric surgery reduces weight and improves hypertension

and hyperglycemia, which may explain some of the positive

effects on albuminuria (Navarro-Díaz et al., 2006; Getty et al.,

2012). Important mechanisms of DKD pathogenesis are

advanced glycation end products and oxidative stress (Giacco

and Brownlee, 2010). However, the role of inflammation is

increasingly recognized as key to the progression of kidney

disease (Fenske et al., 2013).

Chronic low-grade inflammation is often associated with

T2DM (Sabatino et al., 2017). C-reactive protein (CRP) is

associated with the development of DKD (McDonald et al.,

2004; Rao, 2012). CRP promotes renal fibrosis and

inflammation in a TGF-β-dependent manner (You et al., 2021).

Bariatric surgery may reduce CRP and repair the pro-inflammatory

chemokine and cytokine milieu, while enhancing anti-

inflammatory chemokine and cytokine production (Illán-Gómez

et al., 2012). CC-chemokine ligand 2 (CCL2), a protein closely

associated with obesity and diabetic nephropathy (Tesch, 2008).

Bariatric surgery-induced reduction in CCL-2-related

inflammation is associated with improved renal function and

reduced renal fibrosis (Bueter et al., 2010; Monte et al., 2012;

Fenske et al., 2013; Wu et al., 2014). Similar improvement in

urinary CCL-2/creatinine ratio at 4 weeks after RYGB and SG,

but additional effect of RYGB in reducing chemokine ligand 18

(CCL-18) (Bueter et al., 2010). The AMPK/TGF-β pathway has

been identified as a key pathway regulating inflammation and

profibrosis in diabetic nephropathy. In a rodent kidney model,

RYGB partially reversedDKD fibrosis by reducing TGF-β signaling
(Vangoitsenhoven et al., 2020). At the same time, renal fibrosis was

reversed after surgery, which may be related to the blockade of the

renin-angiotensin system (Lambers Heerspink et al., 2013; Berney

et al., 2021). Furthermore, several recent observations suggest that

elevated endogenous gut hormones, such as GLP-1, may be an

intermediate mediator of the anti-inflammatory effects of RYGB

(Navaneethan et al., 2010).

6 Summary and future perspective

In recent years, bariatric surgery has grown as an emerging

treatment for T2DM and related comorbidities. Currently, there

is a growing body of strong evidence for the efficacy and safety of

bariatric surgery (Arterburn et al., 2020). Therefore, for severely

obese patients with T2DM, it is necessary to add bariatric surgery

to the treatment decision-making option.

High-quality evidence from randomized controlled trials

suggests that bariatric surgery is superior to medical therapy

for enhancing glycemic control and achieving T2DM remission.

The continued global prevalence of NAFLD, DCM and DKD as

comorbidities of T2DM means that this is an important priority

for healthcare and research. Bariatric surgery to treat these major

T2DM comorbidities has obvious advantages over medical

treatment in terms of duration and improvement.

In T2DM, fibrosis in various organs is driven in part by

inflammation caused by IR itself. TGF-β is a common

mediator of organ fibrosis in T2DM (Rockey et al., 2015).

Unfortunately, the role of TGF-β in bariatric surgery

ameliorating myocardial fibrosis has not yet been

elucidated. A liver-specific fibrotic pathway involving

TLR4 has also been reported in studies of cardiomyocyte

fibrosis. It can be seen from these that the molecular

systems related to T2DM-induced fibrosis are very

extensive and complex, and need to be further explored

and clarified.

Future research should focus on identifying key transcriptional,

proteomic, andmetabolomic changes that occur in vital organs of the

body such as the heart, liver, and kidneys after bariatric surgery, which

will help differentiate between the benefits and harms of bariatric

surgery in people with T2DM impact and can inform the design of

novel medical treatments that replicate the beneficial effects of

surgery, while providing ideas for addressing the adverse

consequences of surgery, thereby maximizing its therapeutic benefits.
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The role of p53 in liver fibrosis

Siyu Yu, Guang Ji* and Li Zhang*

Institute of Digestive Diseases, Longhua Hospital, Shanghai University of Traditional Chinese Medicine,
Shanghai, China

The tumor suppressor p53 is the central hub of a molecular network, which

controls cell proliferation and death, and also plays an important role in the

occurrence and development of liver fibrosis. The abundant post-translational

processing andmodification endow the functional diversity of p53. Considering

the relationship between p53 and liver fibrosis, drug intervention targeting

p53 or management of p53 regulation might be effective strategies to treat

liver fibrosis. Here, we systematically discuss the regulation of p53 in different

liver cells (hepatocytes, immune cells, HSCs, etc) and the role of p53 in the

development of liver fibrosis, and propose possible interventions to prevent the

pathogenic processes of liver fibrosis.
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Introduction

Liver fibrosis is a complex fibrogenic and inflammatory process, characterized by the

accumulation of extracellular matrix (ECM), which distorts the hepatic architecture, and

potentiates risks for cirrhosis and even hepatocellular carcinoma. Liver fibrosis generally

results from chronic liver-damaging factors such as virus, alcohol, nonalcoholic

steatohepatitis (NASH), cholestasis, autoimmune diseases (e.g., primary biliary

cirrhosis, primary sclerosing cholangitis), drugs, parasitic infections, and genetic

mutations (Acharya et al., 2021). All these hepatocellular injuries can activate the

fibrogenic pathways and hepatic stellate cells (HSCs), and promote the differentiation

of ECM-producing myofibroblasts (MFBs). HSCs are considered the main effector cells of

liver fibrosis, quiescent HSCs reside in the Disse space and are the lipid storage cells,

whereas the activation of HSCs involves a host of phenotypic changes, including loss of

lipid droplets, trans-differentiation into MFBs, and expression of contractile fibers.

Physiologically, ECM is part of the boundary between blood flow and parenchyma,

and fibrogenesis is a normal wound healing response. During the reparative process, ECM

is made up of glycoproteins, proteoglycans, and non-fibrogenic type IV collagen, these

components form a lattice-like matrix to support the proper arrangement and function of

liver cells. However, upon various injuries, the synthesis of ECM is accelerated, and the

non-fibrogenic type IV collagen is replaced by fibrogenic type I and II collagen, and the

change of composition and density also alters the structure of the matrix and disrupt the

normal structure of the liver (Bataller and Brenner, 2001). If the injury is acute or self-

limiting, fibrogenic changes are transient and reversible. Once the primary disease is

controlled or tissue damage is reduced, the activated HSCs can return to a quiescent state

(Hernandez-Gea and Friedman, 2011; Seki and Brenner, 2015). Actually, spontaneous
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regression of liver fibrosis can be observed on day 28 after carbon

tetrachloride (CCl4) intraperitoneally injections (Iredale et al.,

1998). However, if the inflammatory response and the injury

persist, the liver parenchyma is gradually replaced by scar tissues,

which may further develop into cirrhosis and liver failure (Aydin

and Akcali, 2018).

Currently, specific antifibrotic agents to treat liver fibrosis are

still not available albeit several novel agents have entered the pre-

clinical stage. Presently, clinical practice guidelines for liver

fibrosis are only etiology-specific, to prevent progression and

target the cause of liver injuries, such as antiviral drugs, alcohol

withdrawal, treatment of metabolic disorders, and weight loss

(Yamada et al., 2018; Damiris et al., 2020). The pathogenesis of

liver fibrosis is rather complex, which involves cell-cell

communication (e.g., hepatocytes and HSCs, liver

macrophages and HSCs), activation and modulation of

different signaling pathways, and immune system and tissue

repair pathways among others. Therefore, understanding the

mechanisms is fundamental for developing practicable drugs for

liver fibrosis.

Since advanced liver fibrosis has the potential to progress into

hepatocellular carcinoma, liver fibrosis is also considered a

precancerous pathology. P53 is a well-known tumor

suppressor gene, locates on human chromosome 17 with a

relative molecular mass of about 53 kDa. Recent studies

revealed that p53 also plays an important role in the

development and progression of fibrosis. P53 interacts with

fibrogenesis and fibrinolysis pathways, and mice with

p53 deficiency spontaneously develop into liver fibrosis,

suggesting that p53 is an important regulator of liver fibrosis.

P53 is required for the anti-fibrosis
process

P53 gene (TP53) is crucial for maintaining genome integrity

and intracellular homeostasis via initiating the survival process of

cells such as cell cycle arrest, apoptosis, senescence, DNA damage

and differentiation (Kanapathipillai, 2018; Lv et al., 2018).

P53 protein locates on human chromosome 17 with a relative

molecular mass of about 53 kDa. Physiologically, p53 protein is

unstable and maintained at low levels under the action of

negative regulatory factors in cells (Brooks and Gu, 2006;

Blandino and Di Agostino, 2018) (Figure 1). However,

TP53 is extremely susceptible to mutating all cancer types

(Zhu et al., 2015; Sabapathy and Lane, 2019), it undergoes a

variety of mutations such as point mutation, deletion, frameshift

and rearrangement (Wu et al., 2020). When TP53 is mutated, the

encoded P53 protein obtains a prolonged half-life and strong

stability, which continuously accumulates in the nucleus and

FIGURE 1
The function of p53 in physiological and pathological conditions of the liver. The p53 gene (TP53) is an important regulator in maintaining
cellular homeostasis and can control cellular survival processes such as cell cycle arrest, apoptosis, senescence, DNA damage and differentiation.
The effects of p53 on the liver are varied at different stages of liver injury. During the initial stage of p53 activation, it has anti-inflammatory and anti-
fibrotic properties. In the presence of chronic liver injury, p53 activation and senescence in HSCs promote HSC accumulation, leading to the
development of liver disease. Mutated p53 acquires carcinogenic properties, and contributes to the development of cancers.
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loses its monitoring functions (Itahana and Itahana, 2018).

Mutated p53 acquires carcinogenic properties, including cell

proliferation, chemoresistance, disruption of tissue structures,

promotion of migration, invasion and metastasis (Blandino and

Di Agostino, 2018).

The transforming growth factor beta (TGF-β) pathway

determines the synthesis and degradation of ECM during the

process of fibrosis (Muthuramalingam et al., 2020). TGF-β binds
to its receptors and recruits smooth muscle actin (Smad) and

P53 to form transcriptionally-active multi-protein complexes. It

is reported that increased p53S15 phosphorylation accelerates

renal damage and compromised organ function in

experimental renal injury animals (Muthuramalingam et al.,

2020). Tubular-specific p53 ablation or p53 inactivation in

mice prevents epithelial G2/M arrest, reduces the secretion of

fibrotic effectors, and attenuates the transition from acute to

chronic kidney injury (Yang et al., 2010). In the presence of

hypoxia, HIF-1α up-regulates p53 and activates TGF-β and

CTGF-mediated signaling pathways, leading to ECM

formation and renal fibrosis (Liu et al., 2019). Active TGF-β1
and p53 signaling pathways can be also observed during

myocardial fibrosis in the heart tissue of dilated

cardiomyopathy patients with ventricular tachycardia

(Haywood et al., 2020). The use of Bleomycin can aggravate

the process of pulmonary fibrosis by upregulating the expression

of P53 and P21 in A549 human alveolar epithelial cells

(Muthuramalingam et al., 2020). In response to silica,

upregulation of p53 activates the RMRP/miR122 signaling

pathway and promotes epithelial-mesenchymal transition

(EMT), leading to the progression of pulmonary fibrosis in

BALB/c mice (Li et al., 2021). Accordingly, the lung tissue

damage and collagen deposition in p53 deficient mice are

significantly reduced compared with wild-type mice,

suggesting that inhibition of p53 expression could delay the

progression of lung fibrosis (Wu et al., 2020).

The development of liver fibrosis attributes to HSC activation

as well as the pathological change of hepatocytes and liver

macrophages among others. Growing research suggests

p53 accumulation in hepatocytes of several fibrotic liver

diseases, such as NASH, viral hepatitis and primary biliary

cirrhosis. The expression of the pro-apoptotic protein p53 is

increased while anti-apoptotic protein Bcl-2 is inhibited with the

enhancement of the inflammatory response in non-alcoholic

fatty liver disease (NAFLD) patients (Panasiuk et al., 2006).

Overexpression of p53 can be observed in 35% of samples in

liver biopsies in patients with non-neoplastic liver disease,

steatohepatitis and chronic hepatitis (Akyol et al., 1999). A

study of p53 expression in the liver of patients with HCV

infection showed that p53 was overexpressed in 7 of

40 patients (17.5%), indicating that overexpression of p53 may

occur in the early stages of HCV-related liver disease (Rektorova

et al., 2003). Liver macrophages includes the resident Kupffer

cells and recruited liver macrophages. The crosstalk of

hepatocytes, macrophages and HSCs can be triggered and

facilitated by a range of chemical mediators, of which

transforming growth factor beta (TGF-β) plays a prominent

role (Poli, 2000).

Mutant p53R172H is associated with spontaneous liver

inflammation and steatosis when combined with the loss of

IL27 signaling (IL27RA), and mice develop microscopic and

macroscopic steatosis, hepatocyte necrosis, immune cell

infiltration and fibrosis with age (Dibra et al., 2016).

P53 contributes to fibrotic disease progression by

downregulating sirtuins in the liver, leading to telomere

dysfunction. By inhibiting p53, mitochondrial function and

liver fibrosis can be improved to some extent (Amano et al.,

2019). IL-10 gene therapy can alleviate liver fibrosis in rats upon

CCL4 injection by restoring HSC senescence in the fibrotic liver,

however, the effect is abrogated in p53 knockout rats, indicating

p53 is required for the anti-fibrosis effect of IL-10 (Guo et al.,

2021). Collectively, these studies suggested that the increase of

p53 in response to various liver stimulation might a stress

reaction to prevent disease progression, and p53 is involved

and required in the anti-fibrosis process.

P53 interacts with fibrosis signaling

The stressed environment of the liver often leads to the

activation of p53, resulting in changes in metabolic pathways and

inducing apoptosis (Charni et al., 2014). Mdm2 is a protein that

promotes p53 degradation, hepatocyte-specific Mdm2 knockout

mice present endogenous p53 protein accumulation, which

further upregulates connective tissue growth factor (CTGF)

and formation of spontaneous liver fibrosis (Kodama et al.,

2011). P14 Cdk1Liv−/− mice mimic the lack of division ability

of hepatocytes in chronic hepatitis C (CHC) patients, and

enhanced p53 signaling can be observed in the liver,

accompanied by the progression to liver inflammation and

fibrosis (Dewhurst et al., 2020). In methionine-and choline-

deficient diet-fed mice, serum IGF-1 levels decreased with the

progression of simple steatosis to NASH, and the expression of

p53 and its downstream target gene p21 in the liver also

increased, which might be involved in initiating cell apoptosis

and enhance clearance of damaged hepatocytes (Farrell et al.,

2009). P53 can directly regulate the expression of specific

microRNAs, the most significant of which is the miR-34 site,

including miR-34a, miR-34b, and miR-34c (Vousden and Prives,

2009). MiR-34a/SIRT1/p53 signaling pathway is activated in

hepatocytes of CCL4-induced fibrotic rats, leading to

hepatocyte apoptosis, thereby activating hematopoietic stem

cells and participating in the process of liver fibrosis (Tian

et al., 2016). Levels of collagen markers in serum and the

expression of p53 in liver tissue are positively correlated with

serum miR-34a in CHC patients (Li et al., 2020). Triclosan

induces liver injury in zebrafish by triggering the abnormal
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expression of miR-125 that is mediated by the MAPK/

p53 signaling pathway (Guo et al., 2021).

Monocytes and macrophages are known sources of TGF-β,
and upon chronic liver injury, the secretion of TGF-β is

significantly increased, which has a specific stimulatory effect

on collagen formation. Experiments demonstrate that Kupffer

cells isolated from alcoholic fibrosis rat liver express and release

TGF-β, and Smad and p53 protein complexes synergistically

activate TGF-β-induced transcription. P53 promotes the

activation of multiple TGF-β target genes during embryonic

development in Xenopus. In mammalian cells, TGF-β requires

p53 for complete transcriptional activation of CDK inhibitor

p21WAF1, and p53 deficient cells show impaired cellular

inhibitory responses to TGF-β signaling (Cordenonsi et al.,

2003). Loss of type II TGF-β receptor inactivated TGF-β
signaling synergizes with inactivated p53 to promote

hepatocellular carcinoma (Morris et al., 2012).

Hepatocyte apoptosis induced by p53 may lead to

inflammatory cell infiltration, liver cirrhosis, and even liver

cancer in the long term (Charni-Natan et al., 2019). In

primary hepatocytes, TGF-β treatment increased the

p53 and p66Shc signaling pathways, leading to excessive

accumulation of reactive oxygen species (ROS) and

apoptosis. The liver p53 and p66Shc signaling pathways are

enhanced in a mouse model of NASH, and p53 deletion can

inhibit the enhanced p66Shc signaling, reduce hepatic lipid

peroxidation and the number of apoptotic hepatocytes, and

improve the progression of nutritional steatohepatitis. The

expression levels of p53, p21, and p66Shc are significantly

elevated in liver specimens from NAFLD patients (Tomita

et al., 2012). In primary rat hepatocytes, TGF-β1 trans-

activates E2F-1, leads to Mdm-2 degradation and increases

the expression of p53, and the levels of BAX protein and

mRNA are significantly increased to induce hepatocyte

apoptosis (Sola et al., 2003). Activation of p53 and TGF-

β1/Smads signaling pathways leads to 10% fructose-induced

epithelial-mesenchymal transition in rat hepatocytes, leading

to liver fibrosis (Song et al., 2019).

P53 mediates the function of HSC

After an acute injury, activated HSCs can support hepatocyte

proliferation and tissue repair, and as injury continues, activated

HSCs migrate and accumulate at tissue repair sites, tans-

differentiated into MFBs to secrete large quantities of ECM

and initiate the liver fibrosis process (Bataller and Brenner,

2005; Passino et al., 2007). Therefore, inhibiting HSC

activation and inducing the cell death of HSC are equally

important in the anti-fibrosis process (Figure 2). Hepatocyte

death and inflammation are reduced after neddylation inhibition,

which may partially explain the reduction in HSC activation

(Author Anonymous., 1989). As aforementioned, p53 is an active

regulator of TGF-β1 secretion from hepatocytes and immune

cells, and the quantity and stability of p53 in HSCs are necessary

to block the development of fibrosis.

FIGURE 2
P53 in regulating different liver cells during the development of liver fibrosis. Hepatocytes, liver macrophages (Kupffer cells and recruited
monocyte-derived macrophages) secrete a variety of intracellular metabolites, cytokines, chemokines, reactive oxygen species, etc., and activate
HSCs through a variety of p53-related pathways. These pathological stimulations could promote the trans-differentiation of HSCs into MFBs, and
subsequently lead to liver fibrosis.
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Promoting apoptosis is a promising strategy for fibrosis (Xue

et al., 2022). As a well-known cancer suppressor, p53 is actively

involved in cell apoptosis, ferroptosis, and senescence of cells.

Activation of the p53/Bax/Bcl-2 signaling pathway promotes cell

apoptosis, inhibits cell proliferation and migration, and reduces

the production of ECM. In addition, increased p53 is associated

with ROS production, which might further enhance cell

apoptosis. P53 also ferroptosis to eliminate damaged cells (Wu

and Prives, 2018; Stein et al., 2019). BRD7 directly binds to the

N-terminal transactivation domain to promote mitochondrial

translocation of p53, which in turn forms a complex with

SLC25A28 to enhance the activity of SLC25A28, resulting in

abnormal accumulation of redox-active iron and electron

transfer chain hyperfunction, enhanced ferroptosis in HSCs

and improved the degree of liver fibrosis in mice (Zhang

et al., 2020). P53 is an upstream molecule that promotes

artemether-induced ferroptosis in HSCs, and inhibits HSC

activation accordingly. In CCL4-induced liver fibrosis,

artemether significantly downregulated many markers of HSC

activation, including α-SMA, Col1a1, and fibronectin, and

inhibited profibrotic receptors such as TGF-βR1, PDGF-βR
and epidermal growth factor receptor (Wang et al., 2019).

Senescent cells also contribute to the generation of ECM and

fibrotic scars during liver injury (Kim et al., 2013). In mice

lacking key regulators of aging, HSCs obtain a sustaining

proliferation and cause subsequent liver fibrosis.

Transcriptomic analysis of senescent and apoptotic cells

revealed that LY6D expression is enhanced in senescent cells

in a p53-dependent pattern (Hu et al., 2022). P53 promotes

senescence of activated HSCs during acute liver injury,

simultaneously, decreased ECM and downregulated ECM-

degrading enzymes can be observed. Natural killer (NK) cells

are reported to preferentially clear senescent HSCs in vitro and in

vivo, thereby protecting the liver from excessive fibrotic

responses (Krizhanovsky et al., 2008). P53 can restrict

malignant transformation by triggering cell-autonomous

programs of cell-cycle arrest and cellular senescence. It is

reported that ablation of a p53-dependent senescence program

in HSCs increases liver fibrosis and cirrhosis, and enhances the

progression to hepatocellular carcinoma (Lujambio et al., 2013).

Management of p53 is a promising
strategy for liver fibrosis

Currently, eliminating irritation or ameliorating the cause of

chronic liver diseases, such as the use of antiviral drugs, alcohol

withdrawal, treatment of fatty liver disease and weight loss, are

the common strategies for preventing liver fibrosis (Trautwein

et al., 2015). However, in cases of advanced fibrosis, liver

transplantation remains the only effective option (Taymouri

and Taheri, 2016). As p53 is required for the anti-fibrosis

process, management of p53 is a promising strategy.

Post-translational processing and modification determines

the stability and transcriptional activity of p53 protein, and

contribute to functional diversification. Phosphorylation is the

most common post-translational modification of p53, which

variously occurs at the N-terminus, DNA binding domain,

C-terminus of p53, etc. Phosphorylation enhances the

stabilization and transcriptional activity of p53 (Nguyen et al.,

2014; Lv et al., 2018). Ubiquitination of p53 is mediated by

E3 ubiquitin ligase (Cubillos-Rojas et al., 2017), ubiquitination

and degradation of p53 disrupt p53-dependent transcription, and

affect p53-promoted cell growth inhibition, G1 block and

apoptosis (Sun et al., 2009; Sun et al., 2011). Multiple lysines

at the carboxy terminus are major targets for the regulation of

p53 acetylation (Gu and Roeder, 1997; Vaziri et al., 2001).

Acetylation of p53 can increase the stability of p53 and play

an important role in the activation of downstream target genes.

Acetylated p53 (Ac-p53) improves the ability of p53 to bind to

DNA, regulates the separation and distribution of p53 between

the cytoplasm and nucleus, and promotes the recruitment of

coactivators (Oda et al., 2000; Hofmann et al., 2002).

P53 can inhibit cell proliferation or induce apoptosis in

tumor cells, as a key inhibitor of p53, Mdm2 has a high

affinity to p53 protein. Overexpression of Mdm2 effectively

inhibits the function of p53, and Mdm2 and its homolog

Mdm4 are commonly overexpressed in human tumors (Grier

et al., 2006). The use of potent and selective small molecule

Mdm2 antagonists can disrupt the p53-Mdm2 interaction and

activate the p53 pathway in cancer cells, resulting in cell cycle

arrest, apoptosis, and inhibition of human tumor growth in nude

mice (Vassilev et al., 2004). In addition to Mdm2, some ubiquitin

ligases such as PIRH2 and COP1 can also promote the

degradation of p53 (Collavin et al., 2010). Pifithrin -α, an

inhibitor of p53, can reduce the level of nuclear p53 and

reduce the activity of caspase3, thus alleviating apoptosis and

necrosis (Schafer et al., 2003). Ursodeoxycholic acid (UDCA)

specifically inhibits the E2F-1/p53 apoptosis pathway, reduces

the stability of p53, decreases NF-κB degradation and

downregulates Bcl-2, and alleviated TGF-β1-induced
hepatocyte apoptosis in rats (Sola et al., 2003).

Conclusion and perspectives

Here we reviewed the pathogenesis of liver fibrosis and the

research progress of tumor suppressor p53 in liver fibrosis.

During fibrosis, the interaction between parenchymal cells and

non-parenchymal cells, the activation of different immune cells

and signaling pathways, and the release of various inflammatory

mediators lead to the occurrence of inflammation, then activate

HSCs, lead to the accumulation of ECM, and fibrosis scarring.

P53 plays an inhibitory role in various tumor diseases, and

mutated or modified p53 is endowed with different functions.

In addition to its important role in the occurrence and
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development of tumors, p53 is involved in fibrosis of different

organs such as the liver, kidney, lung and heart, and management

of p53 is found to be beneficial for all kinds of fibrosis.

Despite significant progress in basic research on liver fibrosis,

the anti-fibrotic activity of many compounds has been

demonstrated in vitro and in animal models (Trautwein et al.,

2015), however, sensitive and specific biomarkers as non-invasive

diagnostic tools and effective anti-fibrosis drugs have not yet

been developed. The tumor suppressor 53 can regulate the

fibrogenic process and potentiate a promising perspective for

liver fibrosis. Each member of the P53 family has slightly

different roles in tumors, so whether they also play different

roles in the development of liver fibrosis is also worthy of further

study. P53 regulates lipid metabolism, inflammation, and adipose

tissue metabolism, indicating that metabolic-associated liver

fibrosis might be more specific for p53 regulation. Therefore,

a comprehensive understanding of the relationship between

p53 and liver fibrosis is of great significance for the

development of target drugs for the treatment of liver fibrosis.
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Background and aim: The current cut-offs for fibrosis-4 (FIB-4) and non-

alcoholic fatty liver disease fibrosis score (NFS) are suboptimal for screening

because of low accuracy and high false-negative rates in average-risk

populations. This study aimed to reappraisal the performance of FIB-4 and

NFS in such average-risk populations.

Methods: This is a cross-sectional study, which retrospectively reviewed

the magnetic resonance elastography (MRE) data of 8,522 subjects.

Individuals with history of significant alcohol consumption and those with

positive viral serologic markers were excluded. Finally, 6,215 average-risk

individuals were analyzed.

Results: The area under the receiver operating characteristic curves (AUROCs)

of FIB-4 for the diagnosis of advanced hepatic fibrosis was higher than

that in the NFS especially in the metabolically healthy. The AUROCs of

FIB-4 for in the average-risk population was also higher than that in the

NFS (0.840 in FIB-4 vs. 0.798, P = 0.036). However, the sensitivity of FIB-

4 and NFS was low (69.6 and 61.4%, respectively) in applying the current

cut-off of FIB-4 [1.3 (2.0)] and NFS [-1.455 (0.12)]. At cut-off of FIB-4 at

1.0, sensitivity (90.2%), and negative predictive value (99.7%) were improved.
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Conclusion: The diagnostic performance of FIB-4 was better than that of NFS

for screening hepatic fibrosis in average-risk populations. It is recommended

to use FIB-4 rather than NFS, when screening for hepatic fibrosis in

general population.

KEYWORDS

advanced hepatic fibrosis, fibrosis-4 index, non-alcoholic fatty liver disease fibrosis
score, magnetic resonance elastography, average-risk population

Introduction

Socioeconomic burden of non-alcoholic fatty liver disease
(NAFLD) has been increasing of late (1, 2). The most
important risk factor for liver-related and overall mortality is
the stage of hepatic fibrosis in patients with NAFLD (3, 4).
Therefore, it is very important to screen and evaluate for the
presence and severity of hepatic fibrosis in such patients (5–
7). Prevalence of significant and advanced hepatic fibrosis in
the general population is 5.1–9.5 and 1.3–2.6%, respectively
(8, 9). Therefore, early detection of hepatic fibrosis in the
general population is necessary to prevent liver-related events
and to decrease medical costs. However, as no optimal screening
algorithms and effective treatment for patients with NAFLD
have yet been developed, screening for significant or advanced
hepatic fibrosis is not recommended for general population.

Notably, health check-ups are extensively conducted for
average-risk populations. Sonographic fatty liver and elevated
liver enzyme levels are the most common reasons for referring
patients from primary care centers to referral centers. However,
the sensitivity of ultrasonography or biochemical tests for
significant or advanced hepatic fibrosis is unsatisfactory. In
recent times, the fibrosis-4 (FIB-4) index and non-alcoholic fatty
liver disease fibrosis score (NFS) tests have become common as
the first step to screen advanced hepatic fibrosis in individuals
with known viral hepatitis and NAFLD (10). However, only
one relevant large-scale study has been conducted for screening
hepatic fibrosis in the general population (11). The study
reported that FIB-4 and NFS were suboptimal for screening
purposes because of the high risk of over-diagnosis in the
general population (11). Therefore, special caution is needed
when using the current low cut-off of FIB-4 or NFS as a
single screening strategy in average-risk populations. New
non-invasive methods or optimization of FIB-4 or NFS are
needed for detecting fibrosis in low-prevalence fibrosis settings.
However, the variables used in FIB-4 and NFS are generally
already included in health check-up tests, and therefore, they
do not require additional tests in primary care setting. Recent
guidelines recommend to use FIB-4 and NFS over other
non-invasive fibrosis markers as a first step screening tools,
because they are mort well validated and have shown the

best diagnostic accuracy among non-invasive fibrosis markers
(10, 12). Moreover, considering that other tests (e.g., transient
elastography) after FIB-4 and NFS are sequentially applied for
the advanced hepatic fibrosis screening algorithm, FIB-4 and
NFS tests as a first step are still attractive screening methods in
primary care settings.

New cut-off or optimization of FIB-4 and NFS to reduce
false-negatives and increase accuracy is needed for detecting
fibrosis in low-prevalence fibrosis settings. This study is an
attempt to conduct reappraisal the performance of FIB-4 or NFS
and discuss the reasonable cut-off in average-risk populations.

Materials and methods

Study design

This was a retrospective, cross-sectional study. The subjects
underwent magnetic resonance elastography (MRE) as part
of their health check-up. The health check-up program
was uniformly performed at 13 nationwide health-promotion
centers. This study was approved by the institutional review
board (IRB No. HY-2021-04-001-001) of Hanyang University
Hospital, and the requirement for informed consent was waived.

Rationale for abdominal sonography
and magnetic resonance elastography
as health check-up

Abdominal sonography is one of the basic and most
commonly performed health check-up examinations. It can
be conducted either when the examinees prefer so or as part
of an obligatory basic exam conducted every 1 or 2 years by
companies under the Act of Employment in Korea. However,
the MRE test is not included in the routine health check-up
program. It is offered to patients as an additional option under
their own expense. Patients with known chronic liver diseases
are managed under a separate health check-up program run by
the National Health Insurance Service in Korea. Therefore, they
are less likely to be included in this study.
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Inclusion and exclusion criteria

A total of 10,771 subjects who underwent MRE as part
of their health check-up examination between January 1, 2017
and May 30, 2020 were included. Among them, 2,249 subjects
were excluded owing to missing data on abdominal sonography
and clinical information (e.g., metabolic risk abnormalities and
variables used in FIB-4 and NFS). Individuals with history of
significant alcohol consumption (≥210 g per week for men
and ≥ 140 g per week for women) or chronic liver disease in
the questionnaire and those with positive result in viral serologic
markers (HBsAg and HCV Ab) were also excluded (n = 2,307)
(Figure 1).

Clinical parameters of the subjects

Routine health check-up questionnaires were used to
obtain the history of hypertension, diabetes mellitus (DM), or
dyslipidemia and intake of the corresponding medications for
these conditions, as well as the social history of alcohol intake.
Anthropometric measurements included waist circumference,
blood pressure, height, weight, total fat mass, and lean
mass. Additionally, fasting serum glucose, total cholesterol,
low-density lipoprotein cholesterol, high-density lipoprotein
cholesterol, triglycerides, AST, ALT, and γ-glutamyl transferase
levels were measured.

FIB-4 and NFS were calculated, and their low cutoff values
of FIB-4 [1.3 (2.0)] and NFS [–1.455 (0.12)] were selected

according to the method described by McPherson et al. (13). If
age of subjects was 65 or more, the cutoff values of FIB-4 (2.0)
and NFS (0.12) were used. If age of subjects was lower than 65,
the cutoff values of FIB-4 (1.3) and NFS (–1.455) were used.

Definition of metabolically healthy and
unhealthy groups

We defined the metabolic risk abnormalities as follows (14):
(1) waist circumference ≥ 85 cm for women and ≥ 90 cm
for men, (2) blood pressure ≥ 130/85 mmHg and/or taking
hypertension medication, (3) serum triglyceride ≥ 150 mg/dL,
(4) high-density lipoprotein cholesterol < 50 mg/dL for
women and < 40 mg/dL for men, and (5) fasting glucose
level ≥ 100 mg/dL with HbA1c ≥ 5.7% and/or taking diabetes
medication. The metabolically unhealthy group was defined as
having diabetes or two or more metabolic risk abnormalities as
per our previous study (15). The metabolically healthy group
was defined as those with no diabetes and only one or no
metabolic risk abnormality.

Assessment of fatty liver and hepatic
fibrosis severity

The presence of fatty liver was evaluated using
ultrasonography. Severity was graded as normal, mild,
moderate, or severe according to the degree of fat infiltration

FIGURE 1

Study flow. MRE, magnetic resonance elastography.
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(16). Liver echotexture, attenuation, and visualization of
the intrahepatic vessel borders and/or the diaphragm were
used as the indices. Liver stiffness was measured by MRE.
All MRE examinations were performed on MRE hardware
(GE Healthcare, Waukesha, Wisconsin, USA) with a 1.5-T
imaging system using a two-dimensional MRE protocol (17).
The acquired MRE images were automatically processed.
Liver stiffness was assessed by a radiologist using regions
of interest, excluding the vessels. The cut-off values for
significant and advanced hepatic fibrosis were set at MRE
values of ≥ 3.0 kPa (F2) and ≥ 3.6 kPa (F3), respectively (18).
We used various cut-off values for advanced hepatic fibrosis
for sensitivity analysis. The range of advanced fibrosis was
defined as MRE values of 3.2–4.0 kPa for sensitivity analysis
(19–23).

Statistical analyses

Continuous and categorical variables are presented
as mean ± standard deviation and as numbers and
percentages, respectively. Categorical variables were
analyzed using either the χ2-test or Fisher’s exact test,
whereas continuous variables were analyzed using Student’s
independent t-test. Statistical analyses were performed using
SPSS version 26.0 for Windows (SPSS Inc., Chicago, IL,
USA). The area under the receiver operating characteristic
(AUROC) curves of FIB-4 and NFS were compared using
DeLong’s test in MedCalc version 20 (MedCalc Software
Ltd., Ostend, Belgium). Statistical significance was set at
P < 0.05.

Results

Baseline characteristics

A total of 6,215 average-risk subjects, who did not
have chronic viral hepatitis and significant alcohol intake,
were identified as the average-risk group for this study
and were analyzed (Figure 1). These subjects had 26.4,
9.2, and 23.2% prevalence of hypertension, diabetes, and
metabolic syndrome, respectively (Table 1). The prevalence
of sonographic fatty liver in total, metabolic healthy, and
unhealthy group was 47.7, 31.1, and 66.3%, respectively.
The prevalence of significant and advanced hepatic fibrosis
diagnosed according to MRE findings in this average-risk
group was 6.6 and 1.6%, respectively. The proportion of
metabolically healthy individuals in this average-risk group
was 52.9%. The prevalence of significant and advanced hepatic
fibrosis in the metabolically healthy group was 3.9 and 0.8%,
respectively.

Comparison of diagnostic
performance for advanced fibrosis
between fibrosis-4 and NAFLD fibrosis
score in the average-risk group

The AUROC of FIB-4 for the diagnosis of advanced hepatic
fibrosis in the average-risk group was higher than that in

TABLE 1 Baseline characteristics of the average-risk population
according to metabolic status.

Total
subjects

(n = 6,215)

Metabolically
healthy group
(n = 3,291)

Metabolically
unhealthy

group
(n = 2,924)

P-value

Age (years)† 47.5 ± 10.1 45.9 ± 10 49.3 ± 10 <0.001

Male 5,031 (80.9) 2,514 (76.4) 2,517 (86.1) <0.001

Hypertension 1,642 (26.4) 279 (8.5) 1,363 (46.6) <0.001

Diabetes 571 (9.2) 0 (0) 571 (19.5) <0.001

Alcohol
consumption
(g/week)†

57.2 ± 0.7 38.1 ± 55.3 42.8 ± 59.3 0.001

Number of
metabolic risks†

1.52 ± 1.29 0.49 ± 0.5 2.68 ± 0.87 <0.001

Metabolic
syndrome

1,442 (23.2) 0 (0) 1,442 (23.2) <0.001

BMI (kg/m2)† 24.8 ± 3.2 23.4 ± 2.5 26.3 ± 3.1 <0.001

Waist
circumference
(cm)†

85.5 ± 9 81.2 ± 7.6 90.2 ± 8 <0.001

SBP (mmHg)† 116 ± 13 111 ± 11 121 ± 13 <0.001

DBP (mmHg)† 75 ± 9 71 ± 8 78 ± 9 <0.001

AST (IU/L)† 29 ± 17 26 ± 14 32 ± 19 <0.001

ALT (IU/L)† 31 ± 29 25 ± 25 38 ± 31 <0.001

GGT (U/L)† 55 ± 83 41 ± 70 71 ± 94 <0.001

Triglyceride
(mg/dL)†

144 ± 111 100 ± 56 194 ± 135 <0.001

HDL (mg/dL)† 53 ± 13 57 ± 12 48 ± 11 <0.001

Glucose
(mg/dL)†

99 ± 20 91 ± 8 108 ± 25 <0.001

FIB-4† 1.11 ± 0.6 1.07 ± 0.53 1.15 ± 0.68 <0.001

NFS† -2.28 ± 1.2 -2.59 ± 1.09 -1.93 ± 1.21 <0.001

Liver stiffness
(kPa)†

2.33 ± 0.58 2.27 ± 0.58 2.4 ± 0.57 <0.001

Sonographic
fatty liver

2,963 (47.7) 1,024 (31.1) 1,939 (66.3) <0.001

Significant
hepatic fibrosis

411 (6.6) 129 (3.9) 282 (9.6) <0.001

Advanced
hepatic fibrosis

102 (1.6) 25 (0.8) 77 (2.6) <0.001

Data are expressed as number (percent). †Data are shown as mean ± standard deviation.
Metabolically healthy group was defined as having less than two metabolic risks and
not having diabetes. AST, aspartate transaminase; ALT, alanine transaminase; BMI, body
mass index; DBP, diastolic blood pressure; FIB-4, fibrosis-4 index; GGT, γ-glutamyl
transferase; HDL, high-density lipoprotein; MRE, magnetic resonance elastography;
NFS, non-alcoholic fatty liver disease fibrosis score; SBP, systolic blood pressure.
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the NFS (0.840 in FIB-4 vs. 0.798, P = 0.036) (Figure 2A).
A comparison of AUROCs of FIB-4 and NFS in the fatty-
liver group (Figure 2C) and the metabolically unhealthy group
(Figure 2E) did not show any difference in the diagnostic
performance of FIB-4 and NFS. However, the AUROCs of FIB-
4 in the non-fatty liver group (0.872 in FIB-4 vs. 0.777 in NFS,
P = 0.010) and the metabolically healthy group (0.862 in FIB-
4 vs. 0.702 in NFS, P = 0.001) were significantly higher than
those of NFS (Figures 2B,D). FIB-4 was found to be better for
diagnosing advanced hepatic fibrosis than NFS in the average-
risk group, because a considerable number of metabolically
healthy (52.9%) subjects were included in this category.

Sensitivity of fibrosis-4 and NAFLD
fibrosis score to screen advanced
fibrosis in the average-risk group

When we used the current cut-off of FIB-4 [1.3 (2.0)] and
NFS [–1.455 (0.12)] for diagnosing advanced fibrosis (MRE
value ≥ 3.6 kPa), the sensitivity and positive predictive value
(PPV) were found to be low under most conditions (Figure 3
and Table 2). FIB-4 and NFS had low sensitivity (69.6 and

61.4%, respectively). In addition, the sensitivity of NFS further
decreased in metabolically healthy (44.0%) and non-fatty liver
(59.0%) groups when we applied the current low cut-off. The
diagnostic performance of FIB-4 for advanced hepatic fibrosis
was evaluated at different cut-off values (Table 3). As the cut-
off value was increased from 0.9 to 1.3, the sensitivity decreased
from 92.2 to 75.5% in the average-risk group. When the low
cut-off of FIB-4, used as a first screening test for advanced
hepatic fibrosis in the average-risk group, was lowered to 1.0,
the sensitivity was 90.2% and the negative predictive value was
99.7%.

Sensitivity analysis for diagnostic
performance of fibrosis-4 in patients
with specific conditions

Sensitivity analysis of the AUROCs of FIB-4 and NFS using
various cut-off values for MRE (3.2–4.0 kPa) was performed
(Table 4 and Figure 4). The AUROC of FIB-4 for hepatic
fibrosis using various cut-off values for MRE (3.2–4.0 kPa) in
an average-risk population was 0.709–0.896 (Table 4). Notably,
the AUROC of FIB-4 for diagnosing hepatic fibrosis in the

FIGURE 2

Comparison of AUROCs for advanced hepatic fibrosis (≥ 3.6 kPa) between FIB-4 and NFS based on the presence of fatty liver or metabolic
status. Receiver operating characteristic (ROC) curves for the diagnosis of advanced fibrosis by FIB-4 or NFS in all subjects (A), non-fatty liver
group (B), fatty liver group (C), metabolically healthy group (D), and metabolically unhealthy group (E). A metabolically healthy state was defined
as having less than two metabolic risks and not having diabetes. ∗P-value when the ROC curve by FIB-4 was compared with the ROC curve by
NFS. NFS, NAFLD fibrosis score; FIB-4, fibrosis-4 index; AUROC, area under the receiver operating characteristic curve.
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FIGURE 3

Scatter plot of liver stiffness measured by MRE vs. fibrosis-4 index (A,C) at different cut-off values and NFS (B). Pearson correlation coefficient:
MRE – FIB-4 (0.232), MRE – NFS (0.192). FN, false negative; FP, false positive; MRE, magnetic resonance elastography; NFS, NAFLD fibrosis
score; FIB-4, fibrosis-4 index; TN, true negative; TP, true positive.

metabolically healthy group at different cut-off values for MRE
was significantly higher than that of NFS, except for the cut-off
value at 4.0 kPa (Figure 4). However, no difference in AUROCs
was noted between FIB-4 and NFS in both the fatty liver and
metabolically unhealthy groups at all cut-off values (Table 4).

Discussion

Hepatic fibrosis, which is important risk factor in the
prognosis of NAFLD patients is related not only to traditional
TGF-β pathway, but also FOSL2, ADAM17, and angiotensin
pathway (24–26). It is very important to identify high-
risk groups by assessing the stage of hepatic fibrosis in
suspected NAFLD patients (27). Currently, most guidelines
recommend use of FIB-4 or NFS as a test for screening
advanced liver fibrosis patients. We evaluated the diagnostic
performance of FIB-4 and NFS in the average-risk group. The
diagnostic performance of both FIB-4 (AUROC: 0.840) and
NFS (AUROC: 0.798) was good even in the average-risk group.
The diagnostic performance of FIB-4 was better than that of
NFS for screening hepatic fibrosis in the average-risk group,
while it was comparable to that of NFS in the metabolically

healthy group. However, the diagnostic performance of the
NFS decreased in the metabolically healthy and non-fatty liver
groups. Because the current FIB-4 low cut-off has low accuracy
and leads to false-negative results, it cannot be used as a
single screening strategy in the average-risk group. Although
diagnostic performance of FIB-4 was good, our large cohort
reconfirmed considerable proportion of false-negative subjects
with FIB-4 and very low PPV in the average-risk population.
Currently, routine screening for advanced hepatic fibrosis is
not recommended in general and average-risk populations.
However, given that a considerable proportion of the general
and average-risk population undergo health check-ups, a
screening for hepatic fibrosis must be performed for those
individuals who have already undergone medical check-ups
based on a reasonable referral algorithm. Although the accuracy
and positive-predictive value of FIB-4 are still not satisfactory,
physicians can calculate FIB-4 using the pre-existing health
check-up test item at no additional cost. FIB-4 can be a very
attractive first screening method in a medical check-up setting,
because additional sequential test can back-up the low positive-
predictive value. Therefore, if we can increase the sensitivity of
FIB-4 by adjusting the low cut-off values, FIB-4 can become
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TABLE 2 Comparison of FIB-4 and NFS for diagnostic performance of
advanced hepatic fibrosis in various groups.

Advanced
fibrosis*
n (%)

Sensitivity
(%)

Specificity
(%)

PPV
(%)

NPV
(%)

FIB-4 to use low cut-off; 1.3 (2.0)

Total subjects 102 (2.6) 69.6 77.5 4.9 99.3

Non-fatty liver
group

39 (1.2) 71.8 76.7 3.6 99.6

Metabolically
healthy group

25 (0.8) 64.0 78.2 2.2 99.6

Fatty liver group 63 (2.1) 68.3 78.4 6.4 99.1

Metabolically
unhealthy group

77 (2.6) 71.4 76.7 7.7 99.0

NFS to use low cut-off; –1.455 (0.12)

Total subjects 102 (2.6) 61.4 81.1 5.2 99.2

Non-fatty liver
group

39 (1.2) 59.0 82.6 4.0 99.4

Metabolically
healthy group

25 (0.8) 44.0 89.0 3.0 99.5

Fatty liver group 63 (2.1) 62.9 79.5 6.2 99.0

Metabolically
unhealthy group

77 (2.6) 67.1 72.1 6.1 98.8

*Prevalence of subjects with advanced hepatic fibrosis among total subjects (n = 6,215),
and the non-fatty liver (n = 3,252), metabolically healthy (n = 3,291), fatty liver
(n = 2,963), and metabolically unhealthy (n = 2,924) groups. FIB-4, fibrosis-4 index;
MRE, magnetic resonance elastography; NFS, non-alcoholic fatty liver disease fibrosis
score; NPV, negative predictive value; PPV, positive predictive value.

the most cost-effective first-line screening test in average-
risk populations.

FIB-4 and NFS have different variables because of different
disease entities of the target population at the time of
development. Clinical characteristics between two cohorts are
very different only when their average BMIs (25 vs. 32) are
compared (28, 29). Therefore, metabolic components such
as BMI and the presence of impaired fasting glycemia or
diabetes were included as variables only in the NFS formula.
Consequently, the diagnostic performance of NFS is more
easily affected by the metabolic status of the target population
than that of FIB-4.

Interestingly, FIB-4 as an indicator of hepatic fibrosis
worked well when applied to not only the fatty liver
group (AUROC = 0.823) but also the non-fatty liver
group (AUROC = 0.872) or metabolically healthy group
(AUROC = 0.862). Conversely, the AUROCs of NFS in the
non-fatty liver group (AUROC = 0.777) and metabolically
healthy group (AUROC = 0.702) were lower or comparable to
those in the fatty-liver group (AUROC = 0.800). Both FIB-4
and NFS have been validated well in patients with fatty liver
or metabolic unhealthy. So, it makes sense that all of FIB-4
and NFS work well in subjects with fatty liver or metabolic
unhealthy. However, the validation of FIB-4 and NFS especially
in non-fatty liver or metabolic healthy has been very limited.

TABLE 3 Comparison of diagnostic performance for advanced
hepatic fibrosis (MRE cut-off values ≥ 3.6) according to the various
cut-off values of FIB-4.

Sensitivity Specificity PPV NPV Accuracy

FIB-4 to use low cut-off; 1.3 (2.0)

Total subjects 69.6 77.5 4.9 99.3 77.4

Metabolically
healthy group

64.0 78.2 2.2 99.6 78.1

FIB-4 to use low cut-off; 0.9

Total subjects 92.2 42.1 2.6 99.7 42.9

Metabolically
healthy group

100.0 43.6 1.3 100 44.0

FIB-4 to use low cut-off; 1.0

Total subjects 90.2 52.2 3.1 99.7 52.8

Metabolically
healthy group

96.0 53.8 1.6 99.9 54.1

FIB-4 to use low cut-off; 1.1

Total subjects 87.3 60.9 3.6 99.7 61.3

Metabolically
healthy group

92.0 61.9 1.8 99.9 62.2

FIB-4 to use low cut-off; 1.2

Total subjects 83.3 69.0 4.3 99.6 69.2

Metabolically
healthy group

80.0 69.8 2.0 99.8 69.9

FIB-4 to use low cut-off; 1.3

Total subjects 75.5 75.4 4.9 99.5 75.4

Metabolically
healthy group

76.0 76.7 2.4 99.8 76.7

FIB-4, fibrosis-4 index; MRE, magnetic resonance elastography; NFS, non-alcoholic fatty
liver disease fibrosis score; NPV, negative predictive value; PPV, positive predictive value.

Our results showed the AUROC of FIB-4 in metabolic healthy
was even higher than that in metabolic unhealthy. The inverse
tendency was also observed in NFS. Moreover, nearly 53%
of total subjects were metabolically healthy. That is why the
AUROC of FIB-4 was also significantly higher than that of NFS
in all subjects (0.840 in FIB-4 vs. 0.798 in NFS, P = 0.036).
Therefore, FIB-4 use should be recommended for screening
subjects with hepatic fibrosis burden in average-risk groups.

Careful interpretation of the results obtained is required
for several reasons. Most importantly, hepatic societies do not
recommend routine screening for hepatic fibrosis in subjects
without a risk of advanced hepatic fibrosis. We completely
understand the concerns about unnecessary examinations.
However, a non-negligible number of subjects with hepatic
fibrosis (0.3–2.1%; MRE cut-off value = 3.2–4.0 kPa) were
present in our cohort, although they were metabolically healthy
and had no risk of viral and alcoholic hepatitis. The prevalence
of hepatic fibrosis in all subjects was 0.9–3.9% (MRE cut-
off value = 3.2–4.0 kPa). Moreover, the global hepatic fibrosis
burden is gradually increasing owing to an increase in metabolic
diseases. Therefore, preliminary studies for screening subjects
with the hepatic fibrosis burden in the general and average-risk
populations are needed. Our study is the first step in this regard.
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TABLE 4 Comparison of AUROC for hepatic fibrosis between FIB-4
and NFS in various groups according to different MRE cut-off values.

MRE cut-off AUROC P-value

FIB-4 NFS

Total 3.2 0.709 0.699 0.803

3.4 0.751 0.745 0.761

3.6 0.840 0.798 0.036

3.8 0.867 0.843 0.174

4.0 0.896 0.877 0.529

Non-fatty liver
group

3.2 0.728 0.682 0.151

3.4 0.759 0.706 0.129

3.6 0.872 0.777 0.01

3.8 0.925 0.867 0.122

4.0 0.933 0.900 0.467

Metabolically
healthy group

3.2 0.732 0.631 <0.001

3.4 0.756 0.638 0.001

3.6 0.862 0.702 0.001

3.8 0.913 0.808 0.03

4.0 0.956 0.880 0.105

Fatty liver group 3.2 0.704 0.704 0.706

3.4 0.752 0.76 0.671

3.6 0.823 0.806 0.389

3.8 0.841 0.824 0.336

4.0 0.876 0.860 0.622

Metabolically
unhealthy group

3.2 0.695 0.688 0.984

3.4 0.744 0.742 0.899

3.6 0.828 0.800 0.08

3.8 0.85 0.823 0.111

4.0 0.878 0.852 0.346

Metabolically healthy group was defined as sharing less than two metabolic risks and not
having diabetes. AUROC, area under the receiver operating characteristic curve; FIB-4,
fibrosis-4 index; MRE, magnetic resonance elastography; NFS, non-alcoholic fatty liver
disease fibrosis score.

Further study of the current cut-off values of FIB-4 for
the average-risk group is needed. The current cut-off values
proposed by McPherson et al. were originally optimized for
screening subjects with advanced hepatic fibrosis among high-
risk groups, such as those with fatty liver, viral hepatitis, and
significant alcohol intake. A recent study reported that the FIB-
4 and NFS have low accuracy for screening liver fibrosis in the
general population (11). They pointed out the lower PPV for
advanced fibrosis (LSM ≥ 12 kPa) by using a low cutoff value
of FIB-4 (1.90% vs. 23.97%) and NFS (2.57% vs. 29.27%) in
general population, compared to those in the high risk group.
PPV and NPV are affected by the prevalence of disease. In
the case of general population, whose disease prevalence is
low, the low PPV is expected. In our study on average-risk
subjects, similar PPV (4.9% in FIB-4, 5.9% in NFS) was observed

when the current cut-off values were used. Non-negligible false-
positive rates in FIB-4 (22.12%) and (18.56%) are observed
(Figure 3). The accuracy of the current FIB-4 low cut-off was
not satisfactory to be used as a single screening strategy in the
average-risk group.

However, the screening strategy in the general population
should focus on not missing patients with high hepatic fibrosis
burden and finding subjects who can be managed through
intensive lifestyle modification at the primary care center. If we
consider this purpose, then we believe that the current low PPV
and high false-positive rate can be tolerated, and even the lower
cut-off values with relaxed standard are more appropriate for the
general population. Shah et al. also suggested that a cut-off of 1.0
in FIB-4 can be appropriate for a primary care referral pathway
(30). Our data also showed an increase in sensitivity (69.6–
90.2% in total subjects; 64.0–96.0% in the metabolically healthy
group) and comparable PPV and NPV when the cut-off value
of 1.0 was used instead of using the previous optimal cut-off
value [1.3 (2.0)], although more subjects without hepatic fibrosis
were identified as positive (47.03% vs. 22.12%) (Figure 3). It is
difficult to suggest what is the optimal cut-off value of FIB-4 for
screening advanced hepatic fibrosis in general population based
on our study alone. Another validation study for the new cut-off
value and the socioeconomic assessment for application of FIB-
4 for screening advanced hepatic fibrosis in general population
should be needed in the future.

This study has some limitations as well. First, MRE, not
liver biopsy, was performed to evaluate the degree of hepatic
fibrosis. When comparing the diagnostic performance, the use
of gold standard methods such as liver biopsy is necessary.
However, it is impossible to routinely perform such methods in
a health check-up setting. In this study, we evaluated MRE data
because it is the most reliable non-invasive diagnostic method
for estimating liver stiffness. Second, the proportion of men
was higher than that of women in the study cohort. Moreover,
there is a possibility that people concerned with liver health
were more likely to be included in study, because MRE was
offered as an additional option to be tested with their own
expense. There is a possibility of selection bias. Large number of
excluded subjects (n = 2,249) due to missing data can be another
source of selection bias. Nevertheless, the overall prevalence
of hypertension (26.4%), DM (9.2%), and metabolic syndrome
(23.2%) was comparable to that in the general population. Third,
there is no consensus on MRE cut-off values for advanced
hepatic fibrosis. In this study, an MRE cut-off value of 3.6 kPa
was used for advanced fibrosis. However, a similar result was
obtained when the MRE cut-off value was set at either 3.2 or
4.0 kPa in the sensitivity analysis. Therefore, we believe that our
results are reliable regardless of the cut-off values.

In conclusion, the AUROCs of FIB-4 and NFS for advanced
fibrosis did not differ between the metabolically unhealthy
and fatty liver groups. However, the AUROC of FIB-4 for
advanced fibrosis was higher than that of NFS, particularly in the
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FIGURE 4

Comparison of AUROC for advanced hepatic fibrosis between FIB-4 and NFS in the metabolically healthy group at various MRE cut-off values
(3.2–4.0 kPa). AUROC, area under the receiver operating characteristic curve; FIB-4, fibrosis-4 index; NFS, NAFLD fibrosis score.

metabolically healthy and non-fatty liver groups. As more than
half the average-risk population were consisted of metabolically
healthy individuals, FIB-4 showed better performance for
diagnosing advanced fibrosis when applied to the whole group
with average-risk. It is recommended to use FIB-4 rather than
NFS, when screening for hepatic fibrosis in general population.
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Pulmonary fibrosis is a progressive and intractable lung disease with fibrotic

features that affects alveoli elasticity, which leading to higher rates of

hospitalization and mortality worldwide. Pulmonary fibrosis is initiated by

repetitive localized micro-damages of the alveolar epithelium, which

subsequently triggers aberrant epithelial-fibroblast communication and

myofibroblasts production in the extracellular matrix, resulting in massive

extracellular matrix accumulation and interstitial remodeling. The major cell

types responsible for pulmonary fibrosis are myofibroblasts, alveolar epithelial

cells, macrophages, and endothelial cells. Recent studies have demonstrated

that metabolic reprogramming or dysregulation of these cells exerts their

profibrotic role via affecting pathological mechanisms such as autophagy,

apoptosis, aging, and inflammatory responses, which ultimately contributes

to the development of pulmonary fibrosis. This review summarizes recent

findings on metabolic reprogramming that occur in the aforementioned

cells during pulmonary fibrosis, especially those associated with glucose,

lipid, and amino acid metabolism, with the aim of identifying novel

treatment targets for pulmonary fibrosis.

KEYWORDS

pulmonary fibrosis, metabolic reprogramming, glucose metabolism, lipid metabolism,
amino acid metabolism, myofibroblasts

Introduction

Pulmonary fibrosis (PF), a progressive and intractable lung disease that affects alveoli

elasticity, is characterized by exaggerated inflammatory and fibrotic responses that lead to

pulmonary fibrotic remodeling and extracellular matrix deposition, which in turn

perpetuates fibrosis formation in a vicious cycle of fibrosis formation (Distler et al.,

2019). Idiopathic pulmonary fibrosis (IPF), the classic and most common type, which
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accounts for 20% of Interstitial lung diseases, is a chronic

progressive and irreversible lung disease that usually rapidly

progresses to respiratory failure and death (median interval

from diagnosis to death is 3 years (Lederer and Martinez,

2018). It has been estimated that the overall prevalence of PF

in European countries is about 75 cases per 100,000 people

(Wijsenbeek and Cottin, 2020). The high incidence and

serious clinical outcomes of PF have prompted a deep

exploration of PF’s pathogenesis.

It has been well established that damage and/or dysfunction

of alveolar epithelial (AE) cells occurs during the initial stage of

the disease (Kasper and Haroske, 1996; Winters et al., 2019; Moss

et al., 2022). Then the dysregulated AE cells interact with

mesenchymal cells, immune cells, and endothelial cells

through various molecular mechanisms, triggering the

activation of fibroblasts and myofibroblasts (Moss et al.,

2022), which eventually leads to inappropriate deposition of

extracellular matrix (Kendall and Feghali-Bostwick, 2014).

Metabolic reprogramming or dysregulation of fibroblasts,

epithelial cells, immune cells, and various other types of cells have

been shown to be involved in the pathogenesis of pulmonary

fibrosis (Ung et al., 2021). In PF, enhanced glucose metabolism

affects cell differentiation, cell proliferation, autophagy, and

inflammatory responses. Glucose metabolism in epithelial cells

and macrophages can metabolize glucose into lactate even in the

presence of oxygen, a phenomenon known as the “Warburg

effect” (Liberti and Locasale, 2016; Janssen et al., 2020;

Alysandratos et al., 2021). Additionally, metabolic pathways of

nucleotide, lipid, or amino acid synthesis require a glycolytic

intermediate (Para et al., 2019). Fatty acid oxidation is a catabolic

process in which fatty acids are broken down to produce ATP

(Hooff et al., 2010). It is currently considered that lipid

metabolism may affect PF through several pathways, along

with increased fatty acid synthesis and decreased fatty acid

oxidation (Kendall and Feghali-Bostwick, 2014). Amino acids

are involved in multiple metabolic pathways that are essential for

cell survival, and are sources of energy, precursors to biosynthetic

processes, and help maintain tissue homeostasis (Lieu et al.,

2020). Most evidence suggests that alterations in amino acid

metabolism during fibrosis are associated with non-essential

amino acids, and increased amino acid metabolism promotes

collagen synthesis and thus affects the progression of fibrosis

(Gaugg et al., 2019).

This review mainly discusses recent progress in research on

metabolic reprogramming of myofibroblasts, AE cells,

macrophages, and endothelial cells in PF, most of which are

TABLE 1 Overview of the connection of metabolites with pro-inflammatory and pro-fibrotic pathways in Pulmonary fibrosis.

Cell type Metabolic type Metabolites Associated pathway References

Myofibroblasts Glucose
metabolism

succinic acid Myofibroblasts differentiation by
stabilizing HIF-1α

Wang et al. (2021)

lactate TGF-β-induced myofibroblasts
differentiation

Kottmann et al. (2012)

Lipid metabolism LPA Fibroblasts recruitment and vascular leak Tager et al. (2008)

S1P TGF-β- and S1P-induced myofibroblasts
differentiation

Huang and Natarajan, (2015)

GPX4 TGF-β-induced myofibroblasts
differentiation

Tsubouchi et al. (2019)

PGE2 Inhibits myofibroblasts apoptosis,
proliferation, and differentiation

White et al. (2005); Wettlaufer et al. (2016);
Suryadevara et al. (2020)

Lipoxins A4 Myofibroblasts dedifferentiation Roach et al. (2015)

Amino acid
metabolism

Glycine Collagen production Nigdelioglu et al. (2016); Hamanaka and
Mutlu (2021)

serine Collagen production O’Leary et al. (2020)

proline Collagen production Hamanaka et al. (2019)

Glutamine Myofibroblasts differentiation and collagen
production

Bernard et al. (2018)

Alveolar epithelial
cells

Lipid metabolism Elovl6 Inhibits alveolar epithelial cells apoptosis
and TGF-β1 expression

Sunaga et al. (2013)

Amino acid
metabolism

Glutamine Antioxidant defense Shaghaghi et al. (2021)

Dimethylarginine
dimethylaminohydrolase

Inhibits NOS activity Pullamsetti et al. (2011)

Macrophages Glucose
metabolism

Lactate TGF-β-induced myofibroblasts
differentiation

Cui et al. (2021)

Amino acid
metabolism

Arginine Collagen production Endo et al. (2003); Niese et al. (2010);
Meziani et al. (2018)
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TABLE 2 Overview of therapeutic targets and related mechanisms in pulmonary fibrosis.

Cell type Metabolic
type

Therapeutic target Mechanism References

Myofibroblasts Glucose
metabolism

PFKFB3 Promoting aerobic glycolysis and lactate production Xu et al. (2022)

PDK Promoting fibroblast differentiation induced by the
HIF-1α/PDK1 axis

Goodwin et al. (2018)

Subunit A of succinate
dehydrogenase

Inhibiting TGF-β1-induced elevation of succinate
dehydrogenase and succinate

Wang et al. (2021)

LDH Promoting TGF-β-induced myofibroblasts
transformation

Kottmann et al. (2012)

Judge et al. (2018)

GLUT Promoting α-SMA expression in lung fibroblasts Cho et al. (2017)

Li et al. (2022)

Circular RNAs CircHIPK3/miR-30a-3p/FOXK2 pathway can
prevent fibroblast activation and proliferation

Chen et al. (2017)

Caveolin-1 Inhibiting the increased expression of glycolysis and
profibrotic marker proteins through p53/
microRNA-34a signaling pathway

Gopu et al. (2020)

Lipid
metabolism

LPA Promoting fibroblasts recruitment and vascular leak Tager et al. (2008)

S1P Promoting TGF-β- and S1P-induced differentiation
of fibroblasts to myofibroblasts

Huang and Natarajan, (2015)

GPX4 Regulating the oxidative modification of
phospholipids

Cole-Ezea et al. (2012)

PGE2 Inhibiting a variety of myofibroblasts functions,
including apoptosis, proliferation, and
differentiation

Wettlaufer et al. (2016); Suryadevara et al.
(2020); White et al. (2005); Penke et al. (2018);
Molina-Molina et al. (2006)

Ivanova et al. (2013)

Lipoxins A4 Inhibiting TGF-β1-dependent of Smad2/3 nuclear
translocation

Roach et al. (2015)

Amino acid
metabolism

phosphoglycerate
dehydrogenase

Promoting the synthesis of collagen Hamanaka and Mutlu, (2021)

Phosphoserine transaminase 1 Promoting the synthesis of collagen Jiang et al. (2020)

PI3K Promoting the activation of the PI3K-Akt-mTOR
pathway

O’Leary et al. (2020)

Δ1-pyrroline-5-carboxylic
acid synthase

Promoting in synthesis of collagen production Hamanaka et al. (2019)

GLS1 Enhancing levels of glutaminolysis through
SMAD3 and p38-MAPK-dependent signaling
pathways

Bernard et al. (2018)

Esguerra and Zhao, (2019)

The activation of PPAR-γ can decrease
GLS1 protein levels and enhance DEPTOR stability
through the intervention of the 2-hydroxyglutarate-
KDM4A axis

Miao et al. (2022)

Nrf2 Depleting glutamate and inhibiting myofibroblast
activation

An et al. (2019)

AE2 cells Lipid
metabolism

Mfsd2a Stabilizing surfactant levels, as well as surfactant
lipid composition

Wong et al. (2022)

FASN Promoting the expression of profibrotic genes and
stabilize lung function

Jung et al. (2018)

Elovl6 Promoting apoptosis, and reactive oxygen species,
and impairing cellular uptake of long-chain FAs

Sunaga et al. (2013)

ApoA-I Reducing the inflammatory proteins Kim et al. (2010)

Mitofusin 1/2 Maintaining the stability of surfactant protein gene Chung et al. (2019)

Glucose
metabolism

Enolase 1 Reducing glucose absorption and promoting
AE2 differentiation into ciliated and secretory cells
by inhibiting autophagy

Aboushousha et al. (2021)

GLUT1 Promoting AE2 cell proliferation Li et al. (2020)

Glutamine Shaghaghi et al. (2021)

(Continued on following page)

Frontiers in Pharmacology frontiersin.org03

Li et al. 10.3389/fphar.2022.1031890

178

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1031890


derived from studies about IPF, with the aim of providing a

comprehensive foundation for the development of targeted

therapies (Tables 1, 2).

Myofibroblasts

Key enzyme alterations in glucose, lipid, and amino acid

metabolism lead to the activation and persistence of

myofibroblasts in the lung tissue, which influences the

progression of pulmonary fibrosis (Figure 1).

Glucose metabolism in myofibroblasts

Increased aerobic glycolysis in lung fibroblasts promotes its

differentiation into myofibroblasts (Bernard et al., 2015; Hu et al.,

2020). The irreversible rate-limiting enzymes involved in

glycolysis, including hexokinase, phosphofructokinase, and

pyruvate dehydrogenase kinase (PDK), are all significantly up-

regulated in myofibroblasts during PF. An allosteric activator of

phosphofructokinase-1, 6-phosphofructo-2-kinase/fructose-2,6-

biphosphatase 3 (PFKFB3) is also upregulated in Transforming

growth factor-β (TGF-β)-induced myofibroblasts, and the

inhibition of PFKFB3 effectively decreases levels of

myofibroblasts differentiation and pulmonary fibrosis (Xie

et al., 2015). PFKFB3 expression can be increased by the

secretion of TNF-α in lung fibroblasts, while

PFKFB3 suppression effectively blocks TNF-α-induced aerobic

glycolysis and lactate production in fibroblasts (Xu et al., 2022).

The anti-fibrotic effect of Anlotinib is demonstrated to inhibit

PFKFB3-dependent glycolysis, which can be post-

transcriptionally regulated by the RNA-binding protein

PCBP3 (Chen et al., 2021).

Hypoxia is one of the prominent features in fibrotic diseases

(Higgins et al., 2008). Hypoxia-inducible factor-1 (HIF-1)-

mediated anaerobic glycolysis provides the metabolic

reprogramming necessary for the survival of hypoxic cells

(Goodwin et al., 2018). PDK1, a direct target gene of HIF-1,

can be induced by TGF-β and is responsible for cellular hypoxic

adaptation by enhancing glycolysis and inhibiting mitochondrial

respiration (Kim et al., 2006). Dichloroacetate, a PDK1 inhibitor,

can efficiently inhibit fibroblast differentiation induced by the

HIF-1α/PDK1 axis (Goodwin et al., 2018). In addition, succinic

acid, the metabolic product of glycolysis, has been reported to

promote the differentiation of lung myofibroblasts by stabilizing

HIF-1α (Wang L. et al., 2021). These studies indicate that HIF-1α
is an important regulator of pulmonary fibrosis. Dichloroacetate,

a potent PDK inhibitor, effectively inhibits TGF-β-mediated

myofibroblast differentiation in vitro and induces pulmonary

TABLE 2 (Continued) Overview of therapeutic targets and related mechanisms in pulmonary fibrosis.

Cell type Metabolic
type

Therapeutic target Mechanism References

Amino acid
metabolism

Supporting mitochondrial respiration and
metaboliting production

Dimethylarginine
dimethylaminohydrolase

Promoting NOS activity Pullamsetti et al. (2011)

Macrophages Glucose
Metabolism

LDHA Promoting silica exposure-induced high levels of
iNOS, TNF-α, Arg-1, IL-10, and MCP1

Mao et al. (2021)

Judge et al. (2017)

VHL Regulating the transcription of Spp1 via inhibiting
HIF1α-mediated glycolytic metabolism

Zhang et al. (2018)

Lipid
metabolism

GM-CSF Enhancing the clearance of oxidized lipids and
preventing damage to anti-fibrotic molecules

Romero et al. (2015)

Moore et al. (2000)

Surfactant protein C Enhancing the expression of cholesterol metabolism
and transport genes

Ruwisch et al. (2020)

FXR Regulating intracellular lipids through targets
include the B class oxidized phospholipid scavenger
receptor, CD36, and the lipid chaperone, ApoE

Silverstein et al. (2010)

Li et al. (2012)

GPR84 Promoting phagocytosis and secreting pro-
inflammatory factors

Chen et al. (2020)

Marsango et al. (2022)

Amino acid
metabolism

Arginine Promoting the synthesis of collagen Niese et al. (2010)

ECs Glucose
metabolism

Ras homolog-related kinase
subtype 2

Promoting intracellular pH and cell migration Lee et al. (2020)

Lipid
metabolism

phospholipase D Altering pulmonary vascular pathophysiology Parinandi et al. (1999)

Patel et al. (2011)
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fibrosis in vivo, causing altered fibroblast metabolism (Goodwin

et al., 2018). A near-infrared small molecule dye, IR-780, can

target subunit A of succinate dehydrogenase in fibroblasts, and

inhibit TGF-β1-induced elevation of succinate dehydrogenase

and succinate, thereby preventing the formation of pulmonary

fibrosis and respiratory dysfunction (Wang Z. et al., 2021).

The conversion of pyruvate to lactate is catalyzed by lactate

dehydrogenases (LDHs). There is a total of five isoenzymes

(Drent et al., 1996). It has been now well established from a

variety of studies that lactate dehydrogenase 5 (LDH5) might

play a role in TGF-β-induced myofibroblast differentiation

(Kottmann et al., 2012). Gossypol, a natural non-selective

LDH inhibitor, reduces TGF-β-induced myofibroblasts

transformation in primary human lung fibroblasts and

radiation-induced pulmonary fibrosis in mice (Judge et al.,

2018). However, a recent study demonstrated that a potent

small molecule inhibitor (compound 408) can inhibit

LDH5 in human lung fibroblasts by reducing aerobic

glycolysis and lactate production, rather than by affecting

fibroblast-to-myofibroblasts differentiation (Schruf et al.,

2019). Glucose transporter 1 (GLUT1) is the most conserved

and widely distributed glucose transporter in mammalian cells

(Thorens and Mueckler, 2010). Recent research found that

GLUT1 expression is regulated by changes in metabolic status

and oxidative stress, which involve signaling molecules such as

cAMP, p53, phosphoinositide 3-kinase (PI3K), and AKT

(Wieman et al., 2007; Zhang et al., 2013). Inhibition of

GLUT1 decreases α-SMA expression in lung fibroblasts,

FIGURE 1
Metabolic reprogramming of myofibroblasts in pulmonary fibrosis (A). Under profibrotic stimulus, lipid metabolism increases phospholipid
synthesis and lipid peroxidation products. The therapeutic targets GPX4, PGE2, and TGF-β can inhibit myofibroblasts differentiation (B). Under
profibrotic stimulus, increased aerobic glycolysis up-regulates HK, PFK, and PDK and GLUT1 expression by changes inmetabolic status and oxidative
stress promote myofibroblasts differentiation into myofibroblasts by the HIF-1α/PDK1 axis. The therapeutic targets PFKB3, PDK1, and succinic
acid can inhibit myofibroblasts differentiation (C). Under profibrotic stimulus, amino acidmetabolism promotes glutaminolysis and increases Glycine
and GSH production leading to collagen production. The therapeutic targets PPAR-γ and DEPTOR stability can inhibit collagen production and
myofibroblasts differentiation. PC, Polycarbonate; SM, sphingomyelin; Cer, ceramide; Sph, sphingosine; DAG, Diacylglycerol; HK, hexokinase; G-6-
P, glucose-6-phosphate; PFK, phosphofructokinase; F-6-P, fructose-6-phosphate; 3-PG, 3-phosphoglycerate; 2-PG, 2- phosphoglycerate; PEG,
phosphoenolpyruvate; DCA, Dichloroacetate; TCA cycle, tricarboxylic acid cycle; 3P-pyruvate, 3-phosphohydroxy-pyruvate; 3P Serine, 3-
phosphohydroxy-serine; PHGDH, phosphoglycerate dehydrogenase; PSAT1, phosphorylated serine aminotransferase 1; PSPH, phosphorylated
serine phosphatase; SHMT2, serine hydroxymethyltransferase 2; P5CS, Δ1-pyrroline-5-carboxylic acid synthase; PYCR, pyrroline-5-carboxylate
reductase.
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indicating a direct link between glycolytic activation and the pro-

fibrotic transformation of myofibroblasts (Cho et al., 2017).

Phloretin can activate AMP-activated protein kinase via

inhibiting GLUT1-dependent glycolysis, modulate key

metabolic pathways of fibroblast activation, and significantly

inhibit bleomycin-induced pulmonary fibrosis in mice (Cho

et al., 2017). Dihydromyricetin can alleviate lung fibrosis in

mouse models through STAT3/pSTAT3/GLUT1 signaling

pathway and inhibit fibroblast or myofibroblast differentiation,

proliferation, and migration (Li et al., 2022). These in vivo

experiments provide new directions for clinical translation.

Circular RNAs, which are post-transcriptional regulators of

gene expression, have been found to be dysregulated in many

fibrotic diseases, such as cardiac fibrosis, renal fibrosis, liver

fibrosis, and pulmonary fibrosis (Wang et al., 2019; Li J. et al.,

2020; Gu et al., 2020). TGF-β1 triggers the expression of

circHIPK3 in fibroblasts, enhancing FOXK2 expression by

sponging miR-30a-3p. The knockdown of FOXK2 abolished

increased levels of glycolytic and fibrotic markers induced by

TGF-β1, while knockdown of circHIPK3 prevented fibroblast

activation and proliferation (Chen et al., 2017). Therefore,

strategies that target the circHIPK3/miR-30a-3p/

FOXK2 pathway may provide therapeutic benefits against

pulmonary fibrosis.

Deletion of Caveolin-1 in tumor-associated fibroblasts is

thought to reverse the Warburg effect (Guido et al., 2012).

Previous studies have shown that restoration of Caveolin-1

expression or Caveolin-1 scaffolding domain peptide-or its 7-

amino acid deletion fragment Caveolin-1 scaffolding domain

peptide 7-inhibited the increased expression of glycolysis and

profibrotic marker proteins in fibrotic lung fibroblasts, restoring

the expression of baseline p53 and its downstream

transcriptional target microRNA-34a (Gopu et al., 2020).

Caveolin-1 scaffolding domain peptide 7 may be a promising

future therapeutic drug that can be used to inhibit uncontrolled

glycolysis in fibrotic lung fibroblasts.

Senescent fibroblasts in chronic obstructive pulmonary

disease (COPD) exhibit decreased glycolysis and

mitochondrial respiration, leading to a great deal of ROS

production and mitochondria biogenesis (Lerner et al., 2016).

Heme oxygenase-1 reduces cellular and mitochondrial ROS

production in COPD fibroblasts, which in turn improves

mitochondrial respiration, glycolysis and ATP recovery (Even

et al., 2018).

Lipid metabolism in myofibroblasts

Lipid metabolism may affect PF via several pathways,

including phospholipid synthesis, lipid peroxidation products,

and lipid mediators. Sphingolipids emerge as potential regulators

of tissue fibrosis because of their modulatory effect on cell

migration, gene expression, and cell-cell interactions. In

particular, lysophosphatidic acid (LPA) and sphingosine 1-

phosphate (S1P) play important roles in the pathogenesis of

PF (Shea and Tager, 2012; Pyne et al., 2013). LPA is a key

metabolic molecule involved in the de novo biosynthesis of

phospholipids, causes an increase in bronchoalveolar lavage

(BAL) fluid levels in IPF patients compared with the controls

(Tager et al., 2008; Natarajan et al., 2013). LPA is mainly

generated from phosphatidic acid (PA) by phospholipase

A1 or phospholipase A2 (Zhao and Natarajan, 2013). LPA1/

LPA2 receptor-deficient mice are proven to be protected from

bleomycin-induced pulmonary fibrosis by mediating fibroblasts

recruitment and vascular leak (Tager et al., 2008). BMS-986020, a

high-affinity small molecule antagonist of LPA1 and being tested

in the Phase 2 Trial, improves biomarkers of fibrosis or

inflammation (Palmer et al., 2018).

It is also found that sphingosine-1-phosphate (S1P), the final

product of sphingolipid metabolism, is upregulated in BAL fluid

of IPF patients. S1P can be irreversibly degraded by S1P lyase to

hexadecenal and phosphoethanolamine (Nagahashi et al., 2014).

S1P lyase over-expression attenuates TGF-β- and S1P-induced

differentiation of fibroblasts to myofibroblasts, which was

mediated by up-regulating autophagy in lung fibroblasts

(Huang and Natarajan, 2015). Sphingosylphosphorylcholine

(SPC) is a kind of sheath lipid metabolites, SPC stimulates

collagen gel contraction through S1P2 receptor and Rho/Rho

kinase pathway, induces the transformation of fibroblasts into

myofibroblasts, and participates in airway remodeling, thus

provides a new target for the intervention of COPD (Wang

et al., 2014). Therefore, targeting sphingolipid metabolism

provides a novel therapeutic method of ameliorating human

pulmonary fibrosis.

25-hydroxycholesterol (25-HC), enzymatically produced by

cholesterol 25-hydroxylase in macrophages, are increased in

COPD lungs (Sugiura et al., 2012). The elevated 25-HC may

contribute to fibroblasts-mediated lung tissue remodeling by

promoting myofibroblasts differentiation and the excessive

release of matrix metalloproteinases through the NF-kB-TGF-

β-dependent pathway (Ichikawa et al., 2013).

A number of studies have demonstrated an increase in lipid

peroxidation products in exhaled breath condensate and

bronchoalveolar lavage fluid of patients with PF, suggesting

the involvement of lipid peroxidation imbalance in the

pathogenesis of PF (Montuschi et al., 1998; Kanoh et al.,

2005). Glutathione peroxidases 4 (GPX4), which is commonly

referred to as phospholipid hydroperoxide GPX, regulates the

oxidative modification of phospholipids, including cholesteryl

ester and cardiolipin (Cole-Ezea et al., 2012). Current evidence

suggests that GPX4-regulated lipid peroxidation was involved in

the TGF-β-induced differentiation of human lung fibroblasts

(Tsubouchi et al., 2019). Reducing levels of lipid peroxidation

using GPX4 may be a promising therapeutic method for PF.

Lipid mediators, also known as oxidized lipids (oxylipin), are

a series of oxidative metabolites generated by the auto-oxidation
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of polyunsaturated fatty acids or under the action of specific

enzymes (cyclooxygenase, lipoxygenases, cytochromeP450).

Prostaglandin E2 (PGE2), a cyclooxygenase-2-derived

eicosanoid, is an endogenously produced lipid mediator that

inhibits a variety of myofibroblasts functions, including

apoptosis, proliferation, and differentiation. The anti-fibrotic

cascade of lung myofibroblasts regulation between

PGE2 receptors 1–4 and the TGF-β/TGF-β R1/TGF-β
R2 signaling pathway, while PGE2 has been reported to

directionally reverse most of the genes (708 of 1277) altered

by TGF-β (Wettlaufer et al., 2016; Suryadevara et al., 2020).

PGE2 can also inhibit myofibroblasts differentiation through

AKT dephosphorylation and elimination of PI3K signaling

(White et al., 2005). Moreover, inhibition of

FOXM1 expression by PGE2 can achieve myofibroblasts

dedifferentiation and anti-apoptosis by interfering with the

binding of FOXM1 to the promoter elements of the target

genes (Penke et al., 2018). Clinical translation of PGE2 may

be a promising therapy for PF patients. Losartan enhances the

synthesis of PGE2 in experimental pulmonary fibrosis and has

been widely used as a new treatment for pulmonary fibrosis in

clinical practice (Molina-Molina et al., 2006). Inhalation of

PGE2 in the form of liposomes into the lung can effectively

improve pulmonary fibrosis, which is expected to become a

therapeutic option for inhaled treatment of pulmonary fibrosis

(Ivanova et al., 2013).

Lipoxins are also produced frommembrane arachidonic acid

through biochemical synthesis that involves the enzymes, 5-

lipoxygenases, and 15-lipoxygenases (Bannenberg and Serhan,

2010). Lipoxins A4 inhibits various TGF-β1-dependent
profibrotic responses in IPF-derived human lung

myofibroblasts due to the inhibition of Smad2/3 nuclear

translocation, and promotes human lung myofibroblasts

dedifferentiation in the resting state (Roach et al., 2015).

Amino acid metabolism in myofibroblasts

Numerous studies have demonstrated that collagen production

by lung fibroblasts was independent of extracellular amino acids and

mainly relied on the de novo production of amino acids (Nigdelioglu

et al., 2016). Glycine is themain amino acid involved in the synthesis

of collagen. During the de novo synthesis of glycine, the amino group

provided by glutamate converts the glycolytic intermediate 3-

phosphoglycerate into glycine, combined with the participation of

phosphoglycerate dehydrogenase, phosphorylated serine

aminotransferase 1, phosphorylated serine phosphatase and

serine hydroxymethyltransferase 2 (Hamanaka and Mutlu, 2021).

TGF-β induces the expression of the aforementioned enzymes, while

the inhibition of de novo glycine synthesis caused by the

phosphoglycerate dehydrogenase inhibitor, NCT503, decreases

levels of bleomycin-induced lung failure in mice (Hamanaka

et al., 2018).

Phosphoserine transaminase 1 is a key enzyme involved in

serine synthesis (Jiang et al., 2020), and its loss is sufficient to

inhibit collagen synthesis. It has been documented that TGF-β
promotes the accumulation of activating transcription factor 4

(ATF4), which is required for the increased expression of serine-

glycine synthesis enzymes in response to TGF-β. Furthermore,

TGF-β activates the PI3K-Akt-mTOR pathway, while inhibition

of PI3K prevents the activation of downstream signaling

pathways and the induction of ATF4 (O’Leary et al., 2020),

indicating that mTORC1 and ATF4 are important regulators of

serine-glycine metabolic reprogramming in myofibroblasts.

De novo proline biosynthesis has also been found to be

involved in pulmonary fibrosis. α-ketoglutarate, an

intermediate of the citric acid cycle, is converted to glutamate

by glutamate transaminase. Δ1-pyrroline-5-carboxylic acid

synthase, which is encoded by the aldehyde dehydrogenase

18A1, is responsible for the conversion of glutamate to

pyrrole acid, which is then converted to proline by pyrroline-

5-carboxylate reductase. During the process of the de novo

conversion of proline from glutamate, its knockout is

sufficient to inhibit collagen production in lung fibroblasts

(Hamanaka et al., 2019).

Glutaminolysis has been recently shown to be required for

myofibroblast differentiation and collagen production (Bernard

et al., 2018). Glutamine is first converted to glutamate by

glutaminase (GLS) and then converted to α-ketoglutarate by

glutamate dehydrogenase or aminotransferases. This process

complements the Krebs cycle, which supports cellular energy

production and biosynthetic reactions (Altman et al., 2016).

TGF-β1-induced glutaminolysis underlies the persistent

activation of HIF-1 by increasing succinate and fumarate

levels, thereby supporting the glycolytic switch. TGF-β1
induces GLS1 expression via SMAD3 and p38-MAPK-

dependent signaling pathways, which are accompanied by

enhanced levels of glutaminolysis in myofibroblasts. The

GLS1 inhibitor, CB-839, exerts a protective effect in mice

exposed to bleomycin or adenovirus expressing active TGF-β1
(Bernard et al., 2018; Esguerra and Zhao, 2019). Additionally,

PPAR-γ is a regulator of GLS1-mediated glutaminolysis

(Genovese et al., 2005). Morin (3, 5, 7, 2, 4-

pentahydroxyflavonoid) has recently been shown to inhibit

the transformation of fibroblasts to myofibroblasts by

activating PPAR-γ, decreasing GLS1 protein levels, and

inhibiting glutaminolysis, thereby enhancing DEPTOR

stability through the intervention of the 2-hydroxyglutarate-

KDM4A axis (Miao et al., 2022). The glutamine metabolite, 2-

hydroxyglutarate (Chowdhury et al., 2011; Carbonneau et al.,

2016), is a specific inhibitor of Jumonji domain-containing

histone demethylases activity. DEPTOR is extremely unstable,

whereas catalytically active KDM4A, a Jumonji domain-

containing histone demethylases, negatively regulates

mTORC1 activation. Glutaminolysis-related mTOR activation

in organ fibrosis not only regulates collagen expression but also
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controls autophagy and mitochondrial levels in myofibroblasts

(Ge et al., 2018). Notably, the mTOR inhibitor, rapamycin,

attenuates inflammatory cell infiltration and collagen

deposition, thereby antagonizing PF (Gui et al., 2015). In

addition to rapamycin, some studies have found that Morin, a

natural flavonoid, affects mTOR1 to achieve anti-fibrosis.

Cytosolic glutamate is critical formaintaining redox balance and

protecting cells from oxidative stress by producing glutathione

(GSH) (Chen and Cui, 2015). Nuclear factor-erythroid 2-related

factor 2 (Nrf2) binds to the antioxidant response elements and

stimulates the transcription of antioxidant proteins, as well as

proteins involved in GSH biosynthesis and regeneration.

Increased GSH production by Nrf2 activation may inhibit

myofibroblast activation by limiting glutamate availability for cell

growth (Motohashi and Yamamoto, 2004). Tanshinone IIA, a

Chinese herbal medicine derived from Salvia miltiorrhiza,

inhibits fibrotic responses and TGF-β1-dependent epithelial-to-

mesenchymal transition in pulmonary fibrosis. Tanshinone IIA

activation of Nrf2 depletes glutamate involved in GSH synthesis,

thereby inhibiting myofibroblast activation (An et al., 2019). An

individual’s ability to regulate antioxidant defensemechanisms, such

as GSH levels in response to cigarette smoke, has also been linked to

the development of COPD in smokers (Snider, 1989). Smoke

inhibits fibroblasts repair, reflected in collagen gel contraction

and fibronectin production, possibly regulated by intracellular

GSH levels (Kim et al., 2002).

FIGURE 2
Metabolic reprogramming of AE2 cells in pulmonary fibrosis (A). Alteration of FAs composition leading to ER stress and ROS, abnormal lipid
uptake on the lung surface, and reduced lipid production caused bymitochondrial destruction all contribute to fibrosis progression. The therapeutic
targets Mfsd2a, FASN, and ApoA1 can be effective in the development of pulmonary fibrosis (B). Under profibrotic stimulus, increased PGAM, ENO1,
ALDOA, and G6PDX affect glucose metabolism. The therapeutic targets GLUT1 and ENO1 can be effective in the development of pulmonary
fibrosis (C). Under profibrotic stimulus, increased DDAH activity inhibited the NOS inhibitor ADMA contributing to the pool of expanded fibroblasts.
The therapeutic targets glutamine and DDAH can be effective in the development of pulmonary fibrosis. DPPC, Dipalmitoylphosphatidylcholine;
sPLA2, secreted phospholipase 2; LPCs, lysophosphatidylcholines; LBs, Lamellar bodies; SCD, stearyl CoA desaturase; SREBP1, sterol regulatory
element-binding protein 1; ER stress, endoplasmic reticulum stress; FA, Fatty acid; PA, Palmitic acid; OA, oleic acid; LA, linoleic acid; G6PDX, glucose-
6-phosphate dehydrogenase; ALDOA, aldolase A fructose bisphosphate; PGAM, phosphoglycerate mutase; ENO1, enolase 1; DDAH,
dimethylaminohydrolase; ADMA, asymmetric dimethylarginine.
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Alveolar epithelial cells

Alveolar epithelial (AE) cells include alveolar epithelial type I

(AE1) and alveolar epithelial type II (AE2) cell types that

integrate into the epithelium at extensive intercellular

junctions (Ruaro et al., 2021). AE2 cells are the major driver

of PF pathogenesis (Winters et al., 2019). Dysregulation of lipid,

glucose, and amino acid metabolism in AE2 cells have been

demonstrated during the development of PF (Figure 2).

Lipidmetabolism in alveolar epithelial type
II cells

De novo lipid synthesis, an important feature of AE2 cells, is

required to generate lipid-rich surfactants, by which respiratory

epithelial cells can be soaked in by reducing surface tension and

resisting environmental challenges (Ingenito et al., 2000; Schmidt

et al., 2001). The reprogramming of lipid metabolism in AE2 cells

is one of the main mechanisms that lead to PF.

Dipalmitoylphosphatidylcholine, the main pulmonary

surfactant phospholipid (PL) secreted by AE2 (Pérez-Gil,

2008), is synthesized by fatty acid acyl chain remodeling via

the cyclic activity of Land on unsaturated fatty acids (FAs).

Dipalmitoylphosphatidylcholine is then transported to

lysosomes called lamellar bodies via the surfactant transporter

ABCA3 like organelles. Lamellar bodies are secreted into large

aggregated membrane bilayers and are rapidly absorbed into the

PL monolayers to form lung surfactant films. Through the

ventilation process, the surfactant film becomes disordered,

and the surfactant PL has also been shown to be hydrolyzed

by secreted phospholipase in the alveolar space to generate

lysophosphatidylcholines (Bernhard et al., 2004; Ban et al.,

2007). Previous studies have found that mutations in ABCA3,

such as the most common missense mutation E292V, lead to the

development of IPF. Mutations in ABCA3 result in chronic

surfactant insufficiency and decrease PL in bronchoalveolar

lavage (Beers et al., 2017). Inhibition of Mfsd2a in AE2 cells

results in hypertrophy, a lack of steady-state surfactant levels, and

alteration in surfactant lipid composition (Wong et al., 2022).

Since Mfsd2a plays an important role in maintaining surfactant

homeostasis, it remains to be determined whether it can play a

role in pulmonary fibrosis.

Fatty acid synthase (FASN) is an essential anabolic enzyme for

the de novo synthesis of FAs (Menendez and Lupu, 2007). FASN

catalyzes the reduction of malonyl-CoA to synthesize long-chain

fatty acids (Chung et al., 2019). TGF-β has been reported to increase
FASN expression in mouse and human fibroblasts in a smad2/3-

dependent, mTORC1-dependent manner. Most importantly,

cyanin-derived FASN inhibitor C75, reduces the expression of

profibrotic genes and stabilizes lung function (Jung et al., 2018).

Recent studies performedmRNA sequencing of lung tissue obtained

from surgical lung biopsies of patients with early IPF and IPF during

transplantation, and have verified that FASN is downregulated in

AE cells, ciliated cells, and alveolar macrophages in IPF lung tissue

(Qian et al., 2021). Moreover, the loss of AE2 cell-specific FASN

results in a reduction of lipid synthesis and aggravates pulmonary

fibrosis induced by bleomycin (BLM). The role of FASNduring lipid

metabolism in pulmonary fibrosis needs to be explored further.

Elongation and desaturation of FAs from the core of lipid

biosynthesis determines their function and metabolic fate.

Enzymes that are involved in FA elongation and saturation,

such as stearyl CoA desaturase, and related molecules, such as

sterol regulatory element-binding protein 1, have been reported

to be down-regulated during the development of PF, with

endoplasmic reticulum stress playing an important role in the

downregulation. The elongation of long-chain FAs family

member 6 (Elovl6), an important rate-limiting enzyme of lipid

biosynthesis, catalyzes the extension reaction of palmitate (C16:

0) to stearate (C18:0). The loss of Elovl6 induces apoptosis and

the production of reactive oxygen species, and most importantly,

impairs cellular uptake of long-chain FAs (Sunaga et al., 2013).

Elovl6-mediated FA metabolism in AE2 cells is perturbed in

models of pulmonary fibrosis, which may have important

implications for lung pathology and therapy.

Lipid synthesis is regulated not only by lipid synthases but

also by other molecular mechanisms. Apolipoprotein A1, the

most abundant protein in high density lipoprotein, has recently

been found to be potentially increased in the lung tissue by

alveolar epithelial cells and macrophages, to remove excess lipids

from cells to prevent lipid overload. ApoA1 exerts a protective

effect against lung injury and fibrosis (Kim et al., 2010; Eh et al.,

2013; Gordon et al., 2016).

Emerging evidence suggests that mitochondrial disturbances

and reduced levels of energy production lead to the disturbance of

various metabolic processes (Shaghaghi et al., 2021). The

mitochondrial damage-induced loss of mitofusin 1 and mitofusin

2, GTPase proteins that coordinates the fusion of the mitochondrial

outer membrane, abolishes the lipogenic metabolic responses of the

AE2 cells, which finally leads to pulmonary fibrosis (Chung et al.,

2019). Dysregulated lipogenic metabolic responses include the

reduced production of liposomes, such as cholesterol and

ceramides, and the significant down-regulation of surfactant

protein genes (Sftpb, Sftpc). Overall, AE2 lipid metabolism

deficiency drives pulmonary fibrosis, providing an innovative

mechanism and potential pharmacological target.

Glucose metabolism in alveolar epithelial
type II

Aerobic glycolysis and pentose phosphate pathways are

essential for AE2 cell activation, proliferation, and

regeneration (Li et al., 2019). During the early stage of PF, the

lactose levels are elevated in AE2 cells due to the “Warburg

effect”, which then induces an increase in TGF-β expression that
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promotes fibrosis. However, during the middle and late stages,

the levels of most glycolytic metabolites are decreased in

AE2 cells (Roque and Romero, 2021). Recent studies have

shown that the expression of key glycolytic enzymes, such as

phosphoglycerate mutase, enolase 1, and aldolase A fructose

bisphosphate are elevated in PF. The rate-limited enzyme

glucose-6-phosphate dehydrogenase of the pentose phosphate

pathway is also upregulated. Autophagy is responsible for

alterations of enolase 1 levels during AE2 cell proliferation

and the regulation of lung homeostasis in PF (Li X. et al.,

2020). Inhibition of autophagy reduces glucose uptake, and

glucose deprivation or blockade of glycolysis reduces the

proliferative capacity of AE2 cells and promotes their

differentiation into ciliated and secretory cells (Aboushousha

et al., 2021). In addition to the above-mentioned metabolic

enzymes that lead to enhanced glucose metabolism,

GLUT1 also plays an important role. During bleomycin-

induced injury, conditional deletion of GLUT1 reduces

AE2 cell proliferation and impairs AE2 cell recovery in vivo.

Under this injury condition, the glycolysis and pentose

phosphate pathways are enhanced in AE2 cells (Li J. et al.,

2020). Thus, the role of aerobic glycolysis and pentose

phosphate pathways in AE2 cells in pulmonary fibrosis

provides a basis for a better understanding of pulmonary

homeostasis and injury repair.

Amino acid metabolism in alveolar
epithelial type II

The demand for amino acids increases during various

pathological conditions, including pulmonary fibrosis (Gaugg

et al., 2019). Glutamine is involved in antioxidant defense

through multiple mechanisms, including the production of

NADPH to regulate the synthesis of various ROS

detoxification enzymes and the core protein of cellular

antioxidant defense glutathione. It has been demonstrated that

a profound metabolic shift occurs during glucose metabolism,

requiring cells to rely on other metabolic fuels, such as glutamine,

to support mitochondrial respiration and metabolite production,

thereby inhibiting the progression of pulmonary fibrosis

(Shaghaghi et al., 2021). Mechanically, diminished

mitochondrial respiratory function in pulmonary fibrosis can

be restored by adding glutamine to the culture medium of

AE2 cells. Except for directly increasing the amino acid

content, enzymes that regulate amino acid metabolism are

equally important for protection against pulmonary fibrosis.

Dimethylarginine dimethylaminohydrolase metabolizes

asymmetric dimethylarginine and monomethylarginine to

l-citrulline and dimethylamine, both of which are endogenous

inhibitors of NOS (Pullamsetti et al., 2011). Dimethylarginine

dimethylaminohydrolase inhibitors increase intracellular

asymmetric dimethylarginine concentrations to levels that are

sufficiently to inhibit NOS activity, resulting in the inhibition of

pulmonary fibrosis progression. Together, these studies underlie

the important role of amino acid metabolism and may offer

possible therapeutic avenues for the attenuation of pulmonary

fibrosis.

Macrophages

Pulmonary macrophage populations are mainly

composed of alveolar macrophages (AMs) and interstitial

macrophages (IMs), which reside in the alveoli and

parenchyma respectively (Guilliams et al., 2013). In

addition, pulmonary macrophages can also change their

phenotype through polarization into either classically

activated macrophages (M1) or alternatively activated

macrophages (M2), which play important roles in

homeostasis and tissue remodeling in PF (Locati et al., 2013).

Glucose metabolism in macrophages

M1 macrophages mainly rely on glycolysis for energy and

pro-inflammatory effects, while M2 macrophages preferentially

utilize oxidative phosphorylation to promote repair of

pulmonary tissue damage (Viola et al., 2019). Enhanced

glycolysis in alveolar macrophages obtained from fibrotic

lungs is caused by the increased expression of important

glycolytic mediators or enzymes induced by the M1 activator,

IFN-γ, and LPS, such as GLUT1, hexokinase 2,

phosphofructokinase liver type and LDHB (Xie et al., 2017).

However, these molecules are not induced by the M2 inducers,

IL-4, IL-10, or TGF-1. Moreover, inhibition of glycolysis

mitigates the increase in the expression of M2 phenotype

markers in alveolar macrophages obtained from fibrotic lungs

(Xie et al., 2017).

Except during the inflammatory response, macrophages also

rely on glycolysis to produce high levels of lactate (Soto-Heredero

et al., 2020), which sustain a low pH in the extracellular space and

activate TGF-β1-induced fibrotic signaling (Kottmann et al.,

2012). The silencing of LDHA, the enzyme that catalyzes

lactate production, can suppress silica exposure-induced high

levels of iNOS, TNF-α, Arg-1, IL-10, and MCP1 in

NR8383 alveolar macrophages (Mao et al., 2021).

Mechanically, lactate can increase histone lactylation at the

profibrotic gene promoters of macrophages (Cui et al., 2021),

providing a novel therapeutic target for PF. The regulation of

lactate level can be accomplished by directly blocking lactate

production in lung macrophages, or by depleting extracellular

lactate, thereby reducing lactate entry into lung macrophages and

other cell types. The LDHA inhibitor gossypol inhibits ionizing

radiation- and bleomycin-induced pulmonary fibrosis (Judge

et al., 2017). Oxalate, a competitive inhibitor of LDHA, has
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likewise been shown to maintain macrophage homeostasis by

ameliorating the increase in glycolysis and endoplasmic

reticulum stress induced by the exposure of macrophages to

silica (Mao et al., 2022).

Under normoxia, HIF1α is kept at low levels due to the

recognition and ubiquitination of E3 ligase von Hippel-Lindau

(VHL) and the ensuing proteasomal degradation (Semenza,

2011). Loss of VHL results in an upshift in glycolysis, impairs

mitochondrial respiration and alters gene expression

characteristics in the AMs. VHL regulates the transcription of

Spp1, a hypoxia-responsive gene in tumor cells, via inhibiting

HIF1α-mediated glycolytic metabolism in AMs (Zhang et al.,

2018), indicating that VHL is a key regulator of alveolar

macrophages in PF (Figure 3).

Metabolic dysfunction is a key factor in the toxicity of

cigarette smoke on alveolar macrophages. Cigarette smoke

inhibits mitochondrial respiration in alveolar macrophages

while inducing glycolysis and reactive oxygen species. These

defects were alleviated by the free radical scavenger

N-acetylcysteine, which also restored phagocytosis to baseline

levels (Aridgides et al., 2019). CPUY192018, a nuclear factor

erythrocyte-2-related factor 2 (Nrf2) activator, can inhibit

glycolysis, enhance antioxidant stress, and produce satisfactory

therapeutic effects on macrophages of COPD patients and

cigarette smoke extract-induced COPD mice, which is

expected to be a potential treatment for COPD (Wang L.

et al., 2021). These studies provide a further fundamental

mechanistic basis for the use of antioxidants in COPD.

FIGURE 3
Metabolic reprogramming of macrophages cells in pulmonary fibrosis (A). GM-CSF, SP-C, and FXR can enhance the clearance of oxidized lipids
and regulate lipid metabolism. The therapeutic targets FXR, ApoE and GPR84 can be effective in the development of pulmonary fibrosis (B). Under
profibrotic stimulus, M1 activators increase GLUT1, hexokinase, and LDHB leading to enhance glucose metabolism. Silencing of LDHA can suppress
high levels of iNOS, TNF-α, Arg-1, IL-10, and MCP1. The therapeutic targets LDHA and VHL can be effective in the development of pulmonary
fibrosis (C). Arginase metabolism is partially dependent on the transport of arginine through CAT2 in peritoneal macrophages. The therapeutic
targets Arginase can be effective in the development of pulmonary fibrosis. SP-C, surfactant protein C; LPR1 lipoprotein receptor–related protein 1; B
receptor; B class oxidized phospholipid scavenger receptor.
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Lipid metabolism in macrophages

Profibrotic injury-induced early and persistent metabolic

changes in AE2 cells, which then lead to the inhibition of

lipid synthesis and the release of stored lipids into the distal

airspaces of the lung. Subsequently, the extracellular

accumulation of oxidized lipids promoted the development of

macrophage foam cells, which results in a fibrotic cascade

(Ingenito et al., 2000; Schmidt et al., 2001; Forbes et al.,

2007). Granulocyte-macrophage colony-stimulating factor

(GM-CSF) is a 23-kDa glycoprotein member of the

hematopoietic cytokine family that regulates the proliferation

and differentiation of cells of the granulocyte-macrophage

lineage (Baldwin, 1992). Recently, GM-CSF has been shown

to improve pulmonary fibrosis via regulating lipid

metabolism. Oxidized phosphatidylcholine is sufficient to

induce foam cell formation and can promote fibrosis in mice,

while GM-CSF treatment can enhance lipid clearance in

macrophages (Romero et al., 2015). PGE2 exerts a protective

effect on fibroblasts as previously mentioned, and GM-CSF

deficiency leads to an enhanced level of fibrosis in bleomycin-

induced pulmonary fibrosis, with a mechanism of action

involved in this effect identified as the impaired production of

potent anti-fibrotic PGE2 in macrophages (Moore et al., 2000).

GM-CSF not only enhanced the clearance of oxidized lipids in

macrophages but also prevented damage to anti-fibrotic

molecules. PGD2, another COX metabolite, is produced in

CD68-positive monocytes/macrophages, and may inhibit

immune cell infiltration in an autocrine or paracrine manner

by inhibiting inflammation in bleomycin-induced pulmonary

fibrosis (Kida et al., 2016). Pharmacological approaches that

enhance lipid efflux or prevent foam cell formation may be

promising for preventing or treating pulmonary fibrosis.

A multitude of evidence has indicated the key role of

surfactant protein C deficiency for the pathogenesis of IPF

(Ruwisch et al., 2020; Sehlmeyer et al., 2020). Increased

cholesterol levels in mouse lung tissue after bleomycin

treatment have been attributed to paracrine lipid crosstalk

between alveolar epithelial cells and alveolar macrophages.

Preliminary observations suggest that this crosstalk may be

impaired by the absence of surfactant protein C. The addition

of surfactant protein C to cholesterol-containing lipid vesicles

enhances the expression of cholesterol metabolism and transport

genes (such as Pparg, SraI, Abca1, Abcg1, Lxrb and Srebp2) in

alveolar macrophage cell lines (Ruwisch et al., 2020), which is a

potential novel lipid-protein axis involved in lung remodeling

in PF.

Apolipoprotein E (ApoE) is produced almost exclusively by

monocyte-derived Alveolar macrophages. The expression of

ApoE is significantly increased and enriched in dense fibrotic

regions of IPF lungs. ApoE depends on lipoprotein

receptor–related protein 1 to promote macrophage

phagocytosis of type 1 collagen (Cui et al., 2020).

Several transcription factors and fatty acid receptors regulate

lipid homeostasis in macrophages and have been implicated in

the progression of pulmonary fibrosis. Nitrogen mustard, a

known lung-targeting vesicular agent, can cause acute injury

and fibrosis, and activated macrophages have been demonstrated

to contribute to the pathological response to nitrogen mustard.

Nitrogen mustard-induced changes sustained oxidative stress,

and are mediated by Nrf2 and iNOS signaling pathways, which

are associated with the accumulation of oxidized phospholipids

in lung macrophages and epithelial cells (Venosa et al., 2019).

The farnesoid-X receptor (FXR) has been hypothesized to

regulate intracellular lipids. The number of FXR-positive

macrophages in the lung is increased after nitrogen mustard

administration and may represent a compensatory attempt to

limit the fibrotic process. The FXR agonist, obeticholic acid,

inhibited the development of bleomycin-induced fibrosis,

potentially due to the attenuated production of key

inflammatory mediators. At present, putative FXR targets

include the B class oxidized phospholipid scavenger receptor,

CD36, and the lipid chaperone, ApoE (Silverstein et al., 2010; Li

et al., 2012).

G-protein-coupled receptor 84 (GPR84), the fifth most

recognized fatty acid receptor, is involved in initiating Gi

signaling, resulting in reduced cAMP production through the

inhibition of adenylate cyclase. Medium-chain fatty acids with a

chain lengths of C9-C14 are GPR84 agonists. After acute

inflammatory stimulation, Medium-chain fatty acids

activated GPR84 to promote phagocytosis and secrete pro-

inflammatory factors (Chen et al., 2020; Marsango et al.,

2022). Current research has demonstrated that

GPR84 antagonists have great potential for the treatment of

pulmonary fibrosis. However, further studies are needed to

determine whether clinical translation can be achieved

(Figure 3).

Amino acid metabolism in macrophages

Arginine is a precursor for proline and polyamine

synthesis, and since proline is an important component of

collagen, the supply of proline may be a key factor during the

process of pulmonary fibrosis. Arginine metabolizing

enzymes are involved in the production of proline or

polyamines (Durante et al., 2001; Ignarro et al., 2001).

Arginase exists as two subtypes, the hepatic (arginase I)

subtype and the extrahepatic (arginase II) subtype. Previous

studies have emphasized that both arginase I and II are

induced during bleomycin-induced pulmonary fibrosis.

Arginase I is induced in macrophages, whereas arginase II

is induced in a variety of cells, including macrophages and

myofibroblasts. Arginine is transported into the intracellular

space by cationic amino acid transporters (CATs) and is a

precursor for the synthesis of urea, polyamines,
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phosphocreatine, nitric oxide, and proteins (Endo et al.,

2003). More importantly, arginase activity is partially

dependent on the transport of arginine through CAT2 in

peritoneal macrophages. Therefore, arginase may play a

role in CAT2-mediated pulmonary fibrosis (Niese et al.,

2010), emphasizing the role of amino acid metabolism

reprogramming in pulmonary fibrosis. At the steady state,

IMs express 10-fold more arginase I than AMs, while Arg-140-

fold upregulation has been detected in IMs isolated from

radiation-induced lung fibrosis. The expression of colony-

stimulating factor receptor-1 was mainly expressed on IMs,

and the use of anti-CSF1R neutralizing antibody results in the

specific depletion of pro-fibrotic IMs, without affecting the

number of AMs, and can also reverse radiation-induced lung

fibrosis (Meziani et al., 2018) (Figure 3).

Endothelial cells

Early observations of pulmonary fibrosis show that vascular

abnormalities, including pulmonary system anastomosis and

neovascularization around the fibrotic area (Hamada et al.,

2007; Ley et al., 2011), along with the metabolic disturbance

of ECs play an important role (Lee et al., 2020).

Glucose metabolism in endothelial cells

Pulmonary microvascular endothelial cells (PMVECs) are

highly glycolytic due to their rapid growth rate (Parra-Bonilla

et al., 2010). This active form of glycolysis induces extracellular

acidosis, which inhibits PMVECs migration, while glycolysis acts

as a negative feedback mechanism. KD025 (SLx-2119) is a

relatively new inhibitor of Ras homolog-related kinase subtype

2. Studies have shown that KD025 shifts the PMVEC metabolic

pathway from glycolysis to oxidative phosphorylation in a Ras

homolog-related kinase subtype 2-independent manner, reduces

intracellular pH and cell migration, and enhances the integrity of

the lung endothelial barrier in vivo (Lee et al., 2020). Currently,

KD025 is being tested in multiple Phase II clinical trials for use in

the treatment of fibrotic lung disease, including idiopathic

pulmonary fibrosis.

The role of HIF-1 in the reprogramming of glucose metabolism

in pulmonary fibrosis has been previously mentioned, and

identification of the switch from HIF-1 to HIF-2 in endothelial

cells (EC) can ensure the continued activity of the hypoxia-adaptive

pathway, thereby prolonging the hypoxia survival time. The

conversion of HIF-1 to HIF-2 was disturbed by the stabilization

of HIF1α and endothelial PAS domain protein 1 mRNAs in EC,

which then induced the reprogramming of glucose metabolism.

Exploiting the regulation of endothelial cell adaptation to hypoxia

may be a potential therapeutic intervention against pulmonary

fibrosis (Bartoszewski et al., 2019).

Lipid metabolism in endothelial cells

IL-6 is a pro-inflammatory cytokine produced by endothelial

cells and is actively involved in local vascular inflammatory

responses (Podor et al., 1989). Previous studies have

investigated the intracellular fatty acid composition modulated

the production of IL-6, which is elevated in bleomycin-induced

lung endothelial cells in a time-dependent and dose-dependent

manner. In other words, endothelial IL-6 production may be

upregulated by 18:2 n-6 and/or its derived metabolites, although

this process is not directly dependent on prostacyclin or other

cyclooxygenase metabolites. It has been currently established that

a diet lower than 18:2 n-6 can exert a protective effect against

bleomycin-induced pulmonary fibrosis (Karmiol et al., 1993).

However, the fatty acid effects exerted by lipoxygenase and/or

cyclooxygenase metabolites require further studies to confirm

whether they can be used as a novel method of treatment for PF.

Oxidative stress-induced activation of phospholipase D and

related lipid signaling enzymes are key factors involved in ECs’

dysfunction, leading to altered pulmonary vascular

pathophysiology during oxidative exposure in pulmonary

hypertension and pulmonary fibrosis (Parinandi et al., 1999).

In addition, bleomycin-induced cytotoxicity of bovine lung

microvascular ECs may be due to the signaling cascade

involving PA and other PA-derived signaling mediators, such

as LPA and diacylglycerol (Patel et al., 2011). Therefore, the

phospholipase D pathway in vascular endothelial cells may be a

potential therapeutic target for PF.

Perspectives

Previous studies have found that men have a 40% higher risk of

transplant or death than women in pulmonary fibrosis (PF) (Zaman

et al., 2020). Higher smoking rates in men may account for some of

the differences in gender (Ley and Collard, 2013), while mutations in

telomerase and surfactant proteins associated with PF fared better in

women than in men (Pandit et al., 2020). Whether there is some

metabolic difference related to gender in the development of

pulmonary fibrosis needs further exploration. With the advent of

novel and cost-effective metabolite profiling techniques, metabolic

reprogramming has been found to occur during the pathogenic

process of pulmonary fibrosis. In this review, we showed that

glucose metabolism is enhanced in fibroblasts, macrophages, and

vascular endothelial cells, but inhibited in epithelial cells, which results

in the targeting of glycolysis during pulmonary fibrosis. The enzymes

and related molecular pathways were found to be therapeutically

advantageous. Lipid metabolism is mainly characterized by increased

lipid synthesis and fatty acid oxidation in fibroblasts, macrophages,

and vascular endothelial cells. In epithelial cells, lipid metabolism is

inhibited at an early stage, resulting in the accumulation of lipid

oxidation. Enzymes, key molecular pathways of fatty acid oxidation,

and lipid mediators form the core of currently available treatment
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methods. Amino acids, which are the main components of collagen,

show increased levels of synthesis or decreased levels of

decomposition in fibroblasts, macrophages, and epithelial cells.

Therefore, the targeting of important enzymes in amino acid

metabolism may be a main therapeutic strategy. Future research is

required to promote the development and translation of drugs that

target the metabolic disturbance in PF.
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The cyclic GMP-AMP synthase-stimulator of interferon genes signal

transduction pathway is critical in innate immunity, infection, and

inflammation. In response to pathogenic microbial infections and other

conditions, cyclic GMP-AMP synthase (cGAS) recognizes abnormal DNA and

initiates a downstream type I interferon response. This paper reviews the

pathogenic mechanisms of stimulator of interferon genes (STING) in

different organs, including changes in fibrosis-related biomarkers, intending

to systematically investigate the effect of the cyclic GMP-AMP synthase-

stimulator of interferon genes signal transduction in inflammation and

fibrosis processes. The effects of stimulator of interferon genes in related

auto-inflammatory and neurodegenerative diseases are described in this

article, in addition to the application of stimulator of interferon genes-

related drugs in treating fibrosis.
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Introduction

Fibrosis is a normal byproduct of chronic tissue injury and is required to regenerate of

injured tissues and organs. Although fibrosis is beneficial in the short term, the long-term

progression of fibrosis may cause dysfunction or even failure of cells and organs (Rockey

et al., 2015; Henderson et al., 2020). Excessive fibrosis leads to abnormal remodeling and

progressive dysfunction of several organs, including the heart, kidneys, lungs, liver, and

other organs (Zhang and Zhang, 2020). Stress reactions and injuries (autoimmunity,
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sepsis, viruses, coronavirus disease 2019, inflammation, ischemia,

metabolic abnormalities, toxins, etc.) can lead to organ fibrosis

(Mack, 2018; Zhou et al., 2018; Horowitz and Thannickal, 2019;

Sun Z. et al., 2020; McDonald, 2021; Ung et al., 2021). In

addition, the pathophysiological process of fibrosis involves

numerous signal transduction pathways, such as Ca2+, Janus

kinase (JAK)/signal transducer and activator of transcription

(STAT), phosphatidylinositol-3-kinase (PI3K)/protein kinase B

(Akt), renin-angiotensin-aldosterone (RAAS), transforming

growth factor beta (TGF-β)/Smad, wingless/integrated (Wnt)/

β-catenin and many others (Mezzano et al., 2001; Goh et al.,

2015; Hu et al., 2018; Feng et al., 2019; Hu H. H. et al., 2020;

Montero et al., 2021; Qin et al., 2021). These signaling pathways

interact to form a complex network of pathogenic mechanisms

for fibrosis.

Ishikawa and Barber’s team discovered STING in 2008 and

demonstrated that STING could facilitate the expression of type I

interferons (IFN-1) as a defense against viral infection (Ishikawa

and Barber, 2008). Since then, STING, one of the key participants

in innate immunity, has gradually entered our view. Its primary

physiological role is to trigger responses such as innate immunity

and inflammation after recognising abnormal DNA (both

exogenous pathogenic and endogenous DNA) by the cGAS

(Hopfner and Hornung, 2020). Recent studies have shown

that STING signal transduction occurs in the remodeling and

fibrosis of various organs. The above process involves the

interaction of multiple mechanisms, such as TGF-β/Smad and

JAK/STAT signal transduction pathways.

There are still no effective treatments for fibrosis. Therefore,

more research is essential to understand how fibrosis works and

to discover viable therapeutic strategies. This article mainly

explores the effects of STING and related molecules in

exacerbating inflammation and promoting fibrosis in different

organ diseases, exploring possible new directions for therapeutic

targets. Molecular mechanisms of STING and its interactions

with other signaling pathways are also included, which are

extremely valuable for further clarification of the pathological

process of organ fibrosis. In addition, studies of STING-related

drugs were reviewed to explore their mechanisms of action and

research advances. Finally, we elucidate current issues and

perspectives for further research in the future.

Summary of the cyclic GMP-AMP
synthase-stimulator of interferon
genes signal transduction process

The discovery of the cyclic GMP-AMP
synthase-stimulator of interferon genes
signal transduction pathway

STING (or called ERIS, MITA, MPYS, TMEM173) (Jin et al.,

2008; Zhong et al., 2008; Ishikawa et al., 2009; Sun et al., 2009),

which is located in the endoplasmic reticulum (ER), was first

reported by Ishikawa and Barber’s team in 2008. It contributes to

activating interferon regulatory factor 3 (IRF3) and nuclear

factor-kappa B (NF-κB) to increase IFN-1 production and

thus resist virus attack (Ishikawa and Barber, 2008). Zhong

et al. further demonstrated the vital effect of TANK binding

kinase 1 (TBK1) in STING-induced IRF3 activation (Zhong et al.,

2008). In 2013, Wu and Sun et al. discovered that cyclic

guanosine monophosphate-adenosine monophosphate (cyclic

GMP-AMP, or cGAMP) in mammalian cells could act as an

endogenous second messenger to sense cytoplasmic DNA,

thereby triggering STING and downstream interferon

production (Wu et al., 2013). In the same year, they identified

a newDNA sensor in the cytoplasm called cGAS, which identifies

cytoplasmic DNA and promotes cGAMP production, thereby

activating STING (Sun et al., 2013). At this point, the overall

structure of the cGAS-STING signal transduction path was

understood, and new studies related to its more specific

perspectives have begun to emerge one after another.

Activation and physiological effects of the
cyclic GMP-AMP synthase-stimulator of
interferon genes signal transduction
pathway

As mentioned above, the initiation of the STING signal

transduction needs to be triggered by cytoplasmic DNA.

Sources of cytoplasmic DNA include bacteria, viruses, tumor

cells, micronuclei, damaged mitochondria, etc. cGAS senses

DNA from the above sources and undergoes conformational

changes, thereby catalyzing the synthesis of the second

messenger cGAMP containing 2′-5′ and 3′-5′ phosphodiester
bonds from ATP and GTP (Ablasser et al., 2013; Gao et al., 2013;

Zhang et al., 2013). Notably, the way cGAS recognizes DNA is

highly correlated with DNA length, which means that only DNA

of a certain length can effectively activate cGAS and promote the

production of IFN (Andreeva et al., 2017; Luecke et al., 2017). It

was shown that STING located in the endoplasmic reticulum had

bound a large amount of TBK1 before being activated, and these

TBK1 were also in an equally inactive state (Zhang et al., 2019).

The conformation of STING changed after binding to cGAMP.

The structural site used to bind the ligand rotates 180° clockwise

relative to the transmembrane part and releases the C-terminal

tail. Eventually, multiple STING molecules in parallel undergo

oligomerization and form disulfide bonds on cysteine residue

148 to stabilize the structure (Ergun et al., 2019; Shang et al.,

2019). At the same time, STING, which binds cGAMP, exits the

ER and translocates to the ER-Golgi intermediate compartment

(ERGIC) and the Golgi. This is a coat protein complex II (COP

II)-dependent process and is also regulated by ADP-ribosylation

factor (ARF) GTPases (Dobbs et al., 2015; Gui et al., 2019).

TBK1 bound to STING is approached by forming a STING
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polymer and eventually activated by trans-autophosphorylation

(Zhang et al., 2019; Zhao et al., 2019). Activated TBK1 catalyzes

the phosphorylation of serine residues in the pLxIS motif on the

C-terminal tail domain of STING, thereby allowing IRF3 to be

recruited and bound to this motif (Liu et al., 2015). At this time,

the neighboring TBK1 phosphorylates and dimerizes IRF3,

which then regulates gene expression to generate IFN-1.

Furthermore, inhibitor of kappa B kinase (IKK) is also

recruited by STING to activate downstream NF-κB and

facilitate the synthesis of pro-inflammatory cytokines such as

interleukin-1 (IL-1), interleukin-6 (IL-6) and tumor necrosis

factor-alpha (TNF-α). Notably, it remains undetermined

whether this process requires the mediating role of TBK1

(Konno et al., 2013; Abe and Barber, 2014; Fang et al., 2017;

de Oliveira Mann et al., 2019; Balka et al., 2020).

Based on previous research, the effective range of cGAS-

STING has been extended to include all aspects of resistance to

infection by pathogenic microorganisms (bacteria, viruses,

parasites), anti-tumor, fibrosis, immunity, and inflammation.

Inflammation is closely associated with fibrosis, and the

former is often the initiating factor of the latter (Mack, 2018).

Pro-inflammatory cytokines can be generated by the activated

STING pathway and promote the onset and spread of

inflammation. It can, for example, promote the conversion of

endothelial cells, which are one of the vital participants in the

formation and spread of inflammation (Zhao et al., 2021), into a

pro-inflammatory phenotype (Pober and Sessa, 2007). In

addition, activated endothelial cells can produce abundant

chemokines and recruit mononuclear macrophages (Butcher,

1991) capable of producing inflammation-associated cytokines

and TGF-β (Arabpour et al., 2021). Previous extensive

conclusions have shown that TGF-β is conducive to the

multiplication of fibroblasts and the aggregation of ECM, such

as collagen (Fine and Goldstein, 1987; Clark et al., 1997). The

above is only one aspect of STING-driven inflammation and

fibrosis, and more specific molecular mechanisms remain to be

added.

cyclic GMP-AMP synthase-stimulator of
interferon genes is one of the
interconnected and interacting pro-
fibrotic signal pathways

TGF-β signal transmission contributes to fibrogenesis (Meng

et al., 2016). TGF-beta receptor II (TGF-β RII) is activated by

autophosphorylation after binding to TGF-β. TGF-β RII then

recruits and phosphorylates TGF-beta receptor I (TGF-β RI), the
next factor that activates Smad2/3. During this process,

Smad4 forms a trimer with activated Smad2/3. It is

transported to the nucleus, thereby enhancing the synthesis of

a range of molecules associated with fibrosis, including

fibronectin, alpha-smooth muscle actin (α-SMA), collagen,

and so on (Heldin and Moustakas, 2016; Meng et al., 2016;

Hu et al., 2018). In addition, the above processes facilitate the

transformation of non-myofibroblasts into myofibroblasts and

the activation of myofibroblasts, thus promoting the deposition

of ECM (Mack and Yanagita, 2015; Meng et al., 2016). Activation

of ER stress can be observed in mice receiving aortic banding or

angiotensin II-induced cardiomyocytes, and in mice receiving

CCl4 (Iracheta-Vellve et al., 2016; Zhang et al., 2020). ER stress

was shown to facilitate the stimulation of the cGAS-STING axis

(Zhang et al., 2020), thereby promoting the generation of IFN-1

and NF-κB. Pro-inflammatory cytokines produced by NF-κB can

promote the transcription and expression of TGF-β isoforms

(Villiger et al., 1993). Notably, macrophages at the site of

inflammation can continue to secrete inflammation-associated

cytokines or TGF-β (Arabpour et al., 2021). In addition,

angiotensin II can also promote the generation of TGF-β (Liu

et al., 2017). As a result of the above interactions, the cGAS-

STING signaling axis establishes an interconnection with the

TGF-β/Smad signal transduction process, which is involved in

fibrogenesis.

Numerous studies have confirmed that the JAK/STAT signal

transduction is also closely relevant to the fibrotic process in

many diseases, such as diabetic nephropathy (Zhang et al., 2021).

The cGAS-STING signaling pathway produces interleukins and

interferons that can function as ligands for the JAK/STAT

signaling pathway. The receptor undergoes dimerization upon

attachment to the ligand. JAK then couples to the receptor and

undergoes phosphorylation activation, which then recruits and

phosphorylates STAT, at which point the phosphorylated STAT

forms a dimer and enters the nucleus, thereby regulating

transcription and expression of the relevant genes (Morris

et al., 2018; Bharadwaj et al., 2020; Montero et al., 2021;

Zhang et al., 2021).

As a possible inducing factor of fibrosis, apoptosis is closely

related to STING (Iracheta-Vellve et al., 2016). BCL-2-associated

X protein (BAX) is an apoptosis-promoting protein involved in

the mitochondrial apoptotic pathway, and its levels can be

upregulated by STING (Li A. et al., 2019). On the one hand,

BAX increases the permeability of the mitochondrial membrane

to induce the leakage of cytochrome C and then initiates

apoptosis through caspase-9 and downstream caspase-3/7

(Murthy et al., 2020; Xiong et al., 2021). On the other hand,

mitochondrial DNA (mtDNA) released from mitochondria can

activate cGAS. In addition, ER stress is also involved in

promoting the interconnection between STING and BAX

(Murthy et al., 2020). STING can also activate the MAPK

pathway, but the exact mechanism remains to be investigated

(Hopfner andHornung, 2020). From the information available to

date, the pro-fibrotic effects of STING are achieved, at least in

part, through several of the classical fibrotic pathways described

above. Activated STING mediates inflammatory tissue damage,

thereby inducing the process of tissue repair and fibrosis. The

TGF-β pathway is an essential player in the latter, actively
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responding to the STING-induced inflammatory

microenvironment. In addition, STING activates numerous

downstream effector molecules (e.g., NF-κB, IL-6, NLRP3,

etc.) that synergistically promote inflammatory responses,

thereby exacerbating tissue damage (Li N. et al., 2019). To

summarize, cGAS-STING forms an intricate network with

numerous molecules and mechanisms involved in the fibrosis

process (the above process is summarized in Figure 1).

FIGURE 1
Crosstalk of the cGAS-STING signal transduction during inflammation and fibrosis. Cytoplasmic DNA from bacteria, viruses, dead cells,
mitochondria, and extracellular vesicles is recognized by cGAS and thus activates STING. STING then exits the ER and transfers to the Golgi
apparatus. During this process, STING completes the recruitment of TBK1 and IKK, as well as the activation of IRF3 and NF-κB. TGF-β activates TGF-β
receptors, resulting in phosphorylation of Smad2/3. The activated Smad2/3 enters the nucleus to promote transcription of fibrosis-related
genes. The pro-inflammatory cytokines produced by NF-κB can act on the signal transmission process of TGF-β/Smad. IFN from the STING pathway
activates the IFN receptor, which is sequentially phosphorylated by the receptor-coupled JAK as well as downstream STAT, and the phosphorylated
STAT dimer transfers to the nucleus to modulate gene transcription. cGAS is subject to negative regulatory effects induced by mTORC1 and Akt. It
can also be inhibited in activity by TTLL4 and TTLL6, thus antagonizing the activation of STING. The apoptosis of the Bax pathway is initiated by
caspase-9 and executed by caspase3/7, thus inhibiting the effect of cGAS initiation. α-SMA, alpha smoothmuscle actin; Akt, protein kinase B; APAF1,
apoptotic protease activating factor-1; BAX, BCL2-associated X protein; cGAMP, cyclic GMP-AMP; cGAS, cyclic GMP-AMP synthase; COP II, coat
protein complex II; ECM, extracellularmatrix; ER, endoplasmic reticulum; IFN, interferon; IFNAR, the interferon-α/β receptor; IKK, inhibitor of kappa B
kinase; IL, interleukin; IRF, interferon regulatory factor; ISGs, interferon-stimulated genes; JAK1, janus kinase 1; MCP-1, monocyte chemoattractant
protein-1; MMPs, matrix metalloproteinases; mTORC1, mechanistic target of rapamycin complex 1; NF-κB, nuclear factor-kappa B; NLRP3, NOD-
like receptor thermal protein domain associated protein 3; STAT, signal transducer and activator of transcription; STING, stimulator of interferon
genes; TBK1, TANK binding kinase 1; TGF-β, transforming growth factor beta; TGFβR, transforming growth factor beta receptor; TIMP, tissue inhibitor
of metalloproteinase; TNF, tumor necrosis factor; TRIM, tripartite motif; TTLL, tubulin tyrosine ligase-like enzymes; TYK2, tyrosine kinase 2; VCAM,
vascular cell adhesion molecule.
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The cyclic GMP-AMP synthase-
stimulator of interferon genes signal
path is a mediator of inflammatory
and fibrotic processes in numerous
diseases

The aberrantly activated cyclic GMP-AMP
synthase-stimulator of interferon genes
axis drives autoimmune and
autoinflammatory diseases

STING-mediated physiological effects are critical for fighting

pathogenic microorganisms such as viruses and bacteria and

maintaining normal host immune function. However, excessive

stimulation of cGAS and STING for various reasons can also lead

to autoimmune and autoinflammatory diseases.

Aicardi-Goutières syndrome (AGS) can be caused by

mutations in the human three-prime repair exonuclease 1

(Trex1) gene, which is essential for DNA degradation and

preventing cytoplasmic DNA accumulation (Gall et al., 2012;

Gao et al., 2015). Previous findings have suggested that intact

Trex1 negatively regulates STING-mediated effects.

Fibromyositis of the heart occurs in Trex1-deficient mice,

especially extensive fibrosis near the endocardium. In

addition, fibromyositis also occurs in the skeletal muscles and

tongue (Gall et al., 2012). In addition, mutations in Trex1 have

previously been shown to be highly relevant to familial chilblain

lupus (FCL), retinal vasculopathy with cerebral leukodystrophy

(RVCL), and systemic lupus erythematosus (SLE) (Lee-Kirsch

et al., 2007; Rice et al., 2007; Rice et al., 2015). In recent years,

elevated levels of cytoplasmic double-stranded DNA (dsDNA),

IFN-1, and ISGs have been found in SLE patients, suggesting

start-up of the cGAS-STING axis (Gkirtzimanaki et al., 2018;

Kato et al., 2018; Wang et al., 2018). IFN-1 is an important link in

the progression of SLE and is secreted mainly by dendritic cells

and plasma cells (Murayama et al., 2020; Thim-Uam et al., 2020).

Similarly, a dNTPase named sterile alpha motif and HD domain-

containing protein 1 (SAMHD1) activates the exonuclease

activity of MRE11 and thus participates in DNA replication,

contributing to the degradation of part of the nascent DNA. In

contrast, mutations in SAMHD1 cause chronic stimulation of

STING, which is critical for AGS pathogenesis (Coquel et al.,

2018). Mutations or deficiencies of the ribonuclease H2

(RNASEH2) gene will affect the integrity of DNA, which in

turn leads to AGS (Mackenzie et al., 2016; Aditi et al., 2021). In

addition, there are still many mutations in genes that are

associated with AGS, all of which play a role in nucleic acid

metabolism and are not described here.

Overactivation of the STING signal transduction and

downstream overproduction of interferon are thought to

contribute to autoinflammatory diseases. For example,

functionally acquired mutations in STING are directly related

to STING-associated vasculopathy with onset in infancy (SAVI).

Its main manifestations include rashes, vasculitis, interstitial lung

disease, and so on (Liu et al., 2014). These manifestations are

similar to the clinical features of COPA syndrome (Volpi et al.,

2018). COPA syndrome is an autoimmune disease caused by

COPI coat complex subunit alpha (COPA) mutations with

persistent release and accumulation of IFN-1 (Lepelley et al.,

2020). COPA is indispensable for vesicular transport from the

Golgi to the ER (Brandizzi and Barlowe, 2013), so mutations in

COPA cause STING to stay in the Golgi and overstimulate IFN-1

production (Deng et al., 2020; Lepelley et al., 2020). The above

results are sufficient to demonstrate that overstimulation of

STING deviates from normal immune function and thus leads

to adverse effects.

The role of stimulator of interferon genes
in cardiac remodeling and fibrosis

Cardiac fibrosis is the terminal form of almost all types of

heart disease (Czubryt and Hale, 2021), and STING is

interspersed with fibrosis in various cardiac diseases. It has

been shown that STING expression is increased in the hearts

of dilated cardiomyopathy and hypertrophic cardiomyopathy

patients, and in mice with myocardial remodeling caused by

aortic banding. In addition, knockout of STING exhibited

reduced levels of fibrosis biomarkers such as α-SMA, collagen

type I (Col I), and collagen type III (Col III), and ER stress may be

associated with this process (Zhang et al., 2020). Similarly, in

cardiac failure mice induced by transverse aortic contraction, the

above gene expression did not show an increase after cGAS

knockout, revealing the effect of STING in pathological

remodeling caused by cardiac pressure overload (Hu D. et al.,

2020). It has also been demonstrated that the knockdown of

STING reduces myocardial injury caused by STING-IRF3-

activated NLRP3 (Li N. et al., 2019). The above studies

revealed that the cGAS-STING path is an important

participant in several heart diseases and tends to aggravate

their damage, while inhibition of this signal axis may reduce

the extent of fibrosis.

Stimulator of interferon genes in
pulmonary inflammation and fibrosis

Pulmonary fibrosis exhibits a high morbidity and mortality rate

in various diseases. It severely impairs lung function and

dramatically affects patients’ quality of life. However, few

effective treatments are still available, so the search for new

biomarkers and therapeutic strategies is essential. Current

research suggests that the pro-fibrotic effects of STING are seen

in a variety of lung diseases. Researchers used the induction of silica

to create lung inflammatory injury and fibrosis in mice. They

observed cleavage of caspase-3 and gasdermin D (GSDMD) and
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phosphorylation of mixed-lineage kinase domain-like protein

(MLKL). This demonstrates that silica-treated lung cells die by

apoptosis, pyroptosis, and necroptosis. The dead cells consequently

leak dsDNA, which triggers the action of STING and subsequent

INF-1 (Benmerzoug et al., 2018). Similarly, the lungs of mice

exposed to cigarette smoke are injured and release dsDNA that

initiates the process of cGAS-STING signal transduction, which

aggravates inflammatory injury and fibrosis in the lungs, providing a

new possible therapeutic idea for COPD (Nascimento et al., 2019).

Bleomycin (BLM), an anticancer drug, is often used to induce

pulmonary fibrosis. According to some research, STING is how

BLM causes pulmonary fibrosis to develop. After BLM treatment,

the release of dsDNA was increased and activated the STING-

mediated type 1 interferon response (Seo et al., 2021). This process

involves the TGF-β/Smad path, as evidenced by elevated

phosphorylated Smad2/3, α-SMA and Col-1 (Shi et al., 2022).

Furthermore, STING expression was positively correlated with

TGF-β-induced fibrosis (Sun S. C. et al., 2020), indicating a

synergistic effect of STING and TGF-β in the fibrogenesis

process. The application of some materials, such as graphitized

multi-walled carbon nanotubes (GMWCNTs) in medicine can also

induce inflammation and fibrosis of the lungs, showing thickening

of the alveolar wall and upregulation of STING, TGF-β, and collagen
levels in the diseased lungs (Han et al., 2021). The development of

the coronavirus disease 2019 (COVID-19) has also been mentioned

to involve the STING signaling-mediated type I interferon response

(Neufeldt et al., 2022). Mitochondrial dysfunction, mtDNA release,

cell fusion, and nucleus disruption induced by severe acute

respiratory syndrome coronavirus two infection largely contribute

to the activation of this pathway (Ren et al., 2021; Zhou et al., 2021;

Liu X. et al., 2022; Domizio et al., 2022). While early INF-1 helps to

fight viral infection, late-stage IFN-1 has been shown to exacerbate

the severe COVID-19 inflammatory response andmay be associated

with poor prognosis (Wang N. et al., 2020; Lee et al., 2020; Lee and

Shin, 2020; Galani et al., 2021). Both tissue damage and many

inflammation-associated cytokines contribute to fibrosis after

COVID-19. As well as the above traditional cGAS-STING-

TBK1-IRF3 axis, Zhang et al. reported a non-classical STING-

protein kinase RNA-like endoplasmic reticulum kinase (PERK)-

eukaryotic initiation factor 2 alpha (eIF2α) signaling pathway, which
is independent of each other and the direct activation of PERK by

STING precedes that of TBK1-IRF3. The activation of PERK-eIF2α
can be observed inmice with BLM-induced pulmonary fibrosis, and

either knockout of STING or inhibition of eIF2α can reduce

pulmonary fibrosis (Zhang et al., 2022). This provides a new

possibility for a therapeutic approach targeting STING.

Stimulator of interferon genes and fibrosis
in liver diseases

Fibrosis can be the common outcome of chronic liver disease,

regardless of the cause (Iracheta-Vellve et al., 2016). Illness and

fibrosis often characterise liver injury from various causes (such

as nonalcoholic steatohepatitis and hepatitis virus) (Kisseleva

and Brenner, 2021). Nonalcoholic steatohepatitis (NASH) can be

considered as one of a series of types of nonalcoholic fatty liver

disease (NAFLD), and its characteristics include liver

inflammatory reaction, steatosis, damage to hepatocytes, and

varying levels of fiber deposition (Friedman et al., 2018; Schuster

et al., 2018; Pierantonelli and Svegliati-Baroni, 2019). In mice

with these diseases, STING deficiency or disruption reduced

hepatic steatosis, inflammatory damage and fibrous deposition

(Luo et al., 2018), as indicated by the down-regulated Col1A1 and

α-SMA contents (Yu et al., 2019). In addition, researchers

analyzed liver samples from NASH patients and found that

overall levels of STING and phosphorylated TBK1 were

significantly elevated and consistent with the severity of

fibrosis. At the same time, hepatic stellate cells (HSCs) were

activated, and the overall levels of Col1A1, fibronectin, and TGF-

β1 were significantly upregulated (Wang X. et al., 2020). Infection

with schistosomiasis is also accompanied by liver fibrosis (He

et al., 2020). Liang et al. used western blotting to detect fibrosis

indicators in mice parasitized by Schistosoma japonicum and

found that cGAS knockout mice showed less severe and a smaller

proportion of fibrosis than control mice. Notably, STING

knockout mice did not exhibit the above results, leading the

researchers to conclude that neither STING nor IFN-β is

involved in the fibrotic process in the liver following

Schistosoma japonicum infection (Liang et al., 2022).

Initiation of the STING signal transduction is attributed to

the leakage of mtDNA to the outside of the mitochondria,

followed by upregulation of pro-inflammatory cytokine

expression by NF-κB, which ultimately promotes fibrosis

(Yong et al., 2021; Shen et al., 2022). Additionally, liver

damage and fibrosis caused by microbial DNA can also be

mediated by STING signaling (Luo et al., 2022). The

activation and conversion of HSCs to myofibroblasts has been

shown in numerous studies to be crucial for the formation of

fibrosis (Tsuchida and Friedman, 2017), revealing the role of

STING activation of HSCs in fibrosis. In summary, STING may

be one of the markers of liver fibrosis progression and a target for

treatment.

Stimulator of interferon genes and kidney
disease

Fibrosis of the kidney is the universal pathological

manifestation of chronic renal disease (Romagnani et al.,

2017). It can eventually destroy the kidney’s normal function

and seriously threaten patients’ health. For mitochondrial DNA

to remain intact, transcription factor A (TFAM) is essential.

Enhanced cGAS-STING signaling was observed in kidney

samples deficient in TFAM, accompanied by poor renal

function, high levels of inflammation, and fibrosis, suggesting
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that STING-mediated renal fibrosis can be induced by mtDNA

(Allison, 2019; Chung et al., 2019). Hao et al. studied a folic acid-

induced fibrosis model in mice with renal insufficiency and

found that the overall levels of STING, TBK1, IRF3, and

perforin were elevated in IL-2-treated NK cells. After

treatment with STING inhibitors and high-dose Shenkang

injection, the levels of these substances decreased significantly

and were accompanied by an improvement in renal function. In

addition, similar results from in vitro experiments verified the

above findings. It is proven that Shenkang injection can exert its

anti-fibrosis effect by inhibiting the STING pathway (Hao et al.,

2022). The increased expression of STING, TBK1 and IRF3 could

also be seen in the renal tubular epithelial cells of G2APOL1

(G2 coding variant of apolipoprotein L1) mice, while the collagen

deposition decreased significantly after knockout of STING.

Similarly, STING inhibitors showed protective effects on renal

function, such as reducing the concentration of serum creatinine,

blood urea nitrogen, proteinuria, and the degree of fibrosis (Wu

et al., 2021). Furthermore, some studies have found that in

rhabdomyolysis-induced acute kidney injury mice deficient in

absent in melanoma 2 (AIM2), dsDNA released from injured

muscle cells is turned to activate STING and increase the

expression of IFN-1 and NF-κB, exacerbating inflammation

and fibrosis due to the inability of AIM2 deficiency to

scavenge inflammatory macrophages in time (Baatarjav et al.,

2022).

The relationship between stimulator of
interferon genes and neurodegenerative
diseases

In recent years, some new achievements have been made in

researching the cGAS-STING axis in degenerative neurologic

disorders. Alzheimer’s disease (AD) is a prevalent neurologic

degenerative condition, and its pathological manifestations are

mainly characterized by amyloid beta-peptide (Aβ) plaques and
tau neurofibrillary tangles (Jack et al., 2018; Scheltens et al.,

2021). In addition, more and more studies suggest that

neuroinflammation is a key driver of AD progression. Hou

et al. conducted a study using an APP/PS1 mutant mouse

model of AD and used the nicotinamide adenine dinucleotide

(NAD) precursor nicotinamide riboside (NR) as a treatment and

found significantly elevated levels of NLRP3 inflammasome in

APP/PS1 mutant mice. And both DNA damage and the degree of

inflammation were improved by using NR. Moreover, STING

and cGAS expression was increased in microglia, and NR

decreased cytoplasmic DNA levels in human AD fibroblasts,

suggesting that neural inflammation may be induced by signaling

associated with cGAS and STING (Hou et al., 2021).

Parkinson’s disease (PD) is another common neurologic

degenerative condition. Both in the intrastriatal αSyn
preformed fibril (αSyn-PFF) mouse model of PD and in

microglia cultured in vitro, αSyn-PFFs caused DNA damage,

as evidenced by increased levels of γH2A.X, a marker of DNA

damage. Furthermore, activation of TBK1 in mice and increased

STING expression in human Parkinson’s disease patients show

that STING activation contributes to α-synuclein-induced
neuroinflammation and degeneration (Hinkle et al., 2022).

In mice with amyotrophic lateral sclerosis (ALS),

accumulated TAR DNA-binding protein 43 in the cytoplasm

can lead to mtDNA leakage and thus activate cGAS, ultimately

causing upregulation of NF-κB and IFN-1 levels. In contrast, in

STING-deficient ALS mice, neuroinflammation and

degeneration were ameliorated (Yu et al., 2020). In addition,

the amplification of the GGGGCC sequence in the open reading

frame 72 of chromosome 9p (C9ORF72) is directly related to the

pathogenesis of most familial ALS (DeJesus-Hernandez et al.,

2011; Renton et al., 2011), and deletion of C9ORF72 can promote

STING-mediated IFN-1 production (McCauley et al., 2020).

Superoxide dismutase 1 (SOD1) mutations are another

common cause of inherited ALS (Chen et al., 2013; Mejzini

et al., 2019), resulting in misfolding of the SOD1 protein. In

SOD1mutant ALS mice, cGAS senses mitochondrial destruction

and activates STING (Tan et al., 2022). This evidence provides a

new option for effective interventions in neurodegenerative

diseases, that is, to suppress STING.

Stimulator of interferon genes and other
diseases

In BLM-induced systemic sclerosis mice, an increase in

cytoplasmic DNA was observed, which promoted the

translocation of RNA polymerase III A (POLR3A) and

activated the POLR3A/STING pathway. The result is the

activation of fibroblasts, increased collagen, vascular

endothelial injury, and fibrosis. Both knockout of STING and

the use of H-151 (an inhibitor of STING) can reduce the fibrosis

and vascular lesions of systemic sclerosis (Liu C. et al., 2022).

Mouse colitis and human inflammatory bowel disease (IBD) have

the characteristics of chronic inflammatory injury and fibrosis,

and the high expression of STING can also be observed in their

intestines (Shmuel-Galia et al., 2021). Notably, in addition to

exacerbating colonic inflammation caused by intestinal

microorganisms, STING promotes the expression of the

cytokine IL-10, which has anti-inflammatory properties, to

diminish the extent of colitis. In addition, it also reduces the

production of intestinal polyps and may reduce the potential for

conversion of colitis to cancer. This demonstrates the function of

STING in maintaining immune homeostasis (Ahn et al., 2017).

On the other hand, the mutated autophagy-related protein 16-

like 1 (Atg16l1) gene triggers impaired autophagy, resulting in

reduced STING and cytoplasmic DNA clearance, which is closely

associated with IBD. Treatment with IL-22 can activate the

cGAS-STING pathway by endoplasmic reticulum stress or by
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increasing cytoplasmic DNA, and deletion or mutation of the

Atg16l1 gene has been shown to enhance the IFN-1 levels

elevated by IL-22, thereby exacerbating intestinal

inflammatory injury (Aden et al., 2018). The above results

reveal the association of the Atg16l1 gene, STING and IL-22

in IBD. In addition, recent results show that in mouse ovarian

granulosa cells, mtDNA can activate the STING pathway

through a similar mechanism, causing an increase in

FIGURE 2
The cGAS-STING signaling pathway during organ inflammation and fibrosis. The cGAS-STING signal transduction process is inseparably linked
to inflammation and fibrogenesis in multiple systems, including respiratory, circulatory, digestive, urinary, and neurological systems. The etiology of
fibrosis includes inflammation, injury, toxins, radiation, foreign bodies, parasites, immunity, etc. STING works with TGF-β and many other molecular
mechanisms to promote fibrosis in various organs. Although not all fibrosis etiologies and related mechanisms can be described exhaustively
here, it is certain that the above pathways have a place in the fibrosis of different human systems. α-SMA, alpha smoothmuscle actin; αSyn-PFF, αSyn
preformed fibril; Aβ, amyloid beta-peptide; AB, aortic banding; AIM2, absent in melanoma 2; Ang-II, angiotensin II; Atg16l1, autophagy-related
protein 16-like 1; BLM, bleomycin; cGAMP, cyclic GMP-AMP; DMXAA, 5,6-dimethylxanthenone-4-acetic acid; dsDNA, double-stranded DNA; ECs,
epithelial cells; eIF2α, eukaryotic initiation factor 2 alpha; ER, endoplasmic reticulum; G2APOL1, G2 coding variant of apolipoprotein L1; GMWCNTs,
graphitized multi-walled carbon nanotubes GSDMD, gasdermin D; IFN, interferon; IL, interleukin; IRF, interferon regulatory factor; ISGs, interferon-
stimulated genes; MLKL, mixed-lineage kinase domain-like protein; mtDNA, mitochondrial DNA; NASH, nonalcoholic steatohepatitis; NF-κB,
nuclear factor kappa-B; NLRP3, NOD-like receptor thermal protein domain associated protein 3; NR, nicotinamide riboside; PERK, protein kinase
RNA-like endoplasmic reticulum kinase; POLR3A, RNA polymerase III A; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SASP,
senescence-associated secretory phenotype; STAT, signal transducer and activator of transcription; STING, stimulator of interferon genes; TBK1,
TANK binding kinase 1; TFAM, mitochondrial transcription factor A; TGF-β, transforming growth factor beta; TNF, tumor necrotic factor.
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cytokines such as TNF-α, thereby promoting the spread of

inflammation and interstitial hyperplasia (Liu K. et al., 2022).

Rheumatoid arthritis can be driven by TNF, which also relies on

STING-IRF3-mediated interferon production. In THP-1 cells

chronically treated with TNF, mtDNA was observed to be

released into the cytoplasm and bound to cGAS to initiate a

downstream inflammatory response, consistent with elevated

ISGs in the joints of the mouse model (Willemsen et al., 2021).

Radiation therapy is an important cancer treatment, but the

clinical complications it causes should not be ignored. Treating

malignant tumors with radiation is often complicated by lung

radiation damage, which can eventually cause pulmonary fibrosis.

The activated STING signal axis exists in the macrophages of mice

with radiation pneumonia (RP), suggesting a possible association

with inflammation and fibrosis in RP (Yang et al., 2022a). In

addition, radiation has been shown to accelerate cancer cell

senescence and is associated with an elevated senescence-

associated secretory phenotype (SASP). This process involves

the recognition of radiation-induced dsDNA by cGAS and thus

activates the subsequent effects of STING (Glück et al., 2017;

Takahashi et al., 2018; Constanzo et al., 2021). Furthermore, SASP

after radiation therapy is thought to promote fibrosis (Nguyen

et al., 2018). This partially explains how STING contributes to

fibrogenesis by radiation treatment for cancer. In Figure 2, the

connection between STING and the illnesses of each of the organs

mentioned above is depicted uniformly.

Application of stimulator of interferon
genes agonists and antagonists

Theoretically, STING agonists can aggravate the fibrogenic

effect of cGAS-STING signaling. Therefore, STING activators are

not usually used to treat fibrosis. STING agonists, such as

DMXAA, have been shown to aggravate liver inflammation and

steatosis in mice, as well as increase TNF-α and IL-6 expression

(Yu et al., 2019). In addition, wild-type mouse BMDMs were co-

cultured with human liver stellate cells in conditions containing

TGF-β. When the above cells were treated with DMXAA, the

phosphorylation level of p38 and the content of molecules

associated with fibrous deposition (e.g. α-SMA) were increased

(Luo et al., 2018). Therefore, the application of STING activators in

fibrosis treatment is limited except for experimental purposes.

STING agonists utilize the principle of cGAS-STING-induced type

I interferon response and are now commonly used in clinical

practice as one of the anti-tumor treatments (Jiang et al., 2020;

Wang Y. et al., 2020; Amouzegar et al., 2021). DMXAA and ADU-

S100 (an agonist of STING) attenuated motor dysfunction in mice

with bone tumors and reduced abnormal behavior in mice due to

bone pain. X-rays showed that bone destruction due to tumors was

also ameliorated by STING agonists (Wang et al., 2021). In the

BRCA1-deficient mouse breast cancer model, DMXAA also

promoted the polarization of macrophages to M1 in the tumor

microenvironment, thus enhancing the anti-tumor activity of

macrophages (Wang et al., 2022). In a clinical trial of

melanoma, breast cancer, lymphoma, ovarian cancer, and many

other tumor types, ADU-S100 showed good safety and tolerance,

accompanied by immune activation such as increased levels of

inflammation and active T cell proliferation (Meric-Bernstam

et al., 2022). In addition, the melanoma model of B16-F10 mice

was treated with c-di-GMP packaged with nanoparticles, and the

result was that the drug resistance of the tumor to anti-PD-1 was

reduced (Nakamura et al., 2021). In addition to these, many CDN

analogues or synthetic agonists still play a role in a variety of solid

tumor types (Jiang et al., 2020). The types, effects, safety,

mechanisms, and modes of action of these agonists will be

important future research directions in tumor immunity.

As STING inhibitors, C-178 and C-176 belong to nitrofuran

derivatives. The nitro and furan rings are essential for maintaining

activity, and the group at the 4-position of the phenyl ring also

influences the magnitude of their effects. These two compounds

were shown to inhibit palmitoylation of STING by covalent

modification of cysteine 91 (Cys91) (Haag et al., 2018), whereas

palmitoylation of Cys88/91 is essential for STING activation (Mukai

et al., 2016). In mice, C-178 and C-176 partially reversed the

activating effect of CMA (a STING agonist) on STING. In

addition, using C-176 reduced some clinical manifestations of

AGS syndrome in Trex1 knockout mice. However, the above

two inhibitors did not show inhibitory effects on human STING

(hsSTING) (Haag et al., 2018). C-176 inhibits perinuclear

translocation of STING and NF-κB translocation into the

nucleus, thereby reducing upregulated inflammatory cytokines

and ultimately reducing fibronectin expression to reduce liver

fibrosis (Shen et al., 2022). In addition, C-176 attenuated kidney

fibrosis andGMWCNTs-mediated inflammatory injury and fibrous

deposition in the lung, thereby protecting organ function (Chung

et al., 2019; Han et al., 2021). Intestinal reperfusion injury can

involve the lungs and cause acute tissue damage. C-176 can

significantly reduce apoptosis in this case, thereby improving

lung injury and subsequent fibrosis. Notably, STING inhibition

was accompanied by an increase in AMPK phosphorylation levels,

which suggests an interaction between AMPK and STING from

another perspective (Yang et al., 2022b). Indole urea (H-151) is

derived from 3-acylamino indole, which is also a derivative of

nitrofuran. It is a selective STING inhibitor with high efficiency

and a strong inhibitory effect on both mouse STING and hsSTING

(Haag et al., 2018). It improves heart function in mice after

myocardial infarction (MI) by reducing STING-induced type

1 interferon response and inflammation. In addition, cardiac

remodeling, apoptosis of cardiomyocytes, and the generation of

fibrotic biomarkers, including α-SMA, collagen, etc., were reduced

(Hu et al., 2022; Rech et al., 2022). However, using H-151 did not

seem beneficial in improving mortality in the early stages of MI

(Rech et al., 2022).

Similarly, endogenous nitro fatty acids (NO2-FA) can also

reduce IFN-1 production by inhibiting the palmitoylation of
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STING (Hansen et al., 2018). It is a product of endogenous

unsaturated fatty acids nitrated by nitrogen dioxide and has anti-

inflammatory properties (Delmastro-Greenwood et al., 2015).

The cyclic peptide Actin C is a chlorinated cyclopentapeptides

extracted from the natural medicinal plant Aster Tataricus and

belongs to one kind of Compositae cyclopeptide. It is composed

of one protein amino acid and four non-protein amino acids. In

addition, it also contains two chlorine atoms as functional

groups. Astin C is a STING antagonist that acts at the site on

STING that binds cyclic dinucleotide (CDN), and the

recruitment of IRF3 by STING is thus blocked (Li et al.,

2018). It is worth noting that NO2-FAs, Astin C, and

tetradroisoquinolone acetic acid (compound 18, an inhibitor

of STING) (Siu et al., 2019) were found to be less effective

against human STING. In addition to the above, Hong et al.

substituted phenoxy-methyl in a group of compounds containing

benzene-1-sulfonamido-3-amide groups with phenol hydroxyl

groups, resulting in the compound SN-011, a STING inhibitor

with high affinity for the CDN-binding pocket, which improved

systemic inflammation and clinical outcomes in Trex1 knockout

mice and was shown to be effective in both mice and humans,

with lower toxicity and higher specificity thanH-151 (Hong et al.,

2021). ISD017 is a fusion peptide of the influenza hemagglutinin

protein and is located in the N-terminal region of the

HA2 peptide chain of hemagglutinin. It is another STING

inhibitor effective in both mice and humans. It relies on the

STING ER retention factor stromal interaction molecule 1

(STIM1) to prevent STING migration from the ER to the

Golgi, thereby blocking the downstream activity (Prabakaran

et al., 2021). Given that SN-011 and ISD017 are relatively new

results, their detailed mechanisms and anti-fibrotic effects

remain to be investigated. Details of the application of

STING-related drugs can be found in the Supplementary

Material.

From the currently available information, there is no doubt

that STING inhibitors are effective in improving fibrosis, so more

and more in-depth animal experiments and clinical trials are

essential for the clinical translation of STING inhibitors.

Discussion and prospect

According to general belief, the cGAS-STING axis assists the

body in combating potentially adverse factors such as bacteria,

viruses, and tumors. However, a large number of new results on

the cGAS-STING signal transduction pathway that exaggerate

inflammatory damage and its pro-fibrotic effects show its bad

side. It is now well established that activated cGAS-STING

promotes inflammatory injury and subsequent fibrotic repair,

which enriches themechanistic system of fibrosis and contributes

to the search for new therapeutic strategies against fibrosis. In

addition, the effects of cGAS-STING pathway activation gave us

many insights. As previously mentioned, auto-inflammatory

diseases characterized by STING overactivation and IFN-1

overexpression (e.g., SAVI and AGS) have more promising

therapeutic targets. STING inhibitors will fundamentally block

the progression of this type of disease by preventing the

continued transmission of STING signals, thereby reducing

excessive inflammatory damage. Inflammation and fibrosis are

often two juxtaposed processes in tissue injury, which means that

numerous patients with congenital autoimmune diseases would

benefit from STING inhibitors, as they often suffer irreversible

organ remodeling. In addition, considering the source of DNA

recognized by cGAS, we believe that the administration of

membrane stabilizers or drugs that protect the integrity of the

nuclear membrane for specific diseases such as radiological lung

injury could help to block the conduction of this pathway from

upstream of STING.

However, many unknown aspects still need to be answered

by future research. For instance, how to discriminate between

one’s DNA and exogenous deleterious DNA, how to maintain

appropriate inflammation, and how to circumvent the

pathogenic effects of STING while making full use of its

immune defenses are all important research directions. The

signaling networks involved in fibrosis are intricate, and here

we identify some of the mechanisms of STING based on existing

studies. However, the specific detailed mechanisms of cGAS-

STING to promote fibrosis remains to be refined, and this will be

the focus of future studies. Many STING inhibitors reverse the

inflammation and fibrosis of diseased organs in animal

experiments. In addition, more and more STING antagonists

sensitive to human STING have been screened out in vitro. The

scope of application of STING inhibitors will expand gradually,

and we believe that future clinical trials will further verify the

potential of STING inhibitors.
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Molecular profiling of urinary
extracellular vesicles in chronic
kidney disease and renal fibrosis
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Chronic kidney disease (CKD) is a long-term kidney damage caused by gradual loss
of essential kidney functions. A global health issue, CKD affects up to 16% of the
population worldwide. Symptoms are often not apparent in the early stages, and if
left untreated, CKD can progress to end-stage kidney disease (ESKD), also known as
kidney failure, when the only possible treatments are dialysis and kidney
transplantation. The end point of nearly all forms of CKD is kidney fibrosis, a
process of unsuccessful wound-healing of kidney tissue. Detection of kidney
fibrosis, therefore, often means detection of CKD. Renal biopsy remains the best
test for renal scarring, despite being intrinsically limited by its invasiveness and
sampling bias. Urine is a desirable source of fibrosis biomarkers as it can be easily
obtained in a non-invasive way and in large volumes. Besides, urine contains
biomolecules filtered through the glomeruli, mirroring the pathological state.
There is, however, a problem of highly abundant urinary proteins that can mask
rare disease biomarkers. Urinary extracellular vesicles (uEVs), which originate from
renal cells and carry proteins, nucleic acids, and lipids, are an attractive source of
potential rare CKD biomarkers. Their cargo consists of low-abundant proteins but
highly concentrated in a nanosize-volume, as well as molecules too large to be
filtered from plasma. Combining molecular profiling data (protein and miRNAs) of
uEVs, isolated from patients affected by various forms of CKD, this review considers
the possible diagnostic and prognostic value of uEVs biomarkers and their potential
application in the translation of new experimental antifibrotic therapeutics.

KEYWORDS

kidney, renal fibrosis, urinary extracellular vesicles (uEVs), biomarkers, chronic kidney
disease (CKD), urine

1 Introduction

1.1 Extracellular vesicles

“For some years the small dancing bodies in the plasma of the blood have proved a veritable
mare’s nest to many workers. What are they? And where do they come from?” (Horder, 1899).
Particles of the size and characteristics of extracellular vesicles (EVs) were first suggested as
“blood dust” in 1899 (Horder, 1899). They were detected in blood initially (Johnstone et al.,
1987) as “particulate material (platelet-dust)” that could be isolated by ultracentrifugation, high
in phospholipid content and showing coagulant function (Wolf, 1967). In particular, the
presence of “50-nm buds into the extracellular milieu” was reported during the in vitro
maturation of sheep reticulocytes, recovered by centrifugation at 100,000xg. In these particles it
was noted that the transferrin receptor faced the extracellular medium, according to the later
consolidated notion that one membrane inversion occurs in the initial endocytosis and a second
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inversion in the stage of intra-vesicular budding, in the biogenesis of
these vesicles. Although EVs were initially proposed to contain
discarded products into the medium or fluids, it is now well
established that EVs are small membrane-bound carriers of
proteins, nucleic acids, and lipids. There are several types of EVs
that differ in their origin, size, and content, classified as large apoptotic
bodies, microvesicles (also called ectosomes), exosomes (Van Niel
et al., 2018), and smallest exomeres (Zhang H et al., 2018). Exosomes,
which are 40–100 nm in size, are intraluminal vesicles that are formed
within the endosomes, the multivesicular body (MVB), by the inward
budding of endosomal membrane and are released after the fusion of
endosome with the plasma membrane. The mechanisms of exosome
biogenesis are complex processes that vary according to the cell type,
stimuli received by the cells and the cargo. Sorting of the cargo into
exosomes and exosome secretion involves subunits of endosomal
sorting complex required for transport (ESCRT) machinery,
consisting of four protein complexes (ESCRT-0, -1, -2, -3), as well
as ESCRT-associated proteins such as apoptosis-linked gene-2-
interacting protein X (ALIX) and tumor susceptibility gene 101
(TSG101). However, cargo clustering and membrane budding can
occur in both ESCRT-dependent and ESCRT-independent manners
(Bruno et al., 2016; Hessvik and Llorente, 2017). Ectosomes, on the
other hand, are 100–1000 nm in size and their biogenesis is based on
outward budding at the plasma membrane from where are released in
the extracellular space (Heijnen et al., 1999). As both categories of EVs
(exosomes and ectosomes) are recovered in the extracellular
environment and there is no consensus on endosomal or ectosomal
markers to track their origin, the International Society for extracellular
vesicles has proposed to refer to them according to their size, as simply
“small extracellular vesicles” and “large extracellular vesicles” (Théry
et al., 2018).

1.2 Chronic kidney disease and renal fibrosis

In chronic kidney disease (CKD) the essential kidney functions
progressively decrease, with irreversible alterations of the kidney
structure. The leading causes of CKD are recognized as being
diabetes and hypertension (Couser et al., 2011) but many kinds of
kidney injuries and loss of functional nephrons can induce and
accelerate the pathology.

CKD is a growing public health issue with an estimated prevalence
of 8%–16% worldwide (Bikbov et al., 2020). It is reported to be the
12th largest global cause of death, either as a primary condition or due
to secondary causes such as stroke or cardiovascular disease. The
number of people with CKD reached 700 million in 2017. Many of
these patients are often asymptomatic until they progress to an
advanced stage. Adequate screening and early treatment of renal
disorders prevent the onset of CKD and applied disease
management strategies reduce the progression to end-stage kidney
disease (ESKD). However, when CKD progresses to ESKD, dialysis
and kidney transplantation are the only options left. Renal
replacement techniques are lifesaving, but also very costly
treatments, as a consequence, many low-income countries are in
shortages of such services, resulting in premature deaths (Bikbov
et al., 2020; Jha et al., 2013).

In 2002, the National Kidney Foundation guidelines classified
CKD into five stages according to estimated glomerular filtration rate
(eGFR) levels (mL/min/1.73 m2). A decade later, the guidelines further

detailed stage 3 into stages 3a and 3b (Table 1) recommending a
classification of CKD based on both eGFR and albuminuria (Pavkov
et al., 2018). Moreover, albuminuria levels, either albumin excretion
rate (AER) or albumin-to-creatinine ratio (ACR), are distinguished
into three stages (Table 2) (Inker et al., 2014).

A number of nephrotic syndromes and renal conditions can lead
to the development of CKD and are associated with increased rate of
mortality and morbidity (Kolb et al., 2021), from glomerulonephritis,
to inherited conditions and auto-immune diseases. Diabetic
nephropathy (DN) is the most common cause of ESKD, and
autosomal dominant polycystic kidney disease (ADPKD) is one of
the most common genetic kidney diseases. The topic of CKD types is
discussed along urinary EVs (uEVs) biomarkers in Section 2. In
addition to determined aetiologies, widespread environmental
toxins, such as lead (Skerfving and Bergdahl, 2007), pose a risk for
the development of CKD. Increased blood levels of lead are associated
with decreased eGFR and increased odds of developing CKD,
especially in patients aged ≥60 (Spector et al., 2011). Dietary
factors such as phosphorus and protein can be detrimental to the
development and progression of CKD. Phosphaturia induces tubular
injury, inflammation, interstitial fibrosis and reduced renal Klotho, a
coreceptor for the hormone fibroblast growth factor 23 (FGF23)
necessary to reduce the renal phosphate reabsorption and thus
maintain normal serum phosphate levels (Gutierrez et al., 2005;
Urakawa et al., 2006; Santamaría et al., 2018). Several drugs have
been associated with renal damage and increased CKD incidence,
including for example, antiretroviral drugs used for HIV treatment
such as tenofovir disoproxil fumarate, indinavir, and atazanavir (Kopp
et al., 1997; Mocroft et al., 2010). Excessive intake of anabolic steroids
can lead to hepatotoxicity and glomerulosclerosis, linked to the
development of glomeruli hypertrophy and podocytes loss in
response to body mass increase (Herlitz et al., 2010). Other
examples are that of chemotherapy drugs (e.g., cisplatin and
methotrexate) or non-steroidal anti-inflammatory drugs, which are
known to induce acute kidney injury (reviewed by Izzedine and
Perazella, 2017). Furthermore, nephrotoxicity might also be
promoted by alterations in the mechanisms of renal excretion of
certain drugs via specific transporters located on the basolateral and
apical membranes of renal TECs, such as organic cation/anion
transporters (OCT and OAT respectively) and efflux transporters
(e.g., multidrug resistance proteins and P-glycoprotein) (Izzedine and
Perazella, 2017).

Renal fibrosis has been recently linked to disorders of
lipid metabolism, with abnormal accumulation of lipids in
the kidney tissue and dysregulation of signaling pathways

TABLE 1 Classification of CKD based on estimated glomerular filtration rate
(eGFR).

eGFR (ml/min/1.73 m2)

Stage 1 ≥90

Stage 2 60–89

Stage 3a 45–59

Stage 3b 30–44

Stage 4 15–29

Stage 5 <15
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(reviewed in Yuan et al., 2022). Extensive accumulation of lipid
droplets in TECs, podocytes, mesangial cells and fenestrated
endothelial cells is observed in DN patients (Herman-Edelstein
et al., 2014), accompanied by downregulation of acyl-CoA oxidase
1 (ACOX1), carnitine palmitoyltransferase 1 (CPT1), and
peroxisome proliferator-activated receptors (PPAR-α and -β),
and upregulation of LDL receptor and fatty acid transporter
CD36 (Herman-Edelstein et al., 2014). Genome wide unbiased
transcriptome analysis confirmed downregulation of critical fatty
acid oxidation (FAO) enzymes and regulators in the fibrotic
kidney (Kang et al., 2015).

Renal fibrosis is the common underlying cause of all progressive
kidney diseases, and the final manifestation of CKD as it progresses to
ESKD. Renal fibrosis may be defined as unsuccessful wound-healing of
kidney tissues which have undergone chronic and sustained injury. A
dynamic system, renal fibrosis involves extracellular matrix (ECM)
components and renal and infiltrated cell types. This topic has been
extensively reviewed in the past decade, for example by Webster et al.,
2017; Boor et al., 2010. As schematically shown in Figure 1, renal
fibrosis is characterized by excessive deposition of connective tissue in
the kidney parenchyma, in concert with the process of epithelial to
mesenchymal transition (EMT) of tubular epithelial cells (TEC) into
myofibroblasts, the key mediators in the remodeling of fibrotic tissue.
EMT is a highly orchestrated process involving loss of epithelial cell
adhesion, de novo α-smooth muscle actin (α-SMA) expression,
disruption of tubular basement membrane and increased cell
migration and invasion (Yang and Liu, 2001).

Activation of myofibroblasts is a commonmanifestation of fibrosis
in multiple organs, but their origin is different. In renal fibrosis,
fibroblasts, together with pericytes acquire the phenotype of
myofibroblasts. These scar-forming cells increasingly produce ECM
components and express α-SMA (Kuppe et al., 2021). It has been
reported that half of the accumulated myofibroblasts arise from the
local proliferation of resident fibroblasts, while the other half
originates from either the differentiation of bone marrow-derived
mesenchymal stem cells or through cell transformations like EMT or
endothelial-to-mesenchymal transition (EndMT) (LeBleu et al., 2013).
In liver fibrosis, the predominant source of myofibroblasts are hepatic
lipocytes that synthesize and secrete collagen and are therefore
considered precursors of fibroblast-like cells in pathological fibrosis
(Friedman et al., 1985). In cardiac fibrosis, in addition to α-SMA-
expressing myofibroblasts, cartilage intermediate layer protein 1
(CILP-1)-fibroblasts and thrombospondin-4 (THBS4)-fibroblasts
have emerged as predominant fibrogenic populations (McLellan
et al., 2020). Pulmonary mesenchymal cells, on the other hand, are
very heterogeneous with two main mesenchymal lineages identified,

namely mesenchymal alveolar niche cells that support alveolar growth
and regeneration and axin2+ myofibrogenic progenitor cells, which
contribute to pathologically damaging myofibroblasts after injury
(Zepp et al., 2017).

The cytokine transforming growth factor-beta (TGF-β) is the
major modulator of EMT and a main inducer of profibrotic events
in multiple organs via the SMAD pathway (Clouthier et al., 1997; Sime
et al., 1997; Deten et al., 2001). By mediating the migration of
mesenchymal fibroblasts to the adjacent interstitial parenchyma
TGF-β enhances ECM production and accumulation, thus
contributing to the deterioration of renal function (Sato et al.,
2003). TGF-β signaling interacts with other cell signaling pathways
such as the renin-angiotensin-aldosterone system (RAAS), a critical
pathway leading to CKD, in which renin promotes production of
angiotensin I (Ang I), which is converted to Ang II by angiotensin-
converting enzyme (ACE) (AlQudah et al., 2020). Treatment of
mesangial cells with Ang II, a pro-fibrotic effector of RAAS,
induces the synthesis and secretion of TGF-β, increasing ECM
components such as biglycan, fibronectin, and collagen I, in
glomerulosclerosis (Kagami et al., 1994). Ang II was found to
induce renal inflammatory injury and fibrosis through binding to
its well-known receptor AT1R (Zhang et al., 2015) and to myeloid
differentiation protein-2 (MD2) (Xu et al., 2017). Despite the classical
RAAS pathway of fibrosis, there is an alternative RAAS pathway in
which ACE2 is key to catalyze Ang II to Ang I-VII conversion,
counteracting the pathological effects of the classical pathway (Liu
et al., 2012). Furthermore, Ang IV attenuates diabetic fibrosis and
myocyte apoptosis as observed in cardiac tissue (Zhang et al., 2021).
Another key mediator of fibrosis development, platelet derived growth
factor (PDGF), induces mitogen-activated protein kinase (MAPK)
signaling via focal adhesion kinase (FAK) activation promoting vast
fibroblasts and myofibroblasts proliferation and ECM synthesis (Li
et al., 2000; Andrae et al., 2008). All of these pro-fibrotic cytokines and
growth factors (such as TGF-β, PDGF) are produced by activated
leukocytes and macrophages that accumulate in the glomerulus and
interstitium of fibrotic tissue (Duffield, 2014).

A key enzyme that has a pathological role in renal scarring is
transglutaminase 2 (TG2), a member of a large family of enzymes
responsible for Ca2+ dependent transamidation, which is regarded as
the most abundant member in kidney (Burhan et al., 2016). TG2 is a
recognized marker of kidney fibrosis progression, by cross-linking and
stabilizing the ECM, but also by activating TGF-β via a heparan
sulfate/syndecan-4 interaction (Figure 1) (Scarpellini et al., 2014;
Verderio et al., 2016; Burhan et al., 2016). TG2 is externalized in
experimental models of CKD and found secreted in urine (Da Silva
Lodge et al., 2022) and in urinary vesicles (Furini et al., 2018). Another

TABLE 2 Classification of CKD based on albuminuria measured as albumin excretion rate (AER) or albumin-to-creatinine ratio (ACR).

Albuminuria

AER (mg/24 h) ACR (mg/g) ACR (mg/mmol)

Stage A1 <30 <30 <3

Stage A2 30–300 30–300 3–30

Stage A3 >300 >300 >30

ACR is calculated by dividing albumin concentration in milligrams with creatinine concentration in grams. To express ACR in mg/mmol, mg/g values are multiplied by the conversion factor of .113,

based on the molar mass of creatinine.
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group of ECM cross-linking enzymes whose increased activity is
associated with tissue fibrosis is the lysyl oxidase (LOX) family,
which has been reported in hepatic (Siegel et al., 1978), pulmonary
(Counts et al., 1981), and renal fibrosis (Goto et al., 2005). A recent
study on human samples found increased serum LOX levels in patients
with renal fibrosis, thus suggesting serum LOX as a diagnostic marker
for renal fibrosis (Zhang et al., 2020; Zhang X et al., 2022).

Renal fibrosis correlates with loss of renal function, which is
especially evident in the pathology of diabetic nephropathy (DN)
(Qian et al., 2008). The outcome of CKD may vary among
individuals and is linked to fibrosis progression. Three forms
of CKD can be distinguished based on how it develops over the
years: “stable CKD” when patients maintain stable eGFR levels,
“reversal CKD” when eGFR levels improve and “progressive
CKD” when eGFR levels irreversibly decrease over the years, a
stage reached by majority of CKD patients (Zhong et al., 2017). In
addition to eGFR and albuminuria, which are the most common

tests used in clinical practice, additional screening tests such as
measurements of proteinuria, serum creatinine and/or cystatin C
and serum urea may be used. There is not a perfect test as each of
these approaches have some limitations, since age, body size,
gender, muscle mass, as well as different disease aetiologies can
affect their sensitivity and specificity (Rysz et al., 2017). Kidney
biopsy is the gold standard for diagnosing and determining the
severity of CKD. It is the best test of fibrosis although intrinsically
imperfect being an invasive and biased procedure, not always
specific to a particular pathology (Corapi et al., 2012; Bleyer et al.,
2017). Detection of renal fibrosis often means diagnosis of CKD
and several markers of CKD and fibrosis have been proposed
(Lopes et al., 2019). However, as these markers are hard to trace in
biofluids, there is a raising interest in biomarkers which are cargo
of urinary EVs, where biomarkers are concentrated and protected
thus potentially more accessible to test the onset of fibrosis and
CKD progression.

FIGURE 1
Overview of the main cell and tissue changes leading to kidney fibrosis. (A) Schematic view of eight of the main events involved in fibrosis: activation of
cells and release of cytokines (1); activation of profibrotic signaling pathways (2); EMT (3); differentiation ofmesenchymal cell types to activatedmyofibroblasts
(4); α-SMA expression (5); accumulation of lipids drops in renal cells (6); ECM synthesis and overproduction (7); collagen crosslinking (8). (B) uEVs secreted
from specific renal cell types can be collected in urine, and (C) the uEVs cargo of protein and miRNA likely mirrors the fibrotic state.
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1.3 Urine as a source of biomarkers

Urine is an ideal source of biomarkers, since it contains cellular
elements, biochemicals and proteins that are filtered through the
glomeruli, but are also derived from renal tubule excretion and
urogenital tract secretion, all of which can reflect potentially a
physio-pathological state. Virtually all types of kidney cells are
identifiable in urine (podocyte, proximal tubule, loop of Henle, and
collecting duct), but also macrophages, lymphocytes, and bladder cells,
as recently validated by single-cell transcriptomic of urine samples
(Abedini et al., 2021).

Moreover, urine is easily accessible in large volumes, and it is collected
in a non-invasive way (Harpole et al., 2016). A number of urinary proteins
have been proposed as biomarkers of kidney damage in kidney disease
progression, such as uromodulin (Prajczer et al., 2010), kidney injury
marker 1 (KIM1) (van Timmeren et al., 2007), and neutrophil gelatinase-
associated lipocalin (NGAL) (Viau et al., 2010). Furthermore,microRNAs
(miRNAs), small ~22 nucleotide long RNAmolecules that play a key role
in posttranscriptional gene regulation, have also been reported to correlate
with CKD, for example miR-126, miR-155, miR-29b (Beltrami et al.,
2018), miR-1228-3p, and miR-27b-3p (Conserva et al., 2019), and miR-
196a (Zhang C et al., 2018). ThemiRNAbiogenesis is amulti-step process
that starts in the nucleus fromnon-proteinmonocistronic or polycistronic
coding genes (Bartel, 2004). Following transport of pre-miRNA to the
cytoplasm, mature and functional miRNAs are generated and
incorporated in the RNA-Induced Silencing Complex (RISC) to target
messenger RNA (mRNA) to the 3’ untranslated region (Bernstein et al.,
2001). Target mRNAs are degraded by endonuclease Argonaute (RISC
complex), or their expression repressed (Wilson and Doudna, 2013).
Deregulation of miRNAs is linked with renal fibrosis and CKD (Li et al.,
2013; Macconi et al., 2012; Lv et al., 2018).

Because urine allows testing of kidney health, it is of great interest
to establish whether urinary molecules can be detected in a sensitive
and specific way to assist in early diagnosis and prognosis of kidney
disease. As the majority of urinary proteins such as albumin and IgG
are filtered from the blood, they are qualitatively similar to the
abundant plasma proteins (Spahr et al., 2001). Being highly
concentrated in pathology, they greatly interfere with the detection
of other urinary rare biomarkers (Filip et al., 2015), limiting
dramatically the sensitivity of the approach. Instead, EVs which
can be isolated from urine and mirror cell changes in pathology
may offer an alternative sensitive platform for biomarkers discovery.
Therefore, EVs molecules may better meet the definition of “good
biomarker” (Bennet and Devarajan, 2017).

1.4 Urinary extracellular vesicles

In urine, “membrane-bound vesicles” with procoagulant activity
were firstly reported in a 100,000xg precipitate and characterized as
100 nm to 1.1 micron particles by scanning electron microscopy
(Wiggins et al., 1986). After initial observations in normal urine,
analysis of urine specimens of patients with renal injury led to the
discovery that the proximal tubule sheds enzymes from the brush
border into urine early post-injury, and in particular patients with
glomerulonephritis were found to excrete “blebs” of 100–300 nm.
Glomerular podocytes were reported to release vesicles coated by
complement receptor-1, which was proposed as a possible marker for
podocyte injury (Pascual et al., 1994). An advanced first

characterization of EVs in human urine (uEVs) was first reported
in 2004 (Pisitkun et al., 2004). Here uEVs were isolated by an
ultracentrifugation protocol and investigated by immunogold
electron microscopy. Proteomic profiling of uEVs led to the
characterization of the protein cargo, showing the presence of
endosomal pathway proteins and providing an explanation of how
certain proteins such as aquaporin-2 (AQP2) are released in urine.
Therefore, the idea that uEVs could be a tool for disease biomarker
discovery started to form. We know now that uEVs can be released by
cells from kidney, bladder, and the urogenital tract in general
(reviewed by Erdbrügger and Le, 2016), and although urine may
contain some of circulating EVs from serum, the majority of uEVs are
thought to originate from renal cells (as schematically illustrated in
Figure 1B). The reason may be in the mechanical and charge barrier of
the glomerulus, which would prevent serum EVs from easily passing
through under physiological conditions (Pisitkun et al., 2004; Gildea
et al., 2014).

Small and large uEVs are believed to have analogous functions to
circulating EVs in mediating cell-to-cell communication and
intercellular signal transmission, and their cargo is expected to
reflect physiological and pathophysiological conditions of the renal
cells (Gildea et al., 2014; Street et al., 2011). Recently new
nanoparticles, denominated exomeres have been identified through
asymmetric-flow field-flow fractionation, a separation technique
based on hydrodynamic size, which has brought to their discovery
(Zhang H et al., 2018). Their size is about 35 nm making exomeres the
smallest type of extracellular particles compared to large and small
EVs. Although there is evidence that exomeres carry functional cargo
too and thus play a role in cellular communication (Zhang et al., 2019),
there are no full reports yet of exomeres in the renal system.

Apart from carrying and delivering their cargo to target cells, EVs
have the ability to change the phenotype of the target cells by transferring
different populations of proteins and nucleic acids (Quesenberry et al.,
2014). This makes them a powerful mechanism of disease spreading. For
example, it has been demonstrated that TGF-β-containing EVs secreted
from injured epithelial cells, after their uptake by target cells, can
stimulate profibrotic effects such as promoting cell proliferation, type
I collagen production and α-SMA and F-actin expression on the same
cell type from which they are secreted (Borges et al., 2013). On the other
hand, EVs released from different cell types such as mesenchymal stem
cells have shown renal protective and pro-survival effects in acute kidney
injury both in vitro and in vivo once uptaken by TECs (Bruno et al.,
2012). Another example is provided by CD133, a glycoprotein also
known as prominin-1 and marker of kidney progenitor cells involved in
tissue repair. CD133-containing EVs released by this population of stem
cells have been shown to favor renal regeneration after injury (Ranghino
et al., 2015). Given these mounting discoveries, there is a great interest in
the detection of proteins and nucleic acids isolated from uEVs for
potential application as diagnostic, prognostic, and therapeutic
biomarkers for CKD (Cocucci and Meldolesi, 2015; Zhang et al.,
2016a), a condition which still relies on invasive tools to establish
renal fibrosis.

1.5 Tracking the cell origin of urinary
extracellular vesicles

Extracellular vesicles are not all the same and they can be classified
based on differences in size, however, what ultimately gives them an
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identity is their cargo. The most well-established vesicular markers are
tetraspanins (CD9, CD63, CD37, CD81, and CD82), the most
abundant proteins in the membrane of small EVs, with roles in cell
adhesion, motility, membrane fusion, protein transport and signaling
(Andreu and Yáñez-Mó, 2014). TSG101, ALIX, and clathrin are EVs
markers associated with MVB biogenesis while annexins and small
GTPases retinoic acid-binding (Rab) proteins are implicated in
membrane transport, docking and fusion with target cells. Other
markers involved with exosomal biogenesis are heat shock proteins
Hsp70 and Hsp90 (Reddy et al., 2018). Membrane receptor integrins
and lipid raft flotillins are also prominent markers (Merchant et al.,
2017; Cricrì et al., 2021). Apart from generic markers, EVs display a
cargo specific to the cell type from which they originate (Figure 2), and
it is this which should enable tracking the cell origin of isolated EVs
and therefore the cell type undergoing the pathological change. The
International Society of Extracellular Vesicles (ISEV) has recently
summarized protein markers specific to diverse cell types and
segments within the kidney, upon evaluations by flow cytometry
and Western blotting (reviewed by Erdbrugger et al., 2021). TECs
are a source of CD24-containing uEVs, also known as cluster of
differentiation-24 or heat stable antigen CD24. The presence of uEVs
from podocytes may be determined by podocin, podocalyxin (PCLP1),
nephrin, Wilms’ tumor-1 (WT 1), complement receptor-1 (CR1), and
canonical transient receptor potential-6 (TRPC6). Urinary EVs from
proximal tubular cells typically carry megalin, cubilin,
aminopeptidase-N (APN), sodium/glucose cotransporter-2
(SGLT2), carbonic anhydrase (CAIV), Na+/H+ exchanger isoform-3
(NHE3) as well as urate transporter-1 (URAT1) (Turco et al., 2016).

To identify uEVs from descending limb of Henle’s, solute carrier
family-14 member 2 (SLC14A2) and aquaporin-1 (AQP1) may be
utilized, while uromodulin and epidermal growth factor receptor
(EGFR) should mirror the ascending limb origin, type-2 Na+-K+-
2Cl- cotransporter (NKCC2) the Henle’s loop (Turco et al., 2016).
Moreover, it was commented before that progenitor tubular cells
secrete EVs displaying CD133 (Prominin-1) (Erdbrugger et al.,
2021). Collecting duct cells uEVs are marked by the presence of
mucin-1, a glycoprotein that activates protective pathways in TECs
after hypoxia in acute kidney injury (Pastor-Soler et al., 2015), but also
AQP2 and V-ATPase (Turco et al., 2016). Distal tubule-derived uEVs
typically display prominin-2, thiazide-sensitive Na-Cl cotransporter
(NCC), and solute carrier family 12 member 3 (SLC12A3) (Pomatto
et al., 2017; Erdbrugger et al., 2021; Turco et al., 2016). Beta-1
adrenergic receptor (β-1 AR) was reported as an uEVs marker of
juxtaglomerular cells, and transgelin (SM22 alpha) of mesangial cell
origin, while claudin-1 and cytokeratin eight are uEVs markers of
parietal cell origin (Bowman’s capsule) and cytokeratin-19–20 of the
transitional epithelium (renal pelvis) (Turco et al., 2016). Some uEVs
markers are shared by more than one cell-type, especially ACE which
was detected in uEVs from glomerulus and proximal tubules, AQP1 in
uEVs from proximal tubules and Henle’s loop, and AQP2 found in the
uEVs from distal tubules and collecting duct (Erdbrugger et al., 2021).
Although there are still no known specific EVs markers for fibroblasts,
PDGFRβ and CD73 which are highly expressed in the plasma
membrane of fibroblasts, are employed as markers for respectively
interstitial and cortical fibroblasts, despite also recognizing pericytes
or proximal tubular cells (Asada et al., 2011; Schiessl et al., 2018; Perry

FIGURE 2
uEVs proteins and uEVs miRNAs suggested as potential markers of CKD, for which the renal cell origin has been reported in the literature.
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et al., 2019; Arai et al., 2021). Recently, naked cuticle homolog 2
(NKD2) has been suggested as a marker of myofibroblasts and a
potential therapeutic target, as its knockdown markedly reduces the
expression of ECM components independently of TGF-β (Kuppe
et al., 2021). NKD2 is a negative regulator of Wnt/β-catenin
signaling, another pathway involved in fibrosis development, which
is stimulated by TGF-β and plays a role in fibroblast activation and
ECM synthesis (Akhmetshina et al., 2012).

2 Candidate markers of CKD types in
urinary extracellular vesicles

2.1 Diabetic nephropathy

Diabetic nephropathy (DN), also termed diabetic kidney
disease (DKD), is a type of glomerulonephritis usually
characterized by the presence of persisting elevated
albuminuria, diabetic renal lesions, and decreased eGFR in
diabetic patients (Alsaad and Herzenberg, 2007). Multiple
sections of the kidney undergo structural alterations such as
thickening of the glomerular basement membrane (GBM),
capillary and tubular basement membrane, as well as loss of
endothelial fenestrations, mesangial matrix expansion, and
drop in podocyte (Alicic et al., 2017). Podocytes can be
functionally and structurally injured early in DN pathology,
and a decrease in their number and density is associated with
the development of proteinuria and DN progression (Su et al.,
2010). Albuminuria is a strong predictor, however DN can also
present low levels of albuminuria or albuminuria can regress
(Kramer et al., 2003). Being driven by a rather heterogeneous
array of pathways, from inflammation to tubular injury, the
identification of patients progressing to ESKD is difficult and
much effort has been placed to discover urine and plasma
biomarkers of high-risk disease.

Apart from persistent albuminuria, DN is characterized by renal
lesions, which are shown to be very heterogeneous in renal biopsies
from type 2 diabetes (T2D) patients (Gambara et al., 1993). Moreover,
DN in both insulin-dependent (Parving et al., 1988) and non-insulin-
dependent (Parving et al., 1992) diabetic patients can be manifested by
proliferative retinopathy and blindness, neuropathy, arterial
hypertension, and is associated with increased morbidity and
mortality. Monitoring DN through plasma or urine protein
fingerprint has been exploited via a variety of proteomics
approaches although hampered by the abnormal albumin level
found in this condition (Van et al., 2017). Tubular injury marker
kidney injury molecule-1 (KIM-1), traceable in blood and urine, has
been proposed to lead to DN progression (Sabbisetti et al., 2014;
Schrauben et al., 2021; Vaidya et al., 2011). Another tubular injury
marker is N-acetyl-β-D-glucosaminidase (NAG) which has been
linked with DN in patients with type-1 diabetes (T1D) (Vaidya
et al., 2011), while haptoglobin emerged as a strong predictor of
DN in patients with T2D (Bhensdadia et al., 2013). Meta-analysis of
urinary liver-type fatty acid-binding protein (L-FABP) has shown
potential of L-FABP to detect all stages of DN and predict disease
severity and progression in patients with either T1D or T2D (Zhang L
et al., 2022). A protein fingerprint of DN progression has been
proposed by the Chronic Renal Insufficiency Cohort (CRIC) Study
(Schrauben et al., 2021).

Growing attention has been paid to the relationships between
uEVs cargo and DN detection and progression. The findings are
summarized in Table 3 and include early and recent studies.

An initial investigation (Sun et al., 2012) was conducted on urine
microvesicles obtained by capturing the microvesicles via a
monoclonal antibody (AD-1) originally raised versus membrane-
bound liver alkaline phosphatase from human liver cancer serum
(Cheruvanky et al., 2007) and measuring dipeptidyl peptidase-IV
(DPP IV or CD26) activity, an enzyme highly concentrated in the
cortex. The rationale was that DPP IV is responsible for the
degradation of active glucagon-like peptide-1 after meal intake,
which in turn increases insulin secretion, thus it positively
correlates with T2D. As expected, urinary microvesicle-DPP IV
excretion was elevated in the T2D cohort compared with controls
and positively correlated with ACR in diabetic patients with T2D,
suggesting that urinary microvesicle-bound DPP IV could be linked
with the severe DN.

Another early investigation on a larger cohort, this time based
on uEVs isolated by a differential centrifugation method (Kalani
et al., 2013) reported elevated levels of Wilm’s Tumor-1 (WT1) in
the uEVs of T1D with proteinuria compared with patients
without proteinuria, whereas in the non-diabetic control group
WT1 expression was absent. WT1 is a zinc-finger transcription
factor that plays a role in podocyte maturation and is used as a
molecular marker of podocytes to assess podocyte lesions (Zhou
et al., 2008; Su et al., 2010). It is believed that increased WT1 levels
in uEVs can represent a decline in renal function in diabetics,
since higher levels of exosomal WT1 were strongly associated
with increased urinary protein excretion and with elevated serum
creatinine and lower eGFR. Since urinary exosomal WT1 can be
detected earlier than proteinuria and glomerular damage,
WT1 may be regarded as a biomarker of early renal injury in
diabetics (Kalani et al., 2013).

Work by Zubiri et al. (2014) identified three possible markers of
DN in uEVs but in a small group of T2D patients with kidney disease.
These were α-microglobulin/bikunin precursor (AMBP), a membrane
glycoprotein that is expressed in liver and kidney; histone-lysine
N-methyltransferase (MLL3), a protein involved in the methylation
of Lys-4 of histone H3, a tag for epigenetic transcriptional activation
(Cho et al., 2007); voltage-dependent anion-selective channel protein 1
(VDAC1), a channel on the outer membrane of mitochondria and
plasma membrane (Lawen et al., 2005), which was found
downregulated in the DN urinary exosomes, however, its presence
in most cell types makes it a non-selective marker of kidney disease
in DN.

In the streptozotocin (STZ)-induced rat model of early DN,
differential proteomic gel electrophoresis analysis of the renal
tissue extract revealed downregulation of the regucalcin protein
(or senescence marker protein-30 (SMP30)), a protein involved in
cellular calcium homeostasis and control of oxidative stress in
DN. In a pilot study investigating regucalcin in the uEVs, the
same trend was confirmed in DN rats and in humans (Zubiri et al.,
2015).

Comparative proteomics between whole urine samples and
urinary exosomes in a large study on patients with DN revealed
exosomal ceruloplasmin and gelatinase as early biomarkers of
kidney disease (Gudehithlu et al., 2015). Gelatinases, also known
as matrix metalloproteinases, are proteins involved in the
breakdown of ECM components such as collagen, laminin,
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TABLE 3 Proteins isolated from uEVs, proposed to be biomarkers of CKD.

CKD etiology uEV protein Expression Sample size Method of analysis Source

DN Dipeptidyl peptidase-4 (DPP IV) DN ↑ Normoalbuminuria, n = 43;
Microalbuminuria, n = 50;
Macroalbuminuria, n = 34

ELISA Sun et al. (2012), Diab
Vasc Dis Res

DN Wilms’s tumor 1 transcription
factor (WT1)

DN ↑ T1D, n = 48;
Control, n = 25

Immunoblotting Kalani et al. (2013),
PLoS ONE

DN α-microglobulin/bikunin
precursor (AMBP)

DN ↑ DN, n = 5;
Control, n = 5

LC-MS/MS + SRM Zubiri et al. (2014),
Journal of Proteomics

Histone-lysine N-
methyltransferase (MLL3)

Voltage-dependent anion-
selective channel protein 1

(VDAC1)

DN ↓

DN Gelatinase DN ↓ DN, n = 82 Fluorometric assay using
FITC-gelatin as a substrate

Gudehithlu et al. (2015),
Am J Nephrol

*Ceruloplasmin Sandwich ELISA

DN Regucalcin DN ↓ DN, n = 4;
Control, n = 3

Immunoblotting Zubiri et al. (2015),
Transl Res.

DN Cathepsin A, C, D, L, X/Z/P DN ↑ DN, n = 37;
Control, n = 12

Proteome profiler human
protease and inhibitor array kit

Musante et al. (2015), J
Diabetes Res

Kallikrein 13

Proteinase 3

Cystatin B

DN C-megalin T2D ↑ T2D, n = 33;
Control = 11

Immunoblotting De et al. (2017), Diabetes

DN Epithelium-specific transcription
factor (ELF3)

DN ↑ DN, n = 25;
MCD, n = 25;
Control, n = 5

Immunoblotting Sakurai et al. (2019),
PLoS ONE

DN CD73 DN ↑ DN, n = 10;
Diabetics, n = 48;
Control, n = 10

Immunoblotting Cappelli et al. (2020),
Biochim Biophys Acta

Mol Basis Dis

DN
ADPKD

Osteoprotegerin (OPG) DN and ADPKD ↑ CKD, n = 14;
Control, n = 4

LC-MS/MS + SRM QQQ-
LC/MS

Benito-Martin et al.
(2013), PLoS ONE

ADPKD Periplakin ADPKD ↑ ADPKD, n = 6;
Control, n = 6

LC-MS/MS +
Immunoblotting

Salih et al. (2016), JASN

Envoplakin

Villin-1

Complement C3

Complement C9

IgAN *Ceruloplasmin IgAN ↑ IgAN, n = 5;
TBMN, n = 7;
Control, n = 7

LC-MS/MS Moon et al. (2011),
Proteomics

α-1-antitrypsin

Aminopeptidase N (APN) IgAN ↓

TBMN Vasorin precursor TBMN ↑

IgAN CCL2 mRNA IgAN ↑ IgAN, n = 6;
Control, n = 6

Real-time RT-PCR Feng et al. (2018), Am J
Pathol

IgAN
MN
FSGS
LN

*Ceruloplasmin MN, IgAN, FSGS,
LN ↑

MN, n = 9;
IgAN, n = 7;
FSGS, n = 10;
LN, n = 10;

Control, n = 15

Sandwich ELISA Gudehithlu et al. (2019),
Clin Exp Nephrol

FSGS Dipeptidase 1 (DPEP1) FSGS ↓ CKD, n = 12;
Control, n = 12

LC-MS/MS Stokman et al. (2019),
Journal of Proteomics

(Continued on following page)
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elastin, and fibronectin. Their dysregulation is associated with
pathological processes of fibrotic diseases, inflammation, and
tumor progression (Thrailkill et al., 2007). Ceruloplasmin is an
acute-phase plasma protein with various physiological roles such
as copper carrying, facilitating transferrin-mediated iron transfer
and uptake, plasma ferroxidase activity and scavenging free
radicals; therefore, it is protective against tissue damage under
inflammatory conditions (Arnaud et al., 1988). The two proteins
were previously reported to be altered in the diabetic state
(Thrailkill et al., 2007; Del Prete et al., 1997; Narita et al.,
2006) so it is not surprising they have been pinpointed as
uEVs proteins in DN. The levels of exosomal gelatinase and
ceruloplasmin correlated with their changes in renal tissue, but
not when considering their levels in the full urine, showing a
better role of uEVs in mirroring the cell pathological phenotype.
Therefore, gelatinase and ceruloplasmin could potentially be
utilized as biomarkers of DN according to Gudehithlu et al.
(2015). However, uEVs ceruloplasmin was not uniquely linked
to DN as it emerged as a potential early biomarker of
membranous nephropathy (MN), IgA nephropathy (IgAN),
lupus nephritis (LN), and focal segmental glomerulosclerosis
(FSGS). In all of these conditions, exosomal ceruloplasmin was
consistently higher in CKD compared to control subjects
(Gudehithlu et al., 2019). This was also confirmed in a
longitudinal study performed on a passive Heymann nephritis
(PHN) rat animal model, which is a homologous condition to
human MN, showing that the level of urine exosomal
ceruloplasmin increased significantly 1 week before the onset
of proteinuria (Gudehithlu et al., 2019).

More recently, a study by Sakurai et al. (2019) uncovered
induction of the epithelium-specific transcription factor ELF3 in
the exosomes of podocytes cultured in a diabetic condition.
ELF3 induction was inhibited by neutralization of the bone
morphogenetic protein 4 (BMP4), which in turn regulates TGF-β
receptor II - SMAD3 signaling (i.e., entrance of SMAD3 protein in the
nucleus and transcription of proliferation genes) (Sakurai et al., 2019).
Hence, a link between EVs ELF3 with TGF-β signaling was
established, moreover exosomal ELF3 was also found to be specific
for DN as present in uEVs DN patients and not in the uEVs of other
CKD patients. Because it also correlated with eGFR decline, it was
proposed as an early marker for podocyte injuries in DN.

Numerous studies have also identified microRNAs (miRNAs)
biomarker candidates of uEVs origin in DN (Table 4). Early
research in T1D patients with microalbuminuria versus

normoalbuminuria and non-diabetic controls suggested the
possibility to stratify T1D patients with and without kidney disease
through uEVs. In particular, miR-130a, expressed by human
podocytes, and miR-145, a marker of glomerular mesangial cells,
were found to be enriched in urinary exosomes of patients with T1D
who developed symptoms of microalbuminuria. miR-145
upregulation was confirmed in vivo in murine experimental models
(diabetic/non-diabetic model) and mesangial cells in vitro (Barutta
et al., 2013). Furthermore, urinary exosomal miR-155 and miR-424
were downregulated in incipient DN (Barutta et al., 2013). We know
that miR-155 could participate in the inflammatory response in
endothelial cells by targeting human angiotensin II type I receptor
(hAT1R) (Louafi et al., 2010) and that miR-424 can bind to vascular
endothelial growth factor (VEGF), receptor 2 (VEGFR2) and
fibroblast growth factor receptor 1 (FGFR1), with reduction of
endothelial cell proliferation, migration and morphogenesis
(Chamorro-Jorganes et al., 2011). As these miRNAs are expressed
by podocytes, their significantly reduced expression in podocyte-
derived exosomes may be a useful indicator of early-stage DN
(Barutta et al., 2013).

In a similar uEVs DN study but with a duplicated sample size,
miR-192, miR-194, and miR-215 were found to be significantly
increased in the microalbuminuric group of T2D-linked DN
patients when compared to the normoalbuminuric group and
healthy controls, but were decreased in the macroalbuminuric
group (Jia et al., 2016). Furthermore, miR-192 and miR-215
expression levels significantly correlated with those of TGF-β1 in
uEVs. Therefore, also these miRNAs are potential biomarkers in the
early stages of DN, with miR-192 as a stronger candidate, having a
markedly higher expression levels than the other two (Jia et al., 2016).
The involvement of miR-192 in the development of DN has been
previously reported in both in vitro and in vivo studies showing that its
inhibition can result in a significant increase of its target Zinc Finger
E-Box Binding Homeobox 1/2 (ZEB1/2), which in turn reduced the
expression of collagen, TGF-β and fibronectin, known mediators of
renal fibrosis (Putta et al., 2012). On the other hand, miR-194 has been
found to play a role in renal ischemia-reperfusion injury, which often
causes acute kidney injury and renal fibrosis, leading to renal failure.
An in vitro study, performed on the human kidney proximal TEC line
HK-2, showed that miR-194 expression was reduced in ischemia-
reperfusion injury resulting in inhibition of HK-2 cell survival (Shen
et al., 2018). When miR-194 was overexpressed using miR-194
mimics, the secretion of oxidative stress markers and pro-
inflammatory cytokines was suppressed and HK-2 cell survival was

TABLE 3 (Continued) Proteins isolated from uEVs, proposed to be biomarkers of CKD.

CKD etiology uEV protein Expression Sample size Method of analysis Source

Nephronophthisis Protocadherin Fat 4 (FAT4) Nephronophthisis ↓

CKD pool Versican core protein (VCAN) CKD ↑

CKD pool CD2AP mRNA CKD ↓ CKD, n = 32;
Control, n = 7

Real-time RT-PCR Lv et al. (2014), Clinica
Chimica Acta

CKD pool CD133 CKD ↓ CKD, n = 12;
Control, n = 7

Cytofluorimetric analysis Dimuccio et al. (2020),
Am J Physiol Renal

Physiol

*recurrent in different studies; ↑ denotes increased and ↓ decreased expression compared to controls.
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TABLE 4 miRNAs isolated from uEVs proposed as biomarkers of CKD.

CKD
etiology

uEVs miRNA Expression Sample size Method of analysis Source

DN *miR-155 DN (T1D) ↓ Microalbuminuria, n = 12;
Normoalbuminuria, n = 12;

Control, n = 10

Human TaqMan miRNA array A Barutta et al. (2013), Plos One

miR-424

miR-130a DN (T1D) ↑

miR-145

Early-stage DN miR-192 DN (T2D) ↑ Normoalbuminuria, n = 30;
Microalbuminuria, n = 30;
Macroalbuminuria, n = 30;

Control, n = 10

RT-qPCR Jia et al. (2016), J Diabetes Res

*miR-194

miR-215

DN miR-15b DN (T2D) ↑ T2D albuminuric, n = 90;
Normo-albuminuric, n = 46;

Control, n 44

SYBR green custom miScript
miRNA PCR Array

Eissa et al. (2016), J Diabetes
Complicat

miR-34a

miR-636

DN miR-320c DN ↑ DN, n = 8;
T2D, n = 8;

Control, n = 8

Agilent microarrays Delić et al. (2016), Plos One

DN miR-877-3p DN ↑ DN, n = 5;
T2D, n = 5

miRCURY LNA array Xie et al. (2017), J Diabetes Res

FSGS
MCD

miR-1225-5p MCD ↑ FSGS, n = 16;
MCD, n = 5;
Control, n = 5

MiRNA microarrays and TaqMan
qRT-PCR

Ramezani et al. (2015), Eur J
Clin Invest

miR-1915 FSGS ↓

miR-663

*miR-155 FSGS ↑

SLE miR-335* SLE ↑ SLE = 28;
Control = 12

RT-qPCR Perez-Hernandez et al.
(2015), Plos One

miR-302d

miR-200c

miR-146a

LN miR-26a LN ↑ LN, n = 13;
Control, n = 8

RT-qPCR Ichii et al. (2014), Plos One

LNIV miR-3135b LNIV ↑ Active LNIV, n = 5;
Active LNIV-CC, n = 5;
Inactive LNIV, n = 4;

Control, n = 3

miRNA high-throughput
sequencing

Li et al. (2018), J Biol Res
(Thessalon)

LNIV-CC miR-654-5p LNIV-CC ↑

Renal fibrosis
in LN

miR-21, miR-150,
miR-29c

LN ↑ (miR-21, miR-150), ↓
(miR-29c)

LN, n = 45;
Control, n = 20

miRCURY LNA Universal RT
microRNA PCR

Sole et al. 2019), Cells

Paediatric NS *miR-194-5P Paediatric NS ↑ NS, n = 5 (pool of 25);
Control, n = 4 (pool of 20)

High-throughput Illumina
sequencing

Chen et al. (2019),
EBioMedicine

miR-146b-5p

miR-378a-3p

miR-23b-3p

miR-30a-5p

IgAN *miR-150 IgAN ↑ IgAN, n = 22;
Control, n = 6

NanoString nCounter miRNA
Expression Assay

Szeto et al. (2019), BMC
Nephrology

miR-204 IgAN ↓

miR-555

Renal fibrosis *miR-29 Renal fibrosis ↓ CKD, n = 32;
Control, n = 7

RT-qPCR Lv et al. (2013), Am J Physiol
Renal Physiol

miR-200

CKD pool miR-181a CKD ↓ CKD, n = 15;
Control, n = 10

Total RNA NGS Khurana et al. (2017),
RNA

(Continued on following page)
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improved through miR-194 binding and inhibition of its downstream
target Ras homologue enriched in brain (RHEB) (Shen et al., 2018).
miR-215 has been shown to be involved in mesangial cell phenotypic
transition into myofibroblasts mediated by TGF-β. In particular,
inhibition of miR-215 significantly reduced the mesangial cell
phenotypic transition, whereas its overexpression enhanced it, by
targeting catenin-beta interacting protein 1 (CTNNBIP1).
CTNNBIP1 has a function in suppressing the Wnt/β-catenin
signaling pathway that promotes the activation and upregulation of
α-SMA and fibronectin, therefore, when miR-215 binds CTNNBIP1,
the activated Wnt/β-catenin pathway freely contributes to the
pathogenesis of DN (Mu et al., 2013).

Urinary exosomal miR-15b, miR-34a, and miR-636 belong to
a unique genetic cluster and share functions related to renal
diseases and diabetes mellitus, such as regulation of cell
proliferation, apoptosis and cytokine release. An in silico
analysis suggests that all three miRNAs share common target
mRNAs involved in glucose homeostasis, angiogenesis and DN
(Eissa et al., 2016). In a large T2D albuminuric study group, all
three miRNAs were upregulated compared with
normoalbuminuric patients and healthy control group (Eissa
et al., 2016). However, in about 30% of normoalbuminuric
patients, these miRNAs were also found increased. Their
dysregulation correlated with age, BMI, hypertension, serum
creatinine, glycosylated hemoglobin (HbA1C) and ACR,
suggesting their potential application in diagnosing DN in
T2D subjects (Eissa et al., 2016).

Further research (Delić et al., 2016) detected over 300 miRNAs in a
small sample size of DN patients, healthy controls and non-CKD
subjects, and singled out miR-320c and miR-6068 as the most
upregulated miRNAs. In particular, miR-320c expression showed a
significant positive correlation with urinary ACR, and a negative
correlation with eGFR. Therefore, urinary exosomal miR-320c was
suggested as a possible diagnostic biomarker for DN (Delić et al.,
2016). Thrombospondin-1 and -4 (TSP-1; TSP-4) and bone
morphogenetic-6 (BMP6), all involved in TGF-β signaling, were
revealed as putative miR-320c targets using the miR-Walk database.
In the HK2 cell line, BMP6 has been shown to suppress the
profibrogenic effects of TGF-β by inhibition of EMT and deposition
of matrix proteins and by preventing enhanced adhesion behavior (Yan
et al., 2009). TSP-1 has been identified as an activator of TGF-β, found
increased in the glomeruli of DNpatients, co-expressed with p-SMAD2/
3, and its inhibition has resulted in reduced renal impairment and
proteinuria (Hohenstein et al., 2008). TSP-4 plays a role in regulating

collagen mRNA levels and its deficiency significantly increases cardiac
fibrosis (Frolova et al., 2012). Therefore, it could be inferred that miR-
320c may be utilized to trace DN, because it regulates TGF-β function
and fibrosis progression.

miR-877-3p was identified as a candidate biomarker for DN in two
studies: a small-scale study showing it was significantly upregulated inDN
compared to T2D (Xie et al., 2017) and a transcriptomic analysis where it
was also found to be significantly increased in urinary exosomes from the
CKD group compared to healthy controls (Khurana et al., 2017).
Predicted targets of miR-877-3p revealed a possible link with cell
death, epidermal growth factor receptor signaling, response to hypoxia
and to Akt/FoxO signaling (Xie et al., 2018). Specifically, miR-887-3p
might accelerate renal dysfunction via PI3K/Akt, which in turn leads to
the inactivation of the transcription factor FoxO3a and the subsequent
downregulation of its proapoptotic genes, consequently inducing TGF-β-
mediated mesangial cell survival and oxidative stress in the early DN
(Kato et al., 2006).

The differences in miRNAs detected in the various studies are
noticeable and may reflect the diverse pathways underlying DN or a
lack of reproducibility in uEVs data or different sensitivities of the
technologies supporting miRNA evaluation (Table 4).

2.2 Autosomal dominant polycystic kidney
disease

Autosomal dominant polycystic kidney disease (ADPKD) is an
inherited kidney disease caused by mutations in genes PKD1 and
PKD2 encoding for proteins polycystin-1 (PC-1) and polycystin-2
(PC-2). PC-1 has features of ion channel and G-protein coupled
receptor (GPCR) and PC-2 is a calcium-permeable non-selective
cation channel, which in healthy conditions form a complex in the
primary cilia that is important for intracellular calcium regulation
(Ta et al., 2020). When polycystin function is lost, this in turn leads
to a decreased intracellular calcium and increased cyclic adenosine
monophosphate (cAMP) levels/protein kinase A activation,
activating downstream mTOR signaling responsible for impaired
tubulogenesis, cell proliferation, increased fluid secretion and
interstitial inflammation (Mise et al., 2018; Chebib et al., 2015).
The formation of fluid-filled cysts disrupts the renal parenchyma
and often progresses to ESKD (Ong et al., 2015), which in 5%–10%
of cases is caused by ADPKD. Although the molecular basis of the
disease is known, the complex mechanism of cyst growth and
expansion is still little understood. In an initial small-scale clinical

TABLE 4 (Continued) miRNAs isolated from uEVs proposed as biomarkers of CKD.

CKD
etiology

uEVs miRNA Expression Sample size Method of analysis Source

CKD pool *miR-21 CKD ↑ CKD, n = 41;
Control, n = 5

RT-qPCR Lange et al. (2019), J Cell
Mol Med

CKD pool *miR-21-5p CKD ↑ DN (T2D), n = 14;
DN (T2D) normal renal function,

n = 15

PCR panels and individual PCR Zang et al. (2019), Sientific
Reports

miR-30b-5p CKD ↓

CKD pool miR-451 CKD ↑ CKD, n = 48;
Control, n = 23

RT-qPCR Kumari et al. (2020), Front
Physiol

*recurrent in different studies; ↑ denotes increased and ↓ decreased expression compared to controls.
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study, profiling of a mixed cohort of DN and ADPKD patients led
to the identification of osteoprotegerin (OPG) in uEVs and its
increased expression in patients with CKD compared to healthy
controls (Benito-Martin et al., 2013). OPG is a glycoprotein
secreted from proximal TECs that belongs to the tumor necrosis
factor (TNF) receptor superfamily involved in the regulation of the
skeletal, vascular, and immune system. It is believed to act as a
decoy receptor for the death ligand TNF-related apoptosis-
inducing ligand (TRAIL) and in DN both OPG and TRAIL
appear to be highly expressed (Lorz et al., 2008).

A specific investigation of uEVs proteomics in ADPKD revealed
about 30 proteins of which periplakin, envoplakin, villin-1, and
complements C3 and C9 were further validated (Salih et al., 2016).
Villin-1 is an actin-modifying protein which in kidney is mostly
expressed in the proximal tubules, likely to be functionally linked
to polycystin-1 as both have a role in cell motility and actin
reorganization (Tomar et al., 2006; Castelli et al., 2015). Plakins are
transmembrane cytolinker proteins with multiple functions, including
participation in the binding of adhesive junctions such as desmosomes
(Huber, 2003). Although polycystin-1 is associated with desmosomal
proteins, in ADPKD it is no longer colocalized with desmosomes
resulting in mispolarization of desmosomal proteins, which may
explain the abundant amounts of plakins in patients with ADPKD
(Silberberg et al., 2005). The complement system C9 and
C3 components are believed to be involved in the progression of
ADPKD by mediating cyst-lining epithelial cell proliferation,
infiltration of tubulointerstitial inflammatory cells and development
of fibrosis. Complement C3 and C9 may be locally produced by cysts
epithelial cells and packed in uEVs in patients with ADPKD (Salih
et al., 2016). Moreover, inhibition of the complement system results in
decreased cyst growth, further confirming its involvement in ADPKD
pathogenesis (Wang et al.,2014).

2.3 Immunoglobulin A nephropathy and thin
basement membrane nephropathy

Immunoglobulin A nephropathy (IgAN) and thin basement
membrane nephropathy (TBMN) are characterized by hematuria as
a visible or microscopic symptom. Although they are separate kidney
conditions the initial clinical presentation may be similar. IgAN, the
most common autoimmune type of glomerulonephritis, can manifest
from asymptomatic hematuria to rapidly progressive kidney disease.
IgAN is due to the presence of galactose-deficient IgAs which are
regarded as abnormal by other circulating antibodies, leading to
immune complexes which cause inflammation in the glomerulus.
In particular, the underlying mechanism involves aberrant
glycosylation of IgA1, synthesis of galactose-deficient
IgA1 antibodies, formation of immune complexes by binding of
the galactose-deficient IgA1 and anti-glycan/glycopeptide
antibodies, and finally accumulation of the immune complexes in
the glomerular mesangium (Rodrigues et al., 2017; Suzuki et al., 2011).
Dysregulation of mucosal IgA production has been reported to cause
an inflammatory response to the immune complexes resulting in
proliferation of mesangial cells, expansion of ECM, release of
cytokines and growth factors, damage to podocytes and tubular
cells, all of which led to renal function deterioration (Radford
et al., 1997; Lai et al., 2009). The affected patients are characterized
by proteinuria and persistent hematuria. Another CKD type

characterized by persistent microscopic hematuria but without
significant proteinuria is TBMN, an autosomal dominant disorder
associated with mutations in type IV collagen genes COL4A3 and
COL4A4 leading to reduced thickness and stability of the glomerular
basement membrane (GBM) (Badenas et al., 2002; Tryggvason and
Patrakka, 2006; Haas, 2006). Although early clinical symptoms are
similar for IgAN and TBMN, the outcome is different as IgAN is more
severe leading to ESKD in many patients.

A small-scale study has tried to discriminate IgAN and TBMN
based on differences in the uEVs proteome (Moon et al., 2011)
(Table 3). Compared to healthy controls, over 30 uEVs proteins
were found upregulated in IgAN and over 50 proteins upregulated
in TBMN. Validation in additional sample cohorts (12 patients with
IgAN, 12 patients with TBMN, six healthy volunteers) revealed uEVs
vasorin precursor as linked with TBMN, while APN, α-1-antitrypsin
and ceruloplasmin as associated with IgAN. Vasorin is a cell-
membrane protein, predominantly expressed in vascular smooth
muscle cells, that binds directly to TGF-β with its extracellular
domain and reduces TGF-β downstream signaling, thereby
preventing apoptosis and fibrosis (Ikeda et al., 2004). Interestingly,
vasorin was found to be one of the significantly differentially expressed
proteins also in a total urinary proteome study of IgAN, being
downregulated compared to controls (Samavat et al., 2015). APN is
an enzyme catalyzing the removal of basic and neutral amino acid
residues from bioactive oligopeptides, which is expressed on the cell
brush border membranes of the small intestine, glomerular epithelial
and mesangial cells, and it is present in uEVs originating from renal
proximal tubules (section 1.5). The involvement of APN in kidney
pathologies, mostly via binding to its main substrate Ang II is well
described (Look et al., 1989; Vlahović and Stefanović, 1998). α-1-
antitrypsin, also called Serpin A1, is a member of a superfamily of
serine protease inhibitors that targets neutrophil proteases, elastase,
cathepsin G, and proteinase 3, but also has moderate affinity for
plasmin and thrombin (Clemmensen et al., 2011; Law et al., 2006). α-
1-antitrypsin peptides, along with β2-microglobulin fragments, were
the most prominent peptides to show a negative correlation with
baseline eGFR in CKD (Schanstra et al., 2015).

Exosomal chemokine (C-C motif) ligand 2 (CCL2) was also linked
to IgA nephropathy in a study by (Feng et al., 2018). Although the
initial group size was small, CCL2 mRNA could effectively distinguish
IgAN cohorts from control groups in a validated experiment with a
larger cohort of IgAN, MCD, MN and healthy controls, and
CCL2 mRNA correlated with the severity of tubulointerstitial
fibrosis and C3 deposition in IgAN, with the highest expression of
uEVs CCL2 mRNA in patients with >50% biopsy area of tubular
atrophy and fibrosis (Feng et al., 2018; Lv et al., 2018).

Among the proposed IgAN uEVs markers, also miRNAs have
emerged (Szeto et al., 2019) (Table 4). Digital transcriptomics
(NanoString nCounter) initially revealed an array of miRNAs with
significantly different expression between IgAN and healthy which
upon validation narrowed down to three miRNAs in particular. These
were miR-150 which was significantly increased, while miR-204 and
miR-555 were significantly decreased in IgAN. Especially, miR-204
displayed the best diagnostic accuracy. Looking at the biological
processes involved, it is known that miR-204 antagonizes EMT by
targeting specificity protein-1 transcription factor (SP1) in TEC after
induction of acute kidney injury protecting renal tubules from chronic
fibrotic changes (Chen et al., 2017), therefore it is reasonable to see its
change in CKD pathology.
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2.4 Focal segmental glomerulosclerosis and
minimal change disease

Focal segmental glomerulosclerosis (FSGS) and minimal
change disease (MCD) are forms of podocytopathies
characterized by the appearance of primary lesions of
podocytes or visceral epithelial cells. In particular, FSGS is a
sclerotic glomerular disease frequently progressing to ESKD and
recurrent in ~25% of kidney transplant patients. They are
separate conditions that differ in prognosis and treatment
despite the similarities (Cravedi et al., 2013). FSGS can be
either primary, secondary (due to viral infection, medication)
or genetic and presents tubulointerstitial scarring. The affected
glomeruli show segmental solidification of the glomerular tuft.
MCD, on the other hand, is characterized by extensive podocyte
injury and the presence of normal-looking glomeruli and scar-
free tubulointerstitium at the ultrastructural level (Rosenberg and
Kopp, 2017).

A comparative study of differentially expressed miRNAs in
FSGS and MCD in plasma and urinary EVs (Ramezani et al.,
2015) revealed over 150 miRNAs. Among them specific miRNAs
could discriminate between the two forms of CKD. miR-1225-5p
was validated as upregulated in MCD compared to FSGS and
healthy controls, while miR-155 as upregulated in FSGS
compared to MCD and controls. miR-1915 and miR-663 were
decreased in FSGS compared to MCD and controls, and in
addition linked to proteinuria and eGFR changes (Table 4).
Previous studies had shown that all these miRNAs are
involved in the pathogenesis and progression of renal diseases.
In particular, miR-1225-5p and miR-1915 regulate the
expression of genes that are involved in maintaining adult
renal stem/progenitor cells (ARPCs), for instance key markers
of renal progenitors CD133 and PAX2 and genes involved in the
repair mechanisms of ARPCs, such as Toll-like receptor 2
(TLR2). Moreover, they are thought to be specifically
expressed in ARPCs, and therefore a decrease in their
expression levels in the FSGS kidney may potentially reflect
the loss of ARPCs (Sallustio et al., 2013). miR-663 has been
reported to target renin (REN) and apolipoprotein E (APOE)
mRNAs and a decrease in miR-663 has been associated with an
increase in renin mRNA in patients with hypertension (Marques
et al., 2011). miR-155 has been reported to target SMAD2 mRNA
and repress SMAD2 protein expression, thereby affecting TGF-
β-induced SMAD phosphorylation and signaling and altering
downstream expression of various genes involved in fibrosis,
inflammation and angiogenesis (Louafi et al., 2010).

2.5 Lupus nephritis

An autoimmune form of CKD, Lupus nephritis (LN) is a
severe glomerulonephropathy that occurs as a frequent
complication of systemic lupus erythematosus (SLE), a
common type of Lupus. LN occurs as a consequence of the
binding of antibodies to multiple intrarenal autoantigens. It
can involve the formation of “tertiary lymph follicles” within
the kidney including proinflammatory B cells, and the secretion of
autoantibodies by plasma cells (Lech, 2013). A serious
complication is the appearance of a cellular crescent,

consisting of severe active vascular, glomerular and
tubulointerstitial lesions, that manifest in up to 50% of
patients with LN (Zhang et al., 2016b).

A small size study in LN patients’ uEVs revealed elevation of miR-
26a, the expression of which concurs to regulate podocyte homeostasis
and positively correlates with urinary protein levels (Ichii et al., 2014)
(Table 4).

In a parallel study, the presence of active LN versus SLE was
associated with uEVs miR-146a (Perez-Hernandez et al., 2015),
which also displayed a higher glomerular expression in patients
with LN, correlating with disease severity (Lu et al., 2012).
Furthermore, an increase in miR-335*, miR-302d, highly
abundant in human urine (Weber et al., 2010), and miR-200c,
was associated with SLE (Perez-Hernandez et al., 2015). miR-200c
was previously reported to discriminate patients with acute
kidney injury from healthy individuals in urine
(Ramachandran et al., 2013).

In a further small-scale study, the urinary exosomal miRNA
expression profiles in patients with type IV lupus nephritis
(LNIV), patients with LNIV with cellular crescent (LNIV-CC),
and healthy subjects were analyzed by high-throughput miRNA
sequencing (Li et al., 2018). Validations revealed that miR-3135b
was significantly enhanced in LNIV, while miR-654-5p was
significantly enhanced in LNIV-CC. miR-146a-5p (found in
LNIV by Perez-Hernandez et al., 2015) did not show a
significant difference in expression between LNIV-CC and
LNIV cohorts (Li et al., 2018). A link between miR-3135b or
miR-654-5p with kidney disease was not previously reported, but
miR-3135b had been associated with dilated cardiomyopathy
(Wang et al., 2017), and miR-654-5p with prostate cancer cell
proliferation (Östling et al., 2011).

Among all these uEVs studies in LN, a multi-marker urinary
exosomal panel emerged as a stronger approach to the early
detection of LN (Solé et al., 2019) and for identifying ESKD risk.
Three miRNAs (miR-21, miR-150, and miR-29c) were found to
correlate with the chronicity index in the renal biopsy, via
inducing profibrotic changes such as formation of collagen
(COL4A1) and potentially targeting the VEGFA and
SP1 genes (Solé et al., 2019) leading to activation of pSMAD2/
3 and the coactivator p300, and progression of
glomerulonephritis (Kassimatis et al., 2010).

2.6 Pediatric nephrotic syndrome

Pediatric nephrotic syndrome (NS) is a chronic childhood
glomerular disease associated with glomerular podocyte
dysfunction due to primary T-cell disorder. It is usually preceded
by MCD and FSGS but can also be caused by genetic disorders or be
secondary to other diseases such as infections and neoplasia (Eddy and
Symons, 2003).

Five potential miRNA biomarkers for pediatric NS were
detected by high-throughput Illumina sequencing followed by
RT-qPCR validation (Chen et al., 2019). The expressions of miR-
194-5p, miR-146b-5p, miR-378a-3p, miR-23b-3p, and miR-30a-
5p were significantly increased in pediatric NS compared to
healthy control samples, and remarkably reduced during the
period of clinical remission. Among them, uEVs miR-194-5p,
and miR-23b-3p had the highest diagnostic accuracy and could
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discriminate between high proteinuria and low proteinuria,
hence predict the severity of pediatric NS (Chen et al., 2019).
miR-194-5p was also reported in uEVs of patients with early DN
(Jia et al., 2016) (Section 2.1). The miR-146 family was also
involved in LNIV as commented in Section 2.5 (Perez-
Hernandez et al., 2015), while miR-378a-3p targets glomerular
matrix protein nephronectin (NPNT) decreasing its levels
(Müller-Deile et al., 2017). Moreover, miR-23b-3p and miR-
30a-5p are specific in exosomes and enriched in human urine
(Cheng et al., 2014). Therefore, the individual miRNAs of this
panel were not totally unexpected as they did recur in the
literature as either present in uEVs or linked with kidney
pathology.

2.7 All-purpose markers of CKD

UEVs proteomics and transcriptomics have also been utilized
to identify generic markers of CKD. An early investigation, on
biopsy-proven pools of CKD patients including DN, FSGS and
IgAN, identified miR-29 and miR-200 families as downregulated
in uEVs of patients with CKD (Lv et al., 2013). In terms of
biological significance, in vitro and in vivo studies had shown
downregulation of miR-29 in conditions of renal fibrosis and
both miR-29 and miR-200 respectively targeted TGF-β1-induced
production of collagens I and III (Qin et al., 2011), ZEB1/2 and
fibronectin. Hence it is logical that their downregulation may be
pro-fibrotic (Tang et al., 2013). A generic marker of CKD may be
CD2-associated protein (CD2AP). CD2AP is expressed in the
podocyte foot processes in the glomerulus, helping to keep the
integrity of the slit diaphragm via interactions with other
podocyte proteins (Kravets and Mallipattu, 2020). The
transcript of CD2AP was found to be reduced in the uEVs of
CKD patients with heavy proteinuria compared to moderate and
mild proteinuria patients indicating a negative correlation of
CD2AP with proteinuria severity (Lv et al., 2014).

Furthermore, in the attempt to relate non-coding RNAs to CKD
stages, miR-181a emerged as 200-fold reduced in expression in all four
stages of CKD compared to healthy controls (Khurana et al., 2017). As
circulating miR-181a from human serum was significantly increased
in samples of patients with nephrotic syndrome (Sui et al., 2014), a
reduced level of miR-181a in uEVs (Khurana et al., 2017) appears a
logical finding.

When miRNAs previously linked to CKD such as miR-21,
miR-30a-5p and miR-92a (Baker et al., 2017; Zhang et al., 2014;
Henique et al., 2017) were searched in the uEVs of patients with
CKD arising from different aetiologies (Lange et al., 2019), only
miR-21 resulted significantly different (upregulated) between
CKD patients and healthy controls, showing a negative
correlation with eGFR (Lange et al., 2019). A further study
revealed that miR-21-5p was increased and miR-30b-5p
downregulated in patients with diabetic and non-diabetic CKD
compared to controls. Although they cannot be regarded as
specific biomarkers of DN, their dysregulation in expression
may be linked with renal impairment (Zang et al., 2019).

In more recent investigations, when a CKD cohort was divided
into diabetic and non-diabetic subgroups, miR-451 emerged as
significantly higher in the non-diabetic CKD subgroup and to
negatively correlate with eGFR decrease (Kumari et al., 2020). In

primary human proximal tubule cells miR-451 knockdown
resulted in enhanced expression of downstream mRNA targets,
including tyrosine 3-monooxygenase/tryptophan 5-
monooxygenase activation protein zeta (YWHAZ) (Kumari
et al., 2020), which in DN downregulates p38 MAPK signaling,
with inhibition of glomerular mesangial cell proliferation.
Therefore, it was proposed that miR-451 may play a protective
role in early DN (Zhang et al., 2012).

2.8 uEVs protein and miRNA with proposed
prognostic value in CKD

CKD stratification markers and early markers of disease
progression are much needed as currently CKD is diagnosed
by means of a kidney biopsy which can confirm fibrosis only
at the point when it is already well established and advanced. At
this stage the risk for the patient to progress to ESKD is high and
part of the kidney function is lost. Only few studies have focused
on CKD stratification markers, such as a study by (Musante et al.,
2015) which has relied on uEVs protease and protease inhibitors
to stratify DN patients. Several proteases were found differently
expressed in the uEVs of the DN cohort, of which cathepsins of
various classes, kallikrein-13, and proteinase-3 were the most
significantly altered. Among the protease inhibitors, uEVs
cystatin B was the most significantly changed in all DN groups
compared to healthy subjects, but also linked to
normoalbuminuria. While uEVs cathepsins were the most
increased in the micro-macroalbuminuric groups, kallikrein
13 and proteinase-3 were most expressed in the norm-
microalbuminuric groups with a decrease in the
macroalbuminuric group (Musante et al., 2015). Hence this set
of uEVs proteins potentially allow DN patient stratification based
on the degree of albuminuria.

C-megalin (gp330), a large membrane glycoprotein of a low
density lipoprotein receptor (LDLR) family (Saito et al., 1994) has
also been shown to be associated with albuminuria progression when
identified in uEVs from DN subjects. C-megalin correlates with ACR,
and negatively correlates with eGFR (De et al., 2017). Advanced
glycation end products and fatty acid-enriched proteins have been
identified as toxic megalin ligands, which are filtered by glomeruli and
once reabsorbed cause proximal TEC injury (Kuwahara et al., 2016).

Nephronophthisis-related ciliopathies (NPH-RC) are a group of
autosomal recessive cystic kidney diseases associated with impairments
in the structure and function of the primary cilia, a common genetic cause
of ESKD (Choi et al., 2019). Stokman et al. (2019) studied uEVs proteins
in patients with NPH-RC and found several proteins differently expressed
at different stages of CKD and healthy controls. In particular, dipeptidase
1 (DPEP1), an enzyme located in the proximal convoluted tubules
responsible for dipeptide hydrolysis (Nafar et al., 2014), and
protocadherin Fat 4 (FAT4), present in cilia in kidney cells with a key
role in the polarity of planar cells (Saburi et al., 2008), were downregulated
in uEVs from the CKD cohorts. Versican core protein (VCAN), an
extracellular matrix proteoglycan normally expressed in the kidneys at
low levels (Rudnicki et al., 2012), was upregulated in uEVs of CKD
cohorts. The expression of these discriminating proteins correlated with
the severity of CKD so that they were most decreased (DPEP1 and FAT4)
and increased (VCAN) in the advanced stage of CKD (Stokman et al.,
2019).
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It has been recently reported that AQP1 and AQP2, water
channels also found in uEVs (Pisitkun et al., 2004), become
reduced in uEVs during advanced CKD (Oshikawa-Hori et al.,
2021). Comparison of different stages of CKD have shown that
AQP1 and AQP2 are significantly reduced in stages 4 and 5 of
CKD at a high level of diagnostic accuracy (Oshikawa-Hori et al.,
2021), which increases when uEVs AQP and AQP2 are considered in
combination as markers of advanced CKD.

All the markers discussed in this section have been combined and
listed in Figure 3.

3 Urine handling and storage

Despite urine being a valuable source of biomarkers from the
urogenital tract, lack of consensus for standardization of urine
collection, processing, handling and storage, as well as uEVs
isolation and downstream analysis, may be responsible for the high
inter-individual sample variability, hampering the discovery of reliable
biomarker candidates (Barreiro et al., 2021). Information on
collection, storage, and timing of uEVs isolation for the reviewed
studies is summarized in Table 5. Over 90% of the reviewed studies
provide access to information on urine sample collection and
processing protocols. Approximately 30% of the studies relied on
first-morning or early-morning urine, 15% second-morning urine,
and few others reported mid-day urine or overnight urine collection.
In over 30% of the studies urine samples were treated with protease
inhibitors. The effect of collection timing on uEVs and uEVs
biomarkers has been reported by Zhou et al., 2006 showing that

the total amount in uEVs protein was similar between first and
second-morning urine, and that four tested exosomal proteins
remained constant. This study suggests that both first and second
morning urine collections can be used for uEVs isolation and protein
analysis (Zhou et al., 2006). In most studies, urine samples were
centrifuged to remove cells and cell debris, however a wide variation
in centrifugal speeds and times was reported (Table 5), with the most
frequent centrifugation set at 2,000xg. Regarding the timing of uEVs
isolation, in about half of the studies uEVs were isolated immediately
after urine collection, while in the other half of the studies urine was
stored for later uEVs isolation and further analysis at a
temperature ≤80°C. There are few reports linking uEVs quality to
storage temperature, showing that freezing uEVs at −20°C results in
greater loss in uEVs proteome, while freezing at −80°C preserved
above 85% of specific uEVs proteins (Zhou et al., 2006). A more
recent study reported that storing uEVs at −20°C reduces RNA and
protein yield compared to −80°C, although uEVs morphology is not
affected (Barreiro et al., 2021). Therefore, storing uEVs at −80°C
appears to be critical for the successful uEVs conservation and
subsequent analysis of the uEVs cargo. Details on uEVs storage
length are hardly provided in the literature.

4 Conclusion and future perspectives

Urinary EVs are a precious source of proteins and miRNAs, which
although scarcely present in soluble form in full urine, are
concentrated in EVs and discoverable through uEVs proteomics
and transcriptomics. Since 2012, several proteins and individual

FIGURE 3
uEVs proteins and miRNAs of potential diagnostic and prognostic value in the literature (since 2012) grouped according to CKD etiologies. The protein
cargo is shown in blue and the miRNA cargo in purple.
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miRNAs which are uEVs cargo have been proposed as promising CKD
biomarkers. Our review has reported 33 different proteins and
37 different RNA in uEVs selected among the most relevant to
CKD. The criteria was to select those molecules emerged from
unbiased often “big data” screening but validated through a second
targeted approach and ideally also confirmed in larger cohorts. The
“hunt” for uEVs markers started approximately a decade ago and has
taken place for most CKD types up to now. However, studies are far
from uniform both in terms of CKD stage or eGFR and the way urine
samples are collected, stored and processed to isolate EVs. Either
because of the intrinsic variability of uEVs composition in the
individual subjects, or depending on the urine collection timing
and storage conditions, or because CKD classifications have also
loose margins and overlap, a huge number of different molecules
have emerged as potential disease markers. A selection of uEVs
proteins such as gelatinase and ELF3 in DN, plakins (periplakin,
envoplakin) and complements (C3 and C9) in ADPKD, and
ribonucleic acids such as CCL2 mRNA in IgAN, miR-194-5p and
miR-23b in pediatric NS have been linked to CKD severity and
therefore they may have usefulness as stratification markers if not a
potential prognostic value. There is a great variety of miRNA proposed.
A bunch of miRNAs (miR-21, miR-150, and miR-29) have been
reported to better mirror CKD in combination rather than
individually, and together with miR-155, miR-194 are recurrent in
different uEVs biomarkers discovery studies. Among the potential uEVs
protein biomarkers, only ceruloplasmin was detected in more than one

CKD study, associated with several kidney diseases, and as such uEVs
ceruloplasmin may be regarded as a general marker of CKD pathology.
Not many studies have compared the effectiveness of biomarkers
detection from uEVs and full unfractionated urine, however uEVs
ceruloplasmin has emerged as a better marker for early kidney disease.

A benefit of uEVs markers is that they generally better reflect
early changes in the kidney than full urine and as such precede
proteinuria. This is a key point that warrants future scrutiny,
especially as new tools allowing direct uEVs marker
quantifications in biofluids without necessity to isolate uEVs
have emerged and are available to the scientific community (e.g.
Exoview platform, Tonoli et al., 2022).

Attempts to relate the selected uEVsCKDmarkers to themolecular cell
biology process underlying disease development have been reviewed or
suggested in our evaluation. Future research in this direction may lead to
better insights on the pathology and help reveal potentially new
mechanisms as well as anti-fibrotic targets. The uEVs cell origin is
particularly informative as it allows to track the molecular and cellular
events underlying the CKD condition predicting the disease evolution.
Although much effort has been made to identify specific cell markers in
uEVs, this area is still not well consolidated and again uEVs markers
quantifications directly in the biofluids should accelerate progress. Tracking
the cell origin of uEVs bymeans of spatial transcriptomics is also a potential
way to build the larger picture of CKD progression. Lastly, despite
considerable effort by many groups globally, all the studies reviewed
here included less than 1000 CKD patients when considered together,

TABLE 5 Urine handling and storage conditions as reported in the studies included in this review.

Urine collection Spot urine
(Kalani et al.,
2013; Zang et
al., 2019;
Kumari et al.,
2020)

First/early-
morning urine
(Lv et al., 2013;
Lv et al., 2014;
Musante et al.,
2015; Perez-
Hernandez et
al., 2015; Jia et
al., 2016; Xie et
al., 2017; Feng
et al., 2018; Li et
al., 2018; Szeto
et al., 2019;
Cappelli et al.,
2020)

Second-
morning urine
(Benito-Martin
et al., 2013;
Zubiri et al.,
2014; Salih et
al., 2016; De et
al., 2017)

Unspecified
morning urine
(Moon et al
2011; Chen et
al., 2019; Lange
et al., 2019;
Dimuccio et al.,
2020)

Not the first
morning urine
(Stokman et al.,
2019)

Mid-day urine
(Ramezani et
al., 2015)

Voided urine
(Eissa et al.,
2016)

Overnight
urine
collection
(Barutta et
al., 2013)

Unspecified
(Sun et al.,
2012; Ichii et
al., 2014;
Gudehithlu et
al., 2015;
Zubiri et al.,
2015; Delić et
al., 2016;
Khurana et al.,
2017; Sakurai
et al., 2019;
Gudehithlu et
al., 2019; Solé
et al., 2019)

Timing of uEVs
isolation

Right away
(on sample
collection)
~ 47% of
studies

After thawing
~ 47% of studies

Unspecified
(Ichii et al.,
2014; Khurana
et al., 2017)

Centrifugation
to remove cell
debris

300 × g
(10 min at RT
or 15 min at
4°C) (Benito-
Martin et al.,
2013; Jia et al.,
2016; Sakurai
et al., 2019)

300 × g
(10 min) then
17,000 × g
(20 min) at 4°C
(Barutta et al.,
2013)

500 × g
(10 min); then
2,000 × g
(20 min) at 4°C
(Stokman et al.,
2019)

1,000 × g
(15–20 min) at
4°C
(Gudehithlu et
al, 2015;
Gudehithlu et
al., 2019)

2,000 × g
(10–15 min)
(Ramezani et
al., 2015; Delić
et al., 2016; Xie
et al., 2017;
Zang et al.,
2019)

2,000 × g
(20–30 min)
(Lv et al., 2013;
Lv et al., 2014;
Musante et al.,
2015; Feng et
al., 2018)

2,250 × g or
2,500 × g
(30 min)
(Perez-
Hernandez et
al., 2015; Li et
al., 2018)

3,000 × g
(10 min) at
RT
(Chen et al.,
2019)

3,000 × g for
30 min; then
13,000 × g
(5 min) at 4°C
(Szeto et al.,
2019)

Addition of
protease
inhibitors

Described
~ 35% of the
studies

Unspecified
~ 62% of studies

Not used
(Musante et al.,
2015)

Storage
condition of
urine/uEVs

~ −80°C
Most
studies (94%)

Unspecified
(Ichii et al.,
2014; De et al.,
2017)
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of which half were DN. Larger size clinical studies should address these key
points to reveal the full usefulness of the uEVs approach over full urine tests,
and as such accelerate translation of uEVs biomarker discoveries into
clinical practice to offer a real alternative to kidney biopsy.
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Emodin ameliorates renal injury
and fibrosis via regulating the
miR-490-3p/HMGA2 axis

LiulinWang1,2,3†, XueruiWang4,5,6†, Gang Li1,2,3, Shanshan Zhou1,2,3,
Rui Wang1,2,3, Qi Long1,2,3, Min Wang1,2,3, Liang Li1,2,3,
Hai Huang1,2,3 and Yuanming Ba1,2,3*
1Hubei Provincial Hospital of Tranditional Chinese Medicine, Wuhan, China, 2Affiliated Hospital of Hubei
University of Traditional Chinese Medicine, Wuhan, China, 3Hubei Provincial Academy of Traditional
Chinese Medicine, Wuhan, China, 4Beijing Hospital of Traditional Chinese Medicine, Capital Medical
University, Beijing, China, 5Beijing Key Laboratory of Basic Research With Traditional Chinese Medicine on
Infectious Diseases, Beijing, China, 6Beijing Institute of Chinese Medicine, Beijing, China

Renal fibrosis is a major pathological feature of chronic kidney disease (CKD). While
emodin is reported to elicit anti-fibrotic effects on renal injury, little is known about its
effects onmicroRNA (miRNA)-modulatedmechanisms in renal fibrosis. In this study,
we established a unilateral ureteral obstruction (UUO) model and a transforming
growth factor (TGF)-β1-induced normal rat renal tubular epithelial cell line (NRK-52E)
model to investigate the protective effects of emodin on renal fibrosis and itsmiRNA/
target genemechanisms. Dual-luciferase assay was performed to confirm the direct
binding of miRNA and target genes in HEK293 cells. Results showed that oral
administration of emodin significantly ameliorated the loss of body weight and
the increase in physicochemical parameters, including serum uric acid, creatinine,
and urea nitrogen in UUO mice. Inflammatory cytokines, including tumor necrosis
factor-α, monocyte chemoattractant protein-1, and interleukin (IL)-1β, but not IL-6,
were down-regulated by emodin administration. Emodin decreased the expression
levels of TGF-β1 and fibrotic-related proteins, including alpha-smooth muscle actin,
Collagen IV, and Fibronectin, and increased the expression of E-cadherin.
Furthermore, miR-490-3p was decreased in UUO mice and negatively correlated
with increased expression of high migration protein A2 (HMGA2). We further
confirmed HMGA2 was the target of miR-490-3p. Transfection of miR-490-3p
mimics decreased, while transfection of miR-490-3p inhibitors increased fibrotic-
related proteins and HMGA2 expression levels in TGF-β1-induced NRK-52E cells.
Furthermore, transfection of miR-490-3p mimics enhanced the anti-fibrotic effects
of emodin, while transfection of miR-490-3p inhibitors abolished the protective
effects of emodin. Thus, as a novel target of emodin that prevents renal fibrosis in the
HMGA2-dependent signaling pathway, miR-490-3p has potential implications in
CKD pathology.

KEYWORDS

emodin, renal fibrosis, microRNA, inflammatory factor, HMGA2

1 Introduction

Chronic kidney disease (CKD) involves sustained damage of the renal parenchyma and
chronic deterioration of renal function (Akchurin, 2019). The global burden of CKD is a
major public health problem, especially in high-income countries (Gaitonde et al., 2017),
with approximately 10% of adults worldwide affected by some form of CKD, resulting in

OPEN ACCESS

EDITED BY

Yanping Liu,
Qilu Hospital, Shandong University, China

REVIEWED BY

Panpan Hao,
Shandong University, China
Honglei Guo,
Nanjing Medical University, China

*CORRESPONDENCE

Yuanming Ba,
bayuanming@126.com

†These authors have contributed equally
to this work

SPECIALTY SECTION

This article was submitted to
Experimental Pharmacology and Drug
Discovery, a section of the journal
Frontiers in Pharmacology

RECEIVED 12 September 2022
ACCEPTED 14 February 2023
PUBLISHED 03 March 2023

CITATION

Wang L, Wang X, Li G, Zhou S, Wang R,
Long Q, Wang M, Li L, Huang H and Ba Y
(2023), Emodin ameliorates renal injury
and fibrosis via regulating the miR-490-
3p/HMGA2 axis.
Front. Pharmacol. 14:1042093.
doi: 10.3389/fphar.2023.1042093

COPYRIGHT

© 2023 Wang, Wang, Li, Zhou, Wang,
Long, Wang, Li, Huang and Ba. This is an
open-access article distributed under the
terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Pharmacology frontiersin.org01

TYPE Original Research
PUBLISHED 03 March 2023
DOI 10.3389/fphar.2023.1042093

230

https://www.frontiersin.org/articles/10.3389/fphar.2023.1042093/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1042093/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1042093/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2023.1042093&domain=pdf&date_stamp=2023-03-03
mailto:bayuanming@126.com
mailto:bayuanming@126.com
https://doi.org/10.3389/fphar.2023.1042093
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2023.1042093


12 million deaths each year (Xie et al., 2018; Collaboration, 2020).
Although there are many known causes of CKD, including diabetes
mellitus, glomerulonephritis, and cystic kidney disease, the etiology
of CKD remains incompletely understood (Kalantar-Zadeh et al.,
2021). At present, CKD treatment primarily involves slowing disease
progression and preventing complications by managing modifiable
risk factors, such as diabetes and blood pressure, and initiating
nephroprotective drug regimens in the early stages of disease (Curtis
and Komenda, 2020). Thus, the discovery of novel therapeutic
agents that can prevent or delay the progression of disease will
contribute to CKD treatment.

Increasing evidence suggests that renal fibrosis is a common final
stage of CKD (Klinkhammer et al., 2017). Similar to wound healing,
renal fibrosis is a dynamic process with early beneficial effects on
injury, but can lead to persistent pathological fibrosis,
glomerulosclerosis, tubular atrophy and dilatation, and
tubulointerstitial fibrosis (Boor et al., 2010; Djudjaj and Boor,
2019). Over the past 2 decades, microRNAs (miRNAs) have been
implicated in fibrosis of various organs, and their role in renal fibrosis
has attracted widespread attention, with new therapeutic strategies
targeting miRNAs showing considerable promise (Van der Hauwaert
et al., 2015; Fan et al., 2020). Transforming growth factor (TGF)-β is a
key driver of renal fibrosis and is involved in the dynamic
pathophysiological processes leading to CKD and end-stage renal
disease (ESRD) (Ma and Meng, 2019). Recent evidence indicates that
multiple miRNAs are involved in renal fibrosis through the TGF-β
pathway (Zhong et al., 2013; Sun et al., 2018; Sun et al., 2021). For
example, MiR-490-3p is known to play a key regulatory role in silica-
induced pulmonary fibrosis (Cheng et al., 2021). Studies have also
found that miR-490 is decreased in unilateral ureteral obstruction
(UUO) model mice (Chung et al., 2010; Qin et al., 2011), and elevated
in the urine of active segmental glomerulonephritis patients (Zhang
et al., 2014). However, while miR-490 appears to play a crucial role in
the pathogenesis of CKD, little is known regarding its functional role.

Emodin is a naturally occurring anthraquinone derivative and
active ingredient of rhubarb (Liu et al., 2016), with diverse biological
and pharmacological properties, including anticancer, anti-
inflammatory, antioxidant, antibacterial, antiviral, anti-diabetic,
immunosuppressive, and renoprotective activities (Dong et al.,
2016). Emodin is reported to suppress renal fibrosis via multiple
mechanisms (Ma et al., 2018; Yang et al., 2020; Liu et al., 2021), and
is involved in the regulation of miRNAs in several diseases (Xiang
et al., 2017; Cao et al., 2019; Xie et al., 2019). We previously reported
that a stewed rhubarb decoction mitigated chronic renal failure
progression in mice (Wang et al., 2022). However, further
experimental research is needed to explore the potential fibrotic
effects of emodin on CKD. Here, we hypothesized that miR-490-3p
may be involved in the pathological process of renal fibrosis in CKD
and that emodin may exert anti-fibrotic effects on CKD via
regulation of miR-490-3p.

2 Materials and methods

2.1 Animals

Male C57BL/6 mice (age 8–10 weeks, weight 20–24 g) were
purchased from Beijing Huafukang Biotechnology Co., Ltd.

(Beijing, China). The mice were maintained in an
environmentally controlled rearing room (temperature: 22°C ±
2°C, humidity: 50% ± 5%, 12-h light/dark cycle) for 1 week of
adaptive feeding, with distilled water and sterilized food freely
available. The experimental protocols used in this study were
approved by the Ethics Committee for Animal Experimentation
of the Hubei Provincial Hospital of Traditional Chinese Medicine
(NO. 2019008) and were conducted according to the Guidelines for
Animal Experimentation of the Hubei Provincial Hospital of
Traditional Chinese Medicine.

2.2 UUO model

The UUO mouse model was established as described previously
(Zhou et al., 2020). Briefly, mice were anesthetized with
pentobarbital sodium (40 mg/kg body weight) by an
intraperitoneal injection. The left ureter was isolated through a
median incision and ligated at two points with 5–0 silk. Mice in
the sham-operated control group received the same operation,
except the ureter was not ligated or cut.

2.3 Treatment protocols

Emodin (Shanghai Yuanye Bio-Technology Co., Ltd. China) was
dissolved in pyrogen-free saline and sodium carboxymethyl
cellulose (Beijing ITA Biotechnology Co., Ltd., China). Daily oral
emodin treatment was started 2 h after UUO surgery for
14 continuous days, with 10 mg/kg, 20 mg/kg, and 40 mg/kg
considered as low (EM-L), medium (EM-M), and high (EM-H)
dosages. Losartan (LST, Merck Sharp and Dohme., Ltd.,
United States) was dissolved in pyrogen-free saline as a positive
control. Daily oral LST treatment (10 mg/kg) was started 2 h after
UUO surgery for 14 continuous days. All sham and UUOmice were
treated with the same volume of saline and sodium carboxymethyl
cellulose as the vehicle for treatment.

2.4 Cell culture and treatment

The normal rat renal tubular epithelial cell line NRK-52E was
purchased from American Type Culture Collection (ATCC,
Manassas, United States), and routinely cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Wisent, Nanjing, China)
containing 10% fetal bovine serum (Gibco, Gaithersburg, MD,
United States), 100 U/ml penicillin (Gibco, Carlsbad, CA,
United States), and 100 μg/mL streptomycin (Gibco, Carlsbad,
CA, United States) at 37°C with 5% CO2. In the first experiment,
NRK-52E cells were pretreated with serum-free medium for 24 h,
then exposed to 40 μM or 80 μM emodin (Shanghai Yuanye Bio-
Technology Co., Ltd., China) for 24 h. In the second experiment,
NRK-52E cells were pretreated with serum-free medium for 24 h,
then exposed to 10 ng/mL TGF-β1 (R&D Systems, MN,
United States) with or without 40 μM or 80 μM emodin for 24 h.
In the third experiment, HEK293 cells were transfected with miR-
490-3pmimics, miR-490-3p inhibitors, and negative controls (NCs),
then treated with or without 10 ng/mL TGF-β1 for 24 h. In the fouth
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experiment, NRK-52E cells transfected with miR-490-3p mimics,
miR-490-3p inhibitors, and NCs were treated with or without 80 μM
emodin for 24 h, then exposed to 10 ng/mL TGF-β1 for 24 h. All
control groups were treated with the same volume of vehicle.

2.5 Transfection of miRNA mimics and
inhibitors

The miR-490-3p mimics (5’-CAACCUGGAGGACUCCAU
GCUG-3’), inhibitors (5’-AUUCGUCCUCCUGACCAUGGUC-
3’), and NCs were obtained from Biomics Biotech (Nantong,
China). The NRK-52E cells were transfected with 50 nM miR-
490-3p mimics or inhibitors, and corresponding NCs at the same
concentration, using Liposome 2000 reagent (Invitrogen, United
States) according to the manufacturer’s instructions. Cells were
collected 24 h after transfection for further experimental analysis.

2.6 Luciferase reporter assay

HEK293 cells were co-transfected with NCs or miR-490-3p
mimics (50 nM), CMV-Renilla, HMGA2 promoter-luciferase
using Lipofectamine 2000 reagent (Invitrogen, United States)
following the manufacturer’s protocols. The plasmids were
constructed and provided by Hunan Fenghui Biotechnology Co.,
Ltd. (Cat. BR082). Luciferase activities were measured 48 h after
transfection using dual-luciferase assay kits according to the
manufacturer’s protocols (Promega, United States).

2.7 Cell counting Kit-8 (CCK-8) assay

The cytotoxicity of emodin was determined by CCK-8 assay.
Cells were seeded into 96-well plates. According to the instructions
of the CCK-8 kit (Beyotime, Shanghai, China), each well was
supplied with 10 μL of CCK-8 after treatment, then incubated at
37°C for 4 h. Absorbance was recorded at 450 nm, and experiments
were performed in parallel and in triplicate.

2.8 Physiological and biochemical
parameters

Body weights were recorded on day 14 after UUO surgery.
Plasma creatinine, urea, and uric acid levels were detected using a
creatinine colorimetric kit, urea colorimetric kit, and uric acid
colorimetric kit (Bohu Biotechnology Co., Ltd. Shanghai, China),
respectively, according to the manufacturer’s instructions.

2.9 Histological examination

Renal tissues were fixed in 4% formaldehyde, dehydrated,
embedded, and sectioned at 5 μm thickness. Renal sections were
stained with hematoxylin and eosin (H&E) or Masson’s trichrome
staining (Solarbio Life Sciences, Beijing, China) according to the
manufacturer’s instructions. Sections were observed and scored in a

blinded manner. Tubular injury scores based on morphological
damage (epithelial necrosis, tubular necrotic debris, and tubular
dilatation) were quantified in three or four sections and
10–12 regions per kidney, with a score range of 0–4 (0: 0%; 1:
<25%; 2: 26%–50%; 3: 51%–75%; 4: ≥76% of renal tubular injury)
(Liu N. et al., 2015; Ren et al., 2021). All positive signals from the
histological images (at least three areas per sample) were quantified
using ImageJ v1.8.0 software (National Institutes of Health,
Bethesda, MD, United States).

2.10 Enzyme-linked immunosorbent assay
(ELISA)

Mouse blood was collected from the abdominal aorta 14 days
after UUO surgery and centrifuged at 3,000 r/min for 15 min. Serum
was collected and stored in a −80°C refrigerator for testing. The
levels of interleukin (IL)-1β, tumor necrosis factor-α (TNF-α), IL-6,
and monocyte chemoattractant protein-1 (MCP-1) were detected
using ELISA kits (ABclonal Biotechnology Co., Ltd. China)
according to the manufacturer’s protocols.

2.11 Western blot analysis

Total proteins were isolated from kidney tissues and cells using
RIPA lysis and extraction buffer (Biyuntian, Shanghai, China).
Protein content was determined using BCA protein assay reagent
(Thermo, Rockford, IL, United States). The proteins were separated
by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to polyvinylidene fluoride (PVDF)
membranes. The membranes were blocked in 5% skim milk in
phosphate-buffered saline-Tween at room temperature for 1 h and
probed with specific antibodies overnight at 4°C. Primary antibodies
included alpha-smooth muscle actin (α-SMA) (1:1,000, Abcam,
United Kingdom), Collagen IV (1:1,000, Abcam,
United Kingdom), Fibronectin (1:1,000, Abcam,
United Kingdom), E-cadherin (1:1,000, Abcam, UK), TGF-β1 (1:
1,000, Abcam, United Kingdom), HMGA2 (1:1,000, Invitrogen,
United States), and β-actin (1:1,000, Boster, China). Horseradish
peroxidase-conjugated secondary antibodies (Sigma, United States)
were used for detection of specific proteins for an additional 60 min
β-actin was used as the loading control. After a final wash with tris-
buffer physiological saline (TBST), immunoreactive bands were
detected using an Odyssey Imaging Analyzer (LAS-4000; Toyobo
Engineering, Osaka, Japan). Signal intensity was measured using
ImageJ and normalized to β-actin signal intensity.

2.12 RNA extraction and real-time
polymerase chain reaction (Real-time PCR)

Total RNA from mouse renal tissues, HEK293 cells, and NRK-
52E cells was extracted using Trizol Reagent (Invitrogen) according
to the manufacturer’s instructions. For miRNA, total RNA was
reverse transcribed into cDNA using a microRNA First-Strand
cDNA Synthesis Kit (Sangong Biotech, Shanghai, China). For
mRNA, cDNA was obtained using the GoScript Reverse
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Transcription System Kit (Promega, Madison, WI, United States).
GAPDH and small nuclear U6 were used as endogenous controls for
mRNA and miRNA levels respectively. Gene expression levels were
analyzed by Real-time PCR performed using 2 × SYBR master mix
(Takara, Otsu, Shiga, Japan) and a BioRad iCycler iQ5 (BioRad,
Hercules, CA, United States). GAPDH and U6 were used as the
endogenous controls for measurement of mRNA expression level
and miRNA expression analysis, relative mRNA expressions were
compared with normalized Sham group. All samples were run in
duplicate. Primer sequences are listed in Table 1.

2.13 Statistical analysis

All experimental data were analyzed using SPSS v20.0 and
expressed as mean ± standard deviation (x ± s). One-way
analysis of variance (ANOVA) was used for comparisons
between multiple groups, and p < 0.05 was considered

statistically significant. All data in the manuscript were analyzed
by an investigator blind to the experimental groups.

3 Results

3.1 Emodin ameliorates the physiological,
biochemical and pathological damage in
UUO mice

As shown in Figure 1, after 14 days of treatment, significant
differences in body weight and creatinine, urea nitrogen, and uric
acid levels were observed between the UUO and Sham groups. Data
showed that body weight in the UUO group was significantly lower
compared to the Sham group, while body weight in the EM-H group
was significantly higher compared to the UUO group (Figure 1A). In
addition, EM-L, EM-M, and EM-H treatment reduced creatinine,
urea nitrogen, and uric acid levels to varying degrees in the UUO
mice (Figures 1B–D), with emodin at 40 mg/kg showing the
strongest modulatory effect.

We used H&E andMasson’s trichrome staining to evaluate renal
damage and fibrosis. Glomeruli and tubules in the Sham group were
structurally normal, with closely aligned tubules. However, kidneys
in the UUOmice exhibited severe structural disorder, inflammatory
cell infiltration, tubular atrophy, and necrosis (Figures 1E,F). Based
on Masson’s trichrome staining, banded interstitial fibrosis and
collagen fiber hyperplasia were observed in the UUO mice
(Figures 1G,H). In contrast, treatment with emodin and LST
alleviated these pathological changes in the UUO mice
(Figures 1E–H).

3.2 Emodin reduces inflammatory cytokines
release in UUO mice

To further investigate the effects of emodin, we used Real-
time PCR and ELISA to detect the inflammatory factors TNF-α,
MCP-1, IL-6, and IL-1β in UUO mice. Compared with the Sham
group, inflammatory factors in the UUO group increased
significantly, after emodin intervention, TNF-α, MCP-1 and
IL-1β decreased significantly in the UUO mice, while IL-6
showed a non-significant decrease (Figures 2A–F). These
data indicated that emodin can reduce inflammation in
UUO mice.

3.3 Emodin regulates fibrotic related protein
expressions in UUO mice

We used western blot analysis to fibrotic related protein
expressions. The protein expression levels of Fbronectin, α-
SMA, Collagen IV, and TGF-β1 increased, while that of
E-cadherin decreased significantly in the UUO mice. In
contrast, emodin decreased Fbronectin, α-SMA, Collagen IV,
and TGF-β1 expression and increased E-cadherin expression
(Figures 3A,B), suggesting that emodin can reduce fibrosis in
UUO mice.

TABLE 1 The sequences of the primers.

Name Sequences

miR-490-3p Forward: 5’-AACACGTGCAACCTGGAGGAC-3’

Reverse: 5’-ATCCAGTGCAGGGTCCGAGG-3’

U6 Forward: 5′-GCTTCGGCAGCACATATACTAAAAT-3′

Reverse: 5′-GCTTCGGCAGCACATATACTAAAAT-3′

mus-HMGA2 Forward: 5’-CCTAAGAGACCCAGAGGAAGA-3’

Reverse: 5’- CGACTTGTTGTGGCCATTTC-3’

homo-HMGA2 Forward: 5’- GTCCCTCTAAAGCAGCTCAAA-3’

Reverse: 5’- TGAGCAGGCTTCTTCTGAAC-3’

rattus-HMGA2 Forward: 5’- CTGGACGTCCGGTGTTGGT-3’

Reverse: 5’-AACACCTTTCGGGAGACGGG-3’

mus-MCP-1 Forward: 5’-TTAAAAACCTGGATCGGAACCAA-3’

Reverse: 5’-GCATTAGCTTCAGATTTACGGGT-3’

mus-TNFα Forward: 5’-ACCCTCACACTCAGATCATCTTC-3’

Reverse: 5’-TGGTGGTTTGCTACGACGT-3’

mus-IL-6 Forward: 5’-ACAAAGCCAGAGTCCTTCAGAGA-3’

Reverse: 5’-CTGTTAGGAGAGCATTGGAAATTG-3’

mus-IL-1β Forward: 5’-TGGCAACTGTTCCTG-3’

Reverse: 5’-GGAAGCAGCCCTTCATCTTT -3’

mus-GAPDH Forward: 5’- TGTGTCCGTCGTGGATCTGA-3’

Reverse: 5’- CCTGCTTCACCACCTTCTTGAT-3’

homo-GAPDH Forward: 5’- CTGCCAACGTGTCAGTGGTG-3’

Reverse: 5’- GTCGCTGTTGAAGTCAGAGGAG-3’

rattus-GAPDH Forward:5’-ACAGTCCATGCCATCACTGCC-3’

Reverse:5’-GCCTGCTTCACCACCTTCTTG-3’
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3.4 Decreased miR-490-3p expression and
increased HMGA2 expression are negatively
correlated in UUO mice

We compared the endogenous expression levels of miR-490-3p
and HMGA2 in the kidney tissues of male C57BL/6 mice in the Sham
and UUO groups by Real-time PCR. As shown in Figure 4A,
miR-490-3p expression was significantly lower in the kidneys of
the UUO group than the matched Sham group. However,
HMGA2 mRNA expression was increased (Figure 4B), and miR-

490-3p expression was negatively correlated with HMGA2 expression
(Figure 4C), further suggesting that miR-490-3p and HMG2Amay be
associated with pathological injury in UUO mice.

3.5 Emodin reversed the fibrosis in TGF-β1-
induced NRK-52E cells

To investigate the effects of emodin on NRK-52E cell fibrosis, we
first investigated the effects of emodin on NRK-52E cell viability

FIGURE 1
Emodin ameliorates the physiological, biochemical and pathological damage in UUOmice. Micewere randomly divided into Sham, UUO, EM-L, EM-
M, EM-H, and LST groups. Mice were administrated with dosages of 10 mg/kg, 20 mg/kg, 40 mg/kg emodin, or 10 mg/kg Losartan started 2 h after UUO
surgery, daily, orally, for 14 continuous days. (A) Body weight, (B) levels of uric acid, (C) levels of creatinine, and (D) levels of urea nitrogenwere detected at
day 14. Representative pictures of renal (E) H&E and (G) masson staining. Scale bar = 200 μm. (F) Tubule injury index score and (H) masson
trichromatic positive area were calculated at day 14. Data were shown as mean ± SD (n = 10 per group). *compared with Sham, &compared with UUO,
*p < 0.05, **p < 0.01,***p < 0.001 of each symbol, respectively. &p < 0.05, &&p < 0.01, &&&p < 0.001 of each symbol, respectively. UUO, unilateral ureteral
obstruction; EM-L, emodin low dosage; EM-M, the emodin medium dosage, EM-H, emodin high dosage; LST, Losartan.
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FIGURE 2
Emodin reduces inflammatory cytokines release in UUO mice. Mice were randomly divided into Sham, UUO, EM-L, EM-M, EM-H and LST groups.
Mice were administrated with dosages of 10 mg/kg, 20 mg/kg, 40 mg/kg emodin, or 10 mg/kg Losartan started 2 h after UUO surgery, daily, orally, for
14 continuous days. Gene levels of (A) TNF-α, (B) MCP-1, (C) IL-6, and (D) IL-1β in renal tissues were determined by Real-time PCR. Serum levels of (E)
TNF-α, (F) MCP-1, (G) IL-6, and (H) IL-1β were determined by ELISA. Data were shown as mean ± SD (n = 10 per group). *compared with Sham,
&compared with UUO, *p < 0.05, **p < 0.01,***p < 0.001 of each symbol, respectively. &p < 0.05, &&p < 0.01, &&&p < 0.001 of each symbol, respectively.
UUO, unilateral ureteral obstruction; EM-L, emodin low dosage; EM-M, emodin medium dosage, EM-H, emodin high dosage; LST, Losartan; TNF-α,
tumor necrosis factor-α; MCP-1, monocyte chemoattractant protein-1; IL-6, interleukin-6; IL-1β, interleukin-1β.

FIGURE 3
Emodin regulates fibrotic related protein expressions in UUO mice. Mice were randomly divided into Sham, UUO, EM-L, EM-M, EM-H and LST
groups. Mice were administrated with dosages of 10 mg/kg, 20 mg/kg, 40 mg/kg emodin, or 10 mg/kg Losartan started 2 h after UUO surgery, daily,
orally, for 14 continuous days. Representative blots of Fibronectin, α-SMA, Collagen IV,TGF-β1, E-cadherin and β-actin in the renal tissues, and (B)
statistical analyses of relative protein expressions. Data were shown as mean ± SD (n = 10 per group). *p < 0.05 vs. Sham, &p < 0.05 vs. UUO. UUO,
unilateral ureteral obstruction; EM-L, emodin low dosage; EM-M, emodin medium dosage, EM-H, emodin high dosage; LST, Losartan. TGF-β1,
transforming growth factor-β1; α-SMA, alpha-smooth muscle protein.
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FIGURE 4
Decreased miR-490-3p expression and increased HMGA2 expression are negatively correlated in UUO mice. Gene Levels of (A)miR-490-3p, and
(B) HMGA2 were detected by Real-Time PCR. (C) A negative correlation were found between miR-490-3p and HMGA2 mRNA expressins in the renal
tissues of Sham and UUOmice (Spearman correlation analysis, r = −0.9614, p < 0.0001). Data were shown as mean ± SD (n = 10 per group). **p < 0.01 vs.
Sham, ***p < 0.001 vs. Sham. UUO, unilateral ureteral obstruction; HMGA2, high mobility protein A2.

FIGURE 5
Emodin reversed the fibrosis in TGF-β1- induced NRK-52E cells. CCK-8 assay were performed in emodin-treated NRK-52E cells (A) without or (B)
with TGF-β1 stimulation. The gene levels of (C)miR-490-3p and (D)HMGA2were evaluated by Real-Time PCR. (E) Representative blots of Fibronectin, α-
SMA, Collagen IV, E-cadherin, andHMGA2 inNRK-52E cells, and (F) statistical analyses of relative protein expressions. Data were shown asmean± SD (n =
6). *compared with control, &compared with TGF-β1. *p < 0.05, **p < 0.01 of each symbol, respectively. &p < 0.05, &&p < 0.01 of each symbol,
respectively. TGF-β1, transforming growth factor-β1; HMGA2, high mobility protein A2; α-SMA, alpha-smooth muscle protein.

Frontiers in Pharmacology frontiersin.org07

Wang et al. 10.3389/fphar.2023.1042093

236

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1042093


FIGURE 6
MiR-490-3p/HMGA2 axis are involved in TGF-β1-induced fibrotic effect in NRK-52E cells. HEK293 cells were co-transfectedwith a NCormiR-490-
3pmimic. After 48 h, (A) dual luciferase reporter assay and (B)Real-time PCRwere performed in control, miR-490-3pNC, andmiR-490-3pmimic groups
to evaluate the luciferase activities and gene level of HMGA2. NRK-52E cells were transfected with miR-490 mimic, NC, or inhibitor for 48 h, and then
treatedwith or without TGF-β1 for 24 h. The gene levels of (C)miR-490-3pwere evaluated by Real-Time PCR. (D) and (F), the protein expressions of
Fibronectin, α-SMA, Collagen IV, E-cadherin, and HMGA2 in miR-490-3p overexpression and inhibition experiment, respectively. (E) and (G), statistical
analyses of relative protein expression in each group. Data were shown asmean ± SD (n = 6). *comparedwith control, &comparedwith TGF-β1. *p < 0.05,
***p < 0.001. &p < 0.05. TGF-β1, transforming growth factor-β1; HMGA2, high mobility protein A2; α-SMA, alpha-smooth muscle protein.
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using CCK-8. We found that different concentrations of emodin
(40 and 80 μM) had no effect on cell viability (Figure 5A). As shown
in Figure 5B, cell viability increased significantly in the TGF-β1
group, and decreased in the TGF-β1-induced NRK-52E cells in the
emodin group (80 μM).

We next investigated the effects of emodin on renal fibrosis
in vitro using western blot analysis to detect fibrosis-related protein
levels. Compared to the TGF-β1 group, Fibronectin, α-SMA,
Collagen IV decreased, while epithelial marker E-cadherin
increased after emodin intervention (Figures 5E,F), consistent
with the in vivo results, with the strongest effect observed in the
high emodin dose group.

3.6 Emodin affects expression of miR-490-
3p and HMGA2 in NRK-52E cells

The expression levels of miR-490-3p in NRK-52E cells treated
with TGF-β1 and/or emodin were detected by Real-time PCR, and
the protein and mRNA expression levels of HMGA2 were detected
by western blot analysis and Real-time PCR. TGF-β1 treatment
significantly down-regulated the expression of miR-490-3p mRNA
in the NRK-52E cells (Figure 5C), but up-regulated HMGA2 protein
and mRNA expression (Figures 5D–F). Compared with the TGF-β1
group, the expression level of miR-490-3p was significantly
increased, while the expression level of HMGA2 was decreased in
the NRK-52E cells after emodin intervention, with higher doses
showing greater effects (Figures 5C–F). These results suggest that
emodin can reverse the TGF-β1-induced decrease in miR-490-3p
expression in NRK-52E cells.

3.7 MiR-490-3p/HMGA2 axis are involved in
TGF-β1-induced fibrotic effect in NRK-52E
cells

To verify whether HMGA2 is a potential target of miR-490-
3p. We performed dual-luciferase reporter experiments. The
HEK293 cells were transfected with miR-490-3p mimics and NCs.
As shown in Figure 6A, the miR-490-3p mimic markedly inhibited
luciferase activity of the HMGA2-5’UTR reporter, and Real-time PCR
showed that, compared to the NC group, HMGA2 was down-
regulated after miR-490-3p overexpression (Figure 6B). These
results suggest that HMGA2 was targeted by miR-490-3p.

We further investigated the effects of miR-490-3p overexpression
and inhibition on HMGA2 and TGF-β1-induced fibrosis in NRK-52E
cells. Transfection efficiency was determined by Real-time PCR. As
shown in Figure 6C, miR-490-3p expression was increased in the
mimic group and decreased in the inhibitor group compared with the
NC, indicating that the cells were successfully transfected with
miR-490-3p mimic or inhibitor. Western blot analysis showed that
TGF-β1 stimulation significantly up-regulated the expression levels of
Fibronectin, α-SMA, and Collagen IV, but decreased the expression
level of E-cadherin in the NRK-52E cells (Figures 6D–G). Compared
with the TGF-β1 group, the miR-490-3p mimic group showed a
decrease in the expression levels of Fibronectin, α-SMA, Collagen
IV, and HMGA2 proteins but an increase in the expression level of
E-cadherin protein (Figures 6D,E), while the miR-490-3p inhibitor

group showed an increase in the expression levels of Fibronectin, α-
SMA, Collagen IV, and HMGA2 proteins but a decrease in the
expression of E-cadherin protein (Figures 6F,G). These data suggest
that miR-490-3p is a potent regulator of HMGA2 involved in the
regulation of fibrotic effects on NRK-52E cells.

3.8 Emodin reduces renal fibrosis by
regulating miR-490-3p/HMGA2 axis

We further studied the regulatory role of miR-490-3p and
HMGA2 in the anti-renal fibrotic effects of emodin. Results showed
that TGF-β1 stimulation up-regulated Fibronectin, α-SMA, Collagen
IV, and HMGA2 protein expression and decreased E-cadherin protein
expression in the NRK-52E cells. Emodin treatment significantly
alleviated the increase in Fibronectin, α-SMA, Collagen IV, and
HMGA2 proteins and decline in E-cadherin protein. Compared
with the TGF-β1 +EM + NC group, the TGF-β1 + EM + miR-490-
3p mimic group showed a decrease in the Fibronectin, α-SMA,
Collagen IV and HMGA2 protein levels and an increase in the
E-cadherin protein level, while the TGF-β1 + EM + miR-490-3p
inhibitor group showed an increase in the Fibronectin, α-SMA,
Collagen IV, and HMGA2 protein levels and a decrease in the
E-cadherin protein level (Figure 7). These results suggest that miR-
490-3p mimics enhance the protective effects of emodin on TGF-β1-
induced NRK-52E cells, while miR-490-3p inhibitors eliminate these
protective effects. Thus, emodin may inhibit the HMGA2-dependent
signaling pathway and reverse renal fibrosis by up-regulatingmiR-490-
3p expression in NRK-52E cells.

4 Discussion

Renal fibrosis is known as the major pathological mechanism of
CKD (Nogueira et al., 2017). Rhubarb, a traditional herbal medicine,
is widely used in China to treat CKD (Wang et al., 2012). As the
active ingredient in rhubarb, emodin exhibits anti-renal fibrosis
activity through a variety of ways. Ma et al. reported that emodin
ameliorates renal fibrosis by down-regulating TGF-β1 and Smurf
two expression (Ma et al., 2018). Liu et al. reported that emodin
alleviates epithelial-to-mesenchymal transition (EMT) by activating
bone morphogenic protein (BMP)-7-mediated autophagy in renal
fibrosis (Liu et al., 2021). Consistently, our research confirmed that
emodin is an anti-renal fibrosis agent. Briefly, using a UUO mouse
model, we found that emodin increased body weight, decreased
blood creatinine, urea nitrogen, and uric acid levels, reduced renal
pathological damage, and attenuated renal tissue inflammation and
fibrosis in UUO mice. In vitro, using TGF-β1-induced NRK-52E
cells, we found that miR-490-3p targeting HMGA2 was involved in
renal fibrosis, and further showed that emodin via regulation of
miR-490-3p/HMGA2 and ameliorates renal fibrosis.

The role of inflammation in the pathogenesis and progression of
CKD has been recognized since the late 1990s. Recent studies have
also confirmed that inflammation and the inflammatory response
can alter or interfere with intrarenal microcirculatory regulation and
perfusion distribution and can induce renal damage and promote
disease progression. Persistent, low-grade inflammation is now
considered a distinguishing feature of CKD and is associated

Frontiers in Pharmacology frontiersin.org09

Wang et al. 10.3389/fphar.2023.1042093

238

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1042093


with all-cause mortality in patients (Lv et al., 2018a; Mihai et al.,
2018). Hirudin is reported to suppress fibrosis in renal tissues and
renal tubular epithelial cells by inhibiting inflammation (Xie et al.,
2020). Therefore, treating or preventing underlying inflammation
may improve CKD prognosis. The anti-inflammatory effects of
emodin have been confirmed in various disease studies. Notably,
emodin has been shown to significantly down-regulate
inflammatory factors, such as TNF-α, MCP-1, IL-1β, and IL-6,
via regulation of the nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-κB) and p38 mitogen-activated protein kinase
(MAPK) pathways (Zhu et al., 2013; Xia et al., 2019; Zang et al.,
2020). In our study, emodin was selective for the regulation of
inflammatory factors in the UUO model, down-regulating TNF-α,
MCP-1, and IL-1β, but with no significant effect on IL-6. The result
is different from previous results reported for IL-6 regulation by
emodin used in other models, it may be due to the different
pathophysiological processes of the models.

Fibrosis is a result of tissue repair and becomes dysregulated after
many types of tissue damage (Rockey et al., 2015). The fact that
changes in fibrosis are linked to various diseases in various organ
systems, including heart, kidneys, liver, skin or any other body organ.

A variety of cellular andmolecular signalingmechanisms are involved
in the pathogenesis of fibrosis (Alqudah et al., 2020). Overproduction
of cytokines, chemokines, growth factors, extracellular matrix
proteins, and loss of normal organ structure and function are
common features of fibrosis in organs (Weiskirchen et al., 2019).
The ability of fibrosis to resolve may depend on the organ involved,
the nature of the injury stimulus, and host-specific factors. The liver
stands out from all other tissues with its strong regenerative capacity.
In metabolic liver disease, lifestyle changes and bariatric surgery can
cause histological fibrosis to regress (Vilar-Gomez et al., 2015). The
cardiac parenchymal cells are muscle cells (cardiomyocytes)
displaying a very limited regenerative capacity (Zeisberg and
Kalluri, 2013). Some researchs on diabetic cardiomyopathy that
controlling autophagy and lowering cardiomyocyte apoptosis via a
variety of routes can prevent cardiomyocyte fibrosis (Zhang et al.,
2021; Xue et al., 2022). The kidney has a complex structure, and renal
fibrosis is manifested by the presence of glomerulosclerosis, vascular
sclerosis and tubulointerstitial fibrosis. Because existing knowledge
about the progression of renal fibrosis is extremely complex,
preventing or even eliminating renal fibrosis is difficult (Nogueira
et al., 2017). TGF-β is considered as one of the common master

FIGURE 7
Emodin reduces renal fibrosis by regulating miR-490-3p/HMGA2 axis. MiR-490-3p mimic, miR-490-3p inhibitor, and NC groups of NRK-52E cells
were transfected for 48 h, and then treated with or without emodin for 24 h, and finally exposed to TGF-β1 for 24 h. (A) Representative blots of
Fibronectin, α-SMA, Collagen IV,TGF-β1, and E-cadherin in each group, and (B) statistical analyses of relative protein expression. Data were shown as
mean ± SD (n = 6). *compared with control, #compared with TGF-β1, &compared with TGF-β1+EM + NC. *p < 0.05, &p < 0.05, #p < 0.05. TGF-β1,
transforming growth factor-β1; EM, emodin; HMGA2, high mobility protein A2; α-SMA, alpha-smooth muscle protein.
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switches for the induction of the fibrotic program during chronic
phases of inflammatory diseases in many organs and tissue. Many
evidence suggests that miRNAs are both downstream effectors of
TGF-β-dependent renal fibrosis and upstream regulators of TGF-β-
dependent signaling pathways (Lv et al., 2018b). Therefore, the
regulation of miRNA expression may be as a promising
therapeutic strategy for the treatment of CKD.

Various studies have confirmed that HMGA2 is a key factor in the
development of EMT.Notably, TGF-β1 is a potent fibrogenic factor that
can mediate EMT through the regulatory effects of HMGA2 (Hills and
Squires, 2010; Iwano, 2010; Wang et al., 2016)and mediate the
development of renal fibrosis through different signaling pathways
(Hills and Squires, 2010; Iwano, 2010). EMT is an important
mechanism of renal fibrosis (Lovisa et al., 2016). Although the role
of EMT in renal fibrosis has been questioned (Kriz et al., 2011), recent
evidence suggests that EMT in renal tubular epithelial cells promotes
renal fibrosis (Grande et al., 2015; Lovisa et al., 2015) and inhibition of
EMT improves renal fibrosis (Sun et al., 2018; Wang et al., 2020;
Nagavally et al., 2021). Accumulating evidence also suggests that specific
miRNAs play important roles in CKD progression, and that miR-490-
3p targetingHMGA2 is implicated in themetastasis and proliferation of
multiple tumors (Liu W. et al., 2015; Zhang et al., 2019). Previous
sequencing results showed thatmiR-490was themost significant down-
regulated miRNAs after UUO surgery (Chung et al., 2010; Qin et al.,
2011). Our pre-experiment verified the regulatory effects of emodin on
the top five miRNAs, including miR-490-3p, miR-137-3p, miR-208-3p,
miR-429-3p, and miR-200a-3p, which reported to be significantly
decreased in UUO mice (data not shown), and found that emodin
had the best regulatory effects on elevating the expression of miR-490-
3p. In this study, we found that miR-490-3p was negatively correlated
with HMGA2 expression in UUO mice. Using dual luciferase reporter
gene assay, we also verified that miR-490-3p exhibited a targeting
relationship with HMGA2. Further experiments found that miR-490-
3p mimic-inhibited fibrosis in NRK-52E cells was reversed by silencing
the expression of HMGA2, and miR-490 inhibitor promoted fibrosis in
NRK-52E cells by overexpressing HMGA2. These results suggest that
miR-490-3p inhibits fibrosis in NRK-52E cells by down-regulating
HMGA2-mediated expression. MiR-490 is also known to have
tumor suppressive effects in many cancer types, preventing cancer
cells from acquiring a mesenchymal phenotype by modulating EMT,
thus inhibiting proliferation and metastasis (Vinchure and
Kulshreshtha, 2021). MiR-490-3p is also involved in silicon-induced
pulmonary fibrosis by targeting TGFBR1 modulators (Cheng et al.,
2021). These findings support our results suggesting that miR-490-3p
exerts a protective effect on renal fibrosis. Finally, to identify the
underlying molecular mechanism, we detected the effects of emodin
on the miR-490-3p/HMGA2 signaling pathway. Results indicated that
the miR-490-3p mimic enhanced the protective effects, while the miR-
490-3p inhibitor abrogated the protective effects of emodin on TGF-β1-
induced NRK-52E cell fibrosis. These findings suggest that emodin
alleviates renal fibrosis by up-regulating miR-490-3p. However,
limitations of the present study should be considered, the
downstream signaling pathways need to be further evaluated in
future studies.

In conclusion, emodin increased miR-490-3p expression, inhibited
HMGA2 expression, and blocked TGF-β1-induced fibrosis, thereby
exerting significant nephroprotective effects and ameliorating UUO-
induced renal injury in CKD mice. Therefore, miR-490-3p may be a

new drug target for emodin to prevent HMGA2-dependent signaling
pathway fibrosis, with potential implications in CKD pathology.
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Cardiac fibrosis plays an indispensable role in cardiac tissue homeostasis and
repair after myocardial infarction (MI). The cardiac fibroblast-to-myofibroblast
differentiation and extracellular matrix collagen deposition are the hallmarks of
cardiac fibrosis, which are modulated by multiple signaling pathways and various
types of cells in time-dependentmanners. Our understanding of the development
of cardiac fibrosis after MI has evolved in basic and clinical researches, and the
regulation of fibrotic remodeling may facilitate novel diagnostic and therapeutic
strategies, and finally improve outcomes. Here, we aim to elaborate
pathophysiology, examination and intervention of cardiac fibrosis after MI.

KEYWORDS

myocardial infarction, fibrosis, cardiac remodeling, antifibrotic therapy, extracellular
matrix, fibroblast, myofibroblast

1 Introduction

Myocardial infarction (MI) is a leading cause of global morbidity and mortality and the
primary contributor to heart failure (HF) (Groenewegen et al., 2020). The limited
regenerative capacity leads to massive loss of cardiomyocytes (CMs) and excessive
deposition of extracellular matrix (ECM) after MI (Prabhu and Frangogiannis, 2016;
Dattagupta and Immaneni, 2018), which is called cardiac remodeling. Cardiac fibrosis is
a pathological process of cardiac remodeling. Although timely and effective reperfusion can
reverse this adverse effect, the incidence of cardiac fibrosis is increasing. During a life span of
post-MI patients, fibrotic tissue accumulates in the process of left ventricular remodeling,
and expands over time to remote non-infarcted region, which significantly alters cardiac
structure and deteriorates cardiac function (Gil et al., 2022). Many patients survive with
long-term adverse prognosis created strain on already overstretched healthcare systems and
hampered medical management.

Abundant interstitial and perivascular fibroblasts in the adult heart play an essential role
in maladaptive repair and fibrosis. Resident cardiac fibroblasts (CFs) are considered the
primary cells that maintain ECM homeostasis by overseeing its quantity and quality, even if

OPEN ACCESS

EDITED BY

Zhe-Sheng Chen,
St. John’s University, United States

REVIEWED BY

Camila Hochman-Mendez,
Texas Heart Institute, United States
Kshitiz Kz,
UCONN Health, United States
Hitoshi Kurose,
Kyushu University, Japan

*CORRESPONDENCE

Jiali Wang,
wangjiali_2000@126.com

Yuguo Chen,
chen919085@sdu.edu.cn

†These authors have contributed equally
to this work and share first authorship

SPECIALTY SECTION

This article was submitted to
Experimental Pharmacology
and Drug Discovery,
a section of the journal
Frontiers in Pharmacology

RECEIVED 15 October 2022
ACCEPTED 13 March 2023
PUBLISHED 28 March 2023

CITATION

Yin X, Yin X, Pan X, Zhang J, Fan X, Li J,
Zhai X, Jiang L, Hao P, Wang J and Chen Y
(2023), Post-myocardial infarction
fibrosis: Pathophysiology, examination,
and intervention.
Front. Pharmacol. 14:1070973.
doi: 10.3389/fphar.2023.1070973

COPYRIGHT

© 2023 Yin, Yin, Pan, Zhang, Fan, Li, Zhai,
Jiang, Hao, Wang and Chen. This is an
open-access article distributed under the
terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Pharmacology frontiersin.org01

TYPE Review
PUBLISHED 28 March 2023
DOI 10.3389/fphar.2023.1070973

243

https://www.frontiersin.org/articles/10.3389/fphar.2023.1070973/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1070973/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1070973/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2023.1070973&domain=pdf&date_stamp=2023-03-28
mailto:wangjiali_2000@126.com
mailto:wangjiali_2000@126.com
mailto:chen919085@sdu.edu.cn
mailto:chen919085@sdu.edu.cn
https://doi.org/10.3389/fphar.2023.1070973
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2023.1070973


they are activated by pathological signals. To prevent the
catastrophic outcomes of MI, CFs and myofibroblasts (MFs)
deposit ECM to replace necrotic CMs and maintain the
structural integrity of the heart coming along with viable CMs
hypertrophy, whereas excessive ECM accumulation forms a
fibrotic scar that provokes cardiac dysfunction and lethal
arrhythmias (Burke et al., 2021a). Moreover, cardiac systolic
dysfunction can be induced via scar with low tensile strength
after disordered healing, while diastolic dysfunction increases
after excessively fibrogenic activation and collagen deposition
(Venugopal et al., 2022). Unfortunately, interventions for post-
MI fibrotic remodeling have been limited.

With the limitation of therapeutic effects of drugs and surgeries,
cardiac fibrosis is normally in MI patients. Despite various studies
now addressing myocardial fibrosis, the understanding of its
pathogenesis, clinical implications, and managements remains
limited.

2 Pathophysiology of post-MI cardiac
fibrosis

Fibrosis is a crucial determinant of cardiac function, stiffness,
and conduction, with cardiac elasticity and compliance decreasing as
fibrosis increases, contributing to systolic and diastolic dysfunction
and even lethal arrhythmia and impairment of oxygen utilization
(Fan et al., 2012). Thereby, it is very important to note that the
complex pathophysiology and multiple mechanisms have been
implicated in the fibrotic process following AMI. Also, the
related molecular signaling network is complex and sophisticated,
which involves various inflammatory mediators, inflammatory cells,
and activating stromal fibrogenic effector cells, such as fibroblasts
(Rockey et al., 2015). Additionally, the cardiac stromal cells exert
profibrotic action via secreting cardiokines, which can predict
adverse fibrotic remodeling after MI. (Masurkar et al., 2023).

The post-MI remodeling has three phases: the inflammatory
phase (the first 3 days), proliferative phase (3–14days), and
maturation phase (2weeks–2months) accompanying the dilation
of non-infarcted zone, hypertrophy of CMs, and phenotypic
transformation of CFs (Venugopal et al., 2022). During cardiac
remodeling, inflammation, oxidative stress, disordered ECM, and
CFs collectively cause cardiac fibrosis. According to the features and
location of ECM protein deposition, there are usually two species of
post-MI fibrosis: reparative and reactive fibrosis, with the former
directly replacing necrotic cardiac tissue afterMI and the latter being
the pathological consequence of over-activated CFs and including
perivascular and interstitial fibrosis (de Boer et al., 2019). Since
adverse events and mortality are regarded as being related to the
severity of cardiac fibrosis (Benjamin et al., 2018), uncovering these
mechanisms is critical to help source novel therapeutic targets,
diagnostic or prognostic performance.

2.1 Fibroblasts and myofibroblasts

Noteworthily, there are relatively static CFs and no MFs in a
healthy heart (Hall et al., 2021). Recent single-cell multi-omics
studies have elevated our knowledge of CFs in cardiac fibrosis

(Forte et al., 2021a). For example, new CFs have been found,
presenting as early as 1 day after MI (Shi et al., 2021), which can
promote inflammation and recruit leukocytes. Then, CFs transfer to
a proliferative, reparative, and proangiogenic phenotype, with
maximum proliferation within 2–4 days. Moreover, the DNA
damage response-associated CFs are up-regulated from day 3 up
to day 7, as well as some senescence-associated CFs at day 7,
indicating that cardiac fibrosis can be limited via activating DNA
damage response and senescence (Shibamoto et al., 2019). Finally,
CFs downregulate angiogenesis and convert to MFs at week 1
(Mouton et al., 2019) under new baseline conditions that the
ultimate profibrotic culprits MFs produce excessive ECM,
consisting principally of collagen I and III accompanying
proteoglycans and elastin fibers (Kruszewska et al., 2022).
Interestingly, although collagen V is minimally expressed, its
deficiency increases scar size and cardiac dysfunction in an MI
mouse model (Yokota et al., 2020). Recent research also finds that
CFs interact with platelet leading to the alteration of collagen
composition and content, and platelets mediate the reduction of
inflammation after 24 h and scar formation after 21 days post AMI
(Reusswig et al., 2022).

In a fibroblast-ablated mice model, there is a pronounced
downregulation of CFs and the network formed by the collagen
VI, microfibrillar collagen and the basement membrane, without
accompanying overtly alteration of fibrillar collagen and the ECM
proteome. Surprisingly, cardiac function is better preserved after MI,
which suggests that controlled fibroblast reduction may have
cardioprotective and therapeutic value in heart disease
(Kuwabara et al., 2022). Moreover, as the mainly producers of
ECM, CFs also produce cytokines, together with macrophages
(Blythe et al., 2019), while, inactivating transcription factor sex-
determining region Y box nine in CFs reduces cardiac fibrosis and
late inflammation (Scharf et al., 2019). Thus, it is very important to
distinguish the various phenotypes and functions of CFs under
different conditions through detecting the markers of CFs. For
instance, a study has identified proangiogenic and fibroblast-
specific protein 1 (FSP1)-positive CFs that were distinct from
profibrotic MFs (Saraswati et al., 2019). Moreover, CFs with
growth factor receptor platelet-derived growth factor receptor α
(PDGFRα) deficiency are responsible for the 50% reduction in CFs
quantity (Ivey et al., 2019), while CFs with smad3 deficiency produce
a decreased level of collagen (Huang et al., 2020). Further, there are
several other markers of CFs, such as vimentin, transcription factor
Tcf21, and MEFSK4 (mouse embryonic fibroblasts) (Venugopal
et al., 2022). However, except for Tcf21 and PDGFRα, these
markers are insufficiently sensitive and due to a lack of specific
features (Acharya et al., 2012; Alex et al., 2022).

MFs have the specific markers as well, such as periostin and
α-smooth muscle actin (α-SMA) (Kanisicak et al., 2016;
Venugopal et al., 2022). In addition, after 1 week of MI, MFs
increase in number and express periostin, collagen triple helix
repeat containing 1, and dimethylarginine
dimethylaminohydrolase 1, while the last is also expressed in
activated CFs (Zhuang et al., 2020). Further, MFs are
heterogeneous, i.e., they have different phenotypes; for
instance, some are proliferating cells, and others express
different levels of transforming growth factor β1 (TGF-β1),
thrombospondin 4, and periostin (Farbehi et al., 2019).
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There is, therefore, a clear and pressing need to identify
additional novel mediators of cardiac fibrosis presentation and
progression in response to pathological stimuli to facilitate the
development of alternative therapeutic strategies targeting cardiac
fibrosis.

During the process of cardiac fibrosis, CFs and CF-to-MF
transformation are pathologically activated by many damage
stimuli, such as TGF-β, platelet-derived growth factor (PDGF),
epidermal growth factor (EGF), fibroblast growth factor (FGF),
tumor necrosis factor α (TNF-α), angiotensin II (Ang II),
interleukin-1 (IL-1), IL-4, and aldosterone (Fan et al., 2012).
Recent research finds G-protein-coupled receptor kinase (GRK)-
5 regulates fibroblast activation in vitro and in vivo, which suggests
the inhibitor of GRK5 may be a novel target (Eguchi et al., 2021).

2.2 Extracellular matrix

In the working hearts, the relative glide movement of CMs and
blood flow generates shear forces, constituting mechanical force
with stretch and strain constrains, which is an important regulator of
cells activation in fibrosis. ECM provides the heart with a structural
scaffold and interacts with cells via adhesion molecules, such as
integrins and cadherins, and distributes mechanical force through
the cardiac tissue to individual cell (Souders et al., 2009; Zheng et al.,
2016). In brief, collagen binding is responsible for load transfer and
unnormal stretching limitation (Weber et al., 1994), which suggests
the amount, distribution, and organization of ECM components
modulate cardiac morphology and function (Spinale, 2007; Chute
et al., 2019). For example, a pure scar in a rat MI model has lower
wall thickness reduction over time before and after the
decellularization, indicating excess collagen deposition during
scar maturation and overall stiffening (Brazile et al., 2021).
Moreover, the CMs fusion significantly decreases along with
massive CMs death producing space and unnormal mechanical
forces, which alters activation patterns of the cells and promotes
CF-to-MF transformation (Kachanova et al., 2022).

The production and degradation of ECM are commonly
regulated by MFs, together with macrophages and other cell
types (Yap et al., 2023), such as CFs produce matrix
metalloproteinases (MMPs) degrading collagens and tissue
inhibitors of MMPs (TIMPs) inducing collagen synthesis
(Nikolov and Popovski, 2022). There are four major ECM-
associated peptides: the N-terminal propeptide of collagen type
III (PIIINP) (indicating collagen III synthesis), the C-terminal
telopeptide of collagen type I (ICTP) (indicating collagen I
degradation), N-terminal propeptide of collagen type I (PINP),
and C-terminal propeptide of collagen type I (PICP) (both PINP
and PICP indicate collagen I synthesis) (Nikolov and Popovski,
2022). A recent study finds that the single mutation of thioredoxin-
interacting protein cysteine 247 reduces collagen I α1 chain in MI
mice (Nakayama et al., 2021). During scar formation, optimal
collagen crosslinks require disintegrin and metalloproteinases
(Chute et al., 2022), whereas PXS-5153A, the lysyl oxidase-like 2/
3 enzymatic inhibitor, reduces collagen crosslinking and fibrosis
(Schilter et al., 2019). Additionally, anti-integrin α(v) therapy also
diminishes cardiac fibrosis via suppressing integrin-ECM
interactions and cell adhesin (Bouvet et al., 2020). Also, there are

several other fibrosis-associated non-collagen components, such as
osteopontin, periostin, and galectin-3 (Li et al., 2022b).

The imbalance of ECM production and degradation induces
adverse cardiac remodeling and dysfunction, with the insufficient
repair disrupting cardiac tissue integrity, and excessive scar
diminishing therapeutic efficacy (Yap et al., 2023).

2.3 Neuroendocrine system

2.3.1 Renin-angiotensin-aldosterone system
The activation of renin-angiotensin-aldosterone system (RAAS)

plays a crucial role in development and progression of MI
(Shigemura et al., 2019), having independently association with a
higher risk of adverse cardiovascular events and mortality (Ivanes
et al., 2012). After MI, the cardiac overload causes chamber dilation
and elevates cardiac wall stress, followed by activating RAAS and
inflammation response, which promotes the formation of MFs and
excessive fibrosis (Fan and Guan, 2016; Zhou et al., 2019).

The essential process of RAAS is activated as described below.
As the initial and rate-limiting step of the classical RAAS, renin is an
aspartyl protease mainly produced by the juxtaglomerular cells of
the renal afferent arteriole (Shigemura et al., 2019). Its plasma
activity is associated with greater burden of coronary artery
disease (Unkart et al., 2020). The synthesis and release of renin
are stimulated by three major mechanisms: the decrease of sodium
chloride concentration in the macula dense and perfusion pressure
as sensed by renal baroreceptors; and the activation of β-adrenergic
receptors in juxtaglomerular cells by catecholamines (Gomez and
Sequeira-Lopez, 2018).

The liver produces angiotensinogen in the circulation, which is
then activated by renin in juxtaglomerular cells to generate inactive
angiotensin I (Ang I) (AlQudah et al., 2020). Subsequently,
angiotensin-converting enzyme (ACE) converts Ang I into
biologically active octapeptide Ang II (AlQudah et al., 2020),
which is degraded to angiotensin III and several other
angiotensins (Boorsma et al., 2021). For example, Ang II can be
converted to angiotensin (1–7) via ACE2 with subsequently
activating Mas receptor to decrease myocardial fibrosis (Boorsma
et al., 2021), alternatively converted to Ang III with binding type
1 receptor by aminopeptidase A (Boitard et al., 2019). Moreover,
both Ang II and Ang (1–7) are cleaved enzymatically to Ang (3–7)
and Ang (5–7) via fibroblast growth factor-23 (FGF-23) stimulating
dipeptidyl peptidase 3, with countering the therapeutic benefits from
angiotensin-converting enzyme inhibitors (ACEI) and angiotensin
receptor blockers (ARB) binding Mas receptor, which can be
suppressed via the specific dipeptidyl peptidase three antibody
procizumab (Boorsma et al., 2021). Interestingly, Ang II
stimulates osteopontin synthesis and increases the concentrations
of FGF-23 to negatively regulate ACE2 concentrations (Boorsma
et al., 2021). As the main RAAS effector peptide, Ang II usually has
2 G protein-coupled receptors (GPCRs): type 1 Ang II receptor
(AT1R) and the type 2 receptor (AT2R) (Pugliese et al., 2020), with
the activation of the former increasing proinflammatory response
and aldosterone levels, and the later having anti-fibrotic and anti-
inflammatory effects (Ziaja et al., 2021). At the meantime, Ang II
causes CMs hypertrophy, CFs hyperplasia (Leancă et al., 2022), and
the secretion of molecular mediators (e.g., norepinephrine and
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endothelin) to promote cardiac remodeling (Williams, 2001; Gajarsa
and Kloner, 2011). For example, endothelin 1 (ET-1), a potent
vasoconstrictor peptide, promotes inflammatory and CMs
hypertrophy to cause adverse remodeling (Zhang et al., 2019a;
Haryono et al., 2022). Interestingly, alamandine, a substance with
only one amino acid residue difference from Ang II, alleviates
cardiac dysfunction and fibrosis via inhibiting oxidative stress in
vivo and vitro models (Zhao et al., 2022a). In addition, the
upregulation of left ventricle voltage-dependent anion channel
one in MI patients is regulated via the RAAS activation, and
inhibition of the anion channel reduces atrial fibrosis (Klapper-
Goldstein et al., 2020).

The regulation of RAAS is relative with multiple signaling
pathways (e.g., extracellular signal-regulated kinase (ERK) and
janus kinase (JAK) pathways) (Chen et al., 2020b); for instance,
RAAS promotes collagen secretion via TGF-β1/smad2/3 pathway
(Li et al., 2022b). Moreover, microRNA (miRNA) can also regulate
RAAS, such as miR-181/Adamts1/neutrophil gelatinase-associated
lipocalin pathway (Garg et al., 2020). Further, Ang II promotes CFs
viability, activation, andmigration through the circCELF1/miR-636/
dickkopf WNT signaling pathway inhibitor 2 pathway in AMI mice
(Li et al., 2022g).

2.3.2 Sympathetic nervous system
After AMI, sympathetic nervous system (SNS) is activated

immediately as a compensatory mechanism to increase cardiac
output and maintain blood pressure. The norepinephrine is
primarily synthesized and secreted from adrenal medulla and is
modulated through β-adrenergic receptors (β-ARs) on the heart
(Lymperopoulos et al., 2007).

The heart expresses various ARs belonging to GPCRs that the
most predominant subtype belongs to β1-AR, 15% to β2-AR, and
the remainder to β3-AR and α1-AR. Briefly, β-ARs regulate cardiac
function via impacting myocardial contractility (Tanner et al.,
2021), such as β1-AR and β2-AR with chronotropic and
ionotropic effects, contrarily β3-AR with negative inotropic
properties (Yoshikawa et al., 1996; Capote et al., 2015;
Lymperopoulos, 2018). Noteworthily, the β2-AR, not the β1-AR,
is the predominant subtype in the non-cardiocytes (e.g., fibroblasts,
endothelial cells, immune cells) (Lymperopoulos et al., 2021). For
example, CMs death, hypertrophy, and cardiac fibrosis are decreased
in β2-AR knockout bone marrow transplantation mice following
isoproterenol treatment, which suggests β2-AR expresses in the
heart’s immune cells (Atsuki et al., 2019; Tanner et al., 2021). As
a GPCR, β2-AR couples to both Gs and Gi proteins, and the β2-AR-
stimulated cardioprotective Gi signaling depends on the
heterodimerization of β2-ARs and 5-hydroxytryptamine receptors
2B (Song et al., 2021c).

Recent years, β3-AR has become a therapeutic target for cardiac
fibrosis. Mechanistically, the reduced reactive oxygen species (ROS)
levels following β3-AR activation attenuate fibrosis through reduced
release of paracrine profibrotic agents in β3-AR expressing
myocytes. Moreover, β3-AR/protein kinase G (PKG) signaling
emerged as a promising therapeutic target in heart failure with
preserved ejection fraction (HFpEF). Diastolic dysfunction in
patients with HFpEF mainly results from the combination of
increased cardiomyocyte stiffness with left ventricle (LV)
hypertrophic remodeling and interstitial fibrosis. Cardiomyocyte

stiffness results from both increased myofilaments Ca2+ sensitivity
and higher titin stiffness, related to reduced PKG activity in the
myocardium of HFpEF patients and subsequent lower
phosphorylation of these targets. Therefore, β3-AR stimulation,
by improving nitric oxide synthase (NOS)/PKG signaling, should
restore the phosphorylation of sarcomeric proteins but also improve
the regulation of Ca2+ handling for cardiac myocytes relaxation
(Michel et al., 2020). For example, treatment with β3-AR agonists
can potentially address this because they stimulate cardiac myocyte
Na+/K+-ATPase. This occurs via downstream activation of cyclic
guanosine monophosphate-dependent signaling pathways which
the β3-AR has in common with NO donors, GC-1
activators15 and the angiotensin receptor-neprilysin inhibitor
(ARNI) (Bundgaard et al., 2022).

After MI, upregulated SNS activity induces hematopoietic stem
and progenitor cells proliferation and release in the bone marrow. In
the early stage, sympathetic overdrive activates apoptotic pathway
and promotes neutrophil influx in the necrotic area and infarct
expansion (Amin et al., 2011). Subsequently, the stimulation of β1-
AR promotes CMs hypertrophy and renin release (Gajarsa and
Kloner, 2011). In MI mice, exchange protein activated by cyclic-
adenosine, which could be upregulated by β-AR activation, prevents
left atrial fibrosis (Surinkaew et al., 2019), while β-AR mainly
modulates collagen production by CFs and causes proliferation of
human CFs and fibrotic remodeling (Turner et al., 2003; Humeres
and Frangogiannis, 2019). Further, β2-AR upregulates CFs
proliferation via the secretion of IL-6, depending on Gαs/ERK1/2
(Tanner et al., 2020). To sum up, the regulation of sympathetic
neurohormone expression is a key therapeutic option in attenuating
cardiac remodeling.

2.3.3 Natriuretic peptides
Natriuretic peptides (NPs), primarily as endocrine hormones,

are secreted by atrial and ventricular CMs under upregulated wall
stress and stretching in MI and regulate diuresis, natriuresis, and
vasodilation, as well as inhibit SNS, RAAS, and ET-1 (Kuhn, 2016).
NPs have three isoforms: A-type NP (ANP, which inhibits collagen
synthesis and is a main fibrotic driver), B-type NP (BNP; a prognosis
predictor after MI), and C-type NP (CNP) (Kangawa et al., 1984;
Kuhn, 2016). NPs have anti-apoptotic, anti-inflammatory, and anti-
fibrotic effects to prevent myocardial ischemic reperfusion injury
(MIRI) and adverse remodeling, with their concentrations reflecting
profibrotic environments and identifying patients at risk for
remodeling, while ANP and BNP reduce vasoconstriction, CFs
proliferation, CF-to-MF transformation, collagen synthesis, and
MMP release by activating the cyclic guanosine monophosphate
(cGMP) pathway (Goetze et al., 2020). The inhibition of
phosphodiesterase-9 activity dose-dependently increases cGMP
and the cGMP/NP ratio of plasma and urinary, which suggests
that its inhibition may constitute a novel therapeutic approach in
clinical HF. (Scott et al., 2019).

2.4 Immunity

The immune system plays an important role in maintaining
homeostasis after MI, in which dying CMs release many damage-
associated molecular patterns (DAMPs) and activate the cascade of
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inflammatory mediators (e.g., inflammatory cytokines and
chemokines) (Simões and Riley, 2022). Noteworthily, the severity
of inflammatory responses dictates the degree of MI (Ong et al.,
2018). Thus, it is important to strike an appropriate balance between
inflammatory and anti-inflammatory response, and timely regulate
inflammatory signals during cardiac remodeling (Yap et al., 2023).
After MI, immune response is rapidly initiated via mobilizing
distinct immune cell populations (Yap et al., 2023). The
differentially altering immune cells infiltration affects cardiac
fibrosis, for instance, allografts suppression of tumorigenicity 2
(ST-2) deficiency reduces infiltration of F4/80 (+) macrophages,
CD3 (+) T cells and CD20 (+) B cells and thus alleviates vascular
occlusion and fibrosis of allografts (Zhang et al., 2021e). In this
section, we focus on different immune cell populations, cytokines,
chemokines and growth factors to improve mechanistic
understanding of immune responses. Then, later on in this
article, we will focus in particular on preventing fibrosis with
immune treatment. In what follows, we first describe the key
features of different immune cells.

2.4.1 Neutrophils and macrophages
As the most abundant peripheral blood granulocytes,

neutrophils constitute 50%–70% of the total amount of blood
granulocytes in most mammals and 20%–30% in mice (Mestas
and Hughes, 2004) in a physiologically circadian pattern (Aziz
et al., 2021), exiting blood with night-time peaking (fresh
neutrophils) and day-time peaking (aged neutrophils) (Adrover
et al., 2019). Recent studies have shown that neutrophils
modulate cardiac remodeling via the initiation and termination
of an inflammatory response and largely infiltrate the infarct zone
1 day after MI and the peri-infarct zone 4 weeks after MI, with
disturbed circadian rhythm, in mice (Zhong et al., 2022). However,
neutrophil-mediated MIRI is limited by selectin-targeting
glycosaminoglycan-peptide conjugate (Dehghani et al., 2022).
Normally, massive leucocytes remain in the bone marrow, and
only a low number of leucocytes stay in the circulation, whereas
2-arachidonoylglycerol induces massive cardiac infiltration by
neutrophils and monocytes and increases cardiac dysfunction and
fibrosis in a MIRI mouse model (Schloss et al., 2019). In MI patients,
immature CD10neg neutrophils and CD14+HLA-DRneg/low

monocytes increase in number (Fraccarollo et al., 2021), and
there are still around 10-fold more leukocytes in the scar than in
remote zone at 6 weeks after MI in mice (Scharf et al., 2019).

Recent evidence has associated monocytes/macrophages with
the etiopathology of cardiac fibrosis, and the interventions targeting
these cells have been challenging due to the heterogeneity and the
antagonizing roles of different subtypes (Chen et al., 2022b).
Remarkably, as the largest population of immune cells,
macrophages can be classified into two general subtypes based on
cell surface with or without C-C chemokine receptor 2 (CCR2):
monocyte-derived CCR2+ macrophages, and yolk-sac-derived
CCR2– macrophages. The former exerts pro-inflammatory effects
and recruits monocytes, whereas the latter is considered to prevent
excessive inflammation (Dick et al., 2019; Yap et al., 2023). At the
meantime, macrophages also can be classified as classically activated
(M1) or alternatively activated (M2) based on stimulatory
environment. M1 macrophages degrade ECM and clear cell
debris, and M2 macrophages promote angiogenesis and collagen

deposition (Yang et al., 2021b). Further, M2b macrophages promote
lymphangiogenesis to reduce myocardial fibrosis and cardiac
dysfunction (Wang et al., 2022b). At the early stage following
MI, macrophages and monocytes are almost exclusively derived
from haematopoietic stem cells or extramedullary splenic reservoirs.
They usually infiltrate the infarct area with pro-inflammatory
phenotypes (Halade et al., 2018; Bajpai et al., 2019; Yap et al.,
2023). Neonatally activated macrophages modulate angiogenesis,
inflammation, and CMs proliferation, which is contrary to adult
macrophages with different metabolites of oxygenation and
nutrients (Lantz et al., 2021).

Herein, we describe the process of immune response after MI
based on recent literature. At the beginning, these immune cells
accumulate within hours, known as the inflammatory phase, and the
peak recruitment of these immune cells occurs approximately 3 days
after MI (Yap et al., 2023). Neutrophils are firstly recruited after MI
and then phagocytized by proinflammatory CCR2+ Ly6Chigh

monocyte-derived macrophages with the replacement of some
CCR2(-) resident macrophages, which increase anti-inflammatory
and profibrotic cytokines (e.g., IL-10 and TGF-β) and decrease
proinflammatory cytokines (e.g., IL-1β and TNFα) (Simões and
Riley, 2022). Concurrently, macrophages phagocytize dead cells, and
anti-inflammatory T cells (e.g., regulatory T cells/Tregs) are
recruited (Dobaczewski et al., 2010; Hofmann and Frantz, 2015).
After 1–2 days of MI, the anti-inflammatory phase (also known as
proliferative phase) ensues, in which the macrophages undergo
rapid proliferation with anti-inflammatory or reparative
properties (Dick et al., 2019). At this stage, cytokines also
promote CF-to-MF transformation. Briefly, the resolution of
inflammation and reparative tissue remodeling are initiated.
Further, the recovery phase follows after 3–7 days of MI, MFs
and CCR2+ macrophages mediate fibrosis and scar formation (Yap
et al., 2023). Moreover, the macrophages subsequently transform
into reparative CCR2+ Ly6Clow macrophages via the transcriptional
program dependent on a nuclear receptor subfamily four group A
member 1, which promotes fibrotic scar formation via collagen
deposition and MFs transformation (Simões and Riley, 2022).
Additionally, histamine deficiency promotes monocyte/
macrophage-to-MF transformation in MI-induced cardiac fibrosis
(Zhu et al., 2022). In contrast, specifically marked Gata6(+)
pericardial macrophages accumulate on the cardiac surface after
MI and prevent fibrosis (Jin et al., 2022).

2.4.2 Other immune cells
Due to the regulative functions of immunity, it presents an

intriguing direction for therapeutic intervention about cardiac
fibrosis. Therefore, it is very important to comprehensively
understand phenotypes and behaviours of different immune cells
after MI.

Currently, there are also the up-to-date knowledge about
other immune cells, such as B cells, T cells, and eosinophils. For
example, B cells infiltrate into damaged myocardium within
1–7 days (Adamo et al., 2020), and B cells deficiency
downregulates cytokines (e.g., TNF-α, IL-1β, IL-6, and TGF-
1β) and collagen synthesis to alleviate fibrosis after MI (Mo et al.,
2021). Additionally, MMP-2 increases the cytotoxicity of CD8+

T cells in acute MI patients (Li et al., 2021g). Cross-priming
dendritic cells activate cytotoxic CD8+ T cells to exacerbate
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inflammatory damage and fibrosis (Forte et al., 2021b).
Moreover, OSU-ERb-012, an estrogen receptor-β agonist,
inhibits CD4+ T cells and improves cardiac remodeling in the
MI-induced HF mouse model (Rosenzweig et al., 2022). Tregs
promote Ly6Chigh monocyte conversion into M2 macrophages by
secreting cytokines (e.g., IL-10, IL-13, and TGF-β) to initiate the
anti-inflammatory or regenerative phase (Kino et al., 2020).

Furthermore, Tregs can directly regulate CFs (Kino et al., 2020).
Eosinophils are increased in the blood and heart (mostly in the
infarct area) in MI patients and mice, and eosinophil depletion
promotes cardiac dysfunction and fibrosis (Liu et al., 2020a).

2.4.3 Cytokines
Massive researches have demonstrated the role of cytokines in

MI that cytokines not only form a complex network to regulate
inflammatory response, but also can form cytokine storm to worse
myocardium injure following cardiac decompensation (He et al.,
2022). Upon cardiac injury, the inflammatory signaling molecules
immediately increased.

DAMPs bind toll-like receptors (TLRs), activate inflammasomes
(e.g., nod-like receptor protein 3 (NLRP3)), and promote cytokines/
chemokines synthesis to induce activation and recruitment of
immune cells and engage immune defenses (Schroder and
Tschopp, 2010). Most commonly, IL-1 family includes pro-
inflammatory and anti-inflammatory members. For example, IL-
1α reduces the remodeling in border zone CFs by upregulating
steroidogenic acute regulatory protein (Razin et al., 2021).
Moreover, IL-33 mediates the shift in the inflammatory phase
toward its resolution through IL-1R4 (Fearon and Fearon, 2008).
MFs with physiological stretching release IL-33 to bind the ST-2
receptor on the CMs membrane to promote cell survival and
integrity (Vianello et al., 2019), whereas IL-33 worsens cardiac
remodeling by recruiting eosinophils (Ghali et al., 2020). In a
myeloid IL-4 receptor-α deficiency model, insufficient fibrotic
remodeling is induced via downregulated TIMPs and collagen I
deposition (Song et al., 2021a; Song et al., 2021b). IL-21 induces
apoptosis of Ly6Clow macrophages and prevents cardiac repair
(Kubota et al., 2021). Furthermore, IL-38 influences dendritic
cells to reduce inflammation and fibrosis (Wei et al., 2020).

2.4.4 Chemokines
Extensive evidence also implicates chemokines in the

pathogenesis of cardiac fibrosis. Chemokines are key regulators
controlling the migration and positioning of immune cells, and
various cells proliferation to promote structural remodeling and
functional recovery of the heart with inflammation quickly
subsiding (Frangogiannis, 2014; Ma, 2021). However, persistent
cytokines induce late cardiac contractility and adverse outcome
(Wang et al., 2018). In the affected myocardium and heart-
draining lymph nodes, MI induces complementary B-cell
responses, while B cells infiltrate the infarct zone via the CXC-
motif chemokine ligand 13 (CXCL13, the ligand of CXCR5-CXC-
chemokine receptor type 5 (CXCR5)) axis and induce TGF-β1
expression (Heinrichs et al., 2021). CXCL8 induces neutrophil
infiltration, whereas CC chemokines, such as chemokine CC-
motif ligand 2 (CCL2), mediate the recruitment of mononuclear
cells (Chen and Frangogiannis, 2021). In addition, CCL2, also
known as monocyte chemoattractant protein-1 (MCP-1), has a

higher serum level in ST-segment elevation myocardial infarction
(STEMI) patients, but lower plasma levels in MI patients without
collateral circulation (Kobusiak-Prokopowicz et al., 2007;
Sahinarslan et al., 2010). Furthermore, CXCL10 and
CXCL12 have leukocyte-independent mediatory effects, directly
modulating CFs (Chen and Frangogiannis, 2021). Additionally,
single-cell sequencing has found different immune cell
abundance (resting and activated mast cells, activated
CD4 memory T cells) and high expression of chemokines in MI
patients (CCL3, CXCL3, CXCL8, and CXCL16 in CD1C-CD141-
dendritic cells and CCL4 and CCL5 in natural killer cells) (Zhou
et al., 2022).

2.4.5 Growth factors
To explore novel treatments targeting cardiac fibrosis, it is very

important to identify and elucidate precise mechanisms of growth
factors, such as PDGF, FGF, and TGF have been best studied.

The PDGF family is composed of cell division stimulators and
has five subunits (PDGF-AA, PDGF-BB, PDGF-AB, PDGF-CC and
PDGF-DD), as well as two receptors, PDGFRα and PDGFRβ. All
PDGF members have been shown to play a role in cardiac fibrosis
(Bertaud et al., 2023). For example, overexpression of PDGF-A
modulates scar content, reduces scar size, and increases capillary and
arteriolar density in the infarct border zone (Rashid et al., 2021),
whereas PDGF-AB enhances angiogenesis and increases scar
anisotropy (high fiber alignment) without affecting overall scar
size or stiffness (Thavapalachandran et al., 2020).

The FGF family has 22 members and pleiotropic effects (Bertaud
et al., 2023). For example, FGF21 inhibits inflammation and fibrosis
by downregulating early growth response protein 1 (Li et al., 2021c;
Li et al., 2021d). Additionally, FGF12 overexpression decreases
collagen I and III and fibronectin in Ang II-induced CFs (Liu
et al., 2022). FGF10 increases cardiomyocyte renewal and limits
fibrosis to promote cardiac regeneration and repair, which suggests
FGF10 may be a clinically relevant target for heart repair (Hubert
et al., 2022). Conversely, FGF23 increases myocardial fibrosis and
dysfunction via activating β-catenin and promoting the pro-fibrotic
crosstalk between CMs and CFs in a paracrine manner (Hao et al.,
2016; Leifheit-Nestler et al., 2018).

There are also other growth factors involved in cardiac fibrosis,
such as neuregulin-1, a paracrine growth factor secreted by cardiac
endothelial cells, modulates hypertrophic and fibrotic processes
during early cardiac remodeling via the neuregulin-1/
erythroblastic leukemia viral oncogene homolog (ERBB) four axis
(Dugaucquier et al., 2020).

In this section, we mainly focus on the multifaceted
contributions of diverse immune cells populations and mediators
after MI. As immunity affecting the prognosis of MI patients has
become an area of substantial therapeutic interest, we discuss novel
interventions regarding immunity in a later section.

2.5 Molecular mechanisms

Many mechanisms (e.g., oxidative stress, inflammation, and
mechanical stress) are known to affect cardiac fibrosis.
Additionally, a large amount of antifibrotic therapy researches
targeting underlying molecular mechanisms have been
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implemented with technological advancement (Figure 1) (The figure
is drawn by figdraw). Due to the various signaling pathways involved
in the process, an understanding of the precise mechanisms of
cardiac fibrosis is still limited. From this viewpoint, it is essential to
summarize and comprehend current evidence of cell signaling
pathways associated with cardiac fibrosis. Hence, in the following
sections, we summarize the recent data about the roles and crucial
functions of several key signaling pathways in post-MI fibrosis:
TGF-β, phosphatidylinositol 3-kinase (PI3K)/protein kinase B
(Akt), nuclear factor erythroid 2-related factor 2 (Nrf2), mitogen-
activated protein kinase (MAPK) and other molecular mechanisms.
The molecularly targeted drugs may further decline the death rate of
MI. Herein, it is indispensable and promising to target these
aberrant signaling pathways and improve the pathological
manifestations in post-MI fibrosis.

2.5.1 TGF-β signaling pathway
TGF-β is the most typical cytokine regulating fibrosis and

inducing collagen synthesis, which is secreted by macrophages
into the ECM in an inactive form (pro-TGF-β) and then activated
by proteases (e.g., plasmin, MMP-2, MMP-9, and ROS)
(Takawale et al., 2015; Hata and Chen, 2016). Firstly, it binds
TGF-β receptor(TGFβR)II, and then TGFβRI is phosphorylated
and forms a receptor heterocomplex to react with smads protein.
Bruton’s tyrosine kinase is up-regulated in MI, with directly

binding and phosphorylating TGFβRI at tyrosine 182, and
then activating the downstream to promote CF-to-MF
transformation and the excessive ECM gene expression. And
its second-generation inhibitor Acalabrutinib attenuates cardiac
fibrosis (Wang et al., 2022a). Smads proteins have three types:
receptor-regulated smad (smad1, smad2, smad3, smad5, and
smad8), common smad (smad4), and inhibitory smad
(smad6 and smad7). The TGF-β complex binds to R-smads
(smad2 and smad3) and Co-smads (smad4), and then
transfers into nucleus to regulate the transcription of target
genes (Zhang et al., 2022c). The smad-dependent canonical
pathway, coordinating with non-canonical pathways,
transduces TGF-β signals (Zhang et al., 2022f).

TGF-β, as a critical molecule of MFs, promotes collagen
synthesis, CF-to-MF transformation, and other fibrotic factors
production, as well as activates multiple signaling pathways (Li
et al., 2022b), while CFs and inflammatory cells express cystine knot
protein gremlin-1 colocalizing with TGF-β and reduce collagen
deposition (Müller et al., 2021). Further, TGF-β1 can activate
CFs to increase collagen deposition, and sustained TGF-β1
expression subsequently leads to cardiac dysfunction (Xue et al.,
2019). Moreover, TGF-β1 regulates ECM remodeling by promoting
MMP/TIMP imbalance (Hodges et al., 2019). Additionally, a study
has found that TGF-β3 expression gradually attained its peak in
1 month after MI with an opposite expression trend of TGF-β1 and

FIGURE 1
Themolecular mechanisms of cardiac fibrosis. Note: Akt, protein kinase B; EGF, epidermal growth factor; ERK, extracellular signal-regulated kinase;
FGF, fibroblast growth factor; HO-1, heme oxygenase-1; IL-1, interleukin-1; IL-4, interleukin-4; JAK, janus kinase; JNK, c-Jun N-terminal kinase; NF-κB,
nuclear factor kappa-B; PDGF, platelet-derived growth factor; PI3K, phosphatidylinositol 3-kinase; STAT, signal transducer and activator of transcription
3; TGF-β, transforming growth factor β.
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TGF-β2 in MI patients, while TGF-β3 downregulated proliferation,
migration, and collagen synthesis and upregulated lysyl oxidase and
osteopontin in Ang II-induced human CFs and MI patients by
promoting smad7 expression (Xue et al., 2019). The recombinant
osteopontin activates cell-cycle re-entry in CMs, stimulates multiple
cardiac cells, and improves scar formation, LV remodeling, and
regional and global function after MI (Rotem et al., 2022).

Even if TGF-β2 and TGF-β3 are involved in cardiac fibrosis, the
fibrotic effects triggered by the TGF-β family have primarily been
attributed to TGF-β1 (Dewald et al., 2004). For example,
phosphoglycerate mutase one deficiency suppresses inflammation,
apoptosis, and fibrosis in post-MI by targeting TGF-β1 (Wu et al.,
2021c). High serum tissue non-specific alkaline phosphatase
(TNAP) level in MI patients can serve as a fibrotic biomarker
and is positively correlated with mortality risk (Cheng et al.,
2021), while TNAP inhibition provokes an antifibrotic effect
through adenosine monophosphate-activated protein kinase
(AMPK)/TGF-β1/smads and p53 (Gao et al., 2020b). Two
inhibitory smads (smad6 and smad7) can prevent R-smad
phosphorylation (Bertaud et al., 2023). Further, smad7 also
restrains MFs activation by suppressing profibrotic ERBB2 in a
TGF-β-independent manner (Humeres et al., 2022) but does not
restrain the anti-inflammatory function of TGF-β in macrophages
(Li et al., 2022d). Another member of the TGF-β superfamily,
lefty1 alleviates post-MI CFs proliferation, differentiation, and
secretion by suppressing the p-smad2 and p-ERK1/2 axis (Li
et al., 2021a). Moreover, SH2 domain-containing protein tyrosine
phosphatase-2 inhibits fibrosis via the ERK/smad pathway (Lu et al.,
2021). Chordin-like one inhibits extracellular bone morphogenetic
protein 4 (BMP4) to inhibit smad1/5/8 activation and autophagy in
CMs and suppresses TGF-β1-induced fibrosis and CF-to-MF
transformation (Ruozi et al., 2022).

Noteworthily, many non-coding miRNAs have been reported to
be involved in cardiac fibrosis via regulating TGF-β signaling
pathway (Zhao et al., 2022b). In this section, we summarize
recent studies focusing on this pathway. Briefly, post-MI repair
requires tight regulation of the TGF-β signaling pathway in case of
excessive fibrosis and adverse remodeling leading to heart failure.

2.5.2 PI3K/Akt signaling pathway
The PI3K/Akt/protein kinase B signaling pathway is one of

the important intracellular signal transduction pathways. PI3K
converts phosphatidylinositol 4,5-bisphosphate (PIP2) into
phosphatidylinositol 3,4,5-trisphosphate (PIP3). Then PIP3 binds
to the pleckstrin homology domain of Akt to alter its conformation
and activate the downstream molecules, such as vascular endothelial
growth factor (VEGF), endothelial nitric oxide synthase, while
inhibiting mammalian target of rapamycin (mTOR) complex 1,
glycogen synthase kinase 3β, forkhead box subfamily O, respectively
(Zhang et al., 2022c). In recent years, basic research finds that
targeting PI3K/Akt pathway is a beneficial signaling mechanism for
anti-fibrotic treatments following AMI regulating cell proliferation,
differentiation, migration and apoptosis. For example, Apelin-13
inhibits the PI3K/Akt axis to attenuate fibrosis in HF rats and AngII-
induced CFs (Zhong et al., 2020). Further, visceral adipose tissue-
derived serine protease inhibitor vaspin alleviates fibrotic
remodeling and oxidative stress and decreases ANP, BNP, and
collagen I and III by inhibiting the PI3K/Akt axis (Ji et al.,

2022b). Additionally, inhibition of calcium and integrin binding
protein one reduces cardiac fibrosis and levels of α-SMA, vimentin,
and collagen I and III by inhibiting the PI3K/Akt pathway (Hu et al.,
2022a). Since an essential requirement for the post-MI repair is
recovering the capillary network in the injured area due to new
vessel sprouting from existing ones (Gao et al., 2020a), transcription
factor Yin-Yang one represses CMs apoptosis and fibrosis and
promotes angiogenesis by enhancing Akt phosphorylation and
increasing VEGF (Huang et al., 2021). The lysyl oxidase-like
protein two increases MFs transformation, collagen fiber
production and mechanical strength via the PI3K/Akt/mTOR
pathway (Yang et al., 2016). By contrast, ivabradine prevents
fibrosis and cardiac hypertrophy via suppressing PI3K/Akt/
mTOR/p70S6K signaling (Yu et al., 2019; Dai et al., 2021).
Klotho significantly reduces cardiac fibrosis and suppresses
myocardial inflammation and apoptosis in MI-induced HF model
via inducing autophagy through the inhibition of PI3k/Akt/mTOR
signaling pathway (Wang et al., 2022d).

2.5.3 Nrf2 signaling pathway
As a transcription factor and the product of the nuclear factor

erythroid-derived 2-like 2 gene, Nrf2 consists of seven functional
domains and participates in regulating oxidative stress and
antioxidant genes (Ray et al., 2012; Hayes and Dinkova-Kostova,
2014). It transfers signaling molecules to the nucleus and initiates
antioxidant gene transcription (Kensler et al., 2007). And its
downstream target, heme oxygenase-1 (HO-1), is a rate-limiting
enzyme that catalyzes heme to biliverdin Ixα, carbon monoxide, and
iron (Wu et al., 2021a). Nrf2 signaling pathway plays a crucial role in
post-MI remodeling. For example, in the MI rat model and Ang II-
treated CFs, ghrelin ameliorates cardiac fibrosis by activating Nrf2 to
inhibit the nicotinamide adenine dinucleotide phosphate
(NADPH)/ROS pathway (Wang et al., 2021c; Wang et al.,
2021d). In addition, Pinocembrin ameliorates cardiac remodeling
by ROS clearance and Nrf2/HO-1 pathway activation, which further
suppresses collagen fibers deposition and apoptosis and promotes
angiogenesis (Chen et al., 2021d). Moreover, corosolic acid regulates
the AMPK-α/Nrf2/HO-1 axis to inhibit cardiac fibrosis, oxidative
stress, inflammation, and apoptosis (Wang et al., 2020i).
Furthermore, Nrf2 reduces innate immune response in MI mice
(Bromage et al., 2022). Thus, the protective effect of Nrf2/HO-
1 following AMI should not be ignored. And it constitutes an
appealing target for anti-fibrotic treatments. Plantarum activates
Nrf2 antioxidant defense pathway and ameliorates cardiac
dysfunction and collagen expression (Aboulgheit et al., 2021).

2.5.4 MAPK signaling pathway
As a class of highly conserved serine/threonine protein kinases,

MAPKs have four primary branches: ERK, c-jun N-terminal kinase
(c-JNK), p38/MAPK and ERK5 (Gallo and Johnson, 2002; Cargnello
and Roux, 2011). During variously physiological and pathological
processes, these kinases can be sequentially activated and regulate
proliferation, growth, and differentiation of cardiac cells, such as
CMs, CFs, endothelial cells and macrophages (Muslin, 2008). In this
section, we mainly introduce some recent studies of the MAPK
pathway from the aspects of molecular regulation.

Calcium-activated chloride channels protein anoctamin-1
promotes CFs proliferation and secretion via the MAPK pathway
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(Tian et al., 2020). The upregulation of OUT domain-containing 7B
suppresses phosphorylated focal adhesion kinase and ERK/
p38 activities and reduces the levels of α-SMA and collagen I
(Zhang et al., 2022b), while nicotinamide riboside kinase-2
regulates the p38 pathway to alleviate post-MI scar size and
fibrosis (Ahmad et al., 2020). Further, zinc finger protein
ZBTB20 protects the heart by inhibiting the JNK pathway (Li
et al., 2020a; Li et al., 2020b), while melatonin improves
myocardial fibrosis in the infarct border zone and apoptosis via
the JNK/p53 pathway after MI in a diabetic mouse model (Lu et al.,
2020). In oxygen-glucose deprivation/reoxygenation (OGD/R)-
induced H9c2 cells and myocardial fibrosis model of mice,
protocatechualdehyde, a major component from Salvia
miltiorrhiza, against ischemic injury by suppressing endoplasmic
reticulum stress-associated protein kinase R-like endoplasmic
reticulum kinase/transcription factor 6α/inositol-requiring
enzyme1α pathways (Wan et al., 2021).

In short, comprehensive study and understanding the
mechanism of the MAPK pathway, taking this signaling pathway
as the anti-fibrotic target are the keys to address challenges of post-
MI fibrosis.

2.5.5 Other molecular mechanisms
In addition to the above signaling pathways, other pathways

have also been shown to be related to cardiac fibrosis. For example,
ELABELA peptide increases angiogenesis and reduces cardiac
interstitial fibrosis through activating ERK/hypoxia-inducible
factor-1alpha/VEGF pathway in MIRI rat model (Rakhshan et al.,
2022). A transcriptional complex (A-kinase anchoring protein 2,
protein kinase A, and steroid receptor coactivator 3) modulates
proangiogenic and antiapoptotic processes via protein kinase
A-mediated phosphorylation and estrogen receptor α activation
(Maric et al., 2021).

As a family of signal-dependent transcription factors, nuclear
factor kappa B (NF-κB) is located in the cytoplasm in an inactive
form, but it migrates to the nucleus following stimulation, and
regulates its targets via binding to NF-κB response elements on the
DNA (Li and Verma, 2002). As a typical pro-inflammatory signaling
pathway, NF-κB regulates gene transcription and promotes
inflammatory responses (He et al., 2022), for example, exendin-4
regulates the NF-κB axis to prevent inflammation and cardiac
remodeling (Eid et al., 2020), and Nur77 improves cardiac
fibrosis by inhibiting the NF-κB-dependent pathway (Chen et al.,
2021a). Further, hippo pathways are vital mechanisms of cardiac
repair. For example, hippo pathway kinases Lats1/2 inhibit yes
associated protein (YAP)-induced injury response, while
conditional deletion of Lats1/2 in adult resting CFs initiates CF-
to-MF transformation (Xiao et al., 2019). Moreover, platelet-
activating factor receptor and YAP1 are significantly increased in
MI mice, accompanying with its positive feedback loop in cardiac
fibrosis (Li et al., 2022f).

In addition to the common signaling pathways noted above,
other recent studies of molecular mechanisms are summarized. For
example, researchers have found that fibrosis is associated with
calmodulin/p38/signal transducer and activator of transcription
(STAT) 3, wnt/β-catenin, TLR4/calmodulin-dependent protein
kinase II and B lymphoma Mo-MLV insertion region 1
homolog/p15/retinoblastoma pathways et al. (Li et al., 2020g;

Han et al., 2020; Yang et al., 2021c; Fu et al., 2021; Bugg et al.,
2022; Zhang et al., 2022e; Shi et al., 2022).

Crosstalk also exists in different signaling pathways; for instance,
endogenous TGF-β1 repressor SKI activates the hippo pathway via
LIM domain-containing protein one to inhibit CFs activation
(Landry et al., 2021). There are some studies about ion channel;
for instance, the mechanosensitive ion channel transient receptor
potential vanilloid four deletion regulates CF-to-MF transformation
to improve harmful remodeling after MI (Adapala et al., 2020;
Adapala et al., 2021). Piezo1 activates CFs to induce MFs
recruitment and excessive ECM deposit (Braidotti et al., 2022),
while coronary vascular endothelial sodium channel activation
promotes cardiac fibrosis and dysfunction (Hill et al., 2022).
Further, embryonic CFs of mice with mitochondrial Ca2+

uniporter deletion are more sensitive to Ca2+ overload than
normal CFs (Huo et al., 2020). Briefly, it is necessary to
comprehensively understand the molecular mechanisms of
cardiac fibrosis after MI before performing specific interventions.

To sum up, it is critical to develop and optimize therapeutic
strategies according to fundamental mechanisms and
pathophysiology of cardiac fibrosis. To date, research in basic
science has disclosed a range of pathophysiological mechanisms
of post-MI cardiac fibrosis, and many attractive inhibitors and
antagonists have been developed based on the molecular
mechanisms. However, a lot of them have not currently been
launched in human clinical trials to advance toward clinical
application, and investigations remain challenging and need to be
studied further.

3 Evaluations of cardiac fibrosis

3.1 Cardiac magnetic resonance late
gadolinium enhancement

Cardiac magnetic resonance (CMR) uses different sequences
and modalities to assess the heart, such as extracellular volume,
derived from T1-weighted imaging, examination of total interstitial
space, T2 mapping and weighted imaging examination of edema,
and late gadolinium enhancement (LGE) examination of scar and
fibrosis (Kali et al., 2014; Gupta et al., 2021). Because extracellular
space is enlarged by dead CMs and post-infarct fibrosis, CMR-LGE
imaging with excessively retained gadolinium-based contrast agents
represents a non-invasive standard for assessing myocardial viability
and fibrosis (Holtackers et al., 2022); for instance, a subendocardial
scar can be detected via dark-blood LGE-CMR (Holtackers et al.,
2021). Feature tracking of CMR accurately quantifies cardiac strain,
and a retrospective study has found that almost 75% of acute scars
and 80% of subacute scars could be detected by CMR with a
segmental circumferential strain of native cine sequences (Polacin
et al., 2022). In the mouse MI models with monocyte populations
deletion, elastin deposition, as an inflammatory response and a
potential fibrotic biomarker, could be detected via CMR with an
elastin/tropoelastin-specific contrast agent (Elkenhans et al., 2021).
However, the use of CMR is limited by availability, time, cost, and
severe renal insufficiency as an adverse effect of contrast
administration, which can be solved by segmental peak
circumferential strain calculation (Polacin et al., 2022).
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Additionally, CMR screens post-MI patients at risk of ventricular
tachycardia by identifying and quantifying a heterogeneous scar
zone and substrate features (Merino-Caviedes et al., 2021). A case-
control study has retrospectively reviewed LGE-CMR data of
chronic post-MI and found that border zone channel mass was
the strongest independent scar-derived variable and precision risk
stratification relevant to sustained monomorphic ventricular
tachycardia, while border zone channel mass was associated with
the qualitative structure, heterogeneity, spatial distribution, and slow
conducting channels within the scar (Jáuregui et al., 2022).

3.2 Echocardiography

Early detection of myocardial fibrosis can identify patients at
risk of adverse events, which is independently associated with a
measure of scar between echocardiography and defibrillator
intervention (Gaibazzi et al., 2020). A large single-center
clinical cohort study has found that diastolic dysfunction
effectively identified mortality risk with relevance to higher
incidence and extent of scar via echocardiography and LGE
(Wang et al., 2020a; Wang et al., 2020b; Wang et al., 2020c;
Wang et al., 2020d). Speckle tracking echocardiography (STE)
can evaluate MI via end-systolic radial strain peak to reflect
segmental scar with very high sensitivity and specificity, and
when combined with blood pressure, non-invasive myocardial
work parameters (e.g., myocardial work index, constructive
work, and myocardial work efficiency) can be obtained and
are significantly lower in the segment with the largest LGE
than without LGE after contrasting with gadolinium (Mahdiui
et al., 2021). These parameters are emerging potential markers of
segmental myocardial viability, prognostic markers, and
therapeutic targets in STEMI patients with primary
percutaneous coronary intervention (PCI) (Mahdiui et al.,
2021). Moreover, LV mechanical dispersion measured by CMR
and STE is correlated with scar burden as a prognostic parameter
(Holtackers et al., 2021).

3.3 Computed tomography

Cardiac computed tomography (CT) estimates the extracellular
volume and macroscopic scar via CT delayed enhancement (CT-
DE) with relatively low iodine contrast compared to CMR-LGE
(Gupta et al., 2021). X-ray microCT implements quantitative 3D
analysis and visualization of cardiac fibrosis in MI mice (Janbandhu
et al., 2022).

3.4 Molecular imaging

CFs activation is promising for targeted therapy, which can be
detected and tracked by fibroblast activation protein (FAP) imaging
with novel radiotracer [68Ga]MHLL1 (Langer et al., 2021). FAP
imaging has also detected activated CFs in the non-edematous and
non-infarcted area in a prospective study of reperfused STEMI
patients (Xie et al., 2022). Moreover, FAP-α deletion attenuates
cardiac dilation in MI mice (Hoffmann et al., 2021). Additionally, a

retrospective study has found a strong correlation between CFs
activation volume with cardiac function and peak creatine kinase via
68Ga-FAP-α inhibitor positron-emission tomography (PET)
(Kessler et al., 2021), while PET and single-photon emission
computed tomography (SPECT) indirectly assessed cardiac
fibrosis via myocardial perfusion imaging (Gupta et al., 2021).
PET immunoimaging DOTATATE tracers can find high
expression of somatostatin receptor two in M1 inflammatory
macrophages (Toner et al., 2022). Multiparametric imaging
characterizes the immune response transforming to tissue repair
after MI (Hess et al., 2022).

3.5 Biomarkers

Rapidly advancing technologies favor post-MI fibrotic biomarkers
identification, such as MMP, collagen peptides, galectin-3, and ST-2
(Bostan et al., 2020), which can be combined withMI biomarkers, such
as creatine kinase-myocardial band (CK-MB), troponin, and
N-terminal-pro type brain natriuretic peptides (NT-proBNP). A
prospective study of 92 patients over 70 years old with MI finds
that patients over 70 years old with MI and fragility have
significantly higher levels of myocardial stress and fibrosis
(Aidumova et al., 2022). Galectin-3, a β-galactoside-binding lectin
mainly synthesized by macrophages, maintains cardiac structure and
function in the early MI stage, and promotes tissue fibrosis and scar
formation in the late stage (Leancă et al., 2022). The TNF-α, soluble
tumour necrosis factor-α receptor-1 and 2 and oxidative stress could be
considered as potential non-invasive diagnostic and therapeutic
biomarkers for coronary chronic total occlusion in the oldest
patients with coronary heart disease (Li et al., 2020e). Additionally,
lowmiR-26a plasma level is highly correlated with certainmarkers (e.g.,
CK-MB and troponin I) in STEMI patients (Chiang et al., 2020), and
immunoreactivity of Nε-(carboxymethyl)lysine is positively correlated
with NT-proBNP and cardiac fibrosis (Nogami et al., 2020).
Furthermore, abnormal myocardial collagen I and III release certain
peptides in the circulation as fibrotic markers (Nikolov and Popovski,
2022), such as PICP and PIIINP, directly correlating with indexes of
cardiac diastolic function (Osokina et al., 2020). Furthermore, serum
PIIINP of ≥381.4 ng/ml on the 12th day increases the risk of cardiac
fibrosis 1 year after the disease onset in STEMI patients with preserved
ejection fraction (EF) of I–III degree (Osokina et al., 2021). Moreover,
human epididymis factor-4 is an independent predictor of low EF as a
diagnostic marker and therapeutic target in cardiac fibrosis (Kilci et al.,
2021). ST-segment resolution (STR) is a marker for severe myocardial
fibrosis and is associated with scar thickness and size, while STEMI
patients with STR of <40.15% easily develop transmural scars (Dong
et al., 2021b). The combination of the ICTP/PIIINP ratio and
ST2 might aid in risk stratification and serve as prognosis
biomarkers in HF patients (Dupuy et al., 2019).

In addition to the above, more and more new technologies have
emerged, such as Bayesian cardiac strain imaging assessing murine
cardiac fibrosis (Al Mukaddim et al., 2022), single-cell mRNA
sequencing inspecting dynamic interstitial cell response in MI
mice (Forte et al., 2020), stereological method quantifying CMs
(Mühlfeld and Schipke, 2022), and high-throughput screening
differential genes expression of monocytes-CFs communication
(Wu et al., 2022b; Wu et al., 2022d).
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TABLE 1 Recent progress in clinical trials for treating fibrosis and its complications.

Interventions NCT
number

Status Phases Included
patients (n)

Research topic

Renin inhibitor Aliskiren NCT00414609 Completed Phase 3 820 Safety and efficacy of Aliskiren in patients
with MI

ACEI and ARB Ramipril, Candesartan Cilexetil,
Allopurinol

NCT01052272 Completed Phase 2|
Phase 3

72 Impact of diabetes on left ventricular
remodeling

Ramipril, Irbesartan NCT00517322 Unknown
status

Phase 4 80 Left atrial remodeling in hypertension: effects
of Ramipril or Irbesartan

Lisinopril NCT03422705 Not yet
recruiting

Phase 2 75 Preventing adverse remodeling following
pacemaker implantation

Telmisartan, Amlodipine NCT03956823 Unknown
status

Not
Applicable

300 Clinical efficacy of Telmisartan in reducing
cardiac remodeling among obese patients with
hypertension

Candesartan, Diltiazem,
Bisoprolol

NCT01162902 Unknown
status

Phase 4 150 Comparison of vascular remodeling between
different antianginal medication

Losartan NCT05607017 Not yet
recruiting

Early
Phase 1

10 Losartan in prevention of radiation-
induced HF

Valsartan NCT00133328 Completed Phase 4 3000 A morbidity-mortality and remodeling study
with Valsartan

Valsartan NCT01340326 Completed Phase 4 800 The impact of dose of Valsartan and genetic
polymorphism on ventricular remodeling
after MI

ARNI Sacubitril/Valsartan NCT02887183 Completed Phase 4 794 Effects of Sacubitril/Valsartan therapy on
biomarkers, myocardial remodeling and
outcomes

Sacubitril/Valsartan, Valsartan NCT03552575 Completed Phase 3 93 Effects of Sacubitril/Valsartan vs. Valsartan on
left ventricular remodeling after MI

Sacubitril/Valsartan,
Amlodipine

NCT04929600 Recruiting Phase 4 120 Sacubitril/Valsartan versus Amlodipine in
hypertension and left ventricular hypertrophy

Sacubitril/valsartan NCT05089539 Not yet
recruiting

Phase 2 60 The Effect of Sacubitril/Valsartan on cardiac
fibrosis in patients with HFpEF

Sacubitril/Valsartan, Enalapril,
Valsartan

NCT04912167 Not yet
recruiting

Phase 3 376 The Effects of Sacubitril-Valsartan vs.
Enalapril on left ventricular remodeling in
STEMI

Adrenergic
receptor inhibitors

Seloken ZOK/Toprol-XL NCT00038077 Completed Phase 3 300 Reversal of ventricular remodeling with
Toprol-XL

Carvedilol, Metoprolol
succinate, Metoprolol succinate

+ doxazosin

NCT01798992 Completed Phase 4 56 Effect of Beta-blockers on structural
remodeling and gene expression

MRA Eplerenone NCT00082589 Completed Phase 4 250 Effect of Eplerenone in patients with mild to
moderate HF

Eplerenone NCT00132093 Completed Phase 4 100 Effects of Eplerenone on left ventricular
remodeling following heart attack

Spironolactone NCT01069510 Completed Phase 2 40 Spironolactone in adult congenital heart
disease

Other diuretics Torasemide, Furosemide NCT00409942 Completed Phase 4 142 Effect of a new formulation of Torasemide on
myocardial fibrosis in patients with HF

Furosemide NCT04628325 Completed Phase 3 136 Effects of Furosemide plus small HSS in
subjects with HFrEF

Inflammation
modulators

Colchicine NCT03156816 Completed Phase 2 194 Colchicine for left ventricular remodeling
treatment in AMI

Colchicine NCT05709509 Recruiting Phase 4 148 Effect of Colchicine on MMP-9, NOX2, and
TGF-β1 in MI

(Continued on following page)
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TABLE 1 (Continued) Recent progress in clinical trials for treating fibrosis and its complications.

Interventions NCT
number

Status Phases Included
patients (n)

Research topic

Anakinra NCT01175018 Completed Phase 2 30 Anakinra to prevent adverse post-infarction
remodeling

TGF-β inhibitor Pirfenidone NCT02932566 Completed Phase 2 129 The Efficacy and safety of Pirfenidone in
patients with HFpEF

Prostacyclin
analogs

Beraprost NCT05103813 Recruiting Early
Phase 1

100 Effect of Beraprost on reperfusion therapy for
acute STEMI

beprostaglandin NCT05043558 Not yet
recruiting

Phase 1|
Phase 2

220 Effect of Prostaglandin on coronary
microcirculation and ventricular remodeling
after reperfusion therapy in acute STEMI

Platelet
aggregation
inhibitors

Ticagrelor, Clopidogrel NCT02224534 Unknown
status

Phase 4 326 Ticagrelor versus Clopidogrel in left
ventricular remodeling after STEMI

MMPs Doxycycline NCT00469261 Completed Phase 2 110 Doxycycline and post myocardial infarction
remodeling

Doxycycline NCT03960411 Unknown
status

Phase 3 80 Effect of Doxycycline on cardiac remodeling in
STEMI patients

BNP BNP NCT04033861 Unknown
status

Phase 4 352 Early rhBNP on myocardial remodeling and
reperfusion in patients with STEMI

SGLT2i Dapagliflozin NCT02397421 Completed Phase 4 56 Safety and effectiveness of SGLT2i in patients
with HF and DM

Dapagliflozin NCT03782259 Completed Phase 4 60 Effects of SGLT2i on myocardial fibrosis and
inflammation in patients With DM2

Dapagliflozin NCT05606718 Recruiting Phase 4 98 Effect of Dapagliflozin on functional mitral
regurgitation and myocardial fibrosis

Dapagliflozin NCT04783870 Recruiting Phase 4 60 Effect of Dapagliflozin on left ventricular
remodeling after AMI

Dapagliflozin NCT05305911 Recruiting Phase 2 80 SGLT2i and STEMI

Empagliflozin NCT04461041 Recruiting Phase 4 164 Effect of Empagliflozin on cardiac remodeling
in people without DM

Ertugliflozin NCT04490681 Unknown
status

Phase 3 52 Validation of Ertugliflozin for inhibiting
cardiac fibrosis in heart failure patients with
non-ischemic cardiomyopathy

Antilipemic agents Rosuvastatin NCT00240292 Completed Phase 3 160 Effect of Rosuvastatin on ventricular
remodeling lipids and cytokines

Rosuvastatin NCT00505154 Completed Phase 3 75 Effect of Rosuvastatin on left ventricular
remodeling

Rosuvastatin, Evolocumab NCT05613426 Not yet
recruiting

Phase 4 330 Effect of evolocumab on left ventricular
remodeling in patients with anterior STEMI
undergoing primary PCI

Atorvastatin NCT00795912 Completed Phase 4 56 Effect of Statins in patients with HF

Atorvastatin NCT00286312 Completed Phase 4 50 Effect of Atorvastatin on MI size

GRK2 Inhibitors Paroxetine NCT03274752 Completed Phase 2 50 Paroxetine-mediated GRK2 inhibition to
reduce cardiac remodeling after AMI

Others Regadenoson NCT02589977 Completed Phase 4 55 Evaluation of myocardial blood flow,
interstitial fibrosis and oxidative metabolism
in HFpEF

Epoetin alfa NCT00378352 Completed Phase 2 223 Effect of erythropoietin on ventricular
remodeling in patients with AMI

(Continued on following page)
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Therefore, developing new tools that allow both an early
detection of cardiac fibrosis and the determination of its origin
and characteristics will potentially lead to the rapid and efficient
treatment of patients.

4 Interventions for cardiac fibrosis

The therapies against cardiac fibrosis are still a focus of clinical
attention, and how to reverse fibrosis is always a hot topic.

Unfortunately, the effective measures are still lacking and lead to
the devastating clinical outcomes, despite the various encouraging
results from experimental studies (Morfino et al., 2022). In the
studies of clinical drugs, RAAS antagonists have been shown to
attenuate cardiac fibrosis and dysfunction, with clinical applications
limited by their hypotensive effects and inability to stop the fibrotic
progression (AlQudah et al., 2020). Conversely, TGF-β inhibitors
(e.g., pirfenidone) improve fibrosis, without affecting blood
pressure, but with unexpected side effects (e.g., liver toxicity). At
the meantime, some known drugs are going through different

TABLE 1 (Continued) Recent progress in clinical trials for treating fibrosis and its complications.

Interventions NCT
number

Status Phases Included
patients (n)

Research topic

Calcifediol NCT02548364 Active, not
recruiting

Phase 3 109 Effect of Vitamin D on ventricular remodeling
in patients with AMI

Ivabradine NCT05348057 Recruiting Phase 4 240 Effect of Ivabradine on the improvement of
left ventricular remodeling in STEMI patients
after primary PCI

Note: ACEI, angiotensin-converting enzyme inhibitors; ARB, angiotensin receptor blockers; BNP, brain natriuretic peptide; GRK, G-protein-coupled receptor kinase; HF, heart failure; HFpEF,

heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; HSS, hypertonic saline solutions; MI, myocardial infarction; MMPs, matrix metalloproteinases;

MRA, mineralocorticoid receptor antagonists; NOX2, nicotinamide adenine dinucleotide phosphate oxidase 2; PCI, percutaneous coronary intervention; RAAS, Renin-Angiotensin-

Aldosterone System; SGLT2i, sodium-glucose cotransporter 2 inhibitor; STEMI, ST-segment elevation myocardial infarction; TGF-β, transforming growth factor β.

FIGURE 2
Summary of the interventions of cardiac fibrosis. Note: CAR, chimeric antigen receptor; NLRP3: nod-like receptor protein three; RAAS: renin-
angiotensin-aldosterone system; SGLT2-i: sodium-glucose cotransporter-2 inhibitor; TGF-β: transforming growth factor β.
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phases of clinical trials (Table 1), such as RAAS inhibitors, sodium-
glucose cotransporter-2 inhibitors (SGLT2is), BNP, and
GRK2 inhibitors, in forms of monotherapy alone or combined
with other drugs. Furthermore, fibrosis involves multiple
molecules and processes (e.g., inflammatory cells recruitment,
molecular mediators release, collagen synthesis, cells
differention), which suggests small molecules targeting fibrosis
would be the promising interventions. However, these novel
therapies are still limited in preclinical studies without the
validation of clinical efficacies against fibrosis. For the
development of anti-fibrotic drugs, it is great important to apply
novel molecular targets or drug repurposing via screening drugs
tested and approved for other indications. In this section, we focus
on the known drugs, novel compounds and other treatments with
anti-fibrotic effects, which are shown in Figure 2 (The figure is
drawn by figdraw).

4.1 Pharmaceutical interventions

4.1.1 RAAS inhibitors
Several clinical trials of RAAS inhibitors are currently

progressing in different phases, which are presented in
Table 1. Other non-clinical trials have been reported in the
recent years. For example, sliskiren is not only the first Food
and Drug Administration-approved and orally active renin
inhibitor to treat hypertension, but also regulates collagen
metabolism and cardiac fibrosis in vivo and in vitro (Kleinert,
1996; Zhi et al., 2013). Additionally, compound 21 is a non-
peptide AT2R agonist with antifibrotic effect (Wang et al., 2017).
Targeting RAAS represents a promising therapeutic approach to
combat fibrosis, however, conventional RAAS inhibitors cannot
completely hamper the fibrotic progression. Together with ACEI,
ARNI sacubitril/valsartan suppresses cardiac dysfunction and
fibrosis via the downregulation of TGF-β1, BNP, α-SMA,
vimentin (Liu et al., 2021b). Furthermore, valsartan and
sacubitril/valsartan prevent adverse remodeling in MI rats by
reducing oxidative stress, inflammation, and fibrosis (Raj et al.,
2021). In MI with hypertensive rats model, the mineralocorticoid
receptor antagonist (MRA) spironolactone reduces CFs, MFs, and
macrophages infiltration in the heart and kidney (Leader et al.,
2021); however, it also binds other steroid receptors (e.g.,
progesterone and androgen receptors) causing side effects (e.g.,
gynecomastia and galactorrhea) (Weldon and Brown, 2019).
Moreover, eplerenone, a well-tolerated selective MRA,
decreases PIIINP with good efficacy when baseline PIIINP
is ≥3.6 mmol/L after MI with HF or diabetes (Stienen et al.,
2020). As a centrally acting aminopeptidase A inhibitor prodrug,
QGC606 inhibits the overactivation of the brain renin-
angiotensin system and fibrotic remodeling without lowering
blood pressure (Boitard et al., 2022).

4.1.2 TGF-β inhibitors
Antifibrotic drug pirfenidone, a TGF-β1 inhibitor, has been

identified from molecular information and transcriptomic data in a
swine MI model (Aimo et al., 2022a), whereas evidence in humans
has been limited to a phase 2 study evaluating extracellular volume
changes with CMR (Aimo et al., 2022b). The clinical use of

pirfenidone is limited by the high doses and various side effects.
In an article, the total releasing duration of pirfenidone is prolonged
by using acellular peritoneal matrix-loaded pirfenidone
nanodroplets, which alleviates cardiac fibrosis (Fu et al., 2022b).
Except pirfenidone, there are several interventions targeting TGF-β
signaling pathway against cardiac fibrosis, such as dihydrolycorine,
choline, indole alkaloids, and indole derivatives (Qin et al., 2022).
Moreover, 2,5-dimethylcelecoxib inhibits the TGF-β axis and
suppresses CF-to-MF transformation in a cryoinjury-induced MI
model (Ikushima et al., 2022). The caffeic acid p-nitro phenethyl
ester-pNO2 suppresses fibrosis, inflammation, and apoptosis via the
TGF-β1/Gal-3 pathway (Wan et al., 2022b). Additionally, thymosin
β4 decreases MFs growth and TGF-β1-induced activation to reduce
fibrosis (Wang et al., 2022c). Salinomycin inhibits CFs activation
and ECM secretion via the inhibition of TGF-β1-dependent p38/
MAPK and Rho-kinase pathway in CFs Ang II-infused mice (Burke
et al., 2021b). Nintedanib, another antifibrotic agent, was approved
to improve pulmonary fibrosis. But the evidence for its role in the
treatment of cardiac fibrosis is still lacking (Yvette, 2021).

4.1.3 Drugs targeting the natriuretic peptide family
Strong evidence shows that NPs treatment has beneficial effects

on post-MI cardiac remodeling. For example, a previous study has
demonstrated that intravenous administration of ANP inhibited
RAAS, SNS activity, MIRI, and cardiac remodeling in MI patients
(Kasama et al., 2008). Another study has found that continuous
CNP infusion (0.1 mg/kg/min) by osmotic mini-pump for 2 weeks
after permanent coronary artery occlusion prevents cardiac
remodeling (Wang et al., 2007). Further, when BNP (15 mg/kg/
day) is intravenously injected over 8 weeks in rats with permanent
coronary occlusion, BNP treatment prevents cardiac hypertrophy
and EF decline and decreases plasma Ang II level and collagen
content in the myocardium (He et al., 2009). Furthermore, after the
genetic knockout of Npr1 gene encoding NPR-A in mice, blood
pressure rises, and cardiac hypertrophy develops. Blood pressure
becomes elevated by 41 mmHg in Npr1−/− mice, together with a
60% increased heart weight/body weight ratio and CM
hypertrophy. These findings indicate that endogenous NPs can
prevent the development of cardiac hypertrophy (Vellaichamy
et al., 2014; Pandey, 2018). A fourth phase clinical trial is
ongoing to evaluate early rhBNP intervention in myocardial
remodeling and reperfusion in patients with STEMI (Table 1).
However, the current evidence mainly exists at the level of animal
experiments, and future clinical applications still need to be further
explored.

4.1.4 Endothelin-1
ET-1 plays a major role in regulating myocardial fibrosis in

several pathological conditions, and its receptor blocker might be
beneficial in attenuating biventricular remodeling (Ramos et al.,
2018). A few decades ago, studies found that ET-1 A and ET-1 A/B
receptor antagonists substantially improved survival, cardiac
function, and adverse cardiac remodeling (Sakai et al., 1996;
Fraccarollo et al., 2002). Current evidence suggests that ET-1 is
not only a molecular marker of cardiac fibrosis but also a novel
therapeutic target (Hoffman et al., 2019). However, there is still no
clinical evidence that drugs such as bosentan and enversentan have
therapeutic effects on cardiac fibrosis.
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4.1.5 Sodium-glucose cotransporter-2 inhibitors
In experimental studies and clinical trials, it has been

demonstrated that SGLT2is are cardioprotective independently
from controlling glucose, for instance, canagliflozin attenuates
fibrosis via reducing JAK/STAT signaling, activating adenosine
monophosphate-activated protein kinase, and antioxidant
signaling (Sabe et al., 2023). In clinical practice, empagliflozin
can significantly reduce mortality and hospitalization of HF
patients (Kang et al., 2020). It reduces collagen deposit and
fibrosis without improving cardiac function via the inhibition of
the TGF-β1/smad3 pathway during the early post-MI period (Daud
et al., 2021). However, another study reports that the short-term and
low-dose empagliflozin increases cardiac systolic function by
downregulating MMP-9 and sodium hydrogen exchanger one
and upregulating sarco/endoplasmic reticulum Ca2+-ATPase
without changing arterial stiffness, blood pressure, fibrotic
markers levels, and necroptosis (Goerg et al., 2021). Another
selective SGLT1 inhibitor KGA-2727 improves fibrotic
remodeling in MI mice (Sawa et al., 2020). Moreover, the
DELIVER trial finds dapagliflozin reduces the combined risk of
worsening heart failure or cardiovascular death among patients with
mildly HFpEF (Solomon et al., 2022). In HFpEF pigs, it also
decreases hypertension and reverses concentric remodeling of the
heart, with the inhibition of inflammatory response and NO-cGMP-
PKG pathway activation (Zhang et al., 2019b). Regrettably, SGLT2i
cannot reduce extracellular volume expansion expanded by
myocardial interstitial fibrosis (Bojer et al., 2022). Except SGLT2i,
there are also other hypoglycemic agents associated with cardiac
fibrosis. For example, metformin reduces collagen IIIA1, α-SMA,
and CD68 levels after 2 weeks of reperfusion and improves fibrotic
remodeling (Loi et al., 2021). Furthermore, metformin and
cyclosporin A exert cardiac protection by regulating the balance
between AMPK and apoptosis in the mitochondria of bile duct-
ligated rats (Moheimani et al., 2021).

4.2 Targeting the immune system

The immune system is activated by MI, which can be a
therapeutic target. Thus, immune-related interventions have been
a study hotspot with the advance of precision medicine; for instance,
the injection of human vascular cell adhesion molecule 1-expressing
CFs restores cardiac function by promoting lymphangiogenesis
(Iwamiya et al., 2020). Additionally, CD34 cells, isolated from
mobilized human mononuclear peripheral blood cells, reduce
cardiac scar and fibrosis in MI mice (Tripathi et al., 2020). A
ligand-binding blocking anti-CD28 monoclonal antibody
improves post-MI healing in mice (Gladow et al., 2020).
Furthermore, the immune checkpoint programmed cell death
protein one inhibits immune response to prevent damage, and its
depletion increases T-cell infiltration in reperfused MI (Michel et al.,
2022). In addition, high B cell counts are correlated with enhanced
EF in MI patients with PCI, and empagliflozin can treat the MI-
induced B cell developmental arrest (Xu et al., 2022b). Moreover,
glucocorticoids released by the neuroendocrine system induce Na+/
H+-exchanger 1-mediated autophagic death of bone marrow B cells
and reduce B cell progenitor proliferation and differentiation (Xu
et al., 2022b). Another study reports that adoptive transfer of

atorvastatin-induced tolerogenic dendritic cells alleviates CMs
apoptosis, fibrosis, inflammatory cells infiltration, and oxidative
stress by suppressing TLR-4/NF-κB pathway in MI (Wang et al.,
2023).

4.2.1 Targeting the macrophages
Recently, massive studies focus on the detrimental macrophages

as the antifibrotic therapeutic targets. For example, cardiac rupture
may be induced by macrophage-induced inflammation and
downregulated activation of reparative MFs. In the macrophage
protease-activated receptor two knockout mice, there are down-
regulation of proinflammatory cytokines, recruitment of
macrophages, fibrosis in a remote area, and macrophage-derived
interferon-β expression, which stimulate the JAK/STAT3 pathway
in CFs (Zuo et al., 2020). In addition, granulocyte colony-
stimulating factor (G-CSF) improves cardiac remodeling by
upregulating JAK2/STAT3 axis (Wang et al., 2020h). Further,
N-Propargyl caffeate amide promotes pro-resolving macrophage
polarization and prevents cardiac fibrosis by activating peroxisome
proliferator-activated receptors-γ (PPAR-γ) pathway (Cheng et al.,
2020). Interestingly, cortical bone stem cells can induce a novel
macrophage phenotype to modify cardiac inflammation after MI
(Hobby et al., 2021). Moreover, hypoxia-induced mitogenic factor
deletion promotes M2 macrophages and inhibits M1 macrophages
polarization to improve cardiac repair (Li et al., 2021f). M2b
macrophages reduce the amount of collagen I and α-SMA,
proliferation and migration of CFs, and differentiation of CFs
into MFs, whereas M2a macrophages are profibrotic
macrophages with opposite effects (Yue et al., 2020). The
activation of M2-like macrophage-derived neuregulin-1/ERBB/
PI3K/Akt signaling attenuates apoptosis and senescence of CFs in
mice (Shiraishi et al., 2022). In infiltrated macrophages, a selective
STING inhibitor H-151, alleviates cardiac fibrosis in the MI mouse
model via the inhibition of cardiac dsDNA-triggered type I
interferon response (Hu et al., 2022b). Furthermore, the
knockdown of interferon-induced protein with tetratricopeptide
repeats three in MI reduces the amount of CD68+ macrophages,
TNF-α, IL-1β and IL-6 levels, infarct size, fibrosis, and collagen
content (Sun et al., 2021a; Sun et al., 2021b). 5-methoxytryptophan
reduces fibrosis by downregulating macrophages and T-cells
infiltration (Hsu et al., 2021). Additionally, 2-benzylidene-3-
cyclohexylamino-2,3-dihydro-1H-inden-1-one, the dual-specificity
phosphatase six inhibitor, improves cardiac dysfunction and fibrosis
in MI rats by inhibiting macrophages formation and inflammation
after MI (Zhang et al., 2023). Taken together, the future studies
might focus on modulating different populations and phenotypes of
macrophages to improve patient prognosis and cardiac remodeling.

4.2.2 Targeting the NLRP3 inflammasome
Several studies about NLRP3 inflammasome in the process of

post-MI fibrosis have been reported. NLRP3 inflammasome is a
proteolytic complex of the NLRP3 protein, procaspase-1, and
apoptosis-associated speck-like protein (Zhang et al., 2022c),
which regulates inflammatory response, pyroptosis and
mitochondria and MF differentiation in cardiac fibrosis. Thus, it
may represent a new therapeutical target, and its inhibitor oridonin
decreases IL-1β and IL-18 levels and ameliorates myocardial fibrosis
in MI mice (Gao et al., 2021). Moreover, calcium-sensing receptor
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activates the NLRP3 inflammasome in neutrophils and promotes
apoptosis and fibrosis after MI, which is inhibited by Calhex231 (Liu
et al., 2020b). Further, the N-butylidenephthalide-pretreated aging
MI rats improves human adipose-derived stem cell engraftment and
attenuates NLRP3 inflammasome-mediated cardiac fibrosis (Lee
et al., 2020). Additionally, glycogen synthase kinase-3 inhibition
suppresses the activation of NLRP3 inflammasome in CFs but not in
CMs (Wang et al., 2020g). Therapeutic hypothermia attenuates
MIRI via regulating sirtuin 3/NLRP3 signalling pathway (Zhang
et al., 2022a). Thereby, the NLRP3 inflammasome is a key anti-
fibrotic mediator, and its inhibition has beneficial effects on cardiac

remodeling. Furthermore, its non-specific inhibitor colchicine is
going on some clinical trials (Table 1).

4.3 Interventions for epigenetic regulation

4.3.1 Histone acetylation and methylation
The challenge of epigenetic editing regarding specific cellular

targets can provide promising therapeutic options in the coming
years. Large preclinical studies have demonstrated the
cardioprotective effects of histone deacetylase inhibitors via

TABLE 2 The fibrotic modulatory effects of extracellular vesicles in myocardial infarction.

Extracellular vesicles Model in vitro/vivo Target gene/signaling
pathway

The fibrotic modulatory effects References

BMMSCs-derived-exosomal
miR-29b-3p

MI rat model ADAMTS16 cardiac fibrosis ↓ Zheng et al. (2022)

BMMSC-exosomes-miR-
19a/19b

MImouse model, hypoxic HL-1
cells

Bim and PTEN cardiac fibrosis↓ Wang et al. (2020f)

BMMSCs-derived exosomes MI rat model EZH2/HMGA2/PI3K/Akt axis cardiac fibrosis ↓ Jiao et al. (2022)

BMMSCs-derived EVs AMI-induced HF rat model,
hypoxic HUVECs

BMP2 cardiac fibrosis ↓ Xuan et al. (2022)

MSCs-EVs-miR-200b-3p MI mouse model BCL2L11/NLRP1 cardiac fibrosis↓ Wan et al. (2022a)

MSCs-derived EVs-miR-
212-5p

clinical cardiac Samples, MI
mouse model, CFs

NLRC5/VEGF/TGF-β1/smad cardiac fibrosis ↓ Wu et al. (2022c)

telomerase/myocardin-
coexpressing-MSCs

MI mouse model miR-320a, miR-150-5p and miR-
126-3p

myocardial revascularization ↑ tissue repair
↑cardiac fibrosis↓

Madonna et al.
(2020)

EAT-secretory products MI rat model, H9C2, CFs EAT/miR-134-5p cardiac fibrosis↑ Hao et al. (2021)

UMSC with β2 microglobulin
deletion

MI rat model Exosome/miR-24/Bim cardiac fibrosis↓ Shao et al. (2020)

hAECs-derived exosomes MI rat model Exosomes angiogenesis↑ apoptosis and fibrosis↓ Zhang et al. (2021c)

hPSCs–derived CPCs-EVs MI mouse model; OGD-treated
cardiomyocytes

LncRNA MALAT1/miR-497 cardiac fibrosis↓ Wu et al. (2020)

iPSC-derived CPC-EVs MI mouse model MiR-133-a1 expression of several pro-fibrotic genes↓ anti-
fibrotic miR-133-a1↑

Lima Correa et al.
(2021)

CBSC-derived exosomes I/R mouse model, TGF-β1-
treated CFs

small nucleolar RNA signaling cardiac fibrosis↓ Schena et al. (2021)

Macrophages-EVs-circUbe3a MI mouse model; CFs miR-138-5p/RhoC proliferation, migration, and phenotypic
transformation of CFs↑ cardiac fibrosis↑

Wang et al. (2021f)

Macrophages-derived
exosome-miR-21-5p

MI mouse model Metalloproteinase 3 cardiac fibrosis↑ Dong et al. (2021a)

iCMs-exosomes-miR-181a MI rat model; iPSC and iCMs Sacubitril/Valsart inhibited
exosomal miR-181a

cardiac fibrosis↓ Vaskova et al.
(2020)

iCMs-exosomes MI mouse model, hypoxic
cardiomyocytes

the regulation of autophagy cardiac fibrosis ↓ Santoso et al.
(2020)

Note: ADSC, adipose-derived stem cells; ADAMTS16, a disintegrin and metalloproteinase with thrombospondin motifs 16; AT, adipose tissue; BCL2L11, Bcl-2–like protein 11; BMMSC, bone

marrowmesenchymal stem cell; Bim, Bcl-2 interacting mediator of cell death; BMP2, bonemorphogenetic protein 2; CBSC, cortical bone stem cell; CFs, cardiac fibroblasts; CPC, cardiovascular

progenitor cells; CVPCs, cardiovascular progenitor cells; EAT, epicardial adipose tissue; EVs, extracellular vesicles; EZH2, enhancer of zeste 2 polycomb repressive complex 2 subunit; hAECs,

human amniotic epithelial cells; HF, heart failure; HMGA2, high mobility group AT-hook 2; hPSCs, human pluripotent stem cells; HUVECs, human umbilical vein endothelial cells; iCMs,

induced pluripotent stem cell-derived cardiomyocytes; I/R, ischemia/reperfusion; iPSC, induced pluripotent stem cell; MALAT1, metastasis-associated lung adenocarcinoma transcript 1; MI,

myocardial infarction; MSC, mesenchymal stem cell; NLRP1, NLR family pyrin domain containing 1; NLRC5, nucleotidebinding and oligomerization domain-like receptor family Caspase

recruitment domain–containing 5; OGD, oxygen-glucose deprivation; PI3K, phosphatidylinositol 3 kinase; PTEN, phosphatase and tensin homolog; TGF-β1, transforming growth factor β1;
UMSC, umbilical mesenchymal stem cells; VEGF, vascular endothelial growth factor.

Frontiers in Pharmacology frontiersin.org16

Yin et al. 10.3389/fphar.2023.1070973

258

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1070973


various mechanisms, such as the suppression of cardiac fibrosis,
enhancement of angiogenesis and mitochondrial biogenesis, and
prevention of electrical remodeling (Chun, 2020). Moreover,
polyunsaturated fatty acids, eicosapentaenoic acid, and
docosahexaenoic acid prevent cardiac remodeling by inhibiting
p300-histone acetyl-transferase activity in MI rats (Sunagawa
et al., 2022a), with the same efficacy as the inhibition of jumonji
domain-containing protein three histone demethylase (Long et al.,
2020). The inhibition of the disruptor of telomeric silencing 1-like
expression reduces methylation modification of histone H3 on
spleen tyrosine kinase promoter, which can inhibit the TGF-β1/
smad3 axis and prevent myocardial fibrosis and CFs proliferation (Li
et al., 2022a). Moreover, silence of methyltransferase-like 3 decreases
m6A modification on fibrotic genes and reduces CFs proliferation
and TGF-β1-induced collagen production (Li et al., 2021e).

4.3.2 Intervention for ubiquitin
Conserved small molecular protein ubiquitin regulates protein

turnover via the ubiquitin-proteasome system. Post-ischemic
ubiquitin treatment attenuates cardiac dysfunction, myocardial
fibrosis, apoptosis, hypertrophy, and serum cytokine/chemokine
levels (Dalal et al., 2023), which suggests ubiquitin has a
protective role in cardiac remodeling. Conversely, an endogenous
E3 ubiquitin ligase ring-finger protein four knockdown induces
extensive interstitial fibrosis after MI (Qiu et al., 2020). Additionally,
ubiquitin C-terminal hydrolase L1 regulates cardiac fibrosis through
glucose-regulated protein (Lei et al., 2020).

4.3.3 Non-coding RNAs
The protein-coding genes are rare, meanwhile the majority of

the transcribed genome are non-coding RNAs that mainly including
microRNA, circular RNA (circRNA), long non-coding RNA
(lncRNA). Numerous studies suggest that non-coding RNAs
participate in pathophysiological process of post-MI fibrosis as
epigenetic regulators, with the specialization of tissues and cells,
so it is necessary to study the role of non-coding RNAs in fibrotic
regulation and molecular mechanisms (Supplemental Table S1). In
addition, non-coding RNAs can be carried into target cells by
extracellular vesicles (EVs) (e.g., exosomes) with capacity to
escape from immunogen clearance, and emerging studies show
that they regulate fibrosis as diagnostic markers and therapeutic
targets in MI (Table 2). With technical advances, extrusion filters
produce massive EVs from live cells with native effects (Wang et al.,
2021e) and the modulation of exosome imprinting repairs damaged
tissue without immune rejection (Hill et al., 2022). Based on the
above information, future research might be focusing on their
biodistribution and precise delivery to target cells against cardiac
fibrosis.

4.4 Regenerative medicine

Regenerative medicine is a challenging and broad interesting
topic with enormous potential to regenerate novel cells by injecting
cells, growth factors, and biomaterials and reprogramming,
considering fibrotic scar structure and mechanics, to facilitate
novel cell differentiation, maintenance, and function in the
extracellular microenvironment (French and Holmes, 2019).

4.4.1 Cell therapy
It’s a novel direction for anti-fibrotic treatment based on cell

therapy in recent years. Given revascularization after MI as a
cornerstone of current treatment, cell therapy seems like an ideal
therapy. Because of the paracrine effects promoting repair of
mesenchymal stem cells (MSCs), preconditioned MSCs in situ
may be promising for post-MI repair (Sim et al., 2021). The
paracrine therapeutic anti-inflammatory and antifibrotic effects of
human amniotic MSCs are increased by S100A8/A9 and calcium-
binding proteins after MI (Chen et al., 2021c). Moreover,
subcutaneous implantation of TheraCyte devices encapsulating
human W8B2+ cardiac stem cells improves cardiac remodeling
and function after MI (Kompa et al., 2021), and stem cells-
derived CMs patches restore normal electrical propagation
without the risk of arrhythmia (Fassina et al., 2022). Induced
cardiosphere (iCS) can be produced by self-replicative RNA
approach, differentiating into CMs, while intravenous and
intramyocardial injection of C-X-C chemokine receptor four
positive subpopulation of iCS-derived cells has similar
therapeutic effects in the mice MI model (Xu et al., 2021a).
Additionally, intracoronary injection of allogeneic cardiosphere-
derived cells immediately prior to reperfusion in an AMI pig
model impedes adverse remodeling (Sousonis et al., 2021). The
human amniotic membrane MSCs-derived conditioned medium
modulates autophagy via mTOR/ULK1 pathway to against MIRI.
(Mokhtari et al., 2021). The skeletal muscle-derived Sca-1+/PW1+/
Pax7− interstitial cells attenuate cardiac remodeling after
transplanted into the infarcted myocardium (Ruchaya et al., 2022).

4.4.2 Cardiac reprogramming
Pluripotent stem cells generate functional CMs for post-MI

regeneration, and cardiac reprogramming in vivo generates
chamber-matched new CMs (Zhang et al., 2021d).
Additionally, CFs can be reprogrammed into CMs and
cardiovascular progenitor cells via lentiviral packaging
techniques (Isomi et al., 2021) and CRISPR (Jiang et al.,
2022), respectively. Moreover, microRNA-delivery platforms
efficiently reprogram CFs into induced CMs (Yang et al.,
2021a) or non-CMs into CMs-like cells (Kaur et al., 2021).
Further, photo biomodulation therapy modulates gene
transcription and miRNA expression to reverse the profibrotic
signaling pathway (Feliciano et al., 2022), and fibroblast cilia
regulates cardiac regeneration (Djenoune et al., 2022). A study
has used miR-208b-3p mimic, ascorbic acid, and BMP4 to
reprogram mouse tail-tip CFs into different cells (CMs,
endothelial cells, and smooth muscle cells) and form
cardiovascular tissue-like structure (Cho et al., 2021).
Additionally, anti-BMP 1.3 monoclonal antibody inhibits the
TGF-β pathway to reduce MFs activation and scar formation and
exerts cardiac protection through BMP 5 (Vukicevic et al., 2022).

4.4.3 Revascularization
As the main goal of treatment in MI, revascularization restores

myocardial perfusion and reduces the infarction size, and improves
cardiac function (Solhpour and Yusuf, 2014). PCI is the standard
therapy for patients presenting in the first 12h from symptom onset,
however, early thrombolysis should be considered with the absence
of PCI (Leancă et al., 2022). Despite the above therapies, cardiac
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remodeling is still in one-third of MI patients (Solhpour and Yusuf,
2014). Macrophages and CFs also cause vascular disintegration and
capillary rarefication (Wu et al., 2021b). Fortunately, the
prevascularized cell sheets use reprogrammed cardiac cells to
improve adverse remodeling (Song et al., 2020). High mobility
group box one protein recruits bone marrow PDGFRα+-
mesenchymal cells to induce angiogenesis and antifibrotic effect
(Goto et al., 2020). However, these are basic studies without clinical
applications. In a transmural scar distal to total coronary occlusion,
up to 2 weeks afterMI, large andmedium coronary arteries maintain
structural integrity, but are destroyed by subsequently progressive
neointimal hyperplasia, intravascular fibrosis, and inward
remodeling (Dedkov, 2021). Hence, the time frame for
revascularization and optimizing cell-based regenerative therapies
is the first 2 weeks in MI rats, but it is longer in humans (Dedkov,
2021).

4.4.4 Biomaterials
Biomaterials (e.g., hydrogels, nanocarriers, and cardiac patches)

support self-renewal in the injured heart, with reliable biosafety and
moderate promise, on-demand biodegradation, and multiple
biofunctions to deliver the therapeutic drugs; for instance, a type of
hydrogel injected in the peri-infarcted zone promotes fibrotic healing in
the infarct zone and inhibits reactive fibrosis and hypertrophy in the
remote zone (Wen et al., 2020). Another injectable thermosensitive
hydrogel of chitosan/dextran/β-glycerophosphate delivers umbilical cord
MSCs to repair the damaged heart (Ke et al., 2020), while injectable
disulfide-cross-linked chitosan hydrogel loaded with basic FGF
synergistically exerts antifibrotic, antiapoptotic, and proangiogenic
effects (Fu et al., 2022a). Moreover, a conductive and MMP-
degradable hydrogel stabilizes hypoxia-inducible factor 1-α to reduce
the infarcted area and inflammation factors, promote vascularization and
the expression of junctional protein connexin 43, and recover cardiac
function (Wei et al., 2022). The miR-124-3p-loaded nanoparticles
activate PTEN/P13K/Akt pathway to decrease oxidative stress and
myocardial injury (Cheng et al., 2022). However, there are still many
matters that have not been figured out, such as the analysis of dyskinesia
of the infarct zone, the mechanical properties of myocardium, and the
key mechanisms underlying the cardiac benefits of a hydrogel
implantation. Thus, hydrogels are still difficult to translate from
preclinical studies to humans.

4.4.5 Cardiac biomechanical modeling
Cardiac biomechanical modeling is a promising new tool for MI

prognosis and therapy, such as a computational model predicting
multiple time-dependent paracrine and intracellular drivers of CFs
phenotype and post-MI fibrosis (Zeigler et al., 2020). Additionally, a
library of scar tissue mechanical properties allows for the mechanics
of cardiac modeling to assess the healing stage, rate, and collagen
density, which can be potentially used as valuable biomarkers and
therapies (Dempsey et al., 2020).

4.5 New strategies

4.5.1 Traditional medication
Traditional medication has developed for thousands of years as

an ancient wisdom, with various herbal drugs and their isolated

compounds. Recently, some studies have been performed to evaluate
the anti-fibrotic efficacy of traditional medication and compounds
as innovative antifibrotic therapies. For example, both fasudil and
aconite ameliorate myocardial fibrosis (Xiang et al., 2022; Xing et al.,
2022). Danqi soft capsule inhibits CFs proliferation and migration,
collagen secretion, and CF-to-MF transformation in post-MI HF
rats (Ma et al., 2022). Many studies have demonstrated the signaling
pathways of traditional medication. Calycosin and taohong siwu
decoction suppress TGF-β1-induced CFs proliferation and collagen
deposition (Tan et al., 2021; Chen et al., 2022a). Moreover,
zerumbone, ganxin V, nutmeg-5, ginsenoside Rg2, jatrorrhizine,
cardiotonic pill, and huoxin pill all regulate the TGF-β1/smad
pathway to attenuate fibrosis (Li et al., 2020d; Wang et al.,
2021b; Yan et al., 2022a; Yan et al., 2022b; Li et al., 2022c; Hao
and Jiao, 2022; Liang et al., 2022). Moreover, citri reticulatae
pericarpium also reduces CMs apoptosis, CFs proliferation, and
CF-to-MF transformation by upregulating PPAR-γ expression
(Chen et al., 2022c), while auraptene improves cardiac
hypertrophy and dysfunction via activating PPARα (Sunagawa
et al., 2022b). Tanshinone IIA suppresses inflammation and
fibrosis via the regulation of NADPH oxidase 4 (Chen et al.,
2021b). Additionally, panaxatriol saponin inhibits CFs activation
and proliferation and fibrosis by regulating oxidative stress and
Nrf2 pathway (Yao et al., 2022). Astragaloside IV improves fibrosis
by suppressing ROS/Caspase-1/GSDMD pathway (Zhang et al.,
2022d), and liquiritin play the same role via the inhibition of
CCL5 expression and NF-κB pathway (Han et al., 2022). Storax
effectively protects cardiomyocytes against myocardial fibrosis and
cardiac dysfunction by inhibiting the AT1R/ankyrin repeat
domain 1/p53 signaling pathway (Xu et al., 2022c). In addition,
nutraceuticals (e.g., curcumin, berberine, hibiscus
roselle, flaxseed, and garlic alliin) are useful as antifibrotic
substances acting via multiple signaling pathways (Zivarpour
et al., 2022).

4.5.2 Exercise
In the modern era, unhealthy lifestyle (e.g., alcohol drinking,

binge eating, smoking, physical inactivity) has been established as a
risk factor for MI. Except for drug therapy, exercise-based cardiac
rehabilitation should be taken into consideration to prevent the
progression of adverse cardiac remodeling. For example, exercise
significantly improves post-MI survival in the diet-induced obesity
model (Peres Valgas Da Silva et al., 2022). Furthermore, moderate
resistance exercise activates CMs proliferation through follistatin-
like 1 (Hu et al., 2020). Moreover, exercise training increases FGF
21 and regulates the TGF-β1-smad2/3-MMP2/9 axis (Ma et al.,
2021) and expression of lncRNAs H19, GAS5, and MIAT to
decrease fibrosis in MI mice (Farsangi et al., 2021).
Additionally, exercise inhibits tryptase release by mast cells and
cardiac fibrosis (Bayat et al., 2021). The preconditioning with high-
intensity interval training decreases heart injuries by increasing
G-CSF and G-CSFR in the MI mouse model (Ghanimati et al.,
2020). Noteworthily, the effect of combining the exercise with
dietary intervention has been well validated. For example, aerobic-
resistance training combined with vitamin D3 supplement
suppresses the expression of TGF-β1, smad2/3, and collagen I
and III to alleviate myocardial fibrosis and dysfunction
(Mehdipoor et al., 2021).
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4.5.3 CAR-T cell therapy
Anti-fibrotic T-cell therapy with chimeric antigen receptor

(CAR) is engineered receptors with function to redirect
lymphocytes to recognize and eliminate cells expressing a specific
target antigen. This interaction occurs in a specific CAR domain
called “antigen binding domain” and allows endogenous activation
of T cells, with subsequent elimination of target cells (Morfino et al.,
2022). Aghajanian and his colleagues firstly investigated that T-cell
immunotherapy could specifically target pathologic cardiac fibrosis.
The endogenous cardiac fibroblasts target FAP has been shown to
benefit cardiac fibrosis. Adoptive transfer of T cells expressing a
CAR against FAP, results in a significant reduction in cardiac
fibrosis and restoration of function after injury in mice
(Aghajanian et al., 2019). Moreover, a new approach is
represented by the use of CAR-T cells engineered in vivo using
lipid nanoparticles containing mRNA coding for a receptor directed
against the FAP protein, expressed by MFs (Rurik et al., 2022). This
strategy has proved to be safe and effective in reducing myocardial
fibrosis and improving cardiac function in mice. However, there are
still many limitations to this approach. For example, it may lead to
antigen escape and the syndrome of release of pro-inflammatory
cytokines (Asnani, 2018; Majzner and Mackall, 2018; Ghosh et al.,
2020). Thus, potential toxicity associated with CAR-T cell therapy
has stimulated the search for alternative approaches, such as the use
of CAR-natural killer cells, and safer cell programming methods. To
sum up, the anti-fibrotic management following MI is still a serious
challenge, and current therapies involving protecting the remaining
CMs and preventing fibrosis.

4.5.4 Intervention for metabolic abnormalities
Metabolism is an essential process for the maintenance of life,

and metabolic homeostasis needs the coordination of anabolism and
catabolism, which have been extensively studied. Recent studies
involve metabolism of glucose, lipid, nucleotide, amino acid and so
on. For example, glycolysis is not only related to TGF-β and
Krüppel-like factor 5 signaling (Methatham et al., 2022), but also
is inhibited by kallistatin/serpina3c to reduce post-MI fibrosis by
activating Nr4a1 (Ji et al., 2022a). Protein kinase R regulates
inflammation, insulin resistance, and glucose balance to improve
cardiac fibrosis in isoproterenol-induced MI rats (Mangali et al.,
2021). The high-density lipoproteins and stimulator of steroid
receptor coactivators MCB-613 induce reverse remodeling via the
reduction of cardiac dysfunction, hypertrophy, and fibrosis (De
Geest and Mishra, 2021). Lysophosphatidic acid-lysophosphatidic
acid receptor two signaling promotes angiogenesis and maintains
vascular homeostasis to reduce scar formation and cardiac
dysfunction (Pei et al., 2022). Furthermore, ketone ester
reprograms gene expression of ketone body utilization and
normalizes ATP production in post-infarct remodeling (Yurista
et al., 2021). Sphingosine kinase one inhibitor PF543 reduces α-
SMA, collagen, IL-1β, IL-6, and TNF-α levels to decrease myocardial
injury, fibrosis, and inflammation (Wu et al., 2022a). Notably,
deoxycholic acid-G protein-coupled bile acid receptor pathway
activation also decreases inflammation and fibrosis (Wang et al.,
2021a). Recombinant slit2, a secretive ECM protein, regulates the
level of blood lipid decreasing total cholesterol, triglycerides, and
low-density lipoprotein cholesterol, and increasing high-density
lipoprotein cholesterol level in rats, which relieves the myocardial

fibrosis, inflammation and oxidative stress in coronary heart disease
(Liu et al., 2021a).

Following, we summarize the recent studies about amino acids
and nucleotides. The inhibition of cardiac thyrotropin-releasing
hormone reduces post-infarct hypertrophy and fibrosis (Schuman
et al., 2021). Additionally, triiodothyronine pretreatment improves
post-MI dysfunction and inhibits fibrosis by activating the insulin-
like growth factor-1/PI3K/Akt signaling pathway (Zeng et al., 2021).
In an MI sheep model, the upregulation of 5-hydroxytryptamine
induces valve fibrosis, which could be improved by cyproheptadine
(Marsit et al., 2022). Oral propionate, the important components of
short-chain fatty acids, modulates macrophages polarization and
pro-inflammatory cytokine via reducing JNK/p38/NF-κB
phosphorylation to improve post-MI chronic cardiac remodeling
(Zhou et al., 2023). The upregulated expression of ectonucleotide
pyrophosphatase/phosphodiesterase 1 (ENPP1) after a cardiac
injury can regulate cardiac repair, whereas uridine or
ENPP1 inhibitor myricetin enhances cardiac repair by targeting
the ENPP1/adenosine monophosphate (AMP) pathway (Li et al.,
2022e).

Lastly, there are some other metabolic researches, for instance,
chronic daily alcohol uptake enhances MI-induced cardiac
dysfunction, fibrosis, and mitochondrial dysfunction (Liang et al.,
2020). Urolithin A, a type of gut bacterial metabolite, inhibits
myocardial fibrosis by activating the Nrf2 pathway (Chen et al.,
2022d). Additionally, dimethyl fumarate promotes anti-
inflammatory and preparative regulation by modulating oxidative
metabolism in macrophages and CFs (Mouton et al., 2021).
Furthermore, atypical chemokine receptor four deletion inhibits
IL-6 expression and CFs proliferation to alleviate cardiac remodeling
(Zhang et al., 2021a; Zhang et al., 2021b). Copper is reduced in
myocardial ischemia-induced cardiac fibrosis, while it inhibits the
CF-to-MF transformation as a pro-fibrinolytic switch and improves
cardiac function (Xiao et al., 2023).

Post-MI cardiac fibrosis is related to unbalance of energy
substrate metabolism (e.g., glucose, lipid, and amino acid).
Furthermore, it is an energy-consuming process, which suggests
that interventions of cardiac fibrosis combined with metabolic
abnormalities are very important, with the positive efficacies
against fibrosis.

4.5.5 New pharmaceutical targets
An increasing number of new pharmaceutical targets have been

developed, such as a soluble epoxide hydrolase vaccine, which
improves cardiac function, and boron, as well as a new ligand of
the apelin peptide jejunum receptor apela, which reduce myocardial
fibrosis and apoptosis (Bouchareb et al., 2020; Pan et al., 2020;
Kitsuka et al., 2022). There are also interventions targeting
inflammation response, for instance, the inhibition of coagulation
protein tissue factor cytoplasmic domain improves cardiac
remodeling by regulating inflammation and angiogenesis (Chong
et al., 2021). Resveratrol supplementation also decreases
proinflammatory cytokine levels, cardiac dysfunction, and atrial
interstitial fibrosis in MI-induced rats (Jiang et al., 2021).

Moreover, There are many other drugs that can improve
fibrosis, such as piperine, thymoquinone, an oleanolic acid Qi-
Tai-Suan, spinal cord stimulation and exogenous hydrogen
sulfide (Li et al., 2020f; Viswanadha et al., 2020; Farag et al.,
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2021; Qian et al., 2022; He et al., 2023). Endostatin, alarin, L-
carnitine, pentraxin 3 depletion, and mdivi-1 also can attenuate
oxidative stress to inhibit myocardial fibrosis (Li et al., 2021b; Xu
et al., 2021b; Emran et al., 2021; Xu et al., 2022a; Ding et al., 2022).

In experimental studies are useful to regulate cardiac fibrosis,
even without clinical applications. For example, ephrinA1-Fc
attenuates chronically non-reperfused post-MI remodeling
(Whitehurst et al., 2020). Secreted frizzled protein three protects
the heart via ischemic preconditioning in a pig model (Vatner et al.,
2021). Upregulation of periostin regulates post-infarct fibrosis via
cyclic AMP response element-binding protein 1 (Xue et al., 2020;
Xue et al., 2022). Anti-proprotein convertase subtilisin/kexin type
9 intervention reduces infarct size and cardiac dysfunction (Guo
et al., 2021). Epoxylipids improve cardiac fibrosis and dysfunction
(Imig et al., 2022). Furthermore, menthol and HC-030031 reduces
cardiac fibrosis via the regulation of cation channel (Li et al., 2020c;
Wang et al., 2020e). As a pleiotropic hormone, serelaxin mitigates
adverse remodeling and modulates bioactive sphingolipid signaling
(Devarakonda et al., 2022). Additionally, nesfatin-1 suppresses
necroptosis via regulating receptor-interacting protein kinase
(RIPK) 1/RIPK3/mixed lineage kinase domain-like protein axis
and RhoA/ Rho-associated coiled-coil-containing protein kinase/
RIP3pathway (Sharifi et al., 2021). Pulsed-field ablation exerts
ablating ventricular scar, and eliminates viable myocardium
separated from the catheter by collagen and fat (Younis et al.,
2022). Calpain inhibition decreases collagen formation (Potz
et al., 2022). The purified human tropoelastin significantly repairs
the infarcted heart in a MI rodent model (Hume et al., 2023).

Together with, researches on cardiac fibrosis have evolved with
the advancement of various genetics and proteomics approaches in
recent years. However, a lot of novel targets with anti-fibrotic effects
are limited in basic researches, without clinical application.
Advances have been made in the therapeutic field, and timely
coronary reperfusion in associations with novel therapies, such as
ARNI and SGLT2i, along with MRAs and beta blockers, counteract
adverse ventricular remodeling and promote reverse ventricular
remodeling, decreasing progression to HF and mortality. Future
therapeutic perspectives, such as microRNAs, bonemarrow derived-
cells, and molecules targeting inflammation are currently under
research, with promising results.

5 Conclusion

In summary, regional fibrotic control in infarcted areas and
suppression of collagen accumulation in non-infarcted areas are
vital to improve adverse remodeling and clinical outcome after MI.
Even being treated according to the guideline-recommended
protocols, it is still adverse fibrotic remodeling in MI patients. In
the future, the study should focus on the exploring the deeper
pathophysiological mechanisms underlying the onset and
progression of post-MI fibrosis, then further determining
therapeutic targets, and optimizing intervention strategies. In the
meantime, antifibrotic precision interventions still need a clinical
translation. Although clinical trials associated with anti-fibrotic

drugs already have been performed, the patients included in
trials are rather small. Hence, it is urgent to explore integrated
and personalized therapeutic strategies to inhibit progressively
fibrotic remodeling after MI. Moreover, early identification,
diagnosis, and management of cardiac fibrosis are significantly
important in improving the survival and prognosis of MI patients.
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