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Editorial on the Research Topic

Molecular mechanisms and new therapeutic targets in epithelial to

mesenchymal transition (EMT) and fibrosis, volume II

The induction of inflammatory epithelial-mesenchymal transition (EMT)/fibrosis

requires a complex cellular reprogramming process involving epithelial, stromal, and

immune cells and has important implications on cell survival, plasticity, and migratory/

invasive abilities.

A wide array of extracellular stimuli, including soluble mediators, cell-to-cell

interactions, and binding to the extracellular matrix (ECM), drive changes in resident

cells towards a mesenchymal-like/profibrotic phenotype.

The classical EMT/fibrosis pathways induced by transforming growth factor (TGF)-β,
the central profibrotic mediator, as well as by tumor necrosis factor (TNF)α and epidermal

growth factor (EGF) are well known. Here we focused on the roles of new intracellular

mechanisms involved in the modulation of EMT/fibrosis. Moreover, a better

understanding of the crosstalk between classical EMT/fibrosis pathways and stress

signaling pathways, such as autophagy and unfolded protein response (UPR) become

increasingly important in the field.

Epigenetic processes, including histone acetylation and DNA/histone methylation,

were shown to be essential modulators of the persistence of a new mesenchymal-like state

or the reversion to an epithelial-like phenotype. Recent single-cell RNA-sequencing

(scRNA-seq) experiments revealed that EMT transition is a transcriptional continuum of
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numerous epithelial-mesenchymal states rather than a binary

epithelial vs. mesenchymal model. These recent insights

considerably enhanced the understanding of the complexity

and cell-specificity of this essential physio-pathological process.

However, despite considerable efforts in the field, new

mechanisms remain to be elucidated, and cell-type specificities

have yet to be fully characterized.

In this Research Topic, Sara Lovisa provided an updated

overview of the recent debate on the definition of EMT, analyzing

the impact of new technologies such as single cell

transcriptomics. Moreover, the author summarized the

different strategies used to define EMT in fibrotic disorders.

Brasier et al. analyzed the mechanisms leading to changes in

pulmonary cell plasticity induced by aeroallergens and

respiratory viruses, leading to pathological airway remodeling.

In particular, the authors elucidated the complex interplay

between the hexosamine pathway, UPR, the inflammatory

inhibitor of IκB kinase (IKK)-nuclear factor (NF)-κB pathway,

and the regulation of epigenetic changes mediated by the

recruitment of bromodomain-containing protein (BRD)4.

Li et al. used an experimental model of murine silicosis to

study the capacity of metformin, a biguanide antidiabetic drug

against type 2 diabetes, to attenuate lung fibrosis. The authors

also co-cultured human macrophages and human bronchial

epithelial cells treated with silica particles and metformin.

Mechanistically, the manuscript elucidates the effect of

metformin on autophagy regulated by the AMP-activated

protein kinase (AMPK) - mammalian target of rapamycin

(mTOR) pathway, leading to reduced silica particle-induced

fibrosis.

Liu et al. investigated the importance of autophagy in murine

peritoneal fibrosis (PF). Autophagy inhibitor 3-methyl adenine

(3-MA) alleviated PF by inhibiting EMT. The authors observed

the activation of multiple EMT-related pathways such as TGF-β/
mothers against decapentaplegic homolog (SMAD)3, epidermal

growth factor receptor (EGFR)/extracellular regulated kinase

(ERK)1/2, and transcription factors signal transducer and

activator of transcription (STAT)3 and NF-κB. Moreover,

inhibition of autophagy attenuated peritoneal angiogenesis in

the injured peritoneum.

This Research Topic describes different pharmacological

approaches to preventing PF. Kopytina et al. focused on

peritoneal dialysis (PD) fluid biocompatibility in the genesis

of PF. The choice of PD fluid can lead to fibrosis, and PF

represents the main cause of PD discontinuation in patients

with end-stage kidney disease. Kopytina et al. analyzed steviol

glycoside (SG)-based fluids compared to high and low glucose-

based dialytic fluids. SG-based PD fluids increased

biocompatibility and reduced induction of mesothelial to

mesenchymal transition (MMT), a mesothelium-specific form

of EMT.

Xie et al. analyzed the protective role of the hormonal

peptides ELABELA (ELA) and aplin in MMT. ELA is a

polypeptide hormone secreted by the vascular endothelium

and the kidneys. Aplin is another hormone known to have a

protective effect on organ fibrosis. Both hormones were

modulated in patients exposed to PD fluids.

Treatment with the active proprotein of 32 amino acids,

ELA-32, reversed the TGF-β1-induced reduction of the epithelial
cell markers and suppressed the expression of mesenchymal cell

markers by inhibiting the phosphorylation of SMAD2/3, ERK1/

2, and protein kinase B (AKT).

Liu et al. analyzed the role of histone deacetylase (HDAC)-

6 in MMT. The authors describe that the HDAC6 inhibitor

tubastatin or genetic silencing of HDAC6 maintained the

expression of E-cadherin but suppressed mesenchymal gene

expression. Accordingly, HDAC6 inhibition maintained the

epithelial/mesothelial phenotype in mesothelial cells treated

with interleukin (IL)-6. Mechanistically, tubastatin suppressed

the expression of TGF-β receptor I (TGFβRI), the

phosphorylation of SMAD3, and the activation of Janus

kinase (JAK)2 and STAT3.

Another non-tumor fibrosis model studied in this Research

Topic is kidney fibrosis. Kidney fibrosis results from a wide array

of inflammatory insults implicating both stromal and immune

responses.

Zhang et al. analyzed the effect of a combination of

mycophenolate and rapamycin (MR) on kidney fibrosis in a

murine lupus nephritis experimental system. Mycophenolate is

an immunosuppressant drug, whereas rapamycin is a known

mTOR inhibitor. The authors found that the combination of

these drugs at reduced doses resulted in reduced glomerular

sclerosis and tubular atrophy, amelioration of kidney

dysfunction, and improved survival. MR treatment reduced

the expression of TGF-β1, IL-6, α-smooth muscle actin (α-
SMA), fibronectin, and collagen I and III.

Martinez-Salgado et al. analyzed the role of activin receptor-

like kinase 1 (ALK1) in tissue fibrosis and angiogenesis in a

murine model of unilateral ureteral obstruction (UUO). Through

a heterozygous mouse experimental system, ALK1 was

demonstrated to promote vascular rarefaction and maturation

and the emergence of myofibroblasts of vascular origin.

He et al. focused on the physiopathology of tubular epithelial

cells (TECs). These cells play a role in kidney fibrosis undergoing

partial EMT (pEMT), characterized by co-expression of both

epithelial and mesenchymal markers and production of

extracellular mediators favoring fibrogenesis in the

interstitium. The authors discussed how wingless-related

integration site (Wnt)/β-catenin inhibition by natural

compounds, specific inhibitors, or genetic intervention might

attenuate tubular EMT and fibrosis.

Systemic sclerosis (SSc) is a multi-system rheumatic disease

characterized by vascular dysfunction, autoimmune

abnormalities, and progressive organ fibrosis.

Dai et al. summarized the current knowledge regarding

immune and stromal cells in SSc patients discussing their
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potential roles in SSc pathogenesis and focusing on recent

advances in identifying new cellular subtypes by scRNA-seq.

Overall, more profound knowledge of physio-pathological

mechanisms controlling EMT dynamics and the validation of

new pharmacological approaches will help develop future

regenerative medicine strategies to improve the personalized

control of EMT and fibrotic responses in specific and

localized manners.
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Metformin Attenuates Silica-Induced
Pulmonary Fibrosis by Activating
Autophagy via the AMPK-mTOR
Signaling Pathway
Shu-xian Li1†, Chao Li1†, Xin-ru Pang1†, Juan Zhang1, Gong-chang Yu2*, Abrey J. Yeo3,
Martin F. Lavin3, Hua Shao1, Qiang Jia1* and Cheng Peng4*

1Shandong Academy of Occupational Health and Occupational Medicine, Shandong First Medical University and Shandong
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Queensland Centre for Clinical Research (UQCCR), Brisbane, QLD, Australia, 4Queensland Alliance for Environmental Health
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Long-term exposure to crystalline silica particles leads to silicosis characterized by
persistent inflammation and progressive fibrosis in the lung. So far, there is no specific
treatment to cure the disease other than supportive care. In this study, we examined the
effects of metformin, a prescribed drug for type || diabetes on silicosis and explored the
possible mechanisms in an established rat silicosis model in vivo, and an in vitro co-
cultured model containing human macrophages cells (THP-1) and human bronchial
epithelial cells (HBEC). Our results showed that metformin significantly alleviated the
inflammation and fibrosis of lung tissues of rats exposed to silica particles. Metformin
significantly reduced silica particle-induced inflammatory cytokines including transforming
growth factor-β1 (TGF-β1), tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) in rat
lung tissue and HBEC culture supernatant. The protein levels of Vimentin and α-smooth
muscle actin (α-SMA) were significantly decreased by metfomin while expression level of
E-cadherin (E-Cad) increased. Besides, metformin increased the expression levels of
phosphorylated adenosine 5′-monophosphate (AMP)-activated protein kinase (p-AMPK),
microtubule-associated protein (MAP) light chain 3B (LC3B) and Beclin1 proteins, and
reduced levels of phosphorylated mammalian target of rapamycin (p-mTOR) and p62
proteins in vivo and in vitro. These results suggest that metformin could inhibit silica-
induced pulmonary fibrosis by activating autophagy through the AMPK-mTOR pathway.

Keywords: silica, metformin, pulmonary fibrosis, AMPK-mTOR, autophagy

INTRODUCTION

Silicosis is an important occupational disease and characterized by persistent lung inflammation and
progressive fibrosis, which may eventually cause respiratory failure (Sayan and Mossman, 2016; Li
et al., 2017). Inhaled silica particles can cause injury of lung macrophages and epithelial cells
triggering an inflammatory response. Inflammation is a critical a pathogenic process of silicosis.
Repeated inflammatory reactions lead to the recruitment and accumulation of inflammatory cells
which secrete high levels of proinflammatory and profibrotic cytokines, such as transforming growth
factor-β1 (TGF-β1), tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) (Fujimura, 2000;
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Dong and Ma, 2016). Higher level of cytokines further induces
epithelial-mesenchymal transition (EMT), a process in which
epithelial cells gradually lose their epithelial characteristics and
acquire the mesenchymal phenotype, such as down-regulation of
E-cadherin (E-Cad) and up-regulation of Vimentin. EMT is one
of the important driving forces behind fibrosis through
promoting the abnormal deposition of extracellular matrix
(ECM) and consequent tissue remodeling and fibrotic scarring
(Camara and Jarai, 2010; Stone et al., 2016; Rout-Pitt et al., 2018;
Sun et al., 2019).

Autophagy is a vital regeneration process to maintain the
balance of the intracellular environment through cleaning the
own damaged cellular components and participating in cell
proliferation and apoptosis (Mizushima et al., 2011).
Autophagy has been found to play a vital role in myocardial,
skin, liver, and renal fibrosis, especially in lung fibrosis (Chen S.
et al., 2015). Recent studies suggested that autophagy can reduce
the expression of fibrogenic factors and inhibit the deposition of
collagen in fibroblasts (Hernandez-Gea et al., 2012). In addition,
autophagy alleviates the silica-induced pulmonary fibrosis by
decreasing apoptosis of alveolar epithelial cells in silicosis
(Chen S. et al., 2015).

Autophagy and mitochondrial homeostasis are modulated by
AMP-activated protein kinase (AMPK) which is a serine/
threonine-protein kinase. It has been found that the AMPK
signaling pathway coordinates the induction of autophagy by
inhibiting mammalian target of rapamycin (mTOR) (Mihaylova
and Shaw, 2011). AMPK inhibits mTORC1-dependent ULK
activity by phosphorylating S317 and S777, leading to the
activation of autophagy (Lawrence and Nho, 2018) and
suppressing mTORC1 via its phosphorylation activates
autophagy indirectly (Tavakol et al., 2019).

AMPK has been recognized as a cellular bioenergy sensor and
metabolic regulator on the various metabolic stresses (Ha et al.,
2015; Herzig and Shaw, 2018; Rangarajan et al., 2018). AMPK has
been found to be a pivotal molecule that modulate the
fibrogenesis by inhibiting inflammatory injury, ECM secretion,
and the induction of effector cells (Jiang et al., 2017).

Drug repurposing or repositioning for different common and
rare diseases is an efficient way for drug discovery because of low
cost in drug development by avoiding clinical trials and de-risked
compounds (Pushpakom et al., 2019). Metformin is a common
biguanide antidiabetic drug for type 2 diabetes treatment.
Mechanistically, metformin elicits pleiotropic effects mainly
via activating AMPK (Tsaknis et al., 2012; Sato et al., 2016).
Evidence has shown that metformin has anti-inflammatory
effects and anti-fibrosis effects. Metformin has been found to
be able to inhibit cardiac fibrosis induced by pressure overload in
vivo and reduce collagen synthesis in cardiac fibrosis probably via
inhibition of the TGF-β/Smad3 signaling pathway (Xiao et al.,
2010). Moreover, metformin prevents airway remodeling in a
mouse model of bronchial asthma, indicating its potential anti-
fibrotic properties (Park et al., 2012). A recent study found that
metformin can effectively reverse bleomycin-induced pulmonary
fibrosis, suggesting that metformin has effects on idiopathic
pulmonary interstitial fibrosis (Gamad et al., 2018). Since
silicosis is characterized mainly by pulmonary fibrosis, we

speculated that metformin may have therapeutic effects on this
disease.

In this study, we explored the effects of metformin on the
silicosis for which we established the rat silicosis model as well as
an in vitro co-culture system harboring a human macrophages
cells and human bronchial epithelial cells treated the with silica
particles and metformin. We then investigated the pathological
changes in silicosis rat and cell co-cultured model with and
without metformin treatment and examined the inflammatory
responses, EMT and particularly the autophagy pathways using
ELISA and Western blotting. Results showed that metformin
regulates autophagy through the AMPK-mTOR pathway to
reduce silica particle-induced fibrosis.

METHODS AND MATERIAL

Reagents and Antibodies
Silica particles (0.5–10 μm) were purchased from Sigma Aldrich
(S5631, Shanghai, China). Standard suspensions of 50 mg/ml
silica particles were prepared in 0.9% normal saline and
autoclaved at 120°C for 2 h. Metformin was purchased from
Sino-US Shanghai Squibb Pharmaceutical Co., Ltd. (Shanghai,
China), and dissolved in 0.9% physiological saline by gavage.
RIPA buffer, PMSF, BCA Protein Assay kit and Ad-GFP-LC3B
were purchased from Beyotime Biotechnology (C3006, Shanghai,
China). Compond C was purchased from Selleck Chemicals
(S7840, Houston, United States). Goat anti-rabbit IgG H&L
(Alexa Fluor® 488) and Goat anti-mouse IgG H&L (Alexa
Fluor® 594) and primary antibodies α-SMA (ab32575),
Beclin1 (ab207612) were purchased from Abcam (Cambridge,
United Kingdom), E-cadherin (14472), Vimentin (5741S), LC3B
(3868), mTOR (2983S), p-mTOR (2971S), AMPK (5831S),
p-AMPK (50081S) were purchased from CST (Beverly, MA,
United States). IRDye 680RD Goat anti rabbit (926-68071)
and IRDye 800RD Goat anti Mouse (926-32210) secondary
antibodies were purchased from Li-COR (Nebraska,
United States).

In Vivo Experiment
Animals and Teatment
Forty-eight male Wistar rats (200–220 g, 6–8 weeks old) were
purchased from Jinan Pengyue Experimental Animal Breeding
Co., Ltd. (Jinan, China). All animals were housed under specific
pathogen-free (SPF) conditions with free access to water and
food. The ethical committee of Shandong Academy of
Occupational Health and Occupational Medicine and the Frist
Medical University approved the use of the experimental animals.
The animal care and experimental protocol was approved by the
ethical committee of Shandong Academy of Occupational Health
and Occupational Medicine and Shandong First Medical
University. Rats were randomly divided into six groups with
eight rats in each, maintained under 12:12 h light-dark conditions
at 23 ± 2°C and relative humidity 40–70%. Appropriate measures
were taken using pain management protocol to reduce pain in
animals, and the relief of pain and distress received careful
attention during the experiment.
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Based on reported toxicity of metformin in rats (Quaile et al.,
2010) and a previous study (Gamad et al., 2018), all rats were
randomly divided into six groups with eight rats in each
including: negative control group, metformin control group
(400 mg/kg/day), silica modal group and three metformin
treatment groups (100, 200, 400 mg/kg/day). The µm-sized
silica particles were prepared with normal saline as a 50 mg/
ml silica suspension. The silica model group and three metformin
treatment groups were injected with 1 ml (50 mg/kg) silica
suspension into the lung once using a non-exposed tracheal
intubation, and the rats in the negative control group and
metformin control group were injected with the same volume
of normal saline solution. In our previous studies, we found the
treatment regime with dosage of silica particle at 50 mg/kg for
28 days yields clear manifestation of silicosis in rats (Sai et al.,
2019; Pang et al., 2021). After being exposed to silica for 28 days,
the rats in three metformin treatment groups were given a daily
intragastric administration of 100, 200, 400 mg/kg metformin
and metformin control group were given a daily intragastric
administration of 400 mg/kg metformin for another 28 days. The
rats in the negative control and silica model groups were treated
with saline only. After treatment with metformin for 28 days, all
the rats in each group were euthanized with an overdose of
150 mg/kg sodium pentobarbital (Merck and Co., Inc.) via
intraperitoneal injection, and death in all rats was via
observation of the cessation of respiration and palpation of the
heartbeat. The lungs of each rat were harvested and used for the
animal experiment (Supplementary Figure S1A).

Histopathological Observation
The lung tissues of rats in each group were isolated and fixed by
4% formaldehyde embedded in paraffin followed by dehydration,
embedding in paraffin, and slicing onto 5 μm thick sections. Then
the slides were stained with Hematoxylin and Eosin (H&E) and
Masson trichrome. The pathological changes were observed
under an optical microscope to examine the inflammatory
infiltration, the integrity of the alveolar structure and collagen
deposition under an optical microscope. The degree of alveolitis
and pulmonary fibrosis was evaluated according to the scoring
system outlined in Szapiel et al. (1979). Alveolitis was graded
using the following criteria: None (0), no alveolitis; mild (1+),
thickening of the alveolar septum by a mononuclear cell infiltrate;
moderate (2+), a more widespread alveolitis; severe (3+), a diffuse
alveolitis. The extent of fibrosis was graded using the following
criteria: none (0), no fibrosis; mild (1+), focal regions of fibrosis,
alveolar architecture has some distortion; moderate (2+), more
extensive fibrosis and fibrotic still focal; severe (3+), widespread
fibrosis, confluent lesions with extensive derangement of
parenchymal architecture.

Immunohistochemistry of Lung Tissue
The lung tissue sections were deparaffinized, and antigen
retrieved using citrate buffer solution. The sections were
incubated with 3% H2O2 for 20 min at room temperature to
eliminate endogenous peroxidase activity. After blocked with 3%
BSA for 30 min, tissue sections were incubated with primary
antibodies specific to E-Cad, α-SMA, Vimentin and LC3

overnight at 4°C, followed by incubation with horseradish
peroxidase (HRP) labeled secondary antibody for 1 h at room
temperature. After using a DAB kit for color development, the
sections were counterstained with hematoxylin for 3 min, the
image was observed by a fluorescence microscope (Olympus Co.,
Tokyo, Japan). The staining results were analyzed by Image-Pro
Plus software. Integrated optical density summation (IOD SUM)
of Vimentin, E-Cad, α-SMA and LC3 protein were measured by
Image-Pro Plus software.

Enzyme-Linked Immunosorbent Assay
The homogenate samples of rat lung tissue in each group were
centrifuged at 9,000 g at 4°C for 20 min. The supernatant samples
were analyzed for the concentrations of TGF-β1 (ER10-96), TNF-α
(ER02-96) and IL-1β (ER01-96) (Biokits Technologies Inc., Beijing,
China) using rat ELISA assay kits following manufacturer’s
instructions. And the total protein concentration determined
were standardized using the Coomassie blue staining kit (Nanjing
Institute of Biological Engineering, Nanjing, China). The absorbance
was measured at 450 and 570 nm using a spectrophotometer. The
results were expressed in pg/mg protein.

Western Blot Analysis
Total protein was extracted by homogenization in ice-cold RIPA
bufferwith 1mMPMSF.Homogenateswere centrifuged for 15min at
12,000 g. Protein concentrations in the supernatants were calculated
using a BCAProteinAssay kit. The protein extractedwas separated by
SDS-PAGE and then electrotransferred to PVDF membrane (Merck
KGaA, Darmstadt, Germany). The membranes were initially blocked
with 5% non-fat dry milk in phosphate-buffered solution (PBS) for
1 h, and subsequently incubated with primary antibody against,
including α-SMA (1:1,000), E-Cad (1:1,000), Vimentin (1:1,000),
Beclin1(1:1,000), LC3B (1:1,000), mTOR (1:1,000), p-mTOR (1:
1,000), AMPK (1:1,000), p-AMPK (1:1,000) incubated overnight at
4°C. Blots were washed for three times with Tris-Buffered Saline and
0.1% Tween 20 (TBST) and followed by IRDye 680RD (1:5,000) and
IRDye 800RD (1:5,000) secondary antibodies for 1 h at room
temperature. Finally, the densities were scanned by Li-Cor and
quantified using the Image Studio Software.

In Vitro Experiment
Cell Culture
The bronchial epithelial cell line HBEC was presented by the
Centre for Clinical Research of Queensland, Australia. And the
THP-1 cell line was obtained from the American Type Culture
Collection (ATCC) (Manassas, VA, United States), and were
maintained at 37°C with 5% CO2. The HBEC was cultured in
PneumaCult-ExPlus Medium (05401, Stemcell Technologies,
Canada) supplemented 1% Antibiotic-Antimycotic (Gibco,
United States) and 0.1% Hydrocortisone Stock Solution
(Stemcell Technologies, Canada). The THP-1 cell was cultured
in RPMI 1640 (Gibco, United States) supplemented 10% FBS (BI,
Israel) and 1% Antibiotic-Antimycotic.

Cell Counting Kit-8 Assay
4 × 103/well HBEC were seeded in 96-well plates and incubated
overnight, and the medium was changed to the presence of
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various doses of metformin (0, 0.1, 0.25, 0.5, 1, 2, 5, 10 mM) at
various time points (24, 48, and 72 h). The selection of treatment
concentrations was based previous studies (Wang et al., 2015;
Mishra and Dingli, 2019). Cell viability was measured using the
CCK-8 assay kits (CK04, Dojindo Laboratories, Kyushu, Japan)
in accordance with the manufacturer’s instructions. The
absorbance at 450 nm was measured using a microplate reader.

THP-1 Differentiation and Co-Culture
THP-1 cells (1 × 106/well) were plated in transwell inserts
(Corning, Lowell, United States) with a membrane pore size
of 4 μm and were treated with 100 ng/ml phorbol 12-myristate
13-acetate (PMA, Sigma, MO, United States) for 72 h to
differentiate into macrophage-like forms. HBEC (4 × 104/
well) were cultured alone at the bottom of 6-well plate for
2 days. Then, the cell culture inserts containing THP-1
macrophages were transferred to the plates containing
HBEC. To confirm if the metformin regulates the EMT
process of HBECs by AMPK-dependent activation of
autophagy, we added metformin and compound C (CC) an
AMPK Inhibitor. The experiment was divided into six groups:
control group (Control), metformin control group (Met), silica
group (Silica), silica and metformin intervention group (Silica +
Met), silica and CC intervention group (Silica + CC) and silica,
metformin and CC intervention group (Silica + Met + CC).

With macrophages differentiated from THP-1 cells already
seeded, 100 μg/ml of silica solution was introduced into the insert
in the silica particle group, silica and metformin group, silica and
CC group and silica, metformin and compound C group.
Meanwhile, in the metformin control group and silica and
metformin intervention group, 0.5 mM metformin solution
was added to the bottom, silica and CC group was added
1 μM CC, metformin and CC group was added 0.5 mM
metformin and 1 μM CC. The control group had no
intervention. Each sample was cultured in duplicate, and each
co-culture experiment was repeated 3 times (Supplementary
Figure S1B).

Immunofluorescence Staining
Cell slides were placed in the culture chamber. After 72 h of co-
culture treatment, the HBEC were washed three times with
phosphate-buffered saline (PBS), fixed with 4%
paraformaldehyde, and then blocked with blocking buffer
(P0260, Beyotime biotechnology, Shanghai, China) for 1 h at
room temperature. The cells were then incubated with E-Cad,
Vimentin and α-SMA at a dilution of 1:200 overnight at 4°C,
followed by incubation with secondary antibodies (1:500) for 1 h
at room temperature. 4′,6-diamidino-2-phenylindole (DAPI) was
used for nuclear staining. Finally, cells were observed and
photographed by a fluorescence microscope (Olympus, Tokyo,
Japan). The mean fluorescence was detected by the ImageJ
software.

Enzyme-Linked Immunosorbent Assay
After receiving the indicated interventions for 72 h, the levels of
TGF-β1 (EH03-96), TNF-α (EH02-96) and IL-1β (EH18-96,
Biokits Technologies Inc., Beijing, China) in the cell

supernatant of HBEC in each group were determined using
ELISA as per the manufacturer’s instructions. Then the total
protein concentration was determined and standardized using
the Coomassie blue staining kit (Nanjing Institute of Biological
Engineering, Nanjing, China). The absorbance was measured at
450 and 570 nm using a spectrophotometer. The results were
expressed in pg/mg protein.

Ad-GFP-LC3 Transfection
HBECs (4 × 104/well) were cultured alone at the bottom of 6-well
plate for 24 h. After a wash with fresh culture medium, cells were
transfected with Ad-GFP-LC3 adenovirus at aMOI of 100 in 2 ml
culture medium for 48 h at 37°C. And after 72 h intervention by
co-culture system, HBEC cells were observed and photographed
by a fluorescence microscope.

Western Blotting Analysis
After the cell co-culturing, HBEC were washed with cold
phosphate-buffered saline (PBS). The proteins were
extracted using RIPA buffer with 1 mM PMSF. Protein
concentrations were calculated using a BCA Protein Assay
kit. Samples containing equivalent amounts of lysate protein
(30 μg) were separated on SDS-PAGE and transferred to a
PVDF membrane. Western Blotting was used to detect the
effect of the co-culture model of silicosis on the expression of
EMT-related proteins (E-Cad, Vimentin, α-SMA), autophagy-
related proteins (LC3B, Beclin1, p62) and AMPK, p-AMPK,
mTOR and p-mTOR.

Statistical Analysis
Statistical analyses were performed using SPSS 22.0 software
(IBM Corp.). All data are shown as the mean ± SD. And all
data were checked for normality and homoscedasticity,
differences between groups were performed using one-way
ANOVA followed by LSD-test, while Dunnett’s method was
used for variance differences. Non-parametric data was
represented by median and to analyze the data using Kruskal-
Wallis analysis of variance. When statistical significance is
obtained, the rank-based Mann–Whitney U-test be used to
compare the groups. The p values < 0.05 were regarded as
statistically significant.

RESULTS

Metformin Moderates the Effects of Silica
Exposure on Body Weight and Lung Organ
Coefficient
The weight of the rats after exposed to silica particles was
considerably reduced (about 15%) when compared with that
in rats from control group. Compared with the silica group,
the weight of animals in the metformin treatment groups
increased significantly (p < 0.05). The lung organ coefficient of
the silica group was significantly higher than the control group,
while the lung organ coefficient was significantly reduced after
metformin treatment (p < 0.05) (Figure 1).
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Metformin Effectively Alleviates Pulmonary
Inflammation and Fibrosis Mediated by
Silicon Dioxide in Rats
HE staining results showed that the rats in the negative control group
and the metformin control group have an intact lung structure, with
normal alveolar septa and no obvious inflammatory changes
(Figure 2A: a-b). However, the lung tissues of the rats from silica
group (Figure 2A: c) showed a severe inflammatory response
indicated by the thickness of alveolar septal increased considerably,
neutrophils infiltration and monocytes around the alveolar stroma,
mainly macrophages. In contrast, after metformin treatment for
28 days, alveolitis was significantly reduced, the alveolar structure
was significantly improved, and alveolar inflammation was also
significantly relieved (Figure 2A: d-f). Using the Szapiel (Szapiel
et al., 1979) method, we quantified alveolar inflammation and the
results showed that the alveolar score of the silica group was almost
2 times higher than the rats from negative control group. However,
after metformin treatment, even at the concentration of 100mg/kg,
the alveolar inflammation score was about 25% lower than in the silica
group (p < 0.05). The inflammation scores were decreased in a dose-
repose pattern (Figure 2C). Masson staining indicates the degree of
pulmonary fibrosis by staining collagen fibers. Collagen deposition
(blue areas) in the lungs of rats from the silica group was significantly
increased, compared with the control and metformin group
(Figure 2B: c). However, with metformin treatment, inflammatory
cells and the accumulation of collagen fiberswere significantly reduced
(Figure 2B: d-f). Quantitative analysis showed that the pulmonary
fibrosis score of the silica group was significantly higher than the
negative control group. However, the pulmonary fibrosis scores
decreased from 2.8 of the silica group to 2, 1.8, and 1.5 after
treatment with metformin at 100, 200, and 400mg/kg (p < 0.05).
(Figure 2D).

Metformin Reduces Silica Particle-Induced
Inflammation by Inhibiting Inflammatory
Cytokines TGF-β1, TNF-α, and IL-1β in Lung
Tissues
As shown in Figures 3A-C, TGF-β1, TNF-α and IL-1β in lung
tissues of rats from control and metformin group showed a basal
level less than 500 pg/mg protein. Exposure to silica particles
caused significantly increase of these cytokines on the 56th days
(p < 0.05). However, metformin treatment led to a dose-response
reduction of the inflammatory cytokines (p < 0.05). Metformin
treatment at 100 mg/kg led to about 30, 20, and 40% reduction of
TGF-β1, TNF-α, and IL-1β, respectively. Higher concentration of
metformin (400 mg/kg) caused over 50% reduction of these
cytokines. This indicates that metformin inhibits the
expression of inflammatory cytokines in rat lung tissue caused
by silica, thereby reducing alveolar inflammation.

Metformin Reversed Silica-Induced EMT in
the Lung of Rats
E-Cad, α-SMA and Vimentin which are hallmark proteins for EMT
were measured by the Western Blot and Immunohistochemistry.

Rats with Metformin treatment only showed similar level of these
proteins in lung tissues as that in control group. In the lung tissue of
rats from the silica group, the expression level of E-Cad was reduced
about three quarters while α-SMA and Vimentin were increased
about 3 and 4 times, respectively, compared with the rats from
control group. However, in silicosis rats treated with metformin, the
expression level of E-Cad but α-SMA and Vimentin were
significantly recovered in a dose-response relation with the
concentration of metformin compared with the silica group (p <
0.05) (Figures 3D,E). These suggested that metformin could inhibit
the process of EMT.

Metformin Inhibits Pulmonary Fibrosis by
Activating Autophagy via the AMPK-mTOR
Signaling Pathway
Recent studies have suggested the contribution of autophagy to
the benefit of metformin. Therefore, we explored the involvement
of autophagy in the effects of metformin on silicosis by assessing
the expression of p62, Beclin 1 and LC3. The results showed silica
dust treatment almost 30% decrease of p62 and, 30% increase of
Beclin1 and LC3, respectively, in comparison with rats from
control group. Treatment of metformin led to further significant
reduction of p62 and increase of Beclin1 and LC3 (p < 0.05).
These results indicate that silica exposure could induce autophagy
which was promoted further by metformin treatment.

And we then examined the p-AMPK, AMPK and p-mTOR,
mTOR by WB. The results showed that there was no difference
between the rats in control and metformin only group in the
protein level of p-AMPK and p-mTOR. Rats from silica dust
group showed lower level of p-AMPK but higher in p-mTOR
compared with rats from the control and metformin only group
(p < 0.05). However, metformin treatment resulted in one time
increase of the expression level of p-AMPK. And meanwhile
p-mTOR was obviously decreased in a dose-response manner
compared with the silica group (p < 0.05) (Figure 4A).

Metformin Inhibit EMT Process in vitro
To identify suitable dosage levels, we first tested the cytotoxicity
of metformin on HBECs with different concentrations of
metformin (0, 0.1, 0.25, 0.5, 1, 2, 5, 10 mM) for 24, 48, and
72 h. The dosage selection was referred to previous studies (Wang
et al., 2015; Guo et al., 2016), in which the cytotoxicity of
metformin was tested at the concentration 0–50 mM. As
shown in Figure 5A, metformin at 0.1–0.5 mM had no
significant effect on cell growth at all time intervals.
Compared with control group, the viability of HBEC
incubated with 1, 2, 5, and 10 mM of metformin were both
significantly reduced and less than 85% on the 24, 48 and 72 h
(p < 0.05). Therefore, 0.1, 0.25, and 0.5 mM of metformin were
used for following in vitro experiments. After THP-1 cells
differentiated into macrophages, 100 μg/ml of silica solution
was introduced into the insert in the silica group and
metformin group. Meanwhile 0.1, 0.25 and 0.5 mM metformin
was added to the bottom in metformin group. The cells were
cultured for 72 h. E-Cad, α-SMA and Vimentin were measured to
assess the effect of metformin on EMT. TheWB results showed silica
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caused an over 70% decrease of E-Cad which was recovered
significantly by treatment of metformin. Compared with control
cells, the expression of α-SMA and Vimentin was increased more

than 2 times by silica treatment. However, co-treatment of
metformin at 0.1, 0.25 and 0.5 mM led to a significant decrease
of these two proteins in a dose-response manner (Figure 5B).

FIGURE 1 |Metformin moderates the effects of silica exposure on rat body weight and lung organ coefficient. The (A) body weight and (B) lung coefficient of the
rats exposed to silica particles considerably reduced (about 15%) and significantly increased, respectively, when compared with that in rats from control group.
Metformin treatment recovered the body weight and lung coefficient with significant changes. All the data are presented as mean ± SD (n � 8 for each group). *p < 0.05,
compared to the control group; #p < 0.05, compared to silica group.

FIGURE 2 |Metformin reduces the inflammation and collagen accumulation in the lung tissue of silicosis rat caused by silica. (A)HE staining of lung tissues (200 ×mag.) The
red arrows point to the inflammatory cells. The fibroblasts are labeledwith black arrows. (B)Masson trichrome staining of collagen on lung sections (200 ×mag.). The yellow arrow
points to the collagen. (C-D)Quantitative analysis of rat alveolitis and fibrosis score. aControl group; bMetformin treatment group; c Silica group; d Silica+100 mg/kg metformin
group; e Silica+200 mg/kg metformin group; f Silica+400 mg/kg metformin group. *p < 0.05, compared to the control group; #p < 0.05, compared to silica group.
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FIGURE 3 | Metformin reduces the expression level of inflammatory factors and alleviates silicosis fibrosis induced by silica particles in rat lung tissue. The
expression level of (A) TGF-β1, (B) TNF-α and (C) IL-1β detected by ELISA. (D) The expressions of EMT-associated proteins expression level in the lung tissue of rats
were detected by Western blot and (E) Immunohistochemistry (200 × mag.). a Control group; b Metformin treatment group; c Silica group; d Silica+100 mg/kg
metformin group; e Silica + 200 mg/kgmetformin group; f Silica + 400 mg/kgmetformin group. All the data are presented as mean ± SD (n � 8 for each group). *p <
0.05, compared to the negative control group; #p < 0.05, compared to silica group. TGF-β1, transforming growth factor-β1; TNF-α, tumor necrosis factor-α; IL-1β,
interleukin-1β; Pro, protein; EMT, epithelial-mesenchymal transition; E-cad, E-Cadherin; α-SMA, α-Smooth muscle actin; Met, metformin.
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Metformin Reduces Silica Particle-Induced
Inflammation in Human Bronchial Epithelial
Cells by Inhibiting Inflammatory Cytokines
TGF-β1, TNF-α, and IL-1β
The content of TGF-β1, TNF-α, and IL-1β in HBECs of the co-
culture system was measured using ELISA. The levels of TGF-β1,
TNF-α, and IL-1β in the silica group were significantly higher in
silica treatment compared with the control group (p < 0.05). silica
group with metformin treatment led to a 30, 50, and 40%
reduction of TGF-β1, TNF-α, and IL-1β, respectively
compared with that in the silica group (p < 0.05). To explore
the role of AMPK in the effect of metformin, we measured the
level of cytokines in cells treated with silica and CC, or silica,

metformin and CC. The results showed co-treatment of silica and
CC led to a 30% increase of these cytokines with the significant
difference in comparison with that in silica group (p < 0.05). The
increased level of cytokines was reduced significantly by
treatment with metformin (p < 0.05) as shown in Figure 6.

Metformin Regulates the Expression of
EMT-Related Proteins in Human Bronchial
Epithelial Cells of Co-Culture System
Exposed to Silica Particles
To further explore the role of AMPK in silica particle-induced
EMT and the regulation of metformin, we examined the EMT
proteins in cells treated with silica particles, metformin and CC

FIGURE 4 |Metformin activates autophagy via the AMPK-mTOR signaling pathway. (A) The protein levels of AMPK, p-AMPK, mTOR and p-mTOR, p62, Beclin1,
and LC3 in lung tissues of rats by western blot. (B) The protein levels of LC3 was determined by Immunohistochemistry (200 × mag.). a Control group; b Metformin
treatment group; c Silica group; d Silica+100 mg/kg metformin group; e Silica+200 mg/kg metformin group; f Silica+400 mg/kg metformin group. All the data are
presented as mean ± SD (n � 8 for each group). *p < 0.05, compared to the negative control group; #p < 0.05, compared to silica group. AMPK, adenosine5′-
monophosphate (AMP)-activated protein kinase; mTOR, mammalian Target of Rapamyc; LC3, microtubules associated protein 1 light chain 3; Met, metformin.
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usingWestern Blot and Immunofluorescence. The results showed
that in the silica group, the expression level of epithelial marker
E-Cad in HBECs was reduced 30% and co-treatment of silica with

CC reduced 50% of that in control cells. Treatment with CC
promoted about 20% of silica-induced Vimentin and α-SMA,
which was reduced to the similar degree by metformin with

FIGURE 5 | Different concentrations of metformin affect cell viability and inhibit EMT process. (A) The viability of HBEC incubated with different concentrations of
metformin was detected by the CCK-8 assay. (B)Western blotting results for the expressions level of EMT-associated proteins on HBEC after co-culture with different
concentrations of metformin. All the data are presented as mean ± SD (n � 3 for each experimental group). *p < 0.05, compared to the control group; #p < 0.05,
compared to silica group. EMT, epithelial-mesenchymal transition; E-cad, E-Cadherin; α-SMA, α-Smooth muscle actin; Met, metformin.

FIGURE 6 |Metformin reduces the expression level of inflammatory factors by silica particles in HBECs. The expression level of (A) TGF-β1, (B) TNF-α, and (C) IL-
1β detected by ELISA. All the data are presented as mean ± SD (n � 3 for each experimental group). *p < 0.05, compared to the negative control group; #p < 0.05,
compared to silica group; &p < 0.05, compared to Silica + Met group; $p < 0.05, compared to Silica + CC group. TGF-β1, transforming growth factor-β1; TNF-α, tumor
necrosis factor-α; IL-1β, interleukin-1β; Pro, protein; Met, metformin; CC, Compound C.
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FIGURE 7 |Metformin regulates the expression of EMT-related proteins induced by silica particles. (A) The expression level of the expressions of EMT-associated
proteins expression level in HBEC cells were detected by Western blot and the E-Cad, Vimentin and α-SMA were detected by (B) Immunofluorescence. Scale bar,
10 μm. All the data are presented as mean ± SD (n � 3 for each experimental group). *p < 0.05, compared to the negative control group; #p < 0.05, compared to silica
group; &p < 0.05, compared to Silica + Met group; $p < 0.05, compared to Silica + CC group. EMT, epithelial-mesenchymal transition; E-cad, E-Cadherin; α-SMA,
α-Smooth muscle actin; Met, metformin; CC, Compound C.
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significant difference (p < 0.05) when compared each other as
shown in Figures 7A,B.

Metformin Activates AMPK-mTOR
Signaling Pathway to Up-Regulate
Autophagy-Related Proteins in the Silicosis
Co-culture Model
To confirm if the regulation of metformin on the silica particle-
induced EMT process is through AMPK-dependent activation of
autophagy, we added metformin and CC, and examined the
autophagy-related proteins p62, Beclin1 and LC3 by WB first.
The results showed there is not much change of these proteins in
HBECs of the co-culture system from control and metformin
groups. Treatment with silica only led to a 30% decrease of p62

and 40% increases of Beclin1 and LC3, which was further reduced
20% for p62 and increased 25% for Beclin1 and LC3, by co-
treatment with metformin. Cells co-treated with silica and CC
showed higher level of p62 than that of silica group but similar to
that in control cells. However, co-treatment with metformin,
silica and CC led to a 25% decrease of p62 but increase in Beclin1
(50% increase) and LC3 (25% increase) in comparison with that
in group of silica and CC as shown in Figure 8A.

Furthermore, we assessed autophagy by examining the
formation of autophagosomes using HBECs transfected with
GFP-LC3 adenovirus. As shown in Figure 8B-a and b, cells of
control andmetformin treatment only showed basal level of GFP-
LC 3 foci. Cells treated with silica particles showed higher number
of foci. (Figure 8B: c). As shown in Figure 8B: d, much more foci
were found in cells treated with silica and metformin. In addition,

FIGURE 8 |Metformin activates autophagy via the AMPK-mTOR signaling pathway. (A) The protein levels of AMPK, p-AMPK, mTOR and p-mTOR, p62, Beclin1
and LC3 in HBEC were detected by western blot. (B) Fluorescence images of Ad-GFP-LC3 in HBEC cells after co-culture 72 h. GFP fluorescence indicated by green
puncta. a Control group; bMet treatment group; c Silica group; d Silica+0.5 mM Met group; e Silica+0.1 μMCC group; f Silica+0.5 mMMet +0.1 μMCC group. Scale
bars, 30 μm. All the data are presented as mean ± SD (n � 3 for each experimental group). *p < 0.05, compared to the negative control group; #p < 0.05, compared
to silica group; &p < 0.05, compared to Silica + Met group; $p < 0.05, compared to Silica + CC group. AMPK, adenosine5′-monophosphate (AMP)-activated protein
kinase; mTOR, mammalian Target of Rapamyc; LC3, microtubules associated protein 1 light chain 3; Met, metformin; CC, Compound C.
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metformin enhanced LC foci in the cells treated with silica
and CC.

Then, we measured the expression of p-AMPK, AMPK,
p-mTOR and mTOR using WB. The results showed that the
p-AMPK expression was decreased about 50%, while the
p-mTOR expression was increased about 40% of control cells
in the silica group, with statistically significant differences
compared with the control group (p < 0.05). Treatment with
CC with silica particles exacerbated the change of p-AMPK and
p-mTOR expression with significant difference (p < 0.05).
However, co-treatment Metformin with silica or silica and CC
significantly recovered the level of these proteins.

DISCUSSION

Silicosis is one of the important occupational respiratory diseases
caused by inhalation of respirable crystalline silica (Fernandez
Alvarez et al., 2015). As one of the most common occupational
disease, silicosis occurs not only in developing countries because
of poor protection facility and regulations, but also in developed
countries in recent years among the stone masons (Rees and
Murray, 2007). Although great efforts have been made in
prevention and treatment, there has been no effective
therapeutic drugs so far and lung transplantation has been still
the effective option for curing silicosis.

Silicosis is mainly caused by the deposition of silica particles in
the alveoli. Accumulated silica particles in the lung alveoli
stimulate lung microphages and epithelial cells leading to
repeated inflammation and high expression of inflammatory
cytokines such as TNF-α and IL-1, which then cause
fibroblasts producing collagen, leading to fibrosis and silicon
nodules (Pollard, 2016). For in vivo study, we set up the
animal silicosis model by exposing rats to silica particles
according to the method in our previous work (Sai et al.,
2019). Firstly, we examined the effects of metformin on body
weight of the rats treated with silica. Our results showed that after
being exposed to silica for 56 days, the weight of the rats exposed
to silica particles reduced about 15% compared with the rats of
control group (Figure 1A), and the lung coefficient was
significantly increased (Figure 1B). HE staining results showed
that the lung tissues of the rats from silica group exhibited severe
inflammation indicated by the destroyed alveolar structure and a
large number of infiltrating inflammatory cells (Figure 2A).
Masson staining of lung tissue sections showed that a large
amount of collagen deposition and occurrence of silicotic
nodule, indicating pulmonary fibrosis occurred after exposure
to silica particles (Figure 2B). In addition, in order to simulate the
process of silicosis, a modified co-culture cell model in vitro was
established according to our published study (Pang et al., 2021).
Treatment with silica caused an increased level of pro-
inflammatory factors including TGF-β1, TNF-α and IL-1β in
lung tissue of rats and medium of the co-culture system. These
results indicted an obvious inflammatory response induced by
silica particles (Figures 3A–C, Figures 6A–C).

Although the mechanism of silicosis fibrosis remains to be
elusive, EMT is a recognized as a critical process leading to

fibrotic changes. EMT plays an important role in many lung
diseases such as chronic obstructive pulmonary disease and
pulmonary fibrosis (Jolly et al., 2018). During EMT, epithelial
cells undergo morphological changes including cell-cell
adhesions loosed, epithelial markers down-regulated,
mesenchymal markers up-regulated, and an elongated
fibroblast-like morphology acquired (Gabasa et al., 2017; Li
et al., 2018). EMT is complex process mediated by several key
transcription factors and finely regulated through epigenetic and
post-translational modifications (Serrano-Gomez et al., 2016).
Despite the complex and transient nature of EMT, several
hallmarks have been identified for EMT assessment including
epithelial markers such as E-Cad and mesenchymal markers
including Vimentin and α-SMA which were investigated in
this study. The results showed that the expression of E-Cad
decreased and mesenchymal markers Vimentin and α-SMA
increased in rat lung tissues and HBEC cells exposed to silica
(Figure 3D, Figure 7).

The inhaled silica particles are engulfed by alveolar
macrophages and subsequently lead to the death of alveolar
macrophages during which intracellular silica, cytotoxic
oxidants and inflammatory cytokines are released (Davis et al.,
1996; Yang et al., 2016; Barohn et al., 2019). These factors
promote the proliferation of lung fibroblasts, the production of
collagen and eventually lead to the formation of fibrosis (Guo
et al., 2019). Autophagy may play an important role in the lung
fibrosis (Racanelli et al., 2018), but the underlying mechanisms
remain elusive. Autophagy is a fundamental intracellular
catabolic process for recycling damaged organelles and
proteins via the lysosome-mediated degradation pathway
(Zhao et al., 2020). This process is essential for maintaining
cellular homeostasis (Tseng et al., 2019). Beclin 1 is a mammalian
homolog of yeast Atg6, which is the first mammalian autophagy
protein to be described (Liang et al., 1998). Free Beclin 1 is an
initiator of autophagy and thus extensively used as a marker for
monitoring the onset of autophagy (Cao and Klionsky, 2007).
Therefore, as an important regulator of autophagy, the expression
level of Beclin 1 represents autophagy activity to some extent (Xu
G. et al., 2019). LC3 is a mammalian homolog of yeast Atg8 and
has LC3-I and LC3-II two subforms. The conversion of LC3-I
into LC3-II is a key step in autophagosome formation
(Mizushima et al., 2010). Therefore, the ration of LC3-II/LC3-
I is commomly used to assess the autophagy activity. p62 has been
known as one of the selective substrates for LC3. When
autophagy occurs, p62 first binds to the ubiquitinated protein
and then combines with LC3-II localized on the inner membrane
of the autophagic vacuole to form a complex (Komatsu and
Ichimura, 2010). In this study, we analyzed the expression of the
autophagy-associated protein LC3-II/LC3-I, Beclin1 and p62 in
lung tissues of the rats and HBEC cells. Our results showed that
LC3 and Beclin1 in rats and HBECs were significantly increased
and p62 decreased after being exposed to silica (Figure 4,
Figure 8A). This result clearly indicated silica-induced
autophagy activity. Supportively, Jessop et al. (2016) showed
that silica exposure causes increased expression of LC3-II
in vitro and enhanced autophagic activity in alveolar
macrophages isolated from silica-exposed mice. Chen et al.
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(2013) found that silica dust exposure can induce autophagy in
the lung tissue of rats. Duan et al. (2014) demonstrated that
Nano-SiO2 could induce inflammatory response, activate
autophagy, and eventually lead to endothelial dysfunction.
Previous studies indicated that autophagy in the macrophages
can be activated by silica, characterized as the accumulation of
autophagosomes, which may be associated with the silicosis
progression (Chen S. et al., 2015; Liu et al., 2016). (Cheng
et al., 2019) found that SiO2 induces activation of autophagy
in human pulmonary fibroblasts cells. Recently, the activation of
autophagy, a lysosome-dependent cell degradation pathway, by
silica nanoparticles has been identified in alveolar epithelial cells
(AECs) (Zhao et al., 2019). Additionally, Li et al. (2021)
demonstrated that SiO2 exposure can induce pulmonary
fibrosis along with autophagy both in vivo and in vitro, and
autophagy might play a protective role in the progression of
pulmonary fibrosis.

AMPK is a key energy sensor and regulates cellular
metabolism to maintain energy homeostasis and restore
energy balance at the cellular and physiological levels during
metabolic stress (Garcia and Shaw, 2017). mTOR is one of the
downstream targets of AMPK, and activation of AMPK can result
in inhibition of mTOR signaling (Xu et al., 2012). Studies had
shown that AMPK activation could inhibit TNF-α, IL-1β, and IL-
6 synthesis in macrophage (Sag et al., 2008; Yang et al., 2010;
Galic et al., 2011). AMPK exerts a significant anti-inflammatory
effect via suppression of the NF-κB signaling pathway (Salminen
et al., 2011). In addition, emerging evidence indicated that AMPK
plays an important role in autophagy (Bujak et al., 2015;
Tamargo-Gomez and Marino, 2018) through the AMPK/
mTOR signaling pathway (Kim et al., 2011; Wang et al.,
2019). Recent studies found that AMPK functions are strongly
associated with fibrogenesis (Jiang et al., 2017). Increasing
evidence has revealed that AMPK protects against fibrosis in
the heart (Zhang et al., 2011), liver (Yang et al., 2015), lung (King
et al., 2012), kidney (Cavaglieri et al., 2015), and skin (Takata
et al., 2014). In this respect, loss or reduction of AMPK has been
implicated in diabetes mellitus, obesity and aging (Burkewitz
et al., 2014; Southern et al., 2017; Rana et al., 2020). To explore the
possible role of AMPK in silicosis, we investigated the expression
of AMPK and mTOR. Our study showed that the p-AMPK
expression was decreased, and then the autophagy regulatory
protein p-mTOR was activated in silica group (Figure 4A,
Figure 8A). Up to now, the role of AMPK in silicosis has not
been reported. However, in IPF, within the regions of active
fibrosis, a significant decrease in AMPK activity was observed
together with reduced activation of the Thr172 (Rangarajan et al.,
2018). It is noted that AMPK is a positive regulator of autophagy
while in our study silica exposure caused an augment of the
autophagy activity. The observed autophagy activity induced by
silica may be attributed to several factors including engulfment of
pre-autophagosomal structure, impaired autophagic degradation
by silica. In addition, pro-fibrogenic factors BCL-binding
component 3 (BBC3) and monocyte chemoattractant protein-
1-induced protein 1 (MCP1P1) during fibrotic process may also
contribute to the silica-induced autophagy (Liu et al., 2016; Liu
et al., 2017). These factors may override the regulatory effects of

AMPK and promote autophagy activity by silica. However, this
speculation need to be confirmed by more research work.

Drug design and development are extremely expensive and
time consuming. Recent studies showed that a drug may have
effects on different diseases. Therefore, identification of new use
or repurposing of an approved drug is becoming more attractive
approach in disease treatment (Pushpakom et al., 2019). Derived
from galegine, a natural product from the plant Galega officinalis,
metformin is a commonly prescribed drug to treat type 2 diabetes
globally. Interestingly, recent studies have found that metformin
can effectively reverse bleomycin-induced pulmonary fibrosis
(Gamad et al., 2018). Although the causes of silicosis and
idiopathic pulmonary fibrosis are different, they share
similarities in the pathological changes of lung tissue and
common mechanism of pulmonary fibrosis. We speculated
that metformin may have beneficial effects on silicosis.
Therefore, in this study we investigated the effects of
metformin on silicosis using in vivo and in vitro models.

As a unique anti-diabetic drug, metformin usually does not
cause hypoglycemia (Nasri and Rafieian-Kopaei, 2014). Cassano
et al. (Cassano et al., 2020) demonstrated that compared with the
control group receiving a normal diet of rats, there was no
statistical difference in the effect of metformin on blood
glucose levels. And Luo et al. (2021) reported that after a daily
intragastric administration of 500 mg/kg metformin for 35 days,
there was no changes in blood glucose in rats, compared with the
control group. We treated the rats with metformin at 100, 200,
and 400 mg/kg/day for another 28 days. The dosage selection of
metformin was based on reported toxicity of metformin in rats
(Quaile et al., 2010) and a previous study (Gamad et al., 2018).
The dosage range equals to human effective dose of 16, 32, and
64 mg/kg/day, respectively, according to the published
conversion method (Nair and Jacob, 2016). We then examined
the various parameters associated with inflammatory responses
and fibrosis and compared them with those among the rats with
different treatment. After treatment with different doses of
metformin, the weight of the rats markedly increased, and the
lung coefficient decreased to varying degrees. Metformin
treatment only did not show any effects on body weight and
lung coefficient. These results suggested that metformin
recovered the general adverse health effects induced by silica
particles. After metformin treatment, inflammatory cells and
nodules and collagen fibers in the lung tissues were
significantly reduced (Figures 2A,B). Quantitative analysis
indicated metformin induced a 20–25% reduction of
inflammation infiltration and fibrosis and the effects showed a
dose-response manner among the rats received metformin at
different concentration. The result suggested that metformin may
have a positive therapeutic effect on silicosis (Figures 2C,D)
through alleviating the inflammation and fibrosis, the hallmark
processes leading to silicosis. We then examined the pathways
involved in these processed to explore the mechanisms
underlying the effects of metformin.

Macrophages ingestion of silica and release inflammatory
cytokines, such as TNF-α, IL-1, and TGF-β. These in turn
provoke recruitment of inflammatory cells into the alveolar
wall and alveolar epithelial surface, initiating alveolitis and
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inducing epithelial to mesenchymal transition (Mossman and
Churg, 1998; Robledo and Mossman, 1999). Studies found that
metformin attenuates PM2.5-induced inflammation (Gao et al.,
2020) and inhibits TGF-β1-induced EMT (Yoshida et al., 2020).
Our experimental results showed that after metformin treatment,
the expression of pro-inflammatory factors TGF-β1, TNF-α, and
IL-1β were significantly decreased (Figures 3A–C, Figure 6).
This suggests that metformin alleviates the inflammatory
response of silicosis through its anti-inflammatory effects.
However, after metformin treatment, the protein expression of
Vimentin and α-SMAwas significantly down-regulated, while the
E-Cad expression was up-regulated (Figures 3D,E, Figure 7).
These results suggest that metformin may inhibit silica-mediated
pulmonary fibrosis by inhibiting cellular pathways leading to
EMT. In addition to fibrotic process, EMT has been implicated in
cancer progression and metastasis. It is known that invasive
properties and metastasis are controlled by EMT (Pearson,
2019). Cell invasion and metastasis are hallmarks of cancer
development (Jiang et al., 2015). The inhibitive effect of
metformin on EMT observed in this study suggest that
metformin may have beneficial effect on cancer treatment.
Indeed, metformin has been found to be able to inhibit the
invasion and migration of various cancer cells (Chen X. et al.,
2015; Chen et al., 2020).

Some evidence demonstrated that enhancing autophagy
reduces silica-induced pulmonary fibrosis. MiR-326 inhibits
inflammation and promotes autophagy activity to alleviate
silica-induced pulmonary fibrosis (Xu T. et al., 2019). A study
suggested that dioscin reduced silica-induced apoptosis and
cytokine production by promoting autophagy, thereby exerted
anti-fibrosis effects in silica-induced pulmonary fibrosis (Du
et al., 2019). Rapamycin protects alveolar epithelial cells from
apoptosis and attenuates silica-induced pulmonary fibrosis

through the enhancement of autophagy in the mouse model
(Zhao et al., 2019). Emerging evidence indicated that autophagy
plays an import role in the beneficial effects of metformin
(Bharath et al., 2020; Ren et al., 2020).Metformin attenuates
lipopolysaccharide-induced epithelial cell senescence by
activating autophagy (Wang et al., 2021). Bharath et al. (2020)
showed that metformin enhances autophagy and normalizes
mitochondrial function to alleviate aging-associated
inflammation. Metformin alleviates oxidative stress and
enhances autophagy in diabetic kidney disease (Ren et al.,
2020). Metformin enhanced the autophagy as indicated by the
up-regulated Beclin1 and LC3 and down-regulated the expression
of p62 (Figure 4A). Immunohistochemistry results confirmed the
increased expression of LC3 after treated with metformin
(Figure 4B). The results from in vitro experiments in co-
culture system also confirmed that the expression levels of
LC3 and Beclin1 increased, and the expression of p62
decreased in HBECs (Figure 8A). In addition, we used GFP-
LC3 cells to detect the accumulation of mature LC3 by which the
GFP-LC3 signal becomes punctate (Bravo-San Pedro et al., 2017).
The results from Ad-GFP-LC3 transfected cells demonstrated
that metformin increased the number of GFP-LC3-foci
(Figure 8B). Thus, the in vivo and in vitro studies confirmed
the promoted autophagy by metformin.

Metformin was reported to activate AMPK. AMPK is a
heterotrimeric complex consisting of an α catalytic subunit,
scaffold protein β subunit, and regulatory c non-catalytic
subunit (Hardie et al., 2012). Metformin activates AMPK by
increasing the phosphorylation of the catalytic a subunit at T172
(Shaw et al., 2005). Our results showed that after treatment with
metformin, p-AMPK expression was significantly increased and
p-mTOR expression decreased in silica stimulated rat lung tissues
(Figure 4A). In vitro results showed that after 72 h of co-

FIGURE 9 | The mechanism of action of metformin against silica-induced pulmonary fibrosis. Uptake of silica by alveolar macrophages release high level of
inflammatory cytokines, and induced EMT which epithelial cells gradually lose their epithelial characteristics and acquire the mesenchymal phenotype. Metformin can
activate AMPK and inhibit mTOR, leading to autophagy induction, thereby reducing the EMT process in silicosis.
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cultivation with metformin, it was also showed that the increased
expression of p-AMPK and decreased p-mTOR compared with
silica group. On the contrary, after the intervention of CC, the
expression of p-AMPK protein was significantly down-regulated
and the expression of p-mTOR was up-regulated in HBEC cells
(Figure 8A). To confirm the involvement of AMPK/mTOR
pathway, we treated cells with CC, an AMPK inhibitor,
together with silica particles or silica plus metformin. So far,
CC remains the only small molecule that has been widely used to
study AMPK signaling and various aspects of cell physiology,
including cell proliferation, survival, and migration (Liu et al.,
2020). Yan et al. (Yan et al., 2010) found that inhibition of
AMPKα activity either by CC or by RNA interference markedly
reduced the accumulation of LC3-II. Chiou et al. (2020) indicated
that compound C treatments reduced AMPKα1 mRNA levels,
which resulted in suppressed AMPKα protein expression and
AMPKα phosphorylation in CC-treated cells. It should be noted
that although CC has been used as AMPK inhibitor for over a
decade, its inhibitive effect of CC is not specific to AMPK (Liu
et al., 2014) which means others kinase may be affected. The non-
specific effects generally occur at relatively high concentration
(over 5 µM) (Dasgupta and Seibel, 2018) and in this study we
used 1 µM to minimize the non-specific effects. Treatment of CC
led to 50% decrease of p-AMPK and about 10% increase of
p-mTOR. As expected, CC caused a depression of autophagy by
up regulating p62 and down regulating Beclin1 and LC3B.
Meanwhile immunofluorescent staining showed that CC
decreased the number of GFP-LC3-containing puncta and the
protein LC3B levels in HBEC cells (Figure 8B:e). However, GFP-
LC3 foci regained after application of metformin (Figure 8B:e).
Thus, all in vivo and in vitro data indicated that metformin exert
its anti-silicotic effects through AMPK/mTOR medicated
autophagy.

Drug repurposing has gained more and more attractions in
identifying new therapeutic way. Metformin as a threptic drug for
type 2 diabetics has been used for 60 years. Recent studies found
that metformin have benefits for other diseases including liver,
heart and renal diseases as well as cancer, obesity and even aging
(Lv and Guo, 2020). The findings in this study will undoubtedly
has clinical utility as an additional therapeutic option for patients
with silicosis especially for those co-existing with type 2 diabetes
or diseases mentioned above.

CONCLUSION

This study demonstrated that metformin has anti-silicotic
potency in rats and in vitro cultured human cells. The effects
of metformin may be due to its ability to alleviate the degree of
alveolitis and pulmonary fibrosis, inhibit epithelial-
mesenchymal transformation and alleviate the process of
silica-induced pulmonary fibrosis. In addition, we showed
that metformin can regulating autophagy through activating
AMPK and inhibiting mTOR. Based on the results of our and
others, we proposed the mechanism of action of metformin
against silica particle-induced fibrosis as shown in Figure 9.
The results from this study provide evidence that metformin

may be potential therapeutic drug for effective treatment of
silicosis.
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Medicine, Rhode Island Hospital and Alpert Medical School, Brown University, Providence, RI, United States

Peritoneal fibrosis (PF) is a major cause of ultrafiltration failure in long-term peritoneal
dialysis (PD) patients. Nevertheless, limited measures have been shown to be effective for
the prevention and treatment of PF. Some views reveal that activation of autophagy
ameliorates PF but others demonstrate that autophagy promotes PF. It is obvious that the
role of autophagy in PF is controversial and further studies are needed. Here, we
investigated the role of autophagy in rat models of PF and damaged cultured human
peritoneal mesothelial cells (HPMCs). Autophagy was highly activated in fibrotic
peritoneum from two PF rat models induced by 4.25% peritoneal dialysate fluid (PDF)
and 0.1% chlorhexidine gluconate (CG). Blockade of autophagy with 3-MA effectively
prevented PF in both models and reversed epithelial to mesenchymal transition (EMT) by
down-regulating TGF-β/Smad3 signaling pathway and downstream nuclear transcription
factors Slug and Snail. Treatment with 3-MA also inhibited activation of EGFR/ERK1/2
signaling pathway during PF. Moreover, 3-MA prominently decreased STAT3/NF-κB-
mediated inflammatory response and macrophage infiltration, and prevented peritoneal
angiogenesis through downregulation of β-catenin signal. In addition, TGF-β1 stimulation
up-regulated autophagic activity as evidenced by the increased autophagosome in vitro.
Exposure of HPMCs to TGF-β1 resulted in the induction of EMT and activation of TGF-
β/Smad3, EGFR/ERK1/2 signaling pathways. Treatment with 3-MA blocked all these
responses. In addition, delayed administration of 3-MA was effective in reducing EMT
induced by TGF-β1. Taken together, our study indicated that autophagy might promote PF
and 3-MA had anti-fibrosis effect in vivo and in vitro. These results suggest that autophagy
could be a potential target on PF therapy for clinical patients with long-term PD.

Keywords: autophagy, peritoneal fibrosis, epithelial to mesenchymal transition, profibrotic signaling pathways,
inflammation

INTRODUCTION

Peritoneal dialysis (PD) is a well-established alternative therapy for patients with end-stage renal
disease (ESRD). According to the last registry, PD is currently used by about 11% of dialysis patients
with ESRD (Jain et al., 2012). In spite of the unique advantages such as preservation of residual renal
function, stable hemodynamics, and higher quality of life for patients, compared to hemodialysis, PD
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promotes continuous exposure of the peritoneal membrane to
bioincompatible dialysis solutions, which leads to the alteration of
normal peritoneal membrane structure and loss of ultrafiltration
function, eventually causes the progressive development of
peritoneal fibrosis (PF) and forces patients to withdraw from
PD (Krediet and Struijk, 2013; Zhou et al., 2016a; Krediet, 2018).
Therefore, exploring the mechanism of PF and effective
prevention strategies are urgently needed.

Epithelial to mesenchymal transition (EMT) of peritoneal
mesothelial cells (PMCs), also known as mesothelial to
mesenchymal transition (MMT), is considered to be an
important initiating factor in PF (Strippoli et al., 2016).
Mounting evidence has demonstrated that transforming
growth factor β1 (TGF-β1)-induced EMT is a pivotal process
of progressive PF (Margetts et al., 2005). TGF-β1 signal exerts its
biological effects through activating the phosphorylation of
Smad2 and Smad3 by the type I TGF-β receptor (TGF-βRI),
and then translocated into nucleus where they regulate gene
transcription (Leask and Abraham, 2004). Previous study has
confirmed that Smad3 knockout mice develop into mild PF by
attenuating EMT and reducing collagen formation (Patel et al.,
2010). Except for TGF-β1/Smad3 signaling pathway, activation of
epidermal growth factor receptor (EGFR) pathway is another
important mechanism during PF progress. Our research group
demonstrated for the first time that EGFR and its downstream
molecules participated in PF, and inhibition of EGFR blocked the
development and progression of mouse PF induced by
chlorhexidine gluconate (CG) (Wang et al., 2016).

Peritoneal inflammation is considered as an important event
during the pathogenesis of PF (Zhang et al., 2017a). Peritoneal
injury leads to the activation of signal transducer and activator of
transcription 3 (STAT3) and nuclear factor kappa-B (NF-κB),
promotes the release of multiple proinflammatory cytokines such
as interleukin-6 (IL-6), monocyte chemoattractant protein-1
(MCP-1), tumor necrosis factor-α (TNF-α) and interleukin-1β
(IL-1β) (Fan et al., 2013). NF-κB signaling pathway is also closely
associated with the occurrence of EMT as well as macrophage
recruitment (Kitterer et al., 2015). Macrophage has the ability to
stimulate the production of connective tissue growth factor
(CTGF), and has been involved in the activation of
myofibroblasts (Wynn and Vannella, 2016). In addition,
another important mechanism for PD-related PF is
angiogenesis. The increase in angiogenesis is related to an
increase in solute transport rate and a decline in the
ultrafiltration capacity (Davies, 2004). The role of WNT/
β-catenin signaling in peritoneal membrane angiogenesis has
been recently clarified (Padwal et al., 2017; Padwal et al.,
2018). Treatment with ICG-001, a β-catenin inhibitor,
improved peritoneal angiogenesis in a mouse model of PF,
and decreased levels of vascular endothelial growth factor
(VEGF) (Padwal et al., 2018).

Autophagy is a self-protection mechanism to maintain the
homeostasis of cellular environment, which is mediated by
lysosome to degrade damaged proteins or organelles (Saha
et al., 2018). Under physiological conditions, autophagy plays
an vital role in ensuring the normal proliferation, differentiation
and apoptosis of cells (Saha et al., 2018). However, autophagy is

also involved in the pathophysiological mechanism of multiple
diseases. Recent reports have shown that autophagy is closely
related to pathogenesis and development of tissue fibrosis, such as
heart (Zhao et al., 2018), liver (Meng et al., 2018), lung (Cabrera
et al., 2015), and kidney (Zhao et al., 2019). For PF, autophagy has
both positive and negative effects. The in vitro study
demonstrated that initiation of autophagy could block the
NLRP3-IL-1β mediated inflammasome activation, thus
resisting the damage of high glucose (HG)-based peritoneal
dialysis fluids on PMCs (Wu et al., 2016a). Only two animal
experiments confirmed the protective role of autophagy against
PF, and that autophagy down-regulation was observed in
peritoneum from a HG-induced mouse peritoneal injury
model (Yang et al., 2017; Li et al., 2019a). On the contrary,
another research found that HG peritoneal dialysate induced
autophagy in human peritoneal mesothelial cells (HPMCs),
associated with fibrosis and apoptosis hallmarks (Wu et al.,
2018). They indicated that autophagy promoted fibrosis and
apoptosis in the peritoneum during long-term PD (Wu et al.,
2018). Such dual character of autophagy has also been proved in
renal fibrosis and hepatic fibrosis. Obviously, the role of
autophagy in PF is still controversial, and it is very meaningful
to conduct autophagy research on the progression of PF.

In this study, we examined the activation of autophagy in
fibrotic peritoneum from two PF rat models injected with 4.25%
peritoneal dialysate fluid (PDF) for 28 days and 0.1% CG for
21 days, and in TGF-β1-stimulated HPMCs. We also evaluated
the effect of autophagy inhibition with 3-Methyladenine (3-MA)
on fibrosis pathological changes in vivo and in vitro. Moreover,
we clarified the mechanisms by which blockade of autophagy
prevents the development of PF. This study elucidated the exact
role and mechanism of autophagy in PF, and suggested that
autophagy could be a potential target on PF therapy for clinical
long-term PD patients.

MATERIALS AND METHODS

Antibodies and Reagents
3-MA was purchased from Selleckchem (Houston, TX,
United States). Antibodies to Beclin-1 (#3738), p-Smad3
(#9520), Smad3 (#9523), E-cadherin (#14472), p-EGFR
(#3777), EGFR (#4267), p-ERK1/2 (#4370), ERK1/2 (#4695),
p-STAT3 (#9138), STAT3 (#9139), β-actin (#4970) and Snail
(#3879) were purchased from Cell Signaling Technology
(Danvers, MA, United States). Antibodies to GAPDH (sc-
32233), Collagen I (sc-28654), TGF-βRI (sc-399), p-NF-κB (sc-
166748), NF-κB (sc-8008), IL-1β (sc-52012), CD68 (sc-20060),
CD31 (sc-376764), VEGF (sc-7269) were purchased from Santa
Cruz Biotechnology (San Diego, CA, United States). Antibodies
to Fibronectin (ab2413) and Slug (ab27568) were purchased from
Abcam (Cambridge, MA, United States). Antibody to LC3
(NB100-2220) was purchased from Novus Biologicals
(Littleton, CO). Antibody to β-catenin (610154) was purchased
from BD Biosciences (San Diego, CA). Antibodies to CD34
(GB13013) and IL-6 (GB11117) were purchased from
Servicebio (Wuhan, China). TGF-β1, IL-1β, MCP-1 enzyme-
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linked immunosorbent assay (ELISA) kits and TGF-β1 protein
were purchased from R&D Systems (Minneapolis, MN,
United States). Beclin-1 siRNA was purchased from
GenePharma (Shanghai, China). Lipofectamine 2000 was
purchased from Invitrogen (Grand Island, NY, United States).
4.25% glucose peritoneal dialysis solution was purchased from
Baxter Healthcare (Guangzhou, China). Antibody to α-SMA
(A2547), chlorhexidine gluconate, DMSO and all other
chemicals were obtained from Sigma-Aldrich (St. Louis, MO,
United States).

Animal Models and Experimental Design
Male Sprague-Dawley rats (Shanghai Super-B&K Laboratory
Animal Corp. Ltd., Shanghai, China) that weighed 200–220 g
were housed under a 12 h light-dark cycle with food and water
supplied ad libitum at the Experimental Animal Center of
Tongji University. Two PF rat models were established
respectively by intraperitoneal injection of 4.25% high
glucose PDF (100 ml/kg) every day for 28 days (Xu et al.,
2017; Shi et al., 2020) and 0.1% CG (10 ml/kg) dissolved in
saline every other day for 21 days (Kokubo et al., 2012; Io et al.,
2015; Shi et al., 2020). To investigate the anti-fibrosis effect of 3-
MA on PF, rats were injected intraperitoneally with two doses of
3-MA (15 and 30 mg/kg) in warmed saline every day. 3-MA is
administrated apart from the 10 ml/kg of CG or 100 ml/kg of
PDF. Rats were randomly divided into four groups in each
model: 1) Rats injected with an equivalent amount of saline
intraperitoneally, defined as sham group (n � 6); 2) Rats injected
with an equivalent amount of saline intraperitoneally and 3-
MA, defined as sham + 3-MA group (n � 6); 3) Rats injected
with 4.25% PDF or 0.1% CG and an equivalent amount of saline
intraperitoneally, defined as PDF/CG group (n � 6); 4) Rats
injected with 4.25% PDF or 0.1% CG and 3-MA, defined as
PDF/CG+3-MA group (n � 6). At the end of 28 or 21 days, all
rats were killed by exsanguination under anesthesia with inhaled
5% isoflurane in room air and the parietal peritoneum was
collected from each group for further protein analysis and
histological examination. The animal protocol was reviewed
and approved by the Institutional Animal Care and Use
Committee at Tongji University.

Cell Culture and Treatments
HPMCs (kind gifts from Haiping Mao at Sun Yat-Sen University,
Guangzhou, China) were cultured in MEM medium containing
10% fetal bovine serum (FBS), 1% penicillin and streptomycin in
an atmosphere of 5% CO2 and 95% air at 37°C. We passed the
primary cells for three generations, obtained a stable phenotype,
and then started the formal experiments. To examine the
inhibitory effect of 3-MA on TGF-β1-induced EMT in vitro,
subconfluent HPMCs were starved for 24 h in MEM medium
containing 0.5% FBS and then exposed to TGF-β1 (2 ng/ml) in
the presence of 3-MA (0, 1, 5 and 10 mM) for 36 h. After exposed
for 36 h, cells were harvested for immunoblotting analyses and
transmission electron microscope observation. To determine the
effects of delayed treatment of 3-MA on TGF-β1-induced EMT,
subconfluent HPMCs were starved for 24 h in MEM medium
containing 0.5% FBS followed by stimulation with TGF-β1 (2 ng/

ml) for 48 h and then incubated with 10 mM 3-MA for an
additional 24 or 48 h, cells were harvested for immunoblotting
analyses. All of the in vitro experiments were repeated for at least
three times.

siRNA Transfection
The small interfering (si) RNA oligonucleotides targeted specially
for Beclin-1 and non-targeting control siRNA were used in this
study. The Beclin-1 siRNA (sense: 5ʹ-CAGUUUGGCACAAUC
AAUATT-3ʹ and antisense: 5ʹ-UAUUGAUUGUGCCAAACU
GTT-3ʹ) were chemically synthesized by GenePharma
(Shanghai, China). HPMCs were seed to 30–40% confluence
in antibiotic-free medium and cultured for 24 h then
transfected with Beclin-1 siRNA (100 pmol) with lipofectamine
2000 (Invitrogen, Grand Island, NY, United States) according to
the manufacturer’s instructions. In parallel, scrambled siRNA
(100 pmol) was used as control for off-target changes in HPMCs.
After transfection for 24 h, the original antibiotic-free medium
was changed and cells were treated with TGF-β1 (2 ng/ml) for an
additional 36 h before being harvested for the further
experiments.

ELISA Analysis
ELISA detection of TGF-β1, IL-1β and MCP-1 proteins in
peritoneal tissue from each group were performed in
accordance with the manufacturer’s instructions.

Immunoblot Analysis
Immunoblot analysis of rat peritoneal tissue and cell samples was
conducted as described previously (Zhou et al., 2016b). The
densitometry analysis of immunoblot results was conducted by
using ImageJ software.

Morphologic Studies of Peritoneum
Formalin-fixed peritoneum was embedded in paraffin and cut
into 3-μm-thick sections. For evaluation of PF, Masson’s
trichrome staining and Sirius red staining were performed
according to the protocol provided by the supplier (Sigma-
Aldrich). The positive area and thickness of the submesothelial
tissue were measured, and the average of ten independent
measurements were calculated for each section.

Immunohistochemical Staining
Sections cut at 3 μm thick were de-paraffinized and rehydrated,
quenched with 3%H2O2, immersed in citrate buffer and heated in
a microwave for retrieval of antigens as described in our previous
study (Pang et al., 2009). Slides were viewed with a Nikon Eclipse
80i microscope equipped with a digital camera (DS-Ri1, Nikon,
Shanghai, China).

Immunofluorescence Staining
Immunofluorescence staining was carried out according to the
procedure described in our previous study (Pang et al., 2009).
Formalin-Fixed Paraffin-Embedded (FFPE) sections (3 μm) were
rehydrated and incubated with primary antibodies against Beclin-
1, E-cadherin or Snail and then Texas Red- or FITC-labeled
secondary antibodies (Invitrogen).
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FIGURE 1 | Administration of 3-MA inhibits autophagy and prevents peritoneal fibrosis in 4.25% PDF-induced rat model. (A) Photomicrographs show Masson’s
trichrome staining of the peritoneum in each group. (B) Positive area of the Masson-positive submesothelial area (blue). (C) Thickness of the Masson-positive
submesothelial area (blue). (D) Peritoneum tissue lysates were subjected to immunoblot analysis with specific antibodies against LC3, Beclin-1 and GAPDH.
(E) Expression levels of LC3II and Beclin-1 were quantified by densitometry and normalized with LC3I and GAPDH respectively. (F) Photomicrographs show
immunofluorescence co-staining of Beclin-1 and DAPI. Data are represented as the mean ± SEM. Means with different superscript letters are significantly different
from one another (p < 0.05). All scale bars � 100 μm.
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Transmission Electron Microscope
Transmission electron microscope (TEM) was performed to
observe the morphology of autophagosome. After indicated
treatments, cells were collected from each group for standard
TEM processing. And various autophagic structures including
phagophore, autophagosome, and autolysosome in HPMCs were
revealed at high magnification from each cell and digital images
with scale bars were taken.

Statistical Analysis
Data depicted in graphs represent the means ± SEM for each
group. Intergroup comparison was made using one-way ANOVA.
Multiple means were compared using Tukey’s test. The differences
between two groups were determined by Student’s t-test.
Statistically significant differences between mean values were
marked in each graph. p < 0.05 was considered significant. The
statistical analyses were conducted by using IBM SPSS Statistics
20.0 (Version X; IBM, Armonk, NY, United States).

RESULTS

Administration of 3-MA Inhibits Autophagy
and Prevents PF in Both 4.25%
PDF-Induced Rat Model and
0.1% CG-Induced Rat Model
To elucidate the role of autophagy in the development of PF, we
first established a model of PF in rats by intraperitoneal injection
with 4.25% high glucose peritoneal dialysate for 28 days and
concurrently given 3-MA treatment (15 and 30 mg/kg). As shown
in Figure 1, thickening of the submesothelial compact zone is
demonstrated by Masson’s trichrome staining. Treatment with 3-
MA prevents PF in a dose-dependent manner as indicated by the
significant reduction of Masson’s trichrome staining positive area
and the thickness of peritoneum (Figures 1A–C). Low
homeostasis level of autophagy was detected in the normal
rats with/without 3-MA injection, but it was significantly
increased in the PF rats, as evidenced by the high level of
LC3B II to I ratio and Beclin-1. Both dose of 3-MA could
inhibit the anomalous up-regulation of autophagy caused by
high glucose dialysate, as indicated in the decreased of LC3B
II to I ratio and Beclin-1 (Figures 1D,E). Moreover,
immunofluorescence co-staining showed that Beclin-1 was
highly expressed in thickened peritoneum from PF rats, and
mainly located in peritoneal mesothelial cells (Figure 1F).

Next, we established another rat model of PF by intraperitoneal
injection of 0.1% CG every other day for 21 days, so as to verify the
anti-peritoneal fibrosis effect of 3-MA again. Similarly, thickening of
the submesothelial compact zone is demonstrated by the Masson’s
trichrome staining and Sirius red staining in PF rats, administration
of 3-MA (30mg/kg) significantly decreased thickness of the fibrotic
submesothelial area and the quantified positive staining area
(Supplementary Figures S1A–D). Consistent with PDF-model,
increased expression of LC3 and Beclin-1 were observed in CG-
induced PF rats, treatment with 3-MA remarkably blocked its
expression (Supplementary Figures S1E,F). Taken together, these

results indicate that autophagy is up-regulated in peritoneum in both
PF models and 3-MA has the ability to prevent PF.

Blockade of Autophagy With 3-MA Prevents
EMT in Both PF Rat Models
EMT occurs after peritoneal injury and is involved in the
development of PF (Liu et al., 2015). To understand whether
autophagy mediates PF by regulating the process of EMT, we
examined the effect of 3-MA in both PF rat models. As shown
in Figures 2A–E and Supplementary Figure S2, injection of PDF
or CG caused a significant reduction of the protein levels of
E-cadherin, an epithelial cell marker, and increased expression of
α-SMA, Fibronectin, and Collagen I, three mesenchymal markers.
Administrated with 3-MA in both dose of 15 mg/kg and 30mg/kg
could down-regulate the expression levels of three mesenchymal
marker as mentioned above (Figures 2A–D). Moreover, 3-MA
effectively restored the expression of E-cadherin in the damaged
peritoneum, especially for the 30mg/kg treatment group, whose
expression level was similar to that of the normal rats (Figures
2A,E). In addition, both of Sirius red staining and Collagen I
immunohistochemical staining further confirmed that 3-MA
inhibited collagen formation and accumulation of the
submesothelial compact zone, and markedly reduced quantitative
positive area of them (Figures 2F–H). These data suggest that 3-
MA prevents PF by inhibiting the process of EMT.

Inhibition of Autophagy With 3-MA Blocks
EMT in PF Rats by Regulating TGF-β/Smad3
Signaling Pathway and Downstream
Nuclear Transcription Factors: Slug and
Snail
The production of TGF-β1, stimulated by high glucose and acid pH, is
the main extracellular matrix (ECM) and collagen-producing factor
during organ fibrosis (Massagué, 2012). To demonstrated whether
PDF could induce TGF-β1 production in peritoneum, the secretion of
TGF-β1 from peritoneumwas determined by ELISA kit. As shown in
Figure 3A, higher level of TGF-β1 was observed in injured
peritoneum from PDF-model group than sham rats, administrated
with 3-MA significantly reduced the production of TGF-β1. To
further identify autophagy might be involved in the process of
EMT by regulating TGF-β/Smad3 signaling pathway, Western
blotting analysis was conducted. Immunoblot analysis showed that
exposure to 4.25% PDF resulted in the activation of TGF-β/Smad3
signaling pathway, as evidenced by the significant increased
expression of TGF-βRI and p-Smad3. Single dose of 3-MA
decreased TGF-βRI and inhibited phosphorylation of Smad3, but
had no impact on total Smad3 (Figures 3B–D).
Immunohistochemical staining of p-Smad3 further confirmed
inhibitory effect of 3-MA on Smad3 activation (Figure 3E).
Furthermore, since TGF-β/Smad3 signaling pathway directly
regulates Slug and Snail, two nuclear transcriptional repressors of
E-cadherin, thus promoting EMT (Cano et al., 2000), we also
examined the impact of 3-MA on their expressions. Basal levels of
Slug and Snail were observed in the normal rats without PDF daily
injection, while their expression levels were dramatically increased in
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FIGURE 2 |Blockade of autophagy with 3-MA prevents EMT in a peritoneal fibrosis rat model. (A) Peritoneum tissue lysates were subjected to immunoblot analysis
with specific antibodies against α-SMA, Fibronectin, Collagen I, E-cadherin and GAPDH. (B–E) Expression levels of α-SMA, Fibronectin, Collagen I and E-cadherin were
quantified by densitometry and normalized with GAPDH. (F) Photomicrographs illustrate Sirius Red staining and immunohistochemistry staining of Collagen I from
peritoneal tissues. (G) Positive area of Sirius Red-positive submesothelial area. (H) Positive area of Collagen I. Data are represented as themean ± SEM.Means with
different superscript letters are significantly different from one another (p < 0.05). All scale bars � 100 μm.
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FIGURE 3 | Inhibition of autophagy with 3-MA blocks EMT in PF rats by regulating TGF-β/Smad3 signaling pathway and downstream nuclear transcription factors:
Slug and Snail. (A) TGF-β1 level in peritoneum from each group by ELISA kit detection. (B) Peritoneum tissue lysates were subjected to immunoblot analysis with specific
antibodies against TGF-βRI, p-Smad3, Smad3 and GAPDH. (C) Expression level of TGF-βRI was quantified by densitometry and normalized with GAPDH.
(D) Expression level of p-Smad3 was quantified by densitometry and normalized with Smad3. (E) Photomicrographs illustrate immunohistochemistry staining of
p-Smad3 from peritoneal tissues. (F) Peritoneum tissue lysates were subjected to immunoblot analysis with specific antibodies against Slug, Snail and GAPDH.
(G, H) Expression levels of Slug and Snail were quantified by densitometry and normalized with GAPDH. Data are represented as the mean ± SEM. Means with
different superscript letters are significantly different from one another (p < 0.05). All scale bars � 100 μm.
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FIGURE 4 | 3-MA decreases autophagic activity in cultured human peritoneal mesothelial cells. (A) Photomicrographs illustrate light microscope observation of
HPMCs. (B)Cell lysates were subjected to immunoblot analysis with specific antibodies against LC3, Beclin-1 and GAPDH. (C, D) Expression levels of LC3II and Beclin-
1 were quantified by densitometry and normalized with LC3I and GAPDH respectively. (E) Photomicrographs show immunofluorescence co-staining of Beclin-1 and
DAPI. (F) The count of Beclin-1-positive cells. (G) Transmission electron microscopy images of autophagosome (Yellow arrows) in HPMCs following TGF-β1 (2 ng/ml)
stimulation in the presence/absence of 3-MA. (H) Quantitation of the number of autophagic vacuoles per cell. Data are represented as the mean ± SEM. Means with
different superscript letters are significantly different from one another (p < 0.05). Scale bars in (A) � 500 μm, (E) � 100 μm, (F) � 10 μm.
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FIGURE 5 | Inhibition of autophagy with 3-MA blocks EMT in HPMCs by regulating TGF-β/Smad3 signaling pathway and downstream nuclear transcription factors:
Slug and Snail. (A) Cell lysates were subjected to immunoblot analysis with specific antibodies against α-SMA, Collagen I, E-cadherin and GAPDH. (B, C) Expression
levels of α-SMA, Collagen I and E-cadherin were quantified by densitometry and normalized with GAPDH. (D) Photomicrographs show immunofluorescence co-staining
of E-cadherin and DAPI. (E) The count of E-cadherin-positive cells. (F, I) Cell lysates were subjected to immunoblot analysis with specific antibodies against TGF-
βRI, p-Smad3, Smad3, Slug, Snail and GAPDH. (G) Expression level of TGF-βRI was quantified by densitometry and normalized with GAPDH. (H) Expression level of
p-Smad3 was quantified by densitometry and normalized with Smad3. (J, K) Expression levels of Slug and Snail were quantified by densitometry and normalized with
GAPDH. Data are represented as the mean ± SEM. Means with different superscript letters are significantly different from one another (p < 0.05). All scale bars � 100 μm.
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PF rats. Treatment with 3-MA restored Slug to the normal level and
lowered Snail to half percent (Figures 3F–H). Therefore, 3-MA could
inhibit EMT during PF through inactivation of TGF-β/Smad3
signaling pathway and E-cadherin transcriptional inhibition by
down-regulating Slug and Snail.

3-MA Decreases Autophagic Activity in
Cultured Human Peritoneal Mesothelial
Cells
CulturedHPMCs were stimulated by TGF-β1 and treated with 3-MA
at different doses (1, 5, 10mM). TGF-β1 was found to induce the
morphological transition of HPMCs, which stimulated HPMCs to
lose their epithelial shape to an elongated shape, treatment with 3-MA
prevented the above morphologic changes of cultured HPMCs
(Figure 4A). In addition, TGF-β1 also triggered a significant up-
regulation of LC3B II to I ratio and Beclin-1. 3-MA dose-dependently
suppressed these responses (Figures 4B–D). Immunofluorescence
assay showed that the expression of Beclin-1 was significantly
increased in response to TGF-β1, 3-MA treatment inhibited its
expression (Figures 4E,F). As a gold standard to observe
autophagosome, images from TEM revealed accumulation of
autophagy-related vacuoles in TGF-β1-stimulated HPMCs
compared to control cells. Administration with 3-MA significantly
prevented the autophagic activity (Figures 4G,H). Above-mentioned
results point out that autophagic activity is activated by TGF-β1
stimulation in cultured HPMCs.

Inhibition of Autophagy With 3-MA Blocks
EMT in HPMCs by Regulating TGF-β/Smad3
Signaling Pathway and Downstream
Nuclear Transcription Factors: Slug and
Snail
Since our previous studies have proved that TGF-β1 stimulation could
cause EMT of HPMCs, which imitates the early stage of PMC injury
during PD process (Xu et al., 2017; Shi et al., 2020), we also examined
the effect of 3-MA on the EMT of cultured HPMCs in response to
TGF-β1. Exposure of HPMCs to TGF-β1 at 2 ng/ml resulted in
increased expression of α-SMA and Collagen I and decreased
expression of E-cadherin, administrated with 3-MA inhibited TGF-
β1-induced upregulation of α-SMA and Collagen I and
downregulation of E-cadherin in a dose dependent manner
(Figures 5A–C). Immunofluorescence assay further confirmed that
the expression of E-cadherin was significantly reduced in response to
TGF-β1, treatment with 3-MA increased the level of E-cadherin
(Figures 5D,E). Mechanistically, 3-MA significantly reduced the
expression of TGF-βRI and inhibited Smad3 phosphorylation, but
made no difference on total Smad3 (Figures 5F–H). Additionally, 3-
MA also down-regulated two nuclear transcription factors, Slug and
Snail, involved in TGF-β1/Smad3-related EMT (Figures 5I–K). In
summary, these results reiterate the inhibitory effect of 3-MA on the
process of EMT by regulating TGF-β/Smad3 signaling pathway and
downstream nuclear transcription factors in vitro.

Furthermore, to determine the effects of delayed treatment of 3-
MA on TGF-β1-induced EMT, we designed a treatment scheme as
shown in Supplementary Figure S3A. At 24 h after pretreatment

with TGF-β1, expression of α-SMA and Collagen I was induced, and
further increased at 48 h. The expression of E-cadherin decreased at
24 h and further inhibited at 48 h.However, delayed treatment with 3-
MA suppressed further increases of α-SMA and Collagen I and
decreases of E-cadherin (Supplementary Figures S3B–E). These
data suggest that delayed administration of 3-MA is effective in
reducing EMT induced by TGF-β1.

Since 3-MA is not a specific autophagy inhibitor, specifically,
3-MA is a generic inhibitor of PI3Ks. To determine whether 3-
MA effects on autophagy dominating among others, we
downregulated the expression of the autophagic gene, Beclin-1
by using Beclin-1 siRNA in HPMCs to investigate the effect on
TGF-β/Smad3, EGFR/ERK1/2 and STAT3/NF-κB signaling
pathways. As shown in Supplementary Figure S4, reduction
of Beclin-1 expression by its specific siRNA decreased TGF-β1
stimulated expression of α-SMA and Collagen I (Supplementary
Figures S4A,B). Mechanistically, downregulation of Beclin-1
resulted in decreased of expression of p-Smad3, p-ERK1/2,
and p-STAT3 without alteration of total Smad3, ERK1/2, and
STAT3 (Supplementary Figures S4C–H). However,
downregulation of Beclin-1 had no impact on p-EGFR and p-
NF-κB (Data not show). It is reported that EGFR signaling can be
activated by ATG genes (Zhang et al., 2019), we speculate that
downregulation of ATG genes in HPMCs may affect the
expression of p-EGFR and p-NF-κB. Collectively, these data
suggest that inhibition of Beclin-1 by siRNA can remarkably
inhibited TGF-β1 induced activation of Smad3/ERK1/2/STAT3
pathway in HPMCs.

3-MA Inhibits Activation of EGFR/ERK1/2
Signaling Pathway in vivo and in vitro
Besides TGF-β/Smad3 signaling pathway involved in PF, EGFR
together with its downstream signal molecule ERK1/2 are also
participated in the development of fibrogenesis. Thus, we set out
to examined the effect of 3-MA on the activation of EGFR and ERK1/
2 by immunoblotting assays. As shown in Figures 6A–C,
phosphorylated EGFR and ERK1/2 were largely increased in the
peritoneal membrane exposure to PDF. Inhibition of autophagy
down-regulated phosphorylation of EGFR and decreased the ratio
between p-EGFR and EGFR, as well as p-ERK1/2 and ERK1/2. Both
total EGFR and ERK1/2were increased after peritoneal injury, but not
affected by 3-MA administration (Figures 6A–C). Moreover, we
further examined whether EGFR/ERK1/2 signaling pathway would
play an important role in TGF-β1-stimulated HPMCs in vitro.
Exposure of HPMCs to TGF-β1 induced expression of p-EGFR
and p-ERK1/2, treatment with 3-MA blocked all these responses,
but had no impact on the expression of total EGFR and total ERK1/2
(Figures 6D,E). Collectively, these data demonstrate that 3-MA may
prevent PF by inactivation of EGFR/ERK1/2 signaling pathway.

3-MA Prevents Inflammation and
Macrophage Infiltration in PDF-Induced PF
Rats
Considering the pivotal role of inflammation in PF, we further
explored the anti-inflammatory effect of 3-MA. STAT3 and NF-
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κB-induced inflammatory signaling pathways were evidently
activated after exposure to non-biocompatible peritoneal
dialysate for 28 days. Combination therapy with 3-MA down-
regulated phosphorylated STAT3 and NF-κB (Figures 7A–D).
The phosphorylation of NF-κB triggers the release of large
number of inflammatory factors such as MCP-1, IL-1β and
IL-6 (Choi et al., 2017). As a result, we further evaluated the
effect of 3-MA on the expression of some inflammatory cytokines
by ELISA kit analysis and immunohistochemical staining. As
demonstrated in Figures 7E–G, all levels of these inflammatory
factors were increased in the peritoneum of rats administrated
with 4.25% PDF and inhibited by 3-MA treatment. In addition,
increased macrophage infiltration in the peritoneal membrane
was also involved in PF (Wang et al., 2016). To explore whether
autophagy was involved in this process, we examined the level of
CD68, one of macrophage markers, by conducting immunoblot
analysis. Injection of 4.25% PDF significantly increased the
expression of CD68, treatment with 3-MA effectively
decreased its expression (Figures 7H,I). Furthermore, we

examined CD68 expression by immunohistochemistry and
showed that the number of CD68 positive cells was elevated in
the peritoneum exposure to PDF and largely reduced after 3-MA
treatment (Figure 7J). Thus, these results demonstrated that
inflammation inhibition is also one of the mechanisms by
which 3-MA prevents PF.

3-MA Suppresses Peritoneal Angiogenesis
Through Inhibiting β-Catenin Signaling
Pathway
Angiogenesis is a critical change of peritoneal structure in long
term PD patients, which is associated with ultrafiltration failure
(Shi et al., 2017). VEGF acted directly on the vascular endothelial
cell mitogen, leading to the formation of new blood vessels. To
further understand whether autophagy is involved in peritoneal
angiogenesis, we examined the effect of 3-MA on PF rats.
Exposure of peritoneum to 4.25% PDF promoted peritoneal
angiogenesis as evidenced by the up-regulation of CD31,

FIGURE 6 | 3-MA inhibits activation of EGFR/ERK1/2 signaling pathway in vivo and in vitro. (A) Peritoneum tissue lysates were subjected to immunoblot analysis
with specific antibodies against p-EGFR, EGFR, p-ERK1/2, ERK1/2 and GAPDH. (B, C) Expression levels of p-EGFR and p-ERK1/2 were quantified by densitometry
and normalized with EGFR and ERK1/2 respectively. (D)Cell lysates were subjected to immunoblot analysis with specific antibodies against p-EGFR, EGFR, p-ERK1/2,
ERK1/2 and GAPDH. (E) Expression levels of p-EGFR and p-ERK1/2 were quantified by densitometry and normalized with EGFR and ERK1/2 respectively. Data
are represented as the mean ± SEM. Means with different superscript letters are significantly different from one another (p < 0.05).
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FIGURE 7 | 3-MA prevents inflammation and macrophage infiltration in PDF-induced PF rats. (A, B) Peritoneum tissue lysates were subjected to immunoblot
analysis with specific antibodies against p-STAT3, STAT3, p-NF-κB, NF-κB and β-actin. (C, D) Expression levels of p-STAT3 and p-NF-κB were quantified by
densitometry and normalized with STAT3 and NF-κB respectively. (E, F) The levels of MCP-1 and IL-1β in peritoneum from each group were detected by ELISA kit.
(G) Photomicrographs illustrate immunohistochemistry staining of IL-1β and IL-6 from peritoneal tissues. (H) Peritoneum tissue lysates were subjected to
immunoblot analysis with specific antibodies against CD68 and GAPDH. (I) Expression level of CD68 was quantified by densitometry and normalized with GAPDH.
(J) Photomicrographs illustrate immunohistochemistry staining of CD68 from peritoneal tissues. Data are represented as the mean ± SEM. Means with different
superscript letters are significantly different from one another (p < 0.05). All scale bars � 100 μm.
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CD34 and VEGF, three common markers of blood vessels.
Administration of 3-MA could blockade this pathological
change and decrease the number of CD31-and CD34-positive
vessels, as well as VEGF-positive endothelial cells (Figures
8A–D). Mechanistically, it was reported that β-catenin
signaling pathway plays an important role in peritoneal
angiogenesis (Padwal et al., 2018). Our immunoblotting
analysis demonstrated that β-catenin pathway was dramatically

activated in PF rats, treatment with 3-MA remarkably decreased
the expression of β-catenin in fibrotic peritoneum (Figures 8E,F).
Taken together, these data suggest that 3-MA suppresses
peritoneal angiogenesis by inhibiting β-catenin signaling
pathway.

Actually, the mechanisms of autophagy promoting peritoneal
fibrosis are complicated. In the present study, we found that high
glucose and TGF-β can stimulate the activation of autophagy.

FIGURE 8 | 3-MA suppresses peritoneal angiogenesis through inhibiting β-catenin signaling pathway. (A) Photomicrographs illustrate immunohistochemistry
staining of CD31, CD34 and VEGF from peritoneal tissues. (B-D) The count of CD31-positive vessels, CD34-positive vessels and VEGF-positive cells. (E) Cell lysates
were subjected to immunoblot analysis with specific antibodies against β-catenin and GAPDH. (F) Expression level of β-catenin was quantified by densitometry and
normalized with GAPDH. Data are represented as themean ± SEM.Means with different superscript letters are significantly different from one another (p < 0.05). All
scale bars � 100 μm.
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Inhibition of autophagy with 3-MA prevents peritoneal fibrosis
by regulating TGF-β/Smad3, EGFR/ERK1/2, STAT3/NF-κB and
β-Catenin axis both in vivo and in vitro systems. Interestingly, a
previous study shown that TGF-β induces EMT, which is also
implicated in inflammation and angiogenesis due to the cytokines
released by mesothelial cells that suffered EMT after exposition to
glucose or TGF-β. Inflammatory cells recruited to the peritoneal
cavity also induce EMT and angiogenesis (Tzavlaki and
Moustakas, 2020). It can be seen that the crosstalk and
interplay among multiple pathways associated with autophagy
and peritoneal fibrosis, such as EMT, inflammation, and
angiogenesis are complicated (Figure 9).

DISCUSSION

PF is one of the most common complications for long-term PD
patients (Zhou et al., 2016; Krediet, 2018). At present, there is no
effective intervention and treatment strategies for PF.
Autophagy is a cellular process of the formation of
autophagosomes by bulk degradation of cytoplasmic
components. In addition to its bona fide function of
catabolism, autophagy also plays important roles in fibrotic
diseases (Saha et al., 2018). The role of autophagy in PF remains
largely unclear and the findings from recent researches are
inconsistent and very controversial (Yang et al., 2017; Wu
et al., 2018; Li et al., 2019a). Using pharmacological
inhibitory approach, our study has determined the regulation
of PF by autophagy in two PF rat models induced by 4.25% PDF
and 0.1% CG and in vitromodel of TGF-β1 stimulated HPMCs.

Blockade of autophagy by pharmacological inhibitor 3-MA
effectively prevented PF by inhibiting EMT and the
activation of TGF-β/Smad3, EGFR/ERK1/2 signaling
pathways. 3-MA also prevented inflammation and
macrophage infiltration by regulating the STAT3 and NF-κB
signaling pathway. Moreover, inhibition of autophagy
blockaded peritoneal angiogenesis in the injured peritoneum.
In consistent with Wu et al. (2018), our conclusion based on the
present research also demonstrated that autophagy contributed
to PF. Taken together, 3-MA is effective in preventing the
development of PF and autophagy might be a therapeutic
target for long-term PD patients.

Despite the emerging evidence showing the induction of
autophagy during PF, the upstream signaling leading to autophagy
activation remains unclear. It is generally known that peritoneal
dialysate currently used in PD patients usually contains high
glucose, advanced glycation end products (AGEs) and glucose
degradation products (GDPs). In this study, we demonstrated that
high glucose PDF increased TGF-β1 production. Accumulating data
have indicated that TGF-β1 induces autophagy under different
pathological conditions (Ding and Choi, 2014; Sureshbabu et al.,
2016; Zhang et al., 2017b). TGF-β1 stimulation increases
autophagosomes accumulation and autophagic flux activation, and
up-regulates autophagy-related genes such as Atg5, Atg7, LC3, Beclin-
1 and Death-associated protein kinase (DAPK) (Kiyono et al., 2009;
Ding and Choi, 2014; Sureshbabu et al., 2016). Similarly, our in vitro
study showed that TGF-β1 (2 ng/ml) stimulation increased
autophagic activity in cultured HPMCs with the up-regulation of
LC3 and Beclin-1. As a gold standard to observe autophagosome,
images from TEM revealed accumulation of autophagy-related

FIGURE 9 | Signaling pathways of autophagy promotes PF. Exposure of high glucose or TGF-β can induce the activation of autophagy in vivo and in vitro,
respectively. Activation of autophagy leads to EMT, induction of proinflammatory responses and triggering angiogenesis by regulating TGF-β/Smad3, EGFR/ERK1/2,
STAT3/NF-κB and β-Catenin axis, eventually caused peritoneal fibrosis. In addition, EMT also implicated in inflammation and angiogenesis. Inflammatory responses also
induce EMT and angiogenesis.
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structures in TGF-β1-stimulated cells compared to starved cells. TGF-
β1 has been shown to activate PI3K/Akt/mTOR pathway (Lamouille
and Derynck, 2007), which is important to mediate autophagy.
Therefore, high glucose PDF stimulates the production of TGF-β1
might induce autophagy by regulating PI3K/Akt/mTOR pathway.
Additionally, AGEs can activate autophagy as well. Biological function
of extracellular AGEsmainly depends on the interactionwith receptor
for AGEs (RAGE). After that, the AGEs in league together with
intracellular AGEs induce oxidative stress and increase generation of
reactive oxygen species (ROS) dependent or independent on protein
kinase C (PKC) activity, finally leading to autophagy (Ding and Choi,
2015). Moreover, the other two pathways, ERK-DAPK-Beclin1-
hVps34 and CaMKKβ-AMPK are also activated by AGEs and
focus on autophagy (Xie et al., 2013). Recent study also confirmed
that autophagy was highly up-regulated in peritoneal membrane from
long-term PD patients, as evidenced by increased expression of LC3
and autophagosomes, which was related to PF (Wu et al., 2018).
Collectively, these data suggest that long-term PD induce the
activation of autophagy.

Considering that autophagy is activated in long-term PD patients
during PF, it is worth to explore the possible fibrogenesis mechanisms
associated with autophagy. EMT plays an initial role in the process of
fibrosis and subsequent functional deterioration of the peritoneal
membrane. In this regard, we determined the relationship between
autophagy and EMT in this study. Our study showed that inhibition
of autophagy with 3-MA decreased the expression of EMT-related
makers including α-SMA, Fibronectin, and Collagen I in vivo and
in vitro. Mechanistically, we further demonstrated that inhibition of
autophagy with 3-MA blocks EMT by regulating TGF-β/Smad3
signaling pathway and downstream nuclear transcription factors.
Consistently in the current study, activation of EMT by autophagy
was also shown in hepatocellular carcinoma cells, which associated
with the activation of TGF-β/Smad3 signaling (Li et al., 2013). It can
be seen that in addition to the positive role of TGF-β on autophagy,
up-regulated autophagy can act back onTGF-β expression as well. Hu
et al. found that autophagy-mediated phosphodiesterase 4A (PDE4A)
degradation could activate CAMP/PKA/CREB signaling, which
contributed to TGF-β production (Hu et al., 2018). However, the
relationship between autophagy and EMT is complicated, a recent
study demonstrated that autophagy could promote EMT in both
TGF-β-dependent and independent manner (Bao et al., 2020),
which indicates that there might be other pathway involved in the
3-MA-mediated inhibition of EMT. In this respect, our current
study also found that EGFR/ERK1/2 signaling was upregulated in
PF rats during EMT, administrated with 3-MA significantly
inhibited the activation of this signaling pathway. Zhang et al.
demonstrated that the loss-of-function in ATG genes may
activate EGFR signaling by driving the accumulation of
activated, Krn-bound EGFR complexes in Rab11 recycling
endosomes and/or at the plasm membrane, such that
constitutively activating downstream ERK signaling in cancers
(Zhang et al., 2019). Whether the dysfunction of autophagy may
trigger hyperactivation of EGFR/ERK1/2 signaling through this
mechanism during EMT in PF model is still needed further
exploration. Taken together, our results suggest that autophagy
might promote EMT through multiple mechanisms.

Though the mechanism is not fully clarified, the crosstalk between
autophagy and inflammation has recently become an interesting
topic. On the one hand, autophagy directly affects the
development, homeostasis and survival of several inflammatory
cells, such as macrophages, neutrophils and lymphocytes (T cells
and B cells), and influencing the transcription, processing and
secretion of inflammatory factors (Qian et al., 2017). On the other
hand, autophagy is regulated by inflammatory cytokines as well (Wu
et al., 2016b). In this study, we observed an elevation of multiple
proinflammation cytokines, includingMCP-1, IL-1β, and IL-6, as well
as macrophage infiltration of the peritoneum in PDF rats, inhibition
of autophagy with 3-MA blocked all these responses. Mechanistically,
it is well-established that NF-κB signaling is a critical transduction
pathway that regulates cell stress and inflammatory responses
(Mendis et al., 2008). In this study, we observed that NF-κB
signaling pathway was evidently activated after exposure to non-
biocompatible peritoneal dialysate. Combination therapy with 3-MA
down-regulated phosphorylated NF-κB. Since our previous studies
have already confirmed that inflammatory response is one of the key
pathologic processes involved in PF during long-term PD (Wang
et al., 2016; Shi et al., 2020), thus we can draw a conclusion that
autophagy contributes to PF by mediating inflammatory responses,
which may associate with NF-κB pathway. In fact, although our
current study suggests that autophagy can mediate the NF-κB
signaling, existing studies have shown that the NF-κB signaling
pathway can in turn regulate autophagy (Levine et al., 2011; Xu
et al., 2021). Obviously, there is an interaction between the activation
of autophagy and the NF-κB signaling pathway, the relationships in
detail need to further elucidate.

Inhibition of peritoneal angiogenesis may also be a mechanism by
which 3-MA prevents PF. In this study, peritoneal angiogenesis was
more serious in 4.25% PDF-model group than control group,
treatment with 3-MA significantly blocked the peritoneal
angiogenesis as evidenced by the decreased of CD31- and CD34-
positive vessels, as well as VEGF-positive endothelial cells. In
consistent with our observations, Liang et al. showed that
rapamycin-mediated autophagy enhanced the pro-angiogenic
effect, and 3-MA effectively attenuated angiogenesis evidenced by
decreased proliferation and migration of human umbilical vein
endothelial cells (HUVECs), and formation of tube-like structures
(Liang et al., 2018). The role ofWNT/β-catenin signaling in peritoneal
membrane angiogenesis has been recently clarified. Our study found
that β-catenin pathway was dramatically activated in PF rats,
treatment with 3-MA remarkably decreased the expression of
β-catenin in fibrotic peritoneum. The activation of autophagy
could augment the WNT/β-catenin signaling pathway (Liu et al.,
2021), as a result, β-catenin binds to the T cell factor/lymphoid
enhancer-binding factor (TCL/LEF) family in the nucleus, and
changes the expression of crucial mediators of angiogenesis, such
as VEGF (Liu et al., 2021). In addition, autophagy also regulates
pigment epithelium derived factor (PEDF) expression, an endogenous
VEGF inhibitor, and increases VEGF/PEDF ratio, promoting the
formation of neovascularization (Li et al., 2019b). Collectively, 3-MA
prevents peritoneal angiogenesis in PF rat model through inhibiting
autophagy-mediated VEGF production, and suppressing the
activation of β-catenin signaling. Autophagy may become a
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therapeutic target in the clinical treatment of angiogenesis for long-
term PD patients.

Though the role of autophagy in PF is still controversial, our
current study also has some strengths. Firstly, we determined the role
of autophagy in PF using two rat models induced by 4.25% PDF and
0.1% CG, both were well-documented animal models used for
studying chronic peritoneal changes (Wang et al., 2016; Xu et al.,
2017), and considered to be ideal models to examine the efficacy of
potential therapeutic regents for treating PF (Yoshio et al., 2004).
Similar results were observed in both models, that is, autophagy
promotes the development of PF, it makes the conclusion draw from
the current study more convincing. Secondly, since 3-MA has not yet
been approved clinically for the treatment of PF, we evaluated the
effect of 3-MA on fibrosis pathological changes in vivo and in vitro,
which provides the preclinical evidence for the anti-fibrotic effect of 3-
MA in PF. Finally, we used two doses in exploring the anti-fibrotic
effect of 3-MA and found that 30mg/kg is more effective than
15mg/kg. Although it is acknowledged that 3-MA is not a specific
autophagy inhibitor and it is likely that a higher dosage of 3-MAmay
have adverse effects, our research shown that higher dosage of 3-MA
(30mg/kg) have no bad effect on normal rats. Nevertheless, efficacy
and safety of 3-MA for the treatment of PF are still need to
further study.

In conclusion, we confirmed that autophagy promotes PF, and
pharmacological blockade of autophagy protects against
peritoneal injury. Autophagy was highly activated in fibrotic
peritoneum from two PF rat models induced by 4.25% PDF
and 0.1% CG, and in cultured HPMCs after TGF-β1 stimulation.
Treatment with 3-MA significantly prevents PF through
inhibiting EMT, inactivating fibrogenesis signaling pathways,
down-regulating inflammation, and reducing peritoneal
angiogenesis. Therefore, autophagy inhibition may have a
potential therapeutic benefit for long-term PD patients.
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Supplementary Figure S1 | Administration of 3-MA inhibits autophagy and
attenuates peritoneal fibrosis in 0.1% CG -induced rat model. (A, B) Masson’s
trichrome staining of the peritoneum and its positive area. (C, D) Sirius Red staining
of the peritoneum and its positive area. (E) Peritoneum tissue lysates were subjected
to immunoblot analysis with specific antibodies against LC3, Beclin-1 and GAPDH.
(F) Expression levels of LC3II and Beclin-1 were quantified by densitometry and
normalized with LC3I and GAPDH respectively. Data are represented as the mean ±
SEM. Means with different superscript letters are significantly different from one
another (p < 0.05). All scale bars � 100 μm.

Supplementary Figure S2 | Inhibition of autophagy with 3-MA blocks EMT in 0.1%
CG -induced rat model. (A) Peritoneum tissue lysates were subjected to immunoblot
analysis with specific antibodies against α-SMA, Fibronectin, Collagen I, E-cadherin
and GAPDH. (B–E) Expression levels of α-SMA, Fibronectin, Collagen I and
E-cadherin were quantified by densitometry and normalized with GAPDH. Data
are represented as the mean ± SEM. Means with different superscript letters are
significantly different from one another (p < 0.05).

Supplementary Figure S3 | Delayed administration of 3-MA inhibits TGF-β1-
induced EMT in HPMCs. (A) Diagram depicts treatment scheme with 3-MA. (B) Cell
lysates were subjected to immunoblot analysis with specific antibodies against
α-SMA, Collagen I, E-cadherin and GAPDH. (C–E) Expression levels of α-SMA,
Collagen I and E-cadherin were quantified by densitometry and normalized with
GAPDH. Data are represented as the mean ± SEM. Means with different superscript
letters are significantly different from one another (p < 0.05).

Supplementary Figure S4 | siRNA-mediated silencing of Beclin-1 inhibits TGF-β1
induced activation of Smad3/ERK1/2/STAT3 pathway in HPMCs (A) Cell lysates
were subjected to immunoblot analysis with specific antibodies against Beclin-1,
α-SMA, Collagen I and GAPDH. (B) Expression levels of Beclin-1, α-SMA and
Collagen I were quantified by densitometry and normalized with GAPDH. (C) Cell
lysates were subjected to immunoblot analysis with specific antibodies against
p-Smad3, Smad3 and GAPDH. (D) Expression level of p-Smad3 was quantified by
densitometry and normalized with Smad3. (E) Cell lysates were subjected to
immunoblot analysis with specific antibodies against p-ERK1/2, ERK1/2 and
GAPDH. (F) Expression levels of p-ERK1/2 was quantified by densitometry and
normalized with ERK1/2. (G) Cell lysates were subjected to immunoblot analysis
with specific antibodies against p-STAT3, STAT3 and GAPDH. (H) Expression levels
of p-STAT3 was quantified by densitometry and normalized with STAT3. Data are
represented as the mean ± SEM. Means with different superscript letters are
significantly different from one another (p < 0.05).
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GLOSSARY

AGEs advanced glycation end products

CG chlorhexidine gluconate

CTGF connective tissue growth factor

DAPK Death-associated protein kinase

DMSO dimethyl sulfoxide

ECM extracellular matrix

EGFR epidermal growth factor receptor

ELISA enzyme-linked immunosorbent assay

ERK1/2 extracellular signal–regulated kinase 1/2

EMT epithelial to mesenchymal transition

ESRD end-stage renal disease

FBS fetal bovine serum

FFPE Formalin-Fixed Paraffin-Embedded

GAPDH glyceraldehyde 3-phosphate dehydrogenase

GDPs glucose degradation products

HG high glucose

HUVECs human umbilical vein endothelial cells

HPMCs human peritoneal mesothelial cells

IL-1β interleukin-1β

IL-6 interleukin-6

LC3 light chain 3

LEF lymphoid enhancer-binding factor

MMT mesothelial to mesenchymal transition

MCP-1 monocyte chemoattractant protein-1

3-MA 3-methyladenine

NF-κB nuclear factor-κB

PKC protein kinase C

PDE4A phosphodiesterase 4A

PEDF pigment epithelium derived factor

PF peritoneal fibrosis

PD peritoneal dialysis

PDF peritoneal dialysate fluid

ROS reactive oxygen species

STAT3 signal transducer and activator of transcription 3

α-SMA α-smooth muscle actin

TCL T cell factor

TEM transmission electron microscope

TNF-α tumor necrosis factor-α

TGF-β transforming growth factor-β

TGF-βRI type I TGF-β receptor

VEGF vascular endothelial growth factor

Frontiers in Pharmacology | www.frontiersin.org August 2021 | Volume 12 | Article 72414119

Shi et al. Autophagy Inhibition Prevents Peritoneal Fibrosis

44

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


Requirement of Histone Deacetylase 6
for Interleukin-6 Induced
Epithelial-Mesenchymal Transition,
Proliferation, and Migration of
Peritoneal Mesothelial Cells
Yingfeng Shi1†, Min Tao1†, Jun Ni1,2†, Lunxian Tang3, Feng Liu1, Hui Chen1, Xiaoyan Ma1,
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Aims: Influenced by microenvironment, human peritoneal mesothelial cells (HPMCs)
acquired fibrotic phenotype, which was identified as the protagonist for peritoneal
fibrosis. In this study, we examined the role of histone deacetylase 6 (HDAC6) for
interleukin-6 (IL-6) induced epithelial-mesenchymal transition (EMT), proliferation, and
migration of HPMCs.

Methods: The role of HDAC6 in IL-6-elicited EMT of HPMCs was tested by morphological
observation of light microscope, immunoblotting, and immune-fluorescence assay; and
the function of HDAC6 in proliferation and migration of HPMCs was examined by CCK-8
assay, wound healing experiment, and immunoblotting.

Results: IL-6 stimulation significantly increased the expression of HDAC6. Treatment with
tubastatin A (TA), a highly selective HDAC6 inhibitor, or silencing of HDAC6 with siRNA
decreased the expression of HDAC6. Moreover, TA or HDAC6 siRNA suppressed IL-6-
induced EMT, as evidenced by decreased expressions of α-SMA, Fibronectin, and
collagen I and the preserved expression of E-cadherin in cultured HPMCs.
Mechanistically, HDAC6 inhibition suppressed the expression of transforming growth
factor β (TGFβ) receptor I (TGFβRI), phosphorylation of Smad3, secretion of connective
tissue growth factor (CTGF), and transcription factor Snail. On the other hand, the
pharmacological inhibition or genetic target of HDAC6 suppressed HPMCs
proliferation, as evidenced by the decreased optical density of CCK-8 and the
expressions of PCNA and Cyclin E. The migratory rate of HPMCs also decreased.
Mechanistically, HDAC6 inhibition blocked the activation of JAK2 and STAT3.
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Conclusion: Our study illustrated that IL-6-induced HDAC6 not only regulated IL-6 itself
downstream JAK2/STAT3 signaling but also co-activated the TGF-β/Smad3 signaling,
leading to the change of the phenotype and mobility of HPMCs. HDAC6 could be a
potential therapeutic target for the prevention and treatment of peritoneal fibrosis.

Keywords: histone deacetylase 6, interleukin-6, epithelial-mesenchymal transition, proliferation, migration,
peritoneal mesothelial cells

INTRODUCTION

Peritoneal dialysis (PD) is an effective and home-based renal
replacement therapy for end-stage renal disease (ESRD) patients
(Li et al., 2017). Peritoneal fibrosis (PF) is the main factor for
ultrafiltration loss and treatment failure in PD patients, and it is
characterized by the loss of mesothelial cells (MCs) and increase
of myofibroblasts in submesothelial areas, where epithelial-
mesenchymal transition (EMT) occurs (Zhou Q. et al., 2016).

The EMT process refers to the trans-differentiation of
epithelial cells into motile mesenchymal cells, which is
regulated by related transcriptional factors, such as Snail and
Twist, resulting in upregulation of mesothelial cell markers
(i.e., α-SMA, Collagen I, and Fibronectin) and downregulation
of epithelial cell markers (i.e., E-cadherin and ZO-1) (Lamouille
et al., 2014). Meanwhile, peritoneal mesothelial cells under
phenotypic transformation often acquire the capacity of
proliferation and invasiveness and secrete more cell cycle
associated proteins, such as proliferating cell nuclear antigen
(PCNA) and Cyclin E (He et al., 2015). Traditionally, this
process is triggered via the activation of the canonical
transforming growth factor-β (TGF-β) pathway (Zhou Q.
et al., 2016). However, peritoneal fibrosis has two cooperative
parts, the fibrosis process itself and the inflammation (Zhou Q.
et al., 2016; Balzer, 2020). The link between them is frequently
bidirectional, with each one inducing the other (Balzer, 2020).
Thus, the noncanonical inflammatory cytokines-elicited EMT
also arouses the attention of researchers.

Particularly for IL-6, it is a multifunctional cytokine
produced by a variety of cells such as lymphoid and non-
lymphoid cells and by normal and transformed cells,
including macrophages, mesothelial cells, and mesenchymal
cells (Choy et al., 2020). The prospective clinic studies show
that significant amounts of IL-6 in drained dialysate are in much
higher concentrations than in serum under stable conditions
(Lopes Barreto et al., 2011; Yang et al., 2014; Yang et al., 2018).
The dialysate IL-6 level is increased shortly before the onset of
and during the peritoneal fibrosis and several months after the
clinically cured peritonitis, suggesting its local production and
reflecting an intraperitoneal fibrosis and inflammatory state
(Yang et al., 2014; Yang et al., 2018). However, the cellular
mechanisms initiating an IL-6-related fibrosis response are still
unclear. The current study aims to investigate the mechanism of
IL-6-directed EMT, proliferation, and migration of MCs from
an epigenetic point of view.

Epigenetics refers to heritable changes in gene
expression which does not involve changes to the
underlying DNA sequences (Guo et al., 2019).

Acetylation is an important epigenetics modification in
histone tail, which is regulated by histone
acetyltransferases (HATs) and histone deacetylases
(HDACs) (West and Johnstone, 2014). Histone
deacetylase 6 (HDAC6) belongs to class IIb and
primarily resides in the cytoplasm, while its deacetylase
activity controls both cytoplasmic and nuclear functions
(Pulya et al., 2021). The best characterized substrate for
HDAC6 is α-tubulin (Hubbert et al., 2002). HDAC6
deacetylates α-tubulin via a process that requires its
second HDAC domain and leads to an increase in the
cell motility (Hubbert et al., 2002). Moreover, we and
other research groups found that, unlike classes I, IIa,
and III HDACs knockout mice, the homozygous
HDAC6-deficient mice, which presented hyperacetylated
tubulin in quite a lot tissues, were viable and fertile (Zhang
et al., 2008; Chen et al., 2020). This indicated that HDAC6-
specific inhibitors could be a safer and better tolerated
medicine than pan-HDAC inhibitors. Recently, some of
HDAC6 selective inhibitors, such as ACY-1215 (IC50 �
4.8 nM) and ACY-241 (IC50 � 2.6 nM), had been
underwent the Phase I/II clinical trials in the field of
tumors treatment (Porter et al., 2017; Pulya et al., 2021).
Comparing these molecules, tubastatin A (TA) inhibited
HDAC6 with an IC50 of 15 nM. Even so, TA was still a
potential candidate because of its high selectivity. TA was
found to have about 1093 fold selectivity towards HDAC6
over class Ⅰ HDACs, while ACY-1215 and ACY-241 had 12-
fold and 18-fold selectivity, respectively (Porter et al.,
2017; Pulya et al., 2021). Thus, TA was adopted and
administrated at different concentrations in the
current study.

Notably, previous studies reported that HDAC6 promoted
kidney and lung fibrosis, mainly through its regulation and
activation on growth factor receptors (Deribe et al., 2009; Saito
et al., 2017; Chen et al., 2020). However, the role of HDAC6 in the
inflammatory factor IL-6 signaling pathway remains unexplored.
IL-6 was accounted for a significant concentration in the drained
dialysate and thus adopted to stimulate human peritoneal
mesothelial cells (HPMCs). Interestingly, we observed that
HDAC6 was overexpressed after stimulation; meanwhile
HPMCs tended to EMT, proliferation, and migration. What is
the role of this IL-6-induced deacetylase for cell phenotype and
mobility? Does it have a modification on the downstream
signaling of IL-6? Could it be a linker between IL-6 and TGF-
β signaling?

In this study, we first assessed the effect of TA on the IL-6-
induced change of the phenotype and the mobility of HPMCs and
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further investigated the signaling regulatory mechanism, in order
to provide evidence for future clinical trials in the field of
peritoneal fibrosis.

MATERIALS AND METHODS

Antibodies and Reagents
Tubastatin A and MG132 were purchased from Selleckchem
(Houston, TX, United States). Antibodies to HDAC6 (#7612),
Acetyl Histone H3 (Lys9) (#9649), Histone H3 (#9717), Acetyl
α-Tubulin (Lys40) (#5335), α-Tubulin (#3873), ZO-1 (#13663),
Smad3 (#9523), p-Smad3 (#9520), JAK2 (#3230), p-JAK2
(#3771), STAT3 (#9139), p-STAT3 (#9138), CTGF (#86641),
E-cadherin (#14472), Cyclin E (#20808) and Snail (#3879)
were purchased from Cell Signaling Technology (Danvers,
MA, United States). Antibody to Fibronectin (ab2413) was
purchased from Abcam (Cambridge, MA). Antibodies to
GAPDH (sc-32233), Collagen I (A2) (sc-28654), TGFβRI (sc-
399), Smad7 (sc-365846), and PCNA (sc-71858) were purchased
from Santa Cruz Biotechnology (San Diego, CA, United States).
IL-6 protein was purchased from R&D Systems (Minneapolis,
MN, United States). HDAC6 siRNA was purchased from
GenePharma (Shanghai, China). Lipofectamine 2000 was
purchased from Invitrogen (Grand Island, NY, United States).
The Cell Counting Kit-8 (CCK-8) proliferation assay kit was
purchased from Beyotime Biotechnology (Haimen, China).
Antibody to α-SMA (A2547) and all other chemicals were
obtained from Sigma-Aldrich (St. Louis, MO, United States).

Mesothelial Cell Culture
Human peritoneal mesothelial cells (HPMCs) (Jennio
Biotechnology, Guangzhou, China) were cultured in MEM
containing 10% fetal bovine serum (FBS) and 1% penicillin
and streptomycin in an atmosphere of 5% CO2 and 95% air at
37°C. To determine the effect of HDAC6 inhibition on EMT
induced by IL-6, the HPMCs were starved for 24 h with 0.5% FBS
in MEM and then exposed to IL-6 (100 ng/ml) for 36 h in the
presence or absence of different concentrations of TA (5, 10, and
20 µM) orMG132 (5 µM) before cell harvesting. All of the in vitro
experiments were repeated for at least three times.

siRNA Transfection
The small interfering (si) RNA oligonucleotides targeted specially
for HDAC6 were used to downregulate the HDAC6 level in the
cultured human peritoneal mesothelial cells. The HPMCs were
seeded to 30–40% confluence in antibiotic-free medium and grown
for 24 h and then were transfected with HDAC6 siRNA (50 nmol)
with Lipofectamine 2000 according to the manufacturer’s
instructions. In parallel, scrambled siRNA (50 nmol) was used as
control for the off-target changes in the HPMCs. After transfection
for 24 h, the cells were treated with IL-6 (100 ng/ml) for an
additional 36 h before being harvested for further experiments.

CCK-8 Proliferation Assay
The CCK-8 proliferation kit was used according to the
manufacturer’s instructions. The HPMCs were starved for 24 h

with MEM containing 0.5% FBS and then exposed to IL-6
(100 ng/ml) in the presence or absence of TA (5, 10, and
20 µM). After 36 h, the original culture medium was removed,
and 100 µl newMEMmedium containing 10 µl CCK-8 was added
to each well in a 96-well plate for 37°C incubation for an
additional 4 h. The final optical density values were read at
450 nm.

Immunoprecipitations and Immunoblotting
Following an initial 24 h starvation, the HPMCs were exposed to
IL-6 (100 ng/ml) for 36 h. The cell lysate was harvested by using
ice-cold non-denaturing lysis buffer (Thermo Scientific,
Rockford, IL). Co-immunoprecipitation (co-IP) was done
using the Thermo Scientific Pierce co-IP kit (26149) following
the manufacturer’s protocol. Briefly, the HDAC6 or IgG antibody
was first immobilized for 2 h using AminoLink Plus coupling
resin. The resin was then washed and incubated with the cell
lysate overnight. After incubation, the resin was again washed and
the protein was eluted using the elution buffer. The samples were
analyzed by immunoblotting using the antibodies of Smad3,
HDAC6, and GAPDH. Immunoblotting was performed as
previously described (Zhou X. et al., 2016). The densitometry
analysis of immunoblotting results was conducted by using
ImageJ software.

Wound Healing Assay
The HPMCs were seeded in a 6-well plate and allowed to reach
90% confluence. A scratch wound was created on the cell surface
using a micropipette tip. Then, the cells were washed with PBS
three times and incubated in serum-free MEM with IL-6 (100 ng/
ml) in the presence or absence of TA (20 µM) and HDAC6
siRNA. The photomicrographs (× 40 objective magnification) of
the migrating cells were taken at 0–36 h. The width of the wound
was measured using ImageJ software (National Institutes of
Health, Bethesda, MD, United States). The migratory rate was
calculated as (A− B)/A × 100%, where A and B reflect the width of
the wound at 0–36 h, respectively.

Immunofluorescence Staining
The cells grown on chamber slides were fixed for 15 min with 4%
paraformaldehyde. The samples were permeabilized with 0.1%
Triton X-100 for 30 min. Then, the samples were blocked with
goat serum for 15 min. The primary antibodies against HDAC6,
Acetyl Histone H3, α-SMA, Fibronectin, E-cadherin, and ZO-1
diluted in PBS (1:100) were added to the samples, respectively,
and incubated overnight at 4°C. After PBS washing, the cells were
incubated with the Texas Red-labeled secondary antibody (1:200,
Beyotime, China) diluted in PBS for 1 h at room temperature. The
nuclei were stained with DAPI. After additional washing for
5 min three times, the samples were sealed by the antifade reagent
and visualized with an Olympus fluorescence microscope (at
×200 magnification).

Statistical Analysis
All the experiments were conducted at least three times. The data
depicted in the graphs represent the means ± SEM for each group.
The intergroup comparison was made using one-way analysis of
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variance. Multiple means were compared using Tukey’s test. The
differences between the two groups were determined by Student’s
t-test. The statistical significant difference between the mean
values was marked in each graph. p < 0.05 was considered
significant. The statistical analyses were conducted by using
IBM SPSS Statistics 20.0 (Version X; IBM, Armonk, NY,
United States).

RESULTS

IL-6 Increases the Expression of HDAC6 in
Cultured Peritoneal Mesothelial Cells
IL-6 was a canonical inflammation factor, which was highly
expressed in the fibrotic peritoneum and the dialysis effluent
from long-term PD patients (Lopes Barreto et al., 2011; Yang

FIGURE 1 | IL-6 increases the expression of HDAC6 in cultured human peritoneal mesothelial cells. (A)Cell morphology was observed using light microscopy. Red
arrows indicate the cobblestone-shaped cells and yellow arrows show the spindle-shaped cells. (B) Cell lysates were subjected to immunoblot analysis with antibodies
against HDAC6, Acetyl Histone H3, Histone H3, Acetyl α-Tubulin, α-Tubulin, and GAPDH. (C) Expression levels of HDAC6 and Acetyl Histone H3 were quantified by
densitometry and normalized with GAPDH and total Histone H3, respectively. (D) Expression level of Acetyl α-Tubulin was quantified by densitometry and
normalized with total α-Tubulin. Immunofluorescence photomicrographs (×200) illustrate staining of HDAC6 (E) and Acetyl Histone H3 (F). In the HPMCs under different
treatment, the count of HDAC6 or Acetyl Histone H3 positive cells was calculated from 10 random fields of each cell sample. Data are represented as the mean ± SEM
(n � 3). Means with different superscript letters are significantly different from one another (p < 0.05). All scale bars � 100 μm.
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et al., 2014; Yang et al., 2018). We aimed to investigate the
mechanism by which IL-6 regulated the peritoneal fibrosis.
Firstly, the human peritoneal mesothelial cells were stimulated
by IL-6 in vitro. We found that the exposure of HPMCs to IL-6 at
100 ng/ml changed the cell morphology into fusiform or spindle
shape (Figure 1A) and increased the expression level of HDAC6
and decreased the expression of Acetyl Histone H3 and Acetyl
α-Tubulin in the cultured HPMCs (Figures 1B–D). The
treatment of cells with TA, a highly selective inhibitor of
HDAC6, at different concentrations (5, 10, and 20 μM)
resulted in decreasing the expression of HDAC6 and
increasing the expression of Acetyl Histone H3 (Figures 1B,C)
and Acetyl α-Tubulin (Figures 1B,D) in a concentration-
dependent manner, with a maximum effect at 20 μM. Neither
IL-6 stimulation nor TA treatment had an impact on total
expression of Histone H3 and α-Tubulin (Figure 1B). In
addition, the immunofluorescent staining of HPMCs showed
that HDAC6 was mainly expressed in both nucleus and the
cytosol, while TA treatment decreased IL-6-induced HDAC6
and improved Acetyl Histone H3 (Figures 1E,F).

Notably, we found that TA not only inhibited the activity of
HDAC6 but also reduced the expression of HDAC6. We
suggested that TA induced the degradation of HDAC6
through the ubiquitin-proteasome pathway. It has been
documented that MG132 is a specific inhibitor which can
reduce the degradation of ubiquitin-conjugated proteins in
mammalian cells (Longhitano et al., 2020). The HPMCs were
exposed to IL-6 (100 ng/ml) and TA (20 μM) treatment in the
presence or absence of MG132 (5 µM). Immunoblotting showed
that TA significantly downregulated the expression of HDAC6,
and further administration of MG132 resulted in upregulation of
HDAC6 as indicated in Supplementary Figure S1. These data
suggested that IL-6 increased the expression of HDAC6 in
HPMCs, which was sensitive to TA and ubiquitination at least
in part contributed to the downregulation of HDAC6.

Pharmacological Blockade of HDAC6
Inhibits IL-6 Induced EMT of Cultured
Human Peritoneal Mesothelial Cells
Beside the canonical TGF-β-directed EMT pathway,
inflammatory cytokine IL-6 also facilitated the EMT of the
peritoneal mesothelial cells (Xiao et al., 2017), while the
specific mechanism was still obscure. Considering the high
expression of HDAC6 under the IL-6 stimulation, we
hypothesized that HDAC6 would play an essential role in IL-
6-trigged EMT of HPMCs. To test this hypothesis, we examined
the effect of HDAC6 inhibition on IL-6-induced EMT of
peritoneal mesothelial cells. As shown in Figure 2, exposure to
IL-6 promoted the EMT of HPMCs, showing the increased
expression of mesenchymal cell markers (α-SMA, Fibronectin,
and Collagen I) and the decreased expression of epithelial cell
marker, E-cadherin (Strippoli et al., 2016). Inhibition of HDAC6
with TA markedly suppressed IL-6-induced expression of
α-SMA, Fibronectin, and Collagen I and prevented E-cadherin
loss (Figures 2A–C). In parallel, immunofluorescent staining had
a similar phenomenon. TA treatment downregulated the

expressions of α-SMA and Fibronectin and upregulated the
expressions of E-cadherin and ZO-1 (Figures 2D–G). The
results indicated that the inhibition of HDAC6 by TA could
effectively alleviate IL-6-induced EMT of HPMCs.

siRNA-Mediated Silencing of HDAC6
Inhibits EMT of Peritoneal Mesothelial Cells
To further verify the role of HDAC6 in EMT, we tested the effect
of HDAC6 knockdown on the EMT of HPMCs using specific
siRNA. As shown in Figure 3A, the cell morphology was slightly
turned into oval or cobblestone shape after HDAC6 inhibition.
siRNA-mediated silencing of HDAC6 recovered the abnormally
low expression of Acetyl Histone H3 and Acetyl α-Tubulin
induced by IL-6 but did not alter the level of total Histone H3
and α-Tubulin (Figures 3B–D). As expected, HDAC6 siRNA also
downregulated α-SMA, Fibronectin, and Collagen I and
upregulated the expression of E-cadherin (Figures 3E–G).
These data further confirmed the importance of HDAC6 in
mediating IL-6 induced EMT of peritoneal mesothelial cells.

HDAC6 Is Required for the Activation of the
TGF-β Signaling Pathway in Peritoneal
Mesothelial Cells
It was reported that IL-6 could trigger the activation of the TGF-β
signaling pathway in the fibrosis process (Luckett-Chastain et al.,
2017); however, the cross-talk mechanism was obscure. We
speculated that IL-6-elicited HDAC6 was required for the
activation of the TGF-β signaling pathway, leading to an
increased secretion of growth factors, such as CTGF, and the
increased expression of transcription factors, such as Snail. To
test this hypothesis, we examined the expression of TGF-β type
receptor I (TGFβRI) on the TA-inhibited peritoneal mesothelial
cells. As shown in Figures 4A,B, the base level of TGFβRI was
negligible in the starved cell. However, its expression level was
substantially elevated after IL-6 stimulation, which was further
inhibited by TA treatment in a dose-dependent manner. TA also
suppressed the phosphorylation of Smad3, while it restored the
expression of Smad7, which could block the activation of Smad2/
3 by competitively binding with TGFβRI (Murayama et al., 2020).
There was no impact on total Smad3 (Figures 4A–D). Moreover,
the immunoblot results presented that TA decreased the secretion
of the growth factor CTGF in the IL-6 stimulated HPMCs
(Figures 4E,F); and the nuclear transcription factor Snail,
which was responsible for transcription inhibition of
E-cadherin (Zhang et al., 2018; Wang et al., 2020), also
witnessed a decrease after TA treatment (Figures 4G,H).
Similarly, HDAC6 siRNA inhibited accumulation of TGFβRI,
phosphorylation of Smad3, and loss of Smad7 (Figures 5A–D). It
also had an inhibition effect on the expressions of CTGF and Snail
(Figures 5E–H). These results suggested that HDAC6 was
required for the activation of the TGF-β/Smad3 signaling
pathway, resulting in the secretion of CTGF and upregulation
of Snail (Figure 8).

Additionally, we conducted the immunoprecipitation
experiment to find the direct substrate of HDAC6
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(Supplementary Figure S2). The starved HPMCs were exposed
to IL-6 (100 ng/ml) for 36 h and then harvested and prepared for
immunoprecipitation and immunoblot. The result showed an

interaction between HDAC6 and Smad3 in HPMCs treated with
IL-6. Therefore, we speculated that HDAC6 directly interacted
with Smad3 in the cytoplasm, and deacetylated Smad3 tended to
nuclear localization and phosphorylation.

Inhibition of HDAC6 with TA or siRNA
Alleviates Proliferation and Migration
Through the JAK2/STAT3 Signaling
Pathway in HPMCs.
It was reported that HPMCs underwent EMT acquired the ability
of cell cycle progression, cell proliferation, and cell mobility (He
et al., 2015). Thus, we assessed the role of HDAC6 in regulating

FIGURE 2 | Pharmacological blockade of HDAC6 inhibits IL-6-induced EMT of cultured human peritoneal mesothelial cells. (A) Cell lysates were subjected to
immunoblot analysis with specific antibodies against α-SMA, Fibronectin, Collagen I, E-cadherin, and GAPDH. (B) Expression levels of α-SMA, Fibronectin, and Collagen
I were quantified by densitometry and normalized with GAPDH. (C) Expression level of E-cadherin was quantified by densitometry and normalized with GAPDH.
Immunofluorescence photomicrographs (×200) illustrate staining of α-SMA (D), Fibronectin (E), E-cadherin (F), and ZO-1 (G) in HPMCs under different treatment.
The count of α-SMA, Fibronectin, E-cadherin, and ZO-1 positive cells was calculated from 10 random fields of each cell sample. Data are represented as themean ± SEM
(n � 3). Means with different superscript letters are significantly different from one another (p < 0.05). The scale bars in D, E, and F � 100 μm and the scale bar in
G � 25 μm.
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FIGURE 3 | siRNA-medicated silencing of HDAC6 inhibits EMT of peritoneal mesothelial cells. (A) Cell morphology was observed using light microscopy. The red
arrows indicated the cobblestone-shaped cells and the yellow arrows showed the spindle-shaped cells. (B) Cell lysates were subjected to immunoblot analysis with
antibodies against HDAC6, Acetyl Histone H3, Histone H3, Acetyl α-Tubulin, α-Tubulin, and GAPDH. (C) Expression levels of HDAC6 and Acetyl Histone H3 were
quantified by densitometry and normalized with GAPDH and total histone H3, respectively. (D) Expression level of Acetyl α-Tubulin was quantified by densitometry
and normalized with total α-Tubulin. (E) Cell lysates were subjected to immunoblot analysis with specific antibodies against α-SMA, Fibronectin, Collagen I, E-cadherin,
and GAPDH. (F) Expression levels of α-SMA, Fibronectin, and Collagen I were quantified by densitometry and normalized with GAPDH. (G) Expression level of
E-cadherin was quantified by densitometry and normalized with GAPDH. Data are represented as the mean ± SEM (n � 3). Means with different superscript letters are
significantly different from one another (p < 0.05). All scale bars � 100 μm.
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the proliferation of HPMCs by the CCK-8 assay. The results
showed that IL-6 at 100 ng/ml substantially stimulated the cell
proliferation of HPMCs, compared with the simple starved
group, while the TA treatment kept down the proliferation

level, especially at the concentration of 20 μM (Figure 6A).
The immunoblot analysis further confirmed the ability of TA
in inhibiting cell proliferation, as indicated by decreased
expression levels of PCNA and Cyclin E, two proliferating

FIGURE 4 | Pharmacological blockade of HDAC6 inhibits the activation of the TGF-β signaling pathway and decreases the expression of CTGF and Snail in
peritoneal mesothelial cells. (A)Cell lysates were subjected to immunoblot analysis with specific antibodies against TGFβRI, p-Smad3, Smad3, Smad7, and GAPDH. (B)
Expression level of TGFβRI was quantified by densitometry and normalized with GAPDH. (C) Expression level of p-Smad3 was quantified by densitometry and
normalized with Smad3. (D) Expression level of Smad7was quantified by densitometry and normalized with GAPDH. (E)Cell lysates were subjected to immunoblot
analysis with specific antibodies against CTGF and GAPDH. (F) Expression level of CTGF was quantified by densitometry and normalized with GAPDH. (G) Cell lysates
were subjected to immunoblot analysis with specific antibodies against Snail and GAPDH. (H) Expression level of Snail was quantified by densitometry and normalized
with GAPDH. Data are represented as the mean ± SEM (n � 3). Means with different superscript letters are significantly different from one another (p < 0.05).
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hallmarks (Figures 6B–D). In addition, the cell migration test
showed that TA suppressed the migratory rate of HPMCs
(Figures 6E,F). To further reveal the mechanism in TA-

downregulated proliferation and migration, we tested the
expressions of JAK2 and STAT3 before and after the TA
treatment in IL-6-stimulated HPMCs. The immunoblot

FIGURE 5 | siRNA-medicated silencing of HDAC6 inhibits the activation of the TGF-β signaling pathway and decreases the expression of CTGF and Snail in
peritoneal mesothelial cells. (A)Cell lysates were subjected to immunoblot analysis with specific antibodies against TGFβRI, p-Smad3, Smad3, Smad7, and GAPDH. (B)
Expression level of TGFβRI was quantified by densitometry and normalized with GAPDH. (C) Expression level of p-Smad3 was quantified by densitometry and
normalized with Smad3. (D) Expression level of Smad7was quantified by densitometry and normalized with GAPDH. (E)Cell lysates were subjected to immunoblot
analysis with specific antibodies against CTGF and GAPDH. (F) Expression level of CTGF was quantified by densitometry and normalized with GAPDH. (G) Cell lysates
were subjected to immunoblot analysis with specific antibodies against Snail and GAPDH. (H) Expression level of Snail was quantified by densitometry and normalized
with GAPDH. Data are represented as the mean ± SEM (n � 3). Means with different superscript letters are significantly different from one another (p < 0.05).
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analysis showed that TA suppressed the phosphorylation of JAK2
and STAT3 in a concentration-dependent manner, while the total
protein was not impacted (Figures 6G,H). Additionally, we
found that siRNA-mediated silencing of HDAC6 achieved
similar results (Figure 7). Taken together, these data
illustrated that HDAC6 promoted the proliferation and
migration of HPMCs through regulating the JAK2/STAT3
signaling (Figure 8).

DISCUSSION

The mesothelial cells which transferred to the mesenchymal
phenotype acquired the increased capacity of proliferation,
migration, and extracellular matrix (ECM) secretion, forming
a fibrosis scar (Zhou Q. et al., 2016). Beside the canonical TGF-β,
the inflammation factor IL-6 was also an important fibrosis
inducer, which had a significant amount in the drained

FIGURE 6 | Pharmacological blockade of HDAC6 alleviates proliferation andmigration through the JAK2/STAT3 signaling pathway in human peritoneal mesothelial
cells. (A)Cell proliferation was assessed by the CCK-8 assay. (B)Cell lysates were subjected to the immunoblot analysis with specific antibodies against PCNA, Cyclin E,
and GAPDH. (C) Expression level of PCNA was quantified by densitometry and normalized with GAPDH. (D) Expression level of Cyclin E was quantified by densitometry
and normalized with GAPDH. (E) Wound-healing assay of HPMCs treated with IL-6 (100 ng/ml) in the presence or absence of TA (20 μM). Photomicrographs of
migrating cells were taken at 0 and 36 h. (F) The width of the wound was measured, and the migratory rate was calculated. (G) Cell lysates were subjected to the
immunoblot analysis with specific antibodies against p-JAK2, JAK2, p-STAT3, STAT3, and GAPDH. (H) Expression levels of p-JAK2 and p-STAT3 were quantified by
densitometry and normalized with JAK2 and STAT3, respectively. Data are represented as the mean ± SEM (n � 3). Means with different superscript letters are
significantly different from one another (p < 0.05). All scale bars � 500 μm.

Frontiers in Pharmacology | www.frontiersin.org August 2021 | Volume 12 | Article 72263810

Shi et al. Role of HDAC6 in PMC

54

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


dialysate from the PD patients (Lopes Barreto et al., 2011; Yang
et al., 2014; Yang et al., 2018). However, the specificmechanism in
the IL-6-induced cell phenotype change was still obscure. The
current study firstly unravels a pivotal role of IL-6-elicited
HDAC6 in signaling regulation and in EMT, proliferation, and
migration of HPMCs.

It had been well established that TGF-β1 triggers EMT.
Indeed, IL-6 also had this capacity, which was an indirect

process through coactivating the TGF-β signaling pathway
(Luckett-Chastain et al., 2017). Although the IL-6/TGF-β
cooperation in the realm of ECM deposition had been
documented (Luckett-Chastain et al., 2017; Epstein Shochet
et al., 2020), their modulatory link was obscure. Our current
study found that IL-6 stimulation induced the overexpression
of HDAC6 in HPMCs. HDAC6 might be a vital linker between
two signalings. The best characterized substrate for HDAC6

FIGURE 7 | siRNA-medicated silencing of HDAC6 inhibits proliferation and migration through the JAK2/STAT3 signaling pathway in human peritoneal mesothelial
cells. (A) Cell lysates were subjected to the immunoblot analysis with specific antibodies against PCNA, Cyclin E, and GAPDH. (B) Expression levels of PCNA and Cyclin
E were quantified by densitometry and normalized with GAPDH. (C) The wound-healing assay of the HPMCs treated with IL-6 (100 ng/ml) in the presence of HDAC6
siRNA or scrambled siRNA. Photomicrographs of migrating cells were taken at 0 and 36 h. (D) The width of the wound was measured, and the migratory rate was
calculated. (E) Cell lysates were subjected to the immunoblot analysis with specific antibodies against p-JAK2, JAK2, p-STAT3, STAT3, and GAPDH. (F) Expression
levels of p-JAK2 and p-STAT3 were quantified by densitometry and normalized with JAK2 and STAT3, respectively. Data are represented as the mean ± SEM (n � 3).
Means with different superscript letters are significantly different from one another (p < 0.05). All scale bars � 500 μm.
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was α-Tubulin, an important component of the cytoskeleton,
which had been reported to closely contact with clathrin, a
receptor endocytosis-related protein (Rappoport et al., 2003;
Montagnac et al., 2013). Evidence showed that clathrin moved
along the microtubule cytoskeleton parallel to the cell surface
(Rappoport et al., 2003; Montagnac et al., 2013). Acetylation of
α-Tubulin tended to form a polymerization of microtubule and
resulted in modest reduced endocytosis, while deacetylated
α-Tubulin facilitated the insertion of the complexes in the
clathrin-coated pits (Thomas et al., 2016; Melgari et al., 2020).
Given that the TGF-β receptors were constitutively
internalized via clathrin-dependent or lipid raft-dependent
endocytic pathways (Kardassis et al., 2009), we suggested
that IL-6 might modulate the activity of TGFβRⅠ through
upregulating deacetylase HDAC6, deacetylating α-Tubulin,
and subsequent promoting clathrin internalization. This was
evidenced by our present data demonstrating that HDAC6
inhibition increased the acetylation of α-Tubulin, decreased
the expression of TGFβRⅠ, and the activation of the TGF-β
network in IL-6 treated HPMCs. But how does IL-6 increase
the expression and activity of HDAC6? It might also work
through an epigenetic mechanism. The detailed mechanism
waited further investigation.

Our study also found that HDAC6 affected the activity of
Smad3 in IL-6-treated HPMCs. The activation of Smad3 was not
just the downstream effector of the TGF receptor. The emerging
evidence implicated that the microtubule structure regulated the
Smads activity (Dong et al., 2000; Zhu et al., 2004). Binding of
Smads to microtubules kept Smads in their inactive stage, and
TGF-β1 could trigger the release of Smads frommicrotubules and
the subsequent phosphorylation of Smads (Dong et al., 2000; Zhu
et al., 2004). Thus, one possible mechanism is that HDAC6
modulated the Smad3 activity through deacetylating α-Tubulin
and promoting the release of Smad3. Another mechanism of
Smad3 activation might be a direct acetylation modification by
HDAC6 itself. A recent study reported the requirement of
HDAC6 for the epidermal growth factor- (EGF-) triggered
nuclear localization of β-catenin (Li et al., 2008). The
deacetylation of lysine 49 in β-catenin was suggested to be
essential for nuclear localization of β-catenin. It was
conceivable that HDAC6 regulated nuclear localization of
Smad3 via deacetylating Smad3 or Smad3-interacting proteins.
As expected, the immunoprecipitation experiment confirmed a
direct interaction between HDAC6 and Smad3 in HPMCs treated
with IL-6. Subsequently, intranuclear Smad3 recruited and
activated the transcription factor Snail and promoted the
expression of the ECM protein and the secretion of CTGF.
Our results showed that HDAC6 was required for the
phosphorylation of Smad3, while it did not affect the total
expression of Smad3. Interestingly, Smad7, a Smad3 blocker in
the TGF-β network, encountered a significant increase following
the HDAC6 inhibition. Collectively, we suggested that HDAC6
was required for IL-6-elicited TGF-β signaling transduction
through upregulation of TGFβRⅠ, activation of Smad3, and
downregulation of Smad7. Nevertheless, the mechanisms
underlying HDAC6-mediated Smad signaling need further
investigation.

Another important transcription factor in IL-6 signaling was
STAT3, which was responsible for cell proliferation and invasion
(Cheng et al., 2020). We speculated that activation of JAK2/
STAT3 might relate to deacetylation of α-Tubulin. Like many
other transcription factors, STAT3 possessed a coiled-coil
domain, which was found in a variety of tubulin-binding
proteins (Zhang et al., 2000; Tala et al., 2014). In leukemia
cells, STAT3 was mainly concentrated in the centrosome
region where microtubules were more stable and
hyperacetylated (Yan et al., 2015). It was possible that
deacetylation of α-Tubulin promoted the activation and
nuclear translocation of STAT3, which might generate a
positive feedback and affect phosphorylation of JAK2,
contributing to an amplifying IL-6/JAK2/STAT3 signaling.
Thus, the cell cycle associated proteins (i.e., PCNA and Cyclin
E) increased and resulted in cell proliferation. Moreover, HDAC6
also promoted the cell migration. It was documented that the
interaction between deacetylated α-Tubulin and STAT3 changed
the stability of microtubule and activated the small GTPase Rac-1
or Rho to control actin-dependent membrane ruffling and cell
motility (Hubbert et al., 2002). Consistently, HDAC6 inhibition
reduced the STAT3 response and blocked the feedback for JAK2,
slowing down the proliferation and migration of HPMCs.

FIGURE 8 | Requirement of HDAC6 for IL-6 induced EMT, proliferation,
and migration of peritoneal mesothelial cells resulted in an aggravation of
peritoneal fibrosis. Exposure of IL-6 to the peritoneal mesothelial cells
upregulates HDAC6, which leads to activation of TGF-β/Smad3 and
JAK2/STAT3 signaling, subsequently inducing EMT (i.e., expression of CTGF
and Snail), proliferation, and migration (i.e., production of PCNA and Cyclin E)
response. All these responses are inhibited by TA or HDAC6 siRNA.
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In conclusion, the current study firstly found that IL-6-induced
deacetylase HDAC6 not only regulated IL-6 itself downstream the
JAK2/STAT3 signaling but also co-activated the TGF-β/Smad3
signaling, leading to the change of the phenotype and mobility of
cells. This finding partially interpreted the mechanism of the
development of peritoneal fibrosis under the inflammation
microenvironment. HDAC6 could be a potential therapeutic
target for the prevention and treatment of peritoneal fibrosis.
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Supplementary Figure S1 | TA induces the degradation of HDAC6 through
ubiquitin-proteasome pathway. (A) Cell lysates are subjected to immunoblot
analysis with specific antibodies against HDAC6 and GAPDH. (B) Expression
level of HDAC6 is quantified by densitometry and normalized with GAPDH. Data
are represented as the mean ± S.E.M (n � 3). Means with different superscript letters
are significantly different from one another (p < 0.05).

Supplementary Figure S2 | Smad3 is identified as a direct substrate of HDAC6. (A)
Following an initial 24-h starvation, HPMCs are exposed to IL-6 (100 ng/ml) for 36 h.
Total cellular proteins are harvested and immunoprecipitations are performed using
HDAC6 or IgG antibody. And then immunoprecipitated proteins are immunoblotted
with specific antibodies against Smad3, HDAC6 and GAPDH. An interaction
between HDAC6 and Smad3 is found in HPMCs treated with IL-6.
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Epithelial-to-Mesenchymal Transition
in Fibrosis: Concepts and Targeting
Strategies
Sara Lovisa1,2*

1Department of Biomedical Sciences, Humanitas University, Pieve Emanuele (MI), Italy, 2IRCCS Humanitas Research Hospital,
Rozzano (MI), Italy

The epithelial-to-mesenchymal transition (EMT), an embryonic program relaunched during
wound healing and in pathological conditions such as fibrosis and cancer, continues to gain
the attention of the research community, as testified by the exponential trend of publications
since its discovery in the seventies. From the first description as a mesenchymal
transformation, the concept of EMT has been substantially refined as an in-depth
comprehension of its functional role has recently emerged thanks to the implementation
of novel mouse models as well as the use of sophisticated mathematical modeling and
bioinformatic analysis. Nevertheless, attempts to targeting EMT in fibrotic diseases are at
their infancy and continue to pose several challenges. The aim of this mini review is to
recapitulate the most recent concepts in the EMT field and to summarize the different
strategies which have been exploited to target EMT in fibrotic disorders.

Keywords: EMT, EMP, partial EMT, plasticity, fibrosis, epithelial-to-mesenchymal transition

EMT IN 2021: NOVEL REFINEMENTS OF AN OLD CONCEPT

Since its first description in the embryogenesis work by Elizabeth Hay in the 1970s (Hay, 1968;
Hay, 1995), the concept of epithelial-to-mesenchymal transition (EMT) has expanded from the
field of development and has been investigated in the fields of wound healing, fibrosis, and cancer
(Nieto et al., 2016). With an average of 5,000 primary papers published per year in the 2016–2019
period (Yang et al., 2020; Hamidi et al., 2021), the topic of EMT continues to gain the interest of the
scientific community and to provide novel insights into this phenomenon both in physiology and
in disease.

EMT is traditionally defined as a cellular and molecular process through which cells lose their
epithelial identity, defined by apical–basal polarity and stable intercellular junctions, and acquire a
mesenchymal phenotype including cytoskeletal and morphological rearrangements, acquisition of
fibroblast-like gene expression profile, migratory capacity, and ability to produce the extracellular
matrix (ECM) (Kalluri, 2009; Kalluri and Weinberg, 2009; Zeisberg and Neilson, 2009). However,
recent studies as well as the fervent town hall discussions during the 2017 and 2019 meetings of The
EMT International Association (TEMTIA) have clearly highlighted the need to revise and expand the
traditional definition of EMT in order to embrace newly discovered features such as the partial
activation of the program and the existence of a continuous spectrum of hybrid EMT phenotype
rather than a binary E–Mmodel and have therefore introduced and encouraged the use of the term
“epithelial-to-mesenchymal plasticity” (EMP) (Yang et al., 2020).

The appreciation that EMT exists as a hybrid phenotype in a continuum of epithelial and
mesenchymal traits has emerged from the construction of mathematical algorithms modeling the
existence of multiple intermediate steps with various degrees of E or M states (Lu et al., 2013; Jolly
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et al., 2016; Tripathi et al., 2021), as well as from the
pseudotemporal reconstruction of the EMT trajectory by single
cell transcriptomics (Carstens et al., 2021; Deshmukh et al., 2021).
The acquisition of this knowledge represents a great example of
how crosstalk between different fields, such as mathematics and
bioinformatics, can help in providing further understanding of
the biology of EMT. In addition to the pure definition and the
various criteria utilized to define this process, the functional role
of EMT as defined by the type II and III classifications (Kalluri
and Weinberg, 2009; Zeisberg and Neilson, 2009) requires to be
updated in light of the most recent findings. In fact, the fibroblast-
generating capacity of type II EMT during fibrosis has been
rebutted (Ovadya and Krizhanovsky, 2015; Huang and Susztak,
2016; Lovisa et al., 2016), and the dispensability of type III EMT
for metastasis has been questioned (Maheswaran and Haber,
2015; Brabletz et al., 2018).

This review aims to present the overview of recent concepts in
EMT as well as novel insights as emerged from single cell
transcriptomics, and to provide a summary of the strategies
attempted to target EMT in the context of fibrotic diseases. So
far, multiple approaches have been proposed to target EMT: from
targeting the upstream inducing signaling pathways [which has
been extensively reviewed in other recent reviews (Di Gregorio
et al., 2020; Jonckheere et al., 2021)] to targeting EMT-
transcription factors (TFs), promoting MET, and targeting
EMT-induced vulnerabilities, the last being the strategy
potentially leading to the most promising outcomes.

EMT CLASSIFICATION: TYPE II AND TYPE
III REVISITED

In these past years, the twomajor EMT paradigms permeating the
fibrosis and cancer fields, which are, respectively, the capacity to
generate fibroblasts (type II EMT) and the indispensability in the
metastatic cascade (type III EMT), have been interrogated and
partially revised. Historically, the outstanding question in the
fibrosis field has been the origin of the myofibroblasts responsible
for the scarring of the tissue. Candidate cellular origins include
the activation of tissue-resident fibroblasts, the differentiation
from bone marrow precursors, and the trans-differentiation of
epithelial, mesothelial, and endothelial cells, macrophages,
pericytes, and adipocytes into myofibroblasts (Plikus et al., 2021).

In light of this major question, EMT and the cognate process
of endothelial-to-mesenchymal transition (EndMT) were initially
identified as the mechanisms generating these fibrosis-associated
myofibroblasts (Okada et al., 1997; Kim et al., 2006; Zeisberg M.
et al., 2007; Zeisberg E. M. et al., 2007; Zeisberg et al., 2008; Flier
et al., 2010). However, novel genetically engineered knock-out
mouse models coupled with lineage tracing strategies clearly
demonstrated that, at least in the context of kidney fibrosis,
EMT does not directly generate myofibroblasts nor confers
migratory capacity and that EMT cells still reside within the
epithelial basement membrane in a partial EMT (pEMT) state
(LeBleu et al., 2013; Grande et al., 2015; Lovisa et al., 2015). This
pEMT represents a damage response of the injured renal
epithelium, which substantially impairs epithelial functionality

and regenerative capacity. In fact, pEMT triggers an arrest of
the tubular epithelial cell cycle at the G2/M phase, therefore
impeding the regenerative potential, and induces loss of the
expression and functionality of membrane transporters
critical for the absorptive capacity of the kidney (Lovisa
et al., 2015). Moreover, the activation of the mesenchymal
program leads to the acquisition of a pro-inflammatory
secretome profile which in turn fuels immune infiltration
and further promotes fibrosis (Grande et al., 2015; Lovisa
et al., 2015). Similarly, the contribution of EndMT to the
myofibroblast pool was determined as minor while having a
significant impact on vascular integrity (LeBleu et al., 2013;
Lovisa et al., 2020).

Mesothelial cells, which line pleural, peritoneal, and
pericardial cavities, represent an example of physiologic
pEMT as, in the basal condition, they phenotypically display
epithelial features although concomitantly expressing
mesenchymal markers such as vimentin, a remnant of their
mesoderm-derived embryonic origin (Mutsaers et al., 2015). In
the pathological condition, these cells undergo an EMT
analogous process termed “mesothelial-to-mesenchymal
transition” (MMT), which was found to be responsible for
causing peritoneal fibrosis (Yáñez-Mó et al., 2003; Yang
et al., 2003; Del Peso et al., 2008). The functional
consequences of MMT as well as other types of
mesenchymal trans-differentiation such as the one
undergone by macrophages [termed “macrophage-to-
myofibroblast transition” (Meng et al., 2016; Wang et al.,
2017; Tang et al., 2020)] appear to still be unquestionably
linked to the full transition and generation of fibrosis-
associated myofibroblasts, with a consequent more direct
impact on the generation of fibrosis (Koopmans and
Rinkevich, 2018).

The functional role of EMT in cancer has been similarly
questioned. In fact, the metastasis dogma by which the
metastasizing cells are those efficiently activating EMT to
intravasate and extravasate and subsequently reverting to the
epithelial state at distant sites through the process of
mesenchymal-to-epithelial transition (MET) has been
disproved at least in the context of breast (Fischer et al.,
2015; Lourenco et al., 2020) and pancreatic cancers (Zheng
et al., 2015; Chen et al., 2018; Carstens et al., 2021) and, since
then, has been the subject of intense debate (Brabletz et al.,
2018; Williams et al., 2019). The activation of EMT in cancer
cells not only is connected with the metastatic potential but in
these past years also has been clearly demonstrated to confer
diverse advantageous properties such as resistance to
chemotherapy, immune evading capacity, and rewiring of the
cell metabolism (Kang et al., 2019; Lu and Kang, 2019; Bakir
et al., 2020; Jia et al., 2021). All these concepts represent novel
advancements in our knowledge on EMT which must be
included in an updated classification (Figure 1). Moreover,
these aspects highlight how dynamic and complex the EMT is
and how the generation of new in vivo models coupled with
technology advancement can provide a deeper understanding of
this phenomenon which sometimes may lead to unexpected
findings with respect to the original concepts.
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UNDERSTANDING EMT BY SINGLE CELL
TRANSCRIPTOMICS

Our comprehension of the dynamics of EMT has significantly
advanced thanks to the introduction of technologies such as
single cell RNA-sequencing (scRNA-seq). A first study
employing scRNA-seq and pseudospatial trajectory
reconstruction of epithelial cells undergoing spontaneous or
TGFβ-induced EMT revealed that the EMT is a transcriptional
continuum of epithelial–mesenchymal states (McFaline-Figueroa
et al., 2019). Interfering with signaling pathways by inhibiting
transcription factors (TFs) or receptors impeded the progression
along the EMT and caused cells to accumulate at defined points in
the EMT continuum, thus revealing the existence of regulatory
checkpoints (McFaline-Figueroa et al., 2019). This observation
indicated that disabling key signaling pathways could enrich a
particular gene expression profile, therefore giving the impression
of a stable E/M intermediate phenotype.

By coupling scRNA-seq and mathematical modeling to a time
course experiment of TGFβ-induced EMT in the MCF10A breast
cell line, a recent study mapped the molecular changes and
signaling cascades occurring during EMT progression
(Deshmukh et al., 2021). Fundamental findings are the fact
that many EMT regulatory pathways (Notch, Shh, Wnt, PI3K/
Akt) were found to be activated simultaneously, possibly
indicating that a crosstalk among multiple signaling pathways
may occur in a temporal manner and that the rate of progression
through EMT was not the same for all the cells, indicating a

temporal heterogeneity in the activation of EMT. Even after
8 days of TGFβ treatment, half of the analyzed cells were in
the hybrid E/M state, and the pseudotime analysis revealed the
presence of twenty distinct EMT clusters (Deshmukh et al., 2021).

One recurrent issue in analyzing EMT at the transcriptional
level has been the impossibility to distinguish the mesenchymal
signature of the epithelium from the one in the stromal
compartment, due to the promiscuous expression of the
markers analyzed. Recently, a computational framework to
decouple the true EMT signature of epithelial cells from the
stromal mesenchymal signature in bulk RNA-seq data has been
developed to characterize EMT across different types of tumors
(Tyler and Tirosh, 2021). This method revealed that the
expression of the classical EMT-transcription factors (except
SNAI2) is very high in cancer-associated fibroblasts and
therefore should not be used as a marker of partial EMT in
bulk analysis. Certainly, a similar bioinformatic approach would
be desirable for the bulk RNA-seq dataset of fibrotic disorders to
analyze pEMT without the confounder of the fibrotic stroma.

A common concept emerging from different studies
employing scRNA-seq is represented by the fact that the
pEMT profile is highly context-specific (Cook and
Vanderhyden, 2020; Tyler and Tirosh, 2021). This concept
was, for example, highlighted by a multiplexed scRNA-seq of
EMT time course induction in four different cell lines, using three
distinct inducers (TGFβ1, TNF, EGF) and also including the
analysis of EMT reversion by removal of the inducing signal
(Cook and Vanderhyden, 2020). Pseudotemporal trajectories

FIGURE 1 | Type II and type III EMT. Schematic representation of the functional role of EMT in fibrosis (type II EMT) and cancer (type III EMT). For each class of EMT,
both the original concept and the most recent findings are depicted. EMT: epithelial-to-mesenchymal transition; MET: mesenchymal-to-epithelial transition; pEMT:
partial EMT.
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confirmed that EMT is not just a linear progression but rather a
multistep process characterized by a series of discrete
transcriptional events. Surprisingly, the activity of TFs was
also remarkably context specific, and TFs that have been
implicated in EMT but are not the traditional core EMT-TFs
were found differentially regulated in a context-specific manner
(Cook and Vanderhyden, 2020). A combined bioinformatic and
mathematical analysis on the same time-series scRNA-seq
allowed to construct a context-specific EMT gene regulatory
circuit (GRC) from transcriptomics data to identify activity
dynamics of EMT-TFs (Ramirez et al., 2020). Although most
of these scRNA-seq studies were conducted using tumor cell lines
and, therefore, it cannot be assumed that the same findings apply
to non-transformed epithelial cells activating pEMT as part of
their injury-induced damage response, these studies provided
novel insights into the dynamics of EMT which are worth to be
taken into consideration when studying EMT in the context of
fibrosis.

DIRECT TARGETING OF EMT-TFS:
GENETIC DELETION AND SMALL
MOLECULE INHIBITORS
The most compelling evidence that inhibition of EMT-driving
TFs is an effective strategy for reducing fibrosis has been
generated by using genetically engineered knock-out mouse
models. In fact, renal epithelial cells’ conditional deletion of
the Twist1 or Snail1 genes, encoding, respectively, Twist1 and
Snail EMT-TFs, using two distinct epithelial-driven Cre/lox
models (γGT-Cre and Cdh16-Cre), proved to be effective in
inhibiting the process of EMT and led to substantial reduction of
kidney fibrosis (Grande et al., 2015; Lovisa et al., 2015). Epithelial-
specific inducible activation of Snail was necessary and sufficient
to induce fibrosis which could be reversed by deactivating or
silencing Snail (Grande et al., 2015). Genetic deletion of these
EMT-TFs efficiently reduced ECM deposition, myofibroblast
accumulation, and immune infiltration and led to a
significantly improved tubular epithelial functionality and
regenerative capacity, therefore demonstrating that EMT
inhibition leads to both epithelial recovery and suspension of
the paracrine effect on mesenchymal and immune cells (Grande
et al., 2015; Lovisa et al., 2015). A similar paracrine effect exerted
on fibroblasts by epithelial cells undergoing EMT has been
reported in lung fibrosis (Hill et al., 2019; Yao et al., 2019).
Mice with conditional deletion of Snail in hepatocytes using the
albumin-Cre model also display reduced ECM and immune
infiltration during hepatic fibrosis, with no direct effects on
hepatic stellate cell activation (Rowe et al., 2011).

Similarly, conditional deletion of Twist1 or Snail in endothelial
cells (using Cdh5- and Tie1-Cre models) was recently shown to
inhibit the cognate process of EndMT and protect from kidney
fibrosis by limiting vascular leakage and the downstream
hypoxia-driven metabolic rearrangements (Balzer and Susztak,
2020; Lovisa et al., 2020). Tie2-driven conditional deletion of
Twist1 in the endothelium was also shown to be associated with
reduction of lung fibrosis (Mammoto et al., 2013; Mammoto

et al., 2016; Mammoto et al., 2018), while Tie2-driven deletion of
Snail led to embryonic lethal vascular defects (Wu et al., 2014).

Based on this evidence, a pharmacological approach directly
targeting EMT-TFs would theoretically represent an efficient
strategy to inhibit EMT. Although, being transcription factors,
Twist and Snail are usually considered undruggable and their
pharmacological targeting remains challenging, there are reports
of compounds derived from natural products that can target
Twist, Snail, and Zeb1 (Pei et al., 2017; Avila-Carrasco et al., 2019;
Feng et al., 2020). It is to be noted, however, that most of these
studies attempt to target cancer-related EMT and these inhibitors
are not fully specific for these TFs.

Alternative strategies include targeting protein effectors
responsible for the post-translational control of TF stability.
One example is a recent study reporting a small molecule
which, by disrupting Snail–CBP/p300 interaction, promotes
Snail proteasomal degradation and therefore reverses Snail-
induced EMT and its associated tumor invasion and
metastasis (Li et al., 2020). In the context of fibrosis, a recent
study identified triptolide, a small molecule inhibitor targeting
MEX3C, the E3 ligase responsible for PTEN polyubiquitination,
as an EMT inhibitor (Li et al., 2019). High glucose–induced
polyubiquitination of PTEN triggers phosphatase activity and
favors the dephosphorylation of Twist and Snail, which in turn
stabilizes these two TFs and induces EMT. The authors showed
that triptolide treatment in vitro was able to reduce the glucose-
induced protein expression of both Twist and Snail and
successfully inhibited EMT and kidney fibrosis in both
spontaneous and experimentally induced in vivo models (Li
et al., 2019).

Recent advances in the use of nanoparticles and microvesicles
such as exosomes have proven the efficacy and therapeutic
application of siRNA delivery, and therefore, this could
potentially be exploited as a strategy to target EMT, although
the lack of cell specificity could represent a serious concern with
this type of approach. In fact, aspects to be taken into
consideration are the mutual interdependency of the EMT-TFs
and their EMT-independent functions (Stemmler et al., 2019).
Although in general these TFs are not expressed in adult tissues,
there is evidence supporting their necessity in the adult process
like Slug required in the process of cutaneous wound re-
epithelialization (Hudson et al., 2009) and Twist2 expressed by
a multipotent cell population generating cardiomyocytes in the
adult heart (Min et al., 2018). Therefore, the extent to which these
EMT-TFs are required for adult tissue homeostasis, cell identity,
and fate determination is not completely known, and this might
pose an obstacle for anti-EMT therapeutic strategies not targeted
to a specific cell type.

REVERSING EMT: THE
MESENCHYMAL-TO-EPITHELIAL
TRANSITION
The mesenchymal-to-epithelial transition (MET) is a process
employed during embryonic development to generate epithelia
(Pei et al., 2019). Induction of MET has been associated with
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amelioration of fibrosis. In fact, reversion of TGFβ-induced EMT
in tubular epithelial cells (Zeisberg et al., 2003) and induction of
MET in fibroblasts in the injured kidney (Zeisberg et al., 2005)
were shown to result in reduction of fibrosis and promotion of
kidney regeneration. Induction of MET by treatment with BMP-7
was shown to improve in vivo fibrosis in renal, cardiac, and
intestinal models (Zeisberg et al., 2003; Zeisberg et al., 2007; Flier
et al., 2010), and treatment with a BMP agonist was indeed able to
revert established fibrosis (Sugimoto et al., 2012). These
observations are completely in line with the requirement of
MET for the reprogramming of fibroblasts into pluripotent
stem cells (Li et al., 2010) and the role of BMPs in driving the
initiation of such MET-mediated reprogramming (Samavarchi-
Tehrani et al., 2010).

Induction of MET in cardiac fibroblasts by stimulation of the
p53 pathway induced the regeneration of functional vessels,
through a process called “mesenchymal-to-endothelial
transition” (MEndT) (Miyake and Kalluri, 2014; Ubil et al.,
2014). MEndT contributes to neovascularization in the injured
heart, and its induction improved cardiac function (Ubil et al.,
2014; Dong et al., 2020). Treatment with the small molecule
RITA, which inhibits ubiquitin-mediated p53 degradation and
enhances p53 signaling, increased MEndT, reduced cardiac
fibrosis, and improved cardiac function, therefore
mechanistically proving that p53-mediated activation of
MEndT in cardiac fibroblasts is able to limit cardiac injury
(Ubil et al., 2014).

Novel insights into mechanisms of MET are inferred from
single cell transcriptomics (Cook and Vanderhyden, 2020). EMT
and MET were investigated by scRNA-seq in four different cell
lines by induction with TGFβ, TNF, or EGF for 7 days, followed
by 3 days of withdrawal time which was sufficient to almost
completely revert cells transcriptionally to the epithelial state.
Analysis of the time-dependent shifts in the gene expression
profile showed that while it is true that stimulus withdrawal led to
MET reversibility, it is also clear that the trajectory of changes in
the reversion expression profile did not match that of the EMT
induction (Cook and Vanderhyden, 2020). Further
bioinformatics and mathematical modeling confirmed that
EMT and MET trajectories have two distinct paths which do
not overlap (Ramirez et al., 2020). This certainly indicates that
EMT and MET are not perfectly symmetric processes and MET
should not be oversimplified as the equal and opposite process
of EMT.

It was reported that alternates of EMT–MET are necessary to
induce pluripotency in somatic cell reprogramming, so that EMT
is necessary to favor the subsequent MET (Liu et al., 2013; Li et al.,
2017). This implies two considerations: 1) targeting EMT might
then not be strategic in the attempt to favor MET-mediated
regeneration over injury and fibrosis and 2) if some degree of
EMT favors the subsequent MET in pluripotent reprogramming,
one could argue that this predisposition could potentially occur
also in the context of injury. A recent study on mechanisms of
cardiac repair shows that dedifferentiation and activation of an
EMT-like program in adult cardiomyocytes, induced by the
ectopic reactivation of ERBB2 and mediated by YAP, are
indeed necessary for migration and subsequent

redifferentiation of cardiomyocytes at the injured site
(Aharonov et al., 2020; González-Iglesias and Nieto, 2020). A
similar requirement for YAP-induced EMT in hepatocytes was
reported promoting liver regeneration (Oh et al., 2018).
Therefore, why injury-induced EMT fails to successfully prime
cells for reprogramming and regeneration in some contexts, such
as the kidney, is clearly an open question that requires deeper
investigation.

TARGETING EMT-DEPENDENT
METABOLIC VULNERABILITIES

The comprehension of the functional role of EMT beyond the
mere generation of fibroblasts is potentially opening the
opportunity to target EMT from a different perspective
consisting in the identification of the EMT-induced cellular
vulnerabilities mediated by druggable targets.

Disruption of the tissue metabolic homeostasis represents a
hallmark of fibrosis, and targeting this metabolic dysregulation
has started to emerge as a potential strategy for fibrosis treatment
(Zhao et al., 2020). Defective fatty acid oxidation (FAO) was
shown to induce renal fibrosis, and FAO inhibition provokes
features of dedifferentiation, namely, the expression of
mesenchymal markers, in the renal epithelium (Kang et al.,
2015). FAO decrease and the consequent lipid accumulation
were shown to induce an EMT expression profile in renal
epithelial cells in vitro (Xu et al., 2014). FAO improvement by
overexpression of the transcription factor PPARGC1A, which
regulates the expression of all FAO rate-limiting enzymes, or by
pharmacological treatment with fenofibrate was capable of
protecting renal epithelial cells from TGFβ-induced
dedifferentiation toward a mesenchymal profile (Kang et al.,
2015). Conversely, in vivo inhibition of EMT during fibrosis
was able to restore FAO and metabolic homeostasis, in
association with improved epithelial health and functionality
(Lovisa et al., 2015).

Reversion of the TGFβ-induced PPARγ inhibition by
curcumin treatment was shown to inhibit EMT and ameliorate
TNBS-induced intestinal fibrosis (Xu et al., 2017). Treatment
with a PPARγ antagonist reverted the EMT inhibitory effect of
curcumin, therefore further highlighting the existence of the
FAO-EMT axis and the anti-fibrotic effects of the PPARγ
agonists.

The interdependency of FAO metabolism and mesenchymal
transition was also highlighted in the context of EndMT.
Suppression of FAO by endothelial conditional deletion of the
FAO enzyme CPT2 spontaneously induced amplification of the
embryonic EndMT which resulted in the thickening of the
cardiac valves and provoked EndMT with consequent
abnormal vascular permeability in the kidney, spleen, and lung
(Lovisa and Kalluri, 2018; Xiong et al., 2018). Inhibition of
EndMT was proven to ameliorate fibrosis and restore the
metabolic functionality of the kidney (Lovisa et al., 2020). In
fact, the vascular leakage caused by the process of EndMT leads to
a cascade of events characterized by a hypoxia-induced epithelial
upregulation of the c-Myc transcription factor, which in turn is
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responsible for a glycolytic switch of the renal metabolism which
normally heavily depends on FAO (Lovisa et al., 2020). The
increase in glycolysis was proved to be detrimental as the
treatment with the glycolysis inhibitor 3-bromopyruvate
ameliorated tissue fibrosis (Lovisa et al., 2020; Yu et al., 2021).
Moreover, genetic or pharmacological targeting of c-Myc by
treatment with the JQ1 inhibitor reduced fibrosis, preserved
the epithelial parenchyma, and restored the metabolic
homeostasis (Lovisa et al., 2020). Whether inhibition of
glycolysis is able to reduce EMT was not investigated;
however, it is possible as EMT cells switch their metabolism
from oxidative phosphorylation to glycolysis and scRNA-seq
confirmed the downregulation of genes of the mitochondrial
oxidative phosphorylation (Deshmukh et al., 2021).

Additionally, high glucose itself was shown to induce EMT in
renal tubular epithelial cells (Li et al., 2020). Inhibition of sodium-
glucose cotransporter 2 (SGLT2) suppressed glucose-induced
EMT and decreased renal fibrogenesis (Li et al., 2020). SGLT2
suppression in tubular epithelial cells was also able to suppress
EndMT of the peritubular capillaries (Li et al., 2020), further
highlighting the existence of an epithelial–endothelial crosstalk
during tissue injury (Balzer and Susztak, 2020).

To unravel the interdependency between metabolism and
EMP, the first step would be to perform a comprehensive
analysis of the metabolome of EMT during fibrosis, including
the analysis of single cell metabolism along the continuum of the
EMT spectrum. Considering that targeting EMT through
metabolic inhibitors has gained great attention in the cancer
field (Ramesh et al., 2020), it would be logical to argue that this
approach might be translated as well in fibrotic diseases, with
repurposed metabolic inhibitors potentially becoming a valuable
strategy to target fibrosis.

CONCLUDING REMARKS

Fibrosis is the final outcome of a cascade of events participating
in an uncontrolled wound healing response which causes an
exaggerated accumulation of ECM, eventually leading to tissue
scarring and organ failure (Zeisberg and Kalluri, 2013; Distler
et al., 2019; Henderson et al., 2020). Fibrosis can affect any
organ, and it is estimated to be responsible for up to 45% of the
deaths worldwide, therefore representing a major global
healthcare burden which cannot be further ignored
(Henderson et al., 2020). The gigantic effort to understand
mechanisms of fibrosis pathogenesis using experimental models
and cutting-edge techniques such as single cell sequencing has
not yet been translated into effective clinical trials. The gap
between the promising results obtained with in vivo
experimental models and the failure faced when they are
clinically translated is enormous and demands immediate
action.

In the context of identifying cellular drivers of fibrosis, EMT
was thought to be the major mechanism causing the
accumulation of myofibroblasts (Kalluri and Weinberg, 2009).
Although this might be true in vitro, where treatment with
inflammatory cytokines forces epithelial cells to transition to
an almost full mesenchymal phenotype, it appears that this is
not the case in vivo. Instead, in vivo EMT cells reside in a hybrid
partial EMT state which functionally participates in causing a
detrimental damage response of the injured tissue. Although
being in principle highly valuable (Table 1), targeting EMT
has emerged as a challenging task. Multiple factors contribute
to this difficulty in developing effective anti-EMT strategies,
including the dynamic transition through the hybrid state, the
theoretical infinity of the E/M intermediates, its orchestration

TABLE 1 | Summary of the different strategies to target EMT in fibrosis.

Targeting strategy Molecular targets Approach References

EMT-inducing
pathways

TGFβ, Hedgehog, Hippo, Wnt,
and Notch signaling pathways

Genetic deletion, antagonists, small molecule
inhibitors, miRNAs, natural compounds

Avila-Carrasco et al. (2019); Di Gregorio et al. (2020);
Jonckheere et al. (2021)

EMT-transcription
factors

Twist, Snail Genetic deletion in epithelial and endothelial
cells

Rowe et al. (2011); Mammoto et al. (2013); Wu et al. (2014);
Grande et al. (2015); Lovisa et al. (2015); Mammoto et al.
(2016); Mammoto et al. (2018); Lovisa et al. (2020)

Snail–CBP/p300 interaction Small molecule inhibitor Li et al. (2020) (cancer)
MEX3C-mediated, PTEN-
induced Twist and Snail
phosphorylation

Small molecule inhibitor Li et al. (2019)

Twist, Snail, Slug, Zeb1 Natural compounds Pei et al. (2017); Avila-Carrasco et al. (2019); Feng et al.
(2020)

MET BMP-7 Agonist Zeisberg et al. (2003); Zeisberg et al. (2005); Zeisberg et al.
(2007); Flier et al. (2010); Sugimoto et al. (2012)

Ubiquitinated p53 Small molecule inhibitor Ubil et al. (2014)

EMT-related metabolic
vulnerabilities

FAO PPARGC1A,
PPARα, PPARɣ

Genetic induction, agonist, natural compound Kang et al. (2015); Xu et al. (2017)

Glycolysis c-Myc Genetic deletion in epithelial cells,
transcriptional repression

Lovisa et al. (2020)

HK2 Inhibitor Lovisa et al. (2020); Yu et al. (2021)
SGLT2 Inhibitor Li et al. (2020)

EMT: epithelial-to-mesenchymal transition; MET: mesenchymal-to-epithelial transition; FAO: fatty acid oxidation.
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mainly at the transcriptional level, and the co-existence of
multiple and partially overlapping EMT-inducing pathways.

EMT has been recently looked at as an attractive target in
oncology (Marcucci et al., 2016). This interest is not quite reflected in
the fibrosis field, but certainly cross-communication between these
two areas of investigation could improve and optimize the effort
toward targeting EMT.The interest of the cancer scientific community
on EMT mainly regards targeting the possible metabolic alteration
accompanying EMT (Ramesh et al., 2020). Focusing the attention on
the EMT-induced vulnerabilities might indeed represent a promising
strategy, which would circumvent all the difficulties associated with
directly targeting the transcriptional drivers of EMT. Moreover, this
strategy would open the possibility for therapeutic repurposing of
metabolic drugs to fibrotic diseases. Persevering in our effort to better
understand the biological basis of EMT will certainly help in
identifying novel routes for therapeutic intervention.
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The Hexosamine Biosynthetic
Pathway Links Innate Inflammation
With Epithelial-Mesenchymal
Plasticity in Airway Remodeling
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Disruption of the lower airway epithelial barrier plays a major role in the initiation and
progression of chronic lung disease. Here, repetitive environmental insults produced by
viral and allergens triggers metabolic adaptations, epithelial-mesenchymal plasticity (EMP)
and airway remodeling. Epithelial plasticity disrupts epithelial barrier function, stimulates
release of fibroblastic growth factors, and remodels the extracellular matrix (ECM). This
review will focus on recent work demonstrating how the hexosamine biosynthetic pathway
(HBP) links innate inflammation to airway remodeling. The HBP is a core metabolic
pathway of the unfolded protein response (UPR) responsible for protein
N-glycosylation, relief of proteotoxic stress and secretion of ECM modifiers. We will
overview findings that the IκB kinase (IKK)-NFκB pathway directly activates expression
of the SNAI-ZEB1 mesenchymal transcription factor module through regulation of the
Bromodomain Containing Protein 4 (BRD4) chromatin modifier. BRD4 mediates
transcriptional elongation of SNAI1-ZEB as well as enhancing chromatin accessibility
and transcription of fibroblast growth factors, ECM andmatrix metalloproteinases (MMPs).
In addition, recent exciting findings that IKK cross-talks with the UPR by controlling
phosphorylation and nuclear translocation of the autoregulatory XBP1s transcription factor
are presented. HBP is required for N glycosylation and secretion of ECM components that
play an important signaling role in airway remodeling. This interplay between innate
inflammation, metabolic reprogramming and lower airway plasticity expands a
population of subepithelial myofibroblasts by secreting fibroblastic growth factors,
producing changes in ECM tensile strength, and fibroblast stimulation by MMP
binding. Through these actions on myofibroblasts, EMP in lower airway cells produces
expansion of the lamina reticularis and promotes airway remodeling. In this manner,
metabolic reprogramming by the HBP mediates environmental insult-induced
inflammation with remodeling in chronic airway diseases.
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INTRODUCTION: THE TRANSITION ZONE
OF THE AIRWAYMEDIATES RESPONSE TO
ENVIRONMENTAL STRESSORS
This manuscript will focus on the role of specialized epithelium in
the “transition zone” of the lower airway that is emerging as a
major driver in the initiation and maintenance of inflammation
and airway remodeling (Burgel, 2011; Zhao et al., 2017; Tian et al.,
2018c; Brasier, 2019; Skibba et al., 2021). Anatomically, the
“transition zone” is a region between the gas-conducting
bronchioles and the gas-exchanging alveoli. This zone is a
pseudostratified columnar epithelium composed of at least five
distinct epithelial phenotypes, as multi-ciliated cells, secretory/
“Club” cells, mucin-producing goblet cells, ionocytes and basal
cells (Adams et al., 2020; Deprez et al., 2020; Zaragosi et al., 2020).
These cells differ from one another in secretory functions, self-
renewal and mucociliary clearance properties. Underlying these
are a basement membrane, lamina reticularis, composed of
Collagen (COL I/III), fibronectin (FN1) and population of
subepithelial fibroblasts. This unit is referred to as the
“epithelial mesenchymal trophic unit” (EMTU). and is
responsible for maintaining trophic effects on the epithelium
(Figure 1) (Evans et al., 1999).

Dynamic Responses of Lower Airway
Epithelial Cells to Environmental Agents
Under normal conditions, cells in the lower airway
epithelium exhibit much lower rate of cellular turnover
than those in the conducting airways (Bowden, 1983).
However, in response to environmental toxicants,
epithelial cells rapidly undergo necrosis and shed, releasing
damage-associated molecular patterns. Surviving adjacent
epithelial cells respond by de-differentiation, enabling
them to migrate to repopulate the injured area (Erjefalt
et al., 1995). This epithelial injury-repair process is also
activated by environmental oxidants, viruses and allergens,
whose mechanisms are increasingly being elucidated.

Airway epithelial cells are poised for sensing and
dynamically responding to viral attack through an arsenal
of pattern recognition receptors (PRRs) monitoring the
airway lumen, cellular cytoplasm, and subcellular organelles
for the presence of pathogen-associated molecular patterns
(PAMPs) (Whitsett and Alenghat, 2015). Luminal PAMPs of
viral origin, double-stranded RNA and 5-phosphorylated
RNA, are bound by membrane-associated Toll-like receptor
3 (TLR3) present on airway epithelial cells. In contrast,
intracellular viral PAMPs are detected by members of the
retinoic acid inducible gene -I (RIG-I)/melanoma
differentiation-associated protein (MDA5) family. Upon
binding their cognate PAMPs, PRRs function to recruit
signaling adapters that trigger intracellular innate signaling.
PRR-active innate signaling is an interconnected network of
intracellular signaling pathways including the MyD88-IκB
kinase (IKK) -NFκB, tank binding kinase (TBK)-interferon
regulatory factor (IRF), mitogen activated protein kinase
(MAPK) pathways and others (Rohmann et al., 2011).

These cascades trigger a genomic response resulting in the
secretion of danger signals, protective IFNs and cytokines
(Bertolusso et al., 2014) as well as determining apoptotic
cell fate decisions (Czerkies et al., 2018). Consequently,
PRR-activated innate signaling produces rapid neutrophilic
inflammation (Tian et al., 2017) and oxidative injury
(Choudhary et al., 2016), disrupting cilia function,
producing epithelial loss, and barrier disruption (Rezaee,
2011).

Another signaling response is mediated by protease activated
receptors (PARs), members of the G protein receptor family
(Shpacovitch et al., 2007). In contrast with classical receptors,
PARs are activated by N-terminal proteolytic cleavage; the
resulting N-termini is a tethered activation ligand that binds
an extracellular domain and initiates receptor signaling. PARs are
activated by endogenous serine proteases released from activated
neutrophils and mast cells. PAR signaling also enhances
leukocyte motility, adhesion and inflammatory molecule
release through pathways determined by G protein a subtypes
specific for each receptor (Shpacovitch et al., 2008). Of relevance
here, PAR-2 signaling has been linked to TGFβ activation and
mesenchymal gene expression [COLI, a smooth muscle cell actin
(αSMA)] characteristic of epithelial plasticity and induction of
pulmonary fibrosis (Lin et al., 2015).

FIGURE 1 | Role of the transition zone in airway remodeling. Shown is a
schematic view of the human lungs from the larynx to distal alveoli. The lungs
can be functionally separated into the conducting zone (larynx, trachea) and
the respiratory zone (small bronchioles and alveoli). Of focus for this
work, the distinct epithelial cell types in the transition zone plays key roles in
inflammation and remodeling through NF-κB regulated inducible gene
expression programs.
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EPITHELIAL PLASTICITY OF LOWER
AIRWAY EPITHELIAL CELLS

Lower airway epithelial cells are programmed to produce distinct
patterns of inflammatory and remodeling gene networks. Gene-
profiling experiments have shown that lower airway cells produce
greater amounts of T helper type 2 (Th2)-activating CCL-type
chemokines than do conducting airway-derived epithelia
(Olszewska-Pazdrak et al., 1998; Zhang et al., 2001). Systems
levels proteomics studies using a highly sensitive unbiased
secretome profiling technique found that small airway
epithelial cells from the transition zones also produce greater
amounts of myofibroblast growth factors (IL6 and TGFβ) Th2
polarizing cytokines (TSLP) and mucogenic cytokines (CCL-20)
than do cells from the conducting airways (Zhao et al.,
2017). These profiling experiments have been supported by
function cell-type depletion experiments in mouse models.
Mice depleted of RelA in the secretoglobin+/“Club cell”
population have significantly reduced chemokine response,
leukocytic inflammation, and airway obstruction in response to
experimental RSV infection (Tian et al., 2018c), TLR3 stimulation
(Tian et al., 2018a). Finally, recent studies found that the transition
zone Club cells mediate allergic asthma-induced remodeling in
response to Aspergillosis and cat dander allergens (Wiesner et al.,
2020; Skibba et al., 2021). Collectively, this evidence points to the
conclusion that the transition zone is critical to initiation and
maintenance of airway inflammation and remodeling.

Injury-repair is a multi-step genomic and post-translational
response involving a series of reversible cell-state transitions. The
first step in the injury response pathway involves loss of cell-

surface expression of epithelial cadherin (CDH1) via proteolysis
and subsequent internalization, disrupting adherens junctions
(Aiello et al., 2018) that play important role in the maintenance of
epithelial barrier function. CDH1 loss produces a “hybrid”
epithelial/mesenchymal (E/M) state, a reversible condition
where cells can either revert to normal epithelium via
mesenchymal-epithelial transition (MET) or transition into
more stable mesenchymal-like states depending on cellular
context and cues (Zhang et al., 2014; Jolly et al., 2016; Jolly
et al., 2019). This hybrid E/M state, will be referred to as
Epithelial-Mesenchymal Plasticity (EMP) by convention (Yang
et al., 2020)]. EMP is a spectrum of mesenchymal-like states
stabilized by SNAI2 expression (Subbalakshmi et al., 2021). EMP
includes expression of a regulatory network that includes
epithelial splicing regulatory protein 1 (ESRP1), the
transcription factor Ovo Like Transcriptional Repressor 1
[OVOL (Jia et al., 2015)], and Mothers Against
Decapentaplegic Homolog 7 [SMAD7 (Li et al., 2015)]. With
the termination of injury, activity of this network promotes MET,
reverting back to the Epithelial state. The mechanisms how this
occurs is only partially understood. OVOL1 promotes MET
through a regulatory feedback loop with suppression of ZEB1
in concert with ESRP1 (Roca et al., 2013). By contrast, SMAD7 is
an effector of the BMP4 pathway important in maintaining the
differentiated epithelial cell state.

With persistence of inflammation or injury, enhanced
expression of the core Snail family repressor (SNAI) and Zinc
Finger E-Box Binding Homeobox (ZEB1) transcription factor
module, suppression of CDH1 expression and loss of the MET
program, cells transition to a mesenchymal phenotype (Figure 2).
However, it is currently controversial whether primary
(untransformed cells) undergo “complete” mesenchymal
transition. Cell culture experiments of highly differentiated
lower airway epithelial cells indicate that the cells remain in
this bistable EMP even after prolonged stimulation with TGFβ
and rapidly reverse with TGFβ removal (Tian et al., 2015). Of
relevance, epithelial plasticity has been observed in chronic
obstructive pulmonary disease asthma, idiopathic pulmonary
fibrosis and viral pulmonary diseases (Holgate et al., 2000;
Hogg et al., 2004; Harvey et al., 2007; Sohal et al., 2014; Tian
et al., 2018c). Few of these studies have systematically examined
whether MET restrictors are also being co-expressed, so the only
conclusion that can be derived at this point is that epithelial
plasticity is characteristic of these diseases.

MECHANISMS HOW ALLERGENS
TRIGGER EPITHELIAL PLASTICITY

Although the mechanisms controlling the EMP to growth factors,
such as TGFβ, are well-understood (Kalluri and Weinberg, 2009;
Ijaz et al., 2014), less is known how aeroallergens trigger EMP.
Aeroallergens are plant- and animal-derived products that
modify the epithelial barrier function and activate innate
signaling cascades (Lambrecht and Hammad, 2014). A number
of common and important aeroallergens have been studied,
summarized briefly below.

FIGURE 2 | Mechanisms how NFκB/RELA activates the SNAI/ZEB
transcription factor module, triggering EMP. In differentiated airway epithelial
cells, the core mesenchymal regulators SNAI1 and ZEB1 are suppressed by a
double-negative feedback loop. SNAIL1 inhibits the expression of miR-
34, which represses the translation of SNAI1, whereas ZEB represses the
induction of miR-200, which inhibits the translation of ZEB1. The mutual trans-
repression is disrupted by the effects of NFκB/RELA to trigger synthesis of
SNAI1 and ZEB1. RELA recruits the BRD4 coactivator to directly activate
SNAI and ZEB1 genes to trigger the transition into EMP. EMP is a bistable
state characterized by expression of genes controlling MET (OVOL, SMAD7,
ESRP) as well as those controlling EMT (MMP9, TGFβ, IL6).
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The house dust mite (HDM), Dermatophagtoides pteronyssius
produces a complex aeroallergen containing bacterial cell wall
products [lipopolysaccharide (LPS) and ß-glucan (Douwes et al.,
2000)] as well as mite-produced proteases (Jacquet, 2011). Of
these theDer p1 is a cysteine protease that disrupts epithelial tight
junctions by cleavage of zona occludens (Heijink et al., 2010). At
the mechanistic level, Der p1 activates the protease-activated
receptor (PAR)-2 cleaving its NH2 terminus, irreversibly
activating signaling (Asokananthan et al., 2002). The
cockroach allergen, Per a 10, also induces innate signaling by
protease activity directed to PAR-2 (Arizmendi et al., 2011). In
contrast, Ragweed pollen contains an endogenous NADPH-
driven oxidase that disrupts the epithelial barrier by forming
reactive oxygen species (Bacsi et al., 2005), producing CXCL2
release and neutrophilic inflammation (Hosoki et al., 2016). The
Aspergillus-derived alkaline protease 1 (Alp1) is an aeroallergen
that disrupts epithelial tight junctions by cleaving epithelial
cadherin, producing IL33/CCL2 secretion and eosinophilia
(Wiesner et al., 2020). Cat dander extracts (CDE) activate the
MD2 co-receptor and TLR4, upstream of the Myd88-NFκB
pathway (Hosoki et al., 2016; Hosoki et al., 2017b) producing
CXCL2 secretion and neutrophil recruitment (Hosoki et al.,
2017b) through a CD14/LPS-independent pathway (Hosoki
et al., 2016; Hosoki et al., 2017a; Hosoki et al., 2017b). CDE
triggers a coordinated time-dependent increase of TGFβ-1,-2 and
-3 production, local SMAD3 and NFκB signaling and expression
of the mesenchymal core regulatory proteins ZEB1/SNAI1
(Skibba et al., 2021).

VIRAL REPLICATION TRIGGERS
PLASTICITY THROUGH THE IKK-NFκB
PATHWAY
In addition to these actions triggered by common aeroallergens,
activation of viral pattern recognition receptors trigger epithelial
plasticity in transition zone epithelium. Here, we found that
stimulation with selective TLR3 agonists activates epithelial
plasticity, with features of chronic stress fiber formation,
expression of the SNAI1/ZEB module, activation of
mesenchymal intermediate filament VIM, and extracellular
matrix proteins (FN1, COL1A) (Tian et al., 2017). At the
mechanistic level, TLR3-mediated epithelial plasticity was
prevented by silencing NFκB/RELA or administration of a
small molecule IκB kinase (IKK) inhibitor (Tian et al., 2017),
implicating the potent NFκB signaling pathway in virus-induced
EMP (the mechanisms how NFκB triggers EMT and coactivators
required are described in Sections 5,6 below). Based on this novel
model of viral inflammation-induced airway remodeling, we
concluded that NFκB is a major controller of EMP, a finding
that has potentially important relevance to airway remodeling
produced by repetitive viral infections.

Recent exciting work has extended the role of innate responses
with EMP in response to Respiratory Syncytial Virus (RSV)
infection. RSV is an Orthopneumovirus within the larger
Paramyxoviridae family, responsible for seasonal outbreaks of
respiratory tract infections worldwide (Borchers et al., 2013) and

represents the most common cause of pediatric hospitalization in
children (Stockman et al., 2012) and lower respiratory tract
infections (Shi et al., 2017). Upon inoculation, RSV initially
replicates in ciliated airway epithelial cells in the upper
nasopharynx and conducting airways (Zhang et al., 2002;
Liesman et al., 2014), producing epithelial sloughing, spreading
into the lower airways (Jozwik et al., 2015). In contrast to the
TLR3 intracellular signaling RSV activates the Retinoic acid
inducible gene-I a cytoplasmic RNA helicase PRR (Liu et al.,
2007). Activated RIG-I forms a signaling complex on the surface
of mitochondria, triggering the IKK-NFκB signaling pathway
(Liu et al., 2007; Liu et al., 2008), that activates the EMP program
in an NFκB-dependent manner (Tian et al., 2018a; Tian et al.,
2018c; Qiao et al., 2021). RSV infection induces the MET gene
network OVOL1 and SMAD7 were also observed, providing
direct evidence of the bistable E/M state (Xu et al., 2021b;
Qiao et al., 2021).

Consistent with the central role of the transition zone in
remodeling, RSV replication has been documented in
bronchioles and alveolar epithelial cells of children with
naturally acquired severe infections (Johnson et al., 2007) and
in normal immune volunteers experimentally infected with RSV
(Jozwik et al., 2015). In the small airways, inflammation-induced
EMP producing mucosal thickening and reduced small airway
diameter are primarily responsible for reduced expiratory airflow.
Prospective observational studies show that children with severe
RSV infections exhibit long-term decreased pulmonary function
(Martinez, 2009; Fauroux et al., 2017). The interstitial lung
disease associated with COVID-19 (Myall et al., 2021) and
SARS (Hui et al., 2005) are other examples of viral induced
airway remodeling that may involve transition zone innate
signaling.

IKK-NFκB SIGNALING TRIGGERS
SEQUENTIAL SIGNALING CASCADES
IN EMP
EMP is the product of sequential multi-step signaling cascades
(Zhang et al., 2014) converging on master transcription factors,
functioning in synergistic “cliques”, whose temporal expression
and downstream gene regulatory networks coordinate productive
EMP (Tian et al., 2015; Chang et al., 2016). A combined
computational and RNA sequencing study of alveolar
carcinoma cells illuminated the central role of precisely timed
expression of the master transcription factors, ETS2, HNF4A and
JUNB. These factors exhibited autoregulation and their
synergistic interaction was required for transition of TGFβ
“primed” cells to a stable mesenchymal-like state. This study
also identified the critical role of BRD4-dependent
superenhancers in maintenance of transcription factor hubs
within chromatin for maintenance of EMT.

Superenhancers are extended chromatin regions (up to 10 kB
in length) complexed with high levels of coactivators, enriched in
activating histone acetylation marks, and have been implicated as
mechanisms of epigenetic control of cell identity (Loven et al.,
2013; Pott and Lieb, 2015). These domains are sites (“factories”)
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for gene transcription. Genes within these factories are bound by
hypophosphorylated RNA polymerase II poised for rapid gene
expression through regulated transcriptional elongation (Tian
et al., 2016), a major mechanism for gene expression in epithelial
plasticity. However, epithelial plasticity programs in transformed
cells are substantially influenced by signaling effects of
transforming oncogenes. We found that TGFβ-induced
plasticity programs in primary cells are distinct from those in
TGFβ-induced Ras-oncogene transformed cells (Tian et al.,
2015), so these previous studies are of uncertain relevance to
plasticity programs produced in primary cells.

To understand key regulatory pathways in primary small
airway epithelial cells, we have applied systemic time-course of
RNA-seq analysis (Tian et al., 2015; Tian et al., 2018b), protein
expression studies and phosphoprotein profiling (Zhang et al.,
2019; Zhao et al., 2021) to telomerase immortalized (but non
oncogenically transformed) primary small airway epithelial cells.
These studies have identified that a major component of
regulatory gene networks are driven by IKK- NFκB signaling
downstream of the initial TGFβ signal. TGFβ induces NFκB
translocation and binding to core EMP regulators, including
the SNAI1-ZEB1 module, growth factors and EMT regulators
(Tian et al., 2018b). Importantly, deletion of RELA using siRNA
or CRISPR/Cas9 genome editing blocks TGFβ-induced EMP
(Tian et al., 2015; Tian et al., 2018b). These studies clearly
identify RELA as a “master transcription factor” of EMP,
controlling at least six clusters of essential EMP transcription
factors, including: 1) the SNAI1/ZEB1 module; 2) the WNT/
β-catenin morphogen pathway, 3) the JUN transcription factor
and 4) the TGFβ/IL-6 autocrine regulatory module (Tian et al.,
2018b).

Of these, the SNA1-ZEB1 transcription factor module is of
special note and deserves elaboration. SNAI1 and ZEB1 are
mesenchymal transcription factors regulated by a double-
negative feedback loop with microRNA (miR) expression
(Figure 2). In differentiated epithelial cells, SNA1 and ZEB1
are expressed at low levels. Here, SNAI1 inhibits the expression of
miR-34, a miR that blocks translation of SNAI1mRNA (Siemens
et al., 2011). In parallel, ZEB1 inhibits expression of miR-200, a
miR that inhibits the translation of ZEB1 mRNA (Ahn et al.,
2012). Perturbation of this negative feedback loop occurs with
stimulus-induced SNAI1 expression, this process inhibits miR-34
expression, allowing SNAI1 to be translated. With SNAI1
expression, SNAI1 directly activates ZEB1 abundance,
promoting EMP transition (Lu et al., 2013).

Consequently, activation of the SNAI1 transcriptional co-
repressor is the sine qua non of the “mature” mesenchymal-
like state. In addition to its actions on ZEB, SNAI1 directly
binds to regulatory promoter regions of CDH1 and Zona
Occludins (Z O -1), leading to their repression and
subsequent cellular loss of apical-basal polarity (Vincent
et al., 2009). Although its role in type II EMT is not fully
understood, ZEB1 plays an important role in maintenance of
the epigenetic landscape in cancer cells (Lindner et al., 2020),
silencing CDH1 and has been implicated in modulating the
mucosal IFN response in primary small airway cells,
perturbing the expression of the IRF1 transcription factor

through an epigenetic mechanism involving transcription
factor “exclusion” (Yang et al., 2017b). Our evidence that
RELA directly binds to the SNAI1 and ZEB1 promoters,
enhancing their expression (Tian et al., 2016) provides
understanding how RELA functions as a master regulator of
EMP in epithelial cells. These data are consistent with the role
of cRel in driving fibroblast to myofibroblast transition in skin
fibroblasts (Worrell et al., 2020).

Surprisingly to us, in TGFβ-induced EMP, the NFκB-
dependent gene regulatory network is activated prior to
significant RELA nuclear translocation. To better understand
this phenomenon, we examined the role of the upstream IKK
in TGFβ-induced EMP. Consistent with the earlier findings
generated by RELA silencing, small molecule IKK inhibitors
completely block TGFβ-induced EMP was blocked (Tian et al.,
2015). Temporal proteomic studies revealed that IKK was
required for the induction of 23 signaling pathways essential
in EMP that exhibited time-dependent activation (Figure 3).
These cascades included TGFβ signaling, p38 mitogen associate
protein kinase (MAPK), Toll receptor signaling, and integrin
pathways and others (Zhao et al., 2021). These findings illustrate
the complex, temporally coordinated processes controlling EMP
are controlled at multiple levels by the IKK-NFκB signaling
pathway.

Through the IKK-NFκB pathway, TGFβ induces epithelial
cells to express functional mesenchymal signatures, such as
αSMA to enhance cytokinesis, intermediate filament VIM to
produce motility, COL1A, FN1 and MMP9 to promote ECM
formation and deposition (Knight and Holgate, 2003). We note
that MMP9 is an invariant gene expressed by diverse types of
epithelial carcinoma cells undergoing mesenchymal transition
(Peixoto et al., 2019).

THE UNFOLDED PROTEIN RESPONSE
(UPR) IS A CORE PATHWAY DRIVING EMP

Although epithelial cells are not primary secretory cells,
dynamic changes in ER protein load produced by TGFβ
stimulation triggers the UPR. Two major UPR sensor/
effectors that have been identified include inositol-requiring
protein 1α (IRE1α) and protein kinase RNA-like ER kinase
(PERK) (Kopp et al., 2019). Of these, IRE1α functions as the
primary arm of the UPR linked to epithelial plasticity. In the
presence of unfolded proteins accumulating in the ER, the
HSPA5/BiP chaperone dissociates from IRE1α, resulting in a
coupled dimerization-autotransphosphorylation reaction,
triggering its rnase activity. The IRE1α rnase processes the
mRNA encoding unspliced X box-binding protein 1 (XBP1u)
to form spliced XBP1 (XBP1s) mRNA. Upon translation,
XBP1s is a transcription factor that controls the
transcription of genes encoding proteins involved in protein
folding, ER-associated degradation (ERAD), protein quality
control and phospholipid synthesis. In addition to splicing
XBP1, certain cellular mRNAs undergo regulated IRE1-
dependent decay (RIDD). Phosphorylated IRE1α also
induces JUN N-terminal kinase (JNK) and IKK-NFκB
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pathways through interactions with TRAF adapters,
interfacing with the innate signaling pathway (Hetz, 2012).
Through these arms, the UPR restores ER homeostasis by
either increasing the protein folding capacity of the ER,
reducing the influx of nascent proteins into the ER, and/or
degradation through ERAD.

The amplitude and kinetics of UPR signaling are tightly
regulated, a process increasingly recognized to play important
roles in metabolic reprogramming and cell differentiation
(Hetz, 2012). In the EMP, the upregulation of secreted ECM
proteins (FN1, COL1) enhances produces ER stress, disrupts
HSPA5-IRE1α interactions and activates the UPR (Feng et al.,
2014; Zhang et al., 2019) via XBP1s formation (Zhao et al.,
2016). XBP1s, in turn, activates expression of protein folding
enzymes Prolyl 4-Hydroxylase (P4HB), Protein Disulfide
isomerase Family A Member (PDIA)-4 and PDIA-6 to
relieve ER stress.

Using integrated proteomic and transcriptomic studies, we
observed that TGFβ stimulation induced ECM disassembly,
collagen structure, lamellipodia formation, and focal adhesion
(Zhang et al., 2019). Analysis of the secreted proteins showed that
TGFβ stimulation increased secretion of 101 N-glycosylated
ECM proteins. That the UPR was important in this process
was revealed by studies inhibiting IRE1α, blocking XBP1s
formation. Blockade of XBP1s significantly reduces the
secretion of these N-glycosylated secreted proteins, including
the key ECM components, FN1 and COL1. These studies
indicated that the IRE1α-XBP1s pathway of the UPR is
essential for ECM remodeling induced by epithelial plasticity.

CROSS-TALK OF THE IRE-XBP1S AND THE
IKK-NFκB PATHWAYS IN HBP

An exciting finding recently published been that cross-talk
IRE1α-XBP1s arm of the UPR has extensive cross-talk with
the IKK-NFκB pathway (Zhao et al., 2021). In response to

TGFβ stimulation, IKKβ directly complexes with- and
phosphorylates- XBP1s, which activates HBP and upregulates
protein N-glycosylation, preventing transition cells from ER
stress-induced apoptosis in EMP. Inhibition of IKK activity
abolishes the phosphorylation of XBP1-Ser 47, blocks XBP1s
nuclear translocation and inhibits the activation of HBP. These
data suggest that the IKKβ-XBP1s-HBP crosstalk pathway
couples inflammation and glucose metabolic reprogramming

FIGURE 3 | Sequential cascades of IKK-mediated protein profiles (A) Time-series proteomics of hSAECs in response to TGFβ stimulation in the presence or
absence of IKK inhibitor (B) Gene ontology biological process (GOBP) annotation enrichment of proteins that were upregulated after 3 days of TGFβ treatment and
blocked by BMS-345541 (the proteins in Cluster three in and only UPR- and HBP-related annotations are shown. Reproduced with permission from (Zhao et al., 2021).

FIGURE 4 | Cross-talk of innate inflammation with the Unfolded Protein
Response (UPR) regulates the Hexosamine Biosynthetic Pathway (HBP). The
rnase activity of the IRE1α kinase mediates splicing of the XBP1 mRNA
transcript forming XBP1s. Recent advances have shown that activation
of the IκB kinase (IKK) interfaces with the UPR. Here IKK is required for
phosphorylation of XBP1s on Ser 48 (pXBP1). In addition, IKKβ forms a
complex with pXBP1s; the complex translocates into the nucleus. The IKK-
pXPB1s complex is required for HBP activation, necessary for GFPT2
expression, restoration of proteostasis, and maintenance of XBP1 expression
through an autoregulatory loop.
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in EMP (Figure 4). UPR is sustained through RSV by an
autoregulatory loop where XBP1 enhances Pol II binding to its
own promoter (Qiao et al., 2021). This autoregulation ensures a
continuous supply of XBP1 mRNA to maintain ER proteostasis
and support EMP.

THE HEXOSAMINE BIOSYNTHETIC
PATHWAY (HBP) IS A MAJOR METABOLIC
ADAPTATION IN EMP
TGFβ is well-known to have potent effects on cellular metabolic
adaptations, including the activation of glycolysis, glutaminolysis
through a mechanism proposed by altering the NAD+/NADH
ratio (Henderson and O’Reilly, 2021). Activation of epithelial
plasticity by TGFβ produces substantial intracytoplasmic
accumulation of N glycosylated proteins (Zhang et al., 2019).
To further understand this process, we found that the key
enzymes of the HBP, Glutamine-fructose-6-phosphate
transaminase (GFPT)-1, -2, Glucosamine-phosphate
N-acetyltransferase (GNPNAT), and phosphoglucomutase
(PGM3) were up-regulated in the TGFβ-induced EMP state.
GFPT converts D-fructose-6-phosphate (Fru-6-P) and
L-glutamine to D-glucosamine-6-phosphate (GlcN-6-P) and
L-glutamate. GlcN-6-P is an essential precursor of uridine 5′-
diphosphate-N-acetyl-D-glucosamine (UDP-GlcNAc), a rate-
limiting substrate of the O-GlcNAc transferase (OGT) in the

HBP, a pathway required for glycoprotein formation (Akella
et al., 2019). This finding was significant because activation of
HBP and subsequent up-regulation of protein N-glycosylation is
important in nascent protein folding and ER quality control, ER-
associated apoptosis and secretion of ECM proteins. Together,
our data suggest that HBP is an adaptive response activated in
EMP to improve the folding and secretion of ECM proteins to
restore proteostasis (Figure 4).

In parallel to the metabolic response to TGFβ, metabolic
adaptations are also observed in viral induced innate
inflammation. Metabolic profiling studies have shown that
RSV replication upregulates glucose influx, aerobic glycolysis,
increased lactic acid and UDP-GlcNAc generation (Zhao et al.,
2019; Martín-Vicente et al., 2020). We found that paramyxovirus
infections also produce ER accumulation of N-glycoproteins and
intracellular accumulation of UDP-GlcNAc (Qiao et al., 2021).
Mechanistic dissection of the UPR confirmed that viral
replication primarily induced activation of the IRE1α kinase-
XBP1s arm of the UPR. Intriguingly, the RSV-induced EMP
regulatory network, including expression of the SNAI1-ZEB1
module, FN1 and MMP9 were dependent on IRE1-XBP1, a
finding confirmed by both small molecule inhibitors and gene-
specific targeting experiments. Furthermore, our mechanistic
studies showed that RSV enhances XBP1 binding to the super-
enhancer of GFPT2, promoting RNA polymerase II engagement
to the GFPT2 gene (Qiao et al., 2021). The ability of
paramyxovirus infection to activate the HBP and epithelial

FIGURE 5 | BRD4 regulated transcription in EMP programs. Schematic view of MMP9, GFP2 and TGFb promoters in epithelial and mesenchymal-like (EMP)
states. With activation of master transcription factors, BRD4 is repositioned from genomic sites including epithelial superenhancers to epithelial plasticity genes. Upon
phosphorylation, plasticity genes are expressed through regulated transcriptional elongation, involving remodeling nucleosomes through BRD4-dependent HAT activity
(Yang et al., 2005; Brasier et al., 2011; Devaiah et al., 2016a; Yang et al., 2017a).
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plasticity via the IRE1-XBP1 pathway was confirmed in a mouse
model of Sendai virus infection (Qiao et al., 2021). These findings
suggest that RSV replication activates the HBP to enhance N
glycosylation to promote native protein folding and ECM
secretion, restoring ER proteostasis and epithelial plasticity
(Zhang et al., 2019).

EPIGENETIC CONTROL OF EPITHELIAL
PLASTICITY

Epigenetic reprogramming is central for how transcription
factor cascades control gene expression important in epithelial
plasticity (Kalluri and Weinberg, 2009; Peixoto et al., 2019).
EMP regulatory epigenetics are mediated by post-translational
modifications of histone side chains; these are produced by
chromatin regulatory proteins, including Bromodomain-
containing 4 (BRD4). BRD4 is a member of the
bromodomain and extra-terminal domain (BET) family of
proteins that plays essential roles in epigenetic control of
inflammation-inducible gene expression (Nowak et al.,
2008; Tian et al., 2019), maintenance of cellular identity
(Loven et al., 2013) and chromatin compaction/
conformation (Devaiah et al., 2016b). A body of work
shows that BRD4 plays essential roles both in the
maintenance of epithelial identity and in the genomic
reprogramming underlying EMP through its activations in
binding acetylated histones, functioning as an RNA

polymerase II COOH terminal kinase, and as a histone
acetyltransferase (Devaiah et al., 2012; Devaiah and Singer,
2012; Devaiah et al., 2016a). These roles include its direct
role as a coactivator of master transcription factors in the
EMP, and through its actions controlling cell-type identity
genes via superenhancers. Interestingly, XBP1 is one such gene
under BRD4-dependent superhancer control (Loven et al.,
2013).

In its role as a master transcription factor coactivator, BRD4
inducibly complexes with NFκB/RELA, JUN, and SMAD
transcription factors mediating gene regulatory networks
controlling epithelial plasticity. Of these, the interaction with
RELA is most understood at the molecular level. It has been well-
established that activated RELA undergoes a coupled
phosphorylation/acetylation processing mediated by the IKK
and p300/CBP, respectively (Nowak et al., 2008; Brasier et al.,
2011). The BRD4 BD binds to the acetyl-K 310 residue of RELA,
and the complex is recruited to a subset of NF-κB- and BRD4-
dependent genes. Of these targets, RELA recruits BRD4 to the key
EMP regulators, SNA1I, ZEB1, Twist, IL6, FN1 and others (Tian
et al., 2016). Here, BRD4-CDK9 complex functions to activate
EMP programs through a process of regulated transcriptional
elongation (Tian et al., 2016; Yang et al., 2017a) (Figure 5). In
addition, BRD4 –SMAD3 complex also plays a key role in TGFβ-
induced myofibroblast formation (Ijaz et al., 2017), and we have
recently found that BRD4 forms complexes with members of the
AP-1 complex (Mann et al., 2021). More work will be required to
understand how these transcription factors function in a

FIGURE 6 | BRD4’s dynamically regulated gene networks. Schematic diagram of BRD4 dependent genes in RSV infection. Although BRD4 is required for innate
signaling and expression of ECM remodeling proteins, this study provides evidence that BRD4 controls is own expression through an autoregulatory network. In
addition, BRD4 controls expression of members of its interacting coactivators that bind the BD, including transcription factors, adaptors and chromatin remodeling
complexes. Reproduced with permission from (Xu et al., 2021a).
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synergistic manner to reposition BRD4 to gene regulatory
networks controlling EMP.

BRD4 REGULATES GROWTH FACTORS
AND ECM REMODELING

Despite understanding that BRD4 is required for EMP, the
BRD4-dependent gene regulatory network of non-transformed
epithelial cells is incompletely understood. To help advance this
topic, we recently investigated the effect of a specific competitive
inhibitor of the BRD4 bromodomain (BD) on RSV-induced
epithelial plasticity. We found that BRD4 activates RSV-
inducible expression of major components of its functional
interactome, including RELA, members of the Med coactivator
complex, and SMARC subunits (Figure 6). Although BRD4

participates in transcriptional elongation (Figure 5), the global
changes in chromatin accessibility seen in EMP suggests BRD4
may regulate gene programs through other mechanisms.

To address the question whether BRD4 dependent genes are
regulated by changes in chromatin accessibility, we mapped the
BRD4-dependent gene regulatory network to 1700 chromatin-
accessible sites in the genome determined by Tn5 transposase-
cleavage-next generation sequencing (ATAC-Seq) studies (Xu
et al., 2020). Genome ontology and pathway enrichment
indicated a substantial enrichment of genes controlling ECM
biosynthesis and/or modification (Xu et al., 2021a). Specifically,
we found that RSV produces nucleosome-free regions on TGFB1/
JUNB//FN1/MMP9 genes and GFPT2 (Xu et al., 2020) (Figure 7).
These studies indicate that BRD4 may play a critical role in
mediating expression of this HBP-plasticity program through
enhanced chromatin opening.

FIGURE 7 | RSV inducible chromatin changes in the TGFβ growth factor-ECM pathway (A) Integrated genomic viewer (IGV) of ATAC-Seq cleavage fragments
mapped to the GFPT2, TGFB1, JUNB, and FN1 genes in control and RSV-infected state. Note the increased transposase digestion of promoter elements after RSV
infection (B)mRNA changes of each gene. Shown is mean ± SD (n � 4 independent RNA-seq reads quantified by RSEM). *, p < 0.05, **, p < 0.01 post hoc Tukey’s test.
Reproduced with permission from (Xu et al., 2020).
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RELATIONSHIP OF EMP TO
SUBEPITHELIAL MYOFIBROBLAST
EXPANSION
Although much of this work has focused on the mechanisms of
EMP on the lower airway epithelial cell, how cell plasticity affects
organ fibrosis are not fully understood. Noted earlier, epithelial
cells do not themselves become myofibroblasts in the airway
(Rock et al., 2011). However, epithelial plasticity may affect
neighboring pro-fibrotic cells. Illustrated earlier in Figure 1,
epithelial cells interact with subepithelial fibroblasts within an
attenuated fibroblast sheath known as the EMTU (Evans et al.,
1999). In response to aeroallergens or respiratory virus infection,
subepithelial fibroblasts are one of several mesenchymal lineages
that transition into αSMA and COL1-expressing myofibroblasts
(Gizycki et al., 1997; Knight, 2001). Myofibroblasts are secretory
phenotypes that produce ECM proteins and MMPs that
contribute to lamina reticularis expansion in chronic airway
disease (Brewster et al., 1990). Not only is this cell type
primarily responsible for producing ECM and interstitial
fibrosis (Hinz et al., 2007; Rock et al., 2011; Hung et al.,
2013), these cells form the pathognomonic fibroblastic foci of
human IPF (Hinz et al., 2007; Thannickal, 2012). With
myofibroblast persistence, deposition of ECM stiffens the
lungs, reducing normal elastic properties and pulmonary
function.

The fibroblast-myofibroblast transition is mediated by growth
factors (TGFβ, IL6), changes in ECM stiffness and matrix
metalloproteinase secretion (Tian et al., 2017; Xu et al.,
2021b); all initiated from EMP produced by epithelial injury/
repair and sustained by the HBP. Epithelial barrier disruption
induces secretion of epithelial growth factors (IL6, TGFβ, EGF)
and fibrogenic cytokines (periostin, IL-17, IL-11) (Holgate et al.,
2004). TGFβ activates signaling cascades that result in fibroblast

motility, anti-apoptosis, and expression of ECM proteins, FN1
and COL1 (Ijaz et al., 2017).

Enhanced secretion of aberrantly glycosylated COL1 and FN
proteoforms by epithelial and fibroblast plasticity result in
changing the tensile strength of the ECM. Tensile strength is
an important signal for pulmonary mesenchymal cell populations
to acquire myofibroblast properties (Tomasek et al., 2002). In the
presence of high ECM stress, FN1 splice products induce
phosphorylation of focal adhesion kinases and αSMA replaces
actin in stress fibers (Hinz et al., 2007). The effects of TGFβ and
fibrogenic cytokines further stimulate metabolic adaptations in
the myofibroblast population, leading to epigenetic changes
resulting in enhanced production of ECM, resistance to
apoptosis and migratory invasiveness (Horowitz et al., 2006;
Henderson et al., 2019; Henderson and O’Reilly, 2021).
Myofibroblasts also release inflammatory/profibrotic mediators
that perpetuate epithelial injury and further promote ECM
deposition (Powell et al., 1999).

Finally, MMPs released by EMP modify myofibroblast
populations independently of changes in ECM composition.
MMP9 has emerged as an important paracrine regulator of
EMP in lung disease by its property to cleave CDH1 (Cowden
Dahl et al., 2008), activating SNAI1 expression (Lin et al., 2011) and
through its paracrine effect expanding subepithelial myofibroblasts
(Xu et al., 2021b). Intriguing studies have shown that MMP9 is
directly recruited to the fibroblast membrane by lysyl hydroxylase
three to activate αSMA expression and myofibroblast transition
(Dayer and Stamenkovic, 2015). This mechanism plays an
important role in RSV-induced remodeling and expansion of
subepithelial myofibroblasts (Figure 8) (Brasier, 2020; Xu et al.,
2021b). These intriguing data inform the hypothesis that innate
inflammation in small airway epithelial cells is linked to EMP, and
EMP triggers airway remodeling, in part through paracrine actions
of MMP9.

FIGURE 8 | EMP controls myofibroblast expansion. Shown is a schematic of the transition of the epithelial-mesenchymal trophic unit (EMTU) of the small airway.
Under resting conditions, the small airway epithelium interacts with a thin sheath of subepithelial fibroblasts. In response to epithelial injury produced by respiratory
viruses or aero-allergens, growth factors and matrix metalloproteinases released by injured epithelium trigger the subepithelial fibroblasts to acquire pro-fibrotic
characteristics including expression of αSMA, FN1 and COL1 resulting in ECM expansion of the lamina reticularis of the airway.
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CONCLUSION AND FUTURE DIRECTIONS

This review elaborates on the details of the hybrid E/M state, now
referred to as “epithelial-mesenchymal plasticity”. We illustrate
mechanistic studies that have identified the innate NFκB pathway
as a shared signaling pathway activated by aeroallergens and
respiratory viruses. NFκB-IKK plays a central role in EMP by
activating key gene regulatory networks controlling ECM
synthesis, matrix modification and a core network of
mesenchymal transcription factors by recruitment of the
BRD4 coactivator that promotes transcriptional elongation and
reprograms chromatin environment of growth factors and ECM
genes. In addition, our exciting findings show that IKK
participates in IRE1-XBPs pathway cross-talk, activating the
hexosamine biosynthetic pathway. Here, IKK is responsible for
phosphorylation, complex formation and stable nuclear retention
of XBP1s. Action of the HBP is required for synthesis, folding and

secretion of ECM modifying proteins, linked to myofibroblast
expansion of subepithelial fibroblasts in the EMTU.

This work identifies key molecular pathways that can be
modified to promote MET in response to common allergens
and respiratory viruses to answer fundamental questions on the
role of EMP in modification of airway immunity and remodeling.
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Emerging Therapeutic Strategies for
Attenuating Tubular EMT and Kidney
Fibrosis by Targeting Wnt/β-Catenin
Signaling
Lichao Hu†, Mengyuan Ding† and Weichun He*‡

Center for Kidney Disease, Second Affiliated Hospital, Nanjing Medical University, Nanjing, China

Epithelial-mesenchymal transition (EMT) is defined as a process in which differentiated
epithelial cells undergo phenotypic transformation into myofibroblasts capable of
producing extracellular matrix, and is generally regarded as an integral part of
fibrogenesis after tissue injury. Although there is evidence that the complete EMT of
tubular epithelial cells (TECs) is not a major contributor to interstitial myofibroblasts in
kidney fibrosis, the partial EMT, a status that damaged TECs remain inside tubules, and
co-express both epithelial and mesenchymal markers, has been demonstrated to be a
crucial stage for intensifying fibrogenesis in the interstitium. The process of tubular EMT is
governed by multiple intracellular pathways, among which Wnt/β-catenin signaling is
considered to be essential mainly because it controls the transcriptome associated with
EMT, making it a potential therapeutic target against kidney fibrosis. A growing body of
data suggest that reducing the hyperactivity of Wnt/β-catenin by natural compounds,
specific inhibitors, or manipulation of genes expression attenuates tubular EMT, and
interstitial fibrogenesis in the TECs cultured under profibrotic environments and in animal
models of kidney fibrosis. These emerging therapeutic strategies in basic researches
may provide beneficial ideas for clinical prevention and treatment of chronic kidney
disease.

Keywords: epithelial-mesenchymal transition, tubular epithelial cell, Wnt/β-catenin signaling, kidney fibrosis,
myofibroblast

INTRODUCTION

Kidney fibrosis, a pathological process characterized by excessive deposition of extracellular
matrix (ECM) in the interstitium accompanied by destruction of normal kidney architecture, is
a hallmark and inevitable end point of all kinds of progressive chronic kidney disease (CKD).
Myofibroblast is well known as the major type of matrix-producing cell, the source of which has
long been controversial and remains a hot area of research in nephrology (Mack and Yanagita,
2015; Yuan et al., 2019). Based on much of the current data from studies using lineage tracing
techniques, the main origins of myofibroblasts are accepted to be resident mesenchymal cells
including fibroblast (Asada et al., 2011; Lebleu et al., 2013), pericyte (Humphreys et al., 2010;
Gomez and Duffield, 2014), and mesenchymal stem cell (Kramann et al., 2015; El Agha et al.,
2017; Kramann et al., 2017), and other precursors comprising circulating bone marrow-derived
progenitor (Li et al., 2007; Lebleu et al., 2013), peritubular endothelial cell (Zeisberg et al., 2008;
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Cruz-Solbes and Youker, 2017), and tubular epithelial cell
(TEC) (Lebleu et al., 2013; Cruz-Solbes and Youker, 2017).

TEC, as a major component of renal parenchyma, is
particularly vulnerable to damage during acute kidney injury
(AKI) and is also a driving force for the progression of CKD. The
involvement of epithelial-mesenchymal transition (EMT) in
kidney fibrosis is widely concerned (Liu et al., 2018). EMT is
traditionally defined as a phenotypic conversion programme in
which the damaged TEC loses epithelial markers and acquires
mesenchymal features (Liu, 2010; Cruz-Solbes and Youker,
2017). The contribution of this complete EMT to interstitial
myofibroblasts appears to be very low (Lebleu et al., 2013),
whereas the partial EMT is of more concern (Zhou and Liu,
2016; Sheng and Zhuang, 2020). Partial EMT refers to a status in
which damaged TECs express both markers of epithelial and
mesenchymal but remain inside tubules with G2/M phase cell
cycle arrest, resulting in compromised regeneration and repair,
impaired functionality, and altered secretome. EMT begins with
stress responses of TEC to protect from damage and ultimately
allows cells to acquire a secretory phenotype, leading to the
release of pathological mediators that persistently activate
various myofibroblast precursors. Partial EMT has been
demonstrated to be an indispensable stage of fibrogenic
progression, making inhibition of EMT one of the main
strategies for restraining kidney fibrosis (Liu, 2010; Grande
et al., 2015; Lovisa et al., 2015; Zhou and Liu, 2016).

EMT process is governed by sophisticated signal networks
involving several developmental pathways, such as Wnt, Notch,
and Hedgehog. Of them, the role of Wnt/β-catenin signaling is
believed to be essential. Numerous studies have demonstrated
that Wnt/β-catenin signaling is a potent mediator of EMT
process. Hence, the intervention in EMT via modulating
activity of this pathway is considered a promising therapeutic
strategy against kidney fibrosis. In this mini review, we briefly
discuss the mechanisms by which Wnt/β-catenin signaling
regulates tubular EMT process, and summarize current
strategies to interfere with EMT by modulating activity of this
signaling.

WNT/Β-CATENIN AND TUBULAR EMT

In canonical Wnt cascade, when Wnt ligands bind to receptors
Frizzled protein (FZD) and lipoprotein receptor-related protein-5
or 6 (LRP5/6), Disheveled protein (Dvl) is recruited and a
cytoplasmic destruction complex comprising proteins
adenomatous polyposis coli (APC), Axin, casein kinase 1
(CK1), and glycogen synthase kinase 3β (GSK3β) is inhibited,
resulting in de-phosphorylation, stabilization, and nuclear
translocation of β-catenin. In the nucleus, the combination of
β-catenin with T-cell factor and lymphoid enhancer-binding
factor (TCF/LEF) initiates transcription of Wnt target genes
(Clevers and Nusse, 2012; Nusse and Clevers, 2017). Wnt/β-
catenin signaling seems quiescent in normal adult kidneys,
whereas in injured kidneys, Wnt proteins are markedly
induced. Transient activation of Wnt/β-catenin signaling
favors cell regeneration and tissue repair after AKI, but its

sustained activation aggravates kidney fibrosis in CKD
progression (Zhou et al., 2013a; Zhou et al., 2013b; Tan et al.,
2014; Schunk et al., 2021).

TECs are a main source of Wnt proteins in injured kidneys,
and these ligands act in an autocrine or paracrine manner
between several cell types. Activation of Wnt/β-catenin
signaling induces transformation of TECs into a secretory
phenotype with most partial EMT and a few complete EMT,
induces proliferation, activation and differentiation of interstitial
fibroblasts into myofibroblasts, and induces polarization M2
phenotype, and pro-inflammatory activation of macrophages.
In turn, Wnt ligands derived from fibroblasts and
macrophages can also target TECs directly (Schunk et al., 2021).

In TECs, Wnt/β-catenin signaling takes effects by inducing its
target genes, some of which play the substantial roles in regulating
tubular EMT process in the setting of CKD, such as fibroblast-
specific protein 1 (FSP-1), fibronectin, matrix metalloproteinase 7
(MMP7), Snail, and Twist (Boutet et al., 2006; He et al., 2009; He
et al., 2012; Tan et al., 2014; Ning et al., 2018). Concretely, FSP-1
and fibronectin are commonly used as EMTmarkers because they
are not normally expressed in epithelial cells. FSP-1 is a marker
for myofibroblasts, while fibronectin is a major component of
ECM (Liu, 2011). MMP7, a secreted zinc- and calcium-dependent
endopeptidase that acts on a variety of substrates to regulate
various cellular processes, is a critical regulatory factor in EMT by
mediating E-cadherin ectodomain shedding and proteolytic
degradation (He et al., 2012; Zhou et al., 2017a; Liu et al.,
2020). Snail and Twist are critical transcription factors that
drive EMT programme. Conditional deletion of Snail or
Twist1 in TECs inhibited EMT programme, which in turn
alleviated interstitial fibrosis in several CKD models (Grande
et al., 2015; Lovisa et al., 2015). We will briefly discuss the
functions of the two proteins in controlling EMT in detail.

Snail is a member of the zinc finger 1 transcription factor
family and is able to trigger the first step in EMT process by
transcriptionally suppressing the expression of E-cadherin and
disrupting adhesions between epithelial cells (Cano et al., 2000;
Liu, 2004; Hao et al., 2011; Simon-Tillaux and Hertig, 2017). By
repressing E-cadherin, Snail also releases β-catenin from the
dissociating adherens junctions, thus further facilitating the
cell to EMT programme, because in addition to intracellular
β-catenin that can act as a signaling sensor after Wnt signal
activation, β-catenin located near the cytoplasmic membrane can
physically interact with E-cadherin (Wang et al., 2010).
Moreover, Snail activates the production of alpha smooth
muscle actin (α-SMA) and vimentin, two mesenchymal
markers (Cano et al., 2000; Boutet et al., 2006), and induces
Id1, a transcription antagonist that plays a crucial role in
promoting EMT (Li et al., 2012). Besides being a
transcriptional target of Wnt/β-catenin, Snail is post-
transcriptionally modified by GSK3β and can cooperate with
Wnt ligands to induce the signaling. Thus, when Wnt ligands
initiate the signaling, the simultaneous activation of β-catenin,
and Snail produces synergistic or additive effects in driving EMT
(García de Herreros and Baulida, 2012; Schunk et al., 2021). In
addition to EMT programming, Snail also controls other major
biological processes responsible for renal fibrogenesis, such as
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interference of fatty acid metabolism, cell cycle arrest, and
inflammation (Simon-Tillaux and Hertig, 2017). Furthermore,
Snail-induced partial EMT could orchestrate p53-p21-mediated
G2/M arrest via nuclear factor kappa B-mediated inflammation
in CKD models (Qi et al., 2021).

Twist is a transcription factor of the basic helix-loop-helix
class and is capable of not only repressing E-cadherin gene
transcription by binding to the E-boxes in its promoter region
but also inducing the expression of mesenchymal markers
including fibronectin, vimentin, α-SMA, and N-cadherin
(Howe et al., 2003; Yang et al., 2004; Kida et al., 2007).
Additionally, Twist also regulates hypoxia-induced EMT in a

hypoxia inducible factor-1 (HIF-1)-dependent manner in renal
fibrosis (Bechtel and Zeisberg, 2009; Sun et al., 2009). Bmi1 is
responsible for Twist1-induced EMT (Yang et al., 2010), and the
promoter of Bmi1 contains potential binding sites for Twist1 and
HIF-1α. Under hypoxic conditions, Twist1 and HIF-1α
cooperatively enhanced Bmi1 transcriptional activation and
controlled its downstream target genes including Snail and
E-cadherin (Du et al., 2014; Ning et al., 2018).

In a short, sustained activation of Wnt/β-catenin signaling is a
potent propeller of EMT. Therefore, it represents a promising
therapeutic target to restrain tubular EMT process and mitigate
kidney fibrosis.

TABLE 1 | Potential modulations for inhibiting EMT and components of Wnt/β-catenin pathway involved.

Modulators or modulation
methods for inhibiting
tubular EMT

Factors that induce
tubular EMT

Experimental
models of CKD

Components of the
pathway involved that

are detected

References

Downregulation of β-Arrestin-1 β-arrestin-1; TGFβ1 UUO mice; TGFβ1-treated HK-2
cells

Wnt1, active β-catenin Xu et al. (2018)

AGER1; Downregulation of RAGE;
ICG-001

AOPP; Downregulation of
AGER1

AOPP-treated HKC-8 cells Wnt1, p-GSK3β, β-catenin, TCF4 Feng et al. (2020)

Overexpression of SIK1;
Downregulation of β-catenin;
Downregulation of Twist1

AA AA-induced AKI-CKD transition
mice; AA-treated HK-2 cells

Wnt1, p-β-catenin (Y654), nuclear β-
catenin, Snail, Twist1

Hu et al. (2021)

U0126 (ERK1/2 inhibitor);
Downregulation of ERK1/2

Uric acid Hyperuricemic nephropathy rats Wnt1, β-catenin Liu et al. (2017),
Tao et al. (2019)

Downregulation of MMP2;
Minocycline (MMP inhibitor)

MMP2 UUO mice Wnt1, β-catenin, Snail Du et al. (2012)

25-O-methylalisol F (MAF) TGFβ1; ANG TGFβ1- or ANG-treated NRK-
52E cells

Wnt1, active β-catenin, Snail1, Twist,
MMP7, PAI-1, FSP-1

Chen et al. (2018a)

Vitexin COM; Glyoxylate Glyoxylate-induced
nephrolithiasis mice; COM-
treated HK-2 cells

Wnt1, p-β-catenin, β-catenin Ding et al. (2021)

Astragaloside IV (AS-IV) HG Type 2 DKD rats; HG-treated HK-
2 cells

Wnt1, β-catenin, nuclear β-catenin,
GSK3β-APC-Axin protein complex

Wang et al. (2020)

Atractylenolide I (ATL-1) TGFβ1 UUO mice; TGFβ1-treated NRK-
52E cells

Wnt1, p-β-catenin/β-catenin Guo et al. (2021)

Downregulation of WISP1 Uremia Uremic rats Wnt2b, c-Myc, cyclin D Chen et al. (2019)
Downregulation of CRP CRP; TGFβ1 STZ-induced DKD rats; TGFβ1 or

CRP-treated HK-2 cells
Wnt3a, β-catenin Zhang et al. (2019)

Overexpression of kallistatin Downregulation of kallistatin;
TGFβ1

TGFβ1-treated HK-2 cells; UUO
mice

Wnt4, DKK1, Axin2, p-GSK3β (Ser9)/
GSK3β, β-catenin, active β-catenin,
fibronectin, Snail, PAI-1, Renin

Yiu et al. (2021)

Anti-FKN antibody; XAV939 (β-
catenin inhibitor)

FKN; ANG MRL/lpr mice; ANG-treated HK-2
cells

Wnt4, β-catenin, c-Myc, cyclin D1 Fu et al. (2019)

Downregulation of RSPO1;
Downregulation of LGR4

RSPO1 High fat diet-induced obesity
mice; Recombinant RSPO1-
treated HK-2 cells

LRP6, p-GSK3β (Ser9)/GSK3β, active β-
catenin, nuclear β-catenin

Carmon et al.,
2011, Su et al.,
2021

Overexpression of CFTR; iCRT14
(β-catenin inhibitor)

CFTR inhibitor (CFTRinh-172
or GlyH101); downregulation of
CFTR

UUO mice; Hypoxia-treated
MDCK cells and HK-2 cells

Dvl2, nuclear β-catenin, Axin2, Met,
MMP7, MMP2, cyclin D2

Zhang et al. (2017)

Downregulation of DOCK4;
Downregulation of USP36

USP36; HG STZ-induced DKD mice; HG-
treated HK-2 cells

β-catenin degradation complex, β-
catenin

Zhu et al. (2021)

Overexpression of AMPKα2 Downregulation of AMPKα2 UUO mice; HKC cells with
downregulated AMPKα2

β-catenin Qiu et al. (2015)

Downregulation of FHL2 Overexpression of FHL2;
TGFβ1

UUO mice; TGFβ1-treated NRK-
52E cells

Active β-catenin, nuclear β-catenin, Snail,
Twist, vimentin, PAI-1, MMP7

Cai et al. (2018)

RAGE, receptor of advanced glycation end-products; AGER1, advanced glycation end-products receptor 1; AOPP, advanced oxidative protein product; SIK1, salt inducible kinase 1; AA,
aristolochic acid; ERK, extracellular signal-regulated kinase; MMP, matrix metalloproteinase; ANG, angiotensin II; COM, calcium oxalate monohydrate; HG, high glucose; DKD, diabetic
kidney disease; GSK3β, glycogen synthase kinase-3β; APC, adenomatous polyposis coli; WISP1, Wnt-inducible signaling pathway protein-1; CRP, C-reactive protein; STZ,
streptozotocin; FKN, fractalkine; RSPO1, R-spondin 1; LGR4, leucine-rich repeat-containing G protein coupled receptor 4; CFTR, cystic fibrosis transmembrane conductance regulator;
MDCK, renal distal tubular Madin-Darby canine kidney; DOCK4, dedicator of cytokinesis 4; USP36, ubiquitin specific proteases 36; AMPK, AMP-activated protein kinase; FHL2, four and a
half LIM domain protein 2.
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EMERGING STRATEGIES TO SUPPRESS
EMT BY TARGETING WNT/Β-CATENIN

A great deal of strategies for hampering tubular EMT process and
alleviating kidney fibrosis through inhibiting the activity of Wnt/
β-catenin signaling in various animal or cellular models of CKD
have been reported, in which the components of Wnt/β-catenin
pathway were selectively or specifically detected for exploring the
intrinsic relationship between the strategy and the change in the
activity of the signaling. These studies are shown below based on
the most upstream level of the components of the signaling
pathway being examined and are summarized in Table 1.

Wnt1
β-Arrestin-1 is a negative adapter of G-protein-coupled receptors
(GPCRs) and also acts as a scaffold protein that regulates various
cellular functions independently of GPCR activation (Kendall
and Luttrell, 2009). Xu et al. reported that β-arrestin-1 was
induced in the fibrotic kidneys in mice with unilateral ureteral
obstruction (UUO) and in the TGFβ1-treated TECs and renal
fibroblasts. Gene silencing of β-arrestin-1 reduced EMT and
fibroblasts activation and attenuated kidney fibrosis, as well as
diminished the upregulation of Wnt1 mRNA and active β-
catenin in vivo and in vitro (Xu et al., 2018).

Advanced oxidative protein product (AOPP), belonging to
dityrosine-containing protein family, is a marker of protein
glycoxidation closely related to oxidative stress. As a uremic
toxin, AOPP has been found accumulation in patients with
CKD. Chronic accumulation of AOPP aggravated kidney
fibrosis in animal models (Shi et al., 2008). Feng et al.
reported that AOPP induced EMT through activating receptor
of advanced glycation end-products (RAGE)/Wnt/β-catenin
pathway in the cultured TECs. Either ICG-001, an inhibitor of
β-catenin, or RAGE knockout, or advanced glycation end-
products receptor 1 (AGER1, an antagonist of RAGE), could
inhibit AOPP-induced EMT. AOPP-induced upregulation of
Wnt1, p-GSK3β, β-catenin, and TCF4 was suppressed by
downregulation of RAGE (Feng et al., 2020).

Salt inducible kinase 1 (SIK1), a member of AMP-activated
protein kinases (AMPKs) family, plays a key role in regulating
metabolism, cell survival, and growth (Taub, 2019). Hu et al.
reported that the expression of SIK1 was downregulated in the
kidneys from mice with AKI-CKD transition induced by
aristolochic acid (AA) and in AA-treated TECs, whereas
upregulation of SIK1 alleviated EMT, inflammation and
fibrogenesis, and impeded AKI-CKD transition.
Mechanistically, overexpression of SIK1 inhibited AA-induced
upregulation of Wnt1 and p-β-catenin (Y654), the increase in β-
catenin nuclear translocation, and the upregulation of Snail and
Twist1 (Hu et al., 2021).

Extracellular signal-regulated kinase-1 and 2 (ERK1/2) are
serine/threonine kinases that have been found to be involved in
uric acid-mediated EMT and the pathogenesis of hyperuricemic
nephropathy (HN) (Liu et al., 2017). Tao et al. reported that
inhibition of ERK1/2 by either U0126, a selective inhibitor of
ERK1/2 pathway, or specific siRNA, mitigated EMT in the
kidneys from HN rats through inactivation of multiple

signaling pathways including Wnt/β-catenin. The induction of
Wnt1 and β-catenin was remarkably suppressed by inhibition of
ERK1/2 (Tao et al., 2019).

MMPs are a family of zinc-dependent proteases, and MMPs-
mediated destruction of tubule basement membrane integrity was
once believed to be a key step in promoting EMT (Cheng and
Lovett, 2003; Cheng et al., 2006). Although the complete EMT is
no longer considered a major contributor to interstitial
myofibroblasts, MMPs still play a role in fibrogenesis. Du
et al. reported that the activities of MMP2 and MMP9 were
increased in the kidneys from UUO mice, while inactivation of
MMP2 by either MMP2 knockout or minocycline, an inhibitor of
MMPs, suppressed inflammation and EMT, and ameliorated
kidney fibrosis. The upregulation of Wnt1, β-catenin, and
Snail in the UUO kidneys were restrained by inhibition of
MMP2 (Du et al., 2012).

Triterpenoid compounds are main active components in
Alismatis rhizoma, a natural product with lipid-lowering and
renoprotective effects (Tian et al., 2014; Ma et al., 2016). Chen
et al. reported that 25-O-methylalisol F (MAF), a new
triterpenoid compound, was able to inhibit TGFβ1- or
angiotensin II (ANG)-induced EMT in TECs and renal
fibroblast activation, respectively. The effect of MAF on EMT
was related to its regulation of renin-angiotensin system, TGFβ1/
Smad, and Wnt/β-catenin. TGFβ1- or ANG-induced
upregulation of Wnt1, active β-catenin and downstream
targets Snail1, Twist, MMP7, PAI-1, and FSP-1 were inhibited
by MAF (Chen et al., 2018a).

Recurrent nephrolithiasis is a contributor to kidney fibrosis,
and the pathogenesis involves oxidative stress, inflammation,
apoptosis, and EMT (Khan et al., 2016). Vitexin (apigenin-8-
C-β-D-glucopyranoside), a flavonoid monomer derived from
Ficus deltoidea, bamboo, and dried hawthorn leaves, possesses
biological effects including antivirus, anti-inflammatory, and
anticancer (Xue et al., 2020; Yahaya et al., 2020). Ding et al.
reported that vitexin alleviated crystal deposition and kidney
injury in a mouse model of nephrolithiasis induced by glyoxylate
and cell models of TECs and macrophages treated with calcium
oxalate monohydrate (COM), and the protective role of vitexin
was related to the inhibition of pyroptosis, apoptosis, EMT, and
macrophage infiltration. The upregulation ofWnt1 and β-catenin
and downregulation of p-β-catenin in COM-treated TECs were
restrained by vitexin (Ding et al., 2021).

Astragaloside IV (AS-IV), a saponin extracted fromAstragalus
membranaceus, possesses rich pharmacological activities,
including antioxidant stress, anti-inflammatory, anti-diabetes,
and renal protection (Fu et al., 2014; Zhou et al., 2017b; Chen
et al., 2018b). Wang et al. reported that AS-IV repressed EMT,
fibrogenesis, oxidative stress, and inflammation by inactivating
Wnt/β-catenin signaling in a rat model of type 2 diabetic kidney
disease (DKD) and in high glucose (HG)-treated TECs. HG-
induced upregulation of Wnt1 and β-catenin and an increase in
nuclear β-catenin were inhibited by AS-IV. In addition, AS-IV
could regulate the activity of Wnt/β-catenin signaling via binding
to GSK3β-APC-Axin protein complex (Wang et al., 2020).

Atractylenolide I (ATL-1), a eudesmane-type sesquiterpenoid
lactone derivative of Rhizoma Atractylodis macrocephalae,
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possesses various biological activities including antioxidant and
anticancer (Li et al., 2020). Guo et al. reported that ATL-1
inhibited EMT and fibroblasts activation in the kidneys from
UUO mice and in TGFβ1-treated TECs and renal fibroblasts.
ATL-1 suppressed the activities of several proliferation-related
pathways including Wnt/β-catenin. The upregulation of Wnt1
and the decrease in p-β-catenin/β-catenin ratio in UUO kidneys
were restrained by ATL-1 (Guo et al., 2021).

Wnt2b
Wnt-inducible signaling pathway protein-1 (WISP1, also known
as CCN4), belonging to the CCN family of ECM proteins, is a
downstream target of Wnt/β-catenin, and has been shown to be
involved in fibrotic diseases (Murahovschi et al., 2015). Chen
et al. reported that the expression of WISP1 was induced and
Wnt/β-catenin signaling was activated in the kidneys from a rat
model of uremia, while WISP1 gene silencing repressed tubular
EMT through inhibiting Wnt/β-catenin signaling. The
upregulation of Wnt2b, c-Myc, and cyclin D1 in uremia is
inhibited by WISP1 deficiency (Chen et al., 2019).

Wnt3a
C-reactive protein (CRP), an acute phase plasma protein, is
generally considered as a non-specific marker of inflammation
(Pepys and Hirschfield, 2003), however, many studies have
confirmed that CRP is involved in the pathogenesis of many
diseases (Szalai, 2004; Zhang et al., 2015). Elevated CRP
expression level has been found in DKD and CKD (Menon
et al., 2005; Hayashino et al., 2014). Zhang et al. reported that
CRP enhanced EMT in the kidneys from STZ-induced DKD rats
and in the TGFβ1-treated TECs, and the effects of CRP on EMT
involved Wnt/β-catenin and ERK signaling. CRP facilitated the
upregulation ofWnt3a and β-catenin induced by TGFβ1 in TECs,
whereas deficiency of CRP inhibited the induction of Wnt3a and
β-catenin in vivo (Zhang et al., 2019).

Wnt4
Kallistatin is a serine protease inhibitor that regulates multiple
pathways involving in various biological functions such as
vasodilation, angiogenesis, oxidative stress, inflammation, and
fibrosis (Huang et al., 2014; Chao et al., 2016; Yiu et al., 2016;
Wang et al., 2017; Guo et al., 2018). Yiu et al. reported that
kallistatin levels were markedly lower in the kidneys from CKD
patients. In UUO mice, depletion of endogenous kallistatin
resulted in aggravated tubular EMT and kidney fibrosis, while
overexpression of kallistatin exerted kidney protective effects.
Depletion of kallistatin increased the levels of Wnt4, p-GSK3β
(Ser9)/GSK3β, Axin2, active β-catenin, and target genes of Wnt/
β-catenin, whereas overexpression of kallistatin restrained the
activation of Wnt/β-catenin. The regulatory effect of kallistatin
on EMT and the activity of Wnt/β-catenin pathway in TGFβ1-
treated TECs was similar to that in vivo (Yiu et al., 2021).

Fractalkine (FKN), also known as chemokine (C-X3-C motif)
ligand 1, is a chemokine that regulates cell adhesion and growth
and has been shown to be involved in the pathogenesis of
inflammatory diseases including autoimmune disease (Ruchaya
et al., 2014; Liao et al., 2017). Fu et al. reported that FKN was

induced in the kidneys fromMRL/lpr mice (a murine model of
lupus nephritis). Treatment with an anti-FKN antibody
suppressed EMT and fibrogenesis and improved renal
function along with suppressing the activation of Wnt/β-
catenin signaling, whereas the administration of
recombinant FKN exhibited the opposite effects. The effect
of FKN on EMT and the activation of Wnt/β-catenin in ANG-
treated TECs was similar to that in vivo. Inactivation of Wnt/
β-catenin by an antagonist XAV939 blockaded the
enhancement of FKN overexpression to the EMT. The
affected components of the pathway by FKN included
Wnt4, β-catenin, c-Myc, and cyclin D1 (Fu et al., 2019).

LRP6
R-spondin1 (RSPO1), a member of secretory protein RSPOs
family, possesses a high affinity with leucine-rich repeat-
containing G protein coupled receptor 4 (LGR4). RSPO1
has been identified as an activator of Wnt/β-catenin
signaling because the binding of LGR4 and RSPO1
enhanced Wnt-induced phosphorylation of LRP6 (Carmon
et al., 2011). It has been found that circulating RSPO1 was
remarkably elevated in patients with obesity and insulin
resistant (Kang et al., 2019). Su et al. reported that the
expression of RSPO1 was induced in the kidneys from
obesity mice fed with high-fat diet, while knockdown of
RSPO1 alleviated kidney injury and fibrogenesis. The
recombinant RSPO1 facilitated EMT process by binding to
LGR4 to activate Wnt/β-catenin signaling, represented by an
increase in active β-catenin and nuclear β-catenin in TECs,
whereas these effects of RSPO1 could be diminished by
downregulation of LGR4 (Su et al., 2021).

Degradation Complex
Cystic fibrosis transmembrane conductance regulator (CFTR), a
cAMP-activated Cl− channel, is abundantly expressed at the
apical surfaces of proximal, and distal tubules in normal
kidneys (Kibble et al., 2000; Morales et al., 2000). Zhang et al.
reported that the expression of CFTR was downregulated in the
fibrotic kidneys from both CKD patients and UUO mice and in
the TECs cultured under hypoxia condition. Suppression of
CFTR function or expression by CFTR inhibitor, CFTRinh-
172 or GlyH101, is sufficient to trigger EMT process in vitro.
Knockdown of CFTR increased nuclear β-catenin, enhanced β-
catenin-mediated transcriptional activity, and upregulated the
expression of target genes, whereas iCRT14, a β-catenin inhibitor,
blocked the effect of CFTR downregulation on EMT.
Mechanistically, the interaction of CFTR and Dvl2 via PDZ
domain appears to contribute to the inhibitory effect of CFTR
on β-catenin activity (Zhang et al., 2017).

Dedicator of cytokinesis 4 (DOCK4), a guanine nucleotide
exchange factor for Rac, has been reported to enhance the
stability and activity of β-catenin and induce EMT by
interacting with β-catenin degradation complex to increase the
level of cellular β-catenin response to Wnt ligands (Upadhyay
et al., 2008; Xie et al., 2020). Zhu et al. reported that the expression
of ubiquitin specific proteases 36 (USP36), a member of
deubiquitinating enzymes family, was induced in DKD in
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human and murine model and in HG-treated TECs, and the
overexpression of USP36 enhanced EMT in TECs. Additionally,
USP36 directly bound to and mediated the de-ubiquitination of
DOCK4, whereas DOCK4 knockdown effectively abolished EMT
induced by USP36 overexpression through suppressing Wnt/β-
catenin signaling in TECs (Zhu et al., 2021).

β-Catenin
AMPK, a heterotrimeric serine/threonine protein kinase,
functions as an energy sensor in response to stresses, and
regulates cell energy balance and differentiation (Mihaylova
and Shaw, 2011; Ruderman et al., 2013). Qiu et al. reported
that knockdown of AMPKα, especially AMPKα2, enhanced EMT
by activating Wnt/β-catenin and TGFβ/Smad signaling in TECs,
and AMPKα2 deficiency exacerbated EMT and inflammation and
promoted fibrogenesis in the kidneys from UUO mice. The

results in this study demonstrated that AMPKα2 was able
to decrease the expression of β-catenin in TECs (Qiu et al., 2015).

Four and a half LIM domain protein 2 (FHL2) belongs to
the members of FHL subfamily that is included in LIM-only
proteins family. FHL2 acts as a scaffold protein interacting
with various intracellular protein partners, enabling it to
regulate signaling pathways that involve a plethora of
cellular tasks (Tran et al., 2016). We have reported that
FHL2 was upregulated in the fibrotic kidneys in CKD
patients and in UUO mice and in the TGFβ1-treated TECs
(Cai et al., 2018; Duan et al., 2020). Overexpression of FHL2
promoted EMT, whereas downregulation of FHL2
suppressed EMT induced by TGFβ1. The interaction
between FHL2 and β-catenin in TECs was increased by
TGFβ1, and knockdown of FHL2 increased β-catenin
phosphorylation and decreased nuclear localization of β-

FIGURE 1 | Modulators for inhibiting tubular EMT and their potential targeted components of Wnt/β-catenin pathway. LRP, lipoprotein receptor-related protein;
Dvl, disheveled; GSK3β, glycogen synthase kinase-3β; APC, adenomatous polyposis coli; MAF, 25-O-methylalisol F; AS-IV, Astragaloside IV; ATL-1, Atractylenolide I;
SIK1, salt inducible kinase 1; RAGE, receptor of advanced glycation end-products; ERK, extracellular signal-regulated kinase; MMP, matrix metalloproteinase; WISP1,
Wnt-inducible signaling pathway protein-1; CRP, C-reactive protein; FKN, fractalkine; RSPO1, R-spondin 1; LGR4, leucine-rich repeat-containing G protein
coupled receptor 4; CFTR, cystic fibrosis transmembrane conductance regulator; DOCK4, dedicator of cytokinesis 4; AMPK, AMP-activated protein kinase; FHL2, four
and a half LIM domain protein 2.
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catenin, β-catenin-mediated transcription and its target
genes expression (Cai et al., 2018).

DISCUSSION

Although TECs undergoing conventional EMT are no longer
recognized as a major constituent of interstitial myofibroblasts,
the partial EMT has been demonstrated to exert the crucial
functions in the fibrogenesis during kidney fibrosis
progression. Given the importance of Wnt/β-catenin signaling
in the regulation of EMT, targeting this pathway to restrain
tubular EMT process has become a promising strategy for
inhibiting kidney fibrosis, which has attracted numerous
researchers to conduct relevant studies.

Data from animal models and cell experiments suggest that
inhibiting Wnt/β-catenin signaling activity by either natural
compounds, specific inhibitors, or manipulation of selective
genes expression, may effectively suppress tubular EMT
process and mitigate kidney interstitial fibrosis. Some of these
studies have deeply investigated the mechanism by whichWnt/β-
catenin activity is inhibited, while others have only observed the

inhibitory effect of certain modulators on Wnt/β-catenin activity
but not the mechanism of the signaling activity inhibition.
Potential targeted components of Wnt/β-catenin pathway by
various modulators are summarized in Figure 1. In
conclusion, targeting Wnt/β-catenin signaling precisely to
impede EMT process remains a challenge but one that carries
great opportunities for the inhibition of kidney fibrosis and the
therapy of CKD.
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Systemic sclerosis (SSc) is a multisystem rheumatic disease characterized by vascular
dysfunction, autoimmune abnormalities, and progressive organ fibrosis. A series of studies
in SSc patients and fibrotic models suggest that immune cells, fibroblasts, and endothelial
cells participate in inflammation and aberrant tissue repair. Furthermore, the growing
number of studies on single-cell RNA sequencing (scRNA-seq) technology in SSc
elaborate on the transcriptomics and heterogeneities of these cell subsets significantly.
In this review, we summarize the current knowledge regarding immune cells and stromal
cells in SSc patients and discuss their potential roles in SSc pathogenesis, focusing on
recent advances in the new subtypes by scRNA-seq.

Keywords: systemic sclerosis, ScRNA-seq, immune cells, fibroblasts, endothelial cells

1 INTRODUCTION

Systemic sclerosis (SSc) is an autoimmune connective tissue disease that can be mainly divided into
limited cutaneous SSc (lcSSc) and diffuse cutaneous SSc (dcSSc) according to the extent of skin
involvement (LeRoy et al., 1988). In patients, lcSSc mainlymanifests as a thickening and hardening of
the distal acral skin, often related to positive anti-centromere antibodies. Whereas dcSSc in patients
also involves the proximal limbs and trunk which are prone to develop visceral organ complications,
commonly associated with positive anti-topoisomerase I (anti-Scl-70) or anti-RNA polymerase III
antibodies (Steen 2005).

SSc has three major pathological characteristics, including vasculopathy, immune dysregulation,
and connective tissue fibrosis. Dysfunction of endothelial cells (ECs) is a key event leading to SSc
microangiopathy (Mostmans et al., 2017). Activated ECs are able to recruit inflammatory cells by
secreting adhesion molecules and E-selectin or stimulate extracellular matrix (ECM) production by
connective tissue growth factor (CTGF) or other pro-fibrotic mediators. Innate and adaptive
immune responses play a prominent part in the progression of SSc (Lech and Anders 2013;
Allanore et al., 2015). Substantial evidence uncovers the link between the immune system and
fibrosis. For instance, specific serum autoantibodies and pro-fibrotic cytokines like IFN-α, IL-4, and
IL-13 and the transforming growth factor-beta (TGF-β) secreted by inflammatory cells, as well as
abnormal inflammatory signatures [such as type-I interferon (IFN) signature] appear in the blood or
target organs of SSc patients (Allanore et al., 2015). In addition, in situ hybridization has found that
fibroblasts adjacent to the infiltrated inflammatory cells are more likely to synthesize collagen,
implying the recruitment to fibroblasts (Fleischmajer et al., 1977; Kähäri et al., 1988). In SSc,
alteration of activation, proliferation, and differentiation in the fibroblast occupy kernel status in
tissue fibrosis. These cells release different kinds of chemokines that promote or inhibit the
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recruitment of circulating immune cells. Moreover, the activation
of fibroblasts prevents T-cell apoptosis and enhances the
sustainability of T-cell function (Pilling et al., 1999; O’Reilly
et al., 2012). Interactions between the fibroblasts and immune
cells often lead to the amplification of ECM production. In
addition, abundant works have emphasized the process on
injured ECs transdifferentiating toward myofibroblasts known
as endothelial-to-mesenchymal transition (EndMT), which is
also responsible for the expansion of the fibroblast pool (Xu
et al., 2011; Jimenez 2013; Ebmeier and Horsley 2015).

In recent years, droplet-based single-cell RNA sequencing
(scRNA-seq) has been developed at a rapid pace. In SSc,
scRNA-seq reveals novel or rare cell types with great precision
and characterizes their developmental trajectory. Profiling cell
landscapes by scRNA-seq depicts the entire cell compositions
under the conditions of physiology and pathology. Moreover,
scRNA-seq allows researchers to discern the potential roles of
differentially expressed genes in individual cells and their
involvement in signaling pathways which sheds light on the
pathogenic mechanism of SSc. There are currently plentiful
studies on scRNA-seq targeting monocytes, macrophages,
dendritic cells (DCs), T cells, fibroblasts, and ECs in SSc.

In this review, we primarily focus on the recent insights into
the characteristics and functions of immune cells and stromal
cells in various tissues including the blood, lungs, and skin in SSc
patients by scRNA-seq and traditional methods. Therefore, it will
greatly benefit to facilitate our comprehension of pathogenic
mechanisms and the development of subsequent treatments.

2 INNATE IMMUNE CELLS

The innate immune system has been shown to be activated at
various stages of SSc. Generally, pattern recognition receptors,
such as Toll-like receptors (TLRs) in SSc, identify damage-
associated molecular patterns and pathogen-associated
molecular patterns, which trigger an inflammatory response
(Martin 2014) and could lead to a fibrotic state ultimately
(Dowson et al., 2017). Myeloid cells, such as monocytes,
macrophages, and DCs, are representative of innate immunity
and play a significant role in the onset and progression of SSc
(Satoh et al., 2017; Ah Kioon et al., 2018; Bhandari et al., 2020).
Monocytes participate in fibrosis progression by affecting
inflammatory responses and differentiating into macrophage
or fibroblast-like cells (Shi and Pamer 2011). The human
monocytes can be divided into three subtypes according to the
expression of membrane molecules: classical monocytes
(CD14++CD16−), nonclassical monocytes (CD14+CD16++), and
intermediate monocytes (CD14+CD16+) (Passlick et al., 1989;
Auffray et al., 2007). Macrophages are significant mediators of
tissue injury and the major source of TGF-β, which are involved
in inflammation and fibrosis of SSc (Toledo and Pioli 2019).
Traditionally, macrophages are divided into classically activated
macrophages (M1) and alternately activated macrophages (M2),
which have opposite functions of pro-inflammation and anti-
inflammation (Mosser and Edwards 2008). DCs have two
primary subtypes—conventional dendritic cells (cDCs) and

plasmacytoid dendritic cells (pDCs), both derived from the
common DC precursor (Liu et al., 2009). A third subset of
DCs is derived from the monocyte precursor (Guilliams et al.,
2014). cDCs are a class of powerful antigen-presenting cells and
consist of two principal subsets (cDC1s and cDC2s) (Guilliams
et al., 2014). These cells variably express the TLRs, which are able
to initiate adaptive immune responses (Boltjes and van Wijk
2014). Moreover, pDCs play a critical role in innate immunity by
producing type-I IFNs (Cella et al., 1999; Siegal et al., 1999;
Guiducci et al., 2010; Swiecki and Colonna 2015).

2.1 Monocytes
Recently, both bulk RNA-seq and scRNA-seq had confirmed the
presence of a cluster of monocytes (CD16+ monocytes) closely
related to SSc pathogenesis. Bulk RNA-seq is found as an
inflammatory gene module, including KLF10, JUNB, PLAUR,
and JUND, in the monocytes of the peripheral blood in SSc when
compared with the healthy control (HC) (Supplementary Table
S1). ScRNA-seq was further used to explore the details of
monocytes, and seven subsets (PM0–PM6) were finally
identified. The PM0 cluster typically expressed the
abovementioned inflammatory co-expression genes and had
similar transcriptomics with IL1B+ FCN1hi monocytes in the
lung tissue of SSc-associated interstitial lung disease (SSc-ILD)
(Kobayashi et al., 2021) (Table 1). According to previous studies,
IL1B could be a key pro-fibrotic mediator (Park et al., 2018), and
IL1B+ FCN1hi cells were involved in skin and lung fibrosis,
indicating that the cluster might be a new therapeutic target
for SSc (Aran et al., 2019). Similar results by flow cytometry
showed that in addition to the activated phenotypic profile of
monocytes in the peripheral blood in SSc, the number of CD16+

monocytes were increased and related to ILD and modified
Rodnan skin score (mRSS) (Lescoat et al., 2017; Schneider
et al., 2021).

Recently, the whole-genome transcriptome analysis showed
activated fibrotic pathway and increased fibronectin expression in
circulating CD14+ monocytes of SSc patients. Interestingly, in a
pro-fibrotic milieu, CD14+ monocytes were a source of ECM-
producing cells, as they could differentiate into myofibroblast-like
cells and produce type I collagen and α-SMA (Rudnik et al.,
2021a) (Figure 1). One previous study described a monocyte
population that secreted high levels of tissue inhibitor of
metalloproteinases 1 (TIMP-1) protein, a potentially important
regulator in fibrogenesis of SSc. TLR signaling had a key role in
TIMP-1 secretion (Ciechomska et al., 2013). CD52 is a
glycoprotein anchored to glycosylphosphatidylinositol (Xia
et al., 1993; Hale 2001), and it is widely expressed on the
monocytes, lymphocytes, and DCs (Ratzinger et al., 2003).
Recently, a study has found that the expression of CD52 on
circulating monocytes of SSc was reduced. The reduction of CD52
enhanced the adhesion between monocytes and ECs and then led
to an increased recruitment of monocytes into the tissues. It is
worth noting that the increased type-I IFN–related genes in SSc
could downregulate the expression of CD52 in monocytes by
histone deacetylase IIa (HDAC IIa). Targeting the
IFN–HDAC–CD52 axis may bring a new strategy for early
SSc patients (Rudnik et al., 2021b).
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2.2 Macrophages
Robert Lafyatis et al. found five clusters of macrophages in the
skin lesions of SSc patients, three of which were parallelly
described in HC, including CCR1+, MARCO+, and TREM2+

macrophages. Additional macrophage clusters associated with
SSc were proliferating macrophages and FCGR3A+ macrophages,
and the latter were probably derived from CCR1+ and MARCO+

macrophages based on pseudotime analysis. FCGR3A+

macrophages expressed M2 macrophage activation markers
CD163 and MS4A4A and the macrophage scavenger receptor
1 (MSR1) and were characterized concomitantly by the enriched
pathway–like “response to lipopolysaccharide” associated with
M1 polarization (Xue et al., 2020; Xue et al., 2021).

The macrophages in the SSc-ILD lung tissue were divided into
seven discrete subtypes (MP1–MP7). SPP1 expression at a higher
prevalence was noted in the MP1 cluster, and the chemokine
CCL18 was relatively enriched in the MP7 cluster. SPP1 encoded
osteopontin, a potential predictor for lung function deterioration.
The differentially upregulated genes of the two subtypes were
mainly involved in the differentiation and migration of myeloid
cells and responded to pro-inflammatory signals (Gao et al.,
2020). Intriguingly, subsequent studies confirmed that in
addition to SPP1hi macrophages, three other subsets including
FABP4hi macrophages, monocyte-derived macrophages (FCN1hi

macrophages), and proliferating macrophages also appeared in
SSc-ILD lung tissues. Compared with idiopathic pulmonary
fibrosis (a chronic pulmonary fibrosis disease) and the HC, the

type-I IFN signaling was upregulated in SPP1hi and FABPhi

macrophages of SSc-ILD. Concretely, the interferon-induced
transmembrane proteins IF35, EGR1, and ISG15 were
upregulated in the SPP1hi macrophages, while TBK1, PTPN11,
and CHUK were upregulated in the FABP4hi macrophages
(Valenzi et al., 2021).

The subpopulations of macrophages showed the greatest
discrimination between mice and humans. Macrophages in the
lung tissues of bleomycin-induced fibrosis mice were classified
into three types by scRNA-seq: alveolar macrophages,
intermediate macrophages (CX3CR1+SiglecF+), and interstitial
macrophages. The transitional subpopulation highly expressing
MHCII molecules was located in aggregates adjacent to infiltrated
Pdgfra+ and Pdgfrb+ fibroblasts and might be the source of Pdgf-
aa (a nutrient factor of fibroblasts) in the fibrosis niche. In other
words, the paracrine interactions between the macrophages and
fibroblasts played a positive role in tissue fibrosis (Aran et al.,
2019). Recently, MHCIIhiCX3CR1hi macrophages also have been
systematically studied in the lung, fat, dermis, and heart tissues of
mice with a low expression of lymphatic endothelial hyaluronan
receptor-1 (Lyve1). Lyve1loMHCIIhiCX3CR1hi macrophages were
conserved in these tissues and located adjacent to the fibers. The
other conserved macrophages were Lyve1hiMHCIIloCX3CR1lo

macrophages with a role to restrain induced tissue fibrosis
(Chakarov et al., 2019).

The traditional paradigm implies the M2 pro-fibrotic
properties of monocytes/macrophages in the blood and target

TABLE 1 | Immune cells and stroma cells in SSc by scRNA-seq.

Special subsets Samples Species Diseases Characters of
special subsets

Ref.

CD16+ monocytes PB Human SSc Similar to IL1B+FCN1hi monocytes in the lung of SSc-ILD Kobayashi et al.
(2021)

FCGR3A+ macrophages Skin Human dcSSc Derived from CCR1+ and MARCO+macrophages both with
characteristic of M1 and M2 macrophages

Xue et al. (2021)

SPP1hi macrophages Lung Human SSc-ILD Encoded OPN which predicted the deterioration of lung
function

Gao et al. (2020)

SPP1hi and FABPhi

macrophages
Lung Human SSc-ILD Upregulated type-I IFN signaling Valenzi et al.

(2021)
CX3CR1+SiglecF+

macrophages
Lung Mouse Bleomycin-induced

pulmonary fibrosis
Produced nutrient factor (PDGF-aa) of fibroblasts Aran et al. (2019)

Lyve1hiMHCIIlo

macrophages
Lung, fat, heart,
and dermis

Mouse — Restrained induced tissue fibrosis Chakarov et al.
(2019)

FCN+ mo-DCs Skin Human dcSSc Located in perivascular and related to severe skin fibrosis Xue et al. (2021)
pDCs Lung Human SSc-ILD Upregulated multiple cellular stress pathways and

increased the expression of type-I IFN receptor
Valenzi et al.
(2021)

CXCL13+ T cells Skin Human dcSSc Expressed Tfh-like genes and promoted B-cell responses Gaydosik et al.
(2021)

SFRP2hiWIF1+ fibroblasts Skin Human dcSSc Precursor of myofibroblasts Tabib et al. (2021)
Actively proliferating
myofibroblasts

Lung Human SSc-ILD Highly expressed collagen and other pro-fibrotic genes Valenzi et al.
(2019)

CTHRC1+ fibroblasts Lung Mouse Bleomycin-induced
pulmonary fibrosis

Expressed pathologic ECM genes and migrated into injured
areas

Tsukui et al.
(2020)

Activated fibroblasts Lung Mouse Bleomycin-induced
pulmonary fibrosis

Exhibited a myofibroblast-like gene expression signature Peyser et al.
(2019)

Endothelial cells Lung Human dcSSc Associated with ECM deposition, vascular injury, and
EndMT

Apostolidis et al.
(2018)

SSc, systemic sclerosis; scRNA-seq, single-cell RNA-sequencing; ILD, interstitial lung disease; PB, peripheral blood; OPN, osteopontin; Lyve1, lymphatic endothelium hyaluronan
receptor-1; IFN, interferon; pDCs, plasmacytoid dendritic cells; Tfh, T follicular helper; IL, interleukin; SFRP, secreted frizzled-related protein; CTHRC, collagen triple helix repeat containing
1; ECM, extracellular matrix; EndMT, endothelial-to-mesenchymal transition.
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organs of SSc patients. M1 macrophages exerted their effects
primarily at the stage of the inflammatory responses by producing
IL-1β, TNF-α, and IL-6 (Gordon 2003; Mosser 2003). Infiltrated
M2 macrophages in the skin and peripheral blood have been
observed in SSc with the putative marker CD163
(Higashi–Kuwata et al., 2010; Bielecki et al., 2013). M2
macrophages produced pro-fibrotic mediators such as TGF-β,
CCL18, and the platelet-derived growth factor to promote
fibroblast activation and collagen release (Jaguin et al., 2015;
Shapouri–Moghaddam et al., 2018). However, in addition to the
M1 and M2 macrophages, the circulating macrophage of SSc
patients also included a confluent M1/M2 phenotype which has
been reported to be associated with a more severe phenotype
(SSc-ILD) (Trombetta et al., 2018) and arthritis or myalgia
(Mohamed et al., 2021). Monocytes in the peripheral blood in
SSc might differentiate into monocytes-derived macrophages
(MDMs) during exposure to the soluble factors in the plasma
and secret activation markers such as CCL2, IL-6, and TGF-β.
Their activation has a pro-fibrotic property (Bhandari et al.,
2020), which possibly involves the key transcription
factor—interferon regulatory factor 8 (IRF8), a regulator of
differentiation and function of the myeloid cells. On the one
hand, MDMs show an M2 phenotype after silencing IRF8; on the
other hand, skin fibrosis of mice with myeloid cell–specific
knockout of IRF8 increased after bleomycin treatment
(Ototake et al., 2021).

2.3 Dendritic Cells
The results of scRNA-seq showed that there were six DC
subpopulations in skin biopsies of the HC, including cDC1
(CLEC9A+ DCs), two subsets of cDC2 (CXorf21+ DCs and
MCOLN2+ DCs), a novel DC subtype (LAMP3+ DCs), a
cluster of proliferating DCs (KIAA0101+ DCs), and a
Langerhans cell subset (Langerin+ DCs). FCN1+, the
monocyte-derived DC marker, was related to cDC2 in the
pseudo-time distribution and existed solely in dcSSc, which
was associated with severe skin fibrosis and had been
mentioned in previous studies (Kobayashi et al., 2021). In
addition, pDCs derived from the lymphoid progenitor cells
also appeared almost exclusively in the skin in dcSSc (Xue
et al., 2020; Xue et al., 2021). The upregulated pathway,
including autophagy, cellular stress response, and protein
ubiquitination, showed the abnormal phenotypes of activation
among the pDCs of SSc-ILD (Valenzi et al., 2021).

The assay of transposase-accessible chromatin using
sequencing showed that the DCs occupied the greatest
epigenetic difference between SSc skin lesions and the normal
skin, and the disease-related single-nucleotide polymorphisms
were significantly enriched in the DCs, indicating that it may be
an important epigenetic driving factor of SSc (Liu et al., 2020).
The proteome-wide analysis has proved that pDCs in SSc secreted
chemokine CXCL4, a predictor of mRSS (van Bon et al., 2014).
pDCs expressing IFNα and CXCL4 accumulated around the

FIGURE 1 | The role of innate immune cells including monocytes, macrophages, and dendritic cells in the fibrosis in SSc. Particularly, Lyve1hiMHCIIloCX3CR1lo

macrophages restrained induced tissue fibrosis, and traditional M1 macrophages also prevented fibrosis. Red arrows indicate stimulation; blue blunted-ends indicate
inhibition. SSc, systemic sclerosis; PB, peripheral blood; IRF, interferon regulatory factor 8; MDM, monocytes-derived macrophages; CCL, CC chemokine ligand; IL,
interleukin; IFN, interferon; OPN, osteopontin; TIMP-1, tissue inhibitor of metalloproteinases 1; and Lyve1, lymphatic endothelium hyaluronan receptor-1.
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vessels of the skin in SSc (van Bon et al., 2014; Ah Kioon et al.,
2018). In a recent study, CXCL4, as a self-antigen, promoted the
activation of type-I IFN signals by pDCs and anti-CXCL4
antibodies by B cells, which maintained the vicious circle of
SSc IFN-I signature (Lande et al., 2020). Epigenetic factors such as
the recent miR-126 and miR-139-5p (Chouri et al., 2021) and the
previous miR-618 (Rossato et al., 2017) also contributed to the
characteristics of type-I IFN in disease. Moreover,
xenotransplantation of human pDCs into bleomycin-induced
nonobese diabetic/severe combined immunodeficiency mice
increased IFN-induced response to TLR agonist significantly
and further demonstrated the key role of pDC in immune
response and fibrosis degree (Ross et al., 2021).

3 T LYMPHOCYTES

T-cell heterogeneity is high in terms of expression and function of
T-cell receptors. Antigen-specific oligoclonal T cells are related to
the breakdown in self-tolerance (Laurent et al., 2018). Specific
cytokine profiles have a significant impact on the functions of
fibroblasts and ECs and can promote or inhibit collagen over-
synthesis and vascular diseases (Hügle et al., 2013; Chizzolini and
Boin 2015). T lymphocytes are divided into T helper (Th) cells,
regulatory T (Treg) cells, cytotoxic T (CTL) cells, and γδ T cells.
All Th cells express CD4, mainly including Th1, Th2, Th17, Th9,
Th22, and T follicular helper (Tfh) cells, and each subpopulation
developed from naive T cells which responded to diverse
microenvironmental stimuli. Treg cells primarily maintain
immune tolerance. CTL cells mainly express CD8 to identify
and kill abnormal target cells such as cancer cells and infected
cells, but a few can also express CD4. The receptors of γδT cell are
γ chain and δ chain which permit recognition of antigens without
MHC restriction. In addition, a new subset of T cells in SSc skin
likely promoting B-cell responses has been fully revealed by
scRNA-seq which provides a fuller framework for
understanding the contribution of T lymphocytes to
autoimmunity (Gaydosik et al., 2021).

3.1 T-Cell Subsets by scRNA-Seq
Currently, only one study in 2021 analyzed the skin-resident and
recirculating T-cell subsets and their heterogeneity in dcSSc by
scRNA-seq. According to differences in transcriptome profiles,
skin T lymphocytes were divided into nine clusters. In addition to
traditional CD4+ T cells, CD8+ T cells, and Treg cells, T cell
clusters expressing IL-26, proliferation genes, TRDC, and
CXCL13 were also identified. Each T-cell cluster had activated
and special molecular pathways. Especially, the mitochondrial,
ERK/MAPK signaling, and oxidative phosphorylation pathways
in CXCL13+ T cells were all upregulated. CXCL13+ T cells
expanded in the skin of dcSSc with perivascular localization
and were related to ILD significantly. Moreover, the
subpopulation exhibited recirculating memory migratory
phenotype (CCR7+SELL−), which implied a certain migration
ability. CXCL13 is a B-cell chemoattractant that helps to form
tertiary lymphoid structures (TLOs) (Ansel et al., 2000). In this
study, CXCL13+ T cells were adjacent to CD20+ B cells and

expressed Tfh-related genes with lower levels like ICOS and PD1
but not BCL6 and CXCR5. Therefore, it may be a special Tfh
subset, and treatment for CXCL13+ T cells may prevent disease
progression (Gaydosik et al., 2021) (Figure 2).

3.2 Th1 and Th2 Cells
Th1 cells mainly secrete cytokines such as IFN-γ, TNF-α, and IL-
2, while Th2 cells mainly secrete cytokines such as IL-4, IL-5, and
IL-13 (Wynn 2004). At present, most researchers agree with the
view of skewed Th2 pattern in SSc effector T cells (O’Reilly et al.,
2012; Chizzolini and Boin 2015; Distler et al., 2019; Zhang et al.,
2020; Worrell and O’Reilly 2020). Therefore, targeted delivery to
restore the balance between Th1 and Th2 cytokines should be
further researched for limiting fibrosis (Gourh et al., 2009).
Generally, IFN-γ mainly inhibited collagen synthesis by
reducing the activity of fibroblasts or restraining the effect of
cytokines IL-4 and IL-13 (Rosenbloom et al., 1986). Compared
with the HC, cytokines IL-4 and IL-13 in the serum of SSc
patients were increased (Gasparini et al., 2020). IL-13 inhibited
the expression of matrix metalloproteinase-1 (MMP-1) through
the PKB/AKT pathway in skin fibroblasts of HC and SSc patients
(Brown Lobbins et al., 2018). Latest reports have discovered the
new Th2 cytokine IL-31 was elevated in plasma and target organs
(skin and lung) of SSc patients (Yaseen et al., 2020). IL-31
promoted skin and lung fibrosis and enhanced Th2 immune
responses, which were ameliorated by the blockade of IL-31 or
anti-IL-31RA antibody (Kuzumi et al., 2021).

3.3 Th17 Cells
Naive T cells differentiate into Th17 cells in the presence of IL-6,
IL-21, IL-23, or IL-1 (Harrington et al., 2005; Park et al., 2005;
Bettelli et al., 2006), which involve inflammation and
autoimmune disease by secreting IL-17, IL-22, and MMPs
(Korn et al., 2009; Zambrano–Zaragoza et al., 2014). The
proportion of Th17 in the blood, skin, and bronchoalveolar
lavage (BAL) of patients of SSc was increased and associated
with disease activity (Kubo et al., 2019; Robak et al., 2019; Fox
et al., 2021). Due to the plasticity of Th17 cells, a subpopulation of
Th17 cells expressed the adhesion molecule CD146 and had a
stronger ability to bind and cross vascular endothelium in
peripheral blood (Gabsi et al., 2019). Moreover, IFN-γ+IL-17+
Th17 cells which differentiate from Th17 in the presence of IL-12
have recently been shown to enhance the collagen secretion of
fibroblasts by producing IL-21 (Annunziato et al., 2007; Xing
et al., 2020). In addition, a previous study reported a significantly
higher ratio of Th17/Treg cells in the peripheral blood of SSc
patients than in HC, which supported the deflection towards
Th17-mediated inflammatory processes (Yang et al., 2021). The
conversion of Treg to Th17 cells might contribute to this bias as
the CD4+CD25+FOXP3loCD45RA- Treg subset produced high
levels of IL-17 (Liu et al., 2013).

The key cytokine IL-17 has been extensively studied
controversially. IL-17 was both elevated in serum and skin
during the early and active stages of SSc (Yang et al., 2014;
Tezcan et al., 2021). Mechanically, IL-17 induced inflammation of
ECs, and promoted fibroblast proliferation (Kurasawa et al., 2000;
Xing et al., 2013). However, other sounds published their
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anti-fibrosis effect which reduced CTGF and type I collagen
through the upregulation of miR-129-5p (Nakashima et al.,
2012). More recently, a more refined organotypic model of
human skin has been introduced; based on which IL-17
softened the skin by promoting inflammation and
attenuating Wnt signaling (Dufour et al., 2020). It is to be
noted that Th17 cells and IL-17 possessed a uniform effect in
animal models which mediated fibrosis and SSc-like
appearance in BLM mice and TSK-1 mice (Okamoto et al.,
2012; Lei et al., 2016).

3.4 Th9 Cells
Th9 cells secrete IL-9 and IL-10 under the influence of pro-
fibrosis factors (TGF-β, IL-4), and epithelial cytokine (thymic
stromal lymphopoietin) (Veldhoen et al., 2008; Yao et al., 2013;
Kaplan et al., 2015). IL-9 was highly expressed in the serum in
both dcSSc and lcSSc and led to a lower degree of fibrosis and a
slower decline in vital capacity at the earliest stage, which suggests
IL-9 may be a protective molecule in pulmonary fibrosis (Yanaba
et al., 2011). However, other studies elaborate increased IL-9 in
the skin, and renal biopsy tissues were positively related to mRSS
(Guggino et al., 2017). Furthermore, the Th9 transcription factor
PU.1 activated the switch of pro-fibrotic fibroblast phenotype.
When PU.1 was inactivated, skin and lung fibrosis in BLM-
induced fibrotic mice became reduced (Wohlfahrt et al., 2019).
The role of Th9 cells and IL-9 in the immune response of SSc

individuals needs further research given the paucity of available
results.

3.5 Th22 Cells
Although the existence of Th22 cells in SSc has been proved, less
attention has been paid to their function. Th22 cells mainly
produce IL-22 cytokine and express several members of the
fibroblast growth factor (FGF) family, including FGF-1, FGF-
5, and FGF-13 which play a role in tissue repair and fibrosis
(Eyerich et al., 2009). It has been stressed that significantly
increased circulating Th22 cells in SSc patients are related to
SSc-ILD and CCR6 (a skin- and lung-homing chemokine
receptor) (Truchetet et al., 2011). Furthermore, Th22 cells
have been verified to participate in skin immunity because
they promote keratinocyte activation induced by TNF and
lead to fibroblasts obtaining a pro-inflammatory phenotype
(Brembilla et al., 2016).

3.6 Tfh Cells
An increased frequency of Tfh cells related to disease severity in
the peripheral blood of SSc patients has been observed, which
promoted plasmablasts (CD19+CD27+CD38hi) differentiation
and antibody production through the IL-21 signaling pathway
(Ricard et al., 2019). Furthermore, it has been particularly
emphasized that circulating Tfh cells unbalanced toward the
Tfh 1 subset in SSc may alter the function of B cells through

FIGURE 2 | Contribution of T-cell subsets and their cytokines to fibrosis in SSc. Changes in T-cell subsets of PB or target organs in SSc and fibrosis models are
displayed above or below the cell. Red arrows indicate stimulation; blue blunted-ends indicate inhibition. SSc, systemic sclerosis; PB, peripheral blood; EC, endothelial
cells; IL, interleukin; Tfh, T follicular helper; GVHD, graft-versus-host disease; and MMP, matrix metalloproteinase.
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the IL-21 and IL-6 pathways. In addition, CD4+CXCR5+ Tfh cells
also appeared in the skin of SSc patients (Ly et al., 2021). In the
skin of graft-versus-host disease (GVHD)–SSc mice, increased
ICOS+ Tfh-like cells promoted skin fibrosis in IL-21 and MMP-
12–dependent manner (Taylor et al., 2018). Therefore, inhibition
of the Tfh cell subset or their cytokines like IL-21 (ruxolitinib)
may bring good news to SSc patients.

3.7 Treg Cells
To date, there has been little agreement on the proportions
of circulating changes of SSc Tregs (Gu et al., 2008; Zhu and
Paul 2008; Antiga et al., 2010; Mathian et al., 2012; Ugor et al.,
2017). The possible intrinsic explanation is the decreased
expression of runt-related transcription factor 1 (Runx1)
mRNA. Runx1 mRNA and forkhead box transcription
factor (FoxP3) form a transcription factor complex which is
essential for eliciting the suppression function of Treg cells
(Kataoka et al., 2015). In SSc patients, an inflammatory
environment may be harmful to the immunosuppressive
functions. For instance, the frequency of activated and
inactivated Treg cells was lower in SSc than in the HC, but
the immunosuppressive function of SSc Tregs was restored
in vitro (Mathian et al., 2012). In addition, co-incubation
of healthy Treg cells with the plasma of SSc patients could
reduce the expression of CD69 and TGF-β of Tregs by
some unknown factors in the plasma, thus reducing the
functional response of Treg cells to effector T cells (Radstake
et al., 2009). Some studies in the target organ of SSc also had
confusing results (Klein et al., 2011; Yang et al., 2014).
Particularly, the circulating Treg cells could migrate to the
skin tissues and become Th2-like cells due to homing
molecules that secreted a large number of cytokines IL-4
and IL-13, which might have driven the differentiation of
fibroblasts and lead to fibrosis in SSc patients (MacDonald
et al., 2015).

3.8 CD8+ CTL Cells
Compared with HC, the proportion of circulating CD8+ T cells in
SSc patients in the early stage was decreased and related to the
prolonged course of disease (Fox et al., 2021). Although according
to a 2021 study, antigen-driven expansion of CD8+ T cells had a
high temporal persistence in the blood of SSc patients (Servaas
et al., 2021). In addition, the CD8+ T cells lacking CD28
expression in the peripheral blood in SSc and skin lesions
have been detected. It is reasonable that cytotoxic CD8+CD28−

T cells exhibited a pro-fibrotic phenotype because these cells were
linked to the degree of skin fibrosis and significantly produced IL-
13 (Li et al., 2017).

In recent years, genome-wide results in skin biopsies have
identified CD8+ T cells–related genes (CD8A, GraK, GraH, and
GraB) (Rice et al., 2016; Skaug et al., 2020). CD8+ T cells had
infiltrated the skin of patients with scleroderma, particularly in
the early stage, and their cytokine IL-13 promoted the activation
of signal transducer and activator of transcription 6 (STAT6)
signal through highly expressed receptors in the monocytes and
fibroblasts (Fuschiotti et al., 2013). The growth of ECs in the skin
in SSc was restricted. To some extent, this may be attributed to

perforin and granzyme B expressed by CD8+ T cells (Kahaleh and
Fan 1997; Li et al., 2017). When it comes to CD8+ T cells of SSc
patients with pulmonary fibrosis, their proportion in the
bronchoalveolar lavage fluid and lung tissue was significantly
higher than for CD4+ T cells (Yurovsky et al., 1996; Luzina et al.,
2009).

3.9 CD4+ CTL Cells
CD4+ CTL cells are a subset of CD4+ T cells with cytotoxicity,
which have been widely studied in the context of chronic viral
infections such as cytomegalovirus and human
immunodeficiency virus. At present, significant studies
gradually focused on their potential role in immune-mediated
fibrosis, which promoted cytokine release, including IL-1β and
TGF-β (Mattoo et al., 2016). The lymphocytes, also referred to as
CD4+CD319+(SLAMF7+) lymphocytes, were increased
significantly in the peripheral blood of early dcSSc patients
compared to the HC (Fox et al., 2021). CD4+ CTL cells
labeled GZMA have recently been found to be the dominant
infiltrating cells in the skin of patients with SSc compared with
Th1, Th2, Tfh, and Tregs. Furthermore, these cells may induce
apoptosis of ECs accompanied by an excessive tissue repair
process leading to fibrosis and tissue dysfunction (Maehara
et al., 2020), indicating the source of tissue damage mediators
first discovered in skin lesions in SSc decades ago (Kahaleh and
Fan, 1997).

3.10 γδ T Cells
The rare γδ T cells still have a place in the immune responses of
the skin, intestine, and lung tissues. There were a decreased
number of γδ T cells in the peripheral blood mononuclear
cells (PBMCs) of scleroderma individuals, especially in
patients with anti-Scl-70 antibodies and shorter disease
duration (Holcombe et al., 1995). In another research,
activated circulating γδ T cells of SSc patients was increased,
and they could upregulate COL1A2 mRNA in co-cultured
fibroblasts (Ueda-Hayakawa et al., 2013). CD27 is a co-
stimulatory receptor that was very vital to the development
and function of the γδ T cells. The increased pathogenicity of
the CD27+ γδ T cells had been verified because the subset
upregulated the expression of granzyme B, granzyme A, or
perforin (Henriques et al., 2016). In addition, the circulating
Vdelta1+ T cells (a γδ T subset) tended to accumulate in the skin
tissues of SSc due to their expression of adhesion molecules and
activation markers (Giacomelli et al., 1998). While in bleomycin-
induced pulmonary fibrosis mice, γδ T cells promoted the
alleviation of fibrosis by producing CXCL10 (Pociask et al.,
2011). Exploring the role and potential mechanism of the
minority T cell in the pathogenesis of fibrosis will be helpful
for γδ T cell–based immunotherapy.

4 B CELLS

Abundant B-cell receptors (BCRs) repertoire is generated in the
bone marrow through the rearrangement of immunoglobulin
gene fragments (Zhang et al., 2004). B cells are a heterogeneous
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population distinguished by cytokine production spectra or
membrane surface molecules (Perez–Andres et al., 2010). A
proliferation-inducing ligand and B-cell–activating factor
(BAFF) (TNF family member) are indispensable for B-cell
maturation and long-term maintenance (Mackay et al., 2003).
Once naive B cells are activated by antigen or Th cells, they will
differentiate into memory B cells and plasma cells which are
associated with fibrosis through the production of cytokines and
classical disease-specific autoantibodies in SSc, while regulatory
B cells (Bregs) maintain self-tolerance primarily by cytokine IL-
10 (Lee et al., 2021).

4.1 B-Cell Subsets by scRNA-Seq
Systematic analysis of B cells in the blood or target organs of SSc
patients by scRNA-seq is a largely explored domain. We briefly
describe a finding in systemic lupus erythematosus (SLE)
patients. Nine clusters of B cells were identified in the PBMCs
which included switched memory, naive with interferon
signature (naive-Ifn), non–switched memory, switched
memory-Ifn, double-negative 2 (DN2), DN2-Ifn, activated
memory, naive, and plasmablast. The strong interferon
signature in SLE patients may have resulted from the DN2
subset. The CD52 gene, which had a role in maintaining
B-cell homeostasis, was significantly elevated in multiple B-cell
clusters from SLE patients, especially in the most depleted clusters
of non–switched memory B cells (Zhu et al., 2018; Bhamidipati
et al., 2020).

4.2 Memory B Cells
Although the CD19+CD27+ memory B cells in the peripheral
blood of SSc patients were decreased, the expression of their
activation markers (CD80, CD95, HLA-DR) changed in the
opposite direction (Forestier et al., 2018). Furthermore, recent
findings have emphasized that the frequency of
CD19+IgD−CD27+CD38−CD95+–activated switched memory
(ASM) B cells in the peripheral blood of patients with dcSSc
was lower than that in the HC, mostly in individuals with
anti–Scl-70 antibodies or pulmonary fibrosis, implying that the
ASM B cells were associated with severe SSc (Simon et al., 2021).
In fact, CD21low B cells were mainly composed of memory B cells
such as the DN switched (CD27−IgD−) memory B cells and
expressed high levels of activation markers. Beyond this, it was
a possible indicator of new ulcers and visceral vascular damage
(Marrapodi et al., 2020; Visentini et al., 2021).

4.3 Effector B Cells
Effector B cells (Beffs) participate in the immune response by
secreting pro-fibrotic cytokine TGF-β (Dumoitier et al., 2017)
and a variety of inflammatory markers, such as IL-4, IL-6, IL-12,
TNF-α, and GM-CSF (Harris et al., 2000; Li et al., 2015; Shen and
Fillatreau 2015). In the skin of SSc patients, infiltrated CD20+

B cells and CD138+ plasma cells were related to the early disease
stage and disease progression (Bosello et al., 2018). The same
discovery about the increases of B cells and plasma cells was
verified by cutaneous transcriptome data (Whitfield et al., 2003;
Streicher et al., 2018). As a classic pro-inflammatory cytokine, IL-
6 promoted fibrosis by activating the downstream signaling

molecule STAT3 and was also related to SSc disease severity
(Sato et al., 2001). Tocilizumab (TCZ) is a humanized IL-6
receptor-α–blocking antibody (Mihara et al., 2011). Recently,
the results of a phase 3 randomized controlled trial showed
that TCZ stabilized the decline in forced vital capacity in SSc-
ILD, whereas there was no change in mRSS (Khanna et al., 2021).
The clinical end points of TCZ on skin fibrosis may be mediated
only in part by the direct inhibition of fibrosis by TCZ (Khanna
et al., 2018). In the bleomycin-induced scleroderma model, the
BAFF inhibitor balanced the skew between Beffs and Bregs and
alleviated skin and lung fibrosis (Matsushita et al., 2018).
Consistent with this research, SSc patients treated with
belimumab (binds with soluble BAFF with high affinity)
achieved clinical improvements associated with reduced
expression of B-cell activation and fibrosis-related genes in the
skin (Gordon et al., 2018).

4.4 Regulatory B Cells
Compared with Treg cells, Bregs have relatively uniform
alteration in SSc. In the peripheral blood of SSc patients,
sufficient evidence indicates the decreased frequency of IL-10+

Bregs which is negatively related to the titers of anti-centromeric
and anti-Scl-70 autoantibodies (Matsushita et al., 2016). The
possible reasons for the altered quantities consists of TGF-β
and IFN-γ both of which inhibited Bregs development (Iwata
et al., 2011). In chronic GVHD (cGVHD) patients, Bregs
enriched in the CD19+CD24hiCD38hi transitional and
CD19+IgM+CD27+ memory B cells and exhibited decreased
tendencies similar to less-produced IL-10 (Khoder et al.,
2014). Recently, CD24hiCD27+ Bregs were shown to be
involved in the regulation of disease severity due to their
reduced frequency in SSc patients with pulmonary arterial
hypertension (PAH) (Ricard et al., 2021). Interestingly, T-cell
Ig and mucin domain protein 1 (TIM-1), a marker of the Bregs in
mice, was also identified in the human IL-10+ Bregs as a unique
marker. TIM-1+ B cells in the HC inhibited the pro-inflammatory
ability of CD4+ T cells when compared with SSc patients
(Aravena et al., 2017). Animal experiments yielded similar
results. For instance, early adoptive transplantation of IL-10+

Bregs exhibited a suppressive role in the development of
sclerodermatous cGVHD (Scl-cGVHD) mice (Le Huu et al.,
2013).

5 FIBROBLASTS

The activity of fibroblasts and collagen production is closely
related to the pathogenesis and severity of SSc, while there are
no specific markers to define fibroblasts. Recently, scRNA-seq
emphasized the intrinsic transcriptome changes in fibroblasts in
the skin tissues of HC and SSc patients. A total of 10 SSc fibroblast
subpopulations were identified by characteristic gene expression,
including SFRP2hi fibroblasts (SFRP2/WIF fibroblasts, SFRP2/
PRSS23 fibroblasts, PCOLCE2 fibroblast), APOE-defined cells
(MYOC/FMO1/APOElow fibroblasts, CCL19/C7/APOEhi

fibroblasts), CRABP1 fibroblasts, COL11A1 fibroblasts, POSTN/
ASPN fibroblasts, ANGPTL7 fibroblasts, and proliferating
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fibroblasts. The major subpopulation was the SFRP2hi [secreted
frizzled-related protein (SFRP) is related with Wnt signaling]
fibroblasts located between the collagen bundles (Tabib et al.,
2018).MYOC/FMO1/APOElow fibroblasts were distributed in the
MYOC/FMO1/APOElow fibroblasts were distributed in the
interstitial regions and around the blood vessels. While
CCL19/C7/APOEhi fibroblasts showed a strong trend to SSc
fibroblasts which differed from CCL19+ fibroblasts of HC. The
CRABP1 fibroblasts, COL11A1 fibroblasts, and POSTN/ASPN
fibroblasts located around hair follicles supported previous
finding about papillary dermal fibroblasts regenerating hair
follicles (Driskell et al., 2013). Of note, SFRP2/PRSS23
fibroblasts and ANGPTL7 fibroblasts appeared only in SSc
skin lesions. The former was associated with collagen fibril
organization and ECM organization by Gene Ontology (GO)
analysis, and the latter expressed SFRP4 and represented
myofibroblasts. Myofibroblasts–labeled SFRP2, SFRP4, and
FNDC1 were converted from SFRP2hiWIF1+ precursor
fibroblasts with the upregulation of transcriptome markers
PRSS23 and THBS1 at the beginning. In addition, the
transcription factors of fibroblasts (RUNX1, FOXP1, IRF7,
STAT1, and CREB3L1) promoted the differentiation of
fibroblasts into myofibroblasts by bioinformatics analysis
(Tabib et al., 2018; Tabib et al., 2021).

The majority of the marker of pulmonary fibroblasts was not
shared with dermal fibroblasts. MFAP5hi, SPINT2hi, few WIF1hi

fibroblasts, and large proliferating myofibroblasts were identified
between the lung tissues of the SSc-ILD and HC groups. It is
noteworthy that MFAP5hi fibroblasts expressed higher SFRP,
PCOLCE2, and CD55 than the skin SFRP2/DPP4 fibroblasts,
while WIF1hi fibroblasts did not express SFRP2. In addition,
myofibroblasts underwent the greatest phenotypic changes and
upregulated the expression of collagen and other pro-fibrotic
genes in SSc-ILD, which was pivotal to the pathologic
mechanisms of fibrosis in SSc-ILD (Valenzi et al., 2019).

In the lung of bleomycin-induced fibrosis mice, researchers
found ACTA2 was not the only defined marker for activated
fibroblasts. For instance, Ltbp2, Col5a2, and Sparc had a stronger
correlation with the fibroblast activation signals. This study
similarly identified the largest subcluster of fibroblasts
exhibiting a myofibroblast-related gene, including muscle
contraction and the development of ECM (Peyser et al., 2019).
While another study has divided the fibroblasts of the lungs in
bleomycin and control mice into 12 clusters, seven clusters
expressed higher COL1A1 and four clusters expressed ACTA2.
The remaining were proliferative cells, which occupied unique
anatomical locations. The study mainly found a unique type of
highly expressing collagen triple helix repeat containing-1
(CTHRC1), which was a terminal state cluster and was
detected in the multiple studies (Peyser et al., 2019; Valenzi
et al., 2019; Tsukui et al., 2020). CTHRC1+ fibroblasts mainly
existed in fibrotic lungs of mice and human and expressed the
highest level of type I collagen and other ECM-producing genes
such as TNC, POSTN, and COL3A1. Purified CTHRC1+

fibroblasts had better migration ability than other collagen-
producing cells and could colonize in the lungs of mice
treated with bleomycin (Tsukui et al., 2020).

6 ENDOTHELIAL CELLS

The mechanisms of EC damage and vascular disease progression
in SSc are still not clear. ScRNA-seq–determined heparan sulfate
proteoglycan 2 (HSPG2) and Apelin receptor (APLNR) were the
two top injury markers of ECs in the skin in SSc. HSPF2 was
implicated in TGF-β signaling (Iozzo et al., 1997; Sharma et al.,
1998) and SSc-associated fibrosis (Laplante et al., 2005). Due to
the limitation of only one patient and one control biopsy in this
study, no specific subtypes of ECs were divided. It is noticeable
that enriched genes in ECs of SSc patients were related to ECM
formation, vascular injury, and EndMT by the Ingenuity Pathway
Analysis (IPA) and Gene Set Enrichment Analysis (GSEA)
approaches (Apostolidis et al., 2018). Moreover, scRNA-seq
analysis of SSc-ILD implied the active expansion of ECs in the
lung tissues due to their increased vasculogenesis, prostaglandin
biosynthesis, and PDGFR-signaling (Valenzi et al., 2021).

There are also other possible explanations of endothelial
dysfunction. A new study found that neuronal-related
characteristics such as dysregulation of the neuronal genes
ETV2 and NRXN1 in ECs may be a culprit for
dysangiogenesis in SSc (Tsou et al., 2021). In addition,
sufficient evidence underlined a close liaison between
vasculopathy and the metabolism of SSc dermal fibroblasts.
Extracellular acidosis derived from the released lactic acid by
SSc fibroblasts might lead to the impairment of peripheral
capillary networks through acidic upregulated MMP-12 (an
inhibitor of angiogenesis) in ECs (Andreucci et al., 2021).
Intriguingly, endothelial miR-150 showed a protective effect in
an animal experiment which was an independent survival
predictor of PAH patients. The possible explanation
implicated PTEN-like mitochondrial phosphatase (PTPMT1),
which improved mitochondrial function and reduced
apoptosis of ECs (Russomanno et al., 2021).

7 CONCLUSION

In SSc, the immune system and stromal cells in the blood and
target organs show significant numerical or functional changes
leading to the pathogenetic phenotype. ScRNA-seq provides
greater insights for identifying new cell subtypes and
elaborating their complex roles in disease states, and we need
to further explore those subgroups that have no well-
characterized functions. With the combination of conventional
methods, scRNA-seq analysis, and further integrative multi-
omics analysis, we could understand individual cell behavior
and cellular variety, and elucidate the pathogenic mechanism
of SSc diseases quickly and systematically, significantly propelling
precise medical interventions in the near future.
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GLOSSARY

AM alveolar macrophages

anti-Scl-70 anti-topoisomerase I

APLNR Apelin receptor

APRIL A proliferation-inducing ligand

ASM activated switched memory

ATAC-seq assay of transposase accessible chromatin with sequencing

BAFF B-cell–activating-factor

BCRs B-cell receptors

Beffs Effector B cells

Bregs regulatory B cells

cDCs conventional dendritic cells

CDP common DC precursor

CTGF connective tissue growth factor

CTHRC1 collagen triple helix repeat containing 1

DCs Dendritic cells

DN double-negative

ECM extracellular matrix

ECs endothelial cells

EndMT endothelial-to-mesenchymal transition

FGF fibroblast growth factor

FoxP3 forkhead box transcription factor

GO Gene Ontology;

GSEA Gene Set Enrichment Analysis

GVHD graft-versus-host disease

HC healthy control

HDAC IIa histone deacetylase IIa

HSPG2 heparan sulfate proteoglycan 2;

IFN type I interferon;

IM interstitial macrophages

IPA Ingenuity Pathway Analysis

IPF idiopathic pulmonary fibrosis

IRF8 interferon regulatory factor 8

ISH in situ hybridization

Lyve1 lymphatic endothelium hyaluronan receptor-1

MDMs monocytes-derived macrophages

MMP-1 matrix metalloproteinase-1

mRSS modified Rodnan skin score

MSR1 macrophage scavenger receptor 1

NOD/SCID nonobese diabetic/severe combined immunodeficiency

OPN osteopontin

PAH pulmonary arterial hypertension

PBMCs peripheral blood mononuclear cells

pDCs plasmacytoid dendritic cells

PTPMT1 PTEN-like mitochondrial phosphatase

Runx1 runt-related transcription factor 1

Scl-cGVHD sclerodermatous cGVHD

scRNA-seq single-cell RNA sequencing

SFRP secreted frizzled–related protein

SLE systemic lupus erythematosus

SNPs single-nucleotide polymorphisms

SSc Systemic sclerosis

SSc-ILD SSc-associated interstitial lung disease

TCRs T-cell receptors

Tfh T follicular helper

TGF-β transforming growth factor-beta

Th T helper

TIM-1 T-cell Ig and mucin domain protein 1

TLOs tertiary lymphoid structures

TLRs toll-like receptors

Tregs regulatory T cells

TSLP thymic stromal lymphopoietin
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Effect of Combined Mycophenolate
and Rapamycin Treatment on Kidney
Fibrosis in Murine Lupus Nephritis
Chenzhu Zhang, Tsz Wai Tam, Mel KM Chau, Cristina Alexandra García Córdoba,
Susan Yung* and Tak Mao Chan*

Department of Medicine, The University of Hong Kong, Hong Kong, Hong Kong SAR, China

Background: A significant proportion of lupus nephritis patients develop chronic kidney
disease (CKD) and progressive kidney fibrosis, for which there is no specific treatment. We
previously reported that mycophenolate or rapamycin monotherapy showed comparable
efficacy in suppressing kidney fibrosis in a murine model of lupus nephritis through their
direct action on mesangial cells. We extended our study to investigate the effect of
combined mycophenolate and rapamycin treatment (MR) on kidney fibrosis in NZBWF1/
J mice.

Methods: Female NZBWF1/J mice with active nephritis were randomized to receive
vehicle or treatment with mycophenolate (50 mg/kg/day) and rapamycin (1.5 mg/kg/day)
(MR) for up to 12 weeks, and the effect of treatment on clinical parameters, kidney
histology, and fibrotic processes was investigated.

Results: Progression of nephritis in untreated mice was accompanied by mesangial
proliferation, glomerulosclerosis, tubular atrophy, protein cast formation, increased mTOR
and ERK phosphorylation, and induction of TGF-β1, IL-6, α-smooth muscle actin,
fibronectin, and collagen expression. Combined MR treatment prolonged survival,
improved kidney function, decreased anti-dsDNA antibody level, and ameliorated
histopathological changes. The effect of combined MR treatment on kidney histology
and function was comparable to that of mycophenolate or rapamycin monotherapy. In
vitro studies in human mesangial cells showed that exogenous TGF-β1 and IL-6 both
induced mTOR and ERK phosphorylation and downstream fibrotic processes. Both
mycophenolic acid and rapamycin inhibited inflammatory and fibrotic processes
induced by TGF-β1 or IL-6 by downregulating mTOR and ERK phosphorylation.

Conclusions: Our findings indicate that combined mycophenolate and rapamycin, at
reduced dose, improves kidney fibrosis in murine lupus nephritis through their distinct
effect on mTOR and ERK signaling in mesangial cells.

Keywords: lupus nephritis, rapamycin, mycophenolate, mesangial cells, fibrosis
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INTRODUCTION

Lupus nephritis is a severe and common manifestation of
systemic lupus erythematosus (SLE), a debilitating
autoimmune disease characterized by loss of self-tolerance,
autoantibody production, aberrant activation of both innate
and adaptive immune responses, and immune-mediated
kidney injury. Treatment of lupus nephritis is challenging
because clinical presentation and response to treatment and
prognosis vary considerably between patients and are
influenced by genetics, gender, ethnicity, time of presentation,
renal reserve, adherence to treatment, and pharmacogenomics.
The current standard-of-care treatment for lupus nephritis
necessitates high-dose glucocorticoids administered with
mycophenolate or cyclophosphamide to induce remission,
followed by long-term maintenance with low-dose
glucocorticoids and either mycophenolate or azathioprine to
prevent relapse (Chan et al., 2005; Mok et al., 2014; Chan,
2015; Yap et al., 2017). Chronic kidney disease (CKD) is
prevalent in patients with lupus nephritis due to nephron loss
associated with each episode of nephritis flare (Mageau et al.,
2019). End-stage renal disease (ESRD) from progressive CKD is
the main contributor to inferior patient survival (Yap et al.,
2012b; Rijnink et al., 2017; Parikh et al., 2020). The side
effects of immunosuppressive agents and inability of some
patients to tolerate the target dose of immunosuppressive
agents also contribute to failure to induce disease quiescence.
There is, therefore, a need to develop new treatment strategies to
prevent CKD and preserve long-term kidney and patient survival
(Yap et al., 2012b).

CKD is characterized by the accumulation of matrix proteins
in the kidney parenchyma, resulting in glomerulosclerosis and
interstitial fibrosis (Duffield, 2014). There is currently no
treatment for kidney fibrosis. Mycophenolate inhibits
lymphocyte proliferation through its effect on inosine
monophosphate dehydrogenase (Allison and Eugui, 2000).
Emerging evidence suggests that the antiproliferative
properties of mycophenolate extend beyond lymphocytes to
non-immune cells including mesangial cells, proximal tubular
epithelial cells, and fibroblasts, and mycophenolate can also
reduce fibrotic processes in these cells (Badid et al., 2000;
Dubus et al., 2002; Azzola et al., 2004; Copeland et al., 2007;
Yung et al., 2009; Yung et al., 2015a; Yung et al., 2017; Zhang
et al., 2019). Dysregulation of the mammalian or mechanistic
target of rapamycin (mTOR) signaling pathway is observed in
patients and mice with active lupus nephritis, and mTOR
activation contributes to inflammatory and fibrotic processes
(Warner et al., 1994; Lui et al., 2008a; Lui et al., 2008b; Zhang
et al., 2019).

We previously investigated the effect of mTOR inhibitor
rapamycin and also mycophenolate on kidney fibrosis in
lupus-prone mice and demonstrated comparable efficacy of
each in improving renal histopathology including fibrosis and
kidney function. Our findings provided original evidence of the
antifibrotic effects of monotherapy with mycophenolate or
rapamycin in murine lupus nephritis, mediated through their
direct actions on mesangial cells (Zhang et al., 2019). Additional

potential clinical benefits of mTOR inhibitors include their
antiviral effect and decreased incidence of malignancies
(Campistol et al., 2006; Tedesco-Silva et al., 2015; Yanik et al.,
2015). Studies have shown that SLE patients have an increased
incidence of malignancies, attributed to both immune
dysregulation and prior exposure to toxic immunosuppressive
agents such as cyclophosphamide (Bernatsky et al., 2013;
Ladouceur et al., 2018). Therefore, mTOR inhibitors may have
a role in the clinical management of lupus nephritis patients,
especially in those who cannot tolerate standard-of-care
treatments (Chan et al., 2021).

Combination therapy is frequently used in the management of
immune-mediated kidney diseases aiming to achieve efficacy,
while reducing toxicity associated with individual drugs (Woo
et al., 1995). Kidney transplant recipients treated with triple
immunosuppression comprising mycophenolate, rapamycin,
and corticosteroid showed markedly reduced gene expression
of inflammatory and fibrosis mediators and reduced progression
rate of chronic allograft nephropathy with better preservation of
kidney structure and function compared to patients treated with
calcineurin inhibitors and corticosteroids (Flechner et al., 2004).
In this study, we investigated the effect of combined
mycophenolate and rapamycin at reduced doses compared
with that used in monotherapy on kidney fibrosis in active
murine lupus nephritis.

MATERIALS AND METHODS

Chemicals, Assays, and Drugs
All chemicals were of the highest purity and were purchased from
Sigma Aldrich (Tin Hang Technology Ltd., Hong Kong), unless
otherwise stated. QuantiChrom™ Creatinine, Urea and Albumin
Assay Kits were purchased from BioAssay Systems, California,
United States. Mouse Anti-dsDNA Antibody Quantitative ELISA
Kits were purchased fromAlpha Diagnostic Inc. (Onwon Trading
Ltd., Hong Kong). Primary human mesangial cells (HMCs) were
purchased from Lonza Cologne GmbH (Gene Company Limited,
Hong Kong). Tissue culture flasks were purchased from Falcon
(Becton-Dickenson, Gene Company Limited, Hong Kong). RPMI
1640 culture medium, fetal bovine serum (FBS), L-glutamine, and
penicillin/streptomycin were purchased from Life Technologies
Ltd. (Thermo Fisher Scientific, Hong Kong). Mouse anti-human
fibronectin antibody (clone IST-4), rabbit anti-fibronectin
antibody (product no. SAB5700724), mouse anti-human β-
actin antibody (clone AC-74), HRP-conjugated rabbit anti-
goat IgG antibody (product no. A8919), and FITC-conjugated
anti-mouse IgG antibody (product no. AP127F) were purchased
from Sigma Aldrich (Tin Hang Technology Ltd., Hong Kong).
Rabbit anti-α-smooth muscle actin antibody (product no.
ab5694) and rabbit IgG isotype control (product no.
ab125938) were purchased from Abcam, Hong Kong). Goat
anti-type I collagen (product no. 1310-01) and anti-type III
collagen (product no. 1330-01) were purchased from
SouthernBiotech (Genetimes Technology International
Holding Limited, Hong Kong). Antibodies to TGF-β1 (clone
3C11) and IL-6 (clone M-19) were purchased from Santa Cruz
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Biotechnology Inc. (Genetimes Technology International
Holding Limited, Hong Kong). Antibodies to phosphorylated
(phospho) (Ser2448 and Ser2481; product nos. 2971 and 2974,
respectively) and total mTOR (product no. 2972), phospho and
total AKT (product nos. 9271 and 9272, respectively), phospho
and total ERK (product nos. 4370 and 9102, respectively), and
HRP-conjugated goat anti-rabbit IgG antibody (product no.
7074) were purchased from Cell Signaling Technology (Gene
Company Limited, Hong Kong). Alexa Fluor 488 goat anti-rabbit
IgG antibody (product no. A11070), Texas Red-X–conjugated
goat anti-rabbit IgG antibody (product no. T6391), HRP-
conjugated goat anti-human IgG antibody (product no.
31410), HRP-conjugated goat anti-mouse IgG antibody
(product no. A16066), and goat IgG isotype control (product
no. 31245) were purchased from ThermoFisher Scientific, Hong
Kong. Recombinant human IL-6 and TGF-β1 were purchased
from R&D Systems (Gene Company, Hong Kong). The BD
OptEIA human IL-6 ELISA kit was purchased from BD
Biosciences Pharmigen (Bio-Gene Technology Limited, Hong
Kong). Mycophenolate was provided by Roche Diagnostics
(Palo Alto, California, United States), and rapamycin
(Rapamune) was purchased from Wyeth Hong Kong Limited
(animal studies) and provided by Pfizer (New York,
United States) (in vitro studies).

Animal studies
All animal studies were approved by the Institutional Committee
on the Use of Live Animals in Teaching and Research. Female
NZBWF1/J mice were purchased from the Jackson Laboratory
(Bar Harbor, Maine, United States) and were housed in a specific
pathogen-free animal facility at the University of Hong Kong. The
mice were placed under normal housing conditions in a 12-h
night and day cycle. Water and standard chow were available ad
libitum. Treatment commenced when mice were 23–25 weeks of
age when they developed proteinuria, defined as >300 mg/dl
detected on two separate occasions at least 2 days apart. The
mice were randomized into four groups to receive vehicle (control
group), monotherapy with mycophenolate (100 mg/kg/day) (M
group) or rapamycin (3 mg/kg/day) (R group), or combined
mycophenolate (50 mg/kg/day) and rapamycin (1.5 mg/kg/day)
(MR group) for periods up to 12 weeks. In the MR group, the
doses represent the lowest dose of each drug that could be used in
combination to reduce proteinuria and collagen expression
determined by Masson’s trichrome staining after 6–12 weeks
of treatment. Treatment was administered by daily oral gavage
for 6 and 12 weeks, following which the mice were killed, blood
collected and kidneys harvested. Twenty-four hour urine sample
was collected prior to sacrifice by placing mice in metabolic cages.
After 12 weeks of treatment, some mice had follow-up six or
12 weeks post therapy to determine treatment sustainability (n =
6 mice per treatment per time-point). Six mice with established
proteinuria as defined above were killed at the start of the study to
obtain baseline clinical, serologic, and histological data (T = 0).

Assays
All samples were measured in duplicate for all assays. Serum
creatinine and urea levels were measured using

QuantiChrom™ Creatinine and Urea Assay Kits,
respectively. Spot urine was collected weekly, and the
albumin-to-creatinine ratio (ACR) was determined using
QuantiChrom™ Albumin and Creatinine Assay Kits to
assess disease progression. Twenty-four hour urine sample
was collected prior to sacrifice and albuminuria assessed. The
anti-dsDNA antibody level was determined in serum samples
using anti-dsDNA IgG quantitative ELISA kits according to
the manufacturer’s instructions. Lower and upper limits of
detection were 50 IU/ml and 1,000 IU/ml, respectively, and
values greater than mean +2 SD of the anti-dsDNA antibody
level detected in 36-week-old C57BL/6N mice, that is,
15.84 IU/ml [12.04 + (2 × 1.90)] were considered seropositive.

White Blood Cell Count
The number of circulating white blood cells in vehicle and treated
mice at the time of sacrifice was assessed by two independent
observers without knowledge of the treatment and expressed as
number of cells/ml (Yung et al., 2015b).

Renal Histopathology
Paraffin-embedded kidney sections (5 μm) from untreated and
treated mice were stained with H&E and Masson’s trichome as
previously described (Zhang et al., 2019). Renal histology and
collagen deposition were scored by two independent observers
in a blinded manner. Briefly, kidney lesions relating to
inflammation and fibrosis in the glomerular and tubulo-
interstitial compartments were graded 0 to 3 (0 = normal,
1 = mild, 2 = moderate, and 3 = severe) and expressed as mean
glomerular and tubulo-interstitial lesion scores for each group
(Zhang et al., 2019). For each mouse, approximately 20
glomeruli, tubular, interstitial, and vascular areas were
evaluated for glomerular hypercellularity, mesangial matrix
expansion, crescent formation, influx of mononuclear cells,
fibrinoid necrosis, hyaline deposits, tubular atrophy, protein
cast deposition, and vasculopathy (Moreth et al., 2010; Yung
et al., 2015b). Glomerular tuft area was assessed using
Axiovision software. For semi-quantitative assessment of
Masson’s trichrome staining, the images of approximately
15 glomeruli and tubules per mouse kidney were captured
and graded as follows: 0 = 0–5% staining; 1 = 6–25% staining;
2 = 26–50% staining; 3 = 51–75% staining; 4 = >75% staining
(Janssen et al., 2003).

Cytochemical and Immunohistochemical
Staining
Paraffin-embedded kidney sections (8 μm) from untreated and
treated mice were stained for IL-6, TGF-β1, α-smooth muscle
actin, fibronectin, and collagen I and collagen III, as previously
described (Yung et al., 2009; Yung et al., 2015b; Zhang et al.,
2019). Signal detection and visualization was performed by the
peroxidase-anti-peroxidase method, and specimens were
counterstained with hematoxylin (Yung et al., 2009).
Staining of fibrotic mediators in the capillary loops,
mesangium, and tubulo-interstitium was assessed semi-
quantitatively in a blinded manner in approximately 15
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glomeruli and tubules per mouse kidney and graded as
previously described (Janssen et al., 2003). IgG deposition
and phosphorylated mTOR and ERK were assessed in
frozen renal sections (8 μm) from control and MR-treated
mice using indirect immunofluorescence staining (Zhang
et al., 2019). Briefly, to assess mTOR and ERK
phosphorylation, sections were incubated with phospho-
mTOR or anti–phospho-ERK antibodies followed by Texas
Red or Alexa Fluor 488 conjugated goat anti-rabbit secondary
antibodies, respectively. To determine IgG deposition, the
kidney sections were incubated with FITC-conjugated anti-
mouse IgG. The sections were mounted in a fluorescent
mountant and epifluorescence viewed using a Nikon 80i
upright fluorescent microscope and Spot RT3 slider digital
camera system (Chintek Scientific (China) Ltd., Hong Kong).
Fifteen glomeruli per kidney section were analyzed, and
fluorescent staining in the glomerular capillary walls and
mesangium was scored blindly on a scale of 0–3 (0 = no
staining; 1 = weak staining; 2 = moderate staining, 3 =
strong staining) (Herber et al., 2007; Yung et al., 2010).

Human Mesangial Cells
Primary HMCs were maintained in RPMI 1640 medium
supplemented with L-glutamine (2 μM), penicillin (100 U/ml),
streptomycin (100 μg/ml), insulin (5 μg/ml), transferrin (5 μg/
ml), and 10% FBS. All experiments were performed on the cells of
the fifth to seventh passage that has been growth-arrested for
48 h. To identify signaling pathways and matrix proteins induced
by IL-6 and TGF-β1, HMCs were pre-incubated with inhibitors
to mTOR (rapamycin, 3 ng/ml), ERK (PD98059, 10 μM) and
PI3K (LY294002, 25 μM), or rapamycin in combination with
either PD98059 or LY294002 for 1 h at 37°C prior to incubation
with serum-free medium (SFM), IL-6, or TGF-β1 (10 ng/ml final
concentration, for both) for 24 h, after which time the
supernatants were collected and the cells washed with PBS and
lysed with 20 mM sodium acetate, pH 6.0, containing 4 M urea,
1% Triton X-100, and a cocktail of proteinase inhibitors (200 μl)
(Yung et al., 2010; Yung et al., 2015a). We have chosen to
stimulate HMCs with IL-6 and TGF-β1 since renal expression
of both is increased in patients, and mice with active lupus
nephritis and both drive tissue fibrosis (Yamamoto et al.,
1996; Fielding et al., 2014). To determine the effect of
mycophenolic acid (MPA) or rapamycin on inflammatory and
fibrotic processes, HMCs were incubated with MPA (1 and 5 μg/
ml) or rapamycin (1 and 3 ng/ml) for 1 h at 37°C followed by
incubation with SFM, IL-6, or TGF-β1 (10 ng/ml, for both) for
periods up to 72 h and samples processed as described above. The
concentrations of MPA and rapamycin used in these studies
represent blood trough levels in lupus nephritis patients and renal
transplant recipients when given a daily dose of 2–3 g
mycophenolate and 2–5 mg rapamycin, respectively (Hauser
et al., 1999; Kahan et al., 2000; Borrows et al., 2006; Yap et al.,
2018; Yap et al., 2020). The supernatants were used to determine
the effect of MPA and rapamycin on IL-6 secretion, and cell
lysates were used to assess phosphorylation of signaling pathways,
α-smooth muscle actin, and matrix protein expression.

Measurement of IL-6 in the Culture
Supernatant
HMCs were incubated with SFM or TGF-β1 in the presence or
absence of MPA or rapamycin for up to 72 h, after which time the
supernatant was collected and centrifuged at 3,000 rpm for
10 min to remove any cell debris. Secreted IL-6 was
determined using the IL-6 OptEIA™ ELISA kit according to
the manufacturer’s instructions. Lower and upper limits of
detection were 5 pg/ml and 300 pg/ml, respectively. All
samples were measured in duplicate in serial dilution and
normalized to their cellular protein content.

Western Blot Analysis
Aliquots of cell lysates (20 μg total protein content) were
separated under denaturing conditions on 8% polyacrylamide
gels to determine fibronectin and collagen III expression and on
10% polyacrylamide gels to determine the expression of phospho-
and total mTOR, phospho- and total ERK, phospho- and total
AKT, α-smooth muscle actin, and β-actin. The samples were
transferred onto nitrocellulose membranes and incubated with
the relevant primary antibodies followed by the addition of
secondary antibodies as previously described (Yung et al.,
2009; Yung et al., 2010; Zhang et al., 2019). The bands were
visualized with ECL, semi-quantitated by densitometry using
ImageJ (NIH, United States), and expressed as arbitrary
densitometric units (DU). Phospho-mTOR, phospho-ERK, and
phospho-AKT were normalized to total mTOR, ERK, and AKT,
respectively, and α-smooth muscle actin, fibronectin, and
collagen III expression were normalized to β-actin.

Statistical Analyses
The results from our animal studies were expressed as mean ±
SEM (n = six to eight for each time-point per group). All in vitro
studies were repeated at least three times and data expressed as
mean ± SD. Statistical analysis was performed using Prism 6.0 for
Windows (GraphPad Software, Inc., California, United States).
Mouse survival was determined using Fisher’s exact test. The
D’Agostino–Pearson normality test was used to assess normal
distribution. Repeated measures ANOVA followed by
Bonferroni’s multiple comparison post-test was used to assess
intragroup and intergroup comparisons with three groups or
more. Ordinary ANOVA followed by Bonferroni’s multiple
comparison post-test was used to assess intergroup
comparison for in vitro studies. Two-tailed p < 0.05 was
considered statistically significant.

RESULTS

Effect of Combined Mycophenolate and
Rapamycin on Survival Rate, Kidney
Function, and anti-dsDNA Antibody Titer in
NZBWF1/J Mice
After 12 weeks of treatment, peripheral blood lymphocyte count
in M, R, and MR groups was significantly lower than that in
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untreated mice (12.60 ± 0.81, 6.73 ± 0.35, 6.00 ± 0.72 and 6.20 ±
1.01 × 106 lymphocyte count per ml blood for vehicle, M, R, and
MR groups, respectively, p < 0.01, Vehicle vs. M, R, or MR). The

immunosuppressive actions of M, R, and combined MR were
comparable between all treated groups. None of the mice in the
treatment groups developed infection, and body weight did not

FIGURE 1 | Effect of combinedmycophenolate and rapamycin on survival, clinical, and serological parameters and IgG deposition in NZBWF1/Jmice. The effect of
vehicle (V), monotherapy mycophenolate (M) or rapamycin (R), or combined mycophenolate and rapamycin (MR) on (A) survival curves, (B) albuminuria, (C) spot urine
albumin-to-creatinine ratio (ACR), (D) serum creatinine level, (E) serum urea level, and (F) circulating anti-dsDNA antibody titer in NZBWF1/J mice. (G) Representative
images showing IgG deposition in vehicle-, M-, R-, and combined MR-treated mice at baseline (T = 0), 6, 12, 18, and 24 weeks. Original magnification x 200; Scale
bar: 20 µm. Glomerular IgG deposition was graded as described in the Materials and Methods and data expressed as mean ± SEM (right panels). AU, arbitrary units.
Data expressed as mean ± SEM (n = 6 mice per time-point per group). Data analyzed using Fisher’s exact test for panel A and repeated measures ANOVA with
Bonferroni’s multiple comparison post-test for panels B–G. *p < 0.05, **p < 0.01, compared to baseline; #p < 0.05, compared to vehicle for the same time-point.
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differ between the groups throughout the course of the study
(data not shown).

The survival rate for vehicle-, M-, R-, and MR-treated mice
was similar after 12 weeks treatment (P=NS). Twelve weeks after
cessation of treatment, the survival rate was 48.53, 78.93, 88.78,
and 75.92%, respectively (p < 0.05, vehicle vs. M, R, orMR). There
was no statistical difference in the survival rate for M-, R-, and
MR-treated mice (Figure 1A). Albuminuria and serum
creatinine, urea, and anti-dsDNA antibody levels increased
with progressive nephritis in untreated mice, whereas M, R,
and MR treatment significantly reduced these clinical and
serological parameters of disease after 6–12 weeks and was
sustained for 12 weeks after cessation of treatment
(Figure 1B–F).

Effect of Combined Mycophenolate and
Rapamycin on IgG Deposition and Kidney
Histology
Glomerular IgG deposition increased with progressive nephritis,
whereas treatment with M, R, or MR significantly reduced IgG
deposition after 6 weeks of treatment and was sustained for
12 weeks. IgG deposition increased in M, R, and combined

MR groups once treatment was stopped (Figure 1G).
Progression of nephritis in untreated mice was accompanied
by mesangial expansion, glomerular hypertrophy, and
infiltration of inflammatory cells in the periglomerular and
tubulo-interstitial compartments (Figure 2). As disease
progressed, tubular atrophy, cast formation, glomerulosclerosis,
and interstitial fibrosis were detected 18–24 weeks after
commencement of the study. M, R, and MR treatment
attenuated histopathological changes after 12 weeks, but these
abnormalities appeared 12 weeks after cessation of treatment
(Figure 2).

Effect of Combined Mycophenolate and
Rapamycin on Glomerular mTOR and ERK
Phosphorylation, and Expression of TGF-β1,
IL-6, α-smooth Muscle Actin, Fibronectin,
and Collagen
Since MR treatment showed comparable efficacy as that for
monotherapy M or R in improving kidney histopathology, we
next focused on the effect of combined MR on mediators of
fibrosis. Increased mTOR phosphorylation at Ser2448, but not
at Ser2481, and ERK phosphorylation were observed in the

FIGURE 2 | Effect of combined mycophenolate and rapamycin on kidney histology in NZBWF1/J mice (A) Representative images showing renal histopathology in
vehicle-, M-, R-, and MR-treated mice as determined by H&E staining at baseline, 6, 12, 18, and 24 weeks. Original magnification x 200; Scale bar: 20 µm. (B)
Glomerular tuft area, (C) glomerular lesion score, and (D) tubulo-interstitial lesion score for each group were graded as described in the Materials and Methods, and
mean scores ±SEM are shown (n = 6mice per time-point per group). AU, arbitrary units. Data analyzed using repeatedmeasures ANOVAwith Bonferroni’s multiple
comparison post-test. *p < 0.05, **p < 0.01, compared to baseline; #p < 0.05, vehicle vs. treated groups for the same time-point.
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glomeruli of NZBWF1/J mice with active nephritis. As disease
progressed, ERK phosphorylation was also detected in the
tubulo-interstitium. Treatment with combined MR for
12 weeks resulted in marked reduction in mTOR and ERK
phosphorylation, whereas activation of both signaling
pathways increased when treatment was stopped
(Figure 3A,B).

TGF-β1 is a well-established mediator of kidney fibrosis,
and long-term exposure to IL-6 has been reported to induce
tissue fibrosis in unresolved inflammation (Yamamoto et al.,
1993; Fielding et al., 2014). TGF-β1 expression was detected in

the glomerulus and tubulo-interstitium after 18 and 24 weeks,
respectively, and MR treatment reduced TGF-β1 expression
(Figure 3C). Renal IL-6 expression increased progressively in
control mice and was detected in the glomerulus and tubulo-
interstitium after 6 weeks and in crescents and areas of
interstitial fibrosis after 12 weeks. MR treatment
significantly decreased glomerular and tubulo-interstitial IL-
6 expression after 6 weeks of treatment, which was sustained
for 12 weeks after cessation of treatment (Figure 3D).
Increased collagen deposition, attributed at least in part to
increased collagen I and III expression, was detected in the

FIGURE 3 | Effect of mycophenolate and rapamycin on mTOR and ERK phosphorylation and TGF-β1 and IL-6 expression in NZBWF1/J mice. Representative
images showing (A)mTOR phosphorylation at Ser2448, (B) ERK phosphorylation, (C) TGF-β1, and (D) IL-6 expression in the kidneys of vehicle- and MR-treated mice at
baseline (T = 0), 6, 12, 18, and 24 weeks. Isotype cont: isotype control. Original magnification x 200; Scale bar: 20 µm for panels A and B and original magnification x 400;
Scale bar; 50 µm for panels C and D. mTOR and ERK phosphorylation and TGF-β1 and IL-6 expression were graded as described in theMaterials and Methods
and data expressed as mean ± SEM (right panels) (n = 6 mice per time-point per group). AU, arbitrary units. Data analyzed using repeated measures ANOVA with
Bonferroni’s multiple comparison post-test. **p < 0.01, compared to baseline; #p < 0.05, vehicle vs. MR for the same time-point.
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glomerulus and tubulo-interstitium of untreated mice at
6 weeks after commencement of the study, and this was
accompanied by increased α-smooth muscle actin
expression and fibronectin expression (Figure 4). Treatment

with combined MR reduced these fibrotic markers after
6–12 weeks. Decreased α-smooth muscle actin and
fibronectin expression was sustained for 6 weeks after
cessation of treatment, whereas suppression of collagen I

FIGURE 4 | Effect of combined mycophenolate and rapamycin on collagen deposition, α-smooth muscle actin, and fibronectin expression in NZBWF1/J mice.
Representative images showing (A) total collagen deposition as determined by Masson’s trichrome staining, (B) collagen I (Coll I), (C) collagen III (Coll III), (D) α-smooth
muscle actin (α-SMA), and (E) fibronectin (FN) expression in the kidneys of vehicle- and MR-treated mice at baseline, 6, 12, 18, and 24 weeks. Original magnification x
200; Scale bar: 20 µm for panel A, and original magnification x 400; Scale bars 50 µm for panels B–E. Collagen, α-SMA, and FN expression in the kidneys of control
and treated mice was graded as described in theMaterials and Methods, and mean scores ±SEM are shown (n = 6 mice per time-point per group). AU, arbitrary units.
Data analyzed using repeatedmeasures ANOVAwith Bonferroni’smultiple comparison post-test. **p < 0.01, compared to baseline; #p < 0.05; ##p < 0.01, vehicle vs. MR
for the same time-point.
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and III deposition was sustained to the cessation of the study
(Figure 4).

Effect of IL-6 and TGF-β1 on mTOR, PI3K,
and ERK Phosphorylation and IL-6
Secretion in Human Mesangial Cells
We next investigated the signaling pathways that induced
inflammatory and fibrotic mediators in HMCs. Under basal
conditions, HMCs showed weak expression of AKT, mTOR, and
ERK phosphorylation. Exogenous IL-6 increased mTOR and ERK
phosphorylation by 1.80-fold and 2.01-fold, respectively, whereas
TGF-β1 increased mTOR and ERK phosphorylation by 1.85-fold
and 2.38-fold, respectively, in HMCs after 24 h stimulation. Neither
IL-6 nor TGF-β1 had any effect on AKT phosphorylation after 24 h

(Figure 5). Rapamycin and LY294002 (PI3K inhibitor) significantly
decreased IL-6– and TGF-β1–induced mTOR phosphorylation,
whereas PD98059 (ERK inhibitor) had no effect (Figure 5).
PD98059, rapamycin, and LY294002 significantly decreased ERK
phosphorylation that was induced by IL-6 or TGF-β1. Inhibition of
ERK activation was more pronounced when combined rapamycin
and PD98059 was used in cells stimulated with TGF-β1 (64.84,
42.44, and 83.73% reduction in cells incubated with PD98059,
rapamycin, and combined rapamycin and PD98059, respectively)
(Figure 5).

Stimulation of HMCs with TGF-β1 for 24 h increased IL-6
secretion by 4.36-fold compared with that of cells incubated
with SFM (p < 0.01, Figure 6). The results from experiments
using specific inhibitors to ERK, mTOR, and PI3K showed that
constitutive IL-6 secretion was mediated through PI3K since

FIGURE 5 | Effect of IL-6 or TGF-β1 on AKT, mTOR, and ERK phosphorylation in humanmesangial cells. Representative Western blots showing the effect of SFM,
IL-6, or TGF-β1 in the presence or absence of PD98059, LY294002, or rapamycin with or without PD98059 or LY294002 on (A) AKT phosphorylation, (B) mTOR
phosphorylation at Ser2448, and (C) ERK phosphorylation, after 24 h (left panels). The intensity of each bandwas semi-quantitated using ImageJ, normalized to total AKT,
total mTOR, and total ERK, and values expressed as mean ± SD for three separate experiments (right panels). DU, densitometric units. All data analyzed using
ordinary ANOVAwith Bonferroni’s multiple comparison post-test. *p < 0.05, SFM vs. IL-6 or TGF-β1; #p < 0.05, with vs. without inhibitor for the same stimulus; §p < 0.05,
compared to rapamycin alone for the same stimulus.
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LY294002 reduced IL-6 secretion by 57.50%, whereas
inhibition of ERK or mTOR had no effect (Figure 6). IL-6
secretion induced by TGF-β1 was mediated through ERK and
PI3K since incubation of cells with PD98059 and LY294002
reduced IL-6 secretion by 61.72 and 91.14%, respectively
(Figure 6). Rapamycin also decreased IL-6 secretion in
HMCs stimulated with TGF-β1 (35.48% reduction), but it
did not reach statistical significance.

Effect of IL-6 and TGF-β1 on α-smooth
Muscle Actin, Fibronectin, and Collagen III
Expression in Human Mesangial Cells
HMCs constitutively expressed α-smooth muscle actin and
soluble and cell-associated fibronectin and collagen III. IL-6
significantly increased α-smooth muscle actin, soluble
fibronectin, and soluble and cell-associated collagen III
expression after 24 h when compared to SFM. mTOR
phosphorylation, but not PI3K or ERK phosphorylation,
contributed to IL-6–induced α-smooth muscle actin since
incubation of HMCs with rapamycin reduced α-smooth
muscle actin expression by 35.51% (p < 0.05, Figure 7).
Accumulation of fibronectin in the extracellular matrix is
dependent on the activation and polymerization of soluble
fibronectin monomers to form activated dimers (Wierzbicka-
Patynowski and Schwarzbauer, 2003). Constitutive and IL-
6–induced soluble fibronectin expression was mediated
through PI3K, mTOR, and ERK phosphorylation since
incubation with LY294002, rapamycin, and PD98059
significantly reduced soluble fibronectin expression, whereas
PI3K, mTOR, and ERK phosphorylation had no apparent
effect on cell-association fibronectin. Constitutive and IL-
6–induced soluble and cell-associated collagen III were
mediated through PI3K and mTOR phosphorylation. IL-6
induction of soluble but not cell-associated collagen III was
also mediated through ERK phosphorylation (Figure 7).

TGF-β1 significantly increased α-smooth muscle actin, soluble
fibronectin, and soluble and cell-associated collagen III expression in
HMCs, and the increase of all three mediators of fibrosis was
comparable to that observed with IL-6. Induction of α-smooth
muscle actin by TGF-β1 was mediated, in part, through mTOR
activation since incubation with rapamycin decreased α-smooth
muscle actin by 38.65%. Induction of soluble fibronectin was
mediated through PI3K, mTOR, and ERK phosphorylation since
incubation with LY294002, rapamycin, and PD98059 decreased
soluble fibronectin expression by 68.93, 61.62, and 42.15%,
respectively. HMC co-incubated with rapamycin and PD98059 or
rapamycin and LY294002 further reduced soluble fibronectin
expression (82.19 and 88.53% reduction, respectively, Figure 7).
Soluble and cell-associated collagen III induced by TGF-β1 was
mediated through PI3K and mTOR phosphorylation since pre-
incubation with LY294002 and rapamycin decreased soluble
collagen III by 94.40 and 78.36%, respectively, and cell-associated
collagen III by 92.28 and 75.85%, respectively (Figure 7).

Effect of MPA and Rapamycin on
Inflammatory and Fibrotic Processes
Induced by IL-6 and TGF-β1 in Human
Mesangial Cells
We next compared the effect of MPA and rapamycin on
mediators of inflammation and fibrosis that were induced by
IL-6 and TGF-β1 in HMCs. MPA at 5 μg/ml decreased
constitutive IL-6 secretion after 24 h and was sustained for
72 h (p < 0.05). Rapamycin at 3 ng/ml also reduced
constitutive IL-6 secretion, but the inhibitory effect was not
apparent until after 48 h and was sustained up to 72 h. TGF-
β1 induced IL-6 secretion in a time-dependent manner. MPA
reduced TGF-β1–induced IL-6 secretion after 48 h, whereas
rapamycin decreased IL-6 secretion after 72 h (p < 0.05, for
both) (Figure 8).

IL-6 and TGF-β1 induced AKT, mTOR, and ERK
phosphorylation in a time-dependent manner. Rapamycin
decreased IL-6- and TGF-β-induced mTOR phosphorylation
after 24 h, which was sustained for 72 h. MPA decreased IL-6-
but not TGF-β1-induced mTOR phosphorylation after 72 h
(Figure 9B). MPA and rapamycin also reduced ERK
phosphorylation that was induced by IL-6, whereas
rapamycin but not MPA transiently decreased TGF-
β1–induced ERK phosphorylation (Figure 9C). Both drugs
had no effect on AKT phosphorylation (Figure 9A). IL-6 and
TGF-β1 induced α-smooth muscle actin and soluble
fibronectin in a time-dependent manner. Both MPA and
rapamycin reduced IL-6– and TGF-β1–induced α-smooth
muscle and soluble fibronectin actin after 24 h, and this
reduction was sustained for 72 h (Figure 10).

DISCUSSION

The main objective of immunosuppressive treatment in patients
with active lupus nephritis is to suppress acute inflammatory
processes and prevent nephron loss (Chan, 2015; Parodis and

FIGURE 6 | Effect of TGF-β1 on IL-6 secretion in human mesangial cells.
Effect of TGF-β1 in the presence or absence of PD98059, LY294002, or
rapamycin with or without PD98059 or LY29400 on IL-6 secretion in HMCs
after 24-h incubation. Results are expressed as mean ± SD from three
separate experiments. Data analyzed using ordinary ANOVAwith Bonferroni’s
multiple comparison post-test. *p < 0.05, SFM vs. TGF-β1; #p < 0.05, with vs.
without inhibitor for the same stimulation.
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FIGURE 7 | Effect of IL-6 or TGF-β1 on α-smooth muscle actin, fibronectin, and collagen III expression in human mesangial cells. Representative Western blots
showing the effect of SFM, IL-6, or TGF-β1 in the presence or absence of PD98059, LY294002, or rapamycin with or without PD98059 or LY294002 on (A) α-smooth
muscle actin (α-SMA), (B) soluble and cell-associated fibronectin (FN), and (C) soluble and cell-associated collagen III (Coll III) after 24 h (left panels). The intensity of each
band was semi-quantitated using ImageJ, normalized to β-actin, and values expressed as mean ± SD for three separate experiments (right panels). DU,
densitometric units. All data analyzed using ordinary ANOVA with Bonferroni’s multiple comparison post-test. *p < 0.05, SFM vs. IL-6 or TGF-β1; #p < 0.05, with vs.
without inhibitor for the same stimulus; §p < 0.05, compared to rapamycin alone for the same stimulus.

Frontiers in Pharmacology | www.frontiersin.org April 2022 | Volume 13 | Article 86607711

Zhang et al. MMF and Rapamycin in Lupus Nephritis

118

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


Houssiau, 2022). Current treatment regimens for lupus nephritis
comprise an induction phase aimed at inducing remission and a
maintenance phase to prevent disease flares. Despite
improvement in the management of lupus nephritis patients
over the past 3 decades, a significant proportion of patients
develop CKD and progress to ESRD (Maroz and Segal, 2013;
Zhang et al., 2016; Parodis and Houssiau, 2022). There is,
therefore, a need to develop new treatment strategies to
prevent progressive kidney fibrosis and preserve long-term
kidney function (Yap et al., 2012b).

Combination therapy is often used in the treatment of lupus
nephritis with the aim of achieving efficacy, while reducing
toxicity associated with individual drugs. We previously
reported that mycophenolate at 100 mg/kg/day and rapamycin
at 3 mg/kg/day showed comparable immunosuppressive effects
and efficacy in preventing kidney function deterioration and
fibrosis in murine lupus nephritis (Zhang et al., 2019). We
extended our study to investigate the effect of combined
mycophenolate and rapamycin on kidney fibrosis in active
murine lupus nephritis. When used in combination, the dose
of each immunosuppressive agent could be halved to provide the
same level of immunosuppression as mycophenolate or
rapamycin monotherapy, and combined MR treatment
maintained the antifibrotic properties of the drugs. Peripheral

white blood cell count was comparable between monotherapy
and combination therapy, and none of the treatment groups
showed signs of infection. The advantages of using mTOR
inhibitors are that unlike calcineurin inhibitors, they do not
possess nephrotoxicity and they also exert anti-neoplastic
effect. While there had been concerns that mTOR inhibitors
may induce proteinuria and onset of glomerulonephritis in some
kidney transplant patients, this was not observed in our study.

Although treatment was initiated at the onset of albuminuria,
renal histopathological changes were relatively modest at
baseline. Progressive lupus nephritis was characterized by the
production of anti-dsDNA antibodies, immune complex
deposition in the glomerulus, mesangial expansion,
glomerulosclerosis, increased tubulo-interstitial inflammatory
cell infiltration, tubular atrophy, interstitial fibrosis, and
deterioration of kidney function. mTOR and ERK
phosphorylation increased with progressive disease and was
predominantly localized to the glomerulus, and this was
accompanied by induction of TGF-β1, IL-6, α-smooth muscle
actin, fibronectin, and collagen I and III. Combined MR
treatment improved kidney histology and fibrotic processes
and phenotypic disease manifestations after 12 weeks and was
sustained up to 6–12 weeks after cessation of treatment.
Combined MR treatment showed comparable efficacy as that
of monotherapy in improving kidney histology and fibrotic
processes, with comparable reduction in mTOR and ERK
phosphorylation and mediators of fibrosis. MR treatment
reduced TGF-β1, IL-6, collagen I, collagen III, α-smooth
muscle actin, and fibronectin expression. When treatment was
stopped, the inhibitory effect of MR on α-smooth muscle actin
and fibronectin expression was sustained for 6 weeks, whereas the
inhibitory effect on TGF-β1, IL-6, and collagen I and collagen III
expression persisted until the cessation of the study. It is possible
that the sustained reduction in TGF-β1 and IL-6 expression may
result in a concomitant downstream reduction in collagen
expression, although further studies are warranted to confirm
this, whereas the regulation of fibronectin and α-smooth muscle
actin may be through additional mediators such as TNF-α or
MCP-1 (Yung et al., 2015a), the levels of which may be increased
following cessation of treatment.

TGF-β1 is a key mediator of kidney fibrosis, and IL-6 has been
reported to drive tissue fibrosis in unresolved inflammation
(Fielding et al., 2014). Increased IL-6, α-smooth muscle actin,
fibronectin, and collagen I and III expression in the kidney was
detected before TGF-β1 expression, suggesting that TGF-β1 may
amplify fibrotic processes once fibrosis is established, but it does
not appear to play a role in the initiation of kidney fibrosis in
lupus nephritis. The role of TGF-β1 in fibrogenesis in lupus
nephritis is controversial. Independent researchers have reported
an increase in TGF-β1 expression, which was associated with
increased fibronectin expression in renal specimens from patients
and mice with active lupus nephritis (Yamamoto et al., 1994;
Yamamoto et al., 1996; Yamamoto and Loskutoff, 2000), whereas
other investigators suggested that kidney fibrosis in lupus
nephritis patients occurred through proinflammatory
mediators such as MCP-1 and not TGF-β1 since microarray
analysis of glomeruli that were isolated from lupus nephritis

FIGURE 8 | Effect of MPA or rapamycin on IL-6 secretion induced by
TGF-β1 in human mesangial cells. Effect of SFM (upper panel) or TGF-β1
(lower panel) in the presence or absence of rapamycin (1 or 3 ng/ml) or MPA (1
or 5 μg/ml) on IL-6 secretion in HMCs. Results are expressed as mean ±
SD from three separate experiments. Data analyzed using ordinary ANOVA
with Bonferroni’s multiple comparison post-test. **p < 0.01, SFM vs. TGF-β1
for the same time-point; #p < 0.05, with vs. without rapamycin or MPA for the
same stimulation and time-point.
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patients showed reduced TGF-β1 expression, whereas MCP-1
expression clustered with genes related to fibrogenesis (Peterson
et al., 2004).

Data from our in vitro studies demonstrated that induction of
mTOR and ERK phosphorylation, α-smooth muscle actin, and
mediators of fibrosis by IL-6 was comparable to that observed
with TGF-β1, and it is plausible to suggest that IL-6 may
contribute to kidney fibrosis in lupus nephritis. TGF-β1 was
shown to increase IL-6 secretion in HMCs, which was mediated
through increased PI3K, mTOR, and ERK phosphorylation and
suggests that TGF-β1 may amplify the fibrotic effects of IL-6. We
previously reported that IL-6 induced soluble fibronectin in
proximal tubular epithelial cells (Yung et al., 2015a). In this
study, we demonstrated that IL-6 induced α-smoothmuscle actin,
fibronectin, and collagen III in HMCs, and this underscores the
contribution of proinflammatory mediators in kidney fibrosis. In
line with our studies, Chen et al. reported on the role of IL-6
trans-signaling in murine models of kidney fibrosis (Chen et al.,
2019). The importance of IL-6 in lupus nephritis pathogenesis is
underscored in murine studies, whereby disruption of IL-6
signaling in lupus-prone mice was associated with reduced
anti-dsDNA antibody production and proteinuria and

improvement in kidney function (Kiberd, 1993; Finck et al.,
1994). Mycophenolate has been shown to decrease IL-6
secretion in cultured proximal and distal tubular epithelial
cells (Baer et al., 2004), whereas there are conflicting data on
the effect of rapamycin on renal IL-6 expression. In a murine
model of anti-GBM glomerulonephritis, mice treated with
rapamycin at the time of immunization were protected from
glomerulonephritis and renal IL-6 expression was reduced,
whereas rapamycin treatment given 14 days after
immunization resulted in a significant increase in both
albuminuria and renal IL-6 expression, suggesting that the
time when rapamycin treatment is initiated determines
whether the drug exerts a beneficial or otherwise effect
(Hochegger et al., 2008). In this study, we demonstrated that
both MPA and rapamycin reduced IL-6 secretion in HMCs
following TGF-β1 stimulation, although the anti-
inflammatory/antifibrotic effect of MPA appeared earlier than
that of rapamycin. In our animal studies, mycophenolate and
rapamycin, whether administered as monotherapy or
combination therapy to NZBWF1/J mice with active nephritis,
showed comparable efficacy in suppressing IL-6 expression in the
kidney (unpublished data). It is plausible that decreased IL-6

FIGURE 9 | Effect of MPA or rapamycin on AKT, mTOR, and ERK phosphorylation in human mesangial cells.Representative Western blots showing the effect of
SFM, IL-6, or TGF-β1 in the presence or absence of rapamycin (1 or 3 ng/ml) or MPA (1 or 5 μg/ml) on (A) AKT phosphorylation, (B)mTOR phosphorylation at Ser2448,
and (C) ERK phosphorylation. The intensity of each band was semi-quantitated using ImageJ and normalized to total AKT, total mTOR, or total ERK. Values are
expressed as mean ± SD for three separate experiments. DU, densitometric units. All data analyzed using ordinary ANOVA with Bonferroni’s multiple comparison
post-test. *p < 0.05, SFM vs. IL-6 or TGF-β1; #p < 0.05, with vs. without rapamycin or MPA for the same stimulation and time-point.
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expression in the glomeruli and tubulo-interstitium following
MR treatment was attributed to both immunosuppressive agents.

Activation of PKC, TGF-β/SMAD, mTOR, and MAPK
signaling pathways has been shown to contribute to kidney
fibrosis (Yung et al., 2009; Yung et al., 2015a; Yung et al.,
2017; Feng et al., 2018). IL-6 and TGF-β1 induced PI3K,
mTOR, and ERK phosphorylation in HMCs, which was
accompanied by downstream induction of IL-6 secretion and
α-smooth muscle actin, fibronectin, and collagen III expression.
IL-6 and TGF-β1 induced α-smooth muscle actin throughmTOR
phosphorylation. Induction of fibronectin was mediated through
ERK, PI3K, and mTOR activation, and induction of collagen III
was mediated through PI3K/mTOR signaling. Mycophenolate
can decrease fibrotic processes in the kidney through
downregulation of TGF-β1 expression and PKC, ERK,
p38 MAPK, JNK, and mTOR activation (Yung et al., 2009;
Yung et al., 2017; Zhang et al., 2019). In this study,
mycophenolate and rapamycin decreased ERK
phosphorylation that was induced by IL-6 and TGF-β1, and

the inhibitory effect was comparable between both drugs.
Mycophenolate and rapamycin also decreased mTOR
activation, although the suppressive effect of mycophenolate
on mTOR activation was less rapid and less effective than that
of rapamycin. In animal models of CKD and tubulo-interstitial
fibrosis, inhibition of ERK signaling using trametinib attenuated
mTORC1 activation, suggesting that the ERK signaling pathway
is upstream of mTORC1 (Andrikopoulos et al., 2019). In this
study, we demonstrated that ERK phosphorylation was
downstream of mTOR signaling in HMCs since inhibition of
mTOR signaling with rapamycin resulted in a decrease in ERK
phosphorylation, whereas PD98059 had no effect on mTOR
phosphorylation. This discrepancy may be due to the cell-type,
mediator that induced injury, disease model, and the time of
sample collection. It is possible that mycophenolate reduced
mTOR phosphorylation through downregulation of ERK
phosphorylation, although further studies are necessary to
confirm this. Neither mycophenolate nor rapamycin has any
effect on PI3K phosphorylation, suggesting that PI3K activation

FIGURE 10 | Effect of MPA or rapamycin on α-smooth muscle actin and fibronectin expression in human mesangial cells. Representative Western blots showing
the effect of SFM, IL-6, or TGF-β1 in the presence or absence of rapamycin (1 or 3 ng/ml) or MPA (1 or 5 μg/ml) on (A) α-smooth muscle actin (α-SMA) and (B) soluble
(sFN) and cell-associated FN (cFN). The intensity of each band for α-SMA and sFN was semi-quantitated using ImageJ and normalized to β-actin. Values are expressed
as mean ± SD for three separate experiments. DU, densitometric units. All data analyzed using ordinary ANOVA with Bonferroni’s multiple comparison post-test.
*p < 0.05, SFM vs. IL-6 or TGF-β1; #p < 0.05, with vs. without rapamycin or MPA for the same stimulation.
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is upstream of the actions of these immunosuppressive agents.
Mycophenolate and rapamycin reduced α-smooth muscle actin
expression in HMCs through inhibition of mTOR but not ERK
phosphorylation, whereas suppression of fibronectin expression
by both drugs was likely mediated through the inhibition of ERK
and mTOR phosphorylation. Although mesangial cells are key
mediators of kidney fibrosis, other resident renal cells and
immune cells such as proximal tubular epithelial cells,
fibroblasts/myofibroblasts, and macrophages also contribute to
kidney fibrosis. We and others have shown that mycophenolate
and rapamycin can exert anti-inflammatory and antifibrotic
effects on proximal tubular epithelial cells and fibroblasts,
which may also contribute to the improvement in kidney
structure and fibrotic processes (Badid et al., 2000; Copeland
et al., 2007; Yung et al., 2015a; Yung et al., 2017). Figure 11
summarizes the effect of MPA and rapamycin on signaling
pathways and inflammatory and fibrotic processes induced by
TGF-β1 and IL-6 in HMCs. Our findings demonstrated that both

MPA and rapamycin can exert direct anti-inflammatory and
antifibrotic effects in HMCs.

Our animal studies demonstrated that treatment of NZBWF1/
J mice with combined mycophenolate and rapamycin at half the
doses used in monotherapy improved the structural integrity of
the kidney and prevented deterioration of kidney function. Both
immunosuppressive agents exerted their antifibrotic effects
directly on mesangial cells. Our clinical evidence suggests
efficacy and safety of using mTOR inhibitors in the treatment
of lupus nephritis patients (Yap et al., 2012a; Yap et al., 2018).
Based on the findings from our translational and clinical studies,
further studies may be warranted to investigate the combined use
of mycophenolate and rapamycin in the clinical management of
lupus nephritis, which would be helpful when tailoring treatment
according to the specific characteristics of each patient with the
objective of maximizing the benefits of the medication, while
minimizing the side effects of each drug.

In conclusion, data from our animal studies demonstrated that
combined mycophenolate and rapamycin reduced kidney fibrosis
and improved kidney function. The suppressive effect on fibrotic
processes in HMCs suggests a direct effect on resident kidney cells
that was most likely independent of their immunosuppressive
actions. The antifibrotic effects of mycophenolate and rapamycin
were mediated, at least in part, through their ability to inhibit
mTOR and ERK phosphorylation. We also demonstrated the
importance of proinflammatory mediators in kidney fibrosis and
the contribution of IL-6 in inducing fibrogenesis in lupus
nephritis.
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Endothelial Activin Receptor-Like
Kinase 1 (ALK1) Regulates
Myofibroblast Emergence and
Peritubular Capillary Stability in the
Early Stages of Kidney Fibrosis
CarlosMartínez-Salgado1,2*, Fernando Sánchez-Juanes2,3, Francisco J. López-Hernández1,2

and José M. Muñoz-Félix2,3*

1Department of Physiology and Pharmacology, Translational Research on Renal and Cardiovascular Diseases (TRECARD)-
REDINREN (ISCIII), University of Salamanca, Salamanca, Spain, 2Institute of Biomedical Research of Salamanca (IBSAL),
Salamanca, Spain, 3Department of Biochemistry and Molecular Biology, University of Salamanca, Salamanca, Spain

Renal tubulo-interstitial fibrosis is characterized by the excessive accumulation of
extracellular matrix (ECM) in the tubular interstitium during chronic kidney disease. The
main source of ECM proteins are emerging and proliferating myofibroblasts. The sources
of myofibroblasts in the renal tubular interstitium have been studied during decades, in
which the epithelial contribution of the myofibroblast population through the epithelial-to-
mesenchymal (EMT) process was assumed to be the major mechanism. However, it is
now accepted that the EMT contribution is very limited and other mechanisms such as the
proliferation of local resident fibroblasts or the transdifferentiation of endothelial cells seem
to be more relevant. Activin receptor-like kinase 1 (ALK1) is a type I receptor which belongs
to the transforming growth factor beta (TGF-β) superfamily, with a key role in tissue fibrosis
and production of ECM by myofibroblast. Predominantly expressed in endothelial cells,
ALK1 also plays an important role in angiogenesis and vessel maturation, but the relation of
these processes with kidney fibrosis is not fully understood. We show that after 3 days of
unilateral ureteral obstruction (UUO), ALK1 heterozygousmice (Alk1+/−) display lower levels
of kidney fibrosis associated to a lower number of myofibroblasts. Moreover, Alk1+/− mice
have a lower degree of vascular rarefaction, showing improved peritubular
microvasculature after UUO. All these data suggest an important role of ALK1 in
regulating vascular rarefaction and emergence of myofibroblasts.

Keywords: ALK1, Angiogenesis, peritubular capillaries, myofibroblasts, fibrosis, chronic kidney disease

INTRODUCTION

Tissue fibrosis is a common process to several chronic diseases of the liver, lungs, and kidneys,
characterized by loss of tissue parenchyma (hepatocytes, pneumocytes and tubular epithelial cells,
respectively), abundance of myofibroblasts, increased secretion of extracellular matrix proteins
(ECM) and capillary rarefaction (Zeisberg and Kalluri, 2013). Specifically, in chronic kidney disease
(CKD), a progressive and irreversible loss of renal function and renal tissue integrity, is associated
with tubulo-interstitial fibrosis resulting from excessive deposition of ECM proteins by
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myofibroblasts. Different sources of myofibroblasts contribute to
renal fibrosis (Grande and López-Novoa, 2009; Munoz-Felix and
Martinez-Salgado, 2021). During years, the epithelial-to-
mesenchymal transition (EMT) was considered the main
source (Sato et al., 2003; Zeisberg et al., 2003; Grande and
López-Novoa, 2009; Grande et al., 2010) (of myofibroblasts).
However, it was demonstrated that the epithelial contribution to
myofibroblast abundance was around 5%, and other mechanisms
such as the proliferation of local resident fibroblasts, the
endothelial-to-mesenchymal transition (EndMT) and other
mechanisms were involved (LeBleu et al., 2013; Grande et al.,
2015).

Loss of the renal microcirculation due to blood vessel dropout
is a major feature of chronic kidney disease (CKD) which also
correlates with the progression of renal injury and tissue
regeneration (Ishii et al., 2005). The loss of peritubular
capillaries (PTC) also correlates with hypoxia and the
development of fibrosis (Goligorsky, 2010; Gewin, 2019).
Multiple mechanisms contribute to microvascular rarefaction
such as “drive in reverse” or anti-angiogenic reprogramming
due to the induction of anti-angiogenic programs promoted by
angiostatin or endostatin (Goligorsky, 2010). In renal fibrosis,
PTC undergo rarefaction after kidney injury (Kida et al., 2014). In
an early phase, angiogenic factors are upregulated, endothelial
cells proliferate and pericytes migrate away from the capillary
area. Subsequently, a progression phase ensues with vascular
regression, endothelial cell disfunction and apoptosis (Kida
et al., 2014).

Activin receptor-like kinase 1 (ALK1) is a type I receptor from
the TGF-β1 superfamily with a documented role in regulating
ECM deposition and thus tissue fibrosis in the skin (Morris et al.,
2011), liver (Breitkopf-Heinlein et al., 2017; Desroches-Castan
et al., 2019a), heart (Morine et al., 2017a) and kidneys (Muñoz-
Félix et al., 2014a). We previously showed that the increased renal
fibrosis associated to ALK1 heterozygosity after 15 days of
unilateral ureteral obstruction (UUO) was due to the
promotion of ECM protein synthesis in myofibroblasts, the
major source of fibrotic matrix (Muñoz-Félix et al., 2014a).
ALK1 is also involved in the regulation of endothelial cell
activation (Lamouille et al., 2002; Jonker, 2014), which
impinges on vascular homeostatic processes. ALK1 seems to
have a dual role in angiogenesis. While some studies show a
pro-angiogenic role (Goumans et al., 2002; Lebrin et al., 2005),
some others have demonstrated that ALK1 inhibits the activation
phase of angiogenesis (Lamouille et al., 2002; Larrivée et al.,
2012), especially when activated by its high affinity ligand bone
morphogenetic protein 9 (BMP9), a quiescent factor promoting
the normalization of the vasculature (David et al., 2007a; David
et al., 2008; Ouarné et al., 2018; Viallard et al., 2020). Apart from
our previous studies, it has been recently shown the protective
role of ALK1 in diabetic nephropathy due to its effect in blood
vessel integrity maintenance (Lora Gil et al., 2020; Gil et al., 2021).
Yet, the contribution of alterations in vascular homeostasis to
tissue fibrosis is not completely understood.

In this manuscript we aim to elucidate the role of ALK1 in
renal vascular rarefaction and integrity in a fibrotic scenario
produced by UUO.

MATERIALS AND METHODS

Mice
We used ALK1 heterozygous mice to evaluate the role of ALK1 in
the early changes of the ureteral obstruction. Alk1+/− mice were
generated as previously described (Oh et al., 2000). Adult Alk1+/−

mice were kept in the pathogen-free facilities for genetically
modified mice of the Animal Experimentation Service,
University of Salamanca. Genotype analysis was performed by
PCR with DNA isolated from mouse tail biopsies and using the
primers previously reported (Oh et al., 2000).

In vivo Experimental Model of
Tubulointerstitial Fibrosis
Unilateral ureteral obstruction (UUO) is an experimental model
of renal injury, which causes tubular cell injury, inflammation
and fibrosis. UUO has been used as a model for the events that
take place during chronic kidney disease (Ucero et al., 2014).

UUO was performed during 3 days, as we aim to evaluate the
early changes of this experimental approach. The unilateral
ureteral obstruction (UUO) was performed as previously
described (Rodríguez-Peña et al., 2002; Grande et al., 2009). In
brief, 8 weeks old male mice were anesthetized with Isoflurane
(Schering-Plough, Madrid, Spain). After laparatomy, we used
non-reabsorbable 5-0 silk to ligate the left ureter. To generate
sham operated mice (SO), we manipulated the left kidney ureter
without ligation.

In this study, 5 mice were included in each experimental
group. Animals were kept under controlled ambient conditions in
a temperature controlled-room with a 12 h light/dark cycle, and
were reared on standard chow (Panlab, Barcelona, Spain) and
water ad libitum. In all procedures, mice were treated in
accordance with the Recommendations of the Helsinki
Declaration on the Advice on Care and Use of Animals
referred to in: law 14\/2 007 (3 July) on Biomedical Research,
Conseil de l´Europe (published in Official Daily N. L358/1-358/6,
18-12-1986), Government Spanish (Royal Decree 223/1 988, (14
March) and Order of 13-10-1989, and Official Bulletin of the
State b. 256, pp. 31349-31362, 28-10-1990). The procedure was
approved for the Bioethics committee of the University of
Salamanca and Consejería de Agricultura y Pesca (Junta de
Castilla y León).

Renal Tissue Preparation
Obstructed (O) and contralateral kidneys (NO), as well as kidneys
of sham operated mice (SO), were removed 3 days after surgery
after perfusion with heparinized saline solution at 37°C in order to
eliminate red blood cells from the tissue and to avoid endogenous
peroxidase signals in immunohistochemistry procedures. Next,
kidneys were halved longitudinally in order to use one half for
protein extraction and analysis and the other half for stainings
and immunohistochemistry. Renal samples for protein extraction
were frozen in liquid nitrogen and stored at −80°C. Renal
samples for histological studies were fixed for 24 h in
formaldehyde, transferred to ethanol 70% and then
embedded in paraffin.
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Western Blot
Western blot was performed for protein levels analysis in mouse
kidney tissue. Tissue protein extracts were homogenized in lysis
buffer (150 mmol/L NaCl, 1% Igepal CA-630, 10 mmol/L MgCl2,
1 mmol/L EDTA, 10% glycerol, 1 mmol/L Na3VO4, 25 mmol/L
NaF, l mmol/L PMSF, 10 mg/ml aprotinin and 10 mg/ml
leupeptin) containing 25 mmol/L HEPES, pH 7.5 and
centrifuged at 14000 g during 20 min at 4°C. Supernatants
were recovered and the protein concentration was quantified
using Lowry Method (BioRad). Lysates (100 µg per lane) were
loaded onto polyacrylamide gels and the proteins were
transferred to PVDF membranes (Millipore, Billerica, MA,
United States) by electroblotting. Next, membranes were
blocked in bovine serum albumin (BSA) 3% and were
incubated overnight at 4°C with the following antibodies:
rabbit anti-collagen type I (dilution 1:1,000) and rabbit anti-
fibronectin (1:1,000) from Chemicon International (Temecula,
CA, United States); rabbit anti-ACVRL1 (ALK1) (1:1,000) from
Abgent (Derio, Spain); mouse anti-α-SMA (1:5,000) from Sigma-
Aldrich (Madrid, Spain); mouse anti-PCNA (1:1,000) from
Transduction Laboratories (Madrid, Spain); and mouse anti-
GAPDH (1:40000) from Ambion (Barcelona, Spain). After
overnight incubation with the primary antibodies, membranes
were incubated with the corresponding horseradish peroxidase-
conjugated secondary antibodies during 60 min (1:10000) and
were developed using ECL chemiluminescence reagent
(Amersham Biosciences, Barcelona, Spain). Developed signals
were recorded on X-ray films (Fujifilm Spain, Barcelona, Spain)
for densitometric analysis (Scion Image software, Frederick, MD,
United States). GAPDH (Ambion, Barcelona, Spain) was used as
loading control. GAPDH was incubated in the same membrane
that the protein of interest when it was possible.

Histochemistry and Immunohistochemistry
3 µm sections were cut from paraffin-embedded samples and
stained with haematoxylin-eosin, picrosirius, and Masson’s
trichrome. Sirius red staining was evaluated by a quantitative
scoring system, Fiji (https://imagej.net/software/fiji/), released as
open source under the GNU General Public License in 12
randomly selected fields (200X) per experimental group.

Immunohistochemistry was performed on buffered formalin-
fixed, paraffin-embedded tissues as previously described
(Rodríguez-Peña et al., 2002; Grande et al., 2010) Briefly, 3 µm
sections were deparaffinized in xylene and rehydrated in graded
ethanols (100, 80, 70 and 50%) before antigen retrieval with
sodium citrate buffer pH = 6.0, Then, primary antibodies were
incubated overninght. Primary antibodies were: mouse anti-alpha
smooth muscle actin (α-SMA, dilution 1:100, from Sigma-Aldrich),
CD31 (Abcam) and rabbit anti-S100A4 (1:100 from Chemicon
International, Temecula, CA, United States), mouse anti-VEGF (1:
100 from Santa Cruz Biotechnology. After that staining continued
with the peroxidase-antiperoxidase method. Tissue sections were
incubated with the corresponding horseradish peroxidase-
conjugated secondary antibodies during 60min (1:250). After three
washes in phosphate-buffered saline (PBS: 0.81% NaCl, 2.6mM
H2KPO4, 4.1mM HNa2PO4), sections were sequentially incubated
with theNovolink PolymerDetection System (Novocastra, Newcastle,

United Kingdom) using 3,3′-diaminobenzidine (Biogenez, San
Ramón CA, United States) as chromogen. Sections were
counterstained with haematoxylin and were dehydrated and cover
slipped. Endogenous peroxidase was blocked by incubation in 3%
hydrogen peroxide. For an adequate optimization of the method,
negative controls were prepared without primary antibodies. VEGF
staining was evaluated using Fiji as mentioned above in 10–15
randomly selected fields (400X) per experimental group.

Immunofluorescence Staining
Paraffin-embedded tissues were cut in 3 µm sections. Heat-induced
antigen retrieval was performed in sodium citrate buffer pH 6.00 in a
microwave owen, and washed with PBS. Sections were incubated
with endomucin (Santa Cruz Biotechnology) in combination or not
with anti-α-SMA (Sigma Aldrich) overnight at 4°. Following three
washes in PBS, sections were incubated with anti-rat 488 Alexa and
anti-mouse 546 (Molecular Probes, Barcelona, Spain), diluted 1:200
for 60 min at room temperature, washed in PBS, and stained with
2 µM Hoechst 33258 (Molecular Probes, Barcelona, Spain). Slides
were rinsed in PBS and mounted in Prolong anti-fade (Invitrogen,
Barcelona, Spain). Confocal images were photographed using a Zeiss
Axiovert 200M microscope and a Zeiss LSM 510 confocal module.
All images were obtained with identical parameters for intensity,
pinhole aperture, etc. Image manipulation of immunofluorescence
analysis was performed using the same settings in all the samples and
pictures shown in this manuscript, and following the image
manipulation guidelines from the journal.

Blood Vessel Density Analysis
Abundance of peritubular capillaries was assessed by counting the
number of CD31 or endomucin-positive microvessels in peritubular
areas in the kidney cortex across 5 different fields per kidney.
Glomerular capillaries were not considered for the analysis.

Vascular Rarefaction and
Endothelial-Myofibroblast Transition
Analysis
Apart from the blood vessel density analysis, vascular rarefaction
was assessed by the individual quantitation of endomucin+
endothelial cells across 5 different fields per kidney (SO and O
kidneys form Alk1+/+ and Alk1+/− mice). Myofibroblast
emergence was also assessed by the individual number of α-
SMA+ cells excluding vascular smooth muscle cells. Hoechst
counterstaining helped us to identify individual cells.
Endothelial-myofibroblast transition was assessed by counting
the double endomucin+ and α-smooth muscle actin α-SMA+
cells versus total endomucin + cells across 5 fields per kidney.

Statistical Analysis
Data are expressed as mean ± standard error of the mean (SEM).
The Kolmogorov-Smirnov test was used to assess the normality of
the data distribution. Comparison of means was performed by two
way analysis of variance (ANOVA) with Tukey’s HSC post hoc
test. Data was analyzed using Graph Pad Prism software 9.0. A “p”
value lower than 0.05 was considered statistically significant.

Frontiers in Pharmacology | www.frontiersin.org June 2022 | Volume 13 | Article 8437323

Martínez-Salgado et al. ALK1 in Capillary Homeostasis and Renal Fibrosis

127

https://imagej.net/software/fiji/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


RESULTS

Renal Injury and Kidney Fibrosis After
3 days UUO in Alk1+/+ and Alk1+/− Mice
O kidneys from bothAlk1+/+ and Alk1+/−mice show the histological
events that take place after the UUO: Tubular cell injury, tubular
dilation, inflammation; as shown with the Haematoxylin-eosin
staining (Figure 1A) and tubule-interstitial fibrosis, as shown
with the Masson’s trichrome staining (Figure 1B). While we
observed no differences in kidney injury between both genotypes,
we detected lower tubule-interstitial fibrosis in Alk1+/− mice.

Alk1+/−Mice Show Decreased
Tubulo-Interstitial Fibrosis After 3 days of
Unilateral Ureteral Obstruction (UUO)
One of the most representative features of obstructive nephropathy
is the accumulation of ECM proteins in the tubular interstitium,
such as collagens (collagen I or collagen III), fibronectin or laminin.
After our analysis of the picrosirius red staining, we observed
increased levels of collagens in O kidneys form Alk1+/+ mice but
not in O kidneys from Alk1+/− mice (Figure 2).

There is also an increase in the expression of ECM proteins
(collagen I, fibronectin) in O kidneys from Alk1+/+ but not in O
kidneys from Alk1+/− mice evaluated by western blot (Figure 3).

Reduced Renal Myofibroblast Emergence
and Proliferation in Alk1+/− Mice
Renal myofibroblasts emerge and proliferate in the first steps of
obstructive nephropathy. After 3 days of UUO we observe an
increase in the presence of myofibroblasts in the tubular
initerstitium of Alk1+/+ mice, evaluated by immunostaining of
the myofibroblast markers α-smooth muscle actin (α-SMA)
(Figure 4A) and FSP1/S100A4 (Figure 4C) and by α-SMA

FIGURE 1 | UUO modifies the renal ultrastructure after 3 days in Alk1+/+

and Alk1+/− mice. (A) Haematoxylin-eosin staining in SO, NO and O kidneys
from Alk1+/+ and Alk1+/− mice show the typical features of the early stages of
UUO such as tubular dilatation (asterisk), interstitial cell proliferation
(arrow) or immune cell infiltration (arrowhead), being these features similar in O
kidneys from Alk1+/+ and Alk1+/−mice. (B)Masson’s trichrome staining in SO,
NO and O kidneys from Alk1+/+ and Alk1+/− mice showing lower ECM
deposition (asterisk) in O kidneys from Alk1+/−. Scale bar = 200 microns in
both panels.

FIGURE 2 | Alk1+/− mice show lower kidney fibrosis after 3 days UUO.
Sirius red staining in SO, NO and O kidneys from Alk1+/+ and Alk1+/−mice (N =
5) (upper panel). Analysis of tubule-interstitial fibrosis area in SO, NO and O
kidneys from Alk1+/+ and Alk1+/− mice, assessed by Fiji (ImageJ)
software. **p < 0.01; ***p < 0.001 (Two-way ANOVA); N.S = Not statistically
significant. Scale bar = 250 microns.
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western blot analysis (Figure 4B) in O kidneys fromAlk1+/+mice.
However, we barely observe those increases in O kidneys from
Alk1+/− mice. (Figures 4A–C). As α-SMA is not only a specific
maker for myofibroblasts, because it is highly expressed in
vascular smooth muscle cells (VSMCs) we quantified the α-
SMA+ individual cells by immunofluorescence with Hoechst
counterstaining excluding VSMCs, and we show that O
kidneys from Alk1+/+ mice show a higher number of α-SMA+
myofibroblasts than O kidneys from Alk1+/− mice (Figure 5). In
O kidneys fromAlk1+/−mice the presence of α-SMA positive cells
is reduced and correlates with the lower ECM deposition
observed in these animals. Moreover, the increase in cell
proliferation is lower in O kidneys from Alk1+/− mice, assessed
by proliferating cell nuclear antigen (PCNA) expression
(Figure 4D). Taken all these together, we can suggest that
ALK1 heterozygosity leads to a lower kidney fibrosis due to a
reduced abundance and proliferation of myofibroblasts.

ALK1 Deficiency Ameliorates the
Microvascular Damage Early Produced
by UUO
As mentioned before, microvascular rarefaction is a feature of
tubule-interstitial fibrosis and it contributes to the progression of
hypoxia and tissue fibrosis. In the early stages of UUO, there is a
vessel regression phase in which endothelial cells undergo
apoptosis and pericyte adhesion is disrupted (Kida et al.,
2014). Several studies show that ALK1 is involved in vessel
maturation and quiescence (Akla et al., 2018; Viallard et al.,
2020).

We observe a decrease in blood vessel density in O
kidneys from Alk1+/+ mice, assessed by immunostaining
of the endothelial markers CD31 (Figure 6A) and
endomucin (Figure 6B), similar to that previously
described in other studies performed in the UUO model
(Kida et al., 2014). However, blood vessel density was
maintained in Alk1+/− mice after UUO, suggesting that
ALK1 heterozygosity protects from vascular rarefaction in
the UUO early stages.

Impaired Emergence of Myofibroblasts
From Endothelial Cell Origin in Alk1+/− Mice
As stated before, myofibroblasts in the obstructed kidney
emerge from different origins such as proliferating local
resident fibroblasts, bone marrow derived cells or vascular
cells. Vascular endothelial cells and pericytes can
transdifferentiate into myofibroblasts. To dissect the
myofibroblast cells that arise from endothelial cells we have
double-immunostained kidney sections with an endothelial
marker (endomucin) and a myofibroblast marker (α-SMA).
Thus, cells with double positive staining for endomucin and α-
SMA are endothelial cells being transdifferentiated into
myofibroblasts. We observed that these double stained cells
are more abundant in O kidneys from Alk1+/+ mice than in O
kidneys from Alk1+/− mice (Figure 7). This finding indicates
that the lower abundance of myofibroblasts observed in ALK1
heterozygous mice is due to a lower transdifferentiation from
endothelial cells and this correlates with the PTC stability after
3 days UUO in Alk1+/− mice.

FIGURE 3 | Obstructed kidneys from Alk1+/− mice show reduced ECM protein levels after 3 days UUO. Western blot analysis of collagen I and fibronectin protein
expression in SO, NO and O kidneys from Alk1+/+ and Alk1+/−mice, and quantification of the corresponding densitometry. Bars represent the ratio between the proteins
and GAPDH, used as loading control. *p < 0.05; **p < 0.01; ***p < 0.001; N.S = Not statistically significant (Two-way ANOVA). One statistical outlier was removed from
the analysis of fibronectin in a SO mice from Alk1+/+ mice.
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FIGURE 4 | Reduced myofibroblast abundance and proliferation in obstructed kidneys from Alk1+/−mice after 3 days UUO. (A) α-SMA immunostaining in SO, NO
and O kidneys from Alk1+/+ and Alk1+/− mice. (B) Western blot analysis of α-SMA protein expression in SO, NO and O kidneys from Alk1+/+ and Alk1+/− mice and
quantification of the corresponding densitometry analysis (N = 5). Bars represent the ratio between α-SMA and GAPDH, used as loading control. (C) FSP1/S100A4
immunostaining in SO, NO and O kidneys from Alk1+/+ and Alk1+/− mice. (D) Western blot analysis of PCNA protein expression in SO, NO and O kidneys from
Alk1+/+ and Alk1+/− mice and quantification of the corresponding densitometry analysis. Bars represent the ratio between PCNA and GAPDH, used as loading control.
*p < 0.05; **p < 0.01; ***p < 0.001; N.S = Not statistically significant (Two-way ANOVA). The loading control for PCNA is the same as that used in Figure 3, as both
Collagen I and PCNA were incubated in the same membrane. Arrows in (A) identify VSMCs. Arrowheads in (A) and (B) identify tubulo-interstitial myofibroblasts. Scale
bar = 100 microns in A, 150 microns in (C).

FIGURE 5 | Analysis of α-SMA + myofibroblasts. Identification of α-SMA+ myofibroblasts by immunofluorescence of α-SMA with Hoechst counterstaining in SO
and O kidneys from Alk1+/+ and Alk1+/− mice. Squares identify zoomed areas *p < 0.05; ***p < 0.001; N.S = Not statistically significant. (Two-way ANOVA). Cropped
areas identify α-SMA+ VSMCs from small vessels. Arrowheads identify α-SMA+ tubulo-interstitial myofibroblasts. Scale bar = 150 microns.
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Alk1+/− Mice Are Protected From Vessel
Regression After 3 days UUO

ALK1 was described by David et al. (2008) as a molecule which
induces quiescence and inhibits endothelial cell proliferation and
migration (Lamouille et al., 2002; David et al., 2008).
Angiogenesis is a process linked with the development of
tubule-interstitial fibrosis after UUO. We found an increase of
ALK1 expression in O kidneys from both Alk1+/+ mice which

may indicate the beginning of the regression phase of
angiogenesis after obstruction. As expected, we do not observe
increased levels of ALK1 receptor in Alk1+/− mice after UUO,
suggesting a pro-angiogenic effect in these animals (Figure 8A).
To elucidate the differences in the angiogenic process during
vascular rarefaction after UUO, we have analyzed the levels of one
of the most important angiogenic factors, vascular endothelial
growth factor (VEGF). We detected no differences in VEGF
expression after UUO in Alk1+/+ mice but we observed a

FIGURE 6 | Impaired peritubular capillaries rarefaction in Alk1+/− mice. (A) CD31 immunostaining in SO and O kidneys from Alk1+/+ and Alk1+/− mice and blood
vessel density analysis, represented as CD31 + vessels per field. (B) Endomucin immunofluorescence staining in SO and O kidneys from Alk1+/+ and Alk1+/− mice and
blood vessel density quantification from endomucin staining, represented as microvessels per field (upper graph) and endomucin+ cells per field (lower graph) in SO and
O kidneys from Alk1+/+ and Alk1+/− mice. *p < 0.05; ***p < 0.001; N.S. Not statistically significant (Two-way ANOVA). Squares in (A) indicate the zoomed areas.
Scale bar = 200 microns in both panels. Blood vessels from the glomeruli in (B) (highlighted as cropped áreas) were not counted.
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higher expression in O kidneys from Alk1+/− mice (Figure 8B).
Taken all these together, we suggest that the lower ALK1 levels
and increased levels of VEGF in O kidneys from Alk1+/− mice
may correlate with a delay of the regression phase of angiogenesis
that prevents endothelial-pericyte detachment, contributing to
microvascular preservation and impaired endothelial to
myofibroblast transdifferentiation.

DISCUSSION

Renal myofibroblasts are the main source of ECMproteins during
tubule-interstitial fibrosis (LeBleu and Kalluri, 2011).
Myofibroblasts are activated fibroblasts with high contractile
capacity, and with a high capacity to synthesize ECM proteins
such as collagens, fibronectin or laminin (Munoz-Felix and

Martinez-Salgado, 2021). These cells emerge during the first
steps of the fibrotic process from different origins. Numerous
studies attributed their origin to the epithelial-to-mesenchymal
transition (EMT) program (Grande and López-Novoa, 2009).
However, although the EMT process has been validated in renal
cells in vitro (Docherty et al., 2006a), the contribution of the
epithelial components to myofibroblast abundance is very
limited, as it has been demonstrated in vivo (Picard et al.,
2008; Grande et al., 2015). The most important origins and
mechanisms of myofibroblast emergence are proliferating local
resident fibroblasts and the transdifferentiation from endothelial
cells or and pericytes (LeBleu et al., 2013).

In this study we observe a lower kidney fibrosis after 3 days
UUO which correlates with a lower myofibroblast abundance in
Alk1+/− mice. Moreover, we show a lower microvascular
rarefaction in these mice. Vascular rarefaction is involved in

FIGURE 7 | Endothelial-to-myofibroblast transdifferentiation after UUO in Alk1+/+ and Alk1+/−mice. Double immunofluorescence of endomucin (endothelial marker)
and α-SMA (myofibroblast marker) in SO and O kidneys from Alk1+/+ and Alk1+/−mice and quantification of double endomucin and α-SMA positive cells. Cropped areas
with small dashed line are glomeruli, not considered for the analysis. Cropped areas with large dashed lines are small vessels, also not considered for the analysis. ***p <
0.001; N.S. Not statistically significant (Two-way ANOVA). Arrows identify double endomucin+—α-SMA+ cells. Scale bar = 200 microns.
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myofibroblast emergence by different mechanisms. In the early
phases of UUO, endothelial cells undergo an apoptotic program
which lead to the detachment of endothelial cells from pericytes
(Kida et al., 2014). Endothelial cells can transdifferentiate into
myofibroblasts via the endothelial to mesenchymal transition
program (Zeisberg et al., 2008). On the other hand, pericytes can
migrate from the basement membrane and transdifferentiate into
myofibroblasts (Kida et al., 2014). Our data suggest that the
maintenance of the microvascular architecture observed in
Alk1+/− may be related with the lower emergence of
myofibroblasts observed in these mice and the lower ECM
deposition as a possible consequence of the reduced number
of myofibroblasts (Figure 9).

The process by which PTC undergo rarefaction comprises two
different stages: Initially, there is an angiogenic phase where
angiogenic factors such as VEGF are upregulated and
inflammatory cell infiltration happens. Later, the vascular
regression phase occurs when a decrease of angiogenic factors
and an increase of anti-angiogenic factors takes place in the
obstructed kidney (Kida et al., 2014). Endothelial cells and
pericytes are detached in the regression phase and can be
transdifferentiated to myofibroblasts. Our data suggest that
ALK1 is regulating this phenomenon. We observed lower
vascular rarefaction in Alk1+/− mice after 3 days of UUO.
ALK1 regulates negatively the activation phase of angiogenesis
(Ayuso-Inigo et al., 2021) and it is expected that lower levels of
ALK1 in Alk1+/− mice lead to a maintained angiogenic phase or

an impaired vessel regression phase, which also correlates with
the higher VEGF levels observed in O kidneys from Alk1+/−mice.
Our observations are in concordance with those of Sharpfenecker
et al. (2011), who demonstrated in a kidney fibrosis model after
irradiation that Alk1+/− mice show lower vascular injury after
20 weeks of irradiation, and this correlated with higher levels of
VEGF and VEGFR2 at that time point (Scharpfenecker et al.,
2011).

Years ago, we demonstrated a role of ALK1 in counteracting
TGF-β1-induced kidney fibrosis at 15 days UUO (Muñoz-Félix
et al., 2014a). In that context, both Alk1+/− and Alk1+/+ mice
showed same myofibroblast abundance but Alk1+/−

myofibroblasts produced higher amounts of ECM proteins
(Muñoz-Félix et al., 2014b; Oujo et al., 2014). In this
manuscript we demonstrate that after 3 days UUO ALK1
heterozygosity is associated with a lower myofibroblast
emergence, due to a higher microvessel stability, and this
lower number of myofibroblasts results in a decrease in
tubulo-interstitial fibrosis. We suggest that in the early stages
of UUO, ALK1 function is mainly related with its effect on
endothelial cells. The different effects of ALK1 receptor in
kidney fibrosis at different time points following UUO can be
explained by the different cellular players in these different stages
of fibrosis progression. We suggest that in the early stages of the
ureteral obstruction ALK1 is regulating the myofibroblast
emergence from endothelial cells while after 15 days UUO the
fibrotic program is completely established and myofibroblast

FIGURE 8 | ALK1 and VEGF protein expression after UUO. (A)Western blot analysis of ALK1 protein in SO, NO and O kidneys from Alk1+/+ and Alk1+/− mice (N =
5), and quantification of the corresponding densitometry analysis. Bars represent the ratio between the proteins and GAPDH, used as loading control. (B) VEGF
immunohistochemistry representative pictures and quantification of VEGF levels (using Fiji software) in SO, NO and O kidneys from Alk1+/+ and Alk1+/− mice. *p < 0.05;
**p < 0.01 N.S. Non statistically significant (Two-way ANOVA). Scale bar = 150 microns.
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TABLE 1 | ALK1, BMP9 and Endoglin effects in tissue fibrosis.

ALK1 BMP9 Endoglin

Profibrotic effect Antifibrotic effect Profibrotic effect Antifibrotic effect Profibrotic effect Antifibrotic effect

Ref. Experimental
model

Ref. Experimental
model

Ref. Experimental
model

Ref. Experimental
model

Ref. Experimental
model

Ref. Experimental
model

Scharpfenecker
et al. (2011)

Kidney fibrosis by
irradiation in Alk1+/−

mice

Muñoz-Félix
et al. (2014a)

Unilateral Ureteral
Obstruction (UUO)
during 15 days in
Alk1+/− mice

Muñoz-Félix et al.
(2016a)

Cultured mouse
embryo fibroblasts

Morine et al. (2018) Transverse aortic
constriction (TAC)
in Bmp9-KO mice.

Scharpfenecker
et al. (2012)

Kidney fibrosis by
irradiation in Eng+/−

mice

Muñoz-Félix et al.
(2016b)

UUO in S-Eng+mice
(mice
overexpressing
human Short
endoglin).

Morine et al.
(2017b)

Deletion of ALK1
with conditional
knockout mice

Morine et al.
(2017a)

Transverse aortic
constriction (TAC)
in Alk1+/− mice

Li et al. (2018) CCl4 induced liver
fibrosis Bile duct
ligation (BDL)
induced liver fibrosis

Desroches-Castan
et al. (2019a)

Bmp9-KO mice Scharpfenecker
et al. (2009)

Kidney fibrosis by
irradiation in Eng+/−

mice

Pericacho et al.
(2013)

Cutured dermal
fibroblasts from
Eng+/− mice

Wiercinska et al.
(2006)

Cultured hepatic
stellate cells

Muñoz-Félix
et al. (2014b)

Cultured mouse
embryo fibroblasts
form Alk1+/− mice

Breitkopf-Heinlein
et al. (2017)

CCL4 and LPS
induced liver
fibrosis. BMP9
inactivated with
adenoviruses

Desroches-Castan
et al. (2019b)

Bmp9-KO mice Scharpfenecker
et al. (2013)

Kidney fibrosis by
irradiation in Eng+/−

mice

Velasco et al. (2008) Cultured L6E9 rat
myoblasts
overexpressing
L-Endoglin

Breitkopf-Heinlein
et al. (2017)

CCL4 and LPS
induced liver
fibrosis. BMP9
inactivated with
adenoviruses

Finnson et al.
(2008)

Cultured human
chondrocytes

Jiang et al. (2021) Bleomycin-
induced
pulmonary fibrosis

Docherty et al.
(2006b)

Kidney fibrosis
induced by
Ischaemia-
reperfusion injury in
Eng+/− mice

Finnson et al. (2010) Cultured human
chondrocytes

This current
manuscript

UUO during 3 days
in Alk1+/− mice

Chen et al. (2017) BMP9 treatment in
neonatal rats

Kapur et al.
(2012)

TAC in Eng+/− mice Alzahrani et al. (2018) Skin fibrosis
induced by
bleomycin

Oujo et al. (2014) UUO in L-Eng+ mice
(mice
overexpressing
human Large
endoglin).

Obreo et al. (2004) Cultured L6E9
myoblasts

Gerrits et al.
(2020)

cultured human
renal myofibroblasts

Diez-Marques et al.
(2002)

Cultured human
mesangial cells

Owen et al.
(2020)

Patients with
cirrhosis

Rodríguez-Barbero
et al. (2006)

Cultured L6E9
myoblasts

Morris et al.
(2011)

Cultured
scleroderma (SSc)
fibroblasts

Meurer et al.
(2011)

Cultured Hepatic
stellate cells
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number is elevated and ALK1 regulates negatively ECM protein
synthesis by myofibroblasts through an inhibition of TGF-β1/
Smad2/3 pathway (Muñoz-Félix et al., 2014b).

Although our previous studies demonstrate a role of ALK1 in
regulating ECM production by ECM producing cells like
fibroblasts, the biological role of ALK1 has been traditionally
considered more relevant in the regulation of endothelial cell
balance during development, cardiovascular diseases and tumor
angiogenesis (Ayuso-Inigo et al., 2021). To understand ALK1
function in tissue fibrosis is very important to consider two
molecular players that regulate ALK1 activity: Its high affinity
ligand BMP9 (David et al., 2007b) and the coreceptor endoglin
(Lebrin et al., 2004; López-Novoa and Bernabeu, 2010). Both
molecules have been studied in depth as regulators of vascular
homeostasis and tissue fibrosis (Table 1).

However, the link of the ALK1-mediated endothelial effects and
tissue fibrosis has not been studied in depth so far. Nevertheless,
new functions have been recently described in different tissues such
as liver and kidney. In the liver, ALK1 is involved in capillary
fenestration and prevents the development of liver fibrosis
(Desroches-Castan et al., 2019a). In this study, the authors
show that mice lacking BMP9, a high affinity receptor for
ALK1, show enlarged sinusoidal vessels and a reduced number
of fenestrae. This suggests an interesting role of the BMP9-ALK1
axis in liver fibrosis protection. In renal tissue, a role for ALK1 in
vascular cells has been described in diabetic nephropathy. ALK1
levels decrease in diabetic mice, being ALK1 expression
circumscribed to glomerular capillaries. ALK1 heterozygous
mice display albuminuria, as a result of changes in endothelial
cells and podocytes, leading to exacerbated levels of collagen IV

FIGURE 9 | Proposed cellular mechanism. After 3 days of Unilateral Ureteral Obstruction (UUO), myofibroblasts emerge in the renal tubular interstitium and
synthesize ECM proteins. At the same time, peritubular capillaries (PTC) undergo vascular rarefaction. This process starts with an angiogenic phase followed by a
regression phase in which endothelial cells detach from pericytes and basement membrane, followed by apoptosis and leading to loss of functional capillaries. Both
endothelial cells and pericytes can transdifferentiate intomyofibroblasts and act as a source of extracellular matrix (ECM) components (A,C). ALK1 heterozygosity is
associated with PTC stability linked to an angiogenic process VEGF-dependent and the reduction of myofibroblast abundance, leading to reduced tubule-interstitial
fibrosis (A,B) Previous results from our laboratory demonstrated that after 15 days of UUO, Alk1+/+ and Alk1+/−mice show the same number of myofibroblasts but those
from Alk1+/− mice produce higher amounts of ECM proteins leading to increased tubulointerstitial fibrosis (C,D). Figure 9 was created using BioRender.com.
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and thickening of the glomerular basement membrane (Lora Gil
et al., 2020).

Our study shows that ALK1 is involved in the regulation of the
stability of renal peritubular capillaries. In the same circumstances
we observe a lower number of myofibroblasts in mice with lower
expression of ALK1, which also show lower tubule-interstitial
fibrosis. With these results, we suggest that both processes may
be linked. Reduced levels of ALK1 together with an increase inVEGF
levels maintains the stability of peritubular capillaries protecting
kidney from myofibroblast emergence and ECM deposition.
Considering all these facts, ALK1 seems to regulate the
endothelial activation and quiescence in the context of UUO.
Endothelial activation in kidney fibrosis occurs in the early steps
of vascular rarefaction, and it is accompanied of endothelial and
pericyte detachments. Both cell types might be the source of the
increased number of myofibroblasts, as it has been demonstrated
during the last years (Zeisberg and Kalluri, 2013).

CONCLUSION

ALK1 is involved in the early changes of UUO, promoting the
development of vascular rarefaction. Alk1+/− mice maintain the
stability of the peritubular capillaries network after UUO, leading
to a decrease of myofibroblasts emergence and ECM deposition.
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Elabela Attenuates the
TGF-β1-Induced
Epithelial-Mesenchymal Transition of
Peritoneal Mesothelial Cells in
Patients Receiving Peritoneal Dialysis
Shunyun Xie, Feng Xu, Yue Lu, Yixian Zhang, Xinyang Li, Mengyuan Yu and Wenpeng Cui*†

Department of Nephrology, The Second Hospital of Jilin University, Changchun, China

Peritoneal fibrosis (PF), a common complication in patients receiving peritoneal dialysis
(PD), is primarily caused by the epithelial-mesenchymal transition (EMT) of human
peritoneal mesothelial cells (HPMCs). PF is the main reason for patients on PD to
withdraw from PD. Effective treatment is unavailable for this complication at present.
Elabela (ELA) is a polypeptide hormone secreted by the vascular endothelium and kidney.
Peptide hormones ELA and apelin (APLN) have various protective effects on the
cardiovascular and urinary systems and have potential therapeutic effects on organ
fibrosis. ELA and APLN are less studied in PD population. Here, we aimed to
investigate the clinical significance of ELA in patients on PD and to evaluate the
therapeutic effect of ELA on EMT of HPMCs. Compared with those in patients with
stage 5 chronic kidney disease who are not on dialysis, serum ELA levels in patients on PD
increased with the improvement of residual renal function at PD duration <36months and
decreased to pre-dialysis levels at PD duration ≥36months, suggesting that dialysis
duration is the main risk factor affecting serum ELA levels in patients on PD. In addition,
serum APLN levels decreased in the early stage of PD and recovered to the pre-dialysis
level with the prolongation of dialysis time. Notably, serum APLN levels were positively
correlated with dialysis duration in patients undergoing PD. To establish the EMT model,
we stimulated HPMCs using transforming growth factor-beta 1 (TGF-β1) in cell
experiments performed in vitro. ELA-32 treatment reversed the TGF-β1-induced
reduction in the expression of the epithelial cell marker and suppressed the expression
of mesenchymal cell markers by inhibiting the phosphorylation of SMAD2/3, ERK1/2, and
AKT. Therefore, our findings imply that ELA-32 can interfere with the EMT of HPMCs by
inhibiting the activation of the TGF-β/SMAD2/3, ERK1/2, and AKT pathways, providing
novel insights on the potential therapeutic use of ELA for treating PD-related PF.

Keywords: peritoneal fibrosis, apelin, HPMCs, EMT, chronic kidney disease, TGF-beta/SMAD/ERK/AKT pathway,
elabela, peritoneal dialysis
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INTRODUCTION

As one of the most common renal replacement therapies for
patients with stage 5 chronic kidney disease (CKD5), peritoneal
dialysis (PD) is more effective than hemodialysis in maintaining
residual renal function, hemodynamic stability, and improving
quality of life (Mehrotra et al., 2016). PD uses the peritoneal tissue
to remove metabolic waste and excess fluid from the body.
Peritoneal function often affects the duration of treatment in
patients receiving PD treatment. The main cause of peritoneal
dysfunction is peritoneal fibrosis (PF), which is caused by various
factors including the stimulation of non-physiological peritoneal
dialysate and increased glycosylation product formation and
TGF-β1 secretion (Balzer, 2020). The clinicopathological
manifestations of PF include the epithelial-mesenchymal
transition (EMT) of human peritoneal mesothelial cells
(HPMCs), submesothelial thickening, increased blood vessel
formation, and elevated autocrine activity. EMT plays a central
role in initiating and accelerating PF (Selgas et al., 2006). The
above changes eventually lead to ultrafiltration failure and
decrease in dialysis adequacy when patients receive PD
treatment, which, in severe cases, cause patients to withdraw
from PD (Aroeira et al., 2007). Currently, effective treatment for
PF is unavailable in clinical settings.

For treatment of PF, the addition of peptides showed a
significant therapeutic effect on the treatment of PD-related
PF. For example, Ferrantelli et al. (2016) reported that the
intraperitoneal administration of alanyl-glutamine can reduce
peritoneal thickness, alpha-smooth muscle actin (α-SMA)
expression, and local angiogenesis by regulating the expression
of the inflammatory cytokine interleukin (IL)-17. In addition, the
use of peptides can attenuate the production of protein
glycosylation products (Alhamdani et al., 2007), which
contributes to protection of the peritoneal structure (Honda
et al., 1999). However, no peptides have yet been successfully
applied in clinical treatment. Therefore, we sought to identify a
similar polypeptide that could play a role in inhibiting PF.

APJ is a G protein-coupled receptor with 30% homology to
angiotensin receptor 1 (O’Dowd et al., 1993). Apelin (APLN) is
the first discovered ligand of the APJ receptor (Tatemoto et al.,
1998). Based on its distribution level in the body, APLN is
commonly regarded as a fat factor because its content in the
surrounding tissue is significantly higher than that in the serum
(Boucher et al., 2005). Elabela (ELA) was discovered as the second
endogenous ligand of APJ in 2013 (Chng et al., 2013). The ELA
gene, located in the autosomal chromosome, transcribes and
translates into a 54-amino acid precursor polypeptide with a
signal peptide fragment, and its active end product is ELA-32
peptide. The ELA-32 peptide chain has two potential protease
cleavage sites, which can be further metabolized to ELA-21 and
ELA-11 (Yang et al., 2017). The three peptides have similar
biological effects, but mainly, ELA-32 exhibits biological
activity and has a longer half-life in terms of metabolism
(Nyimanu et al., 2021). In adulthood, ELA is mainly expressed
in the human heart, vascular endothelial cells, and kidneys (Wang
et al., 2015). The axis composed of APLN, ELA, and APJ receptors
has shown beneficial effects in the pathophysiological process of

cardiovascular diseases and renal diseases (Chapman et al., 2021).
The ELA/APLN-APJ axis is involved in regulating the
metabolism of vascular endothelial cells and renal tubular
epithelial cells under various pathological conditions, such as
ischemia and hypoxia, and has shown good anti-EMT
performance. However, the regulatory mechanisms by which it
exerts protective effects are complex and vary in different
pathological conditions.

The serum levels of APLN and ELA in the human body are
affected by renal function (Dogan et al., 2018; Lu et al., 2020).
Moreover, in patients undergoing PD, the changes in serum levels
of ELA and APLN and factors influencing these changes remain
unclear. Therefore, we detected the serum levels of ELA and
APLN in patients on PD to explore the connection between the
ligands and PD. We further studied whether ELA has an anti-
EMT effect on HPMCs stimulated in vitro and its therapeutic
potential when added to the peritoneal dialysate for PF treatment.

MATERIALS AND METHODS

Study Subjects
From September 2020 to September 2021, patients with CKD5
who were on PD and patients with CKD5 who were not on
dialysis admitted to the Department of Nephrology, the Second
Hospital of Jilin University (Changchun, China) were screened.
The inclusion criteria were as follows: 1) patients with PD as the
only renal replacement therapy; and 2) patients with CKD5 who
had not received renal replacement therapy. The exclusion
criteria were as follows: 1) patients aged ≤18 years; 2) patients
undergoing regular hemodialysis combined with PD; 3) patients
with history of abdominal surgery in the past 2 weeks; 4) patients
with severe heart failure and/or brain natriuretic peptide (BNP)
levels >500 pg/ml; 5) patients with pulmonary infection,
peritonitis, and other infectious diseases; 6) patients with
severe liver diseases, hematological diseases, malignant tumors,
and other consumptive diseases affecting the whole body; and 7)
patients with incomplete or no clinical data. In total, we collected
fasting serum samples from 20 patients with CKD5 and 60
patients on PD. Among them, the patients on PD were
divided into long-term and short-term dialysis groups based
on whether the treatment time exceeded 36 months.
Furthermore, patients were divided into three groups: CKD5
group, eGFR < 15 (ml/min/1.73 m2) without renal replacement
therapy; PD < 36 group, patients who received PD with PD
treatment time <36 months; and PD ≥ 36 group, patients who
received PD with PD treatment time ≥36 months. Informed
consent was obtained from the subjects before the collection
of all serum samples; the study was approved by the Ethics
Committee of the Second Hospital of Jilin University
(approval number: 2020010).

Clinical Data Collection
The age, sex, body mass index (BMI), dialysis duration, primary
disease, history of hypertension and diabetes, systolic and
diastolic blood pressure, residual urine volume, 24 h
ultrafiltration volume of peritoneal dialysate, and routine
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laboratory indicators of the patients on PD were collected. The
residual glomerular filtration rate (rGFR) in the patients on PD
was calculated using the following formula: (Qin et al., 2020).

rGFR � (residual creatine clearance + residual urea clearance)/2

Enzyme-Linked Immunosorbent Assay
(ELISA)
Fasting venous blood samples were collected from the patients on
PD and patients with CKD5 in the morning and placed in a
vacuum tube filled with separation gel-coagulant. The upper
serum was extracted via centrifugation at 3,000 rpm for
10 min at 4°C and frozen in the refrigerator at −80°C. Human
ELA Elisa Kit (S-1508; Peninsula Laboratories International,
BMA Biomedicals, Basel, Switzerland) and human APLN Elisa
Kit (E-EL-H0456C; Elabscience, Wuhan, China) were used to
determine the serum ELA and APLN levels, respectively.

Chemicals
ELA-32 (amino acid sequence: QRPVNLTMRRKLRK
HNCLQRRCMPLHSRVPFP) was synthesized by GenStar
(Beijing, China) and stored at −20°C. The ELA-32 powder was
dissolved in aseptic deionized water to the cryopreservation
concentration, sub-packed, and stored at −80°C.

Cell Culture and Treatment
The immortalized HPMC line HMrSv5 (Jennio Biotech Co., Ltd.,
Guangzhou, China) was cultured in high-glucose (4.5 g/L) Dulbecco’s
Modified Eagle Medium (DMEM; Gibco, Thermo Fisher Scientific,
Waltham, MA, United States) supplemented with 10% fetal bovine
serum (FBS; Gibco) and incubated at 37°C and 5% CO2. All
experiments were performed after 24 h of treatment using serum-
free media. To induce EMT, cells were treated with 10 ng/ml TGF-β1
(cat:100-21, Peprotech, Rocky Hill, CT, United States) for 24 h.
HMrSv5 was divided into four groups according to different
treatments: 1) Control group where cells were cultured with
DMEM medium containing 10% FBS after 24 h of
synchronization; 2) ELA group where cells were treated with ELA-
32 (10 μM) for 24 h; 3) TGF-β1 group where cells were treated with
TGF-β1 (10 ng/ml) for 24 h; and TGF-β1 + ELA group where cells
were co-treated with TGF-β1 (10 ng/ml) and ELA-32 (10 μM)
for 24 h.

Transwell Assay
The HPMCs in logarithmic growth phase were subjected to TGF-
β1 (10 ng/ml) treatment with or without ELA-32 for 24 h. After
stimulation, the cells were digested with trypsin, and the sample
was centrifuged (1,000 rpm, 5 min). The supernatant was
discarded, and the cells were resuscitated with serum-free
DMEM. The number of terminal cells was adjusted to 5 ×
105/ml. DMEM (800 μl) containing 10% FBS was added to the
lower chamber of the 24-well plate; a 200-μl cell suspension was
added to the upper chamber, and the culture was maintained in
the aseptic cell incubator for 24 h. The chamber was taken out,
and the cells were washed with 1 × phosphate buffered saline

(PBS, 548117; Sangon Biotech, Shanghai, China), fixed with 4%
paraformaldehyde, and stained with 0.1% crystal violet. The
chambers were dried and analyzed using an inverted
microscope. The average count from the fields was
calculated, and the experiments were independently repeated
four times.

Wounding Healing Assay
The HPMCs in the logarithmic growth phase were subcultured in
a 6-well plate and cultured in DMEM containing 10% FBS when
the cell fusion rate reached 100%. A 200-μl sterile liquid transfer
gun head was used to scratch the cells perpendicular to the cell
plane and to the line marked in advance at the back of the plate.
The cells were washed thrice with aseptic 1 × PBS (B548117;
Sangon Biotech), and the remaining non-adherent cells were
washed out. The medium was replaced with serum-free DMEM
and treated with or without TGF-β1 and ELA-32 for 24 h. Before
and after the experiment, the scratch width was measured, and
the cells were observed under a light microscope. The
experiments were independently repeated four times.

Immunofluorescence Assay
The HPMCs (1 × 105/ml) were inoculated in 25-mm aseptic cell
climbing tablets, cultured for 24 h, and synchronized with serum-
free DMEM for 24 h. The cells were treated TGF-β1 (10 ng/ml) with
or without ELA-32 for 24 h. After stimulation,the cells were washed
with 1 × PBS (B548117; Sangon Biotech). Then, the cells were fixed
with 4% paraformaldehyde, incubated with 0.1% Triton X-100 for
15 min at 27°C, and blocked with goat serum for 30min. The
primary antibodies of α-SMA (ab7817; Abcam), E-cadherin
[14472; Cell Signaling Technology (CST), Danvers, MA,
United States], and fibronectin (ab45688; Abcam) diluted to 1:
200 in PBS were added and covered on the cell slides, and
incubated overnight at 4°C. After washing with 1 × PBS (5 min,
3 times), the cells were incubated with Anti-Rabbit IgG (P0176,
Beyotime Biotechnology, Jiangsu, China) for 1 h at 27°C in the dark.
Finally, the cells were washed with 1 × PBS in the dark (5 min, 3
times), mounted on a sealing tablet containing 4′,6-diamidino-2-
phenylindole (DAPI; ab104139; Abcam, Cambridge, UK), and
observed under a laser scanning confocal microscope (Olympus,
Japan). For the fluorescence results, mean immunofluorescence
intensity measurements on cell climbing tablets were performed
using ImageJ (National Institutes of Health, Bethesda, MD,
United States).

Western Blot Analysis
The cells were incubated in radioimmunoprecipitation assay
cleavage buffer (P0013B; Beyotime) containing 0.1 mM
phenylmethylsulfonyl fluoride. The lysate was centrifuged, and
the supernatant was collected. The protein concentration was
determined using BCA Protein Detection Kit (P0010; Beyotime).
The protein was resolved and separated on a gel, with a mass of
20 μg per lane. The extracted cleavage products were transferred
to a PVDF membrane via sodium dodecyl
sulfate–polyacrylamide gel electrophoresis and electroporation.
After blocking with 5% milk in tris buffered saline with Tween
(A100777; Sangon Biotech), the sample was incubated with the
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first antibody overnight at 4°C and then with the HRP-coupled anti-
mouse/rabbit IgG secondary antibody for 1 h. After soaking in HRP
Substrate (Millipore, Burlington, MA, United States) hypersensitive
to electro-chemi-luminescence, the protein bands were observed
using ChemiDoc™ MP Imaging System (Bio-Rad Laboratories,
Hercules, CA, United States). The following antibodies were used
for immunoblotting: α-SMA (ab7817; Abcam), fibronectin
(ab45688; Abcam), E-cadherin (14472; CST), vimentin (5741;
CST), p-SMAD2/3 (8828; CST), SMAD2/3 (8685; CST), AKT
(AF6261; Affinity Biosciences, Cincinnati, OH, United States),
p-AKT (AF0016; Affinity), ERK1/2 (4695; CST), p-ERK1/2
(9101S; CST), GAPDH (D190090; Sangon Biotech, Shanghai,
China), HRP-coupled rabbit secondary antibody (ZB-2301;
ZSGB-Bio, Beijing, China), and HRP-coupled anti-mouse
secondary antibody (ZB-2305; ZSGB-Bio).

Statistical Analysis
The datawere analyzed using SPSS 25.0 statistical software (SPSS Inc.,
Chicago, IL, United States). For data with normal or approximately
normal distribution (presented as mean ± SD), Student’s t-test was

used to compare two groups, whereas single-factor analysis of
variance (ANOVA) was used to compare among groups. For
comparison among more than two groups and between any two
groups, Mann–Whitney and Kruskal–Wallis tests, respectively, were
used. The adoption rates or constituent ratio of the count data was
also expressed, and chi-square test or Fisher exact probability test was
performed to compare among groups. Finally, Pearson correlation,
Spearman correlation, and multiple linear regression analyses were
conducted to determine the correlation between variables.
Differences with p < 0.05 were statistically significant.

RESULTS

Serum Elabela and Apelin Levels
Significantly Correlate With Dialysis
Duration
In total, 20, 40, and 20 patients were included in the CKD5 group,
the PD < 36 group, and the PD ≥ 36 group, respectively. In this

TABLE 1 | Individual baseline characteristics in different groups.

CKD5 group (n = 20) PD < 36
group (n = 40)

PD ≥ 36 group
(n = 20)

p-value

Age (year) 47.95 ± 15.54 44.98 ± 12.59 45.80 ± 9.11 0.763
Sex (male/female) 9/11 28/12 8/12 0.044
BMI (kg/m2) 24.06 ± 2.92 24.04 ± 3.74 23.98 ± 2.65 0.996
Hypertension, n (%) 17 (85) 38 (95) 20 (100) 0.132
Diabetes, n (%) 5 (25) 8 (20) 3 (15) 0.732
SBP (mmHg) 147.75 ± 19.79 148.99 ± 12.95 146.53 ± 24.18 0.899
DBP (mmHg) 88.85 ± 11.93 94.70 ± 11.26 91.89 ± 13.92 0.211
PD duration(month) — 9.00 (3.25, 18.75) 49.50 (37.25, 70.50) <0.001
Primary renal disease, n (%) 0.611
Glomerulonephritis 11 (55) 23 (57.5) 12 (60)
Diabetic nephropathy 5 (25) 7 (17.5) 2 (10)
Interstitial nephropathy 4 (20) 10 (25) 5 (25)
Others 0 (0) 0 (0) 1 (5)

Laboratory data
Hb (g/L) 94.60 ± 19.30 111.03 ± 17.71a 95.55 ± 15.94b 0.001
Albumin (g/L) 37.74 ± 5.72 38.59 ± 3.81 35.73 ± 4.94 0.148
CO2P (mM) 19.31 ± 2.86 24.01 ± 4.11a 26.31 ± 4.45a <0.001
BUN (mM) 27.96 ± 13.06 19.40 ± 5.73a 21.13 ± 4.47 0.024
Cre (μM) 788.65 ± 353.33 920.46 ± 360.13 1,134.70 ± 260.94a,b 0.003
β2-MG (mg/L) 16.59 ± 4.99 25.75 ± 8.48a 33.45 ± 6.55a,b <0.001
eGFR(ml/min/1.73m2)/rGFR(ml/min) 6.56 ± 3.13 14.44 (5.13, 36.13)a 2.37 (0.10, 5.25)a,b <0.001
PTH (pg/ml) 390.35 (256.78, 452.13) 392.00 (180.80, 533.13) 320.90 (168.20, 652.75) 0.985
CRP (mg/L) 1.37 (0.34, 2.39) 4.32 (2.22, 7.58)a 3.84 (1.15, 11.48)a 0.001
FBG (mM) 5.44 ± 1.29 6.35 ± 1.53 6.29 ± 3.06 0.222
BNP (ng/ml) 104.50 (20.50, 313.75) 112.50 (67.00,246.25) 191.00 (56.25, 464.00) 0.314

Dialysis parameters
Peritoneal Kt/V — 1.42 ± 0.49 1.54 ± 0.35 0.350
Renal Kt/V — 0.57 (0.22, 1.00) 0.09 (0.01, 0.17) <0.001
Total Kt/V — 2.10 ± 0.79 1.79 ± 0.22 0.097
4h D/P — 0.61 ± 0.16 0.64 ± 0.09 0.456
4h D/Do — 0.45 ± 0.28 0.41 ± 0.08 0.577

ELA, elabela; CKD5, stage 5 chronic kidney disease; PD, peritoneal dialysis; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; Hb, hemoglobin; CO2P,
carbon dioxide binding capacity; BUN, blood urine nitrogen; β2-MG, β2-microglobulin; Cre, serum creatinine; eGFR, estimated glomerular filtration rate; PTH, parathyroid hormone; rGFR,
residual glomerular filtration rate; CRP, c-reaction protein; FBG, fasting blood glucose; BNP, brain natriuretic peptide; Kt/V, urea removal index; D/P, dialysate-to-plasma creatinine; D/Do,
glucose uptake ratio. Data are expressed as mean ± SD.
ap < 0.05, vs. the CKD5 group.
bp <0.05, vs. the PD < 36 group.
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study, no significant differences in age, history of hypertension
and diabetes, primary glomerular diseases, and blood pressure
were found in the CKD5 group, the PD < 36 group, or the PD ≥
36 group. The dialysis duration of the PD < 36 group and PD ≥ 36
group was 9.00 (3.25, 18.75) and 49.50 (37.25, 70.50) months,
respectively (Table 1). The three groups were analyzed based on
the clinical laboratory tests of the serum. Compared with CKD5
group, the patients in PD < 36 group exhibited significantly
higher levels of hemoglobin (Hb) and C-reactive protein (CRP),
glomerular filtration rate (GFR), and carbon dioxide binding
capacity (CO2P) (p < 0.05) (Table 1); levels of CRP, serum
creatinine (Cre), and β2 microglobulin were further increased
in PD ≥ 36 group (p < 0.05). However, no differences in the levels
of Hb, blood urea nitrogen (BUN), and GFR were found between
the CKD5 group and PD ≥ 36 group. In addition, no differences
in the levels of serum albumin, parathyroid hormone, fasting
venous blood glucose, and BNP among the three groups were
observed (Table 1).

Compared with serum ELA levels of patients in the CKD5
group (44.92 ± 12.61 ng/ml), that of patients in the PD < 36 group
was noted to be significantly higher (66.95 ± 24.73 ng/ml) (p <
0.05), but no significant difference (47.14 ± 14.34 ng/ml) (p >
0.05) was observed in that of patients in the PD ≥ 36 group
(Figure 1A). In contrast, serum APLN levels of the patients in PD
< 36 group [717.10 (575.95, 896.38) pg/ml] were decreased
compared with that in the CKD5 group [1,042.84 (927.02,
1,164.62) pg/ml], but there were no similar differences
between the CKD5 group and PD ≥ 36 group [1,003.09
(890.24, 1,718.88) pg/ml] (p > 0.05) (Figure 1B). In summary,
serum ELA and APLN levels were different in PD patients at
different periods.

Dialysis Duration is the Risk Factor
Influencing Serum Elabela Levels in
Patients on Peritoneal Dialysis
To further analyze the effects of serum ELA and APLN in patients
on PD, Spearman correlation analysis was performed using the

clinical data obtained. We included the PD duration, age, and
levels of Hb, CO2P, BUN, Cre, rGFR, BNP, CRP, and serum ELA
and APLN levels for the correlation analysis. The results showed a
negative correlation of serum ELA level with dialysis duration (r =
−0.525, p < 0.05) and a positive correlation between serum ELA
level and rGFR (r = 0.322, p < 0.05). At the same time, serum
APLN level positively correlated with dialysis duration (r = 0.355,
p < 0.05) (Table 2). Multiple linear regression was not possible
because APLN positively correlated only with dialysis duration.
After PD, an irreversible loss of renal function is commonly
observed in patients. To determine the specific factors affecting
the serum ELA level in patients on PD, stepwise multiple linear
regression analysis was conducted using serum ELA
concentration as the dependent variable. Notably, the results
revealed that dialysis duration was the major risk factor
affecting serum ELA levels in patients on PD (r = −0.412, p <
0.05) (Table 3).

ELA-32 Reduces TGF-β1-Induced
Epithelial-Mesenchymal Transition of
Human Peritoneal Mesothelial Cells
PMCs are one of the main components of the peritoneal tissue
(Selgas et al., 2006). To determine whether ELA-32 holds
significance in PD when added to the peritoneal dialysate, we
established the EMT model using TGF-β1 (10 ng/ml) and treated
the HPMCs with ELA-32 (10 μM). After 24 h, we discovered that
compared with untreated cells (control group), the TGF-β1-
group HPMCs lost their pebble-like appearance and became
elongated spindles. Notably, ELA-32 treatment reduced the
proportion of spindle cells, suggesting that the combined
treatment with ELA-32 and TGF-β1 can inhibit the
morphological changes induced by the previous TGF-β1
treatment (Figure 2A). Based on the Western blot assay, the
TGF-β1 treatment significantly upregulated the expression of
mesenchymal cell markers α-SMA, fibronectin, and vimentin and
downregulated the expression of the epithelial cell marker
E-cadherin. However, the combined treatment with ELA-32

FIGURE 1 | (A) The level of serum ELA in different groups; (B) The level of serum Apelin in different groups.
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and TGF-β1 significantly inhibited the expression of
mesenchymal protein markers and restored the expression of
E-cadherin (Figure 2B). To further confirm the anti-EMT effect
of ELA-32, immunofluorescence staining was performed using
E-cadherin, α-SMA, and fibronectin. Compared with the control
group, the intracellular distribution of α-SMA and fibronectin in
the TGF-β1 group increased, when observed under confocal
fluorescence microscope, while the content of the protein
E-cadherin decreased in the cell membrane; however, after
ELA-32 treatment, the expression of the three markers were
restored (Figure 2C). Taken together, these results suggest
that ELA-32 inhibited HMrSv5 EMT induced by TGF-β1.

ELA-32 Attenuates the TGF-β1-Induced
Migration of Human Peritoneal Mesothelial
Cells
In addition to the recovery of EMT marker expression, ELA-32
treatment also inhibited the TGF-β1-induced increase in
migration capacity of the HPMCs. In wound healing assays
and Transwell assays, the migration and invasion abilities of
HMPCs were increased after administering TGF-β1 (10 ng/ml)
but were attenuated on administering ELA-32 (10 μM)

(Figure 3). These data suggest that ELA-32 effectively
inhibited EMT progress.

ELA-32 Inhibits the TGF-β1-Induced
Activation of the SMAD/ERK1/2/AKT
Pathway
As the activation of the TGF-β/SMAD pathway is the main cause of
PF (Balzer, 2020), we investigated the total SMAD2/3 content and its
phosphorylation level in the HPMCs after TGF-β1 treatment to
elucidate the mechanism underlying the ELA-32 mediated
inhibition of EMT. After TGF-β1 stimulation of HPMCs for 24 h,
phosphorylation of SMAD2/3 was increased in the TGF-β1 group,
while that of SMAD2/3 was attenuated in the TGF-β1 + ELA group
(Figure 4). ELAplays a protective rolemainly by activating the ERK1/
2 andAKT pathways (Chapman et al., 2021). However, the activation
of theAKT andERK1/2 pathways promotes EMTofHPMCs (Balzer,
2020). Therefore, we examinedwhether ELA-32 treatment influenced
the ERK1/2 and AKT pathways. Interestingly, TGF-β1 treatment
enhanced the phosphorylation levels of ERK1/2 andAKT inHPMCs,
but these levels decreased after the addition of ELA-32 (Figure 4).
These findings indicate that ELA-32 could reduce TGF-β1-induced
EMT by suppressing SAMD/ERK/AKT pathway in HPMCs.

TABLE 2 | R-values and p-values of correlations among the study variables.

ELA Apelin PD duration Age Hb CO2P BUN Cre rGFR BNP

Apelin −0.193
0.139

PD −0.525 0.355
Duration <0.001 0.005
Age −0.001 0.069 0.087

0.996 0.602 0.509
Hb 0.148 −0.019 −0.249 −0.059

0.261 0.886 0.055 0.655
CO2P −0.010 0.198 0.032 −0.263 0.116

0.941 0.129 0.808 0.042 0.379
BUN 0.013 −0.078 0.120 0.157 −0.183 −0.028

0.920 0.552 0.361 0.232 0.162 0.830
Cre −0.286 0.003 0.407 0.004 −0.345 0.041 0.500

0.027 0.984 0.001 0.977 0.007 0.754 <0.001
rGFR 0.322 −0.173 −0.622 −0.048 0.352 −0.036 −0.223 −0.755

0.012 0.187 <0.001 0.715 0.006 0.786 0.086 <0.001
BNP −0.129 −0.006 0.033 0.187 −0.327 0.004 0.128 −0.022 −0.061

0.327 0.967 0.802 0.153 0.011 0.978 0.330 0.867 0.643
CRP 0.070 0.037 −0.051 −0.050 −0.161 −0.152 −0.042 0.126 −0.258 0.240

0.593 0.781 0.699 0.706 0.219 0.248 0.750 0.336 0.047 0.062

ELA, elabela; Hb, hemoglobin; PD, peritoneal dialysis; CO2P, carbon dioxide combining power; BUN, blood urine nitrogen; Cre, serum creatinine; rGFR, residual glomerular filtration rate;
BNP, brain natriuretic peptide; CRP, c-reaction protein. The first row for each variable represents the r value, and the second row represents the p value.

TABLE 3 | Stepwise multiple linear regression analysis of ELA.

Variables Partial regression
coefficient

SE Standard partial
regression coefficient

t p 95% CI
of partial

regression coefficient

Constant 70.985 4.000 17.744 0.001 (62.977, 78.993)
PD duration −0.412 0.112 −0.436 −3.687 0.001 (−0.636, −0.188)

ELA, elabela; SE, standard error; CI, confidence interval. Multiple R-squared: 0.190; adjusted R-squared: 0.176.
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FIGURE 2 | The role of ELA in TGF-β1-induced EMT in HMrSv5. HMrSv5 was divided into four groups according to different treatments: 1) Control group where
cells were cultured with DMEMmedium containing 10% FBS after 24 h of synchronization; 2) ELA group where cells were treated with ELA-32 (10 μM) for 24 h; 3) TGF-
β1 group where cells were treated with TGF-β1 (10 ng/ml) for 24 h; and TGF-β1+ELA group where cells were co-treated with TGF-β1 (10 ng/ml) and ELA-32 (10 μM) for
24 h. Notes (A) Light microscope was used to observe the morphological changes of human peritoneal mesenchymal cells. (B) The expression of E-cadherin, α-
SMA, fibronectin, and vimentin proteins were detected by Western blotting. The experiments were repeated five times. (C) The E-cadherin, α-SMA, Fibronectin were
observed by immunofluorescence; cell nuclei were stained with DAPI (blue fluorescence) (scale bar = 50 μm). In HMrSv5, E-cadherin is a green fluorescence located in
the cell membrane, α-SMA, fibronectin is a green fluorescence distributed in the cytoplasm. Data are expressed as mean ± SD, **p < 0.05 vs. control group; ##p < 0.05
vs. TGF-β1 group. Abbreviations: ELA, elabela; TGF-β1, transforming growth factor-β1.
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DISCUSSION

In this study, we discovered that serum ELA levels increased and
serum APLN levels decreased in patients with CKD5 entering the
early stage of PD. With the extension of dialysis duration, serum
ELA level decreased to the pre-dialysis level, whereas the serum
APLN level increased to the pre-dialysis level. Notably, the major
risk factor affecting the serum ELA levels in patients undergoing
PD was dialysis duration. In addition, serum APLN level positively
correlated with dialysis duration. Based on our in vitro
experimental findings, we found that ELA-32 attenuates the
TGF-β1-induced EMT of HPMCs by inhibiting the activation
of the TGF-β/SAMD/ERK and AKT pathways (Figure 5).

In the circulatory system, ELA dilates the blood vessels, lowers
blood pressure, alters renal blood flow, and increases diuresis (Hus-
Citharel et al., 2008;Murza et al., 2016). Since ELA is distributed in the
kidney and vascular endothelium in adults, the main factors affecting
serum ELA levels are circulatory and renal system diseases. During
acutemyocardial infarction, compared with healthy people, the serum
ELA level of patients showed an acute increase, and it positively
correlated with myocardial injury markers troponin I and NT-pro
BNP (Dönmez and Acele, 2019). In patients with stable angina
pectoris and atrial fibrillation in stable disease, ELA levels will be
reduced (Cui et al., 2021; Diakowska et al., 2021). Further, compared
with healthy people, serum ELA is lower in patients with diabetic
nephropathy (Onalan et al., 2020). In patients with CKD, the serum

ELA level gradually decreases with the reduced GFR level, with the
lowest values observed in patients with CKD5 (Lu et al., 2020). In our
study, we used rGFR to evaluate the residual renal function in patients
on PD in comparison with that in patients with CKD5. Our results
suggest that after entering the early stage of PD, the serum ELA levels
increased in patients with CKD5, corroborating previous results (Lu
et al., 2020). Early PD treatment improves residual renal function in
some patients with CKD5 (Kuo et al., 2022). We speculate that after
patients with CKD5 enter the early stage of PD, the anemia and
acidosis of the body will improve to a certain extent, which may
promote the transient increase of ELA in the circulatory system. The
decrease in peritoneal function leads to the accumulation of uremic
toxins in the body, which is accompanied by the continuous
aggravation of vascular endothelial damage, which may also lead to
the reduction of ELA levels.However, the serumconcentration of ELA
in patients suggested that with the extension of PD treatment time,
patients with PD will lose the protective effect of ELA on the body.

In patients with CKD, the distribution of serum APLN is
controversial. Lu et al. (2020) indicated that there is no difference
in the serum APLN levels between healthy people and patients
with CKD at stages 1–5 without renal replacement therapy. In
another study, non-diabetic patients on hemodialysis (HD) had
lower serum APLN levels than healthy individuals (Małyszko
et al., 2006). On the contrary, the detection of serum APLN level
in patients on HD and PD indicated that the level of APLN was
higher than that in the normal population (Büyükbakkal et al.,

FIGURE 3 | Effects of ELA-32 on TGF-β1-induced migration of HMrSv5. HMrSv5 was divided into four groups according to different treatments: 1) Control group
where cells were cultured with DMEMmedium containing 10% FBS after 24 h of synchronization; 2) ELA group where cells were treated with ELA-32 (10 μM) for 24 h; 3)
TGF-β1 group where cells were treated with TGF-β1 (10 ng/ml) for 24 h; and TGF-β1+ELA group where cells were co-treated with TGF-β1 (10 ng/ml) and ELA-32
(10 μM) for 24 h. Wound healing (A) and Transwell (B) was observed under optical microscope (scale bar = 50 μm). ImageJ software was used for data statistical
analysis. The experiments were repeated four times. Data are expressed as mean ± SD, **p < 0.05 vs. control group; ##p < 0.05 vs. TGF-β1 group. Abbreviations: ELA,
elabela; TGF-β1, transforming growth factor-β1.
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2015; Dogan et al., 2018). The latest detection of serum APLN
levels in patients with PD also indicated that APLN levels in this set
of patients were higher than those in the normal population
(Karaer Büberci et al., 2022). APLN is mainly catabolized by the
angiotensin converting enzyme 2. The increase in APLN levels in
patients with CKDmay be caused by the decrease in the expression
of angiotensin converting enzyme 2 due to the uremic
microenvironment in patients with CKD that leads to decreased
APLN degradation (Wang et al., 2016). The exact role of APLN in
EMT is unknown. However, the relationship between APLN and
inflammation, which is known to promote EMT (Li et al., 2014),
has been studied. Some scholars suggested that APLN can evaluate
inflammation and prevent the occurrence of atherosclerotic
cardiovascular disease in patients undergoing both PD and HD
(Dogan et al., 2018; Trojanowicz et al., 2020; Karaer Büberci et al.,
2022). However, some studies have also indicated that APLN
induces the expression of inflammatory factors MCP-1, VCAM-
1, and ICAM-1 in human umbilical vein endothelial cells by
activating the NF-kB/JNK signaling pathway (Trojanowicz et al.,
2020). In addition, Sumi et al. (2021) found a weak negative
correlation between serum APLN level and dialysis duration,
leading them to speculate that APLN promotes peritoneal
vascular proliferation. However, in our experiment, the serum
APLN levels positively correlated with dialysis duration in patients
on PD, contrary to the findings of Sumi et al. (2021). Furthermore,

the other factors involved still remain unclear. Therefore, more
studies are needed to clarify the role of APLN in EMT.

As the key cytokine-promoting PD-associated PF, TGF-β plays
an important role in promoting fibrosis through the classical
SMAD2/3 and non-classical ERK1/2 and AKT pathways (Balzer,
2020). First, we chose to use TGF-β1 to establish an EMT model of
HPMCs, and then administered ELA-32 (10 μM) treatment. Our
results found that ELA-32 could treat TGF-β1-induced EMT of
HPMCs from the aspects of morphology and protein expression.
The ELA-mediated activation of the PI3K/AKT pathway produces
protective effects in kidney disease (Dagamajalu et al., 2022).
However, the activation of this pathway promotes the occurrence
of PF in the peritoneal tissues of patients on PD.Notably, our in vitro
results showed that it did not have a significant effect on activating
ERK1/2 and AKT in HPMCs in the ELA-32 treated group. On the
contrary, ELA-32 could reduce TGF-β1-induced EMT by
suppressing the SAMD/ERK/AKT pathway in HPMCs. Hence,
we suggested that ELA-32 may be added as a protective peptide
to peritoneal dialysate during PD; when absorbed into the blood
through the peritoneum, it may improve the state of ELA deficiency
in late PD. ELA-32 may be a potential therapeutic target for future
studies on the prevention and treatment of PD-related PF.

However, the current study had some limitations. First, due to the
small sample size, the results were limited, which mandates further
studies with a large sample size. Second, other factors that influence

FIGURE 4 | Effects of ELA on TGF-β1-induced activation of the SMAD/ERK/AKT Pathway. HMrSv5 was divided into four groups according to different treatments:
1) Control group where cells were cultured with DMEM medium containing 10% FBS after 24 h of synchronization; 2) ELA group where cells were treated with ELA-32
(10 μM) for 24 h; 3) TGF-β1 group where cells were treated with TGF-β1 (10 ng/ml) for 24 h; and TGF-β1+ELA group where cells were co-treated with TGF-β1 (10 ng/ml)
and ELA-32 (10 μM) for 24 h. After stimulate for 24 h, the expression of p-SMAD2/3, p-ERK1/2, and p-AKT were detected by Western blotting. Four independent
experiments were carried out in each group. Data are expressed as mean ± SD, **p < 0.05 vs. control group; ##p < 0.05 vs. TGF-β1 group. Abbreviations: ELA, elabela;
TGF-β1, transforming growth factor-β1.
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the serum levels of ELA and APLN in patients on PD need to be
further explored. Third, we mainly detected the serum levels of ELA
and APLN in patients without assessing whether ELA and APLN
were expressed in the dialysate effluent and peritoneal tissue of
patients on PD during different dialysis time periods and whether
the two were consistent with the serological test results. Finally, the
effect of ELA-32 in inhibiting the EMT of HMPCs was observed
in vitro; further in vivo experiments are necessary to verify the results.

In conclusion, our findings demonstrated that the serum ELA
level decreased in patients receiving PD after prolonged dialysis
time. Furthermore, ELA-32 effectively inhibited the TGF-β1-
induced EMT of HPMCs by inhibiting the TGF-β/SMAD/ERK
and AKT signaling pathways.
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FIGURE 5 | Signaling pathway diagram of ELA inhibiting EMT in HMrSv5.
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Background: Peritoneal dialysis (PD) is a renal replacement technique that

requires repeated exposure of the peritoneum to hyperosmolar PD fluids

(PDFs). Unfortunately, it promotes alterations of the peritoneal membrane

(PM) that affects its functionality, including mesothelial-mesenchymal

transition (MMT) of mesothelial cells (MCs), inflammation, angiogenesis, and

fibrosis. Glucose is the most used osmotic agent, but it is known to be at least

partially responsible, together with its degradation products (GDP), for those

changes. Therefore, there is a need for more biocompatible osmotic agents to

better maintain the PM. Herein we evaluated the biocompatibility of Steviol

glycosides (SG)-based fluids.

Methods: The ultrafiltration and transport capacities of SG-containing and

glucose-based fluids were analyzed using artificial membranes and an in

vivo mouse model, respectively. To investigate the biocompatibility of the

fluids, Met-5A and human omental peritoneal MCs (HOMCs) were exposed

in vitro to different types of glucose-based PDFs (conventional 4.25% glucose

solution with high-GDP level and biocompatible 2.3% glucose solution with

low-GDP level), SG-based fluids or treated with TGF-β1. Mice submitted to

surgery of intraperitoneal catheter insertion were treated for 40 days with SG-

or glucose-based fluids. Peritoneal tissues were collected to determine

thickness, MMT, angiogenesis, as well as peritoneal washings to analyze

inflammation.

Results: Dialysis membrane experiments demonstrated that SG-based fluids

at 1.5%, 1%, and 0.75% had a similar trend in weight gain, based on curve

slope, as glucose-based fluids. Analyzing transport capacity in vivo, 1% and

0.75% SG-based fluid-exposed nephrectomized mice extracted a similar

amount of urea as the glucose 2.3% group. In vitro, PDF with high-glucose

(4.25%) and high-GDP content induced mesenchymal markers and

angiogenic factors (Snail1, Fibronectin, VEGF-A, FGF-2) and

downregulates the epithelial marker E-Cadherin. In contrast, exposition
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to low-glucose-based fluids with low-GDP content or SG-based fluids

showed higher viability and had less MMT. In vivo, SG-based fluids

preserved MC monolayer, induced less PM thickness, angiogenesis,

leukocyte infiltration, inflammatory cytokines release, and MMT compared

with glucose-based fluids.

Conclusion: SG showed better biocompatibility as an osmotic agent than

glucose in vitro and in vivo, therefore, it could alternatively substitute

glucose in PDF.

KEYWORDS

biocompatibility, dialysis solutions, fibrosis, osmotic agents, peritoneal dialysis (PD),
chronic inflammation

Introduction

Peritoneal dialysis (PD) is a well-established kidney

replacement therapy that allows the elimination of toxic

metabolic products and excess water from the body,

through a process known as ultrafiltration (UF). However,

continuous exposure to PD fluids (PDFs) triggers a series of

processes associated with the appearance of morphological

and functional alterations in the peritoneal membrane (PM),

leading to the development of fibrosis, angiogenesis,

hyalinizing vasculopathy, and a deterioration of the

membrane UF capacity (Krediet, 1999). These alterations

are attributed to the lack of biocompatibility of PDFs, which

generally use glucose as an osmotic agent. In addition, heat

sterilization of glucose-based PDFs generates glucose

degradation products (GDP) (Welten et al., 2003), which

in turn raises the formation of advanced glycation end-

products (AGEs). AGEs, together with GDP, promote the

synthesis of cytokines related to inflammation, fibrosis,

vascular alterations, and angiogenesis, driving UF failure

(Qayyum et al., 2015).

Moreover, PDFs cause damage to the mesothelial cells (MCs)

monolayer that lines the whole PM and is in direct contact with

the PDFs. As a consequence of these damages, MCs undergo a

process called mesothelial-mesenchymal transition (MMT).

MMT is a normal tissue repair process by which cells acquire

the ability to migrate, invade the submesothelial stroma and

synthesize large amounts of extracellular matrix as well as

inflammatory and angiogenic factors (Yáñez-Mó et al., 2003;

López-Cabrera, 2014). PDF exposure leads to tissue damage and

consequently generates inflammation, inducing pathological

MMT that plays a key role in the peritoneal injury. Bio-

incompatible PDFs also alter the peritoneal leukocytes

population, which constitutes the first line of defense against

peritoneal infection (McIntyre, 2007; García-López et al., 2012).

The repeated metabolic and biomechanical damages arising from

serial PDF exposures lead to smoldering inflammation and

reduced host defense in the peritoneal cavity (Jörres et al.,

1992; Brulez et al., 1999; Devuyst et al., 2002; Mackenzie

et al., 2003; Schilte et al., 2009). The interplay of PDF

cytotoxicity and intermittent bacterial infections contribute to

clinical complications of PD therapy, such as UF failure and

peritonitis (Davies et al., 1998).

During the last decades, new and more biocompatible

PDFs have been developed to correct the problems

associated with PD by using either different osmotic agents

such as icodextrin or amino acids, or other sterilization

techniques to avoid the generation of GDP or more

physiological pH. However, a definitive solution has not

been found yet. Glucose is still the most widely used agent

since other commercialized substitutes (icodextrin and

aminoacids) can only be used in one exchange per day, so

it is mandatory to use glucose in the rest of the exchanges. The

constant use of a high amount of glucose not only causes local

problems in the peritoneum but also systemic alterations, such

as diabetes, dyslipidemia, hydrocarbon intolerance (Delarue

and Maingourd, 2001), and cardiovascular disease (Balafa and

Krediet, 2012). Meta-analyses revealed no significant

improvement of newer varieties of biocompatible PDFs on

peritonitis rate or PM function (Cho et al., 2013, 2014).

Therefore, the greatest challenge since the development of

PD as a treatment for chronic kidney disease (CKD) is to find a

definitive alternative to glucose.

Stevia rebaudiana is a plant that is used as a sweetener

(Goyal et al., 2010). The leaves of stevia rebaudiana contain

Steviol glycosides (SG) which are active compounds

responsible for their sweet taste. Many plant-based

glycosides are used as medicines. Beyond sweetening

value, SG have therapeutic effects against cancer,

inflammation, cystic fibrosis, obesity, and dental caries

(López et al., 2016; Momtazi-Borojeni et al., 2017; Ramos-

Tovar et al., 2018; Casas-Grajales et al., 2019). Another aspect

that makes it even more attractive is that it acts as an

antioxidant (Bender et al., 2015), anti-hypertensive (Hsieh

et al., 2003), anti-diabetic, improving hydrocarbon resistance

(Mohd-Radzman et al., 2013; Periche et al., 2015), and

protects against kidney damage (Ozbayer et al., 2011;

Shivanna et al., 2013). Hypertension, hydrocarbon
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intolerance, and a pro-oxidative environment frequently

accompany central obesity, being cardiovascular risk

factors commonly found in uremia (a syndrome caused by

the accumulation of toxic products in the blood that the

kidneys are not able to eliminate) (Podkowińska and

Formanowicz, 2020), therefore SG properties could help to

control these illnesses.

An optimal osmotic agent for PD should have some

specific characteristics, such as a molecular weight (MW)

that permits using it in several exchanges per day, an osmotic

and UF capacity, no absorption, no interference with tissue

repair ability nor immunocompetence, and no toxicity

(Khanna et al., 1986). This is important as part of it can

be absorbed or degraded, thus constituting an additional

problem (Lee et al., 2005). Moreover, it has been determined

that an ideal osmotic agent should weigh around 1 kDa

(Rippe and CarlssOn, 1996). According to this

background, we selected a pure stevia extract composed of

SG (≥ 95%), which contains Rebaudioside A as the main

compound (62.6%) and Stevioside (21.3%) to be tested as an

osmotic agent for PDFs. The components of the stevia extract

do not contain glucose and have MW ranging from 950 to

1,050 Da.

Materials and methods

Peritoneal dialysis fluids

A mixture of SG (≥95%) that contains Rebaudioside A

(62.6%) and Stevioside (21.3%) was bought from AgriStevia

(SG95RA60, Spain). The total composition and theoretical

osmolarity of SG extract are indicated in the Supplementary

Figure SA,B. SG solutions were prepared at different

concentrations (0.75%: pH = 6.29; 1%: pH = 6.24, 1.5%:

pH = 6.17) in a lactate buffer that contains: 1.25 mmol/L

calcium, 134 mmol/L sodium, 0.5 mmol/L magnesium,

100.5 mmol/L chloride, 25 mmol/L lactate. SG solutions

have been heat sterilized at 121°C for 1 h for in vitro and in

vivo experiments. PDFs containing 1.5%, 2.3%, and 4.25%

dextrose (glucose monohydrate, Mass Weight 198.20 Da) are

commercially available and labeled as such in North America.

The true anhydrous dextrose or glucose concentrations (Mass

Weight 180.15 Da) in these solutions are 1.36%, 2.27%, and

3.86%, respectively, and this is how they are typically labeled

in Europe. We used American nomenclature in this work

(Daugirdas et al., 2015). A commercial standard PDF with

4.25% of glucose, pH = 5.5, and a high concentration of GDP

(Stay Safe®; Fresenius Medical Care) was used as a positive

control (named SS 4.25%), and a more biocompatible PDF

with 2.3% glucose, pH = 7.0, and low-GDP concentration

(Balance®, Fresenius Medical Care) (named Bl 2.3%) was

employed to compare its effects in vitro and in vivo with SG.

Osmotic capacity measurements

Glucose-based PDFs at 1.5%, 2.3%, and 4.25%

concentrations have been used as commercial dialysis

solutions to compare their osmotic capacity with SG solutions.

The solutions contain glucose solved in different concentrations

in a lactate matrix with the same composition as in commercial

SS 4.25% and Bl 2.3% PDFs. Glucose-based solutions have been

heat sterilized at 121°C for 1 h. SG-based fluids were used at 1.5%,

1%, and 0.75% concentrations. pH-value of all test solutions was

adjusted to 6.4 ± 0.2 using hydrochloride acid or sodium

hydroxide before performing the experiments.

Osmotic capacity experiments were performed using dialysis

membranes (ZelluTrans/Roth V-series) with a molecular weight

cutoff 25 kDa purchased from Carl Roth. Dialysis tubing length

of 8 cm was used in all experiments. The filling volume of dialysis

tubes at the beginning of the experiments was 10 ml, closed by

two clamps, each system with a sinker and swimmer. Dialysis

tubing bags were placed in a beaker filled with 1,100 ± 0.1 g of

lactate matrix which is tempered to 37°C and the weight of each

bag was measured to determine the mass change all 30 min over a

period of 24 h. The mass increase was calculated for each

dwelling time interval. Experiments were carried out 3-times,

and the mean value with the respective standard deviation was

calculated. Determination of the concentration of the osmotic

agent was made by measuring the refraction index

(Refractometer DR 6300-T, KRÜSS Optronic). A calibration

curve was prepared for each substance, and the test solution

was measured after 24 h’ test.

The reflection coefficient of the SG mixture was calculated

using the relation between reflection coefficients (σ) of low

molecular weight solutes (urea, glycerol, glucose, sucrose) as

well as insulin, icodextrin, and albumin and their molecular

weights.

Isolation, culture, and treatments of
human omental peritoneal MCs

HOMCs were obtained from omental samples taken from

patients undergoing elective abdominal surgery as described

previously (Stylianou et al., 1990; Aroeira et al., 2005). Cells

were cultured in Earle’s M199 medium (Biological Industries,

Kibbutz Beit Haemek, Israel) supplemented with 20% fetal

bovine serum (FBS; Thermo Scientific, Cramlington,

United Kingdom), 50 U/ml penicillin, 50 μg/ml

streptomycin (PPA Laboratories GmbH, Pasching, Austria),

2% HEPES 1 M (Lonza™ BioWhittaker™), 2% Biogro-2

(Biological Industries). These cells were used and remained

stable for one to two passages.

HOMCs were incubated with glucose-based PDFs (SS

4.25%, or Bl 2.3%, Fresenius Medical Care) diluted 1:1 with

a culture medium for 48 h. In addition, HOMCs were
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incubated with SG 1% or 0.75% in the same conditions.

HOMCs were also treated with recombinant human TGF-

β1 (1 ng/ml) (R&D Systems Inc., Minneapolis, MN,

United States) to induce MMT in vitro (Aroeira et al.,

2005). The control (CTRL) group was incubated with a

lactate buffer 1:1 with a culture medium. Each experiment

was carried out in duplicate, and at least five experiments were

performed.

Culture of Met-5A and viability assay

The stable tetrazolium salt MTT is converted by active

mitochondrial dehydrogenases of living cells to MTT

Formazan. Therefore, the amount of formazan dye formed

directly correlates to the number of metabolically active cells

in the culture.

Met-5A cells were grown in a 96-well tissue culture plate

in Earle’s M199 medium (Biological Industries, Kibbutz Beit

Haemek, Israel) supplemented with 10% fetal bovine serum

(FBS; Thermo Scientific, Cramlington, United Kingdom),

50 U/ml penicillin, 50 μg/ml streptomycin (PPA

Laboratories GmbH, Pasching, Austria), 2% HEPES 1 M

(Lonza™ BioWhittaker™), 2% Biogro-2 (Biological

Industries). The cells were incubated with glucose-based

PDFs (SS 4.25%, or Bl 2.3%, Fresenius Medical Care) and

SG solutions 1% or 0.75%, as well as with TGF-beta (1 ng/ml)

and DMSO 5% as controls, diluted 1:1 with a culture medium

for 96 h. The cells were incubated subsequently with the

MTT reagent (Invitrogen, reference M6494) at 0.5 mg/ml for

4 h. Then, DMSO was added to solubilize the formazan dye

formed and it was quantitated with a scanning multi-well

spectrophotometer at 570 nm (ClarioStar Plus reader). The

measured absorbance directly correlates to the number of

viable cells.

Real-time qPCR

Cell lysis and RNA extraction were done using TRI

Reagent® Solution (Ambion, Austin, TX) according to the

manufacturer’s instructions. cDNA for RT-qPCR was

generated from 1 μg total RNA using the High Capacity

cDNA Reverse Transcription Kit (Applied Biosystems,

Foster City, CA, United States). Quantitative PCR was

carried out on a LightCycler 480 using a SYBR Green

labeling kit (Roche, Mannheim, Germany) and specific

primers sets for human histone H3, Snail1, Fibronectin,

VEGF-A and E-Cadherin. The data were analyzed by

using the comparative Ct method (ΔΔCt). The x-fold

change in RNA expression was quantified relative to

control samples from the same experiment. Samples were

normalized with respect to the value obtained for H3.

FGF-2 and VEGF-A detection in
supernatants

The supernatants were collected and stored at −80°C. The

secreted Fibroblast Growth Factor 2 (FGF-2) and VEGF-A by

HOMCs were determined using a simplex kit (EPX01A-12074-

901, EPX01A-10277-901, Invitrogen) by Luminex 100 technology.

Animals

Female C57BL/6JRccHsd mice, from 18 weeks of age, were

purchased from ENVIGO (Barcelona, Spain) and maintained in

conventional conditions at the CBMSO animal facilities. All

animal procedures were approved by the ethics committee of

the CSIC, authorized by the Comunidad Autónoma de Madrid

according to RD 53/2013, with affiliation number PROEX 273/19,

and conducted in accordance with the institutional guidelines that

comply with the Directive of the European Parliament and of the

Council on the Protection of Animals Used for Scientific Purposes.

Urea removal capacity and surgery

For urea removal capacity analysis, mice were submitted for

surgery to induce uremia (González-Mateo et al., 2018). Briefly, 5/

6 nephrectomy was performed under isoflurane anesthesia (4% for

induction and 2%–3% for maintenance); 0.05–0.1 mg/kg

buprenorphine (Temgesic) was injected intramuscularly 15–30min

preoperatively, and eye drops were given. The animal was shaved in

the abdomen, and it was placed on a heating pad. An incision of

approximately 0.5 cm in the skin was performed, on the right side,

close to the ribs, to have direct access to the right kidney. A small

incision was opened in the muscle to take the right kidney out of the

peritoneum, removing the capsule and the adrenal gland. At this

point, the kidney could be easily positioned on top of the peritoneum

and was placed on a wound pad. A total ligation with insoluble suture

was applied that included the kidney vein, artery, and urethra. After

the ligation, the right kidney was totally removed from the body. After

1 week of recovery, the left kidney was also removed from the

abdominal cavity following the same procedure and released from

the capsule. The anterior one-third and posterior one-third parts of

the kidney were impaired by using a monopolar electric blade. The

remaining functional one-third of the left kidney is placed back into its

original position in the abdominal cavity. To allow the mice to fully

recover, transport analyses were performed 2 weeks after surgery.

The mice were euthanized 10, 40, and 60 min after receiving

2 ml of each tested fluid (Bl 2.3%, SG 1%, and SG 0.75%, n = 4 or

5 per group), and the total peritoneal volume was drained and

urea concentration was measured. To confirm uremia, a volume

of 200–400 μl blood was drawn via facial vein puncture 2 days

before the surgery and at the end point, analyzing serum samples

for urea levels (Ab83362; Abcam).
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PD fluid exposure and surgery

Catheter implantation was performed as previously described

(Aroeira et al., 2009; González-Mateo et al., 2018). The control

group received physiologic saline (605,137.5, Grifols, n = 5 per

group). The glucose-based PDF groups received a commercial

solution with high glucose and high-GDP concentration or low

glucose and low-GDP concentration (PDF-4.25% glucose; pH 5.5;

Stay Safe®; and PDF-2.3% glucose, pH 7.0; Balance®, respectively,
from Fresenius Medical Care) (n = 6 per group). The SG groups

received SG at 1% and 0.75% concentrations diluted a lactate

buffer (n = 6 per group). All mice received 2 ml of the solution

corresponding to their treatment group, twice a day through the

catheter, for 40 days. Before starting the 40 days-treatment,

animals were injected with increasing concentrations of the

corresponding fluid, starting at a 5 times-diluted concentration

and increasing proportionally every 3 days for 12 days until the

final concentration was reached for each group. This methodology

was designed in order to avoid possible undesirable reactions due

to a high-concentrated initial exposition, as we have previously

observed that animals need to gradually adapt to SG

intraperitoneal (i.p.) exposition.

Cytokines detection in peritoneal
washings

Peritoneal washings were collected at the end of the experiment,

stored at −80°C, and analyzed by Luminex 100 technology using

simplex kits for IL-6 (EPX01A-20603-901, Invitrogen), IL-22

(EPX01A-26022-901, Invitrogen), IL-1β (EPX01A-26002-901,

Invitrogen), TNF-α (EPX01A-20607-90, Invitrogen), IL-17

(EPX01A-26001-901, Invitrogen).

FACS analyses

Cell suspensions obtained from peritoneal washing were

counted with a Scepter handheld automatic cell counter

(Millipore) and stained with fluorochrome-conjugated

mouse-specific antibodies against CD3, CD4, CD8α,
CD11b, Ly6G, F4/80 (BD Biosciences Pharmingen, San

Diego, CA, United States) following manufacturer’s

instructions. Samples were analyzed in a BD FACS Canto

II (BD Biosciences, San Jose, CA) flow cytometer, and data

analyses were performed using FlowJo software.

Histological analyses

Parietal peritoneal biopsies were collected from the opposite side

of the catheter installation. For thickness analyses, biopsies were

fixed in Bouin solution, embedded in paraffin, cut into 5 μm

sections, and stained with Trichrome Stain (Masson) kit (HT15,

Sigma-Aldrich, United States). PM thickness of submesothelial

tissue was determined by blinded microscope analysis using a

metric ocular. The peritoneal thickness in each mouse was

calculated by the median of measurements taken every 50 μm

from one extreme to the other of the biopsy. The result was used

to calculate the group thickness.

For immunofluorescence staining, biopsies of mice were

frozen in optimal cutting temperature (OCT) compound and

cut into 5 μm sections. To identify the mesothelial cells, we used a

mouse anti-cytokeratin (CK) 8/18 (clone 5D3; Novocastra,

Newcastle, United Kingdom), which was stained with anti-

IgG1–specific Zenon Fab Fragments (Zenon Alexa Fluor 555,

Invitrogen) according to the manufacturer’s instructions. The

CD45+ cells were identified using a rat anti-mouse CD45+ (Clone

16A; Biotin Rat Anti-Mouse CD45RB, BD Biosciences) and

stained with goat anti-rat antibody (Alexa Fluor 488, A11006,

Invitrogen). Fibroblastoid cells were marked with rabbit anti-

mouse FSP-1 (Polyclonal Rabbit Anti-Human S100A4, Dako,

Denmark) and stained with goat anti-rabbit antibody (Alexa

Fluor 647, A31573, Invitrogen). The nuclei were stained with

DAPI (268,298, MERCK). The images were made with a confocal

microscope (Laser Scanning Confocal Microscope

LSM710 ZEISS).

For immunohistochemistry staining, biopsies were fixed

in paraformaldehyde, embedded in paraffin, and cut into

3 µm sections. After paraffin removal with xylol treatment,

samples were heated to expose any masked antigens using a

Real Target Retrieval Solution containing citrate buffer

(pH 6.0, Dako). Samples were pre-treated with Real

Peroxidase-Blocking Solution (Dako) to block the

endogenous peroxidase. Tissue sections were stained with

anti-von Willebrand factor (VWF) (ab6994, Abcam) and

counterstained with nuclear hematoxylin. Positive staining

was counted and expressed as the mean of 10 independent

counts for each animal, quantified at 20x using the analysis

program Image-J 1.53 g (National Institute of Health,

United States).

The analyses of these staining were done completely

blinded, associating a number to each sample that could

not be related to the type of treatment.

Rebaudioside A degradation and
reabsorption analyses

Since Rebaudioside A is the most abundant compound

(62.6%) present in the SG extract, a solution containing

Rebaudioside A at 1% was analyzed before and after 40 min

of its injection (2 ml) to two C57BL/6JRccHsd mice not

submitted to any treatment. The analysis was carried out

using HPLC equipment coupled to Q Exacmemtive hybrid

quadrupole-orbitrap mass spectrometer (MS) from Thermo
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Scientific (Waltham, Massachusetts, United States) with

electrospray ionization (ESI) interface in negative mode. For

chromatographic separation, an omega Polar C18 column

(100 mm × 2.1 mm, particle size 3 µm) from Phenomenex,

Madrid, Spain. The mobile phases and separation gradient

were used at a flow rate of 0.4 ml/min. Ultrapure water with

0.1% (v/v) of formic acid (solvent A) and ACN with 0.1% (v/v) of

formic acid (solvent B), applying a gradient from 0 % to 100% B

during 15 min and 100% B were maintained for 2 min and the

post-run equilibration time was 5 min. The temperature of the

columns was kept at 40°C and the injection volume was 20 µl. MS

analyses were performed using the full scan mode of

200–3,000 m/z.

Statistical analyses

All statistical analyses were carried out with GraphPad

Prism 8 (GraphPad Software, La Jolla, CA). Comparisons

between the groups were performed using the unpaired

t test or the nonparametric Mann-Whitney U test. The

means of the experimental groups were compared by using

one-way ANOVA. p values < 0.05 were considered significant.

Results

Steviol glycosides solutions showed
ultrafiltration and transport capacities
in vitro

The dialysis tubing bags containing different solutions were

placed in a beaker filled with electrolytes (Na+, Mg2+, Ca2+, Cl−) in a

lactate buffer and the mass change using artificial membranes was

measured up to 24 h. Then, the weight increase (g) of each bag was

calculated. SG-based fluids demonstrated a maintained and

prolonged weight increase similar to glucose-based fluids, as

indicated by the trend of their curves (Figure 1A).

FIGURE 1
Trend curves of glucose and SG-based solutions and total urea measured in effluents. (A) Weight change curves of glucose 4.25%, 2.3%, and
1.5%, and SG solutions at 1.5%, 1%, and 0.75% measured at different time points using artificial membranes. Data are represented as mean ± SD of
three independent experiments. (B) Total ureameasured in drained effluents and extracted after 10, 40, and 60 min of dwell. Data are represented as
median, maximum,minimum and the first and third quartiles. The analysis of variance results in a non-significant (NS) p-value (two-way ANOVA
test).
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Calculated crystalloid pressures exerted by SGs at the employed

concentrations resulted isotonic to the blood, but the averageMWof

SG (905.50 Da) resulted in a value of 0.3183 for the reflection

coefficient (σ), demonstrating that this compound has colloidal/

oncotic osmotic capacity. (Supplementary Figure SC). Results in vivo

indicated that SG 1% and 0.75% extracted urea from the blood to the

peritoneal cavity in a similar-manner as Bl 2.3% after 10, 40, and

60 min (Figure 1B).

Steviol glycosides has less impact on
mesothelial cells alterations in vitro

Sub-confluents HOMCs cultures were exposed for 48 h to

glucose-based PDFs (SS 4.25%, as a positive control, or Bl 2.3%)

and SG-based fluids (1% and 0.75%). The control group was

incubated with a lactate buffer diluted one-half with a culture

medium. MCs were lysed and RNA extracted for analysis by RT-

qPCR. Exposure of HOMCs to SS 4.25% resulted in cell death and in

changed morphology, becoming elongated after 48 h (Figure 2A).

The morphology of HOMCs incubated with Bl 2.3% was slightly

changed, which was confirmed by the measurement of levels of

standard epithelial and mesenchymal markers by RT-qPCR.

Glucose-based PDFs significantly upregulate the expression of

Snail1, VEGF-A, and Fibronectin, whereas SG did not show

regulation of these markers (Figure 2B). Angiogenic factors FGF-

2 and VEGF-A were mainly affected by glucose treatment

(Figure 2C). In addition, the expression of E-Cadherin was

preserved with SG and Bl 2.3% fluids, while SS 4.25% showed a

tendency to decrease this epithelial marker (Figure 2B). In

agreement with these results, incubation of Met-5A cell line with

Bl 2.3% or SG-based fluids did not have an effect on cellular viability,

FIGURE 2
Effect of PDFs on HOMCs. (A) Effects of lactate buffer (CTRL), TGF-β1 (1 ng/ml), and different PD solutions (glucose and SG-based) on HOMCs
morphology at 48 h. Pictures are representative of five independent experiments. (B)mRNA levels of different MMTmarkers analyzed by quantitative
RT–qPCR. The results represent the relative expression of Snail1, VEGF-A, Fibronectin (FN), and E-Cadherin. The data are depicted as a mean ± SEM
of five independent experiments. The analysis of variance results in a p-value = 0.0028; 0.0044; 0.0011 and NS respectively (one-way ANOVA
test). (C) VEGF-A and FGF-2 concentration in supernatants analyzed by Luminex 100 (p-value = 0.0009 and 0.0154 respectively, one-way ANOVA).
(D) Cellular viability of Met-5A incubated with DMSO 5%, TGF-β1 (1 ng/ml), lactate buffer, glucose, and SG-based solutions. The analysis of variance
results in a p-value = 0.01 (one-way ANOVA test). Symbols show statistical differences between groups analyzed by the unpaired t test.
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whereas incubation with SS 4.25 significantly reduced the cellular

viability (Figure 2D).

Steviol glycosides-based PD fluids did not
induce significant mesothelial-
mesenchymal transition, fibrosis,
inflammatory response, or angiogenesis at
the peritoneal tissue in vivo

The mice were treated with glucose-based and SG-based

fluids (2 ml twice per day) for 40 days and the thickness of

the PM was evaluated. Masson’s trichrome staining of the

peritoneal biopsies showed that SG groups had less

submesothelial matrix deposition and cell infiltration than

glucose-based PDFs (Figure 3A). Morphometric analysis

showed that glucose-based PDFs had thicker PMs as

compared with SG groups (Figure 3B).

In addition, the number of blood vessels in the

submesothelial zone was counted. It was observed that the

blood vessels increased in glucose-based PDFs and were not

significantly affected in SG groups as compared with control

mice (Figure 3C).

Immunofluorescence analysis of peritoneal tissues showed

that SS 4.25% induced high recruitment of CD45+ cells (green) in

the submesothelial zone and that the MCs layer was not well

preserved. Furthermore, it showed an accumulation of

fibroblastoid cells expressing FSP-1 (cyan), some of them co-

expressed cytokeratin (CK, yellow) that indicates MCs undergo

the MMT process; some of them co-expressed CD45+ (gray

arrow) showing myofibroblasts originated from bone-marrow-

derived circulating cells (fibrocytes). In the Bl 2.3% group, the

MC layer was better preserved and FSP-1+ and CD45+ cells were

found in lower numbers than in SS 4.25%. The SG groups showed

even better preservation of the mesothelium and FSP-1+ and

CD45+ cells were less abundant (Figure 4).

Steviol glycosides-based solutions
induced a milder inflammatory response
in vivo

Thereafter, the levels of the infiltrating leukocytes were

analyzed within the peritoneal cavity after the treatments. The

total number of nucleated cells was not affected by SG solutions,

while increased in glucose-based PDF in comparison with

control (saline-treated) mice (Figure 5A). The level of

macrophages was significantly increased in glucose-based

groups, whereas the increment was less pronounced in SG

groups, although they did not show a significant reduction

FIGURE 3
Peritoneal membrane alterations inmice. (A) Paraffin sections of the PM from all the groups were stained with Masson’s trichrome (20X). (B) The
thickening of PM was determined by morphometric analysis. One-way ANOVA test results in a p-value < 0.0001. (C)Quantification of the total VWF
positive cells in the PM (p-value < 0.0001, one-way ANOVA). Box plots graphics represent the median, minimum, and maximum values. Symbols
represent the statistical differences between the groups analyzed by Mann-Whitney U test (*p < 0.05, **p < 0.01).
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when compared with Bl 2.3% (Figure 5B). Moreover,

granulocytes, agents of the innate immune system, tended to

increase in glucose-based PDF groups compared with saline and

SG solutions (Figure 5C).

In addition, the presence of T cells was analyzed in the

peritoneal cavity. The mice group treated with Bl 2.3% had a

higher number of CD4+ and CD8+ T cells compared with control,

SS 4.25%, and SG-treated mice (Figure 5D).

Regarding soluble factors analyzed in peritoneal washings, IL-6

concentrations do not show differences between groups, while

there is an increase of IL-1β in SS 4.25% compared with the other

groups, and of TNF-α, IL-17, and IL-22 in Bl 2.3% (Figure 6).

FIGURE 4
Immunofluorescencemicroscopy analysis of parietal peritoneal tissue sections. The presence of inflammatory (CD45, green), fibroblastoid cells
(FSP-1, cyan), andmesothelial cells (Cytokeratin (CK), red) were determined in frozen sections of the PM. Yellow arrows show co-expression of FSP-1
and CK indicating MCs convert into myofibroblast by MMT process. Gray arrows show co-expression of FSP-1 with CD45+ indicating fibrocytes
origin. The color balance was equally adjusted by using Image-J 1.53 g. The pictures are representative of each group.
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Rebaudioside A did not degrade in the
peritoneal cavity

The main components of the SG extract (Rebaudioside A

and Stevioside) were preserved when compared with a

pattern sample (data not shown). To explore the possible

degradation of SG fluid i.p., its main compound was analyzed

by HPLC equipment before and after 40 min dwell in mice.

For that, its main compound (Rebaudioside A) was used to

facilitate the measurement of degradation products.

Rebaudioside A solution at 1% (weight/volume) was

analyzed before being injected into mice, and we observed

a purity of 96%, with a small amount of Rebaudioside B. Two

mice were injected with this solution, and we observed that

the proportion of both components remained equally

constant after 40 min of dwelling. Therefore, no

degradation was observed (data not shown).

Discussion

Using glucose as an osmotic agent in PD has the advantage of

being relatively safe and inexpensive, and is a source of calories.

However, an increase in glucose absorption leads to worsening

control of blood sugar (Daugirdas et al., 2015). The instillation of

large amounts of glucose into the peritoneal cavity predisposes

patients to hyperglycemia, dyslipidemia, obesity and

cardiovascular alterations (Delarue and Maingourd, 2001;

Balafa and Krediet, 2012). Long-term PM damage is caused,

leastwise partially, by glucose or via GDP and the formation of

AGEs, impairing UF (Witowski et al., 2003). The fact that severe

peritoneal damage is still observed in patients infused with low-

GDP PDFs solutions, suggests that glucose per se has a

deteriorating effect on the PM. Moreover, glucose-based PDFs

are not very effective in high transporters patients, and

inadequate UF may result. High osmolarity itself is also a key

factor affecting the biocompatibility of PDFs (Cendoroglo et al.,

1998; Wong et al., 2003; Piccapane et al., 2020). Clinical studies

have determined that patients who use large concentrations of

glucose during the day are at the highest risk for developing a loss

of UF capacity (Daugirdas et al., 2015). Continued use of the SS

4.25% PDF could theoretically result in the removal of 7.2–9.6 L

per day and cause marked hypernatremia. In practice, this degree

of fluid removal is rarely required (Daugirdas et al., 2015).

Moreover, glucose-based PDFs are associated with reduced

immunological defenses in the peritoneal cavity, since analyses

FIGURE 5
Cell populations and inflammatory status at the peritoneal washings. (A) Total numbers of nucleated cells. One-way ANOVA test results in a
p-value of 0.0033. (B) Total numbers of macrophages (CD11b+F4/80+ cells) (p =NS, one-way ANOVA). (C) Total numbers of granulocytes (Ly6G+F4/
80−CD11b+ cells). One-way ANOVA test results in a p-value of 0.0008. (D) Total numbers of CD3+CD4+ and CD3+CD8+ T cells (p-value < 0.0001,
one-way ANOVA test). Box plots represent the median, minimum, and maximum values. Symbols represent the statistical differences between
the groups analyzed by Mann-Whitney U test (*p < 0.05, **p < 0.01).
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on leukocytes demonstrate impairment of peritoneal

immunocompetence, potentially contributing to an increased

risk of PD-related peritonitis (Herzog et al., 2017). Therefore,

the use of SS 4.25% glucose-based PDF, which contains high

amounts of GDP, is decreasing nowadays worldwide at least for

regular exchanges. For these reasons, we selected a glucose

concentration of 2.3% (Bl 2.3%) to compare it with the

candidate compound.

Regarding the ideal osmotic agent for PDFs, it has been

determined that there is an optimal MW balancing the benefits of

increasing molecular size (and the increased osmotic efficiency

associated with this size increment) and the disadvantage of the

increases in solute mass per molecule, (the increasing

concentration in g/L). This seems to occur already at MW of

around 1,000 Da (Rippe and CarlssOn, 1996). Thereby, given its

therapeutic effects and its average MW (905 Da, while glucose is

180 Da), the SG mixture was considered a very interesting

candidate for a PDF osmotic agent. In the case of high MW

agents, colloid osmotic pressure is particularly relevant. Net

ultrafiltration flux is the result of crystalloid and colloid/

oncotic pressures (Devuyst and Rippe, 2014). The relationship

between these pressures is determined by the Starling equation,

which takes into account the reflection coefficient (σ) of the

molecules. It indicates the probability of not being reabsorbed

through three types of pores (large, small, and ultrasmall) (Rippe

and CarlssOn, 1996) into the microvessel blood torrent and is an

inherent property of the molecule given the charges, the size, and

the topology. The estimated reflection coefficient (σ) of the SG

mixture is ten times higher than glucose. It has been

demonstrated with icodextrin (average MW = 5,000) that

FIGURE 6
Cell populations and inflammatory status at the peritoneal washings. IL-6, IL-1β, TNF-α, IL-17, and IL-22 concentrations at peritoneal washings.
One-way ANOVA test results in a p-value of 0.0042 for IL-1β, 0.0205 of TNF-α, 0.0059 for IL-17, and NS for IL-6 and IL-22. Box plots represent the
median, minimum, and maximum values. Symbols represent the statistical differences between the groups analyzed by Mann-Whitney U test (*p <
0.05, **p < 0.01)
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substances of about 4 nm are expected to be actively reflected by

the pores to the peritoneal cavity (Rippe and Levin, 2000; Morelle

et al., 2018). Icodextrin entails a mean hydrodynamic radius of

4 nm (1–23 nm), forming 25%–30% of colloidal fractions of

highest MW (Morelle et al., 2018). Rebaudioside A, the major

SG component, has self-nanomicellizing properties of up to

nearly 4 nm (Hou et al., 2019; Song et al., 2020). Micelles are

a type of colloid. Thereby, SG osmotic capacity is dependent on

oncotic forces.

Using artificial membranes, we observed that 1.5%, 1%, and

0.75% SG-based fluids display prolonged and maintained ability

to attract water in vitro. Checking in vivo, these concentrations

(Bl 2.3%, 1% and 0.75% SG) were able to extract the same amount

of urea after 10, 40, and 60 min in the peritoneal cavity. Based on

the results, these concentrations were chosen for all further

experiments.

The next step to determine SG benefits to be used for PDFs

was to test the peritoneal status after SG exposure. MCs are the

first line of contact of the body with PDFs, suffering alterations

related to functional and structural peritoneal damages (Yáñez-

Mó et al., 2003). To analyze their behavior in the presence of SG,

HOMCs were exposed to the selected concentrations of SG for

48 h and their effects were compared with Bl 2.3% since longer

exposition periods strongly affect the viability of cells treated with

SS 4.25%. SG solutions did not affect morphology and ameliorate

cellular viability in contrast with the deleterious effect of SS

4.25%. The morphology of MCs incubated with Bl 2.3% was

slightly changed, as confirmed by standard mesenchymal

markers measured by RT-qPCR. Glucose-based fluids induced

mesenchymal markers (Snail1, VEGF-A, Fibronectin), while

downregulated the epithelial marker (E-Cadherin) in the case

of the highest concentration of glucose and GDP (SS 4.25%),

which indicates the induction of an MMT process. This agrees

with previous observations from our group in which we observed

that low-GDP PDFs have less impact in vitro on MMT of MCs

than a standard PDF (Bajo et al., 2011). None of the mentioned

markers were significantly affected by SG treatment. An

increasing number of studies indicate direct adverse effects of

high glucose concentrations on cellular function. In line with Lee

et al. (2004) we have also demonstrated the induction of the

fibronectin expression in human peritoneal MCs upon exposure

to high glucose in conventional PDF, thus favoring the

pathogenesis of peritoneal fibrosis.

We have previously described that VEGF-A levels had

marked differences between early (epithelioid phenotype) and

advanced (non-epithelioid phenotype) stages of MMT, which in

turn correlated with the elliptical factor values of effluent-derived

MCs (Ruiz-Carpio et al., 2017). Here, we observed that VEGF-A

levels measured by RT-qPCR and ELISA significantly increased

when treating cells with glucose-based PDFs, but not with SG

solutions. Since MMT plays a central role in the pathogenesis of

peritoneal decline during PD (Yáñez-Mó et al., 2003), these

results are very promising, as they demonstrate that SG is able

to better preserve the epithelial morphology of MCs in vitro

compared with glucose. In previous studies, it was suggested that

FGF-2 and VEGF-A are the most potent angiogenesis inducers

and have a synergistic effect on this process (Pepper et al., 1992;

Asahara et al., 1995). Here we observed that angiogenic growth

factor FGF-2 was mainly affected by SS 4.25% treatment.

Previously, it was demonstrated that exposure to high glucose

levels caused a concentration-dependent increase of FGF-2

mRNA expression and secretion by HOMCs, indicating that

MCs are one of the peritoneal sources of this factor (Ogata et al.,

2001).

To go further to unravel the biological effects of SG, we

analyzed them in vivo in a mice model of peritoneal PDF

exposition. It has been previously described that glucose-based

PDFs induce fibrosis, angiogenesis, MMT, and leukocyte

infiltration within the peritoneum (González-Mateo et al.,

2014; Liappas et al., 2016). All these biomarkers are clearly

reduced when administering SG solutions in comparison with

glucose-based PDFs, which demonstrates that SG is a muchmore

biocompatible solution.

During the peritoneal thickening process, there is a

progressive accumulation of myofibroblasts. Here, we show

that the accumulation of myofibroblasts is greater in the

peritoneal samples from glucose-based PDFs exposed

animals than in SG-based PDF treatments. Concretely, in

the SS 4.25% group, there is a remarkable infiltration of

CD45+ cells, and many of these cells co-express FSP-1, a

fibroblastoid cell marker, suggesting that these cells are

fibrocytes generated from progenitors of hematopoietic

origin that are recruited to the injured tissues (Loureiro

et al., 2011). Besides this, SG maintains the integrity of the

mesothelial layer, while glucose disrupts it in a concentration-

dependent manner. Although the mesothelial layer deteriorates

in the SS 4.25% group and most MCs are lost, a significant

proportion of the ones that remain in the tissue express FSP-1,

indicating that these fibroblastic cells derive from mesothelial

cells via MMT (Loureiro et al., 2011).

Moreover, intact mesothelium provides in vivo resistance

against solute permeation. Damage of intercellular junctions

leads to an increase in solute permeability. High glucose

concentration, along with high osmolarity, has been probed to

damage intercellular junctions in HOMCs (Ito et al., 2000; Ito

and Yorioka, 2008). The high paracellular permeability is a

characteristic of the so-called “high transporters” PD patients

(Correa-Rotter and Cueto-Manzano, 2001), in which the osmotic

gradient between the PDF and the blood is rapidly dissipated,

leading to poor UF. Taking this into account, SG-based PDF,

while preserving the integrity of the mesothelial layer as observed

in vitro and in vivo, and given that its bigger MW reduces the
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diffusion speed to the blood of the compound, would guarantee a

better UF capacity.

Another fact directly implicated in UF capacity is the number

of capillaries. Angiogenesis is an important component of PM

failure and it has been associated with alterations in the

peritoneal water transport (Krediet et al., 2000). In this study,

an increase in the number of vessels per field is observed in the

glucose-based PDFs groups compared with control, whereas in

SG-based fluids such increase is not produced. This data agrees

with the induction of the pro-angiogenic factors VEGF-A and

FGF-2 by HOMCs treated with glucose-based PDFs in contrast

with cells treated with SG-based fluids, previously observed

in vitro. This fact indicates again that SG would better

maintain UF capacity.

Peritoneal effluent is a source of inflammatory cells recruited

to the peritoneal cavity and of biomarkers produced by both,

these cells and the ones present in the tissue. Inflammatory

processes are key in modulating wound healing, angiogenesis,

and fibrosis. It is known that macrophages play an important role

in the fibrotic process through the secretion of growth factors.

T cells are responsible for the orchestration of inflammatory

responses through the secretion of cytokines that play a role in

fibrosis by the activation of fibroblasts (Theiss et al., 2005; Doucet

et al., 2008) and recruitment of fibrocytes (Shao et al., 2008). Here

we observed that peritoneal exposure to glucose-based PDF

tended to increase cell numbers in the peritoneal cavity,

mainly macrophages (CD11b+F4/80+ cells). To a lesser extent,

there is also a tendency to increase the number of granulocytes

(CD11b+F4/80-Ly6G+ cells), while SG-based fluids maintained a

low number of these cells, similar to the control group.

The numbers of CD4+ and CD8+ T cells increased as well in

the Bl 2.3% group as observed before (Aroeira et al., 2009;

González-Mateo et al., 2014). Bl 2.3% demonstrated to better

maintain HOMCs viability compared with SS 4.25%. Therefore,

it could additionally preserve the viability of other cell types and

thus exert better immunocompetence than SS 4.25%. It has been

suggested that CD4+ T cells are the primary source of IL-17 in the

peritoneum of mice treated with PDF and that this cytokine plays

an important role in the generation of PDF-induced peritoneal

fibrosis in patients and mice exposed to PDF (Rodrigues-Díez

et al., 2014). Here there is an increase of IL-17 in the Bl 2.3%

group, but not in the others.

In the case of IL-22, is produced by several populations of

immune cells at the site of inflammation. Producers are αβ

T cells classes Th1, Th22, and Th17 along with γδ T cells, NKT,

ILC3, neutrophil granulocytes, and macrophages (Dudakov

et al., 2015). As commented above, T cells and macrophages

do significantly increase and total granulocytes tend to enhance

in the Bl 2.3% injected mice. Here, IL-22 concentrations in

peritoneal washings increase in the Bl 2.3% group compared

with the control. IL-22 exerts its effect on non-hematopoietic

cells, mainly stromal and epithelial cells, stimulating cell

survival and participating in wound healing, and

proliferation and synthesis of antimicrobials (Dudakov et al.,

2015). It has been described that IL-22 might protect from

fibrosis (Gu et al., 2021) and MMT of MCs (Ye et al., 2015).

Thus, we hypothesized that this cytokine protects the Bl 2.3%

treated group from MMT and fibrosis, counteracting the effect

of IL-17.

Moreover, Stevia extracts have been proven to downregulate

inflammatory-related response markers such as IL-1β and

TNF-α (Mehmood et al., 2020; Mostafa et al., 2020). Here

we have observed an increase of IL-1β and TNF-α in

washings of mice treated with SS 4.25% and Bl 2.3% PDFs

respectively, while it is not observed in SG-based fluids-treated

mice. Regarding other cytokine production, we have previously

observed that IL-6 could slightly increase during long-term

PDF exposure, without reaching statistical significance

(González-Mateo et al., 2014; Liappas et al., 2016). Here, we

also observed no differences among groups in peritoneal

washings concentrations.

In addition, it has been described that Rebaudioside A and

Stevioside do not undergo browning or caramelization when

heated (Joint Expert Committee on Food Additives, 2005).

Considering its safety to be used in vivo, we evaluated the

absorption of SG into the body and its degradation to discard

toxicity. It has been shown that the mean absorption rate when

using 4.25% and 2.3% of glucose dwelled for 4 h was 64.4% in

humans, ranging from 30.6% to 92.4%, (Zuo et al., 2015).

Another study revealed absorption of 75% of the initial

glucose concentration at the end of a 6 h dwell. The

percentage of glucose absorbed overtime was almost identical

for the 3 different concentrations used in the clinical practice

(1.5%, 2.3%, or 4.25%) (Heimbürger et al., 1992). Studying in

isolation Rebaudioside A (with a 3.6% of Rebaudioside B), the

majority component of the SGs mixture, we observed

absorption of 40%–60% in 40 min in mice exposed to 1%

concentration. This component has self-nanomicellizing

properties, so it can be hypothesized that a percentage of it

will form aggregates of bigger size (Hou et al., 2019), leading to a

slow absorption rate. Most important is that no degradation

was observed, since no other compounds were detected in

effluents and the percentages of the Rebaudioside A and B

remain invariables, indicating that there is no generation of any

toxic metabolic product. Further analyses regarding the

possible accumulation of these compounds in the body and

their implications should be done in the future.

In this regard, it has been reported that, after oral

administration, SG are not modified during their way

through the digestive system until the colon. In the colon

the Stevioside and the Rebaudioside A are hydrolyzed to

Steviol (318.45 Da), although the hydrolysis of Rebaudioside

A is slower than that of Stevioside. It has been confirmed that

Rebaudioside A showed stability when exposed to in vitro

matrices simulating stomach and small intestine fluids, with

susceptibility to hydrolytic degradation by enteric bacteria
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collected from the cecum (Nikiforov et al., 2013). Incubations

with rat liver microsomes indicated that it is not expected to be

metabolized by the liver enzymes. Plasma concentrations of

Rebaudioside A and/or its final hydrolysis product, free/

conjugated Steviol, were consistent between animals

administered Rebaudioside A in the diet. In humans treated

orally with Stevioside, small amounts of Steviol were detected in

the plasma, with considerable interindividual variability. A

dietary toxicity study (repeated exposure 2000 mg/kg/d

Rebaudioside A) observed that there were no treatment-

related effects on the general condition and behavior of the

animals and no toxicologically relevant, treatment-related

effects on hematology, serum chemistry, or urinalysis.

Macroscopic and microscopic findings revealed no

treatment-related effects on any organ evaluated (Nikiforov

et al., 2013). Together with our results, these findings confirm

that this compound seems to be free of toxicity at tested

concentrations.

Stevioside and/or Steviol affected a variety of biochemical

parameters in in vitro models, indicating possible anti-

hypertensive and anti-glycemic effects. Stevioside and

Rebaudioside A have not shown evidence of genotoxicity in vitro

or in vivo. (Joint Expert Committee on Food Additives, 2005).

Novel osmotic agents have also been recently proposed as

substitutes for glucose in PDFs, such as xylitol and L-carnitine

(Bazzato et al., 1982; Rago et al., 2021). These compounds

showed as well interesting properties, and their behavior

corresponds to crystalloid osmosis since they have a MW

similar to glucose.

Recent studies about glucose sparing (Piccapane et al., 2020;

Masola et al., 2021) suggested a combination of two or three

osmotic agents replacing a substantial part of glucose to improve

the PD solution biocompatibility. The authors maintained some

glucose in the PD solution affirming that it is still a key nutrient

for patients affected by malnutrition. The suggestion of mixing

two or even more osmotic agents for PDFs is not novel, as it was

already proposedmore than 40 years ago (Khanna et al., 1986). In

this regard, to achieve higher osmotic capacities for special

requirements, it could be interesting to combine SG and

glucose, so that none of the two osmotic agents needs to be

present at high concentrations.

A large body of evidence tends to show that stevia and SG

are safe for human consumption at the dietary level.

Nevertheless, their clinical efficacy and safety for PD still

require further pre-clinical studies. Therefore, the results of

the present report are preliminary and the usefulness of SG as

an osmotic agent advocates for more studies to provide in-

depth insights into its safety, health benefits, and

physiological mechanisms. In any case, this study opens a

new door toward a possible new substitute for glucose as an

osmotic agent. In conclusion, SG has demonstrated good

qualities to be used as an osmotic agent for PDF, with fewer

side effects compared with glucose.
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