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Editorial on the Research Topic
Fibrosis and Inflammation in Tissue Pathophysiology

Mammalian tissues react to damage by activating the highly specialized response of wound
healing. Acute inflammation is the first and fastest mechanism activated in the damaged area, as
a fundamental protective and transitional response with the purpose of progressive activation of
endogenous tissue cells for reparative activities (Reinke and Sorg, 2012; Sattler, 2017). The balance
between degree of damage, potency of the subsequent inflammatory wave, and the regenerative
ability of resident cells determines the extent by which tissues can accomplish regeneration (for
low-grade damage or in highly regenerative tissues, such as the liver) or fibrotic repair (for
extensive damage or in poorly regenerative tissues, such as the myocardium). Persistent damage,
complications, or repeated insults, can sustain the continuous or aberrant activation of repair
pathways, leading to chronic inflammation and progressive tissue fibrosis (Sattler et al., 2017;
Henderson et al., 2020). Despite the evolutionary advantage conferred to mammals by scarring
as a rapid repair mechanism, biological and mechanical features of the original tissue architecture
are disrupted in the scar area (Forbes and Rosenthal, 2014). Over time, chronic fibrosis thus leads
to tissue adverse remodeling and impaired function. Persistent inflammation and fibrosis play a
major role in a wide range of diseases, accounting for an increasingly large fraction of morbidity
and mortality worldwide (Henderson et al., 2020).

While recent advances have unveiled many environmental and genetic causes of fibrotic
disorders (Spagnolo et al., 2014; Cutting, 2015), a better understanding of both ubiquitous and
tissue-specific regulatory pathways, and cellular dynamics could help to design new targeted
therapies, and even to identify the etiology of idiopathic disease.

Within this Research Topic, we have gathered several contributions on the cellular and
molecular mediators of fibrosis, and the intertwined pathophysiological role of fibrosis
and inflammation in different tissues and diseases, with particular emphasis on renal and
cardiac fibrosis.

CELLULAR AND MOLECULAR MEDIATORS OF FIBROSIS

Fibroblasts are increasingly regarded as a complex cell type. In fact, it has become clear that multiple
phenotypes and functional states can be identified in the stroma of organs, with significantly
different functions (Forte et al., 2018, 2020; Farbehi et al., 2019; Muhl et al., 2020; Mohenska et al.,
2021; Plikus et al., 2021). Here, Huang et al. contributed a critical review on the association between
specific fibroblast genes with biological and functional definitions, as this link seems to be subtle and
blurred in many different tissues. The complex topic of fibroblast phenotypes is further complicated
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under pro-fibrotic conditions by the trans-differentiation
of endothelial cells into myofibroblasts by endothelial-to-
mesenchymal transition—End-MT (Forte et al., 2017; Hulshoff
etal., 2019). Giordo et al. contributed a review on the interesting
relationship between non-coding RNAs, oxidative stress, and
End-MT in fibrosis complications affecting the retina, kidneys,
heart, and vessels during diabetes progression.

However, fibroblasts are not the only stromal cell type
of interest for tissue fibrosis and repair (Forte et al., 2018;
Farbehi et al., 2019). Tissue resident mesenchymal cells are
described in multiple organs, where they are involved in
homeostasis and disease (Lemos and Duffield, 2018). Theret
et al. reviewed the literature about fibro-adipogenic progenitors
in muscle integrity, extracellular matrix (ECM) deposition, and
in response to injury, also analyzing their contribution to the
pool of activated fibroblasts in muscle fibrosis and degenerative
conditions. On a different perspective, cardiac cell therapy with
mesenchymal cells holds promise for the treatment of myocardial
infarction (Peruzzi et al., 2015; Pagano et al., 2019; Guo et al.,
2020). Tang et al. described that thymosin-B4 overexpression
in bone-marrow mesenchymal cells significantly increases their
therapeutic potential on cardiac function in a rat model. This
effect is mediated, among others, by a reduction of the scar area
and decrease in collagen deposition in the infarcted myocardium,
and by increased activation of the Hypoxia-Inducible Factor
1-alpha (HIF-1a) pathway.

One hallmark of fibrosis in multiple organs is excessive
ECM deposition (Herrera et al., 2018). Leong et al. reviewed
the literature about the key enzymes of ECM remodeling,
matrix metalloproteinases (MMPs) and their tissue inhibitors, in
systemic sclerosis, on the quest for novel therapeutic targets to
treat tissue stiffening and loss of function. MMPs also regulate
the bioavailability of humoral factors. Adu-Amankwaah et al.
contributed a review on the multiple roles of A Disintegrin
And Metalloproteinase 17 (ADAM17), which is emerging as
a core regulatory factor in inflammation and fibrosis. In fact,
ADAM17 can activate multiple cytokines and pro-fibrotic factors
(e.g., Tumor Necrosis Factor alpha—TNFa, soluble InterLeukin
6 Receptor—sIL-6R, Amphiregulin—AREG) in cardiac fibrosis
and in catecholamine stress during heart failure progression,
highlighting potential therapeutic targets. Moreover, cell-ECM
interaction and crosstalk are responsible for the effects of
tissue stiffening in fibrotic diseases on both parenchymal and
stromal cells. Key transducers of ECM stiffening are integrins,
and Xu et al. studied the integrin family expression in skin
tissue of systemic sclerosis patients from the Gene Expression
Omnibus-GEO database, describing the upregulation of several
integrins involved in ECM turnover, leucocyte extravasation,
Transforming Growth Factor beta 1 (TGF-B1) signaling, and
immune cell activation. These results highlight the strong
relationship between ECM, resident cells, and immune cells in
tissue remodeling and fibrosis.

Fuentes-Calvo et al. provided another contribution to the
understanding of molecular mechanisms of fibroblast activation,
by describing the role of RAt Sarcoma virus protein (RAS)
activator Son Of Sevenless 1 (SOS1) in murine embryonic
fibroblasts. Their results show that SOS1 mediates the response

to TGF-Bl through AK strain Transforming (AKT) and
Extracellular signal-Regulated Kinase (ERK), particularly by
mediating proliferation and migration of activated fibroblasts.

Pandita et al. contributed a study on the relationship
between mitochondrial voltage, as an indicator of oxidative
phosphorylation levels, and the progression of fibrosis in
the liver. They showed mechanistic association between the
upregulation of mitochondrial electron transport chain enzymes,
oxygen consumption, and the activation of the AMP-activated
protein Kinase (AMPK) pathway, providing an interesting link
between metabolism, hepatic insult responses, and early signs of
fibrosis in the liver.

CARDIAC FIBROSIS

Myocardial fibrosis is involved in multiple cardiac diseases,
and is fueled by continuous cardiomyocyte death, inflammatory
cell recruitment, and direct activation of resident fibroblasts
(Schirone et al., 2017; Forte et al., 2018, 2020; Panahi et al.,
2018). Multiple signaling pathways are known to control
fibroblast behavior (Plikus et al., 2021). Xie et al. investigated
the role of High-Mobility Group Al protein (HMGAI) in
cardiac fibroblast activation, showing how it is overexpressed
in an isoproterenol-treated mouse model, and that it mediates
fibrosis via FOrkhead boX protein O1 (FOXOL1). Conversely,
its knockdown inhibits fibroblast responses to TGF-B1, thus
identifying a novel molecular target for possible anti-fibrotic
treatments in the heart.

Platelet-derived growth factors (PDGFs) are important
mediators of inflammation, angiogenesis, and fibroblasts
activation, and represent possible therapeutic targets against
myocardial remodeling. Kalra et al. reviewed the literature
concerning PDGF signaling mechanisms and beneficial effects
in cardiac injury, highlighting the potentials and pitfalls for
translational research. Concerning the identification of specific
markers for myocardial injury, Cimini et al. contributed a
review on podoplanin, a novel marker upregulated in multiple
cell types after infarction. During homeostasis, podoplanin is
expressed by lymphatic endothelial cells, but after injury many
cell types upregulate its expression, including fibroblasts and
hematopoietic cells. The authors provide an overview of several
studies evidencing a wide range of possible interactions mediated
by podoplanin among different cell compartments.

Concerning novel synergistic therapeutic approaches for the
heart, Hou et al. studied how estradiol supplementation in
rats during isoproterenol-induced stress can prevent cardiac
dysfunction and maladaptive myocardial hypertrophy. In
particular, these effects were shown to be mediated by B2-
adrenoceptors and the resolution of inflammation due to an
increased anti-inflammatory macrophage phenotype, evidencing
an interesting endocrine/immune-modulatory circuit in the
heart. Adzika et al. studied a possible combined therapy with
forskolin (i.e., an adenylyl cyclase activator able to modulate
cardiac and inflammatory responses) and amlexanox [i.e., a G
protein-coupled Receptor Kinase 5 (GRK5) inhibitor of adaptive
immune responses] to prevent pathological cardiac hypertrophy
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in mice. This treatment was effective at preventing left ventricular
systolic dysfunction during isoproterenol-induced chronic stress
by attenuating maladaptive myocardial hypertrophy, fibrosis, and
inflammatory responses. Finally, Yang et al. studied how Receptor
Interacting Protein kinase 2 (RIP2) is upregulated in failing
hearts, both in human patient samples and murine models of
aortic banding, as well as in angiotensin II-treated neonatal rat
cardiomyocytes. RIP2 overexpression indeed aggravates cardiac
remodeling through phosphorylation of targets such as TGFf-
Activated Kinase 1 (TAK1), p38 mitogen-activated protein
kinase (p38MAPK), and Jun N-terminal Kinases (JNK1/2). Thus,
inhibiting RIP2 or its targets may inhibit cardiac remodeling,
representing another potential preventive strategy in cardiology.

RENAL FIBROSIS

Fibrosis and inflammation are also significantly involved in
kidney pathophysiology and progressive functional impairment,
particularly in chronic kidney disease (Panizo et al., 2021). Cao
et al. reviewed the literature on the role of lymphocytes in
kidney fibrosis and disease, discussing how different subsets
play different and antagonistic roles: in fact, T-helper cells
and innate-like lymphocytes exert mainly pathogenic roles,
while CD47/CD8~ double negative and T-reg cells are
considered protective. Further elucidation of the different roles of
lymphocytes in renal injury and fibrosis may guide the discovery
of novel specific therapeutics. Instead, Fang et al. focused their
attention on diabetic kidney disease and the gut microbiota: they
show that the microbiota metabolite trimethylamine N-oxide
accelerates kidney dysfunction by activating the inflammasome
and releasing pro-inflammatory cytokines in a high-fat diet/low-
dose streptozotocin-induced rat model of diabetes, providing
new perspectives on the pathogenesis and potential treatment of
diabetic kidney disease.

Zhang et al. reported a novel protective mechanism of
the traditional Chinese medicine compound called Qishen
Yiqi Dripping Pill on diabetic nephropathy. In a high-fat
diet/streptozotocin rat model of diabetes this treatment yielded
improved kidney function and reduced fibrosis; moreover,
they evidenced inhibition of the Wingless-iNTegration—
Wnt/B-catenin and the TGF-B/Smad2 signaling pathways,
thus highlighting a potential direct effect on activation of
tissue fibrosis. Regarding other related mechanisms of injury,
Jia et al. described that attenuation of DNA damage and
senescence in tubular cells by the NAD+ precursor nicotinamide
mononucleotide (NMN) may exert a protective effect against
acute kidney injury; they confirmed this therapeutic and
preventive potential both in vitro and in vivo, in an ischemia-
reperfusion injury mouse model showing cell protection and
reduced inflammation.

Concerning direct interference with mechanisms of fibroblast
activation and fibrosis, Xie et al. showed that exogenous
transfection of the Bone Morphogenetic Protein binding
Endothelial Regulator (BMPER) in a mouse model of renal
fibrosis blocks fundamental mechanisms of fibroblast activation
mediated by TGF-B1, such as epithelial-to-mesenchymal

transition and tubular cells trans-differentiation, proposing
another novel therapeutic strategy against renal fibrosis. In this
regard, Wu et al. identified the circular RNA circHIPK3 as a
possible novel therapeutic target for renal fibrosis. They found
that circHIPK3 is upregulated in a mouse model of induced renal
fibrosis. The study demonstrated that circHIPK3 reduces the
activity of miRNA-30a, a known negative regulator of profibrotic
genes, including TGF-f1, fibronectin, and collagen 1. CircHIPK3
sequesters miRNA-30a in the cytoplasm of tubular epithelial cells
by directly binding to it, and this promotes the expression of
profibrotic genes and the progression of renal fibrosis.

Inflammation and fibrosis are closely connected to alterations
in the composition and properties of the ECM (Pesce et al.,
2017; Herrera et al., 2018). As for the heart, the mechanisms by
which ECM stiffening may aggravate renal fibrosis are still under
investigation. Fu et al. reported that enhanced substrate stiffness
can activate mesangial cells toward fibrotic features through the
Piezol, p38MAPK, and Yes-Associated Protein (YAP) pathway.
They showed both in vitro and in vivo in a unilateral ureteral
occlusion model in mice, that Piezol knockdown can counteract
this activation, as well as fibrosis progression, suggesting a novel
mechanosensing-based strategy against renal fibrosis. Another
contribution on mechanosensing is focused on diabetes and the
vasculature. Diabetes represents the starting condition triggering
multiple organ damage (Frati et al, 2017; Cosentino et al,
2020). Ortillon et al. reported that YAP signaling is activated
in vitro in endothelial cells by exposure to high glucose, and in
vivo in the vessels of db/db mice. Its activation is potentiated
under flow stress, evidencing a novel role in enhancing diabetic
inflammatory signals in the vasculature.

FIBROSIS MODELING AND DRUG
TESTING

Research into novel treatments targeting fibrosis greatly benefits
from advancements in relevant and reproducible animal models,
as well as in vitro systems with increasing physiological relevance
(Lagares and Hinz, 2021). As part of this article collection, Palano
et al. summarized and discussed available assays to study cardiac
fibrosis, with emphasis on the most recent innovations in multi-
cellular 3D cultures and computational methods for scaling up
and boosting preclinical and translational research. Bao et al,,
on the other hand, focused their review on the analysis and
comparison of different animal models of liver fibrosis and their
ability to mimic different etiologies and pathogenic mechanisms.
They also presented the most recent advances in liver organoid
cultures as relevant alternatives to in vivo testing.

Looking for novel anti-inflammatory and immunosuppressive
therapeutic options, Pryimak et al. reviewed the growing body
of literature suggesting that cannabinoids and Cannabis sativa
extracts may exert anti-fibrotic effects at multiple levels and
in multiple organs. In this review, the authors suggest the
introduction of cannabinoids for the prevention and treatment of
fibrosis as a versatile and widely applicable therapeutic strategy.

In conclusion, the present Research Topic has collected a
significant amount of novel and interconnected contributions
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on the multifaceted roles of inflammation and fibrosis in
different tissues and diseases. The increasing knowledge in
the field is paving the way towards multi-target therapeutic
strategies against chronic diseases, as well as to novel
treatments adaptable to various organs sharing similar
pathogenetic pathways.
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Tubulointerstitial fibrosis is both a pathological manifestation of chronic kidney disease
and a driving force for the progression of kidney disease. A previous study has shown
that bone morphogenetic protein-binding endothelial cell precursor-derived regulator
(BMPER) is involved in lung fibrogenesis. However, the role of BMPER in renal fibrosis
remains unknown. In the present study, the expression of BMPER was examined by
real-time PCR, Western blot and immunohistochemical staining. The in vitro effects of
BMPER on tubular dedifferentiation and fibroblast activation were analyzed in cultured
HK-2 and NRK-49F cells. The in vivo effects of BMPER were dissected in unilateral
ureteral obstruction (UUO) mice by delivery of BMPER gene via systemic administration
of plasmid vector. We reported that the expression of BMPER decreased in the kidneys
of UUO mice and HK-2 cells. TGF-p1 increased inhibitor of differentiation-1 (Id-1) and
induced epithelial mesenchymal transition in HK-2 cells, and knockdown of BMPER
aggravated Id-1 up-regulation, E-cadherin loss, and tubular dedifferentiation. On the
contrary, exogenous BMPER inhibited Id-1 up-regulation, prevented E-cadherin loss
and tubular dedifferentiation after TGF-B1 exposure. In addition, exogenous BMPER
suppressed fibroblast activation by hindering Erk1/2 phosphorylation. Knockdown of
low-density lipoprotein receptor-related protein 1 abolished the inhibitory effect of
BMPER on Erk1/2 phosphorylation and fibroblast activation. Moreover, delivery of
BMPER gene improved renal tubular damage and interstitial fibrosis in UUO mice.
Therefore, BMPER inhibits TGF-g1-induced tubular dedifferentiation and fibroblast
activation and may hold therapeutic potential for tubulointerstitial fibrosis.

Keywords: tubulointerstitial fibrosis, BMPER, tubular dedifferentiation, fibroblast activation, signal transduction

BACKGROUND

Chronic kidney disease (CKD), unlike acute kidney injury, is manifested by a gradual
decline in kidney function. The shared feature of CKD is tubulointerstitial fibrosis
and glomerulosclerosis in tubular and glomerulus compartments (Ruiz-Ortega et al,
2020). Studies have shown that, compared with glomerulosclerosis, the degree of
tubulointerstitial fibrosis can better reflect the impaired renal function (Boor and Floege,
2012). Tubulointerstitial fibrosis is not only a pathological appearance of CKD, but also
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a driving force for the kidney disease progression (Herrera
et al., 2018). Hence, strategies for ameliorating renal interstitial
fibrosis could blunt kidney disease progression and improve
kidney function. Although a variety of molecules have been
found to regulate renal fibrosis in basic research, they have not
been clinically used. Therefore, it is imperative to develop more
effective treatment approaches for renal fibrosis.

Renal tubular cells are easily damaged and only have a certain
ability to repair and regenerate. Persistent and repeated injury
leads to maladaptive tubular repair and fibrosis, which destroy
normal tissue structures (Qi and Yang, 2018). Incompletely
epithelial cells repair lead to epithelial dedifferentiation, epithelial
mesenchymal transition, and pro-fibrotic factors secretion, which
induce fibroblast activation and proliferation (Gewin, 2018).

Renal fibroblasts are located in the renal interstitium and
responsible for the production and degradation of extracellular
matrix (ECM), maintaining physiological homeostasis and
tubule repair after acute kidney injury. Under chronic kidney
injury conditions, fibroblasts can be activated by pro-fibrotic
cytokines and synthesize and secrete excessive ECM. Therefore,
tubular maladaptive repair and fibroblast activation are
two key processes in tubulointerstitial fibrosis, apart from
tubulointerstitial inflammation. Simultaneous inhibition of
tubular dedifferentiation and fibroblast activation may yield
better anti-fibrosis effects. However, there is no such research yet.

In search for essential proteins for endothelial precursor
cell differentiation, investigators discovered and identified
bone morphogenetic protein-binding endothelial cell precursor-
derived regulator (BMPER) (Moser et al., 2003). BMPER
is recognized as a modulator for BMP signaling and its
effect depends on BMP concentration (Kelley et al., 2009).
Moreover, BMPER is a multifunctional molecule and implicated
in blood vessel development, hematopoietic stem cells (HSC)
maturation, endothelial barrier function and inflammation
(Moser and Patterson, 2005; Helbing et al., 2017; Lockyer
et al., 2017; McGarvey et al., 2017). Notably, BMPER promotes
epithelial-mesenchymal transdifferentiation for heart cushions
and participates in fibroblast activation and pulmonary fibrosis,
indicating its function in fibrogenesis (Dyer et al., 2015; Huan
et al., 2015). Our previous study has shown that BMPER
expression decreased significantly in hydronephrotic kidneys
(Yao et al.,, 2011). However, it is not clear whether BMPER is an
active player in renal fibrosis.

In this study, by using in vivo unilateral ureteral obstruction
(UUO) and in vitro TGF-B1-induced renal fibrosis model, we
found that BMPER regulated both tubular dedifferentiation
and fibroblast activation, thereby affecting the process of
renal fibrosis.

Abbreviations: BMPER, bone morphogenetic protein-binding endothelial cell
precursor-derived regulator; UUO, unilateral ureteral obstruction; Id-1, inhibitor
of differentiation-1; CKD, chronic kidney disease; ECM, extracellular matrix; HSC,
hematopoietic stem cells; H&E, hematoxylin and eosin; PSR, picrosirius red; o-
SMA, a- smooth muscle actin; LRP1, low-density lipoprotein receptor-related
protein; EMT, epithelial mesenchymal transition; Erk1/2, extracellular regulated
kinase 1/2.

MATERIALS AND METHODS

Materials and Reagents

Recombinant mouse BMPER (2299-CV-050) and recombinant
human TGF-p1 (240-B-010) were from R&D Systems
(Minneapolis, MN, USA). The primary antibody sources
were as follows: anti-collagen I (NB600-408) from NovusBio
(CO, USA); anti-BMPER (ab75183), anti-Id-1 (ab230679),
anti-fibronectin (ab2413) were from Abcam (Cambridge, UK);
anti-a-smooth muscle actin (a-SMA) (ab124964) (BM0002),
were from Abcam (Cambridge, UK) and Boshide (Wuhan,
China), respectively; anti-E-cadherin (#3195) (20847-1-Ap),
were from CST (Cell Signaling Technology, Beverly, MA) and
Sanyin (Wuhan, China), respectively; anti-Erk1/2 (#4695),
anti-p-Erk1/2 (#4370) from CST (Cell Signaling Technology,
Beverly, MA); anti-B-actin (TDY051) from Tiandeyue (Beijing,
China). HRP-goat anti-rabbit secondary antibody (AS-1107),
CY3-labeled goat anti-mouse secondary antibody (AS-1111) and
CY3-labeled goat anti-rabbit secondary antibody (AS-1109) were
obtained from ASPEN (Wuhan, China). The BMPER expression
plasmid was purchased from OriGene (MR210035) in which
BMPER cDNA (NM_028472) was under control of a CMV6
promoter (pCMV6-BMPER). The empty expression plasmid
vector pcDNA3 was from Invitrogen (San Diego, CA, USA).

Animals and Hydronephrotic Kidney Model
The Experimental Animal Center of Wuhan University provided
Male C57BL6 mice (body weight 18-20 g). Animals were group-
housed in cages in the specific pathogen free animal room. The
Institutional Animal Care and Use Committee at The Central
Hospital of Wuhan approved and supervised the usage of mice.
UUO and sham operation procedures were described previously
(Chevalier et al., 2009). Briefly, mice were anesthetized with
pentobarbital sodium (50 mg/kg) via intraperitoneal injection.
The UUO model was constructed by ligating the left ureter,
and the sham operation model was performed with the same
surgical procedures without ureter ligation. To investigate the
kidney localization and expression changes for BMPER, the mice
were allocated into three groups with six mice in each group:
(1) mice with sham-operation, (2) mice with 7-day UUO, (3)
mice with 14-day UUO. To evaluate the therapeutic effect of
exogenous BMPER on renal interstitial fibrosis, the mice were
divided into three groups with six mice in each group: (1) mice
with sham-operation, (2) seven-day UUO mice treated with
empty expression plasmid pcDNA3, and (3) seven-day UUO
mice treated with pCMV6-BMPER plasmid. A large number
of plasmids were rapidly injected into the mouse circulation
through the tail vein, as previously described (Yang et al,
2001a). In brief, 20 ug of plasmid DNA was added to 1.6ml
of saline and injected into mice through the tail vein within 8-
10s. Mice were injected with pCMV6-BMPER plasmid 1 day
before operation and 3 days after operation. Control UUO mice
were injected with 20 pg of empty vector pcDNA3 plasmid at
the same time points in the same manner. All the mice were
euthanized 7 or 14 days after UUO or sham operation. The
cortex from half of the kidney was dissected and stored for
mRNA and protein analysis, and the other half of the kidney
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was fixed in 4% paraformaldehyde solution for histological and
immunohistochemical examination.

Histological and Immunohistochemical

Examination

Fixed kidney tissue was processed through a graded alcohol
series, embedded in paraffin wax, and sectioned at 5pm.
Picrosirius red (PSR) staining and hematoxylin and eosin (H&E)
staining were operated based on described protocols (Sorensen
et al, 2011). H&E staining was used to display tubular atrophy
and interstitial expansion. The atrophic tubules were identified
and appraised by a scoring system based on the percentage of
atrophic tubules (0; 1, <25%; 2, 25-50%; 3, 50-75%; 4, >75%)
(Zheng et al., 2019). PSR staining was used to evaluated collagen
content. To assess the tubular atrophy and interstitial fibrosis,
20 microscopic fields under high power magnification (400x)
were randomly selected. The ratio of the positive red area to the
entire area was the percentage of fibrosis, which was calculated
with Image ] software (National Institute of Health, Bethesda,
MD). IHC Tool Box plugin was used for PSR quantification.
For immunohistochemistry, the kidney slides were incubated
at 4°C overnight with anti-collagen I antibody (1:100), anti-
BMPER (1:100), anti-fibronectin antibody (1:100), anti-o-SMA
antibody (1:200), and anti-E-cadherin antibody (1:100). The
slides were then incubated with secondary antibody (1:5,000) and
diaminobenzidine substrate. Finally, nuclei were counterstained
with hematoxylin.

Real-Time Polymerase Chain Reaction
(PCR)

Total RNA was extracted from frozen tissue or cultured
cells using TRIzol (Invitrogen, Carlsbad, CA, USA). Reverse
transcription was performed with FirstStrandcDNA synthesis
kit (Thermo scientific, #K1621). Amplified cDNA was used as
a template for PCR. Primers were synthesized from Sangon
Biological Engineering Technology and Services (Shanghai,
China), and specific primers were as follows: Forward 5-AGGAC
AGTGCTGCCCCAAATG-3" and Reverse 5'-TACTGACACGT
CCCCTGAAAG-3' for human BMPER; Forward 5'-GGTGAA
GGTCGGTGTGAACG-3' and Reverse 5-CTCGCTCCTG
GAAGATGGTG-3' for human GAPDH. Forward 5'-GGTGC
GCTGTGTTGTTCATT-3" and Reverse 5-TTCTCTCACG
CACTGTGTCC-3' for mouse BMPER; Forward 5-ATCAT
CTCCGCCCCTTCTG-3" and Reverse 5-GGTCATGAGCC
CTTCCACAAC-3" for mouse GAPDH. Forward 5-ACTGG
GACGACATGGAAAAG-3" and Reverse 5-CATCTCCAGA
GTCCAGCACA-3' for rat a-SMA. Forward 5-TGCTGAGTAT
GTCGTGGAGTCTA-3" and Reverse 5-AGTGGGAGTT
GCTGTTGAAATC-3' for rat GAPDH. Specific primers were
chosen from previous studies (Helbing et al., 2010; Zhang et al.,
2010; Huan et al., 2015). A final reaction volume of 20 L sample
was amplified according to the manufacturer’s protocol (Takara
Biotechnology, Japan). Real-time quantifications were carried
out on the Prism 7500 SDS (Applied Biosystems, Thermo Fisher
Scientific). The relative difference in mRNA expression between
groups was calculated with the A ACt method.

Cell Culture and Treatment

HK-2 and NRK-49F cells were purchased from the American
Type Culture Collection and were grown at 37°C in Dulbecco’s
Modified Eagle’s Medium (DMEM) with F12 (Gibco/Life
Technologies, Grand Island, NY) supplemented with or without
10% fetal bovine serum (FBS) (Gibco/Life Technologies). When
cells grew to about 60% confluence, they were used for in vitro
experiments. To examine the effect of BMPER on epithelial
cell dedifferentiation and fibroblast activation, cells were serum
starved overnight and treated with designated amount of BMPER
and recombinant TGF-f1 (10 ng/mL for HK-2 or 2 ng/mL for
NRK-49F) for the indicated time.

Cell Viability

Cell viability was measured using the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. HK-2 and
NRK-49F cells were seeded at 1 x 10* cells/well in 96-well plates
and exposed to BMPER at a final concentration of 5, 10, 20, 40,
80 nM. The cells were incubated with MTT solution (0.5 mg/ml)
for 4h at 37°C. After MTT solution discarded, 100 wl DMSO
was added to each well. Complete dissolution of formazan by
evenly shaking the 96-well plates and the optical density (OD)
was measured at an absorbance wavelength of 570 nm.

Western Blot Analysis

Cells and kidney tissues were harvested and lysed with lysis buffer
(Biyuntian, Wuhan, China). After the lysates were centrifuged
at 12,000xg at 4°C for 20min, protein concentration was
determined using a BCA kit (Biyuntian, Wuhan, China). A total
of 20 pg protein was detached on SDS-PAGE gel (Boshide,
Wubhan, China) and transferred onto a nitrocellulose membrane
(Merck-Millipore, Billerica, MA, USA). The blots were probed
with the following primary antibodies overnight: anti-BMPER
(1:500), anti-Id1 (1:1,000), anti-E-cadherin (1:1,000), anti-a-
SMA (1:1,000), anti-fibronectin (1:500), anti-collagen I (1:500),
anti-Erk1/2 (1:2,000), anti-p-Erk1/2(1:1,000), and anti-B-actin
(1:10,000). HRP-goat anti-rabbit secondary antibody (1:10,000)
was used to conjugate primary antibodies. An enhanced
chemiluminescence detection kit (GE Healthcare, Little Chalfont,
UK) was used to visualize the bands.

Immunofluorescence Staining

HK-2 or NRK-49F cells were seeded on coverslips. Forty-
eight hours after stimulated with TGF-f1 and BMPER or
TGF-p1 and BMPER siRNA, the cells were fixed with 4%
paraformaldehyde and stained with primary antibodies.
For E-cadherin immunofluorescence staining, HK-2 cells
were incubated with the anti-E-cadherin primary antibody
(1:100). Subsequently, cells were incubated with CY3 labeled
goat anti-rabbit secondary antibody (1:50). For o-SMA
immunofluorescence staining, NRK-49F cells were incubated
with anti-a-SMA primary antibody (1:200). Subsequently, cells
were incubated with CY3 labeled goat anti-mouse secondary
antibody (1:50). The fluorescent intensity of images was
analyzed by Image ] software in 10 randomly chosen, non-
overlapping fields (magnification 400x) under a microscope.
Mean = IntDen/Area.
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Small RNA Interference

For silencing experiments, 25 pmol human BMPER siRNA
(Cat. #AM16708, 127801, Thermo Fisher Scientific, Waltham,
MA) and negative control siRNA (Cat. #1022076, Qiangen)
were transfected into HK-2 cells using Lipofectamine 2000
(Invitrogen, Paisley, UK) in DMEM/F12 medium without serum
and antibiotics. 20 pmol rat low-density lipoprotein receptor-
related protein 1 (LRP1) siRNA (Cat. #4390771, s152487, Thermo
Fisher Scientific, Waltham, MA) and negative control siRNA
(Cat. #4390843 Thermo Fisher Scientific, Waltham, MA) were
transfected into NRK-49F cells. After a 6-h transfection, the
cells were supplemented with normal medium and cultured
overnight, and then exposure to TGF-B1 or BMPER for different
times. In our pilot experiment, the treatment concentration used
in this study has been optimized.

Statistical Analysis

All numerical results are presented as means = SEM. SPSS
18.0 software (SPSS Inc., Chicago, USA) was used for statistical
analysis. Each group was compared by ANOVA and Tukey’s
post-hoc analysis. Statistical significance was defined as P < 0.05.

RESULTS

BMPER Is Down-regulated Under Stress

Conditions

In our previous study, we have shown that BMPER is down-
regulated in the hydronephrotic kidneys (Yao et al, 2011).
In this study, we examined BMPER expression in UUO mice
and HK-2 cells. First, we investigated the localization of
BMPER protein in the sham-operated and obstructed kidney.
Immunohistochemical staining indicated that BMPER was
mainly located in renal tubular epithelial cells in the sham-
operated kidneys. However, compared with sham controls, 7-
day UUO resulted in decreased BMPER expression. Notably,
BMPER was reduced in the dilated and degenerated tubules.
Fourteen-day ureteral obstruction further reduced its expression
(Figure 1A). This finding was verified by Western blot analysis
and RT-qPCR (Figures 1B-D). These observations convincingly
suggested that BMPER was related with the degeneration and
dedifferentiation of the tubular cells. Then, to further evaluate
the changes of BMPER expression in vitro, HK-2 cells were
treated with TGF-p1. After TGF-p1 treatment, BMPER mRNA
and protein expression was also decreased at various time
points and different TGF-B1 concentrations (Figures 1E-]).
Therefore, BMPER levels by TGF-B1 treatment were dosage- and
time-dependent.

Endogenous BMPER Is Involved in Tubular

Dedifferentiation

Epithelial mesenchymal transition (EMT) is an essential process
in fibrosis and TGF-B1 plays vital roles in EMT. A previous
study has demonstrated that BMPER participates in EMT in
heart cushions (Dyer et al.,, 2015). To assess whether BMPER
is involved in EMT mediated by TGF-B1, we examined the E-
cadherin and a-SMA levels after BMPER down-regulation with
siRNA knockdown in HK-2 cells. As shown in Figures 2A,B,D,E,

TGEF-p1 treatment led to EMT in HK-2 cells, as evidenced by
decreased E-cadherin and increased a-SMA. BMPER knockdown
led to decreased E-cadherin expression with TGF-B1 exposure.
However, a-SMA remained unchanged after BMPER knockdown
and TGF-P1 exposure compared with TGF-B1 exposure alone.
Meanwhile, TGF-B1 treatment up-regulated Id1 in HK-2 cells
and BMPER knockdown further increased Id1 (Figures 2A,C).
Moreover, E-cadherin expression was examined in HK-2 cells by
immunofluorescence study. Compared with the control group,
tubular cells with BMPER knockdown showed trace E-cadherin
staining after TGF-p1 treatment (Figures2F,G). Therefore,
endogenous BMPER was involved in tubular dedifferentiation
but not EMT, accompanied by increase in Id1.

Exogenous BMPER Inhibits Tubular

Dedifferentiation

For investigating the function of BMPER in tubular cells,
we studied the phenotypic change after BMPER treatment in
HK-2 cells. HK-2 cells were treated with BMPER at various
concentrations. Cell viability was examined by MTT assay.
BMPER with 5 to 80nM dose did not affect cell viability
(Figure 3A). Therefore, 80nM of BMPER was used in vitro
experiments. As shown in Figures 3B-E, BMPER alone did
not affect E-cadherin and a-SMA levels. TGF-B1 treatment led
to EMT in HK-2 cells. However, BMPER inhibited TGF-p1-
meditated E-cadherin loss in a dose-dependent style, without
a-SMA change. BMPER alone resulted in a slight increase in
Id1, but this change did not achieve statistical difference. BMPER
prevented an increase in Id1 induced by TGF-1 (Figures 3B-E).
Immunofluorescence staining for E-cadherin verified this finding
(Figures 3F,G). Notably, the difference in E-cadherin expression
was not due to the changed cell density after diverse treatments,
because any kinds of treatment could not significantly alter HK-2
cell counts (Figure 3H). Therefore, exogenous BMPER inhibited
tubular dedifferentiation but not EMT.

Exogenous BMPER Prevents Fibroblast
Activation via Inhibiting Erk1/2
Phosphorylation

The transition of fibroblast into myofibroblast promotes the
development of fibrosis, and various cytokines participate in
this process. Blockage of fibroblast activation can attenuate
or reverse fibrotic diseases. NRK-49F cells were exposure to
BMPER of various concentrations. Cell viability was examined
by MTT assay. BMPER with 5 to 80nM dose did not affect
cell viability (Figure 4A). As illustrated in Figure 4B, a dramatic
increase in a-SMA in NRK-49F cells after 2ng/mL TGEF-p1
treatment for 24h. BMPER alone did not change a-SMA
expression. However, BMPER could abolish the increase in
a-SMA elicited by TGF-B1 treatment (Figures4B-D). The
decreased a-SMA was accompanied by diminished collagen
I production (Figures4E,F). We further examined a-SMA
expression in NRK-49F cells via immunofluorescence study. As
shown in Figures 4G,H, compared with control groups, BMPER
posed an inhibitory effect on up-regulation of a-SMA caused
by TGF-B1. Meanwhile, the difference in a-SMA expression
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FIGURE 1 | BMPER expression decreased in kidneys after UUO and in HK-2 cells exposed to TGF-p1. Kidneys with indicated UUO time and sham controls were
subjected to immunohistochemical staining for BMPER (A). Arrows indicated BMPER-positive tubular cells. Scale bar = 100 wm. BMPER expression in kidneys was
measured by Western blot (B). The relative protein expression for BMPER in kidneys was displayed (C). The mRNA expression of BMPER in kidneys with sham
operation and UUO was shown (D). Values are the means + SEM (n = 6). HK-2 cells were exposed to TGF-B1 at indicated time and BMPER expression was
measured by Western blot (E). The relative protein expression for BMPER in HK-2 cells was displayed (F). The mRNA expression of BMPER in HK-2 cells was shown
(G). HK-2 cells were exposed to TGF-B1 at various concentration and BMPER expression was measured by Western blot (H). The relative protein expression for
BMPER in HK-2 cells was displayed (I). The mRNA expression of BMPER in HK-2 cells was shown (J). Values are the means 4+ SEM (n = 3). Tp < 0.05 vs. sham; *p
< 0.05 vs. control.

was not due to an altered cell number after diverse treatments, =~ We determined if exogenous BMPER could affect Erkl/2
because neither treatment modalities significantly affected NRK- ~ phosphorylation. As shown in Figures 5A,B, a notable increase
49F cell counts (Figure4I). Therefore, exogenous BMPER  in Erkl/2 phosphorylation after a 15 min-TGF-f1 treatment.
could prevent fibroblast activation. Erk1/2 phosphorylation in ~ However, BMPER prevented the Erk1/2 phosphorylation elicited
fibroblast plays an important role in the process of fibrosis. by TGF-p1 in a dose-dependent manner. BMPER alone had

Frontiers in Cell and Developmental Biology | www.frontiersin.org 15 February 2021 | Volume 9 | Article 608396


https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles

Xie et al.

BMPER Ameliorates Renal Fibrosis

A TGF-1 - + + +
BMPER siRNA - - - +
Ctrl siRNA - - +
|
BMPER \— — — 76 kDa

—-— - - 135 kDa
E-cad

a-SMA L " e— — 42 kDa

B-actin aED GEED GEND @D 3 KD:

(] D
Id1
5 s
‘B 7]
& S
8 3
c £
ko) 2
5 o
a S
g 2
T k|
2 8
TGF-1 - + + + TGF-B1 - +
BMPER siRNA - - - + BMPER siRNA
Ctrl siRNA - - + - Ctrl siRNA
F
ctrl TGF-1

TGF-B1 + Ctrl siRNA TGF-B1 + BMPER siRNA

B
BMPER
c
2
2
o
Qo
X
[}
<
.
o
s
o
2
kst
Q
4
TGF-p1 - + + +
BMPER siRNA - - - +
Ctrl siRNA - - +
E
E-cad a-SMA
c
2
2
o
Q
X
o
c
£
o
s
o
2
kst
[0]
o
+ + TGF-g1 - + + +
+ BMPER siRNA - - - +
+ - Ctrl siRNA - - +

G
10 -
>
G 8 1
2
g
E
173 *
o) ——
S
2 4 e
= t
g e
7 e
u .ll
[ T T
TGF-B1 - + + +
BMPER siRNA - - - +
Ctrl siRNA - - +

FIGURE 2 | BMPER knockdown aggravated TGF-B1-induced dedifferentiation in HK-2 cells. BMPER, Id1, E-cadherin and a-SMA were measured by Western blot
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means + SEM (n = 3). Representative photographs of the E-cadherin visualized by indirect immunofluorescence staining in HK-2 cells after various treatments (F).
Graphic presentation of mean fluorescent intensity in various groups (G). Scale bar = 100 pm.*p < 0.05 vs. control; fp < 0.05 vs. TGF-B1 group.

no effect on Erk1/2 phosphorylation 15 mins after treatment.
BMPER also exhibited time-dependent inhibitory effect on
Erk1/2 phosphorylation elicited by TGF-B1 (Figures 5C,D).
Together, BMPER prevented fibroblast activation via inhibiting
Erk1/2 phosphorylation in fibroblast.

The Inhibitory Effect of BMPER on
Fibroblast Activation Is Dependent of LRP1

LRP1I is a cell surface receptor which controls tissue remodeling
in several organs (Wujak et al., 2018). LRP1 is also located
in fibroblast membrane and engaged in fibrogenesis. We
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FIGURE 4 | measured by Western blot (B). The relative protein expression for a-SMA in NRK-49F cells was displayed (C). The relative mRNA expression for a-SMA in
NRK-49F cells was shown (D). Collangen | was measured by Western blot (E) and the relative protein expression for collangen | (F). Values are the means + SEM (n
= 3). Representative photographs for a-SMA in NRK-49F cells after various treatments were displayed by immunofluorescence staining (G). Graphic presentation of
mean fluorescent intensity in various groups (H). Neither treatment modalities significantly affected NRK-49F counts. Cell numbers were counted after various
treatments for 48 h (l). Scale bar = 100 um. *p < 0.05 vs. control; fp < 0.05 vs. TGF-B1 group.
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FIGURE 5 | BMPER inhibited Erk1/2 phosphorylation in NRK-49F cells. NRK-49F cells were incubated with 2 ng/ml TGF-B1 and increasing amounts of BMPER as

indicated for 20 min, and Erk1/2, p- Erk1/2 were measured by Western blot (A). The relative protein expression for p-Erk1/2 / Erk1/2 in NRK-49F cells was displayed
(B). NRK-49F cells were treated with TGF-1 (2 ng/ml) or TGF-B1 (2 ng/ml) plus BMPER (80 nM) at indicated time, and Erk1/2, p- Erk1/2 were measured by Western
blot (C). The relative protein expression for p-Erk1/2 / Erk1/2 in NRK-49F cells was displayed (D). Values are the means + SEM (n = 3). *p < 0.05 vs. TGF-B1 group.

determined if LRP1 was responsible for inhibitory effect of renal fibrosis in vivo. To deliver exogenous BMPER to
BMPER on fibroblast activation. The result showed LRP1  the injured kidney, we injected plasmid encoding mouse
siRNA transfection led to decreased LRP1 level (Figure 6A). BMPER cDNA by tail vein using a hydrodynamic gene
As shown in Figures 6B-D, TGF-f1 elicited an increase  transfer technique, as previously described (Yang et al., 2001b).
in Erkl/2 phosphorylation and o-SMA. However, LRP1  Compared with sham-operated mice, UUO induced decrease
knockdown abrogated the inhibitory effect of BMPER on Erk1/2 i BMPER expression. However, BMPER gene transfer restored
phosphorylation and a-SMA. These findings suggested that  BMPER level (Figures 7A,B). Immunohistochemical staining
the inhibitory effect of BMPER on fibroblast activation was  showed increased expression of BMPER after hydrodynamic

dependent of LRP1. based gene transfer, especially in tubules (Figure 7C). BMPER

ameliorated tubule atrophy and interstitial fibrosis, which were
Exogenous BMPER Attenuates Renal assessed by H&E and PSR staining, respectively (Figure 8).
Fibrosis in UUO Mice Furthermore, immunohistochemical staining displayed that

In view of the inhibitory effects of BMPER on tubular UUO up-regulated the expression of fibronectin, collagen
dedifferentiation and fibroblast activation, two essential processes I, and o-SMA and decreased E-cadherin level. However,
in renal fibrosis, we determined if BMPER could attenuates =~ BMPER corrected these changes (Figure9A). Western blot
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analysis corroborated these findings (Figures 9B-F). Meanwhile,
UUO promoted Erk1/2 phosphorylation, and BMPER inhibited
this process (Figures 9G,H). Collectively, exogenous BMPER
attenuated renal fibrosis in UUO mice.

DISCUSSION

BMPER, as a regulator of BMP signaling, is implicated in blood
vessel development, vascular inflammation, HSC maturation and
lung fibrosis (Huan et al., 2015; Lockyer et al., 2017; McGarvey
et al., 2017; Esser et al., 2018). The findings in the present study
demonstrated that BMPER was dramatically down-regulated in
both UUO mice and HK-2 cells. BMPER could inhibit tubular
dedifferentiation and fibroblast activation. In addition, up-
regulation of BMPER could ameliorate tubulointerstitial fibrosis

in the kidneys of UUO mice. Therefore, BMPER holds the
promise to be a new anti-fibrotic agent.

A previous study has shown that BMPER was decreased
in hydronephrotic kidneys from human specimen with serious
interstitial fibrosis (Yao et al, 2011). This finding promoted
us to seek if BMPER is implicated in renal fibrogenesis
and, if so, the underlying mechanism. Among kidney cells,
tubular cell was one of the main cell types expressing
BMPER. Immunohistochemistry staining showed that 7-day
UUO resulted in diminished level of BMPER, especially in
dilated and degenerative tubules, which indicated alteration in
the kidney microenvironment induced by ureteral obstruction
affected its level. Therefore, we examined if TGF-B1, a prominent
pro-fibrotic cytokine in kidney after UUO, could suppressed the
expression of BMPER. As expected, TGF-B1 could down-regulate
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are the means + SEM (n = 6). Immunohistochemical staining for BMPER were shown (C). Scale bar = 100 um. *p < 0.05 vs. sham; Tp < 0.05 vs. UUO+pcDNAS.

BMPER in a time- and dosage-dependent style. These findings
suggest that BMPER maybe a regulator for fibrogenesis caused
by TGF-B1.

BMPER, initially was identified as a regulator of vascular and
blood cell development, could promotes epithelial mesenchymal
transition for developing heart cushions (Dyer et al, 2015).
Epithelial mesenchymal transition poses an essential role
in organ development, fibrosis, and tumor metastasis, and
has a relatively conservative molecular mechanism in the
three processes (Quaggin and Kapus, 2011). Hence, we
assumed that BMPER could affect epithelial mesenchymal
transition in renal fibrosis induced by UUO mice. TGEF-
B1- stimulated HK-2 cells showed increased a-SMA and
diminished E-cadherin, indicating EMT in HK-2 cells after TGF-
Pl exposure. Endogenous BMPER knockdown aggravated E-
cadherin loss in TGF-treated HK-2 cells, and exogenous BMPER
restored E-cadherin, without changes in a-SMA after TGEF-
Pl treatment. These findings suggested BMPER could inhibit
tubular dedifferentiation, not EMT. These results were verified by
E-cadherin immunofluorescence staining. EMT can be divided
into several stages (Liu, 2009). Epithelial cell dedifferentiation,
a type of sublethal injury, manifested by loss of epithelial
junction molecular, may be the basic event for renal tubular
cells to undergo mesenchymal transition (Gwon et al., 2020).
E-cadherin is an adhesion receptor between epithelium, which
plays vital roles in maintaining epithelium differentiation. Loss

of E-cadherin will inevitably cause tubular epithelial cells to
lose polarity. Matrix metalloproteinase could disrupt E-cadherin.
Loss of E-cadherin promotes the mesenchymal gene expression,
and the transcriptional repression of epithelial junction molecule
in tubular epithelial cells (Zheng et al., 2009). The data in this
study strengthen the significance of BMPER in maintenance of
epithelial polarity.

Multiple signaling molecules and pathways regulate
the dedifferentiation of epithelial cells. For example, Src
families regulate dedifferentiation of tubular cell by activating
EGFR/PI3K signaling (Zhuang et al., 2012). Epidermal growth
factor receptor (EGFR) activation is necessary for cellular
dedifferentiation after injury. Dedifferentiation process is
characterized by increased expression of vimentin, decreased
expression of E-cadherin, and loss of polarity (Hallman et al.,
2008). Inhibitor of differentiation-1 (Id-1), a transcriptional
inhibitor, drives tubular epithelial cell dedifferentiation (Li
et al,, 2007). BMPER impairs proliferation, migration, invasion
in lung tumor cell by up-regulation of Idl (Heinke et al,
2012). Therefore, we assumed that BMPER affected the
dedifferentiation of epithelial cells through Idl. As expected,
TGF-B1 could induce increase in Id1, and endogenous BMPER
knockdown further increased Id1 in TGF-f-treated HK-2 cells.
Meanwhile, exogenous BMPER could decrease Id1, accompanied
by E-cadherin changes in HK-2 cells after TGF-B1 exposure.
These findings indicate that BMPER inhibited dedifferentiation

Frontiers in Cell and Developmental Biology | www.frontiersin.org

21

February 2021 | Volume 9 | Article 608396


https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles

Xie et al.

BMPER Ameliorates Renal Fibrosis

w
1

Tubular injury
N
1

1.
1 -
0 T
Q.
@QQ/
Go) Q)'Q’
\¢ Q
5’e >

o o
s S S

UUO+pcDNA3

FIGURE 8 | BMPPER ameliorated tubule atrophy and interstitial fibrosis. H&E staining showed BMPER ameliorated tubular injury [upper panel of (A)]. Arrows indicated
tubular atrophy. PSR staining showed BMPER decreased interstitial fibrosis [lower panel of (A)]. Semi-quantitative analysis for tubule atrophy and interstitial fiorosis
were shown in (B,C), respectively. Scale bar = 100 pm. Values are the means + SEM (n = 6). *p < 0.05 vs. sham; 7‘p < 0.05 vs. UUO+pcDNAS.

UUO+pCMV6-BMPER

25 ~ =

15 A

positive area (%)
—+

Q.
@Q@
&
é)é ™
& &
Q J J
Fid S X

of epithelial cells induced by TGEF-p1 through Idl. Besides
tumor cell and epithelium, Id1 is also a functional regulator
in other cells. BMPER regulates endothelial barrier function
by antagonizing BMP4-Smad5-Id1 signaling (Helbing et al,
2017). In lung epithelium, BMPER inhibits BMP activity by
antagonizing BMP2-Id1 signaling and preventing decrease
of E-cadherin mediated by BMP2, therefore, maintaining the
integrity of the epithelium (Helbing et al., 2013). All the results
indicate the universality of suppressive effect of BMPER on 1d1
signals under various cellular environments.

In normal kidneys, a small number of fibroblasts are
quiescent. Upon activation by profibrotic cytokines, fibroblasts
acquire a myofibroblast phenotype, express a-SMA, and generate
large amounts of ECM components. Activated fibroblasts may
be derived from various sources through different mechanisms,

including fibroblasts and pericytes activation, tubular epithelial
cells transdifferentiation, and circulating fibrocytes recruitment
(Mack and Yanagita, 2015). Despite different sources, fibroblast
activation is the basis for production of excessive extracellular
matrix. BMPER mediates lung fibroblast activation in vitro
and lung fibrosis in mice in vivo (Huan et al, 2015).
Therefore, we asked if BMPER was involved in renal fibrosis by
affecting fibroblast activation. As expected, BMPER could dose-
dependently inhibit rat kidney fibroblast activation, which was
displayed by immunofluorescence staining and Western blot for
a-SMA.

The extracellular regulated kinase 1/2 (Erk1/2) pathway is
activated in the process of renal fibrosis and is related to the
differentiation and increased number of renal fibroblasts. For
example, Erk1/2 activation was identified in a-SMA-positive
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fibroblasts in kidney biopsy specimen (Masaki et al., 2004).
Erk1/2 activation has also been involved in IL-11 and TGF-f1-
induced activation of fibroblasts mediated by NADPH oxidase
(Bondi et al., 2010; Schafer et al., 2017). Moreover, inhibition
of Erk1/2 blunts the expansion of fibroblasts upon renal fibrosis
(Andrikopoulos et al., 2019). Given the importance of Erk1/2
in renal fibrogenesis, we explored whether it mediated the
inhibitory effect of BMPER on fibroblast activation. Our in
vitro results demonstrated that BMPER could dose- and time-
dependently suppress Erk1/2 activation in NRK-49F. Our in vivo
findings revealed that BMPER could suppress Erk1/2 activation
in the whole kidney lysis. In tubular cells, TGF-p1-treatment
resulted in an increased Erk1/2 activation, but BMPER failed to
prevent this process (data not shown). Therefore, the inactivation
of Erk1/2 was a fundamental signaling events of BMPER effects
on renal interstitial cells. These findings are in agreement with
previous results. Trametinib, by inhibiting the Erk1/2 pathway,
not only hinders TGF-B1-stimulated renal fibroblast activation,
but also improves renal fibrosis in UUO mice (Andrikopoulos
et al., 2019). Therefore, anti-fibrotic effect of BMPER may be
explained, at least in part, via inhibiting Erk1/2 activation.

LRP1 is a ubiquitously expressed cell receptor protein
that regulates the physiological and pathological inflammatory
responses to control tissue remodeling in multiple organs (Wujak
et al,, 2018). High amounts of LRPI are detected in various
tissues and organs, such as in the liver, brain, kidney, and
lung (Wujak et al., 2018). LRP1 can improve liver fibrosis by
modulating hepatic stellate cells proliferation and migration
(Kang et al., 2015). LRP1 also mediates anti-apoptotic effect of
tissue-type plasminogen activator (tPA), a serine protease known
for producing plasmin, in renal fibroblasts and myofibroblasts
(Hu etal., 2008). These studies demonstrate diverse physiological
functions, and document the involvement of LRPI in tissue
injury and repair. In our study, LRP1 knockdown abrogated
the inhibitory effect of BMPER on Erk1/2 phosphorylation and
fibroblast activation, which indicated Erk1/2 phosphorylation
mediated the inhibitory effect of BMPER on fibroblast activation.
LRP1 mediates different effects through multiple downstream
molecules, such as HtrAl and Erk1/2 (Muratoglu et al., 2013).
In our study, LRP1 activated Erk1/2 and promoted fibrogenesis.
In line with our result, LRP1 modulates hepatic stellate cells
proliferation and migration also by activating Erk1/2 (Kang
et al., 2015). In contrast, anti-apoptotic effect of tPA in renal
myofibroblasts is meditated by deactivated Erk1/2 (Hu et al.,
2008). These inconsistent studies suggest that extracellular cues
determine the functional status of Erk1/2 downstream of LPR1.
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Qishen Yiqi Dripping Pill Protects
Against Diabetic Nephropathy by
Inhibiting the Wnt/p-Catenin and
Transforming Growth Factor-g/Smad
Signaling Pathways in Rats

Qian Zhang, Xinhua Xiao*, Jia Zheng, Ming Li, Miao Yu, Fan Ping, Tong Wang and
Xiaojing Wang

Key Laboratory of Endocrinology, Ministry of Health, Department of Endocrinology, Peking Union Medical College Hospital,
Peking Union Medical College, Chinese Academy of Medical Sciences, Beijing, China

Diabetic nephropathy is a severe microvascular complication of diabetes. Qishen Yiqi
dripping pill (QYDP) has been reported to be a renal protective drug. However, the
mechanisms remain unclear. This study was performed to investigate the mechanisms.
In this study, Sprague-Dawley rats were injected with streptozotocin to generate
a diabetes model. Diabetic rats were administered 150 or 300 mg/kg/day QYDP.
After 8 weeks of treatment, serum creatinine, serum blood urea nitrogen, and 24-h
urinary albumin were measured. Kidney histological staining and immunostaining were
analyzed. Then, the renal tissue was analyzed with a genome expression array. The
results showed that QYDP treatment reduced serum creatinine, blood urea nitrogen,
and 24-h urinary albumin and improved kidney histology and fibrosis. The gene array
revealed that the expression of 189 genes was increased, and that of 127 genes
was decreased in the high dosage QYDP group compared with the diabetic group.
Pathway and gene ontology analyses showed that the differentially expressed genes
were involved in the Wnt/B-catenin and transforming growth factor-g (TGF-B)/Smad?2
signaling pathways. QYDP reduced the renal Wnt1, catenin 1, Tgfb1, and Smad?2
gene expression and p-catenin, TGF-, Smad?2, collagen |, a-smooth muscle actin,
and fibronectin protein expression in diabetic rats. Our results provide the first evidence
that QYDP performs its renal-protective function by inhibiting the Wnt/g-catenin and
TGF-p/Smad?2 signaling pathways in diabetic rats.

Keywords: TGF-8, Smad, B-catenin, diabetic nephropathy, Wnt

INTRODUCTION

In 2019, the International Diabetes Federation announced that diabetes affects approximately 463
million people worldwide. The number of affected individuals will reach 702 million by the year
2045 (Williams et al., 2020). Chronic tissue complications from diabetes worsen the health status of
patients. Diabetic nephropathy (DN) is one of the most important microvascular complications. It
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is estimated that more than 20% of diabetic patients will
develop chronic kidney disease (CKD) (Nelson et al,
1996). Nephropathy contributes to the development of a
cardiovascular disease, resulting in increased all-cause mortality
(Go et al., 2004).

The pathological characteristics of DN include the
accumulation of extracellular matrix (ECM) in the glomerulus
and tubules of the kidney, which leads to proteinuria and renal
failure. Several pathways have been implicated in the underlying
mechanisms of DN progression, such as oxidative stress (Baynes,
1991), inflammation (Mariappan, 2012), accumulation of
advanced glycation end products (AGEs) (Brownlee et al., 1988),
activation of protein kinase C (Koya et al., 1997), reactive oxygen
species (Ha et al., 2008), and endoplasmic reticulum (ER) stress
(Cybulsky et al., 2011).

Qishen Yiqi dripping pill (QYDP) is a traditional Chinese
medicine compound that comprises Radix Astragali (Astragalus
penduliflorus Lam.), redroot sage (Salvia miltiorrhiza Bunge),
pseudoginseng (Panax pseudoginseng Wall.), and fragrant
rosewood (Dalbergia odorifera T.C. Chen). QYDP is approved
by the State Food and Drug Administration of China (state
medical license no. Z20030139). A clinical trial showed that
QYDP treatment reduced the urinary album excretion rate in
diabetic patients (Yongbin Chen, 2011). QYDP intervention
attenuated renal interstitial fibrosis in CKD model rats induced
by unilateral ureteral obstruction surgery (Zhou et al., 2016).
However, little is known about the mechanism of QYDP in the
diabetic model.

The systematic principle of Chinese medicine raises the theory
that traditional Chinese medicines have the integrated functions
of all their constituents. Thus, we hypothesized that QYDP has
multiple targets in the kidney and moderates the kidney function
in diabetic rats. To identify these pathways, we used a genome-
wide array approach to analyze gene expression changes in the
kidney and pathway analysis to gain deep insight into the gene
expression alternations.

MATERIALS AND METHODS

Medicine

Qishen Yiqi dripping pill contains Radix Astragali
(A. penduliflorus Lam., 62.24%), redroot sage (S. miltiorrhiza
Bunge, 31.12%), pseudoginseng (P. pseudoginseng Wall., 6.22%),
and fragrant rosewood (D. odorifera T.C. Chen, 0.42%). QYDP
was provided by Tasly Pharmaceutical Group Co., Ltd. (Tianjin,
China). All voucher specimens (no. QYDP19A-QYDP19D) were
deposited at the Department of Endocrinology, Peking Union
Medical College Hospital, Beijing, China. Detailed information
about the four herbs is presented in Supplementary Table 1.
The quality of the herbs and herbal extracts was consistent
with the standards of Chinese Pharmacopoeia (2015). The four-
component herbs, Radix Astragali (1,800 g), redroot sage (900 g),
pseudoginseng (180 g), and fragrant rosewood (12 g), were
soaked in 60% ethanol for 1 h and extracted twice by refluxing
for 2 h. The condensed extracts were mixed with dextrin and
sugar powder to produce QYDP.

Ultra-Performance Liquid

Chromatography Analysis of Qishen Yiqi
Dripping Pill

Qishen Yiqi dripping pill powder (0.3 g) was dissolved in
methanol and then filtered through a 0.22-pm filter membrane.
QYDP was characterized using a Waters Acquity Ultra-
Performance Liquid Chromatography (UPLC) (Waters Corp.,
Milford, MA, United States) with a symmetrical C18 column
(100 x 2.1 mm i.d., particle size 1.7 wm, Waters Corp., Milford,
MA, United States). The column was eluted at 30°C with a
detection wavelength of 203 nm and an injection volume of 2 plL
The flow rate of the mobile phase of acetonitrile (A) and water
(B) was set at 0.2 ml/min. Gradient separation was based on
the following: 0-2 min, 15% A; 2-3 min, 15-18% A; 3-10 min,
18-20% A; 10-12 min, 20-25% A; 12-13.5 min, 25-34% A;
13.5-19 min, 34% A; 19-19.1 min, 34-90% A; 22-22.1 min,
90-15% A, 22.1-25 min, 15% A.

Animal Treatments and Diet

A total of twenty four 5-week-old male Sprague-Dawley (SD) rats
were purchased from the Institute of Laboratory Animal Sciences,
Chinese Academy of Medical Sciences and Peking Union Medical
College, Beijing, China and provided with a standard diet and
water. The rats were kept under a 12-h light/12-h dark cycle
and at 24°C. This study was conducted in strict accordance with
the recommendations and with the approval of the Animal Care
Committee of the Peking Union Medical Hospital Animal Ethics
Committee (Project XHDW-2015-0051, 15 February 2015), and
all efforts were made to minimize suffering. Diabetes was induced
by injection of streptozotocin (Sigma-Aldrich, St. Louis, MO,
United States) at a dose of 60 mg/kg body weight. The rats
with fasted blood glucose levels > 11.1 mmol/L were considered
diabetic. Diabetic rats were divided into three groups: a vehicle-
treated group [diabetes mellitus (DM) group, n = 6], low dosage
of Qishen Yigi dripping pill group (n = 6), and high dosage
of QishenYiqi dripping pill group (HQYDP group, n = 6). The
typical human daily dose of QYDP is 1.5 g per 60 kg of body
weight. Thus, according to the formula drat = (37 X dhyman)/6»
the corresponding dose of QYDP for rats is 154.2 mg/kg per
day. Previous reports show that there is no toxic reaction in
rats treated with 4,000 mg/kg QYDP for 26 weeks (Wang et al.,

TABLE 1 | Oligonucleotide sequences for gPCR analysis.

Gene Gene bank ID Forward primer Reverse primer  Product

symbol size (bp)

Wnt1 NM_001105714  TCTTCTCGGGA  ATACCACAGGG 124
GACCCCTTT ACAGCAACG

Ctnnb1  NM_053357 ATCATTCTGGCC GACAGCACCTTC 104
AGTGGTGG AGCACTCT

Tgfb1 NM_021578 AGGGCTACCAT  CCACGTAGTAG 168
GCCAACTTC ACGATGGGC

Smad2 NM_001277450  GCCGCCCGAA  TTCTGTTCTCC 164
GGGTAGAT ACCACCTGC

Wnt1, Wnt family member 1; Ctnnb1, catenin beta 1; Tgfb1, transforming
growth factor beta 1.
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2019). Therefore, the low dosage of Qishen Yiqi dripping pill
and HQYDP groups were orally administered QYDP (Tasly
Pharmaceutical Group Co., Ltd., Tianjin, China) at 150 and
300 mg/kg/day by gavage, respectively. The DM group and
normal control (NC) group were given an equal volume of saline.
All rats were anesthetized via intraperitoneal injection of sodium
pentobarbital (150 mg/kg) and then killed at the eighth week after
treatment. The kidneys were immediately collected.

Blood Sample Analysis and Sample

Preparation

After 6 h of fasting, blood was collected through the intraorbital
retrobulbar plexus. For 24-h urine collection, the rats were
housed in individual metabolic cages at the end of the 8-week
treatment. Urine was centrifuged at 3,000 x g for 10 min
at room temperature. Blood glucose, serum creatinine, blood
urea nitrogen (BUN), and urine albumin levels were measured

with a Beckman biochemical analyzer (Counter, AUS5800,
Germany).

Histological Examination of the Kidney

Kidneys were fixed in formalin and then embedded in paraffin.
Five-micrometer-thick sections were stained with periodic—acid
Schiff (PAS) and Masson’s trichrome stain. Using PAS staining,
the glomerular score of each rat was calculated as the arithmetic
mean of 60 glomeruli (400x magnification) (el Nahas et al,
1987). The tubulointerstitial damage score (dilatation, atrophy,
hyaline in the tubular lumen, visible detachment of tubular
cells, interstitial infiltration of mononuclear cells, and interstitial
fibrosis) was assessed as previously described (Piecha et al., 2008).

RNA Extraction and Gene Array Analysis
Total RNA was extracted from the kidney cortex using a
mirVana™ RNA isolation kit (Ambion, Sin Paulo, Brazil).
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Double-stranded complementary DNA (cDNA) was synthesized
from RNA. Then, biotinylated cDNA was hybridized to an
Affymetrix GeneChip Rat Gene 2.0 ST whole transcript-based
array (Affymetrix Technologies, Santa Clara, CA, United States).
Genes that had a p-value < 0.05 and a fold change > 1.5
were selected. The data obtained have been deposited in the
National Center for Biotechnology Information Gene Expression
Omnibus database (accession number GSE134072).

The Database for Annotation, Visualization, and Integrated
Discovery web-based software tool was used to perform gene
ontology (GO) enrichment analysis. In addition, pathway
enrichment analysis based on the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database was used to identify
significant pathways.

Real-Time PCR Analysis

cDNA was synthesized using SuperScript II reverse transcriptase
(Life Technologies, Carlsbad, CA, United States). Real-time PCR
was performed using a Real-time PCR Mater Mix Kit (Applied
Biosystems, Foster City, CA, United States) and ABI SYBR Mix

(Applied Biosystems, Foster City, CA, United States). The specific
primers are listed in Table 1. Data were analyzed using the A ACt
method with glyceraldehyde 3-phosphate dehydrogenase as the
constitutive marker.

Immunohistochemistry for Transforming
Growth Factor-g, g-Catenin, and Smad2
in the Kidney

Five-micron-thick renal sections were deparaffinized, rehydrated,
and immersed in phosphate-buffered saline. Then, the
sections were stained with anti-TGF-$ (1:100, Santa Cruz
Biotechnology, Dallas, TX, United States), anti-p-catenin (1:100,
Santa Cruz Biotechnology, Dallas, TX, United States), and
anti-Smad2 (1:100, Santa Cruz Biotechnology, Dallas, TX,
United States) antibodies at 4°C overnight. Tissue sections
were then incubated with a horseradish peroxidase-conjugated
secondary antibody (1:2,000, Santa Cruz Biotechnology,
Dallas, TX, United States) for 1 h at room temperature.
Immuno-labeling was visualized with 0.05% diaminobenzidine.
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A digital microscope (Nikon, Tokyo, Japan) was used to analyze
sections at 400 x magnification to identify positive cells.

Western Blot Analysis

Kidneys were homogenized in radioimmunoprecipitation
assay buffer (Millipore, Bedford, MA, United States) to obtain
total proteins. Total protein (30 pg) was loaded in 10%
sodium dodecyl sulfate-polyacrylamide gels and transferred
to polyvinylidene fluoride membranes (Bio-Rad, Hercules,
CA, United States). Then, the membranes were blocked in
Tris-buffered saline with skim milk for 1 h, followed by overnight
incubation at 4°C with rabbit anti-TGF-B (1:1,000, Abcam,
Cambridge, United Kingdom), rabbit anti-B-catenin (1:1,000,
Abcam, Cambridge, United Kingdom), rabbit anti-Smad2
(1:1,000, Abcam, Cambridge, United Kingdom), rabbit anti-
collagen I (1:1,000, Abcam, Cambridge, United Kingdom),
rabbit anti-a-smooth muscle actin (a-SMA, 1:1,000, Abcam,
Cambridge, United Kingdom), or rabbit anti-fibronectin (FN,
1:1,000, Abcam, Cambridge, United Kingdom) antibody. After
washing, the membranes were incubated with horseradish

peroxidase-conjugated secondary antibody (1:3,000, Santa
Cruz Biotechnology, Santa Cruz, CA, United States) for
2 h at room temperature. After another wash, membranes
were developed using an enhanced chemiluminescence (Cell
Signaling Technology, Danvers, MA, United States) assay.
Bound proteins were scanned with an Epson V300 scanning
system (Epson, Suwa, Japan). The density of protein bands
was quantified with AlphaEaseFC software (Alpha Innotech,
San Leandro, CA, United States). The housekeeping protein
B-actin (1:3,000, Abcam, Cambridge, United Kingdom) was used
for normalization.

Statistical Analysis

Data are shown as the mean £ SD. Statistical analyses were
calculated with two-way ANOVA followed by Tukey’s post hoc
test among the four groups. The Student’s ¢-test was used to
analyze differences between different groups. GraphPad Prism 6
(GraphPad Software Inc., CA, United States) was used for data
analysis. P < 0.05 was considered to indicate significance.
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RESULTS

Ultra-Performance Liquid

Chromatography Analysis of Qishen Yiqi
Dripping Pill

Six main QYDP components were confirmed by UPLC analysis.
The UV detector for UPLC analysis was set to 203 nm according
to the standard maximum absorption rate. The UPLC analysis
of QYDP is presented in Figures 1A,B. The six main QYDP
constituents are (1) salvianic acid (3.942 mg/g), (2) calycosin
glycoside (0.2656 mg/g), (3) notoginseng R1 (0.618 mg/g), (4)
Ginsenoside Rgl (2.204 mg/g), (5) Ginsenoside Re (0.4484 mg/g),
and (6) Ginsenoside Rb1 (1.9 mg/g).

Effect of Qishen Yiqi Dripping Pill on

Body Weight and Fasting Blood Glucose
The DM group showed decreased body weight compared with
that of the NC group (p < 0.01, Figure 2A). QYDP did not change
the body weight of diabetic rats (p > 0.05, Figure 2A). The DM
group had higher fasting blood glucose (p < 0.01, Figure 2B) than
the control group. QYDP did not reduce fasting blood glucose in
diabetic rats (p > 0.05, Figure 2B).

Effect of Qishen Yiqi Dripping Pill on

Renal Function Parameters
Serum creatinine, BUN, and 24-h urinary albumin levels
were significantly increased in the DM group (p < 0.01,

Figures 2C-E). QYDP treatment decreased serum creatinine,
BUN, and 24-h urinary albumin levels (p < 0.01, Figures 2C-E).
These results suggest that QYDP moderated renal function in
diabetic rats.

Effect of Qishen Yiqi Dripping Pill
Treatment on Histopathological Changes

in Renal Tissue

With PAS staining, both a higher glomerular lesion score and
higher tubulointerstitial lesion score were observed in diabetic
rats compared with normal rats (p < 0.01, Figures 3A,C).
Glomerular hypertrophy and tubulointerstitial changes were
mostly prevented by QYDP treatment (p < 0.01, Figures 3A,C).
Further examination of Masson’s-stained renal tissue sections
showed that the diabetic rats presented more collagen fibers in
the glomerular mesangium and basement membrane (p < 0.01,
Figures 3B,D). QYDP treatment significantly attenuated collagen
deposition (p < 0.01, Figures 3B,D).

Gene Array, Pathway, Gene Ontology,

and Network Analysis Results in the High
Dosage of QishenYiqi Dripping Pill Group
vs. the Diabetes Mellitus Group

We identified 316 significantly differentially expressed genes,
including 189 upregulated genes and 127 downregulated genes
in the HQYDP group, compared with the DM group (fold
change > 1.5, p < 0.05). To systematically identify biological
connections among the differentially expressed genes and
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FIGURE 4 | Enriched GO terms associated with differentially expressed genes in HQYDP group vs. DM group. Top five terms in biological process (BP), cellular
component (CC), and molecular function (MF).
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to identify pathways associated with the effect of QYDP
on the kidney, we performed GO and KEGG pathway
analyses. Figure 4 and Table 2 show the top five terms in
three categories, biological processes, cellular components, and
molecular functions. Among the biological process ontology

results, the major GO terms affected by QYDP were negative
regulation of extrinsic apoptotic signaling pathway via death
domain receptors, positive regulation of ERK1 and ERK2
cascade, response to a drug, liver regeneration, and regulation
of the apoptotic process. Figure 5 and Table 3 show the

TABLE 2 | Top 5 enriched GO terms in each catalog associated with differentially expressed genes in HQYDP group vs. DM group.

term ID term name count p value fold involved genes catalog
enrichment
G0:1902042 negative regulation of 6 1.29 x 10~° 18.828 ICAM1, FGG, FGA, SFRP2, FGB, HMOX1 biological
extrinsic apoptotic signaling processes
pathway via death domain
receptors
G0:0070374 positive regulation of ERK1 12 8.42 x 107° 4.454 ICAM1, FGG, FGA, C1QTNF3, FGB, SEMA7A, P2RY1, biological
and ERK2 cascade PYCARD, TREM2, GPNMB, SLAMF1, TGFB1 processes
G0:0042493 response to drug 21 8.64 x 107° 2.746 ICAM1, SLC8A1, MAT2A, LGALS1, IL1RN, GGH, CFTR, biological
ABCA1, SLCO1AB, TGFB1, CTNNB1, CDKN1A, processes
TNFRSF11B, ACE, HTR1B, PLIN2, SFRP2, ABCB1B,
TGIF1, FAS, MYC
GO:0097421 liver regeneration 7 1.36 x 1074 8.786 FGA, HMOX1, CLDN1, RGN, FAS, MYC, TGFB1 biological
processes
G0:0042981 regulation of apoptotic 11 1.84 x 107* 4.467 TNFRSF1B, TNFRSF11B, BMP1, SFRP2, PYCARD, CIDEA, biological
process APAF1, FAS, GDF15, MYC, CTNNB1 processes
GO:0005615 extracellular space 47 1.24 x 1078 2.496 GC, LTBP4, BTC, UMOD, TGFB1, LIF, WNT1, FGG, cellular
TNFRSF11B, WNT4, ACE, FGA, C1QTNF3, FGB, SEMA7A, components
PPP1R1A, VNN1, TFF3, SERPINB12, FAS, EGF, GCNTT,
ANGPTL4, SPP1, SELP, ICAM1, BMP1, PLA2G15,
LOC360919, C4B, LGALS1, IL1RN, KNG1L1, AXL, GGH,
CPXM2, HILPDA, MFGES, AFM, DKK1, SFRP2, LIPG,
ACE2, ANXA13, IGFBP1, GDF15, PON3
G0:0005887 integral component of 37 6.76 x 108 2.745 LOC361914, CLDN4, CADM2, SLC15A2, TSPAN4, cellular
plasma membrane KCNJ10, ABCA1, ATP12A, KCNJ13, INSRR, TNFRSF1B, components
SLCO1A1, TNFRSF11B, HTR1B, SLC39A8, FAS, GPNMB,
SLC22A2, ICAM1, SLC8A1, SLC6A13, SLC22A22, NPR2,
SLC10A5, SLC7A13, SLCO1AB, SLC7A12, SLC26A4,
SEMABA, FOLH1, SLC16A4, SLC16A7, GRM8, SLC26A7,
CLDNT1, SLC13A1, STEAP1
GO:0070062 extracellular exosome 67 2.55 x 1076 1.770 PVR, GDA, SLC15A2, LTBP4, CTNNB1, SLC1A4, cellular
PRKAR2A, TUBB6, VNN1, RHOB, FAS, ATP6V0OD2, components
SLC22A2, ICAM1, HIST1H1B, C4B, CFTR, MFGES,
BASP1, VAT1, SLC26A4, FOLH1, PSCA, PRPS2, MYO5A,
GC, ACADSB, UMOD, ATP6V1B1, FGG, ACE, FGA, HNMT,
C1QTNF3, FGB, TFF3, NDRG1, SERPINB12, EGF, SPP1,
NAT8, DNM3, PLA2G15, CPNE4, HIST1H2BF, LGALS1,
ILT1RN, SLCBA13, KNG1L1, GGH, AXL, NID2, CRYZ, TPMT,
CPVL, SLAMF1, AFM, PPIC, ACE2, MEP1A, ANXA13,
HIST1H2AH, HIST1H2AK, PAPPA2, APAF1, GDF15, PON3
GO:0016323 basolateral plasma 14 9.07 x 106 4.727 SLC8A1, CASR, NKD2, SLC22A22, UMOD, CFTR, cellular
membrane KCNJ10, ATPBV1B1, ATP12A, CTNNB1, SLCO1A1, components
SLC26A7, P2RY1, SLC22A2
GO:0072562 blood microparticle 10 4.90 x 107° 5.923 GC, FGG, AFM, FGA, LOC691828, C4B, FGB, KNG1L1, cellular
TGFB1, ANGPTL4 components
GO:0015175 neutral amino acid 4 0.0017 16.453 SLC1A4, LOC361914, SLC7A13, SLC7A12 molecular
transmembrane transporter function
activity
G0:0004180 carboxypeptidase activity 4 0.0020 15.485 FOLH1, ACE, ACE2, CPXM2 molecular
function
G0:0000978 RNA polymerase Il core 14 0.0024 2.663 AR, ELF3, SPI1, SMAD3, SMAD2, MYBL1, FOXP2, GCM1, molecular
promoter proximal region NR1D1, OVOL1, TEF, TGIF1, POU3F1, MYC function
sequence-specific DNA
binding
GO:0005160 transforming growth factor 5 0.0037 7.835 BMP1, SMAD3, SMAD2, GDF15, TGFB1 molecular
beta receptor binding function
G0:0005178 integrin binding 7 0.0041 4.607 ICAM1, CASR, SEMA7A, TSPAN4, MFGE8, GPNMB, SYK  molecular
function
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FIGURE 5 | Top 10 KEGG pathway enrichment point diagram in HQYDP group vs. DM group. Vertical axis represents pathway name, horizontal axis represents
Rich factor, size of dot indicates number of genes expressed in pathway, and color of dot corresponds to different p values.
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TABLE 3| Top 10 enriched KEGG pathways associated with differentially expressed genes in HQYDP group vs. DM group.

pathway ID  pathway term count fold enrichment p value involved genes

rno04068 FoxO signaling pathway 3.716 0.003 G6PC, SGK1, CDKN1A, S1PR1, PLK2, SMADS, SMAD2, EGF, TGFB1

rno04550 Signaling pathways regulating 9 3.610 0.003 LIF, WNT1, WNT4, SMAD3, SMAD2, ID4, ID3, MYC, CTNNB1

pluripotency of stem cells

rno04350 TGF-beta signaling pathway 7 4.571 0.004 TGIF1, SMADS, SMAD2, ID4, ID3, MYC, TGFB1

mo05210 Colorectal cancer 4.387 0.026 SMAD3, SMAD2, MYC, TGFB1, CTNNB1

rno05166 HTLV-I infection ihl 2137 0.0382 ICAM1, WNT1, CDKN1A, WNT4, SPI1, SMAD3, SMAD2, MYC,
TGFB1, CTNNBT1, TP53INP1

mo04310 Wnt signaling pathway 2.788 0.039 WNT1, WNT4, NKD2, DKK1, SFRP2, MYC, CTNNB1

rno05200 Pathways in cancer 13 1.843 0.047 WNT1, CDKN1A, AR, WNT4, SPI1, GNG13, SMADS3, SMAD2, FAS,
EGF, MYC, TGFB1, CTNNB1

rno04390 Hippo signaling pathway 2.569 0.054 WNT1, WNT4, SMAD3, SMAD2, MYC, TGFB1, CTNNB1

rno05205 Proteoglycans in cancer 2.235 0.065 WNT1, CDKN1A, WNT4, HPSE2, FAS, MYC, TGFB1, CTNNB1

rno05215 Prostate cancer 3.190 0.070 CDKN1A, AR, EGF, CTNNBH, INSRR

top 10 pathways identified via KEGG pathway analysis
affected by QYDP, including the FoxO signaling pathway,
signaling pathways regulating pluripotency of stem cells, TGF-
B signaling pathway, colorectal cancer, Human T- cell leukemia
virus, type 1 infection, Wnt signaling pathway, pathways in

cancer, Hippo signaling pathway, proteoglycans in cancer, and
prostate cancer.

By using String online software, the 316 differentially
expressed genes were mapped in a network. Two hundred
ninety-six nodes with 350 joint-edges were featured in this map
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(Figure 6). Fifteen nodes with no less than 10 joint-edges were
considered important functional molecules in QYDP-treated
kidneys because they accounted for 66.8% of the function of
all genes. Among these 15 nodes, glyceraldehyde-3-phosphate
dehydrogenase, myelocytomatosis oncogene, catenin Pl
(Ctnnbl), transforming growth factor Bl (Tgtbl), serum
glucocorticoid regulated kinase 1, spleen tyrosine kinase, cyclin-
dependent kinase inhibitor 1 A, mitogen-activated protein kinase
4, angiotensin I converting enzyme, and intercellular adhesion
molecule 1 were ranked in the top 10.

Real-Time PCR Validation Results

Because the TGF-f signaling pathway and Wnt signaling pathway
were among the top-ranked KEGG pathways associated with
differentially expressed genes in the HQYDP group vs. the DM
group, we selected several genes in these two pathways to assay
expression among the four different groups using quantitative
PCR. We found that diabetic rats had significantly increased
Wnt family member 1 (Wntl), Ctnnbl, Tgfbl, and Smad2
expression in the kidney (p < 0.01, Figure 7) compared with
that in the control group. QYDP treatment reduced Wntl,
Ctnnbl, Tgfbl, and Smad2 expression in diabetic kidneys
(p < 0.01, Figure 7). These results were consistent with the
microarray results.

Effect of Qishen Yiqi Dripping Pill on
Transforming Growth Factor-f,

g-Catenin, and Smad2 Expression in the
Kidney Determined by
Immunohistochemistry Staining
Immunohistochemistry analyses showed that in the DM group,
TGEF-B, B-catenin, and Smad2 immunoreactivity was higher
than in the NC group in the glomeruli, tubuli, and interstitial
areas (p < 0.01, Figure 8). QYDP treatment inhibited
TGEF-B, B-catenin, and Smad2 levels in the glomerular and
tubulointerstitial areas of diabetic kidneys (p < 0.01, Figure 8).

Effect of Qishen Yiqi Dripping Pill on the
Protein Levels of Transforming Growth
Factor-g, p-Catenin, Smad2 and Fibrotic
Markers in the Kidney

Similar to the immunohistochemical analyses, an increase in
TGEF-f, B-catenin, and Smad2 was observed in diabetic rat
kidneys (p < 0.01, Figure 9). Treatment with QYDP significantly
decreased TGF-f, p-catenin, and Smad2 expression (p < 0.01,
Figure 9). The expression levels of the fibrotic markers, collagen
I, a-SMA, and FN were upregulated in diabetic rat kidneys

compared with DM group. Lines represent interactions between two proteins.

FIGURE 6 | Protein—protein interaction network in HQYDP group compared with DM group. Nodes stand for differentially expressed genes in HQYDP group
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FIGURE 7 | Effect of QYDP on Wnt1, Ctnnb1, Tgfb1, and Smad2 expression
determined by gPCR. Values are mean + SD (n = 6); *p < 0.01 compared
with NC group; ##p < 0.01 compared with DM group. QYDP, Qishen Yiqi
dripping pill; NC, normal control; DM, diabetes mellitus; LQYDP, low dose of
QishenYigi dripping pill; HQYDP, high dose of QishenYigi dripping pill; Wnt1,
Wnt family member 1; Ctnnb1, catenin beta 1; Tgfo1, transforming growth
factor beta 1.

(p < 0.01, Figure 9). QYDP treatment reversed the increases of
these fibrotic markers (p ( 0.01, Figure 9).

DISCUSSION

In this study, our data show that both the low and high
QYDP dosage reduced serum creatinine, BUN, and 24-h
urinary albumin and moderated kidney hypertrophy and renal
histology in diabetic rats. No significant dosage-dependent
effect was observed. The possible reason might be that the
high dosage exceeds the maximum efficacy. Furthermore, we
observed a significant downregulation of collagen I, a-SMA, and
FN in QYDP-treated diabetic rats. Overall, QYDP moderated
kidney function and renal fibrosis in diabetic rats. QYDP
includes Radix Astragali (A. penduliflorus Lam.), redroot sage
(S. miltiorrhiza Bunge), pseudoginseng (P. pseudoginseng Wall.),
and fragrant rosewood (D. odorifera T.C. Chen). Astragalosides,
which is an active ingredient of Radix Astragali, have a
potent antioxidative effect and inhibit high glucose-induced
mesangial cell proliferation in vitro (Sun et al., 2014; Chen
et al., 2016). Radix Astragali significantly reduces oxidative
activity in diabetic rat kidneys (Chen et al., 2016). Two major
isoflavonoids in Radix Astragali have inhibitory effects on AGE-
induced endothelial cell apoptosis (Tang et al., 2011). Redroot
sage extracts have a renoprotection effect in streptozotocin-
induced diabetic rats (Yin et al., 2014), ameliorated renal
function, and reduced TGF-B1 (Liu et al., 2005) and collagen IV
(Lee et al., 2011).

Without reducing blood glucose, QYDP can moderate renal
function in diabetic rats. This indicates that QYDP has direct
beneficial effects on the kidney rather than indirect effects
through moderating hyperglycemia. We further performed
microarray gene expression profile analysis to determine the
mechanism underlying the effect of QYDP on the kidneys of
diabetic rats. Then, pathway analysis of the genes that were
differentially expressed in the HQYDP-treated group compared
with the DM group was performed. From this analysis, we

D
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area i itial area

FIGURE 8 | Effect of QYDP on TGF-B, B-catenin, and Smad2 expression
shown by immunohistochemistry staining. (A) immunostaining for TGF-8, (B)
immunostaining for p-catenin, (C) immunostaining for Smad2, (D) percentage
(%) of TGF-B (+) in kidneys, (E) percentage (%) of B-catenin (+) cells in
kidneys, and (F) percentage (%) of Smad?2 (+) cells in kidneys. Values are
mean + SD (n = 6); "p < 0.05, **p < 0.01 compared with normal group;

##p < 0.01 compared with DM group. NC, normal control; DM, diabetes
mellitus; LQYDP, low dose of Qishen Yiqi dripping pill; HQYDP, high dose of
Qishen Yigi dripping pill.

found that the Wnt signaling pathway was in the top 10
pathways. The Wnt signaling pathway diversifies into two
branches: the canonical Wnt pathway (the p-catenin pathway)
and the non-canonical Wnt pathway. In this study, we found
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that QYDP reduced Wntl and Ctnnbl expression in diabetic
rats. Additionally, immunostaining analysis and western blotting
showed that QYDP reduced B-catenin protein expression. In
gene interaction analysis, Ctnnbl was centrally located among
all the differentially expressed genes in the HQYDP-treated
group compared with those in the DM group. In CKD rats,
QYDP also inhibited B-catenin expression (Zhou et al., 2016).
The Wnt/B-catenin pathway is involved in cellular growth and
differentiation in DN (Xiao et al., 2013). In kidneys of both type 1
and 2 diabetic models, the Wnt pathway is activated abnormally
(Zhou et al., 2012). This activation of Wnt/p-catenin contributes
to proteinuria (Kato et al, 2011), podocyte dysfunction (Dai
et al., 2009), glomerulosclerosis, and renal interstitial fibrosis
(He etal., 2009). In vivo and in vitro, overexpression of either
Wntl or stabilized B-catenin leads to podocyte dysfunction (Dai
et al., 2009). Blockade or knockout of Wnt/B-catenin protects

against the development of podocyte lesions and albuminuria
(Dai et al., 2009). Thus, QYDP treatment may alleviate kidney
dysfunction by inhibiting the Wnt/B-catenin pathway.

In addition, pathway analysis showed that the TGF-f signaling
pathway ranked third among all pathways affected by QYDP in
the kidneys. Immunostaining analysis and western blot analysis
showed that QYDP reduced TGE-f expression. TGF-§ is an
essential mediator that stimulates glomerular ECM formation
in DN (Yamamoto et al., 1994). Hyperglycemia leads to TGF-f
activation. Chronic inhibition of TGF-B using neutralizing
monoclonal antibody in db/db mice prevents glomerulosclerosis
and renal dysfunction (Ziyadeh et al, 2000). Zhou et al.
(2016) found that QYDP inhibits TGF-B1-induced B-catenin
upregulation in the cytoplasm but does not affect Smad2 and
Smad3 phosphorylation and Smad4 or Smad7 expression in
normal kidney proximal tubular (NRK52E) cells. However,
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FIGURE 10 | Mechanism underlying renal-protective effect of QYDP. QYDP inhibits Wnt/B-catenin signaling pathway and TGF-B/Smad signaling pathway to reduce

in our study, gene interaction analysis showed that Smad2,
Smad3, and Tgfbl were in the central position among all
the differentially expressed genes in the HQYDP-treated group
compared with the DM group. QYDP reduced Tgtbl and
Smad2 expression and inhibited TGF-8 and Smad2 protein
expression in diabetic kidneys. The reason for the different
results in NRK52E cells and diabetic rats might be the different
circumstances in vivo and in vitro. Unlike diabetic rats, NRK52E
cells were used by Zhou et al. (2016). The Smad signaling
pathway plays an important role in the TGF-Bl-stimulated
accumulation of ECM. TGF-B1/Smad signaling is a critical
pathway for the development of renal fibrosis. TGF-B1 activates
Smad2 and Smad3 phosphorylation, and then, phospho-Smad2/3
binds to Smad4 to form hetero-oligomeric complexes (Meng
et al., 2015). These complexes translocate to the nucleus to
regulate the transcription factors of other genes related to
kidney fibrosis (Massague and Chen, 2000). Hence, QYDP might
inhibit TGF-p1/Smad signaling to improve kidney function
in diabetic rats.

CONCLUSION

In summary, this study reveals that QYDP significantly attenuates
kidney function and renal fibrosis. Our study is the first to
show that QYDP moderates kidney function by inhibiting the
Wnt/B-catenin pathway and TGF-B/Smad signaling in diabetic
rats (Figure 10). These results provide a basis for the treatment

of DN patients in the future. Further in vitro research is
still required to elucidate the mechanistic details of QYDP
protection against DN.
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Suxia Wang?, Zuying Xiong™ and Li Yang?*
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of Medicine, Peking University First Hospital, Peking University Institute of Nephrology, Ministry of Health of China, Beijing,
China, ® Laboratory of Electron Microscopy, Pathological Center, Peking University First Hospital, Beijjing, China

Acute kidney injury (AKI) is a worldwide health problem currently lacking therapeutics
that directly promote renal repair or prevent the occurrence of chronic fibrosis. DNA
damage is a feature of many forms of kidney injury, and targeting DNA damage and
repair might be effective strategies for kidney protection in AKI. Boosting nicotinamide
adenine dinucleotide (NAD™T) levels is thought to have beneficial effects on DNA damage
repair and fibrosis in other organs. However, no kidney-related studies of such effects
have been performed to date. Here, we have shown that NMN (an NADT precursor)
administration could significantly reduce tubular cell DNA damage and subsequent
cellular senescence induced by hydrogen peroxide and hypoxia in human proximal
tubular cells (HK-2 cells). The DNA damage inhibition, antiaging and anti-inflammatory
effects of NMN were further confirmed in a unilateral ischemia-reperfusion injury (ulRI)
mouse model. Most importantly, the antifibrosis activity of NMN was also shown
in ischemic AKI mouse models, regardless of whether NMN was administered in
advance or during the recovery phase. Collectively, these results suggest that NMN
could significantly inhibit tubular cell DNA damage, senescence and inflammation. NMN
administration might be an effective strategy for preventing or treating kidney fibrosis
after AKI.

Keywords: AKI, NMN, DNA damage, senescence, renal fibrosis

INTRODUCTION

Acute kidney injury (AKI) is a worldwide health problem characterized by sudden impairment
of kidney function as a result of a toxic or ischemic insult. It is very common in the clinic,
affecting 25-45% of high-risk hospitalized patients, such as surgery, trauma and intensive care
unit patients (Rewa and Bagshaw, 2014). The mortality rate of severe AKI patients reaches 50%,
while approximately 20-50% of surviving patients develop chronic kidney disease (CKD), and
approximately 3-15% progress to end stage renal disease (ESRD) (Ferenbach and Bonventre, 2015;
Varrier et al., 2015; Yang et al., 2015). However, no approved therapeutics have been directly
indicated to promote renal repair or to prevent the occurrence of chronic fibrosis yet, and studying
the molecular mechanism of AKI progression to CKD and finding targets of intervention are
urgently needed.
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Renal proximal tubular epithelial cells (PTECs), the most
prominent cell type in the renal cortical tubulointerstitium, are
particularly sensitive to injury (Bonventre and Yang, 2011). While
the pathogenesis of AKI is multifactorial, recent studies have
shown that DNA damage in PTECs plays an important role in
the progression of AKI to CKD (Yang et al., 2010; Ferenbach
and Bonventre, 2015; Canaud et al., 2019; Kishi et al., 2019).
Maintaining and guaranteeing the DNA integrity of renal tubular
epithelial cells may protect their structure and function after
AKI. Nicotinamide adenine dinucleotide (NAD™) is a cellular
metabolite in all living cells that is critical for fundamental
biological processes, namely, DNA repair and energy metabolism.
Since renal tubular cells are highly metabolically active, they
are very sensitive to NAD™ depletion and impairment of ATP
production. Replenishment of NAD™ levels via administration of
its precursors, such as nicotinamide riboside (NR), nicotinamide
mononucleotide (NMN), and nicotinamide (NAM), has been
demonstrated to display beneficial effects against fibrosis and
age-related diseases (Mills et al, 2016; Pham et al., 2019
Zheng et al, 2019). Multiple lines of evidence suggest that
NMN might have important roles in protecting against DNA
damage and ameliorating the long-term profibrotic response
following AKI. However, to our knowledge, no studies have yet
demonstrated such effects.

In our study, we first demonstrated that hydrogen peroxide
and hypoxia resulted in DNA damage and subsequent G2/M
arrest and senescence in HK-2 cells. NMN could decrease
these injury phenotypes. Furthermore, we confirmed the DNA
damage inhibition and antiaging effects of NMN administration
in ischemic AKI mouse models. The antifibrosis ability of NMN
was also proven in ischemic AKI mouse models, regardless of
whether it was administered in advance or during the recovery
phase. These findings have high translational potential as a
pharmacologic strategy for improving fibrosis after AKL

MATERIALS AND METHODS

Cell Culture and Treatment

Human kidney-2 (HK-2) cells was cultured in Dulbecco’s
modified Eagle’s medium (Gibco) with 10% fetal bovine serum
(Gibco) at 37°C in a humidified 5% CO; atmosphere. To induce
injury in vitro, HK-2 cells were seeded in 6-well plates at
1 x 10° cells/well and then were stimulated with I mM hydrogen
peroxide (H,O3, Beijing Chemical Works, A1029005) (Lee et al.,
2006; Small et al., 2014) and 1% O, (Zhu et al., 2019) to generate
a hypoxic environment using Whitley H35 hypoxystation (Don
Whitely Scientific). Nicotinamide mononucleotide (B-NMN;
Sigma-Aldrich; N3501) was dissolved in PBS and preserved at
—20°C until use.

Animal Models

Male C57BL/6 mice were purchased from SPF (Beijing)
Biotechnology Co., Ltd. They were maintained on a 12:12 h
light-dark cycle in a temperature-controlled room and were
allowed free access to standard rodent chow and water. All animal

studies were approved by the institutional Animal Care and Use
Committee of Peking University First Hospital.

Warm ischemia was modeled by generating a unilateral
ischemia-reperfusion injury (uIRI) in 8- to 10-week-old C57BL/6
mice. Briefly, mice were kept on a homeothermic unit and
subjected to flank incisions. The left renal pedicle was exposed
and clamped for 30 min. After removal of the clamp, the color
of the kidneys turned from dark purple to pink. To examine the
effect of NMN (B-NMN, Sigma-Aldrich, N3501) administration
at the acute phase of ulRI, NMN (500 mg/kg body wt) (Guan
et al., 2017; Li et al,, 2017) or an equivalent amount of PBS
was administered 20 min before the procedure by intraperitoneal
injection and on days 1, 2, and 3 after surgery. Mice were
euthanized at two time points: 4 h after the last injection (day 3)
and day 21 after surgery (day 21), and then kidneys were collected
from both sides. To examine the effect of NMN administration
at the recovery phase of ulRI, NMN (500 mg/kg body wt) or an
equivalent amount of PBS was administered intraperitoneally on
days 3 and 14, and then mice were euthanized on day 21 after
surgery, and kidneys were collected from both sides.

NAD* Measurement

NAD™ levels of HK-2 cells and kidney tissues was measured with
an NAD/NADH Quantification Kit (Beyotime, S0175) according
to manufacture’s instructions.

Flow Cytometry

For cell cycle analysis, HK-2 cells were trypsinized and then
washed with PBS for two times. After fixed in 1 mL of ice-
cold 75% ethanol at 4°C overnight, HK-2 cells were incubated
with 500 wL of PI/RNase staining buffer (BD PharMingen, BD
550825) for 15 min at room temperature. Cell cycle analysis
was performed by flow cytometry using a BD FACSCalibur and
analyzed with ModFit LT software. For analysis of DNA damage,
HK-2 cells were incubated with a yH2A.X (ser139) antibody
(CST, #9719) according to the manufacturer’s protocol.

Protein Extraction and Western Blot

Total protein from HK-2 cells was extracted with RIPA buffer
(Sigma, R0278), and protein from the kidneys of mice was
extracted with a Minute™ Total Protein Extraction Kit for
Animal Cultured Cells/Tissues (Invent, SD-001) following
standard protocols. Protein concentration was measured using
a Pierce BCA Protein Assay kit (Thermo Fisher Scientific,
23227). Next, denatured proteins were separated in sodium
dodecyl sulfate-polyacrylamide gels and then were electrically
transferred onto  polyvinylidene difluoride membranes
(Millipore, IPVH00010). The membranes were blocked for
60 min in 5% fat-free milk dissolved in Tris-buffer saline with
0.1% Tween 20 (TBST). The blots were incubated with relevant
primary antibodies overnight at 4°C as follows: yH2A.X (ser139)
(Noves, NB100-74435, 1:1000), o-SMA (Abcam, ab32575,
1:2000), Collagen IV (Abcam, ab6586, 1:2000), Tubulin (ZSBio,
TA-10, 1:5000) and GAPDH (Santa Cruz, sc-32233, 1:2000).
After washing three times with TBST, the membranes were
incubated with secondary HRP-conjugated secondary antibodies
ata 1:1000 dilution for 1 h at room temperature. After five washes
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with TBST, the membranes were incubated in chemiluminescent
substance (Millipore, WBKLS0100) for 5 min, and images
were captured by a ImageQuant LAS 4000 Mini system (GE
Healthcare). The density of each band was quantified by Image]
(Media Cybernetics, Silver Spring, MD, United States).

SA-B-gal Staining

Senescence-associated B-galactosidase (SA-B-gal) staining was
performed using a senescence cell histochemical staining
kit (Sigma-Aldrich, CS0030) according to the manufacturer’s
instructions. For in vitro experiments, cells were evaluated under
a light microscope, and SA-B-gal-positive cells were counted in
at least ten fields. For in vivo experiments, frozen sections (4 pm
thickness) of kidney tissues were used. At least fifteen fields were
calculated under a light microscope, and the mean integrated
optical density (IOD) of SA-fB-gal expression was analyzed by
Image-Pro Plus software (Media Cybernetics Co., Ltd).

EdU Incorporation

DNA replication activity was analyzed in cells with an EAU
staining kit (Thermo Fisher Scientific, C10337). Briefly, HK-2
cells were seeded on coverslips in 12-well plates as previously
described. EAU (10 pwM) was added to each well for 2 h
until the cells were harvested 48 h after stimulation. Cells
were collected and fixed with 4% paraformaldehyde for 10 min
and then were permeabilized with 0.5% Triton X-100 for
10 min at room temperature. The cells were then stained with
a Click-iT® Plus reaction cocktail kit for 30 min at room
temperature. Finally, images were obtained with a microscope
(Nikon, Tokyo, Japan) and then were analyzed with Image J
(Media Cybernetics, Silver Spring).

Measurement of Cell Viability

HK-2 cells grown in 96-well plates were treated as previously
described. Various concentrations of NMN (ranging from
0.03125 to 2 mM) were simultaneously added into the culture
medium with H,O; and while hypoxia stimuli was administered;
treatment lasted 48 h. CellTiter-Fluor™ Cell Viability Assay kit
(Promega, Madison, WI, United States) was used to assess cell
viability according to the manufacturer’s instructions. Following
incubation of the cells with the substrate for 60 min at 37°C,
fluorescence was measured using a Synergy H1 reader (excitation:
400 nm/emission: 505 nm). Viability of the treated cells was
normalized against the control cells.

Kidney Histopathological Analysis

To evaluate renal pathologic changes, kidney tissue samples were
fixed overnight with 10% formalin in 0.01 mol/L phosphate
buffer (pH 7.2) and then embedded in paraffin for histopathology
analysis. The slide sections (3-4 pm thickness) were stained with
hematoxylin-eosin (HE) according to standard procedures and
examined under a light microscope. The examination of renal
pathology was performed in a blinded fashion, and the pathologic
assessment was performed on the basis of the percentage of
tubules with necrosis, detachment, cast formation, dilation,
or cell swelling.

Sirius Red Staining

After deparaffinization and rehydration, paraffin sections were
stained with Sirius red to evaluate collagen fibers according to
manufacture’s instruction (Solarbio, G1470), and were calculated
as a percentage of the total area. The images of Sirius red-stained
sections were obtained with a digital microscope camera (Nikon,
Tokyo, Japan), and quantitative evaluation was performed using
Image-Pro Plus software (Media Cybernetics Co., Ltd).

In situ TUNEL Assay

Apoptosis in the kidney tissues was detected in paraffin sections
by in situ TUNEL assays that were performed according to
a standard protocol (Beyotime Biotechnology, C1086). Ten to
fifteen fields were selected randomly from each tissue section
and the number of TUNEL-positive cells were determined per
400 field.

Immunofluorescence Staining
Immunofluorescence staining of the kidney was performed on
paraffin sections. After fixation and antigen retrieval, non-
specific binding was blocked with 3% BSA. Kidney sections were
then incubated with the following primary antibodies: rabbit
antibody to a-SMA (Abcam, ab32575, 1:200), rabbit antibody
to Ki-67 (Abcam, ab66155, 1:500), and mouse antibody to
p-H3 (serl0) (Abcam, ab14955, 1:1000). The slides were then
exposed to FITC or Cy3-labeled secondary antibodies (Jackson
ImmunoResearch) and were mounted with medium containing
DAPIL The percentage of a-SMA-positive area to cortex and
outer medulla section were calculated, respectively, using Image-
Pro Plus software (Media Cybernetics Co., Ltd). For cell cycle
analysis, results are expressed as the number of Ki-67 or p-H3
positive tubular cells per high-power field.

RNA Isolation and RT-PCR Analysis

Kidney tissues were collected in RNase-free tubes, and total
RNA was extracted using TRIzol reagent (Invitrogen) according
to the manufacturer’s instructions. For cDNA synthesis, reverse
transcription was performed from 2 pg of total RNA using
a FastKing RT Kit (Tiangen, KR116). The mRNA expression
levels of IL-6, IL-8, TGF-P1, and p-actin were determined using
SuperReal PreMix Plus (SYBR Green) (FP205, Tiangen) based
on the manufacturer’s instructions. The sequences of the primers
used are shown in Table 1. The PCR system consisted of SYBR
Green Mix, forward and reverse primers, cDNA, and deionized
RNase-free water. PCR was initially denatured at 95°C for 30 s
followed by 95°C for 10 s and 65°C for 30 s for 40 cycles and
then 81 cycles at 55-95°C for 10 s for melting curve analysis.

TABLE 1 | Primers used for real-time PCR.

Genes Forward primers (5'-3') Reverse primers (5'-3')

IL-6 CTGCAAGAGACTTCCATCCAG  AGTGGTATAGACAGGTCTGTTGG
IL-8 TCGAGACCATTTACTGCAACAG CATTGCCGGTGGAAATTCCTT
TGF-p1 CTCCCGTGGCTTCTAGTGC GCCTTAGTTTGGACAGGATCTG
B-actin CAGCTGAGAGGGAAATCGTG CGTTGCCAATAGTGATGACC

PCR, polymerase chain reaction; IL-6, interleukin-6; IL-8, interleukin-8; TGF-B1,
transforming growth factor § 1.
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FIGURE 1 | Hydrogen peroxide and hypoxia resulted in DNA damage, G2/M arrest and senescence in HK-2 cells. (A) Representative western blots analysis of
yH2A.X (ser139), and bar graphs showed the fold changes compared to control group at different time points. (B) Flow cytometry analysis of cell cycle. “P < 0.05,
P < 0.0001, compared with control group. (C) SA-B-gal staining analysis at different time points. (D) EdU incorporation analysis at 48 h. (E) Representative
SA-B-gal staining at 48 h, Scale bars, 50 um. (F) Representative EdU incorporation images at 48 h showed decreased proliferation rate and larger cell size in HoO2
and hypoxia groups, Scale bars, 50 um. n = 3-5/group. Data are means 4 SD. SA-B-gal, Senescence Associated B-Galactosidase; EAU, 5-Ethynyl-2’-deoxyuridine.
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The comparative gene expression was calculated by the 2744t

method as described previously.

Statistical Analysis

GraphPad Prism 6.0 was used. Data from repeated experiments
were analyzed and are shown as the mean + SD. A two-
tailed unpaired t-test was applied for comparisons between
two groups. Differences at the P < 0.05 level were considered
statistically significant.

RESULTS

Hydrogen Peroxide and Hypoxia
Stimulation Resulted in DNA Damage,
G2/M Arrest, and Senescence in HK-2
Cells

To evaluate the phenotype of injury caused by stimuli in renal
tubular cells in vitro, HK-2 cells were treated with hydrogen
peroxide (H,0;) and subjected to hypoxia (1% O2). After 6,
12, 24 and 48 h, the cells were harvested, and the degree
of DNA damage, cell cycle distribution and senescence were
examined. By western blot analysis, we found that the expression
of YH2A X (ser139), a DNA damage marker (Rogakou et al,,
1998; Sharma et al., 2012), was significantly enhanced in both
H,0,- and hypoxia-treated groups at 6 h, and its expression
were sustained for the duration of the study for the H,O;-
treated group (Figure 1A). For the hypoxia-treated group, the
enhanced expression of yH2A.X (ser139) was rarely detected
at 24 and 48 h (Figure 1A). Cell cycle analysis showed that
H,0, and hypoxia treatment did not cause significant changes
in cell cycle distribution at 6, 12, and 24 h. However, the
percentage of cells in G2/M increased significantly in the
H,05- and hypoxia-treated groups at 48 h compared with the
control group (8.450% =+ 2.350%), being 55.72% =+ 4.682%
(P < 0.0001) and 14.42% = 3.485% (P = 0.0131), respectively
(Figure 1B). Meanwhile, the percentages of senescent cells in
both the H,O,- and hypoxia-treated groups increased from
8.185% =+ 1.629% to 23.33% =+ 3.140% and 20.65% =+ 1.491%,
respectively (Figures 1C,E), as reflected by SA-B-gal staining.
EdU incorporation analysis showed significantly decreased
proliferation rates of HK-2 cells in the H,O, and hypoxia groups
at 48 h (Figures 1D,F). These results suggest that HyO, and
hypoxia stimuli could induce DNA damage in HK-2 cells and
might thereby further result in G2/M arrest or senescence.

NMN Increased Cell Viability and
Attenuated DNA Damage, Senescence
and Collagen Production in HK-2 Cells
After Hydrogen Peroxide and Hypoxia

Stimulation

To investigate the effect of nicotinamide mononucleotide (NMN)
on the injury phenotypes induced by H,O, and hypoxia, HK-2
cells were simultaneously incubated for 48 h with various doses
of NMN, during H,0; and hypoxia exposure. CellTiter-Fluor ™

cell viability assay was performed to examine cell viability.
As shown in Figure 2A, NMN administration significantly
enhanced the decreased cell viability caused by H,O, and
hypoxia stimulation in a dose-dependent manner starting at the
lowest dose tested. Considering the improved cell viability and
convenience of calculation, NMN at a dose of 1 mM was selected
for the following in vitro studies. NMN could significantly
restored decreased HK-2 cellular NAD™ levels caused by H,0,
and hypoxia insult (Figure 2B). To explore the protective effect of
NMN on DNA damage, the expression level of YH2A.X (ser139)
was detected by flow cytometry. We found that the percentage
of DNA-damaged cells was markedly decreased from 32.0% to
22.6% (P = 0.0382) by NMN administration in the H,O,-treated
group at 48 h (Figures 2C,D). In addition, NMN administration
resulted in a decreased percentage of SA-B-gal-positive cells in the
H,0, and hypoxia groups (Figures 2E,F), indicating the effective
antiaging activity of NMN in vitro. Furthermore, collagen IV
protein production in H,O5- and hypoxia-treated HK-2 cells was
increased, but it could be suppressed by NMN administration,
as determined by western blot analysis (Figures 2G,H). Similar
protective effect of NMN was found in HK-2 cells subjected
to hypoxia followed by oxygenation (Supplementary Figure 1).
These in vitro data suggest the protective effect of NMN on
tubular cell injury.

NMN Administration Before Ischemia

and During the Acute Phase Attenuated
Renal Tubular DNA Damage and Cellular
Injury in ulRI Mice

To confirm the protective effects of NMN in vivo, we established
an ulRI mouse model, and NMN or PBS was injected
intraperitoneally 20 min before surgery as well as on days
1, 2, and 3 after surgery (totaling 4 consecutive days of
injection) (Figure 3A). The mice were sacrificed 4 h after the
last injection at day 3 after surgery, and both the ischemic
left and healthy right kidneys were taken. Histological study
showed intact structure in healthy right kidneys (Figure 3B).
Significant renal tubular injury were seen in PBS-treated
ischemic kidney, including severe dilation of the proximal
tubules, cast formation, and massive detachment and necrosis
of the tubular epithelium, while NMN-treated ischemic kidney
showed significantly decreased tubular injury (Figures 3B,C).
We further conducted an in situ TUNEL apoptosis assay and
found an increase in tubular apoptosis after injury in PBS-
treated mice, while NMN administration substantially reduced
tubular apoptosis (P = 0.0015, Figures 3D,E). In addition,
ulRI mice had elevated levels of DNA damage at day 3 after
surgery, as determined by western blot analysis of yH2A.X
(ser139), and NMN administration significantly decreased the
upregulation of DNA damage (Figure 3F). This suggests that
NMN has a protective effect against DNA damage in vivo,
which is consistent with the in vitro results. To analyze the
proliferation and cell cycle distribution of proximal tubular
epithelial cells, immunohistochemistry co-staining of Ki-67
and phosphorylation of histone H3 at serl0 (p-H3) were
performed. The ulRI mice had an increase in tubular cell
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proliferation (Ki-67 positive) at day 3 after injury, and NMN
administration did not cause obvious changes in the number
of proliferating tubular cells. There was also an increase in
the number of tubular cells in G2/M phase (p-H3 positive)
after injury, and the percentage of tubular cells in G2/M phase
(p-H3 positive) among all proliferating tubular cells decreased
significantly in NMN-treated ulRI mice (from 50.53% =+ 1.828%
to 41.19% =+ 2.093%, P = 0.0072) (Figures 3G,H). This suggested
that NMN administration before ischemia and during the acute
phase could attenuate renal tubular DNA damage and cellular
injury in ulRI mice.

NMN Administration Before Ischemia
and During the Acute Phase Attenuated
Renal Tubular Senescence, Chronic

Inflammation and Fibrosis in ulRI Mice

To explore the effect of NMN on chronic kidney changes in
ulRI mice, kidneys of ulRI mice were treated with PBS or
NMN as described above, and then they were collected at day
21 after surgery. We found that tubular DNA damage was
sustained at day 21 after surgery and could be significantly
suppressed by NMN administration, as reflected by western
blot analysis of yH2A.X (ser139) (Figures 4A,B). Furthermore,
the tubular cells of uIRI mice showed strong positive SA-B-gal
staining, indicating that the cells were senescent, which could
also be significantly reduced by NMN treatment (Figures 4C,D).
Senescent tubular cells are thought to secrete cytokines and
inflammatory factors, which are indicative of the senescence-
associated secretory phenotype (SASP). SASP composition varies
depending on cell and tissue of origin and the triggers involved,
but IL-6 and IL-8 are a highly conserved part of the SASP and
have an important role in propagating senescence and regulating
its accompanying inflammatory phenotype. As shown by the
qRT-PCR data (Figure 4E), the mRNA levels of IL-6, IL-8,
and TGF-B1 were decreased in NMN-treated uIRI mice. These
data indicated an inhibitory effect of NMN on ulRI-induced
tubular premature senescence. Sirius red staining revealed a
high level of collagen deposition in PBS-treated ulRI mice
(Figure 5A), which was alleviated significantly in NMN-treated
mice (P = 0.0155) (Figure 5B). Immunostaining of a-SMA
together with western blot analysis of a-SMA and collagen
IV confirmed the significantly decreased collagen deposition in
NMN-treated ulRI mice (Figures 5C-F). These results indicate
that fibrotic changes in the kidneys of uIRI mice could be
alleviated by the administration of NMN before ischemia and
during the acute phase.

NMN Administration During the
Recovery Phase Attenuated the
ulRI-Induced DNA Damage, Senescence
and Fibrosis Phenotype

Considering that the use of prophylactic medication is not
practical in clinical patients, we evaluated the renal fibrosis
inhibitory effect of NMN administration during the recovery
phase of IRI. Mice that underwent ulRI surgery were injected
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with NMN intraperitoneally on days 3 and 14 after surgery and
were sacrificed on day 21 (Figure 6A). NMN administration
significantly improved NAD™ levels in the ischemic kidney
(Supplementary Figure 2). And we found that the expression
level of YH2A.X (ser139) was significantly decreased in NMN-
treated mice at day 21 (Figures 6B,C), which is consistent with
the observations of NMN administration before ischemia and
during the acute phase. NMN administration also alleviated SA-
p-gal positive staining in renal tubular cells in NMN-treated ulRI
mice but did not reach statistical significance (Figures 6D,E). The
chronic interstitial inflammation reflected by the mRNA levels
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of IL-6 and IL-8 was reduced significantly in NMN-treated ulRI
mice (Figure 6F). TGF-31 mRNA level also decreased, but didn’t
reach statistical significance. These observations suggest that
NMN could inhibit DNA damage and might reduce senescence of
renal tubular cells even during the recovery phase of uIRI. Sirius
red staining revealed decreased collagen deposition in NMN-
treated ulRI mice (Figures 6G,H). Additionally, the expression
level of collagen IV was decreased significantly in the NMN-
treated group compared with the PBS group (Figures 61,]). These
results indicate that fibrotic changes in the kidneys of ulRI
mice could be alleviated by NMN administration even during
the recovery phase.

DISCUSSION

Considering the high incidence of AKI and the high proportion
of patients progressing to chronic kidney disease (CKD) and
end stage renal disease (ESRD) (Yang, 2019), there is an urgent
need to identify effective treatments for fibrosis after AKI. To
our knowledge, this is the first report that NMN, an NAD™
precursor, could attenuate long-term fibrotic responses following
experimental ischemic AKI, whether administered in advance or
during the recovery phase. Our results also indicated that the
anti-fibrotic effect of NMN might be achieved by reducing renal
tubular DNA damage, and thus decreasing tubular senescence
and senescence associated inflammation.

DNA damage is a feature of many forms of kidney injury,
and it activates specific cell signaling cascades for DNA repair,
cell cycle arrest, senescence, and cell death (Tsuruya et al., 2003;
Yang et al., 2010; Zhu et al., 2015). Thus, targeting DNA damage
and repair might be an effective strategy for protecting kidneys in
AKI. NAD™ participates in DNA repair by serving as a substrate
for poly-ADP-ribose polymerase (PARP) and sirtuins and by
providing adenylate to DNA ligase IV, a key enzyme for DNA
double-strand break (DSB) repair (de Murcia and Menissier de
Murcia, 1994; de Murcia et al., 1994; Kim et al., 2004; De Vos
et al., 2012; Fouquerel and Sobol, 2014; Fang et al., 2016; Chen
and Yu, 2019). Thus, boosting NAD™ levels was predicted to
have beneficial effects in DNA damage repair. Researchers have
found that NMN could repair damaged DNA in the livers of old
mice (Li et al., 2017) and that it could maintain telomere length,
dampen the DNA damage response and rescue liver fibrosis in
the livers of telomerase knockout mice (Amano et al., 2019).
However, no kidney-related studies have been performed to date.
In this study, we observed that stress-induced renal tubular
DNA damage occurred upon acute insult and was sustained
when subsequent chronic changes (senescence and fibrosis)
occurred. And NMN administration both in vivo and in vitro
showed reduced DNA damage phenotype. This gives evidence
that boosting NAD™' might help to improve DNA repair capacity
of the injured tissues, but direct correlation needs to be further
studied. A recent encouraging study by Canto et al. showed that
dihydronicotinamide riboside (NRH, a reduced form of NR)
had unprecedented ability to increase NAD™ levels and could
counteract cisplatin-induced kidney cellular damage and renal
function decline (Giroud-Gerbetant et al., 2019). Therefore, it’s

promising to evaluate the ability of NRH in preventing or treating
renal fibrosis of various etiologies in the future.

Repeated or prolonged damage (ischemia or toxic injury) of
tubular epithelial cells leads to senescence and maladaptive repair
(Yang et al., 2010). Senescent cells often acquire a senescence-
associated secretory phenotype (SASP), which is characterized by
the expression and secretion of profibrotic and proinflammatory
factors and are thought to be an important driver of fibrosis
(Coppe et al,, 2010; de Keizer, 2017). Recent evidence suggests
that tubular senescence may play a key role in CKD progression
(Valentijn et al., 2018). Senescent cell manipulation and depletion
might represent novel therapies for treating AKI. In this study,
we found that NMN markedly attenuated tubular senescence
and blocked the accumulation of extracellular matrix (ECM)
components both in vitro and in vivo. We also observed a
reduction in the mRNA levels of IL-6 and IL-8 following NMN
administration in the ulRI model, which might be due to the
amelioration of senescence in tubular cells.

Another important finding of this study is that the protective
effects of NMN on DNA damage inhibition, antisenescence
and antifibrosis could be observed even when NMN was
administered during the recovery phase of the ischemic AKI
model. Although some studies have suggested the protective
role of NAD™ precursors for renal function in various etiologies
of experimental AKI models (Tran et al, 2016; Guan et al,
2017), in these studies, NMN was administered in advance.
The use of prophylactic medication is not practical in many
clinical conditions. Our study indicated a wide therapeutic time
window of NMN in an ischemic AKI mouse model. Recently,
several clinical trials have been carried out to determine the
pharmacokinetics (US National Library of Medicine, 2014, 2015,
2016¢) and bioavailability (US National Library of Medicine,
2017) of some NAD™ precursors, such as NMN, NR, and
nicotinamide (NAM) (Tsubota, 2016). The efficacy of NR
supplementation in obesity and insulin sensitivity is being tested
(US National Library of Medicine, 2016a,b), and no adverse
effects have been reported. Therefore, although preliminary, our
results suggest that NMN administration might be an effective
strategy for preventing or treating kidney fibrosis after AKI.
For continued development and clinical translation, further
elucidation of the mechanisms behind the therapeutic effects
of NMN is needed. Preclinical studies in kidney and other
organs suggested that augmentation of NAD™ not only enable
efficient ATP production via fatty acid oxidation (FAO) but also
broad cell-regulatory signaling networks that protect oxidative
metabolism and mitochondrial health by acting as PARP1 and
CD38 inhibitor (Li et al., 2017), sirtuins activator (Guan et al.,
2017), mitochondrial fission inhibitor (Klimova et al.,, 2019;
Lynch et al,, 2019). Efficient FAO might also prevents toxic
effect of accumulated lipids (Tran et al., 2016). Phosphorylation
of NADT to NADPT may potentiate defense against oxidant
stress by promoting the reduction of glutathione and through
the vasodilator nitric oxide (Ratliff etal.,2016). In order to
understand the complex NMN-related network changes, high-
throughput methods are indispensable, such as transcriptome,
proteome, and metabolomics. The use of tracers to track the
metabolic changes of NMN in circulation and different organs is
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helpful to study the direct mechanism and the feasibility of its
application in different diseases.

Collectively, our results suggest the DNA damage inhibition,
antiaging and anti-inflammatory effects of NMN in kidneys,
and NMN administration might be an effective strategy for
preventing or treating kidney fibrosis after AKL
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Non-reversible fibrosis is common in various diseases such as chronic renal failure,
liver cirrhosis, chronic pancreatitis, pulmonary fibrosis, rheumatoid arthritis and
atherosclerosis. Transforming growth factor beta 1 (TGF-p1) is involved in virtually all
types of fibrosis. We previously described the involvement of Ras GTPase isoforms in
the regulation of TGF-B1-induced fibrosis. The guanine nucleotide exchange factor Son
of Sevenless (Sos) is the main Ras activator, but the role of the ubiquitously expressed
Sos1 in the development of fibrosis has not been studied. For this purpose, we isolated
and cultured Sos1 knock-out (KO) mouse embryonic fibroblasts, the main extracellular
matrix proteins (ECM)-producing cells, and we analyzed ECM synthesis, cell proliferation
and migration in the absence of Sos1, as well as the role of the main Sos1-Ras
effectors, Erk1/2 and Akt, in these processes. The absence of Sos1 increases collagen
| expression (through the PISK-Akt signaling pathway), total collagen proteins, and
slightly increases fibronectin expression; Sos1 regulates fibroblast proliferation through
both PI3K-Akt and Raf-Erk pathways, and Sos1-PI3K-Akt signaling regulates fibroblast
migration. These study shows that Sos1 regulates ECM synthesis and migration
(through Ras-PI3K-Akt) and proliferation (through Ras-PI3K-Akt and Ras-Raf-Erk) in
fibroblasts, and describe for the first time the role of the Sos1-Ras signaling axis in
the regulation of cellular processes involved in the development of fibrosis.

Keywords: Sos1, fibrosis, proliferation, migration, fibroblasts, extracellular matrix synthesis (ECM), ERK, Akt

INTRODUCTION

In most cases, when organs suffer injuries motivated by different disorders or diseases, a complex
cascade of cellular and molecular responses triggering fibrosis of the tissue begins. When this
phenomenon occurs over a prolonged period of time, this ends up causing irreversible parenchymal
damage, cellular dysfunction and functional failure of the organ (Rockey et al., 2015). This process
is common in many diseases such as chronic renal failure, liver cirrhosis, chronic pancreatitis,
pulmonary fibrosis, rheumatoid arthritis, and atherosclerosis. In almost all cases, fibrosis is not
reversible, and therefore the only possible treatments in specific cases are substitution therapies
(transplantation). On the other hand, the fact that so many different diseases cause fibrotic
processes suggests that most of them share pathogenic pathways. One of the most relevant
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intracellular pathways involved in virtually all types of
fibrosis is that of transforming growth factor beta (TGF-B)
(Rockey et al., 2015).

Previous studies of our research group have described the
involvement of Ras GTPase isoforms in the regulation of TGF-
B1-induced fibrosis. Thus, both K-Ras, N-Ras and H-Ras regulate
extracellular matrix (ECM) synthesis, proliferation and migration
in fibroblasts (Martinez-Salgado et al., 2006; Fuentes-Calvo et al.,
2012, 2013; Munoz-Félix et al., 2016). We have also observed
that deletion of H-Ras reduces renal fibrosis and myofibroblast
activation in a fibrotic in vivo model induced by ureteral
obstruction in mice (Grande et al., 2010). Activation of Ras and
its effectors Erk and/or Akt mediates certain pathological effects
of the molecules involved in renal fibrogenesis and chronic renal
disease, as we reviewed in Martinez-Salgado et al. (2008). On the
other hand, Ras participates in the regulation of fibrosis activated
by other mediators. Thus, we have also found that TNF-related
weak inducer of apoptosis (TWEAK) promotes kidney fibrosis
and Ras-dependent proliferation of cultured renal fibroblasts
(Ucero et al., 2013).

Son of Sevenless (Sos) proteins are the most widely expressed
and functionally relevant family of Ras guanine nucleotide
exchange factors (GEFs). There are 2 members in mammals, Sos1
(ubiquitously expressed) and Sos2 (Suire et al., 2019). Sos binds
to Ras promoting the release of guanosine diphosphate (GDP)
and the subsequent Ras activation after binding to guanosine
triphosphate (GTP) (Quilliam et al., 2002). The location of
Sos in the plasma membrane is necessary and sufficient for
Ras activation (Innocenti et al., 2002). For that purpose, the
Src homology 2 and 3 (SH2, SH3) domain-containing adaptor
protein growth factor receptor-bound protein 2 (Grb2) recruits
Sos to activated growth factor receptors after binding to its
C-terminal region (Buday and Downward, 1993). Sos can also
be activated by GTP-Ras in a positive feedback mechanism
(Margarit et al., 2003). Sosl and Ras mechanistically mediates
kindling-2-induced fibrosis in human kidney tubular epithelial
cells (Wei et al., 2014). Moreover, Grb2 and Sos downstream
signaling pathways are essential for cardiac fibrosis regulation
(Zhang et al., 2003).

Most of studies have been focused on identifying Sosl
functional roles, since the Sos2 isoform seems to be mostly
dispensable (Esteban et al., 2000; Arai et al., 2009). However, the
role of Sosl in cellular processes involved in the development of
fibrosis has not been studied in detail, nor is the implication of
the Ras-mediated main intracellular pathways, Raf-Erk1/2 and
PI3K-Akt known in these processes. For this purpose, we isolated
and cultured Sos1 knock-out (KO) mouse embryonic fibroblasts
(MEFs), the main ECM-producing cells, and we analyzed ECM
synthesis and cell proliferation and migration in the absence of
Sosl, as well as the role of Erk1/2 and Akt in these processes.

MATERIALS AND METHODS

Cell Culture and Stimulation
Mouse embryonic fibroblasts were subcultured and immortalized
from Sosl-KO EI13.5 embryos as previously reported

(Qian et al,, 2000). Fibroblasts were grown at 37°C, 5% CO,
in DMEM medium (Gibco-Invitrogen, Grand Island, NY,
United States) supplemented with 10% fetal calf serum (FCS,
Gibco-Invitrogen) and 100 U/ml penicillin/streptomycin. Cells
were seeded in different plastic formats depending on the
experiment to be carried out: 100 mm diameter Petri dishes
for western blot and 24 well plates for proliferation studies
and total collagen measurement. Fibroblasts, after achieving
10-20% (proliferation studies) or 70-80% confluence (studies
on extracellular matrix proteins) and serum-starved for 24 h,
were treated with human recombinant TGF-f1 (1 ng/mL,
R&D Systems Minneapolis, MN, United States) or control
vehicle during 24-48 h in serum-free medium. Pharmacological
inhibition was performed 30 min before TGF-p1 stimulation with
mitogen activated kinase/Erk kinase-1 (MEK-1) inhibitor U0126
(20 pg/mL, Calbiochem-Merck, Madrid, Spain) or the PI3K
inhibitor LY294002 (20 pg/mL, Calbiochem-Merck). Figure 1A
shows the absence of Sos1 expression in KO fibroblasts.

Crystal Violet Staining

Total cell number was measured by crystal violet staining as
previously described (Fuentes-Calvo et al., 2013). Fibroblasts in
24 well plates were fixed for 10 min with 10% glutaraldehyde,
stained for 30 min in 1% crystal violet (Fluka, Buchs, Switzerland)
solution and dried overnight. After dissolving with 10% acetic
acid, optical absorbance, which was proportional to the number
of viable cells in each well, was measured at 595 nm.

Western Blot Analysis

Protein expression was analyzed by western blot as previously
described (Fuentes-Calvo et al, 2013), using the following
antibodies: rabbit anti-human Sosl and rabbit anti-mouse Sos2
(Santa Cruz Biotechnology, Santa Cruz, CA, United States,
dilution: 1/1,000), rabbit anti-mouse Akt 1/2 (Santa Cruz
Biotechnology, dilution: 1/1,000), rabbit anti-rat Erkl (Santa
Cruz Biotechnology, 1/10,000), mouse anti-human phospho-
Erk (Santa Cruz Biotechnology, 1/2,000), rabbit anti-mouse
phospho-Akt (Cell Signaling Technology, Danvers, MA,
United States, 1/1,000), rabbit anti-mouse collagen type
I (Chemicon international, Waltham, MA, United States,
1/20,000) and rabbit anti-mouse fibronectin (Chemicon
international, 1/30,000), a-tubulin (Santa Cruz Biotechnology,
dilution: 1/1,000). We used total Erk 1/2 levels as loading
controls, as their expression does not change in fibroblasts
after TGF-B1 treatment, as we had previously found in H-Ras
KO, N-Ras KO and H- and N-Ras double KO fibroblasts
(Martinez-Salgado et al., 2006; Fuentes-Calvo et al, 2012,
2013; Munoz-Félix et al., 2016), whereas expression of other
frequently used loading controls (actin, tubulin) is modified after
TGF-P1 treatment.

Total Collagen Synthesis Measurement

The incorporation of [*H]-proline (American Radiolabelled
Chemical, St. Louis, MO, United States) into collagen proteins
was used to quantify collagen content in the culture medium, as
previously described (Fuentes-Calvo et al., 2013). Radiolabelling
was performed incubating 0.15 mM B-aminopropionitrile,
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FIGURE 1 | Effect of Sos-1 deficiency on phospho-Erk and phospho-Akt
expression in fibroblasts. Sos-1 and Sos-2 expression evaluated by western
blot (A); phospho-Erk and total Erk (B), and phospho-Akt and total Akt (C)
protein expression evaluated by western-blot 24 h after depletion and after
TGF-B1 treatment (1 ng/mL, 24 h). Lower panel in panels (B,C) shows a
representative blot of 5-6 experiments. Histograms in panels (B,C) represent
the mean £ S.E.M. of the optical density of the bands of 5 experiments,
expressed as percentage over basal values (Sos-11/+ fibroblasts in basal
conditions, 100%). Histograms correspond to the ratio phospho-Erk 1/2/Erk
1/2 or phospho-Akt/Akt/Erk 1/2 (Erk 1/2 used as loading control). Statistically
significant differences: *p < 0,05 vs. Sos1*/* fibroblasts in basal conditions.

210 mM ascorbic acid, 183 mM proline and 1 pCi/well
[*H]-Proline (specific activity: 40 Ci/mmol) for 24 h in fresh
DMEM serum-free medium. Proteins were precipitated in
ice-cold 10% trichloroacetic acid and the pellet was washed
and resuspended in 0.1 N NaOH. [*H]-Proline incorporated
into collagen proteins was measured in a Wallac 1409

DSA B liquid scintillation counter (Perkin Elmer, Waltham,
MA, United States).

Wound-Healing Assay

In vitro scratched wounds were created with a straight incision
on serum-starved confluent cell monolayers with a sterile
disposable pipette tip, as previously described (Fuentes-Calvo
et al., 2013). Cell migration into denuded area was monitored
over a time course using digital microscopy and cell movement
was calculated as the reduction of the wound area over time (in
percentage, initial area of the wound: 100%).

Cell Migration Assay

Fibroblast migration was evaluated with a method based on the
Boyden assay as previously described (Mufioz-Félix et al., 2016).
Cells were resuspended in 10% FCS DMEM and stained with
2 uM calcein-AM for 15 min in darkness. Cell suspension in
2% FCS medium was loaded into the chamber, and invading
cells migrate through and attach to an 8 pm pore size
polycarbonate membrane (bottom chamber containing 10%
FCS medium), while non-invading cells remain above. Cell
migration was analyzed for 24 h after adding the cells in the
upper chamber. The number of cells in the bottom of the
chamber (migrating cells) was determined by cell fluorescence at
A =538 each2h.

Statistical Methods

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) and Bonferroni post-test.
Statistical analysis was performed using Graph Pad Prism version
5.00 for Windows, Graph Pad Software, San Diego California
United States, www.graphpad.com. A “p” value lower than 0.05
was considered statistically significant.

RESULTS

Increased Akt Expression in Sos1 KO

Fibroblasts

We analyzed the changes induced by the absence of Sosl
in the activation of two of the main intracellular pathways
stimulated by Ras: rapidly accelerated fibrosarcoma (Raf)-
mitogen-activated protein kinase (MAPK) cascade, whose final
effect is the phosphorylation (on Tyr204) of extracellular
signal-regulated kinases (Erk), and the phosphatidylinositol 3-
kinases pathway (PI3K) that leads to phosphorylation (on
Serd73) of Akt (protein kinase B). The absence of Sosl does
not affect the expression of phospho-Erk in basal conditions
(serum-depleted cells, Figure 1B) but induces a significant
increase in the expression of phospho-Akt in these same
conditions (Figure 1C).

We stimulated fibroblasts with transforming growth factor
beta-1 (TGF-B1), the main cytokine involved in fibrotic processes
and in the synthesis of ECM (Leask and Abraham, 2004;
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Rockey et al., 2015). TGF-f1 (1 ng/mL, 24 h) induces slight
increases in Erk and Akt phosphorylation, but those effects
disappears completely in the absence of Sosl (Figures 1B,C).
These results indicate that Sosl is involved in TGF-B1-induced
activation of the Raf-Erk and PI3K-Akt pathways, and its absence
induces the activation of the PI3K-Akt pathway.

Increased ECM Proteins Synthesis in

Sos1 KO Fibroblasts

We assessed the synthesis of ECM proteins by analyzing collagen
I and fibronectin expression, as well as total collagen synthesis.
The absence of Sosl induces increases in fibronectin expression
(Figures 2A,B), collagen I expression (Figures 2C,D) and in
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the synthesis of total collagen proteins (Figure 2E). TGF-
Bl treatment (1 ng/mL, 24 h) stimulates the expression of
fibronectin, collagen I and total collagen synthesis in wild type
fibroblasts, but in the absence of Sos1l, TGF-B1 does not induce
significant increases in fibronectin (Figure 2A,B) and collagen I
(Figures 2C,D) expression, nor in the total synthesis of collagen
(Figure 2E), because these KO fibroblasts already express high
levels of these proteins, probably very close to the maximum
synthesis capacity of fibroblasts in culture.

The inhibition of Erk phosphorylation with U0126 (20 pg/mL,
30 min) does not affect the expression of fibronectin or collagen
I either in the presence or absence of Sosl (Figures 2A,C). The
inhibition of Akt phosphorylation with LY294002 (20 pg/mL,
30 min) did not induce any noticeable effect on fibronectin
expression (Figure 2B) but reduces the expression of collagen I
in Sos1 KO fibroblasts, both in basal conditions and after TGF-
1 treatment (Figure 2D). These results show that the PI3K-Akt
signaling pathway regulates collagen I expression only in the
absence of Sosl.

Reduced Proliferation in Sos1 KO

Fibroblasts

Cell proliferation is significantly lower in Sosl KO fibroblasts
compared to wild type fibroblasts in basal conditions (serum-
depleted cells) as can be seen by a smaller increase in the number
of viable cells (assessed by crystal violet nucleus staining) at 24
and 48 h (Figure 3A). In addition, TGF-B1-induced fibroblast
proliferation is reduced in the absence of Sos1 (Figure 3B).

In the absence of Sosl, inhibition of Erk phosphorylation
with U0126 significantly reduces cell proliferation, both at
basal conditions and after TGF-P1 treatment. In addition, pre-
treatment with U0126 also inhibits TGF-B1-induced proliferation
in wild type fibroblasts. On the other hand, inhibition of Akt
phosphorylation with LY294002 also significantly reduces cell
proliferation, both at baseline conditions and after TGF-B1
treatment, regardless of the presence of Sos1 (Figure 3B).

All these data suggest that the absence of Sos1 affects fibroblast
proliferation, and this process is regulated both by the PI3K-Akt
and by the Raf-Erk pathway, the latter signaling pathway being
dependent on the presence of Sosl.

Reduced Migration in Sos1 KO
Fibroblasts

To analyze the involvement of Sosl in cell migration, we have
performed two in vitro procedures: scratch time-course assay
(Figures 4A-C) and migration chamber assay (Figures 4D,E).
The absence of Sosl impairs fibroblasts migration, as the
reduction of the scratched area and the emitting fluorescence
of migrated cells is always slower in SosI~/~ than in wild
type fibroblasts.

Inhibition of Erk phosphorylation with U0126 does not seem
to have any effect on the reduction of the scratched area,
regardless of the presence of Sosl (Figures 4A,C). However,
in the absence of Sosl, inhibition of Akt phosphorylation with
LY294002 reduces the time of closure of the scratched area
(Figures 4B,C). Both the inhibition of Erk phosphorylation and
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FIGURE 3 | Effect of Sos-1 deficiency and effect of MEK/ERK or PI3K/AKT
inhibition on fibroblast proliferation. Cell proliferation measured at 48 h by
crystal violet assay (A), expressed as% vs. t = 0 (100%); effect of phospho-Erk
inhibition with 20 wg/mL U0126 or phospho-Akt inhibition with 20 pwg/mL
LY294002 on cell proliferation induced by TGF-p1 treatment (1 ng/mL, 48 h),
evaluated by crystal violet assay (N = 4-20, in three independent experiments)
(B); histogram in B represent the mean + S.E.M., expressed as percentage
over t = 0 h (Sos1*/+ fibroblasts in basal conditions, 100%). Statistically
significant differences: *p < 0,01 vs. Sos1*/* fibroblasts in basal conditions;
#p < 0,01 vs. Sos1t/* fibroblasts treated with 1 ng/mL TGF-B1.

Akt phosphorylation slightly reduces the number of migrated
cells, both in the presence and absence of Sosl (Figures 4D,E).
These data suggest that Sosl is necessary for fibroblast
migration, and that the Akt signaling pathway requires the
presence of Sosl to correctly regulate fibroblast migration.

DISCUSSION

In the last 14 years our research group has described the
mediating role of the p21Ras family isoforms in fibroblast
biology (Martinez-Salgado et al., 2006, 2008; Fuentes-Calvo et al.,
2012, 2013; Ucero et al., 2013; Mufoz-Félix et al., 2016) and
in renal fibrosis in vivo (Grande et al., 2010). Other research
groups have described the involvement of different members and
mediators of the p21Ras family in fibrotic processes. RAS p21
protein activator 1 (RASA1) is involved in miR-223 mediated
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cardiac fibrosis after myocardial infarction (Liu et al., 2018). The
farnesyltransferase-Ras-Erk pathway participates in interstitial
fibrosis in the aging heart (Trial et al., 2016). KrasG12D mutation
contribute to pancreatic tumor development by promoting
fibrosis through increased TGF- signaling (Krantz et al., 2011;
Shields et al., 2013). Silencing K-Ras expression inhibits renal
fibrosis in vivo (Wang et al., 2012), and inhibition of fibroblast
Ras/MEK/ERK signaling in fibroblasts might prevent fibrosis
(Stratton et al., 2002).

Although the role of the different isoforms of the p21-Ras
family on ECM production and fibrosis has been previously
described by our group and others, the present study is the first to
describe the role of Sos1, the main GEF of Ras, in the production
of ECM proteins and associated proliferation and migration in
fibroblasts. We show that the absence of Sosl increases collagen
I expression (through the PI3K-Akt signaling pathway), total
collagen proteins, and slightly increases fibronectin expression;
the absence of Sosl influences fibroblast proliferation through
both PI3K-Akt and Raf-Erk pathways, and Sos1-PI3K-Akt is
necessary for fibroblast migration.

Sos1 and Sos2 isoforms show structural homology and similar
expression patterns, but the specific functional properties of both
isoforms are not fully known. The Sos2 isoform seems to be
expendable, since adult Sos2-null mice are perfectly viable and
fertile (Esteban et al., 2000). However, Sos1 null mice die during
mid-embryonic development (Qian et al, 2000). Therefore,
most functional studies have focused on the analysis of Sosl
functional role.

To date, there is only one study analyzing the role of Sosl in
MEFs with a 4-hydroxytamoxifen (4OHT)-inducible, conditional
Sos1l-null mutation (Liceras-Boillos et al., 2016). Our data are
in agreement with this study which describes a mechanistic link
between Sosl and intracellular mitochondrial oxidative stress
and shows the prevalence of Sosl over Sos2 in the regulation
of cellular proliferation, migration and viability. We observed
that the absence of Sosl affects fibroblast proliferation, and this
process is regulated both by the PI3K-Akt and by the Raf-
Erk pathways, the latter signaling pathway being dependent
on the presence of Sosl. Our findings are consistent with
previous studies of our research group, which show that TGF-
Bl-induced fibroblast proliferation is reduced in H-ras~/~/N-
ras~/~ (Martinez-Salgado et al., 2006), H-ras~/~ (Fuentes-Calvo
etal.,, 2012), N-ras—/~ (Fuentes-Calvo et al., 2013) and K-ras—/~
fibroblasts (Mufoz-Félix et al., 2016) with respect to wild type
fibroblasts, and this decrease in proliferation is due to changes
in Raf-MAPK and PI3K-Akt intracellular signaling. Our study
shows that Sos1 is also necessary for fibroblast migration, and the
Akt signaling pathway requires the presence of Sosl to correctly
regulate migration. We previously showed that Ras isoforms, as
well as PI3K-Akt signaling, are also indispensable to maintain
normal fibroblast motility, which was highly restricted in H-
ras—/~ (Fuentes-Calvo et al., 2012), N-ras—/~ (Fuentes-Calvo
et al., 2013) and in K-ras~/~ fibroblasts (Mufoz-Félix et al.,
2016). The decrease in cell migration seems to be dependent on
Sosl and independent of Sos2, since it has also been described
that Sos2-KO MEF cultures exhibited similar wound-closure
kinetics than wild type fibroblasts (Liceras-Boillos et al., 2016).

Our results suggest that the absence of Sosl affects cell
proliferation and migration, possibly modifying the activity of the
different Ras isoforms and two of their main signaling pathways,
PI3K-Akt and Raf-Erk; in a similar way, Sosl-Ras might
regulate cell migration, in this case mainly through the PI3K-
Akt intracellular pathway. According to our hypothesis, it has
been described that mir-155-containing macrophage exosomes
inhibit cardiac fibroblasts proliferation by downregulating Sos1
(Wang et al., 2017). The role of Sosl as a regulator of cell
migration has been described in macrophages (Baruzzi et al,
2015), glioblastoma cells (Kapoor and O’Rourke, 2010) breast
cancer cells (Lin et al., 2018), peripheral CD4(+) T cells
(Guittard et al., 2015), etc.

The absence of Sosl induces a significant increase in both
collagen I expression and in the synthesis of total collagen
proteins, as well as a slightly higher expression of fibronectin.
This regulating role or Sosl in ECM synthesis might be directly
related with previous findings of our research group, which
show that ECM synthesis is increased in basal conditions in
H-ras=/~[N-ras~/~ (Martinez-Salgado et al., 2006), H-ras™/~
(Fuentes-Calvo et al., 2012), N-ras—/~ (Fuentes-Calvo et al.,
2013) and K-ras~/~ fibroblasts (Mufioz-Félix et al., 2016). To
date, there are no studies in the scientific literature describing
the involvement of Sosl in the synthesis of ECM proteins.
It is important to keep in mind that, as indicated above,
TGF-B1 does not modify ECM protein expression in Sosl1 ™/~
fibroblasts, probably because the absence of Sosl causes these
fibroblasts to already express very high levels of these proteins,
and therefore a profibrotic stimulus does not modify the ECM
protein synthesis capacity of these cells, which may be close to
their maximum level.

Sosl is necessary for the regulation of collagen I expression
through the PI3K-Akt signaling pathway. The absence of Sosl
induces a significant increase in the expression of phospho-
Akt in basal conditions (serum-depleted cells). Moreover, the
inhibition of Akt phosphorylation reduces the expression of
collagen I in Sosl KO fibroblasts, both in basal conditions and
after TGF-B1 treatment. The increase in Akt phosphorylation
observed in the absence of Sosl is consistent with previous
studies showing a significant activation of the PI3K pathway
in fibroblasts expressing dominant negative mSosl constructs
53 (Park et al., 2000). This role of the Akt pathway has been
previously described by our research group in the Akt-induced
increase in ECM synthesis observed in the absence of H- and
N-Ras, and for the fact that the inhibition of Akt activation
also inhibits ECM synthesis in H-ras™/~/N-ras~/~ fibroblasts
(Martinez-Salgado et al., 2006). Similarly, H-ras—/~ (Fuentes-
Calvo et al., 2012), N-Ras—/~ (Fuentes-Calvo et al., 2013) and
K-ras~/~ fibroblasts (Munoz-Félix et al., 2016) exhibited a higher
basal PI3K/Akt activation than wild type fibroblasts, which was
also directly related to the higher level of ECM expression
presented by these KO fibroblasts. However, the absence of
Sosl does not influence the regulation of the expression of
collagen I and fibronectin by the Raf-Erk signaling pathway.
Based on these data and in our previous findings, we can
affirm that the Sosl-Ras-PI3K-Akt pathway directly regulates
collagen I expression.
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The role of Sosl in the regulation of the synthesis of collagen
I, proliferation and cell migration that we describe in this
study complements the previously cited studies of our research
group that show similar effects in the absence of the H-,
N- and K-Ras isoforms. All these data together suggest that
the Sosl-Ras-PI3K-Akt and Sosl-Ras-Raf-Erk axes regulate the
processes described above to a different extent. These data
indicate that the absence of any of these mediators, Sosl
or any of the Ras isoforms, deregulates ECM production,
proliferation and fibroblast migration. The presence of the
three Ras isoforms seems to be necessary for the regulation
of these processes, since the individual absence of each of
them exerts quite similar effects, although in the case of H-Ras
the regulation of these cellular processes seems to be more
dependent on the Sos1-Ras-Raf-Erk pathway (Martinez-Salgado
et al., 2006; Fuentes-Calvo et al., 2012). These studies confirm
the role of the Sosl-Ras signaling axis in processes different of
tumor oncogenesis, such as the regulation of cellular processes
directly involved in the development of fibrosis. Although
the physiological and pathophysiological regulation of fibrosis
has an important pivotal axis in TGF-B1 and its signaling
pathways (mainly through Smads signaling), the interaction of
TGF-B1 and Ras [reviewed in Martinez-Salgado et al. (2008)]
must be taken into account when it comes to understanding
these processes.
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New insights into the cellular and extra-cellular composition of scar tissue after
myocardial infarction (Ml) have been identified. Recently, a heterogeneous podoplanin-
expressing cell population has been associated with fibrogenic and inflammatory
responses and lymphatic vessel growth during scar formation. Podoplanin is a mucin-
like transmembrane glycoprotein that plays an important role in heart development,
cell motility, tumorigenesis, and metastasis. In the adult mouse heart, podoplanin is
expressed only by cardiac lymphatic endothelial cells; after Ml, it is acquired with an
unexpected heterogeneity by PDGFRa-, PDGFRB-, and CD34-positive cells. Podoplanin
may therefore represent a sign of activation of a cohort of progenitor cells during different
phases of post-ischemic myocardial wound repair. Podoplanin binds to C-type lectin-
like receptor 2 (CLEC-2) which is exclusively expressed by platelets and a variety of
immune cells. CLEC-2 is upregulated in CD11b"9" cells, including monocytes and
macrophages, following inflammatory stimuli. We recently published that inhibition of
the interaction between podoplanin-expressing cells and podoplanin-binding cells using
podoplanin-neutralizing antibodies reduces but does not fully suppress inflammation
post-MI while improving heart function and scar composition after ischemic injury. These
data support an emerging and alternative mechanism of interactome in the heart that,
when neutralized, leads to altered inflammatory response and preservation of cardiac
function and structure. The overarching objective of this review is to assimilate and
discuss the available evidence on the functional role of podoplanin-positive cells on
cardiac fibrosis and remodeling. A detailed characterization of cell-to-cell interactions
and paracrine signals between podoplanin-expressing cells and the other type of
cells that compose the heart tissue is needed to open a new line of investigation
extending beyond the known function of these cells. This review attempts to discuss
the role and biology of podoplanin-positive cells in the context of cardiac injury, repair,
and remodeling.

Keywords: podoplanin, fibrosis, pericyte, mesenchymal stem cells, telocyte

INTRODUCTION

New discoveries during the last decades have challenged the existing scientific dogmas and provided
new conceptual developments in a number of scientific topics. We experienced intense effort in
studying organ regeneration with stem and progenitor cells: an area that has evolved with the
advent of new investigative tools like single-cell sequencing and cellular lineage tracing in intact
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animals. In line with the growing knowledge on the post-
MI cardiac responses, it is imperative to further detail the
cellular composition and evolution of heart tissue after injury.
In this regard, we (Cimini et al, 2017) characterized for
the first time the presence of cells positive for a mucin-like
transmembrane glycoprotein called podoplanin in the injured
heart. These cells do not represent a new category of cells; on the
contrary, podoplanin is co-expressed after injury by PDGFRa-,
PDGFRB-, and CD34-positive cells and continue to be expressed
by lymphatic endothelial cells. The importance of de novo
podoplanin expression comes from the fact that this glycoprotein
is the only known ligand of C-type lectin-like receptor 2
(CLEC-2), highly expressed in platelets, activated monocytes,
macrophages, and lymphocytes, and CLEC-2 signaling cascade
contributes to the pro-inflammatory lineage of the immune cells
(Table 1). Within the four different types of podoplanin co-
expressing cells in injured heart described above, each specific
group can be analyzed separately, although PDGFRa-, PDGFRf-
, CD34-positive cells and lymphatic endothelial cells have been
collectively described to take part in regeneration, fibrosis, and
inflammatory processes of the same pathologies. It is therefore
meaningful to understand whether the already described activity
of PDGFRa, PDGFRP, and CD34 cells is similar when they
express podoplanin, whether podoplanin indicates a different
phenotype of these cells, or whether these cells acquire
podoplanin in response to injury-induced inflammation. Thus,
the co-expression of podoplanin may suggest the different
roles these cells may play in homeostasis versus pathological
conditions. In this review, we will provide a description of all
the cell categories that express podoplanin, their role in tissue
homeostasis, and the evolution of pathologies.

PODOPLANIN-POSITIVE CELLS IN
DISEASE AND HOMEOSTASIS:
MULTIPLE ROLES OF ONE
GLYCOPROTEIN

Podoplanin is a mucin-type, integral membrane glycoprotein
also known as Aggrus, Tla, D2-40, gp36, and RANDAM-
2. It is composed of 162 amino acid residues (43 kDa), the
N-terminus is directed outside the cell, and the sequence is
preserved within species (Ugorski et al., 2016). The intracellular
domain is characterized by three basic amino acids responsible
for binding to the ezrin-radixin-moesin complex (ERM), which
is essential for cell migration. Within the extracellular domain,
three adjacent tandem repeats of amino acid sequences directly
bind the only known podoplanin receptor: C-type lectin-
like receptor 2 (CLEC-2) (Nagae et al, 2014; Ugorski et al.,
2016). CLEC-2 is highly expressed in platelets, dendritic cells,
and activated monocytes and lymphocytes (Ugorski et al,
2016). Physiologically, podoplanin is expressed primarily on
lymphatic endothelial cells, stromal cells of lymph nodes, type-
I pneumocytes, and glomerular podocytes (Astarita et al., 2012,
2015). In addition, podoplanin expression was found in the
epithelial lining of the coelomic wall of the pericardio-peritoneal

canal, in the cell lining the pleural and pericardial cavity,
and in the epicardium (Gittenberger-de Groot et al, 2007;
Mahtab et al., 2008). Of late, podoplanin expression has been
observed in a larger variety of cells but predominantly it
determines the normal development of the lymphatic system,
heart, and lung (Pan and Xia, 2015; Ugorski et al., 2016).
During lymphangiogenesis, podoplanin-expressing cells from
the cardinal vein bind CLEC-2 to platelets that aggregate
to seal and separate the first lymphatic vessel from the
cardinal vein (Pan and Xia, 2015). In heart development,
podoplanin is fundamental for the epithelial-mesenchymal
transition (EMT) of the pro-epicardial organ; it regulates
the downregulation of E-cadherin, a process that allows
epithelial cells to become mobile mesenchymal cells (Astarita
et al, 2012). E-cadherin is downregulated by podoplanin in
cancer cells and cancer-associated fibroblasts (CAFs), leading
to invasive growth and metastasis (Mahtab et al., 2008;
Ugorski et al., 2016).

C-Type Lectin Receptors and Podoplanin
Signaling

Podoplanin binds to the non-canonical side face of CLEC-2,
a receptor that belongs to a large family of innate immunity
receptors that share a structurally homologous carbohydrate
recognition domain (Lepenies et al., 2013; Nagae et al., 2014;
Suzuki-Inoue et al, 2017). Specifically, CLEC-2 belongs to
Dectin-1 subfamily of C-type lectin receptors, and it has been
characterized by an extracellular C-Type lectin-like domain and a
single intracellular hemITAM motif that recruits spleen tyrosine
kinase (Syk). CLEC-2 is highly expressed on platelets (Rayes
et al,, 2017), and its expression has been reported on CD11b8h
(monocytes) and Gr-1"8" myeloid cells (a lower level than
platelets), dendritic cells, as well on a variety of leukocytes
and neutrophils following inflammatory stimuli (Kerrigan et al.,
2009; Chang et al, 2010; Lowe et al, 2015b; Suzuki-Inoue
et al.,, 2017). Physiologically, the CLEC-2/podoplanin interaction
is essential for the formation of the lymphatic system, the
pro-epicardial organ, cerebrovascular patterning, and lymph
node development and maintenance (Schacht et al., 2003; Hess
et al., 2014; Suzuki-Inoue et al.,, 2017). CLEC-2 and podoplanin
highly interact for the preservation of high endothelial venules
in the lymph node, vascular integrity under inflammatory
conditions, and the wound healing process (Suzuki-Inoue et al.,
2017). Furthermore, the CLEC-2/podoplanin axis contribute
to the generation of optimal adaptive immune responses
(Astarita et al., 2012, 2015; Acton et al, 2014; Benezech
et al, 2014; Suzuki-Inoue et al., 2017). In myeloid cells,
Syk-dependent signaling activation through podoplanin can
variably lead to the production of reactive oxygen species
(ROS) and/or induction of innate immune genes, including pro-
inflammatory cytokines due to the final activation of NFAT
through Syk cascade (Mourao-Sa et al., 2011). In platelets, CLEC-
2 induces tyrosine phosphorylation of the hemITAM motif
and downstream signaling, leading to calcium mobilization and
platelet aggregation (Rayes et al., 2017). Recently, the binding
between podoplanin and CLEC-2 following activation of CLEC-2
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TABLE 1 | Podoplanin-positive cells markers.

Type of cell Markers
LYVE-1 Prox-1 VEGFR3 PDGFRo PDGFRB CD34 o-SMA Vimentin Podoplanin

Podoplanin-positive cells v v v v v v v
Lymphatic endothelial cells v v v v
Pericytes v v v v v v
MSCs v v v v v
Mesenchymal stromal cells v v v v v
Telocytes v v v v v

Podoplanin-positive cells positivity compared with lymphatic endothelial cells, pericytes, MSCs, mesenchymal stromal cells, and telocytes.

positive cells has been described in many pathologies; mostly,
the acquisition of podoplanin by mesenchymal cells and the
interaction with immune cells have been highlighted. The unique
and versatile binding modes between podoplanin and CLEC-
2 open a new area of investigation in order to understand the
consequences of this interaction especially in pathological and
inflammatory conditions.

Podoplanin in Tumor Biology

Podoplanin represents a marker of the major solid tumors,
unfortunately with adverse prognosis and CAFs; it is also the
master regulator of the cancer invasiveness due to the EMT-
mediated cell migration and invasion. Podoplanin binding to
ERM in cancer cells lead to RhoA-associated kinase-dependent
ERM phosphorylation with a consequent mobilization of both
cancer cells and CAFs (Fernandez-Munoz et al.,, 2011). On the
other hand, podoplanin mediates the remodeling of the actin
cytoskeleton in the absence of EMT by filopodia formation or
invadopodia stability via the downregulation of the activities of
small Rho family GTPases (Martin-Villar et al., 2015) or binding
CLEC-2 on platelets and skipping the immune checkpoints.
Podoplanin facilitates thrombus formation; in fact, tumor cells
induce platelet aggregation, which protects cancer cells from
sheer stress and host immunological defense. This phenomenon
results in increased tumor growth and enhanced metastatic
potential of the tumors (Pula et al., 2013). Based on the
importance and relevance of podoplanin in tumor biology,
antibody-based immunotherapies, and antagonist that suppress
podoplanin/CLEC-2 binding and following platelet aggregation
and cancer metastasis have been developed (Kaneko et al., 2006,
2012; Kato et al., 2006; Ogasawara et al., 2008; Nakazawa et al.,
2011; Fujita and Takagi, 2012; Takagi et al., 2013, 2014; Kato
and Kaneko, 2014; Miyata et al., 2014; Chang Y. W. et al,
2015; Rayes et al., 2017; Krishnan et al., 2018). The efficacy
of antibody-based immunotherapy is due to the activation
of apoptosis, antibody-dependent and complement-dependent
cellular cytotoxicity, or simply neutralizing the binding between
ligand and receptor or a protein with a complement motif
(Macor et al, 2015). Besides cell-to-cell or cell-to-ERM
interaction, cancer cells and podoplanin-positive CAFs release
extra-cellular vesicles and exosomes that contain podoplanin
mRNA and protein (Carrasco-Ramirez et al., 2016). Exosomes
containing podoplanin promoted lymphatic vessel formation,

EMT, upregulation of oncogenic protein, and diminished
expression of tumor suppressors (Carrasco-Ramirez et al., 2016).

Podoplanin as a Key Facilitator of

Stromal and Immune Cell Interaction

The podoplanin/CLEC-2 axis takes place not only in utero and
cancer biology (Suzuki-Inoue et al., 2017); but they interact
with each other under several pathological conditions since
CLEC-2 expression has been reported on circulating CD11b
positive cells, dendritic cells, and a variety of leukocytes and
neutrophils in basal conditions and following inflammatory
stimuli (Mourao-Sa et al, 2011; Lepenies et al., 2013; Yan
et al., 2013; Lowe et al., 2015b). On the other hand, interstitial
stromal cells acquire podoplanin after organ injury (Acton et al.,
2012; Ugorski et al., 2016). Specifically, mesenchymal stromal
cells upregulate podoplanin at sites of infection and chronic
inflammation; functionally podoplanin enables the interaction
with platelets, aggregation, and formation of microthrombi
alongside the mesenchymal stromal cell migration capacity
(Ward et al, 2019). It is known that mesenchymal stromal
cells and interstitial stromal cells acquire podoplanin under
interferon-y, transforming growth factor-p and tumor necrosis
factor-a stimuli, but the full mechanism behind the expression
of this glycoprotein is still unknown (Kunita et al., 2018). The
expression of podoplanin can be considered as involvement
of mesenchymal cells in the inflammatory reaction since the
receptor, CLEC-2, is highly expressed on activated immune cells.

Podoplanin in the Injured Heart

In the heart, the expression of podoplanin by interstitial cells was
described for the first time by Cimini et al. (2017). They reported
that podoplanin is expressed by a heterogeneous population of
lymphangiogenic, fibrogenic, and mesenchymal progenitor cells
(Cimini et al., 2017). In the adult heart, podoplanin-positive
cells are rare, constituting less than 5% of the myocardial small
cell population (Pinto et al., 2016). In fact, in homeostatic
conditions, podoplanin is expressed only by cardiac lymphatic
endothelial cells (Cimini et al, 2017). Cimini et al. (2017)
analyzed the spatial and temporal distribution of the cells that
acquire this glycoprotein after ischemic injury, and although
podoplanin is a common lymphoendothelial marker, it is
expressed with an unexpected heterogeneity and the appearance
of podoplanin-positive cells increases over time from the acute
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(2 days) to the chronic phase of the myocardial infarction
(MI; 2 weeks and 1 month). The interstitial podoplanin-
positive cells did not express LYVE-1, a specific lymphatic
endothelial marker, Prox-1, a major transcription factor of the
lymphatic endothelial fate, and VEGFR-3 unless organized in
cardiac lymphatic vessels (Brakenhielm and Alitalo, 2019). This
suggests that a large portion of podoplanin-positive cells do
not possess a differentiated lymphatic endothelial phenotype.
Additionally, podoplanin-positive cells do not express markers
of mature endothelial cells like CD31 and VEGFR2 (Loukas
et al,, 2011). The immunohistochemistry and the flow cytometry
analysis of the infarcted hearts at different time points after
MI showed that the podoplanin-positive cells were distinctly
PDGFRa positive. The co-localization of PDGFRB and CD34
with podoplanin was infrequent early after MI and strongly
elevated at later stages of infarct healing in the mature scar.
Since PDGFRa and CD34 are associated with the properties
of immature mesenchymal cells and PDGFRf is a marker
of pericytes the concordance of co-staining with podoplanin
suggested that podoplanin-expressing cells contain also a
population with progenitor capabilities. Podoplanin-positive
cells are positive only for CD34 but negative for CDA45,
which exclude the hematopoietic origin. Of note, although
PDGFRa and PDGFRp are also associated with fibrogenic
behavior, podoplanin-positive cells do not express vimentin
and a-Smooth muscle actin at any time point, suggesting that
podoplanin-positive cells do not generate fully differentiated
fibroblasts (Cimini et al., 2017). Therefore, podoplanin may
represent a sign of activation of a cohort of cells during
different phases of postischemic myocardial wound repair
and it can be involved in mechanisms of inflammation and
scar formation after MI. Cimini et al. (2019) investigated a
neutralizing antibody treatment approach in a mouse MI model
to inhibit cell-to-cell interaction of podoplanin-positive cells to
inflammatory cells in the modulation of post-MI inflammation
since an exacerbated and prolonged inflammatory response
is the leading cause of adverse remodeling after myocardial
injury (Prabhu and Frangogiannis, 2016; Frangogiannis, 2017)
and reported improved cardiac function after MI with this
approach. Targeted anti-inflammatory approaches were widely
studied to reduce inflammation and improve cardiac repair
(Frangogiannis, 2012, 2014); although, patients treated with
highly selective strategies did not show a positive outcome
after therapy (Saxena et al, 2016). The translational failure
may be the result of exclusive inhibition of the recruitment of
pro-inflammatory monocytes and decreased cytokine expression
in the ischemic hearts (Saxena et al, 2016). The complete
suppression of the inflammatory pathways interferes with
the migration and activation of reparative and regenerative
cells important for positive tissue remodeling (Saxena et al,
2016). Cimini et al. (2019) demonstrated that inhibition
of the interaction between podoplanin-expressing cells and
podoplanin-binding cells reduce but does not fully suppress
the inflammation post MI and at the same time enhance
an endogenous myocardial regeneration process after ischemic
injury (Cimini et al,, 2019). The histological data, vis-a-vis the
functional one, demonstrated that the neutralizing activity of

podoplanin leads to the healthier tissue geometry organization
in the treated animals compared to the scar formation in the
control animals; enhanced cardiac performance, regeneration
and angiogenesis post MI (Cimini et al., 2019). Modulating the
interaction between podoplanin-positive cells and immune cells
post MI positively affect the immune cells recruitment (Tugal
et al., 2013; Frangogiannis, 2015; Roszer, 2015; Sica et al., 2015;
Sager et al., 2017) and they did not observe any differences in
podoplanin expression in acute and chronic phases after MI
between the treated and untreated groups; the treatment with
the neutralizing antibody does not affect the cell migration or
the cell composition in the scar, thus, podoplanin-expressing cells
resident in the heart displayed podoplanin under inflammatory
condition and the neutralizing antibody could only interfere
in the interaction of podoplanin with podoplanin-binding cells
(Cimini et al., 2019).

Podoplanin in Vascular Pathophysiology

Similar observations were reported by other groups studying
the biology of inflammation and possible selective targets in
several pathologies. Specifically, in vascular biology, CLEC-2 is
known to maintain the physiological state of blood vasculature
under inflammatory conditions; mice with a deficiency in CLEC-
2 as well as inhibition of podoplanin are protected against
deep vein thrombosis with reduced platelet accumulation at the
inferior vena cava (IVC) wall (Payne et al., 2017). Podoplanin
was found in the IVC wall and was localized in the vicinity
of the abluminal side of the endothelium in an animal model
of deep vein thrombosis (Payne et al., 2017) or in aspirated
coronary thrombi (lytic and organized) from a patient with
ST- elevation myocardial infarction (Rakocevic et al, 2016).
The level of podoplanin in the IVC increased after 48 h
of stenosis to a substantially higher extent in mice with a
thrombus versus those without a thrombus. Treatment of
animals with an anti-podoplanin neutralizing antibody resulted
in the development of smaller thrombi; thus, Payne et al.
(2017) proposed a novel mechanism of deep vein thrombosis
where CLEC-2 and the upregulation of podoplanin trigger the
thrombus formation. Platelets form stable aggregates on mouse
podoplanin at arterial shear through the CLEC-2 pathway, and
podoplanin thus supports platelet capture and activation at
arteriolar rates of shear (Lombard et al., 2018). Consistent with
the expression of podoplanin in thrombi, this glycoprotein is
highly relevant in the calcification of aortic valves (Napankangas
et al, 2019) and atherosclerotic lesions (Hatakeyama et al.,
2012). Podoplanin is critical in the early stages of osteoblast-
to-osteocyte transition (Ikpegbu et al., 2018) and, as already
mentioned is acquired by mesenchymal stromal cells (Kunita
et al, 2018). During osteogenesis fibroblast growth factor-2
promotes osteocyte differentiation and podoplanin expression
(Ikpegbu et al., 2018). The calcification of aortic valves origin
from mesenchymal cells which have differentiated toward an
osteoblastic phenotype; immunohistochemical analysis of human
calcified valves showed podoplanin positivity in lymphatic
vessels, osteoblast, osteocyte, chondrocytes, macrophages, and
spindle cells with a myofibroblastic phenotype (Napankangas
et al, 2019). As well as for the calcification of aortic
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valves, podoplanin expression contributes to the thrombotic
property of atherosclerotic lesions and might be a novel target
for an anti-thrombus drug since it is highly co-localized
with smooth muscle cells and macrophages in plaque with
necrotic core compared with the early lesions composed
by smooth muscle cells and small number of monocytes
(Hatakeyama et al., 2012).

Podoplanin in Neuropathology

Podoplanin is also investigated in neurobiology. It is expressed
on the developing neural tube and neuro epithelium and guides
the maturation and integrity of developing vasculature in the
brain (Lowe et al, 2015a). In the adult brain it is highly
expressed in a subset of glial fibrillary acidic protein-positive
astrocytes adjacent to gliomas (Kolar et al., 2015); is co-expressed
with nestin, a marker of neural progenitor cells; and has
been suggested to be a marker for reactive astrocytes (Kolar
et al,, 2015). In lipopolysaccharide-induced neuroinflammation,
podoplanin is expressed in neurons but not in astrocytes with
a concomitant upregulation of active caspase 3, cyclin D1, and
CDK4, which decreased in vivo and in vitro after knocking
down podoplanin by siRNA (Song et al, 2014). As is the
case with MI, in a mouse model of ischemic stroke with a
middle cerebral artery occlusion, the expression of CLEC-2 and
podoplanin increased after ischemia/reperfusion injury, with a
peak at 24 h post-injury (Meng et al., 2020). Podoplanin and
CLEC-2 colocalized mainly in the ischemia/reperfusion cortex
and were expressed in neurons and microglia. Anti-podoplanin
antibody pretreatment drastically reduced the cerebral infarct
and attenuated the neurological deficits during the acute stage
of recovery; moreover, a significant decrease of IL-18 and IL-1f
was observed in mice pretreated with podoplanin neutralizing
antibody (Meng et al., 2020). With this study, Meng et al.
demonstrated that, like in the heart, the podoplanin/CLEC-2 axis
plays an important role during inflammatory reactions (Cimini
etal,, 2019; Meng et al., 2020).

Podoplanin and Autoimmune Diseases

Podoplanin is also well studied in the biology of autoimmune
diseases, specifically psoriasis and rheumatoid arthritis (Noack
et al., 2016a,b). During psoriasis mainly T helper lymphocytes
infiltrate the inflammatory site and interact with mesenchymal
cells and fibroblast, enhancing the production of IL-8, IL-
6, and IL-1B; but, within all the activated peripheral blood
mononuclear cells, monocytes contribute to higher IL-17
secretion and podoplanin expressing mesenchymal cells, largely
contributes to this massive secretion (Noack et al., 2016b). Using
an anti podoplanin antibody, the interaction with activated
monocytes and mesenchymal cells inhibited IL-17 secretion by
60% (Noack et al, 2016b). A similar mechanism has been
investigated within synoviocytes and activated peripheral blood
mononuclear cells during rheumatoid arthritis (Noack et al,,
2016a). Co-culture of peripheral blood mononuclear cells and
synoviocytes highly increased the production of IL-6, IL-1B,
and IL-17. Using podoplanin-neutralizing antibody during the
co-culture reduced IL-17 secretion by 60%, inhibiting the
binding between synoviocytes podoplanin positive and CLEC-2

positive activated monocytes (Noack et al., 2016a). These results
lead to consider podoplanin as a potential target for chronic
autoimmune diseases.

Podoplanin in Organ Injury

Recently, podoplanin has been investigated also in pancreatic
injuries; a different type of insult from inflammation or cancer
may change the equilibrium in the tissue. In fact, podoplanin and
Prox-1 expression is highly increased in pancreatic islets after a
hypercaloric diet (Taran et al., 2019). In a mouse model of 6 weeks
of hypercaloric diet-induced hypertrophy of pancreatic islets with
a focal expression of podoplanin and Prox-1, at 9 weeks on a
hypercaloric diet, strong peri-insular inflammation was found
around the hypertrophic islets, highly expressing podoplanin,
suggesting that podoplanin may be involved in the early steps of
pancreatic islet changes (Taran et al., 2019).

Podoplanin and New Insight Into
Therapeutic Strategies

Taking together, neutralizing antibodies, antagonists, synthetic
compounds, and CAR-T cells can inhibit podoplanin/CLEC-
2 binding; and in all the pathologies where podoplanin
is overexpressed any of these treatments may regulate the
podoplanin function and improve the prognosis. Therefore, the
contribution of podoplanin-positive cells in different pathologies
must be fully investigated to generate information that goes
beyond the cell-to-cell interaction and may involve also paracrine
signals since the majority of podoplanin-positive cells have
been described to release extracellular vesicles and exosomes
(Krishnan et al., 2018).

LYMPHATIC ENDOTHELIAL CELLS AND
PODOPLANIN

Based on the evidence from several research areas, podoplanin
is acquired, specifically during inflammation, by a variety of
cell types that do not express this glycoprotein at the baseline
level, enhancing the inflammatory reaction mostly binding
monocytes and platelets, and probably through paracrine factors.
Which type of cells are resident podoplanin-positive cells in the
heart? Looking overall at the markers of podoplanin-positive
cells, few categories of well-known cells can be investigated.
During physiological conditions podoplanin is expressed in the
heart only by lymphatic endothelial cells (Pinto et al., 2016;
Cimini et al,, 2017); the cardiac lymphatic vasculature has been
extensively investigated and studied (Brakenhielm and Alitalo,
2019) since an increase in lymphatics accompanied major cardiac
pathological remodeling, such as acute and chronic ischemia,
progressive atherosclerosis and hypertrophy, and myocarditis
(Kholova et al., 2011). The lymphatic vasculature accompanies
the blood vasculature, and it is essential for the maintenance of
tissue fluid homeostasis and immune cell trafficking, specifically
during and after a major injury (Brakenhielm and Alitalo,
2019). For this reason, many pharmacological treatments led
to improved lymphangiogenesis (Yoon et al, 2003; Henri
et al., 2016; Vieira et al., 2018) and thus the cardiac function
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since new lymphatic vessel formation reduces secondary edema
and facilitates pumping during the systole and diastole.
Decreased hypertrophy leads to diminished remodeling and
cardiomyocyte death due to stress with consequent reduced
interstitial scarring (Yoon et al., 2003; Henri et al., 2016;
Vieira et al., 2018).

Lymphangiogenesis and the Role
Lymphatic Endothelial Cells

New lymphatic vessels in any injury will enhance the removal of
cell debris and contribute to the resolution of the inflammation
recruiting the immune cells back to the circulation (Yoon
et al, 2003; Henri et al., 2016; Vieira et al., 2018). This
aspect is extremely important to enhance tissue repair, but
what are the consequences to the oxygen distribution and the
consequential vascularization? It is yet to be defined whether
lymphangiogenesis enhances later vascular formation and if
lymphatic endothelial cells themselves influence the physiology
of the neighboring cells when they, like all the other cells in the
tissue, are targeted by inflammatory signals. The improvement
from the lymphangiogenesis comes from the capacity to create
a more lymphatic vessel, but the lymphatic cells, as an entity,
will receive stimuli and communicate their activation to other
cells as well. The major lymphatic endothelial cell markers are
as follows: Lyve-1, the receptor of hyaluronic acid, Prox-1,
the major transcription factor for the lymphatic fate, VEGFR-
3, vascular endothelial growth factor for the VEGF-C, and
podoplanin (Yang et al., 2012). Mature lymphatic endothelial
cells have a heterogeneous origin (Klotz et al., 2015; Norman
and Riley, 2016) and derive from already resident lymphatic
endothelial cell (Ratajska et al., 2014; Klotz et al., 2015), venous
endothelial cells (Ratajska et al., 2014; Norman and Riley, 2016),
angioblasts (Nicenboim et al., 2015), or pluripotent stem cells
(Salven et al., 2003; Lee et al., 2015). Furthermore, it has
been described that venous endothelial cells and pericytes can
differentiate into lymphatic endothelial cells by upregulating
expression of the major lymphatic transcription factor Prox-
1 (Petrova et al, 2002; Hirakawa et al., 2003; Yee et al,
2017); it has been published that altering the level of Prox-
1 expression during the embryonic, post-natal, or adult stages
can reprogram the lymphatic endothelial cells phenotype to
become blood endothelial cells (Petrova et al.,, 2002; Groger
et al, 2004; Yang and Oliver, 2014). On the other hand,
blood endothelial cells can be transcriptionally reprogrammed
by overexpression of PROX1 in vitro, resulting in upregulation
of lymphatic markers (Petrova et al., 2002; Hirakawa et al.,
2003; Yang and Oliver, 2014; Yee et al., 2017). In the cardiac
scar tissue after MI, perivascular PDGFRp-positive cells during
the chronic phase of myocardial remodeling expressed both
Prox-1 and podoplanin, which suggests that pericytes can
differentiate into lymphatic endothelial cells and not only into
fibroblast and contribute to the lymphatic vasculature (Cimini
et al, 2017). Pericytes are another category of cells that
have a lot in common with podoplanin-positive cells or are
actually pericytes that acquire podoplanin during inflammatory
conditions (Cimini et al., 2017).

PERICYTES: SENTINELS OF FEW,
PRECURSORS OF MANY

Pericytes belong to the big family of adult mesenchymal
progenitor cells and have potential to self-renew and differentiate
into multiple mesenchymal cell types (Farini et al, 2014;
Birbrair et al., 2015). Pericytes play a major role in the
maintenance of blood vessel walls (Diaz-Flores et al., 2009),
promote angiogenesis, vasculogenesis, tissue regeneration and
repair, diapedesis of immune cells, and fibrogenic responses
(Diaz-Flores et al., 2009; Wong et al,, 2015). Pericytes have
been studied mostly for their location and morphology; they
can be spindle shaped, stellate, and with fingers-like projections
surrounding vessels, and for these reasons reside in all the
organs (Proebstl et al., 2012; Hall et al., 2014). They have been
hypothesized to be precursors of mesenchymal stem cells (MSCs)
since MSCs are anatomically found near the vasculature and
perhaps can be isolated from most tissues around the body
(Caplan, 2008; Feng et al., 2010; Crisan et al., 2012; Wong et al.,
2015). Pericytes are recruited from endothelial cells through
PDGF that binds PDGFRB, highly expressed on pericytes, and on
the other side angiopoietin-1 released from pericytes, mediates
the binding between the two types of cells via a Tie2 receptor
(Sundberg et al., 2002; Bjarnegard et al., 2004; Cai et al., 2008;
Birbrair et al., 2014). PDGFR is probably the most well-known
marker for pericytes found throughout, but there are others that
are not uniquely found on pericytes and are often dynamically
expressed (Armulik et al., 2005; Caplan, 2008; Crisan et al., 2008)
or shared with endothelial cells, smooth muscle cells and MSCs
(Crisan et al., 2012). Pericytes do not express hematopoietic and
endothelial cells markers such as CD45, CD177, CD34, CD133,
and CD31 (Crisan et al., 2008; Chen et al., 2015; Wong et al,,
2015), but they are always positive for CD146, desmin, and 3G5
(Crisan et al., 2008). They irregularly express PDGFRa, NG2,
and aSMA based on the vessel that they surround (Crisan et al.,
2012; Chen et al., 2015). It has been described that, both in vivo
and in vitro, pericytes express CD105, CD73, CD90, and Sca-1
as well as other well-known MSCs markers; on the other side
also MSCs share with pericytes the expression of NG2, 3G5,
CD146, PDGFRB, and aSMA (Chen et al.,, 2015). Due to the
anatomical position, morphology, and markers it is very difficult
to determine whether these cells represent counterparts of the
same population unless MSCs are isolated from bone marrow
(Bautch, 2011; Crisan et al., 2012; Lin and Lue, 2013; Bobryshev
et al., 2015; Klein, 2016).

Pericytes and Podoplanin

Besides regenerative capacity, pericytes can contribute to
perivascular and infiltrative fibrosis due to their plasticity
(Thomas et al., 2017; Buhl et al,, 2020); in fact, under hypoxia
PDGFRp-positive cells undergo endothelial to mesenchymal
transition. Furthermore, it is well known that perivascular
tumors derive from activated pericytes and the cancer tissue
is highly positive to PDGFRP (Palmieri et al., 2013). Recently
it has been described that kidney fibrosis is characterized by
the expansion of PDGFRB-positive cells, and the inhibition of
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the PDGFRP reverses the fibrosis (Wakisaka et al., 2019; Buhl
et al., 2020). Only a few tissues where pericytes-derived fibrosis
is disadvantageous to organ function have been investigated for
podoplanin-positive cells in the fibrotic area (Song et al., 2014;
Kolar et al., 2015; Lowe et al., 2015a; Cimini et al., 2019; Meng
et al., 2020). This connection leads to the fact that pericyte and
podoplanin expression may be very connected (Cimini et al.,
2017). In the central nervous system, in fact, pericytes accumulate
after tissue injury and release collagen (Birbrair et al., 2014),
reducing pericyte-derived scar promotes recovery after spinal
cord injury (Dias et al., 2018). On the other hand, transplantation
of allogenic pericytes improves myocardial vascularization after
MI (Alvino et al., 2018) due to the regulation of the endothelium
in angiogenesis (Caporali et al., 2017).

MESENCHYMAL STEM CELLS AND
THEIR CONTRIBUTION TO TISSUE
HOMEOSTASIS

A very thin line separates pericytes from MSCs, probably they
derive from the same group of cells with a distinctive evolution
in the tissue. Perivascular niche-derived MSCs must be CD105-,
CD73-, and CD90-positive (Bautch, 2011; Crisan et al., 2012; Lin
and Lue, 2013; Shammaa et al., 2020) and negative for CD45,
CD34, CD14, CDI11b, CD79a, CD19, and HLA-DR (Crisan
et al., 2008; Shammaa et al., 2020). It is very important that
MSCs adhere to plastic when cultured in vitro and undergo
the tri-lineage differentiation into osteoblasts, chondrocytes,
and adipocytes (Wong et al., 2015). Murine MSCs have been
largely described to express also Sca-1, CD146, PDGFRa, and
PDGEFRB (Feng et al,, 2010). In the bone marrow, a population
of Sca-1-positive cells named sinusoidal endothelial cells express
podoplanin and contribute to the maintenance of hematopoietic
stem cell nice (Xu et al., 2018). Podoplanin-positive cells
described in the heart share with MSCs the PDGFRa expression
(Noseda et al., 2015; Cimini et al., 2017) since PDGFRa-positive
MSCs as well as pericytes reside in the heart (Noseda et al., 2015;
Beltrami and Madeddu, 2018), it could be that these two cell
populations acquire podoplanin after injury in a time-dependent
manner (Cimini et al.,, 2017). PDGFRa in the heart has been
described to be associated with Sca-1 in cardiac progenitor/stem
cells; these cells showed cardiomyocyte, endothelial and smooth
muscle lineage potential after grafting and augmenting the
cardiac function (Noseda et al., 2015). Specifically, PDGFRa
demarcated the clonogenic/cardiogenic Sca-1 stem/progenitor
cell (Noseda et al,, 2015). As is the case with mesenchymal
stem cells, mesenchymal stromal cells also express PDGFRa.
The International Society for Cell and Gene Therapy (ISCT)
has recently taken a position and made a statement to clarify
the nomenclature because the two types of cells share most of
the markers, especially when isolated from tissues different than
bone marrow (Viswanathan et al., 2019). The ISCT continues to
support the use of MSCs for both types of cells but supplemented
with the tissue-source origin of the cells, intending to call them
mesenchymal stromal cells, unless rigorous evidence for stemness
can be supported by in vivo and in vitro data (Viswanathan et al.,

2019). Competent MSCs have multiple therapeutic utilities due to
their properties, are immune privileged due to the low expression
of MHC I/II, and are thus used in immune-based pathologies,
produce an anti-neoplastic agent, induce anti-tumor immunity,
and stimulate, through differentiation or paracrine factors, tissue
regeneration (Shammaa et al., 2020). In the heart, MSCs stimulate
cell-specific regenerative mechanisms after MI depending on
the site of the niches; niches were detected intramyocardially
in cell clusters and characterized by positive expression of
vimentin, CD29, CD44, CD105, and PDGFRa (Klopsch et al.,
2017). PDGFRa-positive cells only have been found in the heart
in the epicardium, myocardium, and endocardium; in vitro
differentiation of cardiac PDGFRa-positive cells generates a
significant number of smooth muscle cells and endothelial cells
only (Chong et al., 2013). These data suggest that cardiac MSCs
PDGFRa-positive cells predominantly contribute to the vascular
and mesenchymal compartments.

Mesenchymal Stromal Cells:

A Heterogeneous Cell Population

Like MSCs, mesenchymal stromal cells have also been identified
in the heart and specifically in both ventricles (Stadiotti et al.,
2020). Histological analysis showed a greater percentage of
stromal cells in the right ventricle versus the left one; cardiac
mesenchymal stromal cells from the right ventricle show the
same surface markers as the cells isolated from the left ventricle
(Stadiotti et al., 2020). There is a very thin line that separates
MSCs from mesenchymal stromal cells, and in the heart, a
dynamic flux of cardiac stromal cells has been described,
which is much that like when MSCs express PDGFRa (Farbehi
et al., 2019). During MI, the population of PDGFRa-positive
mesenchymal stromal cells is highly enriched in the ischemic
area at 3 and 7 days post-surgery (Farbehi et al,, 2019). The
PDGFRa-positive stromal cells isolated after MI showed at
the single-cell RNA sequencing either pro and anti-fibrotic
characteristics, thus mesenchymal stromal cells follow a non-
linear differentiation in myeloid or fibroblast lineage after injury
(Farbehi et al.,, 2019). Based on these data, the mesenchymal
stromal/stem cells belong to a heterogeneous population, which
contributes to both regeneration and tissue homeostasis (repair)
based on the stemness of the niches, and they share the expression
of PDGFRa and can be pharmacologically targeted to manage
fibrosis (Usunier et al., 2014; Klimczak and Kozlowska, 2016).

Podoplanin and Mesenchymal Cells

There is no evidence to support which type of PDGFRa-positive
cell acquires podoplanin, be it MSCs or the mesenchymal stromal
cells, at least in the heart. But it is very important to understand
whether the activation of MSCs or mesenchymal stromal cells in
fibrosis is marked by podoplanin. Recently, Forte et al. identified
differences in epicardial- and endocardial-derived fibroblast of
two different types of inbred mice based on the frequency of
the left ventricle rupture after MI, and they found that the
interstitial cell activation is crucial for the scar formation and
organ survival after injury (Pinto et al., 2016; Forte et al., 2020).
Based on these data, and the behavior of PDGFRa-positive
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cells, it is possible to corroborate the idea that either MSCs
or mesenchymal stromal cells acquire podoplanin after injury
(Cimini et al., 2017). Ward et al. (2019), recently described the
upregulation of podoplanin in mesenchymal stromal cells and
showed the functional consequences of podoplanin expression
on the migration of mesenchymal stromal cells and their
interaction with platelets. In a co-culture system using porous
trans-wells, podoplanin-expressing mesenchymal stromal cells
were able to create microthrombi after capturing platelets,
and treatment with recombinant soluble CLEC-2 inhibited the
aggregation (Ward et al., 2019). Similar phenomena have been
described in atherosclerotic lesions (Hatakeyama et al.,, 2012)
and calcification of aortic valves (Napankangas et al.,, 2019),
where mesenchymal cells have been described to enhance the
podoplanin expression; specifically, MSCs have been the most
mesenchymal cells isolated from calcified and inflamed aortas.
Their origin has often been confirmed in vitro to show three
lineage potentials (Ciavarella et al., 2017). Notably, MSCs like
pericytes and podoplanin-positive CAFs showed an extracellular-
vesicle mode of communication (Valente et al., 2015) that could
participate in the mechanism of arterial calcification (Zazzeroni
et al., 2018). MSCs can be histologically confused with another
type of interstitial cells called telocytes, which share with MSCs
the expression of PDGFRa but differ from MSCs by high
expression of CD34 (Kucybala et al., 2017).

TELOCYTES AND PODOPLANIN

Telocytes are enigmatic interstitial cells with a very distinctive
morphology and a small body with long extensions named
telopodes; they have been characterized by specific markers,
tissue localization/geometry, and physiological function
(Kucybala et al., 2017). Projections are features that telocytes
have in common with CAFs where they are called invadopodia
(Martin-Villar et al., 2015), and MSCs and pericytes, named
prolongations (Thomas et al., 2017), and lymphatic endothelial
cells (Rusu and Hostiuc, 2019). Telopodes from telocytes, except
for neural axons, are the longest structures in the body: they
branch and create a pattern (Popescu and Faussone-Pellegrini,
2010; Varga et al., 2016). Telocytes are located in almost all
the organs, heart included, in the interstitium, extra epithelial
space, between functional elements like arteries and nerves
(Cretoiu et al., 2014; Rusu et al., 2014; Mirancea, 2016), and
can be ultrastructurally confused with lymphatic endothelial
cells due to the lack of basal lamina (Rusu and Hostiuc, 2019).
Telocytes are specifically positive for CD34, PDGFRa, PDGFR§,
c-Kit, Sca-1, CD29, vimentin, and a-SMA (weak) (Chang Y.
et al,, 2015; Diaz-Flores et al., 2016; Faussone-Pellegrini and
Gherghiceanu, 2016) and negative for CD45 (Bei et al., 2015a).
In contrast, fibrocytes, bone-marrow-derived MSCs, doubly
express CD34 and CD45 (Keeley et al., 2009; Piera-Velazquez
et al.,, 2016). It is very difficult to differentiate telocytes from
other types of cells, and the most appropriate marker to use to
recognize them is the CD34 since MSCs, pericytes, fibroblasts,
and neurons are negative for it (Bei et al., 2015b; Mirancea,
2016). These cells constitute a part of podoplanin-positive cells

after 15 days of MI (Cimini et al.,, 2017). Telocytes are well
known to communicate with other cell types, specifically in
the heart with cardiac stem cells, with stromal synapses, point
contacts, nanocontacts (Manole et al., 2011; Faussone-Pellegrini
and Gherghiceanu, 2016; Popescu et al., 2016) like MSCs, and
pericytes via extra cellular vesicles and exosomes (Fertig et al.,
2014; Faussone-Pellegrini and Gherghiceanu, 2016).

Telocytes and Cardiac Regeneration

The contacts built by telocytes have a mechanical function and
allow intercellular communication as an exchange of information
(Faussone-Pellegrini and Gherghiceanu, 2016) beyond the well-
known paracrine communication (Manole et al., 2011; Edelstein
et al., 2016). Physiologically, telocytes support cardiac growth,
regeneration, renovation of connective tissue, and repair due to
the unique communication with cardiac stem and progenitor
cells (Popescu et al., 2015; Diaz-Flores et al., 2016; Li Y.
et al., 2016). During the pathological condition, in the heart,
the number of telocytes decreases; consequently cardiac stem
cell niches are impaired with a consequent increase in fibrosis
as a replacement for the loss of telocytes, cardiac stem cells,
and signalization between telocytes and fibroblasts (Richter and
Kostin, 2015; Kostin, 2016). The telocyte-associated diseases are
named telocytopathies (Ibba-Manneschi et al., 2016; Varga et al.,
2019). Telocytes are also found along the vascular system, are
located in proximity of MSC perivascular niches, and are positive
for CD34 and PDGFR@; they connect cells within each other
and support angiogenesis (Suciu et al., 2010; Cantarero et al.,
2011; Zhang et al.,, 2015; Boos et al., 2016). Isolated rat telocytes
for CD34/PDGFRu continue to express these two markers also
in vitro together with vimentin (Li Y. Y. et al.,, 2016) as well
as isolated murine telocytes (Chi et al, 2015) without losing
their typical morphology. In vitro murine telocytes secretory
profile has been investigated with and without the presence
of cardiac stem cells; isolated telocytes express IL-2, IL-6, IL-
10, IL-13, VEGE, MIP-1a, and MIP-2 when cultured alone,
and, in the presence of cardiac stem cells, MIP-1a and MIP-2
increased (Albulescu et al., 2015). Like cytokines, they release
extracellular vesicles were loaded with microRNAs to cardiac
stem cells (Cismasiu and Popescu, 2015). In the heart, CD34-
positive/ CD45-negative cells co-stain with podoplanin during the
chronic phase of MI (Cimini et al., 2017).

CONCLUSION

Podoplanin is not expressed physiologically in the heart except
in lymphatic endothelial cells and pericardial area, which means
that probably it can be acquired over time by pericytes, MSCs,
and telocytes that reside in the heart and that are already positive
for PDGFR, PDGFRa, and CD34. Assimilating this information
and interpreting the appearance of podoplanin over time after
MI, we can speculate that at 2 days after MI, PDGFRa-positive
cells acquire podoplanin, and then at 2 weeks, the PDGFR-
and then the CD34-positive cells become podoplanin positive. It
could be that first MSCs, then pericytes and in the end telocytes,
express this glycoprotein under inflammatory conditions from
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the acute to the chronic phase of MI and thus orchestrate the
cell-to-cell communication with monocyte, endothelial cell, and
progenitor cell niches. In order to solve this mystery, lineage
tracing is needed to understand if these determined categories
of cells are the ones that acquire this glycoprotein, and, if they
do, what the major signal that contributes to the podoplanin
expression is. Furthermore, how this expression changes the
biology of the cells after podoplanin acquisition and whether
this acquisition results in loss of some specific markers are
things that remain to be assessed. For example, podoplanin-
positive cells do not express c-Kit, vimentin and a-SMA, CD34-
positive telocytes probably lose the c-Kit after the expression
of podoplanin (Zhou et al., 2015; Cimini et al., 2017; Hostiuc
et al.,, 2018), or PDGFRB- and PDGFRa-positive cells activate
their PDGFRs. The thin line between expression and activation
is likely shown by the acquisition of podoplanin; functional
studies of podoplanin-positive cells will help to understand the
mechanism by which podoplanin-positive cells contribute to
tissue homeostasis in health and disease (Frangogiannis, 2019).
Podoplanin-positive cells do not have to be villains because
each subpopulation actively contributes also to the regeneration
of the necrotic area; telocytes are extremely important for
the maintenance of cardiac stem cells niches, if they acquire
podoplanin, it will be interesting to understand if one of the
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Normal skeletal muscle functions are affected following trauma, chronic diseases,
inherited neuromuscular disorders, aging, and cachexia, hampering the daily activities
and quality of life of the affected patients. The maladaptive accumulation of
fibrous intramuscular connective tissue and fat are hallmarks of multiple pathologies
where chronic damage and inflammation are not resolved, leading to progressive
muscle replacement and tissue degeneration. Muscle-resident fibro-adipogenic
progenitors are adaptable stromal cells with multilineage potential. They are required
for muscle homeostasis, neuromuscular integrity, and tissue regeneration. Fibro-
adipogenic progenitors actively regulate and shape the extracellular matrix and exert
immunomodulatory functions via cross-talk with multiple other residents and non-
resident muscle cells. Remarkably, cumulative evidence shows that a significant
proportion of activated fibroblasts, adipocytes, and bone-cartilage cells, found after
muscle trauma and disease, descend from these enigmatic interstitial progenitors.
Despite the profound impact of muscle disease on human health, the fibrous, fatty,
and ectopic bone tissues’ origins are poorly understood. Here, we review the current
knowledge of fibro-adipogenic progenitor function on muscle homeostatic integrity,
regeneration, repair, and aging. We also discuss how scar-forming pathologies and
disorders lead to dysregulations in their behavior and plasticity and how these stromal
cells can control the onset and severity of muscle loss in disease. We finally explore
the rationale of improving muscle regeneration by understanding and modulating
fiboro-adipogenic progenitors’ fate and behavior.

Keywords: skeletal muscle fibrosis, muscle FAPs, muscle regeneration, aging, muscle stem cells (MuSCs),
macrophages, extracellular matrix (ECM), duchenne muscular dystrophy (DMD)

Abbreviations: AMPK, AMP-activated kinase; BMP2, bone morphogenetic protein 2; BMP9, bone morphogenetic protein
9; CFU, colony-forming unit; CT, connective tissue; DAMP, damage-associated molecular pattern; DMD, duchenne muscular
dystrophy; ECM, extracellular matrix; FSHD, facioscapulohumeral dystrophy; FAPs, fibro-adipogenic progenitors; FOP,
fibrodysplasia ossificans progressive; HO, heterotopic ossification; HIF-1a, hypoxia-inducible factor la; IL, interleukin;
IMAT, intermuscular adipose tissue; LGMD, limb-girdle muscular dystrophy; Ly6C, lymphocyte antigen 6 complex; MPs,
macrophages; MSCs, mesenchymal stem cells; MCT, muscle connective tissue; MuSCs, muscle stem cells; PDGFRa, platelet-
derived growth factor receptor-alpha; PDGFR, platelet-derived growth factor receptor-beta; PDGE, platelet-derived growth
factor; PD-1, programmed death-1; PD-L1, programmed death-Ligand 1; SMA, spinal muscular atrophy; SCA-1, stem cell
antigen-1; TGF-B, transforming growth factor type beta; TNF-a, tumor necrosis factor-alpha.
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INTRODUCTION

Although reduced muscle function secondary to trauma, disease,
neuromuscular disorders, and age-related sarcopenia affects
millions of people each year, little is known about the origins of
ectopic muscle scarring and the molecular pathways that underlie
its development. Adult skeletal muscle is known not only for
its ability to expand following hypertrophic stimuli or shrink
when disused but also to restore its mass and function after
injury. In this regenerative process, a key event is the presence
of muscle-resident stem cells, a tightly coordinated immune
response, and the transient deposition of a supportive matrix that
eventually is reabsorbed when regeneration is successful. Thus,
several precisely timed events need to take place for successful
muscle regeneration requiring numerous cell types to engage in
a complex network of cellular interactions through autocrine,
paracrine, and juxtacrine signaling (Lemos et al., 2015; Malecova
etal., 2018; Scott et al., 2019; Chazaud, 2020; Oprescu et al., 2020).

In the past decade, we have learned that efficient skeletal
muscle regeneration does not rest only on muscle stem cells
(MuSCs). Indeed, many different cell types -resident and non-
resident- contribute to the cellular composition of muscles,
including pericytes, endothelial cells, smooth muscle cells, fibro-
adipogenic progenitors (FAPs), various immune cells, tenocytes,
and nerve-associated cells such as glia and Schwann cells, all of
which participate in this complex biological process (Blau et al.,
2015; Mashinchian et al.,, 2018; Wosczyna and Rando, 2018).
These diverse and heterogeneous cells act together to maintain
muscle functions, tissue integrity, and regenerative properties.

Even though muscles are highly regenerative following
acute damage, chronic pathologies often cause an increased
and dysregulated accumulation of connective tissue (CT) and
fat - also known as fibro-fatty infiltration- especially in
muscle degenerative conditions associated with persistent or
chronic inflammation (Grounds, 2008; Mann et al., 2011).
Thus, fibro-fatty infiltration is commonly observed in several
myopathies and neuromuscular disorders and correlates with
the pathology’s progression and extension. Muscle fibro-fatty
scarring is also present after repeated cycles of damage,
denervation, amyotrophic lateral sclerosis (ALS), rotator cuff
tears, and during aging-related sarcopenia (discussed below in
detail). Albeit to a different extent in every situation.

Continued deposition and increased stiffening of the matrix
usually support a biochemical, biophysical, and biomechanical
pro-fibrotic feedback loop sustaining stromal cell persistence
in the tissue beyond their normal kinetics (Hinz and Lagares,
2020). This self-perpetuating mechanism is a well-known cellular
and pathological hallmark of detrimental tissue degeneration
and fibrosis. Therefore, changes in matrix quantity and quality,
increased matrix complexity and tissue stiffness may help tip the
affected tissue into a self-perpetuating pathological state. In this
abnormal setting, the bioavailability of damage-induced cues is
magnified and may lead to scarring in response to insults that
would generally be below the threshold required (Klingberg et al.,
2014; Karsdal et al., 2017; Murray et al., 2017; Pakshir et al., 2020).
Although significant progress in understanding these phenomena
has been made at the tissue level, a big question in the muscle field

has been identifying and characterizing the cell(s) that produce
ectopic fibrous, fat, and bone in degenerated muscles.

Muscle-resident, PDGFRa-expressing FAPs have emerged as
crucial players in tissue homeostasis, regeneration, and disease.
These stromal cells expand clonally and have the ability to
differentiate into stromal cell lineages, including fibroblast,
adipocyte, chondrocyte, and osteocyte. In their multipotent state,
FAPs modulate many signaling pathways. They produce crucial
growth factors like IGF-1, TGF-B, Follistatin, CTGF/CCN2,
WNTs, PDGFs, and multiple ILs (for a recent review, see Biferali
etal,, 2019). They also produce a plethora of matrix or matrisome
proteins like collagens, proteoglycans (e.g., Decorin), integrins,
laminins, and fibronectin, which impact the cellular physiology of
many resident cells and non-resident cells in homeostasis, upon
injury and disease.

Here, we outline the current knowledge of FAPs contributions
to muscle homeostasis, neuromuscular integrity, regeneration,
repair, and aging. We also discuss how their fate is
regulated in a context-dependent manner and how the tissue
microenvironment largely dictates FAP plasticity and behavior.
Finally, we highlight therapeutic opportunities stemming
from targeting these precursor cells and their activities to
stimulate muscle regeneration in neuromuscular disorders,
pathology, and aging.

MUSCLE GROWTH, LONG-TERM
MAINTENANCE, AND REGENERATION
REQUIRE UNIPOTENT MUSCLE STEM
CELLS

Skeletal muscle has a particular capacity to regenerate fully
(restitutio ad integrum) even after several rounds of injury
(Glinther et al., 2013; Tedesco et al., 2018). This remarkable
ability is mainly attributable to a reservoir of quiescent adult
MuSCs, called satellite cells (reviewed in Wang and Rudnicki,
2012; Almada and Wagers, 2016). In brief, these non-interstitial
adult stem cells localize in between the muscle sarcolemma and
the myofibers’ basal lamina (Katz, 1961; Mauro, 1961; Church
etal., 1966). Aiming to efficiently rebuild muscle following injury,
MuSCs exit quiescence, activate, proliferate, differentiate, and
fuse either with one another to form multinucleated muscle
cells -myofibers- or with pre-existent damaged myofibers (Kuang
et al., 2006; Robertson et al., 1990; Rudnicki et al., 2008; Sacco
et al.,, 2008; Von Maltzahn et al., 2013). As functional adult
unipotent muscle-resident stem cells, MuSCs can also self-renew
to maintain the stem cell pool (reviewed in Relaix and Zammit,
2012). Genetic lineage-ablation of Pax74+ MuSCs demonstrated
that muscle regeneration requires these adult stem cells (Lepper
et al., 2011; Murphy et al,, 2011; Sambasivan et al., 2011; Fry
et al., 2015). Indeed, the absence of MuSCs leads to severe fibro-
fatty deposition after myotrauma, resulting from the inability to
rebuild the lost tissue (Lepper et al., 2011; Murphy et al., 2011;
Sambasivan et al., 2011). Prepubertal skeletal muscle growth
also requires MuSCs (Bachman et al., 2018), which once again
demonstrates the essential functions of muscle stem cells in adult
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muscle regeneration and growth. Remarkably, the expression
of Pax7 itself is also crucial for muscle regeneration since
its gene deletion impairs MuSC self-renewal and causes loss
of regeneration following single or several rounds of injury
(Oustanina et al., 2004; Giinther et al., 2013; Von Maltzahn et al.,
2013).

A growing body of work demonstrated that MuSCs are
chronically activated during muscle pathology, which leads to
their exhaustion and impaired skeletal muscle regeneration
(Heslop et al., 2000; Sacco et al., 2010; Dadgar et al., 2014). This
phenomenon also occurs in several neuromuscular disorders
and contributes to disease progression and poor regenerative
outcomes (Castets et al., 2011; Kudryashova et al, 2012;
Ross et al.,, 2012). Hence, diseases marked by chronic muscle
degeneration cause dysregulated MuSC fate and behavior. How
pathology-driven satellite cell depletion could affect the pool
of stromal cells (e.g., FAPs) is unknown, and therefore, further
research is needed to address this question.

FIBRO-ADIPOGENIC PROGENITORS
ARE ESSENTIAL FOR EFFICIENT AND
SUFFICIENT SKELETAL MUSCLE
REGENERATION AND REQUIRED FOR
HOMEOSTATIC NEUROMUSCULAR
INTEGRITY

Initial observations suggested that muscle-resident TCF7L2 (also
known as T-cell factor 4, TCF4) expressing stromal cells regulate
normal muscle development (Kardon et al, 2003; Mathew
et al., 2011). Later, Vallecillo-Garcia et al. (2017) showed that
embryonic OSR1+ mesenchymal progenitor cells significantly
contribute to adult fibro-adipogenic progenitors. The authors
also reported that these muscle connective tissue cells regulate
embryonic myogenesis. Remarkably, both cell lineages, TCF7L2
and OSR1 expressing cells, overlap during embryonic limb
development (Vallecillo-Garcia et al., 2017). In the adult, stromal
TCF7L2+ cells and OSR1+ cells expand and accumulate after
injury and disease (Contreras et al., 2016, 2020; Stumm et al.,
2018). These include acute glycerol injury (Contreras et al., 2020),
denervated muscles (Contreras et al., 2016), dystrophic muscles
of the mdx mice (Acufa et al.,, 2014; Contreras et al., 2020),
chronic chemical damage with BaCl, (Contreras et al., 2016),
human skeletal muscle injury (Mackey et al., 2017), and in murine
muscles of the symptomatic ALS transgenic mice hSOD1G93A
(Gonzalez et al., 2017).

Aiming to understand the contribution of TCF7L2 expressing
cells to muscle regeneration, Murphy et al. (2011) showed that
the genetic lineage-ablation of about 40% of TCF72+ cells
caused premature satellite cell differentiation and exhaustion
of their regenerating pool, leading to a reduced size of the
regenerated myofibers. The authors suggested that efficient
muscle regeneration requires the interaction between TCF7L2+
stromal cells and satellite cells. In humans, interstitial TCF7L2
expressing cells also play a supportive role in myogenesis and
skeletal muscle regeneration (Mackey et al., 2017). We recently

showed that the isolation through a pre-plating strategy of
highly adherent muscle connective tissue fibroblasts allows the
culture of a high proportion (~90%) of PDGFRa expressing FAPs
(Contreras et al., 2019b). These isolated stromal cells also express
the Wnt-responsive TCF7L2 transcription factor (Contreras
et al.,, 2020). These findings strongly suggested a role for stromal
cells in regulating skeletal muscle health and regeneration.

Roberts et al. (2013) reported that muscle-resident stromal
cells expressing Fibroblast Activation Protein alpha (also known
as FAPa) also express CD140a (PDGFRa), SCA-1, and CD90. The
later three proteins are known markers of murine FAPs (Petrilli
etal., 2020). The authors also showed that depletion of Fibroblast
Activation Protein alpha expressing cells causes rapid weight loss,
reduced skeletal muscle mass, and muscle atrophy (Roberts et al.,
2013) (Figure 1). These changes are associated with increased
expression of known atrophy-related genes, including Atrogin-
I and MuRE]1 and decreased expression of Follistatin and the
Laminin gene Lamaz2, explaining the muscle atrophy. In response
to depletion of stromal cells that express Fibroblast Activation
Protein alpha, this cachexic phenotype was also accompanied by
altered hematopoiesis. Remarkably, cachectic mice bearing the
C26 colon carcinoma showed a reduced number of Fibroblast
Activation Protein alpha+ cells in hindlimb muscles, which again
suggests the supportive role of these stromal cells in maintaining
muscle mass and integrity (Roberts et al., 2013). Hence, this key
and often forgotten study suggests that stromal cells (likely FAPs)
are indispensable and necessary for skeletal muscle homeostasis
and maintenance.

To better understand whether FAPs are necessary for normal
skeletal muscle regeneration and homeostatic maintenance,
Wosczyna et al. (2019) ablated PDGFRa+ cells using a diphtheria
toxin mouse model. The lack of PDGFRa+ cells and their
lineage resulted in a decreased MuSC number during muscle
regeneration and consequently, smaller myofibers. CD45+
cell number also declined in FAP-depleted muscles at day 3
post-injury. The authors utilizing regeneration assays, isotopic
transplants, and FAP transplantation experiments elegantly
demonstrated that FAPs are necessary for normal skeletal muscle
regeneration. The authors also showed that FAP-ablated mice had
about 30-40% less lean mass and generated significantly less force
at 3, 6, and 9 months than non-ablated mice (Wosczyna et al.,
2019) (Figure 1). These results demonstrated that PDGFRo+
FAPs are required for long-term homeostatic integrity and
growth of skeletal muscle. Hence, the depletion of FAPs resulted
in muscle regenerative deficits upon injury and atrophy in
undamaged conditions.

These results were recently confirmed by the Tsuchida
group, who demonstrated that the specific depletion of
PDGFRa+ expressing progenitors caused bodyweight reduction
and decreased muscle strength and weight (Uezumi et al,
2021). Importantly, these changes were not attributable to
decreased food intake in FAP-ablated mice. Although the number
of myofibers was unchanged, the authors described reduced
myofiber cross-sectional area and increased expression of the
muscle-specific E3 ubiquitin ligase MAFbx, also known as
Atrogin-1, in the ablated-muscles without overt signs of muscle
injury or inflammation. Notably, PDGFRa+ cell transplantation
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FIGURE 1 | Fibro-adipogenic progenitors are essential and required for efficient skeletal muscle regeneration and homeostatic neuromuscular integrity. Skeletal
muscle FAPs are abundant stromal cells, reside within the connective tissue, and lie near the nerve parenchyma and NMJs in healthy muscles and homeostatic
conditions. Conditional ablation of FAP+ cells using diphtheria toxin resulted in delayed regeneration and reduced numbers of MuSCs and HCs. In homeostasis and
non-damaged muscles, widespread ablation of FAPs causes muscle atrophy, impair Schwann cell, and MuSC behavior and abundance. Impaired NMJ architecture
and partial and complete muscle denervation also result from FAP cell ablation without damage. MuSC, muscle stem cell; HCs, hematopoietic cells; NMJ,
neuromuscular junction. Motoneuron and Schwann cells are not shown in the middle panel because of space constraints and improved readability.

NMJ

into the ablated mice’s tibialis anterior muscle recovered muscle
mass and fiber size (Uezumi et al., 2021). Hence, three
groups independently have demonstrated that muscle-resident
PDGFRo+ FAPs are indispensable for steady-state muscle
maintenance and integrity (Roberts et al., 2013; Wosczyna et al.,
2019; Uezumi et al., 2021) (Figure 1).

Muscle wasting associates with changes in myofiber type and
muscle-nerve communication defects. Uezumi et al. (2021) also
observed that PDGFRa+ cells lie adjacent to motor nerve axons,
Schwann cells, and cover the neuromuscular junction (NMJ)
in undamaged muscles. In line with this, the genetic ablation,
by Cre-mediated expression of diphtheria toxin, of PDGFRo+
FAPs reduced the number of innervated NM]Js and increased the
proportion of partially denervated and denervated NMJs after
17 days of tamoxifen treatment (Figure 1). These effects increase
at longer times (Uezumi et al., 2021). Remarkably, Schwann
cell organization and gene expression were also disrupted by
depletion of PDGFRa+ FAPs. Mechanistically, the authors
suggested that FAP-derived BMP3B is functionally relevant to
maintaining muscle mass and integrity (Uezumi et al., 2021).
These results collectively suggest that PDGFRa FAPs are required
and sufficient for steady-state maintenance of the neuromuscular
synapse and nerve-muscle communication and function.

The Supportive Role of Muscle-Resident
Fibro-Adipogenic Progenitors on
Myogenesis

In response to injury, skeletal muscle displays a dynamic
multicellular response that involves several cell types and discrete

regenerative steps (Figure 2, top) (Bentzinger et al, 2013;
Chazaud, 2020). The initial and rapid inflammatory response is
followed by the concomitant activation of two quiescent muscle-
resident cells, MuSCs, and interstitial PDGFRa+ FAPs. Both
populations reside close to each other but are separated by the
myofiber-associated basal lamina. FAPs and MuSCs proliferate
at enormous rates following injury, progressively increasing their
numbers from days 2 to 5. From this time until 14-21 days after
injury, when damage is resolved, they steadily return to their
basal numbers (Figure 2, top) (Joe et al., 2010; Uezumi et al,,
2010; Murphy et al., 2011; Lemos et al., 2015; Kopinke et al,,
2017; Contreras et al.,, 2019a; Scott et al.,, 2019). Remarkably,
although this crucial stromal-muscle stem cell interaction was
suggested to participate in skeletal muscle regeneration a long
time ago (Church, 1970), only recently cumulative evidence have
demonstrated that FAPs regulate MuSC fate and behavior, and
vice versa (Joe et al., 2010; Uezumi et al., 2010, 2021; Mathew
et al, 2011; Murphy et al., 2011; Fiore et al., 2016; Moratal
et al., 2019; Wosczyna et al., 2019). In this context, FAPs are
principally immunomodulatory cells secreting a large number of
factors (discussed below) (Heredia et al., 2013; Scott et al., 2019;
Uezumi et al., 2021). FAPs are also responsible for the muscle
ECM remodeling after damage, producing a transient ECM (Scott
et al,, 2019) and supporting MuSC expansion, differentiation,
and self-renewal (Figure 2, top) (Heredia et al., 2013; Mozzetta
et al., 2013). In addition, it has been shown that the muscle
ECM component Collagen VI, secreted from FAPs, specifically
regulates MuSC quiescence (Urciuolo et al., 2013). Thus, the
correct regulation of basal membrane and ECM composition
by FAPs is critical for normal muscle regeneration. Indeed,
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FIGURE 2 | The dynamic flux of muscle stromal, satellite and immune cells
cellular flux responds to acute and chronic injury. (Top) Muscle regeneration is
orchestrated by a synchronous array and flux of several muscle-resident and
non-resident cells that interplay to maintain muscle structural integrity and
function following injury. Followed the quick and early immune response of
resident and non-resident macrophages, neutrophils, and eosinophils; FAPs
and MuSCs rapidly activate and proliferate around day 3-5 post-damage.
Here, FAPs provide constant support to myogenesis and actively participate in
matrix remodeling. This process occurs in parallel with macrophage skewing,
and the presence of regulatory Ts-cells follows it. Later, their lineage cells start
committing and differentiating. By around day 21 post-injury, injured muscles
have regenerated, and damage-induced cellular flux returned to steady-state
levels. (Bottom) Chronic muscle injury is characterized by progressive muscle
degeneration and a dysregulated burst of immune, MuSC, and FAP cells,
among other cell types (not shown here for simplification purposes). Several
neuromuscular disorders and muscle diseases are often characterized by
chronic cycles of muscle degeneration and regeneration. However, there is
less knowledge and characterizations about these cellular compartments’
behavior compared to single rounds of injury. Aging and prolonged disease
states cause MuSC exhaustion, and FAPs seem to respond similarly. To date,
Duchenne muscular dystrophy (DMD) represents the better-characterized
muscle disease, but it is unknown whether this gained knowledge can be
applied to other disease settings. Tregs, muscle regulatory T-cell; FAP,
fibro-adipogenic progenitor; MuSC, muscle stem cell; M@, macrophage.

the biophysical and biomechanical properties of the ECM vary
depending on its composition, and impact the fate of MuSCs
(Lutolf and Blau, 2009). Gilbert et al. (2010), used bioengineered
substrates of varying stiffness to recapitulate key biomechanical
characteristics of the MuSCs niche. The authors showed that
increased elastic modulus 10° kPa (rigid plastic dishes) stimulates
MuSC motility, but 12 kPa (mimicking the elasticity of muscle)
promotes MuSC proliferation and muscle engraftment (Gilbert
et al,, 2010). Besides FAPs’ role in modulating ECM remodeling
and stiffness, others and we have shown that PDGFRa+ FAPs
secrete various cytokines and growth factors, which directly
induce myogenic cell proliferation and survival but may block
their differentiation (Joe et al, 2010; Heredia et al., 2013;
Biferali et al,, 2019; Scott et al., 2019). These data strongly
suggest that muscle-resident FAPs are critical to support MuSC
and that their modulation is essential to provide pro-myogenic
trophic functions.

However, chronic injury makes this heterogenic, multi-step,
and coordinated response persistent instead of transient, priming
the muscle milieu into an aberrant state known as fibro-
fatty infiltration. In this context, exacerbated inflammation and
accumulated scarring interferes with normal tissue function
(Lieber and Ward, 2013; Dadgar et al., 2014; Ieronimakis et al.,
2016; Buras et al.,, 2019). Indeed, we showed that after acute
muscle injury, from day three onwards, macrophage-induced
apoptosis clears the excess of PDGFRa+ FAPs (Figure 2, top)
and that this process can be pharmacologically stimulated by
nilotinib (Lemos et al., 2015; Fiore et al., 2016). Hence, modifying
propensity of FAPs to engage in apoptosis might be a protective
way to avoid excessive accumulation of these cells and fibrosis
deposition in pathology. However, in pathological and chronic
conditions, PDGFRa+- cells are over-activated and not efficiently
cleared out, remaining in high numbers and differentiating
toward multiple MSC lineages depending on the type and
extension of the damage (Figure 2, bottom) (Lemos et al., 2015;
Ieronimakis et al., 2016; Kopinke et al., 2017; Madaro et al., 2018;
Malecova et al., 2018; Contreras et al., 2019a; Mézala et al., 2020).

Lastly, although most previous studies demonstrate that
FAPs influence myogenic behavior and fate of MuSCs, the
latter also exhibit trophic functions toward FAPs. Indeed,
MuSCs and myotubes strongly reduce FAP adipogenic potential
in vitro (Uezumi et al., 2010; Moratal et al., 2019). Co-culture
experiments using primary myotubes suggest the presence of
“unknown” factors in myogenic cells that inhibit the adipogenic
differentiation of FAPs (Uezumi et al., 2010). Remarkably, the
modulation of FAPs by myoblasts and myotubes is altered with
aging and DMD as these myogenic cells lose their regulatory
potential, which may explain the abundance of fat tissue in
degenerated muscles (Moratal et al., 2019). Moratal et al. (2019)
suggested that the myogenic progenitor secretome is crucial
to regulate FAP lineages, and these “unknown” factors may
influence PI3K-AKT, SMAD2, and GLI signaling pathways.
These studies suggest that the myogenic lineage largely influences
the plasticity of PDGFRa+ FAPs, albeit the cellular and molecular
mechanisms remain elusive.

In sum, non-cell-autonomous mechanisms (e.g., muscle
microenvironmental factors such as cell-to-cell contact, growth
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factors, cytokines/myokines, or matrix stiffness) also determine
FAP dynamics. Hence, the destiny of FAP progeny, location, and
abundance resolution within injured muscles can be modified
extrinsically, aiming to boost skeletal muscle regeneration and
enhanced tissue repair.

Fibro-Adipogenic Progenitors and

Immune Cells: A Sentinel Relationship

It is now well known that muscle-resident and non-resident
immune cells, in particular macrophages (MPs), play essential
roles in tissue homeostasis, regeneration, repair, and disease
(reviewed in Tidball and Villalta, 2010; Vannella and Wynn, 2017;
Perandini et al., 2018; Theret et al., 2019; Chazaud, 2020). Indeed,
MPs are responsible for modulating MuSC proliferation and
differentiation, with their depletion inducing extensive alteration
of muscle regeneration following injury (Arnold et al., 2007;
Lemos et al., 2015; Juban et al., 2018). Nevertheless, the cellular
and molecular interactions of PDGFRa+ FAPs and macrophages
at the resting state are unknown.

Surprisingly, genetic lineage-depletion of PDGFRo+ cells
does not affect muscle immune cell numbers at short (9-
14 days) and long (9 months) periods post depletion in the
absence of muscle injury (Wosczyna et al,, 2019). However,
their cellular cross-talk is better described after a single round
of damage, chronic damage and in disease. After acute injury,
blood circulating Ly6C+ monocytes infiltrate the damaged area
in the first 24 h after injury and differentiate into Ly6C+ MPs.
This crucial infiltration is chemokine-dependent (e.g., CCL2,
CCL3, or CX3CL1) and due to the release of DAMPs (Damage-
associated Molecular Pattern) cues (Figure 3, top) (Martinez
etal,, 2009; Brigitte et al., 2010; Sun et al., 2011). While many cells
are involved in MP attraction, damage-activated FAPs express
a complex cocktail of chemokines and cytokines 24 h after
injury, thus establishing an early niche rich in inflammatory cues
(Figure 3, top) (Mashinchian et al., 2018; Scott et al., 2019).
This intricate primary response of FAPs during the initiation
and formation of granulation tissue supports the notion that
they are important components and modulators of the early
immune response. Eventually, Ly6C+ MPs skew into a pro-
restorative phenotype, associated with the downregulation of
Ly6C (Figure 3, top) (Arnold et al.,, 2007; Varga et al., 2013).
Besides, others and we described that Ly6C+ MPs have an
early pro-apoptotic effect on PDGFRa+ FAPs through TNF-a
production, keeping their number under control following injury
resolution (Lemos et al., 2015; Juban et al., 2018). Therefore,
posttraumatic inflammation stimulates local FAPs, leading to
their activation, proliferation, accumulation, differentiation, and
later resolution to steady-state conditions. These key concepts
have been validated in the Ccr2 knockout mice model (Lu et al.,
2011a,b). The lack of infiltrating monocytes resulted in delayed
PDGFRa+ FAP clearance and impaired muscle regeneration
but increased fibro-fatty deposition (Lemos et al., 2015). These
results demonstrate that infiltrating monocytes are required
for proper FAP clearance and avoid excessive ECM deposition
during damage resolution.

On the other hand, Ly6C- MPs secrete TGF-B, which activates
pro-survival signaling pathways in FAPs and promotes their

activation, ECM secretion, and myofibroblast differentiation
(Figure 3, top) (Lemos et al., 2015; Juban et al., 2018; Contreras
et al., 2019a,b, 2020; Stepien et al., 2020). Thus, the TNF-a/TGF-
B balance needs to be carefully regulated since its disruption
(lengthy exposure of TNF-a or increase of TGF-f levels) will
induce drastic changes in FAP behavior, delaying skeletal muscle
regeneration as often seen in degenerative myopathies (Figure 3,
bottom) (Lemos et al., 2015; Mufioz-Cénoves and Serrano, 2015;
Juban et al., 2018). The fact that intercellular communication
within muscle is impaired during chronic damage might be
one reason for tipping the system into dysregulated fibro-fatty
remodeling and permanent scarring.

We postulate that chronic conditions and degenerative
settings compromise the steady-state balance of FAPs. This
latter hypothesis was recently corroborated by Saito et al.
(2020). The authors, using an experimental autoimmune chronic
inflammatory myopathy (CIM) model, showed that CIM-
FAPs develop an anti-apoptotic phenotype compared to FAPs
isolated from an acute injury model (intramuscular injection of
BaCl2) (Figure 3, bottom) (Saito et al., 2020). Mechanistically,
FAPs undergo senescence -characterized by the upregulation of
Ckn2a and Trp53 expression and the histone variant YH2A.X-
upon acute muscle injury but not under CIM. Running
exercise also induces rapid FAP senescence. Intriguingly, when
subjecting the CIM mice to exercise combined with AICAR
treatment, an AMP-activated kinase (AMPK) activator, both
interventions restored muscle function, resulting in the induction
of a pro-inflammatory and pro-apoptotic FAP phenotype that
enhances muscle regeneration (Saito et al., 2020). AMPK has
been previously shown to have a crucial role in macrophage
polarization and MuSC self-renewal (Mounier et al., 2013;
Theret et al., 2017; Juban et al., 2018). These results could
explain the chronic accumulation of FAPs due to clearance
deficiency as a consequence of senescence and apoptosis
resistance in muscle pathologies, highlighting the potential of
FAP-targeted therapeutic interventions employing exercise and
AMPK activation for chronic muscle diseases.

Macrophages and FAPs lie near each other, especially after
muscle trauma and pathology (Lemos et al,, 2015; Contreras
et al., 2016; Juban et al., 2018; Moratal et al., 2018). Aiming to
decipher the interactions between MPs and FAPs, bone marrow-
derived MPs can be treated in vitro with IL-4 to mimic an
M?2a/alternative activation (Murray et al., 2014), or IL1-f to
phenocopy mild inflammatory MPs (M1) as found in muscles
(Arnold etal., 2007). Interestingly, treatment of human FAPs with
conditioned media obtained from IL-1f3-polarized MPs reduced
FAP adipogenesis via the TGF-f signaling pathway (Moratal
et al., 2018). On the contrary, IL-4-polarized MPs enhanced FAP
adipogenesis (Moratal et al., 2018). Recently, Stepien et al. (2020),
using a combined fibrotic model of muscle damage, showed
that decreasing the amount of infiltrating macrophage-derived
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