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ELABELA-derived peptide ELLA13 attenuates kidney fibrosis by
inhibiting the Smad and ERK signaling pathways
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Abstract: Kidney fibrosis is an inevitable result of various chronic kidney diseases (CKDs) and significantly contributes to
end-stage renal failure. Currently, there is no specific treatment available for renal fibrosis. ELA13 (amino acid sequence:
RRCMPLHSRVPEFP) is a conserved region of ELABELA in all vertebrates; however, its biological activity has been very little
studied. In the present study, we evaluated the therapeutic effect of ELA13 on transforming growth factor-f1 (TGF-B1)-treated
NRK-52E cells and unilateral ureteral occlusion (UUO) mice. Our results demonstrated that ELA13 could improve renal
function by reducing creatinine and urea nitrogen content in serum, and reduce the expression of fibrosis biomarkers confirmed
by Masson staining, immunohistochemistry, real-time polymerase chain reaction (RT-PCR), and western blot. Inflammation
biomarkers were increased after UUO and decreased by administration of ELA13. Furthermore, we found that the levels of
essential molecules in the mothers against decapentaplegic (Smad) and extracellular signal-regulated kinase (ERK) pathways
were reduced by ELA13 treatment in vivo and in vitro. In conclusion, ELA13 protected against kidney fibrosis through inhibiting

the Smad and ERK signaling pathways and could thus be a promising candidate for anti-renal fibrosis treatment.
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1 Introduction

Renal fibrosis is the common pathway of various
chronic nephropathies and is characterized by excess
deposition of extracellular matrix (ECM) in kidney
tissues (Harris and Neilson, 2006; Zeisberg and Neilson,
2010). In China, the prevalence of chronic kidney dis-
eases (CKDs) in adults over the age of 18 years has
reached 10.8% (Zhuang et al., 2022), and CKDs are
also a global concern (Akter et al., 2021). Once CKDs
progress, renal interstitial fibroblasts are activated, ECM
accumulates, and extensive scar tissue forms in renal
tissue, eventually leading to the destruction of renal
parenchymal cells and end-stage renal failure, which
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have high risks of morbidity and mortality (El-Ghoul
et al., 2009; Romagnani and Kalluri, 2009; Kanda et al.,
2017; Rahman MH et al., 2022). So far, however,
no specific treatment has become available to prevent
CKDs or improve kidney fibrosis. Therefore, it is of
immediate importance to develop anti-fibrotic agents to
slow down kidney fibrosis (Rahman MA et al., 2022).
The mechanisms of renal fibrosis have been
widely investigated. Fibroblasts and myofibroblasts
are considered to be two vital effector cells related to
fibrogenesis processes such as ECM synthesis and de-
position (el Agha et al., 2017). Inflammatory reaction
also plays a vital role in triggering kidney fibrosis by
releasing inflammatory cytokines (Meng et al., 2014;
Yan et al., 2022). In addition, numerous studies indi-
cate that the progression of renal fibrosis is linked to
many signaling pathways, including mitogen-activated
protein kinases (MAPKs) (Jiang et al., 2017) and the
transforming growth factor-p1 (TGF-B1)/mothers against
decapentaplegic (Smad) (Lan, 2011), Wnt/B-catenin
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(Li et al., 2017), angiogenesis (Tanaka et al., 2015),
cellular apoptosis (Ding et al., 2014), and hypoxia path-
ways (Tanaka et al., 2015). TGF-$, the crucial profi-
brotic cytokine, induces an imbalance in ECM regula-
tion and activation of resident myofibroblasts (Lopez-
Hernandez and Lopez-Novoa, 2012). At present, several
TGF-P inhibitors are in different stages of clinical in-
vestigation, for example AP12009 (Korpal and Kang,
2010) and LY2157299 (Kovacs et al., 2015). Members
of the Smads family are requisite intermediaries of
canonical TGF-f pathways (Lan, 2011; Zhang et al.,
2015). Phosphorylated (p-) Smads proteins translocate
into the nucleus and regulate expression of downstream
genes (Meng et al., 2015). Ji et al. (2018) showed the
inhibition of fibrosis, apoptosis, and inflammation
by a specific inhibitor of Smad3 in mouse unilateral
ureteral obstruction (UUO) kidneys. Activation of
extracellular signal-regulated kinase (ERK), one of the
MAPKSs, regulates many cellular biological processes
involved in kidney fibrogenesis, such as apoptosis,
cell proliferation, epithelial-to-mesenchymal transition
(EMT), and ECM deposition (Nutter et al., 2015).

ELABELA, another recently discovered ligand of
the apelin receptor (Aplnt/APJ), encodes a conserved
C-terminal mature peptide hormone of 54 or 32 amino
acids. In recent years, substantial evidence has shown the
importance of the apelinergic system (Reichman-Fried
and Raz, 2014). Apelin and APJ are widely distributed
in various tissues of the body (Wang et al., 2015), while
ELABELA is mainly distributed in the kidney in adults
(Schreiber et al., 2016); this also suggests the import-
ance of ELABELA for renal function. Recent studies
have illustrated that ELA32 and ELA11 have anti-
inflammatory, anti-apoptotic, and anti-fibrotic functions
after ischemia-reperfusion injury (Chen et al., 2017).
ELAI3 (amino acid sequence: RRCMPLHSRVPFP)
is a conserved region of ELABELA in all vertebrates
and its activity has not been fully identified. Therefore,
we designed this study to investigate the beneficial
effects and potential mechanisms of ELA13 in UUO-
induced renal fibrosis.

2 Materials and methods
2.1 Peptide synthesis

Based on the traditional solid-phase peptide
synthesis method, we synthesized ELA13 with the

Fmoc strategy, and chose 2-chlorotrityl chloride resin
(0.98 mmol/g, GL Biochem, Shanghai, China) as
the solid phase carrier. Briefly, each Fmoc-protected
amino acid (3 equiv, GL Biochem) was coupled
using O-benzotriazole-N,N,N',N'-tetramethyl-uronium-
hexafluorophosphate (HBTU; 3 equiv, GL Biochem)
as a coupling reagent, 1-hydroxybenzotriazole (HOBT;
3 equiv, GL Biochem) as a racemic inhibitor, and N,N-
diisopropylethylamine (DIPEA; 6 equiv, Energy Chem-
ical, Shanghai, China) as a base catalyst. We dissolved
the mixture with N,N-dimethylformamide (DMF; 5 mL,
Innochem, Beijing, China) and agitated it for 60—
120 min at room temperature. After each step of the
coupling reaction, the N-Fmoc group was detached
with 20% (volume fraction) piperidine for 20 min.
The resin was washed using DMF after each coupling
and cleavage reaction. ELA13 peptides were dissolved
in a mixture consisting of trifluoroacetic acid (TFA)/
H,O/triisopropylsilane (TIPS)/1,2-ethane dithiol (EDT)
(37/1/1/1, volume ratio) to separate them from the
resin, and agitated for 4 h at room temperature. We
collected the mixture in a round-bottomed flask, and
then washed the resin with TFA three times and
collected the TFA solution in the previous container.
The mixture was concentrated by rotary evaporation;
the residuum was added to ether and centrifuged at
3500 r/min for 10 min to obtain crude peptide. Prepar-
ative high-performance liquid chromatography (HPLC)
was used to purify the crude peptide, with the volume
ration of mobile phase acetonitrile increased from 10%
to 50% in 80 min. The solution was collected when the
purpose peak appeared. After confirming the results with
a liquid chromatograph-mass spectrometer (LC-MS),
we dried the objective peptide in a freeze dryer.

2.2 Animal experiment

Male C57BL/6J mice, weighing 20-25 g (six
weeks old), were purchased from the Shanghai Slac
Laboratory Animal Co., Ltd., China. The mice were
kept in an experimental environment that alternated
between day and night for 12 h, and had free access
to food and water. One week after adaptation, the
mice were subjected to unilateral ureteral ligation or a
sham operation after anesthetization by intraperitoneal
injection of trichloroacetaldehyde hydrate (Macklin,
Shanghai, China). On the second day after the oper-
ation was completed, the mice were randomly divided
into four groups (six mice per group): a sham group,



sham+ELA13 group, UUO group, and UUO+ELA13
group. The sham+ELA13 group and the UUO+ELA13
group were subcutaneously injected with ELA13
(1.2 umol/kg) twice a day (10:00 and 18:00) (Chen
et al., 2017; Zhang et al., 2019); the remaining two
groups were injected with equivalent phosphate-
buffered saline (PBS) as control. Fourteen days later,
we collected blood from the retroorbital plexus and
removed the kidneys after anesthetization. The blood
was used to measure renal function. The operated
kidney was divided into two halves, one of which was
immersed in Formalin solution and the other stored in
the refrigerator at —80 °C.

2.3 Histopathological staining

The renal tissue was embedded in paraffin and
then cut into 4-um sections. Following the instruc-
tions, we performed hematoxylin and eosin (H&E)
and Masson staining of the tissue sections. In brief,
the sections were heated in the oven at 65 °C for 1.5 h,
deparaffinized in xylene, hydrated with ethanol solu-
tion, stained with hematoxylin at room temperature
for 5 min, differentiated with 1% (volume fraction)
hydrochloric acid ethanol for 1 s, tap-water washed,
and recolored. One batch of slides was dyed with
eosin at room temperature for 5 min; the other batch
was stained with Ponceau S for 10 min, immersed in
1% (volume fraction) phosphomolybdic acid for 5 min,
and then put directly into 2% (0.02 g/mL) aniline blue
solution for 10 min. After the two batches of slices
were dyed and washed with tap water, we used a gra-
dient concentration of alcohol solution to dehydrate
them, and soaked them in the xylene for 10 min to
hyalinize the tissue. Finally, we sealed them with neutral
gum. The colored area was observed and photographed,
and measured using ImagelJ software. For statistical
analysis of Masson staining, we selected 30 fields in
each group of sections, analyzed the proportion of
target protein in each field with ImagelJ software, and
analyzed the data.

2.4 Immunohistochemistry staining

Immunohistochemistry staining was performed
with a standard immunostaining protocol. In short,
paraffin-embedded kidney sections were deparaffinized
in the oven at 65 °C for 2 h and autoclaved for 15 min
at 121 °C in 10 mmol/L citrate buffer (pH 6.0) to re-
trieve antigens, and endogenous peroxidase was blocked
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with 3% (volume fraction) hydrogen peroxide, followed
by incubation with 10% (0.1 g/mL) bovine serum
albumin (BSA) in PBS to block nonspecific binding
of antibodies. Then, the slices of pretreated kidneys
were incubated with the following primary antibodies
overnight in the 4 °C refrigerator: anti-Collagen I
(1:300 (volume ratio, the same below); Boster, China),
anti-fibronectin (1:300; Boster), anti-a-smooth muscle
actin (anti-o-SMA; 1:200; Abcam, Cambridge, UK),
and anti-cluster of differentiation 68 (anti-CD68,;
1:300; Boster). Next, we took the slices out of the re-
frigerator and added secondary antibodies; we then in-
cubated them at 37 °C for 1 h. After washing with PBS,
dehydrating, and air-drying slices, we detected immune
complexes with diaminobenzidine (DAB, Sigma-Aldrich,
USA). Finally, these slides were photographed and the
colored area was calculated using ImagelJ software,
with the same statistical method as described above.

2.5 RT-PCR

The total RNA in the tissue was extracted with
TRIzol reagent (Invitrogen, Carlsbad, USA) as follows:
we added 1 mL of TRIzol reagent into 30 mg kidney
tissue, and used a grinding apparatus to crush the
tissue. Then we added 500 pL of chloroform, shook
and mixed well, centrifuged the mixture at 12 000 r/min
for 15 min, and put about 400 pL of the supernatant
into a new centrifugal tube. Next, we added 1 mL of
isopropanol to the supernatant, shook it gently and set
it aside for 10 min, centrifuged it for 10 min, discarded
the supernatant, added 75% (volume fraction) ethanol
to wash the remaining isopropanol, absorbed the
ethanol, and dried the white precipitate, which is the
RNA. Then, we used a TransScript one-step genomic
DNA (gDNA) removal and complementary DNA
(cDNA) synthesis kit (TransGen Biotech, Beijing,
China) to reverse transcription. Based on the instruc-
tions for the TransStart Top Green quantitative poly-
merase chain reaction (QPCR) kit (TransGen Biotech,
Beijing, China), we used real-time PCR (RT-PCR) to
detect the expression of the target gene. The primer
sequences of target genes we used are shown in Table 1.

2.6 Immunoblotting

The proteins in the kidney tissue (about 30 mg)
were extracted with radio immunoprecipitation assay
(RIPA) lysis buffer which contained 1% (0.01 g/mL)
phenylmethylsulfonyl fluoride (PMSF). We used BCA
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Table 1 Sequences of RT-PCR primers used in this study

Gene Primer sequence (5'—3")
Collagen I Forward: GCTCCTCTTAGGGGCCACT
Reverse: CCACGTCTCACCATTGGGG

Fibronectin Forward: GCTCAGCAAATCGTGCAGC
Reverse: CTAGGTAGGTCCGTTCCCACT
a-SMA Forward: GTCCCAGACATCAGGGAGTAA
Reverse: TCGGATACTTCAGCGTCAGGA
TGF-p1 Forward: TCTGCATTGCACTTATGCTGA
Reverse: AAAGGGCGATCTAGTGATGGA
IL-1p Forward: GCAACTGTTCCTGAACTCAACT
Reverse: ATCTTTTGGGGTCCGTCAACT
1L-6 Forward: TAGTCCTTCCTACCCCAATTTCC
Reverse: TTGGTCCTTAGCCACTCCTTC
MCP-1 Forward: TTAAAAACCTGGATCGGAACCAA
Reverse: GCATTAGCTTCAGATTTACGGGT
GAPDH  Forward: AGGTCGGTGTGAACGGATTTG

Reverse: TGTAGACCATGTAGTTGAGGTCA

RT-PCR: real-time polymerase chain reaction; a-SMA: a-smooth muscle
actin; TGF-B1: transforming growth factor-B1; IL-1p: interleukin-1p;
IL-6: interleukin-6; MCP-1: monocyte chemotactic protein-1; GAPDH:
glyceraldehyde-3-phosphate dehydrogenase.

protein assay kit (Thermo Fisher Scientific, Waltham,
USA) to detect the concentration of the protein. We
added the loading buffer to concentration-regulated
samples and heated them to deactivate the protein.
Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) was used to separate protein at
a constant current voltage of 120 V. Then, the protein
was transferred to an Immobilon®”-PSQ transfer mem-
brane (Merck Millipore, Germany) at 250 mA for
120 min and the membranes were washed with Tris-
buffered saline with Tween (TBST). Non-fat milk
(0.05 g/mL) was used to block nonspecific proteins for
1 h, and the membrane was incubated with the follow-
ing primary antibodies overnight in the refrigerator:
anti-Collagen I (1:500 (volume ratio, the same below);
Boster), anti-fibronectin (1:500; Boster), anti-a-SMA
(1:1000; Abcam), anti-TGF-f1 (1:1000; Abcam), anti-
tumor necrosis factor-o (anti-TNF-qo; 1:1000; Santa
Cruz, USA), anti-monocyte chemotactic protein-1 (anti-
MCP-1; 1:1000; Santa Cruz), anti-interleukin-6 (anti-
IL-6; 1:1000; Santa Cruz), anti-interleukin-1p (anti-
IL-1B; 1:1000; Santa Cruz), anti-CD68 (1:500; Boster),
anti-p-Smad2/3 (1:1000, Cell Signaling Technology,
USA), anti-Smad?2/3 (1:1000; Santa Cruz), anti-p-ERK1/2
(1:1000; Santa Cruz), anti-ERK1/2 (1:1000, Cell Signal-
ing Technology), and anti-glyceraldehyde-3-phosphate

dehydrogenase (anti-GAPDH; 1:1000; Santa Cruz).
Based on the principle of chemical substrate lumines-
cence, we used horseradish peroxidase (HRP)-labeled
antibody to incubate membranes at room tempera-
ture for 1 h, and detected luminescence intensity with
a Tanon-5200 Multi instrument (Tanon, Shanghai,
China). The strip grayscale was calculated with ImageJ
software.

2.7 Cell culture

Tubular epithelial cells (NRK-52E) were cultured
in Dulbecco’s modified Eagle’s medium (DMEM;
Misencell, Jinhua, China) with 5.5 mmol/L glucose,
10% (0.1 g/mL) fetal bovine serum (Misencell), and
1% (volume fraction) penicillin-streptomycin in an
incubator set at 37 °C and 5% CO,. To test the effect
of ELA13 on the fibrotic cell model induced by re-
combinant human TGF-B1 (Peprotech, New Jersey,
USA), we cultured NRK-52E cells in a six-well culture
plate with 1x10* cells per well; after a day of cultivation,
we starved the cells with the serum-free medium for one
night. The cells were randomly divided into a control
group (DMEM), an administration group (ELA13,
50 pmol/L), a model group (TGF-B1, 5 ng/mL), and a
treatment group (ELA13, 50 umol/L; TGF-B1, 5 ng/mL),
and cultured for 48 h at 37 °C. To confirm the involve-
ment of Smad and ERK signaling in anti-fibrotic effects
of ELA13, we pretreated all the cells for 1 h with
asiaticoside (50 pmol/L) and U0126 (50 pmol/L),
which are inhibitors of SMAD and ERK.

2.8 Cell viability

The cytotoxicity of ELA13 was detected with a
cell counting kit-8 (CCK-8; Yeasen, Shanghai, China).
To each well of the 96-well plate we added 100 pL of
a cell suspension containing 2000 cells. Series con-
centrations of ELA13 were prepared to change the
medium: 100, 50, 25, 12.5, 6.25, and 0 umol/L. For
2 d in a row, we added 10 pL. CCK-8 solution and in-
cubated the suspension at 37 °C for 2—4 h. Finally, we
measured the absorbance at a wavelength of 450 nm.

2.9 Statistical analyses

All results were expressed as mean+tstandard de-
viation (SD). Images were generated using GraphPad
Prism 9.0 (San Diego, USA). The differences between
groups were statistically analyzed using one-way analy-
sis of variance (ANOVA) followed by Tukey-Kramer



as a post-hoc test. Differences were considered statis-
tically significant when P<0.05.

3 Resuults

3.1 Effects of ELA13 on expression of renal fibrosis
markers in vitro

We first detected the safe concentration of ELA13
in NRK-52E cells by CCK-8 assay. The results dem-
onstrated that ELA13 had no significantly effect on
cell viability within 100 pmol/L (Fig. 1a). Then we
detected the expression of fibrosis markers Collagen I,
fibronectin, and a-SMA in TGF-B1-induced NRK-52E
by western blot. As shown in Figs. 1b—1e, the expres-
sion levels of fibrosis markers increased after induc-
tion of TGF-B1 but decreased obviously after treatment
with ELA13. These results demonstrated that ELA13
repressed renal fibrosis in vitro.

3.2 UUO-induced kidney injury ameliorated by
ELA13 in mice

To determine whether ELA13 ameliorated renal
injury and fibrosis in vivo, we established the mouse
UUO experiment model with or without ELA13 treat-
ment. As shown in Figs. 2a and 2b, the results of H&E
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staining revealed that the renal tubules were severely
shrunken and the space between renal tubules was
enlarged in the UUO model group. We also discovered
through microscopic examination after Masson staining
that the amounts of collagen and fibers in the kidney
sections had increased rapidly. However, these patho-
logical characteristics were significantly improved in
mice treated with ELA13. To determine whether ELA13
ameliorated renal function, we measured levels of
blood urea nitrogen (BUN) and serum creatinine. The
results showed that BUN and serum creatinine con-
tents were much higher in the UUO group than in the
sham group, while they were much lower in the ELA13
treatment group (Figs. 2c and 2d). Thus, ELA13 ameli-
orated kidney injury in UUO mice.

3.3 Effects of ELA13 on kidney fibrosis in UUO-
induced mice

After immunohistochemical analysis of Collagen
I, fibronectin, and a-SMA, the quantitative data dem-
onstrated that expression of these proteins was in-
creased in UUO-induced mice, whereas the extent of
protein deposition in the ELA13 group was inferior to
that in the UUO group (Figs. 3a and 3b). Then we
detected the messenger RNA (mRNA) expression of
fibrosis markers by RT-PCR and western blot. As shown
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Fig. 1 Effects of ELA13 on expression of renal fibrosis markers in TGF-p1-induced NRK-52E cells. (a) The toxicity of
ELA13 in NRK-52E cells. (b) Expression of Collagen I, fibronectin, and a-SMA in different cell groups, as analyzed by
western blot. (c—e) Mean quantitative results of proteins. The data are presented as mean+SD of three independent

experiments.
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Fig. 2 Interstitial fibrosis in UUO mice ameliorated by subcutaneously injecting ELLA13. (a) H&E and Masson staining
of renal slices. (b) Percentage of fibrosis areas. (¢) Analysis of serum BUN. (d) Analysis of serum creatinine. All data are
presented as mean+SD of three independent experiments. “P<0.01 and ““P<0.001, the UUO group vs. the sham group; “P<
0.05 and *P<0.001, the ELA13-treated group vs. the UUO group. UUO: unilateral ureteral occlusion; H&E: hematoxylin
and eosin; BUN: blood urea nitrogen; SD: standard deviation.

in Figs. 3¢-3f, the mRNA expression of Collagen I,
fibronectin, a-SMA, and TGF-p1 was greatly increased
in mice induced by UUO, but decreased noticeably
after ELA13 treatment. Parallel results were confirmed
by western blot (Figs. 3g and 3h). All data demonstrated
that treatment with ELA13 prevented fibrogenic effects
in UUO-induced mice.

3.4 Effects of ELA13 on inflammation in UUO-
induced mice

Since inflammation contributes to the process of
tissue fibrosis and targeting inflammatory pathways
may block the progression of kidney disease (Kanasaki
et al., 2013), we next examined whether ELA13 in-
hibited kidney inflammation in our animal models.
Expression of cluster of differentiation 68 (CD68), a
typical inflammatory marker, was detected by immuno-
histochemistry. Compared with the sham group,
protein deposition of CD68 in tissue sections subjected
to UUO was sharply higher, while this phenomenon
was remarkably mitigated in UUO mice treated with
ELA13 (Fig. 4a). We investigated the mRNA levels
of inflammatory markers IL-6, IL-1B, and MCP-1 by
RT-PCR; the expression of inflammatory markers in

the UUO group appeared to be higher than in the sham
group, while the expression of UUO-induced elevated
inflammatory factor was suppressed at the mRNA level
by ELA13 treatment (Figs. 4b—4d). These results were
also confirmed by western blot (Figs. 4e and 4f).
Overall, ELA13 inhibited inflammation in mice with
UUO-induced kidney fibrosis.

3.5 Effects of ELA13 on Smad and ERK signaling
pathways in vivo and in vitro

Substantial evidence has shown that TGF-f/Smad
and ERK signalings play key roles in fibrosis (Meng
et al., 2015; Wojciechowski et al., 2018). We had found
that ELA13 decreased TGF-B1 expression in UUO-
induced renal fibrosis (Fig. 3). To investigate whether
these two pathways were involved in the effects of
ELA13, we first performed western blot analysis to
detect related proteins in TGF-B1-induced NRK-52E
cells, including p-Smad2/3 and p-ERK1/2. As expected,
the levels of p-Smad2/3 and p-ERK1/2 induced by
TGF-P1 were considerably increased, while they de-
creased after administration of ELA13 (Fig. 5a). Then,
we carried out parallel experiments in the UUO model.
We found that the relative phosphorylation levels of
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Smad2/3 and ERK1/2 were quite similar between the dif-
ferent groups. Interestingly, total Smad2/3 and ERK1/2
were obviously increased in the UUO group com-
pared with the sham group, and ELA13 significantly

attenuated total UUO-induced Smad2/3 and ERK1/2
levels (Fig. 5b). This implied that ELA13 was associ-
ated with Smad2/3 and ERK1/2 stability. To confirm
the involvement of these signaling proteins in the
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Fig. 4 Effects of ELA13 on renal inflammation in UUO mice. (a) Immunohistochemistry staining for inflammatory
marker CD68 in renal slices, and quantification of immunohistochemistry for CD68 expression. (b—d) RT-PCR analyses
of relative mRNA levels of IL-1f, IL-6, and MCP-1 in different mouse groups. (e, f) Western blot analysis and quantitative
results of protein levels of CD68, IL-1p, IL-6, MCP-1, and TNF-a in different groups. The data are presented as meant

SD of three independent experiments.

P<0.01 and ""P<0.001, the UUO group vs. the sham group; *P<0.05, *P<0.01, and

#P<0.001, the ELA13-treated group vs. the UUO group. UUO: unilateral ureteral occlusion; CD68: cluster of differentiation 68;
RT-PCR: real-time polymerase chain reaction; mRNA: messenger RNA; IL: interleukin; MCP-1: monocyte chemotactic
protein-1; TNF-a: tumor necrosis factor-a; SD: standard deviation; Area-pos: area of positive staining; GAPDH:
glyceraldehyde-3-phosphate dehydrogenase; PBS: phosphate-buffered saline.

anti-fibrotic effects of ELA13, we used asiaticoside and
U0126, which are proven inhibitors of Smad and ERK,
respectively (Marampon et al., 2009; Huang et al.,
2023). As shown in Figs. 5¢ and 5d, we observed that
TGF-B stimulation increased expression of fibronectin
and a-SMA; these fibrotic proteins were lower under
ELA13 administration. Compared with ELA13 alone,
the combination of ELA13 and the corresponding inhibi-
tor significantly inhibited the expression of these fibrotic
proteins. These results suggested that ELA13 inhibited
renal fibrosis through the Smad and ERK pathways.

4 Discussion

In this study, we demonstrated that ELA13 sig-
nificantly attenuated renal fibrosis in UUO-induced mice
and TGF-B1-induced NRK-52E cells. UUO-induced
mouse kidney fibrosis is characterized by dilated tubules,
inflammatory-cell infiltration, interstitial fibrosis, and
renal damage. Administration of ELA13 significantly
improved renal function, interstitial fibrosis, and in-
flammation induced by UUO, suggesting a potent
antifibrotic effect of ELA13. Furthermore, we showed
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Fig. 5 Effects of ELA13 on the Smad and ERK signaling pathways in vivo and in vitro. (a) Western blot analysis of the
expression of p-Smad2/3, Smad2/3, p-ERK1/2, and ERK1/2 in vitro, and quantitative results of protein levels in different
groups. (b) Western blot analysis of the expression of p-Smad2/3, Smad2/3, p-ERK1/2, and ERK1/2 in the UUO-induced
model, and quantitative results of protein levels in different groups. (¢, d) Western blot analysis of the expression of
fibronectin and a-SMA under the action of ERK (c¢) and Smad (d) pathway inhibitors and ELLA13 administration in vitro,
and quantitative results of protein levels in different groups. The data are presented as mean+SD of three independent
experiments. “P<0.01 and ""P<0.001, the TGF-B1 group vs. the control group, the UUO group vs. the sham group; “P<
0.01 and **P<0.001, the ELA13-treated group vs. the TGF-B1 group, the ELA13-treated group vs. the UUO group. Smad:
small mother against decapentaplegic; ERK: extracellular signal-regulated kinase; p-: phosphorylated; UUO: unilateral
ureteral occlusion; a-SMA: a-smooth muscle actin; SD: standard deviation; TGF-p1: transforming growth factor-p1;
GAPDH: glyceraldehyde-3-phosphate dehydrogenase; PBS: phosphate-buffered saline.

an inhibitory effect of ELA13 on the Smad and ERK
pathways in vivo and in vitro (Fig. 6). This work may
pave the way for the development of therapeutic strat-
egies to address kidney fibrosis.

Both ELABELA and apelin are endogenous ligands
of apelin receptor, a G-protein-coupled receptor that
was found in 1993 (O'Dowd et al., 1993), but they are
unrelated peptide ligands (Deng et al., 2015). Apelin
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Fig. 6 Schematic of ELA13 administration to attenuate
kidney fibrosis.

is widely expressed in various tissues (Lee et al., 2000;
Wang et al., 2004; Boucher et al., 2005) and ELABELA
is mainly expressed in the kidneys of mature mice (Deng
et al., 2015). An early study from Mehal’s group dem-
onstrated that apelin inhibits renal tubular EMT in
UUO mice by interfering with the TGF-f/Smads signal-
ing pathway (Wang et al., 2014). Huang’s Lab re-
ported that ELABELA inhibits elevation of TGF-$1
and inflammation induced by ischemia-reperfusion
(I/R) or hypoxia-reperfusion (H/R), without changing
the level of total protein methylation (Chen et al., 2017).
ELAI11 not only inhibits inflammatory molecules in
H/R-injured cells and I/R-injured kidney tissue, but
also inhibits infiltration of macrophages in the latter
(Chen et al., 2017). In the present study, the kidneys
of UUO-induced mice expressed substantial levels of
the fibrosis marker proteins Collagen I, fibronectin,
and a-SMA. It is clear that ELA13, a conserved frag-
ment of ELABELA in all vertebrates, has an anti-renal
fibrosis effect in UUO-induced mice. The in vitro experi-
ments also showed the inhibitory effect of ELA13 on
the TGF-B1-induced fibrogenic response in cultured
NRK-52E cells. TGF-B1 is a fibrogenic factor which
can induce activation of the EMT in kidney tubular
epithelial cells, as well as promoting synthesis of ECM
protein (Grande et al., 2015).

The initial renal injury promotes the infiltration
of immune cells and activated tubular cells can pro-
duce a series of local inflammatory factors, including
TNF-a, IL-1B, and MCP-1, which in turn promote in-
flammatory response, fibroblast differentiation, and ECM
accumulation, further leading to renal tubular atrophy
and interstitial fibrosis (Wang et al., 2000; Noronha
etal., 2002; Wada et al., 2004; Cheng et al., 2005; Crewe
et al., 2017). Under normal circumstances, the level
of chemokine expression in the kidney is very low,

but under pathological conditions, it increases signifi-
cantly. TNF-a and IL-1p are the main regulators of these
chemokines, and can induce their expression through
the nuclear factor-«B (NF-xB) signaling pathway
(Seseke et al., 2004; Gilmore, 2006; Shen et al., 2016;
Xue et al., 2016). In renal fibrosis, the function of
IL-1p is mainly dependent on the fibrosis mechanism
mediated by TGF-B (Maleszewska et al., 2013). Acti-
vation of the Smad2/3 signaling pathway mediated by
TGF-B1 can also promote the expression of MCP-1/
CC motif chemokine 2 (CCL2) (Wada et al., 2004;
Tampe and Zeisberg, 2014), increase macrophage in-
filtration, and promote renal fibrosis. In our results,
the immune-cell infiltration and chemokine expression
in mice with UUO-induced fibrosis were significantly
higher than those in normal mice; however, the expres-
sion of chemokines in mice treated with ELA13 was
almost the same as that in normal mice, indicating
that ELA13 had excellent anti-inflammatory effects in
mice with UUO-induced fibrosis. Nevertheless, it is
currently unclear how ELA13 inhibits inflammation,
and this definitely warrants further investigation.
TGF-B binds to its type Il receptor, and then causes
the activation of several intracellular signaling pathways,
including Smad2/3, signal transducer and activator
of transcription 3 (STAT3), and ERK1/2, which activate
fibroblasts and lead to the accumulation of ECM in
the relevant tissue (Xu et al., 2012; Sun et al., 2014;
Chen et al., 2019). The Smad-dependent signaling
pathway is the canonical signal pathway of the TGF-f3
signal, which plays a fatal role in renal fibrosis. TGF-1
first binds to the type II receptor on the cell surface to
form a heterodimer complex; then the phosphorylated
complex binds to a type I receptor to form a tetramer
which is activated by phosphorylation. The phosphor-
ylated tetramer activates the Smad2/3 complex and
prompts Smad2/3 to form a new complex with Smad4.
The new complex enters the nucleus and directly binds
to the Smad protein combinatorial element on DNA
to regulate the expression of target genes (Zhang et al.,
2010; Meng et al., 2016). A string of noncanonical
TGF-p pathways has been identified, such as the
MAPKs, in particular ERK1/2 (Hartsough and Mulder,
1995), a member of the MAPK family. Once stimu-
lated, ERK can translocate to the nucleus to activate
transcriptional factors that regulate cell growth and
differentiation. Emerging studies have indicated that
the ERK1/2 signaling pathway is important for EMT,



a biological transformation of epithelial cells into mes-
enchymal phenotypic cells, which eventually promotes
the pathobiology of fibrosis (Lu et al., 2017; Schinner
et al., 2017). We found that the phosphorylated expres-
sion of Smad2/3 and ERK1/2 is apparently inhibited
under the administration of ELA13 in TGF-B1-induced
NRK-52E cells. However, there do not appear to be
any significant differences in the relative phosphoryla-
tion levels of Smad2/3 and ERK1/2 in vivo. ELA13
significantly attenuates total UUO-induced Smad2/3
and ERK1/2 levels. These results are in line with a re-
cent published study by Geng et al. (2020), who showed
that ganoderic acid markedly decreases total Smad in
a UUO model. Another work by Yang et al. (2020)
also reveals that the level of total ERKSs is significantly
enhanced in UUO kidneys. These findings suggest that
UUO may enhance Smad2/3 and ERK1/2 stability,
and that ELA13 may be associated with protein degrad-
ation. In general, our results suggest that ELA13 has a
therapeutic effect on obstructive renal fibrosis by in-
hibiting the Smad and ERK pathways. In addition, the
detailed mechanism of ELA13 in kidney fibrosis needs
to be elucidated by future research.

In summary, these original observations demon-
strate the potent anti-fibrotic activity of ELA13 in UUO-
induced mice and TGF-B1-induced NRK-52E cells by
inhibiting the Smad and ERK pathways. These results
provide novel insight into the role of ELABELA and
suggest that ELA13 may be a promising new candi-
date for renal fibrosis treatment.
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