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Poricoic acid A suppresses TGF-p1-induced renal fibrosis and
proliferation via the PDGF-C, Smad3 and MAPK pathways
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Abstract. Renal interstitial fibrosis is the most important
pathological process in chronic renal failure. Previous studies
have shown that poricoic acid A (PAA), the main chemical
constituent on the surface layer of the mushroom Poria
cocos, has protective effects against oxidative stress and
acute kidney injury. The present study aimed to investigate
the potential roles of PAA on the pathological process of
renal fibrosis and the associated molecular mechanism. The
NRK-49F cell line was treated with transforming growth
factor-p1 (TGF-p1) with or without PAA or platelet-derived
growth factor C (PDGF-C). Cell Counting Kit-8 assay,
western blotting and 5-ethynyl-2'-deoxyuridine immuno-
fluorescence staining were performed to examine cell growth,
protein expression and cell proliferation, respectively. Data
from the present study showed that 10 M PAA attenuated
TGF-p1-induced NRK-49F cell extracellular matrix (ECM)
accumulation, fibrosis formation and proliferation. Renal
fibrosis with the activation of Smad3 and mitogen-activated
protein kinase (MAPK) pathways were also inhibited by PAA
treatment. PDGF-C reversed the inhibitory effects of PAA on
TGF-B1-induced renal fibroblast proliferation and activation
of the Smad3/MAPK pathway. The present study suggested
that suppression of TGF-fB1-induced renal fibroblast ECM
accumulation, fibrosis formation and proliferation by PAA
is mediated via the inhibition of the PDGF-C, Smad3 and
MAPK pathways. The present findings not only revealed the
potential anti-fibrotic effects of PAA on renal fibroblasts, but
also provided a new insight into the prevention of fibrosis
formation via regulation of the PDGF-C, Smad3 and MAPK
signaling pathways.
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Introduction

Renal fibrosis is caused by imbalance between synthesis
and degradation of the extracellular matrix (ECM) constitu-
ents, including collagen I, III and IV, as a result of various
pathological factors, leading to glomerulosclerosis, tubuloint-
erstitial fibrosis, hyalinization and sclerosis of the renal small
vessels (1,2). These cellular and molecular events ultimately
result in parenchymal obstruction and renal failure (3,4). Renal
fibrosis can also result from a variety of other factors that are
associated with kidney injury, including hypertension, inflam-
mation, high sugar, high fat and drug damage (5). However,
previous studies have shown that even if these factors are
controlled effectively, including blood pressure, blood glucose
and drug damage, the process of renal fibrosis remains diffi-
cult to prevent (6). Therefore, investigating the molecular
mechanism underlying the occurrence and development of
fibrosis, identifying therapeutic agents and target genes that
can directly interfere with the fibrotic process has become an
important topic of study in recent years (7-9).

The formation and progression of renal fibrosis is a
complex and dynamic process that includes inflammatory
cell infiltration, fibroblast activation and proliferation, ECM
accumulation, tubular atrophy and microvascular degen-
eration (10,11). A number of genes have been reported to be
involved in this process. Among them, transforming growth
factor (TGF)-B1 is considered to be the most important fibro-
genic factor, which initiates the occurrence and accelerates
the progress of fibrosis (12). In addition, recent reports also
found that a number of other factors, including platelet-derived
growth factor (PDGF), Smad3, connective tissue growth
factor and angiotensin II, enhanced the constituents of the
ECM (13,14). Although the mechanism behind the formation
and development of renal fibrosis has been extensively studied,
effective treatment strategies has yet to be found (15,16).
Therefore, it is of importance to explore the mechanism of
renal fibrosis further to find novel potential therapeutic drugs.

Poria cocos Wolf (Polyporaceae) is a traditional Chinese
medicine that has been applied for >2,000 years in China that
is also widely distributed and easy to obtain because it exists in
many plants (17,18). Reported medicinal properties that have been
associated with Poria cocos include diuretic effects, invigorating
the spleen, tranquilizes the heart and edema elimination (19-22).
Poricoic acid A (PAA) is one of the main chemical constituents on
the surface layer of Poria cocos Wolf. PAA has been documented
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to significantly alleviate oxidative stress and suppress the
increase in inflammatory factors during acute kidney injury (23).
Chen et al (24) reported that PAA exerted renoprotective and
antifibrotic effects by inhibiting TGF-f/Smad3 and Wnt/B-catenin
signaling pathways, whilst other studies have also demonstrated
that PAA could suppress the renin-angiotensin system (RAS) to
prevent chronic kidney disease progression (25,26). However, to
the best of our knowledge, the mechanistic effects of PAA on
renal fibrosis remain to be elucidated.

The present study aimed to investigate the effects of PAA
on TGF-pl-induced renal fibroblast proliferation and fibrosis
formation in addition to the potential mechanism underlying
the actions of PAA. Information from the present study may
provide a novel avenue for the treatment of fibrosis formation
during the development of renal failure.

Materials and methods

Cell culture and drug treatment. NRK-49F cells
(cat. no. CRL-1570; American Type Culture Collection), a rat
renal interstitial fibroblast cell line (27,28), were used to investi-
gate the effects of PAA on renal fibrosis. Cells were cultured in
DMEM (cat. no. 11965-092; Gibco, Thermo Fisher Scientific,
Inc.) supplemented with 10% FBS (cat. no. SH30071.02;
HyClone; GE Healthcare Life Sciences) in a 5% CO, atmo-
sphere at 37°C.

To determine the optimal concentration of PAA (Shanxi
Medicine company), cells were exposed to serial concentra-
tions of PAA (1, 2, 5, 10, 15 and 20 M) for 24 h at 37°C in a
5%CO, incubator. The effects of PAA on renal fibrosis were
also determined using recombinant human TGF-f1 (5 ng/ml;
cat. no. 240-B; R&D Systems, Inc.) in the presence or absence
of recombinant PDGF-C protein (50 ng/ml; cat. no. 1687-CC;
R&D Systems, Inc.) for 24 h at 37°C in a 5% CO, incubator.

Cell growth assay. NRK-49F cells were cultured in 96-well
plates, 100 ul per well with 1x10* cells and exposed to 10 gmol
PAA for 24 h. Subsequently, 30 ul CCK-8 solution (Dojindo
Molecular Technologies, Inc.) was added to each well where the
cells were incubated for 4 h at 37°C. The optical density (OD)
value was detected at a wavelength of 450 nm where a micro-
plate reader (Thermo Fisher Scientific, Inc.) was used to
calculate cell viability and inhibition rate. The detailed calcu-
lations are as follows: Cell viability (%)=[(As-Ab)/(Ac-Ab)]
x100; inhibition rate (%)=[(Ac-As)/(Ac-Ab)] x100; As=0D
value of the experimental wells; Ab=0D value of blank wells;
Ac=0D value of control wells.

Western blotting. The expression of PDGF-C/Smad3/MAPK
or ECM related proteins was analyzed by western blotting.
Total protein was isolated from NRK-49F cells with or without
PA A treatments using radioimmunoprecipitation assay (RIPA)
buffer (cat. no. 89900; Thermo Fisher Scientific, Inc.). Protein
levels were quantified using a BCA protein assay kit (Thermo
Fisher Scientific, Inc.). A total of 30 ug protein was loaded
in each lane and subsequently run on 12% SDS-PAGE gels.
The separated proteins were subsequently transferred to
PVDF membranes. Then, the membranes were washed three
times with 0.1% Tween-20 TBS solution (TBST) and incu-
bated for 1 h at room temperature with 5% of non-fat milk

(cat. no. 1706404; Bio-rad, Laboratories, Inc.). Subsequently,
the following primary antibodies were used at 1:1,000 dilu-
tion: E-cadherin (cat. no. 14472S; Cell Signaling Technology,
Inc.), collagen I (cat. no. 84336S; Cell Signaling Technology,
Inc.), collagen I'V (cat. no. 50273S; Cell Signaling Technology,
Inc.), alpha smooth muscle actin (a-SMA; cat. no. ab5694;
Abcam), fibronectin (FN; cat. no. 26836S; Cell Signaling
Technology, Inc.), PDGF-C (cat. no. abc1392; Sigma-Aldrich;
Merck KGaA), phosphorylated (p)-Smad3 (cat. no. 9520;
Cell Signaling Technology, Inc.), Smad3 (cat. no. 9523;
Cell Signaling Technology, Inc.), p-ERK1/2 (cat. no. 4370;
Cell Signaling Technology, Inc.), ERK1/2 (cat. no. 4695;
Cell Signaling Technology, Inc.), p-p38 (cat. no. 4511; Cell
Signaling Technology, Inc.), p38 (cat. no. 8690; Cell Signaling
Technology, Inc.) and GAPDH (cat. no. sc-137179; Santa Cruz
Biotechnology, Inc.). Following incubation with the respective
primary antibodies overnight at 4°C, the membranes were
washed three times with TBST solution. Subsequently, the
membranes were exposed to horseradish peroxidase-conju-
gated goat anti-rabbit (1:5,000; cat. no. ab6721; Abcam),
goat anti-mouse (1:5,000; cat. no. ab05719; Abcam), and
rabbit anti-goat (1:5,000; cat. no. ab5755; Abcam) secondary
antibodies for 1 h at room temperature prior to treatment
with ECL reagent (cat. no. RPN2232; GE Healthcare), using
autoluminography to visualize protein bands. Protein expres-
sion was then quantified using ImagelJ (version 1.48V; National
Institutes of Health) with GAPDH as the loading control.

Cell proliferation assay. To assess kidney cell proliferation,
2x10° NRK-49F cells/per well in 1ml culture medium were
plated onto coverslips in a 6-well plate and allowed to grow
overnight at 37°C in a 5% CO, incubator. Cells were incubated
with Alexa Fluor 555 labeled with 5-ethynyl-2'-deoxyuridine
(EdU; cat. no. A10044; Invitrogen; Thermo Fisher Scientific,
Inc.) at a final concentration of 10 uM for 24 h at 37°C in
5% CO, before being harvested and subjected to treatments in
accordance with the Click-iT°EdU Alexa Fluor® 555 Imaging
kit (cat. no. C10353; Invitrogen; Thermo Fisher Scientific, Inc.,
cat. no. C10353). All procedures were performed according
to the manufacturer's instructions. Nuclei were stained with
DAPI at final a concentration of 3 uM. EdU-positive cells with
DAPI-labeled nuclei were counted to evaluate cell proliferation.

Statistical analysis. Data are presented as the mean + SD.
Statistical analysis was performed using GraphPad Prism 6.0
(GraphPad Software, Inc.). One-way ANOVA followed by
Tukey's post hoc test was used for comparisons between
multiple groups. P<0.05 was considered to indicate a statis-
tically significant difference. All data presented are from at
least three independent experiments.

Results

In vitro screening for the optimal concentration of PAA. The
chemical structure of PAA extracted from the epidermis of
Poria cocos is shown in Fig. 1A. The effect of PAA on cell
viability was measured using CCK-8 assay. To test the optimal
concentration of PAA on cell growth, serial concentrations
of PAA, 1-20 uM final concentration were used. The results
revealed that concentrations of PAA >1 yM reduced NRK-49F
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Figure 1. Effects of PAA treatment on NRK-49F cell viability. (A) The chemical structural formula of PAA. (B) Cytotoxicity of NRK-49F cells following treat-
ment with PAA as measured using Cell Counting kit-8. (C) Cytotoxicity was measured after treatment with PAA at the indicated concentrations. (D) PDGF-C
protein expression was measured by western blotting after treatment with PAA at the indicated concentrations. n=6. "P<0.05 and “"P<0.001 vs. Control.
PAA, poricoic acid A; OD, optical density; PDGF-C, platelet-derived growth factor C.

cell viability in a dose-dependent manner. However, the
inhibitory effect did not increase further when the concentra-
tion of PAA applied was >10 M (Fig. 1B). The CCK-8 assay
results demonstrated that PAA exerted no cytotoxic effects on
NRK-49F cells at concentrations <10 xM, but cell viability was
significantly reduced following treatment with 15 and 20 xM
PAA (Fig. 1C). Therefore, 10 uM PA A was applied for subse-
quent experiments. The effects of different concentrations of
PAA on PDGF-C protein expression were explored further
by western blotting (Fig. 1D). PAA did not exert significant
effects on PDGF-C protein expression at all concentrations
tested compared with that of the control group.

PAA inhibits TGF-B1-induced ECM accumulation, fibrosis
formation and proliferation by NRK-49F cells. To explore
the effects of PAA on TGF-f1-induced NRK-49F cell ECM
accumulation and fibrosis formation, western blotting was
performed to examine the expression of E-cadherin, collagen I,
a-SMA, FN and collagen 1V, proteins associated with ECM
and fibrosis. The results showed that PAA treatment alone had
no significant effect on the expression levels of these proteins
compared with those of the control group. In contrast, TGF-f1
alone decreased the expression of E-cadherin and increased
the expression of collagen I, a-SMA, FN and collagen IV.
However, in the presence of TGF-f1, PAA significantly
increased E-cadherin expression and significantly reducing
those of collagen I, a-SMA, FN and collagen IV in NRK-49F
cells compared with their expression in cells following
TGF-bl treatment alone (Fig. 2A). In addition, EdU staining
results confirmed that the TGF-p1-induced NRK-49F cell
proliferation was significantly attenuated by PAA (Fig. 2B).

PDGF-C and Smad3/MAPK pathways are suppressed by PAA
treatment in NRK-49F cells. Previous studies have shown that
PDGF-C serves an important role in renal fibrosis as a mediator

of renal interstitial fibrosis, where the Smad3 and MAPK path-
ways are reported to be involved (29,30). To explore further
whether PAA can regulate the PDGF-C, Smad3 and MAPK
signaling pathways in NRK-49F cells, western blotting was
performed to examine Smad3 and MAPK phosphorylation.
The results showed that PAA alone did not significantly alter
PDGF-C and p-Smad3 levels compared with those in the
control group; however, PAA treatment significantly reversed
TGF-f1-induced PDGF-C expression, Smad3 (Fig. 3A),
ERK1/2 and P38 MAPK phosphorylation (Fig. 3B). These
data suggest that PAA can inhibit TGF-B1-induced activation
of the Smad and MAPK signaling pathways.

PDGF-C reverses the inhibitory effects of PAA on
TGF-p1-stimulated NRK-49F cells. To evaluate the effects
of PDGF-C on the inhibitory effects of PAA on NRK-49F
cell ECM accumulation, fibrosis formation and prolifera-
tion further, western blotting and EAU immunofluorescence
staining were performed. The western blotting results revealed
that the inhibitory effects of PAA on TGF-f1-induced renal
fibroblast ECM accumulation and fibrosis formation was
significantly reversed by PDGF-C treatment compared
with those observed in the TGF-BI+PAA group (Fig. 4A).
PDGF-C treatment also reversed the inhibitory effects of PAA
on TGF-Bl-induced NRK-49F cell proliferation (Fig. 4B).

PDGF-C treatment eliminates the inhibition of
TGF-pI-stimulatedSmad3 and MAPK signaling by PAA
in NRK-49F cells. To further examine whether PDGF-C is
involved in the inhibitory role of PAA on the Smad3 and
MAPK signaling activation induced by TGF-f1, the expression
of proteins associated with the Smad3 and MAPK pathways
were measured by western blotting in cells treated with or
without TGF-f1, PAA and PDGF-C. The results showed that the
increased expression of proteins associated with the Smad3 and
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Figure 2. Effect of PAA on the expression of ECM proteins and TGF-f1-induced cell proliferation. (A) Expression of E-cadherin, collagen I, collagen IV,
a-SMA and fibronectin, proteins associated with ECM, were measured by western blotting following treatment with PAA, TGF-f1 or a combination of
both PAA and TGF-1. (B) Cell proliferation was measured after TGF-B1 and/or PAA treatment using 5-ethynyl-2'-deoxyuridine staining. n=3. "P<0.05 and
“P<0.01. Magnification x40. PAA, poricoic acid A; TGF-f1, transforming growth factor-f1; a-SMA, a-smooth muscle actin; ECM, extracellular matrix.
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Figure 3. Effect of PAA on PDGF-C, Smad and MAPK signaling on NRK-49F cells. (A) The expression of PDGF-C and Smad3 phosphorylation were exam-
ined by western blot analysis following treatment with PAA, TGF-f1 or a combination of PAA and TGF-f1. (B) Western blot analysis was used to evaluate
the phosphorylation of proteins associated with MAPK signaling. n=3. "P<0.05, “P<0.01 and “"P<0.001. PAA, poricoic acid A; TGF-f1, transforming growth

factor-p1.
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Figure 4. PDGF-C reverses the inhibitory effects of PAA on the expression of extracellular matrix proteins and cell proliferation in NRK-49F cells. (A) Effects
of PDGF-C on the expression of E-cadherin, collagen I, collagen IV, a-SMA and fibronectin in PAA- and/or TGF-f1-treated cells were examined by western
blotting. (B) PDGF-C reversed the inhibitory effects of PAA on NRK-49F cell proliferation according to 5-ethynyl-2'-deoxyuridine staining. n=3. "P<0.05,
“P<0.01 and ""P<0.001. Magnification x40. PAA, poricoic acid A; TGF-f1, transforming growth factor-p1; PDGF-C, platelet-derived growth factor C; a-SMA,

a-smooth muscle actin.

MAPK pathway induced by TGF-f1 was significantly reduced
after PAA treatment (Fig. 5A). By contrast, additive PDGF-C
treatment significantly increased the expression of these proteins
compared with that in the TGF-B1+PAA groups (Fig. 5).

Discussion

Since renal interstitial fibrosis serves a role in the development
of renal failure, the degree of fibrotic development is closely
associated with the prognosis of chronic kidney disease and
renal failure (31). Therefore, research on the prevention and
treatment of renal interstitial fibrosis has garnered attention
over recent years (32). Traditional Chinese medicine has
also made significant progress in the study of renal fibrosis

treatment (33). In the present study, PAA significantly inhibited
TGF-pl1-induced renal fibroblast proliferation, ECM production
and fibrosis formation. The present results suggested that PAA
serves a role in the progression of renal fibrosis.

Among the factors associated with renal interstitial
fibrosis, TGF-P1 has been most extensively studied (34). A
number of studies have shown that a variety of cytokines and
growth factors participate in the occurrence and development
of renal interstitial fibrosis, of which TGF-31 appeared to
serve the most significant role (35,36). The biological func-
tions of TGF-f1 in kidney development include promotion of
ECM accumulation and synthesis of matrix components (37).
TGF-B1 has also been implicated in epithelial-mesenchymal
transition, whose markers include FN, E-cadherin, vimentin
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Figure 5. PDGF-C treatment reactivates TGF-f1-induced Smad and MAPK signaling in NRK-49F cells. (A) PDGF-C treatment promoted the expression of
PDGF-C and phosphorylation of Smad3 in the presence of PAA. (B) PDGF-C treatment increased ERK and P38 MAPK phosphorylation in the presence
of PAA. n=3. "P<0.05, "P<0.01 and *"P<0.001. PAA, poricoic acid A; TGF-1, transforming growth factor-f1; PDGF-C, platelet-derived growth factor C;

P38, p38 MAPK.

and a-SMA (38). Although several clinical trials targeting
TGF-p1 using anti-TGFP1 antibodies in kidney disease as
well as animal model have been performed, no significant
improvement in the symptoms have been observed in either
patients or mouse models (39-41). Therefore, the present
study used a rat renal fibroblast cell line treated with TGF-31
as a cell model. TGF-B1 significantly promoted fibroblast
proliferation and the expression of fibrosis-related proteins.
PAA alone did not alter the expression of these proteins,
including collagen I, collagen IV, a-SMA, FN, PDGF-C, as
well as the phosphorylation of Smad3, ERK and p38, but it
could significantly suppress the expressions of these proteins
induced by TGF-fB1. Other previous studies suggested that
PAA could suppress renal fibrosis via inhibiting the func-
tions of TGF-P1 via the RAS/TGF-f/Smad axis (26) or the
Wnt/p-catenin pathway (25). The current results showed that
PAA extenuated renal cell proliferation through suppressing
the Smad3/MAPK pathway. These results can be compared
with those obtained in animal models, such as unilateral
ureteral obstruction (42) or 5/6 nephrectomy mice (43),
where alleviation of renal fibrosis was mediated through the
inhibition of the TGF-f/Smad and Wnt/B-catenin signaling
pathways in the kidneys or RAS. In addition, other proteins
associated with renal fibrosis, including angiotensinogen,
renin, angiotensin-converting enzymes and tubular angio-
tensin II type 1 receptors (25) can be measured in clinical
patients in future studies. The results of the present study
showed that the inhibitory effects of PAA on TGF-f1-induced

renal fibroblast proliferation were mediated by acting the
Smad3/MAPK pathway.

PDGF-C, originally identified in platelets, has a variety
of documented biological functions (44). Previous studies
demonstrated that PDGF-C expression in renal interstitial
fibrosis was significantly increased during progression to renal
fibrosis (45,46). Inhibition of PDGF-C activity can significantly
inhibit the development of renal fibrosis (46,47). In the present
study, although PAA alone did not affect PDGF-C expression
in NRK-49F cells, PDGF-C significantly reversed the inhibi-
tory effects of PAA in the presence of TGF-f1. By contrast,
treatment with PDGF-C can partially reverse the effects
of PAA in TGF-B1-induced renal fibroblasts. The present
study reported that PDGF-C stimulated mesenchymal cells
proliferation through binding to the PDGF-a receptor (44).
The interaction between proximal tubule cells and adjacent
fibroblasts is critical for renal fibrosis (48). NRK-49F cells
were used in the present study since it exhibits a characteristic
fibroblast spindle-like morphology that is easy to monitor in
response to PDGF (27,28). These results suggested that PAA
treatment inhibited the proliferation, ECM aggregation and
fibrosis of renal fibroblasts by inhibiting the functions of
TGF-p1. However, the inhibitory effects could be reversed by
PDGF-C.

Previous studies have revealed that Smad3 and MAPK
signaling pathways are involved in the development of renal
fibrosis (49,50). The expression of Smad3 and MAPK is signifi-
cantly activated during renal fibrosis (50,51) and the inhibition
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of Smad and MAPK pathways has been reported to signifi-
cantly reduce renal ECM aggregation and fibrosis formation
(52). The present study showed that PAA could suppress the
increased upregulation of Smad and MAPK signaling induced
by TGF-f1, which were reversed by the presence of PDGF-C.

In conclusion, data from the present study suggest that PAA
treatment suppressed TGF-fB1-induced renal fibroblast ECM
accumulation, fibrosis formation and proliferation by inhibiting
the PDGF-C, Smad3 and MAPK signaling pathways. PDGF-C
can block the effect of PAA on TGF-B1-induced fibroblasts
and promoted the activation of the Smad and MAPK pathways
induced by TGF-f1. These findings revealed the potential of
PAA application in protecting against the fibrosis of renal
fibroblasts. The present study also provided a new insight into
the prevention of fibrosis formation through regulation by
PDGF-C. However, further in vivo studies are necessary to
fully clarify the role of PAA in renal fibrosis.
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