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ABSTRACT

Renal fibrosis is recognized as a key pathological feature of chronic kidney disease (CKD), which progresses
toward end stage renal disease (ESRD). Transforming growth factor (TGF)-B-induced epithelial to mesenchymal
transition (EMT) of renal epithelial tubular cells is the key mechanism of renal fibrosis. The aim of this study is to
investigate the pharmacological effect of altenusin, an active compound derived from fungi, on TGF-f/mitogen-
activated protein kinase (MAPK) signaling pathway-induced fibrosis in renal proximal tubular cells and in mouse
unilateral ureteral obstruction (UUO) model. As a result, TGF-B1 induced EMT of RPTECT/TERT1 cells (an
immortalized human renal proximal tubular cells) by concentration- and time-dependent manners. Incubating cells
with 10 ng/ml TGF-B1 for 48 hours significantly upregulated MAPK signaling pathway by increase phosphorylated
(p)-Jun N-terminal kinase (JNK), p-p38, and p-Extracellular signal-regulated kinase (ERK) 1/2. Treating the cells
with altenusin (50 -100 uM) significantly attenuated TGF-B1-induced EMT. The inhibitory effect of altenusin on
EMT was mediated by inhibition of p38 and ERK1/2 but not JNK. UUO in mice for 14 days dramatically increased
p-JNK, p-p38, and p-ERK /2, activation of these proteins by UUO were attenuated by co-treatment with altenusin
3 mg/kg. These results demonstrate the inhibitory effect of altenusin on TGF-/MAPK signaling pathway-induced
EMT in human renal proximal tubular cells and in animal model of renal fibrosis.
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1. INTRODUCTION

Fibrosis in glomerulus and tubulointerstitium is a key
pathological feature of chronic kidney disease (CKD) and
progresses to end-stage renal disease (ESRD). Tubuloin-
terstitial fibrosis is recognized as the best predictor of renal
survival from kidney disease of any etiology'. Renal
fibrosis is induced by numerous injurious tumuli such as
hypertension, hyperglycemia, acute kidney injury (AKI),
drugs (e.g. nonsteroidal anti-inflammatory drugs (NSAIDs),
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or chemotherapies), herbs, and toxins**. Epithelial to
mesenchymal transition (EMT) is a mechanism by which
transformation of tubular epithelial cells to fibroblasts
leads to increase in extracellular matrix (ECM) producing
cells and ECM accumulation?, causing the development
of renal fibrosis. Under induction of fibrosis by injurious
stimuli, transforming growth factor (TGF-B) is secreted
from the renal cells, which is the well-known inducer of
EMT and fibrosis®. Upon TGF-B activation, it regulates
transcription of genes involving in EMT and fibrosis via
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Smad signal pathway and mitogen-activated protein
kinase (MAPK) signaling pathways®. TGF-B binds to
TGF-B type 2 receptor (TPR2) and recruits TBR1, causing
dimerization of TBRs. TPRs phosphorylate downstream
of Smad (Smad2/3) and MAPK (JNK, p38, and ERK1/2)
signaling pathways resulting in upregulation of genes
involved in fibrosis such as fibronectin, a-SMA, vimentin,
and collagens and downregulation of epithelial marker
E-cadherin®’. The phosphorylation of MAPK downstream
signaling pathway (JNK, p38, and ERK) is upregulated
in EMT of renal proximal tubular cells induced by TGF-32.
Previous study reported that ganoderic acid shows the
protective effect against renal fibrosis in UUO mice by
reducing p-Smad2/3, p-ERK, p-JNK, and p-p38°8.

Altenusin is an active compound from Alternaria sp.
and Penicillum sp.>'?, which has various biological pro-
perties. It shows inhibitory effects on several molecules
such as myosin light chain kinase, specific neutral sphin-
gomyelinase, nuclear factor-erythroid derived 2-like 2,
and Tau fibrillization®'%!31¢_ In addition, altenusin has an
anti-diabetic properties by suppression of a-glucosidase
and pancreatic lipase enzymes!”. In 2017, altenusin was
reported as a farnesoid X receptor (FXR) agonist, nonal-
coholic fatty liver disease (NAFLD) disease progression
in mice is attenuated by treatment with altenusin'®, FXR
is a member of nuclear super family, plays important role
in bile acid, carbohydrates, and lipid metabolisms'®. FXR
is activated by bile acids (cholic acid, lithocholic acid,
deoxycholic acid, chenodeoxycholic acid, and obeticholic
acid) and synthetic FXR agonist (GW4064)**%!, In kidney,
FXR expression is downregulated in diabetic nephro-
pathy, a subtype of CKD?*. FXR deficiency deleterious
induces kidney injury and fibrosis in diabetic nephro-
pathy?. FXR activation attenuates diabetic nephropathy
and renal fibrosis in rodent models?*?*?°, Interestingly,
FXR alleviates liver and lung fibrosis by downregulated
TGF-B expression®?%, Unfortunately, there is no report
about the role of FXR in TGF-B regulation in renal pro-
ximal tubular cells. FXR activation by GW4064 reduces
ERK1/2 phosphorylation resulting in suppression of
esophageal squamous carcinoma cell proliferation and
migration, inducing cell cycle arrest and apoptosis®.
Therefore, it is interesting whether altenusin modulates
MAPK signaling pathway in TGF-induced EMT in renal
proximal tubular cells and UUO model. The present study
investigated the pharmacological effect of altenusin on
TGF-B/MAPK signaling pathway which participates in
renal EMT and fibrosis.

2. MATERIALS AND METHODS
2.1. Chemicals
TGF-B1 (7754-BH-005) was purchased from R&D

Systems (MN, USA.). Primary antibodies including E-
cadherin (3195S), p-ERK1/2 (9102S), ERK1/2 (9101S),
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P38 (9212S), p-JNK (4668T), INK (9252T), and GAPDH
(2118S) were obtained from cell signaling (MA, USA.).
Fibronectin (sc-8422), and p-p38 (sc-101759) primary
antibodies were purchased from Santa Cruz Biotechno-
logy (CA, USA.). Anti-NR1H4 (FXR) was purchased from
Merck Millipore (Bangkok, Thailand). MTT (3-(4,5-Di-
methylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide)
was purchased from Invitrogen (Bangkok, Thailand). All
other chemicals are analytical grade and purchased from
commercial sources.

2.2. Altenusin isolation

Altenusin was isolated from the culture of the endo-
phytic fungus Alternaria destruens PobtRO-6. An analysis
of 'TH NMR of the isolated altenusin revealed purity >97%
(see supporting information).

2.3. Cell culture

Renal proximal tubular (RPTEC/TERT1) cell line
(lot number: 58702509) was obtained from ATCC (VA,
USA). The cells were cultured as previous®. The cells were
grown until matured, then treated with various conditions.

2.4. Cell viability assay

The matured RPTEC/TERT1 cells grown on 96-well
plate were treated with several concentrations of altenusin
for 48 hours. At the end of incubation periods, the cells
were incubated with 100 pl MTT reagent (0.5 mg/ml in
serum free media) for 1 hour at 37°C. After removing of
MTT reagent, 100 pl of dimethyl sulfoxide (DMSO) was
added to dissolve the formazan crystals. MTT-reducing
activity of cell was determined using a BioTek 800TS
microplate reader (Agilent Technologies, CA, USA) at
590 nm. Cell viability was calculated as the percent of
control (vehicle-treated group).

2.5. Induction of EMT in renal proximal tubular cells
by TGF-p1

Mature RPTEC/TERT1 cells were incubated with
TGF-B1 at concentrations of 0-10 ng/ml for 0-72 hours.
At the end of the incubation periods, morphology change
was observed. The fibrotic protein markers including E-
cadherin and fibronectin were examined by Western blot
analysis.

2.6. Mouse UUO model

Male C57BL/6 mice (7 weeks, 20-25 g) were pur-
chased from Nomura Siam International Co, Ltd (Bang-
kok, Thailand). The animal protocols used in this study
was approved by the Faculty of Science, Mahidol Uni-
versity Aniaml Care and Use Committee (protocol no:
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MUSC64-036-585). Mice were acclimatized and housed
accordance with standard condition (12:12 h light-dark
cycle, room temperature of 22-24°C, and relative humi-
dity of 50-60%) of Central animal facility, Faculty of
Science, Mahidol University. The mice were freely acces-
sible to normal diet and water, they were randomly divided
into sham-operated group (Sham), UUO-operated group
(UUO0), and UUO plus 3 mg/kg i.p. altenusin (UUO+ALT).
The UUO surgery was performed as previous®!. Briefly,
the mice were anaesthetized with isoflurane, abdominal
cavity was opened through the middle line, next, the left
ureter was obstructed and ligated with silk sutures. Sham
underwent the same procedure as UUO to see the left
ureter, abdominal cavity was closed without obstructing
the left ureter. Mice were treated for 14 days consecu-
tively to collect kidneys for protein expression observa-
tion.

2.7. Western blot analysis

Proteins of cells and kidney samples were extracted
by using RIPA buffer. Equal amounts of proteins were
denatured at 95°C for 5 min, separated by 10% acryla-
mide SDS-PAGE, and then transferred into 0.45 micro-
meter nitrocellulose membranes (Bio-Rad, CA, USA.).
Membranes were blocked by 5% blotting grade blocker
(Bio-Rad, CA, USA.) for 1 h, then, incubated overnight
with primary antibodies. After primary incubation period,
the membranes were washed 3 times with Tris-buffered
saline with 0.1% Tween 20 (TBST) and incubated with
horseradish peroxidase-conjugated secondary antibody.
The immune complexes were detected using the Electro-
Chemi-Luminescence (ECL) system and visualized by
Azure 600 Gel Imaging System (Azure Biosystem, Inc.,
CA, USA). The intensity of the bands was quantified using
Imagel software, where data were shown as the ratio of
densitometry of interested proteins normalized by loading
control protein (GAPDH).

2.8. Statistical analysis

All data are represented as mean+SD using GraphPad
Prism for Window (CA, USA). The statistical significance
between control and treatment groups was analyzed using
one-way analysis of variance (ANOVA). P<0.05 consi-
dered a significant difference.

3. RESULTS

3.1. Effect of altenusin on cell viability in human renal
proximal tubular cells

Firstly, the concentration-dependent effect of alte-
nusin on cell viability of human renal proximal tubular
cells was determined using MTT assay. RPTEC/TERT1
cells were treated with vehicle or various concentration
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(1-100 uM) of altenusin for 48 hours. Referring to Figure
1, altenusin at concentrations of 1-100 uM did not reduce
cell viability compared with vehicle-treated cells.
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Figure 1. Effect of altenusin on cell viability in RPTEC/TERT]1 cells.
RPTEC/TERTT1 cells were incubated with 0-100 uM altenusin for 48
hours. Data are shown as mean + SD (n=3).

3.2. Effect of TGF-p1-induced EMT in renal proximal
tubular cells

The concentration-and time-dependent effects of
TGF-B1-induced EMT in RPTEC/TERT1 cells were
examined. RPTEC/TERT1 cells were incubated with
TGF-B1 (0-10 ng/ml) for 48 hours followed by measure-
ment of E-cadherin and fibronectin protein expression.
As shown in Figure 2, treatment the cell with TGF-f1
caused change in cell morphology of epithelium to a
fibroblast-like structure. In addition, TGF-B1 reduced E-
cadherin expression, a marker of epithelial cells, in con-
centration-dependent manner. In contrast to E-cadherin,
TGF-B1 increased fibronectin expression, a marker of
fibroblast, in concentration-dependent manner. TGF-§1
concentration of 10 ng/ml produced the strongest induc-
tion of EMT in this cell line, therefore, TGF-B1 concentra-
tion of 10 ng/ml was selected for the following experi-
ments. Next, time-dependent effect of 10 ng/ml TGF-$1
on EMT was determined. Treatment of TGF-B1 concen-
tration of 10 ng/ml for 24-72 hours significantly reduced
E-cadherin expression whereas increased fibronectin
expression at 48 and 72 hours (Figure 3).

3.3. Effect of altenusin on MAPK signaling pathway in
TGF-p1-induced EMT in renal proximal tubular cells

There are evidences showing that TGF-B1 induces
EMT and fibrosis in kidneys through TGF-/MAPK
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Figure 2. Concentration-dependent effect of TGF-f1-induced EMT in RPTEC/TERT1 cells.

(A) Morphology of RPTEC/TERTT1 cells following 48 hours incubation of the control and TGF-B1 (1-10 ng/ml) (200X, scale bar=50 pm). (B)
The representative immunoblotting of E-cadherin, fibronectin, and GAPDH proteins. (C-D) Densitometric analysis of bands are represented
as graphs of indicated proteins in RPTEC/TERT1 cells. Data are shown as mean+SD of three experiments. “*P<0.01, and ***P<0.001 compared
with 0 ng/ml TGF-B1.
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Figure 3. Time-dependent effect of TGF-B1 on expressions of E-cadherin and fibronectin in RPTEC/TERT1 cells.
(A) Morphology of RPTEC/TERT1 cells following 0-72 hours incubation of 10 ng/ml TGF-B1 (200X, scale bar=50 pum). (B) The representative
immunoblots of E-cadherin, fibronectin, and GAPDH proteins. (C-D) Densitometric analysis of indicated proteins. Data are shown as mean+

SD of three experiments. “P<0.05, and
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P<0.001 compared with non-treated cells (0 hour).
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Figure 4. Effect of altenusin on MAPK signaling pathway in TGF-B-induced EMT in renal proximal tubular cells.

(A) The representative immunoblots of p-JNK, JNK, p-p38, p38, p-ERK1/2, ERK1/2, and GAPDH proteins following 48 hours incubation of
control, 10 ng/ml TGF-B1, and 10 ng/ml TGF-B1 plus altenusin (10-100 uM). (B-D) Densitometric bands are represented as graphs of indicated
proteins in RPTEC/TERT1 cells. Data are shown as mean+SD of 4-5 experiments. “P<0.05, **P<0.01, and **P<0.001 vs control while *P<0.05,
#P<0.01 and #*P<0.001 vs 10 ng/ml TGF-B1.
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signaling pathway>®. Therefore, the effect of altenusin
on MAPK signaling pathway in TGF-B1-induced EMT
in renal proximal tubular cells was studied. As shown in
Figure 4, treatment of 10 ng/ml TGF-B1 increased phos-
phorylation of ERK1/2,JNK, and p38. Interestingly, alte-
nusin (50 and 100 pM) significantly reduced p-ERK1/2
and p-p38 levels induced by TGF-B1. In contrast to p-
ERK1/2 and p-p38, altenusin did not significantly reduce
p-JNK level. These results reveal that altenusin suppresses
TGF-Bl-induced EMT by modulating phosphorylation
of ERK1/2 and p38 levels but not JNK in human renal
proximal tubular cells.

3.4. Effect of altenusin on MAPK signaling pathway
in UUO mice

UUO is a model of renal fibrosis and TGF-B/
MAPK signaling pathway is upregulated in UUO mice?,
we investigated the effect of altenusin on MAPK signaling
pathway in UUO mice. UUO mice were treated with
vehicle or altenusin 3 mg/kg/day via i.p. injection for 14
days. As shown in Figure 5, UUO treated with vehicle
increased phosphorylation of JNK, p38, and ERK1/2
compared with sham-operated mice. Treatment UUO
mice with altenusin significantly reduced p-JNK, p-p38,
and p-ERK1/2 levels compared with vehicle-treated UUO
mice.

3.5. Effect of altenusin on FXR protein expression

FXR protein has been reported as a protective factor
in UUO mice?. Since altenusin is a FXR agonist, we in-
vestigated whether altenusin affected renal FXR protein
expression in UUO mice. As expected, UUO dramatically
decreased FXR protein expression compared to sham
(Figure 6). Surprisingly, altenusin treatment did not ate-
nuate the decreased FXR protein expression in kidney
of UUO mice.

4. DISCUSSION

CKD is a serious health problem, causing morbidity
and mortality worldwide®?, due to lack in specific drug
treatment for CKD*. Kidney transplantation and dialysis
are the last line therapies in CKD?, thus searching for a
specific regiment for CKD treatment is urgently needed.
As renal EMT and fibrosis play a key role in CKD deve-
lopment, inhibition of these processes might be the
potential targets for CKD treatment. Antagonizing TGF§/
MAPK signaling pathway has been proposed to protect
against TGF-B-induced EMT of renal proximal tubular
cell and renal fibrosis®. In this study, we reveal that alte-
nusin inhibits TGF-B1-induced EMT via antagonizing
the TGF-B/MAPK signaling pathway in human renal
proximal tubular cells and mouse UUO model of renal
fibrosis.
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TGF-B1-induced EMT of renal proximal tubular cells
was used to study anti-EMT effect of compounds in
numerous studies®*. In this study, we have developed an
EMT model using RPTEC/TERT1 cells, an immortalized
human renal proximal tubular cell line. TGF-B1, a key
fibrotic inducer, showed concentration- and time-depen-
dent effect on EMT as shown by decreased E-cadherin
whereas increased fibronectin protein expression. We have
demonstrated that altenusin attenuated TGF-B1-induced
EMT in renal proximal tubular cells via suppression of
Smad pathway (data presented in alongside manuscript).
As activations of MAKPs including JNK, p38, and ERK1/2
are the downstream signaling for TGF-1-induced EMT
and fibrosis®, we additionally explored whether altenusin
also inhibited EMT in renal proximal tubular cells was
mediated by suppression of MAPK pathway, a non-Samd
pathway. Our results confirmed the involvement of
MAPKSs in TGF-B1-induced EMT in RPTEC/TERTTI cells
and renal fibrosis of UUO mice. Altenusin reduced p-
ERK1/2 and p-p38 in both human renal proximal tubular
cells and kidney of UUO mice. Interestingly, the inhibitory
effect of altenusin on activation of JNK was found only
in UUO mice but not in human renal proximal tubular
cells. The explanation for the differences is uncertain. The
difference between human and murine, and the complex
of in vivo might be the causes of the differences. There
are possibilities of altenusin to reduce TGF-B-induced
ERK1/2, p38, and JNK phosphorylation. Altenusin could
induce TPR1 degradation leads to reduction of signaling
pathway or it might directly inhibit or interfere ERK1/2,
p38, and JNK phosphorylation®. This notion is supported
by a study, Ovo-like transcriptional repressor 1 (OVOL1)
prevents Smad7 degradation results in stabilization of
Smad?7 protein expression®’. Smad7 stabilization influ-
ences TPR1 degradation and inhibits TGF-B-induced
EMT, invasion and migration of breast cancer cells®.
These contentions could be elucidated in further study.

Downregulation of FXR expression was presented
in diabetic nephropathy, a form of CKD?*>. Moreover,
suppression of FXR accelerated kidney injury and fibrosis
in diabetic nephropathy?. Upregulation of FXR target
genes coupled with positive regulation of FXR protein
expression could attenuate fibrotic kidney in animal model
of kidney disease. These data support the protective
effect of FXR on renal fibrosis. Our study found that
UUO downregulated FXR protein expression, nonetheless,
treatment with altenusin did not increase FXR protein
expression. Results from this study reveal that altenusin
action on TGF-B/MAPK signaling pathway does not
require increase in FXR protein expression. However, it
is still ambiguous whether the effect of altenusin TGF-
B-induced activation of MAPK in renal cells requires an
increase in FXR activity.
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Figure 5. Effect of altenusin on MAPK signaling pathway in UUO mice.
(A) The representative immunoblotting of p-JNK, JNK, p-p38, p38, p-ERK1/2, ERK1/2, and GAPDH proteins of Sham, UUO, and UUO+ALT.
(B-D) Densitometric bands of indicated proteins. Data are shown as mean+SD of three mice. Each lane represents each mouse. “*P<0.01 vs
Sham, #P<0.05, and #P<0.01 vs UUO.
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Figure 6. Effect of altenusin on FXR protein expression in UUO mice.
(A)The representative immunoblotting of FXR and GAPDH proteins of Sham, UUO, and UUO+ALT; (B) densitometric analysis of bands.
Data are shown as mean+SD of three mice. Each lane represents each mouse. **P<0.01 vs Sham.
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Figure 7. Proposed mechanism of altenusin prevents TGF-f1-induced EMT in renal proximal tubular cells.

TGF-B1 binds the receptor to stimulate phosphorylation of ERK1/2 and p38. Activated ERK1/2 and p-38, subsequently induce EMT in renal
proximal tubular cells via induction of fibronectin expression whereas suppression of E-cadherin expression. Altenusin prevents EMT via
inhibition of TGF-f1-induced phosphorylation of ERK1/2 and p38.
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5. CONCLUSION

The present study reveals the protective effect of
altenusin on TGF-Bl-induced EMT in renal proximal
tubular cells via suppression of ERK1/2 and p38 sig-
naling pathway (Figure 7). Altenusin shows the potential
compound for prevention of EMT and fibrosis in kidney.
To be certain that altenusin could be a candidate com-
pound for renal fibrosis treatment, more studies in other
animal models of renal fibrosis such hypertension and
diabetes are required.
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