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ARTICLE INFO ABSTRACT

Keywords: Renal fibrosis is a pathological feature of chronic kidney disease (CKD), progressing toward end-
Chronic kidney disease stage kidney disease (ESKD). The aim of this study is to investigate the therapeutic potential of
fibrosis

altenusin, a farnesoid X receptor (FXR) agonist derived from fungi, on renal fibrosis. The effect of
altenusin was determined (i) in vitro using the transforming growth factor p1 (TGF-p1)-induced
epithelial to mesenchymal transition (EMT) of human renal proximal tubular cells and (ii) in vivo
using mouse unilateral ureteral obstruction (UUO). The findings revealed that incubation of 10
ng/ml TGF-B1 promotes morphological change in RPTEC/TERT1 cells, a human renal proximal
tubular cell line, from epithelial to fibroblast-like cells. TGF-p1 markedly increased EMT markers
namely a-smooth muscle actin (a-SMA), fibronectin, and matrix metalloproteinase 9 (MMP-9),
while decreased the epithelial marker E-cadherin. Co-incubation TGF-p1 with altenusin preserved
the epithelial characteristics of the renal epithelial cells by antagonizing TGF-p/Smad signaling
pathway, specifically a decreased phosphorylation of Smad2/3 with an increased level of Smad7.
Interestingly, the antagonizing effect of altenusin does not require FXR activation. Moreover,
altenusin could reverse TGF-p1-induced fibroblast-like cells to epithelial-like cells. Treatment on
UUO mice with 30 mg/kg altenusin significantly reduced the expression of a-SMA, fibronectin,
and collagen type 1A1 (COL1A1l). The reduction in the renal fibrosis markers is correlated with
the decreased phosphorylation of Smad2/3 levels but does not improve E-cadherin protein
expression. Collectively, altenusin reduces EMT in human renal proximal tubular cells and renal
fibrosis by antagonizing the TGF-B/Smad signaling pathway.
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1. Introduction

Chronic kidney disease (CKD) refers to the progressive loss of kidney function, progressing toward end-stage kidney disease (ESKD)
which requires kidney replacement therapy [1]. Renal fibrosis is the final common outcome of almost all kidney diseases and is
strongly correlated with kidney insufficiency [2]. The current drugs for renal fibrosis and CKD have limited efficacies, they can only
slow progression of the diseases, but they cannot stop or reverse the disease progression. Therefore, discovery of effective therapy for
renal fibrosis and CKD is urgently needed [3]. Fibrosis is initiated by accumulated inflammation e.g., sustained activation of injurious
stimuli which could lead to extracellular matrix (ECM) accumulation and epithelial-mesenchymal transition (EMT) of tubular
epithelial cells [2]. The accumulation of ECM is augmented either by increased numbers of ECM-producing cells through the
recruitment of myofibroblasts from other tissues, by the transformation of cells in the kidney into myofibroblasts such as endothelial to
mesenchymal transition (EnMT), and/or by an increase in the EMT process [2]. During injury, kidneys secrete numerous cytokines and
growth factors [4]. Among these, transforming growth factor f1 (TGF-p) is a potent and well-known stimulus of the EMT process and
subsequently causes fibrosis [5]. TGF-p upregulates fibrotic genes including a-smooth muscle actin (a-SMA), vimentin, collagen, and
fibronectin while downregulating E-cadherin expression. TGF-p1 regulates the proteins involved in fibrosis via two signaling pathways
including the suppressor of mothers against decapentaplegic (Smad) and the non-Smad pathways [6-8]. TGF-B-Smad signaling is
activated by the binding of active TGF-f1 to TGF-f receptor type II (TBRII), causing heterodimerization in TBRII and TPRI [6,9,10]. TPR
is the serine-threonine kinase receptor, which once dimerized can phosphorylate downstream signaling protein Smad2 and Smad3 [6,
9,10]. Phosphorylated (p)-Smad2 and p-Smad3 form complexes with Smad4 which get into the nucleus and act as transcription factors
[6,9,10]. Phosphorylation of Smad2 and Smad3 is negatively regulated by Smad7 via direct interference with the phosphorylation
process or downregulating TPRI [6,9,10]. For TGF-f-non-Smad signaling pathways, p-extracellular signal-regulated kinase 1/2
(p-ERK1/2), p-c-Jun N-terminal kinase (p-JNK), and p-p38 are upregulated upon TGF-f activation [6,11].

As a nuclear receptor subfamily member, the farnesoid X receptor (FXR) plays a crucial role in bile acid, glucose, and lipid
metabolism [12]. The FXR can be activated by endogenous and exogenous ligands such as chenodeoxycholic acid (CDCA), cholic acid
(CA), lithocholic acid (LCA), deoxycholic acid (DCA), obeticholic acid (OCA), and GW4064 [13,14]. In the kidneys, the FXR mRNA and
protein expression were found to be decreased in patients with diabetes- and obesity-related kidney disease [15]. Targeting FXR
activation has been found to preserve the kidney function of diabetic nephropathy rodent models [15,16]. Moreover, FXR agonists
have suppressed renal fibrosis in mouse unilateral ureteral obstruction (UUO) model of renal fibrosis [17]. Interestingly, activation of
the FXR has alleviated liver fibrosis through the suppression of TGF-$ mRNA and protein expressions [18,19]. Moreover, the treatment
of OCA protects against lung fibrosis by decreasing TGF-$ mRNA expression [20]. Accordingly, targeting FXR activation and TGF-f
suppression may be a promising option for fibrosis therapy in kidney disease.

Altenusin is a nonsteroidal microbial metabolite derived from fungi (Alternaria sp.) [21-24]. Numerous biological activities of
altenusin have been reported. Altenusin displays neuroprotective effects against oxidative damage by acting as a potent nuclear
factor-erythroid derived 2-like 2 (Nrf2) activator in PC12 cells [25]. In addition, altenusin has shown anti-diabetic properties by
inhibiting a-glucosidase and pancreatic lipase enzymes [26]. Recently, altenusin has been identified as a selective FXR agonist [27].
Treatment with altenusin in a mouse model of nonalcoholic fatty liver disease (NAFLD) was found to alleviate disease progression [27].
However, there is still no reports whether altenusin can prevent or reverse TGFf1-induced EMT of renal proximal tubular cells and
attenuate renal fibrosis in animal models. The present study investigates the therapeutic potential of altenusin on TGF-p1-indeced EMT
in human renal proximal tubular cells and in murine model of renal fibrosis. Here, we firstly reported that altenusin prevented and
reversed TGF-pl-induced EMT in human renal proximal tubular cells and alleviated renal fibrosis in UUO mice.

2. Materials and methods
2.1. Chemicals

The TGF-f1 (7754-BH-005) was purchased from R&D Systems (MN, USA). Primary antibodies including p-Smad2 (18338S), total-
Smad2 (5339S), p-Smad3 (9520S), total-Smad3 (9523S), E-cadherin (3195S), matrix metalloproteinase 9 (MMP-9) (13667T), and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (2118S) were obtained from cell signaling (MA, USA). Smad7 (sc-365846),
TPR1 (sc-398), fibronectin (sc-8422), COL1A1 (sc-293182), and anti-neutrophil gelatinase-associated lipocalin (NGAL) (sc-515876)
antibodies were purchased from Santa Cruz Biotechnology (CA, USA) and a-SMA (ab5694) primary antibodies from Abcam (MA,
USA). The GW4064 (G5172) was purchased from Sigma Aldrich (DE, USA.), and DY268 (5656) was obtained from Tocris Bioscience
(MN, USA). All other chemicals were analytical grade and purchased from commercial sources.

2.2. Altenusin isolation

The endophytic fungus Alternaria destruens PobtRO-6, isolated from a plant leaf of Plumeria obtuse, was cultivated in rice medium.
A. destruens PobtRO-6 was grown in 1L-Erlenmeyer flask (50 flasks) under static conditions at room temperature for 30 days. The
fungal culture was extracted with an equal volume of ethyl acetate. The extract was evaporated by a rotary evaporator to yield
approximately 55.0 g of a crude extract. The crude extract was then purified through Sephadex-LH20 column chromatography and
eluted with ethanol. Each fraction was evaporated by a rotary evaporator. Altenusin (50.8 g) was obtained from fractions 12-16.
Residual solvent was removed by vacuum drying under reduced pressure. "H NMR analysis of the purified altenusin revealed >95 %
purity.
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2.3. Cell culture

The renal proximal tubular (RPTEC/TERT1) cell line was purchased from American Type Culture Collection (VA, USA). Cells were
grown in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12) medium supplemented with 100 U/mL penicillin,
100 pg/mL streptomycin, 5 pg/mL insulin, 5 ng/mL sodium selenite, 5 pg/mL transferrin, 10 ng/mL epithelial growth factor, and 36
ng/mL hydrocortisone at 37 °C, 80 % humanify, and 5 % COx. The cells were grown until they matured and then treated under various
conditions.

2.4. Nuclear protein isolation and treatment protocol

Nuclear and cytosol proteins were extracted according to NE-PER™ Nuclear and Cytoplasmic Extraction Reagents (Cat no. 78833,
Thermo Fisher Scientific Inc., MA, USA). Briefly, mature RPTEC/TERT1 cells were trypsinized with 0.25 % trypsin EDTA and
centrifuged at 500xg for 5 min. Cells were washed and resuspended in phosphate buffer saline (PBS). The Cytoplasmic Extraction
Reagent I (CER I) was added to the cell pellets, vortexed vigorously, and incubated on ice for 10 min. The Cytoplasmic Extraction
Reagent II (CER II) was added, vortexed, and incubated on ice for 1 min. Cell lysates were centrifuged at 16000xg for 5 min. Cytosol
lysates were immediately transferred to the clean pre-chilled tubes. For nuclear protein extraction, insoluble cell pellets containing
nuclei were added with ice-cold Nuclear Extraction Reagent (NER) and vortexed every 10 min for 40 min. The NER with nuclei was
then centrifuged at 16000 xg for 10 min, and the nuclear extract was immediately moved to clean the pre-chilled tube. All samples
were stored at —80 °C until use.

2.5. Mouse UUO model

The animal study (protocol number: MUSC64-036-585) was approved by the Faculty of Science, Mahidol University-Institutional
Animal Care and Use Committee (MUSC-IACUC). Male C57BL/6 mice (seven weeks, 20-25 g) were purchased from Nomura Siam
International Co, Ltd (Bangkok, Thailand). The mice were acclimatized for a week under 12:12 h light-dark cycle, room temperature of
22-24 °C, and 50-60 % relative humidity. The mice were fed a normal diet and water ad libitum. After the acclimatization period, the
animals were randomly divided into four groups: sham-operated (S), UUO-operated (U), UUO plus 3 mg/kg i.p. altenusin (U + L), and
UUO plus 30 mg/kg i.p. altenusin (U 4+ H). The UUO operation was performed as described in the previous study [28]. Briefly, the mice
were anesthetized with isoflurane, and the left ureter was then separated and ligated with silk sutures. The sham group underwent the
same procedure, and the left ureter was exposed without ligation. Post modeling completion, the mice were administered with
treatment or equal volumes of a vehicle by intraperitoneal injection. After treatment for 14 days, the mice were weighed and
euthanized.

2.6. Western blot analysis

The proteins of RPTEC/TERT1 cells and mouse kidneys were extracted using RIPA buffer. The lysis buffer containing digested
components was centrifuged at 12,000 rpm at 4 °C for 20 min and the supernatant proteins were collected. Equal amounts of proteins
were denatured for 5 min at 95 °C, separated by 10 or 12 % acrylamide sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), and then transferred onto 0.45-pm nitrocellulose membranes (Bio-Rad, CA, USA). Membranes were blocked by a 5 %
blotting grade blocker (Bio-Rad, CA, USA) for 1 h and then incubated overnight with antibodies. After the primary incubation period,
the membranes were washed three times using Tris-buffered saline with 0.1 % Tween 20 (TBST) and incubated with a 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 ImageJ software. Data were shown as the ratio of densitometry in interested proteins normalized by loading the control protein
(GAPDH) and relative expression or relative sham.

2.7. Examination of kidney injury and fibrosis scoring

The kidney specimens were fixed in 4 % paraformaldehyde. Kidney sections measuring 5 pm were stained with hematoxylin and
eosin (H&E) and Masson trichome to obtain the injury score and trichome positive area, respectively. Kidney injury features included
necrotic tubular cells, sclerosis, tubular dilation, and inflammatory cells. Abnormal areas were evaluated using a blind test with a score
of 0 = normal, 1 = mild (<25 %, abnormal pathological injury), 2 = moderate (25-50 %), 3 = severe (50-75 %), and 4 = large area
injury (>75 %). The percentage of the Masson trichome positive area was scored [29]. The mean score was calculated by counting 10
different fields for each sample. Semi-quantitative evaluation and the histopathological scoring of tissue damage and fibrosis were
carried out and graded by pathologists.

2.8. Statistical analysis
The results of all experiments were expressed as mean + SD using GraphPad Prism for Windows (CA, USA). All data were analyzed

using one-way analysis of variance (ANOVA) followed by Tukey’s Multiple Comparison Test. The level of significance for the statistical
test was accepted at p < 0.05.
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3. Results
3.1. Altenusin prevents TGF-f1-induced EMT in human renal proximal tubular cells

To investigate the protective effect of altenusin in TGF-p1-induced EMT on renal proximal tubular cells, mature RPTEC/TERT1 cells
were incubated with vehicle control, 10 ng/ml TGF-1 alone and in combination with an altenusin concentration of 10-100 pM for 48
h (Fig. 1A). TGF-pl-induced cell morphology changed from epithelium to a fibroblast-like structure. Co-incubation with altenusin
demonstrated a protective effect from morphology transformation by TGF-p1 treatment in a concentration-dependent manner. In
comparison to the vehicle-treated cells, the cells incubated with TGF-p1 showed significantly reduced E-cadherin expression and the
expression levels of a-SMA, fibronectin, and MMP-9 were dramatically increased. Co-incubating the cells with TGF-f1 and altenusin
significantly prevented E-cadherin reduction while significantly reducing fibronectin, a-SMA, and MMP-9 expression induced by TGF-
Bl (Fig. 1B).

3.2. Altenusin alleviates EMT in renal proximal tubular cells by antagonizing the TGF-f3 Smad signaling pathway

To prove whether altenusin prevents EMT in renal proximal tubular cells through inhibition of the TGF-§ signaling pathway, the
effect of altenusin was determined on the signaling proteins of TGF-p. As shown in Fig. 2, treating the cells with 10 ng/ml TGF-p1 for
48 h dramatically increased the levels of p-Smad2 and p-Smad3 in the downstream signaling of TGF-B1. Altenusin significantly
decreased the levels of p-Smad2 and p-Smad3 induced by TGF-B1 in a concentration-dependent manner (Fig. 2A). In contrast to p-
Smad?2 and p-Smad3, altenusin significantly increased the expression of Smad7 (Fig. 2A). Interestingly, the TGF-p1-induced increase in
TPR1 expression was attenuated by altenusin (Fig. 2A). Altenusin has been identified as a specific FXR agonist [27]. The involvement of
FXR on the beneficial effect of altenusin was further determined. Results showed that altenusin and GW4064 (an FXR agonist) likely
preserved E-cadherin protein expression in comparison to TGF-p1 (Fig. 2B). Co-incubation with DY268, an FXR antagonist, did not
reduce the effect of altenusin or GW4064 on E-cadherin expression (Fig. 2B). Altenusin reduced a-SMA protein expression whereas
GW4064 did not (Fig. 2B). Co-treatment of altenusin with DY268 under the condition of TGF-f1 did not attenuate the effect of
altenusin on a-SMA protein expression. Interestingly, DY268 did not withdraw the effect of altenusin and GW4064 on fibronectin
expression. In addition, DY268 had no effect on altenusin reduction in p-Smad2 and p-Smad3 levels. GW4064 significantly reduced
p-Smad2 level whereas it tended to reduce p-Smad3 level. Co-treatment of GW4064 with DY268 did not attenuate these effects. The
results implied that the anti-EMT effect of altenusin did not require FXR activation.
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Fig. 1. Effect of altenusin on TGF-p$1-induced EMT in human renal proximal tubular cells (A) Morphology of RPTEC/TERT1 cells following 48
h incubation of the control, 10 ng/ml TGF-p1, and 10 ng/ml TGF-1 plus altenusin (10-100 pM) (200X, scale bar = 50 pm). (B) The representative
immunoblots and protein intensities of E-cadherin, a-SMA, fibronectin, and MMP-9 (non-adjusted images S1). Data are shown as mean + SD from
five independent experiments (*p < 0.05 and **p < 0.01 vs control, *p < 0.05 and *#p < 0.01 vs 10 ng/ml TGF-p1).



N. Thipboonchoo et al. Heliyon 10 (2024) 24983

" B
Altenusin (um) 0 0 10 25 50 100 TOF-E1(19 ngim) i * . oLt
Altenusin (100 pM % = *
L%Fr:g;lmlj ) : : : ' ' kDa Swanch ‘(5 “M:I ) . i ) ¥
DY268 (10 uM) ) - - + + ka
p-Smad2 —— 60 E-Cadherin o o c——— 120
total-Smad2 N i — — w— — 0 Fibronectin - - am — 228
p-Smad3 -—— 20 a-SMA - e o ©
total-Smad3 A p-Smad2 Jr— — 60
Smad7 -_— . e o - - L R —————)
TBR1 -— — - - 52 p-Smad3 - — — 50
GAPDH ———— — — 7 total-Smad3 50

— e — a——
GAEDH — ———— —

N

-
1
N
T
-
@«

§
g

-
o

3
1
=
b
E3
o
@

p-Smad2/GAPDH
(relative expression)
8
I
p-Smad3/GAPDH
(relative expression)
T
E-cadherin/GAPDH
(relative expression)
Fibronectin/lGAPDH
(relative expression)
«-SMA/GAPDH
(relative expression)

#

o
I

o
’ 0.0

Altenusin (uM) 0 0 10 25 50 100 0 0 10 25 50 100 TGF-B1(10ngiml) - + + + + + -

TGF-p1 (10ng/mi) -+ + + + = R Altenusin (100 uM) - - + - + - [ C e e s

GW4064 (5pM) - - - + - + “« m = b ow & I
DY268 (10uM) - - - - + + T % o® 5 % F

1.25-4 15+ 25

N
a

.2 1.00

N
o
N
S

o
1

0.75+ -

@
-
a

0.50+1

°

TBR1/GAPDH
-
o

(relative expression)

el
1

o
i
a

1
@

Smad7/GAPDH
(relative expression)
o

p-Smad2/GAPDH
(relative expression)

p-Smad3/GAPDH
(relative expression)

o
1
o

0.00-
Altenusin (uM) 0 0 10 25 50 100 0 0 10 25 50 100 TGF-B1 (10 nglr?ll) A P +
TGF-1(10ng/ml) - + + + + + s Altenusin (100 M) - - + - + - S e B e e -
GW4064 (5 pM) - - - + - + -
DY268 (10pM) - - - - + + T T

+
+
+

Fig. 2. Effect of altenusin on the TGF-f signaling pathway (A) The representative immunoblots and intensities of Smad2, Smad3, Smad7, and TfR1
proteins following 48 h incubation of the vehicle, 10 ng/ml TGF-p1, and 10 ng/ml TGF-1 plus altenusin (10-100 pM). (B) The representative
immunoblots and intensities of E-cadherin, fibronectin, a-SMA, p-Smad2, total-Smad2, p-Smad3, and total-Smad3 proteins following 48 h of
treatment (non-adjusted images $2). Data are shown as mean + SD from five independent experiments (*p < 0.05 and **p < 0.01 vs control, *p <
0.05 and *#p < 0.01 vs 10 ng/ml TGF-p1).

3.3. Altenusin reduces the nuclear localization of p-Smad2 and p-Smad3 during TGF-f1 treatment

To regulate gene transcription, a complex of p-Smad2, p-Smad3, and Smad4 needs to be translocated into the nucleus [6].
Therefore, the effect of altenusin on the nuclear localization of p-Smad2 and p-Samd3 induced by TGF-f1 was determined. As shown in
Fig. 3 (A-B), p-Smad2 and p-Smad3 levels in the nuclear compartment were significantly increased with the treatment of 10 ng/ml
TGF-p1 in comparison to the control. Altenusin dramatically reduced the p-Smad2 and p-Smad3 levels in the nuclear compartment
when compared to those in the TGF-p1-treated cells.

3.4. Acute effect of altenusin on TGF-f1-induced p-Smad2 and p-Smad3 phosphorylation

Reduced phosphorylation of Smad2 and Smad3 by altenusin is correlated with increased Smad7 and decreased TPR1 protein
expression levels. To test whether the effect of altenusin on p-Smad2 and p-Smad3 was mediated by the modulation of Smad7 and
TPR1, the acute effect of altenusin at 100 pM on p-Smad2 and p-Smad3 induced by TGF-f was determined. As shown in Fig. 4 (A-B), the
incubation of cells with TGF-p1 for 30 and 60 min increased the phosphorylation levels of both Smad2 and Smad3. Co-incubation with
altenusin led to a decrease in p-Smad2 and p-Smad3 levels without altering the expression of either Smad7 or TPR1. These results
implied that the effect of altenusin on Smad2 and Smad3 phosphorylation did not require an increased Smad7 expression and a
decreased TPR1 expression in the early phase of TGF-p1 induction.

3.5. Altenusin reverses TGF-p1-induced EMT in renal proximal tubular cells

To prove whether altenusin could reverse the effect of TGF-p1l-induced EMT in proximal tubular cells, the fibroblast cells were
firstly induced by TGF-$1 for 24 h, then further incubated for 48 h with TGF-p1 or TGF-p1 plus altenusin. As shown in Fig. 5 (A-C), co-
treatment with altenusin could reverse the fibroblast-like structure into an epithelial-like structure. As expected, the co-incubation of
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Fig. 3. Effect of altenusin on the TGF-f1-induced nuclear localization of Smad2 and Smad3 The representative immunoblots (non-adjusted
images S3) and intensities of nuclear and cytosol protein of p-Smad2 (A) and p-Smad3 (B) following 48 h of incubation with the vehicle, 10 ng/ml
TGF-p1 alone, and TGF-p1 plus 100 uM altenusin. Data are shown as mean + SD from three independent experiments (**p < 0.01 vs control, *#p <
0.01 vs 10 ng/ml TGF-B1, ns = non-significant vs control).

altenusin significantly increased E-cadherin whereas altenusin decreased a-SMA and fibronectin protein expression, with a reduction
in p-Smad2, and p-Smad3 levels.

3.6. Effect of altenusin on fibrosis and injury in the kidneys of UUO mice

To determine whether altenusin retarded fibrosis in the kidneys of UUO mice, the Masson trichome staining was used and
expression of fibrosis markers were determined. As shown in Fig. 6A, UUO significantly increased the percentage of the positive area in
the kidneys compared with the sham operation. Treatment of altenusin (30 mg/kg) reduced the positive area of Masson trichome
staining compared to that in UUO. Whereas altenusin (3 mg/kg) slightly reduced the positive area of Masson trichome staining. UUO
treated with the vehicle showed significant increase in the expression levels of fibronectin, a-SMA, and COL1A1 in comparison to those
in the sham (Fig. 6B). The inductions of these proteins were attenuated by treatment with 30 mg/kg altenusin. Interestingly, altenusin
did not improve E-cadherin protein expression. Next, we investigated whether altenusin reduced fibrosis through the TGF-f/Smad
signaling pathway by examining the effect of altenusin on Smad expression. UUO increased the kidney phosphorylation level of p-
Smad2 and p-Smad3 (Fig. 7 (A-B)). Treatment with altenusin (30 mg/kg) significantly reduced both p-Smad2 and p-Smad3 levels. In
addition to kidney fibrosis, the effect of altenusin on kidney injury induced by UUO was determined. As shown in Fig. 8, UUO
dramatically increased kidney injury as indicated by the kidney injury score (Fig. 8A) and increase in NGAL expression (Fig. 8B).
Treatment with altenusin did not reduce the kidney injury score and NGAL expression.



N. Thipboonchoo et al. Heliyon 10 (2024) 24983

A B
30 min 60 min 30 min 60 min 30 min 60 min
2.0= = e 2.0 — c—
##
TGF-1 (10 ng/ml) -+ + . + - Lo F - Y "
E 1.5+ E 1.5 .. xk
Altenusin (100 uM ) - - + - - + kDa g (‘.t')
S10q L S 1.0+
p-Smad2 o 60 g — E
7] 7]
. i 0.5+ P 0.5+
total-Smad2 -— 60 2 a 08
p-Smad3 — 50 0.0~ 0.0
> N > N o > N & > N o
LR & LR @ LR & LR
total-Smad3 S e — — F&& &' FLY S
— o0 SO SO SO KO
Smad7 — 46 * * = &
5= 30 min 60 min 30 min 60 min
TBR1 L — —— 52 . —— 1.5 c— —
GAPDH s ————— — 3] F 1.004 z
< 075 g 0
o <
% 0.50 g
g Igo.s-
@ 0.25-
0.00- 0.0
» N O » o\ O > o\ & > N &
p Q\&"e ?20\,"4‘ r (\\«‘:_5,(82009‘ .¢°0 N o\&‘:_;(?éooe‘
L RQRE PO RN RN
)(vs )(v3 ¢ xvs ¢ X?§'

Fig. 4. Acute effect of altenusin on TGF-pl-induced phosphorylation of Smad2 and Smad3 in renal proximal tubular cells The representative (A)
immunoblots (non-adjusted images S4) and (B) protein intensities of p-Smad2, p-Smad3, Smad7, and TPR1 following 30 and 60 min of incubation.
Data are shown as mean + SD from four independent experiments (*p < 0.05 and *p < 0.01 vs control, “p < 0.05 and *#p < 0.01 vs 10 ng/ml
TGF-p1).

4. Discussion

Kidney fibrosis is the outcome of the most CKD and correlates with a reduction in kidney function. Unfortunately, the efficacy of
current therapies is limited; therefore, the development of an effective regimen for treating kidney fibrosis is necessary. In this study,
the researchers first demonstrated that altenusin, a biphenyl phenolic compound derived from fungi [27,30], alleviates TGF-p1-in-
duced EMT in human renal proximal tubular cells and kidney fibrosis in UUO mice.

TGF-f1 plays an important role in EMT and kidney fibrosis [31]. The upregulation of EMT and fibrosis markers can be found under
the activation of TGF-p1 through its downstream signaling pathways [7,32]. TGF-p1-induced morphology changes the renal proximal
tubular cells into a fibroblast-like structure representing EMT [7]. The findings of this study reveal that altenusin can prevent and
reverse TGF-B1-induced EMT in renal proximal tubular cells. TGF-p1 induced fibroblast characteristics by increasing the fibroblast
markers i.e., fibronectin and a-SMA, while reducing E-cadherin, an epithelial marker [7,33]. In addition to the EMT markers, MMP-9
(an enzyme responsible for the initiation and progression of kidney fibrosis) [34] was upregulated in the presence of TGF-p1. Altenusin
extensively reduced MMP-9 protein expression induced by TGF-f1, implying that altenusin not only inhibits EMT but also reduces
fibrosis in renal proximal tubular cells. Mechanically, TGF-f1 induced EMT in renal proximal tubular cells and fibrosis via the acti-
vation of Smads [6]. Altenusin treatment dramatically reduced the phosphorylation level of Smad2/3 while increasing Smad7
expression. These results suggest that the inhibitory effect of altenusin on EMT is mediated by altering the Smad signaling pathway.
Smad?7 is a negative regulator of Smad2/3 via the down-regulation of TBR1 protein [6]. It is interesting whether the inhibitory effect of
altenusin on p-Smad2/3 represented a downstream increase in Smad7 expression or was mediated by the direct inhibition of altenusin
in the Smad2/3 phosphorylation process. The phosphorylation process of Smad2/3 induced by TGF-p1 occurred in 1 h [35]. In this
study, we demonstrated that altenusin can reduce the phosphorylation levels of Smad2/3 upon TGF-p activation in minutes without
changing the Smad7 and TBR1 protein expression. This evidence implies that, in the early phase of TGF-f1/TBR1 activation, the
inhibitory effect of altenusin on phosphorylation of Smad2/3 did not require alteration of Smad7 and TBR1 expression. The upre-
gulation of Smad7 expression might contribute to the inhibitory effect of altenusin on Smad2/3 phosphorylation in a later phase of
TGF-p1/TPR1 activation. Activated Smad2/3 (p-Smad2/3) formed a complex with Smad4 then translocated from cytosol into the
nucleus in order to activate the target genes [9]. The results of this study reveal that altenusin can reduce the phosphorylation of
Smad2/3 both in the nuclear compartment and the cytosol. These results imply that altenusin might reduce the p-Smad2/3 level in
cytosol, resulting in a reduction in the nuclear compartment rather than inhibition of the p-Smad2/3 translocation process.

To be certain that the inhibitory of altenusin on fibrosis in cultured renal proximal tubular cells can be found in vivo, the effect of the
compound was investigated in UUO mice which are widely used in the investigation of tubulointerstitial fibrosis [36]. UUO increased
the positive area of Masson trichome staining as previously reported [29]. However, the degree of fibrosis in the present study was not
as high as expected. The fibrosis area tended to reduce with altenusin treatment which might be caused by the mild fibrosis degree of
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Fig. 5. Altenusin reverses TGF-f1-induced EMT in renal proximal tubular cells (A) Treatment protocol for examining the effect of altenusin on
reversed TGF-p1-induced EMT in renal proximal tubular cells. (B) The representative image of renal proximal tubular cell morphology (200X, scale
bar 50 pm). (C) The representative immunoblots and intensities of E-cadherin, a-SMA, fibronectin, and p-Smad2 and p-Smad3 proteins (non-adjusted
images S5). Data are shown as mean + SD from five independent experiments (*p < 0.05 and **p < 0.01 vs control, *p < 0.05 and *#p < 0.01 vs 10
ng/ml TGF-p1).

the UUO mice. However, the UUO dramatically decreased E-cadherin while increasing fibronectin, COL1A1, and a-SMA protein
expression which are the fibrotic markers [29]. Interestingly, treatment with altenusin (30 mg/kg) alleviated fibrosis by reducing
fibronectin, COL1A1, and a-SMA expression but did not significantly improve E-cadherin protein expression. These results might imply
that the beneficial effect of altenusin on renal fibrosis was selective. Since the TGF-f1 signaling pathway was under activation in the
UUO model [37], we further investigated whether altenusin could reduce the activation of Smad2/3 in UUO-induced renal fibrosis. In
the present study, the phosphorylation levels of Smad2/3, an activated Smad2/3, were increased in the UUO group, correlating well
with the previous study [7]. The activation of Smad2/3 was attenuated by treatment with altenusin. These results suggest that
altenusin alleviates kidney fibrosis in UUO mice via modulation of the TGF-p1-Smad signaling pathway. Pathogenesis of the fibrotic
kidney in the UUO mouse model represents injury-induced renal fibrosis [37,38]. We then investigated whether the beneficial effect of
altenusin on renal fibrosis was mediated by the inhibition of injury-induced renal fibrosis. As indicated by the results, UUO
dramatically induced kidney injury as supported by an increase in kidney injury score and kidney NGAL expression, a kidney injury
protein marker [39,40]. Interestingly, altenusin treatment did not significantly reduce the kidney injury score and renal NGAL
expression. These results indicate that the inhibitory effect of altenusin on renal fibrosis is not targeted as a process of injury-induced
renal fibrosis. In summary, the present study demonstrates the novel therapeutic potential of altenusin on TGF-p1-induced EMT in
human renal proximal tubular cells and renal fibrosis in the UUO mouse model by antagonized TGF-f1/Smad signaling pathway.
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Fig. 7. Effect of altenusin on the TGF-B-Smad signaling pathway in UUO mice (A) The representative immunoblots of p-Smad2, total-Smad2, p-
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adjusted images S7). (B) The representative intensity of indicated proteins. Data are shown as mean + SD of six mice (**p < 0.01 vs sham and *#p <
0.01 vs UUO).
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