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Background: Curcumin 2005-8 (Cur5-8), a derivative of curcumin, improves fatty liver disease via AMP-activated protein kinase
activation and autophagy regulation. EW-7197 (vactosertib) is a small molecule inhibitor of transforming growth factor
(TGF-B) receptor I and may scavenge reactive oxygen species and ameliorate fibrosis through the SMAD2/3 canonical pathway.
This study aimed to determine whether co-administering these two drugs having different mechanisms is beneficial.

Methods: Hepatocellular fibrosis was induced in mouse hepatocytes (alpha mouse liver 12 [AMLI2]) and human hepatic stellate
cells (LX-2) using TGF-f (2 ng/mL). The cells were then treated with Cur5-8 (1 pM), EW-7197 (0.5 uM), or both. In animal ex-
periments were also conducted during which, methionine-choline deficient diet, Cur5-8 (100 mg/kg), and EW-7197 (20 mg/kg)
were administered orally to 8-week-old C57BL/6] mice for 6 weeks.

Results: TGF-{-induced cell morphological changes were improved by EW-7197, and lipid accumulation was restored on the ad-
ministration of EW-7197 in combination with Cur5-8. In a nonalcoholic steatohepatitis (NASH)-induced mouse model, 6 weeks
of EW-7197 and Cur5-8 co-administration alleviated liver fibrosis and improved the nonalcoholic fatty liver disease (NAFLD) ac-
tivity score.

Conclusion: Co-administering Cur5-8 and EW-7197 to NASH-induced mice and fibrotic hepatocytes reduced liver fibrosis and
steatohepatitis while maintaining the advantages of both drugs. This is the first study to show the effect of the drug combination
against NASH and NAFLD. Similar effects in other animal models will confirm its potential as a new therapeutic agent.
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD), whose incidence is
on the rise, is the most common cause of chronic liver disease
[1,2]. NAFLD includes liver steatosis ranging from simple ste-
atosis to nonalcoholic steatohepatitis (NASH), liver fibrosis,
cirrhosis, and alcohol-independent steatosis [3]. Metabolic
overload that stresses hepatocytes causes cellular damage, in-

flammation, and fibrosis, affecting the liver, adipose tissue, en-
docrine pancreas, immune system, and intestines. Attempts
have been made to develop NASH treatments [4].

Excessive fat accumulation in the liver initially reduces he-
patic wound healing response and chronically accumulates ex-
tracellular matrix (ECM), causing fibrosis [5,6]. Collagen I
(Coll) and a-smooth muscle actin (o.-SMA) accumulate in
wounded liver tissues during fibrosis. Pro-fibrotic cytokines
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and their intracellular signaling pathways, particularly trans-
forming growth factor  (TGF-)-mediated SMAD signaling,
are also characteristic of liver fibrosis [7,8]. TGF-J is a major
factor in tissue fibrosis, acting through SMAD2/3 signaling,
promoting ECM production, reactive oxygen species (ROS)
generation, and myofibroblast activation [9]. TGF-f binds to
type II receptor (TBRII) serine/threonine kinase and recruits
plasma membrane type I receptor (TBRI) to form a receptor
dimer. Signal transduction is then activated through SMAD2/3
phosphorylation [10]. Phosphorylated SMAD2/3 forms a het-
erogenic complex with SMAD4 and is translocated to the nu-
cleus where target genes are transcribed [11,12]. TGF-f also
activates non-canonical signaling pathways, including extra-
cellular signal-regulated kinase (ERK), JNK, and p38 mitogen-
activated protein kinase (MAPK) [13].

Curcumin (Cur) is the primary bioactive substance in tur-
meric and alleviates metabolic syndrome, pain, and kidney
damage through its anti-inflammatory and antioxidant effects
[14,15]. However, it has disadvantages, including low water sol-
ubility, low absorption in the intestines, rapid metabolic pro-
cessing, and systemic elimination [16]. Curcumin 2005-8
(Cur5-8), a Cur derivative, significantly inhibits high-fat diet-
induced NAFLD by reducing fat synthesis via AMP-activated
protein kinase (AMPK) activation and autophagy regulation
[17].

TGF-p signaling is a potential target for preventing and treat-
ing fibrotic diseases, and directly inhibiting the TGF-f3 type I
receptor, activin receptor-like kinase 5 (ALK5) prevents TGF-
f-induced pro-fibrosis. TGE-f RI inhibitors compete with the
ATP-binding site of ALK5 to block the highly specific catalytic
activity of ALK5 [18]. EW-7197 (vactosertib), a small molecule
inhibitor of the TGF-f type I receptor, is an oral drug that im-
proves kidney, lung, and liver fibrosis. EW-7197 regulates ROS
by reducing NADPH oxidase, nuclear factor erythroid 2-relat-
ed factor 2 (Nrf2), and heme oxygenase-1 (HO-1) levels and
prevents fibrosis by inhibiting TGF-f3 inhibition [18-20].

Cur5-8 is a Cur analog that improves body weight, blood
glucose, and fatty liver [17]. This study used a 12-week high-fat
diet-induced NAFLD animal model that shows fatty liver or
mild inflammatory responses but does not progress to steato-
hepatitis or fibrosis [21].

We previously showed that EW-7197 can ameliorate diabetic
nephropathy in the db/db mouse model. Analysis of kidneys
following 12 weeks of oral administration of EW-7197 (20 mg/
kg) demonstrated improved renal function, and renal fibrosis
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[21]. EW-7197 improved fibrosis but not body weight and
blood glucose. Additionally, EW-7197 increased the number
of lipid droplets in the liver.

This study analyzed the effect of Cur5-8 on fatty liver and fi-
brosis in mice fed a methionine-choline-deficient diet (MCD)
diet. We hypothesized that EW-7197 improves fibrosis and that
Cur5-8 improve NAFLD/NASH by reducing lipid droplets in
the liver. This study aimed to determine whether EW-7197 and
Cur5-8 act synergistically to reduce hepatotoxicity and whether
they have potential as new therapeutic agents for NASH.

METHODS

Reagents

Cur was purchased from Santa Cruz Biotechnology (Dallas,
TX, USA). And then chemically modified to form Cur5-8 at
Department of Basic Science, Yonsei University, Wonju Col-
lege of Medicine [16]. Cur5-8 was synthesized at Uchem Inc.
(Shanghai, China). N-[[4-([1,2,4]-triazolo[1,5-a]pyridin-6-yl)-
5-(6-methylpyridin-2-yl)-1H-imidazol-2-yl]methyl]-2-fluoro-
aniline (EW-7197) was kindly donated by Dr. D.K.K. (Ewha
‘Womans University, Seoul, Korea).

Animals

Mouse experiments were approved by the Institutional Animal
Care and Use Committee of Yonsei University, Wonju College
of Medicine (YWC-200907-1). Eight-week-old C57BL/6] male
mice weighing 20 to 25 g were purchased from Daehan Bio
Link Co. (Eumseong, Korea) and acclimatized to 24°C+2°C,
and a 12-hour light/dark cycle for 1 week. They were fed a nor-
mal diet and provided with water ad libitum. Mice were ran-
domly divided into five groups based on the feed or drug ad-
ministered (n=10): normal diet (Con), MCD, MCD diet with
Cur5-8 (MCD+Cur5-8), MCD diet with orally-administered
EW-7197 (MCD+EW), and MCD diet with Cur5-8 and orally-
administered EW-7197 (MCD+EW+Cur5-8). EW-7197 was
dissolved in concentrated gastric fluid (900 mL ddH,O, 7 mL
37% HCI, 2.0 g NaCl, and 3.2 g pepsin) and diluted with phos-
phate-buffered saline in a 1:10 ratio. Diluted gastric juice was
administered as a vehicle to mice in the Con and MCD groups.
EW-7197 (40 mg/kg) was administered orally once every 2
days for 6 weeks.

Metabolic parameters
Blood glucose, triglyceride (TG), total cholesterol (TC), and
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liver enzyme levels (alanine transaminase [ALT] and aspartate
transaminase [AST]) were measured using a reagent for mea-
surement in serum at the end of the experiment (Asan Pharm.,
Hwaseong, Korea), and the degree of change in absorbance was
measured using a SpectraMax (Molecular devices, Los Ange-
les, CA, USA). Hepatic gamma-glutamyl transferase (y-GT,
Sigma Aldrich, St. Louis, MO, USA) and hydroxyproline (Cell
Biolabs Inc., San Diego, CA, USA) were measured using kits.

Cell culture

Alpha mouse liver 12 (AML12) mouse hepatocytes were cul-
tured in Dulbecco’s Modified Eagle’s Medium (DMEM)/F-12
media (Corning Inc., Corning, NY, USA) containing 5 mL in-
sulin-transferrin-selenium (Gibco, Life Technologies Corpora-
tion, Grand Island, NY, USA), 40 ng/mL dexamethasone, 1%
penicillin-streptomycin, and 10% fetal bovine serum (FBS,
Gibco). human hepatic stellate cells (LX-2) human hepatic
stellate cells (HSCs) were cultured in high glucose media
(4,500 mg/L D-glucose, L-glutamine, 110 mg/L sodium pyru-
vate, sodium bicarbonate) containing 1% penicillin-strepto-
mycin and 10% FBS. Hepatocellular fibrosis was induced in
cells using 2 ng/mL of TGF-f and treated with EW-7197 (500
nM), Cur (1 uM), and Cur5-8 (1 uM) for 24 hours.

Immunofluorescence assay

Cultured AMLI2 cells were fixed in BD Cytofix (BD Biosci-
ence, Franklin Lakes, NJ, USA) for 15 minutes at 24°C+2°C,
and then treated with 0.1% Triton X-100 (Sigma-Aldrich) for
10 minutes. The primary antibody 8-OHdG (Santa Cruz Tech-
nology) was diluted at 1:200 with 3% bovine serum albumin
(BSA) and incubated overnight at 4°C. The secondary anti-
body, anti-mouse immunoglobulin G (Alexa Fluor 488, Cell
Signaling, Danvers, MA, USA) was diluted at 1:500 with 3%
BSA and incubated with the cells for 1 hour. 4',6-Diamidino-
2-phenylindole (DAPI) stock solution (Abcam, Cambridge,
England) was incubated with the cells 1 mL/0.5 uL for 15 min-
utes. After that, the cells were mounted in Immu-Mount (Ther-
mo Fisher Scientific, Waltham, MA, USA), and fluorescence
images were taken using a laser scanning confocal microscope
(Carl Zeiss Microscopy GmbH, Gottingen, Germany).

Histological examination

Tissues were subsequently divided into 8-pm sections and
stained with hematoxylin and eosin (H&E) to analyze patho-
logical changes in lipid droplets. Sirius red and Masson’s tri-
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chrome staining were used to check for fibrosis. H&E-stained
sections were visualized using an optical microscope equipped
with a charge-coupled device camera (Pulnix, Orleans Drive
Sunnyvale, CA, USA). Sections from three hepatic lobes from
each animal were analyzed and three random pictures were
taken for each section. Analyzed sections were scored based on
the following criteria: steatosis scores ranging from 0 to 3 de-
pending on the percentage of lipid droplets in the liver; 0 to 2
depending on the number of hepatocytes in which ballooning
occurred; and 0 to 3 depending on the degree of lobular in-
flammation. The scores were summed up to give a final NASH

Score.

Western blotting

Antibodies against fibronectin (SC-6952), a.-SMA (SC-32251),
ColI (SC-293182), sterol regulatory element-binding protein
1c (srebplc) (SC-13551), adipose differentiation-related pro-
tein (ADRP) (SC-377429), rho-associated coiled-coil kinase
(ROCK) (SC-365628), Nrf2 (SC-722), HO-1 (SC-136960), ac-
tivating transcription factor 6o (ATF6a) (SC-22799), and
B-actin (SC-47778) were obtained from Santa Cruz Technolo-
gies. Antibodies against p-SMAD2 (#3108), p-SMAD?3 (#9520),
phosphor-AMPK (p-AMPK) (#2531), AMPK (#2532), and
Kelch-like ECH-associated protein 1 (Keap1) (#4678) were ob-
tained from Cell Signaling Technologies. Proteins were detect-
ed using a Western blot assay. Liver tissue homogenized in
RIPA buffer (Elpis Biotech, Daejeon, Korea) was centrifuged at
13,000 g for 20 minutes. Supernatant was mixed with sample
buffer. Sample was separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (8% to 12%). Resolved protein
bands were transferred onto polyvinylidene difluoride mem-
branes, and the membranes were incubated with primary and
secondary antibodies (diluted 1:1,000 with 5% BSA). Protein
bands were visualized using an enhanced chemiluminescence
system (Amersham Biosciences, Amersham, UK), and band
intensities were measured using Image]J software version 1.50i
(National Institutes of Health, Bethesda, MD, USA).

Statistical analysis

Data were analyzed using SPSS software version 20.0 (IBM Co.,
Armonk, NY, USA). All data are presented as mean + standard
error of the mean. One-way analysis of variance (ANOVA) and
Tukey’s test were used for multiple comparisons. Statistical sig-
nificance was set at P<0.05.
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RESULTS 7197. Lipids accumulated in the OA-treated group. Cur treat-

ment reduced lipid synthesis slightly, while Cur5-8 reduced
Cur5-8 reduces lipid accumulation in hepatocytes lipid synthesis significantly. However, the EW-7197 treatment
Cell morphology and BODIPY staining were observed under  group showed an increase in cellular lipid accumulation com-
a microscope following 24 hours of oleic acid (OA) treatment.  pared with the OA group (Fig. 1A-C). Western blot data also
In AMLI2 cells, OA was combined with Cur, Cur5-8, and EW-  showed that ADRP, the lipogenesis-related protein Srebplc,
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Fig. 1. Curcumin 2005-8 (Cur5-8) reduces lipid accumulation in hepatocytes. (A, B, C) Cell morphology and BODIPY staining
were observed under a microscope following 24 hours of oleic acid (OA) treatment. In alpha mouse liver 12 (AML12) cells, OA
was combined with Cur, Cur5-8, and EW-7197. (D, E) Levels of adipose differentiation-related protein (ADRP), sterol regulatory
element-binding protein 1c (Srebplc), and fatty acid synthase (Fas) were measured using a Western blotting assay. *P<0.001 vs.
control (Con), >P<0.001 vs. oleic acid, °P<0.001 vs. oleic acid+Cur5-8, ‘P<0.05 vs. Con, °P<0.05 vs. oleic acid.
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and fatty acid synthase (FAS) expression levels were signifi-
cantly increased following OA treatment, although Cur5-8
treatment resulted in a greater decrease in their expression
than Cur treatment. In contrast, EW-7197 treatment increased
the levels of these proteins compared with OA treatment (Fig.
1D and E). Cur5-8 decreased lipogenesis-related protein and
increased B-oxidation compared to Cur (Supplementary Fig.
1). These results indicate that Cur5-8 has a greater beneficial
effect on decreasing lipid synthesis than Cur. However, EW-
7197 increases lipid accumulation following OA treatment.

0o Con TGF-p  TGF-P+EW
40 kDa

SMAD?2/3 - ' 52 kDa

= £ “
B-Actin | MG S S —-——— - | 1 D2

(C] Con TGF-f  TGF-B+EW
a-SMA | —_—— | 40 kDa
Cll [F5 s wmem | 90kDa

p-SMAD2 [ 60 kDa

p-SMAD3 52 kDa

sMAD2/3 [ o o R SR 5 Da

B-Actin |----—- —_—— l-| 42kDa

(E ) Con TGF-8  TGF-B+EW
p-AMPK 60 kDa
AMPK 60 kDa
p-Erk |—- e — -| 43 kDa
Erk [W. S — - 13 Da
p-Akt i ‘-.-P ﬁ — d 57 kDa

Fold change relative to Con
(=}

o R 5
- Acin [ -] 1202

EW-7197 relieves hepatocellular fibrosis but has side
effects

Treatment of LX-2 cells with TGF- (2 ng/mL) and EW-7197
significantly reduced TGF-B-induced expression of the fibrosis
markers a-SMA and Col I, as well as p-SMAD?2/3, compared
with TGF-f treatment alone (Fig. 2A and B). Similar results
were obtained from AMLI2 cells (Fig. 2C and D), wherein
EW-7197 and TGF- (TGF-B+EW) treatment significantly re-
duced a-SMA, Col I, and p-SMAD?2/3 expression compared
with TGF-p treatment alone. EW-7197 exhibited anti-fibrotic
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Fig. 2. EW-7197 relieves hepatocellular fibrosis but has side effects. Hepatocellular fibrosis was induced by treating human hepatic
stellate cell (LX-2) cells with transforming growth factor p (TGE-f; 2 ng/mL). (A, B) The ability of EW-7197 to restore the original
state was tested by expressing fibrosis markers such as p-SMAD2/3, a-smooth muscle actin (a-SMA), and Coll. (C, D) Alpha
mouse liver 12 (AMLI12) cells were treated with EW-7197 combined with TGF-p. (E, F) AMP-activated protein kinase (AMPK),
extracellular signal-regulated kinase (Erk), and Akt activities were measured to determine the effect of EW-7197 treatment on the
TGF-p non-canonical pathway. *P<0.05 vs. control (Con), *P<0.05 vs. TGF-B, °P<0.001 vs. Con, ‘P<0.001 vs. TGF-p.
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effects but increased the number of lipid droplets, possibly via
the non-canonical pathways, AMPK, Erk, and Akt (Fig. 2E and
F). Con, Erk, and Akt activities were lower in the TGF-{ treat-
ment group but were partially restored in the TGF-B+EW
treatment group. However, AMPK activity was lower in the
TGF-p treatment group than in the Con group and did not in-
crease in the TGF-B+EW treatment group. Thus, EW-7197
improves fibrosis by inhibiting the TGF- canonical pathway
but does not activate the AMPK pathway.

AML12 cell

dmj

Cur5-8 and EW-7197 combination improves TGF-p-
induced hepatocellular fibrosis and lipid accumulation
TGEF-B-induced hepatocellular fibrosis is accompanied by
changes in cell morphology. Treatment with TGF-B and EW-
7197 resulted in significant recovery in cellular morphology
compared with TGF-f treatment alone. However, this drug
combination increased lipid accumulation (Fig. 3A). Treat-
ment with Cur or Cur5-8 combined with TGF-f§ did not alter
TGF-B-induced fibrosis. However, treating AMLI12 cells with a
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Fig. 3. Curcumin 2005-8 (Cur5-8) and EW-7197 improves transforming growth factor p (TGF-)-induced hepatocellular fibrosis
and lipid accumulation. Hepatocellular fibrosis was induced in alpha mouse liver 12 (AML12) cells using TGF-p. The cells were
then treated with Cur, Cur5-8, and EW-7197, individually or in combination (EW+Cur or EW+Cur5-8). (A) Changes in cell mor-
phology were then visualized. (B, D) Lipid accumulation in hepatocytes was visualized using BODIPY staining. (C, E) The degree
of fibrosis and lipid droplet accumulation was determined using a-smooth muscle actin (a-SMA) staining and by measuring the
BODIPY-positive stained area. Veh, vehicle. *P<0.05 vs. control (Con), "P<0.05 vs. TGF-B, “P<0.001 vs. Con, “P<0.001 vs. TGF-p.
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combination of Cur5-8, EW-7197, and TGF- significantly re-
duced cellular morphological changes without increasing lip-
ids compared with TGF-B and Cur combination treatment
(Fig. 3B and D). Unlike EW-7197, Cur and Cur5-8 had no in-
hibitory effect on a-SMA; however, combining them with EW-
7197 significantly reduced TGF-B-induced o-SMA expression
(Fig. 3C and E). Similar results were obtained using LX-2 cells.
Morphological changes were not observed in LX-2 cells fol-
lowing TGF-f treatment, although o.-SMA expression in-
creased. Additionally, o-SMA expression decreased in the EW-
7197 treatment group (Supplementary Fig. 2A-C). EW-7197
treatment increased the number of lipid droplets, and co-ad-
ministering it with Cur5-8 reduced hepatocellular fibrosis and
reduced the number of lipid droplets (Supplementary Fig. 2D
and E). These data indicate that EW-7197 and Cur5-8 co-treat-

o LX2 cell e
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ment is more effective at inhibiting fibrosis and lipid synthesis
than single-drug treatment.

Combining Cur5-8 and EW-7197 reduces hepatic fibrosis

Expression of the epithelial-mesenchymal transition (EMT)-
related proteins, a-SMA and Coll, in LX-2 cells was increased
following TGF-B-treatment. In the canonical TGF-f signaling
pathway, p-SMAD2/3 was also increased by TGF-f (Fig. 4A
and B). These increases were inhibited by EW-7197 and signif-
icantly decreased in the EW+Cur5-8 treatment group com-
pared with that in the TGF-f treatment group. Co-administra-
tion of Cur 5-8 and EW-7197 also reduced the activation of fi-
brosis markers by TGF-8 in AML12 cells (Fig. 4C and D). Cur
and Cur5-8 had no significant effect on fibrotic markers,
whereas EW-7197 reduced the expression of fibrotic markers.
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Fig. 4. Combinning curcumin 2005-8 (Cur5-8) and EW-7197 reduces hepatic fibrosis. To determine the effect of co-administering
different combinations, we added Cur, Cur5-8, and EW-7197 separately to human hepatic stellate cell (LX-2) cells treated with
transforming growth factor  (TGF-B). We also added EW-7197+Cur and EW-7197+Cur5-8 combinations. Levels of p-SMAD 2/3
proteins, members of the canonical pathway of TGF-p, a-smooth muscle actin (a-SMA), and Coll proteins, which are markers of
fibrosis, were measured in (A, B) LX-2 cells and (C, D) AMLI2 cells. *P<0.05 vs. control (Con), "P<0.05 vs. TGF-f.
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These results indicate that co-administering EW-7197 and
Cur5-8 effectively inhibits fibrosis in hepatocytes.

Combining Cur5-8 and EW-7197 improves hepatic
function

Physiological levels of TG, cholesterol, AST, and ALT in serum
were measured following Cur5-8 and EW-7197 administra-
tion, individually or in combination, to mice in the liver fibro-
sis-induced MCD group. Body weight and TC and TG levels
were lower in mice in the MCD group than in the Con group,
while AST and ALT levels were higher. Cur5-8 and EW-7197,
on their own, did not affect these levels (Supplementary Table
1, Supplementary Fig. 3A and B). The MCD diet suppresses
the production of very-low-density lipoproteins and promotes
inflammation and lipogenesis in the liver. It is thus character-
ized by a decrease in TG and cholesterol levels in the serum
[22]. Analysis of hydroxyproline, a fibrosis factor, showed that
TG and cholesterol levels in the combined administration
group were significantly lower than in the MCD group, and
analysis of y-GT showed that the combined administration
group had significantly lower TG and cholesterol levels than
the MCD group (Supplementary Fig. 3C and D). EW-7197 ef-
fectively inhibited liver fibrosis, and ALT levels decreased in
the Cur5-8, EW-7197, and Cur+EW-7197 groups compared
with that in the MCD group. These results show that co-ad-
ministering the two drugs is beneficial as it combines the fi-
brotic effect of EW-7197 with the antioxidant potential of
Cur5-8.

Cur5-8 and EW-7197 co-administration improves hepatic
lipid accumulation

At the end of the experiment, mouse livers were weighed and
hepatic fat accumulation was evaluated using H&E staining.
NAFLD activity scores (NAS) were computed, and the degree
of steatosis was determined using H&E staining (Fig. 5A-C).
NASH was induced in the MCD group, and NAS was signifi-
cantly lower in the MCD+EW+Cur group than in the Con
group. Hepatic fibrosis was inhibited by EW-7197, but mice in
the MCD+EW group had higher NAS than those in the Con
group due to a higher number of lipid droplets in the liver. Co-
administering Cur5-8 and EW-7197 improved fibrosis and re-
duced the lipid content, and the NAS of the MCD+EW+Cur5-8
group was significantly lower than that of the MCD group. He-
patic lipogenesis was investigated by measuring Rockl and
Srebplc protein levels and AMPK activity (Fig. 5D). Rockl
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and Srebplc levels were higher, while AMPK activity was lower
in the MCD group than in the Con group. Furthermore, Rock1
and Srebplc levels were significantly lower, while AMPK activ-
ity was higher in the MCD+EW+Cur5-8 group than in the
MCD group. Analysis of endoplasmic reticulum (ER) stress
showed that ATF-6q, levels were significantly higher in the
MCD group and lower in the MCD+EW+Cur5-8 group than
in the Con group. Levels of ROS scavenger markers, Kelch-like
ECH-associated protein 1 (Keapl), Nrf2, and HO-1 decreased
in the MCD group and increased in the MCD+EW+Cur5-8
group compared with that in the Con group (Fig. 5E and F).
EW-7197 and Cur5-8 co-administration inhibited lipogenesis
by activating liver metabolism, reducing ROS, and regulating
ER stress.

Cur5-8 and EW ameliorate liver fibrosis

Sirius red and trichrome staining were used to visualize hepat-
ic fibrosis (Fig. 6A and B). The positive stained area showed
that fibrosis was induced in the MCD group and did not re-
cover in the MCD+Cur5-8 group (Fig. 6C). The positively-
stained area identified using both staining methods showed
that fibrosis and fat accumulation were significantly higher in
the MCD group than in the Con group. Coll, a-SMA, fibro-
nectin, and p-SMAD?2/3 levels were higher in the MCD group
than in the Con group (Fig. 6D and E). Expression of fibrotic
markers was significantly lower in the MCD+EW+Cur5-8
group than in the Con group. Cur5-8 did not affect liver fibro-
sis, whereas EW-7197 improved liver fibrosis but resulted in
lipid accumulation in hepatocytes. Combining Cur5-8 and
EW-7197 inhibited hepatic fibrosis and reduced the accumula-
tion of hepatic lipid droplets.

DISCUSSION

To investigate the effects of EW-7197 and Cur5-8, a Cur deriv-
ative, on lipogenesis, 500 uM of OA was added to AMLI2 he-
patocytes to induce lipogenesis. Cell morphology and BODI-
PY staining identified lipid droplets within hepatocytes. Cur5-
8 inhibited the increase in lipid droplets observed after adding
OA. To determine whether OA induced lipogenesis in AML12
hepatocytes and whether Cur, Cur5-8, and EW-7197 inhibited
lipogenesis, lipid droplets were identified through cell mor-
phology and BODIPY staining. The increase in lipid droplets
following the addition of OA was inhibited by Cur5-8. ADRP
and Srebplc expression were significantly lower in the Cur5-
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Fig. 5. Curcumin 2005-8 (Cur5-8) and EW-7197 co-administration improves hepatic lipid accumulation. (A, B) Accumulation of
lipid droplets and variations in liver sizes were measured using H&E staining and liver imaging, respectively. (C) Nonalcoholic fatty
liver disease (NAFLD) activity was scored by quantifying the degree of steatosis, hepatocyte ballooning, and lobular inflammation
based on the results of H&E staining. (D, E, F) The NAFLD activity score is assigned as described in the Methods section. Metabo-
lism-related proteins were determined by measuring rho-associated coiled-coil kinase 1 (Rockl) and sterol regulatory element-
binding protein 1c (Srebplc) levels, AMP-activated protein kinase (AMPK) activity, and reactive oxygen species (ROS) scavenging
effect. Endoplasmic reticulum stress regulation was determined by measuring Kelch-like ECH-associated protein 1 (Keapl), nu-
clear factor erythroid 2-related factor 2 (Nrf2), heme oxygenase-1 (HO-1), and activating transcription factor 6a (ATF6a) levels.
*P<0.05 vs. control (Con), ®P<0.05 vs. methionine-choline-deficient diet (MCD), P<0.001 vs. Con, P<0.001 vs. MCD.
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Fig. 6. Curcumin 2005-8 (Cur5-8) and EW ameliorate liver fibrosis. (A, B, C) Liver fibrosis was measured using Sirius red and tri-
chrome staining. The degree of liver fibrosis in the experimental groups was compared by quantifying the positively-stained area.
(D, E) Levels of extracellular matrix-related a-smooth muscle actin (a-SMA), collagen I (Coll), fibronectin, and transforming
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8-treated group than in the OA-treated group. EW-7197 and
OA co-administration increased lipid accumulation and Sreb-
plc protein levels. Thus, EW-7197 induced lipid accumulation.

HSC:s are located between hepatocytes and sinusoidal endo-
thelial cells in a quiescent state, and contribute to fibrosis by
secreting ECM proteins or collagen in response to liver dam-
age [23,24]. We attempted to reproduce TGF-f3 (2 ng/mL)-in-
duced fibrosis in two types of hepatocytes: AML12 (mouse al-
pha hepatocytes) and LX-2 (human HSCs). EW-7197 inhibit-
ed TGF-B-induced increase in o.-SMA, Coll, and p-SMAD2/3.
Thus, EW-7197 effectively inhibited ECM accumulation, colla-
gen deposition, and canonical pathway activation.

Fibrosis occurs during wound healing to prevent tissue de-
composition in the presence of inflammation, apoptosis, and
necrosis [25,26]. Early detection and treatment of liver fibrosis
are important because symptoms appear only when the disease
progresses from the mild to cirrhotic stage. Therefore, anti-fi-
brotic agents are urgently needed to prevent progression to the
cirrhosis [27,28]. TGF-P is a potent inducer of fibrosis in vari-
ous organs as it stimulates collagen I-rich ECM production in
association with the progression of tissue fibrosis [7,9,29].
Thus, the ALK5 inhibitor EW-7197, a TGF-f signaling inhibi-
tor, is a potentially effective drug that may prevent or eliminate
the fibrosis-promoting effect.

Administering EW-7197 to cells and mice increased the
number of lipid droplets, a previously unreported side effect.
Fat accumulation increased when AMLI2 cells were treated
with various concentrations of EW-7197 following TGF-f3
treatment, confirming this finding (Supplementary Fig. 4).
Lipid droplet was observed in the liver even when the oral ad-
ministration concentration was reduced to 5 mg/kg in an ani-
mal experiment (Supplementary Fig. 5). To identify the cause
of the increase in lipid synthesis, we examined how EW-7197
affects non-canonical pathways. AMPK modulates several
metabolic pathways, including hepatic lipid metabolism [30].
AMPK inhibits the transcription of adipogenic genes (carbo-
hydrate response element binding protein [ChREBP]) by
phosphorylating transcription factors such as Srebplc [31,32].
Treating AML12 cells with TGF-B reduces AMPK, Erk, and
Akt activation [33,34]. EW-7197 did not increase AMPK activ-
ity but significantly increased Erk and Akt activities. This sug-
gests that EW-7197 can increase lipid synthesis by decreasing
AMPK activity.

Combining TGF-f with Cur or Cur5-8 did not affect TGF-
B-induced cell morphological changes or EMT as indicated by
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o-SMA staining. Similar analyses using AML12 and LX-2 cells
showed that Cur5-8 reduced some fibrosis-related factors, al-
though this effect was not significant, and the improvement
was not as good as that observed using EW-7197. However, co-
administering EW-7197 and Cur5-8 resulted in better im-
provement compared with administering each drug individu-
ally. Thus, co-administering EW-7197 and Cur5-8 decreased
TGEF-B-induced fibrosis in hepatocytes.

MCD is a classic diet-induced model of NASH that lacks
methionine and choline, which are essential for mitochondrial
B-oxidation and very-low-density lipoprotein synthesis in the
liver [35]. The MCD diet thus causes hepatic steatosis. Fur-
thermore, oxidative stress and changes in cytokines and adi-
pose cytokines occur, contributing to liver damage and the ac-
companying fibrosis [36-38]. The body weights of 8-week-old
C57BL/6 mice fed MCD for 6 weeks were significantly lower
than Con group. A significant increase was observed in the
weights of mice in the MCD+Cur5-8 and MCD+EW+Cur5-8
groups compared with mice in the MCD group. Levels of liver
enzymes, including AST, ALT, and y-GT, also significantly
decreased in the MCD+EW+Cur5-8 group compared with
the MCD group. Hydroxyproline levels also increased in the
MCD+EW+Cur5-8 group. Similar results were also observed
in the experiment in which EW-7197 was administered at 5
mg/kg (Supplementary Table 2, Supplementary Fig. 6).

Liver tissue biopsy is the standard procedure for estimating fi-
brosis. The NASH histological scoring system is called the NAS
[39,40]. H&E staining was performed to determine the propor-
tion of lipid droplets in hepatocytes, the degree of inflamma-
tion, and the extent of hepatocyte expansion, and the results
were used to compute NAS. NASH was induced in the MCD
group with a NAS score of 4.66+0.33, whereas administering
both EW-7197 and Cur5-8 showed an improved NAS of
0.66+0.33. Sirius red and Masson's trichrome are the most com-
mon dyes used to estimate fibrosis and selectively bind to liver
collagen, which causes fibrosis [41]. Sirius red and trichrome
staining showed that fibrosis was induced in the MCD group
compared with the Con group and that fibrosis was improved
following co-administration of EW-7197 and Cur5-8. This sug-
gests that co-administering EW-7197 and Cur5-8 effectively al-
leviates NASH-related conditions, including liver fibrosis.

Western blot analysis of homogenized liver tissue showed the
degree of fibrosis based on protein levels. p-SMAD2/3, a-SMA,
fibronectin, and Coll levels were higher in the MCD group
than in the Con group, indicating an accumulation of the ECM.
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This increase was significantly attenuated following co-admin-
istration of EW-7197 (20 mg/kg) and Cur5-8 (100 mg/kg).

Rockl is an important regulator of energy balance and sub-
strate metabolism, and tends to increase in metabolic disorders
[42,43]. Srebplc is a key transcription factor that regulates de
novo lipogenesis in insulin-sensitive tissues, including liver,
muscle, and adipose. Srebplc activity is downregulated by the
cellular energy sensor, AMPK [32,44,45]. Rockl and Srebplc
levels were higher in MCD than in Con groups, but co-admin-
istering EW-7197 and Cur5-8 significantly decreased their lev-
els. Furthermore, AMPK activity was lower in the MCD group
than in the Con group but significantly increased when EW-
7197 and Cur5-8 were co-administered (Fig. 2E and F). We ex-
pect that co-administering EW-7197 and Cur5-8 will effective-
ly treat metabolic disorders.

ER stress describes a situation in which the amount of un-
folded protein entering the ER exceeds the processing capacity
of the organelle. This imbalance is recognized by inositol-re-
quiring enzyme-1 (IRE1), ATF6, and PKR-like ER kinase
(PERK) [46]. Nrf2 is a redox activator that controls the binding
of the inhibitory protein Keapl, which is responsible for the
cytoplasmic sequestration of Nrf2. Keapl is a cysteine-rich
protein that is anchored to the actin cytoskeleton and serves as
an adapter protein for the Cul3-dependent E3 ubiquitin ligase
complex. Under normal conditions, Keapl promotes the ubiq-
uitination and eventual degradation of Nrf2 [47]. The Keapl-
Nrf2 pathway regulates the expression of numerous cytopro-
tective genes, including that encoding the antioxidant HO-1
[48]. The MCD diet induces unfolded protein response, in-
creasing the expression of ATF6 associated with ER stress and
decreasing the expression of components of the Nrf2-HO-1
pathway [49]. We showed that co-administering EW-7197 and
Cur5-8 could improve ER stress and reduce ROS levels.

Although the MCD diet can induce hepatic steatosis or fi-
brosis in the short term, it is not appropriate compared with
human NASH. In an animal model with symptoms similar to
human NASH, we tried to induce NASH by providing an amy-
lin diet (high-fat [40%], high cholesterol [2%]) and sugar water
(42 g/L). Future experiments will check the beneficial effects of
Cur5-8 and EW-7197 in this animal model. In this model, var-
ious indicators related to metabolism such as body weight,
blood sugar, and insulin should be observed.

Beneficial effects were not observed for all parameters in the
group in which Cur5-8 and EW-7197 were co-administered.
However, EW-7197 significantly reduced fibrosis, and Cur5-8
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inhibited the increase in lipid droplets in the liver by activating
the AMPK pathway. Developing a drug that can improve fi-
brosis is important. This study shows that the Cur5-8 and EW-
7197 combination can be used as a new treatment for NASH.
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