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Background and Purpose: Excessive fructose consumption is a risk factor for liver
fibrosis. Pterostilbene protects against liver fibrosis. Here, we investigated the poten-
tial role and the mechanisms underlying the hepatocyte epithelial-mesenchymal tran-
sition (EMT) in fructose-induced liver fibrosis and protection by pterostilbene.
Experimental Approach: Characteristic features of liver fibrosis in 10% fructose-
fed rats and EMT in 5 mM fructose-exposed BRL-3A cells with or without
pterostilbene and the change of miR-34a/Sirt1/p53 and transforming growth
factor-B1 (TGF-B1)/Smads signalling were examined. MiR-34a inhibitor, miR-34a
minic, or p53 siRNA were used to explore the role of miR-34a/Sirt1/p53 signalling
in fructose-induced EMT and the action of pterostilbene.

Key Results: Pterostilbene prevented fructose-induced liver injury with fibrosis in
rats. Fructose caused hepatocyte undergoing EMT, gaining fibroblast-specific protein
1 and vimentin, and losing E-cadherin, effects attenuated by pterostilbene. Moreover,
fructose induced miR-34a overexpression in hepatocytes with down-regulated Sirt1,
increased p53 and ac-p53, and activated TGF-B1/Smads signalling, whereas these
disturbances were suppressed by miR-34a inhibitor. Additionally, miR-34a inhibitor
and p53 siRNA prevented TGF-B1-driven hepatocyte EMT under fructose exposure.
Pterostilbene down-regulated miR-34a, up-regulated Sirt1, and suppressed p53 acti-
vation and TGF-B1/Smads signalling in fructose-stimulated animals and cells but
showed no additional effects with miR-34a inhibitor on miR-34a/Sirt1/p53 signalling
in fructose-exposed hepatocytes.

Conclusions and Implications: These results strongly suggest that activation of
miR-34a/Sirt1/p53 signalling is required for fructose-induced hepatocyte EMT medi-
ated by TGF-B1/Smads signalling, contributing to liver fibrosis in rats. Pterostilbene
exhibits a protective effect against liver fibrosis at least partly through inhibiting

miR-34a/Sirt1/p53 signalling activation.

Abbreviations: ALT, alanine aminotransferase; AST, aspartate transaminase; ECM, extracellular matrix; EMT, epithelial-mesenchymal transition; FSP1, fibroblast-specific protein 1; IL-1B,
interleukin-1B; IL-6, interleukin-6; Sirt1, sirtuin 1; TC, total cholesterol; TG, triglycerides; TGF-B1, transforming growth factor-p1; TNF-a, tumor necrosis factor-a; a-SMA, a-smooth muscle actin
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1 | INTRODUCTION

Excessive consumption of fructose is a risk factor for liver fibrosis in
humans and animals (Cydylo, Davis, & Kavanagh, 2017; Lirio et al.,
2016; Mule, Calcaterra, Nardi, Cerasola, & Cottone, 2014), but the
underlying molecular mechanisms are still unclear. The epithelial-
mesenchymal transition (EMT) in hepatocytes is an important cellular
event propagating the progression of liver fibrosis (Rowe et al., 2011).
transforming growth factor-B1 (TGF-B1) triggers hepatocyte EMT
characterized by up-regulation of mesenchymal markers, such as
vimentin and fibroblast-specific protein 1 (FSP1) and down-regulation
of epithelial markers (such as E-cadherin). Thus, the changing pattern
of TGF-B1/Smads signalling is suggested to induce cell EMT, participat-
ing in liver fibrosis (Kong et al., 2015; Zhang et al., 2016).
Dysregulation of microRNA 34a (miR-34a) is highly correlated with
organ fibrosis including liver fibrosis (Cermelli, Ruggieri, Marrero,
loannou, & Beretta, 2011; Cui et al., 2017b; Du et al., 2012; Salvoza,
Klinzing, Gopez-Cervantes, & Baclig, 2016; Shetty et al., 2017), but
there are some contradictions on its action under different conditions.
MiR-34a overexpression is observed in myocardial infarction, and its
inhibition can reduce the severity of experimental cardiac fibrosis in
mice (Huang, Qi, Du, & Zhang, 2014). Moreover, miR-34a expression
is increased in carbon tetrachloride induced liver fibrosis in rats (Tian,
Ji, Zang, & Cao, 2016). On the contrary, mice with miR-34a ablation
develop more severe pulmonary fibrosis induced by bleomycin than
wild-type animals (Cui et al., 2017a). MiR-34a is a direct target of
p53 but, at high levels, increases p53 and acetylated-p53 (ac-p53) by
inhibiting sirtuin 1 (Sirt1) in hepatocytes (Tian et al., 2016) and alveo-
lar epithelial cells (Shetty et al., 2017). Of note, miR-34a is always
down-regulated due to deletion and/or mutation of p53 in cancer cells
(Lou et al., 2015; Ye et al., 2016). Thus, it is possible that miR-34a/
Sirt1/p53 signalling may form a positive feedback loop to control the
development of pulmonary fibrosis (Shetty et al., 2017). Activated
p53 isoforms including ac-p53 and phosphorylated p53 (p-p53) pro-
mote TGF-B1-driven EMT response by forming transcriptionally active
multiprotein complexes with Smad3 (Piccolo, 2008; Termen, Tan,
Heldin, & Moustakas, 2013). TGF-B1- and methotrexate-induced up-
regulation of miR-34a mediates EMT in alveolar epithelial cells
(Takano, Nekomoto, Kawami, & Yumoto, 2017), whereas hypoxia-
mediated down-regulation of miR-34a promotes EMT in tubular epi-
thelial cells (Du et al., 2012). Additionally, high levels of miR-34a
increased the profibrogenic activity of TGF-B1 in cardiac fibroblast,
whereas its inhibition decreased the activity (Huang, Qi, Du, & Zhang,
2014). Therefore, we postulated that fructose may induce TGF-B1-
driven EMT in hepatocytes through activating the miR-34a/Sirt1/
p53 signalling pathway, which contributes to liver fibrosis in animals.
Pterostilbene (trans-3,5-dimethoxy-4-hydroxystilbene), a struc-
tural analogue of resveratrol found mainly in grapes, wine, blueberries,
and other berries, has gained much attention recently due to its pleio-
tropic pharmacological effects on various chronic human diseases
(Chiou et al., 2010; Wang et al., 2015). It lowers body weight, plasma
lipoproteins, and cholesterol levels, as well as liver lipid accumulation

in animals with diabetes and diet-induced obesity (Bhakkiyalakshmi
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et al,, 2016; Gomez-Zorita et al., 2014; Rimando, Nagmani, Feller, &
Yokoyama, 2005). Pterostilbene also alleviates dimetyl nitrosamine-
induced liver fibrosis by reducing hepatic a-smooth muscle (a-SMA)
and collagen 1 and inhibits TGF-B1/Smads signalling in rats (Lee
et al., 2013). As with resveratrol, pterostilbene is an activator of Sirt1l
(Liu et al., 2017). Resveratrol can protect HEI-OC1 cells from miR-34a
mimic-induced cell death by inhibiting miR-34a/Sirt1/p53 signalling
(Xiong et al., 2015). Therefore, we speculated that pterostilbene may
modulate fructose-induced miR-34a/Sirt1/p53 signalling, contributing
to its prevention of hepatocyte EMT and liver fibrosis.

Here, we have investigated the role of miR-34a/Sirt1/p53 signalling
in fructose-induced hepatocyte EMT and liver fibrosis and in the pre-
vention by pterostilbene. Allopurinol was used as a positive control as
it exhibits hepatoprotective effect probably mediated by its antifibrotic
property with the ability to reduce TGF-B1 in animal models (Aldaba-
Muruato, Moreno, Shibayama, Tsutsumi, & Muriel, 2012; Aldaba-
Muruato, Moreno, Shibayama, Tsutsumi, & Muriel, 2013).

2 | METHODS

2.1 | Animals and treatments

All animal care and experimental procedures complied with the guide-
lines for the care and use of laboratory animals and were approved by
Nanjing University. Animal studies are reported in compliance with
the ARRIVE guidelines (Kilkenny, Browne, Cuthill, Emerson, & Altman,
2010) and with the recommendations made by the British Journal of
Pharmacology (McGrath & Lilley, 2015). Male Sprague-Dawley rats
(180-220 g, RRID:RGD_70508) were purchased from the Laboratory
Animal Center (Zhejiang Province, P. R. China) and the permission num-
ber is SCXK (zhe) 2014-0001. Rats were maintained at a specific path-
ogen free facility at 22-24°C with a relative humidity of 50-60% and a
12:12 hr light-dark cycle.

The normal control group received standard rat chow (18.2% pro-
tein, 62.6% carbohydrate and 4.8% fat) and tap water, while the
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fructose-fed group received the same standard rat chow and 10%
fructose solution for a total of 16 weeks, as described earlier (Li, Li,
Kong, & Hu, 2010). From the 7th week, fructose-fed rats were ran-
domly divided into five subgroups (10 rats per group): the vehicle
group (water), three pterostilbene groups (10, 20, or 40 mgkg™d),
and one allopurinol group (5 mg-kg™?). Pterostilbene (=98%) and allo-
purinol (=99%,) were suspended in water by ultrasound and adminis-
tered immediately via intragastric gavage (1 ml-per 100 g ). The doses
of pterostilbene and allopurinol were chosen from our previous study
(Wang et al., 2015). At the same time, drinking water with 10% (w/v)
fructose was continued for all of fructose-fed rats. Body weight was
recorded once a week throughout the experiment.

At the end of drug treatment, rats were placed in metabolism
cages for 24 hr to measure the ingestion of food and water
respectively. Glucose tolerance and insulin resistance in rats were
estimated by oral glucose tolerance test and insulin tolerance test
respectively (Li et al., 2010). Rats were anaesthetized using sodium
pentobarbital (50 mg-kg™?) after fasting for 12 hr to collect blood
from the retro-orbital venous plexus. Blood samples were
centrifuged (3000x g) at 4°C for 10 min to get the serum samples
frozen at -80°C for biochemical assays Parts of rat liver tissues for
histological analysis were fixed with 4% paraformaldehyde. Others
were cut into equal pieces and stored at -80°C until used for total

RNA or protein isolation and biochemical assays.

2.2 | Biochemical analysis

Triglycerides (TG) and total cholesterol (TC) contents in liver, as well as
aspartate transaminase (AST) and alanine aminotransferase (ALT)
levels in serum, were measured by commercially available biochemical
kits (Nanjing Jiancheng Bioengineering Institute, Jiangsu, China). Liver

levels of interleukin-1p (IL-1B); interleukin-6 (IL-6) and tumor necrosis
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factor-a (TNF-a) were determined by commercially available ELISA kits

(GeneTimes Technology, Shanghai, China).

2.3 | Cell culture, induction, and treatment

The normal rat hepatocyte cell line BRL-3A (P9-13, RRID:CVCL_0606)
was purchased from Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). Cells were cultured under standard culture condi-
tion (37°C, 5% CO,) in DMEM medium supplemented with 10% FBS
(Wisent, St-Bruno, QC, Canada). To evaluate the EMT in hepatocytes
under high fructose induction, BRL-3A cells were seeded into six-well
plates at 1 x 10° cells per well overnight. Based on the results of our
previous study (Zhao et al., 2017) and preliminary experiments, 5 mM
fructose was used to stimulate BRL-3A cells. All the cell experiments
were repeated 6 times, and there were 3 replicates (3 cell-wells) in
each experiment.

Scrambled control, miR-34a mimic, miR-34a inhibitor, and p53
siRNA were synthesized by GenePharma (Shanghai, China). The
sequences are listed in Table 1. Transfections of scrambled control,
miR-34a mimic, miR-34a inhibitor (50 nM), and p53 siRNA (50 nM)
in BRL-3A cells were performed using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA), according to the manufacturer's
instructions. The efficiency of the transfection was evaluated by
measuring miR-34a expression or p53 mRNA levels at 24 hr by
gRT-PCR.

To investigate the effects of pterostilbene and allopurinol on
fructose-induced EMT state in hepatocytes, BRL-3A cells were seeded
into six-well plates at 1 x 10° cells per well. At confluence, cells were
starved in serum-free medium for 24 hr and then incubated with dif-
ferent concentrations of pterostilbene or allopurinol in the presence
of 5 mM fructose. Pterostilbene or allopurinol was dissolved in the

culture medium containing 0.5% DMSO, which showed no effect on

TABLE 1 The sequences of siRNA, miRNA inhibitor, and primers used in gRT-PCR

Genes Sense primer (5’ — 3') Antisense primer (5" — 3’)

r/hmiR-34a ACACTCCAGCTGGGTGGCAGTGTCTTAGCT CTCAACTGGTCTCGTGGAGTC
GGCAATTCAGTTGAGACAACCAG

URP TGGTGTCGTGGAGTCG

U6 CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT

rp53 GGGAATGGGTTGGTAGTT AGAGTGGAGGAAATGGGT

rGADPH CCCCCAATGTATCCGTTGTG TAGCCCAGGATGCCCTTTAGT

hp53 GTTCCGAGAGCTGAATGAGG TCTGAGTCAGGCCCTTCTGT

hGADPH TGTGGGCATCAATGGATTTGG ACACCATGTATTCCGGGTCAAT

r/hmiR-34a inhibitor
Scrambled control inhibitor
rP53 siRNA

hP53 siRNA

Scrambled control siRNA

r/hmiR-34a mimics

ACAACCAGCUAAGACACUGCCA
CAGUACUUUUCUCUAGUACAA
GCUCCGACUAUACCACUAUTT
CUACUUCCUGAAAACAACGTdT
UUCUCCGAACGUGUCACGUTT
UGGCAGUGUCUUAGCUGGUUGU

AUAGUGGUAUAGUCGGAGCTT
CGUUGUUUUCAGGAAGUAGATAT
ACGUGACACGUUCGGAGAATT
AACCAGCUAAGACACUGCCAUU
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the tested genes and proteins of the cells in this study. These cells
were collected for gRT-PCR, western blotting, or immunofluorescent
staining analysis

24 | qRT-PCR analysis

Total RNA was extracted from BRL-3A cells and rat liver tissues, using
Trizol reagent (Gibco BRL); Samples (1 pg) of total RNA was reverse

(@ (b)

transcribed using the M-MLV-RT system (Promega), and carried out
at 42°C for 1 hr and terminated by the enzyme deactivation at 70°C
for 10 min. gRT-PCR was carried out using SYBR Green (Bio-Rad) in
ABI PRISM™ 7900HT detection systems (Applied Biosystems). All the
primers were provided by Invitrogen Corporation. Primer sequences
were listed in Table 1. The reverse transcription reaction products
were amplified by qRT-PCR with iTagTM Universal SYBR® Green
Supermix (Bio-Rad) and respective primers. The gRT-PCR cycling con-
ditions were 95°C for 5 min followed by 40 cycles of a two-step
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FIGURE 1 Effects of pterostilbene on body weight, food intake, liquid intake, and insulin resistance in fructose-fed rats. Rats were fed with 10%
fructose solution for a total of 16 weeks and treated with pterostilbene (10, 20, or 40 mg-kg'l) or allopurinol (5 mg-kg™1) from the 7th week. (a-c)
data of body weight, food intake, and liquid intake (n = 10 rats per group). (d, €) Serum glucose levels in oral glucose tolerance test (OGTT) and
insulin tolerance test (ITT) (n = 8 rats per group), with (f, g) the corresponding AUC values (n = 8 rats per group). Data shown are means + SEM.
#p < 0.05, significantly different from control group; *P < 0.05, significantly different from fructose vehicle group
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amplification programme (95°C for 15 s and 60°C for 20 s). Specificity
of the amplification was confirmed using a melting curve analysis.
Data were collected and recorded by CFX Manager Software (Bio-
Rad) and expressed as a function of threshold cycle (Ct). The samples
for gRT-PCR analysis were evaluated using a single predominant peak
as a quality control. Relative expressions of target genes were deter-
mined by the Ct (272" method. MiRNAs or mRNAs were normalized
to U6 or GAPDH respectively.

2.5 | Western blot analysis

The antibody-based procedures used in this study comply with
the recommendations made by the British Journal of Pharmacology.
BRL-3A cells and rat liver tissues were homogenized in 10 volumes
of hypotonic buffer (25 mM Tris-HCI, pH 8.0, 1 mM EDTA, 5 pg-ml
1 leupeptin, 1 mM Pefabloc SC, 50 pg-ml™* aprotinin, 5 pg:ml™* soy-
bean trypsin inhibitor, 4 mM benzamidine). The final supernatants
were obtained by centrifugation at 12,000x g for 20 min. Protein con-
centrations were determined by BCA protein assay kit (Thermo, USA)
with BSA as a standard. The total protein extract was used for western
blot analysis for the markers of liver fibrosis (collagen 1 and a-SMA)
and hepatocyte EMT (FSP1, vimentin, and E-cadherin), as well as
the key molecules of miR-34a/Sirt1/p53 and TGF-B1/Smads
signalling. Samples were standardized by total protein content
and subjected to 10% or 12% SDS-PAGE, followed by immunoblotting
using these primary polyclonal antibodies: rabbit anti-collagen 1

C))

Masson
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(1:10,000, Cat# ab34710, RRID:AB_731684), rabbit anti-a-SMA
(1:200, Cat# ab5694, RRID:AB_2223021), rabbit anti-FSP1 (1:1,000,
Cat# ab197896, RRID:AB_2728774), rabbit anti-vimentin (1:1,000,
Cat# ab45939, RRID:AB_2257290), as well as rabbit anti-p53
(1:1,000, Cat# ab131442, RRID:AB_11155283), and anti-acetylated
e_k; p53 K370) (1:1,000, Cat# ab183544)
purchased from Abcam (Cambridge, United Kingdom). Rabbit anti-
TGF-B1 (1:500, Cat# sc-146, RRID:AB_632485), goat anti-p-Smad2
(1:500, Cat# sc-6200, RRID:AB_656619), anti-Smad2 (1:500, Cat#
sc-101801, RRID:AB_2239649), rabbit anti-p-Smad3 (1:500, Cat#
5c-130218, RRID:AB_2193186), mouse anti-Smad3 (1:500, Cat# sc-
101154, RRID:AB_1129525), mouse anti-Smad4 (1:500, Cat# sc-
7966, RRID:AB_627905), and rabbit anti-GAPDH (1:2,000, Cat# sc-
25778, RRID:AB_10167668) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Rabbit anti-Sirtl (1:1,000, Cat#
9475, RRID:AB_2617130) and mouse anti-E-cadherin (1:1,000, Cat#
14472, RRID:AB_2728770) were purchased from Cell Signalling
Technology (Beverly, MA). Blots were incubated overnight at 4°C in

(acetyl were

primary antibody in 5% milk. The goat antirabbit secondary antibody
(1:5,000, Cat# sc-2004, RRID:AB_631746) and goat antimouse
secondary antibody (1:5,000, Cat# sc-2005, RRID:AB_631736) were
purchased from Santa Cruz.

Immunoreactive bands were visualized by ECL immunoblot detec-
tion system (Pierce Biotechnology, Inc., Rockford, IL, USA) and
exposed to Kodak X-rayfilm (Eastman Kodak Company, Louisville,
KY). Protein expression levels were defined as grey value (Version
1.4.2b, Mac OS X, ImagelJ, RRID:SCR_003070, National Institutes of

(b)

Histological score
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FIGURE 2 Effects of pterostilbene on fructose-induced liver injury in rats. Rats were fed with 10% fructose solution for 16 weeks, and treated
with pterostilbene (10, 20, or 40 mg-kg™?) or allopurinol (5 mg-kg™?) from the 7th week. (a) Representative H&E, Oil Red O, and Masson's trichrome
stained images at 200x magnification. (b) Histological score for hepatic injury using Masson's trichrome staining (n = 10 images from 6 liver
sections of three mice per group). (c, d) Serum levels of AST and ALT (n = 8 rats per group). Data shown are means + SEM. #P < 0.05, significantly
different from control group; *P < 0.05, significantly different from fructose vehicle group
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Health, Bethesda, Maryland, USA) and standardized to GAPDH and
expressed as a fold of the basal level in control group.

2.6 | Histopathological analysis and
immunofluorescent staining

Rat liver tissues were fixed with 4% paraformaldehyde, embedded in
paraffin, and sectioned (3 um) transversely. Liver sections were
stained with haematoxylin and eosin (H&E) reagent, Oil Red O solu-
tion, or Masson-trichrome reagent. Images (n=10) were randomly
selected from 6 liver sections of three rats per group to evaluate the
histological score for hepatic injury. The histological scores for hepatic
injury (oedema, necrosis of liver cells, and signs of fibrosis) were deter-
mined by two independent pathologists (blindly) according to a

(a)

modified score system, described previously (Chevallier, Guerret,
Chossegros, Gerard, & Grimaud, 1994).

BRL-3A cells, fixed with 4% paraformaldehyde, were incubated
with primary anti-FSP1 (1:50) and anti-E-cadherin (1:100) at 4°C
overnight. Liver sections (3 um), after removal of paraffin wax, were
incubated with primary antibodies anti-FSP1 (1:2,000, Cat#
ab197896, RRID:AB_2728774) anti-a-SMA  (1:100, Cat#
ab5694, RRID:AB_2223021) at 4°C overnight. After washing three
times with PBS, secondary antibodies, Alexa Fluor® 488 goat
antirabbit 1gG (1:500, Cat# A-11008, RRID:AB_143165) and Alexa
Fluor® 555 goat antimouse 1gG (1:500, Cat# A-21422, RRID:
AB_141822) were incubated for 60 min at room temperature. The

and

sections were stained with 5 pg:ml™* DAPI (Sigma-Aldrich) for
1 min. Images were captured on a Leica TCS SP5 confocal micro-
scope (Leica, Richmond Hill, ON, Canada) with Openlab image soft-

ware (Improvision, Lexington, MA, USA).
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FIGURE 3 Effects of pterostilbene on hepatocyte EMT in fructose-induced liver fibrosis. Rats were fed with 10% fructose solution for 16 weeks,
and treated with pterostilbene (10, 20, or 40 mg-kg™?) or allopurinol (5 mg-kg™?) from the 7th week. (a) Representative images of

immunofluorescence staining for a-SMA (red) and FSP1 (green) in liver section (scale bar 75 um). (b) Protein levels of E-cadherin, FSP1, collagen 1,
and a-SMA in liver tissue. Data shown are means + SEM from 6 independent experiments. Data for all bar graphs are expressed as fold change in
gene or protein band values matched control values. #P < 0.05, significantly different from control group and *P < 0.05, significantly different from

fructose vehicle group
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2.7 | Data and statistical analysis

The data and statistical analysis in this study comply with the recom-
mendations on experimental design and analysis in pharmacology
(Curtis et al, 2015). All data were normally distributed and are
presented as mean *+ SEM. Statistical analyses were performed with
GraphPad PRISM (version 6.0; Graph Pad Software, RRID:
SCR_002798). For multiple comparisons, ANOVA was used followed
by post hoc Dunnett's test (only in those tests where F achieved
the necessary level of statistical significance, P < 0.05). For single

comparisons, the unpaired Student's t test was used.

Materials

Pterostilbene was supplied by Bide Pharmatech Ltd. (Jiangsu, China),
allopurinol by Sigma-Aldrich (St. Louis, MO) and crystalline fructose
by Wanging Pharmatech Ltd (Jiangsu, China).

Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in http://www.guidetopharmacology.org, the
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common portal for data from the IUPHAR/BPS Guide to PHARMA-
COLOGY (Harding et al., 2018), and are permanently archived in the
Concise Guide to PHARMACOLOGY 2017/18 (Alexander et al.,
2017).

3 | RESULTS

3.1 | Pterostilbene alleviates metabolic disorder and
liver injury in fructose-fed rats

As previously noted (Li et al., 2010; Sodhi et al., 2015) high fructose
intake caused body weight gain and insulin resistance, but no signif-
icant changes in food intake and liquid intake of rats (Figure 1a-g).
Staining of liver sections with H&E, Oil Red O, and Masson's
trichrome showed that fructose induced hepatic histopathological
changes, microvesicular steatosis, and extracellular matrix (ECM)
accumulation in rats (Figure 2a). In addition, when the histological
scores for hepatic injury were evaluated in liver sections, signifi-
cantly higher scores was found in the fructose-fed group compared
with those from the control group (Figure 2b). Serum levels of AST
and ALT in fructose-fed rats were also significantly higher than
those in the control group (Figure 2c,d). The levels of TG, TC, IL-
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FIGURE 4 Effects of pterostilbene on hepatocyte EMT induced by fructose in BRL-3A cells. The cells were cultured without or with 5 mM
fructose for 72 hr. (a-e) Protein levels of collagen 1, a-SMA, FSP1, vimentin, and E-cadherin after 72 hr-treatment with different doses of
pterostilbene or allopurinol. (f) Representative images of immunofluorescence staining for E-cadherin (red) and FSP1 (green) after 72 hr-
treatment with 10 uM pterostilbene or 100 uM allopurinol (scale bar 50 um). Data shown are means + SEM from 6 independent experiments.
Data for all bar graphs are expressed as fold change in gene or protein band values matched control values #P < 0.05, significantly different
from control group and *P < 0.05, significantly different from fructose vehicle group
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1B, IL-6, and TNF-a in liver were significantly increased in fructose-
fed rats (Figure S3A-E). Pterostilbene and allopurinol showed no sig-
nificant effect on body weight but improved insulin resistance in this
animal model (Figure 1a-g). Moreover, they attenuated fructose-
induced hepatic histopathological change, microvesicular steatosis,
and ECM accumulation in rats (Figure 2a). After treatment with
pterostilbene and allopurinol, the histological scores and serum levels
of AST and ALT were significantly reduced in the liver of the
fructose-fed group (Figure 2b-d). Pterostilbene and allopurinol also
reduced TG, TC, IL-1B, IL-6, and TNF-a levels in the liver of
fructose-fed rats (Figure SSA-E).

C))

Sirt1 | -« -

GAPDH _.q 36 kDa

1.5
*
i_l
+ +

+ + -

0.5+

Sirt1/GAPDH
fold matched control values)

=~ 0.0

Fructose -

(5 mM)

Scrambled control
(50 nM)

miR-34a inhibitor
(50 nM) - - +

(c)
miR-34a SC SC Inhibitor

Fructose - + +

:“ 25kDa
-—..1 36 kDa

p-smad2 | SN S | 52k0a

e ——— et

p-Smad3 | e— N S 54 kDa

Smad3 [WEEG—G S— - 54kDa

Smad4 | w— S s— | (1 Da

GAPDH |-—-— —| 36 kDa

TGF-pA

GAPDH

- |120 kDa

3.2 | Pterostilbene prevents fructose-induced
hepatocyte EMT in liver fibrosis

Immunofluorescent staining of liver sections showed that the numbers
of cells staining positive for a-SMA and FSP1 were significantly
increased, but little colocalization of a-SMA and FSP1 was observed
in fructose-fed rats (Figure 3a). The results from western blot analysis
confirmed the increased protein levels of a-SMA and FSP1, as well as
collagen 1, but the protein levels of E-cadherin were lower in this ani-
mal model (Figure 3b). Pterostilbene and allopurinol significantly
reduced liver FSP1 and a-SMA expression in fructose-fed rats
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FIGURE 5 Effects of miR-34a inhibitor on miR-34a/Sirt1/p53 and TGF-B1/Smads signalling in fructose-exposed hepatocytes. BRL-3A cells were
transfected with scrambled control or miR-34a inhibitor and then cultured with or without 5 mM fructose for 12 hr. (a, b) Expression levels of Sirt1
and p53/ac-p53. (c) Protein levels of TGF-B1, p-Smad2/Smad2, p-Smad3/Smad3, and Smad4. Data shown are means + SEM from 6 independent
experiments. Data for all bar graphs are expressed as fold change in gene or protein band values matched control values #P < 0.05, significantly
different from scrambled control; *P < 0.05, significantly different from scrambled control with fructose induction
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(Figure 3a). In addition, they down-regulated FSP1, collagen 1, and a-
SMA protein levels and up-regulated E-cadherin protein levels in livers
of fructose-fed rats (Figure 3b).

Our preliminary experiments had shown that 5 mM fructose
caused hepatocyte EMT after 48 and 72 h exposure (Supplemental
Figure S-2a and b). Here, collagen 1 and a-SMA in BRL-3A cells were
significantly increased after 72hr incubation with 5mM fructose
(Figure 4a,b). Moreover, FSP-1 and vimentin protein levels were
increased by incubating with 5 mM fructose; but E-cadherin protein
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levels were decreased (Figure 4c-e). Pterostilbene suppressed colla-
gen 1 and a-SMA, decreased FSP-1 and vimentin protein levels, and
rescued E-cadherin in fructose-exposed BRL-3A cells (Figure 4a-e).
Allopurinol showed similar effects on the changes in collagen 1, a-
SMA, FSP-1, vimentin, and E-cadherin protein levels in this cell model
(Figure 4a-e). Immunofluorescent staining also confirmed that E-
cadherin was markedly decreased, whereas FSP-1 was significantly
increased in BRL-3A cells after 72 hr-fructose exposure (Figure 4f),
which were reversed by pterostilbene or allopurinol (Figure 4f).
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3.3 | Fructose induces hepatocyte EMT mediated by
the activation of miR-34a/Sirt1/p53 and
TGF-B1/Smads signalling

To investigate whether fructose induced hepatocyte EMT through the
miR-34a/Sirt1/p53 signalling pathway, we transfected miR-34a inhibi-
tor, miR-34a mimic, or p53 siRNA into BRL-3A cells. As our preliminary
study showed that miR-34a expression was increased after 12hr-
incubation with 5 mM fructose, along with decreased levels of Sirtl
and increased levels of ac-p53 (Figure S2c-e), our subsequent experi-
ments used the same conditions. The fructose induced miR-34a overex-

pression, decreased Sirtl and increased ac-p53 were attenuated
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following transfection with miR-34a inhibitor in BRL-3A cells (Figure 5
a,b). Fructose also activated TGF-B1/Smads signalling in BRL3A cells,
as shown by increasing protein levels of TGF-B1, p-Smad2, p-Smad3,
and Smad4. These changes were suppressed by transfection with
miR-34a inhibitor (Figure 5c). Transfection of BRL-3A cells with the
miR-34a mimic also down-regulated Sirt1, up-regulated p53 and ac-
p53, and activated TGF-B1/Smads signalling, but there were no added
effects following exposure to fructose (Figure 6a-e). Although p53
siRNA did not affect fructose-induced changes in miR-34a and Sirt1
expression, it effectively decreased protein levels of TGF-B1, p-Smad2,
p-Smad3, and Smad4, showing block of the TGF-B1/Smads signalling
pathway in fructose-exposed BRL-3A cells (Figure 7a-c).
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FIGURE 7 Effects of p53 siRNA on miR-34a/Sirt1/p53 and TGF-B1/Smads signalling in fructose-exposed hepatocytes. BRL-3A cells were
transfected with scrambled control or p53 siRNA and then cultured with or without 5 mM fructose for 12 hr. (a, b) Expression levels of miR-
34a and Sirt1. (c) Protein levels of TGF-B1, p-Smad2/Smad2, p-Smad3/Smad3, and Smad4. Data shown are means + SEM from 6 independent
experiments. Data for all bar graphs are expressed as fold change in gene or protein band values matched control values #P < 0.05, significantly
different from scrambled control group; *P < 0.05, significantly different from scrambled control with fructose induction
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Moreover, transfection with miR-34a inhibitor or p53 siRNA signif-
icantly prevented fructose-induced hepatocyte EMT by decreasing
FSP-1 and vimentin protein levels, reversing the loss of E-cadherin
protein (Figure 8a-f) and suppressing collagen 1 and a-SMA (Figure
S4A-D) in BRL-3A cells.

3.4 | Pterostilbene suppresses TGF-B1/Smads
signalling activation possibly via regulating the
miR-34a/Sirt1/p53 signalling pathway in
fructose-exposed hepatocytes

Preliminary experiments had shown that pterostilbene (10 uM) or
allopurinol (100 uM) significantly inhibited hepatocyte EMT induced
by fructose (Figure S4A and B). In further work, pterostilbene and
allopurinol, used at the same concentrations, down-regulated miR-
34a expression, up-regulated Sirtl, and decreased p53 and ac-p53
in fructose-exposed BRL-3A cells (Figure 9a-d). In livers of
fructose-fed rats, miR-34a expression, p53, and ac-p53 protein levels
were increased, whereas Sirtl protein levels were decreased,
changes reversed by pterostilbene or allopurinol (Figure 9e-h).
Pterostilbene and allopurinol also inhibited TGF-B1/Smads signalling

(a) (b)
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activation by down-regulating TGF-B1, p-Smad2, p-Smad3, and

Smad4 protein levels in fructose-exposed BRL3A cells and
fructose-fed rat livers (Figure 10a,b).

Of note, pterostilbene and allopurinol produced no further inhibi-
tory effects on TGF-B1, p-Smad2, p-Smad3, and Smad4 protein levels
in miR-34a inhibitor-transfected BRL3A cells, in which the activated
TGF-B1/Smads signalling pathway induced by fructose had been sup-

pressed (Figure S5A-G).

4 | DISCUSSION

In this study, our data on histopathological change, ECM accumula-
tion, and microvesicular steatosis confirmed that fructose induced
liver fibrosis in rats, consistent with other reports (Cydylo et al.,
2017; Lirio et al., 2016; McCommis et al., 2017). TGF-B1, a powerful
signalling mediator, primarily activates hepatic stellate cells, Kupffer,
and peri-sinusoidal cells, all of which have been implicated in the pro-
cess of hepatic fibrosis (Williams & Iredale, 2000; Zhou, Zhong, Wang,
Miao, & Xu, 2010). Of note, increasing evidence suggests that TGF-
signalling in hepatocytes also contributed to the progression of liver
fibrosis via inducing the EMT (Kaimori et al.,, 2007; Kojima et al.,
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fructose vehicle group



SONG ET AL.

1630 BRITISH
PHARMACOLOGICAL
SOCIETY

2008; Tian et al., 2016; Tu et al., 2014). Hepatocytes isolated from
rats with carbon tetrachloride-induced liver fibrosis show mesenchy-
mal markers (Nitta, Kim, Mohuczy, & Behrns, 2008). Furthermore,
TGF-B1-driven EMT is accompanied with the up-regulation of E-
cadherin transcription repressors in both primary murine hepatocytes
and cultured murine hepatocyte cells (Kaimori et al., 2007; Kim et al.,
2017; Kojima et al., 2008; Zeisberg et al., 2007). In this study, fructose
caused hepatocytes to undergo the EMT, and then to lose E-cadherin,
but gain FSP1 and vimentin. In parallel experiments, fructose activated
the TGF-B1/Smads signalling pathway in rat livers and hepatocytes.
Taken together, these data provide evidence that, in hepatocytes,
EMT as a critical factor may contribute to the progression of
fructose-induced liver fibrosis associated with TGF-B1 signalling acti-
vation. TGF-B1 expression is regulated by elevated expression of
MMPs, contributing to the EMT and promoting invasion and metasta-
sis of hepatocellular carcinoma cell lines (Qin et al., 2016). A fructose-
rich diet is reported to up-regulate MMP-9 expression in rat hearts
(Bundalo et al., 2015). Thus, fructose-increased TGF-B1 expression in
hepatocytes might interfere with MMPs by a yet unidentified mecha-
nism in liver fibrosis.

MiR-34a is transcriptionally regulated by p53 and modulates a
wide range of target proteins related to the cell cycle, apoptosis, dif-
ferentiation, and cellular development (Piegari et al., 2016; Shetty
et al., 2017). The activation of miR-34a/Sirt1/p53 signalling in hepa-

tocytes causes apoptosis and thus activates hepatic stellate cells,
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which are promoters of liver fibrosis (Tian et al., 2016). More inter-
esting, high fructose also causes Sirtl down-regulation in hepato-
cytes and mouse livers, with hepatic steatosis and fibrosis (Sodhi
et al, 2015). Here, our results showed that fructose also induced
miR-34a overexpression in hepatocytes, along with down-regulated
Sirtl, increased p53 and ac-p53, and activated TGF-B1/Smads
signalling, whereas these disturbances were suppressed by the
miR-34a inhibitor. The miR-34a mimic down-regulated Sirt1, up-
regulated total p53 and ac-p53, and activated TGF-B1/Smads
signalling, but there were no additive effects on fructose induction.
Interestingly, p53 siRNA could inhibit fructose-activated TGF-B1/
Smads signalling, preventing hepatocyte EMT. Collectively, these
results strongly support that activated miR-34a/Sirt1/p53 signalling
is required for fructose-induced hepatocyte EMT, mediated by acti-
vation of TGF-B1/Smads signalling.

A widely used Sirt1 activator, resveratrol, alleviated liver fibrosis in
animal models (Chavez et al., 2008; Hong et al., 2010). As noted pre-
viously (Lee et al., 2013), pterostilbene alleviated liver fibrosis by
reducing hepatic collagen 1 and a-SMA in fructose-fed rats. In vitro,
pterostilbene restored the reduction of Sirtl by suppressing overex-
pression of miR-34a and activation of p53, contributing to its atten-
uation of fructose-induced hepatocyte EMT. It also suppressed the
activation of miR-34a/Sirt1/p53 and TGF-B1/Smads signalling in
fructose-stimulated However,

hepatocytes and rat livers.

pterostilbene further suppressed FSP1 expression but showed no
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FIGURE 9 Effects of pterostilbene on miR-34a/Sirt1/p53 signalling in fructose-exposed hepatocytes and livers from fructose-fed rats. BRL-3A
cells were cultured with 5 mM fructose and treated with 10 uM pterostilbene or 100 uM allopurinol. (a-d) Expression levels of miR-34a, Sirt1, ac-
p53, and p53 in BRL-3A cells. Bar represents the mean + SEM (n = 5-6) from three independent experiments. Rats were fed with 10% fructose
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FIGURE 10 Effects of pterostilbene on TGF-$1/Smads singling in fructose-exposed hepatocytes and livers from fructose-fed rats. BRL-3A cells
were cultured with 5 mM fructose and treated with 10 uM pterostilbene or 100 uM allopurinol. (a) Protein levels of TGF-B1, p-Smad2/Smad2, p-
Smad3/Smad3, and Smad4 in BRL-3A cells. Data shown are means + SEM from 6 independent experiments. Data for all bar graphs are expressed
as fold change in gene or protein band values matched control values #P < 0.05, significantly different from control group and *P < 0.05,
significantly different from fructose vehicle group. Rats were fed with 10% fructose solution for 16 weeks and treated with pterostilbene (10, 20,
or 40 mg-kg™?) or allopurinol (5 mg-kg™?) from the 7th week. (b) Protein levels of TGF-B1, p-Smad2/Smad2, p-Smad3/Smad3, and Smad4 in rat
livers. Data shown are means + SEM from 5-6 rats per group. Data for all bar graphs are expressed as fold change in gene or protein band values
matched control values #P < 0.05, significantly different from control group and *P < 0.05, significantly different from fructose vehicle group

additive effect on miR-34a/Sirt1/p53 signalling in hepatocytes
transfected with miR-34a inhibitor, suggesting that the prevention
of hepatocyte EMT was only partly dependent on miR-34a/Sirt1/
p53 signalling. Although the precise mechanism is unclear, the sup-
pression of p53 and TGF-B1 by pterostilbene is most likely to con-
tribute to the inhibition of miR-34a, on challenge with fructose.
Allopurinol also showed beneficial effects on liver steatosis, inflam-
mation, and fibrosis in fructose-fed rats by inhibiting miR-34a/
Sirt1/p53 and TGF-B1/Smads signalling activation, providing more
evidence for a new clinical use of this drug.

In summary, we have found that activation of the miR-34a/Sirt1/

p53 signalling pathway was necessary for fructose-induced
hepatocyte EMT driven by TGF-B1/Smads signalling and
contributing to liver fibrosis in rats. Pterostilbene exhibited

EMT
and liver fibrosis, partly through suppressing miR-34a/Sirt1/p53 sig-

protective effects against fructose-induced hepatocyte
nalling. More importantly, pterostilboene may have greater potential

application in clinical use, because its oral bioavailability is
higher than that of resveratrol (Kapetanovic, Muzzio, Huang, Thomp-
son, & McCormick, 2011). Further studies are needed to confirm

these effects.
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