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Abstract

Background Pu-erh tea, made from the leaves of
Camellia sinensis, possesses activities beneficial for human
health, including anti-inflammatory, anti-oxidant, and anti-
obesity properties.

Objective We investigated the effects of a pu-erh tea
extract (PTE) on nonalcoholic steatohepatitis (NASH) and
the molecular mechanisms underlying such effects.

Xianbin Cai, Chongye Fang and Shuhei Hayashi have been
contributed equally to this work.

Electronic supplementary material The online version of this
article (doi:10.1007/s00535-015-1154-0) contains supplementary
material, which is available to authorized users.

D« Shuhei Nishiguchi
nishiguc @hyo-med.ac.jp

P< Jun Sheng
shengjunpuer @yahoo.com.cn

Division of Hepatobiliary and Pancreatic Diseases, Hyogo
College of Medicine, 1-1 Mukogawa-cho, Nishinomiya,
Hyogo 663-8501, Japan

Department of Pu-erh Tea and Medical Science, Hyogo
College of Medicine, 1-1 Mukogawa-cho, Nishinomiya,
Hyogo 663-8501, Japan

Key Laboratory of Pu-erh Tea Science, The Ministry of
Education, Yunnan Agricultural University,
Kunming 650201, People’s Republic of China

Department of Microbiology, Hyogo College of Medicine,
1-1 Mukogawa-cho, Nishinomiya, Hyogo 663-8501, Japan

Yunnan University, Kunming 650091, People’s Republic of
China

8 Center for iPS Cell Research and Application (CiRA), Kyoto
University, Sakyo-ku, Kyoto 606-8502, Japan

Published online: 21 January 2016

3

Methods Eight-week-old male C57BL/6] mice were fed
a normal chow diet or high-fat diet (HFD) for 17 weeks,
during which PTE was simultaneously administered in
drinking water. Body weight, hepatic inflammation,
steatosis, insulin sensitivity, expression of lipogenesis-
and gluconeogenesis-associated genes, and signal trans-
ducer and activator of transcription (STAT)-3 phospho-
rylation were examined. The anti-steatotic effects of PTE
and/or interleukin (IL)-6 were evaluated in HepG2 cells.
The lipid accumulation, STAT3 phosphorylation, and

expression of lipid metabolism-related genes were
analyzed.
Results PTE inhibited HFD-induced obesity and sig-

nificantly attenuated HFD-induced hepatic steatosis and
liver inflammation, and prevented against liver injury.
PTE treatment improved glucose tolerance and insulin
sensitivity in HFD-fed mice. Moreover, PTE treatment
maintained the intact insulin signal and significantly
decreased expression of gluconeogenesis-related genes in
the livers of HFD-fed mice. PTE treatment strikingly
enhanced STAT3 phosphorylation in the livers of HFD-
fed mice. Consistent with this increase in STAT3 phos-
phorylation, pre-treatment of HepG2 cells with PTE
enhanced IL-6-induced STAT3 phosphorylation and
attenuated oleic acid-induced steatosis in a STAT3-de-
pendent manner. In contrast, PTE inhibited IL-6-induced
STAT3 phosphorylation in macrophages.

Conclusions PTE ameliorates hepatic lipid metabolism,
inflammation, and insulin resistance in mice with HFD-
induced NASH, presumably by modulating hepatic IL-6/
STAT3 signaling.
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Abbreviations

PTE Pu-erh tea extract

NAFLD  Nonalcoholic fatty liver disease
NASH Nonalcoholic steatohepatitis
ND Normal chow diet

HFD High-fat diet

STAT3 Signal transducer and activator of transcription
3

p-STAT3 Phosphorylated STAT3

Introduction

Nonalcoholic fatty liver disease (NAFLD), characterized by
ectopic accumulation of triglycerides in the liver, is one of
the most prevalent diseases of the liver. Patients with
NAFLD often progress to the severe disease designated as
nonalcoholic steatohepatitis (NASH), which is defined by
additional liver injury and inflammation. A subset of patients
with NASH develops cirrhosis and hepatocellular carcinoma
[1-3]. NAFLD/NASH is closely associated with obesity and
insulin resistance [1, 3, 4]. The prevalence of NAFLD/
NASH-related liver disease is rising worldwide, including
Asia [5, 6]. However, the mechanisms underlying the pro-
gression of NASH remain largely unclear. Moreover, there
are no validated treatments for NASH other than managing
obesity and associated metabolic abnormalities through
lifestyle modification [7].

The “two-hits” model of NASH pathogenesis was pro-
posed by Day et al. [8]. According to the “two-hit”
hypothesis, insulin resistance and ectopic intracellular lipid
accumulation in hepatocytes initiate NAFLD, while subse-
quent inflammation and lipid oxidation lead to liver injury.
Cytokines and chemokines are involved in the activation of
Kupffer cells and tissue macrophages in the liver, as well as
in the recruitment of other inflammatory cells, promoting
hepatic  inflammation.  Pro-inflammatory  cytokines/
chemokines, such as tumor necrosis factor-o (TNF-a),
interleukin (IL-6), monocyte chemotactic protein-1 (MCP-
1), and IL-1B, play a critical role in the progression of
NAFLD to more advanced stages of liver damage [9]. Insulin
resistance and glucose metabolism disorder are found in
most NAFLD/NASH patients [1, 3, 4]. Ad libitum access to a
high-fat diet (HFD) in mice causes obesity, insulin resis-
tance, hepatic steatosis, hypercholesterolemia, and dyslipi-
demia [10]. It is important to develop an ideal treatment for
NAFLD/NASH that can attenuate hepatic steatosis and
inflammation while improving insulin resistance.

Pu-erh tea, a fermented dark tea made from the leaves of
Camellia sinensis, is known for its multiple biological
effects, which include hypolipidemic, hypocholesterolemic,
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antiobesity, antidiabetic, antioxidant, and antibacterial
actions [11, 12]. Accumulating lines of evidence demon-
strate that pu-erh tea extract (PTE) improves insulin resis-
tance and ameliorates NAFLD in mouse models of obesity
and diabetes, including ob/ob and db/db mice, which are
leptin- and leptin receptor-deficient, respectively [13, 14].
However, the mechanism underlying prevention of NAFLD
by PTE remains to be elucidated. The signal transducer and
activator of transcription 3 (STAT3) is regarded as a potent
endogenous regulator of NASH [15]. Thus, we hypothesized
that PTE might rescue mice from NASH by enhancing IL-6/
STAT3 signaling. The present study was designed to
investigate this possibility using a NASH model induced by
high-fat diet in normal wild-type mice.

Materials and methods
Reagents and antibodies

PTE was generously supplied by the China Academy of Pu-
erh Tea Research [16]. PTE was prepared in distilled water,
and the pH was adjusted to 7.4. Recombinant human inter-
leukin (IL)-6 was purchased from PeproTech (Rocky Hill, NJ,
USA) and dissolved in 1 % bovine serum albumin (BSA) in
phosphate-buffered saline (PBS). The STAT3 inhibitor stattic
[17] was purchased from EMD Millipore (Darmstadt, Ger-
many). Oleic acid-albumin (OA) and palmitate (PA) were
purchased from Sigma (Darmstadt, Germany). Anti-STAT3,
anti-phosphorylated (p-STAT3), anti-AMPK (5" AMP-acti-
vated protein kinase), anti-phosphorylation of AMPK (anti-p-
AMPK), anti-AKT (protein kinase B), anti-phosphorylation
of AKT (anti-p-AKT), anti-JNK (c-Jun N-terminal kinase),
anti-phosphorylation of JNK (anti-p-JNK), and anti-STATS
antibody were purchased from Cell Signaling Technology
(Beverley, MA, USA). Anti-CD36 antibody was purchased
from Abcam (Cambridge, UK). Anti-sterol regulatory ele-
ment-binding protein-1c (SREBP-1c¢), anti-B-actin, and
horseradish peroxidase-conjugated secondary antibodies
were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA), Sigma-Aldrich (St. Louis, MO, USA), and
Thermo Scientific (Waltham, MA, USA), respectively.

Animals and treatments

Eight-week-old male C57BL/6J mice were purchased from
CLEA Japan, Inc. (Tokyo, Japan). Mice had ad libitum
access to water and food and were kept under a 12-h light—
dark cycle for 1 week to adapt to the housing environment.
Twenty mice were randomly divided into four groups and
fed either a normal chow diet (ND) or a high-fat diet (HFD,
HFD-60; Oriental Yeast Co. Ltd., Tokyo, Japan) with or
without PTE in drinking water (5 mg/mL) for 17 weeks.
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The PTE was replaced 1-2 times per week to maintain
freshness. Food intake and body weight were monitored
weekly throughout the experiments. Mice were bred in
specific pathogen-free facilities at the Hyogo College of
Medicine. All experimental procedures were performed in
accordance with the guidelines of the Hyogo College of
Medicine Committee for Care and Use of Laboratory
Animals and were approved by the Animal Experiments
Ethics Committee of the Hyogo College of Medicine. At
the end of the experiment, mice were euthanized by
isoflurane inhalation. The plasma and liver were collected
and stored at —80 °C.

Intraperitoneal glucose tolerance tests (IPGTTs)
and intraperitoneal insulin tolerance tests (IPITTs)

Mice were injected intraperitoneally with glucose (1 g/kg
body weight, after a 16-h fast) or insulin (Novolin R, Novo
Nordisk, Bagsverd, Denmark; 0.5-1 U/kg body weight, no
fasting) for IPGTTs and IPITTs, respectively. Blood was
sampled prior to the injection and at 0, 30, 60, 90, and
120 min post-injection. Blood glucose concentrations were
measured using the OneTouch UltraSmart blood glucose
monitoring system (LifeScan Inc., Milpitas, CA, USA).

Cell culture and treatment

HepG2 human hepatocellular carcinoma cells (ATCC,
Manassas, VA, USA) were passaged using Dulbecco’s
modified Eagle’s medium (DMEM) containing 10 % fetal
bovine serum. RAW264.7 murine macrophage (ATCC)
and U937 human myeloid cells (ATCC) were grown in
RPMI-1640 medium supplemented with 10 % fetal bovine
serum. The assay for oleic acid (OA) induction of intra-
cellular lipid accumulation was performed according to
[18]. Briefly, 2 x 10* cells were seeded into 24-well pla-
tes 24 h prior to treatments at approximately 60 % con-
fluence. HepG2 cells were cultured for 24 h in the presence
of PTE, and the cells were treated with or without stattic
(5 uM) for 1 h, followed by IL-6 and/or OA for 24 h. Cells
incubated with 0.1 % BSA alone were used as controls.

RAW264.7 and U937 cells were incubated with PTE
(200 pg/mL) or stattic (5 pM) for 1 h, IL-6 (2 ng/mL) was
added, and the cells were subjected to an additional 15-min
incubation. The cells were collected and stored at —80 °C
until the western blotting analysis.

Biochemical analysis of plasma samples

Plasma aspartate aminotransferase (AST), alanine amino-
transferase (ALT), fasting blood sugar (FBS), free fatty
acid (FFA), and total cholesterol (CHO) levels were mea-
sured (SRL, Osaka, Japan).

Evaluation of intracellular lipid accumulation
and fecal lipid content

Lipid accumulation in HepG2 cells was evaluated by Oil
Red O (ORO) staining and measurement of triglyceride
(TG) content. Briefly, samples were fixed with 4 %
paraformaldehyde and stained with ORO for 10 min, fol-
lowed by counterstaining with hematoxylin for 2 min.
Stained samples were examined by light microscopy. The
concentrations of cellular TG and were determined using
an EnzyChrom™ TG assay kit and normalized to the total
protein concentration according to the protocol provided by
the manufacturer (Bioassay Systems, Hayward, CA, USA)
[19]. Fecal lipids were extracted using the method of Folch
et al. [20] with some modifications. Briefly, for the analysis
of fecal lipids, feces were collected from mice housed
individually in metabolic cages for a 24-h period. Aliquots
of feces (100 mg) were cleaned, dried for 1 h at 70 °C,
disrupted with 0.5 mL of chloroform—methanol (2:1) using
a Micro Smash MS-100 (Tomy Seiko Co., Tokyo, Japan),
and centrifuged until a three-phase separation was
observed. The middle chloroform phase was removed and
transferred to a new tube, after which the fecal lipid
extracts were assayed with the enzyme assay kits Wako
TG-E (Wako, Osaka, Japan).

Histological and immunohistological analyses

For mouse liver histological studies, livers were perfused
through a portal vein with PBS and liver specimens were
rapidly sampled, fixed in 10 % neutral buffered formalin
phosphate (Fisher Scientific), and embedded in paraffin.
Tissue sections were prepared and stained with hema-
toxylin and eosin (HE). For ORO straining, liver tissues
were fresh-frozen in liquid nitrogen with OCT compound
(Sakura Finetek Inc., Torrance, CA, USA) and stored at
—80 °C. HE-stained sections were scored in terms of the
NAFLD activity [21]. Hepatic steatosis was quantified via
image analysis by dividing ORO-positive area by the total
cellular area in each image using ImageJ software (Na-
tional Institutes of Health, Bethesda, MD, USA) [22]. For
immunostaining of p-STATS3, liver tissue sections were
incubated overnight with anti-p-STAT3 (pTyr705) anti-
bodies (1:5000), followed by treatment with the rabbit
Vectastatin Elite ABC kit (Vector Laboratories, Burlin-
game, CA, USA). Antigen—antibody complexes were
visualized using a DAB Substrate Kit (Vector Laborato-
ries) [23, 24].

Western blot analysis

Western blot analysis was performed as described else-
where [16]. Cultured cells were lysed in RIPA buffer
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(Thermo Scientific, Waltham, MA, USA). Murine liver
specimens were added to T-PER (Pierce, Rockford, IL,
USA), and then homogenized using a Micro Smash MS-
100. The proteins were separated by SDS-PAGE and
transferred to Immun-Blot PVDF membranes (Bio-Rad,
Hercules, CA, USA). The membranes were washed,
blocked, and incubated with the primary antibody and then
with an appropriate horseradish peroxidase-conjugated
secondary antibody. The signal was detected with
SuperSignal Dura Substrate (Pierce, Rockford, IL, USA).
The images were scanned and the relative density of
immunoreactive bands was determined using the Quantity
One software.

Quantitative reverse transcription PCR (qRT-PCR)

Total RNA was extracted using the RNeasy Mini Kit
(Qiagen, Hilden, Germany). cDNA was synthesized using
the PrimeScript RT Reagent Kit (TaKaRa Bio, Otsu,
Japan). qRT-PCR was performed with Tagman Universal
PCR Master Mix (Applied Biosystems, Foster City, CA,
USA) to measure PPARo and with SYBR Premix Ex Taq II
(TaKaRa Bio, Otsu, Japan) to quantify mRNA expression
levels of the other molecules (summarized in Supplemen-
tary Table 1) in a Thermal Cycler Dice® Real Time System
TP800 (TaKaRa Bio, Otsu, Japan). All the primer/probe
sets were purchased from Applied Biosystems (Foster City,
CA, USA). Relative expression of target gene mRNA was
normalized to the amount of /8s rRNA.

Statistical analysis

All data are expressed as the mean & SD of the results for
the samples in each experimental group or triplicate sam-
ples. Each experimental group consisted of five mice.
Differences between groups were evaluated statistically
using Student’s ¢ test. P values of less than 0.05 were
considered significant. Each experiment was repeated
separately at least three times with similar results. Repre-
sentative data are shown.

Results

PTE reduced HFD-induced weight gain,
hyperlipidemia, and steatohepatitis in mice

Mice fed HFD without PTE exhibited rapid body weight
gain during the first 2 weeks of the feeding period in
comparison with the ND-fed mice (P < 0.05) (Fig. la).
However, HFD-fed mice treated with PTE did not show a
significant difference in body weight in comparison with
the ND-fed mice until 12 weeks into the study (Fig. 1a).
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We analyzed the effect of PTE on daily food intake and
total fecal TG content, which was calculated by multiply-
ing daily fecal mass by the TG concentration. No differ-
ences were observed between the control and PTE-treated
mice in total fecal TG content (Fig. 1b, c¢). In HFD-fed
mice with PTE, plasma fasting blood glucose (FBS), FFA,
and CHO levels were significantly decreased in comparison
with mice fed the HFD without PTE (P < 0.05; Fig. 1d-f).
Hepatic steatosis is associated with decreased liver func-
tion, while elevated plasma activity of ALT and/or AST is
a marker of hepatocellular damage. We detected lower
levels of ALT and AST in the plasma of mice given HFD
with PTE than in that of mice fed HFD without PTE
(Fig. 1g, h).

Treatment with PTE significantly improved markers of
HFD-induced metabolic disorders. We found increased
liver weight in the mice fed HFD without PTE, but not in
mice fed HFD with PTE, which suggested that HFD
induced hepatic lipid accumulation that was prevented by
PTE, indicating a protective effect against hepatic steatosis
(Fig. 1i). To investigate whether PTE protected against
NAFLD, we performed histological analyses. In ND-fed
mice, HE and ORO staining revealed normal hepatic
architecture within the clear hepatic lobules without any
lipid droplets. In contrast, the livers of HFD-fed mice
possessed many large and small lipid droplets and
inflammatory cell infiltration (Fig. 1j-1). Notably, treat-
ment with PTE significantly improved markers of HFD-
induced metabolic disorders (Fig. 1i-1). These results
strongly indicated that PTE protected against HFD-induced
systemic and liver alterations without affecting food intake
and fecal lipid excretion.

PTE enhanced IL-6/STAT3 signaling in cultured
hepatocytes and the mouse liver

Several articles reported that IL-6/STAT3 activation
attenuated lipid accumulation in hepatocytes [15, 25, 26].
To investigate whether PTE affected STAT3 activation, we
examined STAT3 phosphorylation levels by western blot-
ting and immunohistological analyses in vivo. Surprisingly,
PTE treatment increased the number of hepatocytes with
nuclear STAT3 phosphorylation in HFD-fed and ND-fed
mice (Fig. 2a, b). Because of frequent translocation of gut
microbiota-derived LPS, liver immune cells (e.g., Kupffer
cells) are believed to produce IL-6 under normal conditions
[27, 28]. Therefore, we investigated whether PTE aug-
mented IL-6-induced STAT3 phosphorylation in hepato-
cytes in vitro. In HepG2 cells, PTE enhanced STAT3
phosphorylation induced by IL-6 in a dose- and time-de-
pendent manner (Fig. 2c, d). These results suggested that
PTE enhanced IL-6/STATS3 signaling in the hepatocytes of
HFD-fed mice.
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Fig. 1 PTE ameliorates HFD-induced obesity, hyperlipemia, and
steatohepatitis without affecting food intake or fecal lipid excretion.
C57BL/6 mice were fed ND or HFD with PTE for 17 weeks. Blood
samples and liver specimens were collected promptly after the
animals were euthanized. a Body weight was measured weekly. The
ratio of the measured body weight to the body weight at day 0 was
calculated. Food intake (b) and total fecal TG (c) were expressed as
the mass of the food consumed by each mouse and the TG levels in its
feces, respectively, on each day of the experiment. Plasma levels of
d fasting blood sugar (FBS), e free fatty acid (FFA), f cholesterol

IL-6/STATS3 signaling was involved in reduction
of lipid accumulation and modulation of lipogenesis-
related molecule expression in the liver by PTE

PTE markedly attenuated hepatic steatosis and activated
IL-6/STAT3 signaling. Therefore, we further explored the
relationship between hepatic steatosis and IL-6/STAT3
signaling using an OA-induced HepG2 cell steatosis
model. PTE and IL-6 each reduced OA-induced cellular
lipid accumulation (Fig. 3a). Interestingly, the combination
of PTE and IL-6 appeared to inhibit lipid droplet formation
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(CHO), g alanine aminotransferase (ALT), and h aspartate amino-
transferase (AST) were measured. i The liver was collected and
weighed. j Representative morphology (fop panels), ORO staining
(middle panels), and HE staining (bottom panels) of liver samples
from mice in the groups with different feeding conditions are shown.
The original magnification was x200. The ORO-positive area (k) and
NAFLD activity score of each mouse group (l) were calculated. The
displayed values are mean = SD (n = 5). *P < 0.05, **P < 0.01,
#kP < 0,001 for HFD 4 H,0 versus HFD + PTE; *P < 0.05,
#p < 0.01 for HFD + PTE versus ND + H,O

more effectively than PTE or IL-6 alone (Fig. 3a). To
substantiate this result further, we measured intracellular
TG and found significant inhibitory effects similar to those
detected by ORO staining (Fig. 3a). To evaluate the
molecular mechanism underlying these effects, we ana-
lyzed the expression levels of lipogenesis-related genes.
PTE and IL-6 alone suppressed SREBP-1c protein
expression in HepG2 cells. Moreover, the inhibitory effect
of the combination of PTE and IL-6 on SREBP-1c protein
expression was more significant than the effects of either
treatment alone (Fig. 3b). PTE also enhanced PPARu
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Fig. 2 PTE enhances hepatocytic STAT3 signaling in vivo and
in vitro. a Representative immunohistochemistry for p-STAT3 in the
liver samples from ND-fed or HFD-fed mice with or without PTE
using anti-phospho-STAT3 (Tyr705) antibodies is shown. The arrows
indicate the hepatocytes with p-STAT3 nuclear staining. The original
magnification was x200. b Western blotting of liver lysates from ND-
fed and HFD-fed mice with or without PTE was performed using anti-
p-STAT3 (Tyr705) and anti-STAT3 antibodies. The p-STAT3 level
and p-STAT3/STAT3 ratio was quantified and statistical analysis was

mRNA expression in HepG2 cells, while IL-6 did not
(Fig. 3c). In vivo experiments revealed that PTE treatment
diminished the protein levels of SREBP-1c, and down-
regulated the mRNA expression levels of Fas, Acc, Scdl,
and Elovi6 in the livers of HFD-fed mice (Fig. 3d, e).
Because PTE reduced hepatic steatosis in parallel with
enhancing of STAT3 phosphorylation, we assumed that
endogenous IL-6 could prevent hepatocellular TG accu-
mulation via STAT3 signaling and that exogenous PTE
augmented this effect by enhancing STAT3 signaling. To
test this possibility, we blocked STAT3 signaling with the
STAT3 phosphorylation inhibitor stattic prior to treatment
with IL-6 and PTE in HepG2 cells with OA-induced
steatosis. Blockade of STAT3 signaling by stattic abol-
ished the decreases in lipid accumulation, TG content,
and SREBP-1c level produced by PTE and/or IL-6
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(Fig. 3f, g). Since non-phosphorylated STATS5 has been
reported to control steatosis via induction of CD36
expression as well [29], we investigated whether PTE
and/or IL-6 treatment induced STATS and CD36
expressions in HepG2 cells. We found that PTE and/or
IL-6 did not significantly upregulate both proteins (Sup-
plementary Fig. 1). Furthermore, recent reports suggested
that Akt, JNK, and AMPK activities are involved in the
anti-steatosis effect of PTE [30, 31]. However, the PTE
we used and/or IL-6 did not affect the levels of p-Akt,
p-INK, or p-AMPK in HepG2 cells (Supplementary
Fig. 2). Collectively, these results demonstrate the
importance of IL-6/STAT3 signaling for the regulation of
lipid accumulation in HepG2 cells by PTE and suggest
that the same mechanism could be involved in the ben-
eficial effects of PTE in the livers of HFD-fed mice.
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Fig. 3 PTE prevents hepatocytic lipid accumulation. a HepG2 cells
were incubated with 200 pg/mL PTE for 24 h, followed by OA
(4 uM) for 24 h in the presence or absence of IL-6 (8 ng/mL). ORO
staining was performed. Intracellular TG levels were quantified. The
original magnification was x200. b HepG2 cells were cultured for
24 h in the presence of PTE, with or without IL-6 for 8 h. Western
blotting of HepG2 cell lysates was performed using anti-SREBP-1c
antibodies. The results were quantified and statistical analysis was
performed. ¢ Relative PPARa mRNA expression in HepG2 cells was
analyzed by gqRT-PCR and normalized to /85 rRNA. d Western
blotting of liver homogenates was performed using anti-SREBP-1c
antibodies. The western blot results were quantified and statistical
analysis was performed. e Liver lysates and total RNA were prepared

PTE improved hepatic inflammation and insulin
resistance in HFD-fed mice

To address whether PTE influences pro-inflammatory gene
expression, we assessed expression of Tnfo, Mcpl, 1110,
and 116 in the livers of mice fed the HFD or ND with or
without PTE. PTE decreased Tnfx, Mcpl, and I1lif

from ND-fed or HFD-fed mice with or without PTE. Relative mRNA
expression of lipogenesis-related genes Fas, Acc, Scdl, and Elovi6 in
the liver was measured by qRT-PCR and normalized to /8s rRNA.
f HepG2 cells were cultured for 24 h in the presence of PTE, treated
with or without stattic (5 pM) for 1 h followed by IL-6 for 15 min or
8 h, and STAT3 phosphorylation, total STAT3, SREBP-Ic, and -
actin were detected by western blotting. g HepG2 cells were cultured
for 24 h in the presence of PTE and treated with or without stattic
(5 uM) for 1 h, followed by IL-6 and OA treatment for 24 h, after
which lipid droplets in the cells were assayed using ORO staining and
intracellular TG was measured. The original magnification was x200.
All data are presented as the mean £ SD. *P < 0.05, **P < 0.01,
P < 0.001

expression in the livers of HFD-fed mice, whereas it failed
to alter IL-6 expression in the livers of HFD-fed or ND-fed
mice (Fig. 4a). PTE inhibited STAT3 phosphorylation
induced by IL-6 in RAW264.7 macrophages and U937
cells (Fig. 4b), suggesting that PTE treatment conserved
almost intact ALT/AST levels in the liver of HFD-fed mice
by inhibiting inflammatory responses (Fig. 1g, h).
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However, it cannot be ruled out that PTE directly protected
against lipotoxicity. To address this possibility we incu-
bated HepG2 cells with the lipotoxic free fatty acid,
palmitate PA [32] and examined whether PTE inhibited
PA-induced cell death. We found that PTE did not prevent
the lipotoxicity of PA (Supplementary Fig. 3). Collec-
tively, these results suggested that the protective effects of
PTE on inflammatory liver responses might at least partly
participate in the protection against liver damage in HFD-
fed mice.

Insulin resistance is a hallmark of NAFLD. To assess
key parameters of glucose homeostasis in HFD-fed
mice, we performed IPITTs and IPGTTs. PTE signifi-

sensitivity in HFD-fed mice, but not in ND-fed mice
(Fig. 4c, d). In addition, we examined molecules that
regulate insulin signaling and gluconeogenesis-associ-
ated genes in the liver. Consistently, HFD-fed mice
showed reduced mRNA levels of Irs2, a cytoplasmic
signaling molecule required for insulin signaling, as
well as increased mRNA levels of Foxol, Pckl, and
Go6pase, in the liver (Fig. 4e). In contrast, PTE treat-
ment clearly enhanced Irs2 expression and significantly
reduced expression of gluconeogenesis-associated genes
(Fig. 4e). These results suggested that PTE prevented
HFD-induced metabolic disorders through inhibition of
hepatic inflammatory responses and maintenance of
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Fig. 4 PTE suppresses hepatic induction of pro-inflammatory cytoki-
nes and improves insulin resistance in HFD-fed mice. a Relative
mRNA expression of pro-inflammatory cytokine genes such as Tnfu,
Mcpl, 111, and 1I6 in the liver was measured by qRT-PCR. The
amount of each mRNA transcript was normalized to the level of /8S
rRNA. b RAW264.7 cells and U937 cells were treated with PTE for
1 h, followed by IL-6 (2 ng/mL) for 15 min, and STAT3 phospho-
rylation, total STAT3 expression, and B-actin expression were
detected by western blotting. The p-STAT3/STAT3 ratio was
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quantified and statistical analysis was performed. IPGTTs (¢) and
IPITTs (d) were performed on ND- and HFD-fed mice at week 17 and
the area under the curve was calculated. e Relative mRNA expression
of gluconeogenesis-associated genes such as Irs2, Foxol, Pckl, and
Go6pase in the liver was measured by qRT-PCR. The amount of each
mRNA transcript was normalized to the level of /85 rRNA. All data
are the mean =+ SD for five mice/group. *P < 0.05, **P < 0.01,
*#xP < 0.001
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Discussion

Pu-erh tea, a fermented dark tea originating in China, is
widely consumed in southeastern Asia owing to its unique
flavor and potential health benefits. In the present study, we
showed that PTE enhanced IL-6/STAT?3 signaling in hep-
atocytes, downregulated expression of lipogenesis- and
gluconeogenesis-associated genes in the liver, and pro-
tected against hepatic steatosis in HFD-fed mice. In hep-
atocytes, PTE potently upregulated PPARx, a master
regulator of lipid B-oxidation [33]. We also showed that
PTE improved insulin resistance and downregulated
expression of pro-inflammatory cytokines in the liver. The
effects of PTE on gene expression might be responsible for
its inhibitory effect on the development of NASH in HFD-
fed mice.

Our results indicate that PTE enhances hepatocytic IL-6/
STAT3 signaling in vivo and in vitro, suggesting that the
activation of hepatocytic STAT3 has a role in the preven-
tion of HFD-induced steatohepatitis and improvement of
insulin resistance by PTE. STAT3 is a transcription factor
that mediates the expression of a variety of genes upon
stimulation with diverse stimuli; thus, STAT3 plays a key
role in many cellular processes such as inflammation and
cell growth. IL-6 can activate STAT3 through binding to
the IL-6 receptor and gpl30, a transmembrane protein
important for signal transduction. Because IL-6 is assumed
to act as a pro-inflammatory cytokine, our results may
seem unexpected. In fact, it has been proposed that IL-6
contributes to the progression of many inflammatory dis-
eases such as rheumatoid arthritis and Crohn’s disease [34,
35]. However, the role of IL-6 signaling in NASH remains
highly controversial. Hepatic and circulating levels of IL-6
are elevated in patients with NASH [36, 37]. Nonetheless,
it has been clearly verified that IL-6 and its signaling in
hepatocytes contribute to the amelioration of hepatic
steatosis in HFD-fed mice. Hepatocyte-specific gp130-de-
ficient mice are predisposed to hepatic steatosis, while IL-6
treatment and hepatic introduction of a constitutively active
form of STAT3 prevent leptin- and leptin receptor-defi-
cient obese mice from developing hepatic steatosis [15, 25,
26]. Mice fed ad libitum with HFD are characterized by
increased lipogenesis and decreased fatty acid oxidation in
the liver, resulting in gradual accumulation of lipid droplets
in the hepatocytes [38]. The anti-steatogenic effect of
STAT3 in hepatocytes is mediated, at least in part, via
inhibition of SREPB-Ic, a master regulator that controls
lipid biosynthesis, and subsequent suppression of hepatic
lipogenesis [25, 39]. In fact, it has been demonstrated that
STAT3 mediates inhibition of SREBP-1c promoter activity
[40]. It is intriguing that treatment with PTE downregulated
induction of SREBP-lc and its downstream lipogenic

enzymes Fas, Acc, Scdl, and Elovl6, concomitant with
elevation of STAT3 phosphorylation, in the livers of HFD-
fed mice. These results imply that PTE treatment protects
against HFD-induced NASH at least partially via
enhancement of STAT3 signaling together with endoge-
nous IL-6/STAT3 signaling in liver parenchymal cells.

There is general agreement that mild portal endotoxemia
can be detected in healthy subjects because of translocation
of gut-derived bacterial lipopolysaccharide (LPS), also
known as endotoxin [41, 42]. When exposed to LPS, the
liver produces low levels of IL-6 [27, 28]. Therefore, we
treated HepG2 cells with PTE in the presence of IL-6. In
HepG2 cells, PTE enhanced IL-6/STAT3 signaling,
decreased SREBP-1c protein expression, and inhibited
lipid droplet accumulation. Furthermore, the STAT3
phosphorylation inhibitor stattic abolished the protective
action of IL-6/PTE, resulting in normal accumulation of
lipid droplets. We also found that PTE treatment signifi-
cantly increased the expression of PPAR«x in HepG2 cells.
Intriguingly, in sharp contrast with PTE, IL-6 failed to
induce PPARx gene expression in HepG2 cells, suggesting
that increased fatty acid B-oxidation in hepatocytes due to
PTE was likely mediated by STAT3-independent mecha-
nisms. Our data indicate that PTE inhibited lipogenesis by
enhancing IL-6/STAT3 signaling, while PTE increased
fatty acid oxidation via IL-6-independent signaling.

It has been recently reported that PTE suppresses fatty
acid synthase via activating AMPK and via downregulating
Akt and JNK signaling. However, we did not observe such
effects of PTE in this study (Supplementary Fig. 2). This
might be due to differences in the sources of PTE.

In contrast to hepatocytes, PTE downregulated IL-6/
STAT3 signaling in macrophages. These distinct effects
might be due to differential actions of PTE on between
HepG2 cells and macrophages. For example, PTE might
induce potent, endogenous inhibitor of the IL-6 signaling,
such as suppressor of cytokine signaling (SOCS)1 and/or
SOCS3, in macrophages but not in hepatocytes. Further,
PTE might upregulate expression of IL-6R consisting of
IL-6Ra and gp130 in hepatocytes, but not in macrophages.
Further study is needed to clarify the mechanism by which
PTE affects the IL-6/STAT3 pathway oppositely in those
two types of cells.

Importantly, in vivo treatment with PTE reduced hepatic
inflammation concomitantly with reduced induction of
Tnfo, Mcpl, and 1l1f in the livers of HFD-fed mice.
Inflammation is an important contributing factor to NASH
pathogenesis [43]. Therefore, protection against hepatic
inflammatory responses by PTE might partially account for
the poor development of NAFLD/NASH in the PTE-trea-
ted animals. However, further study is required to deter-
mine whether, and how, reduced STAT3 signaling in
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macrophages is associated with the poor inflammatory
responses observed in the livers of PTE-treated, HFD-fed
mice.

Insulin resistance, a hallmark of NAFLD, is often
associated with impaired insulin signaling due to either
decreased insulin concentrations or functional modifica-
tions of crucial signaling molecules, including IRS.
Down-regulation of PCK-1 and G6Pase, key enzymes
involved in gluconeogenesis, is dependent on hepatic IL-
6/STAT3 signaling [25, 44]. IRS-2 is abundantly
expressed in the liver and is mainly associated with the
inhibition of PCK-1 and G6Pase expression [45].
Although treatment with PTE did not affect /I6 expres-
sion levels in vivo, it enhanced STAT3 phosphorylation
and Irs2 expression, while significantly reducing the
induction of Pckl, G6pase, and Foxol in the livers of
HFD-fed mice, suggesting that PTE may repress gluco-
neogenesis via STAT3 signaling, but not by inducing IL-
6. Taken together, these data provide strong evidence
that PTE ameliorates HFD-induced NASH and insulin
resistance by modulating hepatic IL-6/STAT3 signaling.
However, the mechanism by which PTE modulates IL-6/
STAT3 signaling is unclear. Further studies, for example,
using hepatocyte-specific STAT3 knockout mice, are
required to verify the crucial role of IL-6/STAT3 sig-
naling in PTE-associated prevention of steatohepatitis.

In this study, we determined that PTE attenuates NASH
and insulin resistance in a manner dependent on IL-6/
STATS3 signaling in the liver, suggesting that PTE could be
used as a means of preventing and treating NASH.
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