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metabolism of NAFLD by regulating the SIRT1/
AMPK signaling pathway
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Abstract

Background: Salvia-Nelumbinis naturalis (SNN), the extract of Chinese herbal medicine, has shown effects on
NAFLD. This study aims to explore the underlying mechanism of SNN for regulating the lipid metabolism disorder in
NAFLD based on the SIRT1/AMPK signaling pathway.

Methods: Male C57BL/6J mice fed with a high-fat diet (HFD) were used to establish the NAFLD model. Dynamic
changes of mice including body weight, liver weight, serological biochemical indexes, liver histopathological changes,
and protein level of AMPK and SIRT1 were monitored. After18 weeks, SNN treatment was administrated to the NAFLD
mice for another 4 weeks. Besides the aforementioned indices, TC and TG of liver tissues were also measured. Western
blot and quantitative RT-PCR were used to detect the expression and/or activation of SIRT1T and AMPK, as well as the
molecules associated with lipid synthesis and 3-oxidation. Furthermore, AML12 cells with lipid accumulation induced
by fatty acids were treated with LZG and EX527 (SIRT1 inhibitor) or Compound C (AMPK inhibitor ) to confirm the
potential pharmacological mechanism.

Results: Dynamic observation found the mice induced by HFD with gradually increased body and liver weight,
elevated serum cholesterol, hepatic lipid accumulation, and liver injury. After 16 weeks, these indicators have shown
obvious changes. Additionally, the hepatic level of SIRT1 and AMPK activation was identified gradually decreased with
NAFLD progress. The mice with SNN administration had lower body weight, liver weight, and serum level of LDL-c
and ALT than those of the NAFLD model. Hepatosteatosis and hepatic TG content in the liver tissues of the SNN group
were significantly reduced. When compared with control mice, the NAFLD mice had significantly decreased hepatic
expression of SIRT1, p-AMPK, p-ACC, ACOX1, and increased total Acetylated-lysine, SUV39H2, and SREBP-1c. The
administration of SNN reversed the expression of these molecules. In vitro experiments showed the effect of SNN in
ameliorating hepatosteatosis and regulating the expression of lipid metabolism-related genes in AML12 cells, which
were diminished by EX527 or Compound C co-incubation.

Conclusions: Taken together, the SIRT1/AMPK signaling pathway, involved in hepatic lipid synthesis and degrada-
tion, plays a pivotal role in the pathogenesis of NAFLD development. The regulation of SIRT1/AMPK signaling greatly
contributes to the underlying therapeutic mechanism of SNN for NAFLD.
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Background

Nonalcoholic fatty liver disease (NAFLD) is the liver
injury induced by metabolic stress, which is highly corre-
lated with insulin resistance, oxidative stress, and genetic
susceptibility. This disease ranges from nonalcoholic fatty
liver (NAFL) with simple fatty infiltration of the liver to
nonalcoholic steatohepatitis (NASH) with inflammation
and hepatocyte ballooning in addition to diffuse stea-
tosis, eventually leading to cirrhosis and hepatocellular
carcinoma (HCC) [1]. In recent years, the prevalence of
NAFLD increased quickly, afflicting around 25% of the
population worldwide. Approximately 20% -30% of NAFL
patients could develop into NASH, and 25% of them may
further progress to cirrhosis [2].

The pathogenesis of NAFLD is complicated and has
not been completely clear by far. Excess fatty acids gener-
ated in the liver or fluxed from adipose lipolysis, if their
disposal by oxidation or release of VLDL is impaired or
overwhelmed, can generate lipotoxic lipid species. Such
lipids then cause mitochondria dysfunction, endoplasmic
reticulum stress, inflammation, apoptosis, and activation
of stellate cells. Thus dysfunctional lipid metabolism trig-
gers subsequent liver injury [3, 4]. Recent studies have
shown that AMP-activated protein kinase (AMPK) and
Sirtuinl (SIRT1) are the key enzymes responsible for
energy homeostasis by regulating fatty acid metabolism
[5, 6]. AMPK functions as an energy switch in regulating
the synthesis and B-oxidation of fatty acids by regulating
the associated gene expression and activation [7]. SIRT1
is an NAD"-dependent protein deacetylase, which func-
tions as an important regulator of energy hemostasis and
lipid metabolism in mammals [8]. SIRT1 activity relies on
AMPK and was also shown to regulate AMPK activation
in NAFLD [9, 10].

Lifestyle changes have shown benefit for NAFLD.
However, it is challenging to sustain in a long term criti-
cally, and currently, there are no approved efficient drugs
for the treatment of NAFLD and NASH [11]. In recent
years, traditional Chinese medicine (TCM) has displayed
effects in the treatment of NAFLD. Salvia—Nelumbinis
naturalis (SNN) is the extract of a compound formula of
Chinese medicine (also named Jiang Zhi Granule), com-
posed of five medicinal herbs, namely, Salvia miltior-
rhiza Bunge., Nelumbo nucifera Gaertn., Gynostemma
pentaphyllum (Thunb.) Makino, Polygonum cuspida-
tum Sieb. et Zucc., and Artemisia capillaris Thunb. It
has been used to treat NAFLD in China, with significant
effects of alleviating hepatic steatosis with few side effects
[12]. Previous in vivo studies have confirmed the effect of

SNN on NAFLD, alleviating high-fat diet (HFD)-induced
or methionine-choline-deficiency (MCD) diet-induced
hepatosteatosis and lipotoxic liver injury as well as serum
levels of transaminases and lipid in male C57BL/6 mice
or SD rats [13-16]. In vitro studies have also indicated
that SNN could reduce lipid droplet accumulation and
increase the resistance to damage of hepatocytes induced
by free fatty acids [17, 18]. Moreover, the underlying
mechanisms were partially unraveled, including improv-
ing insulin resistance, enhancing autophagy and anti-
oxidative stress, and inhibiting transcription of liver X
receptor a (LXR-a)-mediated sterol regulatory element
binding protein-1c (SREBP-1c), et al [13, 15-17].

The pathophysiology of NAFLD is regarded to be con-
stituted by multiple parallel hits, leading to an imbalance
of energy metabolism in the liver, mostly in the form of
carbohydrates and fat [4, 19]. The compound formulae of
TCM usually have the advantage of multi-target effects.
Therefore, in the present study, through the intervention
experiment of the HFD-induced NAFLD mice model
and fatty acid-induced hepatocytes with SNN, we tried
to investigate the mechanism of SNN based on the lipid
metabolism-regulating pathway, SIRT1/AMPK. This will
help in understanding the therapeutic effect of the tradi-
tional herbal formula and promoting its further clinical
application.

Materials and Methods
Experimental animals and drugs
Male C57BL/6] mice of 6-week-old (SLAC Laboratory
Animal Technology Company, Shanghai, China) were
used in the animal experiment. The mice were housed
in a standard 12 h light/dark cycle at 22 + 2°C with 55
£10% humidity. The procedures of animal experiments
in this study were carried out according to the guideline
for the care and use of laboratory animals and approved
by the Institutional Animal Care and Use Commit-
tee of Longhua Hospital, Shanghai University of Tra-
ditional Chinese Medicine (IACUC approval number.:
LHERAW-2019001). This study is reported in accordance
with ARRIVE guidelines (https://arriveguidelines.org).
SNN was provided by the Department of Pharmacy of
Longhua Hospital, Shanghai. The composition is listed in
Table 1. All of the raw herbal medicines in the formula
were blended and reflux extracted by water, which was
subsequently concentrated, and extracted with ethanol
as described before. The chemical profile has been previ-
ously analyzed by ultra-performance liquid chromatogra-

phy [20].
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Table 1 The composition of Salvia-Nelumbinis naturalis (SNN)

Herbal name Medicinal part  Proportion
Salvia miltiorrhiza Bunge. Root 1.5
Nelumbo nucifera Gaertn. Leaf 1
Gynostemma pentaphyllum (Thunb.) Herb 25

Makino
Polygonum cuspidatum Sieb. et Zucc. Root and rhizome 2.5

Artemisia capillaris Thunb. Aerial part 1.5

Design of animal experiment

A total of 60 C57BL/6] mice were randomly assigned to
the control group (n = 24) and model group (n = 36)
according to body weights. The control mice were fed
with a standard chow diet, the model mice were fed with
a high-fat diet (HFD, 60% calories from fat) (ResearchDi-
ets, Inc., NewBrunswick, NJ, USA). All the mice were fed
with diet and water ad libitum. The dynamic change of
serum aminotransferase, serum lipid, and hepatic histo-
logical changes was investigated after 4 weeks, 8 weeks,
12 weeks, and 16 weeks respectively (n = 3 for each
group).

From the 19th week, the mice fed with the HFD diet
were subdivided into the Model group and SNN group (n
= 12 per group). SNN (860 mg/kg body weight /day) or
an equal volume of normal saline were administrated by
gavage to mice of the SNN group or model group respec-
tively, together with HFD feeding. The dose of SNN was
calculated according to previous experiments [15]. The
left mice fed with a chow diet were still allocated to the
Control group (n = 12). The food intake was recorded. At
the end of the 22nd week, all animals were fasted over-
night, anesthetized by intraperitoneal injection of 30 mg/
kg pentobarbital sodium, and sacrificed. The serum and
liver tissues were collected for further investigation.

Serum biochemical analysis

The serum level of aspartate aminotransferase activ-
ity (AST), alanine aminotransferase activity (ALT), tri-
glycerides (TG), total cholesterol (TC), high-density
lipoprotein-cholesterol (HDL-c), and low-density lipo-
protein-cholesterol (LDL-c) of the mice were detected
using a biochemistry analysis system (Beckman AU5800
) and corresponding reagent kits according to the manu-
facturer’s instructions in Laboratory Department of Lon-
ghua Hospital.

Histological examination
The fresh liver tissues were fixed in 10% neutral forma-
lin and embedded in paraffin, cut into 4um slices, and
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Table 2 The primer sequences for quantitative PCR used in this

study

Gene Primer sequence

B-actin Forward: 5-GCTGTCCCTGTATGCCTCTG-3'
Reverse: 5-GCTGTCCCTGTATGCCTCTG-3'

FASN Forward: 5-CCTGCCTCTGGTGCTTGC-3'
Reverse:5'-GCCTCCTTGATATAATCCTTCTGA-3'

ACOX1 Forward: 5-CTCGGAAGATACATAAAGGAGACC-3'
Reverse:5'-CCAGGTAGTAAAAGCCTTCAGC-3'

SIRT1 Forward :5-AAAGTGATGACGATGACAGAACG-3’

Reverse :5'-GCCAATCATGAGATGTTGCTG-3'

stained with a series of hematoxylin and eosin (HE)
staining solutions. Then the stained samples were pho-
tographed with a light microscope (Olympus, Tokyo,
Japan). The Oil Red O staining of liver tissues was per-
formed as described previously [15]. Briefly, the 10
um-thick frozen liver sections were fixed with 10% par-
aformaldehyde for 30 min, then stained with Oil Red O
solution and counterstained with diluted hematoxylin
(1:10). The mounted stained sections were photographed
under a light microscope.

To quantitatively assess the effect of SNN on the histo-
pathological changes, NAFLD activity score (NAS) based
on histological features were scored: steatosis (0—3), lob-
ular inflammation (0-3), and hepatocellular ballooning
(0-2) [21].

Evaluation of lipid content of liver tissues

Hepatic tissues were homogenized with ethanol-acetone
(1:1) in an ice bath and stayed at 4°C overnight. Subse-
quently, the homogenized tissues were centrifuged at
3000 rpm, 4°C for 20 min, and the supernatant was col-
lected. The measurement of TG or TC content was per-
formed according to the instructions of the assay kit
(Jiancheng Institute of Bio Engineering Inc., Nanjing,
China) by using the colorimetric method.

Quantitative reverse transcription-polymerase chain
reaction (QRT-PCR)

The total RNA of liver tissues or cells was extracted
using TRIzol reagent solution (Invitrogen, Carlsbad, CA,
USA). The gene expression was determined by qRT-PCR
as described in our previous study [15]. The cDNA was
synthesized using reverse transcription kits (Promega,
Madison, WI, USA). The genes were amplified using an
SYBR Green PCR Master Mix kit (Applied Biosystems,
Carlsbad, CA, USA) and the specific primers (sequences
are listed in Table 2). Amplification of f-actin was used
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as the internal control. The final data analysis was per-
formed using the 2722 method.

Western blot

Proteins were extracted using RIPA lysis buffer, then
resolved by 10% denaturing SDS-PAGE and transferred
onto PVDF membranes (Millipore, Billerica, MA, USA).
The membranes were incubated with specific primary
antibodies at 4°C overnight. The antibodies against
AMPKa, Phosphorylated-AMPKa, Acetyl-CoA Car-
boxylase (ACC), and Phosphorylated-ACC were pur-
chased from Cell Signaling Technology (Danvers, MA,
USA). The antibodies against SIRT1 and SREBP-1c were
obtained from Abcam (Cambridge, MA, USA) and anti-
bodies against suppressor of variegation 39 homolog 2
(SUV39H?2), fatty acid synthase (FASN), acyl-Coenzyme
A oxidase (ACOX), and peroxisome proliferator activated
receptor-a (PPAR-a) from Proteintech (Wuhan, China).
Subsequently, the membranes were incubated with goat
anti-rabbit or anti-mouse secondary antibodies (Thermo
Scientific, Rockford, IL, USA) at room temperature for 1
h. Next, the enhanced chemiluminescence HRP substrate
(Millipore) was added. The signal of protein bands was
acquired by GBOX Chemi XT4 System and was finally
quantified by Gene Tools software (Syngene, Cambridge,
UK).

Experiment in vitro

AML12 cells (mouse hepatocyte) were obtained from
the Cell Biology Institute of Chinese Academy of Science
(Shanghai, China) and cultured in DMEM/ Ham’s F-12
with 10% FBS (Lonsera, Grand Island, USA) at 37°C in
an incubator under the atmosphere of 5% CO,. To mimic
the HFD condition, cells were exposed to DMEM con-
taining a 1 mM FFAs (oleate acid: palmitate acid=2:1,
O/P) and 1% BSA (Sigma, Steinheim, Germany) for 24 h
to induce steatosis. SNN (0.5pug/mL) and/or 1 uM Com-
pound C (AMPK inhibitor) or 10 pM EX527 (SIRT1
inhibitor) (MedChemExpress, Shanghai, China) were
added to the mixture of FFAs to incubate cells simultane-
ously. The dose of SNN was the best dose for improving
AML12 cell viability determined by our previous tests.
The concentration of AMPK or SIRT1 inhibitor was cho-
sen according to the report of experiments in vitro. The
cells cultured in DMEM containing 1% BSA were used as
the control.

The lipid content in cells was determined using Nile
Red (SIGMA) and DAPI (MP, Biomedicals, USA) stain-
ing. The cell images were scanned by ImageXpress
Microsystem High-content imaging system. The lipid
content in cells was quantified by ImageXpress Analysis
(Molecular Devices).
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Statistical analysis

The data were expressed as mean + standard deviation.
SPSS 18.0 and Graphpad 8.0 were used for all statistical
analyses and diagram drawings. Student ¢-test was used
to compare the means of two groups. For three or more
groups, statistical analyses were performed using one-
way analysis of variance (ANOVA) followed by Dun-
nett’s post-hoc test. P<0.05 was considered statistically
significant.

Results
Dynamic change of body weight, liver weight, serum
biochemical indexes, and liver histopathology of mice fed
with HFD
Table 3 shows the dynamic change of body weight, liver
weight, serum level of ALT, AST, and lipid of mice fed
with HED. The body weight has been found higher in
the model group since the end of the 4th week. The sero-
logical analysis demonstrated that, compared with a nor-
mal diet, HFD induced significantly higher levels of TC,
HDL-c, and LDL-c since the end of the 8th week, but no
obvious change in serum TG level. After 16 weeks, com-
pared with the control, mice of the model group had sig-
nificantly increased wet liver weight, body weight, serum
ALT activity, and serum level of TC, HDL-c, and LDL-c.

HE staining and NAFLD activity score of liver tissues
showed that no steatosis, inflammation, and hepato-
cyte ballooning were found in all of the control mice,
the hepatosteatosis degree, and the apparent number of
inflammatory infiltration and ballooning increased with
the prolongation of HFD feeding time. At the end of the
16th week, there was extensive steatosis and many bal-
looning degenerations of hepatocytes appeared in the
liver tissues of model mice, indicating the establishment
of NAFLD (Fig. 1A, B). To further determine the dynamic
change of lipid accumulation, TG and TC levels of liver
tissues were determined (Fig. 1C). It was identified that
hepatic TG and TC of the model group increased with
the time of modeling, and TG of the model group was
significantly higher than that of the control group after 12
and 16 weeks.

Taken together, these results suggest that HFD success-
fully induced mice NAFLD model, including elevated
lipid levels of serum and liver and liver dysfunction.

Dynamic changes of SIRT1 expression and AMPK activation
in liver tissues of mice fed with HFD

Compared with the control group, the protein and
mRNA expression of SIRT1 in the model group was
up-regulated at the end of the 4th week, but down-reg-
ulated since the 8th week (Fig. 2A). The protein expres-
sion of P-AMPK and the ratio of P-AMPK/AMPK in



Liu et al. BMC Complementary Medicine and Therapies (2022) 22:213 Page 5 of 15
Table 3 Dynamic change of body weight, liver weight, and serum biochemical indices of mice fed with HFD
Time 4W 8w 12w 16W
Group C M C M C M C M
Body weight 23.734+0.93 30.93+ 2767+ 33.68+ 31+ 38.8+ 31.8+ 496+
110" 3.28 108" 2.26 0.70" 0.92 1.09™
Liver weight 1.03+ 0.75+ 1.18+ 1.20+ 1.20+ 130+ 1.16+ 1.64+
0.07 0.06 0.16 0.03 001 0.04 0.11 017"
Serum ALT 33.0+ 3217+ 340+ 2017+ 335+ 35.67+5.49 29.0+ 99.0+
3.0 3.06 229 0.76 11.63 16.26 1004
Serum AST 141342576 1558+ 164.0+ 153.0+ 162.7+ 175346.29 157.0+3.54 1983+
46.2 3.78 40.3 2.75 24.06
Serum 0.82+ 0.75+ 193+ 155+ 1.00+ 1.18+ 143+ 0.88+
TG 0.23 0.18 0.28 049 0.22 0.21 0.60 0.15
Serum 1.90+ 312+ 260+ 558+ 272+ 563+ 328+ 6.28+
TC 0.15 0.25 0.23 008" 040 043" 046 084"
Serum HDL-c 187+ 310+ 252+ 552+ 268+ 5.60+ 3.58+ 6.70+
0.21 0.23 0.28 024 043 0.56™ 046 069"
Serum LDL-c 023+ 043+ 0.12+ 0‘67?: 023+ 0.85+ 0.30+ 1.1 53:
0.15 0.15 0.03 0.15 0.06 0.13 0.14 0.30
Data are expressed as mean=5SD, n=3 per group, P < 0.001, “P < 0.01 compared to the control group
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Fig. 1 Dynamic change of liver histopathology and lipid content of mice fed with HFD. A HE staining of liver tissues; CV indicates lobular central
vein; yellow arrows indicate inflammatory cells, blue arrows indicate ballooning degeneration; the original magnification is 200x. B Histological
assessment of NAFLD activity score; C The dynamic change of liver TC and TG content. n = 3; *P < 0.05, vs. Control
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the model group showed an increasing trend versus the
control from the 4th week to the 12th week, but no sta-
tistical significance possibly because of limited samples
in each group. After 16 weeks, However, P-AMPK and
P-AMPK/AMPK levels showed decreased in the model
group than in the control group (Fig. 2B).

SNN improved HFD-induced NAFLD in mice

There was no difference among different groups found in
the daily food intake for the last week of the experiment
in vivo. In contrast to those of the control group, the
body weight and liver weight remarkably increased in the
model group. These parameters significantly improved
in mice treated with SNN (Fig. 3A). Liver damage was
exhibited by the elevated serum values of ALT in the
model group which was down-regulated by SNN treat-
ment (Fig. 3B). Statistically significant differences were
also observed in the blood lipid content. The serum lev-
els of TC and LDL-c increased in the model group, which
were downregulated by SNN intervention (Fig. 3C).
Figure 3D and E showed that the liver sections of the
model mice stained with HE and Oil Red O displayed
abundant accumulation of lipid droplets in hepatocytes,
together with scattered inflammatory cell infiltration
and hepatocellular ballooning degeneration, which were
all improved in mice treated with SNN. The histological
assessment according to the HE and Oil Red O stain-
ing also showed significantly higher NAS in the model
mice than in the control and SNN group (Fig. 3F). The
increased liver TG content, which was another proof of
lipid deposition in the livers of model mice, was consist-
ently reduced by SNN (P<0.05) (Fig. 3G).

SNN reactivated the SIRT1/AMPK signaling pathway in liver
tissues of NAFLD mice

To explore the underlying mechanism of the effect of
SNN, the hepatic expression levels of molecules involved
in the SIRT1/AMPK pathway were evaluated. Fig. 4A
showed the Hepatic expression of SIRT1 was down-reg-
ulated in the NAFLD model group and was restored by
SNN treatment. On the contrary, the negative regulatory
gene of SIRT1, suppressor of variegation 39 homolog 2
(SUV39H2) was up-regulated in the model group and
decreased by SNN intervention. SIRT1 played the role
of de-acetylation. Figure 4B showed Acetylated-lysine
increased in the model group and SNN down-regulated
its level. HFD significantly suppressed the protein level
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of phospho-AMPKa. SNN treatment enhanced the phos-
phorylation of AMPKa and the ratio of P-AMPK/AMPK
(Fig. 4C).

The expression levels of some downstream targets of
the SIRT1/AMPK including ACC, FASN, SREBP-Ic,
ACOX1, and PPARa were also evaluated (Fig. 5). ACC is
a key molecule in fatty acid synthesis and can inhibit fatty
acid oxidation. Phosphorylation of ACC at Ser79 inacti-
vated the molecule. HFD feeding significantly decreased
the level of phospho-ACC (p-ACCSer79) and the ratio
of P-ACC/ACC, which was up-regulated by SNN treat-
ment. The results also showed the levels of SREBP-1c
and FASN, the genes promoting fatty acid synthesis were
increased in liver tissues of the model group. Addition-
ally, the expression of ACOX1, the gene promoting oxi-
dative degradation of fatty acid, was down-regulated in
the model group. SNN treatment reduced the expres-
sion of SREBP-1c and FASN and increased the expres-
sion of ACOX1. The nuclear transcription factor PPARa,
which can promote lipid oxidation, has the same trend as
ACOXI1.

Inhibition of SIRT1 and AMPK attenuated the improvement
of SNN on FFA-induced steatosis of hepatocytes

To further clarify the effect and mechanism of SNN on
NAFLD, in vitro experiments were performed by using
AMLI2 cells induced by fatty acids to mimic the NAFLD
in vitro model. The DAPI staining of cells showed a large
number of lipid droplets in cells induced by fatty acids,
which was enhanced by the inhibitor of SIRT1 (EX527)
or AMPK (Compound C). Treatment with SNN signifi-
cantly ameliorated hepatic lipid accumulation. However,
the anti-steatosis effect was diminished by EX527 or
Compound C (Fig. 6A-B and 7A-B). FASN was found
up-regulated in OA/PA-incubated cells compared with
the control, and this increase was suppressed by SNN co-
incubation. In contrast, ACOX1 expression was shown
downregulated in the model group, which was shown
elevated by SNN treatment. Consistently, as the down-
stream genes of AMPK and SIRT1, the expression levels
of FASN and ACOX were regulated by the inhibitor of
AMPK and SIRT1. EX527 or Compound C application
almost blocked the regulated effect of SNN on the lipid
metabolism-related genes (Fig. 6C and 7C). These results
suggest that SNN could ameliorate lipogenesis and pro-
mote the oxidation of fatty acid through the AMPK/
SIRT1signaling pathway.

(See figure on next page.)

Fig. 3 SNN improved HFD-induced mice NAFLD. A The body weight and liver weight. B The expression of serum ALT (C) serum TG, TC, and LDL-c.
D HE staining and (E) Oil Red O staining of liver sections of mice; CV indicates lobular central vein; yellow arrows indicate inflammatory cells, blue

arrows indicate ballooning degeneration; the original magnification is 200x. F Histological assessment of NAFLD activity score. G The content of

liver TG and TC. n = 5-8; *P < 0.05, **P < 0.01, ***P < 0.001vs. Control; P < 0.05, P < 0.01 vs. Model
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Discussion

HFD-induced mouse or rat model is commonly used
for the research of pathogenesis and drug development
of NAFLD due to its similar pathogenesis with human
NAFLD. In this study, male C57BL/6] mice fed with
HED were used to establish the NAFLD model. changes
in serum biochemical indexes and liver pathology were
after the 4th, 8th, 12th, and 16th week, respectively. The
dynamic monitored results showed that, with the time
elongation, the body weight, liver weight, serum lipid,
and transaminases of HFD-fed mice increased more seri-
ously than those of the control mice. It has been reported
that the prevalence of NAFLD is up to 50% in people

with dyslipidemia. The serum levels of TC and LDL-c
presented in this model were similar to the increase
of serum cholesterol in people with NAFLD, which is
closely related to NAFLD [22]. However, there is no obvi-
ous difference found in the serum TG between model and
control mice for all the timepoint. This result was similar
to our previous experimental result, demonstrating no
change in serum TG level in the mice fed with HFD for
18 weeks [23, 24]. Another study for the NAFLD model
also showed mild downregulated trend of serum TG in
C57BL/6, CD-1, and 129Sv mice after HFD feeding for
9 weeks [25]. Elevated serum ALT indicating liver dam-
age was also found in the model mice. More importantly,
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the liver steatosis area and degree of mice gradually
aggravated with longer HFD, and at the end of the 16th
week, slight inflammation and ballooning degeneration
of hepatocytes even appeared in the liver tissue of model
mice. Taken together, after a 16-week HFD, the mice
became obese with hypercholesterolemia, hepatic lipid
accumulation, and liver injury, confirming the develop-
ment of NAFLD, which is consistent with the previously
reported studies [26, 27]. Further, after another 6 weeks,
the aforementioned indices increased more seriously at
the end of the 22nd week of the experiment.

Using the HFD-induced NAFLD mice, the effect of SNN
was investigated. The mice with SNN administration had
lower body weight, liver weight, serum LDL-c, and ALT
than those of the NAFLD model. In addition, hepatostea-
tosis, inflammatory cell infiltration, and ballooning in the
liver tissues of model mice were significantly reduced by
SNN. Consistently, the intrahepatic TG content was down-
regulated by SNN. These results suggested that SNN can
ameliorate the lipid accumulation and liver damage of the
NAFLD mice, which is consistent with studies using other
HFD-induced NAFLD rodent models [13, 14, 16].
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SIRT1 is an NAD™-dependent deacetylase, which can
promote the deacetylation of lysine residues of vari-
ous proteins. A large number of recent studies revealed
that SIRT1 regulates lipid homeostasis through multiple
nutrient sensors such as SREBP-1, AMPK, PGCla, and
PPARa [28-31]. SIRT1 can enhance insulin sensitiv-
ity, regulate liver lipid metabolism, suppress oxidative
stress, and reduce the inflammatory response. Studies
have shown that decreased expression and/or activity of
SIRT1 plays a key role in NAFLD development [32—34].
Moreover, SIRT1 is negatively related to NAFLD degree.

Its plasma values were found lower in severe NAFLD
compared to simple mild hepatosteatosis [35]. Many fac-
tors may contribute to the down-regulation of the SIRT1
level. NAFLD hepatic tissues and FFA-treated HepG2
and Huh-7 cells presented miR-122 upregulation, which
was found able to suppress Sirtl expression via bind-
ing to its 3’-untranslated region (UTR) [36]. SUV39H2
expression could be induced by pro-NASH stimuli in the
hepatocyte, mice, and human livers. It was found able to
bind to the SIRT1 gene promoter and suppress SIRT1
transcription [37]. On the other hand, SIRT1 could be
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interacted with and subsequently degraded through ubiq-
uitination by the gene related to energy in lymphocytes
(GRAIL), which was upregulated in the livers of humans
and mice with hepatic steatosis [38]. In the present study,
4-week HFD resulted in a higher hepatic level of SIRT1
than control mice, however, since the 8th week of a high-
fat diet, the expression of this molecule in the liver of
model mice was significantly lower than that of control
mice. Besides the decreased expression of SIRT1, we also
found increased total Acetylated-lysine in NAFLD mice,
indicating less de-acetylation activity of SIRT1. Similarly,
our result also showed that SUV39H2 was up-regulated

in the mice liver of the NAFLD model group. The SNN
treatment increased the expression level of SIRT1, but
decreased the Acetylated-lysine and SUV39H2, suggest-
ing SNN may upregulate SIRT1 expression by inhibiting
SUV39H2.

AMPK is a metabolic sensor, composed of a cata-
lytic (a) subunit and two regulatory (3, y) subunits, and
AMPK activation requires phosphorylation of the «o
subunit [39, 40]. AMPK is the major negative kinase
regulator of ACC through phosphorylation to inhibit
ACC activity. The latter molecule plays an essential role
in inhibiting fatty acid oxidation through inhibiting
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carnitine palmitoyltransferase (CPT) and promoting fatty
acid synthesis [41]. Studies have also shown that AMPK
could down-regulate the expression and maturation
of SREBP-1 [42], thus reducing the expression level of
FASN and stearyl coenzyme A dehydrogenase-1 (SCD-
1), thereby inhibiting the synthesis of fatty acids and tri-
glycerides. AMPK can enhance the activity of PPARa,
thereby increasing the expression of some key enzymes
of lipid oxidation including ACOX, which plays a key role
in promoting lipid oxidation degradation [43]. AMPK
activation can inhibit the synthesis of de novo lipid and
promote the oxidation of fatty acids. AMPK activity
decreases in NAFLD, which can serve as an important
target for treatment [44]. In our study, it was identified
that AMPK activation had a higher trend in the liver tis-
sues of mice with HFD feeding from the 4th week, but
decreased with NAFLD progress. And the obvious dif-
ference was displayed between the model and control
at the 16th week and the end of the experiment (22 w).
The SNN treatment significantly upregulated the AMPK
activation.

Both SIRT1 and AMPK were known to regulate each
other and share many common target molecules, and the
interaction between SIRT1 and AMPK could be recip-
rocal [45]. AMPK can increase the activity of SIRT1 by
increasing the level of NAD™ [46]. SIRT1 activity relies
on AMPK and was also shown to regulate AMPK acti-
vation in NAFLD [9, 10]. SIRT1 can activate AMPK by
deacetylating its upstream regulator-LKB1 [47]. AMPK
and SIRT1 have synergistic effects on energy metabo-
lism and affect the pathogenesis of NAFLD. The sup-
pression of SIRT1/AMPK resulted in reduced fatty acid
utilization and abnormal lipid deposition in the liver [6,
45, 48]. In the present study, compared with control, the
hepatic protein expression level of SREBP-1c was signifi-
cantly increased, while the levels of p-ACC and ACOX1
decreased in the model group. SNN treatment downreg-
ulated SREBP-1c and FASN and upregulated p-ACC and
ACOX]1. There was an increasing trend of PPARa levels
in the liver of mice with SNN treatment. These results
in vivo suggest that SNN may affect lipid metabolism via
regulating SIRT1/AMPK signaling. This was further veri-
fied by the in vitro experiments. SNN downregulated the
lipogenesis gene and upregulated the gene for oxidation
in AML-12 cells with FFA incubaton. However, the inhi-
bition of SIRT1 or AMPK significantly diminished these
effects and attenuated the improvement of SNN on FFA-
induced steatosis of the hepatocytes. Therefore, the effect
of SNN on the lipid metabolism of NAFLD is SIRT1/
AMPK dependent.

A series of recent studies have shown that the effects
of the active components in TCM herbs on NAFLD are
associated with activating the SIRT1/AMPK pathway
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[49]. As one TCM extract, SNN contains a variety of
compounds, some of which have been found to regulate
lipid metabolism through the SIRT1/AMPK signaling
pathway. In vitro and animal model studies have shown
resveratrol reduced the hepatic accumulation of lipids
and improves lipid and glucose metabolism. And evi-
dence support that resveratrol activates SIRT1 via acti-
vation of AMPK, thereby inducing the deacetylation of
SIRT1 targets, PGC-1a and FOXO1 [50]. Polydatin was
proved able to prevent NASH via inhibition of oxida-
tive stress and inflammation, as well as via regulation of
multiple signaling pathways, including AMPK/LDLR,
LKB1/AMPK, SIRT1-PGC-1q, etc [51]. One study dem-
onstrated that emodin effectively ameliorated hepatic
steatosis through the CaMKK-AMPK-mTOR-p70S6K-
SREBP1 signaling pathway [52]. Another study also
find that emodin was closely related to the regulation of
AMPK signaling pathway which increases IR and fatty
acid oxidation [53]. Accumulating evidence obtained
from animal experiments proves that quercetin has ben-
eficial effects on metabolism diseases. One study found a
direct anti-lipogenic effect of quercetin exerted by inhib-
iting the de novo lipid (DNL) pathway by acting on the
ACACA/AMPK/PP2A axis [54]. Resveratrol, polydatin,
emodin and quercetin are the major components of
SNN identified in mice serum and liver. Although many
preclinical trials have shown the promising potential of
these natural compounds against NALFD, however, cor-
responding human clinical studies on their effects remain
scarce. But these research results suggest that the bioac-
tive compounds such as resveratrol, polydatin, emodin,
etc. in SSN may contribute to the therapeutic effects of
SNN on NAFLD through the SIRT1/AMPK signaling
pathway.

Conclusions

In summary, our findings demonstrate that the abnor-
mality of the SIRT1/AMPK signaling pathway is involved
in the dysfunction of lipid synthesis and degradation
during NAFLD development. SNN administration could
improve the lipid metabolism disorder and liver damage
of NAFLD, and the regulation of the SIRT1/AMPK sign-
aling pathway may contribute to the underlying mecha-
nism. These results are beneficial to comprehending the
therapeutic effect of the traditional herbal formula and
further promote its clinical application.
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