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Abstract: Nonalcoholic fatty liver disease (NAFLD) is one of the most common liver diseases. Silenc-
ing information regulator 1 (SIRT1) was demonstrated to modulate cholesterol and lipid metabolism
in NAFLD. Here, a novel SIRT1 activator, E1231, was studied for its potential improvement effects
on NAFLD. C57BL/6J mice were fed a high-fat and high-cholesterol diet (HFHC) for 40 weeks to
create a NAFLD mouse model, and E1231 was administered by oral gavage (50 mg/kg body weight,
once/day) for 4 weeks. Liver-related plasma biochemistry parameter tests, Oil Red O staining, and
hematoxylin-eosin staining results showed that E1231 treatment ameliorated plasma dyslipidemia,
plasma marker levels of liver damage (alanine aminotransferase (ALT) and aspartate aminotrans-
ferase (AST)), liver total cholesterol (TC) and triglycerides (TG) contents, and obviously decreased
hepatic steatosis score and NAFLD Activity Score (NAS) in the NAFLD mouse model. Western blot
results showed that E1231 treatment significantly regulated lipid-metabolism-related protein expres-
sion. In particular, E1231 treatment increased SIRT1, PGC-1α, and p-AMPKα protein expression but
decreased ACC and SCD-1 protein expression. Additionally, in vitro studies demonstrated that E1231
inhibited lipid accumulation and improved mitochondrial function in free-fatty-acid-challenged hep-
atocytes, and required SIRT1 activation. In conclusion, this study illustrated that the SIRT1 activator
E1231 alleviated HFHC-induced NAFLD development and improved liver injury by regulating the
SIRT1-AMPKα pathway, and might be a promising candidate compound for NAFLD treatment.
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1. Introduction

Nonalcoholic fatty liver disease (NAFLD), recently proposed to be replaced with
the term metabolic-associated fatty liver disease, has become the most common chronic
liver disease [1]. The prevalence of NAFLD is nearly 25% worldwide, and it is emerging
as the most important and primary cause of liver-related mortality and end-stage liver
disease [2,3]. Nonalcoholic fatty liver (NAFL) (characterized by 5% or greater hepatic
steatosis with or without mild inflammation) and nonalcoholic steatohepatitis (NASH)
(characterized by the presence of hepatocellular injury, hepatocyte ballooning, and inflam-
mation) are two forms of NAFLD [1,3]. NAFL can develop into NASH, which has the
potential to progress and result in liver fibrosis, cirrhosis, and hepatocellular carcinoma [4].
However, there are few therapeutic strategies to treat NAFLD other than changing lifestyle
and managing associated complications [5]. Therefore, there is an urgent need to develop
drugs for NAFLD treatment.

The pathogenesis of NAFLD is a complex dysmetabolic process, and much of its
pathogenesis remains to be discovered [6,7]. The “two-hit” and “multiple-hit” hypotheses,
which have been steadily complemented, propose that high concentrations of free fatty
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acids (FFAs) induce hepatic steatosis as the first hit, which is a necessary factor for the
occurrence of NAFLD [8]. Aberrant lipid accumulation within hepatocytes is a key factor
for the progression of NAFLD. The imbalance between lipid intake and disposal in the
liver leads to hepatocyte lipid accumulation, which creates a vicious cycle with hepatic
lipotoxicity, insulin resistance, inflammation, oxidative stress, and mitochondrial dysfunc-
tion [9–11]. Regulating liver lipid metabolism is one of the most important strategies for
NAFLD treatment.

Silencing information regulator 1 (SIRT1) is a member of the sirtuin protein family
with nicotinamide adenine dinucleotide (NAD)+-deacetylase activity [12], and it modulates
hepatic energy metabolism through deacetylation of metabolic regulators [13]. Previous
studies have demonstrated that SIRT1 may modulate cholesterol and lipid metabolism in
NAFLD [14]. There is a decrease in liver SIRT1 expression in liver biopsies and in plasma
from patients with NAFLD [15,16]. Liver-specific Sirt1 knockout mice are prone to hepatic
steatosis, endoplasmic reticulum stress, and liver inflammation; by contrast, overexpression
of SIRT1 alleviates hepatic steatosis in high-fat-diet (HFD)-induced mice [17]. In addition,
some activators of SIRT1 were shown to affect NAFLD by regulating lipid metabolism
enzymes [18,19]. Therefore, SIRT1 is a potential therapeutic target for NAFLD. The de-
velopment of SIRT1 activators would be a promising therapeutic strategy for NAFLD
treatment.

In a previous study, we identified a compound E1231 as a novel SIRT1 activator and
demonstrated that it improved lipid and cholesterol metabolism in hyperlipidemic golden
hamsters and an Apolipoprotein E knockout (ApoE−/−) mouse model of atherosclero-
sis [20]. However, the effect of E1231 on NAFLD is unclear. To identify whether it has an
improvement effect on NAFLD, we examined its therapeutic potential and explored the
mechanism of E1231 in high-fat and high-cholesterol diet (HFHC) induced NAFLD mice
and free-fatty-acid (FFA)-challenged hepatocytes. Our study indicates that E1231 might be
a promising candidate compound for NAFLD treatment.

2. Results
2.1. E1231 Treatment Ameliorated Plasma Biochemistry Parameter Abnormalities and Hepatic
Steatosis in HFHC-Induced NAFLD Mice

Using the established homogeneous time-resolved fluorescence (HTRF) technology-
based SIRT1 activator screening model [20], we first confirmed that E1231, a piperazine
1,4-diamide compound, could significantly activate SIRT1 in a dose-dependent manner
with an EC50 value of 0.31 µmol/L (Figure 1A). To evaluate the therapeutic effect of
E1231 on NAFLD, we established a HFHC-induced mouse model of NAFLD. E1231 was
administered by oral gavage at 50 mg/kg body weight once a day for 4 weeks to examine
whether it had an improvement effect on NAFLD (Figure 1B).

Serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) are
markers of levels of liver damage in NAFLD. Liver-related serum tests typically reflect a
hepatocellular pattern of enzyme elevations for ALT and AST [4]. The plasma biochemistry
analyses showed that the plasma ALT and AST in the HFHC group markedly increased
when compared with the chow diet (CD) group (Figure 1C). However, E1231 treatment
decreased the plasma levels of ALT (p = 0.27) and AST (p = 0.17) compared with the
untreated HFHC group (Figure 1C). In addition, 40 weeks of HFHC feeding markedly
increased the plasma levels of total cholesterol (TC), low-density lipoprotein cholesterol
(LDL-C), and high-density lipoprotein cholesterol (HDL-C), and slightly increased the
plasma level of triglycerides (TG) compared with the CD group (Figure 1D). Compared
with the HFHC group, E1231 treatment significantly decreased the plasma levels of TC, TG,
and LDL-C (Figure 1D), but obviously increased the plasma level of HDL-C (Figure 1D).
These results indicated that E1231 treatment improved HFHC-induced dyslipidemia and
liver injury.
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Figure 1. E1231 treatment alleviates NAFLD in a high-fat-and-high-cholesterol diet (HFHC) induced
NAFLD mouse model. (A) The structure and activating SIRT1 activity of E1231. (B) Schedule of animal
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experiments. Male C57BL/6J mice were randomly divided into three groups (Chow diet (CD)
group, HFHC group, and HFHC + E1231 group), fed a normal chow diet (CD group) or a HFHC
diet (HFHC group and HFHC + E1231 group) for 40 weeks. Then, E1231 (50 mg/kg body weight)
was administered by oral gavage for 4 weeks in the HFHC + E1231 group; the same volume of
solvent (0.5% CMC-Na) was given by oral gavage for 4 weeks in CD and HFHC groups. n = 5 per
group. (C) Plasma alanine aminotransferase (ALT) and plasma aspartate aminotransferase (AST)
levels. n = 5 per group. (D) Plasma total cholesterol (TC), triglycerides (TG), low-density lipoprotein
cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C) levels. n = 5 per group.
(E) Liver TC and TG contents (µmol/g liver) were determined. n = 5 per group. (F) Representative
hematoxylin and eosin (H&E) and Oil Red O (ORO) stained images. (G) The steatosis score, lobular
inflammation score, ballooning score, and NAFLD Activity Score (NAS) were calculated. n = 4 per
group. (H) The quantification of ORO-staining images. n = 4 per group. The data are presented as
the mean ± SEM. One-way ANOVA was used for analysis. HFHC group vs. CD group: # p < 0.05,
## p < 0.01, ### p < 0.001. HFHC + E1231 group vs. HFHC group: * p < 0.05, *** p < 0.001.

Next, the levels of TC and TG in livers were measured. As shown in Figure 1E, both
liver TC and TG content in the HFHC group markedly increased compared with the CD
group, while E1231 treatment significantly decreased TC and TG content in livers com-
pared with the HFHC group. Hematoxylin and eosin (H&E) staining results showed that
the histological structure of livers from the CD group was normal, while the livers from
the HFHC group had severe steatosis, significant lipid-enriched vacuole formation, and
inflammation, compared with the CD group (Figure 1F). Oil red O (ORO) staining results
revealed that the livers from the HFHC group had much more lipid accumulation than
the CD group, whereas histologic sections from the E1231 treatment group showed an
obvious decrease in lipid accumulation compared with the HFHC group (Figure 1H). The
NAFLD Activity Score (NAS) is a validated score used to grade disease activity in NAFLD
patients [5,21]. The NAS is calculated by summing several component scores for steatosis
(0–3), lobular inflammation (0–3), and ballooning (0–2) [22]. The NAS score of the CD
group, HFHC group, and HFHC + E1231 group was about 0.5, 5.5, and 3.0, respectively
(Figure 1G). Compared with the HFHC group, E1231 treatment decreased the steatosis
(p < 0.05) and lobular inflammation (p = 0.055) scores but not the ballooning score
(Figure 1G), and so significantly decreased the NAS score (Figure 1G). These data suggest
that E1231 has an ameliorative effect on HFHC-induced NAFLD.

In addition, the effects of E1231 on liver inflammation were examined. Real-time
quantitative polymerase chain reaction (RT-qPCR) results showed that the mRNA levels of
inflammatory cytokines, including tumor necrosis factor α (Tnfα) (p < 0.05), interleukin-1β
(Il1β) (p = 0.12), and interleukin-6 (Il6) (p = 0.059) in the livers of the HFHC group were
higher than those in the CD group (Figure S1). E1231 treatment decreased the mRNA levels
of Tnfα (p = 0.065), Il1β (p = 0.14), and Il6 (p = 0.068) compared with the HFHC group
(Figure S1).

In conclusion, our results indicated that E1231 treatment significantly improved HFHC-
induced dyslipidemia and hepatic steatosis and inhibited HFHC-induced NAFLD develop-
ment and liver injury.

2.2. E1231 Regulates SIRT1 and Other Lipid Metabolism Regulators in the Liver

Our data demonstrated that E1231 treatment significantly improved HFHC-induced
dyslipidemia and hepatic steatosis, and that E1231 had an improvement effect against
NAFLD. To elucidate how E1231 exerted an improvement effect against NAFLD, the
mechanism was explored. The transcription factor sterol regulatory element-binding
protein-1c (SREBP-1c) plays an important role in de novo lipogenesis (DNL). Additionally,
the genes of fatty acid synthesis enzymes such as acetyl-coenzyme A carboxylase (ACC),
fatty acid synthase (FAS), and stearoyl-CoA desaturase 1 (SCD-1), are the target genes of
SREBP-1c [18,23]. SIRT1 regulates lipid metabolism by increasing levels of phosphorylated
AMP-activated protein kinase alpha (p-AMPKα) [24], and decreasing the expression level
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of downstream transcription factor SREBP-1c [25,26]. The SIRT1/PGC-1α (proliferator-
activated receptor gamma coactivator 1α) pathway was reported to regulate mitochondrial
physiology and lipid autophagy in NAFLD [27–30]. In addition, peroxisome proliferator-
activated receptor gamma 2 (PPARγ2) activation plays a major role in high-fat-diet (HFD)-
induced fatty liver development [31]. Therefore, to illustrate the effects of E1231 treatment
on HFHC-induced NAFLD, we performed Western blots or RT-qPCR to examine the
expression levels of these key regulatory proteins related to lipid metabolism.

As shown in Figure 2, Western blot analysis revealed that HFHC feeding significantly
decreased the protein expression levels of SIRT1, p-AMPKα/AMPKα ratio, and PCG-1α
(Figure 2A,B) but dramatically increased the protein expression levels of lipogenic proteins,
including SREBP-1c, ACC, and SCD-1, when compared with the control group fed on a
chow diet (Figure 2C,D). E1231 treatment significantly increased the protein expression
levels of SIRT1 and PCG-1α, and the p-AMPKα/AMPKα ratio (Figure 2A,B) but obviously
decreased the expression levels of SREBP-1c, ACC, and SCD-1 when compared with the
HFHC group (Figure 2C,D). RT-qPCR results showed that the mRNA expression levels
of Srebp1c, Scd1, and Fas were significantly increased in HFHC-fed mice compared with
CD-fed mice. The mRNA expression levels of Acc increased (p = 0.074) in HFHC-fed
mice compared with CD-fed mice, indicating that there might be an increasing trend
that did not reach statistical significance. E1231 treatment significantly decreased the
mRNA expression levels of Scd1 and Fas when compared with those in HFHC-fed mice
(Figure 2E). Additionally, E1231 treatment also decreased the mRNA expression levels
of Srebp1c (p = 0.11) and Acc (p = 0.33) (Figure 2E) but with no statistical significance. In
addition, the mRNA expression levels of Pparγ2 (p = 0.11) and its target gene scavenger
receptor Cd36 (p = 0.053) had an increasing trend that did not reach statistical significance
in HFHC-fed mice compared with CD-fed mice. Additionally, another Pparγ2 target gene
adipose differentiation-related protein (Adrp) was significantly increased in HFHC-fed mice
compared with CD-fed mice, while Pparγ1 mRNA levels were not altered (Figure 2F). E1231
treatment significantly decreased the mRNA expression of Pparγ2 and Adrp (Figure 2F), and
it also decreased the mRNA expression of Pparγ1 and Cd36 which did not reach statistical
significance (Figure 2F). It was concluded that E1231 ameliorated HFHC-induced NAFLD
development by increasing the activities of SIRT1 and p-AMPKα and decreasing the key
lipogenesis-related proteins, including SREBP-1c, ACC, SCD-1, and PPARγ2.

2.3. E1231 Suppresses FFA-Induced Lipid Accumulation in the Human Hepatoma
Cell Line HepG2

An overwhelming influx of FFAs causes hepatotoxicity. Because hepatocytes are the
major cells responsible for FFA-challenged lipotoxicity [32,33], we investigated the direct
effects of E1231 on lipid accumulation in FFA-challenged hepatocytes. FFA (oleic acid (OA):
palmitic acid (PA) = 2:1, V/V) was used to induce a well-established steatosis model [34].
ORO staining and cellular lipid content analysis showed that FFAs significantly increased
lipid accumulation in HepG2 cells in a dose-dependent manner (Figure 3A), with more
than 2-fold at 500 and 1000 µM compared with control cells (Figure 3A). We then chose to
examine the effects of E1231 on lipid accumulation in 500 µM FFA-challenged hepatocytes.
As shown in Figure 3B,C, ORO and Nile red fluorescent staining results showed that E1231
treatment greatly decreased the number of lipid droplets at concentrations of 0.1 and 1 µM
compared with the FFA-only group. In addition, cellular lipid content analysis results
showed that E1231 treatment significantly decreased the TG content in FFA-challenged
cells compared with the FFA-only group (Figure 3D).
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Figure 2. E1231 regulates silencing information regulator 1 (SIRT1) and other lipid metabolism regula-
tors in the liver of NAFLD mice. (A,C) Western blot analysis of lipid metabolism regulators (including
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SIRT1, phosphorylated AMP-activated protein kinase alpha (p-AMPKα), AMP-activated protein
kinase alpha (AMPKα), acetyl-coenzyme A carboxylase (ACC), sterol regulatory element-binding
protein-1c (SREBP-1c), stearoyl-CoA desaturase 1 (SCD-1), and peroxisome proliferator-activated
receptor gamma coactivator 1α (PGC-1α)) in the livers of the indicated mice. Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used as a control. (B,D) Densitometry of the band intensity
(ratio to GAPDH) was performed. Data are presented as the mean ± SEM. n = 4 per group. (E) Real-
time–quantitative polymerase chain reaction (RT-qPCR) analysis of the liver mRNA expression levels
of sterol regulatory element-binding protein-1c (Srebp1c), acetyl-coenzyme A carboxylase (Acc), fatty
acid synthase (Fas), and stearoyl-CoA desaturase 1 (Scd1). n = 5 per group. (F) RT-qPCR analysis of
the liver mRNA expression levels of peroxisome proliferator-activated receptor gamma 2 (Pparγ2),
Pparγ1, scavenger receptor Cd36, and adipose differentiation-related protein (Adrp). n = 5 per group.
The data are presented as the mean ± SEM. One-way ANOVA was used for analysis. HFHC group
vs. CD group: # p < 0.05, ## p < 0.01, ### p < 0.001. HFHC + E1231 group vs. HFHC group: * p < 0.05,
** p < 0.01, *** p < 0.001.

To investigate the molecular regulation mechanism by E1231, we performed Western
blot analysis on SIRT1 and its downstream regulators in lipid metabolism (p-AMPKα,
AMPKα, ACC) in HepG2 cells. As shown in Figure 3E, E1231 at concentrations of 1 µM
significantly increased the protein expression of SIRT1 and the p-AMPKα/AMPKα ratio
compared with the FFA-only group, which was in accordance with the in vivo results.
Furthermore, E1231 treatment at 1 µM clearly decreased the protein level of ACC caused
by FFAs (Figure 3E). Taken together, our data indicated that E1231 inhibited FFA-induced
lipid accumulation in HepG2 cells by regulating the SIRT1-AMPKα pathway.

2.4. E1231 Suppresses FFA-Challenged Lipid Accumulation in Alpha Mouse Liver 12
(AML12) Cells

We then evaluated the lipid metabolism-regulating effect of E1231 in FFA-challenged
AML12 cells. Consistent with the HepG2 cells, FFAs significantly increased the lipid
accumulation compared with DMSO-treated control cells in a dose-dependent manner
according to the ORO staining results (Figure 4A). ORO staining and Nile red fluorescent
staining results showed that E1231 treatment clearly decreased lipid accumulation in
AML12 cells challenged with 500 µM FFA in a dose-dependent manner (Figure 4B,C).
Analysis of the cellular lipid content revealed that exposure to FFAs increased the amount
of cellular TG, whereas treatment with E1231 clearly reduced the amount of cellular TG
relative to the FFA group (Figure 4D). Collectively, these data indicate that E1231 suppressed
lipid accumulation in FFA-challenged hepatocytes.

2.5. E1231 Represses Lipid Accumulation in FFA-Challenged Hepatocytes by Activating SIRT1

We demonstrated that E1231 was a SIRT1 activator in a previous study [20] and in this
work (Figure 1A). SIRT1 has been reported to protect against NAFLD through the regulation
of lipid homeostasis [14,35]. EX527 is a potent and selective SIRT1 inhibitor [36,37]. Man
Li et al. showed that the inhibition of SIRT1 by EX527 could markedly enhance FFA-
induced lipid accumulation [38]. Therefore, to investigate whether the regulation of lipid
metabolism and thus the anti-NAFLD effect of E1231 was mediated by SIRT1, we added
EX527 to the FFA-challenged HepG2 and AML12 cell lipid accumulation model.

As shown in Figure 5, EX527 clearly reversed the inhibitory effect of E1231 on lipid de-
position in both HepG2 and AML12 cells as shown by ORO staining (Figure 5A,B) and Nile
red fluorescent staining results (Figure 5C,D). In addition, EX527 reversed the inhibitory
effect of E1231 on TG accumulation in both HepG2 and AML12 cells, as demonstrated by a
cellular lipid content analysis (Figure 5E). Western blot experiments were then performed
to investigate the potential mechanism in both HepG2 and AML12 cells when treated with
or without E1231 and EX527, respectively. The results showed that the increased SIRT1
protein expression effect induced by E1231 was obviously blunted when it co-existed with
EX527 in both HepG2 and AML12 cells (Figure 5F,G). Collectively, these data indicate that
E1231 inhibited lipid accumulation in FFA-challenged hepatocytes by activating SIRT1.
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Figure 3. E1231 reduces lipid accumulation in FFA-challenged human hepatoma cell line HepG2 cells.
(A) ORO staining and quantification of lipid accumulation in FFA-challenged HepG2 cells. HepG2
cells were treated with free fatty acid (FFA, oleic acid (OA): palmitic acid (PA) = 2:1, V/V) at 125,
250, 500, and 1000 µM for 24 h to generate the HepG2 in vitro steatosis cell model. Scale bar, 2.5 µm.
(B–D) ORO staining and quantification (B), Nile red staining and quantification (C), and TG contents
(D) in FFA (500 µM)-challenged HepG2 cells treated with dimethylsulfoxide (DMSO) or E1231 (0.01,
0.1, and 1 µM) for 24 h. Scale bar for (B), 2.5 µm. Scale bar for (C), 100 µm. (E) Western blot analysis
of lipid metabolism regulator proteins (SIRT1, p-AMPKα, AMPKα, ACC) in FFA-challenged HepG2
cells treated with E1231 or DMSO. GAPDH was used as a control. Densitometry of the band intensity
(ratio to GAPDH) was performed. Data from 3 independent experiments are presented as the mean
± SEM. One-way ANOVA was used for analysis. (A) FFA-only group vs. control (DMSO) group:
** p < 0.01, *** p < 0.001. (B–E) FFA-only group vs. control (DMSO) group: # p < 0.05, ## p < 0.01,
### p < 0.001. E1231 group vs. FFA-only group: ** p < 0.01, *** p < 0.001.
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 Figure 4. E1231 reduces lipid accumulation in FFA-challenged alpha mouse liver 12 (AML12) cells.
(A) ORO staining and quantification of lipid accumulation in FFA-challenged AML12 cells. AML12
cells were treated with FFA (OA: PA = 2:1, V/V) at 125, 250, 500, and 1000 µM for 24 h to generate the
in vitro lipid accumulation cell model. Scale bar, 2.5 µm. (B–D) ORO staining and quantification (B),
Nile red staining and quantification (C), and TG contents (D) in FFA (500 µM)-challenged HepG2
cells treated with DMSO or E1231 (0.01, 0.1, and 1 µM) for 24 h. Scale bar for (B), 2.5 µm. Scale bar
for (C), 100 µm. Data from 3 independent experiments are presented as the mean ± SEM. One-way
ANOVA was used for analysis. (A) FFA-only group vs. control group: *** p < 0.001. (B–D) FFA-
only group vs. control (DMSO) group: ### p < 0.001. E1231 group vs. FFA-only group: * p < 0.05,
** p < 0.01, *** p < 0.001.

2.6. E1231 Improves Mitochondrial Function in FFA-Challenged Hepatocytes by Activating SIRT1

Chronic impairment of lipid metabolism leads to alterations in the oxidant/antioxidant
balance, cellular lipotoxicity, lipid peroxidation, chronic endoplasmic reticulum (ER) stress,
and mitochondrial dysfunction [9,39]. Malondialdehyde (MDA) is a marker of oxidative-
stress-induced lipid peroxidation products. SIRT1, PGC-1α, and AMPKα are the major reg-
ulators of mitochondrial biogenesis and function [40]. Our data indicated that E1231 treat-
ment increased SIRT1, PGC-1α, and p-AMPKα expression. Therefore, we monitored the
MDA contents in the livers and the mitochondrial function in FFA-challenged hepatocytes.
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Figure 5. E1231 reduced lipid accumulation in FFA-challenged hepatocytes by activating SIRT1.
HepG2 and AML12 cells were treated with FFA at 500 µM for 24 h, and then DMSO, E1231 (1 µM),
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or EX527 was added for another 24 h. (A–D) ORO staining (A,B) and Nile red fluorescent staining
(C,D) of lipid accumulation in FFA-challenged HepG2 and AML12 cells treated with DSMO, E1231,
or EX527. Scale bar for (A), 2.5 µm. Scale bar for (C), 100 µm. (E) TG content of lipid accumulation in
FFA-challenged HepG2 and AML12 cells treated with DSMO, E1231, or EX527. (F,G) Western blot
analysis of SIRT1 in FFA-challenged HepG2 cells treated with DSMO, E1231, or EX527. Densitometry
of the band intensity (ratio to GAPDH) was performed. The data from 3 independent experiments are
presented as the mean ± SEM. One-way ANOVA was used for analysis. FFA-only group vs. control
(DMSO) group: # p < 0.05, ### p < 0.001. E1231 group vs. FFA-only group or E1231 and EX527 group:
*** p < 0.001.

As shown in Figure S2, HFHC feeding significantly increased the liver MDA contents
compared with the CD feeding group, whereas E1231 treatment obviously decreased the
liver MDA contents compared with the HFHC group (Figure S2). Tetramethylrhodamine
ethyl ester (TMRE), a key indicator of cell health, was used to monitor the changes in the
mitochondrial membrane potential (MMP). The results showed that FFA treatment resulted
in mitochondrial depolarization compared with DMSO-treated control cells, while E1231 at
0.1 and 1 µM could obviously normalize the MMP depolarization induced by FFA in both
HepG2 and AML12 cells (Figure 6A,B). The protective effect of E1231 on FFA-challenged
MMP depolarization in both HepG2 and AML12 cells was markedly suppressed by EX527
(Figure 6C,D). These data indicated that E1231 could attenuate chronic lipid oversupply-
induced oxidative stress and FFA-induced mitochondrial dysfunction in a SIRT1-dependent
manner.
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Figure 6. E1231 improves mitochondrial function in FFA-challenged HepG2 and AML12 cells. HepG2
and AML12 cells were treated with FFA at 500 µM for 24 h, and then DMSO, E1231, or EX527 at
the indicated concentrations was added for another 24 h. (A,B) Tetramethylrhodamine ethyl ester
(TMRE) staining of lipid accumulations in FFA-challenged HepG2 (A) and AML12 (B) cells treated
with DMSO or E1231 (0.01, 0.1, and 1 µM). Scale bar, 100 µm. (C,D) TMRE-mediated MMP staining
of lipid accumulation in FFA-challenged HepG2 (C) and AML12 (D) cells treated with DSMO, E1231,
or EX527. Scale bar, 100 µm. The representative images are from three independent experiments. The
data are presented as the mean ± SEM. One-way ANOVA was used for analysis. FFA-only group vs.
control (DMSO) group: ### p < 0.001. E1231 group vs. FFA-only group or E1231 and EX527 group:
* p < 0.05, ** p < 0.01, *** p < 0.001.

3. Discussion

NAFLD is a common chronic liver disease worldwide and is associated with metabolic
syndrome. Hepatic steatosis is the hallmark of NAFLD, and it results from the imbal-
ance between lipid synthesis and lipid utilization. The dysregulated lipid metabolism in
hepatocytes creates a lipotoxic environment, promoting the development of NAFLD [41].
Enhanced SREBP1c-mediated DNL contributes significantly to the intrahepatic accumula-
tion of lipids in NAFLD [42,43]. SIRT1 may ameliorate NAFLD and plays important roles in
reducing hepatic steatosis and regulating mitochondrial function involved in the process of
NAFLD [27,28,44,45]. SIRT1 could increase AMPKα activity and inhibit SREBP1c activity,
and thus decrease lipogenesis in mouse livers [45,46]. E1231 is a novel SIRT1 activator
previously identified by our laboratory [20]. In this study, we uncovered the first evidence
that E1231 treatment significantly improved liver steatosis in HFHC-induced NAFLD mice
and decreased lipid accumulation in FFA-challenged hepatocytes. The mechanistic studies
showed that E1231-regulated lipid metabolism by regulating the SIRT1-AMPKα pathway
and decreasing the downstream key molecules of lipogenesis, including SREBP-1c, ACC,
SCD-1, and PPARγ2 (Figure 7). These data indicate that SIRT1 activator E1231 ameliorated
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lipid accumulation and thus protected against NAFLD in both FFA-challenged hepatocytes
and HFHC-induced NAFLD mice.

Curr. Issues Mol. Biol. 2023, 3, FOR PEER REVIEW 14 
 

 

Figure 6. E1231 improves mitochondrial function in FFA-challenged HepG2 and AML12 cells. 

HepG2 and AML12 cells were treated with FFA at 500 µM for 24 h, and then DMSO, E1231, or EX527 

at the indicated concentrations was added for another 24 h. (A,B) Tetramethylrhodamine ethyl ester 

(TMRE) staining of lipid accumulations in FFA-challenged HepG2 (A) and AML12 (B) cells treated 

with DMSO or E1231 (0.01, 0.1, and 1 µM). Scale bar, 100 µm. (C,D) TMRE-mediated MMP staining 

of lipid accumulation in FFA-challenged HepG2 (C) and AML12 (D) cells treated with DSMO, 

E1231, or EX527. Scale bar, 100 µm. The representative images are from three independent experi-

ments. The data are presented as the mean ± SEM. One-way ANOVA was used for analysis. FFA-

only group vs. control (DMSO) group: ### p < 0.001. E1231 group vs. FFA-only group or E1231 and 

EX527 group: * p < 0.05, ** p < 0.01, *** p < 0.001. 

3. Discussion 

NAFLD is a common chronic liver disease worldwide and is associated with meta-

bolic syndrome. Hepatic steatosis is the hallmark of NAFLD, and it results from the im-

balance between lipid synthesis and lipid utilization. The dysregulated lipid metabolism 

in hepatocytes creates a lipotoxic environment, promoting the development of NAFLD 

[41]. Enhanced SREBP1c-mediated DNL contributes significantly to the intrahepatic accu-

mulation of lipids in NAFLD [42,43]. SIRT1 may ameliorate NAFLD and plays important 

roles in reducing hepatic steatosis and regulating mitochondrial function involved in the 

process of NAFLD [27,28,44,45]. SIRT1 could increase AMPKα activity and inhibit 

SREBP1c activity, and thus decrease lipogenesis in mouse livers [45,46]. E1231 is a novel 

SIRT1 activator previously identified by our laboratory [20]. In this study, we uncovered 

the first evidence that E1231 treatment significantly improved liver steatosis in HFHC-

induced NAFLD mice and decreased lipid accumulation in FFA-challenged hepatocytes. 

The mechanistic studies showed that E1231-regulated lipid metabolism by regulating the 

SIRT1-AMPKα pathway and decreasing the downstream key molecules of lipogenesis, 

including SREBP-1c, ACC, SCD-1, and PPARγ2 (Figure 7). These data indicate that SIRT1 

activator E1231 ameliorated lipid accumulation and thus protected against NAFLD in 

both FFA-challenged hepatocytes and HFHC-induced NAFLD mice. 

 

Figure 7. A schematic mechanism diagram of E1231’s inhibitory effect on NAFLD. Specifically, E1231
increases the activity of SIRT1-AMPKα but decreases the expression of the key lipogenesis proteins
SREBP-1c, ACC, SCD-1, and PPARγ2. As a result, E1231 decreases lipid accumulation and improves
steatosis and FFA-induced mitochondrial dysfunction, and then exerts an improvement effect on
NAFLD. SIRT1, silencing information regulator 1; AMPKα, AMP-activated protein kinase; FFA,
free fatty acid; SREBP-1c, sterol regulatory element-binding protein-1c; ACC, acetyl-coenzyme A
carboxylase; SCD-1, stearoyl-CoA desaturase 1; PPARγ2, peroxisome proliferator-activated receptor
gamma 2; NAFLD, nonalcoholic fatty liver disease.

The dysregulation of lipid homeostasis in hepatocytes could generate toxic lipids
that result in dysfunctional organelles promoting inflammation, hepatocellular damage,
oxidative stress, mitochondrial dysfunction, and cell demise [10]. Mitochondria constitute
the principal site for oxidative phosphorylation (OXPHOS) and fatty acid oxidation (FAO)
(or β-oxidation), and mitochondrial dysfunction leads to the increased accumulation of
FAO and TG in hepatocytes [47]. SIRT1 and AMPKα regulate mitochondrial function
through the activation of PGC-1α, which is a master regulator of mitochondrial function.
Our results showed that E1231 could inhibit liver inflammation, decrease lipid peroxidation
product MDA content, and improve mitochondrial function. In addition, there are many
signaling cross-talks between the liver and white adipose tissue (WAT) [48], and SIRT1
activity can affect WAT metabolism and then have an impact on liver metabolism through
metabolic substrate delivery or altered inflammatory signaling [49]. Therefore, further
studies need to be conducted to investigate the effects of E1231 on WAT SIRT1 activity and
WAT metabolism. Finally, since there are many NAFLD models (such as animal models
induced by a high-fat diet, high-fat high-fructose diet, and methionine-choline-deficient
diet), further studies need to be conducted to investigate the comprehensive effects of E1231
on NASH and liver fibrosis.
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SIRT1 is an NAD+-dependent deacetylase [50], and activation of SIRT1 has multiple
biological functions that are beneficial for life extension, including the improvement in
metabolic diseases such as NAFLD, diabetes, and obesity [14,51]. A variety of SIRT1-
activated compounds (STACs), including natural and synthetic STACs (e.g., SRT1720,
SRT2104, and SRT3025), have been identified [52]. SRT1720 treatment directly reduced
the expression of lipogenic genes, such as SREBP-1c, ACC, and FAS, reduced liver lipid
accumulation, and reduced oxidative stress and inflammation, which improved the de-
velopment of NAFLD in monosodium-glutamate (MSG)-induced diabetic mice [53]. Our
study demonstrated that the SIRT1 activator E1231 could alleviate NAFLD development,
which adds new evidence for SIRT1 activators being used for NAFLD treatment. Therefore,
the development of SIRT1 activators may become a promising therapeutic strategy for
NAFLD [13,35,54].

4. Materials and Methods
4.1. Establishment of an HFHC-Induced Mouse Model of NAFLD

Eight-week-old male C57BL/6J mice were purchased from Huafukang Bioscience
(Beijing, China). All animals were treated in accordance with the Guide for the Care and
Use of Laboratory Animals of the Institute of Medicinal Biotechnology, CAMS & PUMC.
All animal experiments were approved by the Animal Care and Use Committee of the
Institute of Medicinal Biotechnology, CAMS & PUMC.

The mice were divided into three groups: the CD group, HFHC group, and HFHC +
E1231 group. Each group had five mice. The mice in the control group were fed a chow diet
(CD, #Co60, SPF; Beijing Biotechnology Co., Ltd., Beijing, China). The mice in the model
group and E1231 group were fed a HFHC diet (#M10640, 40 kcal% fat, 20 kcal% fructose,
and 2% cholesterol, BIOPIKE, Beijing, China) for 40 weeks to establish a HFHC-induced
NAFLD model. Then, the E1231-treated group was administered E1231 (J & K Scientific,
Beijing, China), 50 mg/kg in 0.5% sodium carboxyl methyl cellulose (CMC-Na, #C9481,
CAS:9004-32-4, Sigma-Aldrich, St. Louis, MO, USA) once daily by oral gavage for 4 weeks,
and the CD group and HFHC group mice were administered 0.5% CMC-Na for 4 weeks.

4.2. Plasma Assay and Hepatic Lipid Assay

The plasma ALT, AST, TC, HDL-C, LDL-C, and TG levels were measured using a
fully automated biochemical analyzer (Hitachi 71800, Chiyoda, Japan) and commercially
available assay kits (BIOSINO Biotechnology, Beijing, China).

Liver TC and TG contents were briefly determined as follows [55]. Liver tissues
were weighed and homogenized. Then, the hepatic lipid was isolated by an extract liquor
(methanol:chloroform = 2:1, V/V). The solvent was evaporated using a vacuum centrifugal
concentrator and the lipids were dissolved in 10% Triton X-100 solution. The TC and
TG in hepatic lipids were then measured (#E1015 for TC, #E1013 for TG, APPLYGEN,
Beijing, China) according to the manufacturer’s protocols using a Multimode Plate Reader
(EnVision 2105, PerkinElmer, Fremont, CA, USA). In addition, the cellular TG content was
measured with a commercial kit (#E1013, APPLYGEN, Beijing, China). The TC and TG
contents in the livers were calculated as µmol/g liver weight, respectively.

4.3. Histological Analysis

The liver tissues were fixed in a 4% paraformaldehyde solution (#BL539A, Biosharp,
Hefei, China) and then dehydrated in 20% sucrose. Then, the tissues were embedded
in paraffin or O.C.T. Compound (#4583, SAKURA Tissue-Tek, Torrance, CA, USA) and
mounted on slides. The paraffin tissue slides were subjected to H&E staining to evaluate
the histological structure of the livers. The frozen samples were sectioned and stained with
ORO to visualize lipid droplets. Liver sections were stained with ORO solution (#H8070,
Solarbio, Beijing, China) and Mayer’s hematoxylin solution (#G1260, Solarbio, Beijing,
China). H&E-stained images were scanned using 3DHISTECH’s Slide Converter. The ORO-
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stained images were taken under a light microscope (Leica DMIL, Leica Microsystems,
Wetzlar, Germany).

4.4. Cell Culture

HepG2 cells and AML12 cells were obtained from ATCC (Rockville, MD). Cells were
cultured in Dulbecco’s modified Eagle medium (DMEM) (#C11995500BT, Gibco, Billings,
NK, USA) supplemented with 10% fetal bovine serum (FBS) (#10270-106, Gibco, Billings,
NK, USA) (V/V) under conditions of 37 ◦C and 5% CO2 in an incubator.

4.5. FFA-Challenged Lipid Accumulation Model in Hepatocytes

PA (#10006627, Cayman Chemical, Ann Arbor, MI, USA) and OA (#373768, CAS:
143-19-1, J & K Scientific, Beijing, China) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). HepG2 and AML12 cells were treated with 125, 250, 500, and 1000 µM FFA
(OA:PA = 2:1, V/V) and 0.5% fatty acid-free bovine serum albumin (#BAH68, Equitech
Bio, Kerrville, TX, USA) for 24 h. Then, ORO (#G1262, Solarbio, Beijing, China) staining
was performed to determine the level of lipid accumulation in the cells. Five ORO-stained
images per sample were taken under a light microscope (Leica DMIL, Leica Microsystems,
Wetzlar, German), and then the density of lipid droplets was analyzed by ImageJ software
(National Institutes of Health, Bethesda, MD, USA). According to the results, FFA at 500 µM
was used to perform the following experiments.

4.6. E1231 Treatment in FFA-Challenged Hepatocytes

To examine the effect of E1231 on lipid accumulation, HepG2 and AML12 cells were
treated as follows. HepG2 and AML12 cells were first incubated with 500 µM FFA for
24 h, and then E1231 at the indicated concentration (0, 0.01, 0.1, and 1 µM) was added and
cells were incubated for another 24 h. To determine whether the effect of E1231 on lipid
accumulation was dependent on its activation of SIRT1, HepG2 and AML12 cells were
treated with 500 µM FFA with or without E1231 (1 µM), and the SIRT1 inhibitor EX527
(#S1541, Selleck Chem, Houston, TX, USA) (10 µM), for 24 h. Then, the cells were stained
with ORO, Nile red, or TMRE according to the instructions of commercial reagents or kits
or analyzed by Western blot.

4.7. Nile Red Fluorescent Staining

Nile red fluorescent staining reagent (#C0009, Applygen, Beijing, China) was used
as follows. HepG2 and AML12 cells were treated as above with FFAs and E1231 with or
without EX527. The cells were then fixed with a 4% paraformaldehyde solution for 10 min
and then washed with phosphate-buffered saline (PBS) three times. Cells were stained with
Nile red staining solution (10 µM) for 10 min. Hoechst (#R37605, Hoechst 33342, Thermo,
Waltham, MA, USA) was used to stain the cell nuclei.

4.8. Tetramethylrhodamine Ethyl Ester (TMRE) Staining

A TMRE-Mitochondrial Membrane Potential Assay kit (#T669, Invitrogen, Carlsbad,
CA, USA) was used for quantifying changes in the mitochondrial membrane potential in
live cells. HepG2 and AML12 cells were stained with TMRE solution (200 nM) for 20 min.
Hoechst (#R37605, Hoechst 33342, Thermo, Waltham, MA, USA) was used to stain the
cell nuclei.

The fluorescent stained images were captured and analyzed by a High Content Analy-
sis System (Operetta CLS, PerkinElmer, Waltham, MA, USA) (for Nile red, Ex: 488 nm, Em:
528 nm; for TRME, Ex: 549 nm, Em: 574 nm; for Hoechst, Ex: 360 nm, Em: 460 nm).

4.9. Western Blot Analysis

Total liver tissue and hepatocyte proteins were extracted by RIPA lysis buffer (#C1053,
APPLGEN, Beijing, China) containing protease inhibitor (#04693132001, Roche, Basel,
Switzerland). The protein concentration was quantified by a BCA assay kit (#23225, Thermo,
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Waltham, MA, USA). The protein samples were separated by 10% SDS-PAGE and then
transferred to polyvinylidene fluoride (PVDF) membranes (IPVH00010; Millipore, Billerica,
MA, USA). The membranes were incubated with primary antibodies (GAPDH (#60004-1-
Ig, Proteintech, Rosemont, IL, USA), SIRT1 (#2028S, Cell Signaling Technology, Danvers,
MA, USA), SREBP-1c (#66875-1-Ig, Proteintech, Rosemont, IL, USA), PGC-1α (#NBP1-
04676, NOVUS, Stroudsburg, PA, USA), p-AMPKα (#2537S, Cell Signaling Technology,
Danvers, MA, USA), AMPKα (#5832S, Cell Signaling Technology, Danvers, MA, USA),
ACC (#3676S, Cell Signaling Technology, Danvers, MA, USA), and SCD-1 (#2794S, Cell
Signaling Technology, Danvers, MA, USA), and a suitable horseradish-peroxidase (HRP)-
conjugated secondary antibody (#ZB-2305, #ZB-2301, ZSGB-BIO, Beijing, China). The
protein expression signals were detected by an ECL Western Blotting Substrate (#34094,
Thermo Fisher Scientific, Waltham, MA, USA) on a chemiluminescence imaging system
(Tanon 5200, Beijing, China). The band intensity was quantified by ImageJ software
(National Institutes of Health, Bethesda, MD, USA).

4.10. RNA Isolation and Real–Time Quantitative PCR

Total RNA from liver tissues were extracted with TRIzolTM reagent (1559602, Invitro-
gen, CA, USA) and reverse-transcribed to cDNA using the PerfectStart Uni RT&qPCR Kit
(AUQ01, TransGen, Beijing, China). The RT-qPCR assays were performed using PerfectStart
Green qPCR SuperMix (AQ601, TransGen, Beijing, China) on a FTC3000 RT-qPCR system
(Funglyn Biotech Inc, Toronto, ON, Canada). The mRNA expression of the studied genes
was calculated relative to Gapdh. The primers are listed in Table S1.

4.11. Statistical Analysis

Data are presented as mean ± standard errors of the mean (SEM). GraphPad Prism 8.0
software (GraphPad, San Diego, CA, USA) was used for statistical analysis. The normality
and lognormality tests were used for an assumption of the normality of data. The Brown–
Forsythe (B-F) test was used for testing the assumption of equal variances. The comparisons
among multiple groups were analyzed by one-way analysis of variance (ANOVA) with
a Dunnett post-hoc test. If the data did not satisfy the normality, lognormality, and equal
variance tests, the results were analyzed further using the Kruskal–Wallis test for multiple
comparisons, followed by a Dunnett post-hoc test. p < 0.05 was considered statistically
significant.

5. Conclusions

In summary, our studies elucidated that the SIRT1 activator E1231 decreased the
expression of key lipogenesis-related proteins SREBP-1c, ACC and SCD-1 by activating
the SIRT1-AMPKα pathway, and thereby inhibited hepatocyte lipid accumulation and
improved hepatocyte steatosis, which ultimately had an improvement effect on NAFLD.
This study provides new and clear evidence for the development of SIRT1 activators for
the treatment of NAFLD.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/cimb45060321/s1, Figure S1: Effects of E1231 on liver
inflammatory cytokines in NAFLD mice; Figure S2: E1231 decreased malondialdehyde (MDA)
contents in NAFLD mice; Table S1: The primer sequences of the target genes in RT-qPCR assay.

Author Contributions: Conceptualization, S.S., Y.X., J.H. and S.L.; methodology, J.H., Y.X. and S.L.;
software, J.H.; validation, J.H., S.L., W.W., X.J., C.L., L.L., Y.L., R.S. and Y.Z. (Yuyan Zhang); formal
analysis, J.H. and S.L.; investigation, J.H., S.L., W.W., X.J., C.L., L.L., Y.L., R.S., Y.Z. (Yuyan Zhang),
J.Z. and Y.Z. (Yuhao Zhang); resources, Y.W.; data curation, J.H. and S.L.; writing—original draft
preparation, J.H. and S.L.; writing—review and editing, Y.X. and S.S.; visualization, J.H.; supervision,
Y.X. and S.S.; project administration, Y.X. and S.S.; funding acquisition, Y.X. and S.S.; All authors have
read and agreed to the published version of the manuscript.

https://www.mdpi.com/article/10.3390/cimb45060321/s1


Curr. Issues Mol. Biol. 2023, 45 5068

Funding: This study was supported by CAMS Innovation Fund for Medical Sciences (CIFMS) (2022-
JKCS-10, 2021-1-I2M-030), the Foundation National Natural Science Foundation of China (81973328)
and the Chinese Pharmaceutical Association-Yiling Biomedical Innovation Fund (CPA-B04-ZC-2021-005).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is available on request from the authors.

Acknowledgments: We deeply thank Tingting Feng for her hard work in compound screening and
excellent technical support.

Conflicts of Interest: The authors declared they do not have anything to disclose regarding the
conflict of interest concerning this manuscript.

References
1. Eslam, M.; Sanyal, A.J.; George, J.; International Consensus Panel. MAFLD: A Consensus-Driven Proposed Nomenclature for

Metabolic Associated Fatty Liver Disease. Gastroenterology 2020, 158, 1999–2014.e1. [CrossRef] [PubMed]
2. Younossi, Z.; Anstee, Q.M.; Marietti, M.; Hardy, T.; Henry, L.; Eslam, M.; George, J.; Bugianesi, E. Global burden of NAFLD and

NASH: Trends, predictions, risk factors and prevention. Nat. Rev. Gastroenterol. Hepatol. 2018, 15, 11–20. [CrossRef] [PubMed]
3. Powell, E.E.; Wong, V.W.; Rinella, M. Non-alcoholic fatty liver disease. Lancet (Lond. Engl.) 2021, 397, 2212–2224. [CrossRef]
4. Loomba, R.; Friedman, S.L.; Shulman, G.I. Mechanisms and disease consequences of nonalcoholic fatty liver disease. Cell 2021,

184, 2537–2564. [CrossRef]
5. Sheka, A.C.; Adeyi, O.; Thompson, J.; Hameed, B.; Crawford, P.A.; Ikramuddin, S. Nonalcoholic Steatohepatitis: A Review. JAMA

2020, 323, 1175–1183. [CrossRef]
6. Khairnar, R.; Islam, M.A.; Fleishman, J.; Kumar, S. Shedding light on non-alcoholic fatty liver disease: Pathogenesis, molecular

mechanisms, models, and emerging therapeutics. Life Sci. 2023, 312, 121185. [CrossRef]
7. Geier, A.; Tiniakos, D.; Denk, H.; Trauner, M. From the origin of NASH to the future of metabolic fatty liver disease. Gut 2021, 70,

1570–1579. [CrossRef]
8. Tilg, H.; Moschen, A.R. Evolution of inflammation in nonalcoholic fatty liver disease: The multiple parallel hits hypothesis.

Hepatology (Baltim. Md.) 2010, 52, 1836–1846. [CrossRef]
9. Jaishy, B.; Abel, E.D. Lipids, lysosomes, and autophagy. J. Lipid Res. 2016, 57, 1619–1635. [CrossRef]
10. Geng, Y.; Faber, K.N.; de Meijer, V.E.; Blokzijl, H.; Moshage, H. How does hepatic lipid accumulation lead to lipotoxicity in

non-alcoholic fatty liver disease? Hepatol. Int. 2021, 15, 21–35. [CrossRef]
11. Ipsen, D.H.; Lykkesfeldt, J.; Tveden-Nyborg, P. Molecular mechanisms of hepatic lipid accumulation in non-alcoholic fatty liver

disease. Cell. Mol. Life Sci. CMLS 2018, 75, 3313–3327. [CrossRef] [PubMed]
12. Wu, Q.J.; Zhang, T.N.; Chen, H.H.; Yu, X.F.; Lv, J.L.; Liu, Y.Y.; Liu, Y.S.; Zheng, G.; Zhao, J.Q.; Wei, Y.F.; et al. The sirtuin family in

health and disease. Signal Transduct. Target. Ther. 2022, 7, 402. [CrossRef]
13. Ding, R.B.; Bao, J.; Deng, C.X. Emerging roles of SIRT1 in fatty liver diseases. Int. J. Biol. Sci. 2017, 13, 852–867. [CrossRef]

[PubMed]
14. Nassir, F.; Ibdah, J.A. Sirtuins and nonalcoholic fatty liver disease. World J. Gastroenterol. 2016, 22, 10084–10092. [CrossRef]

[PubMed]
15. Mariani, S.; Fiore, D.; Basciani, S.; Persichetti, A.; Contini, S.; Lubrano, C.; Salvatori, L.; Lenzi, A.; Gnessi, L. Plasma levels of

SIRT1 associate with non-alcoholic fatty liver disease in obese patients. Endocrine 2015, 49, 711–716. [CrossRef]
16. Wu, T.; Liu, Y.H.; Fu, Y.C.; Liu, X.M.; Zhou, X.H. Direct evidence of sirtuin downregulation in the liver of non-alcoholic fatty liver

disease patients. Ann. Clin. Lab. Sci. 2014, 44, 410–418.
17. Purushotham, A.; Schug, T.T.; Xu, Q.; Surapureddi, S.; Guo, X.; Li, X. Hepatocyte-specific deletion of SIRT1 alters fatty acid

metabolism and results in hepatic steatosis and inflammation. Cell Metab. 2009, 9, 327–338. [CrossRef] [PubMed]
18. Hou, X.; Xu, S.; Maitland-Toolan, K.A.; Sato, K.; Jiang, B.; Ido, Y.; Lan, F.; Walsh, K.; Wierzbicki, M.; Verbeuren, T.J.; et al. SIRT1

regulates hepatocyte lipid metabolism through activating AMP-activated protein kinase. J. Biol. Chem. 2008, 283, 20015–20026.
[CrossRef]

19. Feige, J.N.; Lagouge, M.; Canto, C.; Strehle, A.; Houten, S.M.; Milne, J.C.; Lambert, P.D.; Mataki, C.; Elliott, P.J.; Auwerx, J. Specific
SIRT1 activation mimics low energy levels and protects against diet-induced metabolic disorders by enhancing fat oxidation. Cell
Metab. 2008, 8, 347–358. [CrossRef]

20. Feng, T.; Liu, P.; Wang, X.; Luo, J.; Zuo, X.; Jiang, X.; Liu, C.; Li, Y.; Li, N.; Chen, M.; et al. SIRT1 activator E1231 protects from
experimental atherosclerosis and lowers plasma cholesterol and triglycerides by enhancing ABCA1 expression. Atherosclerosis
2018, 274, 172–181. [CrossRef]

21. Pouwels, S.; Sakran, N.; Graham, Y.; Leal, A.; Pintar, T.; Yang, W.; Kassir, R.; Singhal, R.; Mahawar, K.; Ramnarain, D. Non-
alcoholic fatty liver disease (NAFLD): A review of pathophysiology, clinical management and effects of weight loss. BMC Endocr.
Disord. 2022, 22, 63. [CrossRef] [PubMed]

https://doi.org/10.1053/j.gastro.2019.11.312
https://www.ncbi.nlm.nih.gov/pubmed/32044314
https://doi.org/10.1038/nrgastro.2017.109
https://www.ncbi.nlm.nih.gov/pubmed/28930295
https://doi.org/10.1016/S0140-6736(20)32511-3
https://doi.org/10.1016/j.cell.2021.04.015
https://doi.org/10.1001/jama.2020.2298
https://doi.org/10.1016/j.lfs.2022.121185
https://doi.org/10.1136/gutjnl-2020-323202
https://doi.org/10.1002/hep.24001
https://doi.org/10.1194/jlr.R067520
https://doi.org/10.1007/s12072-020-10121-2
https://doi.org/10.1007/s00018-018-2860-6
https://www.ncbi.nlm.nih.gov/pubmed/29936596
https://doi.org/10.1038/s41392-022-01257-8
https://doi.org/10.7150/ijbs.19370
https://www.ncbi.nlm.nih.gov/pubmed/28808418
https://doi.org/10.3748/wjg.v22.i46.10084
https://www.ncbi.nlm.nih.gov/pubmed/28028356
https://doi.org/10.1007/s12020-014-0465-x
https://doi.org/10.1016/j.cmet.2009.02.006
https://www.ncbi.nlm.nih.gov/pubmed/19356714
https://doi.org/10.1074/jbc.M802187200
https://doi.org/10.1016/j.cmet.2008.08.017
https://doi.org/10.1016/j.atherosclerosis.2018.04.039
https://doi.org/10.1186/s12902-022-00980-1
https://www.ncbi.nlm.nih.gov/pubmed/35287643


Curr. Issues Mol. Biol. 2023, 45 5069

22. Kleiner, D.E.; Brunt, E.M.; Van Natta, M.; Behling, C.; Contos, M.J.; Cummings, O.W.; Ferrell, L.D.; Liu, Y.C.; Torbenson, M.S.;
Unalp-Arida, A.; et al. Design and validation of a histological scoring system for nonalcoholic fatty liver disease. Hepatology
(Baltim. Md.) 2005, 41, 1313–1321. [CrossRef] [PubMed]

23. Strable, M.S.; Ntambi, J.M. Genetic control of de novo lipogenesis: Role in diet-induced obesity. Crit. Rev. Biochem. Mol. Biol. 2010,
45, 199–214. [CrossRef] [PubMed]

24. Ruderman, N.B.; Xu, X.J.; Nelson, L.; Cacicedo, J.M.; Saha, A.K.; Lan, F.; Ido, Y. AMPK and SIRT1: A long-standing partnership?
Am. J. Physiol. Endocrinol. Metab. 2010, 298, E751–E760. [CrossRef]

25. Ferré, P.; Foufelle, F. Hepatic steatosis: A role for de novo lipogenesis and the transcription factor SREBP-1c. Diabetes Obes. Metab.
2010, 12 (Suppl. 2), 83–92. [CrossRef]

26. Ponugoti, B.; Kim, D.H.; Xiao, Z.; Smith, Z.; Miao, J.; Zang, M.; Wu, S.Y.; Chiang, C.M.; Veenstra, T.D.; Kemper, J.K. SIRT1
deacetylates and inhibits SREBP-1C activity in regulation of hepatic lipid metabolism. J. Biol. Chem. 2010, 285, 33959–33970.
[CrossRef]

27. Cheng, C.F.; Ku, H.C.; Lin, H. PGC-1alpha as a Pivotal Factor in Lipid and Metabolic Regulation. Int. J. Mol. Sci. 2018, 19, 3447.
[CrossRef]

28. Dusabimana, T.; Park, E.J.; Je, J.; Jeong, K.; Yun, S.P.; Kim, H.J.; Kim, H.; Park, S.W. P2Y2R Deficiency Ameliorates Hepatic
Steatosis by Reducing Lipogenesis and Enhancing Fatty Acid beta-Oxidation through AMPK and PGC-1alpha Induction in
High-Fat Diet-Fed Mice. Int. J. Mol. Sci. 2021, 22, 5528. [CrossRef]

29. Jiang, Y.; Chen, D.; Gong, Q.; Xu, Q.; Pan, D.; Lu, F.; Tang, Q. Elucidation of SIRT-1/PGC-1α-associated mitochondrial dysfunction
and autophagy in nonalcoholic fatty liver disease. Lipids Health Dis. 2021, 20, 40. [CrossRef]

30. Zeng, C.; Chen, M. Progress in Nonalcoholic Fatty Liver Disease: SIRT Family Regulates Mitochondrial Biogenesis. Biomolecules
2022, 12, 1079. [CrossRef]

31. Yamazaki, T.; Shiraishi, S.; Kishimoto, K.; Miura, S.; Ezaki, O. An increase in liver PPARγ2 is an initial event to induce fatty liver
in response to a diet high in butter: PPARγ2 knockdown improves fatty liver induced by high-saturated fat. J. Nutr. Biochem.
2011, 22, 543–553. [CrossRef] [PubMed]

32. Malhi, H.; Gores, G.J. Molecular mechanisms of lipotoxicity in nonalcoholic fatty liver disease. Semin. Liver Dis. 2008, 28, 360–369.
[CrossRef] [PubMed]

33. Noureddin, M.; Sanyal, A.J. Pathogenesis of NASH: The Impact of Multiple Pathways. Curr. Hepatol. Rep. 2018, 17, 350–360.
[CrossRef] [PubMed]

34. Li, X.X.; Lu, X.Y.; Zhang, S.J.; Chiu, A.P.; Lo, L.H.; Largaespada, D.A.; Chen, Q.B.; Keng, V.W. Sodium tanshinone IIA sulfonate
ameliorates hepatic steatosis by inhibiting lipogenesis and inflammation. Biomed. Pharmacother. Biomed. Pharmacother. 2019, 111,
68–75. [CrossRef]

35. Colak, Y.; Yesil, A.; Mutlu, H.H.; Caklili, O.T.; Ulasoglu, C.; Senates, E.; Takir, M.; Kostek, O.; Yilmaz, Y.; Yilmaz Enc, F.; et al. A
potential treatment of non-alcoholic fatty liver disease with SIRT1 activators. J. Gastrointest. Liver Dis. JGLD 2014, 23, 311–319.
[CrossRef] [PubMed]

36. Napper, A.D.; Hixon, J.; McDonagh, T.; Keavey, K.; Pons, J.F.; Barker, J.; Yau, W.T.; Amouzegh, P.; Flegg, A.; Hamelin, E.; et al.
Discovery of indoles as potent and selective inhibitors of the deacetylase SIRT1. J. Med. Chem. 2005, 48, 8045–8054. [CrossRef]

37. Broussy, S.; Laaroussi, H.; Vidal, M. Biochemical mechanism and biological effects of the inhibition of silent information regulator
1 (SIRT1) by EX-527 (SEN0014196 or selisistat). J. Enzym. Inhib. Med. Chem. 2020, 35, 1124–1136. [CrossRef]

38. Li, Q.; Tan, J.X.; He, Y.; Bai, F.; Li, S.W.; Hou, Y.W.; Ji, L.S.; Gao, Y.T.; Zhang, X.; Zhou, Z.H.; et al. Atractylenolide III ameliorates
Non-Alcoholic Fatty Liver Disease by activating Hepatic Adiponectin Receptor 1-Mediated AMPK Pathway. Int. J. Biol. Sci. 2022,
18, 1594–1611. [CrossRef]

39. Arroyave-Ospina, J.C.; Wu, Z.; Geng, Y.; Moshage, H. Role of Oxidative Stress in the Pathogenesis of Non-Alcoholic Fatty Liver
Disease: Implications for Prevention and Therapy. Antioxidants (Basel Switz.) 2021, 10, 174. [CrossRef]

40. Jornayvaz, F.R.; Shulman, G.I. Regulation of mitochondrial biogenesis. Essays Biochem. 2010, 47, 69–84. [CrossRef]
41. Montandon, S.A.; Somm, E.; Loizides-Mangold, U.; de Vito, C.; Dibner, C.; Jornayvaz, F.R. Multi-technique comparison of

atherogenic and MCD NASH models highlights changes in sphingolipid metabolism. Sci. Rep. 2019, 9, 16810. [CrossRef]
[PubMed]

42. Shimano, H.; Sato, R. SREBP-regulated lipid metabolism: Convergent physiology—Divergent pathophysiology. Nat. Rev.
Endocrinol. 2017, 13, 710–730. [CrossRef] [PubMed]

43. Horton, J.D.; Goldstein, J.L.; Brown, M.S. SREBPs: Activators of the complete program of cholesterol and fatty acid synthesis in
the liver. J. Clin. Investig. 2002, 109, 1125–1131. [CrossRef] [PubMed]

44. Nassir, F.; Ibdah, J.A. Role of mitochondria in nonalcoholic fatty liver disease. Int. J. Mol. Sci. 2014, 15, 8713–8742. [CrossRef]
[PubMed]

45. Li, J.; Liu, M.; Yu, H.; Wang, W.; Han, L.; Chen, Q.; Ruan, J.; Wen, S.; Zhang, Y.; Wang, T. Mangiferin Improves Hepatic Lipid
Metabolism Mainly Through Its Metabolite-Norathyriol by Modulating SIRT-1/AMPK/SREBP-1c Signaling. Front. Pharm. 2018,
9, 201. [CrossRef]

46. Poornima, M.S.; Sindhu, G.; Billu, A.; Sruthi, C.R.; Nisha, P.; Gogoi, P.; Baishya, G.; Raghu, K.G. Pretreatment of hydroethanolic
extract of Dillenia indica L. attenuates oleic acid induced NAFLD in HepG2 cells via modulating SIRT-1/p-LKB-1/AMPK,
HMGCR & PPAR-α signaling pathways. J. Ethnopharmacol. 2022, 292, 115237. [CrossRef] [PubMed]

https://doi.org/10.1002/hep.20701
https://www.ncbi.nlm.nih.gov/pubmed/15915461
https://doi.org/10.3109/10409231003667500
https://www.ncbi.nlm.nih.gov/pubmed/20218765
https://doi.org/10.1152/ajpendo.00745.2009
https://doi.org/10.1111/j.1463-1326.2010.01275.x
https://doi.org/10.1074/jbc.M110.122978
https://doi.org/10.3390/ijms19113447
https://doi.org/10.3390/ijms22115528
https://doi.org/10.1186/s12944-021-01461-5
https://doi.org/10.3390/biom12081079
https://doi.org/10.1016/j.jnutbio.2010.04.009
https://www.ncbi.nlm.nih.gov/pubmed/20801631
https://doi.org/10.1055/s-0028-1091980
https://www.ncbi.nlm.nih.gov/pubmed/18956292
https://doi.org/10.1007/s11901-018-0425-7
https://www.ncbi.nlm.nih.gov/pubmed/31380156
https://doi.org/10.1016/j.biopha.2018.12.019
https://doi.org/10.15403/jgld.2014.1121.233.yck
https://www.ncbi.nlm.nih.gov/pubmed/25267960
https://doi.org/10.1021/jm050522v
https://doi.org/10.1080/14756366.2020.1758691
https://doi.org/10.7150/ijbs.68873
https://doi.org/10.3390/antiox10020174
https://doi.org/10.1042/bse0470069
https://doi.org/10.1038/s41598-019-53346-4
https://www.ncbi.nlm.nih.gov/pubmed/31728041
https://doi.org/10.1038/nrendo.2017.91
https://www.ncbi.nlm.nih.gov/pubmed/28849786
https://doi.org/10.1172/JCI0215593
https://www.ncbi.nlm.nih.gov/pubmed/11994399
https://doi.org/10.3390/ijms15058713
https://www.ncbi.nlm.nih.gov/pubmed/24837835
https://doi.org/10.3389/fphar.2018.00201
https://doi.org/10.1016/j.jep.2022.115237
https://www.ncbi.nlm.nih.gov/pubmed/35351574


Curr. Issues Mol. Biol. 2023, 45 5070

47. Legaki, A.I.; Moustakas, I.I.; Sikorska, M.; Papadopoulos, G.; Velliou, R.I.; Chatzigeorgiou, A. Hepatocyte Mitochondrial
Dynamics and Bioenergetics in Obesity-Related Non-Alcoholic Fatty Liver Disease. Curr. Obes. Rep. 2022, 11, 126–143. [CrossRef]

48. Lee, E.; Korf, H.; Vidal-Puig, A. An adipocentric perspective on the development and progression of non-alcoholic fatty liver
disease. J. Hepatol. 2023, 78, 1048–1062. [CrossRef]

49. Majeed, Y.; Halabi, N.; Madani, A.Y.; Engelke, R.; Bhagwat, A.M.; Abdesselem, H.; Agha, M.V.; Vakayil, M.; Courjaret, R.;
Goswami, N.; et al. SIRT1 promotes lipid metabolism and mitochondrial biogenesis in adipocytes and coordinates adipogenesis
by targeting key enzymatic pathways. Sci. Rep. 2021, 11, 8177. [CrossRef]

50. Giblin, W.; Skinner, M.E.; Lombard, D.B. Sirtuins: Guardians of mammalian healthspan. Trends Genet. 2014, 30, 271–286.
[CrossRef]

51. Baur, J.A.; Ungvari, Z.; Minor, R.K.; Le Couteur, D.G.; de Cabo, R. Are sirtuins viable targets for improving healthspan and
lifespan? Nat. Rev. Drug Discov. 2012, 11, 443–461. [CrossRef] [PubMed]

52. Sinclair, D.A.; Guarente, L. Small-molecule allosteric activators of sirtuins. Annu. Rev. Pharmacol. Toxicol. 2014, 54, 363–380.
[CrossRef] [PubMed]

53. Yamazaki, Y.; Usui, I.; Kanatani, Y.; Matsuya, Y.; Tsuneyama, K.; Fujisaka, S.; Bukhari, A.; Suzuki, H.; Senda, S.; Imanishi, S.; et al.
Treatment with SRT1720, a SIRT1 activator, ameliorates fatty liver with reduced expression of lipogenic enzymes in MSG mice.
Am. J. Physiol. Endocrinol. Metab. 2009, 297, E1179–E1186. [CrossRef]

54. Sodum, N.; Kumar, G.; Bojja, S.L.; Kumar, N.; Rao, C.M. Epigenetics in NAFLD/NASH: Targets and therapy. Pharmacol. Res. 2021,
167, 105484. [CrossRef] [PubMed]

55. Li, Y.; Xu, S.; Mihaylova, M.M.; Zheng, B.; Hou, X.; Jiang, B.; Park, O.; Luo, Z.; Lefai, E.; Shyy, J.Y.; et al. AMPK phosphorylates
and inhibits SREBP activity to attenuate hepatic steatosis and atherosclerosis in diet-induced insulin-resistant mice. Cell Metab.
2011, 13, 376–388. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s13679-022-00473-1
https://doi.org/10.1016/j.jhep.2023.01.024
https://doi.org/10.1038/s41598-021-87759-x
https://doi.org/10.1016/j.tig.2014.04.007
https://doi.org/10.1038/nrd3738
https://www.ncbi.nlm.nih.gov/pubmed/22653216
https://doi.org/10.1146/annurev-pharmtox-010611-134657
https://www.ncbi.nlm.nih.gov/pubmed/24160699
https://doi.org/10.1152/ajpendo.90997.2008
https://doi.org/10.1016/j.phrs.2021.105484
https://www.ncbi.nlm.nih.gov/pubmed/33771699
https://doi.org/10.1016/j.cmet.2011.03.009

	Introduction 
	Results 
	E1231 Treatment Ameliorated Plasma Biochemistry Parameter Abnormalities and Hepatic Steatosis in HFHC-Induced NAFLD Mice 
	E1231 Regulates SIRT1 and Other Lipid Metabolism Regulators in the Liver 
	E1231 Suppresses FFA-Induced Lipid Accumulation in the Human HepatomaCell Line HepG2 
	E1231 Suppresses FFA-Challenged Lipid Accumulation in Alpha Mouse Liver 12(AML12) Cells 
	E1231 Represses Lipid Accumulation in FFA-Challenged Hepatocytes by Activating SIRT1 
	E1231 Improves Mitochondrial Function in FFA-Challenged Hepatocytes by Activating SIRT1 

	Discussion 
	Materials and Methods 
	Establishment of an HFHC-Induced Mouse Model of NAFLD 
	Plasma Assay and Hepatic Lipid Assay 
	Histological Analysis 
	Cell Culture 
	FFA-Challenged Lipid Accumulation Model in Hepatocytes 
	E1231 Treatment in FFA-Challenged Hepatocytes 
	Nile Red Fluorescent Staining 
	Tetramethylrhodamine Ethyl Ester (TMRE) Staining 
	Western Blot Analysis 
	RNA Isolation and Real–Time Quantitative PCR 
	Statistical Analysis 

	Conclusions 
	References

