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Abstract

Non-alcoholic fatty liver disease (NAFLD) incidence and prevalence are rapidly increasing globally. The combined effects of
metformin and quercetin (Que) have yet to be investigated. However, both have demonstrated the potential to reduce triglyceride
(TG) levels and treat NAFLD by promoting autophagy. The objective of the present study was to elucidate the mechanism of action
and assess the role of autophagy in the lipid-lowering effects of Que, both individually and in combination with metformin, in
a HepG2 cell model of hepatic steatosis. Triglyceride levels and lipogenic gene expression were reduced in HepG2 cells exposed to
palmitic acid (PA)when treatedwithQue-metformin, as evidencedby triglyceridemeasurements andreal-timePCR. TheLDHrelease
assay also showed that this combination induced autophagy to protect HepG2 cells from PA-induced cell death. According to the
Western blot analysis outcomes, Que-metformin increased LC3-I and LC3-II protein levels while decreasing p62 expression to induce
autophagy. In HepG2 cells, the co-administration of Que-metformin elevated cAMP, phosphorylated AMP-activated protein kinase
(p-AMPK), and Beclin-1 levels. Additionally, the inhibition of SIRT1 reversed the autophagy induced by Que-metformin. The findings
of this study demonstrated for the first time that Que-metformin reduced hepatosteatosis by stimulating autophagy through the
cAMP/AMPK/SIRT1 signaling pathway and diminishing inflammatory cytokines.
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1. Background

Non-alcoholic fatty liver disease (NAFLD) is
characterized by an elevated accumulation of fats within
the liver. It is associated with serious liver diseases
such as non-alcoholic steatohepatitis (NASH), cirrhosis,
hepatic steatosis, and hepatocellular carcinoma (HCC),
in addition to other metabolic illnesses like diabetes
(1). The prevalence of NAFLD is quickly increasing
worldwide, and its etiology is complicated and poorly
understood. However, it includes changes in energy
metabolism, insulin resistance, inflammatory processes,
and intrahepatic lipid accumulation (IHL) (2). Therefore,
there is an urgent need to gain knowledge of NAFLD
molecular mechanisms and discover new drugs for
treatment.

The most prevalent antioxidants in the human
diet are known as polyphenols, which have long been

associated with preventing and treating several ailments.
Studies have revealed that polyphenols can control
de novo lipogenesis by influencing lipogenic enzyme
activity and enhancing lipolytic protein expression
(3). Quercetin (Que) is a plentiful polyphenolic
flavonoid (3,3,4’,5,7-pentahydroxyflavone), possessing
anti-inflammation, anti-apoptosis, immunoprotection,
and anti-cancer properties. Evidence from both in vivo
and in vitro studies shows that quercetin at a moderate
dose protects the liver at various stages of NAFLD by
limiting intrahepatic fat buildup, lowering inflammatory
factors, and delaying the fibrotic process. As a natural
phytochemical shown to have minimal toxicity and few
adverse effects, Que is a promising candidate for use as an
additional additive to treat NAFLD (4).

Metformin is the primary therapy recommended as
a first-line approach for type 2 diabetes, specifically
in individuals who are overweight or have obesity (5).
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Due to its reduced hepatocyte lipid production and
insulin-sensitizing actions, it is also suggested as a viable
treatment forNAFLD (6, 7). However, for thebest outcomes,
substantial dosages of metformin are frequently required
(8). This medication also has unfavorable adverse effects,
such as diarrhea, liver toxicity, and lactic acidosis (9).
Studies have shown that combining metformin with
other drugs, as opposed to monotherapy, can enhance
metformin’s effectiveness for treating NAFLD in animal
models (10).

Autophagy is a cellular mechanism that facilitates the
breakdown of damaged or surplus cellular components,
including lipids. Autophagy has been reported to regulate
the breakdown of intracellular lipids in hepatocytes
and, consequently, can control the emergence of
hepatic steatosis and the pathophysiology of NAFLD.
In the case of NAFLD, hepatocytes tend to accumulate
excessive amounts of triglycerides and cholesterol in lipid
droplets, and autophagy canmodulate this hepatocellular
lipid accumulation by selectively breaking down these
lipids. Through this process, autophagy can impede the
progression of NAFLD by promoting lipid breakdown and
reducing the extent of hepatic steatosis (11). Therefore,
targeting autophagy may provide a new avenue for
developing effective treatments for NAFLD. Sirtuin 1 (SIRT1)
is the primary autophagy regulator and senses metabolic
stress and nutritional status (12). SIRT1/AMP-activated
protein kinase (AMPK) controls one another and
collaborates on downstream signaling molecules that
control various biological functions, including cellular
energy metabolism, the inflammatory response, and
mitochondrial function (13). The activation of SIRT1/AMPK
is a cyclic amplification mechanism. Reduced cellular
energy promotes AMPK, which in turn causes the level
of cellular NAD + to rise and activate SIRT1 (14). P-AMPK
inhibits the activity of genes such as fatty acid synthase
(FAS) and sterol regulatory element-binding proteins
(SREBPs), which play a role in fatty acid synthesis in the
liver or adipose tissue (15, 16). Studies have demonstrated
that intracellular cyclic adenosine monophosphate (17)
plays a crucial role in AMPK activation and the subsequent
activation of SIRT1 (18, 19).

Furthermore, investigations have uncovered that
inflammatory indicators like interleukin-6 (IL-6) and
tumor necrosis factor-alpha (TNF-α) significantly impact
the initiation and progression of NAFLD (20, 21). It has also
been shown that the loss of SIRT1 in hepatocytes causes
a reduction in the oxidation of fatty acids, the onset of
hepatic steatosis, and inflammation (22, 23). Considering
the roles of AMPK phosphorylation, SIRT1, autophagy,
cAMP, and inflammation in the emergence of hepatic
steatosis, they might represent prospective potential

targets for treating NAFLD.

2. Objectives

This study explored the potential of combining
Que and metformin in a HepG2 cell model of hepatic
steatosis for the first time. Furthermore, we focused on
cAMP/AMPK/SIRT1-mediated autophagy, a cellular process
critical to liver health and disease. By examining the
effects of Que and metformin on autophagy, we aim
to identify new targets for the treatment of NAFLD and
contribute to our understanding of the mechanisms
underlying the therapeutic effects of these compounds.
The findings of this study demonstrated, for the first time,
that the combination of Que and metformin relieved
hepatic steatosis by stimulating autophagy through the
cAMP/AMPK/SIRT1 pathway. This effect was more notable
than either treatment alone.

3. Methods

3.1. Chemicals

Chemicals fromSigma-Aldrich (Germany)wereused in
the experiments, including Que, metformin, PA (P0500),
compound C (CC, P5499), rapamycin (Rapa), DMSO
(D2650), bafilomycin A1 (BafA1), forskolin (S1612), KH7, Oil
Red O (O0625), and other materials. Antibodies against
microtubule-associated protein light chain 3 (LC3) (L7543),
AMPK, p62, B-actin, and phosphorylated AMPK (p-AMPK;
sc-33524) were supplied by Santa Cruz Biotechnology.

3.2. Cell Culture

HepG2 human hepatoma cells used in this study were
acquired from Iran’s Pasteur Institute and cultured in
DMEM media supplemented with penicillin (100 U/ml),
streptomycin (100 µg/ml), and 10% fetal bovine serum
(FBS) in a humidified environment at 37°Cwith 5% CO2.

3.3. Lipid Content Analysis

HepG2 cells were seeded in six-well plates at a density
of 1.2 × 106 cells per well. Oil red O staining was used
to determine the total lipid content of cells in order
to validate the liver steatosis model. The HepG2 cells
were fixed with a 4% paraformaldehyde solution at room
temperature for 30 min. The cells were rinsed with
distilled water and treated with 60% isopropanol for 10
minutes, then exposed to a new mixture of oil red O
working solution made by mixing 300 mg of oil red O
powder with 100 ml of 99% isopropanol for 20 minutes.
Subsequently, the cells were washed with distilled water
and observed under an Olympus upright microscope
equipped with a camera (24).
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3.4. Triglyceride Content Assessment

After being exposed to 0.2 mM P.A., the HepG2 cells
were treated for an additional 24 hours with various
dosages of Que (0.5 - 10 µM), metformin (0.125 - 5 mM),
and the combination of Que (1 and 5 µM) and metformin
(0.25 mM) in the presence of BafA1. In RIPA buffer (50 mM
Tris-HCl, pH7.4, 1% TritonX-100, 0.2% sodiumdeoxycholate,
0.2% SDS, 1 mM Na-EDTA, and 1 mM PMSF), the cells were
lysed for 30 minutes after two PBS rinses. In accordance
with theprotocol, theBiovision triglyceridequantification
colorimetric/fluorimetric kit (Biovision Inc., U.S.) was used
tomeasure the amount of intracellular triglyceride.

3.5. Cell Viability Assay

The cytotoxicity of metformin,
PA, and Que was assessed using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) assay in order to establish non-toxic levels
of the compounds for usage in upcoming experiments.
HepG2 cells were seeded in 96-well plates at a density
of 104 cells per well, incubated overnight to adhere the
plates, and then treated with various concentrations
of metformin (0.125 - 5 mM), Que (0.5 - 150 µM), and PA
(0.12 - 0.5 mM) for 24 hours. The ELISA reader was used
to determine the absorbance at a wavelength of 570 nm
after adding MTT solution, incubating for four hours, and
dissolving formazan crystals in DMSO.

3.6. Real-time PCR

Real-time PCR was used to analyze the expression of
the Beclin-1, FAS, SREBP-1c, and LC3 genes. Que (1 and 5
µM) was administered alone and with metformin (0.25
mM) to PA-induced HepG2 cells. RNA was extracted using
the RNeasy mini kit (Qiagen, Germany), and cDNA was
produced by reverse transcription of the RNA (Bio FACT,
Daejeon, South Korea). The SYBR Green Master Mix kit
(Ampliqon, Denmark) and the specific primers (Table 1)
performed real-time PCR. The 2-∆∆Ct method was utilized
to evaluate the outcomes, with the GAPDH gene as the
reference gene.

3.7. Measuring LDH Release

In HepG2 cells, cell deathwas inducedwith PA 0.5mM.
Following that, the LDH release assay was employed to
assess theeffectsofmetformin(0.25mM),Que (1 and5µM),
and their combination on PA-stimulated cell death in the
presence of Rapa (100 nM) and sirtinol (100µM). One hour
was spent treating cells with various doses of substances
after exposure to 0.5 mM PA overnight in 24-well plates
of cells at a density of 1 × 105. The culture medium
was then taken out, and LDH was measured using an

LDH assay kit (Thermo Scientific Inc., NC9674653) per the
manufacturer’s instructions. Finally, the absorbance at 510
nmwasmeasured with an ELISA plate reader.

3.8. Measurement of Inflammatory Cytokines

Palmitic acid (0.2 mM), Que (1 and 5 µM), and the
combination of Que and metformin (0.25 mM) were
administered to the HepG2 cells. The IL-1β, TNF-α,
and IL-6 cytokines level was measured in HepG2 cell
supernatant (from 1 × 105/24-well plates) using ELISA
kits (Sigma-Aldrich, Germany) according to the protocol.
Finally, a standard curvewas used to determine the precise
cytokine levels.

3.9. Western Blotting Analysis

HepG2 cells were seeded in six-well culture plates
and left to adhere to the plates overnight. Then, the
following agents were used to treat the cells: CC, an
autophagy inducer; PA; Que; Que + metformin; Sirtinol,
a SIRT1 inhibitor. Centrifuging the cells at 412 g for 10
min allowed the cells to be collected and prepared as
whole-cell lysates. The supernatant from centrifugally
separated lysates was used for western blot analysis after
the cells were suspended in RIPA lysis buffer (Thomas
Scientific Inc., USA). The samples were electroblotted onto
a polyvinylidene fluoride (PVDF) membrane (Millipore,
United States) after being loaded into a 10% SDS-PAGE
with 40 g of total protein per lane. After being blocked
in 5% nonfat milk, the membranes were subjected to
specific antibodies against p62, B-actin, LC3-I, LC3-II, AMPK,
and p-AMPK. Subsequently, secondary antibodies were
incubated with the membranes. Immunoblots were
detected using a chemiluminescent kit (SuperSignal,
Thermo Fisher Scientific, UK).

3.10. cAMP Level Assessment

The total level of cAMP molecules in HepG2 cells
was determined using an enzyme immunoassay kit
(Stratagene, La Jolla, California). The PA-induced cells, in
the presence of forskolin (an AC activator) and KH7 (an
AC inhibitor), received metformin (0.25 mM) and Que (1
µM). Then the cell pellets were then suspended in the lysis
buffer. The amount of cAMP in HepG2 cells was quantified
according to the instructions provided with the kit. In
this technique, the cAMP-specific antibody has a limited
number of binding sites, and unlabeled cAMP competes
with peroxidase-labeled cAMP for binding to the antibody.
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Table 1. Real-time PCR Primer Sequences

Gene Name Forward Primer Reverse Primer

LC3 5’-AAGGCGCTTACAGCTCAATG-3’ 5’-CTGGGAGGCATAGACCATGT-3’ (25)

Beclin-1 5’-AGCTGCCGTTATACTGTTCTG-3’ 5’-ACTGCCTCCTGTGTCTTCAATCTT-3’ (26)

FAS 5’- GTGAGGCTGAGGCTGAGAC-3’ 5’- GGCACGCAGCTTGTAGTAGA-3’ (27)

SREBP-1c 5’-CCATGGATTGCACTTTCGAA-3’ 5’- GGCCAGGGAAGTCACTGTCTT-3’ (28)

GAPDH 5’-CAAATTCCATGGCACCGTCAAG-3’ 5’-AGAGATGATGACCCTTTTGGCT-3’ (29)

3.11. Statistical Analyses

Quantitative data are shown using the mean ± SD
of three experiments. A post hoc analysis was carried
out after using one-way ANOVA to compare the variations
between the treatments. Statistical software from SPSS,
version 13.0, was used for the analysis. P < 0.05 was
used todefine a statistically significant differencebetween
treatments.

4. Results

4.1. QueandMetforminCombinationDecreasing theAmount of
TG in the HepG2 Cells’ Hepatic Steatosis Model

Initially, for subsequent tests, non-toxic doses of
metformin, Que, and PA were determined in HepG2 cells
using the MTT assay. Metformin at concentrations up to 5
mM, Que (60 µM), and PA (0.25 mM) did not significantly
affect cell viability, as shown in Figure 1A - C. Therefore,
0.2 mM of PA was selected to create a hepatic, non-toxic
steatosis model in HepG2 cells. Metformin significantly
reduced TG level in PA-induced cells at 1 to 5 mM (Figure
1D). Additionally, the results showed that the TG content
wasdramatically lessened in the treatmentwithQue alone
at doses of 5 and 10 µM (Figure 1E). As shown in Figure
1F, metformin at 0.25 mM and Que at 1 µM alone was not
able to significantly change the TG level; however, in the
combination treatment, they significantly diminished TG
content compared to the control cells. Furthermore, Que
at 5mM in combinationwithmetformin0.25mMreduced
TG levels significantly (Figure 1F).

4.2. Induction of SIRT1-dependent Autophagy byQue-metformin
in PA-induced HepG2 Cells Alleviating Hepatic Steatosis

The expression of the Beclin-1 and LC3 genes was
examined using real-time PCR to evaluate the impacts of
Que-metforminon the autophagy induction in thehepatic
steatosis model of HepG2 cells. We also used western
blotting analysis to assess the expression of the LC3-I and
II proteins and p62, a traditional autophagy receptor (30).
The LC3-II protein is formed by LC3-I during autophagy.
When lysosomes and autophagosomes fuse, LC3-II is

then translocated to the autophagosome membrane
and destroyed together with other components of
autophagosomes (31). As shown in Figure 2A and B, Que
at a concentration of 1 µM did not affect the Beclin-1 and
LC3 gene’s expression compared to PA-induced cells, but
Que combined with metformin (0.25 mM) significantly
increased the expression of both genes. In addition,
Que at a dose of 5 µM alone significantly enhanced the
expression of Beclin-1 and LC3 genes, which were more
significant in combination with metformin (Figure 2A
and B). Western blot analysis showed that the presence
of Que increased the expression of LC3 I and II and the
degradation of p62. This effect was more pronounced
when Que was combined with a concentration of 0.25
mMmetformin (Figure 2C). Sirtinol, a SIRT1 inhibitor, was
used at a concentration of 10 µM in a western blotting
assay to determine if SIRT1 is necessary for the induction
of autophagy by Que-metformin. According to Figure 2C,
adding sirtinol at a concentration of 10 µM counteracted
the autophagy-promoting effects of Que-metformin and
suppressed the expression of LC3 I and II, as well as the
degradation of p62.

Furthermore, to investigate if the autophagy
induced by Que-metformin plays a role in improving
hepatosteatosis, Baf was employed to inhibit autophagy
and assess its influence on reducing hepatic steatosis.
Baf was utilized to reduce autophagy and evaluate its
impact on reducing hepatic steatosis as an autophagy
inhibitor. Que (1 µM) and metformin (0.25 mM), as
shown in Figure 3D, significantly decreased TG levels
compared to the control, whereas the TG-lowering effects
of Que-metformin were blocked in the presence of Baf (10
nM).

4.3. HepG2 Cells Protected from PA-induced Cell Death by
Que-Metformin

The LDH release kit was used to test how well
metformin, Que, and their combination protected HepG2
cells against PA-induced cell death. As shown in Figure 3,
monotherapy with metformin (0.25 mM) in PA-induced
cells did not significantly reduce LDH release or cell
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Figure 1. Quercetin (Que) and metformin (Met) combination lowered triglyceride (TG) level in the hepG2 cell model of hepatic steatosis. First, the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay was used to assess the cytotoxicity of A, Met; B, Que; and C, palmitic acid (PA). Non-toxic
concentrations of the compounds were used for subsequent tests. The intracellular TG level was then determined in response to D, Met; E, Que; and F, met- Que after cells
were exposed to PA at 0.2 mM for 24 hours. Data are displayed as mean ± SD (n = 3). * P < 0.05, ** P < 0.01, *** P < 0.001 compared to PA-induced cells. The one-way ANOVA
and Tukey’s post hoc test (P< 0.05) show a significant statistical difference between the data and controls.
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Figure 2. Quercetin (Que)-metformin caused Sirtuin 1 (SIRT1)-dependent autophagy in palmitic acid (PA)-induced HepG2 cells. Real-time PCR was used to measure A, the
Beclin-1; B, LC3 genes’ expression in response toQue (1 and 5µM) and its combinationwithmetformin (0.25mM). Cellswere treatedwithmetformin andQue for an additional
2 hours after exposure to PA (0.2mM) for 24 hours. After cDNA synthesis and RNA extraction, real-time PCRwas performed. Western blot analysis was performed to investigate
the impact of different treatments on the expression of LC3-I, II, and p62 proteins. The effects of PA (0.2 mM), PA + Que (5 µM), and PA + Que + metformin (0.25 mM) were
examined in the absence and presence of sirtinol, an inhibitor of SIRT1. C, The results indicated that this combination’s induction of autophagy relies on the activity of SIRT1.
Quantitative analysis of western blotting data was performed using ImageJ software. # P < 0.05 compared with untreated unstimulated control cells; D and E, * P < 0.05,
** P< 0.01, *** P< 0.001 compared with PA-stimulated untreated cells. D, To explore the role of autophagy in the lipid-lowering effects of Que-metformin, the impact of the
autophagy inhibitor Baf was examined, which demonstrated that in the presence of Baf, TG levels did not significantly decrease, suggesting that autophagy plays a role in the
ability of Que-metformin to lower lipid levels. * P< 0.05, ** P< 0.01, *** P< 0.001 as compared to cells inducedby PA. Thedata are presented as themean± standarddeviation
(n = 3). The statistical analysis was performed using a one-way ANOVA followed by Tukey’s post hoc test (P< 0.05).
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Figure 3. The combination of quercetin (Que) and metformin protected HepG2
cells against palmitic acid (PA)-induced cell death. Palmitic acid at a concentration
of 0.5 mM was used to induce cell death. Subsequently, the protective effects of
Que (1 and 5 µM), metformin (0.25 mM), and the combination of Que-metformin
against PA-induced cell deathwere investigated. LDH release assaywas employed to
measure cell death. The results are presented as the mean ± standard deviation (n
= 3), and statistical significance was indicated by * P < 0.05, ** P < 0.01, and *** P
< 0.001 compared to cells induced by PA. The statistical analysis, conducted using
the one-way ANOVA and Tukey’s post hoc test (with a significance level of P< 0.05),
indicates a significant difference between the data and control groups.

death compared to the control cells, but combined with
Que (1 and 5 µM) significantly suppressed LDH release.
The outcomes also demonstrated that LDH release in
PA-induced cells was significantly diminished by Que (5
µM) individually and combined with metformin (0.25
mM).

4.4. HepG2 Cells Protected Against PA-induced Cell Death by
Que-Metformin’s Autophagy Induction

The involvement of autophagy in the protective effects
of Que-metformin against PA-induced cell death was
assessed using the LDH release test. Following exposure
to PA (0.5 mM), we conducted cell treatment experiments
with and without the addition of Baf (100 nM), Rapa
(100 nM), and sirtinol (100 µM). After 16 hours, LDH
release was measured. Baf inhibits autophagic vesicle
formation by inhibiting the fusion of lysosomes and
autolysosomes (32). Rapacaneffectively trigger autophagy
by inhibiting mTOR activity (33). As shown in Figure 4A,
Que (5 M) could not stop the cell death and LDH release
caused by PA. However, compared to cells that had been
stimulated by PA, LDH release was significantly reduced
when Que and metformin (0.25 mM) were combined. The
LDH level was not significantly changed in the presence
of Baf, an autophagy inhibitor. Que at 1 µM did not

significantly reduce LDH release, whereas in combination
with metformin (0.25 mM) was able to suppress LDH
release and cell death considerably. Que-metformin
dramatically reduces the LDH release when Rapa, an
autophagy inducer, is present compared to control cells
(Figure 4B). According to Figure 4C, the combination of
Que (1µM)andmetformin (0.25mM)significantly reduced
LDH release and cell death compared to the control;
however, this combination had no effect on the LDH level
when sirtinol, a SIRT1 inhibitor, was present, confirming
once more that Que-metformin’s autophagy induction is
SIRT1-dependent.

ELISA tests were also used to examine the effects of
Que-metformin on the inflammatory response brought
on by PA Figure 5A - C shows that only metformin (0.25
mM) and Que (5 µM) were able to decrease the level of
pro-inflammatory cytokines significantly.

The present study employed real-time PCR to
investigate the expression of the FAS and SREBP-1c genes
and to ascertain the molecular underpinnings of the
TG-lowering effects of Que-metformin. According to the
findings, SREBP-1c gene expression was unaffected by
Que (1 and 5M) alone. However, when Que was combined
with metformin, it suppressed the expression of the
SREBP-1c gene compared to cells induced by PA (Figure
6A). As shown in Figure 6B, Que (1 µM) had no effect on
the expression of the FAS gene. However, when combined
withmetformin (0.25mM), it could reduce the expression
of this gene. Moreover, Que at 5 µM downregulated the
expression of the FAS gene, which was more significant in
combination withmetformin (Figure 6B).

Que’s impact on AMPK and p-AMPK, alone and in
combination with metformin, was evaluated using
Western blotting analysis. As illustrated in Figure 7A, Que
(5 µM) exhibited an augmentation in the levels of p-AMPK
compared to PA-induced cells, and this effect was more
pronounced in conjunction with metformin (0.25 mM).
However, the total level of AMPK was not modified by the
compounds. Additionally, the negative control, AMPK
inhibitor CC (10 µM), repressed the expression of p-AMPK.
The content of cAMP in response to the compounds was
also evaluated. As depicted in Figure 7B, Que (1 µM) had
no discernible effect on cAMP content, but combined
with metformin (0.25 mM), it elevated the cAMP level.
The adenylyl cyclase inhibitor KH7 (10 µM) was utilized
to assess the cAMP-dependent action of Que-metformin.
Furthermore, the activator of adenylyl cyclase, forskolin
(10 µM), was employed to serve as a positive control. In
the presence of KH7, Que-metformin did not significantly
elevate the levels of cAMP compared to PA-induced cells.
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Figure 4. Quercetin (Que)-metformin-induced autophagy in hepatocytes protected cells from palmitic acid (PA)-induced cell death. The protective effects of autophagy
induction by Que-metformin against PA-induced cell death were assessed using the LDH release assay in the presence of A, bafilomycin (Baf); B, Rapa; and C, sirtinol. After 16
hours, the LDH level was assessed. The means ± SD of three or more independent batches of cells is used to display all values. * P< 0.05, ** P< 0.01, and *** P< 0.001 were
significant compared to the PA-induced cells. Values are displayed asmean ± SD (n = 3). There is a statistically significant difference between the data and controls, as shown
by the one-way ANOVA and Tukey’s post hoc test (P 0.05). Que andmetformin reduced the level of inflammatory cytokines in a hepatic steatosis model.

5. Discussion

Non-alcoholic fatty liver disease is the most prevalent
liver disease, ranging from hepatic steatosis to NASH,
which is associated with lipotoxicity in the liver and
still has no approved drug for treatment (34, 35). Novel
medications and therapeutic strategies are therefore
required to treat NAFLD.

Recent studies have revealed that dysregulation of
autophagy contributes to the development of NAFLD; as

a result, it may have a potential therapeutic target for
the treatment of NAFLD (36-38). In the regulation of
hepatic lipid metabolism via autophagy, SIRT1/AMPK plays
a crucial function (39). Several studies have shown that
Que (40, 41) and metformin (42, 43) have promising
lipid-lowering effects by modulating NAFLD autophagy.
However, the beneficial effects of the combination of Que
and metformin on NAFLD have yet to be investigated. In
the current study, the combination of Que andmetformin
was utilized for the first time to assess their effects on lipid
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Figure 5. Quercetin (Que)-metformin reducing pro-inflammatory cytokines in HepG2 cells. Using ELISA tests, the impacts of Que-metformin on the inflammatory cytokines
in the hepatic steatosis model were evaluated. For 24 hours, the cells were subjected to an exposure of 0.25 mM palmitic acid and subsequently treated with Que (1 andµM)
in isolation and in combinationwithmetformin (0.25mM) for 6 hours. The levels of A, IL-6; B, TNF-α; and C, IL-1B in the cell supernatants were assessed. * P< 0.05, ** P< 0.01,
and *** P< 0.001 when compared to the palmitic acid (PA)-treated cells. The data is represented as themean ± SD (n = 3). The results of the one-way ANOVA and Tukey’s post
hoc test (P < 0.05) indicate a statistically significant difference between the data and controls. Que-metformin downregulated sterol regulatory element-binding protein
(SREBP)-1c and fatty acid synthase (FAS) gene expression in PA-induced HepG2 cells.

accumulation in thehepatic steatosismodelof HepG2cells
as well as to clarify the underlyingmechanism of action.

In this research, PA was utilized to create a model of
hepatic steatosis in HepG2 cells. The results indicated a
significant decrease in TG content in PA-induced HepG2
cells when treated with metformin at concentrations
above 1mMandQue at 5 and 10µMdoses. Metformin (0.25
mM) and Que (1 µM) in combination treatment, which
were ineffective when used alone, could significantly
reduce TG buildup. In conclusion, the combination of Que
and metformin showed more remarkable lipid-lowering
effects than monotherapy. These compounds could be
used at lower doses with fewer side effects and greater

efficacy. In line with these results, previous studies have
indicated that metformin (44) and Que (45) can reduce
TG in HepG2 cells. To further examine the mechanism
of the lipid-lowering action of Que-metformin on HepG2
cells, the expression of FAS and SREBP-1c lipogenic genes
and the involvement of autophagy were determined
using real-time PCR and western blot analysis. The
resultsof real-timePCRdemonstrated thatQue-metformin
diminished the expression of lipogenic genes, thereby
preventing hepatic TG synthesis. Consistent with these
findings, studies have shown that metformin (44, 46) and
Que (45) inhibit FAS and SREBP-1c gene expression.

Additionally, Que-metformin remarkably increased
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Figure 6. The administration of quercetin (Que)-metformin resulted in a reduction of lipogenic gene expression in HepG2 cells induced with palmitic acid (PA). Real-time
PCRwas performed to investigate the effects of PA (0.2mM),metformin (0.25mM), andQue (1 andµM) on A, sterol regulatory element-binding protein (SREBP)-1c; and B, fatty
acid synthase (FAS). After cell treatmentwithQue andmetformin, the expression of both geneswas reduced in PA-inducedHepG2 cells. With three independent experiments,
the data represent means ± SD compared to the PA-induced cells, * P < 0.05, ** P < 0.01, *** P < 0.001. Values are shown as the mean ± SD (n = 3). The one-way ANOVA and
Tukey’s post hoc test (P< 0.05) show a significant statistical difference between the data and controls. Que-metformin raised p-AMPK and cAMP levels in PA-induced HepG2
cells.

the expression of Beclin-1, a key autophagy inducer (47),
and LC3, protein-related autophagy (31) in PA-induced
HepG2 cells, which was not observed inmonotherapy. The
westernblottinganalysis also showed thatQue-metformin
increased the level of LC3-I, II, and p62 degradation. In
this study, the role of SIRT1, an autophagy regulator
(48), in autophagy induction by Que-metformin was also
evaluated. For this purpose, a selective SIRT1 inhibitor
known as sirtinol was employed as a negative control in
the western blotting analysis. The results indicated that
the effects of the combination on autophagy markers,
namely P62 degradation and LC3-I and II elevation, were
suppressed in the presence of sirtinol. These findings
suggest that Que-metformin induces autophagy in a
SIRT1-dependent manner. In a separate experiment, Baf,
an autophagy inhibitor, was utilized in the TG-content
measurement experiment. The results revealed that
Que-metformincouldnot lowerTGcontent in thepresence
of Baf. As a result, it can be concluded that Que-metformin
improves hepatic steatosis via SIRT1-dependent autophagy
induction in HepG2 cells.

Autophagy has been suggested to play a role in
the cytotoxicity induced by PA in hepatocytes. One
investigation found that PA triggers autophagy responses
in hepatic cells via a mechanism involving the activation
of JNK2, which antagonizes PA-JNK1-induced cytotoxic
effects (49). Another study suggested that autophagy
may be a structure-dependent defense model in the

early stage of PA intoxication (50). The present study
investigated the role of autophagy in the protective effects
of Que-metformin against cell death induced by PA. This
was accomplished by conducting LDH release assays
in the presence of Baf, Rapa, and sirtinol. The results
revealed that Que-metformin did not significantly
alter LDH levels in the presence of Baf. However,
when combined with Rapa, an autophagy inducer,
Que-metformin significantly decreased LDH release and
cell death. Conversely, this combination failed to lower
LDH levels in the presence of sirtinol, indicating that SIRT1
is essential for Que-metformin-induced autophagy. These
findings suggest, for the first time, that Que-metformin’s
protective effects against PA-induced cell death are
mediated by autophagy induction in HepG2 cells. The
inhibition of lipogenesis-related genes, specifically FAS
and SREBP-1c, which are crucial components in the
pathogenesis of NAFLD, has beendemonstrated by P-AMPK
(51). The expression of p-AMPK was notably increased by
Que-metformin in PA-induced hepatocytes, as observed
in western blotting analysis, without any alteration in
total AMPK. The combination treatment exhibited a more
substantial p-AMPK level than the Que treatment alone.
The involvement of cAMP in Que-metformin-induced
autophagy in HepG2 cells was also investigated, and
the results showed that Que-metformin significantly
elevated the cAMP level in PA-induced hepatocytes for
the first time. To explore the mechanism behind the
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Figure 7. cAMP and p-AMP-activated protein kinase (AMPK) levels were increased by quercetin (Que)-metformin in PA-induced HepG2 cells. A, The impact of Que-metformin
on the levels of AMPK and p-AMPK was assessed in the hepatic steatosis model of HepG2 cells utilizing the western blotting technique. The cells were subjected to various
treatments, including PA (0.25 mM), PA + Que (5µM), and PA + Que + metformin (0.25 mM), while the compound C (CC) compound was incorporated as a negative control.
Quantitative analysis of western blotting data was performed using ImageJ software. # P < 0.05 compared with untreated unstimulated control cells; B and C, * P < 0.05,
** P < 0.01, *** P < 0.001 compared with PA-stimulated untreated cells. To quantify cAMP levels, cells were subjected to PA (0.2 mM) stimulation for 24 hours, followed by
exposure to metformin (0.25 mM) and Que (1 µM) in combination with individual drugs, with or without KH7 (adenylyl cyclase inhibitor, 10 µM) and forskolin (adenylyl
cyclase activator, 12µM) as negative and positive controls, respectively. The cells were then lysed, and 100µL aliquots of purified lysate were utilized for the cAMP test. The
obtained data were presented as mean ± SD (n = 3). Statistical analyses revealed that * P< 0.05, ** P< 0.01, *** P< 0.001 compared to PA-induced cells. The one-way ANOVA
and Tukey’s post hoc test (P< 0.05) demonstrated a significant statistical difference between the data and controls.

cAMP increase by Que-metformin, an adenylyl cyclase
inhibitor, KH7, was utilized. The adenylyl cyclase enzyme’s
participation in enhancing cAMP levels by Que-metformin
was demonstrated by the lack of significant increase in
cAMP levels in response to Que-metformin in the presence
of KH7. As demonstrated in previous studies, IL-6 and
TNF-α are significant cytokines in the development of

hepatic steatosis (52).

Additionally, autophagy has been associated with
hepatocyte inflammatory response (53). The results of
ELISA tests have shown that Que-metformin significantly
reduces the production of IL-6 and TNF-α, as well as IL-1B
proinflammatory cytokines, which is a more significant
reduction compared to Que treatment alone. Recent
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investigations have shown that the deletion of SIRT1
in hepatocytes leads to increased local inflammation
(22). It is hypothesized that the anti-inflammatory
properties of Que-metformin may be mediated through
SIRT1-dependent autophagy induction. Further research
is necessary to fully comprehend the role SIRT1 plays in
Que-metformin’s anti-inflammatory effects on HepG2
cells.

5.1. Conclusions

In conclusion, the present investigation has provided
initial evidence that Que-metformin, an innovative
combined therapeutic approach, can reduce hepatic
steatosis in PA-induced HepG2 cells by stimulating
autophagy through the cAMP/AMPK/SIRT1 pathway and
diminishing inflammatory cytokines. Nevertheless,
additional in vivo studies are required to determine
the therapeutic potential of the metformin and Que
combination for NAFLD.
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