
1521-0103/377/1/146–156$35.00 https://doi.org/10.1124/jpet.120.000162
THE JOURNAL OF PHARMACOLOGY AND EXPERIMENTAL THERAPEUTICS J Pharmacol Exp Ther 377:146–156, April 2021
Copyright ª 2021 by The Author(s)
This is an open access article distributed under the CC BY-NC Attribution 4.0 International license.

Apigenin Ameliorates Insulin Resistance and Lipid Accumulation
by Endoplasmic Reticulum Stress and SREBP-1c/SREBP-2
Pathway in Palmitate-Induced HepG2 Cells and High-Fat
Diet–Fed Mices

Liling Wu, Tingdong Guo, Ranxi Deng, Lusheng Liu, and Yongxiong Yu
College of Animal Science and Technology, Southwest University, Chongqing, China (L.W., L.L., Y.Y.) and Department of
Pharmacy, Nanchong Central Hospital, The Second Clinical Medical College (L.W., T.G.), Department of Clinical Medicine (R.D.),
North Sichuan Medical College, Nanchong, Sichuan, China

Received October 6, 2021; accepted January 21, 2021

ABSTRACT
Insulin resistance (IR) is the common basis of diabetes and
cardiovascular diseases, and its development is closely associ-
ated with lipid metabolism disorder. Flavonoids have definite
chemical defense effects, including anti-inflammatory effects,
anticancer effects, and antimutation effects. However, the
function and mechanism of apigenin (AP, a kind of flavonoid) in
IR are still unclear. In our study, intracellular fat accumulation
model cells and high-fat diet (HFD)–fed model mice were
established using palmitate (PA) and HFD. Mechanistically, we
first demonstrated that AP could notably downregulate sterol
regulatory element-binding protein 1c (SREBP-1c), sterol regu-
latory element-binding protein 2 (SREBP-2), fatty acid synthase,
stearyl-CoA desaturase 1, and 3-hydroxy-3-methyl-glutaryl-
CoA reductase in PA-induced hyperlipidemic cells and mice.
Functionally, we verified that AP could markedly reduce lipid
accumulation in PA-induced hyperlipidemic cells and decrease
the body weight, visceral fat weight, IR, and lipid accumulation in
HFD-induced hyperlipidemic mice. Besides, we showed that PA
could significantly downregulate endoplasmic reticulum stress

(ERS)–related proteins and inhibit ERS. Furthermore, we proved
that AP could reduce blood lipids by inhibiting ERS in PA-
induced hyperlipidemic cells. Meanwhile, 4-phenyl butyric acid
(also called ERS alleviator), like AP, could significantly reduce
blood lipids and alleviate IR in HFD-fed model mice. Therefore,
we concluded that AP could substantially improve the disorder
of lipid metabolism, and its mechanism might be related to the
decrease of SREBP-1c, SREBP-2, and downstream genes, the
inhibition of ERS, and the reduction of blood lipids and IR.

SIGNIFICANCE STATEMENT
Apigenin, a nontoxic and naturally sourced flavonoid, has
antihyperlipidemic properties in mice and hepatocyte. This study
highlights a newmechanism of apigenin and proposes that these
hypolipidemic effects are associated with the mitigation of
endoplasmic reticulum stress and insulin resistance in diet-
induced obesity. This study might provide translational insight
into the prevention and treatment of apigenin in hyperlipidemia-
related diseases.

Introduction
As the most crucial metabolic and biotransformative organ

in the body, the liver plays a pivotal role in lipid metabolism,
especially in maintaining the balance of lipid metabolism
(Gröger et al., 2018). When the balance of lipid metabolism is
broken by various reasons, the liver is often the first to be
affected, causing the accumulation of lipids in liver cells,

steatosis, and even tumorigenesis (Ni and Wang, 2016). At
present, much evidence has manifested that the occurrence
and development of fatty liver are in connection with various
factors, such as dyslipidemia, insulin resistance (IR), oxidative
stress, lipid peroxidation, and apoptosis, which are also present
the characteristics of cascade reaction (Awad et al., 2016).
Therefore, it is of great significance for the prevention and
treatment of fatty liver and other hyperlipidemia-related dis-
eases to improve liver lipidmetabolism, enhance the antioxidant
capacity of liver tissues, and facilitate liver metabolism of lipids,
sugars, and other substances through a drug intervention.
Apigenin (AP), a nontoxic andmutation-resistant flavonoid,

is frequently found in fruits and vegetables such as grapefruit
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protein kinase RNA-like ER kinase; SCD-1, stearyl-CoA desaturase 1; SREBP-1c, sterol regulatory element binding protein 1c; SREBP-2, sterol
regulatory element binding protein 2; TC, total cholesterol; TG, triglyceride; Tudca, tauroursodeoxycholate; Tun, tunicamycin.
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and celery (Nabavi et al., 2018). In recent years, numerous
studies have discovered that AP has high chemical defense
effects, including antimutation, anti-inflammatory, antioxi-
dation, and anticancer effects (Salehi et al., 2019). According
to the recent reports, AP could inhibit the differentiation of
3T3-L1 preadipocytes (Guo et al., 2016), alleviate the glucose
metabolic disorders in mice fed a high-fat diet for 4 weeks at
the age of 20 weeks (Jung et al., 2016), and prevent secondary
obesity after weight loss by improving gut microbes (Chilloux
andDumas, 2017). Thus, we concluded that AP could alleviate
obesity induced by a high-fat diet and obesity-related meta-
bolic diseases. Besides, pharmacological experiments showed
that AP had hypoglycemic, anti-inflammatory, and antioxi-
dant effects on diabetic mice (El Barky et al., 2019). Another
study by Li et al. (2017) revealed that AP could improve blood
pressure and arteriosclerosis in hypertensive animal models.
However, AP’s treatment mechanism for hyperlipidemia and
its effects on lipid and insulin resistance have not been clearly
elucidated.
Endoplasmic reticulum stress (ERS) refers to the aggrega-

tion state of misfolded and unfolded proteins in the lumen
under the condition of homeostasis imbalance in the endo-
plasmic reticulum (ER) (Iurlaro and Muñoz-Pinedo, 2016).
The physiologic and pathologic factors of ERS include exces-
sive intracellular protein synthesis, metabolic disorders, in-
flammatory responses, and calcium homeostasis (Li et al.,
2017). To improve ERS, the ER can activate several signaling
pathways to restore cellular functions, including enhancing
protein folding, halting the translation of most proteins, and
accelerating protein degradation (Lebeaupin et al., 2018). At
present, the relationship between ERS and the process of
metabolic diseases has become an active area of research. A
growing number of studies have shown that ERS is closely
associated with IR (Suzuki et al., 2017; Ramos-Lopez et al.,
2018; Maiers and Malhi, 2019). However, it is not clear
whether the effects of AP on lipid and IR can be achieved
by ERS.
The purpose of this studywas to investigate the effects of AP

on serum lipids and IR in hyperlipidemia mice. Simulta-
neously, in vitro experiments further confirmed the regulatory
impact of AP on sterol regulatory element-binding protein 1c
(SREBP-1c) and sterol regulatory element-binding protein 2
(SREBP-2) pathways and ERS-related proteins. Moreover, we
also revealed the effects of AP and ERS on hyperlipidemia.
Therefore, our study might provide a theoretical and experi-
mental basis for the prevention and treatment of AP in fatty
liver and other hyperlipidemia-related diseases.

Materials and Methods
Cell Culture and Treatment. HepG2 cells (cat. no. A019) were

acquired from American Type Culture Collection. Cells were grown in
Dulbecco’s modified Eagle’s medium (cat. no. 5796; Sigma) with
10% fetal calf serum (Gibco) at 37°C with 5% CO2. For treatment,
HepG2 cells were treated with 0, 0.1, 1, 5, 10, 25, 50, 100, and 200 mM
AP. Besides, the intracellular fat accumulation model cells were
established using 250 mM palmitate (PA; cat. no. P5586; Sigma-
Aldrich), and the model cells were administered 25 mM AP, 10 mM
lovastatin (LO, a positive control), 10 mM tunicamycin (Tun, an ERS
agonist, cat. no. 150028; Sigma), or 5 mM tauroursodeoxycholate
(Tudca, an ERS inhibitor), respectively.

Establishment and Treatment of Hyperlipidemia Model
Mice. Six-week-old healthy male C57BL/6J mice (weighing between

20 and 21 g) were obtained from Shanghai Experimental Animal
Center. Mice were first fed adaptively for 1 week. Feeding conditions
included adequate food and water, comfortable temperature 246 1°C,
and 12-hour alternate light/dark cycles. The animal experimental
protocols in this study were approved by the Animal Experimentation
Ethics Committee of Southwest University. Mice were fed a conven-
tional diet (Medicine, Jiangsu, China, cat. no. MD12062) and a high-
fat diet (HFD; cat. no. MD12032; Medicine). The high-fat diet group
mice were treated with AP (10 mg/kg ig) and LO (10 mg/kg ig) or 4-
phenyl butyric acid (4-PBA; 200 mg/kg i.p.) for 12 weeks. In the
experiment processes, 300 g diets per weekwere added into each small
cage (2 to 3 mice per cage) to ensure sufficient food; then the food
intake was examined per cage weekly, and the accumulative food
intake of per cage was calculated for 12 weeks. Meanwhile, the body
weight of each group of mice was examined once a week for 12 weeks.
The mice were anesthetized, blood was collected, and the liver tissues
and visceral fat (the fat in the groin and omentum were taken as
visceral fat weight) were obtained and weighed at 12 weeks.

Cell Counting Kit-8 Assay. HepG2 cells during logarithmic
growth were inoculated in 96-well plates with 3 � 103 cells per well.
APwas added to the HepG2 cells with concentrations of 0, 0.1, 1, 5, 10,
25, 50, 100, and 200 mM, respectively. After 48 hours of conventional
culture, 15 ml Cell Counting Kit-8 solution (Sigma-Aldrich) was added
to each well and incubated for 3 hours. The absorbance optical density
of each well was detected at 450 nm with a microplate reader.

Western Blot Assay. Radio immunoprecipitation assay lysis
buffer, including proteases inhibitor, was applied to extract the total
proteins of 50 mg of liver tissues or the treated HepG2 cells. After
centrifugation at 4°C, the supernatant was taken. After the protein
concentration was determined by the bicinchoninic acid method, the
total protein (40 mg) in each group was separated by 12% SDS-PAGE
electrophoresis. Subsequently, the proteins were transferred into
polyvinylidene fluoride membranes through the electrophoretic
transfer method. After sealing, the membranes were incubated with
primary antibodies at 4°C overnight. The membranes were then
treated with horseradish peroxidase–labeled goat anti-rabbit or anti-
mouse secondary antibodies (1:5000) at room temperature for 2 hours.
After the reaction of enhanced chemiluminescence reagent (Bio-Rad)
for 5 minutes, the results were obtained through developing imaging
in a dark room. Primary antibodies contained SREBP-1c (ab28481;
Abcam), SREBP-2 (ab30682; Abcam), phosphorylated protein kinase
RNA-likeERkinase (p-PERK; sc-32577; SantaCruz), protein kinaseB
(AKT; 55230-1; Proteintech), p-AKT Ser473 (28731-1; Proteintech),
insulin receptor substrate 1 (IRS1; 2382; Cell Signaling Technology),
p-IRS1 Y612 (12628; Abnova), glucose-regulated protein 78 (GRP78;
ab32618; Abcam), phosphorylated eukaryotic initiation factor-2A
(eIF2a; ab227593; Abcam), C/EBP homologous protein (CHOP;
ab10444; Abcam), activating transcriptional factor 6 (ATF6; sc-
16659; Santa Cruz), inositol-requiring enzyme 1 (IRE1; sc-390960;
Santa Cruz), and Tubulin (Cell Signaling Technology).

Immunofluorescence Assay. Based on the experimental groups,
cells were inoculated in the cell slides of the six-well plate and cultured
overnight. After rinsingwith PBS, the cells were fixed with 4%neutral
paraformaldehyde for 15 minutes and treated with 0.25% Trixon-100
for 5minutes. After washing, 5% bovine serumalbuminwas applied to
seal cells at 37°C for 1 hour, and anti–SREBP-1c (5 mg/ml, ab28481;
Abcam) and anti–SREBP-2 (1 mg/ml, ab30682; Abcam) were used to
treat cells overnight at 4°C. The next day, the cells were hatched with
the second antibody for 2 hours. DAPI was added to the cell slides, and
the results were observed under a fluorescence microscope.

Quantitative Real-Time Polymerase Chain Reaction Assay.
The liver tissues and the treated HepG2 cells were applied to extract
the total RNAs through the usage of TRIzol reagent (Invitrogen).
NanoDro 2000c (Thermo Scientific) was applied to examine the quality
of RNAs. Next, 2 mg RNAs, as a template, were used to generate cDNA
via the utilization of PrimeScript RT Reagent (Takara, Dalian, China).
Gene levels were confirmed using the SYBRPremix Taq kit (Takara) on
an ABI 7300 Real-Time system (Applied Biosystems).
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Oil Red Staining. The liver tissues of themice were quickly taken
out, frozen, and sliced (5 to 6 mm). The slices were fixed using
4% formaldehyde, washed using 100% propylene glycol, and dyed
withOil RedO g overnight in darkness. After the glycerine gelatinwas
used to seal the slices, the results were observed and photographed
under the microscope.

Biochemical Index Detection. Allmicewere fasting for 12 hours
and intraperitoneally injected with 2% sodium pentobarbital
(0.3 ml/100 g). Blood was taken from the femoral artery, and serum
was separated. A biochemical analyzer was applied to analyze the
levels of triglyceride (TG), total cholesterol (TC), high-density lipopro-
tein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C).
Serum leptin was detected by ELISA kit, and HOMA-IR(homeostasis
model assessment of insulin resistance) was calculated by formula
FBG(fasting blood glucose)�FINS(fasting insulin)/22.5.

Glucose Tolerance and Pancreatic Insulin Tolerance. After
the mice were deprived of food for 10 hours, they were given 2 g/kg
glucose by gavage or 0.1 U/kg insulin by intraperitoneal injection.
Blood glucose was collected at 0, 30, 60, and 120minutes, respectively.
The vital signs of the mice were normal during the blood collection.
The levels of blood sugar were measured.

Statistical Analysis. All experimental data are shown as means
6 S.D. and counted using the GraphPad Prism (version 7.0). The
results were estimated through one-way ANOVA analysis or Stu-
dent’s t test. P , 0.05 represented statistical significance.

Results
AP Notably Downregulated the Levels of SREBP-1c,

SREBP-2, and Their Downstream Genes in PA-Induced
Intracellular Fat Accumulation Model HepG2 Cells. To
determine AP’s possible mechanism and its impact on the fat
accumulation in hepatoma cells, the intracellular fat accumu-
lation cell model was built using PA. Firstly, the role of AP on
the viability of HepG2 cells was determined through the Cell
Counting Kit-8 assay. The results showed that AP could
prominently refrain the viability of HepG2 cells in the dose-
effect relationship, and 25 mM AP was applied to subsequent
experiments based on the results. Meanwhile, we discovered
that the cell viability was gradually decreased with the
extension of AP processing time in HepG2 cells, especially
24 and 48 hours, and a 24-hour processing time was chosen in
subsequent experiments (P , 0.05, P , 0.01, P , 0.001;
Supplemental Fig. 1, A and B). Secondly, the fat accumulation
model cells were administered 25 mM AP and positive control
(LO). The Western blotting results revealed that the levels of
SREBP-1c and SREBP-2 were significantly increased in the
PA-induced model group relative to the control group. Then
AP treatment could prominently reduce SREBP-1c and
SREBP-2 levels in PA-induced model cells (P , 0.01, P ,
0.001; Fig. 1A). Simultaneously, the results of the immuno-
fluorescence assay exhibited the same expression trends for
SREBP-1c and SREBP-2 expressions as the Western blotting
results (P , 0.05, P , 0.01, P , 0.001; Fig. 1B). Thirdly, our
results further revealed that the levels of fatty acid synthase
(FAS), stearyl-CoA desaturase 1 (SCD-1), and 3-hydroxy-3-
methyl-glutaryl-CoA reductase (HMGCOR) were significantly
increased in the PA-induced model group versus the control
group. AP treatment markedly reduced FAS, SCD-1, and
HMGCOR expressions induced by PA in HepG2 cells (P ,
0.05, P , 0.01, P , 0.001; Fig. 1, C and D). Moreover, the
results of oil red staining showed that intracellular fat
accumulation mode cells had a large number of lipid droplets,
w AP-treated cells had significant improvements in the

number and size of lipid droplets, indicating that AP had
a good effect on lipid reduction (P, 0.05, P, 0.01, P, 0.001;
Fig. 1E). Consistent with this, AP significantly inhibited the
intracellular TG accumulation in PA-induced HepG2 cells
(P , 0.05, P , 0.001; Fig. 1F). To sum up, our results
demonstrated that the AP could inhibit SREBP-1c and
SREBP-2 signaling pathways and reduce lipid accumulation
in PA-induced HepG2 cells.
AP Markedly Reduced the Body Weight, Visceral Fat

Weight, and Lipid Levels of HFD-Induced Hyperlipid-
emia Model Mice. Next, we estimated the influence of AP on
the body weight, visceral fat weight, and blood lipids in HFD-
fed mice. To investigate the roles of AP, the HFD-fed mice
were administered AP or LO, andmice in each groupwere also
examined (Fig. 2A). In the experiment process, the food intake
was examined once a week for 12 weeks, and changes of serum
leptin were detected at the end of 12 weeks. The results
indicated that the accumulative food intake was obviously
elevated in HFD-fed mice compared with ND-fed mice,
whereas the elevation of food consumption mediated by HFD
could be moderately decreased by AP or LO medication in
mice, suggesting that the food intake affected the bodyweight
of mice to some extent (Supplemental Fig. 2A). Besides, we
proved that the level of leptin serum was dramatically
elevated in HFD-fed mice compared with that in the NCmice,
whereas the elevation of leptin serum level could also be
markedly attenuated by AP or LO inHFD-fed mice, indicating
that AP or LO observably reduced leptin resistance in HFD-
fed mice (P , 0.05, P , 0.01; Supplemental Fig. 2B). Sub-
sequently, the body weight of mice was monitored once a week
for 12 weeks, and the data revealed that the body weight of
mice was notably elevated in the HFDmodel group versus the
control group, whereas this elevation mediated by HFD could
be notably reversed by AP administration in mice, and the
change had a time-effect relationship (P , 0.001; Fig. 2B). At
the end of the experiment, the liver weight and visceral fat
weight were also examined. The liver weight and visceral fat
weight were prominently increased in the HFD model group
compared with the control group. Simultaneously, the in-
creasing effects induced by HFD could be observably attenu-
ated by AP (P, 0.01, P, 0.001; Fig. 2, C and D). Besides, our
results proved that TG, TC, and LDL-C were obviously
elevated, and HDL-C was notably reduced in the HFD model
group relative to the control group. These changes could be
remarkablyweakened byAP administration inmice (P, 0.05,
P , 0.01, P , 0.001; Fig. 2, E–H). Hence, we showed that AP
could exhibit remarkable roles in reducing the body weight,
visceral fat weight, and lipid levels in HFD-fed model mice.
AP Effectively Alleviated IR and Lipid Accumulation

and Reduced SREBP-1c and SREBP-2 Expressions in
HFD-Fed Model Mice. Subsequently, more experiments
were performed to deeply study the biologic functions of AP
in HFD-fed model mice. Firstly, through intraperitoneal
glucose tolerance test (IPGTT) and oral glucose tolerance test
(OGTT), the fasting blood glucose of mice was measured by
a glucose meter. As exhibited in Fig. 3, A and B, the
concentrations of blood glucose were notably elevated in the
HFD model group versus the control group. The elevation of
blood glucose in HFD-fed model mice could be significantly
attenuated byAP administration (P, 0.001). Secondly, oil red
staining was applied to assess the impact of AP on the lipid
accumulation in HFD-fed model mice. The results revealed
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that HFD could result in a notable increase for the lipid
accumulation in mice, whereas this increase could be notably
reversed by AP administration (P , 0.001; Fig. 3C). Finally,
we showed that HFD feeding could cause upregulation of
SREBP-1c and SREBP-2 expressions in hepatic tissues of
mice, whereas AP could thenweaken upregulation inHFD-fed
model mice (P , 0.001; Fig. 3D). Furthermore, HFD feeding
could cause downregulation of IR markers p-Akt and p-IRS1.
At the same time, AP could weaken downregulation in hepatic
tissues of HFD-fed model mice (P, 0.001; Fig. 3E). Moreover,

we demonstrated that HFD feeding could also result in
a significant reduction in p-Akt and p-IRS1 expressions,
whereas only LO could moderately elevate the level of p-Akt
mediated by HFD in the gastrocnemius muscle and inguinal
fat of mice. So, we revealed that liver is a targeting tissue of
AP for protection against IR; other insulin-sensitive tissues
(gastrocnemius tissue and inguinal fat) were not the effective
targets of AP for protection against IR (P, 0.05, P, 0.01, P,
0.001; Supplemental Fig. 3). Overall, these data confirmed
that AP had significant inhibitory effects on IR and lipid

Fig. 1. AP notably downregulated the levels of SREBP-1c, SREBP-2 and their downstream genes in PA-induced intracellular fat accumulation. (A)
Levels of SREBP-1c and SREBP-2 proteins were determined using Western blot assay in PA-induced HepG2 cells after treatment with AP or LO (left).
Statistical analysis of the relative expressions of SREBP-1c and SREBP-2 based on the Western blotting results (right). (B) After treatment with AP or
LO, the levels of SREBP-1c and SREBP-2 were confirmed using immunofluorescence assay in PA-induced HepG2 cells (left). Statistical analysis of the
relative fluorescence intensities of SREBP-1c and SREBP-2 based on the immunofluorescence results (right). (C) Relative expressions of FAS, SCD-1,
and HMGCOR were analyzed by quantitative real-time polymerase chain reaction analysis. (D) Levels of FAS, SCD-1, and HMGCOR proteins were
determined using Western blot assay in PA-induced HepG2 cells after treatment with AP or LO (left). Statistical analysis of the relative expressions of
FAS, SCD-1, and HMGCOR based on the Western blotting results (right and lower). (E) The effect of AP on lipid accumulation in PA-induced HepG2
cells was evaluated by oil red staining. Original magnification, 100�; scale bar, 100 mm. (F) The effect of AP on intracellular TG accumulation in PA-
induced HepG2 cells was evaluated. Data are representative of three independent experiments and were analyzed by unpaired t test. Error bars denote
S.D. *P , 0.05; **P , 0.01; ***P , 0.001. Con (control)
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accumulation and downregulated SREBP-1c and SREBP-2
expressions in HFD-fed model mice.
AP Markedly Decreased Blood Lipids by Suppress-

ing ERS in PA-Induced Intracellular Fat Accumulation
Model HepG2 Cells. More importantly, we further investi-
gated whether ERS plays a crucial role in the hypolipidemic
process of AP. Firstly, ERS agonist (Tun) or AP was applied to
treat the PA-induced HepG2 cells. Our data from the Western
blot assay showed that the levels of ERS-related proteins
(p-PERK, GRP78, p-eIF2a, and CHOP) were significantly
increased in PA-induced HepG2 cells versus HepG2 cells
(control), whereas the increase mediated by PA could be
reversed by AP administration in HepG2 cells. Meanwhile,
we revealed that Tun could significantly induce the upregu-
lation of ERS-related proteins in PA-induced HepG2 cells (P,
0.05, P, 0.01, P, 0.001; Fig. 4A). Secondly, the data showed
that Tun prominently upregulated SREBP-1c and SREBP-2
expression. Simultaneously, the upregulation induced by Tun
could be weakened by AP as well as Tudca (ERS inhibitor) in
HepG2 cells (P , 0.001; Fig. 4B). Thirdly, our results showed
that Tun dramatically increased ERS-related proteins,
whereas the increases induced by Tun could be attenuated
by AP or Tudca in HepG2 cells (P , 0.05, P , 0.001; Fig. 4C).
Moreover, our results discovered that Tun memorably pro-
moted lipid accumulation, whereas the promotion induced by
Tun could be reversed by AP or Tudca in HepG2 cells (P ,
0.001; Fig. 4D). In general, our results pointed out that the
remarkable inhibitory effect of AP on lipid accumulation could
be achieved by regulating ERS.
AP Prominently Reduced Blood Lipids in HFD-Fed

Model Mice. Likewise, we further explored the roles of AP
andERSon blood lipids inHFD-fedmodelmice.HFD-fedmodel
mice were administered with AP. Our Western blot assay data
showed that the levels of ERS-related proteins (p-PERK,
GRP78, p-eIF2a, and CHOP) were obviously upregulated in

HFD-fed model mice compared with the control mice, whereas
AP could reverse the upregulation mediated by HFD in mice.
So, we proved AP could prominently suppress ERS inHFD-fed
modelmice (P, 0.05,P, 0.01,P, 0.001; Fig. 5A). Meanwhile,
we also identified the effects of AP on the HOMA-IR, ATF6,
and IRE1 expression inHFD-fedmodelmice. The data showed
that the level of HOMA-IR was significantly increased in
HFD-fed mice compared with that in NC mice, which could
also be dramatically weakened by AP (P , 0.01, P , 0.001;
Supplemental Fig. 4A), whereas ATF6 and IRE1 expressions
were not affected by AP in HFD-fed mice (P, 0.01, P, 0.001;
Supplemental Fig. 4, B and C). Furthermore, HFD-fed model
mice were administered with AP or 4-phenyl butyric acid
(4-PBA, ERS alleviator). The Western blot assay data showed
that AP had significant inhibitory effects on SREBP-1c and
SREBP-2 expression in HFD-fed model mice (P , 0.05, P ,
0.001; Fig. 5B). Meanwhile, we revealed that the levels of
p-PERK, GRP78, p-eIF2a, and CHOP could be downregulated
not only by AP but also by 4-PBA in HFD-fed model mice (P,
0.05, P , 0.001; Fig. 5C). Furthermore, the oil red staining
results showed that the lipid accumulation in liver tissues
could be suppressed by AP in HFD-fed model mice (P , 0.05,
P , 0.001; Fig. 5D). On the whole, we verified that AP could
reduce SREBP-1c and SREBP-2 expressions, ERS, and lipid
accumulation in HFD-fed model mice, suggesting the crucial
inhibitory effects of AP andERS in lipid accumulation of HFD-
fed model mice.
AP Markedly Reduced Blood Lipids and Alleviated

IR in HFD-Fed Model Mice. Moreover, we further affirmed
that ERS, like AP, could reduce blood lipid and IR in HFD-fed
model mice. HFD-fed model mice were administered AP or 4-
PBA (Fig. 6A). First of all, our data displayed that 4-PBA, like
AP, could memorably reduce the body weight (Fig. 6B), liver
weight (Fig. 6C), and visceral fat weight (Fig. 6D) of HFD-fed
model mice (P, 0.01, P, 0.001). Simultaneously, our results

Fig. 2. AP markedly reduced the body weight, visceral fat weight, and lipid levels of HFD-induced hyperlipidemia model mice. (A) The HFD-fed mice
model was established using HFD, and themice were also treated with AP or LO. There were eight mice in each group. (B) The body weight was detected
once a week for 12 weeks. The liver weight (C) and visceral fat weight (D) were also measured at the end of the experiment. TG (E), TC (F), HDL-C (G),
and LDL-C (H) were analyzed using a biochemical analyzer. Data are representative of three independent experiments and were analyzed by unpaired
t test. Error bars denote S.D. *P , 0.05; **P , 0.01; ***P , 0.001. Con (control)
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revealed that 4-PBA was similar to AP in that it obviously
reduced TG, TC, and LDL-C and notably elevated HDL-C in
HFD-fed model mice (P , 0.05, P , 0.01, P , 0.001; Fig. 6,
E–H). Besides, our data showed that AP could notably reduce
the concentrations of blood glucose in HFD-fed model mice via
insulin tolerance test and OGTT (P , 0.001; Fig. 6, I and J).
These results demonstrated that AP and 4-PBA could reduce
blood lipids and alleviate IR in HFD-fed model mice.

Discussion
HepG2 cells, as a human liver carcinoma cell line, basically

retain the biologic characteristics of normal liver cells and are
enriched with high-affinity insulin receptors on the surface
(Chen et al., 2019). HepG2 cells are currently widely applied to

study fatty liver (Chen et al., 2018). PA is one of the most
common saturated fats in the diet (Malik et al., 2019). The
culture medium containing PA can induce the HepG2 cells to
produce IR and can also better simulate the nutritional
obesity status of the human liver (Mo et al., 2019). Besides,
previous research has also demonstrated that PA could induce
lipid accumulation and prevent lipid decomposition in hepa-
tocytes (Zhao et al., 2017). Currently, the intracellular fat
accumulationmodel induced by PAhas become a classicmodel
of fatty liver. In our study, intracellular fat accumulation cells
were built using PA in HepG2 cells, and the underlying
mechanism was explored. The SREBPs family includes three
main subtypes: SREBP-1a, SREBP-1c, and SREBP-2 (DeBose-
Boyd and Ye, 2018). SREBP-1c is a crucial transcriptional
regulator of fatty acids and TC, which can regulate the key

Fig. 3. AP effectively alleviated IR and lipid accumulation and reduced SREBP-1c and SREBP-2 expressions in HFD-fed model mice. (A and B) Blood
glucose concentration was examined through IGTT and OGTT in HFD-fed model mice after treatment with AP or LO. (C) The lipid accumulation was
assessed using oil red staining in HFD-fed model mice after AP or LO treatment. Original magnification, 100�; scale bar, 100 mm (left). Statistical
analysis of the relative oil red positive area (right). (D) Levels of SREBP-1c and SREBP-2 proteins were determined usingWestern blot assay in HFD-fed
model mice treated with AP or LO (left). Statistical analysis of the relative expressions of SREBP-1c and SREBP-2 based on the Western blotting results
(right). (E) Levels of p-Akt and p-IRS1 were determined usingWestern blot assay inHFD-fed model mice treated with AP or LO (left). Statistical analysis
of the relative expressions of p-Akt and p-IRS1 based on the Western blotting results (right). Data are representative of three independent experiments
and were analyzed by unpaired t test. Error bars denote S.D. *P , 0.05; **P , 0.01; ***P , 0.001. Con (control)
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enzymes in lipid synthesis, including FAS and SCD-1 (Hernan-
dez-Rodas et al., 2017; Kim et al., 2018). SREBP-2 is a crucial
transcription factor in lipid metabolism, which is involved in
regulating fatty acid and cholesterol synthesis (Gatineau and
Yiannikouris, 2018). Among them, HMGCOR is the critical
downstream gene of SREBP-2 (Khaleel et al., 2018). In this
study, we showed that the levels of SREBP-1c, SREBP-2, FAS,
SCD-1, andHMGCORwere notably upregulated in PA-induced
HepG2 cells. Meanwhile, the lipid accumulation was also signif-
icantly enhanced in PA-induced HepG2 cells.
AP is a naturally occurring flavonoid with a wide range of

physiologic and pharmacological effects, such as antitumor,

antioxidative, anti-inflammatory, free radical scavenging,
radiation damage protection, and differentiation regulation
effects (Ren et al., 2018). Compared with other flavonoids,
such as quercetin and kaempferol, AP has the characteristics
of low toxicity and no mutagenicity (Maduni�c et al., 2018). In
recent years, AP has been applied in the studies of various
diseases, including cancers (Nabavi et al., 2015; Vrhovac
Madunic et al., 2018), autoimmune disease (Kasiri et al.,
2018), cardiomyopathy (Li et al., 2017), and neurogenic disease
(Nabavi et al., 2018; Pang et al., 2018). Previous studies have
also confirmed that AP has a significant regulatory effect on
lipid metabolism. For example, AP could alleviate nonalcoholic

Fig. 4. AP markedly decreased blood lipids by suppressing ERS in PA-induced intracellular fat accumulation model HepG2 cells. (A) The PA-induced
HepG2 cells were treated with ERS agonist (Tun) or AP, and the levels of ERS-related proteins (p-PERK, GRP78, p-eIF2a, and CHOP) were confirmed
by Western blotting analysis (left). Statistical analysis of the levels of ERS-related proteins (p-PERK, GRP78, p-eIF2a, and CHOP) based on Western
blot assay results (right). (B) Western blot assay was also used to determine the influences of AP and ERS on SREBP-1c and SREBP-2 expressions (left).
Statistical analysis of the influences of AP and ERS on SREBP-1c and SREBP-2 expressions based on Western blot assay results (right). (C) The
regulatory effects of AP and ERS on ERS-related proteins were also analyzed by Western blot assay (left). Statistical analysis of the regulatory effects of
AP and ERS on ERS-related proteins based on Western blot assay results (right). (D) The effects of AP and ERS on lipid accumulation were assessed by
oil red staining in PA-induced HepG2 cells. Original magnification, 400�; scale bar, 20 mm (left). Statistical analysis of the relative oil red positive area
(right). Data are representative of three independent experiments and were analyzed by unpaired t test. Error bars denote S.D. *P , 0.05; **P , 0.01;
***P , 0.001. Con (control)
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fatty liver disease via affecting lipid metabolism (Feng et al.,
2017), alter glucose and lipid metabolism in type 2 diabetes
(Ren et al., 2016), facilitate lipid catabolism in HFD-fed mice
(Sun and Qu, 2019), and protect blood vessels by regulating
cholesterol metabolism (Zhang et al., 2017). In the current
study, in vitro experiments also revealed that AP had
a significant improvement effect on the accumulated lipid
droplets in the PA-induced fat accumulation cell model and
markedly decreased the levels of SREBP-1c, SREBP-2, FAS,
SCD-1, and HMGCOR in PA-induced HepG2 cells. Therefore,
we suggested that AP could significantly ameliorate lipid
metabolism and lipid accumulation in vitro. Obesity is a chronic

disease mainly caused by lipid metabolism disorder, which is
caused primarily by the imbalance of energy intake and
consumption and also influenced by genes, environment,
lifestyle, endocrine abnormalities, inflammation, intestinal
flora, etc. (Xu andXue, 2016; Huang et al., 2019). HFD is one of
the leading causes of obesity, and the mechanism of obesity in
C57BL/6Jmice induced byHFD is similar to that in the human
body (Nakamura et al., 2017). In our study, we constructed the
HFD-fedmodelmice, and the results revealed that bodyweight,
visceral fat weight, and blood lipids were markedly elevated in
HFD-induced hyperlipidemiamodelmice, suggesting a success-
ful establishment of the HFD-fed model mice. Besides, we

Fig. 5. AP prominently reduced blood lipids in HFD-fed model mice by ERS. (A) The levels of ERS-related proteins were determined by applying
Western blot assay in the HFD-fed model mice after administration with AP (left). Statistical analysis of the levels of ERS-related proteins based on
Western blot assay results (right). (B) After treatment with AP or 4-PBA, SREBP-1c and SREBP-2 expressions were monitored by Western blot assay in
HFD-fed model mice (left). Statistical analysis of 4-PBA, SREBP-1c, and SREBP-2 expressions based on Western blot assay results (right). (C) Western
blot assay was also applied to measure the impacts of AP and 4-PBA on ERS-related proteins levels (left). Statistical analysis was conducted to assess the
impacts of AP and 4-PBA on ERS-related proteins levels based on Western blot assay results (right). (D) The influences of AP and 4-PBA on lipid
accumulation were confirmed by oil red staining in HFD-fed model mice (left). Statistical analysis of the relative oil red positive area (right). Original
magnification, 100�; scale bar, 100 mm. Data are representative of three independent experiments and were analyzed by unpaired t test. Error bars
denote S.D. *P , 0.05; **P , 0.01; ***P , 0.001. Con (control)
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further proved that AP could effectively reduce the body
weight, visceral fat weight, lipid accumulation, and blood
lipids in HFD-induced hyperlipidemia model mice. Mean-
while, we showed that the food intake of each group remained
unchanged for 12 weeks, suggesting that the food intake in
each group did not affect the weight of the mice. Previous
studies also confirmed that AP could prevent the body weight
and visceral obesity of the HFD-induced mice (Sun and Qu,
2019; Su et al., 2020). Besides, previous studies also proved
that APwas relevant to gut microbiota (Wang et al., 2019) and
inflammation (Li et al., 2017; Kasiri et al., 2018). However, the
influence of AP on non–HFD-induced body weight gain
remains unclear. In future studies, wewill also further explore
the influence of AP on non–HFD-induced body weight gain.
Moreover, we also testified that AP could effectively reduce
SREBP-1c and SREBP-2 expressions in HFD-fed model mice.
Therefore, we further established that AP could markedly
improve lipid metabolism in vivo.
IR refers to the deficiency of insulin in exerting its normal

biologic effects, manifested by the obstacle of glucose utilization

in target tissues, resulting in abnormal glucose tolerance
(Petersen and Shulman, 2018). Research proved that IR is
a vital feature in the development of type 2 diabetes and a key
link of metabolic syndrome, which is closely related to obesity,
hyperlipidemia, and cardiovascular diseases (Roden et al.,
2017). In this study, we revealed that AP could effectively
relieve the IR of HFD-induced hyperlipidemia model mice,
which might be associated with reducing SREBP-1c and
SREBP-2 expression, ERS, and lipid accumulation in HFD-
fed model mice. In addition to HFD-inducted obesity, other
factors can also cause IR, such as oxidative stress, functional
defects of relatedmolecules and organelles in cells, deficiency of
trace elements, etc. A previous research found that high
fructose–induced IR was related to vitamin E contents (Kita-
gawa et al., 2020). However, the effect of AP on non–HFD-
induced IR has not been exactly elucidated. This part of
limitation will also be one of our future research directions.
At present, ERS has been proved to be involved in lipid

metabolism by a large number of studies (Su et al., 2018;
Sun et al., 2018; Zhu et al., 2019). During ERS, activation of

Fig. 6. APmarkedly reduced blood lipids and alleviated IR in HFD-fedmodel mice. (A) HFDwas applied to establish the HFD-fedmicemodel, and AP or
4-PBA was used to treat the mice; six mice were in each group. The body weight (B), liver weight (C), and visceral fat weight (D) were measured at
specified points in time. The changes of TG (E), TC (F), HDL-C (G), and LDL-C (H) were also determined using a biochemical analyzer. The concentration
of blood glucose was evaluated by IGTT (I) and OGTT (J). Data are representative of three independent experiments and were analyzed by unpaired
t test. Error bars denote S.D. *P , 0.05; **P , 0.01; ***P , 0.001.
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a series of signaling pathways from the ER to the nucleus is
collectively known as the unfolded protein response. This
response consists of GRP78 and three receptor proteins
(PERK, ATF6, and IRE1) (Zhou et al., 2018; Jia et al., 2019).
Among them, p-PERK, p-eIF2a, and CHOP are the main
signaling pathways of ERS, and GRP78 is themajor marker of
ERS (Xu et al., 2017). At the early stage of ERS, GRP7 is
separated from PERK, and PERK is dimerized and phosphor-
ylated, resulting in phosphorylation of downstream eIF2a,
which then alleviates ERS (Liu et al., 2016). As an ERS-
specific transcription factor, CHOP has also been demon-
strated to be associated with a variety of cell functional
activities, such as proliferation, differentiation, and apoptosis
(Zhao et al., 2018). ATF6 is a type II transmembrane protein
(Hillary and FitzGerald, 2018), IRE1 is a type of transmem-
brane protein in ER membrane (Lin et al., 2007). ATF6 and
IRE1 ismainly responsible for protein folding and degradation
(Sano and Reed, 2013). In this study, the results revealed that
AP could significantly downregulate p-PERK, GRP78, p-eIF2a,
and CHOP in PA-induced HepG2 cells, whereas AP did not
affect ATF6 and IRE1 expressions in HFD-fed model mice.
Therefore, we demonstrated that AP could suppress ERS by
regulating p-PERK,GRP78, p-eIF2a, andCHOP in PA-induced
HepG2 cells. Moreover, we further revealed that AP, like ERS
alleviator (4-PBA), had significant suppressive effects on blood
lipids and IR in HFD-fed model mice.

Conclusion
In summary, we demonstrated that 25 mM AP could

alleviate diet-induced obesity and obesity-related insulin re-
sistance. Meanwhile, we discovered that AP could reduce lipid
deposition. More importantly, we proved that AP could reduce
lipid accumulation and insulin resistance by regulating ERS.
Therefore, AP has significant contributions to lipid metabo-
lism and insulin resistance, which might provide a basis for
the treatment of hyperlipidemia and other related diseases.
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Supplementary Figure 1. Changes in cell viability of HepG2 cells after AP treatment at different

concentrations and at different times. (A) HepG2 cells were treated with 0, 0.1, 1, 5, 10, 25, 50, 100, and

200 μM AP for 24h, and cell viability was evaluated by applying CCK-8 assay. (B) HepG2 cells were treated

with 25μM AP for 3h, 6h, 12h, 24h, 48h, and cell viability was evaluated by applying CCK-8 assay. Data are

representative of three independent experiments, and were analyzed by unpaired t-test. Error bars denote SD.

*P < 0.05; **P < 0.01; ***P < 0.001.

Supplementary Figure 2. Accumulative food intake and leptin serum of mice. (A) Accumulative food

intake of per cage was examined for 12 weeks (-3 mice per cage). (B) The changes of serum leptin was

determined using an Elisa protocol, eight mice in each group. Data are representative of three independent

experiments, and were analyzed by unpaired t-test. Error bars denote SD. *P < 0.05; **P < 0.01.

Supplementary Figure 3. The impacts of AP or LO on p-AKT and P-IRS1 in gastrocnemius muscle and

inguinal fat of HFD-fed model mice. The levels of Akt, p-Akt, IRS1 and p-IRS1 were determined by

western blotting assays in gastrocnemius muscle (A) and inguinal fat (B) of the HFD-fed model mice, which

were treated with AP or LO. Quantitative analysis of p-Akt and p-IRS1 were conducted based on western blot

assay results (Right). Data are representative of three independent experiments, and were analyzed by

unpaired t-test. Error bars denote SD. *P < 0.05; **P < 0.01; ***P < 0.001.

Supplementary Figure 4. The effects of AP on the ATF6 and IRE1 expressions in HFD-fed model mice.

(A) The level of HOMA-IR in the HFD-fed model mice after administration with AP. (B) The levels of ERS-

markers proteins (IRE1 and ATF6) were determined through the application of western blot assay in the HFD-

fed model mice after administration with AP. (C) Statistical analysis of IRE and ATF6 levels in line with

western blot assay results. Data are representative of three independent experiments, and were analyzed by

unpaired t-test. Error bars denote SD. **P < 0.01; ***P < 0.001.


