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Abstract. Inflammation and oxidative stress serve interrelated 
roles in the development of atherosclerosis and other vascular 
diseases. Quercetin has been previously reported to exhibit 
numerous beneficial properties towards several metabolic 
conditions and cardiovascular disease. The present study 
aimed to evaluate the effects of quercetin on the 5'adenosine 
monophosphate‑activated protein kinase (AMPK)/sirtuin 1 
(SIRT1)/NF‑κB signaling pathway and inflammatory/oxida‑
tive stress response in diabetic‑induced atherosclerosis in the 
carotid artery of rats. Male Wistar rats were used to create 
a diabetes‑induced atherosclerosis model by the administra‑
tion of high fat diet (HFD) with streptozotocin, which lasted 
for 8 weeks. Control and diabetic rats received quercetin 
(30 mg/kg/day; orally) for the last 2 weeks of the diabetic 
period. Plasma lipid profile and vascular levels of oxidative 
stress markers, inflammatory cytokines, NF‑κB signaling 
proteins and SIRT1 expression were evaluated using ELISA 
and western blotting. Quercetin treatment in HFD diabetic 
rats was reported to improve the lipid profile and reduce the 
number of atherosclerotic lesions, atherogenic index and malo‑
ndialdehyde levels, whilst increasing the activity of enzymatic 
antioxidants in the carotid artery. Additionally, the inflamma‑
tory response was suppressed by quercetin administration, 
as indicated by the reduced NF‑κB and IL‑1β levels, and 
increased IL‑10 levels. Furthermore, SIRT1 expression was 
revealed to be significantly increased in response to quercetin 
treatment compared with non‑treated HFD rats. However, 

these effects of quercetin were abolished or reversed by the 
administration of compound‑C (0.2 mg/kg), a specific AMPK 
blocker, in HFD rats. Therefore, quercetin may have promising 
potential in ameliorating atherosclerotic pathophysiology 
in the rat carotid artery by inhibiting oxidative stress and 
inflammatory responses mechanistically by modulating the 
AMPK/SIRT1/NF‑κB signaling pathway.

Introduction

Diabetes mellitus is a well‑known, major independent risk 
factor for micro‑ and macro‑vascular diseases and subse‑
quent complications (1,2). Micro‑vascular complications are 
comprised of retinopathy, nephropathy and neuropathy, while 
macro‑vascular complications involve atherosclerosis‑related 
diseases, including atherosclerotic cardiovascular, cerebro‑
vascular and peripheral vascular diseases (3). Atherosclerosis 
accelerated by diabetes is a process that has a complex 
pathophysiology, where dyslipidemia, hormonal abnormali‑
ties, oxidative stress, hyperglycemia and a pro‑inflammatory 
state have all been documented to serve critical roles (4,5). 
These changes modulate the direct consequences of hypergly‑
cemia on diabetic atherosclerosis and alter the pathogenesis 
of diabetes itself. Oxidative stress and inflammation have 
reciprocal interactions, such that oxidative stress directly 
induces the production of pro‑inflammatory cytokines and 
mediators, which in turn promotes the production of reactive 
oxygen species (ROS) (5). Both inflammation and ROS path‑
ways impair pancreatic β cell activity, insulin secretion and 
resistance (5). Therefore, prevention of the vascular inflam‑
matory state and oxidative stress may prove to be a potential 
therapeutic strategy for improving the outcomes of diabetic 
atherosclerosis.

Dysregulation of 5'adenosine monophosphate‑activated 
protein kinase (AMPK) activation also contributes to the onset 
and progression of diabetic atherosclerosis (6). AMPK activity 
has been previously demonstrated to be reduced in response 
to chronic inflammation in adipocytes of a type II diabetic 
mellitus murine model and in human adipose tissues (7,8). 
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AMPK suppresses the expression of NF‑κB by increasing the 
expression of sirtuin 1 (SIRT1), thereby minimizing the inflam‑
matory response (9). SIRT1 is a class III histone deacetylase 
that serves an important role in modulating the pathogenesis 
of chronic conditions, including diabetes and cardiovascular 
disease (10). Additionally, SIRT1 has been reported to increase 
cellular ability to remove ROS by superoxide dismutase (SOD) 
activation (9,11).

Quercetin is a natural flavonoid that can be found in abun‑
dance in plant‑based foods, including red onions, tea, apples, 
capers, broccoli, parsley and red grapes (12). It has been 
previously revealed to mediate a multitude of physiological 
functions with a broad spectrum of pharmacological properties, 
including anti‑inflammatory, anti‑diabetic, lipid metabolism 
modulation and anti‑oxidative capacities (13). Furthermore, 
several studies have demonstrated that quercetin reduces the 
plasma concentrations of total cholesterol (Chol) and triglyc‑
erides (TG), and increases the concentration of high‑density 
lipoprotein (HDL) Chol (14,15). Additionally, previous studies 
have reported that quercetin exhibits protective effects against 
atherosclerosis in rodents (16,17) and enhances SIRT1 and 
AMPK activity (18,19). Therefore, due to these aforementioned 
protective effects of quercetin against metabolic disorders and 
its potential to alleviate oxidative‑inflammatory responses in 
cardiovascular disease, the aim of the present study was to 
evaluate the effects of quercetin on the AMPK/SIRT1/NF‑κB 
signaling pathway and inflammatory/oxidative stress responses 
in diabetes‑induced atherosclerosis in rat carotid arteries.

Materials and methods

Animal maintenance and drugs. A total of 30 male Wistar 
rats (age, 7‑8 weeks; weight, 250±20 g) were maintained and 
housed in stainless steel, wire‑bottomed cages in a room 
at 12‑h light/dark cycles, an ambient temperature of 23±2˚C 
and at 60% humidity. Water and food were provided to all 
animals ad libitum. All experiments were approved by the 
Ethics Committee of the Second Affiliated Hospital of Xi'an 
Medical University (Xian, China; approval no. 2019‑1213) and 
performed in accordance with the Guidelines of the National 
Institutes of Health (publication no. 85‑23; 1996) (20). 
Quercetin and compound‑C (CC), an AMPK inhibitor, were 
purchased from Sigma‑Aldrich, Merck KGaA.

Animal grouping. Following feeding with a normal diet 
and adaptation for 2 weeks, the animals were subsequently 
randomly allocated into five groups (n=6 rats/group): i) Control; 
ii) control‑quercetin (control‑Q); iii) high‑fat diabetic (HFD); 
iv) HFD‑quercetin (HFD‑Q); and v) HFD‑quercetin‑CC C 
(HFD‑Q‑CC).

The control group was fed a normal diet for 8 weeks. The 
control‑Q group was fed a normal diet for 8 weeks and received 
quercetin (30 mg/kg) orally each day for 2 weeks prior to 
tissue sampling. Quercetin was dissolved in 2% DMSO and 
was administered once daily at a volume of ~10 ml/kg body 
weight using a 16‑gauge feeding tube. HFD was the athero‑
sclerotic model group and was fed the high‑fat and Chol diet 
for 8 weeks. By contrast, rats in the HFD‑Q group were fed 
the high‑fat and Chol diet for 8 weeks and received quercetin 
(30 mg/kg) orally in the final 2 weeks of the diet, similar to the 

control‑Q group. The HFD‑Q‑CC group was fed the high‑fat 
and Chol diet for 8 weeks and received quercetin (30 mg/kg) 
orally and CC intravenously (0.2 mg/kg) for 5 days within the 
period of quercetin gavage (once every 3 days), starting along‑
side quercetin treatment (21,22). Each rat in the HFD‑Q‑CC 
group was injected with CC 5 times in total. The food, 
including both high‑fat and Chol diet, and normal pellets, was 
adjusted to 120 g. The control rats received equal amounts of 
saline containing 2% DMSO to minimize the effects of the 
procedures on the experimental results.

High‑fat diet induction of diabetes development. A high‑fat 
diet and a low‑dose streptozotocin protocol was used to induce 
type II diabetes mellitus and the development of atheroscle‑
rosis in the rats. After 2 weeks of acclimatization, rats were fed 
on a high‑fat Chol‑saturated diet containing standard pellets 
supplemented with 1% Chol, 8% lard and 0.05% cholate (w/w; 
62% calories from fat). Streptozotocin (35 mg/kg) dissolved 
in citrate buffer at pH 4.5 was then injected intraperitoneally 
(i.p) at the beginning of week 4. After 72 h, one drop of tail 
vein blood was obtained through a small scratch with lancet 
and fasting blood glucose (FBS) levels in the animals were 
measured using a glucometer (Convergent Technologies; 
GmbH & Co. KG), where rats with FBS >250 mg/dl were 
assigned into the HFD diabetic group (23). The total diabetic 
period was 8 weeks.

Measurement of lipid profile levels and atherogenic index (AI). 
Following fasting for 12 h, animals were anesthetized with an 
i.p administration of sodium pentobarbital (40 mg/kg) before 
blood samples (~3 ml from portal veins following laparotomy 
prior to carotid artery tissue sampling) were collected and 
centrifuged at 1,400 x g for 10 min at 4˚C to obtain the plasma. 
Subsequently, plasma levels of TG (cat. no. MBS164762; 
MyBioSource, Inc.), Chol (cat. no. MBS775433; MyBioSource, 
Inc.) and HDL (cat. no. 79970; Crystal Chem, Inc.) and 
low‑density lipoprotein (LDL; cat. no. 79960; Crystal Chem, 
Inc.) were measured using specific assay kits, according to the 
manufacturer's protocols. The AI for each rat was calculated 
using the following formula: AI=Chol‑HDL/HDL.

Oxidative stress marker measurements in carotid arteries. 
Following blood sampling, the animals underwent a surgical 
procedure to obtain the carotid artery samples under anes‑
thesia. Followings tissue sampling, animals were euthanized 
by an overdose of sodium pentobarbital (200 mg/kg; i.p). 
Levels of oxidative stress in the carotid artery samples were 
evaluated by measuring malondialdehyde (MDA) content 
and the activities of glutathione peroxidase (GPX), SOD and 
catalase (CAT). Briefly, 100 mg carotid artery tissues were cut 
into small sections (~2 mm2) and mixed with a 10X volume 
of pre‑cooled saline before the mixture was homogenized 
at 4˚C. The homogenates were centrifuged at 1,400 x g for 
10 min at 4˚C. The supernatants were assessed using specific 
assay kits or reagents (Randox Laboratories, Ltd.; GPX, 
cat. no. RS504; SOD, cat. no. SD125). MDA and CAT were 
measured according to methods designed by Aebi et al (24) 
and Ohkawa et al (25), respectively. The protein MDA levels 
were expressed as nmol/mg protein, whereas the GPX, SOD 
and CAT activities were expressed as U/mg protein.
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Measurement of pro‑inflammatory and anti‑inflammatory medi‑
ators. NF‑κB (cat. no. MBS265868), IL‑1β (cat. no. MBS702717) 
and IL‑10 (cat. no. MBS2700945) levels in the carotid arteries 
were measured using specific ELISA kits, according to the 
manufacturer's protocol (MyBioSource, Inc.). A coating plate 
was then placed in the ELISA reader to read the absorbance of 
each sample at 450 nm. All optical density values were converted 
to the final concentration based on the amount of protein (mg) of 
each sample and presented as pg/mg total protein.

Histological examination of atherosclerotic carotid arteries. 
Initially, the adipose tissues were removed from the carotid 
arteries of the rats prior to being fixed in 10% formalin for 
24 h at room temperature. Following tissue dehydration with 
an ascending series of ethanol and washing with xylene, the 
paraffin wax‑embedded carotid samples were cut (thickness, 
4‑µm) transversally and stained with hematoxylin for 20 min 
and eosin for 8 min at room temperature. Finally, an optical 
light microscope (magnification, x40) was used to examine 
atherosclerotic changes in the artery.

Western blot analysis. The artery tissue samples were 
homogenized in RIPA lysis buffer (cat. no. 9806S; Cell 
Signaling Technology, Inc.) containing protease inhibitors 
(cat. no. 5871S; Cell Signaling Technology, Inc.). Following 
centrifugation at 9,800 x g for 10 min at 4˚C, equal amounts 
of protein (20 µg) from carotid tissue supernatants were 
separated on 12.5% SDS‑PAGE and transferred to PVDF 
membranes (EMD Millipore). Following blocking with 5% 
skimmed milk for 1 h at room temperature, the membranes 
were incubated with primary antibodies against SIRT1 
(cat. no. 8649S; 1:1,500; Cell Signaling Technology, Inc.) and 
β‑actin (cat. no. 3700S; 1:5,000; Cell Signaling Technology, 
Inc.) overnight at 4˚C. After four 5 min washes with PBS/0.1% 
Tween‑20, membranes were incubated with horseradish 
peroxidase‑conjugated goat anti‑mouse secondary antibodies 
(cat. no. 7076S; 1:2,500; Cell Signaling Technology, Inc.) for 
2 h at room temperature. Following rinsing, the protein bands 
were visualized using the enhanced chemiluminescence 
reagent (Santa Cruz Biotechnology, Inc.). Protein band inten‑
sity was measured using the ImageJ software (version no. 1.6; 
National Institutes of Health) and normalized to β‑actin.

Statistical analysis. Data are presented as mean ± SEM. Six 
rats were included in each group. One rat was removed from 

the results for western blot analysis and histological examina‑
tion due to inadequate tissue sampling. Data for the remaining 
5 rats were analyzed for these experiments. Comparisons 
between groups were performed with one‑way ANOVA with 
Tukey's post‑hoc test using GraphPad Prism software (version 
no. 5.0; GraphPad Software, Inc.). P<0.05 was considered to 
indicate a statistically significant difference.

Results

Plasma lipid levels of rats in the experimental groups. The 
levels of Chol, TG, HDL, LDL and FBS in the control‑Q group 
did not significantly differ compared with the control group 
(Table I). However, the HDL/LDL and HDL/Chol ratios were 
demonstrated to be significantly increased in the non‑diabetic 
group receiving quercetin compared with the control group 
(P<0.05). Lipid profiles and FBS in the HFD group were 
revealed to be significantly increased compared with rats in 
the control group (P<0.01). However, treatment of diabetic 
rats with quercetin significantly reduced FBS, Chol, TG and 
LDL levels (P<0.01), while increasing the HDL/LDL and 
HDL/Chol ratios (P<0.05) compared with those in the HFD 
group. However, the lipid profile changes as a result of quer‑
cetin treatment were reversed by CC administration compared 
with the HFD‑Q group (P<0.05 for LDL, HDL/LDL and 
HDL/Chol; P<0.01 for Chol and TG; Table I).

Carotid artery levels of NF‑κB, IL‑1β and IL‑10. Rats fed 
on HFD exhibited significantly higher NF‑κB and IL‑1β 
levels (P<0.01) and significantly lower IL‑10 levels (P<0.05) 
compared with the control animals (Fig. 1). However, quer‑
cetin treatment significantly suppressed the tissue levels of 
NF‑κB and IL‑1β (P<0.01) and increased IL‑10 levels (P<0.05) 
compared with rats in the HFD group (Fig. 1). Inhibition of 
AMPK by CC significantly reversed the protective effects of 
quercetin on all three of these parameters (P<0.05; Fig. 1). 
Additionally, the levels of IL‑1β in the HFD‑Q‑CC group was 
significantly higher than those in the HFD group (P<0.05; 
Fig. 1B).

Measurement of oxidative stress markers. The levels of 
MDA were reported to be significantly higher in the HFD 
group compared with the control group (P<0.01), which was 
significantly reversed by quercetin treatment (P<0.01; Fig. 2). 
Additionally, following treatment with the AMPK inhibitor 

Table I. Biochemical parameters of the experimental groups.

Groups FBS (mg/dl) Chol (mg/dl) TG (mg/dl) LDL (mg/dl) HDL (mg/dl) HDL/LDL ratio HDL/Chol ratio

Control 98±5 49.3±4.0 96.6±5.5 27.3±2.6 14.8±2.7 0.50±0.03 0.32±0.03
Control‑Q 95±7 40.4±3.6 81.3±5.3 26.4±2.2 19.8±1.3 0.73±0.08a 0.47±0.06a

HFD 415±26b 395.3±26.5b 236.5±21.0b 261.0±16.3b 46.7±5.5b 0.18±0.04b 0.12±0.02b

HFD‑Q 236±15d 215.7±13.4d 114.3±11.9d 202.5±14.7c 54.5±5.9 0.29±0.06c 0.26±0.04c

HFD‑Q‑CC 316±19e 373.8±29.1f 226.7±30.3f 256.3±20.6e 40.2±5.0 0.14±0.05e 0.10±0.04e

aP<0.05 and bP<0.01 vs. Control group. cP<0.05 and dP<0.01 vs. HFD group. eP<0.05 and fP<0.01 vs. HFD‑Q group. FBS, fasting blood sugar; 
Chol, cholesterol; TG, triglyceride; LDL, low‑density lipoprotein; HDL, high‑density lipoprotein; Q, quercetin, CC, compound‑C.
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CC in the HFD‑Q group, the MDA level was demonstrated to 
be significantly increased (P<0.01; Fig. 2). Furthermore, HFD 
was revealed to significantly attenuate the activities of GPX 
(P<0.01), SOD (P<0.01) and CAT (P<0.05) compared with the 
control group (Fig. 2), all of which were significantly reversed 
by quercetin treatment (P<0.05). Administration of the AMPK 
inhibitor CC to the HFD‑Q group significantly abrogated the 
effects of quercetin (P<0.05 for SOD; P<0.01 for GPX and 
CAT; Fig. 2).

Expression of SIRT1 protein. Quercetin significantly increased 
the protein expression of SIRT1 compared with the control 
group (P<0.05; Fig. 3). The expression level of SIRT1 was 
significantly decreased in the HFD group compared with the 
control group (P<0.01). Additionally, quercetin administration 
in rats fed on HFD resulted in a significant increase in SIRT1 
protein expression (P<0.01). However, inhibition of AMPK by 

CC abolished the effects of quercetin on SIRT1 expression in 
HFD rats (P<0.01; Fig. 3).

Histological analysis and AI. Rats in the HFD group exhibited 
superficial erosion in the carotid artery accompanied by fat 

Figure 1. Comparison of the levels of inflammatory factors in the carotid 
arteries of five animal groups. Expression levels of (A) IL‑10, (B) IL‑1β and 
(C) NF‑κB (pg/mg) in the different experimental groups. Data are presented 
as mean ± SEM (n=6 rats/group). *P<0.05 and **P<0.01 vs. controls. #P<0.05 
and ##P<0.01 vs. HFD. +P<0.05 and ++P<0.01 vs. HFD‑Q. ∆P<0.05 vs. HFD. 
HFD, high‑fat diabetic; Q, quercetin; CC, compound C; IL, interleukin.

Figure 2. Comparison of oxidative stress parameters in the five animal groups. 
(A) MDA content and activities of (B) SOD, (C) CAT and (D) GPX in the 
five different experimental groups. Data are presented as mean ± SEM (n=6 
rats/group). *P<0.05 and **P<0.01 vs. controls. #P<0.05 and ##P<0.01 vs. HFD. 
+P<0.05 and ++P<0.01 vs. HFD‑Q. HFD, high fat diabetic; Q, quercetin; CC, 
compound C; MDA, malondialdehyde; SOD, superoxide dismutase; CAT, 
catalase; GPX, glutathione peroxidase.
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deposition and foamy macrophage accumulation, as indicated 
by the arrows in Fig. 4A, and a significantly increased AI 
was observed compared with the control rats (P<0.01; Fig. 4). 
Administration of quercetin to the rats in the HFD group 
suppressed the formation of atheromatous plaques and foam 
cells, in addition to significantly reducing the AI compared 
with rats in the HFD group (P<0.01). However, CC treatment 
markedly increased the atherosclerotic changes, whilst signifi‑
cantly increasing the AI to suppress the protective effects of 
quercetin (P<0.01; Fig. 4).

Discussion

The present study demonstrated that quercetin treatment 
ameliorated the levels of hyperlipidemia, inflammatory cyto‑
kines and oxidative stress in the carotid arteries of diabetic 
rats fed on HFD. These protective effects of quercetin were 
mediated by the modulation of the AMPK/SIRT1/NF‑κB 
signaling pathway.

Oxidative stress resulting from an imbalance in the redox 
equilibrium may induce vascular dysfunction and contribute 
to atherosclerotic plaque formation (5). The importance of 
oxidative stress in the progression of vascular complications 
have been previously documented in diabetes, particularly 
in type II diabetes (26,27). Previous reports have demon‑
strated that an elevation in the production of SOD, CAT 
and GPX antioxidants lead to a reduction in ROS levels in 
diabetes (5,27,28). Any reverse alterations in the levels of these 
enzymes trigger oxidative stress in tissues and, consequently, 
results in diabetic complications (28). In the present study, in 
addition to the elevation in MDA levels, the activity levels of 
SOD, CAT and GPX were demonstrated to be decreased in rats 
in the HFD diabetic group compared with the control group. 
Changes in these oxidative stress indices were revealed to be 
associated with increased LDL, Chol, TG, AI and increased 
formation of atherosclerotic plaques. Additionally, ROS has 
been reported to induce inflammation by increasing the levels 
of the pro‑inflammatory cytokines IL‑1β, IL‑6, TNF‑α and 
NF‑κB and by upregulating the expression of adhesion mole‑
cules (29,30). Inflammatory reactions contribute to insulin 
resistance, hyperglycemia and, consequently, the progression 

of diabetic complications, followed by imbalances in redox 
signaling in tissues and further aggravation of diabetic 
atherosclerosis (31). Consistent with this notion, HFD‑induced 
diabetes in the present study resulted in the upregulation of 
NF‑κB and IL‑1β and downregulation of IL‑10.

Quercetin is a plant polyphenol with a variety of previ‑
ously reported pharmacological actions (32). Administration 
of quercetin to HFD‑receiving rats was demonstrated to 
markedly protect the carotid artery against diabetic athero‑
sclerosis in the present study. The anti‑atherosclerotic effects 
of quercetin have been associated with its suppressive effects 
on oxidative stress and inflammatory responses (12,17). 

Figure 3. SIRT1 protein expression in the five different experimental groups. 
Data are presented as mean ± SEM (n=5 rats/group). **P<0.01 vs. controls. 

##P<0.01 vs. HFD. ++P<0.01 vs. HFD‑Q. SIRT1, sirtuin 1; HFD, high fat 
diabetic; Q, quercetin; CC, compound‑C.

Figure 4. Analysis of atherosclerosis severity in the five different experi‑
mental groups. (A) Representative histological images of the carotid arteries 
displaying the atherosclerotic changes. Red arrows indicate foamy cells 
and fat deposition. Red arrowheads indicate macrophage accumulation. 
(B) Atherogenic indices in the five experimental groups. Data are presented 
mean ± SEM (n=5 rats/group). Scale bar length for all images is 50 µm. 
**P<0.01 vs. controls. ##P<0.01 vs. HFD. ++P<0.01 vs. HFD‑Q. HFD, high fat 
diabetic; Q, quercetin; CC, compound‑C.
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Quercetin reversed HFD‑induced alterations in all inflam‑
matory and oxidative stress parameters in atherosclerotic 
rats and significantly increased the HDL/LDL ratios, SOD 
and GPX levels, and reduced IL‑1β levels in the carotid 
arteries of rats in the control group receiving the normal diet. 
These findings indicated that quercetin mediated significant 
anti‑oxidative and anti‑inflammatory effects under both 
normal and atherosclerotic conditions. Yao et al (33) previ‑
ously deduced that quercetin intake was inversely correlated 
with the prevalence of diabetes in patients with type II 
diabetes. Additionally, quercetin was observed to control 
disease outcomes in a high‑fructose diet model of diabetes 
by enhancing the PI3K/AKT signaling pathway, whilst 
inhibiting ROS (34). In particular, a previous in vitro and 
in vivo study in rats documented the antioxidant properties of 
quercetin, which were reported to be triggered by elevating 
mitochondrial activity along with the suppression of adipo‑
genic factors (35).

AMPK serves as a major intracellular energy sensor, 
where dysregulations in its activity has been reported to 
contribute to the pathogenesis and progression of diabetic 
atherosclerosis (6). AMPK inhibited inflammatory responses 
by regulating numerous downstream signaling path‑
ways (5,8,9). In addition, AMPK has been found to suppress 
TNF‑α‑dependent adhesion of monocytes to endothelial 
cells in the human aorta (36). Furthermore, it has been 
demonstrated that activation of AMPK reduces endoplasmic 
reticulum stress induced by oxidized LDL, thereby improving 
endothelial dysfunction and atherosclerosis in an in vivo 
model (37). This is consistent with the present study, which 
reported that the beneficial effects of quercetin on carotid 
atherosclerosis were abrogated following the inhibition of 
AMPK activity. This indicated that the anti‑oxidative and 
anti‑inflammatory effects of quercetin in the carotid artery of 
HFD rats are, at least in part, AMPK‑dependent. A previous 
study reported that quercetin increased the phosphoryla‑
tion of AMPK in cultured smooth muscle cells and aortic 
arteries (38), which also exhibited increased levels of acetyl 
CoA carboxylase, a downstream protein of AMPK, impli‑
cating the increased activity of AMPK following quercetin 
administration (38). By contrast, it was observed that the HFD 
regimen led to the downregulation of SIRT1 protein expres‑
sion, which was reversed by the administration of quercetin. 
Subsequently, inhibition of AMPK using CC significantly 
reversed the effects of quercetin on SIRT1 expression in 
HFD rats. Therefore, this observation indicated that quer‑
cetin upregulated AMPK activity to increase SIRT1 protein 
expression. SIRT1 serves an important intermediary role in 
the anti‑atherosclerotic effects of quercetin, the expression 
of which is high in human endothelial and vascular cells to 
regulate endothelial and vascular function (39). Upregulation 
of SIRT1 expression or increased SIRT1 activity has been 
previously revealed to inhibit endothelial dysfunction 
induced by oxidative stress (40). Additionally, AMPK has 
been demonstrated to upregulate the expression of SIRT1 
and repress the expression of NF‑κB, IL‑1β and TNF‑α (5,9). 
Furthermore, AMPK elevated the expression levels of 
IL‑10 (40). Therefore, according to the results of the present 
study, modulation of the AMPK/SIRT1/NF‑κB signaling 
pathway by quercetin was most likely responsible for its 

anti‑hyperlipidemic, anti‑inflammatory and anti‑oxidative 
properties against atherosclerosis. However, the effects of 
quercetin on other candidates for the onset and progression 
of atherosclerosis, including nitric oxide, adhesion molecules, 
protein kinase C, intracellular Ca2+ signaling, autophagy and 
mitochondrial dysfunction, warrant further investigation (5). 
These investigations are required to further the understanding 
of the pathophysiology of HFD and diabetes‑accelerated 
atherosclerosis, and the development of novel preventive and 
therapeutic measures.

As a limitation, quercetin was used following the confir‑
mation of diabetes. Due to a previous report on the beneficial 
effects of quercetin against metabolic dysfunction and inflam‑
matory disease (41), it was hypothesized that quercetin may 
have the potential to prevent or alleviate complications 
associated with diabetes in patients with obesity. However, 
further studies are required to clarify this important issue. 
Additionally, one of the most important end effectors of 
AMPK/SIRT1 activation in reducing oxidative stress, tissue 
inflammation and apoptosis is by promoting mitochondrial 
biogenesis and by altering mitochondrial physiology (42). This 
aspect was not addressed in the present study and requires 
further investigation.

In conclusion, the results of the present study demonstrated 
that quercetin exerted beneficial effects against atheroscle‑
rosis in the carotid artery of HFD rats. This was mediated 
by reducing hyperlipidemia and inflammatory and oxidative 
stress. These promising effects of quercetin were demonstrated 
to be associated with the SIRT1/NF‑κB signaling pathway, 
where AMPK is a critical regulator.
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