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Abstract: Objective: The past four decades have witnessed rapid improvement in living standards worldwide, and 
nutritional obesity has attracted increasing attention. To further understand the cardiovascular complications 
caused by a high-fat diet (HFD), there is an immediate need to focus on the effects of HFD on vascular structure 
and functions. Methods: The effects of HFD on physiological and biochemical indices were evaluated using ELISA 
kits, and the associated vascular abnormalities were investigated using microscopy and vasodilatation examination. 
Besides, NLRP3 inflammasome expression and activation were assessed by immunofluorescence, western blot-
ting, and RT-qPCR assays. Results: Body weight and plasma insulin levels were found to be significantly increased 
in the HFD group by the third week, while fasting glucose concentrations and insulin resistance index apparently 
increased by the sixth week, and the changes in aortic structures occurred at the ninth week, suggesting that insu-
lin resistance contributed to the elevated fasting glucose in the HFD group in a time-dependent pattern, following 
the pathological changes of aortic tissues. Further analysis showed increased expression and activation of NLRP3 
inflammasome in the HFD group, which might have inhibited the vasodilatation during the sixth week. Conclusion: 
This study demonstrated the role of NLRP3 inflammasome in promoting HFD-induced vascular dysfunction.
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Introduction

With the improvement of living standards, the 
acceleration of work rhythm, the increase of 
learning pressure, and the change of eating 
habits, more and more people are now over-
weight or obese. Obesity is accompanied with 
some diseases, such as diabetes, hyperlipid-
emia, cardiovascular and cerebrovascular dis-
eases, and fatty liver [1-3]. Therefore, obesity 
and associated diseases have become impor-
tant concerns. 

A high-fat diet (HFD) is widely used to induce 
obesity in animal models, which is the leading 
cause of type 2 diabetes. The global prevalence 
of obesity has increased rapidly, not only affect-

ing younger children but also seriously affecting 
human health, which led to the increased inci-
dence of various endocrine diseases [3]. 
Previous studies have demonstrated that HFD 
induces vascular dysfunction, but the molecu-
lar mechanism remains to be elucidated. Some 
recent studies have suggested on the impor-
tance of the structure and function of NLRP3 
inflammasome. The inflammasome is a poly-
mer protein complex, which is composed of 
PRR, ASC, and caspase-1 [4-6], and implicated 
in functions in many pathophysiological pro-
cesses, such as infection, identification, and 
tissue repair [7]. It has been found that some 
members of NLR and ALR families, including 
NLRP1, NLRP3, NLRC4, AIM2, and pyrin, can 
form inflammasomes [8-13]. NLRP3 inflamma-
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some has been widely and deeply investigate-
dand has been shown to possess NOD, LRR, 
and PYD domains for self-oligomerization, 
ligand recognition, and protein interaction, 
respectively [14-17]. ASC interacts with NLRP3 
and caspase-1, and finally forms an NLRP3 
inflammasome [18], which is essential for the 
immune defense [19], and can be activated by 
various exogenous [12, 20-22] and endoge-
nous [23-25] stimulants. 

At present, there are some reports about HFD-
induced obesity, but the role of NLRP3 inflam-
masome in this process is still unclear. This 
study herein utilized HFD-induced obesity to 
elucidate the contribution of NLRP3 inflamma-
some to the changes of tissue structure and 
vascular function by examining NLRP3 expres-
sion, physiological and biochemical indices, 
vascular structure, and diastolic function, which 
will provide a clue for further studying its molec-
ular mechanism.

Materials and methods

Animal ethics statement

The animal experiment was designed according 
to the Guide for the Care and Use of Laboratory 
Animals, and the protocol was also approved  
by the Fujian Normal University Authorization 
Committee (Approval Number: IACUC-2018- 
0015).

Animals and treatments

C57BL/6J mice (15.97±0.49 g body weight) 
were used in the present study. These mice 
were obtained from Wushi Experimental Animal 
Center (Fuzhou) and then raised in a standard-
ized animal house with 23~25°C temperature, 
50~60% humidity, and 12 h: 12 h light-dark 
cycle. They were randomly divided into two 
experimental groups after the preliminary 
experiment, one normal control diet (NCD) 
group and the other HFD group for 12 weeks, 
as described previously [26-28]. The fat con-
tents in these two experimental diets were 
12.0% and 66.5%, respectively (Table S1). 
Bodyweight monitoring was done to assess 
growth, and blood samples to determine glu-
cose and insulin levels were collected weekly. 
Mice (n=6) from each group were anesthetized 
and sacrificed, following which the abdominal 
aorta was immediately isolated. Some seg-

ments of the aortic tissue were then fixed in 4% 
paraformaldehyde (PFA), and the remaining 
segments were frozen in liquid nitrogen for  
further examination, including vasodilative 
evaluation.

Determination of fasting plasma glucose and 
plasma insulin

Fasting glucose concentrations and plasma 
insulin levels were determined at the 0, 3rd, 
6th, 9th and 12th week using the correspond-
ing kit as described previously [26-28], and 
then the insulin resistance index was calculat-
ed. Briefly, fasting glucose concentrations were 
determined by a pin-prick technique after 12 h 
overnight starvation with the Accu-Chek test 
strip according to the manufacturer’s protocol 
(Roche Diabetes Care, Burgess Hill, UK). 
Plasma insulin levels were determined using 
the Insulin Assay Kit (Nanjing Jiancheng 
Bioengineering Institute). The insulin resistance 
index (HOMA-IR) was calculated using the fol-
lowing formula. 

HOMA-IR = (fasting glucose × plasma insulin)/ 
22.5.

Histopathological evaluation of aortic tissues

The histopathological changes of the aortic tis-
sues were evaluated as described previously 
[27-29]. Briefly, after the fixation of aortic seg-
ments, they were embedded into paraffin, then 
sectioned into 5 µm slides. These slides were 
dewaxed by 100% xylene, and then the tissues 
were hydrated by the gradient concentrations 
of ethyl alcohol, following with hematoxylin and 
eosin staining. After mounting, these slides 
were used for histopathological evaluation and 
examination of vessel wall thickness by a 
microscope.

Examination of vascular reactivity in vitro

The vascular reactivity of dissected arteries 
was examined using the microvascular tension 
measurement system with Ach (acetylcholine, 
10-9~10-5 M) after pre-contraction with phenyl-
ephrine (PE, 10-9 M). Briefly, the isolated ves-
sels were cut into two 3-4 mm wide rings, and 
the endothelium was carefully preserved. The 
vascular rings were suspended into an organ 
tank containing 10 mL Krebs solution and con-
nected with the measurement system. One 
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micromolar PE was used to constrict the vascu-
lar rings, and Ach was used to induce vasodila-
tion, following which, the tension curve was 
recorded. Finally, the vascular reactivity was 
expressed as the percent relaxation of 
PE-induced pre-contraction.

Immunofluorescent staining for NLRP3 and 
ASC

Immunofluorescence was used to study the 
localization of NLRP3 and ASC. Briefly, the sec-
tions were incubated with a rabbit anti-NLRP3 
antibody (1:500, Abcam) and a goat anti-ACS 
antibody (1:500, Abcam) at 4°C overnight. The 
immunofluorescent staining for NLRP3 and 
ASC was visualized using the FITC-labeled goat 
anti-rabbit IgG and Cy3-labeled donkey anti-
goat IgG (Beyotime Institute of Biotechnology, 
Jiangsu, China) and then mounted with the cov-
er-slips. Besides, the goat or rabbit serum 
(1:100; Boster Biological Technology, Wuhan) 
was used as a negative control. All of these 
slides were then photographed under a fluores-
cence microscope.

Western blotting for protein expression levels

The expression levels of NLRP3 inflammasome 
related proteins in aortic segments were 
detected by western blotting as described pre-
viously [14, 29-31]. Briefly, the tissues were 
homogenized in ice-cold RIPA buffer (Beyotime, 
Jiangsu) and extracted by centrifuging, followed 
by the estimation of protein concentrations 
using a BCA kit (Beyotime). After that, 20 μg of 
protein samples were loaded for separation by 
SDS-PAGE (Beyotime) and then transferred 
onto PVDF membrane (Beyotime). The PVDF 
membrane was then incubated with NLRP3 
(1:1000, Abcam), ASC (1:1000, Abcam), pro-
caspase-1 (1:1000, Abcam), cleaved-cas-
pase-1 (1:1000, Abcam), IL-1β (1:500, Abcam) 
and β-actin (1:5000, Novus Biologicals) anti-
bodies at 4°C overnight after blocking. After 
washing, membranes were incubated with 
HRP-labeled secondary antibodies (1:2,000, 
Beyotime), and bands were detected using the 
BeyoECL Star Western Blotting Detection 
reagent (Beyotime). β-actin expression was 
used as the loading control.

RT-qPCR analysis

Total RNA was extracted using TRIzol (Bio-Rad), 
reversed using cDNA Synthesis Kit (Bio-Rad), 

and then amplified using TaqMan Gene 
Expression Assay kit (Applied Biosystems), 
including TaqMan Universal PCR Master Mix, 
NLRP3 primer (Hs00918082_m1), ASC primer 
(Hs00996676_m1) and 18S primer (Rn- 
03928990_g1). The levels of 18S ribosomal 
RNA were used as an endogenous control. 
Their expression levels were expressed as 
2-ΔΔCt values.

Assay of caspase-1 activity and IL-1β produc-
tion 

Caspase-1 activity and IL-1β were analyzed 
using a caspase-1 colorimetric assay kit 
(BioVision) and IL-1β enzyme-linked immuno-
sorbent assay (ELISA) kit (Bender Medsystems), 
respectively, according to the manufacturer’s 
protocol. 

Statistical analysis

Data are presented as means ± SE. The signifi-
cance (P<0.05) between groups was evaluated 
by a one-way ANOVA (SPSS19.0), followed by a 
Tukey’s multiple range test. 

Results

Effects of HFD on body weight and fasting glu-
cose

Initially, there was no obvious difference of the 
average body weight between the two groups. 
However, after 3 weeks, mice in the HFD group 
demonstrated time-dependent increases in 
body weight (Figure 1A). At 12 weeks, the aver-
age body weight of the HFD group (29.18 ± 
1.38 g) was significantly heavier than that of 
the NCD group (21.06 ± 0.69 g). The levels of 
fasting plasma glucose were not significantly 
different between the two groups till the third 
week, but they were significantly higher in the 
HFD group than in the NCD group in the sixth 
week (Figure 1B). These results demonstrated 
that HFD increased the body weight and led to 
elevated levels of fasting glucose.

Effects of HFD on plasma insulin and insulin 
resistance

Considering the effects of insulin on fasting glu-
cose, we also examined the changes in plasma 
insulin levels and observed a significant time-
dependent increase in the HFD group (Figure 
2A). In addition, the insulin resistance index 
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Figure 1. Effects of HFD on body weight (A) and fasting glucose (B).

Figure 2. Effects of HFD on plasma insulin (A) and insulin resistance (B).

(HOMA-IR, Figure 2B) was not significantly dif-
ferent between the two groups till the third 
week (Figure 2), but increased significantly in 
the HFD group in the sixth week, corresponding 
with the change in plasma insulin concentra-
tions (Figure 2). These results indicate that 
insulin regulated the fasting glucose levels for 
3 weeks (Figure 2), but after 6 weeks, high 
insulin resistance led to elevated fasting glu-
cose levels (Figure 2).

Effects of HFD on structural changes of aortic 
tissues

For further understanding of the pathological 
effect of HFD, histological structures of aortic 
tissues were examined, and no dramatic chang-
es were observed till the 6th week (Figure 
3A-C, 3F, 3G, 3H). However, apparent changes 
were observed from the 9th week (Figure 3D, 
3E, 3I, 3J) in the HFD group (Figure 3). These 
morphological changes included serious endo-
thelial damage, an incomplete endothelial 
layer, and an increased thickness of the aortic 
medial layer (Figure 3I and 3J), implying struc-
tural damage during the 9th week.

Effects of HFD on the thickness of aortic tis-
sues

To confirm the morphological changes of histo-
logical structures, the thickness of aortic tis-

sues was measured, and no 
dramatic changes were ob- 
served in the aortic wells 
(Figure 4B) and medial layers 
(Figure 4A) till the 6th week. 
However, a considerable ch- 
ange in the aortic wells (Figure 
4B) and medial layers (Figure 
4A) was noted in the HFD 
group during the 9th week 
(Figure 4). These results dem-
onstrated that structural ch- 
anges occurred after physio-
logical and biochemical indi-
ces, implying that the vascular 
function may also be changed 
before the tissue structure.

Effects of HFD on vascular 
endothelium-dependent func-
tion

Based on the above findings, 
the endothelium-dependent 
vasodilatation at the 6th 

week, with elevated fasting glucose and un- 
changed morphological structure was exam-
ined; the diastolic degree of the aorta in the 
NCD group increased gradually and dose-
dependently (Figure 5), while the diastolic 
degree in the HFD group was significantly lower 
compared with the NCD group after treatment 
with acetylcholine (Ach) at gradient concentra-
tions (Figure 5). These results indicated that 
endothelium-dependent vasodilatation was 
inhibited and damaged before the structural 
changes, implying that the molecular mecha-
nism regulating the vascular functions may also 
be changed before the tissue structure.

Effects of HFD on expression and localization 
of NLRP3 inflammasome

Given that NLRP3 inflammasome is involved in 
many pathophysiological processes, this study 
detected the expression and localization of 
NLRP3 inflammasome using immunofluores-
cence in these two groups in the sixth week 
(Figure 6). The core proteins, NLRP3 and ASC, 
were mainly expressed in the vascular endothe-
lial cells (Figure 6) and increased in the HFD 
group (Figure 6C and 6D) compared with the 
NCD group (Figure 6A and 6B). Their increased 
co-localization demonstrated that HFD activat-
ed NLRP3 inflammasome, followed by the inhi-
bition of endothelium-dependent vasodilata- 
tion.
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Figure 3. Effects of HFD on structural changes of aortic tissues. The adventitial (AL), medial (ML), intimal (IL), and 
endothelial (arrow) layers were observed in NCD (A-E) and HFD (F-J) groups. Scale bar = 100 µm.

Figure 4. Effects of HFD on the thickness of aortic tissues. The thickness 
changes of the aortic medial layer (A) and aortic well (B) were compared 
between NCD and HFD groups. n=6. *: P<0.05, v.s. NCD.

Figure 5. Effects of HFD on vascular endothelium-de-
pendent functions. The endothelium-dependent va-
sodilatation was assessed using acetylcholine (Ach) 
in gradient concentrations at the 6th week. n=6. *: 
P<0.05, v.s. NCD.

Effects of HFD on NLRP3 inflammasome re-
lated proteins

Furthermore, this study examined the changes 
in expression levels of NLRP3, ASC, pro-cas-
pase-1, cleaved-caspase-1, and IL-1β proteins 
during NLRP3 inflammasome activation in the 
sixth week. NLRP3 and ASC were significantly 

increased in the HFD group 
(Figure 7A and 7B), consis- 
tent with the above findings. 
Cleaved-caspase-1 and IL-1β 
levels also increased consid-
erably (Figure 7A and 7B), 
accompanied by decreased 
levels of pro-caspase-1 in the 
HFD group (Figure 7A and 7B), 
suggesting that NLRP3 inflam-
masome is activated before 
structural changes.

Effects of HFD on NLRP3 and 
ASC mRNA expression levels, 

caspase-1 activity and IL-1β production

Finally, the mRNA expression levels of NLRP3 
and ASC were determined; significantly 
increased mRNA expression levels of NLRP3 
and ASC were observed in the HFD group 
(Figure 8A), which were consistent with the 
above results. Caspase-1 activity was found to 
be increased dramatically in the HFD group 
compared with the NCD group (Figure 8B), 
which was consistent with decreased pro-cas-
pase-1 and increased cleaved-caspase-1. 
Additionally, IL-1 production in the HFD group 
was considerably higher than the NCD group 
(Figure 8C), which was similar to the above find-
ings. All these results further demonstrated 
that NLRP3 inflammasome activation might 
contribute to this vascular dysfunction.

Discussion 

In the present experiment, mice were fed with a 
HFD for a long term, and the biochemical indi-
ces, vascular structure, and diastolic function 
were assessed. The results demonstrated that 
HFD not only damaged the aortic structure but 
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also affected the diastolic function, which pro-
vided vital experimental data and reference  
for the prevention of obesity and related 
diseases. 

During recent years, nutritional obesity caused 
by a high-fat diet has attracted more and more 
attention [32-46], which not only affected 
human health adversely but also resulted in a 

with hyperglycemia and diabetes mellitus than 
those with well-controlled blood glucose [3]. 
Long-term hyperglycemia is the root of diabetic 
vascular complications, and the clinical treat-
ment of diabetes mellitus mainly involves con-
trolling the blood glucose [48, 49]. Hypoglycemic 
drugs are often used to decrease the blood glu-
cose level, and insulin sensitivity of peripheral 
tissues can be increased to reduce the blood 

Figure 6. Effects of HFD on NLRP3 inflammasome expression. The expres-
sion levels of NLRP3 (green)/ASC (red) and their co-localization (yellow) 
were examined by immunofluorescence in NCD (A and B) and HFD (C and D) 
groups. Their co-localization (yellow) indicated NLRP3 inflammasome activa-
tion in endothelial cells (ECs). Scale bar = 100 µm.

Figure 7. Effects of HFD on NLRP3 inflammasome related proteins. The ex-
pression levels of NLRP3, ASC, pro-caspase-1, cleaved-caspase-1, and IL-1β 
were compared by summarized data (A) and blotting images (B) between 
NCD and HFD groups. n=6. *: P<0.05, v.s. NCD.

significant increase in repro-
ductive endocrine diseases 
[42-46]. The pathophysiologi-
cal changes in obesity are 
mainly associated with an 
increase in the number and 
volume of fat cells and the 
infiltration of macrophages in 
fat tissues [3, 32, 33]. 
Hypertrophic and proliferative 
adipocytes can reduce the 
density, number, and activity 
of insulin receptors, and also 
activate some kinases to dam-
age insulin signaling by 
increasing the serine phos-
phorylation level of IRS, thus 
promoting insulin resistance 
[42-46]. In turn, insulin resis-
tance promotes obesity and 
forms a vicious circle [42-46]. 
This suggests that obesity is 
the main factor that causes 
insulin resistance. With the 
progress of the disease, the 
number and function of β cells 
in obese and insulin resistant 
individuals eventually decline, 
and the signaling pathway is 
also damaged [3, 47]. Here, 
HFD not only induced obesity 
but also resulted in type 2 dia-
betes mellitus since the levels 
of fasting glucose, plasma 
insulin, and insulin resistance 
in the HFD group were higher 
than those in the NCD group 
from the sixth week and 
increased in a time-depen-
dent manner. 

Clinical investigations have 
shown that the incidence of 
vascular complications is sig-
nificantly higher in patients 



NLRP3 inflammasome and vascular dysfunction

1600 Int J Clin Exp Med 2021;14(4):1594-1603

glucose levels [50]. Diabetic vascular complica-
tions may be microvascular or macrovascular; 
microvascular complications mainly include 
retinopathy, neuropathy, and nephropathy, 
while macrovascular complications include car-
diovascular and cerebrovascular diseases. 
Macrovascular complications are the leading 
cause of myocardial infarction and stroke, 
accounting for 80% of the deaths caused by 
type 2 diabetes mellitus [3, 51, 52]. Thus, it is 
particularly important to alleviate the macro-
vascular complications while treating diabetes 
mellitus. In the present study, no significant dif-
ference was observed in the vascular structure 
between the two groups before the 6th week. 
However, significant pathological changes were 
observed in the HFD group after the 9th week, 
which included damaged endothelial layer and 
thickened medial layer compared to the NCD 
group. Further investigation showed that dia-
stolic degree of abdominal aorta in HFD group 
was obviously lower than NCD group at the 6th 
week, indicating that endothelium-dependent 
vasodilatation was affected in the HFD group 
prior to tissue structures. 

Inflammation contributes to the pathogenesis 
of diabetes mellitus and vascular complica-
tions, and is a common feature of cardiovascu-
lar disease [51-53]. The blood vessels show 
endothelial damage and dysfunction during the 
early stage of diabetes mellitus [54, 55], and 
with the further development of this disease, 
lipid-protein enters the vascular wall through 
the damaged endothelial cells, promotes the 
platelet aggregation, activates the expression 

of endothelial adhesion molecules, and accel-
erates the infiltration of inflammatory cells, 
finally leading to vascular inflammation [51-53]. 
Inflammation is crucial during the whole pro-
cess of vascular diseases, and vascular inflam-
mation is the main cause of diabetic vascular 
disease [3]. Long-term hyperglycemia stimu-
lates vascular endothelial cells to transport a 
large amount of glucose to the endothelial 
cells, increases the glucose concentration in 
these cells, leads to the functional changes of 
mitochondria and proteins in endothelial cells, 
and lastly, results in vascular endothelial dys-
function [54, 55]. Hyperglycemia also stimu-
lates vascular endothelial cells to produce 
excessive ROS and activates inflammation-
related signaling pathway, inducing vascular 
inflammation [3]. NLRP3 inflammasome not 
only participates in innate immunity but also 
contributes to immune responses and disease 
occurrences, especially various inflammatory 
diseases [14-16, 31]. To elucidate the molecu-
lar mechanism of endothelium-dependent dys-
functions of the abdominal aorta in the 6th 
week, the localization and expression of NLRP3 
inflammasome in the aortic tissues were exam-
ined. The results demonstrated that NLRP3 
inflammasome was mainly expressed in the 
endothelial cells, and its levels in the HFD group 
were dramatically higher than the NCD group, 
indicating that HFD inhibited the endothelium-
dependent vasodilatation through NLRP3 
inflammasome activation in endothelial cells.

In conclusion, long-term HFD feeding not only 
caused obesity but also induced pathological 

Figure 8. Effects of HFD on mRNA expression levels of NLRP3 and ASC (A), caspase-1 activity (B), and IL-1β produc-
tion (C) between NCD and HFD groups. n=6. *: P<0.05, v.s. NCD.
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changes such as the elevation of fasting glu-
cose and insulin resistance in the 6th week. 
Further, no apparent change in the tissue struc-
ture of the abdominal aorta between these  
two groups were observed in the 6th week,  
but endothelium-dependent vasodilation was 
affected in the HFD group, possibly via NLRP3 
inflammasome activation in vascular endothe-
lial cells; however, the detailed mechanism is 
still unclear. Therefore, the effects of HFD on 
vascular structure and functions and the under-
lying mechanisms might provide some impor-
tant theoretical and experimental foundation 
for clinical prevention of obesity and related 
diseases.
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Table S1. Composition of experimental diets fed to the 
animals

Normal Control Diet High Fat Diet
Methionine (g/kg) 3.0 3.5
Vitamin mix (g/kg) 10.0 11.7
Mineral mix (g/kg) 35.0 41.0
Choline chloride (g/kg) 2.0 2.3
Cellulose (g/kg) 50.0 58.5
Casein (g/kg) 224.0 324.0
Corn starch (g/kg) 625.0 155.0
Corn oil (g/kg) 51.0 74.0
Lard (g/kg) 0 333.0
Protein (%) 21.5 21.5
Carbohydrate (%) 66.5 12.0
Fat (%) 12.0 66.5
Caroric density (kcal/g) 4.20 6.10
Note: The high fat diet contained 3.02 mg NaCl and 6.09 mg elemen-
tal calcium per gram, while the normal control diet contained 2.58 
mg NaCl and 5.20 mg elemental calcium per gram, because of the 
differences in caloric density and anticipated food intake.


