
ORIGINAL RESEARCH PAPER

Resveratrol alleviates vascular inflammatory injury by inhibiting
inflammasome activation in rats with hypercholesterolemia
and vitamin D2 treatment
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Abstract

Objective Atherosclerosis (AS) is an inflammatory dis-

ease involved in vascular inflammatory injury. The

inflammasome is an important part of inflammatory dis-

eases and participates in the vascular inflammatory injury.

Resveratrol (RSV) possesses anti-inflammatory activities,

but its effects on inflammasomes during vascular injury

remain unclear. This study focused on the effects and

mechanisms of RSV on inflammasomes during vascular

injury.

Methods Male Sprague–Dawley rats were treated with a

purified diet or cholesterol-enriched diet combined with

vitamin D2 (VD; 1.8 million units/kg/days, Po) and saline

or RSV (50 mg/kg/days, Po) daily for 5 weeks. The con-

centrations and enzyme activities of related indicators were

measured by a spectrophotometer or ELISA kit. Their gene

and protein expression levels were analyzed by reverse

transcription–polymerase chain reaction and Western blot,

respectively.

Results Upon administration with RSV, rats with combined

hyper cholesterol and VD demonstrated the following chan-

ges: the vascular histopathological changes were relieved,

and the level of the von Willebrand factor decreased. The

level of serum IL-1b, a marker of inflammasome activation,

significantly decreased. The mRNA and protein expression

levels of the three components of inflammasomes, namely,

NOD-like receptor pyrin domain containing 3, apoptosis-as-

sociated speck-like protein containing a caspase-recruitment

domain, and caspase-1, were downregulated. The effects of

RSV were closely related to hypolipidemia (decrease in the

levels of total cholesterol, triglycerides, and low-density

lipoprotein cholesterol combined with the expression of the

lectin-like ox-LDL receptor and increase in high-density

lipoprotein cholesterol), antioxidation (decrease in MDA

levels and increase in SOD and GPx activities), and anti-

inflammation (downregulation of the expression of IL-1b,

intracellular adhesion molecule-1, and monocyte chemotactic

protein-1). The mechanisms for the downregulation of NF-jB

p65 and p38 MAPK expression, as well as the upregulation of

SIRT1 expression, were analyzed.

Conclusion This study proved that RSV inhibited in-

flammasome activation to protect vascular injury in vivo.

RSV exhibited therapeutic potential in the treatment of

vascular injury.

Keywords Resveratrol � Hypercholesterolemia �
Vascular injury � NLRP3 inflammasome

Introduction

Lipid metabolism disorder has long been considered the

main cause of atherosclerosis (AS). Ross and Glomset [1,

2] proposed the theory of endothelial injury and later added

Responsible Editor: Bernhard Gibbs.

Electronic supplementary material The online version of this
article (doi:10.1007/s00011-015-0810-4) contains supplementary
material, which is available to authorized users.

& Zu Yue Deng

dzy7317@sina.com

1 Zhejiang University of Technology, Hangzhou 310004,

Zhejiang, China

2 Zhejiang Institute for Food and Drug Control, Hangzhou,

Zhejiang, China

3 State Key Laboratory of Safety Evaluation for New Drug,

Zhejiang Academy of Medical Sciences, Hangzhou,

Zhejiang, China

Inflamm. Res. (2015) 64:321–332

DOI 10.1007/s00011-015-0810-4 Inflammation Research

123

http://dx.doi.org/10.1007/s00011-015-0810-4


the concept of response to injury [3, 4]. The injury is often

closely related to the level of inflammation; thus, inflam-

mation plays an important role in AS [5]. The

inflammasome is a relatively new discovery in im-

munology, and this complex has attracted widespread

attention in inflammation research [6]. The NOD-like re-

ceptor pyrin domain containing 3 (NLRP3) is the most

well-characterized inflammasome [7]. The activation of the

NLRP3 inflammasome can produce the pro-inflammation

cytokine IL-1b, which increases the expression of vascular

cell adhesion molecule-1, intercellular adhesion molecule-

1 (ICAM-1), and monocyte chemotactic protein (MCP) [8].

These cytokines can cause vascular injury and AS forma-

tion. Some studies [9–11] also found that the

inflammasome and IL-1b are contributors of several com-

mon human diseases, such as gout, type II diabetes, non-

alcoholic steatohepatitis, AS, Alzheimer’s disease, and

cancer.

The process of NLRP3 inflammasome activation that

leads to the release of IL-1b is complex. Divergent in-

vading pathogens and cellular damage result in the

assembly and activation of NLRP3, the apoptosis-associ-

ated speck-like protein containing a caspase-recruitment

domain (ASC), and caspase-1 into multi-molecular plat-

forms (NLRP3 inflammasomes). These activated NLRP3

inflammasomes mediate the catalytic activation of caspase-

1, which is followed by the cleavage and release of the pro-

inflammatory cytokines IL-1b and IL-18 [7].

Resveratrol (3,5,4-trihydroxystilbene, RSV) is a plant-

derived polyphenol present in grapes and red wine. This

compound possesses antioxidant, anti-aging, anti-inflam-

matory, anti-carcinogenic, cardioprotective, anti-

proliferative, and immunomodulatory properties [12].

Dong et al. [13] reported that RSV inhibits foam cell for-

mation by regulating the expression of MCP-1 and

activating the AMP-activated protein kinase (AMPK)—

Sirtuin 1 (SIRT1)—peroxisome proliferator-activated re-

ceptor (PPAR) signaling pathway. cis-RSV produces anti-

inflammatory effects by inhibiting the canonical and non-

canonical inflammasomes in macrophages [14]. SIRT1

enhanced by RSV exerts anti-inflammatory effects by

regulating NLRP3 expression partially through the NF-jB

pathway in mesenchymal stem cells [15]. In vitro ex-

periments have shown the effects of RSV on the NLRP3

inflammasome, as well as the mechanisms involved. We

hypothesize that RSV has similar effects in vivo. To con-

firm this hypothesis, we established a hyperlipidemia

model in rats treated with a cholesterol-enriched diet

combined with vitamin D2 (VD). The effects of the in-

flammasome in vascular injury in model rats and RSV on

vascular NLRP3 inflammasome activation were also in-

vestigated. In this model, hyperlipidemia initiates vascular

injury, whereas VD aggravates the injury. VD induces the

deposition of calcium in the vascular wall [16]. Increased

cytoplasmic Ca2? promotes the assembly of inflammasome

components, and intracellular Ca2? is required for spon-

taneous inflammasome activity [17]. Hypercholesterolemia

might accelerate vascular calcification by ox-LDL [18].

Calcifying VSMCs upregulated the mRNA expression of

the Nalp3 inflammasome complex, including Nalp3, ASC,

and caspase-1 [17].

Our results showed that RSV decreased vascular injury

and protected vascular function by inhibiting inflamma-

some activation. The effects were closely related to

hypolipidemia, antioxidation, and anti-inflammation. This

mechanism involved the upregulation of SIRT1 and

downregulation of NF-jB p65 and p38 MAPK expression.

Materials and methods

Animals and experimental design

Five-week-old male Sprague–Dawley rats [Certificate No.

SCXK(hu)2012-0002] (180 ± 25 g) were purchased from

the Shanghai Slrc Laboratory Animal Company Limited

(Shanghai, China). All experiments were approved by the

laboratory animals ethical committee of the Zhejiang

Provincial Research Institute for Food and Drug Control,

following the NIH guide for laboratory animals (NIH

Publication No. 80-23, revised 1978) for the care and use

of animals. The rats were individually housed under

laboratory conditions (room temperature of 20 ± 3 �C,

humidity of 60 ± 10 %, and a 12 h light–dark cycle), and

water was provided ad libitum. After 1 week of acclima-

tization, the animals were randomly divided into four

groups (with ten animals per group): the normal control

group (NC), RSV control group (RSV), hypercholes-

terolemia combined with VD (Sigma, USA) group

(HC?VD), and RSV (Hangzhou Lin’an Tianhong Bio-tech

Co., Ltd.) treatment group (RSV?HC?VD). Rats from the

NC and RSV groups were fed a standard diet, and the other

two groups were fed a cholesterol-enriched diet combined

with VD [a standard laboratory diet supplemented with

cholesterol (2 %), lard (3 %), cholic acid (0.5 %), and

propylthiouracil (0.2 %)] plus oral administration of a high

dose of VD (1.8 million uayd) for 5 weeks. RSV was ad-

ministered orally (50 mg/kg body weight/day in 20 %

ethanol solution in the RSV and HC?RSV?VD groups) by

an orogastric catheter for 5 weeks. The same volume of

distilled water was given orally in rats in the NC and HC

groups. RSV was prepared and provided daily. The body

weight was measured every week for 6 weeks. The general

condition of the experimental animals was observed every

day. The dosage of RSV used was based on the literature

[8] and our previous study.
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Sample collection of blood and thoracic aorta tissue

After 5 weeks of treatment, rats were fasted for 12 h and

then sacrificed. Blood samples were collected from the

abdominal aorta, and serum was separated by centrifuga-

tion at 4 �C and stored at -20 �C for biochemical analysis.

Arteries from individual rats were used for histological,

gene expression, and Western blot analyses.

Serum biochemical analysis

Levels of serum total cholesterol (TC), triglyceride (TG),

low-density-lipoprotein cholesterol (LDL-C), high-density-

lipoprotein cholesterol (HDL-C), and C-reactive protein

(CRP) were measured using a Hitachi 7020 automatic

analyzer and kits obtained from Shanghai Shenergy-Diasys

Diagnostics Technology Co. Ltd.

Determination of superoxide dismutase (SOD)

activity, glutathione peroxidase (GPx) activity,

malondialdehyde (MDA) levels, and the von

Willebrand factor (vWF) in serum

SOD activity, GPx activity, MDA level, and vWF level in

serum were measured using kits (Jiancheng, China),

namely, the MDA assay kit (TBA method), SOD assay kit

(hydroxylamine method), GSH-PX assay kit (colorimetric

method), and vWF kit (ELISA), respectively. The con-

centrations of IL-1b and TNF-a were determined in

aqueous samples by ELISA kits (R&D Systems, Min-

neapolis, MN, USA). All protocols were performed

according to the manufacturer’s instructions.

RNA extraction and quantitative real-time

polymerase chain reaction (PCR)

The relative mRNA levels of control GAPDH were de-

termined by real-time PCR. Total RNA was extracted from

frozen-stored artery from different rat groups using TRizol

reagent (Takara, Dalian, China). cDNA synthesis was

performed by MuLVReverse Transcriptase (Takara,

Dalian, China). Real-time PCR was performed using a

SYBR Green PCR master mix kit (Roche, USA). The

primer sequences were designed according to the GenBank

database using Beacon Designer software (Premier

Biosoft). The primer sequences are listed in Supplemental

Table 1. PCR reactions were performed at 95 �C for 30 s

and subjected to 40 cycles of 95 �C for 10 s, 55 �C for

10 s, and 72 �C for 30 s. These reactions were performed

in triplicate for each sample primer set, and the mean of the

three experiments was used as the relative quantification

value. At the end point of each PCR cycle, melting curves

were generated to assess product purity. Data were

analyzed with Roche-gene software (Roche, USA). The

relative levels of each gene expression were determined by

the 2-DDCt method.

Western blot

Thoracic aorta samples (0.5 g) were homogenized in

1 mL of RIPA lysis buffer (Beyotime Institute of

Biotechnology, China) containing the Protease Inhibitor

Cocktail set III (Beyotime). Tissue lysates were incu-

bated on ice for 30 min and centrifuged at 12,0009g at

4 �C for 20 min. The supernatant was collected, and

protein concentrations were measured by a Coomassie

blue staining kit (Beyotime) using BSA as a standard.

Samples containing 100 lg of protein were separated by

10 or 15 % sodium dodecyl sulfate PAGE, and then, the

proteins were electrotransferred onto a nitrocellulose

membrane. The membranes were washed in Tris–Tween

buffered saline [TTBS, 20 mmol/L Tris–HCl buffer, pH

7.5, containing 150 mmol/L NaCl and 0.05 % (v/v)

Tween 20] and incubated with primary antibodies anti-

caspase-1(45 kDa) Mouse monoclonal antibody (1:500

dilution) and rabbit polyclonal IgG anti-rat lectin-like

oxidized LDL receptor-1 (LOX-1) (Bioss, China,

50 kDa), NLRP3 (106 kDa), ASC (24 kDa), Caspase-

1(45 kDa), IL-1b (37 kDa), IL-18 (18 kDa), MCP-

1(12 kDa), ICAM-1(90 kDa) NF-jB p65 (60 kDa), p38

MAPK(42 kDa), p-p38 MAPK (38 kDa) and SIRT1

(120 kDa) (Santa Cruz, USA), and GAPDH (37 kDa)

(Beyotime) (1:500 dilution) in diluent buffer [5 % (w/v)

BSA and 0.1 % Tween 20 in TBS] overnight at 4 �C

followed by blocking with 5 % skimmed milk in TTBS

1 h at room temperature with gentle agitation. Mem-

branes were incubated with a 1:1000 dilution (v/v) of

secondary antibody, goat anti-mouse, and anti-rabbit

IgG-HRP conjugate (Beyotime) after washing three times

in TTBS. Membranes were washed in TTBS three times.

Protein bands were developed using an HRP system

(Beyotime). Protein bands were visualized by enhanced

chemiluminescence using a BeyoECL Plus Kit (Bey-

otime), and images were displayed with Kodak X-Omat

BT film (5 in. 97 in.; Beyotime). Band intensity was

quantified with Gel-Pro Analyzer software (Liu Yi,

Beijing). GADPH was used as a loading control.

Histological examinations

For histopathological analysis, thoracic aorta segments

were dissected and fixed in 10 % neutral buffered formalin.

These segments were subsequently embedded in paraffin

and sectioned at 6-lm thickness with a slicing machine

(Leica RM2265; Germany). The sections were stained with

hematoxylin and eosin and then imaged using a microscope
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(Leica DM4000 BLED; Germany) for histological

examination.

Immunohistochemical assay

Protein expression was immunohistochemically detected

via the streptavidin–peroxidase conjugated method. In the

thoracic aorta sections, endogenous peroxidase activity was

inactivated with 3 % H2O2 for 10 min. The sections were

incubated with primary antibodies against NLRP3, ASC,

IL-1b, IL-18, and caspase-1 (Santa Cruz, USA) overnight

at 4 �C. The sections were thoroughly washed in PBS the

following day and incubated with goat anti-rabbit bi-

otinylated secondary antibody IgGs (Beijing Zhongshan,

China) followed by HRP-conjugated streptavidin. The

sections were stained with diaminobenzidine (Zhongshan,

China). Negative controls were obtained by replacing

specific antisera with PBS. Antibody binding was visual-

ized and photographed under light microscopy. An Image-

Pro Plus image analysis system was used for densitometric

quantification of the positive VWF-, NLRP3-, ASC-, cas-

pase-1-, IL-1b-, and IL-18-expressing cells.

Statistical analysis

Data are expressed as the mean ± standard deviation. The

values were calculated from the specified number of de-

terminations with SPSS statistical software package

(version 17.0; SPSS, Chicago, IL, USA). Significant dif-

ferences between the experimental and control groups were

assessed by the Student’s t test (two-experimental group

data analysis) and one-way ANOVA (multi-experimental

group data analysis). P \ 0.05 was considered statistically

significant.

Results

Serum lipid metabolism

No significant differences in the serum levels of TC, LDL-

C, and HDL-C were observed between the RSV and NC

groups, thereby suggesting that treatment with RSV alone

did not affect normal serum lipid levels. However, com-

pared with the NC group, the TG, TC, and LDL-C levels in

the HC?VD group were significantly elevated (1.8-, 1.9-,

and 1.3-fold, respectively; P \ 0.01 or P \ 0.05), whereas

the levels of HDL-C decreased (17 %, P \ 0.05). Com-

pared with the HC?VD group, RSV treatment significantly

reduced the levels of TG, TC, and LDL-C (33, 48, and

27 %, respectively; P \ 0.01 or P \ 0.05), but increased

the levels of HDL-C (1.3-fold, P \ 0.05) in the

RSV?HC?VD group (Fig. 1).

Lipid peroxidation and antioxidant enzyme levels

To study the function of RSV on antioxidant activity, we

determined different oxidation indices. Compared with the

NC group, RSV treatment did not significantly influence

SOD and GPx activity nor did it decrease the MDA con-

tent. The HC?VD group demonstrated a 1.7-fold elevation

in the MDA content (P \ 0.01) but exhibited decreased

SOD and GPx activity (63 and 24 %, respectively;

P \ 0.01 or P \ 0.05) in serum. Compared with the

HC?VD group, the RSV?HC?VD group had a significant

decrease in the MDA content (37 %, P \ 0.05), as well as

increased SOD (2.4-fold, P \ 0.01) and GPx activity (1.4-

fold, P \ 0.05) in serum (Fig. 2).

RSV ameliorated hypercholesterolemia combined

with VD-induced vascular injury

Hypercholesterolemia causes vascular endothelial injury,

and VD aggravates this injury by depositing excessive

calcium in the vessel [16]. vWF is a well-known marker of

endothelial function/injury [19]. Compared with the normal

rats, no differences in the serum vWF levels and vascular

histopathological changes in the RSV group were observed

(Figs. 3, 4). However, the vWF concentrations in serum

increased by 2-fold (P \ 0.01; Fig. 3e) and vWF expres-

sion in the vascular endothelium (immunohistochemistry)

increased by 2.5-fold (P \ 0.01) in the HC rats (Fig. 3c, f).

Compared with the HC?VD group, RSV treatment sig-

nificantly reduced the vWF levels (45 %; P \ 0.05) and

vWF expression (39 %; P \ 0.05) in the RSV?HC?VD

rats (Fig. 3d, f). As shown in (Fig. 4a–d), morphological

examination of the aorta sections showed the pathomor-

phometrical characteristics of AS. Compared with the

normal rats, the HC rats had aortas with disordered

Fig. 1 Effects of RSV on lipid metabolism. Experimental rats were

fed with a hypercholesterol diet combined with vitamin D2 and then

treated with the solvent or with RSV. The amounts of TG (a), TC (b),

LDL-C (c), and HDL-C (d) in the blood samples were determined.

Data are expressed as the TG, TC, LDL-C, and HDL-C content

(mean ± SEM, n = 10). *P \ 0.05, **P \ 0.01, compared with NC

rats; #P \ 0.05, ##P \ 0.01, compared with HC?VD rats

324 Z. Y. Deng et al.

123



arrangement, unclear borderlines, and partial deletion, as

well as increased foam cell formation (3.4-fold; P \ 0.01)

and tunica media thickness of the vascular walls (2.1-fold;

P \ 0.01; Fig. 4c, e). Compared with the HC?VD group,

RSV administration attenuated the vascular histopatho-

logical changes, such as decreased foam cell formation

Fig. 2 Antioxidative effects of RSV on lipid peroxidation and SOD

and GPx activity. Experimental rats were fed with a hypercholesterol

diet combined with vitamin D2 and then treated with the solvent or

with RSV. SOD (a) and GPx (b) activity, as well as the MDA content

(lipid peroxidation, c), in the blood samples were determined. Data

are expressed as the MDA content or activity of SOD or GPx

(mean ± SEM, n = 10). *P \ 0.05, **P \ 0.01, compared with NC

rats; #P \ 0.05, ##P \ 0.01, compared with HC?VD rats

Fig. 3 Expression of vWF in the vascular endothelium of rats

(immunohistochemistry; SP, original magnification 9400). The

serum levels of a NC, b RSV, c HC?VD, d RSV?HC?VD, and

e a marker of endothelial injury called vWF were measured in four

groups (n = 10). f vWF expression was observed by immunohisto-

chemical studies in the aorta in four groups (n = 10). Administration

of RSV obviously reduced the levels and expression of vWF. The

brown arrows indicate immunoreactivity. The intensity was calcu-

lated by Image-Pro Plus software. Data are expressed as the

mean ± SEM of every ten individual experiments. *P \ 0.05,

**P \ 0.01, compared with NC rats; #P \ 0.05, ##P \ 0.01, com-

pared with HC?VD rats (color figure online)

Activation in rats with hypercholesterolemia and vitamin D2 treatment 325

123



67 % (P \ 0.01) and tunica media thickness 47 %

(P \ 0.05), in the aorta in the RSV?HC?VD group

(Fig. 4d, e).

RSV decreased the levels of inflammatory cytokines

in rats with combined hypercholesterolemia and VD

To identify the effects of RSV on inflammatory cytoki-

nes, we detected the serum levels of these cytokines.

Compared with the NC group, the RSV group did not

significantly influence the NF-a, IL-1b, and CRP levels

(Fig. 5a–c). The IL-1b levels in the HC?VD group were

greatly enhanced (1.8-fold, P \ 0.01), but the levels of

TNF-a and CRP did not significantly change (Fig. 5a, c).

However, compared with the HC?VD group, RSV

treatment significantly reduced IL-1b production in the

RSV?HC?VD group (43 %, P \ 0.05). All these results

suggested that RSV could decrease the IL-1b levels

(Fig. 5b).

RSV inhibited the activation of NLRP3

inflammasome

To identify the effects of RSV on the NLRP3 inflamma-

some, we examined the expression levels of NLRP3, ASC,

caspase-1, and IL-1b by real-time RT-PCR (Fig. 6b) and

Western blot analysis (Fig. 6a). Compared with the NC

group, the group with RSV alone slightly reduced the

mRNA (43 %, P \ 0.05) and protein (32 %, P \ 0.05)

expression levels of IL-1b. Hypercholesterol combined

with VD rats could increase the mRNA (5.6-, 6.9-, 4.3-, and

5.2-fold, respectively; P \ 0.01) and protein (3.6-, 3.7-,

1.3-, and 2.5-fold, respectively; P \ 0.01) expression levels

of NLRP3, ASC, caspase-1, and IL-1b. However, compared

with the HC?VD group, RSV pretreatment (50 mg/kg/d)

downregulated the mRNA (65, 68, 45, and 52 %; P \ 0.01)

and protein (63, 79, 35, and 39 %; P \ 0.01 or P \ 0.05)

expression of NLRP3, ASC, caspase-1, and IL-1b, respec-

tively, in the RSV?HC?VD group. No significant

Fig. 4 RSV reduced vascular injury. a Normal histology of the

thoracic aorta was observed in the NC group. The pathomorpho-

metrical characteristics of atherosclerosis, including disordered

arrangement, unclear borderline, partial deletion, formation of foam

cells and cholesterol crystals, and tunica media thickening of vascular

walls, were observed in the HC?VD group (c). d Administration with

RSV obviously reduced the vascular histopathological changes in the

RSV?HC?VD group (hematoxylin and eosin staining, 9200). Thin

arrows indicate the foam cells, and bold arrows indicate cholesterol

crystals. e Pathomorphometrical changes, including the number of

foam cells and thickness of the tunica media in the aorta. Five fields

of vision were selected to count the number of foam cells in

individual experiments (9200). Results are expressed as the

mean ± SEM of every experiment with ten individuals each.

Image-Pro Plus software was used to calculate the ring diameter of

the inner and external elastic membrane (950). The thickness of

tunica media = (the ring diameter of external elastic membrane - the

ring diameter of inner elastic membrane)/2p. Results are expressed as

the mean ± SEM of ten individuals in each experiment. *P \ 0.05,

**P \ 0.01, compared with NC rats; #P \ 0.05, ##P \ 0.01, com-

pared with HC?VD rats
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difference was found in the mRNA and protein expression

of IL-18. These results were also confirmed by immuno-

histochemical examination (Fig. 7), which indicated that

RSV could prevent the noted increases in several pa-

rameters in vascular injury molecules, including NLRP3,

ASC, caspase-1, and IL-1b, in rats with combined hy-

percholesterolemia and VD. Thus, RSV could inhibit

inflammasome activation and ameliorate hypercholesterol

combined with the VD-induced production of IL-1b.

Effects of RSV on the expression of LOX-1, ICAM-

1, MCP-1, NF-jB p65, p38 MAPK, and SIRT1

in the thoracic artery of rats

Hypercholesterolemia secretes inflammatory mediators,

including cytokines, adhesion molecules, lipid mediators

of inflammation, and reactive oxygen metabolites. Given

that RSV inhibited the release of pro-inflammatory cy-

tokines in rats with hypercholesterolemia, we investigated

the effects of RSV on adhesion molecules, lipid me-

diators, and the related signaling pathways. The mRNA

and protein expression levels of LOX-1, MCP-1, ICAM-

1, NF-jB p65, p38 MAPK, and SIRT1 were examined.

Compared with the normal rats, RSV treatment increased

the mRNA and protein expression levels of SIRT1 (2.6-,

and 1.5-fold, respectively; P \ 0.01). However, no sig-

nificant differences were observed between the RSV and

NC groups in terms of the other indices. The HC?VD

group demonstrated significantly upregulated mRNA ex-

pression of LOX-1, MCP-1, ICAM-1, NF-jB p65, and

p38 MAPK (4.6-, 5.8-, 6.1-, 3.2-, and 1.4-fold, respec-

tively; P \ 0.01 or P \ 0.05) and protein expression of

LOX-1, MCP-1, ICAM-1, NF-jB p65, and p-p38 MAPK

(2.5-, 3-, 3.1-, 2.2-, and 3.6-fold, respectively; P \ 0.01),

as well as downregulated mRNA (34 %; P \ 0.05) and

protein (15 %) expression of SIRT1 in the thoracic aorta.

Compared with the HC?VD group, RSV treatment

(50 mg/kg) remarkably decreased the mRNA expression

of LOX-1, MCP-1, ICAM-1, NF-jB p65, and p38 MAPK

by 77, 64, 66, 66, and 31 %, respectively (P \ 0.01 or

P \ 0.05), and protein expression of LOX-1, MCP-1,

ICAM-1, NF-jB p65, and p-P38 MAPK by 63, 54, 53,

59, and 60 %, respectively (P \ 0.01), and upregulated

the mRNA (3.2-fold; P \ 0.01) and protein (1.7-fold;

P \ 0.01) expression of SIRT1 in the RSV?HC?VD

rats. Therefore, RSV could decrease vascular injury

molecules in rats with combined hypercholesterolemia

and VD (Fig. 8).

Discussion

The combination of hypercholesterolemia and VD in the

present research caused the following pathomorphometri-

cal changes in rat aortas: disordered arrangement, unclear

borderline, partial deletion, foam cell formation, and tunica

media thickening in the vascular walls. The results showed

that the combination of hypercholesterolemia and VD

caused vascular injury. Vascular injury often involves

many inflammatory mediators, such as TNF-a and IL-1b.

These pro-inflammatory cytokines promote monocyte

macrophages and vascular endothelial cells to synthesize

various cytokines, adhesion molecules, and acute phase

proteins, such as IL-2, IL-6, and CRP [20]. IL-1b is also

tightly regulated by the NLRP3 inflammasome cascade

[21]. Previous studies found that RSV reduces inflamma-

tory mediators by various mechanisms [22, 23]. RSV can

partially regulate NLRP3 expression through the NF-jB

pathway or AMPK–SIRT1–PPAR signaling pathway [13-

15]. However, these results were mainly from cell culture

experiments, and whether RSV has similar effects in vivo

remains unclear. The present study investigated the effects

of RSV on inflammasome activation and its mechanism in

the vascular injury of rats. Our study showed that RSV

Fig. 5 RSV decreased the production of pro-inflammatory cytokines

in rats with combined hypercholesterolemia and VD. a ELISA assays

of tumor necrosis factor-alpha (TNF-a) b and interleukin-1 beta (IL-

1b). c CRP was detected by an automatic analyzer. Results are

expressed as the mean ± SEM of every ten individual experiments.

*P \ 0.05, **P \ 0.01, compared with NC rats; #P \ 0.05,
##P \ 0.01, compared with HC?VD rats
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downregulated the mRNA and protein expression of

NLRP3, ASC, caspase-1, and IL-1b in hypercholes-

terolemia and VD rats. The results demonstrated that RSV

ameliorated IL-1b production by inhibiting the expression

of NLRP3 inflammasome, and this process involved nu-

merous factors.

Cholesterol crystals in AS activate the inflammasomes,

thereby resulting in IL-1b production [24]. TC and ox-LDL

are involved in the formation of cholesterol crystals. In

hypercholesterolemia, higher TC and LDL were observed.

Our previous report demonstrated that LDL, VLDL, and

HDL are oxidized in vivo in hypertriglyceridemia patients

[25]. ox-LDL can recognize and upregulate LOX-1 in en-

dothelial cells, macrophages, and vascular smooth muscle

cells. TC, especially oxidative TC, which was loaded by

ox-LDL, was deposited in cells to facilitate the formation

of cholesterol crystals. LOX-1 and LDLR can affect the

synthesis of pro-inflammatory and pro-oxidative products,

such as the NF-jB signaling pathways (presence of activity

change) [26]. We found that RSV decreased the TC and

LDL-C levels in serum and LOX-1 expression in hy-

percholesterolemia and VD rats. Thus, RSV could reduce

Fig. 6 RSV suppressed

inflammasome activation and

production of IL-1b induced by

hyper cholesterol combined

with VD. a Thoracic aorta

samples were processed for the

extraction of total protein.

Western blot analyses of

NLRP3, ASC, and caspase-1

were used to study the

maturation of IL-1b and IL-18.

GAPDH (w37 kDa) was used to

control equal loading. b Total

RNA from the thoracic artery of

experimental rats and the

mRNA expression of NLRP3,

ASC, and caspase-1, as well as

maturation of IL-1b and IL-18,

were determined by real-time

RT-PCR. GAPDH was used as a

standard housekeeping gene.

Results are expressed as the

mean ± SEM of three

individual experiments.

*P \ 0.05, **P \ 0.01,

compared with NC rats;
#P \ 0.05, ##P \ 0.01,

compared with HC rats
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the formation of cholesterol crystals and then inhibit in-

flammasome activation in hypercholesterolemia and VD

rats.

Oxidative stress increases the production of NLRP3 and

caspase-1, as well as the cleavage and release of pro-IL-1b

[14]. A hypercholesterol diet was used to induce hy-

percholesterolemia in our rat model. Hypercholesterolemia

produces excess radicals that lead to oxidative stress, which

is initiated in the presence of hydroxyl radicals, resulting in

MDA production [18]. We also found decreased SOD and

Fig. 7 RSV regulated the expression of NLRP3, ASC, and caspase-1,

as well as the maturation of IL-1b and IL-18, in the aorta intima and

media. Normal rats or rats with hypercholesterolemia combined with

VD were administered with or without RSV (50 mg/kg/day) for

5 weeks. Animals were sacrificed, and the thoracic aorta samples

were processed for immunohistochemistry. The expressions of

NLRP3, ASC, and caspase-1, as well as the maturation of IL-1b
and IL-18, were observed by immunohistochemical studies of the

thoracic aorta. The brown color indicates immunoreactivity. NC

normal; HC?VD hypercholesterolemia combined with vitamin D2;

RSV resveratrol
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GPx activities and increased MDA content in our rat

model. However, administration of RSV restored the bal-

ance between oxidants and antioxidants (increase in SOD

and GPx, decrease in MDA). The function of RSV involves

two antioxidants: non-enzymatic and enzymatic an-

tioxidants. In non-enzymatic antioxidants, RSV is a natural

polyphenolic compound; the polyphenolic structure of

RSV makes it a ROS quencher and free radical scavenger

[27]. In enzymatic antioxidants, RSV can regulate the

expression and activity of various enzymes related to per-

oxidation and antioxidation. RSV inhibits NADH/NADPH

oxidase enzyme activity and decreases ROS production.

RSV regulates Nrf2 expression and increases the expres-

sion of downstream targets (SOD and GPx) [28]. SOD,

CAT, and GPx are susceptible to free radical attack and

directly eliminate free radicals. Therefore, RSV inhibited

NLRP3 activation via antioxidants and decreased ROS

production.

Fig. 8 RSV inhibited the

generation of inflammatory

mediators in the vascular wall.

Hypercholesterolemia

combined with VD rats was fed

with or without RSV (50 mg/

kg/day) for 5 weeks before the

animals were sacrificed.

a Thoracic aorta samples were

extracted for total and nuclear

proteins. The cytosolic fractions

were used for Western blot

analysis of LOX-1 MCP-1,

ICAM-1, P38 MAPK, and

p-P38 MAPK, whereas the

nuclear fractions were used for

NF-jB p65 in the thoracic aorta.

b Total RNA from the thoracic

artery of experimental rats and

mRNA expression of LOX-1

MCP-1, ICAM-1, and P38

MAPK were determined by

real-time RT-PCR. GAPDH

was used as a standard

housekeeping gene. The data

are representative of three

independent experiments.

Results are expressed as the

mean ± SEM for every three

individual experiments.

*P \ 0.05, **P \ 0.01,

compared with NC rats;
#P \ 0.05, ##P \ 0.01,

compared with HC rats
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In hypercholesterolemic rats, ox-LDL-binding LOX-1

enhanced the high expression of MCP, which transforms

macrophages into a hypermigratory, pro-inflammatory

phenotype [29]. Moreover, the damaged aorta produced

TNF-a and IL-1b. MCP-1, TNF-a, and IL-1b induced the

synthesis of adhesion molecules and inflammatory cytoki-

nes, such as ICAM-1, E-selectin, b2 integrin, vWF, and

ET-1 [18, 30, 31]. These molecules induce adhesion be-

tween leukocytes and endothelial cells; leukocytes release

oxygen free radicals and cytotoxic products, and cause

further tissue damage [32]. Our data demonstrated that

vascular injury was consistent with the increase in the

protein expression levels of vWF, ICAM-1, and MCP-1,

but RSV decreased the expression of vWF, ICAM-1, and

MCP-1 in hypercholesterolemia and VD rats. We

speculated that the vascular protective effects of RSV may

be correlated with the diminution of the inflammatory re-

sponse. Our results showed that RSV inhibited the

expression and release of a vascular secretor by decreasing

oxidative stress and lipid levels in hypercholesterolemia

and VD rats.

Some studies speculated that the NF-jB and MAPK

pathways are associated with inflammasome activation

[8, 14]. Activation of the NF-jB pathway increases the

transcription of the IL-1b gene encoding pro-IL-1b [33].

NLRP3 transcription is also dependent on the NF-jB

pathway [15]. p38 MAPK phosphorylation significantly

increased the mRNA expression of IL-1b and caspase-1,

as well as the protein expression of pro-IL-1b [14]. In

the present research, we obtained similar results with the

aforementioned studies. Although we did not further

study its mechanism, we observed the relative indices

and found that the NF-jB and AMPK–SIRT1–PPAR

signaling pathways were involved in the activation of

inflammasome in rats with hypercholesterolemia and VD.

Our results showed that the expression levels of mRNA

and protein of NLRP3, ASC, caspase-1, IL-1b, NF-jB

p65, and p38 MAPK were significantly elevated, whereas

the mRNA and protein expression levels of SIRT1 were

significantly decreased in hypercholesterolemia and VD

rats. However, RSV downregulated the expression of the

gene and proteins of NLRP3, ASC, caspase-1, IL-1b,

NF-jB p65, and p38 MAPK but upregulated the gene

and protein expression of SIRT1. These results indicated

that the changes in NLRP3, ASC, caspase-1, and IL-1b
were closely related to the changes in NF-jB p65 and

p38 MAPK. RSV could affect the expression of IL-1b
and NLRP3 by regulating the NF-jB p65 and p38

MAPK pathways. This trend was associated with the

antioxidant effects of RSV because oxidative stress sti-

mulates the expression of NF-jB p65 and p38 MAPK

[28]. Furthermore, RSV inhibits NLRP3 activities by

SIRT1 [34]. Given that RSV is a known SIRT1

activator, our results also confirmed that RSV increased

the expression of SIRT1 in normal rats. SIRT1 sup-

pressed the NF-jB pathway via the functional interaction

between SIRT1 and NF-jB p65 [15]. Therefore, SIRT1

inhibited NLRP3 transcription by suppressing the NF-jB

pathway.

In conclusion, our study proved that RSV affected the

expression and activation of inflammasomes by hypolipi-

demia, antioxidation, and anti-inflammation, and decreased

adhesion molecule expression. The P38 MAPK and NF-jB

signaling pathways, as well as SIRT1 expression, were also

involved in this process.
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