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Abstract
To explore the effects of resveratrol on the levels of inflammatory cytokines and 
Toll-like receptor-4/ hypoxia-inducible transcription factors-1α (TLR4/HIF-1α) signal-
ling pathway in diabetes mellitus. C57BL/6 mice received intraperitoneal injection 
of streptozocin for constructing diabetic mice models. Human umbilical vein en-
dothelial cells (HUVECs) were treated with 50  µg/mL Gly-LDL for inducing injury 
models. 10, 100 and 1000 mmol/L resveratrol were obtained and added into each 
group. Haematoxylin-eosin (H&E) staining was used for histological evaluation. 
CCK8 assay was performed for determination of cell viability, and Transwell assay 
was implemented for detecting cell migration ability. Cell apoptosis was analysed 
using flow cytometry. The content of inflammatory factors including interleukin-6 
(IL-6), tumour necrosis factor-α (TNF-α), vascular adhesion molecule-1 (VCAM-1) and 
vascular endothelial growth factor (VEGF) were measured by ELISA. GST pull-down 
assay was employed for determining interactions between TLR4 and HIF-1α. The 
protein expression of TLR4 and HIF-1α was detected using Western blotting and im-
munohistochemistry, while relative mRNA expression was measured by RT-qRCR. 
Resveratrol could reduce bodyweight and ameliorate endothelial injury of thoracic 
aorta in diabetic mice. Both in vivo and in vitro results revealed that the level of IL-6, 
TNF-α, VCAM-1 and VEGF was significantly down-regulated after being treated with 
resveratrol. Resveratrol inhibited the increase of MDA and ROS and increased the 
level of SOD in diabetic mice. Western blotting, IHC and RT-qPCR results showed 
that the levels of TLR4 and HIF-1α were significantly down-regulated in resveratrol 
group. Overexpression of TLR4 or HIF-1α could reverse the effect of resveratrol. 
GST pull-down elucidated that there might be a close interaction between TLR4 and 
HIF-1α. Resveratrol ameliorated endothelial injury of thoracic aorta in diabetic mice 
and Gly-LDL-induced HUVECs through inhibiting TLR4/HIF-1α signalling pathway.
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1  | INTRODUC TION

Diabetes mellitus (DM), a metabolic disease, contributes to a va-
riety of complications, such as vascular disease resulting from in-
flammation.1,2 Recent data have revealed that the population of 
DM has increased over the years. It has been reported that 451 
million people will suffer from diabetes in 2017 and the number 
will increase to 693 million by 2045.3 However, there is presently 
no dramatic illustration on preventing the occurrence of DM. And 
the majority of patients are more liable to die from macrovascular 
complications,4 such as cardiovascular disease, hypertension and 
stroke. The outcomes of these abnormalities do cause immense 
suffering and place a heavy burden on health care. Thus, it is ur-
gent and critical to explore a novel mechanism for treating DM 
clinically.

Endothelial dysfunction commonly occurs in the early stage of 
cardiovascular disease, which is accompanied by inflammatory re-
sponses.5 Toll-like receptor-4 (TLR4), as a critical inflammatory me-
diator, plays a crucial role in maintaining the function of vascular 
endothelium.6 Inflammatory cytokines such as vascular adhesion mol-
ecule (VCAM)-1, vascular endothelial growth factor (VEGF), tumour 
necrosis factor-α (TNF-α) and interleukin-6 (IL-6), results in various 
oxidant enzymes synthesis and tissue damage and activate a serious 
of inflammation.7,8 As the downstream factors of TLR4, those medi-
ators have received considerable attention, and the possibilities of 
mechanism studies have been fascinating. Recently, inflammation has 
been identified as a process resulting in aortic expansion9; thus, the 
underlying mechanism of inflammatory cytokines need to be further 
revealed. In addition, hypoxia-inducible transcription factors (HIFs) 
have an important role in adapting to various oxygenation states.10 
HIF-1 is a principal mediator of adapting to low oxygen and is typi-
cally determined under low oxygen levels.11 Researchers have shown 
that HIF is imperative for vascular development, as the absence of 
HIF-1α will damage vascular system injury, causing early embryonic 
lethality.12 However, the functional mechanism of HIF-1α along with 
TLR4 regulating vascular endothelia remains unclear. LDL uptake is 
related to the modification of lipid and lipid stores of cells.13 Patients 
suffering from DM are frequently associated with lipid abnormalities, 
which contribute to the unstainable metabolism of glycated low-
density lipoprotein (Gly-LDL), one of the most novel fields in lipopro-
tein metabolism throughout the years.14 More research highlighted 
that long-term hyperglycaemia could accelerate the oxidation of LDL, 
being related to the formation of atherosclerotic lesions.15 Bowie 
et al found that atherosclerosis in DM might be correlated to Gly-LDL 
via its increased susceptibility to oxidation.16 In this way, the role of 
Gly-LDL further dominates the deterioration of vascular diseases.17

Resveratrol, a polyphenolic phytoalexin, can be commonly 
found in a variety of plants and products, such as grapes, red wine, 
barriers and peanut skins,18 showing some unique advantages over 

anti-oxidative, anti-ageing and anti-cancer effects.19 Apart from 
this, it cannot be ignored by its hypoglycaemic anti-inflammatory 
action. Chalons et al found that resveratrol exhibits a critical ef-
fect on inducing apoptosis and anti-tumour and disturbing the 
cell cycle of cancer cells.20 Cai et al illustrated that resveratrol 
could improve glucose homeostasis and possess potential anti-
inflammatory properties.21 However, it cannot conclude to clarify 
the mechanism of resveratrol exerting beneficial on vascular en-
dothelial injury induced by DM. In the current study, the effects of 
resveratrol on the levels of inflammatory cytokines were explored 
and the potential mechanism of TLR4/HIF-1α signalling pathway 
was studied, which offers a new spectrum of clinical treatment 
in DM.

2  | METHODS

2.1 | Animal group

A total of 50 male C57BL/6 mice (6-7 weeks old) were obtained from 
National Rodent Laboratory Animal Resources Shanghai Branch. 
The mice were housed at room temperature under a controlled 
12 hours light and 12 hours dark cycle and had free access to water 
and food, receiving humane care according to the criteria outlined 
in the ‘Guide for the Care and Use of Laboratory Animals’. The mice 
were divided into 5 groups (n = 10 in each group): Control group: 
the mice received intraperitoneal injection of citrate buffer. Model 
group: the mice received intraperitoneal injection of streptozocin 
(STZ) (Sigma-Aldrich, St. Louis, MO, USA) at a dose of 50  mg/kg 
bodyweight for 5 consecutive days. After two weeks of treatment, 
a glucometer was implemented for detecting glucose of mice blood 
that was collected via mandibular vein puncture. A fasting-blood 
glucose higher then 12 mmol/L was considered diabetic mice which 
were used for subsequent experiments. Model + 10 mmol/L resver-
atrol (V900386, C14H12O3, molecular weight 228.24, purity ≥98%, 
Sigma-Aldrich) group: diabetic mice were fed a diet enriched with 
10 mmol/L resveratrol for 16 weeks. Model + 100 mmol/L resvera-
trol group: diabetic mice were fed a diet enriched with 100 mmol/L 
resveratrol for 16 weeks. Model + 1 mol/L resveratrol group: dia-
betic mice were fed a diet enriched with 1  mol/L resveratrol for 
16 weeks. Then, the final bodyweight was recorded and the blood 
samples were collected, after which the mice were killed using car-
bon dioxide asphyxiation.

The overexpression vector of TLR4 and HIF-1α was constructed by 
HanBio Co. Ltd., Shanghai, China, via lentivirus expressing system. The 
lent-OE-TLR4 as well as lent-OE-HIF-1α was transfected into mice via 
tail vein injection, while lent-OE-NC was used as control. A total of 
60 male C57BL/6 mice were divided into 6 groups (n = 10 in each 
group). The mice in model group received intraperitoneal injection of 
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streptozocin (STZ) at a dose of 50 mg/kg bodyweight for 5 consecu-
tive days. For resveratrol treatment group, the diabetic mice were fed 
a diet enriched with 1  mol/L resveratrol for 16 weeks. The divided 
groups were: Model group, Model + 1 mol/L resveratrol group, Model 
+ 1 mol/L resveratrol group + OE-TLR4 group, Model + 1 mol/L res-
veratrol group + OE-NC1 group, Model + 1 mol/L resveratrol group 
+ OE- HIF-1α group and Model + 1 mol/L resveratrol group + OE-
NC2 group. After 18 weeks, the final bodyweight was recorded and 
the blood samples were collected, after which the mice were killed 
using carbon dioxide asphyxiation. All animal studies were reviewed 
and approved by Putuo Hospital, Shanghai University of Traditional 
Chinese Medicine.

2.2 | Cell culture

Human umbilical vein endothelial cells (HUVECs) were obtained 
(Lonza, Beijing, China) and cultured in Dulbecco's modified Eagle 
medium containing 10% foetal bovine serum according to the stand-
ard protocols. Cells were divided into 5 groups: Control group: cells 
were treated with PBS solution. Model group: cells were treated with 
50 µg/mL Gly-LDL. Model + 10 mmol/L resveratrol group: cells were 
treated with 50 µg/mL Gly-LDL and 10 mmol/L resveratrol. Model 
+ 100 mmol/L resveratrol group: cells were treated with 50 µg/mL 
Gly-LDL and 100 mmol/L resveratrol. Model + 1 mol/L resveratrol 
group: cells were treated with 50 µg/mL Gly-LDL and 1 mol/L res-
veratrol. The HUVECs were cultured in a 5% CO2 humidity incuba-
tor at 37°C. The medium was replaced every two days. When the 
confluence of cells reached 80%-90%, the cells were extracted for 
subsequent experiments.

For construction of in vitro TLR4 and HIF-1α expression 
models, lent-OE-TLR4 and lent-OE-HIF-1α (HanBio, Shanghai, 
China) was transfected into HUVECs using Lipofectamine 2000 
(Invitrogen, Waltham, MA, USA) according to the manufacturer's 
protocols. The cells were divided into 6 groups: Model group, 
Model + 1 mol/L resveratrol group, Model + 1 mol/L resveratrol 
group + OE-TLR4 group, Model + 1  mol/L resveratrol group + 
OE-NC1 group, Model + 1 mol/L resveratrol group + OE- HIF-1α 
group and Model + 1 mol/L resveratrol group + OE-NC2 group. 
HUVECs were incubated at 37°C for 24 hours and then used for 
subsequent experiments.

2.3 | Histological evaluation

Thoracic aorta tissues of mice were extracted and fixed in 10% buff-
ered formalin solution. After incubating at room temperature for 
30 minutes, tissues were dehydrated in 75% ethanol overnight and 
then embedded in paraffin. The specimens were cut into 5-μm-thick 
serial sections, and haematoxylin-eosin (H&E) staining was per-
formed for evaluation of histological changes. Results of H&E stain-
ing were observed by an optical microscope.

2.4 | Immunohistochemistry

Immunohistochemistry (IHC) was conducted according to the 
manufacture's instructions. Paraffin-embedded 2-μm-thick tis-
sues were dewaxed in xylene and rehydrated in graded alcohol, 
after which 5% goat serum was added for blocking and the tis-
sues were incubated with primary antibody at 4°C overnight. 
The primary antibodies included TLR4 (ab22048, 1:500, Abcam, 
Cambridge, USA) and HIF-1α (ab51608, 1:500, Abcam). The quan-
tification of TLR4 and HIF-1α expression was measured by two 
independent pathologists. The IHC scores were determined by 
the combination of the percentage of positive staining and the 
staining intensity.

2.5 | CCK8 assay

The cells in logarithmic growth phase were digested with trypsin to 
prepare cell suspension at the density of 5 × 104 cells/mL. Then, cells 
were inoculated into 96-well plates (100 μL per well) and then cul-
tured in an incubator with 5% CO2 at 37℃ for 12 hours. Then, 10 μL 
Cell Counting Kit-8 (CCK-8) solution obtained from Keygen Biotech, 
Nanjing, China, was added into each well and incubated for 2 hours 
as per the instructions. The absorbance of each well was detected at 
450 nm wavelength.

2.6 | Transwell assay

Transwell assay was performed as per the manufacturer's instruc-
tions. Cells were dispensed onto the upper well of the transwell 
chamber and precoated with 0.5% gelatin. Totally, 450 μL DEME that 
contained 20% FBS was filled into the lower transwell chamber. The 
plates were incubated at 37°C in a humidified incubator with 5% CO2 
for 24 hours. After removing non-migrated cells, migrated cells were 
stained using crystal violet die. Migrated cells were observed and 
recorded using a microscope.

2.7 | ELISA analysis

The content of IL-6, TNF-α, VCAM-1 and VEGF were determined by 
ELISA (Bioscience, San Diego, CA, USA) according to the manufac-
ture's manual.

2.8 | Measurement of oxidative status

Biochemical assay kits (Nanjing Jiangcheng Bioengineering Institute, 
Nanjing, China) were used for detection of malondialdehyde (MDA), 
superoxide dismutase (SOD) and reactive oxygen species (ROS) ac-
cording to the manufacture's protocol.
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2.9 | GST pull-down assay

GST pull-down assay was implemented to identify the interac-
tions between TLR4 and HIF-1α. For obtaining purified proteins, 
sequences encoding TLR4 were cloned into vector pEGX-6P-1 that 
contained open reading frame of GST tag, and sequences encod-
ing HIF-1α were cloned into vector pET22b that contained open 
reading frame of 6 × His tag. All the vectors were expressed in 
Escherichia coli BL21 and purified. Then, glutathione-sepharose 
beads (Amersham Pharmacia Biotech, Shanghai, China) were incu-
bated with purified GST-fused proteins in a rotating incubator at 
4°C for 12 hours. Then, the beads were collected and washed for 
3 times, after which input proteins were incubated with the beads 
in a rotating incubator at 4°C for 3 hours. The supernatant was re-
moved and beads were collected and washed, and target proteins 
were eluted and detected using Western blotting.

2.10 | Immunofluorescence staining

Thoracic aorta tissues of mice were fixed with 4% polyformaldehyde for 
20 minutes. Samples were treated with 0.5% Triton X-100 and blocked 
with 10% FBS for 1 hours at room temperature. Anti-HIF-1α (ab179483, 
1:500, Abcam) and anti-TLR4 (ab22048, 1:500, Abcam) were added and 
incubated overnight at 4°C. Subsequently, DyLight 594-labelled goat 
anti-mouse IgG (1:40) and DyLight 488-labelled goat anti-rabbit IgG 
(1:30) were added and incubated at 37°C for 2 hours. DAPI was used 
for nuclei staining (C1002, Beyotime Institute of Biotechnology). A fluo-
rescent microscope was implemented of observation.

2.11 | Western blotting

Thoracic aorta tissues of mice or cells were collected and lysed 
with radio immunoprecipitation assay buffer that supplemented 
with protease inhibitor and phosphatase inhibitor, after which the 
proteins were quantified. After proteins being separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE), samples were trans-
ferred to polyvinylidene difluoride (PVDF) membranes (Millipore, 
Massachusetts, USA). 5% nonfat milk solution was used for block-
ing and incubated for 1 hour at room temperature, after which pri-
mary antibody including caspase-3 (ab13847, 1:500, Abcam), BAX 
(ab32503, 1:500, Abcam), BCL-2 (ab32124, 1:500, Abcam), TLR4 
(ab22048, 1:500, Abcam) and HIF-1α (ab179483, 1:500, Abcam) were 
added and incubated for 12 hours at 4°C. Then, samples were reacted 
with HRP-conjugated secondary antibody for 1.5  hours at room 

temperature. The bands on the membranes were observed using a 
chemiluminescence analyser obtained from Bio-Rad, CA, USA.

2.12 | RT-qPCR analysis

The total RNA was extracted from tissues or cells using TRIzol rea-
gent. First-strand cDNA was synthesized using RevertAidTM First 
Strand cDNA Synthesis Kit according to the manufacturer's instruc-
tions with the following condition: 16°C for 30  minutes, 37°C for 
30  minutes, and 70°C for 10  minutes. The RT-qPCR analysis was 
performed on CFX96 Real-Time PCR Detection System with SYBR 
Premix Ex TaqTM (TaKaRa, Dalian, China). The relative expression of 
mRNA was calculated by the formula of 2−ΔΔCt method. The primer 
sequences were list as follow:

TLR4-F: TTCTGCAATGTCTCTGGCAGG;
TLR4-R: GCTGAGACTTGGTAGGGCCA;
HIF-1a-F: ATCCATGTGACCATGAGGAAATG;
HIF-1a-R: CCGGCTTGTTAGGGTGCACTTC;
GAPDH-F: AGGTCGGTGTGAACGGATTTG;
GAPDH-R: TGTAGACCATGTAGTTGAGGTCA.

2.13 | Flow cytometry analysis

The cells were added digested with trypsin and incubated at room 
temperature for 1 hour. Then, the trypsin was removed and the cells 
were centrifuged at 1000 g for 5 minutes. The supernatant was dis-
carded and the cells were collected, after which the cells were resus-
pended with PBS and centrifuged again at 1000 g for 5 minutes. The 
supernatant was discarded and 220 μL of annexin V-FITC solution was 
added, after which 15 μL of propidium iodide solution was added and 
incubated at room temperature for 20 minutes. Cells washed with PBS 
were resuspended in medium supplemented with 0.5% bovine serum 
albumin and detected by flow cytometry.

2.14 | Statistical analysis

SPSS 24.0 was implemented to conduct all statistical analysis. All 
experiments were performed in triplicates, and all statistical data 
were expressed as ±standard deviation (SD). The comparisons 
among multiple groups were evaluated by one-way analysis of var-
iance (ANOVA). LSD test was performed for pairwise comparison 
when the variance was homogeneous; otherwise, Kruskal–Wallis 
h test was used. P < .05 was considered statistically significant.

F I G U R E  1   Resveratrol ameliorated endothelial injury of thoracic aorta in diabetic mice and reduced inflammatory factor secretion and 
oxidative stress in a dose-dependent manner. The diabetic mice model constructed by the injection of STZ was purchased from SHANGHAI 
SLAC LABORATORY ANIMAL CO. and treated with different doses of resveratrol (10, 100 mmol/L, 1 mol/L). The normal mice were served 
as control group. A, Bodyweight and blood glucose of the mice in each group were detected to determine the success of the diabetic 
model. B, H&E staining was used to detect the injury of thoracic aorta. Scale bar = 50 μm. C, ELISAs were used to detect the expression 
of inflammatory factors (IL-6, TNF-α, VCAM-1) and VEGF in serum. D, Commercial kits were employed to detect oxidative stress factors 
including MDA, SOD and ROS. *P < .05 and **P < .01 compared with control group, #P < .05, ##P < .01 compared with model group
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3  | RESULTS

3.1 | Resveratrol ameliorated endothelial injury of 
thoracic aorta and inflammation status in vivo

The diabetic mice model was constructed by the injection of STZ 
for evaluation the effect of resveratrol. As presented in Figure 1A, 
the weight and blood glucose of mice were significantly increased 
in model group compared with control group, which was signifi-
cantly reversed by the resveratrol in a dose-dependent manner 

(P  <  .05). However, the 2 and 4  mol/L of resveratrol treatment 
exhibited no significant differences on the weight and blood glu-
cose of mice treated with 1  mol/L resveratrol (Figure  S1). H&E 
staining results showed in Figure  1B illustrated that resveratrol 
could dramatically alleviate the endothelial injury of thoracic aorta 
in diabetic mice. ELISAs were implemented to detect the expres-
sion of inflammatory factors that included IL-6, TNF-α, VCAM-1 
and VEGF in serum (Figure 1C). Results indicated that the levels 
of IL-6, TNF-α and VCAM-1 were up-regulated and VEGF was 
down-regulated in model group, while resveratrol could reverse 

F I G U R E  2   Resveratrol inhibited the expression of TLR4 and HIF-1α in thoracic aorta of diabetic mice in a dose-dependent manner. The 
diabetic mice model was treated with different doses of resveratrol (10, 100 mmol/L, 1 mol/L). A, The expression of relative mRNA of TLR4 
and HIF-1α in each group was detected by RT-qPCR. B, The expression of relative protein of TLR4 and HIF-1α in each group was detected by 
Western blotting. C, IHC staining was used to detect the expression of TLR4 and HIF-1α in thoracic aorta. Scale bar = 50 μm. *P < .05 and 
**P < .01 compared with control group, #P < .05, ##P < .01 compared with model group
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F I G U R E  3   Overexpression of TLR4 or 
HIF-1 α reversed the effect of resveratrol 
on thoracic aortic injury in diabetic mice. 
The diabetic mice model was treated 
with 1 mol/L resveratrol. Lentivirus 
plasmids were injected into caudal vein 
to overexpress TLR4 (lent-OE-TLR4) and 
HIF-1α (lent-OE-HIF-1α) stably. (A and B) 
The transfection efficiency of lent-OE-
TLR4 and lent-OE-HIF-1α was detected 
using RT-qPCR and Western blotting. 
C, The relative protein expression of 
TLR4 and HIF-1α in each group was 
examined by Western blotting. D, H&E 
staining was used to detect the injury 
of thoracic aorta. Scale bar = 50 μm. (E 
and F) ELISAs were used to detect the 
expression of inflammatory factors (IL-6, 
TNF-α, VCAM-1) and VEGF in serum. (G) 
Commercial kits were employed to detect 
oxidative stress factors including MDA, 
SOD and ROS. *P < .05 and **P < .01 
compared with model group, #P < .05, 
##P < .01 compared with model group 
with 1 mol/L resveratrol treatment, NS 
represented no significance
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the effects in a dose-dependent manner (P < .05). Oxidative stress 
factors including MDA, SOD and ROS were also detected using 
commercial kits (Figure 1D), which results revealed that resvera-
trol inhibited the increase of MDA and ROS and increased the level 
of SOD in model group (P < .05).

3.2 | Resveratrol inhibited the expression of 
TLR4 and HIF-1α

RT-qPCR was employed for measuring mRNA expression of TLR4 
and HIF-1α. Results in Figure 2A showed that the levels of TLR4 and 
HIF-1α were significantly increased in model group, while resvera-
trol decreased these levels in a dose-dependent manner (P <  .05). 
Consistently, Western blotting analysis and IHC results further 
confirmed the up-regulation of expression of TLR4 and HIF-1α in 
model group, and resveratrol could down-regulate this expression 
(Figure 2B,C).

3.3 | Overexpression of TLR4 or HIF-1α 
reversed the effect of resveratrol in diabetic mice

In vivo overexpression model of TLR4 and HIF-1α was constructed, 
respectively, for elucidating the mechanism of resveratrol. RT-qPCR 
was implemented to detect the relative mRNA expression in OE-
TLR4 (Figure 3A) and OE-HIF-1α (Figure 3B) group. Data showed 

that the levels of TLR4 and HIF-1α were significantly up-regulated 
in the overexpression group compared with OE-NC group, indi-
cating that the models were successfully constructed (P  <  .05). 
Western blotting was used to determine the protein expression in 
each overexpression group (Figure 3C). Results showed that only 
HIF-1α were up-regulated in OE-HIF-1α group, while overexpres-
sion of TLR4 could up-regulate both TLR4 and HIF-1α expression 
compared with model + 1 mol/L resveratrol group (P <  .05). H&E 
staining results revealed that overexpression of TLR4 and HIF-1α 
could reverse the effect of 1  mol/L resveratrol on thoracic aor-
tic injury (Figure  3D). Inflammatory factors included IL-6, TNF-α, 
VCAM-1 and VEGF in serum (Figure  3E,F) was also increased in 
OE-TLR4 and OE-HIF-1α group compared with model + 1  mol/L 
resveratrol group (P < .05). Finally, the levels of MDA and ROS were 
up-regulated while that of SOD was down-regulated in OE-TLR4 
and OE-HIF-1α group compared with model + 1 mol/L resveratrol 
group (P < .05).

3.4 | TLR4 interacted with HIF-1α

To investigate the mechanism of TLR4 on modulating injury and in-
flammatory status in diabetic mice, GST pull-down assays were im-
plemented to explore the interaction between TLR4 and HIF-1α 
(Figure  4A). Results revealed that GST-tagged TLR4 protein could 
pull-down His-tagged HIF-1α protein. Moreover, Western blotting was 
performed, and the data demonstrated that overexpression of TLR4 

F I G U R E  4   The regulation of TLR4 on 
HIF-1α. A, The protein binding of TLR4 to 
HIF-1α was detected by GST pull-down 
method. B, The interaction between the 
protein expression of TLR4 and HIF-1α 
was examined using Western blotting. C, 
The interaction between TLR4 and HIF-1α 
determined by colocalization. Green dots 
represent HIF-1α expression; red dots 
represent TLR4 expression; blue dots 
represent nucleus. * or ** represented 
P < .05 or P < .01, NS represented no 
significance

F I G U R E  5   Resveratrol promoted cell migration, inhibited Gly-LDL-induced apoptosis and inflammatory factors and oxidative stress in a 
dose-dependent manner. HUVECs were treated with Gly-LDL to induce the injury model. The cell model was treated with different doses 
of resveratrol (10, 100 mmol/L, 1 mol/L). A, The expression of relative mRNA of TLR4 and HIF-1α in each group was detected by RT-qPCR. 
B, The expression of relative protein of TLR4 and HIF-1α in each group was detected by Western blotting. C, Cell migration in groups with 
indicated treatments was detected using Transwell method. D, Cell apoptosis in groups with indicated treatments was detected by flow 
cytometry. E, The expression of apoptotic proteins including caspase 3, Bax and Bcl-2 was examined using Western blotting. F, Cell viability 
in groups with indicated treatments was detected by CCK-8 kits. G, ELISAs were used to detect the expression of inflammatory factors (IL-6, 
TNF-α, VCAM-1) and VEGF in serum. H, Commercial kits were employed to detect oxidative stress factors including MDA, SOD and ROS. 
*P < .05 and **P < .01 compared with control group, #P < .05 and ##P < .01 compared with model group, NS represented no significance
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could significantly up-regulate HIF-1α expression compared with OE-
NC group (Figure 4B), while inhibiting TLR4 using sh-TLR4 would dra-
matically decrease HIF-1α level compared with sh-NC group (P < .05). 
Moreover, colocalization of TLR4 and HIF-1α detected by immunofluo-
rescence staining further demonstrated our hypothesis that TLR4 might 
co-expressed with HIF-1α (Figure 4C). These evidences suggested that 
there might be a close interaction between TLR4 and HIF-1α.

3.5 | Resveratrol ameliorated Gly-LDL-induced 
damage in HUVECs

In vitro experiments were executed for further confirming the find-
ings. HUVECs were treated with Gly-LDL to induce the injury model. 
Consistent with in vivo experiments, the relative mRNA levels of TLR4 
and HIF-1α were significantly increased in model group (Figure  5A), 
while treatment of resveratrol could decrease their expression in a 
dose-dependent manner (P < .05). Protein levels in each group detected 
using Western blotting further confirmed the change of mRNA level 
(Figure 5B). Cell migration ability was detected using Transwell assay, 
which results showed that resveratrol promoted cell migration that 
originally inhibited by Gly-LDL in a dose-dependent manner (Figure 5C). 
Then, cell apoptosis was measured by flow cytometry analysis 
(Figure 5D). It could be concluded that Gly-LDL increased cell apoptotic 
rate of HUVECs, while resveratrol had the reversed effects (P <  .05). 
The apoptotic proteins including caspase-3, Bax and Bcl-2 were also 
examined (Figure 5E), which results showed that resveratrol could sig-
nificantly down-regulate caspase-3 and Bax expression and up-regulate 
Bcl-2 expression (P <  .05). Moreover, cell ability at 24 hours was in-
creased in resveratrol group compared with model group (Figure 5F). 
The Gly-LDL-induced up-regulation of inflammatory factors IL-6, TNF-
α, VCAM-1 and VEGF in serum were also down-regulated by resvera-
trol in a dose-dependent manner (Figure 5G). Finally, oxidative stress 
factors including MDA, SOD and ROS were detected (Figure 5H), which 
results indicated that resveratrol decreased MDA and ROS level while 
increased SOD level compared with model group (P < .05).

3.6 | Overexpression of TLR4 or HIF-1α 
reversed the effect of resveratrol on Gly-LDL-
treated HUVECs

In vitro overexpression model of TLR4 and HIF-1α was constructed, 
respectively, for elucidating the mechanism of resveratrol. Western 

blotting results showed that protein expression of TLR4 and HIF-1α 
were both increased in OE-TLR4 group, while only HIF-1α was up-
regulated in OE- HIF-1α group (Figure  6A). Cell viability detected 
using CCK-8 assay (Figure 6B) revealed that overexpression of TLR4 
and HIF-1α significantly decreased cell viability at 24  hours com-
pared with model + resveratrol group (P  <  .05). Furthermore, cell 
migration ability (Figure 6C) was also inhibited in OE-TLR4 and OE- 
HIF-1α group compared with model + resveratrol group (P <  .05). 
Flow cytometry results (Figure  6D) and the change of apoptotic 
protein levels (Figure 6E) revealed that overexpression of TLR4 and 
HIF-1α promoted cell apoptosis via down-regulating Bcl-2 expres-
sion and up-regulating caspase-3 and Bax expression. The levels 
of inflammatory factors (Figure 6F) were up-regulated in OE-TLR4 
and OE- HIF-1α group compared with model + resveratrol group 
(P <  .05), suggesting that overexpression of TLR4 and HIF-1α pro-
moted the inflammatory status in HUVECs. Moreover, the oxidative 
status (Figure 6G) was also promoted by overexpression of TLR4 and 
HIF-1α through increasing MDA and ROS levels and decreasing SOD 
level (P < .05).

4  | DISCUSSION

Diabetes mellitus and its complications have contributed tremen-
dously to the burden of regions experiencing economic and medical 
issues.22 Accumulated evidence has also suggested that diabetes-
associated cardiovascular complications have difficulty in treating 
effectively.23 It is thus possible to establish novel approaches for 
chronic inflammation induced by DM to prevent the adverse effect 
of vascular complications.

Resveratrol has been verified to be beneficial to metabolic effects 
and insulin sensitivity.24 And research has confirmed that resveratrol 
acts against inflammatory disease in mice.25 Tung et al showed that 
resveratrol could lessen the effect of TNF-α and IL-1β, indicating it 
has anti-inflammatory activity.26 Accordingly, the hypoglycaemic ef-
fect of resveratrol has been extending in the therapy of diabetes and 
cardiovascular complications.

The occurrence of diabetes is strongly linked to inflammation, which 
stimulates diabetes-related cardiovascular disease.27 Accumulated ev-
idence suggested that resveratrol and its metabolites contribute to an 
inhibitory regulation of the inflammatory cascade in endothelial cells 
and the secretion of pro-inflammatory factors, such as VEGF and IL-
8, decrease in TNF-α-activated cells.28 Hou et al found that High lev-
els of plasma angiotensin Ⅱ, a symbol of insulin resistance, could be 

F I G U R E  6   Overexpression of TLR4 or HIF-1 α reversed the effect of resveratrol on Gly-LDL-induced thoracic aortic injury in HUVECs. 
Lentivirus plasmids were transfected into HUVECs to overexpress TLR4 (lent-OE-TLR4) and HIF-1α (lent-OE-HIF-1α) stably. The cells were 
treated with 1 mol/L resveratrol. A, The relative protein expression of TLR4 and HIF-1α in each group was examined by Western blotting. 
B, Cell viability in groups with indicated treatments was detected by CCK-8 kits. C, Cell migration in groups with indicated treatments was 
detected using Transwell method. D, Cell apoptosis in groups with indicated treatments was detected by flow cytometry. E, The expression 
of apoptotic proteins including caspase 3, Bax and Bcl-2 was examined using Western blotting. F, ELISAs were used to detect the expression 
of inflammatory factors (IL-6, TNF-α, VCAM-1) and VEGF in serum. G, Commercial kits were employed to detect oxidative stress factors 
including MDA, SOD and ROS. *P < .05 and **P < .01 compared with model group, #P < .05, ##P < .01 compared with model group with 
1 mol/L resveratrol treatment, NS represented no significance
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reversed by resveratrol.29 Li et al illustrated that resveratrol could also 
regulate immune cell function, prevent the immune cell infiltration into 
the vascular wall and improve the function of surrounding adipose tis-
sue, which protects the function of vascular.30 A strong relationship 
between pro-inflammatory cytokines and postprandial blood glucose 
has been reported in the previous study.31 Zhang et al suggested that 
the inhibitor of Sirt1, a target molecular of resveratrol, hindered the in-
hibitory effect of resveratrol on TLR4.32 As the key factor of TLR4, IL-6 
plays a critical role in the activation of macrophages, which impacts 
glucose homeostasis and limits inflammation.33 In addition, VEGF 
is closely related to vascular inflammation and VCAM-1 released by 
vascular endothelium is deemed to an activator of atherosclerosis.34 
However, the underlying mechanism between resveratrol and vascular 
endothelial injury is elusive.

In the current study, we further investigated the effect of resver-
atrol on Gly-LDL-induced endothelial damage of thoracic aorta in DM 
rats. The results showed that resveratrol alleviated the endothelial in-
jury of the thoracic aorta and decreased inflammatory secretion in a 
dose-dependent. The previous study evaluating the effect on resver-
atrol observed in DM rats have noted that with the treatment of res-
veratrol, the cardiovascular function was improved via inhibiting VEGF 
and suppressing p38 phosphorylation.35 According to the analysis of 
PCR, Western blotting and IHC, resveratrol could suppress the ex-
pression of TLR4 and HIF-1α, while their overexpression could reverse 
the effect of resveratrol in DM rats with thoracic aortic tissue injury, 
indicating that vascular endothelial injury in DM rats might be associ-
ated with the expression inflammatory cytokines regulated by resver-
atrol. These results are in line with those of previous studies. Manesh 
et al suggested that islet cytokine secretomes were altered via TLR4, 
having impacted its downstream inflammasome.36 Besides, down-
regulating the expression of HIF-1α, which was dramatically increased 
in DM rats, could reverse hyperglycaemia damages such as vascular 
dysfunction and occlusion.37 In the vitro experiment, resveratrol re-
strained the apoptosis and facilitated migration in HUVECs reduced 
by Gly-LDL in a dose-dependent. The expression of inflammatory fac-
tors and the level of oxidative stress in HUVECs were accordingly sup-
pressed. Furthermore, the result of overexpressed TLR4 and HIF-1α 
was the same as vivo experiment, reversing the effect of resveratrol 
on inhibiting Gly-LDL-induced endothelial dysfunction. Prior studies 
were designed to determine the interaction between TLR4 and HIF-1α. 
Yang et al 38 illustrated that TLR4 was co-expressed with HIF-1α via 
activating the lipid rafts/NADPH oxidase redox signalling. Kim et al39 
found HIF-1α could up-regulate TLR4 in macrophages to response to 
hypoxic stress. Although we cannot conclude to have demonstrated 
the specific mechanism by which TLR4 and HIF-1α interact, our stud-
ies strongly suggest that their close link on the levels of inflammatory 
cytokines and DM, thus this warrants further investigation.

In conclusion, our research showed the effect of resveratrol 
on improving the levels of inflammatory cytokines via TLR4/
HIF-1α signalling pathway in DM rats and revealed the possible 
approaches to improving endothelial damage. However, the inter-
action effect among resveratrol, Gly-LDL and inflammatory cyto-
kines was not considered as much as possible, which is a potential 

limitation. The comparison of the protective effects among similar 
polyphenols that included catechins would also be explored in the 
future. Therefore, further research should be undertaken to in-
vestigate the interaction among a certain specific component and 
signalling pathways.
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