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Abstract. Gycyrrhizic acid (GA), an inhibitor of high 
mobility group box 1 (HMGB1), inhibits inflammatory 
responses and is involved in the occurrence and develop‑
ment of several inflammation‑related diseases. However, the 
role of GA in the atherosclerotic lesions caused by diabetes 
mellitus (DM) remains unknown. In the present study, 
Sprague Dawley rats were selected to desi=gn a diabetic 
atherosclerosis (AS) model. Rats from the DM‑AS group were 
subsequently divided into DM‑AS, DM‑AS + GA (50 mg/kg) 
and DM‑AS + GA (150 mg/kg) groups. Biochemical analyzers 
were used to measure levels of blood glucose, fasting insulin, 
total cholesterol, total triglyceride, low‑density lipoprotein 
and high‑density lipoprotein. The number of plaques was 
recorded after collection of thoracic aortas from the rats. 
The intimal thickness of arterial tissue was detected by 
hematoxylin and eosin staining. The expression levels of 
CD68 and α‑smooth muscle actin (α‑SMA) were detected 
by immunohistochemistry. The expression of tumor necrosis 
factor‑α, interleukin (IL)‑6 and IL‑1β in the serum of the rats 
was detected by ELISA. The expression of fatty acid synthe‑
tase, sterol regulatory element binding protein 1C, HMGB1 
and receptor for advanced glycation end products (RAGE) 
was detected by western blotting. Reverse transcription 
quantitative PCR was used to detect the mRNA expression of 

HMGB1 and RAGE. The results demonstrated that GA treat‑
ment could decrease the body weight, blood glucose level and 
biochemical parameters of AS DM rats in a dose‑dependent 
manner. In addition, GA decreased the intimal thickness of 
carotid artery and the formation of plaque in rats with diabetic 
AS. Furthermore, GA inhibited macrophage activation and 
decreased α‑SMA expression in vascular smooth muscle cells, 
and decreased the expression of proteins (FAS and SREBP‑1c) 
and inflammatory factors. Taken together, the findings from 
the present study demonstrated that GA may have a therapeutic 
effect on DM‑associated AS. This study provides a theoretical 
basis for the treatment of diabetic AS.

Introduction

Diabetes mellitus (DM) is a group of metabolic diseases char‑
acterized by hyperglycemia and divided into type 1 and type 
2 diabetes. The two types of DM can be caused by genetic 
and environmental factors (1). The typical symptoms of DM 
include polydipsia, polyuria, polyphagia, weight loss, fatigue, 
weakness and obesity (2). In 2019, ~463 million adults aged 
between 20 and 79 suffered from DM worldwide, with a preva‑
lence rate of about 9.3% (3). The major long‑term and chronic 
complications of diabetes mellitus (DM) are vascular compli‑
cations, which are the main causes of increased morbidity and 
mortality in patients with DM (4,5). Numerous associations 
between DM and atherosclerosis (AS) have been identified, 
too much sugar in the blood is associated with insufficient 
insulin production or a reduced body response to insulin (6,7). 
Clinical studies have suggested that there is an association 
between the risk of diabetic vascular complications and poor 
glycemic control (8,9). AS refers to the buildup of vascular 
wall lesions caused by chronic inflammation, which result in 
hypertension, formation of blood clot, strokes, heart attack (10). 
Hyperglycemia and insulin resistance are important causes of 
chronic inflammation in patients with DM, therefore acceler‑
ating the development of AS (11). In addition, inflammatory 
factors, such as IL‑1β and IL‑6, can promote the migration 
and proliferation of smooth muscle cells to the intima of blood 
vessels, leading to intima‑media thickening and promoting the 
occurrence and development of AS (12,13).

High mobility group box 1 (HMGB1) is an important 
mediator of the inflammatory response, which can serve as 
a pro‑inflammatory factor that promotes the occurrence and 
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development of inflammation (14,15). HMGB1 overexpression 
is associated with the pathogenesis of AS (16), obesity (17) and 
metabolic syndromes (18). Glycyrrhizic acid (GA), an inhibitor 
of HMGB1, may have a protective effect in AS. Ding et al (19) 
reported that GA decreases high‑fat diet‑induced AS in Apoe‑/‑ 
mice by significantly decreasing serum HMGB1 and lipid 
levels, and by increasing the regulatory T‑cell/T helper T‑cell 
ratio. In addition, it has been demonstrated that GA can prevent 
diabetic nephropathy by activating the AMP‑activated protein 
kinase/sirtuin 1/peroxisome proliferator‑activated receptor γ 
co‑activator 1 signaling pathway in db/db mice (20). GA can 
also decrease the vascular complications induced by diabetic 
nephropathy (21). However, the effect of GA on DM‑associated 
AS remains unknown. The present study therefore aimed to 
explore whether GA could decrease HMGB1 expression and 
reduce the atherosclerotic damage caused by DM.

Materials and methods

Animal model and treatment. Male Sprague Dawley rats 
(n=40) weighing 180‑200  g from Changzhou Cavens 
Laboratory Animal Co. Ltd.) were divided into the control 
group (n=10) and the diabetic AS group (DM‑AS; n=30) and 
were kept in an environment with a constant temperature 
of 25˚C and humidity of 30‑70% with 12 h light/dark cycle, 
the mice were fed normally and maintained in specific 
pathogen‑free conditions. All animal procedures and experi‑
mental methods were approved by the Committee on the 
Ethics of Animal Experiments of the Fifth Affiliated Hospital 
of Zhengzhou University (approval no. 2019A111501) and 
animal experiments were reported in accordance with the 
ARRIVE guidelines. After 8 weeks of a high‑fat diet, which 
contained 45.6% fat, rats in the DM‑AS group were injected 
with low‑dose streptozotocin (STZ; 30 mg/kg; Sigma‑Aldrich; 
Merck KGaA) to establish a diabetic AS model  (22). The 
control group was given a normal diet, which contained ~4.0% 
fat, and the same dose of citric acid buffer containing STZ 
was injected intravenously at week 8. Rats from the DM‑AS 
group were subsequently divided into DM‑AS, DM‑AS + GA 
(50 mg/kg) and DM‑AS + GA (150 mg/kg) groups. Once the 
model was established successfully, the rats were given 50 or 
150 mg/kg/day GA by intragastric administration for 16 weeks. 
The control and experimental groups were given the same dose 
of normal saline by gavage. Rats were sacrificed by cervical 
dislocation following anesthesia with pentobarbital sodium 
(60 mg/kg intraperitoneal injection). Peripheral blood (3 ml) 
was collected from the inner canthus of each rat and serum 
was obtained following centrifugation at 150 x g for 10 min 
at 4˚C for biochemical assays. Furthermore, aorta specimens 
were removed carefully and fixed in 4% paraformaldehyde 
for hematoxylin and eosin (H&E) and immunohistochem‑
istry (IHC) staining. The other aorta tissues were stored at 
‑80˚C for reverse transcription quantitative PCR (RT‑qPCR), 
western blotting and ELISA.

Biochemical assays. The levels of blood glucose, high‑density 
lipoprotein cholesterol (HDL‑C), low‑density lipoprotein 
cholesterol (LDL‑C), total cholesterol (TC), total triglycer‑
ides (TG) and fasting insulin (FINS) were measured in the 
serum using an automatic biochemical analyzer (MR‑96A; 

Mindray Bio‑Medical Electronics Co., Ltd.) from the Hospital 
of Metabolic Disease of Tianjin Medical University (Tianjin, 
China) according to the manufacturers' instructions. 

Histopathological examination. Once mice were euthanized, 
the chest was cut open after the collection of blood. The 
aorta was collected quickly and rinsed gently with saline. A 
2‑ to 3‑mm slice was cut from the aortic arch and fixed with 4% 
paraformaldehyde at 4˚C for 24 h and embedded in paraffin. 
Samples were cut into 4‑µm sections for H&E staining for 
10 min at room temperature. Aortic pathology changes were 
observed using a microscope camera (BA400 Digital; Mike 
Audi Industrial Group Co., Ltd.). The thickness of the intima 
and the media of arterial tissue was measured using Image‑Pro 
Plus 6.0 software (Media Cybernetics, Inc.). 

IHC staining. Fixed and paraffin‑embedded aorta tissue samples 
were cut into 4‑µm sections and were dewaxed. Endogenous 
peroxidase activity and non‑specific binding were blocked by 
incubation with 3% hydrogen peroxide and 100% non‑immune 
serum (closed serum; cat. no. G9023; Sigma‑Aldrich; Merck 
KGaA) respectively for 30 min at room temperature. Sections 
were incubated with anti‑CD68 (EMD  Millipore; cat. 
no. 051050; 1:250) and anti‑α‑SMA (Abcam; cat. no. ab32575; 
1:250) antibodies at 4˚C overnight, and with anti‑rabbit 
secondary antibody (1:5,000; cat. no. ab181658; Abcam) at 
room temperature for 1 h. Diaminobenzidine hydrochloride 
(Dako; Agilent Technologies, Inc.) was then added to localize 
positive staining that was acquired using light microscopy. 
The sections were counterstained with hematoxylin for 10 min 
at room temperature. The data were analyzed via densitom‑
etry using ImageJ software (version 146; National Institutes 
of Health). 

Western blotting. Fresh tissues were lysed using RIPA buffer 
(Sigma‑Aldrich; Merck KGaA). Protein concentration was 
determined using bicinchoninic acid assay protein assay kit. 
Proteins (25  µg/lane) were separated by 10% SDS‑PAGE 
and transferred onto PVDF membranes and blocked in 5% 
non‑fat milk at room temperature for 1 h. Membranes were 
subsequently incubated with primary antibodies overnight 
at 4˚C against fatty acid synthetase (FAS; 1:1,000; cat. 
no.  ab133619; Abcam), sterol regulatory element binding 
protein 1C (SREBP‑1c; 1:1,000; cat. no. PA1‑337; Thermo 
Fisher Scientific, Inc.), HMGB1 (1:1,000; cat. no. ab18256; 
Abcam), receptor for advanced glycation end products (RAGE; 
1:1,000; cat. no. ab216329; Abcam) and GAPDH (1:1,000; cat. 
no. ab181602; Abcam). Membranes were then incubated with 
goat anti‑rabbit horseradish peroxidase‑conjugated secondary 
antibody (1:5,000; cat. no. ab181658; Abcam) at room tempera‑
ture for 2 h. Enhanced chemiluminescence reagent (Amersham 
Pharmacia Biotech Inc.; Cytiva) was used to detect the signal 
on the membrane. The data were analyzed via densitometry 
using ImageJ software (version 1.46; National Institutes 
of Health) and normalized to the expression of the internal 
control GAPDH.

ELISA. Expression of inflammatory cytokines in serum and 
tissues were detected by ELISA kits. The levels of IL‑6 (cat. 
no. 506‑RL‑010), IL‑1β (cat. no. 501‑RL‑010), and TNF‑α; 
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cat. no. 5035‑TG‑025) were measured using ELISA kits (R&D 
Systems, Inc.) according to the manufacturers' instructions. 

RT‑qPCR. Total RNA was isolated from tissues using 
TRIzol® reagent (Thermo Fisher Scientific, Inc.) according 
to the suppliers' instructions. cDNA was synthesized using a 
SuperScript III First‑Strand Synthesis SuperMix for qRT‑PCR 
(Thermo Fisher Scientific, Inc.) according to the manufac‑
turers' instructions. SYBR Green PCR Master mix (Applied 
Biosystems; Thermo Fisher Scientific, Inc.) was used to detect 
mRNA expression level. The thermocycling conditions were as 
follows: 95˚C for 10 min, 40 cycles of 95˚C for 10 sec, 55˚C for 
10 sec and 72˚C for 30 sec. GAPDH was used as an internal 
control. The sequences of the primers were as follows: HMGB1 
forward, 5'‑GGG​ATG​GCA​AAG​TTT​TTC​CCT​TTA‑3' and 
reverse 5'‑CAC​TAA​CCC​TGC​TGT​TCG​CT‑3'; RAGE forward, 
5'‑ACA​GAA​ACC​GGT​GAT​GAA​GG‑3' and reverse, 5'‑ATT​
CAG​CTC​TGC​ACG​TTC​CCT‑3'; and GAPDH forward, 5'‑ATT​
GTC​AGC​AAT​GCA​TCC​TG‑3' and reverse 5'‑GTA​GGC​CAT​
GAG​GTC​CAC​dCA‑3'. The relative levels of gene expression 
were quantified by using the comparative CT method (23).

Statistical analysis. SPSS  18.0 (SPSS, Inc.) was used to 
analyze the results. Data are expressed as the mean ± standard 
deviation. Comparisons among multiple groups were analyzed 
using one‑way ANOVA followed by Tukey's post hoc test. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Effects of GA on the body weight and serum blood glucose 
level of DM‑AS rats. The weight of the rats was recorded week 
8 and every 2 weeks up to week 16. The results demonstrated 
that, compared with the control group, the weight of rats in the 
DM‑AS group was significantly increased; however, treatment 
with GA could decrease rat body weight in a dose‑dependent 
manner (Fig. 1A). During the same period, the serum blood 
glucose level of rats was assessed, and the results demonstrated 
that glycemia was significantly increased in the DM‑AS group 
compared with that in the control group. In addition, compared 
with the DM‑AS group, the blood glucose level of rats in the 
DM‑AS + GA group significant decreased from the second 
week following administration of GA, and this decrease was 

time‑ and concentration‑dependent (Fig. 1B). Furthermore, 
the expression levels of HMGB1 and RAGE were significantly 
increased in the DM‑AS group compared with the control 
group, which was reversed following treatment with GA in a 
dose‑dependent manner (Fig. 2A). These results were similar 
to those obtained following western blotting (Fig. 2B).

Effects of GA on the biochemical parameters of DM‑AS rats. 
The results demonstrated that, compared with the control 
group, the levels of FINS, TG, TC and LDL‑C (Fig. 3A‑C) 
were significantly increased in the DM‑AS group, whereas 
HDL‑C level was significantly decreased (Fig. 3C). However, 
following DM‑AS rat treatment with 50 and 150 mg/kg GA, 
the levels of FINS, TG, TC and LDL‑C (Fig. 3A‑C) were 
significantly decreased in a dose‑dependent manner compared 
with that in the control group, whereas HDL‑C level was 
significantly increased (Fig. 3C).

Effects of GA on aortic plaques in DM‑AS rats. Aortic plaques 
were observed in the rats and the results demonstrated that 
plaque number was increased in rats from the DM‑AS group 
compared with that in rats in the control group. Compared 
with that in the DM‑AS group, the percentage of aortic 
plaques in the DM‑AS + GA (50 mg/kg) and DM‑AS + GA 
(150  mg/kg) groups was decreased in a dose‑dependent 
manner (Fig. 4A and C). Furthermore, the intima thickness of 
arterial tissues was observed by H&E staining, and the results 
demonstrated that the intima thickness of arterial tissues in 
the DM‑AS group was significantly increased compared with 
that in the control group. However, following treatment with 
GA (50 or 150 mg/kg), intima thickness was decreased in a 
concentration‑dependent manner (Fig. 4B and D). These find‑
ings suggested that GA may reduce the intimal thickness of 
the aorta and the formation of plaques in DM‑AS rats in a 
dose‑dependent manner.

Effects of GA on macrophage activation, α‑SMA expres‑
sion and lipid factors (FAS and SREBP‑1c) expression in 
DM‑AS rats. IHC was performed to detect the expression of 
CD68 and α‑SMA in aorta tissues from rats. As presented 
in Fig. 5, the expression of CD68 and α‑SMA was signifi‑
cantly increased in the DM‑AS group compared with that 
in the control group. In addition, following treatment with 
GA, the expression of CD68 and α‑SMA was significantly 

Figure 1. Effects of GA on the body weight and blood glucose level of DM‑AS rats. (A) Rat weight and (B) blood glucose level were measured every 2 weeks. 
***P<0.001 vs. control group; ###P<0.001 vs. DM‑AS group. AS, atherosclerosis; DM, diabetes mellitus; GA, gycyrrhizic acid.
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Figure 2. Expression of HMGB1 and RAGE. (A) Reverse transcription quantitative PCR was used to detect the mRNA expression levels of HMGB1 and 
RAGE. (B) Western blotting was used to detect the protein expression levels of HMGB1 and RAGE. ***P<0.001 vs. control group; #P<0.05, ##P<0.01 and 
###P<0.001 vs. DM‑AS group. AS, atherosclerosis; DM, diabetes mellitus; GA, gycyrrhizic acid; RAGE, receptor for advanced glycation end products; 
HMGB1, high mobility group box 1.

Figure 3. Effects of GA on biochemical parameters in DM‑AS rats. Levels of (A) FINS, (B) TG and TC, (C) LDL‑C and HDL‑C were measured using a 
biochemical analyzer. **P<0.01, ***P<0.001 vs. control group; #P<0.05, ##P<0.01 and ###P<0.001 vs. DM‑AS group. AS, atherosclerosis. AS, atherosclerosis; 
DM, diabetes mellitus; GA, gycyrrhizic acid; FINS, fasting insulin; HDL‑C, high density lipoprotein cholesterol; LDL‑C, low density lipoprotein cholesterol; 
TC, total cholesterol; TG, total triglyceride.
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decreased (Fig. 5A and B). Subsequently, the expression of 
lipid metabolism‑related proteins FAS and SREBP‑1c was 
detected by western blotting. The expression of FAS and 
SREBP‑1c increased in the DM‑AS group compared with that 
in the control group. In addition, following treatment with 
GA, the expression of FAS and SREBP‑1c was also signifi‑
cantly decreased (Fig. 5C).

Effects of GA on the concentration of inflammatory factors 
in serum and atherosclerotic tissue of DM‑AS rats. The 
concentrations of inflammatory cytokines were measured 
in the serum (Fig. 6A) and atherosclerotic tissue (Fig. 6B) 
of rats. Compared with that of the control group, the 
expression of TNF‑α, IL‑6 and IL‑1β in the DM‑AS group 
was significantly increased. In addition, the expression of 
TNF‑α, IL‑6, and IL‑1β in the DM‑AS + GA (50 mg/kg) and 
DM‑AS + GA (150 mg/kg) groups was significantly decreased 
in a dose‑dependent manner compared with that in the 
DM‑AS group. These findings suggested that GA may reduce 
inflammation in DM‑AS rats.

Discussion

Cardiovascular disease is a common complication that can be 
fatal in people with DM. Previous studies have demonstrated 
that cardiovascular diseases account for >50% of mortality 
cases in patients with DM, with ischemia, angina, myocardial 
infarction, stroke and sudden cardiac death caused by AS 
accounting for a large proportion of these cases (9,24). In the 
diabetic population, the incidence of AS is higher, the disease 
is more serious and the mortality rate is increased compared 
with the non‑diabetic population (25). Coronary heart disease, 
myocardial infarction and acute cerebrovascular disease are the 
main causes of mortality in patients with DM (26). Therefore, 
whether cardiovascular diseases could be prevented by 
decreasing blood glucose level has become a focus of interest. 

In the present study, rats were fed with a high‑fat diet 
for 8 weeks and injected with STZ to establish a DM‑AS 
model (22). The blood glucose level and DM‑related indexes 
in DM‑AS rats were significantly increased compared with 
those of the control group. Furthermore, the number of arterial 

Figure 4. Effects of GA on plaque formation in DM‑AS rats. (A) Images of aortas from rats. (B) Hematoxylin and eosin staining was used to detect the thickness 
of intima and media of arterial tissue (magnification, x200). (C) Percentage of plaque formation. (D) Ratio of intima/media thickness. ***P<0.001 vs. control 
group; ##P<0.01 and ###P<0.001 vs. DM‑AS group. AS, atherosclerosis; DM, diabetes mellitus; GA, gycyrrhizic acid.
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Figure 6. Effects of GA on the levels of inflammatory factors in the serum and aortas of DM‑AS rats. ELISA was used to detect the concentration of 
TNF‑α, IL‑6 and IL‑1β in the (A) serum and (B) aortas of rats. ***P<0.001 vs. control group; ##P<0.01 and ###P<0.001 vs. DM‑AS group. AS, atherosclerosis; 
DM, diabetes mellitus; GA, gycyrrhizic acid; TNF‑α, tumor necrosis factor‑α; IL‑1β, interleukin‑1β; IL‑6, interleukin‑6.

Figure 5. Effects of GA on macrophage activation, α‑SMA expression, FAS and SREBP‑1c expression in DM‑AS rats. (A) Immunohistochemistry was used to 
detect CD68 and α‑SMA expression in aortic tissues (magnification, x200). (B) Quantitative analysis of CD68 and α‑SMA expression from (A). (C) Western 
blotting detected the expression of FAS and SREBP‑1c. ***P<0.001 vs. control group; #P<0.05, ##P<0.01 and ###P<0.001 vs. DM‑AS group. AS, atherosclerosis; 
DM, diabetes mellitus; GA, gycyrrhizic acid; α‑SMA, α‑smooth muscle actin; SREBP‑1c, sterol regulatory element binding protein 1C.
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plaques, intima thickness, macrophage activation and α‑SMA 
expression in DM‑AS rats were increased compared with those 
in the control rats, indicating the successful establishment of 
the DM‑AS model. It was found that the normal blood glucose 
level of rats is ~4 mmol/l (27), similar to the results observed 
in the present study .

The present study mainly evaluated whether GA could 
decrease blood glucose level in patients with DM and improve 
renal injury caused by DM (28). In the present study, GA treat‑
ment decreased blood glucose, insulin, TC, TG and LDL‑C 
levels, and stimulated the formation of HDL‑C in DM‑AS rats. 
The typical pathological features of AS are increased arterial 
plaque number, a thickened arterial intima, activated macro‑
phages, increased lipid metabolism and aggravated inflammatory 
reactions (29). In the present study, GA treatment decreased the 
number of atherosclerotic artery plaques in DM‑AS rats in a 
dose‑dependent manner, reduced the intima thickness, inhibited 
the activation of macrophages, and alleviated the inflammatory 
response and lipid metabolism. These findings suggested that 
GA may have some therapeutic effects on DM‑AS. GA is a 
small inhibitor of HMGB1 that has a protective effect on blood 
vessels in AS (19,30) and can decrease renal complications 
caused by DM (21). In the present study, GA was found to inhibit 
the expression of HMGB1 in DM‑AS rats. Furthermore, RAGE 
is one of the important receptors of HMGB1. When combined, 
the two receptors activate the intracellular signal transduction 
pathway, leading to pathological damage and affecting the 
pathogenesis of inflammatory diseases, such as arthritis and 
AS (31). In the present study, GA was demonstrated to also 
inhibit the expression of RAGE in DM‑AS rats.

SREBP‑1c coordinates the synthesis of FA and cholesterol, 
and FAS is its downstream transcription factor (32). A previous 
study has reported that GA can improve lipid metabolism in 
AS and inhibit vascular inflammation in Apoe‑/‑ mice (19). 
The results from the present study demonstrated that GA 
could inhibit the expression of the lipid‑related proteins FAS 
and SREBP‑1c in DM‑AS rats. It has been reported that GA 
has some inhibitory effects on neointimal hyperplasia in rat 
models of common carotid artery injury (33). Similarly, the 
present study demonstrated that GA could decrease the intima 
thickness of arterial tissues in DM‑AS rats. Furthermore, it is 
well known that macrophages serve a crucial role in the forma‑
tion of atherosclerotic plaques, and CD68 is considered as a 
marker of macrophage activation (34). In the present study, a 
significant decrease in the expression of CD68 in DM‑AS rats 
treated with GA was observed.

In summary, the findings from this study suggested that 
GA may improve atherosclerotic injury caused by DM and 
provide a theoretical basis for the treatment of DM‑AS.
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