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Abstract. Adiponectin plays an important role in atherosclerosis, 
but its relationship with the early initiation of atherosclerosis 
in diabetes mellitus is still not completely understood. In this 
study, we defined the role of adiponectin early in the process of 
atherosclerosis in hyperglycemic rats. Recombinant adenovirus 
expressing the full-length apM1 cDNA gene (Ad-APN) was 
constructed and successfully transfected into hyperglycemic 
rats characterized by the presentation of early atherosclerosis. 
The levels of sICAM-1 and C-reactive protein (CRP) in serum 
as well as the expression of VCAM-1, ICAM-1 and MCP-1 
in aortic tissue were evaluated. Serum adiponectin was 
significantly increased in Ad-APN-treated rats compared with 
Ad-βgal-treated rats. The levels of sICAM-1 and CRP in serum 
were dramatically reduced by 22 and 21%, respectively, in 
Ad-APN-treated rats. Additionally, in aortic tissue, significantly 
reduced mRNA levels of VCAM-1, ICAM-1 and MCP-1 were 
observed after Ad-APN transfection. These results suggest 
that, in hyperglycemic rats, adiponectin plays an inhibitory role 
in the early development of atherosclerosis. In conclusion, the 
protective effect of adiponectin is associated with the reduced 
activity of various inflammation-related factors. 

Introduction

Adiponectin, also called GBP28, ACRP30 or AdipoQ, is 
mainly expressed and secreted in adipose tissue. Previous 
clinical studies have demonstrated that low levels of plasma 
adiponectin (hypoadiponectinemia) are strongly correlated 
with atherosclerotic cardiovascular diseases (1-4). Further 
insights have revealed that adiponectin inhibits the progression 
of atherosclerosis through anti-atherogenic effects, both 
in vitro and in vivo. Detailed studies carried out on signaling 

mechanisms showed that, in cultured human aortic endothelial 
cells, physiological concentrations of human recombinant 
adiponectin reduced the expression of tumor necrosis factor‑α-
related adhesion molecules, the proliferation of vascular 
smooth muscle cells and, furthermore, the transformation of 
macrophages to foam cells via increased crosstalk between the 
cAMP-PKA and NF-κB signaling pathways (5). Adiponectin, 
which is highly detected in fatty streak lesions composed 
of macrophages and foam cells, was found to suppress the 
mRNA levels of vascular cell adhesion molecule-1 (VCAM-1) 
and class A scavenger receptor in apoE-/- mice (6). This is the 
first report to suggest that adiponectin exerts an inhibitory 
effect on the development of atherosclerosis in vivo.

It is widely accepted that the atherosclerotic process is 
initiated and aggravated by endothelial dysfunction. At the 
early stage of atherosclerosis, endothelial cell activation by 
various inflammatory stimuli results in enhanced expression 
of adhesion molecules on the endothelial surface. These 
molecules further contribute to the increased activity of 
leukocyte adhesion and transendothelial migration, which 
is accompanied by extravasations of low-density lipoprotein 
(LDL) into the vessel wall, subsequent foam cell and plaque 
formation, and eventually cell necrosis. Disruptions to the 
structures of these damaged endothelial cells, such as the 
adherens membrane junction, facilitate the transportation of 
pro-atherosclerotic compounds into the vessel wall.

Atherosclerosis accounts for 65-80% of all diabetes-related 
deaths among North Americans, and individuals with diabetes 
have a 2- to 4-fold inceased risk of mortality from coronary 
artery disease (CAD). Furthermore, when patients with athero-
sclerosis develop diabetes, they have a worse prognosis than 
those without diabetes. The American Heart Association has 
stated that ‘diabetes is a cardiovascular disease’, emphasizing 
that cardiovascular disease is frequently attributed to diabetes. 
Despite the interest in the relationship between atherosclerosis 
and diabetes, few studies have focused on the early stage of 
atherosclerosis in the diabetic state. Hyperglycemia remains 
the primary characteristic of diabetes mellitus. Thus, in 
order to obtain new insights into the underlying mechanisms 
involved in the early development of atherosclerosis, the 
present study aimed to clarify whether increased serum 
adiponectin suppresses inflammatory responses at the early 
phase of atherosclerosis in hyperglycemic rats.
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Materials and methods

Recombinant adenovirus. Full-length apM1 cDNA coding 
sequences were derived from human adipose tissue using 
TaqMan Reverse Transcription kits (Qiagen, Germany). The 
replication-defective recombinant adenovirus was constructed 
with the AdEasy™ Adenoviral Vector System (Q-Biogene, 
USA). An adenovirus expressing the full-length apM1 cDNA 
gene (Ad-APN) or β-galactosidase gene (Ad-βgal) was 
propagated in HEK 293 cells, purified by CsCL gradient 
centrifugations and stored at -80˚C until use.

Animal protocol. Experimental procedures were approved by 
the Animal Experimentation Ethics Committee (Chongqing 
Medical University, China), and were in accordance with 
the National Health and Medical Research Council of China 
Guidelines on Animal Experimentation. Eight-week-old male 
Wistar rats weighing 206.35±12.48 g were housed under 
controlled temperature conditions and a 12-h light/dark cycle. 
Two different diets were used in this study: an ‘atherogenic’ 
diet known to elicit hyperlipidemia in Wistar rats containing 
10% fat, 3% cholesterol and 0.5% sodium cholate, and a stan-
dard rodent diet containing 2.2% fat, 15% protein and 5.2% 
crude fiber. Hyperglycemia was induced by an intraperitoneal 
injection of streptozotocin (30 g/kg) (Sigma-Aldrich, USA) in 
rats that had been fed an ‘atherogenic’ diet for 4 weeks. After 
72 h of streptozotocin administration, blood was collected from 
the tail vein for glucose analysis. Animals showing fasting 
blood glucose >300 mg/dl (16.7 mmol/l) were considered to 
be hyperglycemic, and were maintained on an ‘atherogenic’ 
diet for another 12 weeks. At the age of 14 weeks, Ad-APN 
and Ad-βgal was injected into the tail vein (2x108 pfu each) of 
the mice. Finally, serum was collected, and the animals were 
sacrificed. Hepatic and aortic tissue was kept for subsequent 
investigations. H&E staining was used to confirm the pres-
ence of atherosclerosis. 

Serum analysis. Blood samples were collected 2 weeks after 
adenovirus injection. Total cholesterol (TC), triglycerides 
(TG), high-density lipoprotein cholesterol (HDL-C) and low-
density lipoprotein cholesterol (LDL-C) were measured with 
enzymatic kits (Biosino, China). Additionally, ELISA was 
used to determine the levels of plasma adiponectin (Innogent, 
China), soluble intercellular adhesion molecule-1 (sICAM-1) 

(BPB Biomedicals, USA) and C-reactive protein (CRP) 
(DiaSys, Germany).

Total RNA isolation, RT-PCR and real-time PCR. Total 
RNA was isolated from rat aortic tissue with TRIzol reagent 
(Invitrogen, USA) according to the manufacturer's protocol. 
RNA concentrations were measured at A260 with a Beckman 
DU7500 UV/Vis spectrophotometer. The integrity of RNA 
was verified by electrophoresis. cDNA was synthesized from 
the total RNA by reverse transcription reaction with Takara 
RNA PCR kits (AMV) ver. 3.0 (Takara, China). Reverse tran-
scribed products were kept for RT-PCR and real-time PCR. 
The specific primers involved are summarized in Table I. 

To investigate the expression of VCAM-1 in the rats, 
RT-PCR was performed with the Takara RNA PCR kit, 
yielding a product of 570 bp. RT-PCR conditions consisted 
of an initial denaturation step at 99˚C for 5 min, followed by 
30 cycles at 94˚C for 30 sec, annealing at 53˚C for 30 sec and 
extension at 72˚C for 60 sec. Amplified PCR products were 
then electrophoresed on 1.2% agarose gel and visualized with 
ethidium bromide under UV light. β-actin was amplified as a 
reference for the quantification of VCAM-1 mRNA.

To quantify the expression of ICAM-1 and monocyte 
chemoattractant protein-1 (MCP-1) in rat aortic tissue, real-
time PCR was carried out using SYBR Premix Ex Taq™ 
kits (Takara) on a Rotor-Gene™ 3000 (Corbett Life Science, 
Australia). The PCR reactions were initiated with a total 
volume of 25 µl, including 12.5 µl SYBR Premix Ex Taq, 
0.5 µl forward and reverse primers, 2 µl cDNA samples and 
10 µl water, followed by 95˚C for 60 sec, then 40 cycles of 
95˚C for 15 sec, 56˚C (ICAM-1) or 59˚C (MCP-1 and GAPDH) 
for 15 sec, and a final extension at 72˚C for 20 sec. GAPDH 
was used as a vehicle control to normalize the expression of 
ICAM-1 and MCP-1. Real-time PCR experiments were run 
in triplicate. Water was used as a negative control. Data were 
analyzed by software version 6.0 (Corbett Life Science).

Western blotting. To evaluate the changes in the protein 
levels of VCAM-1 in the aortic tissue, Western blotting was 
performd. Freshly frozen aortic tissues were lysed with RIPA 
buffer (50  mM Tris-HCl pH 7.4, 150 mM NaCl, 1% NP40, 
0.5% dexycholic acid, sodium and 0.1% SDS). Proteins were 
resolved on an 8% SDS-PAGE gel prior to transfer to poly-
vinylidene fluoride (PVDF) membranes. The blots were then 

Table I. Primers for RT-PCR and real-time PCR amplification.

Gene	 Primer sequence (5'→3')	 Tm (˚C)	 Length (bp)

VCAM-1	 F: CGGTCATGGTCAAGTGTTTG	 55.4	 570
	R : GAGATCCAGGGGAGATGTCA	 57.4
ICAM-1	 F: CAAACGGGAGATGAATGG	 52.1	 183
	R : TGGCGGTAATAGGTGTAAAT	 51.3
GAPDH	 F: AGGTTGTCTCCTGTGACTTCA	 54.1	 184
	R : TGGTCCAGGGTTTCTTACTCC	 58.2
β-actin	 F: GAGAGGGAAATCGTGCGTGAC	 59.8	 453
	R : CATCTGCTGGAAGGTGGACA	 57.4
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blocked in 5% non-fat milk overnight at 4˚C. Membranes with 
transferred proteins were incubated with primary antibodies 
against VCAM-1 (1:400, goat polyclonal antibody; Santa 
Cruz, USA) for 2 h at room temperature, followed by exposure 
to a secondary antibody at 1:4000 dilution for 1 h at room 
temperature. Anti-β-actin was used as a control. The blots 
were further developed using chemiluminescence reagent. 
Densitometric analysis of the scanned images was perfomed 
using Software Image Quant. 

Statistical analysis. Data obtained were analyzed with 
one-way ANOVA or the Mann-Whitney U test and presented 
as the mean ± SD. A P-value <0.05 was considered statisti-
cally significant.

Results

Alterations in morphology and metabolic parameters in 
hyperglycemic rats. Hyperglycemia was successfully induced 
in rats receiving an ‘atherogenic’ diet and intraperitoneal 
injections of streptozotocin for 16 weeks. H&E staining in 
the liver and aortic tissue showed the appearance of fatty 
degeneration of hepatocytes and pathological changes at 
the early stage of atherosclerosis in contrast to the control 
group. In addition, typical arterial atheromatous plaque was 
not detected in the hyperglycemic rats (Fig. 1). Metabolic 
parameters in the hyperglycemic rats are summarized in 
Fig. 2A-C. In the hyperglycemic rats compared to the normal 
control, the concentrations of fasting blood glucose (FBG), 
TC, TG and LDL-C were significantly increased (P<0.01), 
while the concentrations of rat adiponectin and HDL-C were 
decreased (P<0.05). The results of the correlation analysis 
showed that the levels of serum adiponectin were negatively 
correlated with TC, TG, LDL-C and CRP (P<0.05), and 
positively correlated with HDL-C (P<0.01). However, no 
significant correlation with sICAM-1 was observed. Detailed 
data are presented in Table II.

Effects of elevated serum adiponectin levels on rat body 
weight, metabolic parameters and atherosclerotic lesions. 
Competition ELISA was used to detect the concentration of 
serum endogenous adiponectin. As shown in Fig. 2A, the 
concentration of serum rat adiponectin in the hyperglycemic 
rats was lower than that in the normal rats (P<0.01), while 
no significant difference was observed between Ad-βgal- 
and Ad-APN-treated hyperglycemic rats. After 14 days of 
adenovirus injection, the level of serum human adiponectin 
encoded by the adenovirus was 68.4±19.2 µg/ml in Ad-APN-
treated rats measured by sandwich ELISA, but no significant 

Figure 1. Representative H&E staining in the liver and aortic tissues of male Wistar rats. The upper panel shows the fatty degeneration of hepatocytes in 
Ad-βgal- and Ad-APN-treated rats, which was characterized by the appearance of a large lipid vacuole in hepatocytes and a shift in the nucleus to the cell wall 
(x100). The lower panel shows the pathological changes at the early stage of atherosclerosis in Ad-βgal- and Ad-APN-treated rats. A typical intimal thickening, 
proliferated and disorganized medial smooth muscle cells, and internal elastic lamina with irregular and sawtooth margins were observed in contrast to the 
normal control (x400). CON, rats fed a normal diet; Ad-βgal, hyperglycemic rats treated with an injection of Ad-βgal; Ad-APN, hyperglycemic rats treated 
with an injection of Ad-APN. 

Table II. Correlation analysis between adiponectin and related 
factors.

Adiponectin	 r-value	 P-value

TC	 -0.363	 <0.010
TG	 -0.483	   0.042
HDL-C	  0.439	   0.001
LDL-C	 -0.655	   0.003
CRP	 -0.349	   0.001
sICAM-1	 -0.324	   0.073
FBG	 -0.278	   0.068

TC, total cholesterol; TG, triglycerides; HDL-C, high-density lipo-
protein cholesterol; LDL-C, low-density lipoprotein cholesterol; 
CRP, C-reactive protein; sICAM-1, soluble intercellular adhesion 
molecule-1; FBG, fasting blood glucose.
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difference was observed between the Ad-βgal and Ad-APN 
groups in terms of body weight (BW), FBG, TC, TG, HDL-C 
and LDL-C (Fig. 2B and C). Compared with the Ad-βgal-
treated rats, pathological changes were not obviously 
improved in the Ad-APN-treated hyperglycemic rats.

Effects of elevated serum adiponectin on the levels of ICAM-1 
and CRP in serum. The concentrations of serum sICAM-1 
and CRP were tested by ELISA. As shown in Fig. 2D, the 
levels of serum sICAM-1 and CRP were much higher in the 
Ad-βgal-treated rats than in the control rats (P<0.01). When 

  A

  C

Figure 2. Effects of elevated adiponectin on the values of body weight, fasting blood glucose (FBG), various metabolic markers, sICAM-1 and C-reactive 
protein (CRP) in rats. (A) Concentration of serum rat adiponectin; (B) alternations in body weight and FBG; (C) concentrations of triglycerides (TG), total 
cholesterol (TC), high-density lipoprotein cholesterol (HDL-C) and low-density lipoprotein cholesterol (LDL-C); (D) levels of serum sICAM-1 and CRP in 
Ad-βgal- and Ad-APN-treated rats. Male Wistar rats fed a standard rodent diet served as the control. *P<0.01, **P<0.05 compared to the corresponding control. 
▼P<0.01, ▲P>0.05, Ad-βgal- compared Ad-APN-treated rats. Data are presented as the mean ± SD of three independent experiments.

Figure 3. Effects of elevated serum adiponectin on the expression of VCAM-1, ICAM-1 and MCP-1 in aortic tissue. (A) Representative RT-PCR images and 
the corresponding densitometric results indicate the expression of VCAM-1 mRNA in Ad-βgal- and Ad-APN-treated rats. (B) Consistent with the expression 
of mRNA, Western blotting indicates the protein level of VCAM-1 in Ad-βgal- and Ad-APN-treated rats. Expression of (C) MCP-1 and (D) ICAM-1 mRNA 
by real-time PCR in Ad-βgal- and Ad-APN-treated rats. *P<0.05 compared to the corresponding control. #P<0.05, Ad-βgal- compared to Ad-APN-treated rats. 
Data are presented as the mean ± SD of three independent experiments. β-actin served as an internal normalization control.
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compared with the Ad-βgal-treated rats, the Ad-APN-treated 
hyperglycemic rats, which were administered the adenovirus 
injection for 14 days, presented with a pronounced reduction in 
serum sICAM-1 and CRP of 22% (P<0.01) and 21% (P<0.01), 
respectively (Fig. 3).

Effects of elevated serum adiponectin on the expression of 
VCAM-1, ICAM-1 and MCP-1 in aortic tissue. To further 
determine the anti-inflammatory property of adiponectin, we 
examined the expression of VCAM-1, ICAM-1 and MCP-1 in 
aortic tissue by RT-PCR, real-time PCR and Western blotting. 
In contrast to the normal control, the expression of VCAM-1, 
ICAM-1 and MCP-1 in aortic tissue was significantly increased 
in the Ad-βgal-treated rats (P<0.05). As demonstrated in Fig. 3A 
and B, the increment of adiponectin in the Ad-APN-treated rats 
compared to the Ad-βgal-treated rats resulted in a clear reduction 
in VCAM-1 expression of ~30% at both the mRNA and protein 
levels (P<0.05). We also investigated the expression of ICAM-1 
and MCP-1. Consistent with the tendency of VCAM-1, the 
expression of ICAM-1 and MCP-1 was significantly suppressed 
by 63 and 25% (P<0.05), respectively (Fig. 3C and D).

Discussion

In this study, hyperglycemia in rats was successfully induced by 
the intraperitoneal injection of streptozotocin, and was charac-
terized by hyperglycemia, dyslipidemia and pro-inflammatory 
states. Therefore, these hyperglycemic rats were considered to 
be predisposed to atherosclerosis. Results from H&E staining 
revealed the appearance of fatty degeneration of hepatocytes 
in hyperglycemia rats, but typical arterial atheromatous plaque 
was not identified. Additional pathological changes including 
intimal thickening, proliferated and disorganized medial 
smooth muscle cells; internal elastic lamina with an irregular 
as well as sawtooth margin were also detected in the lesions of 
the hyperglycemic rats. Accordingly, the rats were determined 
to be at the early stage of atherosclerosis. In the Ad-APN-
treated hyperglycemic rats, such pathological changes were not 
noticeably improved. 

Previous studies have shown that, among different ethnic 
groups, CAD, hypertension, obesity, type 2 diabetes, arterio-
sclerosis obliterans and ischemic heart disease are associated 
with reduced levels of adiponectin in serum (3,7-9). Moreover, 
adiponectin concentrations are significantly lower in male 
patients with both CAD and type 2 diabetes than in those with 
diabetes alone (5). Consistent with these reports, in the present  
study the hyperglycemic rats had significantly lower serum 
adiponectin concentrations than the control rats. Further corre-
lation analysis showed that the levels of serum adiponectin were 
negatively correlated with TC, TG, LDL-C and CRP and posi-
tively correlated with HDL-C. High-sensitive CRP (hs-CRP) 
is a well-known risk factor for CAD and a sensitive marker 
of inflammation. An inverse relationship has been observed 
between circulating concentrations of CRP and adiponectin in 
diabetic patients (10-13). Based on these findings, we proposed 
that low levels of circulating adiponectin serve as a possible 
predictor of the pro-inflammatory state in hyperglycemic rats. 

Patients with diabetes mellitus have a markedly increased 
incidence of atherosclerosis, which is largely caused by an 
increased activity of inflammation (14). Endothelial injury, 

mediated by various inflammatory stimuli, is responsible for 
the formation of local atherosclerotic lesions at the early stage 
of the disease. Since studies regarding the condition of early 
atherosclerosis in diabetes are few, this study investigated 
the effect of adiponectin on the expression of inflammatory 
factors in the vascular endothelium. 

The endothelium is well known for its resistance to leuko-
cyte adhesion, but these anti-adhesive properties might be 
damaged by hypercholesterolemia. Oxidized LDL and angio-
tensin Ⅱ increase the production of pro-inflammatory cytokines 
including MCP-1, ICAM-1 and VCAM-1 (15,16). Endothelial 
alterations coupled with elevated CRP levels set the stage for 
the initiation and progression of atherogenesis by promoting 
inflammation within the vessel wall (17). In the present study 
conducted in hyperglycemic rats, elevated levels of CRP 
and sICAM-1 in circulation as well as of MCP-1, VCAM-1 
and ICAM-1 in aortic tissue were observed, suggesting that 
endothelial dysfunction and inflammatory changes arose at the 
early stage of atherosclerosis in the hyperglycemic rats. 

Previous studies have shown that adiponectin knockout 
(KO) in mice accelerates intimal proliferation in mechani-
cally injured vascular walls. Adiponectin KO mice infected 
by Ad-APN prior to vascular injury exhibited a 2- to 3-fold 
increase in serum levels of adiponectin, leading to less intimal 
thickening (18). Adipo (-/-) mice exhibited an excess production 
of key chemoattractant cytokines and increased expression 
of the aortic endothelial adhesion molecules VCAM-1 and 
ICAM-1 (19). Here, for the first time, we demonstrated that 
the adenovirus-mediated increase of serum adiponectin 
inhibited the expression of ICAM-1, VCAM-1 and MCP-1 in 
aortic tissue, and suppressed the levels of sICAM-1 and CRP 
in serum in hyperglycemic rats. Devaraj et al (20) demon-
strated that adiponectin reduced CRP synthesis and secretion 
from human aortic endothelial cells under hyperglycemia via 
the up-regulation of AMP kinase and the down-regulation of 
NF-κB. Although the effect of adiponectin on plaque status was 
not observed, some studies have shown that adiponectin was 
capable of reducing the plaque area in atherosclerosis (6,21). 
These findings are indicative of the anti-inflammatory role of 
adiponectin. To exclude the possible effect generated by endoge-
nous adiponectin, we compared adiponectin expression between 
Ad-βgal- and Ad-APN-treated rats. No significant difference 
was observed, which in turn indicates that human adiponectin 
encoded by an adenovirus exhibits anti-inflammation activity, 
and eventually hinders the development of atherosclerosis.

In summary, adiponectin has anti-inflammatory properties 
and suppresses the initiation and progression of atherosclerosis 
in hyperglycemic rats, particularly at the early stage without 
atheromatous plaques. Conversely, hypoadiponectinemia 
is indicative of dyslipidemia and a pro-inflammatory state, 
paralleled with increased levels of ICAM-1, VCAM-1, MCP-1 
and CRP. Hence, the findings of this study provide promising 
potential targets for the prevention of the initiation and 
progression of atherosclerosis in patients with diabetes mellitus. 
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