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Abstract
Aim: Metabolic syndrome is associated with an increased incidence of athero-
sclerosis. Clinical studies have shown that calcium channel blockers (CCB) 
inhibit the progression of atherosclerosis. However, the underlying mechanism 
is unclear. We investigated the inhibitory effect of felodipine on adhesion mo-
lecular expression and macrophage infiltration in the aorta of high fructose-fed 
rats (FFR). Methods: Male Wistar rats were given 10% fructose in drinking 
water. After 32 weeks of high fructose feeding, they were treated with felodipine 
(5 mg·kg-1·d-1) for 6 weeks. The control rats were given a normal diet and water. 
The aortic expression of intercellular adhesion molecule-1 (ICAM-1) and vas-
cular cell adhesion molecule-1 (VCAM-1) and the infiltration of macrophages 
were measured by real-time RT-PCR and/or immunohistochemistry. NF-κB 
activity was measured by electrophoretic mobility shift assay (EMSA). Results: 
After 32 weeks of high fructose feeding, FFR displayed increased body weight, 
systolic blood pressure (SBP), serum insulin, and triglycerides when compared 
with the control rats. The aortic expressions of ICAM-1 and VCAM-1 were 
significantly increased in FFR than in the control rats and accompanied by the 
increased activity of NF-κB. FFR also showed significantly increased CD68-
positive macrophages in the aortic wall. After treatment with felodipine, SBP, 
serum insulin, and the homeostasis model assessment decreased significantly. In 
addition to reducing ICAM-1 and VCAM-1, felodipine decreased macrophages 
in the aortic wall. EMSA revealed that felodipine inhibited NF-κB activation in 
FFR. Conclusion: Felodipine inhibited vessel wall inflammation. The inhibition 
of NF-κB may be involved in the modulation of vascular inflammatory response 
by CCB in metabolic syndrome.
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Introduction
The metabolic syndrome consists of the combined 

presentation of multiple cardiovascular risk factors that 
include abdominal obesity, hypertension, insulin resis-
tance, hyperinsulinemia, and dyslipidemia[1,2]. Although 
the definition and nomenclature of metabolic syndrome is 
controversial, this syndrome is now widely recognized as a 
distinct pathological entity[3]. Recently-published data have 
suggested that patients with metabolic syndrome are at 
higher risk of cardiovascular morbidity and mortality[4].

Clinical studies have shown that patients with metabol-

ic syndrome are more prone to atherosclerosis than normal 
patients[5], even in young adults[6]. Recently, Delbosc et al 
reported that the mesenteric arterial media/lumen ratio was 
higher in fructose-fed rats (FFR)[7]. Those interesting find-
ings suggested that structural changes in the vascular wall 
may be involved in the cardiovascular alterations associ-
ated with metabolic syndrome.

It is well established that inflammation plays a pivotal 
role in the development of classical atherosclerosis, and the 
inhibition of the expression of adhesion molecules reduces 
the plaque volume in animal models, probably by reducing 
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the recruitment of monocytes from the blood[8,9]. Patients 
with primary hyperglyceridemia display increased plasma 
levels of intercellular adhesion molecule-1 (ICAM-1) and 
vascular cell adhesion molecule-1 (VCAM-1)[10]. More-
over, hyperglycemia induces the increased expression of 
adhesion molecules in cultured endothelial cells[11]. Thus 
it is tempting to speculate that the propensity to acceler-
ated lesion formation in metabolic syndrome may involve 
increased vascular inflammatory response. However, it is 
not well known whether metabolic syndrome affects the 
expression of adhesion molecules in the arterial wall before 
the lesion formation.

L-type calcium channel blockers (CCB) are widely used 
to treat patients with hypertension and atherosclerosis[12,13]. 
In clinical trials, CCB have been proven to reduce the rate 
of cardiovascular events and inhibit the progression of 
atherosclerosis[12,13]. It is suggested that CCB can be used 
to treat patients with metabolic syndrome[3]. However, few 
studies have focused on the effects of CCB on vascular 
changes in metabolic syndrome.

Therefore, we hypothesized that the infiltration of mac-
rophages and the expression of adhesion molecules are 
increased, and felodipine, a member of L-type CCB, may in-
hibit vascular inflammation in the aorta of high FFR. To test 
our hypothesis, high FFR were used to demonstrate hyperten-
sion, insulin resistance, and hypertriglyceridemia[14,15].

Material and methods
Reagents  Felodipine was provided by AstraZeneca 

Pharmaceutical (Shanghai, China). The polyclonal antibod-
ies against rat ICAM-1 (sc-1511) and rat VCAM-1 (sc-
8304) were purchased from Santa Cruz Biotechnology 
(Santa Cruz, CA, USA). The monoclonal antibody against 
rat CD68 was purchased from Lab Vision (Fremont, CA, 
USA). The quantitative real-time RT-PCR system was ob-
tained from TaKaRa Biotechnology (Dalian, China). 

Animals and experimental design  All animal care 
and experimental protocols complied with the guidelines of 
the National Institutes of Health and the guidelines for the 
care and use of laboratory animals of Qi-Lu hospital (Ji-
nan, China). Male Wistar rats (6 weeks old) were obtained 
from the Center for Experimental Animals, Shandong 
University School of Medicine (Grade II Certificate No 
0004170; Ji-nan, China). The rats were fed a standard com-
mercial chow diet ad libitum and housed in a room under 
controlled temperature (23–25 °C), humidity, and a 14 h 
light/10 h dark cycle throughout the entire experiment. The 
animals were randomly divided into 2 groups. The control 
rats (n=12) were fed normal chow and given normal water, 

and the FFR (n=18) were fed normal chow and given water 
containing 10% (w/v) fructose[14–17]. Using water containing 
10% fructose to feed animals has been proven to be an ef-
fective and stable method to induce metabolic syndrome in 
rats[14] and hamsters[18].

After being on the diet for 32 weeks, the FFR were 
further divided into 2 groups: the FFR group (n=9) and 
the FFR+F group (n=9). The FFR+F group rats received 5 
mg·kg-1·d-1 felodipine by gavage for 6 weeks. The rats of 
the control and FFR groups received an equal volume of 
vehicle by gavage. The selection of felodipine dosage was 
based on a previous study that demonstrated that felodipine 
reduces blood pressure effectively with the given dosage in 
spontaneous hypertensive rats[19]. 

Body weight and tail blood pressure were measured 
once per week. Blood samples were collected from the 
jugular sinus at the beginning of the study, after 32 weeks 
of the fructose diet, and at the end of study from all the rats 
for relative analysis. At the end of 38 weeks, the rats were 
killed by a pentobarbital overdose, and the aorta was asep-
tically excised for measurement. 

Systolic blood pressure measurement  Systolic blood 
pressure (SBP) was estimated by a tail-cuff method in con-
scious animals as previously described[15,20]. The reported 
blood pressure value was the mean of 5 systolic measure-
ments. 

Biochemical measurements  Serum glucose, total cho-
lesterol, and triglycerides were measured using an enzy-
matic method with an auto-analyzer (ADVIA 1650; Bayer, 
Germany). Serum insulin was determined by a radio-
immunoasssy kit (Dongya, Beijing, China). Insulin resis-
tance was calculated by the homeostasis model assessment 
(HOMA) method[15].

Immunohistochemistry  The upper part of the de-
scending aorta (approximate 0.5 cm) was fixed in 4% 
formaldehyde, embedded in paraffin, and cut into 5 mm-
thick sections for immunohistochemical staining using 
standard techniques. In brief, endogenous peroxidase ac-
tivity was inhibited by incubation with 3% H2O2. Sections 
were blocked with 5% bovine serum albumin in phosphate-
buffered saline (PBS) and incubated overnight at 4 °C 
with primary antibodies. The primary antibodies included 
rabbit antirat ICAM-1 diluted at 1:150 and rabbit anti-rat 
VCAM-1 diluted at 1:200 to detect ICAM-1 and VCAM-1, 
respectively. After washing with PBS, the sections were in-
cubated with a secondary antibody at room temperature for 
60 min. Visualization of a positive reaction was developed 
with use of a peroxidase substrate solution containing 0.02% 
H2O2 and 0.1% 3,3’-diaminobenzidine tetrahydrochloride 
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(ZSBIO, Beijing, China) in the PBS to display a brown 
color in the reaction product. The sections were then coun-
terstained with hematoxylin. Incubation with PBS instead 
of the primary antibody was used as a negative control.

To identify macrophages in the aorta, sections were 
blocked with 5% bovine serum albumen in PBS and in-
cubated with a mouse antirat CD68 monoclonal antibody 
diluted at 1:150 for 2 h at room temperature. After wash-
ing with PBS, the slides were incubated with a fluorescein 
isothiocyanate-conjugated streptavidin secondary antibody 
at a dilution of 1:500 at room temperature for 60 min and 
rewashed. Sections were mounted in Vectashield (Vector 
Laboratories, Burlingame, CA, USA) with DAPI coun-
terstaining. Sections incubated with PBS without primary 
antibody served as controls.

Histopathological slides were analyzed by use of a 
computer-assisted morphometric analysis system (Image-
Pro Plus 5.0; Media Cybernetics, Silver Spring, USA). 
Four areas from each arterial section were analyzed. The 
resulting values were used to obtain an average staining for 
each artery.

Quantitative real-time RT-PCR  Total RNA was iso-
lated from each rat aorta with TRIzol reagent (Invitrogen, 
USA). Total RNA was quantified by spectrophotometry 
and reverse transcribed with the use of the M-MLV reverse 
transcriptase system (Promega, Madison, WI, USA) and 
oligo(dT) (T 12–18) primers. Quantitative real-time RT-
PCR was performed with the use of a LightCycler (Roche 
Applied Science, USA) involving the SYBR-based method 
in 20 µL reaction volume following the manufacturer’s 
instructions. The PCR primers for ICAM-1 were 5'-TTTC-
gATCTTCCgACTAggg-3' (forward) and 5'-AgCT-
TCAgAggCAggAAACA-3' (reverse); for VCAM-1 
they were 5'-gCgAAggAAACTggAgAAgACA-3' 
(forward) and 5'-ACACATTAgggACCgTgCAgTT-3' 
(reverse); and for gAPDH they were 5'-TgCCAAgTAT-
gATgACATCAAgAAg-3' (forward) and 5'-AgCCCAg-
gATgCCCTTTAgT-3' (reverse). Quantitative values were 
obtained from the threshold cycle value (Ct), the point at 
which a significant increase of fluorescence is first detect-
ed. The relative changes in gene expression were analyzed 
with the 2(-Delta Delta Ct) method[21]. The specificity of 
RT-PCR was checked by analyzing melting curves and by 
gel electrophoresis of the amplicons.

Electrophoretic mobility shift assay  Nuclear extracts 
were prepared from the aortic tissue using a nuclear extrac-
tion kit according to the manufacturer’s instruction (Active 
Motif, USA). Protein quantification was done using a RC 
DC protein assay kit (Bio-Rad, Hercules, CA, USA), and 

electrophoretic mobility shift assay (EMSA) was carried 
out using the digoxigenin (DIg) gel shift kit (Roche, USA). 
Briefly, the NF-κB consensus oligonucleotide (5'-AgTT-
gAggggACT-TTCCCAggC-3') was end-labeled with 
DIg. Nuclear extracts (10 µg) were incubated with either a 
DIg-labeled NF-κB probe or a DIg-labeled NF-κB probe 
plus a NF-κB unlabeled probe for competitive experiments 
in a buffer containing 1 µg poly d(IC), poly-L-lysine, 20 
mmol/L HEPES (pH 7.6), 1 mmol/L EDTA,10 mmol/L 
(NH4)2SO4, 1 mmol/L dithiothreitol, and 30 mmol/L KCl 
(total volume, 20 mL). The samples were loaded on a 6% 
native polyacrylamide gel in Tris-borate-EDTA buffer. Af-
ter transfer to nylon membranes and incubation with a anti-
DIg antibody conjugated with alkaline phosphatase, gel 
mobility shift was visualized by incubation with a CSPD 
chemiluminescence reagent and exposure to X-ray film. 

Statistical analysis  Values are expressed as mean±standard 
deviation. One-sample Kolmogorov–Smirnov test was used 
to analyze the distribution of all quantitative variables. All 
variables were normally distributed and had equal variance. 
Student’s two-tailed t-test and ANOVA were used where 
appropriate. Pearson’s correlation coefficient was used to 
assess the correlation between the expression of the adhe-
sion molecular and metabolic biomarkers. All statistical 
analyses were performed using SPSS 13.0 software (SPSS, 
Chicago, IL, USA), and the differences were considered 
significant at P<0.05.

Results

Experimental model  The metabolic syndrome model 
was achieved by the administration of 10% fructose in 
drinking water to male Wistar rats during the 32 weeks. 
The FFR group showed increased levels of body weight, 
blood pressure, triglycerides, and insulin when compared 
with the control rats (Table 1). At 16 weeks, a slight increase 
in body weight was observed in the FFR group (552±71 g 
vs 493±54 g, P=0.026) than in the control group, and at 32 
weeks, body weight was significantly higher (P=0.001). 
Blood pressure was increased in FFR after 2 weeks of fruc-
tose ingestion, and was further increased after 32 weeks 
of fructose ingestion (P<0.01). The FFR also showed a 
significant increase in triglycerides, insulin, and HOMA 
after 32 weeks, (P<0.01). No difference was observed in 
fasting glucose and total cholesterol between the 2 groups 
(Table 1).

Effect of felodipine on the metabolic parameters in 
FFR  After 6 weeks of treatment with felodipine, blood 
pressure was reduced significantly. Insulin and HOMA 
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were markedly reduced in the felodipine group (P<0.05 
and P<0.01). No difference was observed in serum lipids 
and glucose when compared with FFR (Table 2).

Effect of felodipine on adhesion molecules and mac-
rophages in the aorta of FFR  By real-time PCR, we 
found that the aortic expressions of ICAM-1 mRNA and 
VCAM-1 mRNA in FFR were 187%±68% (P<0.05) and 
256%±56% (P<0.01) of that of the control group, respec-
tively, after 38 weeks. After treatment with felodipine for 
6 weeks, real-time PCR revealed that ICAM-1 mRNA was 
reduced by 39% (P=0.037) and VCAM-1 mRNA was re-
duced by 26% (P=0.020) when compared with FFR (Figure 
1). 

Immunohistochemistry was used to examine the local-
ization of ICAM-1 and VCAM-1 in the aortic wall of FFR. 
ICAM-1 and VCAM-1 were most abundant in the intima 
of the aorta of FFR, and were weakly expressed in media. 
Felodipine reduced ICAM-1 and VCAM-1 expressions 
(Figures 2,3). Immunostaining with anti-CD68, a marker 
of monocytes/macrophages was enhanced in the aorta from 
FFR as compared with control rats (7.15±1.34 vs 0.59±0.27 
cells/microscope field, P<0.01). Felodipine reduced the 

infiltration of macrophages significantly after the treatment 
(3.07±0.70 vs 7.15±1.34 cells/microscope field, P<0.01; 
Figure 4). 

Effect of felodipine on NF-κB activity  Because 
ICAM-1 and VCAM-1 gene expressions are regulated 
by NF-κB, we further examined the levels of NF-κB. Of 
importance, the binding activity of NF-κB, as assessed by 
the gel mobility shift assay, was markedly increased in the 
aorta of the FFR as compared with the normal rats, and the 
activation of NF-κB was markedly inhibited by treatment 
with felodipine for 6 weeks as compared with FFR (Figure 
5).

Correlations between the levels of adhesion mole-
cules and metabolic parameters  As shown in Table 3, the 
expression of ICAM-1 mRNA correlated significantly with 
SBP and HOMA, and VCAM-1 mRNA correlated with 
SBP, triglycerides, insulin, and HOMA after 38 weeks.

In the subgroup analysis, we found that the expres-
sion of ICAM-1 mRNA correlated with levels of insulin 
(r=0.506, P<0.05), and VCAM-1 mRNA correlated with 
levels of insulin (r=0.495, P<0.05) and HOMA (r=0.509, 
P<0.05) in rats treated with felodipine. The levels of blood 
pressure, triglycerides, and cholesterol did not correlate 
with the adhesion molecules in the felodipine group.

Discussion
The present study demonstrates that ICAM-1 and 

VCAM-1 expressions and macrophage infiltration were en-
hanced in the aorta of high FFR, accompanied by the acti-
vation of NF-κB. This indicated that vascular inflammation 
existed in the aorta of rats with metabolic syndrome. An-
other striking finding was that felodipine, a CCB, reduced 
the expressions of ICAM-1 and VCAM-1 in this rat model 
of metabolic syndrome via the inhibition of NF-κB activ-
ity.

Evidence from both human[22] and animal[23] studies 

Table 1. Body weight, systolic blood pressure and metabolic variables at 
the end of 32 weeks high fructose feeding. Mean±SD. cP<0.01 vs control 
group.

  Control  FFR(n=18)
 Group(n=12)

Body weight (g)  545±52    629±67c

Systolic blood pressure (mmHg)  116±4    138±6c

Glucose (mmol/L) 6.12±1.34   6.85±1.22
Triglycerides (mmol/L) 0.67±0.23   1.01±0.15c

Total cholesterol (mmol/L) 1.60±0.45   1.65±0.16
Insulin (uUI/mL) 7.36±1.46 16.21±3.55c

HOMA  2.03±0.66   5.23±0.91c

Table 2. Metabolic characteristics at the end of 6-week treatment of felodipine. Mean±SD. bP<0.05, cP<0.01 vs control group. eP<0.05, fP<0.01 vs FFR 
group.

 Control group(n=12)   FFR(n=9)  FFR+F(n=9)

Body weight (g)  549±43    654±80c  614±47e 
Systolic blood pressure (mmHg)  115±5    138±6c  115±10f 
Glucose (mmol/L) 5.00±0.96   5.39±1.49 5.33±0.89
Triglycerides (mmol/L) 0.81±0.24   1.34±0.74b 1.17±0.53
Total cholesterol (mmol/L) 1.66±0.44   1.70±0.50 1.64±0.53
Insulin (uUI/mL) 8.94±2.03 17.34±3.08c 8.98±2.91f

HOMA  2.13±0.66   4.15±1.45b 2.16±0.89e
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indicate that inflammatory mediators, such as interleukin-6 
and hypersensitivity C-reaction protein (hsCRP), are in-
volved in the pathogenesis of metabolic syndrome. Patients 
with metabolic syndrome are associated with increased 
atherosclerotic burden, as reflected by increased incidence 
of carotid[6] and coronary artery[5] plaques. It is well recog-
nized that atherosclerosis is an inflammatory disease[8]. The 
expression of inducible adhesion molecules in the arterial 
wall represents a key event in the development of athero-
sclerosis. Adhesion molecules on the endothelial layer, such 

as ICAM-1 and VCAM-1, contribute to lesion initiation by 
mediating the recruitment of monocytes to the intima[24]. 
The recruited monocytes migrate into the subendothelial 
space and differentiate into macrophages[8]. Abundant 
macrophages containing plaques are vulnerable to fatal 
disruption in humans[25]. The present study shows that the 
ICAM-1 and VCAM-1 gene expressions were upregu-
lated in the aorta in FFR, despite the absence of the aortic 
plaques. Immunohistochemistry showed the distinct ex-
pressions of ICAM-1 and VCAM-1 in the intima, and the 
infiltration of macrophages into the vascular wall was also 
enhanced. This expression pattern is similar to that in clas-
sical atherosclerosis[26]. Furthermore, we found that aortic 
adhesion molecular mRNA levels correlated with metabol-
ic parameters, such as triglycerides, insulin, and HOMA. 
Thus increased adhesion molecular expression may partici-
pate in accelerating the growth of early lesions in patients 
with metabolic syndrome in a manner that is similar to 
the proposed role of adhesion molecules in the expansion 
of classical lesions. Given the special pathophysiologi-
cal state[1,3], these data provide a partial explanation of the 
higher incidence of atherosclerosis in metabolic syndrome 
populations.

CCB are widely used to treat patients with hypertension 

Figure 1. Aortic mRNA expression of ICAM-1 and VCAM-1 among 
control rats (n=12), FFR (n=9), and FFR+F (n=9). Error bars represent 
standard deviations. bP<0.05, cP<0.01 vs control group. eP<0.05 vs FFR.

Figure 2. Immunohistochemical staining for ICAM-1 in the aorta of control rats (A), FFR (B), FFR+F (C), and negative control (no primary antibody) 
(D). Note that the expression of ICAM-1 in the control rats was very weak, and the expression in FFR was significantly enhanced, whereas treatment with 
felodipine reduced the expression of ICAM-1 in the aorta of FFR. Columns represent integrated optical density (IOD) obtained from 12 animals in the 
control group, 9 animals in the FFR group, and 9 animals in the FFR+F group. IOD was obtained from the intima and media of the aorta. Error bars rep-
resent standard deviations. bP<0.05, cP<0.01vs control group. fP<0.01 vs FFR.
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and stable angina pectoris in clinical practice[12,13]. Clini-
cal studies have shown that CCB retard the progression of 
atherosclerosis[12,13]. However, the underlying mechanisms 
remain unclear. Using ApoE-deficient mice, Yoshii et al[27] 

and Kataoka et al[28] found that amlodipine regresses ath-
erosclerosis via anti-inflammatory action. Yao et al[29] dem-
onstrated that felodipine suppresses atherosclerosis in high-
cholesterol-fed ApoE-deficient mice by reducing oxidative 
stress and inflammatory cytokines. Because metabolic 
syndrome is characterized by the simultaneously occurring 
and clustering of several cardiovascular and metabolic risk 

factors[1,2], it is of great interest to investigate the effect of 
CCB on metabolic syndrome. To the best of our knowl-

Figure 3. Immunohistochemical staining for VCAM-1 in the aorta of control rats (A), FFR (B), FFR+F (C), and negative control (no primary antibody) 
(D). Expression of ICAM-1 in the control rats was very weak. Expression in FFR was upregulated significantly, and treatment with felodipine reduced 
the expression of ICAM-1 in the aorta of FFR. Columns represent IOD obtained from 12 animals in the control group, 9 animals in the FFR group, and 9 
animals in the FFR+F group. IOD was obtained from the intima and media of the aorta. Error bars represent standard deviations. cP<0.01vs control group. 
fP<0.01 vs FFR.

Figure 4. Infiltration of macrophages into the aorta of control rats, FFR, 
FFR+F. Columns represent macrophage numbers obtained from 9 animals 
in each group. Error bars represent standard deviations. cP<0.01 vs con-
trol group. fP<0.01 vs FFR.

Figure 5. Effect of felodipine on NF-κB activation. Ten micrograms of 
nuclear extracts from control rats (line 4), FFR (lines 2 and 5) and FFR+F 
(line 3), a DIG-labeled NF-κB probe, and a NF-κB unlabeled probe were 
incubated in a reaction buffer as indicated. Only the labeled NF-κB probe 
was added in line 1. Results shown correspond to a respective experiment 
of 3 independent assays.
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edge, this is the first study to demonstrate that felodipine 
decreases the expressions of ICAM-1 and VCAM-1 and re-
duces macrophage infiltration via the inhibition of NF-κB 
activity in the aorta of FFR. Our results suggest that felo-
dipine may have the potential to inhibit the vascular inflam-
matory process in metabolic syndrome. In accordance with 
previous studies[27–29], our result expand our knowledge of 
retarding vascular damage in metabolic syndrome with the 
treatment of felodipine. Interestingly, we only found that 
the aortic expression of the adhesion molecules correlated 
with insulin and HOMA, but not with blood pressure and 
lipids after treatment with felodipine for 6 weeks. Clini-
cal studies have demonstrated that CCB attenuate insulin 
resistance in hypertensive and diabetic patients[30, 31]. In line 
with those studies, our results indicate that felodipine, a 
CCB, improves insulin resistance in FFR. 

The expression of adhesion molecules is regulated 
transcriptionally by NF-κB[32]. NF-κB is a key transcrip-
tion factor in vascular inflammation and is activated by 
pro-inflammatory cytokines, atherogenic lipoproteins, and 
reactive oxygen intermediates[33]. NF-κB is also involved 
in the development of insulin resistance[34]. Therefore, we 
suspect that NF-κB is involved in mediating the increased 
expression of adhesion molecules in the aorta of FFR be-
cause the above-mentioned stimuli are all related to meta-
bolic syndrome[22,23]. Using EMSA, the most wildly applied 
method[35], we clearly demonstrated that the binding activ-
ity of NF-κB to its consensus oligonucleotide decreased 
after treatment with felodipine for 6 weeks in the aorta of 
FFR. Thus felodipine reduces the expression of adhesion 
molecules probably by inhibiting NF-κB activity in this rat 
model of metabolic syndrome.

As mentioned earlier, CCB have anti-inflammatory 
effects in atherosclerosis[27,28], and as inflammation is in-
volved in metabolic syndrome[22,23], it is rational to consider 

that felodipine exerts its anti-inflammatory effects in this 
rat model of metabolic syndrome. However, the exact 
mechanism needs to be further elucidated.

Feeding fructose-enriched diets to normal rats has been 
shown to induce hypertension, insulin resistance and hy-
perinsulinemia, and provide a model of dietary-induced 
metabolic syndrome[14–17]. Dai et al[14] demonstrated that 
treatment with 10% fructose in drinking water (which is 
equivalent to a diet containing 48%–57% fructose) for at 
least 1 week is appropriate for the rapid induction of meta-
bolic syndrome in Wistar rats. Takagawa et al[36] reported 
that the body weight of FFR was significantly increased 
after feeding a high fructose diet for 40 weeks, which sug-
gests high fructose-induced metabolic syndrome is duration 
dependent. High fructose feeding failing to induce obesity 
may be one shortcoming of most studies using FFR, as 
obesity is now considered a major abnormality of meta-
bolic syndrome, and this has been emphasized in the defi-
nition of metabolic syndrome by the International Diabetes 
Federation[37]. In our study, we used 10% fructose in drink-
ing water to feed rats for 32 weeks. The FFR demonstrated 
increased body weight, hypertension, hyperinsulinemia, 
hyperglyceridemia, and insulin resistance, thus this model 
is similar to the characteristics of metabolic syndrome in 
humans.

Dietary and lifestyle changes reduce the cardiovascu-
lar risk in patients with metabolic syndrome. However, in 
those patients, the additional administration of antihyper-
tensive drugs is required when there is hypertension. Be-
cause cardiovascular risk is high in hypertensive patients 
with metabolic syndrome, it would appear advisable to pur-
sue a rigorous blood pressure control[38]. It is suggested that 
treating patients at high risk of cardiovascular disease with 
drugs that decrease inflammation improves outcome[39]. 
Our results may help us to well understand the beneficial 
effects of CCB in clinical practice. 

The present study has some limitations. Other adhesion 
molecules, such as E-selectin and P-selectin, were not ex-
amined in our study. Our selection was based on the study 
which showed that only ICAM-1 and VCAM-1 were found 
at the sites predisposed to lesion formation in rabbit and 
mouse atherosclerosis[26]. The roles of other adhesion mol-
ecules in the progression of vascular damage in metabolic 
syndrome need to be further studied. Blood pressure was 
measured by tail-cuff methods in the present study. A re-
cent publication[40] has shown that blood pressure does not 
increase in FFR when measured by radiotelemetry, and that 
the apparent increase of blood pressure observed using tail-
cuff methods may be an artifact arising from the stress of 

Table 3. Correlation between adhesion molecular mRNA and metabolic 
parameters at the end of the study. bP<0.05, cP<0.01.

                                                Correlation coefficient 
 ICAM-1 mRNA VCAM-1 mRNA

Body weight 0.366 0.452 
Systolic blood pressure 0.553b 0.612b

Glucose 0.351 -0.026 
Total cholesterol -0.170 -0.053 
Triglyceride 0.199 0.686b

Insulin 0.503 0.848c

HOMA 0.688b 0.835c
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using the animal restraint. In our study, efforts were made 
to minimize stress during blood pressure measurements, 
and our results are consistent with other studies that found 
blood pressure was elevated in FFR when measured by tail-
cuff methods[14–17]. Considering that baseline blood pressure 
is not raised in all rats, and control rats and FFR experience 
the same level of stress in the tail-cuff procedure, it is rea-
sonable to presume that fructose induces hypertension in 
rats.

In summary, the present study provides substantial 
evidence that vascular inflammatory responses are en-
hanced in FFR, a rat model of metabolic syndrome. The 
augmented inflammatory response in the arterial wall may 
be involved in the accelerated atherosclerosis in metabolic 
syndrome. Felodipine, a CCB, attenuates vascular inflam-
mation through the inhibition of NF-κB activation, and 
may thus have the potential to inhibit vascular inflamma-
tion in metabolic syndrome.
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