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Background: Vascular disease is the principal cause of morbidity and mortality in patients with diabetes. A 
considerable body of evidence implicates oxidative stress as an important pathogenic factor of diabetic vascu-
lopathies. In the present study, the effect of hesperidin, a flavanone glycoside with antioxidant activity, is studied 
in endothelium-dependent relaxation of the rat aorta in experimental diabetes mellitus type 1 (DM1) and type 2 
(DM2). 
Patients and Methods: Single dose intraperitoneal injection of streptozocin (60mg/kg) and subcutaneous daily 
injection of dexamethasone (10µg/kg for one month) were used to induce DM1 and DM2, respectively. Hesperi-
din (500mg/kg) was administered orally for two months in DM1 and one month in DM2. The effect of acetyl-
choline (Ach) on phenyl ephrine (PE) induced. PE contracted aorta was then studied and the EC50 and maximal 
relaxant effect of Ach were calculated and compared in the two groups.
Results: In the experimental DM1, hesperidin restored endothelium-dependent relaxation near to those of nor-
mal animals. Its effect on experimental DM2 consisted of a significant reduction of EC50 value of Ach compared 
to those of diabetic animals. It also showed a great but non-significant effect (P=0.07) on Ach-induced maximum 
relaxation compared to DM2 untreated animals. 
Conclusion: These results show that hesperidin can improve vascular endothelial dysfunction in experimental 
diabetes mellitus.
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Introduction

The incidence of diabetes mellitus is increas-
ing globally. Vascular diseases are the 

principal causes of morbidity and mortality in 
patients with diabetes. The endothelium plays 
an important role in the regulation of vascular 
smooth muscle tone by producing vasodilator 
mediators. The loss of the modulatory role of 
the endothelium may be a critical initiating fac-
tor for diabetes-induced vascular diseases.1,2

Abnormal endothelial functions have been 

observed in vascular beds of diabetic animals.3,4   
The exact mechanisms, which lead to the de-
velopment of endothelial dysfunction in diabe-
tes, are still unknown.4 However, it has been 
proposed that reduced nitric oxide synthase 
(NOS) activity, decreased availability of sub-
strate or co-factor such as L-arginine and tet-
rahydrobiopterin for NO synthesis, enhanced 
inactivation of NO, impaired diffusion of NO to 
the underlying smooth muscle cells and de-
creased smooth muscle cell sensitivity to NO 
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hypercholesterolemia, atherosclerosis, hyper-
tension, and heart failure.7,8 Oxidative stress 
is defined as an increase in the steady-state 
levels of reactive oxygen species (ROS).  ROS 
are a family of molecules including molecu-
lar oxygen and its derivatives produced in all 
aerobic cells. Excessive production of ROS, 
outstripping endogenous antioxidant defense 
mechanisms, has been implicated in the oxi-
dation of biological macromolecules such as 
DNA, proteins, carbohydrates, and lipids. This 
condition has commonly been referred to as 
oxidant stress.8 These findings have prompted 
investigators to study the role of availability of 
antioxidant on vascular dysfunction.

  Hesperidin is a flavonoid found mainly in 
citrus fruits. Flavonoids are polyphenolic com-
pounds, which directly quench free radicals and 
inhibit enzymes of oxygen-reduction pathways 
10. Hesperidin was also shown to have a wide 
spectrum of pharmacological effects including 
anti-inflammatory, anticarcinogenic, antihyper-
tensive and anti-atherogenic effects.11,12

Considering free radical quenching ability of 
hesperidin and the role of oxidative stress in 
vascular complications of diabetes, the pres-
ent study was designed to examine the effects 
of hesperidin on endothelium-dependent re-
laxation of aorta of rats with type 1 and 2 dia-
betes. 

 
Patients and Methods

The study was approved by Ethics Commit-
tee of the University. 

Male Spargue-Dawley rats (300-400 g) 
were obtained from Animal Breeding Center, 
Shiraz University of Medical Sciences, Shiraz, 
Iran. They were kept under alternate cycles, 12 

hrs each, of light and dark, and temperature 
-controlled conditions (25 º C) with food and 
water given ad libithum. They were then as-
signed to type 1 or type 2 diabetic groups. 

Experimental design and protocol for type 
1 diabetes (DM1)

Animals were assigned to control (C1) 
and diabetic groups (6-7 in each group). The 
Diabetes was induced by  intraperitoneal in-
jections of streptozocin (STZ, 60 mg/kg). C1 
group received equal volume of STZ vehicle 
(Dexamethasone). Rats from diabetic group 
with plasma glucose levels ≥250 mg/dl on day 
5 after STZ administration were considered 
diabetic and used for the next studies 

From the 6th day diabetic group was further 
divided into diabetic control (D1) and diabetic 
+ hesperidin (D1H) groups, which were as-
signed to receive tap water and oral hesperidin 
500 mg/kg/day, respectively. After 2 months, 
plasma glucose, triglyceride, total cholesterol, 
creatinine, urea and 24h urine protein levels 
were measured and compared with the levels 
obtained on day 5.

Experimental design and protocol for type 
2 diabetes (DM2)

The studied animals were randomly allocat-
ed to two diabetic groups (6-7 in each group) 
of DM2, including D2 and hesperidin-fed D2H 
(500 mg/Kg/). A third group (C2) received dexa-
methasone and was used as control.

On day 0, the plasma glucose level of all 
groups was measured before and 50 minutes 
after an intraperitoneal injection of insulin (3 
U/Kg, human regular dose). The same proce-
dure was repeated for all groups 30 days after
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dexamethasone injection. This is ambiguous, 
and needs clarification). Also, the plasma insulin 
level was measured on day 0 and 30 (before in-
sulin regular injection). Reduced hypoglycemic 
effect of insulin and hyperinsulinemia were con-
sidered as insulin resistance.13 After 1 month, 
plasma glucose, triglyceride, total cholesterol 
and creatinine levels were measured and com-
pared with the levels obtained on day 0.

Isolated rat aorta
After two months in diabetes type 1 and 1 

month in diabetes type 2 protocols, rats were 
weighed, anesthetized and killed by rapid de-
capitation. Their thoraxes were opened rapidly, 
and thoracic aortas were removed. The aortas 
were then freed of connective tissues, and di-
vided into 4-mm rings. The rings were mounted 
on stainless steel triangles connected to a force 
transducer (K30, Hugo Saches Electronik) at a 
resting tension of 500 mg in individual organ 
chambers filled with physiological salt solution, 
pH=7.4, containing NaCl 118, KCl 4.8, CaCl2 
2.5, KH2PO4 1.2, MgSO4 1.2, NaHCO3 25, Glu-
cose 11 (mMs).and aerated with O2 (95%) and 
CO2 (5%) at 37 °C. 
The tissue was allowed to equilibrate for 1 
h. while the solutions of the chambers were 
changed every 15 min. After the equilibration 
period, contractions were made using phenyl-
ephrine (PE) at a concentration of 10-6 M which 
produced 70-80% maximum response) and the 
cumulative effect of acetylcholine (Ach) con-
centrations was recorded. The concentration-
effect curves were plotted and the IC50 value 
and maximal relaxing effect of acetylcholine 
was calculated.

Chemicals
Phenylephrine hydrochloride and hesperi-

din were purchased from Sigma Chemical 
Company. Acetylcholine chloride and strepto-
zocin (Zanosar®) were obtained from Merck 
and Pharmacia & Upjohn, respectively.  Rat 
insulin ELISA kit was purchased from DRG in-
ternational; glucose, triglycerides, cholesterol, 
creatinine, urea, and urine protein commercial 
kits from Pars Azmun, Iran.

Data analysis
All the data were expressed as mean ± 

standard error of the mean (SEM). Statistical 
analyses were performed using SPSS soft-
ware (Ver. 11.5). Appropriate statistical tests 
(paired-t test, one way ANOVA with LSD post 
test) were performed on each set of data. P < 
0.05 was considered significant.

Results
Laboratory measurements in DM1 animals

Success rate of DM1 induction was about 
70% and the mortality rate among diabetics 
was about 20%.

On day 5, after STZ-treatment, animals were 
considered as diabetics if showed a significant 
hyperglycemia in comparison to controls (Ta-
ble 1). Also, urine volume and 24h urine pro-
tein in DM1 animals increased significantly. On 
day 60, there were no significant differences 
among D1, DH1 and C1 groups in the plasma 
levels of creatinine (Table 1). On day 60, the 
plasma level of glucose, triglycerides, choles-
terol, urine volume and 24 h urine protein of D1 
and D1H groups showed significant increases 
as compared to that of C1 group, but there 
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were no significant differences between D1 and 
D1H groups in this regard (Table 1).While the 
plasma urea level of D1 and D1H groups was 
significantly higher than that of C1 group on day 
60, this value was lower in D1H group compared 
to D1 (Table 1, P< 0.05). 

Laboratory measurements in DM2 animals
There were no significant differences in bio-

chemical parameters among the groups at base-
line.  

Thirty days injection of low doses of dexa-
methasone had no effect on plasma glucose 
levels in all groups. In contrast, on day30, the 
order of hypoglycemic effect of insulin was 
C2>D2H>D2 and the differences were significant 
(Table 2). Meanwhile, the plasma level of insulin 
showed the reverse order (P<0.05, Table 2). On 
day 30, the plasma level of triglycerides and cho-
lesterol of D2 and D2H groups showed signifi-
cant increments compared to that of C2 group, 

but there were no significant differences between 
the former groups in this regard (Table 2). Other 
biochemical parameters showed no differences 
among controls and treated animals (Table 2). 

Isolated aorta 
Maximal PE-induced (spell out PE) contrac-

tions in the aortic rings of C1, D1 and D1H rats 
were 309.1±52.6, 325.9±19.3 and 301.1±31.8 
mg, respectively. In DM2 protocol, these values 
were 281.2±43.4, 334.3±33.3, and 217.7±22.1 
mg, respectively for such groups. There were no 
significant differences in the maximum tension 
among the groups in each type of diabetes (Fig. 
1). 

Addition of cumulative concentrations of 
Ach to aortic rings pre-contracted with PE in-
duced a concentration-dependent relaxation 
in all the studied groups (Fig. 1). In D1 and D2 
, the EC50 of Ach increased and its maximum 
relaxant effect reduced compared to C1 and 

Figure 1:  Vasorelaxant effect of cumulative concentrations of acetylcholine on PE-induced  contraction (10-6 M) of 
isolated rat aorta in diabetic type 1 (a) and type 2 (b) studies. Each symbol represents 6-7 experiments. 
Standard errors of the means are indicated as vertical lines.
Control (●), diabetic (■), diabetic + hesperidine (▲).
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Table 1. Biochemical parameters of rats recruited in experimental diabetes type 1 study. Values are means ± SE. (n= 6-7)

C2 groups, respectively (P<0.001 for D1, P< 
0.01 for D2; Fig 1 a, b; Table 3).

In D1H animals, these diabetes-induced 
impairments have were almost totally restored 
(P<0.001, Fig. 1a, Table 3). In D2H group, 
hesperidin induced a similar significant effect 
on the EC50 of Ach, though at a smaller level 
(P<0.01, Fig. 1b, Table 4). In this group, the 
maximum relaxant effect of Ach was also in-
creased but this change did not show any sta-
tistical significance (P<0.07, Fig. 1b, Table 3).

Discussion
The effect of experimental type 1 and 2 dia-

betes on endothelium-dependent relaxation of 
the aorta was examined in the present study.

Experimental DM1 was induced by STZ 
which leads to rapid destruction of β cell, severe 
decline in insulin plasma level and profound 
hyperglycemia. In the present study, it induced 
severe hyperglycemia, elevation of triglycer-
ides, cholesterol and urea plasma level, and 
increased 24h urine protein excretion (Table 1).

Glucose (mg/dl) 133.8±11.84 126.00 ±8.48 126.5±5.72 124.8±7.42 122.67±11.84 125.67±8.44

Δ %Glucose (mg/dl) 62.11±1.50 60.93±1.89 57.48±2.20 58.69±3.10 32..93±1.56* 43.13±1.1*,†

Insulin (µg/L) 1.46±0.23 2.06±0.18 1.5±0.22 1.80±0.28 5.11±0.37* 4.13±0.25*,†

Triglycerides (mg/dl) 117.20±4.97 128.83±4.77 122.83±2.21 129.00±4.91 188.67±8.74* 180.50±5.48*

Total Cholesterol (mg/dl) 49.20±2.31 50.33±1.60 47.33±1.98 55.40±1.12 78.00±3.92* 75.50±4.09*

Creatinine (mg/dl) 1.26±0.13 1.10±.086 1.07±0.71 1.13±.016 1.1±0.05 0.98±0.01

Urea (mg/dl) 39.60±3.93 36.00±1.48 41.83±1.49 41.00±3.78 45.33.17±7.66 43.83±3.06

Table 2. Biochemical parameters of rats recruited in experimental diabetes type 2 study. Values are  means± SE. (n= 6-7)

C2: Control, D2: Diabetic type2, D2H: Diabetic type 2 + hesperidin; Day 0= before dexamethasone injection, Day 30= 30 days after daily 
injections of dexamethasone (10 µg/Kg) ; Δ %Glucose: percent of blood glucose reduction 50 minutes after human regular insulin injec-
tion (3 U/Kg); * P< 0.05compared with C2 on day 30, † P< 0.05 compared with D2 group on day30.

C2 (day 0) D2 (day 0) D2H (day 0) C2 (day 30) D2 (day 30) D2H (day 30)

Glucose (mg/dl) 136.67± 0.10 532.12±26.35* 461.80±34.03* 126.33±6.25 541.86±23.29† 480.40±24.52†

T-Cholesterol (mg/dl) 32.17±3.57 41.71±2.92 43.80±6.02 45.83±3.71 62.42±4.42† 62.80±3.54†

Triglycerides (mg/dl) 57.67±8.15 50.71±13.06 83.80±17.98 59.67±7.98 187.57±42.55† 171.60±20.12†

Creatinine (mg/dl) 1.2±.013 1.3±0.014 1.53±0.32 0.97±0.17 1.21±0.040 1.06±0.13

Urea (mg/dl) 40.17±3.26 48.28±2.74 43.00±3.85 33.00±2.26 63.17±5.97† 46.20±4.01†,‡

Urine volume (ml) 8.83±1.01 51.14±6.41* 50.33±5.71* 8.17±1.40 77.43±5.80† 67.60±12.35†

Protein 24h (mg) 9.08±1.81 24.08±3.03* 20.07±1.44* 8.48±0.91 20.80±1.96† 25.01±1.06†

C1: Control, D1: Diabetic type1, D1H: Diabetic type 1 + hesperidin; Day 5= 5 days after streptozocin injection, Day 60= 60 days after 
streptozocin injection; * P< 0.05 compared with C1 on day 5, † P< 0.05 compared with C1 on day 60, ‡ P< 0.05 compared with D1 group 
on day 60.

C1 (day 5) D1(day 5) D1H (day 5) C1 (day 60) D1(day 60) D1H (day 60)
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These effects were in concordance with com-
plications arising in diabetic patients.

Low dose of dexamethasone (10 µg/kg/day) 
was applied to induce DM2. This method was 
used based on the suggestion of Severino et 
al., however it must be noted that in the pres-
ent study the administered dose was higher 
than that used by them (2 µg/kg/day), which 
proved ineffective. The used model, which can 
be proposed as a convenient and inexpensive 
method to study early phases of diabetes type 
2, induced insulin resistance in association 
with hypertriglyceridemia and hypercholes-
terolemia without alteration in blood glucose 
level. These changes were compatible with 
pre-diabetic phase in human. 

Impaired endothelium-dependent relaxation 
of the aorta is the major vascular dysfunction 
in both experimental diabetes type 1 and type 
2.14,15 The effect of acetylcholine on PE-induced 
contraction of the rat aorta was therefore ex-
amined in regard to the effect of hesperidin on 
the diabetic vasculopathy.  PE-induced- con-
tractions did not show any significant differ-
ences among the studied groups either in DM1 
or DM2.  In other words experimental diabetes 
had no effect on α1-adrenoceptor- mediated 
vascular contractions; however, opposite re-
sults has also been reported.16

Relaxant effect of Ach in both models of 

diabetes decreased significantly compared to 
control groups (Table 3, Fig 1). It is thus con-
cluded that NO release from endothelial cells 
had been impaired in DM1 and DM2. The ex-
act mechanism of decrease in NO bioactiv-
ity is not fully described but among the vari-
ous observed metabolic disturbances in DM1, 
hyperglycemia appears to be the main cause 
of endothelial dysfunction. It has been shown 
that hyperglycemia generates reactive oxygen 
species (ROS) and the decrease in NO activ-
ity can be attributed to the overproduction of 
these species. Increased generation of ROS 
may also induce activation of different signaling 
pathway, as protein kinase C (PKC).  PKC ac-
tivation has been reported to cause additional 
generation of ROS.9 Furthermore, the increase 
in TG and Cholesterol levels observed in the 
present study had also a significant role in en-
dothelial dysfunction via enhanced NADPH 
oxidase-dependent O-

2 generation and over-
production of ROS.4

In DM2 and in the context of insulin resis-
tance, vascular dysfunction is detectable very 
early in the course of the disease even before 
overt hyperglycemia ensues, and it may play 
a key role in the vasculopathy associated with 
this disease. Data from animals and human 
studies have established insulin resistance as 
an important determinant of NO bioavailability. 

C1: Control, D1: D type1, D1+H: Diabetic type1 + hesperidin, C2: Control, D2: Diabetic type2, D2H: Diabetic type 2 + hesperidin
* P<0.001 compared with C1group, † P< 0.001 compared with D1 group 
‡ P< 0.01 compared with C2 group, ◘ P< 0.01 compared with D2 group

Table 3. pEC50 (-log EC50) and maximum relaxant effect of acetylcholine on PE-induced contraction of isolated rat aorta. 
Values are means ± SE (n=6-7).

C1 D1 D1+H C2 D2 D2+H

pEC50 6.27±0.067 4.93±0.21* 6.13±0.13† 6.04±0.12 4.96±0.35‡ 6.38±0.07†

Max relaxation (%) 100±0 72.12±4.05* 100±0† 97.96±2.04 70.13±8.68‡ 85.71±4.65◘
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Multiple mechanisms including oxidative stress 
and inflammation have been implicated in the 
development of endothelial dysfunction in the 
setting of insulin resistance. Vascular produc-
tion of ROS, including superoxide and per-
oxynitrite, is increased in insulin resistance. 
These compounds scavenge free NO and re-
duce its bioavailability and also promote endo-
thelial cell apoptosis.17-19

In the present study, hesperidin showed a 
remarkable inhibitory effect on the impaired 
aortic response to Ach, especially in DM1 (Fig. 
1 and Table 3). The antioxidant effect of hes-
peridin and its ability to quench free radicals 
and inhibiting  enzymes of oxygen-reduction 
pathways have been shown in several inves-
tigations.10,20  Regarding the key role of ROS 
in the endothelial cell dysfunction in diabetes, 
this significant and favorable effect can be at-
tributed to the antioxidant effect of hesperidin. 
It must be emphasized that in comparison to 
controls, hesperidin had no statistically signifi-
cant effect on Ach-induced maximum aortic re-
laxation in type 2 diabetic animals (in contrast 
to the effect on EC50 of Ach, Fig 1, and Table 
3). However, it must be noted that the corre-
sponding P value had marginal significance 
(P=0.07) which might have also been affected 
by the limited number of animals used.  

It has been shown that oxidative stress is 
the cause and also the consequence of insulin 
resistance.17 Hesperidin reduced insulin resis-
tance and hyperinsulinemia in D2H animals 
(Table 2). This effect, which can also be due 
to its antioxidant action, may have an impor-
tant implication in the prevention of diabetes 
because it is known that the insulin resistance 

is the early event and promoting factor in the 
natural history of diabetes type 2.17,18

In addition to antioxidant action of hesperi-
din, its anti-inflammatory effect must also be 
considered.21 Interestingly, hyperglycemia, in-
sulin resistance and increased TG plasma lev-
el lead to increased expression of interleukin 
IL-1β, IL-6 and tumor necrosis factor. These 
cytokines increase C-reactive protein (CRP) 
production in vascular endothelial cells. CRP 
reduces NO generation via reduction of eNOS 
expression and impairment of insulin-stimu-
lated activation of eNOS in IRS-1/PI3-kinase 
signaling pathway. It also increases the ex-
pression of endothelial vascular cell adhesion 
molecule (VCAM)-1, intercellular adhesion 
molecule (ICAM)-1, and E-selectin which may 
play an additional role in endothelial dysfunc-
tion in diabetes.18,22-24 It is quite possible that 
some of the observed effects of hesperidin in 
the present study have resulted from its addi-
tional anti-inflammatory effect. Hesperidin may 
thus improve diabetic vascular complications 
through its antioxidant/anti-inflammatory prop-
erties.

In DM1, hesperidin lowered the urea plas-
ma level as compared to the diabetic controls 
but it did not significantly affect the increased 
levels of glucose, TG, cholesterol and pro-
teinuria (Table 1). Its effect on urea plasma 
level can be attributed to the improvement of 
kidney  homodynamic. However, a plausible 
explanation for discrepancy between hes-
peridin’s effects on aortic relaxation and pro-
teinuria (a marker of glomerular injury and 
diabetic nephropathy) is not available. This 
might be due to the different pathogenesis
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of microvascular and macrovascular complica-
tions of diabetes or the rapid adverse effect of 
experimental diabetes on glomerular hemody-
namics and microarchitecture.  In the present 
model of inducing insulin resistance and dia-
betes type 2, there were no changes in plasma 
glucose level and excreted urine protein (Table 
2). Hesperidin had no effect on the increased 
levels of TG and cholesterol in this group (Table 
2). This is in contrast to the results of a study 
which pointed to its lowering effect on TG and 
cholesterol 25.

In conclusion, hesperidin preserves bio-
availability of NO in aortic endothelial cells in 

both DM1 and DM2. This can be attributed to 
its antioxidants and anti-inflammatory effects 
and suggests its potential to improve some 
complications of diabetes. 
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