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Abstract 

In order to explore the mechanism underlying the protective effect of ellagic acid (EA) against vascular dysfunction and 
oxidative damage in vascular endothelial cells, a high-fat diet (HFD) murine model was established using 32 ApoE-/- mice 
and 32 wild type C57BL/6 mice (WT). The degree of atherosclerosis, blood biochemical parameters, the expression of nitric 
oxide synthase (NOS), the expression of Nrf2 (nuclear factor (erythroid derived 2) like 2) and HO-1 (heme oxygenase-1) 
proteins were analysed. In addition, the protective effect of EA against oxidative damage in mouse vascular endothelia was 
studied by detecting the relaxation status of vascular endothelia. The results showed that the plaque area of atherosclerosis 
decreased significantly in mice treated with EA by increasing the expression of Nrf2 and HO-1 in blood vessels. The level of 
Nrf2 and HO-1 proteins in the arteries of WT mice and ApoE-/- mice treated with EA were significantly increased, suggesting 
that EA improves vasodilation by increasing Nrf2 expression. 
 
Rezumat 

Pentru a studia mecanismul care stă la baza efectului protector al acidului ellagic (EA) asupra disfuncției vasculare și a 
leziunii oxidative în celulele endoteliale vasculare, a fost utilizat un model murin cu dietă bogată în grăsimi (HFD) folosind 
32 de șoareci ApoE-/- și 32 de șoareci tip C57BL/6 (WT). A fost analizat gradul de ateroscleroză, parametrii biochimici, 
expresia nitric oxid sintazei (NOS), expresia Nrf2 (factorul nuclear 2) și HO-1 (hem oxigenază-1). În plus, efectul protector 
al EA împotriva degradării oxidative în endoteliul vascular a fost studiat prin detectarea stării de relaxare a acestuia. 
Rezultatele au arătat că zona plăcii de ateroscleroză a scăzut semnificativ la șoarecii tratați cu EA prin creșterea expresiei 
Nrf2 și HO-1 în vasele de sânge. Nivelul proteinelor Nrf2 și HO-1 din arterele șoarecilor WT și ApoE-/- tratați cu EA a fost 
semnificativ crescut, sugerând că EA îmbunătățește vasodilatația prin creșterea expresiei Nrf2. 
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Introduction 

Vasodilation and contraction are maintained by vascular 
endothelial cells, whose damage is the pathological 
basis of atherosclerosis. Contractile and diastolic 
factors synthesized and secreted by vascular endothelial 
cells can maintain vasoconstrictive functions [1,2]. As 
an early symptom of atherosclerosis, endothelial cell 
injury induces the generation of pathological stress and 
impairs normal vasomotor functions [3]. Endothelial 
damage and oxidative stress are implicated in the 
pathogenesis of atherosclerosis [4]. Polyphenolic 
natural compounds were extensively studied for their 
antioxidant, antitumoural and protective effects in 
many chronic diseases [5, 6]. 
As a polyphenolic compound, ellagic acid (EA) is a 
polyphenolic compound that can be found in all 
kinds of soft fruits and nuts, raspberries, blueberries, 
walnuts and Chinese herbal medicines such as Paeonia 
lactiflora and gallnut. Studies showed that EA has a 
significant inhibitory effect on carcinogenesis induced 

by chemical substances [7], being able to prevent 
macrophage peroxidation to a certain degree. According 
to previous studies, EA exerts significant effects on 
the treatment of blood dysfunction and stasis via the 
Nrf2 pathway, which is involved in the maintenance 
of vascular anti-diastolic functions by regulating the 
balance of oxides and antioxidants [8]. The presence 
of both Nrf2 and HO-1 in blood vessels can activate 
antioxidant enzymes to achieve a balance in the 
regulation of oxidative stress. In the treatment of 
oxidative damage of vascular endothelial cells it 
was showed that the uptake of polyphenols could 
activate Nrf2 and start the antioxidant cascade [11]. 
However, the antioxidant effect of EA in the process 
of atherosclerosis remains unclear. It is speculated 
that EA can improve atherosclerosis in the long run 
and it has a certain mitigation effect on oxidative 
damage of blood vessels.  
The current study aimed to investigate the mechanism 
underlying the protective effect of EA against vascular 
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dysfunction and oxidative damage in vascular endo-
thelial cells using a high-fat diet (HFD) murine model. 
 
Materials and Methods 

Animals 
32 ApoE-/- mice,8Nrf2-/- mice aged 6 - 8 weeks and 32 
wild type C57BL/6 mice (WT) with the same genetic 
background were selected for this study. The animals 
were purchased from Nanjing Junke Bioengineering 
Co., Ltd., China. The animals were acclimatized to 
the new laboratory conditions for 7 days before the 
study begin. During the acclimatization period and 
during all the period of the experiments began the 
animals were housed in standard conditions with a 
temperature of 19°C - 26°C, of 52%-63%humidity 
and light 12 h/day. This study has been approved by 
the Ethics Committee of Zhejiang Hospital, China 
and all the animal were in accordance with the 
international regulations in force regarding animal 
studies (American Veterinary Medical Association). 
The 72 mice were randomly divided into six groups as 
follows: WT-HFD group (16 mice), WT-HFD + EA 
group (16 mice), ApoE-/--HFD group (16 mice), ApoE-/--
HFD + EA group (16 mice), Nrf2-/--HFD group (4 
mice) and Nrf2-/--HFD+EA group (4 mice). The mice 
from WT-HDF, ApoE-/--HFD and Nrf2-/--HFD groups 
were fed with 30 mg/kg/day high-fat diet (21% fat 
content, 0.2% cholesterol content), while the mice 
from WT-HFD + EA, ApoE-/--HFD + EA, Nrf2-/--HFD 
groups were fed with a 30 mg/kg/day HFD diet plus 
0.5 g/kg/day EA for 14 weeks. Nrf2-/- groups were 
only used for detection of the effect of HOCl on 
vascular diastolic response. 
Analysis of the degree of atherosclerosis 
Except for Nrf2-/-mice, 4 mice from each of the four 
groups were sacrificed by cervical dislocation at the 
end of the experiment and the upper thoracic aorta 
was collected and divided in two parts: one for 
histopathologic examination and the other part was 
freezed at -80 ͦºC for Western Blot analysis. 
Histopathological examinations were carried out by 
immobilizing blood vessel samples in a polyform-
aldehyde solution (Xi'an Reagent Factory, China), 
followed by dehydration with a sucrose solution and 
embedding using a paraffin embedding machine 
(Leica, Germany). After being washed in running tap 
water for more than 1 h, the samples were dehydrated 
for 10 minutes using gradient ethanol (50%, 70%, 
80%, 90% and 100%, respectively). Then, the 
specimens were treated twice with 100% toluene 
for 10 min each time, and soaked in different wax 
cylinders at 60°C - 65°C for 2 h. Finally, the samples 
were sliced using a paraffin microtome (Leica, 
Germany) and stained with hematoxylin-eosin using 
the standard procedure [9]. The slices were then 
analysed and the images were processed using Image-
Pro Plus 5.0 software. 

Biochemical analysis 
After 16 h of fasting, except for Nrf2-/-mice, other 
4 mice in each group were anesthetized (ketamine 
3.1 mg/100 g) for blood sample collection. The blood 
samples were centrifuged (3000 rpm, 15 min), the 
serum was collected and stored at -80°C for later use. 
The total serum cholesterol (TC) and triglycerides 
(TG) were measured using an automatic biochemical 
analyser (Hitachi, Japan) based on the instructions 
of the manufacturer. Enzyme-linked immunosorbent 
assay (ELISA) was used to detect serum antioxidant 
markers and adhesion factors. The serum levels of 
sICAM-1 (soluble inter-cellular adhesion factor-1) 
and sP-selectin (soluble P-selectin) were measured by 
an ELISA kit (Shanghai Transhold Navigation Tech., 
China) in accordance with the kit instructions. The 
absorbance value was read at 450 nm on a plate 
reader. The serum concentrations of sICAM-1 and 
sP-selection were calculated based on standard curves. 
The antioxidant activity was evaluated by measuring 
the ferric reducing ability of plasma (FRAP) (ferric 
ion reducing antioxidant power) [11]. The results 
were expressed as µmol Fe/mL. 
Nitric oxide synthase (NOS) activity 
The artery tissues of mice were taken from a -80°C 
freezer and mixed with 1.0 mL of a pre-cooled 
homogenate medium (Normal saline) before the sample 
tissues were homogenated in a glass homogenizer. 
Next, the supernatant was collected by centrifugation 
(3000 rpm, 15 min) and the activity of NOS in the 
supernatant was determined by an ELISA NOS kit 
in strict accordance with kit instructions. 
Western Blotting 
The expression of HO-1 and Nrf2 in the thoracic aorta 
of mice in each group was determined by Western 
Blot. Preparation of vascular tissue homogenate: 50 
mg of fresh arterial plaque tissues were homogenated 
(50 mg fresh arterial plaque tissue was shredded). Then, 
600 µL of a Western lysate (Dingguo Changsheng 
Biological Company, China). Subsequently, 1 µM of 
PMSF (phenylmethylsulfonyl fluoride) was added 
and the homogenate was incubated on ice for 30 min 
before being subjected to centrifugation (4°C, 12000 
rpm, 5 min). The cells were immediately treated with 
glucose and RSG (rosiglitazone) for protein imprinting. 
A certain amount of protein samples were mixed with 
the same amount of a sample buffer (Cell Signaling 
Technology, USA) and boiled. After centrifugation 
(10000 rpm, 10 min), the supernatant was taken and 
aliquoted. SDS-PAGE electrophoresis was performed 
to separate the protein (Kangwei Century Biotechnology 
Company, China), which was then transferred onto a 
NC membrane (Sigma, USA) using a semi-dry rotation 
device. Afterwards, the NC membrane was blocked by 
8% skimmed milk powder at room temperature for 
1 h. The protein was transferred to NC membranes 
(Sigma USA) using a semi-dry rotation device. At 
room temperature, 8% skimmed milk powder was 
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enclosed for 1 hour, then incubated at 4 degrees Celsius 
in the first antibiotic solution, and then incubated at 
4°C with primary anti-fat antibodies; the membrane 
was washed 4 times with TBST (15 min/each). Then, 
the membrane was incubated with HRP II antibody 
(dissolved in TBST) at 37°C for 30 min. The electro-
phoretic bands were then analysed by an automatic 
gel imaging system (Syngene Company, Britain). 
Preparation of in vitro vascular rings 
4 mice from each group and all Nrf2-/- mice were 
sacrificed, their thoracic aortas were quickly removed 
and put into a K-H buffer solution (NaCl 118.3 
mmol/L, KCl 4.7 mmol/L, MgSO47H2O 1.2 mmol/L, 
KH2PO4 1.2 mmol/L, CaCl2 2.5 mmol/L, NaHCO3 

24.0 mmol/L, EDTA 0.03 mmol/L, and pH 7.4), 
followed by gas (95% O2 + 5% CO2) injection into 
the buffer solution. The connective tissues and fat 
were stripped off before the blood vessels were cut 
into 4 mm rings. Finally, the vessel rings were 
transferred into a bath containing a K-H buffer in 
an atmosphere of 95% O2 + 5% CO2 (AS-2, USA). 
Detection of diastolic function of vascular endothelium 
The vessel rings were placed in the bath system while 
one end of the vessel was connected to a tension 
transducer (Leica, Germany). Systolic and diastolic 
data of vascular ring samples were collected after 
the vessels were balanced for 90 min under 2 g of 
resting tension. 1 µmol/L phenylephrine (Phe) was 
added on each vascular ring to induce constriction. 
Then, an accumulated concentration of acetylcholine 
(Ach) (1 × 10-10 - 1 × 10-5 mol/L) relaxed the rings after 
the contractile response of the rings reached a plateau. 
Measurement of the diastolic percentage: Ach and 
papaverine (0.3 µmol/L) were used to relax the vascular 
rings, respectively, before the diastolic percentage of 
the vascular rings was obtained. HOCl pre-treatment 
was carried out to induce oxidative damage. The 
protective effect of EA on the tension of vascular 
rings induced by oxidative damage was then observed. 
After the rings were rinsed with a fresh Kerb's solution 
(in-house prepared) for several times, the muscle 
trough was cleaned and the tension was restored to the 
baseline. The ring was then stabilized for about 10 
min under 2 g of tension. Phe (1 × 10-6 mol/L) was 
used to constrict blood vessels. The endothelium-
dependent and non-endothelium-dependent relaxation 
responses induced by an accumulative concentration 
of Ach (1 × 10-10 - 1 × 10-5 mol/L) were then 
recorded and analysed. 
Detection of the effect of HOCl on vascular diastolic 
function 
Because HOCl can cause oxidative damage to the 
blood vessels of mice, some of the blood vessels of 
mice were pre-treated with HOCl. The vasodilatation 
of the blood vessels of mice treated with HOCl was 
compared with that of mice treated with or without 
EA, in order to determine whether EA can alleviate 
the oxidative damage of blood vessels. 

The diastolic experiment of vascular rings from WT 
mice in HFD group: HFD; HFD + EA treatment group 
(EA treatment for 6 hours); HFD + HOCl treatment 
group (HOCl intervention for 100 µM culture for one 
hour to cause oxidative damage). In high fat diet + 
HOCl treatment + ellagic acid treatment group, HOCl 
intervention was first used to cause oxidative damage, 
and then cultured with ellagic acid treatment for 6 
hours. 
The diastolic experiment of ApoE−/− mice in HFD 
group: HFD group; HFD group + EA treatment group 
(EA treatment for 10 µM culture for 6 hours); HFD 
group + HOCl treatment group (HOCl intervention 
for 100 µM culture for one hour to cause oxidative 
damage). In the high fat diet + HOCl treatment + 
ellagic acid treatment group, HOCl was first used to 
cause oxidative damage, and then cultured for 6 
hours with ellagic acid treatment. 
The diastolic experiment of vascular rings from 
Nrf2−/− mice in HFD group: HFD group; HFD + EA 
treatment group (EA treatment for 10 µM culture 
for 6 hours); HFD + HOCl treatment group (HOCl 
intervention for 100 µM culture for one hour). 
Statistical analysis 
The data obtained from statistical processing were 
expressed as mean ± standard deviation. The statistical 
processing was carried out using SPSS11.0 for 
Windows statistical software. One-way ANOVA (analysis 
of variance) was used to test the significance of mean 
difference between two samples in each group. 
 
Results and Discussion 

Analysis of the degree of atherosclerosis 
The plaque area of WT mice in the HFD group was 
compared with that of WT mice treated with EA for 
14 weeks. The results showed that the plaque area 
decreased significantly after EA treatment in WT 
mice. In the ApoE-/- mice groups the EA treatment 
determined a slight decrease of the plaque area 
compared with the ApoE-/- HFD group but without 
reaching the statistical significance (Figure 1). 

 

 
Figure 1. 

Comparison of plaque areas between ApoE-/- and 
WT HFD and HFD + EA groups 

* p < 0.05 compared with the WT - HFD group 
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Detection of blood biochemical indexes 
In the WT - HFD+EA group the association of EA to 
the HFD diet determine a significantly decrease in the 
level of TC and TG compared to WT-HFD group 
from 5.2 ± 1.3 mmol/L and respectively 1.5 ± 0.2 
mmol/L in WT-HDF group to 4.0 ± 0.9 mmol/L and 
respectively 1.1 ± 0.2 mmol/L in WT-HFD+EA group 
(p < 0.05). Regarding the expression of cell adhesion 
molecules, EA treatment determined a significantly 
decrease of sICAM-1 and sP-selectin levels from 
1182 ± 102 ng/mL and respectively 55 ± 11 ng/mL 
in WT-HFD group compared to 1005 ± 74 ng/mL 
and respectively 36 ± 9 ng/mL in WT-HFD+EA group 
(p < 0.05). EA significantly increased the antioxidant 
activity evaluated by FRAP method: 501 ± 36 µmol 
Fe/L in WT-HFD group to 525 ± 38 µmol Fe/L in 
WT-HFD+EA group (p < 0.05). The same trend was 
also observed in the ApoE-/--HFD groups where the 
levels of TC and TG decreased in the ApoE-/--HFD + 
EA group at 35 ± 3.1 mmol/L and respectively 2.3 ± 
0.5 mmol/L compared to 47 ± 3.8 mmol/L and 
respectively 3.6 ± 0.7mmol/L in ApoE-/--HFD group. 
The sICAM-1 and sP-selectin levels significantly 
decreased after EA treatment in ApoE-/--HFD + EA 
group at 868 ± 57 ng/mL and respectively 59 ± 4.4 
ng/mL compared with 1163 ± 69 ng/mL and 
respectively 71 ± 9.2 ng/mL in ApoE-/--HFD group 
(p < 0.05). The FRAP level significantly increased 
in ApoE-/--HFD + EA group to 456 ± 32 µmol Fe/L 
compared with only 391 ± 18 µmol Fe/L in ApoE-/--
HFD group (p < 0.05) (Figure 2). 

 

 
Figure 2. 

Blood biochemical indexes in the studied group 
A: TC of each group; B: TG of each group; C: sICAM-1 of each 

group; D: sP-selectin of each group; E: FRAP of each group 
* p < 0.05 compared with WT-HFD group; # p < 0.05 compared 

with ApoE-/--HFD group 
 

Nitric oxide synthase (NOS) activity 
Figure 3 shows that the activity of nitric oxide in mice 
fed with HFD is lower than that in mice fed with 
high-fat diet supplemented with ellagic acid, which 
is much higher than that of the former (p < 0.05). 
 

 
Figure 3. 

Nitric oxide synthase activity in aorta (* p < 0.05) 
 
Detection of Nrf2 and HO-1 expressions 
The Western Blot analysis of the Nrf2 and HO-1 
proteins in thoracic aorta tissues showed that their 
expression was significantly increased in both WT 
and ApoE-/- groups after EA treatment (Figure 4). 

 

 
Figure 4. 

Expression of Nrf2 and HO-1 proteins in the 
thoracic aorta of each group 

A: Expression of Nrf2 protein in thoracic aortic tissue of each 
group; B: Expression of HO-1 protein in thoracic aortic tissue of 

each group; C: Electropherogram of Nrf2 and HO-1 protein. 
# p < 0.05 compared with WT-HFD group; * p < 0.05 compared 

with ApoE-/--HFD group. 
 

Detection of vasodilation functions in mice 
As shown in Figure 5 and compared with the ApoE-/- 
mice in the HFD group, the vasodilation of mice in 
the EA intervention group was significantly improved. 
However, the vasodilation was not significantly 
improved in the group undergoing HOCl-induced 
oxidative damage, which triggered vascular endothelial 
dysfunction. In this experiment, the addition of EA 
significantly reduced the vasodilation of HOCl. 
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Figure 5. 

Diastolic function of abdominal aortic rings in different treatment groups 
(A: WT mice in HFD + HOCl, HFD, and HFD + EA groups; B: Diastolic function of ApoE−/− mice in HFD + HOCl, HFD, and HFD + EA 

groups; C: Diastolic function of Nrf2−/− mice in HFD + HOCl, HFD and HFD + EA groups) * p < 0.05. 
 

The vascular rings of WT mice and Nrf2−/− mice were 
pre-treated with HOCl. The oxidative damage model 
was established as shown in Figure 3A-C. For the 
vascular rings of WT mice in normal culture, the 
oxidative damage caused by HOCl decreased 
significantly after 6 h of cultivation with EA. However, 
the protective function of EA was not observed in 
vascular rings collected from Nrf2−/− mice. 
In many studies, EA has a variety of biological 
activities and pharmacological effects, and has anti-
oxidant, anticancer and mutagenic properties. In recent 
years, its role in vascular protection has gradually 
aroused the interest of researchers. Because of its 
large amount of phenolic hydroxyl groups, EA has 
strong reducibility and is an ideal antioxidant. 
Previous studies on antioxidant activity show that 
EA has the same free radical scavenging activity as 
salicin, a natural antioxidant, while EA can effectively 
scavenge hydroxyl radicals and nitrous oxide. Ellagic 
acid and all kinds of natural medicinal foods rich in 
ellagic acid can interfere with the process of AS, 
but the molecular mechanism of ellagic acid in anti-
atherosclerosis has not been deeply studied. It has 
been found that EA and various natural medicinal 
foods rich in EA can interfere with the process of 
atherosclerosis, yet the molecular mechanism under 
the anti-atherosclerosis role of EA has not been 
explored [15]. In this study, when the WT mice were 
fed with HFD and EA, EA played a significant role 
to prevent AS. However, the protective effect of 
EA was not significant in ApoE−/− mice. Therefore, 
it was speculated that the result may be attributed to 
the severity of atherosclerosis in ApoE−/− mice or the 
low dosage of EA given to ApoE−/− mice. 

Endothelial dysfunction and cell damage induced by 
oxidative stress play an important role in the 
development of cardiovascular diseases. Vascular 
endothelial dysfunction and reduced nitric oxide 
levels are early features of atherosclerosis [16, 17]. 
Compared with the HFD model group, WT mice and 
ApoE−/− mice fed with both EA and the HFD diet 
showed significant improvement in their ability of 
vascular endothelial expansion, especially under HOCl-
induced oxidative damage. In the HOCl oxidative 
injury pre-treatment group, vasodilation is inhibited. 
HOCl can induce the imbalance of vascular endothelial 
function, and EA can significantly alleviate the vascular 
injury of HOCl in this experiment. Previous studies 
have found that the induced HO-1 expression can 
reduce the lesion area of atherosclerosis in ApoE−/− 
mice [18, 19]. HO-1 also plays an antioxidant role in 
HOCl-induced arterial injury to alleviate vascular 
endothelial dysfunction. The oxidative damage of 
arteries also increases NOS activity, which can 
induce the expression of HO-1 [20]. In the model of 
HOCl-induced oxidative damage, EA can reduce 
the damage to vascular endothelial function in WT 
mice, but it cannot protect the vascular endothelial 
tissues in Nrf2 knockout mice. This result further 
confirmed that Nrf2 is a key protein involved in the 
antioxidant effect of EA [21, 22]. By investigating 
the effect of EA on AS in mice, this study showed 
that EA exerted a protective effect against stroke 
and atherosclerosis in humans. 
 
Conclusions 

The long-term administration of EA can delay the 
onset of atherosclerosis in human body. Therefore, 
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it is of practical significance for researchers to 
study the effects of EA on improving the diastolic 
function of isolated mouse blood vessels after 
epoxidation injury. 
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