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Introduction
Angiotensin II [ Ang II] plays an important role as a mediator in the 

renin-angiotensin-aldosterone system (RAAS) and it greatly contributes 
to the pathogenesis of hypercholesterolemia-induced atherosclerosis 
[1]. It was suggested by many researchers to use angiotensin-converting 
enzyme (ACE) inhibitors and AT1 receptor antagonists to limit the size 
of atherosclerotic lesion and hence to reduce its vascular complications 
[2,3]. A possible beneficial effect could be induced by the direct renin 
inhibitor (DRI) drug, aliskiren, in relation to vascular reactivity in 
cases of hypercholesterolemia and associated oxidative stress. Yet, it 
is not well defined if the vascular protection induced by drugs acting 
on RAAS is due to the resulting inhibition of Ang II production, the 
inhibition of the effect of Ang II on Angiotensin receptors type 2 
(AT2) or the accompanied availability of other bioactive angiotensin 
peptides as Ang III, Ang IV, and Ang1-7 that affect receptors other 
than Angiotensin receptors type 1 (AT1) [4-6]. Pharmacological 
researches, done on aliskiren, could provide suggested evidence about 
its possible action on different types of angiotensin in the pathogenesis 
of atherosclerosis. There is a relationship between all components of 
the RAAS pathway and macrophages that stimulate the transcription 
of mRNA and protein of all components of this pathway and at the 
same time have an important role in development of atherosclerotic 
lesions [7,8]. Hypercholesterolemia causes atherosclerosis partly via 
stimulation of AT1 receptors and partly via in-vivo infusion of Ang 
II [1,9]. Angiotensin peptides, notably Ang II, allow the formation 
of atherosclerotic plaques on vascular endothelial cells via damaging 
actions on endothelium in the presence of active macrophages [9]. 

Aliskiren is the prototype drug in a new generation of orally direct 
renin inhibitors and it is used in the treatment of hypertension. It 
reduces plasma renin activity [PRA] and Ang II levels [10]. Further 
investigations are needed to be done on aliskiren to identify its effects 
on the serum cholesterol level and free radicals production. These 
studies could determine an important possible role of this drug in the 
control of the pathogenesis of atherosclerosis. High serum cholesterol 
level is markedly associated with a greater incidence of atherosclerosis 
[11]. The increase in the level of “bad lipoprotein”ie low-density 
lipoprotein “LDL”or the reduction in the level of “good lipoprotein” 
high-density lipoprotein “HDL” stimulates the damaging process of 
arterial endothelium that is considered to be the trigger of induction 
of atherosclerosis [11,12]. LDL are chemically modified in case of 
endothelial damage and stimulate the aggregation of monocytes in the 
vascular wall. Monocytes are converted to macrophages that engulf 
the modified lipoproteins and produce foam cells [13]. Free radicals 
abolish the function of endothelium-derived vasodilatation through 
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Abstract
Background: Atherosclerosis and endothelial dysfunction are important associated disorders in the majority of 

hypertensive patients. Many studies are directed towards investigating any possible anti-hyperlipidemic effect with 
improvement of arterial compliance of newer generations of antihypertensive drugs so as to reduce the number of drugs 
used to treat those patients. 

Aim: The present study aims to determine the effects of aliskiren, a direct renin inhibitor, on serum cholesterol and 
some anti-oxidant enzymes together with aortic TBARS and vasorelaxant effect of acetyl-choline (Ach) on isolated 
aortic rings of cholesterol-fed rats.

Methods:  The duration of the study was 12 weeks. Twenty-four rats were randomly divided into 3 groups (n=8 rats/
group). Group (1) is control, received 0.5% carboxymethylcellulose (CMC) sodium, as a solvent of aliskiren, and fed 
ordinary diet. Group (2) fed 2% (w/w) cholesterol diet + CMC sodium. Group (3) was fed with 2% (w/w) cholesterol diet 
with ip daily administration of aliskiren at a dose of 5 mg/kg for 12 weeks. Systolic blood pressure (SBP) was assessed 
both at the beginning and at the end of every 4 weeks of the study. Serum total cholesterol, superoxide dismutase 
(SOD) enzyme in erythrocyte lysates, thiobarbituric acid reactive substance [TBARS] content, activities of catalase and 
glutathione enzymes in aortic homogenates of tested rats were measured. The thoracic aortae were removed from all 
tested rats to assess the vasorelaxant effect of Ach.

Results: Aliskiren-treated group (3) showed a significant improvement of all the markers in comparison with non-
treated cholesterol-fed rats. SBP of treated group was maintained at levels comparable to control group (1) with marked 
improvement in aortic reactivity to ACh compared to group (2).

Conclusion: Aliskiren could possess an anti-hypercholestrolemic and an ability to improve aortic reactivity via an 
anti-oxidant effect and a reduction in lipid peroxidation in cholesterol-fed rats.
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inhibition of nitric oxide (NO) that is essential for the integrity of the 
vascular endothelium and may protect against the development of 
atherosclerosis [14]. The anti-oxidant enzymes as superoxide dismutase 
(SOD) protect NO and hence help in the maintenance of normal 
vascular tone via inactivation of ROS and the protection against lipid 
perioxidative injury of vascular endothelial cells [15]. 

The aim of the present study is to determine a possible protective 
effect of aliskiren on the aorta against hypercholesterolemia and 
abnormalities in its contents of anti-oxidant enzymes and impairment 
in its aortic reactivity to acetyl-choline (ACh) in cholesterol-fed rats.

Material and Methods 
Chemicals 

Aliskiren fumarate (Novartis Pharma.co.) purchased as a white 
to slightly yellowish crystalline powder with a molecular weight of 
609.8, spectrophotometric assay kits for measurement of serum total 
cholesterol level (Boerhinger-Mannheim), and superoxide dismutase 
enzyme [RANSOD, by Randox Laboratories]. All other chemicals were 
obtained from Sigma Chemical Co. Aliskiren’s powder was dissolved in 
0.5% carboxymethylcellulose sodium, its solution was freshly prepared 
throughout the experimental study. 

Animals
Twenty-four rats were randomly divided into three groups (n= 8/

group):

Group (1) Control group: fed with ordinary diet + 0.5% 
carboxymethylcellulose (CMC) sodium ip, as a solvent of aliskiren.

Group (2) Cholesterol-fed group received ip 0.5% 
carboxymethylcellulose (CMC) sodium

Group (3) Aliskiren-treated (5 mg/kg/day ip) cholesterol-fed 
group. The drug was dissolved in 0.5% carboxymethylcellulose (CMC) 
sodium.

The duration of the study was 12 weeks. Dose of aliskiren was 
selected according to the pilot study, done before the full experimental 
work, showed that it produced significant (p<0.05) changes in the 
measured parameters.

Cholesterol-fed diet of groups 2 and 3 was supplemented with 2% 
(w/w) cholesterol during the whole duration of the study according to 
Aihara et al. [16]. 

NB: In the pilot study done by the author, an aliskiren dissolved 
in 0.5% carboxymethylcellulose (CMC) sodium was administrated 
in the studied dose to a pilot group, fed on ordinary diet, showed no 
significant difference in the measured parameters of the present study 
compared to the control group fed on ordinary diet. 

Ethics 
All procedures were in accordance with the National Institute of 

Health’s Guide for the Care and Use of Laboratory Animals, as well as 
the guidelines of the Animal Welfare Act. 

Methods 

Assessment of systolic blood pressure (SBP) changes

SBP was measured by a tail-cuff sphygmomanometer (UR-5000, 
Ueda Co, Ltd, Japan). For each animal an average of at least three 
consecutive measurements was taken to reduce variability [17]. 

Measurement of serum total cholesterol level: 

At the end of the 12th week, serum total cholesterol (TC) was 
determined for all rats using commercially available spectrophotometric 
assay kits (Rats were fasted for 12 hours before blood sampling). 

Determination of SOD enzyme level in erythrocyte lysates 

At the end of the 12th week of the study, blood samples were collected 
from rats of all groups for measurement of SOD levels in erythrocyte 
lysates, using commercially-available colorimetric assay kits, based on 
an indirect xanthine-xanthine oxidase method as described by Halliwell 
and Chirico [18], and results were expressed in IU/mL 

Measurement of activities of some anti-oxidant enzymes and 
TBARS in aortic homogenates 

Abdominal aorta was promptly excised after the rats were dissected 
and were weighed and then chilled in ice-cold PBS. After being washed 
with PBS, tissue homogenates were prepared in a ratio of 1 g of wet 
tissue to 9 mL of PBS by use of a glass homogenizer. Homogenates were 
stored at −40°C until analysis. When needed, specimens were thawed 
and catalase (CAT), glutathione peroxidase (GPx) enzymes and TBARS 
were determined as described below.

Determination of Catalase Enzyme Activity: Catalase Enzyme 
Activity in the aortic homogenates was assayed colorimetrically as 
described by Sinha [19] using dichromate-acetic acid reagent (5% 
potassium dichromate and glacial acetic acid mixed in 1:3 ratio). 
The intensity was measured at 620 nm and the amount of hydrogen 
peroxide was calculated for the catalase activity. 

Determination of Glutathione Peroxidase [GPx] Enzyme 
Activity: Glutathione Peroxidase [GPx] Enzyme Activity in the aortic 
homogenates was measured by the method described by Rotruck et al. 
[20]. GPx activity was assayed in the aortic tissue by being homogenized 
in 8 volumes of cold buffer (50mM Tris-HCl, pH 7.5, containing 5 mM 
EDTA and 1 mM 2-mercaptoethanol), next centrifuged 8500xg for 
10 minutes at 40C. GPx activity was determined in supernatant using 
BIOXYTECH GPx-340TM Assay kit produced by OXIS International, 
Inc., USA. The GPx assay was based on the oxidation of NADPH to 
NADP+, which is accompanied by a decrease in absorbance at 340nm. 
The rate of this decrease is directly proportional to the GPx activity in 
the sample.

Thiobarbituric Acid-Reactive Substance (TBARS) assay of aortic 
homogenates [21]: 20 μL aortic homogenate was added to 2 mL 40 
mmol/L H2SO4 (Merck), then 0.25 mL 10% wt/vol phosphotungstic 
acid (Sigma Chemical Co) was added and mixed. The mixture was 
centrifuged at 3000 rpm for 10 minutes, the supernatant was discarded, 
and the sediment was mixed with 1 mL 40 mmol/L H2SO4 and 0.15 
mL 10% wt/vol phosphotungstic acid. The mixture was centrifuged at 
3000 rpm for 10 minutes. The sediment was suspended in 2 mL distilled 
water, and 0.5 mL 0.33% wt/vol thiobarbituric acid reagent (Sigma 
Chemical Co) was added. The mixture was heated for 60 minutes at 
95°C in a water bath, then 2.5 mL n-butanol (Sigma Chemical Co) was 
added and the mixture was vigorously shaken. The butanol layer was 
taken after centrifugation at 3000 rpm for 15 minutes and absorbance 
was taken for fluorometric measurement at 553 nm with 515-nm 
excitation by Beckman spectrofluorometer. The TBARS concentration 
was calculated using 1,1,5,5-tetraethoxypropane as standard. 

Aortic reactivity study [22]: Rats were dissected, thoracic wall 
was opened and the thoracic aorta was then clearly dissected, removed 
and placed in a dish containing Krebs’s solution. Under the dissecting 
microscope, the aorta was thoroughly cleaned from any adhering fat 
and connective tissue then cut into rings (about 4 mm long, each). The 
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rings were then carefully suspended at 37°C under 2 g tension in 40 
ml organ baths filled with Krebs’ solution of the following composition 
(mM/L); NaCl 118.4, KCl 4.7, KH2PO4 1.2, MgSO4 1.2, CaCl2 2.5, 
NaHCO3 25, D-glucose monohydrate 11.1, ascorbic acid 0.022 and 
EDTA 0.026. The tissue preparations were gassed continuously with 
a mixture of 95% O2 and 5% CO2 and left to equilibrate for a period 
of 90 minutes during which they were repeatedly washed with Krebs’ 
solution. Responses to vasoactive drugs were measured isometrically 
using a Grass FT O3 force-displacement transducer, and recorded on 
a polygraph. At the end of the equilibration period, the tissues were 
contracted by norepinephrine (NE) (1 µg/mL bath), a concentration 
known to produce a submaximal contractile response. On top of the 
plateau response to NE, cumulative concentration-response curves 

were constructed in response to the relaxant effect of acetylcholine 
(ACh) in preparations obtained from rats of all groups at range of 
concentrations 50 – 3200 µg/mL bath. Relaxation was expressed as a 
percentage decrease in NE-induced constrictory tone. 

Protein determination: The protein content of aortic homogenates 
was determined by spectrophotometer according to the method of 
Bradford [23]. The aim is to relate TBARS concentrations as nmol/
mg tissue protein, CAT and GPx enzyme activities as unit/mg tissue 
protein. 

Statistical analysis: Results are expressed as mean ± SD [Standard 
Deviation]. Statistical analysis was performed by analysis of variance 
followed by Tukey’s post hoc using GraphPad Prism version 3.00 for 
Windows 97 (Graph Pad Software, San Diego, CA, U.S.A.). Differences 
with p<0.05 were considered to be statistically significant.

Results
Table 1 showed the results recorded at the end of 12th week therapy 

by aliskiren regarding SOD enzyme in RBCs lysates, SBP, serum total 
cholesterol (TC) and relaxation of the isolated aortic ring preparations 
by ACh. Treatment of cholesterol-fed rats group (3) significantly 
(p<0.05) increased SOD enzyme level, reduced the elevated SBP and 
serum total cholesterol (TC) and augmented relaxation responses to 
ACh compared to cholesterol-fed non-treated group (2). The effects of 
aliskiren were comparable to those reported with the control group (1).

·	 * p<0.05=significant decrease in SOD enzyme, while there 
is a significant increase in mean SBP, serum total cholesterol 
(TC) and significant reduction in relaxing effect of ACh in 
cholesterol-fed non-treated group (2) compared to control 
group (1)

·	 ** p<0.05=significant increase in SOD enzyme, while 
significant decrease in mean SBP, serum total cholesterol (TC) 
and significant augmentation in relaxing effect of ACh in 
aliskiren-treated group (3) compared to cholesterol-fed non-
treated group (2). Figure 1

However, aliskiren-treated group significantly (*p<0.05) augmented 
relaxation responses to ACh compared to cholesterol-fed non-treated 
group (2) (Table 2).

Parameters Control Cholesterol-fed 
non-treated

Cholesterol-fed 
Aliskiren-treated

SOD (IU/mL) 22± 3.2 0.9 ± 0.01* 45.3±5.6**
SBP (mmHg) 100 ± 5.7 158 ± 3.4* 90.5 ± 3.2**
TC (mg/dL) 65.53±5.43 255.4 ± 13.22* 45.76 ± 3.44**

relaxation of aortic basal 
tone 66.14  12.16 87.43 ± 6.0* 48.10 ± 10.23**

 % mean relaxation of aortic 
basal tone from control 

group
+32.19% -27.28%

% mean relaxation of aortic 
basal tone from cholesterol-

fed non-treated group
-44.98%

Table 1 showed the results recorded at the end of 12th week therapy by aliskiren 
regarding SOD enzyme in RBCs lysates, SBP, serum total cholesterol (TC) and 
relaxation of the isolated aortic ring preparations by ACh. Treatment of cholesterol-
fed rats group (3) significantly (p< 0.05) increased SOD enzyme level, reduced the 
elevated SBP & serum total cholesterol (TC) and augmented relaxation responses 
to ACh compared to cholesterol-fed non-treated group (2). The effects of aliskiren 
were comparable to those reported with the control group (1).
•	 * p< 0.05 = significant decrease in SOD enzyme, while there is a significant 

increase in mean SBP, serum total cholesterol (TC) and significant reduction 
in relaxing effect of ACh in cholesterol-fed non-treated group (2) compared to 
control group (1)

•	 ** p< 0.05 = significant increase in SOD enzyme, while significant decrease in 
mean SBP, serum total cholesterol (TC) and significant augmentation in relaxing 
effect of ACh in aliskiren-treated group (3) compared to cholesterol-fed non-
treated group (2).

Table 1: Mean±SD of effect of treatment with aliskiren (5 mg/kg/day ip) on SOD 
enzyme, SBP, serum total cholesterol (TC) and relaxation of the isolated aortic ring 
preparations by ACh in all tested groups.

Isolated aortic rings from cholesterol-fed non-treated group showed a 
significant (p<0.05) decrease in the relaxant effect of acetylcholine (ACh) 
compared to the control group.
However, aliskiren-treated group significantly (*p<0.05) augmented relaxation 
responses to ACh compared to cholesterol-fed non-treated group (2)
Figure 1: shows % decrease in basal tone of aortic rings isolated from rats of 
all tested groups.

Control 
group 

Cholesterol-fed 
non-treated group

Cholesterol-fed 
aliskiren-treated group

Glutathione
peroxidase

Unita/mg tissue
protein

14.22± 2.3 0.34± 0.03* 12.39± 0.34**

Catalase Unitb/mg
tissue protein 63.25± 4.5 2.43± 0.22* 60.55± 3.5**

a = μg of glutathione consumed per minute. 
b = Moles of hydrogen peroxide consumed per minute.
*p < 0.05, significant reduction in activity of both enzymes in cholesterol-fed non-
treated group versus control group.
 **p< 0.05, significant increase in activity of both enzymes by treatment with 
aliskiren versus cholesterol-fed non-treated group. 

A significant (p < 0.05) decrease in the activities of these enzymes was demonstrated 
in cholesterol-fed non-treated rats. Aliskiren-treated group showed a significant (p 
< 0.05) increase in their activities compared to cholesterol-fed non-treated group.
These findings could support the suggestion that aliskiren, as a DRI, would provide 
a possible aortic protective effect in cholesterol-fed rats most probably by its 
antioxidant action.
Table 2: Mean ± SD changes in the activities of aortic CAT, GPx in rats of all tested 
groups expressed as unit/mg tissue protein of aortic homogenates.
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A significant (p<0.05) decrease in the activities of these enzymes 
was demonstrated in cholesterol-fed non-treated rats. Aliskiren-
treated group showed a significant (p<0.05) increase in their activities 
compared to cholesterol-fed non-treated group.

These findings could support the suggestion that aliskiren, as a DRI, 
would provide a possible aortic protective effect in cholesterol-fed rats 
most probably by its antioxidant action (Figure 2).

Discussion
The present study showed that aliskiren administration, as a DRI, 

for 12 weeks ip to cholesterol-fed rats significantly reduced high SBP, 
serum total cholesterol and augments the relaxing effect of isolated 
aortic rings from those rats in response to a range of concentrations 
of ACh. The drug also increased the level of SOD anti-oxidant enzyme 
in erythrocyte lysates, reduced TBARS contents and increased the 
activities of CATand GPx enzymes in aortic homogenates compared 
to cholesterol-fed non-treated group. Interestingly, all these beneficial 
effects were obtained by aliskiren administration for 12 weeks to 
cholesterol-fed rats. 

Hypercholesterolemia is an important leading factor to serious 
vascular complications e.g.angina pectoris, acute myocardial infarction 
and cerebral stroke. The vascular endothelial cells showed serious 
abnormalities in their functions with a damaging effect that results in 
disturbance in blood flow and thrombogenic liability [24]. Oxidative 
stress and a reduction in production of nitric oxide, as a vasodilator 
marker, result in affection of major arteries as coronaries and renal 
arteries. Atherosclerosis and deposition of cholesterol in vascular 

endothelial cells were previously found to be associated with all serious 
adverse effects of oxidative stress on vessels and vital organs in the body 
[25]. 

Oxidative stress associated with high cholesterol diet causes a 
disturbance in the stabilization of endothelial nitric oxide synthase 
(NOS) enzyme activity [26] and inhibits endothelial Ca++-dependent 
potassium channels leading to a marked decrease in the synthesis of 
endothelial NO which has a vascular protective role [27]. 

The possible protective effect of aliskiren on aortic tissue against 
oxidative stress of hypercholesterolemia in cholesterol-fed rats could be 
based upon its anti-hypertensive effect that is associated with inhibition 
of renin and hence there is an inhibition of Ang II production and 
its contributing effect with the damaging effects of ROS on different 
body’s organs and tissues. This explanation could be supported by the 
ability of aliskiren to increase the level of the powerful anti-oxidant 
SOD enzyme. This anti-oxidant enzyme plays an important role in 
the scavenging effect of free radicals and helps in the restoration of 
normal cellular functions either in the vital organs or blood vessels 
[28]. It was demonstrated in endothelial NOS knocked-out mice, a 
protective effect of aliskiren against oxidative damaging effect via 
the inhibition of oxidative process. It was found that this protective 
effect was independent to its anti-hypertensive effect as it augments 
the number and function of pro-angiogenic cells [PAC] in mice that 
help in preservation of endothelial functions and protect against the 
development of atherosclerotic plaques on the wall of blood vessels 
[29,30]. 

Immunoblotting technique demonstrated that aliskiren induced 
phosphorylation of ERK1/2 in cardiomyocytes without alterations 
in expression of (P)R or Igf2/M6P receptors. Meanwhile, microarray 
analysis of the complete genome of aliskiren-treated neonatal-rat 
cardiomyocytes, with RT-qPCR and immunoblot confirmation assays 
in rat and human primary cardiomyocytes, revealed that aliskiren up-
regulated mRNA and increased protein expression of several enzymes 
that play an important role in cholesterol breakdown [31].

Al-Aubaidy et al. [32] studied the effect of aliskiren on rabbits 
fed on atherogenic diet that led to marked hypercholesterolemia and 
advanced atherosclerotic lesion. They proved that aliskiren reduces 
lipid peroxidation and expression of inflammatory markers in the 
aorta examined in this study. This study pointed to the beneficial effect 
of aliskiren, as an anti-atherosclerotic drug, that could be mediated 
by an inhibition of ang II which is known to be one of the main pro-
atherosclerotic mediators.

Higher doses of aliskiren (50 and 100 mg/kg/day) was administered 
for 7 days before the administration of a single intraperitoneal injection 
of doxorubicin (DXR), as a cytotoxic chemotherapy, at a dose of 20 
mg/kg on day 5 of these 7 days. This chemotherapeutic agent was 
found to produce a significant increase in malondialdehyde and a 
significant inhibition in the activity of glutathione in heart tissue, with 
a significant rise in the serum levels of lactate dehydrogenase (LDH), 
TC, triglycerides (TG), LDL and reduction in HDL. Fortunately, this 
pretreatment with aliskiren provides a protection against all these side 
effects of DXR with strong evidence evidence that aliskiren pretreatment 
offered a significant cardio-protection against DXR-induced enzymatic 
changes and cardiac tissue damage [33]. 

In conclusion, 12 weeks ip administration of aliskiren to cholesterol-
fed rats showed a significant reduction in mean SBP, serum TC together 
with a significant improvement in aortic reactivity to ACh. The drug 
also augmented SOD erythrocytic level, activities of CAT and GPX in 

A significant (*p < 0.05) decrease in TBARS levels of aliskiren-treated group (3) 
in comparison to the cholesterol-fed non-treated group (2). 
•	 * p<0.05= significant increase in TBARS levels in group (2) compared to the 

control group (1)
•	 ** p<0.05 = significant decrease in TBARS levels in cholesterol-fed aliskiren-

treated group (3) compared to the cholesterol-fed non-treated rats group (2)
Figure 2: Effect of 12 weeks administration of aliskiren to cholesterol-fed rats 
on thiobarbituric acid reactive substance (TBARS) in nmol/mg tissue protein of 
the aortic tissue homogenates of rats of all tested groups.
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aortic homogenates of these tested rats while reduced TBARS aortic 
content compared to cholesterol-fed rats without drug therapy. These 
results could point to the aortic protective role of aliskiren, as a DRI, 
by its possible anti-oxidant effect. This provides a valuable role during 
its administration to hypertensive-hypercholesterolemic patients with 
proper control of their blood pressure with aortic protection against 
oxidative stress.
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