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Abstract:

An increasing body of evidence suggests that cytokines may play a role in the pathogenesis of cardiovascular diseases.
Immunopharmacological studies provide new information on immunomodulating activity of some drugs, including their effect on
the level of pro-inflammatory cytokines. The aim of the present study was to find out whether amlodipine and atenolol, drugs applied
in the treatment of arterial hypertension, can modulate lipopolysaccharide (LPS)-induced pro-inflammatory cytokine level (TNF-�,
IL-1�, IL-6) in spontaneously hypertensive rats (SHR). The experiments were performed on 4 groups of animals as follows: WKY
+ MET (control Wistar-Kyoto normotensive rats), SHR + MET (control hypertensive rats), SHR + AML (hypertensive rats receiving
amlodipine), SHR + AT (hypertensive rats receiving atenolol). Control rats received 1% solution of methylcellulose (1 ml/kg) by
a gavage. Amlodipine and atenolol were administered by a gavage at doses of 15 mg/kg and 25 mg/kg, respectively. Arterial blood
pressure was measured in conscious rats, using the tail-cuff method. Serum tumor necrosis factor � (TNF)-�, interleukin (IL)-1� and
IL-6 concentrations were measured with enzyme-linked immunosorbent assay kits. Additionally, lipid levels were evaluated. The
present data provide the evidence that amlodipine and atenolol act as immunomodulators of pro-inflammatory cytokines in SHR.
Amlodipine decreased TNF-�, increased IL-6 and did not affect IL-1� level. Atenolol did not influence TNF-� and IL-1�, but raised
IL-6 in SHR. Additionally, amlodipine decreased total cholesterol level without changing HDL cholesterol level whereas atenolol
did not influence lipid levels. The identification of additional immunomodulating properties of hypotensive drugs may be important
for better understanding of their mechanisms of action.
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Introduction

Pathogenesis of hypertension is a complex and multi-
factorial phenomenon affected by genetic predisposi-

tion and environment. Among numerous disorders ac-
companying hypertension, changes in the immune
system have been drawing more and more attention
[21]. The reports raise the issue of cytokine participa-
tion in pathogenesis of hypertension and hyper-
tension-related complications. The majority of im-
munopharmacological studies focus on the role of
these mediators in other cardiovascular diseases, such
as atherosclerosis [48], ischemic heart disease [65] or
heart failure [33, 58]. Cytokines are capable of regu-
lating the process of cell growth, differentiation and
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proliferation. Among these endogenous mediators,
pro-inflammatory cytokines, mainly tumor necrosis
factor-� (TNF-�), interleukin-1� (IL-1�), interleukin-6
(IL-6), deserve special attention.

TNF-� is a proinflammatory cytokine synthesized
mainly by monocytes and macrophages, thus playing
a crucial part in inflammatory processes and in septic
shock [26]. Some studies have indicated an associa-
tion between this cytokine and high blood pressure [5,
6]. Demirbas et al. [17] and Sardo et al. [51] recorded
an increased level of TNF-�, though not all studies
confirm this association [53]. In patients with hyper-
tension, preactivated monocytes can be observed,
which release a greater amount of pro-inflammatory
cytokines, including TNF-�, after in vitro lipopoly-
saccharide (LPS) stimulation [19].

IL-1� is thought to be one of the main regulators of
the immune and inflammatory response. It is pre-
dominantly secreted by activated monocytes. Dalekos
et al. [16] revealed a higher level of this interleukin in
hypertensive patients and a slight correlation between its
concentration and mean blood pressure. Moreover,
higher levels of triglycerides and a decreased high-
density lipoprotein (HDL) cholesterol concentration
were detected in those subjects.

IL-6 is produced by various cells of the organism
including monocytes, macrophages, fibroblasts and
endothelial cells [60]. This cytokine is capable of acti-
vating acute phase protein synthesis, including
C-reactive protein (CRP). Bautista et al. [6] in a study
of hypertensive patients discovered an elevated level
of IL-6. Also Chae et al. [10] suggested the relationship
between this cytokine level and the values of systolic,
diastolic, mean blood pressure and the pulse pressure.

The increased cytokine level has been noted in
cases of pre-eclampsia-related hypertension in fe-
males [15]. In patients with rheumatoid arthritis and
the elevated cytokine level, higher risk factors of car-
diovascular diseases have been reported [3, 52]. How-
ever, it has not been fully elucidated yet whether the
higher level of cytokines precedes or follows the de-
velopment of arterial hypertension.

Numerous immunopharmacological studies pro-
vide new information on the immunomodulating ac-
tivity of drugs, including their effect on the level of
proinflammatory cytokines. Additional properties of
drugs used in the treatment of cardiovascular diseases
(decreasing pro-inflammatory cytokine level), apart
from the impact on hemodynamic parameters, could
prove to be very beneficial.

Therefore, in the context of recent studies, we have
made an attempt to find out whether some drugs ap-
plied in the treatment of arterial hypertension are able
to modulate pro-inflammatory cytokine level (TNF-�,
IL-1�, IL-6) in spontaneously hypertensive rats
(SHR). Amlodipine (a calcium channel blocker, dihy-
dropyridine derivative) and atenolol (a selective antago-
nist of �1-adrenergic receptors without intrinsic sym-
pathomimetic activity (ISA)) were chosen for the study.

Literature data show that calcium channel antago-
nists may have a potential modulating influence on
the level of proinflammatory cytokines. In the experi-
ments conducted on Balb/c mice, amlodipine,
manidipine and nicardipine inhibited LPS-stimulated
TNF-� production [27].

�-adrenolytic drugs, similarly to �-adrenomimetics
[62], can also exert an impact on the functioning of
the immune system, which is known to be associated
with the autonomic nervous system [23].

Modulation of the pro-inflammatory cytokine level
could be of importance in complications accompany-
ing arterial hypertension.

Materials and Methods

Animals

The study was conducted on spontaneously hyperten-
sive rats or Wistar-Kyoto (WKY) male rats with ini-
tial body weight between 240–290 g, which had free
access to standard food and water. Their body weight
was monitored during the experiments. The animals
were housed in standard plastic cages, 10 animals per
cage, at a constant temperature of 22°C and under
a 12 h light-dark cycle. All experiments were con-
ducted between 8 a.m. and 4 p.m. The rats had been
familiarized with the environment and the equipment
for three weeks before the study. Preliminary exami-
nations were carried out in the second and third week
in order to select the animals. The rats with high
blood pressure fluctuations were excluded from the
study. All experimental procedures were performed in
accordance with the Guide for the Care and Use of
Laboratory Animals and were approved by the Local
Ethics Committee for the Experiments on Animals
(no. L/BD/206).
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The following preparations were used in the ex-
periments: atenolol (Polfa, Warszawa, Poland), amlo-
dipine (Adamed, Poland), methylcellulose (Sigma,
USA), LPS from Escherichia coli serotype 055:B5
(Sigma, USA).

Experimental design

Rats were divided into 4 experimental groups (10 ani-
mals in each group) as follows:
– WKY + MET (control normotensive rats receiving
methylcellulose)
– SHR + MET (control hypertensive rats receiving
methylcellulose)
– SHR + AML (hypertensive rats receiving amlodipine)
– SHR + AT (hypertensive rats receiving atenolol)

Control rats received 1% solution of methylcellu-
lose (1 ml/kg) by a gavage as a vehicle (SHR + MET,
WKY + MET). Amlodipine and atenolol were sus-
pended in 1% solution of methylcellulose and admin-
istered by a gavage in a 1 ml/kg volume at doses of
15 mg/kg and 25 mg/kg, respectively. All compounds
were administered for 21 days. Control arterial blood
pressure measurement was carried out after the first,
the second and the third week of drug administration.

Twenty four hours after the last administration of
atenolol, amlodipine or 1% solution of methylcellu-
lose, the rats received a single dose of LPS (ip;
0.1 mg/kg in a 1 ml/kg volume of saline). After two
hours, the rats were anesthetized with ether and the
blood samples were collected by heart puncture. The
blood was allowed to clot overnight at 4°C before
centrifuging for 20 min at 2,000 × g. The serum was
removed and stored at –20°C until the assay. Prelimi-
nary studies showed no detectable values of cytokines
in serum of SHR. LPS was administered in order to
achieve a measurable cytokine level. The time of
blood samples collection after LPS administration
was chosen according to Dredge et al. [20].

Blood pressure determination

Arterial blood pressure was measured in conscious
rats by a manometer manufactured by LETICA (Pan-
lab S.L., Spain), using tail-cuff method [28]. Before
the measurements, the animals were placed inside
a warming chamber (about 34°C) for 30 min. The aim
of the procedure was to calm the animals and dilate
the tail blood vessels. Arterial blood pressure was
measured at least three times for each animal.

Changes in pressure were expressed as the percentage
of baseline values.

Lipid profile determination

Total cholesterol levels were determined with the cho-
lesterol oxidase method using a commercially avail-
able kit (Cholesterol CHOD PAP, Biolabo, Maizy,
France).

HDL cholesterol was measured with the choles-
terol kit after low density lipoproteins, very low den-
sity lipoproteins and chylomicrons from the samples
had been precipitated by phosphotungutic acid and
magnesium chloride (HDL-cholesterol – PTA, Bio-
labo, Maizy, France).

Serum cytokine levels

Serum TNF-�, IL-1� and IL-6 concentrations were
measured in duplicate with a commercially available
enzyme-linked immunosorbent assay kit (Quantikine,
R&D Systems, USA) according to the manufacturer’s
instructions.

Statistical analysis

Results are expressed as the mean ± SD. The normal-
ity of distribution was checked by means of
Kolmogorov-Smirnov test with Lilliefors test. The
statistical evaluation was performed using analysis of
variance (ANOVA) and post-hoc comparisons were
performed by means of Least Significant Differences
(LSD) test. If the data were not normally distributed,
statistical evaluation was performed by using ANOVA
(Kruskall-Wallis) and Mann-Whitney U test. Differ-
ences were considered significant when p < 0.05.

Results

Blood pressure

SHR selected for the experiments had initial mean arterial
blood pressure values as follows: systolic pressure
204.54 ± 14.93 mmHg, diastolic pressure 148.15
± 12.82 mmHg, medium pressure 166.77 ± 11.35 mmHg.
In WKY rats the following mean values of arterial
blood pressure were found: 144.8 ± 10.04 mmHg, 94
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± 18.03 mmHg, 110.7 ± 12.86 mmHg, respectively.
SHR presented higher all arterial pressure parameters
than WKY rats. SHR and WKY rats did not show
changes in all values of pressure during administra-
tion of methylcellulose.

Atenolol at the dose of 25 mg/kg caused a signifi-
cant decrease in systolic and medium blood pressure
in the third week of treatment in comparison with the
control (SHR + MET). Amlodipine administered for
21 days did not cause statistically significant changes
in the values of systolic, diastolic and medium blood

pressure in all points of observation. The results are
shown in Table 1.

Lipid profile

In SHR group, the level of total cholesterol (63.38
± 7.67 mg/dl) was significantly higher but concentra-
tion of HDL cholesterol (29.43 ± 4.49 mg/dl) was
lower in comparison with WKY rats after treatment
with methylcellulose (57.31 ± 3.85 mg/dl and 35.97
± 3.89 mg/dl, respectively) (Fig.1). HDL/CH percent-
age in hypertensive animals was lower than in nor-
motensive rats (47.11 ± 9.60% vs. 62.71 ± 4.32%).

Twenty-one-day administration of amlodipine
caused a statistically significant decrease in total cho-
lesterol without changes in HDL cholesterol concen-
tration compared to the group of animals receiving
only methylcellulose. In addition, we noticed an in-
crease in HDL/CH percentage in amlodipine-treated
rats (68.73 ± 11.7% vs. 47.11 ± 9.6%). Atenolol did
not cause statistically significant changes in the
examined lipid parameters: total cholesterol – 64.40
± 25.2 mg/dl; HDL cholesterol – 31.76 ± 7.4 mg/dl
(Fig. 1); HDL/CH – 51.74 ± 8.7%.

Cytokine level

As shown in Figure 2, SHR (SHR + MET) presented
a higher serum level of TNF-� (2895.74 ± 1194.8 pg/ml)
than WKY (1403.63 ± 462.7 pg/ml). However, WKY
rats had higher levels of IL-6 (7418.53 ± 4783.97 vs.

1048.56 ± 910.07 pg/ml) (Fig. 3). There was no
change in concentration of IL-1� in SHR (264.6
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Tab. 1. )�� ��	������ �	 ��� ������� ������������� *� � ������ �	 ��������� +,-. / $��0 �� �������� +,-. / $)0 �� �������� *��� ��������
�� ,-.

Time after drug
administration
(week)

Mean changes in arterial blood pressure (% of initial values)

systolic diastolic medium

SHR + MET SHR + AML SHR + AT SHR + MET SHR + AML SHR + AT SHR + MET SHR + AML SHR + AT

0 100 100 100 100 100 100 100 100 100

1 98.23
± 7.64

97.29
± 9.50

94.58
± 9.24

94.52
± 13.27

88.68
± 11.73

93.55
± 12.06

95.79
± 9.59

91.78
± 8.64

93.92
± 10.27

2 102.58
± 14.5

102.20
± 14.61

94.81
± 9.54

99.78
± 18.67

101.17
± 14.56

93.33
± 12.79

100.61
± 14.96

100.90
± 13.75

94.23
± 10.65

3 107.06
± 13.30

99.73
± 12.11

92.37
± 6.83*

104.46
± 18.56

96.06
± 17.38

91.21
± 13.97

105.76
± 16.71

96.92
± 12.36

91.72
± 9.53 *
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± 133.73 pg/ml) in comparison with WKY rats
(222.20 ± 78.8 pg/ml) (Fig. 4).

Changes in serum concentration of TNF-� after 21
days of drug administration are shown in Figure 2.
Amlodipine caused a statistically significant decrease,
whereas atenolol did not influence the cytokine level
when compared to SHR control group (970.91 ± 753.8
vs. 2932.24 ± 1037.2 vs. 2895.74 ± 1194.8 pg/ml). In the
present study (Fig. 3), we observed the increase in
IL-6 values in amlodipine- and atenolol-treated rats in
comparison with control group (4511.29 ± 2188.7 pg/ml
and 3889.10 ± 2630.8 pg/ml vs. 1048.56 ± 910.1 pg/ml,

respectively). Three-week administration of the drugs did
not influence IL-1� level (Fig. 4). The following concen-
trations were found: 284.78 ± 133.0 pg/ml (SHR
+ AML), 209.81 ± 103.7 pg/ml (SHR + AT) and 264.60
± 133.7 pg/ml (SHR + MET).

Discussion

The SHR is widely accepted as an experimental
model of essential hypertension [43]. Hypertension in
these animals is of unknown etiology. Some changes
in the activity of the sympathetic system, the renin-
angiostensin system, altered response to vasoactive
factors, as well as disorders in the immune system
have been observed [56, 57]. Normotensive WKY
rats, which differ e.g. in hemodynamic parameters,
constitute a control group for SHR [32].

It is known that total cholesterol level is higher in
WKY rats [30, 32, 64] yet, it does not affect the blood
pressure level. SHR with lower cholesterol values
have higher blood pressure, which is associated with
only a slight participation of lipid alteration in the
mechanism of development of this experimental hy-
pertension. In our studies, SHR presented a signifi-
cantly higher serum total cholesterol level compared
to WKY rats. Simultaneously, a higher HDL choles-
terol level and a significantly higher percentage con-
tribution of HDL cholesterol to total cholesterol were
determined in WKY rats. The observed discrepancies
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may result from different sensitivity of the examined
rat strains to activity of LPS which was administered
ip 2 h before heart puncture in order to achieve
a measurable cytokine level. We are also aware of the
biological variability described for WKY rats among
different commercial suppliers. LPS has been found
to affect the lipid profile in rats. Feingold et al. [25]
have revealed an endotoxin-induced dose-dependent
increase in triglycerides in Sprague-Dawley rats,
without any effect on total cholesterol level. On the
other hand, in Donryu rats an increase in triglyceride
and total cholesterol concentration after LPS stimula-
tion was noted [31]. In our study, the determined level
of the total cholesterol in SHR was in accordance with
the values typical of this strain. However, in the case
of WKY rats, a lower than anticipated cholesterol
level was observed, which may suggest different sen-
sitivity of various animal strains to LPS.

In our studies comparing TNF-� values, a signifi-
cantly higher level of this cytokine in SHR serum was
determined than in WKY rats after LPS stimulation
(0.1 mg/kg; ip). Chou et al. [13] observed a similar
rise following a dose of 10 mg/kg iv LPS. An in-
creased level of LPS-induced TNF-� in hypertensive
rats was also noted in other studies [54]. This cyto-
kine concentration did not, however, indicate directly
proportional dose-effect correlation in the case of nor-
motensive animals.

Our data demonstrate that the WKY rats have a sig-
nificantly higher IL-6 level than the SHR. This is in
agreement with the findings of Nakamura et al. [40]
who reported lower IL-6 expression in renal tissue of
SHR compared to WKY rats. Bernard et al. [7] also
reported the increase in this cytokine level after LPS
stimulation in 8-week-old WKY rats which were
made hypertensive by a clip on a renal artery. Their
results indicate that SHR have a greater ability to re-
sist endotoxic shock than WKY rats. This has no rela-
tion to hypertension but is associated with an attenu-
ated inflammatory response to LPS.

The third cytokine we evaluated was IL-1�, the
level of which did not differ in both SHR and WKY
rats. An in vitro study of Liu et al. [34] showed that
incubation of carotid arteries of hypertensive rats with
LPS caused the level-dependent increase in IL-1�

mRNA expression to a significantly greater degree
than WKY rats.

Recent studies have concentrated on cytokine in-
volvement in numerous inflammatory states including
cardiovascular diseases. The increased cytokine syn-

thesis can enhance unfavorable pathological changes
[48, 58, 61, 65]. Hypotensive drugs in immunophar-
macological investigations reveal additional proper-
ties which can also be responsible for the clinical ef-
fect of their activity.

In our study, we did not observe any alterations in
hemodynamic parameters after 21 days of intragastri-
cally administered amlodipine at a dose of 15 mg/kg.
In the available literature, the authors used lower am-
lodipine doses for a longer period of time. Oshima et
al. [45] achieved blood pressure reduction in SHR fol-
lowing an 8-week administration of amlodipine at
a dose of 10 mg/kg, whereas Nayler [42] observed
this effect after 30 weeks and doses of 5 and 10 mg/kg.
Despite the lack of hypotensive effect, significant changes
in the total cholesterol level and TNF-� were observed
following the administered dose of amlodipine.

In the group receiving amlodipine, a statistically
significant decrease in the total cholesterol level in
animal serum was observed. Srinivasan et al. [55] de-
scribed similar decrease in total cholesterol level in
SHR serum after amlodipine administration for
6 weeks at a dose of 5 mg/kg.

Amlodipine rarely causes changes in lipids. A neu-
tral impact of this drug on metabolic parameters can
be usually noticed, without any adverse effects [1,
29]. However, potential antiatherogenic influence of
calcium channel antagonists, including amlodipine,
should be emphasized [35, 36]. This activity seems
not to depend on blood cholesterol level. In rat hetero-
topic cardiac allografts, amlodipine inhibited develop-
ment of atherosclerosis without causing any changes
in the total cholesterol concentration and the HDL
cholesterol [2] and in rabbits on cholesterol diet, am-
lodipine reduced atherosclerotic alterations [59].

In this study, a statistically significant decrease in
TNF-� in the SHR serum after 21 days of intragastrical
administration of amlodipine (15 mg/kg) has been ob-
served. Similar findings were obtained in Sprague-
Dawley rats following intravenous amlodipine admini-
stration (50 µg/kg) and LPS challenge – 10 mg/kg iv

[12]. Fukuzawa et al. [27] also demonstrated a low-
ered TNF-� after amlodipine (LPS – 2 mg/kg, iv) in
Balb/c mice. The experimental data were confirmed
in clinical trials [24, 50]. Therefore, the reduction of
TNF-� by amlodipine is likely to be an additional
property inhibiting hypertension complications. Pro-
inflammatory cytokines, including TNF-� can impair
the functioning of the endothelium [8]. TNF-� also
limits the half-life of eNOS mRNA, which affects the
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NO availability and its level [63]. Additionally, this
cytokine can stimulate angiotensinogen gene expres-
sion and thus influence the functioning of the renin-
angiotensin system [9]. The mechanism of lowering
of TNF-� by amlodipine has not been determined yet.
Some authors suggest that this agent decreases TNF-�
level, acting as a free radical scavenger and increasing
vascular prostacyclin production [27]. However, the
data on the immunomodulating action of calcium
channel blockers should be approached with caution,
due to the lack of univocal findings [49].

In our study, we observed a significant increase in
IL-6 level after 3 weeks of amlodipine administration
and acute LPS stimulation. These results are in accor-
dance with in vitro data, indicating that amlodipine
activated the IL-6 gene via the transcription factors
NF-IL6 and NF-�B in primary human vascular
smooth muscle cells [22]. However, clinical studies
have shown the reduction in IL-6 level [38, 50]. IL-6
is the cytokine which shows anti-inflammatory prop-
erties in some cases [4, 44].

Amlodipine in our experimental model did not af-
fect the IL-1� level. The achieved concentration of
this cytokine was similar to that in control animals
(SHR + MET). Chou et al. [12] observed reduction of
IL-1� level in serum of Sprague-Dawley rats receiv-
ing amlodipine iv (50 µg/kg). The differences in the
outcomes may be attributed to a higher LPS dose
(10 mg/kg) administered iv or to a different strain of
animals used for the studies.

In our experimental model, atenolol given intragas-
trically to SHR for 21 days at a dose of 25 mg/kg
caused a statistically significant decrease in systolic
and medium blood pressure. Atenolol did not affect
TNF-� and lipid levels in serum of SHR. Prabhu et al.
[47] demonstrated that selective �1-antagonist metoprolol
induced a significant decrease in TNF-� and IL-1� gene
expression locally in the myocardium of WKY rats af-
ter large myocardial infarction. On the other hand,
Mastronardi et al. [37] described an opposite effect.
They noted that isoproterenol lowered LPS-induced
TNF-� secretion, whereas, propranolol enhanced ba-
sal and LPS-induced secretion of this cytokine.

The level of IL-6 increased significantly after ate-
nolol therapy in SHR. This finding is contrary to the
data presented by Murray et al. [39], although
changes in IL-6 are rather associated with �2-adrene-
rgic receptors [11]. In in vitro experiments, atenolol
did not exert any impact on IL-6 concentration [14,
18, 41].

As for IL-1� level, no statistically significant dif-
ferences after 3-week atenolol administration were
found. However, the level of this cytokine seems to
have a declining tendency at the used dose and dura-
tion of the drug administration. Reduction of IL-1�

level might be an additional advantage in hyperten-
sion treatment. Peeters et al. [46] showed that ex vivo

whole blood IL-1� production capacity of patients
with hypertension was significantly increased after
the stimulation with LPS when compared to healthy
controls.

The elucidation of interactions between drugs and
cytokines can be of great importance in the context of
recent data on multifunctional pathogenesis of cardio-
vascular diseases including hypertension. Further
studies are required in order to determine the mecha-
nisms of activity of hypotensive drugs and their inter-
actions with the immune system more precisely.

Conclusions

Amlodipine and atenolol act as immunomodulators of
pro-inflammatory cytokines in SHR.

Amlodipine decreases TNF-�, increases IL-6 and
does not affect IL-1�. This action does not depend on
its hemodynamic effect.

Atenolol does not influence TNF-� and IL-1�, but
rises IL-6 in SHR.
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