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I N T R O D U C T I O N

Blood pressure (BP) is not constant and there exists a

spontaneous variation in BP. This variation is defined as

blood pressure variability (BPV). BPV is increased in both

hypertensive human beings and hypertensive animals

[1–3]. Furthermore, BPV was found as an important

factor determining the end-organ damage in hyperten-

sion [4–6]. In other words, the instability of BP could

produce organ damages. In consideration of these, it has

been proposed that an antihypertensive drug with a

BP-stabilizing effect would benefit the hypertensives

additionally. Several works of our department have dem-

onstrated that long-term treatments with ketanserin,

candersartan, nitrendine, the combination of nitrendi-

pine and atenolol, and mixture of hydrochlorothiazide

not only decreased BP level, but also decreased BPV, and

had obvious effects on organ protection in spontaneously

hypertensive rats (SHR) as well. The organ protection

was importantly attributed to the decrease in BPV [7–9].

Clinically, only 50% patients achieve optimal BP

control with monotherapy. Therefore, treatment with

two or more antihypertensive drugs of different classes is

often necessary [10]. It is even suggested that the use of

combination therapy will be appropriate as initial

treatment [11]. Both b-blockers and dihydropyridine

calcium antagonists are widely used in the treatment of

hypertension. In these two classes, atenolol and amlo-

dipine are two representives of long-acting drugs. It is

speculated that the combination of these two drugs will

be a power tool in the treatment of hypertension.

Therefore, the present work was designed to investigate

the synergism of atenolol and amlodipine on both BP

and BPV reductions in SHR. The best proportion of two

drugs in the combination was also evaluated.

M E T H O D S

Animals

Sixty-four SHR of either sex, at the age of 12 weeks, were

provided by the Animal Center of our University. The

animals were divided into eight groups with eight rats in

each group. The rats were housed at controlled tem-

perature (23–25 �C) and lighting [8:00 am to 20:00 pm
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A B S T R A C T

This study was designed to investigate the possible synergism of atenolol and

amlodipine on lowering and stabilizing blood pressure (BP) in spontaneously

hypertensive rats. Sixty-four spontaneously hypertensive rats were randomly divided

into eight groups. They were given 0.8% carboxymethylcellulose sodium (control),

atenolol (10 mg/kg), amlodipine (0.5, 1 and 2 mg/kg) and the combinations of

atenolol and amlodipine (10 + 0.5, 10 + 1 and 10 + 2 mg/kg), respectively. The

drugs were given via a catheter of gastric fistula. BP was recorded for 25 h from 1 h

before drug administration to 24 h after administration, in conscious, freely moving

rats. It was found that combination of atenolol and amlodipine significantly decreased

BP and systolic BP variability. From probability sum analysis it was found that the

combination of atenolol and amlodipine, in a proportion as 10 : 1, was the best one

(q ¼ 1.54). In conclusion, the present work clearly demonstrated that there is a

synergistic effect between atenolol and amlodipine in lowering and stabilizing the BP.

The synergistic effect is highest when the dose proportion of the two drugs is 10 : 1.
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(light) and 20:00 pm to 8:00 am (dark)] and with free

access to rat chow and tap-water. All the animals used in

this work received humane care, in compliance with

institutional animal care guidelines.

Drugs and drug administration

Amlodipine (Nanjing Pharmaceutical Co. Ltd, Nanjing,

China), atenolol (Shanghai Second Pharmaceutical Co.

Ltd, Shanghai, China) and the combination of these two

drugs were dissolved in the 0.8% carboxymethylcellulose

sodium (CMC). The dosages were as follows: atenolol

10 mg/kg, amlodipine 0.5, 1 and 2 mg/kg, and the

combination of atenolol and amlodipine 10 + 0.5,

10 + 1 and 10 + 2 mg/kg. Each group received one

dosage and 0.8% CMC was given to control rats. Drugs

were administrated by catheter of gastric fistula implan-

ted 3 days before.

BP and BPV measurement

Systolic BP (SBP), diastolic BP (DBP) and heart period

(HP) were continuously recorded using previously des-

cribed technique [2,12]. Briefly, rat was anesthetized by

an injection (i.p.) with a combination of ketamine

(40 mg/kg) and diazepam (6 mg/kg). A floating poly-

ethylene catheter was inserted into the lower abdominal

aorta via the left femoral artery for BP measurement, and

another catheter was placed into the stomach via a mid

abdominal incision for drug administration. The cathe-

ters were exteriorized through the interscapular skin.

After a 2-day recovery period, the animals were placed for

BP recording in individual cylindrical cages containing

food and water. The aortic catheter was connected to a

BP transducer via a rotating swivel that allowed the

animals to move freely in the cage. After about 14-h

habituation, at 9:00 am, the BP signal was digitized by a

microcomputer. Then, at 10:00 am the drug was given

via the catheter of gastric fistula. SBP, DBP and HP values

from every heartbeat were recorded for 25 h, up to 10:00

am on the second day (Figure 1). The mean values of

these parameters during a given period were calculated

and served as SBP, DBP and HP. The standard deviation

of the mean values was calculated and defined as the

quantitative parameter of BPV, i.e. systolic blood pressure

variability (SBPV), diastolic blood pressure variability

(DBPV) and heart period variability (HPV) [1,4].

Probability sum test

To determine whether the combination was synergistic

and the best proportion of the two drugs was in

combination, probability sum test was used. This is a

classic statistical analysis and it was proposed for

evaluating the synergism of the combination of two

drugs (q-test) [13,14]. SBP mean values during two

periods of 1 h (9:00 am to 10:00 am on day 1 and day 2)

were calculated. The differences of SBP between these two

periods were taken as the effectiveness of drug on SBP.

Rat with a decrease in SBP (‡24 mmHg) was defined as

responder and with a decrease in SBP (£20 mmHg) as

non-responder. Rat with a decrease in SBP between 20

and 24 mmHg was ruled out. The formula is as follows:

q ¼ PA+B/(PA + PB ) PA · PB). Here, A and B indicate

drug A and drug B; P (probability) is the percentage of

responder in each group. PA+B is real percentage of

responder and [(PA + PB) ) (PA · PB)] is the expected

response rate. (PA + PB) indicates the sum of the prob-

abilities when drug A and drug B is used alone. (PA · PB)

is the probability of rats responding to both drugs when

they were used alone. When q < 0.85, the combination is

antagonistic; when q > 1.15, it is synergistic; and when q

is between 0.85 and 1.15, it is additive.

Statistical analysis

Data are expressed as mean ± SD. Comparisons between

values obtained before and after drug administration and

among eight groups were made by Wilcoxon signed rank

test. P < 0.05 was considered statistically significant.

R E S U L T S

Effects of atenolol and amlodipine alone,

and in combination on 24-h BP and HP in SHR

It was observed that the 24-h SBP in control SHR was

179 ± 9 mmHg. SBP was significantly decreased in all

the seven groups treated with atenolol or amlodipine,

alone or in combination (Table I). The minimal decrease

Figure 1 Protocol of the experiments. Blood pressure was recorded

from 9:00 am (day 1) to 10:00 am (day 2). Period A: 9:00 am to

10:00 am, 1 h before drug administration. Drug administration

was at 10:00 am (day 1). Period B: 9:00 am to 10:00 am (day 2),

the last hour of the 24-h recording after drug administration.
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()8 mmHg) was observed in rats treated with small dose

(0.5 mg/kg) of amlodipine and the maximal decrease

()42 mmHg) in rats treated with the combination of

atenolol and amlodipine at high-dose (10 + 2 mg/kg).

The decrease in 24-h DBP was not so profound as the

decrease in SBP. This decrease was not significant in the

rats treated with small doses of amlodipine (0.5 or

1.0 mg/kg). The 24-h mean value of HP increased only

in SHR treated with atenolol (10 mg/kg). No significant

changes in HP were found in other groups (Table I).

Effects of atenolol and amlodipine on BP and HP

in SHR, in the 24th hour after administration

Table II shows the effects of atenolol and amlodipine

alone and in combination on BP and HP in the 24th

hour after administration. The mean values of 1 h before

administration (period A of Figure 1) are the control

values and defined as ‘before’; the mean values of the

24th hour after administration (period B of Figure 1) are

defined as ‘after’. It was found that SBP was significantly

decreased in all the three groups treated with the

combination of atenolol and amlodipine in different

proportions. A significant decrease in DBP was found

in rats treated with high-dose of amlodipine (2 mg/kg)

and with combination of atenolol and amlodipine

(10 + 1 mg/kg and 10 + 2 mg/kg). Mean HP value of

the 24th hour was observed to have increased only in

rats treated with atenolol alone (Table II).

Synergism of atenolol and amlodipine

on SBP in SHR

Based on the results presented in Table II, the effective-

ness of the decrease in SBP was calculated individually.

Rat with a decrease in SBP (‡ 24 mmHg) was defined as

responder and with a decrease in SBP (£ 20 mmHg) as

non-responder. According to this criterion, the prob-

ability was defined as the ratio of responders by the total

number rats studied in a group. The results of the

probability are presented in Table III. Using the formula

described in the method section, we have the q-values

(1.05, 1.54 and 1.04) for the combination of atenolol

and amlodipine in the proportions of dosages at 10 : 0.5,

10 : 1 and 10 : 2, respectively. It is obvious that the

combination in a dose proportion as 10 : 1 possesses the

highest synergism.

Synergism of atenolol and amlodipine

on BPV in SHR

Systolic blood pressure variability and DBPV were

calculated using the data obtained during a period of

24 h after the drug administration. Compared with

control rats, a significant decrease in SBPV was observed

Table II Effects of atenolol and amlo-

dipine alone and in combination on 1-h

blood pressure and heart period (HP) in

spontaneously hypertensive rats (SHR)

in the 24th hour after medication.

SBP (mmHg) DBP (mmHg) HP (ms)

Before adm. After adm. Before adm. After adm. Before adm. After adm.

Control 180 ± 14 179 ± 12 111 ± 20 109 ± 16 165 ± 19 168 ± 24

Ate (10 mg/kg) 182 ± 10 171 ± 15 114 ± 11 99 ± 24 170 ± 23 220 ± 36*

Aml (0.5 mg/kg) 181 ± 11 178 ± 16 117 ± 11 110 ± 19 167 ± 18 170 ± 20

Aml (1 mg/kg) 180 ± 10 171 ± 21 115 ± 11 107 ± 13 179 ± 22 168 ± 25

Aml (2 mg/kg) 178 ± 9 169 ± 13 111 ± 16 91 ± 22* 179 ± 21 179 ± 24

Ate + Aml (10 + 0.5 mg/kg) 176 ± 8 163 ± 18* 119 ± 1 97 ± 22 167 ± 21 175 ± 23

Ate + Aml (10 + 1 mg/kg) 183 ± 11 155 ± 20* 118 ± 13 94 ± 21* 180 ± 23 169 ± 18

Ate + Aml (10 + 2 mg/kg) 179 ± 9 148 ± 14* 111 ± 9 88 ± 17* 178 ± 23 168 ± 15

SBP, systolic blood pressure; DBP, diastolic blood pressure; Ate + Aml, combination of atenolol and

amlodipine. Ate, atenolol; Aml, amlodipine; Before adm., the mean value of 1 h before administration; After

adm., the mean value of the 24th hour after administration (n ¼ 8).

*P < 0.05 vs. control.

Table I Effects of atenolol and amlodipine alone and in combination

on 24-h blood pressure and heart period (HP) in spontaneously

hypertensive rats (SHR).

Drug Dose (mg/kg) SBP (mmHg) DBP (mmHg) HP (ms)

Control 179 ± 9 110 ± 14 178 ± 27

Ate 10 167 ± 13* 96 ± 15* 215 ± 28**

Aml 0.5 171 ± 14* 105 ± 13 184 ± 22

Aml 1 169 ± 16* 104 ± 9 179 ± 21

Aml 2 154 ± 10** 87 ± 17** 176 ± 18

Ate + Aml 10 + 0.5 156 ± 13** 95 ± 14* 177 ± 20

Ate + Aml 10 + 1 142 ± 14** 92 ± 15* 181 ± 26

Ate + Aml 10 + 2 137 ± 12** 81 ± 15** 172 ± 18

SBP, systolic blood pressure; DBP, diastolic blood pressure; Ate, atenolol;

Aml, amlodipine (n ¼ 8 in each group).

*P < 0.05, **P < 0.01 vs. control.
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in all the three groups treated with the combination of

atenolol and amlodipine in different proportions, but not

in rats treated with a single drug. No significant effect

was found on DBPV and HPV in any groups (Table IV).

Compared with the mean value of control rats, rat with a

decrease in SBPV (‡ 2 mmHg) was defined as responder.

According to this criterion and using the formula

described in the method section, we have the q-values

1.09, 1.45 and 1.18 for the combination of atenolol and

amlodipine in the proportions of doses at 10 : 0.5, 10 : 1

and 10 : 2, respectively. The combination with a dose

proportion of 10 : 1 possesses the highest synergism.

D I S C U S S I O N

The rationale of using fixed-dose combination therapy is

to obtain increased blood pressure control by employing

two antihypertensive agents with different modes of

action and to enhance compliance by using a single

tablet that is taken once or twice daily [15]. Combination

of two different agents at lower doses can also minimize

the clinical and metabolic side-effects of each individual

component in higher dosage, when used individually

[16]. Fixed-dose combination of antihypertensive drugs

can simplify dosing regimens, improve compliance,

improve hypertension control, decrease dose-dependent

side-effects and reduce cost as the first-line treatment of

hypertension [17]. These potential advantages make it

recommendable for the combination antihypertensive

therapy to be used as initial treatment, particularly in

patients with target-organ damage or more severe initial

hypertension [18,19]. Both b-blocker and dihydropyri-

dine calcium antagonists are widely used in antihyper-

tensive therapy. In view of the different acting

mechanisms of these two drugs without risk of car-

diac conduction abnormalities, the combination of a

b-blocker and a dihydropyridine calcium antagonist is

logical [20]. It might be an effective treatment for

hypertensive patients with chronic renal insufficiency

and left ventricular hypertrophy [21]. Calcium antago-

nists are vasodilatory and tend to increase plasma renin,

therefore combination with a b-blocker is theoretically

sound [22]. A vascular selective calcium antagonist

lowers total peripheral resistance and a b-blocker lowers

heart rate, thus lowering cardiac output. These drugs

can also mutually neutralize some of each other’s side-

effects, such as the initial heart rate increases, which

may occur with dihydropyridine calcium antagonists

and the rise in peripheral resistance elicited by some

b-blockers [23].

Amlodipine, with its intrinsically long half-life alone or

together with b-blocker, is likely to produce superior

ischaemia reduction in clinical practice when patients

frequently forget to take medication or take doses

irregularly [24,25]. Mettimano et al. found that adding

amlodipine to atenolol produced a significant reduction

in blood pressure when compared with placebo in

patients whose blood pressure was not controlled by

atenolol alone. The reduction of side-effects, obtained by

adding a dihydropyridine derivate to a b-blocker,

confirms the effectiveness of this combination [26]. The

present work demonstrated that the combination of

atenolol and amlodipine was synergistic on the 24 h BP

control. The highest synergism occurred when the

combination was 10 : 1. Interestingly, this proportion

(10 : 1) is quite the same for the doses used clinically for

each drug: 25–100 mg for atenolol and 2.5–10 mg for

amlodipine.

High BP level is not the unique factor determining

hypertensive end-organ damage. It has been proposed

that BPV may play an important role in determining

Table IV Effects of atenolol, amlodipine alone and in combination

on 24-h blood pressure variability and heart period variability in

spontaneously hypertensive rats.

Drug Dose (mg/kg) SBPV (mmHg) DBPV (mmHg) HPV (ms)

Control 12 ± 4 8.0 ± 2.8 43 ± 19

Ate 10 9.4 ± 2.7 8.1 ± 2.3 45 ± 12

Aml 0.5 10.5 ± 2.5 7.9 ± 3.6 42 ± 21

Aml 1 11.3 ± 4.2 9.4 ± 5.2 44 ± 18

Aml 2 12.5 ± 4.1 8.5 ± 4.2 39 ± 24

Ate + Aml 10 + 0.5 8.4 ± 3.9* 7.8 ± 3.4 46 ± 18

Ate + Aml 10 + 1 7.6 ± 2.6* 7.9 ± 2.5 42 ± 17

Ate + Aml 10 + 2 8.0 ± 4.6* 7.3 ± 3.8 42 ± 21

SBPV, systolic blood pressure variability; DBPV, diastolic blood pressure

variability; Ate, atenolol; Aml, amlodipine (n ¼ 8 in each group).

*P < 0.05 vs. control.

Table III The result of probability sum test for the combination of

atenolol and amlodipine in spontaneously hypertensive rats.

Drug Dose (mg/kg) Probability

Ate 10 2/8

Aml 0.5 1/7

Aml 1 2/7

Aml 2 5/8

Ate + Aml 10 + 0.5 3/8

Ate + Aml 10 + 1 5/7

Ate + Aml 10 + 2 6/8

Ate, atenolol; Aml, amlodipine.
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end-organ damage in hypertension. Parati et al. (1987)

found that for nearly any levels of 24-h mean BP,

patients in whom the BPV was lower had a lower

prevalence and severity of organ damage than those

with higher BPV [4]. To elucidate the relation between

causes and consequence, the same group conducted

another important study [5]. It has been shown that the

organ damage developing over a 7.5-year period was

independently related to the initial BPV. This suggests

that BPV is clinically important in a longitudinal basis

[5,27]. The present work provided solid experimental

evidence showing that the combination of atenolol and

amlodipine was effective in stabilizing SBP, i.e. it

decreased SBPV in SHR. By q-test, it was found that

the synergism was highest when the dose proportion of

the two drugs is 10 : 1. The effect of a single drug on

BPV did not reach to significant level in the present

work. Furthermore, it seems that SBPV is a sensitive

variable, whereas DBPV is not. This is in good accord-

ance with the findings in human beings, showing that

SBP and SBPV were more important than DBP and

DBPV for predicting organ damages in hypertensive

patients [28,29].

In human beings, plasma half-life of amlodipine is long

(about 35 h). Conversely, in rats the half-life of amlo-

dipine is only 3 h, despite a high volume of distribution

for the drug (32 L/kg) because of high plasma clearance

(122 mL/min/kg) [30]. So we did not find differences in

the 24th hour after medication when amlodipine was

administrated alone (Table II). However, such effect

existed when a combination was used. In the present

work, no bradycardia was found in rats treated with the

combination. This is different from the previous obser-

vations [25,31]. The exact reasons remain unclear. The

possible explanations for the lack of a bradycardia may

be: (1) the difference between human beings and rats;

(2) some clinical observations are noted during exercise

where the heart rate was high [25].

In conclusion, the present work clearly demonstrated

that the combination of atenolol and amlodipin is

synergistic in lowering and stabilizing BP. This syner-

gism is highest when the dose proportion of the two

drugs is 10 : 1.
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