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Introduction
It is well known that blood pressure (BP) level is an impor-
tant determinant for the end-organ damage in hypertensive 
patients or hypertensive animals.  However, BP level is cer-
tainly not the unique determinant for end-organ damage.  
Recently, it has been proposed that blood pressure variability 
(BPV) and baroreflex sensitivity (BRS) may be two important 
factors determining organ damage in hypertension[1–6].  This 
implies that antihypertensive treatment should aim at not only 
reducing BP values but also reducing BPV and enhancing BRS.  

    The importance of a combination therapy has been well 
recognized in the treatment of hypertension[7, 8].  To better 
control BP is the main objective of the combination therapy.  
Generally speaking, a combination of two drugs belonging to 
different classes may possess a synergism on BP reduction.  
However, limited imformation is available about whether 
such a combination possesses a synergism on BPV reduction, 
BRS restoration and organ protection.  Irbesartan, an angio-
tensin II receptor blocker, and amlodipine, a dihydropyridine 
calcium antagonist, are two widely used drugs in the treat-
ment of hypertension.  They belong to two different classes 
of antihypertensives and the mechanisms of action are quite 
different for these two drugs.  Therefore, the present work was 
designed to investigate the possible synergism of irbesartan 
and amlodipine on BP and BPV reduction, BRS restoration and 
organ protection in spontaneously hypertensive rats (SHR).
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Materials and methods 
Animals and chemicals
Male SHRs with an age of 18 weeks were provided by the  
animal center of Second Military Medical University.  The 
rats were housed with controlled temperature (22–24 °C) and 
lighting (8:00–20:00 light, 20:00–8:00 dark) and with free access 
to food and tap water.  All the animals used in this work 
received humane care in compliance with institutional animal 
care guidelines.  Antihypertensive drugs used in this study are 
as follows: amlodipine (Nanjing Pharmaceutical Co Ltd, Nan-
jing, China) and irbesartan (Jiangsu Hengrui Pharmaceutical 
Co Ltd, Lianyungang, China).

Drug administration 
Studies were performed in four groups of SHR.  Irbesartan, 
amlodipine or combination of these two drugs were mixed 
in the rat chow.  The consumption of rat chow containing 
drugs was determined previously.  The content of drugs in 
the rat chow was calculated according to the chow consump-
tion, and the ingested doses of drugs were approximately 10 
mg·kg-1·d-1 for irbesartan, 1 mg·kg-1·d-1 for amlodipine and 
1+10 mg·kg-1·d-1 for the combination of these two drugs.  The 
control SHR group received the same diet without the drugs.  
We used relatively low doses of drugs to avoid a very remark-
able normalization of BP in the treatment, which would make 
it much difficult to distinguish the contribution of blood pres-
sure variability and baroreflex sensitivity to organ protection 
from that of blood pressure.  After 4 months of drug adminis-
tration, BP was recorded during 24 h, and then BPV was cal-
culated and BRS was determined in conscious freely moving 
rats.  Histopathological examinations were performed after BP 
recording and BRS studies.

BP measurement
Systolic BP (SBP), diastolic BP (DBP) and heart period (HP) of 
rats were continuously recorded using a previously described 
technique[9, 10].  Briefly, rats were anesthetized with a combi-
nation of ketamine (40 mg/kg) and diazepam (6 mg/kg).  A 
floating polyethylene catheter was inserted into the lower 
abdominal aorta via the left femoral artery for BP measure-
ment, and another catheter was placed into the left femoral 
vein for intravenous injection.  The catheters were exteriorized 
through the interscapular skin.  After a 3-d recovery period, 
the animals were placed for BP recording in individual cylin-
drical 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.  The hemo-
dynamic recording system used in the present work is MPA-
HBBS blood pressure and heart rate analysis system (Model: 
MPA-HBBS.  Shanghai Alcott Biotech Co, LTD, Shanghai, 
China).  The transducer is ALC-AP12 blood pressure sensor 
(Model: ALC-AP12.  Shanghai Alcott Biotech Co, Ltd, Shang-
hai, China).  After about 14-h habituation, the BP signal was 
digitized by a microcomputer.  SBP, DBP and HP values from 
every heartbeat were determined on line.  The mean values 
and standard deviation of these parameters (including all 

beats) during a period of 24 h were calculated.  The standard 
deviation was defined as the quantitative parameter of BPV, ie 
systolic BPV (SBPV), diastolic BPV (DBPV), and HP variability 
(HPV).

BRS measurement 
To determine the function of arterial baroreflex in conscious 
rats, the methods widely used are derived from that of Smyth 
firstly applied for humans[11].  The principle of this method is 
to measure the prolongation of HP in response to an elevation 
of BP.  With some modifications, this method was used in con-
scious rats[12, 13].  A bolus injection of phenylephrine was used 
to induce an elevation of BP.  The dose of phenylephrine was 
adjusted to raise SBP between 20 and 40 mmHg.  HP was plot-
ted against SBP for linear regression analysis and the slope of 
SBP-HP was expressed as BRS (ms/mmHg).  

Morphological examination 
The animal was weighed and killed by decapitation.  The 
thoracic and peritoneal cavities were immediately opened.  
The right kidney, aorta and heart were excised and rinsed 
in cold physiological saline.  The right kidney was blotted, 
and weighed.  The left ventricle was isolated, blotted, and 
weighed.  At the same time, the aorta was cleaned of adher-
ing fat and connective tissue.  Just below the branch of the left 
subclavicular artery, a 30-mm-long segment of thoracic aorta 
was harvested, blotted, and weighed.  Ratios of left ventricular 
weight to body weight (LVW/BW), and aortic weight to the 
length of aorta (AW/length) were calculated[14].  Histopatho-
logical observation was also carried out with our conventional 
method[15].  Briefly, immediately after gross detection, all 
samples of left ventricles in 2- to 3-mm-thick slices, aortae and 
kidney were immersed in formalin solution for more than 1 
week, dehydrated in ethanol, cleared in dimethylbenzene and 
embedded in paraffin.  Then 5-µm-thick sections were pre-
pared and stained with hematoxylin and eosin for light micro-
scopic evaluation.

Glomerulosclerosis score 
For the semiquantitative evaluation of glomerular damage, 
the glomerulosclerosis score (GSS) was defined as previ-
ously described[16].  On the light microscopic specimens, 
approximately 50 glomeruli from the outer cortex and the 
same number of glomeruli from the inner cortex for each kid-
ney were graded according to the degree of sclerosis: 0, if no 
mesangial expansion; 1, if mild mesangial expansion (less than 
30% of a glomerular area); 2, if moderate mesangial expan-
sion (30%–60% of a glomerular area); 3, if marked mesangial 
expansion (more than 60% of a glomerular area); and 4, if the 
sclerosis was global.  This was performed by one observer in a 
blind fashion using coded slides.  A weighted composite scle-
rosis score was then calculated for each kidney according to 
the following formula: glomerulosclerosis score=[1×(number 
of grade 1 glomeruli)+2×(number of grade 2 glomeruli) 
+3×(number of grade 3 glomeruli)+4×(number of grade 4 
glomeruli)]×100/(number of glomeruli observed).
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Probability sum test
To determine whether the combination was synergistic, we 
tried to use the probability sum test.  This came from classic 
probability analysis and it was proposed for evaluating the 
synergism of the combination of 2 drugs (q test)[13, 17, 18].  In the 
present work, we used the following criteria.  Compared with 
the mean values of control rats, treated rats with a decrease 
in BP (SBP or DBP) ≥20 mmHg were defined as respond-
ers according to clinical experiences.  For other parameters, 
treated rats with a decrease or increase ≥20% of the mean val-
ues of the control group were defined as responders.  The for-
mula is as follows: q=PA+B/(PA+PB–PA×PB).  Here, A and B indi-
cate drug A and drug B; P (probability) is the percentage of 
responders in each group.  PA+B is real percentage of responder 
and (PA+PB–PA×PB) is expected response rate.  (PA+PB) indi-
cates the sum of the probabilities when drug A and drug B 
were used alone.  (PA×PB) is the probability of rats responding 
to both drugs when they were used alone, ie,  assuming the 
two drugs act independently.  When q<0.85, the combina-
tion is antagonistic; when q>1.15, it is synergistic; and when q 
between 0.85 and 1.15, it is additive.

Statistical analysis 
Data are expressed as mean±SEM.  Comparisons among 
groups were made by ANOVA followed by Duncan test.  The 
relationships between hemodynamic parameters and organ 
damage parameters were analyzed by classic univariate cor-
relation analysis.  Stepwise multiple-regression analysis was 
performed to study the independent effect of hemodynamic 
parameters on organ damage.  F to enter and F to remove were 
set to P<0.05 and P>0.10, respectively.  P<0.05 was considered 
statistically significant.  Statistical analysis was performed by 
using software SPSS 11.0.0.

Results 
Effects on BP, BPV, and BRS in SHR 
Both long-term amlodipine (1 mg·kg-1·d-1) and irbesartan (10 
mg·kg-1·d-1) had no obvious effect on BP level, whereas combi-
nation of these two drugs significantly decreased SBP and DBP 
values in SHR.  Amlodipine did not significantly affect the 
BPV and BRS values, but both irbesartan and the combination 
marketly decreased SBPV (-21%, P<0.01; -34%, P<0.01, respec-
tively), DBPV (-24%, P<0.05; and -36%, P<0.01, respectively) 
and obviously enhanced BRS (+77%, P<0.05; and +155%, 
P<0.05, respectively) in SHR.  The extents of BPV reduction 
and BRS amelioration in combination-treated rats were signifi-
cantly greater than those in irbesartan-treated rats.  No obvi-
ous change was found in HP and HPV in any treatment group 
(Table 1, Figure 1).

Effects on organ damages in SHR 
Among organ damage parameters studied, some representa-
tive parameters are shown in Figure 2.  They are LVW/BW 
(reflecting left ventricular hypertrophy), AW/length (reflect-
ing aortic hypertrophy) and GSS (reflecting renal damage).  It 

was found that long-term treatment with irbesartan, which 
had no effect on SBP and DBP levels, significantly decreased 
LVW/BW (-9.8%, P<0.05), AW/length (-13%, P<0.01) and GSS 
(-17%, P<0.01) in SHR.  No significant decrease in all the three 
organ damage parameters was found in amlodipine-treated 

Table 1.  Effects of long-term treatment with irbesartan, amlodipine alone 
and in combination on hemodynamics in spontaneously hypertensive rats.  
Values are mean±SEM.  bP<0.05, cP<0.01 vs SHR. 

                                       SHR                  Irb                   Aml             Irb+Aml
                                     (n=11)         (n=8)               (n=9)  (n=9)
 
SBP (mmHg)  188±2.9  185±1.2  182±4.3  175±3.6c

DBP (mmHg)  126±4.2  123±1.6  117±4.2  112±4.0b

HP (ms)  159±4.0  158±5.4  158±4.2  164±2.9
SBPV (mmHg) 15.9±0.7 12.5±0.2c 13.9±0.8 10.5±0.3c

DBPV (mmHg) 12.6±0.9   9.6±0.2b 11.4±0.8    8.1±0.1c

HPV (ms) 29.0±2.0 24.4±2.3 32.1±2.2 26.5±1.4
BRS (ms/mmHg) 0.28±0.05 0.48±0.05b 0.39±0.09 0.71±0.04c

SHR, spontaneously hypertensive rats; Irb, irbesartan-treated rats; Aml, 
amlodipine-treated rats; Irb+Aml, combination-treated rats; SBP, systolic 
blood pressure; DBP, diastolic blood pressure; HP, heart period; SBPV, 
systolic blood pressure variability; DBPV, diastolic blood pressure varia bi-
lity; HPV, heart period variability; BRS, baroreflex sensitivity.

Figure 1.  Representative tracings of systolic blood pressure in conscious 
spontaneously hypertensive rats. SBP, systolic blood pressure; A, spon-
taneously hypertensive rats; B, irbesartan-treated rats; C, amlodipine-
treated rats; D, combination-treated rats.
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rats.  Treatment with the combination significantly decreased 
all the three organ damage parameters, and the extents of 
decrease in AW/length (-24%, P<0.01) and GSS (-30%, P<0.01) 
were greater than those in irbesartan-treated rats.  

Synergism of irbesartan and amlodipine in SHR 
Table 2 showed the result of the probability sum test in data 
from SHR treated with irbesartan, amlodipine and the combi-
nation.  All q values were larger than 1.15.  It was found that 
the combination of irbesartan and amlodipine possesses a 
significant synergism on BP and BPV reduction, BRS amelio-
ration and organ protection in SHR.

Relationships between BP, BPV, BRS, and organ damages in SHR 
When all the SHRs employed in the present study were pooled 
as a whole (n=37) for linear regression analysis, relation-
ships between BP, BPV, BRS and organ damages are shown 
in Table 3.  It was found that LVW/BW, AW/length and GSS 
were all negatively related to BRS and positively related to 
SBP, SBPV and DBPV, but not to DBP.  Both HP and HPV 
were not correlated with all the three organ damage param-
eters (data not shown).  Some examples for important correla-
tions are shown in Figure 3.

As aforementioned, irbesartan produced organ protective 
action independent of its BP-lowering effect.  To elucidate 
the role of BPV and BRS in the protection, the relationships 
between BP, BPV, BRS and organ damages were also analyzed 
in irbesartan-treated and untreated rats (Table 4).  Consider-
ing the limited number (n=8) of irbesartan-treated rats would 
reduced the validity of linear regression analysis, irbesartan-

Table 2.  The result of probability sum test in spontaneously hypertensive 
rats treated with long-term irbesartan and amlodipine. 

 SBP Irb PIrb=0% 
  Aml PAml=22% q=1.50
  Irb+Aml PIrb+Aml=33% 
 
 SBPV Irb PIrb=50% 
  Aml PAml=33% q=1.50
  Irb+Aml PIrb+Aml=100% 
 
 DBP Irb PIrb=0% 
  Aml PAml=22% q=1.50
  Irb+Aml PIrb+Aml=33% 
 
 DBPV Irb PIrb=63% 
  Aml PAml=33% q=1.33
  Irb+Aml Irb+Aml=100% 
 
 BRS Irb PIrb=63% 
  Aml PAml=44% q=1.26
  Irb+Aml PIrb+Aml=100% 
 
 LVW/BW Irb PIrb=13% 
  Aml PAml=0% q=1.78
  Irb+Aml PIrb+Aml=22% 
 
 AW/Length Irb PIrb=13% 
  Aml PAml=33% q=1.87
  Irb+Aml PIrb+Aml=78% 
 
 GSS Irb PIrb=13% 
  Aml PAml=22% q=2.43
  Irb+Aml PIrb+Aml=8%

See Table 1 and Figure 2 for abbreviations. q>=1.15 means synergism.

Table 3.  Linear regression coefficient (r) between BP, BPV, BRS 
values, and organ damages in treated and untreated spontaneously 
hypertensive rats (n=37).  bP<0.05, cP<0.01.  See Table 1 and Figure 2 for 
abbreviations.

                                        LVW/BW AW/length                    GSS 
 
 SBP  0.475c  0.520c  0.534c

 DBP  0.126  0.275  0.318
 SBPV  0.665c  0.674c  0.706c

 DBPV  0.476c  0.490c  0.621c

 BRS -0.457c -0.656c -0.763c

Figure 2.  Effects of long-term treatment with irbesartan, amlodipine 
alone and in combination on pathological changes in ventricles, aortae, 
and kidneys in spontaneously hypertensive rats.  SHR, spontaneously 
hypertensive rats (n=11); Irb, irbesartan-treated rats (n=8); Aml, 
amlodipine-treated rats (n=9); Irb+Aml, combination-treated rats (n=9); 
LVW, left ventricular weight; BW, body weight; AW, aortic weight; GSS, 
glomerulosclerosis score.  bP<0.05, cP<0.01 vs SHR; eP<0.05, fP<0.01 vs 
Irb.
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treated rats and control SHRs were pooled as a whole.  It was 
found that both AW/length and GSS were markedly corre-
lated with BRS, and all the three pathological parameters were 
significantly related to SBPV, but not to SBP or DBP level.  

Furthermore, when all the SHRs employed in the present 
study were pooled as a whole, the relative dependencies of 
organ damage on hemodynamic parameters were assessed 
by stepwise multiple-regression analysis.  LVW/BW was 
independently associated with higher SBPV (β=0.657, P<0.01; 
where β is the standardized partial regressive coefficient).  
AW/length was independently associated with higher SBPV 
(β=0.422, P<0.05) and lower BRS (β=-0.371, P<0.05).  Glomeru-
losclerosis score was independently associated with lower BRS 
(β=-0.525, P<0.01) and higher SBPV (β=0.354, P<0.05).  

Discussion
The present work clearly demonstrated the synergism of low-
dose irbesartan and amlodipine in reducing BP and BPV, 
restoring BRS and protecting end organs in SHRs.

It was found that both amlodipine (1 mg·kg-1·d-1) and irbesar-
tan (10 mg·kg-1·d-1) had no obvious effect on BP level, whereas 
combination of these two drugs significantly decreased SBP 
and DBP values in SHR.  A synergistic effect on SBP and DBP 
reduction was found in combination therapy (q=1.5 for both 
SBP and DBP).  This synergistic effect would reduce the dose 
of each drug required in the treatment of hypertension and 
then could minimize the clinical and metabolic side effects of 
each individual component in larger dosage when used alone.  
It has been proposed that dihydropyridines have a natriuretic 
effect, which is expected to render blood pressure maintenance 
more angiotensin II-dependent[19, 20].  This may account for the 
synergistic effect of amlodipine and irbesartan on BP reduc-
tion.  In addition, the response of the sympathetic nervous sys-
tem to the vasodilation induced by dihydropyridines is buff-
ered by concomitant blockade of the renin-angiotensin system, 
which may contribute to enhancement of the BP reduction as 
well as to prevention of the reflex increase in heart rate and 
the palpitations possibly occurring during calcium channel 
blockade [19, 21].  

Clinical observations suggested that BPV was related to 
organ damages in hypertensive patients [1, 22–24].  In animal stud-
ies, it has been reported that the organ damages induced by 
sinoaortic denervation were related to the high BPV but not to 
BP level[25, 26].  Accordingly, it seems very important to empha-
size the role of BPV in antihypertensive therapy[6].  However, 
little information is available about how to better control BPV 
in the treatment of hypertension.  In the present work, chronic 
treatment with combination of low-dose irbesartan and amlo-
dipine markedly decreased BPV in SHR and an obvious syn-
ergism on BPV reduction was found in combination therapy.  
These results suggested that combination therapy might be 
more effective in control of BPV than monotherapy.  

Arterial baroreflex dysfunction is another feature of hyper-
tension.  It has been well recognized that BRS is impaired in 
hypertensive humans and animals[4, 5, 27].  It should be noted 
that baroreflex sensitivity as measured in the present work 
provides rather limited insight into baroreflex vascular regu-
lation.  However, baroreflex sensitivity measured with this 
technique may mainly reflect the vagal component of barore-
flex and is important in the pathology of cardiovascular dis-
eases[28–30].  Our previous study proposed that BRS was one of 
the independent variables related to end-organ damage score 
in hypertension[31].  In the present work, long-term treatment 
with combination of low-dose irbesartan and amlodipine 
markedly enhanced BRS in SHR, and an obvious synergism on 
BRS restoration was found in combination therapy.  In hyper-
tension, the impairment of baroreflex is mainly the result of 
elevated BP level[32–34].  Therefore, BRS will be enhanced when 
BP level is lowered by an antihypertensive drug.  However, 
the present work showed that the enhancement of BRS was 

Table 4.  Linear regression coefficient (r) between BP, BPV, BRS values, 
and organ damages in irbesartan-treated and untreated spontaneously 
hypertensive rats (n=19).  bP<0.05, cP<0.01.  See Table 1 and Figure 2 for 
abbreviations.

                                       LVW/BW                  AW/length                   GSS 
 
 SBP  0.178  0.118  0.307
 DBP -0.032  0.153  0.134
 SBPV  0.459b  0.527b  0.541b

 DBPV  0.225  0.422  0.455
 BRS -0.227 -0.543b -0.755c

Figure 3.  Examples of correlation between hemodynamic parameters 
and organ-damage parameters in treated and untreated spontaneously 
hypertensive rats.  n=37.  See Table 1 and Figure 2 for abbreviations.
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not attributable to the normalization of BP level in irbesartan-
treated rats.  It has been reported that endogenous angiotensin 
II acted at AT1 receptors in the nucleus of the solitary tract 
(NTS) to attenuate the arterial baroreflex (ABR) function in 
SHRs and WKY rats, and that microinjection of CV-11974 (AT1 
receptors antagonist) in the NTS enhanced the ABR function 
in SHRs and WKY rats without altering the prevailing level of 
blood pressure at the same time[32].  Accordingly, irbesartan, 
an AT1 receptor antagonist, may act at AT1 receptors in the 
NTS level to enhance the ABR function in SHRs.  

The present work demonstrated that long-term treatment 
with the combination of irbesartan and amlodipine possessed 
the obvious effects on organ protection in SHR, and an obvi-
ous synergism on organ protection was found in combination 
therapy.  It was found that LVW/BW, AW/length, and GSS 
were all positively related to SBP, SBPV, and DBPV, and nega-
tively related to BRS in treated and untreated SHRs.  In multi-
ple-regression analysis, decrease in left ventricular hypertro-
phy was most closely associated with the decrease in SBPV, 
the decrease in aortic hypertrophy was most closely associated 
with the increase in BRS and the decrease in SBPV, and ame-
lioration in renal lesion was most closely associated with the 
increase in BRS and the decrease in SBPV.  These results sug-
gest that the decrease in BP and BPV and the enhancement of 
baroreflex function may co-contribute to the organ protective 
action of drugs in SHR.  But, it should be noted that, from a 
statistical point of view, the aforementioned results of multi-
ple-regression analysis did not necessarily prove that reducing 
BPV and improving BRS may lead to a higher organ protec-
tion.

In addition, the present work showed that irbesartan pro-
duced organ protective action independent of its BP-lowering 
effect.  It has been reported that candesartan (an AT1 bloker) 
was effective in protection against hypertensive organ dam-
age even at dose having no effect on BP, and the blockade of 
rennin-angiotensin system (RAS) was one of the major mecha-
nisms[35–37].  The present work showed that both AW/length 
and GSS were markedly correlated with BRS, and all the three 
pathological parameters were significantly related to SBPV, 
but not to SBP or DBP level in the irbesartan-treated and 
untreated rats.  Therefore, in addition to known mechanisms 
for RAS antagonists, the present work might show another 
two possible mechanisms for this BP-independent organ pro-
tection of irbesartan: reduction of BPV and enhancement of 
BRS.  

In conclusion, long-term treatment with a combination of 
amlodipine and irbesartan possessed an obvious synergism in 
BP and BPV reduction, BRS restoration and organ protection 
in SHR.  Besides BP reduction, the enhancement of BRS and 
reduction of BPV might importantly contribute to this organ 
protection.
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