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Mechanism underlying the efficacy of combination
therapy with losartan and hydrochlorothiazide
in rats with salt-sensitive hypertension

Yuichiro Yamada1, Koji Tsuboi2, Takuya Hattori2, Tamayo Murase2, Masafumi Ohtake2, Mayuko Furukawa2,
Jun Ueyama1, Akira Nishiyama3, Toyoaki Murohara4 and Kohzo Nagata1

Although thiazide diuretics are commonly used to supplement angiotensin receptor blockers for treatment of hypertension, the

mechanism underlying the therapeutic effects of this drug combination remains unclear. We investigated the antihypertensive

and cardioprotective effects of combination therapy with losartan (LOS) and hydrochlorothiazide (HCTZ), in comparison with

those of either drug alone, in Dahl salt-sensitive hypertensive rats. Rats fed a high-salt diet from 6 weeks of age were treated

with LOS, HCTZ, both drugs (COMB) and vehicle from 6 to 11 weeks. The salt-induced increase in systolic blood pressure

was attenuated moderately by LOS and to a greater extent by HCTZ and COMB. Left ventricular (LV) hypertrophy and fibrosis,

diastolic dysfunction, as well as angiotensin-converting enzyme and angiotensin II type 1A (AT1A) receptor gene expression

were attenuated similarly by LOS and HCTZ and more so by COMB. LOS downregulated expression of the AT1A receptor gene,

without affecting that of the AT2 receptor gene, in the aorta. In contrast, neither HCTZ nor COMB affected aortic expression of

the AT1A receptor gene, but both markedly upregulated that of the AT2 receptor gene. The salt-induced decrease in the plasma

concentration of nitric oxide metabolites was attenuated substantially by LOS and abolished by both HCTZ and COMB. In

conclusion, the combination of LOS and HCTZ attenuated hypertension, as well as LV remodeling and diastolic dysfunction,

more effectively than did LOS or HCTZ alone in rats with salt-sensitive hypertension. Modulation of the cardiac and vascular

renin–angiotensin system may have contributed to these beneficial effects of the drug combination.
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INTRODUCTION

Hypertension is the most prevalent modifiable risk factor for cardio-
vascular disease and the most common risk factor for death from any
cause worldwide.1,2 Achievement of the target blood pressure is the
key objective of antihypertensive treatment. Angiotensin receptor
blockers (ARBs) exert an antihypertensive effect by specifically inhi-
biting the binding of angiotensin II to the angiotensin II type 1 (AT1)
receptor.3 Losartan (LOS) was the first member of this class of
cardiovascular drugs available for the treatment of hypertension and
also holds potential for that of cardiovascular disease.4 Clinical trials
have shown that administration of LOS alone lowers blood pressure,
and is well tolerated in individuals with hypertension.5–8 Furthermore,
LOS was found to have beneficial effects on renal and cardiovascular
outcomes independent of its antihypertensive function.9,10

Thiazide diuretics such as hydrochlorothiazide (HCTZ) have
also been used for the treatment of hypertension and affect renal

tubular mechanisms of electrolyte reabsorption, directly increasing the
excretion of Na+ and Cl�. However, the mechanism underlying the
long-term antihypertensive effect of HCTZ is not fully understood.
Given that thiazide diuretics reduce morbidity and mortality in
hypertensive patients,11,12 the Seventh Report of the Joint National
Committee recommends these agents for use as first-line drugs in the
treatment of hypertension.13 The Japanese Society of Hypertension
Guidelines for the Management of Hypertension also recommend
diuretics in low doses as first-line drugs for the treatment of hyper-
tension.14 Moreover, it is possible that regimens including puta-
tively safer, non-loop diuretics such as thiazide drugs would prove
effective for maintenance of euvolemia in salt-sensitive and salt-avid
individuals.15

For patients who do not respond to monotherapy, combinations of
two or more antihypertensive drugs are recommended.14 Combina-
tion therapy with an ARB and a thiazide diuretic is highly efficacious
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for the treatment of hypertension.16 However, the mechanism
underlying the antihypertensive and cardioprotective effects of this
combination remains to be elucidated. We have now investigated the
effects of the combination of LOS and HCTZ on blood pressure,
cardiac remodeling and cardiac and aortic gene expression, in com-
parison with those of each drug alone, in rats with salt-sensitive
hypertension.

METHODS

Animals and experimental protocols
Male inbred Dahl salt-sensitive (DS) rats were obtained from Japan SLC

(Hamamatsu, Japan) and were handled in accordance with the guidelines of

Nagoya University Graduate School of Medicine. Weaning rats were fed

laboratory chow containing 0.3% NaCl until 6 weeks of age. DS rats fed an

8% NaCl diet after 6 weeks of age were treated with LOS (30mg per kilogram

of body weight; Merck, Rahway, NJ, USA) once daily by gavage, HCTZ

(75mg l�1; Merck) in drinking water, the combination of LOS and HCTZ

(L+H group) at the same doses as those administered as monotherapy, or

vehicle (LVH group) from 7 weeks of age. The doses of LOS and HCTZ were

determined from the results of a previous study.17,18 The vehicle group

progressively developed pronounced hypertension and manifested hyper-

tension-induced compensated left ventricular hypertrophy (LVH) at 11 weeks.

DS rats maintained on a 0.3% NaCl diet after 6 weeks of age remain

normotensive, and such animals served as age-matched controls (CONT

group). The treatment and control groups each comprized six animals.

At 11 weeks of age, all rats were anesthetized by intraperitoneal injection

of ketamine (50mg kg�1) and xylazine (10mgkg�1) and were subjected to

echocardiographic and hemodynamic analyses. The animals were then deprived

of food overnight for collection of a blood sample, after which the heart was

excised and left ventricular (LV) tissue was separated for analysis.

Echocardiographic and hemodynamic analyses
Systolic blood pressure (SBP) was measured weekly in conscious animals by

tail-cuff plethysmography (BP-98A; Softron, Tokyo, Japan). At 11 weeks of age,

rats were subjected to transthoracic echocardiography as previously described.19

In brief, M-mode echocardiography was carried out with the use of an

Aplio SSA-700A system equipped with a 12.5-MHz transducer (Toshiba,

Tochigi, Japan). LV end-diastolic (LVDd) and end-systolic (LVDs) dimensions,

as well as the thickness of the LV posterior wall (LVPWT) were measured,

and LV fractional shortening (LVFS) was calculated as follows: LVFS (%)¼
((LVDd�LVDs)/LVDd)�100. After echocardiography, a 2F micromanometer-

tipped catheter (SPR-407; Millar Instruments, Houston, TX, USA) that had

been calibrated relative to atmospheric pressure was inserted through the right

carotid artery into the LV.20 Tracings of LV pressure and the electrocardiogram

were digitized to determine LV end-diastolic pressure (LVEDP). The time

constant of isovolumic relaxation (tau) was calculated by the derivative method

of Raff and Glantz, as described previously.21

Histology
LV tissue was fixed with ice-cold 4% paraformaldehyde for 48–72 h, embedded

in paraffin wax and processed for histology as described.22 In brief, transverse

sections (thickness, 3mm) were stained either with hematoxylin-eosin for

routine histological examination or with Azan–Mallory solution for evaluation

of the extent of fibrosis. All image analysis was carried out with NIH Scion

Image software (Scion Corp., Frederick, MD, USA).

Quantitative RT-PCR analysis
Total RNA was extracted from LV or aortic tissue and treated with deoxy-

ribonuclease with the use of a spin-vacuum total RNA isolation kit (Promega,

Madison, WI, USA). Portions of the RNA (2mg) were subjected to reverse

transcription (RT) with the use of random primers (Invitrogen, Carlsbad,

CA, USA) and MuLV Reverse Transcriptase (Applied Biosystems, Foster City,

CA, USA). The resulting complementary DNA was subjected to real-time PCR

analysis with the use of a Prism 7700 Sequence Detector (Perkin-Elmer,

Waltham, MA, USA), as previously described,23 and with primers and TaqMan

probes specific for atrial natriuretic peptide (ANP),22 brain natriuretic peptide

(BNP),22 collagen type I24 or type III,24 angiotensin-converting enzyme

(ACE),22 the AT1A
22or AT2 (5¢-CTGGCTGTGGCTGACTTACTC-3¢, 5¢-TTTGC

ACATCACAGGTCCAAAG-3¢, and 5¢-TTGGCAACCCTTCCTCTCTGGGCA-3¢
as the forward primer, reverse primer and TaqMan probe, respectively;

GenBank accession no. NM_022456) receptor, transforming growth factor–

b1 (TGF-b1)22 or connective tissue growth factor (CTGF).25 Reagents for

detection of human 18S rRNA (Applied Biosystems) were used to quantify rat

18S rRNA as an internal standard.

Plasma analysis
A blood sample was collected from the right carotid artery of rats after

overnight deprivation of food. Plasma renin activity was determined

by radioimmunoassay with the use of renin RIA beads (Abbott Japan,

Tokyo, Japan). Plasma angiotensin II concentration was determined by radio-

immunoassay as described previously.26,27 Plasma aldosterone concentration

was measured by radioimmunoassay with the use of a DPC aldosterone kit

(Mitsubishi Chemical Medience, Tokyo, Japan). The plasma concentration of

nitric oxide metabolites (NOx) was determined by the Griess method with the

use of a Nitrate/Nitrite Colorimetric Assay Kit (Cayman Chemical, Ann Arbor,

MI, USA), as previously described.28

Statistical analysis
Data are presented as means±s.e.m. Differences among groups of rats at

11 weeks of age were assessed by one-way factorial analysis of variance; if

a significant difference was detected, intergroup comparisons were performed

with Fisher’s multiple-comparison test. The time course of SBP was compared

among groups by two-way repeated-measures analysis of variance. A P value of

o0.05 was considered statistically significant.

RESULTS

LV geometry and function
SBP was significantly higher in the LVH group than in the CONT
group at 7 weeks of age and thereafter (Figure 1 and Table 1). SBP was
significantly lower in the LOS, HCTZ, and L+H groups than in the
LVH group at 8 weeks of age and thereafter. Although the HCTZ and
L+H groups showed a significant decrease in SBP from 8 to 11 weeks
compared with the LOS group, there was no significant difference in
SBP between the HCTZ and L+H groups from 6 to 11 weeks. Body
weight and heart rate were similar among all five groups of rats at
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Figure 1 Time course of systolic blood pressure (SBP) in Dahl salt-sensitive

(DS) rats of the five experimental groups. Data are means±s.e.m. (n¼6 rats

per group). *Po0.05 vs. CONT; wPo0.05 vs. left ventricular hypertrophy

(LVH); zPo0.05 vs. losartan (LOS).
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11 weeks of age (Table 1). The ratio of LV weight to tibial length, an
index of LVH, was significantly increased in the LVH group compared
with the CONT group. The development of salt-induced LVH was
suppressed to a greater extent by the combination of LOS and HCTZ
than by LOS or HCTZ alone (Table 1).
Echocardiography revealed that LVDd was decreased and both

LVPWT and LVFS were increased in the LVH group compared with
the CONT group (Table 2). The decrease in LVDd was attenuated by
all treatments, and the increase in LVPWTwas attenuated similarly by
each monotherapy and to a greater extent by the combination therapy.
The increase in LVFS was prevented by all drug treatments. Both the
isovolumic relaxation time and tau, indexes of LV relaxation, as well as
LVEDP were significantly increased in the LVH group compared with
the CONT group (Table 2). The ratio of LVEDP to LVDd, an index of
LV diastolic stiffness, was also increased in the LVH group. All of these
changes were similarly attenuated by each monotherapy and were
normalized by the combination therapy.

Cardiomyocyte hypertrophy, cardiac fibrosis and cardiac gene
expression
Microscopic analysis revealed that the cross-sectional area of LV
cardiomyocytes was increased in the LVH group compared with the
CONT group (Figures 2a and b). The overload-induced increase in
this parameter was significantly attenuated by treatment with LOS or
HCTZ alone and normalized by the combination of both drugs.
Hemodynamic overload also resulted in marked upregulation of ANP
and BNP gene expression in the LV (Figures 2c and d). The expression
of these fetal-type cardiac genes was inhibited markedly by each
monotherapy and even more so by combination therapy.
Azan–Mallory staining revealed that fibrosis in perivascular

and interstitial regions of the LV myocardium was increased in the
LVH group as compared with that apparent in the CONT group

(Figures 3a–c). These increases in the extent of LV fibrosis were
significantly attenuated by each monotherapy and normalized by
combination therapy. The amounts of collagen type I and type III
mRNAs were also increased in the LVof rats in the LVH group (Figures
3d and e). The abundance of these transcripts was reduced greatly by
each monotherapy and even more so by combination therapy.

Plasma renin activity, as well as angiotensin II and aldosterone
levels
Salt loading reduced renin activity, as well as the angiotensin II
and aldosterone concentrations in plasma of DS rats, and these
changes were not affected by any of the three drug treatments
(Figure 4).

Cardiac TGF-b1, CTGF, ACE and AT1A receptor gene expression
The amounts of mRNAs for the profibrotic factors TGF-b1 and CTGF
in the LV were significantly increased in the LVH group compared
with the CONT group (Figures 5a and b). The abundance of these
mRNAs was reduced markedly by treatment with LOS or HCTZ alone
and to a greater extent by both drugs. Expression of the ACE gene was
significantly upregulated in the LVof rats in the LVH group compared
with the CONT group, whereas AT1A receptor gene expression was not
changed (Figures 5c and d). The salt-induced increase in ACE gene
expression was prevented by LOS or HCTZ alone, and the amount of
ACE mRNA was reduced to levels below those in the CONT group
by the drug combination. Expression of the AT1A receptor gene was
significantly downregulated by LOS or HCTZ alone and was reduced
to an even greater extent by combination therapy. The AT2 receptor
gene was expressed at only minimal levels in the heart of animals in all
groups (data not shown).

Aortic ACE, AT1A receptor and AT2 receptor gene expression and
plasma NOx concentration
Hemodynamic overload resulted in upregulation of ACE gene expres-
sion in the aorta in a manner similarly sensitive to each of the three
treatments (Figure 6a). Pressure overload did not affect the amounts
of AT1A or AT2 receptor mRNAs in the aorta (Figures 6b and c).
Treatment with LOS reduced the aortic abundance of AT1A receptor
mRNA without affecting that of AT2 receptor mRNA, whereas both
HCTZ and combination therapy did not affect the amount of AT1A

receptor mRNA but induced a 5.4-fold increase in AT2 gene expression
compared with that in the LVH group. Finally, the plasma NOx

concentration was significantly lower in the LVH group than in the
CONT group, and this difference was significantly attenuated by LOS
alone and was abolished by both HCTZ and combination therapy
(Figure 6d).

Table 1 Physiological and morphological parameters of DS rats in the

five experimental groups at 11 weeks of age

Parameter CONT LVH LOS HCTZ L+H

Body weight (g) 338±7 342±6 337±12 341±1 322±11

SBP (mm Hg) 132±3 215±7* 186±5*,w 149±3*,w,z 133±3w,z

HR (b.p.m.) 392±6 402±8 398±11 405±8 409±11

LVW/TL (mg mm�1) 19.9±0.6 30.3±1.2* 25.3±1.1*,w 23.0±0.6*,w 20.4±0.3w,z,y

Abbreviations: HCTZ, hydrochlorothiazide; HR, heart rate; LOS, losartan; LVH, left ventricular
hypertrophy; LVW, left ventricular weight; L+H, combination of LOS and HCTZ; SBP, systolic
blood pressure; TL, tibial length.
Data are means±s.e.m. (n¼6 rats per group). *Po0.05 vs. CONT group; wPo0.05 vs. LVH
group; zPo0.05 vs. LOS group; yPo0.05 vs. HCTZ group.

Table 2 Cardiac functional parameters of DS rats in the five experimental groups at 11 weeks of age

Parameter CONT LVH LOS HCTZ L+H

LVDd (mm) 8.35±0.19 7.45±0.13* 8.04±0.11w 8.23±0.17w 8.28±0.07w

LVPWT (mm) 1.54±0.02 2.36±0.07* 1.77±0.03*,w 1.74±0.02*,w 1.60±0.04w,z,y

LVFS (%) 36.5±3.4 44.5±1.5* 36.4±2.2w 34.1±1.6w 36.5±3.7w

IRT (ms) 18.7±2.2 36.5±4.2* 28.1±2.6*,w 26.6±1.0*,w 20.1±1.3w,z,z,y

Tau (ms) 17.7±0.9 49.2±7.7* 28.6±1.8*,w 26.2±0.8*,w 17.2±0.3w,z,y

LVEDP (mmHg) 4.3±0.3 7.8±0.5* 5.8±0.1*,w 6.0±0.1*,w 4.8±0.1w,z,y

LVEDP/LVDd (mm Hgmm�1) 0.57±0.04 1.05±0.07* 0.72±0.01*,w 0.73±0.01*,w 0.58±0.01w,z,y

Abbreviations: HCTZ, hydrochlorothiazide; IRT, isovolumic relaxation time; LOS, losartan; LVDd, left ventricular end-diastolic; LVEDP, left ventricular end-diastolic pressure; LVFS, left ventricular
fractional shortening; LVH, left ventricular hypertrophy; LVPWT, left ventricular posterior wall; L+H, combination of LOS and HCTZ.
Data are means±s.e.m. (n¼6 rats per group). *Po0.05 versus CONT group; wPo0.05 vs. LVH group; zPo0.05 vs. LOS group; yPo0.05 vs. HCTZ group.
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DISCUSSION

We have shown that combination therapy with LOS and HCTZ
markedly attenuated LV remodeling and diastolic dysfunction, as
well as lowered blood pressure in DS hypertensive rats. The anti-
hypertensive and cardioprotective effects of this combination treat-
ment are likely attributable not only to blockade of AT1 receptors and
volume reduction, but also to modulation of the cardiac and vascular
renin–angiotensin system (RAS).
ARBs such as LOS displace angiotensin II from its specific AT1

receptor, antagonizing all of the known effects of this hormone and
resulting in a dose-dependent decrease in peripheral resistance, with
little change in heart rate or cardiac output.29 In contrast, thiazide
diuretics induce an acute reduction in cardiac output by reducing the
volume of extracellular fluid and plasma, but the volume of extra-
cellular fluid returns toward the original value during chronic use of
these drugs and vasodilation supervenes.30 At steady state, therefore,
the predominant effect of thiazides is vasodilation rather than volume
contraction. Our present results show that HCTZ monotherapy
induced a greater antihypertensive effect than did LOS monotherapy
in DS rats and that combination therapy with both drugs also elicited
a greater reduction in blood pressure compared with LOS alone,
consistent with previous observations.31 However, the combination
therapy did not result in a decrease in blood pressure greater than that
induced by HCTZ monotherapy. One possible explanation for this
lack of an additional hypotensive effect is that the dose of HCTZ
administered resulted in a near maximal reduction in blood pressure

in DS rats, so that the addition of LOS had no further effect. Another
possibility is that this dose of HCTZ did not activate the systemic
renin–angiotensin–aldosterone system (RAAS) in the presence of
severe salt loading.31 Loop diuretics such as furosemide, at excessive
doses, induce a contraction of intravascular volume, the hemo-
dynamic signal for RAAS activation, as well as a reduction in the
production of compensatory natriuretic peptides. Low doses of
thiazide diuretics such as HCTZ have been effectively and safely
used for the treatment of hypertension.
In this study, salt loading resulted in the upregulation of ACE gene

expression, but not that of AT1A or AT2 receptor gene expression, in
the aorta of DS rats. This increase in ACE gene expression was
attenuated equally by all three drug treatments. In contrast, aortic
expression of the AT1A receptor gene was downregulated by treatment
with LOS alone but not by that with HCTZ either alone or in
combination with LOS. Furthermore, aortic expression of the AT2

receptor gene was not affected by LOS monotherapy but was markedly
increased by HCTZ either alone or in combination with LOS.
Expression of AT2 receptors has previously been demonstrated in
blood vessels, heart and kidney.32 ARBs have also been shown to
increase the plasma concentration of angiotensin II by inhibiting the
AT1 receptor-mediated negative feedback on renin release33 Blockade
of AT1 receptors by ARBs can therefore result in stimulation of AT2

receptors in vessels, leading to activation of the bradykinin–nitric
oxide (NO) pathway. In this study, however, the systemic RAAS
remained markedly inhibited in animals subjected to any of
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the three treatments, probably because of severe salt loading, whereas
the plasma NOx concentration was partially restored by LOS
monotherapy and was normalized by HCTZ monotherapy or the
combination therapy. It is thus possible that LOS-induced down-
regulation of AT1A receptor gene expression in the aorta may have
contributed to the reduction in blood pressure induced by this drug.
However, aortic AT2 receptors may not have participated in the

antihypertensive effect of LOS monotherapy. In contrast, the marked
upregulation of AT2 receptor gene expression in the aorta induced
by HCTZ or by both drugs may have contributed to activation of the
AT2 receptor–bradykinin–NO pathway, as reflected by the normalized
plasma NOx concentration.
Although it has been suggested that thiazide-induced vasodilation

is mediated by the opening of Ca2+-activated K+ channels or by
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inhibition of carbonic anhydrase,34,35 the precise mechanisms by
which thiazide-like diuretics inhibit vasoconstriction and vascular
growth are still unclear. The predominant activity of thiazide diuretics
is to inhibit a directly coupled Na+–Cl– co-transporter along the distal
convoluted tubule of the kidney, and this transporter is not expressed
by vascular smooth muscle or cardiac tissue.36 It is thus possible that
the initial volume reduction or increased Na+ output induced by
HCTZ may have triggered the transcriptional activation of the AT2

receptor gene in the aorta, leading to vasodilation. Regardless, our
results suggest that activation of the AT2 receptor–bradykinin–NO
pathway may contribute to the antihypertensive effect of chronic
HCTZ treatment in this model of hypertension.
Cardiac hypertrophy induced by hypertension is associated with

increases in cardiomyocyte cell volume and protein synthesis, changes
in cardiac gene transcription and translation and enhanced myo-
fibrillar assembly.37 Cardiac fibrosis is a pathological feature associated
with hypertension and cardiac hypertrophy and is responsible for LV
diastolic dysfunction, likely as a result of an increase in LV stiffness.25

In this study, LV hypertrophy and fibrosis were markedly attenuated
by LOS in the presence of a moderate reduction in blood pressure,
consistent with our previous results and those of others.10,22,38

Thiazide-like diuretics have been the cornerstone of hypertension
treatment for several years. Data from the ALLHAT trial showed
that adequate blood-pressure reduction induced by thiazide-like
diuretics was associated with fewer cardiovascular events including
stroke and heart failure than was treatment with an ACE inhibitor12

However, the cardiac effects of thiazide diuretics remain to be
elucidated.

A
C

E
 m

R
N

A
/1

8S
 r

R
N

A

A
T

1A
 m

R
N

A
/1

8S
 r

R
N

A

CONT LVH LOS HCTZ L+H
0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

CONT LVH LOS HCTZ L+H

0.5

1.5

2.5

0

1.0

2.0

T
G

F
-�

1 
m

R
N

A
/1

8S
 r

R
N

A

C
T

G
F

 m
R

N
A

/1
8S

 r
R

N
A

CONT LVH LOS HCTZ L+H

0.5

1.5

2.5

*

*

0

1.0

2.0

CONT LVH LOS HCTZ L+H
0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

*
*

**

*  ‡§

*  ‡§

*  ‡§

*  ‡§

*

Figure 5 Expression of profibrotic and renin–angiotensin system (RAS)

genes in the left ventricle (LV) of Dahl salt-sensitive (DS) rats in the

five experimental groups at 11 weeks of age. The abundance of mRNAs for

TGF-b1(a), CTGF (b), ACE (c) and the AT1A receptor (d) was determined

by quantitative reverse-transcription (RT)-PCR analysis. The amount of each

mRNA was normalized by that of 18S rRNA and then expressed relative to

the mean value for the CONT group. All data are means±s.e.m. (n¼6 rats

per group). *Po0.05 vs. CONT; wPo0.05 vs. left ventricular hypertrophy

(LVH); zPo0.05 vs. losartan (LOS); yPo0.05 vs. hydrochlorothiazide

(HCTZ).

P
la

sm
a 

N
O

�
 c

o
n

ce
n

tr
at

io
n

 (
�M

)

A
T

2 
m

R
N

A
/1

8S
 r

R
N

A
A

C
E

 m
R

N
A

/1
8S

 r
R

N
A

A
T

1A
 m

R
N

A
/1

8S
 r

R
N

A

CONT LVH LOS HCTZ L+H
0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

*

CONT LVH LOS HCTZ L+H

0.5

1.5

0

1.0

‡ ‡

0

5

10

15

20

25

30

CONT LVH LOS HCTZ L+HCONT LVH LOS HCTZ L+H
0

1

2

3

4

5

6

7

8

*

*  ‡

*

*

‡ ‡
*  ‡

Figure 6 Expression of renin–angiotensin system (RAS) genes in the aorta and the plasma NOx concentration in Dahl salt-sensitive (DS) rats of the five

experimental groups at 11 weeks of age. (a–c) Quantitative reverse-transcription (RT)-PCR analysis of mRNAs for ACE and the AT1A and AT2 receptors,

respectively. The amount of each mRNA was normalized by that of 18S rRNA and then expressed relative to the mean value for the CONT group. (d) Plasma

NOx concentration. All data are means±s.e.m. (n¼6 rats per group). *Po0.05 vs. CONT; wPo0.05 vs. left ventricular hypertrophy (LVH); zPo0.05 vs.

losartan (LOS).

Losartan–hydrochlorothiazide therapy
Y Yamada et al

814

Hypertension Research



In this study, the systemic RAAS was suppressed by salt loading,
whereas the cardiac RAS was activated, as shown by the upregulation
of ACE gene expression apparent in the heart of rats in the LVH
group, consistent with our previous results.22 This increase in cardiac
ACE gene expression may have contributed to an increase in angio-
tensin II-mediated signaling in the heart. Expression of the AT1

receptor has been shown to be upregulated in several models of
cardiac hypertrophy,39 although the functional relevance of this
change was not clear. However, myocardial expression of the AT1A

receptor gene was not altered in LVH rats, consistent with our
previous results.22 LOS induced only a moderate antihypertensive
effect in this study, but it strongly inhibited ACE and AT1A receptor
gene expression in the heart, consistent with the cardioprotective
effects of ARBs. In contrast, HCTZ suppressed cardiac ACE and AT1A

receptor gene expression to the same extent as did LOS, but its
antihypertensive effect was greater than that of LOS. In addition, the
expression patterns of mRNAs for fibroproliferative cytokines TGF-b1
and CTGF in the experimental groups were parallel to those of cardiac
ACE and AT1A receptor genes but not plasma angiotensin II levels. The
data to date show that in most tissues local RAS amplifies the
functions of circulating angiotensin II with important implications
for physiology and pathophysiology of cardiovascular diseases.40 These
data suggest that locally produced angiotensin II was much more
important in cardiac injury than circulating angiotensin II in this
model of hypertension.41 Indeed, local RAS has been shown to have a
more important role in target organ damage than systemic RAS in
various experimental hypertensive models.42 We cannot conclude
whether or not the cardioprotective effect of HCTZ was attributable
solely to its lowering of blood pressure on the basis of our present
data. However, it is noteworthy that blood pressure was decreased
significantly 1 week after initiation of HCTZ treatment and remained
so until the end of the study period. The addition of LOS to HCTZ
did not decrease blood pressure further compared with HCTZ
monotherapy, but the combination treatment induced a greater
inhibition of cardiac ACE and AT1A receptor gene expression than
did either monotherapy. These results are consistent with the
fact that the combination of thiazide diuretics and RAS inhibitors
has been used to lower blood pressure and limit target-organ
damage.43,44

We acknowledge a limitation that the indirect tail-cuff method used
to determine SBP is not adequate for ruling out the possibility that the
results could be attributable to differences in blood pressure between
the different treatment groups.45 We also acknowledge that the use of
anesthetics ketamine and xylazine may have affected some of our
results including measurements of the RAS, because those agents may
stimulate sympathetic nervous system in the rats.
In conclusion, we have shown that the combination of LOS and

HCTZ prevented cardiac hypertrophy and fibrosis, as well as markedly
reduced blood pressure in rats with salt-sensitive hypertension. The
HCTZ-induced upregulation of AT2 receptor gene expression in the
aorta may have contributed to the lowering of blood pressure through
activation of the bradykinin–NO pathway. Further attenuation of
cardiac remodeling induced by the combination of LOS and HCTZ
compared with that elicited by HCTZ monotherapy was likely
attributable to the inhibitory effect of LOS on the cardiac RAS. Our
results also suggest that combination therapy with an ARB and
thiazide diuretic is an effective strategy for the management of salt-
sensitive hypertension.
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