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Background—Although angiotensin II type 1 receptor blockers have emerged as effective antihypertensive agents, it is not
known how efficacious these agents are in treating hypertension-associated target organ damage.
Methods and Results—The present study was undertaken to compare the effect of angiotensin type 1 receptor inhibition
on the progression of the organ damage observed in 2 models of hypertension, namely, salt-sensitive and nitric oxide
synthase inhibition–mediated hypertension. Effective (16.4 mol/kg) and ineffective (0.8 to 4.9 mol/kg) antihypertensive doses of candesartan cilexetil were initiated after hypertension was established. Both low- and high-dose
candesartan cilexetil significantly reduced cardiac and renal damage in the nitric oxide synthase inhibitor model of
hypertension (P⬍0.05 versus untreated); however, high-dose candesartan caused a significant increase in renal damage
in the Dahl salt-sensitive model of hypertension (P⬍0.05 versus untreated). Interestingly, the beneficial end-organ
effects of candesartan in the nitric oxide synthase inhibition model were independent of sustained antihypertensive
actions of candesartan, whereas the exacerbation of renal injury with candesartan in the Dahl salt-sensitive model was
inversely related to its blood pressure–lowering effect.
Conclusions—These data show that angiotensin type 1 blockade reduces injury in the L-nitroarginine methyl ester model
but increases tissue injury in the salt-sensitive model. These data suggest that angiotensin II via angiotensin type 1
receptor activation contributes to organ damage in nitric oxide– deficient salt-independent hypertension but is protective
in salt-induced hypertension. These data further suggest that (1) renal injury may evolve independently of blood pressure
and (2) the effectiveness of an antihypertensive agent in ameliorating renal injury may depend on the etiology of the
hypertension. (Circulation. 2006;114:905-911.)
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espite reductions in end-organ complications among hypertensive subjects from 1970 to 1990, recent evidence
indicates that the incidence of coronary heart disease, heart
failure, and stroke has been rising in the last 10 years.1 Interestingly, end-stage renal disease has more than doubled in the past
20 years.1,2 The reason for the rise in end-organ damage
associated with hypertension is not clear. It has been suggested
that part of the reason for the steady rise in incidence of
cardiovascular disease may be due to a decrease in patient
compliance and/or awareness of the complications of hypertension, failure of physicians to provide treatment plans that would
achieve blood pressure normalization, or both.1,3 Alternatively,
the recent trend in cardiovascular disease rates may suggest that
the mechanism(s) involved in end-organ damage may be different from those involved in hypertension per se, and the earlier

decline in cardiovascular deaths is the result of better health
practices in general and improved medical and technological
interventions for the treatment of end-organ complications.

Clinical Perspective p 911
Compared with other populations, blacks have a 3- to 17-fold
greater incidence of end-stage renal disease.4,5 This finding
coupled with the fact that ⬇75% of black hypertensives are
salt-sensitive suggests that salt may be a critical determinant of
the development of renal damage associated with hypertension.6
Angiotensin II type 1 receptor blockers have recently emerged as
effective antihypertensive agents7; however, the efficacy of these
agents in preventing long-term, hypertension-associated, endstage organ disease is not known. The present studies were
designed to investigate (1) the role of angiotensin II (Ang II) in
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Figure 1. Experimental protocol for salt-dependent
(DS) and salt-independent (DR plus L-NAME) models of hypertension in series I and series II.
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the tissue damage that usually accompanies chronic hypertension and (2) the effect of angiotensin type 1 (AT1) receptor
blockade on tissue damage as a function of salt-sensitive and
non–salt-sensitive hypertension. In this study we compared the
effects of Ang II type 1 receptor blockade in 2 models of
hypertension: salt-dependent and nitric oxide synthase inhibition– dependent. We used the Dahl salt-sensitive (DS) rat on a
high-salt diet as a salt-dependent model and the Dahl salt-resistant (DR) rat on a low-salt diet treated with L-nitroarginine
methyl ester (L-NAME) as a model of hypertension dependent
on nitric oxide synthase inhibition.

Methods
Animals
All animal study protocols were in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals. Male DS and DR rats (inbred/Rapp, 5 to 6 weeks of age)
were purchased from Harlan Sprague-Dawley (Harlan, Indianapolis,
Ind). All animals were maintained on a low-salt (0.12% NaCl) diet
as administered by the vendors and allowed a 3- to 5-day acclimation
period before basal blood pressures were measured.

Experimental Protocol
Series I
After basal blood pressures were measured, rats were assigned to 1
of 3 treatment groups. The total duration of the study was 7 weeks:
3 weeks of hypertension followed by 4 weeks of treatment. Weekly
tail-cuff blood pressure measurements were made throughout the
study period.

Salt-Sensitive Model
DS rats received either 8% NaCl diet alone (n⫽12), 8% NaCl plus
0.8 to 4.9 mol/kg per day (0.5 to 3 mg/kg) candesartan cilexetil
(CC) (n⫽15), or a low-salt (0.12% NaCl) diet (n⫽7). In those
animals receiving CC, the protocol consisted of 3 weeks on a
high-salt diet alone before CC was initiated (0.8 to 4.9 mol/kg per
day in drinking water) followed by 4 weeks of CC treatment (Figure 1).

L-NAME Model
DR rats maintained on a low-salt (0.12% NaCl) diet were made
hypertensive with the use of L-NAME (148 mol/kg per day)

administered in drinking water. Once blood pressure had increased to
a level comparable to that of salt-sensitive rats (between weeks 3 and
4 of L-NAME treatment), CC was initiated and continued for 3 to 4
weeks (Figure 1). There were 3 treatment groups: L-NAME alone
(n⫽12), L-NAME plus 0.8 to 4.9 mol/kg per day CC (n⫽8), and
untreated low salt (n⫽6).

Series II
A second series of animals was studied to address 2 concerns raised
by series I, namely, the difference in the severity of organ damage
between the 2 models and the difference in the time period before
euthanasia between the group treated with high salt alone and the
group treated with high salt plus CC. Thus, in an effort to minimize
the difference in the degree of organ damage between the 2 models
and to eliminate the disparity in study duration between untreated
and CC-treated DS rats, we initiated CC treatment after only 2 weeks
of 8% NaCl compared with 3 weeks in series I. Series I data
suggested that the organ damage in DS rats might be due to the
sustained elevated blood pressure, unlike the L-NAME model.
Therefore, an effective blood pressure–lowering dose of CC (16.4
mol/kg per day, which is equivalent to 10 mg/kg per day) was
given to both hypertensive models.

Blood Pressure Measurement
Weekly tail-cuff systolic blood pressures were measured with the use
of an IITC (model 20NW; Woodlands, Calif) or Visitech (model
BP2000; Apex, NC) monitoring system.

Histology
At the end of the study, animals were anesthetized and perfused with
phosphate-buffered saline and subsequently with 10% formalin
through a left ventricular puncture site. Hearts and kidneys were
removed and weighed before placement in sample vials containing
10% formalin. All histological slide preparation and staining were
performed by Histotechniques (Powell, Ohio) with the use of
conventional fixative, sectioning, and staining procedures. Kidney
slices were stained with PAS, and hearts sections were stained with
Masson trichrome stain.

Pathology Scoring
All pathology evaluations were performed by a pathologist blinded
to treatment. Each tissue slice was scored for grade of tissue injury
(0 to 4, with 0 representing no abnormality and 4 representing
maximal pathological changes), as well as extent of the tissue injury
(1 to 3, with 1 representing focal, 2 indicating multifocal, and 3
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Figure 2. Effect of CC on the time course of blood pressure response in the 2 models of hypertension. High salt (8% NaCl) or L-NAME
administration was begun at week 0. CC was initiated after 3 weeks of high salt in the low-dose (0.5 to 3 mg/kg) group and at week 2
in the high-dose (10 mg/kg) group (left). CC was initiated in the L-NAME rats once a blood pressure comparable to that of the saltsensitive hypertension model was achieved (between 3 to 4 weeks after L-NAME (right).
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representing diffuse or global pathological changes). Each tissue
specimen was examined for glomerular damage (thrombosis, cellularity, fibrosis, sclerosis), tubular damage (protein casts), interstitial
inflammation (leukocyte infiltration), and vascular changes (intimal
and medial hypertrophy as well as perivascular inflammation).
Cardiac injury was assessed as necrosis, fibrosis, vascular injury
(intimal proliferation and medial hypertrophy), and perivascular
inflammation (cellular infiltration). The pathology score was calculated as the product of injury score (grade) times the extent of injury
score (distribution) for each injury type. These products were
summed for the final pathology score. Myocyte size was measured
with the use of Image Pro Plus 3.0 software (Media Cybernetics, The
Imaging Experts; Silver Spring, Md) that calculated area (arbitrary
units) from transverse section cell outline tracing. With the use of
cells with a clearly definable central nucleus, an average area value
was determined from several tracings within each ⫻40 field.

Morbidity/Mortality
Morbidity in this study was defined as the presence of at least 1 of
the following characteristics: apparent paralysis in the front paws
leading to an inability to eat, reduced mobility without any apparent
paralysis, scruffy coat, and ocular discharge. Mortality was defined
as death occurring before the prescribed study protocol. This
included spontaneous death as well as death caused by humane
euthanasia because of morbidity as defined above.

that completed the protocol in the CC groups were considered for
analysis in the tissue injury and hypertrophy data analysis.
The authors had full access to the data and take full responsibility for
its integrity. All authors have read and agree to the manuscript as
written.

Results
Blood Pressure
Figure 2 shows the blood pressure response in the salt-dependent
and salt-independent models of hypertension after CC treatment. As
shown in Figure 2, left, the low-dose CC caused only a transient
decrease (⫺40⫾10 mm Hg) in pressure after the first week of
administration in the DS rats. By the third week of low-dose CC
administration, the pressure returned to pretreatment levels and
continued to rise during the fourth week of antihypertensive treatment, peaking at 240⫾5 mm Hg (maximal reading of instruments)
(n⫽5); however, the high-dose CC caused a sustained decrease in
blood pressure, with a maximal reduction occurring in the second

Statistical Analysis
All data are expressed as mean⫾SE. Comparisons among the
treatment groups were analyzed by 1-way or 2-way ANOVA
followed by Dunnett multiple comparison tests. Statistical significance was determined at a probability value of 0.05. Only animals

TABLE 1.

Mortality in DS and L-NAME Models of Hypertension
No. of Animals

Group

n

Morbidity

DS⫹NaCl

14

5 (36%)

0

12

7 (58%)

0

⫹0.5 mg/kg CC
⫹10 mg/kg CC
L-NAME

Mortality

9

0

0

10

3 (30%)

4 (40%)

⫹0.5 mg/kg CC

6

0

0

⫹10 mg/kg CC

5

0

0

Experimental design is described in Methods. Morbidity is defined as loss of
mobility, appetite, and weight. Mortality is defined as spontaneous death before
protocol point.

Figure 3. Renal histology in the DS (A and B) and DR L-NAME
(C and D) models of hypertension. A and C are without CC, and
B and D are with 0.5 to 3 mg/kg per day CC. The salt-sensitive
rat received 8% NaCl for 3 weeks before initiation of CC, and
the L-NAME (40 mg/kg per day) rat was given L-NAME for 3 to
4 weeks before CC administration.
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Figure 4. Pathology index scores in renal (left) and cardiac (right) tissues from the DS (light bars) and L-NAME (dark bars) models of
hypertension. CC was administered at 0.5 to 3 mg/kg per day or 10 mg/kg per day.
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models by controlling the degree and duration of hypertension
before initiating treatment with CC, we still observed differences in
the degree of renal damage between the 2 models. We reasoned that
the difference between models might be accounted for by differences in time of onset of hypertension, aggressiveness of the
pathology, and blood pressure–dependent injury effects. Furthermore, the difference in pathology between untreated DS rats and
low-dose CC–treated DS rats may be due to the difference in age at
the time of euthanasia. Notably, the untreated DS rats on a high-salt
diet became ill at week 4 or 5 and were unable to complete the
prescribed 7-week protocol. To address these concerns, we performed a second series of experiments that (1) shortened the time to
CC initiation in the DS rats in an effort to render the pathology
comparable to that of L-NAME hypertensive rats and (2) increased
the dose of CC to assess the blood pressure dependency on renal
injury in each model.
Figure 4 shows summarized renal and cardiac pathology in the 2
models of hypertension for series I (low-dose CC) and series II
(high-dose CC). There was no amelioration of renal damage in the
DS model given 10 mg/kg per day (16.4 mol/kg) (Figure 4, left)
despite a significant reduction in blood pressure (Figure 2, left). The
DS rats on high-salt and high-dose CC were of an age at the time of
euthanasia comparable to that of the DS rats in the untreated group
since all were the same age when entered into the study and study
duration was comparable between the 2 groups (32⫾2 versus 34⫾3
days of study duration for untreated and high-dose CC–treated rats,

week of treatment (191⫾3.8 to 155⫾7.8 mm Hg). Similarly, in the
low-salt L-NAME model, the low-dose CC caused a transient
reduction of blood pressure, whereas high-dose CC caused a
sustained decrease in blood pressure of 41⫾6 mm Hg over the
4-week period (Figure 2, right). As seen in the salt-sensitive model,
there was a significant transient decrease in blood pressure after the
first week of low-dose CC in the L-NAME hypertensive model
(146⫾1 versus 195⫾5 mm Hg in untreated rats at same time
period; P⬍0.05).

Morbidity/Mortality
Interestingly, there was a significant increase in morbidity rate
(36% versus 58%; P⬍0.01) with low-dose CC in the DS
animals (Table 1). High-dose CC completely prevented morbidity and mortality normally seen in these animals after 3 to 4
weeks of high salt. In contrast, low-dose CC completely prevented the morbidity and mortality normally seen with
L-NAME treatment alone; high-dose CC showed a similar
benefit in the L-NAME model.

Tissue Pathology
Glomerular damage, tubular casts, and inflammatory cell infiltration
in renal tissue were seen in both models of hypertension (Figure 3A
and 3C). After low-dose CC, there was no observed renal damage
in the L-NAME model (Figure 3D); however, renal damage
persisted in the salt-sensitive model (Figure 3B). Although our
protocol was designed to minimize disparate renal injury between
TABLE 2.

Specific Renal Injury in DS and L-NAME Models of Hypertension

Treatment Group

Glomerular
Damage

Tubular
Damage

Interstitial
Inflammation

Perivascular
Inflammation

Vascular
Injury

HS alone (n⫽8)

77⫾5

5⫾1

13⫾3

12⫾3

17⫾4

HS⫹low-dose CC (n⫽5)

82⫾9

7⫾1

18⫾2

18⫾2

13⫾3

HS⫹high-dose CC (n⫽6)

91⫾15

6⫾1

24⫾2*

24⫾2*

34⫾4*

L-NAME alone (n⫽6)

39⫾15

3⫾1

6⫾2

7⫾2

13⫾4

L-NAME⫹low-dose CC (n⫽6)

0⫾0*

0⫾0*

1⫾1*

0⫾0*

5⫾5

L-NAME⫹high-dose CC (n⫽5)

0⫾0*

0⫾0*

0⫾0*

0⫾0*

0⫾0*

Values equal mean⫾SEM. HS indicates high salt. Glomerular damage includes presence of fibrosis,
sclerosis, and thrombosis; tubular damage includes protein casts; inflammation includes cellular
infiltration; and vascular injury includes medial hypertrophy and intimal proliferation.
*P⬍0.05 vs high salt or L-NAME alone.
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TABLE 3. Kidney or Heart: Body Weight Ratios in DS Rats and
L-NAME–Treated Rats

Group

Kidney

Heart

n

% of Body Wt

% of Body Wt

9

1.23⫾0.05

0.52⫾0.02

DS
Untreated
0.5 mg/kg CC

5

1.44⫾0.17

0.74⫾0.08*

10 mg/kg CC

6

1.39⫾0.12

0.52⫾0.03†

6

0.97⫾0.07

0.48⫾0.04

L-NAME
Untreated
0.5 mg/kg CC

3

0.89⫾0.07

0.41⫾0.01

10 mg/kg CC

3

1.09⫾0.06

0.38⫾0.01*

Values are given as mean⫾SD. Untreated indicates 8% NaCl or L-NAME
alone.
*P⬍0.05 vs untreated.
†P⬍0.05 vs CC 0.5 mg/kg group.
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respectively; P⫽NS). Therefore, despite comparable age and duration on the high-salt diet (initiated at only 2 weeks of high salt) and
a significant reduction in blood pressure, the high-dose CC–treated
animals had greater renal damage than untreated hypertensive
salt-sensitive rats (Figure 4, left; P⬍0.05 versus untreated). Table 2
shows the specific renal injury observed in each model. Although
glomerular damage in the salt-dependent model tended to increase
with increasing doses of CC, it was not significant. On the other
hand, there was a dose-dependent increase in inflammation and
vascular injury in this model. In contrast to the salt-dependent
model, both doses of CC effectively ameliorated the glomerular
injury, tubular casts, and inflammation in the L-NAME rats. As
shown in Table 3, no renal hypertrophy was associated with either
model of hypertension under these conditions, and CC had no effect
on this response.
Cardiac injury was evident in both models of hypertension
(Figure 4, right). As with renal injury, L-NAME hypertensive
rats did not show any evidence of cardiac damage (necrosis,
fibrosis, and vascular injury) with low-dose CC despite continued hypertension (Figure 4, right). The high-dose CC–treated
rats similarly were without any significant cardiac injury compared with untreated L-NAME rats (Figure 4, right; Table 4).
Interestingly, although the low dose ameliorated the cardiac
injury (Figure 4, right; Table 4) associated with hypertension in
the L-NAME model, it did not significantly reduce cardiac
TABLE 4.

End-Organ Damage and AT1 Blockade

hypertrophy (Table 3). However, the reduced cardiac injury was
accompanied by a significant reduction in cardiac hypertrophy
with the blood pressure–lowering high-dose CC (Table 4).
Similarly, myocyte size (Table 4) was reduced, although not
significantly, by both doses of CC in the L-NAME model
(9151⫾1951 versus 5412⫾622 and 5635⫾541 for untreated
versus low-dose CC and high-dose CC, respectively).
The effect on cardiac injury was quite different in the
salt-sensitive model. Specifically, DS animals treated with lowdose CC had increased cardiac hypertrophy, whereas high-dose
CC resulted in virtually no change in the cardiac hypertrophy
normally observed in the untreated hypertensive rats (Table 3).
Interestingly, specific cardiac injury (Table 4) tended to be
reduced with the low-dose CC, but this was not statistically
significant. The high dose reversed this trend of the low-dose CC
(Table 4). Although myocyte size tended to increase with the
low-dose CC (8966⫾1244 versus 10 796⫾1539), there was no
significant difference among the treatment groups (Table 4).

Discussion
The results of this study reveal that AT1 receptor activation is
likely involved in the end-organ damage associated with
L-NAME–induced hypertension but not in salt-induced hypertension. Most interestingly, the beneficial effects of Ang II type
1 receptor inhibition with CC on cardiac and renal pathology in
the L-NAME model of hypertension were independent of
sustained antihypertensive actions of CC. In contrast, CC did not
prevent the end-organ damage seen in the DS model. Indeed,
tissue injury continued to progress despite a lowering of blood
pressure with the higher dose of CC. These data suggest that (1)
the processes involved in end-organ damage associated with
hypertension may differ from those leading to the development
and maintenance of hypertension per se and (2) the mechanism
of tissue injury may differ among models of hypertension.
Despite the significant reduction in cardiovascular morbidity
and mortality in the 1970s and 1980s, the mortality rates for
stroke, heart failure, and end-stage renal disease associated with
hypertension have been on the upswing throughout the past
decade.1 Much of the focus of hypertension management has
been on reducing blood pressure in the hope that this will result
in improvement in cardiovascular disease. Although considerable evidence indicates a correlation between blood pressure
reduction and cardiovascular benefit,3,8 –10 control of blood
pressure has not resulted in the fully predicted decrease in

Specific Cardiac Injury in Salt-Sensitive and L-NAME Models of Hypertension
Fibrosis
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Vascular Injury

Perivascular
Inflammation

Treatment Group

Necrosis

Myocyte Area

HS alone (n⫽8)

1.5⫾0.8

3.1⫾0.8

6.5⫾0.6

4.6⫾0.8

8966⫾1244

HS⫹low-dose CC (n⫽5)

0.8⫾0.5

2.0⫾0.9

4.4⫾1.7

2.6⫾1.2

10796⫾1540

HS⫹high-dose CC (n⫽6)

2.7⫾0.4†

4.4⫾1.0

7.2⫾1.1

5.2⫾1.0†

7076⫾862

L-NAME alone (n⫽6)

6.3⫾1.2

4.3⫾0.3

7.7⫾1.1

7.3⫾1.5

9151⫾1951

L-NAME⫹low-dose CC (n⫽6)

0.3⫾0.3*

0.7⫾0.4*

0.7⫾0.7*

1.3⫾0.8*

5412⫾622*

L-NAME⫹high-dose CC (n⫽5)

0.8⫾0.8*

0.8⫾0.8*

2.4⫾1.2*

0.8⫾0.8*

5635⫾541*

Values are mean⫾SEM. HS indicates high salt. Vascular injury includes medial hypertrophy and intimal
proliferation; perivascular inflammation includes cellular infiltration.
*P⬍0.05 vs L-NAME alone.
†P⬍0.05 vs low-dose CC.
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coronary artery disease and end-stage renal disease.11,12 Lack of
adequate blood pressure control is believed to contribute to these
disparate observations.13 However, lack of adequate blood pressure control may not explain all of the increase in cardiovascular
and renal disease observed over the last 10 years in the
hypertensive population.14,15 Remarkably, renal disease has
more than doubled in incidence between 1982 and 1995,1 a time
during which other cardiovascular disease is declining. Furthermore, blood pressure control in blacks is often not associated
with an improvement in renal function.16
Thus, the mechanism(s) of target-organ damage may involve
processes that differ in part from those that cause hypertension.
As seen in the L-NAME model of hypertension, subdepressor
doses of CC eliminated any histological evidence of cardiac or
renal damage despite significantly elevated blood pressures.
It is important to note that because the progression of the
disease in the salt-sensitive model appeared to be more severe,
we shortened the time to initiation of CC from 3 weeks to 2
weeks in series II, thus making the total time of observation
comparable between untreated and treated animals (32⫾2 versus
34⫾2 days). We previously reported that renal function17 and
structure18 are not disturbed after 1 week of high-salt treatment.
Thus, the pathological changes observed are likely to occur after
1 week of salt administration. Additionally, we reasoned that the
pathology in the salt-sensitive model might be associated with
the hypertension, whereas that of the L-NAME model is not.
Consequently, we used a blood pressure–lowering dose of CC.
Despite shortening the time on high salt to 2 weeks and lowering
blood pressure, CC did not offer any observable histological
benefits. Indeed, DS rats with only 2 weeks of high salt and 3
weeks of CC showed significantly greater tissue damage than
DS rats on high salt for 3 weeks plus 4 weeks of low-dose CC,
despite a reduction in blood pressure in the former group.
Interestingly, there was no evidence of morbidity or death in this
group despite the worsening pathology. More investigation is
required to determine the exact cause of the morbidity and
mortality in this model.
It is not clear how AT1 receptor blockade leads to an
aggravation of the tissue injury observed in the salt-sensitive
model of hypertension. However, similar findings of increased
tissue injury with angiotensin receptor blockade have been
reported in clinical trials.19 –23 The Candesartan in Heart failure
Assessment of Reduction of Mortality and morbidity
(CHARM)-Alternative study revealed a 36% increase in myocardial infarction with candesartan versus placebo.20 Greater
renal dysfunction was also observed in patients receiving candesartan. More recently, Cheung and colleagues performed a
meta-analysis of 3 large clinical trials comparing angiotensin
receptor blockers against other antihypertensive agents and
found that angiotensin receptor blockers increased myocardial
infarction.21–23
The most likely24 candidate to explain these effects is the
activation of the Ang II type 2 receptor (AT2). Much of the
current evidence suggests that the AT2 receptor acts in opposition to the AT1 receptor. For example, AT2 receptor activation
appears to evoke antiproliferative, angiogenic, vasodilatory, and
natriuretic effects,25–28 all of which are counter to those of AT1
stimulation. Interestingly, studies in AT2 knockout mice suggest
a protagonist action of AT2 receptor activation in aortic banding

hypertension. Specifically, cardiac hypertrophy is prevented in
AT2 receptor knockout mice29 during hypertension due to aortic
banding.
Activation of this receptor due to the elevated angiotensin
level may account for the responses observed in the L-NAME
model of hypertension. Both renal and cardiac injuries are
ameliorated with low- and high-dose CC. Low-dose CC reduced
cardiac hypertrophy, whereas the high dose completely eliminated cardiac hypertrophy despite elevated blood pressure.
Although several studies have shown that AT2 receptor activation leads to an NO-mediated increase in cGMP,30,31 our data
suggest that the diminished cardiac hypertrophy occurs independent of NO-cGMP in the L-NAME model. In contrast, the
salt-sensitive model may have normal or decreased AT2 receptor
activation due to high salt–induced low circulating Ang II level.
We measured plasma Ang II in some of the DS rats on a
high-salt diet and in DR rats on L-NAME plus a low-salt diet. As
expected, plasma Ang II level was 90⫾21 pg/mL (n⫽4) in DS
rats and 300⫾100 pg/mL (n⫽6) in DR rats. Consequently, the
low Ang II levels may be insufficient to activate the AT2
receptors, resulting in a counteraction or reversal of the effects of
other processes involved in the tissue injury associated with this
model of hypertension. It is interesting to note that cardiac
hypertrophy was significantly reduced with the higher dose of
CC only. Our data do not address whether the beneficial effects
on cardiac hypertrophy were due to direct effects of AT2
activation, indirect effects of reducing blood pressure, or both;
however, the higher dose of CC was associated with even
greater, although not significant, cardiac tissue damage. Taken
together, these observations suggest that there may be differential effects of AT1 blockade on cardiac hypertrophy and tissue
fibrosis. It is possible that some of the tissue injury in this model
may be due to direct actions of increased dietary salt.32–34
Although not measured in these animals, tissue aldosterone may
be involved in the tissue injury. Several studies reveal that
aldosterone inhibitors are protective against organ damage in
hypertension.24
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CLINICAL PERSPECTIVE
The results of this study reveal that angiotensin type 1 (AT1) receptor blockade reduces cardiac hypertrophy and tissue
damage in the L-nitroarginine methyl ester (L-NAME) model of hypertension. This effect occurred independently of the
antihypertensive action of AT1 blockade. In contrast, AT1 receptor inhibition in the Dahl salt-sensitive model did not reduce
the tissue injury normally seen in this model despite reductions in blood pressure. However, AT1 receptor blockade was
associated with reduced cardiac hypertrophy but only at the higher dose of receptor antagonist in the L-NAME model.
These data invoke several provocative explanations for organ damage associated with hypertension. First, hypertrophy and
tissue injury involve countereffects of AT1 activation, reiterating the complexity of organ damage pathogenesis. Second,
hypertension does not necessitate organ damage. The processes involved in hypertension development may occur in
parallel with organ damage after a common or separate initial insult. Finally, the etiology of the hypertension determines
the effectiveness of antihypertensive treatment. Although the various classes of antihypertensive agents may be equally
effective in lowering blood pressure, they may not be equally effective in reducing or preventing organ damage associated
with the hypertension. The mechanism(s) of organ damage development will determine which antihypertensive agent
would be most efficacious in preventing tissue injury. Therefore, if the objective in treating hypertension is to reduce organ
damage, then the etiology of the organ damage rather than simply hypertension itself must be an important determining
factor in selecting an antihypertensive agent. In summary, angiotensin receptor blockade appears to protect against organ
damage in hypertension that is not salt-dependent and involves reduced NO bioavailability. However, angiotensin II type
1 receptor blockers offer no protection against, and may worsen, end-organ damage in salt-sensitive hypertension.
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