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Abstract

Although NO derived from endothelial NO synthase (eNOS) is thought to be cardioprotective, the 

role of inducible NO synthase (iNOS) remains controversial. Using mice lacking iNOS (iNOS−/

−), we studied (1) whether development of hypertension, cardiac hypertrophy, and dysfunction 

after deoxycorticosterone acetate (DOCA)–salt would be less severe compared with wild-type 

controls (WT; C57BL/6J), and (2) whether the cardioprotection attributable to lack of iNOS is 

mediated by reduced oxidative stress. Mice were uninephrectomized and received either DOCA-

salt (30 mg/mouse SC and 1% NaCl+0.2% KCl in drinking water) or vehicle (tap water) for 12 

weeks. Systolic blood pressure (SBP) was measured weekly. Left ventricular (LV) ejection 

fraction (EF) by echocardiography and cardiac response to isoproterenol (50 ng/mouse IV) were 

studied at the end of the experiment. Expression of eNOS and iNOS as well as the oxidative stress 

markers 4-hydroxy-2-nonenal (4-HNE, a marker of lipid peroxidation) and nitrotyrosine (a marker 

for peroxynitrite) were determined by Western blot and immunohistochemical staining, 

respectively. DOCA-salt increased SBP and LV weight similarly in both strains and decreased EF 

in WT but not in iNOS−/−. Cardiac contractile and relaxation responses to isoproterenol were 

greater, 4-HNE and nitrotyrosine levels were lower, and eNOS expression tended to be higher in 

iNOS−/−. We conclude that lack of iNOS leads to better preservation of cardiac function, which 

may be mediated by reduced oxidative stress and increased eNOS; however, it does not seem to 

play a significant role in preventing DOCA-salt–induced hypertension and hypertrophy.
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Nitric oxide is synthesized from L-arginine by 3 isoforms of NO synthase (NOS), described 

as neuronal (nNOS), inducible (iNOS), and endothelial (eNOS). In the heart, eNOS and 

nNOS are constitutively expressed in the endocardium, vascular endothelium, and 
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cardiomyocytes, and help regulate vascular tone and cardiac contraction.1–3 In contrast, 

iNOS is induced in the myocardium in response to various stimuli such as inflammatory 

mediators, cytokines, and growth factors as well as hypoxia and ischemia,4,5 and its 

expression correlates positively with the severity of cardiac dysfunction and cytokine 

expression.6,7 Induction and/or activation of iNOS will produce larger amounts of NO, 

which reacts with superoxide (O2
–) to form the highly cytotoxic oxidant peroxynitrite 

(ONOO–). Recently, it has been demonstrated that iNOS is also capable of producing O2
–, 

which is transformed to hydrogen peroxide (H2O2) either spontaneously or via an enzymatic 

reaction with superoxide dismutase.8,9 Both ONOO– and H2O2 have been implicated in 

tissue injury and organ dysfunction, including the heart.10–12

The role of iNOS in the pathophysiology of hypertension and cardiac hypertrophy remains 

controversial. A number of studies have shown that iNOS expression and activity are altered 

in hypertensive patients as well as animal models.13–15 Inhibition of iNOS suppressed 

development of hypertension in spontaneously hypertensive rats (SHR)16 and cerebral 

edema resulting from severe hypertension in stroke-prone SHR.17 Furthermore, targeted 

deletion of the iNOS gene attenuated vascular injury in mice.18 Together, these data suggest 

that activation of iNOS contributes to the pathogenesis of cardiovascular disease, probably 

because of excessive release of NO and generation of reactive oxygen species.8–10 However, 

conflicting findings have been reported. Ni et al showed that salt-induced hypertension was 

associated with significantly reduced iNOS protein expression in the heart, aorta, and 

kidney.19,20 Ishimitsu et al21 showed that activation of iNOS by interleukin-2 lowered blood 

pressure and heart weight in Dahl salt-sensitive rats but not in SHR, suggesting that NO 

deficiency participates in the pathogenesis of salt-sensitive but not spontaneous 

hypertension.

To clarify the role of iNOS in salt-induced hypertension, we used iNOS knockout mice 

(iNOS−/−), testing the hypothesis that lack of iNOS may attenuate the development of 

hypertension, cardiac hypertrophy, and left ventricular (LV) dysfunction after 

deoxycorticosterone acetate (DOCA)–salt, and this cardioprotective effect is mediated in 

part via reduction of oxidative stress.

Materials and Methods

Animals

Eight-week-old male iNOS knockout mice (iNOS−/−) were purchased from Jackson 

Laboratory (Bar Harbor, Me). Age-matched C57BL/6J mice served as wild-type controls 

(WT) because iNOS−/− mice were backcrossed to C57BL/6J by Jackson Laboratory until 

congenic status was achieved. Mice were housed in an air-conditioned room with a 12-hour 

light/dark cycle and given standard chow and tap water. This study was approved by the 

Henry Ford Hospital Institutional Animal Care and Use Committee. All studies in animals 

were conducted in accordance with the National Institutes of Health Guide for the Care and 

Use of Laboratory Animals.
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Induction of DOCA-Salt Hypertension

One week after adapting to their new environment, mice were anesthetized, 

uninephrectomized via a retroperitoneal flank incision, and divided into 2 groups: (1) control 

(placebo+tap water), and (2) DOCA+1% salt. Briefly, a silicone rubber sheet containing 

DOCA (Sigma) was implanted subcutaneously at a dose of 10 mg/10 g body weight.22 

Twenty-four hours after implantation of DOCA-salt, mice started to drink 1% NaCl 

containing 0.2% KCl, whereas the controls continued to receive tap water. Treatments lasted 

12 weeks.

Systolic Blood Pressure

Systolic blood pressure (SBP) was measured weekly in conscious mice using a noninvasive 

computerized tail-cuff system (BP-2000; Visitech).23 Each SBP comprised 3 sets of 10 

measurements, with each set including >6 of 10 successful measurements. Weekly SBP was 

averaged every 4 weeks and expressed as mm Hg monthly.

Echocardiographic Evaluation of Cardiac Morphology and Function

After 12 weeks, LV dimensions and ejection fraction (EF) were evaluated with a Doppler 

echocardiographic system equipped with a 15-MHz linear transducer (Acuson c256) in 

awake mice as described previously.24

Response of LV Function to Isoproterenol

After echocardiography, mice were anesthetized, placed on a warm pad (37°C), and 

ventilated. A left thoracotomy was performed via the fourth intercostal space to expose the 

heart. A 1.4-French micromanometer pressure catheter (Millar Instruments) was advanced 

into the left ventricle as described previously.25 LV functional parameters including heart 

rate, LV systolic pressure (LVSP), maximum and minimum dP/dt (dP/dtmax and dP/dtmin) 

and instant pressure (iP; LV pressure at maximum) were measured before and after injecting 

the β-adrenergic agonist isoproterenol (ISO; 50 ng/mouse IV). dP/dt/iP, an indicator of 

isovolumic contraction, is the maximum rate of rise of ventricular pressure divided by the 

pressure at the moment when dP/dt reaches a maximum, expressed as s–1. Data were 

acquired using a Biobench system and computed using PVAN analysis software (Millar).

eNOS and iNOS Protein Expression

Heart tissue was homogenized in lysis buffer and centrifuged at 14 000g for 10 minutes; the 

supernatant was collected and protein content detected with a protein assay kit (Bio-Rad). 

Protein (75 μg/lane for eNOS and 120 μg/lane for iNOS) was separated out in 8% SDS-

PAGE and electrotransferred to a nitrocellulose membrane (Amervehicle Biosciences). 

Membranes were blocked with 5% nonfat milk and incubated overnight at 4°C with the 

primary antibody (anti-eNOS or iNOS; Transduction Laboratories), anti–β-actin (Santa Cruz 

Biotechnology), and horseradish peroxidase–conjugated secondary antibodies (Amervehicle 

Biosciences). Blots were subjected to autoradiography (ECL kit; Amervehicle Pharmacia). 

Results were expressed as the ratio of the density of specific bands to the corresponding β-

actin.
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Immunohistochemistry for 4-Hydroxy-2-Nonenal and Nitrotyrosine26

Frozen LV sections were fixed in acetone and incubated with 0.3% H2O2. After blocking 

nonspecific staining with Ig blocking reagent (Vector) and 5% serum, sections were 

incubated with either a monoclonal antibody to 4-hydroxy-2-nonenal (4-HNE; Oxis; diluted 

1:10) or a polyclonal antibody to nitrotyrosine (Sigma; 1:500) and the secondary antibody 

(biotinylated anti-mouse or anti-rabbit IgG reagent) as well as avidin and biotinylated 

horseradish peroxidase complex (ABC) reagent. The negative control was processed in 

similar fashion except for the primary antibody. Immunocomplexes were visualized with 3-

amino-9-ethylcarbazole (Vector). Images were obtained from 4 separate randomly selected 

high-power fields. Results were scored for intensity and area of staining by 3 independent 

observers over a range of 0 to 3, where 0 indicates no staining, 1 indicates faint staining or 

small area, 2 indicates moderate staining or medium-sized area, and 3 indicates strong 

staining or large area.

Data Analysis

All data are expressed as mean±SE. One-way ANOVA and linear models were used to test 

the time effect of treatment within each strain as well as the time effect between strains per 

treatment. For heart weight, functional parameters, NOS expression, 4-HNE, and 

nitrotyrosine, Student's 2-sample t test was used between groups, either between strains or 

for DOCA-salt treatment within strains. The type 1 error rate was set at α=0.05, considering 

P<α as significant.

Results

Systolic Blood Pressure

Basal SBP was similar among groups and remained unchanged in control groups of both 

strains during the study. DOCA-salt caused a significant increase in SBP, and no difference 

between strains was observed (WT from 111.7±2.6 to 129.7±2.5 mm Hg; iNOS−/− from 

112.8±2.4 to 133.9±1.5 mm Hg; Figure 1).

Cardiac Hypertrophy

Heart weight in control groups of both strains was similar. DOCA-salt had no effect on right 

ventricular weight but significantly increased LV weight. There was no difference between 

strains (Table 1).

Cardiac Function

In control groups, EF did not differ between WT and iNOS−/−. DOCA-salt caused a slight 

but significant decrease in EF in WT, which was not seen in awake iNOS−/−. In 

anesthetized normotensive controls, basal heart rate, LVSP, dP/dtmax, dP/dt/iP, and dP/dtmin 

were similar between strains (Table 2). However, in DOCA-salt–treated groups, the 

contraction and relaxation responses to ISO were significantly enhanced in iNOS−/− 

compared with WT, indicating that iNOS−/− have better cardiac reserve (Figure 2).
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eNOS and iNOS Protein Expression in the Heart

In vehicle-treated controls, eNOS protein expression was similar between strains, suggesting 

that lack of iNOS does not affect eNOS expression under basal conditions. DOCA-salt 

increased eNOS expression in both strains, and this increase tended to be greater in iNOS−/

− than WT, although the statistical difference was marginal (P=0.05; Figure 3). iNOS 

protein was undetectable in iNOS−/− with or without DOCA-salt. In WT controls, iNOS 

protein was expressed in the heart and was not affected by DOCA-salt treatment (P=0.07; 

Figure 4).

4-HNE and Nitrotyrosine Expression in the Heart

4-HNE, a byproduct of lipid peroxidation and an indicator of oxidative stress, was weakly 

expressed in normotensive mice of both strains. DOCA-salt significantly increased 4-HNE 

expres sion in WT, and this effect was diminished in iNOS−/− (Figure 5). Nitrotyrosine, a 

marker of ONOO– and an indicator of oxidative stress, was expressed weakly in vehicle 

groups of both strains. As with 4-HNE, DOCA-salt markedly increased nitrotyrosine 

expression in WT but not in iNOS−/− (Figure 6).

Discussion

We found that lack of iNOS had no effect on DOCA-salt–induced hypertension and cardiac 

hypertrophy; however, cardiac contraction and relaxation responses to ISO were greater in 

iNOS knockout mice (iNOS−/−). Furthermore, iNOS−/− treated with DOCA-salt had 

reduced 4-HNE and nitrotyrosine expression (markers for oxidative stress) and tended to 

have enhanced eNOS expression. These data suggest that although iNOS does not play an 

important role in the development of DOCA-salt hypertension and cardiac hypertrophy, 

activation of iNOS could have a negative effect on cardiac performance and functional 

reserve; these adverse effects may be mediated by increased production of reactive oxygen 

species and therefore oxidative stress.

It has been shown that NO plays a diverse but important role in maintaining hemodynamic 

homeostasis and contributing to the pathophysiology of cardiovascular diseases. Small 

amounts of NO constitutively released from eNOS may have a protective effect on the 

cardiovascular system, because targeted deletion of the eNOS gene causes hypertension, 

cardiac hypertrophy, and interstitial fibrosis and heart damage,24,27,28 and overexpression of 

eNOS attenuates development of heart failure after myocardial infarction (MI).29 In 

contrast, the role of iNOS in regulation of blood pressure and cardiac function under 

physiological and pathophysiological conditions remains controversial. iNOS is normally 

expressed at low levels but can be activated in response to stimuli such as tissue injury, 

inflammation, cytokines, and growth factors, as well as MI and DOCA-salt 

treatment.13,30–32 In the present study, we found that iNOS protein was expressed in the 

wild-type mouse heart, and its expression tended to increase after 12 weeks of DOCA-salt 

treatment, although this increase did not reach statistical significance (P=0.07). The 

mechanism by which DOCA-salt increases iNOS expression is not fully understood. It has 

been suggested that DOCA-salt induces inflammatory responses, evidenced by increased 

vascular cell adhesion molecules and macrophages,33,34 which may be responsible for the 
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increased iNOS expression. Induction of iNOS reportedly produces excessive amounts of 

NO, which reacts with the O2
– anion, generating the highly reactive oxidant OONO–. In 

addition, iNOS is capable of generating O2
– independently of NO production.9,35 O2

– is not 

only toxic to the heart and vessels by itself but leads to formation of H2O2, which, together 

with its oxidizing metabolites, can promote lipid peroxidation and damage the heart and 

blood vessels.10–12 Thus, blockade or deletion of iNOS may decrease not only NO and 

OONO– production but also formation of O2
– and H2O2, which could help protect the heart 

and vasculature. We and others have shown that pharmacological inhibition or deletion of 

iNOS reduced mortality and infarct size and prevented cardiac dysfunction and heart failure 

in animals with MI and spontaneous hypertension.14,36–38 In the present study, we found 

that iNOS knock out mice exhibited better preservation of cardiac function associated with 

reduced 4-HNE and nitrotyrosine expression, markers for oxidative stress, in the presence of 

DOCA-salt. Mungrue et al also found that overexpression of iNOS led to increased ONOO– 

production and sudden death attributable to heart block.10 Together, these data may indicate 

that increased NO production from iNOS is detrimental to the heart. However, there are 

conflicting reports showing that deficiency of iNOS neither reduces mortality nor attenuates 

severity of heart failure in mice with MI;39 nor does over-expression of iNOS have a 

detrimental effect on the heart.40 These conflicting findings merit further investigation to 

clarify the role of iNOS in the heart.

The role of iNOS in the development of salt-induced hypertension is not fully understood. 

Using Dahl salt-sensitive rats, investigators have shown that iNOS expression was 

significantly downregulated in the heart,20 which was further reduced by a high-salt diet, 

and that selective inhibition of iNOS accelerated development of hypertension.13 Ihrig et al 

reported that blood pressure was significantly higher in iNOS-deficient mice than in WT on 

a high-salt diet.41 These data suggest that NO produced by iNOS plays an important role in 

preventing salt-sensitive hypertension. However, results have been controversial. In the 

present study, we found that deficiency of iNOS neither affected basal blood pressure nor 

exaggerated or diminished the blood pressure response to DOCA-salt; however, iNOS 

knockout mice had better preserved cardiac function, arguing against the hypothesis that 

iNOS plays an important role in the pathophysiology of DOCA-salt hypertension. On the 

other hand, Horinaka et al13 showed that in Dahl salt-sensitive rats, iNOS expression in the 

heart increased progressively along with the severity of hypertension, cardiac hypertrophy, 

and heart failure, suggesting that iNOS plays an important role in the transition from 

compensated hypertrophy to heart failure. Hong et al16 showed that in SHR, inhibition of 

iNOS with aminoguanidine suppressed the development of hypertension, improved the 

vascular response to acetylcholine, and reduced expression of nitrotyrosine, a marker for 

oxidative stress. Takemori et al17 reported that the iNOS inhibitor S-methylisothiourea 

reduced hypertensive brain injury in stroke-prone SHR, associated with reduction of 

intercellular adhesion molecule-1 and fibrinogen expression in the brain. Although the 

precise mechanism responsible for the detrimental effect of NO derived from iNOS is not 

fully understood, it is possible that enhanced oxidative stress and activation of the 

inflammatory response play an important role, because iNOS expression correlated 

positively with severity of cardiac dysfunction and expression of oxidative stress and 

inflammatory markers.42,43
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In this study, we also found that iNOS−/− mice had better systolic function and greater 

contraction and relaxation responses to β-adrenergic stimulation after DOCA-salt treatment. 

These results were similar to Ullrich's observation that after 7 hours of endotoxin challenge, 

iNOS−/− had a higher shortening fraction, dP/dtmax, and dP/dtmin
44 and to our recent report 

that iNOS−/− mice with MI had a greater LV contractile response to ISO when treated with 

NG-nitro-L-arginine methyl ester.31 Kobayashi et al reported that cardiac contractile function 

was protected when the iNOS inhibitor aminoguanidine was given to Dahl salt-sensitive rats 

on high salt.45 Sam also found that peak LV developed pressure was higher in iNOS−/− than 

WT after MI, suggesting improved contractile function in iNOS−/− with MI.38 Overall, our 

data and others support the hypothesis that induction of iNOS in the heart contributes to 

impaired cardiac contractility. Although the precise mechanisms are not understood, 

activation of iNOS may produce large quantities of NO, in turn augmenting the second 

messenger cGMP. cGMP accumulation has been shown to decrease cardiac contractility via 

reduction of myofilament sensitivity to calcium.46,47 In addition, we observed increased 

eNOS expression in both strains treated with DOCA-salt, which tended to be greater in 

iNOS−/− (P=0.05). Increased eNOS expression may be a compensatory mechanism for 

increased vascular resistance and decreased myocardial perfusion. It has been suggested that 

upregulation of eNOS enhances myocardial relaxation and reduces myocardial O2 

consumption.48 Our finding that iNOS−/− mice had a better response to ISO may also be 

attributable in part to increased NO derived from eNOS, which helps preserve cardiac 

function.

Perspectives

The role of iNOS in the pathophysiology of hypertension and heart failure remains 

controversial. Our study shows that lack of iNOS had no effect on development of 

hypertension and cardiac hypertrophy caused by DOCA-salt; however, iNOS−/− mice 

responded more favorably to β-adrenergic stimulation, indicating better preservation of 

cardiac function. iNOS−/− mice also had reduced expression of 4-HNE and nitrotyrosine 

(markers for oxidative stress) and tended to have increased expression of eNOS. Our data 

suggest that the beneficial cardiac effect observed in iNOS−/− mice may be partially 

mediated by decreased oxidative stress and increased eNOS expression. These mechanisms 

require further study.
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Figure 1. 
Effect of iNOS deletion (iNOS−/−) on basal SBP and SBP response to DOCA-salt treatment 

compared with WT.
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Figure 2. 
Effect of iNOS deletion (iNOS−/−) on EF (A), maximum dP/dt (dP/dtmax) (B), maximum 

dP/dt/iP (C), and negative dP/dt (dP/dtmin) (D) in response to ISO after 3 months of vehicle 

or DOCA-salt treatment compared with WT.
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Figure 3. 
Representative Western blots (top) and corresponding data (bottom; n=4 in each group) 

illustrating cardiac eNOS expression in WT and iNOS−/− treated with vehicle or DOCA-

salt.
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Figure 4. 
Representative Western blots (top) and corresponding data (bottom; n=4 in each group) 

illustrating cardiac iNOS expression in WT and iNOS−/− with vehicle or DOCA-salt 

treatment.
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Figure 5. 
Representative immunohistochemical staining (A through E) and qualitative data (F) 

showing 4-HNE expression in the myocardium in WT and iNOS−/− treated with vehicle or 

DOCA-salt. A, WT/vehicle. B, iNOS−/−/vehicle. C, WT/DOCA-salt. D, iNOS−/−/DOCA-

salt; E, negative control. F, Semiquantitative scoring of cross-reactivity for 4-HNE (n=4 in 

each group). Red (arrows) indicates positive staining located in the interstitial space and 

myocytes.
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Figure 6. 
Representative immunohistochemical staining (A through E) and qualitative data (F) 

showing nitrotyrosine expression in the myocardium in WT and iNOS−/− treated with 

vehicle or DOCA-salt. A, WT/vehicle. B, iNOS−/−/vehicle. C, WT/DOCA-salt. D, iNOS−/

−/DOCA-salt. E, Negative control. F, Semiquantitative scoring of cross-reactivity for 

nitrotyrosine (n=4 in each group). Red (arrows) indicates positive staining located in the 

interstitial space and around vessels.
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TABLE 1

iNOS Deletion and Its Effect on Heart Weight in Mice With DOCA-Salt Hypertension

WT iNOS

Vehicle (n=7) DOCA-salt (n=8) Vehicle (n=8) DOCA-salt (n=9)

RVW (mg/10 g) 7.1±0.3 7.0±0.3 6.8±0.5 7.1±0.2

LVW (mg/10 g) 31.0±0.8
34.9±0.6

† 29.6±0.7
36.6±2.0

*

THW (mg/10 g) 40.3±0.7
45.0±0.7

† 39.1±0.6
47.3±2.3

*

RVW indicates right ventricular weight; LVW, LV weight; THW, total heart weight.

*
P<0.01

†
P<0.001 vs vehicle within strains.
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TABLE 2

Effect of iNOS Deletion on dP/dtmax, dP/dt/iP, and dP/dtmin Response to ISO in Mice With DOCA-Salt 

Hypertension

WT iNOS

Vehicle (n=5) DOCA-salt (n=6) Vehicle (n=8) DOCA-salt (n=5)

Before ISO After ISO Before ISO After ISO Before ISO After ISO Before ISO After ISO

HR (bpm) 371±24
530±16

† 351±18 488±36 346±16
470±16

† 391±19 489±21

LVSP (mm Hg) 68.0±1.6
99.0±4.0

* 74.9±4.5 110.5±11.1 63.4±3.1
120.7±7.3

† 71.8±2.8
140.1±18.4

†

dP/dtmax (mm Hg/s) 4319±274
9488±656

† 4875±448
9888±960

† 4449±567
8913±631

† 4483±274
13621±1120

†

dP/dt/iP (s−1) –3326±279 –5567±526 –4224±478
–6513±569

* –3349±341
–5722±385

* –3729±149
–697±1178

*

dP/dtmin (mm Hg/s) 134.9±10.2
226±23

* 143±12
246±32

† 152±8
264±24

† 155±16
378±24

*

*
P<0.01

†
P<0.001 vs before ISO within strains.
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