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Abstract

The aims of our study were to determine mortality, and age- and genotype-related cardiac phenotype in endothelial nitric oxide synthase
(NOS) knockout (–/–) and wild-type (+/+) mice. Male and female (–/–) and male and female (+/+) conscious mice were studied at different
ages by echocardiography and tail-cuff blood pressure (BP) measurement. Only 50% male (–/–) mice lived longer than 21 months whereas
89% (+/+) mice were still alive after 24 months (P < 0.005). There was little mortality in female mice of either genotype. Both (–/–) and (+/+)
male mice have normal cardiac dimensions and function at 5.5 months. However, (–/–) mice developed cardiac dilation and dysfunction at
21 months as evidenced by a significant increase (P < 0.05) in left ventricular (LV) end-diastolic diameter from 2.69 ± 0.13 to 3.13 ± 0.09 mm,
LV end-systolic diameter from 1.28 ± 0.11 to 1.86 ± 0.12 mm, LV end-diastolic cavity volume from 21 ± 2.8 to 31 ± 2.5 µl and LV mass from
19 ± 2.5 to 27 ± 1.9 mg/10 g and a significant decrease (P < 0.05) in ejection fraction (from 65 ± 3.3% to 41 ± 4.6%), shortening fraction (from
53 ± 2.2% to 41 ± 3.4%), LV posterior wall thickening (from 27 ± 2% to 12 ± 4%) and septum thickening (from 27 ± 2% to 12 ± 4%) compared
with those at 5.5 months. There was a clear increase in cardiac weight and cardiac dilation by hematoxylin and eosin in male (–/–) mice at
21 months. BP in male (–/–) mice fell with the cardiac dysfunction, whereas female (–/–) mice were hypertensive even at 21 months. The level
of mRNA for neuronal NOS and inducible NOS was greater in all females compared to males. These results indicate that male (–/–) mice have
a significantly shorter lifespan than (+/+) or female mice, and male (–/–) mice develop cardiac dysfunction with age.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Endothelium-derived nitric oxide (NO) is an important
regulator of cardiovascular homeostasis. NO relaxes blood
vessels and has effects that are anti-atherogenic, including
inhibition of smooth muscle cell proliferation, platelet aggre-
gation and adhesion, and leukocyte activation and adhesion
[1]. NO has also been shown to affect the cadiomyocyte
oxygen consumption [2], apoptosis [3] and cardiac glucose
uptake in mice [4] and substrate utilization in conscious dogs
[5].

Endothelial NO synthase (eNOS) knockout (–/–) mice
have elevated systemic blood pressure (BP) [6,7], mild pul-
monary hypertension [8] and have impaired endothelium-

dependent relaxation [7]. These mice also exhibit impaired
vascular remodeling following flow reduction [9] reduced
angiogenesis, increased intimal proliferation [10] as well as
cardiac valve malformation [11]. Recently, Kojda et al. [7]
showed that mice lacking one eNOS gene allele are unable to
adapt to exercise training. There are, however, several
mechanisms which may compensate for the absence of
eNOS; an upregulation of EDHF [12] and prostaglandin [13]
synthesis in arterioles of skeletal muscles of female and male
eNOS (–/–) mice, respectively, and neuronal NOS (nNOS)
and/or cyclo-oxygenase in the coronary circulation [14].

Alterations in NO biosynthesis in the heart have been
implicated in the pathophysiology of heart failure. Our pre-
vious studies [15] demonstrated a reduction in NO-
dependent control of cardiac oxygen consumption response
in heart failure. This effect is consistent in dogs [15], rats [16]
and humans [17]. Using northern and western blotting of
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aortic endothelial cells from dogs in overt heart failure, our
laboratory [18] also found a loss of both mRNA and protein
for constitutive NOS in heart failure. Similarly, aging leads to
impaired umbilical vein endothelial cell NO synthesis and
enhanced endothelial cell apoptosis [19] as well as a reduc-
tion in blood vessel eNOS in rats during aging [20].

In consideration of the above studies, we addressed the
question whether there were cardiovascular changes that
occurred with aging in male or female eNOS (–/–) and
wild-type (+/+) mice. The aims of our studies were to moni-
tor the age- and genotype-related differences in: (1) mortal-
ity, (2) cardiac structure and function and (3) systemic arte-
rial pressure in eNOS (+/+) and (–/–) mice of both genders
using echocardiography and tail-cuff pressure measurement.
We also examined the mRNA for inducible NOS (iNOS),
nNOS and eNOS in all groups of mice to determine if there
was a difference in these genes in the female mice.

2. Materials and methods

2.1. Animals studied

Heterozygote eNOS (+/–) mice, originally developed by
Shesely et al. [6] were interbred to generate eNOS heterozy-
gous (+/–), homozygous (–/–) and (+/+) mice. Mice were
genotyped by Southern blot analysis of DNA from tail snips
as described previously [6]. All protocols were approved by
the Institutional Animal Care and Use Committee of New
York Medical College and conform to the current National
Institutes of Health and American Physiological Society
guidelines for the use and care of laboratory animals.

2.2. Survival probability by Kaplan–Meier analysis

The estimation of survival over time of both (–/–) and
(+/+) mice of both genders was performed by Kaplan–Meier
analysis using MedCalc version 6.11.002.

2.3. Transthoracic 2D Doppler echocardiography studies
for cardiac morphology and function

The anatomy and function of mouse hearts were assessed
with ultrasound techniques described by us previously [21].
Transthoracic echocardiography was performed in awake
trained mice using an Acuson Sequoia 256 equipped with a
15-MHz linear transducer (15L8) in a phased-array format,
which offers 0.35-mm lateral resolution and 0.25-mm axial
resolution, real-time digital acquisition, storage and review
capabilities. Generally the heart was first imaged by the
2D-guided M-mode cursor from the parasternal short-axis
view. Left ventricular (LV) chamber dimension and wall
thickness were measured from this M-mode tracings. LV
end-diastolic and systolic chamber dimensions (LVEDD and
LVESD, respectively) as well as interventricular septum
(IVS) thickening and posterior wall thickness (PWT) were

measured using the American Society of Echocardiography
leading edge techniques [22]. The measurement from three
continuous cardiac cycles was averaged to establish the value
for each animal.

2.4. BP and heart rate measurement

BP and heart rate (HR) were determined in trained con-
scious mice using a non-invasive computerized tail-cuff sys-
tem (Columbus non-invasive BP (NIBP) monitor). Diastolic
BP (DBP) was calculated by regressing the occlusion cuff
pressure back to the moment when the signal detected by the
sensing cuff begins to diminish. Mean BP (MBP) is calcu-
lated from the systolic BP (SBP) and DBP. The NIBP soft-
ware also calculates the interval of each pulse then averages
the interval and calculates the number of heartbeats per
minute (BPM).

2.5. Animal training

Prior to each study, mice were trained for three consecu-
tive days. For echocardiography, we held the nape of the neck
in the palm of left hand in the supine position, putting the tail
firmly between the last two fingers. For BP measurement, we
put mice in the chamber and trained them on at least three
separate occasions over a period of 3 days or until the mea-
surement became stable.

2.6. Experimental protocol

Sixteen male eNOS (–/–) and 15 (+/+) mice and eight
female (+/+) and nine (–/–) mice were studied at different
ages (5.5 and 21 months for male and 7 and 21 months for
female). Echocardiography was performed every 2 months
and BP was measured every 3 months during development.
We monitored survival rate in both eNOS (–/–) and (+/+)
mice.

2.7. Heart weight and histology

Heart weight (HW) and body weight were recorded when
the mice were killed or if the carcass was found close to the
time of death. In a subgroup of all the mice and once the
Kaplan–Mier analyses were completed (based on consulta-
tion with our statistician) the remaining mice were anesthe-
tized (pentobarbital 50 mg/kg) and the heart perfusion fixed
in situ at the recently recorder mean arterial pressure. Hema-
toxylin and eosin (H&E) staining was performed to examine
cardiac size.

2.8. Quantitation of nNOS, iNOS and eNOS in (–/–)
and (+/+) mice

Total RNA was isolated from the heart of an additional
three female (–/–) (26.6 months, HW 138 mg) and three
female (+/+) (27 months, HW 130 mg) mice, and from three
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male (–/–) mice (21 months, HW 392 mg) and four male
(+/+) (22.3 months, HW 130 mg) mice using Trizol reagent
[23]. The RNA was hybridized to an Affymetrix Mouse
Expression Set 430(A) through the AMDEC Consortium at
the University of Rochester (Rochester, NY). The arrays
were scanned and data were sent to us for analysis. Due to the
small amount of protein available for analyses in the mouse
heart we measured the mRNA expression of all three iso-
forms of NOS, namely nNOS, iNOS and eNOS, in all four
groups of mice. The number of pixels for each of the three
isoforms of NOS was quantitated, and a mean and SEM were
derived. The means were compared using a non-paired t-test.
GAPDH was used as an internal control. Data were analyzed
using Genetraffic software (Iobion).

2.9. Calculation of cardiac mass by echocardiography

There are a number of assumptions (for instance shape:
sphere, cylinder or ellipse of revolution) made in calculating
cardiac mass by echocardiography. Using the M-mode, car-
diac mass is calculated from measurement of the internal and
external diameter (D) at the base (in diastole) not as a sphere
(pr3); but rather as the diameter cubed (D3) ignoring the long
axis entirely and thus the shape and potential shape change of
the hypertrophied/failing heart. Upon closer inspection, the
diameter cubed approximates the shape of the heart as a
cylinder (where the long axis is twice the diameter at the
base, p(D/2)2 × 2D = pD3/2 ~ D3). Thus the echocardio-
graphy is used in our study to estimate the weight of the heart
over time without killing the mice and the most reliable data
are from the HWs at post-mortem.

2.10. Statistical analysis

Data were calculated as mean ± SEM. Statistical analyses
of cardiac dimension and function were performed using
unpaired t-tests (SigmaStat 2.03). P < 0.05 was considered
statistically significant. Graphs were produced using Mi-
crosoft Excel.

3. Results

3.1. Survival probability associated with genotype

We started with 16 male (–/–) mice and 15 male (+/+)
mice at the age of 5.5 months. At 21 months nine out of
16 male (–/–) mice died and only one male (+/+) mouse died.
As shown in Fig. 1, 50% male (–/–) mice live longer than
21 months but male (+/+) mice still have 89 chances out of
100 to remain alive after 24 months. The survival probability
of male (–/–) and (+/+) mice differs significantly (P < 0.005).
Female mice of either genotype had mortality rates of less
than 20% over 21 months of study. These rates were signifi-
cantly different from eNOS (–/–) male mice but not from
eNOS (+/+) male mice (Fig. 1).

3.2. Hemodynamic changes of (–/–) and (+/+) mice at
5.5 and 21 months

The hemodynamic changes associated with male (–/–)
and (+/+) mice at 5.5 and at 21 months are shown in Table 1.
In both (–/–) and (+/+) mice, there were significant increases
in body weight at 21 months compared to that at 5.5 months.
But at 21 months, (–/–) mice weighed significantly less
(P < 0.05) than (+/+) controls (30 ± 0.9 vs. 34 ± 0.5 g). The
hemodynamic changes in female (+/+) and (–/–) mice are
shown in Table 2. Female (–/–) mice weighed less at
21 months compared to (+/+) mice.

3.3. Effect of aging and genotype on cardiac phenotype
alteration (echocardiogram)

There was significant dilation of the LV at 21 months
compared to 5.5 months in both male (–/–) and (+/+) mice, as
evidenced by a significant increases in LVEDD and LV
end-diastolic cavity volume (LVCAV). LVESD increased
about 45% in male (–/–) mice and only 25% in male (+/+)
mice. There was also a significant elevation in LV mass
(LVMASS) when normalized to 10 g body weight at
21 months in male (–/–) mice with no significant change in
male (+/+) during aging. Moreover, although male (–/–) mice
have a lower body weight, their LVMASS significantly in-
creased at 21 months compared to the (+/+) controls at
21 months (27 ± 1.9 vs. 15 ± 1.2 mg/10 g). Also the ratio
between LVMASS and LV volume (MASS/VOL ratio) is
significantly greater in (–/–) at 21 months (0.75 ± 0.02 vs.
0.66 ± 0.02). HR during echocardiography did not differ
among the groups (Table 1). There was no change in wall
thickness from 5.5 to 21 months in male mice of either
gender.

In female (–/–) or (+/+) mice, LVEDD increased with age
as did LVESD and these were not significantly different.
LVMASS increased in both genotypes but to a greater degree
in female (–/–) mice (Table 2). In female (–/–) mice there was
a significant increase in diastolic septal wall thickness and to
a lesser degree in the posterior wall. Diastolic wall thickness
increased in the septum in (+/+) female mice but there was no
change in diastolic wall thickness of the posterior wall.

3.4. BP and HR changes

SBP, DBP and MBP were significantly elevated in (–/–)
mice at 5.5 months vs. (+/+) (Tables 1 and 2). At 21 months
these differences disappeared in male but not in female (–/–)
mice. Moreover, SBP and MBP of male (–/–) mice decreased
significantly by 21 months compared to 5.5 months (systolic
arterial pressure: from 120 ± 1.9 to 110 ± 1.4 mm Hg; MBP:
from 99 ± 1.7 to 90 ± 3.2 mm Hg). On the other hand, male
(+/+) mice maintained their BP during aging. Similarly, the
HR detected during the BP monitoring was significantly
different between the male (–/–) and (+/+) mice at 5.5 months
with no changes at 21 months.
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In striking contrast to male (–/–) mice, female (–/–) mice
were hypertensive at 7 months and maintained an elevated
pressure at 21 months (Table 2). HR remained elevated in
female (–/–) mice but fell significantly with age in female
(+/+) mice.

3.5. Aging and genotype-related cardiac dysfunction

Cardiac contractile function was evaluated by echocardio-
gram. In male (–/–) mice ejection fraction (EF) and shorten-
ing fraction (SF) (Fig. 2) markedly decreased at 21 months
compared to 5.5 months, whereas in the male (+/+) these
indices of inotropic state were unchanged. There were no
significant differences in EF and SF between male (–/–) and

(+/+) mice at 5.5 months. A large decrease was observed at
21 months in male (–/–) mice compared to male (+/+) mice.
Accompanying the fall of EF and SF, male (–/–) mice have
significant decreases in LV posterior wall (LVPW) and inter-
ventricular septum (IVS) thickening at 21 months compared
to 5.5 months (Fig. 3). The decrease is also significant when
male (–/–) mice were compared to the male (+/+) mice at
21 months with no difference between them at 5.5 months.
Wild-type mice exhibited increased LVPW and IVS thicken-
ing at 21 months compared to 5.5 months.

In female (–/–) and (+/+) mice, there was no change in SF,
56–54% or 54–54%, respectively, with age (Table 2) and also
the EF was maintained, 68–66% or 70–68%, respectively,

Fig. 1. Kaplan–Meier survival curves of male (–/–) and (+/+) mice differ significantly (P < 0.005). Fifty percent (–/–) mice died before 21 months, whereas 89 of
100 (+/+) mice remain alive after 23.8 months. There is no significant difference between female (–/–) and (+/+) mice in survival probability.
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with age (Table 2). Despite the continued hypertension in
female (–/–) mice there was no contractile dysfunction with
age.

3.6. HW and histology

There was a large increase in HW (Fig. 4) and HW to body
weight ratios in male (–/–) mice at 21 months of age com-
pared to male (+/+). Although small the increase in HW was
also significantly greater in female (–/–) mice at 21 months
compared to (+/+) mice (Fig. 4). With H&E, there is an
obvious increase in cardiac size and wall thinning in male
(–/–) mouse heart compared to (+/+) (Fig. 5). There appears
to be an increase in wall thickness in female (–/–) mouse
heart at 21 months.

3.7. Quantitation of nNOS, iNOS and eNOS in (–/–)
and (+/+) mice

There was no difference in GAPDH between male (–/–,
39 027 ± 3148; and +/+, 34 688 ± 4027 pixels) and female

(–/–, 44 297 ± 644; +/+, 42 299 ± 1744 pixels) mice or across
genders. The data for iNOS, eNOS and nNOS in the four
groups of mice are shown in Table 3. There is ~50% less
(41–58%) iNOS, nNOs and eNOS in male (+/+) vs. female
(+/+) mice (P < 0.05) indicating that the mRNA is higher in
females at 21 months of age. There is a similar ~50% less
(52–58%) iNOS and nNOS in male (–/–) mice compared to
female (–/–) mice (all P < 0.05). These data suggest that the
higher level of iNOS and nNOS mRNA in the female (–/–)
may account for the reduced mortality. However, there was
no mortality in the male (+/+) at 21 months and yet a lower
level of nNOS and iNOS and even eNOS mRNA at
21 months.

4. Discussion

In the present study, we have demonstrated that there is a
significant difference between the longevity of male eNOS
(–/–) and male (+/+) mice especially when compared to

Table 1
Changes in hemodynamics in male (–/–: KO) and male (+/+: WT) mice at 5.5 and 21 months

Mice type KO (n = 10) KO (n = 7) WT (n = 8) WT (n = 9)
Age (months) 5.5 21 5.5 21
Weight (g) 26.6 ± 0.95 29.97 ± 0.87 a 27.1 ± 1.2 33.9 ± 0.5 ab

HR (BPM) 592 ± 15 581 ± 11 585 ± 16 614.2 ± 22
LVEDD (mm) 2.69 ± 0.13 3.13 ± 0.09 a 2.54 ± 0.04 3.06 ± 0.05 a

LVESD (mm) 1.28 ± 0.11 1.86 ± 0.12 a 1.19 ± 0.04 1.49 ± 0.04 ab

LVCAV (mcl) 20.7 ± 2.8 31.1 ± 2.5 a 16.4 ± 0.7 28.7 ± 1.3 a

LVMASS (mg/10 g) 18.9 ± 2.5 26.6 ± 1.89 a 18.6 ± 1.4 15.1 ± 1.2 b

MASS/VOL 0.79 ± 0.01 0.75 ± 0.02 0.79 ± 0.01 0.66 ± 0.02 ab

SP (mm Hg) 120 ± 1.9 110 ± 1.4 a 108 ± 3.0b 104 ± 2.8
DP (mm Hg) 88 ± 2.4 80 ± 4.3 69 ± 3.3b 73 ± 2.3
MBP (mm Hg) 99 ± 1.8 90 ± 3.2 a 82 ± 3.0b 83.4 ± 2.5
HR from BP (BPM) 753 ± 19 712 ± 20 692 ± 13b 689 ± 10

DP, diastolic arterial pressure; KO, knockout; SP, systolic arterial pressure; WT, wild-type.Values are mean ± SEM. The second HR in this table was taken during
pressure measurements, whereas the first was taken during echocardiography.

a P < 0.05, significant difference between 5 and 21 months.
b P < 0.05, significant difference between KO and WT mice.

Table 2
Changes in hemodynamics in female (–/–: KO) and female (+/+: WT) mice at 7 and 21 months

Mice type KO (n = 9) KO (n = 7) WT (n = 7) WT (n = 8)
Age (months) 7.0 21 7.0 21
Weight (g) 22.4 ± 0.9 23.6 ± 0.5 22.9 ± 0.5 26.1 ± 0.8 ab

HR (BPM) 599 ± 27 628 ± 4.5 549 ± 7 607 ± 9.2 a

LVEDD (mm) 2.61 ± 0.05 2.89 ± 0.10 a 2.49 ± 0.05 2.85 ± 0.09 a

LVESD (mm) 1.22 ± 0.05 1.30 ± 0.07 1.10 ± 0.05 1.30 ± 0.07 a

LVCAV (mcl) 17.9 ± 1.04 24.6 ± 2.8 a 15.5 ± 0.96 23.7 ± 2.51 a

LVMASS (mg/10 g) 18.4 ± 1.12 28.3 ± 2.1 a 15.9 ± 1.76 20 ± 1.23 b

MASS/VOL 0.72 ± 0.01 0.76 ± 0.01 a 0.70 ± 0.02 0.69 ± 0.01 b

SP (mmHg) 119 ± 2.2 120 ± 3.6 100 ± 1.7 b 101 ± 3.2 b

DP (mmHg) 85 ± 4 83 ± 4.7 68 ± 2 b 68 ± 4.0 b

MBP (mmHg) 96 ± 3 95 ± 3.9 79 ± 1.5 b 79 ± 3.7 b

HR from BP (BPM) 757 ± 23 753 ± 19 705 ± 13 662 ± 11 ab

DP, diastolic arterial pressure; KO, knockout; SP, systolic arterial pressure; WT, wild-type. Values are mean ± SEM. The second HR was taken during pressure
measurements whereas the first was taken during echocardiography.

a P < 0.05, significant difference between 5 and 21 months.
b P < 0.05, significant difference between KO and WT mice.
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female (–/–) mice. The changes in cardiac dimensions and
contractile function were also age and genotype dependent
and may explain the increased mortality in male eNOS (–/–)
mice. As 50% of the (–/–) mice were dead by the time
hemodynamics were measured and these could not be in-
cluded in the analyses, we have probably underestimated the
degree of cardiac dysfunction that occurs at 21 months in the
male eNOS (–/–) mouse. Female eNOS (–/–) mice were
hypertensive at 7 months and the BP remained elevated at
21 months. There was no significant increase in mortality in
female mice, underscoring the point that the increased mor-
tality in (–/–) mice is related to gender. There was obvious
cardiac dilation in male (–/–) at 21 months by H&E accom-
panied by large increases in HW. There was a higher level of
iNOS, nNOS and eNOS mRNA in female (+/+) mice com-
pared to male (+/+) mice (~100%) and a similar level of
iNOS and nNOS mRNA in female (–/–) compared to male
(–/–) mice (100%).

Mice have long been favored subjects in investigations of
the nature of aging. During our studies, we monitored the
natural mortality rate for male and female eNOS (–/–) and
(+/+) mice. From the Kaplan–Meier survival curve (Fig. 1),

Fig. 2. Cardiac functional changes of male mice during aging. EF and SF of
male (–/–) mice significantly decreased at 21 months compared to
5.5 months (*) male (+/+). Cardiac contractile function of male (+/+) mice
remained normal. There were significant differences in EF and SF between
(–/–) and (+/+) mice at 21 months (†). Values are mean ± SEM. P <0.05.

Fig. 3. LVPW and IVSthickening. Male (–/–) mice have significant de-
creases in LVPW and IVS thickening at 21 months compared to 5.5 months
(*). There were significant difference in LVPW and IVS thickening at
21 months between male (–/–) and male (+/+) mice (†). P < 0.05 as index of
significant difference.

Fig. 4. Male (–/–) had significantly higher gross HW (330.1 ± 34.3 g, n = 8)
compared to male (+/+) mice (160.9 ± 11.1 g, n = 10) at about 20 months.
(Values are mean ± SEM, *P < 0.05, significant difference between (–/–) and
(+/+) mice.) Female (–/–) mice increased gross HW and HW to body weight
ratio significantly. In female (+/+) mice, there were significant increases in
body weight at 21 months compared to that at 7 months (26 ± 0.8 vs.
22.9 ± 0.5 g, n = 7 in both). At 21 months, female (–/–) had significantly
higher gross HW (199 ± 5.9 g, n = 5, P < 0.05) compared to female (+/+)
mice (167.9 ± 5.2 g, n = 6) at about 21 months. (Values are mean ± SEM,
*P < 0.05, significant difference between (–/–) and (+/+).)
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we found that only 50% of male (–/–) mice remained alive
after 21 months whereas male (+/+) or female (–/–) and (+/+)
mice had 80–90% probability to live longer than 21 months.
The survival probability was significantly different between
these two groups and female or male (+/+) mice had signifi-
cantly longer lifespan than (–/–) mice. As shown by other
studies, both genetic and environmental factors influence the
longevity of mice. High-fat diets throughout life shorten the
lifespan of mice (C57BL/5J) [24,25]; caloric restriction low-
ers the lifespan of C57BL/6J, whereas lard-enriched diets
during growth increase the mean lifespan of C57BL/6J male
mice [26]. Crowding has been shown to reduce the mean
lifespan of C3Hf mice [27], and the type of cage influences
the lifespan in CF#1 mice [28]. The highly significant differ-
ences in lifespan observed when mice from many inbred
strains are maintained under a common regimen clearly dem-
onstrate the important genetic contribution to the determina-
tion of total lifespan. In our studies both groups of our mice
came from the same strain (C57BL/6J), were housed and fed
similarly and the only genetic difference between them was
the deletion of the eNOS gene.

Why do male (–/–) mice die prematurely? We examined
data at the point of 50% survival rate for male and female

(–/–) mice at 21 months and found evidence for cardiac
dysfunction only in male (–/–) mice. The dramatic decreases
in EF and SF accompanied by the reduction of LVPW and
IVS thickening and increases in LVMASS and MASS/VOL
ratio in 21-month-old male (–/–) mice (Table 1) compared to
male (+/+) mice and the reduction of MBP and cardiac
dilation compared to 5.5-month-old male (–/–) mice all
speak to the development of cardiac dysfunction. In male
(+/+) and female mice of either genotype, contractile func-
tion indices were well maintained with aging. Although there
was cardiac dilation in both male and female (–/–) and (+/+)
mice as indicated by increasing LVEDD, LVESD and LV-
CAV, male (+/+) mice increased LVEDD 20% and LVESD
25%, whereas male (–/–) mice exhibited increases LVEDD
16% and LVESD 45%. This large increase in LVESD in male
(–/–) mice suggests reduced cardiac contractile function. In
contrast, male (+/+) mice increased LVPW and IVS shorten-
ing (Fig. 2) to maintain the increase of LVESD roughly
comparable to the increase of LVEDD. In female (–/–) and
(+/+) mice there was a similar degree of cardiac dilation but
there was a significant degree of diastolic wall thickening
only in female (–/–) mice with age. This was associated with
hypertension at 21 months, indicating that the heart in the
female (–/–) mice was capable of maintaining contraction
against an elevated afterload even with age. Therefore, it is
likely that cardiac dysfunction caused by eNOS deletion in
male mice is the primary explanation of the short lifespan of
male (–/–) mice.

There are several mechanisms whereby eNOS deletion
could cause cardiac dysfunction in male (–/–) mice. Re-
cently, it has been shown that mice lacking the eNOS gene
have modest hypertension and an absence of endothelium-
dependent vascular relaxation to acetylcholine (ACh) [7]. In
our studies, male and female eNOS (–/–) mice have signifi-
cant elevation of BP compared to age-matched (+/+) mice at
5–6 months. Additionally female (–/–) mice maintain an
elevated BP at 21 months. Stauss et al. showed that NO might
play an important role as a physiological BP buffer [29].
Another study showed that the atherogenic effects of eNOS
deficiency could be partially explained by an increase in BP
[30]. A possible explanation for cardiac dysfunction is a
long-term increase in afterload. This, however, cannot be the
cause since female eNOS (–/–) mice maintain an elevated BP
for 21 months and yet they do not develop cardiac dysfunc-
tion as seen in male eNOS (–/–) mice. It should be pointed
out again that our estimates of cardiac dysfunction were
conservative since half the male (–/–) mice were already dead
and not included in the analyses.

Another hypothesis is that apoptosis may be a mechanism
for cell death, myocardial dysfunction and the transition to
heart failure associated with chronic pressure overload [31].
Loss of myocytes due to apoptosis occurs in patients with
end-stage cardiomyopathy and may contribute to progressive
myocardial dysfunction [32]. NO was found to inhibit apop-
tosis by producing redox-dependent S-nitrosylation of acti-
vated caspases [33]. This protective effect against apoptosis

Fig. 5. Cardiac sections from male knockout (M–/–), male WT (M+/+)
(20 months) and female knockout (FKO), female WT (FWT) mice
(21 months) stained with H&E, and examined by light microscopy. Male
(–/–) mice (right panel) developed wall thinning and cardiac dilation at
20 months. FKO mice have slight increase of the size of the heart.

Table 3
Quantitation of RNA for isoforms of NOS

iNOS nNOS eNOS
Male
+/+ 471 ± 22 453 ± 30 971 ± 85
–/– 478 ± 5 427 ± 9 NA
Female
+/+ 851 ± 14 781 ± 53 2350 ± 42
–/– 819 ± 55 749 ± 27 NA

Values are mean ± SEM in pixels. NA indicates not applicable since eNOS
was not functional in the (–/–) mice.
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by NO may be absent in our male eNOS (–/–) mice. On the
other hand, female eNOS (–/–) mice maintain cardiac mass
and contractile function with age suggesting that any mecha-
nism responsible for the cardiac dysfunction and death in the
male (–/–) mice cannot simply be related to lack of eNOS but
must also be related to gender, perhaps the presence of
testosterone or absence of estrogen (i.e. being male). We
could not arbitrarily assume that the reason why female mice
maintain normal cardiac function is due to the protection by
estrogen, which should be low in old female mice since the
average age of cessation of cycling occurs between 11 and
16 months of age in female mice [34]. The underlying
mechanisms remain undefined.

There has been recent interest in the question whether NO
has an effect on cardiac contractile function. Data in this
regard have been controversial. Whereas some studies sug-
gest a negative inotropic effect of NO, other studies do not.
Gyurko et al. showed that eNOS (–/–) mice have reduced
inotropic and lusitropic responses to b-adrenergic stimula-
tion [35]. The activation of eNOS has been implicated in the
regulation of myocyte L-type voltage-sensitive calcium
channel current and myocyte contractile responsiveness to
parasympathetic nervous system signaling [36]. However, in
these studies NO, whether generated in the myocyte or else-
where is considered a negative inotrope or to inhibit sympa-
thetic inotropic responses. In eNOS (–/–) mice, a lack of NO
should increase inotropic state by each of these mechanisms.

Loss of myocytes is a consistent alteration of the aging
myocardium in humans [37] and animals [38]. Recently it
was found that aged HUVEC showed significantly reduced
eNOS expression and a decrease in the overall
S-nitrosylation of caspase content with aging, suggesting that
eNOS downregulation may be involved in age-dependent
increase of apoptosis. Indeed, aged endothelial cells of eNOS
(–/–) mice showed a significantly enhanced apoptosis [19].
eNOS activity was also reduced in aging rats [20]. Other
studies demonstrated that eNOS (–/–) mice have reduced
angiogenesis and increased intimal proliferation [10]. Thus,
eNOS deletion combined with aging may contribute to the
development of cardiac dilation, hypertrophy (increased
weight) and cardiac dysfunction, which we observed in male
(–/–) mice.

Many studies have found that there may be physiologic
compensation for the absence of individual NOS genes. Evi-
dence suggests that nNOS may substitute for eNOS in the
pial vessels’ response to ACh [39] and nNOS and eNOS may
substitute for one another in long-term potentiation [40]. The
responses of coronary arteries toACh are largely preserved in
eNOS (–/–) mice. However, while in coronary arteries from
(+/+) mice, dilation to ACh is mediated primarily by NO, in
coronary arteries from eNOS (–/–) mice, dilation to ACh
appears to be compensated for by the activity of nNOS and/or
cyclo-oxygenase [14]. Huang et al. [12] found that a compen-
satory enhanced production of EDHF is the mechanism of
ACh-induced dilations in skeletal muscle arterioles of eNOS
(–/–) mice [12] and EDHF mediates flow-induced dilation in

skeletal muscle arterioles of female eNOS (–/–) mice [41].
Sun et al. demonstrated that increased production of prostag-
landins contributes to flow-induced arteriolar dilation in
eNOS (–/–) mice [13].

To directly address this, we measured the mRNA for
iNOS, nNOS and eNOS in (+/+) and for iNOS and nNOS in
(–/–) mouse hearts using Affymetrix technologies. Our data
indicate that female mice have approximately twice as much
of each isoform of NOS at 21 months compared to male (+/+)
mice. In addition, there is approximately twice as much
iNOS and nNOS mRNA in female (–/–) compared to male
(–/–) mice. Whereas this may indicate that the upregulation
of NOS in female mice is protective against the development
of heart failure at 21 months, it should be remembered that
male (+/+) mice have no heart failure and yet only 50% of the
NOS (all three isoforms) compared to the (+/+) female. We
were not able to measure the protein for the three isoforms of
NOS in these small mouse hearts, thus one should be cau-
tious that mRNA really translates into comparable alterations
in NOS protein and NO production.

In our study, there were no significant differences in car-
diac dimension and function at 5.5 months between (–/–) and
(+/+) mice of either gender. This could be explained by
compensatory mechanisms for the eNOS gene deletion,
which however are lost with aging only in male (–/–) mice
resulting in cardiac dysfunction and death. Perhaps we can
assume that in the heart of the male there are some pre-
existing redundant pathways, or altered expression of genes
in the setting of gene deletion during fetal development that
compensate for the eNOS deletion. Although it has been
shown that other factors may compensate for the loss of NO
in arteriolar relaxation, our data in 5.5 months male and
7 months female eNOS (–/–) mice indicate a significant
elevation of BP compared with the (+/+) mice. This may be
explained by the vascular bed-specific compensation or may
be due to the fact that systemic BP is controlled globally by
both neuronal and hormonal mechanisms. Our studies and
those of others [6] confirmed that eNOS is essential for the
maintenance of normal BP.

As shown in Table 1, at 5.5 months, male (–/–) mice have
a significant elevation in HR compared with the male (+/+).
At 21 months, this difference in HR disappeared. This may
be associated with the cardiac dysfunction in old male (–/–)
mice, which affects the control of HR or may be due to the
age-related change in NO production in (+/+) mice.Although
both male (–/–) and (+/+) mice increase body weight with
age, at 21 months, male (–/–) mice weighed significantly less
than the (+/+) mice.

There are some inconsistencies in the measurement of
cardiac weight by echocardiography and actual post-mortem
weights. This stems from the assumptions (for instance
shape: sphere, cylinder or ellipse of revolution) made in
calculating cardiac mass by echocardiography. Thus the
echocardiography is used in our study to estimate the weight
of the heart over time without killing the mice.

A recent study by Barouch et al. indicated an increased
mortality in both eNOS (–/–) and eNOS/nNOS (–/–) mice
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with age. In the double knockout there was evidence of
hypertrophic cardiac myopathy, increased wall thickness and
LV dP/dt, quite the contrary to our data indicating a dilated
cardiac myopathy in the eNOS (–/–) mouse heart. When
segregated into male vs. female there was no difference in the
longevity based on gender in eNOS (–/–) mice in that study
[42]. It should be pointed out that the eNOS (–/–) mice used
by Barouch et al. are those developed by Huang et al. [43]
and subtle differences in eNOS (–/–) mice may exist, i.e.
between those developed by Shesely et al. [6] in our study.
Interestingly, a recent preliminary report showed that eNOS
(–/–) mice have reduced systolic and diastolic function in
contrast to iNOS (–/–) mice, which have normal cardiac
contractile state at 10 months [44].

In summary, male eNOS (–/–) mice have a markedly
shorter lifespan compared with male (+/+) mice or female
mice of either genotype. The underlying mechanism is most
likely cardiac dilation, hypertrophy and dysfunction caused
by the combined effect of elevation of BP, apoptosis and
aging. This combination of events in the male eNOS (–/–)
mouse does not occur in the female eNOS (–/–) mouse
suggesting that the cardiac dysfunction is strongly associated
with the male genotype. Although the value for nNOS and
iNOS mRNA is approximately twice as large in female (–/–)
mice compared to male (–/–) mice and may be construed to
explain the early mortality in male (–/–) mice, the same
relative difference occurs in male and female (+/+) mice and
yet the male (+/+) has no early mortality. Thus, the mecha-
nism responsible for the difference in mortality between
males and females eNOS (–/–) mice remains speculative.

Acknowledgements

This work was supported by NIH grants HL PO-1-43023,
and RO-1 50142 and 61290 from the Heart, Lung and Blood
Institute.

References

[1] Bath PM. The effect of nitric oxide-donating vasodilators on mono-
cyte chemotaxis and intracellular cGMP concentrations in vitro. Eur J
Clin Pharmacol 1993;45:53–8.

[2] Loke KE, McConnell PI, Tuzman JM, Shesely EG, Smith CJ, Stack-
pole CJ, et al. Endogenous endothelial nitric oxide synthase-derived
nitric oxide is a physiological regulator of myocardial oxygen con-
sumption. Circ Res 1999;84:840–5.

[3] Mital S, Addonizio LJ, Mosca RJ, Quaegebeur JM, Oz MC,
Hintze TH. Nitric oxide regulates the apoptotic pathway in explanted
failing human hearts. J Heart Lung Transplant 2001;20:220–8.

[4] Tada H, Thompson CI, Recchia FA, Loke KE, Ochoa M,
Smith CJ, et al. Myocardial glucose uptake is regulated by nitric oxide
via endothelial nitric oxide synthase in Langendorff mouse heart. Circ
Res 2000;86:270–4.

[5] Recchia FA, McConnell PI, Bernstein RD, Vogel TR, Xu X,
Hintze TH. Reduced nitric oxide production and altered myocardial
metabolism during the decompensation of pacing-induced heart fail-
ure in the conscious dog. Circ Res 1998;83:969–79.

[6] Shesely EG, Maeda N, Kim HS, Desai KM, Krege JH,
Laubach VE, et al. Elevated blood pressures in mice lacking endothe-
lial nitric oxide synthase. Proc Natl Acad Sci USA 1996;93:13176–
81.

[7] Kojda G, Laursen JB, Ramasamy S, Kent JD, Kurz S, Burch-
field J, et al. Protein expression, vascular reactivity and soluble gua-
nylate cyclase activity in mice lacking the endothelial cell nitric oxide
synthase: contributions of NOS isoforms to blood pressure and heart
rate control. Cardiovasc Res 1999;42:206–13.

[8] Fagan KA, Fouty BW, Tyler RC, Morris Jr KG, Hepler LK,
Sato K, et al. The pulmonary circulation of homozygous or heterozy-
gous eNOS-null mice is hyperresponsive to mild hypoxia. J Clin
Invest 1999;103:291–9.

[9] Rudic RD, Shesely EG, Maeda N, Smithies O, Segal SS, Sessa WC.
Direct evidence for the importance of endothelium-derived nitric
oxide in vascular remodeling. J Clin Invest 1998;101:731–6.

[10] Moroi M, Zhang L, Yasuda T, Virmani R, Gold HK, Fish-
man MC, et al. Interaction of genetic deficiency of endothelial nitric
oxide, gender, and pregnancy in vascular response to injury in mice. J
Clin Invest 1998;101:1225–32.

[11] Lee TC, Zhao YD, Courtman DW, Stewart DJ. Abnormal aortic valve
development in mice lacking endothelial nitric oxide synthase. Circu-
lation 2000;101:2345–8.

[12] Huang A, Smith CJ, Connetta JA, Shesely EG, Koller A, Kaley G. In
eNOS knockout mice skeletal muscle arteriolar dilation to acetylcho-
line is mediated by EDHF. Am J Physiol Heart Circ Physiol 2000;278:
H762–8.

[13] Sun D, Huang A, Smith CJ, Stackpole CJ, Connetta JA, She-
sely EG, et al. Enhanced release of prostaglandins contributes to
flow-induced arteriolar dilation in eNOS knockout mice. Circ Res
1999;85:288–93.

[14] Lamping KG, Nuno DW, Shesely EG, Maeda N, Faraci FM. Vasodi-
lator mechanisms in the coronary circulation of endothelial nitric
oxide synthase-deficient mice. Am J Physiol Heart Circ Physiol 2000;
279:H1906–12.

[15] Zhao G, Shen W, Xu X, Ochoa M, Bernstein R, Hintze TH. Selective
impairment of vagally mediated, nitric oxide-dependent coronary
vasodilation in conscious dogs after pacing-induced heart failure.
Circulation 1995;91:2655–63.

[16] Ontkean M, Gay R, Greenberg B. Diminished endothelium-derived
relaxing factor activity in an experimental model of chronic heart
failure. Circ Res 1991;69:1088–96.

[17] Kichuk MR, Seyedi N, Zhang X, Marboe CC, Michler RE,
Addonizio LJ, et al. Regulation of nitric oxide production in human
coronary microvessels and the contribution of local kinin formation.
Circulation 1996;94:44–51.

[18] Smith CJ, Sun D, Hoegler C, Roth BS, Zhang X, Zhao G, et al.
Reduced gene expression of vascular endothelial NO synthase and
cyclooxygenase-1 in heart failure. Circ Res 1996;78:58–64.

[19] Hoffmann J, Haendeler J, Aicher A, Rossig L, Vasa M,
Zeiher AM, et al. Aging enhances the sensitivity of endothelial cells
toward apoptotic stimuli: important role of nitric oxide. Circ Res
2001;89:709–15.

[20] Cernadas MR, Sanchez de Miguel L, Garcia-Duran M, Gonzalez-
Fernandez F, Millas I, Monton M, et al. Expression of constitutive and
inducible nitric oxide synthases in the vascular wall of young and
aging rats. Circ Res 1998;83:279–86.

[21] Loke KE, Messina EJ, Mital S, Hintze TH. Impaired nitric oxide
modulation of myocardial oxygen consumption in genetically cardi-
omyopathic hamsters. J Mol Cell Cardiol 2000;32:2299–306.

[22] Sahn DJ, DeMaria A, Kisslo J, Weyman A. Recommendations regard-
ing quantitation in M-mode echocardiography: results of a survey of
echocardiographic measurements. Circulation 1978;58:1072–83.

[23] Fulton D, Papetropoulos A, Zhang X, Catravas JD, Hintze TH,
Sessa WC. Quantification of eNOS mRNA in canine cardiac vascula-
ture by competitive PCR. Am J Physiol Heart Circ Physiol 2000;278:
H658–65.

679W. Li et al. / Journal of Molecular and Cellular Cardiology 37 (2004) 671–680



[24] Silberberg M. Factors modifying the lifespan of mice. Am J Physiol
1954;177:23–6.

[25] Silberberg R. Life span of ‘yellow’ mice fed enriched diets. Am J
Physiol 1955;181:128–30.

[26] Silberberg R. Life span of mice fed enriched or restricted diets during
growth. Am J Physiol 1961;200:332–4.

[27] Muhlbock O. Factors influencing the lifespan of inbred mice. Geron-
tologia 1968;3:177–83.

[28] Finkel MP. Mouse cages and spontaneous tumors. Br J Cancer 1995;
9:464–72.

[29] Strauss HM, Nafz B, Mrowka R, Persson PB. Blood pressure control
in eNOS knock-out mice: comparison with other species under NO
blockade. Acta Physiol Scand 2000;168:155–60.

[30] Knowles JW, Reddick RL, Jennette JC, Shesely EG, Smithies O,
Maeda N. Enhanced atherosclerosis and kidney dysfunction in
eNOS(–/–)Apoe(–/–) mice are ameliorated by enalapril treatment. J
Clin Invest 2000;105:451–8.

[31] Bing OHL. Hypothesis: apoptosis may be a mechanism for the tran-
sition to heart failure with chronic pressure overload. J Mol Cell
Cardiol 1994;26:943–8.

[32] Narula J, Haider N, Virmani R, DiSalvo TG, Kolodgie FD, Haj-
jar RJ, et al. Apoptosis in myocytes in end-stage heart failure. New
Engl J Med 1996;335:1182–9.

[33] Dimmeler S, Haendeler J, Nehls M, Zeiher AM. Suppression of
apoptosis by nitric oxide via inhibition of interleukin-1beta-
converting enzyme (ICE)-like and cysteine protease protein (CPP)-
32-like proteases. J Exp Med 1997;185:601–7.

[34] Felicio LS, Nelson JF, Finch CE. Longitudinal studies of estrous
cyclicity in aging C57BL/6J mice: II. Cessation of cyclicity and the
duration of persistent vaginal cornification. Biol Reprod 1984;31:
446–53.

[35] Gyurko R, Kuhlencordt K, Fishman MC, Huang PL. Modulation of
mouse cardiac function in vivo by eNOS and ANP. Am J Physiol
(Heart Circul Physiol) 2000;278:971–81.

[36] Han X. Muscarinic cholinergic regulation of cardiac myocyte I Ca-L
is absent in mice with targeted disruption of endothelial nitric oxide
synthase. Proc Natl Acad Sci USA 1998;95:6510–5.

[37] Olivetti G, Giordano G, Corradi D, Melissari M, Lagrasta C, Gam-
bert SR, et al. Gender differences and aging: effects on the human
heart. J Am Coll Cardiol 1995;26:1068–79.

[38] Anversa P. Myocyte cell loss and myocyte hypertrophy in the aging rat
heart. J Am Coll Cardiol 1986;8:1441–8.

[39] Meng W, Ma J, Ayata C, Hara H, Huang PL, Fishman MC, et al. ACh
dilates pial arterioles in endothelial and neuronal NOS knockout mice
by NO-dependent mechanisms. Am J Physiol 1996;271:H1145–50.

[40] Son H, Hawkins RD, Martin K, Kiebler M, Huang PL, Fish-
man MC, et al. Long-term potentiation is reduced in mice that are
doubly mutant in endothelial and neuronal nitric oxide synthase. Cell
1996;87:1015–23.

[41] Huang A, Sun D, Carroll MA, Jiang H, Smith CJ, Connetta JA, et al.
EDHF mediates flow-induced dilation in skeletal muscle arterioles of
female eNOS-KO mice. Am J Physiol Heart Circ Physiol 2001;280:
H2462–9.

[42] Barouch LA, Cappola TP, Harrison RW, Crone JK, Rodriguez ER,
Burnett AL, et al. Combined loss of neuronal and endothelial nitric
oxide synthase causes premature mortality and age related hyper-
trophic cardiac remodeling in mice. J Mol Cell Cardiol 2003;35:637–
44.

[43] Huang PL, Huang H, Mashimoto H, Bloch KD, Moskowitz MA,
Bevan JA, et al. Hypertension in mice lacking the gene for endothelial
nitric oxide synthase. Nature 1995;377:239–42.

[44] Mabley JG, Post H, Liaudet L, Batkai S, Szabo C. Characterization of
cardiac function in eNOS and iNOS knockout mice using new Millar
pressure–volume conductance system. FASEB J 2004;18:A274
[Abstract].

680 W. Li et al. / Journal of Molecular and Cellular Cardiology 37 (2004) 671–680


	Premature death and age-related cardiac dysfunction in male eNOS-knockout mice
	Introduction
	Materials and methods2.1. 
	Animals studied
	Survival probability by Kaplan–Meier analysis
	Transthoracic 2D Doppler echocardiography studies for cardiac morphology and function
	BP and heart rate measurement
	Animal training
	Experimental protocol
	Heart weight and histology
	Quantitation of nNOS, iNOS and eNOS in (–/–) and (+/+) mice
	Calculation of cardiac mass by echocardiography
	Statistical analysis

	Results3.1. 
	Survival probability associated with genotype
	Hemodynamic changes of (–/–) and (+/+) mice at 5.5 and 21 months
	Effect of aging and genotype on cardiac phenotype alteration (echocardiogram)
	BP and HR changes
	Aging and genotype-related cardiac dysfunction
	HW and histology
	Quantitation of nNOS, iNOS and eNOS in (–/–) and (+/+) mice

	Discussion

	Acknowledgements
	References

