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1. ABSTRACT

We investigated the role of inducible NOS
(iNOS) on cardiac function during the development of left
ventricular hypertrophy. Hypertrophy was induced by
pressure-overload via short-term (2.5 months) or long-term
(6.5 months) aortic banding (AoB) in wild-type (WT) and
iNOS knock out (iNOSKO) mice. Cardiac function was
then assessed via echocardiography, in situ hemodynamics
and papillary muscle force measurements. Quantitative RT-
PCR and Western blots were used to measure expression of
hypertrophic gene markers and proteins respectively. Our
data demonstrate that increased afterload via AoB leads to
increased expression of iNOS that is associated with
cardiac dysfunction. In pressure-overload induced
hypertrophy, iNOSKO delays both the expression of
hypertrophic markers and contractile dysfunction without
causing significant changes in the level of hypertrophy.
Moreover, after long-term AoB, iNOSKO animals
exhibited increased basal cardiac function and an improved
response to beta-adrenergic stimulation compared to long-
term AoB WT animals. In conclusion, our data
demonstrate that NO production via iNOS plays an
important role in modulating cardiac function after
moderate AoB that mimics long-term hypertension in
humans.
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2. INTRODUCTION

The role of nitric oxide (NO) in the
regulation/modulation of cardiac performance has been
extensively studied since the early 1990°s (for review see
Kelly et al (1). Two isoforms of NO synthase (NOS),
endothelial NOS (eNOS) and neuronal NOS (nNOS), are
constitutively expressed in the heart. The third isoform,
inducible NOS (iNOS), is expressed under pathological
conditions such as sepsis, hypertrophy or heart failure (1).

Studies performed on the molecular, cellular and
whole muscle levels including in situ experiments, suggest
that NO influences not only cardiac contractility, but also
lusitropy, chronotropy and energetics (2-7). NO can act
indirectly via the cGMP pathway (1) and directly via
binding to cysteine sulthydryls or iron groups in proteins
(8). In the cell, the effects of endogenous NO are restricted
to proteins localized in close vicinity to the associated NOS
isoform. For example, in cardiomyocytes eNOS is found in
the caveolae to associate with caveolin-3 (9,10) where it
attenuates beta-adrenergic stimulation. nNOS is associated
with the sarcoplasmic reticulum (SR) membranes where it
modulates SR Ca®" uptake and release (9,11). Unlike these
constitutively  expressed isoforms, iNOS is more
ubiquitously expressed and its expression only increases
following induction by events such as hypertrophy or heart
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failure. In such cases, iNOS appears to contribute to
myocardial dysfunction and alters the myocardial response
to beta-adrenergic stimulation (4,12,13). However, since
NO can be produced by three different isoforms of NOS
within the myocardium, it has been difficult to separate
their specific effects in physiological and pathological
conditions without genetic manipulations.

Recently however, different mouse models have
been generated in which one or more isoforms of NOS
have been knocked out or over-expressed allowing for the
specific, independent effects of the NOS isoforms to be
studied on cardiac function (14). In this study, we
investigated the role of NO produced by iNOS in the
development of left ventricular (LV) hypertrophy induced
by short-and long-term pressure overload. Our results
demonstrate  that pressure-overload induces iNOS
expression is associated with the development of
hypertrophy and cardiac dysfunction. Conversely, ablation
of iNOS delays hypertrophic gene expression, increases
basal cardiac function and yields a greater response to beta-
adrenergic stimulation than WT pressure-overloaded mice
displaying similar levels of hypertrophy.

3. MATERIALS AND METHODS

3.1. Experimental animals

Inducible NOS knockout (iNOSKO) (15) and
C57BL/6J (WT) male mice were purchased from Jackson
Laboratories (Bar Harbor, ME). Experiments were
conducted in compliance with animal care policies of the
Animal Care Committee of the University of Illinois at
Chicago. As a positive control for iNOS expression, WT
mice were injected (I.P.) with 2.5 mgkg of
lipopolyssacharides (LPS) and sacrificed 2 days after
injection. The investigation conforms with the Guide for
the Care and Use of Laboratory Animals published by the
US National Institutes of Health (NIH Publication No. 85-
23, revised 1996).

3.2. Induction of cardiac hypertrophy

Twelve week-old iNOSKO and WT mice were
subjected to aortic constriction (AoB) to create pressure-
overload as previously described (16,17) with the following
modifications. The transverse thoracic aorta was banded
using a 4-0 silk suture tied around a 25-gauge curved
needle constructing the aorta to approximately 60% of its
original lumen diameter. The iNOSKO- and WT-banded
mice (iNOSKO-AoB and WT-AoB) were subjected to
experimental measurements at 2.5 months (short-term
AoB) or 6.5 months (long-term AoB) after surgery. Non-
banded age-matched mice (WT and iNOSKO) were used as
controls since we found no difference between sham-
operated and age-matched control animals.

3.3. Echocardiographic measurements

At 12 weeks of age prior to AoB WT and
iNOSKO  mice  were subjected to  baseline
echocardiographic measurements as previously described
(18,19). Mice were randomly divided to AoB group and
non-banded group. AoB groups underwent
echocardiography every 4-6 weeks to measure the level of
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LV hypertrophy and assess LV function. Non-banded age-
matched mice (WT and iNOSKO) were used as controls for
comparison of echocardiographic measurements.

3.4. Hemodynamic measurements

Long-term AoB and age-matched non-banded
mice were subjected to hemodynamic measurements as
previously described (19) and pressure-volume loops from
the left ventricle were recorded (ARIA Pressure Volume
Conductance System; Millar Instruments).

3.5. Left ventricular papillary muscle experiments

LV papillary muscles were isolated and superfused
using a modified protocol described by Wolska et al.(20).
Muscles were superfused at 22°C with 1 mM Ca*" and
electrically stimulated at 0.2 Hz. After the initial equilibration
the muscle was stretched to generate 90% of maximum
developed force (DF) and stimulated at 2.0 Hz. After stable
contractions were recorded, the muscles were superfused with
increasing doses of isoproterenol (ISO) in nM: 2.5, 5.0, 10.0,
100.0 and 1000.0. Some muscles were pre-incubated with 10
microM of an iNOS blocker N-[[3-(aminomethyl)phenyljmethyl]-
ethanimidamide, dihydrochloride (1400W) for 40 minutes.
During 1400W pre-incubation, muscles were stimulated at
0.2Hz for the first 25 minutes, then at 2.0 Hz for the remaining
15 minutes. The iNOS blocker was present in perfusion
solution during the entire ISO protocol. DF was normalized to
baseline DF at 2.0 Hz before ISO perfusion. Time to fifty
percent of the relaxation (RTsp) was expressed in milliseconds
(ms).

3.6. Quantitative Reverse-Transcriptase Polymerase
Chain Reaction (RT-PCR)

Gene expression analysis of apex samples from
AoB and age-matched non-banded control mice were
performed using quantitative RT-PCR with SYBR Green
detection in a LightCycler thermocycler (Roche
Diagnostics) as previously described (21). Expression of
beta-myosin heavy chain (beta-MHC), atrial natriuretic

peptide (ANP), SR CaATPase2 (SERCA2) and
phospholamban  (PLB) were normalized against
glyceraldehyde-3-phosphate  dehydrogenase (GAPDH)
expression.

3.7. Protein expression

Protein expression was quantified by Western
blot as previously described (18,22). To assess eNOS
phosphorylation levels, heart samples were separated on
8% bis/acrylamide gels and probed initially with anti-
phospho-eNOS (Thr 495) antibody (2 microg/ml, Upstate).
Thereafter, membranes were stripped (PIERCE, Rockford,
IL) and re-probed using anti-eNOS antibody (1:10000,
Transduction Laboratories). All blots were visualized with
enhanced chemiluminescence. Phosphorylation of eNOS
was normalized to total eNOS expression detected on the
same membrane. At the end, membranes were stained with
Pounceau solution to confirm loading. For quantification of
changes in phospho- and total protein, expression was
normalized to a WT age-matched sample. To quantify
iNOS expression, samples were separated on 8%
bis/acrylamide gels and probed with polyclonal anti-iNOS
antibodies (1:2000, Cayman, Ann Arbor, MI; 1:500, Santa
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Cruz, Santa Cruz, CA). Thereafter, membranes were
stripped and reprobed with anti alpha-sarcomeric actin
antibody (1:10000; Sigma, St. Louis, MO) to correct for
loading.

To assess cardiac alpha and beta myosin heavy
chain expression mouse ventricular tissue was solubalized
by Dounce homogenization in sample buffer (§ M urea, 2
M thiourea, 3% SDS, 75 mM DTT, 0.03% bromophenol
blue, and 50 mM Tris-HCI, pH 6.8) and clarified by
centrifugation. The resultant supernantant was heated at
100°C for 3 min, vortexed and again clarified by
centrifugation. Myosin heavy chains where separated by
SDS-PAGE on a 16 x 18 cm 6% (37.5:1) gel cross-linked
with DATD cooled to 8°C and run until the dye front ran
off the bottom (23). The resultant gel was fixed with 50%
methanol and 10% acetic acid, washed with water and
resultant proteins visualized by staining with Gel Code
Blue Silver (Pierce, Rockford, IL). Following water washes
to remove nonspecific background the gel was scanned and
myosin heavy chain bands quantified using Image Quant
(GE, Pittsburgh, PA). Beta-myosin heavy chain expression
is expressed as percentage of total cardiac myosin heavy
chain (beta-myosin heavy chain /(alpha-myosin heavy
chain + beta-myosin heavy chain)).

3.8. Histology and immunofluorescence

Hearts were removed and retrograde perfused
through the aorta with ice cold saline followed by
Methacarn (BBC) fixation. Hearts were divided into four
equal transverse blocks (5 mm) and immersion-fixed for an
additional 30 minutes. Tissue was dehydrated in ethanol,
cleared in xylene and embedded in paraffin. Sections (6-7
micrometer) were placed on slides, deparaffinized and
rehydrated. For antigen retrieval, sections were then
incubated in Retrievagen buffer (Becton Dickinson). For
iNOS staining, biotin activity was blocked with an
avidin/biotin blocking kit (Vector Labs). Sections were
blocked in 5% goat serum and incubated overnight with
1:50 dilution of rabbit polyclonal anti-INOS antibody
(Cayman, Ann Arbor, MI) at 4°C, followed by room
temperature incubation with biotinylated goat anti-rabbit
IgG and then streptavidin-conjugated Alexa Fluor-594
(Molecular Probes, Carlsbad, CA) diluted 1:1000.
Following staining, the slides were treated with Sudan
black B to reduce autofluorescence and mounted with
Vectashield containing DAPI (Vector Labs).

Images for immunofluorescence were obtained
using a Zeiss LSM510 confocal microscope equipped with
a 63X water immersion objective. 488 and 568 nm beams
from an argon-krypton laser and a 354 nm beam from an
argon UV laser were used for excitation and emission.
Alexa Fluor-594 and DAPI were detected through an
LP585 and BP385-470 filter respectively.

3.9. Data computation and statistical analysis

All results are presented as meantSEM. The
significance of differences between the means was
evaluated by one-way ANOVA followed by Student-
Newman-Keuls test. To evaluate significance in iNOS
expression between short-term and long-term AoB mice, a
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t-test was used. A value of P<0.05 was the criterion for
significance.

4. RESULTS

4.1. Expression and localization of iNOS

The expression of iNOS in WT and iNOSKO
mouse hearts in response to AoB was detected by Western
blotting (Figure 1) and immunofluorescence (Figure 2).
Figure 1 shows that iNOS was expressed only in WT-AoB
hearts after long-term AoB (panels A and B) and short-term
AoB (panel B). iNOS expression in long-term WT-AoB
mice was not different from short-term WT-AoB mice
(0.49+0.07 (n= 6) vs. 0.34+0.08 (n= 6); P=0.18) (Figure
1C). However, iNOS expression was not detected in
samples from iINOSKO-AoB hearts or in age-matched
iNOSKO hearts at any time point. Expression of iNOS in
long-term WT-AoB and age-matched WT hearts was
confirmed using immunofluorescence (Figure 2 A-B).
iNOS expression was completely absent in the iNOSKO-
AoB mice (Figure 2C) and only small amounts of iNOS
were detected in heart sections from WT animals (Figure
2A). Sections from long-term WT-AoB hearts showed
higher expression of iNOS both in the cytoplasm and in the
nuclei of cardiomyocytes (Figure 2 B). Hearts from a WT
mouse injected with LPS were used as controls (Figure
2D).

4.2. Effect of AoB on the development of hypertrophy

Table 1 summarizes the echocardiographic
parameters of WT and iNOSKO mice subjected to short-
and long-term AoB and age-matched non-banded WT and
iNOSKO mice. After short-term AoB (11.1£1.2 weeks in
WT-AoB and 9.7+1.3 weeks in iNOSKO-AoB), both
groups developed similar levels of hypertrophy. LV
posterior wall diastolic dimension (LVPWDd) was
significantly greater in WT AoB and iNOSKO-AoB mice
compared to their age-matched controls. After AoB, both
groups also showed a significant increase in
interventricular septum diastolic dimension (IVSDd)
compared to age-matched controls. These results were
confirmed by a concomitant increase in heart weight (HW)
to body weight (BW) in WT-AoB and iNOSKO-AoB mice.
HW/BW was 9.41+0.64 mg/g (n=11) in WT-AoB and
9.31£0.39 mg/g (n=9) in iNOSKO-Ao0B mice compared to
6.24+0.44 mg/g (n=5) in WT and 6.35+0.19 mg/g (n=9) in
iNOSKO age-matched controls. Hypertrophy was also
associated with a decrease in LV fractional shortening (FS)
and circumferential shortening (Vcp) in WT-AoB and
iINOSKO-AoB hearts compared to age-matched control
mice. Following short-term banding, there was a trend
towards impairment of FS (P=0.098) and V¢ (P=0.07) in
WT-AoB compared to iNOSKO-AoB mice.

Long term AoB (27.7+2.8 weeks in WT-AoB and
26.0£3.6 weeks in iNOSKO-AoB groups) resulted in a
further decreases of FS and V¢ without a further increase
in hypertrophy. HW/BW was 9.13+£0.54 mg/g (n=10) in
WT-AoB and 8.14+0.34 mg/g (n=8) in iINOSKO-Ao0B mice
compared to 6.77+£0.27 mg/g (n=13) in WT and 6.81+£0.24
mg/g (n=10) in iNOSKO age-matched controls. Similar to
short-term AoB, there was a trend towards reduced FS in
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Figure 1. Western blots for iNOS expression in hearts
from WT and iNOSKO mice after long-term AoB (panel
A) and age-matched controls. Panel B shows the expression
of iNOS and actin in short-term (ST) and long-term (LT)
WT-Ao0B mice. A long-term iNOSKO-AoB was used as a
negative control. Panel C represents the average iNOS
expression normalized to actin expression in short-term
(n=6) and long-term (n=6) WT-AoB mice. iNOS; Mac-
purified iNOS from activated murine macrophage cells.

WT-AoB compared to iNOSKO-AoB mice after long-term
banding (P=0.057), but LV internal dimension in systole
(LVISd) was significantly increased in WT-AoB compared
to other groups.

4.3. Beta-adrenergic response in papillary muscles in
short and long- term AoB

Figure 3 shows the response to increasing doses
of the beta-adrenergic agonist ISO in L'V papillary muscles
isolated from hearts subjected to short- (panels A-D) or
long-term (panels E-H) AoB and from age-matched
controls. The response to ISO was similar in both WT and
iNOSKO short-term AoB muscles as well as age-matched
controls (Figure 3 C). However, WT-AoB muscles showed
altered relaxation parameters. Time to 50% relaxation was
significantly increased in basal conditions and at 1 microM
ISO in WT-AoB compared to muscles from WT age-
matched mice (Figure 3D). After long-term AoB we found
that the response of iNOSKO-AoB muscles to ISO was
larger than in the other groups, reaching 343.9+45.7%
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(n=6) of baseline compared to 216.8426.5% (n=6) in WT-
AoB, 168.8+14.4% (n=9) in WT and 165.3%10.1% (n=8) in
iNOSKO muscles (Figure 3G).

To test whether the altered response to beta-
adrenergic stimulation in WT-AoB muscles was due to
increased NO production via iNOS, papillary muscles from
WT-AoB and iNOSKO-AoB hearts subjected to long-term
banding (47.8+7.9 weeks of banding in WT-AoB (n=3) and
57.543.9 weeks of AoB in iNOSKO-AoB (n=3) groups)
were preincubated with a specific iNOS blocker (1400W)
and their response to ISO determined. Following iNOS
blockade, WT-AoB and iNOSKO-AoB mouse papillary
muscles exhibited identical development of force in
response to ISO. Moreover, muscles from both groups
showed similar kinetics of contraction and relaxation (data
not shown). These data suggest that NO produced by iNOS
is responsible for the reduced contractile response to beta-
agonist stimulation.

4.4, Hemodynamic parameters in long-term WT-AoB
and iNOSKO-AoB mice

Next, we compared basal hemodynamic
parameters among WT-AoB (27.9+3.6 weeks of banding),
iINOSKO-AoB (26.0+3.6 weeks of banding) and their age-
matched WT and iNOSKO mice (Figure 4 and Table 2).
LV systolic pressure (LVSP) was significantly increased in
iNOSKO-AoB mice compared to all other groups. The rate
of pressure development (dP/dt,,) in iNOSKO and
iNOSKO-AoB mice was also significantly increased
compared to WT-AoB and iNOSKO-AoB mice exhibited
an increased rate of relaxation (dP/dt,;,) compared to WT-
AoB group. There was a significant difference in preload-
recruitable stroke work (PRSW) between iNOSKO-AoB
and iINOSKO groups and a trend towards a difference
between the iINOSKO-AoB and the WT-AoB groups
(P=0.058).

4.5. Gene expression

Quantitative real-time RT-PCR was performed to
determine changes in gene expression (Figure 5). Short-
term AoB resulted in a significant increase in the
expression of beta-MHC and ANF in WT-AoB mice, but
not in iNOSKO-AoB mice. Similarly, PLB expression was
also increased in hearts from WT-AoB compared to
iNOSKO-AoB mice. In short-term WT-AoB hearts the
expression of SERCA was elevated compared to WT,
iNOSKO and iNOSKO-AoB mice, however, this increase
was not sustained in long-term AoB mice potentially
representing an adaptational response.

4.6. Protein expression

Figure 6 shows expression of eNOS (panels A
and B), PLB (panels C and D) and SERCA2a (panels E and
F) in short- and long-term AoB hearts from WT, iNOSKO
and age-matched controls. Total eNOS expression among
the groups was not different; however, short-term
iNOSKO-AoB hearts exhibited increased levels of Thr-495
phosphorylation compared to other groups. There was no
difference in eNOS phosphorylation (Thr-495) in the long-
term AoB group. Finally, there was no significant change
in the expression of PLB or SERCAZ2a at the protein level.
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Table 1. Echocardiographic measurements in WT-AoB, iNOSKO-AoB and age-matched WT and iNOSKO mice

Group HR LVIDd LVISd FS Vef IVSDd LVPWDd ‘ E/A IVRT
(bpm) (mm) (mm) (%) (circ/sec) (mm) (mm) (msec)
Short-term banding
WT (n=5) 464.6+18.2 3.80 £0.15 2.21+0.09 41.80+1.07 8.68+0.85 0.69+0.04 0.65+0.02 1.14+0.06 1742
WT-AoB (n=11) 379.8+35.7 3.810.11 2.64+0.15+ 31.3442.42%+ 5.96+0.52%+ 1.01+0.04*+ 1.02+0.04*+ 1.28+0.20 2242
INOSKO (n=7) 462.3+31.3 3.63+0.08 2.00+£0.09 45.00+1.63 9.73+0.61 0.64+0.02 0.65+0.02 1.3140.19 18£1
INOSKO-AoB (n=9) 467.3+38.4 3.7240.09 2.39+0.14 36.42 +2.48+ 7.4440.61+ 1.0540.04*+ 1.054+0.03*+ 1.21+0.14 1942
Long-term banding
WT (n=13) 399.8+17.8 3.89+0.09 2.47+0.07 36.58+1.20 7.55+0.33 0.75+0.03 0.70+0.02 1.34+0.08 1941
WT-AoB (n=10) 441.5£19.1 4.11£0.10 3.05+0.13# 26.00£1.43%+ 5.09+0.36%+ 1.02+0.03*+ 1.01£0.04*+ 1.56+0.33 21+2
INOSKO (n=10) 451.6+26.3 3.79+0.08 2.41+0.08 37.13+1.53 7.67+0.44 0.67+0.02% 0.66+0.01 1.3340.10 1841
INOSKO-AoB (n=8) 368.0+18.4 3.90+0.13 2.73+0.12 30.00+1.15%+ 5.76+0.29%+ 1.00£0.03%+ 0.98+0.02%+ 1.45+0.17 211

HR=heart rate; LVIDd=Left ventricular internal dimension in diastole; LVISd=LV internal dimension in systole;
FS=LYV fractional shortening; Vcf =LV circumferential fiber shortening; [VSDd=Interventricular septum dimension in diastole;
LVPWDd=LYV posterior wall dimension in diastole; E/A=Ratio of the maximal velocity of mitral inflow E (early LV filling) and
A (atrial contraction) waves; IVRT=LV isovolumic relaxation time. *P<0.05 compared to WT; © P<0.05 compared to iNOSKO;
#P<0.05 compared to all other groups

WT

A WT-AoB

20 pm 20um

B iNOSKO-AoB

— —
20 pm 20 pm

Cc WT LPS
—

20 pm

D

Figure 2. Expression of iNOS in long-term WT-AoB, iNOSKO-AoB, age-matched WT control and LPS injected WT mouse
hearts detected by immunofluorescence. Representative transverse sections through A) WT heart, B) WT-AoB heart, C)
iNOSKO-AoB heart and D) LPS injected WT heart. iNOS was stained using Alexa Fluor-594 (red) and nuclei were stained
using DAPI (blue). The first image from the left presents the nuclei staining, the second image iNOS staining and the third is a
superimposed image.
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Figure 3. Effects of increasing doses of isoproterenol (ISO) on isometric force in LV papillary muscle isolated from short- and
long-term WT-AoB and iNOSKO-AoB mice and age-matched control mice. Representative trace of the isometric force of
papillary muscle isolated from WT-AoB (A) and iNOSKO-AoB (B) mice after short-term banding. Developed force (C) and time
to 50% relaxation (D) in short-term AoB mice and age-matched controls. Representative trace of the isometric force of papillary
muscle isolated from WT-AoB (E) and iNOSKO-AoB (F) mice after long-term banding. Developed force (G) and time to 50%
relaxation (H) in long-term AoB mice and age-matched controls. *Indicates P<0.05 compared to WT; ‘indicates P<0.05
compared to iNOSKO; *indicates P<0.05 compared to all other groups.
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Figure 4. Hemodynamic parameters in long-term iNOSKO-AoB, WT-AoB mice and age-matched controls. A) Representative
pressure-volume loops from iINOSKO-AoB and WT-AoB hearts. The dotted lines represent the end-systolic pressure-volume
relationship (ESPVR). B) Left-ventricular systolic pressure (LVSP); C) Preload-load recruitable stroke work (PRSW); D) rates of
contraction (dP/dt,,,) and relaxation (dP/dt,;,). *Significantly different (P<0.05) from iNOSKO; *Significantly different (P<0.05)
from all other groups; *Significantly different (P<0.05) from WT-AoB.

Figure 7 shows that both long term WT-AoB and
iNOSKO-AoB hearts exhibit slightly increased expression
of the beta-MHC isoform. This increase in beta-MHC
expression was not significantly different from that
observed in WT-AoB or iNOSKO-AoB age-matched
control hearts.

5. DISCUSSION

Our data demonstrate for the first time that the
absence of iNOS during the development of hypertrophy
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induced by moderate aortic constriction, mimicking long-
term hypertension in humans, delays both the increase in
hypertrophic gene marker expression and contractile
dysfunction associated with hypertrophy development. This
improved function occurred in the absence of a significant
effect on the development of cardiac hypertrophy itself.
Moreover, after long-term AoB, iNOSKO animals
exhibited increased basal cardiac function as well as an
improved response to beta-adrenergic  stimulation
compared to WT animals. These findings support a direct
role for the expression of iNOS in the development of the
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Table 2. Hemodynamic parameters in long-term WT-AoB, iNOSKO-AoB and age-matched WT and iNOSKO mice

Group HR LVSP LVDP dP/dt dP/dtin ESPVR PRSW Enax

(bpm) (mmHg) (mmHg) (mmHg/s) (mmHg/s) (mmHg/ml) (mmHg) (mmHg/ml)
WT (n=5) 571.4£21.3 87.6+5.7 3.6£0.4 8246.4£822.1 -8114.2+880.4 9.443.0 70.0+11.8 14.2+11.8
WT-AoB (n=7) 545.6+ 24.1 94.7£7.3 3.3+£0.2 6346.9£654.2 -6817.4+830.8 12.4+3.8 69.4+13.1 22.9+11.1
INOSKO (n=8) 619.8+13.4 91.0£3.6 3.0£0.2 10244.1£876.5% -8794.4+670.5 7.2£1.5 56.1£6.8 16.2+4.7
INOSKO-AoB 592.5+17.6 131.6£11.0# 3.310.2 9791.5+944.8% -11056.6+1196.6% 15.3+2.6 114.4£18.0+ 29.94+4.7
(n=8)

HR=heart rate; LVSP=Left ventricular systolic pressure; LVDP=LV diastolic pressure; ESPVR=End-systolic pressure-volume
relationship; PRSW=Pre-load recruitable stroke work; E,,,=ESPVR slope. "P<0.05 compared to iNOSKO; #p<0.05 compared to

all other groups; *P<0.05 compared to WT-AoB.
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Figure 5. Quantitative gene expression (RT-PCR) in short- and long-term WT-AoB, iNOSKO-AoB and age-matched control
mice. A) beta-myosin heavy chain (beta-MHC). B) Atrial natriuretic factor (ANF). C) Phospholamban (PLB). D) Sarcoplasmic
reticulum Ca ATP-ase (SERCA2a). Expression was normalized to GAPDH expression (n=3-4). *Significantly different (P<0.05)
compared to all other groups within short- or long-term AoB groups; *Significantly different (P<0.05) compared to WT-AoB

within short- or long-term AoB groups.

cardiac dysfunction, but not the hypertrophy, that results
from pressure overload.

An increased expression of iNOS in failing hearts
of different etiologies is well documented in humans (4, 24-
26). Likewise, increased iNOS expression has been
demonstrated in various animal models of HF induced by
either myocardial infarction (MI) (27-30), volume overload
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(12) or rapid pacing (13). In samples from failing human
hearts, iNOS was localized not only to cardiomyocytes, but
also vascular endothelial cells, smooth muscle cells and
macrophages (24,31). The level of iNOS expression and
activity is varied both between hearts and within various
regions of the same heart (26,32). In contrast, other studies
have failed to observe iNOS expression in failing (33) or
hypertrophic (34) hearts, likely due to the anatomical
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Figure 6. Protein level expression of eNOS, phospholamban (PLB), SERCA?2 and the level of eNOS phosphorylation (p-eNOS
Thr-495) in short- and long-term AoB mice and age-matched controls. Representative Western blots and summary of data for
eNOS expression and p-eNOS (Thr-495) in short-term (panel A) and long-term (panel B) AoB and age-matched controls.
Representative Western blot for total PLB expression (PLBm—monomeric form of PLB; PLBp—pentameric form of PLB, n=6) in
short-term (panel C) and long-term (panel D) AoB and age-matched controls. Representative Western blot for total SERCA2
expression in short-term (panel E, n=5-6) and long-term (panel F, n=7-8) AoB and age-matched controls. *Indicates P<0.05

compared to all other groups.
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WT) control mice. Lane C represents sample prepared from 1-day old WT mouse heart containing both alpha- and beta-myosin

heavy chain.

localization from which the biopsy specimens were taken.
In our model, we found that iNOS was expressed only in
WT mice, after short- or long-term AoB. In long-term WT-
AoB, iNOS was most likely expressed in the cytosol and
nucleus of cardiomyocytes, since Buchwalow et al
previously demonstrated a similar sub-cellular localization
of iINOS in both rat myocytes and the failing human heart
(35).

In the current study we demonstrate that chronic
pressure-overload results in LV hypertrophy in both
iNOSKO and WT mice. In both groups the degree of
hypertrophy, measured as IVSDd, LVPWD and HW/BW,
was similar and independent of AoB duration (short- vs.
long-term AoB). Interestingly, after short-term AoB mRNA
expression of ANF, beta-MHC and SERCA2a were
increased in WT-AoB, but not in iNOSKO-AoB hearts.
However, the altered gene expression of SERCA2a, which
could potentially be one of the compensatory mechanisms
during the development of hypertrophy, was not manifested
at the protein level since we did not detect any change in
SERCAZ2a protein expression at any time point among the
groups. Moreover, there was no change in the protein level
expression of the other major Ca’" regulatory protein,
phospholamban, at any time point. These results suggest
the reduced ANF and beta-MHC marker expression in
iNOSKO-AoB mice was the result of an absence of iNOS
and not altered calcium handling.

Although the degree of hypertrophy was the same
in iNOSKO-AoB and WT-AoB hearts, the long-term
iINOSKO-AoB group exhibited a preserved contractile
function with increased LVSP, PRSW and better relaxation
compared to WT-AoB. Other investigators have shown
that iNOS blockage (12,29) or ablation (27,28,36)
preserved cardiac function to increase survival following
MI or volume-overload (12), and prevented hypertrophy in
severe, short-term AoB (37). Sam et al. (28) reported that
four months after MI, LV contractile function was
improved, apoptosis decreased, and survival enhanced in
iNOSKO mice compared to WT even though even though
both animal groups exhibited a similar degree of
hypertrophy. Interestingly, at two months post-MI they
were unable to identify any significant changes in cardiac
performance. In a similar study, Feng et al. (27) observed
improved heart function as early as one month after MI. In
contrast, Jones et al. (38) showed that iNOS deficiency did
not significantly affect congestive heart failure (CHF)
severity in mice one month post-MI. The discrepancy
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among these studies might be due to the different time
points at which the mice were studied post-MI or
differences in infarct size. In our hypertrophy model we
report an improvement in cardiac function of iNOSKO-
AoB mice compared to WT-AoB, but only after long-term
AoB and not after short-term AoB. These data are not in
complete agreement with results published by Zhang et al.
(37), who showed that after four weeks AoB iNOS-KO
mice displayed less hypertrophy, dilatation, fibrosis, and
dysfunction. It is important to note, that there are major
differences between Zhang’s and our studies. The level of
aortic constriction and time of AoB were different in both
studies. In the presented paper we performed experiments
using two different time points after AoB to better mimic
long-term hypertension and conducted studies up to 6.5
months. We also constricted the aorta using a 25 gauge
needle, which was significantly larger than Zhang et al.
(37) who used 26 and 27 gauge needles for their studies.
Although, Zhang et al (37) did not measure the pressure
gradient across the constriction, based on our previously
published data (17) and data published by others (16,39),
we can expect much higher pressure gradients across the
aortic constriction in Zhang’s studies than in ours, which
can explain the differences in the presented data.

Expression of iNOS in the hearts is associated
with depressed sensitivity to beta-adrenergic stimulation
(4,12,40). Our data demonstrate that short-term iNOSKO-
AoB and WT-AoB mouse papillary muscles both exhibit a
similar response to beta-adrenergic agonist. In fact, the
response of AoB and age-matched control mice to ISO was
also similar at this point. In contrast, papillary muscles
isolated from long-term AoB WT mice demonstrate a
significantly depressed response to ISO compared to
iNOSKO-AoB muscles. Furthermore, this depressed
response to ISO was identical in WT-AoB and iNOSKO-
AoB muscles pre-treated with iNOS blocker, strongly
supporting the hypothesis that iNOS expression is
responsible for the depressed response to beta-stimulation.

Although altered eNOS expression has been
observed in both human and animal models of HF
(32,41,42), the role of eNOS in the adrenergic regulation of
both normal and diseased hearts remains controversial (43-
45). In our experimental model, AoB did not alter eNOS
expression in either WT or iNOSKO mouse hearts.
Furthermore, only a transient increase in eNOS
phosphorylation at Thr-495 in short-term iNOSKO-AoB
mice was observed. Phosphorylation of eNOS at this
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residue has been shown to decrease eNOS activity (46) and
may potentiate the response to beta-adrenergic stimulation.
However, we did not observe any significant differences in
the response to beta-adrenergic stimulation of papillary
muscles isolated from short-term iINOSKO-AoB muscles
compared to other groups. This indicates the role of eNOS
Thr-495 phosphorylation may only impart a small effect on
cardiac function.

In summary, our data demonstrate that increased
afterload via AoB induces an increased expression of iNOS
that is associated with cardiac dysfunction, whereas AoB in
the absence of iNOS delays the development of cardiac
dysfunction. Our data provide strong rationale for further
studies on new therapies involving the inhibition of iNOS
activity to improve cardiac performance in hypertrophy and
heart failure.
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