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Deficiency of iNOS Does Not Prevent Isoproterenol-induced Cardiac
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We investigated whether deficiency of inducible nitric oxide synthase (iNOS) could prevent
isoproterenol-induced cardiac hypertrophy in iNOS knockout (KO) mice. Isoproterenol was continuously
infused subcutaneously (15 mg/kg/day) using an osmotic minipump. Isoproterenol reduced body weight
and fat mass in both iNOS KO and wild-type mice compared with saline-infused wild-type mice.
Isoproterenol increased the heart weight in both iNOS KO and wild-type mice but there was no
difference between iNOS KO and wild-type mice. Posterior wall thickness of left ventricle showed the
same tendency with heart weight. Protein level of iNOS in the left ventricle was increased in
isoproterenol-infused wild-type mice. The gene expression of interleukin-6 (IL-6) and transforming growth
factor- 8 (TGF-8) in isoproterenol-infused wild-type was measured at 2, 4, 24, and 48-hour and isopro-
terenol increased both IL-6 (2, 4, 24, and 48-hour) and TGF-4 (4 and 24-hour). Isoproterenol infusion
for 7 days increased the mRNA level of IL-6 and TGF-£ in iNOS KO mice, whereas the gene expression
in wild-type mice was not increased. Phosphorylated form of extracellular signal-regulated kinases
(PERK) was also increased by isoproterenol at 2 and 4-hour but was not increased at 7 days after infusion
in wild-type mice. However, the increased pERK level in iNOS KO mice was maintained even at 7 days
after isoproterenol infusion. These results suggest that deficiency of iNOS does not prevent isoproterenol-
induced cardiac hypertrophy and may have potentially harmful effects on cardiac hypertrophy.
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INTRODUCTION

Pathologic cardiac hypertrophy is an important risk fac-
tor for heart failure (Levy et al., 1990). Although hyper-
tension and loss of cardiomyocytes following ischemic insult
are the main causes of hypertrophy (Rajabi et al., 2007),
there is accumulating evidence that adrenergic overactiva-
tion induces cardiac hypertrophy. Patients with pathologic
cardiac hypertrophy demonstrate increased circulating nor-
adrenalin levels and enhanced mean discharge frequency
in peripheral sympathetic nerves compared with subject
without hypertrophy (Greenwood et al., 2001; Schlaich et
al., 2003; Strand et al., 2006; Osadchii, 2007). In line with
this finding, administration of adrenergic agonists such as
isoproterenol induces cardiac hypertrophy in experimental
animals (Osadchii, 2007) and isoproterenol- induced cardiac
hypertrophy is reliable, reproducible, and well-charac-
terized model of cardiac hypertrophy (Szabo et al., 1975;
Krenek et al., 2009).

Nitric oxide (NO) is a gas molecule that plays critical
roles in a wide variety of physiological function including
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vascular dilation, synaptic transmission, and immune regu-
lation (Tsuchiya et al., 2007). NO is produced by three iso-
forms of nitric oxide synthase (NOS): endothelial NOS
(eNOS), neuronal NOS (nNOS), and inducible NOS (iNOS)
(Tsuchiya et al., 2007). All three isoforms are present in
the heart (Kelly et al., 1996). While eNOS and nNOS are
constitutively present, iNOS produces greater amounts of
NO compared to eNOS and nNOS and is induced under
various pathologic conditions (Kelly et al., 1996). Activation
of iNOS has been demonstrated in hypertrophied heart and
overexpression of iNOS induces cardiac hypertrophy
(CMungrue et al., 2002; Ji et al., 2008). However, it is not
known whether deletion of iNOS prevents isoproterenol-
induced cardiac hypertrophy. In the present study we inves-
tigated whether isoproterenol-induced cardiac hypertrophy
is prevented in iNOS knockout mice.

METHODS

Animals

Mice harboring a selectively disrupted gene encoding

ABBREVIATIONS: eNOS, endothelial nitric oxide synthase; iNOS,
inducible nitric oxide synthase; IL-6, interleukin-6; KO, knockout;
MAPK, mitogen activated protein kinase; nNOS, neuronal nitric oxide
synthase; pERK, phosphorylated extracellular signal-regulated kinase;
TGF- 8, transforming growth factor- 8; TNF- @, tumor necrosis factor- a.
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iNOS (Jax/tm1) and wild type C57BL/6J mice were housed
in the animal unit of the College of Medicine at Yeungnam
University. Mice were housed in a group cage in a room
on an alternating 12 hours light/dark cycle (lights-on at
7:00 and off at 19:00). The mice were fed a standard chow
diet and given ad libitum access to water. This study was
conducted in accordance with the guidelines for the care
and use of laboratory animals provided by Yeungnam
University. The mice received a continuous administration
of isoproterenol (15 mg/kg/day) or 0.9% saline for 1 week
through a subcutaneously implanted osmotic minipump
(Alzet, Cupertino, CA, USA). The minipump was inserted
into skin in the interscapular region under anesthesia (25
mg/kg body weight, tiletamine and zolezepam; 10 mg/kg
body weight, xylazine), and the small wound was closed
with silk suture. After 1 week, the mice were anesthetized
and blood was withdrawn from the orbital sinus. Heart was
weighed and the left ventricles was excised and stored at
—80°C for the measurement of expression of genes and
proteins. Percentage of heart weight to body weight was
used as an indicator of cardiac hypertrophy.

Echocardiography

Echocardiograms of iNOS knockout mice and wild-type
mice were performed on mice anesthetized with intraperi-
toneal injection of anesthetics after 1 week of isoproterenol
or saline administration. Echo imaging was acquired using
a Sequoia C512 (Acuson, Mountainview, CA, USA) platform
equipped with a 15 MHz linear transducer. Measurements
were performed in triplicate using the leading edge con-
vention for myocardial borders, as defined by the American
Society of Echocardiography. Posterior wall thickness in di-
astole standardized with body weight was used as an in-
dicator of cardiac hypertrophy.

Real-time polymerase chain reaction (PCR)

Left ventricle of approximately 25 mg was homogenized
in TRI reagent (Sigma-Aldrich, St. Louis, MO, USA) using
an Ultra-Turrax T25 (Janke & Kunkel, IKA-Labortechnik,
Staufel, Germany). RNA was reverse transcribed to cDNA
from 1 pg of total RNA using a High-Capacity ¢cDNA
Reverse Transcription Kit (Applied Biosystems, Foster
City, CA, USA). Quantitative real-time PCR was performed
using the Real-Time PCR 7500 Software system and Power
SYBR Green PCR master mix (Applied Biosystems), accord-
ing to the manufacture's instructions. Expression levels of
B -actin were used for sample normalization. The reactions
were incubated at 95°C for 10 min, followed by 45 cycles
at 95°C for 15 s, 55°C for 20 s, and 72°C for 35 s for inter-
leukin-6 (IL-6). Primers for mouse /£ -actin and IL-6 were
based on NCBI's nucleotide database and designed using the
Primer Express program (Applied Biosystems): 8 -actin (121
bp: forward, 5-TGG ACA GTG AGG CAA GGA TAG-3'; re-
verse, 5-TAC TGC CCT GGC TCC TAG CA-3", IL-6 (71
bp: forward, 5-AAA TGA TGG ATG CTA CCA AAC T-3
reverse, 5'-CCA GAA GAC CAG AGG AAA TTT T-3'). The
reactions for transforming growth factor- 5 (T'GF-£8) used
the same condition as with IL-6, except for the annealing
temperature, which was 52°C instead of 55°C. Primers for
mouse /5 -actin and TGF- 8 were also based on NCBI's nu-
cleotide database and designed using the Primer Express
program (Applied Biosystems): 5 -actin (71 bp: forward,
5-CCA ACC GTG AAA AGA TGA-3'; reverse, 5- CTG GAT

GGC TAC GTA CAT G-3'), TGF- 8 (72 bp: forward, 5-CAA
CGC CAT CTA TGA GAA AA-3'; reverse, 5-CGA ATG TCT
GAC GTA TTG AAG A-3).

Western blotting

Left ventricle was used for measurement of protein level
of phosphorylated extracellular signal-regulated kinase
(pERK), ERK, and iNOS. Left ventricle of approximately
25 mg was homogenized in a lysis buffer (Invitrogen,
Carlsbad, CA, USA) containing 1% NP40, 150 mM NacCl,
5 mM MgCl, 10 mM HEPES, leupeptin, and pepstatin A.
Total protein was separated by 12% sodium dodecyl sul-
fate-polyacrylamide gel electrophosresis. The protein was
then transferred to a 0.45 #m polyvinylidene fluoride mem-
brane (Gelman Sciences, East Hill, NY, USA). After block-
ing with 5% skin milk/10 mM Tris-HCl, pH 7.4/150 mM
NaCl/0.1% Tween 20, the membrane was incubated over-
night at 4°C with the primary antibodies (diluted 1 : 1,000).
The specific antibody binding was detected using 1 : 2,000
dilution of sheep anti-rabbit IgG horseradish peroxidase
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 1
hour at room temperature and visualized using an en-
hanced chemiluminescence detection regent (Amersham,
Buckinghamshire, UK).

Statistical analyses

The results are expressed as mean+tSE. Differences among
the groups were assessed via one-way analysis of variance
followed by LSD test. All statistical analyses were con-
ducted using the SPSS system (SPSS, Chicago, IL, USA).

RESULTS
Body composition and heart weight

Body weight and epididymal fat mass were lower in iNOS
knockout (KO) mice than wild-type mice in both saline- and
isoproterenol-infused groups, which may be caused by in-
creased locomotor activity in iNOS KO mice (Cha, 2009).
Isoproterenol infusion reduced epididymal fat mass in both
iNOS KO and wild-type mice (Fig. 1). Isoproterenol in-
creases lipolytic activity (Pelat et al., 2003) and chronic ac-
tivation of adrenergic receptors leads to reduced fat mass
(Collins and Surwit, 2001). Heart weight presented as per-
centage of heart weight to body weight was increased in
isoproterenol-infused iNOS KO and wild-type mice com-
pared with saline-infused wild-type mice, but there was no
difference in heart weight between iNOS KO and wild-type
mice. Posterior wall thickness of left ventricle was meas-
ured with echocardiography under anesthesia; the wall
thickness was not different between the two groups (Fig. 1).

Effect of isoproterenol on cardiac iNOS expression

The mRNA level of iNOS was significantly lower in iNOS
KO mice compared with wild-type mice. Isoproterenol in-
fusion using an osmotic minipump did not affect iNOS
mRNA expression both in wild-type and iNOS KO mice.
However, iNOS protein level was increased in iso-
proterenol-infused wild-type mice while iNOS protein was
not detected in iNOS KO mice both in saline- and iso-
proterenol-infused groups (Fig. 2). Isoproterenol has no ef-
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Fig. 1. Body weight (A), epididymal fat mass (B), heart weight (C) and posterior wall thickness (PWT) of left ventricle (D) in inducible
nitric oxide synthase (iNOS) knockout (black bar) and wild-type (white bar) mice infused with saline or isoproterenol. The experimental
cases in each group are 6 to 9. The results are presented as mean+SE. *p<0.05 vs. saline-infused corresponding control in wild-type and
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Fig. 2. The effect of isoporterenol infusion on the mRNA expression (A) and protein level (B) of left ventricle in inducible nitric oxide
synthase (iNOS) knockout (black bar) and wild-type mice (white bar). The experimental cases in each group are 4 to 6. The results are
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Fig. 3. The mRNA levels of interleukin-6 (IL-6) and transforming growth factor- 8 (TGF- 5) in the left ventricle of mice. The mRNA level
of IL-6 (A) and TGF- 3 (B) in isoproterenol-infused wild-type mice in a time dependent manner. The mRNA level of IL-6 (C) and TGF- 8
(D) in inducible nitric oxide synthase (iNOS) knockout (black bar) and wild-type (white bar) mice infused with saline or isoproterenol.
The experimental cases in C and D are 6 to 9 in each group. The results are presented as mean+SE. *p<0.05 vs. saline-infused iNOS

knockout and *p<0.05 vs. isoproterenol-infused wild-type.

fect on iNOS mRNA in wild-type mice that may be caused
by period of time isoproterenol is infused. Since iso-
proterenol has been infused for 7 days, the increased mRNA
level of NOS in early period may return to normal at 7
days after isoproterenol infusion.

Expression of genes and protein involved in cardiac
hypertrophy

IL-6 and TGF- /£ has been known to be associated with
isoproterenol-infused cardiac hypertrophy. Firstly, we in-
vestigated whether these two genes are increased in iso-
proterenol-infused wild-type mice in a time dependent man-
ner at 2, 4, 24, and 48 hours. Isoproterenol infusion in-
creased the mRNA level of IL-6 and TGF- /5 that peaked
at 2 and 4 hours after infusion, respectively and reduced
after that. Next, we measured the gene expression of IL-6
and TGF- 8 in the hypertrophied heart after 7-day isoprote-
renol infusion in wild-type and iNOS KO mice. The mRNA
level of IL-6 and TGF- 3 was increased in isoproterenol-in-
fused iINOS KO mice compared with saline-infused
wild-type mice. The mRNA level of both genes in iso-
proterenol-infused wild-type mice was not increased (Fig. 3).
Since the mitogen activated protein kinase (MAPK) sub-

family ERK is also associated with cardiac hypertrophy
(Bueno and Molkentin, 2002), we investigated the ERK ac-
tivities by measuring the phosphorylated form of this
protein. Phosphorylated ERK (pERK) was increased at 2
and 4 hours in isoproterenol-infused wild-type mice and
was returned to normal at 24 and 48 hours. Isoproterenol
infusion for 7 days increased pERK in iNOS KO mice but
did not increase pERK in wild-type mice (Fig. 4). Like iNOS
gene expression, the stimulatory effect of isoproterenol on
the gene expression of IL-6 and TGF-8 and pERK level
in early period in wild-type mice has been vanished at 7
days after infusion.

DISCUSSION

This study demonstrates the isoproterenol increases heart
weight in both wild-type and iNOS knockout mice. This re-
sult suggests that lack of iNOS does not prevent isoprote-
renol-induced cardiac hypertrophy. Interestingly, the in-
creased expression of genes involved in cardiac hypertrophy
and ERK activity was maintained in iNOS knockout mice
at 7 days after infusion, while they returned to normal in
wild-type mice.
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Fig. 4. Phosphorylation of extracellular signal-regulated kinases (ERK) in the left ventricle of mice. Phosphorylation of ERK in isoproterenol-
infused wild-type mice in a time dependent manner (A). Phosphorylation of ERK in inducible nitric oxide synthase (iNOS) knockout (black
bar) and wild-type (white bar) mice infused with saline or isoproterenol (B). The experimental cases in B are 6 to 9 in each group. The
results are presented as mean+SE. *p<0.05 vs. saline-infused iNOS knockout and *p<0.05 vs. isoproterenol-infused wild-type.

Induction of iNOS in cardiac hypertrophy has been dem-
onstrated previously. The level of mRNA for vascular endo-
thelial growth factor and iNOS are increased in hyper-
trophied heart induced by abdominal aortic banding (Ji et
al., 2008). Administration of isoproterenol increases iNOS
immunoreactivity in the heart of Sprague Dawley rats
(Zhang et al., 2008). Consistent with these previous results,
the present study showed that chronic infusion of iso-
porterenol increased the protein level of iNOS in the left
ventricle. Increased iNOS expression in heart causes car-
diac hypertrophy in previous study. Chronic cardiac-specific
upregulation of iNOS in transgenic mice leads to cardiac
fibrosis, hypertrophy, and dilation that are accompanied
with increased production of peroxynitrite (Cmungrue et
al., 2002). While myoglobin knockout mice or iNOS trans-
genic mice display normal heart weight and cardiac func-
tion, mice deficient in myoglobin with a concomitant high
level of cardiac specific iNOS expression shows increased
heart weight and reduced heart function (Godecke et al.,
2003). Therefore, we hypothesized that a deficiency of iNOS
could prevent isoproterenol-induced cardiac hypertrophy.
However, presently, a lack of iNOS did not affect iso-
proterenol-induced cardiac hypertrophy.

The effect of lack of iNOS on cardiac hypertrophy has
been investigated previously in another experimental ani-
mal model and the results have been inconsistent.
Deficiency of iNOS partially prevents cardiac hypertrophy
induced by chronic transverse aortic constriction (Zhang et
al., 2007). However, cardiac hypertrophy induced by tumor
necrosis factor- ¢ (INF- @) overexpression was not prevented
in iINOS knockout mice (Funakoshi et al., 2002).
Additionally, a lack of iNOS was shown to induce cardiac
hypertrophy and increases collagen synthesis (Kundu et al.,
2009) and iNOS-derived NO production mediates the anti-
hypertrophic effect of brain natriuretic pepetide (BNP)
(Wang et al., 2007). In the present study, we showed for
the first time that disruption of iNOS did not prevent iso-
proterenol- induced cardiac hypertrophy. Currently, the ba-

sis of these inconsistent results is unclear, although it is
conceivable that the basis may be differences in ex-
perimental conditions and animal models.

IL-6, a member of IL-6 family of cytokines, plays a major
role in cardiac hypertrophy and exerts its effect through
glycoprotein 130 receptor (Barry et al., 2008). IL-6 trans-
genic mice display increased left ventricular wall thickness
and the expression of atrial natriuretic peptides and BNP
(Tanaka et al., 2001). These latter two peptides are known
to be increased in hypertrophied heart (Gardner et al.,
2007). Isoproterenol increases IL-6 expression in the heart
of Wistar rats previously (Mikaelian et al., 2008). ERK, a
member of the MAPK subfamily, is involved in cardiac hy-
pertrophy (Bueno and Molkentin, 2002) and mediates the
induction of cardiac hypertrophy by IL-6 family (IKodama
et al., 2000). In the present study, we showed that iso-
proterenol increased IL-6 and ERK only in early period in
wild-type mice. However, lack of iNOS showed increased
gene expression of IL-6 and ERK activity even at 7 days
after infusion. The blunted response of chronically infused
isoproterenol on gene expression and pERK in wild-type
may be caused by the period of time isoproterenol was
infused. Chronic administration of isoproterenol abolishes
isoproterenol-mediated early response in the heart (Zhang
et al., 2005) that is consistent with the present study.
Nevertheless, isoproterenol-mediated response was main-
tained in chronically infused iNOS knockout mice. These
results suggest that deficiency of iNOS has a potentially
harmful effect on cardiac hypertrophy. This notion is sup-
ported by the fact that mRNA expression of TGF- 3 was
presently increased in chronically infused iNOS knockout
mice.

The mRNA expression of TGF- £ is increased in the left
ventricle of patients with idiopathic cardiomyopathy and di-
lated cardiomyopathy (Li et al., 1997; Pauschinger et al.,
1999) and in an animal model of pressure overload hyper-
trophy (Villarreal and Dillmann, 1992). TGF- 8 is partic-
ularly expressed in hypertrophic myocardium during tran-
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sition from stable hypertrophy to heart failure (Boluyt et
al., 1994). Like IL-6 and ERK, the current study showed
that the increased expression of TGF- /3 by isoproterenol in
early period has been abolished 48 hours after infusion in
wild-type mice, whereas isoproterenol-mediated response
was maintained in chronically infused iNOS knockout mice.
Moreover, the mRNA expression of TGF- 8 in isoproterenol-
infused iNOS knockout mice was increased more than 10
times suggesting that a deficiency of iNOS may make sub-
jects more vulnerable to isoproterenol-induced heart failure.
Sustained increases of IL-6 and TGF- /4 in iNOS knockout
mice may be caused by modulation of signal transduction
mediated by nuclear factor- B or/and activator protein 1
in iNOS knockout mice (Zingarelli et al., 2002). Cytokines
expression such as TNF-« and IL-6 in the heart following
ischemia and reperfusion damage was more augmented in
iNOS knockout mice than wild-type mice (Zingarelli et al.,
2002).

Overall, iNOS deficiency does not affect isoproterenol-
induced increased heart weight but increases the ex-
pression of genes involved in cardiac hypertrophy and ERK
activity. These results suggest that iNOS does not play de-
terminate roles in isoproterenol-induced cardiac hyper-
trophy, but that a lack of iNOS may have harmful effects
rather than protective effects on cardiac hypertrophy. A
pathological role of iNOS is well-known in heart, but a cardio-
protective function of iNOS in the heart has previously been
shown (Xi et al., 1999; Imamura et al., 2002). In line with
these findings, although it is known that overproduction
of NO from iNOS produces harmful effect on cardiac hyper-
trophy, the present results indicates that deletion of iNOS
may also be potentially harmful. These complicated find-
ings may also imply dual promotion/inhibition role of iNOS
in cardiac hypertrophy under specific pathological conditions.
Clearly, further studies are required to characterize the
role of iNOS in cardiac hypertrophy.
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