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Abstract Ornithine decarboxylase (ODC), the first
enzyme of polyamine metabolism, is rapidly upregulated in
response to agents that induce a pathological cardiac
hypertrophy. Transgenic mice overexpressing ODC in the
heart (MHC-ODC mice) experience a much more dramatic
left ventricular hypertrophy in response to f-adrenergic
stimulation with isoproterenol (ISO) compared to wild-type
(WT) controls. ISO also induced arginase activity in
transgenic hearts but not in controls. The current work
studies the cooperation between the cardiac polyamines
and L-arginine (L-Arg) availability in MHC-ODC mice.
Although ISO-induced hypertrophy is well-compensated,
MHC-ODC mice administered L-Arg along with ISO
showed a rapid onset of systolic dysfunction and died
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within 48 h. Myocytes isolated from MHC-ODC mice
administered L-Arg/ISO exhibited reduced contractility and
altered calcium transients, suggesting an alteration in
[Ca2+] homeostasis, and abbreviated action potential
duration, which may contribute to arrhythmogenesis. The
already elevated levels of spermidine and spermine were
not further altered in MHC-ODC hearts by rL-Arg/ISO
treatment, suggesting alternative L-Arg utilization path-
ways lead to dysregulation of intracellular calcium. MHC-
ODC mice administered an arginase inhibitor (Nor-NOHA)
along with ISO died almost as rapidly as L-Arg/ISO-treated
mice, while the iNOS inhibitor S-methyl-isothiourea
(SMT) was strongly protective against L-Arg/ISO. These
results point to the induction of arginase as a protective
response to f-adrenergic stimulation in the setting of high
polyamines. Further, NO generated by exogenously sup-
plied L-Arg may contribute to the lethal consequences of
L-Arg/ISO treatment. Since considerable variations in
human cardiac polyamine and L-Arg content are likely, it is
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possible that alterations in these factors may influence
myocyte contractility.

Keywords Arginase - Heart hypertrophy - Isoproterenol -
Ornithine decarboxylase - Calcium homeostasis

Abbreviations

APD Action potential duration

B Body

CO Cardiac output

DFMO o-Difluoromethylornithine

EF Ejection fraction

H Heart

ISO Isoproterenol

IVST Interventricular septum thickness
LV Left ventricle

LVEDD End-diastolic LV dimensions
LVESD End-systolic LV dimensions
MHC Myosin heavy chain

Nor-NOHA  N(omega)-nor-hydroxy-L-arginine
ODC Ornithine decarboxylase

PWT Posterior wall thickness

SF Shortening fraction

SMT S-methyl-isothiourea

WT Wild-type

Introduction

An increase in ventricular wall mass is a common beneficial
adaptation of cardiac muscle in the face of stress. However,
failure to limit myocardial hypertrophy can itself reduce
cardiac output and lead to ventricular dysfunction. As such,
left venticular hypertrophy (LVH) is considered an inde-
pendent risk factor for heart failure (Levy et al. 1990).
Hypertrophic adaptations are believed to activate imme-
diate early gene expression and protein synthesis. Ultimately,
these changes can modify the myocyte’s handling of Ca®™.
Central to these protein alterations are fluctuations in poly-
amines (putrescine, spermidine and spermine), which are
widely distributed in all cells and necessary for cell growth.
Ornithine decarboxylase (ODC), the first and potentially rate-
limiting enzyme of the polyamine pathway, is rapidly
upregulated in response to various agents that induce a
pathological cardiac hypertrophy, including thyroxine (Pegg
1981), the o-adrenergic agonists isoproterenol (ISO) and
clenbuterol, and the «;-adrenergic agonists phenylephrine
and methoxamine (Cubria et al. 1998; Tipnis et al. 2000;
Thompson et al. 1992). Administration of o-difluoromethyl-
ornithine (DFMO), a suicide inactivator of ODC (Wallace
and Fraser 2004), reduced polyamine content and attenuated
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ISO- and clenbuterol-induced cardiac hypertrophy (Cubria
et al. 1998; Tipnis et al. 2000), suggesting that high ODC
activity is a factor in the development of hypertrophy.

ODC is part of a complex signalling cascade involving
other compounds in addition to polyamines known to
modulate cardiovascular homeostasis. Ornithine, the sub-
strate for ODC, is produced by arginase, which catalyzes
the conversion of L-arginine (L-Arg) to L-ornithine (L-Orn)
and urea. L-Arg is also the substrate for nitric oxide syn-
thases (NOS), which lead to the synthesis of NO, a mole-
cule involved in several signal transduction pathways in
cardiomyocytes (Pignatti et al. 1999; Tantini et al. 2002;
Zanella et al. 2004). NO inhibits ODC (Bauer et al. 2001)
and reduces polyamine content (Blachier et al. 1996).
Likewise, polyamines can inhibit NOS (Hu et al. 1994).
The activity of arginase is thought to play a regulatory role
in the biosynthesis of both NO and polyamines (Li et al.
2001; Wu and Morris 1998). These metabolic pathways
may combine to regulate a variety of biochemical functions
in the heart (reviewed in Giordano et al. 2003; Shantz and
Giordano 2006). In contrast to ODC induction, NO defi-
ciency has been linked to the development of cardiac
hypertrophy using mouse models (Barouch et al. 2003;
Cappola et al. 2003; Ozaki et al. 2002; Simko and Simko
2000), and NO has been shown to attenuate the f-adren-
ergic response in cardiomyocytes (Balligand 1999).

The central hypothesis of this work is that changes in
polyamine and L-Arg metabolism that accompany upregula-
tion of ODC, in cooperation with other signalling pathways,
can mediate the development of myocardial hypertrophy and
failure. Transgenic mice overexpressing ODC in the heart
(MHC-ODC mice) experience a much more dramatic left
ventricular hypertrophy in response to f-adrenergic stimula-
tion compared to wild-type (WT) controls (Shantz et al. 2001).
Here we show that although ISO-induced hypertrophy is well-
compensated, MHC-ODC mice treated with L-Arg and ISO
show a rapid onset of systolic dysfunction with a lethal out-
come. The potential mechanism for this observation remains
obscure. The purpose of these investigations was to establish
the possible role of abnormal [Ca*"] in leading to ventricular
dysfunction following elevation of polyamines. We found that
the combination of L-Arg and ISO produces contractile dys-
function in myocytes from MHC-ODC mice, characterized by
reduced contraction amplitude, as well as shortening and re-
lengthening velocities at both low and high [Ca2+]0.

Materials and methods

Transgenic mice

Mice express a transgene containing a murine o«MHC
promoter upstream of a murine ODC cDNA with a stop
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codon at position 425 (Shantz et al. 2001). Heterozygous
mice were bred from the original founder (Shantz et al.
2001) for at least five generations onto the B6D2 back-
ground for the current studies. Mice in these studies were
treated at age 6-8 weeks. All transgenic animals used were
heterozygous. All experiments described used transgenic
mice compared to their littermate controls. The investiga-
tion conforms to the Recommendation from the Declara-
tion of Helsinki and the Guiding Principles in the Care and
Use of Animals. All methods were approved by the Penn
State University Institutional Animal Care and Utilization
Committee and conform to NIH guidelines.

Evaluation of hypertrophy

Mice received daily intraperitoneal (i.p.) injections of
either saline or 20 mg/kg ISO in saline for 10 days, then
were sacrificed by CO,-induced asphyxia. Upon sacrifice,
each animal was weighed, the heart was excised, rinsed in
phosphate buffered saline (PBS), dried and weighed. The
ratio of heart weight in mg (H) to body weight in g (B) was
used as an index of hypertrophy.

Arginine and ornithine supplementation

Initial observations used the following protocol: 5% L-Arg
or L-Orn was supplied in the drinking water for three days
before beginning ISO injections for 10 days. Mice were
maintained on L-Arg or L-Orn for the entire experiment. To
elucidate the mechanism of lethality, two ISO injections
were given at 0 h and 24 h. Mice were sacrificed 6 h after
the second ISO injection. When inhibitors were used, they
were administered as described in the figures for either one
or 3 days prior to the start of ISO injections, and continued
until the end of the experiment.

Echocardiography

Echocardiography was performed using an Accuson
Sequoia instrument paired with a 14 MHz transducer to
study left ventricular hypertrophy and systolic function.
After light anesthesia (100 mg/kg ketamine and 10 mg/kg
xylazine) the animal was shaved, placed in a supine posi-
tion and warmed using an isothermal heating pad. End-
diastolic (LVEDD) and end-systolic LV dimension
(LVESD) were measured from M-mode tracings, as well as
interventricular septum (IVST) and posterior wall thickness
(PWT). LV shortening fraction (SF) was calculated using
the following equation: [LVEDD - LVESD/LVEDD] x
100. Ejection fraction (EF) was calculated as follows: [LV
end-diastolic volume — LV end-systolic volume/LV end-
diastolic volume] x 100. Stroke volume (SV) was calcu-
lated as LV end-diastolic volume — LV end-systolic

volume, while cardiac output (CO) equals SV x HR and is
expressed per 10 g body weight. Hearts rates were similar
in all animals under study.

Biochemical assays

Polyamine content was analysed using reverse-phase
HPLC on samples extracted using 10% trichloroacetic acid
(Govoni et al. 2010; Shantz et al. 1992). The concentra-
tions of L-Arg and L-Orn were determined using HPLC
analysis following o-pthalaldehyde derivatization of amino
acids in heart extracts (Lynch 2002). Arginase activity was
tested by monitoring ['*C]-urea formation from L-[guani-
do-'*C]-arginine. Activity was assayed for 15 min at 37°C
and expressed as the radioactivity of ['*CJ-urea per mg
protein.

Isolation of adult murine cardiac myocytes

Cardiac myocytes were isolated from the septum and left
ventricular free wall of wild-type and ODC overexpressed
mice as described (Song et al. 2008; Tucker et al. 2006).
Isolated myocytes were plated on laminin-coated glass
cover slips and used within 2—8 h of isolation.

Myocyte shortening measurements

Myocytes adherent to cover slips were bathed in 0.6 ml of
air- and temperature-equilibrated (37°C), HEPES-buffered
(20 mM, pH 7.4) medium 199 containing 0.6, 1.8 or
5.0 mM [Ca’"],. Measurements of myocyte contraction
(1 Hz) were performed as described previously (Tucker
et al. 2006; Zhang et al. 2001a).

[Ca2+]i transient measurements

Myocytes were exposed to 0.67 uM of fura-2 AM for
15 min. at 37°C. Fura-2 loaded myocytes were field-stim-
ulated to contract (1 Hz, 37°C) in medium 199 containing
0.6, 1.8 or 5.0 mM [Ca2+]0. [CaH]i transient measure-
ments, daily calibration of fura-2 fluorescent signals, and
[Ca2+]i transient analyses were performed as described
previously (Tucker et al. 2006; Zhang et al. 2001a).

Action potential measurements

Action potentials from wild-type and ODC overexpressing
mice, both treated with L-Arg and ISO, were recorded using
current-clamp configuration at 1.5 x threshold stimulus and
4 ms duration (Tucker 2006; Zhang 2001b). Pipette solu-
tions consisted of (in mM) 125 KCl, 4 MgCl,, 0.06 CaCl,,
10 HEPES, 5 KT-EGTA, 3 Na,ATP, and 5 Na,-creatine
phosphate (pH 7.2). External solution consisted of (in mM)
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Table 1 Echocardiographic measurements in hearts of transgenic (MHC-ODC) and wild-type (WT) mice

Mouse (n) LV mass (mg) IVST (mm) LVEDD (mm) LVESD (mm) PWT (mm) EF (%) SF (%)
WT/S (4) 117.6 £ 11.0 0.88 + 0.08 3.92 + 0.29 1.95 + 0.29 0.77 + 0.08 85+ 7 51 £14
MHC-ODC/S (8) 156.4 £ 14.9 0.88 + 0.07 4.10 £ 0.18 2.36 + 0.18 1.03 + 0.07¢ 79 £ 8 43+ 7
WT/ISO (7) 140.3 £ 14.2 0.86 + 0.03 4.08 £ 0.18 2.15 £ 0.21 0.89 + 0.04 85+ 9 48 +9
MHC-ODC/ISO (5) 179.0 &+ 22.5% 1.22 + 0.13%>< 3.56 £ 0.18 1.62 + 0.31° 1.18 + 0.05%f 88 £ 9 55+ 15

Mice were treated for 8 days with vehicle (S) or 20 mg/kg ISO, killed and echocardiography was performed as described in the “Materials and

methods”

Values are mean £+ SEM. n number of mice, /VST interventricular septum thickness, LVEDD end-diastolic LV dimensions, LVESD end-systolic
LV dimensions, PWT posterior wall thickness, EF ejection fraction, SF shortening fraction

% p <0.05 versus WT/S, hp < 0.05 versus MHC-ODC/S, °p < 0.05 versus WT/ISO, dp < 0.01 versus WT/S. °p < 0.005 versus WT/ISO,

fp < 0.005 versus WT/S

132 NaCl, 5.4 KCl, 1.8 CaCl,, 1.8 MgCl,, 0.6 NaH,PO,,
7.5 HEPES, 7.5 Na™-HEPES, and 5 glucose, pH 7.4.

Statistics

All results are expressed as mean = SEM or SD as
described in the figures. Comparison among groups was
performed using two-tailed equal variance Student’s ¢ test.
For analysis of a parameter (e.g., maximal contraction
amplitude) as functions of group (e.g., WT vs. MHC-ODC
+ ISO) and [Ca*'],, two-way ANOVA was used to
determine statistical significance. For analysis of protein
abundance, C,, and action potential parameters, Student’s
unpaired ¢ test was used. A commercial software package
(JMP version 4.05, SAS Institute, Cary, NC, USA) was
used. In all analyses, P < 0.05 was taken to be statistically
significant.

Results

Morphological and biochemical analysis of MHC-ODC
mice and controls

MHC-ODC mice and WT controls were injected with ISO
daily for 10 days, and cardiac hypertrophy was evaluated
using echocardiography. ISO-injected MHC-ODC mice
were characterized by significantly increased cardiac pos-
terior wall thickness (PWT) and interventricular septum
thickness (IVST) compared to WT given ISO, and left
ventricle (LV) dimensions were smaller in ISO-treated
versus saline-injected MHC-ODC mice, as shown by a
decrease in end-systolic LV dimensions (LVESD)
(Table I). On the other hand, ISO injection produced no
significant changes in WT mice (Table I). An increase in
interstitial collagen in the hearts of MHC-ODC mice was
also observed after treatment with ISO, suggesting that
overexpression ODC leads to increased fibrosis in response
to ISO (data not shown).

@ Springer

Because arginase has been implicated in modulation of
polyamine levels through L-Arg availability (Li et al.
2001), we examined the activity of arginase in the hearts of
MHC-ODC and WT mice. Arginase activity was below the
limit of detection (0.1 nmol/15 min/mg protein) in the
hearts of both transgenic and control mice. However, when
cardiac hypertrophy was induced using our standard pro-
tocol of daily ISO injections (20 mg/kg, i.p.) for 10 days,
arginase activity in MHC-ODC mice was induced to
37.5 £ 7.2 (n = 4) nmol/15 min/mg protein. Activity in
littermate controls was still below the limit of detection.

Development of a lethal phenotype

MHC-ODC hearts contain high levels of cadaverine, which
is formed when ODC decarboxylates lysine (Shantz et al.
2001). L-Lys is a poor substrate for ODC, with a K,
approximately 100-fold higher than that of L-Orn. This
suggests that all of the available L-Orn is converted to
putrescine, leaving L-Lys as an alternative substrate for
ODC. Thus, the induction in arginase activity in transgenic
hearts in response to ISO could reflect an attempt to
increase L-Orn levels. To determine if this is the case,
MHC-ODC and WT mice were given 5% L-Arg in the
drinking water, with or without ISO injections, and changes
in polyamines as well as the development of hypertrophy
were monitored. While the difference in LV mass between
water-drinking, saline-injected MHC-ODC and WT mice
did not reach statistical significance in echocardiographic
experiments (Table 1), measurements of heart-to-body
(H/B) ratios showed MHC-ODC mice exhibit a slight
hypertrophy compared to WT controls (Table 2). Consis-
tent with the echocardiographic data, injection of ISO for
10 days exaggerated the hypertrophy in MHC-ODC mice
(Table II). When L-Arg was added to the drinking water of
saline-injected mice, H/B ratios were unaffected in both
groups (Table 2), and polyamine levels were also unaf-
fected (data not shown). Surprisingly however, oral L-Arg
administration to MHC-ODC mice at the time of ISO
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Table 2 Effect of L-Arg/ISO treatment on transgenic (MHC-ODC) L-Arg/Sal (n = 8)
and wild-type (WT) mice 100 S LOm/Sal(n=12)
1] I -
Genotype (n) Treatment Heart (mg)/Body weight (g) —_————-— 1 -—7 L Qr?/CI)SO
after 10 days (mean £+ SD) e 1 (n=10)
80 |- 1ISO (n=14) |
WT (3) Water/saline 52+04
MHC-ODC (5) Water/saline 6.2 £ 0.2%
WT (3) L-Arg/saline 54 +04 S e0f
MHC-ODC (5) L-Arg/saline 6.4 £ 0.7 %
WT (3) Water/ISO 6.0 £ 0.1 b=
Q -
MHC-ODC (5)  Water/ISO 85+ 02" g
WT (3) L-Arg/ISO 6.0 £0.3 o
MHC-ODC (5) L-Arg/ISO DEAD* 2L
Animals were given water with or without 5% L-Arg for 3 days, then L-Arg/ISO (n = 16)
given daily injections of saline or ISO in saline (20 mg/kg) for _|—I
0 1 1 1 1 1 1 ]

10 days. Mice were killed and heart-to-body weight (H/B) ratio
determined as described in the “Materials and methods”

* All MHC-ODC mice treated with L-Arg/ISO died prior to day 10 of
ISO treatment. n number of mice; *P < 0.04 versus WT water/saline;
"P < 0.0003 versus WT water/ISO

injection was lethal, while having no additional effect on
WT mice (Table 2). This lethal effect appeared within a
very short time period, beginning within 48 h after the start
of ISO injections. The survival curve shows that 90% of
MHC-ODC mice were dead on Day 4 of ISO treatment,
and all mice were dead by Day 7 (Fig. 1). Two lines of
evidence suggest the effect was specific for L-Arg. First,
MHC-ODC mice treated with L-Orn and ISO showed no
increase in toxicity over mice receiving ISO alone (Fig. 1),
suggesting that the L-Arg/ISO toxicity is not due to
metabolism of L-Arg to L-Orn and the polyamines. Second,
when L-glutamine was substituted for L-Arg, H/B ratios
were not significantly different from water-drinking mice
(data not shown).

Echocardiographic analysis of mice treated
with L-Arg/ISO

We performed echocardiography on MHC-ODC and WT
mice, either untreated or treated for 3 days with L-Arg and
48 h with ISO. Mice drinking either water or 5% L-Arg
were given two injections of ISO 24 h apart and sacrificed
6 h after the second injection. Both WT and MHC-ODC
mice treated with ISO alone for 48 h maintained a normal
LV function, as measured by shortening fraction (SF),
ejection fraction (EF) and cardiac output (CO) (Fig. 2).
Unlike the 10 day ISO experiment, ISO produced no
additional hypertrophy in any of the groups examined
following this short-term exposure (data not shown).
Administration of L-Arg alone also had no effect on WT
and MHC-ODC mice (data not shown).

0 1 2 3 4 5 6 7 8
Days of ISO treatment

Fig. 1 1-Arg/ISO treatment is lethal in MHC-ODC mice. Survival
curve of transgenic mice. Mice were given either L-Arg or L-Orn (5%)
in the drinking water and injected i.p. with either ISO or saline as
described in the “Materials and methods”. n number of mice in each
group on Day 0. Statistical analysis of curves using log rank test
showed that L-Arg/ISO survival curve is significantly different
compared to all other curves (P < 0.0001)

Even after the very short exposure to L-Arg/ISO in this
experiment, mean LV systolic function was significantly
lower in MHC-ODC compared to WT mice, as measured
by a depression in EF and SF (Fig. 2a, b). Mean CO was
also lower in MHC-ODC mice (Fig. 2c). All measurements
in L-Arg/ISO-treated WT mice were comparable to mea-
surements in mice treated with ISO alone (Fig. 2).

Changes in cardiac arginine, ornithine and polyamines
in response to L-Arg/ISO

When comparing water-drinking, saline-injected mice the
cellular content of L-Arg and L-Orn are higher in non-
transgenic mice than in their MHC-ODC counterparts.
Surprisingly, despite the large amount of cadaverine pres-
ent in MHC-ODC hearts, L-Orn was still measurable
(Table 3). ISO administration for 48 h increased L-Arg and
decreased L-Orn in both MHC-ODC and WT animals,
consistent with increased arginine transport and induction
of ODC activity by ISO. Administration of L-Arg, with or
without ISO injection, increased the L-Arg content at least
15-fold in both MHC-ODC and WT mice, confirming
L-Arg transport, and L-Orn was also increased. Putrescine
was increased by a greater fraction in MHC-ODC than in
WT animals (Table 3). In contrast, spermidine and
spermine were unchanged in mice of either genotype (data
not shown), suggesting that the exogenously administered
L-Arg is not metabolized to the higher polyamines. While
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EF (%)

(=]
-
I

SF (%)
8 88 &8 8 8

P

10

6L P=0.055

PR P ]

CO (mimin'g body weight ') ©

WT MHC-ODC WT MHC-ODC
IS0 L-ArgISO

Fig. 2 Measurement of cardiac function in mice treated with ISO
alone or L-Arg/ISO. Ejection fraction (EF, a), shortening fraction (SF,
b) and cardiac output (CO, c¢) were measured in mice drinking either
water or 5% L-Arg and treated for 2 days with ISO. WT + ISO
(n=15), ISO TG (n = 5) and WT + L-Arg/ISO (n = 7) all show
normal heart function. MHC-ODC + L-Arg/ISO (n = 7) showed
significantly impaired systolic function, as measured by EF and SF.
* Statistically significant compared to WT+ L-Arg/ISO, P < 0.01;
** Statistically significant compared to WT + L-Arg/ISO, P < 0.002

L-Orn and putrescine were increased in all mice drinking
L-Orn, L-Arg was increased only in transgenics (Table 3).
The reason for this increase in L-Arg is likely due to
increased L-Arg transport. L-Orn administration increases
the already very high putrescine content an additional
fourfold in MHC-ODC hearts. Arginine and ornithine share
the same transport system, but arginine exhibits a lower K,
and higher V., (White and Christensen 1982). Thus, it
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would not be surprising if both arginine and ornithine
transport increased as ornithine is rapidly converted to
putrescine in transgenic hearts. Again, even though
putrescine was increased in transgenic mice in response to
L-Orn, spermidine and spermine were unchanged (data not
shown).

Inhibition of arginase or NOS

To investigate whether arginase inhibition would have a
similar effect as L-Arg consumption in mice injected with
ISO, N(omega)-nor-hydroxy-L-arginine (Nor-NOHA), an
arginine analog that is an inhibitor of arginase activity but
neither a substrate nor an inhibitor of NOS (Tenu et al.
1999), was used. Nor-NOHA treatment (50 mg/kg, i.p.
daily for 8 days) in the absence of ISO had no effect on
either control or transgenic mice (data not shown). When
Nor-NOHA treatment was combined with ISO, MHC-ODC
mice died almost as rapidly as mice treated with L-Arg/ISO
(Fig. 3), while WT mice were unaffected (data not shown).
Amino acid analysis determined that the ratio of L-Arg to
L-Orn increased from 3.0 £ 2.7 to 8.0 &£ 2.8 in Nor-
NOHA-treated mice, indicating that arginase was effec-
tively inhibited.

The Nor-NOHA results suggest that induction of argi-
nase in MHC-ODC hearts may be an effort to reduce NO
synthesis by controlling L-Arg levels. Inhibition of NOS
activity in MHC-ODC hearts may therefore provide a
similar protective effect to L-Arg/[SO-treated mice. We
examined the ability of S-methyl-isothiourea (SMT), which
is reported to be a specific inhibitor of iNOS at the con-
centration used (Southan and Szabo 1996), to attenuate the
pathological response of MHC-ODC mice to L-Arg/ISO. In
mice drinking r-Arg, SMT (10 mg/kg) was injected
simultaneously with ISO according to our standard proto-
col. The results indicate a clear protective effect of iNOS
inhibition, with 70% of mice surviving for more than
8 days (Fig. 3). All mice receiving L-Arg/ISO alone were
dead by 6 days. SMT also increased survival of Nor-
NOHA/ISO treated mice (Fig. 3), and decreased H/B ratio
in MHC-ODC mice treated with ISO alone for 8 days (data
not shown). These experiments strongly support the con-
cept that when polyamine levels are perturbed by ODC
overexpression, L-Arg is shuttled away from polyamine
synthesis and toward NO synthesis.

Effects of L-Arg/ISO treatment on contraction in ODC
overexpressing myocytes

Our in vivo echocardiographic measurements indicate
significantly reduced cardiac performance in transgenic
hearts treated with L-Arg and ISO. To distinguish whether
the decreased cardiac output is due to reduction in myocyte
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Table 3 Cardiac arginine, ornithine and putrescine levels in transgenic (MHC-ODC) and wild-type (WT) mice

Genotype Treatment (n) Amino acid nmol/g wet weight = SEM Putrescine nmol/mg protein &+ SEM
Arginine Ornithine

WT Water/saline (9) 250 + 61 102 £+ 20 0.23 £0.10
Water/ISO (6) 677 + 173* 43 £ 4* 0.30 £ 0.10
L-Arg/saline (5) 4707 + 306° 237 + 35° 0.04 £ 0.003
L-Arg/ISO (5) 6830 =+ 324° 315+ 9° 0.20 £ 0.05
L-Orn/saline (3) 270 + 46 252 + 11° 0.33 £ 0.07

MHC-ODC Water/saline (8) 91 £+ 5.3° 48 £+ 15° 2.17 £ 0.33¢
Water/ISO (4) 217 £+ 29°° 2+ 7° 3.36 + 0.68°
L-Arg/saline (5) 1429 + 180%# 277 + 31% 3.45 + 0.54%
L-Arg/ISO (8) 1098 + 174%¢ 74 + 98 5.17 + 1.26%
L-Orn/saline (5) 582 + 127°° 74 £+ 19° 7.86 £ 1.24%F

Animals were treated with either 5% L-Arg or 5% L-Orn in the drinking water for 3 days, then given two injections of saline or ISO in saline
(20 mg/kg) 24 h apart. Mice were killed and arginine, ornithine and polyamine levels were measured in cardiac tissue as described in the

“Materials and methods”

n number of mice; *P < 0.05 versus WT water/saline; °P < 0.0005 versus WT water/saline; P < 0.05 versus identically-treated WT;
4p < 0.0001 versus identically treated WT; °P < 0.05 versus MHC-ODC water/saline; fP < 0.01 versus MHC-ODC water/saline; 2P < 0.001

versus MHC-ODC water/saline

120 -

100

80
L-Arg/ISO + SMT (n = 5)

"
(W W W W W W W

60 Nor-NOHAASO + SMT (n = 6)

EEEEEE .

percent survival

40
NorNOHAASO (n = 11)
20 -
—I L-ArgISO (n = 16)
0 1 1 1 1 J

0 2 4 6 8 10 12
Days treated with ISO

Fig. 3 Treatment of MHC-ODC mice with inhibitors of arginase
or NOS. MHC-ODC mice were treated with daily ISO injections
(20 mg/kg i.p.) for 10 days. Mice also received one of the
following: 5% L-Arg in the drinking water from 3 days prior to
ISO injections until the end of the experiment; 50 mg/kg (i.p.)
N(omega)-nor-hydroxy-L-arginine (Nor-NOHA) daily from 3 days
prior to ISO treatment until the end of the experiment; L-Arg/ISO
plus 10 mg/kg (i.p.) S-methyl-isothiourea (SMT) daily from one
day prior to ISO treatment until the end of the experiment; Nor-
NOHA/ISO plus 10 mg/kg (i.p.) SMT daily from 1 day prior to
ISO treatment until the end of the experiment. n number of mice in
each group on Day 0. Statistical analysis of curves using log rank
test showed that L-Arg/ISO survival curve is significantly different
compared to L-Arg/ISO + SMT and Nor-NOHA/ISO 4 SMT
curves (P < 0.03). Nor-NOHA/ISO curve is not different from
L-Arg/ISO survival curve

number or a defect in myocyte contractility, we examined
contraction parameters in individual myocytes isolated
from wild-type animals, with or without L-Arg/ISO treat-
ment, and from MHC-ODC mice, after treatment with ISO
alone or with L-Arg/ISO (3 days of L-Arg in the drinking
water followed by a single i.p. injection of 20 mg/kg ISO
with sacrifice 2 h later). In all groups, raising [Ca’'],
significantly increased maximal contraction amplitude
(P < 0.0001), as expected (Table 4). In WT myocytes,
L-Arg/ISO treatment had no significant effects on maximal
contraction amplitudes (P < 0.75), maximal shortening
(P <0.50) and relengthening (P < 0.25) velocities
(Table 4). Likewise, ISO treatment alone in MHC-ODC
myocytes did not affect maximal contraction amplitudes
(P < 0.75), maximal shortening (P < 0.40) and relength-
ening (P < 0.10) velocities, when compared to WT myo-
cytes. On the other hand, treatment of MHC-ODC
myocytes with L-Arg/ISO resulted in significant depression
in maximal contraction amplitudes (P < 0.04), maximal
shortening (P < 0.003) and relengthening (P < 0.001)
velocities across the entire [CaZ“L]O range, when compared
to wild type myocytes receiving the same treatment
(Table 4, Supplemental Fig. 1).

Effects of L-Arg/ISO treatment on [Ca”]i transients
in MHC-ODC myocytes

The differences in contractility between wild-type and

MHC-ODC myocytes may be due to changes in [Ca®'];
homeostasis. Indeed, compared with wild-type mice treated
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Table 4 Effects L-Arg and ISO treatment on shortening of myocytes isolated from transgenic (MHC-ODC) and wild-type (WT) mice

[Ca®*], (mM) WT

WT + L-Arg/ISO

MHC-ODC + ISO MHC-ODC + r-Arg/ISO

Maximal contraction amplitude, % resting cell length

0.6 2.93 £+ 0.25 (25) 2.71 £ 0.35 (13) 2.55 £ 0.23 (12) 2.02 &+ 0.17* (13)

1.8 6.39 £+ 0.36 (26) 6.24 + 0.29 (13) 6.27 £ 0.47 (15) 5.54 4+ 0.45% (22)

5.0 10.09 £ 0.45 (32) 10.07 £ 0.55 (15) 10.04 & 0.70 (20) 8.46 £ 0.60* (25)
Maximal shortening velocity, cell length/s

0.6 0.56 £ 0.04 0.53 £ 0.08 0.52 £+ 0.04 0.35 £ 0.04*

1.8 1.12 £ 0.06 1.13 £ 0.05 1.16 £ 0.07 0.91 £ 0.08*

5.0 1.57 + 0.07 1.71 £ 0.11 1.71 £ 0.13 1.36 &+ 0.10*
Maximal relengthening velocity, cell/length/s

0.6 0.41 £+ 0.03 0.41 £+ 0.07 0.41 + 0.05 0.28 &+ 0.03*

1.8 0.96 £ 0.06 0.97 £ 0.04 1.04 £ 0.10 0.72 £+ 0.08*

5.0 1.23 + 0.07 1.42 £ 0.11 1.44 £ 0.10 1.05 £ 0.09

Mice were given 5% L-Arg in the drinking water for 3 days followed by a single i.p. injection of 20 mg/kg ISO with sacrifice 2 h later.
Contraction parameters were measured as described in the “Materials and methods”

Values are mean &= SEM. Numbers in parentheses are nos. of myocytes, without regard to the no. of cells contributed by each heart (n = 3, 2, 3
and 4 hearts for WT, WT + L-Arg/ISO, MHC-ODC + ISO and MHC-ODC + L-Arg/ISO, respectively). [Ca2+]0, extracellular Ca>* con-
centration; *P < 0.05, MHC-ODC + L-Arg/ISO versus WT, or WT + L-Arg/ISO, or MHC-ODC + ISO

with L-Arg/ISO, myocytes from MHC-ODC mice had sig-
nificantly decreased systolic [Ca2+]i values (Table 5, Sup-
plemental Fig. 2). This conclusion is supported by two-way
ANOVA revealing highly significant group (P < 0.0001)
and group Xx [Ca2+]o interaction (P < 0.0085) effects,
indicating that raising [Ca*"], amplifies the differences in
systolic [Ca®"]; between the two groups of myocytes. There
were no significant differences in diastolic [Ca2+]i values
between L-Arg/ISO treated WT and MHC-ODC myocytes
(group effect, P < 0.12; group x [Ca®'], interaction effect,
P < 0.50).

The percent increase in Fura-2 fluorescence intensity ratio
is an accurate reflection of [Ca2+]i transient amplitude.
Compared with WT myocytes post L-Arg/ISO treatment,
MHC-ODC myocytes that had undergone the same treat-
ment protocol had significantly (P < 0.0001) decreased
[Ca®™); transient amplitudes at all three [Ca®*], examined
(Table 5). In addition, the #;, of [Ca2+]i transient decline, an
indicator of sarcoplasmic reticulum Ca”*" uptake activity
(Zhang 1999), was significantly (P < 0.0065) prolonged in
L-Arg/ISO treated MHC-ODC myocytes (Table 5).

Effects of L-Arg/ISO treatment on action potential
in MHC-ODC myocytes

Another mechanism to account for excessive mortality in
MHC-ODC mice after L-Arg/ISO treatment is enhanced
arrhythmogenesis. We therefore measured action potential
parameters in wild-type and MHC-ODC myocytes after in
vivo treatment with L-Arg/ISO as described above. Resting
membrane potential (P < 0.81), action potential amplitude
(P <0.10), APDsy (P < 0.58) and C,, (P < 0.13) were
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similar between the two groups of myocytes (Table 6). In
L-Arg/ISO treated MHC-ODC myocytes, however, action
potential duration was significantly (P < 0.02) abbreviated
when compared with WT myocytes that had undergone the
same treatment, as indicated by the shortened APDy, val-
ues (Table 6; Supplemental Fig. 3). These results are
consistent with an increased possibility of arrhythmias in
MHC-ODC mice.

Discussion

The increase in cardiac mass in transgenic mice in response
to ISO was characterized by increases in IVST and PWT,
and the LVESD was decreased in ISO-treated MHC-ODC
mice. These changes are consistent with concentric
hypertrophy (Yang et al. 1999) and our previous report
(Shantz et al. 2001). Despite LV hypertrophy, significant
changes in SF and EF were not detected in MHC-ODC
mice. This observation suggests that LV function was well
compensated in MHC-ODC mice in the absence of addi-
tional stress. Chronic (10 days) ISO administration induced
a striking elevation in the activity of MHC-ODC cardiac
arginase. No measurable increase in arginase activity was
observed in WT animals given ISO. This suggests that the
high levels of ODC in the transgenic hearts influence the
induction of arginase by f-adrenergic stimulation.

The large increase in cardiac ODC activity in the MHC-
ODC mice might be expected to lead to a reduction in the
L-Orn content of the heart. Although arginase was dra-
matically increased in the hearts of MHC-ODC mice
treated with ISO, surprisingly there was no significant
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Table 5 Effect L-Arg/ISO treatment on [Ca“]i transients of myo-
cytes isolated from transgenic (MHC-ODC) and wild-type (WT) mice

[Ca®"], mM)  WT + L-Arg/ISO  MHC-ODC + L-Arg/ISO

Systolic [Ca®*™];, nM

0.6 218 + 18 (20) 183 £ 15%* (14)

1.8 279 £ 13 (31) 227 £ 15% (17)

5.0 434 £ 18 (30) 317 £ 13*% (22)
Diastolic [Ca*"];, nM

0.6 116 £ 11 115+9

1.8 137 £ 8 123 £ 12

5.0 146 £ 6 129 £ 8
Increase in fluorescence intensity ratio, %

0.6 176 £ 1.0 12.6 + 1.2*

1.8 22.1 £0.8 18.3 £ 1.0*

5.0 381+ 14 30.5 £ 1.3*
t1, of [Ca”]i transient decline, ms

0.6 168 £ 17 189 £ 14*

1.8 146 £ 7 172 £ 10*

5.0 133 £ 6 154 £+ 10*

Mice were treated as described in Table 4 and changes in calcium
homeostasis were examined as described in the “Materials and
methods”

Values are mean = SEM. Numbers in parentheses are nos. of myo-
cytes, without regard to the no. of cells contributed by each heart
(n =5 and 4 hearts for WT + L-Arg/ISO and MHC-ODC + L-Arg/
ISO, respectively). [Ca®t],, extracellular Ca?" concentration;
[Ca2+]i, cytosolic Ca?* concentration. *P < 0.006, MHC-ODC +
L-Arg/ISO versus WT + L-Arg/ISO

Table 6 Effect L-Arg/ISO treatment on action potential parameters
of myocytes isolated from transgenic (MHC-ODC) and wild-type
(WT) mice

WT + L-Arg/ISO MHC-0ODC +
L-Arg/ISO
Resting membrane —69.2 £ 1.9 (11) —68.4 + 2.5
potential, mV
Action potential 100.5 £ 3.9 111.4 £ 438
amplitude, mV
APDs, ms 3.85 £ 0.21 3.55 + 0.49
APDy, ms 35.19 + 4.09 22.13 £ 3.17*
Ch, pF 151.3 £ 2.9 (6) 159.7 £ 4.1 (6)

Mice were treated as described in Table 4 and action potential
parameters were measured as described in the “Materials and
methods”

Values are mean == SEM. APDs, and APDy,, action potential dura-
tion at 50 and 90% repolarization, respectively. Cells were paced at
1 Hz. *P < 0.02, MHC-ODC + L-Arg/ISO versus WT + L-Arg/ISO

increase in the synthesis of polyamines with respect to
MHC-ODC mice treated with saline, and cadaverine was
not reduced. These results suggest the intracellular com-
partmentation of the L-Orn pools. Our data indicating that
L-Orn can be detected at reduced but measurable levels in

the hearts of MHC-ODC mice also support this concept.
ODC is extra-mitochondrial (Schipper et al. 2004), whereas
L-Orn may be located in the mitochondria. Arginase exists
as two isoforms, with arginase I targeted to the cytoplasm
and arginase II to the mitochondria, and the arginase assay
does not differentiate between these forms (reviewed in
Wu and Morris 1998). Further study is needed to investi-
gate whether L-Orn generated at a mitochondrial site can
become available to ODC.

The left ventricular hypertrophy in MHC-ODC mice
treated with ISO progresses to dysfunction upon the addi-
tion of L-Arg to the drinking water. Echocardiography
measured cardiac decompensation, indicated by decreased
SF and CO, as little as 48 h after beginning L-Arg/ISO
treatment. An obvious explanation for the mechanism of
L-Arg toxicity in these studies is that it is converted into
L-Orn and that this provides the substrate for toxic levels of
polyamines synthesized by the overexpressed transgenic
ODC (Tantini et al. 2006). However, our studies do not
support this hypothesis. There was not a significant
increase in cardiac spermidine or spermine in response to
L-Arg/ISO, and administration of L-Orn instead of L-Arg
does not have the same toxic effect in MHC-ODC mice. In
addition, L-Arg accumulated to fourfold higher levels in
WT mice drinking L-Arg, with or without ISO treatment,
suggesting an alternate utilization of L-Arg in MHC-ODC
mice. These results suggest that the effect of supplying
exogenous L-Arg in combination with ISO includes the
activation of other pathways, such as those leading to NO
synthesis.

It is possible that the induction of arginase seen with
long-term treatment of MHC-ODC mice with ISO alone
may be a protective response attempting to limit the
availability of L-Arg for NO synthesis. Our results with
the arginase inhibitor Nor-NOHA, which in combination
with ISO was almost as effective as L-Arg in inducing
death, support this hypothesis. The likelihood that NO
may contribute to the lethal phenotype of L-Arg/ISO-
treated mice is also supported by the finding that inhi-
bition of iNOS with SMT protects MHC-ODC mice
from the toxic effects of both L-Arg/ISO and Nor-
NOHA/ISO. SMT administration was also shown to
prevent cardiac dysfunction in a rat myocardial infarction
model (Saito et al. 2002).

At the cellular level, myocytes isolated from MHC-ODC
mice treated with L-Arg/ISO exhibited reduced contractil-
ity at both low and high [Ca®"],, when compared to WT
myocytes. The acute cellular dysfunction was not due to
L-Arg/ISO treatment in itself because myocytes from WT
mice receiving this treatment showed no contractile
abnormality. In addition, treatment of MHC-ODC mice
with ISO alone did not result in myocyte contractile dys-
function. Thus, our results indicate that treatment with both
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L-Arg and ISO in the setting of ODC overexpression is
required to induce rapid-onset cellular contractile failure.

The major feature of contractile dysfunction in myocytes
from MHC-ODC mice treated with L-Arg and ISO is a
reduction in the contraction amplitude, as well as in the
shortening and relengthening velocities, at both low and
high [Ca®*],. Although there are many potential aberrations
in the excitation—contraction pathway that can result in this
phenotype, alterations in Na™/Ca”" exchanger activities are
unlikely to account for the observed contractile failure. This
is because reduction in Na™/Ca®" exchange activity will
result in higher contractile amplitude at 0.6 mM [Ca**],
and lower contractile amplitude at 5.0 mM [Ca”]0 (Tadros
et al. 2002), while increased Na™/Ca*" exchange activity
results in lower contractile amplitude at 0.6 mM [Caz“L]0
and higher contractile amplitude at 5.0 mM [Ca*"], (Zhang
et al. 2001a). This phenotype was not observed in MHC-
ODC myocytes treated with L-Arg/ISO. Rather, the pattern
of contractile dysfunction is consistent with decreased Ca®"
entry via L-type Ca®" channels, reduced Ca*" influx due
to abbreviated action potential duration, increased Ca**
efflux secondary to enhanced Nat-K"—ATPase activity,
decreased SR Ca”" content as a consequence of reduced
SERCA?2 activity and/or increased SR Ca®" leak (hyper-
phosphorylation of ryanodine receptor), and changes in
Ca”* sensitivity of the myofilaments.

Reduced contractility in MHC-ODC myocytes was
associated with altered [Ca2+]i transients. Specifically, both
systolic [Ca2+]i and amplitude of [Ca2+]i transient were
lower in L-Arg/ISO treated MHC-ODC myocytes, when
compared to WT myocytes from mice receiving an identical
treatment. This observation suggests that alteration in
[Ca2+]i homeostasis, rather than changes in Ca*t sensitivity
of the contractile apparatus, is a major factor accounting for
the observed decreased contractility. In addition, SR Ca®"
uptake activity, as reflected by the #,,, of [Ca2+]i transient
decline (Zhang et al. 1999), was significantly slower in
myocytes from MHC-ODC mice treated with L-Arg/ISO.
Thus, reductions in SERCA2 amounts/activity likely con-
tribute to the suppression of contractility in MHC-ODC
myocytes treated with L-Arg and ISO. This conclusion is
supported by our previous observation that SERCA?2 over-
expression in rat myocytes resulted in enhanced contrac-
tility and [Ca2+]i transient amplitudes at both low and high
[Ca2+]0 (Ahlers et al. 2005). It is important to note that
SERCA?2 protein levels were similar between WT and
MHC-ODC myocytes upon treatment with L-Arg/ISO (data
not shown), suggesting that regulation of SERCA?2 activity,
rather than its expression/degradation, is affected.

In addition to reductions in contractility and altered
[Ca®™); transients in MHC-ODC myocytes, another major
finding was the reduction of action potential duration.
Shortened action potential duration not only limits the
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duration of Ca?" influx, thereby affecting myocyte [Ca®"];
homeostasis and contractility, but also contributes to ar-
rhythmogenesis and sudden death.

The experiments described here show the rapid onset of
severe cardiac dysfunction triggered by a defined proce-
dure within a few days, unlike other published models of
heart failure (Du et al. 2000; Engelhardt et al. 1999;
Molkentin et al. 1998). Therefore, our model is more useful
for studying possible procedures for acute intervention.
Furthermore, although the ODC levels in the hearts of
MHC-ODC mice are substantially increased when assayed
in vitro, it is likely that the increase in cardiac polyamines
is limited by the availability of L-Orn and decarboxylated
S-adenosylmethionine, because S-adenosylmethionine
decarboxylase may become rate limiting in these mice
(Ikeguchi et al. 2004; Nisenberg et al. 2006). This suggests
that much smaller alterations in the activities of these
enzymes, particularly in response to inducing stimuli, may
influence cardiac polyamines and myocyte contractility.

In summary, we describe a lethal dysfunction in mice
with cardiac-specific expression of ODC. This lethal phe-
notype is induced only by L-Arg/ISO administration and
appears independent from alterations in the levels of car-
diac polyamines, suggesting that alternative L-Arg utiliza-
tion pathways are involved, leading to dysregulation of
intracellular calcium. These results add new information
for a better understanding of the complex interplay among
ISO, NO and polyamines in the heart (Bartunek et al. 1998;
Lin et al. 2008). Moreover, as it is likely that there is
considerable variation in human L-Arg levels and cardiac
polyamines, due to the known polymorphisms in the ODC
gene (Martinez et al. 2003), our work suggests how the
high levels of these factors might contribute to cardiac
disease in human population.
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