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Abstract Arginase-II (Arg-II) reciprocally regulates
nitric oxide synthase (NOS) and oVsets basal myocardial con-
tractility. Furthermore, decreased or absent myocardial NOS
activity is associated with a depression in myocardial con-
tractile reserve. We therefore hypothesized that upregula-
tion of Arg-II might in part be responsible for depressed
myocardial contractility associated with age. We studied
arginase activity/expression, NOS expression, NO produc-
tion in the presence and absence of the arginase inhibitor
S-(2-boronoethyl)-L-cysteine (BEC) in old (22 months) and
young (3 months) rat hearts and myocytes. The spatial con-
Wnement of Arg-II and NOS was determined with immuno-
electron-miocrographic (IEM) and immuno-histochemical
studies. We tested the eVect of BEC on the force frequency
response (FFR) in myocytes, as well as NOS abundance
and activity. Arginase activity and Arg-II expression
was increased in old hearts (2.27 § 0.542 vs. 0.439 §
0.058 nmol urea/mg protein, p = 0.02). This was associated

with a decrease in NO production, which was restored with
BEC (4.54 § 0.582 vs. 12.88 § 0.432 �mol/mg, p < 0.01).
IEM illustrates increased mitochondrial density in old myo-
cytes (51.7 § 1.8 vs. 69 § 2.2 £ 106/cm2, p < 0.01), poten-
tially contributing to increased Arg-II abundance and
activity. Immunohistochemistry revealed an organized pat-
tern of mitochondria and Arg-II that appears disrupted in
old myocytes. The FFR was signiWcantly depressed in old
myocytes (61.42 § 16.04 vs. ¡5.15 § 5.65%), while inhi-
bition of Arg-II restored the FFR (¡5.15 § 5.65 vs.
70.98 § 6.10%). NOS-2 is upregulated sixfold in old hearts
contributing to increased production of reactive oxygen
species which is attenuated with NOS-2 inhibition by
1400 W (4,735 § 427 vs. 4,014 § 314 RFU/min/mg pro-
tein, p = 0.005). Arg-II upregulation in aging rat hearts con-
tributes to age-related decreased contractile function.
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Introduction

The aging cardiovascular system is characterized by molec-
ular and cellular alterations that lead to clinically relevant
cardiac pathophysiologies, including increased myocardial
and vascular stiVness, heart valve calciWcation, coronary
atherosclerosis, increased blood pressure, and decreased
cardiac contractility (Lee and Oh 2010). Over time, these
individual changes culminate in the onset of overall dimin-
ished cardiac function, and lead to heart failure (Wessells
and Bodmer 2006).

One of the key molecular players in cardiac contractility
is nitric oxide (NO). NO can either positively or negatively
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modulate cardiac contractility depending on its spatial con-
Wnement in the cell (Barouch et al. 2002). NO activates sol-
uble guanylyl cyclase and increases intracellular cyclic
guanosine monophosphate (cGMP) levels. Evidence sug-
gests that an NO-mediated increase in cGMP contributes to
decreased �-adrenergic responsiveness, a key mechanism
underlying diminished cardiac function in heart failure
(Balligand 1999; Hare et al. 1998). However, NO also
modulates a spectrum of proteins via cGMP-independent
mechanisms (Stamler et al. 2001). NO-mediated protein
modiWcation is thought to involve S-nitrosylation, the cou-
pling of a NO moiety to a reactive cysteine thiol residue on
the target protein (Hess et al. 2005). Finally NO mediates
the maintenance of the redox balance (Hare 2004). More
speciWcally, NO alters cardiac contractility by modulating
the various calcium channels that are integral to excitation–
contraction coupling (Khan and Hare 2003). The inXuence
of NO on cardiac contractility depends on the speciWc iso-
form of nitric oxide synthase (NOS), its location or domain
within the myocyte and the co-localized proteins modulated
by NO (Xu et al. 1999). SpeciWcally, NO produced in car-
diac myocytes in proximity to the L-type calcium channels
activates the cGMP-dependent pathways and inhibits car-
diac contractility (Steppan et al. 2006a). Conversely, NO-
mediated S-nitrosylation of the ryanodine receptor (RyR)
induces activation and therefore increases cardiac contrac-
tility (Khan et al. 2003). Furthermore, NO inXuences car-
diac contractility through its role in maintaining superoxide
balance in cells. For example, xanthine oxidoreductase
(XOR) an enzyme located in close proximity to NOS on the
sarcoplasmatic reticulum (SR) produces superoxide anions
by purine metabolism (Khan et al. 2004). When superoxide
diVuses out of the SR it decreases calcium sensitivity of the
contractile machinery, thereby diminishing contractility.
NO directly reacts with the superoxide anion and inhibits
its release from the SR, thereby reducing superoxide inhibi-
tion of cardiac contractility (Khan et al. 2004). Overall, NO
modulates cardiac contractility directly by modulating cal-
cium channels, which are important in excitation–contrac-
tion coupling, and indirectly by maintaining superoxide
balance within the cardiomyocytes.

The concept of spatial conWnement of NOS isoforms
within the myocyte is critical to understanding the role of
NO in the heart (Hare 2003; Khan et al. 2003). NOS-1
localized with the RyR in the SR of myocytes (Jung et al.
2006) is particularly important for cardiac contractility. The
substrate for NOS is the basic amino acid L-arginine.
Recent evidence suggests that the enzyme arginase (Arg)
competes with NOS for L-arginine (Khan and Hare 2003;
Steppan et al. 2006b). Substrate (L-arginine) bioavailability
is an important determinant of NOS activity. Therefore, an
increase in Arg expression in the cell could result in a

concurrent decrease in NO production by NOS via compe-
tition for a common substrate.

We therefore hypothesized that an increase in Arg activ-
ity in aging cardiomyocytes contributes to diminished con-
tractility by decreasing the activity of NOS through
substrate depletion.

Materials and methods

Isolation of myocytes

Myocytes were isolated from 3- and 22-month-old Wistar
rats. All protocols were conformed to the National Insti-
tutes of Health and American Physiological Society Guide-
lines for the Use and Care of Laboratory Animals.
Following perfusion of the rat heart with digestion solution,
the atria were removed from the ventricle and thus only
ventricular tissue is represented in the myocytes, as
described previously (Khan et al. 2003).

Sarcomere shortening

As described in detail by Khan et al. (2003), the isolated
myocytes were transferred to a Lucite chamber on the stage
of an inverted microscope (Nikon TE 200). The myocytes
were continuously perfused in Tyrode solution containing
1.0 mM Ca2+. Next, they were stimulated at 1, 2 and 4 Hz
and the resulting sarcomere length (SL) was measured
using IonOptix software and iCCD camera. Fast Fourier
transform of the Z-line density trace was used to determine
the change in average SL and the SL shortening in the pres-
ence and absence of BEC (S-(2-boronoethyl)-L-cysteine,
10 �mol/l). Sarcomere shortening (SS) at 1 Hz was taken to
be the baseline contractile length.

Western blot

Heart tissue homogenates were added to SDS loading
buVer and the samples were loaded onto TrisHCl gels
(Biorad) at 200 V for 1 h. The proteins were then trans-
ferred to a nitrocellulose membrane and blocked over-
night with 5% nonfat dry milk in Tris-buVered saline
(TBS). After washing with TBS-T, the blots were incu-
bated with primary antibodies, including rabbit antibodies
against Arg-II (1:1,000, AYnity Bioreagents Inc.). After
three washes with TBS-T buVer, the membranes were
incubated for 1 h with peroxidase-conjugated goat anti-
mouse or goat anti-rabbit IgG antibodies (Transduction
Laboratories) in a 1:5,000 dilution (Khan et al. 2003).
Finally, the resulting bands were visualized using chemi-
luminescence (Pierce).
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Arginase activity assay

Rat hearts or myocytes were homogenized, the suspension
was subsequently centrifuged and the supernatant used for
the assay. Arg activity was determined from urea produc-
tion using a method adapted from Zhang et al. (2001). The
urea concentration was determined spectrophotometrically
by the absorbance at 550 nm measured with a microplate
reader. The amount of urea production, after normalization
with the protein quantity in the samples, was used as an
index for Arg activity (Zhang et al. 2001).

NOS activity, NO and ROS production

Nitrite and nitrate levels were measured to determine NO
production (Calbiochem). The assay was performed in PBS
(pH 7.4), with and without pre-incubation of the heart
homogenates in BEC (10 �mol/l). Levels of ROS (reactive
oxygen species) were measured via lucigenin chemilumi-
nescence (Pierce) in old and young rat hearts in the pres-
ence and absence of the speciWc NOS-2 inhibitor 1400 W
(N-[[3-(aminomethyl)phenyl]methyl]-ethanimidamide,
dihydrochloride) (Sigma).

Histology

Samples of old and young rat myocardium were Wxed in
4% paraformaldehyde overnight and re-hydrated in 30%
sucrose. The tissue samples were then embedded in OCT,
snap frozen and stored at ¡80º. After blocking the tissue
sections with 10% normal goat serum, the primary antibody
was applied overnight. After washing the secondary anti-
body was applied 1:500 for 1 h at room temperature. The
slides were viewed on a Zeiss Axiovert 200 confocal
microscope with a 510-Meta confocal laser scanning. NOS
was visualized with FITC, while caeolin-3 was detected
with Texas Red.

Immuno-electron microscopy

Immuno-electron microscopy (IEM) was performed by
standard procedures. Rat hearts were perfused with 4%
paraformaldehyde, 0.05% glutaraldehyde in PBS and post-
Wxed overnight. 100-�m-thick vibratome sections were cut
and collected in PBS, followed by incubation with the pri-
mary Ab (rabbit anti-Arg-II; 1:50 dilution) for 24 h at 4°C.
After washing, the secondary Ab labeled with 6-nm gold
particles was applied. The slides were washed again and the
primary NOS antibody was added. For visualization, sec-
ondary 12-nm gold antibody particles were used. The tissue
sections were examined with a transmission electron
microscope (Hitachi 7600TEM) and digital images were

acquired. Mitochondria were counted in randomly chosen
sections at 20,000£ magniWcation.

Data analysis and statistics

All data are presented as mean § SEM, with n indicated for
each experimental protocol. For dose responses, data were
Wtted by using the software program PRISM 4 (Graphpad,
San Diego). Statistical analysis was performed by using an
unpaired Student’s t test or one-way ANOVA with posttest,
as appropriate.

Results

Arginase expression and activity in aging cardiac tissue

Arg activity is signiWcantly increased in old myocytes,
compared to young (Fig. 1a; 2.27 § 0.542 vs. 0.439 §
0.058 nmol urea/mg protein, old vs. young, p = 0.02, n = 6
per group). A similar trend is seen for Arg activity in whole
heart homogenates from young and old rats (Fig. 1b;
5.1 § 0.67 vs. 2.0 § 0.13 pmol urea/mg protein, old vs.
young, p = 0.01, n = 3 per group). Figure 1c indicates that
Arg-II is the predominant isoform expressed in the rodent
heart and there is an increase in Arg-II expression in old
rats when compared to young.

Mitochondrial ultrastructure, density and spatial 
conWnement of Arg-II and NOS

Immuno-electron microscopy (IEM) shows less mitochon-
drial staining for Arg-II and NOS in single mitochondria, as
well as a disruption and breakdown of the mitochondrial
ultrastructure in old (Fig. 2b) versus young hearts (Fig. 2a).
Mitochondrial density is, however, greater in old (Fig. 2d)
when compared to young (Fig. 2c) myocytes (51.7 § 1.8
vs. 69 § 2.2 mitochondria £ 106/cm2, *p < 0.01, n = 3 per
group Fig. 2e). ImmunoXuorescence reveals an organized
pattern of mitochondria and Arg-II distribution in the myo-
cytes of young rats (Fig. 3a). In contrast, in old rats a dis-
ruption of this normal relationship, as well as an increase in
the number of mitochondria is observed (Fig. 3b).

Regulation of NO production by arginase

The expression and abundance of Arg-II in BEC-treated
hearts appears to increase (Fig. 4a), while the activity of
Arg-II decreases signiWcantly (Fig. 4b; 2.2 § 0.65 vs.
5.1 § 0.67, old treated vs. old untreated, p = 0.04, n = 3 per
group). Consistent with this, BEC also results in a signiW-
cant increase in NO production in the treated old hearts
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when compared to untreated ones (Fig. 4c; 12.88 § 0.432
vs. 4.54 § 0.582 �mol/mg, p < 0.01, n = 2 per group).

Contractility of aging cardiac myocytes

Myocytes from young rats demonstrate an increase in con-
tractile responses with increasing frequency (Fig. 5). In
contrast, the response to pacing is markedly attenuated in

myocytes from old rats [¡5.15 § 5.65% (old) vs.
61.42 § 16.04% (young) at 4 Hz, n = 12 myocytes per
group from 4 hearts per group (3 myocytes per heart),
p = 0.02]. Furthermore, as demonstrated in Fig. 5a the
response to pacing in the myocytes that were pre-incubated
with BEC was signiWcantly enhanced [4 Hz, ¡5.15 § 5.65
vs. 70.98 § 6.10%, old untreated vs. old BEC-treated,
n = 12 myocytes per group from 4 hearts per group (3 myo-
cytes per heart), p = 0.0004].

NOS isoforms and function in the aging heart

NOS-2 is signiWcantly upregulated in the aging heart
(1.00 § 0.12 vs. 6.33 § 1.33, n = 4 per group; Fig. 6a).
NOS-1 and NOS-3 show no signiWcant diVerence in old
versus young hearts (data not shown). Furthermore, the
increase of NOS-2 enhances ROS production in old versus
young hearts (3,153 § 157 vs. 4,735 § 427 RFU/min/mg
protein, n = 5 hearts per group, p = 0.008), as evidenced by
signiWcant inhibition by the NOS-2 inhibitor 1400 W (old
vs. old plus 1400 W: 4,735 § 427 RFU/min/mg protein vs.
4,014 § 314 RFU/min/mg protein, n = 5 hearts per group,
p = 0.005, Fig. 6b).

Discussion

In this study we demonstrate a potential cellular and molec-
ular mechanism that contributes to age-associated decreased
cardiac contractility. An increase in Arg-II activity in old
myocytes regulates NOS activity and hence NO production.
Since the NO produced by NOS-1 positively modulates
cardiac contractility (Khan and Hare 2003), a decrease in
NO production in aging cardiac myocytes contributes to
diminished contractile response to pacing in these cells.
Inhibition of Arg-II activity with BEC restores myocardial
NO production and restores the force frequency response in
aging cardiac myocytes. This supports the hypothesis that an
increase in Arg-II activity is responsible for the diminished
contractile reserve in aging cardiac myocytes. Overall,
the Wndings from this study explain in part some of the
cellular and molecular mechanisms for age-related myocardial
dysfunction.

Regulation of NOS by Arg was a concept initially formu-
lated following the description of upregulation of Arg in
murine macrophages when endotoxin was administered
(Gotoh et al. 1996; Morris et al. 1998). These groups dem-
onstrated that injection of endotoxin resulted in an induction
of Arg (both Arg-I and Arg-II) and inducible NOS (iNOS or
NOS-2) (Salimuddin et al. 1999). However, increased NOS-
2 expression did not result in sustained increased NO
production, suggesting that Arg-I and Arg-II were limiting
substrate availability to NOS-2 (Pollock et al. 2001). This

Fig. 1 a Arg activity is Increased in isolated myocytes from old rats
versus young (n = 6 per group, *p < 0.05). b Shows a similar trend in
homogenates of whole hearts, i.e., increased Arg activity in old heart
homogenates when compared to young (n = 3 per group, *p < 0.05).
c Immunoblotting, demonstrating the expression of Arg-II but not Arg-
I in young and old heart homogenates. Furthermore, Arg-II is upregu-
lated in old hearts
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led to the suggestion of a model of reciprocal regulation of
NOS-3 by Arg in endothelial cells (Berkowitz et al. 2003).
We have recently shown that there is a close association
between Arg-II and NOS in cardiac tissue which helps
regulate cardiac contractility (Steppan et al. 2006b). Further-
more, the study also elicited that Arg-II is primarily
conWned to the mitochondria of cardiac myocytes (Steppan
et al. 2006b), and by reciprocally regulating NOS, Arg-II
modulates myocardial contractility in young animals
(Steppan et al. 2006a).

In the current study, we performed confocal immunoXu-
orescence and IEM on the hearts of old and young rats.
Here we demonstrated that there is a signiWcant increase in
mitochondrial density in old myocytes. Considering that
Arg-II is predominantly localized to the mitochondria, this
may help to explain the increased Arg expression observed
in old versus young hearts, despite the decrease in of Arg-II
and NOS in a single old mitochondrion. Furthermore,
immunoXuorescence reveals a disruption of the normal
association between Arg-II and mitochondria, as shown in

Fig. 2 a, b Immuno-electron 
microscopy (IEM, £120,000) 
reveals greater levels of Arg-II 
(white arrows) and NOS (black 
arrows) in young rats (a) when 
compared to the old rats (b). Fur-
thermore, there appears to be a 
breakdown of the mitochondrial 
ultrastructure in old rats 
(b) when compared to the young 
(a). c, d However, there is an 
increased mitochondrial density 
in old myocytes (d) in compari-
son to the young myocytes (c) at 
£20,000. e Quantifying this 
increased mitochondrial 
density in old rats reveals 
that the diVerence is 
signiWcant (51.7 § 1.8 vs. 
69 § 2.2 mitochondria £
106/cm2, n = 3 per group, * 
p < 0.01)
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Fig. 2. This disruption most likely plays an integral role in
the diminished contractility and overall myocardial dys-
function associated with the aging heart.

Previous work has shown that Arg-II is the predominant
isoform expressed in the rat heart (Steppan et al. 2006b).
This present study conWrms those Wndings and extends this
observation to show and upregulation in aging cardiac tis-
sue, more speciWcally cardiac myocytes. This is consistent
with the upregulation and increased expression of Arg-II in
old endothelial cells (Krotova et al. 2010) and endothelial
cells exposed to and atherogenic stimulus (Ryoo et al.

2008, 2011; Santhanam et al. 2008) and may contribute to
NOS uncoupling or the production of peroxinitrate. This in
turn will lead to a change in the nitroso-redox milieu of the
cell (Berkowitz 2007; Kim et al. 2009a).

There are three isoforms of NOS that have been impli-
cated in regulating cardiac function, namely NOS-1, NOS-
2 and NOS-3 (Umar and van der Laarse 2010). While
NOS-1 and NOS-3 regulatory role is constitutively Ca2+-
dependant, NOS-2 or inducible NOS is Ca2+ independent
and appears to be upregulated in the aging and damaged
myocardium (Heinzel et al. 2008; Yang et al. 2004).

Fig. 3 Immuno-histochemistry 
of old and young rat myocytes 
[COX IV mitochondria (green), 
Arg-II (red) and DAPI for nuclei 
(blue), a merged image is shown 
lastly]. a Shows organization of 
Arg-II and the preservation of 
relationship of mitochondria 
within the sarcomeric structure 
within young myocytes. b There 
appears to be a disruption of this 
organization in the old myocytes
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Xanthine oxidoreductase (XOR) is an enzyme located in
close proximity to NOS on the SR and produces superoxide
by purine metabolism (Khan et al. 2004). Superoxide diVu-
sion out of the SR inhibits sensitivity of the contractile units
in cardiac myocytes, thereby diminishing contractility. NO
reacts directly with the superoxide and inhibits its release

from the SR, thereby reducing superoxide inhibition of car-
diac contractility (Khan et al. 2004). Thus compartmental-
ized NOS helps maintain this redox balance in the heart by
balancing the ratio of superoxide/NO production. However,
with age, there is greatly increased production of superox-
ide/reactive oxygen species (ROS). The combined eVect
of which eventually leads to decreased contractility
(Rueckschloss et al. 2010).

Fig. 4 a There is increased Arg-II expression in old untreated rats
when compared to old BEC-treated rats as shown by immunoblotting.
b Treatment with BEC (10 �mol/l) results in signiWcantly decreased
Arg activity (n = 3 per group, *p < 0.05) c Concurrently, inhibition of
Arg with BEC results in a signiWcant increase in the NO production
(n = 2 per group, *p < 0.05) in heart homogenates, suggesting recipro-
cal regulation of NO production by Arg

Fig. 5 The FFR in myocytes is depressed in aging rats compared to
young. Treatment with BEC restores the FFR in old myocytes

Fig. 6 a NOS-2 is signiWcantly upregulated in aging hearts
(1.00 § 0.12 vs. 6.33 § 1.33, n = 4 per group). b Increased NOS-2 in
old hearts contributes to increased ROS production (3,153 § 157 vs.
4,735 § 427, n = 5 hearts per group, p = 0.008), which is signiWcantly
inhibited by 1400 W (old vs. old plus 1400 W: 4,735 § 427 vs.
4,014 § 314, n = 5 hearts per group, p = 0.005)
123
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Regarding the interpretation of the eVect of NOS-2
inhibition on ROS production, it is well established that
aging-associated cardiovascular dysfunction is related to
alteration in the nitroso-redox milieu (Kim et al. 2009a;
Musci et al. 2006). This nitroso-redox stress/imbalance can
lead to nitrosative and oxidative modiWcations of various
proteins and lipids leading to cell damage and dysfunction.
It has also been recognized that the upregulation of NOS-2
in aging can lead to nitrosative stress through peroxynitrite
formation (Drew and Leeuwenburgh 2002). Therefore the
decrease in ROS formation by the NOS-2 inhibitor 1400 W
strongly suggests that NOS-2 may in part be the source of
ROS and thus in the aging heart NOS-2 is uncoupled.

Arg-II shares the substrate L-arginine with NOS. Thus
Arg-II reciprocally regulates NOS activity by substrate
competition (White et al. 2006). In this study we have
shown that an increase in Arg-II in aging cardiac tissue
leads to a signiWcant reciprocal decrease in the NO produc-
tion by NOS. Furthermore, we have demonstrated that inhi-
bition of Arg activity signiWcantly increases NO production
in old rat heart homogenates so that it is not signiWcantly
diVerent from that of young hearts. These Wndings conWrm
the reciprocal regulation of NOS by Arg-II in aging cardiac
tissue (Steppan et al. 2006a). Furthermore, the physiologic
implication of this reciprocal regulation was observed by
monitoring the FFR in aging cardiac myocytes. As
expected, there was diminished contractile response to pac-
ing in aging cardiac myocytes. This diminished response
was in part most likely due to the increased Arg-II activity
and expression in these aged myocytes, since inhibition of
Arg-II activity in these myocytes using the arginase inhibi-
tor BEC restored the FFR. These observations have impor-
tant potential implications for the treatment of age-related
myocardial dysfunction.

Our study is limited by the fact that it has been carried
out in a rodent model, on a limited amount of animals and
cells. Moreover, we used a simpliWed ex vivo assay of con-
tractility to demonstrate the physiological principal in the
aging heart. However, our recent observations (Kim et al.
2009b) suggest that arginase inhibition decreases age-asso-
ciated vascular stiVness in old rats in vivo. This modulation
in ventricular–vascular coupling may also have signiWcant
implications for the cardiac structure and function.

Conclusion

In this study we show that Arginase activity and Arg-II
expression are signiWcantly increased in hearts of old ver-
sus young rats. This increase was associated with a signiW-
cant decrease in NO production, being restored to that of
young with BEC. Furthermore FFR was signiWcantly
depressed in old rat myocytes and inhibition of Arg

restored the FFR of old myocytes to that of young. We
therefore conclude that Arg-II upregulation in aging rat
hearts contributes to decreased cardiac contractile function
associated with aging. This Wnding has important implica-
tions for therapy in age-related myocardial dysfunction.
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