1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
J Mol Cell Cardiol. Author manuscript; available in PMC 2016 April 01.

-, HHS Public Access
«

Published in final edited form as:
J Mol Cell Cardiol. 2015 April ; 81: 54-61. doi:10.1016/j.yjmcc.2015.01.003.

Obligatory Role of Neuronal Nitric Oxide Synthase in the Heart’s
Antioxidant Adaptation with Exercise

Steve R Roof!, Hsiang-Ting Hol, Sean C Littlel, Joseph E Ostler!, Elizabeth A Brundage?,
Muthu Periasamy?, Frederick A Villamenal, Sandor Gyérkel, Brandon J Biesiadeckil,
Christophe Heymes?, Steven R Houser3, Jonathan P Davis?, and Mark T Ziolol"

1Department of Physiology & Cell Biology, Davis Heart and Lung Research Institute, The Ohio
State University, Columbus, OH, USA

2Institut des Maladies Métaboliques et Cardiovasculaires, Institut National de la Santé et de la
Recherche Médicale, Toulouse, France

SDepartment of Physiology, Cardiovascular Research Center, Temple University, Philadelphia,
PA, USA

Abstract

Excessive oxidative stress in the heart results in contractile dysfunction. While antioxidant
therapies have been a disappointment clinically, exercise has shown beneficial results, in part by
reducing oxidative stress. We have previously shown that neuronal nitric oxide synthase (nNOS)
is essential for cardioprotective adaptations caused by exercise. We hypothesize that part of the
cardioprotective role of NNOS is via the augmentation of the antioxidant defense with exercise by
positively shifting the nitroso-redox balance. Our results show that nNOS is indispensable for the
augmented anti-oxidant defense with exercise. Furthermore, exercise training nNOS knockout
mice resulted in a negative shift in the nitroso-redox balance resulting in contractile dysfunction.
Remarkably, overexpressing nNOS (conditional cardiac-specific nNOS overexpression) was able
to mimic exercise by increasing VOomax. This study demonstrates that exercise results in a
positive shift in the nitroso-redox balance that is nNOS-dependent. Thus, targeting nNOS
signaling may mimic the beneficial effects of exercise by combating oxidative stress and may be a
viable treatment strategy for heart disease.
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INTRODUCTION

Oxidative stress (i.e., an increase in reactive oxygen species- ROS) within ventricular
myocytes can be detrimental to the heart. In fact, much of the contractile dysfunction and
adverse remodeling that occurs in numerous cardiomyopathies (e.g., heart failure) involves
oxidative stress [1]. Unfortunately, clinical trials investigating the effects of antioxidants in
heart failure have been disappointing [2, 3]. It would appear that simply lowering ROS is not
enough to alleviate disease symptoms. It has been proposed that antioxidants were not
clinically effective because they failed to restore the normal nitroso-redox balance [4],
which is the functional coupling between ROS, specifically the superoxide anion radical
(02-7) and nitric oxide (NO) [5]. Our hypothesis is that to effectively combat oxidative
stress, one must not only decrease ROS but also simultaneously increase NO. The present
study explored the idea that exercise positively shifts the nitroso-redox balance (i.e.,
decreasing ROS and increasing NO) which may contribute to its beneficial effects in heart
failure [6].

Exercise is utilized as a therapeutic intervention for cardiovascular disease and is also
beneficial to overall cardiovascular health by reducing the risk of many cardiovascular
maladies [7]. The bases of the beneficial effects of exercise are still not well known, but are
likely to involve activation of cellular anti-oxidant pathways and increased NO [8, 9].
Exercise is able to reduce oxidative stress in disease and improve cardiac function, and we
suggest it may include a positive shift in the nitroso-redox balance. Our and others work has
shown that the major regulator of the nitroso-redox balance within ventricular myocytes is
the neuronal nitric oxide synthase (nNOS) isoform [4, 10]. Notably, we have also found that
nNOS is necessary for many of the beneficial adaptations of exercise on the heart [11]. The
purpose of this study is to determine if nNOS is responsible for the antioxidant effects of
exercise in the heart. We hypothesize that nNOS plays a central role for the augmentation of
the antioxidant defense with exercise. Our study demonstrated that exercise activates nNOS
signaling and this prevents elevated ROS levels and shifts the nitroso-redox balance to
reduce oxidative stress. Genetic deletion of nNOS caused a negative shift in the nitroso-
redox balance (i.e., increasing ROS and decreasing NO) with exercise to reduce contractility
(cell shortening and Ca?* transient) via activation of protein phosphatases that decrease
phospholamban (PLB) Serinel6 phosphorylation. On the other hand, myocyte specific
overexpression of nNOS (nNOSOE) mimicked the effects of exercise. Collectively, these
studies suggest that exercise improves the hearts response to oxidative stress by increasing
nNOS activity to positively shift the nitroso-redox balance.

METHODS

Murine Exercise protocol

A high intensity aerobic interval treadmill training protocol was used as previously
described [11]. C57BI/6 and nNOSKO mice (Jackson Laboratories, Bar Harbor, Maine), 5
months of age at sacrifice, underwent treadmill (Columbus Instruments, Columbus, OH)
training 5 days a week for 8 weeks starting at 30 min/day and increased to 80 min. Mice
were challenged at a high intensity fast pace for 4 minutes followed by 1 minute of low
intensity recovery pace. This interval set was repeated until the designated time (30-80 min)
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was reached. An adequate warm-up of 10 minutes and cool down of 4 minutes was
instituted. Exercise effects are maintained for 2 weeks [12]. Thus to avoid detraining, we
isolated ventricular myocytes from Sed and Ex mice within 1 week of completing our 8
week training protocol.

NNOSOE Model

Conditional, cardiac myocyte specific NNOS overexpression mice were generated as
previously described [13]. The human (a-isoform) nNOS coding sequence was used.

VOsmax testing protocol

A metabolic chamber (Columbus Instruments) and Oxymax analyzer (Columbus
Instruments) were used for measurements. A protocol was adopted to measure maximal O,
consumption (VOymax) [14]. Briefly, mice underwent a brief warm-up with 2 min at 10
m/min at 0° incline, 2 min at 12 m/min at 10° incline, and 2 min at 15 m/min at 20° incline.
Then, the treadmill speed increased 1 m/min at 20° incline every 30 sec. VOomax Was
defined as the absolute maximal VO, with a respiratory exchange ratio (RER) above 1 and
exhaustion was reached (mice unwilling to run and neglecting shock).

Echocardiography

Echocardiography was performed on WT and nNOSKO mice to measure the in vivo
function of the heart using the Vevo 2100 and MS-400 transducer (Visualsonics, Toronto,
Ontario, Canada).

Cardiomyocyte isolation

Ventricular myocytes were isolated from Ex and age-matched Sed mice along with
nNOSOE and non-induced littermates [15]. Briefly, the heart was cannulated and hung on a
Langendorff apparatus. It was then perfused with Ca2* free tyrode solution (see solutions
and drugs below) for 4 min. The solution was then switched to a tyrode solution containing
Liberase Blendzyme 11 (0.077 mg/ml) (Roche Applied Science, Indianapolis, IN). After 3-5
min, the heart was taken down, the ventricles minced, and myocytes were dissociated by
trituration. Subsequently the myocytes were filtered, centrifuged, and resuspended in tyrode
solution containing 200 pmol/L Ca2*. Myocytes were used within 4 hrs of isolation.

Measurement of myocyte Ca?* transients and shortening

Ca?* transient and shortening measurements were performed at room temperature, as
previously described [15]. Briefly, myocytes were loaded at room temperature with Fluo-4
AM (10 umol/L, Molecular Probes, Eugene, OR) for 30 min. An additional 30 min were
allowed for intracellular de-esterification. The instrumentation used for cell fluorescence
measurements was a Cairn Research Limited (Faversham, UK) epifluorescence system.
[CaZ*]; was measured by Fluo-4 epifluorescence with excitation at 480+20 nm and emission
at 53525 nm. The illumination field was restricted to collect the emission of a single cell.
Data are expressed as AF/Fq, where F is the fluorescence intensity and F is the intensity at
rest. Data for cell shortening were collected using a video edge detection system (Crescent
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Electronics). Myocytes were stimulated at 1 Hz via platinum electrodes connected to a Grass
Telefactor S48 stimulator (West Warwick, RI).

Measurement of ROS levels with CM-H2DCFDA Fluorescence

As previously described [16], isolated myocytes were loaded at room temperature with CM-
H2DCFDA, (ROS-sensitive fluorescent dye - 10 uM) for 20 minutes and allowed to de-
esterify for an additional 20 minutes. Fluorescence was observed on an Olympus Fluoview
1000 laser scanning confocal microscope by exciting at 488 nm line of an argon laser and
emission was collected at 500-560 nm. Data was normalized to Fy and background
subtracted. Myocytes were stimulated at 1 Hz.

Western blot analysis

Homogenized ventricles were used to measure specific phospholamban phosphorylation at
Serinel6 (Badrilla, Leeds, UK) with phospho-specific antibodies, phospholamban (Custom -
Zymed, Invitrogen; Carlsbad, CA) and SERCA total (Custom - Zymed, Invitrogen;
Carlsbad, CA) and normalized to GAPDH, as previously described [11].

Solutions and drugs

Normal Tyrode (NT) solution consisted of (in mmol/L): 140 NaCl, 4 KCI, 1 MgCl,, 1
CacCls, 10 glucose, 5 HEPES, pH 7.4 adjusted with NaOH or HCI. Myocytes were
superfused with MENO (5 uM), allopurinol (100 pM), apocynin (100 pM), or rotenone (0.3
uM). Myocytes were incubated with EMEPO (1 mmol/L), synthesized as previously
described [4], or S-methyl-L-thiocitrulline (SMLT, 10 uM, Calbiochem, La Jolla, CA) for
30 minutes. All chemicals were from Sigma (St. Louis, MO) except where indicated.

Statistical Analysis

Data were presented as mean+SEM. Differences between 2 groups were evaluated for
statistical significance (P < 0.05) by paired or unpaired Student’s t tests. To test statistical
difference between multiple groups, a one-way ANOVA was used.

RESULTS

Increased antioxidant effect of exercise in the heart is nNOS dependent

Acute periods of aerobic exercise increase ROS production within cardiac myocytes [17—
23]. Therefore, the heart has to increase its anti-oxidant defenses to prevent oxidative injury.
We have previously shown increased NO production specifically via nNOS is involved in
the beneficial effects (contraction/relaxation and hypertrophy) of exercise in the heart [11].
In the present experiments we determined if nNOS signaling is necessary for the increased
anti-oxidant defense induced by exercise. We measured ROS levels in ventricular myocytes
isolated from sedentary (Sed) and exercise-trained (Ex) wildtype (WT) and nNOS knockout
(nNNOSKO) mice. Shown in Figure 1A, ventricular myocytes isolated from Ex-WT mice had
decreased ROS levels compared to corresponding Sed-WT myocytes. Interestingly, we
observed the opposite effect when we trained nNOSKO mice. That is, Ex-nNOSKO
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myocytes had exacerbated ROS levels compared to Sed-nNOSKO. These data suggest that
nNOS is essential for the increased anti-oxidant effects of exercise in the heart.

We further tested if simply increasing nNOS expression is sufficient to enhance the
antioxidant capabilities of the myocyte by using inducible, cardiac myocyte-specific nNNOS
transgenic mice (nNOSOE) [13]. Twenty-eight days following the removal of doxycycline
(with no exercise training) to increase nNOS expression (see supplementary Figure S1), we
repeated our ROS measurements in NNOSOE myocytes. Shown in Figure 1B, nNOSOE had
reduced ROS levels compared to myocytes isolated from non-induced littermates. These
data verify that enhanced nNOS signaling results in increased anti-oxidant effects.

We have previously shown that there is contractile dysfunction in Ex-nNOSKO myocytes.
We extended these initial observations to in vivo and demonstrate that cardiac function is
depressed in Ex-nNOSKO mice as measured by left ventricular ejection fraction by
echocardiography (Figure 2 and table 1). With exercise, there is increased ROS production
via xanthine oxidase, NADPH oxidase and mitochondria. Since increased ROS produced via
each source is able to cause contractile dysfunction, we examined which of these sources
contributes to the contractile dysfunction in Ex-nNOSKO. We measured myocyte
contraction (cell shortening and Ca?* transient) and selectively inhibited each of the three
major sources of ROS found in the myocyte using the xanthine oxidase inhibitor allopurinol,
the NADPH oxidase inhibitor apocynin, and the mitochondria complex I inhibitor rotenone
(Figure 1C). Previous work has shown that in Sed-nNOSKO myocytes the main source of
the increased ROS leading to contractile dysfunction is xanthine oxidase [24, 25]. Our data
are consistent with this. That is, allopurinol increased contraction in Sed-nNOSKO while the
effects of apocynin and rotenone were not different between Sed-WT and Sed-nNOSKO.
Interestingly, allopurinol and rotenone had the largest effect on contraction in Ex-nNOSKO;
while, the contractile response to apocynin was similar between Ex-WT and Ex-nNOSKO
myocytes. Therefore, ROS production via xanthine oxidase and mitochondria contributed to
the contractile dysfunction in Ex-nNOSKO mice. Our data also suggests that during
exercise, nNOS signaling regulates ROS production from these sources (and not NADPH
oxidase). Thus, with exercise, NNOS has anti-oxidant effects by modulating xanthine
oxidase and mitochondria.

Contractile dysfunction with a negative shift in the nitroso-redox balance

Previous work has shown that the nitroso-redox balance is a key regulator of contraction [4,
10]. Since our Ex-nNOSKO myocytes exhibit a large negative shift in the nitroso-redox
balance, we wanted to further examine the contribution of this pathway to the contractile
dysfunction.

We performed experiments in isolated myocytes to determine if increased ROS contributes
to the depressed contractile function in Ex-nNOSKO. Treating the myocytes with a cell
permeable superoxide scavenger (MENO- methyl-ester nitroxide) reduced ROS levels in the
Ex-nNOSKO myocytes to WT levels (Figure S2). Shown in Figure S3, MENO had no effect
on Ex-WT. However, MENO significantly increased cell shortening, Ca2* transient
amplitude and the rate of Ca2* transient decline in both Ex and Sed-nNOSKO (Figure S3).
Additionally, MENO had a greater effect to increase contraction (Shortening: 139+10 vs
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11946 % of control, P<0.05; Ca2* transient: 149+11 vs 11442 % of control, P<0.05) and
accelerate Ca2* decline (-15+3 vs —7+1 % of control, P<0.05) in Ex-nNOSKO compared to
Sed-nNOSKO. These data support a mechanistic link between ROS levels and the degree of
contractile dysfunction (i.e., higher ROS results in greater contractile depression).

The negative shift in the nitroso-redox balance in the Ex-nNOSKO myocytes causes ROS to
be increased along with a decrease in NO bioavailability. We have previously found that
supplementation of NO (NO donor SNAP- S-Nitroso-N-acetyl-DL-penicillamine) can
increase contraction in Sed-nNOSKO myocytes [26]. We next determined if these effects of
SNAP would be present with the additional oxidative stress of exercise. Shown in Figure S4,
SNAP significantly increased contraction and Ca2* decline in Sed-WT, Sed-nNOSKO, and
Ex-nNOSKO. Interestingly, SNAP did not have any effect in Ex-WT myocytes.
Furthermore, SNAP had a greater effect on contraction (Shortening: 298434 vs 207+18 % of
control, P<0.05; Ca2* transient: 143+7 vs 122+4 % of control, P<0.05) with a trend in Ca2*
transient RTsq (—26+2 vs —18+2 % of control, P=0.09) in the Ex-nNOSKO compared to
Sed-nNOSKO. These results support the idea that there is a more exaggerated negative shift
in the nitroso-redox balance in the Ex-nNOSKO myocytes.

Our previous work has shown that simultaneously decreasing O~ and increasing NO (i.e.,
restoring the nitroso-redox balance) with a cell permeable nitrone (EMEPO) was more
effective in correcting contraction than either a NO donor or an antioxidant alone [4].
EMEPO (2-(2-ethoxy-2-oxoethyl)-2-(ethoxycarbonyl)-3,4-dihydro-2H-pyrrole 1-oxide) is
an ester derivative of a cyclic nitrone (DMPO) allowing for cell membrane permeation. Due
to its chemical properties, EMEPO will react with O,-~ and will then decompose to NO [4,
27, 28]. Thus, EMEPO is both an O,-~ scavenger and NO donor. Since Ex-nNOSKO has the
largest nitroso-redox imbalance, we hypothesized that EMEPO would be most beneficial in
these myocytes. Our concentration of EMEPO used here was based on previous work
demonstrating that EMEPO decreased ROS levels in nNOSKO myocytes to similar levels as
MENO [4]. EMEPO significantly increased contraction and Ca?* decline in both Ex-
nNNOSKO and Sed-nNOSKO (Figure S5). EMEPO had a greater effect to increase
contraction (Shortening: 347428 vs 250+17 % of control, P<0.05; Ca2* transient: 157+6 vs
13146 % of control, P<0.05) and accelerate Ca2* decline (~17+2 vs —9+2 % of control,
P<0.05) in Ex-nNOSKO compared to Sed-nNOSKO. Figure 2 shows that EMEPO increased
contraction in the Ex-nNOSKO myocytes more than MENO (O,-~ scavenger) or SNAP (NO
donor). These data suggest that correcting the negative shift in the nitroso-redox balance is
superior to restoring only one factor (i.e., decreasing ROS or increasing NO). Furthermore,
EMEPO had no effect in either Sed-WT or Ex-WT likely because O,-~ levels are already
low and thus NO will not be produced. Similarly, MENO and SNAP had no effect in Ex-
WT myocytes suggesting that exercise positively shifts the nitroso-redox balance. These
data suggest that nNOS is essential for the exercise-mediated protection against oxidative
stress by positively shifting the nitroso-redox balance.

Mechanisms responsible for the ROS-induced contractile dysfunction

We have previously shown that nNOS signaling increases basal phospholamban Serinel6
phosphorylation to enhance myocyte contraction following exercise [11]. Phospholamban
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Serine16 phosphorylation increases SERCA activity to enhance Ca2* reuptake and increase
sarcoplasmic reticulum CaZ* loading. The result is a stronger contraction with faster
relaxation. We determined the phosphorylation status of phospholabman Serine16 post-
training in the nNOSKO (Figure 3A, representative blot shown in Figure S6). Ex-nNOSKO
hearts had decreased basal phospholamban Serine16 phosphorylation compared to Sed-
nNOSKO, and these changes were prevented with MENO. These data suggest that one
molecular mechanism for the reduced contractility of Ex-nNOSKO hearts is a ROS
mediated decrease in phospholamban Serinel6 phosphorylation. Protein phosphatase 1
(PP1) and PP2a, which dephosphorylate PLB, are activated by increased oxidative stress
[29]. Therefore, we measured protein phosphatase activity in the absence or presence of
MENO. Ex-nNOSKO myocytes had increased protein phosphatase activity, which was
reversed by scavenging ROS with MENO (Figure 3B). Interestingly, Ex-WT had
significantly decreased protein phosphatase activity compared to Sed-WT (Figure 3C). We
previously showed that nNOS expression/signaling is increased in Ex-WT myocyte [11];
thus we further investigated if nNOS signaling plays any role in regulating protein
phosphatase activity. Acute inhibition of NNOS with S-methyl-L-thiocitrulline (SMLT)
increased PP activity to the same level in both Sed and Ex myocytes. Similarly, simply
overexpressing NNOS (nNNOSOE) also resulted in increased basal PLB Serinel6
phosphorylation (Figure 3D). These data suggest that nNOS signaling protects phosphatases
from oxidation that reduces their activity.

NNOS overexpression produces an exercise-like effect

Exercise results in many beneficial adaptations to the heart. We tested the idea that exercise
induced increases of nNOS is centrally involved in these adaptations. For this purpose, we
used the NNOSOE mice (28 days with no doxycycline to induce nNOS expression with no
exercise training). We tested if simply increasing nNOS expression would be sufficient to
recapitulate the exercise training state in animals with a sedentary lifestyle. NNOSOE
myocytes exhibited enhanced contraction and relaxation (Figure S7). These data are
consistent with our previous results that Ex myocytes had a nNOS-dependent increase in
Ca?* cycling and contraction [11]. Since our Ex and nANOSOE are chronic models, we also
wanted to determine if changes in Ca2* cycling protein expression contributed to our
observed phenotype. We did not observe any changes in PLB or SERCA expression, and
there was no difference in PLB/SERCA ratio (Figure S8). These data suggest that the
adaptive effects of exercise are due to protein post-translational modifications via the
nitroso-redox signaling network.

Remarkably, nNOSOE mice also obtained higher maximal oxygen consumption (VOsmax).
a hallmark of a fit state (Figure 4). The increase in VOymax With overexpressing nNOS was
similar to the VO,pmay Observed in exercise trained WT animals (Figure 4). Furthermore,
there was no increase in VOpmay in exercise trained NNOSKO mice (Figure 4). These results
support the hypothesis that exercise training induces nNOS expression and this positively
shifts the nitroso-redox balance (decreasing ROS levels and increasing NO levels) to
enhance VOomax-
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DISCUSSION

nNOS plays

Within ventricular myocytes, ROS levels are tightly regulated so that enhanced ROS
production, as occurs with aerobic exercise, is offset by enhanced ROS degradation. In
many diseases (heart failure, infarct, ischemia/reperfusion, etc.), the increase in ROS
production does not appear to be offset by sufficient increases in ROS degradation; and ROS
related contractile disturbances are present. Supporting this idea is the finding that
increasing ROS in normal myocytes results in contractile dysfunction like that observed in
heart failure [30, 31]. Our data support the hypothesis that oxidative stress results in
contractile dysfunction (Figure 2). Indeed, scavenging O,-~ with MENO increased
contraction in NNOSKO myocytes. Furthermore, consistent with high levels of ROS
resulting in contractile dysfunction, MENO had a greater effect on contraction in Ex-
nNOSKO (Figure S3). MENO had minimal effect in WT (Ex and Sed) myocytes consistent
with the robust ROS buffering in healthy myocytes. Moreover, our current data, as well as
previously published data [24, 32], suggest that oxidative stress leading to contractile
dysfunction involves reversible protein modifications since acute MENO treatment partially
increased contraction. Thus, these data suggests the increased ROS levels contributed to the
depressed contractility in EX-nNOSKO hearts.

Anti-oxidant therapies have been tested in heart failure with disappointing results [2, 3].
Exercise has been shown to be an effective therapy for heart failure, and this is thought to
involve a reduction in ROS levels. Previous studies have demonstrated that the adaptive
antioxidant response and cardioprotection with exercise training involves manganese
superoxide dismutase (MnSOD) [33, 34]. However, the elevated ROS levels observed in Ex-
nNOSKO (Figure 1) suggest that nNOS is necessary for the augmented anti-oxidant
adaptation of exercise. Our studies suggest that increasing nNOS activity in heart failure
could have beneficial effects similar to those of exercise training. Indeed, myocyte NNOS
overexpression is cardioprotective after ischemia/reperfusion injury [35].

a critical role in regulating the nitroso-redox balance in response to exercise

Increased nNOS activity enhances contraction and physiological hypertrophy with exercise
[11]. In the present study, we extend these results to show that nNOS is also involved in the
protective antioxidant effects of exercise. Since simply lowering ROS levels are not
clinically beneficial, we believe the positive outcome brought about by exercise is via a
positive shift in the nitroso-redox balance (i.e., increasing NO and decreasing O»-7). In fact,
our data with EMEPO demonstrates that restoring the nitroso-redox balance in Ex-nNOSKO
completely restores contraction, while only lowering ROS (MENO) partially restored
contraction.

The interaction between NO and ROS influences myocyte contraction. Together, in correct
balance, the NO and O,-~ tandem maintains physiological signaling pathways that control
cardiac contractility [36]. One direct positive outcome of this interaction is that NO can act
to “buffer” ROS. In fact, in the absence of nNOS (acute inhibition or knockout), ROS levels
increase and negatively shift the nitroso-redox balance (Fig 1) [4, 37-39]. The current study
suggests that one mechanism responsible for these effects is that the negative shift in the
nitroso-redox balance activates phosphatases to decrease PLB Serinel6 phosphorylation
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(Figure 3) and these results in alterations in the contractile Ca2* transient. Thus, the nitroso-
redox signaling network leads to reversible modifications of phosphatases to modulate
contraction. However, since only lowering ROS levels is not beneficial for cardiac patients,
we propose that decreasing phosphatase activity alone is also insufficient. That is, to restore
the proper kinase/phosphatase balance, one must also increase kinase activity. Interestingly,
nNOS signaling can activate PKA by S-nitrosylation via peroxynitrite [40-43]. Hence, the
nNOS-mediated positive shift in the nitroso-redox balance with exercise will shift the
kinase/phosphatase balance towards normal and promote normal levels of contractility even
when ROS production is increased.

The most consistent observed change with exercise is increased PLB phosphorylation [11,
44, 45], and our previous work demonstrated that nNOS signaling is responsible for the
increased PLB phosphorylation with exercise [11]. While we did observe a decrease in PLB
Serinel6 phosphorylation in the Ex-nNOSKO myocytes, it is likely there other mechanisms
beyond PLB and altered kinase/phosphatase balance. These mice have a negative shift of the
nitroso-redox balance, and it’s known that the nitroso-redox signaling network modulates
multiple protein targets (e.g., SERCA, RyR2, etc.) involved with contraction [46]. In
addition to modulating contractile proteins, there may also be cardiac structural
abnormalities. While chronic, ultra-high endurance athletes (human and animals) exhibit
signs of increased fibrosis [47, 48], our training protocol is not considered ultra-high
endurance. Furthermore, there are no signs of fibrosis in nNOSKO hearts [49, 50], so we do
not believe fibrosis is an issue.

Increasing NO levels could improve contractile properties in disease. Our previous work has
shown that exogenous NO (SNAP) increases myocyte contraction in Sed-nNOSKO
myocytes [26]. Since Ex-nNOS myocytes had an even greater oxidative stress, we tested if
supplementing these myocytes with NO would improve their contractility. While NO
increased contraction in the Ex-nNOS myocytes (Figure S4), the effect was not equal to
EMEPO even though NO should be acting as an anti-oxidant itself (Figure 2). We surmise
that this is due to localized signaling [51]. We believe that the SNAP concentration used
here resulted in S-nitrosylation of proteins [26] and positive inotropy, but did not reach high
enough concentration to limit ROS via inhibition of xanthine oxidase/mitochondria. If we
would use a higher concentration of SNAP to increase localized NO concentration; this will
result in activation of the cGMP pathway and negative inotropy [52]. Furthermore, treating
cardiac patients with NO donors alone has been found to lead to tolerance and increased
ROS levels [53, 54]. Therefore, during oxidative stress, nitrones such as EMEPO may be a
more effective treatment [55] since they will only produce localized NO at the site of the
increased ROS.

We have synthesized a novel, cell-permeable nitrone (EMEPO) that acts as a O,-~ scavenger
which releases NO as a byproduct [4]. This compound only produces NO when there is
oxidative stress. Supporting these ideas are the findings that EMEPO had no effect in WT
(Sed and Ex) myocytes (Figure S5) unlike SNAP (Figure S4). EMEPO increased the Ca2*
transient amplitude and accelerated the slowed [Ca?*]; decline in Sed-nNOSKO and Ex-
nNOSKO myocytes (Figure 5). Moreover, EMEPO elicited the greatest effect in Ex-
nNOSKO and enhanced myocyte contraction to Ex-WT levels. These data suggest that
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exercise positively shifts the nitroso-redox balance and that knockout of nNOS results in a
negative shift in the nitroso-redox balance to depress cardiac function. EMEPO had the
greatest effect on contraction compared to the other sole redox treatments (e.g., MENO or
SNAP) (Figure 2), suggesting that the nitroso-redox balance is critical in modulating
contraction.

NNOS overexpression emulates exercise adaptation

Our previous results demonstrated that Ex resulted in increased myocyte expression of
nNOS, which was necessary for the beneficial heart adaptations (contraction, physiological
hypertrophy) [11]. Our current results also indicate that nNOS is indispensable for the
augmented anti-oxidant effect of exercise. However, there are numerous changes in the heart
with exercise (e.g., increased AKT, SERCA, and MnSOD expression). Hence, we tested if
simply increasing myocyte nNOS expression can replicate aspects of the exercise effects.
NNOSOE myocytes had decreased levels of ROS (Figure 1- consistent with previous studies
demonstrating that nNOS is an antioxidant [56]) and increased PLB Serinel6
phosphorylation (Figure 3). We further tested the effects of NNOSOE in vivo by measuring
VOomax- Increasing myocyte nNOS expression resulted in a greater VOomax, emulating the
adaptations of exercise training (Figure 4). While there are many contributing factors to
VO9max it is mainly limited by maximal stroke volume [57, 58]. Therefore, our finding that
NNOSOE increases VO,max Without exercise training suggests that nNNOS derived NO
enhances heart function and increases VOomax. A previous study did indeed demonstrate
that endogenous NO can increase stroke volume [59].

Regrettably many patients do not exercise (>70%) or cannot reach the intensity needed to
elicit the associated beneficial effects. Our current results illustrate that nNOS signaling is
responsible for the anti-oxidant effects of exercise. Thus, targeting nNOS signaling may
mimic the beneficial effects of exercise by combating oxidative stress and maybe a viable
treatment strategy to treat cardiac patients.
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Figure 1.

Exercise-mediated decrease in ROS levels is nNOS dependent. A) Summary data of ROS
levels over a 15 minute time period (left) and calculated slopes (right) in WT and nNOSKO
myocytes isolated from Sed and Ex mice (n=19-42 cells/3-4 hearts), * P<0.05 vs Sed-WT;
** P<0.05 vs all groups. B) Summary data of ROS levels in myocytes isolated from control
(non-induced) and nNOSOE mice over a 15 minute time period (left) and calculated slopes
(right) (n=25-33 cells/5-6 hearts), * P<0.05. C) Summary data of shortening (top), Ca2*
transient amplitude (middle) and Ca2* transient decline (measured as time to 50%
relaxation-RTgq) (bottom), n=8-14 cells/3-4 hearts. # P<0.05 vs Sed-WT, & P<0.05 vs
corresponding Sed, * P<0.05 vs Sed-NOS1KO.
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Contractile dysfunction in Ex-nNOSKO is reversed by restoring the nitroso-redox balance.
Summary data of cardiac function (ejection fraction) evaluated by echocardiography (left)
(n=10 hearts/group), * P<0.05. Summary data of the effects of MENO, SNAP, EMEPO on
shortening (middle) and Ca2* transient amplitude (right) with representative traces above
(n=17-37 cells/3-4 hearts), * P<0.05 vs corresponding Ex-WT. ** P<0.05 vs MENO and

SNAP.
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Negative shift in the nitroso-redox balance decreased phospholamban (PLB)
phosphorylation via phosphatase activation. Summary data of PLB Serinel6
phosphorylation (A) and phosphatase activity (B) in Sed and Ex-nNOSKO myocytes (£O,-~
scavenger MENO) (n=4 hearts/group), * P<0.05 vs corresponding Sed. C) Summary data of
phosphatase activity in Sed and Ex WT myocytes (xnNOS inhibitor SMLT) (n=4 hearts/
group), # P<0.05 vs Sed-WT, * P<0.05 vs corresponding control. D) Summary data of PLB
Serinel6 phosphorylation in control (non-induced) and NNOSOE myocytes (n=6 hearts/

group), * P<0.05.

J Mol Cell Cardiol. Author manuscript; available in PMC 2016 April 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roof et al. Page 19

Sed

Figure 4.
Simply overexpressing myocyte NNOS (nNOSOE) mimics exercise. Summary data of

maximal oxygen consumption (VOymax) in non-induced (control) littermates and nNOSOE
mice (left, n=6 mice/group), sedentary (sed) and exercise trained (Ex) WT and nNOSKO
mice (left, n=12 mice/group). *P< 0.05.

J Mol Cell Cardiol. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Roof et al.

LV function as assessed by echocardiography.

Table 1

| Sed-WT | Ex-WT | Sed-nNOSKO | Ex-nNOSKO

Diastolic LV diameter, mm | 3.5%0.1 3.6£0.1
Systolic LV diameter, mm 2.1+0.1 2.3+0.1
Fractional shortening, % 38+1 35+1

Heart rate, beats/min 498+10 463+17

3.4+0.1
2.2+0.1
35+2

435+11

3.5+0.1
2.4+0.1

3241

423+11"

*
P<0.05 vs Sed-WT.

n=10 mice/group.
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