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Abstract
Many studies have demonstrated a biphasic effect of peroxynitrite in the myocardium, but few studies
have investigated this biphasic effect on β-adrenergic responsiveness and its dependence on
contractile state. We have previously shown that high SIN-1 (source of peroxynitrite, 200 μmol/L)
produced significant anti-adrenergic effects during maximal β-adrenergic stimulation in
cardiomyocytes. In the current study, we hypothesize that the negative effects of high SIN-1 will be
greatest during high contractile states, while the positive effects of low SIN-1 (10 μmol/L) will
predominate during low contractility. Isolated murine cardiomyocytes were field stimulated at 1 Hz
and [Ca2+]i transients and shortening were recorded. Following submaximal ISO (β-adrenergic
agonist, 0.01 μmol/L) stimulation, 200 μmol/L SIN-1 induced two distinct phenomena.
Cardiomyocytes undergoing a large response to ISO showed a significant reduction in contractility,
while cardiomyocytes exhibiting a modest response to ISO showed a further increase in contractility.
Additionally, 10 μmol/L SIN-1 always increased contractility during low ISO stimulation, but had
no effect during maximal ISO (1 μmol/L) stimulation. 10 μmol/L SIN-1 also increased basal
contractility. Interestingly, SIN-1 only produced a contractile effect under one condition in
phospholamban knockout cardiomyocytes, providing a potential mechanism for the biphasic effect
of peroxynitrite. These results provide clear evidence for a biphasic effect of peroxynitrite, with high
peroxynitrite modulating high levels of β-adrenergic responsiveness and low peroxynitrite regulating
basal function and low levels of β-adrenergic stimulation.
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INTRODUCTION
The process of excitation-contraction coupling is responsible for contraction in the
cardiomyocyte [1]. Following the cardiac action potential, Ca2+ enters the cell via L-type
Ca2+ channels, triggering the opening of sarcoplasmic reticulum (SR) Ca2+ release channels,
or ryanodine receptors, and the efflux of additional Ca2+ from the SR. This Ca2+ subsequently
activates the myofilaments, resulting in myocyte contraction. Relaxation is primarily mediated
by the SR Ca-ATPase/phospholamban complex (SERCA/PLB), which serves to reuptake
Ca2+ into the SR. PLB plays a critical role in this process by regulating SERCA uptake of
Ca2+ into the SR, and thus is important in determining SR Ca2+ load, a critical determinant of
myocyte contractility.

Within the cardiomyocyte, nitric oxide (NO.) is produced by three distinct isoforms of nitric
oxide synthase (NOS) [2]. Neuronal NOS (nNOS, NOS1) and endothelial NOS (eNOS, NOS3)
are constitutively expressed, while inducible NOS (iNOS, NOS2) is only expressed during
immune responses and many pathophysiological conditions of the myocardium, such as heart
failure [3]. NOS1 co-localizes with xanthine oxidase [4], a superoxide (O2

.-) producing
enzyme, and may potentially lead to the production of low levels of peroxynitrite (ONOO−),
as nitric oxide and superoxide react with a very high rate constant [5]. When expressed, NOS2
is capable of producing large amounts of both nitric oxide and superoxide [6,7]. Additionally,
NADPH oxidase and xanthine oxidoreductase increase superoxide production during these
pathophysiological conditions of the myocardium [8,9], thus leading to the formation of high
levels of peroxynitrite. Consequently, it has been hypothesized that NOS1 may lead to the
endogenous production of low levels of peroxynitrite, while the expression of NOS2 may lead
to the production high levels of peroxynitrite.

Many reactive nitrogen species, including peroxynitrite, have been shown to have biphasic
effects on myocardial contractility. For instance, numerous studies have shown high
concentrations of peroxynitrite to be detrimental to myocardial contractility [10-15], while at
low concentrations peroxynitrite appears to act as a positive inotropic agent [16-18]. However,
the majority of these studies examined effects on basal contractility and did not address the
effects of peroxynitrite as they relate to β-adrenergic responsiveness. In a previous study, we
demonstrated that the positive and negative effects of spermine NONOate, a nitric oxide donor,
were dependent upon the level of β-adrenergic stimulation in the cardiomyocyte [19]. Thus,
nitric oxide appears capable of modulating β-adrenergic responsiveness in a biphasic manner.
However, given that nitric oxide and peroxynitrite are distinct species with chemistries that are
very different, the ability of peroxynitrite to modulate β-adrenergic responsiveness in a biphasic
manner warrants further investigation.

Therefore, the objective of this study is to examine the biphasic effect of the nitric oxide/
superoxide donor SIN-1 in myocytes under varying levels of β-adrenergic stimulation. We
hypothesize that the effects of SIN-1 are via peroxynitrite and that the negative effects of high
SIN-1 (200 μmol/L) will be greatest during high contractile states (maximal β-adrenergic
stimulation), while the positive effects of low SIN-1 (10 μmol/L) will be greater during low
contractile states (basal, submaximal β-adrenergic stimulation).

MATERIALS AND METHODS
Cardiomyocyte Isolation

Ventricular myocytes were isolated from PLB knockout (PLB−/−) and their corresponding
wildtype (WT, CF1) as previously described [13]. Briefly, hearts were excised from mice
anesthetized with sodium pentobarbital. Using a Langendorff apparatus, hearts were perfused
with nominally Ca2+-free Joklik Modified MEM (Sigma, St. Louis, MO) for 5 minutes at 37°
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C. Perfusion was then switched to the same solution, but now containing Liberase Blendzyme
4 (Roche Diagnostics, Indianapolis, IN). Hearts were digested until the drip rate reached one
per second. Following digestion, the heart was taken down and the tissue minced, triturated,
and filtered. The cell suspension was then rinsed and stored in Joklik Modified MEM
containing 200 μmol/L Ca2+. Cells were used within 6 hours of isolation. This investigation
conforms with the Guide for the Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85−23, revised 1996) and was approved by
the Institutional Laboratory Animal Care and Use Committee.

Measurement of Peroxynitrite Release Rate
Electron paramagnetic resonance (EPR) spectroscopy with 1-hydroxy-3-carboxy-2,2,5,5-
tetramethylpyrrolidine hydrochloride (CP-H; Alexis, Lausen, Switzerland) was used to
measure the rate of peroxynitrite release from SIN-1 under our experimental conditions as
previously described [13,20]. Briefly, EPR spectra were recorded using a quartz flat cell at
room temperature with a Bruker ESP 300E spectrometer (Billerica, MA) operating at X-band
with 100-KHz modulation frequency and a TM110 cavity. EPR instrument parameters used
were as follows: microwave frequency, 9.775 GHz; scan width, 100 G; modulation amplitude,
1 G; microwave power, 20 mW; number of scans, 1; scan time, 30 s; and time constant, 82 ms.

CP-H reacts with peroxynitrite to form 3-carboxy-2,2,5,5-tetramethyl-1-pyrrolidinyloxy (CP)
[20]. EPR spectra were recorded for the reaction mixture which contained CP-H (1 mmol/L)
and SIN-1 (10 μmol/L; Alexis) in normal Tyrode solution, pH 7.4. In order to inhibit reactions
of CP-H catalyzed by transition metal ion impurities in the buffer, the transition metal chelators
diethylenetriaminepentaacetic acid (DTPA, 1 mmol/L; Sigma) and sodium
diethyldithiocarbamate trihydrate (DETC, 10 μmol/L; Sigma) were added to the normal Tyrode
solution. EPR spectra were collected for 15 minutes. Quantitation of the observed CP radical
signals was performed by computer simulation of the spectra and comparison of the double
integral of the observed signal with that of a 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO, 1
μmol/L; Sigma) standard measured under identical conditions [21].

Simultaneous Measurement of Cellular [Ca2+]i Transient and Shortening
[Ca2+]i transients and shortening were measured in isolated myocytes as previously described
[13]. Briefly, isolated myocytes were loaded at 22° C with 10 μmol/L Fluo-4 AM (Molecular
Probes, Eugene, OR) for 30 minutes. Excess dye was removed by washout with 200 μmol/L
Ca2+ normal Tyrode solution. Myocytes were then de-esterfied for an additional 30 minutes.
Following loading, cells were stimulated at 1 Hz via platinum electrodes connected to a Grass
Telefactor S48 stimulator (West Warwick, RI). Fluo-4 was excited with 480±20 nm light, and
the fluorescent emission of a single cell was collected at 530±25 nm using an epifluorescence
system (Cairn Research Limited, Faversham, UK). The illumination field was restricted to
collect the emission of a single cell. The ratio of F/F0 (R), where F0 was the fluorescence
intensity and F the intensity at rest, was then converted to nmol/L Ca2+ using the equation
[Ca2+]i = KdR/[(Kd/[Ca2+]i − rest+1)-R] [22], and assuming Kd − Fuo-4 = 1100 nmol/L [23] and
[Ca2+]i − rest = 125 nmol/L. Simultaneous measurement of shortening was performed using an
edge detection system (Crescent Electronics, Sandy, UT). Cardiomyocyte shortening
amplitude was normalized to resting cell length (% RCL). All measurements were recorded at
room temperature (22° C). Additionally, as each myocyte was perfused with both control
(normal Tyrode) and various experimental solutions (ISO, ISO+SIN-1, etc.) until steady-state
was reached, [Ca2+]i transient amplitude and myocyte shortening amplitude were used to
determine the % Δ from control and the % Δ from ISO (where applicable) for each cell. This
measure allows each myocyte to serve as its own control and also normalizes each data set.
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Solutions and Drugs
Normal Tyrode control solution consisted of (in mmol/L): NaCl (140), KCl (4), MgCl2 (1),
CaCl2 (1), Glucose (10), and HEPES (5); pH = 7.4 adjusted with NaOH and/or HCl.
Isoproterenol was used as a non-specific β-adrenergic agonist (ISO; Sigma, St. Louis, MO).
3-Morpholinosydnonimine (SIN-1; Alexis) was used as a nitric oxide/superoxide donor and a
source of peroxynitrite. 5,10,15,20-tetrakis-[4-sulfonatophenyl]-porphyrinato-iron[III]
(FeTPPS; Calbiochem, La Jolla, CA) was used as a specific peroxynitrite decomposition
catalyst. The L-arginine analog L-N(G)-nitroarginine methyl ester (L-NAME) was used as a
non-specific inhibitor of nitric oxide synthase. Forskolin (Sigma) was used as an adenylate
cyclase activator. All solutions were made fresh on the day of experimentation.

Statistics
Data are presented as the mean±S.E.M. Statistical significance (p<0.05) was determined
between groups using an ANOVA (followed by Neuman-Keuls test) for multiple groups or a
Student's paired t-test for two groups.

RESULTS
Peroxynitrite Production Resulting from SIN-1

Using EPR spectroscopy with CP-H, we determined the rate of peroxynitrite release by 10
μmol/L SIN-1 under our experimental conditions (normal Tyrode control solution, 22° C). At
this concentration, SIN-1 released 3 nmol L−1min−1 of peroxynitrite over the same time course
as our functional experiments. We previously determined that 200 μmol/L SIN-1 released 18
nmol L−1min−1 of peroxynitrite [13].

Effect of Low SIN-1 (10 μmol/L) on WT Myocyte Function
We first investigated the effect of 10 μmol/L SIN-1 on basal contractility in isolated WT
myocytes and examined basal [Ca2+]i transients and myocyte shortening (Fig. 1). After
reaching steady-state in normal Tyrode control solution, perfusion with 10 μmol/L SIN-1
increased basal myocyte contractility, with a significant increase in [Ca2+]i transient amplitude
and a trend towards significantly increased myocyte shortening (n = 22 myocytes/9 hearts;
[Ca2+]i Transient: 17±7%*, Shortening: 40±18% Δ from CONT, *p<0.05 vs. CONT). This
effect can be seen in the representative traces shown in Fig. 1A and in the summary data found
in Fig. 1B. However, upon simultaneous perfusion of 10 μmol/L SIN-1 and 10 μmol/L FeTPPS
(Fig. 1B), a peroxynitrite decomposition catalyst, the positive effect of 10 μmol/L SIN-1 on
basal myocyte function was attenuated (n = 13 myocytes/4 hearts; [Ca2+]i Transient: 2±2%,
Shortening: 3±8% Δ from CONT). Perfusion with 10 μmol/L FeTPPS alone had no effect on
basal myocyte function (n = 16 myocytes/4 hearts; [Ca2+]i Transient: 1±1%, Shortening: 6±7%
Δ from CONT), as seen in Fig. 1B.

We next examined the effect of 10 μmol/L SIN-1 on WT myocyte function under a submaximal
level of β-adrenergic stimulation (Fig. 2). After reaching steady-state in normal Tyrode control
solution and a steady-state response to 0.01 μmol/L ISO, superfusion with 0.01 μmol/L ISO
+10 μmol/L SIN-1 significantly increased myocyte [Ca2+]i transient amplitude and shortening
(n = 15 myocytes/3 hearts; [Ca2+]i Transient: 29±6% vs. 36±8%, Shortening: 216±60% vs.
305±81% Δ from CONT, p<0.05 vs. ISO). This effect can be seen in the representative traces
shown in Fig. 2A and the summary data found in Fig. 2B. However, upon repetition of the
above experimental protocol with the addition of 10 μmol/L FeTPPS, the positive effect of 10
μmol/L SIN-1 on submaximal β-adrenergic stimulation was no longer observed (data not
shown). Additionally, since endogenous nitric oxide production has been shown to change
during acute β-adrenergic stimulation [24,25], we chose to inhibit endogenous nitric oxide
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production in another series of functional experiments using the L-arginine analog L-NAME,
a non-specific inhibitor of nitric oxide synthase. After reaching steady-state in normal Tyrode
control solution and a steady-state response to 0.01 μmol/L ISO, superfusion with 0.01 μmol/
L ISO+10 μmol/L SIN-1 in the presence of 100 μmol/L L-NAME still resulted in a significant
increase in myocyte [Ca2+]i transient amplitude and shortening (n = 14 myocytes /5 hearts;
[Ca2+]i Transient: 43±7% vs. 50±8%, Shortening: 223±80% vs. 348±90% Δ from CONT,
p<0.05 vs. ISO). This effect is shown in Fig. 2B.

Finally, the effect of 10 μmol/L SIN-1 on maximal β-adrenergic responsiveness was examined
in isolated WT myocytes. After reaching steady-state in normal Tyrode control solution and a
steady-state response to 1 μmol/L ISO, superfusion with 10 μmol/L SIN-1 did not have an
effect on maximal β-adrenergic stimulated [Ca2+]i transients and shortening in WT myocytes
(n = 22 myocytes/9 hearts; [Ca2+]i Transient: 105±19% vs. 97±16%, Shortening: 374±97%
vs. 242±115% Δ from CONT).

Effect of High SIN-1 (200 μmol/L) on WT Myocyte Function
In a previous study, we reported that 200 μmol/L SIN-1 had no effect on basal [Ca2+]i transients
or myocyte shortening in WT myocytes compared to WT myocyte function in normal Tyrode
control solution alone [13].

We further examined the effect of 200 μmol/L SIN-1 on WT myocyte function during
submaximal β-adrenergic stimulation (Fig. 3). After reaching steady-state in normal Tyrode
control solution and in response to 0.01 μmol/L ISO, we observed two distinct phenomena
upon simultaneous perfusion with 0.01 μmol/L ISO and 200 μmol/L SIN-1. Namely, one
population of myocytes displayed a positive response to 200 μmol/L SIN-1, whereas the other
displayed a negative response. Upon further examination of these effects, we observed that the
population of myocytes which underwent a negative response to 200 μmol/L SIN-1 also
exhibited large responses on average to submaximal ISO ([Ca2+]i Transient: 296±36%,
Shortening: 504±77% Δ from CONT), while the population of myocytes that underwent a
positive response to 200 μmol/L SIN-1 showed on average only modest responses to
submaximal ISO ([Ca2+]i Transient: 123±24%*, Shortening: 362±76% Δ from CONT,
*p<0.05 vs. large response to ISO). Thus, in myocytes undergoing a large response to
submaximal ISO, 200 μmol/L SIN-1 induced a significant reduction in [Ca2+]i transient
amplitude and myocyte shortening (n = 18 myocytes/4 hearts; [Ca2+]i Transient: 296±36% vs.
221±28%, Shortening: 504±77% vs. 384±56% Δ from CONT, p<0.05 vs. ISO). This effect
was demonstrated in our previous publication [13], and can be seen in Fig. 3A. However, in
myocytes undergoing a modest response to submaximal ISO, SIN-1 further increased
[Ca2+]i transient amplitude and myocyte shortening (n = 11 myocytes/4 hearts; [Ca2+]i
Transient: 123±24% vs. 153±29%*, Shortening: 362±76% vs. 407±127% Δ from CONT,
*p<0.05 vs. ISO). This effect can be seen in Fig. 3B. Additionally, 200 μmol/L SIN-1 produced
a further increase in [Ca2+]i transient amplitude and myocyte shortening during stimulation
with a low level of forskolin, a direct activator of adenylate cyclase (data not shown).

We previously reported that 200 μmol/L SIN-1 always reduced [Ca2+]i transient amplitude and
shortening in WT myocytes under maximal β-adrenergic stimulation (ISO, 1 μmol/L) and to
a greater degree than that observed with submaximal β-adrenergic stimulation [13].
Additionally, upon inhibition of endogenous nitric oxide synthase production with 100 μmol/
L L-NAME, a significant negative effect of 200 μmol/L SIN-1 remained (data not shown).

Effect of SIN-1 on PLB−/− Myocyte Function
As previous studies have implicated PLB as a potential target of SIN-1 and peroxynitrite
signaling [13,26], we sought to examine the effect of SIN-1 in PLB−/− myocytes. We first
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examined the effect of SIN-1 on basal contractility. After reaching steady-state in normal
Tyrode control solution, perfusion with 10 μmol/L SIN-1 did not alter basal contractility in
PLB−/− myocytes (n = 8 myocytes/3 hearts; [Ca2+]i Transient: −1±2%, Shortening: −3±4%
Δ from CONT). In our previous study, we reported that 200 μmol/L SIN-1 also had no effect
on basal contractility in PLB−/− myocytes compared to PLB−/− myocyte function in normal
Tyrode control solution alone [13].

We next examined the effect of 10 μmol/L SIN-1 during submaximal β-adrenergic stimulation.
PLB−/− myocytes showed the typical enhanced basal contractility, and thus exhibited reduced
β-adrenergic responsiveness upon perfusion with 0.01 μmol/L ISO compared to WT myocytes,
as has been previously demonstrated [27]. However, superfusion with 0.01 μmol/L ISO+10
μmol/L SIN-1 had no effect on the [Ca2+]i transient amplitude or on myocyte shortening (n =
22 myocytes/6 hearts; [Ca2+]i Transient: 23±4% vs.20±7%, Shortening: 62±20% vs. 64±21%
Δ from CONT).

The effect of 200 μmol/L SIN-1 during submaximal β-adrenergic stimulation was examined
next (Fig. 4). Again, the PLB−/− myocytes showed the typical enhanced basal contractility as
seen in the representative traces shown in Fig. 4A, and thus exhibited reduced β-adrenergic
responsiveness to 0.01 μmol/L ISO compared to WT. After a steady-state response to 0.01
μmol/L ISO, superfusion with 0.01 μmol/L ISO+200 μmol/L SIN-1 significantly increased
[Ca2+]i transient amplitude and myocyte shortening (n = 32 myocytes/7 hearts; [Ca2+]i
Transient: 20±3% vs. 30±4%, Shortening: 84±21% vs.147±40% Δ from CONT, p<0.05 vs.
ISO). This effect can be seen in Fig. 4B.

Finally, we examined the effect of 10 μmol/L SIN-1 on maximal β-adrenergic responsiveness
in isolated PLB−/− myocytes. After reaching steady-state in normal Tyrode control solution
and in response to 1 μmol/L ISO, superfusion with 1 μmol/L ISO+10 μmol/L SIN-1 had no
effect on [Ca2+]i transient amplitude or myocyte shortening (n = 23 myocytes/7 hearts;
[Ca2+]i Transient: 40±8% vs. 36±10%, Shortening: 100±27% vs. 130±44% Δ from CONT).
We previously reported that 200 μmol/L SIN-1 had no effect on maximal β-adrenergic
responsiveness in the PLB−/− myocytes [13]. Thus, SIN-1 only produced a contractile effect
under one condition in PLB−/− cardiomyocytes (0.01 μmol/L ISO+200 μmol/L SIN-1). This
is in direct contrast to the effects of SIN-1 observed in WT cardiomyocytes, which can be seen
in Fig. 5.

DISCUSSION
Few studies have examined the biphasic effect of peroxynitrite during β-adrenergic stimulation
in the mammalian myocardium or the mechanism underlying this effect(s). There are many
studies which demonstrate a concentration-dependent biphasic effect of peroxynitrite on basal
myocardial contractility, but the majority of these studies did not address these effects on β-
adrenergic responsiveness [10-18,26,28]. In our study, SIN-1 (source of peroxynitrite) had a
biphasic effect on murine cardiomyocyte contractility that was not only dependent on
concentration, but also on the contractile state of the cardiomyocyte. Our results demonstrated
that during maximal β-adrenergic stimulation, high SIN-1 (200 μmol/L) always produced anti-
adrenergic effects, as previously shown [13]. During submaximal β-adrenergic stimulation,
200 μmol/L SIN-1 also produced significant anti-adrenergic effects during vigorous responses
to ISO, but further increased β-adrenergic responsiveness during modest responses.
Conversely, low SIN-1 (10 μmol/L) increased basal myocyte contractility and the response to
submaximal β-adrenergic stimulation, but had no effect during maximal β-adrenergic
stimulation. Further, SIN-1 had no effect at either concentration on the contractile state in
PLB−/− myocytes apart from one condition (0.01 μmol/L ISO+200 μmol/L SIN-1), thus
providing a potential mechanism for the actions of peroxynitrite. These results provide clear
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evidence for a biphasic effect of peroxynitrite, with high peroxynitrite modulating high levels
of β-adrenergic responsiveness and low peroxynitrite modulating basal function and low levels
of β-adrenergic stimulation.

Peroxynitrite Production Resulting from SIN-1
SIN-1 breaks down to release both nitric oxide and superoxide, which could potentially react
leading to the formation of peroxynitrite. Thus, we determined the peroxynitrite production
resulting from SIN-1. The low concentration of SIN-1 (10 μmol/L) used in this study was
determined to release peroxynitrite at a rate of 3 nmol L−1min−1 under our experimental
conditions. As expected, the concentration of peroxynitrite produced by 10 μmol/L SIN-1 was
much lower than that produced by the high concentration of SIN-1 (200 μmol/L), which was
previously determined to produce 18 nmol L−1min−1 [13].

Low SIN-1 (10 μmol/L) and Myocyte Contractility
Many studies have demonstrated the positive effect of low concentrations of the nitric oxide/
superoxide donor SIN-1 and of peroxynitrite on basal myocardial contractility [16-18]. We
confirmed these results in isolated murine cardiomyocytes, in that 10 μmol/L SIN-1 induced
an increase in basal [Ca2+]i transient amplitude and myocyte shortening (Fig. 1). These positive
effects on basal contractility were attributed to peroxynitrite, as coinfusion with the
peroxynitrite decomposition catalyst, FeTPPS, attenuated the positive effect of 10 μmol/L
SIN-1 (Fig. 1B).

During submaximal β-adrenergic stimulation we observed the typical increase in myocyte
contractility. Subsequent perfusion with 10 μmol/L SIN-1 during submaximal β-adrenergic
stimulation always produced a further increase in contractility (Fig. 2A and Fig. 2B). As with
the myocytes under basal conditions, FeTPPS was able to alleviate the positive effect of 10
μmol/L SIN-1 on submaximal β-adrenergic stimulation, thus implicating peroxynitrite as the
causal species. In our previous publication, FeTPPS (10 μmol/L) alone was shown to have no
effect on the cardiomyocyte response to ISO [13]. Additionally, studies have shown that acute
β-adrenergic stimulation could alter endogenous nitric oxide production [24, 25]. This change
in nitric oxide levels could shift the equilibrium of nitric oxide and superoxide produced by
SIN-1, potentially changing the level of peroxynitrite production. Thus, we chose to inhibit
endogenous nitric oxide production using L-NAME, a non-specific inhibitor of nitric oxide
synthase. The positive effect of 10 μmol/L SIN-1 remained with the inhibition of endogenous
nitric oxide production. Although we previously demonstrated in this study that SIN-1 does
indeed produce peroxynitrite, SIN-1 has a complex chemistry and other reactive nitrogen
species can be formed (i.e., nitrosoperoxycarbonate). However, the formation of
nitrosoperoxycarbonate tends to result in irreversible protein nitration [29], while the effects
we observed with SIN-1 during our functional experiments were entirely reversible and could
be washed out.

Upon maximal β-adrenergic stimulation, however, 10 μmol/L SIN-1 no longer had an effect
on myocyte contractility. Although we did not observe an additional positive effect of 10
μmol/L SIN-1 during maximal β-adrenergic stimulation, any additional positive effect may
have been masked by the large positive effect of maximal β-adrenergic stimulation. Taken
together, these data indicate that at a low concentration, SIN-1, and thus peroxynitrite, solely
modulates basal myocyte function and low levels of β-adrenergic stimulation (Fig. 5). To our
knowledge, this study is the first to reveal that peroxynitrite is responsible for the SIN-1-
induced increase in basal contractility. Moreover, we are the first to demonstrate that a low
concentration peroxynitrite is able to further increase contractility during submaximal β-
adrenergic stimulation, independent of endogenous nitric oxide production.
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High SIN-1 (200 μmol/L) and Myocyte Contractility
In contrast to the positive effects observed on myocyte contractility with 10 μmol/L SIN-1,
200 μmol/L SIN-1 had no effect on basal contractility in WT myocytes. This lack of effect was
demonstrated in our previous study [13].

During submaximal β-adrenergic stimulation, 200 μmol/L SIN-1 produced anti-adrenergic
effects only when the response to submaximal β-adrenergic stimulation was vigorous (Fig.
3A), as previously shown [13]. However, when the response to submaximal β-adrenergic
stimulation was modest, 200 μmol/L SIN-1 induced a further increase in myocyte contractility
(Fig. 3B). This result is not unexpected as another one of our previous studies demonstrated
that the positive and negative effects of spermine NONOate, a nitric oxide donor, were
dependent upon the degree of β-adrenergic stimulation [19]. During high states of β-adrenergic
stimulation, spermine NONOate decreased Ca2+ spark frequency, while during low levels of
β-adrenergic stimulation, the same concentration of spermine NONOate produced a large
increase in Ca2+ spark frequency. It is important to realize, however, that nitric oxide and
peroxynitrite are distinct species with chemistries that are very different. In fact, one study
demonstrated that spermine NONOate produce effects during β-adrenergic stimulation in
papillary muscles isolated from PLB−/− mice [30], while our current and previous study
demonstrated a lack of effect of either 10 μmol/L or 200 μmol/L SIN-1 in PLB−/− myocytes,
aside from one condition. Additionally, the positive effect of 200 μmol/L SIN-1 during a low
level of forskolin stimulation indicate that the positive effects of 200 μmol/L SIN-1 are likely
mediated via targets downstream of adenylate cyclase.

Finally, the effect of 200 μmol/L SIN-1 was always negative during maximal β-adrenergic
stimulation, as previously published [13]. This negative effect was also greater than that
observed with submaximal β-adrenergic stimulation (Fig. 3A). Further, inhibition of
endogenous nitric oxide production did not alter the cardiomyocyte response to 200 μmol/L
SIN-1. These data indicate that 200 μmol/L SIN-1 solely modulates β-adrenergic
responsiveness and, aside from the positive effect during modest response to submaximal β-
adrenergic stimulation, is able to more effectively produce anti-adrenergic effects with
increasing levels of β-adrenergic stimulation as seen in Fig. 5.

SIN-1 and PLB−/− Myocyte Function
Although we observed a biphasic effect of SIN-1 in WT myocytes, we saw no effect at either
concentration (10 μmol/L or 200 μmol/L) in PLB−/− myocytes under basal conditions. This is
in direct contrast to the effect observed in WT myocytes where 10 μmol/L SIN-1 elicited a
positive increase in contractility (Fig. 1). The lack of effect in PLB−/− myocytes may therefore
indicate that the positive effect of 10 μmol/L SIN-1 may be mediated via PLB. This result is
not unexpected, as our previous publication demonstrated that 200 μmol/L SIN-1 produced
anti-adrenergic effects by triggering the dephosphorylation of PLB via increased protein
phosphatase activity, thus decreasing SR Ca2+ uptake, SR Ca2+ load, and myocyte contractility
[13]. In the case of 10 μmol/L SIN-1, however, these positive effects may result from an
increase PLB phosphorylation. Studies have shown that low concentrations of peroxynitrite
are capable of decreasing protein phosphatase activity [31]. Other post-translational
modifications to PLB, including s-nitrosylation and nitration, may also be responsible for the
positive effect of 10 μmol/L SIN-1. PLB has an exposed tyrosine residue (Tyr6) that is
susceptible to nitration [32].

During submaximal β-adrenergic stimulation, 10 μmol/L SIN-1 appeared to have no effect in
PLB−/− myocytes. Therefore, this result indicates that the positive effects of 10 μmol/L SIN-1
during submaximal β-adrenergic stimulation in WT myocytes (Fig. 2) may occur through a
PLB-dependent mechanism. 200 μmol/L SIN-1, however, further increased contractility in
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PLB−/− myocytes (Fig. 4). These results coincide with those observed in WT myocytes, where
myocytes exhibiting a modest response to submaximal β-adrenergic stimulation showed a
further increase in contractility in response to 200 μmol/L SIN-1 (Fig. 3B). This increase is
possible because the PLB−/− myocytes also exhibited a modest response to submaximal β-
adrenergic stimulation. As the effect of 200 μmol/L SIN-1 was observed in WT and PLB−/−

myocytes, SIN-1 may be signaling independent of PLB by targeting other excitation-
contraction coupling proteins, including the L-type Ca2+ channel. SIN-1 has been shown to
increase the L-type Ca2+ current in cardiomyocytes [33]. SIN-1 has also been shown to exert
an activating effect on the ryanodine receptor, thus increasing Ca2+ release from the SR [34].
Additionally, SIN-1 has been shown to alter cyclic AMP levels in cardiomyocytes [26].

Finally, in PLB−/− myocytes under maximal β-adrenergic stimulation, we observed no effect
of either 10 μmol/L or 200 μmol/L SIN-1. In our previous publication, we showed that the
negative effects of 200 μmol/L SIN-1 were dependent upon PLB, as decreased contractility
resulted from a reduction in PLB serine 16 phosphorylation [13]. The lack of effect of 10
μmol/L SIN-1 in PLB−/− myocytes during maximal β-adrenergic stimulation coincided with
the lack of effect in WT myocytes, and further demonstrates that 10 μmol/L SIN-1 exclusively
modulates basal stimulation and low levels of β-adrenergic stimulation. The PLB-dependent
effects of both 10 μmol/L and 200 μmol/L SIN-1 on WT cardiomyocyte function can be seen
in Fig. 5.

In conclusion, the nitric oxide/superoxide donor SIN-1 exudes a biphasic effect on
cardiomyocyte contractility that is not only dependent on the concentration of SIN-1, but also
on the contractile state of the cardiomyocyte. In the case of high SIN-1 (200 μmol/L), an
increasing anti-adrenergic effect was observed with increasing levels of β-adrenergic
stimulation (Fig. 5), such that high SIN-1 actually produced a positive effect during low
responses to β-adrenergic stimulation, but large negative effects during high responses to β-
adrenergic stimulation. Further, as high SIN-1 had no effect on basal contractility, it stands to
reason that high SIN-1 exclusively modulates β-adrenergic responsiveness. It also appears that
the negative effect of high SIN-1 is mediated through a PLB-dependent signaling pathway
leading to alterations in Ca2+-handling as we and others have previously demonstrated [13,
15]. However, the positive effect of high SIN-1 is mediated via PLB-independent mechanisms.

In the case of low SIN-1 (10 μmol/L), positive effects were observed during basal stimulation
and during submaximal β-adrenergic stimulation. No effects of low SIN-1 were observed
during maximal β-adrenergic stimulation. Thus, it appears that low SIN-1 exclusively
modulates basal stimulation and low levels of β-adrenergic stimulation, parameters that can
be considered physiologic. Although we did not observe an additional positive effect of 10
μmol/L SIN-1 during maximal β-adrenergic stimulation, any additional positive effect may
have been masked by the large positive effect of maximal β-adrenergic stimulation.
Additionally, the lack of effect of low SIN-1 in PLB−/− myocytes may indicate that these
positive effects are mediated via PLB-dependent mechanisms. However, the effects of low
SIN-1 on other excitation-contraction coupling proteins cannot be completely ruled out, as
peroxynitrite has been shown to have effects on other excitation-contraction coupling proteins
[35-39]. Further, SIN-1 has a complex chemistry that could potentially lead to the formation
of other reactive nitrogen species. However, all of our effects were reversible and could be
inhibited with the peroxynitrite decomposition catalyst, FeTPPS, thus implicating peroxynitrite
as the causal species.

Overall, the opposing effects of both high and low SIN-1 lend insight into the physiological
and pathophysiological regulation of myocardial contractility by peroxynitrite. The biphasic
nature of SIN-1 may relate to the physiological regulation of basal and submaximal β-
adrenergic-stimulated contractility with low peroxynitrite production (i.e., NOS1) [40], and
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the pathophysiological regulation of chronic β-adrenergic stimulation with high peroxynitrite
production (i.e., NOS2), as occurs in heart failure [3]. Thus, it appears that low SIN-1 may
potentially mimic the peroxynitrite production of NOS1, which is hypothesized to produce low
concentrations of peroxynitrite due to a co-localization with xanthine oxidase [4]. NOS1 is
considered a physiological regulator of cardiac function and is also thought to increase
myocardial contractility [41]. Conversely, high SIN-1 may be mimicking the peroxynitrite
production of NOS2, which is considered to be a pathophysiological regulator of cardiac
function by reducing β-adrenergic responsiveness [3,36]. During many pathophysiological
conditions of the myocardium, nitric oxide production is increased with NOS2 expression [3,
42] and superoxide production is increased through NADPH oxidase and/or xanthine
oxidoreductase [8,9], leading to supraphysiological peroxynitrite production and cardiac
dysfunction. Additionally, this physiological and pathophysiological regulation of cardiac
contractility by peroxynitrite likely relies on signaling pathways that target the excitation-
contraction coupling protein PLB as well as other targets, thus resulting in the biphasic effect
of SIN-1.

ACKNOWLEDGEMENTS

Supported by the American Heart Association (Pre-doctoral Fellowship 0715159B, MJK; Post-doctoral Fellowship,
0725560B HW) and the National Institutes of Health (R01HL079283, MTZ; R01HL063744, JLZ; P01HL065608,
JLZ). We would also like to thank Dr. Evangelia G Kranias (University of Cincinnati) for providing the PLB−/− mice.
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CP-H, 1-hydroxy-3-carboxy-2,2,5,5-tetramethylpyrrolidine hydrochloride
EPR, Electron paramagnetic resonance
FeTPPS, 5,10,15,20-tetrakis-[4-sulfonatophenyl]-porphyrinato-iron[III]
ISO, Isoproterenol
L-NAME, L-N(G)-nitroarginine methyl ester
NADPH, Nicotinamide adenine dinucleotide phosphate-oxidase
NO., Nitric oxide
NOS, Nitric oxide synthase
NOS1, Neuronal nitric oxide synthase
NOS2, Inducible nitric oxide synthase
NOS3, Endothelial nitric oxide synthase
NS, Not significant
O2

.-, Superoxide
ONOO−, Peroxynitrite
PLB, Phospholamban
PLB−/−, Phospholamban knockout
RCL, Resting cell length
SIN-1, 3-Morpholinosydnonimine
SERCA, Sarco/endoplasmic reticulum Ca2+ ATPase
SR, Sarcoplasmic reticulum
WT, Wild-type
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Figure 1. 10 μmol/L SIN-1 increases basal WT myocyte contractility
A.) Individual, steady-state shortening (top) and [Ca2+]i transient (bottom) traces representing
the positive effect of 10 μmol/L SIN-1 on basal WT myocyte contractility. B.) Pooled data
(mean±S.E.M.) demonstrating the effect SIN-1 (10 μmol/L, clear bar), SIN-1+FeTPPS (10
μmol/L, filled bar) and FeTPPS alone (10 μmol/L, gray bar) on shortening (top) and [Ca2+]i
transients (bottom) in WT myocytes.

Kohr et al. Page 14

Free Radic Biol Med. Author manuscript; available in PMC 2009 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. 10 μmol/L SIN-1 increases WT myocyte submaximal β-adrenergic responsiveness
A.) Individual, steady-state shortening (top) and [Ca2+]i transient (bottom) traces representing
the positive effect of 10 μmol/L SIN-1 on WT myocyte submaximal β-adrenergic
responsiveness. B.) Pooled data (mean±S.E.M.) demonstrating the effect of ISO (0.01 μmol/
L, clear bar) and ISO+SIN-1 (10 μmol/L, filled bar) on shortening (top) and [Ca2+]i transients
(bottom) in WT myocytes with and without L-NAME. *p<0.05 vs. ISO without L-NAME,
**p<0.05 vs. ISO with L-NAME.
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Figure 3. Effect of 200 μmol/L SIN-1 is dependent upon contractile state in WT myocytes
A.) Large response to ISO: Pooled data (mean±S.E.M.) expressed as a % Δ from control
demonstrating the effect of ISO (0.01 μmol/L, clear bar) and ISO+SIN-1 (200 μmol/L, filled
bar) on shortening (top) and [Ca2+]i transients (bottom) in WT myocytes undergoing a large
response to ISO. *p<0.05. B.) Modest response to ISO: Pooled data (mean±S.E.M.) expressed
as a % Δ from c ontrol demonstrating the effect of ISO (0.01 μmol/L, clear bar) and ISO+SIN-1
(200 μmol/L, filled bar) on shortening (top) and [Ca2+]i transients (bottom) in WT myocytes
undergoing a modest response to ISO. *p<0.05 vs. ISO. NOTE: 200 μmol/L SIN-1 data
displayed in panel A (left) have been published previously in a different form [13].
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Figure 4. 200 μmol/L SIN-1 increases PLB−/− myocyte submaximal β-adrenergic responsiveness
A.) Individual, steady-state shortening (top) and [Ca2+]i transient (bottom) traces representing
the positive effect of 200 μmol/L SIN-1 on PLB−/− myocyte submaximal β-adrenergic
responsiveness. B.) Pooled data (mean±S.E.M.) demonstrating the effect of ISO (0.01 μmol/
L, clear bar) and ISO+SIN-1 (200 μmol/L, filled bar) on shortening (top) and [Ca2+]i transients
(bottom) in PLB−/− myocytes. *p<0.05 vs. ISO.
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Figure 5. PLB-dependent effects of 10 μmol/L SIN-1 and 200 μmol/L SIN-1 on β-adrenergic
stimulated myocyte contractility
Pooled data (mean±S.E.M.) expressed as a % Δ from control (Basal) or a % Δ from ISO (0.01
μmol/L ISO, 1 μmol/L ISO) demonstrating the positive effect of 10 μmol/L SIN-1 (open
circles) and the negative effect of 200 μmol/L SIN-1 (closed circles) during varying levels of
β-adrenergic stimulation for both myocyte shortening (top panel) and [Ca2+]i transients
(bottom panel). NOTE: 200 μmol/L SIN-1 data (closed circles) have been published previously
in a different form [13].
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