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Abstract
We have previously proposed that the heterogeneous collapse of mitochondrial inner membrane
potential (ΔΨm) during ischemia and reperfusion contributes to arrhythmogenesis through the
formation of metabolic sinks in the myocardium, wherein clusters of myocytes with uncoupled
mitochondria and high KATP current levels alter electrical propagation to promote reentry. Single
myocyte studies have also shown that cell-wide ΔΨm depolarization, through a reactive oxygen
species (ROS) -induced ROS release mechanism, can be triggered by global depletion of the
antioxidant pool with diamide, a glutathione oxidant. Here we examine whether diamide causes
mitochondrial depolarization and promotes arrhythmias in normoxic isolated perfused guinea pig
hearts. We also investigate whether stabilization of ΔΨm with a ligand of the mitochondrial
benzodiazepine receptor (4′-chlorodiazepam; 4-ClDzp) prevents the formation of metabolic sinks
and, consequently, precludes arrhythmias. Oxidation of the GSH pool was initiated by treatment with
200μM diamide for 35 minutes, followed by washout. This treatment increased GSSG and decreased
both total GSH and the GSH/GSSG ratio. All hearts receiving diamide transitioned from sinus rhythm
into ventricular tachycardia and/or ventricular fibrillation during the diamide exposure: arrhythmia
scores were 5.5 ± 0.5; n=6 hearts. These arrhythmias and impaired LV function were significantly
inhibited by co-administration of 4-ClDzp (64μM): arrhythmia scores with diamide + 4-ClDzp were
0.4± 0.2 (n=5; P < 0.05 vs. diamide alone). Imaging ΔΨm in intact hearts revealed the heterogeneous
collapse of ΔΨm beginning 20 minutes into diamide, paralleling the timeframe for the onset of
arrhythmias. Loss of ΔΨm was prevented by 4-ClDzp treatment, as was the increase in myocardial
GSSG. These findings show that oxidative stress induced by oxidation of GSH with diamide can
cause electromechanical dysfunction under normoxic conditions. Analogous to ischemia-reperfusion
injury, the dysfunction depends on the mitochondrial energy state. Targeting the mitochondrial
benzodiazepine receptor can prevent electrical and mechanical dysfunction in both models of
oxidative stress.

© 2009 Elsevier Ltd. All rights reserved.
Corresponding Author Brian O'Rourke, Ph.D. Professor of Medicine Johns Hopkins University School of Medicine Institute of Molecular
Cardiobiology 720 Rutland Ave. 1060 Ross Bldg. Baltimore, MD 21205-2195 tel: 410-614-0034 fax: 410-502-5055 bor@jhmi.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Mol Cell Cardiol. Author manuscript; available in PMC 2011 April 1.

Published in final edited form as:
J Mol Cell Cardiol. 2010 April ; 48(4): 673–679. doi:10.1016/j.yjmcc.2009.11.011.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
ischemia; reperfusion; glutathione; arrhythmia; mitochondrial ion channels; oxidative stress; anti-
oxidant; heart

Introduction
Sudden death from cardiac arrhythmias is a leading cause of mortality in the industrialized
world. Despite advances in treatment, a paucity of information exists regarding the sub-cellular
events that set the stage for arrhythmias at the organ level, thus limiting treatment strategies
aimed at prevention of arrhythmogenesis.

The oxidative stress elicited by ischemia reaches a zenith during early reperfusion and is
commonly associated with electromechanical dysfunction [1,2]. In isolated myocytes, we have
previously shown that oxidative stress (elicited by either laser flash or substrate deprivation)
can lead to lability in action potential duration [3,4]. The underlying cause of action potential
heterogeneity was subsequently found to be due to oscillations in mitochondrial membrane
potential (ΔΨm), which couple directly to cellular excitability via the activity of sarcolemmal
ATP-sensitive potassium channels [3]. Treatment with ligands of the mitochondrial
benzodiazepine receptor (mBzR) which are known to inhibit mitochondrial inner membrane
anion channel (IMAC) activity (see [5] for review), stopped the ΔΨm oscillations in single
cells, stabilizing ΔΨm in the polarized state [3]. Consistent with the hypothesis that rapid
ΔΨm loss could activate sarcolemmal KATP channels and cause arrhythmias in the whole heart,
4-chlorodiazepam (4-ClDzp) successfully prevented reperfusion arrhythmias in intact guinea
pig [6] and rabbit [7] hearts.

We have also shown that overwhelming the cellular antioxidant defenses with diamide, which
chemically oxidizes the glutathione pool [8], leads to an accumulation of ROS in mitochondria
of isolated cardiomyocytes. The accumulation of ROS ultimately reached a threshold level,
resulting in oscillations in ΔΨm and NADH [9]. Similar to previous observations [3], 4-ClDzp
prevented or reversed the oscillations induced by diamide treatment [9], providing further
evidence that oxidative stress elicits oscillations in ΔΨm via the cyclical activation of IMAC.

In the intact heart, we recently observed oscillations in ΔΨm following diamide treatment
[10]. Administration of diamide to the heart caused a gradual oxidation of the glutathione pool,
ultimately leading to increased ROS production and ΔΨm collapse, resembling hearts exposed
to ischemia/reperfusion [10]. However, we did not test whether diamide could induce
arrhythmias, and if 4-ClDzp could prevent the collapse in ΔΨm evoked by diamide.

In light of our previous observations, here we examine whether overwhelming the cellular
antioxidant defenses with diamide could induce arrhythmias in the intact heart under normoxic
conditions. We also subjected hearts to a well-established model of oxidative stress, global
ischemia and reperfusion, to show that these two distinct models of oxidative stress cause
arrhythmias via the activity of the mBzR. We hypothesized that blocking the mBzR with 4-
ClDzp would prevent the diamide-induced collapse in ΔΨm and prevent arrhythmias in guinea
pig hearts.

Methods
Animals

Adult male guinea pigs (age 4-6 months) were housed in an animal facility with food and water
provided ad libitum. All experiments were performed with prior approval from the Institutional

Brown et al. Page 2

J Mol Cell Cardiol. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Animal Care and Use Committee at both the Johns Hopkins University School of Medicine
and East Carolina University, and were in accordance with guidelines established by the
American Physiological Society.

Experimental Protocol
On each day of the experiment, animals were injected with pentobarbital (35 mg kg−1, ip
injection) and hearts were excised with midline thoracotomy. The aorta was secured around a
cannula of a modified Langendorff apparatus and retrogradely perfused with buffer consisting
of (in mM): 118 NaCl, 24 NaHCO3, 1.2 KH2PO4, 4.75 KCl, 1.2 MgSO4, 2.0 CaCl2, and 10
glucose (equilibrated with 95/5 % O2/CO2), as described previously [7]. A latex balloon
(Harvard Apparatus Balloon size #7) was inserted into the LV chamber through the mitral
valve and on-line recordings of left ventricular pressure as well as volume-conducted ECG
were obtained using the Powerlab System (A.D. Instruments), as previously described [7].

Diamide Treatment
After a 15 minute equilibration period, hearts were divided into one of two experimental
groups: (i) normoxic perfusion for 35 minutes with the addition of 200μM diamide in the
perfusate followed by a 15 minute washout (n = 6); (ii) normoxic perfusion with 64μM 4-
ClDzp for 10 minutes, followed by the addition of 200μM diamide for 35 minutes and then 15
minute washout of both drugs (n = 5).

Arrhythmia scoring
Arrhythmias were characterized using the guidelines established by the Lambeth Conventions
and scored using a system similar to that described by Curtis and Walker [11]. Arrhythmias
were scored for the entire 35 min diamide exposure as follows: 0 = 0 – 49 ventricular premature
beats; 1 = 50-499 ventricular premature beats; 2 = >499 ventricular premature beats and/or 1
episode of spontaneously reverting VT or VF less than 60 sec in total duration; 3 = > 1 episode
of VT or VF that is <60 sec total duration; 4 = reverting VT or VF or both that is <120 seconds
in total duration; 5 = VT or VT or both that is >120 sec in combined duration; 6 = non-reverting
(fatal) VT or VF that began > 15 min after diamide; 7 = fatal VT/VF that began between 5
minutes and 15 minutes after diamide; 8 = fatal VT/VF that began less than 5 minutes after
diamide.

Glutathione Content
For the glutathione experiments, an additional subset of hearts (n = 5) were perfused under
normoxic conditions without diamide to serve as a time control group. At the end of each
experiment, hearts treated with diamide (n=6) and diamide + 4-ClDzp (n=6) were snap frozen
in liquid nitrogen for determination of myocardial glutathione status as previously described
[12]. Briefly, frozen tissue was powdered with a nitrogen-cooled mortar and pestle, and
50-70mg of tissue were homogenized in the absence (for GSH determination) or presence (for
GSSG determination) of 1-methyl-2-vinylpyridinium trifluoromethanesulfonate to scavenge
reduced thiols. Total GSH and GSSG were determined using a commercially available kit (Oxis
International), and final concentrations were determined by normalizing to protein content as
determined by BCA Assay (Thermo Scientific).

Two-photon Imaging of Mitochondria in Intact Hearts
For 2-photon imaging, hearts were mounted on a custom-built cannula and imaged as
previously described [10]. Fluorescence signals were transferred to a personal computer and
analyzed using Image J software.

Brown et al. Page 3

J Mol Cell Cardiol. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Ischemia-Reperfusion Protocol
A separate group of hearts were excised as described above and exposed to 30/30 min of global,
no-flow ischemia and reperfusion under control conditions (n = 7) or in the presence of 64μM
4-ClDzp (n = 5).

Statistical analysis
All data are expressed as mean ± s.e.m. Analysis of glutathione content was performed using
a one-way ANOVA, and significance between groups was determined using Tukey's post hoc
tests. Left ventricular developed pressure data were analyzed with repeated-measures
ANOVA. Between group differences in arrhythmia scores were compared using a 2-tailed
Student's t-test. For all comparisons, statistical significance was noted when P < 0.05.

Results
Myocardial glutathione content

Diamide treatment led to a significant decrease in total glutathione (GSHt; Figure 1A; P <
0.05), and 4-ClDzp did not prevent the decreased GSHt. There were no differences in GSHt
between diamide and diamide + 4-ClDzp groups (ANOVA). Administration of diamide
resulted in a significant increase in GSSG (Figure 1B, P <0.05), and the presence of 4-ClDzp
prevented the GSSG increase. The GSH/GSSG ratio in all diamide-treated hearts was
significantly lower after diamide, and the decrease in GSH/GSSG was not significantly affected
by the addition of 4-ClDzp (Figure 1C).

Diamide-induced Arrhythmias
A representative trace of baseline LVDP and ECG is presented in Figure 2A. There were no
significant differences in LVDP among the diamide or ischemia/reperfusion groups prior to
infusion of drugs or ischemia. Representative ECG and LV Pressure traces recorded during
diamide administration are presented in Figures 2B and 2C. Arrhythmia scores were quantified
as described in Methods (Figure 3). Hearts perfused with diamide showed a significant
propensity for arrhythmias (Figure 2B), with all hearts (6/6) displaying ventricular tachycardia
and/or ventricular fibrillation during diamide. When 4-ClDzp was added to the perfusate, hearts
were protected against arrhythmias induced by diamide (Figure 2C) and the arrhythmia scores
were significantly lower than in hearts that received diamide alone (Figure 3). During the
washout phase, only 2/6 diamide-treated hearts reverted out of VT/VF, and VT/VF was
sustained for the duration of the protocol in the others. None (0/5) of the 4-ClDzp-treated hearts
displayed marked VT or VF either during diamide treatment or following washout.

Left ventricular developed pressure
Since both diamide and 4-ClDzp have been shown to influence the inotropic state of the heart
[7,13,14], left ventricular developed pressure (LVDP) in each heart was normalized to the
baseline LVDP measurement taken 30 sec before the onset of diamide or ischemia (Figure 4
and 6, respectively). During the diamide perfusion, LVDP showed a steady decline in the
control group. The decline in LVDP was attenuated with 4-ClDzp, with 4-ClDzp treated hearts
having significantly higher LVDP from 22 minutes after diamide through the duration of the
protocol (Figure 4). By the end of the washout period, LVDP in hearts that received 4-ClDzp
during the diamide treatment almost returned to pre-diamide levels.

Two-photon Imaging of Mitochondria in Intact Hearts
□□□□ fluorescence from intact hearts are presented in Figure 5. During diamide treatment,
mitochondria remained polarized until approximately 20 minutes of diamide exposure, at
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which point ΔΨm began to heterogeneously depolarize. Co-administration of 4-ClDzp during
diamide treatment prevented the collapse of ΔΨm.

Global Ischemia-Reperfusion
Hearts that underwent 30 minutes of ischemia and reperfusion are presented in Figure 6. Hearts
showed a high propensity for arrhythmias at the onset of reperfusion (Figure 6A), and hearts
that were perfused with 4-ClDzp before ischemia showed significantly lower incidence of
arrhythmias (Figure 6B). Arrhythmia scores were significantly lower in hearts that were treated
with 4-ClDzp (Figure 6C, P < 0.05).

LVDP for hearts in the I/R groups are presented in Figure 6D. As globally ischemic hearts do
not beat, LVDP is presented only for the 30 minute reperfusion period for hearts in the I/R
groups. In hearts that underwent ischemia, LVDP was significantly higher in hearts that were
treated with 4-ClDzp than in control hearts for the duration of the reperfusion (Figure 6D).

Discussion
In this study, we hypothesized that overwhelming the antioxidant defenses with diamide in
normoxic perfused hearts would trigger mitochondrial criticality [15], leading to lethal
arrhythmias in isolated hearts. Diamide treatment mediated the collapse of ΔΨm, increased
arrhythmias, and initiated mechanical dysfunction. A ligand of the mBzR, 4′-chlorodiazepam
(4-ClDzp), prevented the collapse in ΔΨm evoked by diamide and protected guinea pig hearts
from electromechanical dysfunction. The protection provided by 4-ClDzp was similar to that
observed after ischemia/reperfusion. To the best of our knowledge, no previous study has
described the pro-arrhythmic effects of diamide treatment or the protection of diamide-induced
arrhythmias afforded by 4-ClDzp.

Depletion of Cellular Glutathione Pool Causes Arrhythmias
It is widely known that reactive oxygen species (ROS) play a role in cardiac electromechanical
dysfunction following ischemia/reperfusion. Bursts of ROS are commonly observed within
the first few minutes of reperfusion and have been associated with increased propensity for
arrhythmias [2] and mechanical dysfunction [1]. Significant evidence suggests that increased
ROS scavenging ability decreases reperfusion injury. Up-regulation of mitochondrial
antioxidant capacity, either by direct infusion of ROS scavengers [16] or increased protein
expression [17,18] results in cardioprotection.

The reduced glutathione pool represents the largest capacity thiol buffer in mammalian cells
[19] and it is a key player in the detoxification of H2O2 via glutathione peroxidase. Decreased
glutathione would therefore contribute to oxidative stress by altering the balance of ROS
production to ROS scavenging. As originally described by Kosower [8], diamide chemically
oxidizes the GSH pool without generating ROS during the reaction, which allowed us to alter
the antioxidant status without increasing the ROS load directly (as would H2O2 treatment).
Administration of either diamide under normoxic conditions [10,13], or global ischemia/
reperfusion [20], increases the oxidized glutathione in heart. The negative consequences of
oxidized glutathione are also evident from studies showing that infusion of reduced glutathione
during early reperfusion can completely eliminate the incidence of ventricular fibrillation in
the isolated heart [2].

Our data are consistent with a number of studies indicating that oxidative stress results in a
marked increase in GSSG, a decrease in the GSH/GSSG ratio, and decreased total GSH
[21-23]. The GSH/GSSG ratio was lower in diamide-treated hearts, and 4-ClDzp blunted the
increase in GSSG seen with diamide alone. In single cell studies, both ΔΨm and NAD(P)H
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redox potential were maintained in the presence of 4-ClDzp following diamide treament [9],
and GSSG was shown to be the key factor correlating with ΔΨm loss and ROS accumulation.
Our experiments here in the whole heart corroborate the single-cell studies, given that diamide
decreased total glutathione to a similar extent in both treatment groups, yet the 4-ClDzp-
mediated protection was associated with much lower levels of GSSG.

The observed protection by 4-ClDzp during diamide treatment was very similar to the
attenuation of ischemia/reperfusion injury. The protection against LV dysfunction by 4-ClDzp
after ischemia-reperfusion are novel findings in the guinea pig, and are in agreement with our
previous work in the rabbit heart [7]. Although we did not measure glutathione in ischemic
hearts from this study, the ~60% decrease in GSH/GSSG that we observed following diamide
is similar to other studies examining changes in glutathione after ischemia [23-25]. Treatment
of hearts with 4-ClDzp completely prevented episodes of VT or VF observed in early
reperfusion and led to dramatically better LV function. In this study, both diamide and ischemia
led to a drastic reduction in mechanical function (largely due to incidence of ventricular
arrhythmia), and administration of 4-ClDzp led to recoveries of function that were 81% and
67% for diamide and ischemia, respectively (Figures 4 and 6D). The similar cardioprotection
evoked by 4-ClDzp in the two distinct models of oxidative stress (diamide and ischemia/
reperfusion) suggests that this compound is targeting a common pathway activated during ROS
bursts, namely the mitochondrial ROS-induced ROS release mechanism.

Mechanistic Link Between ROS, ΔΨm, and Arrhythmias
In the present study, diamide-induced arrhythmias and mechanical dysfunction could be
attenuated with a ligand of the mitochondrial benzodiazepine receptor (mBzR). Previous work
by our group has indicated that the phenomenon of ROS-induced ROS release can increase the
activity of energy-dissipating mitochondrial ion channels, in particular, inner membrane anion
channels (IMAC) modulated by mBzR. Activation of these energy-dissipating channels, in
turn, influences the electrical excitability of the cardiac tissue. In a series of studies, we showed
that cardiac myocytes exposed to oxidative stress exhibit oscillations in ΔΨm that activate
sarcolemmal ATP-sensitive potassium channels [3], likely via phosphotransfer networks
[26]. Oscillating membrane K+ currents were observed under several different conditions in
isolated myocytes exposed to substrate deprivation [4] or laser flash [3]. According to the model
we have previously described, KATP current activation driven by mitochondrial instability
induces lability in the cellular action potential duration and alters the refractory period, which
increases the dispersion of repolarization in the tissue and promotes reentrant arrhythmias
through the formation of metabolic sinks [6,7]. The ability of ligands to the mBzR to stabilize
ΔΨm and prevent arrhythmias [6,7] is reinforced here using a very different method to induce
oxidative stress in the absence of ischemia.

Interestingly, occurring within the same time window as the period of maximum susceptibility
to arrhythmias, two-photon laser scanning fluorescence imaging of the whole heart showed
that gradual oxidation of the cellular glutathione pool caused a heterogeneous collapse in
ΔΨm during diamide. Administration of 4-ClDzp prevented ΔΨm loss during diamide and
prevented the diamide-induced arrhythmias.

Our observations in the intact heart compliment several recent cellular experiments where the
redox status of the cell influenced the propensity for ΔΨm collapse. In isolated myocytes
exposed to graded ischemia, Ganetkevich et al. noted that the collapse of ΔΨm observed under
low O2 tensions could be prevented by the administration of glutathione [27]. Our group
recently reported that treatment of isolated cardiac myocytes with diamide triggers oscillations
in ΔΨm that could be reversed by 4-ClDzp [9]. In addition, when myocytes were partially
permeabilized and treated with decreasing ratios of reduced glutathione/glutathione disulfide,
depolarization of ΔΨmwas prominent at GSH/GSSG ratios less than 100:1. In the present study,
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hearts receiving diamide showed high susceptibility to arrhythmias and had GSH/GSSG less
than 100:1 (mean GSH/GSSG was 76:1). Hearts that received 4-ClDzp showed higher GSH/
GSSG ratio (mean 132:1), and did not display marked VT/VF at any time during diamide
exposure or washout. Although the decrease in GSH/GSSG was slightly blunted with 4-ClDzp,
it was not significantly different from diamide alone, indicating that a decrease in the GSH/
GSSG per se is not the only factor required to induce criticality. The diamide-induced increase
in GSSG, however, was markedly blocked with 4-ClDzp, suggesting that the GSSG
concentration itself appears to be a main regulator of IMAC [9].

Importantly, both the collapse of ΔΨm and arrhythmias are blocked by ligands of the mBzR
complex, and not by cyclosporine A, the classical permeability transition pore (PTP) inhibitor,
indicating a graded redox sensitivity of the target mitochondrial ion channels [6,7]. In cells,
more extensive depletion of the glutathione pool by diamide, or lowering the GSH/GSSG ratio
to less 50:1 in permeabilized cell, eventually induces PTP opening, as evidenced by an
irrevocable ΔΨm depolarization and loss of matrix markers [9]. These findings stress the
importance of targeting mBzR/IMAC as a harbinger of more severe and permanent
mitochondrial damage, which, through the ROS-induced ROS release mechanism, primes the
opening of the PTP.

In summary, these experiments have reinforced the strategy of protecting the heart by targeting
mitochondrial ion channels in early reperfusion or under other conditions of oxidative stress
(e.g., during chronic cardiac disease progression). Overwhelming the mitochondrial
antioxidant defenses with diamide resulted in collapse of ΔΨm, cardiac arrhythmias, and
mechanical dysfunction. A ligand of the mBzR prevented arrhythmias induced either by
ischemia/reperfusion or by treatment with diamide, emphasizing the important role played by
the reduced glutathione pool in maintaining ROS balance in the heart.
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Figure 1.
Content of glutathione in guinea pig hearts. Control bars represent hearts that were perfused
under normoxic conditions in the absence of diamide. A. Total myocardial glutathione content
(GSHt); B. Content of oxidized glutathione (GSSG); C. Ratio of GSH/GSSG in hearts; *, P <
0.05 versus untreated (ANOVA).
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Figure 2.
Representative LV Pressure and ECG from hearts in the study. A. Control heart after 10 minutes
of baseline perfusion with simultaneous LV Pressure (red) and ECG (blue). B. LV Pressure
and ECG in a heart 6 minutes into the washout period following the diamide treatment showing
the transition to VF (blue) with concomitant loss of pump function (red). C. LV Pressure and
ECG in a heart 6 minutes into the washout period following diamide treatment plus 64μM 4-
ClDzp.
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Figure 3.
Arrhythmia scores for hearts during treatment with diamide and washout in the presence or
absence of 64μM 4-ClDzp.
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Figure 4.
Left ventricular developed pressure (LVDP) for hearts in the study. Hearts were perfused with
diamide for 25 minutes in the presence or absence of 64μM 4-ClDzp and then washed out for
15 minutes. LVDP values are normalized to baseline values.
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Figure 5.
Imaging of ΔΨm in intact guinea pig hearts using 2-photon microscopy after exposure to
diamide (top) and diamide + 4-ClDzp. Bar is equal to 100μM.
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Figure 6.
Data from hearts exposed to 30/30 min of ischemia/reperfusion. Representative LV Pressure
(red) and ECG (blue) traces for control (A) and 4-ClDzp-treated (B) hearts. C. Arrhythmia
scores for hearts exposed to ischemia and reperfusion in the absence or presence of 64μM 4-
ClDzp. D. LV Developed Pressure for hearts after 30 minutes of global ischemia.
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