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A B S T R A C T

Indanyloxyacetic acid-94 (IAA-94), an intracellular chloride channel blocker, is shown to ablate cardioprotection
rendered by ischemic preconditioning (IPC), N (6)-2-(4-aminophenyl) ethyladenosine or the PKC activator
phorbol 12-myristate 13-acetate and cyclosporin A (CsA) in both ex-vivo and in-vivo ischemia-reperfusion (IR)
injury. Thus signifying the role of the IAA-94 sensitive chloride channels in mediating cardio-protection upon IR
injury. Although IAA-94 sensitive chloride currents are recorded in cardiac mitoplast, there is still a lack of
understanding of the mechanism by which IAA-94 increases myocardial infarction (MI) by IR injury.
Mitochondria are the key arbitrators of cell life and death pathways. Both oxidative stress and calcium overload
in the mitochondria, elicit pathways resulting in the opening of mitochondrial permeability transition pore
(mPTP) leading to cell death. Therefore, in this study we explored the role of IAA-94 in MI and in maintaining
calcium retention capacity (CRC) of cardiac mitochondria after IR. IAA-94 inhibited the CRC of the isolated
cardiac mitochondria in a concentration-dependent manner as measured spectrofluorimetrically using calcium
green-5 N. Interestingly, IAA-94 did not change the mitochondrial membrane potential. Further, CsA a blocker of
mPTP opening could not override the effect of IAA-94. We also showed for the first time that IAA-94 perfusion
after ischemic event augments MI by reducing the CRC of mitochondria. To conclude, our results demonstrate
that the mechanism of IAA-94 mediated cardio-deleterious effects is via modulating the mitochondria CRC,
thereby playing a role in mPTP opening. These findings highlight new pharmacological targets, which can
mediate cardioprotection from IR injury.

1. Introduction

Ischemia-reperfusion (IR) causes immediate necrotic cell-death re-
sulting in myocardial infarction (MI) [1]. Several studies have been
performed with pharmacological agents that may either protect the
myocardium or increase the MI from IR injury [2–6]. Majority of

cations present in the cardiomyocytes are well characterized in reg-
ulating the MI from IR injury [7–9] but studies involving anions are
inadequate. The major anion in cardiomyocytes is chloride (Cl−) and its
concentration in myocardial cells ranges from 10 to 30mmol L−1 [10],
which is significantly higher from that of an expected equilibrium. Cl−

is also a key anion involved in cell-volume regulation and during
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ischemic pre-conditioning (IPC); increase in cell-volume is accom-
panied by Cl− efflux [11]. Higher Cl− concentrations in cytoplasm
results in activation of Cl− channels located at the plasma membrane
and intracellular membranes.

Cl− channels present in cardiac cells play a profound role in the
development of cardiac hypertrophy, MI due to IR injury and heart
failure [5,10,12–14]. Expectedly, many Cl− channels blockers are
known to abolish the cardioprotection rendered by ischemic or phar-
macological preconditioning [15,16]. The commonly used intracellular
Cl− channel blocker, Indanyloxyacetic acid 94 (IAA-94), was shown to
ablate the cardioprotective effects of IPC and preconditioning with
cyclosporin A (CsA) [17,18]. It is also known to block Cl− channel
currents in cardiac mitoplast and planar bilayer systems [19–23].
However, the precise roles and mechanisms involved in increasing MI
from IR injury attributable to IAA-94 are unknown.

Since IAA-94 abrogates cardioprotective effects of IPC as well as of
CsA, we focused on studying the role of IAA-94 on mitochondrial
function, as mitochondria are the key targets for cardioprotection from
IR injury. One of the major determinants of cell death in cardiomyo-
cytes during IR is the formation of mitochondrial permeability transi-
tion pore (mPTP) [24–26]. MPTP is a pore formed in the mitochondria,
which allows the passage of solutes of around 1.5 kDa disrupting the
synthesis of ATP and further triggering the activation of cell death
pathways [27]. It plays a vital role in the transition from reversible to
irreversible damage of adult cardiomyocytes during IR [18,28]. We
have recently established the role of IAA-94 in mitochondrial reactive
oxygen species (ROS) generation [29]. Calcium overload along with
oxidative stress increased phosphate concentration and adenine nu-
cleotide depletion are the major determinants of mPTP formation
[30,31]. CsA is a well-characterized inhibitor of mPTP [26,32,33] but is
also known to stimulate Cl− efflux [18]. Since IAA-94 blocks CsA-
mediated cardioprotection, it is plausible that IAA-94 prevents Cl− ef-
flux facilitated by CsA in the heart.

In this study, we established that IAA-94 shows concentration-de-
pendent inhibition of cardiac mitochondrial calcium retention capacity
(CRC). Thus, implicating its role in the early onset of mPTP opening.
Further, CsA could not rescue the effect of IAA-94 mediated reduction
in CRC. IAA-94 does not affect mitochondrial membrane potential
(ψmito). In addition, we showed IAA-94 increases MI in the rat model
upon in vivo IR injury as observed in other species. CRC of mitochondria
after IR upon IAA-94 treatment was also significantly reduced. Our
results suggest that IAA-94 influences cardiac mitochondrial CRC, and
therefore possibly play a role in the regulation of mPTP opening during
ischemia.

2. Material and methods

All experiments were conducted in accordance with guidelines and
approved by the Ohio State University, Drexel University and UT
Health Science Center at San Antonio IACUC committees. Two months
old Rattus norvegicus were purchased from Charles River (PA).
Mitochondria isolation and CRC was measured as described [34,35].

2.1. Left anterior descending coronary artery occlusion and measurement of
infarct size

Male Sprague-Dawley rats (250-300 g) were anesthetized with ke-
tamine [80mg kg−1, intraperitoneally (i.p.)] and xylazine (8mg kg−1,
i.p.). The rats were intubated and ventilated (CWE SAR-830/P). The
hearts were exposed through a left thoracotomy in the fourth inter-
costal space. The pericardium was opened, and a 5.0 Prolene poly-
propylene suture was tightened around the proximal left anterior des-
cending coronary artery. Ischemia was confirmed by ST elevation in
electrocardiograph. The heart was subjected to 45min of ischemia,
followed by 3 h of reperfusion, which was achieved by releasing the
tension on the ligature. An IAA-94 (InformEx New Orleans) bolus

[20mg kg−1 body weight (final concentration: 50 μmol L−1)] was ap-
plied via the femoral vein 5min prior to reperfusion. The same volume
of phosphate buffer saline (PBS) was given in the control group. At the
end of the experiment, the coronary artery at the same position was
occluded again prior to injection of 2.5ml of 1% (w/v) Evans blue dye
into the femoral vein. This reocclusion would specifically delineate the
myocardial ischemic area at risk (AAR) which, was identified as the
region lacking blue staining. The ventricles of the hearts were sliced
transversely into 2mm thick slices. The slices were incubated in 1% (w/
v) triphenyl tetrazolium chloride (TTC) at 37 °C for 15min to identify
the non-infarcted and infarcted areas. The infarcted area was displayed
as the area unstained by TTC. Infarct size was expressed as a percentage
of the AAR.

2.2. Ischemia-reperfusion injury model ex-vivo

2-month-old SD rats were anesthetized using isoflurane (2%). The
hearts were rapidly excised, washed in ice-cold modified Krebs-
Henseleit (KH, pH 7.4, concentrations in mmol L−1: 118 NaCl, 4.7 KCl,
1.2 KH2PO4, 1.2 MgSO4, 24 NaHCO3, 11.1 Glucose, 2 CaCl2, 1 sodium
pyruvate) solution, mounted on a cannula and perfused with KH solu-
tion at 37 °C at a constant volume (2.5mL/min). After 10mins of per-
fusion to remove blood, hearts were subjected to 30min of global
ischemia and 30min of reperfusion. In some of the group of rats prior to
reperfusion hearts were treated with IAA-94 (50 μmol L−1) or DMSO as
vehicle control for 10min. Hearts without any ischemia were used as
controls (sham). Mitochondria from the heart were isolated in the
various experimental groups to assess calcium retention capacity.

2.3. Isolation of mitochondria

Mitochondria were isolated as described earlier [34,35]. Briefly, rat
heart was finely minced and homogenized in ice-cold mitochondrial
isolation buffer (in mmolesL−1, 70 sucrose, 210 mannitol, 1 EDTA-Na2,
50 Tris-HCl, pH 7.4) using a Potter-Elvejem homogenizer (10 rapid
strokes). The homogenate was transferred into a 2.0ml Eppendorf tube
and centrifuged at 2000×g for 5min. The supernatant was carefully
transferred into a clean 1.5ml Eppendorf tube and centrifuged at
12,000×g for 10min. The pellet containing crude mitochondria was
suspended in 55 μL of resuspension buffer (in mmol L−1, 70 sucrose,
210 mannitol, 0.1 EDTA-Na2, 50 Tris HCl, pH 7.4). 5 μl of the mi-
tochondrial fraction was used for measuring protein concentration
using DC™ protein assay reagent (Bio-Rad, Cat#5000111). The fluor-
escence values were normalized with the protein concentration.

2.4. Measurement of CRC

Extra mitochondrial calcium (Ca2+) was detected by Calcium
green™-5N using a fluorescence spectrophotometer (Hitachi F-2710).
2.5 μmol L−1 Calcium green™-5N, Hexapotassium Salt (Thermo-Fisher)
and IAA-94 or DMSO (control) were added to the CRC Buffer
(mmol L−1, 150 sucrose, 50 KCl, 2 KH2PO4, 5 succinic Acid, 20 Tris-
HCl, pH 7.4) at 25 °C and the fluorescence was measured (excitation at
500 nm and emission at 530 nm). Different concentration of IAA-94/
DMSO was added along with the calcium green™-5N. After 30 s, 50 μL
of isolated mitochondria sample was added. After another 90 s, and
subsequently at every 60 s thereafter, 5 μmol L−1 CaCl2 was added until
a sudden increase in fluorescence indicated mitochondrial death. In
some experiments, Cyclosporin A (1 nmol L−1) was added before the
addition of mitochondria.

2.5. Measurement of mitochondrial membrane potential (MMP)

Rhodamine 123 was used to measure MMP by fluorescence spec-
trophotometer. Mitochondria were isolated as described earlier [36].
Briefly, rat heart was excised and homogenized in mitochondrial
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isolation buffer (mmol L−1, 220 mannitol, 70 sucrose, 20 HEPES, 0.4%
BSA, 1 K-EDTA, 100 K-EGTA, pH 7.4). The homogenate was centrifuged
at 2500×g for 5min. The supernatant was carefully transferred into a
clean 1.5 ml Eppendorf tube and centrifuged at 12,100×g for 10min.
The mitochondrial pellet was resuspended in mitochondrial resuspen-
sion buffer (mmol L−1, 250 sucrose, 20 HEPES, 1 K-EDTA, and 100
EGTA, pH 7.4). 50 nmol L−1 rhodamine 123 was added to 2ml of mi-
tochondrial membrane potential buffer (in mmol/L, 250 sucrose, 10
HEPES, 0.1 K-EGTA, 2 MgCl2, 0.1 ATP, 4 KH2PO4, pH 7.4) and the basal
level fluorescence was measured at 503 nm and 527 nm. 25 μl of the
mitochondria was added at 30 s. 90 s later mitochondria was energized
with 3mmol L−1 succinate followed by addition of IAA-94/vehicle
control at 7min. This was followed by addition of 40 nmol L−1 FCCP at
12min. The fluorescence was measured for an additional 5min.

2.6. Mitoplast patch clamp

For electrophysiological measurements, mitoplasts (mitochondria
without outer membranes) patching was performed as described pre-
viously [37,38]. Briefly, mitoplasts were prepared from rat heart mi-
tochondria placed in a hypotonic solution (mmol L−1 5 HEPES, 100
CaCl2, pH 7.2) to induce swelling and disruption of the outer mem-
brane. To restore the sample to an isotonic condition (mmol L−1 150
KCl, 10 HEPES, 0.1 CaCl2, pH 7.2) a hypertonic solution (mmol L−1 750
KCl, 30 HEPES, 0.1 CaCl2, pH 7.2) was added. The patch-clamp pipette
was filled with an isotonic solution. Mitoplasts are easily recognizable
due to their size, round shape, transparency, and presence of a “cap”,
characteristics that distinguish these structures from the cellular debris
that is also present in the preparation. The currents were low-pass fil-
tered at 1 kHz and sampled at a frequency of 100 kHz (Axopatch 200B).
The pipettes had a resistance of about 12–18MΩ and were pulled using
a PC-10 Narishige puller. An isotonic solution containing 100mmol L−1

CaCl2 was used as the control solution for the presented data. The ex-
periments to assess the channel activity were carried out in patch-clamp
inside-out mode. Data were analyzed with pClamp software.

2.7. Immunolabeling

Ultra-pure cardiac mitochondria [7] were incubated with
200 nmol L−1 mitotracker (Mitotracker™ Red CMXRos) in

mitochondrial isolation buffer (in mmol L−1, 70 sucrose, 210 mannitol,
1 EDTA-Na2, 50 Tris-HCl, pH 7.4) for 60min at 4 °C on a rotator shaker.
After loading, the mitochondria were seeded onto poly-L-lysine coated
coverslips (0.17-mm thickness) for 2 h at 4 °C, followed by fixing and
permeabilization [39]. The mitochondrial chloride intracellular
channel (CLIC) proteins were used as a positive control. The permea-
bilized mitochondria were labeled with anti-CLIC4, -CLIC5 and L-type
channel antibodies at 4 °C for 16 h. The samples were washed with PBS
containing 0.1% (v/v) Triton-X 100, followed by incubation with cor-
responding secondary antibody conjugates Atto 647 N (1 μgmL−1 each
of anti-mouse and anti-rabbit IgGs) or Alexa-488 (2 μgmL−1 anti-
mouse IgG or anti-rabbit IgG) in 0.1% (v/v) Triton-X 100 in PBS,
containing 1% (w/v) normal goat serum (NGS, G9023, Sigma Aldrich)
at room temperature for 60min. Samples were mounted for confocal
microscopy with mowiol® 4-88 (Sigma Aldrich). Images were acquired
with an Olympus confocal microscope IX 81 using a 60× oil immersion
objective with 1.42 NA (PlanAppoN) and median filtered [7]. The
percentage colocalization was quantified using image J.

2.8. Data analysis

Data are presented as mean ± SEM, n≥ 3. Student's two-tailed t-
test and one way ANOVA followed by Newman Keuls comparison test
were used to determine statistical significance. A p value of< 0.05 was
considered significant.

3. Results

3.1. IAA-94 reduces mitochondrial CRC but does not affect ψmito

IAA-94 was shown to abrogate cardioprotection mediated by IPC
and cyclosporin A (CsA) [17,18]. Our results (supplementary fig. 1), as
well as previous studies, demonstrated the presence of IAA-94 sensitive
channels in cardiac mitochondria. The channel current was inhibited by
a relatively lower concentration of IAA-94 (10 μmol L−1) in cardiac
mitoplast. The mechanism, by which IAA-94 sensitive channels play a
role in cardioprotection in in vivo, as well as ex-vivo condition, is un-
known. Mitochondrial Ca2+ is involved in mPTP opening which trig-
gers cell death signaling pathways. Therefore, we elucidated the role of
IAA-94 in CRC of the mitochondria. Interestingly, IAA-94 showed a

Fig. 1. IAA-94 treatment inhibits calcium retention capacity (CRC) of the cardiac mitochondria. Extramitochondrial calcium was labeled with calcium green 5 N and
the uptake of calcium was measured in the presence and absence of different concentration of IAA-94 (3–100 μmol L−1), by the addition of 5 μmol L−1 calcium
chloride (CaCl2) pulses. After each addition of CaCl2, a fast uptake was observed followed by a state where the equilibrium between the influx and efflux of Ca2+ is
reached. The equilibrium is disrupted and the Ca2+ is released when the maximum threshold of Ca2+ is reached within mitochondria. (A), in the representative
figure, 14 pulses of 5 μmol L−1 CaCl2 are required to induce mPTP opening in case of control (DMSO), whereas the varying concentration of IAA-94 show decreased
CRC of the cardiac mitochondria. (B), bar graph representing average pulses of CaCl2 required for mPTP opening in control as well as varying concentration of IAA-94
(3–100 μmol L−1) in n=4. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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concentration-dependent inhibition of CRC of the cardiac mitochondria
as represented in Fig. 1. We have observed that the calcium uptake by
the mitochondria for mPTP opening has significantly reduced to
39.6 ± 8% (n=4) and 84.8 ± 4.2% (n= 4) at 30 μmol L−1 and
100 μmol L−1 IAA-94, respectively. Moreover, there was no change in
the ψmito in the presence of IAA-94 as measured spectrophotometrically
using rhodamine 123 (Fig. 2A). Membrane potential was also measured
in the presence of ATP (Fig. 2B). ATP is known to increase intracellular
Ca2+, thereby inducing mitochondrial membrane depolarization.
Therefore, we evaluated whether the blocking of CLICs affects the ATP-
induced mitochondrial membrane depolarization. Our results show that
ATP induces mitochondrial depolarization as indicated by the increased
fluorescence but no change in ψmito was observed in the presence of
30 μmol L−1 IAA-94 (Fig. 2B).

3.2. Effect of IAA-94 on cyclosporin A-induced CRC

Cyclophilin D is a mitochondrial matrix protein and a predominant
mediator of mPTP opening [40]. The activity of this protein is inhibited
by an immunosuppressive drug cyclosporin A (CsA) [41–44]. Previous
results have shown that IAA-94 prevented the cardioprotection as well
as cellular protection mediated by CsA [18]. Therefore, we tested the
effect of IAA-94 on CRC of the cardiac mitochondria in the presence of
CsA to understand the mechanism of action of IAA-94. As expected, CsA
increased the calcium threshold of cardiac mitochondria by
29.69 ± 2.34% (n=4) (Fig. 3). However, in the presence of IAA-94
(30 μmol L−1), CsA could not increase the CRC of cardiac mitochondria
as shown in Fig. 3A&B. These results indicate that the effect of IAA-94
on mitochondria cannot be reverted by CsA.

3.3. IAA-94 increases myocardial infarction

IAA-94 is known to prevent cardioprotection due to IPC, and in-
crease MI in rabbit hearts [16,17]. In this study, we examined the effect
of IAA-94 (50 μmol L−1) in the heart subjected to IR injury using an in
vivo rat model by performing left anterior descending coronary artery
occlusion. The area at risk (AAR) to left ventricle (LV) ratio was similar
in both groups [54.8 ± 5% in control (n=5) vs. 54.6 ± 5% in IAA-94
(n=5)], indicating that the two groups were subjected to a comparable
degree of ischemic risk (Fig. 4 A, B). However, the infarct size (IS) was
significantly higher in the IAA-94-treated group compared to control;
the ratio of IS to AAR was 58.1 ± 7% in IAA-94 vs. 33.5 ± 6% in
control (p=0.01). These results in accordance with the previous data
[11,16,17] pharmacologically implicate the significance of IAA-94-
sensitive Cl− channels in cardioprotection.

3.4. IAA-94 decreases CRC after ex-vivo ischemia-reperfusion

IAA-94 modulated the CRC of isolated mitochondria (Fig. 1) and
also increased the myocardial infarction upon left anterior descending
coronary artery occlusion (Fig. 4). We further determined the me-
chanism of increased infarction upon IAA-94 treatment during IR in-
jury. CRC was measured in isolated mitochondria from heart subjected
to ex-vivo ischemia-reperfusion (30min of global ischemia and re-
perfusion). In some of the experimental groups hearts were treated with
IAA-94 (50 μmol L−1) or DMSO (vehicle control) 10mins prior to re-
perfusion. As expected we observed a decrease in CRC upon IR injury
[7,45] (Fig. 5). Interestingly, upon IAA-94 post-conditioning, the CRC
of mitochondria was significantly decreased (43.1 ± 1.6) vs. DMSO
group (56.7 ± 1.4) (n≥ 3, p < 0.001). Thus, indicating that during
IR injury, IAA-94 increases infarction by modulating CRC and thereby
affecting mPTP opening.

4. Discussion

Coronary heart diseases (CHD) are the major leading cause of
morbidity and mortality worldwide [46,47]. The effects of CHD are
attributed to the detrimental effects of acute myocardial IR injury [31].
IR injury is accompanied by rapid changes in the ionic equilibrium of
myocytes and thereby leading to cell death. Ion channels present in the
plasma membrane and intracellular membranes play a huge part in
maintaining cardiac physiology as they regulate action potential, and
mutations in them are often associated with many cardiac-related dis-
eases [48]. In addition, activation of mitochondrial cation channels like
small conductance calcium-activated potassium channels (SKCa)
[49,50], large-conductance calcium-activated potassium channels
(BKCa) [7,8] and KATP [51–53] have been implicated in mediating
cardioprotection from IR injury by modulating the mitochondrial
bioenergetics.

Cl− channels and transporters are equally important as they play a
role in modulating the volume decrease in response to the increase in
cell volume during ischemia, hypoxia, and hypertrophy and thereby
protecting cardiomyocytes from cell death [15]. Some of the Cl−

channels very well implicated in cardioprotection from IR injury are
volume-regulated chloride channels (VRCCs) [15] and cystic fibrosis
transmembrane conductance regulator (CFTR) [54,55]. VRCCs are
known to regulate redox signaling pathway through interaction with
NADPH oxidase (Nox) and/or as a superoxide anion transporter to
enhance myocyte viability as well as modulate anti-apoptotic cell sig-
naling pathways during myocardial damage [10]. CFTR was found to be
one of the key player mediating cardioprotective effects of IPC and post-

Fig. 2. IAA-94 treatment does not alter mitochondrial membrane potential (Δψmito). Cardiac mitochondria were loaded with Rhod-123 followed by exposure to
either DMSO or 30 μmol L−1 of IAA-94 at 7min in the (A) absence and (B) presence of 1mmolesL−1 ATP. FCCP, an uncoupling agent was added at 12th min and the
fluorescence intensities were recorded for another 5min. The y-axis represents percentage relative fluorescence intensities (F/Fi). Presence of ATP depolarizes the
mitochondria but there was no change in the Δψmito in the presence or absence of ATP.
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conditioning (POC).
The role of Cl− channels on cardioprotection is mostly deciphered

using their pharmacological inhibitors due to lack of information on
their molecular identity. Studies by Diaz et al. demonstrated that Cl−

channel blocker like Indanyloxyacetic acid 94 (IAA-94) prevented the
IPC and hypo-osmotic stress-mediated protection of rabbit hearts from
IR injury [17]. Thus, establishing the involvement of IAA-94 sensitive
Cl− channels in IPC. Blocking these channels with IAA-94 also abro-
gated the cardioprotective effect of pharmacological conditioning using
adenosine receptor agonist [2-chloro-N6-cyclopentyladenosine
(CCPA)/N6-2-(4-aminophenyl) ethyl adenosine (APNEA)] and the PKC
activator (phorbol 12-myristate 13-acetate (PMA) [16]. Unlike IAA-94,
blocking with non-selective anion channel blocker 4,4′-Diisothiocya-
nostilbene-2,2′-disulfonic acid (DIDS) resulted in cardioprotection from
IR injury [5]. This differential effect could be attributed to the different
targets of these inhibitors.

IAA-94 was used to affinity purify the chloride intracellular channel
(CLIC) proteins from bovine kidney lysates [56,57]. Some of the para-
logs of mammalian CLICs, namely, CLIC4 and CLIC5 were also estab-
lished to be present in the cardiac mitochondria [22,29,34]. Similar to
previous studies [21], we observed IAA-94 sensitive Cl− channel ac-
tivity in cardiac mitoplast isolated from R. norvegicus at very low con-
centration (10 μmol / L) of IAA-94 further confirming the presence of
IAA-94 sensitive channels in mitochondria (supplementary fig. 1).

Although these sub-conductance states of IAA-94 sensitive mitochon-
drial chloride channels are attributed to the presence of CLICs in car-
diac mitochondria [23], it still needs to be deciphered using CLIC
specific genetic knock out mouse.

In agreement with the study by Diaz et al., [17], we showed that
blocking Cl− channels with IAA-94, 5min prior to reperfusion in-
creased myocardial infarction (Fig. 4) suggesting activation of IAA-94
sensitive Cl− channels are necessary during ischemia for cardiopro-
tection against IR injury. Although the role of IAA-94 sensitive Cl−

channels in cardioprotection has been very well studied [16,17], the
mechanism by which they mediate cardioprotection is not very clear.

In this study, we show that IAA-94 sensitive Cl− channels modulate
the CRC of the isolated cardiac mitochondria. IAA-94 showed a con-
centration-dependent reduction in the CRC of cardiac mitochondria
(Fig. 1). CRC of mitochondria is known to determine its viability. It is a
measure of the calcium threshold in the mitochondria required to open
the mPTP [27]. We observed a very low concentration of IAA-94
(3 μmol L−1) was able to reduce the CRC by ~40% (Fig. 1). A higher
concentration of IAA-94 (100 μmol L−1) further reduced the CRC by
~85% as shown in Fig. 1. This suggests the role of IAA-94 sensitive Cl−

chloride channels in modulating the mPTP opening via regulating the
calcium homeostasis in the cardiomyocyte.

Remarkably, IAA-94 (30 μmol L−1) could not alter the mitochon-
drial membrane potential both in the presence and absence of ATP

Fig. 3. IAA-94 inhibits the cyclosporin A-mediated increase in calcium retention capacity (CRC) of cardiac mitochondria. Extramitochondrial calcium was labeled
with calcium green 5 N as described previously and the uptake of the calcium was measured in the presence and absence of both IAA-94 (30 μmol L−1) and
cyclosporin A (CsA, 1 nmol L−1). (A) In this representative figure, CsA increased the Ca2+ pulses required to induce mPTP opening to 21 pulses from 14 pulses
(absence of CsA) of 5 μmol L−1 CaCl2. IAA-94 treatment inhibited the CsA mediated delayed onset of mPTP opening. (B), bar graphs representing average pulses of
CaCl2 required for mPTP opening in both the presence and absence of CsA and IAA-94 in n=4. Statistical significance values were determined by one way ANOVA
test, n.s. is not significant. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. IAA-94 administration increases MI size in in vivo IR in a rat model. Adult male rat hearts were subjected to the left coronary artery occlusion for 45min
followed by 3 h of reperfusion. A single intravenous bolus of phosphate buffered saline (PBS) (control) or IAA-94 (20mg/kg body weight) was administered 5min
before reperfusion. (A) Cardiac sections showing acute post-ischemic IAA-94-induced increase in MI size compared to control. (B) The percentage ratio of area at risk
(AAR) normalized by left ventricle (LV) showed no significant difference in control vs IAA-94 treated group. Administration of IAA-94 significantly increased infarct
size (IS) as demonstrated by percentage ratio IS normalized to AAR (C). Values are mean ± SEM. Statistical significance values were determined by one way ANOVA
test, p=0.01in IAA-94 vs. control, n.s. is not significant.
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(Fig. 2) as measured by rhodamine 123 suggesting that inhibiting Cl−

channels does not alter the mitochondrial membrane potential. This is
in accordance with the previous studies wherein it was shown that
cyclosporin A (CsA), a prototypic inhibitor of mPTP opening disrupted
the mitochondrial membrane potential in cardiomyocytes but IAA-94
could not [18]. The mechanism of how IAA-94 treatment results in
mPTP opening but does not cause any change in membrane potential is
intriguing and needs to be investigated further.

In addition, we observed CRC of mitochondria was significantly
reduced in hearts treated with IAA-94 prior to reperfusion during ex
vivo IR injury (Fig. 5). This suggests that during ischemia targets of IAA-
94 are involved in regulating mitochondrial calcium levels which are
required for maintaining the integrity of mPTP. In this study, we pro-
vide direct evidence for the underlying mechanism of IAA-94 mediated
increased myocardial infarction is via modulating the CRC of mi-
tochondria.

It was shown earlier that blocking chloride channels with IAA-94
abrogated the cardioprotection mediated by CsA [18] in ex vivo studies.
Concluding that cardioprotective effects of CsA are not only attributed
to their role in inhibiting mPTP opening but also by enhancing the cell
volume regulatory mechanisms during ischemia. Further, we in-
vestigated the role of IAA-94 sensitive channels on mPTP opening in the
presence of CsA. As expected CsA treatment enhanced the CRC of the
cardiac mitochondria (Fig. 3) delaying the mPTP opening. Intriguingly,
upon blocking Cl− channels with IAA-94, CsA could not salvage the
early onset of mPTP opening (Fig. 3).

Previous studies have also shown that CsA could not rescue the peak
cell swelling of cardiomyocyte in the presence of IAA-94. In our ex-
periments, IAA-94 treatment in cardiac mitochondria probably leads to
mitochondrial swelling. This initial cascade of events is enough to ac-
tivate the mPTP opening and hence could not be reverted in the pre-
sence of CsA. In support, we also show the presence of IAA-94 sensitive
Cl− channel conductance in cardiac mitochondria (supplementary fig.
1) which could probably play a part in Cl− efflux during volume reg-
ulation. Our results corroborated earlier findings that IAA-94 sensitive
Cl channels are present in mitochondria [21,23].

All pharmacological approaches have limitations such as non-spe-
cific effects due to targeting other proteins or cellular components. IAA-
94 is known to inhibit L type calcium channels non-specifically [58].
We isolated mitochondria, loaded them mitotracker and labeled with
specific antibodies against L-type calcium channels, CLIC4 and CLIC5.
This method of direct visualization of protein in isolated mitochondria

provides an opportunity to test the presence (or absence) of target
proteins [35,59–62]. In our study, we did not detect L-type calcium
channels in cardiac mitochondria isolated from rat hearts (supple-
mentary fig. 2). In the same preparation, IAA-94 sensitive mitochon-
drial anion channel proteins, CLIC4 (47 ± 5%) and CLIC5 (53 ± 7%)
localize very well to cardiac mitochondria [34]. This suggests that the
abrogative effects of IAA-94 are associated with the chloride channels
and not any other non-specific targets of IAA-94 in mitochondria at the
concentration used in this study. Further, these findings do not rule out
the possibility of non-mitochondrial chloride channels in cardiomyo-
cyte that could modulate the mPTP opening and thereby play a role in
cardioprotection.

To conclude, in this study we show that IAA-94-sensitive chloride
channels play a key role in mediating cardioprotection from in vivo IR
injury. The IAA-94 mediated cardio deleterious effect probably is gov-
erned by regulation of mitochondrial Ca2+ retention capacity by
modulating mPTP opening (Fig. 6). In support, we also show the pre-
sence of IAA-94 sensitive chloride channels in cardiac mitochondria,
which could be putative targets of IAA-94 in mitochondria.
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