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Oxidative stress plays a significant role not only in cardiovascular disease but also in non-communicable diseases,
where it plays a significant role the mortality rate. Hydrogen sulfide, the biological gaseous signaling molecule that
preserves mitochondria in its mode of action, is an effective cardioprotective drug. However, cardiac mitochondria
comprise of two distinct populations, namely interfibrillar and subsarcolemmal mitochondria, which respond
distinctly in cardiovascular disease. This study was designed to determine the direct impact of cobalt chloride-induced
oxidative stress in isolated mitochondrial subpopulations with an intention to examine the efficacy of hydrogen
sulfide in preserving interfibrillar and subsarcolemmal mitochondria functional activities when they were incubated
as pretreated, co-treated and post-treated agent. Mitochondrial subpopulations were isolated from the heart of
male Wistar rats and subjected to cobalt chloride treatment (500 µM) for 20 min, followed by incubation with
10 µM sodium hydrosulfide in three different ways (Pre, Co, and Post-cobalt chloride treatment). Mitochondrial
oxidative stress was measured by the concentration of thiobarbituric acid reactive species, reduced glutathione and
the activities of enzymes like superoxide dismutase, catalase and glutathione peroxidase. Mitochondrial membrane
potential, swelling behavior and enzyme activities were measured to assess its function. The increased level of lipid
peroxidation and the decreased level of reduced glutathione in cobalt chloride-induced group confirm the induction
of oxidative stress and were more predominant in the subsarcolemmal mitochondria. Hydrogen sulfide treatment to
interfibrillar and subsarcolemmal mitochondria preserved their functional activities, but the effect was prominent
only with co-treated group. In conclusion, the present study demonstrated that subsarcolemmal mitochondria
are more prone to oxidative stress and the co-treatment of the mitochondria with hydrogen sulfide preserved the
enzyme activity in the in vitro conditions.
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Reactive oxygen species (ROS) are molecules
containing unpaired electrons and includes singlet
oxygen, superoxide, peroxides, hydroxyl radicals
and hypochlorous acid[1]. These unpaired electrons,
are highly reactive and can damage the cell.
Oxidative stress results from the imbalance between
the production of ROS and the efficiency of the
antioxidant system, leading to an altered state which
can contribute to endothelial dysfunction and cell
death[2]. The reactive nature of oxygen species made it
necessary to develop a defense mechanism to protect
cellular damage. Oxidative stress has been given more
importance because of its role in aging, cell death,
cardiovascular disease, diabetes, cancer, ischemia
reperfusion injury[3].

In mitochondria, enhanced levels of ROS are
generated during oxidative phosporylation which
ultimately leads to the mitochondrial dysfunction[4].
Majority of ROS are generated by complexes I and
III because of the increased supply of electrons by
NADH and FADH, generated by different sources
during pathological condition, into the ETC [5]. In
active mitochondria, oxidative phosphorylation
resulted in enhanced oxygen consumption that
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leads to the formation of superoxide (O 2) radical[6].
Superoxide gets transformed into hydrogen peroxide
(H 2 O 2 ) by the enzymes manganese superoxide
dismutase (MnSOD) or copper/zinc superoxide
dismutase (Cu/Zn SOD) [7] and then to water by
glutathione peroxidase (GPX) or peroxiredoxin III
(PRX III)[8]. Yet, when these enzymes cannot convert
ROS such as the superoxide radical to H 2O fast
enough, then oxidative damage occurs and ROS
accumulates in the mitochondria.
Heart mitochondria consists of two distinct
mitochondrial subpopulations, one beneath the
sarcolemma, subsarcolemmal mitochondria (SSM)
and another along with myosin fibers interfibrillar
mitochondria (IFM)[9]. SSM is released by the initial
tissue homogenization followed by centrifugation
while IFM requires protease treatment for the
disruption of myofibrils[10]. It has been reported that
cobalt is toxic in its ionic form and increases the
reactive oxygen species in neuroblastoma cells[11].
Similarly it can induce hepatotoxicity in rat’s
in vivo[12]. Oxidative stress can also be induced by
cobalt chloride in the human placental and goat
heart mitochondria in in vitro studies[13]. Hydrogen
sulfide can protect the apoptosis induced by oxidative
stress[14]. So far no studies have reported the role of
hydrogen sulfide on IFM and SSM.
In the present study, these mitochondrial
subpopulations were isolated from the rat heart and
the direct impact of cobalt chloride-induced oxidative
stress was studied in vitro. The oxidative stress
induced mitochondrial subpopulations were subjected
to sodium hydrosulfide treatment in the following
ways, pretreated, co-treated and post-treated, to assess
its efficacy. The antioxidant activity, mitochondrial
functional and enzymatic activities were evaluated for
those mitochondrial subpopulations.

MATERIALS AND METHODS
All chemicals used were of analytical grade purchased
from Himedia, Mumbai, India except sodium
hydrosulfide which was from Sigma-Aldrich, USA.
All animal experiments were conducted
in accordance with the CPCSEA (Committee
for the purpose of conduct and supervision of
experiments on animals) guidelines, approved by
the institutional animal ethics committee (IAEC
152

No. 214/SASTRA/IAEC), Central Animal Facility,
SASTRA University. We used male albino Wistar
rats aged 7 to 8 weeks (180-200 g). Animals
were kept in polycarbonate cages at a controlled
temperature of 25±3° and 60±10% relative humidity
with a 12 h each of dark and light cycle. Rats were
acclimatized for one week with standard laboratory
diet and tap drinking water before the start of the
experiment.
Experimental protocols:
Hearts from male Wistar rats were collected,
after perfusing it with KH buffer. Interfibrillar
and sub sarcolemmal mitochondria were isolated.
The isolated mitochondria were subjected to the
following set of experiments: Group 1 (Normal
control): IFM and SSM were kept at 37° for 30
min after adding respiration buffer and stored at
-80°. Group 2 (Induction control): Mitochondrial
subpopulations were exposed to 500 µM cobalt
chloride (CoCl 2 ) for 20 min and centrifuged at
9000 g for 10 min. The pellet was stored in
the respiration buffer at -80°. Groups 3 (NaSH
pretreated): Isolated mitochondria were treated
with 10 µM of sodium hydrosulfide (NaSH) for
10 min, which was then centrifuged at 9000 g for
10 min. Cobalt chloride (500 µM) was added to
the pellet and incubated for 20 min at 37 o . The
samples were centrifuged and the pellet was stored
in the respiration buffer at -80°. Group 4 (NaSH
co-treated): Both IFM and SSM were simultaneously
treated with 500 µM cobalt chloride and 10 µM
sodium hydrosulfide for 20 min at 37° and the
pellet was stored in the respiration buffer at -80°
after centrifugation at 9000 g. Group 5 (NaSH
post-treated): Cobalt chloride of 500 µM was added
to mitochondrial subpopulations and incubated for
20 min at room temperature. After centrifugation at
9000 g for 10 min, the pellet was exposed to 10 µM
of sodium hydrosulfide for 10 min. The sample was
centrifuged at 9000 g and the pellet was stored in
respiration buffer at -80°.
Isolation of mitochondrial sub population:
Rat heart mitochondrial sub populations were isolated
by differential centrifugation[15].
Isolation of subsarcolemmal mitochondria:
The homogenization of cardiac tissues was carried
out on the medium that contains 100 mM KCl,
40 mM Tris HCl: pH 7.5, 10 mM Tris base, 5 mM
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MgCl2, 1 mM EDTA, and 1 mM ATP in a proportion
of 10 ml/g heart. Centrifugation of the homogenate
was done at 800 g for 5 min at 4º, the resultant
supernatant was again centrifuged at high speed of
9000 g for 10 min at 4º. The pellet from the above
step was suspended in a solution containing 100 mM
KCl, 10 mM Tris HCl: pH 7.4, 10 mM Tris base,
1 mM MgSO4, 0.1 mM EDTA, 0.02 mM ATP and
1.5% BSA (fatty acid free) and centrifuged at 8000 g
for 10 min. Solution containing 100 mM KCl, 10 mM
Tris HCl: pH 7.4, 10 mM Tris base, 1 mM MgSO4,
0.1 mM EDTA and 0.02 mM ATP were added to the
pellet and recentrifuged at 6000 g for 10 min. The
pellet was suspended in the medium that contains 220
mM sucrose, 70 mM mannitol, 10 mM Tris HCl, pH
7.4 and 1 mM EDTA.
Isolation of interfibrillar mitochondria:
The homogenization of cardiac tissue was carried
out on the medium that contains 100 mM KCl, 40
mM Tris HCl: pH 7.5, 10 mM Tris base, 5 mM
MgCl 2, 1 mM EDTA, 1 mM ATP in a proportion
of 10 ml/g heart (same as above mentioned). The
resultant pellet was suspended with 10 fold of the
above mentioned solution and homogenized for 5 s
and recentrifuged at 800 g for 5 min. Trypsin was
added to the pellet at a concentration of 5 mg/g wet
tissue and kept undisturbed for 10 min at 4°. The
reaction was stopped by adding 20 fold of same
buffer and the suspension was centrifuged for 5 min
at 5000 g. The resulting pellet was homogenized in a
solution containing 100 mM KCl, 10 mM Tris HCl:
pH 7.4, 10 mM Tris base, 1 mM MgSO4, 0.1 mM
EDTA, 0.02 mM ATP and 1.5% BSA (fatty acid free)
and centrifuged at 800 g for 10 min. The resulting
supernatant was transferred to a clean tube to be
spun at high speed (9000 g for 10 min at 4º). The
pellet was cleaned by re suspension in a solution
containing 100 mM KCl, 10 mM Tris HCl: pH 7.4,
10 mM Tris base, 1 mM MgSO4, 0.1 mM EDTA and
0.02 mM ATP. The tubes were centrifuged at 6000 g
for 10 min. The pellet was collected and stored in
buffer containing 220 mM sucrose, 70 mM mannitol,
10 mM Tris HCl, pH 7.4 and 1 mM EDTA[13].
Biochemical parameters:
Thiobarbituric acid reactive substances (TBARS) were
measured as a marker of lipid peroxidation[16]. The
levels of various antioxidant enzymes like manganese
superoxide dismutase (SOD), catalase and glutathione
peroxidase (GPx) [17] were measured using Biotek
January - February 2016

Synergy H1 multimode reader. Protein concentration
was measured with Folin phenol reagent, following
the procedure described by Lowry[18]. Assay of malate
dehydrogenase, succinate dehydrogenase and NADH
dehydrogenase were also carried out. Total glutathione
content (GSH) in IFM and SSM was measured as per
the standard procedures[19].
Mitochondrial swelling:
Ca 2+ -induced swelling was used to assess the
activation of the mitochondrial permeability transition
pore[20]. Mitochondria were incubated at 30° in buffer
containing 125 mM sucrose, 50 mM KCl, 5 mM
HEPES, 2 mM KH2PO4 and 1 mM MgCl2. Swelling
of mitochondria was determined in presence of
5 mM glutamate-malate. The rate of change in the
absorbance was recorded at 540 nm.
Mitochondrial membrane potential:
Mitochondrial membrane potential was estimated
using the uptake of the positively charged fluorescent
dye, rhodamine 123[20]. Mitochondrial aliquots were
centrifuged at 9000 g for 10 min. Pellets were then
resuspended in fresh incubation buffer devoid of
EDTA. Rhodamine 123 (1.0 μM) was added and the
resuspensions were incubated at 37° in a thermostatic
bath for 15 min with gentle shaking. Mitochondrial
pellets were separated by centrifugation at 9000
g for 10 min and the concentration of rhodamine
123 was measured in the pellet as well as
in supernatant fluorimetrically at an excitation
wavelength of 549 nm and emission wavelength of
574 nm. Membrane potentials (negative inside) were
calculated by the Nernst equation: Δψ=59*log[(Rh
123)in/(Rh 123)out].
Statistical analysis:
The data were expressed as mean±SD. The
comparison between groups, at various time points
during the experiment was conducted using ANOVA
followed by multiple comparison tests, particularly
Dunnett’s test using Graph Pad Prism software
version 5.0.

RESULTS
The interfibrillar and sub sarcolemmal mitochondria
were isolated from normal rat hearts and the integrity
was assessed by the respiratory control ratio and P/O.
It is already known that cobalt chloride mediates
mitochondrial oxidative stress by inducing reactive
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oxygen species generation. Lipid peroxidation levels
of IFM and SSM after subjected to CoCl2 incubation
for 20 min suggest that both mitochondrial sub
populations have similar sensitivity (fig. 1) towards
oxidative stress in in vitro condition. In concurrence
to the elevated TBARS levels (fig. 1a), antioxidant
enzymes like SOD (fig. 1b), catalase (fig. 1c), GPx
activities (fig. 1d) were declined as compared to the
normal control groups.
Effect of hydrogen sulfide pretreatment on isolated
IFM and SSM:
The antioxidant effect of hydrogen sulfide under
oxidative stress was reported in cardiomyocytes[21]

and are mediated through the mitochondrial
signaling pathway. In this study, we evaluate the
potential of H2S in ameliorating the oxidative stress
insulted in isolated mitochondrial subpopulation
by cobalt chloride incubation. Pretreatment of IFM
and SSM with H 2S for 20 min reduced the lipid
peroxidation in both IFM and SSM as compared to
the cobalt chloride treatment group. Compared to
SSM, IFM showed 17% decrease in TBARS levels
(fig. 1a) and corresponding reduction in thiol levels
(fig. 1e) were observed. The antioxidant enzymes
like catalase, superoxide dismutase and glutathione
peroxidase activities were recovered to near normal
level, indicating the effectiveness of hydrogen

a

b

c

d

e
Fig. 1. The effects of NaSH on the cobalt chloride-induced oxidative stress.
The effects of NaSH on the cobalt chloride-induced oxidative stress on interfibrillar and subsarcolemmal mitochondria on (a) TBARS
(b) SOD (c) Catalse (d) Glutathione Peroxidase and (e) GSH. (a) Thiobarbituricacid reactive species level was measured in the mitochondrial
subpopulations and the results were represented in nano moles of malondialdehyde (MDA) per mg of protein. (b) Superoxide dismutase
activity was measured by pyrogallol auto-oxidation method and the activity was expressed as units per mg protein. (c) Catalase enzyme
activity expressed in unit per mg protein. (d) Glutathione peroxidase activity was expressed in µg of glutathione liberated per minute per
mg protein. (e) Glutathione level was measured and expressed in µg of glutathione per mg of protein. Results are expressed as mean±SD of
n=3 independent assays. (*) P<0.05, statistically different from the controls.
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sulfide in ameliorating the mitochondrial oxidative
stress.

elevated 40 and 15%, respectively as compared to the
cobalt chloride control group.

Malate dehydrogenase, considered to be one of
the indicators for TCA cycle metabolic pathway
regulation was found to have elevated activity
(fig. 2a). On the other hand, succinate dehydrogenase
(fig. 2b) and NADH dehydrogenase (fig. 2c) that
represents complex I and complex II activity did not
show a corresponding increase in their activity to near
normal level (fig. 2), suggested limited ETC activity.

Antioxidant enzymes like catalase, SOD, GPx and
GR normally reduce the free radical level in the
biological system were found to be almost normal
level in H2S co-treated group, suggesting the limited
pathological impact of CoCl2 on the mitochondrial
subpopulations. Fig. 2a shows the enzyme activities
of malate dehydrogenase, one of the main regulatory
enzymes of TCA, succinate dehydrogenase (fig. 2b)
and NADH dehydrogenase (fig. 2c), that measure
the partly complex II (measure subunit A) and
complex I (measure retention insensitive part)
respectively. All enzymes showed near normal
activity, provide sufficient data for the functional
integrity of mitochondria. There were no significant
changes between the subpopulation in their enzymatic
activities.

Effect of hydrogen sulfide co-treatment on isolated
IFM and SSM:
According to the fig. 1a, lipid peroxidation marker
namely TBARS level was low (62%) in H 2 S
co-treated group as compared to the cobalt chloride
control group. A supportive observation in the GSH
level was found in H2S co-treated groups, where its
level was increased by 42% as compared to the cobalt
chloride control group. Between the mitochondrial
subpopulations, SSM observed 81% decline and
IFM showed a 60% decrease in TBARS levels. On
the other hand, GSH levels in SSM and IFM were

a

Effect of hydrogen sulfide post-treatment on
isolated IFM and SSM:
In post-treated groups, cobalt chloride treatment
of mitochondrial subpopulations incubated with

b

c
Fig. 2. The effect of NaSH on the cobalt chloride-induced oxidative stress on the mitochondrial functional enzymes activities.
The effect of NaSH on the cobalt chloride-induced oxidative stress on interfibrillar and subsarcolemmal mitochondria on the mitochondrial
functional enzymes activities. (a) Malate dehydrogenase Activity (b) Succinate dehydrogenase Activity (c) NADH dehydrogenase Activity.
(a) The activity of malate dehydrogenase enzyme was measured and expressed as nM of malate oxidized per minute per mg protein. (b)
Succinate Dehydrogenase activity was measured and expressed in nM of succinate oxidized per minute per mg of protein. (c) NADH
Dehydrogenase enzyme activity was measured and expressed in nM of NADH oxidized per minute per mg of protein. Results are expressed
as mean±SD of n=3 independent assays. (*) P<0.05, statistically different from the controls.
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NaSH for 10 min resulted in the reduction of lipid
peroxidation levels in IFM and SSM as compared
to CoCl2 induction group. The corresponding GSH
levels were elevated 10%, in IFM and 18% in SSM
(fig. 1e). Antioxidant enzymes like catalase, SOD,
GPx activities were improved to the near control
level (fig. 1), suggesting the effectiveness of H 2S
post treatment. Similarly, mitochondrial enzymes like
MDH, SDH and NADH dehydrogenase activities
were also significantly improved as compared to the
cobalt chloride control group. However, the observed
improvements in antioxidant, mitochondrial TCA and
ETC enzymes were no as that of mitochondria that
were co-treated with H2S.

DISCUSSION
Mitochondria being the source and a target of reactive
oxygen species, the direct link between mitochondrial
dysfunction and cardiomyocytes oxidative stress
has been well established [22]. In this manuscript,
we assessed the direct impact of cobalt chlorideinduced oxidative stress on cardiac mitochondrial sub
populations viz., interfibrillar and subsarcolemmal
mitochondria and found that subsarcolemmal
mitochondria is more sensitive towards cobalt
chloride-induced oxidative stress, indicating the distinct
response of cardiac subpopulations towards chemically
induced oxidative stress. In addition, we found
that exogenous H 2S incubation with mitochondrial
subpopulations, preserve the mitochondrial functional
activity and the protection was more prominent with
H2S co-treatment, rather than pre or post treatments.
Cobalt chloride-induced oxidative stress, increases
the formation of reactive oxygen species (ROS)[23]
by acting on the mitochondrial transition pore. Lipid
peroxidation, the product of ROS, is considered to
be one of the primary markers/ indicators to assess
oxidative stress. In fact, the imbalances in redox
couples such as reduced to oxidized glutathione
(GSH/GSSG ratio) or NADPH/NADP+ ratio[24] are the
primary reason for the oxidative stress. Fig. 1 shows
an elevated TBARS levels in the mitochondrial sub
populations and corresponding decline in the reduced
glutathione levels in the cobalt chloride treated
group, confirming the existence of oxidative stress.
In the normal conditions, mitochondria are enriched
with antioxidants and antioxidant enzymes, because
of its free radical generation capacity and have the
potential to counter the free radical release as well.
156

ROS could be reduced by intracellular antioxidant
enzymes, including superoxide dismutase, glutathione
peroxidase and catalase as well as some nonenzymatic
antioxidant molecules like glutathione and vitamin
E. However, during pathological conditions, the
increased flux of free radicals may not counterpart
with the normal antioxidant defense mechanism.
Generally, the mitochondrial oxidative stress results
in the impairment of mitochondrial functional
activities. In the present study the functional activity
of the mitochondria was studied by measuring the
enzyme activity of malate dehydrogenase, succinate
dehydrogenase and NADH dehydrogenase activities.
As predicted, the mitochondrial enzyme activities
were declined in CoCl2 treated group.
Cardiac mitochondria is heterogenous in nature; exist
as interfibrillar and subsarcolemmal mitochondria[15].
SSM is located beneath the sarcolemma in cardiac
and skeletal muscle, while IFM are located between
the myofibrils in cardiac and skeletal muscle [10].
Functional and morphological difference between
the subpopulations was reported. Similarly, oxidative
stress experienced by these subpopulations is also
distinct. For instance, preferential loss of IFM
function with age was also reported[25]. In this study,
the cobalt chloride-induced significant decline in the
mitochondrial antioxidant capacity and functional
enzyme activity in both IFM and SSM. However,
the comparison between the subpopulations showed
a prominent difference in the sensitivity of IFM
and SSM towards oxidative stress, and our results
suggest that SSM is more sensitive towards cobalt
chloride-induced oxidative stress in in vitro condition.
Our observation agrees with the findings of other
published work stating that decreased ETC function
and elevated oxidative stress have been reported
in SSM after myocardial I/R, with no differences
observed in IFM.
Evidences from the previous study revealed that low
concentration of hydrogen sulfide can mediate the
stimulatory effect on mitochondria as it can donate
electrons to complex II and IV[26]. On the other hand,
higher concentration of hydrogen sulfide imparts
inhibition on cytochrome C oxidase and thereby
contribute to its toxicity [26]. Kimura et al. [27] have
shown that subnormal concentration of hydrogen
sulfide increase glutathione production and suppresses
oxidative stress in mitochondria. In order to study,
whether the antioxidant potential reported with H2S
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b

a

Fig. 3. The effect of NaSH on membrane potential and mitochondrial swelling.
The effect of NaSH on the cobalt chloride-induced oxidative stress on interfibrillar and subsarcolemmal mitochondria on (a) Membrane
potential (b) Mitochondrial swelling. (a) Membrane potential was estimated by measuring the concentration of fluorescent dye Rhodamine
123 at excitation 549nm and emission 574nm and the membrane potential was calculated by Nernst equation Ψ=(-59 (log(Rhodamine
in/(Rhodamine out)). (b) represents the rate of change in the absorbance after adding CaCl2 at 540nm. Results are expressed as mean±SD of
n=3 independent assays. (*) P<0.05, statistically different from the controls.

is inherent or mediated through other biomolecules,
we incubate the isolated IFM and SSM with H2S in
three different stages of cobalt chloride treatment,
namely, before the treatment (pretreated), along with
the treatment (co-treatment) and after the treatment
(post-treatment). The oxidative stress measured in
terms of TBARS (fig. 1a) and GSH level (fig. 1e)
indicates that co-treatment of IFM and SSM with H2S
render maximum protection, compared to pre-treated
and post-treated mitochondrial sub populations. In
agreement with this finding, the antioxidant levels of
IFM and SSM were improved to near normal levels.
H2S can improve mitochondrial ATP production not
only by preserving the mitochondrial membrane, but
also reduce metabolic demand by serving as a means
for energy supplementation[26]. Moreover, previous
studies established that hydrogen sulfide can provide
electrons to complex II and IV of mitochondrial
electron transport chain. Hence, co-treatment of
mitochondria with hydrogen sulfide may preserve the
mitochondrial membrane potential, as shown by fig. 3a
and thereby reduce the prolonged uncoupling along
with associated depolarization[28]. In fact, Co2+ induces
mitochondrial swelling (fig. 3b) and in parallel, it also
induces the collapse of electrical membrane potential[29].
According to the fig. 3, H2S co-treated IFM and SSM
showed minimal resistance to swelling behavior as
compared to other experimental groups. In addition,
mitochondrial membrane potential was preserved in
this group as well.
January - February 2016
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