ORIGINAL ARTICLE

Effect of a glutathione S-transferase inhibitor on
oxidative stress and ischemia-reperfusion-induced
apoptotic signalling of cultured cardiomyocytes
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Oxidative stress and ischemia-reperfusion (IfR) injury are crucial in the
pathogenesis of cardiovascular diseases. The antioxidant glutarhione
S-transferase (GST) is responsible for the high-capacity metabolic inacti-
varion of electrophilic compounds and toxic substrates. The main objec-
tive of the present study was to examine the effect of GST inhibition (with
the administrarion of ethacrynic acid [EA]) on the viability and apoprasis
of cardiomyocytes when these cells are exposed ta various stress compo-
nents of /R and mitogen-activated protein kinase (c-Jun N-terminal
kinase, p38 and extracellular signal-regulated kinase [ERK]) inhibitors.
The primary culture of neonatal rat cardiomyocytes was divided into
six experimental groups: control group of cells (group 1), cells exposed ro

H,0; (group 2), I/R (group 3), I/R and EA (group 4), H,0, coupled with
EA (group 5), and EA alone (group 6). The viabiliry of cardiomyocytes was
determined using a colorimetric MTT assay. The apoptosis ratia was evalu-
ated via fluorescein isothiocyanate-labelled annexin V and propidium
iodide staining. ¢-Jun N-terminal kinase, p38, Akt/protein kinase B and
ERK/p42-p44 transcription factors were monitared with flow cytomerry.
¢-Jun N-terminal kinase activation increased due to GST inhibition dur-
ing I/R. EA administration led to a significant increase in p38 activation
following both H,0, treatment and I/R. ERK phosphorylation increased
when GST was exposed to I/R. A pronounced decrease in Akt phosphory-
lation was observed when cells were correated with EA and H,Q,. GST
plays an important role as a regulator of mitogen-activaed protein kinase
pathways in /R injury,
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large collection of experimental data support the presence of

apoptosis in a variety of cardiovascular diseases. It has also been
well investigated that oxidative stress is a major apoptotic stimulus in
many cardiac diseases (1-3). Among numerous defence mechanisms
against oxidative injury, glutathione S-transferase (GST) plays a cru-
cial role. The GST family, which comprises a relatively high amount
of total cytosolic protein, is responsible for the high-capacity meta-
bolic inactivation of electrophilic compounds and toxic substrares
(4-6). Thus, glutathione homeostasis is essentially regulated by GST
activity, and the glutathione redox status is critical for various biologi-
cal events. Recently, novel roles for glutathione homeostasis and GST
in signal transduction, gene expression, apoptosis, protein glutachiony-
lation, nitric oxide metabolism and inflammation have been discussed
(5,7.8).

It is important to note that alterations of cellular-reduced glutathi-
one (GSH) metabolism and acrivity of GST can influence several
signalling pathways (5.9). Certain types of GST play a key role in
regulating mitogen-activated protein (MAP) kinase pathways involved
in the cellular response 1o stress, apoptosis and proliferation (10,11),
thus altering activity of apoptoric signal-regulating kinase-1 (ASK1)
and influencing rhe decision regarding cell fate.

Ar least five of the human GST genes display functional poly-
morphisms. These polymorphisms are likely to conrribute to interindi-
vidual differences in response to xenobiotics and clearance of oxidative
stress products and, therefore, may determine suscepribility to various
inflammarory pathologies including cancer, and cardiovascular and
respiratory diseases (12,13). In addition, some GST polymorphisms
have also been associated with increased risk of lung adenocarcinoma
(12,14). Recent studies highlight the patentially unique roles of GST
enzymes as crucial determinants of the development of ischemia-
reperfusion (I/R). An association was found hetween different donor
GST genotypes and primary graft dysfunction in patients following
heart and lung transplantation (15,16). Other studies described the

damaging effect of GST inhibition on peripheral and cenrral motor
neurons, cerebral astrocytes, isolated hepatocytes and vascular smaoth
muscle cells {17-20). Although the effect of GSH depletion in cardio-
myocytes has been well described to be a result of different patho-
logical states (5,21,22), the exact role of GST activity on cardiomyocyte
apoptosis and alteration of signalling cascades of cardiomyocytes has
not been determined.

Therefore, the present study was conducted to identify the biological
role of GST in cardiomyocytes under oxidative stress conditions.
Principally, the aim of the study was to evaluate the effect of GST inhib-
ition (using ethacrynic acid [EA]) on cardiomyocyte apoptosis and on
the alteration of proteins and MAP kinase pathways.

METHODS

Cell culture

The primary culture of neonaral rar cardiomyocytes was prepared as
previously described (23,24). Briefly, cells were obtained from ventri-
cular myocytes of two- to four-day-old Wistar rats (Charles-River Ld,
Hungary), using collagenase (Gibco Collagenase Type 11, Invitrogen
Corporation, USA). Tsolared cells were plated on collagen I-coared
plates (Coll Typ 1 cell coat, Greiner, Germany) ar a density of
200,000/cm?. Cells were incubated in DMEM/F12 medium (Sigma-
Aldrich, USA) and supplemented with 10% fetal bovine serum
(Gibco, USA), The following day, when the cells firmly attached to
the plate, the medium was replaced with a complete serum-free
medium (CSFM) containing the following supplements: bovine serum
albumin (2.5%; AlbuMax 1, Invitrogen Corporation), insulin (1 M),
transferrin (3.64 pg/mL), selenium (32 nM; insulin-transferrin-sodium-
selenite media supplement, Sigma, Hungary), sodium pyruvate (2.8 mM,
Sigma, Hungary), 3,3"5"triiodo-L-thyronine sodium salt (1 nM,
Sigma), penicillin (100 [U/mL) and strepromycin (0.1 mg/mL) (PS
solution, Sigma). Experiments began 24 h after incubation with
CSFM, and the medium was changed every 24 h.
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Figure 1) Viability of cardiomyocytes as measured by the MTT assay.
“P<0.05; ¥*P<0.001; ***P<0.05 compared with the control group. EA
Ethacrynic acid; IfR Ischemia and reperfusion

Cultured cardiomyocytes were randomly assigned to one of

six experimental groups: control group of cells that were incubared in
CSFM without treatment (group 1), cells treated with 150 pM of EA
alone (group 2); cells exposed to | mM of HEO, (group 3); cells
exposed to /R (group 4); cells treated with 1 mM of H,0, rogether

with 150 M of EA (group 3); and cells exposed to I/R and 150 uM of

EA (group 6).

In groups receiving I/R, cells were exposed to 1.5 h of ischemia
using an ischemic buffer as described previously (29) followed by 2.5 h
of reperfusion using normal CSFM. In group IV (cells were exposed to
both /R and EA), both the ischemic buffer and the reperfusion
medium (CSFM) contained 150 pM of EA.

Based on the pilot experiments, a concentration of 150 pM and a
trearment time of 4 h was chosen.

Cells were exposed ro the above-mentioned concentration of

chemicals for 4 h. MTT assay evaluation of cell survival was performed
immediately after treatment termination. Assessment of apoptoric
signalling markers also began afrer rreatments unril permeabilization,
and samples were stored ar -20°C unril further processing according to
the protocol supplied by the manufacturer. Experiments were repeated
six times in duplicate wells,

Cell viability test

The viability of cardiomyocytes was determined using a colorimerric
MTT assay (3-[4,5-dimethylthiazol-2-yl}-2,3-diphenylretrazolium bro-
mide, Sigma). The assay is based on the reduction of MTT into a blue
formazan dye by the functional mirochondria of viable cells. At the
end of the treatments, the medium was discarded from the plares, and
the cells were subsequently washed twice with phosphate-buffered
saline (PBS; Sigma). Cells were then incubated with PBS containing
0.5 mg/mL of MTT for 3 har 37°C in an atmosphere of 3% ( 0, The
solution was carefully aspirated, and 1 mL of dumrhyl\ulfo\ud: was
added to dissolve the blue-coloured formazan particles. The samples
from duplicate wells were transferred to a 96-well plate, and absorb-
ance was measured by an ELISA reader (Sirio microplate reader, Seac
Corporation, Italy) at 570 nm, and presented in arbitrary unirs. The
results are expressed as percentages of control values.

Annexin V and propodium iodide staining of cells

The Apoptosls ratio was evaluated after double staining with ﬂuurt'\‘
cein isothiocyanate-labelled annexin V (BD Biosciences, Pharmingen,
USA) and propidium iodide (PL; BD Biosciences) using flow cytom-
etry, as previously described (26). First, the medium was discarded, and
the wells were washed twice with an isotonic sodium chloride solution.
Cells were removed from the plares using a mixture of 0.25% trypsin
(Sigma, Hungary), 0.2% ethylene-diamine retra-acetate (Serva,
Hungary), 0.296% sedium citrare and 0.6% sodium chloride in distilled
water. This medium was applied for 15 min at 37°C. The removed cells
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Figure 2) The mean percentage of living cells. Data expressed as mean
percentage + SEM. *P<0.05; **P<(.01; ***P<0.05 compared with the
control group. EA Ethacrynic acid; IfR Ischemia and reperfusion

were washed in cold PBS, and were resuspended in binding buffer
containing 10 mM Hepes NaOH, pH 7.4, 140 mM NaCl and 2.5 mM
CaCl,. The cell count was derermined in the Biirker's chamber - 1 mL
of solution contained 10° cells. One hundred microlitres of buffer
(10° cells) was rransferred into § mL round-bottom polystyrene tubes.
Cells were incubated for 15 min with fluorescein-isothiocianare-
conjugated annexin V molecules and P, according to the manufac-
turer’s instructions. After this incubation period, 400 pL of
annexin-binding buffer (BD Biosciences) was added ro the tubes, as
described by the manufacturer. The samples were immediately meas-
ured using a BD FacsCalibur flow cyrometer (BD Biosciences), and
analyzed using BD CellQuest software. Cells in each category were
expressed as percentages of the toral number of stained cells.

Statistics

All dara were presented as mean + SEM. Differences between groups
were assessed with one-way ANOVA and Student’s t test. P<0.05 was
considered to he statistically significant.

RESULTS

An MTT assay was performed to measure the absolute number of liv-
ing cells in the groups. In the control group, the amount of living cells
was increased to 100%. EA alone reduced the ratio of living cells ro
43.41211.15%, measured by MTT assay. Both IR and Hzo2 alone
caused a marked reduction in the amount of living cells. The effect of
cell dearh was significantly stronger on EA administration in groups
treated with H,0, or exposed to /R (Figure 1).

The control group had 85.741.94% of intact, living cells (annexin V
and Pl negative) and 4.620.82% of cells in the early phase of apoprosis
{annexin V positive and Pl negative) (Figures 2 and 3). EA administra-
tion decreased the amount of living cells, and increased the percentage of
apoptoric cells. A
observed in both the H,U -treated and I/R groups, with a lower number
of living cells (Figures 2 ami 3). When EA was added in groups treared
with H,O, ar /R, the quantity of apoptotic cells was further increased and
the amount of living cells was decreased. Interestingly, EA increased the
amount of necrotic cells (annexin V negative and Pl positive) during I/R
and decreased the number of living cells.

¢-Jun N-terminal kinase (JNK) acrivation increased markedly on
EA administration to cardiomyocytes (Figure 4). H,0, trearment
increased the level of activated INK; however, this difference was not
significant. I/R caused a noticeable increase in [NK activation, On the
other hand, EA was capable of augmenting the activation of INK sig-
nificantly when cells were cotreated with H,0, or when cells were
exposed to IR (Figure 4).

GST inhibition led to a significant increase in p38 activation related
to nontreared cells. Both H, O, incubation and IR resulted in a signifi-
cant increase in p38 MAP kinase activation. EA administration during

significant increase in the amount of apoptotic cells was
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Figure 3) The mean percentage of apaptotic cells. Data are expressed as
mean percentage £ SEM. *P<0.05; #*P<0.05 compared with the control
group. EA Ethacrynic acid; /R Ischemia and reperfusion
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Figure 4) Phosphorylation of e-Jun N-terminal kinase (INK) is demon-
strated in cultured cardiomyocytes. *P<0.01; **P<0.05 compared with the
control group. EA Ethacrynic acid; IR Ischemia and reperfusion; MFI
Mean fluorescence intensity
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Figure 5) Phosphorylation of p38 (phospho-p38) mitogen-activated protein
kinase is demonstrated in cultrred cardiomyocytes. *P<0.05; *#P<0.01;
#HEP0.05 compared with the conrrol group. EA Ethacrynic acid; 1R
Ischemia and reperfusion; MFI Mean fluorescence intensity

I/R increased p38 acrivity to 357.5745.39% of control values.
Likewise, when cells were incubated with H,0, togerher with EA, the
level of phophorylated p38 markedly increased; however, this differ-
ence was not statistically significant compared with the group treated
with H,0, alone (Figure 5).

Exrracellular signal-regulared kinase (ERK) phosphorylarion
increased in GST-inhibited groups (incubared with EA) that were
either treated with H,0, or exposed to /R, without any statistically
significant difference. ANOVA failed to evaluare significant
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Figure 6) Phosphorylation of exacelbular signal-regulated linase (phospho-
ERK) is demonstrated m cultured cardiomyocytes. *P<0.05; **P<0.05
compared with the control group. EA Ethacrynic acid; I/R Tschemia and
reperfusion; MFI Mean fluovescence mtensity
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Figure 7) Phosphorylation of Akt (phospho-Akt) is demonstrated in cultured
cardiomyocytes. *P<0.05 compared with the control group. EA Ethacrynic
acid; IfR Ischemia and reperfusion; MF] Mean fluorescence intensity

differences between groups. Moreover, the analysis of difference (using
Student's 1 test) berween the group receiving I/R and the group incu-
bated with EA during I/R revealed staristically significant divergence
(Figure 6).

Both administration of EA, H,0, and I/R caused nonsignificant
reduction of Akt activity. On the other hand, H,0, treatment resulted
in a more pronounced decrease (40.49+5.68%) of Akt phosphoryla-
tion when GST was inhibited by EA (Figure 7). There was no signifi-
cant difference among groups as evaluated by ANOVA.

DISCUSSION
The present study showed that pharmacological inhibition of GST
could markedly exaggerate oxidative stress-induced apoptosis in
cardiomyocytes. GST inhibition was assoctated with increased activa-
tion of MAP kinases under stress conditions.

A key determinant of the cellular response to oxidative stress
relates to the level and molecular form of glurathione (27). A crucial
factor that affects the level of glutathione is its utilization via GST
(28). GSTs function by conjugating reduced GSH and catalyzing the
attack on foreign compound or oxidative stress products, generally
forming less-reactive materials that can be readily excreted. There are
three distinet families of GSTs in mammals: eytosolic, mitochondrial
and membrane-associated proteins. Cytosolic GSTs represent the lar-
gest family, which is subdivided into seven classes based on their
amino acid sequence (mu, pi, thera, alpha, sigma, omega and zeta).
Those within a particular class typically share more than 40% of their
identity, but ar least five of the human GST genes display functional
polymorphisms. These polymorphisms are likely to contribute to

Exp Clin Cardiol Vol 16 No 3 2011



interindividual differences in response to xenobiorics and clearance of
oxidative stress products and, therefore, may derermine susceptibiliry
to various inflammatory pathologies including cancer, and cardio-
vascular and respiratory diseases (13). Several studies indicare tha loss
of mu, pi and theta GST genes increases suscepribility ro inflammatory
discases such as asthma (29). In addition, some GST polymorphisms,
such as GSTM1 null genotype, have also been associated with
increased risk of lung adenocarcinoma, especially when found in com-
bination with GSTP1 Val polymorphism (14). Recent studies high-
light the potentially unique roles of GST enzymes as crucial
determinants of the development of [/R. In the area of heart and lung
transplantation, investigators found an association between donor
GST mu null genotypes and primary graft dysfunctions in patients.
Particularly, the donor GST mu null and GST pi_313 AA genotypes
were individually associated with increased development of graft dys-
function; however, the combined phenotype was associared with 70%
occurrence of graft failure (15). Further investigation validared the
clinical significance of these findings because results showed thar the
donor GST mu genotype was independently associated with graft fail-
ure, which significantly improved the ability to predicr it (16).

The present study used EA to pharmacologically inhibit GST. EA
has been shown to be a substrate of many GST isoczymes; furthermore,
nonenzymatic GSH conjugation of EA also exists. Moreover, it was
shown thar the EA glutathione conjugate is a GST inhibitor due to its
greater affinity for the enzymes, whereas EA itself inhibits GST
through reversible covalent interactions (6).

Administration of EA resulred in a marked increase of apoptotic
cells, principally when cells were correated with H,0,. The amounts
of necrotic cells were elevated following EA rreatment and in the
group receiving IfR and EA simultaneously. The increased level of
reacrive oXygen species and a more unfavourable glutathione stare may
exaggerate the intensity of insult and may explain the increased
amount of necrotic cells in GST-inhibited groups during I/R.

On the other hand, GST acts as regulator of MAP kinase pach-
ways. For example, GST has been shown to be an endogenous inhib-
itor of JNK via protein-protein interaction; thus influencing cellular
stress response and apoptosis (27). JNK has been implicated in apop-
totic signalling and mediates cyroroxicity in various conditions includ-
ing /R, oxidative and nitrosative stress (10,30). [n normal cells, INK
acrivity is maintained at a low level through interaction with GST
(4.8,31). Under oxidative or nitrosative stress, GST and JNK dissoci-
ate, thus activating INK and oligomerizing GST. Meanwhile, the lib-
erated INK regains its activity by phophorylation during oxidative or
nitrosative stress, and further phosphorylates ¢-Jun. Similar processes
occur with ¢-Jun, the downstream effector of INK (32). Moreover,
several phosphatases interact with GST and are subject to glutathi-
onylation, thus regulating the phophorylation state of signalling path-
ways (4,8). We have found thar pharmacological inhibition of GST
augments |NK activity itself. This could be explained by eliminarion
of INK sequestration within a protein complex with GST, and inhib-
ition of S-glutathionylation. On the other hand, effective inhibition
of GST may cause oxidative injury, even on otherwise unstressed cells
due to hindered elimination of trivially developing oxidant and toxic
materials. This may occur as a result of INK phosphorylation. [t has
already been described thar GST knockout mice have high basal [NK
activity; furthermore, treatment of cells with a potent GST inhibitor
causes activation of JNK (4,33).

The same paradigm seems to hold true for other kinases such as
thioredoxin or ASK1, influencing cellular stress response and cell fate
decision (4,33,34). Similar to JNK, ASK1 activity is also reduced by
protein-protein sequestration under unstressed conditions (11).
However, oxidative stress triggers dissociation of the thioredoxin-
ASKI1 complex and further catalyzes the dissociation of GST-ASKI,
leading to ASK1 acivation. Liberation of thioredoxin causes p38 acti-
vation (11). On the other hand, ASK triggers the apoptogenic kinase
cascade, leading ro phophorylation of INK and p38 MAP kinase. It also
regulates the dynamic balance between apoprotic (INK and p38) and
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survival (AKT and ERK) pathways (35,36). Recently, a novel role of
GST has been described, since it has been identified thar GST also
heterodimerizes with tumour necrosis factor receptor-associated fac-
tor 2, thus reducing activation of both INK and p38 (4,11).

The signalling pathway through p38 MAPK is activated by oxida-
tive stress and is associated with cellular damage, mediation stress
response and cyrokine producrion. We found that oxidative injury and
I/R cause noticeable induction of p38 activity in cardiomyocytes, which
is further increased by EA administration. Our results regarding p38
activation on GST inhibition can be explained by the above-described
processes.

According to our results, ERK is activared on GST inhibition in
the presence of H, 0, administration or during reperfusion. The level
of phosphorylated ERK of GST-inhibired cells receiving I/R exceeded
the ERK phosphorylation level of cells thar have undergone I/R
alone. These findings may represent the association between ERK
and GST. It has already been described thar an immortalized fibro-
blast isolated from a GST mu genotype expressed significantly ele-
vated ERK acrivity. Moreover, treatment with a porent GST
inhibitor resulted in activation of ERK (33), and vice versa, the
transcriptional induction of the GST gene is orchestrated by signal-
ling pathways, such as ERK, which might dereriorate due ro GST
inhibition (37).

Although similar relationships between the synthesis of GST and
Akt have been well investigated, the effect of GST inhibition on
Akt-mediated cellular survival has not been fully described (37,38).
Akt activity reduced significantly in groups receiving the GST
inhibitor (EA) when compared with control values. Our results
failed ro show any further association between GST inhibition and
Akr activity, The hindered antioxidant, antitoxic defense of cells
treated with EA and the activation of ASK1 may explicate the
results described by us.

SUMMARY

The present study showed that inhibition of GST by EA augments
apoptosis as a result of oxidative injury and I/R. EA administration
also induces the activation of the JNK, p38 and ERK pathways. These
findings highlight the importance of GST and its polymorphisms in
cardiac diseases. Therefore, further studies are needed ro investigate
the in vivo effect of GST inhibition and the role of GST polymorph-
1sm on myocardial damage under different pathological conditions in
humans.
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