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Cardioprotective effect of zinc requires ErbB2
and Akt during hypoxia/reoxygenation
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Abstract Recent literature suggests that exogenous
zinc can prevent ischemia reperfusion injury by
activating phosphoinositide-3 kinase (PI3K)/Akt and
by targeting the mitochondrial permeability transition
pore (mPTP). It is known that ErbB2 expression
promotes association and activation of PI3-kinase/
Akt, resulting in growth and survival of cardiac
myocytes. In this study, we found that zinc-induced
ErbB2 protein expression and Akt activation are
required for preventing reperfusion injury. Neonatal
rat cardiac myocytes subjected to 8 h of hypoxia,
followed by 16 h of reoxygenation induced cardio-
myocyte apoptosis, as assessed by increased caspase-
3 activity, annexin V staining and lowered MTT
reduction and ATP levels. However, addition of zinc-
pyrithione (ZPT) before onset of reoxygenation
effectively lowered the apoptotic indices and restored
the ATP levels. ZPT induced a significant increase in
ErbB2 protein expression and Akt activation. Pre-
treatment with Hsp 90 inhibitor, geldanamycin or PI3-
kinase inhibitor, wortmannin prevented the increase in
ATP levels and abrogated the protective effect of
zinc-pyrithione. Taken together, these data suggest
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that zinc prevents reperfusion injury by modulating
the ErbB2 protein expression and Akt activation.

Keywords Zinc - Cardiomyocytes - Hypoxia -
Reoxygenation - ErbB2 - Akt - Hsp90

Introduction

Multiple factors contribute to ischemia-mediated car-
diomyocyte cell death. Hypoxia diminishes oxidative
phosphorylation resulting in decreased levels of ATP,
increased lactic acid production, and lower intracellu-
lar pH (Buja et al. 1993). Metabolic stress, often
coupled with oxidative stress as seen during reoxy-
genation can affect intracellular zinc homeostasis.
Zinc, an essential micronutrient, plays a critical role in
cellular biology affecting many key cellular processes.
It can alter cellular signals transduction, DNA syn-
thesis, gene transcription, post translational modi-
fications, protein—protein interactions, and protein
function (Beyersmann and Hasse 2001). The cellular
homeostasis of zinc is at least in part controlled by
metallothionein (MT), which is a highly conserved,
low molecular weight, cysteine-rich protein. Increases
or decreases in intracellular zinc have been associ-
ated with apoptotic cell death. As the essential role of
zinc is being recognized, there have been attempts to
manipulate intracellular zinc levels, using chelators or
sequesters and ionophores. Most of the intracellular
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zinc is tightly bound to metallothionein and thus the
level of intracellular free zinc is very low (Krezel et al.
2007). Therefore, release of intracellular zinc or
supply of extracellular zinc is required to increase
cytosolic zinc. The elevated intracellular zinc can act
upon multiple targets to elicit the end effect. In this
direction, various studies have produced strong evi-
dence to support the concept that MT functions as a
metal chaperone for the regulation of gene expression
and for synthesis and functional activity of proteins,
such as metalloproteins and metal-dependent tran-
scription factors (Maret 1995; Zeng et al. 1991; Jacob
et al. 1998). Also, MT functions as a free radical
scavenger and antioxidant (Thornalley and Vasak
1985). Thus, zinc might play a major role in several
pathophysiological derangements, including cardio-
toxicity induced by environmental chemicals, thera-
peutic drugs, ischemia-reperfusion injury, and heart
failure resulting from multifactorial manifestations.
A Cardiac-specific, MT-overexpressing transgenic
mouse model provided strong evidence in favour of
the protective ability of MT against ischemia-reperfu-
sion injury and significantly improved postischemic
recovery of the contractile force (Kang et al. 1999).

The role of zinc in preconditioning and toxicity in
various tissues and underlying mechanisms are
beginning to be understood in more detail. Anoxia-
hypoglycemia in organotypic hippocampal cultures
demonstrated that zinc can inhibit glutamate release
via activation of pre-synaptic Karp channels and
reduce ischaemic damage in rat hippocampus (Bancila
et al. 2004). Interestingly, the level of zinc and
metallothionein was found to decrease during ische-
mia-reperfusion injury, implying a possible role for
enhanced apoptosis and significant disturbance in
redox balance in hepatic ischemia (Vali et al. 2008).
Thus, evidence obtained so far suggests that zinc
preconditioning is a complex process and involves a
spectrum of mechanisms involving intracellular and
intercellular transients of zinc, ability to induce metal-
lothionein, a potential scavenger of hydroxyl radicals
and the ability of zinc per se to act as a major signaling
molecule, triggering a cascade of events that are both
redox-dependent and independent. It is highly improb-
able that a single mechanism mediates zinc-induced
cytoprotection and toxicity and the search for probable
targets continues.

Pyrithione (1-hydroxypyridine-2-thionine, omadine)
had long been recognized to have ionophore properties.
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Zinc salt of pyrithione is highly lipophilic and there-
fore penetrates membranes easily. This permits trans-
port of zinc across cell membranes. The anti-apoptotic
effect of zinc pyrithione was first observed in vitro by
Zalewski and coworkers, who showed that micromolar
concentrations of this compound protected lympho-
cytic leukemia cells against colchicine-induced apop-
tosis (Giannakis et al. 1991). Zalewski’s group has
since published a number of other studies, confirming
the ability of micromolar concentrations of zinc-
pyrithione to rapidly transport Zn** into cells.
Further, zinc is known to affect cardiac differentiation
(Apostolova et al. 1999), regeneration of cardiac
muscle (Coudray et al. 1993), lipid peroxidation and
the outcome of surgical procedures in open heart
(Powell et al. 1995). On the other hand, existing
evidence implicates zinc in the pathogenesis of
cerebral ischemia. Many in vitro and in vivo studies
have examined the role of zinc during both global and
focal cerebral ischemia. These studies, direct (using
zinc chloride or zinc protoporphyrin) and indirect
(using chelators of zinc) have reported zinc to possess
either neurotoxic or neuroprotective capabilities in a
temporal manner in experimentally induced ischemia
(see review, Galasso and Dyck 2007). This inconsis-
tency may have arisen due to employment of different
model systems and much more needs to be learnt about
the critical role of zinc in brain ischemia. It was argued
that calcium may act as an accomplice to zinc and their
cellular transients can be influenced by each other in
potentially mediating ischemic injury in the brain.
Translocation of zinc from presynaptic neurons to
specific postsynaptic neurons was shown to be respon-
sible for cerebral ischemic injury (Galasso and Dyck
2007).

ErbB2 is a transmembrane receptor tyrosine kinase
that heterodimerizes with other members of the ErbB
family (Muthuswamy et al. 1999; Gordon et al. 2009).
The stability of ErbB2 requires its association with
Hsp90 (Xu et al. 2001). Inhibitors of Hsp90 induce
the release of ErbB2 resulting in subsequent ErbB2
proteosomal degradation (Neckers 2002; Zaarur et al.
2006). The chaperone activity of Hsp90 requires ATP,
which binds with approximately 10-fold lower affinity
than ADP. Lowering ATP concentration in isolated
myocytes triggers rapid dissociation of Hsp90 from
ErbB2 and degradation of ErbB2 along with other
client proteins (Peng et al. 2005). ErbB2 plays an
essential role in cardiomyocyte survival and the
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expression levels of ErbB2 receptor are signifi-
cantly decreased in an animal model of ischemic
heart disease and in human ischemic cardiomyopathy
(Gordon et al. 2009). One of the downstream growth
signaling effectors of ErbB2 is PI3 kinase (Yarden and
Sliwkowski 2001). Recent experimental studies in
vitro have demonstrated the cardioprotective effect of
zinc to depend on the ability to activate PI3-kinase/
Akt by targeting the mitochondrial permeability tran-
sition pore (mPTP) via glycogen synthase kinase
3 (GSK-3f) (Chanoit et al. 2008; Lee et al. 2009;
Karagulova et al. 2007; Mocanu and Yellon 2009;
Chanoit et al. 2009). Also, zinc sulphate supplemen-
tation effectively reduced infarct size in dog model
(Lal 1991). In the present study, we have examined
the following: (1) Whether the protective effect of
zinc derives from an altered expression of ErbB2; (2)
Whether this is mediated by Hsp90 stabilization of
ErbB2; and (3) if it involves changes in intracellular
ATP levels.

Materials and methods
Chemicals and reagents

ZnCl, and pyrithione (ZPT) were procured from
Sigma (St. Louis, MO). Wortmannin (WT) and gel-
danamycin (GA) were obtained from LC laboratories
(Woburn, MA). Phospho-Akt rabbit polyclonal anti-
body Ser-473, total Akt rabbit polyclonal antibodies
were obtained from Cell signaling Technology. ErbB2
rabbit polyclonal antibody and Hsp90 antibody was
obtained from Santa Cruz Biotechnology. Anti-ErbB2
(clone B10, antibody 9) was purchased from Neo-
marker, Fremont, CA, USA.

Primary culture of neonatal rat
ventricular myocytes

Cardiac ventricular myocytes were prepared from 1
to 2 day old Sprague-Dawley rats and cultured as
described elsewhere (Bodiga et al. 2009). Hearts were
digested with trypsin and the dissociated cells were
preplated for 1 h to select the non-adherent myocytes.
These cells were cultured in the presence of bromo-
deoxyuridine (0.1 mM) for 3 days to inhibit fibro-
blast growth.

Treatment of cells

Rat neonatal myocytes were cultured to 70% con-
fluency and then serum starved in basal medium
(DMEM) for 24 h. NRCMs were maintained at 37°C
under an atmosphere of 95% N, and 5% CO, (hypoxia)
in an air tight chamber or 95% air and 5% CO,
(normoxia) for 8 h followed by reoxygenation for 16 h
in serum- and glucose-free DMEM, but containing
10 mM 2-deoxyglucose. The oxygen content (FiO,)
during hypoxia was continuously monitored to be
below 1% (Pro-Ox 110, Biospherix Ltd, Redfield,
NY). Myocytes not exposed to hypoxia/reoxygenation
served as normoxic controls. Various groups of
myocytes were treated with 10 uM ZnCl, and 4 uM
pyrithione, or 1 pM geldanamycin (GA) (Peng et al.
2005), 5.0 pg/ml B10 (Pugatsch et al. 2006), or 200
nM wortmannin (Bodiga et al. 2009) at the onset of
reoxygenation. At the end of the hypoxia/reoxygena-
tion, myocytes were examined for viability and
apoptosis by MTT, caspase-3, and annexin V staining.
The rationale for the use of zinc pyrithione was to
facilitate the transport of zinc into the target cells. This
was necessitated by the fact that all eukaryotic cells
strictly regulate membrane transport of zinc making it
very difficult to modulate the intracellular concentra-
tion and distribution of zinc.

3-(4,5-Dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide assay

Neonatal myocytes were cultured in 60-mm dishes
(plated at a density approximately half million cells)
to 80% confluency and then maintained in either
complete medium or switched to basal medium after
42 h. The samples were maintained under normoxia
or subjected to H/R as described in “Treatment of
cells” section. At the end of the incubation period,
the survival of the cells was determined by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay as described in the manufacturer’s pro-
tocol (Molecular Probes, Eugene, OR).

Caspase-3 assay
The NRCMs were processed for the caspase-3 color-
imetric assay as described by the manufacturer (R&D

Systems) and results were normalized for protein
content.
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Annexin V binding

Annexin V binds to phosphatidylserine, which appears
in the outer leaflet of the plasma membrane in early
apoptotic cells. Neonatal myocytes were cultured in
60-mm dishes to 70% confluency and subjected to
normoxia or H/R (8/2 h) with or without pretreat-
ment with ZPT as described in “Treatment of cells”
section. The cells were washed with PBS and treated
with FITC-labeled annexin V (0.2 pg/ml) for 20 min
at room temperature. Labeling with FITC-coupled
annexin V was performed according to the manufac-
turer’s protocol (BD Biosciences, San Diego, CA).
The labeled cells (10,000/sample) were analyzed by
measuring fluorescence intensity using a FACScan
flow cytometer (Becton Dickinson) in conjunction
with CellQuest software (BD Biosciences).

Cellular ATP levels

Bioluminescent determination of ATP was performed
as per the manufacturer’s instructions, using a kit
(Sigma). Briefly, cellular ATP was determined on a
Biotek Synergy HT luminescence plate reader (Biotek)
and normalized to cell number using a coulter counter
(Coulter Electronics, Hialeah, FL). Results are
reported as a percentage of normoxic values.

Western blot analysis

Neonatal rat cardiac myocytes of various groups were
exposed or not exposed to hypoxia (8 h) and treated
with zinc pyrithione at the onset of reoxygenation.
Where indicated, pharmacological inhibitors were
applied 30 min prior to zinc pyrithione treatment.
For these studies, reoxygenation was done for 1 h in
order to assess the immediate effect of reoxygenation
and the ability of zinc pyrithione. Cells were solubi-
lized with a lysis buffer containing 1% Triton X-100,
20 mM Tris, pH 7.4, 100 mM NaCl, 1 mM EDTA, 1%
sodium deoxycholate, 0.1% SDS, and protease inhib-
itor cocktail (Pierce). Insoluble proteins were precip-
itated by centrifugation at 13,000 rpm for 10 min at
4°C, and the supernatants were boiled in SDS sam-
ple buffer, and subjected to SDS-PAGE on 4-12%
polyacrylamide gels and transferred to a nitrocellu-
lose membrane (Bio-Rad). Equal amounts of protein
(50 pg) from each group were probed by western
blotting. Reactive bands were visualized using the
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SuperSignal West Femto Maximum Sensitivity Sub-
strate Kit (Pierce, Rockford, IL) and Kodak 440CF
image station (Kodak, New Haven, CT). The intensity
of the reactive bands was quantified using the Kodak
1D software.

Statistical analysis

All values are expressed as means + SE from at least
three or more samples in each experiment. Compari-
sons between controls and treatments were analyzed by
ANOVA, followed by Tukey’s test when permitted.
P < 0.05 were considered significant.

Results and discussion

Cardiomyocyte death by H/R and the protective
effect of zinc pyrithione treatment

To evaluate the functional impact of zinc pyrithione
(ZPT) treatment on hypoxia/reoxygenation induced
apoptosis, neonatal rat cardiac myocytes were sub-
jected to 8 h of hypoxia followed by 16 h of reoxy-
genation or left in normoxia for 24 h. 10 uM Zn*" and
4 uM pyrithione was added to cells immediately after
hypoxia and just before reoxygenation. Cell viability
decreased by 46% following H/R (8/16 h) as com-
pared to aerobically incubated myocytes (normoxia).
However, addition of ZPT before reoxygenation
significantly increased cell survival to 85% (Fig. 1a).
We also assessed caspase-3 activity as a measure of
apoptosis. Caspase-3 activity increased over twofold
after H/R, while treatment with ZPT significantly
decreased caspase-3 activity (Fig. 1b). Both MTT and
caspase-3 assays demonstrated that ZPT is effective in
reducing cell death after H/R. We also tested for
apoptosis using a specific marker, annexin V staining
at an early time point, i.e., after 2 h of reoxygenation.
Cardiomyocytes subjected to hypoxia (8 h), followed
by reoxygenation (2 h) showed significantly higher
intensity of annexin V staining as assessed by FACS
analysis (Fig. 2). Similar to caspase-3 activity, ZPT
treatment effectively lowered the annexin V staining
in myocytes subjected to H/R. These data clearly
demonstrate that zinc pyrithione treatment at the
onset of reoxygenation can effectively lower cell
death/apoptosis. These results are in line with previous
observations that exogenous zinc supplementation
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Fig. 1 Cardioprotective effect of zinc pyrithione in NRCM
during ischemic injury is blocked by treatment with geldana-
mycin, ErbB2 antibody and PI3-kinase inhibitor. NRCM were
subjected to 8 h hypoxia and treated with 10 pM zinc chloride
and 4 pM pyrithione at the onset of reoxygenation for 16 h. Cells
were treated with GA (geldanamycin, 1 pM) or B10 (anti-ErbB2
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Fig. 2 ZPT decreases annexin V binding after H/R. Neonatal
myocytes were subjected to H/R in the presence of ZPT.
Inhibitors were applied 30 min before ZPT treatment, where
indicated. Cells were incubated with binding buffer containing
annexin V, as described in “Materials and methods” section.
Bar graph showing mean £ SE of percent increase of annexin
binding over control (100%). * P < 0.05 compared with
control; ** P < 0.05 compared with H/R-treated cells

can ameliorate ischemic injury and prevent apoptosis
in cardiac myocytes (Chanoit et al. 2008; Lee et al.
2009; Karagulova et al. 2007).

Targeted deletion of cardiac ErbB2 results in
cardiac myopathy in adult animals with increased
DNA fragmentation (Crone et al. 2002). Also blockade
of ErbB2 receptor results in mitochondrial dysfunction
and apoptosis (Grazette et al. 2004). A key mediator of
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antibody, 5.0 pg/ml) or WT (wortmannin, 200 nM) for 30 min
before zinc pyrithione application, and cell survival was
measured via a MTT reduction b caspase-3 activity and
normalized to percent control (* P < 0.028 compared with
normoxia, ** P < 0.074 compared with normoxia, n = 5). Data
are presented as mean £+ SE

ErbB2 stability is the molecular chaperone Hsp90,
which also functions as physiological ATP sensor
(Chavany et al. 1996). In vitro studies have shown that
ErbB2 does not directly mediate anti-apoptotic effects,
although there are reports suggesting that ErbB2 can
directly couple to PI3-kinase (Hellyer et al. 2001).
Activation of Akt through the PI3-kinase is well
known to couple to receptor tyrosine kinases, includ-
ing those in the ErbB family, and this pathway has
been shown to inhibit apoptosis through inactivation
of caspases (Baliga et al. 1999). We therefore exam-
ined whether the ErbB2 blockade or Hsp90 inhibition
and PI3-kinase inhibition interfere with the cytopro-
tective effect of zinc.

To address the specific role of ErbB2 and PI3-
kinase/Akt in zinc pyrithione mediated protection
against H/R, we tested three different agents: (1)
geldanamycin, Hsp90 inhibitor; (2) anti-ErbB2 anti-
body (B10); and (3) wortmannin, PI3-kinase inhibitor.
These inhibitors were applied 30 min before addition
of zinc pyrithione to myocytes during reoxygenation.
Geldanamycin induces the release of ErbB2 from
Hsp90, resulting in subsequent proteasomal degrada-
tion (Zaarur et al. 2006; Peng et al. 2005). Pretreatment
with Hsp90 inhibitor, geldanamycin did not further
lower the viability or increase caspase-3 activity after
H/R, but eliminated the protective effect of zinc
pyrithione (Fig. la, b). Similarly, incubation of myo-
cytes with an anti-ErbB2 antibody (B10) or wortmannin
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abrogated the protective effect of zinc (Fig. 1a, b). All
the pharmacological inhibitors tested here signifi-
cantly decreased the ability of zinc in lowering the
annexin V positive cells after H/R. These results
provide the first line of evidence that zinc pyrithione
may be acting by modulating the expression and
interaction of ErbB2, Hsp90, and PI3-kinase/Akt.
Thus, loss of ErbB2 function, whether through anti-
body blockade or enhanced degradation due to Hsp90
inhibitor, dramatically decreased the cytoprotective
effect of zinc. Our results indicate that the activity of
Hsp90 is essential for maintaining the function of
ErbB2, Akt in neonatal rat cardiac myocytes.

To determine further whether zinc/pyrithione med-
iated reperfusion salvage is mediated by the altered
expression of ErbB2, we measured the expression of
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Fig. 3 Effect of zinc pyrithione on ErbB2 and phospho-Akt
during ischemic hypoxia and reoxygenation. NRCM were
subjected to 8 h hypoxia and treated with 10 pM zinc chloride
and 4 uM pyrithione at the onset of reoxygenation for 16 h.
Cells were treated with GA (geldanamycin, 1 pM) or B10
(anti-ErbB2 antibody, 5.0 pg/ml) or WT (wortmannin, 200
nM) for 30 min before zinc pyrithione application. Cell lysate
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ErbB2 by western blotting. Also to verify that Hsp90-
mediated changes in ErbB2 expression or stability
account for the observed anti-apoptotic effect of
zinc, the expression of Hsp90 and Akt levels were
monitored. Levels of ErbB2 decreased significantly
upon hypoxia/reoxygenation compared to normoxia
(Fig. 3a). Also there was a modest phosphorylation of
Akt at Ser473 (Fig. 3b). In contrast zinc/pyrithione
treatment resulted in a significant increase of ErbB2
and robust activation of Akt, without any changes
in the levels of Hsp90 and Akt (Fig. 3a, b). These
results suggest a direct relationship between the levels
of ErbB2 and the phosphorylation of Akt at ser473.
Pretreatment with geldanamycin before zinc/pyrithi-
one during reperfusion dramatically lowered the levels
of ErbB2 and phospho-Akt, without altering the levels
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supernatants were immunoblotted with anti-ErbB2 antibody
and anti-Hsp90 antibody (a) and anti-phospho-Akt (Ser473)
and anti-Akt antibody (b). The figures show representative
immunoblots obtained from five independent experiments.
¢ Protein levels were determined from the immunoblots by
densitometric analysis (mean £ SE), n = 5; * P < 0.05 versus
normoxia control; ** P < 0.05 versus H/R
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of Hsp90 and Akt. Similarly anti-ErbB2 antibody
reduced phospho-Akt levels, without any change in the
expression of ErbB2, although a recent study reported
that after 24 h treatment with B10, ErbB receptor
levels were downregulated (Pugatsch et al. 2006). We
have not observed any change in the expression of
ErbB2 after blockade with B10 within 12 h. Inhibition
of PI3-kinase with wortmannin did not affect ErbB2
levels, but significantly lowered Akt activation. These
results indicate that Hsp90 inhibition and ErbB2
receptor blockade negatively affect Akt activation
and that Akt activation is required for cytoprotective
effect of zinc as assessed by caspase-3 activity and
annexin V staining (Fig. 1, 2). Our results are consis-
tent with previous literature that blockade or loss of
ErbB2 mediates cell death during ischemic injury
(Gordon et al. 2009; Grazette et al. 2004). Of note,
there has been a significant loss in the levels of ErbB2
with no change in Hsp90 levels after H/R, suggesting
that ErbB2 signaling is important for normal cardio-
myocytes function. On the other hand, zinc supple-
mentation effectively prevented the decrease in ErbB2
and enhanced phospho-Akt levels after H/R resulting
in increased cell viability. As shown in Fig. 3a,
geldanamycin potently decreased ErbB2 levels, con-
sistent with the role of Hsp90 in stabilization of
ErbB2. Inhibition of Hsp90 function has been demon-
strated to block the function of Hsp90-client proteins,
either through inhibition of maturation or through
their destabilization and subsequent degradation
(Kupatt et al. 2004). Together, this data suggest a
functional relationship between Hsp90, ErbB2 and
phospho-Akt in zinc-pyrithione mediated cardiopro-
tection. Although our study has not directly tested the
above hypotheses, our data imply that ErbB2 alone is
not cytoprotective, but requires Akt activation as seen
in the presence of wortmannin.

Previous studies with various cell types have shown
dependence of apoptosis on ATP levels (Shiraishi et al.
2001; Nicotera et al. 1998; Reed and Paternostro 1999;
Taimor et al. 1999). In contrast, there is increasing
evidence that, even under glucose deprivation and
presumed ATP depletion, cell death occurs primarily
by apoptosis (Malhotra and Brosius 1999; Bialik et al.
1999). Although the ability of hypoxia/reoxygena-
tion to deplete ATP and induce apoptosis in isolated
cardiac myocytes has been demonstrated previously
(Mizukami et al. 2004), the causal link between
Hsp90-ErbB2 expression and ATP levels were
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Fig. 4 ATP levels during ischemic hypoxia and reoxygenation
in NRCM treated with zinc pyrithione. NRCM were subjected
to hypoxia and treated with 10 pM zinc chloride and 4 pM
pyrithione at the onset of reoxygenation. Cells were treated
with GA (geldanamycin, 1 uM) or B10 (anti-ErbB2 antibody,
5.0 pg/ml) or WT (wortmannin, 200 nM) for 30 min before zinc
pyrithione application. ATP levels were determined by the
luciferin-luciferase method at the end of reoxygenation (mean +
SE, n = 6; * P < 0.05 versus normoxia, ** P < (0.05 versus
H/R)

evaluated in the present study. Exposure of NRCM
to hypoxia for 8 h followed by reoxygenation for 16 h
resulted in a severe depletion of ATP levels (Fig. 4).
Low levels of ErbB2 after H/R can be explained on the
basis that ATP-depletion can induce disruption of
Hsp90 chaperone function and result in ErbB2 degra-
dation (Fig. 3a). Zinc treatment significantly elevated
intracellular ATP levels after H/R. In contrast, appli-
cation of pharmacological inhibitors targeting Hsp90,
ErbB2 and PI3-kinase resulted in depletion of ATP,
despite zinc pyrithione treatment. Loss of intracellu-
lar ATP is probably due to H/R and not due to the
actions of the pharmacological agents used, although
ErbB2 blockade using B10 and disruption of Hsp90—
ErbB2 interaction using geldanamycin are known to
deplete ATP levels and inhibit mitochondrial function
(Grazette et al. 2004; Griffin et al. 2004). Hypoxia/
reoxygenation is known to result in loss of mitochon-
drial membrane potential, reactive oxygen species
generation, and the uncoupling of oxidative phosphor-
ylation so that ATP is hydrolyzed rather than synthe-
sized (White and Wittenberg 2000; Stanley and
Chandler 2002; Plas et al. 2001). None of the inhibitors
tested here showed a further decrease in ATP levels
after H/R. However, geldanamycin and anti-ErbB2
blockade interfered with the ability of zinc to activate
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Fig. 5 A schematic depicting the probable mechanism(s)
involved in zinc pyrithione mediated protection of neonatal rat
cardiac myocytes against hypoxia-reoxygenation injury. ZPT
induced a significant increase in ErbB2 protein expression and
Akt activation. Pretreatment with B10, anti-ErbB2 antibody
negatively affected Akt activation. Pretreatment with Hsp 90
inhibitor, geldanamycin or PI3-kinase inhibitor, wortmannin
prevented the increase in ATP levels and abrogated the pro-
tective effect of zinc-pyrithione

Akt and replete ATP levels upon hypoxia/reoxygen-
ation. Wortmannin did not affect ErbB2 and Hsp90
levels, but being an inhibitor of PI3-kinase, antago-
nized the effect of zinc in restoring ATP levels and in
preventing apoptosis. This data suggests that both
ErbB2 and PI3-kinase/Akt are required for zinc to
salvage reperfusion injury while maintaining ATP
levels (Fig. 5). It is interesting to note that neither
hypoxia/reoxygenation nor zinc-pyrithione induced
any changes in Hsp90 expression in NRCM despite a
significant change in ATP levels. These data also
suggest that zinc pyrithione can preserve and maintain
mitochondrial function.

This study identified ErbB2 as a potential target in
zinc mediated cardioprotection. Zinc/pyrithione not
only enhanced the expression of ErbB2, but also
resulted in significant increase of Akt phosphorylation.
These new findings warrant further investigations to
establish if there is a direct role for zinc in induction of
ErbB2, stabilization of Hsp90, ErbB2 complex and
phospho Akt activation. ErbB2 is an orphan receptor,
but can heterodimerize with ErbB4 or ErbB3. Neu-
regulins 1 and 2 can stimulate heterodimerization with
ErbB4 or ErbB3 and capacitate to interact with distinct
complements of intracellular signaling proteins, giving
rise to a broad range of cellular responses (Fuller et al.
2008). Itis of great interest to further understand if zinc
can elicit the expression of peptide growth factors like
Neu 1 after H/R and to pinpoint if they play a major
role in the observed cardioprotective effects. These

@ Springer

investigations also provide a clue in the direction that
ErbB2 may act upstream of Akt activation, which is
essential in preventing myocardial injury. These data
have significance with regard to prevention of reper-
fusion injury and myocardial apoptosis. Although
zinc pyrithione protects the cardiomyocytes against
hypoxia/reoxygenation-induced apoptosis, it should
be noted that results obtained in cell cultures cannot be
directly compared and extended to pathological states
of living organisms.
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