
Intracellular zinc release-activated ERK-dependent
GSK-3b–p53 and Noxa–Mcl-1 signaling are both
involved in cardiac ischemic-reperfusion injury
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Oxidative stress and nitrosative stress are both suggested to be involved in cardiac ischemia-reperfusion (I/R) injury. Using time-
lapse confocal microscopy of cardiomyocytes and high-affinity O2

�K

and Zn2þ probes, this study is the first to show that I/R, reactive
oxygen species (ROS), and reactive nitrogen species (RNS) all cause a marked increase in the [O2

�K

]i, resulting in cytosolic and
mitochondrial Zn2þ release. Exposure to a cell-penetrating, high-affinity Zn2þi chelator, TPEN, largely abolished the Zn2þi release
and markedly protected myocytes from I/R-, ROS-, RNS-, or Zn2þ /Kþ (Zn2þi supplementation)-induced myocyte apoptosis for at
least 24 h after TPEN removal. Flavonoids and U0126 (a MEK1/2 inhibitor) largely inhibited the myocyte apoptosis and the TPEN-
sensitive I/R- or Zn2þi supplement-induced persistent extracellular signal-regulated kinase 1 and 2 (ERK1/2) phosphorylation,
dephosphorylation of p-Ser9 on glycogen synthase kinase 3b (GSK-3b), and the translocation into and accumulation of p-Tyr216
GSK-3b and p53 in, the nucleus. Silencing of GSK-3b or p53 expression was cardioprotective, indicating that activation of the
ERK–GSK-3b–p53 signaling pathway is involved in Zn2þ -sensitive myocyte death. Moreover, the ERK-dependent Noxa–myeloid cell
leukemia-1 (Mcl-1) pathway is also involved, as silencing of Noxa expression was cardioprotective and U0126 abolished both the
increase in Noxa expression and in Mcl-1 degradation. Thus, acute upstream Zn2þi chelation at the start of reperfusion and the use of
natural products, that is, flavonoids, may be beneficial in the treatment of cardiac I/R injury.
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Zinc is an element critical to life and is involved in gene
transcription and metalloenzyme function. However, the free
form of the ion can be toxic and the intracellular free Zn2þ

concentration ([Zn2þ ]i) is tightly regulated by membrane
transporters and zinc-binding proteins, including high-affinity
zinc-finger proteins and low-affinity cysteine-rich metallo-
thioneins (MTs).1 Using a ratiometric biosensor, the basal
[Zn2þ ]i in PC-12 cells has been shown to be in the picomolar
range.2

Reactive oxygen species (ROS) (H2O2, OHK, and O2
�K) and

reactive nitrogen species (RNS) (NOK and ONOO�) are
involved in several myocardial pathophysiological responses,
including ischemia/reperfusion (I/R) injury.3–5 In an MT-
overexpressing transgenic mousemodel, the heart was found
to be highly resistant to I/R-induced myocardial infarction.6

There is also evidence that NOK-induced Zn2þi release in
neurons induces cell death, as NOK leads to ONOO�

(peroxynitrite) formation and consequent Zn2þi release,
followed by opening of the mitochondrial permeability transi-
tion pore (mPTP),7 resulting in neuron and glia apoptosis.7,8

The molecular mechanism of Zn2þi release-induced neuronal
cell death is not clear, but may involve activation of either
p38-Kþ channels or the extracellular signal-regulated kinase
(ERK)–lipoxygenase (LOX)–ROS pathway.7,8

When a non-acetoxymethyl ester Zn2þ indicator, TSQ, is
applied to the heart tissues, reperfusion induces a decrease,
rather than an increase, in [Zn2þ ]i levels.

9,10 When a mixture
of Zn2þ and the Zn2þ ionophore pyrithione is added to the
reperfusion solution for 20–30min, cardioprotection occurs,
and two mechanisms have been suggested, namely pre-
servation of protein kinase C (PKC) isoforms and inhibition of
mitochondrial metabolism.9,10 The molecular mechanism for
the effect of the [Zn2þ ]i increase on cell survival is therefore
still debatable.
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As the basal [Zn2þ ]i is extremely low,2 an understanding of
the role of free zinc in living cells has been hindered by the lack
of suitable imaging reagents. Using time-lapse confocal
microscopy of cardiomyocytes and two sensitive Zn2þ -
selective probes FluoZin-3 AM (Kd¼ 15 nM) and RhodZin3
AM (Kd¼ 65 nM),11 this study is the first to show that
I/R, ROS, and RNS all cause significant cytosolic and/or
mitochondrial Zn2þi release. The role of altered zinc home-
ostasis in myocyte survival and the molecular mechanism
involved was investigated.

Results

Both ROS and RNS induce intracellular Zn2þ (Zn2þ
i )

release. Both ROS and RNS have been suggested to be
involved in cardiac I/R injury.3–5 We tested whether direct
exposure to ROS (e.g. H2O2) or RNS (e.g. ONOO�)
stimulated Zn2þi release in normal Zn2þ -free medium.
Addition of H2O2 induced a marked increase in both the
[O2

�K]i (red line; B25-fold increase; Figures 1a, b and e) and
the [Zn2þ ]i (green line; B45-fold increase; Figures 1a, b
and f). Addition of ONOO� also induced an increase in the
[O2

�K]i and [Zn2þ ]i (Figures 1c, e and f).
A cell-penetrating high-affinity Zn2þi chelator, TPEN (Kd for

zinc¼ 1.4� 10�13 M at pH 7.0) was used to chelate release
Zn2þi .1 When it was added to the extracellular medium during
the plateau of the Zn2þi increase, a rapid decrease in the
[Zn2þ ]i was seen (‘post-TPEN’; Figures 1b and c), indicating
that TPEN can easily penetrate the plasmalemma. Cysteine-
containing reagents (GSH or N-acetylcysteine (NAC)) and
dithiothreitol (DTT) are also suggested to be zinc chela-
tors,1,12 and all three reagents largely inhibited the H2O2- and
ONOO�-induced increases in the [Zn2þ ]i, whereas only NAC
inhibited the [O2

�K]i increase (Figures 1c, e and f, Supplemen-
tary Figure S1e).
An O2

�K

i chelator, MnTBAP, abolished both the H2O2- and
the ONOO�-induced increase in the [O2

�K]i and [Zn2þ ]i
(Figures 1e and f), indicating that the [O2

�K]i increase is
upstream of the [Zn2þ ]i increase. Post-TPEN inhibited the
[Zn2þ ]i increase, but not the [O2

�K]i increase (Figures 1b, e
and f), suggesting that the Zn2þi increase caused by the
oxidants also induces the [O2

�K]i increase and that both are
prevented by pretreatment with TPEN (‘pre-TPEN’; Figures
1e and f), whereas post-TPEN occurs too late to prevent the
[O2

�K]i increase.

Positive feedback between the [O2
�K]i and [Zn2þ ]i

increases. Addition of either 20mMZn2þo to 100mM Kþ /Ca2þ -
free EGTA medium11 (i.e. Zn2þi supplementation) or of 1mM
Zn2þo /4mM pyrithione to normal medium9,10 (Figure 1d) induced
similar increases in the [O2

�K]i and [Zn2þ ]i (Figures 1e and f) to
those produced by H2O2 or ONOO�, and, when 10mM Zn2þo in
40mM Kþ /Ca2þ -free EGTA medium was used, there was a
smaller increase in the [O2

�K]i and [Zn2þ ]i (B20-fold, Figures 1e
and f). MnTBAP abolished 20mM Zn2þo -induced [O2

�K]i increase,
but not the [Zn2þ ]i increase (dashed lines; Figures 1d, e and f),
showing that the Zn2þo influx is upstream of the [O2

�K]i increase.
These results thus suggest the existence of a positive feedback
loop between the [Zn2þ ]i and [O2

�K]i increases (Figure 8e).

The Zn2þ
i release induces TPEN-, flavonoid-, and ERK-

glycogen synthase kinase-3b-sensitive myocyte
apoptosis. When myocytes were exposed to H2O2 or
ONOO�, or to 10 mM Zn2þ /Kþ for 4 h (Figure 2), and were
returned to normal medium for 24 h after 4-h exposure to
these reagents (Supplementary Figure S2c), marked TPEN-
sensitive cytC release (Figures 2a and b), activation of z-
DEVD.fmk-/z-VAD-sensitive caspases, nuclear conden-
sation (Figure 2d, Supplementary Figures S2c and d), and
nuclear fragmentation (TUNEL (þ ), Supplementary Figures
S2a and b) were seen. Thus, oxidative stress, nitrosative
stress, or Zn2þi supplementation all stimulated TPEN-
sensitive myocyte apoptosis.
We therefore examined possible molecular mechanism for

the Zn2þi release-induced caspase-dependent apoptosis and
found that three potent flavonoids (baicalein, luteolin, and
fisetin) and commonly used antioxidants or Zn2þi chelators
(MnTBAP, GSH, NAC, or DTT) all abolished the ROS/H2O2-,
RNS/ONOO�, or Zn2þo -induced cytC release (Figures 2a
and b) and caspase activation at 4 h (Figures 2c and d) or 24 h
(Supplementary Figure S2c). Moreover, both baicalein and
U0126, which failed to inhibit the H2O2-, ONOO�, or Zn2þo -
induced ROS increase (in O2

�K (Figure 1e); in H2O2 and OHK

(Supplementary Figure S1g)) and Zn2þi release (Figure 1f),
had a marked protective effect (Figures 2b and d, Supple-
mentary Figure S2c). Another MEK/ERK inhibitor, PD98059,
also inhibited cytC release (Figure 2b).
Glycogen synthase kinase-3b (GSK-3b) was recently

suggested to have an important role in cardiac I/R injury.
When the reperfusion injury salvage kinase (RISK) family
members PKA, PKB/Akt, PKC, and MEK-ERK are activated
by pre- or post-conditioning, a common downstream protein,
GSK-3b, is phosphorylated at Ser9, resulting in GSK-3b
inhibition (both events occurring within 20min of the end of
conditioning), leading to the inhibition of mPTPs and the
salvaging of 20–50% live myocardium.4,5,13–16 A potent
GSK-3 inhibitor, SB216763 (SB21),4,13 had a relatively weak
protective effect against H2O2-, ONOO�-induced myocyte
death (Supplementary Figure S2c), but gave better protection
against 10 mM Zn2þ -induced cell toxicity at 4 h (Figure 2d)
or 24 h (Supplementary Figure S2c) of Zn2þo exposure.
Transfection of cardiomyocytes with siGSK-3b for 48 or 72 h
resulted, respectively, in knockdown of GSK-3b mRNA or
protein (Figure 4d). After knockdown for 72 h, siGSK-3b had a
significant protective effect against Zn2þ /Kþ -induced myo-
cyte apoptosis (Figure 2e), but little protective effect against
H2O2- or ONOO�-induced apoptosis (2nd versus 3rd
(þ siGSK-3b) paired bars, Figure 2e). Interestingly, TPEN
or baicalein remained cardioprotective in the presence of
GSK-3b knockdown (#Po0.05, Figure 2e), indicating that
another Zn2þi -dependent, but GSK-3b-independent pathway
may exist.

Simulated I/R also induces Zn2þ
i release, resulting in

TPEN-, ERK-, GSK-3b-, and flavonoids-sensitive
myocyte apoptosis. After continuous perfusion with
simulated ischemic solution for 40min (starting at ‘I’ in
Figures 3a and b), the perfusate was switched to oxygen-
containing reperfusion solution for B50–60min (starting at
‘R’), and a sustained increase in both the [O2

�K]i (upper
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Figure 1 A sustained increase in the [O2
�K

]i and [Zn2þ ]i is induced in FluoZin-3 AM, MitoSox Red, and MTG triple-loaded cardiomyocytes by addition of ROS, RNS, or
Zn2þ

o . In b–d, the resting level of the [O2
�K

]i and [Zn2þ ]i is F/F0¼ 1. (a and b) H2O2 (ROS) induces a sustained increase in the [O2
�K

]i (upper panels in a, red line in b) and
[Zn2þ ]i (lower panels in a, green line in b). In a, a mitochondrion (MTG) is indicated by the arrowhead, while the region of interest (ROI) analyzed in the nuclei/cytosol (‘N’), but
not the mitochondria, is indicated in the last frame. The small effect of baicalein (dotted red and green lines) on the H2O2-induced [O2

�K

]i and [Zn2þ ]i increases (solid red and
green lines) is shown in b. (c) ONOO� (RNS) also induces a sustained increase in the [O2

�K

]i and [Zn2þ ]i. Pretreatment with NAC markedly inhibits both increases. (d) 1mM
Zn2þ

o /4 mM pyrithione causes a sustained increase in the [O2
�K

]i and [Zn2þ ]i (B45-fold, solid lines). Note that MnTBAP inhibits the Zn2þ
o -induced [O2

�K

]i increase (dotted red
line), but not the TPEN-sensitive [Zn2þ ]i increase (dotted green line). The [Zn2þ ]i increase, but not the [O2

�K

]I increase, is completely reversed by addition of TPEN at the end
of the experiment (post-TPEN, b, c and d). (e and f) Summarized data. The vehicle controls contained 0.1% ethanol. A mitochondrial complex-III inhibitor, antimycin A,
markedly inhibited the Zn2þ

o /Kþ -induced [O2
�K

]i increase (e), indicating that the O2
�K

production may be induced by an increase in [Zn2þ ]mito (cf. Supplementary Figure S1b),
resulting in complex III activation (*Po0.05; n¼ 6–9/group). For the concentrations of all reagents used, see the Supplemental Methods. The color reproduction of
this figure is available at the Cell Death and Differention journal online
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panels) and [Zn2þ ]i (lower panels, Figures 3a and b) was
seen, which was similar in size to the [O2

�K]i and
[Zn2þ ]i increases (B20-fold) caused by exposure to
10 mM Zn2þ . Again, post-TPEN largely reversed the

reperfusion-induced [Zn2þ ]i overload, but not the [O2
�K]i

overload (Figures 3b, e and f).
Pretreatment with MnTBAP also markedly inhibited the

reperfusion-induced [O2
�K]i and [Zn2þ ]i overloads (Figures 3e

Figure 2 Exposure to ROS, RNS, or Zn2þ
o causes TPEN-, NAC-, DTT-, U0126-, and flavonoid-sensitive cytC release and caspase-dependent nuclear condensation. (a

and b) CytC release. Anti-cytC antibody (green fluorescence within intact mitochondria, see ai: vehicle) was used to detect cytC release (arrowheads in aii) after addition of
H2O2, ONOO�, or 10 ı́M Zn2þ /Kþ for 4 h with or without inhibitors (b). (c and d) After addition of H2O2, ONOO�, or 10 ı́M Zn2þ /Kþ for 4 h with or without inhibitors, caspase
activation (green in c, arrowheads in cii) and nuclear condensation (condensed light blue nuclei, cii) were measured. (e) After transfection with siGSK-3� or scrambled siRNA
(marked ‘siControl’) for 72 h, cells were treated for 4 h with or without inhibitors, then caspase activation and nuclear condensation were measured. In b, d, and e, n¼ 5–10/
group. The color reproduction of this figure is available at the Cell Death and Differention journal online
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and f), again, indicating that the [O2
�K]i overload is upstream of

the Zn2þi release. Pretreatment with GSH markedly inhibited
the [Zn2þ ]i overload, but not the [O2

�K]i overload, while NAC
inhibited both overloads (Figure 3d). As GSH and NAC are
both cysteine-rich reagents, the inhibitory effect on the [Zn2þ ]i
increase, but not the [O2

�K]i overload, was possibly due to
acceleration of Zn2þ re-uptake by cysteines, as shown in an
in vitro study.1 In contrast, when a mixture of 1 mM Zn2þ /4 mM

pyrithione was added for B30min at the start of reperfusion,
[O2

�K]i overload and a more marked increase in the [Zn2þ ]i
(465-fold) were seen (Figures 3e and f), indicating additional
Zn2þo influx when Zn2þo /pyrithione was applied.
We next investigated whether the TPEN-/NAC-/GSH-

sensitive Zn2þi increase/release (Figures 3d and f) had an
effect on cell survival after simulated I/R exposure. The
experiments shown in Figures 4a and b (caspase activation

Figure 3 Simulated I/R also induces increases in the [O2
�K

]i and [Zn2þ ]i. (a and b) Simulated ischemia (‘I’) has little effect on the [O2
�K

]i and [Zn2þ ]i, while reperfusion (‘R’)
induces a similar increase in the [O2

�K

]i and [Zn2þ ]i (B20-fold) to that induced by 10 mM Zn2þ /40 mM Kþ (cf. Figures 1e and f). The reperfusion-induced [O2
�K

]i increase
(solid or dashed red line) is not inhibited by baicalein (dashed red line in b) or post-treatment with TPEN (solid and dashed red lines in b), by SB21 (solid red line in c), or by
GSH (solid red line in d), but is inhibited by NAC (dashed red line in d). The [Zn2þ ]i increase (solid and dashed green lines) is inhibited by post-treatment with TPEN (b), GSH
(solid green line in d), or NAC (dashed green line in d), but not by baicalein (dashed green line in b) or SB21 (c). (e and f) Summarized data. The data are the mean±SEM;
n¼ 6–8/group
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Figure 4 TPEN, NAC, DTT, U0126, flavonoids, or GSK-3b inhibitors abolish simulated I/R-induced apoptosis. (a and b) If not otherwise specified, the inhibitor was only
present during the 4-h reperfusion. Caspase activation (green and arrowheads) and nuclear condensation (light blue and condensed nuclei) are shown in aii. (c–e) Myocytes
were transfected with 100 nM siGSK-3b for 48 or 72 h, respectively, resulting in knockdown of GSK-3b mRNA or protein (d and inset). At 72 h after transfection with siRNA or
control scrambled siRNA, inhibitors were added for 4 h during the reperfusion period. (e) Summarized data; n¼ 7–10/group

Zn2þ stimulates ERK-dependent GSK-3b and Noxa activation
C-L Lin et al

1656

Cell Death and Differentiation



and nuclear condensation) and supplemental Figures S2a
and b (TUNEL test) were performed as follows: after ischemia
for 40min, followed by reperfusion for 4 h, myocytes were
returned to normal medium without inhibitors for 24 h, then
were examined for apoptotic markers. Compared with I/R
alone (‘I/R’, Figure 4b), the presence of 15 mM TPEN at the
start of reperfusion for only B20min (‘TPEN (20min)’)
markedly inhibited I/R injury at 24 h after TPEN removal,
suggesting that the reperfusion-induced initial Zn2þi release
(Figure 3b) is important in I/R injury. When 15–50 mM TPEN
was present throughout the 4 h reperfusion period, surpris-
ingly, it almost completely abolished apoptosis at 24 h
(Figures 4a and b, Supplementary Figures S2a and b). In
contrast, when Zn2þ /pyrithione was added for only B20min
at the beginning of reperfusion, it had little protective effect for
both cardiomyocytes and H9c2 cells (Figures 4a and b;
Supplementary Figures S2a and b). Inclusion of any of three
potent flavonoids or U0126 for 4 h in the reperfusion solution
again had a marked cardioprotective effect for at least
24 h (Figures 4a and b; Supplementary Figures S2a and b),
while Ca2þ -free medium (inhibition of I/R-induced Ca2þi
overload),5 CsA (an mPTP inhibitor),13 diazoxide (an mKATP

opener),7 or MK886 (a selective 5-LOX inhibitor8) were less
protective (Figures 4a and b).
We confirmed that GSK-3 inhibitors (SB21 or LiCl) and

antioxidants exhibited significant cardioprotection in myo-
cytes (Figure 4b). When GSK-3b was selectively knocked
down by transfection with siGSK-3b (Figure 4d), significant
protection against I/R injury for 24 h was seen (Figures 4c
and e, 4th versus 3rd groups of darker paired bars). TPEN
treatment with or without protein knockdown was again more
cardioprotective than SB21 treatment (#Po0.05; Figure 4e),
while LiCl, baicalein, or fisetin had a similar protective effect to
SB21.

The Zn2þ
i release may also be involved in I/R injury in

adult-rat hearts. Figure 5 shows that, when 15, 30, and
50mM TPEN was used, 15 mM TPEN was the most effective,
with a reduction in global infarct area of B65%. The
protective effect of baicalein was similar to that of the GSK-
3 inhibitor LiCl. Compared with LiCl alone, co-addition of
TPEN resulted in a small, but significant, additional protec-
tive effect (11.5±0.4%, #Po0.05), again suggesting that
another Zn2þi -dependent, but GSK-3b-independent pathway
may exist.

The ERK-dependent GSK-3b–p53 pathway and Noxa–
myeloid cell leukemia signaling are both involved in the
Zn2þ

i increase-induced myocyte death. In neurons, it
has been suggested that the Zn2þi release activates the
ERK–LOX–ROS cascade, resulting in neuronal apoptosis.8

In Supplementary Figures S4 and S5, we have ruled out a
possible role for lipoxygenase, nuclear factor kB (NFkB), or
hypoxia-inducible factor-1 (HIF1a) on the Zn2þi increase-
induced myocyte death. As U0126 and TPEN were both
cardioprotective and also there is little information whether
the I/R-induced Zn2þi increase activates both ERK and GSK-
3b, resulting in myocyte apoptosis, we tested this hypothesis.
In cardiomyocytes (Figure 6A) or H9c2 cells (Supplemen-

tary Figure S3b), Zn2þi supplementation caused an early

increase in p-ERK1/2 levels at 2 h or 20min, respectively, and
p-ERK1/2 levels remained high for 2–5 h thereafter. This
persistent increase in p-ERK1/2 levels was abolished by
TPEN or U0126, but not by baicalein or MnTBAP (Figures 6a
and b; Supplementary Figures S3a and b).
In non-cardiac cells, it has been suggested that GSK-3b

dephosphorylation at Ser9 and/or its phosphorylation at
Tyr216 increases the activity of the enzyme.17,18 In adult-rat
hearts, however, phosphorylation of Tyr216 in GSK-3b does
not change after 5min of reperfusion.14 After short Zn2þi
supplementation of cardiomyocytes for 2 h (Figure 6A) or
of H9c2 cells for 20min (Supplementary Figure S3b), a
simultaneous increase in p-ERK1/2 and p-Ser9 GSK-3b
(GSK-3b inhibition) was seen. However, when the p-ERK1/2
increase lasted for 3–5 h, dephosphorylation of p-Ser9 and
phosphorylation of p-Try216 on GSK-3b were seen
(Figure 6A, Supplementary Figure S3b), indicating that a

Figure 5 Both TPEN and baicalein have a marked protective effect in adult-rat
hearts. (a) After 30 min of ischemia, TPEN or baicalein was added to the reperfusion
solution for 2 h. The vehicle was 0.1% ethanol. In the group receiving LiCl (a GSK-3
inhibitor), 10 mM NaCl in the reperfusion solution was replaced with 10 mM LiCl.
(b) Compared with the LiCl group, the mixture of LiCl and TPEN provides extra
protection (#Po0.05). Infarct size was determined as the percentage of white tissue
in the total cross-section area (arrowheads in a)
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long-lasting [Zn2þ ]i increase unexpectedly activated both
ERK1/2 and GSK-3b. Moreover, TPEN (Figure 6B, Supple-
mentary Figure S3b), U0126 (Figure 6B), or baicalein
(Figure 6F) largely inhibited GSK-3b activation in cardiomyo-
cytes by increasing p-Ser9 GSK-3b levels, but there was no
statistically significant reduction in p-Tyr216 GSK-3b levels
(Figure 6F, Zn2þo versus inhibitors, #Po0.05).
Using I/R in cardiomyocytes, a similar response of a

persistent p-ERK1/2 increase (Figure 6Ca) and dephosphor-
ylation of Ser9 and phosphorylation of Tyr216 on GSK-3b
(Figures 6Cb–D) was seen during 2–5 h of reperfusion. TPEN
abolished the I/R-induced persistent p-ERK1/2 increase
(Figure 6Ea) and reversed the Ser9 dephosphorylation and
Tyr216 phosphorylation (Figures 6Eb–F). Baicalein (Figures
6Eb–F) or leuteolin (data not shown) reversed the dephos-
phorylation of p-Ser9. Thus, the target of the flavonoids is

probably a protein downstream of ERK1/2, for example, GSK-
3b (Figure 8e). All three inhibitors reduced the mean p-Tyr216
GSK-3b value, but only TPEN had a significant effect
(Figure 6F), as the intensity of the p-Tyr216 band varied
between batches of primary myocytes.
Figure 7a shows confocal images demonstrating that I/R

treatment for 4 h induced an increase in p-Tyr216 GSK-3b
levels in myocyte nuclei (arrow in Aii; 26.7±1.8%, n¼ 6) and
that this increase was abolished by TPEN (3.5±0.6%, n¼ 6)
or baicalein (8.6±0.6%, n¼ 6). A similar inhibitory effect of
TPEN or U0126 (botho5%, n¼ 5, Figure 7biii) on Zn2þ /Kþ -
induced p-Tyr216 GSK-3b translocation in myocyte nuclei
was also seen (arrow in Figure 7bii; 23.6(3.8%, n¼ 5). After
I/R exposure for 4 h, followed by a return to normal medium for
24 h (Figure 7cii), an increase in co-expression of GSK-3b
(green) and p53, a GSK-3b substrate protein (red), was seen

Figure 6 Inhibitory effects of TPEN, U0126, or flavonoids on the I/R- and Zn2þ
o -induced activation of ERK1/2 and GSK-3b in cardiomyocytes. (A) Western blot showing

the time course of the effect of Zn2þ
i supplementation on ERK1/2 and GSK-3b activity. (B) TPEN, U0126, or baicalein inhibits the 10mM Zn2þ /Kþ -induced activation of

ERK1/2 and GSK-3b (i.e. p-Ser9 decrease and p-Try216 increase) at 4 h of treatment. (C andD) Time course of the simulated I/R-induced activation of ERK1/2 (Ca) and GSK-
3b (Cb) and the summarized data (D). (E) TPEN and baicalein abolish the I/R-induced activation of p-ERK1/2 (Ea) and GSK-3b (Eb) at 4 h of reperfusion. (F) Summarized
data for the phosphorylation of GSK-3b. Data are taken from B and E. In D and F, n¼ 5–8/group
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Figure 7 Simultaneous activation of GSK-3b and p53 and an increase in Noxa expression are involved in Zn2þ
i increase-induced myocyte death. (a–d) Representative

confocal microscopic images of p-Tyr216 GSK-3b translocation into the myocyte nucleus (a and b) and GSK-3b–p53 activation (c and d). TPEN, U0126, baicalein, or PFT-a
(a p53 inhibitor) inhibit the increase in p-Tyr216 in myocyte nuclei (punctate green fluorescence, arrowhead in a and b) or the colocalization of GSK-3b (green) and p53 (red) in
nuclei (yellow, arrowhead in c and d). (e) Treatment with either PFT-a or sip53 is protective against I/R-, 10mM Zn2þ /Kþ -, H2O2-, or ONOO�-induced myocyte death. n¼ 4–
8/group. (f) Time course of the induction of an increase in Noxa mRNA caused by 10 mM Zn2þ /Kþ exposure measured by quantitative real-time PCR (qPCR). (g) U0126 or
SB21, but not PFT-a, abolishes the increase in Noxa expression at 4 h of Zn2þ

i supplementation
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in nuclei (overlay/yellow: I/R: 25.5±3.1%, n¼ 6), and this
effect was again inhibited by TPEN (5.1±2.4%, n¼ 5, Figure
7ciii) or baicalein (7.3±2.6%, n¼ 4). A similar inhibitory effect
of TPEN (3.4±1.7%, n¼ 4) or baicalein (11.3±2.6%, n¼ 4)
was also seen after Zn2þ /Kþ exposure for 4 h and return to
normal medium for 24 h (36.3±2.5%, n¼ 9, Figure 7dii).
Pifithrin-a PFT-a inhibits the p53-dependent transactivation

of p53-responsive genes and reversibly blocks p53-mediated
apoptosis.19 Pretreatment with PFT-a largely inhibited the
Zn2þ /Kþ -induced p53 expression (Po0.05; 55.0±2.7%
versus 25.8±1.9%, n¼ 5) and GSK-3b/p53 co-expression
in nuclei (Po0.05; 36.3±2.5% versus 19±1.5%, n¼ 9 and 5,
respectively, Figure 7diii), but had little effect on the
expression of GSK-3b per se (P40.05; 68.5±2.7% versus
60±4.1%, n¼ 5). PFT-a also significantly inhibited TPEN-
sensitive I/R-, H2O2-, ONOO�-, or Zn2þ /Kþ -inducedmyocyte
death (*Po0.05, 2nd versus 4th groups of lighter paired bars
(�siRNA) in Figure 7e). Moreover, silencing of p53 expression
by sip53 transfection also provided significant cardioprotec-
tion (#Po0.05, 1st versus 2nd groups of darker paired bars
(þ siRNA) in Figure 7e). Taken together, these
data suggest that activation of ERK-dependent GSK-3b–p53
signaling is involved in the Zn2þi increase-induced
myocyte death.
It has been suggested that the apoptotic protein Noxa is a

transcriptional target of p53.20 An anti-apoptotic Bcl-2 family
protein, myeloid cell leukemia-1 (Mcl-1), has a high affinity for
Noxa and binds to it, thus decreasing its apoptotic activity.20,21

Moreover, activation of the Noxa–Mcl-1 pathway was recently
implicated in non-cardiac cell death caused by DNA-dama-
ging agents, including H2O2 and cisplatin.21,22 Figures 7f
and g show that exposure to Zn2þ /Kþ resulted in a transient
increase in NoxamRNA levels, which peaked at 4 h. The I/R or
H2O2 exposure also induced a marked increase in Noxa
mRNA levels (Supplementary Figures S3c and d). Interest-
ingly, this increase was largely inhibited by U0126 or SB21,
but not by PFT-a (Figure 7g, Supplementary Figure S3c),
suggesting that the Zn2þi increase induces ERK-/GSK-3-
dependent, but p53-independent, Noxa expression
(Figure 8e). Furthermore, TPEN, U0126, SB21 (Figures 8b
and c), or baicalein (Supplementary Figure S3f) simulta-
neously abolished the I/R- or Zn2þi supplement-induced
increase in Noxa protein levels, and decrease in Mcl-1 protein
levels. Moreover, the Zn2þi supplementation-induced Mcl-1
decrease was inhibited by a proteosomal inhibitor MG132
(Figure 8a), indicating that the decrease is due to an increase
in proteosomal degradation (Figure 8e). The cell death assay
also demonstrated that silencing of Noxa expression resulted
in significant cardioprotection against I/R-, H2O2-, ONOO�-,
or Zn2þ /Kþ -induced apoptosis (Figure 8d), while knockdown
of Mcl-1 did not. Interestingly, an additional small protective
effect was consistently observed when SB21 or PFT-a was
present after silencing Noxa expression for 65–72 h
(Figure 8d), indicating that both the Noxa–Mcl-1 and GSK-
3b–p53 axes, which are downstream of the activated ERK1/2,
are involved in the myocyte death (Figure 8e). We did not
perform double knockdown experiments in Figure 8d, as
cardiomyocytes transfected with both siRNAs were not
healthy after 65–72 h transfection. SB21 or siGSK-3b had
only a small, or no, protective effect against H2O2-/ONOO�-

induced cell death (Figures 2d and e, Supplementary
Figure S2c); the reason for this is not known, but the larger
Zn2þi release caused by exposure to H2O2- or ONOO� may
activate ERK–p53–Noxa-dependent, but GSK-3b-indepen-
dent, signaling (Figures 7e, 8d and e).

Discussion

Oxidative stress and nitrosative stress are both considered as
major causes of cardiac I/R injury.3–5 This study provides two
novel results: (i) using time-lapse confocal microscopy and
high-affinity Zn2þ -selective fluorescent probes, I/R, ROS, and
RNS were found to cause marked endogenous Zn2þi release,
which increased ERK1/2 activity, resulting in the activation of
both GSK-3b–p53 and Noxa–Mcl-1 signaling and myocyte
death (Figure 8e); and (ii) short exposure to TPEN or
flavonoids at the start of reperfusion may have beneficial
therapeutic potential.
When myocytes were treated with simulated I/R, ROS, or

RNS, all caused significant TPEN-sensitive Zn2þi release, with
positive feedback between the [Zn2þ ]i and [O2

�K]i increases
(Figures 1d and 8e). At least two independent Zn2þi pools were
found to be located in the cytosolic and mitochondrial
compartments, respectively, and the released Zn2þ translo-
cated between the two compartments (Supplementary Figures
S1c and d), as shown previously in neurons.11

When TPEN was applied for only 20min at the beginning of
the 4-h reperfusion, there was a marked protective effect that
lasted for at least 24 h (Figure 4b, Supplementary Figure S2b),
suggesting that the initial Zn2þi release, evoked by a burst of
O2

�K

i at the beginning of reperfusion (Figure 3b), is an
important early death signal for the I/R injury seen at 24 h.
When TPEN was applied throughout the 4-h reperfusion
period, it provided more cardioprotection than other treat-
ments, including GSK-3 inhibition, flavonoids, Ca2þ -free
medium, CsA, or diazoxide (Figure 4b). TPEN also markedly
abolished the Zn2þi -dependent H2O2- or ONOO�-induced
apoptosis. Moreover, three membrane-permeating thiols
(GSH, NAC. and DTT), which prevent oxidation of protein
sulfhydryl groups,1,12 all abolished the marked Zn2þi release,
but only NAC inhibited the [O2

�K]i increase. As these reagents
were all cardioprotective, again, this indicates that
NAC-/GSH-/DTT-induced intracellular Zn2þ chelation
may prevent the myocyte death. In contrast, when a
Zn2þ /pyrithione mixture was added to the reperfusion
solution for B30min, a much larger [Zn2þ ]i increase was
seen, andmarked apoptosis was seen at 24 h after its addition
to the reperfusion solution for only 20min (Figure 4b,
Supplementary Figure S2b).
There is mounting evidence in adult-rat hearts that within

20–30min of the end of pre- or post-conditioning, RISK family
members are activated, resulting in phosphorylation of GSK-
3b at Ser9 (i.e. GSK-3b inhibition), which protects the adult-rat
heart from I/R injury for 2–4 h.4,13–16 This study showed a link
between the Zn2þi release/increase and the activation of
GSK-3b, resulting in myocyte apoptosis. We observed an
early increase in p-Ser9 GSK-3b levels after Zn2þi supple-
mentation of cardiomyocytes for 2 h or of H9c2 cells
for 20min, in agreement with the results of Xu and co-
workers23,24 in H9c2 cells that Zn2þi supplementation for
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20min induces phosphorylation at Ser9. However, we found
that this increase disappeared after 3–5 h of Zn2þi supple-
mentation and was followed by full activation of GSK-3b by
dephosphorylation of Ser9 and phosphorylation/translocation
of Tyr216 (Figure 6A, Supplementary Figure S3b), resulting in
the accumulation of both GSK-3b and PFT-a-sensitive p53 in
myocyte nuclei. TPEN, U0126, or flavonoids abolished the I/
R- or Zn2þi supplementation-induced GSK-3b activation and
the accumulation of GSK-3b and p53 in the nucleus (Figures
7A–D). Moreover, treatment with PFT-a or silencing of
p53 expression significantly protected myocytes from TPEN-
sensitive I/R-, H2O2-, ONOO�-, or Zn2þ /Kþ -induced cell
death (Figure 7e). These data indicate that the GSK-3b–p53
pathway may be involved in the myocyte death. As short
exposure to 0.1–10 ı́M Zn2þo alone or its addition to the

reperfusion solution for 20min both induced significant
TPEN-/NAC-/DTT-sensitive apoptosis at 24 h (Figure 4b,
Supplementary Figure S2b), we conclude that Zn2þi supple-
mentation-induced early phosphorylation at Ser9 is not
necessarily cardioprotective and may induce cytotoxicity after
return to normal medium for 4 or 24 h. In support of the above
conclusions, Tyr216 phosphorylation is required for nuclear
GSK-3b accumulation in neurons and fibroblasts,17,18 as
mutation of Tyr216 to phenylalanine or its dephosphorylation
results in less GSK-3b being found in nuclei.17 In addition, the
increase in GSK-3b in the nucleus stabilizes one of its
substrate proteins, p53, which forms a complex and promotes
neuronal apoptosis.18,25 Thus, the modulation of Tyr216
GSK-3b may be as important as that of Ser9 in myocyte
apoptosis.

Figure 8 (a–c) The Zn2þ
i increase induces both Noxa protein expression and MG132-sensitive Mcl-1 protein degradation, and these effects are blocked by pretreatment

with TPEN, U0126, or SB21 (a and b). Zn2þ
i supplementation induces p-ERK activation and GSK-3b dephosphorylation/inhibition (b and c). (d) Noxa expression is involved in

the I/R-, 10mM Zn2þ /Kþ -, H2O2-, or ONOO�-induced myocyte death. Silencing of Noxa expression for 65–72 h (marked siNoxa) induces significant protection against
myocyte apoptosis (*Po0.05). SB21 or PFT-a provides additional myocyte protection after silencing of Noxa protein (#Po0.05). (e) Schematic diagram showing that
oxidative stress and nitrosative stress both induce Zn2þ

i release, resulting in TPEN- and flavonoid-sensitive myocyte apoptosis. There is a positive feedback loop between the
[Zn2þ ]i and [O2

�K

]i increases. Two independent pathways downstream of the Zn2þ
i increase-induced ERK activation are probably involved in the myocyte death, although

other mechanisms are not ruled out (see Discussion). The flat-tipped blue arrows represent inhibition, while the red arrows represent stimulation or an increase
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Early activation ofMEK1/2–ERK1/2 signaling is a protective
upstream signal that induces phosphorylation of GSK-3b
Ser9, resulting in cardioprotection.5,16 However, a sustained
p-ERK1/2 increase has been demonstrated to induce cell
apoptosis in many non-cardiac cells.21,22,26 We found that
both TPEN and U0126 inhibited not only the persistent
p-ERK1/2 increase but also reversed Ser9 dephosphorylation
and Tyr216 phosphorylation, resulting in an inhibition of the
I/R- and Zn2þi supplement-induced GSK-3b activation
(Figure 6). As TPEN, U0126, and PD98059 were all cardio-
protective, one possible explanation is that the Zn2þi
increase-stimulated persistent ERK1/2 activation, resulting
in fully activated GSK-3b (e.g. at Try216), has a role in the
myocyte apoptosis (Figure 8e). However, it is currently
unclear how zinc causes ERK activation/phosphorylation. It
has been suggested that, in non-cardiac cells, Ras and/or Raf
might be the upstream kinases causing zinc-induced ERK
phosphorylation, as treatment with a Raf-1 kinase inhibitor or
infection with recombinant virus expressing dominant-nega-
tive mutants of MEK both attenuate Zn2þ -dependent ERK
phosphorylation.8,27 However, further studies are required as
regards cardiac I/R injury.
The Noxa–Mcl-1 pathway was recently implicated in cell

death caused by DNA-damaging agents, for example, H2O2

or cisplatin.21,22 This study showed that TPEN or U0126 was
consistently more protective against H2O2- or ONOO�-
induced myocyte apoptosis than SB21 or siGSK-3b, indicat-
ing that a GSK-3b-insensitive mechanism is involved. As we
found that (i) U0126 abolished the I/R or Zn2þi supplementa-
tion-induced Noxa mRNA/protein expression and MG132-
sensitive Mcl-1 degradation (Figures 7g, 8b and c, Supple-
mentary Figure S3c), and (ii) significant myocyte protection
was seen after silencing of Noxa expression, but not of Mcl-1
expression (Figure 8d), the ERK-dependent Noxa–Mcl-1
pathway is also involved in myocyte death (Figure 8e).
Furthermore, activation of GSK-3b–p53 and Noxa–Mcl-1
signaling are two independent pathways downstream of the
Zn2þ -dependent ERK1/2 activation (Figure 8e), as PFT-a had
little effect on Noxa mRNA expression and additional
cardioprotection by either SB21 or PFT-a was observed after
knockdown of Noxa (Figures 7g and 8d).
There is evidence that Mcl-1 contains an evolutionarily

conserved GSK-3 site,28 and activated GSK-3b has been
suggested to physically associate with, and phosphorylate,
Mcl-1 at Ser159, which then facilitates the ubiquitination and
degradation of p-Mcl-1 and contributes to GSK-3b-induced
apoptosis.28,29 Surprisingly, we found that baicalein or SB21
had a similar inhibitory effect against the Zn2þi -dependent
GSK-3b activation and both abolished the increase in Noxa
mRNA/protein and the decrease in Mcl-1 protein (Figures 6F,
7g, 8b and c, Supplementary Figures S3c and f). The cell
death assay showed that knockdown of the apoptotic protein
Noxa resulted in cardioprotection, while knockdown of the
anti-apoptotic protein Mcl-1 resulted in increased myocyte
death. As baicalein and SB21 were both cardioprotective,
inhibition of the activated GSK-3b–Noxa–Mcl-1 signaling
might be involved in the cardioprotection (Figure 8e). The
molecular mechanism is unclear, and possible interactions
between GSK-3b, Noxa, and Mcl-1 contribute to the myocyte
death need further investigation. However, other possibilities

cannot be ruled out at present. For example, the larger Zn2þi
release, induced by H2O2 or ONOO� exposure, activated
ERK–p53–Noxa-dependent, but GSK-3b-independent, sig-
naling (Figures 7e, 8d and e).
In summary, this study shows that I/R or oxidative and

nitrosative stress all induce marked Zn2þi release, resulting in
ERK1/2-activated GSK-3b–p53 and Noxa–Mcl-1 signaling
and myocyte death. Inhibition of the reperfusion-induced
upstream Zn2þi release or the use of natural products,
flavonoids, are potentially promising strategies for the treat-
ment of cardiac I/R injury.

Materials and Methods
Solutions and chemicals. The Zn2þ

o -free normal Tyrode solution used was
(in mM): NaCl 118, KCl 4. 5, MgCl2 1.0, CaCl2 1.8, glucose 10, and HEPES 10, pH
7.4 at 37 1C. See the Supplemental Materials for the concentration of the reagents
used in this study.

Protocols for simulating I/R in cardiomyocytes or I/R in adult-rat
hearts
Cultured neonatal ventricular myocytes. All procedures were performed in
accordance with the Animal Care Guidelines of the National Taiwan University. The
protocol for simulated I/R was modified from that described previously.4 In brief,
myocytes were stabilized in O2 (21%)-Tyrode solution for 10 min, then were
switched to 100% N2-saturated Tyrode solution for 30 min, followed by reperfusion
for 4 h with O2-Tyrode solution.
Isolated adult-rat hearts. Adult rats were anesthetized and the isolated hearts
retrogradely perfused in Langendorff mode. Adult-rat hearts were then subjected to
30 min of global ischemia by halting perfusion, followed by 2 h of reperfusion with
Krebs–Henseleit bicarbonate buffer gassed with 95% O2/5% CO2 at 37 1C (pH 7.4).

Simultaneous measurement of changes in the [O2
�K

]i and [Zn2þ ]i

using time-lapse confocal microscopy. A Leica SP confocal laser
scanning imaging system (Leica Microsystems, Wetzlar, Germany) equipped with a
63� oil-immersion objective was used. FluoZin-3 AM (green) and MitoSox Red
(red) were co-loaded with MTG into cardiomyocytes to simultaneously detect
dynamic changes in the [O2

�K

]i and [Zn2þ ]i. MitoSox Red is a high affinity and
selective fluorescent probe for the [O2

�K

]i. TSQ is a non-acetoxymethyl ester Zn2þ

indicator. Although it is a very sensitive Zn2þ probe (Kd¼ 10 nM),10 it does not
depend on cleavage of an acetoxymethyl ester group for uptake and fluorescence,
so intracellular TSQ leaks out within a few minutes and it is not possible to measure
sequential fluorescent changes.30 The rest of recording detail, please see
Supplemental Methods.

For western blot analysis, siRNA transfection, qPCR measurement, and
detection of apoptosis, see the Supplemental Materials.

Statistics. All values are presented as the mean±SEM of N independent
experiments. All data were subjected to one-way ANOVA followed by a post hoc test
with the Bonferroni’s correction. Po0.05 was considered to be statistically
significant.
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