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SUMMARY

Aim: Pathological release of excess zinc ions has been implicated in ischemic brain cell

death. However, the underlying mechanisms remain to be elucidated. In stroke, ischemia-

induced zinc release and hypoxia-inducible factor-1 (HIF-1) accumulation concurrently

occur in the ischemic tissue. The present study tests the hypothesis that the presence of high

intracellular zinc concentration is a major cause of modifications to PARP-1 and HIF-1a dur-
ing hypoxia, which significantly contributes to cell death during ischemia. Methods: Pri-

mary cortical astrocytes and C8-D1A cells were exposed to different concentrations of zinc

chloride. Cell death rate and protein expression of HIF-1 and Poly(ADP-ribose) polymerase

(PARP)-1 were examined after 3-h hypoxic treatment. Results: Although 3-h hypoxia or

100 lM of zinc alone did not induce noticeable cytotoxicity, their combination led to a dra-

matic increase in astrocytic cell death in a zinc-concentration-dependent manner. Exposure

of astrocytes to hypoxia for 3 h remarkably increased the levels of intracellular zinc and

HIF-1a protein, which was further augmented by added exogenous zinc. Notably, HIF-1a
knockdown blocked zinc-induced astrocyte death. Moreover, knockdown of PARP-1,

another important protein in the response of hypoxia, attenuated the overexpression of

HIF-1a and reduced the cell death rate. Conclusions: Our studies show that zinc promotes

hypoxic cell death through overexpression of the hypoxia response factor HIF-1a via the

cell fate determine factor PARP-1 modification, which provides a novel mechanism for

zinc-mediated ischemic brain injury.

Introduction

Zinc is present at high concentrations in the brain and is crucial for

cellular development and survival [1,2]. The majority of the

brain’s zinc is bound to proteins and 10–20% is concentrated

within certain glutamatergic vesicles in a relatively free state [3,4].

Zinc is essential for normal cellular function and serves a signaling

role in the central nerve system [5] by altering the behavior of sev-

eral ion channels and receptors [6]. Following ischemic stroke,

zinc is released from a subset of glutamatergic terminals in the

brain [7]. A pathological release of excess zinc ions following

ischemia contributes significantly to ischemic brain injury, but the

mechanism of zinc neurotoxicity is not well understood [8–12].

Hypoxia, a cardinal feature of ischemic stroke, is involved in

brain injury, whose dyshomeostasis has been recognized as an

important mechanism for cell death in acute brain injury [4].

While ischemic brain injury research mostly focuses on neuronal

injury and death, studies have shown that astrocytes are also

injured after ischemia and astrocytic death can even occur prior to

neuronal death [13–16]. Exposing cells to low oxygen triggers

hypoxic response pathways responsible for regulating the expres-

sion of hypoxia-inducible transcription factor 1 (HIF-1), which

regulates many genes and plays an important role in the fate of

cells under ischemic conditions [17–21]. It is well known that the

HIF-1a subunit is sensitive to oxygen levels, and hypoxia leads to

changes in its stability, subcellular localization, and transcription

[22]. At normal conditions, HIF-1a protein level remains very low

or undetectable due to the rapid degradation by the ubiquitin pro-

teasome system. However, under hypoxia, HIF-1a becomes stabi-

lized, followed by translocation from the cytoplasm into the

nucleus, where it heterodimerizes with HIF-1b [23–26]. Overex-

pression of HIF-1a has been shown to exacerbate hypoxia-induced

apoptotic cell death through stabilizing tumor suppressor protein

p53 or interacting with calcium and calpain [27]. Recent reports

show that zinc is involved in HIF-1a regulation, but its effect

remains inconsistent in the literature. In human tumors, zinc has

been shown to promote HIF-1a degradation [28], but in normal

prostate cells [29] and keratinocytes [30], it stabilizes HIF-1a. In
stroke, ischemia-induced zinc release and HIF-1a accumulation

concurrently occur in the ischemic brain, but to date, little is

known about their interaction and how this interaction may con-

tribute to ischemic brain injury.
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Poly(ADP-ribose) polymerase-1 (PARP-1) is a protein that plays

an important role in cell death. On the one hand, PARP-1 directly

participates in DNA repair through the formation of (poly(ADP)ri-

bosylation) (PAR) [31] and effects other DNA-repair and DNA-

damage checkpoint proteins responsible for regulating DNA

repair. On the other hand, PARP-1 activation can promote cell

death when extensive DNA damage has occurred by releasing

apoptosis-inducing factor (AIF), as seen in inflammation and

ischemia [32]. PARP-1 is also involved in caspase-dependent

apoptosis, and it can be inactivated and cleaved into two frag-

ments (24 and 89 kDa) by caspase [33] during apoptosis. Being a

zinc finger protein, PARP-1 depends on the presence of zinc to

exert its full function [34]. Moreover, PARP-1 is shown to regulate

the transcriptional activity of HIF-1a [35]. Given this premise, it is

reasonable to speculate that zinc, HIF-1a, and PARP-1 may inter-

act with each other to contribute to ischemic brain injury.

In the present study, we tested the hypothesis that the presence

of high intracellular zinc concentration is the major cause of the

modifications to PARP-1 and HIF-1a during hypoxia, which con-

tributes to cell death during ischemia. We found that zinc pro-

motes hypoxic cell death and induces HIF-1a overexpression in

astrocytes by interacting with PARP-1. Our results demonstrate

that zinc may exacerbate astrocyte death by augmenting hypoxia-

induced HIF-1a stabilization via PARP-1. These findings provide

novel insights to the potential mechanisms of zinc-induced brain

injury following cerebral ischemia.

Materials and Methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum

(FBS), antibiotic–antimycotic solution, and FluoZin-3 were pur-

chased from Invitrogen, and zinc chloride was from Sigma. siRNA

specific for mouse HIF-1a and PARP-1 were obtained from Santa

Cruz (Dallas, TX, USA).

Primary Culture of Rat Cortical Astrocytes

Primary cortical astrocytes were isolated from the cortices of post-

natal day 1 Sprague-Dawley rats as previously described [36]. The

animals were purchased from Charles River Laboratories, Wil-

mington, MA, USA, and the animal study has been approved by

the University of New Mexico Institutional Animal Care and Use

Committee (IACUC). Briefly, animals were decapitated and their

brains immediately excised. Meninges and blood vessels were

removed. Then, the forebrains were placed in DMEM. The tissue

was minced and incubated in 0.05% trypsin for 30 min at 37°C.

Trypsinization was completed by adding DMEM containing 10%

(v/v) FBS. Cells were obtained by dissociating the tissue with pip-

ette and passing through a 40 lM strainer. The cells were seeded

in the flasks at a density of 1.5 9 105 cells/cm2. Cells were cul-

tured in growth medium (85% Dulbecco’s Modified Eagle med-

ium containing 4.5 g/L glucose, and 15% fetal bovine serum) at

37°C with 95% air/5% CO2. Cells were used for experiments 18–

20 days after seeding. More than 95% of cells were glial fibrillary

acidic protein (GFAP)-positive astrocytes, as described previously

[37,38].

Cell line Culture

C8-D1A astrocyte cell line was obtained from American Type Cul-

ture Collection. The cells were cultured in DMEM containing

10% FBS and 1% (v/v) antibiotic–antimycotic solution at 37°C

with 95% air/5% CO2 in an incubator.

Hypoxic Cellular Model

Before hypoxic treatment, the cell culture medium was replaced

with oxygen-free experimental media (DMEM containing different

zinc chloride concentration at 0, 50, 100, and 150 lM), which had

previously been bubbled with nitrogen for 15 min. Cells were then

incubated in a polymer hypoxic glove chamber (Coy Laboratory

Products Inc. Grass Lake, MI, USA) with 1%O2 at 37°C for 3 h.

Intracellular Zinc Detection by FluoZin-3

Intracellular zinc was measured with FluoZin-3, a selective fluo-

rescent probe for zinc [39]. Astrocytes were plated onto polyly-

sine-coated glass coverslips. After reaching 70% confluence, cells

were washed with DMEM to remove extracellular zinc before

incubating with DMEM containing 2.5 lM FluoZin-3 for 45 min

at room temperature. After washing in DMEM, the coverslips

were mounted on a glass slide. Images were acquired using an

inverted microscope with a GFP dichroic mirror to visualize Fluo-

Zin-3 fluorescence.

Western Blot Analysis for HIF-1a and PARP-1

At the end of the indicated treatments, cells were quickly scraped

down, collected, and lysed in RIPA buffer (Santa Cruz). Cell

extracts were centrifuged at 18,000 g for 15 min at 4°C, and pro-

tein concentrations in supernatants were determined using pro-

tein assay reagents (Bio-Rad, Hercules, CA, USA). After heating at

100°C for 5 min, samples of 20 lg protein were electrophoreti-

cally separated on 10% sodium dodecyl sulfate-polyacrylamide

gels and transferred to PVDF membranes (Millipore, Billerica,

MA, USA). Membranes were blocked with Odyssey Blocking Buf-

fer (Li-cor, Lincoln, NE, USA) and then incubated at 4°C over-

night with antibodies against HIF-1a (diluted 1:1,000, Novus) or

PARP-1 (diluted 1:5,000, Cell Signaling, Danvers, MA, USA) fol-

lowed by incubation with RDye 800CW goat antirabbit and IRDye

680 goat antimouse secondary antibodies (diluted 1:10,000, Li-

cor) for 1 h at room temperature. Immunoblots were photo-

graphed using the Odyssey� Infrared Imaging System (Li-cor)

with Molecular Imaging Software V4.0.

Cytotoxicity Assay

Cell death rate was measured using Cytotox 96 nonradioactive

cytotoxicity assay kit (Promega), which quantitatively measures

lactate dehydrogenase (LDH) release from dead cells. Cells

(5 9 103 cells/well) were seeded into 96-well microtiter plates.

Following treatment, 50 lL of the reconstituted substrate mixture

was added to each well of the plate. Thirty min later, 50 lL of the

stop solution was added to each well, and the absorbance was

measured at 490 nm in a Bio-Rad 3350 microplate reader. Triton-
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X 100-treated cells were used as 100% cell death control. The cell

death rate was calculated by using the formula: Cell death rate

(%) = (Experimental absorbance value � culture medium absor-

bance value)/(Triton-X 100-treated absorbance value � culture

medium absorbance value) 9 100.

HIF-1a and PARP-1 Knockdown by Transfection
of siRNA

Transfection of siRNA was performed according to the protocol

provided by Santa Cruz. C8-D1A cells were seeded in DMEM con-

taining 10% FBS without antibiotics at a density of 2 9 106 cells/

dish in 60-mm dishes the day before the transfection. Transfection

of siRNA was carried out using siRNA Transfection Reagent (Santa

Cruz). Five microlitre siRNA Transfection Reagent and 5 lL siRNA

were separately diluted in 100 lL siRNA Transfection Medium

(Santa Cruz). 0.8 mL siRNA Transfection Medium was added after

the two mixtures were combined and incubated at room tempera-

ture for 30 min. Cells were washed once with 2 mL of siRNA

Transfection Medium before adding the siRNA transfection mix-

ture. Six hours later, 1 mL of DMEM containing 20% FBS and

2% (v/v) antibiotic–antimycotic solution were added without

removing the transfection mixture. Forty-eight hours after trans-

fection, cells were treated with zinc. Specific silencing was con-

firmed by Western blot analysis.

Data Analysis

Each experiment was repeated at least four times. Data were pre-

sented as means � SE. Statistical analysis was carried out using

Student’s t-tests. A value of P < 0.05 was considered statistically

significant.

(A) (B)

(C) (D)

(E) (F)

Figure 1 Extracellular zinc promoted hypoxic astrocytes death through the increase of intracellular zinc. Primary astrocytes (A) or C8-D1A cells (B) were

incubated with indicated concentrations of zinc chloride for 30 min before hypoxic treatment. After 3 h of hypoxic treatment, cell death rates were

assayed by the Cytotox 96 nonradioactive cytotoxicity assay kit. The intracellular free zinc was visualized using FluoZin-3 fluorescence probe after the

hypoxic treatment. (C) C8-D1A cells in normoxia. (D) C8-D1A cells treated with 100 lM zinc chloride for 3 h in normoxia. (E) C8-D1A cells exposed to

hypoxia for 3 h. (F) C8-D1A astrocytes treated with 100 lM zinc chloride plus hypoxia for 3 h. The experiments were repeated 4 times (n = 4). Data were

presented as means � SE. *P < 0.05 compared with normoxia without zinc; #P < 0.05 compared with hypoxia without zinc.
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Results

Hypoxia Greatly Amplifies Zinc Cytotoxicity

Cerebral ischemia causes tissue hypoxia and synaptic activation

[4]. Moreover, extracellular zinc increases from nanomolar to

micromolar levels after synaptic activation [6]. Thus, we specu-

lated that zinc and hypoxia may work together to exacerbate

ischemic brain injury. To test this possibility, we compared

zinc’s cytotoxicity under normoxic and hypoxic conditions.

300 lM of zinc is often cited and used as the “physiological”

concentration of free zinc for stimulating neural tissue [40].

However, due to the elevated toxicity of 300 lM zinc to cells,

we used the concentration range of 0–150 lM in our experi-

ments. Primary astrocytes were treated with different concen-

trations of ZnCl2 (0, 50, 100, and 150 lM) for 3 h under

normoxia or hypoxia. Then, the mortality of astrocytes was

assessed by Cytotox 96 nonradioactive cytotoxicity assay kit. As

shown in Figure 1A, under normoxic condition, treatment of

astrocytes with zinc for 3 h did not cause significant cell death

at the concentration of 0, 50, or 100 lM ZnCl2, and 12% cell

death was observed at 150 lM. In contrast, under hypoxia,

treatment with 50, 100, or 150 lM ZnCl2 led to dramatic zinc-

concentration-dependent cell death with rates being 8%, 37%,

and 68%, respectively. Similar results were observed using the

C8-D1A astrocytic cell line (Figure 1B). These findings clearly

indicate that under hypoxic conditions, cytotoxicity of zinc is

greatly amplified.

Hypoxia Increases Intracellular Free Zinc

Emerging evidence indicates that the rise in intracellular free zinc

contributes to neuronal and astrocytic cell death following cere-

bral ischemia [4,41–46]. We speculated that intracellular zinc con-

centrations would increase after the addition of exogenous zinc to

the culture media under hypoxic conditions. To prove this, we

used the Zn-specific fluorophore FluoZin-3 to visualize intracellu-

lar free zinc. We found that under normoxia, little free zinc in C8-

D1A astrocytes was detectable (Figure 1C), while adding 100 lM
extracellular zinc (this concentration was chosen because it

caused about 50% cell death under hypoxia; Figure 1B) barely

increased intracellular free zinc (Figure 1D). However, exposure

of astrocytes to hypoxia for 3 h without zinc administration signif-

icantly increased the intracellular free zinc (Figure 1E), which is

consistent with literature reports [47]. Most importantly, unlike

the normoxic cells, the FluoZin-3 fluorescence intensity was fur-

ther augmented by the 100 lM zinc extracellular administered

under hypoxia (Figure 1F). These results demonstrate that

whereas under normoxia the addition of extracellular zinc does

not necessarily increase intracellular free zinc, hypoxia can dra-

matically enhance the intracellular level of free zinc following zinc

treatment.

Zinc chloride Induces Overexpression of HIF-1a

To elucidate the mechanism behind zinc-induced hypoxic cell

death, we examined the expression of HIF-1a, which plays a key

(A) (B)

(C) (D)

Figure 2 The effect of zinc on HIF-1a protein levels. Astrocytes were treated with zinc chloride at indicated concentrations under hypoxia or normoxia for

3 h. Representative immunoblots showing HIF-1a protein levels in primary astrocytes (A) and C8-D1A cells (C). b-actin served as a loading control. Relative

HIF-1a protein levels in primary astrocytes (B) and in C8-D1A cells (D) were quantitated after normalization to b-actin. The experiments were repeated four

times (n = 4). Data were presented as means � SE. *P < 0.05 compared with normoxia without zinc; #P < 0.05 compared with hypoxia without zinc.
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role in the fate of cells under ischemic conditions. To determine

the effect of zinc on HIF-1a expression under hypoxia, primary

and C8-D1A astrocytes were treated with different concentrations

of zinc chloride (0, 50, 100, and 150 lM). As shown in Figure 2, a

remarkable zinc-concentration-dependent increase in HIF-1a pro-

tein level was observed following 3 h of hypoxia in both primary

(Figure 2A,B) and C8-D1A (Figure 2C,D) astrocytes. As expected,

no or little HIF-1a was detected at normoxia as it could easily be

hydrolyzed through ubiquitination. These results suggest that zinc

synergistically acts with hypoxia to increase the expression of HIF-

1a.

HIF-1a Plays a Significant Role in Zinc-Induced
Astrocyte Death

As zinc treatment remarkably increased the protein level of HIF-

1a (Figure 2), we next wanted to determine whether the

increased HIF-1a expression by zinc was responsible for zinc-

induced cell death. As shown in Figure 3, after knockdown of

HIF-1a by siRNA-HIF-1a (Figure 3A), the zinc-induced hypoxic

astrocytic death was partially reversed with cell death rate

decreasing from 43% to 27% (Figure 3B). This result suggests that

overexpression of HIF-1a plays, at least in part, a significant role

in zinc-induced cell death.

Zinc Chloride Modifies the Expression and
Activity of PARP-1

Besides HIF-1, PARP-1 is another important protein contributing

to hypoxic cell death [48]. In addition, zinc has been reported to

activate PARP-1 [49], and therefore, it was reasonable to speculate

that PARP-1 may be involved in zinc-induced hypoxic cell death.

To investigate whether PARP-1 could be regulated by zinc dur-

ing hypoxia, primary astrocytes were treated with different con-

centrations of zinc chloride under 3 h of hypoxia or normoxia

conditions. We determined the activity of PARP-1 by measuring

the level of PAR, and PARP-1 cleavage by measuring the cleaved

PARP. As shown in Figure 4A,B, under normoxia conditions, little

cleaved PARP protein was observable, whereas after 3 h of

hypoxia, the cleaved PARP protein level increased dramatically

with increasing zinc concentration. Interestingly, we found that

when the cells were exposed to zinc alone, that is, without

hypoxia, the activity of PARP-1 increased with increasing zinc

concentration. However, under hypoxia, when the cells were

exposed to the same zinc concentrations, PARP-1 activity

decreased with increasing zinc concentration (Figure 4A,C).

These findings can be explained by the dual role of PARP-1 func-

tion in DNA repair and cell death regulation. Under normoxia

conditions, or hypoxia with low zinc concentrations, the DNA

damage was relatively low, which can be repaired through PARP-

1 activation. This is indicated by increased PARP-1 activity and lit-

tle cleaved PARP-1 protein. However, at a higher concentration of

zinc under hypoxic conditions, the cell injury may be fatal due to

the severe damage that was beyond the repair ability of PARP-1.

Thus, PARP-1 activity was reduced (Figure 4C), PARP-1 cleavage

was increased (Figure 4B), and cell death ensued (Figure 1A).

Together, these results suggest that PARP-1 plays an important

role in zinc-induced cell death. We also obtained very similar

results using C8-D1A astrocytes (Figure 4D, E, and F). As the

results from primary astrocytes and cell line C8-D1A are identical

(Figures 1, 2, and 4), we chose to use C8-D1A cells to perform our

subsequent experiments.

PARP-1 is Involved in Zinc-Induced Astrocyte
Death and Regulates the Overexpression of HIF-
1a During Hypoxia

To directly determine the role of PARP-1 in zinc-induced hypoxic

cell death, we measured the cell death rate during hypoxia in

zinc-treated astrocytes after knockdown of PARP-1 by siRNA (Fig-

ure 5A). We found that silencing PARP-1 partially blocked zinc-

induced cell death, reducing the death rate from 45% to 25%

(Figure 5B). These results demonstrate that, in addition to HIF-1a,
PARP-1 also plays an important role in zinc-induced cell death.

As both PARP-1 and HIF-1a were found to be regulated by zinc

and both contributed to zinc-induced cell death, next we wanted

to determine whether PARP-1 is upstream of HIF-1a, or HIF-1a is

upstream of PARP-1, on the zinc-induced cell death pathway. C8-

D1A astrocytes were treated with siRNA-PARP to inhibit the

(A)

(B)

Figure 3 Zinc-induced overexpression of HIF-1a in astrocytes was

involved with zinc-induced cytotoxicity. siRNA-HIF was used to

downregulate the expression of HIF-1a in C8-D1A astrocytes before

treatment with 100 lM zinc chloride and exposure to hypoxia. Control

siRNA-A, a nontargeting 20–25 nt siRNA, was used as a negative control.

(A) The expression of HIF-1a was determined by Western blot. (B) The

effect of HIF-1a on zinc-induced cell death was measured by Cytotox 96

nonradioactive cytotoxicity assay kit. The experiments were repeated

four times (n = 4). Data were presented as means � SE. *P < 0.05.

Mock: cells untreated with siRNA; siRNA-A: cells were transfected with

control siRNA before hypoxia/normoxia treatment; siRNA-HIF: cells were

transfected with HIF-1a siRNA before hypoxia/normoxia treatment; siRNA-

A + zinc: cells were first transfected with control siRNA and then treated

with hypoxia/normoxia in the presence of zinc; siRNA-HIF + zinc: cells

were first transfected with HIF siRNA and then treated with hypoxia/

normoxia in the presence of zinc.
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expression of PARP-1 before hypoxia. The inhibition of siRNA-

PARP was confirmed by Western blot for PARP expression (Fig-

ure 5A,D) and activity (Figure 5A,F). After inhibition of PARP-1,

the expression of HIF-1a was significantly decreased (Figure 5A,

C). Decrease of HIF-1a in response to PARP-1 knockdown indi-

cates that PARP-1 regulated HIF-1a and PARP-1 maybe on the

upstream of HIF-1a.
To further confirm that PARP-1 was on the upstream side of this

cascade, siRNA was also used to inhibit HIF-1a to examine any

effects of HIF-1a on PARP-1. As shown in Figure 6, no significant

changeswere detected in PARP-1 protein expression, cleaved PARP

protein level, or PARP activity (Figure 6A,C–E) after HIF-1a knock-
down by siRNA-HIF (Figure 6A,B). These results indicate that

HIF-1a is a downstream gene from PARP-1. These findings clearly

suggest that PARP-1 modifies the expression of HIF-1a and is

upstreamofHIF-1a in the zinc-induced cell death pathway.

Discussion

Hypoxia plays a fundamental role in the pathophysiology of com-

mon causes of mortality, including stroke [50]. Zinc release from a

subset of glutamatergic terminals heightens under ischemia [7],

leading to extracellular zinc increase from nanomolar to micromo-

lar levels [51,52]. During synaptic transmission, zinc can be

released into the surrounding milieu making it available for entry

into cells through gated zinc channels on neighboring cells [5].

Growing evidence suggests that elevated intracellular free zinc

levels contribute significantly to ischemic brain injury [53–56].

Understanding the effect of the interaction of zinc with hypoxia

on cell death, and the underlying mechanism, is critically impor-

tant for ischemic stroke research. The present study demonstrates

a synergistic cytotoxicity by zinc and hypoxia using cultured astro-

cytic cells. Notably, the normal total plasma zinc is 13 � 3 lM
[57], and 150 lM zinc has been chosen as the highest zinc con-

centration to treat the cells in our experiments. Thus, the concen-

tration of the additional zinc and endogenous zinc is much less

than 300 lM, which is often cited and used as the “physiological”

concentration of free zinc for stimulating neural tissue [40].

Although 100 lM zinc or 3 h of hypoxia alone does not cause sig-

nificant cell death, the combination of these two treatments dra-

matically increases cell death in both primary (Figure 1A) and C8-

D1A (Figure 1B) astrocytes, which is attributed to increased intra-

cellular free zinc levels under hypoxic conditions (Figure 1F).

These increases of intracellular free zinc may come through sev-

eral pathways: (1) increased zinc influx via Zip transporters [58];

(2) reduced zinc efflux via ZnT transporters [58,59]; (3) increased

zinc release from zinc-binding proteins in particular MT [60,61];

(4) other channels, such as calcium-permeable AMPA and/or kai-

nite channels (Ca-A/K) and voltage-sensitive calcium channels

[62]. However, the mechanism of intracellular free zinc increase

(A) (D)

(B) (E)

(C) (F)

Figure 4 The effects of zinc and hypoxia on PARP-1 expression and activity. Astrocytes were treated with zinc chloride at indicated concentrations under

hypoxia or normoxia for 3 h. Representative immunoblots showing cleaved PARP and PAR protein levels in primary astrocytes (A) and C8-D1A cells (D).

b-actin served as a loading control. Relative cleaved PARP (B, E) and PAR protein levels (C, F) in primary astrocytes and in C8-D1A cells were quantitated

after normalization to b-actin, respectively. The experiments were repeated 4 times (n = 4). Data were presented as means � SE. *P < 0.05 compared

with normoxia without zinc; #P < 0.05 compared with hypoxia without zinc.
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still requires further investigation. In conclusion, our results pre-

sented here provide direct evidence that hypoxia promotes the

increase of intracellular zinc when cells are exposed to high con-

centrations of extracellular zinc, leading to a cascade of molecule

processes that contribute to ischemic brain damage.

Hypoxia-inducible factor-1a is a transcription factor that binds

to a specific DNA consensus sequence 5′-RCGTG-3′ within the

hypoxia-responsive elements and promotes the transcription of

target genes encoding several proteins important for cell survival

such as EPO, VEGF, HO-1, among others [63–68]. Some studies

have indicated that HIF-1 exerts both antiapoptotic and proapop-

totic effects, depending on the cell type [69]. The effect of zinc on

HIF-1a has been studied and discussed in recent years but contro-

versy remains. Some researchers believe that zinc affects the sta-

bility of HIF-1a [29,30], but others insist zinc has no effect on HIF-

1a stabilization but on nuclear migration of HIF-1a [70]. Notably,

most of these reported experiments were performed under norm-

oxia, so the regulation of zinc on HIF-1a during hypoxia has been

poorly understood. However, hypoxia is a primary consequence

of cerebral ischemia. It is critically important to understand the

interaction of zinc and HIF-1a under hypoxic conditions and its

role in zinc-induced hypoxic cell death. Thus, we examined the

expression of HIF-1a in astrocytes exposed to both zinc and

hypoxia. We found that while zinc had little effect on HIF-1a in

normoxia, the expression of HIF-1a increased dramatically in a

zinc-concentration-dependent manner in hypoxia (Figure 2), fol-

lowing exactly the same pattern of zinc-induced cell death in

hypoxia (Figure 1A,B). Moreover, zinc’s cytotoxicity was signifi-

(A) (B)

(C) (D)

(E) (F)

Figure 5 Poly(ADP-ribose) polymerase-1 contributed to HIF-1a regulation and zinc-induced cytotoxicity. C8-D1A astrocytes were incubated with siRNA-

PARP to inactive PARP-1 before the zinc and hypoxia treatment. (A) The expression and activity of PARP-1 and the expression of HIF-1a were determined

by Western blot. (B) The effect of PARP on zinc-induced cell death was measured by Cytotox 96 nonradioactive cytotoxicity assay kit. Levels of HIF-1a (C),

PARP (D), cleaved PARP (E), and PAR (F) were quantified and normalized by b-actin. The experiments were repeated 4 times (n = 4). Data were presented

as means � SE. *P < 0.05. Mock: cells untreated with siRNA; siRNA-A: cells were transfected with control siRNA before hypoxia/normoxia treatment;

siRNA-PARP: cells were transfected with PARP siRNA before hypoxia/normoxia treatment; siRNA-A + zinc: cells were first transfected with control siRNA

and then treated with hypoxia/normoxia in the presence of zinc; siRNA-PARP + zinc: cells were first transfected with PARP siRNA and then treated with

hypoxia/normoxia in the presence of zinc.
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cantly attenuated by knocking down HIF-1a with siRNA (Fig-

ure 3). Together, these findings support the conclusion that under

hypoxia conditions, zinc greatly increases HIF-1a protein levels,

which contributes to cell death. To our knowledge, this is the first

report linking excessive accumulation of HIF-1a protein to zinc-

induced hypoxic cell death, providing a novel mechanism of brain

injury by zinc following cerebral ischemia.

It has been reported that PARP-1 inhibition reduces the tran-

scriptional activity of HIF-1a [35]. Unfortunately, whether or not

the interaction between PARP-1 and HIF-1a is involved in zinc-

induced hypoxic cell death remains unclear. We show here that

the expression of PARP-1 regulates HIF-1a protein levels, and

HIF-1a is downstream of PARP-1, as demonstrated by the signifi-

cant decrease of HIF-1a expression by knocking down PARP-1

(Figure 5). In contrast, knockdown of HIF-1a had no effect on

either expression or activity of PARP-1 (Figure 6). Our data sug-

gest that zinc increases hypoxia-induced HIF-1a stabilization

through PARP-1 modification. Our study presents direct evidence

that PARP-1 has the ability to modulate HIF-1a in astrocytes.

In conclusion, our results demonstrate that although exposure

of astrocytes to hypoxia or to zinc alone did not induce significant

cell death, the combination of these two treatments leads to a dra-

matic increase in astrocytic death. The hypoxic response protein

HIF-1a and the cell fate determination factor PARP-1 are both

involved in zinc-induced hypoxic cell death. Zinc may exacerbate

astrocyte death by augmenting hypoxia-induced HIF-1a stabiliza-

tion via PARP-1. These findings provide a novel mechanism

accounting for zinc-mediated ischemic brain injury.
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Figure 6 The effect of HIF-1 on PARP-1 regulation. (A) The expressions of HIF-1a and PARP-1 were determined by Western blot. HIF-1a (B), PARP (C),

cleaved PARP (D), and PAR (E) were normalized by b-actin. The experiments were repeated 4 times (n = 4). Data were presented as means � SE.

*P < 0.05. siRNA-A: cells were transfected with control siRNA before hypoxia/normoxia treatment; siRNA-HIF: cells were transfected with HIF-1a siRNA

before hypoxia/normoxia treatment; siRNA-A + zinc: cells were first transfected with control siRNA and then treated with hypoxia/normoxia in the

presence of zinc; siRNA-HIF + zinc: cells were first transfected with HIF siRNA and then treated with hypoxia/normoxia in the presence of zinc.
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