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Abstract. Brain ischemic injury is associated with clinical 
emergencies such as acute ischemic and hemorrhagic stroke, 
head trauma, prolonged severe hypotension and cardiac 
arrest. Ischemic preconditioning (IPC) is the most powerful 
endogenous mechanism against ischemic injury. However, 
the majority of IPC treatments are invasive and thus imprac-
tical in the clinical setting. Identifying the endogenous 
neuroprotective mechanism induced by IPC is important for 
developing new strategies to reduce stroke severity. Zinc finger 
protein 667 (ZNF667) is a novel zinc finger protein that is 
upregulated by myocardial IPC. However, its functional role 
in neuronal ischemia has not been elucidated. In this study, the 
changes of ZNF667 expression on cerebral IPC and its poten-
tial neuroprotective function were investigated. The cerebral 
ischemia model was established by ameliorated four‑vessel 
occlusion in rats. The northern blot results demonstrated that 
ZNF667 expression was increased in the hippocampus and 
cortex at 12 and 24 h after cerebral ischemic pretreatment. To 
investigate the neuroprotective function of ZNF667, enhanced 
green fluorescent protein (EGFP)‑ZNF667 fusion protein 
was expressed in C2C12 and brain astrocytoma cells and its 
subcellular localization was detected by confocal microscopy. 
EGFP‑ZNF667 fusion proteins were localized in the nucleus 
of C2C12 and brain astrocytoma cells, indicating that ZNF667 
may act as a transcription factor in neural cells. To mimic 
oxidative stress associated with ischemia/reperfusion injury, 
hydrogen peroxide (H2O2) was used to treat cells. Cell viability 
was measured by the lactate dehydrogenase (LDH) and WST‑1 
assays. A decrease in viability was detected in C2C12 and 
astrocytoma cells following H2O2 treatment, whereas ZNF667 
gene overexpression significantly improved cell viability 
following H2O2 treatment. These results suggested that 
ZNF667 plays a neuroprotective role by acting as a transcrip-
tion factor in cerebral IPC.

Introduction

Brain ischemic injury is associated with several clinical 
emergencies, including acute ischemic stroke, acute hemor-
rhagic stroke, head trauma, prolonged severe hypotension 
and cardiac arrest (1). Brief sublethal ischemia may protect 
the brain from subsequent sustained ischemic insults, a 
phenomenon known as ischemic preconditioning (IPC) (2,3). 
Although the neuroprotective effects of IPC have been exten-
sively approved, IPC has not been successfully applied in the 
clinical setting. Therefore, identification of the endogenous 
mechanisms induced by IPC is important for the development 
of pharmacological agents to treat ischemic brain injury. As 
an adaptive mechanism, IPC induces specific changes in gene 
expression patterns (4,5). These changes evoke endogenous 
defense mechanisms. Zinc finger protein 667 (ZNF667) is 
a novel C2H2 zinc finger protein that is upregulated in rat 
hearts during myocardial IPC (6,7). It was demonstrated that 
ZNF667 binds to a consensus DNA sequence and represses 
the reporter gene expression, indicating that ZNF667 may 
function as a transcriptional repressor (8). To the best of our 
knowledge, there are no studies available on the ZNF667 
expression pattern in brain IPC and the functional role of 
ZNF667 in IPC has not been elucidated. In the present study, 
ZNF667 expression was measured in the hippocampus and 
cortex at different time points after cerebral IPC treatment and 
it was found to be increased at 12 and 24 h after IPC treatment. 
To investigate the function of ZNF667, ZNF667 or ZNF667 
fused with an enhanced green fluorescent protein (EGFP) tag 
was transfected into C2C12 and brain astrocytoma cells. It 
was observed that the ZNF667‑EGFP fusion protein became 
localized in the nucleus of C2C12 and astrocytoma cells and 
ZNF667 overexpression protected these cells from hydrogen 
peroxide (H2O2)‑induced damage. These results indicated 
that ZNF667 plays an important role in brain IPC by acting 
as a transcription factor to elicit a brain cytoprotective effect 
against ischemic damage.

Materials and methods

Plasmid construction. ZNF667 ORF was amplified from 
pGEM‑T‑ZNF667 vector (kindly provided by the Department 
of Pathophysiology, Xiangya School of Medicine, Central 
South University, Changsha, Hunan, China) using primer pairs 
with 5' XhoI or KpnI restriction sites (ZNF667‑5'Xho1: 5'‑atc 
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tctcgagtaatgcctgcagcccgaggga‑3'; ZNF667‑3'Kpn1: 5'‑atctgg 
taccgcggacatttcctccgaatgtatac‑3'). ZNF667  ORF was then 
cloned into pcDNA3.1 or pEGFP‑N1 vector at the XhoI and 
KpnI sites.

Rat cerebral IPC model. The rats were randomly divided into 
the IPC treatment and sham‑operated control groups (n=12 per 
group). Each rat was fasted for 12 h prior to the operation, 
whereas access to water was allowed. Intraperitoneal injection 
of 30 mg̸kg nembutal was used for anaesthesia. The cerebral 
ischemic pretreatment model was established by ameliorated 
four‑vessel occlusion (9). IPC was induced by occlusion of 
the two common carotid arteries for 3 min. The sham‑control 
group rats were subjected to the same anesthesia and surgical 
procedure, without artery occlusion. The experimental proto-
cols and animal handling procedures were performed in 
accordance with the National Institutes of Health guidelines 
for the use of experimental animals and approved by the 
Institutional Animal Care and Use Committee of the Central 
South University, China.

Northern blot analysis. RNA was extracted from the rat 
hippocampi and cortices at 2, 6, 12 and 24 h after brain IPC 
treatment, fractionated by agarose gel electrophoresis, trans-
ferred to a Hybond‑N membrane (Amersham Biosciences 
Inc., Buckinghamshire, UK) and then hybridized with 
DNA probes labeled with P32‑dCTP using the Amersham 
Rediprime™ II random prime labeling system (GH Healthcare 
Inc., Buckinghamshire, UK). Hybridization was performed 
overnight at 58˚C in Perfect Hyb™ Plus hybridization buffer 
(Sigma‑Aldrich Co., St. Louis, MO, USA). The filters were 
washed at 58˚C in 2X SSC (0.15 M sodium chloride̸0.015 M 
sodium citrate, pH 7.0) with 0.1% SDS for 30 min, followed by 
two washes in 0.2X SSC containing 0.1% SDS for 30 min per 
wash. Radioactive bands were detected by autoradiography.

Subcellular localization of ZNF667 in C2C12 and astrocy‑
toma cells. pEGFP‑ZNF667 was transfected into C2C12 or 
astrocytoma cells by lipofectamine. EGFP fluorescence was 
detected by confocal microscopy 24 h after transfection.

Oxidative stress induced by H2O2. The pcDNA3.1 vector or 
pcDNA3.1‑ZNF667 was transfected into C2C12 or astrocytoma 
cells. The cells were incubated in DMEM‑10% fetal bovine 
serum (FBS) overnight. Cultures were subsequently washed 
3 times with phosphate‑buffered saline (PBS) and exposed 
to 0.5 mm hydrogen peroxide (H2O2; Sigma‑Aldrich Co.) in 
serum‑free DMEM for 3 or 24 h prior to the lactate dehydro-
genase (LDH) release or WST‑1 assays.

Cell damage detected by the LDH release assay. LDH is a 
stable cytoplasmic enzyme that is present in all cells. LDH 
is rapidly released into the cell culture supernatant upon 
cell damage or lysis. Therefore, it may be used to detect cell 
damage in in  vitro cell culture systems. C2C12 or astro-
cytoma cells were transfected with the pcDNA3.1 or the 
pcDNA3.1‑ZNF667 vector and incubated in DMEM‑10% 
FBS overnight. Cultures were subsequently washed 3 times 
with PBS and exposed to 0.5 mm H2O2 in serum‑free DMEM 
for 3  h. The LDH activity was monitored with the LDH 

assay kit (Beijing Zhongsheng Bioreagent, Beijing, China), 
according to the manufacturer's instructions. Cytotoxicity (%) 
was determined using the equation:

Cell viability detected by the WST‑1 assay. The stable 
tetrazolium salt WST‑1 is cleaved to a soluble formazan by 
a complex cell mechanism that occurs primarily on the cell 
surface. This bioreduction is largely dependent on the glyco-
lytic production of NAD(P)H in viable cells. Therefore, the 
amount of formazan dye formed directly correlates with 
the number of metabolically active cells in the culture. The 
measured absorbance directly correlates with the number of 
viable cells. C2C12 or astrocytoma cells were transfected 
with the pcDNA3.1 or pcDNA3.1‑ZNF667 vector. Cells were 
incubated in DMEM‑10% FBS overnight and then exposed to 
0.5 mM H2O2 for 24 h. Cell viability was assessed with the 
WST‑1 assay kit (Roche Applied Science, Indianapolis, IN, 
USA). The cells were incubated with WST‑1 reagent for 4 h at 
37˚C and 5% CO2 and were then agitated thoroughly for 1 min. 
The dye absorbance was measured at 425 nm with a reference 
wavelength of 690 nm.

Statistical analysis. Data were presented as mean ± standard 
error of the mean. ANOVA and the Student's t‑test were used 
to determine statistical significance. A P‑value of 0.05 was 
considered to indicate a statistically significant difference.

Results

ZFN667 is upregulated in the hippocampus and cortex at 12 
and 24 h following cerebral ischemic pretreatment. A total 
of 24 rats were subjected to IPC or sham operation (n=12 per 
group). In the IPC group, ameliorated four‑vessel occlusion 
was applied for 3 min. Rats were then allowed to recover for 
2, 6, 12 or 24 h prior to euthanasia. Hippocampal and cortical 
rat brain tissues were collected and RNA was extracted. The 
expression of the ZNF667 gene in the hippocampus and cortex 
of rat brains was detected by northern blot analysis. ZNF667 
was upregulated in the hippocampus and cortex at 12 and 
24 h after ischemic pretreatment in the IPC group, whereas no 
changes were observed in the sham operation group (Fig. 1).

ZNF667 is located in the nucleus of C2C12 and brain astro‑
cytoma cells. ZNF667 has a Krüppel‑associated box (KRAB)  
domain in the N‑terminus and 14 successive C2H2 zinc finger 
domains in the middle and the C‑terminus, suggesting that it 
may function as a nuclear transcriptional factor. To determine 
its subcellular localization in neural cells, ZNF667 was fused 
with an EGFP tag and the construct was transfected into C2C12 
and brain astrocytoma cells. The C2C12 mouse myoblast cell 
line was used for comparison with neural cells and the empty 
pEGFP‑N1 vector was used as the negative control. EGFP 
fluorescence was observed under confocal microscopy 24 h 
after transfection. The pEGFP‑ZNF667 fusion protein was 
localized exclusively in the nucleus of C2C12 and astrocytoma 
cells (Fig. 2), indicating that ZNF667 is a nuclear protein. By 
contrast, the pEGFP‑N1 control vector was homogenously 
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Figure 1. Cerebral ischemic pretreatment (IPC) upregulates zinc finger protein 667 (ZNF667) mRNA levels in rat brains. Northern blot analyses of ZNF667 
mRNA expression levels in rat brain (A) hippocampus and (B) cortex at various time points following cerebral IPC. The band intensity of ZNF667 mRNA was 
normalized to that of 18S RNA bands. A significant increase in ZNF667 mRNA expression was oberved in the hippocampus and cortex 12 and 24 h after IPC 
treatment. *P<0.05 vs. sham operation group (#).

Figure 2. Exogenously expressed zinc finger protein 667 (ZNF667) is localized in the nucleus of C2C12 and brain astrocytoma cells. Confocal microscopy 
images of (A) C2C12 cells and (B) brain astrocytoma cells transfected with pEGFP‑N1 (control) and pEGFP‑N1/ZNF667 constructs. Green fluorescent protein 
(GFP) fluorescence was observed under confocal microscopy after 24 h of transfection. Control enhanced GFP (EGFP) fluorescence was shown to be localized 
in the cytoplasm and nucleus, whereas EGFP‑ZNF667 fusion protein was localized only in the nucleus.
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distributed in the cytoplasm and nucleus. The combination of 
this result with ZNF667 gene characterization and previously 
reported results (8), suggests that ZNF667 acts as a transcrip-
tional factor in neural cells.

Effect of ZNF667 gene overexpression on cell damage and 
cell viability induced by oxidative stress. ZNF667 gene has 
been shown to be upregulated following cerebral ischemic 
pretreatment. To investigate whether it plays a role in regulating 
cell survival, ZNF667‑expressing vector was transfected into 
C2C12 or brain astrocytoma cells. Twenty‑four hours after 
transfection, the cells were exposed to 0.5 mM H2O2 to mimic 
oxidative stress associated with ischemia̸reperfusion injury. 
Cell damage was assessed by the LDH release assay and cell 
viability was assessed by the WST‑1 assay. Cell damage was 
found to be increased and cell viability decreased in C2C12 
and astrocytoma control cells following H2O2 treatment, 
whereas ZNF667 gene overexpression significantly decreased 
cell damage and improved cell viability after H2O2 treatment 
(Figs. 3 and 4). These data indicate that Mipu1 gene overexpres-
sion may protect cells from oxidative stress‑induced injury.

Discussion

Ischemic brain injury is one of the leading causes of mortality 
and long‑term disability worldwide (10). The physiological 
mechanisms of ischemic injury have not been fully elucidated 
and effective clinical therapies are not currently available. 
The most effective treatment is recovery of blood supply to 
the ischemic brain tissue; however, reperfusion itself may 

cause cell damage due to the generation of reactive oxygen 
species (11,12). IPC or ischemic tolerance has been shown to 
provide protection against neuronal death in brains submitted 
to subsequent periods of prolonged ischemia. Thus, neuro-
protection associated with IPC shows therapeutic potential 
for brain ischemic injury. However, the underlying molecular 
mechanisms require further elucidation.

Gene microarray and proteomics analyses suggested that 
the induction of endogenous neuroprotective genes plays an 
important role in the acquisition of ischemic tolerance (13‑15). 
C2H2 zinc‑finger proteins (ZFPs) constitute the largest 
family of transcription factors in higher eukaryotes (16‑18). 
C2H2‑ZFPs were shown to be required for key cell processes, 
including transcriptional regulation, development, pathogen 
defense and stress responses. ZFPs were shown to be upregu-
lated by IPC (15,19), although the role of ZFPs in cerebral 
ischemia is controversial. For example, EGR‑1, which is 
upregulated following focal and global ischemia, was shown 
to induce apoptotic cell death in certain studies  (20,21). 
However, other findings demonstrated that EGR‑1 inhibits 
apoptosis following ultraviolet irradiation (22). In this study 
we observed that ZNF667 expression was increased in the 
hippocampus and cortex at 12 and 24 h after brain IPC treat-
ment and the overexpression of ZNF667 protected C2C12 and 
brain astrocytoma cells from oxidative stress‑induced damage. 
These results suggest that ZNF667 may play a neuroprotective 
role in cerebral IPC.

ZNF667 protein has a KRAB domain in the N‑terminus. 
Approximately one‑third of C2H2‑ZFPs exhibit KRAB 
motifs at their N‑termini (23). The KRAB domain functions 

Figure 3. Overexpression of zinc finger protein 667 (ZNF667) reduces lactate 
dehydrogenase (LDH) release from C2C12 and brain astrocytoma cells induced 
by H2O2 treatment. (A) C2C12 cells and (B) brain astrocytoma cells were trans-
fected with pcDNA3.1 vector (pcDNA3.1) and pcDNA3̸ZNF667 (ZNF667) 
constructs. Following transfection, cells were treated with 0.5 mmol/l H2O2 for 
3 h. After exposure of the cells to oxidative stress, cell damage was assessed 
by the LDH release assay. An increase of LDH release was detected in C2C12 
and astrocytoma control cells after H2O2 treatment, whereas ZNF667 gene 
overexpression significantly reduced LDH release induced by H2O2 (*P<0.01 
vs. pcDNA3.1 control (ctrl), n=6; #P<0.01 vs. pcDNA3.1 H2O2, n=6).

Figure 4. Overexpression of zinc finger protein 667 (ZNF667) increased the 
viability of C2C12 and brain astrocytoma cells treated with H2O2. (A) C2C12 
cells and (B) brain astrocytoma cells transfected with pcDNA3.1 vector 
(pcDNA3.1) and pcDNA3/ZNF667 (ZNF667) were treated with 0.5 mmol/l 
H2O2 for 24 h. Cell viability was then determined by the WST‑1 assay. A 
decrease in cell viability was detected in C2C12 and astrocytoma control 
cells after H2O2 treatment, whereas ZNF667 gene overexpression signifi-
cantly increased cell viability after H2O2 treatment (*P<0.01 vs. pcDNA3.1 
control (ctrl), n=6; #P<0.01 vs. pcDNA3.1 H2O2, n=6).
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as a transcriptional repressor (24). Our results demonstrated 
that ZNF667 is localized in the nucleus of C2C12 and brain 
astrocytoma cells, which is coincident with transcriptional 
factors. It was previously demonstrated that ZNF667 binds to 
a consensus DNA sequence and represses the reporter gene 
expression, indicating that ZNF667 may function as a tran-
scriptional repressor (8). It was reported that preconditioning 
may downregulate genes that control metabolism, cell‑cycle 
and ion channel activity (25). Similar adaptive neuroprotec-
tive mechanisms have been observed in hibernation and other 
hypoxia‑tolerant states. Thus, as in hibernation, precondi-
tioning may elicit endogenous genetic adaptations that confer 
tolerance to ischemic injury. ZNF667 may contribute to the 
gene downregulation process induced by IPC.

In summary, the present study demonstrated that ZNF667 
is upregulated by cerebral IPC. ZNF667 may play a role in the 
neuroprotection induced by IPC by acting as a transcriptional 
repressor. The elucidation of ZNF667 function and underlying 
mechanisms may help develop novel therapeutic strategies for 
ischemic brain injury.
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