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Abstract Heat shock protein (Hsp) 70 has been reported to protect various cells and tissues from ischemic damage.
However, the molecular mechanisms of the protection are incompletely understood. Ischemia induces significant al-
terations in cellular redox status that plays a critical role in cell survival/death pathways. We investigated the effects
of Hsp70 overexpression on cellular redox status in Madin-Darby canine kidney (MDCK) cells under both hypoxic and
ischemic conditions with 3 different approaches: reactive oxygen species (ROS) measurement by a fluorescence probe,
redox environment evaluation by a hydroxylamine spin probe, and redox status assessment by the glutathione/gluta-
thione disulfide (GSH/GSSG) ratio. Results from each of these approaches showed that the redox status in Hsp70
cells was more reducing than that in control cells under either hypoxic or oxygen and glucose deprivation (OGD)
conditions. In order to determine the mechanisms that mediated the alterations in redox state in Hsp70 cells, we
measured the activities of glutathione peroxidase (GPx) and glutathione reductase (GR), two GSH-related antioxidant
enzymes. We found that OGD exposure increased GPx and GR activities 47% and 55% from their basal levels (no
stress) in Hsp70 cells, compared to only 18% and 0% increase in control cells, respectively. These data, for the first
time, indicate that Hsp70 modulates the activities of GPx and GR that regulate cellular redox status in response to
ischemic stress, which may be important in Hsp70’s cytoprotective effects.

INTRODUCTION

Heat shock protein 70 (Hsp70) is a stress-responsive pro-
tein and is induced when cells are exposed to various
types of stress including heat, hypoxia, and glucose dep-
rivation. Increased levels of Hsp70 in turn result in a
marked increase in stress tolerance and cytoprotection.
Hsp70–mediated cytoprotective effects have been shown
in many cell/tissue types under various environmental
stresses and pathological conditions. Recently, many re-
search groups have reported that Hsp70 is cytoprotective
under ischemic conditions. For example, both in vitro and
in vivo experiments have shown that induction of Hsp70
either by enforced overexpression with viral vectors or
pharmacological approaches protects renal and brain
cells from ischemic injuries (Papadopoulos et al 1996;
Plumier et al 1997; Aufricht et al 1998; Bidmon et al 2000;
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Rajdev et al 2000; Lu et al 2002; Vicencio et al 2003; Yenari
et al 2005). However, the molecular mechanisms that un-
derlie the cytoprotective effects of Hsp70 in ischemic con-
ditions are not fully understood.

Cellular redox environment, often termed redox status,
refers to the reduction potential or reducing capacity in
cellular or other biological systems (see Schafer and
Buettner 2001 for review). Cellular redox status primarily
is regulated by the balance between cellular oxidant and
reductant levels. Cellular redox environment plays an im-
portant role in cellular functions, including regulation of
proliferation, differentiation, and cell death (Schafer and
Buettner 2001; Hiroi et al 2005). Many signaling mole-
cules that play a critical role in cell death pathways are
redox sensitive, such as cytochrome C, caspases, NF -�B,
and AP-1, in that their levels and/or activations are con-
trolled by cellular redox environment. For example, re-
active oxygen species (ROS) can induce a series of specific
cell death signaling events, including release of cyto-
chrome C into the cytosol, activation of caspase-3, pro-
teolytic cleavage of protein kinase C �, and nuclear DNA
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fragmentation (Kajiwara et al 2001; Rejdak et al 2001; An-
antharam et al 2002). Cellular redox status is altered in
ischemia due to alterations in the levels and metabolism
of oxygen and glucose (Shi and Liu 2006; Shi et al 2006).
The critical role of elevated ROS levels in cell death
caused by ischemia has provided the basis of a potential
approach (antioxidant treatment) to minimize ischemic
injury such as in renal tissues (Lloberas et al 2002).

Experimental evidence has suggested that there exists
an interrelationship between Hsp70 and redox status. On
one hand, both oxidative stress and antioxidants seem to
regulate Hsp70 expression (Calabrese et al 2000a,b,
2001a; McLaughlin et al 2003). On the other hand, reduc-
tion in Hsp70 expression can increase ROS generation
and mitochondrial protein oxidation (Yan et al 2002).
Moreover, Hsp70 reduces cellular damage caused by ox-
idative stress in renal cells (Suzuki et al 2005). In contrast
to these observations, the effect of Hsp70 on cellular re-
dox status has not been evaluated directly, especially un-
der ischemic conditions. We hypothesized that Hsp70
might protect cells from ischemic injuries by regulating
cellular redox status. To test the hypothesis, we studied
the redox status and cell death in Madin-Darby canine
kidney (MDCK) cells overexpressed with Hsp70. Our re-
sults showed that Hsp70 improved cellular redox status
in ischemic conditions. Furthermore, the results, for the
first time, reported that Hsp70 significantly increased ac-
tivities of glutathione peroxidase (GPx) and glutathione
reductase (GR), which provides new insights into the
mechanism of cytoprotection induced by Hsp70.

MATERIALS AND METHODS

Reagents

Dulbecco’s modified Eagle’s medium (DMEM), DMEM
without glucose, newborn calf serum, N-2-hydroxyethyl-
piperazine-N�-2-ethanesulfonic acid, 2�,7�-dichloroflu-
orescin diacetate (DCFH-DA), trypsin, penicillin, and
streptomycin were purchased from Sigma Chemical Co.
(St. Louis, MO, USA). 1-Hydroxy-3-methoxycarbonyl-
2,2,5,5-tetramethyl-pyrrolidine (CMH) was from Alexis
Biochem (Lausen, Switzerland). All other chemicals were
of the highest grade available.

Cell culture and Hsp70 transfection

A construct containing the coding region for human
Hsp70 (accession number NM�005345) was obtained
from Dr. Anne Knowlton (University of California, Davis,
CA, USA). The Hsp70 insert was amplified by polymerase
chain reaction (PCR) and recloned into a pRC/CMV
backbone. Parent MDCK cells were transfected with ei-
ther a control pRC/CMV plasmid lacking an exogenous

insert or with pRC/CMV-Hsp70 and incubated in me-
dium containing 75 �g/mL G418 (Life Technologies, Inc.,
Grand Island, NY, USA). Individual colonies were isolat-
ed by limiting dilution and screened for expression of
Hsp70 by Western blot analysis. A clone transfected with
pRC/CMV that expressed control levels of Hsp70 protein
(MDCK�pRC.1), as well as a clone transfected with pRC/
CMV-Hsp70 that expressed elevated levels of Hsp70 pro-
tein (MDCK�p70.2), were used in subsequent experi-
ments.

Cell treatments

Cells were washed with warm phosphate-buffered saline
(PBS) and the culture medium was changed to experi-
mental medium (DMEM or DMEM without glucose). For
hypoxic condition, DMEM medium was gassed previous-
ly with 95%N2/5%CO2 for 15 min. For oxygen and glu-
cose deprivation (OGD), DMEM without glucose was
gassed previously with 95%N2/5%CO2 for 15 minutes
and was added to cell culture plates. Cells were incubat-
ed in a polymer hypoxic glove box (Coy Laboratory Prod-
ucts Inc., Grass Lake, MI, USA), in which the oxygen con-
centration was set at 1% and temperature at 37�C. For
control experiments, cells were cultured in DMEM in a
normoxic environment at 37�C.

Measurement of intracellular ROS

ROS levels were monitored using the cell-permeable
probe DCFH-DA (Huang et al 2004). Cells were incubat-
ed with 100 �M DCFH-DA (dissolved in dimethyl sulf-
oxide [DMSO]) for 30 minutes at 37�C. After the incuba-
tion, cells were washed 3 times with PBS and the relative
levels of fluorescence were quantified with a fluoromicro-
plate reader (excitation 485 nm and emission 535 nm).
The measured fluorescence values were expressed as a
percentage of the fluorescence in control cells.

Evaluation of redox status by electron paramagnetic
resonance (EPR) spectroscopy

The oxidation of the cyclic hydroxylamine CMH was
used to measure overall cellular redox state by EPR spec-
troscopy as described by Hwang et al 2003 and Menshi-
kov et al 2006. Subconfluent cells were harvested with
trypsin, washed once with PBS, and resuspended in the
appropriate media (normal or OGD) at a concentration of
2 � 106 cells/mL. EPR samples were prepared by adding
100 �M CMH and 100 �M diethylenetriamine penta-
acetate to the cell suspension. The cell mixture immedi-
ately was drawn into custom-made gas-permeable Teflon
tubing (Zeus Industries, Raritan, NJ, USA), folded 4
times, and inserted into a quartz tube open at each end.
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EPR signal intensities were obtained at 5-minute intervals
for 60 min. Oxygen tension (1%) in the cavity was
achieved by perfusing a gas mixture of O2/N2/CO2

(1/94/5%). The oxygen tension reached balance in less
than 5 min. Air was used for normoxic experiments. The
EPR cavity temperature (37�C) was controlled by a Bruker
Temperature Controller (Billerica, MA, USA). The EPR
spectra were obtained with a Bruker EleXsys 540 x-band
EPR spectrometer operating at 9.03 GHz and 100 kHz
field modulation. Typical settings for the spectrometer
were: magnetic field, 320 mT; scan range, 11 mT; micro-
wave power, 10 mW; modulation amplitude, 0.1 mT; time
constant, 0.16 s. The EPR spectra were collected, stored,
and manipulated using the Bruker Software Xepr�.

Measurement of glutathione/glutathione disulfide ratio

A widely used indicator of cellular redox environment
(status; glutathione [GSH] to glutathione disulfide [GSSG]
ratio) (Schafer and Buettner 2001) also was used to de-
termine cellular redox status in Hsp70 cells under various
exposures. The ratio was measured with a kit from Cay-
man (kit 703002, Ann Arbor, MI, USA), which employs a
spectrophotometeric recycling assay (Lee et al 1998; Drin-
gen et al 1999). Briefly, cells were scraped into cold PBS
and centrifuged. The cell pellets were frozen at �80�C.
Cells were thawed and homogenized in a cold buffer con-
taining 0.2 M 2-(N-morpholino) ethanesulphonic acid, 50
mM phosphate, 1 mM EDTA, pH 6.0, and centrifuged at
10 000 g for 15 minutes at 4�C. The supernatants were
removed for analyses according to the manufacturer’s in-
struction. All the determinations were normalized to pro-
tein content determined by the method of Lowry et al
(1951). The absorbances were recorded at 405 nm using
a plate reader at 5-minute intervals for 30 min.

Measurement of GPx activity

GPx activity was measured by using a glutathione per-
oxidase assay kit (Cayman). Briefly, cells were scraped,
collected, and homogenized in cold 50 mM potassium
phosphate (pH 7.5, 1 mM EDTA). After the homogenates
were centrifuged at 10 000 g for 15 minutes at 4�C, the
supernatants were removed for analyses. The samples
containing 50 �g total proteins were added to a solution
containing 1 mM GSH, 0.4 unit/mL glutathione reduc-
tase, and 0.2 mM nicotinamide adenine dinucleotide
phosphate (NADPH). The reaction was initiated by add-
ing substrate cumene hydroperoxide (final concentration:
0.22 mM), and the reduction was recorded at 340 nm us-
ing a kinetic program (6 readings at 1-minute intervals).
The GPx activity was determined by the rate of decrease
in absorbance at 340 nm (1 mU/mL GPx 	 [A340/min]/
0.0062). Results were normalized by total protein.

Measurement of GR activity

The activity of GR was detected using a glutathione re-
ductase assay kit (Cayman) according to the manufactur-
er’s instruction. Briefly, cells were scraped, collected, and
homogenized in cold 50 mM potassium phosphate (pH
7.5, 1 mM EDTA). After the homogenates were centri-
fuged at 10 000 g for 15 minutes at 4�C, the supernatants
were removed for assay. The activity of GR was calculat-
ed using the following formula: GR activity 	 (
A340/
min)/0.00373 �M�1 � 9.5 � dilution factor. One unit was
defined as the amount of enzyme that caused the oxida-
tion of 1.0 nmol of NADPH to NADP�/minute at 25�C.

Assessment of cell viability by 3-(4,5-dimethylthiazol-2-
yl)-2,5 diphenyl tetrazolium bromide (MTT) method

Cells (10 000 cells/well) cultured in 96-well NUNC plates
(Nalge Nunc, NY, USA) were treated under hypoxia or
OGD condition for 3 hours. Cell viability was measured
24 hours after the hypoxic and OGD treatments. The
number of viable cells was determined by CellTiter 96AQ
One Solution Cell Proliferation Assay (Promega, Madison,
WI, USA). The absorbance at 490 nm was measured using
a Bio-Rad 3350 microplate reader.

Measurement of cell death by lactate dehydrogenase
release assay

The release of lactate dehydrogenase (LDH) from cells
was used to detect cytotoxicity in cells exposed to the
different experimental conditions. Briefly, the cell-free
culture medium (100 �L) was collected and then incu-
bated with 100 �L of the reaction mixture from the Cy-
totoxicity Detection Kit (Takara Bio Inc., Shiga, Japan) for
30 minutes at room temperature. The optical density of
the solution was then measured at 490 nm (655 nm as
reference) on a Bio-Rad 3350 microplate reader. Extract
from cells lysed with 1% Triton X-100 was used as 100%
cell death.

Statistical analysis

One-way ANOVA was used to estimate overall signifi-
cance followed by post hoc Tukey’s tests corrected for
multiple comparisons. Data are presented as mean �
standard error of mean (SEM), if not otherwise noted.
Difference was considered significant at P  0.05.

RESULTS

Hsp70 levels in Hsp70 and control cells

The relative expression of Hsp70 protein in the cell lines
used in these studies is shown in Figure 1. Hsp70 protein
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Fig 1. Expression of heat shock protein (Hsp) 70 in transfected
cells. Hsp70 protein expression was measured by a Western blot in
either control MDCK�pRC.1 cells (polymerase chain reaction [PRC])
or in MDCK�p70.2 cells (Hsp70).

Fig 2. Effects of heat shock protein (Hsp) 70 on intracellular re-
active oxygen species reactive oxygen species (ROS) levels after
hypoxia and oxygen and glucose deprivation (OGD) treatments.
Hsp70 transfected cells (Hsp70) and control cells (polymerase chain
reaction [PRC]) were treated under normal condition (21% O2) (N),
hypoxic condition (1% O2) (H), and OGD for 3 h. Data are the mean
� standard error of mean. 3 sets of experiments were carried out
at different days with 3 repeats per set. The results were normalized
by protein content. a, P  0.05; b, P  0.01 vs normal condition; c,
P  0.05; d, P  0.01 vs hypoxic condition; e, P  0.05; f, P 
0.01 vs PRC cells under the same treatment.

was detected as a very light band in the cells expressing
the control empty plasmid by Western blotting. In con-
trast, abundant levels of protein were measured in the
MDCK cells transfected with the Hsp70 expression vec-
tor.

Effects of Hsp70 on intracellular ROS levels

Cellular redox status is determined by the overall cellular
oxidant and reductant levels. The level of cellular ROS is
one of the markers to indicate cellular redox status. The
higher the ROS level, the more oxidizing the cellular re-
dox environment. We examined the intracellular ROS lev-
els in Hsp70 and control cells after in vitro hypoxic and
ischemic treatments by the cell-permeable probe DCFH-
DA. As shown in Figure 2, both hypoxic and OGD ex-
posures led to increases in DCF fluorescence in control
and Hsp70 cells, which reflected increases in cellular ROS
levels. Hsp70 suppressed the ROS level induced by hyp-
oxia (13% increase in Hsp70 cells vs 51% in control cells,
P  0.01). The increase in ROS levels in Hsp70 cells (52%)
was significantly less than that in control cells (82%) after
OGD treatment. These results indicate that the overex-
pression of Hsp70 repressed ROS levels when cells were
exposed to either hypoxia or OGD.

Effects of Hsp70 on cellular redox status detected by
EPR techniques

CMH is a hydroxylamine, which is EPR ‘‘silent’’, but can
be oxidized to a nitroxide, which is EPR ‘‘active’’. The
nitroxide can be reduced back to CMH in a more reduc-
ing environment. Thus, EPR measurements of oxidized
CMH can be used as a probe to report the redox status
in cells. Figure 3A shows an EPR spectrum when CMH
was incubated with PRC cells under OGD condition, in-
dicating that CMH was oxidized efficiently over the pe-
riod of observation. The rate of the increase in the EPR
signal then was used to measure the cellular redox status.

A higher rate indicates a more oxidizing environment and
a lower rate indicates a more reducing environment. By
monitoring the heights of EPR signal peaks at low field
of the spectra, we obtained the oxidation rate of CMH as
shown in Figure 3B. The rates in control and Hsp70 cells
during their exposures to hypoxia and OGD are shown
in Table 1. Under normoxic condition, the rates of CMH
oxidation in the 2 cell types were similar. Both hypoxic
and OGD exposures increased the rates in the 2 cell
types. The increase in Hsp70 cells was significantly lower
than that in control cells, especially under OGD exposure.
These results suggest that Hsp70 cells had more reducing
power to keep the oxidation of CMH lower than that con-
trol cells during both hypoxia and OGD exposures,
which was in accordance to our observations on cellular
ROS levels.

Effects of Hsp70 on cellular redox status GSH/GSSG
ratio

The ratio of GSH/GSSG has been widely used to indicate
cellular redox status (Schafer and Buettner 2001). It has
been reported that OGD exposure causes oxidative stress
and a decreased GSH/GSSG ratio (Jiang et al 2004; Shi
and Liu 2006). We conducted experiments to measure lev-
els of GSH and GSSG and the GSH/GSSG ratio to further
understand the redox status in Hsp70 cells when they
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Fig 3. Electron paramagnetic resonance (EPR) detection of redox
status with 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethyl-pyrrol-
idine (CMH) as a redox probe. The oxidation of the cyclic hydrox-
ylamine CMH (100 �M) in heat shock protein (Hsp) 70 transfected
cells and control cells was monitored by x-band EPR spectroscopy
in a real time manner. (A) A representative EPR spectrum of CMH
oxidation product, a nitroxide. (B) Representatives of the time-de-
pendent oxidation of CMH in cells. The rate was a parameter to
indicate cellular redox status. The higher the rate, the more oxidizing
the cells; the lower the rate, the more reducing the cells. See Table
1 for the effect of Hsp70 on the oxidation rate of CMH in cells ex-
posed to different treatments.

Table 1 Effects of heat shock protein (Hsp) 70 on cellular redox
status measured by 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetra-
methyl-pyrrolidine (CMH) oxidation

Treatments Hsp70 PRC

Normoxia 0.024 � 0.011 0.028 � 0.015
Hypoxia 0.033 � 0.017 0.041 � 0.009
OGD 0.046 � 0.015* 0.097 � 0.017

Electron paramagnetic resonance (EPR) spectra were recorded
for CMH oxidation for 1 h in Hsp70 transfected cells (Hsp70) and
control cells (polymerase chain reaction [PRC]) under normal con-
dition (21% O2), hypoxic condition (1% O2), or oxygen and glucose
deprivation (OGD). The data refer to the increase rates of EPR sig-
nals. Data are expressed as mean � standard deviation, n 	 3–5.

*p  0.05 vs PRC. (See Fig 3 for experimental details)

were exposed to ischemic stress. The absolute values of
cellular GSH and GSSG levels in the 2 cell lines after
hypoxic and OGD exposures are listed in Table 2. As
shown in Figure 4, hypoxic exposure reduced the GSH/
GSSG ratio to 79.5% in control cells and 87.7% in Hsp70
cells. OGD treatment decreased the GSH/GSSG ratio to
59.1% in control cells and 76.1% in Hsp70 cells (P  0.01).
These results, which are in agreement with the observa-
tions on using CMH as a redox probe, indicate that Hsp70
can improve the redox environments when cells are ex-
posed to stresses such as hypoxia and OGD.

Effects of Hsp70 on activities of GSH-related
antioxidant enzymes

GSH is a critical small molecular antioxidant and plays a
critical role in reducing free radicals and maintaining cel-
lular redox status in cells. GPx and GR are 2 enzymes
that assist GSH in scavenging oxidants and stabilizing the
intracellular redox status. The increased reducing activity
in Hsp70 cells exposed to an OGD stress prompted us to
investigate the activities of GPx and GR under the exper-
imental conditions. As shown in Figure 5, hypoxic ex-
posure enhanced the activity of GPx to 59.9 nmol/min/
ml (10% increase) in control cells and 31.1 nmol/min/ml
(9% increase) in Hsp70 cells. Remarkably, OGD treatment
increased the activity of GPx from 54.3 to 64.3 nmol/
min/ml in control cells (18% increase), and from 28.7 to
42.0 nmol/min/ml in Hsp70 cells (47% increase; P 
0.01). Figure 6 shows that the activity of GR was in-
creased 18% in Hsp70 cells and 11% in control cells under
hypoxic exposure. OGD treatment significantly increased
55% of the activity of GR in Hsp70 cells, although no
increase was observed in control cells (P  0.01). These
results are evident that Hsp70 cells had a high ability to
increase the 2 enzymes’ activities in response to hypoxic
and OGD exposures. Moreover, we observed that, under
normal condition, the activities of GPx and GR in Hsp70
cells were lower than those in control cells (control vs
Hsp70 cells: GPx, 54.3 vs 28.7; GR, 17.2 vs 10.7) (Figs 5A,
6A), indicating that Hsp70 cells may need lower activities
of the antioxidant enzymes when cells are not exposed
to stress.

Effect of Hsp70 overexpression on cytotoxicity
induced by hypoxia and OGD

To assess the effect of overexpression of Hsp70 on cyto-
toxicity induced by hypoxic and OGD treatments, we
used 2 common methods, MTT cell proliferation assay
and lactate dehydrogenase (LDH) release assay, to mea-
sure the cell viability. As shown in Figure 7A (MTT as-
say), cell viability decreased to 86.1% in control cells and
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Table 2 Effects of heat shock protein (Hsp) 70 on glutathione (GSH) and glutathione disulfide
(GSSG) levels under hypoxic and oxygen and glucose deprivation (OGD) exposures

Treatments

Hsp70 (nmol/mg protein)

GSH GSSG

PRC (nmol/mg protein)

GSH GSSG

Normoxia 81.78 � 1.01 1.83 � 0.05 67.60 � 2.02 1.58 � 0.18
Hypoxia 76.46 � 1.31 1.95 � 0.06 61.56 � 0.87 1.80 � 0.05
OGD 70.09 � 1.73 2.05 � 0.04 50.50 � 1.73 1.99 � 0.14

Hsp70 transfected cells (Hsp70) and control cells (polymerase chain reaction [PRC]) were treated
under normal condition (21% O2), hypoxic condition (1% O2), and OGD for 3 h. Data are expressed
as mean � standard error of mean. 3 sets of experiments were carried out at different days with
3 repeats per set.

Fig 4. Effects of heat shock protein (Hsp) 70 on cellular redox sta-
tus (glutathione/glutathione disulfide [GSH/GSSG] ratio) after hyp-
oxia and oxygen and glucose deprivation (OGD) treatments. Hsp70
transfected cells (Hsp70) and control cells (polymerase chain reac-
tion [PRC]) were treated under normal condition (21% O2) (N), hyp-
oxic condition (1% O2) (H), and OGD for 3 h. Data are expressed
as mean � standard error of mean. 3 sets of experiments were
carried out at different days with 3 repeats per set. a, P  0.05; b,
P  0.01 vs normal condition; c, P  0.05; d, P  0.01 vs hypoxic
condition; e, P  0.01 vs PRC cells under the same treatment. See
Table 2 for the absolute values of GSH and GSSG levels in cells
exposed to different treatments.

91.0% in Hsp70 cells (P  0.05 vs control) in the hypoxic
experiments, and the cell viability decreased to 67.0% in
control cells and 74.4% in Hsp70 cells (P  0.01 vs con-
trol) in the OGD experiments. Similarly, the results from
LDH assay showed that hypoxic treatment caused 18.5%
(control cells) and 10.5% (Hsp70 cells) cell death (Fig 7B).
OGD treatment increased cell death to 33.0% (control
cells) and 22.7% (Hsp70 cells). These results suggested
that cell death caused by hypoxia and OGD was approx-
imately 50% and 30%, respectively, less in Hsp70 cells
than in control cells. These observations provide evidence

that Hsp70 was cytoprotective under either hypoxic or
OGD conditions.

DISCUSSION

Our results show for the first time that overexpression of
Hsp70 maintains a more reducing intracellular environ-
ment during insult by hypoxia or ischemia. Furthermore,
we demonstrate that the activities of 2 antioxidative en-
zymes, GPx and GR, is enhanced markedly in cells over-
expressing Hsp70 compared to that in control cells in re-
sponse to ischemic stress. The results suggest that main-
taining cellular redox environment through increased
functions of these enzymes accounts, at least in part, for
Hsp70–mediated protective effects in cells exposed to
hypoxia/ischemia.

In counteracting the constant generation of oxidants
during normal metabolism, cells have developed a net-
work of defense systems, mediated by small molecule an-
tioxidants and enzymes. Among these antioxidants, GSH
is considered vital for cell survival (Cooper and Kristal
1997; Li et al 1997; Almeida et al 2002). Cellular damage
associated with oxidative stress has been reported follow-
ing GSH depletion (Papadopoulos et al 1997; Gupta et al
2000; Mytilineou et al 2002; Vexler et al 2003). GSH func-
tions as a key player in the intracellular redox regulation
(Gabbita et al 2000) because of its high reduction poten-
tial and high intracellular concentrations (5–10 mM in
many cells). It maintains the reduced state of the cystei-
nyl-thiol groups of proteins and rescues cells from apo-
ptosis by buffering an endogenously induced oxidative
stress (Filomeni et al 2002; Schulz et al 2000). GSH also
acts as a coenzyme of many enzymes involved in cell
defense, such as GPx, which utilizes GSH to detoxify
H2O2, an inducer of cell death involving both necrosis and
apoptosis (Saito et al 2006). GSH transforms to GSSG af-
ter reacting with oxidants, and recycling GSSG is crucial
to supply GSH in cells, especially under oxidative stress.
GR is responsible for reducing GSSG back to reutilizable
GSH in cells (Meister and Anderson 1983). Thus, through
the activities of both GPx and GR, GSH effectively scav-
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Fig 5. Effects of heat shock protein (Hsp) 70 on glutathione per-
oxidase (GPx) activity after hypoxia and oxygen and glucose dep-
rivation (OGD) treatments. Hsp70 transfected cells (Hsp70) and con-
trol cells (polymerase chain reaction [PRC]) were treated under nor-
mal condition (21% O2) (N), hypoxic condition (1% O2) (H), and OGD
for 3 h. Data are expressed as mean � standard error of mean. 3
sets of experiments were carried out at different days with 3 repeats
per set. (A) GPx activity; (B) ratio between different treatments to
base levels (normal condition). a, P  0.05; b, P  0.01 vs normal
condition; c, P  0.01 vs hypoxic condition; d, P  0.01 vs PRC
cells under the same treatment.

Fig 6. Effects of heat shock protein (Hsp) 70 on glutathione re-
ductase (GR) activity after hypoxia and oxygen and glucose depri-
vation (OGD) treatments. Hsp70 transfected cells (Hsp70) and con-
trol cells (polymerase chain reaction [PRC]) were treated under nor-
mal condition (21% O2) (N), hypoxic condition (1% O2) (H), and OGD
for 3 h. Data are expressed as mean � standard error of mean. 3
sets of experiments were carried out at different days with 3 repeats
per set. (A) GR activity; (B) ratio between different treatments to
base levels (normal condition). a, P  0.01 vs normal condition; b,
P  0.01 vs hypoxic condition; c, P  0.01 vs PRC cells under the
same treatment.

enges oxidants such as H2O2 and maintains the cellular
redox environment. The responses of the Hsp70 cells to
OGD exposure are notable in terms of the increase in the
activities of GPx and GR. GPx activity increased 47%

from its base level in Hsp70 cells, compared to 18% in
control cells after 3 hours OGD exposure. Similarly, the
activity of GR was enhanced remarkably in Hsp70 cells
in response to the exposure. These results suggest that
GPx and GR are 2 enzymes that are highly modulated by
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Fig 7. Effects of heat shock protein (Hsp) 70 on cell viability after
hypoxia and oxygen and glucose deprivation (OGD) treatments.
Hsp70 transfected cells (Hsp70) and control cells (polymerase chain
reaction [PRC]) were incubated under normal condition (21% O2)
(N), hypoxic condition (1% O2) (H), and OGD for 3 h, and then sub-
jected to 24-h culture under normal condition. Cell death was as-
sessed by both 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium
bromide (MTT) (A) and lactate dehydrogenase (LDH) release (B)
assays. Data are expressed as mean � standard errror of the mean,
n 	 6. a, P  0.01 vs normal condition; b, P  0.01 vs hypoxic
condition; c, P  0.05; d, P  0.01 vs PRC cells under the same
treatment.

Hsp70 in response in vitro ischemic exposure. Accord-
ingly, we observed decreased levels of ROS and higher
GSH/GSSG ratio in Hsp70 transfected cells, compared to
control cells, when exposed to OGD. In agreement to
these observations, a previous report has suggested a cy-
toprotective effect of Hsp70 following oxidative stress

through a mechanism that was proposed to be mediated
by elevations in glutathione levels (Xu and Giffard 1997).

It is interesting that the Hsp70 overexpressed cells
maintain a quite low level of GPx and GR activity under
normal condition though they have a higher inducing rate
under OGD exposure but not the hypoxic condition. This
observation may be attributed to the roles of glucose. Glu-
cose not only provides energy but also sustains a cellular
reducing environment by generating reducing agents,
such as NADPH, through the pentose phosphate pathway
(Kletzien et al 1994; Delgado-Esteban et al 2000; Almeida
et al 2002). This pathway has been suggested to be the
major source of NADPH production for the maintenance
of cellular GSH, which is critical in maintaining the cel-
lular milieu in a reduced state (Ben-Yoseph et al 1994;
Delgado-Esteban et al 2000; Almeida et al 2002). Under
hypoxia (in the presence of glucose), cellular redox status
may not be altered significantly, compared to that under
OGD exposure, where deprivation of glucose alters cel-
lular redox status significantly. The results indicate that
Hsp70 protein can sense the severity of the stress and
respond to distinct stresses differently.

One critical and well-studied role of Hsp70 is its chap-
erone activity. It has been suggested that Hsps may bind
virtually every protein made within the cell. Hsps may
even actively participate in cellular protein regulations
under normal (nonstress) condition. Our observation that
GPx and GR activities were lower in Hsp70 cells than in
control cells under normal condition is in line with this
concept. It may indicate that Hsp70 regulates the enzyme
activities to match cells’ needs in different conditions. As
a chaperone, the interaction between Hsp70 and its target
proteins may be important in maintaining a functional
protein in the following possible mechanisms: reducing
abnormal protein folding during translation, assisting
protein to fold into its functional conformation, trans-
porting proteins to certain intracellular locations, assem-
bling protein complexes, and even regulating the avail-
ability of a receptor or activity of an enzyme (Beckmann
et al 1990; Moseley 1998; Soti and Csermely 2006). It is
clear from our results that Hsp70 significantly promotes
the activities of 2 GSH-related enzymes, GPx and GR, in
response to OGD stress (Figs 5, 6). Thus, regulating the
proteins’ functions may be responsible for the effect of
Hsp70 on cell death. The mechanisms by which Hsp70
enhances the induction of GPx and GR after stress and,
importantly, whether or not the increase in the activities
is related to its chaperone activity are not clear, although
currently a focus of experimental activity in our labora-
tories.

Besides its role as a molecular chaperone, it has been
suggested that Hsp70 may interfere with cell death path-
ways by directly regulating the expression and/or acti-
vation of proapoptotic and antiapoptoic proteins. It has
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been reported that Hsp70 acts at several stages of the
apoptotic pathway. Hsp70 inhibits the release of cyto-
chrome c from mitochondria and hence acts upstream of
the formation of the apoptosome (Steel et al 2004). It also
sequesters apoptosis inducing factor (Gurbuxani et al
2003) and decreases the cleavage of the common death
substrate protein poly(ADP-ribose) polymerase (Mosser
et al 1997). It increases the expression of the antiapoptotic
protein Bcl-2 after ischemia (Kelly et al 2002; Yenari et al
2005). In addition, it has been suggested that Hsp70 ex-
erts protective effects through an inhibition of NF-�B sig-
naling pathway (Calabrese et al 2001b). A resolution of
these divergent theories of the role of Hsp70 in the re-
sponse of cells to various stresses is critical to a full un-
derstanding of the molecular events underlying Hsp70
activities. However, the mechanism of Hsp70 in prevent-
ing apoptosis is still not fully understood. As cellular re-
dox status ubiquitously regulates pathways of apoptosis,
including the steps described above, Hsp70�s ability to
regulate the redox environment of a cell might well prove
to be a central and unifying event in its cytoprotection.
As observed in this study, 2 important redox enzymes
are modulated by Hsp70 in cells exposed to stress. The
improved redox environment is likely responsible for the
ability of Hsp70 to reduce cell injury caused by ischemic
insult. Nevertheless, the two enzymes may be two ex-
amples that Hsp70 regulates in cells to counteract harm-
ful effects induced by stress. For example, it has been
found that Hsp70 may bind to and modulate the function
of BAG-1, the bcl-2 binding protein, thus modulating
some types of apoptosis-related cell death (McLaughlin
et al 2003).

In conclusion, our results show that Hsp70 can regulate
cellular redox status through modulating the activities of
the GSH-related enzymes, GPx and GR, in response to
hypoxic and ischemic stress. The modulation of antioxi-
dant enzyme activities may be a potential critical mech-
anism that mediates the enhanced cytoprotection afford-
ed by enhanced expression of Hsp70.
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