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Overexpression of GRP75 inhibits inflammation
in a rat model of intracerebral hemorrhage
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Abstract. Glucose-regulated protein 75 (GRP75) is a member
of the heat shock protein 70 family and previous studies have
demonstrated that GRP75 is involved in diseases of the central
nervous system. However, the biological function of GRP75
in intracerebral hemorrhage (ICH) remains to be clarified.
Thus, the aim of the present study was to evaluate the effects
of GRP75 in a rat model of ICH. Western blotting was used to
detect the protein expression of GRP75, active caspase-3, Bax,
Bcl-2, p-Akt and Akt in brain tissues following ICH. The levels
of tumor necrosis factor-o. (TNF-o) and interleukin (IL)-1p
were evaluated using ELISA assay. Expression of GRP75
mRNA and protein was demonstrated to be reduced in the
brain tissues of rats with ICH compared with sham-operated
rats. In addition, overexpression of GRP75 in brain tissues with
ICH significantly inhibited the production of the inflammatory
cytokines TNF-a and IL-1f and increased Bcl-2/decreased Bax
levels compared with ICH alone. Furthermore, overexpression
of GRP75 in brain tissues with ICH resulted in significantly
increased phosphorylation of Akt compared with ICH alone.
Therefore, the present study demonstrated, for the first time
to the best of our knowledge, significantly reduced GRP75
expression in brain tissues following ICH, and that overexpres-
sion of GRP75 inhibits inflammation and potentially inhibits
neuronal apoptosis in a rat model of ICH. GRP75 may, there-
fore, represent a promising target in the treatment of ICH.

Introduction

Intracerebral hemorrhage (ICH), estimated to affect over
1 million people worldwide each year, accounts for 10-15%
of all strokes and is associated with high mortality and
morbidity (1). To date, no effective therapeutic strategy exists
to improve the quality of life of patients with ICH. ICH is
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a rapidly evolving process that causes necrosis, followed
by apoptotic cell death and altered gene expression in the
surrounding brain tissue (2). Thus, the identification of novel
therapeutic agents for preventing ICH is crucial.

Glucose-regulated protein 75 (GRP75), a member of the
heat shock protein 70 family, is located in multiple organelles,
but predominantly in mitochondria (3). A growing body of
evidence has demonstrated the role of GRP75 in regulating
cellular stress responses, mitochondrial homeostasis, intra-
cellular trafficking, antigen presenting, cell proliferation,
differentiation, and tumorigenesis (4). A potential protective
effect of GRP75 has also been demonstrated towards diseases
of the central nervous system. Zhang et al (5) reported that
GRP75 was implicated in the process of B cell lymphoma 2
apoptosis regulator (Bcl-2)- and caspase-dependent apop-
tosis of retinal ganglion cells (RGCs) following optic nerve
crush. Overexpression of GRP75 in PCI12 cells has also been
demonstrated to prevent apoptosis by reducing the expression
of Bcl-2 associated X apoptosis regulator (Bax) and delaying
the release of cytochrome c (6). In addition, overexpression of
GRP75 attenuates the lipopolysaccharide-induced oxidative
and metabolic responses, and suppresses the inflammatory
response in microglial BV-2 cells (7). However, to date, the
biological function of GRP75 in ICH remains unclear. Thus,
the purpose of the present study was to evaluate the effects
of GRP75 in a rat model of ICH. A distinct neuroprotective
strategy has been identified that prevents an inflammatory
response and neuron apoptosis following ICH.

Materials and methods

Animals and rat model of ICH. All animals were purchased
from the laboratory animal center of Tianjin Nankai Hospital
(Tianjin, China). Sixty 5 week old adult male Sprague-Dawley
rats, with body weight of 350-400 g were maintained at
constant temperature (21+2°C) and humidity in a holding
facility under a 12-h light-dark cycle, with free access to food
and water. Animal experiments conformed to the guidelines
issued by Tianjin Nankai Hospital for laboratory animals. Rats
were anesthetized intraperitoneally with sodium pentobarbital
(50 mg/kg). Anesthetized rats were placed in a stereotactic
apparatus (David Kopf Instruments, Tujunga, CA, USA). A
26-gauge needle was then implanted into the caudate-putamen
at the following coordinates: 0.8 mm posterior, 5.5 mm
ventral, 3.5 mm lateral to the bregma (8). ICH was induced
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with an infusion of 0.7 ul saline and 0.14 U collagenase IV
(Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) by
using a microinfusion pump (Harvard Apparatus, Holliston,
MA, USA) over a duration of 7 min. Rats with sham surgery
were received 0.7 pl saline only.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) analysis. Total RNA was extracted from the whole
brain tissues using the RNA plus kit (Fermentas; Thermo
Fisher Scientific, Inc., Waltham, MA, USA). Reverse tran-
scription of 5 ug of the total RNA into cDNA was performed
using M-MLV reverse transcriptase (Clontech Laboratories,
Inc., Mountainview, CA, USA). The levels of mRNA tran-
scripts were analyzed by qPCR using Power SYBR-Green
PCR Master Mix (Applied Biosystems; Thermo Fisher
Scientific, Inc.) on an ABI Prism 7500 sequence detector
(Applied Biosystems; Thermo Fisher Scientific, Inc.). The
gene-specific primer sequences used for detection of GRP75
were 5'-CGGCTACCACATCCAAGGAA-3' (forward) and
5'-GCTCGAATTACCGCGGCT-3' (reverse), and for B-actin
were 5-AAATCGTGCGTGACATCAAAGA-3' (forward), and
5'-GGCCATCTCCTGCTCGAA-3' (reverse). Thermocycling
conditions were as follows: 94°C for 4 min, 94°C for 20 sec,
58°C for 30 sec and 72°C for 20 sec, 2 sec for plate reading for
40 cycles and melting curve from 65 to 95°C. f-actin was used
as a quantitative and qualitative control to normalize the gene
expression. Data were analyzed by the 222 method (9).

Western blotting. Total protein extracts were prepared from the
whole brain using radioimmunoprecipitation assay lysis buffer
(Beyotime Institute of Biotechnology, Haimen,China) according
to the manufacturer's protocol. The protein concentration in the
lysates was evaluated using a bicinchoninic acid protein assay
kit (Beyotime Institute of Biotechnology). For protein separa-
tion, a total of 20 pg of protein was loaded on a 12.5% sodium
dodecyl sulfate gel and separated by polyacrylamide gel elec-
trophoresis, followed by transfer to a nitrocellulose membrane
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). Membranes
were subsequently blocked with 2.5% non-fat milk for 1 h at
37°C, then probed with anti-rabbit GRP75 (1:3,000; catalog
no. sc-13967), caspase 3 (1:3,000; catalog no. sc-98785), Bcl-2
(1:2,500; catalog no. sc-783), Bax (1:2,500; catalog no. sc-6236),
Akt (1:2,500; catalog no. sc-24500), p-Akt (1:2,500; catalog
no. sc-135650) and GAPDH (1:1,500; catalog no. sc-367714).
The primary antibodies were obtained from Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and incubation occurred
overnight at 4°C. The membrane was then incubated with
a chicken anti-rabbit horseradish peroxidase-conjugated
secondary antibody (1:30,2,500; catalog no. sc-516087; Santa
Cruz Biotechnology) diluted in blocking buffer for 1 h at room
temperature. Blots were developed using an enhanced chemi-
luminescence system (Pierce; Thermo Fisher Scientific, Inc.).
Protein expression was analyzed using BandScan 5.0 software
(Glyko Biomedical Ltd., Novato, CA, USA).

GRP75 expression vector and in vivo injection. The cDNA
encoding GRP75, obtained from PCR amplification, was
amplified and subcloned into the adenoviral shuttle vector
pAd-CMV (Invitrogen; Thermo Fisher Scientific, Inc.). Rat
green fluorescent protein (GFP; Invitrogen, Thermo Fisher
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Scientific, Inc.) was used as a non-specific control. The adeno-
viral shuttle vector pAd-CMYV and adenoviral gene expression
vector pAdEasy-1 were recombined in Escherichia coli
strain BJ5183. The recombined plasmid Ad-GRP75 was then
propagated in 293T cells (American Type Culture Collection,
Manassas, VA, USA). For in vivo injection, 5 ul of Ad-GFP
or Ad-GRP75 dissolved in 30 ul i-Fect transfection reagent
(Neuromics, Edina, MN, USA) was administered intrathecally
for 1 day, from 1 day prior to ICH and rats were sacrificed
2 days subsequent to ICH for analysis of neuron apoptosis.

Enzyme-linked immunosorbent assay (ELISA). The brain
tissues were rapidly removed and homogenized in lysis buffer.
Following centrifugation (6000 x g) at 4°C for 10 min, the
supernatants were analyzed for cytokine production by ELISA.
ELISA was performed as per the manufacturer's instructions
(Dakewe Biotech Co., Ltd., Shenzhen, China) to assess the
concentrations of tumor necrosis factor-a (TNF-a; catalog
no. DKW12-2720-048) and interleukin (IL)-18 (catalog
no. DKW12-2012-096) in the culture supernatant.

Statistical analysis. Data was expressed as the mean + stan-
dard deviation. Statistical analysis was performed with SPSS
software version 13 (SPSS, Inc., Chicago, IL, USA). Multiple
comparisons were evaluated by one-way analysis of variance
followed by Tukey's post hoc test. Two-group comparisons
were analyzed by Student's ¢ test. P<0.05 was considered to
indicate a statistically significant difference.

Results

Expression of GRP75 in a rat model of ICH. GRP75 expres-
sion was investigated in brain tissues at different time points
subsequent to ICH. Compared with the sham-operated group,
GRP75 mRNA expression levels were significantly decreased
from 6 h following ICH (P=0.038; Fig. 1A), with progressive
decreases at subsequent time points, to a minimum level at
2 days (P=0.014; Fig. 1A). Furthermore, western blot analysis
demonstrated that GRP75 protein expression levels were also
significantly inhibited by ICH in the same progressive manner
(Fig. 1B).

Overexpression of GRP75 inhibits the inflammatory response
in a rat model of ICH. To investigate the role of GRP75 in the
progression of ICH, 5 ul of Ad-GFP or Ad-GRP75 dissolved
in 30 ul i-Fect transfection reagent (Neuromics, Edina, MN,
USA) was administered intrathecally once daily for 1 days.
Subsequent GRP75 expression levels were determined by
RT-qPCR and western blot. GRP75 mRNA and protein expres-
sion levels were confirmed to be significantly increased in brain
tissues that received Ad-GRP75 compared with tissues in the
Ad-GFP control group (P=0.021 and P=0.036; Fig. 2A and B,
respectively). In addition, overexpression of GRP75 in brain
tissues of rats with ICH significantly suppressed the production
of TNF-a and IL-1f compared with the ICH group (P=0.026
and P=0.032; Fig. 3A and B, respectively).

Overexpression of GRP75 inhibits expression of neuronal
apoptosis markers in a rat model of ICH. Neuronal apoptosis
is a significant event surrounding hematoma in ICH (10).
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Figure 1. Expression of GRP75 in a rat model of ICH. (A) Reverse tran-
scription-quantitative polymerase chain reaction analysis was performed to
determine GRP75 mRNA expression levels in brain tissues at different time
periods following ICH, relative to 3-actin control. (B) Western blot analysis
was performed to determine GRP75 protein expression levels in brain tissues
at different time periods following ICH. Protein expression was normalized
to GAPDH. Values are presented as the mean + standard deviation. n=5 rats
per group. 'P<0.05 vs. sham group. GRP75, glucose-regulated protein 75;
ICH, intracerebral hemorrhage.

The effects of GRP75 on neuronal apoptosis were, therefore,
investigated in a rat model of ICH. Active caspase-3 protein
expression was increased following ICH compared with the
sham group (P=0.019; Fig. 4), while overexpression of GRP75
in brain tissues of rats with ICH significantly inhibited the
expression of active caspase-3 compared with the ICH group
(P=0.041; Fig. 4). To further examine the effects of GRP75 on
neuronal apoptosis, the expression profiles of Bax and Bcl-2
were investigated. Overexpression of GRP75 in brain tissues
of rats with ICH significantly decreased the expression of Bax
and increased the expression of Bcl-2 compared with the ICH
group (P=0.023 and P=0.036 respectively; Fig. 4).

Overexpression of GRP75 upregulates the level of p-Akt in
a rat model of ICH. To examine whether GRP75 promotes
neuronal apoptosis via the PI3K/Akt signaling pathway, the
effect of GRP75 overexpression on Akt phosphorylation
was examined. The level of Akt Ser473 phosphorylation was
demonstrated to be significantly diminished 2 days subsequent
to ICH compared with the sham group (P=0.017; Fig. 5),
whereas overexpression of GRP75 in brain tissues of rats with
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Figure 2. Increased expression of GRP75 in vivo following intrathecal injec-
tion of Ad-GRP75. (A) GRP75 mRNA expression levels were detected in
brain tissues following ICH by reverse transcription-quantitative polymerase
chain reaction. 3-actin was used as a normalizing control. (B) GRP75 protein
expression levels in brain tissues following ICH were measured by western
blot. Protein expression was normalized to GAPDH. Values are presented
as the mean + standard deviation. n=5 rats per group. ‘P<0.05 vs. Ad-GFP
group. GRP75, glucose-regulated protein 75; ICH, intracerebral hemorrhage;
Ad-, adenoviral overexpression vector; GFP, green fluorescent protein.

ICH significantly upregulated p-Akt levels compared with the
ICH group (P=0.036; Fig. 5).

Discussion

In the present study, significantly reduced expression of GRP75
was demonstrated in the brain tissues of rats with ICH. In
addition, overexpression of GRP75 in the brain tissues of rats
with ICH significantly inhibited the production of inflamma-
tory cytokines and affected production of neuronal apoptosis
markers. Furthermore, overexpression of GRP75 significantly
upregulated p-Akt in brain tissues following ICH.

GRP75 participates in neuronal processes (5,11,12). It
has been reported that the expression of GRP75 decreased
significantly in dopaminergic cells overexpressing A53T
a-synuclein, and downregulation of GRP75 attenuated the
disrupted mitochondrial dynamics by reducing a-synuclein
translocation to mitochondria (13). Liu et al (14) reported that
upon exposure to glucose deprivation, GRP75-overexpressing
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Figure 3. Overexpression of GRP75 inhibits inflammation in a rat model
of ICH. The concentrations of (A) TNF-a and (B) IL-1f in brain tissues
2 days following ICH were analyzed by ELISA. Values are presented as
the mean + standard deviation. n=5 rats per group. P<0.05 vs. sham group;
"P<0.05 vs. ICH group. GRP75, glucose-regulated protein 75; ICH, intrace-
rebral hemorrhage; TNF-a, tumor necrosis factor-a; IL-1f, interleukin-1f;
Ad-, adenoviral overexpression vector; GFP, green fluorescent protein.

PC12 cells exhibited more moderate cell damage than control
PC12 cells. Consistent with these results, the present study
demonstrated reduced GRP75 expression in brain tissues
following ICH. These data suggest that GRP75 may be impor-
tant in the progression of ICH.

Activation of the inflammatory cascade is a common
event in the ICH-induced brain (15). Previous studies have
reported that inflammatory cytokines, including TNF-a and
IL-1pB, were upregulated following ICH (16-18). In the present
study, overexpression of GRP75 was observed to significantly
suppress the production of TNF-a and IL-1f in the brain
tissues of rats with ICH.

Neuronal apoptosis is important in the progression of
ICH (2). Caspase-3, known as the death enzyme, has is
important in the controlled execution of programmed cell
death (19). In the present study, overexpression of GRP75 was
demonstrated to significantly inhibit the expression of active
caspase-3. The apoptotic protein Bax is a Bcl-2 family cyto-
plasmic protein, which, following activation by diverse stimuli,
inserts into mitochondria, leading to caspase-3 activation and
cell apoptosis (20). In the present study, overexpression of
GRP75 was observed to significantly decrease the expression
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Figure 4. Overexpression of GRP75 reduces expression of neuron apoptosis
markers in a rat model of ICH. Western blot analysis of active caspase-3, Bax
and Bcl-2 protein levels in brain tissues 2 days following ICH, with quan-
tification relative to GAPDH. Values are presented as the mean =+ standard
deviation. n=>5 rats per group. "P<0.05 vs. sham group; “P<0.05 vs. ICH group.
GRP75, glucose-regulated protein 75; ICH, intracerebral hemorrhage; Bax,
Bcl-2 associated X apoptosis regulator; Bcl-2, B cell lymphoma 2 apoptosis
regulator; Ad-, adenoviral overexpression vector; GFP, green fluorescent
protein.
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Figure 5. Overexpression of GRP75 upregulates the level of p-Akt in a rat
model of ICH. Western blot analysis of p-Akt and Akt expression levels in
brain tissues at 2 days after ICH, with quantification relative to GAPDH.
Values are presented as the mean + standard deviation of the ratio of p-Akt
to total Akt. n=5 rats per group. "P<0.05 vs. sham group; “P<0.05 vs. ICH
group. GRP75, glucose-regulated protein 75; ICH, intracerebral hemorrhage;
p-, phosphorylated; Ad-, adenoviral overexpression vector; GFP, green
fluorescent protein.



1372

of Bax and increase the expression of Bcl-2 in brain tissues of
rats with ICH.

Previous studies have demonstrated that the PI3K/Akt
pathway is an important signal transduction pathway that
regulates cell survival of neurons (21-23). Various cellular
stresses can activate Akt through phosphorylation, which
phosphorylates a range of Akt downstream targets such as
Bcl-2-associated death promoter (Bad), glycogen synthase
kinase-3 beta (GSK3p) and forkhead box O-subclass (FoxO)
proteins, leading to the survival of target cells (24,25). Previous
studies demonstrated that Akt inhibits apoptosis by phosphor-
ylating and inactivating pro-apoptotic factors (such as Bad)
to maintain mitochondrial integrity through preventing the
inhibition of anti-apoptotic Bcl-2 by Bad (26); Yang er al (27)
demonstrated that the activation of Akt by GRP75 inhibited the
Bax conformational change and, subsequently, apoptosis. The
present study observed that the level of p-Akt was significantly
downregulated in brain tissues following ICH, and overexpres-
sion of GRP75 upregulates the level of p-Akt. These results
indicated that GRP75 promotes neuronal apoptosis following
ICH through modulation of the Akt-dependent pathway.

In conclusion, the present study demonstrated for the first
time (to the best of our knowledge) that GRP75 expression is
significantly decreased in brain tissues following ICH, and that
overexpression of GRP75 inhibits inflammation and neuronal
apoptosis in a rat model of ICH. Therefore, GRP75 may repre-
sent a promising target for the treatment of ICH.
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