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Combined prostaglandin E1 and lithium exert potent
neuroprotection in a rat model of cerebral ischemia
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Aim: To examine the effects of a mixed formulation composed of prostaglandin E1 and lithium (PGE1+Li mixture) on brain damage
after cerebral ischemia. The effects of the mixture on protein expression of heat shock proteins (HSPs), p53, and Bcl-2 were also
determined.

Methods: Brain ischemia was induced with a permanent middle cerebral artery occlusion (pMCAQ) in rats. Rats were treated with a
single intravenous administration of PGE1, lithium or a PGE1+Li mixture immediately after the ischemic insult. The infarct volume
and motor behavior deficits were analyzed 24 h after the ischemic insult. The protein levels of HSP70, glucose-regulated protein 78
(GRP78), HSP60, Bcl-2, and p53 in the striatum of the ipsilateral hemisphere were examined using immunoblotting.

Results: The mixture (PGE1 22.6 nmol/kg+Li 0.5 mmol/kg) reduced infarct volume and neurological deficits induced by focal cerebral
ischemia. Moreover, the mixture had a greater neuroprotective effect against cerebral ischemia compared with PGE1 or lithium alone.
The mixture was effective even if it was administered 3 h after ischemia. PGE1+Li also significantly upregulated cytoprotective HSP70,

GRP78, HSPGO, and Bcl-2 protein levels, while decreasing p53 expression.
Conclusion: These results demonstrated a PGE1+Li mixture with a therapeutic window of up to 3 h for clinical treatment of cerebral
ischemia. The PGE1+Li mixture potentially exerts a protective effect after stroke through the induction of HSPs and Bcl-2 proteins.
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Introduction
Development of neuroprotective agents against ischemia-
induced brain damage is needed to reduce the mortality
and morbidity associated with stroke!". Heat shock proteins
(HSPs) are molecular chaperones that regulate folding of
nascent and denatured proteins, act as transport proteins
between subcellular compartments and modify the activities
of proteins by altering their conformational states”™. HSPs
may exert neuroprotective effects by antagonizing apoptotic
and necrotic cell death during cerebral ischemia®. Induc-
tion of HSPs also plays a role in the preconditioning-induced
resistance of neurons to ischemic insults™ . HSPs such as
HSP70, glucose-regulated protein 78 (GRP78) and HSP60 are
important regulators of cellular survival and may be used as
potential therapeutic targets for treating ischemic neuronal
injury™®®,

Prostaglandin E1 (PGE1) has several pharmacological
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effects, including cytoprotection, vasodilation, inhibition of
platelet aggregation, membrane stabilization and anti-inflam-
mation”. The clinical uses of PGE1 include the treatment of
ischemic diseases such as cerebral, myocardial and hepatic
ischemia. In recent studies, Matsuo reported that PGE1
induces HSP70, GRP78, and HSP86 immediately after hepatic
ischemia reperfusion. Therefore, HSPs might play an impor-
tant role in mediating the protective actions of PGE1 against
ischemia/ reperfusion injury in the liver™’,

Lithium has been extensively used in the treatment of bipo-
lar mood disorders!l. Growing evidence suggests that lith-
ium is a neuroprotective drug that is effective against a variety
of insults, including glutamate-induced excitotoxicity, isch-
emia-induced neuronal damage and other neurodegenerative
conditions". Recently, Ren et all" reported that treatment of
rats with lithium decreased the infarct volume in a permanent
focal cerebral ischemia model, and the neuroprotective effects
of lithium were associated with the upregulation of cytopro-
tective HSP70 in the ischemic brain hemispheres.

In a previous study, research from our laboratory™ found
that lithium could potentiate the neuroprotective effects of
PGE1 through synergistic induction of HSPs, but the differ-
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ent administration routes of PGE1 (intravenous injection, iv)
and lithium (subcutaneous injection, sc) make the clinical
administration of drug combination inconvenient. Therefore,
in the present study, we formulated a PGE1+Li mixture for
intravenous administration. We verified that the mixture had
neuroprotective actions with a therapeutic window up to 3 h.
The mixture also induced the expression of HSPs and Bcl-2 in
animals with ischemic injuries.

Materials and methods

Preparation of the PGE1+Li mixture and experimental protocol
PGE1 (NanYang Pukang Pharmaceutical Co ltd, Henan,
China) and lithium (Sigma, St Louis, MO, USA) were dis-
solved successively in sterile normal saline (pH 7.2-7.4) to
prepare the PGE1+Li mixture. Male Sprague-Dawley rats
weighing 280-300 g were purchased from the Center for
Experimental Animals at Soochow University. The NIH
guidelines for the Care and Use of Laboratory Animals were
followed during all animal procedures. In this study, three
batches of rats were used. The first batch of 70 rats was ran-
domly divided into 7 groups: the sham-operated group, the
permanent middle cerebral artery occlusion (pMCAQO) group,
the lithium group (Li 0.5 mmol/kg), the PGE1(S) group (PGE1
22.6 nmol/kg), the PGE1(L) group (PGE1 45.2 nmol/kg),
the PGE1(S)+Li mixture group (PGE1 22.6 nmol/kg+Li 0.5
mmol/kg), and the PGE1(L)+Li mixture group (PGE1 45.2
nmol/kg+Li 0.5 mmol/kg). The regional cerebrocortical
blood flow (rCBF) in the rats was monitored, and the infarct
volume, brain water content and neurological deficits were
also evaluated in the animals. A second batch of 50 rats was
randomly divided into 5 groups: the sham-operated group,
the pMCAO group, the lithium group, the PGE1(S) group, and
the PGE1(S)+Li mixture group. These rats were used for the
immunoblotting procedures. In these two experiments, PGE1,
lithium, and the PGE1+Li mixture were injected intravenously
immediately after the onset of pMCAO. The last batch of 40
rats was randomly divided into 4 groups: the pMCAO group,
the PGE1(S)+Li mixture 1.5 h group, the PGE1(S)+Li mixture
3 h group, and the PGE1(S)+Li mixture 6 h group. These rats
were used to evaluate the therapeutic window of the PGE1+Li
mixture for the treatment of ischemia. The PGE1(S)+Li mixture
was administered 1.5 h, 3 h, or 6 h after the onset of pMCAO.
In all of the experiments, sham-operated and model animals
received injections of normal saline using the same volume as
the various treatments.

Rat pMCAO model

The rat pMCAO model was produced using the intraluminal
suture technique described by Longa with minor modifica-
tions" ' The rats were anesthetized with 4% chloral hydrate
(350 mg/kg). A 30 mm length of monofilament nylon suture
(90.22-®0.24 mm) with a rounded tip was inserted into the
internal carotid artery through a small incision in the right
common carotid artery and then advanced to the Circle of
Willis. The suture remained in place until the rats were killed.
Laser-Doppler flowmetry (LDF, ML191 Laser Doppler Blood
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FlowMeter) was used to monitor the blockade of cerebral
blood flow. The rCBF was detected prior to onset of ischemia
to acquire the preischemia blood flow level. After the pMCAO
operation, the rCBF sharply dropped to approximately
5%-10% of the preischemia value. Then the rCBF was mea-
sured again 5, 10, 15, 30, 60, and 120 min after drug admin-
istration™. Body temperature was closely monitored with a
rectal probe and maintained in the range of 37.0+0.5 °C with
a heating pad (Institute of Biomedical Engineering, CAMS,
BME-412A ANIMAL REGULATOR) during and after sur-
gery until the animals recovered from the anesthesia. Sham-
operated rats underwent the same procedures except for the
PMCAO. About 20%-30% of the rats died 24 h after ischemia
onset and were excluded from further analysis. Rats that
showed tremors and seizures were also excluded from further
analysis.

Evaluation of infarct volume, brain water content and neuro-
logical deficit

Twenty-four hours after ischemia, the neurological deficits in
rats subjected to pMCAO were evaluated with a protocol that
was previously described by an observer who was blinded to
the treatment™. A total score of a possible 10 was determined
as follows: (1) when the rats were suspended by the tail, the
left forelimb was flexed and the flex was scored 1-4 according
to severity; (2) when rats were placed on a smooth plane, the
lateral push resistance toward the left side decreased, which
was scored from 1-3; (3) the rats were pulled gently backward
by the tail and the left forelimb showed decreased strength,
which was scored from 1-3. After the animals were scored,
they were euthanized. The brains were dissected out and
sliced in a plastic module (3-mm thickness, Harvard Appara-
tus, MA, USA). Then 5 slices of coronal sections were stained
with 4% 2, 3, 5-triphenyltetrazolium chloride (TTC) for 30
min and fixed with 4% paraformaldehyde. Image analyzing
software called SigmaScan Pro5 was used to measure brain
infarcts. Considering the fact that infarct volume expands due
to edematous change, the infarct volume was calculated with
the following formula: infarct volume=(red area of the contral-
ateral side - red area of the ipsilateral side)/ total areax100%!"".

Immunoblotting

Immunoblotting was carried out as previously described!.
Brain tissues from the ischemic striatum of the right middle
cerebral artery territory and the corresponding area of the
sham-operated rats were homogenized. Then the proteins
were extracted with a lysis buffer (10 mmol/L Tris-HCI, pH
7.4, 150 mmol/L NaCl, 1% Triton-100, 0.1% SDS, 5 mmol/L
ethylenediaminetetraacetic acid [EDTA], 1 mmol/L phenylm-
ethylsulfonyl fluoride [PMSF], 0.28 U/mL aprotinin, 50 ng/mL
leupeptin, 1 mmol/L benzamidine, 7 pg/mL pepstatin A).
The protein concentrations were determined (SmartSpec3000
Spectrophotometer, Bio-Rad, Hercules, CA, USA) using a BCA
kit (Pierce, Rockford, IL, USA). A 50 pg aliquot of protein
from each sample was separated with a 10% SDS-PAGE gel
and subsequently transferred to a nitrocellulose membrane.



Afterward, the membranes were incubated with antibodies
against HSP70 (1:200; Mouse derived anti-HSP70 monoclonal
antibody; Santa Cruz Biotechnology, Santa Cruz, CA, USA),
GRP78 (1:400; Rabbit derived anti-GRP78 polyclonal anti-
body; Stressgen Bioreagents, Canada), HSP60 (1:100; Mouse
derived anti-HSP60 monoclonal antibody; Sigma, St Louis,
MO, USA), p53 (1:1000; Mouse derived anti-p53 monoclonal
antibody; Cell Signaling, Woburn, MA, USA), or Bcl-2 (1:200;
Rabbit derived anti-Bcl-2 polyclonal antibody; Santa Cruz
Biotechnology, Santa Cruz, CA, USA) at 4°C for 3 h. Next, the
membranes were incubated with a horseradish peroxidase-
conjugated secondary antibody (1:5000; Sigma, St Louis, MO,
USA) at room temperature for 1 h. Immunoreactivity was
detected with enhanced chemiluminescent autoradiography
(ECL kit; Amersham, Piscataway, NJ, USA) according to the
manufacturer’s instructions. The membranes were reprobed
with B-actin (1:5000; Sigma) after the membrane was stripped
with Tris-buffered saline containing 0.1% Tween-20 (TBST)
and 2% B-mercaptoethanol at 65°C for 1 h.

Statistical analysis

Statistical analysis was carried out with one-way ANOVA.
The intergroup comparisons (post-hoc analysis) among data
with equal variances were carried out with the least significant
difference (LSD) method, whereas Tamhane’s T2 method was
used for data with unequal variances. P<0.05 was considered
significant.

Results

PGE1+Li mixture had no significant improvement on rCBF

After the pMCAO operation, the rCBF decreased to approxi-
mately 5%-10% of the preischemic values and remained low in
all of the rats that were subjected to pMCAO. PGE1, lithium
and the PGE1+Li mixture produced no statistically significant
improvements in the reduction of rCBF within 5 min, 10 min,
15 min, 30 min, 60 min, and 120 min after the surgical opera-
tion (Table 1).

PGE1+Li mixture reduced pMCAO-induced brain damage
In the rats subjected to pMCAO for 24 h, extensive infarction
was detected in the cerebral cortical and subcortical areas over
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a series of brain sections. Treatment with a single intravenous
injection of lithium (0.5 mmol/kg), PGE1 (S), PGE1(L), the
PGE1(S)+Li mixture or the PGE1(L)+Li mixture immediately
after the onset of pMCAO resulted in a significant reduction
in infarct volume that was detected by TTC staining (P<0.05
or P<0.01 vs model group). Moreover, administration of the
PGE1(S)+Li mixture (PGE1 22.6 nmol/kg+Li 0.5 mmol/kg)
produced a greater reduction in infarct volume (P<0.01 vs
PGE1(S) group) (Figure 1A and 1B).

Rats subjected to pMCAO were examined and scored
for motor deficits using a 10-point scale as described in the
Methods. The pMCAO rats displayed marked motor behav-
ioral deficits. Treatment with lithium, PGE1(S), PGE1(L), the
PGE1(S)+Li mixture or the PGE1(L)+Li mixture resulted in a
significant reduction in behavioral deficits (P<0.05 or P<0.01 vs
model group). In addition, administration of the PGE1(S)+Li
mixture produced a greater improvement in motor deficits
(P<0.05 vs PGE1(S) group) (Figure 1C).

The therapeutic window of the PGE1+Li mixture’s neuroprotecion
on pMCAO

We sought to determine the time interval after ischemia in
which the PGE1+Li mixture would be able to protect the brain
(therapeutic window). The PGE1(S)+Li mixture was admin-
istered 1.5, 3, or 6 h after the onset of pMCAO. Significant
infarct volume reductions were observed when the PGE1+Li
mixture was administered 1.5 h (-36.6%) or 3 h (-31.3%) after
ischemia (P<0.01 vs model group), but not when the adminis-
tration of the mixture was delayed by 6 h (P>0.05; Figure 2).

Enhanced induction of HSP70, HSP60, and GRP78 by the
PGE1+Li mixture

The expression of HSP70, GRP78 and HSP60 was significantly
upregulated in the ischemic striatum after pMCAO (P<0.05 vs
sham group). Although PGE1(S) (22.6 nmol/kg) or lithium
(0.5 mmol/kg) alone had no significant effects on the these
proteins, the PGE1(S)+Li mixture (PGE1 22.6 nmol/kg+Li 0.5
mmol/kg) significantly increased HSP70, GRP78, and HSP60
protein levels compared with both the model group and the
PGE1(S) group (P<0.05 or P<0.01 vs model group and PGE1(S)
group, Figure 3-4).

Table 1. The effects of the PGE1+Li mixture on rCBF (% of preischemia value) in rats subjected to pMCAO. The rCBF was measured in the ipsilateral
ischemic hemisphere with LDF before the onset of ischemia, immediately after ischemia and 5, 10, 15, 30, 60, and 120 min after drug administration.

Postischemic rCBF values are expressed as a percentage of the preischemic values (100%).

PGE1(S)=PGE1 22.6 nmol/kg, PGEL(L)=PGE1 45.2

nmol/kg. n=6 rats. The data are expressed as means+SD. °P<0.01 compared with preischemia.

Time after drug administration

0 min 5 min 10 min 15 min 30 min 1h 2h
Model 9.6+6.5° 9.5+5.9 9.4+6.4 10.0+5.3 10.1+£5.2 10.5+7.1 9.846.4
PGEL(S) 8.1+6.0° 14.2+8.3 14.8+7.6 14.6+8.5 13.3+6.9 9.6+7.7 9.4+6.7
PGEA(L) 10.2+6.2° 14.0+8.6 15.2+6.5 12.8+6.4 12.3+8.5 12.0+6.6 11.0+7.4
Lithium 10.945.8° 11.3+8.1 12.0+8.4 11.14+8.6 11.2+9.5 11.145.8 11.2+6.4
PGE1(S)+Li 7.2+5.2° 10.4+4.6 10.6+4.9 9.915.6 9.1+5.5 9.3+3.1 8.215.0
PGEZ(L)+Li 10.1+8.6° 12.449.7 15.5+6.2 11.5+7.1 10.2+7.4 10.6+7.9 10.6+7.6

Acta Pharmacologica Sinica



www.nature.com/aps
Sheng R et al

Model  PGEL(S) Li PGEL(S)+Li Mix PGEL(L) PGEL(L)+Li Mix

Infarct volume
(% total ipsilateral hemisphere)

0 A8 VW a0
© RO sy
?0?, QG?’

C 12.5-
10.0-

7.54

Neurological deficit

R R R RS TR
“\06 ?G?}\ 2 W ?eg}\ \\,\X\’\\“
o reg

Figure 1. The PGE1+Li mixture reduced pMCAO-induced cerebral ische-
mia. Rats were injected intravenously with PGE1, Li and a PGE1+Li
mixture immediately after pMCAO. The rats were euthanized 24 h after
ischemia. (A) TTC staining of brain sections. The infarct brain regions
are white. The results indicated that animals treated with PGE1, lithium
or the PGE1(S)+Li mixture had smaller infarct volumes. (B) Quantitative
analysis of brain infarct volume. (C) PGE1 and lithium treatment reduced
pMCAO-induced neurological deficits. PGE1(S)=PGE1 22.6 nmol/kg,
PGE1(L)=PGE1 45.2 nmol/kg. n=6 rats. The bar represents the mean+SD.
°P<0.05, °P<0.01 compared with the model group; °P<0.05, P<0.01
compared with the PGEL(S) group.
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Figure 2. The therapeutic window of the neuroprotective effect of the
PGE1+Li mixture in the pMCAO model. Rats were injected intravenously
with the PGEL(S)+Li mixture (PGE1 22.6 nmol/kg+Li 0.5mmol/kg)
1.5, 3, or 6 h after the pMCAO. (A) TTC staining of brain sections. The
infarct brain regions are white. (B) Quantitative analysis of brain infarct
volume. PGEL(S)=PGE1 22.6 nmol/kg. n=6 rats. The bar represents the
mean+SD. °P<0.01 compared with the model group.

PGE1+Li mixture increased Bcl-2, but decreased p53 protein
levels

Expression of Bcl-2 was significantly downregulated in the
ischemic striatum after pMCAOQO. Lithium significantly upreg-
ulated Bcl-2 protein levels compared with the model group
(P<0.01 vs model group). Furthermore, the PGE1(S)+Li mix-
ture (PGE1 22.6 nmol/kg+Li 0.5 mmol/kg) further increased
Bcl-2 protein levels (P<0.01 vs model group and PGE1(S)
group, Figure 5A).

Expression of p53 was significantly upregulated in the
ischemic striatum after pMCAO. However, PGE1(S) (22.6
nmol/kg) or lithium (0.5 mmol/kg) significantly decreased
P53 protein levels compared with the model group (P<0.05 or
P<0.01 vs model group). In addition, the PGE1(S)+Li mixture
(PGE1 22.6 nmol/kg+Li 0.5 mmol/kg) further decreased p53
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Figure 3. The PGE1+Li mixture enhanced pMCAO-induced HSP70 and
GRP78 expression. The rats were injected intravenously with PGEL(S)
22.6 nmol/kg, Li 0.5 mmol/kg or a PGEL1(S)+Li mixture (PGE1 22.6
nmol/kg+Li 0.5 mmol/kg) immediately after pMCAO. The rats were
euthanized 24 h after ischemia. Protein levels of HSP70 and GRP78 in
extracts from the striatum of the ipsilateral hemisphere were detected
with immunoblotting. Levels of B-actin protein were used as the loading
control. (A) The PGE1+Li mixture enhanced HSP70 protein expression.
(B) The PGEL(S)+Li mixture enhanced GRP78 protein expression. The
bar represents the mean+SD, n=6 rats. °P<0.05 compared with the
sham-operated group; 'P<0.01 compared with the model group; "P<0.05,
'P<0.01 compared with the PGEL(S) group.

protein levels (P<0.01 vs model group and PGE1(S) group, Fig-
ure 5B).

Discussion

In a previous study, we found that coadministration of PGE1
(22.6 and 45.2 nmol/kg, iv) and lithium (0.5 mmol/kg, sc) can
induce substantial synergistic neuroprotection on focal cere-
bral ischemia compared with PGE1 or lithium alone. Thus,
we formulated a PGE1+Li mixture (PGE1 22.6 nmol/kg+Li 0.5
mmol/kg or PGE1 45.2 nmol/kg+Li 0.5 mmol/kg) for intrave-
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Figure 4. The PGE1+Li mixture enhanced pMCAO-induced HSP60
expression. The rats were injected intravenously with PGE1 22.6
nmol/kg, Li 0.5 mmol/kg or a PGEL(S)+Li mixture (PGE1 22.6 nmol/kg+Li
0.5 mmol/kg) immediately after pMCAO. The rats were euthanized 24 h
after ischemia. Protein levels of HSP60 in extracts from the striatum of
the ipsilateral hemisphere were detected with immunoblotting. Levels
of B-actin protein were used as the loading control. Bar represents
mean+SD, n=6 rats. °P<0.01 compared with the sham-operated group;
P<0.01 compared with the model group; 'P<0.01 compared with the
PGEL(S) group.

nous administration. The results showed that the pMCAO rats
had significant motor behavioral deficits and extensive infarc-
tion in the ipsilateral cerebral cortical and subcortical areas
throughout a series of brain sections. In the groups treated
with PGE1 or lithium alone, a reduction in infarct volume
and improvement of neurological deficits was observed, but a
greater reduction in infarct volume and neurological deficits
was seen in rats that were given a PGE1(S)+Li mixture (PGE1
22.6 nmol/kg+Li 0.5 mmol/kg). These results suggest that the
PGE1+Li mixture might mimic the synergistic combination
therapy of PGE1 and lithium reported in the previous study!™.
The suitable molar ratio of PGE1 to lithium for the PGE1+Li
mixture was about 4.5x10°:1. Moreover, the PGE1+Li mixture
was effective even if it was administered 3 h after ischemia.
Therefore, the PGE1+Li mixture might be an effective drug
combination for the treatment of cerebral ischemia in clinical
situations.

Previous work showed that neither PGE1 alone nor a com-
bination of PGE1 with lithium influences the cerebrocortical
blood flow of the pMCAO animals™*. The results in this study
were similar. When we monitored cerebrocortical blood flow
after drug treatment, PGE1, lithium and the mixture of both
compounds showed no significant improvements in the reduc-
tion of rCBF until 2 h after ischemia. Thus, the neuroprotec-
tion exerted by the PGE1+Li mixture in the rat brain ischemia
model in this study could not be the result of increased cere-
brocortical blood flow.

HSPs are molecular chaperones that bind to unfolded or
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Figure 5. The PGE1+Li mixture increased Bcl-2 protein expression, but
decreased p53 protein expression. The rats were injected intravenously
with PGEL(S) 22.6 nmol/kg, Li 0.5 mmol/kg or the PGEL(S)+Li mixture
(PGE1 22.6 nmol/kg+Li 0.5 mmol/kg) immediately after pMCAO. The
rats were euthanized 24 h after ischemia. Protein levels of Bcl-2 and p53
in extracts from the striatum of the ipsilateral hemisphere were detected
with immunoblotting. Levels of B-actin protein were used as the loading
control. (A) The PGEL(S)+Li mixture increased Bcl-2 expression. (B) The
PGE1(S)+Li mixture decreased p53 expression. The bar represents the
mean+SD. n=6 rats. °P<0.01 compared with the sham-operated group;
®P<0.05, 'P<0.01 compared with the model group; "P<0.05, 'P<0.01
compared with the PGEL(S) group.

misfolded proteins to ensure proper folding and prevent intra-
cellular protein aggregation™. A number of studies have doc-
umented that HSP levels increase in the ischemic penumbra of
the brain in animal models of focal ischemia, which is an area
where many injured neurons survive'. It has been reported
that gene transfer induced HSP70 overexpression protects neu-
rons from ischemic brain damage in experimental rat stroke
models™. Additionally, the overexpression of HSP70 inhibits
the activation of NF-«xB, which is persistently activated during
ischemia and appears to promote apoptotic cell death?. In
contrast, the deletion of the HSP70 gene increases cytochrome
c release into the cytoplasm and subsequent caspase-3 activa-
tion, thereby exacerbating apoptosis and increasing infarction
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volume after focal cerebral ischemia!®.

GRP78/Bip is one
of the molecular chaperones localized to the ER membrane,
which is also a highly conserved member of the 70-kDa heat
shock protein family®™. The main function of this protein is
to restore folding of misfolded or incompletely assembled
proteins. Previous reports showed that induction of GRP78

1 and

prevented the neuronal death induced by ER stress
BIX, a selective inducer of GRP78, could be used to prevent
neuronal damage both in vitro and in vivo™. HSP60 is a mito-
chondrial matrix protein induced by stress that forms a chap-
eronin complex within the mitochondria, which is important

for mitochondrial protein folding and function!”

. In prior
studies, it was shown that induction of HSP60 protects neu-
rons from ischemic damage®!. In our ischemic model, HSP70,
HSP60, and GRP78 protein levels significantly increased in
the ischemic striatum after pMCAO. Although no significant
increases in these HSPs were found when the animals were
treated with PGE1 22.6 nmol/kg or lithium 0.5 mmol/kg
alone, the PGE1(S)+Li mixture robustly enhanced the increase
in HSP70, GRP78, and HSP60 protein levels in the ischemic
striatum. Therefore, induction of HSPs by the PGE1+Li mix-
ture may play an important role in protecting neurons against
ischemia-induced injury.

Overexpression of HSPs protects neurons against apoptotic
and necrotic cell death during cerebral ischemia'*!. Thus, the
combined treatment enhanced the changes in the expression
levels of pro-apoptotic and antiapoptotic proteins. Recently,
Bian reported that the neuroprotective effects of lithium were
associated with a dramatic suppression in p53 expression as
well as the upregulation of Bcl-2”". Bcl-2 expression has been
proposed as an important marker of the survival probability of

neurons[zsl.

Bcl-2 has multiple neuroprotective actions includ-
ing its ability to decrease Bax-induced cytochrome c release
from mitochondria and inhibit subsequent caspase activa-

[29]

tion'™. Lithium-induced upregulation of Bcl-2 was reported

in cultured neurons and rat brains following protracted or

t[30]

short-term treatment™”. The tumor suppressor protein p53, a

transcriptional modulator of the Bcl-2 genes, can produce cell

[28]

cycle arrest and facilitate apoptosis The putative role of

P53 in cerebral ischemia was based on observations that p53 is
upregulated in the brain of rats subjected to focal ischemia".
Pifithrin-a, a p53 inhibitor, decreased the expression of p53-
targeted genes as well as the number of apoptotic cells in isch-

emic brains®?.

In the present study, the expression of p53 was
significantly upregulated in the ischemic striatum accompa-
nied by downregulation of Bcl-2. However, the PGE1+Li mix-
ture significantly decreased p53 protein levels and increased
Bcl-2 levels compared with the model group and the PGE1
group. These results suggest that the PGE1+Li mixture might
protect neurons from cerebral ischemia by upregulating anti-
apoptotic proteins and downregulating pro-apoptotic pro-
teins.

Although treatment with PGE1 or lithium alone reduced
infarct volume, we did not find a significant increase in
HSPs levels when the animals were treated with 22.6 or 45.2
nmol/kg PGE1 or 0.5 mmol/kg lithium alone. The lack of
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effect on HSPs might be due to, in part, the low doses of lith-
ium and PGE1 used in this study. Also, the effects on HSPs
may have been too small to be detected with current methods.
The alternative interpretation is that neuroprotection of PGE1
and lithium at these doses was not related to the induction of
HSPs. It is possible that other molecular and cellular actions
may participate in PGE1 and lithium-induced neuroprotec-
tion in the pMCAO model. These actions include the effects
of PGE1 on cytoprotection, inhibiting platelet aggregation,
membrane stabilization and anti-inflammation™®**!

the ability of lithium to inhibit N-methyl-D-aspartate receptors
[34]

, as well as

, inhibit glycogen synthase kinase-3 (GSK-3)"", and induce
expression of brain-derived neurotrophic factor in discrete

brain areas®.

The roles of other molecules in the neuropro-
tective effect caused by the PGE1+Li mixture in the ischemic
model have yet to be defined. Nevertheless, the PGE1+Li mix-
ture significantly enhanced the expression of HSP70, HSP60,
and GRP78 in the ischemic striatum. These results suggest
that induction of HSPs might take part in the molecular mech-
anisms of the neuroprotective effect of the PGE1+Li mixture
against cerebral ischemia. However, it should be noted that
these results can only provide indirect proof that the PGE1+Li
mixture may exert protective effects on stroke through the
induction of HSP proteins. Further study using HSP70 or
GRP78 RNA silencing technology is needed to verify that
the neuroprotective effect of the PGE1+Li mixture is actually
mediated by HSPs.

In previous research from our laboratory!*, lithium poten-
tiated the neuroprotective effects of PGA1 and PGE1 through
the upregulation of HSPs. However, PGA1 could only be
delivered through intracerebral ventricle administration®”,
which is not a viable delivery route in clinics. Yet, the differ-
ent administration routes of PGE1 (intravenous injection) and
lithium (subcutaneous injection) made that drug combination
inconvenient. In the present study, we prepared a combina-
tion of PGE1 and lithium that could be administered intrave-
nously. This mixture produced synergistic neuroprotection
against cerebral ischemia that was similar to the findings in
our previous study. We believe that this PGE1+Li mixture
has more practical application value, which might support
a potential clinical therapy for ischemic cerebrovascular dis-
eases.

In conclusion, we provided pharmacological evidence indi-
cating that an intravenous PGE1+Li mixture was neuroprotec-
tive against cerebral ischemia. Reduction in injury volume
was obtained even if the drug was administered 3 h after
the induction of ischemia. The neuroprotective effect of the
PGE1+Li mixture was associated with up-regulation of cyto-
protective Bcl-2 and HSPs as well as down-regulation of the
pro-apoptotic p53 protein in the ischemic brains. Our studies
may provide a novel intravenous preparation for the clinical
treatment of cerebrovascular diseases.
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