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Abstract. The pathological mechanism of vascular cognitive 
impairment (VCI) involves ischemic lesions in the hippocampus. 
Prostaglandin E1 (PGE1) serves roles in the promotion of vascular 
endothelial growth factor (VEGF) expression, angiogenesis and 
enhances blood flow to ischemic regions. However, the effect 
of PGE1 on cognitive function in VCI rats and the underlying 
mechanism are unknown. In the current study, learning and 
memory function in VCI rats treated by lipo‑PGE1 injection 
was assessed through Morris Water Maze test. Furthermore, 
the histological alterations, blood vessel numbers in the hippo-
campal CA1 region and relative VEGF protein and mRNA 
expression were researched. The results confirmed that VCI rats 
treated with lipo‑PGE1 presented improved cognitive function, 
less neuronal cell loss, a greater number of blood vessels in 
the hippocampal region and higher VEGF protein and mRNA 
expression. However, the role of lipo‑PGE1 in VCI rats can 
be inhibited by SU5416 (a specific VEGFR2 antagonist). The 
results indicated that lipo‑PGE1 may alleviate cognitive deficits 
in VCI rats. The underlying mechanism may be associated with 
angiogenesis promoted by lipo‑PGE1, which may involve the 
VEGF/VEGFR pathway. These findings may have therapeutic 
implications for cognitive impairment induced by hypoperfu-
sion or chronic ischemic lesions.

Introduction

Vascular cognitive impairment (VCI) is defined as progres-
sive cognitive impairment associated with vascular diseases, 

which is now recognized as a silent epidemic disease of the 
21st century. In 2010, there were 36.5 million people suffering 
from dementia with a morbidity of 7.7 million new cases annu-
ally and a new case every 4 sec, of which VD accounted for 
~15‑20%, and the proportion reached nearly 50% in China and 
Japan (1). The prevalence of VCI may increase with prolonged 
life expectancy (2), which places a heavy burden on family, 
society and government. Now effective management strate-
gies for VCI remain lacking and FDA‑approved therapies are 
currently unavailable. Therefore, it is urgent to explore patho-
logical mechanisms of VCI and develop potent therapeutic 
measures.

Although the definite cerebrovascular contributions to 
cognitive impairment and dementia are not fully understood 
due to the inherent heterogeneous nature of vascular pathology, 
it seems obvious that cerebrovascular diseases cause patholog-
ical damage and impair cognition. In the past decades, much 
progress has been made in the area of VCI pathophysiological 
mechanism. Many experts are beginning to focus on the role 
of cerebrovascular dysfunction, microvascular damage, brain 
capillary degeneration, vascular oxidative stress following 
cerebrovascular disease on the initiation and progression of 
VCI. Cerebral blood flow (CBF) reduction has been elucidated 
to participate in the process of cognitive impairment for its 
induced ischemic damage, mitochondrial dysfunction, oxida-
tive stress and neurovascular environment disorders in clinical 
and experimental studies (3‑5). However, increasing expres-
sion of endogenous and exogenous pro‑angiogenic factors 
following ischemic damage may promote vascular endothelial 
cell proliferation together with neovascularization and collat-
eral circulation formation, which is beneficial to improve CBF 
disorders (6,7). Therefore, therapeutics targeted at vasoactive 
agents may help to attenuate cognitive deficits in VCI.

As a potent angiogenesis promoter, VEGF stimulates 
endothelial cell proliferation and neovascularization as well 
as contributes to vasodilation and substantial improvement of 
microcirculatory permeability. Previously, it has been validated 
that VEGF protected neurons and nerves against ischemic 
damage in brain lesions (8). In addition, studies also declared 
its properties of stimulating neurogenic signals to release from 
endothelial cells, promoting neurogenesis, as well as adult 
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neurons survival and improving cognitive performance as well 
as modulating neurodegeneration in the CNS (9).

Prostaglandin E1 (PGE1) has been widely used to manage 
peripheral artery occlusive diseases, microvascular disorders 
and thrombogenesis during transplantation for its proper-
ties such as vasodilation, antiplatelet, anti‑inflammation and 
improvement of microcirculation (10,11). Previous evidence 
suggested that alprostadil (lipo‑PGE1) upregulated the VEGF 
expression and the number of VEGF coupled with VEGFR in 
neurons, thus alleviating peripheral nerve lesions and acceler-
ating neural functional rehabilitation (12). Correspondingly, a 
former study of the authors and a separate previous study have 
also revealed that PGE1 had therapeutic effect on cerebral isch-
emic rat model through angiogenesis and neurogenesis (13,14). 
However, the role of lipo‑PGE1 in VCI remains unknown.

Therefore, the authors proposed whether lipo‑PGE1 exerted 
protective effects against ischemic damage caused by chronic 
cerebral hypoperfusion (CCH) in VCI rats. The probable 
underlying mechanism was further discussed.

Materials and methods

Animals. A total of 60 adult male Sprague‑Dawley rats 
(weighing 300 g) were obtained from Sun Yat‑Sen University 
of Medical Sciences (quality certificate no. 44008500002363). 
All rats were bred and housed in the Traumatic and 
Surgical Research Center in Guangzhou Red Cross Hospital 
(Guangzhou, China) at constant temperature (23±2˚C) 
with free access to food and water. The current study was 
conducted according to recommendations in the Guide for 
Care and Use of Laboratory Animals of the National Institutes 
of Health (Bethesda, MD, USA). The protocols were approved 
by the Committee on the Ethics of Animal Experiments of 
Guangzhou Red Cross Hospital (Guangzhou, China).

Experimental design. Following a 1 week adaptation period to 
become accustomed to the laboratory environment, rats were 
randomly allocated into three groups: Normal group, sham 
group, surgical group [subjected to bilateral common carotid 
artery occlusion (BCCAO)], before the surgical group was 
subsequently divided randomly into PGE1, PGE1+SU5416 and 
saline groups following pre‑selection).

VCI model. The BCCAO method was adopted to create a 
CCH‑induced VCI model (15). Rats were anesthetized with 
10% chloral hydrate (3.5 ml/kg, intraperitoneal administra-
tion; Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany). 
Following righting reflex disappeared, a 1.0‑1.5 cm cut was 
made in the midline of ventral neck. Subsequently, carotid 
arteries were bilaterally ligated with a size 4 surgical suture 
following blunt dissection of surrounding muscles and tissues 
and careful separation from cervical sympathetic and vagal 
nerves. Rats were revived in 1 h following surgery, and no 
motor dysfunction was discovered. A total of 4 animals died 
by the 2nd day following surgery, which was considered to 
result probably from surgical injury. At the 15th day following 
surgery, rats were given a screening trial for 5 days (part of the 
MWM test) as previously described. Rats without cognitive 
deficits were eliminated if the screening ratio (SR) was <20%. 
SR was defined as (value 1 ‑ value 2)/value 2x100%, where 

value 1 represents escape latency of each surgical rat and value 
2 represents mean escape latency of all rats.

Pharmacological treatment. PGE1 and PGE1+SU5416 groups 
were administered alprostadil (lipo‑PGE1; 10 µg/kg/d, intra-
venous; Ted Pharmaceutical Co., Ltd., Beijing, China) for 
7 consecutive days (13). PGE1+SU5416 group was simultane-
ously injected with VEGFR antagonist SU5416 (25 mg/kg/d, 
intraperitoneal; Sigma‑Aldrich; Merck KGaA). The saline 
group was treated with a tail vein injection of saline group.

MWM test. MWM test was conducted to investigate learning 
capacity and spatial memory as described in former litera-
ture (15), which consisted of 5 days of position navigation 
testing and 1 day of spatial exploration testing. During 5 days 
of the position navigation test, swimming distance and escape 
latency from the moment that rats were placed into water 
to that they climbed onto the platform were recorded. The 
average latency and distance in four different quadrants of 
each rat every day represented their learning scores.

On the 6th day, a spatial exploration test was performed 
with rats placed into a pool at the opposite position from 
original platform quadrant with platform being removed. 
Times that rats swam across the previous platform location 
were recorded.

Sample preparation and collection. On the 35th day, following 
anesthesia with 10% chloral hydrate (3.5 ml/kg, intraperito-
neal), five rats from each group were sacrificed with chest 
opened, descending aorta clipped and heart perfused by 4% 
paraformaldehyde (Beyotime Institute of Biotechnology, 
Haimen, China) following 4˚C heparinized saline (75 IU/l) 
perfusion until the neck, head and chest were stiff. Then skulls 
were opened with brains carefully removed. Subsequently, 
brain tissues were fixed in 4% paraformaldehyde for 6‑12 h 
before dehydrated in 10‑30% sucrose and 0.01 M PBS. Brains 
were cut into coronal sections (10 µm‑thick) frozen sections 
by Microtome‑Cryostat (Leica Microsystems GmbH, Wetzlar, 
Germany) for immunohistochemistry.

The remaining rats of each group were decapitated 
following deep anesthesia under RNase‑free conditions. Both 
sides of hippocampus were isolated and frozen immediately 
in liquid nitrogen. The left hippocampus was used for western 
blot analysis, whereas the right side for reverse transcrip-
tion‑quantitative polymerase chain reaction (RT‑qPCR).

Histological detection. Hematoxylin and eosin staining 
protocol was applied to observe hippocampal histological 
changes. Following incubation at room temperature for 
20 min, brain coronary sections were stained with hematoxylin 
(Beyotime Institute of Biotechnology) for 5 min, rinsed with 
running water for 15 sec, denatured with 10% hydrochloric 
acid alcohol for 3 sec, washed for 20 min and counterstained 
with eosin for 30  sec before dehydrating with an alcohol 
gradient and rendered transparent with xylene. The sections 
were observed immediately using a Zeiss confocal microscope 
(Zeiss GmbH, Jena, Germany).

Immunohistochemical analysis of blood vessels. Based 
on the mouse brain atlas  (16), five coronal cryosections 



MOLECULAR MEDICINE REPORTS  16:  3117-3124,  2017 3119

(10 µm‑thick) from each animal (‑2.8 to ‑3.8 mm, posterior 
to bregma) were obtained. Coronal sections were mounted on 
glass slides. Antigen retrieval was performed before immu-
nohistochemical technique for staining lamina antigen on the 
basement membrane of blood vessel was carried out according 
to instructions of Super Sensitive™ IHC Detection System 
kit (mouse/rabbit; Bioworld Technology, Inc., St. Louis Park, 
MN, USA). And then the slides were counterstained with 
hematoxylin and covered with Permount™ Mounting medium 
(Beyotime Institute of Biotechnology).

In each coronal brain slice, three different region of 
interests with dense vessels in the hippocampus CA1 region 
were set and scanned under a x10 objective lens. Then the 
full‑focused images were generated from the laser scanning 
confocal microscope (Zeiss GmbH) under a x40 objective lens. 
Capillaries were identified by their single layer of flattened 
endothelial cells with lamina and hematoxylin immunos-
taining. Vessels (<12 µm) that were separated from adjacent 
vessels was regarded as a single capillary and counted in 
number. This number was added to the number of vascular 
branch points (number of vessel bifurcations) to sum up as the 
number of capillaries (17).

Western blot analysis. A total of 100 mg hippocampal tissue 
from each sample was dissociated, homogenized followed by 
10 min of centrifugation in a high‑speed refrigerated centrifuge 
(15,521 x g; 4˚C; Sigma‑Aldrich; Merck KGaA). Subsequently, 
20 µl supernatant was used to determine protein concentration 
using bicinchoninic acid assay protein assay kit (Beyotime 
Institute of Biotechnology), whereas the residual superna-
tant mixed with 5X SDS gel loading buffer. Western blot 
analysis was conducted as previously described (18). Proteins 
were separated by 12% SDS‑PAGE (Beyotime Institute of 
Biotechnology), transferred onto polyvinylidene fluoride 
membrane (EMD Millipore, Billerica, MA, USA) before 
membranes were blocked and incubated by primary antibodies 
(VEGF, 1:500, cat no. AP0741; Bioworld Technology, Inc.; 
GAPDH, 1:1,000, cat no. 2118; Cell Signaling Technology, 
Inc., Danvers, MA, USA) at 4˚C overnight. Then membranes 
were developed with chemiluminescent assay kit (Invitrogen; 
Thermo Fisher Scientific, Inc. Waltham, MA, USA) and 
analyzed by ChemiDOC™ XRS+ imaging system (Bio‑Rad 
Laboratories, Inc., Hercules, CA, USA) following incubation 
with horseradish peroxidase‑conjugated secondary antibody 
(anti‑rabbit‑HRP IgG, 1:5,000; Cell Signaling Technology, 
Inc.) at room temperature for 1 h.

Total RNA extraction. Under RNase‑free conditions, 
approximately 100 mg hippocampal tissue was ground and 
homogenized in 1 ml TRIzol reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.) at ambient temperature. Following 
addition of chloroform, samples were shaken for 15 sec, incu-
bated for 3 min and centrifuged in a refrigerated centrifuge 
for 15 min (13,325 x g; 4˚C). The supernatant was mixed with 
an equal volume of  isopropanol, centrifuged as previously 
described before incubation at ‑20˚C. The supernatant was 
then discarded when precipitate was washed with 800 µl 75% 
ethanol in diethyl pyrocarbonate water. Finally, samples were 
centrifuged (5,166 x g; 4˚C) for 5 min and the RNA pellet was 
re‑suspended in DEPC water.

(RT‑qPCR) analysis. Following RNA extraction, cDNA 
synthesis was performed using the PrimeScript™ RT Reagent 
kit (Takara Bio, Inc., Otsu, Japan). The thermocycling param-
eters were as follows: An initial 2 min denaturation at 93˚C, 
followed by 40 cycles of denaturation at 93˚C for 15  sec, 
annealing at 55˚C for 25 sec and extension at 72˚C for 25 sec. 
Following each reaction, cycle threshold (Ct) was noted and 
calculated.

Primers for rat VEGF (forward, 5'‑TCC​TGT​GTG​CCC​
CTA​ATG​C‑3' and reverse, 5'‑ACG​CAC​TCC​AGG​GCT​TCA​
T‑3') and GAPDH (forward, 5'‑GTATGACTCTACCCACGG 
CAAGT‑3' and reverse, 5'‑TCT​CGC​TCC​TGG​AAG​ATG​
GT‑3') were designed using Primer PremierVersion 2.0 soft-
ware (Invitrogen; Thermo Fisher Scientific, Inc.) and their 
efficiency was confirmed by sequencing their conventional 
PCR products. The 2‑∆∆Cq method (19) was employed to analyze 
relative mRNA expression using GAPDH as a reference 
gene (20).

Statistical analysis. All data were analyzed with SPSS 
statistical software (version, 19.0; SPSS Inc., Chicago, IL, 
USA) and described as means  ±  standard deviation. The 
behavioral data in navigation trial was analyzed by two‑way 
repeated‑measures analysis of variance. Others were analyzed 
by one‑way analysis of variance or Student's t‑test. If homo-
geneity of variance or sphericity assumptions were violated, a 
lower‑bound or Huynh‑Feldt correction was used. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Lipo‑PGE1 improves learning and spatial memory deficits 
in VCI rats induced by CCH. In place navigation test, escape 
latency decreased as trial progressed (P<0.01). PGE1 group 
spent significantly less time in finding the platform than saline 
and PGE1+SU5416 groups (P<0.05). Escape latency in the saline 
group was longer than that in the sham group (P<0.05; Fig. 1A).

In spatial probe test, swim patterns indicated that PGE1, 
normal and sham groups swam immediately towards the 
previous platform location in an attempt to find the platform 
and shuttled back and forth with ‘shuttle type’ swimming 
behavior. In contrast, saline and PGE1+SU5416 groups swam 
in large loops randomly and aimlessly along the pool (Fig. 1B). 
Times in PGE1 group was much more than that in saline and 
PGE1+SU5416 groups (P<0.01); Meanwhile, it was much more 
in normal and sham groups compared with the saline group 
(P<0.01; Fig. 1C).

Lipo‑PGE1 alleviates structural damage in hippocampal CA1 
region associated with CCH. Morphological alterations in 
hippocampal CA1 region were observed following HE staining. 
As demonstrated in Fig. 2, greater cell loss, karyopyknosis and 
dark‑stained nuclei were observed in saline and PGE1+SU5416 
groups compared with the PGE1 group. Furthermore, cells 
were more disordered in saline and VEGFR antagonist 
groups. Meanwhile, no infarction‑like focal necrotic lesions 
were observed in BCCAO rats.

Lipo‑PGE1 increases the vessel number in hippocampal CA1 
region. Vessels in hippocampal CA1 region were marked and 
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stained brown with anti‑lamina antibody (Fig. 3A). Vessel 
number in PGE1 group was significantly higher than that in 
saline and PGE1+SU5416 groups (P<0.05). Furthermore, 
a significant increase in vessel number was observed in 
saline group compared with normal and sham groups 
(P<0.01; Fig. 3B).

Lipo‑PGE1 stimulates VEGF protein and mRNA expression 
in the hippocampus. Relative VEGF protein expression and 
VEGF mRNA expression in hippocampus was significantly 
higher in PGE1 and PGE1+SU5416 groups compared with the 
saline group (P<0.05, P<0.01 ). Whereas relative VEGF protein 
expression and VEGF mRNA expression in the saline group 
was higher than that in normal and sham groups (both P<0.01). 
In addition, there was no remarkable difference between PGE1 
and PGE1+SU5416 groups (both P>0.05; Figs. 4 and 5).

Discussion

Cognition is acquired on the basis of past experience and 
future goals as well as environmental conditions and influence 
behavior correspondingly. Cognitive abilities in humans are 
considered to be involved in a series of domains including atten-
tion, executive function, memory and visuospatial processing. 
Each domain has its preferential functional area in the brain, 
and is interacted with others. VCI disease encompasses a wide 

spectrum of cerebrovascular‑driven cognitive impairment, 
from mild cognitive impairment to fully developed dementia, 
which is characterized by slowing of motor performance and 
information processing, with impairments in attention, execu-
tive function and memory (21). The formation of long‑term 
episodic memories relies on the hippocampus and associated 
structures in the medial temporal region and limbic connec-
tions  (22). The hippocampus damage is correlated with 
impaired learning and memory function (23). As brain neurons 
have hardly any energy reserves, oxygen and glucose are the 
primary components for the generation of energy. Hence, they 
are sensitive to cerebrovascular dysfunction, especially those 
in the hippocampus, which is especially vulnerable to isch-
emic damage. With the capacities to result in cerebrovascular 
dysfunction, brain capillary degeneration and vascular oxida-
tive stress, hypoperfusion is supported to be one of the initial 
mechanistic factors in the process of development of cognitive 
impairment (4).

In order to explore the pathophysiological mechanism of 
hypoperfusion in the process of VCI initiation and the poten-
tial beneficial therapeutic methods, many different methods 
were employed to make the models of hypoperfusion, such as 
rat BCCAO, gerbil bilateral carotid stenosis, mouse bilateral 
carotid stenosis, UCCAO mice, rat 4‑VO, gerbil 2‑VO and 
mouse 2‑VO as well as mouse middle cerebral artery occlu-
sion (24). With the advantage of long‑lasting chronic low CBF 

Figure 1. Learning and spatial memory deficits in VCI rats induced by CCH. (A) Performance of rats during 5 days navigation trial (n=10 for each group). The 
escape latency in PGE1 group was less compared with saline and PGE1+SU5416 groups (P<0.05) and it was longer in saline group than that of normal and 
sham groups (P<0.05). (B) Swimming trajectory in the spatial probe to test swimming patterns (n=10 for each group). (B‑a) Normal group; (B‑b) sham group; 
(B‑c) PGE1 group; (B‑d) saline group; (B‑e) PGE1+SU5416. B‑a, ‑b and ‑c presented a ‘shuttle type’ searching strategy with rats swimming back and forth in 
the platform. B‑d and ‑e exhibited a ‘marginal type’ of searching strategy with rats swimming randomly across each quadrant in large loops. (C) Number of 
times that rats swam across the former location of the platform (n=10 for each group). #P<0.01 vs. saline group; *P<0.01 vs. PGE1 group. VCI, vascular cognitive 
impairment; CCH, chronic cerebral hypoperfusion; PGE1, prostaglandin E1.
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and less severity in CBF reduction than 4‑VO methods, the 
rat BCCAO model results in cognitive impairments similar to 
those seen in clinical VCI patients, thus has been considered 
the most common and well‑established paradigm (25). In the 
present study, the rat BCCAO method was employed. The 
data demonstrated that rats in saline control group performed 
significantly worse in WMW trial 4 weeks following surgery, 
which suggested impaired spatial learning capacity. The 
MWM trial is a test of learning and memory in rodents with 
primarily spatial/visual cues, and aversive motivation. In the 
majority of studies, water maze performance reflected spatial 
learning and memory, which is associated with hippocampal 
integrity (24). Simultaneously, the authors reported that the 
hippocampus CA1 was sparse with less neurons in the saline 
group. The CA1 subfield in the hippocampus was intricately 
involved in the acquisition and maintaining of learning and 
memory function and specific susceptible to both risk of 
ischemia and hypoperfusion, hence hippocampal CA1 region 
may be likely damaged in a cerebral hypoperfusion state and 
disturb the formation of cognitive function (26). Altogether, 
the results confirmed that rat BCCAO method may impair 

learning and memory function as well as promote neuronal 
loss, which was consistent with a former study (27).

Previous evidence has also demonstrated that chronic cere-
bral hypoperfusion following BCCAO in rats induced deficits 
in spatial learning and memory and hippocampus damage (28). 
Qu et al (29) argued that BCCAO method damaged both the 
hippocampus dependent spatial learning and memory as 
assessed by MWM test, cortex‑dependent working memory 
as assessed by the delayed alternation task, and contextual 
memory as assessed using the step‑through passive avoidance 
task (29). Furthermore, learning and memory impairment may 
be apparent in MWM tasks even at 7 days post‑surgery (30). 
Some hippocampal pathological changes appeared from 
4  weeks, primarily with loss of CA1 neurons, axons and 
activation of astrocytes with increased astrocyte density. In 
addition, the vasculopathy can also be discovered 12 months 
following occlusion (25).

PGE1, an important member of the prostaglandin family, 
is a product of cyclooxygenase‑mediated arachidonic acid 
metabolism. PGE1‑induced improvement in circulation has 
been recognized as an effective treatment for skin ulcers 

Figure 2. Histological alterations in the hippocampus CA1 region. (A) Normal group; (B) sham group; (C) PGE1 group; (D) saline group; (E) PGE1+SU5416 
group (n=5 for each group). Brain coronary sections were stained with hematoxylin and eosin staining and observed immediately using a confocal micro-
scope (magnification, x400). Cells in D and E were sparse and disorganized, and partial cell nuclei became pyknotic, karyorrhexic and karyolytic. PGE1, 
prostaglandin E1.
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and arteriosclerosis obliterans through vasodilation. It was 
identified that PGE1 reduced ischemic region in mouse ears, 
enhanced mature capillary vessel formation by facilitating 
VEGF expression (31), bridged chronic heart failure patients 
for heart transplantation because of its actions on neovascu-
larization (14) and augmented cerebral blood perfusion (32). 
Additionally, a previous study of the authors confirmed that 
lipo‑PGE1 could reduce infarction volume and accelerate 
neuronal function recovery through angiogenesis at a dosage 
of 10 µg/kg/d (13). Furthermore, Sheng et al (33) declared 
that both lipo‑PGE1 dosage of 22.6 nmol/kg (~8 µg/kg) and 
45.2 nmol/kg (~16 µg/kg) could reduce infarct volume and 
exerted neuroprotective effects in a rat model of cerebral isch-
emia compared with control group, but there are no studies 
concerning the effect of lipo‑PGE1 on cognitive impairment rat 
model until now, as well as the accurate dosage managed in VCI 
rats. Considering the authors' previous study and other studies 

focusing on the effect and the dosage of PGE1, alprostadil 
(lipo‑PGE1), at a dosage of 10 µg/kg/d was used to research 
the effect of lipo‑PGE1 on VCI. Alprostadil (lipo‑PGE1), 
whose primary active ingredient is PGE1, is a vasoactive agent 
for venous injection with a lipid microsphere as the drug 
carrier. It has the advantage of a long half‑time period, control 
release, less side‑effects, as well as tendency to vascular lesion 
compared with PGE1 powder. In the present study, the data 
demonstrated that hippocampus‑based learning and memory 
capacity was improved in the lipo‑PGE1 group as well as more 
vessel numbers and less neuron loss in the hippocampus CA1 
region, contrasted with the saline group and PGE1+VEGFR 
antagonist. To the best of the authors' knowledge, the current 
study's results confirmed that lipo‑PGE1 protected VCI rats 
against chronic ischemic hypoxic damage, which was likely 
associated with its beneficial role in promoting angiogenesis, 
considering the corresponding increase of vascular density in 

Figure 3. Blood vessels staining of different groups in the hippocampal CA1 region. (A) Blood vessels stained using anti‑laminin antibody (n=5 for each 
group). (A‑a) Normal group; (A‑b) sham group; (A‑c) PGE1 group; (A‑d). Saline group; (A‑e) PGE1+SU5416 group. Blood vessels were stained using a laminin 
antibody and observed immediately using a confocal microscope (magnification, x400). (B) Blood vessels number in the hippocampus. #P<0.01 vs. saline 
group. #*P<0.05 vs. saline and PGE1+SU5416 groups. PGE1, prostaglandin E1.
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the hippocampus. However, the neuroprotective and proan-
giogenic effects may be hampered by the VEGFR2 (Flk‑1) 
antagonist, SU5416, which acted through specifically blocking 
the combination of VEGF and Flk‑1 (34).

The underlying mechanism of angiogenesis may be associ-
ated with VEGF expression, which is an important stimulator 
of neovascularization. Among the VEGF family, VEGFA is 
essential during both the developmental period and adult-
hood of angiogenesis. VEGFA‑induced signal transduction is 
mediated by the activation of two tyrosine kinase receptors, 
VEGFR‑1 (Flt‑1) and VEGFR‑2 (KDR, flk‑1). However, its 
vasorelaxation and angiogenesis effects are primarily mediated 
by flk‑1. In addition to its role in stimulating neovasculature, 
VEGFA also contributes to maturation of newly formed capil-
lary tubes (35) and enhancement of vascular perfusion (9). The 
current study illustrated that both VEGF protein and VEGF 
mRNA expressions were increased in groups treated with 
lipo‑PGE1 and PGE1+SU5416. Although VEGF expression 
was not influenced by SU5416, the blood vessel density was 
lower in the PGE1+SU5416 group compared with the PGE1 
group, indicating that lipo‑PGE1‑induced angiogenesis may 
be inhibited by SU5416 through preventing VEGFA‑KDR 
interaction.

Furthermore, lipo‑PGE1 may exert additional neuroprotec-
tive effects on neural restoration through promoting VEGF 
expression. The probable mechanisms involve VEGFR 
existing in both endothelial cells and other cells, such as 
neurons. VEGF may exert beneficial effects on endothelial 
cells by combining to the corresponding receptor. The pres-
ence of microvascular endothelial cells is crucial for newly 
formed neuron survival through secretion of growth factors 
such as brain‑derived neurotrophic factor (BDNF), which 
is involved in neurogenesis besides learning and memory 

improvement  (36). However, VEGF may bind to VEGFR 
expressed by neurons and protect them against stress and 
oxidative damage directly (37). Secondly, VEGF has been 
reported to stimulate neurogenesis in both the subependymal 
zone and hippocampus, which may lead to improvement 
in learning and memory deficits in a manner distinct from 
increased angiogenesis in hippocampus  (38). In addition, 
reduced VEGF expression negatively affects brain repair 
accompanied by notable apoptosis (39). Thirdly, nerves and 
blood vessels are structurally intertwined and share several 
developmental features and cell signaling pathways, such as 
the navigation of classic axon guidance cues in blood vessels 
and VEGF signaling in neurons (40). Interactions between 
cerebral endothelium and neuronal precursor cells enable 
angiogenesis and neurogenesis in normal growth and following 
ischemic injury. Thus, lipo‑PGE1 may provide new approaches 
for CCH‑induced neurodegenerative disease by facilitating the 
neuroprotective effect of the endothelium.

However, further studies are warranted to study more 
neuroprotective mechanisms of PGE1 in VCI, such as trials 
to measure CBF following lipo‑PGE1 treatment, and trials 
to evaluate whether lipo‑PGE1 facilitates neurogenesis and 
promotes neurovascular factors such as BDNF expression in 
VCI rats.

In conclusion, the present study demonstrated that 
lipo‑PGE1 protected VCI rats against chronic ischemic 
injury, alleviated pathological lesions and reduced cognitive 
impairment. The mechanism involved may be associated with 
angiogenesis mediated by lipo‑PGE1 via the VEGF/VEGFR 
pathway, suggesting that lipo‑PGE1 may have therapeutic 
potential in VCI management.

Acknowledgements

The current study was supported by the Science and Technology 
Bureau Foundation of Guangzhou (grant no. 2014J4100077) 
and the Medical Science and Technology Research Foundation 
of Guangdong (grant no. B2016018). The authors are grateful 
to the staff of Traumatic Surgery Institute in Guangzhou Red 
Cross Hospital and the Sun Yat‑Sen University of Medical 
Sciences (Guangzhou, China).

Figure 4. VEGF protein expression of different groups in the hippocampus. 
(A) VEGF expression of hippocampal tissues was detected by western blot 
analysis. GAPDH acted as a loading control (n=5 for each group). (B) Relative 
expression of VEGF protein in hippocampus. #P<0.01 vs. saline group. 
#*P<0.05 vs. PGE1 and PGE1+SU5416 groups. VEGF, vascular endothelial 
growth factor; PGE1, prostaglandin E1.

Figure 5. Relative expression of VEGF mRNA in the hippocampus. #P<0.01 
vs. saline group. #*P<0.01 vs. PGE1 and PGE1+SU5416 groups (n=5 for each 
group). VEGF, vascular endothelial growth factor; PGE1, prostaglandin E1.
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