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Vascular dementia is the second most common type of
dementia, yet no effective treatment for it exists. Akt
and Erk1/2 signaling pathways are involved in neuronal
survival. It has been reported that bisperoxovanadium
(pyridin-2-squaramide), a novel squaramide compound,
protects against cerebral ischemia injury via activation
of Akt and Erk1/2. Here, the potential neuroprotective
effect of bisperoxovanadium is shown for the first time
in a model of vascular dementia induced in 6-month-old
male Sprague-Dawley rats by two-vessel occlusion injury
applied to 6-month-old. Following this lesion, bisperox-
ovanadium (pyridin-2-squaramide) (1 mg/kg/day) was
intragastrically administered for four successive weeks.
The Morris water maze test estimated cognitive func-
tion. The morphological examination was performed by
hematoxylin-eosin staining. Akt and Erk1/2 protein abun-
dance were assessed by Western blot. Results showed
that bisperoxovanadium (pyridin-2-squaramide) attenu-
ated not only cognitive dysfunction but also alleviated
histopathological changes in rats with vascular dementia.
Moreover, bisperoxovanadium (pyridin-2-squaramide) ul-
timately reduced neuronal apoptosis represented by the
Bax/Bcl-2 ratio in the CA1 (cornu ammonis 1) region of
the hippocampus. Importantly, the levels of p-Akt(ser473)
and p-Erk1/2(Thr202/Tyr204) were increased after treat-
ment with bisperoxovanadium (pyridin-2-squaramide). It
is concluded that the novel squaramide compound bisper-
oxovanadium (pyridin-2-squaramide) might be effective in
the treatment of vascular dementia by activation of Akt
and Erk1/2.
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1. Introduction
Vascular dementia (VD) is a type of cognitive disorder caused

by cerebral ischemia or cerebral hemorrhage. The main clinical
features of VD are progressive memory loss, cognitive decline,
and language problems (O'Brien and Thomas, 2015; Wang et al.,
2018). The pathophysiological mechanisms involve apoptosis (Ye
et al., 2017), oxidative stress (Barus et al., 2019; Ye et al., 2017),
neuroinflammation (Barus et al., 2019; Ye et al., 2017), mitochon-
drial DNA damage (Legge and Hachinski, 2010), and disturbed
neurotransmitter release (Barus et al., 2019; Legge and Hachinski,
2010).

PI3K/Akt and Erk1/2 signaling pathways are both associated
with neuronal apoptosis and survival (Chan, 2004; Huang et al.,
2017; Zhu et al., 2013).Akt, a kind of serine/threonine-protein ki-
nase, can be activated by PI3K and then PIP2 to PIP3 (Chang et
al., 2007; Di Cristofano and Pandolfi, 2000). Akt activation is well
known to exert pro-survival (Chan, 2004; Datta et al., 1999; Luo
et al., 2003; Xu et al., 2019; Zhao et al., 2006) and anti-apoptotic
(Chan, 2004; Cui et al., 2017; Xie et al., 2017) effects in neuronal
injury and neurodegenerative disease.

MAPK/ERK pathway plays a critical role in regulating neu-
ronal survival (Chan, 2004; Hao and Rockwell, 2013; Yuan and
Yankner, 2000), plasticity (Chen et al., 2018a; Kim et al., 2005),
migration (Segarra et al., 2006) and apoptosis (Chan, 2004; Hao
and Rockwell, 2013; Yuan and Yankner, 2000). Erk1/2 is acti-
vated by a series of phosphorylation cascades of the MAPK/ERK

http://doi.org/10.31083/j.jin.2019.04.1204


pathway. Increasing evidence shows that Erk1/2, to some extent,
enhances neuronal survival and reduces neuronal apoptosis in an
animal model of VD (Chan, 2004; Chen et al., 2018a; Hu et al.,
2017; Lin et al., 2015;Wang et al., 2014; Zhang et al., 2018). Hence,
PI3K/Akt and MAPK/ERK pathways may become promising tar-
gets for the development of treatments for VD.

Bisperoxovanadium (pyridin-2-squaramide) (bpV(pis)) is a
novel squaramide compound. The previous study has shown that
bpV (pis) protects rat brain from cerebral ischemic injury (Zhang
et al., 2017). This study was aimed at investigating the effect of
bpV (pis) and seeking the underlying molecular mechanism in VD
rats.

2. Materials and methods
2.1 Source of the compound

High-performance liquid chromatography and mass spectrom-
etry analysis were used to determine the purity (95%) and the
molecular mass of BpV(pis) (Fig. 1A) respectively.

Figure 1. (A) The chemical structure of bisperoxovanadium (pyridin-2-
squaramide) [bpV(pis)] (Courtesy Qi Wan Lab, Qingdao University).
(B) The diagram of experimental procedures. The model rats were
intragastrical administered bpV(pis) for 28 days after the 2-vessel
occlusion surgery by ligating two sides of CCA. Then spatial learning
and memory functions were detected by MWM including acquisition
task and probe trial tests. Finally, morphological examination was
performed by HE staining. Akt and Erk1/2 protein abundance were
assessed by Western blot.

2.2 Animals and experimental groups
The experimental animals were Sprague-Dawley rats sup-

plied by the experimental animal center of Hubei University of
Medicine. All experimental rats are 6 months old and weigh 200-

300 g. The rats were kept in an appropriate temperature (23 ◦C-25
◦C) room. The room keeps the light and dark conditions alternate
for 12 hours and free access to food and water. This study was ap-
proved by the animal care and ethics committee of the Hubei Uni-
versity of Medicine. The experimental groups include sham group
(n = 10), sham + bpV(pis) group (n = 10), VD + Vehicle group (n
= 10) and VD + bpV(pis) group (n = 10). The VD group under-
went 2-vessel occlusion (2VO). In sham group, the same opera-
tion procedure was performed except artery ligation. BpV(pis) (1
mg/kg/day, 1 mL, dissolved in ethanol in sterile saline) was admin-
istrated by intragastric (i.g) administration. Vehicle rats received
intragastric (i.g) administration of the same dosage of saline con-
taining ethanol solution without bpV(pis).

2.3 A model of vascular dementia in rats

2VO technique was performed to induce the model of VD (Hu
et al., 2017). After anesthetizing rats with 4% isoflurane inmixture
gas of 70% N2O and 30% O2, we gently separated out two sides
of common carotid arteries of rats by glass dissecting tools. And
the arteries were ligated by using 4-0 silk suture in VD group. But
there was no need to ligate the common carotid arteries in sham
group. After finished the operation, rectal temperature of animal
was maintained at 37-38 ◦C with electric blanket.

2.4 Morris water maze (MWM) test

The spatial cognitive function of rats were detected by MWM
(Shi et al., 2017). The main components of the MWM device in-
clude a digital video camera, a circular water tank (150 cm diame-
ter, 60 cm height) filling with 28± 1 ◦Cwater (30 cm depth) and a
platform (14 cm diameters). The platformwas placed in themiddle
of the target area and below 1.5 cm of the water surface. The dig-
ital video camera was performed to monitor rats' swimming trace
and transfer parameters to a behavior softer system. During the
five days of acquisition phase, each rat was placed randomly into
the pool swimming freely to search the underwater platform. The
escape latency that is the time of finding the platformwas recorded
by the digital video. If rat could not find the platform during 120
s, rat would be guided to the platform to stay 20 s. On the sixth
day, the probe trial was used to detect memory function of rats. In
this phase, rats swam in the tank for 120 seconds after removing
platform. The proportion of swimming time in the target area was
recorded.

2.5 Hematoxylin and eosin staining

After perfusion with 4% paraformaldehyde, the brain tissue of
rat was rapidly removed from the cranial cavity. The brain tissue
was treated with paraffin embedding, and the thickness of the slice
was 5 µm. Then H.E was used to stain the brain slices and the light
microscopy (OLYMPUS DP73, Japan) was applied to observed
morphological changes of neurons.

2.6 Western blot

The proteins expression of hippocampus tissues were analyzed
byWestern blot (Zhang et al., 2017). PVDFmembrane (Millipore,
USA) was incubated in 5% skim milk dissolved in TBST buffer
for 1 hour. Then primary antibodies p-Akt(ser473), Akt, β-actin,
Bcl-2, Bax, p-Erk1/2(Thr202/Tyr204) and Erk1/2 (Santa Cruz, CA)
were used to incubate with PVDF membrane at 4 ◦C for 24 hours.
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And the protein bands were marked by secondary antibody conju-
gation of horseradish peroxidase. The EC3 Imaging System (UVP,
USA)was applied to observe PVDFmembrane’s blot images. And
the protein bands density was quantified by Image J software.

2.7 Experimental procedures
The experimental procedures are presented in Fig. 1B. Follow-

ing the model surgery 2VO, VD model rats were received intra-
gastric (i.g) administration of bpV(pis) (1 mg/kg/day, 1 mL, dis-
solved in ethanol in sterile saline) for four successive weeks. Ve-
hicle rats received the same dosage of saline containing of ethanol
no containing of bpV(pis). On the 29th day, the MWM tests
were performed to estimate rat cognitive function for six days.
After the MWM tests, rats were anesthetized, perfused with 4%
paraformaldehyde, and obtained brain tissue from the cranial cav-
ity. Then Western blot and he H.E staining experiments were car-
ried out.

2.8 Statistical analysis
The data of this study were analyzed by GraphPad Prism 5.0

software. All the data were presented as the mean± S.E.M. Two-
way ANOVA determined the neurobehavioral evaluation. Western
blot results were conducted via one-way ANOVA followed Tukey-
-Kramer tests. Statistical significance was placed at P < 0.05.

3. Results
3.1 BpV(pis) attenuates rat learning and memory

impairment induced by 2VO
In the acquisition task test, no significant difference in es-

cape latency was found between sham group and sham + bpV(pis)
group during the training period, as shown in Fig. 2A (P > 0.05).
However, the escape latency time for bpV(pis)-treated VD rats was
significantly longer than for the sham group starting from the 2th

day of the acquisition task period (P < 0.05, 64.88 ± 2.047 s vs.
43.02 ± 1.48 s). The escape latency decreased significantly for

Figure 2. Effect of bpV(pis) on the spatial learning and memory functions of model rats induced by 2VO injury. The data were presented as
means ± SEM. (A) Left: The sample tracks in the acquisition task test on day 3. (A) Right: The daily escape latencies of the acquisition task
test (n = 10; ∗P < 0.05 compared with sham; #P < 0.05 compared with VD + Vehicle group). (B) Left: The sample tracks in the probe test.
(B) Right: The proportion of swimming time in the target area in the probe trial (n = 10; ∗P < 0.05 compared with sham group; #P < 0.05
compared with VD + Vehicle group). (C) Swim speed among all four groups.
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the VD - bpV(pis) group when compared with the VD + Vehicle
group on day three (F = 107.00, P< 0.05, 41.45± 1.17 s vs. 54.28
± 1.92 s), on day four (P < 0.05, 34.91 ± 1.58 s vs. 48.66 ± 1.34
s) and day five(P < 0.05, 26.80 ± 1.10 s vs. 41.43 ± 1.71 s).

Results of the probe trial were shown Fig. 2B. The proportion
of swimming time decreased significantly for the VD - Vehicle
group when compared with the sham group (F = 44.78, P< 0.05,
48.19% ± 1.70% vs. 26.06% ± 0.96%). The bpV(pis)-treated
VD rats performed better than the vehicle-treated VD rats (P <

0.05) (P < 0.05, 36.49% ± 1.29% vs. 26.06% ± 0.96%). And
there were no significant difference in swim speed among all the
groups (Fig. 2C).

3.2 BpV(pis) alleviated pathological morphological
damage of hippocampal neurons in VD model rats

As shown in Fig. 3, H.E. staining results showed that the CA1
(cornu ammonis 1) region neurons of hippocampus both sham and
sham + bpV(pis) groups were well stained and normal microstruc-
ture, and exhibit clear boundaries, distinct layers and complete and
orderly overall structure. However, in the VD + Vehicle group,
obvious pathological changes were obvious, such as cytoplasmic
hyperchromatism, neuronal shrinkage, loose arrangement, and ir-
regular overall structure. Administration of bpV(pis) to VD rats,
alleviated these morphological changes.

3.3 Treatment with bpV(pis) suppresses apoptotic
signaling in VD model rats

As shown in Fig. 4, Western blot was applied to test the protein
abundance of Bax and Bcl-2. And the ratio of Bax/Bcl-2 was used
to characterize the level of apoptosis within each group. No sig-
nificant difference was found in the Bax/Bcl-2 ratio between sham

Figure 3. Representative images of HE staining to reveal the effects of
bpV(pis) on the morphological changes of the CA1 (cornu ammonis
1) region neurons of hippocampus in the VD model rats. The charac-
teristics of normal cells include clear boundaries, distinct layers and
complete and orderly overall structure. However, the damaged neu-
rons are characterized by cytoplasmic hyperchromatism, neuronal
shrinkage, loose arrangement, and irregular overall structure. Scale
bar = 20 µm (n = 4 for each group).

and sham + bpV(pis) groups. Compared with the sham group, the
VD + Vehicle group exhibited a significantly increased ratio (F =
145.50, P < 0.05, 100.00% ± 0.00% vs. 388.40% ± 18.99%).
However, the increase of the Bax/Bcl-2 ratio induced by 2VO was
suppressed when the VD model rats treated with bpV(pis) (P <

0.05, 388.40% ± 18.99% vs. 181.20% ± 10.91%).

3.4 BpV(pis) reverses decreased p-Akt(ser473) in
hippocampus neurons in following 2VO injury

The level of p-Aktser473 was measured by Western blot assay
(Fig. 5A-B). Compared with the sham group, no significant dif-
ference was observed in the sham + bpV(pis) group. However, re-
sults showed no significant difference between the sham group and
sham + bpV(pis) groups, whereas vehicle-treated VD rats showed
a decreased level of p-Akt (ser473) when compared with sham rats
(F = 82.07, P< 0.05, 37.90%± 2.56% vs. 100.00%± 0.00%). In
comparison, a decreased level of p-Akt(ser473) induced by 2VO
was reversed when VD rats were treated with bpV(pis) (75.40%±
3.34%).

3.5 Treatment with bpV(pis) attenuates Erk1/2
inactivation of hippocampus neurons in VD model rat

Western blot assay was applied to assess the level of p-
Erk1/2Thr202/Tyr204 in a Western blot assay (Fig. 5C-D). No
significant difference was observed between the sham group and
sham + bpV(pis) groups. 2VO treatment suppressed the expres-

Figure 4. Effect of bpV(pis) on the protein abundance of Bax and
Bcl-2 of neurons in the hippocampus. (A) Representative immunoblot
of Bax and Bcl-2 from Western blot assay. (B) Bar graph showing the
Bax/Bcl-2 ratio (n = 6; ∗P < 0.05 compared with Sham group; #P
< 0.05 compared with VD + Vehicle group).
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Figure 5. Effect of bpV(pis) on the protein abundance of p-Akt and p-Erk1/2 in 2VO-induced injury. (A) Representative immunoblot of p-Akt
and t-Akt from Western blot assay in the hippocampus. (B) Bar graph showing protein level of p-Akt and t-Akt. (n = 6; ∗P < 0.05 compared
with sham; #P < 0.05 compared with VD + Vehicle). (C) Representative immunoblot of p-Erk1/2t and t-Erk1/2 from Western blot assay in the
hippocampus. (D) Bar graph showing protein level of p-Erk1/2t and t-Erk1/2 (n = 6; ∗P < 0.05 compared with sham; #P < 0.05 compared
with VD + Vehicle).

sion of p-Erk1/2Thr202/Tyr204 in the hippocampus when com-
pared to the sham group (F = 74.04, P < 0.05, 33.10% ± 2.68%
vs. 100.00% ± 0.00%). However, bpV(pis) treatment (84.80%
± 4.38%) markedly attenuated the 2VO-induced inactivation of
Erk1/2.

4. Discussion
Squaramide is a kind of common bioactive group. Some com-

pounds derivatized from squaramide are known to be characteris-
tically highly activated, exhibit strong stability, low cost and easy
synthesis. Additionally, it has been reported that phosphatase and
tension homolog deleted on chromosome ten (PTEN) inhibition
induces neuroprotection in ischemic stroke (Liu et al., 2010, 2018;
Zhang et al., 2017) and bisperoxovanadium compounds not only
inhibit phosphatase activity of PTEN (Schmid et al., 2004), but
also increases the protein kinase activity of Akt (Stambolic et al.,
1998). Hence, the novel squaramide compound, bpV(pis), was de-
signed and synthesized including the two compounds of pyridine-
2-squaramide and V2O5. Moreover, it has previously been re-
ported that bpV(pis) confers neuroprotection in cerebral ischemia

injury (Zhang et al., 2017).

The effect of bpV(pis) was tested for the first time in the vascu-
lar dementia rats induced by 2VO. Consistent with previous find-
ings, animal spatial cognitive function and memory functions and
morphological structure in hippocampus tissue were impaired in
the VD model (Chen et al., 2018b; Hu et al., 2017; Li et al., 2017;
Ma et al., 2018), whereas bpV(pis) treatment significantly allevi-
ated cognitive impairment and the morphological changes induced
by 2VO.

Apoptosis plays an important role in the pathophysiological
mechanisms of VD (Ye et al., 2017). In agreement with previ-
ous findings, it was found that Bcl-2/Bax ratio was decreased in
the hippocampus of VD animals (Chen et al., 2018b; Jiang et al.,
2019) and bpV(pis) reversed this decrease of the Bcl-2/Bax expres-
sion ratio that was induced by 2VO in VD model rats.

Further, it was found that the protein level of both p-Akt(ser473)
and p-Erk1/2(Thr202/Tyr204) were decreased in VD model rats
and bpV(pis) treatment significantly reduced this decrease induced
by 2VO. Previous studies have demonstrated that PI3K/Akt and
MAPK/ERK signaling pathways are both associated with neuronal
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apoptosis. Activation of PI3K/Akt and Erk1/2 signaling path-
ways inhibit apoptotic pathways by phosphorylating many target
molecules. Akt phosphorylates the apoptotic molecule Bad con-
tributing to reduced cytochrome c release (Chan, 2004; White et
al., 2000) and phosphorylates caspases-9 on Ser-196 to inhibit its
proteolytic activity (Cardone et al., 1998; Chan, 2004). Erk1/2
inhibits the activation of Bad by phosphorylation of 90-kDa ri-
bosomal S6 kinases (Chan, 2004; Frodin and Gammeltoft, 1999).
Erk1/2 phosphorylation of Bad on Ser-112 mediates the inhibitory
effects of transforming growth factor-β1 on Bad activity (Chan,
2004; Zhu et al., 2002). Therefore, it is probable that bpV(pis) in-
hibits neuronal apoptosis activation of Akt and Erk1/2 kinase, thus
leading to enhanced neuronal survival.

In addition to inhibiting neuronal apoptosis by activating Akt
and Erk1/2, previous studies have shown that activating Akt due
to PTEN inhibition of the phosphatase activity of PTEN promotes
neuronal survival by inhibiting a GluN2B-containing NMDA re-
ceptor (Ning et al., 2004), enhancing the expression and function
of the GABAA receptor (Liu et al., 2010) and increasing TDP-
43 nuclear translocation (Zheng et al., 2012). Other studies have
demonstrated that up-regulated Erk1/2 activitymediates neuropro-
tective effects induced by some growth factors in an animal model
of stroke (Buisson et al., 2003; Lin et al., 2015; Sansone et al.,
2013; Zhu et al., 2002). Therefore, it is speculated here that the
beneficial role induced by bpV(pis) may in part be due to inhibi-
tion of apoptosis by activation of Akt and Erk1/2 and partly due
to activation of other pro-survival signaling pathways mediated by
PI3K/Akt and MAPK/ERK pathways (Fig. 6). The detailed mech-
anisms remain to be further explored.

Figure 6. The mechanism of bpV(pis)-mediatized neuroprotection in
2VO-induced injury. The neuroprotective effect of bpV(pis) is partly
due to apoptosis inhibition by activating Akt and Erk1/2, and partly
due to activating other pro-survival signaling pathways mediated by
PI3K/Akt and MAPK/ERK pathways.

Although this study shows that bpV(pis) confers neuroprotec-
tion against 2VO injury in VDmale rats, there are still some short-
comings. Female rats, for instance, were not involved in the study.

Research has shown that a combined rehabilitation paradigm, in-
cluding physical (wheel running) and cognitive activity (modified
Hebb--Williams maze), attenuates neuronal damage for male VD
rats, but not for female VD rats. This indicates that it is neces-
sity to consider bisexual animals in related preclinical experiments
(Langdon et al., 2014). Additionally, older female rats may suffer
various neurologic disorders due to cessation of ovarian estrogen
production (Harrod et al., 2005; Henderson, 2005). However, it
is worth mentioning that some studies have found that activation
of PI3K/Akt and Erk1/2 pathways reduce the cognitive deficits of
ovariectomized female rats (Kamel et al., 2018; Salas-Ramirez et
al., 2015; Sun et al., 2019). Our results have shown that bpV(pis)
also activates Akt and Erk1/2 pathways. Therefore, bpV(pis) may
have further neuroprotective effects on female VD rats.

In conclusion, we have demonstrated bpV(pis) confers neuro-
protection against 2VO injury through Akt and Erk1/2 activation.
This finding provides experimental evidence that bpV(pis) may be
as a potential drug candidate for VD.
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