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Propofol improves brain injury induced by chronic cerebral
hypoperfusion in rats
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China To study effect of propofol on cognitive dysfunction and brain injury in a rat model
Correspondence of chronic cerebral hypoperfusion. The bilateral carotid artery ligation (bilateral com-
Xiaodong Wang, Department of mon carotid artery occlusion and BCCAO) to establish rat model of chronic cerebral
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of Stomatology, Beijing 100081, China. hypoperfusion and randomly assigned to 4 groups (n = 10): sham-operation group
Email: wangxiaodong0715@tom.com treated with saline model group, propofol treatment model group, normal saline

treatment, propofol treatment in the sham-operation group; continuous intraperi-
toneal injection of propofol and saline for 12 weeks. Morris water maze was used to
evaluate the learning and memory ability of rats. Determination of central cholinergic
and oxidative stress in brain tissue by spectrophotometry. Detection of inflammatory
response in brain tissue by immunohistochemistry and ELISA method. Detection of
neuronal loss in brain tissue by Nissl and TUNEL staining. Compared with the saline-
treated model group, propofol in model group significantly increased the rat brain
tissue SOD activity (p < .01) and GPX activity (p < .01), decreased the MDA levels
(p < .01) and protein carbonyl compound levels (p < .01). The propofol treatment
of model group rats hippocampal GFAP-immunoreactive satellite glial cells (p < .01)
and immune lbal-positive microglia cells (p < .01) area percent compared to saline-
treated model group decreased significantly. The number of normal propofol treat-
ment of model group rats hippocampus neuron than in physiological saline treatment
model group rats was significantly increased (p < .01). Propofol can improve chronic
cerebral hypoperfusion in rats induced by cognitive dysfunction and brain damage.
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1 | INTRODUCTION (AD) (Gao et al., 2013; Nobili et al., 2009; Schuff et al., 2009).

Since the pathophysiological mechanism of cognitive impairment

Chronic cerebral hypoperfusion (CCH) is one of the main causes and dementia caused by CCH is not clear, there is also a lack of
of the occurrence and development of mild cognitive impairment specific clinical prevention and treatment measures (Baskys &
(MCI) (Kume et al., 2011; Staffen et al., 2006), vascular dementia Cheng, 2012; Levine & Langa, 2011). CCH-induced brain injury,
(VD) (Gao et al., 2013; Schuff et al., 2009), and Alzheimer's disease also known as chronic cerebral ischemia, is caused by a prolonged
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unchecked inadequacy of cerebral blood flow. A large number of
studies have shown that (Hang et al., 2010) CCH-induced brain
injury can lead to the development of clinical cognitive impairment
and VD. It was also found that bilateral common carotid arteries
occlusion (BCCAO) in rat models can effectively simulate CCH in-
jury (Zhao & Gong, 2015).

Propofol is a novel, rapid, and short-acting intravenous anes-
thetic. In addition to hypnosis, sedation and amnesia, propofol also
has the functions of reducing arterial blood pressure and inhib-
iting inflammatory response (Nie et al., 2016; Tang et al., 2014).
In recent years, studies on the nonanesthetic effects of propofol
have been focused on its anti-inflammatory and antioxidant ef-
fects (Corcoran et al,, 2011; Gong et al., 2016; Meng et al., 2013).
Related studies have shown that propofol has antioxidant effects,
and it can reduce intracellular calcium overload, inhibit apopto-
sis, alleviate neutrophils and endothelial cell adhesion, regulate
the balance of inflammatory cytokines, and directly improve cell
energy metabolism disorders (Tang et al., 2013; Tao et al., 2013).
However, it is still unclear so far as to whether propofol can effec-
tively improve the cognitive impairment and brain injury induced
by CCH in rats.

In this study, the CCH rat models were established via bilateral
common carotid arteries occlusion (Peng et al., 2007). Propofol
was administered intraperitoneally for 12 weeks as a form of
treatment, and multiple experimental techniques were used to
explore the pharmacodynamic effect as well as explain the pos-
sible MOAs of propofol on cognitive impairment and brain injury

in rats.

2 | MATERIALS AND METHODS
2.1 | Experimental animals and grouping

Forty adult male SD rats (6 months old, weight 380 + 30 g) were pur-
chased from the Experimental Animal Center of the Fourth Military
Medical University. The rats were randomly divided into four groups
(n = 10): saline treatment model group (BCCAO + Vehicle), propo-
fol treatment model group (BCCAO + propofol), saline treatment
sham-operation group (Sham + Vehicle), and propofol treatment
sham-operation group (Sham + Propofol). The CCH rat models were
established via bilateral common carotid arteries occlusion (BCCAO)
(Peng et al., 2007): After inducing anesthesia, the bilateral common
carotid arteries were separated by surgery and then occluded with
5-0# suture; the rats in the sham-operation group (sham-operation)
underwent the same operation procedure, but without that for
BCCAO. Three days after the operation, the propofol (Sigma-Aldrich)
treatment group was given intra-abdominal injection of propofol at
a dosage of 5 mg/kg body weight (dissolved in 0.5 ml saline), while
the placebo (vehicle) group was treated with the same dose of sa-
line (0.5 ml), once a day, for 12 weeks. The rats were kept in a clean
animal room, where they were given the freedom to eat and drink

at any time.

2.2 | Evaluation of spatial learning and memory
function in rats

Morris water maze was used to evaluate the spatial learning and
memory function of rats (Peng et al., 2007). The water maze
was a circular pool (diameter = 120 cm, height = 50 cm, water
depth = 31 cm) with water temperature regulated at 24 + 1°C. It
was divided into four quadrants, and a circular platform (diam-
eter = 10 cm, height = 30 cm, or 1 cm below the water surface)
lower than the water level was placed at the second quadrant
20 cm from the pool wall. During the experiment, the refer-
ence material around the pool remained unchanged. The experi-
mental rats' movements were tracked and recorded in real time
by an image acquisition system installed above the water maze.
(DEvaluation of spatial learning ability: The rats were tested four
times a day for a total of 5 days, within each of which the rats
were placed into the water in different quadrants facing the pool
wall to observe and record the time (latency) needed to climb up
the platform. If the rat failed to find the platform within 120 s, it
would be guided to the platform and kept there for 20 s, while the
latency would be recorded as 120 s. The average latency after the
tests was calculated. (2)Spatial memory assessment: After 24 hr of
the learning ability assessment, the second quadrant platform was
removed, and the rats were placed into the water facing the pool
wall in the four quadrants, and the time lengths needed by the rats
to find the platform in the target quadrant (the second quadrant of

the platform) were observed and recorded.

2.3 | Preparation of brain tissues

At the end of behavioral experiment, the rats were anesthetized via
intraperitoneal administration of pentobarbital sodium at a dose of
100 mg/kg body weight). The thoracic cavities were cut open, the
hearts were exposed, the right auricles were cut open; the perfu-
sion needles were inserted from the tip of the left ventricle, and
200 ml of icysaline was quickly dripped thereinto to wash the blood.
The heads were decapitated and the brains taken out quickly, after
which the left and right cerebral hemispheres were separated. The
left cerebral cortex and hippocampus were quickly separated on ice
and frozen in a refrigerator at -80°C; the right cerebral hemisphere
was fixed with 4% paraformaldehyde, infiltrated with paraffin, and
embedded into wax block 24 hr later.

2.4 | Determination of oxidative stress index

After weighing the brain tissues, 9 parts by volume of cold saline (con-
taining protease inhibitor) were added for homogenation and centri-
fuged at 4°C 3,000 g for 20 min, and the supernatant was taken and
retained. The contents of SOD, GPX, MDA, and PC in brain tissues
were determined by superoxide dismutase (SOD), glutathione peroxi-

dase (GPX), malondialdehyde (MDA), and protein carbonyl compound
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(PC) kits (Nanjing Jiancheng Bioengineering Institute), respectively, ac-
cording to the requirements of the kits (Ruan et al., 2010).

2.5 | Detection of cholinergic markers

After weighing the brain tissues, 9 parts by volume of cold sa-
line (containing protease inhibitor) were added for homogenation
and centrifuged at 4°C 3,000 g for 20 min, and the supernatant
was taken and retained. The contents of ACh, ChAT, and AChE in
brain tissue were determined using acetylcholine (ACh), choline
acetyl transferase (ChAT), and cholinesterase (AChE) kits (Nanjing
Jiancheng Bioengineering Institute), respectively, according to the
requirements of the kits (Ruan et al., 2010).

2.6 | Detection of inflammatory cytokines

After weighing the brain tissues, the lysate containing protease
inhibitor was added for homogenation and centrifuged at 4°C and
14,000 g for 25 min, before the supernatant was taken and retained.
The contents of IL-1 B, IL-6, and TNF-« in brain tissues were detected
by interleukin-1p (IL-1p), interleukin-6 (IL-6), and tumor necrosis
factor-a (TNF-a) ELISA kits (Invitrogen), according to the require-
ments of the kits (Ruan et al., 2010).

2.7 | Detection of glial cells by
immunohistochemical method

After paraffin-infiltration followed by sectioning, dewaxing and
hydration, the antigen retrieval was performed with protease K
(0.2 mg/ml) and 10 mM sodium citrate solution (pH 6.0). At room
temperature, 0.1% Triton X-100 and 2% bovine serum albumin (BSA)
were used to block nonspecific staining for 20 min. The sections
were incubated with anti-GFAP mouse monoclonal antibody (1:500
Millipore) and anti-lbal rabbit monoclonal antibody (1:300 Wako
Pure Chemical Industries, Ltd.) at 4°C for 24 hr, respectively; the sec-

tions were incubated with HRP-labeled secondary antibody for 2 hr
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at room temperature and stained with diaminobenzidine (DAB) solu-
tion (Annahazi et al., 2007; Peng et al., 2007). Image-Pro Plu (Media
Cybernetics) was used to determine the area percentage of GFAP-
positive astrocyte and Ibal-positive microglia in hippocampal area
(Annahazi et al., 2007).

2.8 | Nissl staining

After dewaxing and hydration, Nissl staining was performed with
0.5% cresyl violet solution for 1 min (Feng et al., 2012). The number
of normal neurons in hippocampal CA1 area was quantitatively eval-
uated using Image-Pro Plus (Media Cybernetics) (Feng et al., 2012).

2.9 | TUNEL staining

The paraffin-embedded sections of brain tissue were used for nu-
clear staining; in each group, 4-5 stained sections were selected; a
microscope was used for observation, the apoptotic cells in visual
field were recorded, and the apoptotic index of brain tissue was
calculated.

2.10 | Statistical processing

All data were expressed in mean + standard error. SPSS15.0 was
used for two-way ANOVA and one-way ANOVA, while Fisher's LSD
was used to analyze the difference between groups. p < .05 was
taken as the threshold for statistically significant difference.

3 | RESULTS

3.1 | Propofol alleviated the BCCAO-induced
learning and memory impairments

Figure 1a shows the time it took for the rats to find hidden plat-

form (escape latency) during water maze learning and training. The
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statistical analysis shows that the escape latency of rats in the sa-
line treatment model group, on the one hand, increased significantly
compared with that of the sham-operation group (p < .001), indicat-
ing that CCH causes significant learning impairment. On the other
hand, the escape latency of rats in the propofol treatment model
group decreased significantly compared with that of the saline treat-
ment model group (p < .001), indicating that propofol can alleviate
the BCCAO-induced learning impairment inflicted to the rats.

Figure 1b shows the time needed for rats to find the platform in
the target quadrant. The statistical analysis shows that the rats in
the saline treatment model group, on the one hand, had significantly
lesser time in the target quadrant than that in the sham-operation
group (p < .001), indicating that CCH causes significant memory
impairment. On the other hand, the rats in the propofol treatment
model group had significantly more time in the target quadrant than
that in the saline treatment model group (p < .001), indicating that
propofol can alleviate the BCCAO-induced memory impairment in-
flicted to the rats.

3.2 | Propofol recovered the BCCAO-induced
central cholinergic dysfunction

Compared with the sham-operation group, the levels of ACh and the
activities of ChAT (p < .001, respectively, Figure 2a,b) in the cer-
ebral cortices and hippocampi of rats in the saline treatment model
group significantly decreased, while the activity of AChE (p < .001,
respectively, Figure 2c) increased significantly, indicating that CCH
causes central cholinergic dysfunction in rats. Compared with the
saline treatment model group, propofol significantly increased the
ACh levels and ChAT activities (p < .01, respectively, Figure 2a,b)
while also decreasing the AChE activities (p < .01, respectively,
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Figure 2c) in brain tissues of BCCAO rats after treatment, indicating
that propofol can effectively repair CCH-induced central cholinergic

dysfunction.

3.3 | Propofol improved the BCCAO-induced
oxidative stress responses

Biochemical analysis results show that SOD activities and GPX ac-
tivities (p < .001, respectively, Figure 3a,b) in cerebral cortices and
hippocampi of rats in the saline treatment model group decreased
significantly, while the MDA levels and protein carbonyl compound
levels (p < .001, respectively, Figure 3c,d) increased significantly,
compared with those in the sham-operation group, indicating that
CCH causes oxidative stress damage. Compared with the saline
treatment model group, propofol significantly increased SOD ac-
tivities and GPX activities (p < .01, respectively, Figure 3a,b), signifi-
cantly decreased MDA levels and protein carbonyl compound levels
(b < .01, respectively, Figure 3c,d) after the treatment, indicating
that propofol can effectively ameliorate the effects of CCH-induced

oxidative stress damage.

3.4 | Propofol inhibited the BCCAO-induced
inflammatory responses

The immunohistochemistry results show that, compared with the
sham-operation group, a large number of GFAP-immunoreactive as-
trocytes (Figure 4a) and Ibal-immunoreactive microglia (Figure 4b)
were found in the hippocampi of the rats in the saline treatment
model group; the number of GFAP-immunoreactive astrocytes
(Figure 4a) and Ibal-immunoreactive microglia (Figure 4b) in the
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FIGURE 2 Effect of propofol on the central cholinergic dysfunction induced by BCCAO in rats. Sham + Vehicle: The sham rats were
treated with vehicle; Sham + Prpofol: The sham rats were treated with propofol; BCCAO: The BCCAO rats were treated with vehicle;
BCCAO + Propofol: The BCCAOQ rats were treated with propofol. ***: p <.001, compared with Sham-Vehicle group; ##: p < .01, compared

with BCCAO + Vehicle group
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FIGURE 3 Effect of propofol on the oxidative stress induced by BCCAO in rats. Sham + Vehicle: The sham rats were treated with vehicle;
Sham + Prpofol: The sham rats were treated with propofol; BCCAO: The BCCAO rats were treated with vehicle; BCCAO + Propofol: The
BCCAO rats were treated with propofol. ***: p < .001, compared with Sham-Vehicle group; ##: p < .01, compared with BCCAO + Vehicle

group
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FIGURE 4 Propofol inhibited the BCCAO-induced inflammatory responses. Sham + Vehicle: The sham rats were treated with vehicle;
Sham + Prpofol: The sham rats were treated with propofol; BCCAO: The BCCAO rats were treated with vehicle; BCCAO + Propofol: The
BCCAO rats were treated with propofol. (a) GFAP-positive astrocyte in difference groups. ***: p < .001, compared with Sham-Vebhicle group;
##: p < .01, compared with BCCAO + Vehicle group. (b) Ibal-positive microglia in difference groups. ***: p < .001, compared with Sham-

Vehicle group; ##: p < .01, compared with BCCAO + Vehicle group

hippocampus of the rats in the propofol treatment model group
decreased significantly. However, no significantly activated glial
cells were observed in the cerebral cortex of rats in each group. A
quantitative statistical analysis shows that the area percentage of
GFAP-immunoreactive astrocytes (p < .001, Figure 4a) and Ibal-
immunoreactive microglia (p < .001, Figure 4b) in the hippocampus
of the rats in the saline treatment model group increased signifi-
cantly, compared with that of the sham-operation group; while the
area percentage of GFAP-immunoreactive astrocytes (p < .01,
Figure 4a) and Ibal-immunoreactive microglia (p < .01, Figure 4b) in

the hippocampus of the rats in the propofol treatment model group

decreased significantly, compared with that of saline treatment
model group. The study results showed that CCH could lead to the
activation of glial cells, while propofol could effectively inhibit the
activation of glial cells (Figure 5).

The results of ELISA analysis show that the levels of IL-1 §
(p < .001, respectively, Figure 6a), IL-6 (p < .001, respectively,
Figure 6b) and TNF-« (p < .001, respectively, Figure 6c) in the brain
tissues of rats in the saline treatment model group increased sig-
nificantly, compared with those in the sham-operation group; while
propofol significantly reduced the levels of IL-1 B (p < .01, respec-
tively, Figure 6a), IL-6 (p < .01, respectively, Figure 6b) and TNF-a
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FIGURE 5 Effect of prpofol on proinflammatory cytokines induced by BCCAO in rats. Sham + Vehicle: The sham rats were treated with
vehicle; Sham + Prpofol: The sham rats were treated with propofol; BCCAO: The BCCAO rats were treated with vehicle; BCCAO + Propofol:
The BCCAO rats were treated with propofol. ***: p <.001, compared with Sham-Vehicle group; ##: p < .01, compared with BCCAO + Vehicle

group
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FIGURE 6 Effect of prpofol on the neuronal damage induced by BCCAO in the hippocampus of rats. Sham + Vehicle: The sham rats
were treated with vehicle; Sham + Prpofol: The sham rats were treated with propofol; BCCAO: The BCCAO rats were treated with vehicle;
BCCAO + Propofol: The BCCAO rats were treated with propofol. ***: p < .001, compared with Sham-Vehicle group; ##: p < .01, compared

with BCCAO + Vehicle group

(p < .01, respectively, Figure 6c) in the brain tissues of BCCAO rats.
These results suggested that CCH can increase the release of inflam-
matory cytokines, which propofol can effectively reduce.

3.5 | Propofol reduced neuronal injury in
BCCAO rats

Nissl staining shows the absence of injured neurons in the hip-
pocampi of rats in the sham-operation group (Figure 6), whereas

a large number of injured neurons were found in the hippocampi

of rats in the saline treatment model group (Figure 6), and a small
number of injured neurons were found in the hippocampi of rats
in the propofol treatment model group (Figure 6). However, no in-
jured neurons were observed in the cerebral cortices of rats in each
group. The quantitative analysis shows that the number of normal
neurons in the hippocampi of rats in the saline treatment model
decreased significantly, compared with that of the sham-operation
group (p < .001, Figure 6), while the number of normal neurons in
the hippocampi of rats in the propofol treatment model group in-
creased significantly, compared with that of the saline treatment

model group (p < .01, Figure 6).
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3.6 | Propofol ameliorated apoptosis in brain
tissues of BCCAO rats

TUNEL staining show that a small number of apoptotic cells were
found in the hippocampi of rats in the sham-operation group
(Figure 7), a large number of apoptotic cells in the hippocampi of rats
in the saline treatment model group (Figure 7), and a small number
of apoptotic cells in the hippocampi of rats in the propofol treat-
ment model group (Figure 7). The quantitative analysis shows that
the number of apoptotic cells in the hippocampi of rats in the sa-
line treatment model increased significantly, compared with that of
the sham-operation group (p < .001, Figure 7), while the number of
apoptotic cells in the hippocampi of rats in the propofol treatment
model group decreased significantly, compared with that of the sa-

line treatment model group (p < .01, Figure 7).

4 | DISCUSSION

Studies have shown that CCH can lead to spatial learning and
memory impairments (Cechetti et al., 2012; Li et al., 2012; Vicente
et al, 2009) as well as nonspatial memory impairment (Sarti
et al., 2002). The results acquired herein are consistent with these
studies: The Morris water maze test shows that BCCAO rats in the
placebo group had obvious spatial learning and memory impairment,
while propofol could effectively mend the spatial learning and mem-
ory impairments induced by BCCAO in rats. Therefore, this study
speculates that the effect of propofol on cognitive impairment in
rats may be achieved by reducing the biochemical and neuropatho-
logical changes caused by CCH in the brain.

Although CCH can lead to cognitive impairment in rats, the
exact mechanism has not been fully clarified (Farkas et al., 2007).
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Oxidative stress caused by the imbalance between free radicals and
antioxidant system is recognized to be involved in the pathological
process of cognitive impairment, especially in diseases such as VD
and AD (). On the one hand, this study found that antioxidant en-
zymes (SOD and GPX) in the brain of BCCAO rats in the placebo
group decreased significantly, compared with those in the sham-
operation group, whereas lipid oxide (MDA) and protein oxide (car-
bonyl compound) increased significantly, indicating that CCH causes
substantial oxidative stress injury. On the other hand, the propofol
treatment effectively ameliorated the abnormal changes of oxida-
tive stress injury markers in the brain of BCCAO rats, suggesting that
the effects of propofol on cognitive impairment in rats are directly
related to its antioxidant activity.

It is well known that the central cholinergic system plays an
important role in the formation of learning and memory (Farkas
et al., 2007). Studies have shown that CCH decrease ChAT activities
and ACh levels in rats' brains (Choi et al., 2011; Kumaran et al., 2008;
Tanaka et al., 1996), and that it is closely related to cognitive impair-
ment in rats (Tanaka et al., 1996). The findings herein show that the
activities of ChAT and ACh in the rats' brains in the saline treatment
model group decreased significantly, compared with those of the
sham-operation group, while the activities of AChE increased signifi-
cantly, which further prove that CCH can lead to the disorder of the
central cholinergic system (Choi et al., 2011; Kumaran et al., 2008;
Tanaka et al., 1996). However, the administration of propofol sig-
nificantly increased ChAT activities and ACh levels, while also de-
creasing AChE activities in the brain tissues of BCCAO rats. Previous
studies have shown ChAT activity and ACh level in brain to be
closely related to cognitive impairment in rats (Tanaka et al., 1996),
while the findings herein show that propofol can ameliorate central
cholinergic dysfunction and contribute to the improvement of learn-
ing capability and memory capacity of BCCAO rats.
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FIGURE 7 Propofol ameliorated apoptosis in brain tissues of BCCAO rats. Sham + Vehicle: The sham rats were treated with vehicle;
Sham + Prpofol: The sham rats were treated with propofol; BCCAO: The BCCAO rats were treated with vehicle; BCCAO + Propofol: The
BCCAO rats were treated with propofol. ***: p < .001, compared with Sham-Vehicle group; ##: p < .01, compared with BCCAO + Vehicle

group
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Previous experiments have proven that inflammatory cytokines
are mainly produced and released by vascular endothelial cells, glial
cells, and neurons, all of which are important triggers of brain in-
flammatory response and brain injury (Peng et al., 2007; Vicente
et al., 2009). CCH can lead to the activation of glial cells and the
excessive release of inflammatory cytokines, resulting in neuronal
injury (Cechetti et al., 2012; Peng et al., 2007; Vicente et al., 2009;
Zhang et al., 2011). In this study, it was found that the numbers of
the activated astrocytes and microglia as well as the levels of inflam-
matory cytokines (IL-1 B, IL-6, and TNF-a) in the hippocampi of rats
in the saline treatment model group increased significantly; while
propofol significantly reduced the inflammatory response in the
brain of BCCAO rats, suggesting that propofol can not only inhibit
the activation of glial cells, but also reduce the release of inflamma-
tory cytokines.

Many studies have shown that CCH can cause selective in-
jury or loss of neurons in the susceptible areas of the brain, es-
pecially in the hippocampal CA1 area (Annahazi et al., 2007; Peng
et al., 2007). The histopathological results of this study showed
that there were significant neuronal injuries and apoptosis in hip-
pocampal CA1 area of the rats in saline treatment model group,
while the propofol treatment has significantly reduced the CCH-
induced neuronal injury. The research results herein are consistent
with those observed in previous studies, that is, propofol can ef-
fectively protect rat neurons from neuronal injury, loss and apop-
tosis induced by focal cerebral ischemia (Corcoran et al., 2011;
Khan et al., 2009; Rodrigues et al., 2013). Since learning and mem-
ory function depends on the integrity of hippocampal structure
(Li et al., 2011), the protective effect of propofol on hippocampal
neurons may play an important role in ameliorating CCH-induced
cognitive impairment.

In conclusion, this study firstly proves that propofol acts on mul-
tiple pathophysiological processes in the brain through multi-target
pharmacology, thus effectively ameliorating cognitive dysfunction
and brain injury caused by CCH. Our results show that propofol can
potentially emerge as a new candidate drug that can be used to treat
cognitive impairments and brain damages related to CCH, hence
providing an experimental basis for the development of new drugs
for the prevention and treatment of VD and AD.
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