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Abstract: Propofol is widely applied for anesthesia induction in pediatric patients. However, accumulating evidence 
has proved that propofol is neurotoxic to the immature or developing brain. In the present study, we found that hy-
droxyfasudil, a specific inhibitor of Rho kinase, alleviated the apoptotic neurodegeneration induced by propofol in 
the developing rat brain. A spatial probe test and Morris water maze test revealed that hydroxyfasudil showed a po-
tential improvement of the tendency towards cognitive impairments induced by propofol. Mechanistically, hydroxyfa-
sudil markedly ameliorated the activation of RhoA and the expression of Rock1, Rock2, Bak, Bax, and Bad induced 
by propofol and rescued the expression of Bcl2 suppressed by propofol. Our findings suggest that hydroxyfasudil 
may serve as an effective agent to reduce the propofol-induced neurotoxic effects in pediatric medical procedures.
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Introduction

Millions of children and pregnant women 
receive anesthesia for surgery or other medical 
procedures each year worldwide. Although con-
ventional anesthetics have been proven safe 
for surgery in adults, more and more studies 
suggest that some commonly-used anesthetics 
are neurotoxic to the immature or developing 
brain in mammals such as rodents and pri-
mates [1-3]. Children who have undergone gen-
eral anesthesia during their early years have a 
higher incidence of learning impairment [4]. 
This compelling evidence questions the safety 
of anesthetics used for pediatric patients.

Propofol, an alkyl phenol derivative, is widely 
used in pediatric and obstetric anesthesia due 
to its rapid onset and subsequent recovery, 
though the use in certain age groups might be 
off-label [5-9]. Unfortunately, an increasing 
number of studies suggest that propofol could 
be neurotoxic to young, developing brains [10-
14]. In vitro, propofol induces neuroapoptosis, 
influences neuronal differentiation, and impairs 
dendritic development [10-14]. In vivo, propofol 

potentiates neuroapoptosis in developing ani-
mal brains and even results in long-term cogni-
tive deficits [10-14]. However, the mechanisms 
underlying propofol-induced neurotoxicity on 
the developing brain remain largely unknown.

The Rho family GTPases, which play an essen-
tial role in neuronal survival and death, are 
important regulatory molecules that mediate 
many diverse critical cellular processes in neu-
ral development, including dendritic arboriza-
tion, spine morphogenesis, growth cone devel-
opment, and axon guidance [15-17]. Previous 
studies have shown that the Rho-kinase (ROCK) 
inhibitor could protect against excitotoxicity- 
and ischemia-induced neuronal death [16]. 
Fasudil hydrochloride (hydrofasudil), a potent 
rho kinase (ROCK) inhibitor, can significantly 
improve the learning and memory performance 
in aged rats and rats with chronic cerebral isch-
emia [18-21]. In clinical practice, hydrofasudil 
could markedly improve the clinical outcomes 
of subarachnoid hemorrhage patients by reduc-
ing the occurrence of cerebral vasospasm and 
cerebral infarction in patients [22, 23]. However, 
the protective effects of fasudil against propo-
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fol-induced neuroapoptosis in vivo and long-
term behavioral deficits as animals mature 
have not fully been explored.

In this study, we found that hydroxyfasudil, a 
specific inhibitor of Rho kinase, alleviated apop-
totic neurodegeneration induced by propofol  
in the developing rat brain. Mechanistically, 
hydroxyfasudil markedly ameliorated the acti-
vation of RhoA and the expression of Rock1, 
Rock2, Bak, Bax, and Bad induced by propofol 
and rescued the expression of Bcl2 suppre- 
ssed by propofol. Our findings suggest that 
hydroxyfasudil may serve as an effective agent 
to reduce the propofol-induced neurotoxic 
effects in pediatric medical procedures.

Materials and methods

Primary cell culture of hippocampal neurons 
and drug treatment

Primary hippocampal neurons were isolated 
from the hippocampi of 7-day old SD rat embry-
os. After washing with a papain-free solution, 
the hippocampal cells were carefully disso- 
ciated by trituration through a flame-narrow- 
ed Pasteur pipette. After being trypsinized  
with 0.05% trypsin for 30 minutes in basic 
Dulbecco’s modified Eagle’s medium (DMEM; 
Gibco, Carlsbad, CA, USA), the cells were then 
collected and re-suspended in DMEM without 
glutamine, supplemented with 10% FBS fe- 
tal bovine serum (FBS; Gibco), 2% (v/v) B27 
(Gibco), 0.5 mmol/L glutamine, 100 U/mL peni-
cillin, and 100 U/mL streptomycin. The cultures 
were maintained at 37°C with 5% CO2. At the 
end of incubation, the morphology of the cells 
was monitored under an inverted light micro-
scope (Olympus, Tokyo, Japan). The cells were 
randomly divided into four different groups: the 
control group (C group); the treated with propo-
fol group (P group; 50 μM for 24 h); the hydrox-
ylfasudil administration group (F group; 10 μM 
for 24 h); and the propofol and hydroxylfasudil 
co-administration group (PF group).

Animals and experimental design

All experimental procedures were approved  
by the Ethics Review Committee for Animal 
Experimentation of Hebei Medical University. 
Eighty female SD rats (postnatal day 7) were 
provided by the Laboratory Animal Center of 
Hebei Medical University. Pups were bred and 
maintained under a standard housing tempera-

ture (24°C) with a 12 h light-dark cycle and had 
access to food and water ad libitum. The rats 
were randomly divided into four different 
groups: the blank control group (C group); the 
propofol administration group (P group); the 
hydroxylfasudil administration group (F group); 
and the propofol and hydroxylfasudil co-admin-
istration group (PF group). The P group rats 
were injected intraperitoneally (i.p.) with propo-
fol; the PF group pups were dosed i.p. with pro-
pofol and hydroxylfasudil; the pups in the C 
group were injected with an equal volume of 
saline. All drugs were given once a day at regu-
lar 24 h intervals for 7 days. Throughout all the 
procedure, the pups were maintained in a neo-
natal incubator to maintain their body tempera-
ture and were provided with low-flow oxygen to 
avoid potential hypoxia and stressors until they 
could successfully perform the righting reflex. 
The propofol dosage of 50 mg/kg once a day 
for seven consecutive days was selected to 
ensure significant neurotoxicity and avoid res- 
piratory depression in neonatal rats. The hy- 
droxylfasudil dose of 10 mg/kg was chosen in 
accordance with a previous study that demon-
strated its neuroprotective effects in neonatal 
rats. The hydroxylfasudil was administered i.p. 
30 min after the propofol in order to reduce 
pain stimulation and avoid possible drug in- 
compatibility. During the anesthesia procedure, 
the respiratory frequency and skin color were 
observed to detect hypoxia and apnea. If ap- 
nea was detected, the pups received a tail 
pinch pain stimulus. To avoid differences in 
weight among the groups, all of the rat pups 
were separated from their mothers approxi-
mately 300 min after the administration of all 
of the treatments.

The rats were sacrificed by decapitation under 
deep anesthesia 24 h after the last injection, 
and the hippocampi were isolated immediately 
for the detection of neuronal apoptosis using a 
TUNEL assay (n = 5) and the determination of 
RhoA, Rock1, Rock2, Bcl2, Bax, and Bad using 
Western blot (n = 5). Moreover, to determine 
whether fasudil could improve the propofol-
induced cognitive deficits, the rats’ learning 
and memory abilities were tested using the 
Morris water maze at 60 d of age (n = 10).

Terminal transferase dUTP nick end labeling 
(TUNEL) fluorescent assay

The TUNEL staining was performed to detect 
the hippocampal apoptosis using an in situ cell 
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death detection kit (Roche Applied Science, 
Mannheim, Germany), following the manufac-
turer’s manuals. The apoptotic cells (per 0.01 
mm2) in the hippocampal CA1 regions were 
counted under an Olympus light microscope 
(400×). The apoptotic cells were identified 
according to the following criteria: a condens- 
ed chromatin, a smaller size, and a dark brown 
nucleus. For TUNEL staining, one slide from 
each pup was randomly selected. Two fields at 
each slide were selected, and a total of 10 
fields were used for analysis. The apoptotic  
cell numbers from the 10 fields were assessed.

Western blot analysis

Twenty-four hours after the last injection, five 
pups of each group were killed by decapitation, 
and the hippocampus was removed and placed 
on ice while the caudate/putamen was dissect-
ed. Hippocampal tissues were homogenized in 
a RIPA buffer (BestBio, Shanghai, China) con-
taining a protease inhibitor. The homogenate 
was centrifuged at 10,000 rpm for 30 min at 
4°C. The supernatants were separated for the 
Western blot analysis. The protein concentra-
tion was measured by the ultraviolet absorption 
method. The protein content of the superna-
tants was separated using SDS-PAGE on 10% 
acrylamide gels. They were then transferred 
onto polyvinylidene fluoride (PVDF) membranes 
(Millipore) and blocked with 5% nonfat dry milk 
in a Tris-buffered saline Tween-20 (TBST) buf-
fer (for 1 h at room temperature. The mem-
branes were then incubated with the primary 
antibodies of total RhoA (Abcam; ab187027), 
Rock1 (Abcam; ab134181), Rock2 (Abcam; 
ab66320), Bcl-2 (Abcam; ab59348), Bak 
(Abcam; ab134181), Bax (Abcam, ab32503), 
Bad (Abcam; ab62465), and β-actin (Abcam; 
ab6276) antibodies overnight at 4°C. Then the 
signals were detected using an anti-mouse or 
rabbit horseradish peroxidase-conjugated sec-
ondary anti-body and a dual-color infrared laser 
imaging system (Odyssey9120, Li-COR, USA). 
The quantification of Western blot signals  
was performed using densitometric mea- 
surements.

Quantitative RT-PCR

Quantitative RT-PCR was performed as previ-
ously described [24]. The primers were as fol-
lows: RhoA-forward: GCCTCTCTCCTACCCAGA- 
CA; RhoA-reverse: TTTTGGCTAACTCCCGCCTT; 

Rock1-forward: CGGGTTTGCCTACGGTAGTT; Ro- 
ck1-reverse: TCCTTATCCAAAGAGCCACCT; Roc- 
k2-forward: TCCAGCTCCAGACCCTTTTG; Rock2-
reverse: AGAAGGCAGTTAGCTTGGTT; Bcl2-for- 
ward: CACGGTGGTGGAGGAACTCTT; Bcl2-rever- 
se: GGTGACATCTCCCTGTTGACG; Bak-forward: 
GAGCCCTTCCGGATCTTTGTC; Bak-reverse: TTG- 
TCACCTGCCTGACTGCTC; Bax-forward: TGGAAG- 
AAGATGGGCTGAGGC; Bax-reverse: CATTCCCAC- 
CCCTCCCAATAAT; Bad-forward: CCGAAGAATG- 
AGCGATGAAT; Bad-reverse: GATAATGCGCGTC- 
CAACTG; β-actin-forward: AGGGAAATCGTGCGT- 
GACAT; β-actin-reverse: CCTCGGGGCATCGGAA.

Morris water maze test and spatial probe trial

At 60 days of age, ten pups from each group 
underwent a spatial learning and memory  
abilities evaluation using the Morris water  
maze test. The Morris water maze (Zhenghua 
Bioinstrumentation Ltd., Anhui, China) appara-
tus is a black circular pool (120 cm diameter 
and 50 cm height) with four quadrants. The 
water temperature was maintained at 23 ± 
1°C. The pool was located in a dimly lit, sound-
proof test room with a number of visual cues, 
including a white-black-colored poster on the 
wall, a halogen lamp, a camera and the experi-
menter. A white, 10 cm diameter platform was 
placed in the center of quadrant 4 and sub-
merged 2 cm below water’s surface. The posi-
tion of the platform was unchanged during the 
training trials. A digital camera was suspended 
above the pool and connected to a video 
recorder and tracking device, which permitted 
automated tracking of the path taken by the 
rats. Two training trials per day were conducted 
for five consecutive days before the experimen-
tal Morris water maze test for each group. Each 
rat was released in the water facing a wall of 
the water maze at one starting position. The 
length of time to reach the platform was record-
ed in each trial, with a maximal time limit of 
120 s. If the rat failed to find the platform within 
the set time, the computer stopped tracking 
and recorded the time as 120 s. And if the rat 
found the platform within 120 s, it was allowed 
to stay on it for 30 s. Otherwise, the rat was 
gently guided to find the platform by the experi-
menter and allowed to remain on the platform 
for 30 s, and the latency was recorded at 2 min. 
The time to reach the platform (latency to find 
the platform) was measured with a computer-
ized tracking system. The average data from 
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the daily tests were used for statistical analy-
sis. At the end of the training period, the mice 
were tested on a spatial probe trial in which the 
platform was removed, and they were allowed 
to swim freely for 2 min. The time spent to 
reach the platform initially and the times of 
crossing the platform were recorded.

RhoA activation assay

The RhoA activation assay was performed to 
detect the endogenous active form of RhoA 
(RhoA-GTP) using a RhoA activation assay kit 
(Abcam; ab211164) following the manufactur-
er’s manuals.

Statistical analysis

Data were expressed and graphed as the mean 
± standard error of the mean and analyzed 
using SPSS version 16.0 (SPSS, Inc., Chicago, 
IL, USA) and Graphpad Prism version 5.01 
(Graphpad Software, Inc., CA, USA). The pre-
sented values are expressed as the mean ± SD. 
The data in the quantitative RT-PCR, the 
Western blot analysis, and the TUNEL assay 
were analyzed by a one-way ANOVA. For the 
Morris water maze test, latencies to find the 
platform were analyzed using repeated-mea-
sures analysis of variance (ANOVA) during the 
training period. For the probe test, these data 

Figure 1. Hydroxyfasudil protects against propofol-induced neuroapoptosis in the hippocampal neurons both in 
vivo and in vitro. (A) Morphological changes in apoptotic cells in the hippocampus of neonatal rats with indicated 
treatment. The TUNEL assay was used to detect apoptotic cells in the hippocampus. C: Control group; F: Rats with 
hydroxyfasudil treatment; P: Rats with propofol treatment. PF: Rats administrated with propofol and hydrofasudil. 
Scale bar: 50 µm. (B) Quantification of TUNEL-positive cells. (C and D) Flow cytometry pictographs (C) and statistical 
analysis (D) of the apoptotic rate of primary pprimary hippocampal neurons with indicated treatment. Data were 
shown as the mean ± SD, **P < 0.01 vs. the control group; ##P < 0.01 vs. the “P” group.
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were assessed by a one-way ANOVA. Post-hoc 
individual means comparisons were conducted 
by a Dunnett’s test. All statistical assessments 
used a significance level of P < 0.05.

Results

Hydroxyfasudil exerts neuroprotective effects 
against propofol-induced neuroapoptosis in 
the hippocampal neurons

To investigate whether hydroxyfasudil adminis-
tration can alleviate apoptotic neurodegenera-
tion induced by propofol in the developing rat 
brain, hydroxyfasudil and/or propofol was/were 
administered to P7 rats. Neuroapoptosis was 
determined by the TUNEL assay at the CA1 
region. Compares with the control group (C 
group), the propofol induced significant hippo-
campal neuroapoptosis (P < 0.01). Meanwhile, 
the administration of hydroxyfasudil alone had 
no influence on the apoptosis of hippocampal 
neuron (Figure 1A, 1B). However, the co-admin-
istration of hydroxyfasudil with propofol signifi-

cantly ameliorated the neuroapoptosis induced 
by propofol exposure (Figure 1A, 1B). Moreover, 
we also determined the effect of hydroxyfasudil 
and propofol on the primary cultures of the hip-
pocampal neurons. Consistent with the in vivo 
findings, treatment with hydroxyfasudil alone 
had no effect on cellular apoptosis in primary 
hippocampal neuronal cells (Figure 1C, 1D). 
However, propofol significantly induced neuro-
nal cell apoptosis, which can be rescued by 
hydroxyfasudil (Figure 1C, 1D). Taken together, 
these results suggest that hydroxyfasudil can 
be a protective chemical to reduce the toxicity 
of propofol in the nervous system.

Hydroxyfasudil showed potential improvement 
of the tendency towards cognitive impairments 
induced by propofol

Next, a spatial probe test and the Morris water 
maze test were performed to evaluate the pro-
tective effect of hydroxyfasudil on the memory 
impairment and neuronal injury induced by pro-
pofol. As shown in Figure 2A, the propofol-

Figure 2. Hydroxyfasudil improves the tendency towards cognitive impairments induced by propofol. Evaluation of 
rat learning and memory in the Morris water maze. A. Mean escape latency to the platform in the Morris water maze. 
B. Time spent in platform quadrant among the different groups. C and D. Pull-down experiments for GTP-bound 
RhoA in primary culture hippocampal neurons with indicated treatment. Data were shown as the mean ± SD, **P < 
0.01 vs. the control group; #P < 0.05, ##P < 0.01 vs. the “P” group.
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treated rats exhibited longer escape latencies 
compared with the control group and the rats 
administrated with hydroxyfasudil alone. Im- 
portantly, the prolonged latency of the propofol-
treated group was significantly shortened by 
treatment with hydroxyfasudil. A similar obser-
vation was seen in the spatial probe test where-
by the propofol-treated rats spent less time 
swimming in the target quadrant compared 
with the untreated rats, which could be reversed 
by hydroxyfasudil treatment (Figure 2B).

Hydroxyfasudil markedly ameliorated the 
activation of RhoA and the expression of 
Rock1, Rock2, Bak, Bax, and Bad induced by 
propofol and rescued the expression of Bcl2 
suppressed by propofol

Next, the activity of the small GTPase RhoA was 
also determined using a pulldown assay. As 

shown in Figure 2C, 2D, after 24 h treatment 
with propofol, RhoA activity was elevated com-
pared to the control group and the administra-
tion of hydrofasudil reversed the RhoA-GTP 
level. To elucidate the underlying mechanisms 
how hydroxyfasudil protects hippocampal neu-
rons against propofol, we measured the expres-
sion of Rock1, Rock2, Bak, Bcl2, Bax, and Bad 
in the indicated groups in vivo mentioned 
above. The results showed that propofol signifi-
cantly increased Rock1, Rock2, Bak, Bax, and 
Bad expression in hippocampal tissues (Figure 
3A-D, 3F-H), whereas hydroxyfasudil markedly 
ameliorated this increase induced by propofol 
(Figure 3A-D, 3F-H). Meanwhile, propofol sig-
nificantly decreased the expression of the anti-
apoptotic gene Bcl2, which could be re-elevat-
ed by hydroxyfasudil (Figure 3A, 3B, 3E). 
Moreover, hydroxyfasudil attenuated the ex- 

Figure 3. Hydroxyfasudil markedly ameliorated the activation of Rho kinase and the expression of Bad induced by 
propofol and rescued the expression of Bcl2 suppressed by propofol. (A and B) Representative western blots (A) and 
quantification results (B) of protein band intensities of Rock1, Rock2, Bcl2, Bak, Bax, and Bad for sample mixture of 
synaptic fractions of the hippocampus from each group. (C-G) Quantitative RT-PCR to determine the expression of 
Rock1 (C), Rock2 (D), Bcl2 (E), Bak (F), Bax (G), and Bad (H) in the samples mentioned above. Data were shown as 
mean ± SD, **P < 0.01 vs. the control group; ##P < 0.01 vs. the “P” group.
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pression of the pro-apoptotic gene Bad induced 
by propofol in the hippocampal tissues (Figure 
3A, 3B, 3E).

Discussion

Propofol is an intravenous agent commonly 
used for achieving anesthesia and sedation in 
children [25-27]. The mechanisms underlying 
propofol involve its interactions with the central 
nervous system at various neurotransmitter 
receptors, especially the GABAA receptors and 
NMDA glutamate receptors [28, 29]. The use of 
propofol for anesthesia induction in children 
less than 3 years of age still remains off-label 
[30]. It has been reported that propofol could 
trigger significant neuroapoptosis at a dose of 
50 mg/kg, while the dosage required to induce 
a surgical plane of anesthesia is 200 mg/kg 
[30]. Clinical concerns of neuroapoptosis in 
developing brains induced by propofol continue 
to be a focus of research. In this study, we con-
firmed that propofol induced significant hippo-
campal neuroapoptosis in neonatal rats and 
induced the tendency towards cognitive im- 
pairments.

RhoA/Rock is a well-documented signaling cas-
cade involved in regulating cell movement, 
adhesion, proliferation, differentiation, and 
migration [17]. The inhibition of RhoA/Rock 
could promote neuron growth and alleviate 
nerve injury. Rock inhibitors Y-39983 and 
Y-27632 have been also proven to exhibit a  
protective effect on axonal regeneration [17]. 
Yu et al. have reported that fasudil treatment 
blocks the RhoA/Rock pathway and significant-
ly reduces the apoptosis of primary retinal gan-
glion cells and relieves retinal nerve injury [12]. 
In the present study, we demonstrated that 
hydrofasudil reversed the hippocampal neuron 
apoptosis induced by propofol. Functionally, 
hydroxyfasudil ameliorated the tendency to- 
wards cognitive impairments induced by propo-
fol. Mechanistically, propofol activated Rho 
kinase in hippocampal tissues, which could  
be reduced by hydroxyfasudil. These results 
showed a series of pathological changes in hip-
pocampal tissues with propofol treatment with 
an increasing activity of Rho kinase, and impor-
tantly, our data showed that hydrofasudil treat-
ment blocked the RhoA/Rock pathway and sig-
nificantly reduced propofol-induced apoptosis 
of hippocampal tissues and relieved nerve 
injury. It is known that Rho is involved in the 

activation of transcription factors in the nucle-
us that control the synthesis of members of the 
apoptotic cascades [15, 31, 32]. Therefore, we 
speculated and confirmed that treatment with 
hydrofasudil to block Rho activation after pro-
pofol administration suppresses apoptosis by 
preventing the synthesis of pro-apoptotic pro-
teins such as Bcl2, and by rescuing the expres-
sion of anti-apoptotic genes including Bak, Bax, 
and Bad. 

Hydrofasudil is a selective Rock inhibitor in clin-
ical applications, which has therapeutic bene-
fits in brain disorders by reducing inflammatory 
cytokines, improving local blood circulation, 
preventing axonal injury, and promoting injured 
axonal regeneration [33-35]. In a future study, 
we plan to explore the role and underlying 
mechanisms of hyrdrofasudil and propofol in 
neuroimmunology, cerebral blood flow, and 
axonal injury and regeneration.

In conclusion, we established a rat model of 
propofol-induced hippocampus injury. Hydro- 
fasudil treatment significantly reduced the 
apoptosis of hippocampal tissues and relieved 
neuronal injury both in vitro and in vivo.

Acknowledgements

This study was supported by the Key Medicine 
Scientific Developing Program of Hebei Provin- 
ce (No. 20110338) and the Natural Science 
Foundation of Hebei Province (No. H2014- 
206454).

Disclosure of conflict of interest

None.

Address correspondence to: Zhenming Dong, De- 
partment of Anesthesiology, The Second Hospital of 
Hebei Medical University, Shijiazhuang 050000, 
China. E-mail: 13111531186@163.com

References

[1]	 Sun LS, Li G, DiMaggio CJ, Byrne MW, Ing C, 
Miller TL, Bellinger DC, Han S and McGowan 
FX. Feasibility and pilot study of the pedia- 
tric anesthesia neuro development assess-
ment (PANDA) project. J Neurosurg Anesthesiol 
2012; 24: 382-388.

[2]	 Andropoulos DB. Effect of anesthesia on the 
developing brain: infant and fetus. Fetal Diagn 
Ther 2018; 43: 1-11.

mailto:13111531186@163.com


Protective effect of hydroxyfasudil on hippocampal neuron apoptosis

4569	 Int J Clin Exp Pathol 2018;11(9):4562-4570

[3]	 Sahay N, Bhalotra A, Saini G and Dhanda A. 
Anesthesia in an aging infant: neonatal pro- 
geroid syndrome. A A Case Rep 2015; 5: 173-
175.

[4]	 McNeely JK, Buczulinski B and Rosner DR. Se-
vere neurological impairment in an infant af- 
ter nitrous oxide anesthesia. Anesthesiology 
2000; 93: 1549-1550.

[5]	 Oh TK, Park B, Lee DE, Eom W and Kang S. 
Factors affecting propofol dosage for sedation 
in pediatric oncology. Pediatr Int 2018; 60: 
535-539.

[6]	 Sheridan DC, Hansen ML, Lin AL, Fu R and 
Meckler GD. Low-dose propofol for pediatric 
migraine: a prospective, randomized con-
trolled trial. J Emerg Med 2018; 54: 600-606.

[7]	 Cheng D, Liu L and Hu Z. Prevention of anes-
thesia-induced injection pain of propofol in pe-
diatric anesthesia. Pak J Med Sci 2017; 33: 
752-756.

[8]	 Soliman R, Mofeed M and Momenah T. Propo-
fol versus ketofol for sedation of pediatric pa-
tients undergoing transcatheter pulmonary 
valve implantation: a double-blind randomized 
study. Ann Card Anaesth 2017; 20: 313-317.

[9]	 Jones NE, Kelleman MS, Simon HK, Stockwell 
JA, McCracken C, Mallory MD and Kamat PP. 
Evaluation of methohexital as an alternative to 
propofol in a high volume outpatient pediatric 
sedation service. Am J Emerg Med 2017; 35: 
1101-1105.

[10]	 Han D, Jin J, Fang H and Xu G. Long-term ac-
tion of propofol on cognitive function and hip-
pocampal neuroapoptosis in neonatal rats. Int 
J Clin Exp Med 2015; 8: 10696-10704.

[11]	 Zhong Y, Liang Y, Chen J, Li L, Qin Y, Guan E, He 
D, Wei Y, Xie Y and Xiao Q. Propofol inhibits 
proliferation and induces neuroapoptosis of 
hippocampal neurons in vitro via downregula-
tion of NF-kappaB p65 and Bcl-2 and upregu-
lation of caspase-3. Cell Biochem Funct 2014; 
32: 720-729.

[12]	 Yu D, Jiang Y, Gao J, Liu B and Chen P. Repeat-
ed exposure to propofol potentiates neuro-
apoptosis and long-term behavioral deficits in 
neonatal rats. Neurosci Lett 2013; 534: 41-
46.

[13]	 Fu L, Tang R, Bao N, Wang J and Ma H. Ket-
amine and propofol in combination induce 
neuroapoptosis and down-regulate the expres-
sion of N-methyl-D-aspartate glutamate recep-
tor NR2B subunit in rat forebrain culture. 
Pharmazie 2011; 66: 771-776.

[14]	 Cattano D, Young C, Straiko MM and Olney JW. 
Subanesthetic doses of propofol induce neu-
roapoptosis in the infant mouse brain. Anesth 
Analg 2008; 106: 1712-1714.

[15]	 Bye N, Christie KJ, Turbic A, Basrai HS and 
Turnley AM. Rho kinase inhibition following 

traumatic brain injury in mice promotes func-
tional improvement and acute neuron survival 
but has little effect on neurogenesis, glial re-
sponses or neuroinflammation. Exp Neurol 
2016; 279: 86-95.

[16]	 Takata M, Tanaka H, Kimura M, Nagahara Y, 
Tanaka K, Kawasaki K, Seto M, Tsuruma K, 
Shimazawa M and Hara H. Fasudil, a rho ki-
nase inhibitor, limits motor neuron loss in ex-
perimental models of amyotrophic lateral scle-
rosis. Br J Pharmacol 2013; 170: 341-351.

[17]	 Villar-Cheda B, Dominguez-Meijide A, Joglar B, 
Rodriguez-Perez AI, Guerra MJ and Labandei-
ra-Garcia JL. Involvement of microglial RhoA/
Rho-kinase pathway activation in the dopami-
nergic neuron death. Role of angiotensin via 
angiotensin type 1 receptors. Neurobiol Dis 
2012; 47: 268-279.

[18]	 Li Q, Huang XJ, He W, Ding J, Jia JT, Fu G, Wang 
HX and Guo LJ. Neuroprotective potential of fa-
sudil mesylate in brain ischemia-reperfusion 
injury of rats. Cell Mol Neurobiol 2009; 29: 
169-180.

[19]	 Takanashi Y, Ishida T, Kirchmeier MJ, Shuaib A 
and Allen TM. Neuroprotection by intrathecal 
application of liposome-entrapped fasudil in a 
rat model of ischemia. Neurol Med Chir (Tokyo) 
2001; 41: 107-113.

[20]	 Li WN, Wu N, Shu WQ, Guan YE and Jia DL. The 
protective effect of fasudil pretreatment com-
bined with ischemia postconditioning on myo-
cardial ischemia/reperfusion injury in rats. Eur 
Rev Med Pharmacol Sci 2014; 18: 2748-2758.

[21]	 Jiang ZH, Zhang TT and Zhang JF. Protective ef-
fects of fasudil hydrochloride post-conditioning 
on acute myocardial ischemia/reperfusion in-
jury in rats. Cardiol J 20: 197-202.

[22]	 Fukuta T, Asai T, Sato A, Namba M, Yanagida Y, 
Kikuchi T, Koide H, Shimizu K and Oku N. Neu-
roprotection against cerebral ischemia/reper-
fusion injury by intravenous administration of 
liposomal fasudil. Int J Pharm 2013; 506: 129-
137.

[23]	 Yan YY, Wang XM, Jiang Y, Chen H, He JT, Mang 
J, Shao YK and Xu ZX. The role of Rho/Rho-ki-
nase pathway and the neuroprotective effects 
of fasudil in chronic cerebral ischemia. Neural 
Regen Res 2015; 10: 1441-1449.

[24]	 Tao F, Tian X, Ruan S, Shen M and Zhang Z. 
miR-211 sponges lncRNA MALAT1 to suppress 
tumor growth and progression through inhibit-
ing PHF19 in ovarian carcinoma. FASEB J 
2018; [Epub ahead of print].

[25]	 Robinson JD, Melman Y and Walsh EP. Cardiac 
conduction disturbances and ventricular ta- 
chycardia after prolonged propofol infusion in 
an infant. Pacing Clin Electrophysiol 2008; 31: 
1070-1073.



Protective effect of hydroxyfasudil on hippocampal neuron apoptosis

4570	 Int J Clin Exp Pathol 2018;11(9):4562-4570

[26]	 Patermann B, Buzello S, Duck M, Paul M and 
Kampe S. Accidental tenfold overdose of pro-
pofol in a 6-month old infant undergoing elec-
tive craniosynostosis repair. Anaesthesia 
2004; 59: 912-914.

[27]	 Van Dijk B, Bakker NC and de Lange JJ. Propo-
fol for sedation of a spontaneously breathing 
infant. Anaesthesia 1991; 46: 893-894.

[28]	 Popic J, Pesic V, Milanovic D, Todorovic S, 
Kanazir S, Jevtovic-Todorovic V and Ruzdijic S. 
Propofol-induced changes in neurotrophic sig-
naling in the developing nervous system in 
vivo. PLoS One 2012; 7: e34396.

[29]	 Rehberg B and Duch DS. Suppression of cen-
tral nervous system sodium channels by pro-
pofol. Anesthesiology 1999; 91: 512-520.

[30]	 Chidambaran V, Costandi A and D’Mello A. Pro-
pofol: a review of its role in pediatric anesthe-
sia and sedation. CNS Drugs 2015; 29: 543-
563.

[31]	 Haas MA, Vickers JC and Dickson TC. Rho ki-
nase activates ezrin-radixin-moesin (ERM) pro-
teins and mediates their function in cortical 
neuron growth, morphology and motility in vi-
tro. J Neurosci Res 2007; 85: 34-46.

[32]	 Mohri M, Shimokawa H, Hirakawa Y, Masumo-
to A and Takeshita A. Rho-kinase inhibition 
with intracoronary fasudil prevents myocardial 
ischemia in patients with coronary microvascu-
lar spasm. J Am Coll Cardiol 2003; 41: 15-19.

[33]	 Wang JJ, Kong H, Xu J, Wang YL, Wang H and 
Xie WP. Fasudil alleviates LPS-induced lung in-
jury by restoring aquaporin 5 expression and 
inhibiting inflammation in lungs. J Biomed Res 
2017; [Epub ahead of print].

[34]	 Xie T, Luo G, Zhang Y, Wang X, Wu M and Li G. 
Rho-kinase inhibitor fasudil reduces allergic 
airway inflammation and mucus hypersecre-
tion by regulating STAT6 and NFkappaB. Clin 
Exp Allergy 2015; 45: 1812-1822.

[35]	 Zhao Y, Zhang Q, Xi J, Xiao B, Li Y and Ma C. 
Neuroprotective effect of fasudil on inflamma-
tion through PI3K/Akt and Wnt/beta-catenin 
dependent pathways in a mice model of Par-
kinson’s disease. Int J Clin Exp Pathol 2015; 8: 
2354-2364.


