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Neuroprotective effects of nobiletin on cerebral ischemia/
reperfusion injury rats by inhibiting Rho/ROCK signaling pathway
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Background: Nobiletin (NOB), an active natural flavonoid component of citrus, is used in Traditional
Chinese Medicine for its anti-inflammatory activity, but its efficacy in cerebral ischemia/reperfusion (I/R)
injury remains unclear.

Methods: In a middle cerebral artery occlusion (MCAO) rat model, MCAO rats were administered
(Sham group and MCAO model group treated with an equal volume of solvent, NOB group treated
with 10 or 20 mg/kg NOB) once a day for 7 days before cerebral ischemia and again after reperfusion,
2,3,5-triphenyltetrazolium chloride (T'TC) staining was applied to assess the infarct area. Neurological
function was evaluated by the modified neurological severity score and Morris water maze. The levels of
inflammatory factors, interleukin 6 (IL-6), interleukin 1B (IL-1p) and tumor necrosis factor-a (TNF-a), were
examined by enzyme-linked immunosorbent assay (ELISA). Histopathological staining evaluated neuron
apoptosis in brain tissue. In an oxygen-glucose deprivation PC12 cell (OGD PC12) model, the proliferation,
migration and apoptosis of OGD PC12 cells were detected by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2-H-tetrazolium bromide (MTT) and cell migration assays and flow cytometry. The gene and protein
expression levels of Ras homolog gene family, member A (Rho A), ras-related C3 botulinum toxin substrate
1 (Rac 1), Rho-associated kinase 1 (ROCK 1), ROCK 2 in the Rho/ROCK pathway were measured by Real-
time PCR (RT-PCR), immunohistochemistry and western blot.

Results: In rats with cerebral I/R injury, NOB significantly decreased the infarcted area, neuron apoptosis
in brain tissue and expressions of IL-6, IL-1B, and TNF-o. It also improved neurological deficits in brain
tissue and enhanced learning and memory ability. Further, NOB had a protective effect on OGD PCI12 cells,
increasing proliferation and migration and decreasing apoptosis. The expressions of Rho A, Rac 1, ROCK 1
and ROCK 2 were high in cerebral I/R injury rats, but were downregulated by NOB in I/R injury rats’ brain
tissue and OGD PC12 cells.

Conclusions: Nobiletin had a neuroprotective effect in rats with cerebral I/R injury, and its potential
mechanism is decreasing neuron apoptosis by inhibiting the Rho/ROCK signaling pathway. These results

suggest NOB is a promising neuroprotective agent for patients with cerebral ischemia.
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Introduction

Stroke is a common neurological disease characterized by
high rates of incidence, death, disability and recurrence (1).
With approximately 80 million stroke cases worldwide, it
contributes to the global health economic burden. Stroke
is classified as either ischemic or hemorrhagic, of which
ischemic stroke is the most common, accounting for
~60-80% of all strokes and causing ischemia and hypoxia
of brain tissue (2,3). Currently, the effective treatment for
ischemic stroke is to reperfuse the ischemic brain tissue
by thrombolysis, but outside of the narrow therapeutic
time window, it can cause reperfusion damage to the brain
tissue (4-6). Numerous preclinical trials have shown that
neuroprotective agents can improve the success rate of
treatment for ischemic stroke, both when given early in
the ischemic stroke episode to prolong the time window
of intravenous or intra-arterial treatment and when used
during or after partial or complete reperfusion to reduce
reperfusion injury and thus reduce the likelihood of
disability in stroke patients after treatment (7,8). Therefore,
investigating effective neuroprotective agents is crucial
to improving the treatment success rate for patients with
ischemic stroke.

neuron apoptosis in the ischemic core region is an
essential factor affecting neurological recovery in patients
with ischemic stroke, and a series of responses such as
oxidative stress, excitatory amino acids, Ca** overload,
and inflammatory responses induced by reperfusion can
accelerate neuron apoptosis and further hinder neurological
recovery (9,10). Therefore, reducing neuron apoptosis is
key to neurological recovery. Previous studies have shown
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that the Rho/Rho-associated kinase (ROCK) signaling
pathway mediated by Rho GTPase and its downstream
target effector ROCK are closely related to neuron
apoptosis and inhibition of axonal growth. Inhibition of the
Rho/ROCK signaling pathway iz vivo can promote axonal
regeneration, and Rho and ROCK play a key role in the
pathogenesis of stroke, they are expressed in all cell types
associated with stroke and regulate a series of physiological
processes (11,12). So actively exploring blockers of the Rho/
ROCK signaling pathway is crucial to improving treatment
of ischemic brain injury.

Nobiletin (NOB) is an active natural flavonoid that is
mainly distributed in the stems, leaves and peels of Rutaceae
and Euphorbiaceae, with a variety of important biological
activities that are utilized in Traditional Chinese Medicine,
such as anti-inflammatory, antioxidative, antitumor and
neuroprotective (13-16). Recent studies have reported on
NOB for the treatment of neurological disorders, such
as improving cognitive function and reducing the plaque
and oxidative stress caused by p-amyloid accumulation in
animal models of Alzheimer’s disease, and improvement of
motor function and cognitive deficits in animal models of
Parkinson’s disease (17,18). In addition, NOB can reduce
the production of mitochondrial reactive oxygen species,
inhibit apoptotic signaling, enhance ATP production, and
improve neuronal cell viability (19). Study of ischemic
encephalopathies have shown that NOB prevents ischemia-
hypoxia-induced brain injury by activating the Akt/CREB
signaling pathway and improving the permeability of the
blood-brain barrier (20).

However, the precise pharmacological effect of NOB
on ischemic brain injury and its potential mechanism
requires further validation. In this study, we simulated
cerebral ischemia/reperfusion (I/R) injury by surgically
occluding the middle cerebral artery in rats [middle
cerebral artery occlusion (MCAO) model], and treated
them with NOB. Results showed that NOB significantly
decreased the cerebral infarct area, improved neurological
deficits, reversed neuron apoptosis and reduced the levels of
inflammatory factors interleukin (IL)-6, IL-1f and tumor
necrosis factor (TNF)-a in rats with cerebral I/R injury.
In terms of the mechanism, the results showed that NOB
inhibited the activity of the Rho/ROCK signaling pathway
in brain tissue with ischemic injury, and the neuroprotective
effect of NOB via inhibiting the Rho/ROCK signaling
pathway was confirmed using an oxygen-glucose
deprivation PC12 (OGD PC12) cell model. The present
study adds reliable data to confirm the neuroprotective
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effect of NOB and further elucidates its mechanism as a
potential treatment for ischemic stroke. We present the
following article in accordance with the ARRIVE reporting
checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-22-6119/rc).

Methods
Animals and MCAO model

A total of 60 adult male Sprague-Dawley rats (180-200 g,
6-8 weeks) were purchased from Shanghai Jihui Laboratory
Animal Care Co., Ltd. [Shanghai, China; Animal
Production License No. SCXK (Shanghai) 2017-0012
and Animal Use Certificate No. 20170005053051]. Food
and water were provided under specific pathogen-free
conditions with a relative humidity of 40-70%, ambient
temperature of 20-25 °C, and a 12/12 h light/darkness
cycle. A protocol was prepared before the study without
registration. Animal experiments were performed under
a project license (No. Med-Eth-Re[2022]734) granted
by the Ethics Committee of Hainan General Hospital, in
compliance with institutional guidelines for the care and use
of animals.

The rats were randomly divided into four groups: Sham
group (treated with an equal volume of solvent, N=15),
MCAO model group (treated with an equal volume of
solvent, N=15), NOB high-dose group (MCAO rats treated
with 20 mg/kg NOB, N=15), and NOB low-dose group
(MCAQO rats treated with 10 mg/kg NOB, N=15) (20).
NOB was purchased from Chengdu Herbpurify Co.,
Ltd. (Chengdu, China), with a purity of 98%. Rats were
intragastric administered once a day for 7 days before
cerebral ischemia and again after reperfusion.

The MCAO model was created according to a
previously described protocol (21). Rats were anesthetized
by intraperitoneal injection of 3% pentobarbital sodium
(30 mg/kg, Sigma-Aldrich, CA, USA), and the neck skin was
prepared and disinfected for an incision to separate the right
common carotid artery, external carotid artery and internal
carotid artery before ligation of the distal external carotid
artery as follows. The proximal common carotid artery
and internal carotid artery were temporarily clamped with
arterial clips, and the external carotid artery was perforated
near the bifurcation of the common carotid artery for
insertion of a nylon thread with a smooth spherical tip
(0.25 mm in diameter). The external carotid artery segment
was loosely ligated at the perforation, the arterial clamp
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on the internal carotid artery was partially released and
the thread was gently directed from the external carotid
artery into the internal carotid artery for ~18.5+0.5 mm.
The segment of the external carotid artery and the thread
were again ligated together until the beginning of the
middle cerebral artery was occluded. Then the clamp on the
common carotid artery was released and the neck skin was
sutured. The thread was removed to restore blood perfusion
after 2 h of ischemia.

Modified neurological severity score (mNSS)

The mINSS was used to assess the neurological deficit in
four aspects (motor, sensory, balance and reflexes) 24 h after
cerebral ischemia-reperfusion. As reported in our previous
research (21), the total score for the mNSS is 18 points,
with higher scores representing more severe neurological

deficits (22).

Morris water maze (MWM) testing

As per the experimental conditions and environments
described in our previous study (20), the MWM was used to
examine the learning and memory abilities of the rats in the
MCAO model. The rats underwent a positioning navigation
experiment before the MCAO by first placing them on
the platform for 20 s and then in the water while placing
the platform in any quadrant to record the time it took
for the rat to find the platform (up to 60 s). The training
was performed 4 times a day for 4 consecutive days, with
15 min between each session. After 24 h of reperfusion, the
platform was placed 2 cm underwater. The learning ability
of the rats was evaluated by calculating the time to find the
platform (escape latency) and swimming distance (escape
path length) using the video tracking system (SuperMaze
Morris water maze experimental analysis system, Shanghai
XinRuan Information Technology Co., Ltd., Shanghai,
China).

TTC staining

After 24 h of cerebral ischemia—reperfusion the rats were
anesthetized again with intraperitoneal pentobarbital
sodium. After opening the thorax, the right auricle was
incised, and the whole brain was removed after perfusion
with phosphate-buffered saline (PBS) from the left
ventricle. Each rat brain was frozen (=20 °C, 30 min) and
then sliced into five pieces, placed in 2% TTC solution
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(Sigma-Aldrich), incubated for 30 min at 37 °C, and then
fixed in 4% formaldehyde for 24 h. The cerebral infarct area
was measured using a high-resolution pathological image
analysis system (Champion Image HPIAS-1000, Champion
Image Engineering Company of Tongji Medical University,
Wuhan, China), and the infarct volume was calculated
according to the formula V = t (Al+... + An) — (Al+An) /2,
where T is the slice thickness and A is the infarct area.

Enzyme-linked iimmmunosorbent assay (ELISA)

For the ELISA, 100 mg of ischemic brain tissue was
washed with PBS, and homogenized with frozen RIPA
buffer containing protease and phosphatase inhibitors. The
homogenate was centrifuged at 5,000 g at 4 °C for 10 min,
and then the supernatant was collected to determine levels
of IL-6, IL-1pB, and TNF-a according to the manufacturer’s
instructions (R&D Systems, MIN, USA).

Histopathological examination

Ischemic cerebral tissue was fixed with 4%
paraformaldehyde (Sigma-Aldrich) for 4 days, trimmed to
the appropriate shape and thickness, dehydrated, cleared,
and embedded in wax, before sectioning to a thickness of
4 pm, and immersed in hematoxylin staining solution
(Sigma-Aldrich) for 5 min at room temperature. Sections
were then washed with ultrapure water for 1 min
before being dewaxed and rehydrated, immersed in 1%
hydrochloric acid alcohol solution for 30 s and rinsed with
ultrapure water until the tissue turned blue. Next, the
sections were immersed in eosin staining solution (Sigma-
Aldrich) for 3-5 min, and excess color was rinsed off with
ultrapure water. After the samples were dehydrated, cleared,
and sealed with neutral gum, the nuclei of neuron were
observed under a microscope (Olympus Co., Ltd., Japan).

Terminal transferase-mediated dUTP nick-end labeling
(TUNEL) staining

After being prepared for histopathological examination,
the brain tissue sections were routinely dewaxed, treated
with Proteinase K working solution, and washed three
times with PBS to prepare for the TUNEL reaction
mix according to the manufacturer’s instructions (Roche
Diagnostics, Shanghai, China). Each section was added to
5 pL of TdT and 45 pL of fluorescein-labeled dUTP mix at
37 °C for 60 min and then washed three times with PBS for,
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before being added to 50 pL of converter-POD at 37 °C for
30 min. After washing with PBS, an appropriate amount (full
coverage of samples) of DAB substrate was added to control
color development under the microscope. The sections
were restained with hematoxylin for 30 s, washed with
ultrapure water, and sealed with neutral gum. To observe
the distribution of positive cells under the microscope, we
were randomly selected five fields of view for each sample
under a x200 microscope (Olympus Co., Ltd., Japan), and
the number of positive cells in each sample was counted.

Nissl staining

The cortex and hippocampus of each ischemic brain were
fixed, embedded and sectioned as described, and then
stained according to the manufacturer’s instructions (Beijing
Solarbio Science & Technology Co., Ltd., Beijing, China).
First, the sections were placed in a crystal violet staining
solution, and the dye vat was placed in an incubator at
56 °C for 1 h. After being rinsed with deionized water, the
sections were removed and placed in Nissl differentiation
solution for a few seconds to 2 min, and then dehydrated
quickly with absolute ethanol. The sections were cleared
and sealed with neutral gum. Nissl bodies are purple under
the microscope, and the background was close to colorless
or light blue. Five fields of view were randomly selected for
each sample under a x200 microscope, and the total number
of Nissl bodies in the cortex and hippocampus of each
sample was calculated.

Immunobistochemistry

The wax-embedded brain tissue sections were dewaxed in
xylene, rehydrated in gradient alcohol, and then incubated
with 3% H,O, at 37 °C for 15 min to block and inactivate
endogenous peroxidase, then washed in PBS. The antigen
was repaired by boiling in 0.01 M citrate buffer (pH 6.0)
for 10 min and cooled naturally to room temperature.
After washing three times with PBS, Rho, Rac 1, ROCK 1,
ROCK 2, rabbit anti-GAPDH (1:200, BIOSS, Beijing,
China) were added dropwise to each section before
incubating overnight at 4 °C in the refrigerator and
equilibrating at room temperature for 30 min. Next, the
secondary antibody (Zhongshan Golden Bridge Biological
Technology Co., Ltd., Beijing, China) was added dropwise
before incubating for 30 min at 37 °C. Microscopic images
were obtained after PBS washing, DAB reaction staining,
hematoxylin restaining, and neutral gum sealing. Five fields
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Gene Forward Reverse

Actin CCCATCTATGAGGGTTACGC TTTAATGTCACGCACGATTTC
Rho GCCAAAATGAAGCAGGAGCC TTCACAAGATGAGGCACCCC
Rac 1 TATGACAGACTGCGTCCCCT GCTTCGTCCCCACTAGGATG
ROCK 1 GGTTGAACTTGCTTTCCGCT GCATCCAATCCATCCAGCAA
ROCK 2 CCAAACAAACCAAGCTAACTGC TTCAGTCTTGTGGCTGGAAGAA

of view were randomly selected for each sample under a
%200 microscope, and the optical density values of relative
protein expressions were calculated using ImagePro Plus
software.

Real-time polymerase chain reaction (PCR)

Total RNA of the samples was extracted by the Trizol-
centrifuge column method according to the instructions
of the RNA Rapid Extraction Kit (Generaybiotech Co.,
Ltd., Beijing, China). After RNA purity determination
and quantification, reverse transcription into cDNA was
performed according to the manufacturer’s instructions
(HiScript-II Q RT SuperMix for gPCR, Vazyme Biotech
Co., Ltd., Nanjing, China). Real-time PCR (qPCR) was
performed using the CFX Connect Real-Time PCR System
(Bio-RAD, CA, USA), and the PCR amplification reaction
system was as follows: 10 pL. 2x ChamQ SYBR Color
gPCR Master Mix, 0.6 pL. forward primer (10 pM), 0.6 pL.
reverse primer (10 pM), 8.8 pLL template cDNA, and 20 pL
dd H,O. The reaction steps were as follows: 1 min at 95 °C,
10 s at 95 °C, 10 s at 58 °C, and 10 s at 70 °C, for a total of
40 cycles. The qPCR primers were synthesized and purified
by Shanghai Sunny Biotechnology Co., Ltd., China and
the primer sequences are as follows 7uble 1. The results
were analyzed by the 27**“ method, and the relative RNA
expression values were calculated using Actin as an internal
reference.

Cell culture and oxygen-glucose deprivation (OGD)

PC12 cells were purchased from the Institute of
Biochemistry and Cell Biology at the Chinese Academy of
Sciences (Shanghai, China) and cultured in DMEM (Gibco,
NY, USA) containing 10% fetal bovine serum (Gibco)
and 1% penicillin (Gibco) at 37 °C in an incubator with
5% CO,.
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OGD/R-PC12 cells: the complete culture medium was
removed and the PC12 cells cultured for 24 h were washed
twice with sugar-free DMEM, then incubated with sugar-
free DMEM in a closed anoxic chamber with 5% CO, and
95% N, at 37 °C for 2 h. The cells were then switched to a
complete culture medium, and incubated in an incubator at
constant temperature of 37 °C with 5% CO, for 24 h. When
PC12 cells were treated with NOB or NOB + pentanoic
acid (PA, Med Chem Express, NJ, USA) after oxygen-
glucose deprivation, MTT assay, flow cytometry and cell
migration assay were performed.

Flow cytometry (FCM)

For FCM, 2x10° PC12 cells were centrifuged, collected,
and washed in PBS three times. Annexin V-FITC binding
solution was added first to resuspend the cells, followed by
Annexin V/FITC and PI (Annexin V-FITC Detection Kit,
Beyotime Biotechnology, Shanghai, China). The cells were
incubated for 20 min at room temperature and apoptosis
was detected by FCM (Accuri C6, Becton-Dickinson, CA,
USA) under light-protected conditions.

MTT assay and cell migration assays

MTT assay: PC12 cells were seeded in 96-well plates
(5.0x10° cells/well), and treated with NOB for 24 h after
OGD. Next, 10 pLL of MTT working solution (5 mg/mL,
Beyotime Biotechnology) was added and the incubation
was continued for 4 h, after which the culture medium was
discarded. Next, 150 pL DMSO was added to each well,
and the absorbance (OD) value at 490 nm was measured by
an enzyme marker (Mini-Protein Tetra System, Bio-RAD).
Migration assays: PC12 cells were collected, washed
twice in PBS and resuspended with serum-free DMEM.
The cell density was then adjusted to 5x10° cells/mL.
Transwell (Sigma-Aldrich) was homogenized with 200 pL.

Ann Transl Med 2022;10(24):1385 | https://dx.doi.org/10.21037/atm-22-6119



Page 6 of 15

of cell suspension in the upper chamber and 600 pL of
DMEM containing 10% FBS in the lower chamber. After
processing with OGD, the cells were treated with NOB for
24 h. The cells in the upper chamber were removed with
cotton swabs, and fixed with paraformaldehyde for 15 min
after being rinsed with PBS, and then stained with 0.1%
crystal violet staining solution (Sigma-Aldrich) for 10 min.
After washing three times with PBS, microscopic images of
the migrating cells stained with crystal violet were obtained
and the number was counted.

Western blot analysis

PC12 cells were collected and lysed with RAPI lysis solution
(Beyotime Biotechnology). The samples were centrifuged at
25,000 g for 30 min at 4 °C, and the supernatant was collected
for measurement of the total protein by BCA kit (Beyotime
Biotechnology). Protein samples were denatured and
electrophoresed on a 10% SDS-PAGE gel, then transferred
to a PVDF membrane (Millipore, MA, USA). The samples
were sealed with 5% skim milk for 2 h and washed three times
with TBST buffer solution. Next, Rho A, Rac 1, ROCK 1,
ROCK 2 and rabbit anti-GAPDH (1:1,000, BIOSS ) were
added according to the corresponding protein size (kDa) and
incubated overnight at 4 °C. The secondary antibody (goat
anti-mouse IgG, 1:5,000, MultiSciences, Shanghai, China)
was added after washing with TBST and the samples were
incubated for 2 h at room temperature. After TBST washing,
ECL luminescent solution (Beyotime Biotechnology) was
added and a gel imager (ChemiDoc XRS+ System, Bio-RAD)
was used to develop images. The relative protein expressions
of Rho A, Rac 1, ROCK 1 and ROCK 2 were calculated using
GAPDH as an internal reference.

Statistical analysis

The statistical analysis was performed using GraphPad Prism
8.0 (Graphpad Software Inc., San Diego, CA, USA). Data are
expressed as the mean =+ standard deviation. One-way analysis
(one-way ANOVA) was used for comparison between groups,
followed by the least significant difference method test. A P
value <0.05 was considered statistically significant.

Results

NOB reduced cerebral infarct area and promoted
neurological recovery in rats with cevebral I/R injury

We used TTC staining to observe the infarct area in
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cerebral I/R injured rats to investigate whether NOB
has a neuroprotective effect. As shown in Figure 14,1B,
large cerebral infarcts occurred in rats of the MCAO
groups, but were reduced in area in the NOB high-dose
treatment group (20 mg/kg) although the NOB low-dose
treatment group (10 mg/kg) showed no statistical difference
(P>0.05). Regarding the mNSS results, the mNSS score
was significantly higher in the untreated MCAO group
but lower in the NOB-treated group, indicating an
improvement with NOB (Figure 1C). To further confirm
that NOB improved neurological function in cerebral
I/R injury rats, we conducted the MWM experiment. The
results showed that the swimming distance and latency time
to find the platform of rats in the MCAO group were higher
than those in the Sham group, the swimming distance of
rats in the NOB high-dose treatment group was shorter
than that in the untreated MCAO group, and the latency
time of the NOB low-dose treatment group was shorter
than that of the MCAO group (Figure 1D,1E). These
results suggested that NOB had improved the learning and
memory ability of cerebral I/R injury rats. We also explored
the effect of NOB on inflammatory factors in the brain
tissue of cerebral I/R injured rats. As shown in Figure I1F,
the levels of IL-6, IL-1pB, and TNF-a were significantly
increased after cerebral I/R in rats, but when treated with
NOB, the levels were significantly decreased.

NOB reduced neuron apoptosis in cerebral I/R injury rats

neuron apoptosis is an essential manifestation of ischemic
stroke, affecting the neurological recovery and prognosis of
patients (23), so we examined it in cerebral I/R injury rats.
First, we performed histopathological HE staining, which
showed that compared with the Sham group, karyopyknosis,
degeneration and apoptosis of a large number of neurons
occurred in rats of the MCAQO group, and were also seen
in the NOB-treated group, but significantly less than in
the MCAO group (Figure 2A4). The same results were also
obtained in the TUNEL staining experiment, and the
degree of neuron apoptosis in the NOB high- and low-
dose treatment groups was significantly less than that of the
MCAO group (Figure 2B,2C). This finding demonstrated
that NOB significantly reduced neuron apoptosis. To
further verify these results, Nissl staining was used to
observe the numbers of Nissl bodies in the cerebral cortex
and hippocampus of cerebral I/R injury rats. The total
number of Nissl bodies in the cortex and hippocampus
was higher in the NOB-treated group than in the MCAO
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Figure 1 Nobiletin reduces cerebral infarct area and promotes neurological recovery in rats with cerebral I/R injury. (A,B) Cerebral infarct
area detected by TTC staining after 24 h of cerebral I/R; mNSS (C) and MWM testing (D,E) assess the neurological deficit and learning
memory ability of rats; (F) levels of inflammatory factors IL-6, IL-1p, TNF-a in the ischemic brain tissue of rats detected by ELISA.
Data are expressed as mean = SD; *P<0.05, **P<0.01, ***P<0.001; ns, no significance; n=5. MCAO, middle cerebral artery occlusion; IL,
interleukin; I/R, ischemia/reperfusion; mNSS, modified neurological severity score; MWM, Morris water maze; TNE, tumor necrosis

factor; ELISA, enzyme-linked immunosorbent assay.

group (Figure 2D,2FE), indicating an increase in the number NOB inhibited the expression of the Rho/ROCK signaling

of surviving neurons in the cortex and hippocampus after pathway in the brain tissue of cerebral I/R injury rats
NOB treatment and suggesting that NOB could reduce the Because activation of Rho and its effector ROCK
apoptosis of neurons in cerebral I/R injury rats. is a critical factor in inhibiting axonal growth, and
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blocking the Rho/ROCK pathway can promote neuron
regeneration (11), we explored whether NOB could inhibit
the Rho/ROCK signaling pathway in cerebral I/R injury
rats. The expression levels of Rho A, Rac 1, ROCK 1, and
ROCK 2, proteins related to the Rho/ROCK signaling
pathway, were first analyzed using immunohistochemistry,
and the results are shown in Figure 34,3B. Compared
with the Sham group, the expression levels of Rho A, Rac
1, ROCK 1, and ROCK 2 were elevated in the ischemic
reperfused brain tissue of rats in the MCAO group, but
were significantly decreased after treatment with NOB. To
validate these results, we extracted the RNA in brain tissue,
and the RNA expression levels of Rho A, Rac 1, ROCK
1, and ROCK 2 in the brain tissue of rats in the MCAO
group were higher than those in the Sham group, while
the expression levels were reversed in the NOB high- and
low-dose treatment groups (Figure 3C). Thus, the results
suggested that NOB inhibited the activity of the Rho/
ROCK signaling pathway in cerebral I/R injury rats.

NOB protected OGD PC12 cells by inbibiting the Rbo/
ROCK signaling pathway

To further elucidate whether the mechanism of the
neuroprotective effect of NOB is through inhibition of the
Rho/ROCK signaling pathway, we established an OGD
model of PC12 cells in vitro, examining the apoptosis,
migration, cell viability and expression levels of related
proteins after treatment of OGD PC12 cells with NOB,
PA (an Rho/ROCK pathway agonist) (24,25) or NOB +
PA. As shown in Figure 4, the results revealed that the rate
of apoptosis of PC12 cells in the NOB-treated group was
less than that in the OGD model group. When treated with
PA, apoptosis of OGD PC12 cells was accelerated, whereas
treatment with NOB reduced PA-induced apoptosis.
Similarly, in the cell migration and MTT assays, we also
observed that the number of migrating PC12 cells and
cell viability were higher in the NOB-treated group than
in the OGD model group, and also higher in the NOB
combined with PA-treated group than in the PA-treated
group (Figure 4B,4D,4E). In addition, the western blotting
results (Figure 4FK4G) showed that the expression levels of
Rho A, Rac 1, ROCK 1, and ROCK 2 in the NOB-treated
group were lower than those in the OGD model group, and
the expression levels were also lower in the NOB combined
with PA-treated group than in the PA group. Hence,
our experiments demonstrated that NOB could reduce
apoptosis and improve the migration ability and viability of

© Annals of Translational Medicine. All rights reserved.

Page 9 of 15

OGD PC12 cells by inhibiting the Rho/ROCK signaling
pathway.

Discussion

Ischemic stroke obstructs the blood supply to local brain
tissue, leading to an ischemic and hypoxic lesion and necrosis
of brain tissue. Restoring blood flow with thrombolytic
therapy within an effective time window reduces the extent
of brain tissue damage, but when ischemia is prolonged,
restoring blood flow can cause cerebral I/R injury (26).
Tissue plasminogen activator (t-PA) is the only FDA-
approved drug for thrombolytic therapy in ischemic stroke,
but its narrow time window, contraindication restrictions,
risk of complications, and low revascularization rates result
in a low overall effective treatment rate (27,28). Study have
shown that neuroprotective agents can significantly improve
the treatment success rate of ischemic stroke, by prolonging
the time window of thrombolytic therapy, protecting
the blood-brain barrier, promoting revascularization,
reducing free radicals, and preventing oxidation and
inflammation (7). Neuroprotective agents are essential to
improve the treatment success rate of ischemic stroke by
intervening in a series of pathophysiological processes to
reduce I/R injury (29). The present study’s histopathological
results showed that NOB could reduce the cerebral
infarction area, and the mNSS and MWM test results
confirmed that NOB improved the neurological deficit and
learning and memory ability in cerebral I/R injury rats.
These findings are consistent with previous research (30).
After cerebral I/R, infiltration of inflammatory cells and
release of inflammatory factors cause cerebral reperfusion
injury (31). The release of inflammatory factors exacerbates
neuron apoptosis, which leads to neurological dysfunction,
causing clinical symptoms such as hemiplegia, hemianopia,
aphasia, sensory and consciousness impairment in patients
with cerebral ischemia. IL-6, IL-1p and TNF-a are key
inflammatory factors involved in cerebral ischemia and
cerebral reperfusion injury. Study have shown that TNF-a
can damage vascular endothelial cells after cerebral
ischemia, alter their permeability, increase the adhesion
of leukocytes to vascular endothelial cells through various
ways and interact with endothelial cells, leading to vascular
dysfunction and inducing the coagulation process (32). IL-6
can promote the release of TNF-a to further aggravate
the inflammatory response of tissue, leading to stenosis of
local blood vessels. At the same time, IL-1B can enhance
the adhesion between leukocytes and vascular endothelial
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cells and the process of leukocytes penetrating the vascular
wall, thus stimulating the inflammatory response (33,34).
Therefore, inhibiting the release of IL-6, IL-1p and
TNF-a can effectively reduce neuron apoptosis, improve
neurological deficits, reduce the disability rate and improve
the quality of life of patients with cerebral ischemia. The
results of the present study showed that NOB reduced the
levels of IL-6, IL-1B, and TNF-a in the serum of cerebral
I/R injured rats, and the results of both histopathological
and Nissl staining confirmed that NOB reduced neuron
apoptosis in ischemic brain tissue. Likewise, several studies
have indicated that NOB reduces the expressions of IL-
6, IL-1B, and TNF-a in animal models of acute liver
and kidney injury, aging, and osteoarthritis (35-37), and
also decreases apoptosis in ischemic cardiomyocytes,
hepatocytes, and neuron (14,38,39). All of this evidence
demonstrates the great potential of NOB to be developed as
a neuroprotective agent.

The Rho/ROCK signaling pathway mainly consists of
Rho GTPase, Rho-associated kinase and their downstream
acting substrates (40). Rho GTPases belong to the Ras
superfamily, of which Rho (A, B, C) and Rac (1, 2, 3) are
the prominent members. The physiological roles of Rho
are to promote stress fiber formation and elongation, actin
bundle contraction and directed adhesion, while that of
Rac is to induce lamellar pseudopod and filopod formation
as well as to promote protrusive activity, with Rho A and
Rac 1 being the most critical molecules (41-43). ROCK,
a serine/threonine protein kinase, is the most functionally
well-studied downstream target effector molecule of Rho,
with various biological functions, including regulating cell
proliferation, migration, contraction, and adhesion (44).
There are two subtypes of ROCK, ROCK 1 and ROCK
2, which have biological functions such as cytophagy
and contraction (45). During the resting state, the Rho
protein structural domain of ROCK interacts with the PH
structural domain and the catalytic structural domain of
kinase, inhibiting its activity (46). Rho A is activated when
stimulated by various factors and mechanical actions. The
interaction between Rho A and the structural domain of Rho
proteins changes the biological conformation of ROCK,
thus relieving the inhibitory effect of the PH structural
domain and the catalytic domain of kinase, and activating
ROCK. ROCK then undergoes directional translocation
close to the myosin light chain (MLC), which acidifies and
undergoes myofilament contraction, and also inactivates
MLC phosphatase (MLCP) by phosphorylating, preventing
the dephosphorylation and inactivation of phosphorylated
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MLC and promoting myofilament contraction, thereby
affecting actomyosin polymerization and causing growth
cone atrophy and axon retraction (47). In addition, Rho-
kinase downregulates endothelial nitric oxide synthase
(eNOS) activity and increases the contractile tension of
endothelial cells and vascular smooth muscle cells. Smooth
muscle cell tension depends on the dynamic balance of
interconversion between intracytoplasmic phosphorylated
and dephosphorylated MLC, while the level of MLC
phosphorylation is regulated by both Ca’*/calmodulin
(CaM)-dependent MLC kinase and Ca’*-independent
MLCP (48). In contrast, the Rho/ROCK signaling pathway
is a non-Ca’*-dependent signaling pathway. Therefore,
phosphorylation directly activates MLC and inhibits MLCP
activity to increase the phosphorylation level of MLC and
enhance vasoconstriction, leading to cerebral ischemia (49),
so the Rho/ROCK signaling pathway is closely linked to
the progress of ischemic reperfusion.

The Rho/ROCK signaling pathway inhibitor, fasudil,
attenuates chemical-induced nephrotoxicity, inhibits
inflammatory factors, apoptotic factors, fibrogenic factors,
schistin-activated proteases, and nitrogen oxidation
pathways, and improves nephrotic conditions (50). The
novel, specific ROCK2 inhibitor, FSD-C10, induces axon
growth, BV-2 microglial cell network formation, and
promotes the production of brain-derived and glial cell
lineage neurotrophic factors (51). DL0805-2 blocks Ang
II-induced the increase in MLC phosphorylation and
inhibition of p-MLC dephosphorylation, which promotes
the diastole of isolated arterioles (52). In addition, Rho-
kinase inhibitors can inhibit ROCK activation to suppress
inflammatory responses, promote neural regeneration and
repair, and improve brain tissue damage after ischemia
(43,53). The results of the present study showed that the
mRNA and protein expression levels of Rho A, Rac 1,
ROCK 1, ROCK 2 were significantly higher in the MCAO
group than in the Sham group, suggesting that the Rho/
ROCK signaling pathway was involved in the cerebral I/
R injury. After being treated with NOB, the mRNA and
protein expression levels of Rho A, Rac 1, ROCK 1, and
ROCK 2 were significantly reduced,

Similarly, consistent results were observed in the OGD
PCI12 cell study, indicating that NOB inhibited the Rho/ROCK
signaling activity pathway in rats with cerebral I/R injury.

Conclusions

In summary, the ability of NOB to reduce the cerebral
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infarct area, improve neurological deficits, enhance learning
and memory ability, and reduce neuron apoptosis and
level of inflammatory factors (IL-6, IL-1, TNF) were
confirmed in this study. We also found that the Rho/ROCK
signaling pathway was involved in the cerebral I/R injury
process in both iz vitro and in vive studies, and that NOB
exerted its neuroprotective effects by inhibiting the Rho/
ROCK pathway. In conclusion, NOB is believed to be
a promising neuroprotective agent. Nevertheless, there
are some limitations to our study, such as the regulatory
relationship between the reduction in neuron apoptosis by
NOB through the Rho/ROCK pathway and the apoptotic
pathway, NOB’s relationship with the apoptotic protein
Bcl-2 and the apoptotic cascade reaction of caspase, the
manner of the Rho/ROCK pathway involvement in
cerebral ischemic perfusion injury, how to promote NOB in
preclinical studies, and the safety and efficacy of non-human
primate studies.
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