S . MS0I=SH N 39 H M3 = M) Check for updates
Anat Biol Anthropol Vol. 39, No. 3 (2026) pp. 251~258

https://doi.org/10.11637/aba.2026.39.3.251 Original Article

Expression Changes of Neuroprotective Signaling Molecules in
the Mouse Cortex Following Permanent Middle Cerebral Artery
Occlusion - Neuroprotective Signaling In pMCAO -

Hyoin Hwang®'?, Junghee Park@®'~, Hyekyoung Shin®?, Yoonyoung Chung®?,
Dongjoon Kim®*, Yonghyun J un@®?>’

'Institute of Well-Aging Medicare & Chosun University G-LAMP Project group, Chosun University
2Department of Anatomy, School of Medicine, Chosun University

3Depertment of Biochemistry and Molecular Biology, Chosun University

4Departmem‘ of Anesthesiology and Pain Medicine, Chosun University Hospital

>The Institute of Medical Science, Chosun University

Abstract : Oxidative stress and altered intracellular signaling contribute to ischemic brain injury; however,
molecular alterations during the subacute phase following permanent cerebral ischemia remain incompletely
understood. In this study, nine-week-old male mice underwent permanent middle cerebral artery occlusion using
the intraluminal filament method, and ipsilateral cortical tissue was collected three days after ischemia. Western
blot analysis was performed to evaluate nuclear factor erythroid 2-related factor 2, heme oxygenase-1, brain-
derived neurotrophic factor, and the activation of protein kinase B and extracellular signal-regulated kinase.
Nuclear factor erythroid 2-related factor 2 and heme oxygenase-1 expression levels were significantly decreased
following permanent cerebral ischemia, whereas brain-derived neurotrophic factor expression was significantly
increased. Protein kinase B activation, assessed by the ratio of its phosphorylated to total form, was significantly
reduced, whereas extracellular signal-regulated kinase activation showed no significant difference between the
control and ischemia groups. These findings demonstrate distinct alterations in antioxidant defense, neurotrophic
responses, and intracellular survival signaling in the cerebral cortex three days after permanent cerebral ischemia
and provide insight into molecular responses associated with the subacute stage of ischemic injury.
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INTRODUCTION complex cascade of pathological events, including energy
depletion, excitotoxicity, oxidative stress, inflammation,

Stroke is one of the leading causes of mortality and long- and neuronal apoptosis [2,3]. Among these pathological
term disability worldwide [1]. Cerebral ischemia initiates a mechanisms, oxidative stress plays a central role by pro-

This study was supported by research funds from Chosun University (2025).

The author(s) agree to abide by the good publication practice guideline for medical journals.

The author(s) declare that there are no conflicts of interest.

Received: July 24, 2026; Revised: August 13, 2026; Accepted: August 18,2026

Correspondence to: Yonghyun Jun (Department of Anatomy, School of Medicine, Chosun University, 375 Seosuk-dong, Dong-Gu, Gwangju
61452, Republic of Korea)

E-mail: jyh1483@chosun.ac kr

(© 2026 Korean Association of Physical Anthropologists
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/ licenses/by-nc/3.0)
which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

ISSN 2671-566X (Online)


https://orcid.org/0000-0001-7359-3327
https://orcid.org/0000-0003-2719-4522
https://orcid.org/0000-0001-8909-9243
https://orcid.org/0009-0000-8519-4227
https://orcid.org/0000-0002-3072-4734
https://orcid.org/0000-0001-5514-8967
https://aba.jams.or.kr/co/main/jmMain.kci

252 Hyoin Hwang, Junghee Park, Hyekyoung Shin, Yoonyoung Chung, Dongjoon Kim, Yonghyun Jun

moting excessive production of reactive oxygen species
(ROS), resulting in cellular dysfunction and neuronal death
[4].

Cells possess endogenous antioxidant defense systems to
counteract oxidative injury. Nuclear factor erythroid 2-re-
lated factor 2 (NRF2) is a master transcription factor that
regulates antioxidant responses by inducing various cyto-
protective genes, including heme oxygenase-1 (HO-1) [5,6].
Activation of the NRF2/HO-1 pathway has been shown to
reduce oxidative damage and improve neuronal survival
in experimental stroke models [7]. Conversely, impaired
NRF2 signaling may exacerbate ischemic brain injury.

Neuronal survival following cerebral ischemia is also
regulated by intracellular signaling pathways. The phos-
phatidylinositol 3-kinase (PI3K)/protein kinase B (AKT)
pathway promotes cell survival and inhibits apoptosis [8],
whereas extracellular signal-regulated kinase (ERK) signal-
ing participates in neuronal plasticity, differentiation, and
stress responses [9]. Alterations in these pathways influence
neuronal fate after ischemic injury and may contribute to
functional recovery.

Brain-derived neurotrophic factor (BDNF) is another key
mediator involved in neuronal survival, synaptic plastici-
ty, and post-ischemic repair [10,11]. Experimental studies
have demonstrated that BDNF expression may increase
following ischemic injury as an endogenous compensatory
response [12]. However, the relationship between BDNF
expression and antioxidant or intracellular survival sig-
naling during the subacute phase after permanent cerebral
ischemia remains unclear.

Therefore, the present study investigated alterations in
antioxidant defense molecules (NRF2 and HO-1), neu-
rotrophic signaling (BDNF), and intracellular survival
pathways (AKT and ERK) in the cerebral cortex three days
after permanent middle cerebral artery occlusion in mice.
Understanding these molecular changes may provide in-
sight into endogenous neuroprotective responses during the
subacute stage of ischemic stroke.

MATERIALS AND METHODS

1. Animal surgery

All animal procedures were performed in accordance
with the guidelines of the Institutional Animal Care and
Use Committee of Chosun University. Nine-week-old male

Institute of Cancer Research (ICR) mice were obtained
from Damul Laboratory Animals (Daejeon, Republic of
Korea). Only male mice were used in this study to mini-
mize potential biological variability associated with the es-
trous cycle and to maintain experimental consistency. Mice
were divided into a naive control group and a permanent
middle cerebral artery occlusion (pMCAQ) group. Control
mice did not undergo anesthesia or surgical procedures and
were used as the baseline control for protein expression
analyses. Mice were anesthetized with 2.0% sevoflurane
throughout the surgical procedure. Core body temperature
was maintained at 37+£0.5°C using a rectal temperature
probe connected to a temperature controller (JD-OT-06DT,
JEUNG-DO BIO, Seoul, Republic of Korea).

A midline cervical incision was made to expose the left
common carotid artery (CCA), which was carefully separat-
ed from the vagus nerve. The external carotid artery (ECA)
and CCA were ligated using 4-0 silk sutures. A small arte-
riotomy was created in the CCA, and a silicone-coated 6-0
nylon monofilament (ETHICON, Raritan, NJ, USA) was
inserted through the CCA and advanced into the internal
carotid artery until the origin of the middle cerebral artery
was occluded. Cerebral blood flow (CBF) was continuously
monitored during surgery using a laser Doppler flowmeter
(Periflux 6000; Perimed, Stockholm, Sweden). Successful
induction of ischemia was defined as a reduction in CBF of
at least 80% from baseline. All animals included in the pM-
CAOQ group met this predefined criterion. No animals were
excluded after surgery, and no mortality occurred before
the planned experimental endpoint (3 days after pMCAO).
The present study focused on molecular analysis by west-
ern blotting; therefore, histological evaluation of infarct
volume was not performed.

Animals were allocated to the experimental groups ac-
cording to the predetermined study design, and formal ran-
domization was not performed. Western blot images were
quantified using ImagelJ software by a researcher who was
not involved in the surgical procedures. Formal blinding to
group assignment was not implemented.

To establish a pMCAO model, the filament was left in
place without withdrawal throughout the experimental pe-
riod. After surgery, the cervical incision was closed, and the
animals were allowed to recover with free access to food
and water. Three days after pMCAO induction, mice were
deeply anesthetized and sacrificed. The ipsilateral cerebral
cortex was rapidly dissected, immediately frozen in liquid
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Fig. 1. Changes in NRF2, HO-1, and BDNF expression following permanent MCAO. Representative western blot images and quantitative
analyses of NRF2, HO-1, and BDNF expression in the cerebral cortex of control and permanent middle cerebral artery occlusion (MCAO)
mice. Protein expression was normalized to [3-actin and expressed relative to the mean value of the control group, which was set to 1.0.
NRF2 and HO-1 expression levels were significantly decreased in the MCAO group, whereas BDNF expression was significantly in-
creased. Data are presented as mean = SEM (control, n=5; MCAO, n=9). *P<0.05, **P<0.01, ****P <0.0001 versus the control group.

nitrogen, and stored at — 80°C until western blot analysis.

2. Western blotting

All mice (control group, n=5; pMCAO group, n=9)
were deeply anesthetized with sevoflurane (1.0~2.0%
end-tidal concentration), and the ipsilateral cerebral cortex
was rapidly isolated. Tissue samples were homogenized
in radioimmunoprecipitation assay (RIPA) buffer sup-
plemented with one tablet of protease inhibitor cocktail
(11836153001, Roche, Basel, Switzerland) per 10 mL of
lysis buffer at a volume of five times the tissue weight. The
homogenates were centrifuged, and the supernatants were
collected for protein extraction. Total protein concentra-
tions were determined using the Bradford protein assay.

Equal amounts of protein were denatured in sodium
dodecyl sulfate (SDS) sample buffer, separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE), and
transferred onto nitrocellulose membranes (10600001, GE
Healthcare, Piscataway, NJ, USA). The membranes were
incubated with primary antibodies against NRF2 (1 : 1000,
NBP1-32822, Novus Biologicals, USA), HO-1 (1 : 500, sc-
390991, Santa Cruz Biotechnology, USA), BDNF (1 : 1000,

ab108319, Abcam, UK), phosphorylated AKT (pAKT, 1:
1000, #9271, Cell Signaling Technology, USA), total AKT
(AKT, 1:1000, #9272, Cell Signaling Technology, USA),
phosphorylated ERK (pERK, 1 : 1000, #9101, Cell Signal-
ing Technology, USA), total ERK (ERK, 1 : 1000, #9102,
Cell Signaling Technology, USA), and pB-actin (1 : 2000,
66009-1-Ig, Proteintech, USA). Protein bands were quan-
tified using ImagelJ software (National Institutes of Health,
Bethesda, MD, USA). 3-Actin served as the internal load-
ing control, and protein expression levels were normalized
to the corresponding [3-actin signals.

3. Statistical analysis

Statistical analyses were performed using GraphPad
Prism 11 (GraphPad Software, San Diego, CA, USA).
Data are presented as mean+ SEM. Normality of the data
distribution was assessed using the Shapiro-Wilk test, and
all datasets showed no significant deviation from normality
(P>0.05). Comparisons between the control and MCAO
groups were performed using an unpaired Student’s t-test.
A P-value <0.05 was considered statistically significant.
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Fig. 2. Reduced AKT activation following permanent MCAO. Representative western blot images and quantitative analysis of AKT activa-
tion in the cerebral cortex of control and permanent MCAO mice. AKT activation was assessed using the phospho-AKT (pAKT)/total AKT
ratio. AKT activation was significantly reduced in the MCAO group compared with the control group. Data are presented as mean + SEM
(control, n=5; MCAO, n=9). ****P <0.0001 versus the control group.

RESLUTS

1. Decreased expression of NRF2 and HO-1
following permanent MCAO

To evaluate changes in antioxidant defense following
permanent cerebral ischemia, the protein expression levels
of NRF2 and HO-1 were analyzed by western blotting. As
shown in Fig. 1, the expression of NRF2 was significantly
decreased in the pMCAO group compared with the control
group. Similarly, HO-1 protein expression was also signifi-
cantly reduced following pMCAO, indicating suppression
of the endogenous antioxidant defense system in the isch-
emic cortex.

2. Increased BDNF expression in the ischemic
cortex

The expression of BDNF was examined to evaluate
neurotrophic responses after permanent cerebral ischemia.
Western blot analysis demonstrated that BDNF protein ex-
pression was significantly increased in the pMCAO group
compared with the control group (Fig. 1).

3. Decreased AKT activation after pMCAO

To investigate changes in cell survival signaling, the ac-
tivation level of AKT was evaluated. The ratio of pAKT to

AKT was significantly lower in the pMCAO group than in
the control group (Fig. 2), suggesting reduced activation of
the AKT signaling pathway following permanent cerebral
ischemia.

4. ERK activation was not significantly altered
after permanent MCAO

The activation status of ERK was also assessed by west-
ern blot analysis. No significant difference in the pERK/
ERK ratio was observed between the control and pMCAO
groups (Fig. 3), indicating that ERK signaling remained un-
changed at three days after permanent cerebral ischemia.

DISCUSSION

Most previous experimental studies have focused on
transient middle cerebral artery occlusion (tMCAOQO) models
or the acute phase of ischemia-reperfusion injury. In con-
trast, the present study investigated molecular alterations
in the cerebral cortex during the subacute phase following
pMCAO. We demonstrated that pMCAO significantly re-
duced the expression of NRF2 and HO-1 and suppressed
AKT activation, whereas BDNF expression was signifi-
cantly increased. In contrast, ERK activation was not sig-
nificantly altered. These findings suggest that prolonged
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Fig. 3. ERK activation following permanent MCAO. Representative western blot images and quantitative analysis of ERK activation in the
cerebral cortex of control and permanent MCAO mice. ERK activation was assessed using the phospho-ERK (pERK)/total ERK ratio. No
statistically significant difference in ERK activation was observed between the control and MCAO groups. Data are presented as mean +

SEM (control,n=5; MCAO,n=9).

cerebral ischemia impairs endogenous antioxidant defense
and cell survival signaling while simultaneously eliciting a
compensatory neurotrophic response. Together, these find-
ings provide insight into the molecular responses that occur
during the subacute stage of permanent cerebral ischemia
and may contribute to a better understanding of ischemic
stroke pathophysiology.

NRF?2 is a master regulator of the endogenous antiox-
idant defense system and plays a pivotal role in protect-
ing neurons against oxidative stress following cerebral
ischemia [13]. Upon activation, NRF2 translocates to the
nucleus and induces the expression of several antioxidant
and cytoprotective genes, including HO-1, thereby limiting
ROS-mediated neuronal injury [14]. Numerous experimen-
tal studies have demonstrated that activation of the NRF2/
HO-1 pathway attenuates oxidative damage and improves
neurological outcomes after ischemic stroke [15,16].

In the present study, both NRF2 and HO-1 protein ex-
pression were significantly decreased in the cerebral cortex
three days after pMCAO. These findings suggest that pro-
longed cerebral ischemia impairs endogenous antioxidant
defense during the subacute stage of ischemic injury. Un-
like many previous studies, which primarily investigated
tMCAO models or the acute phase following reperfusion,
the present study evaluated molecular changes three days
after permanent arterial occlusion. Persistent cerebral hy-

poperfusion may overwhelm intrinsic antioxidant defense
mechanisms, resulting in suppression of the NRF2/HO-1
pathway despite ongoing oxidative stress [17,18].

BDNF is a key neurotrophic factor that regulates neu-
ronal survival, synaptic plasticity, and functional recovery
following cerebral ischemia [19,20]. Previous studies have
demonstrated that endogenous BDNF expression is upreg-
ulated after ischemic brain injury and contributes to neu-
ronal remodeling and neuroplasticity during the recovery
process [21,22]. Rather than directly indicating successful
neuroprotection, increased BDNF expression is generally
regarded as an intrinsic compensatory response to ischemic
injury that aims to promote neuronal survival and repair.

Consistent with these observations, the present study
demonstrated a significant increase in BDNF protein ex-
pression in the cerebral cortex three days after pMCAO.
Previous studies using tMCAO models have reported that
endogenous BDNF expression increases predominantly
during the recovery phase [23], whereas our study demon-
strated elevated BDNF expression at day 3 after pMCAO.
This difference may reflect distinct molecular responses as-
sociated with persistent ischemia in the absence of reperfu-
sion. Under conditions of sustained ischemic stress, endog-
enous BDNF expression may be enhanced as an adaptive
attempt to counteract ongoing neuronal injury and maintain
tissue homeostasis [24]. However, despite the increased ex-
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pression of BDNF, AKT phosphorylation was significantly
reduced in the present study, indicating that increased
BDNF expression occurred despite impaired activation of
intracellular survival signaling during prolonged cerebral
ischemia. These findings indicate that although neurotroph-
ic responses are activated during the subacute stage of per-
manent ischemia, they may not adequately overcome per-
sistent oxidative stress and irreversible ischemic damage.

The pPI3K/AKT signaling pathway is one of the prin-
cipal intracellular pathways regulating neuronal survival,
apoptosis, and cellular responses to ischemic injury. Acti-
vation of AKT through phosphorylation promotes cell sur-
vival by suppressing apoptotic signaling and enhancing re-
sistance to oxidative stress [25,26]. Numerous experimental
studies have demonstrated that increased AKT activation
is associated with reduced neuronal injury and improved
functional recovery following cerebral ischemia [26].

In the present study, the pAKT/AKT ratio was signifi-
cantly decreased in the cerebral cortex three days after pM-
CAQO, indicating impaired activation of this pro-survival
signaling pathway. Although increased BDNF expression
and reduced AKT activation were observed simultaneously,
the present study was not designed to determine a mech-
anistic relationship between these molecular alterations
[27]. Persistent ischemia and continuous metabolic stress
in the absence of reperfusion may impair intracellular
signal transduction despite increased neurotrophic factor
expression. Consequently, the reduction in AKT activation
observed in the present study may indicate insufficient acti-
vation of endogenous survival pathways during prolonged
cerebral ischemia, thereby contributing to progressive neu-
ronal injury. In contrast, ERK activation was not signifi-
cantly altered three days after pMCAO. The ERK signaling
pathway has been reported to exert both neuroprotective
and detrimental effects following cerebral ischemia de-
pending on the severity, duration, and experimental condi-
tions of injury [28,29]. The absence of significant changes
in ERK activation in the present study suggests that pro-
longed permanent ischemia may differentially regulate
intracellular survival pathways, with AKT appearing to be
more susceptible than ERK under the present experimental
conditions.

The present study has several limitations. First, the con-
trol group consisted of naive mice rather than sham-operat-
ed animals, and histological confirmation of infarction and
neurobehavioral assessments were not performed because

this study was designed as an exploratory molecular inves-
tigation. In addition, because western blot analyses were
performed using whole cortical tissue, the present study
could not determine whether the observed molecular al-
terations were attributable to specific cellular populations
or histopathological changes within the ischemic cortex.
Therefore, the present findings should be interpreted as
molecular alterations associated with permanent cerebral
ischemia rather than direct evidence of functional neuro-
protection or recovery. Second, molecular analyses were
performed only at a single post-ischemic time point (3 days
after pMCAO), precluding evaluation of the temporal pro-
gression of these signaling pathways. Finally, only male
mice were included in this study, and therefore the present
findings may not fully represent sex-specific molecular re-
sponses to cerebral ischemia. Future studies incorporating
sham-operated controls, histological and behavioral assess-
ments, multiple post-ischemic time points, and both sexes
will be necessary to further validate the biological signifi-
cance of these molecular alterations.

CONCLUSION

In conclusion, the present study demonstrated that per-
manent cerebral ischemia induced distinct alterations in
intracellular signaling pathways associated with oxidative
stress, neurotrophic responses, and neuronal survival.
Persistent ischemia significantly reduced the expression
of NRF2 and HO-1, indicating impaired endogenous an-
tioxidant defense, while BDNF expression was increased,
suggesting a compensatory neurotrophic response. Despite
this increase in BDNF, AKT activation was significantly
decreased, implying insufficient activation of endogenous
survival signaling during prolonged ischemia, whereas
ERK activation remained unchanged under the present ex-
perimental conditions. Collectively, these findings suggest
that persistent cerebral ischemia differentially regulates
intracellular signaling pathways and provide insight into
molecular responses observed during the subacute stage of
permanent ischemia. Further studies incorporating multiple
post-ischemic time points, together with histological and
neurobehavioral assessments, will be required to determine
the temporal progression and functional significance of
these molecular alterations.
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