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Activation of the AKT/GSK-3p3/p-catenin pathway via
photobiomodulation therapy promotes neural stem cell

proliferation in neonatal rat models of hypoxic-ischemic brain
damage
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Background: Hypoxic-ischemic brain damage (HIBD) significantly affects neurodevelopment in infants
and is a leading cause of severe neurological morbidity and mortality in neonates. Our previous study found
that photobiomodulation therapy (PBMT) improves the impaired spatial learning and memory of HIBD rat
models. However, the neuroprotective mechanism conferred by PBMT in HIBD is unclear.

Methods: In the present study, HIBD model rats were treated with PBMT at 5 mW/cm” per day in the
dark for 14 days (10 min each day), and primary neural stem cells (NSCs) after oxygen-glucose deprivation
(OGD) were treated with PBMT for 10 min at 1, 5, 10, and 20 mW/cm” in the dark. PBMT promoted
hippocampal neural stem cell (NSC) proliferation iz vivo and in vitro.

Results: Mechanistically, PBMT upregulated phosphatidylinositol 3 kinase (PI3K), phosphorylated protein
kinase B (p-AKT), phosphorylated glycogen synthase kinase 3 beta (p-GSK-3p), B-catenin, and cyclin
D1 expression in vivo and in vitro, promoting NSC proliferation. Furthermore, both LY294002 (a PI3K
inhibitor) and IWR-1 (a Wnt/B-catenin inhibitor) inhibited the PBMT promotion of NSC proliferation
after OGD and suppressed B-catenin and cyclin D1 expression in vitro.

Conclusions: PBMT improved the spatial learning and memory of HIBD rats and promoted hippocampal
NSC proliferation through the AKT/GSK-3p/B-catenin pathway.
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Introduction with HIBD die in the neonatal period, while approximately
Neonatal hypoxic-ischemic brain damage (HIBD) is 25-30% have cognitive impairment (2,3). Currently,
the most common central nervous system disease in the treatments for HIBD mainly include supportive therapy
neonatal period (1). Approximately 20-25% of newborns and therapeutic hypothermia (4,5), without specific
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interventions targeting the underlying pathological
changes. Neuronal necrosis and apoptosis begin during the
acute phase, followed by neurogenesis in the subacute and
recovery phases. Therefore, attenuating neuronal death
or promoting neurogenesis may be a novel avenue for
interventional therapy for HIBD (6).

Brain photobiomodulation therapy (PBMT) is an
innovative physiotherapy for various neurological and
psychological diseases (7,8). It has been reported that
PBMT can promote neurogenesis in APP/PS1 transgenic
mice and thus improve spatial learning and memory (8).
In addition, we previously found that 660 nm PBMT
improved spatial learning and memory and reduced
apoptosis-related molecule synthesis in HIBD model rats,
and the biological effect induced by PBMT varied by
laser power density (9). To date, little is known about the
impact of PBMT on neurogenesis and related molecules
in the subacute and recovery phases after HIBD, so we
conducted experiments aimed at exploring the impact and
its mechanism.

Neuronal proliferation is mainly regulated by the SHH,
Notch, Wnt and RA signaling pathways (10,11). The
Wnt pathway is highly conserved throughout organismal
evolution, and it is thought to play multiple roles in neural
stem cell (NSC) self-renewal, embryonic patterning, and
neurogenesis in the developing and adult brain (12,13).
The Wnt/B-catenin pathway promotes the proliferation of
embryonic NSCs under hypoxic or anoxic conditions (14)
in vitro. Interestingly, our preliminary experiments
demonstrated that PBMT upregulated p-catenin expression
in NSCs after oxygen-glucose deprivation (OGD) injury.
In addition, Jin et /. found that PBMT induced protein
kinase B (AKT) phosphorylation in hair follicle stem cells
and thereby stimulated the Wnt/B-catenin pathway, which
ultimately promoted hair follicle stem cell proliferation (15).
All of these data suggested that activation of the AK'T/
glycogen synthase kinase 3 beta (GSK-3B)/B-catenin
pathway might be involved in NSC proliferation induced by
PBMT in HIBD.

In this study, we conducted in vivo and in vitro
experiments to determine whether PBMT contributes to
the rescue of neurocognitive impairment by promoting
NSC proliferation in HIBD via the AKT/GSK-3p/p-catenin
signaling pathway.

We present the following article in accordance with
the ARRIVE reporting checklist (available at https://atm.
amegroups.com/article/view/10.21037/atm-21-5619/rc).
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Methods
Animals and neonatal HIBD model construction

Sprague-Dawley (SD) rats (8 weeks old) were purchased
and housed in a specific pathogen-free (SPF) laboratory at
the Experimental Animal Center of Chongqing Medical
University [scxk (YU) 2018-0003]. Female rats were mated
at a 1:1 ratio, and pregnancy was confirmed. Once the pups
were born, 80 7-day-old pups (weighing 15-17 g) were
randomly allocated among 4 groups: the sham group, the
HIBD group, the sham + PBMT group, and the HIBD +
PBMT group (n=20). The HIBD group rats were modeled
using the classic Rice method (16): 7-day-old pups underwent
surgery in which the left common carotid artery was ligated,
and after 30 min of rest, the rats were exposed to a hypoxic
environment (8% oxygen + 92% nitrogen) for 2 h. In the
sham group, the skin of the neck was incised and sutured,
but the artery was not ligated, and rats were not exposed to a
hypoxic environment. The experimental procedure is shown
in Figure STA. Experiments were performed under a project
license (No. 20200402003) granted by the ethics committee
of the Children’s Hospital of Chongqing Medical University,
in compliance with Chongqing Medical University
institutional guidelines for care and use of animals. A
protocol was prepared before the study without registration.

Isolation of primary NSCs and OGD

The placentas of the SD rats at 19 days of gestation were
stripped free under sterile conditions, and the hippocampal
tissues were removed under a dissecting microscope,
placed in precooled Dulbecco’s Modified Eagle Medium
(DMEM), and sheared with ophthalmic scissors. The
tissues were blown off the scissors and filtered through
a 200-mesh cell sieve. The filtered cell-containing fluid
was then centrifuged, and the supernatant was discarded.
The sediment layer contained primary NSCs, which
were subsequently maintained in DMEM/F12 containing
20 ng/mL basic fibroblast growth factor (bFGF),
20 ng/mL epidermal growth factor (EGF), and 10% B27.
The primary NSCs were then cultured in a 10-cm Petri
dish and incubated at 37 °C with 5% CO,. The medium was
completely changed on the second day of culture and then
replaced every other day. Detailed steps of the isolation and
characterization of NSCs were previously described (17).
On day 6, the cultured primary NSCs were transferred
to a 3.5-cm culture dish containing sugar-free M199 and
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cultured in a hypoxic incubator (95% N, + 5% O,) for
2 h to induce ischemia and hypoxia. The experimental
procedure is shown in Figure S1B,S1C.

PBMT in vivo and in vitro

PBMT was administered as described in our previous
work. The SD pups were given PBMT 1 day after HIBD
modeling; the head hair was removed, and the rats were
fixed on an operating table. Only the rat head was irradiated
with 660 nm PBMT from a He-Ne laser, which had been
developed and calibrated with a laser power meter at the
Institute of Optoelectronics at Nankai University. The
transmission of PBMT through the scalp and skull to the
hippocampus was measured. PBMT intervention and
calibration were completed as described in our previous
project (9). During PBMT, the power density of the 660 nm
laser to the brain was § mW/em’, and no local temperature
increase in brain tissue was detected. The corresponding
laser parameters were as follows: wavelength, 660 nm;
optical power density, 5 mW/cm’; and irradiation duration,
10 min. The pulse parameters were continuous, treatment
was administered 14 times, and the treatment frequency was
once per day.

Four hours after reoxygenation, primary NSCs were
continuously irradiated with a 660 nm laser for 10 min at
optical power densities of 1, 5, 10, and 20 mW/cm’. During
the experiment, the cells were maintained in the dark to
minimize environmental light interference.

Morris water maze (MWM)

All SD rats were subjected to a MWM test with an MWM
system (SLY-WMS 2.0, China) 21 days after HIBD
modeling to detect the spatial memory and learning ability
of the rats in each group. Detailed steps of the experiment
were previously described (9,18).

EdU injections and immunofluorescence

A 5-ethynyl-2'-deoxyuridine (EdU) (RIBBIO, China) test
and a Nestin immunofluorescence test were performed
to detect the proliferation of hippocampal NSCs on the
left side of the brain of the pups in each group. EAU
(300 pg/g) was injected into the rats 72 h before being
sacrificed, which was 7 days after HIBD modeling.
Paraffin-embedded sections of the left side of the brain
were prepared. Staining and anti-Nestin antibody marker
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staining was performed according to the manufacturers’
instructions. An inverted fluorescence microscopy system
(TE2000-S, Nikon, Japan) was used for imaging, and NIS-
Elements AR 3.1 and Image] software were used for image
analysis.

CCK-8 proliferation assay

Ninety-six-well plates were coated with 0.1 mg/mL
polylysine (Sigma-Aldrich, USA) and cleaned 3 times
with double distilled H,O (ddH,0O). Primary NSCs were
cultured in prepared 96-well plates (5x10* cells/well) for
cell counting kit-8 (CCK-8) detection. Each cell group was
subjected to OGD when the cell density reached 70-80%,
and the PBMT group also received PBMT 4 h after
reoxygenation. Ten microliters of CCK-8 solution (Dojindo,
Japan) was added to each well for 8, 24, 48, and 72 h after
reoxygenation. After CCK-8 incubation with cells at 37 °C
for 4 h, the absorbance value of each well was measured at
450 nm with a microplate reader.

Flow cytometry was performed to measure the cell cycle

Flow cytometry was performed to analyze the cell cycle of the
primary NSCs in each group 24 h after reoxygenation. The
primary NSCs were collected and centrifuged at 1,000 rpm
for 5 min. Trypsin-EDTA (0.05%) was then added to digest
the cells, which were incubated for 5 min at 37 °C. After
digestion was terminated, the cells were gently mixed into
suspension 10-20 times. After standing for 2 min, the primary
NSC suspension was filtered through a 200-mesh cell sieve,
70% ethanol was added, and the suspension was incubated
overnight at 4 °C to fix the cells. The fixed cells were washed
twice with 0.1 M PBS, 100 pL of RNase A (Solarbio,
China) was added, and the cells were then incubated at
37 °C for 30 min. Next, 400 pL of propidium iodide (PI)
(Solarbio) staining solution was added to the primary NSC
suspension and incubated at 4 °C for 30 min in the dark.
Finally, the proportion of cells in each phase of the cell cycle
was determined by flow cytometry (BD FACSCanto, BD
Biosciences, USA).

Quantitative real-time polymerase chain reaction (¢PCR)

Total RNA was extracted from primary NSCs (24 h after
reoxygenation) and the left hippocampus of the rats (7 days
after HIBD modeling) using a Simply P Total RNA
Extraction kit (BioFlux, China). The extracted RNA
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(1,000 ng) was then reverse-transcribed into complementary
DNA (cDNA) according to the instructions of the reverse
transcription kit (RR047A, TaKaRa, China). Real-time
messenger RINA (mRNA) levels were quantified using gene-
specific primers and SYBR Green (RR820A, TaKaRa) in a
Bio-Rad Laboratories (USA) CFX96 system. The reaction
system contained 12.5 pL. of SYBR Green, 1 pL. of 10 pM
PCR forward primer, 1 pL of 10 pM reverse primer, cDNA
(10 ng/pL) 2 pL, and 8.5 pL of RNase-free ddH,0O. The
primer sequences are shown in Table S1.

Western blot analysis (WB)

According to the instructions of the total protein extraction
kit (KGP250, KeyGen Biotech, China), total protein was
extracted from primary NSCs (24 h after reoxygenation)
and the left hippocampus of the rats (7 days after HIBD
modeling). The total extracted protein was quantified
using a bicinchoninic assay (BCA) protein detection kit
(KGPBCA, KeyGen Biotech). Sodium dodecyl sulphate
(SDS)-polyacrylamide gel electrophoresis (10% gel)
was then used to isolate the proteins, and the target
protein was transferred to a polyvinylidene difluoride
(PVDF) membrane. The PVDF membrane was cleaned
with tris-buffered saline with Tween (TBST) and sealed
with blocking solution for 15 min. After blocking, the
primary antibody against the target was added to the
membrane and incubated overnight at 4 °C. The next day,
the corresponding secondary antibody was added and
incubated at room temperature for 1 h. Finally, an enhanced
chemiluminescence (ECL) solution was added to the PVDF
membrane and developed with an ECL imaging system
(Bio-Rad Laboratories). Images were analyzed with Image]
software.

Intervention with inhibitors

Phosphatidylinositol 3 kinase (PI3K) inhibitor (LY294002,
MCE, USA) and Wnt/B-catenin inhibitor IWR-1 (MCE)
were both added to dimethyl sulfoxide (DMSO) and then
added to the culture medium 2 h before PBMT.

Statistical analysis

The data are expressed as the mean = standard error of
the mean (SEM). The data were analyzed using SPSS 22.0
statistical software. One-way ANOVA was performed for
intergroup comparisons, and the Student-Newman-Keuls

© Annals of Translational Medicine. All rights reserved.

Liao et al. PBMT promotes NSC proliferation in HIBD rats

(SNK) method was used for intergroup comparisons.

Results

PBMT rescues spatial learning and memory deficits in
HIBD SD rats

Compared with those in the sham group, the HIBD model
rats showed impaired spatial memory and learning ability.
On the first day of assessment, the activity and visual acuity
of the rats were ascertained with a visual platform test, and
no significant difference in path length or latency time
was observed between groups (Figure S2A,S2B). Five days
of acquisition training was initiated after the first day of
assessment. In representative swimming paths, significant
differences between groups were observed on the 5th day
of acquisition training (Figure 14). The escape latency and
swimming distance of the rats in each group declined during
the acquisition period, and this decline was more significant
in the HIBD + PBMT group than in the HIBD group
as the training progressed (Figure 1B,1C), indicating that
PBMT rescued the spatial learning of the HIBD rats that
had been impaired. After acquisition training, the platform
was removed, and the number of times the rats passed the
platform area and the time that the rats stayed in the target
quadrant were evaluated to assess the spatial memory of the
rats. Compared with those in the HIBD group, the rats in the
PBMT + HIBD group showed a greater inclination to swim
within the target quadrant (Figure 1D), and the HIBD rats in
the PBMT-treated group passed the platform position more
frequently and spent more time in the target quadrant (Figure
IE,1F). These results suggested that PBMT can effectively
rescue spatial learning and memory deficits in HIBD rats.

PBMT promotes bippocampal NSC proliferation in HIBD
SD rats

Neurogenesis in the subacute phase of HIBD is a key factor
for neurological repair. After HIBD modeling and PBMT
treatment, EAdU experiments were performed to detect
the proliferation of NSCs in the hippocampus of the rats.
As shown in Figure 24,2B, there were significantly more
EdU- and nestin-positive cells in the hippocampal dentate
gyrus (DQG) area of the rats in the HIBD + PBMT group
compared with the HIBD group (P<0.05), suggesting
that PBMT promoted hippocampal NSC proliferation
in the HIBD rats and may have attenuated the impaired
neurofunction of the HIBD rats.
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Figure 1 PBMT improves the spatial learning and memory of HIBD rats in the MWM. (A) Representative swimming traces on day 5
during the place navigation trail; (B) the escape latency of SD rats per day to find the hidden platform; (C) mean distance for path length
per day to find the hidden platform; (D) representative swimming traces of 4 groups of SD rats after the removal of the resting platform;

(E) percentage of time spent in the target quadrant of the original platform position; (F) the number of platform crossings during a 60-s
probe trial of the MWM test. The data are reported as the mean + SEM. N=15 SD rats per group. "P<0.05 and "P<0.01 versus the sham
group. *P<0.05 and **P<0.01 versus the HIBD group. PBMT, photobiomodulation therapy; HIBD, hypoxic-ischemic brain damage; MWM,
Morris water maze; SD, Sprague-Dawley; SEM, standard error of the mean.
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HIBD HIBD + PBMT

Figure 2 PBMT stimulates hippocampal NSC proliferation in HIBD SD rats. (A) Representative immunofluorescence images of EAU

(red)- and Nestin (green)-positive cells in the DG area of the hippocampus after 7 days of HIBD modeling; (B) quantification of the relative

numbers of EdU- and Nestin-positive cells in the DG area of the hippocampus. The data are reported as the mean + SEM. N=5 SD rats

per group. *P<0.05 versus the sham group. **P<0.01 versus the HIBD group. PBMT, photobiomodulation therapy; NSC, neural stem cell;

HIBD, hypoxic-ischemic brain damage; SD, Sprague-Dawley; DG, dentate gyrus; SEM, standard error of the mean.

PBMT promotes NSC proliferation after OGD in vitro

Previous studies have suggested that PBMT follows a
biphasic response based on the applied power density and
its biological effect (19,20). In this study, CCK-8 and flow
cytometry assays were performed to detect the proliferative
effects. As shown in Figure 34, the optical density (OD)
values of OGD-injured NSCs treated with PBMT at each
time interval were found to be higher than those of OGD-
injured NSCs, and the optimal power density threshold
was determined to be 5-10 mW/cm’. Therefore, we chose
10 mW/cm’ as the intervention power density. Cell cycle
analysis (Figure 3B,3C) revealed that the percentage of
S and G2 phase cells in the OGD + 10 mW/cm® PBMT
group significantly increased, while the percentage of G1
phase cells decreased (P<0.05). These results suggested that
PBMT administered at the appropriate power density can
promote OGD-injured NSCs proliferation.

© Annals of Translational Medicine. All rights reserved.

Activation of the GSK-3p/p-catenin pathway by PBMT
upregulates cyclin D1 expression and ultimately contributes
to hippocampal NSC proliferation in vitro and in vivo

"To explore the mechanism through which PBMT promotes
the proliferation of hippocampal NSCs in HIBD rats, we
screened molecules related to NSC regeneration and found
that PBMT upregulated the expression of B-catenin in vitro
and i vivo, and that B-catenin was a critical molecule in
neurogenesis. Next, we found that PBMT promoted the
transcription of GSK-3p, B-catenin, and cyclin D1 genes in
primary NSCs after OGD injury in vitro (Figure 4A4). The
in vitro WB results (Figure 4B) suggested that 10 mW/cm’
PBMT significantly upregulated the protein expression of
phosphorylated GSK-3p (p-GSK-3), B-catenin, and cyclin
D1. With respect to in vivo experiments, we found that the
mRNA expression level of GSK-3f, B-catenin, and cyclin
D1 in the hippocampus of HIBD rats treated with PBMT
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Figure 3 PBMT promotes NSC proliferation in vitro. (A) The effects of different laser power densities on the proliferation of OGD-

injured primary NSCs at 8, 24, 48, and 72 h after reoxygenation; (B) Cell cycle analysis of NSCs in different groups; (C) representative flow

cytometry DNA histogram in different groups. The data are reported as the mean + SEM. #P<0.01 versus the control group. *P<0.05 and

**P<0.01 versus the OGD group. PBMT, photobiomodulation therapy; NSC, neural stem cell; OGD, oxygen-glucose deprivation.

was significantly higher than those of HIBD rats (Figure 4C,
P<0.05). The WB results revealed that after PBMT, the
protein expression of p-GSK-3p, B-catenin, and cyclin D1
in the hippocampus of the HIBD rats was significantly
increased (Figure 4D, P<0.05). These results suggested
that PBMT may increase the phosphorylation of GSK-3p,
thereby reducing p-catenin degradation in the cytoplasm.
B-catenin then promotes the expression of cyclin D1,
thereby promoting NSC proliferation.

PBMT stimulates PI3K/AKT pathway activation in vivo
and in vitro, leading to GSK-3[/B-catenin activation

Regarding the mechanism through which PBMT activates
the GSK-3p/B-catenin pathway, our study found that 660 nm
PBMT stimulated the activation of the PI3K/AKT pathway
to upregulate the phosphorylation of AKT, and p-AKT
then activates the GSK-3p/B-catenin pathway. As shown in

© Annals of Translational Medicine. All rights reserved.

Figure 54, the results suggested that PBMT can upregulate the
mRNA expression of PI3K and AKT in OGD-injured primary
NSCs. The in vitro WB results showed (Figure 5B) that PBMT
upregulated the protein expression of PI3K, AKT, and p-AKT
in OGD-injured NSCs, and that the difference was significant
when the power density reached 10 mW/cm® (P<0.05). With
respect to the iz vivo experiments, the results (Figure 5C,5D)
revealed that after PBMT, the mRNA and protein expression
of PI3K and AKT in the hippocampus of the HIBD rats
increased significantly (P<0.05), and the protein expression
of p-AKT in the hippocampus of the HIBD rats treated
with PBMT was upregulated significantly (P<0.05). These
results indicated the potential mechanism through which
PBMT stimulates the PI3K/AKT pathway to upregulate the
phosphorylation of AK'T, which then activates the GSK-3p/
B-catenin pathway, thereby inhibiting B-catenin degradation in
the cytoplasm. B-catenin then activates cyclin D1 expression to
promote NSC proliferation.
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in vitro; (B) the protein expression levels of GSK-3B, p-GSK-3B, B-catenin, and cyclin D1 in OGD-injured primary NSCs following PBMT
at different power densities in vitro; (C) the mRNA expression levels of GSK-3B, B-catenin, and cyclin D1 in HIBD SD rats; (D) the protein
expression levels of GSK-3p, p-GSK-3p, p-catenin, and cyclin D1 in HIBD SD rats. The data are reported as the mean = SEM. N=3 SD rats
per group. "P<0.05 versus the sham group. *P<0.05 and **P<0.01 versus the indicated group. PBMT, photobiomodulation therapy; NSC,
neural stem cell; OGD, oxygen-glucose deprivation; SD, Sprague-Dawley.
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LY294002, an inbibitor of PI3K, inhibits the effect of
PBMT on NSC proliferation after OGD, suppressing

related downstream protein expression

After exploring the potential mechanism through which
PBMT promotes the proliferation of OGD-injured NSCs,
the mechanism needed to be verified.

As shown in Figure 64, the CCK-8 results indicated that
cell viability decreased as the concentration of LY294002
increased, and the difference was significant when the
LY294002 concentration reached 10-40 pmol/L (P<0.05).
On the basis of this finding, we chose 20 pmol/L as the
intervention concentration. The results in Figure 6B show
that the viability of OGD-injured NSCs treated with
PBMT was significantly higher than that of OGD-injured
NSCs (P<0.05). After NSCs were injured by OGD, the cell
viability in the 10 mW/cm’ PBMT + 20 pmol/L 1Y294002
group was significantly lower than that in the 10 mW/cm’
PBMT group (P<0.05), indicating that LY294002 inhibited
NSC proliferation induced by PBM'T.

"To verify the effect of LY294002 on related downstream
molecules, we used qPCR to measure mRNA levels
and performed WB and immunofluorescence assays to
determine related downstream protein expression.

As shown in Figure 6C, the mRNA expression of PI3K,
Akt, B-catenin, and cyclin D1 in OGD-injured NSCs treated
with PBMT was significantly decreased by pretreatment
with 20 pmol/L LY294002 (P<0.05). The WB results shown
in Figure 6D indicated that the expression of PI3K, p-Akt,
B-catenin, and cyclin D1 in the LY294002 + PBMT group
was significantly reduced compared with that in the PBMT
group (P<0.05). These results suggested that after LY294002
pretreatment, PBMT-induced activation of the PI3K/Akt
signaling pathway was inhibited, resulting in the inhibition
of B-catenin and cyclin D1 expression and ultimately, the

suppression of NSC proliferation induced by PBM'T.

IWR-1, an inbibitor of Wnit/fi-catenin, inbhibits PBMT
promotion of NSC proliferation after OGD and suppresses

associated downstream protein expression

We explored the effect of IWR-1, an inhibitor of Wnt/
B-catenin, on PBMT-induced NSC proliferation. As shown
in Figure 74, the CCK-8 assay results suggested that the
best inhibitory concentration of IWR-1 for suppressing the
proliferation of NSCs after OGD was 10 pmol/L (P<0.05),
and therefore, we chose 10 pmol/L as the intervention
concentration. As shown in Figure 7B, the cell viability of the
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OGD-injured NSCs treated with PBMT was significantly
higher than that of the NSCs in the OGD group (P<0.05),
and the viability of the NSCs of the IWR-1 + PBMT
group was significantly lower than that of the PBMT group
(P<0.05). These data indicated that IWR-1 inhibited the
proliferation of the OGD-injured NSCs that had been
induced by PBMT.

As shown in Figure 7C, the mRNA expression of
GSK-3B, B-catenin, and cyclin D1 in the OGD-injured
NSCs treated with PBMT was significantly decreased by
pretreatment with 10 pmol/L IWR-1 (P<0.05). With regard
to protein expression, the WB results (Figure 7D) indicated
that the expression of GSK-3p, p-GSK-3p, B-catenin, and
cyclin D1 in the IWR-1 + PBMT group was significantly
reduced compared with that in the PBMT group (P<0.05).
These results indicated that IWR-1 inhibited PBMT-
induced activation of the GSK-3B/B-catenin pathway,
thereby downregulating B-catenin and cyclin D1 expression
and ultimately inhibiting the proliferative effect of PBMT.

Discussion

To our knowledge, this study is the first to show that
660 nm PBMT promoted the proliferation of NSCs in
the hippocampus of rats during the subacute phases of
HIBD, improving the spatial memory and learning ability
of HIBD rats. This study validates findings indicating
that PBMT induces AKT phosphorylation, leading to
the phosphorylation of GSK-3B after HIBD injury in the
subacute and recovery phases. This increase in p-GSK-
3B inhibits the degradation of B-catenin in the cytoplasm.
Therefore, the accumulated B-catenin activates cyclin D1
transcription and promotes hippocampal NSC proliferation,
thereby achieving neurological repair. The mechanism
described in this study is shown in diagram form in Figure 8.
In summary, PBMT could be a new potential treatment
for neonatal HIBD, and it may represent a viable means to
promote hippocampal NSC proliferation in subacute and
recovery phases of neonatal HIBD, ameliorating cognitive
impairments caused by HIBD and further prognosis.

HIBD is the most common central nervous system
disease in newborns, with a prevalence of 1-8% in developed
countries and 14.9-26% in developing countries (1).
Dyskinesia and neurodevelopmental disorders can
remain after moderate and severe HIBD. The only
current therapeutic intervention for HIBD is therapeutic
hypothermia, but its curative effect is limited. The cascades
of oxidative metabolism and apoptosis in the early stage

Ann Transl Med 2022;10(2):55 | https://dx.doi.org/10.21037/atm-21-5619
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Figure 6 1.Y294002 (PI3K inhibitor) inhibited the PBMT-induced proliferation of primary NSCs after OGD and inhibited the expression
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each group of primary NSCs after OGD; (C) the mRNA expression levels of PI3K, AKT, GSK-3, B-catenin, and cyclin D1 after treatment
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of the pathological HIBD process (within 6 h) lead to cell
necrosis and apoptosis, with the apoptosis rate peaking at
48-72 h. In the subacute phase (6-48 h) and the recovery
phase, damaged brain remodeling and proliferation of
NSCs and astrocytes begin to appear. Neurogenesis in this
period is also one of the keys to neurological repair (6,21).
Therefore, it is necessary to explore new possible treatment
measures for use during the critical period of HIBD
neurological remodeling.

Brain PBMT is an innovative treatment method for
neuropsychological diseases that is based on low-level
red light or infrared light. Previous studies have shown
that PBMT stimulates anti-inflammatory, antiapoptotic,
and antioxidant actions, nerve regeneration, and synapse
formation, and therefore, PBMT has been used to
treat dementia, Alzheimer’s disease, brain trauma, and
depression (22,23). There are other physiotherapies which
have therapeutic effect of HIBD in previous studies like
therapeutic hypothermia and hyperbaric oxygen therapy
(6,24), whose therapeutic effect are mainly about anti-
apoptosis or anti-inflammation in acute phase (within 6 h)
after HIBD. While in this study, we mainly focused on
neurogenesis of PBMT during the subacute and recovery
phase after HIBD. The proliferation and differentiation

© Annals of Translational Medicine. All rights reserved.

of NSCs are critical to HIBD neurological repair. In
newborn rats, the proliferation and differentiation of NSCs
in the hippocampus are key to the restoration of cognitive
function in HIBD rats (3,25,26). As expected, we found
that 660 nm PBMT improved the impaired spatial memory
and learning ability of HIBD rats. In addition, this study
confirmed that PBMT can promote NSC proliferation
in the hippocampal DG region after HIBD modeling in
SD rats, and that 5-10 mW/cm’ PBMT can also promote
OGD-injured NSC proliferation in vitro.

Our research found that PBMT activated the PI3K/AKT
pathway in NSCs of the hippocampus in HIBD rats. The
PI3K/AKT signaling pathway regulates the proliferation
and differentiation of stem cells upon hypoxic injury (27)
and regulates the apoptosis and autophagy of neurons
during hypoxic-ischemic injury (28). PBMT activated the
PI3K/AKT pathway, induced the phosphorylation of AKT,
regulated downstream molecules, and ultimately promoted
the proliferation of NSCs after OGD injury. In contrast,
the PI3K inhibitor LY294002 inhibited the proliferative
effect induced by PBMT, thus verifying the effect of the
PI3K/AKT pathway in PBMT.

The AKT signaling pathway plays an important cell
biological function and can inhibit the activation of GSK-
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3B (29). In addition, we found that PBMT significantly
upregulated the expression of B-catenin in OGD-injured
hippocampal NSCs. The maintenance of a functional
circuit requires a balance between NSC proliferation
and neural differentiation, which is largely dependent
on the physiological activation of the Wnt pathway
(12,30). The disruption of NSC homeostasis through the
modulation of the Wnt/B-catenin pathway leads to the
pathogenesis involved in various neurological diseases (31),
and P-catenin plays an important role in neurogenesis
and neurological repair. The Wnt/B-catenin pathway
can promote the proliferation and regulation of NSCs in
hypoxic-ischemic injury (14,32). Notably, Wnt/B-catenin
signaling is a potential therapeutic target for the treatment
of neurological disease. In nerve repair, when Wnt protein
binds to receptors [namely, Frizzled protein and lipoprotein
receptor-related protein (LRP) 5/6], the signal is transmitted
through the cell by phosphorylated disheveled protein to
inhibit adenomatous polyposis coli (APC) expression. GSK-
3B, Axin, and B-catenin constitute a kinase complex that
inhibits the degradation of B-catenin, causing activated
B-catenin accumulation in the cytoplasm. A portion of this
B-catenin enters the nucleus where it combines with T cell
factor (T'CF) and lymphoid enhancer factor (LEF), and in
conjunction with other cellular factors, releases the inhibited
state induced by LEF/TCE, activating the transcription
of downstream target genes cyclin DI, Axin2, Sox9, and
Lef-1 (33). Cyclin D1 is a key protein in cell cycle
proliferation signaling, which is necessary for the cell
cycle transition, and upregulation of cyclin D1 expression
can further promote the proliferation of NSCs (34). In
this study, we found that PBM'T activated the GSK-3p/
B-catenin pathway in HIBD model rats and upregulated
the expression of B-catenin and cyclin D1 to promote NSC
proliferation. The Wnt/B-catenin inhibitor IWR-1 inhibited
this proliferative effect, verifying our hypothesis.

Our study had several limitations. First, we did not
reverse verify the AKT/GSK-3B/B-catenin pathway in vivo
because we have not successfully established a rat model
that can stably inhibit AK'T or GSK phosphorylation of
NSCs in the hippocampus. In addition, the mechanism
through which PBMT activates the PI3K/AKT pathway
remains unknown. Further, the differentiation of NSCs
is an important aspect of neurogenesis and neurological
repair, but it was not investigated in our study. All of the
above issues require further study.

We found that PBMT improved the spatial memory
and learning ability of HIBD rats. The potential reason is

© Annals of Translational Medicine. All rights reserved.
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based on PBMT activation of the AKT/GSK-3p/B-catenin
pathway in the subacute phase of HIBD, which promoted
NSC proliferation in the hippocampus of HIBD rats.
Combined with the early findings of our research group
showing that PBMT exerts an antiapoptotic effect in the
acute phase of HIBD, PBMT may be a new therapeutic
strategy for HIBD.
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Supplementary
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Figure S1 Experimental procedures iz vivo and in vitro. PBMT, photobiomodulation therapy; NSC, neural stem cell; OGD, oxygen-glucose
deprivation; MWM, Morris water maze; QPCR, quantitative real-time polymerase chain reaction; WB, Western blot; EAU, 5-ethynyl-2'-
deoxyuridine; CCK-8, cell counting kit-8.
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Figure S2 Cognitive function of rats in different groups. (A) The path length of rats in different groups in the Morris water maze (MWM)
experiment with a visual platform; (B) the latency time of rats in different groups in the MWM experiment with a visual platform. ns no

statistical significance versus the indicated group. PBMT, photobiomodulation therapy; HIBD, hypoxic-ischemic brain damage.
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Table S1 The related primer sequences in this study

Primer name Primer sequence

PIBK F: CTGGAAGCCATTGAGAAG
R: CAGGATTTGGTAAGTCGG
Akt F: TGAGACCGACACCAGGTATTTTG
R: GCTGAGTAGGAGAACTGGGGAAA
GSK-3p F: CATCCTTATCCCTCCTCACGCT
R: TATTGGTCTGTCCACGGTCTCC
B-catenin F: GTTCTACGCCATCACGACAC
R: GAGCAGACAAGCACTTTC
Cyclin D1 F: TTCATCGAACACTTCCTCTCCA
R: GAGGGTGGGTTGGAAATGAA
GAPDH F: CTGGAGAAACCTGCCAAGTATG
R: GGTGGAAGAATGGGAGTTGCT
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