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Abstract

Background Alzheimer’s disease (AD) is a neurodegenerative disease. Amyloid 3-protein (AR) is one of the key
pathological features of AD, which is cytotoxic and can damage neurons, thereby causing cognitive dysfunction. Pho-
tobiomodulation (PBM) is a non-invasive physical therapy that induces changes in the intrinsic mechanisms of cells
and tissues through low-power light exposure. Although PBM has been employed in the treatment of AD, the effect
and precise mechanism of PBM on AD-induced neurological damage are still unclear.

Methods In vivo experiments, PBM (808 nm, 20 mW/cm?) was used to continuously interfere with APP/PS1 mice
for 6 weeks, and then their cognitive function and AD pathological changes were evaluated. In vitro experiments,
lipopolysaccharide (LPS) was used to induce microglia to model inflammation, and the effect of PBM treatment

on microglia polarization status and phagocytic AR ability was evaluated. Hexokinase 2 (HK2) inhibitor 3-bromopyru-
vate (3BP) was used to study the effect of PBM treatment on mitochondrial energy metabolism in microglia.

Results PBM further ameliorates AD-induced cognitive impairment by alleviating neuroinflammation and neuronal
apoptosis, thereby attenuating nerve damage. In addition, PBM can also reduce neuroinflammation by promoting
microglial anti-inflammatory phenotypic polarization; Promotes A clearance by enhancing the ability of microglia
to engulf AB. Among them, PBM regulates microglial polarization and inhibits neuronal apoptosis, which may be
related to its regulation of mitochondrial energy metabolism, promotion of oxidative phosphorylation, and inhibition
of glycolysis.

Conclusion PBM regulates neuroinflammatory response and inhibits neuronal apoptosis, thereby repairing
AB-induced neuronal damage and cognitive dysfunction. Mitochondrial energy metabolism plays an important role
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in PBM in improving nerve injury in AD mice. This study provides theoretical support for the subsequent application

of PBM in the treatment of AD.

Keywords Alzheimer’s disease, Photobiomodulation, Mitochondrial energy metabolism, Microglia, Apoptosis

Introduction
Alzheimer’s disease (AD) is an irreversible neurodegen-
erative disease, characterised by impaired cognition,
memory loss, decreased comprehension and expres-
sion, anxiety and depression [1]. The principal patho-
logical characteristics of AD include the formation of
senile plaques resulting from the aggregation of amyloid
B-protein (AP) and neurofibrillary tangles, which leads
to mitochondrial dysfunction, neuroinflammation, and
neuronal damage [2, 3]. Neuronal damage represents
a significant pathological manifestation of AD and an
important etiological factor that mediates cognitive func-
tion and anxiety-like behaviours in AD [4, 5]. AP induces
neuronal apoptosis by interfering with the endogenous
mitochondrial pathway by mediating oxidative stress and
cytochrome C (Cytc) release through ring-breaking mito-
chondrial function, and by activating caspase proteins,
which leads to neuronal apoptosis [6]. The polarisation
of microglia exacerbates neuroinflammation and impairs
AP clearance, which precipitates neuronal damage and
accelerating the progression of AD (7, 8].
Photostimulation has been shown to have the potential
as a non-invasive intervention to ameliorate AD. It has
been demonstrated to alleviate pathological and cognitive
dysfunction in animal models of AD [9, 10]. Photobio-
modulation (PBM) is a non-invasive approach to physical
therapy that alters the intrinsic mechanism of cells or tis-
sues [11]. PBM can reduce the level of AP plaques in the
central nervous system (CNS) via a range of mechanisms.
Zhang et al. demonstrated that PBM can shift amyloid
precursor protein (APP) processing to the non-amyloid
production pathway and reduce AP production by acti-
vating the PKA/SIRT1 pathway [12]. Besides influencing
the production of AP, PBM can also reduce AP plaques
by prompting the body to clear Ap [11]. It has been dem-
onstrated that 1070 nm light can facilitate AP clearance
by regulating microglial polarisation and improving the
condition of AD mice by inhibiting endoplasmic reticu-
lum stress through the secretion of exosomes [13, 14].
In addition, PBM can also affect mitochondrial function
and neuroinflammation. Qiu et al. developed a method
to control mitochondria-lysosomal contacts (MLCs) by
optogenetics to induce mitochondrial fission with spa-
tiotemporal precision [15]. And MLCs can be achieved
blue-light-induced association mitochondria lysosomes
through various photoactivatable dimerizers [15]. Eells
et al. proposed that PBM should be used to treat diseases

of tissue damage and mitochondrial dysfunction [16].
Begum et al. found that near-infrared light therapy
increased ATP levels, reduced neuroinflammation,
extends lifespan, and improves mobility in aged Dros-
ophila melanogaster [17]. PBM can also protect retinal
cells by reducing the number of macrophages and inflam-
matory markers by decreasing the expression of comple-
ment components, reducing the inflammatory response
[18]. However, relatively few studies have been conducted
around the effect of PBM on the pathological mani-
festations of AD (such as mitochondrial dysfunction,
neuroinflammation, neuronal damage, etc.). Yang et al.
demonstrated that PBM protects mitochondrial dynam-
ics and improves mitochondrial function, slowing the
progression of AD [19]. The regulation of mitochondrial
function by PBM may be a central mechanism in which it
exerts a beneficial effect on AD.

The mitochondria play a pivotal role in the energy
metabolism process of cells. Mitochondrial damage
leads to an overproduction of reactive oxygen species
(ROS) in cells, which in turn leads to oxidative damage,
ultimately leading to cytotoxicity and cell death [20].
Mitochondrial dysfunction is a significant pathologi-
cal phenomenon in AD [21]. Mitochondrial functions
include biogenesis, energy metabolism, and autophagy
[22, 23]. Mitochondrial energy metabolism is intimately
linked to microglial polarisation and neuronal apoptosis.
When A deposition over-activates microglia, it prompts
the conversion of mitochondrial oxidative phosphoryla-
tion (OXPHOS) metabolism to glycolysis, releasing large
amounts of inflammatory factors and affecting phagocy-
tosis [24]. Zhou et al. showed that Cornuside improves
mitochondrial function by promoting OXPHOS and gly-
colysis, reducing ROS production and depolarization of
mitochondrial membrane potential, thereby alleviating
neuronal and synaptic damage, and ultimately improving
cognitive function in AD mice [25]. Furthermore, A has
been shown to induce the release of Cytc from the mito-
chondrial electron transport chain, which disrupts mito-
chondrial energy metabolism and mediates apoptosis [26,
27]. One study showed that far-infrared light intervention
could improve cognitive deficits in AD mice by enhanc-
ing AP clearance [28]. Wang et al. demonstrated that
808 nm near-infrared (NIR) light promoted lymphatic
drainage, reducing A load by regulating mitochondrial
energy metabolism in meningeal lymphatic endothelial
cells [29]. Although numerous studies have demonstrated
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Scheme 1 Schematic illustration of the mechanism by Photobiomodulation (PBM) improve Alzheimer’s disease (AD) pathology. PBM enhances
mitochondrial respiratory by photoreceptor cytochrome c oxidase (CCO), which promotes the production of Adenosine Triphosphate (ATP);
inhibites neuronal apoptosis by regulating mitochondrial energy metabolism; regulates microglial polarization and autophagy, promoting AR
clearance, reducing neurological damage. Ultimately, improving cognitive impairment in AD. Scheme was created by Figdraw

that PBM can regulate microglial polarisation and inhibit
neuronal apoptosis, the relationship between PBM-
mediated regulation of mitochondrial energy metabolism
and these effects has not yet been established. Moreover,
the mechanism of action of PBM in neurological injury
requires further investigation.

In this study, we used 808 nm PBM to intervene in
double transgenic APP/PS1 mice, and the effects of PBM
on cognitive function and neurological damage and its
mechanism were investigated (Scheme 1). The results
demonstrated that PBM inhibited neuronal apoptosis by
regulating mitochondrial energy metabolism, attenuat-
ing neuroinflammation, regulating microglial polarisa-
tion, and promoting AP clearance, reducing neurological
damage and effectively improving cognitive impairment
in AD. This study elucidates the intrinsic mechanism by
which PBM ameliorates AD neuronal damage and pro-
vides a theoretical basis for the application of non-inva-
sive phototherapy in neurological diseases.

Materials and methods

Animals and treatment

All mice used in this experiment were purchased from
Weitong Lihua Laboratory Animal Technology Co., Ltd
(Beijing, China). Richard et al. found that 2-month-old

5xFAD mice did not show any neurological changes,
except for alterations in anxiety behavior [30]. Cogni-
tive deficits occur at about 5 months of age, and neu-
ronal loss in brain regions with amyloidosis begins at
6 months of age [30]. In APP/PS1 mice, amyloid depos-
its in brain between 4 to 6 months and cognitive deficit
occurs between 6 to 10 months [31, 32]. Therefore, we
selected 6-month-old APP/PS1 double transgenic mice
and 6-month-old C57BL/6 ] mice. Mariscal et al’s study
showed that female mice performed better at recogniz-
ing objects with small differences and showed higher
emotional excitement responses than male mice [33].
It can be seen that female mice are more conducive to
observing indicators of cognitive function changes. In
addition, in the selection of sex in mice, we also referred
to the study of Tao et al. on phototherapy AD [13]. All
experimental mice (females) were acclimatized to the
experimental environment by normal feeding for 3 days.
The Animal Care and Experimental Program was
approved by the Institute of Radiological Medicine, Chi-
nese Academy of Medical Sciences (ethical review no.
IRM-DWLL-2023017).

C57BL/6 ] mice were designated as the Control (CON)
groups (n=6). The APP/PS1 mice were randomly divided
into two groups: one designated as the AD group and the
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other designated as the PBM group (n=6 per group). The
CON and AD groups were maintained under standard
conditions throughout the experiment, with no interven-
tion. The PBM group used a self-constructed LED pho-
totherapy apparatus with an 808 nm wavelength, a light
intensity of 20 mW/cm? and 10-min irradiation twice
daily for 6 weeks. Before phototherapy, the hair at the top
of the skull was shaved off in the PBM group to facilitate
absorption of NIR radiation.

Behavioral testing

Morris water maze

The Morris water maze (MWM) experiment was con-
ducted in a black circular tank (diameter: 150 cm; height:
60 cm). The water temperature in the tank was main-
tained at 22+ 1 °C, and white food was added to facili-
tate the observation of the swimming trajectories of the
mice. The four quadrants of the circular water tank were
marked with different patterns to serve as spatial refer-
ences. An escape platform (10 cm diameter, circular) was
placed in the target quadrant at a depth of 1 cm. During
the learning phase, the mice were randomly introduced
into different quadrants and allowed to search for the
hidden platform for 90 s. Following positioning of the
platform, the mice were left on it for 30 s to memorise the
spatial cues. The platform remained in its original posi-
tion throughout the experiments. During the test phase,
the platform was removed from the tank, and the experi-
mental animal was released from the opposite side of the
quadrant where the original platform is located. A cam-
era recorded the time taken for the mouse to reach the
original platform, number of times the platform crossed,
and proportion of the target quadrant within 90 s.

Open field test

The open-field test (OFT) box (length X width X height:
60x60x40 cm) was a white, uncovered device with an
elevated pole above it to instal the camera. Before the
start of the experiment, the mice were left move freely
in the experimental box for 5 min to acclimatize to the
experimental environment. The mice were then posi-
tioned in the experimental box from a central position
and their movements were observed for 5 min. Follow-
ing the completion of each trial, faeces within the experi-
mental box were cleaned and the box disinfected with an
alcohol-based solution. The trajectories and behaviours
of the mice in the experimental box were recorded for
subsequent analysis.

Tissue collection

After the behavioral test was completed, mice were per-
fused with phosphate-buffered saline (PBS) after anes-
thesia. The brains were rapidly extracted and divided
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into two groups as needed for the experiment. One of
the groups was fixed in 4% paraformaldehyde (PFA).
Another group was freshly frozen on ice. The cor-
tex and hippocampus were isolated from fresh brains,
weighed and placed in cryovials for storage at—80 °C.
Fixed brains are stored in 4% PFA for 24 h at 4 °C and
then transferred to PBS in 30% sucrose solution for
48 h for dehydration. Subsequently, embed in paraffin
and stored at —80 °C until used for section observation.

Immunohistochemistry and immunofluorescence

The embedded paraffin blocks were removed and de-
paraffinised in xylene. For immunohistochemistry
experiments, brain slices were heated in citrate buffer
for 30 min to perform antigen retrieval. For immuno-
fluorescence experiments, sections were rinsed with
PBS. For immunofluorescence experiments, the sec-
tions were rinsed with PBS. Then, sections were incu-
bated with a blocking solution (containing PBS, 5%
bovine serum albumin, and 0.3% Triton X-100) for 1 h
at 25 °C. After the 25 °C incubation, sections were co-
incubated with the primary antibody overnight at 4 °C.
The primary antibodies used were anti-Ap (AB201060,
ABCAM), anti-Arg-1 (16,001-1-AP, Proteintech
Group, Inc.), anti-CD86 (bs-1035R, Bioss), NLRP3
(ET1610-93, HUABIO), and anti-glial fibrillary acidic
protein (GFAP) (60,190-1-Ig, Proteintech Group, Inc.).
The following antibodies were used: anti-IBA1 antibody
(10,904-1-AP, Proteintech Group, Inc.), mouse anti-
Cytc (bsm-33193 M, Bioss), and monoclonal anti-HK2
(66,974—1-Ig, Proteintech Group, Inc.). Subsequently,
the slices were washed thrice with PBS. Subsequently,
the sections were incubated with the corresponding
secondary antibodies at 25 °C for 1 h, after which they
were washed three times with PBS. In immunohisto-
chemical experiments, the nuclei were re-stained with
haematoxylin, dehydrated, and sealed. For the immuno-
fluorescence experiments, the sections were incubated
with DAPI for 5 min, after which they were sealed.
Among them, TSA-FITC staining solution should be
added to the three-staining experiment. Imaging was
performed using a confocal microscope.

Nissl and Haematoxylin & eosin staining

The paraffin sections were de-paraffinised in xylene, and
Nissl staining was performed using a toluidine blue stain-
ing solution (G1434, Solarbio, China). For haematoxylin
and eosin (HE) staining, the sections were incubated in
haematoxylin solution, washed, and stained with eosin
solution with dehydration and transparency. The sections
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were then sealed with neutral adhesive and imaged using
a confocal microscope.

Enzyme-linked immunosorbent assay (ELISA)

Whole blood was extracted from the retroocular
venous plexus of mice and left for 30 min. The mix-
ture was then centrifuged to obtain the supernatant
(1200 rpm, 5 min), which was stored at—80 °C. Sub-
sequently, blood was removed and stored in a cryo-
tube. The mice were anaesthetised, and the brain tissue
was rapidly collected, placed in cryotubes, and stored
at—380 °C.

The presence of inflammatory factors and apoptotic
proteins was determined using ELISA (Shanghai Tong-
wei Biotechnology Co,. LTD.). The hippocampus was
weighed, then placed the hippocampus in a tissue
grinder and pre-chilled PBS was added (pH 7.0—7.2) in
a ratio of ice PBS: tissue weight=9:1 and the tissue was
ground thoroughly. Then the homogenate was placed
at 4 °C, centrifuged at 10,000 r/min for 20 min, and the
supernatant was extracted for later use. Finally, perform
an ELISA assay was performed according to the manu-
facturer’s instructions, using a microplate reader to
detect the absorbance at 450 nm.

Assay for mitochondrial membrane potential (MMP)

Brain tissues were placed in a tissue grinder, the lysate
was added after thorough grinding, and the supernatant
was discarded after centrifugation. A total of 0.5 ml of
JC-1 staining solution (Beyotime, Shanghai, China) was
added to the samples, which were then incubated at 37 °C
for 20 min. Subsequently, the samples were centrifuged
for 3 min, and the supernatant was discarded. The sam-
ples were then resuspended twice in JC-1 and centrifuged
for 3 min, and the resulting supernatants were discarded.
The samples were then resuspended in a JC-1 stain and
analysed by flow cytometry.

Quantitative reverse transcription polymerase chain
reaction (RT-PCR)

The brain tissue was ground in a tissue grinder at a
low temperature. TRIzol solution (Beyotime, Shang-
hai, China) was then added, and the cells were lysed for
5 min at 25 °C. Chloroform (200 uL) was added to the tis-
sue suspension, which was allowed to stand for 10 min.
Subsequently, centrifugation (12,000 g, 15 min, 4 ‘C) was
performed to extract the supernatant. The mixture was
agitated for 10 min with the addition of 500 pL of isopro-
panol. The supernatant was discarded, and the RNA pre-
cipitate was obtained. The mixture was then washed with
75% ethanol and centrifuged (7500 g, 10 min, 4 C). After
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allowing the precipitate to dry for 10—15 min, it was dis-
solved in 30 pL of DEPC solution (Solarbio, China) and
the RNA concentration was determined by microspec-
trophotometer. Moreover, cells were cultured in 6-well
plates and total RNA was extracted 4 h after the comple-
tion of light treatment using the TRIzol method.

The mRNA expression levels were quantified by RT-
PCR on an ABI 7900HT Fluorescence Quantitative PCR
Instrument using the TB Green® Premix Ex TaqTM kit
(Takara, Japan). The expression level of GAPDH/B-actin
was used as the reference, and qPCR signals were quanti-
fied using the 2724 method. We list the primers used in
this study in Table 1.

Western blotting analysis (WB)

The weighed brain tissue was placed in a grinding tube
containing lysate and grinding beads, and then the tube
was placed in a grinder at—30 °C for thorough grind-
ing. Milled tissues were lysed on ice for 20 min. The pro-
tein concentrations in the sample were quantified with a
biquinone acid kit. A corresponding volume of 5XPro-
tein Gel Electrophoresis Sampling Buffer was added to
the protein sample, mixed, and denatured for electro-
phoretic separation. Subsequently, the membranes were
transferred onto polyvinylidene fluoride membranes.

Table 1 Primer sequences used for real-time PCR

Target primer name Target primer sequences

BCL2F CTACGAGTGGGATGCTGGAGA
BCL2R CTCAGGCTGGAAGGAGAAGATG
BaxF CAAGAAGCTGAGCGAGTGTCT
BaxR GCAAAGTAGAAGAGGGCAACCA
Caspase3F CAGGAAGGTGGCAACGGAAT
Caspase3R TCGTGAGCATGGACACAATACA
Caspase9F GCCACTGCCTCATCATCAACA
Caspase9R GCGGAATCGGTGCTCAAGTT
HK2F GACCAGAGCATCCTCCTCAAGT
HK2R CGGCGAATGGCTTCCTTCAG
cytcF GGAGGCAAGCATAAGACTGGA
cytcR TTGTTCTTGTTGGCATCTGTGT
TSPOF GGGAGCCTACTTTGTACGTGG
TSPOR TGAAACCTCCCAGCTCTTTCC
LC3IIF AGCCTTCTTCCTCCTGGTGAATG
LC3IIR TGCTGTCCCGAATGTCTCCTG
Beclin1F CAGGCTGAGGCGGAGAGATTG
Beclin1R GGAAGGTGGCATTGAAGACATTGG
B-actinfF AGAAGCTGTGCTATGTTGCTCTA
B-actinR TCAGGCAGCTCATAGCTCTTC
GPADHF ACAACTTTGGTATCGTGGAAGG
GPADHR GCCATCACGCCACAGTTTC
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Table 2 Primary antibodies used in the WB experiment

Antibody name Item number Dilution factor
NLRP3(118 kD) BOSTER(BA3677) 1:1000
Cytc(16 kD) BOSTER(A00961-2) 1:1000
Caspase3(35,19,17 kD) CST(142209) 1:1000
Caspase9(46 kD) Proteintech(10,380-1-AP) 1:700
GLUT1(45-55 kD) Proteintech(21,829-1-AP) 1:4000
PKM2(58 kD) Proteintech(158,221-1-AP)  1:2000
PGC1(92-100 kD) Proteintech(66,369-1-1G) 1:1000
CD86(74kd) BIOSS(bs-1035R) 1:1000
ARG1(35kd) Proteintech(16,001-1-AP) 1:1000
HK2(102kd) Proteintech(66,974-1-1 g) 1:10,000
NRF1(70 kD) Proteintech(66,832-1-1G) 1:20,000
LC3I1(15,18 kD) BOSTER(PA01524) 1:1000
Mouse B-tubulin(55kD)  ZSGB-BIO(TA-10) 1:2000

Then, the membrane was incubated with the primary
antibody at 4 °C overnight. The membrane was then
washed three times with 1 X TBST and incubated with
the secondary antibody for 1 h at 25 °C. Finally, the grey
scale values were analysed using Image] software. The
primary antibodies used are listed in Table 2.

Cell culture and treatment
BV2 cells (mouse microglia, CL-0493A) were obtained
from Wuhan Procell Biotechnology Co. and maintained
in a specialised BV2 medium (Procell, CM-0493A). The
cell experiments were conducted in two groups. The
experimental groups were designated as follows: CON,
PBM; LPS, LPS+PBM; and CON, LPS, LPS+PBM, 3BP.
The LPS, LPS+PBM, and 3BP groups were induced
by the addition of 2 pg/mL LPS (Solarbio, L8880) (This
parameter was determined by our previous study [34])
24 h after cell inoculation, whereas the remaining groups
were treated with DMEM/F12 (Dulbecco’s modified
Eagles medium)basal medium (Gibco, C11330500BT).
Following a 24 h incubation period, the medium of each
experimental group was changed to BV2 cell-specific
medium, except for that of the 3BP group, which was
replaced with a 33.3 uM 3BP solution (Selleck, S5426).
Through the study of the cell proliferative activity
of 808 nm PBM at different energy densities on fibro-
blastsand endothelial cells, we found that PBM had
the best promoting effect on cells at an energy density
of 3 J/cm? In addition, Rafaella Carvalho et al. irradi-
ated hydrogen peroxide (H,0,)-induced SH-SY5Y cells
(human neuroblastoma) with 660 nm LEDs to compare
the neuroprotective effects of LED irradiation at differ-
ent energy densities on the cells [35]. The results showed
that the energy density of 3 J/cm® was the lowest one
that obtained better statistical increase in mithocondrial
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activity (p<0.0001) [35]. Therefore, in this experiment,
we used a low-intensity semiconductor laser with a wave-
length of 808 nm was used to irradiate the PBM group
at a power of 20 mW/cm?, with each subject undergoing
two daily irradiations at a dose of 3 J/cm?. The remaining
groups were not irradiated and were maintained under
identical conditions.

Immunofluorescent staining

Immunofluorescence assay of microglial phenotype

The microglia were plated in 24-well plates for cell cul-
ture and light treatment. Following completion of the
light treatment, the following operations were performed
4 h later. Cells were fixed in 4% paraformaldehyde and
incubated with Triton X-100 and 5% goat serum. Sub-
sequently, the cells were incubated overnight at 4 °C
with the primary antibody followed by a 1-h incubation
at 25 °C with the secondary antibody the following day.
The primary antibodies used were anti-CD86 (Solar-
bio, K000343P) and anti-ARG1 (Solarbio, K009684P),
whereas the fluorescent secondary antibodies were
labelled as follows: goat anti-rabbit IgG/RBITC (Solarbio,
SR134). The plates were incubated with DAPI for 5 min
to protect them from light, after which a drop of an anti-
fluorescence quencher was added to seal the plates. The
images were then captured.

Immunofluorescence assay of microglia phagocytosis

The slides of cells were sterilized and placed in 24-well
plates, and 1x10° microglia were added to each well
and cultured for 24 h. Then, 1 mL of 2 ug/mL LPS was
added for 24 h inflammation modeling, and phototherapy
was performed after the modeling was completed. 4 h
after the end of photostimulation, 500 nM FAM-AB;_,,
(AnaSpec, AS-23526—01) was added to each well and
incubated at 37 °C for 30 min in the dark. Subsequently,
the wells were washed twice with PBS, and 500 pL of a
solution of LysoTracker Red (Beyotime, C1046) was
added and incubated for 30 min at 37 °C in the dark.
After washing with PBS, images were acquired.

Although oligomeric A is more physiologically rel-
evant, monomeric AP was used in this experiment.
There are two main reasons for this. First of all, oli-
gomer AP has a higher tendency to aggregate and is
easy to further aggregate into fibrous or plaque-like,
and its aggregation state is greatly affected by various
factors such as temperature, pH value, ionic strength,
etc., and it is difficult to maintain a stable oligomeric
state during the experiment. Compared with oligo-
meric AP, monomeric AP is more structurally stable
under specific conditions, which is easier to store and
maintain a relatively uniform state in the experimental
system, which is conducive to the reproducibility and
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accuracy of experimental results. In addition, due to its
aggregation characteristics, oligomeric A is prone to
precipitation or uneven distribution during dissolution
and dispersion, which brings inconvenience to experi-
mental operations. The solubility of monomeric AP in
solution is usually better, making it easier to prepare
solutions of different concentrations for experiments.
In addition, literature research has found that some
of the studies used experiments with AB monomers
[36-38].

ROS level assay

Laser scanning confocal microscope: The cells were
cultured in 6-well plates, and ROS levels were detected
4 h after the end of photostimulation. A total of 500 pL
DCFH-DA solution (Beyotime, S0033S) was added to
each well and incubated at 37 °C in the dark for 20 min.
Subsequently, the supernatant was removed by washing
with a DMEM/F12 basal medium, after which the images
were captured. Images were acquired using a laser scan-
ning confocal microscope and fluorescence intensity was
analyzed using Image]J software.

Flow cytometry detection: Cells were inoculated into
6-well plates and cultured according to an established
cell culture method. At 4 h post-light treatment, the cells
were washed twice with PBS and 500 nM FAM-A,_,,
was added. The cells were incubated for 1 h at 37 °C in
the dark, washed slowly, collected, centrifuged, and
resuspended in PBS. Finally, the number of FITC parti-
cles was determined using flow cytometry.

Detection of cellular inflammatory factors and cellular ATP
levels

The cells were cultured in 6-well plates, and 4 h after
the completion of the light treatment, the supernatants
were collected and centrifuged before being extracted as
assay samples. The levels of inflammatory factors were
quantified using ELISA kits, as previously described,
with absorbance measured at 450 nm. The cells in 6-well
plates were washed with PBS, lysed, and centrifuged to
extract the supernatant. ATP levels were quantified using
ATP assay kits (Beyotime, S0026) with samples assayed
using multifunctional enzyme markers.

Statistical analysis

The statistical analysis of data and figure production
was conducted using GraphPad Prism 8.0 software. Stu-
dent’s t test was employed for comparing two groups,

Page 7 of 25

while One-way analysis of variance (ANOVA) was used
for comparisons among multiple groups. Data were pre-
sented as the mean + standard deviation (SD). The thresh-
old for statistical significance was set at p<0.05, below
which the results were considered statistically significant.
For image quantification, Image] was used.

Results

PBM ameliorates cognitive deficits in APP/PS1 mice

Figure 1A shows the experimental flow of our animal
experiments. The MWM test, a behavioural experiment
designed to assess learning and memory in rodents, was
conducted after a 6-week phototherapy intervention. The
trajectory plots of MWM demonstrated that AD mice
are more inclined to move against the wall around the
periphery of the maze (Fig. 1B). Furthermore, through
the comparison between the AD group and the CON
group, it can be seen that the spatial learning and mem-
ory ability of the AD group decreased significantly, which
was manifested by the prolongation of the latency period,
the reduction of the number of crossing the platform,
and the shortening of the residence time in the target
quadrant (Fig. 1C). In contrast, the PBM group exhibited
shorter latency, crossed the platform more frequently,
and remained longer in the target quadrant compared to
the AD group (Fig. 1C). These findings indicate that PBM
may be an effective intervention to improve memory loss
in AD mice.

The OFT is one of the most frequently used tests for
the detection of anxiety-like behaviours in animals. The
purpose of this experiment was to investigate whether
AD induces anxiety-like behavior in mice and whether
PBM has an ameliorating effect on this effect. As illus-
trated in the trajectory diagram, the AD group showed
a pronounced performance of anxiety-like behaviours
compared with the CON group, as evidenced by a reduc-
tion in the number of shuttles in the central region and
a tendency to stand still. Following phototherapy, the
number of traversals in the central region of AD mice
increased, and spontaneous activity increased (Fig. 1D).
Furthermore, the AD group exhibited lower horizontal
scores and shorter dwell times in the central area than
did the CON group, indicating a reduction in exploratory
behaviour and an increase in tension and anxiety levels.
Conversely, the PBM group exhibited elevated horizontal
scores and dwell times in the central zone following pho-
totherapy. However, the observed differences were not
statistically significant (Fig. 1E). These findings indicated
that PBM has a beneficial effect on anxiety levels in mice.
In conclusion, behavioral experiments have shown that
PBM can improve cognitive dysfunction in AD mice.
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Fig. 1 Photobiomodulation (PBM) ameliorates cognitive deficits in AD mice. A Experimental timeline showing 808 nm light treatment

and behavioural tests. B Representative swimming track of mice in Morris water maze (MWM) test. C Bar graphs of latency to find the escape
platform, platform crossing number, and time in target quadrant in the test session of MWM. D Representative movement tracks in open field
test (OFT). E Bar graphs of level score and time in centre of the OFT. Experimental data are presented as the mean + standard deviation, n=6 mice
per group. Compared with the CON group, **p <0.01, ***p <0.001; Compared with the AD group, #p <0.05, ###p <0.001

PBM improves neuronal damage and inhibits astrocyte
reactivity in mice with AD

The presence of lesions in the brain can lead to astrocy-
tosis and the occurrence of a reactive inflammatory state
[39, 40]. This study aimed to elucidate the effects of PBM
intervention on AP deposition and astrocytes reactiv-
ity. Immunofluorescence double-staining experiments
were performed for GFAP, an astrocyte marker, and Ap.
As illustrated in the fluorescence graphs, astrocytes are
clustered near AP (Fig. 2A). Furthermore, besides the
green fluorescence intensity of GFAP, the red fluores-
cence intensity representing AP in the AD group was also

substantially higher than that of the CON group (Fig. 2B).
This indicated that A may induce astrocyte activation. A
comparison of the PBM and AD groups revealed that red
fluorescence, indicative of AP deposition, was reduced
in the PBM group. Moreover, the green fluorescence of
GFAP was substantially diminished, and the number of
reactive astrocytes that aggregated near AP} was reduced.
These findings suggest that PBM can reduce AP deposi-
tion and inhibit astrocyte reactivity in mice with AD.

The state of neurons in mouse brain tissue was
observed using Nissl and HE staining. As illustrated in
Fig. 2B, neurons in the CA3 region of the hippocampus in
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Fig. 2 PBM improves neuronal damage and inhibits astrocyte activation in AD mice. A Immunofluorescence double staining of mouse brains using
anti-AB antibody (red) and anti-GFAP antibody (green) (scale bars 500 um, 100 um, and 20 pum, respectively). B Mean fluorescence intensity of AR
and GFAP. C Nissl and HE staining plots of the hippocampal CA3 region in mice (scale bars 100 um and 20 pm, respectively). Experimental data

are presented as the mean + standard deviation. Compared with the CON group, **p <0.01, ***p < 0.001; Compared with the AD group, #p <0.05,

##p <0.01

the CON group exhibited greater morphological regular-
ity and a neat arrangement. However, compared to that
in the CON group, the number of positive neurons in the
AD group was substantially reduced. Furthermore, there
was nuclear coagulation, and Nissl bodies were ruptured,
and the staining intensity increased, indicating that the
neurons in the AD group were damaged. The neurons in
the PBM group were more neatly arranged, the number
of positive neurons was substantially increased compared
to that in the AD group, and the nuclei were less consoli-
dated. However, a few ruptured Nissl bodies remained
(Fig. 2C). These findings indicate that PBM exerts a pro-
tective effect against neuronal damage in mice with AD.

The influences of PBM in microglial polarization

and neuroinflammatory levels in mice with AD

The microglial activation phenotype is closely associ-
ated with neurodegenerative diseases, and its activation
is substantially correlated with accelerated cognitive
decline. Here we aimed to elucidate microglial polari-
sation in the brains of AD mice (Fig. 3A, B). Immuno-
fluorescence staining revealed higher levels of the M1
microglia marker CD86 and lower levels of the M2
microglia marker Arg-1 in the AD group compared
with the CON group. After 6 weeks of PBM treatment,
CD86 was significantly decreased and Arg-1 was sig-
nificantly increased in brain sections of AD mice. A
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comparison of M1 and M2 type markers revealed that
the PBM group exhibited a substantially reduced ratio
compared to the AD group, indicating that microglial
M2 phenotype polarisation was dominant. Moreo-
ver, the analysis of polarisation markers demonstrated
that PBM treatment was able to reduce CD86 protein
expression in mice with AD (Fig. 3C). The above find-
ings indicate that PBM reduces M1 polarisation and
promotes microglial polarisation towards M2.

Microglia can recognise and phagocytose abnormal
factors, such as AP or Tau, to maintain homeostasis
within the brain. IBA1 (microglial marker) and Ap were
labeled by immunofluorescence to observe the changes
of PBM on microglial phagocytosis (Fig. 4A). AB plaques
aggregation were observed in the hippocampus and
cortex of AD group mice, and microglia are recruited
around the plaques. Manders’ Colocalization Coefficients
(MCC) provides a visual measure of colocalization and
is able to show the overlap between fluorescences. We
performed a colocalization analysis of microglia and AP
using Image], MCC scores were then used to assess the
ability of microglia to clear plaques. MCC scores in both
hippocampus and cortex in the PBM group were higher
than those of the AD group (Fig. 4B). The results show
that following PBM intervention, microglia exhibited
a greater degree of recruitment around AP plaques and
phagocytosis, thereby reducing the deposition of the
Ap. ELISA demonstrated that AD mice had lower levels
of the anti-inflammatory factors interleukin (IL)—4 and
IL-10, while higher levels of pro-inflammatory factors
tumour necrosis factor-a (TNF-a), interleukin IL-1f, and
IL-6 compared with CON mice (Fig. 4C, D). The level of
inflammatory factors in AD mice in the PBM group was
significantly reversed, indicating that PBM regulated the
secretion of inflammatory factors.

AD mice have a high number of AR plaques within
their brains, microglia exhibited continuous activation,
which resulted in the release of inflammatory mediators.
The Nod-like receptor protein 3 (NLRP3) inflammasome
has been considered a key contributor to neuroinflam-
mation; it is able to activate caspase-1 to produce inflam-
matory factors [41]. WB analysis revealed that NLRP3
protein strip width in the AD group was higher than that
in the CON group (Fig. 5A). The PBM group exhibited

(See figure on next page.)
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a notable reversal in the level of inflammatory factors in
AD mice, indicating that PBM regulates the secretion of
inflammatory factors. However, the WB for NLRP3 show
overall levels in the whole brain. As it has been shown
that both astrocytes and microglia are involved in neu-
roinflammation and have a crosstalk in AD mouse mod-
els [42]. To more accurately analyze the effect of PBM on
NLRP3 expression in different cell types, we performed
co-fluorescence staining using NLRP3, GFAP and IBA1
(Fig. 5B). From the figure, we can observe that changes
in NLRP3 expression in AD mice after PBM interven-
tion occurred in both microglia and astrocytes. And the
same as the WB experiment results, NLRP3 expression
decreased after PBM intervention. Quantitative analy-
sis of MCC showed that the co-localization of NLRP3
and two types of cells in AD mice after PBM treatment
increased (Fig. 5C, D).

These findings indicate that PBM promotes the M2
phenotype of microglia and enhances AB phagocyto-
sis, reducing neuroinflammation and alleviating AD
symptoms.

PBM inhibits neuronal apoptosis in mice with AD
Apoptosis is the principal manifestation of neuronal dam-
age. In this study, we initially employed flow cytometry
to detect alterations in the MMDP, as indicated by JC-1, a
classical feature of apoptosis. The Q4-2 region represents
a normal neuron that exhibits a larger membrane poten-
tial and red fluorescence. In contrast, the Q4-4 region
represents an apoptotic neuron that exhibits reduced
membrane potential and green fluorescence. Compared
with the AD group, the percentage of normal neurons in
the PBM group increased, while the percentage of apop-
totic neurons was significantly reduced (Fig. 6A, B). The
results suggest that PBM may be a potentially avenue to
ameliorate the reduction of MMP in AD patients.

To study the influence of PBM on apoptosis-related
proteins in AD neurons, we detected the expression of
Cytc Bax, Bcl-2, Caspase3, and Caspase9. Cytc expres-
sion was substantially higher in the AD group than in
the CON group. On the contrary, immunohistochemi-
cal experiments confirmed that the expression of Cytc in
the PBM group was significantly lower than that in the
AD group (Fig. 6C, D). Furthermore, the results of ELISA

Fig. 4 PBM reduced neuroinflammation in mice with AD. A Representative immunofluorescence images of anti-Ap (red) and anti-IBA1 (green)
antibodies in the mouse hippocampus and cortex. Scale bar: 100 um. A magnified images show the location of typical AB in microglia. Scale

bar: 20 um. B Manders' Colocalization Coefficients (MCC) scores between microglia (Ch1) and AB (Ch2) (tM1, above the auto-threshold of Ch2)

in the hippocampus and Cortex. C The expression levels of anti-inflammatory cytokines IL.-4 and IL-10 in brain tissue of mice. D The expression
levels of pro-inflammatory cytokines TNF-q, IL-13 and IL-6 in mouse brain tissue. Experimental data are presented as the mean + standard deviation.
Compared with the CON group, *p <0.05, **p < 0.01, ***p < 0.001; Compared with the AD group, ##p <0.01, ###p <0.001
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experiments showed that compared with the CON
group, the levels of Bax, Caspase3 and Caspase9 in the
AD group were substantially elevated, while the level of
Bcl-2 was substantially reduced (Supplementary Fig. 1).
Conversely, the levels of the pro-apoptotic factor in the
brain tissues of mice in the PBM group were substantially
reduced, whereas the level of the anti-apoptotic factor
was substantially increased compared with those in the
AD group. RT-PCR and WB experiments corroborated
the above results (Fig. 6E, F). These findings collectively
demonstrate that PBM exerts neuroprotective effects in
AD mice by inhibiting neuronal cell apoptosis.

PBM ameliorates abnormal mitochondrial autophagy

and promotes mitochondrial energy metabolism in mice
with AD

Mitophagy is an important self-degradation process in
cells, which plays a key role in maintaining the stability
of the intracellular environment and regulating energy
metabolism. To investigate the effects of PBM on mito-
chondrial energy metabolism, we examined its effects
on autophagy protein levels. The changes of autophagy-
related proteins (LC3II and Beclinl) was quantified using
RT-PCR and WB analyses. The expression levels of LC3II
and Beclinl were substantially higher in the AD group
than in the CON group. The levels of both proteins were
substantially reduced after PBM intervention (Fig. 7A,
B). The above experiments suggest that PBM is a useful
intervention for mitigating the aberrant mitochondrial
autophagy in AD.

OXPHOS and glycolysis are the two principal forms
of mitochondrial energy metabolism. Subsequently, we
examined OXPHOS-related proteins (peroxisome prolif-
erator-activated receptor-y coactivator-la (PGC-1a) and
nuclear respiratory factor (NRF-1)) and glycolysis-related
proteins (glucose transporter protein (GLUT)1, PKM2,
hexokinase (HK)2, and TSPO) in the samples. The lev-
els of PGC-1a and NRF1 in the AD group were signifi-
cantly lower than those in the CON group. PGC-1a and
NRE-1 expression levels were elevated in the PBM group
(Fig. 7B). Immunohistochemical results demonstrated
that the number of brown plaques (HK2) were greater
in the brains of AD mice, whereas brown plaques were
substantially reduced after PBM intervention (Fig. 7C).
Furthermore, the relative protein expression of GLUT]I,

(See figure on next page.)
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PKM2, and HK2 in the AD group were substantially
increased, and the mRNA expressions of TSPO and HK2
were also substantially higher than those in the CON
group. Conversely, the levels of GLUT1, PKM2, and
HK2 in AD mice were substantially decreased after PBM
intervention (Fig. 7A, D, E).

These findings demonstrate that PBM promotes oxi-
dative phosphorylation, inhibits glycolysis, and restores
mitochondrial energy metabolism in mice with AD.

PBM regulates phenotype and improves
neuroinflammation in BV2 microglia

Subsequently, BV2 microglia were used to study the
influences of PBM treatment on microglia. Following
LPS treatment, immunofluorescence staining dem-
onstrated that PBM treatment substantially elevated
Arg-1 expression and reduced CD86 expression com-
pared to those in the LPS group (Fig. 8A, B). Further-
more, the ratio of CD86 to Arg-1 in microglia was
analysed (Fig. 8C). The ratio was significantly higher in
the LPS group. The LPS+ PBM group, however, exhib-
ited a significant decrease in the ratio compared to the
LPS group. These findings indicate that PBM influences
microglial polarisation, promoting a shift towards the
M2 phenotype.

Microglia are responsible for maintaining the homeo-
stasis of the CNS by engulfing abnormal substances and
forming phagolysosomes with lysosomes for clearance.
The capacity of microglia to phagocytose was evaluated
using FAM-AB;_,, (Fig. 9A). In the absence of external
stimuli, microglia are responsible for monitoring environ-
mental changes, engulfing pathogens, and clearing them
from surrounding areas. The fluorescence intensities of
both LysoTracker and FAM-A,_,, were lower than those
in the CON group after LPS intervention. Both lysoso-
mal and microglial phagocytosis of Ap was substantially
increased in the LPS+PBM group compared to that in
the LPS group. Analysis of the fluorescence intensity of
AP phagocytosis by microglia demonstrated that PBM
promoted microglial phagocytic function (Fig. 9B).

LPS induces microglia to secrete pro-inflammatory fac-
tors. We measured the level of inflammation in the cell
culture supernatant, and the experimental results showed
that the levels of pro-inflammatory factors was sub-
stantially elevated in the LPS group, whereasthe relative

Fig. 5 Effect of PBM on NLRP3 inflammasome in mice with AD. A Exemplary WB and quantification of NLRP3 in mouse brain tissue. B
Representative immunofluorescence images of NLRP3 (red), anti-GFAP (orange) and anti-IBA1 (green) antibodies in the mouse hippocampus
and cortex (scale bars 100 um and 20 pm, respectively). C MCC scores between astrocyte (Ch1) and NLRP3 (Ch2) (tM1, above the auto-threshold
of Ch2). D MCC scores between microglia (Ch1) and NLRP3 (Ch2) (tM1, above the auto-threshold of Ch2). Experimental data are presented

as the mean + standard deviation. Compared with the CON group, *p < 0.05, **p <0.01, ***p <0.001; Compared with the AD group, ###p <0.001
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Fig. 6 PBM inhibits neuronal apoptosis in mice with AD. A-B Analysis of JC-1 flow cytometry results in the mouse brain tissue. C
Immunohistochemical staining of mouse brains using an anti-Cytc antibody (scale bars 100 um and 20 pum, respectively) with arrows indicating
Cytc. D ELISA was used to detect Cytc in mouse brain tissue. EWB was used to detect Caspase3, Caspase9, and Cytc in the mouse brain tissue.
F RT-PCR was used to detect Bcl-2, Bax, Caspase3, Caspase9, and Cytc in mouse brains. Experimental data are presented as the mean + standard
deviation. Compared with the CON group, *p <0.05, **p <0.01, ***p <0.001; Compared with the AD group, #p <0.05, ##p <0.01, ###p <0.001

levels of anti-inflammatory factors were substantially group, indicating that it reduced the LPS-induced upreg-
reduced. The results of the animal experiments with PBM  ulation of TNF-a and IL-1p expression, while promot-
treatment were similarly confirmed in the LPS+PBM  ing the level of IL-4 (Fig. 9C, D). These findings indicate
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Fig. 7 PBM alleviates abnormal mitochondrial autophagy and promotes mitochondrial energy metabolism in mice with AD. A RT-PCR was used
to detect autophagy-related protein (Beclin1, LC3I1.) and glycolysis-related proteins (TSPO and HK2) in mouse brain tissues. B WB was used

to detect the autophagy protein LC3ll, and the oxidative phosphorylation-related proteins PGC-1a and NRF-1. C Immunohistochemical staining

of mouse brains using an anti-HK2 antibody (scale bars 100 um and 20 um, respectively) with brown plaques of HK2. D, E WB was used to detect
the glycolysis-related proteins GLUT1, PKM2, and HK2. Experimental data are presented as the mean + standard deviation. Compared with the CON
group, *p<0.05, **p<0.01, **p <0.001; Compared with the AD group, #p <0.05, ##p <0.01

that PBM can regulate the expression level of inflamma-
tory cytokines, thereby inhibiting neuroinflammation.
The data presented here demonstrate that PBM regulates
microglial activation, inflammation, and phagocytosis.

PBM regulates mitochondrial energy metabolism

and phagocytosis in BV2 microglia

In vivo results demonstrated that PBM exerted a sig-
nificant influence on mitochondrial energy metabolism.
Microglia require considerable ATP produced by mito-
chondria for phagocytosis. Following LPS treatment,

BV2 microglia exhibited elevated ROS and substantially
reduced ATP levels (Fig. 10A, B). PBM treatment sub-
stantially reduced ROS levels and increased ATP pro-
duction, indicating that PBM may be a useful means for
ameliorating disruption of mitochondrial energy metabo-
lism in microglia.

Disorders in mitochondrial energy metabolism can lead
to an increase in glycolysis at the expense of OXPHOS,
resulting in energy deficits. The results demonstrated
that the mRNA levels of glycolysis-related genes HK2
and TSPO were substantially elevated in the LPS group.
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Fig. 8 PBM treatment regulates microglial phenotype. A Representative immunofluorescence images of the M1 marker CD86 and M2 marker
Arg-1in microglia cultured in vitro. Scale bar: 20 um. n=4. B-C Quantitative analysis of the fluorescence intensity and relative ratio of CD86 to Arg-1.
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Moreover, the LPS+PBM group shown a pronounced
reduction in the elevated HK2 expression observed in
the LPS group (Fig. 10C). Our findings indicate that PBM
can regulate microglial energy metabolism by reducing
the increase in mitochondrial glycolysis.

We aimed to ascertain whether inhibition of HK2 mod-
ulates mitochondrial function in microglia. The effects
of the HK2 inhibitor, 3BP, on microglia were evaluated.
Immunofluorescence assays demonstrated that both HK2

(See figure on next page.)

inhibition and PBM treatment reduced ROS levels in
inflammatory cells (Fig. 10D). The previous experimen-
tal results showed that PBM can modulate inflammation.
Therefore, this study explored whether the inhibition
of HK2 could have a similar effect. Both PBM interven-
tion and 3BP action significantly altered the expression
levels of LPS-induced inflammatory factors (Fig. 10E),
suggesting that inhibition of HK2 could inhibit the
inflammatory response induced by activated microglia.

Fig. 9 PBM regulates microglial phagocytosis and reduces inflammation. A Representative immunofluorescence images of the lysosomal probes
LysoTracker (red) and AB,_,, (green) in cultured microglia in vitro. Scale bar: 50 um. A magnified images show typical microglia with lysosomes
that engulf AR. Scale bar: 10 pm. B Relative ratio of FAM-AB,_,, to LysoTracker in microglia. C, D Expression levels of anti-inflammatory

cytokine IL-4 and the pro-inflammatory cytokines TNF-q, IL-13 in the culture supernatant of microglia in vitro. Experimental data are presented

as the mean + standard deviation. Compared with the CON group, **p <0.01, ***p <0.001; Compared with the LPS group, #p <0.05, ##p <0.01,

###p <0.001
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To further substantiate the hypothesis that inhibition of
HK2 enhances mitochondrial energy metabolism and
improves AP phagocytosis in microglia, we assessed the
uptake of FAM-AP,;_,, by inflammatory microglia by flow
cytometry.

To further substantiate the hypothesis that inhibition
of HK2 enhances mitochondrial energy metabolism
and improves microglial AP phagocytosis, we assessed
the uptake capacity of inflammatory microglia for
FAM-Ap,_,, by flow cytometry (Fig. 10F). The results
demonstrated that the phagocytosis of FAM-AB,_,,
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by microglia was substantially enhanced in both the
LPS+PBM and 3BP groups compared to that in the
LPS group. Consequently, it was demonstrated that
PBM treatment could regulate inflammatory cytokine
and ROS levels and improve microglial phagocytosis
by reducing HK2 expression.

Discussion

AD is a neurodegenerative disease that presents with
clinical manifestations, such as progressive memory loss
and language dysfunction. These symptoms are primarily
due to damage to the brain nerves, which cannot func-
tion normally, affecting the daily lives of patients [43].
PBM has been demonstrated to have anti-inflamma-
tory, antioxidant, mitochondrial protective, apoptotic,
necrotic inhibitory, and neuroprotective effects [44, 45].
This study demonstrated that PBM was successful in
improving neurological damage in APP/PS1 mice fol-
lowing a 6-week PBM intervention in APP/PS1. Further
investigation of the mechanism by which PBM exerts its
beneficial function revealed that this ameliorative effect
might be related to the regulation of mitochondrial
energy metabolism by PBM.

Cognitive dysfunction is the principal clinical manifes-
tation of AD [43]. Besides cognitive impairments, such
as memory and language deficits, AD is often accompa-
nied by emotional and psychiatric symptoms, including
anxiety, depression, hallucinations, and sleep disorders
[46]. Furthermore, anxiety and depression-like behav-
iours have been shown to exacerbate the development
of AD [47]. In this study, the MWM and OFT were used
to assess cognitive dysfunction and anxiety-like behav-
iour in mice. The findings of the study demonstrated
that the AD group showed diminished memory, whereas
the PBM group demonstrated substantially enhanced
memory retention for the platform position compared
to the AD group following phototherapy. Furthermore,
the OFT results indicated that the AD group exhib-
ited diminished capacity for autonomous exploration.
However, following PBM treatment, AD mice exhib-
ited active behaviour, increased autonomous explora-
tory behaviour, and improved anxiety. These findings
align with those of other researchers. In a study by Cho
et al., PBM was found to alleviate cognitive dysfunction
in 5xFAD mice [48]. Yang et al. demonstrated that PBM
alleviated anxiety and depressive behaviours in TgF344
rats [49]. Besides cognitive deficits, A accumulation in
the brain is the most prominent pathological feature of
AD [50]. Several studies have demonstrated that PBM
is effective in reducing AP accumulation in the brains
of individuals with AD [12, 13, 51]. In this study, PBM
treatment was found to effectively reduce the number
of AP plaques in the brains of AD mice, as evidenced by
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the double-staining result plots of AP with the astrocyte
marker GFAP. Furthermore, we found that the fluores-
cence intensity of GFAP was significant reduction around
AP and in brain tissue, indicating that PBM alleviated
AD-induced astrocyte reactivity and reduced inflamma-
tory responses.

Neuroinflammation is one of the causes of AD. Micro-
glia phagocytose AP and apoptotic neurons during the
early stages of AD pathogenesis to maintain the dynamic
equilibrium of amyloid in the brain [52]. However, when
AP is overproduced, sustained activation of microglia
results in a shift from a neuroprotective M2 phenotype
to an M1 pro-inflammatory phenotype. This continu-
ous release of pro-inflammatory factors promotes neu-
roinflammation and triggers neuropathological changes
while reducing microglial phagocytosis [53]. This ulti-
mately leads to the development of AD-related dementia
[54]. The findings of this study indicate the presence of
a considerable number of pro-inflammatory factors in
both inflammatory microglia and AD mice. Furthermore,
the expression of CD86 was increased, whereas that of
Arg-1 was decreased in microglia in an inflammatory
environment and in the mouse brain. M1-type microglia
are the dominant subtype, and their phagocytic ability is
impaired. Consequently, reduction of neuroinflammation
may be a therapeutic strategy for AD. Reduced expression
of pro-inflammatory factors in AD mice following PBM
treatment [55]. In addition, the treatment inhibited the
elevated in the levels of pro-inflammatory factors, while
promoting the expression of anti-inflammatory factors
in AD rats [19]. Furthermore, 810 nm PBM was found to
reverse the dominant state of M1 microglia and promote
M2 polarisation in the inflammatory environment [56].
Moreover, 1070 nm light can alter the polarisation state
of microglia, increase their co-localisation with A, and
reduce AP plaques aggregation in the brains of AD mice
[13]. Similarly, 40 Hz light scintillation therapy effectively
promoted phagocytosis in brain microglia and facilitated
AP clearance [57]. This sparked our desire to explore the
potential protective role of PBM in AD. As expected,
our results indicate that PBM treatment modulated the
expression of inflammatory factors, promoted microglial
polarisation towards the M2 phenotype, and strength-
ened the recruitment and phagocytosis of AP by micro-
glia in both an anti-inflammatory milieu and in the brains
of AD mice. Consequently, the regulation of microglia to
reduce neuroinflammation, reducing AP accumulation
and clearance, represents a potential therapeutic strategy
to treat AD.

The process of programmed cell death that is geneti-
cally regulated is called apoptosis. However, in AD,
AP and neuroinflammation induce excessive neuronal
apoptosis, which leads to impaired neuronal loss and
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exacerbates the progression of AD [58, 59]. Several stud-
ies have demonstrated that AP affects the expression of
apoptotic proteins, increases mitochondrial membrane
permeability, activates caspase proteins, and contributes
to apoptosis [60, 61]. This study revealed that the expres-
sion of Bax, Caspase3, and Caspase9 in AD was sub-
stantially elevated, whereas the expression of Bcl-2 was
diminished, and the level of MMP was decreased.. These
findings suggest that AD can promote neuronal apopto-
sis. A previous study demonstrated that PBM inhibits the
activation of mitochondria-dependent neuronal apopto-
sis and exerts neuroprotective effects in hypoxic-ischae-
mic rats [62]. These findings support the study’s results,
indicating a significant reduction in pro-apoptotic pro-
tein expression in all mice of the PBM group. Moreover,
restoration of MMP and elevated Bcl-2 expression were
observed. This suggests that PBM inhibits and protects
the endogenous apoptotic pathway in the mitochondria
of AD neurons.

The stability of mitochondrial energy metabolism is
fundamental to the maintenance of normal physiologi-
cal functions in an organism. NIR PBM is thought to
enhance mitochondrial function of stimulated cells by
enhancing the activity of cytochrome ¢ oxidase (CcO),
thereby preventing the degeneration of dopaminergic
neurons in Parkinson’s patients [63]. One study showed
that PBM increases ATP and cAMP (a molecule derived
from ATP) by enhancing mitochondrial photoreceptor
CcO activity [12]. Cytc, a component of the mitochon-
drial respiratory chain, plays a role in mitochondrial
energy metabolism. CcO and Cytc synergistically par-
ticipate in the process of cellular respiration and play a
key role in the generation of ATP. When the outer mito-
chondrial membrane is ruptured, Cytc escapes from the
mitochondria and activates caspase-9 in the cytoplasm,
thereby triggering apoptosis. Our research has found that
PBM inhibited AD-induced Cytc release and decreased
the Cytc content, thus inhibiting apoptosis.

Mitochondrial oxidative phosphorylation (OXPHOS)
and glycolysis are the two main pathways for organisms
to obtain ATP, and their intermediate products play an
important regulatory role in many cellular life activities
[64]. Unlike previous studies, we explored the effects of
PBM on mitochondrial OXPHOS and glycolysis in AD.
Among these, OXPHOS is closely related to apoptosis,
and the occurrence of apoptosis is associated with an
impaired reduction in OXPHOS [65, 66]. Conversely,
aberrant mitochondrial function results in reduced
OXPHOS levels in AD, with glycolysis representing the
principal pathway of energy metabolism [67]. PGC-1a
is a key transcriptional coactivator that regulates mito-
chondrial function and determines many mitochon-
drial functions, including respiration, biogenesis, and
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redox [68, 69]. PGC-1a also induces and binds to NRF-1,
enhancing mitochondrial OXPHOS [70]. In contrast, the
glycolytic pathway primarily produces ATP from glucose,
which is mediated by GLUT, HK2, and pyruvate kinase
[71]. Through experiments, we observed that the expres-
sion of PGC-1a and NRF-1 in the brain of APP/PS1 mice
was significantly reduced, and the expression levels of
GLUT1, PKM2 and HK2 were increased. This suggests
that AD leads to a shift in neuronal mitochondrial energy
metabolism from OXPHOS to glycolysis. And after pho-
totherapy, PBM was found to be effective in reversing
this phenomenon, inhibiting glycolysis and promoting
OXPHOS. The experimental results showed that PBM
can inhibit neuronal apoptosis by regulating mitochon-
drial metabolism and promoting OXPHOS, preventing
Cytc release.

AD microglia require considerable energy to phago-
cytose AP. A strong positive correlation was observed
between increased ATP levels resulting from the micro-
glial OXPHOS pathway and enhanced AP phagocyto-
sis [28]. In the event of AP accumulation, an increase in
glycolysis at the expense of OXPHOS in the inflamma-
tory states results in a deficiency of energy production in
microglia [72], as well as the generation of excessive ROS,
which causes oxidative damage and cytotoxicity [73].
These results demonstrated that PBM increased ATP
levels and reduced ROS levels in LPS-induced microglia,
promoting energy metabolism and enhancing micro-
glial phagocytosis. In microglia of 5xFAD mice and AD
patients, the expression of HK2 is specifically elevated
[74]. This results in the conversion of pro-inflammatory
microglia to oxidative respiration and glycolysis, which
accelerate the development of inflammation [75]. The
results demonstrated that HK2 expression was markedly
elevated in both the inflammatory milieu and brains of
AD mice. Furthermore, PBM substantially reduced the
levels of HK2 during glycolysis and enhanced the mito-
chondrial energy metabolism. Moreover, there is an
interactive relationship between the activity of the gly-
colytic enzyme HK2 and microglial phagocytosis in AD
[76]. Pharmacological inhibition of HK2 can promote
microglial phagocytosis and improve memory impair-
ment in AD mice [74]. In addition, HK2 knockdown
inhibits microglia-mediated neuroinflammation [77].
The HK2 inhibitor 3BP was used, and it was observed
that both 3BP and PBM treatment reduced ROS content,
improved inflammatory factor expression in cells, attenu-
ated neuroinflammation, and promoted the ability of
microglia to phagocytose AP. Consequently, it has been
postulated that PBM treatment may promote microglial
phagocytosis, reduce neuroinflammation, and improve
AD by inhibiting HK2 expression.
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In addition to the AD in this study, PBM can be used
to treat other neurodegenerative diseases such as Parkin-
son’s [78], stroke [79], and epilepsy [80]. And PBM has
been shown to be useful for the treatment of eye diseases
[18] and bone injury repair [81]. Future research on PBM
therapy can focus on the following areas. In the study of
PBM treatment of ophthalmic diseases, it is necessary
to optimize the treatment parameters and explore the
long-term efficacy and safety. In terms of immune sys-
tem diseases, the specific mechanism and efficacy of its
regulation of immune function should be clarified. In the
treatment of tumors, it is necessary to study how light
affects the tumor microenvironment and immune cell
function. The application prospects of PBM therapy are
very broad. However, its clinical application is still lim-
ited. We describe this in the “Limitation” section.

Limitation

Studies have shown that NIR transcranial PBM has a
relatively strong transmittance through the mouse skull
(8%—25%) [13, 29]. Therefore, when we performed in vivo
experiments, we performed 808 nm NIR intervention
on AD mice after shaving their heads. Our experimen-
tal results confirmed that PBM was able to improve AD
pathology in mice. However, the transmission of tran-
scranial NIR through thicker human skulls is extremely
low, which is an important obstacle to its clinical trans-
lation. In addition to this, the effects of microglia on Ap
may be multifaceted, and in this study we only focused
on their phagocytic ability to AP and the effects of their
polarization state on neuroinflammation. Therefore,
there is insufficient evidence to confirm that PBM affects
microglia to directly alleviate cognitive deficits and
improve AD pathology. Further research is needed on the
specific molecular mechanism and clinical application of
PBM in the treatment of AD.

Conclusion

Our results confirm that PBM can improve cognitive
impairment and neurological damage in AD mice. In
addition, we found that PBM can restore mitochondrial
energy metabolism, promote oxidative phosphorylation,
inhibit glycolysis, and improve mitophagic dysbiosis. This
helps to inhibit neuronal apoptosis and regulate micro-
glial polarization, thereby reducing A burden and allevi-
ating pathology in AD mice. This work provides valuable
insights into the therapeutic effect and underlying mech-
anism of PBM on AD.
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