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Far infrared light irradiation enhances Aβ
clearance via increased exocytotic microglial
ATP and ameliorates cognitive deficit
in Alzheimer’s disease‑like mice
Qingyong Li1,2†, Jun Peng1†, Yuelian Luo1, Jiaxin Zhou1, Tailin Li1, Lin Cao1, Shuling Peng1, Zhiyi Zuo3,4* and
Zhi Wang1*

Abstract
Background: Exposure to sunlight may decrease the risk of developing Alzheimer’s disease (AD), and visible and
near infrared light have been proposed as a possible therapeutic strategy for AD. Here, we investigated the effects of
the visible, near infrared and far infrared (FIR) light on the cognitive ability of AD mice, and found that FIR light also
showed potential in the improvement of cognitive dysfunction in AD. However, the related mechanism remains to be
elucidated.
Methods: Morris water maze was used to evaluate the cognitive ability of APPswe/PSEN1dE9 double-transgenic
AD mice after light treatment. Western blot was carried out to detect the expression of protein involved in synaptic function and amyloid-β (Aβ) production. The protein amount of interleukin (IL)-1β, IL-6, Aβ1-40 and Aβ1-42 were
determined using enzyme-linked immunosorbent assay. The mRNA level of receptors was performed using real-time
quantitative polymerase chain reaction. Immunostaining was performed to characterize the Aβ burden and microglial
Aβ phagocytosis in the brain of AD mice. The Aβ phagocytosis of primary cultured microglia and BV2 were assessed
by flow cytometry. The energy metabolism changes were evaluated using related assay kits, including adenosine
triphosphate (ATP), lactate content, mitochondrial respiratory chain complex enzymatic activity and oxidized/reduced
nicotinamide adenine dinucleotide assay kits.
Results: Our results showed that FIR light reduced Aβ burden, a hallmark of AD neuropathology, alleviated neuroinflammation, restored the expression of the presynaptic protein synaptophysin, and ameliorated learning and memory
impairment in the AD mice. FIR light enhanced mitochondrial oxidative phosphorylation pathway to increase ATP
production. This increased intracellular ATP promoted the extracellular ATP release from microglia stimulated by Aβ,

†

Qingyong Li and Jun Peng contributed equally to this work

*Correspondence: zz3c@virginia.edu; wangzhi@mail.sysu.edu.cn
1

Department of Anesthesiology, Sun Yat-Sen Memorial Hospital, Sun Yat-Sen
University, No. 107 YanJiang West Road, Guangzhou 510289, Guangdong
Province, China
4
Department of Anesthesiology, University of Virginia Health System, 1
Hospital Drive, PO Box 800710, Charlottesville, VA 22908‑0710, USA
Full list of author information is available at the end of the article
© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Li et al. Journal of Neuroinflammation

(2022) 19:145

Page 2 of 20

leading to the enhanced Aβ phagocytosis through phosphoinositide 3-kinase/mammalian target of rapamycin pathways for Aβ clearance.
Conclusions: Our findings have uncovered a previously unappreciated function of FIR light in inducing microglial
phagocytosis to clean Aβ, which may be the mechanisms for FIR light to improve cognitive dysfunction in AD mice.
These results suggest that FIR light treatment is a potential therapeutic strategy for AD.
Keywords: Far infrared light, Alzheimer’s disease, Amyloid-β clearance, Microglial phagocytosis, Energy mechanism

Introduction
Alzheimer’s disease (AD) is the main cause of dementia
and the most common neurodegenerative disease in the
elderly, and is characterized by the presence of amyloid
plaques and neurofibrillary tangles and a progressive loss
in memory and cognitive function [1–3]. To date, there
is no disease process-modifying intervention for AD [4].
It is estimated that about 150 million people worldwide
will live with dementia in 2050 [3], which will be an enormous burden on the family, caregivers and society. Therefore, the prevention and treatment of AD are urgently
needed. One major theory is that the imbalance between
amyloid-β (Aβ) production and clearance results in the
accumulation and aggregation of Aβ, which lead to many
pathological processes in AD pathology, including neuroinflammation, oxidative stress and synaptic deficit [5, 6].
Therefore, it has been a focus to develop drugs that can
eliminate the effects of Aβ. In the past decades, a large
number of Aβ-related medications, such as semagacestat,
bapineuzumab and solanezumab, had been proceeded to
clinical trials but most of them failed to show beneficial
effects [7, 8]. Various explanations for these failures have
been suggested, including side effect, neuroinflammation
response and wrong medication doses [7, 8]. It should be
emphasized that these failures do not imply the fallacy
of Aβ hypothesis [9]. Most recently, the aducanumab,
an immunoglobulin G (IgG) 1 antibody targeting Aβ
aggregates, had been approved by the US Food and Drug
Administration for AD drug [10]. However, side effect
occurs in AD patients following aducanumab treatment
[11, 12]. Therefore, more effective and safe drugs or other
therapeutic strategies are urgently needed [13, 14].
The combination of genetic, environmental and lifestyle factors have been recognized to play an important role in AD progression [15]. Interestingly, it was
reported that exposure to sunlight was beneficial
with a decreased risk for dementia [16, 17]. Old people with non-melanoma skin cancer (NMSC) probably
caused by overexposure to the sunlight had a markedly
reduced risk of developing AD as compared to whom
without NMSC [18, 19]. These reports suggest that sunlight may have a great potential in the treatment of AD.
So far, pharmacological therapeutic strategies have not
taken advantage of the brain’s endogenous Aβ clearance

mechanisms [14]. As the resident immune cells in the
brain, microglia are able to carry out Aβ clearance [20,
21]. However, the Aβ phagocytic capacity of microglia decreases during AD progression, resulting in Aβ
accumulation and therefore contributing to neurodegeneration [22]. To date, very little is known on how to
manipulate these cells for enhanced Aβ clearance due
to the lack of noninvasive methods [14]. It is worthwhile mentioning that sunlight, especially the infrared light, has transcranial potential [23]. Based on the
findings of its beneficial effects on AD, sunlight exposure probably has a protective effect on the brain cells,
including microglia.
The studies on using visible and near infrared light have
suggested that these non-pharmacological and noninvasive treatments have the potential to improve AD due to
their ability to alleviate pathology and cognitive dysfunction in AD mice [23–26]. As we know, sunlight has three
major components: ultraviolet light, visible light and
infrared radiation [27], and these lights also have multiple
sub-divisions, such as near infrared light, middle infrared
light and far infrared light. What sub-division of sunlight
is beneficial in ameliorating cognitive dysfunction in AD
remains largely elusive. Thus, we decided to investigate
the effects of the visible light (λ = 500 nm), near infrared
light (λ = 800 nm) and far infrared light (λ = 3–25 µm)
on the cognitive ability of AD mice, and found that far
infrared light also showed potential in the improvement
of cognitive dysfunction in AD.
Of note, far infrared light has been reported to exert
beneficial biological effects on animal and human [28,
29], as well as on many types of cells, including vascular
endothelium, nerve, neuroblastoma, renal tubular cells
and β-cells [30–34], and has the ability to improve mitochondrial function [32–34]. Mitochondria play an important role in the energy generation, and microglial Aβ
phagocytosis has a high energy demand [35]. Thus, we
hypothesized that far infrared light had beneficial biological effects on microglia, including improved mitochondrial energy metabolism and enhanced Aβ phagocytosis.
To test this hypothesis, the AD-related neuropathology
and biological responses of microglia in AD mice as well
as the effect of mitochondrial energy metabolism on
microglial Aβ phagocytosis were investigated.
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Materials and methods
Animals

The APPswe/PSEN1dE9 double-transgenic (amyloid precursor protein (APP)/presenilin 1 (PS1)) AD mice and
their littermate wild-type (WT) mice were obtained from
Nanjing Biomedical Research Institute of Nanjing University (Nanjing, China). These mice were housed in specific pathogen-free environment with a 12-h light/12-h
dark cycle. Mouse was caged singly and allowed to have
food and water ad libitum. All experimental animal procedures were approved by the Institutional Animal Care
and Use Committee (Approval No.: IACUC-2018091807) and the Laboratory Animal Ethics Committee of
Jinan University.
Light irradiation treatment

At the age of 8.5 months, APP/PS1 mice were randomly
distributed to the following groups: sham treatment
group, the visible light (λ = 500 nm) treatment group
(VIS light-treated APP/PS1 mice), the near infrared light
(λ = 800 nm) treatment group (NIR light-treated APP/
PS1 mice), and the far infrared light (λ = 3 to 25 μm)
treatment group (FIR light-treated APP/PS1 mice). The
mice in the VIS and NIR light treatment groups were
irradiated with customized light-emitting diode (LED)
based illuminating lamps (SD, Xuzhou Aijia Electronic
Technology Co., Ltd, China). The two lamps contained
the LEDs with the specific wavelength of 500 ± 10 nm
and 800 ± 10 nm, respectively. The mice in the FIR light
treatment group were irradiated with the FIR light emitter (JF-802, Guangdong Junfeng BFS Technology Co.,
Ltd, China), a ceramic FIR light generator that can emit
infrared light with the wavelength range from 3 to 25 μm.
A wild-type (WT) mouse group was also included. Mice
in all groups were allowed free feeding during light irradiation that was for 60 min at 0.13 mW/cm2 per day for
1.5 months.
Morris water maze

After 5-week treatment with different lights (VIS, NIR
and FIR), all mice were subjected to Morris water maze
behavior test under specific pathogen-free environment. The Morris water maze apparatus consisted of a
circular pool with a diameter of 120 cm and a height of
50 cm, and water was injected into the pool. The camera that connected to a computer was located just above
the tank, which was used to record the movement of
mice. An appropriate amount of non-toxic protein powder was added into water to facilitate this recording. The
pool temperature was maintained at 20–22 °C, and the
water surface was divided into four quadrants and twelve
zones. The water maze test was divided into two parts:
the first is the training trial section (navigation stage
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of water maze), and the second is the spatial probe test
(space memory stage). In the training trial, the target
platform (8 cm in diameter, 20 cm in height) was located
in the center of zone 2, zone 6 and zone 10 in the second
quadrant, and the water surface was 1 cm higher than
the target platform, so that the mice could not see the
platform. The experimental parameters were as follows:
swimming time (60 s) and residence time on target platform (3 s). During the water maze training trials, mice
were placed into the water in accordance with the east
and west directions. After mouse facing the pool wall was
placed into the water, the time required to find the target platform was recorded, namely escape latency. Mice
were allowed to stand on the target platform for 10 s.
However, if mice were unable to find the target platform
within 60 s, they were manually guided to find the target
platform, and allowed to stay on it for 15 s. Each training
cycle was done for 4 times and for 7 continuous days. In
the spatial probe test that was 24 h after the last training
trial, the target platform was removed. Mice were placed
into the water again and observed for 60 s. The number
of entries into effective zones to find the target platform
was recorded to reflect the spatial memory of mice.
Immunostaining

After the behavioral tests, the brains of the mice were
harvested and bisected longitudinally. The left hemisphere was frozen at − 80 °C for further biochemical
study. The right hemisphere was soaked in 4% paraformaldehyde solution for 24 h. Subsequently, they were
immersed in 10%, 20% and 30% sucrose solutions each
for 24 h and then stored in Tissue-Tek OCT compound
at − 20 °C. Coronal 30-μm-thick sections from the right
hemisphere were cut by a cryostat. The sections were
washed with phosphate buffered saline (PBS).
For immunohistochemistry, the activity of endoperoxidase was blocked by 3% H2O2. Antigen retrieval with
citric acid buffer (pH 6.0) was performed at 95 °C for
10 min. After washed with PBS, sections were incubated
with 0.3% Triton X-100 and 5% donkey serum for 60 min
at room temperature. The sections were then incubated
with mouse anti-Aβ antibody (1:10,000, Sig-39300, Biolegend) overnight at 4 °C. Sections were then washed with
PBS containing 0.3% Triton X-100 and incubated with
goat anti-mouse/rabbit IgG conjugated with horseradish
peroxidase (Universal kit, PV-600, Zhongshan Jinqiao,
Beijing, China) at room temperature for 30 min. After
being washed with PBS, sections were incubated with
hydrogen peroxide (DAB kit, Zhongshan Jinqiao) and
co-stained with hematoxylin [E803FA0003, Sangon Biotech (Shanghai) Co., Ltd, China] at room temperature for
5 min. Images were captured using a Nikon microscope
(Nikon Ni-U).
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For immunofluorescent staining, after being blocked
with 0.3% Triton X-100 and 5% donkey serum at room
temperature for 60 min, sections were then incubated
at 4 °C overnight with the following primary antibodies:
mouse monoclonal anti-Aβ (6E10) antibody (1:10,000,
Sig-39300, Biolegend), rabbit polyclonal anti-ionized
calcium binding adapter molecule 1 (Iba1) (1:1000, 019–
19741, Wako) or rat polyclonal anti-cluster of differentiation (CD) 68 (1:2000, ab53444, Abcam). After rinsed
with PBS containing 0.3% Triton X-100, the sections were
incubated at room temperature for 2 h with fluorescent
secondary antibodies: donkey anti-mouse IgG antibody
conjugated with Alexa Fluor 488 (1:200, A21202, Invitrogen), donkey anti-rat IgG antibody conjugated with Alexa
Fluor 488 (1:200, A21208, Invitrogen), donkey anti-rabbit
IgG antibody conjugated with Alexa Fluor 555 (1:200,
A31572, Invitrogen) or donkey anti-mouse IgG antibody
conjugated with Alexa Fluor 647 (1:200, A31571, Invitrogen). Afterwards, the sections were incubated with
4′,6-diamidino-2-phenylindole (DAPI, C0065, Solarbio)
for 10 min to stain the nuclei. Images were acquired using
a ZEISS microscope (ZEISS Imager A2) or ZEISS confocal microscope (ZEISS LSM 800 with airyscan).
Enzyme‑linked immunosorbent assay

The protein amount of interleukin (IL)-1β, IL-6, Aβ140 and Aβ1-42 in the cerebral cortex were determined by
using enzyme-linked immunosorbent assay kits (catalog
No. E-EL-M0037c for IL-1β, catalog No. E-EL-M0044c
for IL-6, catalog No. E-EL-H0542c for Aβ1-40, catalog No.
E-EL-H0543c for Aβ1-42, Elabscience) according to the
manufacturer’s instruction. Briefly, small pieces of the
cerebral cortex of mice were collected. The tissue was
then homogenized in PBS on ice with protease inhibitor
cocktail for general use (P1005, Beyotime). Subsequently,
the homogenates were centrifuged at 5000g for 8 min
at 4 °C. The amount of IL-1β, IL-6, Aβ1-40 and Aβ1-42 in
the supernatant was then determined. For the Aβ1-40 and
Aβ1-42, after the PBS soluble fraction in the supernatant
were collected, the pellets were further resuspended with
guanidine hydrochloride (5 M) to extract the PBS-insoluble Aβ fraction as previously reported [36]. The final level
of IL-1β, IL-6, Aβ1-40 and Aβ1-42 was then normalized to
its protein content determined by a BCA protein assay kit
(P0010, Beyotime).
Western blot

The level of synaptic proteins from the hippocampus
and key molecules involved in Aβ production from cerebral cortex were determined by using Western blot as
previously described with slight modifications [37, 38].
The tissues were homogenized in the radio immunoprecipitation assay lysis buffer (CW23335, CWBIOTECH)
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by using 1-mL insulin syringe on ice with protease
inhibitor cocktail for general use. Homogenates were
centrifuged at 12,000g at 4 °C for 15 min. The supernatant was used for Western blot. The protein content of each sample was firstly determined, and twenty
microgram protein per lane was electrophoresed on a
10% polyacrylamide gel and then transferred to a polyvinylidene fluoride membrane. The membrane was
blocked by 5% nonfat milk at room temperature for
60 min and then incubated at 4 °C overnight with the
following primary antibodies: mouse monoclonal antipostsynaptic density protein-95 (PSD-95) antibody
(1:1000, 75-028, NeuroMab), mouse monoclonal antisynaptophysin (1:1000, MABN1193, EMD Millipore),
rabbit polyclonal anti-APP (1:1000, AF6219, Beyotime),
mouse monoclonal anti-Aβ (6E10) antibody that also
recognized soluble APPα (sAPPα) (1:10,000, Sig-39300,
Biolegend), rabbit polyclonal anti-nicastrin (1:1000,
14071-1-AP, Proteintech), rabbit polyclonal anti-betasite-APP cleaving enzyme 1 (BACE1) (1:1000, AF6273,
Beyotime), rabbit polyclonal anti-PS1 (1:1000, 161631-AP, Proteintech), or rabbit monoclonal anti-β-actin
(1:1000, 8457 s, Cell Signaling Technology). After being
washed with Tris-buffered saline Tween (Catalog No:
T1081, Solarbio), the membranes were then incubated
with corresponding secondary antibodies at room
temperature for 2 h. The signal of protein band was
visualized using NcmECL Ultra (Catalog No: P10200,
Ncmbiotech). The protein band intensity of these proteins was normalized to the corresponding band intensity of β-actin from the same sample.
Aβ plaque‑associated microglial analysis

The quantification of Aβ plaque-associated microglia was
similar to the previously reported method with minor
modification [39]. Within 20 μm range from the edge of
an Aβ plaque, the number of Iba1 staining positive cells
was manually counted, which were performed by a person who was blind to group assignments. At least 100
plaques in the cerebral cortex region and 40 plaques in
the hippocampus per group were quantified. For further analysis, plaques were divided into several groups
according to their sizes (< 300, 300 to 600, 600 to 1200
and > 1200 µm2). The percentage of microglial C
 D68+
area was expressed as the co-staining area of Iba1+ and
CD68+ divided by the total Iba1+ area. To further analyze
the proximal interaction of microglia with Aβ plaque, the
percentage of the co-staining area of 6E10+ and Iba1+
in total 6E10+ area was calculated. The co-staining area
of 6E10+, CD68+ and Iba1+ divided by the total 6E10+
area was calculated to analyze the proximal interaction of
CD68+ cells with Aβ plaque.
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Primary microglial culture

Primary microglial cultures were performed as previously described with slight modifications [40, 41]. Briefly,
C57BL/6 mouse at postnatal 0 to 3 days was quickly
immersed in 75% ethanol for disinfection process, and
then the entire brain tissue was carefully removed with a
sterile spatula. The olfactory bulbs, cerebellum and hind
brain were dissected away, and the meninges were also
removed. Subsequently, the cortical tissues were harvested, transferred to a 35-mm petri dish containing 2 mL
Hanks’ Balanced Salt Solution and minced into approximately 1 × 1 mm pieces by using sterile surgical scissors.
The minced tissues were mechanically dissociated into
suspension with a 1 mL pipette, and then filtered into a
50-mL conical tube by using a 40-μm mesh filter. The filtrated cell suspension was then transferred into a polyl-lysine-coated T75 flask and cultured with Dulbecco’s
modified Eagle’s medium (C1995500BT, Gibco) supplemented with 10% fetal bovine serum (SFBE, Natocor).
After 3 days, medium was changed to that composed of
25 ng/mL granulocyte–macrophage colony-stimulating
factor (415-ML-010, R&D system) and 10% fetal bovine
serum. After being cultured for 12–14 days, microglial
cells on top of the mixed glial cell layer were harvested by
shaking the culture flask and were used for further experiment when their purity evaluated by Iba1 staining was
over 95% (Additional file 1: Fig. S1A and S1B).
Phagocytosis assay

The microglial phagocytosis of Aβ was analyzed similarly to a previously reported method with slight modifications [42]. Briefly, fluorescein amidite-labeled Aβ1-42
(FAM-Aβ1-42) (AS-23525, Anaspec) was first aggregated
at 37 °C for 24 h with agitation. Microglia were seeded
in the 6-well plates at a density of 1 × 105 cells/cm2 (primary cultured microglia) or 5 × 104 cells/cm2 (BV2 cells)
and then cultured in medium containing 25 mM or
0.1 mM glucose overnight. In some experiments, primary
cultured microglia were pre-incubated with 2-deoxyD-glucose (2-DG) (5 mM, 2 h), antimycin A (0.5 μM,
2 h), suramin (100 μM, 30 min), apyrase (2 U/mL, 2 h),
wortmannin (500 nM, 30 min) or rapamycin (100 nM,
30 min). After the cells were pretreated with FIR light
(the same FIR light emitter used in the animal irradiation experiments mentioned above) at 0.13 mW/cm2 for
1 h, the aggregated FAM-Aβ1-42 was added into the culture medium with a final concentration of 0.8 μg/mL. The
primary cultured microglia were continuously treated
with FIR light at 0.13 mW/cm2 for an additional 3 h (irradiation of 1 h and then free-irradiation of 10 min, three
cycles). As a negative control, the phagocytosis inhibitor cytochalasin D (10 µM, 11330, Cayman) was added
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for 30 min before the addition of FAM-Aβ1-42. Then
FAM-Aβ1-42-containing cultured medium was removed
and cultures were washed three times with PBS. Subsequently, the fluorescent images were randomly captured
in five fields for each well by using an OLYMPUS microscope (OLYMPUS, IX71). For fluorescent intensity detection by flow cytometry, primary cultured microglia were
digested with 0.25% trypsin-ethylenediaminetetraacetic
acid (25200056, Gibco), centrifuged at 500g for 5 min at
4 °C and washed with PBS for three times. For the microscopic images, the green fluorescent intensity of internalized FAM-Aβ1-42 in each well, which was captured
under a green fluorescent protein channel, was quantified based on the mean of fluorescent intensity from five
random fields by using ImageJ 1.52n. The results of five
images were averaged to reflect the phagocytosis activity of the cells in the well. In the case of detection by
flow cytometry, the green fluorescent intensity of internalized FAM-Aβ1-42 from 10,000 cells in each sample
was recorded under a fluorescein isothiocyanate (FITC)
channel and then was expressed as the FITC mean for
each sample. These measurements were performed by a
person who was blind to group assignments. Finally, the
green fluorescent intensity of treated samples was normalized to the mean fluorescent intensity of the control
group without FIR light treatment.
Intracellular and extracellular adenosine triphosphate
measurements

Primary cultured microglia (3 × 105) or mouse microglial cells line BV2 (1.5 × 105) suspended in 1 mL medium
containing 25 mM or 0.1 mM glucose were added to the
12-well plate overnight. In some experiments, the cells
were pre-incubated with 2-DG (5 mM, 2 h), antimycin
A (0.5 μM, 2 h), or apyrase (2 U/mL, 2 h). The medium
was replaced with that containing vehicle or Aβ1-42
(0.1642 μM). Then the cell cultures were irradiated with
FIR light at 0.13 mW/cm2 for 1 h or 3 h (irradiation of
1 h and then free-irradiation of 10 min, three cycles). For
the intracellular adenosine triphosphate (ATP) measurements, the medium was removed and then the cells were
washed with PBS. 100 uL ATP lysis solution (S00264, Beyotime) was added to the cells for 15 min under
shaking condition. The lysis solution was collected and
centrifuged at 12,000g for 5 min at 4 °C, and then the
supernatants were collected for ATP measurement by
using an ATP assay kit (S0026, Beyotime). For the extracellular ATP measurements, the medium was collected
and centrifuged at 500g for 5 min at 4 °C. The supernatants were collected for ATP measurement by using an
enhanced ATP assay kit (S0027, Beyotime). The final level
of intracellular and extracellular ATP was then normalized to their cellular protein content.
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Lactate dehydrogenase cytotoxicity assay

Lactate dehydrogenase (LDH) activity was determined
by using LDH cytotoxicity assay kit (C0017, Beyotime)
as done previously with slight modification [37]. Briefly,
primary cultured microglia suspended in 0.5 mL were
added to the 24-well plate overnight. The culture
medium was replaced with that containing vehicle or
Aβ1-42 (0.1642 μM), followed by treatment with FIR
light at 0.13 mW/cm2 for 1 h. The medium collected
from 24-well plates at the end of experiments were centrifuged at 500g for 5 min at 4 °C and 120 μL of cellfree supernatant was transferred to 96-well plate. After
removal of the medium from 24-well plates, 1% Triton
X-100 lysing solution was added to the remaining cells
and incubating for 15 min under shaking condition.
Then the 1% Triton X-100 lysing solution was centrifuged at 12,000g for 5 min at 4 °C and 120 μL supernatant was transferred to 96-well plate for LDH activity
measurement. The final percentage of LDH released to
the medium was calculated as follows: spontaneously
released LDH in the medium/(spontaneously released
LDH in the medium + intracellular LDH released by 1%
Triton X-100) × 100.
Real‑time quantitative polymerase chain reaction analysis

The total RNA was isolated from primary cultured
microglia treated as indicated in the text using an RNAQuick Purification kit (RN001, Yishan). Total RNA
at 500 ng was reversely transcribed into the cDNA
using Hifair® III 1st Strand cDNA Synthesis SuperMix for quantitative polymerase chain reaction (qPCR)
(gDNA digester plus) kit (11141ES60, Yeasen). Realtime qPCR was performed using a Hieff UNICON®
qPCR SYBR Green Master Mix kit (11198ES08, Yeasen)
and achieved on 480 LightCycler (Roche). The primer
sequences are listed in Additional file 1: Table S1. The
mRNA level of these genes was normalized to that of
β-actin from the same sample.
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Enzymatic activity of mitochondrial respiratory chain
complex

Microglial mitochondrial respiratory chain complex I
(BC0515, Solarbio), II (BC3235, Solarbio), III (BC3245,
Solarbio), IV (BC0945, Solarbio) and ATP synthase
(BC1445, Solarbio) activities were performed using corresponding assay kits according to the manufacturer’s
instruction with slight adjustments. Briefly, at least
1.2 × 107 BV2 cells treated with or without FIR light at
0.13 mW/cm2 for 1 h were collected. After the medium
were removed, 1 mL extract buffer was added to each
sample, and homogenized on ice with a homogenizer.
Subsequently, the homogenates were centrifuged at 500g
for 5 min at 4 °C. The supernatants were transferred to
another centrifugal tube, and centrifuged at 11,000g for
10 min at 4 °C. After the supernatants were removed,
400 μL extract buffer were added and these homogenates
were then subjected to the ultrasonic lysis (power 52 W,
ultrasonic 5 s, interval 10 s, for 15 times). The supernatant is used for mitochondrial respiratory chain complex
activity determination. Finally, the enzymatic activity of
these complexes was normalized to its protein content.
NAD+ level and ratio of N
 AD+/NADH

The oxidized nicotinamide adenine dinucleotide
(NAD+) content and the ratio of N
 AD+/reduced NAD
(NADH) were measured using NAD+/NADH assay kit
with WST-8 (S0175, Beyotime) according to the manufacturer’s instruction. Briefly, 1 × 106 BV2 cells treated
with or without FIR light at 0.13 mW/cm2 for 1 h were
collected. The medium was removed and the cells were
washed with PBS. NAD+/NADH extract buffer at 200
μL was added and gently pipetting to promote cell lysis.
After that, the cell lysate was collected and centrifuged
at 12,000g at 4 °C for 5 min, and the supernatant was
used for the NAD+ content and the ratio of N
 AD+/
+
NADH determination. The NAD content was finally
normalized to its protein content.
Statistical analysis

Measurement of lactate

The intracellular lactate content was measured using a
lactate colorimetric assay kit (E-BC-K044-M, Elabscience) according to the manufacturer’s instruction. Briefly,
5 × 105 primary cultured microglia treated with or without FIR light at 0.13 mW/cm2 for 1 h were collected. The
medium was removed and the cells were washed with
PBS. PBS at 200 μL was added and cells were homogenized on ice. After that, the homogenates were centrifuged at 10,000g at 4 °C for 10 min. The supernatant was
used for the lactate measurement. The lactate content
was finally normalized to its protein content.

All data were expressed as means ± standard error of
the mean (SEM). The statistical analysis of results was
performed by using GraphPad Prism version 8.0. The
significant difference was assessed by unpaired t test,
one-way or two-way analysis of variance (ANOVA) followed by Turkey’s or Dunnett multiple comparisons
test. The data of training sessions in the Morris water
maze test, Aβ phagocytosis of microglia or intracellular ATP level of microglia treated with FIR light and
cytochalasin D, or cultured in the medium containing antimycin A and different concentrations of glucose were analyzed by two-way repeated measures
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ANOVA. A p value < 0.05 was considered statistically
significantly different.

Results
FIR light ameliorated cognitive dysfunction of AD mice

The time-course of the in vivo experiments is shown in
Fig. 1A. The Morris water maze test consisted of two
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stages: training trials and spatial probe test (Fig. 1B). WT
mice took a shorter time than APP/PS1 mice to find the
platform in the training trials of the test (Fig. 1C). This
impaired learning in the APP/PS1 mice was improved
by the treatment of various wavelengths of light [F (4,
203) = 4.113, p = 0.0032]. Interestingly, mice in different
groups during training stage had an increase in escape

Fig. 1 FIR light ameliorated learning and memory deficit of AD mice. A Timeline of treatment with visible light (VIS), near infrared light (NIR) and far
infrared light (FIR) on APP/PS1 mice. B Representative tracking routes of mice in training trials and spatial probe test. C The escape latency of mice
to find the platform during training trials. D The number of entries in the zones around platform. E The mean swimming speed of mice. Data were
means ± SEM, n = 5–8, *p < 0.05 compared to APP/PS1 mice without light treatment. N.S., not significant
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latency on one day compared to that on the prior day.
For instance, VIS and NIR light-treated APP/PS1 mice
had an increased escape latency on day 3 compared with
that on day 2, and FIR light-treated APP/PS1 mice had an
increase in escape latency on day 4 compared with that
on day 3. This phenomenon was found in other studies
[43–45]. Although this phenomenon can result in statistical difference in the performance of mice between different treatment groups, there was no significant difference
(p = 0.1837) in the escape latency on day 7 between NIR
and FIR light-treated mice. Compared to APP/PS1 mice
without treatments, FIR light-treated but not VIS lightor NIR light-treated APP/PS1 mice had more entries
into the zones around the platform in the spatial probe
test (Fig. 1D). Notably, there was no difference in swimming speed among WT mice and APP/PS1 mice treated
with or without various lights (Fig. 1E). These results suggested that FIR light improved the spatial memory of AD
mice and later studies were thereby focused on the effects
of FIR light on AD mouse brain.
FIR light reduced Aβ burden in the brain of AD mice

Aβ pathology is one of the most distinctive hallmarks of
AD, and these Aβ accumulation and deposition in the
brain would result in a series of subsequent pathological
events, including neuroinflammation, impaired neuronal
function and cognitive dysfunction for AD progression
[6, 46]. We next determined whether FIR had an beneficial effect on the alleviation of Aβ burden in the brain
of AD mice. Compared to WT mouse, APP/PS1 mouse
exhibits abundant Aβ plaque in both cerebral cortex
and hippocampus (Fig. 2A). A significant reduction of
Aβ plaque in these brain areas of the FIR light-treated
APP/PS1-mice was found compared to the APP/PS1
mice (Fig. 2B–E). The levels of Aβ1-40 and Aβ1-42 in the
PBS and guanidine hydrochloride fractions from cerebral
cortex were markedly lower upon the FIR light treatment
(Fig. 2F and G). These results indicate that FIR light significantly reduces Aβ level, resulting in decreased Aβ
load in the brain of APP/PS1 mice.
We next determined whether FIR light alleviated neuroinflammation in the AD mice. As shown in Additional
file 1: Fig. S2A and S2B, the proinflammatory factors
including IL-1β and IL-6 were significantly higher in the
APP/PS1 mice compared to WT mice. However, they
were markedly reduced in the FIR light-treated APP/PS1
mice. In addition, we examined the expression of preand post-synaptic proteins including synaptophysin and
PSD-95 due to their pivotal role in regulating synaptic
plasticity, which closely correlates with neuronal function and cognitive functions [47, 48]. Western blot results
showed that the level of PSD-95 did not exhibit significant changes in APP/PS1 mice compared with WT mice
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(Additional file 1: Figs. S3A and S3B). However, the level
of synaptophysin was significantly decreased in the APP/
PS1 mice compared to the WT mice, but this decrease
was attenuated in the APP/PS1 mice treated with FIR
light (Additional file 1: Figs. S3A and S3C). These results
suggest that FIR light effectively reduces Aβ burden and
neuroinflammation and restore the expression of synaptophysin in the brain of AD mice.
FIR light did not influence the Aβ production but enhanced
microglial Aβ phagocytosis

The Aβ accumulation and aggregation are mainly resulted
from the imbalance of Aβ production and clearance [5].
Given the finding that FIR light was able to reduce the
Aβ burden in the brain of AD mice, we asked whether
FIR light could decrease Aβ production or increase Aβ
clearance. We first examined a series of key molecules
that are implied in the production of Aβ. The Western
blot results showed that there was no significant change
in the protein expression of amyloid precursor protein
[APP full length (APPfl)], and APP processing secretases,
including BACE1, and γ-secretase complex composed of
nicastrin and PS1, between control and FIR light-treated
APP/PS1 mice (Fig. 3A–F), suggesting that FIR light did
not influence the process of Aβ production. Accordingly,
we speculated that FIR light reduced Aβ burden through
the clearance pathway. As the resident immune cells in
the brain of AD, microglia are responsible for the clearance of Aβ [49]. In the present study, numerous microglia
were recruited to the Aβ plaques (Fig. 3G). In the cortical region, FIR light enhanced the recruitment of microglia surrounding the Aβ plaques (Fig. 3H and Additional
file 1: Fig. S4A). The number of microglia surrounding
the Aβ plaques was increased with an increased size of
Aβ plaque and FIR light increased the number of microglia no matter which size of Aβ plaque was considered
(Additional file 1: Fig. S4B). Similar results were observed
in the hippocampus (Additional file 1: Fig. S4C–S4E).
To investigate whether the microglia surrounding the
plaques could engulf Aβ to achieve Aβ clearance, coimmunostaining of Iba1, CD68 and Aβ was carried out,
and the C
 D68+ microglial phagosomes and internalized
Aβ were quantified. The results showed that the microglia around the Aβ plaque expressed the phagocytic
marker CD68 (Fig. 3I). Compared to the microglia in the
control APP/PS1 mice, the microglia in the FIR lighttreated APP/PS1 mice had a significant increase in CD68
expression (Fig. 3J). In addition, the interaction between
microglia and Aβ was enhanced due to the increase in
their contact area and phagocytic area in the FIR lighttreated APP/PS1 mice (Additional file 1: Figs. S4F and
3 K), suggesting that FIR light enhanced microglial Aβ
phagocytosis and clearance.
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Fig. 2 FIR light treatment ameliorated Aβ deposition in the cortex and hippocampus. A Representative images of Aβ (6E10) staining in the cerebral
cortex and hippocampus from WT, APP/PS1 and FIR light-treated APP/PS1 mice. B Percentage of Aβ plaque area in the cerebral cortex (n = 4). C Aβ
plaque density in the cerebral cortex (n = 4). D Percentage of Aβ plaque area in the hippocampus (n = 4). E Aβ plaque density in the hippocampus
(n = 4). F The levels of Aβ1-40 and Aβ1-42 in the PBS fractions from the cerebral cortex (n = 5). G The levels of Aβ1-40 and Aβ1-42 in the guanidine
hydrochloride fractions from the cerebral cortex (n = 5). Data were means ± SEM, *p < 0.05, **p < 0.01. ND: not detected

To further confirm whether FIR light could enhance
microglial Aβ phagocytosis, mouse primary cultured
microglia were used to assess FAM-Aβ1-42 uptake. The
co-immunostaining results showed that microglia could
engulf FAM-Aβ1-42 (Fig. 3L), and FIR light markedly
enhanced the microglial capacity to engulf FAM-Aβ1-42
(Fig. 3M), which was accompanied by an increased

mRNA level of putative microglial phagocytic receptors, including triggering receptor expressed on myeloid
cells 2 (Trem2), Toll-like receptor (TLR) 2, TLR4, CD14,
integrin alpha M (Itgam), scavenger receptor class B type
1 (Scarb1) and Mer receptor tyrosine kinase (MerTK)
(Additional file 1: Fig. S4G). However, this enhanced
phagocytic effect was almost abolished in the present of
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the phagocytic inhibitor cytochalasin D (Fig. 3M), which
was verified by measurements with the flow cytometry
(Additional file 1: Figs. S4H and S4I). These results were
in agreement with the findings that FIR light was able to
significantly enhance Aβ phagocytosis of microglia in the
APP/PS1 mice.
FIR light promoted ATP production involved
in the enhanced microglial Aβ phagocytosis

Since microglial phagocytosis requires dynamic reorganization of the actin cytoskeleton, a substantial amount
energy is necessary [50]. We observed that the decreased
intracellular ATP level in the microglia cultured in glucose-free medium or pretreated with the glycolytic inhibitor 2-DG was accompanied by decreased microglial Aβ
phagocytosis (Additional file 1: Fig. S5A–S5D), indicating that intracellular ATP may play a pivotal role in the
microglial Aβ phagocytosis. Recent studies on other
types of cells treated with FIR light show improvement
in mitochondrial function [32–34], which can promote
energy metabolism. Accordingly, we asked whether FIR
light could promote microglial energy metabolism and
consequently enhanced microglial Aβ phagocytosis. As
shown in Fig. 4A, we observed that intracellular ATP was
markedly increased in microglia upon Aβ stress. Intracellular ATP level in the Aβ-induced microglia was further
elevated with FIR light treatment (Fig. 4A). We found
that FIR light could increase the intracellular ATP even
without Aβ stress (Fig. 4B).
Tricarboxylic acid (TCA) cycle coupling with mitochondrial oxidative phosphorylation (OXPHOS) was
the major pathway to produce ATP. To further investigate the relationship between the increase in the intracellular ATP and the enhancement in the microglial Aβ
phagocytosis after FIR light treatment, the mitochondrial
OXPHOS inhibitor antimycin A was used to reduce ATP
production (Fig. 4C). This reduced ATP production was
accompanied by the compromised FIR light-enhanced
microglial Aβ phagocytosis (Fig. 4D) and the decreased
intracellular ATP even under Aβ stress (Fig. 4E). Since
glucose concentration in cultured medium influences
the ATP production in cells [51, 52], we tried to change
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intracellular ATP in the microglia by culturing them in
medium containing different glucose concentrations to
further investigate the relationship between intracellular ATP and microglial Aβ phagocytosis under the condition without FIR light treatment. The results showed
that increased intracellular ATP in microglia cultured
in the medium containing 0.1 mM glucose was accompanied by enhanced microglial Aβ phagocytosis, as
compared to that of microglia cultured in the medium
containing 25 mM glucose (Fig. 4F and G). Decreased
intracellular ATP was found in microglia cultured in the
medium containing antimycin A, which was associated
with decreased microglial Aβ phagocytosis (Fig. 4F and
G). This intracellular ATP change was not altered even
under Aβ stress (Fig. 4H). Interestingly, upon the antimycin A pretreatment, the intracellular ATP was further decreased in the microglia cultured in the medium
containing 0.1 mM than 25 mM glucose, which was
associated with more compromised Aβ phagocytosis by
microglia (Fig. 4F–H). These results clearly suggest the
important role of intracellular ATP in the microglial Aβ
phagocytosis. These findings also suggest that FIR light
promotes ATP production and such an increase in ATP
was involved in the enhanced Aβ phagocytosis of microglia treated with FIR light.
FIR light enhanced microglial Aβ phagocytosis
through increased ATP release due to increased ATP
production

Previous study has shown that microglia would release
ATP responding to the Aβ stress [53]. ATP has been
recently reported to modulate microglial Aβ phagocytosis [54]. In the present study, microglia showed increased
extracellular ATP level when stimulated by Aβ (Fig. 5A),
and this Aβ-induced increase was further elevated when
microglia was exposed to the FIR light (Fig. 5A). To rule
out the possibility that ATP release caused by Aβ or Aβ
plus FIR light was due to microglial lysis, medium was
analyzed for LDH release at the end of experiments. The
results exhibited that Aβ or Aβ plus FIR light did not significantly cause microglial LDH release (Additional file 1:

(See figure on next page.)
Fig. 3 FIR light did not influence the Aβ production but enhanced microglial Aβ phagocytosis. A The Western blot analysis of key molecules
involved in the process of Aβ production. Expression level of B APPfl, C sAPPα, D Nicastrin, E BACE1 and F PS1 (n = 5 per group). G Representative
images of Aβ (6E10, red), microglia (Iba1, green) and nuclei (DAPI, blue) co-staining from APP/PS1 treated with or without FIR light. H Quantification
of microglial cells within 20 μm from the Aβ plaque boundary (n = 102 to 103 plaques per group) in the cerebral cortex. I Representative images of
Aβ (6E10, white), microglia (Iba1, red), phagosome (CD68, green) and nuclei (DAPI, blue) co-staining in the cerebral cortex of APP/PS1 mice treated
with or without FIR light. J Quantification of the percentage of phagosome area in Iba1 positive area (n = 49–52 per group). K Quantification of
the percentage of 6E10+/CD68+/Iba1+ co-staining area normalized to the total 6E10+ area (n = 49–52 per group). L Representative images of the
uptake of FAM-Aβ1-42. M Image quantification of the corresponding fluorescent intensity of FAM-Aβ1-42 engulfed by microglia (n = 6 per group).
Data were means ± SEM, ***p < 0.001. N.S., not significant. CytoD: cytochalasin D
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Fig. 4 Increased ATP production was involved in the FIR light-enhanced microglial Aβ phagocytosis. A Intracellular ATP of microglia under different
conditions. B Intracellular ATP of microglia exposed to FIR light. Upon the FIR light treatment, C before Aβ phagocytosis, intracellular ATP of
microglia treated with antimycin A or not, D Aβ phagocytosis of microglia treated with antimycin A or not, E after Aβ phagocytosis, intracellular ATP
of microglia treated with antimycin A or not. Upon the treatment with antimycin A or not, F before Aβ phagocytosis, intracellular ATP of microglia
cultured in medium containing glucose of 25 mM and 0.1 mM, respectively, G Aβ phagocytosis of microglia cultured in medium containing glucose
of 25 mM and 0.1 mM, respectively, H after Aβ phagocytosis, intracellular ATP of microglia cultured in medium containing glucose of 25 mM and
0.1 mM, respectively. Data were means ± SEM, n = 6, *p < 0.05, **p < 0.01, ***p < 0.001. AA: antimycin A
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Fig. 5 FIR light enhanced microglial Aβ phagocytosis through increased microglial extracellular ATP release. A Extracellular ATP of microglia
under different stimulation conditions. Without Aβ stimulation, extracellular ATP of microglia cultured in B medium containing glucose of 25 mM
and 0.1 mM, respectively (n = 12), or C medium containing glucose of 25 mM and additionally adding AA or not (n = 12). With Aβ stimulation,
extracellular ATP of microglia cultured in D medium containing glucose of 25 mM and 0.1 mM, respectively (n = 12), or E medium containing
glucose of 25 mM and additionally adding AA or not (n = 12). F Upon the FIR light treatment, extracellular ATP of microglia treated with antimycin
A or not (n = 6). G Extracellular ATP of microglia treated with FIR light or not (n = 6). H Upon the FIR light treatment, Aβ phagocytosis of microglia
pretreated with suramin or not (n = 6). I Upon the suramin pretreatment, Aβ phagocytosis of microglia treated with FIR light or not (n = 6). J Upon
the FIR light treatment, Aβ phagocytosis of microglia pretreated with apyrase or not (n = 6). K Upon the apyrase pretreatment, Aβ phagocytosis
of microglia treated with FIR light or not (n = 6). L Upon the FIR light treatment, Aβ phagocytosis of microglia pretreated with wortmannin or
not (n = 6). M Upon the FIR light treatment, Aβ phagocytosis of microglia pretreated with rapamycin or not (n = 6). N Upon the wortmannin
pretreatment, Aβ phagocytosis of microglia treated with FIR light or not (n = 6). O Upon the rapamycin pretreatment, Aβ phagocytosis of microglia
treated with FIR light or not (n = 6). Data were means ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001. N.S.: not significant. AA: antimycin A. Su: suramin. Ap:
apyrase. Wo: wortmannin. Ra: rapamycin

Fig. S6A), suggesting that this increased ATP release was
not caused by microglial lysis.
We then asked whether increased ATP production
would spontaneously promote extracellular ATP release.
To answer this question, extracellular ATP level was analyzed after increasing and decreasing the ATP production
of microglia induced by 0.1 mM glucose and antimycin
A, respectively, as described above (Fig. 4F). The results

exhibited that 0.1 mM glucose or antimycin A did not
significantly change extracellular ATP level as compared
to the level from microglia cultured in the medium containing 25 mM glucose and without antimycin A pretreatment, respectively (Fig. 5B and 5C). However, upon
the treatment with Aβ, extracellular ATP levels were significantly increased and decreased, respectively (Fig. 5D
and E). Moreover, this antimycin A-induced decrease
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in extracellular ATP level was unchanged even with the
FIR light treatment (Additional file 1: Fig. S6B), suggesting that ATP production influences extracellular ATP
release for the microglia stimulated by Aβ. Interestingly,
microglia pretreated by antimycin A reduced extracellular ATP release when they were exposed to FIR light
(Fig. 5F). Next, we asked whether FIR light could induce
extracellular ATP release just like Aβ stress. The results
exhibited that FIR light promoted microglial extracellular ATP release without cell lysis, which was verified by
LDH assay (Fig. 5G and Additional file 1: Fig. S6C). Nevertheless, Aβ induced additional microglial ATP release
upon the FIR light treatment (Additional file 1: Fig. S6D).
Therefore, elevated ATP production of microglia treated
with FIR light was beneficial to the extracellular ATP
release of microglia stimulated by Aβ.
In addition, we observed that FIR light changed the
mRNA levels of microglial ATP-related receptors, including P2X1, P2X5, P2X7, P2Y2, P2Y6, P2Y13, P2Y14 (Additional file 1: Fig. S6E and S6F), upon the Aβ stimulation,
indicating that the increase in Aβ-induced extracellular
ATP release of microglia treated with FIR light influences
the ATP-related signal transduction. We blocked these
ATP-related receptors by using suramin, a broad-spectrum antagonist of P2 purinoceptors [55], to investigate
the role of extracellular ATP in the enhanced Aβ phagocytosis of microglia treated with FIR light. The results
showed that suramin compromised the Aβ phagocytosis of microglia in the presence or absence of FIR light
(Fig. 5H and Additional file 1: Fig. S6G), suggesting that
extracellular ATP is involved in the FIR light-enhanced
microglial Aβ phagocytosis. However, suramin did not
stop the enhancement in Aβ phagocytosis of microglia
treated with FIR light (Fig. 5I), which might be due to a
limited ability of suramin to inhibit these ATP-related
receptors. Thus, we next directly decreased the extracellular ATP level through the pretreatment with apyrase (Additional file 1: Fig. S6H to S6J), an enzyme that
hydrolyzes extracellular ATP [56]. The results exhibited
that addition of apyrase markedly decreased the Aβ
phagocytosis of microglia treated with FIR light (Fig. 5J)
or cultured in medium containing 25 mM or 0.1 mM
glucose (Additional file 1: Figs. S6K and S6L). Notably,
apyrase effectively abrogated the ability of FIR light to
enhance microglial Aβ phagocytosis (Fig. 5K), including
the microglia cultured in the medium containing 0.1 mM
glucose (Additional file 1: Fig. S6M).
Additionally, it has been reported that phosphoinositide 3-kinase (PI3K) and mammalian target of rapamycin (mTOR) pathways can be activated by ATP and
affect the endocytosis of microglia [54, 57]. To investigate
whether PI3K and mTOR pathway was involved in the
FIR light-induced enhanced microglial Aβ phagocytosis,
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their corresponding inhibitors wortmannin and rapamycin were used to block these pathways. As shown in
Fig. 5L, M, Additional file 1: Fig. S6N and S6O, wortmannin and rapamycin decreased the Aβ phagocytosis
of microglia treated with or without FIR light. Moreover,
rapamycin but not wortmannin was capable of suppressing the enhancement in Aβ phagocytosis of microglia
treated with FIR light (Fig. 5N and O), suggesting that
PI3K and mTOR pathways are involved in the FIR lightenhanced microglial Aβ phagocytosis.
FIR light promoted ATP production mainly
through mitochondrial OXPHOS pathway

Given that increased ATP production was critical in the
enhanced Aβ phagocytosis of microglia exposed to FIR
light and that glycolysis and TCA cycle coupling with
OXPHOS in the mitochondria are the two major pathways to produce ATP, the effects of FIR light on microglial energy metabolism pathway were investigated.
2-DG and antimycin A were used to block glycolysis and
OXPHOS pathway, respectively, and then to monitor
the Aβ phagocytosis of microglia treated with FIR light.
The results exhibited that 2-DG or antimycin A did not
suppress the enhancement in Aβ phagocytosis of microglia treated with FIR light, although both were able to
decrease the microglial Aβ phagocytosis under the condition of FIR light treatment (Fig. 6A, B, Additional file 1:
Fig. S7A and 4D). However, 2-DG plus antimycin A effectively abrogated the ability of FIR light to enhance microglial Aβ phagocytosis (Fig. 6C). Interestingly, compared
with antimycin A pretreatment, FIR light had a greater
positive effect on Aβ phagocytosis (increase of 13.9%
and 8.0% in the microglia pretreated with 2-DG and
antimycin A, respectively) in 2-DG-pretreated microglia
(Fig. 6A and B), suggesting that OXPHOS pathway effectively affects the enhanced Aβ phagocytosis of microglia
treated with FIR light. Thus, increased ATP production of
microglia treated with FIR light might be mainly through
the OXPHOS pathway.
We further examined the production of lactate and
the enzymatic activity of the mitochondrial respiratory chain complexes (complex I, II, III, IV and ATP
synthase), which are closely associated with the glycolysis and OXPHOS pathways, respectively. As shown
in Fig. 6D, lactate level was not significantly increased
in the microglia treated with FIR light. In the present
study, microglial BV2 cell line was used to investigate
the effect of FIR light on the enzyme activity of these
mitochondrial complexes due to their ability to generate adequate cells for enzymatic activity assay. BV2
cells had a increased ATP production and enhanced
Aβ phagocytosis when exposed to FIR light (Additional
file 1: Figs. S7B to S7D), which was similar to that of
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Fig. 6 FIR light promoted microglial ATP production mainly through mitochondrial OXPHOS pathway. A Upon the 2-DG pretreatment, Aβ
phagocytosis of microglia treated with FIR light or not (n = 6). B Upon the antimycin A pretreatment, Aβ phagocytosis of microglia treated with FIR
light or not (n = 6). C Upon the 2-DG plus antimycin A pretreatment, Aβ phagocytosis of microglia treated with FIR light or not (n = 6). D The lactate
level of microglia treated with FIR light or not (n = 6). The enzymatic activity of E complex I, F complex II, G complex III, H complex IV, and I ATP
synthase in the mitochondrial respiratory chain in BV2 microglia (n = 6). J The NAD+ level and K the ratio of N
 AD+/NADH of BV2 microglia treated
with FIR light or not (n = 9). Data were means ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001. N.S.: not significant. AA: antimycin A

mouse primary cultured microglia. The results showed
that FIR light markedly improved the enzyme activity of complex I but had no significant effect on the
enzyme activity of complex II, III, IV and ATP synthase
(Fig. 6F–I). Since complex I in the mitochondria converts NADH to N
 AD+, we monitored the N
 AD+ level
+
and the ratio of N
 AD to NADH. The results showed
that the NAD+ level and the ratio of NAD+ to NADH

were significantly increased in BV2 treated with FIR
light (Fig. 6J and K), which was in agreement with the
increased enzyme activity of the complex I in BV2 following FIR light treatment.
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Discussion
During the progression of AD, the most common symptom is the decline in cognitive function including poor
memory and learning skill. Accordingly, improving
cognitive dysfunction has been a goal of AD treatment.
Interestingly, it has been reported that sunlight exposure
could decrease the risk of developing AD [16–19]. Sunlight mainly contains three lights, namely ultraviolet light,
visible light and infrared light, as well as their multiple
sub-divisions, such as near infrared light and far infrared
light [27, 29]. However, it is still largely unclear what subdivision of sunlight has beneficial in ameliorating cognitive dysfunction in AD. In the present study, VIS, NIR
and FIR light were tested as a treatment strategy. APP/
PS1 mice with different light treatments showed a trend
of improvement in learning compared to those without
light treatment during training stage. Notably, FIR lighttreated APP/PS1 mice had better spatial memory than
APP/PS1 mice in the probe test, suggesting that FIR light
show potential in the improvement of cognitive dysfunction in AD mice.
In the past decade, the potential of using VIS and NIR
light as an AD therapeutic intervention had been investigated [23–26, 58], especially the NIR light. However, few
studies had focused on the therapeutic effect of FIR light
on the AD. FIR light irradiation that can penetrate up to
1.5 in. beneath the skin had been reported to have many
positive biological effects on animal and human, including improving blood circulation, ameliorating endothelial
dysfunction, relieving fatigue and pain, lowering blood
pressure, and promoting capillary dilation [28, 29]. In the
present study, we compared for the first time the effects
of VIS, NIR and FIR light on the cognitive function of the
8.5-month-old APP/PS1 mice. It is reported that APP/
PS1 mouse shows increased Aβ plaque and cognitive deficits by the age of 4 months and 6 months, respectively
[59, 60]. Therefore, 8.5-month-old APP/PS1 mice are on
the progressive stage of disease. Our results showed that
only FIR light significantly improved the spatial memory
in APP/PS1 mice. Further studies also showed multiple
beneficial effects of FIR light on the AD mice, such as
reduced Aβ plaque burden, decreased neuroinflammation and restored the expression of the presynaptic protein synaptophysin, indicating that FIR light treatment
may have a potential to be a therapeutic strategy for AD.
Previous studies suggest that proper neuronal function is the underlying mechanism for cognitive ability
[61–63]. However, excessive Aβ in AD would induce the
release of proinflammatory cytokines and then cause
neuronal damage [64–66], leading to synaptic function
impairment. Synaptic plasticity deficit with decreased
expression of synaptic protein can compromise normal
neuronal functions, resulting in cognitive dysfunction,
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which often occurs in the AD brain [47, 67]. Here, we
found that APP/PS1 mice treated with FIR light had a
higher expression of presynaptic protein synaptophysin
than those without FIR light treatment. This result be
may a subsequence of the decrease in Aβ and proinflammatory cytokines after FIR light treatment. Together,
these findings suggest that FIR light treatment may normalize synaptic integrity and restore proper neuronal
function, which may be a mechanism for the improved
cognitive function of AD mice.
Given that excessive Aβ drives the neuropathogenic
cascades of AD [64, 65], reducing excessive Aβ in the
brain has been proposed to be a potential therapeutic
strategy for AD. Previous studies showed that light treatment could reduce Aβ burden in the brain of AD mice
[23–26]. However, the mechanisms underlying the positive effect of light treatment on reducing Aβ remain to
be fully elucidated. In this study, we found that FIR light
reduced Aβ burden without affecting the process of Aβ
production. Since the accumulation of Aβ in brain of AD
mice is considered to be the disequilibrium between Aβ
production and clearance [6, 68], we speculated that FIR
light might enhance the Aβ clearance pathway. As the
resident immune cells in brain, microglia may be the first
responder to clean Aβ through phagocytosis [49]. Nevertheless, the phagocytic ability of microglia decreases
with aging, leading to the reduction of Aβ clearance during AD development [22]. One particular study showed
that 40-Hz white-light flicker can transform microglia
into an engulfing state and reduce Aβ in AD mice [14].
A recent study demonstrated that NIR light of 1070 nm
was able to induce microglial responses with change in
morphology and increased colocalization with Aβ, which
was sufficient to decrease Aβ burden in AD mice [69]. In
this study, we focused on investigating the involvement
of microglia in the underlying mechanism for FIR light to
reduce Aβ burden in the brain of AD mice. Similarly, our
results showed that FIR light promoted the recruitment
of microglia to the Aβ plaque with increased C
 D68+
phagosomes and enhanced microglial Aβ phagocytosis
both in vivo and in vitro, which are beneficial to the Aβ
clearance.
It was previously speculated that a substantial amount
of energy is necessary for microglial phagocytosis [35,
50, 70]. The ability of FIR light to improve cellular mitochondrial function had been reported [32–34], which
would enhance cellular energy metabolism. However,
the energy metabolism of microglia induced by FIR
light as well as the relationship between the microglial
Aβ phagocytosis and the energy metabolism of microglia treated with FIR light remain unclear. Here, our
results showed for the first time that FIR light was able
to promote the production of energy substance ATP
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in microglia and this increased intracellular ATP was
involved in the enhanced microglial Aβ phagocytosis.
This phenomenon of increased ATP production leading
to enhanced Aβ phagocytosis also occurred in microglia treated with other strategies [9, 71]. It is worth noting that ATP is not only a universal intracellular energy
substance but also acts as an important extracellular
signaling molecule in cell processes [72, 73]. A previous
study observed that microglia would release ATP when
stimulated by Aβ [53], and microglial Aβ phagocytosis could be modulated by ATP [54]. In this study, we
found that the increased intracellular ATP of microglia
treated with FIR light promoted the extracellular ATP
release from the microglia stimulated by Aβ, although
the clear mechanism remained to be elucidated. Importantly, our further results demonstrated that this
increased extracellular ATP mediated the enhancement of Aβ phagocytosis in the microglia treated with
FIR light. Recent studies reported that PI3K and mTOR
pathways were involved in the endocytosis of microglia
induced by ATP [54, 57, 74]. Our current study found
that PI3K and mTOR pathways were involved in the
FIR light-enhanced microglial Aβ phagocytosis. Overall, increased ATP production of microglia treated with
FIR light plays an indispensable role in the enhanced
microglial Aβ phagocytosis (Fig. 7).
Our further study showed that FIR light had no significant effect on the microglial lactate production, which
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is associated with anaerobic glycolysis, but was able to
improve enzymatic activity of the mitochondrial respiratory chain complex I and increase NAD+ level and the
ratio of NAD+/NADH in the mitochondrial of microglia.
These results are similar to the recent studies that FIR
light could enhance mitochondrial function and increase
the ratio of NAD+/NADH both in the NRK-52E cells and
RIN-m5f cells [33, 34]. As we know, glycolysis and TCA
cycle coupling with OXPHOS in the mitochondria are
the two major pathways to produce ATP. Our results suggest that FIR light enhances the mitochondrial OXPHOS
pathway, which is in agreement with the increased ATP
production in the microglia treated with FIR light.
There are some limitations in this study. First, the
design that wavelength of 500 nm, 800 nm and 3–25 μm
represent as VIS, NIR and FIR light, respectively, is a
type of simplification because the wavelengths of these
lights cover an extremely broad range [27, 29]. Second,
we compared the effects of VIS, NIR and FIR lights on
the cognitive function of AD mice with the same power
density and intervention time, and we found that FIR
light showed a greater potential in the improvement of
cognitive function of AD mice. However, the requirement of illumination parameters, such as fluence, power
density and treatment timing, may be different for a
specific light to be protective [75]. Detailed and systematic studies should be conducted to uncover the optimal
light treatment in AD. Third, FIR light had the ability to

Fig. 7 Schematic presentation showing the pathways that mediate the effects of FIR light on microglial Aβ clearance
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increase microglial phagocytosis mediated by alteration
in increased ATP production and ATP release. Additional experiments are needed to clarify the mechanism
for these findings.

Conclusions
In summary, our study revealed that FIR light at wavelengths of 3–25 µm could enhance mitochondrial
OXPHOS pathway to increase ATP production. This
increased intracellular ATP promoted the extracellular
ATP release of microglia stimulated by Aβ, leading to
the enhanced Aβ phagocytosis of microglia treated with
FIR light through the PI3K/mTOR pathways, which was
beneficial to the Aβ clearance. Thus, FIR light was able
to reduce Aβ burden in the brain of AD mice, resulting
in beneficial effects, including decreased neuroinflammatory cytokines and restored expression of presynaptic
protein synaptophysin. As a result, FIR light ameliorated
the learning and memory impairment of these AD mice,
suggesting a therapeutic potential of FIR light for AD.
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IL-6: Interleukin-6; PSD-95: Postsynaptic density protein 95; ATP: Adenosine
triphosphate; 2-DG: 2-Deoxy-d-glucose; LDH: Lactate dehydrogenase; BACE1:
Beta-site APP-cleaving enzyme 1; Trem2: Triggering receptor expressed on
myeloid cells 2; TLR2, TLR4: Toll-like receptor 2, 4; CD14, CD68: Cluster of differentiation 14, 68; Itgam: Integrin alpha M; Scarb1: Scavenger receptor class B
type 1; MerTK: Mer receptor tyrosine kinase; OXPHOS: Oxidative phosphorylation; P2X1, P2X5, P2X7: ATP ligand-gated cation channel P2X receptor 1, 5, 7;
P2Y2, P2Y6, P2Y13, P2Y14: ATP G protein-coupled P2Y receptor 2, 6, 13, 14;
PI3K: Phosphoinositide 3-kinase; mTOR: Mammalian target of rapamycin; TCA
: Tricarboxylic acid; NAD+, NADH: Oxidized, reduced nicotinamide adenine
dinucleotide.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12974-022-02521-y.
Additional file 1. Additional Figures and Tables.
Acknowledgements
We gratefully acknowledge the Research Center of Medicine, Sun Yat-Sen
Memorial Hospital, for providing necessary research platform to accomplish
this work, and the Guangdong Junfeng BFS Technology Co., Ltd for kindly
providing related instruments.
Author contributions
ZW, ZZ, LC, SLP, and QYL conceived and designed the study. QYL, YLL, and TLL
carried out the experiments. JP and JXZ analyzed and interpreted the data.
QYL and JP wrote the first draft of the paper. ZW and ZZ critically reviewed
and edited the work. All authors read and approved the final manuscript.

Page 18 of 20

Funding
This work was supported by a grant from the National Natural Science
Foundation of China (82002389 to QY Li), grants from Guangdong Science
and Technology Department (2019A1515012147 and 2021A1515010220 to
Z Wang, 2020A1515010222 to SL Peng), and a grant (201704020222) from
Guangzhou Science, Technology and Innovation Commission, Guangzhou,
China.
Availability of data and materials
The datasets generated during and/or analyzed during current study are available from the corresponding authors on a reasonable request.

Declarations
Ethics approval and consent to participate
All animal studies were performed with the approval by the Institutional Animal Care and Use Committee and the Laboratory Animal Ethics Committee of
Jinan University, Guangzhou, Guangdong, China.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
1
Department of Anesthesiology, Sun Yat-Sen Memorial Hospital, Sun Yat-Sen
University, No. 107 YanJiang West Road, Guangzhou 510289, Guangdong
Province, China. 2 Medical Research Center, Sun Yat-Sen Memorial Hospital,
Sun Yat-Sen University, Guangzhou 510120, China. 3 Department of Anesthesiology, University of Virginia, Charlottesville, VA 22901, USA. 4 Department
of Anesthesiology, University of Virginia Health System, 1 Hospital Drive, PO
Box 800710, Charlottesville, VA 22908‑0710, USA.
Received: 27 January 2022 Accepted: 1 June 2022

References
1. Scheltens P, Blennow K, Breteler MMB, de Strooper B, Frisoni GB, Salloway
S, Van der Flier WM. Alzheimer’s disease. Lancet. 2016;388:505–17.
2. De Lau LM, Breteler MM. Epidemiology of Parkinson’s disease. Lancet
Neurol. 2006;5:525–35.
3. Scheltens P, Strooper BD, Kivipelto M, Holstege H, Chételat G, Teunissen CE, Cummings J. Flier WMvd: Alzheimer’s disease. Lancet.
2021;397:1577–90.
4. Zhou Y, Fang J, Bekris LM, Kim YH, Pieper AA, Leverenz JB, Cummings
J, Cheng F. AlzGPS: a genome-wide positioning systems platform to
catalyze multi-omics for Alzheimer’s drug discovery. Alzheimer’s Res Ther.
2021;13:1–13.
5. Liu C-C, Zhao N, Yamaguchi Y, Cirrito JR, Kanekiyo T, Holtzman DM, Bu G.
Neuronal heparan sulfates promote amyloid pathology by modulating
brain amyloid-β clearance and aggregation in Alzheimer’s disease. Sci
Transl Med. 2016;8:332ra344-332ra344.
6. Mawuenyega KG, Sigurdson W, Ovod V, Munsell L, Kasten T, Morris JC,
Yarasheski KE, Bateman RJ. Decreased clearance of CNS β-amyloid in
Alzheimer’s disease. Science. 2010;330:1774–1774.
7. Anderson RM, Hadjichrysanthou C, Evans S, Wong MM. Why do so
many clinical trials of therapies for Alzheimer’s disease fail? Lancet.
2017;390:2327–9.
8. Doody R, Thomas R, Farlow M, Iwatsubo T, Vellas B, Joffe S, Kieburtz K,
Raman R, Sun X, Aisen P, Alzheimer’s Disease Cooperative Study Steering
Committee; Solanezumab study group. Phase 3 trials of solanezumab for
mild-to-moderate Alzheimer’s disease. N Engl J Med. 2014;370:311–21.
9. Pan R-Y, Ma J, Kong X-X, Wang X-F, Li S-S, Qi X-L, Yan Y-H, Cheng J, Liu Q,
Jin W. Sodium rutin ameliorates Alzheimer’s disease–like pathology by
enhancing microglial amyloid-β clearance. Sci Adv. 2019;5:eauu6328.
10. Dunn B, Stein P, Cavazzoni P. Approval of aducanumab for Alzheimer
disease—the FDA’s perspective. JAMA Intern Med. 2021;181:1276–8.

Li et al. Journal of Neuroinflammation

(2022) 19:145

11. Sabbagh MN, Cummings J. Open Peer Commentary to “Failure to demonstrate efficacy of aducanumab: an analysis of the EMERGE and ENGAGE
Trials as reported by Biogen December 2019.” Alzheimers Dement.
2021;17:702.
12. VandeVrede L, Gibbs DM, Koestler M, La Joie R, Ljubenkov PA, Provost
K, Soleimani-Meigooni D, Strom A, Tsoy E, Rabinovici GD. Symptomatic
amyloid-related imaging abnormalities in an APOE ε4/ε4 patient treated
with aducanumab. Alzheimer’sDementia. 2020;12: e12101.
13. Cummings J, Lee G, Mortsdorf T, Ritter A, Zhong K. Alzheimer’s disease
drug development pipeline: 2017. Alzheimer’s Dementia. 2017;3:367–84.
14. Singer AC, Martorell AJ, Douglas JM, Abdurrob F, Attokaren MK, Tipton J,
Mathys H, Adaikkan C, Tsai L-H. Noninvasive 40-Hz light flicker to recruit
microglia and reduce amyloid beta load. Nat Protoc. 1850;2018:13.
15. Richardson JR, Roy A, Shalat SL, Von Stein RT, Hossain MM, Buckley B,
Gearing M, Levey AI, German DC. Elevated serum pesticide levels and risk
for Alzheimer disease. JAMA Neurol. 2014;71:284–90.
16. Kent ST, McClure LA, Crosson WL, Arnett DK, Wadley VG, Sathiakumar N.
Effect of sunlight exposure on cognitive function among depressed and
non-depressed participants: a REGARDS cross-sectional study. Environ
Health. 2009;8:1–14.
17. Câmara AB, de Souza ID, Dalmolin RJS. Sunlight incidence, vitamin D
deficiency, and Alzheimer’s disease. J Med Food. 2018;21:841–8.
18. Fartasch M, Diepgen TL, Schmitt J, Drexler H. The relationship between
occupational sun exposure and non-melanoma skin cancer: clinical
basics, epidemiology, occupational disease evaluation, and prevention.
Dtsch Arztebl Int. 2012;109:715.
19. White RS, Lipton RB, Hall CB, Steinerman JR. Nonmelanoma skin
cancer is associated with reduced Alzheimer disease risk. Neurology.
2013;80:1966–72.
20. Wyss-Coray T, Lin C, Yan F, Yu G-Q, Rohde M, McConlogue L, Masliah E,
Mucke L. TGF-β1 promotes microglial amyloid-β clearance and reduces
plaque burden in transgenic mice. Nat Med. 2001;7:612–8.
21. Hickman S, Izzy S, Sen P, Morsett L, El Khoury J. Microglia in neurodegeneration. Nat Neurosci. 2018;21:1359–69.
22. Hickman SE, Allison EK, El Khoury J. Microglial dysfunction and defective
β-amyloid clearance pathways in aging Alzheimer’s disease mice. J Neurosci. 2008;28:8354–60.
23. De Taboada L, Yu J, El-Amouri S, Gattoni-Celli S, Richieri S, McCarthy T,
Streeter J, Kindy MS. Transcranial laser therapy attenuates amyloid-β
peptide neuropathology in amyloid-β protein precursor transgenic mice.
J Alzheimers Dis. 2011;23:521–35.
24. Grillo S, Duggett N, Ennaceur A, Chazot P. Non-invasive infra-red
therapy (1072 nm) reduces β-amyloid protein levels in the brain of an
Alzheimer’s disease mouse model, TASTPM. J Photochem Photobiol, B.
2013;123:13–22.
25. Purushothuman S, Johnstone DM, Nandasena C, Mitrofanis J, Stone
J. Photobiomodulation with near infrared light mitigates Alzheimer’s
disease-related pathology in cerebral cortex–evidence from two transgenic mouse models. Alzheimer’s research & therapy. 2014;6:1–13.
26. Han M, Wang Q, Wang X, Zeng Y, Huang Y, Meng Q, Zhang J, Wei X. Near
infra-red light treatment of Alzheimer’s disease. J Innovat Opt Health Sci.
2018;11:1750012.
27. Sklar LR, Almutawa F, Lim HW, Hamzavi I. Effects of ultraviolet radiation,
visible light, and infrared radiation on erythema and pigmentation: a
review. Photochem Photobiol Sci. 2013;12:54–64.
28. Shui S, Wang X, Chiang JY, Zheng L. Far-infrared therapy for cardiovascular, autoimmune, and other chronic health problems: a systematic review.
Exp Biol Med. 2015;240:1257–65.
29. Vatansever F, Hamblin MR. Far infrared radiation (FIR): its biological effects
and medical applications. Photonics Lasers Med. 2012;1:255–66.
30. Huang P-H, Chen J-W, Lin C-P, Chen Y-H, Wang C-H, Leu H-B, Lin S-J. Far
infra-red therapy promotes ischemia-induced angiogenesis in diabetic
mice and restores high glucose-suppressed endothelial progenitor cell
functions. Cardiovasc Diabetol. 2012;11:1–13.
31. Chen T-Y, Yang Y-C, Sha Y-N, Chou J-R, Liu B-S. Far-infrared therapy
promotes nerve repair following end-to-end neurorrhaphy in rat
models of sciatic nerve injury. Evid Based Complement Altern Med.
2015;2015:207245.
32. Chang J-C, Wu S-L, Hoel F, Cheng Y-S, Liu K-H, Hsieh M, Hoel A,
Tronstad KJ, Yan K-C, Hsieh C-L. Far-infrared radiation protects viability in a cell model of Spinocerebellar Ataxia by preventing polyQ

Page 19 of 20

33.
34.

35.
36.
37.
38.

39.
40.

41.

42.

43.
44.

45.

46.
47.

48.
49.
50.
51.
52.
53.

protein accumulation and improving mitochondrial function. Sci Rep.
2016;6:1–11.
Hsu Y-H, Chen Y-W, Cheng C-Y, Lee S-L, Chiu T-H, Chen C-H. Detecting the
limits of the biological effects of far-infrared radiation on epithelial cells.
Sci Rep. 2019;9:1–9.
Hsu Y-H, Chen Y-C, Chen Y-W, Chiu T-H, Kuo Y-T, Chen C-H. Far-infrared
radiation prevents decline in β-cell mass and function in diabetic mice
via the mitochondria-mediated Sirtuin1 pathway. Metabolism. 2020;104:
154143.
Fairley LH, Wong JH, Barron AM. Mitochondrial regulation of microglial
immunometabolism in Alzheimer’s disease. Front Immunol. 2021;12:257.
Iaccarino HF, Singer AC, Martorell AJ, Rudenko A, Gao F, Gillingham TZ,
Mathys H, Seo J, Kritskiy O, Abdurrob F. Gamma frequency entrainment
attenuates amyloid load and modifies microglia. Nature. 2016;540:230–5.
Lin D, Feng C, Cao M, Zuo Z. Volatile anesthetics may not induce significant toxicity to human neuron-like cells. Anesth Analg. 2011;112:1194–8.
Choi SH, Bylykbashi E, Chatila ZK, Lee SW, Pulli B, Clemenson GD, Kim E,
Rompala A, Oram MK, Asselin C. Combined adult neurogenesis and BDNF
mimic exercise effects on cognition in an Alzheimer’s mouse model. Science. 2018;361:eaan8821.
Shi Q, Chowdhury S, Ma R, Le KX, Hong S, Caldarone BJ, Stevens B, Lemere
CA. Complement C3 deficiency protects against neurodegeneration in
aged plaque-rich APP/PS1 mice. Sci Transl Med. 2017;9:eaaf6295.
Atagi Y, Liu C-C, Painter MM, Chen X-F, Verbeeck C, Zheng H, Li X,
Rademakers R, Kang SS, Xu H. Apolipoprotein E is a ligand for triggering receptor expressed on myeloid cells 2 (TREM2). J Biol Chem.
2015;290:26043–50.
Zhong L, Wang Z, Wang D, Wang Z, Martens YA, Wu L, Xu Y, Wang K, Li
J, Huang R. Amyloid-beta modulates microglial responses by binding
to the triggering receptor expressed on myeloid cells 2 (TREM2). Mol
Neurodegener. 2018;13:15.
Xiang X, Werner G, Bohrmann B, Liesz A, Mazaheri F, Capell A, Feederle
R, Knuesel I, Kleinberger G, Haass C. TREM2 deficiency reduces the
efficacy of immunotherapeutic amyloid clearance. EMBO Mol Med.
2016;8:992–1004.
Jeon SH, Kim N, Ju Y-J, Gee MS, Lee D, Lee JK. Phytohormone abscisic acid
improves memory impairment and reduces neuroinflammation in 5xFAD
mice by upregulation of LanC-Like protein 2. Int J Mol Sci. 2020;21:8425.
Park S-S, Park H-S, Kim C-J, Kang H-S, Kim D-H, Baek S-S, Kim T-W. Physical
exercise during exposure to 40-Hz light flicker improves cognitive functions in the 3xTg mouse model of Alzheimer’s disease. Alzheimer’s Res
Ther. 2020;12:1–15.
Hoffman JL, Faccidomo S, Kim M, Taylor SM, Agoglia AE, May AM, Smith
EN, Wong L, Hodge CW. Alcohol drinking exacerbates neural and behavioral pathology in the 3xTg-AD mouse model of Alzheimer’s disease. Int
Rev Neurobiol. 2019;148:169–230.
Heneka MT, Carson MJ, El Khoury J, Landreth GE, Brosseron F, Feinstein
DL, Jacobs AH, Wyss-Coray T, Vitorica J, Ransohoff RM. Neuroinflammation
in Alzheimer’s disease. Lancet Neurol. 2015;14:388–405.
Zhang W, Gu GJ, Zhang Q, Liu JH, Zhang B, Guo Y, Wang MY, Gong QY,
Xu JR. NSCs promote hippocampal neurogenesis, metabolic changes
and synaptogenesis in APP/PS1 transgenic mice. Hippocampus.
2017;27:1250–63.
Almeida CG, Tampellini D, Takahashi RH, Greengard P, Lin MT, Snyder EM,
Gouras GK. Beta-amyloid accumulation in APP mutant neurons reduces
PSD-95 and GluR1 in synapses. Neurobiol Dis. 2005;20:187–98.
Fu AK, Hung K-W, Yuen MY, Zhou X, Mak DS, Chan IC, Cheung TH, Zhang
B, Fu W-Y, Liew FY. IL-33 ameliorates Alzheimer’s disease-like pathology
and cognitive decline. Proc Natl Acad Sci. 2016;113:E2705–13.
Engl E, Attwell D. Non-signalling energy use in the brain. J Physiol.
2015;593:3417–29.
Sakowicz-Burkiewicz M, Grden M, Maciejewska I, Szutowicz A, Pawelczyk
T. High glucose impairs ATP formation on the surface of human peripheral blood B lymphocytes. Int J Biochem Cell Biol. 2013;45:1246–54.
Köhnke R, Mei J, Park M, York DA, Erlanson-Albertsson C. Fatty acids and
glucose in high concentration down-regulates ATP synthase β-subunit
protein expression in INS-1 cells. Nutr Neurosci. 2007;10:273–8.
Kim SY, Moon JH, Lee HG, Kim SU, Lee YB. ATP released from β-amyloidstimulated microglia induces reactive oxygen species production in an
autocrine fashion. Exp Mol Med. 2007;39:820–7.

Li et al. Journal of Neuroinflammation

(2022) 19:145

54. Li H-Q, Chen C, Dou Y, Wu H-J, Liu Y-J, Lou H-F, Zhang J-M, Li X-M, Wang
H, Duan S. P2Y4 receptor-mediated pinocytosis contributes to amyloid
beta-induced self-uptake by microglia. Mol Cell Biol. 2013;33:4282–93.
55. Zhang Q, Liu B, Li Y, Yin L, Younus M, Jiang X, Lin Z, Sun X, Huang R, Liu B.
Regulating quantal size of neurotransmitter release through a GPCR voltage sensor. Proc Natl Acad Sci. 2020;117:26985–95.
56. Cotrina ML, Lin JH-C, Nedergaard M. Cytoskeletal assembly and
ATP release regulate astrocytic calcium signaling. J Neurosci.
1998;18:8794–804.
57. Hu Y, Mai W, Chen L, Cao K, Zhang B, Zhang Z, Liu Y, Lou H, Duan S,
Gao Z. mTOR-mediated metabolic reprogramming shapes distinct
microglia functions in response to lipopolysaccharide and ATP. Glia.
2020;68:1031–45.
58. Sekiguchi H, Iritani S, Fujita K. Bright light therapy for sleep disturbance
in dementia is most effective for mild to moderate Alzheimer’s type
dementia: a case series. Psychogeriatrics. 2017;17:275–81.
59. Garcia-Alloza M, Robbins EM, Zhang-Nunes SX, Purcell SM, Betensky RA,
Raju S, Prada C, Greenberg SM, Bacskai BJ, Frosch MP. Characterization of
amyloid deposition in the APPswe/PS1dE9 mouse model of Alzheimer
disease. Neurobiol Dis. 2006;24:516–24.
60. Cao D, Lu H, Lewis TL, Li L. Intake of sucrose-sweetened water induces
insulin resistance and exacerbates memory deficits and amyloidosis in a transgenic mouse model of Alzheimer disease. J Biol Chem.
2007;282:36275–82.
61. Scheff S, Price D, Schmitt F, DeKosky S, Mufson E. Synaptic alterations in
CA1 in mild Alzheimer disease and mild cognitive impairment. Neurology. 2007;68:1501–8.
62. Dickson DW, Crystal HA, Bevona C, Honer W, Vincent I, Davies P. Correlations of synaptic and pathological markers with cognition of the elderly.
Neurobiol Aging. 1995;16:285–98.
63. Selkoe DJ. Alzheimer’s disease is a synaptic failure. Science.
2002;298:789–91.
64. Hardy J, Selkoe DJ. The amyloid hypothesis of Alzheimer’s disease: progress and problems on the road to therapeutics. Science. 2002;297:353–6.
65. Selkoe DJ, Hardy J. The amyloid hypothesis of Alzheimer’s disease at 25
years. EMBO Mol Med. 2016;8:595–608.
66. Calsolaro V, Edison P. Neuroinflammation in Alzheimer’s disease: Current
evidence and future directions. Alzheimers Dement. 2016;12:719–32.
67. Xu Y-J, Mei Y, Shi X-Q, Zhang Y-F, Wang X-Y, Guan L, Wang Q, Pan H-F.
Albiflorin ameliorates memory deficits in APP/PS1 transgenic mice via
ameliorating mitochondrial dysfunction. Brain Res. 2019;1719:113–23.
68. Hardy JA, Higgins GA. Alzheimer’s disease: the amyloid cascade hypothesis. Science. 1992;256:184–6.
69. Tao L, Liu Q, Zhang F, Fu Y, Zhu X, Weng X, Han H, Huang Y, Suo Y, Chen
L. Microglia modulation with 1070-nm light attenuates Aβ burden
and cognitive impairment in Alzheimer’s disease mouse model. Light.
2021;10:1–14.
70. Kalsbeek MJ, Mulder L, Yi C-X. Microglia energy metabolism in metabolic
disorder. Mol Cell Endocrinol. 2016;438:27–35.
71. Rubio-Araiz A, Finucane OM, Keogh S, Lynch MA. Anti-TLR2 antibody triggers oxidative phosphorylation in microglia and increases phagocytosis
of β-amyloid. J Neuroinflammation. 2018;15:1–13.
72. Spari D, Beldi G. Extracellular ATP as an inter-kingdom signaling molecule:
release mechanisms by bacteria and its implication on the host. Int J Mol
Sci. 2020;21:5590.
73. Imamura H, Nhat KPH, Togawa H, Saito K, Iino R, Kato-Yamada Y, Nagai T,
Noji H. Visualization of ATP levels inside single living cells with fluorescence resonance energy transfer-based genetically encoded indicators.
Proc Natl Acad Sci. 2009;106:15651–6.
74. Weichhart T, Hengstschläger M, Linke M. Regulation of innate immune
cell function by mTOR. Nat Rev Immunol. 2015;15:599–614.
75. Huang Y-Y, Chen AC-H, Carroll JD, Hamblin MR: Biphasic dose response
in low level light therapy. Dose-response 2009, 7:dose-response. 09–027.
Hamblin.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Page 20 of 20

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

