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1  | INTRODUC TION

Atherosclerosis is the mainly underlying pathology that causes car-
diovascular diseases (CVD),1 and it results from a maladaptive in-
flammatory response that is initiated by the intramural retention of 
cholesterol- rich, ApoB- containing lipoproteins in susceptible areas 
of the arterial vasculature.2 The stranded lipoproteins are suscep-
tible to various modifications, which trigger the activation of the 

vascular endothelial cells and drive monocytes influx into the vas-
cular intima. Monocytes differentiate into macrophages and phago-
cytize modified lipoproteins by scavenger receptors (SRs) and then 
shift to a foam cell phenotype.3

High- density lipoprotein cholesterol (HDL- C) levels are in-
versely correlated with the CVD risk resulting from atherosclero-
sis. A major function of HDL is to promote cholesterol efflux and 
reverse cholesterol transport (RCT).4 It is well- established that 

 

Received: 16 July 2020  |  Revised: 15 February 2021  |  Accepted: 5 March 2021

DOI: 10.1111/jcmm.16531  

O R I G I N A L  A R T I C L E

Photobiomodulation therapy promotes the ATP- binding 
cassette transporter A1- dependent cholesterol efflux  
in macrophage to ameliorate atherosclerosis

Qianxia Yin1,2 |   Haocai Chang1,2 |   Qi Shen1,2 |   Da Xing1,2

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
© 2021 The Authors. Journal of Cellular and Molecular Medicine published by Foundation for Cellular and Molecular Medicine and John Wiley & Sons Ltd.

1MOE Key Laboratory of Laser Life Science 
& Institute of Laser Life Science, College 
of Biophotonics, South China Normal 
University, Guangzhou, China
2Guangdong Provincial Key Laboratory of 
Laser Life Science, College of Biophotonics, 
South China Normal University, Guangzhou, 
China

Correspondence
Da Xing, MOE Key Laboratory of Laser Life 
Science & Institute of Laser Life Science, 
College of Biophotonics, South China 
Normal University, Guangzhou 510631, 
China.
Email: xingda@scnu.edu.cn

Funding information
National Natural Science Foundation of 
China, Grant/Award Number: 62005085, 
61361160414 and 31470072; Natural 
Science Foundation of Guangdong 
Province, China, Grant/Award Number: 
2014A030313419; Science and Technology 
Project of Guangzhou, Grant/Award 
Number: 201805010002

Abstract
Atherosclerosis is a chronic inflammatory disease related to a massive accumula-
tion of cholesterol in the artery wall. Photobiomodulation therapy (PBMT) has been 
reported to possess cardioprotective effects but has no consensus on the under-
lying mechanisms. Here, we aimed to investigate whether PBMT could ameliorate 
atherosclerosis and explore the potential molecular mechanisms. The Apolipoprotein 
E (ApoE)−/− mice were fed with western diet (WD) for 18 weeks and treated with 
PBMT once a day in the last 10 weeks. Quantification based on Oil red O- stained 
aortas showed that the average plaque area decreased 8.306 ± 2.012% after PBMT 
(P < .05). Meanwhile, we observed that high- density lipoprotein cholesterol level in 
WD + PBMT mice increased from 0.309 ± 0.037 to 0.472 ± 0.038 nmol/L (P < .05) 
compared with WD mice. The further results suggested that PBMT could promote 
cholesterol efflux from lipid- loaded primary peritoneal macrophages and inhibit 
foam cells formation via up- regulating the ATP- binding cassette transporters A1 ex-
pression. A contributing mechanism involved in activating the phosphatidylinositol 
3- kinases/protein kinase C zeta/specificity protein 1 signalling cascade. Our study 
outlines that PBMT has a protective role on atherosclerosis by promoting mac-
rophages cholesterol efflux and provides a new strategy for treating atherosclerosis.
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foam cells formation and further accumulation in the subendothe-
lial space of the vascular wall are the hallmark of atherosclerotic 
plaques.5 Multiple lines of evidences support that enhancing foam 
cells cholesterol efflux by HDL particles, the first step of RCT, is 
a promising anti- atherogenic strategy.6 The importance of ATP- 
binding cassette transporter A1 (ABCA1) and ATP- binding cassette 
transporter G1 (ABCG1) in mediating lipid efflux from macrophages 
to HDL has been showed in many studies. Especially, ABCA1 plays 
a major role in cholesterol homeostasis and HDL metabolism.7 
Mutations in ABCA1 caused Tangier disease and exhibited a re-
duced cholesterol efflux, low HDL- C level and an increased risk to 
develop atherosclerosis.8,9 Moreover, overexpression of ABCA1 
increased cholesterol efflux from macrophages and protected 
against atherosclerosis.10

Photobiomodulation therapy (PBMT) using a low- energy den-
sity visible to near- infrared laser is an innovative physiotherapy. 
An increasing number of experimental and clinical studies have 
demonstrated that PBMT played a positive impact in reducing 
pain and inflammation, promoting wound healing, tissue regen-
eration and angiogenesis.11- 17 It has been reported that PBMT 
activated cytochrome c oxidase in the mitochondrial respiratory 
chain and improved mitochondrial function.18,19 Researchers also 
found that PBMT bolstered mitochondrial biogenesis and stim-
ulated ATP synthesis to enhance platelet production.20 Besides 
regulating mitochondrial function, PBMT could activate signal-
ling transduction pathways to modulate the protein expression. 
For instance, PBMT was reported to rescue dendrite atrophy via 
up- regulating BDNF expression.21 Some research evidence indi-
cated that PBMT had a certain protective effect on cardiovas-
cular disease. For example, other researchers and our previous 
works have reported that PBMT enhanced production of vascu-
lar endothelial growth factor and promoted angiogenesis.22,23 Liu 
et al24 have found that intranasal PBMT improved blood lipids 
and haemorheology in patients with coronary heart disease or 
cerebral infarction; Lilach Gavish's group also showed that PBMT 
enhanced the blocking of abdominal aortic aneurysms by colla-
gen matrix reinforcement in Apolipoprotein E (ApoE)−/− mice.25 
The above results suggest that PBMT has the potential to treat 
atherosclerosis.

The goal of this study is to investigate whether PBMT can pro-
tect against atherosclerosis and explore its molecular mechanisms. 
Here, we found that PBMT could relieve western diet (WD)- induced 
atherosclerosis. Treating ApoE−/− mice with PBMT could reduce the 
atherosclerotic lesion area, normalize the plasma lipid levels includ-
ing lowering total cholesterol level and LDL- C level and increasing 
HDL- C level. Further results showed that PBMT could promote cho-
lesterol efflux from macrophages through up- regulating the ABCA1 
expression. We demonstrated that the activation of phosphatidyli-
nositol 3- kinases/protein kinase C zeta/specificity protein 1 (PI3K/
PKCζ/SP1) signalling cascade by PBMT was crucial in up- regulating 
ABCA1 expression. The study may offer a viable method to control 
the progress of atherosclerosis.

2  | MATERIAL S AND METHODS

2.1 | Chemicals

The following reagents were used: wortmannin (WMN, 200 nmol/L, 
MCE); GÖ6983 (4 µmol/L, MCE); API- 2 (1 µmol/L, MCE); mith-
ramycin A (MTA, 200 nmol/L, Enzo); T0901317 (3 µmol/L, Sigma); 
4,4′- diisothiocyanatostilbene- 2,2′- disulfonic acid disodium salt 
(DIDS, 400 µmol/L, MCE); oxidized low- density lipoprotein (oxLDL; 
50 µg/mL, Yiyuan Biotechnologies); HDL (30 µg/mL, Yiyuan 
Biotechnologies) and apolipoprotein A- I (ApoA- I; 15 µg/mL, Sigma).

The following antibodies were used: anti- ABCA1 (ab18180, 
abcam); anti- ABCG1 (ab52617, abcam); anti- β- actin (sc- 47778, santa 
cruz); anti- SP1 (NB600- 232, Novus Biologicals); anti- PKCζ (26899- 
1- AP, proteintech; sc- 17781, santa cruz); anti- pPKCζ (9378, CST); 
anti- α- SMA (14395- 1- AP, proteintech); anti- CD11b (ab184308, 
abcam); anti- GADPH (sc- 47724, santa cruz); anti- SR- BI (21277- 1- AP, 
proteintech); anti- CD36 (18836- 1- AP, proteintech) and anti- SR- AI 
(sc- 166184, santa cruz).

2.2 | Animals

The present study was performed in accordance with the NIH Guide 
for the Care and Use of Laboratory Animals. It was approved by 
the Institutional Animal Care and Use Committee of our university 
(South China Normal University, Guangzhou, China). C57BL/6J and 
ApoE−/− (T001458) mice were purchased from Nanjing Biomedical 
Research Institute of Nanjing University (NBRI) and kept under sta-
ble temperature and humidity in a 12 hours dark/light cycle. The 
water and cages were sterilized, and the cages were replaced weekly. 
For consistency, we used male mice in all experiments.

The ApoE−/− mice induced by a high- fat diet in mice are widely 
recognized and used for atherosclerotic disease research.26,27

ApoE−/− atherosclerosis mouse model: 8- week- old ApoE−/− mice 
were fed with a WD containing 15% fat, and 0.5% cholesterol for 
18 weeks. We started PBMT or control treatment after 8 weeks. 
Body weights and fasting glucose were measured once in 2 weeks. 
Food and water intake were measured daily. The mice were killed 
(butorphanol, 2.5 mg/kg, i.p.) after the indicated treatments com-
pleted; tissue samples and blood were collected immediately.

2.3 | PBMT treatment in vitro and in vivo

All cells cultured 6 or 12 hours for RNA or protein analysis after 
treated with various chemicals and/or irradiated with a 635 nm 
CW semiconductor laser (NL- FBA- 2.0- 635, nLight Photonics 
Corporation, Vancouver, WA) at a power density of 5- 20 mW/cm2, 
5 minutes. The chemicals were added to the culture medium 30 min-
utes before PBMT. For protein phosphorylation detection, cells were 
treated with PBMT again 30 minutes before adding lysate. The entire 
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process was implemented at room temperature. In each experiment, 
the cells were kept in an absolute dark or a very dim environment, 
except for subjecting to the laser irradiation, to minimize the ambient 
light interference.

For in vivo experiments, the abdominal and thoracic hairs of the 
mice were removed, and then irradiated with PBMT on abdomen and 
thorax for 10 minutes once a day. We measured the rate of laser 
intensity loss through the abdominal wall of the mouse before ir-
radiation, approximately 5.823 times. Total laser fluence delivered 
to the abdominal surface was 58.23 mW/cm2, equivalent to a dose 
of 10 mW/cm2 reaching the peritoneal cavity. The control group re-
mained in the specially designed device for the same time as the ir-
radiated group, but the laser source was not activated.

2.4 | Lipids and lipoprotein measurements

Mice were fasting for 12- 14 hours before the blood samples were 
collected from heart. Then, centrifuge plasma and store in −80°C. 
Plasma total cholesterol, triglyceride, LDL- C and HDL- C level were 
measured according to the manufacture instructions in enzymatic 
measurement. Cholesterol (MAK043) and triglyceride (MAK266) 
quantitation kit were purchase from Sigma- Aldrich. LDL- C and 
HDL- C quantitation kit were purchase from Nanjing Jiancheng 
Bioengineering Institute.

2.5 | Histology and morphometric analyses

Perfused the mouse hearts with 10 mL of PBS and then left in 20 mL 
of 4% paraformaldehyde (PFA) at 4°C overnight. Next, hearts were 
put in 15%- 30% gradient sucrose solution until the tissue sink. 
Finally, hearts were embedded in OCT, snap- frozen and stored at 
−80°C. Slice a series of slices at a thickness of 8 µm with a Leica cry-
ostat, starting at the aortic arch and progressing through the aortic 
valve area into the heart, and placed on slides.

Unbiased stereological techniques are the gold standard for rou-
tine examination of morphological tissue changes in the regulatory 
or academic environment. Stereology is design based rather than 
assumption based and uses stringent sampling methods to obtain 
accurate and precise 3- dimensional information using geometrical 
and statistical principles.28,29 But, there is no asana synthesis soft-
ware in our laboratory, we cannot convert multiple plane counts into 
3- dimensional counts. So, we used the average value of statistical 
serial sections. Every fourth slide from the same mouse serial sec-
tions was stained with Haematoxylin and eosin (H&E) and Oil red O 
(ORO, O1391; sigma) for quantification of lesion area. This method is 
also widely used in the experiment of statistical plaque size.

Cross sections were stained with antibodies and reagents spe-
cific for ABCA1, α- SMA, CD11b or DAPI and processed for immu-
nofluorescence using standard procedures. For en face analysis, 
the entire aorta of each group of mice was opened longitudinally 
and stained with ORO. Digitized the photographs of the stained 

specimens for data analysis and quantified lumen lesion surface area 
by using Image J software. Data were shown as the percentage of 
the aorta with positive ORO staining.

2.6 | Cell culture

Peritoneal macrophages from 6 to 8- week- old male C57BL/6J mice 
were gathered by peritoneal lavage 3 days after intraperitoneal in-
jection of starch broth solution (6% w/v). Cells were cultured in RPMI 
1640 supplemented with 10% FBS, penicillin/streptomycin mix 
(50 mg/mL) in an incubator containing 5% CO2 at 37°C. Washed out 
the non- adherent cells after 4 hours, and incubated macrophages in 
fresh RPMI 1640 medium.

2.7 | Foam cell formation assay

Peritoneal macrophages were cultured and then treated with oxLDL 
(50 µg/mL) for 24 hours. Next, the cells were washed three times 
with PBS and cultured in fresh medium for 2 hours, and then treated 
with PBMT. After 24 hours, discarded the medium and washed 
with PBS, fixed with 4% PFA for 15 minutes and then stained with 
BODIPY (Boron- dipyrromethene, 493/503, 10 μg/mL; Invitrogen). 
The intracellular lipid droplets were detected with laser scanning 
confocal microscopy (ZEISS, LSM880).

2.8 | Cholesterol efflux assays

Peritoneal macrophages were seeded in 12- well plates 
(0.5 × 106 cells/well) and cultured overnight. After pretreatment 
with 22- NBD Cholesterol (5 µmol/L; N- 1148, Life Technologies) for 
24 hours, wash the cells twice with PBS and incubate with fresh 
medium for 2 hours. Peritoneal macrophages were treated with 
635 nm laser irradiation later after replacing with a fresh medium 
and then ApoA- I (15 µg/mL) or HDL (30 µg/mL) was added to the 
fresh medium or not. After incubation for an additional 6 hours, 
transferred the mediums in each group to a fresh 96- well plate and 
measured the fluorescence intensity using a microplate reader (Fm, 
λex = 453 nm, λem = 546 nm). The cells in each group were lysed in 
a lysis buffer, and the lysate was added to another 96- well plate. It 
also set the groups treated without adding lipid acceptor, but with 
PBMT as blank control. Measured the fluorescence after mixing 
the contents of the wells, (Fc, λex = 453 nm, λem = 546 nm). The per 
cent cholesterol efflux was calculated as follows: cholesterol efflux 
=100% × Fm/(Fc + Fm) -  100% × Fm/(Fc + Fm)blank.

2.9 | RNA isolation and quantitative real- time PCR

Total RNA was isolated from mouse primary macrophages and 
aortas using RNAiso Plus (TaKaRa, D9108A) according to the 
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manufacturer's protocol. RNA quantity and purity were assessed 
using Nanodrop 1000 spectrophotometer (Thermo Scientific), con-
firming 260/280 ratio of 1.8 to 2.1 for all samples. 1 μg of total RNA 
was used for reverse transcription using the ReverTra Ace® qPCR RT 
Master Mix with gDNA Remover (TOYOBO, FSQ- 301). The prim-
ers (Table S1) were used. Quantitative real- time PCR was performed 
using Applied Biosystems™ SYBR™ Green (Thermo Scientific™) on a 
Real- Time Detection System (BioRad). The mRNA level was normal-
ized to β- actin.

2.10 | Western blotting

For the Western blot (WB) assay, tissues or cells were lysed with ice- 
cold buffer containing 125 mmol/L NaCl, 50 mmol/L Tris- HCl (pH 
7.5), 1% NP- 40, 1.5 mmol/L NaP, 5.3 mmol/L NaF, 100 μg/mL PMSF 
and 1 mmol/L orthovanadate and supplemented with protease in-
hibitor cocktail for 60 minutes on ice. The solubilized proteins were 
quantified by the Bradford assay after centrifugation (4°C, 13 200 g, 
20 minutes), separated on an 8% or 10% SDS- PAGE gel and trans-
ferred to a PVDF membrane (Millipore). Blocking the membranes 
used a TBST solution (150 mmol/L NaCl, 10 mmol/L Tris- HC [pH 
7.4], 0.1% Tween 20) containing 5% non- fat milk for 1 hour, and then 
incubated with a specific primary antibody and secondary antibody. 
An Odyssey infrared imaging system (LI- COR Biosciences) was used 
to detect the signals.

2.11 | Immunofluorescence

For proteins localization or expression experiments, peritoneal mac-
rophages or sections were fixed with 4% PFA on ice for 15 minutes, 
permeated with TBST (150 mmol/L NaCl, 10 mmol/L Tris- HCl, pH 
7.4, 0.2% Triton X- 100) for 30 minutes, blocked with 5% BSA for 
1 hour and stained with designated primary antibody and second-
ary antibody. All images were analysed using a confocal microscope. 
Image J was used to analyse original images.

2.12 | Immunoprecipitation

Immunoprecipitated the cell lysates with anti- SP1 antibody fol-
lowed by protein A+G- Sepharose beads (Roche) at 4°C overnight. 
The beads were washed with lysis buffer. Resuspend the pellet in 
the same volume of SDS sample buffer and boiled to remove the 
Sepharose beads. The whole cell lysates and immunoprecipitated 
proteins were then analysed by WB.

2.13 | Statistical analysis

Results were presented as mean ± SEM from at least three independ-
ent experiments. Analyses were performed with Prism GraphPad 

8.0.1 (GraphPad Software). All data sets were tested for Gaussian 
distribution. The unpaired t test and one- way ANOVA were used to 
analyse statistical significance. A two- tailed P < .05 was statistical 
significance.

3  | RESULTS

3.1 | PBMT could protect against atherosclerosis

Studies had reported that PBMT improved blood lipids and 
haemorheology of patients with coronary heart disease or cerebral 
infarction;24 however, the effect and mechanism of PBMT on ath-
erosclerosis need to be explored. First, a model of atherosclerosis 
had been established on ApoE−/− mice following a WD, and then, 
the model mice were treated with PBMT for 10 weeks (Figure 1A). 
We removed the aorta of the mice and used ORO staining to detect 
atherosclerosis lesion. En face analysis revealed that the average 
atherosclerosis lesion area decreased 8.306 ± 2.012% after PBMT 
(P < .05). (Figure 1B). Since the aortic sinus is prone to athero-
sclerosis, we also compared atherosclerosis lesion, necrosis core 
area and collagen content in these areas (Figure 1C). H&E stain-
ing and ORO staining of cross sections revealed that significantly 
smaller lesion and necrosis core areas occurred in WD + PBMT 
mice (Figure 1D,E). However, there was no significant change in 
collagen content, suggesting that PBMT could stabilize the plaque 
by reducing the size of the necrotic core instead of affecting the 
collagen content (Figure 1F). The above results indicate that PBMT 
could reduce the area of atherosclerotic plaque, and thus have a 
certain protective effect on atherosclerosis.

3.2 | PBMT could improve plasma lipoprotein 
levels and inhibit foam cells formation

Hyperlipidaemia is regarded as an important risk factor for ath-
erosclerosis. Therefore, we next examined the effect of PBMT 
on plasma lipoprotein levels. Results revealed that total choles-
terol and LDL- C levels in WD + PBMT mice respectively reduced 
5.0 ± 2.2 nmol/L (P < .05) and 2.9 ± 0.94 nmol/L (P < .01) compared 
with WD mice. HDL- C level in mice after processing with PBMT 
increased from 0.309 ± 0.037 nmol/L to 0.472 ± 0.038 nmol/L 
(P < .05), but had no difference in triglyceride level compared with 
WD mice (Figure 2A- D). Foam cells formation is a hallmark of ath-
erosclerotic lesions. Promoting the RCT process can effectively 
promote the formation of HDL and reduce the accumulation of 
intracellular lipids in cells. To test whether PBMT inhibits foam 
cells formation, we load mouse primary peritoneal macrophages 
with oxLDL to simulate a foam cell model. First, we determined 
the amount of lipids in macrophages after treating with PBMT to 
confirmed optimum concentration of oxLDL and dose of PBMT 
(Figures S1 and S2). BODIPY staining showed that cells treated with 
PBMT had less lipid content than control (Figure 2E,F), suggesting 
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that PBMT could reduce lipids accumulation in macrophages. ABCA1 
and ABCG1- mediated cholesterol efflux is the rate- limiting step of 
RCT and considered to be an effective method to suppress foam 
cells formation. Then, we detected ApoA- I and HDL- mediated cho-
lesterol efflux using 22- NBD cholesterol (which represent ABCA1 
and ABCG1- mediated cholesterol efflux, respectively). Results sug-
gested that the ABCA1 and ABCG1- medicated cholesterol efflux 
in macrophages were increased about 13.9% and 5%, respectively, 
after PBMT (Figure 2G,H). A more significant increase was observed 
in ABCA1- medicated cholesterol efflux; therefore, in the follow- up 
experiments, we will focus on the impact of PBMT on ABCA1. We 
draw conclusions from the above experiments that PBMT could im-
prove plasma lipoprotein levels and inhibit foam cells formation.

3.3 | PBMT could promote ABCA1 expression and 
ABCA1- dependent cholesterol efflux

The front experiments confirmed that PBMT could significantly 
promote ABCA1- medicated cholesterol efflux from macrophages 
and inhibit foam cells formation. Thus, we next examined the 
effect of PBMT on ABCA1. WB and qPCR experiments results 
suggested that a significant increase of ABCA1 was observed 
in oxLDL- loaded and non- loaded cells after treating with PBMT 
(Figure 3A,B). We also detected the expression of SRs associated 
with foam cells formation after PBMT treatment by WB and qPCR 
experiments. Data revealed that the expression of SR- AI, SR- BI and 
CD36 in oxLDL- loaded cells were significantly higher than oxLDL 

F I G U R E  1   Photobiomodulation therapy (PBMT) could protect against atherosclerosis. A, Schematic diagram. Apolipoprotein E (ApoE)−/− 
mice fed with a western diet (WD) for 18 wk and treated with PBMT in the last 10 wk. B, Representative ORO staining and quantitative 
analysis of atherosclerosis lesion area in ApoE−/− mice aortas (n = 7). C- F, Representative ORO, H&E and Masson's trichrome staining and 
quantitative analysis of the lesion area D, necrotic core E, and collagen content F, in the aortic sinus. Scale bars, 400 μm (n = 8). Data are 
shown as mean ± SEM, WD vs. WD + PBMT, unpaired two- tailed Student's t test. *P < .05, **P < .01, ns = not significant
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non- loaded cells, and PBMT did not affect the expression of SR- 
AI, SR- BI and CD36 (Figure 3C- E), indicating that PBMT treatment 
would not promote excessive phagocytosis of lipoproteins by mac-
rophages. Immunofluorescence staining showed that the ABCA1 
content on the membrane of macrophages was significantly higher 
than control group after PBMT treatment (Figure 3F). These find-
ings indicated that PBMT could up- regulate the expression of 
ABCA1 to promote the cholesterol handle in macrophages rather 
than affecting lipoprotein uptake. To further confirm that choles-
terol efflux promoted by PBMT was ABCA1- dependent, DIDS, 
specific inhibitor of ABCA1, was added. The result verified that 
PBMT could promote macrophages ABCA1- medicated cholesterol 
efflux and the increase of cholesterol efflux was inhibited in the 
presence of DIDS (Figure 3G). Overall, we conclude that PBMT 
inhibits foam cells formation by up- regulating ABCA1 expression 
to promote ABCA1- medicated cholesterol efflux.

3.4 | ABCA1 was up- regulated by PBMT in ApoE−/− 
mice aortic tissue and peritoneal macrophages

The above results indicated that PBMT inhibited intracellular 
lipid accumulation by promoting ABCA1- mediated cholesterol 

efflux in vitro. However, did PBMT also inhibit atherosclerosis de-
velopment through this pathway in vivo? The following aim was 
to determine whether remission of atherosclerosis by PBMT re-
sulted from an up- regulation of ABCA1 in vivo. The WB and qPCR 
assay of ApoE−/− mice aortic tissue lysates revealed that choles-
terol transporter ABCA1 was up- regulated in WD + PBMT mice 
(Figure 4A,B). We carried immunofluorescence staining and found 
that the aortic sinus plaque area of WD + PBMT mice was smaller 
than control group, and the number of macrophages in the plaques 
was less than the control group. We also observed that ABCA1 
is mainly expressed on macrophages, and a small amount is ex-
pressed on smooth muscle cells (SMC) in atherosclerotic plaques. 
More importantly, PBMT treatment could increase the expression 
of ABCA1 in mouse aortic sinus plaque (Figure 4C). The expres-
sion of ABCA1 and ABCA1- mediated cholesterol efflux was also 
examined in peritoneal macrophages from ApoE−/− mice bearing 
atherosclerotic lesions. Results suggested that the expression 
level of ABCA1 after PBMT was 1.3 times of those in the control 
group (P < .01; Figure 4D). And after PBMT treatment, cholesterol 
efflux mediated by ABCA1 was significantly higher than the con-
trol group (Figure 4E). These findings indicated that PBMT could 
up- regulate ABCA1 expression in vivo to inhibit atherosclerosis 
development.

F I G U R E  2   Photobiomodulation 
therapy (PBMT) could improve plasma 
lipoprotein levels and inhibit foam 
cells formation. A- D, Representative 
total cholesterol level, LDL cholesterol 
level (LDL- C), high- density lipoprotein 
cholesterol level (HDL- C) and triglyceride 
level in the plasma of Apolipoprotein E 
(ApoE)−/− mice after 18 wk on western 
diet (WD; n = 7- 9). E, F, BODIPY staining 
E, and quantitative statistics F, showed 
the lipid content in primary mouse 
peritoneal macrophages after treated 
with PBMT. Scale bars, 20 μm (n = 6). 
G, H, apolipoprotein A- I (ApoA- I) G, 
and High- density lipoprotein H (HDL 
H; respect of the ATP- binding cassette 
transporters A1 [ABCA1] and ATP- binding 
cassette transporter G1 [ABCG1])- 
mediated cholesterol efflux after treated 
with PBMT (n = 7- 12). Data are shown 
as mean ± SEM, WD vs WD + PBMT, 
unpaired two- tailed Student's t test. 
*P < .05, **P < .01, ***P < .001, ns = not 
significant
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F I G U R E  3   Photobiomodulation therapy (PBMT) could promote ATP- binding cassette transporters A1 (ABCA1) expression and 
ABCA1- dependent cholesterol efflux. A, Western blot (WB) analysis and quantification of ABCA1 expression in primary mouse peritoneal 
macrophages or lipid- loaded macrophages after treated with PBMT (n = 6). B, qPCR analysis of ABCA1 expression in primary mouse 
peritoneal macrophages or lipid- loaded macrophages after treated with PBMT or positive control T0901317 (n = 8). C, D, WB analysis 
and quantification of SR- AI, SR- BI and CD36 expression in primary mouse peritoneal macrophages or lipid- loaded macrophages after 
treated with PBMT (n = 4). E, qPCR analysis of SR- AI, SR- BI and CD36 expression in primary mouse peritoneal macrophages or lipid- loaded 
macrophages after treated with PBMT (n = 8). F, Representative ABCA1 staining of mouse peritoneal macrophages showing ABCA1 
expression after treated with PBMT. Scale bars, 50 μm. G, apolipoprotein A- I (ApoA- I) mediated cholesterol efflux after treat with PBMT or 
DIDS (n = 6). Data are shown as mean ± SEM, control vs PBMT, unpaired two- tailed Student's t test or one- way ANOVA. *P < .05, **P < .01, 
***P < .001, #P < .05, ##P < .01, ###P < .001, ns = not significant
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F I G U R E  4   ATP- binding cassette transporters A1 (ABCA1) was up- regulated by Photobiomodulation therapy (PBMT) in Apolipoprotein E 
(ApoE)−/− mice aortic tissue and peritoneal macrophages. A, Western blot (WB) analysis and quantification of ABCA1 expression in ApoE−/− 
mice aortic after treated with PBMT (n = 8). B, qPCR analysis of ABCA1 expression in ApoE−/− mice aortic after treated with PBMT (n = 5). 
C, Representative ABCA1, α- SMA (smooth muscle cell) and CD11b (macrophage) staining in the aortic sinus after treated with PBMT. Scale 
bars, 200 μm. D, WB analysis and quantification of ABCA1 expression in ApoE−/− mice peritoneal macrophages (n = 4). E, apolipoprotein 
A- I (ApoA- I)- mediated cholesterol efflux after treat with PBMT or DIDS in ApoE−/− mice peritoneal macrophages (n = 6). Data are shown as 
mean ± SEM, control vs PBMT, unpaired two- tailed Student's t test. *P < .05, **P < .01, ***P < .001, ##P < .01, ns = not significant
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F I G U R E  5   Activation of phosphatidylinositol 3- kinases/protein kinase C zeta/specificity protein 1 (PI3K/PKCζ/SP1) signalling cascade 
by Photobiomodulation therapy (PBMT) promoted ATP- binding cassette transporters A1 (ABCA1) expression and cholesterol efflux. A- C, 
Western blot (WB) analysis of ABCA1 expression in primary mouse peritoneal macrophages with different treatments: Mithramycin A (MTA, 
200 nmol/L) A, GÖ6983 (4 μmol/L) B, and wortmannin (WMN, 200 nmol/L) C, (n = 4). D, Representative ABCA1 staining in primary mouse 
peritoneal macrophages with different treatments. Scale bars, 50 μm. E- H, Immunoprecipitation (IP) of SP1 and WB E, and statistical analysis 
of SP1 threonine F, serine G, residues phosphorylation and PKCζ bound to SP1 H, after treated with or without PBMT, WMN, GÖ6983 and 
MTA (n = 3). I- K, WB I, and statistical analysis of PKCζ phosphorylation J, and ABCA1 expression K, after treated with PBMT, WMN and 
GÖ6983 (n = 3). L, Apolipoprotein A- I (ApoA- I)- mediated cholesterol efflux after treat with or without PBMT, WMN, GÖ6983 and MTA 
(n = 6). Data are shown as mean ± SEM, one- way ANOVA *P < .05, **P < .01, #P < .05, ##P < .01, ns = not significant
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3.5 | Activation of PI3K/PKCζ /SP1 signalling 
cascade by PBMT promoted ABCA1 expression and 
cholesterol efflux

The former results demonstrated that PBMT up- regulated the ABCA1 
expression in both mouse aortic and peritoneal macrophages, then 
we did a series of experiments to explore the underlying mechanism. 
Some studies have reported that SP1 is related to ABCA1 expression, 
and previous work also found the phosphorylation of SP1 by PBMT 
promoted its downstream gene transcription.30- 32 To evaluate the 
role of SP1 in PBMT- induced ABCA1 expression, specific SP1 inhibi-
tor, MTA, was used and the WB showed that inhibitions of SP1 no-
tably suppressed PBMT- induced ABCA1 upexpression (Figure 5A). 
SP1 is a class of transcription factors whose activity is regulated by 
post- transcription. AKT and PKCζ, which have been reported in-
volved in regulating the activity of SP1, also associated with the ex-
pression of ABCA1. Therefore, we subsequently conducted a series 
of WB experiments to explore whether these proteins are involved 
in the process of PBMT up- regulating ABCA1 expression. As shown 
in Figure 5B, PBMT- induced ABCA1 expression was inhibited when 
PKCζ inhibitors were added but had no significant difference in the 
group which AKT was inhibited (Figure S3). It has been reported that 
the activity of PKCζ was regulated by PI3K.33,34 We next determined 
whether PI3K was required in PBMT- induced ABCA1 expression and 
the significant reduction in ABCA1 protein level after PBMT was ob-
served when PI3K was inhibited in the WB analysis (Figure 5C). We 
observed similar results in immunofluorescence staining of ABCA1 
(Figure 5D). Under these results, we concluded that PBMT- induced 
ABCA1 expression was regulated by SP1, PKCζ and PI3K. Next, we 
further found out through the immunoprecipitation (IP) and WB anal-
ysis that PBMT increased the phosphorylation of threonine but not 
the serine sites in SP1 and the threonine site phosphorylation level 
was decreased when PI3K, PKCζ and SP1 were inhibited, respectively 
(Figure 5E- G). The total protein of SP1 and PKCζ did not change sig-
nificantly after different treatments (Figure 5E, Figure S4). Another 
result showed that the combination of PKCζ and SP1 was increased 
after treating with PBMT, and the increase was weakened in the pres-
ence of the PI3K, PKCζ and SP1 inhibitors. (Figure 5E,H), suggesting 
that PBMT could promote PKCζ bound to SP1 and subsequently ac-
tivate SP1. Additionally, we found that the phosphorylation of PKCζ 
was increased after treating with PBMT, and the increase was inhib-
ited when WMN and GÖ6983 were added, the change of ABCA1 ex-
pression was on the same trajectory (Figure 5I- K). From the above, 
those results suggested that activation of PI3K/PKCζ/SP1 signalling 
pathway by PBMT promoted ABCA1 expression. Finally, we explored 
whether PI3K, PKCζ and SP1 are involved in the regulation of choles-
terol efflux promoted by PBMT. The inhibitors of PI3K, PKCζ and SP1 
were employed again to observe the changes of cholesterol efflux and 
results showed that they weakened the increase of cholesterol efflux 
induced by PBMT (Figure 5L). In summary, activation of PI3K/PKCζ/
SP1 signalling cascade by PBMT promoted ABCA1 expression and 
ABCA1- mediated cholesterol efflux in macrophages.

4  | DISCUSSION

It is well known that atherosclerosis is an immune system- mediated 
chronic inflammatory disease. Cholesterol- rich macrophages forma-
tion and retention in arterial vasculature exacerbates the disease and 
promotes the development of vulnerable plaques, causing acute clin-
ical events.35,36 Therefore, strategies aimed to diminish macrophage 
foam cells formation can slow the lesion progression.37 The imbal-
ance of cholesterol influx and efflux makes cholesterol esters accu-
mulate in macrophages to form the foam cells. It is well- established 
that cholesterol transporters- mediated cholesterol efflux and RCT 
are major mechanisms for the removal of cellular cholesterol. Here, 
we tested the hypothesis that PBMT had beneficial therapeutic 
effects on WD- induced atherosclerosis. The results from the lipid 
and histomorphology studies combined with in vivo studies in ath-
erosclerotic mice suggested that PBMT exerted its potent effect by 
promoting macrophage cholesterol efflux to inhibit the formation of 
foam cells in atherosclerotic plaques.

In atherosclerosis, macrophage- dependent cholesterol handling 
is deregulated. Pro- inflammatory stimulus up- regulates SRs expres-
sion in macrophages, in contrast, ABCA1 and ABCG1 expression 
is decreased, further exacerbating the accumulation of intracel-
lular cholesterol and promoting the production of foam cells.38 As 
reported, ABCA1 and ABCG1 work together in mediating choles-
terol efflux to HDL. What we found in our study was that PBMT 
significantly promoted ABCA1- medicated cholesterol efflux. The 
importance of ABCA1 transporter for cholesterol efflux from mac-
rophages has been demonstrated in many studies. Indeed, the ability 
to up- regulate ABCA1 expression may be a key determinant of mac-
rophages cholesterol efflux. We have found that treating with PBMT 
promoted ABCA1- mediated cholesterol efflux in macrophages by 
increasing ABCA1 mRNA and protein levels. Evidence confirmed 
that the effect of PBMT on cholesterol efflux was suppressed when 
ABCA1 expression was diminished.

Photobiomodulation therapy or low- level light/laser therapy 
was accidentally discovered in 1967 and has been used clinically for 
over 20 years in analgesia, anti- inflammatory and wound healing, 
with a long safety record. Liu et al apply PBMT to clinical treatment 
of vascular diseases, and their research showed that total choles-
terol level and LDL- C decreased significantly, and HDL- C increased 
significantly. Researchers deemed that PBMT might be a systemic 
effect and the mesenchymal stem cells/marrow stromal cells or 
blood cells might be the targets, so they carried the trials through 
intranasal low- intensity GaInP/AlGaInP diode 650 nm laser.24 We 
also consider that the effect of PBMT is systematic and blood cells 
are the target of PBMT, because of rich capillaries on the inner 
surface of the nasal cavity. Tulebaev found that PBMT irradia-
tion through nasal cavity modified all responses of T lymphocytes 
and they observed a significant increase of T lymphocytes and a 
higher capacity of T cells to form the migration inhibition factor.39 
Other researches also came to a similar conclusion.40,41 Therefore, 
in our experiment, animals received laser irradiation through the 
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abdomen and chest to get a systemic effect through peripheral 
blood. We did observe some changes in mouse peritoneal macro-
phages, which prove our guess.

There are limitations in our study. First, given the laser applied 
to the abdomen and chest, maybe there were some impacts on gut 
or liver. However, we just observed the changes of some indicators 
without in- depth discussion. Second, liver X receptors (LXR), reti-
noic acid receptors and peroxisome proliferator- activated receptors 
(PPARs) along with their coactivator have been reported to amplify 
ABCA1 expression,42- 44 changes in these factors were not detected 
in our experiments. Third, in addition to serving as a transcription 
factor, SP1 can also act as a transcription coactivator to promote the 
binding of LXR- RXR to the promoter region of ABCA1 gene.45,46 Our 
research did not explore this aspect and all of these will be verified 
in our future experiments.

Overall, the current investigation demonstrates that PBMT, a 
non- invasive treatment, can ameliorate WD- induced atherosclero-
sis through promoting the ABCA1- medicated cholesterol efflux to 
inhibit foam cells formation. PKCζ- dependent phosphorylation of 
SP1 threonine sites is critical for up- regulating ABCA1 expression by 
PBMT. Our studies provide a proof that therapies aimed at increas-
ing the removal of macrophage cholesterol by PBMT could be a valid 
strategy for treating atherosclerosis. Some of the key advantages of 
PBMT are its economy and safety, because it can be used with com-
mercially available light- emitting devices to transfer energy within 
a safe range for humans. Therefore, PBMT might be a meaningful 
therapeutic tool for CVD.
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