
CNS Neurosci Ther. 2023;29:4113–4123.    | 4113wileyonlinelibrary.com/journal/cns

Received: 11 May 2023  | Revised: 4 June 2023  | Accepted: 11 June 2023

DOI: 10.1111/cns.14333  

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

Ultrasound reduces inflammation by modulating M1/M2 
polarization of microglia through STAT1/STAT6/PPARγ 
signaling pathways

Chin- Hung Hsu1 |   Yi- Ju Pan2,3 |   Yin- Ting Zheng1 |   Raymond Y. Lo4 |   Feng- Yi Yang1

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.
© 2023 The Authors. CNS Neuroscience & Therapeutics published by John Wiley & Sons Ltd.

Chin- Hung Hsu and Yi- Ju Pan contributed equally to this work.  

1Department of Biomedical Imaging 
and Radiological Sciences, School of 
Biomedical Science and Engineering, 
National Yang Ming Chiao Tung University, 
Taipei, Taiwan
2Department of Psychiatry, Far Eastern 
Memorial Hospital, New Taipei, Taiwan
3Department of Chemical Engineering 
and Materials Science, Yuan Ze University, 
Taoyuan, Taiwan
4Department of Neurology, Buddhist 
Tzu Chi General Hospital and Tzu Chi 
University, Hualien, Taiwan

Correspondence
Feng- Yi Yang, Department of Biomedical 
Imaging and Radiological Sciences, School 
of Biomedical Science and Engineering, 
National Yang Ming Chiao Tung University, 
No. 155, Sec. 2, Li- Nong St., Taipei 11221, 
Taiwan.
Email: fyyang1@nycu.edu.tw

Funding information
FEMH- NYMU Joint Research Program 
(no. 111DN27 and 112DN27); National 
Science and Technology Council of Taiwan 
(NSTC 111- 2218- E- A49- 033 and NSTC 
111- 2314- B- A49- 045- MY3)

Abstract
Introduction: Activated microglia can be polarized to the pro- inflammatory M1 phe-
notype and the anti- inflammatory M2 phenotype. Low- intensity pulsed ultrasound 
(LIPUS) can attenuate pro- inflammatory responses in activated microglia.
Objective: This study aimed to investigate the effects of LIPUS on M1/M2 polari-
zation of microglial cells and the regulatory mechanisms associated with signaling 
pathways.
Methods: BV- 2 microglial cells were stimulated by lipopolysaccharide (LPS) to an M1 
phenotype or by interleukin- 4 (IL- 4) to an M2 phenotype. Some microglial cells were 
exposed to LIPUS, while others were not. M1/M2 marker mRNA and protein expres-
sion were measured using real- time polymerase chain reaction and western blot, re-
spectively. Immunofluorescence staining was performed to determine inducible nitric 
oxide synthase (iNOS)- /arginase- 1 (Arg- 1)-  and CD68- /CD206- positive cells.
Results: LIPUS treatment significantly attenuated LPS- induced increases in inflamma-
tory markers (iNOS, tumor necrosis factor- α, interleukin- 1β, and interleukin- 6) as well 
as the expression of cell surface markers (CD86 and CD68) of M1- polarized micro-
glia. In contrast, LIPUS treatment significantly enhanced the expression of M2- related 
markers (Arg- 1, IL- 10, and Ym1) and membrane protein (CD206). LIPUS treatment 
prevented M1 polarization of microglia and enhanced or sustained M2 polarization 
by regulating M1/M2 polarization through the signal transducer and activator of tran-
scription 1/STAT6/peroxisome proliferator- activated receptor gamma pathways.
Conclusions: Our findings suggest that LIPUS inhibits microglial polarization and 
switches microglia from the M1 to the M2 phenotype.
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1  |  INTRODUC TION

Neuroinflammation is one of the major neuropathological charac-
teristics of neurodegenerative diseases, such as Alzheimer's disease 
and Parkinson's disease.1,2 Clinical failures in treating these diseases 
underline the obstacles to drug development, including delivery of 
a high enough drug concentration to the brain, because the blood– 
brain barrier (BBB) often prevents therapeutic levels from being 
achieved. Indeed, only a fraction of the drug that enters the brain 
reaches microglia. Therefore, the continuing lack of effective drugs 
to treat these diseases highlights the unmet need for developing in-
novative treatments.3,4

A method of manipulating the microglial phenotype could po-
tentially be an effective treatment for multiple human neurode-
generative diseases. Peroxisome proliferator- activated receptor 
gamma (PPARγ) agonists have been shown to induce microglia to 
switch from M1 to M2 and reduce lipopolysaccharide (LPS)- induced 
release of reactive oxygen species by inhibiting NF- κB activity.5– 7 
Moreover, PPARγ activation has a protective effect by attenuat-
ing inflammation in the central nervous system (CNS). In previous 
studies, low- intensity pulsed ultrasound (LIPUS) attenuated pro- 
inflammatory responses as well as the decline in brain- derived neu-
rotrophic factor (BDNF) in LPS- treated microglia.8 Moreover, LIPUS 
stimulation induced neuroprotection by inhibiting LPS- induced ac-
tivation of TLR4/NF- κB inflammatory signaling and by enhancing 
the associated CREB/BDNF expression in LPS- treated mice.9 Zhang 
et al. showed LIPUS induced the polarization change of inflamma-
tory macrophages and resident macrophages in a rat model of spinal 
fusion.10 Nevertheless, whether LIPUS is involved in regulating mi-
croglial polarization and its molecular mechanisms is still unknown.

Microglia, the resident macrophages of the CNS, maintain the 
neural environment and respond to neural damage and repair by 
switching between different activation states.11 Inflammatory re-
sponses in the brain, which are indicated by changes in the prop-
erties of microglia, play a crucial role in multiple CNS diseases.12 
Microglia are the first line of defense in the brain and have pro-
tective functions. They initiate an inflammatory response when a 
danger signal is detected. This may be triggered by microglial ac-
tivation and consequent inducible nitric oxide synthase (iNOS) up-
regulation and secretion of several inflammatory cytokines.13 On 
the other hand, microglia can produce anti- inflammatory cytokines, 
inhibit local inflammation, and promote trophic support by secret-
ing neurotrophins.14 Therefore, microglia can be either cytotoxic or 
neuroprotective depending on their current phenotype. The shifting 
microglial phenotype has recently become a therapeutic strategy to 
treat multiple neurodegenerative diseases.15

Microglia can be polarized to the classically activated pro- 
inflammatory M1 phenotype or the alternatively activated anti- 
inflammatory M2 phenotype.16 M1 and M2 phenotypes are 
stimulated by LPS and interleukin- 4 (IL- 4), respectively.17 M1 microg-
lia release high levels of pro- inflammatory mediators, such as tumor 
necrosis factor- α (TNF- α), interleukin- 1β (IL- 1β), and interleukin- 6 (IL- 
6), in addition to increased levels of oxidative metabolites, such as 

iNOS, and cell surface markers, CD86 and CD68.18,19 These inflam-
matory factors are mediated by the signal transducer and activator 
of transcription 1 (STAT1) signaling pathway. In contrast, M2 microg-
lia release beneficial mediators, including IL- 10, arginase- 1 (Arg- 1), 
Ym1, mannose receptor (CD206), transforming growth factor beta 
(TGF- β), and several neurotrophic factors, such as BDNF, insulin- like 
growth factor- 1 (IGF- 1), and nerve growth factor (NGF), which are 
mediated by the STAT6 signaling pathway.16,20,21 Furthermore, the 
M2 microglial phenotype can be categorized into M2a, M2b, and 
M2c subtypes, which can be distinguished by changes in expression 
of the relevant factors.22,23 M1/M2 polarization of microglia can be 
regulated through STAT1 or STAT6 phosphorylation.24

Since LIPUS is a local treatment and is noninvasive, its targeted 
stimulation to activate microglia at the site of neuroinflammation 
could be highly beneficial. Therefore, this study aimed to investigate 
whether LIPUS has the ability to inhibit M1 polarization and promote 
M2 polarization and subsequently induce an M1- to- M2 phenotypic 
shift in microglia. The results of our study may have implications for 
treating inflammation- related neurological diseases.

2  |  MATERIAL S AND METHODS

2.1  |  Pulsed ultrasound system

LIPUS was generated by a therapeutic ultrasound genera-
tor (ME740, Mettler Electronics) and a 1- MHz plane transducer 
(ME7410, Mettler Electronics; 9.3- cm2 effective radiating area) with 
2- ms burst lengths at a 20% duty cycle and repetition frequency of 
100 Hz. The spatial average intensity (ISAI) over the plane transducer 
head was 30 mW/cm2; it was measured with a radiation force bal-
ance (Precision Acoustics) in degassed water. The ultrasound param-
eters were selected based on the results of our previous study.8 The 
LIPUS was transmitted from the plane transducer to the bottom of 
the cell culture plate. Ultrasound transmission gel (Pharmaceutical 
Innovations) was used to cover the area between the transducer and 
the plate to maximize ultrasound transmission. Each microglial cell 
sample was treated with three episodes of LIPUS stimulation using 
triple sonication. To reduce the thermal effect of ultrasound, the du-
ration of each sonication was 5 min, with a 5- min interval between 
two sonications. Thus, the total sonication time of LIPUS stimulation 
was 15 min.

2.2  |  Cell cultures

BV- 2 cells, derived from primary mouse microglial cells, are the most 
frequently used substitute for primary microglia. There were no ani-
mal subjects in this study. The mouse BV- 2 microglial cell line was 
purchased from American Type Culture Collection (ATCC). The cells 
were grown on a six- well plate (each well diameter = 34.8 mm) at an 
appropriate density in Dulbecco's Modified Eagle's Medium (Gibco) 
supplemented with 10% (v/v) heat- inactivated fetal bovine serum, 
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100 μg/mL of streptomycin, and 100 U/mL of penicillin (Hyclone). 
They were maintained in a humidified 5% CO2/95% air environment 
at 37°C. The cells were incubated for a further 24 h in a humidified 
incubator. A cell density of 1 × 105 cells/well was prepared for sub-
sequent experiments. To promote polarization to the M1 or M2 phe-
notype, microglia were treated with LPS (10 ng/mL) or IL- 4 (20 ng/
mL), respectively, for 8 h. BV2 cells were divided into six groups: 
control, LIPUS, LPS, LPS + LIPUS, IL- 4, and IL- 4 + LIPUS. The control 
group received no treatment except for a change of medium. The 
LIPUS group received the medium and LIPUS. The LPS group and 
LPS + LIPUS group consisted of microglia stimulated with LPS with-
out and with LIPUS, respectively. The IL- 4 group and IL4 + LIPUS 
group consisted of microglia stimulated with IL- 4 without and with 
LIPUS, respectively. The LPS + LIPUS and IL- 4 + LIPUS groups were 
treated with LIPUS for a sonication time of 15 min 4 h after LPS and 
IL- 4 administration, respectively.

2.3  |  Cell viability measurements

The 3- (4,5- dimethylthiazol- 2- yl)- 2,5- diphenyltetrazolium bromide 
(MTT) assay was performed in this study to measure cell viability. 
BV2 microglia were incubated with PBS, LPS, or IL- 4 for 4 h and stim-
ulated with/without LIPUS. Then, the cells were treated with MTT 
for 4 h and the formazan formed was dissolved with dimethyl sulfox-
ide (1 mL/well). Optical density was determined at 570 nm using a 
spectrophotometer (TECAN Sunrise™).

2.4  |  Real- time polymerase chain reaction

Total RNA was isolated from cells using an RNeasy Mini Kit (QIAGEN) 
according to the manufacturer's instructions. RNA concentration 
and purity were determined using NanoDrop ND- 1000 (Thermo 
Fisher Scientific) according to the manufacturer's instructions. 
Reverse transcription was performed using a ToolsQuant II Fast RT 
Kit (BioTools) according to the manufacturer's instructions. RT- PCR 
assay was performed using SYBR (KAPA SYBR FAST qPCR Master 
Mix (2×), ABI Prism™) in StepOnePlus™ (Applied Biosystems), ac-
cording to the manufacturer's instructions. Table S1 summarizes the 
primers used in this study. β- actin was used to normalize mRNA in 
the cells. Each sample was analyzed in triplicate for yield validation. 
The 2−ΔΔCt method was used to determine the relative quantification 
of gene expression levels.

2.5  |  Western blot analysis

The different groups of cells were harvested and lysed in lysis 
buffer (RIPA 98%, EDTA 1%, and protease and phosphatase inhibi-
tor 1%; Thermo Fisher Scientific Inc.), followed by centrifugation at 
12500 rpm for 30 min at 4°C. Protein concentrations were quanti-
fied with the dye- based protein assay (Bio- Rad Laboratories Inc.) 

according to the manufacturer's instructions. The cell lysates (35 μg) 
were separated by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis on 12% gels and transferred to polyvinylidene difluoride 
membranes (0.22 μm; Bio- RAD). The blots were blocked with 5.5% 
fat- free dry milk in TBST (1 mM Tris, 150 mM NaCl, 0.1% Tween20, 
pH 7.4) RT for 1 h and probed with primary antibodies at 4°C over-
night. TNF- α, IL- 1β, α- tubulin, iNOS, Arg- 1, p- STAT1, STAT1, p- 
STAT6, and STAT6 were the primary antibodies. After being washed 
with PBST buffer, signals were developed using Western Lightning 
ECL Pro reagent (Bio- Rad). Western blot signals were analyzed and 
visualized using a biomolecular imager (ImageQuant™ LAS 4000, GE 
Healthcare Bio- Sciences AB).

2.6  |  Immunofluorescence

BV2 cells were incubated with 10 ng/mL of LPS in humidified 5% 
CO2/95% air for 24 h at 37°C. The cells were fixed in 4% paraform-
aldehyde for 10 min at room temperature and washed three times 
with PBS. The cells were treated with 0.1% Triton X- 100 for 5 min at 
room temperature. The washed cells were incubated with a blocking 
serum for 1 h and then incubated overnight with primary antibody 
(α- tubulin). The cells were then washed and incubated with second-
ary antibodies for 1 h in a dark room. For nuclear staining, the cells 
were incubated with 10 μL of DAPI for 10 min. The slide was finally 
washed and mounted for microscopic examination. The stained cells 
were detected by fluorescence microscopy. The number of cells 
positive for α- tubulin was counted in a 0.302- mm2 area in three 
non- overlapping fields under 200× magnification. The mean signal 
intensities for iNOS, Arg- 1, CD68, and CD206 were quantified in a 
0.302- mm2 area in three non- overlapping fields with Image- Pro Plus 
software (Media Cybernetics) in a blinded manner.

2.7  |  Statistical analysis

All data are shown as mean ± standard error of the mean. The 
Shapiro– Wilk test was used to test for normality. One- way ANOVA, 
followed by Tukey's post hoc test, was used to determine differ-
ences between groups. The level of statistical significance was set 
at p < 0.05.

3  |  RESULTS

3.1  |  Effects of LIPUS, LPS, and IL- 4 treatment on 
microglia

First, we examined the effect of LIPUS on microglia (Figure 1A) 
as it can increase the expression of neurotrophic factors in mi-
croglia.8 When exposed to LIPUS, microglia exhibited significant 
time- dependent changes in IGF- 1 mRNA expression (p < 0.01; 
Figure 1B). The expression of IGF- 1 reached a maximum at 4 h 
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after LIPUS stimulation (p < 0.001; Figure 1B). On the other hand, 
LIPUS significantly decreased TNF- α mRNA expression 4 h after 
stimulation (p < 0.05; Figure 1C). LIPUS, LPS, IL- 4, or a combination 
of the three did not affect cell viability compared with the control 
cells (Figure 1D). Second, we examined the effect of LPS on micro-
glia (Figure 1E). iNOS and TNF- α mRNA expression showed time- 
dependent changes in LPS- treated microglia (Figure 1F,G). iNOS 
and TNF- α expression reached a maximum at 8 and 2 h after LPS 
treatment, respectively (p < 0.001; Figure 1F,G). However, no sig-
nificant difference in Arg- 1 expression was observed at any time 
points in LPS- treated microglia (Figure 1H). Third, we examined 
the effect of IL- 4 on microglia (Figure 1I). Arg- 1 and IGF- 1 mRNA 
expression showed time- dependent changes in IL- 4- treated micro-
glia (Figure 1J,K). The expression of both Arg- 1 and IGF- 1 reached a 
maximum at 8 h after IL- 4 treatment (p < 0.001; Figure 1J,K). In con-
trast, iNOS mRNA expression showed a time- dependent decrease in 
IL- 4- treated microglia (Figure 1L). iNOS expression reached a mini-
mum at 8 h after IL- 4 treatment (p < 0.01; Figure 1L).

3.2  |  LIPUS inhibits LPS- induced M1 markers and 
selectively promotes IL- 4- induced M2 markers

Based on the temporal expression profile shown in Figure 1, we hy-
pothesized that LIPUS affected M1/M2 polarization. To address this 
hypothesis, we examined whether M1 marker expression was inhib-
ited by LIPUS treatment in LPS- treated microglia. The expression of 
M1- related markers, including TNF- α (p < 0.001), IL- 1β (p < 0.001), 
IL- 6 (p < 0.001), and CD86 (p < 0.01), was significantly increased by 
LPS, but these rising trends were attenuated by LIPUS treatment 
(Figure 2A– D, third and fourth columns). M1 marker expression was 
not increased by treatment with IL- 4 (Figure 2A– D, fifth column). 
Consistent with the mRNA expression, the expression of TNF- α 
(p < 0.001) and IL- 1β (p < 0.01) proteins was also increased by LPS 
and significantly inhibited by LIPUS (Figure 2E,F). In contrast, the ex-
pression of M2 markers (IL- 10 and Ym1) was significantly promoted 
by LIPUS treatment (Figure 2G,H). The expression of M2- related 
markers, including NGF (p < 0.01), BDNF (p < 0.05), IGF- 1 (p < 0.001), 

F I G U R E  1  Effects of LIPUS, LPS, and IL- 4 treatment on the expression of M1-  and M2- related factors. (A) Microglial cells were treated 
with LIPUS. Cells were evaluated for (B) IGF- 1 and (C) TNF- α mRNA expression at 2, 4, 8, and 12 h after LIPUS treatment. (D) No significant 
difference was found in the growth of microglia subjected to LIPUS, LPS, or IL- 4 treatment compared with the control group. (E) Microglial 
cells were treated with LPS and evaluated for (F) iNOS, (G) TNF- α, and (H) Arg- 1 mRNA expression at 2, 4, 8, and 12 h after LPS treatment. 
(I) Microglial cells were treated with IL- 4 and evaluated for (J) Arg- 1, (K) IGF- 1, and (L) iNOS mRNA expression at 2, 4, 8, and 12 h after IL- 4 
treatment. *denotes a significant difference between the control group and the other four groups. *p < 0.05; **p < 0.01; ***p < 0.001; N.S. = 
not significant; n = 9.
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and TGF- β (p < 0.001), was significantly increased by IL- 4 treatment, 
but it was not attenuated by LIPUS treatment (Figure 2I– L, fifth and 
sixth columns).

3.3  |  LIPUS inhibits LPS- induced iNOS expression, 
but not IL- 4- induced Arg- 1 expression

The differential expression of iNOS and Arg- 1 in the M1 profile com-
pared with the M2 profile provides a model for microglial pheno-
types. LPS treatment increased the mRNA and protein expression 
of pro- inflammatory cytokine iNOS (both p < 0.001; Figure 3A,C), 
indicating the shifting of microglia to the M1 phenotype. LPS treat-
ment also decreased the expression of M2- related Arg- 1 in micro-
glia. LIPUS treatment not only significantly inhibited iNOS mRNA 
and protein expression in LPS- treated microglia (both p < 0.001; 
Figure 3A,C), but also significantly promoted Arg- 1 mRNA and pro-
tein expression (both p < 0.01; Figure 3B,D). However, LIPUS treat-
ment did not induce higher Arg- 1 mRNA and protein expression in 
IL- 4- treated microglia (Figure 3B,D). Therefore, these data suggest 

that LIPUS prevents LPS activation of microglial cells and facilitates 
their polarization to the M2 phenotype.

3.4  |  LIPUS regulates M1/M2 polarization of 
microglial cells

To validate the effect of LIPUS treatment on polarization, micro-
glial cells were stimulated by LPS to an M1 phenotype or by IL- 4 to 
an M2 phenotype, and then treated with LIPUS. The levels of ex-
pression of M1 and M2 intercellular proteins, iNOS and Arg- 1 were 
detected using immunofluorescence (Figure 4A). Consistent with 
the mRNA and protein expression shown in Figure 3, iNOS expres-
sion was significantly elevated in LPS- treated microglia (p < 0.01; 
Figure 4B), while it was significantly reduced following LIPUS treat-
ment (p < 0.05; Figure 4B, third and fourth columns). In addition, no 
change in Arg- 1 expression was observed in the microglia treated 
with LPS, but LIPUS treatment significantly increased Arg- 1 in LPS- 
treated microglia (p < 0.05; Figure 4C, third and fourth columns). 
However, no significant difference in Arg- 1 was found in microglia 

F I G U R E  2  Effects of LIPUS treatment on the expression of M1-  and M2- related cytokines and neurotrophins. Microglia were treated 
with LPS, IL- 4, LIPUS, or a combination of LIPUS and LPS or IL- 4. (A) TNF- α, (B) IL- 1β, (C) IL- 6, and (D) CD86 mRNA in microglia was 
quantified by qRT- PCR. Representative immunoblots and densitometric analyses of (E) TNF- α and (F) IL- 1β in microglia. (G) IL- 10, (H) Ym1, 
(I) NGF, (J) BDNF, (K) IGF- 1, and (L) TGF- β mRNA in microglia was quantified by qRT- PCR. *p < 0.05; **p < 0.01; ***p < 0.001; N.S. = not 
significant; n = 8.
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treated with IL- 4 or the combination of IL- 4 and LIPUS (Figure 4C, 
fifth and sixth columns). The levels of expression of M1 and M2 cell 
surface markers, CD68 and CD206, were also detected using im-
munofluorescence (Figure 5A). CD68 expression was significantly 
elevated in LPS- treated microglia (p < 0.01; Figure 5B), while it was 
reduced following LIPUS treatment. In addition, no change in CD206 
expression was observed in microglia treated with LPS, but LIPUS 
treatment significantly increased CD206 in LPS- treated microglia 
(p < 0.01; Figure 5C, third and fourth columns). However, no signifi-
cant difference in CD206 was found in microglia treated with IL- 4 
or the combination of IL- 4 and LIPUS (Figure 5C, fifth and sixth col-
umns). These results suggest that LIPUS reduced M1 polarization of 
microglia and switched them from M1 to M2 polarization.

3.5  |  LIPUS induces M2 subtype expression in 
microglia and regulates M1/M2 polarization via the 
STAT1/STAT6/PPARγ  signaling pathways

CD206, CCL1, and TLR8 are markers for microglial subtypes M2a, 
M2b, and M2c, respectively.22 All three M2 phenotypes are anti- 
inflammatory repair microglial cells. LIPUS significantly promoted 
CD206 and TLR8 expression in control, LPS- treated, and IL- 4- treated 
microglia (all p < 0.05; Figure 6A, C), while it did not affect CCL1 
expression in the three treatments (all p > 0.05; Figure 6B). STAT1 
and STAT6 have a reciprocal inhibitory relationship and regulate 
the transcription of M1 or M2 genes involved in the polarization of 
microglia.16,25 To understand the underlying mechanism of the M1/
M2 polarization switch after LIPUS treatment, the effects of LIPUS 
on STAT1/STAT6 were observed. Microglia were treated with LPS 
to activate the STAT1 pathway, which is necessary for M1 polariza-
tion. The level of phosphorylated (p)- STAT1 protein was significantly 
increased by LPS and attenuated by LIPUS treatment (Figure 6D,E, 

third and fourth columns). No change in the level of p- STAT1 was ob-
served in microglia treated with IL- 4 or the combination of IL- 4 and 
LIPUS (Figure 6D,E, fifth and sixth columns). We then detected the 
level of p- STAT6 protein, which is necessary for M2 polarization. No 
change in the p- STAT6 level was observed in microglia treated with 
LPS, but LIPUS treatment significantly increased p- STAT6 in LPS- 
treated microglia (Figure 6D,G, third and fourth columns). However, 
no significant effect on p- STAT6 was found in microglia treated with 
IL- 4 or the combination of IL- 4 and LIPUS (Figure 6D,G, fifth and 
sixth columns). To further explore the mechanisms in microglial cells 
exposed to LIPUS, the expression of PPARγ, a master regulator of M2 
polarization of microglia, was measured using real- time PCR. PPARγ 
expression was significantly reduced in LPS- treated microglia com-
pared with control cells (p = 0.002; Figure 6I, first and third columns), 
but this trend was reversed in the presence of LIPUS (p < 0.001; 
Figure 6I, third and fourth columns). Moreover, IL- 4 induced a sig-
nificant increase in PPARγ mRNA expression compared with control 
cells; this increase was further enhanced in the presence of LIPUS 
(both p < 0.001; Figure 6I, fifth and sixth columns). Taken together, 
our results suggest that LIPUS regulates M1/M2 polarization of mi-
croglia via the STAT1/STAT6/PPARγ pathways.

4  |  DISCUSSION

Many drugs inducing the M1- to- M2 phenotype switch in microglia 
have therapeutic potential for treating neurodegenerative diseases 
but have failed due to the limited permeability of the BBB.26,27 
Therefore, there is clinical interest in changing microglial polariza-
tion through innovative approaches without the impediment of the 
BBB. In vivo and in vitro experiments provide increasing evidence of 
the anti- inflammatory effects of LIPUS on LPS- induced inflamma-
tion.8,9 LIPUS treatment has been shown to alleviate LPS- induced 

F I G U R E  4  LIPUS treatment regulates M1/M2 microglial polarization. (A) Representative images of immunofluorescent labeling of iNOS 
(red), Arg- 1 (green), and DAPI (blue) staining of microglia were treated with LPS, IL- 4, LIPUS, or a combination of LIPUS and LPS or IL- 4. The 
levels of expression of M1 and M2 cell markers (B) iNOS and (C) Arg- 1 were quantified using immunofluorescence at 4 h after treatment with 
LIPUS. Scale bar = 150 μm. *p < 0.05; **p < 0.01; N.S. = not significant; n = 6.

F I G U R E  3  Effects of LIPUS treatment on iNOS and Arg- 1 expression. Microglia were treated with LPS, IL- 4, LIPUS, or a combination 
of LIPUS and LPS or IL- 4. Representative changes in (A) iNOS and (B) Arg- 1 mRNA were detected by qRT- PCR at 4 h after treatment with 
LIPUS. The relative levels of (C) iNOS and (D) Arg- 1 protein were detected by western blotting at 4 h after treatment with LIPUS. *p < 0.05; 
**p < 0.01; ***p < 0.001; N.S. = not significant; n = 8.
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neuroinflammation by inhibiting TLR4/NF- κB signaling and enhanc-
ing TrkB/CREB expression in LPS- treated microglia.9 In this study, 
we demonstrated that noninvasive LIPUS stimulation inhibited M1 
polarization and promoted the switch from M1 to M2 polarization 
in LPS- treated microglia. Our results suggest further development 
of LIPUS stimulation as a potential treatment for multiple neurode-
generative diseases.

An initial investigation of time points was performed with LPS, 
IL- 4, or LIPUS to determine the optimal expressive time points of 
these three stimulators (Figure 1). To mimic a pro- inflammatory (M1- 
like) or an anti- inflammatory (M2- like) classification of microglial 

activation, we pretreated microglia with LPS or IL- 4, respectively, 
for 4 h. We then stimulated the microglial cells with LIPUS for 
15 min, and then collected the samples. The MTT assay showed 
that LPS, IL- 4, and LIPUS at these doses did not induce cytotoxic-
ity (Figure 1D). Subsequently, depending on whether the microglial 
phenotype was M1 or M2 following treatment with LPS, IL- 4, or 
LIPUS (Figure 3), microglia promoted either iNOS or Arg- 1 to me-
tabolize ʟ- arginine for the M1 pathogen- killing response or the M2 
wound healing response, respectively.28 These results indicate that 
LIPUS stimulation switched the production of cytotoxic nitric oxide 
to metabolization of ʟ- arginine for wound healing in microglia, which 

F I G U R E  5  LIPUS treatment regulates M1/M2 microglial polarization. (A) Representative images of immunofluorescent labeling of CD68 
(red), CD206 (green), and DAPI (blue) staining of microglia were treated with LPS, IL- 4, LIPUS, or a combination of LIPUS and LPS or IL- 4. The 
levels of expression of M1 and M2 cell markers (B) CD68 and (C) CD206 were quantified using immunofluorescence at 4 h after treatment 
with LIPUS. Scale bar = 150 μm. *p < 0.05; **p < 0.01; N.S. = not significant; n = 6.

F I G U R E  6  LIPUS induces an M2– mixed phenotype in microglia and modulates the expression of key factors in the STAT1, STAT6, and 
PPARγ pathways. Microglia were treated with LPS, IL- 4, LIPUS, or a combination of LIPUS and LPS or IL- 4. The mRNA of (A) the M2a marker 
CD206, (B) the M2b marker CCL1, and (C) the M2c marker TLR8 in microglia was quantified by qRT- PCR. Representative (D) immunoblots 
and densitometric analyses of (E) phosphorylated STAT1, (F) STAT1, (G) phosphorylated STAT6, (H) STAT6, and (I) PPARγ using α- tubulin as an 
internal control. *p < 0.05; **p < 0.01; ***p < 0.001; N.S. = not significant; n = 8.
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is beneficial for alleviating the cytotoxicity induced by microglia in 
neuroinflammation.1,2

The M1 and M2 microglial phenotypes can be converted to each 
other in specific microenvironments.29 Many transcription factors 
are involved in microglial polarization, for example, STATs, PPARγ, 
NF- κB, and CREB, which modulate polarization to a certain pheno-
type during different inflammatory responses.30– 33 Microglia can be 
polarized to the M1 phenotype or the M2 phenotype through STAT1 
or STAT6 activation, respectively.34 Our study showed an LPS- 
induced increase in M1- related markers (iNOS, TNF- α, IL- 1β, and 
IL- 6) and phosphorylation of STAT1 and an IL- 4- induced increase in 
M2- related markers (Arg- 1, IL- 10, Ym1, and NGF) and phosphory-
lation of STAT6 (Figures 2, 3, and 6E,G). LIPUS attenuated STAT1 
phosphorylation and promoted STAT6 phosphorylation in LPS- 
treated microglia, indicating that LIPUS shifts microglia from the 
M1 to the M2 phenotype via the STAT1/STAT6 signaling pathway 
(Figure 6E,G). On the other hand, the phosphorylation of both STAT1 
and STAT6 did not change after LIPUS treatment of IL- 4- treated mi-
croglia, suggesting that LIPUS did not induce a shift in microglial po-
larization from M2 to M1.

PPARγ is a widely expressed nuclear transcriptional factor with 
protective features. It is considered to be a potential treatment tar-
get for CNS diseases due to its association with pro- inflammatory 
cytokine suppression and inflammatory disease improvement.35,36 
In a murine model of Alzheimer's disease, PPARγ was found to play 
a crucial role in the attenuation of inflammation, which may be as-
sociated with modulation of M1/M2 polarization.27 As shown in 
Figure 6I, LIPUS treatment significantly enhanced PPARγ activity 
in control cells and LPS- treated and IL- 4- treated microglia. PPARγ 
activation can promote M2 markers in microglia, such as IL- 10, Arg- 
1, and CD206.31,37 Arg- 1 is a marker for the M2 phenotype and a 
known PPARγ target gene. Our results showed that IL- 4 treatment 
significantly promoted both Arg- 1 mRNA and protein expression 
in BV2 control cells (Figure 3B,D). However, LIPUS did not induce 
Arg- 1 upregulation in IL- 4- treated microglia.

The M2 phenotype can be categorized into M2a, M2b, and 
M2c subtypes. The M2a subtype is responsible for tissue repair 
and anti- inflammatory actions. It is like the M1 subtype in that it 
releases TNF- α, IL- 1β, and IL- 6, but it is different from M1 because 
it upregulates IL- 10 and downregulates iNOS expression. The M2c 
subtype is involved in inflammation dampening and wound healing. 
Interestingly, our data showed that LIPUS enhanced the expression 
of the M2a and M2c markers, CD206 and TLR8, but not the expres-
sion of the M2b marker, CCL1 (Figure 6A– C). Therefore, the exact 
mechanisms underlying LIPUS modulation of PPARγ and the M2 
subtypes need further investigation.

5  |  CONCLUSIONS

In summary, we demonstrated that LIPUS inhibited inflammatory re-
sponses in activated microglia by shifting them from the M1 pheno-
type to the M2 phenotype. LIPUS decreased the release of markers 

of M1 polarization and promoted the expression of markers of M2 
polarization by modulating the STAT1/STAT6 and PPARγ signaling 
pathways. Regulation of the immune response is a promising strat-
egy to prevent neuroinflammation. This study provides new insights 
into the modulatory mechanisms of microglial polarization by shed-
ding light on potential new therapies based on LIPUS- mediated mi-
croglial polarization for neuroinflammation- related diseases.
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