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ABSTRACT
Sonic vibration (SV), or vibroacoustic therapy, is applied to enhance local and systemic blood
circulation and alleviate pain using low-frequency sine wave vibrations. However, there is
limited scientific data on the mechanisms through which the benefits are achieved. In this
study, we investigated the impact of SV on inflammatory responses by assessing cytokine
secretion in both in vivo and in vitro models. After inducing inflammatory responses in mice and
macrophages, we studied cytokine expression and the symptoms of inflammatory diseases in
response to three frequencies (14, 45, or 90 Hz) of SV stimulation at 0.5 m/s2 of amplitude. The
results showed that SV at 90 Hz significantly increased interelukin-10 (IL-10) secretion in mice
who were administered lipopolysaccharides (LPS) and increased the expression of IL-10
transcripts in peritoneal exudate cells and macrophages. Furthermore, SV at 90 Hz improved
LPS-induced lethality and alleviated symptoms in a colitis model. In conclusion, this study
scientifically proves the anti-inflammatory effects of vibration therapy through its ability to
increase IL-10 expression.

ARTICLE HISTORY
Received 29 January 2024
Revised 19 March 2024
Accepted 18 April 2024

KEYWORDS
Sonic vibration; interelukin-
10; macrophages;
lipopolysaccharide; colitis

Introduction

Sound and vibration are forms of energy that propagate
through waves, which are natural oscillations that have
amplitude and frequency (Reynolds et al. 2018). Ampli-
tude refers to acceleration (m/s²) passing through the
equilibrium and reflects the intensity of sound and
vibration (Reynolds et al. 2018). Frequency, measured
in Hertz (Hz), denotes the time for a wave to complete
a cycle. Sound and vibration are utilized as non-invasive
therapies in the fields of aesthetic and sports medicine
(Kennedy et al. 2015). Sonic vibration (SV) or vibration
acoustic therapy is a therapeutic method that delivers
low-frequency sinusoidal vibrations (30 to 120 Hz) to
the body (Kantor et al. 2019). Humans can perceive fre-
quencies ranging from 20 Hz to 20 kHz, while mice can
perceive frequencies ranging from 1 to 100 kHz (Rey-
nolds et al. 2018).

Excessive and chronic vibration can act as a stressor in
animals, including humans, and can have various nega-
tive effects on health, potentially causing changes in
normal physiology and cellular structure (Reynolds
et al. 2018). However, localized and temporary vibration,

such as SV, has benefits, including improvement in the
musculoskeletal system, increased wound healing
capacity, and enhanced oxygen-carrying ability (Rey-
nolds et al. 2018). SV therapy has also been found to
be useful in various conditions, including muscle relax-
ation and mild pain relief (Boyd-Brewer and McCaffrey
2004). Regular physical activity is essential for living a
healthy life and can help regulate immune responses
(Rodriguez-Miguelez et al. 2015). In cases where physical
activity is not feasible, such as in older individuals,
whole-body vibration training has shown effects
similar to physical exercise (Rodriguez-Miguelez et al.
2015). Specifically, research has indicated that whole-
body vibration can lead to improvements in inflamma-
tory markers (Rodriguez-Miguelez et al. 2014; Rodri-
guez-Miguelez et al. 2015). SV has effects similar to
whole-body vibration (Park et al. 2019).

In this study, the effects of SV on inflammatory
responses were investigated in two inflammation
models in mice. Exogenous and endogenous inflamma-
tory stimuli, lipopolysaccharides (LPS), and monosodium
uric crystals (MSU) were administered to the mice.
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Subsequently, three different SV wavelengths were
applied to the inflammation models, and the secretion
of pro-inflammatory and anti-inflammatory cytokines
was measured. Additionally, the gene expression of
cytokines was examined in cells extracted from the
abdominal cavity of mice exposed to SV. Furthermore,
the impact of SV on cytokine expression and secretion
was investigated in human and mouse macrophages.
Lastly, the ameliorative effects of SV on mice induced
with lethal endotoxemia and colitis were investigated.

Materials and methods

Animal study

To induce an inflammatory response, mice (C57BL/6 mice,
female, 8 weeks old, Nara Biotech, Seoul, Republic of Korea)
were injected intraperitoneally (ip) with LPS (100 μg/
mouse, L4130, Sigma–Aldrich Co., MO, USA) or MSU
(10 mg/mouse, Sigma–Aldrich Co.). Immediately after
injection, SV was applied to the mice at three different fre-
quencies (14, 45, or 90 Hz) with an acceleration of 0.5 m/
s2. SV was delivered to an acrylic cage containing mice
using a function generator and audio equipment, and
the vibration was monitored through the oscilloscope
(Supplemental Figure S1). After 6 h of SV, the mice were
sacrificed by CO2 inhalation, and their blood was collected.
The peritoneal cavities of mice were flushed with 5 mL of
saline to harvest peritoneal lavages and peritoneal exudate
cells (PECs). The frequencies and amplitude settings were
referenced from previous studies (Weinheimer-Haus et al.
2014; Atanasov et al. 2015).

For LPS-induced lethality, mice were subjected to SV
stimulation (90 Hz and 0.5 m/s2) for 10d (6 h/d). After
the final vibration, all mice were administered LPS (ip,
400 μg/mouse), and survival was observed for 96 h.
For the colitis model, mice were provided with tap
water containing 3% dextran sodium sulfate (DSS, 36–
50 kDa, MP Biomedicals, Solon, OH, USA) for 7d, fol-
lowed by a switch to regular tap water. SV stimulation
(90 Hz, 0.5 m/s2, 6 h/d) was continued until the end
of the experiment. Body weight was measured through-
out the entire period, and feces were collected up to 6d
after DSS consumption. The mice were supplied with
normal chow and water ad libitum and maintained at
room temperature (18–24°C) with a 12 h light/dark
cycle. All animal experiments were carried out in accord-
ance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals, and the Animal
research: Reporting of In Vivo Experiments (ARRIVE)
guidelines. The experimental protocol for the animal
study was approved by the Institutional Animal Care
and Use Committee.

Cell culture and treatment

Unless indicated otherwise, all cell culturing products
and plastics were supplied by Welgene (Gyeongsan,
Gyeongsanbuk-do, Republic of Korea) and SPL Life
Sciences (Pocheon, Gyeonggi-do, Republic of Korea).
For bone marrow-derived macrophages (BMDMs),
bone marrow progenitor cells were isolated from the
tibiae and femurs of mice (C57BL/6 mice, six to 12
weeks old), and incubated in Dulbecco’s Modified
Eagle Medium (DMEM) containing 10% fetal bovine
serum (FBS), antibiotics and 30% conditioned media
containing macrophage colony-stimulating factors
from L929 cells for 7d (Chen et al. 2022). Human mono-
cyte-like cells (THP-1; Korea Cell Line Bank, Seoul, Repub-
lic of Korea) were differentiated into macrophages in
Roswell Park Memorial Institute (RPMI) 1640 medium
containing 10% FBS, antibiotics, and phorbol 12-myris-
tate 13-acetate (200 nM, PMA; Invivogen, San Diego,
CA, USA) for 24 h. All cells were incubated at 37°C in
an atmosphere containing 5% CO2. The BMDMs and
PMA-treated THP-1 cells (1 × 106 cells/well in a 12-well
plate) were treated with LPS (10 ng/mL) alone or in com-
bination with SB203580 (559398, Sigma–Aldrich Co.) or
Bay 11-7082 (B5556, Sigma–Aldrich Co.). These cells
were subjected to SV stimulation for 3 h under treat-
ment. Total RNA was extracted using a reagent (Nucleo-
ZOL, MACHEREY-NAGEL GmbH & Co. KG, Postfach,
Düren, Germany) and the cellular lysate was prepared
with a lysis buffer containing Triton X-100 (0.01%),
NaCl (150 mM), Tris-base (50 mM, pH 8.0), and protein-
ase inhibitors (HaltTM cocktail, ThermoFisher Scientific,
Waltham, MA, USA).

RNA extraction and quantitative real-time
polymerase chain reaction (qPCR)

The total RNA was synthesized into first-strand comp-
lementary DNA (cDNA) using a random primer (9-mer,
Invitrogen, Carlsbad, CA, USA) and Moloney Murine Leu-
kemia Virus Reverse Transcriptase (M-MLV RT, Enzy-
nomics Co., Daejeon, Republic of Korea) (Abdellaoui
et al. 2023). The gene expression was quantified using
TOPreal™ qPCR 2X PreMIX (Enzynomics Co.), the Eco
Real-Time PCR system (Illumina, San Diego, CA, USA),
and the following specific primers: mouse Interleukin
(IL)-1β (Gene Bank ID, NM_008361, 133 bp), 5′-CCC
AAG CAA TAC CCA AAG AA-3′ and 5′-GCT TGT GCT
CTG CTT GTG AG-3′; mouse IL-6 (NM_031168, 102 bp),
5′-CCG GAG AGG AGA CTT CAC AG-3′ and 5′-TCC ACG
ATT TCC CAG AGA AC-3′; mouse IL-10 (NM_010548,
142 bp), 5′-GCC TGG CTC AGC ACT GCT AT-3′ and 5′-
GAA GGC AGT CCG CAG CTC TA-3′; mouse
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glyceraldehyde-3-phosphate dehydrogenase (Gapdh,
NM_001289726, 223 bp), 5′-AAC TTT GGC ATT GTG
GAA GG-3′ and 5′-ACA CAT TGG GGG TAG GAA CA-3′;
human IL-1β (NM_000576, 180 bp), 5′-CTG TCC TGC
GTG TTG AAA GA-3′ and 5′-TTC TGC TTG AGA GGT GCT
GA-3′; human IL-6 (NM_000600, 175 bp), 5′-TAC CCC
CAG GAG AAG ATT CC-3′ and 5′-TTT TCT GCC AGT GCC
TCT TT-3′; human IL-10 (NM_000572, 253 bp), 5′-TGA
GAA CAG CTG CAC CCA CT-3′ and 5′-GTT CAC ATG
CGC CTT GAT GT-3′; human Gapdh (NM_001256799,
278 bp), 5′-ACT GGC GTC TTC ACC ACC AT-3′ and 5′-
GGG CCA TCC ACA GTC TTC TG-3′.

Biochemical assay

The IL-1β, IL-6, and IL-10 levels in the peritoneal lavages
and the cellular lysates were measured using an enzyme-
linked immunosorbent assay (ELISA) kit (DY401, DY406,
and DY417, R&D Systems, Minneapolis, MN, USA) (Feng
et al. 2022). Fecal lipocalin-2 (LCN2) secretion was ana-
lyzed using an assay kit (DY1857, R&D Systems). The
plates were analyzed using a multi-microplate spectro-
photometer (Synergy™ H1 Hybrid Multi-Mode Reader,
BioTek, Winooski, VT, USA).

Statistical analyses

Statistical analyses were conducted using software
(GraphPad Prism 6, San Diego, CA) as follows: Mann–
Whitney test for the two groups, Dunn’s multiple com-
parisons test for multiple groups, the log-rank, and
Gehan-Wilcoxon tests for survival. The p-value is
shown in the figures.

Results

Changes in cytokine secretion in mice after sonic
vibration (SV)

To evaluate the effect of SV on cytokine secretion, the
mice were injected with inflammatory triggers (i.e. LPS
and MSU) and then kept in the cages where the
vibration stimuli (i.e. 14, 45, or 90 Hz) were applied
for 6 h (Figure 1A). Subsequently, the mice were
sacrificed and the cytokine secretion in the peritoneal
lavage was evaluated (Figure 1B, and Supplemental
Figure S2). The inflammatory triggers (LPS, a bacterial
wall component, and a toll-like receptor [TLR] 4
ligand and MSU, an endogenous danger signal)
increased the secretion of peritoneal cytokines (IL-1β,
IL-6, and IL-10), as expected. In the LPS-injected mice,
the SV stimuli did not alter cytokine secretions
except that of IL-10. Vibration stimulus at 90 Hz

significantly induced IL-10 production in response to
LPS. However, the stimulus had no effect on the IL-10
production in the MSU-injected mice. Vibration
without the triggers did not change the cytokine
secretion. Based on these data, it can be concluded
that SV stimuli may alter cytokine production in LPS-
injected mice.

Vibration at 90 Hz enhances IL-10 production

We studied the effect of vibration at 90 Hz on the
cytokine secretion in the LPS-injected mice in a
time-dependent manner. In the LPS-treated mice,
the peritoneal IL-1β and IL-6 secretions increased
at 6 h, and then decreased overnight (Figure 2A).
The peritoneal IL-1β and IL-6 secretions remained
unchanged, irrespective of the stimulation by
vibration at 90 Hz for 6 h. However, the IL-6
secretion was significantly decreased by overnight
vibration at 90 Hz. Similar to the previous results
(Figure 1B), the peritoneal IL-10 release was signifi-
cantly enhanced by the vibration at 90 Hz for 6 h,
but it was not altered by the overnight vibration.
Consistent with the peritoneal data (Figure 2A), the
serum IL-10 levels were also significantly induced
by the 90 Hz vibration for 6 h, and serum IL-6
release was significantly attenuated by the overnight
90 Hz vibration (Figure 2B). IL-10 inhibits the
expression of proinflammatory cytokines, including
IL-6 (Fiorentino et al. 1991). Hence, the decrease in
IL-6 in the LPS-injected mice administered overnight
90 Hz vibration might be due to the increased IL-10
levels. Overall, stimulation by vibration at 90 Hz
selectively induced IL-10 production in the LPS-
injected mice.

Vibration at 90 Hz regulates the cytokine
expression in PECs

To investigate the cause of the differential expression of
IL-10 due to the vibration at 90 Hz, we analyzed the
cytokine transcripts in PECs derived from the LPS- or
MSU-injected mice that were subjected to the vibration
for 6 h. The results showed that the vibration signifi-
cantly increased LPS-mediated IL-10 mRNA in PECs,
while it did not change the IL-1β and IL-6 transcripts
(Figure 3A). In addition, the vibration at 90 Hz did not
alter the cytokine transcription in the PECs which were
obtained from the MSU-injected mice (Figure 3B).
Thus, vibration at 90 Hz stimulated the PECs of the
LPS-injected mice to enhance the transcription of the
IL-10 gene.
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Sonic vibration at 90 Hz increases IL-10
expression through the p38 MAPK and NF-κB
signaling pathways upon TLR4 activation

We further studied the efficacy of vibration at 90 Hz in
up-regulating IL-10 in mouse macrophages (BMDMs)
and human macrophages (THP-1). These cells were
treated with LPS and subjected to SV at 90 Hz for 3 h.
Subsequently, the cytokine transcription was analyzed.
As shown in Figure 4A, the vibration significantly
increased the level of the IL-10 mRNA of the BMDMs,
while it did not alter the expression of the IL-1β and IL-
6 transcripts. Also, SV (90 Hz) increased the secretion
of IL-10 in the BMDMs in a time-dependent manner
(Figure 4B). In addition, the vibration administered to
THP-1 significantly enhanced the transcription of IL-10
in response to the LPS treatment, but it did not
change the levels of the IL-1β and IL-6 mRNAs (Figure
4C). Overall, SV at 90 Hz up-regulated the IL-10
expression in response to LPS in human and mice
macrophages.

To investigate whether SV affects LPS-mediated IL-10
expression through the TLR4 signaling pathway, we
treated macrophages with SB203580 (SB, a p38 MAPK
inhibitor) or Bay 11-7082 (Bay, an NF-κB inhibitor) in
combination with LPS and subjected them to 90 Hz SV
stimulation. The results showed that both SB and Bay
treatments significantly reduced the increased LPS-

mediated IL-10 expression (Figure 4D) in THP-1 cells
and secretion (Figure 4E) in BMDMs induced by SV
stimulation. Additionally, examination of TLR4 mRNA
expression in response to SV stimulation revealed no sig-
nificant differences (Supplemental Figure S2C). In con-
clusion, SV stimulation may enhance IL-10 expression
through the p38 MAPK and NF-κB signaling pathways
dependent on TLR4 activation.

SV at 90 Hz alleviates LPS-induced lethality and
DSS colitis in mice

To elucidate the role of SV in specific disease conditions,
mice induced with endotoxemia and colitis were
exposed to SV at 90 Hz. An LPS injection leads to
lethal endotoxemia, and an IL-10 administration lowers
the risk of mortality (Howard et al. 1993). Based on
this, we hypothesized that stimulation of mice injected
with LPS to SV at 90 Hz may lower the risk of mortality.
The results (Figure 5A) showed that the SV-stimulated
mice had a survival rate twice as high as that of the
non-stimulated group, although this was not statistically
significant. Furthermore, IL-10-deficient mice develop
spontaneous colitis and administering IL-10 in DSS-
colitis models alleviates the symptoms (Kuhn et al.
1993; Li et al. 2014). Based on this, DSS-fed mice were
subjected to SV at 90 Hz and were monitored for

Figure 1. Effects of sound vibration (SV) on cytokine secretion in mice. A. Schematic diagram of the experimental setup: Mice
were divided into four groups (n = 6 per group, total n = 24). These included the groups injected with lipopolysaccharides (LPS) and
then subjected to SV at 90 Hz (90) for 6 h or no SV stimulation (Non) or the groups without LPS, subjected to SV at 90 Hz (90) for 6 h or
no SV stimulation (Non). B, Peritoneal lavages were collected and analyzed for the levels of interleukin (IL)-1β, IL-6, and IL-10. The bar
graph presents the mean ± SD. *, P < 0.05.
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changes in body weight and fecal lipocalin-2 (LCN2)
secretion, a marker for intestinal inflammation (Chassa-
ing et al. 2012). As expected, DSS drinking decreased
body weight (Figure 5B) and increased fecal LCN2
levels (Figure 5C), and SV stimulation alone did not
change these indicators. Stimulation of DSS-fed mice
to SV significantly reduced body weight loss and LCN2
secretion when compared with non-stimulated mice
fed with DSS (Figure 5B and C). Taken together, stimu-
lation to vibration could result in the amelioration of
inflammatory diseases.

Discussion

In this study, we elucidated the impact of SV on cytokine
secretion in response to inflammatory stimuli both in
vitro and in vivo. The results confirmed that stimulation
through vibration at 90 Hz increased serum and perito-
neal IL-10 secretion, as well as IL-10 transcription in per-
itoneal exudate cells. Furthermore, SV increased IL-10
expression in macrophages treated with LPS. In LPS-
induced lethality, vibration at 90 Hz reduced mortality
rates and mitigated weight loss and fecal LCN2 secretion

in DSS colitis. Through this study, SV has been demon-
strated to have anti-inflammatory effects by increasing
IL-10 expression.

We selected three different frequencies (14, 45, and
90 Hz) for our experiment, based on previous research
(Weinheimer-Haus et al. 2014; Atanasov et al. 2015).
We believe that the effects were observed at 90 Hz for
the following reasons: Objects have specific resonance
frequencies influenced by their physical composition,
with the resonance frequency range (RFR) amplifying
vibrations as they approach the resonance frequency.
The approximate resonance frequency range identified
in mice was calculated to be 30 to 100 Hz (Reynolds
et al. 2018). Additionally, measurements of physiological
changes in response to vibrations revealed that mice
exhibited behavioral changes in the range of 70–
100 Hz (Garner et al. 2018). This suggests that within
the 70–100 Hz RFR, mice are sensitive to low-level
vibrations, which may have the most significant impact
on the physiology and behavior of animals. Therefore,
the effectiveness observed at 90 Hz in this study is
believed to be due to its inclusion in the resonance fre-
quency range for mice.

Figure 2. Effects of sound vibration (SV) on cytokine secretion in a time-dependent manner.Mice (n = 6 per group, total n = 36)
were injected with lipopolysaccharides (LPS) and then subjected to SV at 90 Hz (90) for 6 h or overnight (o/n, 16 h) or no-SV stimu-
lation (Non) or were subjected to SV at 90 Hz (90) for 6 h or overnight (o/n, 16 h) or no-SV stimulation (Non) without LPS. Peritoneal
lavages (A) or blood (B) were collected and analyzed for the levels of interleukin (IL)-1β, IL-6, and IL-10. The bar graph presents the
mean ± SD. *, P < 0.05.
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Previously, some studies have been conducted on the
impact of vibration therapy on inflammatory responses.
Whole-body vibration is employed as one of the passive
exercise methods for elderly individuals (Rodriguez-
Miguelez et al. 2014; Rodriguez-Miguelez et al. 2015).
Results from measuring the expression of inflammatory
cytokines in the blood of elderly individuals subjected
to whole-body vibration showed no change or a
decrease in pro-inflammatory cytokines, while the
expression of IL-10 increased (Rodriguez-Miguelez
et al. 2014; Rodriguez-Miguelez et al. 2015). Vibration
stimulation suppressed TLR 2/4 signaling, such as extra-
cellular signal-regulated kinases 1 and 2 and heat shock
proteins, in peripheral blood mononuclear cells, leading
to an increased expression of IL-10 (Rodriguez-Miguelez
et al. 2014; Rodriguez-Miguelez et al. 2015). Additionally,
whole-body vibration increased IL-10 expression in
patients with chronic obstructive pulmonary disease,
and similar effects were observed in healthy individuals
(Lage et al. 2018; Jawed et al. 2020). In animal models
using rats, vibration stimulation enhanced IL-10
expression in the tissues (Chow et al. 2019). To summar-
ize, vibration stimulation is considered to have an anti-
inflammatory effect through an increase in the IL-10
expression. The results of this study, which show

increased IL-10 expression due to SV at 90 Hz alleviate
symptoms in the disease animal model and align with
previous research.

IL-10 plays a crucial role in infections by serving as
an anti-inflammatory cytokine that limits the immune
response to pathogens, thereby preventing damage
to the host (Saraiva and O’Garra 2010). Evolution
has shaped immune responses to protect hosts from
a wide range of pathogenic microorganisms, but it
is equally important to regulate excessive immune
reactions and to limit damage to the host by prevent-
ing self-reactivity (Saraiva and O’Garra 2010). IL-10 is
secreted by various cells, namely, both innate (macro-
phages, dendritic cells, neutrophils, etc.) and adaptive
(Th1, Th2, Th17, B cells, etc.) immune cells (Moore
et al. 2001; Gabrysova et al. 2014; Lobo-Silva et al.
2016). Moreover, IL-10 is produced in tissue-resident
macrophages like microglia and epithelial cells (Jarry
et al. 2008; Lobo-Silva et al. 2016). Additionally,
tumor cells induce immunosuppression through IL-
10 production (Itakura et al. 2011). IL-10 is a feedback
regulator of various immune responses, is secreted by
diverse cells, and operates in different immune reac-
tions (Saraiva and O’Garra 2010). Stimulation of TLR
signaling in macrophages results in substantial IL-10
production. When TLRs are activated, they induce
the production of IL-10 and pro-inflammatory cyto-
kines through the mitogen-activated protein kinase
(MAPK) and nuclear factor-κB (NF-κB) pathways
(Akira and Takeda 2004; Saraiva et al. 2020). MAPK
is considered the most critical pathway for IL-10 pro-
duction (Saraiva et al. 2020). Activated NF-κB down-
stream of the pattern recognition receptors is also
crucial for IL-10 production in myeloid cells, particu-
larly in TLR4-stimulated macrophages (Saraiva et al.
2020). Vibration has been shown to activate p38
MAPK signaling in osteogenesis and induce NF-κB
activation in human periodontal ligament cells and
osteocytes (Sanyal and Schubert 1993; Lu et al.
2018; Sakamoto et al. 2019; Phusuntornsakul et al.
2020). Based on this, we investigated whether the
effect of SV stimulation on LPS-mediated IL-10
expression could be attributed to their role in p38
MAPK and NF-κB signaling. The results indicate that
these signaling pathways are crucially involved in pro-
moting IL-10 transcription in response to SV stimu-
lation. However, IL-10 expression is complex,
involving post-transcriptional modifications and intri-
cate regulation in epigenetics. Therefore, the
increased IL-10 expression due to SV in this study is
considered a product of a multifaceted response
that cannot be confined to a single signaling
pathway.

Figure 3. Effects of sound vibration (SV) on cytokine
secretion in peritoneal exudate cells (PECs). Mice (n = 12
per group, total n = 48) were injected with lipopolysaccharides
(LPS) (A) or monosodium uric crystals (MSU) (B) and then sub-
jected to SV at 90 Hz (90) for 6 h or no-SV stimulation (Non).
PECs were collected and analyzed for the levels of interleukin
(IL)-1β, IL-6, and IL-10. The bar graph presents the mean ± SD.
*, P < 0.05.
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IL-10 has broad anti-inflammatory activity. In particu-
lar, IL-10 receptors (IL-10R) are highly expressed in
macrophages, and experimental results with macro-
phage-selective IL-10R deficiency indicate that macro-
phages play a key role in IL-10 responsiveness (Moore
et al. 2001; Shouval et al. 2014). IL-10 initiates a robust
immunosuppressive response in innate immune cells,
including macrophages, by regulating the transcription
of cytokines and chemokines, and it inhibits the gener-
ation of reactive oxygen species during pathogenic

infections (Bogdan et al. 1991; Saraiva et al. 2020). IL-
10 indirectly inhibits T cell responses by suppressing
antigen-presenting cells and directly regulates
memory/effect T cells and T helper 17 cells (Macatonia
et al. 1993; Huber et al. 2011; Kamanaka et al. 2011). Con-
sequently, research on disease therapy through the
modulation of IL-10 is actively underway (Saraiva et al.
2020). Significant effects have been observed in
immune diseases such as rheumatoid arthritis (Trachsel
et al. 2007), psoriasis, and allergic asthma. In addition,

Figure 4. Effects of sound vibration (SV) on cytokine expression in BMDMs and THP-1 cells. Bone marrow-derived macrophages
(BMDMs) (A and B) were treated with lipopolysaccharides (LPS) and then subjected to SV stimulation for 3 h or as indicated. Human
macrophage-like cells (THP-1) (C) were treated with LPS and then stimulated by SV for 3 h. LPS-treated THP-1 (D) and BMDM (E) were
treated with SB203580 (SB) or Bay 11-7082 (Bay) and then subjected to SV stimulation for 3 h. The gene expression of interleukin (IL)-
1β, IL-6, and IL-10 was analyzed by quantitative reverse transcription-polymerase chain reaction (qPCR), and the secretion of IL-10 was
measured by ELISA kit. The bar graph presents the mean ± SD with at least three independent experiments. *, P < 0.05.
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inflammatory bowel disease (IBD) is most commonly
associated with IL-10 (McInnes et al. 2001; Trachsel
et al. 2007; Galeazzi et al. 2014). Colitis develops in IL-
10-deficient mice, and genetic evidence found in IBD
patients suggests a deficiency in IL-10 signaling (Kuhn
et al. 1993; Jostins et al. 2012; Ellinghaus et al. 2016). Fur-
thermore, IL-10 administration or overexpression in
colitis animal models has been consistently proven to
be beneficial (Li et al. 2014; Cardoso et al. 2018).
However, systemic administration of recombinant IL-10
in human clinical trials did not result in significant
improvement, probably because IL-10 acts locally
(Colombel et al. 2001). Therefore, research has focused
on delivering IL-10 specifically to the intestine. Interest-
ingly, engineered probiotics (e.g. Lactococcus lactis and
Bifidobacterium bifidum) capable of expressing human
IL-10 were administered to DSS-colitis mice, resulting
in significant benefits (Steidler et al. 2000; Mauras et al.
2018). In this context, it can be suggested that the SV
used in this study, which can transmit vibrations to the
intestine when administered to the abdomen, may
locally increase the IL-10 levels in the intestine and
improve the symptoms of IBD.

In conclusion, vibration at 90 Hz within the reson-
ance frequency range accelerates the increase in IL-10
expression without affecting pro-inflammatory cytokine

secretion induced by inflammatory triggers such as LPS.
Stimulation with SV at 90 Hz improves inflammatory
symptoms in disease mice, such as LPS lethality and
DSS-colitis. Based on this study, we demonstrated the
anti-inflammatory effect of SV, manifested by the
increased secretion of IL-10.
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