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ARTICLE INFO ABSTRACT

Keywords: Objective: This study aimed to investigate the effects of low-intensity pulsed ultrasound (LIPUS) phonophoresis
Athritis with diclofenac on inflammation and pain in the acute phase of carrageenan-induced arthritis in rats.
Pam_ . Design: 60 male Wistar rats were randomly divided into the arthritis, diclofenac, LIPUS, phonophoresis, and
;?Z;:J}folty pulsed ultrasound sham-arthritis control groups. LIPUS and transdermal diclofenac gel were applied to the lateral side of the
Phonophoresis inflamed knee for 7 days, initiated postinjection day 1. In the phonophoresis group, diclofenac gel was rubbed
Macrophage onto the skin, followed by LIPUS application over the medication. Knee joint transverse diameters, pressure pain
thresholds (PPTs), and paw withdrawal thresholds (PWT) were evaluated. The number of CD68-, CD11c-, and
CD206-positive cells, and IL-1p and COX-2 mRNA expression were analyzed 8 days after injection.
Results: In the phonophoresis group, the transverse diameter, PPT, PWT significantly recovered at the day 8
compared to those in the LIPUS and diclofenac groups. The number of CD68- and CD11c-positive cells in the
phonophoresis group was significantly lower than that in the LIPUS and diclofenac groups, but no significant
differences were observed among three groups in CD206-positive cells. IL-1p and COX-2 mRNA levels were lower
in the phonophoresis group than in the arthritis group, although there were no differences among the LIPUS,
diclofenac, and phonophoresis groups.
Conclusion: LIPUS phonophoresis with diclofenac is more effective to ameliorate inflammation and pain
compared to diclofenac or LIPUS alone, and the mechanism involves the decrease of M1 macrophages.
Introduction changes in the nervous system due to the excessive inflammatory

Chronic postsurgical/posttraumatic pain is a global problem that has
been reported in 23-30 % of patients with lower extremity fracture(s)
and 13-44 % of patients who undergo total knee arthroplasty (Castillo
et al., 2006; Sugiyama et al., 2018; Rosenberger and Pogatzki-Zahn,
2022). This phenomenon, which is partially characterized by noci-
plastic pain (van Driel et al., 2022), is caused by sensitization and plastic

response that occurs after tissue injury (Fitzcharles et al., 2021). In
addition, both the severity and duration of inflammation and pain
caused by tissue inflammation are risk factors for chronic pain (Fletcher
et al., 2015). Therefore, to prevent the development of chronic pain, it is
necessary to reduce inflammation and promptly relieve acute pain after
tissue injury.

During the inflammatory phase of wound healing, monocytes
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infiltrate the inflamed area and differentiate into M1 macrophages,
which produce inflammatory cytokines that induce inflammation and
pain (Martinez and Gordon, 2014). In the subacute to late phases of
tissue inflammation, the accumulation of macrophages is decreased, and
some monocytes and M1 macrophages differentiate into M2 macro-
phages, which then secrete anti-inflammatory cytokines to decrease
inflammation (Xuan et al., 2015). Therefore, the number of M1 mac-
rophages in an inflamed area is a suitable indicator of acute inflamma-
tion. In other words, the reduction in M1 macrophages in inflammatory
tissues is likely to be a useful intervention strategy for inflammation and
pain, and the establishment of a therapeutic plan that targets M1 mac-
rophages is a key factor in preventing the development of chronic pain.
Ultrasound is widely used in medical practice for pain management
(Draper et al., 2018; Chen et al., 2022). Low-intensity pulsed ultrasound
(LIPUS) does not increase tissue temperature and can be useful during
the acute phase of inflammation (de Lucas et al., 2020). Previous studies
have demonstrated that LIPUS reduces neutrophil and macrophage
infiltration in rat models of complete Freund’s adjuvant (CFA)-induced
arthritis (Chung et al., 2012, 2016) and cryoinjury (da Silva Junior et al.,
2017). In addition, ultrasounds also have the effect of accelerating drug
penetration, called phonophoresis (Zhao et al., 2013). Briefly, ultra-
sound irradiation induces cavitation, which causes subsequent changes
in cell membrane permeability (Zhao et al., 2013; Lin et al., 2016; Jiang
etal., 2019). In addition, ultrasound vibration generates microstreaming
in the affected area and accelerates drug penetration (Zhao et al., 2013).
LIPUS phonophoresis has been shown to promote drug penetration into
the blood and tissues in previous studies using humans (Rosim et al.,
2005) and animals (Herwadkar et al., 2012), which has been shown to
relieve inflammation and pain (Yang et al., 2008; Cardoso et al., 2019).
Microscopic analysis using hematoxylin and eosin staining showed that
LIPUS phonophoresis reduced cellular infiltration, suggesting macro-
phage accumulation (Cardoso et al., 2019). Meanwhile, interleukin (IL)-
1B, an inflammatory cytokine which is produced by macrophages
(Bondeson et al., 2006; Takano et al., 2016) and aggravates inflamma-
tion and pain (Cunha et al., 1992), is downregulated by both LIPUS
(Chung et al., 2012; Feltham et al., 2021) and non-steroidal anti-in-
flammatory drugs (NSAIDs) (Liu et al., 2018, 2019). Cyclooxygenase
(COX)-2 is a prostaglandin synthase produced by macrophages, induced
by IL-1f (Iwabuchi et al., 2014), involved in arachidonic acid cascade-
induced pain (Cardoso et al., 2019), and a direct target of NSAIDs.
COX-2 expression is also downregulated by LIPUS (Nakamura et al.,
2010; Chung et al., 2012). In view of these facts, LIPUS phonophoresis in
combination with diclofenac and LIPUS may results in a synergistic
reduction of leukocyte accumulation and downregulation of both IL-1p
and COX-2, leading to a more effective reduction in inflammation and
pain. However, these biological effects of LIPUS phonophoresis, espe-
cially on the accumulation and differentiation of macrophages and the
subsequent expression of IL-1f and COX-2, remain unknown. Hence, we
aimed to (1) clarify the effects of LIPUS phonophoresis with transdermal
NSAIDs on inflammation and pain and (2) investigate the effects of
LIPUS phonophoresis on macrophages and inflammatory mediators.

Materials and methods
Animals

Sixty 8-week-old male Wistar rats (CLEA Japan, Tokyo, Japan) were
housed (one or two per cage) at 22 + 2 °C in a 12-hour light/dark cycle
and allowed access to food and water ad libitum. Their weights were
220-250 g. All experiments were approved by the Ethics Review Com-
mittee for Animal Experimentation of Nagasaki University (approval no.
1510051250).
Experimental design

To investigate the effects of LIPUS phonophoresis on acute
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inflammation and pain, 60 rats were randomly divided into the
following five groups: arthritis with no therapeutic intervention
(arthritis; n = 12), arthritis with transdermal diclofenac administration
(diclofenac; n = 12), arthritis with LIPUS (LIPUS; n = 11), arthritis with
LIPUS phonophoresis (phonophoresis; n = 13), and sham-arthritis con-
trols (control; n = 12). All treatments were administered a combination
of anesthetic agents (5 ml/kg, ip.), which consisted of 0.375 mg/kg
medetomidine hydrochloride (Dorbene, Kyoritsu Seiyaku Co., Ltd.,
Tokyo, Japan), 4.0 mg/kg midazolam (Midazolam, Sandoz K.K., Tokyo,
Japan), and 5.0 mg/kg butorphanol (Vetorphale, Meiji Seika Pharma
Co., Ltd, Tokyo, Japan). Rats in the control and arthritis groups were
anesthetized at the same frequency to minimize any differences in the
effects of the anesthesia.

Arthritis

As in previous studies (Ishikawa et al., 2019; Nakabayashi et al.,
2016; Sasaki et al., 2021), rats in the arthritis, diclofenac, LIPUS, and
phonophoresis groups were injected with 300 pl of a mixture of 3 %
kaolin (Wako Pure Chemical Industries, Ltd. Osaka, Japan) and 3 %
carrageenan (Sigma Chemical Co., St. Louis, MO, USA) into the right
knee joint anteriorly under anesthesia. In this arthritis model, the
erythrocyte sedimentation rate significantly increased 1 day after in-
jection and returned to baseline 7 days after injection (Sasaki et al.,
2021). Therefore, we defined 7 days post-injection as the acute phase of
this model. In the control group, 300 pl of saline was injected as a sham
treatment.

Drug administration

Referring to previous study (Hsieh, 2006), rats in the diclofenac and
phonophoresis groups were transdermally administered 0.4 g of 1 %
diclofenac sodium gel (Voltaren gel, Novartis Pharma Co., Ltd, Tokyo,
Japan) on the lateral side of the right knee joint under anesthesia. It was
applied once a day, every day for 7 days, and beginning 1 day after
injection. After administration, to prevent oral ingestion from licking the
applied drug, rats wore an Elizabethan collar (Borges et al., 2014;
Sekiguchi et al., 2008). As a placebo treatment, 0.4 g of Vaseline was
application on rats in the arthritis, LIPUS, and control groups.

Application of LIPUS

In the LIPUS and phonophoresis groups, LIPUS was irradiated using
the Osteotron V device (Ito Physiotherapy & Rehabilitation Co., Ltd,
Tokyo, Japan), and was continued for 7 days after the injection. The
treatment head, with an effective radiating area of 0.8 cm?, was attached
to the lateral side of the right knee joint. LIPUS was applied under the
following conditions: stimulation frequency, 1.5 MHz; stimulation in-
tensity, 60 mW/cm?; duty cycle, 1:4 (non-thermal condition); and
application time, 10 min under anesthesia. Commercial ultrasound
transmission gel was used as the coupling agent. Additionally, in the
phonophoresis group, LIPUS was applied immediately after transdermal
diclofenac application.

Behavioral testing

Behavioral testing was performed between 9:00 am and 17:00 pm in
a quiet room. During the experimental period, we measured swelling of
the right knee joint, pressure pain threshold (PPT) in the right knee joint,
and paw withdrawal threshold (PWT) of the right hind paw, which was
carried out by two evaluators blinded to the experimental groups.

On all days, we initially evaluated the PPT and PWT during awak-
ening. Then, the rats were anesthetized and their knee joint swelling was
measured. Finally, we administered the drug and/or LIPUS. Before
measuring PPT and PWT, the rats were allowed to rest for at least 10
min. All rats were allowed to acclimatize to the laboratory environment
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for 1 week before study initiation to allow for the evaluations to be done
under awakening.

Knee joint swelling

To track changes in joint swelling, we measured the transverse
diameter of the inflamed knee joint using Vernier calipers under anes-
thesia. The transverse diameter was measured in the supine position,
and the knee joint was held in its maximum extended position (Ishikawa
et al., 2019; Nakabayashi et al., 2016; Sasaki et al., 2021). We measured
the distance of the medial-lateral joint fissure and considered this the
transverse diameter.

PPT of the right knee joint

The PPT of the right knee joint was assessed using the Randall-Selitto
apparatus (Ugo Basile SRL, Lombardia, Italy) equipped with a hand-
made round-headed probe (tip diameter = 8 mm) (Oga et al., 2020).
Rats were lightly restrained by hand. The probe was applied to the
lateral side of the right knee joint. The pressure was increased at a
constant rate of 48 g/s until the animal withdrew its limb or vocalized.
Seven measurements were taken at intervals of at least 30 s, and the
mean values excluding the maximum and minimum values were
recorded as the PPT.

Mechanical hyperalgesia

Mechanical hyperalgesia of the hind paw was evaluated using the
digital von Frey test (IITC-2391; NeuroScience, Tokyo, Japan). Rats
were individually placed in a handmade translucent Plexiglas box. Then,
the probe was attached below the plantar surface of the hind paw with
increasing pressure at a constant rate of 3 g/s, until the animal withdrew
its limb or vocalized (Ishikawa et al., 2019, 2021; Nakabayashi et al.,
2016; Sasaki et al., 2021). Seven measurements were taken at intervals
of at least 30 s, and the mean values excluding the maximum and
minimum values were recorded as the PWT.

Tissue sampling and preparation

After the final behavioral testing on day 8, which was approximately
24 h after the final intervention, the rats were deeply anesthetized.
Subsequently, the right knee joint was excised from some rats, and the
infrapatellar fat pad (IFP) was removed. The knee joints were fixed with
4 % paraformaldehyde dissolved in 0.1 M phosphate buffer (PB; pH 7.4),
and then decalcified with 10 % ethylenediaminetetraacetic acid in 0.1
M PB (pH 7.4). The knee joint was dehydrated with a graded series of
ethanol solutions and embedded in paraffin. [FP was treated with
RNAlater (Ambion, Foster City, CA, USA) immediately after excision and
stored in a deep freezer (-80 °C).

Analysis of macrophages in the knee joint synovium

We analyzed the number of macrophages in the knee joint synovium
using immunohistological staining. Briefly, longitudinal 5-pm serial
sections were cut with a microtome, deparaffinized in xylene, and
rehydrated through graded concentrations of alcohol. Sections were
then postfixed with 4 % paraformaldehyde dissolved in 0.01 M phos-
phate buffered saline (PBS) for 15 min and then subjected to an antigen
retrieval step by incubation in 0.01 M citrate acid buffer (pH 6.0).
Endogenous peroxidase activity was inhibited using 0.6 % H3O; in
methanol for 30 min. Sections were blocked with 1 % bovine serum
albumin in PBS for 60 min and incubated overnight at 20 °C with mouse
monoclonal anti-CD68 primary antibody (1:3000 mouse, BIO-RAD),
rabbit polyclonal anti-CD11c antibody (1:2000 rabbit, Funakoshi) and
rabbit polyclonal anti-CD206 antibody (1:2000 rabbit, Abcom) as
markers for the total, M1, and M2 macrophages, respectively. The sec-
tions were rinsed in PBS and incubated with a secondary antibody for 60
min at 20 °C. Each section was stained using an avidin-biotin complex
method (Vectastain Elite ABC Kkit; Vector Laboratories) for 60 min at
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20 °C. The sections were then visualized with a 3,3-diaminobendine
solution. After the final washing step, each section was stained with 1
% methyl green. Each section was examined under a light microscope,
and the entire anterior and posterior capsules were photographed at
400 x magnification using a digital camera. In this study, we investi-
gated the regions within 100 pm of the synovial intima to the outside of
the anterior/posterior capsules. We measured the area and counted the
number of CD68-positive, CD11c-positive, and CD206 positive cells in
the area. Finally, the number of CD-68 positive, CD11c-positive, and
CD206-positive cells per 1 mm? in the area was calculated. This analysis
was performed using ImageJ software. Two sections per rat were used
for analysis.

Analysis of IL-18 and COX-2 mRNA in the IFP

We analyzed IL-1f and COX-2 mRNA expression using real-time
reverse transcription polymerase chain reaction (PCR). Total RNA was
extracted from IFP samples using the RNeasy Fibrous Tissue Mini kit
(Qiagen, Valencia, CA, USA) according to the manufacturer’s protocol.
Total RNA was used as a template with a QuantiTect Reverse Tran-
scription Kit (Qiagen) to prepare cDNA, and PCR was performed using
Brilliant III Ultra-Fast SYBR Green QPCR Master Mix (Agilent Technol-
ogies, Santa Clara, CA, USA). The mRNA expression levels were deter-
mined using real-time reverse transcription-PCR, which was performed
in an optical 96-well plate with an Mx3005P Real-Time QPCR System
(Agilent Technologies). The relative expression of IL-1p and COX-2
mRNA was normalized to that of the internal control (f-actin) with
AACt. The following primer pairs were used: IL-1p forward, 5-AAT-

GACCTGTTCTTTGAGGCTGAC-3' and reverse, 5'-CGA-
GATGCTGCTGTGAGATTTGAA-3. COX-2 forward, 5-
CCCACTTCAAGGGAGTCT-3' and reverse, 5- GTGATCTGGACGT-

CAACA-3'. B-actin forward, 5-GTGCTATGTTGCCCTAGACTTCG-3' and
reverse, as well as 5-GATGCCACAGGATTCCATACCC-3'.

Statistical analysis

All data are presented as mean + SD. For all data, differences be-
tween groups were assessed using a one-way analysis of variance fol-
lowed by the Bonferroni post hoc test. Values of P < 0.05 were
considered statistically significant.

Results
Changes in knee joint swelling

One day after injection, the transverse diameter of the right knee
joint in the arthritis, diclofenac, LIPUS, and phonophoresis groups
significantly increased compared to that in the control group, and there
were no significant differences among the four groups (Fig. 1). The knee
joint widths at 2 days after injection were significantly decreased in the
diclofenac, LIPUS, and phonophoresis groups compared to the arthritis
group. Additionally, knee joint widths were significantly decreased in
the phonophoresis group compared to the diclofenac and LIPUS groups
7 days after injection, and no significant difference was observed from 7
days after injection onward compared to the control group.

PPTs of the knee joint

In the arthritis, diclofenac, LIPUS, and phonophoresis groups, the
PPT of the knee joints 1 day after injection was significantly lower than
that of the control group, and there were no significant differences
among the four groups (Fig. 2). In the diclofenac, LIPUS, and phono-
phoresis groups, the PPT was recovered 2 days after injection, and sig-
nificant differences were observed compared to the arthritis group.
Additionally, there were no differences between the changes in the PPT
of the diclofenac and LIPUS groups. Furthermore, it was significantly
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Fig. 1. Time course changes in the transverse diameters of the right knee joints. The data are presented as mean + standard deviation. { p < 0.05 significantly
different from the diclofenac group. { p < 0.05 significantly different from the LIPUS group.
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Fig. 2. Time course changes in the PPT of the right knee joints. The data are presented as mean =+ standard deviation. { p < 0.05 significantly different from the

diclofenac group. } p < 0.05 significantly different from the LIPUS group.

recovered in the phonophoresis group compared to that in the diclofenac
and LIPUS groups 2 days after injection, and no significant difference
was observed from 7 days after injection onward compared to the con-
trol group.

PWT of the hind paw

The PWT of the Arthritis, diclofenac, LIPUS, and phonophoresis
groups was significantly decreased 1 day after injection compared to
that of the control group (Fig. 3). In the arthritis group, a significant
decrease in PWT was noted throughout the experimental period
compared to that in the control group. The PWT in the diclofenac,
LIPUS, and phonophoresis groups was significantly higher than that in
the arthritis group from 2 days after injection. In addition, there were no
significant differences between the diclofenac and LIPUS groups
throughout the experimental period. It was significantly increased in the
phonophoresis group compared to that in the diclofenac and LIPUS
groups 2 days after injection. No significant difference was observed
from 7 days after injection onward compared to the control group.

Expression of macrophages in the knee joint synovium

The number of CD68 positive cells per unit area (mm?) was signifi-
cantly higher in the arthritis, diclofenac, LIPUS, and phonophoresis
groups than in the control group (Fig. 4a). In the diclofenac, LIPUS, and
phonophoresis groups, the number of CD68 positive cells was signifi-
cantly lower than that in the arthritis group. Additionally, no significant
difference was observed between the diclofenac and LIPUS groups.
Furthermore, the number of CD68 positive cells in the phonophoresis
group was significantly lower than that in the diclofenac and LIPUS
group.

The number of CD11c positive cells per unit area was almost same
results with CD68 positive cells (Fig. 4b). Briefly, in the diclofenac,
LIPUS, and phonophoresis groups, the number of CD11c positive cells
was significantly lower than that in the arthritis group. Additionally, no
significant difference was observed between the diclofenac and LIPUS
groups. Furthermore, the number of CD11c positive cells in the pho-
nophoresis group was significantly lower than that in the diclofenac and
LIPUS group.
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Fig. 3. Time course changes in the PWT of the right hind paws. The data are presented as mean + standard deviation. { p < 0.05 significantly different from the

diclofenac group. } p < 0.05 significantly different from the LIPUS group.

The number of CD206 positive cells per unit area (mm?) was
significantly higher in the arthritis, diclofenac, LIPUS, and phonopho-
resis groups than in the control group (Fig. 4c). Although the number of
CD11c positive cells in the diclofenac and phonophoresis groups were
significantly higher than that in the arthritis group, no significant dif-
ference was observed among the diclofenac, LIPUS and phonophoresis
groups.

IL-1p and COX-2 mRNA expression in the IFP

The expression of IL-1p and COX-2 mRNA showed a similar trend.
Briefly, in the arthritis group, the expression of IL-1p and COX-2 mRNA
were significantly upregulated compared with that in the control group
(Fig. 5a, b). On the other hand, the expression IL-1p and COX-2 mRNA
were significantly downregulated in the diclofenac, LIPUS, and phono-
phoresis groups, compared to arthritis group. In addition, no significant
difference was observed among the diclofenac, LIPUS, and phonopho-
resis groups in the expression of IL-1$ and COX-2 mRNA expression.

Discussion

In this study, we investigated the effects of LIPUS phonophoresis
with diclofenac on pain reduction immediately after the onset of
arthritis in a rat model of knee arthritis, from behavioral, histological,
and molecular biological perspectives. Behavioral assessment showed a
significant increase in PPT in the LIPUS phonophoresis group compared
to the diclofenac or LIPUS alone groups, with no significant difference
from the control group 7 days after injection. These results suggest that
LIPUS phonophoresis with diclofenac is more useful than either inter-
vention alone for improving inflammation and pain after arthritis. In
addition, a significant increase was observed in the PWT of the hind
paws in the LIPUS phonophoresis group compared to that in the diclo-
fenac and LIPUS groups, which was similar to the trend observed for
PPT. Continuous noxious stimuli caused by strong and long-lasting
inflammation can lead to central sensitization in the spinal dorsal
horn (Dieppe and Lohmander, 2005; Woolf, 2011), which evokes sec-
ondary hyperalgesia in distant areas (Ishikawa et al., 2019; Nakabayashi
et al., 2016; Sasaki et al., 2021). In this study, the PWT in the arthritis
group at day 7 significantly decreased, suggesting that sensitization
occurred in the spinal dorsal horn; however, no significant differences
were observed between the control and LIPUS phonophoresis groups.
These results suggest that LIPUS phonophoresis may suppress central

sensitization in the spinal cord following early alleviation of inflam-
mation in the synovium and subsequent reduction in the input of
noxious stimulation to the spinal cord.

Histological analysis is considered the ultimate indicator of synovitis
(Krenn et al., 2017), with macrophages being the chosen markers
(Gilbert et al., 2018; Hamilton and Tak, 2009; Mulherin et al., 1996; Tak
and Bresnihan, 2000). In the present study, we observed a decrease in
the number of M1 macrophages. Previous studies have also reported a
correlation between the number of macrophages in the synovium and
severity of synovitis (Hamilton and Tak, 2009; Mulherin et al., 1996;
Tak and Bresnihan, 2000). It has also been reported that the number of
M1 macrophages increases under inflammatory conditions (Martinez
and Gordon, 2014; da Silva Junior et al., 2017). Based on these reports,
our results suggest that diclofenac, LIPUS, and LIPUS phonophoresis can
ameliorate synovitis. Moreover, the number of total and M1 macro-
phages in the LIPUS phonophoresis group was lower than that in the
diclofenac and LIPUS groups, which showed a similar trend to that of
PPT. It has been suggested that pain relief by LIPUS phonophoresis may
be related to a decrease in the number of M1 macrophages. Previous
research has shown that diclofenac or LIPUS can downregulate che-
mokines associated with macrophage accumulation (Kaur and Sanyal,
2011; Chung et al., 2012; Fattahi and Mirshafiey, 2012; Ulubay et al.,
2018), as well as lipopolysaccharide and tumor necrosis factor (TNF)-a
involved in M1 macrophage differentiation (Bombardo et al., 2018; Liu
etal., 2023; Ju et al., 2023). Additionally, it has been shown that LIPUS
phonophoresis delivers approximately 2-fold more diclofenac at the
plasma level (Rosim et al., 2005) and 10-fold more diclofenac at the
synovial level (Cagnie et al., 2003). Thus, LIPUS phonophoresis may
have been more effective than either single intervention because of the
increased penetration of the drug into inflamed tissues in addition to the
anti-inflammatory effects of diclofenac and LIPUS, which may inhibit
macrophage accumulation and decrease differentiation into M1
macrophages.

The synovium and IFP are considered constitutive elements of a
single anatomofunctional unit, and the expression levels of inflamma-
tory cytokines in the IFP and synovium are equivalent (Belluzzi et al.,
2019 a,b). IL-1p is known to aggravate inflammatory symptoms (Bon-
deson et al., 2006; Hamilton and Tak, 2009; Kapoor et al., 2011;
MclInnes and Schett, 2007), especially pain (Cunha et al., 1992), which is
produced by macrophages (Bondeson et al., 2006; Takano et al., 2016).
COX-2 is a prostaglandin synthase produced by macrophages, induced
by IL-1f (Iwabuchi et al., 2014), involved in arachidonic acid cascade-
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Fig. 4. Immunohistochemical staining for macrophages in the knee joint synovium. Representative photomicrographs of CD68, CD11c, CD206 immunohisto-
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significantly different from the arthritis group. 1 p < 0.05 significantly different from the diclofenac group. { p < 0.05 significantly different from the LIPUS group.

Scale bar = 50 pym.

induced pain (Cardoso et al., 2019), and a direct target of NSAIDs. In a
previous study, LIPUS downregulated IL-1p-induced COX-2 expression
(Nakamura et al., 2010), through integrin p1 receptor (Iwabuchi et al.,
2014), which acts as a mechanoreceptor on the cell membrane (Take-
uchi et al., 2008). Based on previous studies, it was anticipated that
LIPUS phonophoresis would concomitantly reduce pain, since both
diclofenac and LIPUS have been proven effective in decreasing IL-1p and
COX-2, respectively. Our results of real-time RT-PCR, however, suggest
that the effects of LIPUS phonophoresis on the expression of IL-1p and
COX-2 mRNA were comparable to those of the other two sole in-
terventions, and these changes were not consistent with changes of M1
macrophages. This means that decreases in IL-1p and COX-2 mRNA are
associated with the mechanisms involved in reduction of inflammation
and pain using LIPUS phonophoresis, but there is no synergistic effect
from this strategy, that is, combined therapy using diclofenac and LIPUS.
Chung JI, et al. reported that there was a significant correlation between
the number of macrophages or expression of IL-13/COX-2 and inflam-
matory symptoms, but no correlation between the number of macro-
phages and IL-1p and COX-2 (Chung et al., 2012). The effects of LIPUS
phonophoresis extend beyond the IL-1p and COX-2-mediated pathways
and may have synergistically inhibited other pathways. However, we

did not examine this, which is an issue for future studies.

The number of M2 macrophages in the diclofenac and LIPUS pho-
nophoresis groups was higher than that in the arthritis group. However,
there were no significant differences between the diclofenac and LIPUS
phonophoresis groups in this study. Previous studies demonstrated that
diclofenac activates the adenosine monophosphate-activated kinase
(AMPK) pathway (King et al., 2015), resulting in an increase in the
number of M2 macrophages (Park et al., 2017). We speculate that these
effects of diclofenac may be related to an increase in the number of M2
macrophages in the diclofenac group. On the other hand, we hypothe-
sized that LIPUS phonophoresis would enhance the anti-inflammatory
effect of diclofenac, that is, it would promote an increase in the num-
ber of M2 macrophages as well as induce an effect that would promote a
decrease in the number of M1 macrophages, but such results were not
obtained. LIPUS has been shown to increase the number of M2 macro-
phages in the early stages of inflammation following muscle injury but
not in the later stages (da Silva Junior Em et al., 2017). Thus, the effect
of LIPUS alone on the increase in the number of M2 macrophages may be
limited to the early stages of inflammation with marked cellular accu-
mulation, which may be related to the lack of a significant increase in
M2 macrophage numbers in the LIPUS group in the present study and
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Fig. 5. IL-1 and COX-2 mRNA expression in the infrapatellar fat pad. The data are presented as mean =+ standard deviation. * p < 0.05 significantly different from

the control group. # p < 0.05 significantly different from the arthritis group.

the lack of synergism with LIPUS phonophoresis. However, the number
of M2 macrophages in the LIPUS phonophoresis group was much greater
than that of M1 macrophages, which was more apparent than that in the
diclofenac alone and LIPUS alone groups. Thus, LIPUS phonophoresis
may be more effective than a single intervention for reducing inflam-
mation. Nevertheless, a detailed study, including a time course, is
needed in the future to confirm this hypothesis.

Refractory chronic pain is difficult to manage, and its secondary
prevention is recommended (Meyer et al., 2018). Exercise therapy can
be beneficial for preventing chronic pain; moreover, it can reduce
inflammation and pain and prevent chronic pain in animal models of
acute arthritis (Ishikawa et al., 2019). Exercise therapy also activates
peroxisome proliferator-activated receptor gamma (PPARy), which in-
creases M2 macrophage number via IL-4 upregulation (Ruffino et al.,
2016; Fernandes et al., 2020; Lu et al., 2021). IL-4 in turn is also
involved in increasing the levels of PPARy, which inhibits the tran-
scriptional activity of nuclear factor kappa B (NF-kB) (Liu et al., 2017),
and subsequently reduces M1 macrophage number and IL-1p, IL-6 and
TNF-a production (Kawanishi et al., 2022; Murugathasan et al., 2023).
IL-10 produced by M2 macrophages further promotes the M2 phenotype
and deactivates M1 macrophages (Tidball et al., 2014). Moreover, ex-
ercise therapy can reduce calcitonin gene-related peptide levels in the
dorsal horn of the spinal cord, indicating suppression of central sensi-
tization (Ishikawa et al., 2019). Therefore, exercise therapy may prevent
chronic pain by increasing the number of M2 macrophages and subse-
quently decreasing the number of M1 macrophages to reduce inflam-
mation at an early stage and suppress central sensitization. However,
this study revealed that LIPUS phonophoresis reduced M1 macrophage
number, but did not increase M2 macrophage number. Thus, the
mechanisms underlying the anti-inflammatory and analgesic effects of
exercise therapy and LIPUS phonophoresis are different—the main tar-
gets of exercise therapy in suppressing inflammation are M2 macro-
phages, whereas LIPUS phonophoresis targets M1 macrophages.
Patients with severe inflammation after tissue damage often find it
difficult to exercise actively, which makes it difficult to derive the cor-
responding benefits of exercise therapy, such as anti-inflammatory and
analgesic effects. Conversely, diclofenac application is not a nociceptive
stimulus, and LIPUS generates energy through repeated low-intensity
micro vibrations and is not perceived as a stimulus either. Therefore,
LIPUS phonophoresis is unlikely to cause treatment-related pain and
may reduce inflammation and acute pain by reducing M1 macrophage
accumulation from the early stages of inflammation. This would also
enable the early application of exercise therapy, which may induce

biological responses promoting anti-inflammatory and wound healing,
such as an increase in M2 macrophage number, to result in the early
reduction of acute pain and prevention of chronic pain. Thus, the
combination of LIPUS phonophoresis and exercise therapy may be more
effective in preventing chronic pain than either approach in isolation.
However, the effects and mechanisms of action of combination LIPUS
phonophoresis and exercise therapy require further examination in the
future.

This study has some limitations. First, we only investigated IL-1p, but
not other inflammatory cytokines. In addition, we investigated IL-1f at
the mRNA and not protein level. Further studies are required to clarify
the biological effects of LIPUS phonophoresis with diclofenac on
inflammation. Second, the analysis of macrophages, IL-1f, and COX-2
was performed only with the endpoints of examination taken into
consideration. Third, we did not investigate the factors involved in the
central sensitization of the spinal cord, such as the activation of glial
cells and the expression of other neurotransmitters, such as substance P,
nitric oxide, and glutamate. Finally, the in vivo aspect of this study was
based on animals, thus additional clinical research is required to trans-
late these findings into clinical practice.

Conclusions

In summary, LIPUS phonophoresis with transdermal diclofenac onset
in the acute phase of arthritis ameliorates inflammation and pain by
reducing M1 macrophages. The reduction of pain due to LIPUS phono-
phoresis partly affected by IL-1p and COX-2, and another pathway might
be affected. We believe that LIPUS phonophoresis with transdermal
diclofenac is effective in reducing inflammation and acute pain, and may
prevent conversion to chronic pain.
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