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Transcutaneous CO, application combined
with low-intensity pulsed ultrasound
accelerates bone fracture healing in rats
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Abstract

Background Low-intensity pulsed ultrasound (LIPUS) is a non-invasive therapy that accelerates fracture healing. As

a new treatment method for fracture, we recently reported that the transcutaneous application of CO, accelerated
fracture healing in association with promoting angiogenesis, blood flow, and endochondral ossification. We
hypothesized that transcutaneous CO, application, combined with LIPUS, would promote bone fracture healing more
than the single treatment with either of them.

Methods Femoral shaft fractures were produced in 12-week-old rats. Animals were randomly divided into four
groups: the combination of CO, and LIPUS, CO,, LIPUS, and control groups. As the transcutaneous CO, application,
the limb was sealed in a CO,-filled bag after applying hydrogel that promotes CO, absorption. Transcutaneous
CO, application and LIPUS irradiation were performed for 20 min/day, 5 days/week. At weeks 1, 2, 3, and 4 after the
fractures, we assessed the fracture healing process using radiography, histology, immunohistochemistry, real-time
PCR, and biomechanical assessment.

Results The fracture healing score using radiographs in the combination group was significantly higher than that in
the control group at all time points and those in both the LIPUS and CO, groups at weeks 1, 2, and 4. The degree of
bone fracture healing in the histological assessment was significantly higher in the combination group than that in
the control group at weeks 2, 3, and 4. In the immunohistochemical assessment, the vascular densities of CD31- and
endomucin-positive microvessels in the combination group were significantly higher than those in the control and
LIPUS groups at week 2. In the gene expression assessment, significant upregulation of runt-related transcription
factor 2 (Runx2) and vascular endothelial growth factor (VEGF) was detected in the combination group compared to
the LIPUS and CO, monotherapy groups. In the biomechanical assessment, the ultimate stress was significantly higher
in the combination group than in the LIPUS and CO, groups.

Conclusion The combination therapy of transcutaneous CO, application and LIPUS had a superior effect in
promoting fracture healing through the promotion of angiogenesis and osteoblast differentiation compared to
monotherapy.
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Combination therapy

Background

Approximately 5-10% of fractures do not heal normally,
resulting in delayed union or nonunion [1]. The fracture
healing process is complex, and various factors are neces-
sary for successful fracture treatment, including mechan-
ical stability, osteogenic cells, growth factors, scaffolds,
and vascularity [2, 3].

The development and clinical application of fracture
healing promotion methods can contribute to the early
recovery of patients’ daily life and social activities and
the improvement of their quality of life. Tools currently
available in the clinical setting to promote fracture heal-
ing include low-intensity pulsed ultrasound (LIPUS) [4],
bone morphogenetic proteins treatment [5], and parathy-
roid hormone treatment [6].

LIPUS is a non-invasive therapy that can accelerate
fracture healing through physical stimulation of the area
surrounding the fracture. Although the mechanisms of
bone healing by LIPUS are not completely understood,
nano-motion at the fracture site by LIPUS is converted
into biochemical signals via integrin mechanoreceptors
[7]. Multiple pathways are induced, primarily cyclooxy-
genase 2 (COX-2) transcription. As a result of increased
intracellular COX-2 production, prostaglandin E2 is
then released from cells and activates osteogenic genes
through various pathways. Osteogenic genes stimulate
endochondral ossification at the fracture area, result-
ing in accelerated bone remodeling and fracture healing.
LIPUS significantly promotes osteoblast differentiation,
mainly in mesenchymal stem cells [8, 9], induces angio-
genesis, and improves tissue perfusion [10].

We reported the transcutaneous application of CO,
as a new tool to promote bone fracture healing. Apply-
ing the CO, absorption-enhancing hydrogel to the skin,
CO, can dissolve into the gel and pass through the skin
to reach deep tissues. We have confirmed that transcuta-
neous application of CO, has tissue regeneration effects,
including local tissue oxygenation through the Bohr
effect, increased blood flow, and angiogenesis [11, 12].
Previous studies with rat fracture models, rat bone defect
models, and rabbit distraction osteogenesis models have
shown that transcutaneous CO, application promotes
bone repair by enhancing angiogenesis, blood flow, and
endochondral ossification at the fracture, bone defect,
and distraction osteogenesis sites, respectively [13-15].

We hypothesized that transcutaneous CO, application
combined with LIPUS would promote better bone frac-
ture healing than monotherapy with either of them. In
this study, we asked the following questions: (1) Do trans-
cutaneous CO, application and LIPUS cancel each other

out during combination therapy? (2) Are there additive
or synergistic effects of transcutaneous CO, application
and LIPUS in combination therapies? This study aimed to
investigate these questions using the experimental frac-
ture model in rats.

Methods

Animal model

A total of 180 male, 12-week-old Sprague—Dawley rats
(SLC Japan, Shizuoka, Japan), weighing an average of
398.2 g (£15.8 g), were used under a research protocol.
After the intraperitoneal administration of medetomi-
dine (0.15 mg/kg), midazolam (2 mg/kg), and butorpha-
nol (2.5 mg/kg) for preoperative anesthesia and sedation,
we shaved the hairs on the rat’s lower limbs. Following
a skin incision on the knee, we performed a retrograde
insertion of a 1.25 mm diameter K-wire into the femo-
ral intramedullary canal. A standard stabilized closed
transverse femoral fracture model was produced by fix-
ing the femur with a three-point bender and dropping
weight at the center of the femur [16]. The X-ray image
taken immediately after producing the fracture model is
shown in Fig. 1. After waking up from anesthesia, weight-
bearing restrictions, plaster casts, or other external fixa-
tions were not applied. The rats were euthanized using
an overdose of pentobarbital for subsequent assessments.
This study was approved by the Institutional Animal Care
and Use Committee (Permission number: P180609) and
carried out in according with the Kobe University Ani-
mal Experimentation Regulation. We complied with the
ARRIVE guidelines.

Procedure for the transcutaneous CO2 application
and LIPUS

Fresh fractured rats were randomly divided into four
groups (n=45 in each group, Fig. 2): the combination of
CO, and LIPUS treatment group (CO,+LIPUS group),
CO, treatment group (CO, group), LIPUS treatment
group (LIPUS group), and sham treatment group (con-
trol group). In the CO,+LIPUS group, we first per-
formed transcutaneous CO, application to the fractured
lower limbs. After sedation using a minimum dose of
isoflurane, we applied the hydrogel, which consisted of
carbomer (0.65%), glycerin (5.00%), sodium hydroxide
(0.18%), sodium alginate (0.15%), sodium dihydrogen
phosphate (0.15%), methylparaben (0.10%), and deion-
ized water (93.77%), to the fractured lower limb and
packed it in a polyethylene bag filled with 100% CO,
for 20 min [13]. LIPUS was applied to the fracture site
for 20 min immediately after the CO, application. The
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Fig. 1 The X-ray of the femur which was taken immediately after producing the fracture model. White arrows indicate the fracture line
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Fig. 2 The study design schema of the number in each group and assessment. (A) 180 rats were randomly divided into four groups (n=45 in each group):
the combination of CO, and LIPUS treatment group (CO,+LIPUS group), CO, treatment group (CO, group), LIPUS treatment group (LIPUS group), and
sham treatment group (control group). (B) Of the 45 rats in each group, 40 rats (=10 at weeks 1, 2, 3, 4) were used for radiographic assessment and 5 for
biomechanical evaluation at week 4. Of the 40 rats for radiographic assessment, 20 rats each were used for histological assessment and gene expression
assessment (n=5 at weeks 1, 2, 3, and 4 in each assessment)
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parameters of LIPUS are shown in Table 1. In the CO,
group, we performed CO, application only; in the LIPUS
group, we performed LIPUS only. Control animals were
subjected to sham treatment with air instead of CO,. The
CO, and LIPUS treatments were first performed 24 h
after fracture creation and were performed five times per
week.

Radiographic assessment

At weeks 1, 2, 3, and 4 after the fractures, radiographs of
the fractured limbs were obtained (n=10 in each group
at each time point). Fracture union was diagnosed when
bridging callus formation was observed in all four corti-
ces in the anteroposterior and lateral views [17]. In addi-
tion, we assessed fracture healing using the Radiographic
Union Score for Tibial fracture (RUST) [18], which is a
scoring system used to evaluate fracture healing by deter-
mining the presence of callus formation and fracture
line on the X-ray. A visible fracture line without callus
is scored as 1 point, a visible fracture line with callus is
scored as 2 points, and a non-visible fracture line with
callus is scored as 3 points. The scores are then summed
at four locations on the X-ray: anterior, posterior, medial,
and lateral. Therefore, RUST ranges from 4 points (no
healing) to 12 points (complete healing). RUST was ini-
tially used to assess bone healing in human tibial frac-
tures; however, it can also be used in non-human animals
and fractures other than the tibia [19]. The inter-exam-
iner error in RUST is reported to be small [20], and it
correlates well with the mechanical properties of the
fracture site [21]. Three blinded examiners with more
than 10 years of clinical experience as orthopedic sur-
geons assessed fracture union and RUST.

Histological assessment

Fractured femurs were harvested at weeks 1, 2, 3, and 4
(n=5 in each group at each time point) and fixed in 4%
paraformaldehyde for 24 h at room temperature and
demineralized using a demineralization solution that is a
1:1 mixture of 10% formic acid and 10% formalin. After
embedding the femurs in paraffin wax, 6-um sagittal sec-
tions were prepared, deparaffinized in xylene, dehydrated
in a graded alcohol series, and stained with Safranin-O/
Fast Green. Three sections were obtained in each sam-
ple. Light microscopy was used to visualize detailed his-
tological structures and cartilage regions. We assessed
the degree of fracture healing using the Allen’s grading

Table 1 LIPUS parameters applied in this experiment
Parameter

Characteristics

Spatial-average temporal-average intensity (mwW/cm? 300
Frequency (MHz) 1.5
Pulse repetition rate (kHz) 1
Pulse duration (us) 200
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system with a five-point scale (grade 0: nonunion; grade
1: incomplete cartilage union; grade 2: complete cartilage
union; grade 3: incomplete bone union; grade 4: complete
bone union) [22]. Three blinded examiners with experi-
ence in basic research regarding fracture repair scored
the degree of fracture healing using the Allen’s grading
system.

Immunohistochemical assessment

We performed an immunohistochemical assessment at
week 2 (n=5 in each group). We assessed the expression
of CD31 and endomucin. CD31 is a specific marker for
vascular differentiation [23], and vascular endothelial
cells that highly express CD31 and endomucin are known
to be deeply involved in bone regeneration and develop-
ment [24]. The sections were incubated overnight at 4 °C
with an anti-CD31 antibody (1:200, Beijing Biosynthesis
Biotechnology Co., Ltd., Beijing, China) or anti-endo-
mucin antibody (1:200, Proteintech Group, Inc., Illinois,
USA). After washing, the sections were incubated with
horseradish peroxidase-labeled anti-mouse (1:200, Nich-
irei Bioscience, Tokyo, Japan) at room temperature for
60 min. The signal was developed as a brown reaction
product using the peroxidase substrate 3, 3-diaminoben-
zidine (Nichirei Bioscience, Tokyo, Japan). The sections
were counterstained with hematoxylin and examined
with a BZ-X710 microscope (Keyence Corporation,
Osaka, Japan). The vascular area of CD31- or endomu-
cin-positive microvessels in each section was measured
in four random fields, and the average was calculated.
The percentage of vascular area relative to the total image
area was evaluated as the vascular density (%).

Gene expression assessment
We measured the expression of several genes using real-
time PCR at weeks 1, 2, 3, and 4 (n=5 in each group at
each time point). We added TRIzol (Invitrogen, Carls-
bad, California, USA) to the callus tissue harvested
from around the fracture and homogenized with a T18
ULTRA-TURRAX homogenizer (IKA Werke, Staufen,
Germany). Total RNA was extracted by the acid guani-
dinium thiocyanate-phenol-chloroform method and
purified using RNeasy Mini Kit (Qiagen, California, USA)
and RNase-free DNase kit (Qiagen). RNA samples were
reverse transcribed to single-strand complementary
DNA (cDNA) using a high-capacity cDNA reverse tran-
scription kit (Applied Biosystems, Foster City, California,
USA). Measurements were performed in duplicates using
the Applied Biosystems 7500 real-time PCR system and
SYBR Green reagent (Applied Biosystems). All primer
sequences are shown in Table 2.

GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
MMP-13, matrix metalloproteinase-13; ALP, alkaline
phosphatase; Runx2, runt-related transcription factor 2;
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Table 2 Details of the primers used for amplification

Gene Primer sequences (5'to 3’) (forward/reverse)

GAPDH AAATGGTGAAGGTCGGTGTG
TGAAGGGGTCGTTGATGG

Collagen Il GGGCTCCCAGAACATCACCTACCA
TCGGCCCTCATCTCCACATCATTG

Collagen X GGCAGCAGCACTATGACCCAA
ACAGGCCTACCCAAACGTGAGTCC

MMP-13 CCCTGGAGCCCTGATGTTT
CTCTGGTGTTTTGGGGTGCT

ALP TCCCAAAGGCTTCTTCTTGC
ATGGCCTCATCCATCTCCAC

Runx2 GCGTCAACACCATCATTCTG
CAGACCAGCAGCACTCCATC

Osterix AGCTCTTCTGACTGCCTGCCTA
TGGGTGCGCTGATGTTTGCT

VEGF TGCACTGGACCCTGGCTTTAC
CGGCAGTAGCTTCGCTGGTAG

eNOS GACCCTCACCGATACAACATAC
CATACAGGATAGTCGCCTTCAC

TSP-1 GAGTGTCACTGCCAGAACTCA

GTCTGTACTGAAGAGCCCTCA

VEGE, vascular endothelial growth factor; eNOS, endo-
thelial nitric oxide synthase; TSP-1, thrombospondin-1.

We assessed the chondrogenic differentiation by mea-
suring the gene expression levels of collagen II, colla-
gen X, and matrix metalloproteinase-13 (MMP-13). To
evaluate the osteogenic differentiation, we used alkaline
phosphatase (ALP), runt-related transcription factor
2 (Runx2), and osterix. We also examined the follow-
ing genes: vascular endothelial growth factor (VEGE),
which is the angiogenic factor; endothelial nitric oxide
synthase (eNOS), which is involved in vasodilation [25];
and thrombospondin-1 (TSP-1), which is an angiogenesis
inhibitor [26].

Each gene’s expression levels were compared relative
to that of glyceraldehyde-3-phosphate dehydrogenase,
which was used as the housekeeping gene. The AACT
method was used to quantify gene expression as fold
change relative to one of the samples in the control group
at week 1 [27].

Biomechanical assessment

A three-point bending test was performed on the femo-
ral shaft at week 4 (n=5 in each group) using a bone
strength measurement device, MZ500S (Maruto, Tokyo,
Japan). The front surface of the femur was placed upward,
and a load of 500 N was applied from above at a speed
of 5 mm/min to the fracture site. The ultimate stress (N),
extrinsic stiffness (N/mm), and failure energy (N - mm)
were computed from the measurement results. The ratio
of each parameter of the fractured femur to that in the
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left femur, which was the healthy limb of the same rat,
was calculated.

Statistics analysis

Fisher’s exact test, followed by the post hoc Bonfer-
roni test, was used to compare the fracture union rate
between groups at each time point on the radiographs.
The Kruskal-Wallis test with Steel-Dwass post hoc test
was used to compare RUST on radiographic assessment,
the Allen’s grading score on the histological assessment,
immunohistochemical assessment, gene expression
results, and biomechanical results between the groups at
each time point. Statistical significance was set at P<0.05.
Columns and error bars represent mean and standard
error.

Results

Radiographic assessment

Representative radiographs are shown in Fig. 3A. At
week 1, no periosteal callus formation on radiographs
was observed in the control group, while periosteal cal-
lus formation was found in 1-2 of the four cortical
bones in the LIPUS and CO, groups. In the CO,+LIPUS
group, periosteal callus formation was observed in two
of the four cortical bones in most cases. At week 2, all
groups showed enlargement of the callus formation;
however, none in the control groups showed bridg-
ing callus in all four locations. The fracture union rate
in the CO,+LIPUS group was 80%, significantly higher
than that of the control group (Table 3). At week 3,
fracture union was achieved in all rats in the CO, and
CO,+LIPUS groups, and the fracture union rates in both
groups were significantly higher than that in the control
group (30%). At week 4, fracture union was observed in
all rats.

The RUST results are shown in Fig. 3B. The
CO,+LIPUS group had significantly higher scores than
the control group at all time points (control at week 1:
4.20£0.13, CO,+LIPUS at week 1: 6.10£0.18, P<0.001;
control at week 2: 5.70%£0.30, CO,+LIPUS at week
2: 8.2010.13, P<0.001; control at week 3: 7.00+0.37,
CO,+LIPUS at week 3: 9.70+0.37, P=0.0014; control at
week 4: 10.10+£0.38, CO,+LIPUS at week 4: 12.00+0.00,
P=0.0011), and significantly higher scores than the
LIPUS and CO, groups at weeks 1, 2, and 4 (LIPUS at
week 1: 4.7010.21, P=0.0035; CO, at week 1: 4.80+0.20,
P=0.0037; LIPUS at week 2: 6.90+0.23, P=0.0034;
CO, at week 2: 7.30+0.21, P=0.018; LIPUS at week
4: 10.50£0.40, P=0.0093; CO, at week 4: 11.00+0.21,
P=0.0029). At weeks 2 and 3, the CO, group scored
higher than the control group (at week 2: P=0.0073; CO,
at week 3: 9.00£0.26, P=0.0046), and the LIPUS group at
week 2 scored higher than the control group (P=0.046).
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Fig. 3 Radiographic assessment in each group at each time point. (A) Representative radiographs of each group, at each time point are shown. At week 1,
there was no periosteal callus formation in control group, while periosteal callus formation was found in one to two of the four cortical bones in anterior,
posterior, medial, and lateral sides in LIPUS and CO, groups. In the CO, +LIPUS group, periosteal callus formation was found in two of the four cortical
bones in most cases. At week 2, all groups showed enlargement of the callus formation, however, none of the control group showed bridging callus in
all four locations. At week 3, bone healing was achieved in all rats in CO, and CO, + LIPUS groups. At week 4, bone healing was obtained in all rats. (B) The
graph showed the degree of fracture repair evaluated by the Radiographic Union Score for Tibial fracture (RUST) in control, LIPUS, CO,, and CO, +LIPUS
groups at each time point (=10 in each group). The CO,+LIPUS group had significantly higher scores than the control group at all time points and
significantly higher than LIPUS and CO, groups at weeks 1, 2, and 4. At weeks 2 and 3, the CO, group was higher than the control group, and the LIPUS

group at week 2 was higher than the control group (*: P<0.05)

The CO,+LIPUS group showed bridging callus and dis-
appearance of the fracture lines in all cases at week 4.

At week 2, the fracture union rate in the CO,+LIPUS
group was significantly higher than in the control group.
At week 3, the fracture union rates in CO,+LIPUS and
CO, groups were significantly higher than in the control

group.

Histological assessment

Representative histological images are shown in Fig. 4A.
Cartilage formation in the woven bone was observed in
all groups, particularly in the CO,+LIPUS group at week
(1) Cartilage union was observed in some samples from
the CO, and CO,+LIPUS groups at week (2) There was
little cartilage in the CO,+LIPUS group at week 3, indi-
cating that endochondral ossification was progressing.
At week 4, there was little cartilage even in the control
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Table 3 Fracture union rate in each group at each time point

Control LIPUS CO, CO,+LIPUS Pvalue
Week 1 0/10 (0%) 0/10 0/10 0/10 (0%) ns
(0%) (0%)
Week 2 0/10 (0%) 2/10 4/10 8/10 (80%) 0.0043
(20%)  (40%) (control
-CO,+LIPUS)
Week 3 3/10(30%) 7/10 10/10 10/10 (100%) 0.019 (control
(70%)  (100%) -CO,+LIPUS)
0.019 (con-
trol - CO,)
Week4 10/10 10/10  10/10  10/10(100%) ns

(100%) (100%)  (100%)

group, and bone healing was observed in the other three
groups. The results of the Allen’s grading system scores
are shown in Fig. 4B. The Allen’s grading system scores
were significantly higher in the CO,+LIPUS group than
those in the control group at weeks 2, 3, and 4 (control
at week 2: 1.00£0.00, CO,+LIPUS at week 2: 2.2010.20,
P=0.020; control at week 3: 1.93+0.07, CO,+LIPUS
at week 3: 3.60%£0.24, P=0.031; control at week 4:
3.40+0.16, CO,+LIPUS at week 4: 4.00£0.00, P=0.024).
They were significantly higher in the LIPUS and CO,
groups than in the control group at week 3 (LIPUS at
week 3: 2.80+0.13, P=0.032; CO, at week 3: 3.00+£0.11,
P=0.032).

Immunohistochemical assessment

Representative immunohistochemical images are shown
in Fig. 5A. The vascular densities of CD31-positive
microvessels were significantly higher in the LIPUS, CO,,
and CO,+LIPUS groups than those in the control group
(control: 2.33+0.47%; LIPUS: 4.05+£0.29%, P=0.045;
CO,: 6.62£0.52%, P=0.045; CO,+LIPUS: 7.45%0.66%,
P=0.045), and those in CO, and CO,+LIPUS groups
were also higher than in the LIPUS group (CO,: P=0.045;
CO,+LIPUS: P=0.045) (Fig. 5B). The vascular density
of endomucin-positive microvessels in CO,+LIPUS was
higher than in the control and LIPUS group (control:
0.70+£0.22%, P=0.045; LIPUS: 0.87+0.24%, P=0.045;
CO,+LIPUS: 3.4410.63%), and that in the CO, group
was higher than in the control group (CO,: 3.001+0.49%,
P=0.045) (Fig. 5C).

Gene expression assessment
Gene expression levels in tissues around the fracture sites
assessed by real-time PCR are shown in Fig. 6.

As for genes related to chondrogenic differentia-
tion, gene expression of collagen II was significantly
higher in the CO,+LIPUS group than in the control
group at weeks 1 and 2 (control at week 1: 1.02+0.86,
CO,+LIPUS at week 1: 5.44+0.81, P=0.045; control at
week 2: 3.09£0.79, CO,+LIPUS at week 2: 14.01+0.72,
P=0.045), and significantly higher in the CO, group
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than in the control group at week 2 (CO, at week 2:
12.50%0.77, P=0.045). Collagen X expression was higher
in the CO,+LIPUS group than in the control and LIPUS
groups at week 2 (CO,+LIPUS: 117.30+1.60; control:
32.99+0.68, P=0.045; LIPUS: 39.12+0.61, P=0.045).
The gene expression of MMP-13 was significantly higher
in the CO, and CO,+LIPUS groups than in the control
group at week 3 (control: 6.40%£0.82; CO,: 16.68+0.71,
P=0.045; CO,+LIPUS: 18.64+0.83, P=0.045).

Regarding genes related to osteoblast differentiation,
the expression of ALP at weeks 2 and 3 was higher in the
CO, and CO,+LIPUS groups than in the control group
(control at week 2: 0.82+0.62; CO, at week 2: 2.89+1.08,
P=0.045; CO,+LIPUS at week 2: 3.28+£1.42, P=0.045;
control at week 3: 1.78+0.69; CO, at week 3: 5.3210.86,
P=0.045; CO,+LIPUS at week 3: 7.04+1.04, P=0.045).
Runx2 expression in the CO,+LIPUS group was higher
than those in the control and LIPUS groups at weeks 2
and 3 (CO,+LIPUS at week 2: 8.11+1.15; control at week
2: 1.33+0.83, P=0.045; LIPUS at week 2: 3.13%0.58,
P=0.045; CO,+LIPUS at week 3: 10.84+0.59; control at
week 3: 2.49£0.52, P=0.045; LIPUS at week 3: 4.81+0.55,
P=0.045), and higher than in the CO, group at week 3
(CO, at week 3:5.83+0.66, P=0.045); at week 2, the CO,
group showed a higher expression than the LIPUS group
(CO, at week 2:7.8810.69, P=0.045). The osterix levels
in the LIPUS and CO,+LIPUS groups were significantly
higher than in the control group at week 3 (control:
9.15+0.66; LIPUS: 17.65%0.66, P=0.045; CO,+LIPUS:
19.19£0.94, P=0.045).

The gene expression of VEGF was significantly higher
in the LIPUS, CO,, and CO,+LIPUS groups than those
in the control group at all time points (control at week
1: 1.30£0.91; LIPUS at week 1: 3.18£0.57, P=0.045; CO,
at week 1: 3.33+0.54, P=0.045; CO,+LIPUS at week
1: 4.41+0.76, P=0.045; control at week 2: 2.29+0.86;
LIPUS at week 2: 7.38+0.52, P=0.045; CO, at week 2:
6.50+0.59, P=0.045; CO,+LIPUS at week 2: 12.71£0.76,
P=0.045; control at week 3: 5.68+1.00; LIPUS at week
3: 21.74+0.63, P=0.045; CO, at week 3: 27.51%1.26,
P=0.045; CO,+LIPUS at week 3: 44.32+1.38, P=0.045;
control at week 4: 1.41%0.66; LIPUS at week 4:
4.34£0.60, P=0.045; CO, at week 4: 4.91+0.73, P=0.045;
CO,+LIPUS at week 4: 554+0.74, P=0.045), and was
also higher in the CO,+LIPUS group than those in the
LIPUS and CO, groups at week 2 (LIPUS: P=0.045;
CO,: P=0.045). The gene expression of eNOS at week
2 was higher in the CO,+LIPUS group than in the con-
trol and LIPUS groups (CO,+LIPUS: 6.65+1.03; control:
1.72£0.63, P=0.045; LIPUS: 1.87£0.60, P=0.045). There
were no significant differences in TSP-1 expression levels
among the groups at any time point.
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Fig. 4 Histological assessment in each group at each time point. (A) Representative histological sections stained with safranin-O/fast green are shown. At
week 1, cartilage formation in the woven bone was observed in all groups, especially in the CO, + LIPUS group. At week 2, cartilage union was observed in
some samples of CO, and CO, +LIPUS groups, and at week 3, there was little cartilage in the CO, + LIPUS group, indicating that endochondral ossification
was progressing. At 4 weeks, there was only little cartilage in the control group, and bone healing was observed in the other three groups. Ca=cartilage;
cb=cortical bone; gt=granulation tissue; wb=woven bone. (B) The degree of fracture repair evaluated by Allen’s grading score at each time points are
shown (n=5 in each group). The score was significantly higher in the CO, + LIPUS group than in the control group at weeks 2, 3, and 4, and significantly

higher in LIPUS and CO, groups than in the control group at week 3 (*: P<0.05)
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Fig. 5 Immunohistochemical assessment in each group at week 2. (A) Representative images of the immunohistochemical staining for CD31 and endo-
mucin are shown. Red arrows indicate CD31- or endomucin-positive microvessels. (B) The vascular density of CD31-positive microvessels is shown. The
vascular density of CD31-positive microvessels was significantly higher in the LIPUS, CO,, and CO, +LIPUS groups than in the control group, and those in
the CO, and CO, +LIPUS groups were higher than those in the LIPUS group. (C) The vascular density of endomucin-positive microvessels is shown. The
vascular density of endomucin-positive microvessels in the CO, + LIPUS group was higher than that in the control and LIPUS groups, while the CO, group
showed a higher vascular density compared to that in the control group (*: P<0.05).

Biomechanical assessment

The three biomechanical assessment parameters at week
4 are shown in Fig. 7. The ultimate stress and extrinsic
stiffness were significantly higher in the LIPUS, CO,,
and CO,+LIPUS groups than those in the control group
(ultimate stress in control: 27.7%3.4%; ultimate stress
in LIPUS: 62.914.0%, P=0.045; ultimate stress in CO,:
49.0+£3.3%, P=0.045; ultimate stress in CO,+LIPUS:
80.2+5.9%, P=0.045; extrinsic stiffness in control:
18.6+£2.3%; extrinsic stiffness in LIPUS: 56.91+10.8%,
P=0.045; extrinsic stiffness in CO,: 45.0+£4.6%, P=0.045;
extrinsic stiffness in CO,+LIPUS: 62.8+£12.8%, P=0.045).
The ultimate stress was also higher in the CO,+LIPUS
group than in the LIPUS (P=0.045) and CO, groups
(P=0.045). The failure energy was higher in the
CO,+LIPUS group than in the control group (control:
22.1£2.9%, CO,+LIPUS: 64.4£13.8%, P=0.045).

Discussion

LIPUS therapy is a non-invasive treatment that can
shorten the bone healing period by mechanical stimu-
lation of the fracture site with pulsed ultrasound waves
emitted from a probe on the body surface. The promo-
tion of fracture healing has been proven in rat and rab-
bit fracture models [28, 29], and LIPUS has been shown
to be effective throughout the fracture healing process,
including the inflammation, reparative, and remodeling
phases [30]. LIPUS enhances the gene expression of ALP
and Runx2 in rat bone marrow-derived stromal cells [8],
accelerates osteoblast differentiation [9], increases the
expression of osterix in ROS17/2.8, a rat osteoblast-like
cell line [31], and upregulates VEGF expression around
the fracture area in a rat fracture model [32]. It has also
been reported to promote the expression of collagen II in
human chondrocytes [33] but reduce the expression of
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Fig. 6 Expression of the nine genes of interest in each group at each time point. This figure shows the mean expression with standard error of the nine
genes of interest in each group at each time point, as measured by quantitative real-time PCR (n=5 in each group). Gene expression levels were normal-
ized to GAPDH and are presented as fold change relative to a sample of the control group at week 1. GAPDH; glyceraldehyde-3-phosphate dehydro-
genase, MMP-13; matrix metalloproteinase-13, ALP; alkaline phosphatase, Runx2; runt-related transcription factor 2, VEGF; vascular endothelial growth
factor, eNOS; endothelial nitric oxide synthase, TSP-1; thrombospondin-1 (*: P<0.05)
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Fig. 7 Biomechanical assessment for fracture repair with three-point bending test in each group at week 4. Here, =5 in each group. Ultimate stress
and extrinsic stiffness were significantly higher in LIPUS, CO,, and CO, +LIPUS groups than in the control group. Ultimate stress was also higher in the
CO, +LIPUS group thanin the LIPUS and CO, groups, respectively. Failure energy was higher in the CO, + LIPUS group than in the control group (*: P< 0.05)
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MMP-13, which is necessary for normal bone regenera-
tion through proper resorption of hypertrophic cartilage
and endochondral ossification [34]. On the other hand,
CO, therapy has been reported to be effective in treating
a variety of pathological conditions. Carbonated springs
have long been applied to the treatment of peripheral
arterial disease as they are expected to increase blood
flow [35]. In recent years, transcutaneous application
of CO, has been used to treat wounds such as bedsores
and skin ulcers [36]. We have designed a system for local
absorption of CO, through the skin using a hydrogel in
which CO, is readily dissolved and reported that trans-
cutaneous application of CO, has a tissue regenerative
effect via local tissue oxygenation by the Bohr effect,
which is expressed as a shift in the oxygen dissociation
curve of hemoglobin with pH and CO, concentration,
increased blood flow, and angiogenesis [12]. We have also
demonstrated that transcutaneous application of CO,
promotes bone healing in normal and diabetic rat frac-
ture models [13, 37] and concluded that this is achieved
by increasing angiogenesis, promoting endochondral
ossification, and differentiating osteoblasts. There are
only a few reports on combination therapy to promote
fracture healing [38, 39]. To our knowledge, this is the
first report on the combination therapy of transcutane-
ous CO, application and LIPUS. In this study, the com-
bination of transcutaneous CO, application and LIPUS
treatment was superior to the control in all assessments.
In addition, the combination therapy had a significantly
higher score on the radiographic evaluation of RUST at
weeks 1, 2, and 4, gene expression of VEGF at week 2 and
Runx2 at week 3 on real-time PCR, and ultimate stress at
week 4 on mechanical evaluation than monotherapy. In
summary, these results indicate that transcutaneous CO,
application in combination with LIPUS can accelerate
fracture healing.

Radiographic assessment of the combination group
showed early callus formation at week 1, bridging callus
formation in the four cortical bones in 80% of samples at
week 2 and in all samples at week 3, and complete dis-
appearance of the fracture lines in all week 4 samples.
In contrast, in the LIPUS or CO, monotherapy groups,
callus formation began at week 2 in most samples, cal-
lus bridging in all four cortices was not obtained in some
samples at week 3, and callus bridging was completed at
week 4, although the fracture lines did not completely
disappear. In the control group, there were no samples
of callus bridging in all of the four bone cortices at week
2, and only 30% at week 3 achieved bone union. As with
monotherapy, callus bridging was observed at week 4, but
the fracture lines did not completely disappear. Only the
combined group at weeks 2, 3, and the CO, monotherapy
group at week 3 showed significant differences in fracture
union rates from the control group. RUST demonstrated
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significantly higher scores in the combination therapy
group than in the other three groups at weeks 1, 2, and
4. At week 3, the combination group and CO, mono-
therapy group showed significant differences from the
control group, whereas the LIPUS monotherapy group
showed no difference. These radiographic results indi-
cated that combination therapy significantly accelerated
fracture healing compared to monotherapy at most time
points. In addition, the femurs treated with combination
therapy were mechanically stronger than those treated
with monotherapies, as the combination therapy outper-
formed the monotherapies at week 4 of ultimate stress.
The Allen’s grading system scores in histological evalua-
tion showed that combination therapy had comparable
or better scores than monotherapies at all time points,
although no significant differences between monothera-
pies and combination therapy were observed. In the com-
bination therapy, the vascular density at week 2 in the
immunohistochemical assessment was higher than that
in the control and LIPUS monotherapy, and was equal to
or higher than that in CO, monotherapy.

The fracture healing process consists of three stages:
the inflammatory phase, the reparative phase, and the
remodeling phase, in which various types of cells cooper-
ate to repair the tissue [40]. In the inflammatory phase,
a hematoma formed after the fracture fills the defect
between the bone fragments, and is infiltrated by inflam-
matory and mesenchymal cells [41]. Local oxygen depri-
vation due to vascular injury stimulates the expression
of hypoxia-inducible factor (HIF), which induces the
expression of VEGF, which plays an important role in
angiogenesis and blood flow and is essential for fracture
repair [42, 43]. It has been reported that LIPUS causes
an increased VEGF expression through nitric oxide
and HIF 1-alpha [44], and VEGF is induced by acidosis
in cells around the fracture site [45]. It has been previ-
ously reported that transcutaneous CO, application
caused oxygen dissociation from hemoglobin due to
the Bohr effect and a decrease in local pH in the human
extremities [12]. In the current study, VEGF expres-
sion was upregulated in the combination therapy group
compared to that in the control group at all time points
and in either monotherapy with LIPUS or CO, at week
2. These results suggest that the combination of LIPUS
and CO, treatments has a superior effect in stimulating
VEGF expression compared to monotherapies. eNOS is
involved in vasodilation and osteoblast maturation and is
upregulated by increased blood flow and VEGF [46, 47].
In this study, the gene expression of eNOS at week 2 was
higher in the combination therapy group than in the con-
trol and LIPUS groups, although there was no significant
difference between the LIPUS and CO, groups. Further-
more, immunohistochemical assessments revealed that
the vascular densities of CD31- and endomucin-positive



Sawauchi et al. BMC Musculoskeletal Disorders (2024) 25:863

microvessels were higher in the CO, and combina-
tion groups than in the control group, and those in the
combination group were higher than those in the LIPUS
group. Cells with high expression of CD31 and endomu-
cin are specific to type H vessels [24], which can induce
bone formation. Adding CO, application to LIPUS treat-
ment resulted in a significant difference from the control
group, indicating that transcutaneous CO, application
increased the type H vessels in the fracture model. These
results suggest that the addition of CO, transcutaneous
application could accelerate fracture repair promotion by
LIPUS through vasodilation and osteoblast maturation
and activation.

In the reparative phase, undifferentiated mesenchymal
cells, osteoblast progenitor cells, and new blood vessels
that are induced in the injured area begin to repair the
damaged area. In the deep area under the periosteum
and bone marrow with inadequate blood supply and low
oxygen concentration, osteoblast progenitor cells are not
induced, and chondrocytes appear. In the early stages of
chondrogenesis during the reparative phase, mesenchy-
mal stem cells form a chondrogenic matrix containing
collagen II. The chondrogenic matrix proliferates and
the center of the matrix differentiates into chondrocytes.
After the formation of the cartilage matrix, collagen II
expression decreases, collagen X expression increases,
and chondrocytes mature into hypertrophic chondro-
cytes [48]. In our study, only the combined treatment
group showed a significantly higher expression of colla-
gen II than the control group at week 1, and the combi-
nation and CO, alone groups had higher expression than
the control group at week 2. As for collagen X, the com-
bined treatment group had significantly higher expres-
sion than the LIPUS and control groups at week 2. These
results of real-time PCR were consistent with those of
histological evaluation in that higher Allen’s grading sys-
tem scores were obtained in the combined therapy group
than in the control group at all time points except week
1, and those in both monotherapies exceeded the control
group only at week 3. The statistically significant differ-
ence between the combination therapy and either mono-
therapy was small; however, it could be interpreted that
these results indirectly demonstrated a superior chon-
drogenic differentiation accelerating effect in the com-
bination therapy to not only the control groups but also
monotherapies. MMP-13 is involved in proper resorption
of hypertrophic cartilage and is essential for endochon-
dral ossification [49]. It has been reported that MMP-
13 is upregulated by transcutaneous CO, application in
bone fractures of diabetic rats [37] and downregulated
by LIPUS in a rabbit knee osteoarthritis model [50]. In
our study, MMP-13 expression at week 3 was higher in
the combination and LIPUS groups than in the control
group, and it was not significantly downregulated by
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LIPUS. The reason why no negative influence on MMP-
13 expression by LIPUS was detected might be that the
animal model of the current study was not an osteoar-
thritis model or that Runx2, which is reported to increase
MMP-13 expression [51], was upregulated by LIPUS and
transcutaneous CO, application. At least, LIPUS did not
interfere with the increasing effect of CO, on MMP-13
expression in the current study.

ALP and Runx?2 are early-stage, and osterix is late-stage
osteogenic markers, all playing essential roles in osteo-
blast differentiation and bone formation [52]. The gene
expression levels of ALP and Runx2 demonstrated signif-
icant differences among the groups at weeks 2 and 3. As
for ALP at weeks 2 and 3, the combination therapy and
CO, alone groups showed significantly higher expression
than the control group. Regarding Runx2, the combina-
tion and CO, alone groups had higher expression than
the other two groups at week 2, and the combination
group significantly exceeded all three other groups at
week 3. This suggests that combination therapy and CO,
alone significantly promoted osteoblast differentiation
more than the other two groups up to week 2; at week
3, combination therapy promoted differentiation more
than CO, alone. The gene expression levels of osterix
were also higher in the combination therapy group at
week 3, and there was no significant difference among
the three groups other than the control group. The gene
expression assessment suggests that combination therapy
upregulates angiogenesis early in the healing process and
osteogenesis in the middle to late stages by promoting
osteoblast differentiation, resulting in accelerated frac-
ture healing.

The parameters used in LIPUS treatment (1.5 MHz;
200 ps burst width sine wave, with a repeating pulse at
1 kHz; and a spatial and temporal average intensity of 30
mW/cm?) are the irradiation conditions approved by the
U.S. Food and Drug Administration in 1994 as a treat-
ment for promoting healing of fresh fractures. In stud-
ies on the spatial and temporal average intensity, it was
reported that LIPUS at 30 mW/cm? promoted fracture
healing more than LIPUS at 150 mW/cm? in a rat femur
fracture model [53] and that high-intensity ultrasound
inhibited bone healing, whereas low-intensity ultrasound
stimulated bone repair [54]. Regarding the frequency, it
has been reported that LIPUS at 1.5 MHz accelerated
the healing of rat femoral fractures more than LIPUS at
0.5MHz [55]. The parameters applied in our experiment
are used in most clinical and preclinical studies.

Although not the main purpose of this study, a direct
comparison between transcutaneous CO, application
and LIPUS treatment showed a significant difference only
in the gene expression during osteoblast differentiation.
Therefore, it can be inferred that there was no significant
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difference between these two monotherapies in terms of
promoting fracture healing.

This study has some limitations. First, in this study,
the effects were only assessed using male rats, and the
results might be different if female rats or other animals
were used. Second, transcutaneous CO, application and
LIPUS could not be performed simultaneously because
of procedural difficulties. In terms of clinical application,
the combination treatment used in this study requires a
long intervention time of 40 min per day, which might be
a heavy burden for patients. It is possible that combina-
tion therapy can be performed simultaneously in larger
animals; however, further studies are needed. In addition,
since we did not perform the same experiment with the
reversed order of CO, and LIPUS application, the results
in that case are unknown.

Conclusions

The combination therapy of transcutaneous CO, applica-
tion and LIPUS had a superior effect in promoting frac-
ture healing through the promotion of angiogenesis and
osteoblast differentiation compared to the monothera-
pies. More research on the mechanisms of transcutane-
ous CO, application and animal-to-human translational
studies are needed before it can be used in clinical prac-
tice in the future. However, the combination of transcu-
taneous CO, application and LIPUS has the potential to
accelerate fracture healing and may be more beneficial to
patients than monotherapy.
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