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Abstract 

Background The rapid decline in ovarian function associated with menopause promotes osteoclast differentiation 
and increases bone resorption, disrupting of bone homeostasis and increasing the risk of osteoporosis. Hyaluronic 
acid (HA) is a polysaccharide ubiquitously present in the connective tissues. Recent reports indicate that high-molec-
ular-weight HA (HMW-HA) promotes osteoblast proliferation, enhances alkaline phosphatase activity and mineral 
deposition, and promotes the expression of bone differentiation markers, such as Runx2 and osteocalcin. HMW-HA 
also inhibits the expression of the receptor activator of nuclear factor kappa-B ligand (RANKL) in osteoblasts. These 
results suggest that HMW-HA may be an effective therapeutic agent against postmenopausal osteoporosis. Therefore, 
this study aimed to examine whether HMW-HA alleviates ovariectomy (OVX)-induced bone loss in mice.

Methods Eight-week-old female C57BL/6 J mice were randomly divided into the following five groups: Group 1: 
Sham/saline, Group 2: OVX/saline, Group 3: OVX/HMW-HA [15 mg/kg]; Group 4: OVX/HMW-HA [30 mg/kg]; and Group 
5: OVX/HMW-HA [60 mg/kg]. Mice were administered HMW-HA or saline subcutaneously starting from 1 week 
after OVX and changes in bone mass were analyzed at 5 weeks using three-dimensional micro-computed tomogra-
phy (3D-μCT). In addition, changes in osteoclast parameters were analyzed histologically.

Results The reduction in trabecular bone volume and trabecular number was significantly ameliorated in the OVX/
HMW-HA group compared with that observed in the OVX/saline group, along with a significant inhibition 
of the increase in trabecular spacing. In addition, the OVX/HMW-HA group exhibited a significant reduction in osteo-
clast surface area and number compared with the OVX/saline group, with no significant differences compared 
with the sham group. In vitro experiments revealed that depletion of HMW-HA from the culture medium by hya-
luronidase treatment increased RANKL expression in the bone marrow stromal cell line ST2. These data suggest 
that HMW-HA alleviates OVX-induced bone loss by downregulating osteoclast formation and/or activity in mice.

Conclusion HMW-HA is a potential novel therapeutic agent for osteoporosis.
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Background
Osteoporosis is a skeletal disorder characterized by 
reduced bone mass and strength, which increase frac-
ture risk. Osteoporosis is regarded as a major health 
concern, particularly in aging populations, owing to its 
typically extended course and the rapid decline in activi-
ties of daily living associated with fractures, frailty, and 
osteoarthritis [1]. Thus, the clinical implications and eco-
nomic impact of this disorder underscore the need to 
identify individuals at an elevated risk to facilitate timely 
and appropriate therapeutic interventions. Menopause is 
caused by a decline in ovarian function, and is a major 
risk factor for osteoporosis. An estimated 200 million 
women worldwide are diagnosed with osteoporosis, with 
approximately one-third of women aged 50 and older 
experiencing fragility fractures [2].

Osteoporosis is associated with abnormally elevated 
bone turnover, with osteoclast-mediated bone resorp-
tion exceeding osteoblast-mediated bone formation. 
Therapeutic strategies have focused on pharmacological 
interventions to rebalance bone metabolism by either 
stimulating osteoblastic bone formation or inhibiting 
osteoclast-mediated bone resorption. Drugs that pro-
mote bone formation include calcitriol, a recombinant 
human parathyroid hormone analog, and anti-scle-
rostin monoclonal antibodies. Bone resorption inhibi-
tors include bisphosphonates, anti-receptor activator 
of nuclear factor kappa-Β ligand (RANKL) monoclonal 
antibodies, and selective estrogen receptor modulators. 
These drugs have shown excellent therapeutic effects; 
however, limitations and side effects associated with their 
use have been reported [3–8]. Considering the currently 
available therapeutic options, safer and more patient-
friendly drugs for the treatment of osteoporosis are 
urgently needed.

Hyaluronic acid (HA) is a high-molecular-weight pol-
ysaccharide composed of repeating disaccharide units 
of D-glucuronic acid and N-acetyl-D-glucosamine with 
a maximum molecular weight of 2 ×  107 Da. It is widely 
distributed in the extracellular matrix of tissues such as 
skin, blood, bone, cartilage, synovial fluid, and eyes. HA 
plays a primary role in regulating the fluid and electro-
lyte balance in the body and lubricating joints because of 
its high water-binding capacity and viscoelastic proper-
ties [9–11]. Recent studies revealed that HA functions 
as a signaling molecule in various cell types [11]. Both 
the quantity and the molecular size (length) of HA are 
important regulatory factors in signal transduction. HA 
metabolism is regulated by HA synthase (HAS) and the 
degradation enzyme hyaluronidase (Hyal). Under physi-
ological conditions, high molecular weight HA (HMW-
HA) synthesized by HAS binds to cell surface receptors 
such as CD44 and Toll-like receptors (TLR2 and TLR4) 

on mesenchymal and inflammatory cells, contributing 
to tissue homeostasis [12–14]. Under pathological con-
ditions, such as tissue damage, Hyal metabolizes HA to 
smaller molecules. Low molecular weight HA (LMW-
HA; molecular weight below several tens of thousands of 
Da) functions as a damage-associated molecular patterns 
molecule and induces various inflammatory responses in 
inflammatory cells via TLR2 and TLR4 [13, 15, 16]. Thus, 
HA synthesis and metabolism are essential regulatory 
factors in tissue development and homeostasis.

HA has been shown to play an essential physiological 
role in the development and homeostasis of skeletal tis-
sues. Mice lacking HAS2 in their limbs (Has2f/f;Prx1::cre) 
exhibited shortening of long bones, patterning abnor-
malities of the phalanges, and joint formation defects. 
Conversely, mice lacking Hyal2 or cell migration-induc-
ing protein exhibit bone formation abnormalities in the 
head and limbs, respectively [17–19]. In  vitro studies 
have reported that HMW-HA enhances the expression of 
bone differentiation marker genes induced by bone mor-
phogenetic protein-2 (BMP2) in osteoblast cell lines and 
negatively regulates RANKL expression in bone marrow 
stromal cells [20, 21].

Based on this information, we hypothesized that 
HMW-HA may play a physiological role in rebalancing 
bone metabolism and could be developed as an ideal new 
drug for osteoporosis treatment, possessing the ability to 
inhibit osteoclast-mediated bone resorption and promote 
osteoblast-mediated bone formation in vivo. To test this 
hypothesis and examine whether HMW-HA could be a 
new drug target for osteoporosis treatment, we admin-
istered HMW-HA subcutaneously to ovariectomized 
(OVX) mice and performed bone histomorphometric 
analysis. In this study, we demonstrated that HMW-HA 
effectively protected mice from OVX-induced bone loss. 
We expect this compound to be an ideal drug target for 
osteoporosis treatment because it has already been used 
for the treatment of osteoarthritis and is known to have a 
very low incidence of adverse effects.

Methods
Ethics
This study was approved by the Institutional Animal Care 
and Use Committee of the Tokyo Medical and Dental 
University (Approval Number: A2023-203A; Institute of 
Science Tokyo).

Materials
HMW-HA (cat#FCH-200: molecular weight 
1.8 ~ 2.2 ×  106  Da), which is fermented from Streptococ-
cus zooepidemicus, was purchased from Kikkoman Bio-
chemifa Company (Tokyo, Japan). Paraformaldehyde 
(PFA), ethylenediaminetetraacetic acid disodium salt 
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(cat#E5134: EDTA 2Na), tetrasodium salt (cat#ED4SS: 
EDTA 4Na), dexamethasone (cat#047–18863: DEX), 
and methyl green solution (cat#138–12,701) were pur-
chased from Wako Pure Chemical Industries (Osaka, 
Japan). Toluidine Blue (cat#89,640), Leukocyte Acid 
Phosphatase (TRAP) (cat#387A-1KT), 1,25-dihydroxy 
vitamin  D3 (cat#D1530: 1,25(OH)2D3) and hyaluronidase 
(cat#H-2251) were purchased from Sigma-Aldrich (St. 
Louis, MO, USA). Citric acid buffer (cat. #S236984-2) 
was purchased from Dako Agilent Technologies (Tokyo, 
Japan). Vectastain® Elite® ABC-HRP kit, (cat#PK-6101) 
was purchased from Vector Laboratories (Newark, CA, 
USA). Rabbit anti-mouse RANKL polyclonal antibody 
(cat#GTX32834) was purchased from Funakoshi (Tokyo, 
Japan). The 3,3ʹ-diaminobenzidine tetrahydrochloride 
salt (DAB) Substrate (cat#MK210) was purchased from 
Takara Bio Incorporated (Shiga, Japan). The murine 
bone marrow stromal cell line ST2 (cat#RCB0224) 
was purchased from Riken Cell Bank (Ibaraki, Japan). 
RPMI-1640 (cat#30,264–85) medium and RPMI-1640 
(cat#06261–65: phenol red-free) media were purchased 
from Nacalai Tesque Inc. (Kyoto, Japan). Fetal bovine 
serum (cat#12,483–020: FBS) and antibiotic–antimy-
cotic (cat. #15,240,062) antibodies were purchased from 
Thermo Fisher Scientific (Waltham, MA, USA). Char-
coal-stripped FBS was purchased from Serana Europe 
GmbH (Brandenburg, Germany). NucleoSpin® RNA 
(cat#740,955.50) was purchased from Macherey–Nagel 
Company (Duren, Germany). ReverTra Ace® qPCR RT 
Master Mix (cat#FSQ-201) and THUNDERBIRD® Next 
SYBR™ qPCR Mix (cat#QPX-201) were purchased from 
Toyobo Company (Osaka, Japan).

Ovariectomy
Eight-week-old female C57BL/6  J mice were purchased 
from Oriental Yeast Company (Tokyo, Japan). All mice 
were kept in a temperature- and humidity-controlled 
facility with a 12-h light/dark cycle and access to food 
and water ad  libitum. After one week of acclimatiza-
tion, the mice were randomly divided into five groups: 
Group 1: Sham surgery with saline injections (Sham/
saline; n = 8); Group 2: OVX with saline injections (OVX/
saline; n = 8); Group 3: OVX with HMW-HA injections 
(OVX/HMW-HA [15  mg/kg]; n = 8); Group 4: OVX 
with HMW-HA injections (OVX/HMW-HA [30  mg/
kg]; n = 8); and Group 5: OVX with HMW-HA injec-
tions (OVX/HMW-HA [60 mg/kg]; n = 8). Ovariectomies 
were performed using a double dorsolateral approach 
[22]. Briefly, the mice were placed under anesthesia with 
2% isoflurane inhalation and the coat hair on the lumbar 
region was removed using clippers. The skin was disin-
fected with propidium iodide and vertical incisions were 
made on both dorsal sides of the lumbar region to expose 

the ovaries. After suturing the fallopian tubes, the ovaries 
were excised and the skin was sutured. The same surgical 
procedure was performed in the sham group, except for 
suturing of the fallopian tubes and removal of the ova-
ries. The mice were maintained at 37 °C until they recov-
ered from anesthesia and were monitored frequently for 
1 week post-surgery to ensure the absence of persistent 
bleeding or infection at the surgical site. No postopera-
tive complications were observed in any mouse used in 
this study. One week after surgery, either HMW-HA 
or saline (0.5  mL) was injected subcutaneously into the 
dorsal aspect of the neck. The mice were euthanized by 
carbon dioxide inhalation at the end of the 5th week. The 
uteri were collected and weighed, and the femurs were 
dissected and analyzed for changes in bone metabolism 
by micro-computed tomography (µCT) and histology 
(Fig. 1A-B).

Three dimensional‑µCT analysis
The right femurs from each group were morphometri-
cally analyzed. Specimens were fixed in 70% ethanol for 
2 weeks at 4  °C followed by acquisition of three-dimen-
sional micro-computed tomography (3D-µCT) images 
using the Scan-Xmate-E090 (Comscan Techno, 
Kanagawa, Japan). Trabecular bone morphometric 
parameters, such as bone volume/tissue volume (BV/TV 
[%]), trabecular thickness (Tb.Th [µm]) trabecular num-
ber (Tb.N [1/mm]), trabecular separation (Tb.Sp [µm]) 
and trabecular connectivity density (Conn.D [1/mm3]) 
[23], were analyzed in the metaphyseal region of the dis-
tal femur using Tri/3D-Bon-FCS64 software (Ratoc Sys-
tem Engineering, Tokyo, Japan). The region of interest 
(boxed in white in Fig. 2A) in the distal femur metaphysis 
was set 500 µm away from the growth plate (white line in 
Fig. 2A), with a thickness of 1000 µm.

Histological evaluations
The left femurs from each group were fixed in 4% PFA 
(pH 7.0) for 24  h and then kept in 70% ethanol solu-
tion at 4  °C for 2 weeks. The femurs were decalcified in 
20% EDTA (pH 7.2) for 4  weeks, embedded in paraffin, 
and sagittal Sects.  (8  µm in thickness) were prepared. 
Toluidine blue staining was performed for the histologi-
cal analysis of the percentage of adipocytes per marrow 
volume (Ad.V/Ma.V [%]). Tartrate-resistant acidic phos-
phatase (TRAP) staining was conducted using a TRAP 
kit, according to the manufacturer’s instructions. Bone 
resorption parameters, including osteoclast surface/
bone surface (Oc.S/BS [%]) and osteoclast number/bone 
surface (N.Oc/BS [1/mm]) were analyzed according to 
guidelines published by the American Society for Bone 
and Mineral Research [24]. Osteoclast parameters were 
evaluated at two different positions in the distal femur 
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(mid-sagittal and peak of the lateral condyle). The region 
of interest (boxed in yellow in Fig.  3A and 4A) in the 
distal femur metaphysis was set 500  µm away from the 
growth plate (red line in Fig. 3A and 4A), with a thickness 
of 1000 µm. Calculations were performed using a Biorevo 
BZ-II Analyzer (Keyence, Osaka, Japan).

Immunohistochemical evaluations
For RANKL staining, antigens were retrieved using cit-
ric acid buffer (pH 6.0) at room temperature for 2 h. Sec-
tions were treated with 3%  H2O2 to block endogenous 
peroxidases and incubated at room temperature for 1 h 
with blocking serum (Vectastain® Elite® ABC-HRP kit). 
Sections were then incubated with rabbit anti-mouse 

RANKL polyclonal antibody (1:200) at 4ºC overnight. 
For visualization, Vectastain Elite ABC Reagent (Vec-
tastain® Elite® ABC-HRP kit) and DAB staining were 
used according to the manufacturer’s instructions. Sec-
ondary antibody incubation was performed at room 
temperature for 1  h. The nuclei were counterstained 
with methyl green. RANKL-positive osteocyte num-
ber/total osteocyte number × 100  (Rankl+ osteocyte 
%) values were computed as described previously [25]. 
The region of interest (boxed in green in Fig. 3D) in the 
distal femur metaphysis was set 500 µm away from the 
growth plate (red line in Fig.  3D), with a thickness of 
1000 µm. All images were acquired using a microscope 
(Biorevo BZ-9000; Keyence, Osaka, Japan). The  Rankl+ 

Fig. 1 Experimental design. A After sham or OVX surgery, 0.5 mL of either saline or each dose of HMW-HA were subcutaneously injected 
once a week. Mice were euthanized in the 5th week and femurs were analyzed. B Uterine weights of each group at week 5 are presented. Data 
are expressed as mean ± SD, analyzed by ANOVA followed by Tukey’s post hoc test, showing all data points. *p < 0.05, ** p < 0.01, *** p < 0.001. The 
numbers of samples measured are indicated in the figure and in Supplementary Table 1
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osteocyte % value was measured by two independent 
researchers who were blinded to the sample identity, 
and the Intraclass Correlation Coefficient (ICC) (2,1) 
was 0.804. As an experimental control, a negative con-
trol (without using a primary antibody) was also incor-
porated into the analysis; representative images are 
shown in Supplementary Fig. 1.

Cell culture
ST2 cells were maintained in complete growth medium 
(RPMI-1640) supplemented with 10% FBS, 1% Anti-
biotic–Antimycotic at 37 °C under an atmosphere of 
5%  CO2. To examine the effects of HA signaling on the 
regulation of RANKL expression, 3 ×  105 cells were 
seeded onto 35  mm diameter dishes and incubated in 

Fig. 2 HMW-HA reversed OVX-mediated bone loss. A The area computed by 3D-μCT analysis is indicated in the box in white. B Representative 3D 
μCT images of trabecular bone microarchitecture in the distal femurs of each group are indicated. C Bone volume (BV/TV), trabecular thickness 
(Tb. Th), number (Tb. N), separation (Tb. Sp) and connectivity density (Conn. D). Data are expressed as mean ± SD, analyzed by ANOVA followed 
by Tukey’s post hoc test, showing all data points. *p < 0.05, ** p < 0.01, *** p < 0.001. ns, not significant. The number of samples are indicated 
at the bottom of each figure and in Supplementary Table 2
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complete growth medium for 12 h. To deplete the estro-
gen signal and induce osteoblastic differentiation, cells 
were incubated in RPMI-1640 (phenol red-free) supple-
mented with 10% charcoal-stripped FBS,  10–7  M DEX, 
and  10–7  M 1,25(OH)2D3 in the presence or absence of 
100 nM Hyal for 12 or 24 h.

Quantitative Reverse Transcriptase‑Polymerase Chain 
Reaction (qRT‑PCR)
Total RNA was isolated using the NucleoSpin® RNA 
according to the manufacturer’s instructions. Comple-
mentary DNA was prepared with the ReverTra Ace® 
qPCR RT Master Mix. Quantitative RT-PCR (qRT-PCR) 
was conducted using THUNDERBIRD® Next SYBR™ 
qPCR Mix with the following specific primer sequences:

GAPDH, 5ʹ -GAC GGC CGC ATC TTC TTG A- 3ʹ 
(forward) and
5ʹ -CAC ACC GAC CTT CAC CAT TTT- 3ʹ (reverse);
RANKL, 5ʹ-TGG AAG GCT CAT GGT TGG ATG- 3ʹ 
(forward) and
5ʹ -AGT GAC TTT ATG GGA ACC CGA - 3ʹ (reverse);
OPG, 5ʹ -ACT TGA AAC GGC CCA GTG AT- 3ʹ (for-
ward) and
5ʹ -ACT CAG AGT CCC CAG TGT GT- 3ʹ (reverse).

Thermal cycling and fluorescence detection were car-
ried out using a LightCycler® 480 II /96 (Roche, Switzer-
land). The RANKL and OPG mRNA copy number values 
of each sample were normalized using primers specific 
for GAPDH mRNA, and relative expression levels were 
calculated using the  2−ΔΔCt method [26]. The ratio of 

Fig. 3 HMW-HA downregulated osteoclastic bone resorption in ovariectomized mice through the downregulation of RANKL-expressing 
osteocytes. A The area analyzed for osteoclast parameters is indicated in the box in yellow. B Representative images of TRAP staining. Low-power 
images boxed in red are enlarged and presented in each panel. Black arrows indicate osteoclasts. Red bars in high-power images indicate scale 
bars (50 μm). C Bone resorption parameters including osteoclast surface per bone surface (Oc.S/BS) and osteoclast number per bone surface 
(N.Oc/BS) of each sagittal section. D The area analyzed for  Rankl+ osteocyte percentage is indicated in the box in green. E Representative 
images of RANKL-positive osteocyte lacunes. Low-power images boxed in red are enlarged and presented in each panel. Black arrows indicate 
RANKL-positive osteocyte lacunes. Red arrows indicate osteocytes with no RANKL expression. Red bars in high-power images indicate scale bars 
(50 μm). F The Rankl.+ osteocyte percentage was qualitatively assessed in each group. Data are expressed as mean ± SD, analyzed by ANOVA 
followed by Tukey’s post hoc test, showing all data points. *p < 0.05, ** p < 0.01, *** p < 0.001. The number of samples are indicated at the bottom 
of each figure and in Supplementary Tables 3 and 4
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RANKL mRNA to OPG mRNA was calculated using the 
same method, in which the Ct value of RANKL was nor-
malized to that of OPG.

Statistical analysis
Easy R (EZR version 1.63) was used for statistical 
evaluation [27]. To compare the differences in the 
parameters of bone structure, osteoclasts, and  Rankl+ 
osteocyte percentages, one-way analysis of variance 
followed by Tukey’s post hoc test was carried out 

between the five groups (Sham/saline, OVX/saline, 
and OVX/HMW-HA groups). Adipocyte volume was 
analyzed using the Kruskal–Wallis test, followed by 
the Steel–Dwass post hoc test. The Wilcoxon signed-
rank test was used to assess RANKL and OPG expres-
sion in ST2 cells. The Wilcoxon rank-sum test was 
used to assess the ratio of RANKL to OPG mRNA in 
ST2 cells. All data are expressed as the mean ± stand-
ard deviation (SD) and are presented in Supplemental 
Tables  1–6. Statistical significance was set at < 5% (*; 
p < 0.05).

Fig. 4 HMW-HA had subtle effects on fatty marrow formation induced by OVX. A The area analyzed for percentage of adipocyte volume 
per marrow volume (Ad.V/Ma.V) is indicated in the box in yellow. B Representative images of the distal femur (toluidine blue staining). Low-power 
images boxed in red are enlarged and presented in each panel. Red arrows indicate cells with fat droplets. Black asterisks point to trabecular bone. 
Red scale bar = 50 μm. C Ad.V/Ma.V was calculated and plotted. Data are expressed as mean ± SD, analyzed by Kruskal–Wallis test followed by Steel–
Dwass post hoc test, showing all data points. *p < 0.05. ns, not significant. Numerical data are presented in Supplementary Table 5
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Results
HMW‑HA inhibited ovariectomy‑induced bone loss in mice
HMW-HA was subcutaneously injected once per week 
into OVX mice to examine its pharmacological effects on 
bone metabolism (Fig. 1A). As indicated in Fig. 1B, uter-
ine weights were significantly reduced in mice at 5 weeks 
post-ovariectomy (Sham/saline vs. OVX/saline or OVX/
HMW-HA groups) (Fig.  1B, Table  S1), indicating that 
ovarian function was successfully abolished in these mice, 
while 3D-µCT analyses indicated that trabecular bone 
volume in the metaphyseal region of the distal femur 
(BV/TV) was significantly reduced in the OVX/saline 
group compared with that in the Sham/saline group 
(Groups 1 and 2, Fig. 2B and C). Furthermore, morpho-
metric analyses indicated significant reductions in tra-
becular thickness (Tb.Th), trabecular number (Tb.N), 
and trabecular connectivity (Conn.D), whereas trabecu-
lar separation (Tb.Sp) was significantly increased in the 
OVX/saline group (compare groups 1 and 2; Fig. 2C and 
Table S2). Weekly subcutaneous injections of HMW-HA 
reversed the ovariectomy-induced bone loss, although 
we observed no dose-dependent effects in the tested con-
centration range of HMW-HA (Fig. 2C, BV/TV, compare 
group 2 with groups 3–5). Detailed morphological analy-
sis indicated that all trabecular bone parameters (Tb.Th., 
Tb.N., Conn.D., and Tb.Sp.) were restored to the levels 
observed in the sham/saline group (Fig. 2C and Table S2).

HMW‑HA downregulated osteoclastic bone resorption 
in ovariectomized mice through the downregulation 
of RANKL‑expressing osteocytes
Since 3D-µCT analyses indicated that subcutaneous 
injection of HMW-HA effectively reversed ovariectomy-
induced bone loss, we analyzed the changes in trabecular 
bone resorption parameters in the metaphyseal trabecu-
lar area after HMW-HA injection. Histological analyses 
indicated that ovariectomy significantly increased both 
the number of osteoclasts per unit trabecular bone sur-
face area (N.Oc/BS) and the osteoclast surface area per 
unit trabecular bone surface area (Oc.S/BS) in the met-
aphyseal region of the distal femur (compare groups 1 
and 2 in Fig. 3B and C). Weekly subcutaneous injections 
of HMW-HA completely restored these parameters to 
control levels, although no dose-dependent effects were 
observed in the tested concentration range of HMW-HA 
(Fig. 3C and Table S3).

Previous studies have reported that osteocytes are 
the major source of RANKL. Therefore, we analyzed 
RANKL-expressing osteocytes in the cortical area of the 
metaphyseal region of the distal femur. As indicated in 
Figs. 3E and F, the ratio of RANKL-expressing osteocytes 
per unit cortical bone area was significantly increased 

in the ovariectomized mice (compare groups 1 and 2 
in Fig.  3F). In parallel with the results of the osteoclast 
parameters, the subcutaneous injection of HMW-HA 
significantly reduced the ratio of RANKL-expressing 
osteocytes per unit of cortical bone area to the same lev-
els as those observed in the sham/saline group, although 
no dose-dependent effects were observed in the tested 
concentration range of HMW-HA (Fig. 3F and Table S4).

The pharmacological effects of HMW‑HA were 
not observed in relation to fat marrow changes associated 
with ovariectomy
Previous studies have reported that a decline in ovarian 
function leads to the progressive formation of fat mar-
row, which is associated with a decrease in bone forma-
tion capacity in postmenopausal osteoporosis. Thus, we 
analyzed the morphological changes in the bone marrow 
after HMW-HA injection in ovariectomized mice. His-
tological analyses indicated that ovariectomy induced 
fat marrow formation (Fig. 4B and C, comparing groups 
1 and 2; arrows indicate adipocytes in the bone mar-
row region). However, we did not observe any inhibi-
tory effect on fat marrow formation associated with the 
subcutaneous injection of any dose of HMW-HA after 
ovariectomy (Fig.  4B, C, and Supplementary Table  S5; 
arrows indicate adipocytes in the bone marrow region).

HA negatively regulates RANKL expression in mouse bone 
marrow stroma‑derived ST2 cells
Histological and immunohistochemical analyses sug-
gested that HMW-HA suppresses osteoclast-mediated 
bone resorption by downregulating RANKL expres-
sion in osteoblasts and osteocytes. To test this hypoth-
esis, we evaluated the mRNA expression of RANKL 
and OPG mRNA expression levels and their regulation 
by HMW-HA in ST2 cells. ST2 cells are derived from 
bone marrow stromal cells and can differentiate into 
osteoblasts in vitro in the presence of 1,25(OH)2D3 and 
DEX. After incubating the ST2 cells for 12  h to allow 
adherence to the dish, they were incubated in char-
coal-stripped FBS with 1,25(OH)2D3 and DEX for 12 
or 24 h, and RANKL and OPG mRNA expression lev-
els were quantified by qRT-PCR. Because FBS contains 
HMW-HA, we removed it from the medium with Hyal 
instead of supplementing it to investigate its effects on 
RANKL and OPG expression in ST2 cells (Fig.  5A). 
As shown in Fig.  5B and Supplementary Table  S6, the 
removal of HMW-HA from the culture medium signifi-
cantly increased RANKL and OPG mRNA expression 
in ST2 cells at 12  h. RANKL mRNA expression con-
tinued to increase, whereas no statistically significant 
difference in OPG mRNA expression was observed at 
24 h (Fig. 5C and Supplementary Table S6). As a result, 
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the average ratio of RANKL mRNA to OPG mRNA 
increased with the incubation period in the Hyal-
treated group, although the difference was not statis-
tically significant (0.88 ± 0.27 at 12  h to 1.06 ± 0.16 at 

24 h, Fig. 5D right panel and Supplementary Table S6). 
In contrast, the ratio did not alter in the control (Hyal-) 
group (1.11 ± 0.52 at 12 h to 1.06 ± 0.30 at 24 h, Fig. 5D 
left panel and Supplementary Table S6).

Fig. 5 Removal of HMW-HA from estrogen-deficient culture medium increased the RANKL expression in ST2 cells. A Experimental plan. Three 
hundred thousand cells were incubated for 12 h in RPMI-1640 medium. After cells were attached to the dishes, culture media were replaced with (I) 
charcoal-stripped FBS and (II) charcoal-stripped FBS with 100 nM of hyaluronidase for 12 h or 24 h. B, C Relative expression of RANKL and OPG 
in the presence or absence of hyaluronidase at 12 and 24 h. Colorful lines are associated with each 12 and 24 h samples. D Average ratio of RANKL 
mRNA to OPG mRNA in the presence or absence of hyaluronidase. Data are expressed as mean ± SD, analyzed by Wilcoxon signed-rank test (B, C), 
Wilcoxon rank-sum test (D), showing all data points. *p < 0.05. ns, not significant. n = 6 per group. Numerical data are presented in Supplementary 
Table 6
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Discussion
Postmenopausal osteoporosis, resulting from estrogen 
deficiency, is the most common type of osteoporosis. 
Estrogen deficiency leads to increased osteoclast number 
and activity [28]. The imbalance in bone metabolism due 
to elevated bone resorption activity surpasses bone for-
mation and has primary effects on trabecular bone mor-
phology, such as loss of trabecular thickness, number, 
and connectivity [29]. In this study, we showed that sub-
cutaneous injection of HMW-HA effectively inhibited 
ovariectomy-induced morphometric changes in mouse 
trabecular bones. These results suggest that HMW-HA 
plays a significant biological role in rebalancing bone 
metabolism. Because HMW-HA has already been clini-
cally used as a treatment for osteoarthritis, its safety 
is ensured when administered to humans. In addition, 
HMW-HA has been shown to have a relatively low inci-
dence of adverse effects during long-term intervention 
[30]. This could be attributed to its biochemical nature as 
a polysaccharide with low immunogenicity. Therefore, we 
expect HMW-HA to be a promising new candidate for 
the treatment of osteoporosis.

In this study, we showed that the pharmacological 
functions of HMW-HA may be mediated, at least in 
part, by the suppression of osteoclast development and 
activation via the downregulation of RANKL expression 
in osteocytes and osteoblasts. Osteocytes are a major 
source of RANKL in long bones [31]. Our immunohisto-
chemical analyses indicated that HMW-HA restored the 
ratio of RANKL-expressing osteocytes to total osteocyte 
lacune numbers in femoral cortical bones to the same 
levels as those observed in the sham/saline group, while 
this ratio was significantly elevated in the OVX/saline 
group. We also showed that depletion of HMW-HA 
in the culture medium by Hyal treatment significantly 
upregulated RANKL mRNA expression in bone marrow 
stroma-derived ST2 cells. In contrast, upregulation of 
OPG mRNA expression was transient. The average ratio 
of RANKL mRNA to OPG mRNA increased during the 
incubation period in the absence of HMW-HA. These 
results suggest that serum HMW-HA may suppress the 
RANKL signaling pathway in bone.

Although the underlying molecular mechanisms 
have not been fully elucidated, both direct and indirect 
molecular mechanisms employed by HMW-HA to regu-
late bone mass may be considered. The direct effects of 
HMW-HA may be mediated via cell surface receptors, 
including CD44, TLR4, Receptor for Hyaluronan-medi-
ated Mobility, Lymphatic vessel endothelial hyaluronan 
receptor-1, layilin, and stabilin/hyaluronic acid recep-
tors for endocytosis. Among these, the signals activated 
by CD44 in mesenchymal cells have been reported to 
include the regulation of RANKL by HA [12, 32, 33].

Ariyoshi et  al. reported that supplementing the cul-
ture medium with HMW-HA significantly suppresses 
RANKL expression in ST2 cells, whereas the addition 
of 4-MU, an HA synthesis inhibitor, upregulates it. They 
also showed that the suppression of RANKL expression 
by HMW-HA was reversed by the neutralizing antibody 
for CD44 and by the application of the RhoA GTPase 
inhibitors simvastatin and Y27632 [21]. Thus, one pos-
sible direct molecular mechanism by which HMW-HA 
may suppress RANKL involves the activation of the 
CD44-RhoA signaling axis in bone cells. However, con-
tradictory experimental results have been reported. Cao 
et  al. reported different findings from those of Ariyoshi 
et  al. by showing that HMW-HA enhances RANKL 
expression in primary mouse bone marrow stromal cells 
(BMSCs) [34]. This effect was completely abolished in 
BMSCs derived from CD44 knockout mice. Furthermore, 
CD44 knockout mice showed elevated bone mass when 
compared with control mice. Cao et al. claimed that the 
HA-CD44 signaling axis positively regulates RANKL 
expression in the bone. Although our present data are in 
line with those reported by Ariyoshi et al., further care-
ful analysis is warranted to fully elucidate the role of the 
HA-CD44 signaling axis in the regulation of RANKL 
expression in the bone.

TLR4 is another major receptor of HMW-HA. Chang 
et  al. reported that HMW-HA inhibits osteoclast dif-
ferentiation from bone marrow-derived macrophages 
via TLR4 [16]. They showed that HMW-HA suppresses 
RANK expression by downregulating the M-CSF-AP-1/
MITF signaling pathway. These data suggest that the 
pharmacological action of HMW-HA may directly target 
osteoclast precursor cells.

Estrogen deficiency reportedly leads to increased 
serum IL-7 levels, which promote T cell activation. Acti-
vated T cells produce proinflammatory cytokines such 
as IL-1b, IL-6, and TNF-alpha [35, 36]. It is possible 
that HMW-HA indirectly inhibits RANKL expression 
through its anti-inflammatory function because these 
proinflammatory cytokines promote RANKL expression 
in bone cells. These findings clearly demonstrated the 
diverse pharmacological actions of HA in the regulation 
of bone resorption. Thus, it is crucial to identify the pri-
mary target cells of HA in bone to elucidate the overall 
molecular mechanism and assess the contributions of 
each action.

Both osteoclasts and osteoblasts have been shown to 
be targets of estrogen signaling in bone metabolism. 
Estrogen activates the Wnt/beta-catenin signaling path-
way to increase osteogenesis [35]. Estrogen has also been 
reported to enhance BMP signaling and induce stromal 
cells to differentiate into osteoblasts rather than adipo-
cytes [36]. Kawano et  al. reported that HMW-HA also 
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enhanced osteoblastic differentiation induced by BMP2 
in osteosarcoma-derived MG63 cells [20]. To probe the 
pharmacological effects of HA on osteogenesis, we evalu-
ated whether HA inhibits the formation of fat marrow 
associated with OVX. Our findings suggest that the sub-
cutaneous injection of HMW-HA does not inhibit the 
differentiation of bone marrow stromal cells into adi-
pocytes. However, further investigation is required to 
fully understand the pharmacological effects of HA on 
osteogenesis.

In this study, we investigated three different concentra-
tions of HMW-HA ranging from 15 to 60 mg/kg. These 
concentrations were estimated to correspond to 187.5 to 
750 µg/mL in each mouse, assuming a mouse weight of 
25 g and a total blood volume of 2 mL. These experimen-
tal conditions were determined based on concentrations 
used in previous in  vitro studies investigating RANKL 
expression in bone cells [21]. However, we did not 
observe a concentration-dependent effect on bone mass 
recovery within the concentration range of HMW-HA 
tested in this study. Based on these findings, we believe 
that the pharmacological effects of HMW-HA can be 
achieved at lower dosages.

To the best of our knowledge, this is the first study to 
report that HMW-HA alleviates OVX-induced bone loss 
in mice. Recently, Kikuchi et  al. reported that subcuta-
neous administration of HMW-HA (2.7 MDa) inhibited 
bone resorption and promoted bone formation in OVX 
rats [37]. Stancikova et  al. showed that oral administra-
tion of HMW-HA (1.62 MDa) inhibited bone resorption 
in OVX rats [38]. The results of these studies are consist-
ent with those of our study, and we anticipate that the 
pharmacological effects of HMW-HA may be conserved 
across species.

This study has several limitations and unresolved 
issues. First, we injected the HA solution 1  week after 
OVX. Thus, it remains unclear whether HMW-HA sim-
ply inhibits bone loss or if it improves bone metabolism 
by promoting bone formation in response to bone loss. 
Experiments to address this question should focus on the 
therapeutic administration of HMW-HA for bone loss 
following OVX, the measurement of bone morphometric 
parameters such as mineral apposition rate and bone for-
mation rate, and the assessment of serum bone metabo-
lism markers such as procollagen type I N-propeptide 
and tartrate-resistant acid phosphatase 5b. In addition, 
to substantiate the potential of this drug as a treatment 
for osteoporosis, it is essential to demonstrate not only 
an improvement in bone volume, but also a reduction 
in bone fragility and the prevention of fragility frac-
tures. Therefore, the impact of HMW-HA treatment on 
the mechanical properties of bone must be evaluated. 
These unresolved questions are the highest priority in 

our next experimental plan. Second, the optimal concen-
tration of HMWHA was not determined. Third, we did 
not consider the effects of post-injection HA metabolism 
and pharmacokinetics. Hyal degrades HA to LMW-HA, 
which has been reported to possess various physiologi-
cal activities. Therefore, comparing the pharmacological 
effects of HMW- and LMW-HA and their pharmacoki-
netics is important issue to address. Fourth, HMW-HA 
was administered via subcutaneous injection. However, 
less burdensome methods of administration need to be 
explored, such as oral delivery, in a clinical setting. Ani-
mal studies have reported that HA with a molecular 
weight less than 10  kDa is absorbed from the intestinal 
tract and transported to the portal vein and thoracic 
lymph following oral administration. However, HA with 
a molecular weight of 300  kDa is barely absorbed [39]. 
The absorption efficiency and pharmacokinetics of the 
HMW-HA used in this study (2 MDa) were not tested for 
oral administration. Optimizing the intestinal absorption 
of orally administered HMW-HA may require the imple-
mentation of a sophisticated drug delivery system such as 
cholesterol-modified nanocarriers.

Conclusion
In conclusion, administration of HMW-HA effectively 
protected mice from ovariectomy-induced bone loss.
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