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Abstract

Objective: The load-bearing structures of the subchondral bone undergo alterations in osteoarthritis (OA) joints and exhibit distinct bone
remodelling properties. This study examined the pathological features and cellular components of the subchondral bone plate (SCBP)
and subchondral cancellous bone (SCCB) in OA-affected regions of human knee joints. Methods: Tibial plateaus were obtained from
patients with varus knee OA (n=42; women: n=22, aged 5787 years; men: n =20, aged 59-82 years). Osteochondral specimens were
collected from OA lesion sites in the medial compartment (OA region) and paired control sites in the lateral compartment (C region). Bone
mineral density (BMD) was evaluated using micro-computed tomography, osterix™* osteoprogenitors, cathepsin K (CTSK)™ osteoclasts,
and F4/80™ macrophages were quantified by immunohistochemistry, and correlations between cellular components were analysed by sex
and region. Results: The OA SCBP had a significantly higher BMD than did the C region. In male patients, more F4/80" macrophages
were present in the SCBP C region than in the OA region. Female OA SCCB samples showed an increased number of CTSK™ os-
teoclasts. In both sexes, compared with the C region, the OA SCCB contained more CTSK™ osteoclasts and macrophages. Positive
correlations between macrophage and osteoprogenitor densities were observed in most subchondral bone regions, except in male OA
samples. Conclusions: Region-specific differences in cellular components were identified in the OA subchondral bone. Asynchronous
remodelling responses were noted between the SCBP and SCCB. These findings provide detailed insights into OA pathology and can
inform future therapeutic strategies.
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Introduction

The subchondral bone provides structural support to
the articular cartilage in the joint and undergoes active re-
modelling in response to mechanical loading. The subchon-
dral bone plate (SCBP) is cortical-like, whereas the under-
lying subchondral cancellous bone (SCCB) is composed of
trabeculae [1,2]. Clinical radiographs reveal various dy-
namic changes [3,4] and pathological alterations [5,6] in the
subchondral bone of patients with osteoarthritis (OA). The
prevalence of early knee OA is high among patients who
have sustained anterior cruciate ligament (ACL) injury and
undergone reconstruction, which is likely to be due to al-
tered mechanical loading patterns after surgery [7]. Knees
reconstructed after ACL injury exhibit a thicker SCBP in
the femoral posterior and central lateral regions [8,9] and
decreased bone mineral density (BMD) in the subchondral
cancellous region compared with healthy and contralateral
knees [9,10]. In patients with early-stage OA (Kellgren—
Lawrence grade 1 or 2; KL 1/2), Bolbos ef al. [10] ob-
served subchondral bone changes similar to those in ACL-
reconstructed knees and decreased BMD in the subchondral
cancellous region compared with patients without OA. In
their 2021 study, Li et al. [11] reported that in patients with
end-stage OA, the sclerotic subchondral bone was present
in both the SCBP and cancellous regions. Although numer-
ous animal studies have elucidated the structural and molec-
ular changes in the subchondral bone during OA [12,13],
limited attention has been given to the asynchronous re-
sponses of the SCBP and SCCB in human OA joints, par-
ticularly in cases with disorganised load-bearing zones. Be-
cause the human subchondral bone comprises distinct sub-
regions, namely the SCBP, SCCB, and load-bearing and
non-load-bearing OA areas, further investigation is war-
ranted to determine the spatial differences in these regions
[14,15] and clarify their key cellular features in OA.

Bone remodelling follows Wolft’s law, where osteo-
clastogenesis and osteogenesis are spatially and temporally
coordinated [16]. During a bone remodelling cycle, osteo-
clasts (cathepsin K*, CTSK™ cells) resorb the bone ma-
trix and create a microenvironment that supports bone mar-
row mesenchymal stem cells, inducing their differentia-
tion into osteoprogenitor cells (Osterix™ cells) and facil-
itating subsequent bone formation [13,17]. Osterix™ and
CTSK™ cells reflect the dynamic processes of bone for-
mation and resorption, whereas the biological functions of
macrophages in bone remodelling remain unclear. A re-
cent study reported that in addition to osteoclasts, the bone
also contains a population of tissue-resident macrophages
[18]. These cells are mainly located in the endosteal and
periosteal areas and are positive for F4/80 [18]. F4/80%
bone-resident macrophages support osteoblast differentia-
tion and mineralisation in vitro, promote both endochon-
dral and intramembranous ossification during fracture heal-
ing [19], and contribute to endplate osteosclerosis in Modic
changes in the degenerative spine [20]. These cells also
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supported bone resorption in a postmenopausal osteoporo-
sis mouse model [21]. Taken together, osteoprogenitors,
osteoclasts, and tissue-resident macrophages are the major
responders in knee OA in the subchondral bone plate and
cancellous bone.

Cells within the subchondral bone may respond dif-
ferently to mechanical stimuli during bone remodelling.
For instance, macrophages in the bone are likely to re-
spond to mechanical loading. In an in vitro study, me-
chanical force (5% stretch for 12 hours) induced M2 po-
larisation of the RAW 264.7 macrophage cell line, altered
its cytokine secretion profile, and enhanced the osteogenic
differentiation of bone marrow mesenchymal stem cells
[22]. Similar effects were observed in vivo, where daily
compressive loading of 2—-12 N (360 cycles, 3 times per
week for 4 weeks) increased the number of in situ pe-
riosteal CD68TF4/80" macrophages and enhanced corti-
cal bone formation in a murine tibial loading model [23].
A subsequent mechanistic study revealed that periosteal
CD687F4/80" macrophages promoted bone formation by
secreting transforming growth factor-31 in response to
daily compressive loading [23]. Like macrophages, osteo-
clasts are sensitive to mechanical stimuli. In one study, os-
teoclastogenesis was observed in the maxillary right molars
of rats after direct cyclic mechanical loading. Specifically,
cyclic loading of 20, 30, or 40 N (100%, 150%, or 200%
of the masticatory loading force) at 5.8 Hz for 30 min daily
over 7 days was applied in a rat periodontal loading model.
Excessive cyclic loading at 30—40 N significantly increased
the number of osteoclasts in the periodontal tissue [24]. In
addition to direct mechanical loading, osteoclasts are sensi-
tive to extracellular matrix stiffness. Wang et al. [25] cul-
tured osteoclast lineage cells on hydrogels spanning a phys-
iological stiffness range (2.43-68.2 kPa) and found that
increasing matrix stiffness markedly promoted osteoclas-
togenesis, with the number of TRAP-positive multinucle-
ated osteoclasts rising and then plateauing around 29.4 kPa,
while osteoclast size and bone-resorptive activity continued
to increase at higher stiffness. Notably, an intermediate
“vessel-like” stiffness (~17-45 kPa) maximized the accu-
mulation of TRAP-positive preosteoclasts without further
increasing osteoclast number. Collectively, these findings
indicate that the bioactivity of bone-resident macrophages
and osteoclasts can be regulated by mechanical loading con-
ditions. Notably, in the carpal bones of racehorses with
post-traumatic OA, osteoclasts predominantly accumulated
in the SCBP at high load-bearing sites rather than in the
SCCB [26], suggesting a region-specific bone remodelling
response to mechanical loading. Recent studies have iden-
tified similar region-specific adaptations in the subchondral
bone of human varus OA knee joints [27-29]. Areas closer
to the mechanical axis consistently exhibited thinner carti-
lage, an increased SCBP thickness, and a higher bone vol-
ume to tissue volume ratio (BV/TV). These findings sug-
gest that subchondral bone sclerosis is most pronounced
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near the load-bearing centre of the tibial plateau [27]. In
varus OA knees, malalignment-induced overload leads to
progressive sclerosis in the medial compartment, and the in-
filtration of CD68T macrophages has been observed in the
sclerotic regions of arthroplasty specimens [28,29]. Collec-
tively, these findings indicate that osteoclasts and tissue-
resident macrophages actively contribute to subchondral
bone remodelling in OA. However, the region-specific dis-
tribution patterns and mechanical response characteristics
of osteoclasts and F4/80% tissue-resident macrophages in
the OA subchondral bone remain poorly characterised.

In addition to responses to mechanical loading, OA-
related alterations in the subchondral bone may exhibit sex-
ual dimorphism, potentially due to the protective effects of
oestrogen on the bone and cartilage. Oestrogen deficiency
is a well-established risk factor for OA in post-menopausal
women [30]. Mechanistically, oestrogen exerts a bone-
protective effect by enhancing osteoblast activity, slowing
subchondral bone degradation, and promoting physiologi-
cal remodelling in OA-affected joints [31,32]. However,
most current evidence is derived from animal studies, with
limited validation in human clinical samples.

This study examined pathological changes in the sub-
chondral bone of patients with OA, focusing on the SCBP
and SCCB regions in 42 human tibial plateaus. In addi-
tion, the corresponding cellular activities of osteoclasts and
tissue-resident macrophages were evaluated. The hypothe-
sis is that bone remodelling-associated cells (osteoprogen-
itors, osteoclasts, and macrophages) exhibit specific cel-
lular profiles across different load-bearing regions of the
OA subchondral bone (SCBP and SCCB) and potential sex-
specific variations in their distribution and activity.

Materials and Methods
Study participants

Tibial plateaus were collected from patients under-
going total knee arthroplasty during 2020 August to 2022
November, and written informed consent was obtained
from each participant. The study protocol was approved by
the Human Research Ethics Committees of the local admin-
istrative parties. Patients receiving anti-resorptive drugs,
corticosteroids (via either systemic administration or intra-
articular injection), or hormone replacement therapy that
could affect bone metabolism were excluded. A total of 42
patients were included (20 men, aged 57-87 years; mean
age: 71.0 years and 22 women, aged 59—82 years; mean
age: 69.4 years), all of whom had radiographic evidence of
KL grade 3 or 4 OA. The detailed description of KL grade
system is present in Supplementary Material Table 4. All
patients presented with varus deformity, as determined by
measurements of the hip—knee—ankle (HKA) angle [33] and
the medial proximal tibial angle (MPTA) on radiographs
(mean HKA: 169.7° + 5.9°; mean MPTA: 88.2° 4+ 4.6°.
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Regional tissue preparation and micro-computed
tomography quantification

All specimens were transferred from the operating
room to the laboratory immediately after dissection, fixed in
4% paraformaldehyde at 4°C for 48 hours, and trimmed into
osteochondral tissue blocks. Full-thickness tissue blocks
(1.5 cm x 0.5 cm) were collected from remote control sites
(C region) in the lateral tibial plateau and from OA lesion
sites (OA region) in the medial tibial plateau of the same
donor. Tissue blocks obtained from the C region had vi-
sually intact cartilage, whereas those from the load-bearing
OA region showed severe cartilage erosion, with exposed
subchondral bone displaying an osteosclerotic phenotype.
A total of 20 paired tissue blocks obtained from 10 biolog-
ical donors (5 men and 5 women) were randomly selected
and subjected to micro-computed tomography (1CT) scan-
ning (Scanco 35, Switzerland). The uCT scanner was op-
erated under the following parameters: voltage, 70 kVp;
current, 140 pA; resolution, 10 pm/pixel. For image re-
construction and data analysis, 50 slices were contoured
and evaluated using a global threshold of 250, covering the
full thickness of the subchondral bone below the articular
cartilage (Fig.1). All images were smoothed using a Gaus-
sian filter (sigma: 0.8, support: 1.0). The following param-
eters were analysed: trabecular number, trabecular thick-
ness, trabecular separation, BV/TV, and BMD.

Histology and OARSI scores of the articular cartilage

After uCT scanning, the tissue blocks were decalci-
fied for histological analysis (SBS Core-Lab, The Chinese
University of Hong Kong). Briefly, specimens were de-
calcified in 0.5 M Nay-EDTA solution (pH 7.35-7.45, re-
freshed daily) for 2 weeks, embedded in paraffin, and sec-
tioned serially at a thickness of 5 um. The sections were
stained with haematoxylin and eosin and Safranin O/fast
green. Images were captured using a light microscope (Le-
ica DM5500, Germany) [34]. The pathological severity of
OA was evaluated and scored using the conventional Os-
teoarthritis Research Society International (OARSI) scor-
ing method [35], which examines articular cartilage degen-
eration, cartilage thickness, cartilage lesions, and chondro-
cyte hypertrophy.

Immunohistochemistry

All samples were subjected to immunohistochemical
analysis by us. Cellular markers for osteoclasts (CTSK™),
osteoprogenitors (Osterix™), and resident macrophages
(F4/807) were detected using immunohistochemistry. De-
paraffinised sections were initially incubated with a primary
antibody, namely anti-Osterix (Abcam, Cambridge, MA,
USA, ab22552; 1:300), anti-cathepsin K (Abcam, Cam-
bridge, MA, USA, ab19027; 1:500), or anti-F4/80 (Ab-
cam, Cambridge, MA, USA, ab254293; 1:50), overnight
at 4 °C and then with a secondary antibody (Proteintech,
Wuhan, China, SA0001-2, 1:200) for 1 hour at room tem-
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perature. Positive staining was visualised using a 3,3'-
diaminobenzidine tetrahydrochloride horseradish peroxi-
dase system development kit (Thermo Fisher Scientific,
Waltham, MA, USA, TA-060-QHDX) and counterstained
with haematoxylin. Cell density and positive cell counts
were quantified using ImageJ software (National Institutes
of Health, Bethesda, MD, USA) as described previously
[36]. Based on structural characteristics, cell density in the
SCBP was calculated as the number of positively stained
cells per mm? bone marrow cavity area, whereas in the
SCCB, density was calculated as the number of positively
stained cells per mm of bone surface (see details for ROI
selection and method for quantification in Supplementary
Material Fig.1). Positively stained cells in each region of
interest (ROI) were counted from images captured at 20x
magnification and quantified using Image J (National In-
stitutes of Health). For each SCBP sample, the observer
randomly analysed three bone marrow cavities and calcu-
lated the average value as the representative cell density.
The SCBP samples containing fewer than three bone mar-
row cavities were excluded from the quantification. The
ratios of cellular components were determined as the pro-
portion of each specific cell type (cell density of interest /
(F4/80% + Osterix™ + CTSK™ cell densities)), and correla-
tions between osteoprogenitors and macrophages in differ-
ent regions were further analysed.

Statistical analysis

GraphPad Prism 7.0 (GraphPad Software, La Jolla,
CA, USA) and SPSS 21.0 (IBM Corp, Armonk, NY, USA)
were used for data analysis. Ten patients (5 men and 5
women) were randomly selected from the cohort for uCT
analysis. The sample size for the uCT experiment was esti-
mated using G¥Power software (version 3.1.2, Franz Faul,
Germany) based on previous studies [12,36] and prelim-
inary data. The calculation was performed using an al-
pha level of 0.05 and a desired statistical power of 80%.
The pCT analysis was mainly performed to quantify well-
established OA-related pathological changes in the sub-
chondral bone, which have been extensively reported in
previous studies with larger sample sizes [12]. The nor-
mality of data distribution and homogeneity of variances
were determined using the Shapiro—Wilk test and Levene’s
test, respectively. A paired Student’s t test was used to
compare the results of uCT analysis between two groups.
For other assays, the Wilcoxon signed-rank test was used
when data were non-normally distributed or exhibited a sig-
nificant homogeneity of variances in histological measure-
ments. Spearman’s rank correlation was performed to de-
termine relationships among histological parameters, with
both the correlation coefficient r and p value reported. All
results are presented as the mean =+ standard deviation. A
p value of < 0.05 was considered statistically significant.
Detailed statistical methods used for each experiment are
listed in Supplementary Material Table 2.
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Table 1. Characteristics of patients.

Characteristics Findings
Age (years), mean + SD 70.2 £ 6.6
BMI (body weight/height?, kg/m?), mean + SD 262435
Sex (M/F) 42 (20/22)
Kellgren—Lawrence grade, mean & SD 3.6 0.5
Lower extremity varus (HKA), mean &= SD 169.7° 4+ 5.9°
Tibial plateau inclination (MPTA), mean + SD 88.2° £ 4.6°
OARSI score (lateral), mean £+ SD 1.7£0.9
OARSI score (medial), mean + SD 199 £ 4.6

SD: standard deviation; BMI: body mass index; HKA: hip—knee—
angle; MPTA: medial proximal tibial angle; OARSI: Osteoarthritis

Research Society International.

Table 2. Characteristics of the cartilage in different regions.

OARSI scores
Men (n=20) Women (n=22) Total (n = 42)
C 1.6 £0.6 1.8 £1.0 1.7£0.9
OA 19.3 £4.38 19.6 £53 19.4£5.0

OARSI, Osteoarthritis Research Society International; C, remote
control sites located in the lateral tibial plateaus with a grossly nor-

mal cartilage; OA, OA lesion sites in the medial tibial plateaus.

Results

Paired osteochondral tissue from C and OA regions and
OARSI scores of the cartilage

Forty-two tibial plateaus were collected from patients
undergoing total knee arthroplasty, and paired osteochon-
dral tissues were collected from the C and OA regions of
each tibial plateau. Detailed information on all donors is
presented in Table 1 and Supplementary Material Table
1. No statistically significant differences in age, body mass
index (BMI), hypertension, and diabetes were observed be-
tween male and female donors (Supplementary Material
Table 3).

The C region, located on the lateral side of the tibial
plateau (Fig. 1a, box 1), and the degenerated region on the
medial side is included as the OA region (Fig. 1a, box 2).
The cartilage in the C region was nearly intact, with only
minor fibrillations (Fig. 1a and b), whereas the cartilage in
the OA region was severely damaged and ulcerated (Fig. 1a
and b). The OARSI scores of the articular cartilage in the
paired osteochondral tissues are presented in Table 2. The
OA region had a significantly higher OARSI score than did
the Cregion (OA vs. C:19.4+5.0vs. 1.7£0.9,p < 0.01).

Microstructure and BMD in the SCBP and SCCB

To characterise subchondral bone tissues in the C and
OA regions from male and female donors, the microstruc-
ture and BMD of the paired tissue blocks in the SCBP (Fig.
le, ROI 1, red box; Fig. 1d, upper yellow box) and SCCB
(Fig. 1e, ROI 2, blue box; Fig. 1d, downward red box)
were evaluated using pCT. Twenty tissue blocks from 10
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Fig. 1. Paired osteochondral tissue from remote control regions (C) and regions with OA lesions harvested from human tibial
plateaus after arthroplasty. (a) Gross appearance of tibial plateaus from patients with OA. The image is from a 73-year-old male
patient (patient number: A33). Box 1: C region; Box 2: OA region. Right panel: gross appearance of osteochondral specimens and
articular surfaces trimmed from the C and OA regions. P: posterior; A: anterior; M: medial; L: lateral. (b) Representative Safranin O/fast
green-stained images of C and OA regions of human subchondral bone tissues. Cartilage erosions and complete loss of Safranin O/fast
green staining are observed in the OA region (lower panel). The OA region shows more bone structures compared with the C region.
Magnified images display the SCBP and SCCB structures (dashed boxes). Scale bars = 200 pum. (c¢) Representative 3D pCT images of
the subchondral bone from the C region (left panel) and OA region (right panel). ROI 1: red box, subchondral bone plate (SCBP); ROI
2: blue box, subchondral cancellous bone (SCCB). The grey—blue panels illustrate schematic diagrams of the human SCBP and SCCB.
Scale bar = 1 mm. The white dotted line indicates the interface between the SCBP and SCCB; the red dotted line marks the SCBP; the
blue dotted line marks the SCCB. (d) Segmentation of the SCBP (highlighted in yellow) and SCCB (highlighted in red) in ;,CT analysis.
Scale bar = 1 mm. (e—f) 3D reconstruction of the tibial subchondral bone from the C and OA regions of a male patient with OA (e; patient
number: A25, 82 years old) and a female patient with OA (f; patient number: A24, 68 years old). Scale bar = 1 mm. (g—h) Quantitative
analysis of the ratio of bone volume to tissue volume (BV/TV, left panels) and bone mineral density (BMD, mg HA/cm?, right panels)
of the SCBP (g), and SCCB (h) from male and female donors (n = 5 per group). Statistical analysis between the C and OA regions from
the same patient was performed using a paired ¢ test. Data are presented as the mean + SD. p < 0.05. C, remote control sites located
in the lateral tibial plateaus with a grossly normal cartilage; OA, OA lesion sites in the medial tibial plateau; SCBP, subchondral bone
plate; SCCB, subchondral cancellous bone; ROI, region of interest; BMD, bone mineral density; BV/TV, ratio of bone volume to tissue

volume.
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patients (n = 10 patients, 20 paired tissue blocks, paired OA
and control regions, 5 men and 5 women) were subjected to
#CT scanning. Quantitative ¢ CT results for the SCBP and
SCCB in the C and OA regions, stratified by sex, are pre-
sented in Fig. le—h and Table 3.

Overall, the OA region had a thickened SCBP. The
BV/TV and BMD were significantly higher in the OA re-
gion than in the C region (OA vs. C: BMD, 669.5 + 55.0
vs. 596.8 4+ 63.8 mg HA/cm?, p < 0.001; BV/TV, 0.67 +
0.05 vs. 0.57 £ 0.06, p < 0.001). The SCCB in the OA
region had a higher bone volume fraction than that in the
C region (OA vs. C: BV/TV, 0.27 £ 0.06 vs. 0.15 £ 0.03,
p < 0.001). In male donors, the SCCB of OA osteochon-
dral blocks had a significantly lower BMD than that of the
C region (male SCCB, OA vs. C: 658.6 £ 70.3 vs. 727.4
+ 84.0 mg HA/cm?, p = 0.001). This trend was not statis-
tically significant among female donors (Fig. 1g—h, Table
3). No significant differences in BMD were observed be-
tween sexes in either the SCBP or SCCB. Detailed uCT
results and corresponding statistical analysis findings are
presented in Table 3.

When data were stratified by sex, in the SCBP, a
higher abundance of F4/80™ macrophages was observed in
the bone marrow cavities of the C region than in those of
the OA region in male donors among all cells (OA vs. C:
4254 + 428.2 vs. 763.2 £+ 617.3 cells/mm?, n = 15, p=
0.014, Fig. 2a—e). In the SCCB of male donors, most cells
were attached to the bone-lining surfaces (Fig. 3a, e, f and
j), and F4/80" macrophages were more abundant in the OA
region than in the C region among all cells (OA vs. C: 4.7
3.3 vs. 2.3 £ 2.6 cells/mm, n= 18, p < 0.001; Fig. 3a—e).
The same trend was observed for CTSK™ osteoclasts (male
SCCB, OA vs. C:44 £32vs. 1.5 £ 1.2 cells/fmm, n =
18, p < 0.001; Table 4, Fig. 3d and e. In contrast, no sig-
nificant difference in F4/80" macrophage distribution was
observed between the C and OA regions in female donors
either in the SCBP or SCCB (Table 4, Fig. 2f, g, j; Fig. 3g
and h). Notably, in both male and female donors, CTSK ™
osteoclasts were more abundant in the OA region than in the
C region in the SCCB but not in the SCBP (female SCCB,
OAwvs. C:49+4.7vs. 1.7+ 32cells/mm,n=22,p=
0.006, Fig. 3i and j; SCBP, OA vs. C: 262.3 £ 269.9 vs.
407.9 + 674.9 cells/mm?, n = 14, p = 0.377; Table 4, Fig.
2i and j).

Cellular components and their correlations in different
regions of the OA subchondral bone

Correlation analyses between cellular components
were conducted using the same sample subsets described in
table 4 (SCBP: n=29; SCCB: n=40), ensuring consistency
across all statistical evaluations. The observed region-
specific differences in cellular components were consis-
tent with the pathological features of the articular cartilage
and microstructural characteristics of the subchondral bone.
The proportions of Osterix ™t osteoprogenitors, F4/807F res-
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ident macrophages, and CTSK™ osteoclasts in the C and
OA region are summarised in Fig. 4a, 4b, and 4g. In male
patients, a greater number of macrophages were observed
in the C region of the SCBP, whereas the SCCB contained
higher numbers of both macrophages and osteoclasts in the
OA region. These cellular alterations are presented in Fig.
4g.

In both male and female patients, positive correlations
were observed between macrophages and osteoprogenitors
with respect to their distribution and density (Fig. 4c—f).
The densities of macrophages and osteoprogenitors were
positively correlated in the C region of the SCBP (r=0.771,
p =0.002; Fig. 4c¢), OA region of the SCBP (r = 0.873, p
< 0.001; Fig. 4d), C region of the SCCB (r = 0.781, p <
0.001; Fig. 4e), and OA region of the SCCB (r = 0.821, p
< 0.001; Fig. 4f) in female patients, and in the C region of
the SCBP (r = 0.661, p = 0.009; Fig. 4c¢) and C region of
the SCCB (r = 0.680, p = 0.002; Fig. 4e) in male patients.

Discussion

In the present study, OA-related changes in the sub-
chondral bone were examined using 42 zonally paired clin-
ical samples (control and OA-affected areas). The find-
ings revealed region-specific differences in cellular compo-
nents, specifically among tissue-resident macrophages and
osteoclasts in the SCBP and SCCB regions. The enrich-
ment of F4/80% resident macrophages and osteoprogenitors
in the male control SCBP and the positive correlation be-
tween these tissue-resident macrophages and osteoprogen-
itors (Fig. 4c, e) suggest that tissue-resident macrophages
support bone formation in the OA subchondral bone. This
finding is consistent with that of a previous study demon-
strating that bone-resident macrophages support endochon-
dral and intramembranous ossification during fracture heal-
ing [19]. In addition, a positive correlation between tissue-
resident macrophages and osteoprogenitors was observed
in the female OA subchondral bone (SCBP and SCCB) but
not in the male OA subchondral bone (SCBP and SCCB;
Fig.4d, f), suggesting sex-specific differences in subchon-
dral bone remodelling patterns in OA.

In the data obtained from OA tibial plateaus, both bone
volume and BMD were higher in all samples from the OA
region of the SCBP. At the cellular level, fewer F4/807 res-
ident macrophages were found in the male OA SCBP than
in the control SCBP (Table 4), suggesting a loss of home-
ostatic balance in this region. A similar trend was noted
among female donors, although the difference did not reach
statistical significance. To obtain more precise measure-
ments of the SCCB region, uCT analysis was performed
[12] in which the volume of bone marrow cavities was ex-
cluded and only subchondral bone tissues were analysed
(Fig. 1d). These data indicated that in male patients, the
SCCB under the OA region had a higher bone volume but
a lower BMD. Similar findings have been reported in
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Table 3. CT parameters in different regions of interest and between sexes.

. Men (n=15) Women (n = 5) p value (men vs. women)  Total (n= 10)
Grouping  Measurement
C OA p value C OA p value C OA C OA p value
SCBP Bone mineral density (mg/HA cm?®) 6022 +59.8 681.54+58.6  0.022 591.44+672 657.5+484  0.018 0.994 0.938 596.8 £ 63.8  669.5 + 55.0 <0.001
BV/TV 0.57 4+ 0.06 0.67 +0.07 0.036 0.58 4 0.06 0.67 +0.03 0.026 0.998 >0.999 0.57 +0.06 0.67 + 0.05 <0.001
SCCB Bone mineral density (mg/HA cm?®)  727.4 4+ 84.0  658.6 & 70.2 0.003 7043 £65.1 6629 +80.0 0584 0977 0.998 7171 £77.0 660.5 + 74.8 0.081
BV/TV 0.15+0.03 0.25 +0.04 0.035 0.14 £+ 0.02 0.28 +0.07 0.017 0.990 0.777 0.15 £ 0.03 0.27 £+ 0.06 <0.001

C, remote control sites located in the lateral tibial plateaus with grossly normal cartilage; OA, OA lesion sites in the medial tibial plateau; SCBP, subchondral bone plate; SCCB, subchondral cancellous bone; BV/TV,

ratio of bone volume to tissue volume.

Table 4. Cellular measurements in different regions of interest and between sexes.

SCBP (cells/mm?) Men (n = 15) Women (n = 14) p value (men vs. women)  Total (n = 10)*
C OA p value C OA p value C OA C OA p value
1 F4/80% macrophagesc 763.2 £ 617.3% 4254 4 428.2% 0.014 559.6 £ 1101.3  385.1 £583.7  0.531 0.541 0.833 670.0 £ 871.5  406.0 £ 500.3 0.075
2 Osterix™ osteoprogenitors ~ 913.7 £ 731.5 930.1 £ 714.6 0.934 391543924 4753 +£6494  0.616  0.025 0.085 661.61 +640.0 710.6 = 710.4 0.701
3 Cathepsin Kt osteoclasts 380.8 +393.9 300.6 4 244.7 0.172 407.9 £ 6749 2623 £2699  0.377 0.895 0.692 393.9 +£537.8  282.1 £253.2 0.177
SCCB (cells/mm) Men (n = 18) Women (n = 22) p value (men vs. women)  Total (n =40)"
C OA p value C OA p value C OA C OA p value
1 F4/80% 23 +2.6% 4.7 + 3.3*% <0.001 1.6 +£238 34145 0.087 0.447 0.292 1.9 +£2.7* 4.0 + 4.0* 0.001
2 Osterix™ 45+63 6.5+ 6.4 0.293 25+4.4 3.7+3.7 0.25 0.248 0.088 34+54 49+£52 0.123
3 Cathepsin K+ 1.5+ 1.2*% 4.4 +3.2% <0.001 1.7 £ 3.2*% 49+ 4.7* 0.006  0.818 0.718 1.6 £2.5% 4.7+ 4.0* <0.001

#Samples from patients X2, X3, X5, X7, X8, X9, X10, X11, X12, X15, X16, X17, and X18 contained fewer than three bone marrow cavities. Therefore, SCBP cell density data for these patients were considered

nondetectable. The total number of SCBP samples included in the analysis was 29. “Specimens from A52 (male) and X17 (male) patients retained few trabeculae under the SCBP; thus, trabecular cell density data could

not be obtained for these patients. The total number of SCCB samples included in the analysis was 40. *p < 0.05. C, remote control sites located in the lateral tibial plateau with grossly intact cartilage; OA, OA lesion

sites located in the medial tibial plateau; SCBP, subchondral bone plate; SCCB, subchondral cancellous bone.
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other joints, such as the hip and vertebrae. For instance, a
previous study observed increased BV/TV in newly formed
woven bones in the SCCB of human hip OA samples [37].
A recent study on degenerative vertebral joints also com-
pared two similar regions in the vertebral subchondral bone,
namely the vertebral endplate and vertebral SCCB, and
identified differences in mineral density (vertebral endplate
vs. vertebral SCCB: 1.508 + 0.107 vs. 1.93 + 0.068
g/em®), BV/TV (vertebral endplate vs. vertebral SCCB:
0.272 £+ 0.096 vs. 0.36 £ 0.13), and ash density (vertebral
endplate vs. vertebral SCCB: 0.802 + 0.173 vs. 1.01 +
0.03 g/cm?®) [38]. The authors noted that their study lacked
biological data to detect cellular differences between these
two regions but highlighted its implications for understand-
ing human bone remodelling [38]. In the present study,
higher numbers of macrophages and osteoclasts were found
in the OA SCCB, suggesting active bone remodelling in this
region. Given the lower BMD observed in male donors,
this activity may indicate remodelling in pathological con-
ditions. Nevertheless, the identification of differential cell
densities in the SCBP and SCCB echoes this line of inquiry
and provides the first direct evidence of the detailed cellular
composition of these two key regions in the OA knee (Fig.
4g).

Another notable finding is the difference in bone re-
modelling patterns between male and female patients. Fe-
male sex is a risk factor for OA. Women have a higher risk
of OA due to hormonal changes and ageing [38]. Oestro-
gen, the primary sex hormone regulating bone mass, acts
mainly through oestrogen receptor-a: (ERa) [40]. A re-
cent animal study revealed that osteoclastic ER« is cru-
cial for maintaining the trabecular bone in female mice but
is dispensable in male mice [41]. Clinical data also indi-
cate that women with hip OA are more susceptible to pol-
yarticular OA and tend to experience greater symptomatic
and structural severity than men [42]. In the present study,
bone remodelling properties of the SCBP and SCCB re-
gions differed between postmenopausal women and men
(Table 4, Figs.2 and 3). Fewer osteoprogenitor cells were
found in the control SCBP in female donors than male
donors (Table 4, female vs. male: 391.5 + 392.4 vs. 913.7
+ 731.5, p = 0.025), demonstrating one aspect of the po-
tential sex-related difference in SCBP remodelling. Re-
cently, Hayes et al. [43] reported that bisphosphonates
(e.g., alendronate and risedronate) might be more protec-
tive against early knee OA (KL grade <2) in female pa-
tients, particularly among those with are not overweight
(BMI <25 kg/m?) but less protective among patients with
more advanced disease (KL grade > 2) or in those who
are overweight (BMI > kg/m?). In the present study, fe-
male patients had a 7% higher density of CTSK™ osteo-
clasts than did male patients in the SCBP C region (Ta-
ble 4, female vs. male: 407.9 4+ 674.9 vs. 380.8 + 393.9
cells/mm?). These subtle cellular differences may partially
explain the greater protective effects of bone-activating
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reagents in women with early knee OA because a higher
number of responsive cells in the subchondral bone could
enhance the efficacy of such treatments. This finding also
suggests that the subchondral bone can be a potential ther-
apeutic target for bone-activating reagents in OA. Moller
et al. [44] investigated the osteoclastogenic capacity of
CD147 blood monocytes isolated from 49 female donors
(mean age: 53 years; premenopausal: 17 donors; post-
menopausal: 32 donors) and found that the protein level of
CTSK was significantly higher in monocyte-derived osteo-
clasts from postmenopausal donors than in those from pre-
menopausal donors (more than double, p = 0.0158, [44]).
This may also provide a plausible explanation for the higher
level of CTSK™ cells found in the present study. Regard-
ing the sex-related difference observed in the current study,
sex hormones are likely to modulate these load-driven pro-
grammes. Oestrogen/ERa [45] restrains osteoclastogen-
esis and supports osteogenesis, which may help to pre-
serve the positive coupling between F4/80™ macrophages
and Osterix™ osteoprogenitors across regions in women
(Fig.4c—f). By contrast, varus malalignment—induced over-
load and SCBP sclerosis [29] may preferentially disrupt this
coupling in male OA samples, consistent with the attenu-
ated correlation observed in male OA (Fig.4d, 4f).

In the present study, all specimens were obtained
from patients with OA who had knee varus deformity,
and the control sites were located in the lateral compart-
ment. Although the control regions did not represent
completely healthy osteochondral tissue, both control and
OA regions were obtained from the same chronically in-
flamed joint cavity. The mechanical loading in the lat-
eral compartment (control region) was lower than that in
the medial compartment (OA region). Thus, the parame-
ters measured here are likely to reflect the combined ef-
fects of chronic altered loading and inflammation on sub-
chondral bone cells. For example, the findings demon-
strated that in both male and female subchondral cancel-
lous bone, the number of CTSK™ osteoclasts was signif-
icantly higher in the load-bearing OA region than in the
control region, suggesting that excessive mechanical load-
ing enhances osteoclastogenesis. This observation is con-
sistent with that of a previous animal study reporting in-
creased osteoclast numbers in overloaded maxillary mo-
lars [24]. CTSK™ osteoclasts were also prevalent in OA
SCCB tissues from both sexes (Fig.3d, 3i), although no
significant differences in osteoclast counts were detected
between OA and control regions in the SCBP. These re-
sults indicate that even in end-stage OA, the subchondral
cancellous bone may continue to undergo active remod-
elling beneath the sclerotic SCBP. In addition, the sig-
nificantly higher numbers of F4/80% macrophages in the
SCBP control sites compared with OA regions in male pa-
tients (Fig.2b—h) indicate that macrophages are mechanore-
sponsive, and excessive mechanical loading in OA regions
may inhibit F4/80" macrophage activity and the associ-
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Fig. 2. Cellular density and distribution of macrophages, osteoprogenitors, and osteoclasts in SCBP regions. (a) Schematic diagram
of the SCBP region in male patients; red box: ROL (b-—d) Density of F4/80" macrophages (b), Osterix ™ osteoprogenitor cells (¢), and
CTSK™ osteoclasts (d) in bone marrow cavities of the SCBP in male patients. The Wilcoxon signed-rank test was used to compare data
between the C and OA regions; n = 15 men. Data are presented as the mean + SD, *p < 0.05. (f) Schematic diagram of the SCBP region in
female patients; red box: ROI. (g—i) Density of F4/80+ macrophages (g), Osterix+ osteoprogenitor cells (h), and CTSK™ osteoclasts (i)
in the SCBP of female patients. The Wilcoxon signed-rank test was used to compare data between the C and OA regions; n = 14 women.
Data are presented as the mean + SD, *p < 0.05. Representative sequential IHC staining of F4/80, Osterix, and cathepsin K in SCBP
bone marrow cavities from male (e) and female (j) patients. Upper panel: control sites; lower panel: OA regions. The rectangular black
box shows the magnified field of the upper image. Samples with fewer than three bone marrow cavities did not provide detectable data
and therefore were excluded from quantification. Red arrowheads indicate positive staining signals: F4/80 (mainly in the cytoplasm and
extracellular matrix), Osterix (mainly in the nucleus), and cathepsin K (mainly in the cytoplasm and nucleus). The scale bar represents
100 pm in (e). The scale bar represents 50 pm in (j). C, remote control sites located in the lateral tibial plateaus with grossly normal
cartilage; OA, OA lesion sites in the medial tibial plateaus; SCBP, subchondral bone plate; ROI: region of interest; CTSK, cathepsin K.
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Fig. 3. Cellular density and distribution of macrophages, osteoprogenitors, and osteoclasts in SCCB regions. (a) Schematic diagram
of the SCCB region in male patients; blue box: ROL (b—d) Density of F4/80" macrophages (b), Osterix " osteoprogenitor cells (c), and
CTSK™ osteoclasts (d) in the bone marrow cavities of the SCCB in male patients. The Wilcoxon signed-rank test was used to compare
data between the C and OA regions; n = 18 men. Data are presented as the mean & SD, *p < 0.05. (f) Schematic diagram of the SCCB
region in female patients; blue box: ROI. (g-i) Density of F4/80" macrophages (g), Osterix ™ osteoprogenitor cells (h), and CTSK™
osteoclasts (i) in the SCBP region in female patients. The Wilcoxon signed-rank test was used to compare data between the C and OA
regions; n =22 women. Data are presented as the mean + SD, *p < 0.05. Representative sequential IHC staining of F4/80, Osterix, and
cathepsin K in SCCB bone surfaces from male (e) and female (j) patients. The scale bar represents 50 pum in (e) and (j). Upper panel:
control sites; lower panel: OA regions. The rectangular black box shows the magnified field of the upper image. Samples with fewer than
three bone marrow cavities did not provide detectable data and were therefore excluded from quantification. Red arrowheads indicate
positive staining signals: F4/80 (mainly in the cytoplasm and extracellular matrix), Osterix (mainly in the nucleus), and Cathepsin K
(mainly in the cytoplasm and nucleus).

C, remote control sites located in the lateral tibial plateaus with grossly normal cartilage; OA, OA lesion sites in the medial tibial plateaus;
SCCB, subchondral cancellous bone; ROI, region of interest; CTSK, Cathepsin K.
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Fig. 4. Cellular components and their correlations in different regions of the OA subchondral bone. (a, b) Proportion of cellular
components in the C region (a) and OA region (b). Bars show the numbers of Osterix™ osteoprogenitors (in blue), F4/80" macrophages
(in green), and CTSK ™ osteoclasts (in red) in the SCBP and SCCB regions of male and female donors. (e—f). Correlation analysis between
F4/80" macrophages and Osterix ™ osteoprogenitors in the SCBP and SCCB of both C and OA regions. Data from female patients are
shown in red, and data from male patients are shown in blue. Spearman’s rank correlation was used to determine associations based
on immunohistochemistry quantification data, and the correlation coefficient r and p values are listed in each figure. (g) Summary of
cellular changes noted in different regions and sexes. Black upward arrowheads indicate increases, whereas black downward arrowheads
indicate reductions.
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C, remote control sites located in the lateral tibial plateaus with grossly normal cartilage; OA, OA lesion sites in the medial tibial plateaus;
SCBP, subchondral bone plate; SCCB, subchondral cancellous bone; ROI, region of interest; CTSK, cathepsin K.

ated physiological mineralisation. A recent study iden- simvastatin and rosuvastatin. Because statin administration

tified several mechanoresponsive signalling pathways in-
volved in bone remodelling, including Piezol/YAP/TAZ
[46], Transforming Growth Factor-g signalling [47-49],
and Sirt3/E11/gp38 [50]. Thus, therapeutic strategies tar-
geting these mechanosensitive pathways in the subchondral
bone [51] are worthy of further investigation.

There are, however, limitations of this study. Firstly,
the use of naturally collected clinical samples inevitably in-
troduced variability in sample quality, resulting in higher
overall data variability. The sample size in this study is still
relatively small. Secondly, approximately one third of pa-
tients had a history of taking statin-related drugs such as

o
CELLO® maczzians

can affect bone metabolism [52], data from these patients
may have been influenced by their underlying health con-
ditions and medication use. Accordingly, we analysed the
current data set on the effects of statins (Supplementary
Material Table 6), and this information is for reference
only because only 8 patients in this cohort used statins.
More sample number is needed in the near future to con-
firm this observation. Moreover, when linear mixed models
were used to examine and account for potential confound-
ing factors, such as BMI, age, hypertension, and diabetes
mellitus, it was found that these factors did not affect the
statistical outcomes of the cellular data (Supplementary
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Material Table 7). A third limitation of this study is that
most conclusions are based on bone histomorphometric
measurements. Cell densities in the SCBP were not com-
pared with those in the SCCB due to differences in basal cel-
lular numbers and calculation methods [53]. Additionally,
it is technically challenging to completely exclude under-
lying cancellous tissue when quantifying the SCBP in uCT
analyses [54]. Finally, the control sites in this study did not
represent truly normal tissue because they were collected
from OA knees. After all, obtaining subchondral bone tis-
sues from healthy donors remains a major challenge. The
subchondral bone in these control sites was also subjected
to chronic altered loading and inflammatory events. Thus,
the results of the control group cannot fully represent nor-
mal, non-inflammatory subchondral bone remodelling un-
der physiological loading conditions. Further investiga-
tions using the subchondral bone from healthy donors are
therefore warranted. Ideally, future studies should obtain
control osteochondral samples from anatomically paired
zones adjacent to the medial site in both OA and healthy
joints to avoid variations in structural and cell parameters
between sites.

Conclusions

Region-specific differences in cellular components
were identified in the OA subchondral bone, particularly
among tissue-resident macrophages and osteoclasts in the
SCBP and SCCB regions. This study revealed the enrich-
ment of F4/80" resident macrophages in the male con-
trol (non-injury) SCBP and cathepsin K™ osteoclasts in the
OA (load-bearing) SCCB of both male and female patients.
These findings reflect the combined effects of chronic al-
tered loading and inflammation on cellular activity across
different regions of the OA subchondral bone and provide
new insights into the pathophysiological mechanisms un-
derlying OA.
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