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Heme oxygenase 1 linked to inactivation of subchondral osteoclasts in
osteoarthritis
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Abstract: Osteoarthritis (OA) is a chronic progressive osteoarthropathy in the elderly. Osteoclast activation plays a crucial role
in the occurrence of subchondral bone loss in early OA. However, the specific mechanism of osteoclast differentiation in OA
remains unclear. In our study, gene expression profiles related to OA disease progression and osteoclast activation were screened
from the Gene Expression Omnibus (GEO) repository. GEO2R and Funrich analysis tools were employed to find differentially
expressed genes (DEGs). Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses
demonstrated that chemical carcinogenesis, reactive oxygen species (ROS), and response to oxidative stress were mainly involved
in osteoclast differentiation in OA subchondral bone. Furthermore, fourteen DEGs that are associated with oxidative stress were
identified. The first ranked differential gene, heme oxygenase 1 (HMOX1I), was selected for further validation. Related results
showed that osteoclast activation in the pathogenesis of OA subchondral bone is accompanied by the downregulation of
HMOX]I. Carnosol was revealed to inhibit osteoclastogenesis by targeting HMOX1 and upregulating the expression of antioxidant
protein in vitro. Meanwhile, carnosol was found to alleviate the severity of OA by inhibiting the activation of subchondral
osteoclasts in vivo. Our research indicated that the activation of osteoclasts due to subchondral bone redox dysplasia may serve
as a significant pathway for the advancement of OA. Targeting HMOX]I in subchondral osteoclasts may offer novel insights for
the treatment of early OA.
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1 Introduction 2016; Abramoff and Caldera, 2020). Meanwhile, long-
term OA is an important cause of cardiovascular events
and other systemic diseases. With the rapidly aging

society, the incidence of OA in the population presents

Osteoarthritis (OA) is a chronic joint disease caused
by fibrosis, chapping, and the loss of articular cartil-

age (Xia et al., 2014), which now affects 300 million
people worldwide. Many clinical symptoms, such as
joint pain, swelling, and stiffness, caused by OA ser-
iously influence patients’ quality of life and even lead
to disability (Bijlsma et al., 2011; Martel-Pelletier et al.,
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a rapidly rising trend, which creates a heavy burden
on families and society.

Osteoclasts are derived from mononuclear hema-
topoietic marrow lineage cells that fuse on the bone
surface under the regulation of the receptor activator
of the nuclear factor-kB (NF-kB) ligand (RANKL)
(Cappariello et al., 2014; Drissi and Sanjay, 2016;
Wang et al., 2020). Abnormal osteoclast action is often
associated with bone destruction and immune response
in arthritic bone disease. In early OA, the self-repair of
articular cartilage increases the secretion of RANKL
in osteocytes, which leads to the overproduction of
osteoclasts in subchondral bone and increased bone
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resorption (Agidigbi and Kim, 2019; Tateiwa et al.,
2019; Su et al., 2022). As a result, subchondral bone
thickness was reduced and the remodeling rate was
increased. Some scholars have also suggested that
osteoclast hyperactivation may be a crucial source of
pain in OA (Zhu et al., 2019). Meanwhile, osteoclasts
and chondrocytes interact during the development of
OA, triggering the progression of OA.

Oxidative stress is a phenomenon caused by the
imbalance between metabolites such as reactive oxy-
gen species (ROS) and the corresponding antioxidant
defense system, leading to a disruption of cellular dam-
age (Zorov et al., 2014; Kimball et al., 2021). At physio-
logical concentrations, ROS participate in multiple
metabolic pathways to protect cells from oxidative
damage (Zhu et al., 2022). In the joints of patients
with OA, the inflammatory response and microenvir-
onment changes can lead to microenvironment hyp-
oxia, while a hypoxic environment can promote
immune disorder and secrete a large number of inflam-
matory factors, ROS, and matrix metalloproteinases
(MMPs), ultimately leading to oxidative damage
and an inflammatory response (Apel and Hirt, 2004;
Wang et al., 2022); therefore, regulating oxidative
stress is considered a potential scheme in the oc-
currence of OA. Numerous studies have revealed
that ROS-activated cascade signals participate in
osteoclast differentiation and lifespan (Boyce, 2013;
Andreev et al., 2020). However, the underlying oxi-
dative stress mechanisms of osteoclast activation
in OA remain unclear. In this study, we integrated
an analysis of relevant biomarkers or molecular
signal networks that represent potential cellular
mechanisms in OA.

To shed light on the function of oxidative stress
in osteoclast differentiation in early OA subchondral
bone, a bioinformatics approach was chosen to predict
the enrichment network and molecular interaction net-
work. In addition, upstream microRNAs (miRNAs) of
key differentially expressed genes (DEGs) were iden-
tified. The first ranked differential gene, heme oxy-
genase 1 (HMOXI), was then validated by a mouse
model of OA. In our study, we investigated the impact
of HMOXI regulation on subchondral bone osteo-
clast activation in OA. These results may help with
the development of a new therapeutic approach in the
near future for treating OA.

2 Materials and methods

2.1 Access to Gene Expression Omnibus (GEO)
datasets

Our team searched the National Center for Biotech-
nology Information (NCBI) GEO database (https://
www.ncbi.nlm.nih.gov/geo) for microarray gene data-
sets with the keywords “osteoarthritis” and “osteoclast.”
The screening criteria were as follows: (1) reliable
source; (2) detailed information with published papers;
and (3) biological tissues from Mus musculus. Two gene
expression profiles, GSE41342 on the GPL1261 plat-
form and GSE176265 on the GPL6887 platform, were
found for further analysis.

Series GSE41342 contains expression profiles of
data from OA mice. Tissues were collected from the
destabilization of the medial meniscus (DMM) model
group and the sham operation group at 2, 4, 8, and
16 weeks after operation. The tissues were used for
RNA isolation. The 4-week data of the two groups were
selected for comparative analysis. Series GSE176265
contains expression profiles of data from bone marrow-
derived macrophages (BMMs) upon RANKL treat-
ment. We selected the 0 and 72 h data for comparative
analysis. Please refer to the “Materials and methods”
in supplementary information for detailed instructions
on how to analyze or acquire target genes.

2.2 Cell culture and in vitro osteoclastogenesis assay

BMMs were extracted from the femurs and tibias
of mice in the sham and OA groups, as reported pre-
viously (Yang et al., 2022). Cells were centrifuged
and then cultured with minimum essential medium-o
(MEM-a; Thermo Fisher Scientific, USA) containing
10% (volume fraction) fetal bovine serum (FBS; Thermo
Fisher Scientific) and 30 ng/mL macrophage colony-
stimulating factor (M-CSF; Yangming Biotechnology
Co., Ltd., Hangzhou, China) in 100-mm dishes. The cul-
ture medium was changed once every two days. Sub-
sequently, 30 ng/mL M-CSF and 50 ng/mL RANKL
(Yangming Biotechnology Co., Ltd.) were added to
the medium to induce osteoclast differentiation.

2.3 Western blot

BMMs obtained from mouse bone marrow were
lysed in radio-immunoprecipitation assay (RIPA) buffer
(Beyotime, Shanghai, China) for 20 min and centrifuged
at 12 000g for 4 min. Then, we used a bicinchoninic



acid (BCA) assay kit (Beyotime) to determine the pro-
tein concentration. The primary antibodies of HMOX1
(ABclonal, Wuhan, China, A11919), acid phosphatase
5 (ACP5; ABclonal, A16338), cathepsin K (CTSK;
ABclonal, A5871), matrix metallopeptidase 9 (MMP9;
ABclonal, A0289), nuclear factor of activated T cells 2
(NFAT2; Abcam, Cambridge, UK, ab2796), nuclear
factor erythroid 2-related factor 2 (Nrf2; Abcam,
ab137550), Kelch-like ECH-associated protein 1
(Keapl; Abcam, ab227828), superoxide dismutase 2
(SOD2; Abcam, ab68155), and B-actin (ABclonal,
AC006) were utilized. The membranes were incubated
with primary antibodies and horseradish peroxidase-
conjugated secondary antibodies. The relative gray
level was detected using enhanced chemiluminescence
(NCM Biotech, Suzhou, China). ImagelJ (Bethesda,
USA) was used to quantify protein expression.

2.4 Molecular docking

HMOXT1 (PDB ID: 1N45) was downloaded from
the Protein Data Bank (PDB) database (http://www.
wwpdb.org). Then, the three-dimensional (3D) structure
was downloaded from PubChem data (https://pubchem.
ncbi.nlm.nih.gov) according to the small molecule,
and the optimized small molecule was imported into
AutoDockTools-1.5.6. POCASA 1.1 was used to pre-
dict protein binding sites. AutoDock Vina 1.1.2 and
PyMOL 2.3.0 were utilized for docking and analysis.

2.5 Cell proliferation and viability assay

Carnosol (MedChemExpress, Shanghai, China)
was dissolved in dimethyl sulfoxide (DMSO). We used
a cell counting kit-8 (CCK-8) assay kit (Yeasen, Shang-
hai, China) to detect the cytotoxicity of carnosol for
BMMs. Briefly, BMMs were plated in a 96-well plate
(5%10° cells per well), treated with various concentra-
tions of carnosol, and incubated for 72 h. The samples
were incubated with MEM-a containing 10% (volume
fraction) CCK-8 reagent for 3 h under strict protection
from light. Finally, a microplate reader (BioTek, USA)
was employed to detect the absorbance at 450 nm.

2.6 qQRT-PCR

Cells from different groups were prepared for total
RNA extraction using TRIzol Reagent (Beyotime). A
NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific) was employed to detect the concentration of
RNA. Synthesized complementary DNA (cDNA) was
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designed as a template for real-time polymerase chain
reaction (PCR). Subsequently, reverse transcription-
quantitative PCR (RT-qPCR) was used to evaluate the
different messenger RNA (mRNA) expression levels
of HMOXI, CTSK, MMP9, NFAT2, Nrf2, NAD(P)H:
quinone oxidoreductase 1 (NQOI), SOD1, SOD2, and
catalase (CAT). LightCycler® 480 software (Roche
Diagnostics International Ltd., Switzerland) was
employed to measure the gene levels. The comparative
27** method was used to calculate fold change. Details
about the forward and reverse primers of all target
genes are listed in Table S1.

2.7 Tartrate-resistant acid phosphatase (TRAP)
staining

BMMs were cultured with MEM-a containing
RANKL, M-CSF, and a certain concentration of car-
nosol for 4 d. Samples were fixed with paraformalde-
hyde (Beyotime) for 15 min after osteoclast formation.
After washing, the staining solution was prepared
according to the instructions using the TRAP Kit
(Yangming Biotechnology Co., Ltd.). After staining,
osteoclast morphology was observed under the micro-
scope (Axiovert 40C, Zeiss, Germany), and the number
of osteoclasts in each group was counted by Imagel.

2.8 Bone resorption assay

Osteoclastic function was detected using a bone
resorption assay. BMMs were plated onto bovine bone
slices (Yangming Biotechnology Co., Ltd.) after treat-
ment with 50 ng/mL RANKL and 30 ng/mL M-CSF.
Eight days later, an FEI Quanta 250 scanning electron
microscope (Hillsboro, USA) was used to detect resorp-
tion pits on the bone slices. Image] was utilized to
quantify the absorption area.

2.9 Cell immunofluorescence staining

BMMs were plated on coverslips at a density of
3x10* cells per well in MEM-a with different interven-
tions. Subsequently, all cells were fixed with 4%
(0.04 g/mL) paraformaldehyde, followed by infiltration
with Triton X-100 (Beyotime) for 15 min. The primary
antibody against HMOX1 (ABclonal, A1346) was
added and incubated at 4 °C. Then, the secondary fluor-
escent antibody (Alexa Fluor® 488, Yeasen) and F-actin
(Yeasen) were added for another 1 h. Images were ob-
tained using a fluorescence microscope (Axio Imager 2,
Zeiss).
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2.10 ROS assay

An ROS assay kit (Beyotime) was employed in
our study to detect ROS generation. Briefly, BMMs
(3x10° cells per well) were plated and incubated with
50 ng/mL RANKL and 30 ng/mL M-CSF for 4 d after
different interventions. After washing three times with
serum-free MEM-a medium, samples were incubated
with the fluorescent probe 2',7'-dichlorofluorescein
diacetate (DCFH-DA) for 20 min at 37 °C under dark
conditions. Subsequently, we used a Zeiss laser scan-
ning confocal microscope (LSM510, Zeiss) to obtain
pictures.

2.11 JC-1 staining

To evaluate the mitochondrial membrane poten-
tial of the cells, we conducted JC-1 staining. We cul-
tured BMMs in 48-well plates with a cell density of
20000 cells per well and induced their differentiation
into osteoclasts in both the presence and absence of
carnosol. Subsequently, we collected cell samples and
washed them with phosphate-buffered solution (PBS).
The cells were then incubated with JC-1 stain for
20 min at 37 °C. Following incubation, the cells were
again washed with PBS, and the nuclei were restained
with 4',6-diamidino-2-phenylindole (DAPI). Fluores-
cent images were captured using a super-resolution
confocal microscope (LSM510, Zeiss), and the fluor-
escence was quantified utilizing Image].

2.12 MitoSOX red staining

MitoSOX red staining was employed to detect
mitochondrial superoxide production. To interfere with
osteoclast differentiation, we utilized the medium with
or without carnosol. Cell samples were collected from
each group and were incubated with MitoSOX red at
2 pumol/L for 30 min at 37 °C. Following incubation
and washing, nuclei were restained with DAPI, and a
confocal microscope (LSM510, Zeiss) was used to
capture fluorescent images.

2.13 Transmission electron microscopy (TEM)

BMMs were treated with 50 ng/mL RANKL,
30 ng/mL. M-CSF, and carnosol. After suitable inter-
vention treatments, the samples were fixed with 2.5%
(volume fraction) glutaraldehyde and were then dehy-
drated in a series of ethanol solutions. Subsequently,
the treated cells were sectioned and observed using a

transmission electron microscope from Hitachi (Model
H-7650, Japan).

2.14 DMM-induced OA mouse model

Twenty-one male C57BL/6 mice (eight weeks old)
were used in our study. They were divided into three
groups: the sham group (only incised the medial skin of
the patella), the OA group (DMM), and the carnosol
group (DMM-+carnosol articular injection). For DMM
surgery, the knee joint of each mouse was skinned
and disinfected. After incision of the skin and joint
capsule, the medial meniscus tibial ligament was
severed, and the medial meniscus was dissociated to
cause instability (Glasson et al., 2007). In the treat-
ment group, a total of 200 pg/kg of carnosol per knee
was administered via intra-articular injection for four
weeks (once a week until execution).

2.15 Micro-computed tomography (CT) analysis

The right knees of each group of mice were col-
lected, fixed in 10% (volume fraction) neutral for-
malin for 48 h, and scanned with a micro-CT scanner
(SkyScan 1176, Belgium). The machine parameters
were set to 9 um resolution, 0.7° rotation angle, and
170 mA current. The obtained data were reconstructed
in three dimensions using software such as Recon, Data-
viewer, CTan, and Mimics (Materialise). Additionally,
bone mineral density (BMD; g/cm’) was quantified.

2.16 Histological analysis

Four weeks after dewaxing, knee samples were
taken for fixation and decalcification. These samples
were then dehydrated and sliced into 6-pum-thick sec-
tions. We then performed hematoxylin and eosin (H&E)
staining and safranin O-fast green staining according
to the previous methods (Hu et al., 2020; Tao et al.,
2021). Subsequently, the slices were subjected to TRAP
(Yangming Biotechnology Co., Ltd.) to observe osteo-
clasts. Immunohistochemistry (IHC) was used to
detect oxidative stress-related genes in all groups.
Briefly, these slices were incubated with primary anti-
bodies against HMOX1 (ABclonal; A1346) and its cor-
responding secondary antibodies. The expression and
localization of HMOX1 were analyzed. We used an
Axiovert 40 C optical microscope (Zeiss) to obtain
images. To investigate the expression of oxidative stress-
related genes in osteoclasts of subchondral bone, we
conducted tissue immunofluorescence co-staining with



the corresponding oxidative stress-related genes and
osteoclast biomarker CTSK, following established proto-
cols. The specific antibodies utilized in this study were
SOD2 (ABclonal, A1340), Nrf2 (ABclonal, A21508),
and NQO1 (ABclonal, A19586).

2.17 Statistical analysis

GraphPad Prism 8.0 software (Santiago, USA)
was utilized for statistical processing. Data are shown as
mean=standard errors of the mean (SEM). Student’s
t-test was used to compare the normal distribution
between the data of the two groups. One-way analysis
of variance (ANOVA) and Tukey’s test were used to
compare the data of multiple groups with a normal
distribution. A P-value of less than 0.05 was treated
as statistically significant.

3 Results

3.1 Ocxidative stress was identified as the key signal
in osteoclast differentiation in OA

The DEGs of two gene expression profiles
(GSE41342 and GSE176265) were identified using
GEO2R, the online data analysis tool (Loeser et al.,
2013; Kim et al., 2021). The dataset obtained after
analysis using GEO2R for two gene expression pro-
files (GSE41342 and GSE176265) was analyzed using
volcano plots. DEGs and expression trends are shown
in Fig. la. A total of 206 co-expressed differential
genes were found based on log,(fold change) (log,FC)
of 20.5 and adjusted P-value of <0.05 (Fig. 1b). In
Table S2, we provide a comprehensive list of the names
of these 206 specific differential genes. The 148 DEGs
were screened from upregulated genes of two gene
expression profiles, and 58 DEGs were screened from
downregulated genes. Then, we submitted 206 co-
expressed differential genes to the Metascape website
(https://metascape.org/gp/index. html#/main/step1) and
selected the organism M. musculus for follow-up analy-
sis. We uploaded all analysis results to the oebiotech
website (https://cloud.oebiotech.cn). Gene Ontology
(GO)/Kyoto Encyclopedia of Genes and Genomes
(KEGG) bubble plots were obtained using OECloud
tools. As shown in Figs. lc and 1d, the top three
enriched biological process (BP) terms were vasculature
development, collagen metabolic progress, and response
to wounding. The top three enriched cellular compon-
ent (CC) terms were collagen-containing extracellular
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matrix, extracellular matrix, and external encapsulating
structure. The top three enriched molecular function
(MF) terms were collagen binding, growth factor bind-
ing, and extracellular matrix structural constituent.
KEGG pathway enrichment analysis revealed that these
genes were involved in many signaling pathways,
including extracellular matrix (ECM)-receptor inter-
action, proteoglycans in cancer, and focal adhesion. We
submitted 206 genes to the STRING database (https://
string-db.org) and chose organisms for M. musculus.
The Protein-Protein Interaction (PPI) network was ana-
lyzed and constructed (Fig. S1). Seven molecular com-
plex detection (MCODE) components were constructed
with the screened DEGs (Fig. S2).

We then acquired oxidative stress-related genes
from the PathCards website (https://pathcards. gene-
cards.org) and the KEGG Pathway database. A total
of 684 oxidative stress-related genes were found
(Table S3). We then intersected the 684 genes with
the 206 genes we had previously obtained. Venn dia-
grams were produced using FunRich software (http://
www.funrich.org), and a total of 14 intersective genes
were found (Fig. 1e). We placed the analyzed PPI data
into Cytoscape software (https://cytoscape.org) and the
results were plotted into a network diagram (Fig. 1f).
The descriptions and functions of the 14 intersecting
genes were acquired from the GeneCards website
(https://www. genecards. org) (Table S4). To explore
the functions of these 14 intersective genes, GO anno-
tation and KEGG pathway analyses were employed.
PPI enrichment analysis and MCODE cluster analysis
were used to identify interactive hub genes. According
to Fig. 1g, our findings indicated that the pathways of
chemical carcinogenesis-ROS-M. musculus and path-
ways in cancer-M. musculus were found to be signifi-
cantly enriched. This was further illustrated by the
results of the MCODE1 analyses (Fig. 1h). The inter-
actions of DEGs were input into Cytoscape software to
screen out the important and valuable key genes. The
top four hub nodes were identified, which, in descending
order, are HMOX1, insulin-like growth factor 1 (/GF),
fibronectin (FN1), and hypoxia-inducible factor 1-a
(HIF14). To identify upstream miRNAs, we used the
miRWalk database (http://mirwalk.umm.uni-heidelberg.
de) and constructed a miRNA-mRNA regulatory net-
work. As a result, 828 miRNA-mRNA pairs were iden-
tified (Fig. 11). Taken together, oxidative stress-related
genes may play crucial roles in osteoclasts in the patho-
genesis of OA.
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3.2 HMOXI1 was involved in osteoclast differentiation  osteoclast differentiation in OA. We extracted bone
in OA marrow cells from the sham group mice and the OA
group mice to induce osteoclasts. Western blot and

Based on previous bioinformatics screening, we  RT-qPCR results showed that the expression of HMOX 1

identified that HMOX1 may play an important role in ~ was downregulated in the OA group (Figs. 2a and 2b).
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Fig. 2 HMOXI1 involved in osteoclast differentiation in OA. (a) Western blot and quantitative analysis of HMOX1 in
BMM-induced osteoclasts between the sham group and OA group mice. (b) RT-qPCR analysis of the mRNA expression
levels of HMOX]I. (¢, d) Immunohistochemical staining and quantitative analysis for HMOX1 of decalcified bone sections,
with black arrows pointing to HMOX1" cells. (¢) Molecular docking. (f) CCK-8 assay of carnosol, n=5. "P<0.05 and “P<0.01,
vs. 0 pmol/L carnosol. (g) Western blot and quantitative analysis of HMOXI1 after treatment with carnosol. (h) RT-qPCR
analysis of the mRNA expression levels of HMOXI1 after treatment with carnosol. Data are expressed as mean+standard errors
of the mean (SEM), n=3. "P<0.05, “"P<0.01. HMOXI1: heme oxygenase 1; OA: osteoarthritis; BMMs: bone marrow-derived
macrophage; RT-qPCR: reverse transcription-quantitative polymerase chain reaction; mRNA: messenger RNA; CCK-8:
cell counting kit-8; RANKL: receptor activator of nuclear factor-kB (NF-kB) ligand.
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Immunohistochemical staining also indicated that the
expression of HMOXI1 in the subchondral bone of the
OA group was decreased (Figs. 2¢ and 2d).

We screened carnosol, an important monomer that
targets HMOX1, for follow-up experiments. Molecu-
lar docking results showed that the binding energy of
carnosol and HMOX1 was 30.1 kJ/mol, which proved
that carnosol had a good binding effect with HMOX1.
Carnosol interacts with HMOX1 mainly through hydro-
gen bond formation and hydrophobic forces (Fig. 2e).
Furthermore, CCK-8 results revealed that treatment
with carnosol at concentrations under 5 pmol/L had no
toxicity to BMMs (Fig. 2f). We then used 5 pmol/L
carnosol to intervene RANKL-induced osteoclast dif-
ferentiation. Western blot and RT-PCR results showed
that carnosol treatment significantly promoted the
expression of HMOX1 (Figs. 2g and 2h).

3.3 Carnosol inhibited osteoclastogenesis and bone
resorption in vitro

First, we used 50 ng/mL RANKL and 30 ng/mL
M-CSF to induce osteoclast differentiation. Then,
5 umol/L carnosol was added to intervene in this pro-
cess. Western blot results revealed that carnosol inhibit-
ed the expression of osteoclast-related proteins, includ-
ing ACP5, CTSK, MMP9Y, and NFAT?2 (Fig. 3a). Subse-
quently, RT-qPCR results indicated that carnosol inhibit-
ed the gene expression of CTSK, MMP9, NFAT2, and
ACPS5 as well (Fig. 3b). After 4 d of treatment, the TRAP
staining results revealed that the TRAP" osteoclasts in
the carnosol treatment group prominently decreased
compared with those in the RANKL group (Figs. 3¢
and 3d). Furthermore, the bone resorption assay showed
that carnosol inhibited osteoclastic resorption (Figs. 3e
and 3f). Taken together, our data indicated that carno-
sol effectively regulates RANKL-induced osteoclast
formation.

3.4 Carnosol inhibited osteoclastogenesis by
regulating oxidative stress signaling in mitochondria-
dependent pathways

We previously demonstrated the significant osteo-
clast inhibitory effect of carnosol. Considering that car-
nosol can target HMOXI1 signaling, we then detected
the expression of HMOXI1 in cells after carnosol inter-
vention. Immunofluorescence staining showed that
HMOXI1 expression was downregulated after RANKL
intervention. When treated with carnosol, osteoclast

differentiation was inhibited and intracellular HMOX1
expression was increased (Figs. 4a and 4c). ROS are
important mediators in the redox reaction in vivo, and
the expression levels of cellular ROS were detected
under this intervention. Our fluorescence results indi-
cated that carnosol treatment significantly inhibited
ROS production (Figs. 4b and 4d). Subsequently, we
detected the expression level of intracellular antioxi-
dant proteins after carnosol intervention. Our western
blot results indicated that carnosol promoted the expres-
sion of Nrf2 and SOD2, and downregulated Keapl
(Fig. 4e). RT-qPCR analysis suggested that carnosol pro-
moted the expression of Nrf2, NOQOI, SODI, SOD2,
and CAT, which are all important signaling molecules
mediating antioxidant defense (Fig. 4f).

Previously, our study identified that carnosol
inhibits osteoclast differentiation by suppressing ROS
production. Considering that the main source of ROS
is the substrate end of the respiratory chain in the
inner mitochondrial membrane, we further explored
the effect of carnosol on BMM mitochondrial function.
Our results demonstrated that, during osteoclast differ-
entiation, the mitochondrial membrane potential was
increased, which was significantly reduced after treat-
ment with carnosol (Figs. 5a and 5c). MitoSOX staining
demonstrated a noteworthy elevation in intracellular
mitochondrial superoxide expression during osteoclast
differentiation. However, the formation of mitochon-
drial superoxide was significantly suppressed upon
intervention with carnosol (Figs. Sb and 5d). Further,
we examined the mitochondrial morphology of each
group of cells using TEM following the intervention.
Our findings revealed that, upon RANKL interven-
tion, there was a noticeable increase in the number of
mitochondria and lysosomes within the cells, accom-
panied by a blurred appearance of the mitochondrial
cristac. However, these effects were effectively miti-
gated following carnosol intervention (Fig. 5e). Taken
together, these results suggested that carnosol may
regulate the level of cellular oxidative stress through
the mitochondrial pathway.

3.5 Carnosol inhibited subchondral osteoclast
differentiation and delayed the progression of OA
in vivo

Previous studies have shown that changes in the
microstructure and mechanical properties of subchon-
dral bone are related to the onset and progression
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Fig. 3 Effects of carnosol on osteoclastogenesis and bone resorption. (a) The protein levels and quantitative analysis of
ACPS5, CTSK, MMPY, and NFAT?2 after carnosol treatment. (b) RT-qPCR analysis of the mRNA expression levels of CTSK,
MMP9, NFAT2, and ACP5. (¢, d) Representative TRAP staining images and quantification of TRAP" cells. (e, f) Scanning electron
microscopy images of the bone resorption area after carnosol treatment. Data are expressed as meanzstandard errors of
the mean (SEM), n=3. "P<0.01. ACP5: acid phosphatase 5; CTSK: cathepsin K; MMP9: matrix metallopeptidase 9; NFAT2:
nuclear factor of activated T cells 2; RT-qPCR: reverse transcription-quantitative polymerase chain reaction; mRNA: messenger
RNA; TRAP: tartrate-resistant acid phosphatase; RANKL: receptor activator of nuclear factor-kB (NF-kB) ligand.

of OA. The activation of subchondral osteoclasts is  progression of OA (Fig. 6a). Fig. 6b demonstrated a
an important factor leading to subchondral bone dis-  two-dimensional scanned image of subchondral bone.
orders. In vivo, carnosol was injected into the articular ~ Subchondral bone thickness analysis revealed that
cavity in OA mice at a dose of 200 pg/kg once a week.  the subchondral bone in the group of mice with OA
Micro-CT results implied that carnosol delayed the  was observed to be thin. However, following carnosol
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Fig. 4 Inhibitive role of carnosol in osteoclastogenesis by regulating oxidative stress signaling. (a) Representative images of
immunofluorescence staining: red (F-actin), green (HMOX1), and blue (nuclei). (b) Representative images of RANKL-induced
ROS generation in the BMMs after treatment with carnosol. (¢) Quantitative analysis of HMOXI1. (d) Quantitative
analysis of ROS staining. (e) Western blot results and quantitative analyses of Nrf2, Keap1l, and SOD2 proteins after
carnosol treatment. (f) RT-qPCR analyses of the mRNA expression levels of Nrf2, NOOI, SODI1, SOD2, and CAT. Data are
expressed as meantstandard errors of the mean (SEM), n=3. "P<0.05, “"P<0.01. HMOXI1: heme oxygenase 1; RANKL:
receptor activator of nuclear factor-xB (NF-kB) ligand; ROS: reactive oxygen species; BMMs: bone marrow-derived
macrophages; Nrf2: nuclear factor erythroid 2-related factor 2; Keap1: Kelch-like ECH-associated protein 1; SOD: superoxide
dismutase; RT-qPCR: reverse transcription-quantitative polymerase chain reaction; mRNA: messenger RNA; NQO1:
NAD(P)H:quinone oxidoreductase 1; CAT: catalase; DAPI: 4',6-diamidino-2-phenylindole.
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Fig. 5 Inhibitive role of carnosol in osteoclastogenesis by regulating mitochondrial function. (a, ¢) JC-1 staining for
mitochondrial membrane potential measurement and quantitative analysis of monomer/aggregate. (b, d) Immunofluorescence
staining and quantitative analysis of MitoSOX. (e) Electron microscopic structure of each group. Data are expressed as
meanzstandard errors of the mean (SEM), n=3. “P<0.01. DAPI: 4',6-diamidino-2-phenylindole; RANKL: receptor activator
of nuclear factor-kB (NF-kB) ligand; TEM: transmission electron microscopy.

intervention, there was a significant reversal in the
thickness of the subchondral bone. A quantitative analy-
sis showed that the subchondral BMD in the carnosol
intervention group was higher than that in the OA
group, which suggested that carnosol treatment has a
positive regulatory effect on relieving OA subchon-
dral bone disorders (Fig. 6¢). Immunohistochemical
staining revealed significantly higher expression of
HMOX]1 in the subchondral bone of OA mice after car-
nosol intervention (Figs. 6d and 6¢). Subsequently, H&E
staining and safranin O-fast green staining were per-
formed on the knee tissue of mice for the histological
evaluation of cartilage tissue. As shown in Figs. 6f-6i,
the surfaces of the joints of OA mice were rough and
cell degeneration and arrangement were disordered.
However, carnosol effectively improved that perform-
ance and alleviated the disorder of subchondral bone
structure. Furthermore, TRAP staining suggested that
carnosol inhibited subchondral osteoclastic activation

in the OA group (Figs. 6j and 6k). Taken together,
carnosol may have a positive therapeutic effect on
OA by way of targeted inhibition of subchondral
osteoclastic activation and improved subchondral bone
microstructure.

Furthermore, we investigated the impact of car-
nosol intervention on the oxidative stress levels in
osteoclasts of subchondral bone in OA mice. Immuno-
fluorescence staining was used to examine the effects
of carnosol. We utilized CTSK (green) to label osteo-
clasts and observed that the expression of SOD2,
Nrf2, and NQO1, which are markers associated with
oxidative stress, was reduced in the subchondral bone
of mice with OA. However, when carnosol was ad-
ministered via intra-articular injection, the expres-
sion of antioxidant markers in subchondral osteo-
clasts was effectively increased (Fig. 7). This ultimately
led to the inhibition of subchondral osteoclast acti-
vation in OA.
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Fig. 6 Effects of carnosol on subchondral osteoclast differentiation and the progression of OA. (a) Representative micro-CT
images of the mouse knee joint. (b) Two-dimensional (2D) scanned images of subchondral bone and subchondral bone
thickness measurement. (c) Quantitative analysis of subchondral BMD. (d, ¢) Inmunohistochemical staining and quantitative
analysis for HMOX1 of decalcified bone sections, with black arrows pointing to HMOX1" cells. (f) H&E staining of
the sections. (g) OARSI score. (h) Safranin O-fast green staining images of the sections. (i) Relative glycosaminoglycan
aggrecan (AGG) content. (j) TRAP staining of the sections. (k) Quantitative analysis of TRAP' osteoclasts. Data are expressed
as meanzstandard errors of the mean (SEM), n=7. "P<0.05, "P<0.01. OA: osteoarthritis; CT: computed tomography;
HMOX1: heme oxygenase 1; H&E: hematoxylin and eosin; OARSI: Osteoarthritis Research Society International; TRAP:

tartrate-resistant acid phosphatase; BMD: bone mineral density.
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Fig. 7 Effects of carnosol on the expression of antioxidant markers in subchondral osteoclasts in vivo. (a, b) Inmunofluorescence
staining and quantitative analysis of SOD2 and CTSK in OA subchondral bone. (¢, d) Inmunofluorescence staining and
quantitative analysis of Nrf2 and CTSK in OA subchondral bone. (e, f) Immunofluorescence staining and quantitative
analysis of NQO1 and CTSK in OA subchondral bone. Data are expressed as meanzstandard errors of the mean (SEM),
n=7."P<0.05, " P<0.01. SOD2: superoxide dismutase 2; CTSK: cathepsin K; OA: osteoarthritis; Nrf2: nuclear factor erythroid
2-related factor 2; NQO1: NAD(P)H:quinone oxidoreductase 1; DAPI: 4',6-diamidino-2-phenylindole.

4 Discussion

OA is a common chronic joint disease in the clinic.
Its pathological features mainly include articular cartil-
age injury, abnormal remodeling of subchondral bone,
and synovial inflammation (Glyn-Jones et al., 2015).
Articular cartilage and subchondral bone constitute a
functional complex unit and influence each other in
the course of OA (Li et al., 2013). Recent research
has found that abnormal remodeling of subchondral
bone participates in the onset of OA and may even be
the initiating factor of OA (Cui et al., 2016; Hu et al.,
2021; Li et al., 2021). Abnormalities in subchondral
bone remodeling in the early stages of OA mainly
manifest as increased bone resorption, which leads to
decreased subchondral bone mass and changes in bone
microstructure.

Osteoclasts are special end-differentiated cells
originating from the mononuclear macrophage system
(Pereira et al., 2018). Changes in osteoclast activity
lead to bone resorption, which occurs in many bone and
joint diseases. Overactivation of osteoclasts disrupts
bone turnover and mediates related diseases such as
peri-prosthesis osteolysis, osteoporosis, and OA (Boyle
et al., 2003). Numerous studies have shown that osteo-
clasts initiate bone matrix degradation by secreting
protons and lysosomal proteases (TRAP, MMP9, and
CTSK) in the early stage of OA, thus leading to in-
creased absorption of subchondral bone (Karsdal et al.,
2014; Zhu et al., 2021). Abnormal mechanical stress
load can also cause excessive activation of osteoclasts
in OA subchondral bone.

Oxidative stress is regarded as an important risk
factor for primary and secondary OA (Almeida and
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Porter, 2019; Shen et al., 2021). Studies have shown
that aging, mechanical stress, and inflammation increase
the level of oxidative stress in the joints during the
progression of OA (Lepetsos et al., 2019). Furthermore,
oxidative stress leads to chondrocyte death, cell senes-
cence, and increased expression of inflammatory cyto-
kines (Shi et al., 2022). Recent studies have found
that increased levels of oxidative stress lead to osteo-
clast activation, which promotes the onset of OA (Guo
et al., 2022). However, research on the role of osteo-
clasts in oxidative stress during the onset of early OA
is limited. The study of the regulatory network of oxi-
dative stress in osteoclasts might provide new ideas to
elucidate the specific mechanisms of OA. Bioinformat-
ics analysis and experimentally validated approaches
may open the door for OA disease research that can
tap into biomarkers and related pathways.

In our study, two series, GSE176265 and
GSE41342, were screened using the GEO database, and
potential oxidative stress-related genes in osteoclasts
in OA were analyzed using bioinformatics methods.
After a series of analyses, we identified 14 DEGs
related to oxidative stress in OA osteoclasts. The first
four hub genes were HMOX1, IGF1, FNI, and HIF1A.
Among them, HMOXI1 is a rate-limiting enzyme in
heme catabolism and is one of the most important anti-
oxidant protection enzymes involved in inflammatory
stimulation and biological oxidation reactions (Liu
et al., 2018; Schipper et al., 2019). Previous studies
have revealed that HMOXI1 acts in osteoclast acti-
vation. Sakamoto et al. (2012) reported that deltame-
thrin suppressed osteoclastogenesis by upregulating
HMOXI signals. Yamaguchi et al. (2014) showed that
tert-butylhydroquinone inhibited BMM-induced osteo-
clast differentiation by inducing HMOX1. These studies
suggested that HMOX1 may be essential for main-
taining bone mass balance in the body.

Our results showed that HMOX1 expression was
downregulated in the knee subchondral bone of OA
mice. In addition, the expression of HMOXI1 in osteo-
clasts induced by BMMs from OA mice was de-
creased. Recognizing the significant benefits of trad-
itional Chinese medicine in disease treatment, we then
sought out suitable drug molecules that could target
the activation of HMOX1. Through molecular dock-
ing, we successfully identified carnosol as a potential
drug molecule. Furthermore, our experiments have
confirmed that carnosol promotes the expression of

HMOXI in the differentiation of osteoclasts. The pre-
vious study conducted by Chen et al. (2020) has re-
ported that carnosol is utilized for the treatment of
lipopolysaccharide (LPS)-induced bone destruction,
which is achieved by blocking RANKL-induced osteo-
clastogenesis through the regulation of the NF-xB
and c-Jun N-terminal kinase (JNK) signaling path-
ways. Cai et al. (2022) reported that carnosol effec-
tively reduced bone loss in ovariectomized mice by
blocking RANKL-induced osteoclastogenesis through
inhibiting the NF-«kB pathway. In our study, we con-
ducted further research to examine the specific effects
of carnosol on osteoclastic activation. Additionally, we
explored the impact of administering carnosol to the
articular cavity on osteoclastic activation of subchon-
dral bone and the progression of OA in mice.

In vitro results showed that carnosol significantly
inhibited osteoclast activation and bone resorption.
Mechanistically, carnosol inhibited ROS expression
and upregulated antioxidant proteins during osteoclast
differentiation in mitochondrial-dependent pathways.
In vivo, carnosol inhibited the osteoclast formation of
OA subchondral bone and effectively blocked the pro-
gression of OA. In recent years, the study of the func-
tion of subchondral bone in the progression of OA has
received increasing attention. Few studies have focused
on regulating oxidative stress levels in subchondral bone
to retard the progression of OA. Studying the effects
of oxidative stress in osteoclasts may provide another
way to elucidate the mechanisms, and ultimately the
treatment, of OA. In this research, these findings sug-
gested that targeting the HMOX1 signaling cascade in
subchondral osteoclasts may serve as a rational new
therapeutic target against OA.

5 Conclusions

Subchondral osteoclastic activation plays a crit-
ical role in the progression of OA and has a signifi-
cant impact on patient prognosis. Our study found that
HMOXI, a key target in regulating the oxidative stress
signaling cascade, has positive implications for regu-
lating subchondral osteoclastic activation. We observed
that carnosol inhibited BMM-induced osteoclastic
activation by targeting HMOX1 signaling and upregulat-
ing the antioxidant system. In vivo, carnosol was found
to alleviate OA progression by inhibiting subchondral



bone osteoclast activation; hence, targeting HMOX1
in subchondral osteoclasts may offer novel insights for
the treatment of early OA.
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