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Abstract

Objectives: To explore the role of cathepsin D (CTSD), a lysosomal aspartyl protease, as a potential biomarker and
therapeutic target in the context of osteoporosis. Methods: Utilizing single-cell sequencing data from the Gene Expression
Omnibus (GEO) database, we identified differential expression patterns of CTSD in human femoral head tissues between
osteoporotic and non-osteoporotic states. Human mesenchymal stem cells (MSCs) were treated with recombinant human
CTSD and/or osteogenic induction medium and the role of CTSD on osteoblast differentiation were investigated by RT-
gPCR, western blot, immunofluorescence staining and alizarin red staining. The role of CTSD on osteoporotic changes
was further verified in ovariectomized mice. Results: In vitro analyses of human mesenchymal stem cells (MSCs) treated
with recombinant human CTSD (rhCTSD) under osteogenic induction conditions revealed modulation of osteogenic
marker expression, including ALP, COL1A1, and RUNX2. Histological assessments using Alizarin Red staining and
immunofluorescence corroborated these findings, demonstrating that CTSD influences osteoblast differentiation and
matrix mineralization. In vivo studies in mice further supported the role of CTSD, showing that perturbations in this enzyme
result in alterations in bone mineral density and volume characteristic of osteoporotic changes. Conclusion: Collectively,
these findings implicate CTSD as a requlator of bone homeostasis and support its potential as a novel target for therapeutic

intervention in osteoporosis.
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Introduction

Osteoporosisisacommon skeletal disorder characterized
by reduced bone mass and deterioration of bone tissue,
leading to increased bone fragility and susceptibility
to fractures. The condition is typically identified by
decreased bone mineral density (BMD), which compromises
skeletal strength and increases the risk of serious health
complications'2, Both men and women are at risk of
osteoporotic fractures, with advancing age being a major
contributing factor®>“. Due to hormonal changes, particularly
estrogen deficiency, postmenopausal women experience a
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significantly higher incidence of osteoporosis®”. Globally,
osteoporosis imposes a substantial economic burden,
primarily due to the high costs associated with the treatment
of osteoporosis-related fractures®®.

Cellular aging is closely associated with osteoporosis,
although the underlying molecular mechanisms and
therapeutic targets involved in these cellular changes
remain largely unexplored'®. Emerging evidence suggests
that various forms of regulated cell death, including
necroptosis'', ferroptosis'?, and the involvement of fibrotic
proteins'® and pathways such as HO-1'4, contribute to the
pathogenesis of osteoporosis. Among the critical genes
identified in osteoporosis-related datasets, cathepsin D
(CTSD) has been highlighted as a potential biomarker for
postmenopausal osteoporosis'®™'?. CTSD is a lysosomal
aspartyl protease'®', predominantly expressed in its
inactive proenzyme form (pro-CTSD) in humans?°. It is
found in various tissues throughout the body?'23, where it
plays diverse roles, including the regulation of apoptosis?*,
promotion of cell proliferations, and involvement in tumor
progression?32¢, Although CTSD has been identified as
differentially expressed in osteoporosis, its specific role and
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effects on bone cells remain poorly understood.

Osteoporosis is a disease characterized by an imbalance
between osteoclast and osteoblast activity, leading to
impaired bone remodeling and increased fracture risk?"28,
Investigating therapeutic gene targets is a critical aspect of
osteoporosis research. The aim of this study was to examine
the potential role of CTSD in the osteogenic differentiation
of mesenchymal stem cells (MSCs), as well as its effects on
bone physiology in mice.

Materials and methods

Data Collection

The dataset GSE147287 was obtained from the Gene
Expression Omnibus (GEO) and contains single-cell RNA
sequencing data from non-osteoporotic and osteoporotic
human femoral tissue samples).

Cell Culture and Intervention

Human mesenchymal stem cells (MSCs) (HUM-iCell-sO11,
iCell Bioscience Inc., China) used in this study were obtained
from a certified commercial source and handled according
to the manufacturer’s ethical and usage guidelines. No
human subjects or personally identifiable information were
involved. The culture medium was human MSC complete
medium (CM-H166-100, Procell Inc., China). For all
subsequent procedures, cells were cultured in an incubator
maintained at 37°C with 5% CO, after reaching passage 2.
Passaged cells were seeded into flasks and allowed to adhere
in the incubator. Once the cell density reached 50%-70%,
the following treatments were applied: control medium,
recombinant human cathepsin D (rhCTSD; HY-P7748A,
MCE), osteogenic induction medium (OIM; PD-003, Procell,
China), and a combination of rhCTSD and OIM. Cells were
harvested either after 7 days of OIM treatment or 24 hours
of rhCTSD exposure®*!. The effective concentration of
rhCTSD used in the culture experiments was 20 pg/mL?°.

Gene expression variations in cells were identified by RT-
gPCR analysis

Gene expression variations induced by rhCTSD and OIM
in human MSCs were analyzed using RT-gPCR. Human MSCs
were treatedwith OIMfor 7 days or withrhCTSD for 24 hours.
RT-gPCR was performed to evaluate the expression levels
of ALP, COL1A1, CTSD, and RUNX2 in each experimental
group. Differential gene expression in osteogenically
induced and CTSD-treated cells was assessed by analyzing
changes in target gene levels following treatment. mRNA
expression was quantified using the 2*-AACt method, with
GAPDH used as an endogenous control.

Primer sequences were as follows:

* ALP-F: 5-ACCAGGATTACACCAGGAAGCAAG-3
ALP-R: 5'-ACTCTGTCCCAAAGCCGTCAATAG-3’

* COL1A1-F: 5'-AAAGATGGACTCAACGGTCTC-3"
COL1A1-R: 5'-CATCGTGAGCCTTCTCTTGAG-3’
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* CTSD-F: 5'-ACAACAACAGCGACAAGTCCAGCAC-3
CTSD-R: 5-TGGCAGGGCACCGACACACAG-3’

* RUNX2-F: 5'-AGGCAGTTCCCAAGCATTTCATCC-3;
RUNX2-R: 5'-TGGCAGGTAGGTGTGGTAGTGAG-3’

* GAPDH-F: 5-GTCTCCTCTGACTTCAGCG-3';
GAPDH-R: 5’-ACCACCCTGTTGGTAGCCAA-3’

Western Blot Analysis of Protein Expression

Cells from each experimental group were rinsed twice
with PBS and lysed in RIPA buffer (ROO10, Solarbio)
containing 1% phenylmethanesulfonyl fluoride (PMSF) for
10 minutes. Lysates were centrifuged at 15,000 x g for 10
minutes at 4°C, and protein concentrations were determined
using a BCA protein assay kit (POO10, Beyotime). Equal
amounts of protein were separated on 12.5% SDS-PAGE
gels and transferred to PVDF membranes (TM-PVDF-R-45,
LABSELECT). Membranes were blocked with Western
blocking solution (PO023B, Beyotime) for 90 minutes at
room temperature and then incubated overnight at 4°C with
the following primary antibodies: anti-ALPL (11187-1-AP,
Proteintech), anti-RUNX2 (SEM29595, SAB), anti-CTSD
(ab75811, Abcam), anti-COL1A1 (AF7001, Affinity), and
anti-GAPDH (AF7021, Affinity). After washing, membranes
were incubated with HRP-conjugated secondary antibody
(LF102, EpiZyme) for 1 hour at room temperature.
Protein bands were visualized using the BeyoECL Plus
chemiluminescence system (POO18FM, Beyotime), and
band intensities were quantified using ImageJ software
(version 1.8.0).

Immunofluorescence Staining

Prior to immunofluorescence analysis, cells were divided
into three experimental groups: control, OIM-induced, and
OIM plus rhCTSD co-culture groups. After reaching the
designated incubation time, cells were resuspended in
culture medium at a density of 5 x 10° cells/mL. Cells were
then fixed with 4% paraformaldehyde (PFA) for 20 minutes,
followed by permeabilization with 0.5% Triton X-100 for 20
minutes. Non-specific binding was blocked using 5% bovine
serum albumin (BSA) for 10 minutes at room temperature.
Cells were incubated overnight at 4°C with an ALP-specific
primary antibody (11187-1-AP, Proteintech Group), followed
by incubation with a secondary antibody for 1 hour at room
temperature. Slides were mounted using antifade mounting
medium (BY-1002), which preserved DAPI (4’,6-diamidino-
2-phenylindole) nuclear staining. Images were acquired
using a Zeiss LSM 880 confocal microscope.

Alizarin Red Staining

Alizarin red staining was performed according to
standard protocols. Cells were first rinsed with phosphate-
buffered saline (PBS) and then fixed with 95% ethanol for 10
minutes. To detect mineralized nodules, cells were incubated
with 0.1% alizarin red S solution (G1450, Solarbio) for 10
minutes. Stained mineral deposits were examined and

342



S. Yan et al.: In Vivo and In Vitro Analysis of Cathepsin D in Bone Homeostasis and Osteoporosis

4 I
A oa B op
10 e 10 o8
~ o~
n_l s < Q_' PO 5 2!
: e e I
= 07 L = 07 - o
= L o = . »
: ' -3
=104 -10 -
-10 0 10 -10 0 10
UMAP_1 GSE147287 UMAP_1
C CTSD
5- oa
i
— 4-
o
@
— 34
=
2
2
o 21
o
>
iy
. "
R
Identity
Figure 1. (A) UMAP plots showing the distribution of CTSD expression in osteoporosis (OP) and osteoarthritis (OA) samples from the
database. (B) Violin plots comparing CTSD expression levels between OP and OA samples.
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documented using light microscopy. For quantification, the
bound dye was extracted, and absorbance was measured
at 570 nm using a plate reader, providing an objective
assessment of mineralization levels in each group.

Immunohistochemistry Analysis

Immunohistochemistry was performed to detect ALP
protein expression in MSC, which were initially plated in
a 6-well plate at a density of 1 x 10* cells per well. Cells
were divided into two experimental groups: an OIM-induced
group and an OIM plus rhCTSD co-culture group. After the
co-culture reached the designated time point, cells were
resuspended in culture medium at a density of 5 x 10° cells/
mL. Following post-fixation in 4% paraformaldehyde for 30
minutes, the slides were blocked with goat serum to prevent
non-specific antibody binding. Slides were then incubated
overnight at 4°C with an ALP-specific primary antibody
(11187-1-AP, Proteintech Group). The following day, slides
were incubated with an ALP-conjugated secondary antibody
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at a 1:50 dilution for 30 minutes at room temperature.
Finally, stained cells were examined and imaged under a
light microscope.

Animal Experiments

Nine 8-week-old male C57BL/6 mice (Changsheng
Biotechnology) were randomly assigned to three
groups: blank control, ovariectomized (OVX), and CTSD
intraperitoneal injection (CTSD-Ip) groups. All mice
were fed the same standard diet (YC-FOO1, Changsheng
Biotechnology). In the OVX group, bilateral ovariectomy
was performed at 8 weeks of age, and mice recovered well
postoperatively®?33, In the CTSD-Ip group, mice received
one intraperitoneal injection of rhCTSD (50 mg/kg) at 8
weeks of age, followed by four additional intraperitoneal
injections of 25 mg/kg (twice per week for 2 weeks), and
a final injection of 25 mg/kg via the tail vein at 11 weeks
of age®®. All mice were housed under standard conditions
and allowed free access to food and water. After 28 days of

343



S. Yan et al.: In Vivo and In Vitro Analysis of Cathepsin D in Bone Homeostasis and Osteoporosis

treatment, animals were euthanized by cervical dislocation
under ether anesthesia. No mortality was observed during
the experimental period. After euthanasia under ether
anesthesia, bilateral femurs were harvested and stored
in tissue preservation solution at -20°C for subsequent
micro-CT analysis.

Micro-CT Analysis

Hip joints were fixed in 4% paraformaldehyde for 48
hours, then washed with phosphate-buffered saline (PBS)
and stored in 75% ethanol. Microstructural analysis
was performed using a SkyScan 1176 micro-CT system
(Bruker micro-CT, Bruker Belgium SA, Kontich, Belgium).
Scanning was conducted on a 1 mm region of metaphyseal
trabecular bone in the distal femur, located 0.5 mm above
the growth plate, to evaluate bone microarchitecture.
Three-dimensional image reconstruction and realignment
were performed using NRecon and CTAn software (version
1.17.7.2, Bruker).

Statistical analysis

Clustering, identification of differentially expressed
genes, and detection of marker genes within single-cell
populations—were conducted using R software (version
4.2.0) and the Seurat package (version 4.0), developed
by the Satija Lab. Data in the experiments were repeated
in biological triplicates, represented as mean + standard
deviation and histograms were generated using GraphPad
Prism software (version 8.0). Statistical significance
was compared by Student’s t test or one-way analysis of
variance with Tukey’s method when applicable. Statistical
significance was defined as a P value less than 0.05 (P <
0.05).

Results

Differential Expression of CTSD in Human Osteoporotic and
Non-Osteoporotic Bone Samples

Analysis of the GSE147287 dataset from theGEO
database revealed significant differences in CTSD gene
expression between osteoporotic and non-osteoporotic
human femoral head tissue samples (Figure 1A, B). CTSD
was also found to be differentially expressed across various
cell types within both sample groups (Figure 1C).

Gene Expression Changes in Human MSCs Following
Osteogenic Induction and rhCTSD Treatment

Successful osteogenic induction of human MSCs was
confirmed by the upregulation of ALP, COL1A1, and RUNX2
following treatment with OIM. To investigate the role of
CTSD in osteoblast differentiation, gene expression was
analyzed in the MSC-OIM-rhCTSD experimental group.
In this group, the expression of ALP, COL1A1, and RUNX2
was found to decrease to varying degrees after rhCTSD
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treatment, suggesting an inhibitory effect on osteogenesis.
However, treatment with rhCTSD alone did not result in
statistically significant changes in the expression of these
markers (Figure 2).

Quantitative Analysis of Protein Expression Changes in
MSCs Treated with rhCTSD During Osteogenic Induction

Western blot analysis was performed to assess protein
expression after 48 hours of treatment in four groups:
MSC (n = 3), MSC-rhCTSD (n = 3), MSC-OIM-rhCTSD (n = 3),
and MSC-OIM (n = 3) (Figure 3). Compared with the control
group, the expression levels of COL1A1, ALP, and RUNX2
were elevated in MSCs induced with osteogenic induction
medium (OIM), consistent with RT-gPCR results, confirming
successful osteogenesis. However, in cells treated with both
OIM and rhCTSD, the expression levels of these osteogenic
markers were reduced. Notably, only CTSD expression was
upregulated in response to rhCTSD treatment.

Immunofluorescence Detection of ALPL Expression
Following CTSD Intervention

Immunofluorescence staining was used to evaluate
ALPL expression in MSC (n = 3), MSC-OIM (n = 3), and MSC-
OIM-rhCTSD (n = 3) groups after 48 hours of treatment
(Figure 4). Cells in the OIM group showed increased ALPL
fluorescence intensity, indicating enhanced osteogenic
differentiation. However, ALPL expression was reduced
in the MSC-OIM-rhCTSD group compared to the MSC-
OIM group, suggesting that rhCTSD may suppress ALPL
expression during osteogenesis.

Alizarin Red Staining to Evaluate Mineralization Potential

Alizarin Red staining was performed to assess the
mineralization capacity of MSCs under different treatment
conditions (Figure 5). Cells treated with OIM exhibited a
higher degree of mineral deposition compared to untreated
MSCs, indicating effective osteogenic differentiation. In
contrast, the MSC-OIM-rhCTSD group showed markedly
reduced mineralization compared to the OIM-only group,
suggestingthatrhCTSD negatively affects the mineralization
ability of differentiating osteoblasts.

Immunohistochemical Detection of ALPL Expression
Following rhCTSD Intervention

Immunohistochemical staining was used to evaluate
ALPL expression in the experimental groups (Figure 6).
Brown chromogenic labeling indicated the presence of
ALPL, which was primarily localized in the cytoplasm. In
the MSC-OIM-rhCTSD group, ALPL staining intensity was
reduced, suggesting downregulation of ALPL expression
under rhCTSD intervention. In contrast, the MSC-OIM group
showed stronger ALPL staining, consistent with enhanced
osteogenic activity.
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Figure 2. Gene expression levels in MSCs treated under each experimental condition, as determined by RT-gPCR. (p < 0.05, p < 0.01,
p <0.001, p<0.0001; ns indicates no statistically significant difference.)
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Effect of CTSD on the Hip Joint of Mice

Mice were divided into three groups: control, OVX,
and CTSD intraperitoneal injection (CTSD-Ip). Micro-CT
analysis was performed on the proximal femur after the
completion of treatment and feeding (Figure 7A). The OVX
group exhibited reduced BMD and a lower bone volume-to-
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total volume ratio (BV/TV) compared to the control group,
indicating bone loss due to estrogen deficiency. Similarly,
the CTSD-Ip group showed decreased BMD and BV/TV to
varying degrees compared to the control group (Figure
7B), suggesting that rhCTSD may contribute to bone
deterioration in vivo.
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Figure 6. Immunohistochemical staining of alkaline phosphatase (ALPL) expression in experimental groups, (p < 0.05).
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Discussion

In  previous mechanistic studies investigating
homeostatic imbalances in bone remodeling associated
with osteoporosis, several therapeutic strategies have
been developed based on well-established molecular
pathways®>. Among the most commonly used treatments
are bisphosphonates, which inhibit bone resorption
by preventing the breakdown of hydroxyapatite®¢, and
denosumab, a monoclonal antibody that targets RANKL
(receptor activator of nuclear factor-«B ligand) to suppress
osteoclast activity and slow bone degradation®”. Although
these therapies are effective, they are associated with
significant limitations and adverse effects, including
osteonecrosis of the jaw and atypical fractures?®. Therefore,
it remains critical to further investigate the molecular
mechanisms underlying osteoporosis and to identify novel
therapeutic targets for its prevention and treatment.

Cathepsin D (CTSD) is a lysosomal aspartyl protease
that has been shown to regulate apoptosis and cell
proliferation in mammals3®4°. Research suggests that the
tissue-specific expression of CTSD plays a critical role in
determining developmental outcomes*'. Recent studies
have indicated that CTSD may be involved in the molecular
mechanisms underlying osteoporosis progression'®'” and
has the potential to serve as a biomarker for the disease'.
However, the specific effects of CTSD on bone cells, as well
as the underlying biological mechanisms through which it
contributes to osteoporosis, remain unclear and warrant
further investigation.

In this study, we investigated differences in CTSD
expression between osteoporotic and non-osteoporotic
human bone tissue samples, as well as its potential
biological effects. Differential expression of CTSD was
initially identified through analysis of bioinformatics
data and subsequently confirmed through experimental
validation. A combination of gRT-PCR, Western blotting,
immunofluorescence, immunohistochemistry, and Alizarin
Red staining revealed that upreqgulation of CTSD altered the
expression of osteogenic markers ALP, RUNX2, and COL1A1
in osteoblasts. These results suggest that CTSD may
contribute to disrupted bone homeostasis in osteoporosis.
Furthermore, in vivo experiments demonstrated that BMD
and bone volume were reduced to varying degrees following
intraperitoneal and intravenous administration of rhCTSD
in mice. These changes closely resembled those observed
in OVX osteoporotic model mice.

Together, these findings offer preliminary insights
into the possible role of CTSD in the pathogenesis of
osteoporosis and suggest its potential as a candidate for
further investigation as a therapeutic target. This study
also provides early evidence of CTSD’s involvement in bone
cell function and bone structure in mice, which may inform
the development of future therapeutic strategies. However,
further research is necessary to explore the interactions
of CTSD with components of the extracellular matrix and
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intracellular signaling pathways. Functional studies will be
essential to validate its role and clarify its relevance in the
context of osteoporosis.

Conclusion

In this study, we explored the potential role of CTSD in
osteocyte function and osteogenesis within the context of
osteoporosis. Ourresults suggest that CTSD expression may
be associated with the requlation of key osteogenic markers,
indicating its possible involvement in bone remodeling
processes. While these findings offer preliminary insights
into the pathogenesis of osteoporosis, further research is
needed to clarify the functional role of CTSD and to assess
its potential as a therapeutic target.
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