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Background: While existing pharmacotherapies for osteoporosis, such as bisphosphonates, reduce fracture risk, their long-term
use remains limited by adverse effects, including gastrointestinal toxicity, osteonecrosis of the jaw, and atypical femoral fractures.
Hydrogen sulfide (H2S), an endogenous gasotransmitter with anti-inflammatory properties, emerges as a potential alternative,
but the role of its donor, sodium hydrosulfide (NaHS), in osteoporosis remains unexplored. Therefore, this study investigates
NaHS-driven bone-protective mechanisms, emphasizing its ability to modulate the nuclear factor kappa-B (NF-<B)/ inhibitor of
NF-«B alpha (IxB-o) axis—a crucial pathway in osteoclastogenesis.

Methods: Mice were divided into a sham control group (n = 6) and an ovariectomized (OVX) group (n = 6). Mice in the OVX
group received varying doses of NaHS (0, 0.38, 0.75, 1.5 mg/kg/day) or vehicle for 4 weeks. Bone mineral density (BMD) was quan-
tified using micro-computed tomography (micro-CT) analysis. Osteoclast differentiation was assessed in bone marrow-derived
macrophages (BMMs) and RAW264.7 cells via tartrate-resistant acid phosphatase (TRAP) staining. Molecular mechanisms were
deciphered using ubiquitination assays, nuclear/cytoplasmic fractionation, and immunofluorescence.

Results: NaHS treatment increased lumbar BMD and trabecular bone-to-tissue volume in OVX mice compared to untreated
controls. In vitro, NaHS (0.15 mM) significantly suppressed receptor activator of nuclear factor-~B ligand (RANKL)-induced os-
teoclastogenesis (p < 0.05). Mechanistically, for the first time, NaHS was found to stabilize IxB-o by inhibiting its ubiquitination,
thereby blocking the nuclear translocation of NF-xB p6S5.

Conclusions: NaHS mitigates OVX-induced bone loss via dual inhibition of osteoclast differentiation (through IxB-a/NF-<B
blockade) and bone resorption. Its capacity to circumvent the limitations of current therapies positions NaHS as a novel candidate
for osteoporosis management.
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Introduction

Osteoporosis is a metabolic bone disease character-
ized by decreased bone mass and destruction of bone mi-
crostructure [1]. It is broadly categorized into primary
and secondary types. Primary osteoporosis often occurs in
postmenopausal women, where elevated osteoclast activ-
ity, without a corresponding increase in osteoblast function,
leads to enhanced bone dissolution effect and subsequent
bone fragility [2]. The diagnosis strategies and treatment
modalities for osteoporosis have advanced; they are still in-
adequate compared to those available for diseases such as
diabetes and need further optimization [3]. Currently, the
most commonly used treatment for osteoporosis includes
bisphosphonates, receptor activator of nuclear factor-xB
ligand (RANKL) monoclonal antibodies, and hormone re-
placement therapy (HRT). These treatment approaches pri-
marily target osteoclasts to inhibit their formation and bone-
resorption activity. However, prolonged estrogen therapy
increases the risk of malignancies in women, such as breast
cancer and endometrial cancer [4]. Similarly, long-term
use of bisphosphonates has many adverse outcomes, such
as atypical non-healing bone fractures, osteonecrosis of the
jaw, and even a decrease in bone strength [5]. These limi-
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tations highlight the challenges in current anti-osteoporosis
therapeutics and emphasize the urgent need for novel drug
development to improve both treatment and prognostic out-
comes.

Throughout the human life cycle, bones undergo con-
tinuous remodeling to maintain dynamic balance, a process
that depends on the synergistic activity of osteoclast and
osteoblast [6]. Osteoclasts are responsible for bone resorp-
tion, but they also play a vital role in new bone formation
[7]. During early menopause, osteoclastogenesis is dysreg-
ulated, resulting in bone trabecular perforation and loss of
structural connectivity [8].

Osteoclasts originate from myeloid hematopoietic
precursors, and RANKL primarily promotes their dif-
ferentiation; RANKL promotes differentiation of osteo-
clast precursors and improves the reabsorption function
of mature osteoclasts upon binding to its receptor, recep-
tor activator of nuclear factor-xB (RANK) [9]. Further-
more, tumor necrosis factor receptor-associated factor 6
(TRAF6) specifically interacts with the cytoplasmic do-
main of RANKL when RANKL binds to RANK [10]. This
process activates nuclear factor kappa-B (NF-xB) inhibitor
kinases (IKK« and IKK /), which phosphorylate the NF-
xB inhibitor IxB at designated serine residues, causing
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autoubiquitination and proteasome degradation and thus re-
leasing NF-«B [11]. Activated NF-xB, composed of p50
and p65, is translocated into the nucleus, where it increases
the expression of transcription factors, including proto-
oncogene protein c-Fos (c-Fos) and nuclear factor of acti-
vated T-cells cytoplasmic 1 (NFATc1) [12]. The interaction
between c-Fos and NFATc1 promotes the transcription of
osteoclast-specific genes, thereby enhancing osteoclast dif-
ferentiation and activity [13].

The NF-xB signaling pathway plays a core regulatory
role in osteoclastogenesis. Studies indicate that activated
NF-«B is crucial for osteoclast differentiation and function,
promoting their formation by regulating the expression of
key transcription factors, such as c-Fos and NFATc1 [14].
RANKL activates both classical and non-classical NF-xB
pathways through signaling molecules such as TRAF6,
thereby inducing the differentiation of osteoclast precursor
cells [15,16]. Additionally, NF-xB enhances osteoclasto-
genesis by inhibiting its negative regulators, such as inter-
feron regulatory factor 8 (IRF8) and recombination signal
binding protein for immunoglobulin kappa J region (RBP-J)
[17]. Furthermore, abnormal activation of the NF-«xB path-
way has been strongly linked to the pathogenesis of vari-
ous bone-related diseases, including osteoporosis and os-
teoarthritis, suggesting that inhibiting this pathway could
serve as a promising therapeutic strategy. For example,
transcriptional co-activator with PDZ-binding motif (TAZ)
significantly reduces osteoclast formation by downregu-
lating the transforming growth factor-(3-activated kinase 1
(TAK1)/NF-xB signaling pathway [16]. Moreover, natural
products such as quercetin and kaempferol exhibit poten-
tial inhibitory effects on osteoclastogenesis by targeting the
NF-xB signaling pathway [18]. Collectively, these find-
ings suggest that modulating the NF-xB pathway could pro-
vide a new approach for preventing and treating osteoclast-
mediated diseases.

However, current research on the molecular mecha-
nisms by which sodium hydrosulfide (NaHS) regulates the
NF-xB pathway remains limited. To identify potential ther-
apeutic agents for osteoporosis, several chemicals affect-
ing the NF-xB pathway have been investigated, including
NaHS. NaHS acts as a donor of hydrogen sulfide (HsS),
a gaseous signaling molecule known as a third major en-
dogenous gasotransmitter [19]. Traditionally regarded as
harmful, HyS is now recognized to play a crucial role in
maintaining tissue and organ homeostasis [20,21]. Recent
studies have reported that HoS ide alleviates bone loss in
ovariectomized rats by inhibiting the NF-xB signaling path-
way [22-25]. Moreover, HsS has been introduced into in-
jectable hydrogels to guide the balance between immune re-
sponses and osteoclastogenesis, offering a novel treatment
strategy for osteoporosis [26].

Despite these promising outcomes, the precise
functions and underlying mechanisms of HsS in bone
metabolism remain poorly explored. Therefore, the present
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study aims to investigate and elucidate the specific role
of NaHS in osteoporosis and its underlying molecular
mechanisms in disease pathogenesis.

Materials and Methods

Cells

Bone marrow-derived macrophages (BMMs) were
isolated from the femur and tibia of 6—8-week-old C57BL/6
mice. To ensure reproducibility throughout the experiment,
cells were resuspended at a ratio of 1 mouse per 10 mL
of medium followed by incubation in 10 cm dishes, and
a total of 15 mice were used for BMM isolation. Mice
were euthanized by carbon dioxide asphyxiation and dis-
infected by soaking in 75% ethanol for 10 minutes. Un-
der aseptic conditions in a laminar flow hood, the femur
and tibia were harvested from the lower limbs and washed
with phosphate-buffered saline (PBS). Briefly, both ends
of each bone (femur or tibia) were cut open, and the perios-
teum and attached tissues were gently eliminated. The bone
marrow was carefully flushed out by inserting a 1 mL sy-
ringe filled with alpha minimal essential medium (a-MEM)
into one end of the bone and rinsing the bone marrow cav-
ity three times until the bone turned white. The collected
marrow suspension was centrifuged at 1000 rpm at room
temperature for 15 minutes. The resulting supernatant was
discarded, and the cell pellet was resuspended in complete
a-MEM medium (10% fetal bovine serum supplemented
with penicillin/streptomycin) and then seeded into two 10
cm cell culture dishes. Finally, the cells were incubated at
37 °C under humidified conditions of 5% CO5 for 12-24
hours.

The next day, the cell supernatant and non-adherent
cells were discarded. Semi-adherent cells were carefully
dislodged from the bottom of the cell culture dish using a
1000 pL pipette, and the cell suspension was then collected.
Following centrifugation at 1000 rpm at room tempera-
ture for 5 minutes, the supernatant was discarded, and the
cell pellet was resuspended in complete a-MEM medium
containing 30 ng/mL macrophage-colony stimulating fac-
tor (M-CSF). The cells then underwent an additional 12—24-
hour incubation until the majority had adhered. As shown
in Supplementary Fig. 1, the identity of cultured BMMs
was verified by flow cytometry using surface marker detec-
tion (CD11b+ and F4/80+). The antibodies utilized in flow
cytometry were as follows: CD11b (101206, BioLegend,
San Diego, CA, USA) and F4/80 (12-4801-82, Invitrogen,
Carlsbad, CA, USA).

Additionally, RAW264.7 cells, a mouse macrophage
cell line, were purchased from the Cell Bank of the Chinese
Academy of Sciences (SCSP-5034, Shanghai, China). Cell
line was authenticated using short tandem repeat (STR) pro-
filing (results provided in Supplementary material 1), and
mycoplasma contamination was routinely evaluated every
2-3 months using a polymerase chain reaction (PCR)-based
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mycoplasma detection kit (Lonza MycoAlert™, LT07-318,
Lonza Group Ltd., Basel, Switzerland).

Cell Viability Assay

BMMs were seeded into 96-well plates (2 x 10*
cells/well) in 100 pL of complete culture medium (a-MEM
supplemented with 10% fetal bovine serum and 1% antibi-
otics). The plates were gently shaken to ensure uniform cell
distribution and then incubated at 37 °C with 5% COs for
24 hours allowing the cells to adhere and stabilize. Fresh
NaHS solutions were prepared at different concentrations
according to the experimental design to prevent NaHS de-
composition. The culture medium was removed and 100 pL
of medium containing the designated NaHS concentrations
was added to each well. For the control group, an equal
volume of medium without NaHS was added. Cells were
then incubated for an additional 24 hours under the same
conditions.

After treatment, 10 pL of cell counting kit-8 (CCK-8)
reagent (SB-CCKS8-1000ml, Share-bio, Shanghai, China)
was added directly to each well without replacing the
medium. Plates were gently agitated to ensure thorough
mixing, while avoiding bubble formation, which could in-
terfere with absorbance measurements. The culture plates
were then incubated at 37 °C with 5% CO- for 2 hours in
the dark. Subsequently, absorbance (OD) was measured at
450 nm using an Infinite M200 Pro NanoQuant microplate
reader (Tecan Group Ltd., Madnnedorf, Switzerland). Wells
containing only medium and CCK-8 (without cells) were
included as blanks for background correction. Cell via-
bility was calculated using the following formula: Cell
Viability (%) = % x 100%. Concentration-
response curves were generated, and the half-maximal in-
hibitory concentration (ICsy) was determined through fit-
ting.

Osteoclastogenesis and TRAP Staining

Bone marrow-derived macrophages were seeded in
48-well plates (3 x 10* cells/well) and cultured with 50
ng/mL RANKL (462-TEC, R&D Systems, Minneapolis,
MN, USA) and 30 ng/mL M-CSF (416-ML, R&D Systems,
Minneapolis, MN, USA) to induce osteoclast differentia-
tion [27].

On day 8 following induction, cells were subjected to
tartrate-resistant acid phosphatase (TRAP) staining (387A,
Sigma-Aldrich, St. Louis, MO, USA). Briefly, the cul-
ture medium was carefully removed, and cells were washed
twice with PBS. The cells were then fixed with 4%
paraformaldehyde (PFA) at room temperature for 10 min-
utes, followed two additional PBS washes. The TRAP
staining solution was prepared following the manufac-
turer’s instructions by mixing the substrate solution (naph-
thol AS-BI phosphate) with the chromogenic reagent (Fast
Red Violet LB salt) and adding 0.1 M citrate-acetic acid
buffer to inhibit non-specific acid phosphatase activity. The

staining solution was then added to each well (500 pL for
a 6-well plate; 200 pL for a 24-well plate), followed by in-
cubation at 37 °C for 30—60 minutes in the dark.
Following incubation, the staining solution was re-
moved, and cells were washed twice with PBS. TRAP-
positive cells, which appear red or purple-red and are typ-
ically multinucleated, were observed under an optical mi-
croscope. Quantification was conducted by counting the
number of TRAP-positive multinucleated cells (>3 nuclei)
and assessing cell morphology and distribution. Semi-
quantitative analysis was performed using ImageJ 2.0 soft-
ware (National Institutes of Health, Bethesda, MD, USA).

Ovariectomy-induced Osteoporosis Model

The ovariectomy (OVX)-induced osteoporosis model
was established as described previously [28]. Female
C57BL/6J mice (aged 8 weeks and weighing 25-30 g) were
purchased from Cyagen Biosciences Inc. (Suzhou, China).
All experimental procedures involving animals were per-
formed following institutional ethics guidelines. Mice were
randomly divided into 5 groups (n = 6): sham group, OVX
group, low-dose NaHS group (0.38 mg/kg); medium-dose
NaHS group (0.75 mg/kg), and high-dose NaHS group (1.5
mg/kg). The NaHS doses (0.38, 0.75, and 1.5 mg/kg) were
selected based on pilot dose-response experiments and pre-
vious reports, which showed that these doses correspond
to physiologically achievable plasma HyS levels in mice
without causing toxicity. Control mice received an equal
volume of physiological saline instead of NaHS [29,30].

Mice were anesthetized with an intraperitoneal injec-
tion of sodium pentobarbital at a dose of 50-70 mg/kg,
which provides adequate analgesia meeting the animal
ethics requirements. During anesthesia, respiration, heart
rate, and body temperature were continuously monitored
to ensure experimental stability. Once the mice were fully
anesthetized, the dorsal surgical site was shaved and disin-
fected, and bilateral longitudinal incisions were made near
the kidney area. The fascia was carefully incised to sep-
arate the muscle and peritoneum, and the ovaries, identi-
fiable as pink tissues attached to the adipocytes, were re-
moved. In the sham group, only a small amount of adi-
pose tissue around the ovary was excised. This strategy
ensured that the sham surgery group of mice experienced
surgical stress similar to the OVX group, thereby reducing
confounding variables such as surgical stress, local tissue
damage, and functional effects of fat tissue removal. Af-
ter excision, wounds were sutured in layers, and gentam-
icin was applied daily for 3 consecutive days to prevent
infection. The excised ovarian tissues were confirmed by
preparing frozen sections (6 um) and hematoxylin and eosin
(H&E) staining, which showed the presence of ovarian tis-
sues under the microscope.
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Euthanizing Methods and Procedures for Bone
Sampling

As per animal ethics guidelines, euthanasia proce-
dures must be rapid, painless, and designed to reduce suffer-
ing and unnecessary stress. CO5 inhalation was applied by
placing the mice in a transparent euthanasia chamber and
slowly introducing CO; at a flow rate of typically 20%—
30% of the chamber volume per minute, thereby minimiz-
ing stress responses associated with rapid exposure. CO-
introduction was continued until respiration ceased (usually
within 2—-5 minutes), followed by an additional one-minute
exposure to ensure complete death.

Following euthanasia, mice were placed in the supine
position on the surgical table. The entire body, especially
the limbs and abdomen, was disinfected with 75% alcohol.
A surgical scissor was used to make an incision along the
midline of the abdomen, extending posteriorly toward the
tail and laterally toward the hind limbs, allowing the skin
to be peeled back and the hind limb muscles exposed. Us-
ing fine anatomical scissors or a scalpel, muscles covering
the femur and tibia were carefully removed, starting at the
hip joint and proceeding distally along the femur and tibia,
while avoiding bone damage. At the knee joint, the muscles
were cut to fully expose both the femur and tibia. For femur
collection, the joint ligaments at the hip joint were cut with
scissors to separate the femur from the pelvis. The femur
was carefully excised without damaging the bone and then
washed with PBS to remove residual soft tissues.

For tibia collection, the tibia was separated from the
femur by cutting at the knee joint. Surrounding muscles
and tendons were carefully separated along the length of the
tibia, and the bone was excised intact without damaging its
surface, followed by rinsing with PBS to remove residual
soft tissues.

Preservation methods were selected based on sub-
sequent experimental requirements. For immediate use,
bones were placed in sterile PBS to keep them moist. How-
ever, for fixation experiments, skeletal tissues were im-
mersed in 4% paraformaldehyde, while for cryopreserva-
tion, bones were frozen in liquid nitrogen and then stored at
-80 °C.

Micro-CT Analysis

Femurs or tibias were fixed in 75% of ethanol at 4
°C and scanned using a SkyScan 1176 micro-computed to-
mography (micro-CT) scanning system (Bruker, Kontich,
Belgium). Structural indices were quantified with CTAn
1.16.4.1 software (Bruker, Kontich, Belgium), and a 3D
model was generated. The region of interest (ROI) was
defined as the area 5 mm below the growth plate. Dur-
ing micro-CT analysis, the following parameters were an-
alyzed: bone mineral density (BMD), bone volume to to-
tal volume ratio (BV/TV), bone surface-to-volume ratio
(BS/BV), trabecular number (Tb.N), trabecular separation
(Tb.Sp), trabecular thickness (Tb.Th), and trabecular pat-
tern factor (Tb.pf).
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Bone Histology and Histomorphometry

Mice were sacrificed, and femurs were fixed in 4%
paraformaldehyde for 72 hours without decalcification be-
fore sectioning. Histological and histomorphometric exam-
inations were performed using H&E staining, TRAP stain-
ing, and immunohistochemistry (IHC).

For H&E staining (G1120, Solarbio, Beijing, China),
bones underwent a series of preparations, including decal-
cification, sectioning, and staining. Initially, fixed bone tis-
sues were decalcified in a 10% ethylene diamine tetraacetic
acid (EDTA) until they became soft and amenable to
sectioning, then embedded in paraffin and cut into 3-5
pm sections. For staining, tissue sections were treated
with hematoxylin for 5-10 minutes to stain nuclei (which
appear blue), followed by eosin staining for 2-3 min-
utes to counterstain the cytoplasm and extracellular ma-
trix (pink). Finally, the sections were dehydrated through a
graded ethanol, cleared in xylene, and mounted with neutral
gum. Histological assessments of bone cells and structure
were performed using a Nikon Eclipse TE2000 microscope
(Nikon Instruments Inc., Tokyo, Japan).

TRAP staining (387A, Sigma-Aldrich, St. Louis, MO,
USA) was utilized to detect tartrate-resistant acid phos-
phatase activity in osteoclasts. Briefly, fixed bone tissue
was sectioned at 3—5 pum thickness and then immersed in
TRAP staining solution for 15-30 minutes. During this
process, the enzymatic reaction produced a red precipitate,
indicating the presence of osteoclasts. After staining, sec-
tions were rinsed with distilled water to terminate the re-
action, mounted with neutral gum, and observed under a
Nikon Eclipse TE2000 microscope to evaluate osteoclast
distribution and abundance.

IHC staining was conducted to detect the expres-
sion and localization of specific proteins in bone tissue.
Fixed bone tissues were sectioned at a thickness of 3-5
pm. Following antigen retrieval, sections were blocked
with a blocking buffer for 30 minutes to prevent nonspe-
cific binding. Primary antibodies (anti-IkB-a, 1:200; 4814,
Cell Signaling Technology, Danvers, MA, USA) were ap-
plied and incubated overnight at 4 °C. The next day, sec-
tions were incubated with secondary antibodies (1:200;
RK50015, ABclonal, Wuhan, China) at room temperature
for 30-60 minutes. Signal detection was performed us-
ing 3,3’-diaminobenzidine (DAB) chromogen, with stain-
ing intensity monitored under a microscope. The reaction
was terminated by rinsing in distilled water. Furthermore,
nuclei were counterstained with hematoxylin, and sections
were dehydrated in graded ethanol, cleared in xylene, and
mounted with neutral gum. The expression and localiza-
tion of the target proteins were then observed under a Nikon
Eclipse TE2000 microscope.

Luciferase Assay

For the dual-luciferase reporter assay, RAW264.7
cells were seeded in 96-well plates at a density of 2 x 10%
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cells/well (triplicate wells for each condition). After 24
hours, cells were transfected with the p-NF-kB-Luc plas-
mid (0.1, 0.5, or 1.0 pg/well) along with 0.5 pg Renilla-Luc
(internal control) using Lipofectamine 3000 (L3000150,
Thermo Fisher Scientific, Waltham, MA, USA). Follow-
ing 48 hours of incubation, cells were lysed, and ab-
sorbance at 480 nm was measured using an Infinite M200
Pro NanoQuant microplate reader (Tecan Group Ltd.,
Miénnedorf, Switzerland). The plasmid sequence is given
in the Supplementary material 2.

Immunofluorescence Assay

BMMs were cultured in confocal culture dishes and
treated with 0.15 mM NaHS for 12 hours. Cells were
then fixed with 4% paraformaldehyde for 10 minutes
and underwent three PBS washes. Subsequently, mem-
brane permeabilization was conducted using 0.25% Tri-
ton X-100 for 15 minutes, followed by blocking with
5% bovine serum albumin (BSA) for 1 hour. The cells
were then incubated overnight with the primary anti-
body (anti-p65, Cell Signaling Technology, 8242, 1:200).
The next day, cells underwent three PBS washes, fol-
lowed by a 2-hour incubation with the secondary anti-
body (1:200; AS073, Cell Signaling Technology, Danvers,
MA, USA). Furthermore, nuclei were counterstained with
4'6-diamidino-2-phenylindole (DAPI) (NucBlue™ Fixed
Cell ReadyProbes™, R37606, Thermo Fisher Scientific,
Waltham, MA, USA) for 5 minutes, and fluorescence in-
tensity and localization were assessed using a laser con-
focal microscope (FV3000, Olympus Corporation, Tokyo,
Japan).

Western Blot Analysis

Total proteins were isolated from cells cultured under
standard conditions (37 °C, 5% COs). After experimen-
tal treatment, cells were lysed using radioimmunoprecipita-
tion assay (RIPA) lysis buffer (20-188, Sigma-Aldrich, St.
Louis, MO, USA) containing 1% phenylmethanesulfonyl
fluoride (PMSF) (10837091001, Sigma-Aldrich, St. Louis,
MO, USA) to extract total proteins.

Protein resolving gels were prepared by mixing
30% acrylamide, Tris-HCI (pH 8.8 or 6.8), 10% am-
monium persulfate (APS), 10% sodium dodecyl sulfate
(SDS), double-distilled water (ddH20), and N,N,N’,N’-
tetramethylethylenediamine (TEMED). However, a 10%
gel was employed for most proteins, while 8% gel was used
for proteins >100 kDa and 12% gel for proteins <40 kDa.
Protein samples were loaded onto the gel, and electrophore-
sis was performed at 90 V for ~20 minutes, followed by
120 V until the lowest marker approached the bottom. Sub-
sequently, proteins were transferred onto a polyvinylidene
fluoride (PVDF) membrane using a wet transfer system
at 200 mA, with time adjusted according to protein size.
Membranes were then blocked in 5% skim milk for 2 hours
at room temperature (5% BSA was used for phosphorylated
proteins).

Membranes were incubated overnight at 4 °C with pri-
mary antibodies, diluted in TBS with Tween-20 (TBST) fol-
lowing the manufacturer’s instructions, with gentle agita-
tion. The next day, membranes were washed three times
with TBST (10 minutes each wash) and incubated with
species-specific horseradish peroxidase (HRP)-conjugated
secondary antibody (1:10,000 in TBST) at room tempera-
ture for 1 hour. Following three washes with TBST (10
minutes each wash), protein bands were visualized using
the ECL system and images were captured with the Tanon
5200 Multi Chemiluminescent Imaging System (Tanon Sci-
ence & Technology Co., Ltd., Shanghai, China).

Grayscale value of the protein bands was quantified
using Image] 2.0 software. Raw western blot images
were uniformly sized, and rectangular boxes were manually
drawn around each target band, and the corresponding inter-
nal reference band included the entire band area. The soft-
ware automatically calculated the integrated optical density
(IOD) values for each band, or area density (AD) values
of pixels within each selected rectangular box, representing
the total grayscale value of the band. For normalization, the
ratio of the target protein band intensity (IOD Target) to
the corresponding internal reference protein band intensity
(IOD_LoadingControl) was calculated for each band. Rel-
ative protein expression was evaluated by comparing these
normalized ratios to the average ratio of the control group
(set to 1), and fold changes in protein expression were cal-
culated accordingly. Quantitative data were acquired from
at least 3 independent biological replicates and expressed
as Mean + SEM (or SD).

The following antibodies were used in western blot
analysis: anti-NFATc1 (1:1000; 8032, Cell Signaling Tech-
nology); anti-c-Fos (1:1000; 2250, Cell Signaling Technol-
ogy); anti-p65 (1:1000; 8242, Cell Signaling Technology);
anti-histone H3 (1:1000; 4499, Cell Signaling Technology);
anti-IkB-a (1:1000; 4814, Cell Signaling Technology);
anti-phospho-IxB-a (1:1000; 2859, Cell Signaling Tech-
nology); anti-IKKa (1:1000; 61294, Cell Signaling Tech-
nology); anti-IKK 3 (1:1000; 8943, Cell Signaling Technol-
ogy); anti-Phospho-IKK-a/f8 (1:1000; 1023, Cell Signal-
ing Technology); anti-p100/p52 (1:1000; 4882, Cell Signal-
ing Technology); anti-ubiquitin (1:1000; 58395, Cell Sig-
naling Technology); anti-ERK (1:1000; 4695T, Cell Sig-
naling Technology); anti-p-ERK (1:1000; 4370, Cell Sig-
naling Technology); anti-JINK (1:1000; 67096, Cell Sig-
naling Technology); anti-p-JNK (1:1000; 4668, Cell Sig-
naling Technology); anti-p38 (1:1000; 8690, Cell Signal-
ing Technology); anti-p-p38 (1:1000; 4511, Cell Signal-
ing Technology); anti-$-actin (1:3000; 4970, Cell Signal-
ing Technology), and HRP-conjugated secondary antibod-
ies (1:5000; anti-rabbit IgG: BA1055, anti-mouse IgG:
BA1050, Boster).
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Table 1. Primers used in qRT-PCR.

Genes Forward primer Reverse primer

GAPDH ACCCAGAAGACTGTGGATGG CACATTGGGGGTAGGAACAC
CTSK CTTCCAATACGTGCAGCAGA TCTTCAGGGCTTTCTCGTTC
TRAP CTGGAGTGCACGATGCCAGCGACA TCCGTGCTCGGCGATGGACCAGA
V-ATPase d2 AAGCCTTTGTTTGACGCTGT TTCGATGCCTCTGTGAGATG

gqRT-PCR, quantitative real-time polymerase chain reaction; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; TRAP, tartrate-resistant acid phosphatase; CTSK, cathepsin K; V-ATPase d2, v-type

proton ATPase subunit d2.

Quantitative Real-time PCR Analysis

Total RNA was isolated from BMMs following the
guidelines provided by the manufacturer. The extracted
RNA was subsequently converted into cDNA through re-
verse transcription. Using cDNA as a template, quantita-
tive real-time PCR (qQRT-PCR) was performed on an Ap-
plied Biosystems 7500 Real-Time PCR System (Thermo
Fisher Scientific, Waltham, MA, USA). Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used as the inter-
nal control, and relative gene expression levels were deter-
mined using the 224 method. The primers used in qRT-
PCR are listed in Table 1.

Flow Cytometry

BMMs were exposed to NaHS at varying concentra-
tions (0, 0.3, 0.6, or 2.4 uM) for 48 hours, then resuspended
in binding buffer and stained with Annexin V-FITC and PI
(SB-F6012, Share-bio, Shanghai, China) for 15 minutes.
Moreover, apoptosis was evaluated using a FACS Canto
IT (BD) by acquiring signals from 10,000 cells excited at
488 nm, with emission obtained at 585/42 (564—606 nm)
and 702/64 (670-735 nm). Results were analyzed using
FACSDiva 8.01 software (BD Biosciences, San Jose, CA,
USA), and the proportion of apoptotic cells was determined
for each treatment group.

Statistical Analysis

Statistical analysis was conducted using SPSS 20.0
software (IBM Corp., Armonk, NY, USA). Data were an-
alyzed using Student’s unpaired 7-tests or one-way analy-
sis of variance (ANOVA), as appropriate. Post hoc pair-
wise comparisons were performed using Tukey’s honestly
significant difference (HSD) test to identify specific group
differences. A p-value of less than 0.05 was considered sta-
tistically significant.

Bioinformatics Analysis of Transcriptomic Data

BMMs were treated with a mycoplasma removal
reagent and expanded into six 10 cm culture dishes to gen-
erate biological replicates per group. Upon reaching 80%—
90% confluency, the control group was left untreated, while
the experimental group was treated with 0.15 mM NaHS for
0.5 hours. Total RNA was then extracted using the Trizol
reagent, and transcriptome sequencing was conducted.

For differential expression analysis, RNA sequencing
(RNA-seq) data were analyzed using the DESeq2 package.
The fold change and p-values of gene expression were vi-
sualized in a volcano plot, with fold changes and p-values
transformed by log2 and —logl0, respectively. Gene On-
tology (GO) enrichment of differentially expressed genes
(DEGs) was performed using the ClusterProfiler pack-
age, detecting significantly enriched biological processes,
molecular functions, and cellular components (p. adjust
< 0.05). Similarly, Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis of DEGs
was also conducted using ClusterProfiler, with significantly
enriched pathways ranked according to adjusted p-values.
Furthermore, during biocarta pathway analysis, gene sets
were annotated using the MSigDB database, followed by
enrichment analysis with ClusterProfiler. Moreover, gene
set enrichment analysis (GSEA) was performed using a
ranked gene list, based on log2 fold change, |logFC| >1.
Normalized enrichment scores (NES) and p-values were
calculated, and significant results were visualized as enrich-
ment plots. Finally, data visualization was conducted with
the R package ggplot2 for volcano plots, bar charts, and
bubble plots, while GSEA plots were generated using the
built-in functions of ClusterProfiler.

Results

NaHS Inhibits RANKL-Induced Osteoclastogenesis
In Vitro

To determine the cytotoxicity of NaHS in BMMs, cell
viability was assessed using the CCK-8 assay at 48 and
96 hours. At 48 hours, 0.30 mM NaHS showed no sig-
nificant toxicity (p > 0.05; Fig. 1A). A 96-hour, the ICsg
of NaHS was found to be 0.88 4+ 0.01 mM (Fig. IB). In
vitro assays further confirmed that NaHS at concentrations
of 0.05 and 0.10 mM did not induce apoptosis in BMMs
(p > 0.05; Supplementary Fig. 2A,B). Hence, these con-
centrations were selected for subsequent osteoclast induc-
tion assays. Nine experimental groups were established to
examine the effects of NaHS on osteoclast differentiation
in BMMs. Analysis revealed that the average number of
TRAP+ multinucleated osteoclasts was 14 cells per micro-
scopic field in the control group. However, NaHS treat-
ment suppressed osteoclast formation in a concentration-
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Fig. 1. Sodium hydrosulfide (NaHS) regulates osteoclastogenesis in a time- and dose-dependent manner. (A) Effects of NaHS on
bone marrow-derived macrophage (BMM) viability at 48 and 96 hours. (B) Half-maximal inhibitory concentration (ICs¢) values of NaHS
against BMMs. (C) Tartrate-resistant acid phosphatase (TRAP)-positive BMMs treated with different NaHS concentrations followed by
stimulation with M-CSF and receptor activator of nuclear factor-xB ligand (RANKL) for 7 days. (D) Quantification of TRAP-positive
cell distribution and osteoclast localization. (E) The expression levels of osteoclast-related markers (V-ATPase d2, TRAP, and CTSK) in
BMMs were treated with designated NaHS concentrations for 7 days. All experiments were performed at least three times. Scale bar =
100 pm. *p < 0.05, **p < 0.01, ***p < 0.005, compared to the untreated cells. V-ATPase d2, v-type proton ATPase subunit d2; M-CSF,
macrophage-colony stimulating factor; CTSK, cathepsin K.
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Fig. 2. NaHS treatment prevents ovariectomized (OVX)-induced bone loss in vivo. (A) The femurs of sham mice and OVX mice

treated with NaHS for 4 weeks were analyzed by micro-CT, and three-dimensional reconstructions are presented. (B) Bone mineral den-
sity (BMD), bone volume to total volume ratio (BV/TV), bone surface-to-volume ratio (BS/BV), trabecular thickness (Tb.Th), trabecular
number (Tb.N), and trabecular separation (Tb.Sp) analysis in all five experimental groups. n =6, *p < 0.05, **p < 0.01, ***p < 0.005.

ns, not significant; micro-CT, micro-computed tomography.

dependent manner, and at 0.45 mM NaHS concentration,
osteoclastogenesis was almost completely abolished (p <
0.005; Fig. 1C,D).

To further clarify the inhibitory effect of NaHS at the
molecular level, the expression of osteoclast-related genes
was evaluated under different NaHS concentrations. The
expression levels of v-type proton ATPase subunit d2 (V-
ATPase d2), tartrate-resistant acid phosphatase (TRAP),
and cathepsin K (CTSK) were substantially decreased in
a dose-dependent manner (p < 0.05; Fig. 1E), suggesting
suppression of osteoclastogenesis.

Collectively, these results indicate that NaHS signifi-
cantly inhibits the differentiation and growth of osteoclasts,
both at the cellular and transcriptional levels. While low
concentrations of NaHS exhibit no significant cytotoxicity
in BMMs, high concentrations exert considerable inhibitory
effects. Meanwhile, based on these results, 0.15 mM was
selected as a safe and effective concentration for subsequent
in vitro, mechanistic experiments.
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Fig. 3. NaHS alleviates OVX-induced osteoporosis by inhibiting osteoclast formation. (A,B) Hematoxylin and eosin (H&E) (mag-
nification x25) and TRAP (magnification x25/100) staining of the vertebral body sections, black arrows indicate TRAP+ cells. (C)
BV/TV assessed through H&E staining. (D) Number of TRAP-positive cells and osteoclast-to-bone surface area ratio (Oc.S/BS)%. (E)
The expression of osteoclast markers (V-ATPase d2, TRAP, and CTSK) in five experimental groups. Scale bars =100 um. n =6, *p <
0.05, **p < 0.01, ***p < 0.005.

NaHS Attenuates OVX-Induced Osteoporosis In Vivo medium: 0.75 mg/kg; high: 1.5 mg/kg) for 4 weeks. Fe-
murs were then analyzed by micro-CT to generate 3D

A mouse model of OVX-induced osteoporosis was ) i X
reconstructions and perform histomorphometric analyses

successfully established to assess the therapeutic effect -
of NaHS. Briefly, 8-week-old OVX mice were treated (Fig. 2A).
with varying concentrations of NaHS (low: 0.38 mg/kg;
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As shown in Fig. 2B, compared to the Sham group,
the OVX group exhibited a significant bone loss, as evi-
denced by a reduction in BMD, BV/TV, Tb.Th, and Tb.N (p
< 0.05). In contrast, Tb.Sp (p < 0.05) and BS/BV were sig-
nificantly elevated in the OVX group (p < 0.05). Further-
more, NaHS treatment effectively reversed these changes
in a dose-dependent manner. Notably, the OVX+NaHS
group (1.5 mg/kg) demonstrated a significant increase in
BMD compared to the OVX group (p < 0.05). Simi-
larly, BV/TV, Tb.Th, and Tb.N were substantially elevated,
whereas Tb.Sp and BS/BV values were reduced (p < 0.05
vs. OVX).

These findings suggest that NaHS protects against
OVX-induced bone loss. The increases in BMD, BV/TV,
Tb.Th, and Tb.N indicate enhanced bone formation and
improved trabecular microstructure, while the decreases in
Tb.Sp and BS/BV suggest inhibition of bone resorption.
These findings are consistent with previous studies show-
ing that NaHS regulates bone metabolism by affecting os-
teoblast and osteoclast activity. The dose-dependent ef-
fect of NaHS further highlights its potential as a therapeutic
agent for osteoporosis. Furthermore, assessment of poten-
tial systemic toxicity showed no substantial histopathologi-
cal changes in the liver or kidneys of mice treated with low,
medium, or high concentrations of NaHS for four weeks
(Supplementary Fig. 3), confirming its safety at the des-
ignated dose in vivo.

NaHS Attenuates OVX-Induced Osteoporosis by
Suppressing Osteoclastogenesis

Bone metabolism is a dynamic process involv-
ing osteoblast-mediated bone formation and osteoclast-
mediated bone resorption. While micro-CT scanning con-
firmed that NaSH elevated bone density and trabecular
number in OVX mice in a concentration-dependent man-
ner, it remained unclear whether this effect was due to en-
hanced osteoblast activity or inhibited osteoclast function.
Therefore, to address this challenge, undecalcified tibial
sections were histologically analyzed after four weeks of
NaHS treatment.

Histological staining revealed that NaHS significantly
mitigated OVX-induced bone loss, consistent with the re-
sults from micro-CT. H&E staining (Fig. 3A) showed
a substantial reduction in trabecular bone density in the
OVX group compared to the Sham group. TRAP stain-
ing (Fig. 3B) indicated a considerable increase in the num-
ber of multinucleated osteoclasts in the OVX group. Simi-
larly, NaHS treatment restored BV/TV values (p < 0.05 vs.
OVX; Fig. 3C), reduced osteoclast numbers (p < 0.05 vs.
OVX; Fig. 3D), and substantially alleviated the osteoclast-
to-bone surface area ratio (Oc.S/BS; p < 0.05; Fig. 3D).

Gene expression analysis further confirmed these out-
comes (Fig. 3E). OVX substantially upregulated osteoclas-
togenesis markers, including TRAP, V-ATPase d2, and
CTSK (p < 0.05 vs. Sham). However, NaHS treatment
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potentially suppressed the expression of these markers in a
dose-dependent manner, with profound reduction found in
the medium- and high-dose groups (p < 0.05 vs. OVX).

Collectively, these findings suggest that NaHS pro-
tects against OVX-induced bone loss primarily by inhibit-
ing osteoclastogenesis. The dose-dependent effects high-
light NaHS as a potential therapeutic agent for osteoporosis
by modulating bone remodeling.

NaHS Suppresses Osteoclastogenesis by Inhibiting
the NF-xkB Pathway

To further elucidate the molecular mechanisms by
which NaHS inhibits osteoclast differentiation, transcrip-
tome sequencing was performed. DEGs (those upregulated
and downregulated) were identified between the NaHS-
treated and control groups and visualized in a volcano plot
(Fig. 4A), revealing the distribution of significantly upreg-
ulated and downregulated genes. Among them, Tcf711 and
Bhmtlb were significantly upregulated, while Nfkbl and
Traf3 were substantially downregulated, suggesting that
these genes may play crucial regulatory roles in the ob-
served biological effects.

Furthermore, functional enrichment analysis of DEGs
was performed to investigate their functional implications.
The GO analysis (Fig. 4B) indicated that downregulated
DEGs were significantly enriched in biological processes,
including the NF-xB signaling pathway and ubiquitin pro-
tein ligase activity, suggesting that these genes may ex-
ert their functions through these mechanisms. Addition-
ally, KEGG pathway analysis (Fig. 4C) similarly found
significant enrichment of the NF-xB signaling pathway
among the downregulated DEGs. Moreover, GSEA analy-
sis was then performed with a focus on the NF-«B pathway
(Fig. 4D,E). The BIOCARTA NFKB PATHWAY gene set
was observed to be significantly inhibited, indicating that
NF-xB signaling was suppressed following treatment with
0.15 mM NaHS for 0.5 hours.

To further elucidate the molecular mechanism by
which NaHS suppresses osteoclast formation, common sig-
naling pathways mediating osteoclast differentiation were
examined. The expression and phosphorylation levels
of c-Jun N-terminal kinase (JNK), extracellular signal—
regulated kinase (ERK), and p38, key components of the
mitogen-activated protein kinase (MAPK) pathway, were
evaluated in both the control and NaHS-treated groups.
NaHS did not alter the phosphorylation levels of these
molecules, indicating that its inhibitory effect on osteo-
clast formation is not mediated through MAPK signaling
(Supplementary Fig. 4). Furthermore, the expression lev-
els of c-Fos and NFATc1, key downstream molecules of the
NF-kB pathway, were also evaluated. Analysis revealed
that treatment with 0.15 mM NaHS substantially alleviated
c-Fos and NFATc1 expression during osteoclast differenti-
ation (p < 0.005; Fig. 5A), with an evident concentration-
dependent effect observed (p < 0.005; Fig. 5B). More-
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Fig. 4. Transcriptome analysis of differentially expressed genes (DEGs) and their functional enrichment analysis in the NaHS-
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Genes and Genomes (KEGG) pathway analysis presents significantly enriched signaling pathways, including the RIG-I-like receptor
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of differentiation 40; GTPase, guanosine triphosphatase; RIG-I, retinoic acid-inducible gene I; IL-17, interleukin-17; NOD, nucleotide-

binding oligomerization domain; TNF, tumor necrosis factor.

over, luciferase reporter assays showed that NaHS effec- sults demonstrated that NaHS significantly inhibited p65
tively suppressed the transcriptional activity of NF-kB (p ~ nuclear translocation (p < 0.005; Fig. 5D,E). Previous stud-
< 0.05; Fig. 5C). These findings suggest that NaHS sup- ies have shown that RANKL stimulation promotes phos-
presses osteoclast formation primarily by inhibiting NF-xB  phorylation of IxB-«, resulting in its ubiquitination degra-
signaling rather than MAPK pathways. dation [31]. Our findings confirmed this phenomenon and
notably showed that NaHS inhibited RANKL (p < 0.05;
Fig. 5F) and also suppressed the phosphorylation of IKK-
o/ (p < 0.05; Fig. 5G,H).

Furthermore, to assess whether NaHS affects NF-«<B
activation, immunofluorescence assay and western blot-
ting were performed to investigate the nuclear transloca-
tion of p65, a core molecule of NF-xB pathway. The re-
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NaHS Inhibits the Ubiquitination and Degradation
of IkB-«

GO analysis showed that downregulated genes were
significantly enriched after NaHS treatment in biological
processes related to the NF-xB pathway and protein ubig-
uitination. Therefore, we hypothesized that NaHS may af-
fect the ubiquitination process within the NF-«B pathway,
particularly the ubiquitination and degradation of IxB-«.

Immunohistochemical staining revealed that the ex-
pression level of [kB-a was significantly decreased in OVX
mice (p < 0.005; Fig. 6A,B). Notably, NaHS treatment re-
stored [xB-a levels in a dose-dependent manner (p < 0.01
vs. OVX).

Western blot analysis further confirmed these find-
ings, demonstrating that the protein level of IxB-a was
significantly increased after treatment with MG132, a spe-
cific inhibitor of the ubiquitin proteasome system. How-
ever, NaHS further enhanced this effect (p < 0.01; Fig. 6C).
Consistently, ubiquitination assays revealed that NaHS in-
hibited the ubiquitination of [kB-«, as evidenced by a sub-
stantial reduction in ubiquitinated IxB-« band intensity
(Fig. 6E), indicating that NaHS interferes with the ubiqui-
tination process.

Additionally, both the number and area of TRAP-
positive osteoclasts were significantly decreased when
MG132 and NaHS were added simultaneously during
RANKL-induced osteoclast differentiation (p < 0.05,
Fig. 6D,F,G). These results suggest that NaHS protects
against OVX-induced bone loss by inhibiting the ubiqui-
tination and degradation of [xB-a, thereby modulating the
NF-xB pathway.

Furthermore, immunohistochemical staining of tibia
tissue slices showed that, compared to the OVX group,
NaHS (0.75 mg/kg) significantly decreased the phosphory-
lation of IkB-«, while increasing IkB-«: protein levels and
reducing p65 nuclear translocation (p < 0.05; Fig. 7A—C).
These results indicate that NaHS suppresses osteoclasto-
genesis by inhibiting the ubiquitination and degradation of
1kB-a, thereby downregulating NF-xB pathway activation.

Discussion

Although substantial advances have been made in the
treatment of osteoporosis over the past decades, alterna-
tive therapeutic approaches are still required. Current treat-
ment options for osteoporosis include anti-resorptive agents
such as bisphosphonates, estrogen replacement therapy,
and RANKL inhibitors; however, each of these strategies
has significant limitations [32,33]. Therefore, drug devel-
opment for osteoporosis remains a primary research focus,
especially approaches aimed at inhibiting osteoclast forma-
tion [34]. In this study, we found that NaHS inhibits osteo-
clast formation and ameliorates osteoporosis by targeting
the NF-xB signaling pathway.

NaHS, a catabolic regulator, inhibits osteoclast forma-
tion and function in OVX-induced bone loss, which is con-
sistent with our in vitro findings. Mechanistically, previous
research has revealed that TAK1 phosphorylates NF-«<B-
inducing kinase, resulting in the activation of the [xB kinase
complex, which promotes osteoclastogenesis [35]. Phos-
phorylation of 1xB-a enhances its ubiquitination and sub-
sequent degradation [36]. Our findings further demonstrate
that NaHS inhibits the phosphorylation of 1xB-a, thereby
inhibiting its ubiquitination and degradation. Generally,
degradation of IkB-a promotes nuclear translocation of the
NF-«B subunit p65 [37], a crucial step in enhancing osteo-
clast differentiation. By inhibiting nuclear p65 transloca-
tion, NaHS effectively disrupts this signaling pathway, ul-
timately suppressing osteoclastogenesis.

Our study, through in vitro and in vivo approaches,
systematically elucidates for the first time the dual mech-
anisms by which the hydrogen sulfide donor NaHS inhibits
osteoclast differentiation by regulating the NF-«B signaling
pathway. Specifically, NaHS significantly suppresses [xB-
« phosphorylation and prevents its ubiquitination-mediated
degradation, thereby stabilizing the cytoplasmic anchoring
of the NF-xB complex. In parallel, it blocks IKK-a/f3 ac-
tivation and p65 nuclear translocation, ultimately leading
to the downregulation of key osteoclastogenic transcription
factors, such as c-Fos and NFATc1. These inhibitory effects
were dose-dependent and further validated in the OVX os-
teoporosis model, where high-dose NaHS (1.5 mg/kg) re-
stored mouse bone density to 60% of the baseline levels and
reduced the number of osteoclasts by 46%. These observa-
tions provide a complementary mechanism for H,S donors
and reveal NaHS as a promising therapeutic candidate for
osteoporosis.

NaHS serves as a donor of HyS. Previous studies have
revealed that garlic oil, identified as an HS donor, can sup-
press osteoporosis in ovariectomized rats and mice [38,39].
Compared with other HoS donors, NaHS offers the advan-
tage of rapid HyS release and ease of experimental ap-
plications. However, its limitation lies in the instability
of HsS release, which can cause transient high concen-
trations and potential toxicity. To address this limitation,
current research has focused on slow-release HoS donors
such as GYY4137, which slowly release HoS and mini-
mize the risk of local high concentration [40]. Other sulfur-
containing compounds, like thiosulfate, also show antioxi-
dant and anti-inflammatory effects, although their applica-
tion is limited by low bioavailability and complex mecha-
nisms of action [41].

Compared with traditional osteoporosis drugs, bispho-
sphonates (such as alendronate) directly inhibit osteoclast
activity and are widely used in clinical practice. However,
long-term use has been linked to bone fragility and side
effects like gastrointestinal discomfort [42]. RANKL in-
hibitors (such as denosumab) show higher specificity by
directly blocking osteoclast differentiation; however, their
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high cost and risk of causing immunosuppression limit their
widespread use. Conversely, NaHS not only inhibits os-
teoclast activity but has also been reported to exert anti-
inflammatory and antioxidant effects [43,44]. However,
its clinical application is impeded by the lack of validation
studies and the inherent instability of HsS release.

Although this study reveals the potential therapeutic
value of NaHS, several limitations remain, primarily due

=3 OVX+NaHS(0.75mglkg)

to constraints in the experimental model and the concen-
tration range applied. A reasonable concentration gradient
of NaHS was applied to examine its specific effects on os-
teoclast formation; however, NaHS is known to decompose
rapidly in culture medium [45]. Thus, its inhibitory effect
on osteoclast formation is likely mediated through HsS, a
molecule generally regarded as toxic and still considered
potentially harmful even at low concentrations despite its
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crucial biological applications [46]. After NaHS treatment,
the rapid release of Ho S may cause a transient increase in lo-
cal concentration, leading to cell toxicity. High concentra-
tions of HsS can inhibit mitochondrial complex IV, disrupt
cellular respiration, and induce oxidative stress and apop-
tosis. In many experimental settings, higher concentrations
of NaHS (100-500 uM) are often used, which may ex-
ceed physiological levels and obscure its actual biological
effects, thereby leading to variability in experimental out-
comes. Therefore, to address these challenges, future stud-
ies should optimize NaHS dosage to approximate physio-
logical concentrations (e.g., 10-50 pM) and investigate the
use of slow-release HoS donors (such as GYY4137), which
can reduce peak instantaneous concentration increases and
hence minimize toxicity.

In this study, we observed that NaHS inhibits osteo-
clast differentiation. However, whether this effect is medi-
ated through HyS-dependent inhibition of IxB-a ubiquiti-
nation and osteoclast activity remains to be fully explored.
Most importantly, the impact of NaHS on osteoblast for-
mation and its capability to improve bone formation in os-
teoporosis warrants further elucidation. NaHS has antiox-
idant and anti-inflammatory properties. Previous research
has reported that HyS enhances antioxidant capacity by ac-
tivating the Nrf2 signaling pathway, thereby reducing ox-
idative stress-induced damage to osteoblasts [47]. Further-
more, NaHS inhibits the expression of inflammatory fac-
tors such as TNF-« and IL-6, improving the bone cell mi-
croenvironment [48]. Additionally, NaHS is also known
to regulate calcium ion metabolism, as H2S can promote
osteoblast function by modulating intracellular calcium ion
concentration (Ca?1), affecting calcium transport proteins,
including Ca2*-ATPase, which promote bone mineraliza-
tion. Although the precise mechanisms of NaHS in bone
remodeling remain poorly understood, evidence from this
and previous studies indicates that inhibition of NF-xB-
dependent transcription in conjunction with suppression of
IkB-a ubiquitination and degradation contributes to the
blockade of RANKL-induced osteoclast formation [49,50].

However, we must also consider the off-target effects
of NaHS, as it acts as a HyS donor, and its broad biologi-
cal activity increases concerns regarding possible off-target
effects across different concentrations and tissues. HsS
demonstrates concentration-dependent dual roles in the car-
diovascular system [51]. At low concentrations, it pro-
motes vasodilation and exerts anti-inflammatory and an-
tioxidant effects at high concentrations, it can damage vas-
cular endothelial cells and trigger oxidative stress [52,53].
The rapid release of HoS from NaHS may lead to exces-
sively high local concentrations, inducing endothelial cell
dysfunction. Similarly, HoS has been found to have neuro-
protective effects in the central nervous system, regulating
synaptic transmission and anti-inflammatory responses.

In contrast, high concentrations of NaHS may cause
neurotoxicity, manifesting through oxidative stress and mi-
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tochondrial dysfunction [54,55]. Furthermore, NaHS can
affect redox balance in hepatocytes and renal cells. High
concentrations of HoS may inhibit mitochondrial respira-
tory chains in hepatocytes, leading to cell damage. Ad-
ditionally, the kidneys are particularly sensitive to HsS,
where excess exposure may cause tubular injury and in-
flammatory responses [56]. Additionally, NaHS also influ-
ences immune responses by modulating macrophage polar-
ization (M1/M2). High H>S concentrations can aberrantly
activate inflammatory signaling pathways, resulting in ex-
cessive immune cell responses [57].

Moreover, the inherent instability of NaHS signifi-
cantly affects both its bioavailability and the reproducibility
of results. NaHS rapidly decomposes in aqueous solutions,
making it difficult to accurately control HyS release. In
vivo, the complex metabolic environment further alleviates
its bioavailability, contributing to variability in outcomes
and complicating precise assessment of its effects. There-
fore, future studies may benefit from the use of sustained-
release HoS donors (such as GYY4137) to improve stabil-
ity, along with real-time monitoring of HoS concentration
using fluorescent probe technology to assess the release dy-
namics. Furthermore, using computational simulations to
predict NaHS metabolism and distribution ir vivo could fur-
ther enhance experimental consistency and facilitate a more
precise evaluation of its therapeutic potential.

Conclusions

This study demonstrates that NaHS regulates bone
metabolism by inhibiting NF-xB nuclear translocation and
suppressing osteoclast differentiation, an effect likely me-
diated through the inhibition of IxB-« phosphorylation and
ubiquitination-dependent degradation. Furthermore, this
study identifies NaHS as a potential candidate for the treat-
ment of osteoporosis. Beyond expanding the pharmacolog-
ical framework of Hy S donors, it also reveals a novel molec-
ular connection between sulfur metabolism and bone home-
ostasis. Future research should validate target specificity
using osteoclast-specific 1xB-a mutant mice and explore
potential synergistic effects of NaHS in combination with
existing anti-osteoporosis drugs, thereby laying the founda-
tion for developing combination treatment regimens based
on sulfur signal regulation.
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