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Urolithin A Alleviates Osteonecrosis and Is Associated
With Regulation of SIRT3 in Osteoclasts

Yi Xue!, Donghua Fan', Pu Ying!, Tong Lu!, Yufan Ge!, Jingliang Zhang!, Xiaomeng Xue? *

I Department of Orthopaedics, Changshu Hospital Affiliated to Nanjing University of Chinese Medicine, 215500 Changshu, Jiangsu, China
2Department of Stomatology, Xuzhou Medical University, 221004 Xuzhou, Jiangsu, China
*Correspondence: Xiaomengxue xuzhou@126.com (Xiaomeng Xue)

Submitted: 8 June 2026 Revised: 13 July 2026 Accepted: 17 July 2026 Published: 24 August 2026

Background: Urolithin A (UA) is a safe and promising therapeutic strategy for aging-related disorders, including osteoporosis.
Sirtuin 3 (SIRT3) has been reported as a potential modulator of bone-joint pathologies such as osteoclast activation. However,
whether UA affects osteoclast activation and function through SIR73 remains unclear. This study aims to elucidate the mecha-
nisms by which UA alleviates osteonecrosis.

Methods: Primary bone-marrow-derived macrophages (BMMs) were isolated from mice, treated with Macrophage Colony-
Stimulating Factor (M-CSF) and Receptor Activator of Nuclear Factor-kB Ligand (RANKL). Mature osteoclasts were identified
by Tartrate-Resistant Acid Phosphatase (TRAP) staining to assess differentiation. Cell viability was measured with Cell Counting
Kit-8 (CCK-8) assays. The expression of osteoclast-related protein was detected by Western blot, and its mRNA level was detected
by quantitative Real-Time polymerase chain reaction (QRT-PCR). The effects of UA on osteoclast mitophagy and mitochondrial
respiration were assessed using Western blot and a Seahorse analyzer. Osteonecrosis of the femoral head was evaluated by
hematoxylin and eosin staining (H&E), Safranin O/Fast Green, and TRAP staining. SIRT3 protein levels were assessed by
Western blot.

Results: In vitro, UA (3 pM) significantly decreased the number of TRAP-positive osteoclasts (p < 0.05) and downregulated
the expression of osteoclast-related genes (Acid phosphatase 5 (Acp5), cathepsin K (Ctsk), Matrix metallopeptidase 9 (Mmp9),
Integrin subunit beta 3 (Izgh3), ATPase H+ transporting VO subunit d2 (A#p6v0d2); p < 0.05). UA treatment reduced SIRT3
protein levels (p <0.05), elevated ATPase inhibitory factor 1 (ATPIF1) acetylation, and suppressed receptor-mediated mitophagy
markers (BCL2/adenovirus E1B interacting protein 3-like (Nix) and BCL2/adenovirus E1B 19 kDa protein-interacting protein 3
(Bnip3); p <0.05) in osteoclasts, while impairing mitochondrial respiration and increasing mitochondrial ROS production. SIRT3
overexpression partially reversed these effects. In vivo, UA administration attenuated cartilage thinning, trabecular collapse,
and reduced TRAP-positive cells and SIRT3/Nuclear factor of activated T cells, cytoplasmic 1 (NFATcI) expression (p < 0.05) in
a glucocorticoid-induced osteonecrosis mouse model.

Conclusion: UA effectively inhibits osteoclast activation and alleviates glucocorticoid-induced osteonecrosis, and its protective
effects are associated with downregulation of SIRT3 expression as well as the expression of mitophagy-related markers Nix and
Bnip3. UA may represent a potential therapeutic candidate for osteoclast-mediated bone disorders.
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Introduction evated osteoclast activity further undermines osseous in-

tegrity and precipitates subchondral fractures [5]. Eluci-

Osteonecrosis is a pathological bone lesion caused
by compromised regional blood supply, characterized by
osteocyte death, disruption of trabecular architecture, and
eventual femoral head collapse [1,2]. Long-term or high-
dose glucocorticoid administration is recognized as the
principal non-traumatic risk factor for osteonecrosis of
the femoral head [2]. Total hip arthroplasty remains the
definitive surgical intervention for advanced osteonecro-
sis of the femoral head, providing pain relief and func-
tional restoration [3]. Nevertheless, non-traumatic patients
face a markedly increased risk of post-operative disloca-
tion [4]. During the repair of osteonecrosis, aberrantly el-

dating the mechanisms governing osteoclast activation is of
great value for improving the success rate of joint replace-
ment in affected individuals.

The sirtuin family comprises NAD*-dependent
deacetylases, deacylases, and ADP-ribosyltransferases
[6], which usually possess multiple functions, including
metabolic control, epigenetic modification, and lifespan
extension [7]. Among them, Sirtuin 1 (SIRTI), Sirtuin
3(SIRT3), Sirtuin 6 (SIRT6), and Sirtuin 7 (SIRT7) mod-
ulate bone cells to directly regulate skeletal development
and homeostasis [8]. In particular, SIRT3 drives osteoclast
mitochondrial mass and promotes mitochondrial activity
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and the maturation and function of osteoclasts in a PTEN-
induced kinase 1 (PINKI)-independent manner, thereby
engendering bone loss in mice [9], underscoring its crucial
role in osteoclast activation. Our previous work further
demonstrated that inhibiting the expression of SIRT3 can
prevent bone resorption and the generation of osteoclasts
by suppressing Extracellular signal-regulated kinase (ERK)
and c-Jun N-terminal kinase (JNK) signaling pathways
[10]. Thus, given that excessive osteoclast formation
and activation of bone resorption are recognized drivers
of widespread bone destruction and implant failure [11],
identifying a gene or drug that effectively targets SIRT3
to counter osteoclastogenesis may represent a promising
therapeutic strategy for improving osteonecrosis outcomes.

Urolithin A (UA), a natural metabolite generated by
gut microbiota from dietary ellagitannins and ellagic acid,
has antioxidant, anti-inflammatory, anti-apoptotic, and anti-
carcinogenic properties, offering protection against neu-
rodegeneration and aging-related disorders that affect mus-
cle, brain, joints, and other organs [12,13,14,15]. Addition-
ally, UA confers beneficial effects against joint structural
damage by attenuating cartilage degeneration, an action
mediated through the modulation of mitochondrial function
[16]. Notably, emerging evidence implicates UA in modu-
lating osteoclast activity. For instance, UA can inhibit Re-
ceptor Activator of Nuclear Factor-kB Ligand (RANKL)
-induced osteoclastogenesis and post-menopausal osteo-
porosis by suppressing inflammation and the pyroptosis
pathway activated by downstream Nuclear factor-xB (NF-
kB) [17]. A prior study further report that UA can reg-
ulate the sirtuin family member SIRT! [18]. However,
whether UA influences osteoclast activation via other sir-
tuins, such as SIRT3, and the role it plays in the treatment
of osteonecrosis has not yet been systematically studied.

The present study investigated the impact of UA on
osteoclast activation and osteonecrosis. We hypothesized
that the protective effect of UA against osteonecrosis is
closely attributed to the downregulation of SIRT3 expres-
sion and the subsequent inhibition of aberrant osteoclast ac-
tivity. Using in vitro assays and in vivo models, we evalu-
ated the effects of UA on SIRT3 expression and its conse-
quent regulation of osteoclast activation and function. This
study aimed to elucidate whether UA regulates osteoclast
activation and function through SIRT3, and to evaluate its
therapeutic potential in a mouse model of glucocorticoid-
induced osteonecrosis.

Materials and Methods

Mouse Experiments

All animal procedures were approved by the Animal
Research Ethics Committee of Changshu Hospital Affili-
ated to Nanjing University of Chinese Medicine (approval
date: September 5, 2025), and conducted in strict accor-
dance with the Guide for the Care and Use of Laboratory
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Animals (8th ed., National Academies Press, 2011) and the
ARRIVE Guidelines 2.0.

C57BL/6 mice (8-week-old, 20-25 g, male) were
randomly assigned to three groups: Sham, Model, and
Model+UA, using a computer-generated random number
table with 8 mice per group (n = 8/ group). Mice in the
Model and Model+UA groups received two intraperitoneal
injections of lipopolysaccharide (LPS, HY-D1056, MCE,
Princeton, NJ, USA) at 20 pg/kg (injection volume: 100
pL), with a 24 h interval. Mice were subsequently given in-
tramuscular injections of methylprednisolone sodium suc-
cinate (HY-B1900, MCE, Princeton, NJ, USA) at 40 mg/kg
(injection volume: 100 pL), 4 times per week with intervals
of 24 h. Sham mice received sterile saline solution of equiv-
alent volumes (100 pL) with the same frequencies and dura-
tions. In addition, the Model+UA group received daily in-
traperitoneal injections of UA (HY-100599, MCE, Prince-
ton, NJ, USA) at 50 mg/kg (dissolved in 2% Dimethyl sul-
foxide (DMSO) + 98% sterile saline, injection volume: 100
pL), whereas the other groups received equivalent volumes
of the vehicle (2% DMSO + 98% sterile saline). The ad-
ministration period was completed for 4 weeks. All animals
were housed under standard conditions (12 h light/dark cy-
cle, 22 £2 °C, 50 + 10% humidity) with free access to food
and water. During tissue harvesting and subsequent histo-
logical analyses, the investigators were blinded to the group
assignments. After 4 weeks, animals were euthanized by
cervical dislocation under deep anesthesia induced by in-
traperitoneal injection of pentobarbital sodium (50 mg/kg),
and femoral heads were carefully harvested for use. Eight
mice per group were used for model establishment. For his-
tological and molecular analyses, three mice were randomly
selected from each group for further examination.

Cell Selection and Culture

Since macrophages are the principal producers of
pro-inflammatory cytokines elicited by wear debris dur-
ing osteolysis, primary bone-marrow-derived macrophages
(BMMs) were obtained from the bone marrow flushed from
femora and tibiac of 6-week-old female C57BL/6 mice
(Model Organisms Center, Shanghai, China). Cells were
cultured in a-MEM supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin at 37 °C un-
der 5% CO,. Non-adherent cells were removed, and the re-
maining cells were seeded in 24-well plates and stimulated
with Macrophage Colony-Stimulating Factor (M-CSF) plus
RANKL to induce macrophage differentiation towards os-
teoclasts. BMMs were stimulated with M-CSF (30 ng/mL)
plus RANKL (50 ng/mL) in the presence or absence of UA
to induce differentiation towards osteoclasts [10]. After
6 days, mature osteoclasts (=3 nuclei) were identified by
Tartrate-Resistant Acid Phosphatase (TRAP) staining (see
Section TRAP Staining) and used for subsequent assays.
Mycoplasma contamination was routinely monitored using
a Mycoplasma Detection Kit (Beyotime, Shanghai, China)
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Table 1. qRT-PCR primers.

Primer

Forward (5'-3")

Reverse (5'-3")

Sirtuin 3 (SIRT3)

CGGCTCTATACACAGAACATCG

CATCAGCCCATATGTCTTCCC

Acid phosphatase 5 (4cp5) ACATGACCACAACCTGCAG  CCTCAGATCCATAGTGAAACCG
Cathepsin K (Ctsk) TGACCACTGCCTTCCAATAC CTCTGTACCCTCTGCATTTAGC
Matrix metallopeptidase 9 (Mmp9) GATCCCCAGAGCGTCATTC CCACCTTGTTCACCTCATTTTG

Integrin subunit beta 3 (/1gh3)
ATPase H+ transporting VO subunit d2 (4#p6v0d2)

p-actin

TCGTCAGCCTTTACCAGAATT
CTAGTGCAGTGTGAGACCTTG
ACCTTCTACAATGAGCTGCG

CGTACTTCCAGCTCCACTTTAG
TTAGCCAGGAAGTTGCCATAG
CCTGGATAGCAACGTACATGG

according to the manufacturer’s instructions. All cell cul-
tures were confirmed to be mycoplasma-free prior to exper-
iments. The working concentration of UA in subsequent
experiments was 3 uM.

Cell Transfection

Plasmids encoding S/RT3-overexpression (oe-SIRT3)
and negative control (0oe-NC) were designed and syn-
thesized by GenePharma (Shanghai, China). The oe-
SIRT3 plasmid was constructed by cloning the full-length
coding sequence of mouse SIRT3 (NCBI RefSeq: NM
001017524.3) into the pcDNA3.1(+) vector. The con-
structed plasmid was verified by Sanger sequencing (per-
formed by GenePharma) to confirm the correct insertion
and sequence integrity. Subsequently, the aforementioned
plasmids were transfected into BMMs using Lipofectamine
2000 (11668500, Invitrogen, Waltham, MA, USA), with
detailed conditions described as follows: BMMs were
seeded in 24-well plates at a density of 2 x 10° cells per
well 24 h prior to transfection to reach 70%—-80% conflu-
ence at transfection. A total of 2 pg plasmid DNA and 5
puL Lipofectamine 2000 were added to each well. After 6
h of incubation, the medium was replaced with complete
medium supplemented with M-CSF and RANKL for sub-
sequent culture. Transfection efficiency was verified by de-
tecting SIRT3 protein expression via western blot (WB).

quantitative Real-Time polymerase chain reaction
(qRT-PCR)

gRT-PCR was employed to quantify the expression
of osteoclast-related genes during osteoclast differentia-
tion. Briefly, total RNA was extracted with TRIzol (R0016,
Beyotime, Shanghai, China) and reverse-transcribed into
cDNA using PrimeScript RT reagent (RR037A, Kusatsu,
Takara, Japan). SYBR Premix Ex Taq (RR420A, Kusatsu,
Takara, Japan) was used to prepare qRT-PCR and monitor
amplification of DNA during PCR in real time. Target gene
expression was detected on an ABI 7900 HT Real-Time
PCR System (Applied Biosystems, Waltham, MA, USA).
P-actin served as the internal reference, and all reactions
were run in triplicate. Relative gene expression was calcu-
lated using the 2722* method. Primer sequences are listed
in Table 1.

WB

Proteins were extracted from cell and tissue samples
with Radioimmunoprecipitation assay (RIPA) lysis buffer
(R0278, Sigma-Aldrich, St. Louis, MO, USA) and cen-
trifuged at 12000 rpm. Proteins were then collected from
the supernatants, and concentrations were determined us-
ing BCA protein assay kits (23225, Thermo Fisher Scien-
tific, Waltham, MA, USA). Proteins were separated on 10%
Sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and transferred to Polyvinylidene fluo-
ride (PVDF) membranes. Membranes were blocked with
QuickBlock™ blocking buffer (P0252, Beyotime, Shang-
hai, China) to reduce non-specific binding, then incu-
bated overnight at 4 °C on a shaker with the following
primary antibodies from Abcam (Cambridge, UK): Rab-
bit anti-SIRT3 (ab246522, diluted at 1:1000), Rabbit anti-
Nuclear factor of activated T cells, cytoplasmic 1 (NFATc1)
(ab25916, diluted at 1:1000), Rabbit anti-BCL2/adenovirus
E1B interacting protein 3-like (Nix) (ab155010, diluted
at 1:1000), Rabbit anti-BCL2/adenovirus E1B 19 kDa
protein-interacting protein 3 (Bnip3) (ab109362, diluted
at 1:1000), and Rabbit anti-B-actin (ab8227, diluted at
1:5000). After washing, membranes were incubated with
HRP-conjugated Goat anti-Rabbit IgG (ab6721, Abcam,
Cambridge, UK, diluted at 1:5000). Signals were visual-
ized using BeyoECL Plus (Beyotime, Shanghai, China), an
ultrasensitive Enhanced chemiluminescence (ECL) chemi-
luminescence kit (PK10003, Proteintech, Wuhan, China),
and were quantified with ImagelJ 6.0 software (NIH,
Bethesda, MD, USA).

Acetylation Assay

To assess the acetylation level of ATPase inhibitory
factor 1 (ATPIF1), cell lysates were centrifuged at 12000
xg for 15 min at 4 °C, and the resulting supernatants were
collected. Protein concentrations were determined using
the BCA method (Thermo Fisher Scientific, Waltham, MA,
USA). A total of 500 pg of protein was incubated with an
anti-ATPIF1 antibody (#8528, Cell Signaling, USA, diluted
at 1:100) for 2 h at 4 °C, followed by an additional 1 h incu-
bation with Protein A/G magnetic beads. After thorough
washing, the immune complexes were eluted by boiling.
The eluted samples were resolved by 10% SDS-PAGE and
transferred onto membranes. The membranes were then
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incubated overnight at 4 °C with an anti-acetylated-lysine
antibody (#9441, Cell Signaling, USA, diluted at 1:1000),
followed by a 1 h incubation at room temperature with an
HRP-conjugated goat anti-rabbit IgG secondary antibody
(ab6721, Abcam, Cambridge, UK, diluted at 1:5000). Fi-
nally, chemiluminescent detection was performed using the
BeyoECL Plus (Ultra-sensitive ECL Chemiluminescence
Kit; Beyotime, Shanghai, China). Band gray-scale analy-
sis of AC-Lys was performed using Imagel 6.0 software.

Mitochondrial Respiration

BMMs were seeded into Seahorse XF96 microplates
(102416, Agilent, Santa Clara, CA, USA) at a density of
1.5 x 10* cells per well. Subsequently, osteoclast differ-
entiation was induced by M-CSF and RANKL in the pres-
ence or absence of 3 uM UA. Upon completion of differ-
entiation, the culture medium was discarded and replaced
with XF assay medium (103575, Agilent, Santa Clara, CA,
USA). The culture plates were then equilibrated in a CO,-
free incubator at 37 °C for 20 min. Basal respiration levels
were recorded three times using an XF96 analyzer. Sub-
sequently, 10 pg/mL oligomycin (495455, Sigma-Aldrich,
St.  Louis, MO, USA) was added to inhibit mitochon-
drial ATP synthase, and the decline in oxygen consump-
tion rate (OCR) corresponding to ATP turnover was mea-
sured. Next, 5 uM of the oxidative phosphorylation uncou-
pler FCCP (C2920, Sigma-Aldrich, St. Louis, MO, USA)
was injected to determine maximal respiratory capacity. A
mixture of 10 uM antimycin A (77332, Sigma-Aldrich, St.
Louis, MO, USA) and 10 uM rotenone (R8875, Sigma-
Aldrich, St. Louis, MO, USA) was added to block elec-
tron transport chain activity, allowing assessment of non-
mitochondrial oxygen consumption. Parameters such as
basal mitochondrial respiration and ATP-linked respiration
were calculated from the obtained data according to a pre-
viously described method [9]. All acquired OCR data were
normalized to the total cell count of each well.

Mitochondrial Superoxide Production

Mitochondrial superoxide levels were measured us-
ing MitoSOX Red (M36008, Thermo Fisher Scientific,
Waltham, MA, USA), a mitochondria-specific probe. Cells
were seeded in black 96-well microplates. After treat-
ment with 3 uM UA, the medium was replaced with assay
medium containing 3 uM MitoSOX, followed by a 30 min
incubation at 37 °C. Kinetic measurements were then per-
formed over 120 min using a Cytation™ 5 multimode plate
reader (BioTek, Winooski, VT, USA). The oxidation rate
of MitoSOX was evaluated by monitoring fluorescence sig-
nals at Aex/Aem = 510/580 nm.

Cell Counting Kit-8 (CCK-8) Cell Viability Assay

A CCK-8 kit (C0038, Beyotime, Shanghai, China)
was used to assess the cytotoxicity of UA toward BMMs.
BMMs were seeded at 5000 cells per well in 96-well plates,
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treated with UAat concentrations of 0, 1, 2, 3, 4, 5, and 6
pM, and incubated in an Vios™ iDx 255 L CO2 Incuba-
tors (Thermo Fisher Scientific, Waltham, MA, USA) for
24 h or 48 h at 37 °C with 5% CO,. 10 pL of CCK-8
reagent was added to each well and incubated for 2 h. Ab-
sorbance (OD value) at 450 nm was measured with a Var-
ioskan LUX multimode microplate reader (Thermo Fisher
Scientific, Waltham, MA, USA) to determine optimal con-
centration and time of UA treatment.

To evaluate the effect of long-term UA treatment on
BMMs viability, cells were seeded in 96-well plates at a
density of 5 x 10° cells per well and cultured in complete
medium containing M-CSF (30 ng/mL) and RANKL (50
ng/mL). Fresh medium supplemented with 3 uM UA was
replaced daily over a continuous 6-day culture period, with
complete medium containing UA being renewed every 2
days. After 6 days, the original medium was discarded, and
100 pL of fresh medium containing 10 uL of CCK-8 reagent
was added to each well, followed by incubation at 37 °C for
2 h. The OD was then measured at 450 nm.

TRAP Staining

BMM s were seeded at 8 x 10* cells per well in 24-well
plates and stimulated with RANKL and M-CSF in the pres-
ence or absence of UA to induce osteoclast differentiation.
Femurs were decalcified with Ethylenediaminetetraacetic
acid (EDTA) solution (1.08431, Sigma-Aldrich, St. Louis,
MO, USA) for 28 days, embedded in paraffin, and sectioned
with a paraffin microtome (Leica, Germany). A TRAP
staining kit (387A, Sigma-Aldrich, St. Louis, MO, USA)
was then used to assess osteoclast differentiation in cells
or tissue sections. After staining, samples were examined
under a high-resolution microscope (Axio Imager 2, Zeiss,
Oberkochen, Germany). In in vitro experiments, ImagelJ
6.0 software was applied to count TRAP-positive multinu-
cleated cells (=3 nuclei per cell). For in vivo bone tissue
sections, accurate enumeration of multinucleated cells was
unfeasible, as osteoclasts adhered to bone surfaces and fre-
quently exhibited distorted incomplete morphology due to
compression by the bone matrix. Accordingly, the percent-
age of TRAP-positive area (TRAP-positive area/ total bone
tissue area x 100%) was adopted as the quantitative indica-
tor, and ImageJ 6.0 software was utilized to measure the
area of positive signals.

Hematoxylin and eosin staining (H&E) Staining

H&E staining kits (C0105, Beyotime, Shanghai,
China) were employed for histological assessment.
Paraffin-embedded femoral sections were deparaffinized
with xylene and rehydrated through graded ethanol:
absolute ethanol for 5 min, followed by 2 min each in
90%, 80%, and 70% ethanol, and a final rinse in distilled
water for 2 min. Sections were stained with hematoxylin
for 10 min, rinsed, then counterstained with eosin for 1
min. After dehydration, clearing, and mounting, sections
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were examined under a Zeiss microscope (Axio Imager
2, Oberkochen, Germany). Nuclei appeared blue and
cytoplasm pink or red.

The Osteoarthritis Research Society International
(OARSI) grading system was applied to evaluate cartilage
degeneration in femoral head sections. Scores were as-
signed based on the extent of cartilage surface degenera-
tion and structural changes, ranging from grade 0 (normal)
to grade 6 (severe degeneration). In this study, the OARSI
score only acted as an auxiliary reference for evaluating
cartilage degeneration rather than the primary criterion for
judging the severity of osteonecrosis [19,20]. The severity
of osteonecrosis was assessed using more specific histolog-
ical markers, including empty lacunae and trabecular col-
lapse. Two independent observers blinded to the treatment
groups performed the scoring.

Safranin O/Fast Green Staining

Femoral heads were fixed in 10% paraformalde-
hyde, decalcified, paraffin-embedded, and serially sec-
tioned. Sections were stained with Weigert’s hematoxylin
(HT1079, Sigma-Aldrich, St. Louis, MO, USA) for 10
min, washed in running water, then counterstained with fast
green (Solarbio, China) for 6 min and differentiated in 1%
acetic acid for 30 s. Subsequently, sections were stained
with 0.1% safranin O (S2255, Sigma-Aldrich, St. Louis,
MO, USA) for 12 min, rinsed with deionized water, dif-
ferentiated in 70% ethanol, dehydrated, and mounted with
Eukitt (03989, Sigma-Aldrich, St. Louis, MO, USA). Im-
ages were captured under a Zeiss microscope (Axio Imager
2, Oberkochen, Germany).

Immunohistochemistry (IHC) Staining

Paraffin-embedded femoral sections were baked at 60
°C for 30 min, deparaffinized in xylene, and rehydrated
through a graded ethanol series. Antigen retrieval was per-
formed by heating the sections in 0.01 M sodium citrate
buffer at 95 °C for 20 min. Endogenous peroxidase activ-
ity was blocked with 3% H,0O, for 15 min at room tem-
perature, followed by incubation with 5% bovine serum al-
bumin (BSA) (MCE, Monmouth Junction, NJ, USA) for
30 min at 37 °C to block nonspecific binding. The sec-
tions were then incubated overnight at 4 °C with a rabbit
anti-SIRT3 antibody (CST #5490, Cell Signaling, Danvers,
MA, USA, diluted at 1:200). After washing with PBS, a
horseradish peroxidase (HRP)-conjugated goat anti-rabbit
IgG secondary antibody (SAB3700885, Sigma, St. Louis,
MO, USA, diluted at 1:5000) was applied for 30 min at
37 °C. Subsequently, 3,3'-diaminobenzidine (DAB) (HY-
W025920, MCE, Monmouth Junction, NJ, USA) chro-
mogen solution was added, and the reaction was terminated
once a distinct brick-red color developed. Finally, the nu-
clei were counterstained with hematoxylin, and the sections
were mounted with a mounting medium prior to micro-
scopic observation. Five random high-power fields (X200

magnification) were captured per section and analyzed us-
ing ImageJ 6.0 software. The percentage of SIRT3-positive
area was calculated as: total area of SIRT3-positive cells /
total tissue area within each field x 100%.

Immunofluorescence (IF) Staining

Following the same deparaffinization and antigen re-
trieval procedure described above, sections were permeabi-
lized with 0.3% Triton X-100 (9002-93-1, Solarbio, Bei-
jing, China) for 15 min and blocked with 5% BSA for
30 min. The sections were then incubated overnight at 4
°C with a rabbit anti-NFATc1 antibody (ab25916, Abcam,
Cambridge, UK, diluted at 1:100). After washing with PBS,
an Alexa Fluor 488-conjugated goat anti-rabbit IgG sec-
ondary antibody (ab150077, Abcam, Cambridge, UK, di-
luted at 1:500) was applied for 1 h at 37 °C. Nuclei were
counterstained with 4',6-diamidino-2-phenylindole(DAPI)
(HY-D2868, MCE, Monmouth Junction, NJ, USA) for 5
min. The sections were mounted with an antifade mounting
medium and visualized under a fluorescence microscope
(Axio Imager 2, Zeiss, Oberkochen, Germany). Five ran-
dom high-power fields (X200 magnification) were selected
from each section. The average fluorescence intensity of
NFATc1 green fluorescence was quantified using Imagel
6.0 software, defined as the mean fluorescence intensity of
NFATc! signals covering all DAPI-positive regions within
each field. Sections from at least three animals were an-
alyzed per group. Additionally, the proportion of nuclear
NFATc1-positive cells was quantified, calculated as the per-
centage of cells with colocalized NFATc1 green fluores-
cence and DAPI blue signals relative to the total number of
DAPI-positive cells. No fewer than 500 cells were counted
for each group.

Statistical Analysis

All data were analyzed using GraphPad Prism 8.0
(GraphPad, San Diego, CA, USA) and are expressed as
mean * standard deviation. All quantitative data were
first assessed for normality using the Shapiro—Wilk test.
Data conforming to a normal distribution (p > 0.05) were
subsequently analyzed using parametric tests. Compar-
isons between two groups were performed with unpaired
t-tests. Multiple-group comparisons were made using one-
way ANOVA followed by Tukey’s post hoc test for multi-
ple comparisons. All stained images were independently re-
viewed in a blinded manner by a pathologist to confirm that
intergroup differences observed in the images were consis-
tent with the descriptions in the manuscript. p < 0.05 was
considered statistically significant.
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Results

In Vitro Investigation of the Effects of UA on
Osteoclast Activation and Function

First, we examined the influence of various concentra-
tions of UA (MCE, USA) on the viability of mouse BMMs
cultured for 24 h or 48 h. As shown in Fig. 1A, 24 h
of UA treatment did not significantly affect BMM viabil-
ity. Influence on cell viability after UA treatment at <3
uM for 48 h remained non-significant. Furthermore, com-
pared with the control group, treatment with 3 uM urolithin
A for 6 days had no significant effect on BMMs cell vi-
ability (Fig. 1A). Based on these results, all subsequent
in vitro experiments were performed with continuous UA
intervention at 3 pM, starting from Day 0 of differenti-
ation induction, with fresh UA supplemented daily upon
medium replacement until the respective experimental end-
points. In this study, BMMs were further stimulated with
M-CSF (30 ng/mL) and RANKL (50 ng/mL) for 6 days.
TRAP staining revealed abundant multinucleated (=3 nu-
clei) TRAP-positive cells (Fig. 1B). WB analysis demon-
strated markedly elevated protein levels of NFATc1, a mas-
ter transcription factor governing osteoclastogenesis (Fig.
1C). qRT-PCR results exhibited significant upregulation
of osteoclast-specific marker genes including Acp35, Ctsk,
Mmp9, Itgh3, and Atp6v0d2 (Fig. 1D). Collectively, these
data confirm the successful differentiation of BMMs into
mature osteoclasts.

BMMs were subsequently stimulated with or without
UA treatment during osteoclast differentiation induced by
RANKL and M-CSF, to evaluate the effects of UA on os-
teoclast activation and function. TRAP staining results re-
vealed that the number of TRAP-positive osteoclasts was
markedly reduced in the UA-treated group (p < 0.05) (Fig.
1B), indicating that UA effectively inhibited osteoclastoge-
nesis. WB analysis further demonstrated that UA treatment
significantly downregulated the protein level of NFATc1 (p
<0.05) (Fig. 1C). qRT-PCR assays showed that the mRNA
expression of Acp5, Ctsk, Mmp9, Itgb3, and Atp6v0d2,
was substantially decreased following UA intervention (p
<0.05) (Fig. 1D). To rule out the possibility that the reduc-
tion in TRAP-positive cells resulted from long-term cyto-
toxicity of UA, we further detected cell viability after con-
tinuous treatment with 3 pM UA for 6 days. CCK-8 assay
results showed that 3 uM UA treatment exerted no signifi-
cant effect on BMMs cell viability compared with the con-
trol group (Fig. 1A), confirming that this concentration of
UA exhibits no obvious long-term cytotoxicity within the
experimental period. Collectively, these data demonstrated
that UA inhibited osteoclast activation and function.

UA Regulates Osteoclast Activation and
Mitochondrial Function by Modulating SIRT3
Expression

Given the pronounced effects of UA on osteoclast ac-

tivation and function, we next explored whether these ef-
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fects were mediated by SIRT3. During the course of con-
tinuous UA intervention, SIRT3 protein levels were exam-
ined on Days 1, 3, and 5. WB revealed that SIRT3 levels
were significantly lower in the UA-treated groups than in
the corresponding control groups at each time point. More-
over, SIRT3 protein expression in osteoclasts exhibited a
progressive decline with increasing duration of UA treat-
ment (p < 0.05) (Fig. 2A). A previous study has shown
that STRT3 promotes receptor-mediated mitophagy in osteo-
clasts by deacetylating ATPIF 1, thereby facilitating osteo-
clast maturation and function [9]. Based on these findings,
we hypothesized that UA enhances ATPIF1 acetylation by
reducing SIRT3 levels, consequently affecting mitophagy
and osteoclast maturation. To test this hypothesis, BMMs
treated with UA were additionally transfected with a SIRT3
overexpression vector (oe-S/R73). WB analysis revealed
that UA treatment led to a marked decrease in SIRT3 protein
levels, whereas oe-SIRT3 transfection substantially restored
SIRT3 expression, further corroborating the inhibitory ef-
fect of UA on SIRT3. Quantitative analysis revealed that
oe-SIRT3 transfection increased SIRT3 protein levels by ap-
proximately 1.8-fold compared with the oe-NC group (p <
0.05), confirming the successful overexpression of SIRT3
in BMMs (p < 0.05) (Fig. 2B). Examination of mitophagy-
related proteins showed that UA treatment significantly re-
duced the protein levels of Nix and Bnip3, two markers of
receptor-mediated mitophagy; this reduction was partially
reversed upon SIRT3 overexpression (p < 0.05) (Fig. 2B).
Acetylation analysis demonstrated that UA treatment af-
fected the acetylation level of ATPIF1, while SIRT3 overex-
pression reduced the Ac-lys level (Fig. 2B). Notably, UA
treatment also markedly suppressed both basal mitochon-
drial respiration and ATP-linked respiration in BMMs (p
< 0.05) (Fig. 2C), accompanied by a pronounced increase
in mitochondrial reactive oxygen species levels (p < 0.05)
(Fig. 2D). Collectively, these results suggested that UA,
by downregulating SIRT3 expression, and then maybe en-
hance ATPIF1 acetylation, thereby impairing mitophagic
capacity and compromising mitochondrial function in os-
teoclasts. Furthermore, TRAP staining revealed that UA
treatment significantly inhibited osteoclast formation, and
this inhibitory effect on osteoclast differentiation and acti-
vation was notably reversed by SIRT3 overexpression (p <
0.05) (Fig. 2E). Taken together, these findings suggested
that SIRT3 plays an important role in mediating the ef-
fects of UA on mitophagy and differentiation in osteoclasts,
though additional mechanisms may also contribute. The
overexpression rescue experiments provide evidence that
restoring SIRT3 levels can partially reverse UA’s inhibitory
effects, supporting the involvement of SIR73 in UA’s mech-
anism of action.

UA Alleviates Osteonecrosis of the Femoral Head

Given that our earlier in vitro data demonstrated
that UA effectively suppressed osteoclastogenesis, we next
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Fig. 1. Effects of UA on osteoclast activation and function in vitro. BMMs were stimulated with M-CSF and RANKL in the presence
or absence of UA to induce osteoclast differentiation: (A) The effects of 0, 1, 2, 3, 4, 5, and 6 uM UA on cell viability were detected at 24
h and 48 h after treatment (left panel) (n = 3). The cell viability was further examined by CCK-8 assay following continuous treatment
with 3 pM UA for 6 days (right panel) (n = 3). (B) Representative images of TRAP staining and quantitative analysis of TRAP-positive
cells (n = 3). The red boxes indicate TRAP-positive multinucleated osteoclasts. (C) WB analysis and quantitative quantification of the
protein expression of NFATc1, a key osteoclast marker (n = 3); (D) qRT-PCR quantification of mRNA levels of osteoclast differentiation-
and function-related genes (Acp3, Ctsk, Mmp9, Itgh3, and Atp6v0d2) (n = 3). *p < 0.05, **p < 0.01, ***p <0.001, ****p <0.0001, ns,
not significant. All n = 3 refer to three independent biological replicates. UA, Urolithin A; BMMs, bone-marrow-derived macrophages;
M-CSF, Macrophage Colony-Stimulating Factor; RANKL, Receptor activator of nuclear factor-kB ligand; CCK-8, Cell Counting Kit-8;
TRAP, Tartrate-resistant acid phosphatase; WB, Western blot; NFATc1, Nuclear factor of activated T cells, cytoplasmic 1; qRT-PCR,
quantitative Real-Time polymerase chain reaction; Acp5, Acid phosphatase 5; Ctsk, Cathepsin K; Mmp9, Matrix metallopeptidase 9;
Itgh3, Integrin subunit beta 3; Aip6v0d2, ATPase H+ transporting VO subunit d2.

sis and inflammatory cell infiltration (red arrows). Frac-
tured trabeculae with irregular margins were also observed

constructed a murine model of glucocorticoid-related os-
teonecrosis of the femoral head to validate UA’s role in

alleviating osteonecrosis. H&E staining revealed severe
structural abnormalities in the femur of the model group.
Partial bone architecture was completely destroyed and re-
placed by hyperplastic synovial tissue with obvious fibro-

(black arrows). In contrast, UA treatment only induced
mild femoral structural defects. Focal incomplete bone tis-
sue filled with fibrotic hyperplastic synovium and inflam-
matory infiltration was still present (red arrows), while the
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medullary cavity exhibited compact bone marrow and in-
tact trabeculae without thinning (Fig. 3A). Safranin O/Fast
Green staining showed smooth and intact articular cartilage
surfaces with uniformly red-stained cartilage matrix and
normal cartilage thickness in the sham group. The model
group displayed abundant blue-green fibrous tissue at bone
defect sites with negligible cartilage formation. After UA
intervention, the area of red cartilage matrix was markedly
expanded and cartilage architecture was partially restored
(Fig. 3A). Consistently, the model group had significantly
higher OARSI scores relative to the sham group, whereas
UA administration markedly reversed this elevation (p <
0.05) (Fig. 3E). TRAP staining demonstrated abundant
TRAP-positive osteoclasts (wine-red cytoplasm, pale blue
nuclei) lining bone surfaces in the model group. Com-
pared with the model group, the TRAP-positive staining
area was significantly reduced in the UA treatment groups
(p <0.05) (Fig. 3B,F). Further IHC and IF analyses were
performed to assess the expression of SIRT3 and NFATcl in
femoral tissues. Compared with the Sham group, the Model
group exhibited markedly elevated levels of both SIRT3 and
NFATc1, whereas UA administration significantly reduced
their expression (p < 0.05) (Fig. 3C,D,G,H). WB analysis
yielded consistent results, confirming that UA downregu-
lated SIRT3 and NFATcl protein levels in mouse femurs
(p < 0.05) (Fig. 3I). Concomitantly, relative to the con-
trol group, the Model group showed pronounced increases
in the protein levels of the receptor-associated mitophagy
markers Nix and Bnip3, which were attenuated following
UA treatment (p < 0.05) (Fig. 3I). Taken together, the
present findings demonstrated that UA effectively allevi-
ated osteonecrosis in mice, and this protective effect was
closely associated with SIRT3-dependent regulation of mi-

tophagy.
Discussion

Total hip arthroplasty, the primary treatment for os-
teonecrosis of the femoral head, has shown variable long-
term outcomes, with younger patients facing particular
challenges including implant longevity and post-operative
complications [4,21]. Restoration of the femoral head relies
on a delicate equilibrium between osteoblasts and osteo-
clasts, and inhibition of osteoclast differentiation can effec-
tively decelerate osteonecrosis progression [5,22]. Through
literature review we identified UA as a promising modula-
tor of skeletal architecture, although the underlying mecha-
nisms were still incompletely understood. Therefore, this
study investigated the precise mechanisms by which UA
regulated osteoclast activation and osteonecrosis, with a
particular focus on the S/RT3-mediated mitophagy path-
way.

Intestinal metabolite UA has been shown to sup-
press osteoclastogenesis and aging-related osteoporosis by
enhancing autophagy in BMMs [23]. UA suppresses

RANKL-induced osteoclast differentiation in a Bone mor-
phogenetic protein 2 (BMP-2)-dependent manner [24]. Our
findings corroborated these observations. A series of stain-
ing assays revealed that an optimal concentration of UA
greatly reduced TRAP-positive areas and suppressed bone
resorption. Consistently, qRT-PCR showed that UA down-
regulated the expression of key osteoclastic genes (Acp3,
Ctsk, Mmp9, Itgh3, and Atp6v0d2), confirming its ability
to inhibit both the activation and function of osteoclasts.
Notably, our study extends these prior findings in several
important aspects. First, while Tao et al. [23] emphasized
the role of UA in enhancing general autophagy, our work
reveals that UA specifically suppresses receptor-mediated
mitophagy in osteoclasts, suggesting that UA’s effects on
autophagy/mitophagy are context-dependent and cell type-
specific. Second, Wang et al. [24] reported that UA inhibits
osteoclast differentiation via BMP-2 signaling, whereas our
study identifies SIRT3 as an additional critical mediator of
UA’s anti-osteoclastogenic effects, broadening the mech-
anistic understanding of UA’s action. Furthermore, WB
analysis revealed a significant reduction in NFATc1 protein
levels, a master transcription factor for osteoclastogenesis,
providing molecular evidence that UA interferes with the
core differentiation program of osteoclasts.

Previous research has indicated that UA ameliorates
PINKI-dependent mitophagy and mitochondrial respira-
tion [16], highlighting its notable capacity to modulate
mitochondria-related functions. However, it is worth not-
ing that in mammalian cells, mitophagy can be catego-
rized into four principal types: PINK//Parkin RBR E3
ubiquitin protein ligase (PARKIN)-mediated mitophagy,
receptor-mediated mitophagy, lipid receptor-mediated mi-
tophagy, and piecemeal mitophagy [25]. Among these,
the PINK1/PARKIN pathway primarily governs ubiquitin-
dependent mitophagy, whereas receptor-mediated mi-
tophagy is activated in distinct cellular contexts and relies
on various autophagy receptors constitutively localized to
the outer mitochondrial membrane, including Bnip3 and
Nix. Our findings demonstrated that UA influenced the ex-
pression of SIRT3, a member of the mitochondrial deacety-
lase family in osteoclasts, and regulates the acetylation level
of ATPIF1, thus suppressing receptor-mediated mitophagy
in these cells. The SIRT3 overexpression rescue experiment
further confirmed that restoring S/RT3 levels partially re-
versed UA’s inhibitory effects on osteoclast differentiation
and mitophagy, supporting the critical role of SIRT3 in me-
diating UA’s action, but the regulation of ATPIF1 acetyla-
tion is still exploratory evidence, and the specific regula-
tion details need to be further confirmed. However, we ac-
knowledge that the absence of SIRT3 knockdown or phar-
macological inhibition data limits the strength of this con-
clusion, and future studies employing genetic knockdown
or conditional knockout of S/RT3 are needed to provide
more definitive evidence. SIRT3 governs the activity of nu-
merous mitochondrial metabolic enzymes and is indispens-
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able for mitochondrial adaptation to diverse stresses [26],
and participates in key biological processes including ox-
idative stress, inflammation, DNA damage, and apoptosis
[27]. Meanwhile, SIRT3 is also a critical driver of aging-
related joint disorders such as osteoporosis and osteoarthri-
tis [28,29]. Notably, SIRT3 is intimately involved in main-
taining bone metabolic homeostasis, as its activity is closely
linked to osteoclast maturation [9]. Collectively, these find-
ings suggested that UA may influence osteoclast activa-
tion by modulating STRT3 expression. We also employed a
glucocorticoid-induced osteonecrosis mouse model to test
UA’s impacts on osteonecrosis progression in vivo. Re-
sults showed that UA treatment not only attenuated car-
tilage thinning, trabecular collapse, and the disorganized,
slender trabeculae in the femoral head, but also reduced
SIRT3 protein levels, which indicated that UA mitigated
osteonecrosis and highlighted its potential for assessing and
monitoring the progression of osteoporosis.

Despite the promising findings, several limitations
of this study should be acknowledged. First, while our
SIRT3 overexpression rescue experiments support a criti-
cal role for SIRT3 in mediating the effects of UA on osteo-
clasts, we acknowledge that the absence of SIRT3 knock-
down (siRNA/shRNA), pharmacological inhibition (e.g.,
3-TYP), or osteoclast-specific conditional SIRT3 knock-
out models limits the strength of this conclusion. The
absence of loss-of-function data indicates that the anti-
osteoclastogenic effect of UA can currently only be cor-
related with SIRT3 expression, and whether SIRT3 acts as
the sole or predominant mediator responsible for this pro-
tective effect remains undetermined. Our conclusions are
therefore appropriately tempered to reflect that UA alle-
viates osteonecrosis “at least in part” through downregu-
lation of SIRT3. Future studies employing SIRT3 knock-
down, pharmacological inhibition, and conditional knock-
out approaches are essential to provide more definitive ev-
idence for the necessity of SIRT3 in UA’s mechanism of
action. Second, regarding the mitophagy mechanism, our
study demonstrated that UA suppresses receptor-mediated
mitophagy markers (Nix and Bnip3) and impairs mitochon-
drial function in osteoclasts. However, direct visualiza-
tion of mitophagy flux (e.g., using mitophagy reporter con-
structs such as mt-Keima or mCherry-GFP-LC3 tandem
fluorescence) and rescue experiments with mitophagy in-
ducers were not performed, which would further strengthen
the evidence for the mitophagy-dependent mechanism.
The current evidence, while consistent with the pro-
posed mechanism, remains indirect and would benefit
from these additional validations. Third, our experiments
were conducted primarily using mouse-derived bone mar-
row macrophages and a murine model of glucocorticoid-
associated osteonecrosis. The use of female mice for in
vitro BMMs isolation is a standard practice in the field, en-
abling the acquisition of sufficient numbers of macrophages
with uniform differentiation capacity. The use of male mice

for the in vivo osteonecrosis model avoids potential inter-
ference of estrogen fluctuations during the estrous cycle
on bone metabolism and model establishment, thereby en-
suring the stability of experimental conditions. Both sets
of experiments included strictly matched within-sex inter-
nal controls, ensuring that intergroup comparisons were
not confounded by sex-related factors. Nevertheless, we
acknowledge that species differences may, to some ex-
tent, limit the direct extrapolation of our findings to human
pathology. Therefore, the applicability of UA in human-
derived cells and clinical specimens requires further vali-
dation. Fourth, this study focuses predominantly on osteo-
clasts and receptor-mediated mitophagy within these cells.
However, the pathogenesis of osteonecrosis involves mul-
tiple cell types, including osteoblasts, vascular endothelial
cells, and components of the immune microenvironment, as
well as complex intercellular interactions. Whether UA ex-
erts synergistic effects by modulating other cell populations
or signaling pathways remains an open question. These lim-
itations highlight the need for further investigations using
more complex and multidimensional experimental systems
to refine and extend our current findings, which represent
an important direction for our future research efforts.

Conclusion

In conclusion, our study demonstrates that UA alle-
viates osteonecrosis and inhibits osteoclast activation and
function, and these beneficial effects are associated with
the downregulation of SIRT3 expression, elevated ATPIF1
acetylation, and the repression of receptor-mediated mi-
tophagy in osteoclasts. These findings provide novel in-
sights into the therapeutic potential of UA for osteonecrosis
and bone loss-related diseases.
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