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Abstract: Background: Growth differentiation factor 11 (GDF11) has emerged as a potential regulator of bone re-
generation; however, the molecular mechanisms through which it influences osteogenic differentiation, particularly
in relation to mitochondrial quality control, remain unclear. This study aimed to elucidate the role of adenosine
monophosphate-activated protein kinase (AMPK)-dependent mitophagy in GDF11-mediated osteogenic differentia-
tion of rat bone marrow mesenchymal stem cells (rBMMSCs). Methods: rBMMSCs were induced toward osteogenic
differentiation with or without GDF11 treatment. To specifically inhibit AMPK-dependent mitophagy, Compound C,
an AMPK inhibitor, was employed. Osteogenic differentiation was evaluated using alkaline phosphatase (ALP) stain-
ing and activity assays, while Alizarin Red S (ARS) staining was performed to assess matrix mineralization. The ex-
pression of Mitophagy- and osteogenesis-associated markers was analyzed through immunofluorescence staining,
quantitative real-time PCR, and western blotting. Results: GDF11 significantly enhanced the osteogenic differentia-
tion of rBMMSCs, as evidenced by increased ALP activity, more intense ALP staining, enhanced calcium nodule
formation, and elevated expression of ALP and RUNX2. GDF11 activated mitochondrial function by promoting AMPK
phosphorylation and inducing Mitophagy. Inhibition of AMPK significantly impaired Mitophagy, while Compound C-
mediated blockade of AMPK-dependent mitophagy not only suppressed basal osteogenic differentiation but also
abolished the pro-osteogenic effects of GDF11. This was reflected by a pronounced reduction in GDF11-induced ALP
activity, mineralization, and the expression of key osteogenic genes at both the mRNA and protein levels. Conclu-
sion: GDF11 enhances the osteogenic differentiation of rBMMSCs by activating AMPK-dependent mitophagy. These
findings identify AMPK-dependent Mitophagy as a pivotal mechanism mediating the osteogenic actions of GDF11,
providing new mechanistic insights that may guide the development of novel strategies for bone regeneration.
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Introduction phonates) or stimulate bone formation (e.g.,
teriparatide) [3]. However, these strategies are
limited by adverse effects, high treatment
costs, and inconsistent long-term efficacy, un-
derscoring the need to identify novel molecular

targets and therapeutic approaches for regulat-

Osteoporosis (OP) is a systemic skeletal disor-
der characterized by a significant reduction in
bone mass and deterioration of bone microar-
chitecture, which constitutes the primary path-

ological basis for the increased fracture risk
observed in the elderly population [1]. Affecting
more than 200 million individuals worldwide,
OP leads to severe clinical consequences; hip
fractures alone carry an alarming 1-year mor-
tality rate of up to 20%, placing a heavy burden
on patients, their families, and healthcare sys-
tems [2]. Current clinical treatments primarily
aim to inhibit bone resorption (e.g., bisphos-

ing bone metabolism.

Bone marrow mesenchymal stem cells (BMM-
SCs), the main precursors of osteoblasts, pos-
sess robust osteogenic potential and play a
central role in maintaining skeletal homeosta-
sis [4]. In the osteoporotic microenvironment,
however, the osteogenic differentiation capaci-
ty of BMMSCs is significantly impaired, while
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their susceptibility to apoptosis increases [5].
This imbalance leads to reduced bone forma-
tion and accelerated bone loss. Recent evi-
dence highlights the pivotal contribution of
organelle homeostasis, particularly mitochon-
drial function, in determining stem cell fate [6].
Mitophagy, a specialized form of autophagy
responsible for eliminating damaged mitochon-
dria, is crucial for maintaining cellular energy
metabolism and redox balance. Its activity
directly influences the differentiation potential
of stem cells, including BMMSCs [7]. The accu-
mulation of dysfunctional mitochondria triggers
excessive production of reactive oxygen spe-
cies (ROS) and bioenergetic deficits, severely
compromising osteogenic differentiation [8].
Activation of Mitophagy has been shown to
enhance the osteogenic capacity of BMMSCs.
Therefore, understanding the molecular regula-
tors and mechanisms that control Mitophagy in
BMMSCs is essential for elucidating the cellu-
lar basis of OP and developing new therapeutic
approaches.

Growth differentiation factor 11 (GDF11), a
member of the transforming growth factor-p
(TGF-B) superfamily, has garnered significant
attention due to its diverse biological roles, par-
ticularly in aging and tissue regeneration [9].
Despite ongoing debate over its proposed anti-
aging properties, multiple studies have con-
firmed the positive regulatory role of GDF11 in
bone metabolism [10]. Administration of exog-
enous GDF11 has been shown to ameliorate
osteoporosis induced by ovariectomy or aging,
significantly improving bone mass and mechan-
ical strength [11]. However, the downstream
signaling pathways through which GDF11 pro-
motes osteogenesis in BMMSCs, especially
those involving mitochondrial quality control,
remain poorly understood.

Adenosine monophosphate-activated protein
kinase (AMPK) acts as a central sensor and
regulator of cellular energy metabolism. It is
activated under conditions of energy stress,
such as increased AMP/ATP ratios, through
the phosphorylation of its Thr172 residue by
upstream kinases, including LKB1 [12]. AMPK
plays a crucial role in regulating glucose and
lipid metabolism, as well as maintaining mito-
chondrial homeostasis [13]. It can positively
regulate Mitophagy either through direct pho-
sphorylation of autophagy-initiating proteins
such as ULK1 or via transcriptional modulation

of mitophagy-related genes [14]. Emerging
evidence indicates that GDF11 may activate
AMPK signaling in specific cell types [15]. This
raises a key mechanistic question: Does
GDF11 promote the osteogenic differentiation
of BMMSCs through AMPK activation and sub-
sequent enhancement of Mitophagy? More-
over, could dysregulation of this pathway con-
tribute to the pathogenesis of OP? To date,
these questions remain largely unanswered.

Based on these observations, the present
study aimed to elucidate the mechanism by
which GDF11 regulates the osteogenic differ-
entiation of BMMSCs in the context of OP,
focusing on the potential involvement of a
“GDF11-AMPK phosphorylation-mitophagy” sig-
naling axis. Primary rat BMMSCs were isolated
and cultured in vitro, and a combination of
genetic and pharmacological approaches, in-
cluding lentivirus-mediated GDF11 overexpres-
sion and AMPK inhibition using Compound C,
was employed. AMPK activation (Thr172 phos-
phorylation), mitophagy markers (e.g., PINK1),
and osteogenic differentiation indicators (alka-
line phosphatase [ALP] staining/activity, Ali-
zarin Red S [ARS] staining, and the expression
of RunX2 and ALP) were comprehensively ana-
lyzed. It is hypothesized that GDF11 enhan-
ces osteogenic differentiation by promoting
AMPK phosphorylation and Mitophagy, improv-
ing mitochondrial function, and alleviating
osteoporotic phenotypes. This study provides
new insights into the molecular network under-
lying bone metabolism, identifies mitochondrial
quality control as a critical regulatory node, and
offers a theoretical foundation for developing
innovative therapeutic strategies targeting the
GDF11-AMPK-mitophagy axis in OP.

Materials and methods
Ethics statement

All animal experiments were conducted in ac-
cordance with the Guidelines for the Care and
Use of Laboratory Animals and were approved
by the Animal Ethics Committee of Wuhan
Fourth Hospital. Sprague-Dawley (SD) rats were
procured from SPF Biotechnology Co., Ltd.
(Beijing, China).

Isolation and culture of primary rBMMSCs

Primary rBMMSCs were isolated from 6-week-
old male SD rats weighing 100-150 g using the
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whole bone marrow flushing method. The pro-
cedure was performed as follows: (1) Rats were
euthanized via intraperitoneal injection of pen-
tobarbital sodium (35 mg/kg), followed by cer-
vical dislocation to ensure death. (2) The car-
casses were sterilized by immersion in 75%
ethanol for 15 minutes. (3) Femurs and tibias
were aseptically excised, the surrounding mus-
cle tissues were carefully removed, and the
bones were rinsed with sterile phosphate-buff-
ered saline (PBS; Beijing Dingguo Changsheng
Biotechnology, China). (4) Both epiphyses were
trimmed to expose the marrow cavities. (5)
Bone marrow was flushed bidirectionally three
times per bone into a 100-mm sterile culture
dish (Nest, China) using Dulbecco’s Modified
Eagle Medium (DMEM; Gibco, USA) supple-
mented with 10% fetal bovine serum (FBS;
Gibco, USA) and 1% penicillin-streptomycin
(Gibco, USA). (6) The collected cell suspension
was centrifuged at 1000 rpm for 5 minutes, the
supernatant was discarded, and the pellet was
resuspended in complete culture medium. (7)
Cells were plated in 100-mm culture dishes
(Nest) and incubated at 37°C in a humidified
atmosphere containing 5% CO,. (8) Non-ad-
herent cells were removed after 48-72 hours
by replacing the medium, which was subse-
quently refreshed every 3 days. (9) When cul-
tures reached 80%-90% confluence, adherent
cells were detached by trypsinization and sub-
cultured at a 1:3 ratio.

Cells from passages 3 to 5 were used for all
subsequent experiments.

ALP staining

The rBMMSCs were seeded in 12-well culture
plates (Nest, China) at a density of 1 x 10° cells
per well and cultured for 7 days in osteogenic
differentiation medium (ODM). The ODM con-
sisted of basal medium supplemented with
10% of FBS, 10 nM dexamethasone (Sigma
Aldrich, USA), 5 mM B-glycerophosphate (Sigma
Aldrich, USA), and 50 yg/mL ascorbate-2-phos-
phate (Sigma). The medium was replaced every
3 days.

After 7 days of induction, cells were process-
ed as follows: (1) Washed three times with
phosphate-buffered saline (PBS). (2) Fixed with
4% paraformaldehyde (Solarbio Life Sciences,
Beijing, China) for 20 minutes at room tempera-
ture. (3) Washed three additional times with

PBS. (4) Stained for alkaline phosphatase (ALP)
activity using a BCIP/NBT color development kit
(Beyotime, Shanghai, China) according to the
manufacturer’s instructions. (5) The stained
cells were examined and imaged under a light
microscope.

Measurement of ALP activity

The r BMMSCs were seeded in 12-well plates at
a density of 1 x 105 cells per well. After 24
hours, the growth medium was replaced with
osteogenic ODM, which was renewed every 3
days. On day 7, the following procedure was
performed: (1) Cells were lysed using cell lysis
buffer (Beyotime, China), homogenized, and
centrifuged to collect the supernatant. Aliquots
of the lysate (50 L) were incubated with the
substrate p-nitrophenyl phosphate at 37°C for
30 minutes using an ALP activity assay kit
(Nanjing lJiancheng Bioengineering Institute,
China). (2) The enzymatic activity of ALP was
determined by measuring the absorbance at
405 nm with a microplate reader (Organon
Teknika® Microwell Systems, USA). (3) Total pro-
tein concentration was quantified using a BCA
protein assay kit (TakaRa, Japan).

ALP activity was normalized to total protein con-
tent for subsequent analysis.

Alizarin Red S staining

Mineralized matrix formation was evaluated
using Alizarin Red S (ARS) staining (Sigma-
Aldrich, USA). r BMMSCs were seeded in 12-well
plates at a density of 1 x 10° cells per well and
cultured in osteogenic differentiation medium
(ODM) for 14 days, with the medium refreshed
every 3 days.

Staining procedure: (1) On day 14, cells were
gently washed three times with PBS. (2) Cells
were fixed with 4% paraformaldehyde (Sigma-
Aldrich) for 10 minutes at room temperature,
followed by three washes in PBS. (3) Each well
was then incubated with 1% ARS solution (500
puL/well) for 30 minutes at room temperature.
(4) After staining, cells were washed three
times with PBS to remove excess dye. (5) The
stained mineralized nodules were observed
and photographed under a light microscope.

Quantification of mineralization: (1) Dye Elution:
To extract bound ARS, 1 mL of 10% acetic acid
(Beyotime, China) was added to each stained
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Table 1. Sequences of primers

stained with DAPI (Beyotime,

China) for 5 minutes in the

Gene Forward (5’-3’) Reverse (5’-3)

ALP AGATGGATGAGGCCATCGGA  CCAAACGTGAAAACGTGGGA dark.

RUNX2 CAGACCAGCAGCACTCCATA AGACTCATCCATTCTGCCGC Imaging and quantification:
PINK1 TGCGCCAGTACCTTGAAGAG  TGAGGTCTCGATGGGCAATG Coverslips were mounted and
B-actin CTCTGTGTGGATTGGTGGCT ~ CGCAGCTCAGTAACAGTCCG imaged using a Lionheart FX

well and incubated for 30 minutes at room tem-
perature with gentle shaking. The cell layer was
scraped to detach the matrix, and the resulting
suspension was transferred to a 1.5 mL micro-
centrifuge tube. (2) Neutralization and Clarifi-
cation: Tubes were vortexed for 30 seconds
and then centrifuged at 20,000 x g for 15 min-
utes to pellet debris. A 500 pL aliquot of the
supernatant was transferred to a new tube and
neutralized by adding 200 uL of 10% ammoni-
um hydroxide (Beyotime). (3) Spectrophotomet-
ric Measurement: Aliquots (100 uL per sample)
were transferred to a 96-well plate, and the
absorbance was measured at 405 nm using a
microplate reader (Organon Teknika® Microwell
Systems, USA).

Immunofluorescence (IF) staining

The rBMMSCs were seeded at a density of 5 x
10 cells per well onto ethanol-sterilized glass
coverslips (@ 14 mm; Nest, China) placed in
24-well plates (Nest) containing 500 L of
basal medium per well. When cells reached
approximately 60%-70% confluence, the cul-
ture medium was replaced with ODM, and the
cells were maintained for 3 days.

Staining procedure: (1) Cells were washed
three times with PBS. (2) Fixed with 4% parafor-
maldehyde for 20 minutes at room tempera-
ture. (3) Washed three times with PBS. (4) Per-
meabilized with 0.2% Triton X-100 (Solarbio Life
Sciences, Beijing, China) in PBS for 20 minutes
at room temperature. (5) Washed three times
with PBS. (6) Blocked with 5% bovine serum
albumin (BSA; Solarbio Life Sciences, China) for
30 minutes at room temperature. (7) Incubat-
ed overnight at 4°C in a humidified chamber
with a primary antibody against RUNX2 (1:200;
ab76956, Abcam, USA). (8) Washed three times
with PBS. (9) Incubated with TRITC-conjugat-
ed goat anti-mouse IgG secondary antibody
(1:50; ZSGB-BIO, Beijing, China) for 1 hour at
room temperature in the dark. (10) Washed
three times with PBS. (11) Nuclei were counter-

fluorescence microscope (Bio-

Tek, USA). RUNX2 fluorescence
intensity was quantified in at least six randomly
selected cells per condition using ImageJ soft-
ware (NIH, USA), and the mean optical density
values were used to represent relative protein
expression levels.

RNA extraction and quantitative real-time PCR
(QRT-PCR)

Total RNA was extracted from rBMMSCs on
day 3 using TRIzol® reagent (Invitrogen, USA)
according to the manufacturer’s instructions.
Complementary DNA (cDNA) was synthesized
from the isolated RNA using a RevertAid™ First
Strand cDNA Synthesis Kit (Fermentas, Cana-
da). Quantitative PCR was subsequently per-
formed with SYBR Green Master Mix (Takara,
Japan) on an ABI 7300 Real-Time PCR System
(Applied Biosystems, USA).

Primer sequences for the target genes RUNX2,
ALP, and PINK1, as well as for the internal re-
ference gene B-actin, are listed in Table 1. All
primers were synthesized by Generay Biotech-
nology (Shanghai, China). Relative gene expres-
sion levels were normalized to B-actin and cal-
culated using the 222t method.

Western blotting analysis

Cells were lysed in RIPA buffer (Sigma, USA)
supplemented with a protease inhibitor cock-
tail (Roche, Switzerland). Total protein concen-
tration was determined using a BCA protein
assay kit (Takara, Japan). Equal amounts of
protein were separated by 10% sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and subsequently transferred onto
polyvinylidene fluoride (PVDF) membranes.

Immunoblotting procedure: (1) Membranes
were blocked with 5% skim milk in Tris-buffered
saline containing 0.1% Tween-20 (TBST) for 2
hours at room temperature. (2) Membranes
were then incubated overnight at 4°C with the
following primary antibodies: RUNX2 (1:1000,
ab76956, Abcam, UK), ALP (1:1000, ab224335,
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Figure 1. Osteogenic differentiation of rBMMSCs by GDF11. A. ALP staining on day 7 of osteoblast differentiation
(scale bars = 200 um); B. ALP activity on day 7 of osteoblast differentiation (scale bars = 200 um); C. ARS on day
14 of osteoblast differentiation; D. Relative quantitative analysis of ARS; E, F. IF showing relative protein expression
of RUNX2 on day 3 (Scale bars = 100 um); G-I. Relative mRNA and protein expression of osteoblastogenic genes
ALP and RUNX2 during osteoblast differentiation of rBMMSCs on day 3. (**P < 0.01, ***P < 0.001, vs. the control
group. All experiments were performed in triplicate. All error bars are depicted as + standard deviation).

Abcam), phospho-AMPK (p-AMPK; 1:1000, ab-
133448, Abcam), total AMPK (t-AMPK; 1:1000,
ab207442, Abcam), PINK1 (1:1000, ab186303,
Abcam), and B-actin (1:3000, ab8226, Abcam)
as a loading control. (3) After three 5-minute
washes with TBST, membranes were incubated
with horseradish peroxidase (HRP)-conjugated
secondary antibody (1:5000, ZB-2306, ZSGB-
BIO, Beijing, China) for 1 hour at room tempera-
ture. (4) Membranes were washed three addi-
tional times with TBST (5 minutes per wash).

Protein bands were visualized using a C-Digit
Blot Scanner (LI-COR, USA) and quantified by
densitometric analysis with Imagel) software
(NIH, USA).

Statistical analysis

All data are presented as the mean * standard
deviation (SD). Statistical analyses were per-
formed using GraphPad Prism software (ver-
sion 8.0.2; GraphPad Software, USA). Compari-

sons between two groups were conducted
using Student’s t-test, while differences among
multiple groups were evaluated using one-way
analysis of variance (ANOVA). A P value of less
than 0.05 was considered statistically signifi-
cant.

Results

GDF11 promotes the osteogenic differentia-
tion of rBMMSCs

To investigate the effect of GDF11 on osteo-
genic differentiation, rBMMSCs were treated
with 10 ng/mL GDF11. The ALP staining on
day 7 demonstrated that GDF11 significantly
enhanced ALP expression in r BMMSCs, as evi-
denced by more intense staining and signifi-
cantly increased ALP activity compared with
the control group (Figure 1A, 1B). Similarly,
ARS staining performed on day 14 revealed
a higher number of calcium nodules in the
GDF11-treated group, indicating enhanced mi-
neral deposition (Figure 1C, 1D).
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Figure 2. Mitophagy in rBMMSCs through GDF11. A. Relative mRNA expres-
sion of PINK1 on day 3; B, C. Relative protein expression of PINK1 on day 3;
D, E. IF of relative protein expression of PINK1 on day 3 (scale bars = 100
pm. **P < 0.01, ***P < 0.001, vs. the control group. All experiments were
performed in triplicate. All error bars are depicted as + standard deviation).

The expression levels of osteogenic marker
genes were further analyzed to confirm these
findings. Quantitative real-time PCR, western
blotting, and immunofluorescence staining on
day 3 showed that both ALP and RUNX2 ex-
pression were significantly upregulated in the
GDF11-treated cells relative to the control
group (Figure 1E-I). These results demonstrate
that GDF11 significantly promotes the osteo-
genic differentiation of rBMMSCs by enhancing
ALP activity, mineralization, and the expression
of genes associated with osteogenesis.

GDF11 promotes mitophagy in rBMMSCs

Mitophagy plays a crucial regulatory role in the
osteogenic differentiation of BMMSCs by pre-
serving mitochondrial integrity and modulating
cellular energy metabolism and ROS balance.
To investigate whether GDF11 influences Mi-
tophagy in r BMMSCs, the expression of PINK1,
a key marker of Mitophagy, was examined.
Quantitative real-time PCR results showed
that GDF11 stimulation significantly increased
PINK1 mRNA expression compared with the
control group (Figure 2A). Consistently, immu-
nofluorescence and western blot analyses re-

(PINKI1 expression)

Control
GDF11

1 Control

) Comro vealed a significant upregula-
o tion of PINK1 protein levels in
GDF11-treated cells (Figure

2B-D).

These findings demonstrate
that GDF11 promotes Mito-
phagy in rBMMSCs, suggest-
ing that enhanced mitochon-
drial quality control may con-
tribute to its pro-osteogenic

T effects.

Role of AMPK in GDF11-acti-
vated mitophagy in rBMMSCs

To elucidate the signaling path-
way through which GDF11 reg-
ulates Mitophagy in rBMMSCs,
AMPK phosphorylation levels
were examined. Western blot
analysis demonstrated that
GDF11 treatment significantly
increased AMPK phosphoryla-
tion, indicating activation of
the AMPK signaling pathway
(Figure 3A, 3B). To further con-
firm the involvement of AMPK
in GDF11-induced Mitophagy, rBMMSCs were
treated with Compound C (10 uM), a speci-
fic AMPK inhibitor. Quantitative real-time PCR,
western blotting, and immunofluorescence
staining revealed that inhibition of AMPK by
Compound C significantly reduced PINK1 ex-
pression and attenuated the mitophagy-pro-
moting effect of GDF11 (Figure 3C-G).

These findings demonstrate that GDF11-
induced Mitophagy in rBMMSCs is mediated
through activation of the AMPK signaling
pathway.

GDF11 promotes osteogenic differentiation of
rBMMSCs via AMPK-dependent mitophagy

To investigate the role of Mitophagy in the
osteogenic differentiation of rBMMSCs, AMPK-
dependent mitophagy was inhibited using
Compound C (10 uM). Following AMPK inhibi-
tion, a noticeable reduction in alkaline phos-
phatase (ALP) staining intensity and activity
was observed. Moreover, the ability of GDF11
to enhance ALP production and enzymatic
activity was significantly diminished (Figure 4A,
4B). Similarly, ARS staining demonstrated that
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of relative protein expression of PINK1 (scale bars = 100 ym. **P < 0.01, ***P < 0.001, ****P < 0.0001, vs. the
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depicted as + standard deviation).

Compound C significantly suppressed GDF11-
induced calcium nodule formation (Figure 4C,
4D).

Immunofluorescence analysis further revealed
that inhibition of Mitophagy reduced RUNX2
expression, and the GDF11-mediated upregula-
tion of RUNX2 was similarly abolished (Figure
4E, 4F). In agreement with these observations,
quantitative real-time PCR and western blot
analyses showed that blocking AMPK-depen-
dent mitophagy significantly attenuated the
GDF11-induced increase in ALP and RUNX2
MRNA and protein expression on day 3 (Figure
4G-I).

These findings demonstrate that GDF11 pro-
motes the osteogenic differentiation of rBMM-
SCs through activation of AMPK-dependent
mitophagy.

Discussion

OP management challenges and the promise
of BMMSC-targeted strategies

Despite significant progress in the manage-
ment of OP, current therapeutic options remain
limited by several challenges. Available phar-
macological agents are costly and frequently

associated with adverse effects, which contrib-
ute to poor patient adherence and reduced
long-term efficacy [16]. Moreover, these treat-
ments primarily focus on inhibiting bone resorp-
tion or transiently stimulating bone formation,
without effectively restoring bone microarchi-
tecture or addressing the underlying cellular
pathology of OP.

The core pathogenic mechanism of OP involves
dysfunction of BMMSCs, particularly mitochon-
drial impairment and diminished osteogenic
differentiation potential. Mounting evidence in-
dicates that BMMSCs derived from osteopo-
rotic bone show defective mitochondrial bio-
genesis, premature senescence, and reduced
mitophagy activity, collectively leading to exces-
sive oxidative stress and compromised osteo-
genesis [17-19]. Current therapeutic strategies
fail to correct these intrinsic metabolic deficien-
cies or rejuvenate the regenerative capacity of
BMMSCs.

Therefore, targeting the rejuvenation of BMM-
SCs, primarily by restoring mitochondrial home-
ostasis through the enhancement of Mitophagy,
represents a promising therapeutic direction.
Such an approach could overcome the inherent
differentiation blockade of osteoporotic BMM-
SCs and potentially achieve sustained bone
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Figure 4. Osteogenic differentiation of rBMMSCs by GDF11 via AMPK-dependent Mitophagy. A. ALP staining on day
7 of osteoblast differentiation; B. ALP activity on day 7 of osteoblast differentiation; C. ARS on day 14 of osteoblast
differentiation; D. Relative quantitative analysis of ARS; E, F. IF showing relative protein expression of RUNX2 on day
3; G-l. Relative mRNA and protein expression of osteogenic genes (ALP and RUNX2) during osteoblast differentia-
tion of rBMMSCs on day 3 (scale bars = 100 ym. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, vs. the
control group. ##P < 0.001, *#P < 0.0001, vs. the GDF11 group. All experiments were performed in triplicate. All

error bars are depicted as + standard deviation).

regeneration, moving beyond the limitations of
conventional treatments that only modulate
bone turnover.

Mitophagy: a pivotal regulator of BMMSC func-
tion and OP pathogenesis

Mitophagy, the selective autophagic degrada-
tion of damaged mitochondria, plays a vital role

in maintaining bone homeostasis and is criti-
cally implicated in the pathogenesis of OP and
BMMSC dysfunction. During the osteogenic dif-
ferentiation of BMMSCs, extensive metabolic
and structural reprogramming occurs to meet
high energy demands, which are tightly regu-
lated by multiple signaling pathways. Mitophagy
ensures mitochondrial quality control by remov-
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ing dysfunctional mitochondria, maintaining
low levels of ROS and sufficient ATP production,
both essential for proper osteogenic differenti-
ation [20]. This process is primarily mediated
through the PINK1-Parkin axis and the AMPK-
ULK1 signaling pathway, which target depolar-
ized mitochondria for lysosomal degradation.

Impaired Mitophagy disrupts cellular metabolic
homeostasis and contributes directly to the
progression of OP. When Mitophagy is compro-
mised, damaged mitochondria accumulate,
leading to excessive ROS production and oxida-
tive stress. Elevated ROS oxidizes and in-
activates key transcription factors, including
RUNX2, hindering its nuclear translocation and
suppressing osteogenic gene expression [21].
High ROS levels also damage proteins, lipids,
and DNA, further impairing the signalling net-
works required for differentiation. The persis-
tence of dysfunctional mitochondria disrupts
ATP synthesis, leading to an energy deficit that
fails to support the metabolically demanding
process of osteogenic differentiation. As a
result, the synthesis of osteogenesis-related
enzymes and matrix proteins declines, mineral-
ization is reduced, and the differentiation pro-
cess may be prematurely arrested [22].

Clinical and experimental evidence further sup-
ports the link between mitophagy dysfunction
and impaired bone formation, also known as
osteogenesis. Decreased expression of mitoph-
agy markers such as PINK1 and LC3 II/I has
been observed in BMMSCs isolated from post-
menopausal women and ovariectomized ani-
mal models of OP [23]. Moreover, genetic stud-
ies have demonstrated causality: PINK1 over-
expression restores Mitophagy and osteogenic
differentiation in OP-BMMSCs, whereas PINK1
deletion recapitulates osteoporotic phenotypes
[24]. Damaged mitochondria also exhibit re-
duced membrane potential and increased per-
meability, leading to the release of cytochrome
c into the cytoplasm. This, in turn, activates the
caspase cascade and induces apoptosis, de-
creasing the BMMSC population and impairing
osteoblast formation.

In this study, the role of mitochondrial quali-
ty control in the osteogenic differentiation of
rBMMSCs was confirmed. Our findings demon-
strate that Mitophagy in these cells is mediated
by AMPK signaling. Inhibition of AMPK phos-
phorylation using Compound C resulted in mito-

chondrial dysfunction, reduced PINK1 expres-
sion, and suppression of osteogenic marker
genes, leading to a significant decline in osteo-
genic capacity. Activation of Mitophagy by
GDF11 significantly enhanced osteogenic dif-
ferentiation, supporting the notion that GDF11
exerts its pro-osteogenic effects through the
AMPK-mitophagy axis. These results highlight
the crucial role of mitochondrial homeostasis
in preserving the osteogenic potential of
BMMSCs.

GDF11: a potential regulator of mitophagy and
mitochondrial health

The GDF11, a member of the transforming
growth factor-B (TGF-B) superfamily, has gar-
nered considerable attention for its potenti-
al rejuvenating properties, particularly in the
context of age-related degeneration. Declining
GDF11 levels have been associated with aging
phenotypes characterized by mitochondrial
dysfunction, suggesting that GDF11 may con-
tribute to the preservation of mitochondrial
integrity, possibly through the regulation of
Mitophagy [25]. GDF11 is believed to signal
through activin receptor-like kinase (Alk) recep-
tors, primarily Alk4, Alk5, and Alk7, leading to
activation of downstream SMAD2/3 pathways,
which in turn may regulate the transcription of
key mitophagy-associated genes such as
PINK1, Parkin, BNIP3, NIX, and FUNDC1, or
modulate upstream energy sensors including
AMPK [26].

In addition to its role in Mitophagy, GDF11 has
been reported to enhance mitochondrial bio-
genesis and function [27], both of which are
tightly coordinated with Mitophagy to maintain
a healthy mitochondrial network. Restoration
of physiological GDF11 levels in aged models
has been shown to improve mitochondrial qual-
ity and reduce oxidative stress markers [28],
effects that are likely mediated, at least in part,
by augmented Mitophagy. However, direct me-
chanistic evidence defining GDF11 as a key
regulator of mitophagy initiation or flux, identi-
fying specific receptor complexes, and delineat-
ing downstream signaling events remains limit-
ed [29]. Moreover, the role of GDF11 in mo-
dulating osteogenic differentiation of BMMSCs
in the context of OP has not been fully eluci-
dated.

The results demonstrated that GDF11 acti-
vates the AMPK signaling pathway and pro-
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motes AMPK phosphorylation in rBMMSCs.
Activated AMPK drives Mitophagy, improving
mitochondrial function and facilitating osteo-
genic differentiation. Inhibition of AMPK-me-
diated Mitophagy using Compound C signifi-
cantly impaired the osteogenic potential of
rBMMSCs and reduced the expression of genes
related to osteogenesis. GDF11 was able to
partially restore Mitophagy and reverse the
suppression of osteogenic differentiation even
under conditions of inhibited AMPK phosphory-
lation.

These findings highlight a critical role for GD-
F11 in promoting osteogenic differentiation of
rBMMSCs through the activation of AMPK-
dependent mitophagy. This mechanism pro-
vides new insight into how GDF11 contributes
to mitochondrial quality control and bone
regeneration, underscoring its potential as a
therapeutic target for the treatment of os-
teoporosis.

Our key finding: GDF11 rejuvenates OP-
BMMSCs via AMPK-dependent mitophagy

To the best of our knowledge, this study pro-
vides the first direct evidence that GDF11 pro-
motes the osteogenic differentiation of rBMM-
SCs through activation of AMPK-dependent
mitophagy. GDF11 treatment significantly in-
creased AMPK phosphorylation, whereas phar-
macological inhibition of AMPK with Compound
C abrogated GDF11-induced Mitophagy and
osteogenesis, confirming that AMPK activation
is essential for GDF11's biological effects. Fur-
thermore, GDF11 upregulated the expression
of key mitophagy markers such as PINK1. At
the same time, blockade of Mitophagy attenu-
ated its pro-osteogenic activity, establishing a
clear mechanistic link between mitochondrial
quality control and osteoblast lineage commit-
ment.

Our findings reveal that GDF11 effectively over-
comes the accumulation of damaged mito-
chondria and oxidative stress in osteoporotic
BMMSCs, factors known to inhibit RUNX2 activ-
ity, by promoting AMPK-driven mitophagy, re-
storing the expression of osteogenic genes.
These results demonstrate that GDF11 res-
cues mitophagy dysfunction in osteoporotic
BMMSCs by activating AMPK, reversing mito-
chondrial impairment, and reinstating their
osteogenic potential.
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This mechanism represents a paradigm shift
from conventional osteoporosis therapies that
primarily target the balance between bone
resorption and formation. By directly modulat-
ing the metabolic and mitochondrial foundation
of skeletal regeneration, GDF11-mediated acti-
vation of Mitophagy emerges as a pivotal regu-
latory switch governing bone anabolism, repre-
senting a promising therapeutic avenue for
osteoporosis.

Limitations and future directions

While the present findings underscore the ther-
apeutic promise of GDF11, several important
questions remain to be addressed. The report-
ed age-dependent variations in circulating
GDF11 levels, along with the ongoing debate
regarding its tissue-specific functions, warrant
further investigation, particularly within the
context of age-related osteoporosis. Moreover,
the development of optimized delivery systems,
such as hydrogel-based GDF11 scaffolds, and
the comprehensive evaluation of their long-
term efficacy and safety are critical next steps
toward successful clinical translation.

Conclusions

This study identifies a previously unrecogni-
zed mechanistic pathway by which GDF11
promotes the osteogenic differentiation of
BMMSCs through the activation of AMPK-
mediated Mitophagy, restoring mitochondrial
function impaired in osteoporosis. The eluci-
dated “GDF11-AMPK-mitophagy-osteogenesis”
axis represents a novel therapeutic target for
the development of anabolic strategies aimed
at enhancing bone formation through the reju-
venation of stem cell function.
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