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Postmenopausal osteoporosis and depression often occur together, but a single treatment that improves
both conditions is currently lacking. The loss of estrogen can trigger oxidative stress, damage mitochondria,
and drive dysregulated autophagy with impaired flux, simultaneously harming bone and the brain. We
evaluated whether total flavonoids from Drynaria fortunei (TFDF) could counter these problems by activating
sirtuin-1 (SIRTL), a protein that supports autophagy and mitochondrial health. In menopausal and chronic
stress model mice and in cultured bone-forming cells and hippocampal neurons exposed to oxidative injury,
we measured bone structure and strength indicators, mood-related behaviors, mitochondrial function, and
gene activity patterns. The flavonoids preserved bone density and fine bone structure, shifted bone turnover
toward formation, and improved depression-like behaviors (greater exploration and sucrose preference, less
immobility). Across bone and the brain, TFDF modulated SIRT1-FOXO3-DEPP1 signaling and FOXO-linked
oxidative stress and autophagy programs, thereby normalizing autophagic recycling and mitochondrial
function. In cellular models, TFDF preserved mitochondrial function and restored autophagic recycling,
and the loss or gain of SIRT1 function abolished or enhanced these benefits, respectively, indicating that
SIRT1 activity is necessary for the effects of TFDF. These findings identify TFDF as a single, mechanism-
based strategy that addresses both skeletal deterioration and depressive symptoms after menopause by
engaging SIRT1-dependent stress autophagy pathways to restore cellular recycling and energy control.
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Introduction

Osteoporosis (OP) and depression frequently co-occur in post-
menopausal women, suggesting a shared biological basis rather
than a chance overlap [1,2]. Menopausal estrogen withdrawal is
a common driver of both conditions: loss of estrogen accelerates
bone resorption and skeletal microarchitectural deterioration
while concurrently depriving the brain of the neurotrophic sup-
port needed for mood stability [3,4]. Increasing evidence points
to convergent cellular processes underlying this bone-brain con-
nection, including mitochondrial dysfunction, oxidative stress,
and dysregulated autophagy/mitophagy with impaired flux,
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which together compromise the viability of bone and neural cells
[5,6]. This results in a mutually reinforcing cycle in which skeletal
pain and frailty worsen stress and depressive symptoms, while
chronic stress hormones and proinflammatory mediators in turn
accelerate bone loss [7]. This intersection of bone and brain
pathology highlights a clear need for therapies that can simulta-
neously address both aspects of postmenopausal health [8].
Current treatment options remain compartmentalized and
often at odds with one another. Antiresorptive and anabolic drugs
for OP can reduce fracture risk but do little for mood or cognitive
symptoms, as they are designed and evaluated primarily for skel-
etal endpoints [9-11]. Hormone replacement therapy can benefit
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both bone and mood, but its long-term use is limited by increased
risks of cardiovascular events and hormone-sensitive cancers
[12,13]. Even selective estrogen receptor modulators (SERMs)
that improve bone density have minimal antidepressant effects
and carry their own adverse profiles [14]. In short, there is cur-
rently no single approved agent that safely and effectively treats
both skeletal degeneration and depressive disorder in postmeno-
pausal women. An integrated therapeutic strategy is needed to
break this cycle of bone loss and depression.

The total flavonoids from Drynaria fortunei (TFDF) is a stan-
dardized extract rich in osteogenic and neuroactive compounds,
notably the flavonoids naringin and neoeriocitrin [15,16].
Preclinical studies indicate that these constituents exert parallel
benefits on bone and the brain. In estrogen-deficient rodents, nar-
ingin prevents bone loss by stimulating osteoblast activity and sup-
pressing osteoclasts, whereas in chronic stress models, it promotes
adult hippocampal neurogenesis and alleviates depression-like
behaviors [17-19]. Such dual osteoprotective and neuroprotective
actions position TFDF as a plausible single agent capable of simul-
taneously addressing coexisting OP and depression [20]. However,
to date, TEDF has not been evaluated in a model of combined OP
and depression, and the common pathological mechanism linking
these 2 disorders remains unclear. This knowledge gap necessitates
investigating whether TFDF can simultaneously combat bone loss
and mood dysfunction and by what molecular pathways.

To address this gap, we established a mice model combining
ovariectomy and chronic unpredictable mild stress (OVX-CUMS)
to mimic postmenopausal OP with concurrent depression-like
behavior [21]. This integrated model allowed us to assess bone
deterioration and depressive behaviors in the same animals. Using
transcriptome-wide analysis of hippocampal and bone tissues, we
sought to identify shared molecular disturbances in OVX-CUMS
animals, with a particular focus on oxidative stress and autophagy
pathways, and identified the stress-inducible autophagy regulator
DEPP1 as a candidate shared node of disturbed autophagic
homeostasis in bone and the hippocampus. On this basis, we
hypothesized that TEDF would normalize DEPP1 expression and
other stress—autophagy signatures in parallel with preventing bone
loss and improving depressive-like behavior in this comorbid
model. Given prior evidence that sirtuin-1 (SIRT1) and FOXO3
together orchestrate autophagy and mitochondrial quality control,
we examined SIRT1 as a candidate upstream regulator of the
shared bone and brain responses to TFDF [22]. SIRT1 isan NAD™-
dependent deacetylase that enhances cellular stress resistance and
is known to support bone formation and neuroplasticity [23,24].
Importantly, both estrogen deficiency and chronic stress are asso-
ciated with reduced SIRT1 activity in bone and hippocampal tis-
sues, which may exacerbate the vulnerability of osteoblasts and
neurons [25,26]. We hypothesized that TFDF exerts its dual pro-
tective effects by engaging a SIRT1-FOXO3-DEPP1 signaling
axis, thereby normalizing autophagic flux and mitochondrial func-
tion in both bone and the brain.

Results

TWAS prioritizes the hippocampus in OP-MDD
comorbidity

Integrative transcriptome-wide association study (TWAS) (cross-
tissue and S-MultiXcan) converged on the hippocampus as a shared
susceptibility region for OP and major depressive disorder (MDD)
after multiple-testing correction (false discovery rate < 0.05), with
weaker or nonsignificant signals in most nonhippocampal regions.
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Tissue enrichment and partitioned heritability analyses further
supported the presence of hippocampal involvement (Table S2).
Guided by these human genetic findings, we next used the
OVX-CUMS comorbidity model to validate alterations in both
hippocampal and bone tissues and to assess whether TFDF
could modulate shared cross-system mechanisms.

TFDF ameliorates depressive-like behaviors and

skeletal deterioration in OVX-CUMS mice

Guided by the TWAS results, we first established an in vivo
comorbid phenotype and tested the protective effects of TFDF
in the OVX-CUMS model; the study timeline and group alloca-
tion are shown in the schematic. Micro-computed tomography
(micro-CT) imaging revealed pronounced trabecular rarefaction
in OVX-CUMS mice compared with Sham mice, whereas TFDF
preserved both the 2-dimensional architecture and 3-dimensional
connectivity of trabecular networks at both tested doses, with
the high dose approaching the 17f-estradiol (E2) reference
(Fig. 1B). Quantitatively, OVX-CUMS reduced bone mineral
density (BMD), bone volume fraction (BV/TV), trabecular num-
ber (Tb.N), and trabecular thickness (Tb.Th) but increased tra-
becular separation (Tb.Sp); compared with the Model group, the
TFDF group increased BMD, BV/TV, Tb.N, and Tb.Th and
decreased Tb.Sp, with the high-dose group showing the greatest
recovery (Fig. 1C). Histology corroborated these findings: hema-
toxylin and eosin (H&E) sections from OVX-CUMS mice dis-
played thinned and perforated trabeculae together with expanded
marrow spaces, whereas TFDF-treated bones exhibited denser
and better connected trabeculae (Fig. 1D, HE). Osteoblast-
associated staining increased after TFDF (alkaline phosphatase
[ALP] and bone Gla protein [BGP]/osteocalcin [OCN]), whereas
tartrate-resistant acid phosphatase (TRAP) staining decreased,
as shown qualitatively (Fig. 1D, ALP/BGP/TRAP) and by
quantitative image analysis (ALP-positive and BGP-positive
areas increased; the TRAP-positive area decreased) (Fig. 1E).
Consistently, serum bone turnover assays revealed a shift toward
formation: the expression levels of formation markers (for exam-
ple, ALP and BGP/OCN) were elevated, and the expression levels
of resorption markers (for example, TRAP 5b and ICTP/CTX1I)
were reduced in the TFDF groups compared with those in the
OVX-CUMS group, with the high-dose group closest to the
Sham/E2 group (Fig. 1F).

Representative open-field trajectories illustrate the behavioral
phenotype across groups (Fig. 2A): OVX-CUMS mice displayed
curtailed exploratory paths, whereas TFDF increased explora-
tion in a dose-responsive fashion and approached the E2 refer-
ence. Body-weight trajectories were recorded to contextualize
behavior (Fig. 2B). Quantitatively, OVX-CUMS animals dis-
played a robust depression-like profile, with reduced sucrose
preference, increased immobility in the tail suspension and
forced swim tests, and diminished open-field locomotor and
exploratory activity. TFDF attenuated these behavioral abnor-
malities across multiple measures (Fig. 2C). Hippocampal Nissl
staining revealed decreased neuronal density and reduced Nissl
substance in the dentate gyrus and CA subfields of OVX-CUMS
mice (Fig. 2D). In TFDF-treated groups, neuronal morphology
and layering were better preserved. Quantitative analysis con-
firmed higher Nissl-positive area and/or cell counts in the TFDF
groups than in the model group (Fig. 2E). Endocrine readouts
showed that serum corticosterone concentrations were reduced
by TFDF compared with the model group, whereas norepineph-
rine levels showed a trend toward normalization (Fig. 2F).
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Fig. 1. TFDF alleviates bone deterioration in OVX-CUMS mice. (A) Experimental design and grouping (Sham, OVX-CUMS model, TFDF-L, TFDF-H, and E2). TFDF, total flavonoids of
Drynaria fortunei; low and high doses are indicated in Materials and Methods; E2, 17p-estradiol positive control. (B) Representative uCT images (2D slices and 3D reconstructions)
of trabecular bone showing severe rarefaction in OVX-CUMS mice and preservation under TFDF/E2. (C) Quantitative pCT parameters: bone mineral density (BMD), bone
volume/total volume (BV/TV), trabecular number (Th.N), trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp). (D) Histology and enzyme/immunostaining of the
distal femur: hematoxylin and eosin for trabecular morphology; ALP (osteoblast activity), BGP/OCN (osteocalcin; osteoblast-derived), and TRAP (osteoclasts). (E) Quantification
of staining: ALP-positive area, BGP/OCN-positive area, and TRAP-positive area. (F) Serum bone-turnover ELISAs for 2 formation markers and 2 resorption markers. ns,

P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; **:**+P < 0.0001 vs. indicated group.
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Fig. 2. TFDF improves depression-like behaviors and preserves hippocampal neurons in OVX-CUMS mice. (A) Open-field (OFT) representative track plots for each group
(Sham, OVX-CUMS model, TFDF-L, TFDF-H, and E2). (B) Body-weight trajectories during the intervention period. (C) Behavioral statistics: sucrose preference test
(SPT, % sucrose preference), tail suspension test (TST, immobility time), forced swim test (FST, immobility time), and open field test (OFT, number of crossings in the central
zone). (D) Hippocampal Nissl staining (DG/CA regions); representative images. (E) Quantification of Nissl-positive neurons/areas in the indicated subfields. (F) Serum ELISA
results for corticosterone (CORT) and norepinephrine (NE).
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TFDF reverses a shared stress—autophagy signature
in bone and the hippocampus and highlights DEPP1

as a common node

Bulk RNA sequencing (RNA-seq) was performed on bone and
the hippocampus from the Sham, OVX-CUMS (Model), and
TFDEF-H groups. Differential analysis identified model-induced
genes and treatment-reversed genes in each tissue (criteria in
Materials and Methods). A Venn comparison of these reversal
sets revealed substantial overlap between bone and the hip-
pocampus, indicating a shared TFDF-responsive program (Fig.
3A). Among the top terms, the functional enrichment of rever-
sal genes prioritized FOXO signaling (Fig. 3B). In defining
treatment-reversed genes, we considered both Model up, TEDF
H down and Model down, TFDF H up patterns; to identify a
robust cross-tissue pathology-related node, we then applied a
stringent filter of Model up and TFDF H down in both tissues,
which converged on DEPP1 as the only common transcript
with concordant reversal (Fig. 3C). A complementary enrich-
ment analysis of the same reversal gene sets revealed that FOXO
signaling was a recurrent pathway in bone and the hippocam-
pus (Fig. 3D). Gene set enrichment analysis (GSEA) further
supported pathway directionality: FOXO-linked programs
were negatively enriched in Model vs. Sham and shifted toward
positive enrichment in TFDF-H vs. Model, which is consistent
with TFDF-associated restoration of FOXO activity across tis-
sues (Fig. 3E).

TFDF down-regulates DEPP1 expression and restores
autophagy-mitochondrial homeostasis across the

hippocampus and bone

At the tissue level, TFDF attenuated OVX-CUMS-induced path-
way disturbances in both the hippocampus and bone and partly
restored autophagy-related indices. In the hippocampus, double
immunofluorescence (IF) staining for NeuN and DEPP1 showed
a pronounced increase in neuronal DEPP1 signal in the Model
group compared with the Sham group, whereas TFDF treatment
reduced DEPP1 staining (Fig. 4A). Quantitative analysis con-
firmed a higher DEPP1/NeuN-positive area fraction in the
Model group than in the Sham group, with significantly lower
values in TFDF-treated mice (Fig. 4B and Fig. S1). In bone,
DEPP1 immunohistochemistry revealed strong DEPP1 staining
on trabecular surfaces in the Model group, which was dimin-
ished by TEDF (Fig. 4C), with quantitative image analysis show-
ing a significant reduction in the DEPP1-positive area (Fig. 4D).
Concordantly, hippocampal Western blots revealed decreased
SIRT1 expression and increased DEPP1 and acetylated FOXO3
(Ac-FOXO3) expression in the Model group; TFDEF increased
SIRT1 expression and reduced DEPP1 and Ac-FOXO3 expres-
sion, while total FOXO3 protein expression was measured in
parallel and is shown in the corresponding blots (Fig. 4E and
F). Western blots from bone tissue revealed a recapitulation of
the hippocampal pattern, with TFDF increasing SIRT1 expres-
sion and decreasing DEPP1 and AC-FOXO3 expression relative
to those in the Model group (Fig. 4G), as supported by the den-
sitometry results (Fig. 4H).

Autophagy readouts were tracked with these pathway cor-
rections. In the hippocampus, NeuN/LC3B double IF indicated
a reduced LC3B signal in Model animals that was restored by
TFDF (Fig. 41), with quantification confirming increased LC3B/
NeuN-positive area fractions (Fig. 4]). In bone, LC3 immuno-
histochemistry increased in the TFDF group compared with that

Zhang et al. 2026 | https://doi.org/10.34133/research.1125

in the Model group (Fig. 4K), as shown by the corresponding
quantification (Fig. 4L). Finally, Western blot analysis of autoph-
agy/mitochondrial markers revealed that compared with the
Model group, TFDF increased LC3-II (and/or the LC3-II/I
ratio), decreased p62/SQSTMI, and restored TOM20 expression
in the hippocampus and bone (Fig. 4M and N), as shown by the
densitometry results (Fig. 40 and P).

TFDF restores SIRT1-FOX03-DEPP1 signaling
and the autophagy-mitochondrial balance in

MC3T3-El cells

In H,0,-treated MC3T3-E1 cultures, the pathway profile was
consistent with a stressed state: SIRT1 protein was reduced, acetyl-
FOXO3 was increased (with total FOXO3 relatively unchanged),
and DEPP1 was elevated; TFDF partly normalized these changes,
whereas N-acetyl-L-cysteine (NAC) produced qualitatively simi-
lar but generally weaker effects (Fig. 5A and B). H,0, markedly
reduced mitochondrial membrane potential (A¥m), as indicated
by decreased tetramethylrhodamine ethyl ester, perchlorate
(TMRE) fluorescence, and TEDF significantly attenuated this loss
of AYm (Fig. 5C and D). Autophagy markers indicated a dys-
regulated, overactivated autophagy state with impaired mitochon-
drial quality control in the Model group, characterized by LC3-1I
accumulation together with reduced p62 and decreased TOM20
expression. TEDF shifted these markers toward control levels
(moderating LC3-II, increasing p62, and elevating TOM20),
whereas NAC produced a partial correction (Fig. 5E and F).
Ultrastructurally, transmission electron microscopy revealed
numerous double-membrane autophagosomes and swollen mito-
chondria with reduced and disorganized cristae after H,O, treat-
ment, whereas TFDF-treated cells showed fewer autophagosomes
and better preserved mitochondrial morphology (Fig. 5G). Four-
color IF showed abundant LC3B puncta, fragmented TOM20-
positive mitochondrial networks, and increased DEPP1 signal in
the Model group; TFDF treatment reduced LC3B puncta, par-
tially restored TOM20 network continuity, and decreased DEPP1
immunoreactivity (Fig. 5H). Quantitative colocalization analyses
indicated enhanced mitophagy under oxidative injury, with
increased LC3B-TOM20 overlap and elevated TOM20-DEPP1
colocalization in the Model group; both indices were significantly
reduced by TFDE, shifting toward control values (Fig. 5I and J).
Functionally, TFDF improved osteoblastic performance: ALP
staining and Alizarin Red S (ARS) mineralization, both sup-
pressed by H,0O,, were increased in TFDF-treated cultures com-
pared with the Model group (Fig. 5K). Consistent with these
findings, Western blotting showed higher levels of RUNX2 and
osteogenic markers in TFDF-treated cells than in H,0,-exposed
Model cells (Fig. 5L and M).

TFDF restores SIRT1-FOX03-DEPP1 signaling
and the autophagy-mitochondrial balance

in HT22 cells

In H,O,-injured HT22 cells, the SIRT1-FOXO3-DEPP1 profile
was consistent with that in the stressed state: the level of SIRT1
decreased, the level of acetylated FOXO3 (Ac FOXO3) increased,
with only a modest change in total FOXO3, and the level of
DEPP1 increased; TFDF (CCK-8-guided dose) reversed these
alterations, whereas NAC resulted in a similar but generally
weaker correlation (Fig. 6A and B). The mitochondrial membrane
potential collapsed after injury, as indicated by the loss of the
TMRE signal, and TFDF significantly restored the signal (Fig. 6C
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and D). Autophagy and mitochondrial markers were dysregulated
and overactivated with organelle injury in the Model group, with
LC3B accumulation, p62 depletion, and TOM20 loss; TFDF
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restored these markers to baseline levels, and NAC partly normal-
ized them (Fig. 6E and F). Ultrastructurally, numerous double-
membrane autophagosomes and swollen mitochondria appeared
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in the Model group but were reduced by TEDF (Fig. 6G).  supported these changes: DEPP1-TOM20 coupling was elevated
Multicolor IF revealed abundant LC3B puncta, fragmented by injury and reduced by TFDE whereas the LC3B-TOM20
TOM?20, and high DEPP1 under injury; TFDF decreased the =~ mitophagy index was high in the Model group and normalized
number of LC3B puncta, reestablished TOM20 continuity, and by TFDF (Fig. 6I and K). Finally, the expression levels of the fol-
decreased DEPP1 expression (Fig. 6H). Colocalization analyses ~ lowing neuronal plasticity markers improved: relative to the
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Model group, TFDF increased BDNF and p-CREB/CREB
expression and restored synapsin I and PSD 95 expression
(Fig. 6L and M).

DEPP1 bidirectionally modulates autophagy-

mitochondrial stress in MC3T3-E1 and HT22 cells

To define the role of DEPP1 in injury-induced autophagy and
mitochondrial stress, we manipulated Depp1 by siRNA knock-
down (KD) or plasmid overexpression (OE) and challenged
MC3T3-E1 and HT22 cells with H,O,. Successful bidirectional
modulation was verified at the protein and mRNA levels in both
cell types (Fig. 7A and B). The mitochondrial membrane poten-
tial, assessed by TMRE, decreased in the injury model relative
to that in the control, was partially restored by KD plus
injury, and decreased further with OE plus injury in both
lines (Fig. 7C and D). Transmission electron microscopy cor-
roborated these functional results: the Model group displayed
swollen mitochondria with disrupted cristae and frequent
double-membrane autophagosomes; fewer autophagosomes
but residual mitochondrial injury were observed in the KD
plus injury group, whereas abundant autophagosomes and
mitophagic vacuoles were observed in the OE plus injury group
(Fig. 7E). Consistently, Western blots of autophagy markers
indicated that autophagy was dysregulated and overactivated
in the Model group that was tempered by KD plus injury and
exacerbated by OE plus injury across both cell types (Fig. 7F
and G). IF staining for LC3B and TOM20 revealed the same
pattern: cells in the Model group displayed dense LC3B puncta
and fragmented TOM20 networks; KD plus injury reduced
puncta and improved TOM20 continuity, whereas OE plus
injury further increased puncta and fragmentation, with quan-
tification confirming these trends (Fig. 7H and J). Together,
these data support DEPP1 as a bidirectional regulator of the
autophagy-mitochondrial phenotype under oxidative stress.

DEPP1 KD does not attenuate TFDF protection in

MC3T3-E1 and HT22 cells

Under oxidative injury, DEPP1 KD (siRNA-mediated) and
TFDF treatment corrected the autophagy-mitochondrial signa-
ture in MC3T3-E1 and HT22 cells, and the KD plus TFDF com-
bination resulted in equal or greater corrections across readouts.
Mechanistically (Fig. 8A), the Model group revealed a dysregu-
lated, overactivated autophagy phenotype with LC3 IT accumula-
tion, p62 depletion, and TOM20 loss; KD partially normalized
these markers, and TFDF alone produced a similar change. In
both cell types, compared with the Model group treatment, the
KD plus TEDF treatment further decreased LC3 II expression,
restored p62 expression, and increased TOM20 expression (Fig.
8B and C). Cellular stress followed the same pattern: reactive
oxygen species (ROS) increased with injury and were reduced
by either KD or TFDE, with the combination yielding the lowest
ROS levels (Fig. 8D and E). Lineage-specific functions improved
concordantly. In osteoblasts, ALP activity and ARS mineraliza-
tion, both of which were suppressed by injury, increased in
response to KD or TFDF and were greatest in response to KD
plus TEDF (Fig. 8F), which was accompanied by increased levels
of RUNX2, OCN, and ALP expression, as determined by
Western blotting (Fig. 8G and H). In neurons, BDNF, p-CREB/
CREB, synapsin I, and PSD 95 increased with KD or TFDF and
were further improved by KD plus TFDF (Fig. 81 and J). Across
endpoints, DEPP1 KD did not diminish TFDF benefits; several
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measures showed additive gains versus either intervention alone.
These gene-drug interactions are most compatible with a model
in which DEPP1 functions as a downstream stress—autophagy
mediator within a broader SIRT1-centered network; TEDF can
also act through DEPP1-independent or parallel pathways rather
than relying on intact DEPP1 as its primary point of action.

Docking and functional perturbation support
SIRT1 as a key TFDF-dependent effector in

osteoblasts and neurons

UPLC-Q-Orbitrap HRMS profiling of TFDF powder con-
firmed a flavonoid-rich composition dominated by naringin,
naringenin chalcone, naringenin, eriodictyol, and kaempferol
glycosides (including astragalin and kaempferol-7-O-glucoside),
together with phenolic acids, procyanidin oligomers, and
the dicarboxylic acid azelaic acid (Fig. S2). In serum from
OVX-CUMS mice treated with TFDF, the same analytical
workflow revealed a complex endogenous metabolite back-
ground overlaid with a subset of TFDF-derived small mol-
ecules, among which azelaic acid and several long-chain
fatty-acid-related species showed the most robust and repro-
ducible signals (Fig. S3). Integrating these compositional and
exposure data with published pharmacokinetic and antioxi-
dant profiles, we prioritized 3 representative flavonoids—
naringin, naringenin, and neoeriocitrin—as candidate bioactive
constituents for subsequent target-engagement analyses with
SIRT1. Docking of these compounds to DEPP1 yielded low-
affinity scores with diffuse, nonconvergent poses, whereas
docking to SIRT1 identified a particularly favorable binding
mode for naringenin, with neoeriocitrin also occupying the
reported activator pocket (Table S3 and Fig. S4). Molecular
dynamics simulations of the SIRT1-naringenin complex dem-
onstrated a stable interaction, as reflected by a plateauing radius
of gyration, stable hydrogen-bonding pattern, low RMSF values
outside the flexible N-terminus, reduced SASA, and an equil-
ibrated ligand root mean square deviation (RMSD), together
with a dominant low-energy basin on the free-energy land-
scape (Fig. 9A to G). MM/GBSA energy decomposition over
0to 100 ns yielded an average binding free energy of approximately
—23.9 kcal-mol ™", with PRO411, PRO401, and VAL404 making
major contributions to ligand stabilization. Consistent with
these in silico data, surface plasmon resonance (SPR) experi-
ments using SIRT1 immobilized on a CM5 chip showed that
naringenin bound SIRT1 with clear, concentration-dependent
sensorgrams that fitted a 1:1 Langmuir model, giving an equi-
librium dissociation constant (Kp) of 2.82 X 107 M (Fig.
9H). Together, these results identify SIRT1 as a direct target
of naringenin and support the SIRT1-naringenin pair as a
key TFDF-responsive effector module in this pathway. The
in silico and biophysical results for naringin, neoeriocitrin, and
the positive control are provided in the Supplementary Materials
(Figs. S5 to S7).

Drug-independent perturbation of SIRT1 confirmed its func-
tional position in this pathway. Under oxidative challenge, SIRT1
KD in HT22 and MC3T3-E1 cells reduced FOXO3 and increased
acetylated FOXO3 (Ac-FOXO3) and DEPP1, whereas SIRT1 OE
produced the opposite pattern (Fig. 9I and Fig. S8). Consistently,
the mitochondrial membrane potential decreased with SIRT1 KD
but increased with SIRT1 OE, as assessed by TMRE (Fig. 9] and
K). Multicolor IF further showed that SIRT1 KD was associated
with abundant LC3B puncta, fragmented TOM20 networks, and

10


https://doi.org/10.34133/research.1125

Research

& Q Aok *okok Hkokok Fokokk
A N S = — —
& ns KKk 3 [ge—— ns sk 25 ns  dkkk
o ¢:§ aQQ @QQ /i B 337 .
-] z H 3 z 20 oo
= — . § 20 z .
neppllco— |Lﬂ g, i, ? g S E
O E RS £
B-Actin |- —— s £1 i £
& & £ 05 g o0s
B g
e a8

Deppl |- — ‘ -|

B-Actin |

Control

HT-22

n

MC3T3-E1

H
£ —ir—
= 10q
N 2
o g
= £ o5
c .
== § 3
= 0.0+
& B PP
B TVRE Hoechst 33342 R \‘@ \x‘\@
E Control G o
4 O
*k
i
g 5
= ]
= 5 £
- M B
g a
=Rt g
S-: ) i 2
; £ 3
& =
H
dokk
~ £
= z H
g g
" £ g
] g
- g E
23
2 LC3 1 [s . ol =
T
— o &
2 IWERT] _— 3
g} =
S} 1 .
= B—Actm| ——— —
H TOM20 | DAPI LC3B TOM20 Merge J
- 3 i
: E ;
£ £ s
=4 s 2
S © 8
g
3

Model
HT-22
Model

OE+Model
MC3T3-E1

LC3B-TOM20 colocalization

KD+Model
KD+Model

Fig. 7. DEPP1 bidirectionally alters autophagy—mitochondrial coupling under oxidative injury in HT22 and MC3T3-E1 cells. DEPP1 expression was reduced by siRNA (KD) or
increased by plasmid (OE); cells were exposed to H,0, to model injury. Protein and mRNA assays confirmed effective KD/OE in both lines (A and B). TMRE imaging revealed
AW¥m loss in the Model group, partial recovery in the KD+Model group, and a further decrease in the OE+Model group (C and D). TEM revealed swollen mitochondria and
autophagosomes in the Model group, fewer autophagosomes after KD, and abundant autophagosomes after OE (E). Western blots demonstrated model-associated LC3-II
accumulation, p62 depletion, and TOM20 reduction; KD shifted these toward control, whereas OE intensified them (F) with densitometry in (G). LC3B/TOM20 immunofluorescence
revealed parallel changes in puncta burden and mitochondrial network integrity, as shown by the statistical data in (J) (H to J). Group labels: Control, Model, KD+Model, and
OE-+Model. Data are presented as the mean + SEM; replicate numbers and statistics are provided in Materials and Methods.

Zhang et al. 2026 | https://doi.org/10.34133/research.1125 11


https://doi.org/10.34133/research.1125

Research

A B
TFDF - - + + + c
(' Cellular stress ) H0; - + + + +
KD - - - - +
OE - - - + -
Po2 W — - -l
o
LC31 :
LC3-I| % e e e e | | =
B-Actin | Se— — — — —|
‘Autophagy’
- e | W W W W |
:
o LC31 | F = 2
— far]
) Le3m | - - 9]
Functional phenotype =
B-Actin | s w— — — —l
D Control Model TFDF Depp1-KD+TFDF

HT-22

100 pm

MC3T3-E1l

Control

by |

ALP

T ARS

Relative OCN expression

Relative Runx? expression

p-

B-Tubulin | SNENS SHNS SEN- SHNe S

mnum---

TFDF Deppl-OE+TFDF  Deppl-KD+TFDF G

Synapsin I| _— > ‘i |

B-Actin

----4

CREBll- _— . -l

CREBIl.— ———— |

BDNFl! P e |

TFDF - - +
H202 - + +
KD - - -
OE - - -

+ o+ o+
o+t o+

Relative synapsin I expression

PCREB/CREB

ns
1
1.5 *
E —
£ 20 g Aokkk ok
i i
£, o
g £ 3
jé‘ 0. E
3o 00
& & &
,§( \,\&“ &(‘Q &Q& &QQ
o &
S 5
* &
ns
i 3
i £
g K
s £
8 £ o
: &
i
Deppl-OE+TFDF

i
i
H
g

ROS (DCFH-DA Muorescence)

100 um

RUNX2 |-

oox[= = === ]

B-Actin — ! -

TFDF - - + + +
H202 - + + + +
KD - - -+ -
OE - - - -+
ns *
15 *kk
-
SRk Aok £
£
1.0 3
b g
. Z
05 ] ]
2
0.0
S O F F & S O & F§
o« FE&S T SF&&E
& & & &
S S
& & & F
dek
Aekokk
15 iy

Aok dokok
1

S

&
S

$ & &S
o & &S

-~

& &
S
ST ¥

Fig. 8. DEPP1 knockdown with TFDF maintains and often augments pathway activity and functional rescue in injured osteoblasts and neurons. (A) Schematic of the gene—drug
design and hypothesized placement of DEPP1 downstream of TFDF-responsive signaling. (B) Autophagy/mitochondrial Western blots (LC3-1/1l, p62, and TOM20) in MC3T3-E1
and HT22 cells under Control, Model, siDEPP1+Model, TFDF+Model, and siDEPP1+TFDF+Model conditions. (C) Densitometry for panel (B). (D) Representative ROS fluorescence
micrographs. (E) Quantification of intracellular ROS levels. (F) Osteogenic function of MC3T3-E1 cells: ALP staining (day 7) and ARS mineralization (days 14 to 21). (G) Osteogenic
markers (RUNX2, OCN, and ALP) were measured by Western blotting. (H) Corresponding quantification. (I) Neuronal plasticity markers in HT22 cells (BDNF, p-CREB/CREB,
Synapsin |, and PSD-95) were measured by Western blotting. (J) Quantification. In both cell types, siDEPP1 and TFDF each improved the injury phenotype, and siDEPP1+TFDF
achieved comparable or greater improvement without occluding the effects of TFDF. Statistical tests and n values are provided in Materials and Methods and on the plots.

increased DEPP1 signal, whereas SIRT1 OE reduced LC3B puncta,
preserved TOM20 continuity, and lowered DEPP1 (Fig. 9L and
M). Together, these findings identify SIRT1 as a structurally com-
patible and biophysically validated binding site for at least one

Zhang et al. 2026 | https://doi.org/10.34133/research.1125

major TFDF flavonoid (naringenin) and, in conjunction with the
comparative DEPP1 docking data, support SIRT1 as the principal
TFDEF-responsive regulator of the FOXO3-DEPP1-autophagy-
mitochondria axis in osteoblasts and neurons.
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Zhang et al. 2026 | https://doi.org/10.34133/research.1125 13


https://doi.org/10.34133/research.1125

Research

SIRT1 is required for full TFDF efficacy, and its OE
potentiates pathway and organelle rescue

To test SIRT1 dependence, we combined TFDF with Sirt1 loss
or gain of function under oxidative injury in HT22 and MC3T3-E1
cells. In both lines, compared with the control treatment, TFDF
alone decreased the levels of Ac FOXO3 and DEPP1, whereas
SIRT1 KD plus TEDF largely maintained high levels of Ac
FOXO3 and DEPP1, and SIRT1 OE plus TEDF further reduced
both readouts (Fig. 10A and B). Consistently, cellular ROS
increased with injury, decreased in response to TFDF, remained
elevated in response to KD plus TFDE and decreased further
in response to OE plus TFDF (Fig. 10C and D). Triple IF for
LC3B, TOM20, and DEPPI revealed that TFDF improved the
phenotype in the Model group, with fewer LC3B puncta, more
continuous TOM20, and lower DEPP1; these changes were
attenuated by SIRT1 KD and augmented by SIRT1 OE across
both cell types (Fig. 10E and F). Autophagy and mitochondrial
markers mirrored the imaging data: the Model group displayed
LC3 IT accumulation with p62 depletion and decreased TOM20;
TFEDEF shifted these indices toward the control, KD plus TFDF
blunted this normalization, and OE plus TFDF enhanced it (Fig.
10G and H). These results indicate that SIRT1 is necessary for
the full cytoprotective effect of TFDF and that increasing SIRT1
levels potentiates TFDF-mediated correction of FOXO3 acetyla-
tion, DEPP1, autophagy, and mitochondrial function in both
osteoblasts and neurons.

Discussion

In an OVX-CUMS mouse model, TFDF exerted coordinated
benefits on both bone and brain: TFDF restored trabecular micro-
architecture and bone turnover indices, ameliorated depressive-
like behaviors, and preserved hippocampal neuronal morphology.
Cross-tissue RNA-seq revealed a shared stress—autophagy signature
in bone and hippocampus that was reversed by TFDE with DEPP1
emerging as a convergent transcript in both tissues. Consistent with
this, tissue and cellular assays demonstrated a coherent correction
along the SIRT1-FOXO3-DEPP1-autophagy-mitochondria
axis: TFDF partially restored SIRT1 and FOXO3, reduced
DEPPI1, normalized autophagic flux, improved mitochon-
drial integrity, and rescued osteogenic and neuroplastic markers.
Gene-drug interaction experiments further refined the path-
way hierarchy. DEPP1 OE attenuated the protective actions of
TFDE whereas DEPP1 KD did not abolish TFDF efficacy,
indicating that DEPP1 functions primarily as a downstream
stress—autophagy mediator rather than the initial pharmaco-
logic target. In contrast, molecular docking, molecular dynamics
simulations, and functional perturbation experiments collectively
supported SIRT1 as a stable binding partner for major TFDF fla-
vonoids, and SIRT1 KD blunted, while SIRT1 OE enhanced,
TFDF responses, thereby positioning SIRT1 as the central
TFDEF-responsive regulator orchestrating FOXO3 acetylation,
DEPPI expression, autophagy, and mitochondrial homeosta-
sis in osteoblasts and neurons (Fig. 11).

Emerging evidence indicates that OP and depression share
several pathophysiological mechanisms, including chronic low-
grade inflammation, oxidative stress, dysregulated (often excessive)
autophagy with impaired flux, hypothalamic-pituitary-adrenal
(HPA) axis hyperactivity, and mitochondrial dysfunction, that
collectively drive parallel neural and skeletal degeneration [27-29].
Such convergent derangements reinforce the concept of an
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interorgan “brain-bone axis”, wherein central nervous system and
bone pathologies can influence each other’s vulnerability and out-
comes through endocrine, immune, and neural pathways [30].
For example, proinflammatory cytokines (e.g., tumor necrosis
factor-o and interleukin-6) implicated in neuroinflammation and
depressive pathology can simultaneously promote osteoclast-
driven bone resorption and fragility; likewise, chronic HPA axis
hyperactivation with excess glucocorticoids is detrimental to both
hippocampal neurons and bone-forming osteoblasts [31,32].
Furthermore, oxidative damage and mitochondrial deficits have
been observed in both depressed neural tissue and osteoporotic
bone, linking failures in cellular energy metabolism to neurode-
generation and impaired bone formation [33,34]. In this context,
our data do not directly demonstrate bone-brain communica-
tion per se but instead reveal a shared SIRT1-FOXO3-DEPP1-
mediated stress—autophagy module that is simultaneously engaged
in bone and the hippocampus during comorbidity and can be
corrected by TFDE

Recent pharmacological insights into TFDF and its key con-
stituents provide mechanistic support for such dual neuropro-
tective and osteoprotective effects [35-37]. Naringin, a major
Drynaria flavonoid, has been identified as a potent autophagy
activator: it enhances autophagic flux via AMPK-SIRT1 signal-
ing, which in turn deacetylates FOXO3 and up-regulates cyto-
protective genes [38-40]. By increasing SIRT1-FOXO3 activity,
naringin helps maintain mitochondrial homeostasis and reduces
oxidative stress and inflammation in various models, indicating
a conserved mechanism of cellular protection relevant to both
bone and neural tissue [38,41]. Neoeriocitrin, another pivotal
TFDF component, was recently shown to bind and stabilize
Beclinl, a core autophagy initiator, thereby preventing its deg-
radation and increasing autophagy in osteogenic stem cells; this
translated into enhanced osteoblast differentiation and bone
regeneration in vivo [42]. In parallel, the flavonoids of TFDF
engage in neurotrophic signaling; for instance, the activation of
CREB by naringin has been shown to restore hippocampal neu-
rogenesis and reverse chronic stress-induced depressive behav-
iors [19,43]. Our findings extend this work by linking these
known actions to a common SIRT1-FOXO3-DEPP1 axis in both
osteoblasts and hippocampal neurons, integrating autophagy-
mitochondrial quality control with lineage-specific readouts of
bone formation and synaptic plasticity.

In addition, considering TFDF in the broader landscape of
SIRT1 activators and autophagy modulators is informative. Small-
molecule SIRT1 activators such as resveratrol and synthetic SRT
compounds, as well as autophagy-targeting agents such as rapamy-
cin and metformin, have shown beneficial effects in models of OP,
depression, neurodegeneration, and metabolic syndrome [44-46]
However, they are typically evaluated in single-organ or single-
disease settings, and their clinical use can be limited by off-target
actions, systemic metabolic effects, or narrow therapeutic win-
dows. In contrast, TFDF is a clinically used, standardized natural
product preparation for OP with a relatively favorable safety
record, and in the present comorbid OVX-CUMS model, it
engaged the SIRT1-FOXO3-DEPP1 pathway in both bone and
the hippocampus, thereby improving skeletal and behavioral end-
points within the same animals. Although head-to-head compari-
sons with other SIRT1 activators or autophagy modulators were
not performed here, our results suggest that TEDF may offer a
practical “single agent, dual organ” strategy for treating postmeno-
pausal OP with depression, which merits further comparative
evaluation.
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Fig. 10. SIRT1 determines cellular responsiveness to TFDF in neurons and osteoblasts. Under H,0, injury, cells were treated with TFDF alone or in combination with Sirtl
knockdown (KD) or overexpression (OE). Western blots showed that TFDF decreased acetyl-FOXO3 and DEPP1 levels and that these effects were abrogated by KD and
strengthened by OE in HT22 and MC3T3-E1 cells (A, densitometry in B). ROS imaging/quantification demonstrated that injury-induced oxidative stress was reduced by TFDF,
partially reversed by KD, and further reduced by OE (C and D). Immunofluorescence staining for LC3B/TOM20/DEPP1 revealed a TFDF-driven improvement in autophagy-
mitochondrial morphology that was attenuated by KD and potentiated by OE in both cell types (E and F). Autophagy immunoblots (LC3-Il and p62) confirmed the same
interaction pattern (G, densitometry in H).
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Fig. 11. TFDF alleviates OVX-CUMS-associated bone-brain comorbidity by engaging SIRT1-centered stress—autophagy signaling. Left: Experimental framework: 7-week-old
female mice underwent ovariectomy combined with chronic unpredictable mild stress (OVX+CUMS, 12 weeks) and received total flavonoids of Drynaria fortunei (TFDF),
resulting inimproved bone density and depression-like behaviors. Right: Working model: OVX+CUMS-related cellular stress elevates reactive oxygen species (ROS) and
disrupts autophagy-mitochondrial homeostasis. TFDF activates SIRT1, reduces FOXO3 acetylation, suppresses stress-responsive DEPP1, and restores antioxidant capacity
(e.g., catalase [CAT]), thereby lowering ROS (with N-acetyl-L-cysteine [NAC], shown as an antioxidant control) and rebalancing autophagy to support organelle quality control.
These coordinated effects ultimately improve cellular function and the observed functional phenotype in bone- and brain-relevant cells.

Innovation and limitations
This study has several methodological and conceptual strengths.
First, to our knowledge, this is the first study to investigate TFDF
in an integrated comorbidity model that combines ovariectomy
and chronic unpredictable mild stress, allowing simultaneous
assessment of skeletal and neural outcomes within one framework.
Second, by performing cross-tissue RNA-seq and identify-
ing DEPPI as a shared stress—autophagy transcript in both
bone and the hippocampus, followed by in vitro gain- and
loss-of-function studies, we begin to map a unified SIRT1-
FOXO3-DEPP1 signaling module across osteoblasts and neu-
rons. Third, the demonstration that SIRT1 KD attenuates and
that SIRT1 OE potentiates TFDF effects, together with the results
of docking and molecular dynamics analyses, provides conver-
gent support for a SIRT1-dependent mechanism of action.
Nonetheless, several limitations should be acknowledged.
Mechanistically, our in vivo evidence remains correlative:
although cellular perturbation experiments implicate SIRT1
as a key TFDF-dependent regulator and DEPP1 as a down-
stream mediator, direct genetic validation in vivo, for example,
using conditional Sirtl or Deppl KD or OE in bone and hip-
pocampal compartments, would more definitively prove path-
way necessity. In addition, H,0,-based in vitro models capture
the oxidative stress component of OVX-CUMS but not its full
chronic, multifactorial milieu. Finally, although we discuss the
brain-bone axis conceptually, our experiments do not directly
track bone- or brain-derived signals in circulation and there-
fore cannot establish causal bone-brain communication. These
issues will need to be addressed in future work.

Outlook

Future work should more precisely define bone-brain commu-
nication in OP-depression comorbidity. Increasing evidence
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supports a bidirectional brain-bone axis mediated by endocrine,
neural, and immune signals, and our identification of a shared
SIRT1-FOXO3-DEPP1 stress—autophagy module offers a con-
crete entry point into this network. It will be important to clarify
whether TEFDF primarily reprograms osteoblasts, hippocampal
neurons, or both, thereby modulating circulating osteokines and
neuromodulators that couple skeletal and brain homeostasis.
Longitudinal multi-omics profiling, together with cell type-
specific genetic perturbation and targeted pharmacology, may
help map these communication routes and nominate tractable
targets for integrated treatment of osteoporotic depression.

In summary, TFDF provides a mechanism-based therapeu-
tic option for OP-depression comorbidity in the OVX-CUMS
setting. Our data support SIRT1 as a key TFDF-dependent
effector and DEPP1 as a downstream stress—autophagy media-
tor within a shared SIRT1-FOXO3-DEPP1 axis, establishing
an autophagy-mitochondrial homeostasis-based mechanistic
framework linking bone and the hippocampus in this model.
Importantly, this work highlights the promise of TCM-derived
EDNM agents such as TFDF as single agents capable of address-
ing both skeletal degeneration and mood-related pathology.
Future efforts should combine in vivo genetic manipulation
and target engagement assays with studies of bone-brain com-
munication to further validate this pathway and accelerate
clinical translation.

Materials and Methods

Experimental animals

Female C57BL/6] mice (7 weeks of age at arrival) were obtained
from the Qinglongshan Animal Experimental Center (Nanjing,
China). All procedures were conducted in the Animal Experiment
Center of the Nanjing University of Chinese Medicine under an
approved protocol (IACUC No. 202312A020). Animals were
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housed in a specific-pathogen-free facility with controlled tempera-
ture (22 to 24 °C), humidity (45% to 65 %), and a 12-h light/12-h
dark cycle, with standard chow and water available ad libitum. Mice
were acclimated for 7 days before any intervention.

Animals were randomly assigned to experimental groups
(Sham, OVX + CUMS model, TFDF-L, TEDF-H, and E2 positive
control; group sizes are reported in figure legends). Prespecified
exclusion criteria included surgical failure, severe illness unrelated
to study procedures, or technical artifacts that precluded analysis;
any exclusions are documented in the corresponding figure leg-
ends. All efforts were made to minimize animal number and suf-
fering, and environmental enrichment was provided according
to institutional guidelines.

Reagents
TFDF was supplied as capsules by Beijing Qihuang Pharmaceutical
Co., Ltd. (China; NMPA approval Z20030007; 0.25 g per capsule).
TFDF is a state-approved, standardized total flavonoid preparation
of Drynaria fortunei; according to the manufacturer’s quality
specification, naringin and neoeriocitrin are used as marker com-
pounds for batch release, and each production batch must meet
predefined content limits. Immediately before dosing, the capsule
shell was opened and the brown powder was weighed and sus-
pended in purified water to the required working concentration.
Mice received TFDF by oral gavage once daily, 6 days per week at
132.9 mg/kg/day (low dose) or 265.8 mg/kg/day (high dose). A
dosing volume of 10 ml/kg was used, corresponding to 13.29 mg/
ml for the low dose and 26.58 mg/ml for the high dose.
Estradiol valerate tablets (Bujiale; Bayer HealthCare Co., Ltd.,
Guangzhou, China; NMPA approval J20171038; 1 mg per tablet)
were finely ground and suspended in purified water immediately
before use. The working suspension was 0.036 mg/ml, delivered
by oral gavage at 10 ml/kg to achieve 0.36 mg/kg/day. The same
vehicle and volume were given to appropriate controls. All
administrations were performed at consistent times of day.

Chemical profiling of TFDF by

UPLC-Q-Orbitrap HRMS

TFDF powder was chemically profiled by ultraperformance
liquid chromatography coupled to Q Orbitrap high-resolution
mass spectrometry (UPLC-Q Orbitrap HRMS) using a vali-
dated flavonoid focused method. Briefly, TFDF capsules were
opened, the powder was extracted with aqueous methanol,
and the supernatant was analyzed in both positive and nega-
tive electrospray modes on a UPLC-Q Orbitrap platform.
Accurate mass, MS/MS fragmentation patterns, and retention
times were matched against reference standards and databases
to annotate major constituents.

Ovariectomy

Bilateral OVX was performed under anesthesia with ready-to-
use 2,2,2-tribromoethanol administered intraperitoneally, fol-
lowing institutional guidelines for depth of anesthesia. Mice
were placed in prone position, the dorsal skin was aseptically
prepared, and 2 small flank incisions were made to exteriorize
the ovaries. The oviducts were ligated and both ovaries were
removed. Muscle and skin were closed with absorbable sutures.
Sham animals underwent identical procedures except that the
ovaries were exteriorized and returned intact [47]. Postoperative
care included thermal support and analgesia as per facility
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policy. Animals were monitored daily and allowed to recover
before subsequent procedures.

Chronic unpredictable mild stress

After recovery from OVX or sham surgery, mice entered a CUMS
schedule designed to induce persistent depressive-like behavior
[48,49]. Stressors were applied once or twice per day in a pseudo-
random order to prevent habituation, with no stressor repeated
on consecutive days. The panel included commonly used mild
stressors such as wet bedding, cage tilt, light-dark cycle perturba-
tion, brief food or water deprivation, restraint, cold exposure or
cold swim of short duration, tail pinch of brief duration, and expo-
sure to a novel odor. The regimen was maintained for multiple
weeks according to the study timeline, and was run in parallel with
the assigned treatments. Behavioral readouts (for example, sucrose
preference and open-field measures) were collected at predefined
time points to verify induction of the depressive-like phenotype.

Preparation of mouse serum

After isoflurane anesthesia, blood was obtained from the oph-
thalmic vein into serum tubes, allowed to clot at room tem-
perature for 30 min, and centrifuged at 2,500 rpm for 15 min.
The supernatant was transferred to fresh tubes, flash frozen in
liquid nitrogen, aliquoted, and stored at —80°C until analysis.
Samples were collected at a consistent time of day within each
experiment, handled on ice, and limited to a single freeze-thaw
cycle. Grossly hemolyzed samples were excluded.

Behavioral measurements

Tail suspension test

Mice were individually suspended by the tail with adhesive tape
fixed to a horizontal bar inside a sound-attenuated chamber
for 6 min. Immobility was defined as the absence of initiated
movements other than those required for respiration or passive
pendulum-like swinging. Sessions were video-recorded and
scored offline by an investigator blinded to group assignment
using time-stamped event logging. Trials were excluded a priori
if a mouse detached from the hook, climbed onto its tail, or
exhibited persistent escape-related behaviors that prevented
reliable immobility scoring. The primary outcome was cumula-
tive immobility time over 6 min [50].

Forced swim test

Animals were placed one at a time into a clear acrylic cylinder
(inner diameter, 12 cm; height, 25 cm) filled with water at
24 + 1 °C to a depth that prevented tail contact with the bottom
and escape (=15 cm). Behavior was recorded for 6 min with a
side-mounted camera. Immobility was scored as the absence of
active swimming or climbing, with only minimal movements to
keep the head above water. Water was replaced between trials to
avoid olfactory cues and temperature drift. Sessions were excluded
if a mouse sank, climbed the wall, or floated motionless for the
entire period. The primary endpoint was immobility time across
6 min [50].

Sucrose preference test

A 2-bottle choice procedure was used. Mice were habituated
for 24 h with 2 bottles of water, followed by 24 h with 2 bottles of
1% (w/v) sucrose. Animals showing extreme baseline preference
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(<25% or >75%) during habituation were excluded. After 24-h
water deprivation, testing was conducted for 10 h with one
bottle of water and one bottle of 1% sucrose; bottle positions
were swapped at 5 h to control for side bias. Bottles were pre-
weighed, checked for leakage, and reweighed at the end of each
interval; spillage controls were run in empty cages. Sucrose
preference (%) was calculated as sucrose intake divided by total
liquid intake [50,51].

Open field test

Locomotion and exploratory behavior were assessed in a square
arena (40 X 40 X 40.5 cm) under dim illumination. Each mouse
was placed in the center and allowed to explore for 10 min while
a ceiling-mounted camera captured trajectory. Videos were ana-
lyzed in Any-maze (Stoelting, USA) by a blinded investigator.
The primary metric was total distance traveled. Secondary indi-
ces (for example, time and entries in the center zone) were
extracted when needed. The enclosure was cleaned with 70%
ethanol between trials [50].

Micro-CT analysis

Distal femora were scanned on a Skyscan 1276 system (Bruker,
Belgium) at 70 kV, 200 pA, and 9 pm isotropic voxel size, with
rotation step and frame averaging set according to manufac-
turer recommendations to minimize noise and ring artifacts.
Reconstructions were performed with default beam-hardening
correction; binarization thresholds were held constant across
specimens. The trabecular region of interest (ROI) was defined
in the distal metaphysis proximal to the growth plate and
extended for a fixed number of slices to avoid partial-volume
effects. CTAn v1.15.2.2 yielded BMD, BV/TV, bone surface-
to-volume ratio (BS/TV), Tb.N, and Tb.Sp. Representative
2-dimensional sections and 3-dimensional renderings were
generated with DataViewer v1.5.1.9 and CTvox v3.0.0 using
identical visualization parameters for all groups.

Hematoxylin and eosin staining

Femora were fixed in 4% paraformaldehyde for approximately 72 h,
decalcified in 10% EDTA (pH 7.2 to 7.4) at room temperature for
~30 days with frequent solution changes, dehydrated through graded
ethanol, and embedded in paraffin. Sections (4 pm) were deparaf-
finized in xylene, rehydrated, and stained with hematoxylin fol-
lowed by eosin using a standardized timing sequence. Slides were
cleared, mounted, and imaged under bright-field microscopy with
uniform exposure settings. Morphology was evaluated in matched
anatomical planes to ensure comparability.

RNA-seq analysis

Hippocampus and femoral bone (~50 mg per sample) were
homogenized, and total RNA was isolated with TRIzol. RNA
integrity was verified (RIN threshold prespecified; only high-
quality RNA advanced to library prep). Poly(A)+ libraries were
prepared with the Fast RNA-seq Lib Prep Kit V2 and sequenced
on the NovaSeq X Plus platform using paired-end chemistry.
After adapter trimming and quality filtering, reads were aligned
to the mouse reference genome with HISAT2 (v2.0.5). Gene-
level counts were generated and normalized to FPKM to miti-
gate depth and length effects. Differential expression was
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performed with DESeq2 (v1.20.0) with Benjamini-Hochberg
correction; significance required |log2 fold change| > 1 and
adjusted P < 0.05. Hierarchical clustering used Euclidean dis-
tance on normalized expression values. Functional annotation
employed clusterProfiler (v3.8.1) for Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG); where
indicated, GSEA was used to determine pathway directionality.
All analyses were conducted with investigators blinded to group
codes until statistics were finalized.

Western blot

Sample preparation

Hippocampal and bone tissues, as well as MC3T3-E1 and
HT-22 cells, were lysed on ice in radioimmunoprecipitation
assay (RIPA) buffer supplemented with protease and phospha-
tase inhibitors. For acetyl-FOXO3 detection, lysates additionally
contained deacetylase inhibitors (for example nicotinamide and
TSA). Protein concentration was determined by bicinchoninic
acid (BCA) assay. Equal amounts of protein (20 to 40 pg per lane)
were resolved by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (10% to 12% gels; 12% to 15% for LC3-1/1I) and
transferred to polyvinylidene difluoride (PVDF) membranes.

Blotting

Membranes were blocked in 5% bovine serum albumin (BSA;
phospho/acetyl targets) or 5% nonfat milk (other targets) for
1 h at room temperature, incubated overnight at 4 °C with pri-
mary antibodies, washed, and then incubated with horseradish
peroxidase (HRP)-conjugated secondary antibodies for 1 h at
room temperature. Signals were developed by ECL and imaged
under nonsaturating conditions. Densitometry was performed
in Image] by investigators blinded to group allocation. Band
intensities were normalized to p-actin or B-tubulin; for LC3,
both LC3-II level and LC3-II/LC3-I ratio were reported; for
p-CREB, the p-CREB/CREB ratio was used. For Western blot
densitometry in animal tissues, band intensities were nor-
malized to the mean value of the Sham group, which was set
to 1.0.

Primary antibodies

Primary antibodies (supplier and catalog number are in parenthe-
ses) were as follows: DEPP1 (CUSABIO, CSB-PA865135LA01HU);
Acetyl-FOXO3 (Lys271, #AF3771); SIRT1 (YT4302); LC3B
(Immunoway, PT0235R); p62/SQSTM1 (CY5546); TOMM20
(CY5527); BDNF (Immunoway, PT0858R, YM8627); CREB-1
(Immunoway, PT0516R, YM8342); CREB-1 phospho-Ser133
(Immunoway, PT0863R, YM8632); PSD-95 (Immunoway,
PT0455R, YM8292); Synapsin I (Immunoway, PTO602R, YM8411);
RUNZX2 (Servicebio, GB115631-100); OCN (Servicebio, GB11233-
100); p-Actin (AB0011); and p-Tubulin (AB0039). Working dilu-
tions followed manufacturer reccommendations and were optimized
empirically within a narrow range across experiments.

Quantitative reverse-transcription polymerase

chain reaction

Total RNA was extracted from hippocampus, femoral bone,
and cultured cells using TRIzol or a column kit according to
the manufacturer’s instructions, including on-column DNase
treatment. RNA purity and concentration were assessed spec-
trophotometrically; samples with A260/280 between 1.8 and
2.1 were used. cDNA was synthesized from 500 to 1,000 ng of
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RNA using a reverse-transcription kit with random primers
(Table S1). qPCR was performed with SYBR Green chemistry
on a 96-well system with standard cycling and melt-curve
analysis to verify single amplicons.

Enzyme-linked immunosorbent assay

Serum concentrations of bone formation markers (bone-specific
ALP and BGP or OCN), bone resorption markers (B-isomerized
C-terminal telopeptide of type I collagen and tartrate-resistant acid
phosphatase 5b), and endocrine stress mediators (norepinephrine
and corticosterone) were measured by enzyme-linked immuno-
sorbent assay (ELISA). For every ELISA, we generated a full stan-
dard curve supplied by the manufacturer and ran all study samples
in duplicate; to check matrix effects, representative plasma was
reassayed after a 1:2 dilution, and the resulting values remained
proportional (linear regression R* > 0.97), indicating negligible
interference

Immunohistochemistry

Paraffin-embedded femoral sections (=4 pm) were dewaxed in
xylene and rehydrated through graded ethanol to water. Heat-
induced antigen retrieval was performed in citrate buffer (pH 6.0)
at 95 °C for 10 to 30 min, followed by passive cooling to room
temperature. Endogenous peroxidase was quenched with 3% H,O,
for 10 min. Sections were blocked with 5% BSA (or normal serum,
as appropriate) for 30 min, then incubated overnight at 4 °C with
primary antibodies DEPP1 (CUSABIO, CSB-PA865135LA01HU)
and LC3 (Immunoway, PT0235R) at manufacturer-recommended
dilutions. After 3 phosphate-buftered saline (PBS) washes (5 min
each), HRP-conjugated secondary antibodies were applied for
30 min at room temperature. Signal was developed with DAB,
nuclei were counterstained with hematoxylin, and slides were
dehydrated, cleared, and mounted. Images were acquired under a
bright-field microscope using identical exposure settings across
groups.

Immunofluorescence

IF was performed on mouse hippocampal sections and on
MC3T3-E1 and HT22 cells using primary antibodies DEPP1
(CUSABIO, CSB-PA865135LA01HU), LC3 (Immunoway, PTO-
235R), and TOM20 (Immunoway, PT0287R). Brains were
perfusion-fixed and cryosectioned; cells were fixed on coverslips.
Samples were permeabilized and blocked, incubated with pri-
mary antibodies overnight at 4 °C, then with species-appropriate
Alexa Fluor-conjugated secondary antibodies for 1 h at 37 °C,
counterstained with 4',6-diamidino-2-phenylindole (DAPI), and
mounted in antifade medium. Images were acquired on a laser
scanning confocal microscope (Olympus FV1000) under identi-
cal acquisition settings across groups. Quantification was per-
formed in Image]J/Imaris by blinded investigators, extracting
mean fluorescence intensity and positive area for each marker,
LC3 puncta per cell or NeuN-defined region, and colocalization
indices (LC3-TOM20 and TOM20-DEPP1) using Pearson/
Manders coeflicients; 3 to 5 nonoverlapping fields per animal or
coverslip were averaged for statistics.

Serum TFDF constituents by UPLC-HRMS

Serum samples were collected from OVX-CUMS mice after
TFDF or vehicle treatment and stored at —80 °C until analysis.
For liquid chromatography-mass spectrometry (LC-MS), 100 pl
of serum was mixed with 3 to 4 volumes of cold methanol,
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vortexed, and centrifuged, and the supernatant was injected
into a UPLC-Q-Orbitrap high-resolution mass spectrometer.
Chromatographic separation was performed on a C18 column
using a water/acetonitrile gradient with 0.1% formic acid at
a constant flow rate. Data were acquired in both positive and
negative electrospray ionization modes over an appropriate
m/z range and processed with vendor software to generate
extracted ion chromatograms and MS/MS spectra. Candidate
TFDEF-derived constituents were assigned by matching accu-
rate mass, isotope patterns, and fragment ions to TFDF extract
profiles and reference databases, and by requiring absence (or
near absence) in serum from untreated control animals.

Cell culture and treatment

MC3T3-E1 osteoblastic cells

MC3T3-E1 (STCC20026P, Servicebio) were cultured in a-MEM
(Gibco) supplemented with 10% fetal bovine serum (FBS)
(Servicebio, G8003-100ML) and 1% penicillin-streptomycin at
37 °C in 5% CO, and saturated humidity. Cells were authenti-
cated by the supplier and routinely tested mycoplasma-negative.
Medium was refreshed every 2 to 3 days, and cells were passaged
at 70% to 80% confluence using 0.25% trypsin-EDTA at a 1:3
ratio. Only passages 5 to 25 were used for experiments. Typical
seeding densities were as follows: 6-well plates for Western blot,
2 to 3 x 10° cells per well; 24-well glass coverslips for IF, 4 to
6 x 10 cells per well; 96-well plates for imaging, 8 to 10 x 10
cells per well.

HT-22 mouse hippocampal neuronal cells (HT-22 cell line)
HT-22 cells (STCC20011P, Servicebio) were maintained in RPMI-
1640 (Gibco) with 10% FBS (Servicebio) and 1% penicillin—
streptomycin under identical incubator conditions. Medium
exchange, passaging, and quality control mirrored the MC3T3-E1
workflow. Seeding densities matched the assay type as above.

Concentration screening for TFDF and NAC

TFDF working concentrations for cell assays were determined
by CCK-8 viability screening on graded concentrations in each
cell line, selecting doses that preserved viability while providing
protection against oxidative challenge. NAC served as an anti-
oxidant comparator and was similarly screened to ensure the
final vehicle content was <0.1% in all wells.

Oxidative injury model and treatment groups

For oxidative injury, MC3T3-E1 cells were exposed to 200 pM
H,0, for 4 h, and HT22 cells were exposed to 350 uM H,0, for
24h [52,53]. In our pilot Cell Counting Kit-8 (CCK-8) and TMRE
assays, these conditions consistently produced an approximately
30% to 40% reduction in cell viability together with a marked loss
of mitochondrial membrane potential, without causing gross
detachment or necrosis, and are comparable to those used in pre-
vious oxidative stress models in MC3T3-E1 and HT22 cells. These
parameters were chosen to model an acute oxidative stress epi-
sode superimposed on the chronic stress and estrogen deficiency
present in the in vivo OVX-CUMS paradigm, allowing us to
isolate the stress—autophagy-mitochondria component under
controlled conditions.

Osteogenic induction and functional readouts in MC3T3-E1
For lineage function, MC3T3-E1 were switched to osteo-
genic induction medium (Procell, PD-033) according to the
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manufacturer’s protocol. ALP staining was performed on days
5 to 7 of induction and ARS mineralization on days 14 to 21.
Signals were quantified by image analysis and ARS dye
extraction, respectively. Parallel Western blots for RUNX2,
ALP, and OCN were used to validate osteogenic status.

Stable KD of Sirtl and Deppl

Stable gene interference used mouse kits Sirtl (GenelD: 93759,
Cat. RD307092) and Depp1 (GenelD: 213393, Cat. RD311303)
following the manufacturers’ instructions. Briefly, cells were
transduced at the indicated multiplicity of infection (MOI) in
the presence of polybrene (4 to 8 pg/ml), incubated 24 to 48 h,
and selected with puromycin at a concentration determined by
a prior kill curve. KD efficiency was verified by qPCR (48 to 72 h
after selection onset) and Western blot. Stable pools were expanded
and used for assays within 3 passages postselection.

Transient OE of Sirtl and Deppl

OE plasmids were Mm12441 for mouse Sirtl (NM_019812.3,
ORF 2214 bp; synonyms SIR2L1, Sir2, Sir2a, Sir2alpha) and
Mm14340 for mouse Deppl (NM_145980.2, ORF 618 bp; syn-
onyms 8430408G22Rik, DeppFseg). Transfections used Lipo6000
(Beyotime, C0526-0.5 ml) per the supplier’s protocol. For 6-well
plates, 2.0 to 2.5 pg of DNA/well with a 1:3 to 1:4 DNA:reagent
ratio was used; complexes were formed for 15 to 20 min and
added dropwise to antibiotic-free medium. Medium was refreshed
after 6 h. Assays were performed 24 to 48 h posttransfection.
Transfection efficiency and protein OE were confirmed by qPCR/
Western blot before downstream analyses.

TMRE assay and nuclear counterstain

Mitochondrial membrane potential

Live MC3T3-E1 and HT-22 cells grown on glass coverslips were
incubated with TMRE (GLPBIO, GC30053) in phenol-red-free
medium (100 nM, optimized within 50 to 200 nM) for 20 min at
37 °C protected from light. Cells were rinsed once with warm
medium and imaged immediately on a confocal microscope using
identical acquisition settings across groups (Ex/Em ~550/575 nm).
In selected plates, a depolarization control was included by treat-
ing parallel wells with FCCP (10 pM, 10 min) before TMRE to
verify dynamic range. For plate-reader assays (black 96-well),
fluorescence was recorded at Ex/Em 549/575 nm and background-
subtracted. AWm was expressed as mean TMRE intensity per cell
or per field and normalized to the FCCP control or vehicle as
indicated.

Nuclear counterstain

After TMRE imaging (or in parallel wells), nuclei were labeled
with Hoechst 33258, ready to use (Servicebio, G1011-10ML)
for 5 to 10 min at room temperature, followed by PBS rinse.
Hoechst was excited at 405 nm with sequential acquisition to
avoid spectral bleed-through. For each condition, 3 to 5 non-
overlapping fields per coverslip were analyzed by blinded inves-
tigators; the mean value per coverslip was used for statistics.
All dyes were prepared fresh on the day of use, and final solvent
content in wells did not exceed 0.1%.

Assay allocation

Western blot samples were collected from 6-well plates; IF and
colocalization (LC3B and TOM20, TOM20 and DEPP1) were
performed on coverslips; TMRE assays for AWm and viability
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assays were run in 96-well plates. All experiments were random-
ized and performed by investigators blinded to group allocation.

ARS and ALP

Calcium deposition and early osteogenic activity were assessed
with commercial kits from Beyotime (Shanghai, China). For ARS
staining of mineralized nodules, cells were cultured in osteogenic
medium for 21 days, rinsed twice with PBS, fixed in 4 % parafor-
maldehyde for 15 min, and stained for 30 min at room tempera-
ture with the ARS working solution (pH 4.2; Cat. C0148S). Excess
dye was removed by extensive washing with distilled water; plates
were photographed under a light microscope, and bound dye was
dissolved in 10% (w/v) cetyl-pyridinium chloride for 30 min, after
which the optical density was read at 450 nm to obtain quantita-
tive values of mineralization. ALP activity was examined on day
7 of induction with the BCIP/NBT chromogenic kit (Cat.
C3206). After 2 PBS washes, cells were fixed for 10 min, incubated
with freshly prepared BCIP/NBT working solution at 37 °C for
20 min in the dark until a blue-violet precipitate developed,
washed with deionized water, and imaged.

Molecular docking

Protein targets were identified in UniProt and corresponding
experimental structures were downloaded from the Research
Collaboratory for Structural Bioinformatics Protein Data Bank
(RCSB PDB). The highest-quality entry covering the binding
region was imported into Discovery Studio 2019 and prepared
by removing nonessential crystallographic waters, adding hydro-
gens, assigning protonation states at pH 7.4, completing missing
residues/side chains, assigning CHARMm charges, and perform-
ing a restrained energy minimization; the optimized receptor was
exported as PDB. Small-molecule constituents of TFDF were
retrieved from PubChem, converted to 3D, protonated for pH 7.4,
minimized in Discovery Studio 2019, and saved as PDB. Receptor
and ligands were converted to PDBQT in AutoDockTools 1.5.6
(Gasteiger charges; nonpolar hydrogens merged; ligand torsions
defined). Docking was performed with AutoDock Vina 1.2.6
using a grid box centered on a co-crystallized ligand or a predicted
pocket (margin ~5 to 8 A per axis); typical parameters were
exhaustiveness 8 to 16, num_modes 20, energy_range 4 kcal mol .
Where available, redocking of the native ligand was used to vali-
date the protocol (RMSD < 2.0 A). Each ligand was docked in
triplicate with different random seeds; pose selection considered
Vina score, clustering, and chemically plausible interactions
(hydrogen bonds, n-n/cation-m, hydrophobic contacts) with
pocket residues. Complexes were visualized and annotated in
PyMOL 3.1 and Discovery Studio 2019; grid coordinates and
docking settings are reported in the Supplementary Methods.

Molecular dynamics

Protein-ligand complexes were simulated with GROMACS 2025
for 100 ns. Protein parameters used AMBER99SB-ILDN; ligand
topologies were built with GAFF2 and then merged with the pro-
tein to avoid atom-type conflicts. Periodic boundary conditions
were applied in a cubic box with a 1.2-nm buffer from solute to box
edge. The system was solvated with TIP3P water and neutralized
with Na™/Cl7; salt concentration was set to 0.15 M. After NV T then
NPT equilibration (total 2 ns, coupling time constant 0.1 ps), pro-
duction runs were performed in the NPT ensemble at 310 K and
1 bar for 50,000,000 steps with a 2-fs timestep; thermostat/barostat
settings matched equilibration. Trajectories were saved every
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1,000 steps for analysis. Using GROMACS tools, we computed
RMSD (global stability), RMSF (residue flexibility), radius of gyra-
tion, R, (compactness), SASA (solvent exposure), and protein-
ligand hydrogen-bond counts (interaction stability). Free-energy
landscapes (2D/3D; AG = —k T'In P) were constructed from prin-
cipal components, and MM/PBSA was used to estimate mean bind-
ing free energy with per-residue energy decomposition.

SPR analysis
SPR was used to characterize the direct binding between
SIRT1 and naringenin using a CM5 sensor chip and standard
amine-coupling chemistry. Immediately before use, the acti-
vation solution was prepared by mixing 400 mM EDC and
100 mM NHS. The carboxymethylated dextran surface of
the CM5 chip was activated by injecting this EDC/NHS mix-
ture at a flow rate of 10 pl/min for 420 s. Recombinant SIRT1
was diluted to 20 pg/ml in immobilization buffer and injected
over the sample flow channel (Fc2) at 10 pl/min, typically
yielding an immobilization level of approximately 12,600 response
units (RU). The reference channel (Fcl) underwent the same
activation and deactivation procedures without protein injec-
tion. Remaining active esters were then blocked by injecting
1 M ethanolamine hydrochloride at 10 pl/min for 420 s.
Multi-cycle measurements were performed with naringenin
as the analyte. Naringenin was diluted in the analyte (running)
bufter to 8 concentrations spanning 0.02 to 2 pM. Each concentra-
tion was injected sequentially over both flow channels (Fcl and
Fc2) at a flow rate of 20 pl/min with an association phase of 100
s, followed by a dissociation phase of 180 s in running buffer. After
each injection cycle, the chip surface was regenerated with an
appropriate regeneration solution (described in the Supplementary
Methods), and a new cycle was initiated once a stable baseline was
reestablished. Sensorgrams from the sample channel were refer-
ence-subtracted using the corresponding signal from the reference
channel prior to further analysis.

Study populations

The OP related genetic data come from the publicly available
FinnGen database (Risteys FinnGen R6 - M13_OSTEOPOROSIS).
The OP genome-wide association study (GWAS) data in the
FinnGen biobank include 212,778 individuals of Finnish descent
(3,203 cases and 209,575 controls). The MDD data are sourced
from the UK Biobank and PGC (excluding 23andMe), encom-
passing 500,199 European individuals (170,756 cases and 329,443
controls). The GTEx V8 dataset contains extensive gene expres-
sion data from 49 different tissues, which were collected from 838
deceased donors (https://ftp.ebi.ac.uk/pub/databases/spot/eQTL/
imported/GTEx_V8). The sample sizes vary across different tis-
sues, ranging from 73 samples from the renal cortex to 706 sam-
ples from skeletal muscle.

Gene-based association analysis

We utilized TWAS-fusion [54] to identify genes shared by the OP
and MDD trait. In each method, the P value thresholds were
adjusted through Bonferroni correction. TWAS identifies tissue-
specific gene-trait associations by integrating GWAS with cis-SNV-
based gene expression models [55]. We conducted TWAS using the
FUSION software based on expression profiles from 43 postmortem
tissues in GTEx. Cross-tissue transcriptome-wide association was
further performed using S-MultiXcan, which integrates predicted
gene expression across all GTEx V8 tissues to derive joint gene—trait
association statistics for each phenotype. For each gene, S-MultiXcan
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Pvalues were adjusted for multiple testing using the Bonferroni
method, and genes surpassing the corrected threshold in both OP
and MDD were considered shared candidates. To prioritize
brain regions, we then conducted tissue enrichment and partitioned
heritability analyses using LD score regression based on GTEx
tissue-specific annotations, focusing on those tissues that showed
significant enrichment after false discovery rate correction.

Quantification and statistical analysis

The animal was the experimental unit for in vivo assays; inde-
pendent culture (different passages/days) was the unit for cell
assays. Data are presented as mean + standard error of the mean
(SEM) unless stated otherwise. Group sizes (1) and exact tests
are reported in figure legends. Analyses were 2-tailed with
a = 0.05. Normality was assessed by Shapiro-Wilk and homosce-
dasticity was assessed by Levene/Brown-Forsythe. For 2 groups,
we used unpaired ¢ tests (or Mann-Whitney U if nonnormal);
for >3 groups, we used one-way analysis of variance (ANOVA)
with Tukey (all-pairs) or Dunnett (vs. Model) post-hoc tests (or
Kruskal-Wallis/Dunn nonparametric). Time-course data (e.g.,
body weight) used 2-way (repeated-measures) ANOVA with
Greenhouse-Geisser correction if sphericity was violated.
Outliers were handled a priori (surgical/behavioral exclusions
defined in Materials and Methods/figure legends) and no data
were removed post hoc. Statistics were run in GraphPad Prism
10 and R (v4.3).
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Data Availability

The OP GWAS summary statistics were obtained from the FinnGen
biobank (release R6; endpoint M13_OSTEOPOROSIS). Public
summary statistics can be downloaded from the FinnGen results
portal (https://www.finngen.fi/en/access_results), and endpoint-
level information can be explored through the Risteys browser
(https://risteys.finngen.fi). MDD GWAS summary statistics were
obtained from the Psychiatric Genomics Consortium (PGC) and
the UK Biobank. PGC MDD summary statistics (excluding
23andMe) are available at https://pgc.unc.edu/for-researchers/
download-results/, and UK Biobank genotype and phenotype data
can be accessed upon approved application via the UK Biobank
Data Showcase (https://biobank.ndph.ox.ac.uk/ukb/). Reference
transcriptome and eQTL data for 49 tissues were obtained from
the GTEx Project (v8 release) and are available through the GTEx
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Portal (https://gtexportal.org/home/). TWAS analyses were per-
formed with the FUSION software, which, together with reference
weight panels, is freely available from the Gusev Lab website (http://
gusevlab.org/projects/fusion/), and cross-tissue S-MultiXcan analy-
ses were carried out using the MetaXcan framework (https://github.
com/hakyimlab/MetaXcan).
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