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Fig. 7 | Depleting SAP by CPHPC (miridesap) alleviates amyloid deposits  
and improves bone phenotype in aged mice. Eighteen-month-old male and 
female C57BL/6 mice were treated with CPHPC at 5 mg ml−1 in drinking water  
for 42 d. Regular drinking water was used as a control. a,b, SAP concentration  
was measured by ELISA in the bone marrow of five mice per group (a) and the 
serum of ten mice per group (b). c–j, Representative µCT images of trabecular 
area in the distal femur of female mice are shown in c with quantitative analyses  
of trabecular bone volume (BV/TV) (d), Tb.Th (e), Tb.N (f) and Tb.Sp (g).  
n = 5. Representative µCT images of the Ct.Ar of the femur are shown  
in h with quantitative analyses of Ct.Ar (i) and Ct.Th (j). n = 6–8. k–m, Aβ 
deposits were detected in tissue sections of the distal tibia by ThioS staining and 

immunofluorescence staining with the H31L21 antibody. Representative  
images are shown in k. Quantifications of H31L21+ mean intensity and ThioS+ 
mean intensity are shown in l,m, respectively. Scale bar, 50 μm. n = 9.  
n–r, Representative OCN immunostaining images in femoral trabecular and 
cortical regions are shown in n with quantification of the number of OCN+ 
osteoblast surface per bone surface area (N.Ob/B.S.) in o. TRAP staining images 
in femoral trabecular and cortical regions (p) with quantification of TRAP+ 
osteoclast surface per bone surface (Oc.S./B.S.) trabecular area (Tb.Ar)  
in q and cortical area (Ct.Ar) in r. n = 5. Scale bar, 50 μm. Data are represented as 
mean ± s.e.m. *P < 0.05, ***P < 0.001, ****P < 0.0001, as determined by unpaired 
two-tailed Student’s t-tests for two groups.
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the p19Arf gene, the role of which in mediating cellular senescence has 
been overshadowed by p16Ink4a for many years. Intriguingly, ChIP 
assays reveal that the transcription factor CEBPα strongly binds to all 
four regions in the promoter of p19Arf in bone marrow cells from both 
AD mice and aged mice. However, binding of CEBPα to the p16Ink4a 
promoter region was not detected in either WT or AD mice, although 
the p16Ink4a promoter also contains four putative CEBPα binding 
sites. The data suggest that, while p16Ink4a and p19Arf are in the 
same locus and share overlapping coding regions, they are indepen-
dently activated in BMAds via distinct mechanisms during aging or 
in AD conditions. It is of interest to determine whether p16Ink4a and 
p19Arf are activated simultaneously or sequentially in the progres-
sion of aging or AD. It is also important to examine whether these two 
closely related senescence marker genes are differentially activated 
in the senescence of other cell types. Nevertheless, findings from 
the present study and our recent work on glucocorticoid-induced 
BMAds69 collectively suggest that BMAds are more susceptible or 
rapidly acquire a senescence phenotype compared to other cell types 
in the bone and/or bone marrow, likely because the master regulators 
of adipogenesis such as PPARγ and CEBPα also function as senescence 
gene activators. We observed that BMAds in AD and naturally aging 
mice exhibited DNA damage, as evidenced by increased H2AX expres-
sion. Although DNA damage is a hallmark change of senescent cells, 
it is possible that DNA damage and cellular senescence in BMAds 
occur independently. During aging, adipose tissue accumulation is 
consistently accompanied by increased production of reactive oxygen 
species70,71, which are key mediators of DNA damage. Interestingly, 
adipogenesis-related genes are often linked to alterations in DNA 
repair and oxidative stress gene expression, implicating DNA dam-
age in the dysregulation of adipose tissue homeostasis72. Exploring 
how alterations in adipogenesis-related genes directly influence 
DNA repair or damage in BMAds presents an intriguing direction for 
future research.

Another notable feature of senescent BMAds is their acquisition 
of a SASP. In cytokine–adipokine array assays, 17 of 111 cytokines and 
adipokines were elevated in BMAds isolated from AD mice compared 
to their control compartments. It is noteworthy that the majority of the 
elevated factors in this context differ from the SASP factors previously 
identified in glucocorticoid-induced senescent BMAds47. These results 
support the consensus recognition from numerous other studies that 
the composition of SASP released from senescent cells can be highly 
specific and dynamic, contingent upon the senescence inducer and 
the duration of senescence51,73–78. More importantly, transplantation of 
BMAds isolated from AD (versus WT) and aged (versus young) donors 
into the bone marrow cavity of young healthy recipients induced a 
bone loss phenotype. This phenotype was effectively reversed by the 
senolytic drugs DQ, highlighting senescent BMAds as the primary 
drivers of bone deficits in both AD and aging conditions.

Perhaps the most striking observation of the current work was 
the presence of Aβ fibril accumulation around senescent BMAds. We 
detected elevated Aβ peptides and increased amyloid deposits in the 
bone marrow of both AD mice (versus WT mice) and naturally aging 
mice (versus young mice). Intriguingly, in both AD mice and naturally 
aging mice, smaller Aβ deposits are either diffuse in the bone marrow 
or localized around senescent BMAds, forming unique large, ring-like 
structure. While immunostaining of bone tissue sections identified 
hAPP+ signals in AD mice, RT–PCR failed to detect the hAPP transgene 
in flushed bone marrow cells. As hAPP and PS1 transgenes are predomi-
nantly expressed in neurons and astrocytes in the AD mouse line, our 
findings suggest that nerve fibers within bone and/or bone marrow may 
contribute to the elevated human Aβ detected in the bone marrow. To 
confirm this, further studies involving co-immunostaining for hAPP 
and neuronal markers in bone tissue sections are necessary. Another 
potential source of the increased human Aβ40 and Aβ42 in mouse bone 
marrow could be circulating Aβ peptides, which might be released 

from the brain and transported across the blood–brain barrier into 
the bloodstream.

Our study provides evidence that insoluble Aβ fibrils aggregate 
in the bone marrow of aged mice, albeit not in the form of large, dense 
Alzheimer’s-like plaques. The distinctive peri-BMAd feature of bone 
marrow Aβ deposits serves as a hallmark characteristic of skeletal 
aging. In WT mice lacking the hAPP transgene, endogenous mouse Aβ 
peptides detected in bone marrow of aged mice are likely produced 
locally. Previous studies have shown abundant APP protein expression 
in bone and bone marrow cells, such as macrophages, osteoclasts and 
osteoblasts in WT mice79,80. During aging, proteolytic processing of 
APP in these cells may contribute to increased Aβ production within 
the bone marrow environment. Despite the distinct sources of bone 
marrow Aβ in AD mice and naturally aging mice, evidence from this 
study strongly supports that senescent BMAds, under both AD and 
aging conditions, secrete SAP/PTX2, which stabilizes Aβ peptides and 
promotes amyloid deposition in the bone marrow.

A fundamental question arises regarding the mechanism under-
ling the accumulation of insoluble Aβ fibrils in the bone marrow with 
age. Given our observation that amyloid aggregates predominantly 
around BMAds, it is logical to posit that Aβ deposition is associated with 
the aging phenotypic changes of this cell type. Indeed, our in vitro and 
in vivo assays reveal that senescent BMAds in AD mice and aged mice 
secrete significantly higher amounts of SAP/PTX2, thereby promot-
ing the formation of insoluble Aβ aggregates. Previous studies have 
shown that SAP/PTX2 is primarily produced in the liver in physiological 
conditions in humans81–83. Our observation from the RNAscope assay, 
showing that SAP/PTX2 largely colocalizes with the senescence marker 
gene Cdkn1a (p21) in BMAds, suggests that SAP/PTX2 is produced by 
senescent BMAds. Supporting this notion, SAP/PTX2 levels were mark-
edly elevated in the CM prepared from BMAds isolated from both AD 
mice and naturally aging mice compared to their control counterparts, 
and this elevation was mitigated by treating the cells with senolytic 
drugs. Furthermore, SAP/PTX2 concentrations in bone marrow of aged 
(versus young) mice and AD mice (versus WT littermates) were signifi-
cantly elevated. Osteoblasts are among the major cell types known to 
undergo cellular senescence during aging52,60. However, SAP/PTX2 
expression was barely detectable in OCN-expressing osteoblasts within 
either trabecular or cortical bone regions in aged mice. These findings 
collectively suggest that BMAds are the primary source of SAP/PTX2 in 
the bone marrow microenvironment under aging or AD conditions. It 
has been well established that SAP is universally present in all human 
amyloid deposits68,84. The binding of SAP stabilizes amyloid fibrils85 
and promotes their formation in the brain86,87, thereby contributing 
to the pathogenesis of AD and cerebral amyloid angiopathy88,89. Our 
results from filter retention assays and 3D amyloid deposition assays 
demonstrate that senescent BMAd-secreted SAP/PTX2 efficiently 
triggers the formation of insoluble amyloid fibrils from soluble Aβ 
peptide, providing evidence for the role of SAP in stabilizing amyloid 
fibrils in peripheral tissue.

Adipocytes in different adipose tissue depots, including those at 
distinct bone marrow locations, possess unique characteristics and 
functions. Interestingly, our data reveal that rBMAds (in the femoral 
and proximal tibial bone marrow) and cBMAds (in the distal tibial bone 
marrow) in aged mice exhibit a similar aging phenotype characterized 
by cellular senescence and SAP/PTX2 secretion. Given the develop-
mental and regulatory differences between rBMAds and cBMAds as 
well as their distinct roles in hematopoiesis and bone remodeling61, 
it would be valuable to further investigate whether cBMAds in other 
locations, such as tail vertebrae, exhibit a similar age-related phe-
notype. Moreover, future studies should explore whether the onset 
of senescence and SAP/PTX2 secretion varies between rBMAds and 
cBMAds and whether increased SAP/PTX2 affects the microenviron-
ments of rBMAds and cBMAds differently. We also acknowledge that 
senescence and amyloid deposition may occur in adipose tissues at 
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other anatomical locations. However, while visceral adipose tissue 
adipocytes exhibit cellular senescence in both AD and aged mice, we 
did not observe increased SAP expression or amyloid deposition in 
this depot. These findings suggest that, although adipocytes in other 
adipose tissues undergo senescence under AD and aging conditions, 
only BMAds secrete SAP/PTX2, driving amyloid deposition specifically 
in the bone marrow. Therefore, amyloid deposition around BMAds 
may be a unique feature of age-related changes in the bone marrow. 
To validate this assumption, future studies are needed to determine 
whether SAP secretion and amyloid deposition also occur in white and 
brown adipocytes at other anatomical locations.

The discovery of SAP-induced amyloid deposits in the bone mar-
row may pave the way for a new understanding of age-associated bone 
loss. Our in vitro assays demonstrate that combined SAP and Aβ peptide 
treatment increased osteoclastogenesis of bone marrow monocytes 
and/or macrophages and inhibited osteoblastogenesis of bone marrow 
mesenchymal stromal cells, suggesting that SAP-triggered Aβ deposi-
tion may regulate the function of both osteoclast and osteoblast lineage 
cells. This likely explains why AD mice with accumulated Aβ deposition 
in the bone marrow develop a similar low bone mass phenotype as 
observed in aged mice. Our data demonstrated that CPHPC (miride-
sap), developed by Pepys’ team at University College London90–92, effi-
ciently reduces SAP concentration in serum (58.5% reduction) and bone 
marrow (95% reduction) in aged mice. Intriguingly, both aged male and 
female mice exhibit abolished bone marrow Aβ deposits with markedly 
increased bone mass after 6 weeks of CPHPC treatment compared to 
vehicle-treated mice. Moreover, CPHPC treatment reduces osteoclast 
number and increases osteoprogenitor cells, indicating the impact of 
depleting SAP on both osteoclast and osteoblast activities. This in vivo 
result, combined with the in vitro data, suggests an important impact 
of SAP-induced bone marrow Aβ deposits on bone cell activities. It is 
important to note that CPHPC was developed based on the human 
SAP sequence, and its SAP depletion effect has primarily been tested 
in humans. However, consistent with our results in mice, several recent 
studies have reported that this drug is also effective in depleting SAP 
in mice in different disease models62,64. Further validation of the bone 
improvement effect of CPHPC in other pathological settings, such 
as glucocorticoid- or postmenopausal-induced bone loss, will pro-
vide a better understanding of the role of SAP in the pathogenesis of  
skeletal disorders.

Methods
Animals and treatment
All animal procedures were reviewed and approved by the Institu-
tional Animal Care and Use Committee under protocols MO21M37 and 
MO24M35, in full compliance with institutional guidelines.

In this study, we used male and female mice at the age of 4, 9, 18, 22 
and 24 months. Mouse strains used were C57BL/6J mice obtained from 
the National Institute on Aging and AD and 5xFAD mice obtained from 
Jackson Laboratory (MMRRC strains 034832-JAX and 034840-JAX, 
respectively) and maintained as double hemizygotes by crossing with 
WT individuals on a C57BL/6 background. Tail biopsy samples were 
used to isolate DNA to confirm the genotype of the strain using previ-
ously established primers by PCR93–95. To examine the effects of CPHPC 
on age-associated bone changes, male and female mice aged 18 months 
were treated with CPHPC (miridesap) at a concentration of 5 mg ml−1 
in drinking water, which is an established dose for SAP depletion from 
the body62–65,67,68,84. Control mice were treated with the same amount 
of water without the drug. On day 42, mice were killed, and serum and 
bone marrow SAP concentrations were measured using ELISA. Bone 
phenotype was assessed by µCT and histological analyses.

Mice were kept under standard conditions with a 12-h light–dark 
cycle in a temperature-controlled room and provided with food and 
water ad libitum. They were housed at the Johns Hopkins University 
School of Medicine’s animal facility in Baltimore, Maryland.

Microcomputed tomography analyses of bone phenotype and 
bone marrow adiposity
Femoral and tibial bones were dissected from mice, free of soft tissue, 
fixed overnight in 10% formalin at 4 °C and subjected to high-resolution 
μCT imaging using a Skyscan 1172 scanner (Bruker MicroCT in Kontich, 
Belgium). Scanning parameters were set to 65 kV and 153 μA, with a res-
olution of 9.0 μm per pixel. Bruker MicroCT software tools, including 
NRecon for image reconstruction (version 1.6), CTAn for data analysis 
(version 1.9) and CTvol for 3D model visualization (version 2.0), were 
used to analyze parameters of the trabecular bone in the metaphysis 
and mid-diaphyseal cortical bone. Trabecular bone parameters, specifi-
cally trabecular bone volume fraction (percent BV/TV), Tb.Th, Tb.N and 
Tb.Sp as well as cortical bone parameters, including Ct.Ar and Ct.Th, 
were quantified as previously described96,97.

Bone marrow adiposity of mice was measured following estab-
lished procedures47,98. Briefly, femurs harvested from mice were fixed in 
4% phosphate-buffered paraformaldehyde for 48 h and decalcified for 
2 weeks in 10% EDTA at 4 °C. The distal parts of femurs were incubated 
in 2% aqueous OsO4 (MilliporeSigma) for 2 h in the fume hood. Femurs 
were rinsed with PBS and then scanned using a high-resolution μCT 
scanner (SkyScan 1172, Bruker MicroCT) at 6-μm resolution using 45 
peak kV (kVp) and 177 μA. Quantification of AV/TV (%) was conducted.

Histology, immunofluorescence staining and RNAscope
The femur and tibia bones were dissected and fixed in 4% paraform-
aldehyde overnight, followed by decalcification in 0.5 M EDTA (pH 
7.4). Afterward, the samples were dehydrated in a solution of 20% 
sucrose and 2% polyvinylpyrrolidone for 24 h and embedded in OCT. 
Ten-micrometer-thick coronal sections of the femurs were prepared for 
SA-βGal staining. Senescent cells were identified using the Senescence 
β-Galactosidase Staining Kit (Cell Signaling Technology) following 
the manufacturer’s instructions. For Oil Red O staining after SA-βGal 
staining, the slides were washed with PBS three times, immersed in 
100% propylene glycol for 2 min and then stained in a filtered 0.5% 
Oil Red O solution in propylene glycol for 30 min. TRAP staining was 
performed on selected slides from each sample using a commercially 
available kit (Sigma-Aldrich, 387A) according to the manufacturer’s 
instructions. For ThioS staining, tissue sections were incubated with 
1% ThioS (Sigma-Aldrich, T1892) in distilled water for 8–10 min, fol-
lowed by rinsing with 50% ethanol twice; slides were then mounted 
with anti-fade ProLong Gold (Invitrogen) mounting medium before 
imaging. Representative images were captured using a BX51 micro-
scope (Olympus).

Twenty-μm-thick coronal sections of the tibiae and femurs 
were obtained for immunofluorescence staining. Bone sections 
were blocked in PBS with 3% BSA for 1 h and then stained overnight 
(>8 h) with individual primary antibodies specific to p19ARF (Novus, 
NB200-111, 1:100), γH2AX (Cell Signaling, 20E3, 1:200), perilipin (Cell 
Signaling, 9349, 1:200) and perilipin (Sigma, P1873, 1:500) and anti-
bodies recognizing human APP (6E10, Novus, NBP2-62566, 1:200) and 
human Aβ (clone H31L21, Thermo Fisher Scientific 700254, 1:100). 
Fluorescence-conjugated secondary antibodies ( Jackson ImmunoRe-
search, 1:200) were used in immunofluorescence procedures to detect 
fluorescent signals. Slides were then mounted with anti-fade ProLong 
Gold (Invitrogen) mounting medium and sealed with nail polish, after 
which representative images were acquired using a Zeiss LSM 780 
confocal microscope or an Olympus BX51 microscope. Adipocyte size 
and number were quantified in ImageJ using the ‘Analyze Particles’ 
function, with a lower limit of 1,000 pixels applied. Three images per 
slice from four slices per mouse were analyzed to determine cell area99.

RNAscope in situ hybridization was conducted following the 
guidelines provided by Advanced Cell Diagnostics. Probes specific to 
Cdkn1a (p21) (408551), Cdkn2a (p19ARF) (411011), Cdkn2a (p16) (447491), 
H2AX (446191) and the custom-designed SAP/PTX2-encoding gene Apcs 
(1304211-C3) were employed according to the manufacturer’s protocol.
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To quantify fluorescence intensity around BMAds in immuno-
fluorescence staining and RNAscope, the mean fluorescence intensity 
was quantified to ensure accurate and consistent data representation. 
Analysis was performed at the same bone regions (distal femur), main-
taining consistency across all samples. For each sample, five fields 
of view were selected and analyzed, and a total of five samples were 
included per group. This standardized method avoided bias from 
arbitrary field selection and ensured reliable quantification of positive 
fluorescent signals across the experimental groups.

Mouse BMAd isolation and cell viability and purity assessments
Adipocytes were directly extracted from the bone marrow of mice 
following established procedures61,100. Briefly, femurs and tibiae were 
harvested from mice, and the bone ends were trimmed. Bones were 
placed in a 0.6-ml microcentrifuge tube with an open bottom, which 
was inserted into a 1.5-ml tube. Fresh bone marrow was isolated by 
quick centrifugation. Red blood cells were lysed using RBC lysing buffer 
(Sigma), and the lysed bone marrow was centrifuged at 3,000 rpm 
for 5 min. Floating adipocytes were collected from the top layer and 
washed three times with PBS. To minimize adipocyte rupture, cut 
pipette tips were used to reduce shear stress, and gentle centrifugation 
was performed at 3,000 rpm for 5 min to ensure intact adipocyte layers. 
During washing, excess PBS was carefully removed from beneath the 
adipocyte layer using a syringe to avoid disruption.

Cell viability and purity were assessed after adipocyte isolation. 
Cell viability was assessed using Trypan blue and the LIVE/DEAD Cell 
Imaging Kit (488/570) (Thermo Fisher Scientific, R37601). To assess 
purity and maturity, BODIPY with DAPI staining was performed on live 
cells, and perilipin immunostaining was conducted on fixed cells, both 
of which are standard markers for mature adipocytes.

BMAd transplantation and survival assessment
To assess the effect of senescent BMAds on regulating bone remod-
eling, BMAds isolated from AD mice (donors) were transplanted into 
healthy WT C57BL/6 mice via intrafemoral transplantation. Briefly, 
the recipient mice (acceptors) were anesthetized, and a longitudinal 
skin incision was made across the front of the right knee to expose 
the patellar tendon. A 27G needle was carefully inserted through the 
patellar tendon, between the femur condyles, and advanced slowly 
in a twisting motion through the bone surface to a depth of 2–4 mm. 
Successful penetration was confirmed by a slow but consistent bleed-
ing response. Cell suspensions of BMAds (3 × 103) in 20 µl PBS were 
gradually injected into the medullary space of the femur. To prevent cell 
rupture during injection, slow and steady pressure should be applied 
using a 27G needle. The resulting hole was promptly sealed with bone 
wax, and the skin was sutured. After 4 weeks, mice were killed, and the 
bone phenotype was subjected to analysis.

To evaluate the viability of the transplanted BMAds at different 
time periods after transplantation, we isolated BMAds from GFP trans-
genic mice and injected the GFP+ BMAds into the femoral bone marrow 
cavity of WT C57BL/6 mice. At various time points after transplantation, 
bone marrow was flushed from transplanted femurs, and an equal vol-
ume of bone marrow cell suspension (20 µl) was used to prepare slides 
for the detection and quantification of GFP-positive cells. Fluorescence 
imaging revealed scattered GFP+ cells at 1, 2 and 4 weeks after trans-
plantation, confirming that transplanted BMAds were viable across 
the entire course of the 4-week transplantation period.

For senolytic treatment, mice were treated with a senolytic cock-
tail of 5 mg per kg dasatinib (LC Labs) and 50 mg per kg quercetin 
(Sigma-Aldrich), following the protocol by Xu et al.78,101.

Proteomic profiling in conditioned medium collected from 
BMAd culture
BMAds were isolated from the long bones and cultured in growth 
factor-free medium for 72 h to collect CMs, which were then stored 

at −80 °C for subsequent experiments. Cytokine levels were assessed 
using a Mouse XL Cytokine Array Kit (R&D, ARY028) and a Mouse Adi-
pokine Array Kit (R&D, ARY013) through a proteome profiler array. 
The measurement of relative cytokine and chemokine levels as well as 
the array procedure and data analysis were performed following the 
manufacturer’s instructions.

Quantitative PCR with reverse transcription
Total RNA for RT–qPCR was extracted from total bone marrow 
cells using the RNeasy Mini Kit (Qiagen), following the manufac-
turer’s protocol. Complementary DNA was synthesized with ran-
dom primers using the SuperScript First-Strand Synthesis System 
(Invitrogen) and analyzed with SYBR Green Master Mix (Qiagen) in 
a thermal cycler employing two sets of primers specific for each tar-
geted gene. Expression of the target genes was normalized to that 
of mRNA encoding glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH), and relative gene expression was determined using the 
2−ΔΔCT method. The primer sequences employed for RT–qPCR were as 
follows: p19Arf (forward, 5′-CGCAGGTTCTTGGTCACTGT-3′; reverse, 
5′-TGTTCACGAAAGCCAGAGCG-3′), p16Ink4a (forward, 5′-AACT 
CTTTCGGTCGTACCCC-3′; reverse, 5′-GCGTGCTTGAGCTGAAGCTA-3′), 
p21Cip (forward, 5′-GCAGATCCACAGCGATATCCA-3′; reverse, 5′-TT 
TCGGCCCTGAGATGTTCC-3′).

TaqMan RT–qPCR was performed to detect the hAPP sequence in 
transgenic mice using custom-designed primers and a fluorescently 
labeled probe. The assay included a forward primer, a reverse primer 
and a TaqMan probe labeled with FAM at the 5′ end and a quencher at 
the 3′ end. The primer and probe sequences employed for RT–qPCR 
were as follows: forward, 5′-ACGGAAGAGATCTCTGAAGTG-3′; reverse, 
5′-TGCTATGACAACGCCGCCCACC-3′; probe, /56-FAM/AATCTGGAT/
ZEN/GCAGAATTCCGACATGACTCAGGATATGAAGTTCAT/3IABkFQ/.

In vitro osteoblastogenesis assays
BMSCs were isolated from tibiae and femurs of 6-week-old C57BL/6J 
mice using previously established protocols98,102. Briefly, tibiae 
and femurs were cut and centrifuged; cells were then resuspended 
in complete α-MEM with 1% penicillin–streptomycin and 10% FBS. 
First-passage cells were used for plating and further experiments. 
When cells reached 75–85% confluency, osteoblastogenesis of BMSCs 
was initiated using osteogenic induction medium (Stemcell Technolo-
gies, 05504). Medium was changed every 2 d. To assess mineralization, 
Alizarin Red staining was performed on day 21 after differentiation 
using a commercially available kit (MilliporeSigma, 2003999), and the 
manufacturer’s instructions were followed for the procedure103. Cells 
were then washed a couple of times with water before being visualized 
under a BX51 microscope (Olympus). Cells were then stored at −20 °C 
until the photometric analysis.

In vitro osteoclastogenesis assays
In vitro osteoclastogenesis assays were performed using previously 
established protocols69,102. Briefly, monocytes and macrophages were 
isolated from 4-week-old C57BL/6J mice by flushing cells from the bone 
marrow of tibiae and femurs. The flushed bone marrow cells were 
cultured with α-MEM containing 15% FBS, 100 U ml−1 streptomycin 
sulfate and 100 U ml−1 penicillin. The cells were then incubated with 
osteoclastogenesis medium containing α-MEM with 10% FBS, 1% peni-
cillin–streptomycin solution, 30 ng ml−1 M-CSF and 100 ng ml−1 RANKL 
(Amizona Scientific, AM10004-500) for 5 d to induce the formation of 
mature osteoclasts.

ELISA analysis of Aβ peptide and SAP/PTX2 concentrations
Human Aβ peptides in the bone marrow of AD mice were measured 
using the Human Amyloid beta 40 ELISA Kit (Thermo Fisher, KHB3481) 
and the Human Amyloid beta 42 ELISA Kit (Thermo Fisher, KHB3441). 
Similarly, mouse Aβ peptides in the bone marrow of naturally aging 
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mice were measured using the Mouse Amyloid beta 40 ELISA Kit 
(Thermo Fisher, KMB3481) and the Mouse Amyloid beta 42 ELISA Kit 
(Thermo Fisher, KMB3441).

The Mouse SAP/PTX2 Quantikine ELISA Kit (MPTX20, R&D Sys-
tems) was used to quantify SAP/PTX2 concentrations in mouse bone 
marrow and serum. All measurements were performed using a spec-
trophotometer (A51119600DPC, Thermo Fisher Scientific).

Chromatin immunoprecipitation with quantitative PCR
ChIP–qPCR was performed using the Agarose Magnetic ChIP kit 
(PI26157, Thermo Fisher Scientific) following the manufacturer’s 
instructions. Immunoprecipitation was performed using a valid 
anti-CEBPα ChIP antibody (PA5-77911, Thermo Fisher Scientific). 
The anti-RNA polymerase II antibody as a positive control was pro-
vided in the kit. The primers used for PCR were as follows: mouse 
CEBPα (forward, 5′ATTCCAGGTAGGGTAGCCCG-3′; reverse, 
5′TGTGACTTTGCAGTGGAACCT-3′). GAPDH primers were provided 
in the kit.

Filter retention assays
In vitro amyloid plaque formation in a cell culture system was per-
formed as previously described104 with modification. Briefly, BMAds 
isolated from mice were cultured in six-well plates, and freshly dis-
solved Aβ1–40 peptide at a final concentration of 60 μg ml−1 was sup-
plemented in the culture medium. Medium was replaced every 2 d. 
Two weeks later, cells in six-well plates were thoroughly washed with 
PBS and then lysed in 150 μl RIPA buffer containing a protease inhibitor 
mix for 30 min on a shaking device at 4 °C. After adding 150 μl of water 
and 100 μl of 4% sodium dodecyl sulfate, 100 mM dithiothreitol, the 
solution was boiled for 2 × 7 min at 98 °C and filtered through a 0.2-μm 
cellulose acetate membrane (Bio-Rad) with a 96-well vacuum Bio-Dot 
Apparatus (Bio-Rad, 1706545), followed by three washing steps with 1× 
TBST. The membrane was blocked for 1 h in 3% gelatin TBS. Aggregates 
were detected by incubation with anti-Aβ1–16 primary antibody (BioLe-
gend, 1:200 in blocking buffer) overnight, followed by incubation with 
AP-conjugated anti-mouse secondary antibody (1:15,000 in blocking 
buffer, Sigma) for another hour. Blots were developed with LumiPhos 
reagent according to the manufacturer’s instructions (Pierce), and 
signals were scanned and quantitatively analyzed with iBright Imaging 
Systems (Thermo Fisher Scientific).

Ex vivo amyloid plaque formation in three-dimensional BMAd 
culture
Three-dimensional cultures were performed as previously described105. 
Briefly, femurs and tibiae from mice were harvested, trimmed and 
centrifuged to isolate bone marrow. Red blood cells were lysed, and 
floating adipocytes were collected, washed with PBS and pooled 
(10,000–15,000 adipocytes per plate). For equal adipocyte numbers, 
four to five young mice were combined. Adipocyte suspensions were 
prepared in adipocyte differentiation medium, mixed with Matrigel 
(Sigma-Aldrich, DLW356231) at a 1:1 (vol/vol) ratio on ice and further 
diluted with cold MesenCult Adipogenic Differentiation Medium 
(Stemcell Technologies, 05507) at a 1:11 final ratio. The Matrigel–cell 
suspension (200 µl) was plated into eight-well chambered coverglass 
slides using prechilled pipettes and incubated overnight at 37 °C in a 
CO2 incubator. The next day, two drops (200 μl) of prewarmed adipo-
cyte differentiation medium were added to each well of the eight-well 
chambered coverglass slides. Half of the medium volume was changed 
every 3–4 d, initially changing the medium every 2 d depending on the 
medium color. Plaque formation was induced by supplementing the 
culture medium with freshly dissolved Aβ1–40 peptide at a concentra-
tion of 60 μg ml−1. Freshly dissolved Aβ was replenished each time the 
culture medium was replaced.

To detect amyloid plaque formation, Congo red, green birefrin-
gence was carried out as described previously104. Briefly, cells grown on 

eight-well chambered coverglass slides were fixed in ice-cold methanol 
for 10 min and stained for 45 min with filtered Congo red solution (80% 
ethanol, 3% NaCl, 0.6% Congo red). The cells were then washed three 
times with water and incubated for 2 min with Mayer’s Hematoxylin 
Solution, followed by one wash with 70% ethanol and three washes 
with water. Subsequently, Congo red-stained cells were mounted and 
analyzed using the Olympus IX83 inverted microscope, both with and 
without a polarizer. Additional fluorescence imaging was performed 
using the Zeiss LSM 780 confocal microscope under a fluorescein iso-
thiocyanate filter, with an excitation peak at 490 nm and an emission 
maximum at 520 nm. ThioS staining was also used for the detection 
of amyloid plaque formation in 3D cultures. Samples were fixed, per-
meabilized and blocked and incubated with 1% ThioS in distilled water 
for 8–10 min, followed by rinsing with 50% ethanol twice; slides were 
then mounted with anti-fade ProLong Gold (Invitrogen) mounting 
medium before imaging.

Statistics and reproducibility analysis
Unless otherwise stated, n denotes the number of individual biological 
replicates, with each dot in the graphs representing a single sample. 
Data shown are from one representative experiment (with n ≥ 3 per 
group) of at least two independent experiments. Sample size was not 
predetermined using statistical methods; however, a minimum of 
three samples were included per experimental group and condition. 
Data collection and analysis were performed unblinded to the age of 
the mice. Data are expressed as mean ± s.e.m. Unpaired, two-tailed 
Student t-tests were employed for comparisons between two groups. 
For multiple comparisons, one-way or two-way ANOVA with the Bon-
ferroni post hoc test was used. All data exhibited normal distribution 
and had comparable variation between groups. Statistical analysis 
was conducted using GraphPad Prism 8 statistical software (GraphPad 
Software). A significant threshold of P < 0.05 was applied. Representa-
tive images of bones or cells were chosen from a minimum of three 
independent experiments with consistent results unless specified 
otherwise in the figure legend.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
There are no restrictions on data availability in this study. All data 
supporting the findings are included within the article and its Sup-
plementary Information. Raw immunostaining images are available 
from the corresponding author upon reasonable request. Additionally, 
details of all key reagents, antibodies, probes and chemicals used in 
this study are provided in the Supplementary Table. Source data are 
provided with this paper.

References
1.	 Hampel, H. et al. The amyloid-β pathway in Alzheimer’s disease. 

Mol. Psychiatry 26, 5481–5503 (2021).
2.	 Murphy, M. P. & LeVine, H. 3rd Alzheimer’s disease and the 

amyloid-β peptide. J. Alzheimers Dis. 19, 311–323 (2010).
3.	 Cras, P. et al. Senile plaque neurites in Alzheimer disease 

accumulate amyloid precursor protein. Proc. Natl Acad. Sci. USA 
88, 7552–7556 (1991).

4.	 Benson, M. D. et al. Amyloid nomenclature 2020: update and 
recommendations by the International Society of Amyloidosis 
(ISA) nomenclature committee. Amyloid 27, 217–222 (2020).

5.	 Gertz, M. A. et al. Definition of organ involvement and treatment 
response in immunoglobulin light chain amyloidosis (AL): a 
consensus opinion from the 10th International Symposium on 
Amyloid and Amyloidosis, Tours, France, 18–22 April 2004. Am. J. 
Hematol. 79, 319–328 (2005).

http://www.nature.com/nataging


Nature Aging | Volume 5 | September 2025 | 1771–1789 1787

Article https://doi.org/10.1038/s43587-025-00924-z

6.	 Koike, H. et al. Pathology of early- vs late-onset TTR Met30 familial 
amyloid polyneuropathy. Neurology 63, 129–138 (2004).

7.	 Gertz, M. A. & Dispenzieri, A. Systemic amyloidosis recognition, 
prognosis, and therapy: a systematic review. JAMA 324, 79–89 
(2020).

8.	 Hipp, M. S., Kasturi, P. & Hartl, F. U. The proteostasis network and 
its decline in ageing. Nat. Rev. Mol. Cell Biol. 20, 421–435 (2019).

9.	 Chiti, F. & Dobson, C. M. Protein misfolding, functional amyloid, 
and human disease. Annu. Rev. Biochem. 75, 333–366 (2006).

10.	 Fandrich, M. On the structural definition of amyloid fibrils and 
other polypeptide aggregates. Cell. Mol. Life Sci. 64, 2066–2078 
(2007).

11.	 Sawaya, M. R. et al. Atomic structures of amyloid cross-β spines 
reveal varied steric zippers. Nature 447, 453–457 (2007).

12.	 Buxbaum, J. N. et al. Amyloid nomenclature 2022: update, novel 
proteins, and recommendations by the International Society of 
Amyloidosis (ISA) Nomenclature Committee. Amyloid 29, 213–219 
(2022).

13.	 Goldis, R. et al. Diagnostic challenges and solutions in systemic 
amyloidosis. Int. J. Mol. Sci. 24, 4655 (2023).

14.	 Li, Y. et al. Renal function in aged C57BL/6J mice is impaired 
by deposition of age-related apolipoprotein A-II amyloid 
independent of kidney aging. Am. J. Pathol. 193, 725–739  
(2023).

15.	 Simons, M. et al. Cholesterol depletion inhibits the generation of 
β-amyloid in hippocampal neurons. Proc. Natl Acad. Sci. USA 95, 
6460–6464 (1998).

16.	 Sachse, C., Fandrich, M. & Grigorieff, N. Paired β-sheet structure 
of an Aβ1–40 amyloid fibril revealed by electron microscopy.  
Proc. Natl Acad. Sci. USA 105, 7462–7466 (2008).

17.	 Luhrs, T. et al. 3D structure of Alzheimer’s amyloid-β1–42 fibrils. 
Proc. Natl Acad. Sci. USA 102, 17342–17347 (2005).

18.	 Glabe, C. G. Structural classification of toxic amyloid oligomers.  
J. Biol. Chem. 283, 29639–29643 (2008).

19.	 Haass, C. & Selkoe, D. J. Soluble protein oligomers in 
neurodegeneration: lessons from the Alzheimer’s amyloid 
β-peptide. Nat. Rev. Mol. Cell Biol. 8, 101–112 (2007).

20.	 Cathcart, E. S., Comerford, F. R. & Cohen, A. S. Immunologic 
studies on a protein extracted from human secondary amyloid.  
N. Engl. J. Med. 273, 143–146 (1965).

21.	 Cathcart, E. S., Wollheim, F. A. & Cohen, A. S. Plasma protein 
constituents of amyloid fibrils. J. Immunol. 99, 376–385 (1967).

22.	 Connor, T. & Hole, S. In StatPearls (StatPearls, 2024).
23.	 Feitosa, V. A., Neves, P., Jorge, L. B., Noronha, I. L. & Onuchic, L. F. 

Renal amyloidosis: a new time for a complete diagnosis.  
Braz. J. Med. Biol. Res. 55, e12284 (2022).

24.	 Pilling, D. & Gomer, R. H. The development of serum amyloid P as 
a possible therapeutic. Front. Immunol. 9, 2328 (2018).

25.	 Frame, G., Bretland, K. A. & Dengler-Crish, C. M. Mechanistic 
complexities of bone loss in Alzheimer’s disease: a review. 
Connect. Tissue Res. 61, 4–18 (2020).

26.	 Tan, Z. S. et al. Bone mineral density and the risk of Alzheimer 
disease. Arch. Neurol. 62, 107–111 (2005).

27.	 Zhou, R., Zhou, H., Rui, L. & Xu, J. Bone loss and osteoporosis are 
associated with conversion from mild cognitive impairment to 
Alzheimer’s disease. Curr. Alzheimer Res. 11, 706–713 (2014).

28.	 Amouzougan, A. et al. High prevalence of dementia in women 
with osteoporosis. Joint Bone Spine 84, 611–614 (2017).

29.	 Zhou, R., Deng, J., Zhang, M., Zhou, H. D. & Wang, Y. J. Association 
between bone mineral density and the risk of Alzheimer’s disease. 
J. Alzheimers Dis. 24, 101–108 (2011).

30.	 Dengler-Crish, C. M., Ball, H. C., Lin, L., Novak, K. M. & Cooper, L. N.  
Evidence of Wnt/β-catenin alterations in brain and bone of a 
tauopathy mouse model of Alzheimer’s disease. Neurobiol. Aging 
67, 148–158 (2018).

31.	 Dengler-Crish, C. M., Smith, M. A. & Wilson, G. N. Early evidence 
of low bone density and decreased serotonergic synthesis in the 
dorsal raphe of a tauopathy model of Alzheimer’s disease.  
J. Alzheimers Dis. 55, 1605–1619 (2017).

32.	 Mihara, S., Kawai, S., Gondo, T. & Ishihara, T. Intervertebral 
disc amyloidosis: histochemical, immunohistochemical and 
ultrastructural observations. Histopathology 25, 415–420 (1994).

33.	 Yanagisawa, A. et al. Knee osteoarthritis associated with different 
kinds of amyloid deposits and the impact of aging on type of 
amyloid. Amyloid 23, 26–32 (2016).

34.	 Yanagisawa, A. et al. Amyloid deposits derived from transthyretin 
in the ligamentum flavum as related to lumbar spinal canal 
stenosis. Mod. Pathol. 28, 201–207 (2015).

35.	 Agostini, A., Yuchun, D., Li, B., Kendall, D. A. & Pardon, M. C. 
Sex-specific hippocampal metabolic signatures at the onset of 
systemic inflammation with lipopolysaccharide in the APPswe/
PS1dE9 mouse model of Alzheimer’s disease. Brain Behav. Immun. 
83, 87–111 (2020).

36.	 Saito, T. et al. Early administration of galantamine from preplaque 
phase suppresses oxidative stress and improves cognitive 
behavior in APPswe/PS1dE9 mouse model of Alzheimer’s disease. 
Free Radic. Biol. Med. 145, 20–32 (2019).

37.	 Jankowsky, J. L. et al. Mutant presenilins specifically elevate the 
levels of the 42 residue β-amyloid peptide in vivo: evidence for 
augmentation of a 42-specific γ secretase. Hum. Mol. Genet. 13, 
159–170 (2004).

38.	 Hong, J. H. et al. Global changes of phospholipids identified 
by MALDI imaging mass spectrometry in a mouse model of 
Alzheimer’s disease. J. Lipid Res. 57, 36–45 (2016).

39.	 Oakley, H. et al. Intraneuronal β-amyloid aggregates, 
neurodegeneration, and neuron loss in transgenic mice with 
five familial Alzheimer’s disease mutations: potential factors in 
amyloid plaque formation. J. Neurosci. 26, 10129–10140 (2006).

40.	 Ali, D., Tencerova, M., Figeac, F., Kassem, M. & Jafari, A. The 
pathophysiology of osteoporosis in obesity and type 2 diabetes in 
aging women and men: the mechanisms and roles of increased 
bone marrow adiposity. Front. Endocrinol. 13, 981487 (2022).

41.	 Armas, L. A. & Recker, R. R. Pathophysiology of osteoporosis: 
new mechanistic insights. Endocrinol. Metab. Clin. North Am. 41, 
475–486 (2012).

42.	 Paranthaman, M., Angu Bala Ganesh, K. S. V. & Silambanan, S. 
Linking bone marrow fat with decreased bone mineral density 
among Indian patients with osteoporotic fracture. Bioinformation 
20, 49–54 (2024).

43.	 Baghallab, I., Reyes-Ruiz, J. M., Abulnaja, K., Huwait, E. & Glabe, C.  
Epitomic characterization of the specificity of the anti-amyloid 
Aβ monoclonal antibodies 6E10 and 4G8. J. Alzheimers Dis. 66, 
1235–1244 (2018).

44.	 Hofling, C. et al. Differential transgene expression patterns in 
Alzheimer mouse models revealed by novel human amyloid 
precursor protein-specific antibodies. Aging Cell 15, 953–963 
(2016).

45.	 Reiserer, R. S., Harrison, F. E., Syverud, D. C. & McDonald, M. P. 
Impaired spatial learning in the APPSwe + PSEN1ΔE9 bigenic mouse 
model of Alzheimer’s disease. Genes Brain Behav. 6, 54–65 
(2007).

46.	 Jankowsky, J. L. et al. Co-expression of multiple transgenes in 
mouse CNS: a comparison of strategies. Biomol. Eng. 17, 157–165 
(2001).

47.	 Liu, X. et al. Oxylipin–PPARγ-initiated adipocyte senescence 
propagates secondary senescence in the bone marrow. Cell 
Metab. 35, 667–684 (2023).

48.	 Kang, M. A., So, E. Y., Simons, A. L., Spitz, D. R. & Ouchi, T. DNA 
damage induces reactive oxygen species generation through the 
H2AX–Nox1/Rac1 pathway. Cell Death Dis. 3, e249 (2012).

http://www.nature.com/nataging


Nature Aging | Volume 5 | September 2025 | 1771–1789 1788

Article https://doi.org/10.1038/s43587-025-00924-z

49.	 Katsuta, E. et al. H2AX mRNA expression reflects DNA repair, cell 
proliferation, metastasis, and worse survival in breast cancer.  
Am. J. Cancer Res. 12, 793–804 (2022).

50.	 Aquino-Martinez, R. et al. LPS-induced premature osteocyte 
senescence: implications in inflammatory alveolar bone loss and 
periodontal disease pathogenesis. Bone 132, 115220 (2020).

51.	 Farr, J. N. et al. Targeting cellular senescence prevents 
age-related bone loss in mice. Nat. Med. 23, 1072–1079 (2017).

52.	 Farr, J. N. et al. Identification of senescent cells in the bone 
microenvironment. J. Bone Miner. Res. 31, 1920–1929 (2016).

53.	 Gan, Q. et al. PPARγ accelerates cellular senescence by inducing 
p16INK4α expression in human diploid fibroblasts. J. Cell Sci. 121, 
2235–2245 (2008).

54.	 Takasugi, M., Yoshida, Y. & Ohtani, N. Cellular senescence  
and the tumour microenvironment. Mol. Oncol. 16, 3333–3351 
(2022).

55.	 Coppe, J. P. et al. Senescence-associated secretory phenotypes 
reveal cell-nonautonomous functions of oncogenic RAS and the 
p53 tumor suppressor. PLoS Biol. 6, 2853–2868 (2008).

56.	 Kuilman, T. et al. Oncogene-induced senescence relayed by an 
interleukin-dependent inflammatory network. Cell 133, 1019–1031 
(2008).

57.	 Acosta, J. C. et al. Chemokine signaling via the CXCR2 receptor 
reinforces senescence. Cell 133, 1006–1018 (2008).

58.	 Wu, W. et al. JAK2/STAT3 regulates estrogen-related senescence 
of bone marrow stem cells. J. Endocrinol. 245, 141–153 (2020).

59.	 van Deursen, J. M. The role of senescent cells in ageing. Nature 
509, 439–446 (2014).

60.	 Khosla, S., Farr, J. N., Tchkonia, T. & Kirkland, J. L. The role of 
cellular senescence in ageing and endocrine disease. Nat. Rev. 
Endocrinol. 16, 263–275 (2020).

61.	 Scheller, E. L. et al. Region-specific variation in the properties of 
skeletal adipocytes reveals regulated and constitutive marrow 
adipose tissues. Nat. Commun. 6, 7808 (2015).

62.	 Klotz, S. A. & Lipke, P. N. The paradoxical effects of serum 
amyloid-P component on disseminated candidiasis. Pathogens 11, 
1304 (2022).

63.	 Pepys, M. B. The pentraxins 1975–2018: serendipity, diagnostics 
and drugs. Front. Immunol. 9, 2382 (2018).

64.	 Pepys, M. B. et al. Targeted pharmacological depletion of serum 
amyloid P component for treatment of human amyloidosis. 
Nature 417, 254–259 (2002).

65.	 Klotz, S. A., Sobonya, R. E., Lipke, P. N. & Garcia-Sherman, M. C. 
Serum amyloid P component and systemic fungal infection: does 
it protect the host or is it a Trojan horse? Open Forum Infect. Dis. 3, 
ofw166 (2016).

66.	 Gilchrist, K. B., Garcia, M. C., Sobonya, R., Lipke, P. N. & Klotz, 
S. A. New features of invasive candidiasis in humans: amyloid 
formation by fungi and deposition of serum amyloid P component 
by the host. J. Infect. Dis. 206, 1473–1478 (2012).

67.	 Pepys, M. B. Serum amyloid P component (not serum amyloid 
protein). Nat. Med. 5, 852–853 (1999).

68.	 Pepys, M. B., Dyck, R. F., de Beer, F. C., Skinner, M. & Cohen, A. S. 
Binding of serum amyloid P-component (SAP) by amyloid fibrils. 
Clin. Exp. Immunol. 38, 284–293 (1979).

69.	 Liu, X. et al. Osteoclasts protect bone blood vessels against 
senescence through the angiogenin/plexin-B2 axis. Nat. 
Commun. 12, 1832 (2021).

70.	 Dzubanova, M., Bond, J. M., Craige, S. M. & Tencerova, M. 
NOX4-reactive oxygen species axis: critical regulators of bone 
health and metabolism. Front. Cell Dev. Biol. 12, 1432668 (2024).

71.	 Tencerova, M. et al. Obesity-associated hypermetabolism and 
accelerated senescence of bone marrow stromal stem cells 
suggest a potential mechanism for bone fragility. Cell Rep. 27, 
2050–2062 (2019).

72.	 Campos, J. et al. DNA repair-related genes and adipogenesis: 
lessons from congenital lipodystrophies. Genet. Mol. Biol. 45, 
e20220086 (2022).

73.	 Victorelli, S. et al. Apoptotic stress causes mtDNA release  
during senescence and drives the SASP. Nature 622, 627–636 
(2023).

74.	 Saul, D. et al. A new gene set identifies senescent cells and 
predicts senescence-associated pathways across tissues. Nat. 
Commun. 13, 4827 (2022).

75.	 Kudlova, N., De Sanctis, J. B. & Hajduch, M. Cellular senescence: 
molecular targets, biomarkers, and senolytic drugs. Int. J. Mol. 
Sci. 23, 4168 (2022).

76.	 Mohamad Kamal, N. S., Safuan, S., Shamsuddin, S. & 
Foroozandeh, P. Aging of the cells: insight into cellular 
senescence and detection methods. Eur. J. Cell Biol. 99, 151108 
(2020).

77.	 Farr, J. N. & Khosla, S. Cellular senescence in bone. Bone 121, 
121–133 (2019).

78.	 Xu, M. et al. Senolytics improve physical function and increase 
lifespan in old age. Nat. Med. 24, 1246–1256 (2018).

79.	 Pan, J. X. et al. APP promotes osteoblast survival and bone 
formation by regulating mitochondrial function and preventing 
oxidative stress. Cell Death Dis. 9, 1077 (2018).

80.	 Cui, S. et al. APPswe/Aβ regulation of osteoclast activation and 
RAGE expression in an age-dependent manner. J. Bone Miner. Res. 
26, 1084–1098 (2011).

81.	 Pilling, D., Cox, N., Thomson, M. A., Karhadkar, T. R. & Gomer, R. H.  
Serum amyloid P and a dendritic cell-specific intercellular 
adhesion molecule-3-grabbing nonintegrin ligand inhibit high-fat 
diet-induced adipose tissue and liver inflammation and steatosis 
in mice. Am. J. Pathol. 189, 2400–2413 (2019).

82.	 Hutchinson, W. L., Hohenester, E. & Pepys, M. B. Human serum 
amyloid P component is a single uncomplexed pentamer in 
whole serum. Mol. Med. 6, 482–493 (2000).

83.	 Iwanaga, T. et al. Liver-specific and high-level expression of 
human serum amyloid P component gene in transgenic mice. 
Dev. Genet. 10, 365–371 (1989).

84.	 Pepys, M. B. et al. Amyloid P component. A critical review. 
Amyloid 4, 274–295 (1997).

85.	 Tennent, G. A., Lovat, L. B. & Pepys, M. B. Serum amyloid P 
component prevents proteolysis of the amyloid fibrils of 
Alzheimer disease and systemic amyloidosis. Proc. Natl Acad. Sci. 
USA 92, 4299–4303 (1995).

86.	 Mold, M., Shrive, A. K. & Exley, C. Serum amyloid P component 
accelerates the formation and enhances the stability of amyloid 
fibrils in a physiologically significant under-saturated solution of 
amyloid-β42. J. Alzheimers Dis. 29, 875–881 (2012).

87.	 Hamazaki, H. Amyloid P component promotes aggregation of 
Alzheimer’s β-amyloid peptide. Biochem. Biophys. Res. Commun. 
211, 349–353 (1995).

88.	 Botto, M. et al. Amyloid deposition is delayed in mice with 
targeted deletion of the serum amyloid P component gene.  
Nat. Med. 3, 855–859 (1997).

89.	 Al-Shawi, R. et al. Pharmacological removal of serum amyloid P 
component from intracerebral plaques and cerebrovascular Aβ 
amyloid deposits in vivo. Open Biol. 6, 150202 (2016).

90.	 Schmidt, A. F. et al. Genetic evidence for serum amyloid P 
component as a drug target in neurodegenerative disorders. 
Open Biol. 14, 230419 (2024).

91.	 Richards, D. B. et al. Repeat doses of antibody to serum amyloid 
P component clear amyloid deposits in patients with systemic 
amyloidosis. Sci. Transl. Med. 10, eaan3128 (2018).

92.	 Sahota, T. et al. Target mediated drug disposition model of CPHPC 
in patients with systemic amyloidosis. CPT Pharmacometrics Syst. 
Pharmacol. 4, e15 (2015).

http://www.nature.com/nataging


Nature Aging | Volume 5 | September 2025 | 1771–1789 1789

Article https://doi.org/10.1038/s43587-025-00924-z

93.	 Li, T. et al. The neuritic plaque facilitates pathological conversion 
of tau in an Alzheimer’s disease mouse model. Nat. Commun. 7, 
12082 (2016).

94.	 LaClair, K. D. et al. Treatment with bexarotene, a compound that 
increases apolipoprotein-E, provides no cognitive benefit in 
mutant APP/PS1 mice. Mol. Neurodegener. 8, 18 (2013).

95.	 Naruse, S. et al. Effects of PS1 deficiency on membrane protein 
trafficking in neurons. Neuron 21, 1213–1221 (1998).

96.	 Santhanam, L. et al. Skeleton-secreted PDGF-BB mediates arterial 
stiffening. J. Clin. Invest. 131, e147116 (2021).

97.	 Li, C. et al. Disruption of LRP6 in osteoblasts blunts the bone 
anabolic activity of PTH. J. Bone Miner. Res. 28, 2094–2108 (2013).

98.	 Hu, B. et al. Sensory nerves regulate mesenchymal stromal cell 
lineage commitment by tuning sympathetic tones. J. Clin. Invest. 
130, 3483–3498 (2020).

99.	 Styner, M. et al. Exercise decreases marrow adipose tissue 
through β-oxidation in obese running mice. J. Bone Miner. Res. 32, 
1692–1702 (2017).

100.	Fan, Y. et al. Parathyroid hormone directs bone marrow 
mesenchymal cell fate. Cell Metab. 25, 661–672 (2017).

101.	 McConnell, E. L., Basit, A. W. & Murdan, S. Measurements of rat 
and mouse gastrointestinal pH, fluid and lymphoid tissue, and 
implications for in-vivo experiments. J. Pharm. Pharmacol. 60, 
63–70 (2008).

102.	Su, W. et al. Senescent preosteoclast secretome promotes 
metabolic syndrome associated osteoarthritis through 
cyclooxygenase 2. eLife 11, e79773 (2022).

103.	Wang, J. et al. Bone-derived PDGF-BB drives brain vascular 
calcification in male mice. J. Clin. Invest. 133, e168447 (2023).

104.	Friedrich, R. P. et al. Mechanism of amyloid plaque formation 
suggests an intracellular basis of Aβ pathogenicity. Proc. Natl 
Acad. Sci. USA 107, 1942–1947 (2010).

105.	Maniv, I. et al. Altered ubiquitin signaling induces Alzheimer’s 
disease-like hallmarks in a three-dimensional human neural cell 
culture model. Nat. Commun. 14, 5922 (2023).

Acknowledgements
We acknowledge the assistance of the Johns Hopkins Ross Flow 
Cytometry Core Facility (supported by an NIH shared instrument 
grant) and the School of Medicine Microscope Facility. This work was 
supported by National Institutes of Health grants R01AG068226 and 
R01AG072090 to M.W. and P01AG066603 to X.C.

Author contributions
S.K. and M.W. designed the experiments, analyzed results and wrote 
the manuscript; S.K. carried out most of the experiments; K. Song, 

J.W., Y.Z., K. Shen and M.S.B. helped with some experiments; M.W. 
supervised the experiments; X.C., J.Z., J.C., S.D., A.J., R.L.S., P.G. and 
P.W. proofread the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at  
https://doi.org/10.1038/s43587-025-00924-z.

Supplementary information The online version  
contains supplementary material available at  
https://doi.org/10.1038/s43587-025-00924-z.

Correspondence and requests for materials should be addressed to 
Mei Wan.

Peer review information Nature Aging thanks Martina Rauner, Xiao 
Zhang, and the other, anonymous reviewer(s) for their contribution to 
the peer review of this work.

Reprints and permissions information is available at  
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard  
to jurisdictional claims in published maps and institutional  
affiliations.

Open Access This article is licensed under a Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 International License, 
which permits any non-commercial use, sharing, distribution and 
reproduction in any medium or format, as long as you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if you modified the licensed 
material. You do not have permission under this licence to share 
adapted material derived from this article or parts of it. The images 
or other third party material in this article are included in the article’s 
Creative Commons licence, unless indicated otherwise in a credit 
line to the material. If material is not included in the article’s Creative 
Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of this 
licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2025

http://www.nature.com/nataging
https://doi.org/10.1038/s43587-025-00924-z
https://doi.org/10.1038/s43587-025-00924-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/


Nature Aging

Article https://doi.org/10.1038/s43587-025-00924-z

Extended Data Fig. 1 | BMAds are primarily localized in the proximal and 
distal tibia of APP-PS1 mice. (a-b) Immunofluorescence staining of tibial bone 
sections from WT and APP-PS1 (AD) mice was performed using an anti-perilipin 

antibody. Representative images of Perilipin+ cells in the proximal tibial area are 
shown in (a), and in the distal tibia are shown in (b). Scale bars: 500 μm for low 
magnification and 50 μm for high magnification. n=5.
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Extended Data Fig. 2 | hAPP transgene expression measurements in brain 
and bone marrow of APP-PS1 mice. Nine-month-old APP-PS1 (AD) mice and WT 
littermates were used. (a) Quantification of hAPP mRNA expression in bone and 
brain tissues by TaqMan real-time PCR. Data represents the mean ± SD from three 

independent experiments (n = 3). (b-d) Bone and brain tissues were subjected to 
immunofluorescence staining (b-c) and immunohistochemistry (IHC) (d) using 
6E10 antibody recognizing human APP. Scale bar = 50 μm. Three mice per group 
(n=3) were used, with three slides prepared per mouse.
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Extended Data Fig. 3 | Assessments of the viability and purity of the BMAds 
isolated from Mice. (a) The viability of the isolated BMAds was assessed using 
the LIVE/DEAD™ Cell Imaging Kit. Quantification of the percentages of the live  
to dead cells in different aliquots of flushed bone marrow cells was performed. 
After three days of 3D culture, adipocyte spheroids were stained with BODIPY 
and Perilipin to evaluate maturation. Scale bar = 100 μm (b-d) Confocal 

microscopy images of adipocytes stained with BODIPY (b) or perilipin (d); 
nuclei were counterstained with DAPI. Quantified percentages of BODIPY+ and 
perilipin+ cells are shown in (c) and (e), respectively. Scale bar = 20 μm Data are 
represented as mean ± SEM. ****p < 0.0001, as determined by unpaired two-tailed 
Student’s t test.
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Extended Data Fig. 4 | Assessments of the viability of BMAds after 
transplantation. GFP+ BMAds isolated from GFP transgenic mice were prepared 
for transplantation. Freshly isolated GFP+ adipocytes before transplantation was 
shown in (Ai). GFP+ BMAds were transplanted to 4-month-old recipient mice.  
At various time points after transplantation, recipient mice were sacrificed.  
Bone marrow cells were flushed to prepare cell suspension while preserving 

adipocyte integrity. For each time point, an equal volume of cell suspension 
(20 µl) was used to prepare slides, ensuring an even distribution of cells as a 
monolayer for fluorescence microscopy. Zoomed-in images of the GFP+ cells in 
bone marrow cells were shown in (Aii-Aiv). Scale bar = 20 μm. Quantified GFP+ 
cells per 20 μl volume of bone marrow suspension are presented in (B). n = 3 
aliquots per mouse.
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Extended Data Fig. 5 | Measurements of SAP levels in bone marrow 
supernatent and bone tissue of APP-PS1 and aged mice. (a-b) Bone marrow 
supernatant was harvested from long bones of APP-PS1 (AD) and wild-type (WT) 
mice or from aged (24-month-old) and young (4-month-old) mice, and SAP 
concentrations in the bone marrow were measured. Results are shown in (a) for 
AD vs. WT and (b) for old vs. young mice. (n=3). (c-d) Bone tissue sections from 

aged mice were subjected to immunofluorescence staining using antibodies 
against osteocalcin (OCN) and SAP to assess SAP expression in osteoblasts. 
Representative images from trabecular (c) and cortical (d) bone regions 
demonstrate a lack of SAP signal in OCN+ osteoblasts. Scale bar = 50 μm. n=3. 
Data are represented as mean ± SEM. **p < 0.01, ***p < 0.001, as determined by 
unpaired two-tailed Student’s t test.
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Extended Data Fig. 6 | BMAds at proximal and distal tibia of aged mice exhibit cellular senescence with increased SAP expression. Tibial bones were harvested 
from 4- (Young) and 22-month-old mice (Old). Proximal and distal bone tissue sections were subjected to RNAscope assays using specific probes to Cdkn2a (p19Arf ) 
and Apcs (SAP). Scale bar = 50 μm. n = 3.
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Extended Data Fig. 7 | Peripheral adipose tissue have increased senescent 
cells but do not express SAP. Peripheral visceral (sub-gonadal) white adipose 
tissue was collected from 9-month-old APP-PS1 (AD) mice and wild-type (WT) 
mice as well as from 4- (Young), and 24-month-old mice (Old). (a-d) Double-
immunofluorescence staining with Perilipin and γH2AX. Representative images 
of Perilipin+γH2AX+ cells are shown in (a, c), with quantifications in (b, d). (E-H) 
Double-immunofluorescence staining with Perilipin and p19ARF. Representative 

images of Perilipin+p19ARF+ cells are shown in (e, g), with quantifications in  
(f, h). (i-l) Double-immunofluorescence staining with antibodies against Perilipin 
and SAP or amyloid β (H31L21). Representative images of Perilipin+SAP+ cells are 
shown in (i, j), and Perilipin+H31L21+ cells in (k, l). Scale bar: 50 μm. n = 5. Data are 
presented as mean ± SEM. Significance: **p < 0.01, ***p < 0.001, **p < 0.0001 as 
determined by unpaired two-tailed Student’s t-test.
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Extended Data Fig. 8 | Aβ aggregates promote OCgenesis and inhibit 
OBgenesis. (a-b) Bone marrow monocytes/macrophages were cultured with 
25 ng/mL M-CSF and 100 ng/mL RANKL for 3 days with or without recombinant 
SAP (rSAP) and Aβ1-42. Representative images of TRAP staining are shown in (a). 
Quantification of osteoclasts (>3 nucleus) per well is shown in (b). n= 6.  
(c-d) Mouse bone marrow mesenchymal stromal cells were cultured in 

osteogenic induction media with or without rSAP and Aβ1-42 for 21 days. Alizarin 
red staining was performed to measure the mineralization nodule formation. 
Representative images are shown in (c). Quantitative analysis of Alizarin red+ area 
is shown in (d). Scale bar = 20 μm. n= 3. Data are represented as mean ± SEM.  
**p < 0.01, ****p < 0.0001, as determined by unpaired two-tailed Student’s t test.

http://www.nature.com/nataging


Nature Aging

Article https://doi.org/10.1038/s43587-025-00924-z

Extended Data Fig. 9 | Depleting SAP by CPHPC (miridesap) increases bone 
mass in aged mice. Eighteen-month-old male and female C57BL/6 mice were 
treated with CPHPC at 5mg/ml through drinking water for 6 weeks. Regular 
drinking water was used as a control. (a-d) μCT analyses of the proximal tibia 
of female mice were performed. Quantifications of trabecular bone volume 
(BV/TV) (a), trabecular thickness (Tb. Th) (b), trabecular number (Tb. N) (c), 
and trabecular separation (Tb. Sp) (d) are shown. n=5. (e-h) μCT analyses of the 
femur of male mice were performed. Quantifications of trabecular bone volume 

(BV/TV) (e), trabecular thickness (Tb. Th) (f), trabecular number (Tb. N) (g), 
and trabecular separation (Tb. Sp) (h) are shown. n=5. (i-l) μCT analyses of the 
proximal tibia of male mice were performed. Quantifications of trabecular bone 
volume (BV/TV) (i), trabecular thickness (Tb. Th) (j), trabecular number (Tb. N) 
(k), and trabecular separation (Tb. Sp) (l) are shown. n = 5. Data are represented 
as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, as determined by unpaired two-
tailed Student’s t test.
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