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Resident leptin-receptor-expressing (LepR") cells senescence in the aged bone
marrow impairs the regenerative capacity of osteo- and other lineages of cells.
In this study, a LepR" cell-targeting nitric oxide (NO) nanopump with in vivo
self-controlled turn-on ability was constructed to rejuvenate the LepR" cells in
the aged bone marrow. The nanopump co-entrapped hydrophobic chemilu-
minescence substrate and NO donor into the matrix of amphiphilic polymer
through a nanoprecipitation process. The chemiluminescence substrate in the
NO nanopump automatically reacts with the accumulated H,O, in the aged
bone marrow and then directly transfers the chemical energy to the NO donor
to induce in situ NO release. The NO produced in situ within the aged bone
marrow triggered the regeneration of the osteoblastic and the other niches
in vivo through activating the glycolysis signaling in the senescent LepR" cells.
Conclusively, the constructed NO nanopump is a promising tool to counter
aging-induced bone marrow disorders.

Aged skeletal stem cells (SSCs) generate inflammatory degenerative
niches in the bone marrow (BM) by secreting high levels of pro-
inflammatory and pro-resorptive cytokines, leading to senescence-
associated BM collapse manifested by myeloid skewing in haemato-
poietic stem cells (HSCs), reduced vascular regeneration, inhibited
neural sprouting, and severe bone loss'. Recent studies have indicated
that LepR-expressing (LepR") cells constitute a major population of
SSCs in adulthood™*. LepR* cells that reside in the BM are specialized
multicellular units that maintain the ability to regenerate bone** . Fate
mapping has indicated that LepR® cells emerge in the postnatal BM and
represent the primary source of bone and adipocytes in the adult
BM?**, Unexpectedly, LepR" cells in the central BM of adult mice help
maintain HSCs function and vascular, lymphatic vessel regeneration by
secreting HSCs-supporting factors (including stem cell factor, SCF)
and vascular endothelial growth factor-C (VEGF-C)*™°. The nerve
growth factor (NGF) produced by LepR" cells has been shown to pro-
mote neural sprouting in the adult BM*. However, the key HSCs-
supporting factors derived from LepR" cells markedly decrease with
age, resulting in BM exhaustion®’. Therefore, LepR"* cells are believed

to play critical roles in maintaining the homeostasis of the BM. Notably,
our observations and previous reports revealed that the accumulation
of senescent LepR" cells occurred in the BM microenvironment of aged
mice", suggesting that senescent LepR"* cells may not only lead to an
impaired osteoblast lineage but also disrupt overall BM homeostasis
under aged conditions. Considering that the maintenance of BM
homeostasis largely depends on viable LepR" cells, it is necessary to
explore approaches to rejuvenate senescent LepR* cells to reestablish
homeostasis of aging-induced BM collapse.

Nitric oxide (NO) is an endogenous gaseous transmitter that has
been focused by intense research since its discovery. NO is recognized
for its involvement in various biometabolic processes, such as vaso-
dilation, platelet activity, neurotransmission, bone regeneration, and
the regulation of immunological and metabolic systems'*'*. Moreover,
NO plays an active role in host defense and anti-inflammatory pro-
cesses, conferring a protective effect on the host”. Hence, in regard to
the aged BM microenvironment exhibits regenerative failure and
inflammatory infiltration in HSCs, blood vessels, nerves and bone,
there might be considerable potential for NO to function in the
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regeneration of aging-induced BM collapse. However, the direct
delivery of NO in the form of gas in bone tissue is challenging due to its
transitory half-life (less than 5s) and short diffusion radius (40-200
um)™ 7. The delivery of exogenous NO donors may be an alternative
strategy to achieve effective NO delivery. An exogenous NO donor,
isosorbide mononitrate, has been shown to improve vascular endo-
thelial cell and osteoblast function in elderly patients®". In addition,
the use of diethylenetriamine diazenium diolate (NONOate), another
NO donor, has also been attempted to prevent bone loss and wound
infection’®”". However, once the agent is discontinued, bone loss
occurs rapidly due to the rapid removal of NONOate from the body. To
overcome this challenge, an injectable microparticle system was syn-
thesized to encapsulate NONOate, which actively traps NO bubbles
and extends the half-life of NO?”2. However, this regimen is largely
dependent on frequent subcutaneous administration, and its poor
ability to target bone tissue warrants further improvement. Alter-
natively, a bone-targeted photosensitive NO-generating nanoplatform
that responds to near-infrared (NIR) light was constructed™. In this
design, the lanthanide ion (Ln*)-doped nanoplatform is able to con-
vert illuminated NIR light (808 nm) into UV/blue light, causing in situ
NO release from the NO donor (N,N-di-sec-butyl-N,N'dinitroso-p-
phenylenediamine (BNN6)), which reduces bone loss. However, the
poor permeability and low efficiency of excitation light (even in the
near-infrared region) severely hinder its application in deep bone
tissue”.

In this study, we observed that aging-induced BM collapse is
possibly due to the senescence of LepR" cells resulting from insuffi-
cient NO supply. Hence, we developed an efficient strategy for in situ
NO release by co-encapsulating bis(2-carbopentyloxy-3,5,6-tri-
chlorophenyl) oxalate (CPPO) and BNN6 via a nanoprecipitation
method (CB-NPs). Specifically, instead of relying on the complexity of
the conversion and cascade in traditional NO delivery systems, the
CPPO in the NO nanopump automatically reacts with H,O, and directly
transfers energy to the NO donor, achieving in situ stimulus-
responsive controlled NO release. Moreover, given the short lifetime
of NO, the addition of soybean oil slowed the reaction between CPPO
and H,0,, which significantly prolonged the half-life of NO. Since NO
nanopumps targeting LepR" cells are required to achieve intracellular
NO release, the LepR antibody was conjugated onto the surface of CB-
NPs (CB-LepR) to arm the nanopump with a LepR" cell-targeting abil-
ity (Fig. 1).

Results

LepR" cells senescence, H,0, accumulation and NO reduction
occur in aged BM

Deletion of argininosuccinate lyase (ASL) reduces NO production
within cells***. Notably, LepR* cells in aged mice presented con-
siderably lower levels of ASL as compared to the young mice (Fig. 2A).
As NO has anti-aging potential, the expression of P21, y-H2AX and IL-6
in LepR" cells within the femurs of aged mice were evaluated. The
results showed the expression of P21, y-H2AX and IL-6 was significantly
increased in the LepR" cells within the femurs of aged mice, indicating
that aging induced a marked increase in LepR" cells senescence in the
BM (Fig. 2A, B, Supplementary Fig. 1A, B). Moreover, deteriorated
regeneration of bone, blood vessels, lymphatic vessels, and nerve
fibers was also observed in the aged BM, suggesting that the collapsed
BM under aged conditions was most likely induced by LepR* cells
senescence with age (Fig. 2A-D). Evidence that HSCs with myeloid-
biased outputs (my-HSCs, Lineage Sca-1'c-Kit*(LSK)CD48 CD150"e"
HSCs) are strongly associated with senescence has led to further eva-
luation of my-HSCs in the BM?°. A significant increase in my-HSCs and a
considerable decrease in LepR* cell-derived factors that maintain the
function of HSCs (including SCF, encoded by Kitl gene) were observed
in aged BM (Fig. 2E-G), providing further evidence that senescent
LepR" cells facilitate aged BM collapse.

Aging is typically accompanied by increased oxidative stress”. To
investigate the changes in H,0, levels in vivo, a H,O, probe was
injected into the femoral marrow cavities of young and aged mice. As
shown in Fig. 2H, |, the fluorescence of the H,0, probe increased sig-
nificantly in the femurs of aged mice, indicating the accumulation of
H,0; in the femoral marrow cavity during aging. The concentration of
H,0, in the aged BM was subsequently evaluated. Compared with that
in young mice, the amount of H,0, in the marrow cavity was
approximately eight-fold greater in aged mice (Fig. 2J). These results
revealed that aging BM exhibited a decrease in ASL expression and NO
production, and an increase in H,O, accumulation and LepR" cellular
senescence. Hence, the aberrant accumulation of H,0, sets the stage
for the chemical excitation of NO donors via specific reactions
between H,0, and peroxyoxalate.

Construction and characterization of NO nanopumps

The key to achieving in vivo chemical excitation of BNN6 to produce
NO is the construction of CB-NPs through the nanoprecipitation
method (Fig. 3A). The drug-loading content (DLC) of the CB-NPs was
9.5% for CPPO and 5.9% for BNN6 (Supplementary Fig. 2A-D). The CB-
NPs were then modified with a LepR antibody to obtain CB-LepR. Both
CB-NPs and CB-LepR exhibited a spherical morphology with mean
diameters of 118.3 +10.5 and 125.9 + 0.25 nm, respectively (Fig. 3B-C).
Both nanoparticles remained the same size in 10% fetal bovine serum
for 3 days, demonstrating ideal stability (Fig. 3D). The presence of
BNN6, CPPO, and DSPE-PEG-MAL in CB-NPs was subsequently verified
via high-performance liquid chromatography (HPLC) and elemental
mapping. As shown in Fig. 3E and Supplementary Fig. 2E, the char-
acteristic peaks of CPPO and BNN6 in CB-NPs co-localized with their
individual peaks, and elemental mapping revealed that the Cl of CPPO
and S of DSPE-PEG-MAL coexisted within the CB-LepR nanoparticles,
indicating that BNN6, CPPO, and DSPE-PEG-MAL were successfully
encapsulated in the nanoparticles.

Upon exposure of CB-NPs to H,0,, the energetic intermediate 1,2-
dioxydione (DOD) is generated by the reaction of CPPO with H,0,%.
With the proper alignment of the energy levels between the highest
occupied molecular orbital (HOMO) of BNN6 and the lowest unoccu-
pied molecular orbital (LUMO) of DOD, it is possible to directly excite
BNN6 (Fig. 3A). According to Gaussian 09 calculations, the HOMO
energy level of BNN6 and the LUMO energy level of DOD were -6.22
and -3.33 eV, respectively (Fig. 3F). The relatively small energy interval
of 2.89 eVis sufficient for the direct chemiexcitation of BNN6, resulting
in the generation of NO (Fig. 3G). Through examination of the BNN6
content alteration in CB-LepR following its reaction with H,0O, via
liquid chromatography-mass spectrometry, we observed a decrease in
the ionic intensity of BNN6 (m/z =278.35) within the NO nanopumps
from 6.27 x 10° to 3 x 10° after the reaction with H,0, (Supplementary
Fig. 3A, B). Additionally, the NO release behavior of CB-LepR after
reaction with H,O, was investigated. As shown in Fig. 3H, NO was
cumulatively released from CB-LepR in the presence of H,0,. All the
results indicated that the interactions among CPPO, H,0,, and BNN6
occurred through the generation of the energetic intermediate DOD.
By further analyzing the NO release results, we found that under highly
excessive CB-LepR, the generation rate of NO on day 1 (rl: pM.d™) was
proportional to the square root of the H,0, concentration (cH,0,)
(uM) (r1=0.8851,/cH,0, —1.16, R*=0.99). Furthermore, under a
certain concentration of H,0,, the generation rate of NO within 10 days
is inversely proportional to the square of the NO concentration on that
day. After 10 days, the generation rate of NO remained low because the
reaction reached equilibrium (Supplementary Fig. 4A-E). Thus, the
chemical kinetics results suggested that with the given H,0, con-
centration (6.25-50 pM), the NO release from excess CB-LepR on each
day (1-14 days) could be quantitatively calculated.

Next, the biocompatibility of CB-LepR was examined. Following
the identification of the maximum safe concentration of H,0, for a

Nature Communications | (2025)16:5677


www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-025-61256-5

‘:

|

0y OCsHt1  CI cl i
CI)EEOWHLO o i
cl c1© chnoSo |
| \

1 B\

J Precipitation _

1 BNN6 CPPO DSPE-PEG-Mal Soybean oil

Senescent
@ LepR* cell
% H202 % % % g
@ - ® -
® .
@ ——— Glucose
/ HIF-1
o ® i
@
? ?
@
? ? S
@H202
@

Rejuvenated
LepR* cell

Glucose

Rejuvenated

*

.V
O

CA
®

v @

Adipocyte

L)

ad
L]

Lymphatic
vessels

Nerve 0] Arteriole [0} LepR"'

]

Fig. 1| The process to re-establish homeostasis in aging-induced bone marrow
collapse via the rejuvenation of senescent LepR" cells with the NO nanopump.
A Construction of NO nanopump targeting LepR" cells. B The NO nanopump sca-
venges the accumulated H,0, in the aged BM, followed by the production of 1,2-
dioxetanedione (DOD), the high-energy intermediate to directly excite the NO

donor, causing in situ NO release to rejuvenate the senescent LepR" cells by acti-
vating glycolysis signaling. C Rejuvenation of senescent LepR" cells with the NO
nanopump reestablished homeostasis via regeneration of HSCs, blood vessels,
lymphatic vessels, and nerve fibers in aged BM.
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Fig. 2 | Decreased ASL, increased senescence and H,0; in the LepR’ cells of
aged mice. A-D Levels of P21, ASL, CD31, OCN, PERIPHERIN and LYVEL in young or
aged mice and quantitative results (n =5 mice). Scale bars, 500 um (red), 10 pm
(white) and 50 pm (green). E, F Proportion of my-HSCs (Lineage Sca-1"c-Kit"(LSK)
CD48°CD150"e" HSCs) in the femoral BM of young or aged mice (n=5 mice).

G Quantification of the mRNA levels of SCF (encoded by Kitl gene) in sorted LepR*

cell (n =5 mice). H, I The fluorescence intensity of H,O, probe in the femoral BM of
young and aged mice. J H,O, content in the femoral BM of young or aged mice
(n =S5 mice). The data are shown as the means + SDs. Statistical significance was
determined by two-tailed unpaired Student’s t test (two groups); *P < 0.05,
**P<0.01, **P<0.005. Source data are provided as a Source Data file.
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Fig. 3 | Design of CB-NPs and CB-LepR for NO production. A Preparation of CB-
NPs. B, C Transmission electron micrographs (TEM) and diameter distributions

measured by dynamic light scattering (DLS) of CB-NPs and CB-LepR, respectively.
Scale bar, 200 nm. D Size stability of CB-NPs and CB-LepR detected by DLS (n=3
independent experiments). E HPLC chromatograms of CPPO, BNN6, and CB-NPs.
F, G Energy levels of BNN6 and the active DOD. H Levels of NO released after co-
incubation of H,0, (different concentrations) with CB-LepR. (n =3 independent

experiments) I, J Fluorescence images of LepR" cells stained with an NO fluorescent
probe (DAF-FM DA) after different treatments (n =3 independent experiments).
The data are shown as the means + SDs. Statistical significance was determined by
two-tailed unpaired Student’s ¢ test (two groups) or one-way ANOVA with Dunnett’s
multiple comparison tests (multiple groups); **P < 0.01, **P < 0.005. Source data
are provided as a Source Data file.

72 h incubation of BM-derived LepR" cells at 200 pM (Supplementary
Fig. 5A), the LepR" cells were incubated with H,O0, (200 pM) and CB-
LepR (0, 50, 100, 150, or 200 pg/mL) for 72 h. No significant cell death
was observed in the group containing 50 pg/mL CB-LepR compared
with the other groups; hence, this concentration was chosen for fur-
ther tests (Supplementary Fig. 5B, C). Since the release of NO is a
prerequisite for intervention in senescent cells, the intracellular NO
release behavior of CB-LepR was assessed by an NO probe (4-amino-5-
methylamino-2’,7’-difluorescein diacetate, DAF-FM DA), which can be
rapidly deacetylated by intracellular esterases to form DAF-FM upon
entry into living cells and then react with NO to produce green
fluorescence?*°. The results revealed strong green fluorescence in the
cells treated with CB-LepR when exposed to H,0,, the intensity of
which was positively correlated with the concentration of H,0,

(Fig. 31, ), indicating that H,0, is essential for the release of NO from
the NO nanopumps. Notably, the green fluorescence in CB-LepR-
treated cells was brighter than that in CB-NPs treated cells, possibly
due to the LepR-mediated targeting effect with improved cellular
uptake of nanoparticles.

LepR-targeting efficiency of the nanopumps in vivo

To investigate the targeting efficiency of CB-LepR against LepR" cells
in vivo, CB-NPs or CB-LepR were conjugated with CY5.5 to form CB¥>>-
NPs or CB“"**-LepR. The aged mice femurs were collected at 7 days
after local injection of CB“**-NPs or CB***-LepR. The LepR-targeting
efficiency of NO nanopumps was observed by the fluorescence co-
localization of CY5.5 from NO nanopumps and FITC-conjugated anti-
body-labeled LepR* cells. CB“***-NPs situated in the central BM of aged
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mice exhibited minimal colocalization with LepR" cells. However,
CB®¥3-LepR exhibited superior LepR* cell-targeting ability in the whole
BM compared with non-targeted CB***-NPs (Fig. 4A, B). Moreover,
cells from the BM cavity were collected at 7 days after local injection of
CB“*3-NPs and CB“"*-LepR for flow cytometric analysis. A total of
52.8+12.2 % of the LepR" cells were specifically bound by CB“"**-LepR
after 7 days of injection as compared to 6.2 +2.7 % in the CB“"*>-NPs
group. However, the cellular uptake of CB****-NPs and CB“***-LepR in
LepR™ cells was low, indicating the targeting effect of CB-LepR toward
LepR" cells (Supplementary Fig. 6A, B).

Next, LepR-tdTomato mice, in which LepR cells can be traced,
were applied to track the targeting efficiency of CB-LepR to LepR" cells
in vivo (Fig. 4C, D). Femurs were collected 7 days after young + PBS,
young + CBP™“-NPs, or young + CB""*-LepR treatment. As shown in
Fig. 4D, the young + CB""“-LepR group presented more pronounced
co-localization of tdTomato and FITC in the femoral marrow cavity
when compared to the other groups, demonstrating that LepR
antibody-conjugated nanopumps enable specific targeting of the
LepR’ cells in the BM for precise and quantitative intracellular release
of NO. Since studies have confirmed that a high fraction of systemically
administered leptin is retained in the BM, suggesting that leptin
receptors are abundantly localized in the BM®'. Then, we injected CB-
LepR by the tail vein approach to evaluate the systemic BM targeting
property. The results showed a gradual increase in fluorescence
intensity over time in the bones of the mice injected with CB***-LepR
for 12 h (Supplementary Fig. 6C, D), especially in the spine, thorax, and
femur, indicating that the modification of the LepR antibody endows
the NO nanopump with superior systemic BM targeting ability.
Although a gradual decrease in fluorescence intensity was subse-
quently observed in the mouse skeleton at 12 h after injection, the
fluorescent signal was still obvious in the mouse skeleton at 24 h after
injection (Supplementary Fig. 6C, D). Notably, no significant organ
damage and immunotoxicity was observed after systemic treatment
with CB-LepR, indicating that CB-LepR possesses a favorable biosafety
profile (Supplementary Fig. 6), K).

H,0, scavenging and NO generation by CB-LepR
Inspired by the targeting effect of CB-LepR against LepR" cells in the
BM, the capacity of CB-LepR to scavenge H,0, and produce NO was

assessed after it entered the BM cavity (Fig. 5A). In vivo, fluorescence
imaging revealed significant H,O, accumulation in the BM cavity of
aged mice, which was eliminated following the administration of CB-
LepR (Fig. 5B, C). When the whole content from the BM was flushed,
the intracellular H,O, concentration of the aged BM effectively
decreased from 7.9 uM to 0.6 uM after CB-LepR treatment (Fig. 5D).
Notably, the H,0, concentration was markedly reduced solely in LepR*
cells but remained unchanged in LepR™ cells (Fig. 5E). Additionally, the
NO concentration in the LepR* cells remained at 4 uM for 1 week
(Fig. 5F), indicating that the targeted H,0, scavenging and specific NO
release by CB-LepR in the LepR" cells of the aged BM could potentially
exerting a profound influence on rejuvenating senescent the LepR*
cells and further facilitate the reconstruction of the aged BM. To fur-
ther demonstrate the NO release behavior of CB-LepR in LepR" cells,
we dynamically observed the NO release process within LepR" cells
after uptake of CB¥*>-LepR via live-cell imaging microscopy (Fig. 5G).
No green fluorescence was observed in the cells incubated with PBS
(Supplementary Fig. 7), whereas the cells incubated with H,O, pre-
sented progressively stronger green fluorescence (Fig. SH). These
findings support the theory that CB-LepR releases NO only after being
exposed to H,0, via the chemical excitation of BNN6.

NO nanopumps rejuvenate senescent LepR* cells and improve
their osteogenic differentiation capacity in vitro

LepR" cells in the BM are known to be a major source of bone and
adipocytes in the adult BM>*. Since the direction of senescent LepR*
cell differentiation strongly influences the development of bone
senescence, we explored the role of CB-NPs and CB-LepR in LepR" cell
senescence and osteogenic or adipogenic differentiation (Fig. 6A). The
NO nanopumps were found to exhibit superior anti-senescence ability
via senescence-associated [(-galactosidase (SA-B-Gal) staining
(Fig. 6B, C). Compared with those in the other groups, alkaline phos-
phatase (ALP) and alizarin red (ARS) staining revealed increased
osteogenesis and more mineralized nodules in the LepR" cells treated
with CB-NPs or CB-LepR in osteogenic induction medium containing
H,0, (100 uM) (Fig. 6D-G). Enhanced adipogenic differentiation and
lipid droplet formation was observed via Oil Red O (ORO) staining in
LepR" cells treated with adipogenic induction medium supplemented
with H,0, (100 pM), whereas these effects were significantly reduced
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Fig. 5| NO nanopumps effectively remove H,0, and generate NO. A Schematic
diagram of the detection of H,0, and NO in mice subjected to different treatments.
B, C Representative fluorescence images and quantitative analysis of H,O, probe-
treated different mice (n =3 mice). D Intracellular levels of H,0, in the BM of the
different groups after 2 weeks (n=3 mice). E Intracellular H,O, levels in sorted

LepR" and LepR™ cells from different treated mice (n =3 mice). F Intracellular NO
levels in sorted LepR" cells from different treated mice (7 =3 mice). G Schematic

diagram of a live-cell workstation capturing NO release from CB-LepR.

H Representative images of NO release from LepR" cells after co-incubation with
CB-LepR + H,0,. 3 times each experiment was repeated independently with similar
results. Scale bar, 50 pum. The data are shown as the means + SDs. Statistical sig-
nificance was determined by two-tailed unpaired Student’s ¢ test (two groups) or
one-way ANOVA with Dunnett’s multiple comparison tests (multiple groups);
*P<0.05, *P<0.01, **P < 0.005. Source data are provided as a Source Data file.

in the H,0, + CB-NPs and H,0, + CB-LepR groups (Fig. 6H, I). We fur-
ther evaluated the expression of the Alp, osteocalcin (Ocn), osterix
(Osx), runt-related transcription factor 2 (Runx2) genes (osteogenesis-
related genes), fatty acid binding protein 4 (Fabp4), and peroxisome
proliferator-activated receptor y (Ppary) genes (adipogenesis-related
genes) in each group to confirm our observations. Consistent with the
staining data, H,O; resulted in increased expression of adipogenesis-

related genes and decreased expression of osteogenesis-related genes
in the LepR" cells (Fig. 6J-0). However, the adipogenic differentiation
of LepR" cells caused by H,0, was significantly reversed after inter-
vention with CB-NPs and CB-LepR. Furthermore, the H,O, + CB-LepR
treatment resulted in the most significant osteogenic differentiation
among all the groups, which could benefit from the LepR" cell-
targeting effect. Collectively, the results confirmed that CB-LepR could
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Fig. 6 | NO nanopumps alleviate the senescence of LepR’ cells and reverse their
differentiation fate. A In vitro treatment schedule. B, C Representative images and
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quantitative analysis of SA-B-Gal staining in different treatment groups (n=3
independent experiments). Scale bar, 100 pm. (D-G) Representative images and

quantitative analysis of ALP and ARS staining in different treatment groups (n=3

independent experiments). Scale bar, 100 pm. H, I Representative images and
quantitative analysis of Oil red O staining in different treatment groups (n=3

independent experiments). Scale bar, 100 pm. J-O gPCR analysis of osteogenic
(Alp, Ocn, Osx, and Runx2) and adipogenic (Fabp4 and Ppary) gene expression in
LepR" stromal cells (n =3 independent experiments). The data are shown as the
means + SDs. Statistical significance was determined by one-way ANOVA with
Dunnett’s multiple comparison tests (multiple groups); *P < 0.05, **P< 0.01,
***P < 0.005. Source data are provided as a Source Data file.
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rejuvenate LepR’ cells from senescence and promote their osteogenic
differentiation instead of adipogenic differentiation after exposure
to H202.

Local NO release reestablishes the homeostasis of aging-induced
BM collapse

Inspired by the rejuvenation effect of CB-LepR on LepR* cells under
senescent conditions, the ability of CB-LepR to prevent aging-induced
BM collapse in vivo was further assessed via local injection into the
femurs of aged mice (Fig. 7A). Micro-computed tomography
(microCT) analysis revealed a significant increase in the trabecular
bone volume and a decrease in the trabecular space in the femurs of
the aged + CB-NPs and aged + CB-LepR groups compared with those of
the aged control group (Fig. 7B-F). A phenomenon consistent with
locally BM injection was observed in the femurs of mice that received
systemic treatment (Supplementary Fig. 6E-I). These alterations were
suspected to be caused by the release of NO from CB-NPs and CB-LepR
in the milieu of bone senescence to stimulate bone growth upon
exposure to H,0,. Compared with the CB-LepR group, the CB-NPs
group exhibited inferior bone salvage, which may be related to the fact
that CB-NPs only reduced H,0, in the aged BM microenvironment. The
superior targeting of LepR" cells by CB-LepR resulted in less bone loss
inthe aged + CB-LepR group than in the other groups. Furthermore, we
observed a significant decrease in the number of senescent LepR" cells,
adipocytes, osteoclasts and a notable increase in osteogenesis in the
BM of the aged + CB-LepR groups compared with the aged + PBS group
(Fig. 7G, H), which was attributed to the targeted H,O, consumption
and NO generation of CB-LepR in LepR" cells.

LepR* cells in the BM effectively drive vascular, lymphatic and
nerve fiber regeneration*”. Thus, the ability of CB-LepR to prevent BM
collapse was further investigated. Through immunofluorescence
staining, a reduction in vascular, nerve and lymphatic vessels was
observed in femoral sections from aged mice, whereas these changes
were significantly reversed in femurs from aged + CB-LepR mice
(Fig. 71). Moreover, compared with the increased number of my-HSCs
in the aged group, the proportion of my-HSCs in the BM of the aged +
CB-LepR group was significantly decreased (Fig. 7J, K). We further
analyzed the RNA-seq dataset from the sorted LepR* cells and found
changes in SCf (encoded by Kitl gene), Vegf-c and Ngf. The gene
expression levels of Kitl, Vegf-c and Ngf were significantly reduced in
the LepR" cells from the aged + PBS group than in those from the
young + PBS group, while increased in the LepR" cells from the CB-
LepR treated aged mice (Fig. 7L), which provides additional support
for demonstration of the BM restoration. These phenomena were
largely due to the precise reversal of LepR" cell senescence in the BM
microenvironment by CB-LepR. The metabolism of NO nanopumps in
vivo is critical for their application. Following a 1-week local injection of
CB-LepR, a substantial number of fluorescent signals were observed in
the liver and kidney, indicating that NO nanopumps are metabolized
predominantly in these organs. The fluorescence signals of the NO
nanopumps diminished over time, and the NO nanopumps were gra-
dually degraded by the liver and kidney within 4 weeks without sig-
nificant toxicity (Supplementary Fig. 8A, B).

CB-LepR released NO activates glycolysis in LepR* cells to rescue
senescence

To further investigate the mechanism by which the NO nanopump
affects the senescence of LepR" cells, RNA sequencing (RNA-seq) was
performed. Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way analysis and gene set enrichment analysis (GSEA) of the in vitro
sequencing data revealed that the glycolysis signaling pathway was
down-regulated in the H,O, group, which was accompanied by the
upregulation of the cellular senescence signaling pathway (Supple-
mentary Fig. 9A, B). Conversely, the KEGG pathway analysis of the CB-
LepR group compared with the H,O, group revealed enrichment of

terms related to glycolysis (Fig. 8A). Moreover, GSEA demonstrated
that CB-LepR reversed cellular senescence by triggering glycolysis
(Fig. 8B). Additionally, Venn analysis revealed 20 glycolysis-related
genes whose expression differed significantly between the H,0, and
PBS groups (Fig. 8C). These differences were significantly reversed
after CB-LepR intervention (Fig. 8D). To further validate the effect of
CB-LepR on LepR" cell senescence, we sorted LepR* cells from the
femoral BM of young, aged, and aged + CB-LepR mice for in vivo LepR"
cells RNA sequencing. GSEA of the in vivo sequencing data revealed
significant downregulation of cellular senescence signals in the aged +
CB-LepR group compared with the aged + PBS group (Supplementary
Fig. 9C). Notably, among the 16 glycolysis-related genes that were
differentially expressed between age + PBS and young + PBS groups, 10
DEGs were reversed in the aged + CB-LepR group (Supplementary
Fig. 9D). The RNA-seq data provide evidence that NO nanopumps
reverse LepR" cells senescence by activating the glycolysis signaling
pathway.

The SA-B-Gal staining results further supported this hypothesis.
The senescence of the LepR" cells in the H,0, group was markedly
diminished after treatment with CB-LepR, and cellular senescence
reappeared after the addition of 2-deoxyglucose (2-DG, a glycolysis
inhibitor) to the H,O, + CB-LepR group (Fig. 8E, F). To substantiate the
relationship between NO release and glycolytic activation, we inhibited
glycolysis via 2-DG and obstructed NO synthesis with NG-nitro-L-
arginine methyl ester (L-NAME) in vivo, and subsequently evaluated
their effects on senescence in LepR" cells treated with CB-LepR
through LepR/P21 fluorescence staining. The results demonstrated
that CB-LepR significantly decreased the P21 expression in the LepR*
cells in the aged mice. However, P21 expression was significantly
increased in the LepR" cells in the aged + CB-LepR with 2-DG and
L-NAME injection (Supplementary Fig. 10A, B), suggesting that the anti-
aging effects of the released NO could be due to the glycolytic pathway
activation. The SA-B-Gal staining data and P21 immunofluorescence
staining were consistent with the RNA-seq data, indicating the
importance of the glycolysis signaling pathway in CB-LepR-mediated
regulation of LepR" cell aging. According to the qPCR results, pyruvate
kinase isozyme M2 (Pkm2, a key gene in glycolysis) and lactate dehy-
drogenase A (Ldha, a key gene in glycolysis) expression levels in cel-
lular nucleic acid extracts decreased after exposure to H,O, but
increased after exposure to CB-LepR (Fig. 8G). Using a Seahorse XFe96
analyzer, we calculated the extracellular acidification rate (ECAR),
which quantifies glycolysis, in each group. The baseline and maximal
glycolytic capacities of the LepR® cells were reduced by the addition of
H,0, but were partially restored following CB-LepR treatment
(Fig. 8H-J). These results suggest that NO-mediated cellular senes-
cence is based on the regulation of glycolysis.

Discussion

The BM maintains homeostasis through a variety of cells working in
concert®. The cells in the BM inevitably undergo senescence with
aging. Recent studies have shown that senescent osteoblasts exhibit
reduced bone formation capacity, which promotes the development
of damaged BM homeostasis®*. BM adipocytes have also been found to
contribute to the accumulation of senescent cells and abnormalities in
the bone microenvironment through the SASP*. Senescent immune
cells, another population in the BM with common features, including
decreased immune function and increased release of inflammatory
factors, are manifested mainly by a decreased immune response of the
organism to endogenous and exogenous antigens, leading to a
decreased ability to clear senescent cells and a vicious cycle of
inflammation-senescence®. A subpopulation of pro-inflammatory and
pro-senescent immune cells consisting of grancalcin (GCA)-positive
macrophages and neutrophils in senescent BM has been reported to
secrete GCA to promote bone aging”. Furthermore, the initiation of
secondary senescence responses by senescent immune cells has been
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demonstrated to cause widespread dissemination of senescence in
organisms®®. Studies have revealed that senescent BM monocytes/
macrophages propagate senescence through extracellular vesicles to
multiple tissues, including bone tissue and the liver®. T cells, a pivotal
element of adaptive immunity, undergo a transition to a pro-
inflammatory state within senescent BM, resulting in a chronic
inflammatory infiltrate*. Furthermore, an increased number of
senescent B cells, which secrete high levels of TNF-o, have been
observed in the BM of aged mice. TNF-a has been demonstrated to
impede the production of healthy B cells, consequently resulting in a
decrease in the number and function of B cell precursors within
senescent BM*. Consequently, these alterations collectively diminish
the immune system’s capacity to combat infection and promote BM
senescence. Senescent LepR" cells are key drivers responsible for
damaged BM homeostasis under aged conditions. LepR" cells persist
throughout the life cycle of bone and regulate regeneration of the BM
by secreting a variety of growth factors®®. Senescent LepR* cells show
reduced secretory and impaired regenerative capacity; thus, these
cells could be potential therapeutic targets for the prevention and
management of disrupted BM homeostasis during aging. Attempts at

gene editing, small-molecule therapy, and gut microbiota have par-
tially reversed the senescence of LepR" cells*>*, but the high degree of
off-target effects, low degree of tissue targeting, and poor stability
limit their anti-aging capabilities. Here, we constructed a NO nano-
pump that specifically targets LepR" cells and rejuvenates senescent
LepR* cells via in situ chemiexcitation of NO donors to release NO in
the LepR" cells of the osteoporotic microenvironment.

NO-based therapies have emerged as potential treatments for
diseases within the skeletal system*®. To supply NO gas in vivo, various
nanocarriers have been designed for NO donor encapsulation by uti-
lizing the specific properties of nanoparticles, including packaging
stability, biocompatibility, tissue targeting, etc. Since the convenient
and sustained release of NO in bone tissue is a challenge for the
development of NO nanomaterials and their anti-BM aging
application?, we attempted to fabricate an in situ NO release system
(CB-NPs) based on BNN6, CPPO, soybean oil and the amphiphilic
polymer DSPE-PEG-MAL through a co-precipitation method. Com-
pared with the conventional NO delivery system, the constructed CB-
LepR offers the following advantages: (1) The complexity of conversion
and cascade is avoided, and NO is quantitatively released in situ in aged
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BM with a high level of H,0, by direct chemical excitation. (2) The
addition of soybean oil as a retardant to the construct significantly
extends the half-life of NO. (3) NO produced by extracellular NO
nanopumps partially regulates the aged BM microenvironment at an
early stage. (4) Modification with the LepR antibody promotes the
targeted delivery of NO nanopumps and controlled production of NO
in LepR" cells, thereby significantly rescuing cellular senescence.

The activities of humans or tissues require the involvement of
energy metabolism. Compared with young individuals, aged indivi-
duals always exhibit reduced energy metabolism®. Current research
suggests that the dysregulation of energy metabolism is strongly
involved in the aging process*®. Senescent cells experience disruptions
in their energy metabolism, and their mitochondrial oxygen con-
sumption rate increases, which leads to an increase in the formation of
free radicals and accelerates aging by increasing oxidative damage to
body tissues*’*%, Increasing evidence suggests that a lack of NO affects
glycolysis in the cellular energy metabolism process**~, leading to
cellular senescence. Therefore, NO supplementation may rescue cel-
lular senescence by regulating energy metabolism. NO may activate
glycolysis through multiple pathways. NO has been shown to restore
glycolysis by upregulating the expression of Slc2al and glucose
transporter protein 4°**, In addition, data support the involvement of
the soluble guanylyl cyclase/cyclic guanosine monophosphate path-
way in glucose uptake in skeletal muscle cells®. Thus, regulating
energy metabolism through NO supplementation to rescue cellular
senescence may be an effective strategy to reverse damage to the BM
microenvironment. Our results showed that NO could reverse senes-
cence in LepR’ cells, at least in part, by enhancing glycolytic processes.
Nevertheless, the mechanism of NO-mediated action is not fully
understood in the current study and warrants further investigation. It
is believed that the NO nanodelivery system will become a precision
therapy for reversing aging in the future.

Methods

Ethical statement

All animal procedures were conducted in strict compliance with pro-
tocols approved by the Ethics Review Committee of Animal Experi-
mentation at Yangzhou University (No. YXYLL-2022-169). These
procedures were conducted in accordance with the guidelines set
forth in the National Institutes of Health’s Guide for the Care and Use of
Laboratory Animals and in compliance with the principles of the Ani-
mal Welfare Act.

Mice

Male C57BL/6 mice (2 and 20 months) were obtained from Nanjing
Cavans Biotechnology Co., Ltd., China. LepR-tdTomato mice were
purchased from Cyagen Biotechnology Co., Ltd., China. The mice were
housed in a clean room with free access to water and 12 h of light and
darkness each day (7a.m. to 7p.m.), with a constant tempera-
ture of 25°C.

Isolation and sorting of LepR" cells

The femurs of C57BL/6 mice were collected, and the intact bone
marrow was flushed from the femur and subjected to two rounds of
enzymatic digestion in medium containing 3mgmL™ type I col-
lagenase (17018029, Gibco), 4 mg mL™ neutral protease (4942078001,
Roche), and 200 U mL™ DNase (89836, Thermo). The enzyme diges-
tion conditions were 15 min each at 37 °C. The digestion was subse-
quently terminated by the addition of 10 mL of HBSS (14170120, Gibco,
Ca/Mg-free) containing 2% FBS and 2 mM EDTA (AM9260G, Invitro-
gen), and the cells were subsequently resuspended in HBSS buffer (Ca/
Mg-free) containing 2% FBS after centrifugation. To sort the LepR*
cells, the cell suspensions were incubated with a goat anti-LepR-biotin
antibody (BAF497, R&D Systems) for 2 h at 4 °C. The cell suspensions
were washed three times with staining buffer and incubated with

donkey anti-goat FITC antibody (ab6881, Abcam) for 1 h. The cells were
subsequently resuspended in staining buffer and stained with a FAC-
SAria flow cytometer (BD Biosciences) to sort LepR" cells for sub-
sequent studies. The gating strategy used for sorting LepR" cells is
shown in Supplementary Fig. 11.

Preparation of CB-NPs and CB-LepR

BNN6 (0.75mg, HY-164117, MedChemExpress), soybean oil (2pL,
$110244, Aladdin), CPPO (1 mg, B101611, Aladdin), and DSPE-PEG-Mal
(5 mg, Shanghai ToYongBio Tech Co., Ltd.) were added to 1 mL of
tetrahydrofuran (THF, T103263, Aladdin) and mixed uniformly under
nitrogen protection. The obtained mixture was subjected to rotary
evaporation to remove the solvent and then dried in a vacuum drying
oven. The CB-NPs were prepared by adding 1 mL of Milli-Q water to the
dried mixture and shaking vigorously.

500 pL of anti-LepR antibody (10 umol, BAF497, R&D Systems)
was mixed with Traut’s reagent (200 pmol, 1106793, Aladdin) in PBS
and reacted at room temperature for 1h. Excess Traut’s reagent was
separated via a desalting column. The resulting mixture was added to
1 mL of Milli-Q water containing CB-NPs and mixed thoroughly for 6 h
to obtain CB-LepR.

Characterizations of CB-NPs and CB-LepR

The morphology of the CB-NPs and CB-LepR was observed with a
Hitachi HT7800 transmission electron microscope (Hitachi, Tokyo).
The composition of the elements was determined via energy dis-
persive X-ray spectroscopy (EDS, Tecnai G2 F30 S-TWIN). The hydro-
dynamic dimensions were measured via dynamic light scattering (DLS;
Malvern Instruments). High-performance liquid chromatography
(HPLC, Dionex system, Thermo Fisher Scientific, Germany) was
employed to determine the DLC and DLE of CPPO and BNN6 in CB-NPs.
The DLC were calculated via equations from previous studies®.
Fluorescence images of the nanoparticles were captured via fluores-
cence microscopy (Carl Zeiss, Axio Imager 2). Flow cytometry analysis
was performed with a BD LSRII (BD Bioscience, Heidelberg, Germany).
Animal fluorescence imaging was performed on an IVIS spectral ima-
ging system (PerkinElmer).

H,0, detection

The H,0, level was measured via an H,O, probe (Amplex Red, ST010,
Beyotime) and an H,0, detection kit (50021, Beyotime) in the femoral
marrow cavity of each treatment group (young + PBS, aged + PBS, and
aged + CB-LepR). Amplex Red is a fluorescent probe that is highly
sensitive to H,O, and reacts with H,0, to produce an intense red
fluorescent substance. It has a maximum excitation wavelength of
571 nm, a maximum emission wavelength of 585 nm, and strong visible
absorption at the excitation wavelength, which is detected by absor-
bance and absorbance at A570. Following 0.5 h of injection into the
cavity, the fluorescence intensity of the probe was measured at
570 nm. For the H,0, concentration assay, the femoral BM cavity of
each group of mice was rinsed and centrifuged to obtain BM super-
natant and BM cells, respectively. The BM cells were homogenized with
H,0, assay lysate and centrifuged at 4 °C to obtain the supernatant,
after which the assay reagent was added. Assay reagents were added
directly to the BM supernatant. The assay was incubated for 0.5h at
room temperature, and the absorbance at 560 nm was read via an
enzyme standardization instrument. A standard curve was drawn using
commercial H,0,, and the concentration of H,0, in the marrow cavity
was calculated from the standard curve. LepR* and LepR™ cells were
obtained via flow cytometry sorting, and the intracellular H,O, con-
centration was detected as described above.

Characterizations of NO generation
LepR* cells were stained with the NO probe DAF-FM DA (S0019,
Beyotime). LepR" cells were co-incubated for 24 h with 50 pg/mL
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nanopumps in medium containing H,O, (0O, 50, 100 or 200 pM). After
the supernatant was removed, 1 mL of DAF-FM DA PBS solution (5 pM)
was added, and the mixture was incubated for 20 min at 37 °C after the
supernatant was removed. The cells were subsequently washed 3 times
with PBS before cell staining was observed under an inverted fluores-
cence microscope. The above procedure was repeated when LepR*
cells were co-incubated with medium containing PBS, CB-NPs,
H,0,+CB-NPs, or H,0,+CB-LepR for 24h to observe the
generation of NO.

The amount of NO produced by the nanopumps in vitro and
in vivo was measured via a Griess kit (S0021, Beyotime). For in vitro
experiments, nanopumps (50 pg/ml) were dispersed in H,0, solutions
(0, 6.25,12.5,25 and 50 mM) in a 37 °C water bath. Then, 50 pL of Griess
reagent was added to the supernatant obtained after centrifugation,
and the absorbance was measured at 540 nm via a microplate reader.
To investigate the in vivo release behavior of NO, the femoral of the
young + PBS, aged + PBS and aged + CB-LepR groups were rinsed with
PBS at different time intervals (0, 1, and 2 w) to obtain cell suspensions.
Then, the LepR" cells were collected via LepR antibody staining and
flow cytometry sorting. After the lysis of the LepR" cells, the con-
centration of NO in the supernatant was determined.

In vivo imaging

The mice were anesthetized via isoflurane inhalation after H,O, probes
were injected into the femoral marrow cavities of the young, aged,
aged + CB-NPs, and aged + CB-LepR groups for 20 min. The tempera-
ture of the imaging chamber was maintained at 30 °C, and the mice
were imaged at an excitation wavelength of 570 nm and an emission
wavelength of 585 nm.

Live-cell imaging

After CB-LepR (50 pg/mL) was co-cultured with LepR" cells for 24 h, the
medium was replaced with fresh medium containing PBS or H,0,
(200 uM). After the NO probe (DAF-FM DA, S0019, Beyotime) was
added, the cells were imaged by a live-cell analyzer to observe the NO
release behavior of CB-LepR. The green fluorescence image of the NO
probe was obtained from the FITC channel. Real-time images were
acquired at 2 min intervals for 20 min.

Cytotoxicity of nanopumps

The proliferation of LepR* cells was measured with a Cell Counting Kit-
8 (CCK-8, CAI1210, Solarbio) and a Live/Dead Staining Kit (CA1630,
Solarbio). Briefly, after co-incubationc of CB-LepR (0, 50, 100, 150, or
200 pg/mL) with LepR* cells (1 x 10*/mL) for 24 and 72 h, the medium
was replaced with 100 pL of medium and 10 pL of CCK-8 reagent, and
the optical density was subsequently measured at 450 nm in a micro-
plate reader (BioTek, VT). LepR" cells (1 x 10*/mL) were incubated with
different treatment groups for 72 h before the medium was replaced
with 200 pL of live/dead staining working solution. After incubation
for 30 min at 25°C in the dark, the cells were imaged with a Zeiss
Axiovert 200 fluorescence microscope (Carl Zeiss Inc.,
Thornwood, NY).

LepR™ cells targeting in vivo

NO nanopumps were labeled with CY5.5. Briefly, CY5.5-SH (Shanghai
ToYongBio Tech Co., Ltd.) was stirred homogeneously with CB-NPs
or CB-LepR overnight in the dark. The mixture was dialyzed in
deionized water (molecular weight cutoff =3 kDa) to remove free
CY5.5-SH, resulting in CB¢**-NPs and CB“***-LepR. For in vivo tar-
geting, aged mice were euthanized 7 days after the injection of
CB®¥>5-NPs or CB“>*-LepR into the femoral BM cavity. Femur sec-
tions were prepared, and the affinity of the nanomaterial for LepR*
cells in the BM cavity was observed via immunofluorescence stain-
ing. The antibody used for immunofluorescence staining was anti-
LepR-FITC (sc-8391 FITC, Santa Cruz Biotechnology). Furthermore,

cell suspensions were obtained by flushing the marrow cavity at
7 days following the injection of CB®*3-NPs or CB“*>-LepR into the
femoral marrow cavity. The working concentration of the LepR
antibody (BAF497, R&D Systems) was thoroughly mixed with the
cell suspension and incubated for 2 h at 4 °C in the dark. The cell
suspensions were washed three times with staining buffer and
incubated with donkey anti-goat FITC antibody (ab6881, Abcam) for
1h. The cells were then washed with flow cytometry staining solu-
tion and analyzed on a flow cytometer. To further validate the tar-
geting of CB-LepR in vivo, NO nanopumps were labeled with FITC-
SH (Shanghai ToYongBio Tech Co., Ltd.) to obtain CB"™-NPs and
CB™' -LepR. PBS, CBF'™-NPs, or CB"™“-LepR were injected into the
femoral BM cavity of LepR-tdTomato mice, and the targeting effect
of the nanomaterials was detected after 1 week. To investigate the
systemic BM targeting properties of CB-LepR, the animals were
euthanized at different time points after the intravenous injection
of CB“*-LepR into aged mice and the skeleton was thoroughly
exposed for fluorescence imaging.

In vitro aging, osteogenic and adipogenic induction

LepR* cells were inoculated in 6-well plates, and cell senescence was
observed via SA-B-Gal staining (G1580, Solarbio) 7 days after the
addition of PBS, H,0,, CB-NPs, H,0,+ CB-NPs, H,0,+ CB-LepR, or
H,0, + CB-LepR +2-DG. Additionally, the cells were cultured with
osteogenic induction medium (MUBMX-90041, OriCell) or lipogenic
induction medium (MUBMX-90031, OriCell) after cell apposition.
LepR* cells were then observed for osteogenesis and adipogenesis at
different time intervals after the addition of PBS, H,0,, CB-NPs,
H,0; + CB-NPs, or H,0, + CB-LepR. The cells were stained for alkaline
phosphatase (ALP, G1480, Solarbio) and alizarin red (ARS, G1452,
Solarbio) according to the manufacturer’s protocol at 7 and 14 days of
induced osteogenic differentiation, respectively. After 21 days of adi-
pogenic induction, the cells were stained with Oil Red O (G1262,
Solarbio) according to the manufacturer’s protocol.

In vivo therapeutic efficiency

For local administration, aged mice received femoral intramedullary
injections of PBS, CB-NPs, or CB-LepR at a CPPO dose of 5.0 mg/kg. For
systemic delivery, PBS, CB-NPs, or CB-LepR were administered via tail
vein injection every 2 weeks at the same CPPO dosage (5.0 mg/kg). The
femurs were collected after 8 weeks for micro-CT scan analysis. After
complete decalcification, 5um paraffin sections of the femur were
prepared and subsequently stained for immunofluorescence. Positive
staining was observed via fluorescence microscopy. The antibodies
used for immunofluorescence staining included anti-LepR-biotin
(BAF497, R&D Systems), anti-OCN (PA5-78870, Thermo Fisher Scien-
tific), anti-ASL (ab97370, Abcam), anti-P21 (ab188224, Abcam), anti-y-
H2AX (ab81299, Abcam), anti-IL-6 (ab290735, Abcam), anti-PERILIPIN
(ab316115, Abcam), anti-CD31 (ab222783, Abcam), anti-LYVE1 (ab14917,
Abcam), anti-PERIPHERIN (ab246502, Abcam), donkey anti-goat FITC
(ab6881, Abcam), and goat anti-rabbit FITC (ab6717, Abcam)
antibodies.

my-HSCs analysis

100 uL of BM cell suspension (concentration of 1x10° cells/mL) was
added to a flow-through tube, Fc receptors were blocked with an anti-
CD16/32 antibody (101301, BioLegend) on ice for 20 min, and then,
fluorescent antibodies were added to stain the cells on ice protected
from light for 1h. Fluorescent antibodies used for the analysis of my-
HSCs (Lineage Sca-1"c-Kit"(LSK)CD48 CD150"e" HSCs) included anti-
Lineage Cocktail Isotype Ctrl-FITC (133302, BioLegend), anti-Sca-1-APC
(108112, BioLegend), anti-c-Kit-PE/Cyanine7 (105814, BioLegend), anti-
CD48-PerCP/Cyanine5.5 (103422, BiolLegend), and anti-CD150-PE
(162606, BiolLegend). The gating strategy used for flow cytometric
data is shown in Supplementary Fig. 12.
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RNA sequencing

In vitro and in vivo RNA-seq were conducted by Oebiotech
(Shanghai, China) and Majorbio (Shanghai, China), respectively.
Briefly, RNA from the PBS, H,0, and H,0,+ CB-LepR groups was
used for in vitro RNA-seq. RNA from LepR cells was sorted from the
BM of young + PBS, aged + PBS, and aged + CB-LepR mice for in vivo
RNA-seq. The RNA integrity was assessed via an Agilent Bioanalyzer
2100. The RNA-Seq libraries were constructed via an Agilent Sur-
eSelect strand-specific RNA library preparation kit and sequenced
on a HiSeq 4000 platform (Novogene). A corrected p value of
0.05 and log2 (fold change) were set to 1 as thresholds for sig-
nificantly differentially expressed genes (DEGs). The groups of DEGs
were analyzed for GO, KEGG and GSEA pathway enrichment
functions.

Quantitative RT-PCR

Total RNA was extracted via TRIzol (Vazyme, Nanjing, China) accord-
ing to the manufacturer’s instructions. The RNA concentration was
measured with aNanoDrop 2000 (Thermo Fisher Scientific). cDNA was
synthesized via a HiScript Il RT kit with gDNA wiper (Vazyme, Nanjing,
China). qPCR was performed on a QuantStudio3 (Applied Biosystems)
with ChamQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing,
China). The 22*“ method was used, and gene expression was nor-
malized to that of Actin. The primers used are listed in Supplementary
Table 1.

Extracellular acidification rate measurements with the
Seahorse assay

A total of 1x107 LepR* cells were incubated with PBS, H,O,, CB-NPs,
H,0, + CB-NPs, or H,O,+CB-LepR for 24 h. The basal levels of the
extracellular acidification rate (ECAR) were then measured on a Sea-
horse XFe96 Extracellular Flux Analyzer (Agilent Technologies, Santa
Clara, CA, USA) according to the XF Glycolytic Stress Test protocol,
and glucose (final concentration of 10 mM), oligomycin (final con-
centration of 1puM) and 2-DG (final concentration of 50 mM) were
sequentially added™®.

Micro-CT imaging

The femur was stripped, fixed, and then scanned via micro-CT (Sky-
Scan 1176, SkyScan, Aartselaar, Belgium) at an isotropic voxel size of
3.5 um. A 3D reconstruction was performed via the system software,
with the lower-density threshold set to 90. The cylindrical region of
interest (ROI) was set at the distal femoral epiphysis, and the trabecular
parameters in the ROl were obtained.

Statistical analysis

Statistical analyses are conducted using GraphPad Prism 9.0 software.
The quantitative data were expressed as mean + SD. Statistical differ-
ences were calculated using unpaired student’s t-test or one-way ana-
lysis of variance (ANOVA) when comparing two or multiple groups,
respectively. Statistical significance is determined using the following
thresholds: *P < 0.05; *P < 0.0L; **P < 0.001.

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

Data availability

The RNA-seq data generated in this study have been deposited in the
Genome Sequence Archive (GSA) database of the National Genomics
Data Center (NGDC) under accession code CRA025008. All data sup-
porting the article are included in the main article, Supplementary
Information and the Source Data file. Source data are provided with
this article.
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