
iScience

Article

ll
OPEN ACCESS
Whitening of brown adipose tissue inhibits
osteogenic differentiation via secretion of S100A8/
A9
Ting Wang,

Chaoran Zhao,

Jiahuan Zhang, ...,

Anling Liu,

Xiaochun Bai,

Zhipeng Zou

aliu@smu.edu.cn (A.L.)

baixc15@smu.edu.cn (X.B.)

zzp@smu.edu.cn (Z.Z.)

Highlights
Loss of Rheb induces BAT

malfunction and endocrine

secretion of S100A8/A9

BAT-derived S100A8/A9

inhibits bone formation,

inducing osteoporosis

Neutralizing S100A8/A9

restores bone formation

impaired by BAT

malfunction

S100A8/A9 directly inhibits

osteogenesis of BMSCs by

targeting their TLR4

Wang et al., iScience 27,
108857
February 16, 2024 ª 2024 The
Authors.

https://doi.org/10.1016/

j.isci.2024.108857

mailto:aliu@smu.edu.cn
mailto:baixc15@smu.edu.cn
mailto:zzp@smu.edu.cn
https://doi.org/10.1016/j.isci.2024.108857
https://doi.org/10.1016/j.isci.2024.108857
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.108857&domain=pdf


iScience

Article

Whitening of brown adipose tissue
inhibits osteogenic differentiation via
secretion of S100A8/A9

Ting Wang,1,6 Chaoran Zhao,1,6 Jiahuan Zhang,2,6 Shengfa Li,3,6 Youming Zhang,1 Yan Gong,1 Yingyue Zhou,1

Lei Yan,1 Sheng Zhang,1 Zhongmin Zhang,4 Hongling Hu,5 Anling Liu,1,* Xiaochun Bai,1,* and Zhipeng Zou1,7,*

SUMMARY

The mechanism by which brown adipose tissue (BAT) regulates bone metabolism is unclear. Here, we
reveal that BAT secretes S100A8/A9, a previously unidentified BAT adipokine (batokine), to impair
bone formation. Brown adipocytes-specific knockout of Rheb (RhebBAD KO), the upstream activator of
mTOR, causes BAT malfunction to inhibit osteogenesis. Rheb depletion induces NF-kB dependent
S100A8/A9 secretion from brown adipocytes, but not from macrophages. In wild-type mice, age-related
Rheb downregulation in BAT is associated with enhanced S100A8/A9 secretion. Either batokines from
RhebBAD KO mice, or recombinant S100A8/A9, inhibits osteoblast differentiation of mesenchymal stem
cells in vitro by targeting toll-like receptor 4 on their surfaces. Conversely, S100A8/A9 neutralization
not only rescues the osteogenesis repressed in the RhebBAD KOmice, but also alleviates age-related oste-
oporosis in wild-type mice. Collectively, our data revealed an unexpected BAT-bone crosstalk driven by
Rheb-S100A8/A9, uncovering S100A8/A9 as a promising target for the treatment, and potentially, pre-
vention of osteoporosis.

INTRODUCTION

Brown adipose tissue (BAT) is composedprimarily of brown adipocytes (BADs). BAT differs fromwhite adipose tissue (WAT) in that it functions

to generate heat by uncoupling mitochondrial respiration from ATP synthesis via uncoupling protein 1 (Ucp1).1 BAT activation in healthy sub-

jects dramatically improves whole-body glucose and lipid homeostasis, as well as insulin sensitivity.2–4 Conversely, the whitening (a state in

which BAT loses its heat-generating function and gains the features of WAT) and loss of BAT in obesity and aging promotes metabolic dis-

orders and related diseases.5 These data demonstrate important systemic metabolic functions of BAT beyond heat production. Thus, brown

adipokines (so-called ‘‘batokines’’) and their functional role in remote regulation of other organs, either in physiological or pathophysiological

conditions, have attracted considerable interest.6 For instance, BAT secretes FGF21 to protect the heart, induce the browning of WAT, and

improve b-cell function,6,7 myostatin to inhibit skeletal muscle growth,8 and CXCL14 to coordinate M2 macrophages with BAT activation.9,10

BAT is potentially associated with bone homeostasis. It has been revealed that BAT volume is positively correlatedwith the amount of bone in

children and adolescents.11 and with femoral cross-sectional area independent of age.12 Elderly people exhibit reduced BAT activity,13 as well

as reduced bone mass.14 In patients with anorexia nervosa, significant bone loss is concomitant with marked reductions in BAT volume and

activity.15–17 On the contrary, FGF21, a metabolic hormone released by liver and thermogenically activated BAT, is associated with increased

bone resorption and reduced bone mass in people living with HIV.18 Despite these indirect evidences, the endocrine role of BAT in bone

metabolism, the contributing adipokines, and the underlying mechanism remain largely unclear.

Mechanistic target of rapamycin complex 1(mTORC1) is a central signaling hub controlling biological processes including protein synthe-

sis, autophagy, and lipid metabolism.19 The GTP-bound form of a small G-protein, RAS homologue enriched in brain (Rheb), binds directly to

mTOR and triggersmaximumactivation ofmTORC1.19 Thus, Rheb loss renders hypoactivation ofmTORC1.mTORC1promotes adipogenesis

and enhances lipogenesis in vitro and in vivo.20,21 However, the role of mTORC1 in BAT homeostasis is uncertain due to the lack of animal

models with BAT-specific inactivation of mTORC1. Additionally, the role of mTORC1 in the endocrine secretion of BAT remains elusive.
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In the present study, we serendipitously found that loss of Rheb in BAT compromises bone formation, in addition to the BAT dysfunction.

We revealed that brown adipocytes secrete S100A8/A9, an inflammatory alarmin thought to be preferentially secreted by immune-activated

myeloid cells, to suppress osteogenesis of bone marrow mesenchymal stem cells (BMSCs).

RESULTS

Deletion of Rheb drives BAT whitening

To unravel the potential role of Rheb in maintenance of BAT homeostasis, as well as the role of BAT in bone metabolism, we generated

mice with BAD-specific Rheb deletion (RhebBAD KO) control of the Ucp1 promoter (illustrated in Figure S1A)22 to confirm its effect on BAT

function. As expected, Rheb was successfully depleted in interscapular BAT (Figure S1B). UCP1 protein was downregulated in inguinal

WAT (iWAT), and epididymal WAT (eWAT) of RhebBAD KO mice, in comparison with the control mice, although basal UCP1 expression

in eWAT of control mice was nearly invisible (Figure S1C). To verify the specific expression of Ucp1-Cre in BADs, the Ucp1-Cre mice

were crossed with ROSAmT/mG mice. As anticipated, Ucp1-Cre was expressed specifically in BADs, but not in the stromal cells (including

macrophages) in interscapular BAT, nor in the WAT (Figure S1D). Consistently, no prominent Rheb depletion was observed in the major

organs (Figure S1E). Body weight of the control and RhebBAD KO mice were comparable (Figure S1F). A recent study demonstrated non-

specific expression of Ucp1 in ventromedial hypothalamus (VMH), one of the critical regions responsible for the regulation of energy ho-

meostasis.23 Thus, we further examined Rheb expression in VMH of the control and RhebBAD KO mice but found no significant difference

between these two types of mice (Figure S1G). The interscapular BAT of RhebBAD KOmice showed conspicuous ‘‘whitening’’ and reduced

size, as observed by gross examination (Figure 1A), HE staining (Figure 1B), IHC (Figure 1C), as well as western blotting (WB) analysis (Fig-

ure 1D). The BAT of thesemice also showed increased expression of Nrip1 (Figure 1E). Similarly, the inguinalWAT of RhebBAD KOmice also

showed certain degree of ‘‘whitening’’ (Figure S2A). Several circulating metabolic markers were also analyzed. No significant difference in

serum triglyceride level was observed between the control and RhebBAD KOmice. Free fatty acids (FFA) and glycerol weremarkedly higher

in RhebBAD KO mice (Figure S2B), which is consistent with elevated expression of genes critical for lipolysis, including adipose triglyceride

lipase (ATGL) and hormone-sensitive lipase (HSL), in these mice (Figure S2C). Additionally, the phosphorylation of HSL protein was also

enhanced in the KO mice (Figure S2D). The observed increase in BAT lipolysis may result from Rheb loss and consequent inactivation

of mTOR, which suppresses lipolysis but promotes lipogenesis and fat storage.24,25

To further examine the effect of BAD-specific Rheb loss on thermogenesis, the control and KOmice were subjected to cold acclimation at

4�C for 7 days. Then, we analyzed the expression of several thermogenic genes in BAT, including those involved in creatinemetabolism, which

was documented to induce compensatory thermogenesis in the absence of UCP1.26 Among these genes, while CideamRNA expression was

significantly reduced (Figure S2E), Ckmt1 and GAMT was significantly increased in the BAT of the KOmice (Figure S2F), which may compen-

sate the cold adaptation of KOmice. UCP-1 expression level in the BAT of wild-type C57BL6/J mice increased continuously from 30�C to 4�C
(Figure S2G), confirming that the temperature environment we used was suitable. Rheb expression decreased moderately at both 30�C and

4�C (Figure S2G), suggesting that its expressionmay be independent of the documented elevation ofmTOR activity responsive to cold expo-

sure.27 The oxygen consumption and energy expenditure of the RhebBAD KOmice was significantly increased, in comparison with the control

mice (Figure S2H), without prominent change in respiratory exchange rate and food intake (Figure S2I). These seemingly contradictory results

suggest that reduced UCP1-dependent thermogenesis in BAT may be complicated by increased lipolysis, compensatory induction of crea-

tine metabolism, and potential increased energy consumption of other organs.

Glucose tolerance test and insulin tolerance test were performed to analyze the effect of Rheb loss in BAD on global glucose metabolism.

Glucose tolerance was significantly reduced in the RhebBAD KO mice (Figure S2J), reflecting that glucose clearance by BAT is impaired by

Rheb loss. However, these KOmice did not exhibit significant change in global insulin sensitivity (Figure S2K), suggesting that insulin-respon-

sive glucose uptake may not be affected in other tissues, including skeletal muscle, which accounts for far more total body glucose use than

BAT.28 Collectively, these results strongly suggested that Rheb is essential for the maintenance of BAT phenotype and function.

Adipocytic Rheb gene knockoutmice (under the control of Fabp4/aP2promoter, named thereafter RhebAD KO) were also generated (illus-

trated in Figure S3A) to confirm the functional role of Rheb in BAT, although this Cre line was show to target other cell types including mac-

rophages, nerve cells, and cardiac epithelia.29–31 As expected, Rheb was successfully depleted in interscapular BAT, as well as in inguinal and

epididymal WAT (Figure S3B). While the interscapular BAT pads of RhebAD KOmice were significantly lighter and smaller than those of con-

trol mice, no marked difference was observed in either inguinal or epididymal WAT between the control and RhebAD KO mice (Figures S3C

and S3D). Likewise, no significant differences in either weight or size of major organs (Figure S3E) or in serum leptin, an adipose-derived hor-

mone that circulates in proportion toWATmass (Figure S3F), were observed between the control and RhebAD KOmice. Interestingly, RhebAD

KO mice displayed dramatically augmented adipocyte size (manifested as increased mean size as well as more large adipocytes) predomi-

nantly in BAT (Figure S4A), suggesting that BAT activity is markedly decreased in these mice. Indeed, multilocular adipocytes in interscapular

BAT in the controlmicewere replacedby unilocular adipocytes inRhebAD KOmice (Figure S4A). Consistently,RhebAD KOmice demonstrated

a dramatic reduction in expression of BAT markers, such as Ucp1, PRDM16, and Ppargc1a, in their interscapular BAT, as observed by immu-

nohistochemical (IHC) staining (Figure S4B). Western blotting confirmed UCP1 protein was downregulated in BAT, iWAT, and eWAT of these

KO mice, in comparison with the control mice, although basal UCP1 expression in eWAT of control mice cannot be constantly detected

(Figure S4C). After a 7-day cold adaptation, RhebAD KO mice exhibited compensatory expression changes of thermogenic genes similar

to RhebBAD KO mice (Figures S4D and S4E). Besides, the inguinal WAT of RhebAD KO mice, which contains a certain number of beige
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adipocytes, also showed signs of reduced ‘‘browning’’, as evident by weakened expression of PRDM16 and enhanced expression of Nrip1, a

marker of BAT de-differentiation and whitening (Figure S4F).32

BAT in C57BL/6J mice shows significant ‘‘whitening’’ due to aging.33 To further characterize the functional role of Rheb in BAT homeosta-

sis, Rheb protein expression in BAT of wild-typeC57BL/6Jmicewas analyzed. Concomitant with significant ‘‘whitening’’ (Figures S5A and S5B)

and reduced expression of key functional proteins of BAT (Figure S5C), interscapular BAT in aged mice (20 months old) showed a marked

reduction in Rheb protein expression, when compared with their young counterparts (3 months old) (Figure S5C). This suggests that loss

of Rheb is associated with age-dependent BAT ‘‘whitening’’ and dysfunction.

Rheb ablation in BAT resulted in reduced trabecular bone formation, but increased bone marrow fat in mice

Cancellous bone of distal femur/proximal tibia C57BL/6mice exhibit significant age-related bone loss, regardless of their sex. Thus, this strain

serves as a useful model for the study of age-related osteoporosis (AOP).34,35 To focus on the estrogen-independent role of BAT in AOP, we

selected male RhebAD KO and RhebBAD KO mice to evaluate the causal relationship of BAT dysfunction with AOP. Remarkably, RhebAD KO

and RhebBAD KO mice showed markedly reduced trabecular bone mass (BV/TV), bone mineral density (BMD), trabecular thickness (Tb.Th),

Figure 1. Deletion of Rheb drives BAT whitening

(A) Gross examination (upper panel) and weight statistics (lower panel) of the BAT of the control and RhebFL/FL; Ucp1-Cre (RhebBAD KO) mice.

(B) H&E or (C) immunohistochemical (IHC) staining of the BAT sections from the control and RhebBAD KO mice for the indicated markers.

(D) WB analysis of the BAT tissue from these mice for the indicated proteins.

(E) RT-qPCR assay for Nrip expression in the BAT of the control and RhebBAD KO mice. Data are shown as box-and-whisker plots (with median and interquartile

ranges) from max to min, with all data points shown. Analyses were performed as two-tailed unpaired t-test.
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and trabeculae numbers (Tb.N), but increased trabecular separation (Tb. Sp) compared to their control littermates at 1 and 4 months of age,

as visualized by three-dimensional microCT (Figures 2A and 2B) and HE analysis (Figures 2C and 2D) of distal femora. However, neither Rhe-

bAD KO mice nor RhebBAD KO mice showed prominent alteration in cortical bone parameters, in comparison with their control littermates

(Figures S6A and S6B), suggesting that their BAT dysfunction mainly affects trabecular bone.

Figure 2. Rheb ablation in BAT resulted in reduced bone mass, but increased bone marrow fat in mice

Three-dimensional microCT reconstruction (left panel) and histomorphometric analysis (right panel) of distal femora and proximal tibiae from the control and

RhebAD KO mice (A), or the control and RhebBAD KO mice (B), were performed. Hematoxylin–eosin (HE) analysis of distal femora and proximal tibiae from

1-month-old (C) and 4-month-old (D) control and RhebAD KO mice (upper panel), or control and RhebBAD KO mice (lower panel). Marrow fat in the medullary

cavity of distal tibiae from the 1-month-old (E) and 4-month-old (F) control and RhebAD KO mice (upper panel), or the control and RhebBAD KO mice (lower

panel) was examined by HE staining. Representative images were shown left, while quantitation of the number of marrow adipocytes were shown right.

(G) Marrow fat in the medullary cavity of distal tibiae from the control and RhebAD KO, or from the control and RhebBAD KO mice was examined by IF staining of

Perilipin. Data are shown as box-and-whisker plots (with median and interquartile ranges) from max to min, with all data points shown. Analyses of Figure 2A-D,

2G were performed as two-tailed unpaired t-test.
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Conversely, the number of adipocytes in the bone marrow, which appear as oval vacuoles by HE staining, was higher in distal tibiae in

RhebAD KO mice and RhebBAD KO mice than their control littermates (Figures 2E and 2F). Furthermore, the expression of perilipin, a marker

for mature adipocytes, was enhanced in the bone marrow of both types of Rheb knockout mice (Figure 2G).

In RhebBAD KO mice, expression of Ucp1-Cre was not observed in cells located at the trabeculae or lacunae, nor at the periosteum (Fig-

ure S7A). Additionally, Rheb protein expression was similar in these cells of both control and RhebAD KO mice (Figure S7B). These results

suggest the osteopenic phenotype observed in RhebAD KO mice and RhebBAD KO mice cannot be attributed to nonspecific knockout of

Rheb in preosteoblasts, osteoblasts (OBs), osteocytes, or osteoclasts (OCs).

Rheb ablation in BAT led to reduced osteoblast differentiation in vivo and ex vivo

RhebAD KO and RhebBAD KO mice displayed a marked decrease in osteoblast (OB) differentiation, respectively (Figures 3A and 3B). Consis-

tently, these mice also demonstrated significantly lowered expression of both Osx (Figure 3C) and Ocn (Figure 3D). RhebBAD KO mice also

showed markedly reduced mineral apposition rate (MAR) in comparison with their control littermates, as quantified by calcein labeling (Fig-

ure 3E). However, the number of TRAP-positive OCs was also lower in RhebAD KO and RhebBAD KOmice (Figure 3F). Consistently, both types

of KO mice displayed a marked decrease both in serum Procollagen I N-Terminal Propeptide (PINP), a circulating marker for new bone for-

mation, and in Cross Linked C-Telopeptide of Type I Collagen (CTX-I), a serummarker for bone resorption (Figure 3G).36 The reason remains

unknown, but we speculate that it may reflect a decoupled state of bone formation and resorption after BAT dysfunction. Moreover, BMSCs

isolated from the femoral marrow cavity of these two types ofmice displayed a greatly reduced capacity forOB differentiation (Figure 3H), but

significantly enhanced adipocyte differentiation (Figure 3I), without noticeable change in the expression of Rheb itself (Figure 3J). These re-

sults collectively suggest that the impaired osteogenesis of these mice may be driven by a reduction in OB lineage commitment of BMSCs.

The transcriptome of BMSCs isolated from RhebBAD KO mice was subsequently analyzed by whole-genome mRNA array. Rheb mRNA

expression in BMSCs of RhebBAD KO mice was similar to that of the control mice (Figure S8A), suggesting that there was no nonspecific

Rheb knockout in these cells. Consistent with decreased OB differentiation capacity, GO analysis of BMSC transcriptome of RhebBAD KO

mice demonstrated down-regulation of genes enriched in ossification, OB differentiation, and bone mineralization, including SP7 (Osx),

Prrx2, Ibsp, Fgfr2, and Fgfr3 (Figures S8B and S8C).

Brown but not white adipocytes from Rheb-ablated mice suppress osteoblast differentiation from BMSCs

To investigate whether adipokines fromBAT of RhebAD KOmice directly suppressOB differentiation fromBMSCs, conditionedmedium (CM)

collected either from interscapular BADs, or from epididymal WADs of RhebAD KO mice cultured ex vivo, was transferred to cultures of pri-

mary BMSCs (from wild-type C57BL/6J mice). OB or AD differentiation was then analyzed by ALP staining or oil red O staining, respectively.

Interestingly, while CM from BAD of RhebAD KO mice markedly suppressed OB, but promoted AD differentiation (Figures 4A and 4B), CM

from WAD had little effect on either OB or AD differentiation (Figures 4C and 4D). This inhibitory effect of BAT adipokines on OB or AD dif-

ferentiation was verified since CM collected from interscapular BADs of RhebBAD KO mice had similar effects (Figures 4E–4H). In contrast,

heat-inactivated CM (heated at 95�C for 10 min to denature any proteins) had little effect on OB or AD differentiation of BMSCs

(Figures S9A–S9D). These results suggest that adipokines, but not fatty acids, which were reported to suppress OB differentiation

in vitro,37 play a major role in this BAD-OB crosstalk. Collectively, these results suggest that adipokines released from malfunctional BAD,

but not WAD, suppress OB but enhance AD differentiation.

Loss of Rheb in BAT induces transcription and secretion of S100A8/A9

To further identify the individual adipokines secreted by malfunctional BAT to suppress OB differentiation, a whole-genome mRNA array

assay of interscapular BAT was performed. Among the significantly upregulated genes (RhebAD KO mice VS control), inflammation-related

genes, including leukocyte chemotaxis, myeloid leukocyte migration, and neutrophil chemotaxis, were highly enriched (Figure 5A). Interest-

ingly, BAT from the RhebBAD KOmice showed upregulated genes enriched in highly similar biological processes (Figure 5B), suggesting that

the impaired osteogenesis of both the RhebAD KO mice and the RhebBAD KO mice may be caused by similar BAT-derived inflammatory

factors.

The heterodimeric protein S100A8 (MRP8)/A9 (MRP14) is a key inflammation alarmin, which acts as both a diagnostic marker and a critical

player during various kinds of inflammatory responses.38 Remarkably, S100A8 (with a 36.5-fold upregulation in the RhebAD KO mice) and

S100A9 (with an 8.91-fold upregulation in RhebAD KO mice), were at the convergence point of these processes (Figure 5C). Marked upregu-

lation of S100A8 and S100A9 was also observed in the BAT of RhebBAD KO mice, as shown by a Volcano plot (Figure 5D). Both RT-qPCR

(Figure 5E) and WB (Figure 5F) confirmed that the S100A8 and S100A9 level was elevated in BAT tissues from both types of knockout

mice. Importantly, S100A8 and S100A9 protein level was also elevated in serum of these two types of mice (Figure 5G). Since S100A9 usually

forms a heterodimer with S100A8 and functions to stabilize S100A8 and increase its protein level,38 we focused on the function of S100A8/A9

heterodimer, instead of the independent function of S100A8 or S100A9.

Remarkably, aged C57BL/6J mice (20 months old), a native mouse model for both age-related BAT ‘‘whitening’’ and bone loss, also

showed increased S100A8 protein levels both in interscapular BAT (Figure 5H) and in serum (Figure 5I), in comparison with their younger coun-

terparts (3months old). Further, CM fromBADs of these agedmice showedmuch higher S100A8 levels than that from their bonemarrow (BM),

amajor source ofmyeloid cells including neutrophils andmacrophages (Figure 5J). These data collectively suggest that BAT-derived S100A8/

A9 may be associated with age-related bone loss in mice.
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Figure 3. Rheb ablation in BAT led to reduced osteoblast differentiation in vivo and ex vivo

Distal femur sections of the control and RhebAD KO mice (upper panel), or control and RhebBAD KO mice (lower panel) were analyzed for osteogenesis by ALP

staining (A), by Von Kossa staining (B), for the osteogenic markers OSX (C)) or OCN (D) by IHC staining, by calcein labeling (E), or for osteoclast differentiation by

TRAP staining (F). Ob.S/BS, Osteoblasts surface to bone surface; MAR, mineral apposition rate; Oc.S/BS, osteoclasts surface to bone surface; N.OSX/B.Pm, OSX

positive cell number over bone perimeter, and N$OCN/B.Pm, OCN positive cell number over bone perimeter.

(G) Serum Procollagen I N-Terminal Propeptide (PINP) and Cross Linked C-Telopeptide of Type I Collagen (CTX-I) were analyzed by ELISA. Primary BMSCs were

isolated from the femoral medullary cavity of the control and RhebAD KO mice, or control and RhebBAD KO mice, cultured in vitro, and induced for osteoblastic

(H) or adipocytic differentiation (I). The results were analyzed by ALP or Oil red O staining (left panel), respectively, as well as by WB assay for the indicated

osteogenic or adipogenic markers (right panel).

(J) The expression of Rheb in primary undifferentiated BMSCs were analyzed by WB assay. Data are shown as box-and-whisker plots (with median and

interquartile ranges) from max to min, with all data points shown. Analyses were performed as two-tailed unpaired t-test.
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Transcription factor-binding-motif analysis of the upregulated genes in the BAT of RhebBAD KO mice using the i-cisTarget web tool39 re-

vealed that the p65 NF-kB (RelA) consensus motif is most highly enriched (Figure S10A). Additionally, p65 has been documented to bind the

promoter of S100A8 and S100A9 to activate its transcription.40 Thus, we hypothesized that p65 transactivates S100A8/A9 in BADs in response

to Rheb depletion. As expected, the level of p65 NF-kB phosphorylation (S276, a hallmark of p65 transcriptional activity) was much higher in

BADs of RhebAD KO and RhebBAD KO mice (Figures S10B and S10C) than in control mice. Consistently, Rheb-depleted primary BADs dis-

played a marked elevation of p65 phosphorylation level (Figures S10D and S10E), as shown by western blotting. Brown adipocytes can be

induced from C2C12 cells (named thereafter C2C12 BADs) in vitro by supplementation of a retinoid X receptor agonist, bexarotene.41,42

Conversely, simultaneous treatment of these C2C12 BADs with the NF-kB inhibitor QNZ or SN50 markedly blunted the effect of rapamycin

on S100A8 expression and secretion (Figures S10F and S10G). Collectively, these data suggest that S100A8 stimulated by Rheb depletion is

dependent on p65 NF-kB.

Figure 4. Brown but not white adipocytes from Rheb-ablated mice suppress osteoblast differentiation from BMSCs

Primary BMSCs were isolated from wild-type C57BL/6J mice, cultured in vitro, and treated with conditioned medium (CM) collected either from interscapular

BADs (BAD CM-T-BMSC) (A, B), or from epididymal WADs (WAD CM-T-BMSC) (C, D) of control or RhebAD KO mice. These cells were induced to

differentiate into osteoblasts (OB) or adipocytes (AD), followed by inspection with ALP (A, C) or Oil red O (B, D) staining, respectively. Primary wild-type

BMSCs were also treated with CM collected from interscapular BADs of RhebBAD KO mice, induced for OB or AD differentiation. While OB differentiation

was analyzed by ALP staining (E) or western blotting for the indicated OB markers (F), AD differentiation was observed by Oil red O (G) staining or western

blotting for the indicated AD markers (H). Data are shown as box-and-whisker plots (with median and interquartile ranges) from max to min, with all data

points shown. Analyses were performed as two-tailed unpaired t-test.
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Figure 5. Loss of Rheb in BAT induces transcription and secretion of S100A8/A9

Interscapular BAT from either control or RhebAD KO (A), or from control or RhebBAD KO (B) mice, were used for transcriptome analysis by RNA-sequencing. The

significantly upregulated genes were further subjected to gene ontology (GO) analysis. Detailed biological processes of the significantly upregulated genes in

the RhebAD KOmice are shown as a CNET plot (C). (D) Significantly up- or downregulated genes (at least two-fold, p < 0.01) in the BAT of control or RhebBAD KO

mice are shown as a volcano plot, with S100A8 and S100A9 labeled. S100A8 and S100A9 expression in the BAT of control or RhebAD KO (or control or RhebBAD

KO) mice was analyzed by RT-qPCR (E) or western blotting (F).

(G) Serum S100A8 and S100A9 levels of thesemice were determined by ELISA or western blotting. Interscapular BAT (H) or serum (I) of the 3-month and 20-month

C57BL/6J mice were analyzed for S100A8 expression by western blotting.

(J) Conditionalmedium (CM) collected from interscapular BAT or bonemarrow cells from thesemice were analyzed for S100A8 by western blotting. Silver staining

was used to assess equal loading. Data are shown as box-and-whisker plots (with median and interquartile ranges) from max to min, with all data points shown.

Analyses were performed as two-tailed unpaired t-test.
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Brown adipocytic S100A8/A9 mediates the effect of BAT Rheb loss on osteogenesis

Since it has been reported that S100A8/A9 is derived mainly frommyeloid cells including neutrophils or macrophages,43–45 we next inves-

tigated whether BADs can also secrete S100A8/A9. Brown adipocytes in both RhebBAD KO and RhebAD KO mice showed markedly

enhanced S100A8 and S100A9 expression (Figure 6A). Consistent with this notion, both lysates and culture medium of primary BADs iso-

lated from RhebAD KO (Figure 6B) mice and RhebBAD KOmice (Figure 6C) displayed significantly higher S100A8 and S100A9 protein levels

than that from their control littermates. To compare the contribution of BADs and myeloid cells in the release of S100A8/A9, BAT from the

control or RhebBAD KO mice were fractioned into mature BADs and stromal-vascular fractions (SVF) and analyzed for the expression of

S100A8/A9. In control mice, the baseline expression levels of S100A8 and S100A9 in the SVF fraction were slightly higher than those in

mature BADs. In sharp contrast, mature BADs showed much higher S100A8 and S100A9 expression levels than SVF in RhebBAD KO

mice (Figure S11A). Furthermore, in comparison with the control mice, RhebBAD KO mice showed similar number of total macrophages,

M1 macrophages, and M2 macrophages (Figures S11B and S11C). Collectively, these results suggest that BADs are the main sources for

S100A8/A9 secretion in RhebBAD KO mice.

Additionally, transfection of Rheb shRNA into primary BADs resulted in amarked increase in S100A8 and S100A9 expression and secretion,

as revealed by RT-qPCR and WB analysis of the cell lysates (Figure 6D), as well as by WB analysis of the culture medium (Figure 6E). Further,

treatment with rapamycin, a specific mTORC1 inhibitor, also increased S100A8 expression and secretion dose-dependently in primary BADs

derived from wild-type C57BL/6J mice (Figures 6F and 6G) or C2C12 BADs (Figures S11D–S11F). In contrast, bone marrow-derived macro-

phages of RhebFL/FL mice infected with adenovirus encodingCre showed no significant alteration in themRNA level of S100A8 (Figure S11G).

Collectively, these results confirmed that Rheb depletion induces S100A8 expression and secretion in BADs in vitro, probably via inactivation

of mTORC1.

To test whether S100A8/A9 is a factor suppressing bone formation downstream of Rheb loss in BADs, we explored several loss-of-function

strategies to assess the effect of blocking S100A8/A9 on bone formation. Intramedullary injection of S100A8/9 neutralizing antibodymarkedly

reversed the reduction of trabecular bone mass, BMD, and trabecular numbers in 10-month-old RhebBAD KO mice (Figures 6H and 6I). The

reduction in OB differentiation of RhebBAD KO mice was also rescued (Figures S12A–S12C). OCs were also reduced by this treatment (Fig-

ure S12D), consistent with a previous finding that S100A8 stimulates OCs formation.46 Likewise, tail-vein injection of S100A8/A9 neutralizing

antibody had similar rescue effects on the reduction in bone mass and OB differentiation of RhebBAD KO mice (Figures S12E and S12F).

Consistently, intramedullary treatment with S100A8/A9 neutralizing antibody for 2 months generated the similar effects in 5-month-old Rheb-
BAD KO mice, which are at the early stage of age-related bone loss (Figures S12G–S12I). Further, S100A8/A9 neutralization in 5-month-old

C57BL/6J mice and in 10-month-old C57BL/6J mice for 2 months led to significant increases in trabecular bone mass, trabecular number,

and BMD (Figures S12J and S12K).

Sympathetic nerves release noradrenaline to promote BAT thermogenesis while repressing bone formation.47 Recently, it was shown that

this sympathetic nerve innervation in BAT was controlled by paracrine secretion of S100B by BADs.48 Depletion of the Rheb gene in BAD did

not alter serum level of noradrenaline (Figure S12L), suggesting that the Rheb-S100A8 axismay regulate bone formation independently of the

sympathetic system.

In vitro, supplementation with S100A8/A9 neutralizing antibody blunted the suppressing or promoting effect of BAD CM from RhebBAD

KOmice on OB or AD differentiation from BMSCs, respectively (Figures S13A and S13B). However, CM from S100A8-depleted primary BADs

did not significantly enhance OB differentiation from BMSCs (Figures S13C and S13D), suggesting that the effects of BAD-derived S100A8 on

osteogenesis are negligible in physiological conditions. Consistently, recombinant S100A8/A9 suppressed OB differentiation of primary

BMSCs from wild-type C57BL/6J mice, C3H10T1/2 MSCs, as well as C2C12 stromal cells dose-dependently (Figures S13E–S13G), without

compromising cell viability (Figures S13H–S13J).

S100A8/A9 inhibits OB differentiation of BMSCs through targeting toll-like receptor 4 (TLR4)

Previously-reported cell membrane receptors for S100A8/A9, TLR4, or receptor for advanced glycation end-products (RAGE)49,50 in BMSCs,

were analyzed by RT-qPCR. Interestingly, BMSCs showed a much higher TLR4 expression level than that of RAGE (Figure 7A). We next tested

Figure 6. Brown adipocytic S100A8/A9 mediates the effect of BAT Rheb loss on osteogenesis

(A) Interscapular BAT from either control or RhebAD KO, or from control or RhebBAD KO mice, were analyzed for S100A8 or S100A9 expression by

immunohistochemistry. The conditional medium (CM) was collected from both interscapular BADs and epididymal WADs of the control and RhebAD KO

mice (B), or from interscapular BADs of the control and RhebBAD KO mice (C). The cells were then lysed, followed by both the whole-cell lysates and CM

analyzed for S100A8 and S100A9 expression by WB. Primary brown adipocyte progenitors (BPADs) from wild-type C57BL/6J mice were transfected with

lentivirus carrying the control or Rheb shRNA and induced into mature BADs, followed by analysis of whole-cell or secreted S100A8 level via RT-qPCR (D) or

WB (E), respectively. BPADs were induced into BADs and treated with various concentrations of rapamycin for 12 h, then analyzed for S100A8 expression via

RT-qPCR (F) and WB (G). The efficiency of rapamycin treatment was assessed by monitoring phosphorylated S6 (S235/236) (G). S100A8/A9 neutralizing

antibody was injected into the tibial medullary cavity of RhebBAD KO mice (10-month) every 3 days for 2 months, and the effects on bone formation were

analyzed by 3D-microCT (H) or HE staining (I). Bone histomorphometric parameters of the tibiae were shown in the lower panel of (H). Data are shown as

box-and-whisker plots (with median and interquartile ranges) from max to min, with all data points shown. Two-tailed unpaired t-test was used for two-group

comparison; for comparison between multiple groups, one-way analysis of variance with multiple comparisons were used, followed by the Bonferroni post-

hoc test for significance.
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whether TLR4 in MSCs is activated upon S100A8/A9 treatment. Indeed, both C3H10T1/2 and C2C12 MSCs demonstrated fast Myd88 trans-

location to the plasma membrane, a well-known hallmark of TLR4 activation,51,52 as well as a prominent elevation in its protein level in

response to S100A8/A9 stimulation, as observed from fluorescence confocal microscopy (Figures 7B and 7C). Conversely, supplementation

with the TLR4 inhibitor TAK242 dramatically reversed the suppressive effect of S100A8/A9 on OB differentiation of C3H10T1/2 MSCs (Fig-

ure 7D), further suggesting that S100A8/A9 may repress BMSC differentiation by targeting TLR4.

Figure 7. S100A8/A9 inhibits OB differentiation of BMSCs through targeting toll-like receptor 4 (TLR4)

(A) Expression of the S100A8/A9 receptor TLR4 and RAGE in primary BMSCs was analyzed by RT-qPCR. C2C12 stromal cells (B) and C3H10T1/2 MSCs (C) were

treated with recombinant S100A8/A9 and analyzed for Myd88 expression and localization by confocal microscopy. Original magnification,3200 or 3600; scale

bar was shown as indicated. (D) C3H10T1/2 cells were treated with S100A8/A9 and TLR4 inhibitor TAK242 as indicated, followed by assay for OB differentiation by

ALP staining (upper panel) andWB (lower panel). For comparisons between 2 groups, two-tailed unpaired t-tests were used. For comparisons between multiple

groups, one-way analysis of variance with multiple comparisons were used, followed by the Bonferroni post-hoc test for significance. Data are shown as box-and-

whisker plots (with median and interquartile ranges) frommax to min, with all data points shown. Two-tailed unpaired t-test was used for two-group comparison;

for comparison between multiple groups, one-way analysis of variance with multiple comparisons were used, followed by the Bonferroni post-hoc test for

significance.
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DISCUSSION

The endocrine role of BAT in bone development, homeostasis, and involution and the underlying mechanism remains largely unclear. In the

current study, we provided in vivo evidence that batokines released fromwhitened BAT suppress osteogenesis remotely. Loss of Rheb in BAT

results in release of batokines including S100A8/A9, which in turn activate TLR4-Myd88 signaling in BMSCs, preventing their OB differentia-

tion while promoting AD differentiation (Graphical Abstract). Our data revealed a previously uncharacterized pathological role of dysfunc-

tional BAT in remote inhibition of osteogenesis, through the action of batokines including S100A8/A9.

The activity of Rheb-mTOR signaling is modulated by both GTPase activity of Rheb and its expression level. Both reduction of TSC GAP

activity and loss-of-function mutation of TSC promotes Rheb activity. On the contrary, low energy or DNA damage suppresses Rheb activity

via activation of TSC.44,53 Regulation of Rheb-mTOR signaling has been implicated in energy metabolism disorders. Mice with high-fat diet-

induced obesity is associated with hyperactivation of Rheb-mTOR signaling.54 Paradoxically, mice with ectopic Rheb expression in pancreatic

b cells showed improved glucose tolerance and resistance to hyperglycemia induced by obesity.55 While Rheb activates mTOR signaling to

suppress lipolysis, it inhibits white-beige transformation of fat and thermogenesis in anmTORC1-independent but PDE45-CAMP-dependent

mechanism,56 further complicating the regulatory role of Rheb-mTOR inmetabolism. In this regard, understanding tissue- or cell-type specific

role(s) of Rheb-mTOR in these pathological conditions is of fundamental importance to perform targeted inhibition or activation of the

pathway without side effects.

Combining the results from Rheb ablation in BAD only (Ucp1-Cre), or in both BAD and WAD (Fabp4-Cre), we demonstrated that Rheb-

mTOR inactivation in BAT led to BAT malfunction, outburst of inflammatory batokines including S100A8/A9, and consequent reduction of

osteogenesis. Although Fabp4-Cre was also shown to be expressed in macrophages besides adipocytes,31 based on our previous results

revealing that mTOR inactivation in macrophages (using Lyz-Cre) enhances osteoclastogenesis without altering osteogenesis,57 it is less

likely that nonspecific Rheb ablation in macrophages accounts for the osteopenic phenotype observed in RhebAD KO mice. Ucp1 was re-

ported to be a specific marker for BAD.6 Consistently, Ucp1-Cre expression was only observed in BAD among the examined tissue/organs

in this study. Importantly, SVF fraction of BAT from RhebBAD KO showed no reduction in Rheb expression, suggesting that the osteopenic

phenotype observed in RhebBAD KO mice was specially caused by Rheb depletion in BAD. However, due to the observed Rheb depletion

in beige depots, although to a lesser extent than the classical BAT, we cannot exclude the role of beige adipocytes in this BAT-bone

crosstalk.

Consistent with the notion that activation of browning program in white adipocytes may support OB differentiation during bone devel-

opment,58 our results suggest that whitening of brown adipocytes driven by Rheb loss suppress trabecular bone formation, reduce its

peak bone mass, and accelerates its involution. Resembling RhebBAD KO and RhebAD KO mice, aged wild-type mice displayed a significant

increase of S100A8/A9 both in BAT and serum, concomitant with Rheb depletion and BAT whitening. This reflects the functional relevance of

Rheb-S100A8/A9 axis in AOP, although the trabecular bone loss caused by deregulation of this axis does not faithfully phenocopy the latter.

Additionally, these results reveal an evolutionary role of Rheb-mTOR in BAT-bonemetabolism. It is likely that dysfunction of this signaling axis

during aging drives the switch of BAT-bone coupling froman energetically efficient phenotype to an inefficient one, hence losing evolutionary

advantage. However, it is unclear whether imbalance of Rheb-mTOR signaling in BAT will result in bone abnormalities in other metabolic dis-

orders with BAT whitening, such as obesity and type 2 diabetes mellitus.59,60

Although S100A8/A9 is known to be secretedmainly bymyeloid cells such as neutrophils andmacrophages,61,62 multiple lines of evidence

suggest that S100A8/A9 derived from BADs, but not myeloid cells, may play a major role in the suppression of osteogenesis, at least in the

initiating stage. (1) RhebBAD and RhebAD KO mice displayed markedly enhanced S100A8/A9 expression and secretion in primary BADs in

comparison with their control littermates. (2) RhebBAD mice exhibited markedly higher S100A8/A9 level in mature BAD fraction than in the

SVF fraction of BAT, which mainly includes myeloid cells, lymphocytes, preadipocytes, and endothelial cells.63,64 (3) Both primary BADs

and induced C2C12 BADs with Rheb-mTOR inactivation showed markedly increased S100A8/A9 secretion in vitro. (4) Macrophages with

Rheb knockout in vitro did not display significant alteration in S100A8/A9 expression. (5) There were far less infiltrating macrophages than

BADs in the BAT (less than 5% of CD45+ leukocytes and even lesser macrophages), which does not change during aging.64 Additionally,

no significant differences were observed in the number of either total, M1, or M2 macrophages between the control and Rheb knockout

mice. (6) We further revealed whitened BAT of aged mice secrete much more S100A8 than bone marrow per se. Taken together, these

data suggest that BADmay serve as one of the primary sources of S100A8/A9 secretion upon BAT dysfunction induced by Rheb-mTOR inac-

tivation. Nevertheless, we cannot exclude that S100A8/A9 secretion from BAD may result in feedback secretion of itself from other cells, tis-

sue, or organs and this feedback secretionmay also contribute tomaintain the suppression on osteogenesis. Interestingly, a very recent study

revealed that bone marrow-derived pro-inflammatory S100A8+ immune cells invade the BAT of male rats and mice and impair their sympa-

thetic innervation and thermogenesis during aging.65 Taken together with our findings, these data suggest a possible dual intercommunica-

tion role of S100A8 in the bone-BAT axis.

S100A8/A9 has been shown to enhance osteoclastic bone resorption46 and aggravate osteoarthritis,66,67 while its role in OB differentiation

is unknown. However, our results did not show a prominent increase in OC numbers either in RhebAD KOmice or RhebBAD KOmice, suggest-

ing that the bone loss in these mice cannot be attributed to the effect of S100A8/A9 on OCs. In fact, S100A8/A9 strongly suppresses OB

differentiation fromMSCs by targeting TLR4, themost abundant receptor for S100A8/A9 inMSCs. Supporting our data, TLR4 knockout accel-

erated bone healing after a skull lesion,68 and MyD88 deficiency accelerated bone regeneration69 and resistance to PAMP-induced bone

loss.70 Conversely, TLR4 activation in differentiating mouse primary Obs,71 MC3T3-E1 osteoprogenitors,72 or in MSCs73 inhibited OB

differentiation.
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Taken together, our findings established a role of BAT in controlling bone formation, bearing important implications for disease conditions

involving both BATmalfunction and bone loss, such as aging, anorexia nervosa, obesity, and type 2 diabetes.While this study expands knowl-

edge of the secretory functions of BAT in whole-body metabolism, it will also provide a rationale for the treatment of osteoporosis by target-

ing the S100A8/A9-TLR4 axis.

Limitations of the study

In this study, both two Cre lines (Ucp1-Cre and Fabp4-Cre) are not inducible. Thus, the phenotypes of both knockout mice might be conse-

quent on developmental disorders caused by Rheb loss in BAT. Using an inducible Cre line or fat-pad injection of AAV-Flex-shRheb to silence

Rheb at selected time points may further corroborate the current findings. Interestingly, our finding that Rheb is necessary for UCP1 expres-

sion and browning maintenance in BAT is seemingly contradictory to the finding that Rheb inhibits beiging of WAT.56 This inconsistence

might be attributed to difference in different Cre lines (Ucp1-Cre VS Adipoq-Cre), but could also be attributed to regional regulatory mech-

anism of WAT and BAT. Analysis of the developmental and thermogenic program of WAT and BAT spatiotemporally, using cutting-edge

technique such as stereo-seq will help uncover the underlying mechanism.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

RHEB Abcam CAT#ab97896; RRID: AB_GR247594-4

Phospho-S6 (Ser235/236) Cell Signaling Technology CAT#2211S; RRID:AB_21

S6 Cell Signaling Technology CAT#2317; RRID:AB_13

BSP2 Cell Signaling Technology CAT#5468S ; RRID:AB_1

OSX Abcam CAT#ab22552; RRID:AB_GR3303054-1

RUNX2 Abclonal CAT#A2851; RRID:AB_0080960102

PPARGC1A Abclonal CAT#A12348; RRID:AB_1154940303

PRDM16 Abcam CAT#ab106410 ; RRID:AB_GR3230021-6

UCP1 proteintech CAT#23673-1-AP; RRID:AB_00054446

EBF1 proteintech CAT#14159-1-AP; RRID:AB_00005551

PPARg Cell Signaling Technology CAT#2435S; RRID:AB_4

S100A8 Abclonal CAT#A1688; RRID:AB_3507362001

P65 Abclonal CAT#A10609; RRID:AB_9410609001

Phospho-P65(S276) Abclonal CAT#AP0123; RRID:AB_3560807218

b-actin Affinity CAT#AF7018; RRID:AB_12W2944

GAPDH Beijing Ray Antibody Biotech CAT#RM2002

RRID:Z0622

a-tubulin Beijing Ray Antibody Biotech CAT#RM2007

RRID:Z0305

myd88 Abclonal CAT#A0980; RRID:AB_1602930402

BGLAP(OCN) Abclonal CAT#A6205; RRID:AB_3561388104

F4/80 Abcam CAT#ab6640; RRID:GR3394048-1

INOS Abcam CAT#ab15323; RRID:GR3356847-1

CD206 R&D CAT#AF2535-SP;RRID:WFT0319102

perilipin Cell Signaling Technology CAT#9349;RRID: AB_5

S100A9 proteintech CAT#26992-1-AP; RRID:00063845

HSL Abclonal CAT#A15686;RRID:5500023058

P-HSL(S563) Abclonal CAT#AP0851;PRID:2158340301

Bacterial and virus strains

Rheb Lentivirus Genechem 5’-GCCAATTTGTTGATTCCTA-3’

Negative control (NC) Lentivirus Genechem contract number: GIDL0229913

S100A8 Lentivirus Genechem 5’-CAACCTCATTGATGTCTACCA-3’

Ad-Cre (Cre-expressing adenovirus) Genechem contract number: GCD0299190

Chemicals, peptides, and recombinant proteins

Rapamycin MedChemExpress, MCE CAT#HY-10219

S100A8/A9 neutralizing antibody biolegend CAT#697504

IgG antibody biolegend CAT#409306

SN50 MCE CAT#HY-P0151

QNZ Selleck CAT#EVP4593

S100A8/A9 recombinant protein R&D CAT#8916-S8-050

TAK-242 Apexbio CAT#A3850

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

collagenase I digestion Gibco CAT#17100017

macrophage colony-stimulating factor R&D CAT#416-ML-010

forskolin (fsk) selleck CAT#66575-29-9

Bexarotene Selleck CAT#S2098-50mg

RNAiso Plus TaKaRa CAT#9109

metafectene pro biontex CAT#biontex

3,30,5-Triiodo-L-thyronine (T3) solution Sigma-Aldrich CAT#T-074-1ML

DAPI Fisher Scientific CAT#D1306

a-MEM Gibco CAT#C12571500BT

Fetal bovine serum Gibco CAT#10099-141

DAB substrate Kit Zsbio CAT#ZLI-9305

MEM Gibco CAT#11095-080

RPMI 1640 Medium Biological Industries CAT#01-100-1AC

glutamax GENOM2002 CAT#GNM-21051

sodium pyruvate GENOM2002 CAT#GNM-11444

b-glycerol phosphate Sigma-Aldrich CAT#G9422

isobutylmethylxanthine Sigma-Aldrich CAT#I5879-100MG

All-trans retinoic acid Sigma-Aldrich CAT#R2625

dexamethasone Sigma-Aldrich CAT#D4902

Alexa 594 donkey anti-rabbit Invitrogen Cat #A21207

Indomethacin Sigma-Aldrich CAT#I7378-5G

rosiglitazone Sigma-Aldrich CAT#R2408

Insulin Sigma-Aldrich CAT#91077C

calcein Sigma-Aldrich CAT#c0875

Oil Red O Sigma-Aldrich CAT#O0625

Critical commercial assays

Von Kossa staining kit Abcam CAT#ab150687

LEUKOCYTE ACID PHOSPHATASE(TRAP) KIT Sigma-Aldrich CAT#387A-1KT

Fast Silver Stain kit Beyotime CAT#P00175

PINP ELISA kit Elabscience CAT#E-EL-M0233c

CTX-1 ELISA kit Cloud-clone CAT#CEA665Mu

circulating glycerol kit GEMIC CAT#XFP17067

circulating free fatty acids kit Solarbio CAT# BC0595

ALP staining kit Beyotime CAT#C3206

Cell Counting Kit-8 Dojindo CAT#CK04-500T

mouse leptin ELISA kit Elabscience CAT#E-EL-M3008

mouse S100A9 ELISA kit Elabscience CAT#E-EL-M3049

mouse S100A8 ELISA kit Elabscience CAT#E-EL-M1343c

Mouse Noradrenaline, NA ELISA Kit CUSABIO CAT#CSB-E07870m

PrimeScriptTM RT reagent Kit TaKaRa CAT#RR047A

Real-time quantitative PCR TaKaRa CAT#RR420A

Deposited data

GSE183207 GEO https://www.ncbi.nlm.nih.gov/

geo/query/acc.cgi?acc=GSE183207

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for reagents and resources should be directed to and will be fulfilled by the lead contacts, Zhipeng Zou

(zzp@smu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� mRNAandRNA-sequencing data has been submitted toGEO: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE183207 and

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186094. These accession numbers for the datasets are listed the ‘‘depos-

ited data’’ section in the key resources table.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

GSE186094 GEO https://www.ncbi.nlm.nih.gov/

geo/query/acc.cgi?acc=GSE186094

Experimental models: Cell lines

C3H/10T1/2 ATCC CAT#CCL-226

C2C12 ATCC CAT#CRL-1772

Experimental models: Organisms/strains

UCP1-Cre mice (C57BL/6J) Beijing Biocytogen Stock number: 110134

Fabp4-Cre mice (C57BL/6J) Beijing Biocytogen Stock number: 110152

Rheb-fl/fl mice (C57BL/6J) the West China Center of Medical

Sciences,Sichuan University

A gift from Sichuan University

mtmg mice(C57BL/6J) The Jackson Laboratory Stock number: 007676

Oligonucleotides

See Table S1 for the primers sequences This paper N/A

Software and algorithms

ImagePro Plus 7 Media Cybernetics, Inc,

Rockville, Maryland USA

https://www.mediacy.com/imageproplus

GraphPad Prism 9.5 GraphPad Software https://www.graphpad.com/

Image J National Institutes of Health (NIH) https://imagej.nih.gov/ij/

ClusterProfiler Guangchuang Yu’s Lab, China http://www.bioconductor.org/packages/

release/bioc/html/clusterProfiler.html

enrichplot Bioconductor R Guangchuang Yu’s Lab, China http://www.bioconductor.org/packages/

release/bioc/html/enrichplot.html

Other

Ctrl / RhebBAD KO mice 1 month/ 2 months/ 4 months/

7 months/12 months/ 13 months

N/A

Ctrl / RhebAD KO mice 1 month/ 2 months/ 4 months N/A

mT/mG mice 2 months N/A

C57BL/6J mice 1 day/1 month/ 3 months/

7 months/ 12 months/20 months

N/A
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal

Animal studies were approved by the Ethical Committee for Animal Research of Southern Medical University, and conducted according to

guidelines from the Ministry of Science and Technology of China. RhebFL/FL mice74 were a gift from the West China Center of Medical Sci-

ences, SichuanUniversity. Fabp4-Cremice andUcp1-Cremicewere both purchased fromBeijing Biocytogen.Mice lacking Rheb in the adipo-

cyte lineage were generated bymating RhebFL/FL mice with Fabp4-Cre conditional knockout mice. Mice lacking Rheb in the brown adipocyte

lineage were generated by mating RhebFL/FL mice with Ucp1-Cre conditional knockout mice. The resulting Fabp4-Cre; RhebFL/FL mice and

Ucp1-Cre; RhebFL/FL were hemizygous for the Fabp4-Cre or Ucp1-Cre and homozygous for the floxed Rheb allele. Co-housed RhebFL/FL lit-

termates were used as controls for all experiments. ROSA26mT/mG mice (Stock No. 007676) were purchased from the Jackson Laboratories

(Bar Harbor, ME, USA). To generateUcp1-Cre; ROSA26mTmG/+ animals, heterozygousUcp1-Cremales were bred to homozygousmTmG (RO-

SA26mTmG/mTmG) femalemice. Genotyping was performed using genomic DNA isolated from tail biopsies, and the primers used are shown in

the Table S1. All animals were backcrossed for 10 generations onto the C57BL/6J background. Only male mice were used. C57BL/6J mice

(newborns, 4–5 weeks old, 3 months old, 5 months old, 10 months old or 20 months old) were purchased from the Laboratory Animal Center

of Southern Medical University (Guangzhou, China). Mice were housed in plastic cages at controlled temperatures of 22 G 1�C, on a 12-h

light/12-h dark cycle, with lights on from 06:00–18:00. Standard rodent chow andwater were provided ad libitum throughout the study period.

Before microCT or histological analysis, the mice were euthanized by cervical dislocation.

Cell

BMSC were isolated from the femora and tibiae of 4-6-week-old mice. Primary bone marrow-derived macrophages (BMDMs) were isolated

from the femora and tibiae of 1-month-old RhebFL/FL mice. Brown preadipocytes (BPADs) were isolated from interscapular BAT of neonatal

mice. C2C12 myoblasts and C3H/10T1/2 mesenchymal stem cell were purchased from the American Type Culture Collection (ATCC). The

cells were cultured in a humidified incubator at 37�C with 5% CO2. Cell lines were not authenticated internally. All cells were routinely tested

and confirmed to be free of mycoplasma (YK-DP-20, Ubigene Biosciences, Guangzhou, China).

METHOD DETAILS

Primary culture of BMSCs

Tibia and femur bones were harvested from 4-6-week-old mice. Briefly, the tissues around the bone were removed, and sterile PBS was sy-

ringed into the medullary cavity to flush out the bone marrow. The cell suspensions were then collected and centrifuged at 800 g for 5 min,

with the pellets resuspended and cultured with complete medium consisting of a-MEM (C12571500BT, Gibco, Grand Island, NY, USA), 10%

FBS (10099-141, Gibco), 1% penicillin and 1% streptomycin (15140-122, Gibco). BMSCs were cultured for 2 days and then washed to remove

non-adherent cells and supplied with fresh a-MEM complete medium, with medium renewal every 2 days.

Osteogenic induction of BMSCs

After approximately 7 days post seeding, the primary BMSCs were switched into osteogenic medium (OGI, containing 10 nM dexametha-

sone, 10 mM b-glycerophosphate, and 50 mM ascorbic acid in a-MEM containing 10% FBS), or recombinant bone morphogenic protein 2

(BMP2, 300 ng/mL) to induce osteoblast differentiation. After osteogenic induction for 14 days, cells were fixed and subjected to ALP staining

(C3206, Beyotime, Shanghai, China). After osteogenic induction for 21 days, the cells were subjected to alizarin red staining (ARS) (G1452,

Solarbio, China).

Adipogenic induction of BMSCs

After 7 days post seeding, the primary BMSCs were changed into adipogenic induction medium (a-MEM supplemented with 10% FBS, 1 mM

dexamethasone, 10 mg/mL insulin, 0.5 mM3-isobutyl-1-methylxanthine, 10 mM rosiglitazone and 200 mM indomethacin). Three days after cells

reached 100% confluence, the BMSCs were switched to maintenance medium (10% FBS a-MEM containing 5 mg/mL insulin and 10 nM dexa-

methasone). At 14 days post induction, cells were fixed and stained with oil red O (1052300025, Sigma-Aldrich, St Louis, MO, USA) according

to standard protocols.

Isolation of primary brown and white adipocytes and collection of conditioned medium (CM)

Brown adipocytes and white adipocytes were isolated from interscapular BAT and white adipose tissue of 1-month-old mice, respectively,

following a tissue extraction and 0.1% collagenase I digestion (17100017, Gibco) procedure. After digestion, the mixture was filtered through

a 250-mm gauge mesh into a 50 mL conical polypropylene tube and allowed to stand for 2–3 min for the adipocytes to float to the top. The

subnatant containing the collagenase solution was removed using a long needle and syringe, then 10 mL of adipocyte wash buffer (Krebs

Ringer Bicarbonate HEPES buffer, containing 10 mM sodium bicarbonate, 30 mM HEPES and 500 nM adenosine, pH 7.4, supplemented

with 3%(w/v) fatty acid-free bovine albumin fraction V) was added to the adipocytes and allowed to stand for 2–3 min. The subnatant was

then removed once again and 10 mL of adipocyte wash buffer was added. The wash procedure was repeated three times, then the adipose

cell suspension was centrifuged at 800 rpm for 30 s. After removing and discarding the subnatant, the upper floating layer of adipocytes was
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taken and cultured with medium containing 10% heat-inactivated FBS in one well of a 12-well plate. After 24 h, conditionedmedium (CM) was

collected from BADs and WADs.

Treatment of mouse BMSCs with conditioned medium (CM)

BMSCs from wild-type C57BL/6J mice were plated into 24-well plates containing a-MEM with 10% FBS (10099-141, Gibco), 1% penicillin and

1% streptomycin. These BMSCs were treated with 10% CM (either heated at 95�C for 10 min or not) from BADs or WADs of the control and

RhebAD KO mice, or from BADs of the control and RhebBAD KO mice 36 h before reaching complete confluence. After 36h, BMSCs were

switched to osteogenic/adipogenic induction medium and cultured for 7 days, then either fixed and stained with ALP/Oil Red O, or lysed

for total protein extraction and western blotting.

Isolation of mature brown adipocytes fraction (MAF) and stromal-vascular fractions (SVF)

MAF and SVF were isolated from interscapular BAT of 1-month-old mice, following a tissue extraction and 0.1% collagenase I digestion

(17100017, Gibco) procedure as documented elsewhere.9,75 After centrifuging for 5 min at 600g, mature BADs in the upper floating layer

were collected for total RNA extraction. After further removal of brown preadipocytes, the resulting stromal vascular fractions were also har-

vested for total RNA extraction.

Primary culture of bone marrow-derived macrophages (BMDMs)

Primary bonemarrow-derivedmacrophages (BMDMs) were isolated from the femora and tibiae of 1-month-old RhebFL/FL mice. Bonemarrow

cells were flushed out and treated with erythrocyte lysis buffer to remove erythrocytes. The resulting cells containing macrophage/monocyte

precursors were differentiated in RPMI 1640Medium (01-100-1AC, Biological Industries) supplementedwith 10%heat-inactivated FBS (10099-

141, Gibco), 1% penicillin, 1% streptomycin, and 10 ng/ml macrophage colony stimulating factor (416-ML-010, R&D Systems) for 48h.

Isolation, culture, and induction of primary brown preadipocytes (BPADs)

Brown preadipocytes (BPADs) were isolated from interscapular BAT of neonatal mice by following a tissue extraction and 0.1% collagenase I

digestion procedure. When BPADs grow to 100% confluence, the medium was changed to induction medium consisting of DMEM/F-12 me-

dium, 15% FBS (10099-141, Gibco), 1% penicillin, 1% streptomycin, 0.5 mM IBMX, 1 mM dexamethasone, 1 mg/mL insulin, 1 mM rosiglitazone

and 1 nM 3,30,5-triiodo-l-thyronine (T3) and cultured at 37�C in a 5%CO2 incubator. After 48 h, the inductionmediumwas replaced with main-

tenance medium containing 1 mg/mL insulin and 1 nM T3 and the cells were then cultured in maintenance medium for an additional 7 days.

C3H/10T1/2 cell culture and osteogenic induction

C3H/10T1/2 mesenchymal stem cells (ATCC, Cat#CCL-226; American Type Culture Collection, Manassas, VA, USA) were cultured in MEM

(11095-080, Gibco, Grand Island, NY, USA) supplemented with 1% glutamax (GNM-21051, GENOM2002, Hangzhou, China), 1% sodium py-

ruvate (GNM-11444, GENOM2002) non-essential amino acids (11140-050, Gibco) and 10% FBS (10099-141, Gibco) at 37�C with 5% CO2. For

osteogenic induction, C3H/10T1/2 cells were induced with 10% FBS in osteogenic medium (MEM supplemented with 50 mmol/L ascorbic

acid, 0.1 mmol/L dexamethasone, and 10mmol/L b-glycerol phosphate). For ALP staining, the cells weremaintained in differentiationmedium

for 8 days. For alizarin red (ARS) staining, the cells were maintained in differentiation medium for 21 days.

C2C12 cell culture and induction

For BAD differentiation, C2C12 cells were cultured in medium containing 10% FBS, 10 mM bexarotene, 0.5 mM isobutylmethylxanthine,

125 mM indomethacin, 5 mm dexamethasone, 850 nM insulin and 1 nM T3 for 48 h. Cells were then grown in medium containing 10% FBS,

850 nM insulin and 1 nM T3 for another 3 days. To stimulate thermogenic gene expression, cells were incubated with 10 mM forskolin (fsk)

for 4 h.42 BAD differentiation of these cells was then evaluated by oil red O staining, and by analysis of BAD markers Ucp-1 and PGC-1-a

via western blotting. For osteoblastic differentiation, C2C12 cells were treated with medium containing 10% FBS, 0.2 mM ascorbic acid,

10 nmol/L dexamethasone, and 1 mmol/L b-glycerol phosphate, 5 mg/mL insulin, 0.5 mM isobutylmethylxanthine and 10 nM all-trans retinoic

acid for 7 days for ALP staining or 14 days for ARS staining.

Cell treatment with S100A8/A9 recombinant protein (RP), rapamycin, and NF-kB inhibitor

BMSC and C3H/10T1/2 were treated with 200, 500, and 1000 ng/mL of endotoxin-free S100A8/A9 RP (8916-S8-050, R&D, USA) for 7 days in

osteogenic medium. C2C12 stromal cells were treated with 100, 200, and 300 ng/mL of S100A8/A9 RP for 5 days in osteogenic medium.

BPADs and BADs induced from C2C12 cells (C2C12 BADs) were treated with rapamycin (HY-10219, MCE, shanghai, China) ranging from 4

to 12 nM for 12h before cells and CM were collected. For NF-kB inhibition, C2C12 BADs were treated with 10 mM SN50 (HY-P0151, MCE)

and 10 nM QNZ (EVP4593, Selleck, shanghai, China) for 2 h and 24 h, respectively. For TLR4 inhibition, C3H/10T1/2 were treated with

S100A8/A9 RP and 200 nM TAK-242(A3850, Apexbio, USA) for 7 days in osteogenic medium.
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Cell viability assay

WST-8 assay was performed using Cell Counting Kit-8 (CCK-8, CK04-500T, Dojindo, Japan) colorimetric assay to assess cell proliferation

following the manufacturer’s protocol. C2C12, C3H/10T1/2 cells and BMSCs were seeded into 96-well plates at a density of 5 3 104 cells

per well. The CCK-8 reagent was added to these cells and incubated at 37�C for 0.5 h after S100A8/A9 treatment. The absorbance (optical

density) at 450 nm was measured to analyze cell viability.

mRNA array

Total RNA was extracted from primary BMSCs or BAT of the control or RhebAD KOmice using TRIzol reagent (Invitrogen, Carlsbad, CA, USA)

according to the manufacturer’s instructions. For mRNA array assays, samples were submitted to Shanghai Biotechnology Corporation for

hybridization on an 8 3 60 K Agilent SurePrint G3 Mouse Gene Expression Microarray (V2) (Agilent Technologies, Santa Clara, CA, USA).

Eachmicroarray chip was hybridized to a single sample labeled with Cy3. Background subtraction and normalization were performed. Finally,

mRNAs with expression levels differing by at least 3-fold between the control and RhebAD KOmice were selected (p < 0.05, Student’s t-test).

RNA sequencing

Total RNAwas extracted from control or RhebBAD KOmice using TRIzol reagent (Invitrogen) following themanufacturer’s protocol. Total RNA

quantity and purity were analyzed using a Bioanalyzer 2100 and an RNA 6000 Nano LabChip kit (Agilent), with RNA integrity values of >7.0.

Poly(A) RNA was purified from total RNA (5 mg) using poly-T oligo-attached magnetic beads in two rounds of purification. Following purifi-

cation, the mRNA was fragmented into small pieces using divalent cations under elevated temperature. Then the cleaved RNA fragments

were reverse-transcribed to create the final cDNA library in accordance with the protocol for the TruSeq RNA Sample Preparation v.2 (cat.

no. RS-122-2001, RS-122-2002) (Illumina Inc., San Diego, CA, USA); the average insert size for the paired-end libraries was 300 bp

(G50 bp). The paired-end sequencingwas carried out on an IlluminaHiseq 2500 following themanufacturer’s recommended protocol. Before

assembly, low-quality reads were removed using Trimmomatic software (www.usadellab.org) and 6G clean reads were obtained. Sequencing

reads were aligned to the reference genome (mm10) using the HISAT2 package. The mapped reads of each sample were assembled and

counted using the featureCounts package. After a matrix of read counts was generated, differential gene expression was analyzed using

the R package edgeR and statistical significance was assessed by exact binomial test. Differentially-expressed genes were selected by the

R package with log2 (fold change) values of R1 or log2(fold change) values of % �1 and with statistical significance of p < 0.05.

Lentivirus infection

BPADs were infectedwith lentivirus carrying the control (GenechemCo., Ltd, Shanghai, China), Rheb shRNA (contract number: GIDL0229913,

Genechem), or S100A8 siRNA (contract number: GIDL0295847, Genechem) according to themanufacturer’s protocol. The sequence of Rheb-

shRNA was GCCAATTTGTTGATTCCTA. The sequence of S100A8-siRNA was CAACCTCATTGATGTCTACCA.

Cre-expressing adenovirus infection

Bone marrow derived macrophages (BMDMs) of RhebFL/FL mice were infected with adenovirus encoding Cre recombinase (Ad-Cre,

GCD0299190, Genechem), according to the manufacture’s protocol. BMDMs of RhebFL/FL mice infected with the control virus (vectors not

encoding Ad-Cre) were used as a control (Ad-NC).

Real time RT-PCR analysis

Mice were euthanized, and total RNA in BAT was rapidly extracted using RNAiso Plus (9109, TaKaRa, Beijing, China) and reverse-transcribed

into cDNA using the PrimeScript RT reagent kit (RR047A, TaKaRa). Real-time quantitative PCR (RR420A, TaKaRa) analysis was performed with

specific gene primers (Table S1) using an ABI 9700 Thermal Cycler (Applied Biosystems, Foster City, CA, USA). Quantification of RNA expres-

sion levels was performed using the 2-DDCT method, and b-actin was used as a positive control.

Western blotting, silver staining, and immunohistochemical assay

For total protein extraction, cells were lysed in RIPA buffer containing 50 mM Tris-HCl pH 8, 150 mM NaCl, 1% Triton X-100, 0.1% sodium

deoxycholate, 0.1% SDS, and 13 protease inhibitor cocktail (Roche, Basel, Switzerland). Lysates were boiled in 23 SDS sample buffer. Pro-

teins were separated by SDS-PAGE, followed by transferring to nitrocellulose membranes (Bio-Rad, Hercules, CA, USA) for immunoblotting

with relevant antibodies, or silver staining using the Fast Silver Stain kit (P00175, Beyotime) according to the manufacturer’s instructions. For

bone histology and histomorphometric analysis, femora and tibiae were decalcified for 20–30 days in decalcification solution (1.45% ETDA,

1.25%NaOH, 1.5% glycerol, pH 7.3) at 4�C. Decalcified bones were processed and embedded in paraffin, and 5 mm sagittal-oriented sections

were prepared for histological analyses. For morphological analysis, sections were stained with amodified hematoxylin and eosin (H&E) stain,

and osteoclasts were stained using an acid phosphatase, leukocyte (TRAP) kit (Sigma, #387a), which is quantified using Oc.S/BS (osteoclasts

surface to bone surface) parameter by OSTEOMEASURE system. Immunohistochemical staining was performed using primary antibodies

listed in the key resources table which were added and incubated at 4�C overnight. Images were screened using an Axio Scope A1 micro-

scope (Carl Zeiss Microscopy GmbH, Jena, Germany) and processed using Osteomeasure System (OsteoMetrics, Decatur, GA, USA). Oste-

oblasts surface to bone surface (Ob.S/BS), osteoclasts surface to bone surface (Oc.S/BS), OSX positive cell number over bone perimeter
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(N.OSX/B.Pm) and OCN positive cell number over bone perimeter (N$OCN/B.Pm) in 5 randomly selected visual fields per specimen were

measured and quantitated by OSTEOMEASURE system.

Secreted protein analysis by western blotting

500 mL of culture medium were added to an Amicon Ultra-0.5 device (UFC50030, Merck-Millipore, Darmstadt, Germany) and centrifuged for

30 min at 12,000 3 g according to the user manual. An equal volume of 23 Laemmli buffer (125 mM Tris-HCl, pH 6.8, 4% sodium dodecyl

sulfate, 20% glycerol, 100 mM dithiothreitol, 0.02% bromophenol blue) was mixed with the ultrafiltrate and boiled at 100�C for 10 min.

Immunofluorescence

Femora, tibiae, and BAT dissected from the mice were fixed using 4% paraformaldehyde in phosphate-buffered saline (PBS) at 4�C for 24 h.

Brain dissected from the mice which were transcardially perfused with saline followed by 4% paraformaldehyde (PFA) were post-fixed in 4%

PFA at 4�C for 24 h. Femora and tibiae decalcified in 15% EDTA (pH 7.4) at 4�C for 14 days. The tissues were embedded in paraffin, and 5-mm

sagittal-oriented of femora, tibiae, and BAT, or coronal-oriented of brain sections were prepared for histological analyses. The sections were

incubated with primary antibodies against perilipin 1 (PLIN1, #9349,1:150,CST), P-P65-S276 (AP0123, 1:100, ABclonal, Woburn, MA, USA),

Rheb (15924-1-AP, 1:100, Proteintech), or Myd88 (A0980, 1:50, ABclonal) and labeled with secondary antibodies for 1 h in the dark. After la-

beling, cells were incubated with DAPI for 5 min. Images were acquired with an Olympus 200 M microscope (Olympus, Tokyo, Japan). The

numbers of positively-stained cells in the wholemedullary space or bone trabecula per femur or tibia in three sequential sections permouse in

each group were counted using Image Pro Plus software.

Micro-computed tomography (mCT) analyses

Distal femora and proximal tibiae were fixed overnight in 4% paraformaldehyde and then analyzed by high-resolution mCT (Scanco Medical

mCT100, Brüttisellen, Zurich, Switzerland), with a voltage of 55 kVp, an intensity of 200 mA, a resolution of 5 mm per pixel and an exposure of

230 ms. The trabecular bone and cortical bone, which is proximal to the distal growth plate for the femora and distal to the proximal growth

plate for the tibiae, was analyzed starting at the inferior border of the growth plate and extended a further longitudinal distance of 200 slices

(1mm). The three-dimensional structure and morphometry were reconstructed by three-dimensional model visualization software (mCT Ray

V4.2) and data analyzed by data analysis software (mCT Evaluation ProgramV6.6) for trabecular bone volume fraction (BV/TV), trabecular thick-

ness (Tb. Th), trabecular number (Tb. N), trabecular separation (Tb. Sp), the cortical thickness (Ct. Th) and cortical BV/TV.

Frozen sections and ALP staining

Micewere euthanized and the femora were removed and fixedwith ALP solution (8%paraformaldehyde, L-Lysine (Sigma-Aldrich) and sodium

periodate (Merck, Palo Alto, CA, USA). After 24 h, femora and tibiae were decalcified for 20–30 days in decalcification solution at 4�C. The
tissues were then transferred into 30% sucrose for 24 h to dehydrate, and then 5 mm sagittal-oriented sections were prepared using a Leica

CM1850 frozenmicrotome (Leica, Wetzlar, Germany). For ALP staining, the tissues were incubated at 65�C for 1 h to remove theOCT embed-

ding agent, then stained using an ALP staining kit (Beyotime Institute of Biotechnology) and quantified usingOb.S/BS (Osteoblasts surface to

bone surface) parameter by OSTEOMEASURE system.

Hard tissue sections

Mice were euthanized and then the femora were removed and fixed with 4% paraformaldehyde for 24 h. 3-month-old mice were injected with

calcein (c0875, Sigma-Aldrich) (15 mg/kg, i.p.) 10 and 3 days before euthanasia. Tissues were then gradually dehydrated by 70–100% alcohol,

and finally placed in xylene for 2 days. After embedding using a plastic embedding agent, the tissues were cut with a hard tissue microtome

(EXAKT Advanced Technologies GmbH,Norderstedt, Germany). For calcium salt detection, tissues were stained with a Von Kossa staining kit

(ab150687, Abcam, UK) according to themanufacturer’s protocol. Image acquisitions were performed using Zeiss microscope and quantified

using Image pro plus. For calcein detection, tissues were directly screened using a confocal laser scanning microscope (Olympus FV1000,

Tokyo, Japan) and quantified by OSTEOMEASURE system.

Blood biochemical studies

An automatic chemical chemistry analyzer (Catalyst Dx, IDEXX, USA) was used to measure concentrations of circulating triglycerides (98-

11086-01, Catalyst, USA). Circulating glycerol (XFP17067, GEMIC, Nanjing, China) and circulating free fatty acids (#BC0595, Solarbio, Beijing,

China) were determined according to the manufacturer’s instructions.

Enzyme-linked immunosorbent assay (ELISA)

Blood samples were collected from 8-week-old mice by 1.5 mL centrifuge tubes at room temperature and allowed to stand still for 1h. Serum

were collected from the upper layer after clotting and centrifuged at 3000 rpm for 10 min at room temperature. The protein levels of S100A8,

S100A9, PINP, CTX-I, leptin and noradrenaline in the serumwere measured using a mouse S100A8 ELISA kit (E-EL-M1343c, Elabscience, Wu-

han, China), a mouse S100A9 ELISA kit (E-EL-M3049, Elabscience),a mouse PINP ELISA kit (E-EL-M0233c, Elabscience), a mouse CTX-I ELISA
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kit (CEA665Mu, cloud-clone, Wuhan, China), a mouse leptin ELISA kit (E-EL-M3008, Elabscience) and a mouse noradrenaline ELISA kit (CSB-

E07870m, CUSABIO, Wuhan, China) according to the manufacturer’s instructions.

S100A8/A9 neutralization in vitro and in vivo

BMSCs fromwild-type C57BL/6J mice were treated with conditionedmedium (CM) from primary BADs of RhebAD KO and RhebBAD KOmice,

in the presence or absence of 500 ng/mL S100A8/A9 neutralizing antibody (NA) for 36 h before complete confluence. For intramedullary in-

jection, 0.33 13RWLB needles (KDL-94, KDL, shanghai, China) were used to perforate the joint cavity and the tibiamarrow cavity. Then, 2.5 mg

(4mL) S100A8/A9 neutralizing antibody (697504, Biolegend, San Diego, CA, USA) was injected into the right tibial marrow cavity of 5-month-

old and 10-month-old male RhebBAD KOmice, using Hamilton needles (763301, Hamilton, New York, NY, USA) twice a week, while 2.5 mg IgG

antibody (409306, Biolegend) as a control was injected into the left tibia. Mice were euthanized after 2 months of treatment, and tibiae were

collected for bonemetabolism experiments. For tail vein injection, 60ul (200mg/kg) S100A8/A9 neutralizing antibody (697504, Biolegend, San

Diego, CA, USA) was injected into the tail vein of 10-month-old RhebBAD KO mice using 1mL syringe, while 60ul (200mg/kg) IgG antibody

(409306, Biolegend) as a control was injected into the tail vein of littermate 10-month-old RhebBAD KO mice twice a week. Mice were eutha-

nized after 3 months of treatment, and femurs were collected for bone metabolism experiments.

Glucose tolerance test (GTT) and insulin tolerance test (ITT)

For glucose tolerance tests (GTTs), mice were fasted overnight (16 h) and treated with an intraperitoneal injection of glucose (1 g/kg). For

insulin tolerance tests (ITTs), mice were intraperitoneally treated with insulin (0.75U/kg) after 3 h fasting. Tail venous blood was collected

at 0, 15, 30, 45, 60, 90, and 120 min after glucose or collected at 0, 15, 30, 45, 60, and 90 min after insulin injection, and blood glucose levels

were measured using the glucometer.

Cold and thermal neutrality exposure studies

For cold and thermal neutrality exposure experiments,mice were placed in the temperature controlled incubators (Caron Products & Services

Inc) at 4�C or 30�C for 7 days on a 12hrs light/dark cycle with free access to water and food. Control mice were kept at room temperature

(22�C). At the end of the experiment, mice were euthanized and BAT were isolated to extract RNA and protein.

Metabolic phenotyping

Indirect calorimetry experiments were conducted with a Comprehensive Lab Animal Monitoring System (CLAMS, Columbus Instruments,

USA). Mice in the CLAMS were fed ad libitum. Results of oxygen consumption, respiratory exchange ratio, energy expenditure, and food

intake were collected and analyzed.

Bioinformatics analysis

The transcriptomes of BMSCs and BAT were subjected to gene ontology (GO) and KEGG pathway analysis using the ClusterProfiler and en-

richplot Bioconductor R packages, followingwebsite guidelines. The cnetplot functionwas used to visualizeGO functional enrichment results.

Ggplot2 was used to generate a volcano plot.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were conducted using GraphPad Prism 9.5 software (GraphPad Prism, San Diego, CA, USA). Data are shown as box-and-

whisker plots (with median and interquartile ranges) from max to min, with all data points shown of at least three independent experiments.

After testing for normality by Kolmogorov-Smirnov test, statistical significance between groups were analyzed. Except data in Figure S2 (glyc-

erol) are non-normally distributed, other data are normally distributed.Otherwise, for analyzing statistical significance between 2 groups, two-

tailed unpaired t-tests were used. For more than 2 groups, one-way analysis of variance withmultiple comparisons were used, followed by the

Bonferroni post-hoc test for significance. A p-value of <0.05 was considered statistically significant. Photomicrographs and Western blot

images are representative of at least three independent experiments.
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