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SUMMARY

The nuclear receptor peroxisome proliferator activated receptor-y (PPARY) is a
key contributor to metabolic function via its adipogenic and insulin-sensitizing
functions, but it has negative effects on skeletal homeostasis. Here, we ques-
tioned whether the skeletal and metabolic actions of PPARY are linked. Ablating
Pparg expression in osteoblasts and osteocytes produced a high bone mass
phenotype, secondary to increased osteoblast activity, and a reduction in subcu-
taneous fat mass because of reduced fatty acid synthesis and increased fat oxida-
tion. The skeletal and metabolic phenotypes in Pparg mutants proceed from the
regulation of sclerostin production by PPARy. Mutants exhibited reductions in
skeletal Sost expression and serum sclerostin levels while increasing production
normalized both phenotypes. Importantly, disrupting the production of sclero-
stin synergized with the insulin-sensitizing actions of a PPARy agonist while
preventing bone loss. These data suggest that modulating sclerostin action
may prevent bone loss associated with anti-diabetic therapies and augment their
metabolic actions.

INTRODUCTION

The cycle of osteoclastic resorption and osteoblastic formation that maintains bone mass and strength is
strongly influenced by metabolic status. In extreme cases like anorexia nervosa, malnutrition can result in
growth arrest and a failure to achieve expected peak bone mass." Similarly, in the less severe but more
prevalent conditions of type | and type Il diabetes mellitus deviations in glucose homeostasis lead to
low bone mineral density or reduced bone quality, respectively, that increase the risk of facture.? Under-
standing the physiologic basis for these interactions will aid in the treatment of the comorbid conditions
of obesity, metabolic disease, and osteopenia/osteoporosis.

A primary point of connection between metabolic function and the regulation of bone mass is the direct
and indirect action of hormones produced by adipose,® muscle,” intestine” and other tissues on the activity
of osteoblasts and osteoclasts. As an example, insulin directly promotes osteoblast differentiation and
mice lacking the insulin receptor in osteoblasts exhibit reduced bone volume secondary to deficient
numbers of osteoblasts.® In turn, osteoblasts and osteocytes secrete factors that influence the metabolic
functions of these same tissues.” The first evidence for this link was identified in the metabolic actions of
osteocalcin. Produced exclusively by mature osteoblasts, osteocalcin regulates insulin production in the

pancreas™’ as well as the metabolism and performance of skeletal muscle.’*""

Sclerostin, a cysteine-knot glycoprotein encoded by the SOST gene and produced primarily if not exclu-
sively by matrix-embedded osteocytes, is a major regulator of bone formation as evidenced by the rare
bone-overgrowth conditions linked to mutations that prevent its production.'”" By binding to the low-
density lipoprotein receptor-related protein-5 (LRP5) and LRPé co-receptors, sclerostin antagonizes the
Wnt/B-catenin signaling pathway'>'¢ and knockout mice develop a high bone mass phenotype because
of enhanced osteoblastic activi‘ty.w7 In our previous work, we demonstrated that sclerostin also influences
the accumulation of visceral and subcutaneous adipose tissue. Sost™~ mice develop reduced fat mass
when fed either a normal diet or a high fat diet and exhibit an increase in insulin sensitivity, whereas scle-
rostin overproduction stimulates white adipose tissue hypertrophy.'® These phenotypes are driven by
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Figure 1. APparg mice develop an increase in bone volume

(A) gPCR analysis of Pparg mRNA levels in the femur of male control and APparg mice (n = 6-8 mice per genotype).

(B) Allele-specific PCR analysis of Pparg gene recombination in tissues isolated from a APparg mouse.

(C) Body weight of male control and APparg mice (n = 6-11 mice per genotype).

(D) Representative microCT images of the distal femur in male control and APparg mice at the indicated ages.

(E-G) MicroCT quantification of trabecular bone volume per tissue volume (BV/TV, E), trabecular number (Tb.N, F) and trabecular thickness (Tb.Th, G) in the
distal femur of male control and APparg mice (n = 8-10 mice per genotype).

(H) Representative microCT images of the femoral mid-diaphysis from male 24-week-old control and APparg mice.

(I-K) MicroCT quantification of cortical tissue area (Tt.Ar, |), cortical bone area per tissue area (Ct.Ar/Tt.Ar, J) and cortical thickness (Ct.Th, K) at the femoral
mid-diaphysis of control and APparg mice (8-10 mice per genotype).

(L-O) Dynamic histomorphometric quantification of osteoblastic activity in 16-week-old male control and APparg mice including assessment of mineralizing
surface per bone surface (MS/BS, L), representative calcein and alizarin red labeled sections (M), mineral apposition rate (MAR, N), and bone formation rate
per bone surface (BFR/BS, O) (n = 67 mice per genotype).
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Figure 1. Continued

(P) Representative histological images stained for tartrare-resistant acid phosphate activity (10X original magnification).

(Q) Quantification of osteoclast number per bone surfaces (Oc.N/BS) in the distal femur (7 mice per genotype).

(R) Representative hematoxylin and eosin-stained histological sections to identify marrow adipocytes (10X original magnification). Data presented as mean
and standard deviation. *, p < 0.05 comparison between control and knockout, #, p < 0.05 comparison between an 8-week timepoint and the labeled
timepoint in control mice. Data were analyzed by unpaired Student's t test.

sclerostin’s influence over both the commitment of adipoprogenitors'? and alterations in the balance of
fatty acid synthesis and degradation.'® Along these lines, serum sclerostin levels in humans have been
positively correlated with body mass index in both diabetics and health individuals?>?' and negatively
correlated with parameters of glucose homeostasis.””** These data with the emergence of sclerostin
neutralizing antibodies for the treatment of osteopenia/osteoporosis’”?® raises the possibility that this
therapeutic approach could also have positive impacts on both bone and metabolic health. Indeed, scle-
rostin neutralization in mouse models reduced bone marrow adipogenesis®’ and improves metabolic
parameters in mice fed a high fat diet.'®

Expression of the Sost gene in bone is induced by several metabolic insults, including high fat diet
feeding,'®?® inflammation,”® and hyperglycemia,”” but little is known about the links between metabolism
and sclerostin production. In these studies, we focused on the role of the nuclear receptor peroxisome pro-
liferator activated receptor-y (PPARY). In response to a diverse set of endogenous and synthetic ligands
PPARY forms a heterodimer with Retinoid X Receptor a and then acts to regulate the expression of genes
involved in both cellular and whole-body metabolism.**~* Early studies indicated that PPARY is sufficient
to induce adipogenic differentiation in vitro,** whereas ablating the expression of Pparg in AdipoQ* cells
resulted in lipoatrophy, hyperglycemia and severe insulin resistance.>® Pparg is also expressed in cells of
the osteoblast lineage and the activation of the nuclear receptor in these cells is widely considered to
be detrimental to overall skeletal health. PPARY favors the adipogenic differentiation of marrow progenitor
.36 and synthetic agonists increase fracture risk.”’ In addition,
several genetic mouse models in which PPARy function has been abolished or decreased develop a
high bone mass phenotype that may be related to altered sclerostin expression because PPAR response
elements are present in the Sost gene promoter.™*°

cells over that of osteoblastic differentiation

Here, we hypothesized that PPARY in osteoblasts and osteocytes provides a mechanistic link between skel-
etal mass and metabolic function via the transcription factor’s regulation of sclerostin production. We find
that genetic ablation of the Pparg gene in mature bone cells results in the development of a high bone
mass phenotype and striking reduction in subcutaneous fat mass. These phenotypes coincide with dimin-
ished Sost gene expression and serum sclerostin levels and are rescued by adeno-associated virus driven
sclerostin overproduction. Moreover, diminishing Sost gene expression in bone provides protection
against bone loss induced by therapeutic activation of PPARy while synergistically improving insulin
sensitivity.

RESULTS

PPARy-deficiency in osteoblasts and osteocytes increase bone formation

To determine if PPARy coordinately regulates skeletal and metabolic homeostasis, we generated mice in
which the Pparg gene was selectively ablated in osteoblasts and osteocytes. Control (Pparg'®®/°F) and
osteoblast/osteocyte-specific mutants (Ocn-Cre'®/*; Pparg'™'o*" hereafter referred to as APparg)
were born at the expected Mendelian frequency and exhibited no gross anatomical phenotypes. Although
Pparg mRNA levels increased with age in the femurs of male controls, expression levels were consistently
reduced in mutants (~50-80%, Figure 1A). Pparg gene recombination was detected only in the skeletal tis-
sue of APparg mice (Figure 1B) and body weight was similar in controls and knockouts at all timepoints
examined (Figure 1C).

Parameters of bone architecture in the distal femur were similar to controls in young, male APparg mice
(8 weeks), but as mice aged microCT analyses revealed the development of a high bone mass phenotype
in mutants (Figures 1D-1G). Relative to control littermates, trabecular bone volume per tissue volume
was increased by 27.5%, secondary to a significant increase in trabecular number, and by 24.1%, secondary
to a significant increase in trabecular thickness, in 16- and 24-week-old APparg mice, respectively. Cortical
bone at the femoral mid-diaphysis exhibited similar age-related changes in structure as tissue
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Figure 2. APparg mice have reduced fat mass and increase insulin sensitivity

(A-C) Mass of the gonadal (QWAT, A), inguinal (iWAT, B), and intrascapular brown (BAT, C) adipose were assessed in male control and APparg mice and
normalized to body weight (n = 9-11 mice per genotype).

(D) Representative histological sections of IWAT and BAT stained with hematoxylin and eosin or immunostained for UCP1 expression (10X original
magnification) from 16-week-old male mice.

E) Food intake during 12 h light and dark periods (n = 7 mice per genotype).

F) Energy expenditure assessed by indirect calorimetry (n = 7 mice per genotype).

G and I) gPCR analysis of gene expression in iWAT isolated from 16-week-old male mice (n = 6 mice per genotype).

H and J) Representative western blot analysis of protein expression in iWAT.

(

(

(

(

(K) gPCR analysis of gene expression in intrascapular brown adipose tissue (n = 6 mice per genotype).

(L-N) Random fed serum lipid analysis in 16-week-old male control and APparg mice (n = 8-9 mice per genotype).

(O and P) Random fed glucose and serum insulin levels (n = 9 mice per genotype).

(Q and R). Representative hematoxylin and eosin stained histological sections of pancreatic b-cell islets (20% original magnification) and quantification of
islet area (n = 6 mice per genotype).

(S and T) Glucose tolerance (S) and insulin tolerance (T) test at age 16 weeks(n = 8-9 mice per genotype).

(U) Western blot analysis of AKT phosphorylation in iWAT, quadriceps and liver before and after insulin injection. Fold change in phosphorylation levels
relative to untreated samples are show for each tissue (n = 8 mice per genotype). Data presented as mean and standard deviation. *, p < 0.05. Data were
analyzed by unpaired Student's t test.

cross-sectional area was comparable to controls at age 8 weeks, but significantly increased in APparg mice
at ages 16 and 24 weeks (Figures TH-1K). Histomorphometric analyses performed in 16-week male control
and APparg mice indicated the increase in trabecular bone volume was because of enhanced osteoblastic
activity (Figures 1L-10), as evidenced by an increase in the mineral apposition rate and bone formation
rate, and a decrease in osteoclast numbers (Figures 1P and 1Q). The abundance of marrow adipocytes
in the distal femur of control and APparg mice was similar (Figure 1R).

Similar to the loss of PPARYy function in osteoblasts and osteocytes in vivo, ablating the expression of Pparg
in cultures of calvarial osteoblasts increased osteoblast differentiation. Compared to control osteoblasts,
APparg osteoblasts exhibited increased staining for alkaline phosphatase activity and matrix mineraliza-
tion as well as increased expression of Runx2, Atf4, and Bglap2 (Figure S1D). Expression of Tnfsf11 (rank
ligand) was not affected by Pparg deletion but the levels of Tnfrsf11b (osteoprotegerin) were increased
(Figure S1E), which may explain the reduced numbers of osteoclasts observed in vivo. Therefore, PPARY
in maturing osteoblasts and osteocytes influences skeletal structure by regulating the balance of osteo-
blastic activity and osteoclast development.

PPARy-deficiency in osteoblasts and osteocytes reduced fat mass and improves whole body
metabolism

Assessment of organ and tissue weights by necropsy indicated that ablating Pparg expression in osteo-
blasts and osteocytes also influenced body composition. When compared to control littermates, gonadal
fat pad (QWAT) weight was reduced in 24-week-old male APparg mice (Figure 2A) and inguinal fat pad
(IWAT) weight was reduced in both 16- and 24-week-old mutants (Figure 2B). Histological examination
of IWAT demonstrated that the reduction in tissue mass in APparg mice was associated with a decrease
in adipocyte size and a dramatic increase in the abundance of multilocular cells (Figure 2D). Intrascapular
brown adipose tissue (BAT) mass and morphometry (Figures 2C and 2D) and the weights of other major
organs (Figures S2A-S2C) in APparg mice were comparable to controls.

The reduction in white adipose tissue mass was not associated with a detectable change in feeding
behavior, activity levels, or overall energy expenditure (Figures 2E, 2F, and S2D-S2F). However, gene
expression analyses in iIWAT suggested that loss of PPARy function in bone cells altered the ratio of
anabolic and catabolic metabolism in white adipose tissue. The expression of genes associated with fatty
acid synthesis, including Acaca and Fasn, were decreased (Figures 2G and 2H) while genes associated with
fatty acid oxidation (Acadl, Cpt1a, and Ppara, Figure 2I) were increased in APparg mice when compared to
controls. Furthermore, gene markers of brown adipocytes (Ppargca and Ucp1, Figure 21), UCP1 immuno-
staining (Figure 2D), and the abundance of mitochondrial proteins (Figure 2J) were increased in iWAT of
APparg mice suggesting the induction of beiging in this white adipose tissue depot. Except for a modest,
but significant increase in the expression of Atp5a1, the expression of brown adipose gene markers in BAT
was not affected by Pparg gene deletion in osteoblasts and osteocytes (Figure 2K), which is consistent with
the normal mass and morphometry of this tissue.
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Figure 3. APparg mice are resistant to high fat diet feeding

Male control and APparg mice were fed a high fat diet (60% kcal from fat) from ages 4 to 16 weeks.

(A and B) MicroCT quantification of trabecular bone volume per tissue volume (BV/TV) in the distal femur (A) and cortical tissue area (Tt.Ar, B, (n = 8 mice per
genotype)).

(C) Weekly assessment of body weights in control and APparg mice fed a high fat diet (n = 9-10 mice per genotype).

(D-F) Mass of white adipose tissue depots (D), BAT (E), and liver (F) normalized to body weight (n = 8-10 mice per genotype).

(G) Representative hematoxylin and eosin histological sections of iWAT, BAT, and liver (10X original magnification).

(H) Size distribution of adipocytes in histological sections of IWAT (n = 5 mice per genotype).

(I-K) gPCR and western blot analysis of genes (I) and proteins (J) involved in fatty acid synthesis and genes involved in fatty acid catabolism or beiging (K) (n =
6 mice per genotype).

(L) Quantification of triglycerides liver tissue (n = 8-10 mice per genotype).

(M and N) gPCR and western blot analysis of genes and proteins involved in fatty acid synthesis and steatosis in the liver of high fat diet fed control and
APparg mice (n = 6 mice per genotype).

(O and P) Random fed glucose and insulin levels (n = 8-10 mice per genotype).

(Q and R) Glucose tolerance (Q) and insulin tolerance test (R) after 12 weeks of high-fat diet feeding (n = 8-10 mice per genotype).

(S-U) Random fed serum lipid analysis in high fat diet fed control and APparg mice (n = 8-10 mice per genotype). Data presented as mean and standard
deviation. *, p < 0.05. Data were analyzed by unpaired Student's t test.

Analysis of serum metabolites indicated that APparg mice also developed improvements in lipid and
glucose metabolism. Serum triglycerides (Figure 2L) were comparable in control and APparg mice, but
free fatty acid and cholesterol levels were reduced (Figures 2M and 2N). Random fed glucose levels and
pancreatic B-cell islet morphology were normal in the mutants, but serum insulin was significantly lower
which suggests that APparg mice have an increase in insulin sensitivity (Figures 20-2R). Indeed, glucose
excursions during glucose tolerance testing were dampened in APparg mice relative to controls (Figure 2S)
and glucose levels were reduced to a greater degree during insulin tolerance testing (Figure 2T). Moreover,
the ability of insulin to stimulate AKT phosphorylation was enhanced in iWAT, the quadriceps, and liver of
APparg mice relative to control littermates (Figure 2U).

Female APparg mice exhibited similar skeletal and metabolic phenotypes (Figure S3). When examined at
age 16 weeks, cortical bone cross-sectional area was significantly increased and the mass of white adipose
tissue depots were reduced in female mutants when compared to controls. Likewise, serum insulin levels
were lower in female APparg mice which displayed an increased sensitivity to insulin during an insulin toler-
ance test. Thus, PPARY in osteoblasts and osteocytes simultaneously influences body composition, whole
body metabolism and bone mass.

APparg mice are resistant to the effects of high fat diet on metabolism

To further examine the effect of Pparg gene deletion in osteoblasts and osteocytes on metabolism, we next
challenged male mutants and control littermates with a high fat diet (HFD, 60% kcal from fat) from ages 4 to
16 weeks. Surprisingly, HFD feeding abolished the effect of PPARy-deficiency on bone structure as both
trabecular bone volume in the distal femur (Figure 3A) and cortical tissue area at the femoral mid-diaphysis
were comparable to controls (Figure 3B). Because trabecular bone volume was increased in mutants fed a
chow diet (Figure 1E), the normalization of bone volume to controls after HFD feeding represented a more
substantial suppression of accrual in mutants (% change in BV/TV from chow fed mice, —16.21 + 18.07%
versus —34.70 + 16.36%, p = 0.042, Mean =+ SD). In the cortical bone compartment, the normalization
of tissue area between HFD-fed controls and mutants was driven by increases in cortical apposition in con-
trol mice (% change in Tt. Ar from chow fed mice, 13.70 + 11.89% versus —0.92 + 7.37%, p = 0.007) likely
secondary to the increased body weight associated with HFD feeding.

By contrast, the influence of PPARy-deficiency on body composition and metabolism were retained after
HFD feeding. During the 12-week study, APparg mice exhibited a significant reduction in weight gain (Fig-
ure 3C) and had reduced iWAT, BAT, and liver weight (Figures 3D-3F and S4A). As in chow-fed mice, his-
tological and molecular analyses demonstrated that inguinal adipocyte size was reduced in HFD-fed
APparg mice relative to controls in association with reduced gene markers of fatty acid synthesis
(Figures 3G-3J). The expression of genes involved in fatty acid oxidation and beiging were comparable
in HFD-fed APparg mice and controls except for Ucp T expression which remained elevated in the iIWAT
of mutants but with a considerably lower relative change in expression than that in chow-fed mice
(Figures 2l and 3K). Adipocyte size in gWAT was similar in HFD-fed control and APparg mice (despite re-
ductions in the expression of genes involved in fatty acid synthesis), but there was a marked reduction in
histological and gene expression markers of inflammation (Figures S4B-S4E). In the liver, the accumulation
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Figure 4. PPARY in osteoblasts regulated sclerostin production to influence metabolism

(A) gPCR analysis of Sost mRNA levels in the femur of male control and APparg mice (n = 6-8 mice per genotype).

(B) Quantification of serum sclerostin levels in male control and APparg mice (n = 6-8 mice per genotype).

(C and D) Sost mRNA levels (n = 6 mice per genotype, C) and serum sclerostin levels (n = 8-10 mice per genotype, D) were quantified in male control and
APparg mice fed a high fat diet (60% kcal from fat) from ages 4 to 16 weeks.

(E and F) Sost mRNA levels (n = 6 mice per genotype, C) and serum sclerostin levels (n = 6-8 mice per genotype, D) were quantified in female control and
APparg mice.

(G) gPCR analysis of Sost mRNA levels in cultures of control and APparg primary osteoblasts after 14 days of differentiation (n = 11 samples per group).
(H and 1) gPCR analysis of Sost (H) and Axin2 () mRNA levels in Ocy454 cells 24 h after treatment with vehicle or rosiglitazone (n = 6 samples per group).
(J) Western blot analysis of active, non-phosphorylated b-catenin and total b-catenin in the iWAT of 16-week-old male control and APparg mice.

(Kand L) gPCR analysis of Axin2 and Ctnnb1 mRNA levels in the iWAT of control and APparg mice fed a chow diet (K) or a high fat diet from ages 4 to 16 weeks
(n = 5-6 mice per genotype).

(M-Y) 8-week-old control and APparg mice were injected with AAV-8 constructs directing the expression of Sost or GFP and then aged for an additional
8 weeks. (M) Serum sclerostin levels (n = 8-10 mice per group). (N) Western blot analysis of active, non-phosphorylated B-catenin and total B-catenin in the
iWAT. (O) Weight gained during the 8-week experiment (n = 8-10 mice per group). (P and Q) Representative microCT images of the distal femur and
quantification of trabecular bone volume (n = 8-10 mice per group). (R) iWAT mass (n = 8-10 mice per group). (S) Representative hematoxylin and eosin
histological sections of IWAT (10x original magnification). (T and U) gPCR analysis of Fasn and Ucp1 mRNA levels in iWAT (n = 8-9 mice per group). (V)
Random fed blood glucose (n = 8-10 mice per group). (W) Serum insulin levels (n = 8-10 mice per group). (X and Y) Insulin tolerance testing and area under
the curve analysis (n = 8-10 mice per group). Data presented as mean and standard deviation. *, p < 0.05. Data were analyzed by unpaired Student’s t test or
Anova followed by Tukey's multiple comparison post hoc test.

of triglycerides was reduced in HFD-fed APparg mice in association with decreased marker of lipid synthe-
sis and steatosis (Figures 3G and 3L-3N).

The reductions in fat mass and lipid accumulation in APparg mice likely contributed to the maintenance of
improved glucose and lipid metabolism that mirrored that in chow-fed mutants. Relative to HFD-fed con-
trol littermates, APparg mice exhibit lower random fed glucose and insulin levels (Figures 30 and 3P) and
improved performance in both glucose tolerance and insulin tolerance tests (Figures 3Q and 3R). Likewise,
serum levels of triglycerides, fatty acids and cholesterol were reduced in HFD-fed APparg mice (Figures 35—
3U). Therefore, ablating the expression of Pparg in osteoblasts and osteocytes is sufficient to improve
metabolism in the face of an obesogenic stimuli even though it does not protect bone structure from
the deleterious effects of this stimuli.

Reductions in sclerostin expression contribute to the metabolic phenotypes of APparg mice

The similarities between the metabolic phenotypes of APparg mice and those we observed previously in
Sost™~ mice,'® including reduced fat mass with altered catabolic and anabolic metabolism in adipocytes,
increased insulin sensitivity, and resistance to metabolic disturbances induce by high fat diet feeding, led
us to speculate that PPARY in osteoblasts and osteocytes regulates metabolism through the regulation of
sclerostin production. To test this idea, we first examined the effect of ablating Pparg expression in oste-
oblasts and osteocytes on Sost mRNA levels in the femur and on serum sclerostin levels. Similar to the de-
layed effect of PPARy-deficiency on bone structure, Sost mRNA level in 8-week-old male APparg mice were
equivalent to those in control littermates but were significantly reduced in the mutants at age 16 weeks
(—58.60 + 4.48%) and age 24 weeks (—52.95 + 10.05%, Figure 4A). Serum sclerostin levels followed a nearly
identical pattern (Figure 4B). Similar reductions in Sost mRNA level and sclerostin serum abundance were
also evident in HFD-fed APparg mice (Figures 4C and 4D) and in female APparg mice (Figures 4E and 4F)
when compared to their respective littermate controls. To ensure that regulation of Sost was a direct effect
of PPARy function, we examine expression levels in the Ocy454 osteocyte cell model after treatment with
the PPARy-agonist rosiglitazone and in cultures of primary osteoblasts expressing or lacking PPARy that
had been differentiated for 14 days. Rosiglitazone treatment increased Sost mRNA levels and decreased
the expression of Axin2, indicative of a concomitant suppression of Wnt signaling,”’ in Ocy454 cells
(Figures 4H and 4l), whereas APparg osteoblasts exhibited lower Sost mRNA levels (Figure 4G). These
data and those from Baroi et al.,*® who document binding of PPARY to PPRE elements in the Sost promoter,
indicate a direct regulation of Sost expression by PPARY.

Next, we examined whether Wnt/B-catenin signaling, the primary target of sclerostin, was increased in ad-
ipose tissue of APparg mice. In line with the reduced sclerostin serum abundance in APparg mice, the levels
of active, non-phosphorylated B-catenin were markedly increased in the iWAT of APparg mice (Figure 4J).
Likewise, mRNA levels of Axin2 were increased in the iWAT of APparg mice fed a chow (Figure 4K) or high
fat diet (Figure 4L). By contrast, activation of bone morphogenetic protein (BMP) signaling, a pathway
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sclerostin was initially thought to regulate,’” was reduced in iIWAT when indexed by the phosphorylation of
SMAD1/5/9 and the mRNA levels of Bmp4 (Figure S5). The enhancement of Wnt/B-catenin signaling and
reduced BMP signaling in the iWAT of APparg mice are consistent with our previous findings in Sost™~

mice.'®

Finally, to test the primacy of reduced sclerostin availability to the changes in bone structure, body compo-
sition and metabolism evident in APparg mice, we attempted to rescue these phenotypes by directing
sclerostin overproduction.'® Cohorts of 8-week-old male control and APparg mice were injected with ad-
eno-associated virus-8 constructs containing a Sost cDNA (AAV-Sost) or green fluorescent protein cDNA
(AAV-GFP) and then examined at age 16 weeks. Injection of AAV-Sost increased serum sclerostin levels
by 39.76 + 36.15% in control mice and by 77.53 + 19.96% in APparg mice when compared to those injected
with AAV-GFP and thereby normalized serum sclerostin levels between the AAV-Sost groups (Figure 4M)
and maintained them at a level lower than those measured in high-fat diet-fed mice (Figure 4D). Impor-
tantly, the increased serum sclerostin levels reduced the abundance of active B-catenin in iIWAT associated
with Pparg gene deletion in osteoblasts and osteocytes. (Figure 4N).

Changes in body weight over the 8-week experiment were not statistically different among the 4 groups
(Figure 40), but the increase in serum sclerostin was sufficient to normalize bone structure in APparg
mice. Whereas APparg-AAV-GFP mice exhibited an increase in trabecular bone volume secondary to an
increase in trabecular number when compared to Control-AAV-GFP mice, all parameters of bone structure
were similar in Control-AAV-Sost and APparg-AAV-Sost mice (Figures 4P, 4Q, S6A, and S6B). Similarly,
analysis of tissue weights and morphometry after necropsy revealed that iWAT mass and adipocyte
morphology in APparg-AAV-Sost were now comparable to that in Control-AAV-Sost (Figures 4R and 4S).
This was accompanied by a reversal of the reduced expression of Fasn and increased expression of
UcpT in APparg-AAV-GFP when compared to Control-AAV-GFP mice (Figures 4T and 4U). The increase
in serum sclerostin levels significantly increased gWAT and BAT mass in Control-AAV-Sost versus
Control-AAV-GFP mice as we observed previously,'® but there was not a statistically significant difference
between either of the APparg groups (Figures S6C and S6D). The mass of lean tissues was equivalent across
all 4 groups (Figure S6E).

Raising serum sclerostin levels via administration of AAV-Sost was also sufficient to normalize glucose and
lipid homeostasis. Random fed blood glucose levels were similar across the 4 groups (Figure 4V), but the
reduction in serum insulin evident in APparg-AAV-GFP mice was returned to a level comparable to Control-
AAV-GFP and Control-AAV-Sost mice (Figure 4W). Similarly, the increase in insulin sensitivity evident in
APparg-AAV-GFP mice was corrected by administration of AAV-Sost (Figures 4X and 4Y). Serum lipid levels
followed an identical pattern as the reductions in fatty acids and cholesterol in APparg-AAV-GFP mice were
returned to normal levels with increased serum sclerostin (Figures S6H and Sél). Taken together, these data
highlight an essential role of sclerostin in the influence of PPARY in osteoblasts and osteocytes on skeletal
and metabolic homeostasis.

Sclerostin-deficiency synergizes with PPARy activation

Because the use of PPARY agonists like thiazolidinediones that held promise as insulin sensitivers has been
limited because of significant cardiovascular and skeletal side effects®** and PPARy in osteoblasts and
osteocytes appears to regulate the skeletal and endocrine actions of sclerostin, we questioned whether
suppression of Sost gene expression would rescue the skeletal effects and synergize with the metabolic
actions of PPARy activation by rosiglitazone (Rosi). To examine this interaction, 4-week-old male control
(Sost'CCNVICOINY 5 d ObASost (Ocn-Cre™®*; Sost'CON/ICONy 1jca 194445 \yere fed a HFD (60% kcal from
fat) for 4 weeks to induce obesity and insulin resistance (lead-in) and then randomly assigned to HFD or
HFD+Rosi for an additional 8 weeks (Treatment, Figure 5A). As expected, Rosi increased Sost mRNA levels
and serum sclerostin levels in control mice but had no effect in ObASost mice which had substantially lower
serum sclerostin levels (Figures 5B and 5C).

Over the 12-week study, control and ObASost mice maintained on the HFD or an HFD with Rosi exhibited
similar increases in body weight (Figure 5D). iWAT and BAT weights were significantly reduced or trended
lower, respectively, in ObASost mice relative to control mice maintained on the HFD, but Rosi produced
similar relative increases in the mass of each tissue (Figures 5E and 5F). However, striking differences
were evident in the morphology of adipocytes in iIWAT. Although Rosi induced adipocyte hypertrophy
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Figure 5. Sost gene deficiency synergizes with the metabolic actions of rosiglitazone

4-week-old male control and ObASost mice were fed a high fat diet (HFD, 60% kcal from fat) for 4 weeks and then randomly to continue on an HFD or fed an
HFD containing rosiglitazone (100 ppm), which results in treatment with 20 mg/kg/day rosiglitazone.

(A) Schematic of experimental plan.

(B and C) gPCR analysis of Sost mRNA levels in the femur (B, n = 6 mice per group) and serum sclerostin levels (C, n = 6-10 mice per group) at the conclusion
of the experiment.

(D) Weekly body weight during the 12-week experiment (n = 10-14 mice per group). The vertical dash lined marks the start of rosiglitazone containing diet.
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Figure 5. Continued

E and F) iWAT and BAT tissue weight (n = 10-14 mice per group).
) Representative hematoxylin and eosin histological sections of IWAT and BAT (10x original magnification).
H) Quantification of iWAT adipocyte area (n = 4 mice per group).

(
G
H
(I'and J) Quantification of random fed blood glucose levels (I, n = 10-14 mice per group) and serum insulin levels (J, n = 6-10 mice per group).
(K'and L) Glucose tolerance testing and area under the curve analysis (n = 9-13 mice per group).

(M and N) Insulin tolerance testing and area under the curve analysis (n = 9-13 mice per group).

(O) Representative microCT images of the distal femur (P-P) MicroCT quantification of trabecular bone volume per tissue volume (BV/TV, P), trabecular
number (Tb.N, Q) cortical tissue area (Tt.Ar, R) at the mid-diaphysis (n = 10-11 mice per group). Data presented as mean and standard deviation. *, p < 0.05.

Data were analyzed by unpaired Student's t test or Anova followed by Tukey’s multiple comparison post hoc test.

in control mice, adipocyte size was not increased by Rosi in ObASost mice (Figures 5G and 5H). This sug-
gests that Sost deficiency alters the mechanism of iWAT tissue hypertrophy induced by Rosi. Presumably,
Rosiinduced a larger increase in preadipocyte proliferation and/or commitment in ObASost mice because
tissue mass was still increased.

Random fed blood glucose levels were similar across the 4 group (Figure 51) but consistent with its actions
as an insulin sensitizer, serum insulin levels were markedly decreased in control mice treated with Rosi (Fig-
ure 5J). Serum insulin levels were also reduced in ObASost mice relative to controls but not further reduced
by Rosi treatment, but dynamic tests of glucose homeostasis suggested a synergistic interaction between
Rosi treatment and Sost gene deficiency. Glucose excersions during glucose tolerance testing were
reduced in ObASost mice and control Rosi treated mice relative controls and were reduced significantly
further in ObASost mice treated with Rosi (Figures 5K and 5L). Moreover, area under the curve analysis after
insulin tolerance testing revealed that insulin sensitivity relative to controls was only significantly improved
in ObASost mice treated with Rosi (Figures 5L and 5M).

In the distal femur, Rosi resulted in the expected decrease in trabecular bone volume (—31.58 + 12.60%) in
control mice and ObASost mice displayed the expected increase in bone volume (+39.01 + 13.39%,
Figures 50 and 5P). Loss of sclerostin function in the context of Rosi treatment offered partial protection
in this bone compartment as trabecular bone volume in ObASost treated with Rosi was reduced relative
to untreated ObASost mice (—15.33 + 13.78%) but was significantly higher than control mice treated
with Rosi and trended higher than untreated control mice (p = 0.052). More strikingly, although Rosi sup-
pressed cortical bone apposition in control mice, ObASost mice were completely resistant to this effect as
cortical tissue area was identical in untreated ObASost mice and ObASost mice treated with Rosi
(Figures 50 and 5R). Therefore, suppression of Sost expression offers protection against the detrimental
effects of Rosi on bone structure and synergizes with the metabolic effects of the drug.

DISCUSSION

In these studies, we pursued mechanisms by which Sost gene expression and serum sclerostin levels are
controlled. In addition to its well-established local role in the regulation of bone formation,'”** our previ-
ous work demonstrated that endocrine sclerostin, present in the serum, influences the accumulation of fat
mass as well as glucose and lipid metabolism.'®'” We focused on PPARY as a result of its fundamental role
in metabolic homeostasis,* its ability to regulate osteoblast function,**° and the fact that the Sost gene

promoter contains several PPAR response elements.*

Consistent with previous studies that disrupted the expression of Pparg in cells of the osteoblast line-
age,?’g’m we found that the loss of PPARy function in mature osteoblasts and osteocytes (Ocn-Cre™ cells)
resulted in a high bone mass phenotype. The mutant mice exhibited normal bone structure until age
8 weeks and then developed an increase in trabecular bone volume fraction and cortical tissue cross-
sectional area as they approached skeletal maturity. In vitro studies and dynamic measures of bone
cell function indicated that the high bone mass phenotype was primarily driven by an increase in oste-
oblast performance as alizarin red staining and the mineral apposition rate were increased. The decrease
in osteoclast abundance noted in the mutant mice suggests that a reduction in bone resorption also
contributed to the high bone mass phenotype. Of interest, reduced osteoclast numbers were not re-
ported in the other models of PPARY loss of function in osteoblastic cells,***? though Brun’® did observe
a reduction in carboxyterminal collagen crosslinks indicative of a reduction in osteoclast activity. The
delay in the onset of the skeletal phenotype is likely linked to the age-related increase in Pparg expres-
sion levels in bone tissue.
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Alongside the bone phenotype, we also demonstrated that ablating the Pparg gene in osteoblasts and os-
teocytes influences body composition and metabolic homeostasis. At the same time points that bone vol-
ume and osteoblastic activity were increased, subcutaneous fat mass was reduced and the morphology of
inguinal white adipocytes shifted dramatically toward a beige phenotype marked by increased numbers of
multilocular cells and increased UCP1 immuno-reactivity. The lack of a corresponding change in whole
body energy expenditure in APparg mice likely relates to the sensitivity of the indirect calorimetry proced-
ure. White adipose contributes only a small fraction to overall resting metabolic rate,**"’
changes in the metabolic activity of adipocytes over the life of mutant mice may not be measurable by in-
direct calorimetry. In addition to adipose tissue, muscle and liver in the PPARy mutants exhibited an in-
crease in insulin sensitivity which likely contributed to the increase in insulin and glucose tolerance in the
mutants. Most of these metabolic phenotypes remained evident in PPARY mutants fed a high fat diet.
These results are compatible with two previous descriptions of metabolic changes when PPARY is targeted
in osteoblastic cells. Almeida®® reported that Pparg gene deletion in Prx1* cells (early limb bud mesen-
chyme and skeletal stem/progenitor cells) resulted in a lack of subcutaneous adipose but the interpretation
of these studies is hampered by the concomitant targeting of a subset of white adipose progenitor cells.*’
Similarly, Brun® found that Pparg gene deletion in DMP1* cells (late osteoblasts and osteocytes) devel-
oped a high bone mass and low adipose phenotype with metabolic phenotypes similar to our knockout

thus small

model.

Mechanistically, Brun“® proposed that the metabolic phenotypes in 10kb-DMP1-Cre'®’*; Pparg'o"//ox"
mice resulted from increased production of BMP7 that in turn exerted an endocrine function. In our studies,
the levels of SMAD1/5/9 phosphorylation levels, a marker of BMP signaling, were reduced instead of
increased in the adipose tissue of mutant mice, suggesting a different mechanism by which PPARYy in os-
teoblasts and osteocytes affects metabolism. As noted above, the metabolic phenotypes of APparg mice
mirror those evident in Sost™~ mice'® and both Sost expression levels in bone and serum sclerostin abun-
dance in the male mutants tracked with the development of the metabolic phenotype. Sost mRNA levels
and sclerostin serum levels were also reduced in female mutants and male mutants fed a high fat diet
whereas the abundance of active B-catenin, indicative of Wnt signaling activation, was increased in the
white adipose of APparg mice. Most importantly, raising serum sclerostin levels in APparg mice to a level
equivalent to those in control mice, but below those in high fat diet fed mice, via an adeno-associated
viral approach was sufficient to normalize the bone, adipose, and metabolic phenotypes of APparg
mice. These data indicate that regulation of sclerostin production by PPARY is the primary mechanism
by which the transcription factor in osteoblasts and osteocytes influences metabolism. It should be noted
that AAV-mediated Sost overproduction in this study did not increase serum sclerostin levels in control
mice (Pparg'®™1° 262.8 pg/mL) to the level observed in our previous work using albino C57BI/6 mice
(442.8 pg/mL,"®). This almost certainly explains the lack of phenotypic differences in bone and metabolic
function between Control-AAV-GFP and Control-AAV-Sost. The mechanisms by which PPARy in bone cells
and sclerostin influence adipose tissue browning are actively under-investigation.

The most striking finding in this study was the interaction between Sost gene ablation and the actions of
rosiglitazone. Several studies have found that activation of PPARYy with thiazolidinediones increases Sost
expression in vitro,**°° which is expected to contribute to the loss of bone mass associated with this ther-
apy as sclerostin neutralizing antibodies ameliorate the deterioration of bone structure in rosiglitazone
treated mice.”'">? We also observed an increase in Sost gene expression and serum sclerostin levels
following rosiglitazone treatment and found that genetic sclerostin loss of function was sufficient to
partially rescue defects in bone structure. The decrease in trabecular bone volume induced by rosiglita-
zone was cut in half whereas the inhibition of appositional growth in cortical bone by the drug was
completely inhibited in ObASost mice. The ~15% decrease in trabecular bone fraction induced by rosigli-
tazone that persists in ObASost indicates other sclerostin-independent mechanisms also contribute to the
bone loss.

With regards to the effects on body composition and metabolism, rosiglitazone produced similar relative
increases in the mass of the inguinal white adipose and interscapular brown adipose tissue depots in con-
trol and ObASost mice but the effect on inguinal adipocyte morphology was strikingly different. Although
rosiglitazone induced adipocyte hypertrophy in control mice, the adipocytes in ObASost mice were smaller
and were identical to those in untreated ObASost mice. Based on our previous analyses of sclerostin func-
tion in adipocytes,'®> we suspect that the inhibition of adipocyte hypertrophy in the absence of sclerostin
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is secondary to a lower rate of de novo fatty acid synthesis. As indicated in the Results, the fact thatinguinal
mass was still increased in ObASost mice suggests that rosiglitazone induced a higher rate of proliferation
or progenitor cell commitment in these mice. This is surprising because the loss of sclerostin function in-
hibits the differentiation of Pdgfra* adipoprogenitors.'” It is possible that the increase in inguinal mass
was instead driven by another pool of adipoprogenitors that are insensitive to the loss of sclerostin. The
comparable changes in the morphology of brown adipocytes in rosiglitazone treated control and ObASost
mice was not surprising as neither global Sost gene ablation or sclerostin overproduction influence the
morphology or function of this depot. '

The persistence of small adipocytes in the white adipose of ObASost mice treated with rosiglitazone may
partially explain the synergistic effects evident during glucose tolerance testing and insulin tolerance
testing. Small adipocytes are generally considered to be more insulin sensitive than those that have under-
gone hypertrophy.”**° It is also possible that the synergistic effects of rosiglitazone and sclerostin defi-
ciency on glucose homeostasis are derived from effects in the liver. Glucose uptake by skeletal muscle
was increased in Sost ™/~ mice during a hyperinsulinemic-euglycemic clamp'® and rosiglitazone has been
shown to increase insulin sensitivity in skeletal muscle. Additional study would be necessary to discern
the contributions of individual tissues to the overall effect on glucose homeostasis observed here. Farrell
et al.”! performed a study similar to ours to examine the interaction between sclerostin and PPARY activa-
tion with rosiglitazone. This study found that sclerostin neutralizing antibodies reduced marrow adipogen-
esis in response to rosiglitazone and that the antibodies reduced visceral fat mass in both control and
rosi-treated animals. However, there was no additive effects nor was there an apparent effect on glucose
homeostasis. It should be noted that this study was performed in chow diet-fed (with or without Rosi) SCID
Beige mice, that lack a normal immune function. When taken together with our study, this may suggest that
the interaction only exists when metabolism homeostasis is compromised as in the high fat diet feeding
used here or that immune function is required for the interactions. In future studies, it will be interesting
to determine if PPARY reverse agonists also synergize with sclerostin loss of function and whether Sost
gene expression and sclerostin serum abundance correlate with the phosphorylation status of PPARy.

In summary, these studies elaborate on the mechanism by which sclerostin expression is linked to meta-
bolism as well as the actions of PPARY in bone and metabolic homeostasis. Further examination of this
interaction may have benefits from the treatment of metabolic disease and lead to the development of stra-
tegies that mitigate bone loss in the face of anti-diabetic/anti-obesity therapies and perhaps allow for the
utilization of lower doses.

Limitations of the study

A potential limitation of this study relates to the use of Cre-mediated recombination in this study. All Cre-
expressing lines present caveats related to tissue-specific expression. In this study we did not observe
recombination of the Pparg flox allele in tissues outside of bone, but not all tissues were surveyed. A sec-
ond limitation relates to the use of genetic elimination of Sost gene expression in mice treated with rosi-
glitazone as opposed to pharmacological inhibition with a neutralizing antibody. These studies were meant
to show a potential interaction between anti-diabetic therapeutics and sclerostin loss of function. As such a
neutralizing antibody approach would have more closely modeled a clinical treatment strategy. Unfortu-
nately, a sclerostin neutralizing antibodies could not be obtained to complete the study.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-Actin

Rabbit anti-Acetyl-CoA Carboxylase

Rabbit anti-Fatty acid Synthase

Total OXPHOS Rodent WB Antibody Cocktail

Rabbit anti-Phospho-Akt — Serd73

Rabbit anti-Akt

Rabbit anti-Non-phospho (Active) B-Catenin

Rabbit anti-B-catenin

Rabbit anti-Phospho-Smad1/5/9

Rabbit anti-Smad1

Rabbit anti-Ucp1

Cell Signaling Tech
Cell Signaling Tech

Cell Signaling Tech

Abcam

Cell Signaling Tech

Cell Signaling Tech

Cell Signaling Tech

Cell Signaling Tech

Cell Signaling Tech

Cell Signaling Tech

Abcam

3700; RRID:AB_2242334
3676;
RRID:AB_2219397
3180;
RRID:AB_2100796
Ab110411;
RRID:AB_2756818
4060:
RRID:AB_2315049
4685;
RRID:AB_2225340
8814;
RRID:AB_11127203
8480;
RRID:AB_11127855
13820;
RRID:AB_2493181
6944,
RRID:AB_10858882
ab10983;
RRID:AB_2241462

Bacterial and virus strains

AAV8-m-SOST Vector Biolabs AAV-272868
AAV8-Cag-GFP Vector Biolabs 7075
Ad-CMV-CRE Vector Biolabs 1045
Ad-GFP Vector Biolabs 1060
Chemicals, peptides, and recombinant proteins

Type | Collagenase Worthington Biochemical Corp 4197
Calcein Sigma C0875
Alizarin Red S Sigma A3882
TRizol ThermoFisher 15596026
Human Insulin Sigma Aldrich 10908
Rosiglitazone Cayman Chemical 71740
a-Minimal Essential Medium Corning 15-012-CV
Fetal Bovine Serum Corning 35-010-CV
Penicillin/streptomycin antibiotic ThermoFisher 15140148
Critical commercial assays

iScript cDNA Synthesis kit BioRad 1708890
iQ Sybr Green Supermix for gPCR BioRad 1708880
Serum Triglyceride Determination Kit Sigma Aldrich TRO100
Free Fatty Acid Quantitation Kit Sigma Aldrich MAK044
Cholesterol Quantitation Kit Sigma Aldrich MAKO043
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Mouse Insulin Elisa ALPCO 80-INSMS-EO1
Mouse/Rat Sost Quantikine Elisa R&D Systems MSST00
Experimental models: Cell lines

Ocy454 osteocyte-like cells Dr. Divieti-Pajevic, Boston University N/A

Primary calvarial osteoblasts This Paper N/A

Experimental models: Organisms/strains

Pparg flox mice; B6.129-Ppargtm2Rev/J

Osteocalcin-Cre+ Mice

Jackson Lab

Laboratory Stocks

IMSR_JAX:004584;
RRID:IMSR_JAX:004584

RRID:MGI:6198741

Sost iCoin mice Aris Economides; Regeneron N/A
Oligonucleotides

See table for oligonucleotide sequences

Software and algorithms

Prism 9 Graphpad N/A
ImageJ https://imagej.nih.gov N/A
NRecon Bruker N/A
CTan Bruker N/A
Bioquant Osteo 21.5 BioQuant N/A
RESOURCE AVAILABILITY

Lead contact

Further information and requests for reagents and resources should be directed to and will be fulfilled by
the lead contact, Ryan Riddle (rriddle@som.umaryland.edu).

Material availability

All materials in this study will be made available on request to the lead contact.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse models - The Institutional Animal Care and Use Committee of The Johns Hopkins University and the
The University of Maryland School of Medicine approved all procedures involving mice. Pparg’®/#°* mice
were obtained from The Jackson Laboratory (Strain #004584, PpargtmzRev/J). Sost O™ mice®*° were pro-
vided by Dr. Aris Economides. To generate osteoblast/osteocyte-specific mutants, mice were crossed with
Osteocalcin-Cre mice.”’ PCR analysis of tail biopsy specimens was used to confirm genotypes. All mice
were maintained on a C57BI/6 background. Mice were house on ventilated racks on a 14 h light/10 h
dark cycle and fed ad libitum with a standard chow diet (Extruded Global Rodent Diet, Harlan Labora-
tories). For the diet-induced obesity studies, male mice were fed a 60% high-fat diet (D12492, Research
Diets) from 4 weeks of age to 16 weeks of age. For rosiglitazone studies, rosiglitazone (100 ppm) was added
to the 60% high fat diet, which results in treatment with 20 mg/kg/day rosiglitazone. Mice were fed the high
fat diet from 4 weeks of age to 8 weeks of age before feeding the rosiglitazone diet for an additional
8 weeks. To raise circulating sclerostin levels, male control and Pparg mutant mice were injected with ad-
eno-associated viral constructs (AAV8) directing the expression of a Sost transgene or green fluorescent
protein (Vector Biolabs) from the liver.”® Mice were injected with 107 plaque-forming units of AAV8 con-
structs in phosphate-buffered saline via the tail vein as previously described.®
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METHOD DETAILS
Cell culture

Calvarial osteoblasts were isolated from 1-3 day old mixed sex mouse neonates sexes by serial digestion
in 1.8 mg/mL collagenase type | (Worthington Biochemical) and cultured in a-minimal essential medium
containing 10% serum. For gene deletion, cell cultures were infected with adenovirus encoding Cre re-
combinase or green fluorescent protein as a control at a multiplicity of infection of 100. To induce oste-
oblastic differentiation, culture medium was supplemented with 10 mM B-glycerol phosphate and
50 pg/mLl ascorbic acid. Osteocyte-like Ocy454 cells (provided by Dr. Divieti-Pajevic, Boston University)
were cultured on type | rat tail collagen (BD Biosciences) coated dishes in a-MEM supplemented with
10% FBS at 33°C. For experiments, Ocy454 cells were seeded at 125,000 cells/cm? into a tissue culture
treated vessel and maintained at 37°C and 5% CO, for a minimum of 24 h before treating with PPARYy
agonists.

Skeletal analysis

Bone architecture was assessed via high resolution micro-tomographic analysis (Skyscan 1275, Bruker)
of the femur of both male and female mice. Scanning was performed in accordance with the recommen-
dations of the American Society for Bone and Mineral Research (ASBMR).>? Femurs were scanned with
an isotropic voxel size of 10 um at 65 keV and 153 pA using a 1.0 mm aluminum filter. Trabecular
bone structure was assessed in the distal femur in a 2 mm region of interest 500 um proximal to the
growth plate. Cortical bone structure was assessed in a 500 pm region of interest centered at the femoral
mid-diaphysis.

For dynamic histomorphometric analyses of bone formation parameters, mice received IP injections
(100 pL) of calcein (10 mg/kg) and alizarin red (30 mg/kg) 10 and 3 days before sacrifice, respectively. Hin-
dlimbs were collected, cleaned of soft tissue, and fixed in ethanol before embedding in methyl-methacry-
late and sectioning. TRAP staining and quantification of marrow adipocytes were performed on sections of
femurs that were decalcified in 14% Ethylenediaminetetraacetic acid for 14 days. All skeletal histological
analyses were performed at standardized sites under the growth plate with BIOQUANT OSTEO 21.5 soft-
ware (BIOQUANT) in accordance with the recommendations of the ASBMR.%"

Metabolic assays

Lean tissue and fat pad were collected at necropsy, weighted, and fixed in 4% paraformaldehyde for his-
tological examination or used for RNA or protein extraction. Indirect calorimetry was conducted in a
Comprehensive Lab Animal Monitoring System (Columbus Instruments). Calorimetry, daily body weight,
and daily food intake data were acquired during a 4-day experimental period. Data from the first 3 days
was used to confirm acclimation to the calorimetry chamber, and the fourth day was used for analyses.
Rates of oxygen consumption (VO,, mL/kg/h) and carbon dioxide production (VCO,) were measured for
each chamber every 20 min throughout the study. Respiratory exchange ratio (RER = VCO, / VO,) was
calculated by Oxymax software (v. 4.90) to estimate relative oxidation of carbohydrate (RER = 1.0) versus
fat (RER approaching 0.7), not accounting for protein oxidation. Energy expenditure was calculated as
EE = VO, x [3.815 + (1.232 x RER)]®' and normalized for subject lean body mass (kcal/kg/hr). Serum tryigly-
cerides, free fatty acids, and cholesterol were measured by colorimetric assays (Sigma). Serum sclerostin
(R&D Systems) and insulin (Alpco) were measured by ELISA. Blood glucose levels were measured using
a Contour hand-held glucometer (Ascensia). All baseline blood glucose or serum measurements were
collected 3 h after the initiation of the light cycle. For glucose tolerance testing, glucose (2 g/kg body
weight or 1 g/kg for high fat diet mice) was injected IP after a 6 h fast. For insulin tolerance testing,
0.4 U/kg body weight or 1 U/kg for high fat diet mice) was injected IP after a 4 h fast.

Tissue morphometry

Tissues, including white and brown fat pads, liver, and pancreas, were fixed overnight in 4% paraformalde-
hyde overnight at 4°C before washing with phosphate buffered saline and further fixation in 70% ethanol.
Tissues were embedded in paraffin, sectioned, and stained with hematoxylin and eosin according to stan-
dard techniques. Adipocyte size and pancreatic islet area were quantified using ImageJ. Immunohisto-
chemical detection of UCP1 (Abcam ab10983, 1:500) was performed using 3,3'-diaminobenzidine (DAB,
Vector laboratories).
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Gene expression studies and western blotting

For RNA isolation, femur, adipose, and liver were added to TRIzol (Invitrogen) and then snap-frozen in liquid
nitrogen and stored at -80°C. For the femur, the proximal end of the femur was removed with scissors and
the marrow was flushed with PBS before adding TRIzol. Cell cultures were washed with phosphate-buffered
saline and then scaped into TRIzol. Tissues were homogenized in TRIzol prior to purification. Samples
collected from adipose tissue were centrifuged for 10 min at 12,000xg to remove excess lipid. Reverse tran-
scriptase reactions were carried out using 1 pg of RNA and the iScript cDNA Synthesis system (Bio-Rad).
Real-time gqPCR was carried out using iQ Sybr Green Supermix (Bio-Rad) using primer sequences obtained
from PrimerBank (http://pga.mgh.harvard.edu/primerbank/index.html). Sequences are available in table.

Reactions were normalized to endogenous 18S reference transcripts. For western blotting, tissue samples
were snap frozen in liquid nitrogen, homogenized in cell lysis buffer, and prepared for western blotting ac-
cording to standard techniques. Details on antibodies can be found in the supplemental information.

qPCR Primers

Gene Forward Primer Reverse Primer

18S CTTAGAGGGACAAGTGGCG ACGCTGAGCCAGTCAGTGTA
Acaca CTCCCGATTCATAATTGGGTCTG TCGACCTTGTTTTACTAGGTGC
Atp5a’ TCTCCATGCCTCTAACACTCG CCAGGTCAACAGACGTGTCAG
Acadl TTTCCTCGGAGCATGACATTTT GCCAGCTTTTTCCCAGACCT
Axin2 TGACTCTCCTTCCAGATCCCA TGCCCACACTAGGCTGACA
Bmp2 GGGACCCGCTGTCTTCTAGT TCAACTCAAATTCGCTGAGGAC
Bmp4 ATTCCTGGTAACCGAATGCTG CCGGTCTCAGGTATCAAACTAGC
Bmp7 CCTGTCCATCTTAGGGTTGCC GGCCTTGTAGGGGTAGGAGA
Bmpr1 TGGCACTGGTATGAAATCAGAC CAAGGTATCCTCTGGTGCTAAAG
Ccl2 TAAAAACCTGGATCGGAACCAAA GCATTAGCTTCAGATTTACGGGT
Ccl3 TGTACCATGACACTCTGCAAC CAACGATGAATTGGCGTGGAA
Ccld TTCCTGCTGTTTCTCTTACACCT CTGTCTGCCTCTTTTGGTCAG
Cd36 ATGGGCTGTGATCGGAACTG TTTGCCACGTCATCTGGGTTT
Cptla TGGCATCATCACTGGTGTGTT GTCTAGGGTCCGATTGATCTTTG
Ctnnb1 ATGGAGCCGGACAGAAAAGC TGGGAGGTGTCAACATCTTCTT
Fabp4 AAGGTGAAGAGCATCATAACCCT TCACGCCTTTCATAACACATTCC
Fasn GGAGGTGGTGATAGCCGGTAT TGGGTAATCCATAGAGCCCAG
b GAAATGCCACCTTTTGACAGTG TGGATGCTCTCATCAGGACAG
16 CTGCAAGAGACTTCCATCCAG AGTGGTATAGACAGGTCTGTTGG
1o CTTACTGACTGGCATGAGGATCA GCAGCTCTAGGAGCATGTGG
Mixipl AGATGGAGAACCGACGTATCA ACTGAGCGTGCTGACAAGTC
Ppara AACATCGAGTGTCGAATATGTGG CCGAATAGTTCGCCGAAAGAA
Pparg GGAAGACCACTCGCATTCCTT GTAATCAGCAACCATTGGGTCA
Ppargcla TATGGAGTGACATAGAGTGTGCT CCACTTCAATCCACCCAGAAAG
Prdm16 CCACCAGCGAGGACTTCAC GGAGGACTCTCGTAGCTCGAA
Opg GTGAAGCAGGAGTGCAAC GCAAACTGTGTTTCGCTC

Osterix ATGGCGTCCTCTCTGCTTG TGAAAGGTCAGCGTATGGCTT
Osteocalcin GAAAA GCCTTCATGTCCAAG AAAGCCGAGCTGCCAGAGTTT
RankL TGTACTTTCGAGCGCAGATG ACATCCAACCATGAGCCTTC
Runx2 CCAAATTTGCCTAACAGAATG GAGGCTGTGGTTTCAAAGCA
Scd1 TTCTTGCGATACACTCTGGTGC CGGGATTGAATGTTCTTGTCGT
Sost AGCCTTCAGGAATGATGCCAC CTTTGGCGTCATAGGGATGGT
Srebf1 TGACCCGGCTATTCCGTGA CTGGGCTGAGCAATACAGTTC
Tnf CAGGCGGTGCCTATGTCTC CGATCACCCCGAAGTTCAGTAG
Ucp1 GTGAACCCGACAACTTCCGAA TGCCAGGCAAGCTGAAACTC
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QUANTIFICATION AND STATISTICAL ANALYSIS

Data were collected in a blinded fashion for all animal studies. Data are represented as mean + standard
deviation. Data were graphed and analyzed using Prism Graphpad 9.0. Statistical analyses were performed
using unpaired, two-tailed Student’s t or ANOVA followed by Tukey's multiple comparison post hoc tests.
A p value less that 0.05 was considered significant. In all figures, * p < 0.05.
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