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Insulin signaling in osteoblasts has been shown recently to contribute to whole-body glucose homeostasis in
animals fed a normal diet; however, it is unknown whether bone contributes to the insulin resistance that devel-
ops in animals challenged by a high-fat diet (HFD). Here, we evaluated the consequences of osteoblast-specific
overexpression of or loss of insulin receptor in HFD-fed mice. We determined that the severity of glucose
intolerance and insulin resistance that mice develop when fed a HFD is in part a consequence of osteoblast-
dependent insulin resistance. Insulin resistance in osteoblasts led to a decrease in circulating levels of the
active form of osteocalcin, thereby decreasing insulin sensitivity in skeletal muscle. Insulin resistance devel-
oped in osteoblasts as the result of increased levels of free saturated fatty acids, which promote insulin recep-
tor ubiquitination and subsequent degradation. Together, these results underscore the involvement of bone,
among other tissues, in the disruption of whole-body glucose homeostasis resulting from a HFD and the
involvement of insulin and osteocalcin cross-talk in glucose intolerance. Furthermore, our data indicate that

insulin resistance develops in bone as the result of lipotoxicity-associated loss of insulin receptors.

Introduction

The regulation of glucose metabolism is a complex physiological
process that relies on the interplay of multiple hormones that
themselves act in many target organs (1-3). Among all the hor-
mones involved in this process, insulin is the one with the broad-
est array of functions. Once released by pancreatic f cells, insulin
favors glucose uptake in white adipose tissue (WAT) and muscle
and suppresses gluconeogenesis in liver (4-6); the end result of all
its actions is to decrease blood glucose levels. To fulfill its func-
tions, insulin must bind first to its cognate receptor, a receptor
tyrosine kinase expressed in hepatocytes, adipocytes, and myo-
blasts, but also many other cell types (7, 8). This latter observation
raised the prospect that insulin signaling in additional target cells
may contribute to whole-body glucose homeostasis.

In support of this hypothesis, we and others have shown that
insulin signals in osteoblasts (9, 10), the bone-forming cells, to
promote whole-body glucose homeostasis in two steps in mice
fed a normal diet. By inhibiting the expression of an inhibitor of
osteoclast differentiation, osteoprotegerin (Opg), insulin signaling
in osteoblasts favors the differentiation of osteoclasts, the bone-
resorbing cells (11). As a result, insulin signaling in osteoblasts
favors the formation of resorption lacunae, and the low pH exist-
ing within these lacunae promotes decarboxylation, i.e., activation
of osteocalcin (9), a bone-derived hormone that favors insulin
secretion in pancreas and insulin sensitivity in liver, muscle, and
WAT through yet unknown pathways (12, 13).

The demonstration that the osteoblast is an insulin target cell
contributing in vivo to the maintenance of whole-body glucose
homeostasis in animals fed a normal diet raises novel questions.
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The first one is to determine the contribution, if any, of insulin
signaling in osteoblasts to the progression of type 2 diabetes. This
can begin to be addressed by asking whether moderately increas-
ing or decreasing insulin signaling in osteoblasts would affect the
severity of the glucose intolerance and insulin resistance induced
by a high-fat diet (HFD) in mice. If this is the case, a second ques-
tion will then be to determine whether bone is a tissue in which
insulin resistance develops in animals fed a HFD and the molecu-
lar bases of such a resistance if it exists.

The present study aimed to address these questions in the
mouse. It shows that increasing or decreasing insulin signaling
in osteoblasts improves or further compromises whole-body glu-
cose homeostasis in mice that had been fed a HFD. It also shows
that bone is a site of insulin resistance, which leads to a decrease
in osteocalcin activity and thereby to a decrease in insulin sensi-
tivity in WAT and muscle. This decrease in insulin signaling in
osteoblasts seen in mice fed a HFD is caused in part by free satu-
rated fatty acids (sFAs) that induce the ubiquitination of the insu-
lin receptor in osteoblasts through a mechanism that is not shared
with other classical insulin-sensitive cell types, such as hepatocytes.

Results
Increasing insulin signaling in osteoblasts weakens glucose intolerance
in mice fed a HFD. The fact that insulin signaling in osteoblasts
is necessary for whole-body glucose homeostasis in animals fed
a normal diet (9, 10) implies that mice harboring an increase in
insulin signaling in osteoblasts may be partly protected from the
deleterious consequences that a long-term HFD has on glucose
tolerance and insulin sensitivity.

To test this hypothesis, we generated mice overexpressing the
human insulin receptor (INSR) in osteoblasts only (Col/l1aI-INSR™
mice) through the use of a fragment of the mouse a1(I) collagen
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Increasing insulin signaling in osteoblasts weakens glucose intolerance in mice fed a HFD. (A) Western blot analysis of INSR in calvaria bones and
RT-PCR analysis of the expression of the Insr transgene in bones, livers, muscles, and WAT of WT and Col7a7-INSR' mice. (B) Body weight and
(C) gonadal fat pad weight in WT and Col7a7-INSR'9 mice fed a normal diet (ND) or HFD (n = 8). (D) Random glucose levels in WT and Col71a1-INSR'9
mice fed a normal diet or HFD (n = 8). (E) Random insulin levels in WT and Col7a7-INSR'9 mice fed a normal diet or HFD (n = 8). (F) GTT and
(G) ITT in WT and Col71a1-INSR™ mice fed a normal diet or HFD (n = 8). (H) Western blot analysis of the phosphorylation levels of INSR and AKT in
muscles of WT and Col7a7-INSR™9 mice fed a normal diet or a HFD. All Western blot experiments were repeated at least 3 times. *P < 0.05.

(Collal) promoter, which is active specifically in osteoblasts (14).
One line of transgenic mice demonstrating a 1.5-fold increase in
the expression of the insulin receptor in bones but not in other
insulin target tissues, such as livers, muscles, and WAT, was
used for further studies (Figure 1A). When fed a normal diet,
Col1al-INSR™ mice did not display any change in body weight or
adiposity, as determined by gonadal fat pad weight (Figure 1, B
and C). Likewise, glucose metabolism was normal in ColI1a1-INSR™
mice fed a normal diet. Specifically, blood glucose levels and cir-
culating insulin levels measured after feeding were indistinguish-
able between transgenic and WT littermates (Figure 1, D and E).
The same was true for glucose tolerance measured by a glucose
tolerance test (GTT) and insulin sensitivity measured by an insulin
tolerance test (ITT) (Figure 1, F and G). Bone formation and bone
resorption were also normal in Collal-INSR™ mice fed a normal
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diet, as were osteocalcin circulating levels (Supplemental Figure 1,
A-C; supplemental material available online with this article;
doi:10.1172/JC172323DS1). These results indicate that a 1.5-fold
increase in expression of the insulin receptor in osteoblasts is not
enough to affect bone remodeling and therefore glucose homeo-
stasis in a measurable manner in mice fed a normal chow. Expres-
sion of Glut1, Glut3, and Glut4, 3 glucose transporter genes, was not
elevated in bones of the Col1a21-INSR' mice fed a normal chow or
a HFD (Supplemental Figure 1D).

We next asked what would be the consequence of this overex-
pression of INSR when mice are fed a HFD. Col1a1-INSR™ and
WT mice were fed from 6 to 14 weeks of age with a diet contain-
ing 58% kcal fat. As anticipated, this HFD resulted in obesity,
hyperglycemia, hyperinsulinemia, glucose intolerance, and insu-
lin insensitivity in WT mice (Figure 1, B-G). Col1a1-INSR™ mice
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Figure 2

Compromising insulin signaling in osteoblasts worsens glucose intolerance in mice fed a HFD. (A) gPCR analysis of the expression of Insr in

bones, livers, muscles, and WAT of Insrf+ and Col1a1-Insr+- mice (n =

6). (B) Body weight and (C) gonadal fat pad weight in Insrf+ and Col1a?-

Insr+- mice fed a normal diet or HFD (n = 8). (D) Random glucose levels in Insrf+ and Col1a1-Insr+- mice fed a normal diet or HFD (n = 8).
(E) Random insulin levels in Insrf+ and Col1a1-Insr+- mice fed a normal diet or HFD (n = 8). (F) GTT and (G) ITT in Insrf/+ and Col1a7-Insr+- mice
fed a normal diet or HFD (n = 8). (H) Western blot analysis of the phosphorylation levels of INSR and AKT in muscles of WT and Col71a7-INSR9
mice fed a normal diet or a HFD. All Western blot experiments were repeated at least 3 times.*P < 0.05.

also demonstrated evidence of obesity and insulin resistance;
however, the weight of their gonadal fat pads was significantly
lower than that of WT mice fed the same diet (Figure 1, B and C).
Likewise, their circulating glucose and insulin levels measured
after feeding were significantly lower than those seen in WT
mice fed a HFD (Figure 1, D and E). As a matter of fact,a GTT
performed in Coll1aI-INSR™ mice fed a HFD revealed that they
were not glucose intolerant (Figure 1F), while an ITT showed
that Col1al-INSR™ mice fed a HFD were significantly more sen-
sitive to insulin than WT mice fed the same diet (Figure 1G).
Consistent with the improved systemic insulin sensitivity, insu-
lin signaling, as revealed by the levels of phosphorylation of AKT
at S473, were restored in muscles but not in livers or WAT of
Col1al-INSR™ mice fed a HFD (Figure 1H and Supplemental Fig-
ure 1E). These results indicate that increasing insulin signaling
in osteoblasts can protect mice from glucose intolerance and
insulin resistance that otherwise develop with a HFD.

The Journal of Clinical Investigation

Compromising insulin signaling in osteoblasts worsens glucose intoler-
ance in mice fed a HFD. In view of the results presented above, we
next asked whether, conversely, a moderate decrease of insulin sig-
naling in osteoblasts would worsen the glucose intolerance and/
or insulin resistance that otherwise develops in mice fed a HFD
(15). For that purpose, we used mice lacking one allele of Insr in
osteoblasts (Collal-Insr”~ mice) (9). The decrease in the Insr expres-
sion in bones of these mice is modest, about 32%, and no change
of the expression of this gene could be detected in other insulin
target tissues, such as livers, muscles, and WAT (Figure 2A). As
was the case in mice overexpressing Insr in osteoblasts, when fed a
normal diet, Collal-Insr”~ mice were indistinguishable from Ins//*
mice in terms of body weight, adiposity, circulating glucose and
insulin levels after feeding, glucose tolerance, and insulin sen-
sitivity (Figure 2, B-G). Bone formation and bone resorption
parameters were normal in Collal-Insr”/~ mice fed a normal diet, as
were circulating osteocalcin levels (Supplemental Figure 2, A-C).
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Expression of Glut1, Glut3, and Glut4, 3 glucose transporter genes,
was not different between Insr”* and Collal-Insr/~ mice regardless
of their diet (Supplemental Figure 2D).

The situation was different, however, in 14-week-old Collal-
Insr”/~ mice fed a HFD for 8 weeks. Indeed, in these conditions,
although Collal-Insr*/~ mice became obese to a similar extent as
Insr”* mice fed the same diet (Figure 2, B and C), they developed
metabolic abnormalities that were significantly more severe than

The Journal of Clinical Investigation
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what was seen in Ins#/* mice fed the same diet. Blood glucose lev-
els and circulating insulin levels after feeding were both higher in
Collal-Insr*~ mice fed a HFD than in Ins#”* mice fed the same diet
(Figure 2, D and E). Glucose tolerance, as measured by a GTT, and
insulin tolerance, as measured by an ITT, were also more severely
impaired in Collal-Insr”~ mice fed a HFD than in Ins#”* mice fed
the same HFD (Figure 2, F and G). Consistent with the more severe
systemic insulin resistance, insulin signaling, as measured by the
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Figure 4

HFD decreases bone resorption in an insulin-dependent manner. (A) gPCR analysis of the expression of Opg, Rankl, Ctsk, and Tcirg1 in bones
of WT mice fed a normal diet or a HFD (n = 4); (B) Insrf/+ and Col1a1-Insr*- mice fed a HFD (n = 7); and (C) WT and Col7a1-INSR? mice fed
a HFD (n = 6). (D) Serum Ctx levels in WT mice fed a normal diet or a HFD (n = 8). (E) Serum Ctx levels in Insrf+ and Col1a1-Insr+- mice fed a
normal diet or a HFD (n = 8). (F) Serum Ctx levels in WT and Col7a7-INSR™¢ mice fed a normal diet or a HFD (n = 8). (G) Histomorphometric
analysis of vertebrae of WT mice fed a normal diet or HFD (n = 8), (H) Col1a7-Insr*- mice fed a normal diet or HFD (n = 8), and (I) Col1a1-INSR'9
mice fed a normal diet or HFD (n = 8). Mineralized bone volume over the total tissue volume (BV/TV), osteoclast surface per bone surface (Oc.S./
BS), and bone formation rate per bone surface (BFR/BS) were measured. (J) Serum PINP levels in WT (n = 6), (K) Col7a1-INSR'9 (n = 6), and
(L) Col1at-Insr+- (n = 6) mice fed a normal diet or a HFD. gPCR analysis of the expression of Ocn, Col1a1, Osterix, and Runx2 in bones of
(M) WT (n = 4), (N) Collat-Insr+- (n = 5), and (O) Col1a1-INSR'9 (n = 5) mice fed a normal diet or a HFD. *P < 0.05.
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phosphorylation of INSR at Tyr 1150/1151 and AKT at S473, was
furcher impaired in muscles but not in livers or WAT of Collal-
Insr*/~ mice fed a HFD (Figure 2H and Supplemental Figure 2E).

Taken together, results gathered through the analyses of
these gain- and loss-of-function models of insulin signaling in
osteoblasts support the notion that the degree of insulin signaling
in osteoblasts is one determinant of the severity of the whole-body
glucose intolerance and insulin resistance that develop upon long-
term feeding with a HFD.

Insulin resistance develops in bone of mice fed a HFD. In order to
understand how modulating insulin signaling in osteoblasts could
affect whole-body glucose homeostasis in animals fed a HFD, we
asked whether bone was a site of insulin resistance. To that end,
we compared insulin signaling in bones, muscles, WAT, and livers
of WT mice fed a HFD from 6 to 14 weeks of age. Before starting
this analysis, we verified that this nutritional manipulation had
resulted in glucose intolerance and insulin resistance, as demon-
strated by measurements of circulating levels of glucose and insu-
lin, GTT, and ITT (Supplemental Figure 3, A-D). Circulating lep-
tin levels were markedly elevated in WT mice fed a HFD, but the
sympathetic tone remained normal, suggesting that this massive
increase in circulating leptin levels did not translate in an increase
in leptin signaling (16, 17) (Supplemental Figure 3E). Therefore,
any change in bone mass observed in WT mice fed a HFD could
not be ascribed to a change in the sympathetic tone. Circulating
adiponectin (ADIPOQ) levels and Adipog expression in WAT were
decreased in WT, Col1a1-INSR’, and Collal-Insr”- mice fed a HFD
compared with what was seen in the animals fed a normal chow
(Supplemental Figure 3, F-K).

Next, we injected a bolus of insulin (0.5 U/kg body weight) intra-
venously for 15 minutes in 14-week-old WT mice fed either a HFD
or a normal diet for 8 weeks. Protein samples from bones, livers,
muscles, and WAT were then extracted and analyzed by Western
blotting. This analysis showed that intracellular signaling events
that were substantially enhanced by insulin signaling in mice fed a
normal diet, such as phosphorylation of AKT at Thr308 and, even
more so, at Ser473 and phosphorylation of GSK3p at Ser9, were
only modestly increased in bones, livers, muscles, and WAT of mice
fed a HFD (Figure 3A). Phosphorylation of the insulin receptor at
Tyr 1150/1151 was also significantly decreased in the livers, mus-
cles, WAT, and bones of mice fed a HFD when compared with the
same tissues originating from mice fed a normal diet (Figure 3A).
Phosphorylation levels of INSR and AKT were also more decreased
in bones of Colla1-Insr*/~ mice fed a HFD than in bones of Ins//*
mice fed the same diet (Figure 3B) and decreased less so in bones
of Col1aI-INSR' mice fed a HFD than in those of WT mice fed the
same diet (Figure 3C).

HED decreases bone resorption in an insulin-dependent manner. How
could disruption of insulin signaling in osteoblasts worsen glucose
intolerance in mice fed a HFD? One molecular event triggered by
insulin signaling in osteoblasts is the inhibition of the expression
of Opg, a decoy receptor for RANKL and an inhibitor of osteoclast
differentiation and bone resorption (9, 11). Thus, we asked whether
Opg expression, bone resorption parameters, and bone mass were
affected in HFD-fed WT, Col1a1-INSR'3, and Collal-Insr*/- mice.

As shown in Figure 4A, Opg expression was increased almost 2-fold
in bones of WT mice fed a HFD compared with those of mice fed a
normal diet, while Rankl expression was unaffected. The same was
true in bones of Collal-Insr”~ mice fed a HFD compared with bones
obtained from Ins#* mice fed the same diet (Figure 4B). Conversely,
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Opg expression was decreased in bones of Coll1aIl-INSR™ mice fed a
HFD compared with what was seen in bones obtained from WT
mice fed the same diet; again Rankl expression was not affected (Fig-
ure 4C). We had shown before that insulin signaling in osteoblasts,
by favoring osteoclast differentiation, also increases the expression
of at least 2 genes in osteoclasts, Ctsk and Teirgl, that can be used as
a readout of insulin signaling in osteoblasts (9, 11). Expression of
these 2 genes was decreased in bones of WT or Collal-Insr”~ mice fed
a HFD compared with what was seen in bones of control littermates
fed a HFD and increased in bones of Col1a1-INSR™ mice fed a HFD
compared with WT littermates fed the same HFD (Figure 4, A-C).
Consistent with these molecular abnormalities, serum levels of car-
boxyterminal collagen crosslinks (Ctx), the proteolytic fragments
of type 1 collagen that are formed during bone resorption (18, 19),
were decreased in WT and Collal-Insr”/~ mice fed a HFD compared
with what was seen in WT mice fed a normal diet or in Ins?”/* mice
fed the same HFD (Figure 4, D and E). Conversely, circulating levels
of Ctx were less decreased in Coll1a1-INSR'é mice fed a HFD than in
WT mice fed the same diet (Figure 4F).

Bone formation was also affected by HFD, since bone formation
rate, serum levels of PINP, a biomarker of bone formation, and
Collal expression were all decreased in WT, Collal-INSR™, and
Collal-Insr”~ mice fed a HFD compared with what was observed
when these mice were fed a normal diet (Figure 4, G-L). However,
Ocn expression was not affected by a HFD in any of the mutant
mouse strains tested (Figure 4, M-O). A consequence of these
molecular and biochemical abnormalities is that WT and Collal-
Insr*/~ mice fed a HFD developed a high bone mass phenotype,
mainly due to a decrease in the number of osteoclasts (Figure 4,
G and H). Conversely, mice overexpressing INSR in osteoblasts
did not develop a high bone mass and maintained a normal num-
ber of osteoclasts when fed a HFD (Figure 4I). Of note, microto-
mography analysis showed that the increase of bone mass in WT
mice fed a HFD was also seen in the trabecular region of proximal
femurs but not in the cortical bones (Supplemental Figure 4, A-C).
Taken together, these molecular, biochemical, and histological
analyses reveal that HFD, by compromising insulin signaling in
osteoblasts, inhibits both arms of bone remodeling.

Insulin resistance in bone affects whole-body glucose homeostasis in mice
fed a HFD by decreasing osteocalcin activity. Even though osteocalcin
expression was not affected in any of the mouse models presented,
the decrease in bone resorption caused by insulin resistance implied
that decreasing insulin signaling in osteoblasts would worsen glu-
cose intolerance by decreasing activation of osteocalcin, a hormone
whose activity is determined by bone resorption (9, 10). Indeed, there
was a decrease in the circulating levels of the active form of osteo-
calcin (Glu13-Ocn) (9) in WT mice fed a HFD compared with what
was seen in WT mice fed a normal diet (Figure SA). The same was
true in Collal-Insr”~ mice fed a HFD compared with that in Ins#/*
mice fed a HFD (Figure 5B). On the other hand, circulating levels
of Glu13-Ocn were increased in Col1aI-INSR™ mice fed a HFD com-
pared with those of WT mice fed the same diet (Figure 5C).

If disruption of insulin signaling in osteoblasts in mice fed a HFD
contributes to whole-body glucose intolerance and insulin resis-
tance because it hampers osteocalcin activation, then correcting this
latter abnormality should improve glucose metabolism in Collal-
Insr”~ mice fed a HFD. This contention was tested by daily injections
of recombinant uncarboxylated osteocalcin (30 ng/g body weight)
that normalized the circulating levels of Glu13-Ocn in Collal-Insr/~
mice fed a HFD (Figure SD). This manipulation also had a bene-
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Insulin resistance in bone affects whole-body glucose homeostasis in mice fed a HFD by decreasing osteocalcin activity. (A) Serum osteocalcin lev-
els in WT mice fed a normal diet or a HFD (n = 8). (B) Serum osteocalcin levels in Insrf+ and Col1a1-Insr+- mice fed a normal diet or a HFD (n = 8).
(C) Serum osteocalcin levels in WT and Col7a7-INSR'? mice fed a normal diet or a HFD (n = 8). (D) Serum osteocalcin levels in vehicle-treated
Insr* and Col1a1-Insr+- mice and osteocalcin-treated Col7a7-Insr+- mice fed a HFD for 8 weeks (n = 8). (E) GTT and (F) ITT of vehicle-treated
Insrf"+ and Col1a1-Insr+- mice and OCN-treated Col7a7-Insr+- mice fed a HFD (n = 8). (G) Serum osteocalcin levels in WT and Ocn*- mice fed
a normal diet or a HFD (n = 8). (H) Random glucose and (l) insulin levels in WT and Ocn*- mice fed a normal diet or a HFD (n = 8). (J) GTT and
(K) ITT of WT and Ocn*- mice fed a normal diet or a HFD (n = 8). *P < 0.05.



research article

Table 1
Serum FFA profile of WT mice fed a ND or a HFD

ND HFD
Total FFAs (M) 3,223.39+398.46  4,656.88 + 298.11A
Laurate, C12 (uM) 1.09 + 0.34 361.03 + 131.794
Myristate, C14 (M) 26.71+5.35 462.25 + 86.464
Palmitate, C16 (uM) 889.36+86.21  1,226.51 +61.114

Stearate, C18 (uM) 495.87 + 43.80 1,048.98 + 98.864

FFA, free fatty acids; ND, normal diet. n = 5, AP < 0.05.

ficial influence on glucose metabolism in these mice, since their
glucose tolerance and insulin sensitivity were improved to the levels
seen in Ins”* mice fed the same HFD (Figure S, E and F).

A second implication of the results presented above is that
decreasing, even moderately, osteocalcin synthesis should worsen
glucose intolerance and insulin insensitivity in mice fed a HFD.
Ocn*/~ mice showed a modest, only 30%, decrease in the circulating
levels of total osteocalcin and a nonsignificant decrease in the cir-
culating levels of Glu13-Ocn when fed a normal diet (Figure 5G).
These mice had a normal glucose homeostasis when fed a normal
diet (Figure 5, H-K), probably because the decrease in osteocalcin
circulating levels is too modest. However, when they had been fed
a HFD for 8 weeks, Ocn*/~ mice developed a more severe glucose
intolerance and insulin insensitivity than that of WT mice fed the
same diet, as determined by their circulating levels of glucose and
insulin, GTT, and ITT (Figure 5, H-K). There was also a significant
decrease in the circulating levels of Glu13-Ocn in Ocn”~ mice fed a
HFD compared with what was detected in WT mice fed the same
HFD (Figure 5G). These experiments support the notion that
insulin resistance in bone contributes to the deleterious conse-
quences of along-term HFD on whole-body glucose homeostasis,
in part because it decreases the activity of osteocalcin.

SMURFI1-mediated insulin receptor ubiquitination contributes to the
development of insulin resistance in osteoblasts. What are the molecular
bases of the insulin resistance that develops in bones of mice fed
a HFD? Since a frequently advanced cause for insulin resistance
in other insulin target cells is lipotoxicity caused by intracellular
accumulation of excessive levels of free sFAs and their metabolized
intermediates (20, 21), we asked whether this mechanism was also
at play in bone and in osteoblasts.

Circulating levels of total free fatty acids, and in particular of
several free sFAs, such as laurate (C12), myristate (C14), and stea-
rate (C18), were significantly increased in WT mice fed a HFD
(Table 1) Remarkably, the same was true for their bone contents
(Table 2). Accordingly, the content in bones of total diacylglycer-
ols (DAGs), a group of lipid intermediate metabolites thought to
account for lipotoxicity and insulin resistance in other insulin tar-
get cells (22), was significantly elevated (Figure 6A). Moreover, as
shown in Figure 6B, treatment of osteoblasts with sFAs markedly
blunted the ability of insulin to phosphorylate INSR and AKT in
mouse osteoblasts. Among all the sFAs tested, stearate, a long-
chain sFA, was of particular interest, because it also decreased the
accumulation of INSR, as seen in bones of mice fed a HFD (Figure
3A and Figure 6B). Stearate decreased the accumulation of INSR
in osteoblasts at a concentration as low as 100 uM and at as early
as 24 hours at a concentration of 200 uM (Figure 6, C and D). Stea-
rate treatment of WT osteoblasts in culture decreased Collal and
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Atf4 (23) expression in these cells as well as their ability to form
mineralization nodules (Figure 6, E and F).

Expression of Insr was not decreased in bones of mice fed a HFD
or in osteoblasts treated with stearic acid (Figure 6, G and H),
while the accumulation of the protein was decreased, indicating
that these free sFAs affect mainly the stability of INSR. Consis-
tent with this hypothesis, ubiquitination of the insulin receptor
was increased in stearate-treated osteoblasts (Figure 6I). Treat-
ment with bortezomib, a proteasome inhibitor that specifically
binds the catalytic site of the 26S proteasome and thereby inhib-
its protein degradation, restored the accumulation of INSR in
stearate-treated osteoblasts to the levels seen in vehicle-treated
osteoblasts and also partially restored the insulin signaling in stea-
rate-treated osteoblasts (Figure 6, I and J).

To explain how INSR could be ubiquitinated, we examined the
expression of multiple genes encoding E3 ubiquitin ligases in
osteoblasts that had been treated with sFAs and in bones of mice
fed a HFD. This assay revealed that the expression of 3 E3 ubig-
uitin ligases, Smurfl, Smurf2, and Btrc, was significantly increased in
osteoblasts treated with either palmitate or stearate (Figure 7A) and
in bones of mice fed a HFD (Figure 7B). Of note, Smurfl expression
was not increased in muscles, livers, and WAT of mice fed a HFD
(Figure 7C). Since INSR protein levels were also decreased in livers
and muscles of mice fed a HFD diet (Figure 3A), we also examined
the ubiquitination levels of INSR in these 2 tissues and observed
that muscle but not liver showed an increase in ubiquitination
levels of INSR (Figure 7D). This is consistent with recent findings
showing that E3 ubiquitin ligase MGS3 targets INSR for ubiquitin-
dependent degradation in skeletal muscle of mice fed a HFD (24).

To determine whether any of these ubiquitin ligases promote deg-
radation of INSR, we coexpressed each of them individually with Insr
in COS cells. A Western blot analysis indicated that only SMURF1
could decrease the accumulation of INSR (Figure 7E). This involve-
ment of SMURF1 in INSR degradation was blocked when the ubiq-
uitin ligase activity of SMURF1 was inhibited by mutagenesis (Smurf1
C699A, Figure 7E) or when cells were treated with proteasome inhib-
itors (Figure 7F). Moreover, coimmunoprecipitation experiments
revealed that SMURF1 interacted with INSR and mediated its ubiq-
uitination in COS cells and in osteoblasts (Figure 7, G and H). To
further support the notion that SMURF1 may lead to ubiquitination
of INSR in osteoblasts, we asked whether modulation of Smurfl in
this cell type would normalize INSR accumulation in osteoblasts and
rescue, at least partially, the insulin resistance caused by stearate. We
treated Smurfl~~ osteoblasts with stearate and observed that remov-
ing Smurfl in osteoblasts normalized the accumulation of INSR and
partially recovered the phosphorylation levels of INSR and AKT (Fig-
ure 7I). Taken together, these results suggest that by activating the
SMURF1 pathway, sFAs inhibit insulin signaling in osteoblasts.

Table 2
FFA content in bones of WT mice fed a ND or a HFD

ND HFD
Total FFAs (nmol/mg protein) 680.58 + 16.89  815.85 + 21.07A
Laurate, C12 (nmol/mg protein) 0.73+0.25 54.67 £ 12.17A
Myristate, C14 (nmol/mg protein)  8.52 £ 0.70 75.68 £ 11.98A

Palmitate, C16 (nmol/mg protein) 138.25 + 8.14
Stearate, C18 (nmol/mg protein) ~ 51.00 + 4.95

138.04 +9.48
72.98 +7.53*

n=5,AP <0.05.
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Figure 6

Lipotoxicity caused insulin resistance in osteoblasts. (A) DAG content in bones of WT mice fed a normal diet or a HFD (n = 5). (B) Western blot
analysis of the phosphorylation levels of INSR and AKT in primary osteoblasts treated with 200 uM sFAs or vehicle for 48 hours. < denotes a
nonspecific band detected by the phospho-insulin receptor  (Tyr1150/1151) antibody (no. 3024, Cell Signaling Inc.). (C) Western blot analysis
of levels of total INSR in primary osteoblasts treated with 200 uM stearate for 0 to 48 hours. (D) Western blot analysis of levels of total INSR in
primary osteoblasts treated with 0 to 800 uM stearate for 48 hours. (E) gPCR analysis of the expression of osteoblast marker genes in primary
osteoblasts treated with 200 uM stearate for 24 hours (n = 6). (F) Mineralization nodules in primary osteoblasts treated with 200 uM stearate for
6 days (n = 6). (G) qPCR analysis of the expression of Insr in bones of WT mice fed a normal diet or a HFD (n = 7). (H) gPCR analysis of the
expression of Insr in primary osteoblasts treated with 200 uM sFAs or vehicle (n = 6). (I) Western blot analysis of levels of total and ubiquitinated
forms of INSR in primary osteoblasts treated with 200 uM stearate or vehicle and/or 25 nM bortezomib. (J) Western blot analysis of insulin signal-
ing in osteoblasts treated with 200 uM stearate or vehicle and/or 25 nM bortezomib. All Western blot experiments were repeated 3 times. *P < 0.05.

Discussion

This study provides genetic evidence that, in the mouse, bone is
a site of insulin resistance and that this event contributes to the
severity of glucose intolerance and insulin resistance in the entire
organism in animals fed a HFD. It also provides one molecular

mechanism that appears to be specific to osteoblasts to explain
how insulin resistance in bone affects whole-body glucose homeo-
stasis (Figure 8). This insulin resistance in bone might contribute
to whole-body insulin resistance in patients with type 2 diabetes.
We should emphasize here that our results do not imply that bone
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Figure 7

SMURF1-mediated insulin receptor ubiquitination contributes to the development of insulin resistance in osteoblasts. (A) gPCR analysis of the
expression of E3 ubiquitin ligases genes in primary osteoblasts treated with 200 uM sFAs or vehicle (n = 6). (B and C) gPCR analysis of the
expression of Smurf1, Smurf2, and Btrc in (B) bones (n = 7) and (C) livers, muscles, and WAT of WT mice fed a normal diet or a HFD (n = 8).
(D) Western blot analysis of levels of total and ubiquitinated forms of INSR in livers and muscles of mice fed a HFD. (E) Western blot analysis of the
accumulation of INSR in COS cells cotransfected with Smurf WT, Smurf1 C699A, Smurf2 WT, Smurf2 C716A, or Btrc. (F) Western blot analysis
of the accumulation of INSR in COS cells cotransfected with Insr and Smurf1 and treated with vehicle, lactacystin (50 uM), MG115 (25 uM), or
bortezomib (25 nM) for 8 hours. (G) Western blot analysis of the interaction between SMURF1 and INSR following coimmunoprecipitation and
SMURF1-dependent ubiquitination of INSR in COS cells. (H) Western blot analysis of the interaction between endogenous SMURF1 and INSR
following coimmunoprecipitation in osteoblasts. (I) Western blot analysis of insulin signaling in WT and Smurf1-- osteoblasts treated with 200 uM
stearate or vehicle and/or 10 nM insulin. All Western blot experiments were repeated 3 times. *P < 0.05.

is more important than any classical insulin target tissues in the normal diet (9, 10) raised immediately the question of whether the
regulation of whole-body glucose homeostasis. degree of insulin signaling in osteoblasts affects glucose homeo-

The recent realization that the osteoblast is a novel insulin target  stasis in HFD feeding conditions. To address this question, we
cell needed for whole-body glucose metabolism in animals fed a  relied on the use of mice with mildly elevated or decreased insulin
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signaling in osteoblasts. None of the mouse models we used in this
study display any glucose metabolism disturbance when fed a nor-
mal diet; yet even a mild increase or decrease of insulin signaling
in osteoblasts resulted in protection or worsening, respectively, of
glucose intolerance and insulin resistance in animals fed a HFD.
These results indicate that in vivo insulin signaling in osteoblasts
is a contributor to the maintenance of whole-body glucose homeo-
stasis in challenging nutritional situations. Unfortunately, we do
not know at the present time how osteocalcin increases insulin
sensitivity. Consistent with these observations, a molecular analy-
sis of insulin signaling in osteoblasts revealed that this pathway is
hampered in bones of mice fed a HFD.

Our investigation shows that insulin resistance in bone causes
a decrease in the circulating levels of the bone-derived hormone
osteocalcin, which itself is needed for optimal insulin sensitiv-
ity in muscle and WAT (9, 12, 13, 25). We also noticed that the
improvement of insulin sensitivity in CollaI-INSR™ mice was of a
lesser amplitude than what we observed for glucose tolerance. This
observation is consistent with our previous work showing that a
higher amount of osteocalcin is needed to affect insulin signaling
in adipocytes than that needed to affect insulin secretion (12).

Although this may not be the only mechanism accounting for
it, this insulin-dependent regulation of osteocalcin activity points
toward a vicious circle that takes place in bones of animals chal-
lenged by HFD. Along with the recent demonstration that disrupt-
ing osteocalcin signaling in humans leads to glucose intolerance
(26), these results add further credence, but in a pathological situa-
tion, to the notion that bone is a contributing tissue to the control
of glucose homeostasis in mammals. However, results presented in
this study do not exclude the possibility that, besides osteocalcin,
other mechanisms also contribute to the development of insulin
resistance in mice fed a HFD.

The analysis of the molecular bases of how insulin resistance
develops in osteoblasts points toward some commonalities
between this cell type and other insulin target cells. Indeed, our
analysis showed that lipotoxicity develops in bones of mice fed
a HFD and identified stearate as the main free sFA responsible
for this lipotoxicity. We also noticed that, besides acting on the
accumulation of INSR, sFAs blocked signaling transduction
of the insulin action in osteoblasts, since medium-chain fatty
acids, such as laurate and myristate, decreased phosphoryla-
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tion levels of INSR and AKT without affecting the protein
levels of the INSR.

However, this analysis also revealed differences between
how insulin resistance develops in osteoblasts and other cell
types. For instance, what appears to be different between
osteoblasts and myoblasts is that insulin resistance devel-
ops in the former cell type because of a SMURF1-medi-
ated ubiquitination of INSR. Previous studies of other
cell types, such as hepatocytes, myoblasts, adipocytes, and
lymphocytes, in diabetic conditions involving hyperinsu-
linemia had detected markedly reduced levels of the insulin
receptor, which were considered to be a late event of insu-
lin resistance and caused by desensitization of the INSR in
face of abnormally high insulin levels (27-33). However,
in osteoblasts, the degradation of the insulin receptor is
induced directly by sFAs through their ability to upregu-
late Smurfl expression and is one of the primary causes of
the insulin resistance in these cells. This finding that points
toward a novel molecular mechanism in the pathogenesis
of insulin resistance does not exclude that other E3 ubiquitin
ligases may also be involved in this process.

It has been established through studies in other insulin target
cells that high levels of intracellular DAGs activate several serine
kinases (22), such as c-Jun amino-terminal kinase (JNKs) (34), pro-
tein kinase C (PKCs) (35, 36), and IkB kinase 3 (IKKf) (37, 38),
which phosphorylate inhibitory serine residues of the insulin
receptor and/or insulin receptor substrates (39-42) and thereby
block insulin action. Although, we observed an increase in the
level of phospho-IRS1 at Ser307 (Supplemental Figure SA), in our
hands, an osteoblast-specific deletion of JnkI did not affect insulin
signaling in osteoblasts (data not shown). These negative results
add indirectly more weight to the notion that SMURF1-mediated
ubiquitination of the INSR in osteoblasts is an important mecha-
nism to explain how insulin resistance develops in bone.

Methods

Mice generation. Collal-Insr*/~ mice were generated by intercrossing the
progeny of crosses between Ins#//! mice (9) and Coll1a1-Cre transgenic mice
(14). Mice overexpressing INSR in osteoblasts only (Col/I1a1-INSR™ mice)
were generated by pronuclear injection of a construct fusing the human
INSR cDNA (isoform B) downstream of the osteoblast-specific fragment
of the mouse Collal promoter (14). Collal-Insr”~ and Collal-INSR® mice
had been backcrossed 4 or 2 times with C57BL/6 mice, respectively. Gen-
eration of Ocn*/~ mice was previously reported (43); mice were backcrossed
at least 4 times with 129Sv mice. SmurfI~/~ mice were obtained as gift from
Jeff Wrana (Lunenfeld-Tanenbaum Research Institute, Toronto, Ontario,
Canada) (44). Control littermates were used in all experiments.

Metabolic studies and serum biochemistry. Male mice were fed a HFD (58%
kcal fat with sucrose, D12331, Research Diets Inc.) for up to 12 weeks,
starting at 6 weeks of age, and metabolic analyses were performed after
8 weeks of HFD. Control mice were fed a regular diet (13.2% fat, no. 5053,
PicoLab Rodent Diet 20). Measurement of random glucose levels, GTTs,
and ITTs were performed, as described previously (13). ELISAs were used
to measure mouse insulin (Mercodia), mouse Ctx (RatLaps, IDS), and total
and undercarboxylated forms of mouse osteocalcin (45). Both insulin and
osteocalcin were measured at random fed state, and Ctx was measured
after overnight fasting in all mice analyzed.

Recombinant osteocalcin purification and daily injections. Mouse uncarboxy-
lated recombinant osteocalcin was purified as previously described (12).
Recombinant osteocalcin was prepared in saline solution (0.9% NaCl) at
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a concentration of 3 ng/ul, and mice were injected i.p. with 10 ul/g body
weight of this solution or with saline solution (vehicle). Mice were fed a
HFD (58% kcal fat with sucrose, D12331, Research Diets Inc.), starting at
6 weeks of age, and daily injections of osteocalcin or vehicle were initiated
at the same time for 8 to 12 weeks.

Cell culture and fatty acids treatment. Primary mouse calvaria osteoblasts
were isolated and cultured, as described previously (46). In brief,
osteoblasts from calvaria of P2-5 pups were isolated by sequential diges-
tion of 15, 30, and 45 minutes in 1x HHBS containing 1 mg/ml collage-
nase and 0.05% trypsin and were cultured in aMEM/10% FBS for 2 days.
Thereafter, osteoblast differentiation was induced in aMEM/10% FBS
medium supplemented with S mM B-glycerophosphate and 100 ug/ml
ascorbic acid and replaced every 2 days for 7 to 14 days. COS cells were cul-
tured in DMEM/10% FBS. sFAs purchased from Sigma-Aldrich (EC10A-
1KT) were first dissolved in ethanol at concentration of 200 mM and then
1:20 diluted and coupled to 10% fatty acid free BSA (Sigma-Aldrich) at
65°C for 15 minutes. Fatty acids were added into cell culture medium ata
200 uM concentration for 2 days to induce lipotoxicity and insulin resis-
tance. For examining insulin signaling, cells were fasted in medium with
0.5% FBS overnight, and protein samples were collected immediately fol-
lowing a 15-minute treatment with 10 nM insulin (Humulin, Eli Lilly).

Plasmids and DNA transfection experiments. CMV-INSR was obtained as a
gift from Domenico Accili (Department of Medicine, Columbia University).
Flag-SMURF1 WT, Flag-SMURF1 C699A, Flag-SMURF2 WT, Flag-SMURF2
C716A (47), Myc-SMURF1 (48), and Myc-Btrc (49) were purchased from
addgene.org. Flag-INSR was constructed by inserting a full-length cDNA
fragment of mouse Insr into CMV14 expression plasmid (Sigma-Aldrich).
Plasmid transfection experiments were performed in COS cells using Lipo-
fectamin 2000 according to manufacturer’s protocol (Invitrogen).

Ubiquitination assay of the INSR. Sixteen hours following plasmid trans-
fection or sFA treatment, bortezomib was added into culture medium at
a final concentration of 25 nM. Eight hours later, protein samples were
extracted using 1x cell lysis buffer prepared according to the manufactur-
er’s recipe (Cell Signaling Technology Inc.), and about 250 to 500 ug pro-
teins were used for the following immunoprecipitation assay according
to a standard protocol (Cell Signaling Technology Inc.). Ubiquitination
of INSR was assessed by immunoprecipitation of INSR using anti-FLAG
(1:1,000, Sigma-Aldrich) or anti-INSR antibodies (1:50, Cell Signaling
Technology Inc.), followed by immunoblotting using anti-UBIQUITIN
antibody (1:1,000, Cell Signaling Technology Inc.).

RNA extraction and qPCR analysis. For quantifying gene expression, RNA
samples were purified using TRIZOL reagent (Invitrogen). Two micro-
grams total RNA was converted into cDNA using M-MLV reverse tran-
scriptase (Invitrogen). qPCR analyses were performed using the CFX Con-
nect Real-Time PCR System (Bio-Rad). Relative expression levels of each
gene were normalized to the levels of 18S ribosomal RNA or f-actin.

Assessment of insulin signaling in vivo and Western blot analysis. For exam-
ining insulin signaling in insulin target tissues in vivo, mice were first
anesthetized with 2% inhaled isoflurane and then insulin solution was
infused through inferior vena cava at a dose of 0.5 U/kg body weight. Tis-
sue samples, including bones (calvaria, femurs, and tibias), livers, muscles
(quadriceps), and WAT (gonadal fat), were then collected immediately
after 15 minutes of insulin infusion and subjected to protein extraction
and Western blot analysis. Protein samples were extracted using 1x cell
lysis buffer (Cell Signaling Technology Inc.). Western blot analyses were
carried out using standard protocol. All antibodies were obtained from
Cell Signaling Technology Inc., with the exception of anti-FLAG and anti-
B-actin (Sigma-Aldrich) and anti-SMURF1 (Santa Cruz Biotech Inc.). All
Western blot experiments were repeated at least 3 times, with different sets
of samples, throughout this study. Quantification of Western blots was
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performed using Image]. Protein levels were quantified and normalized
to B-actin or GADPH levels. Relative protein levels were calculated with
respect to control samples.

Bone histology and bistomorphometry. Bone histology and histomorphom-
etry were performed at the site of L3 and L4 vertebrae, as described previ-
ously (50, 51). Histomorphometric analysis was performed using Image]
and the Osteomeasure System (OsteoMetrics). Mineralized bone volume
over the total tissue volume, osteoclast surface per bone surface, and bone
formation rate per bone surface were measured.

WCT analysis. Trabecular and cortical bone architecture of proximal
femurs was assessed using a uCT system (VivaCT 40; SCANCO Medical
AG). Trabecular bone volume, cortical bone volume, and midshaft thick-
ness were analyzed using the standard software provided by the manufac-
turer of the uCT scanner.

Measurement of serum free fatty acids by LC/MS. Serum and bone lipid sam-
ples were extracted with a chloroform/methanol extraction, as described
previously (52). Levels of extracted lipids were measured on a Waters Xevo
TQ MS ACQUITY UPLC system (Waters). Different lipid species were iden-
tified by comparing the retention times of experimental compounds with
those of authentic standards. Concentrations of free fatty acids were quan-
titated by comparing integrated peak areas for those of each species against
those of known amounts of purified standards. Total free fatty acid levels
reflect the sum of all measured species.

Measurement of DAG content in bone. For analysis of lipids, calvaria bone
was snap frozen in liquid nitrogen and mechanically crushed. Following
this, crushed bone was further homogenized in 20 mM Tris buffer con-
taining protease inhibitors with an auto homogenizer. Samples were cen-
trifuged at 300 g for 5 minutes to remove debris, and supernatants were
transferred to fresh microtubes. Aliquots of homogenate were removed for
estimation of protein concentration by the Bradford assay, and separate
aliquots (2-300 ul containing a range of 0.45 to 0.8 mg protein) were ana-
lyzed for DAG levels by tandem LC/MS mass spectrometry at the Medical
University of South Carolina Lipidomics Core, as described previously (53).
Lipid levels measured (pmol) were normalized to cellular protein, and total
lipid levels reflect the sum of all measured species.

Statistics. All data are presented as mean + SD. Statistical analyses
were performed using unpaired, 2-tailed Student’s ¢ test for compari-
son between 2 groups, 1-way ANOVA test for Figure 5, D-F, and 2-way
ANOVA test for experiments involving 2 genotypes and 2 diets. For all
experiments, P values less than or equal to 0.05 compared to control
were considered significant.

Study approval. All experiments involving mice were performed in
compliance with federal laws and institutional guidelines and approved
by the IACUC of Columbia University Animal Care Facility (protocol
no. AC-AAAD1282).
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