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Bone-specific insulin resistance disrupts
whole-body glucose homeostasis via
decreased osteocalcin activation
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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 p 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 saru-
rated fatty acids (sFAs) that induce the ubiquitination of the insu-
lin recepror 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 recepror (INSR) in osteoblasts only (Collal-INSR'
mice) through the use of a fragment of the mouse a1(I) collagen
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