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In vivo evidence of IGF-l-estrogen crosstalk in mediating the
cortical bone response to mechanical strain

Subburaman Mohan'?3**, Chetan Girijanand Bhat', Jon E Wergedal'? and Chandrasekhar Kesavan'~

Although insulin-like growth factor-I (IGF-I) and estrogen signaling pathways have been shown to be involved
in mediating the bone anabolic response to mechanical loading, it is not known whether these two signaling
pathways crosstalk with each other in producing a skeletal response to mechanical loading. To test this, at

5 weeks of age, partial ovariectomy (pOVX) or a sham operation was performed on heterozygous IGF-I
conditional knockout (HIGF-I KO) and control mice generated using a Cre-loxP approach. At10 weeks of age, a
10 N axial load was applied on the right tibia of these mice for a period of 2 weeks and the left tibia was used as
an internal non-non-loaded control. At the cortical site, partial estrogen loss reduced total volumetric bone
mineral density (BMD) by 5% in control pOVX mice (P=0.05, one-way ANOVA), but not in the H IGF-I KO
pOVX mice. At the trabecular site, bone volume/total volume (BV/TV) was reduced by 5%-6% in both control
pOVX (P<0.05) and H IGF-I KO pOVX (P=0.05) mice. Two weeks of mechanical loading caused a 7%-8% and
an 11%-13% (P<0.05 vs. non-loaded bones) increase in cortical BMD and cortical thickness (Ct.Th), respectively,
in the control sham, control pOVX and H IGF-I KO sham groups. By contrast, the magnitude of cortical BMD
(4%, P=0.13) and Ct.Th (6%, P<0.05) responses were reduced by 50% in the H IGF-I KO pOVX mice compared
to the other three groups. The interaction between genotype and estrogen deficiency on the mechanical
loading-induced cortical bone response was significant (P<0.05) by two-way ANOVA. Two weeks of axial
loading caused similar increases in trabecular BV/TV (13%-17%) and thickness (17%-23%) in all four groups of
mice. In conclusion, partial loss of both estrogen and IGF-I significantly reduced cortical but not the trabecular
bone response to mechanical loading, providing in vivo evidence of the above crosstalk in mediating the bone

response to loading.
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INTRODUCTION

Physical exercise has been used as one of the strategies fo
maintain bone mass and prevent bone loss in humans.
Past studies using different loading models in humans
and animals have demonstrated that loading stimulates
bone formation while unloading decreases bone forma-
tion.'® In terms of how exercise increases bone formation,
studies using in vifro and in vivo models, have identified
involvement of multiple signaling pathways and genes.*™
In addition to these independent pathways, one or more
of these pathways may also crosstalk with each other to
amplify the bone response to loading. However, the issue
of whether these crosstalks significantly confribute to the
bone adaptive response to mechanical strain in vivo has

not been evaluated. In this study, we evaluated if insulin-
like growth factor-l (IGF-l)-estrogen crosstalk contributes
to the bone response to loading.

Our rationale for focusing on the IGF-I and the estrogen
signaling pathway crosstalk is based on the following. By
using a conditional knock out approach, we have deter-
mined that osteoblast-produced IGF-l is very important in
translating the mechanical signalinto anabolic effects on
bone.'? Similarly, reports using estrogen receptor knockout
(KO) mice have demonstrated that the loading induced
bone response is diminished as a result of loss of estrogen
signaling.”™'® In addition, studies using in vitro models
have shown that IGF-I and estrogen may crosstalk to amp-
lify the biological response to mechanical strain. In this
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regard, it has been shown that mechanical strain
increases IGF-l expression in osteoblast cells, which in turn
activates estrogen receptor phosphorylation via Erk1/2
activation.® Furthermore, estrogen treatment induces pro-
liferation via IGF-I, whichin turn, enhances estrogenrecep-
tor mediated transactivation, possibly via Erk1/2, Akt and
Src/Jnk activations.'* "¢ Although data from these in vitro
studies illustrate the importance of IGF-I and estrogen
crosstalk in mediating the biological response, the role of
this crosstalk in relation to the bone response to loading in
vivo has not been evaluated. To test the hypothesis that
IGF-l-estrogen crosstalk is important in determining the
amount of new bone formed in response to mechanical
loading, we chose a modelin which IGF-l and/or estrogen
were partially depleted since the biological effect caused
by partial depletion was minimal when compared to a
total loss of either IGF-I or estrogen alone which comple-
tely abolished the mechanical strain effect on bone
formation.'® Our rationale was that the use of heterozyg-
ous condifional IGF-I KO mice with a single copy of the
IGF-I gene depleted in osteoblasts and partial ovariecto-
mized mice with a deletion of one ovary will provide a
sensitive means to evaluate the interaction between
IGF-I and estrogen signaling pathways in mediating the
biological response to mechanical loading. We, there-
fore, performed sham or partial ovariectomy (pOVX) in
wild-type and heterozygous conditional IGF-I KO mice
and evaluated the mechanical loading response,
5 weeks after pOVX.

MATERIALS AND METHODS

Animals

Breeding pairs of transgenic mice in which Cre recombi-
nase is driven by the entire regulatory region of procollo-
gen, type 1 a2 gene (Colla2-Cre) were bred with
fransgenic mice in which exon 4 of the IGF-l gene is flanked
by the loxP gene (IGF-I°*'®X) to generate Cretloxp™ ™
(heterozygous IGF-I KO mice) and CreTloxp ™/~ (littermate
control) mice as described earlier.'® A schematic repres-
entation of the study design is shown in Figure 1. The
experimental procedures performed in this study were
approved by the IACUC at the Jerry L. Peftis Memorial
Veterans Affairs Medical Center.

Genotyping

At 3 weeks of age, DNA was extracted from tail tissue using
a PUREGENE DNA Purification Kit (Gentra Systems, Inc.,
Minneapolis, MN, USA) and a PCR reaction was performed
to identify mice with Cre recombinase and/or loxP sites as
described earlier.'°

Ovariectomy

To induce estrogen loss, we performed partial OVX or
sham at 5 weeks of age in heterozygous IGF-I conditional
knockout (H IGF-I KO) mice and IGF-I control mice. pOVX
was performed as described earlier.!”

Axial loading

At 10 weeks of age, the anabolic effects of exercise on
both trabecular and cortfical bone in these mice were
evaluated using a tibia axial loading model. The appar-
atus and protocol for dynamically loading the mice has
been adapted from previously published studies.''° At
10 weeks of age, a 10 N axial load was applied to the
corticalsite of fibia of sham or pOVX HIGF-I KO and control
mice, respectively. The right tibia was used forloading and
the left tibia was used as a confralateral non-externally
loaded conftrol. The loading was performed at 3 alternate
days/week for 2 weeks. Mice were anesthetized while
loading using 4% isoflurane and 2 L:-min~' medical oxy-
gen. On day 15, mice were euthanized and the bones
were collected and stored at —80 °C or in 10% formalin
for further study.

Micro-CT

To measure loading induced changes in cortical and fro-
becular site (secondary spongiosa), micro-CT, a high reso-
lution tomography image system (In vivo CT40; Scanco,
Medical AG, BrUttisellen Switzerland) was utilized as
described earlier.'®'® Parameters such as total volume
(TV, mm3), bone volume/total volume (BV/TV, %), cortical
thickness (Ct.Th, mm), apparent density refer to bone min-
eral density (BMD) (mgHA-ccm™'), tfrabecular number
(To.N, mm™'), trabecular thickness (Tb.Th, mm) and tra-
becular separation (Tb.Sp, mm) were evaluated in the
externally loadedright and non-externally loaded left tibia
of sham or pOVX H IGF-I KO and confrol mice.
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Figure 1. A schematic representation of the study design.
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Figure 2. Micro-CT measurement of tibia cortical bone parameters (a) TV, (b) BMD and (c) Ct.Th in H IGF-I KO and control mice with sham or pOVX
groups after 2 weeks of axial loading. Values are the mean+s.e.,, N=5/group, AP<0.05 vs. control sham and control pOVX, BP<0.05 vs. non-loaded
tibias, P=0.08 vs. control sham mice, “P<0.05 vs. H IGF-I KO sham and H IGF-I KO pOVX and PP=0.08 vs. H IGF-I KO pOVX mice.

Statistical analysis

Data were presented as mean=s.e. f-test was used to
compare basal differences in bone parameters between
pOVX and sham group and for bone response to mech-
anical loading between non-loaded and loaded bones.
Two-way ANOVA analyses were used to evaluate the
basal difference and loading response between the
groups.

RESULTS

Skeletal changes induced by partial estrogen loss
Cortical bone. pOVX did not affect cross sectional area at
the mid diaphysis region either in the control mice orin H
IGF-I KO mice when compared fo corresponding sham
groups (Figure 2a). However, total BMD was decreased
by 5% in control pOVX mice when compared to control
sham mice (P=0.08) (Figure 2b). This decrease in BMD
in the confrol pOVX mice, however, did not achieve
statistical significance (P=0.16) by two-way ANOVA. The
HIGF-I1 KO mice with pOVX did not show a decrease in BMD
when compared to HIGF-1KO sham mice (Figure 2b). Two-
way ANOVA analysis revealed no significant difference in
the corfical thickness between the pOVX and sham
groups (Figure 2c).

© 2014 Sichuan University

Trabecular bone. Control pOVX mice (P=0.09) and H IGF-I
KO pOVX mice (P=0.07) showed a 5%—6% decrease in
BV/TV at the secondary spongiosa of the tibial metaphysis
when compared to the corresponding sham groups
(Figure 3a). Two-way ANOVA analysis revealed a signifi-
cant decrease in BV/TV in the pOVX group when com-
pared to the sham group (P=0.02). Trabecular number,
thickness and separation did not show any difference
between the groups (Figure 3b-3d).

Skeletal changes induced by partial IGF-I loss at the
cortfical and trabecular site

The HIGF-I KO sham mice showed a slight increase in BMD
(P=0.05) and Ct.Th (P=0.50) when compared to control
sham at the cortical site (Figure 2). Similarly, the H IGF-I
KO sham mice also showed slight increase in BV/TV
(P=0.10), Tb. N (P=0.53) and Tb. Th (P=0.48) at the tro-
becular site but was not statistically significant (Figure 3)
when compared to control sham mice.

Cortical bone response to mechanical loading

Two weeks of mechanical loading increased total bone
volume (TV) by 7%-10%, BMD by 7%—8% and cortical thick-
ness by 10%-13% in the loaded tibia when compared to
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Figure 3. Micro-CT measurement of tibia trabecular bone parameters (a) BV/TV, (b) trabecular number, (c) trabecular thickness and (d) trabecular
space in H IGF-I1 KO and control mice with sham or pOVX groups after 2 weeks of axial loading. Values are the mean=s.e., N=5/ group, ®P<0.05 vs.
non-loaded tibias, EP<0.05 vs. control sham and FP=0.05 vs. H IGF-I1 KO sham.

non-loaded tibia of confrol sham, H IGF-I KO sham and
control pOVX mice (Figure 2). By conftrast, in the H IGF-I
KO mice with partial estrogen loss, TV increased by 8.8%,
BMD by 4% and cortical thickness by 6% in the loaded tibia
when compared to non-loaded ftibia after 2 weeks of
mechanical loading (Figure 2). The H IGF-I| KO mice with
pOVX showed a reduced percent change in the bone
response (BMD and Ct.Th) fo mechanical loading when
compared to control sham (P=0.02), control pOVX
(P<0.01) and H IGF-I KO sham mice (P<0.01).

Two-way ANOVA analysis revealed that the interaction
between IGF-I and estrogen deficiency on the mech-
anical loading induced cortical bone response (BMD
and Ct.Th) was significant (P=0.02) (Table 1).

Trabecular bone response to mechanical loading

Two weeks of mechanical loading increased BV/TV, fra-
becular thickness and trabecular BMD in the loaded fibia
by 12%-23% when compared to non-loaded tibiain all four
groups of mice but there was no significant difference in

Table 1. Interaction analysis by two-way ANOVA between IGF-I, pOVX
and mechanical loading

Bone response Parameters F Significance
Cortical response vBMD 5.95 0.02
(n=20) Ct.Th 7.63 0.01
v 1.44 0.24
Trabecular response BV/TV 0.63 0.43
(n=20) Th.N 0.013 0.91
Tb.Th 1.19 0.29
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the bone response between the groups in response to
loading (Figure 3).

DISCUSSION

In our study, the control mice and H IGF-I KO mice with
pOVX showed a 5%—6% decrease in tfrabecular BV/TV at
the secondary spongiosa of the tibia metaphysis when
compared to corresponding shams (Figure 3). This finding
is consistent with previous studies that have shown
decreased trabecular bone due to estrogen deficiency.'®
Furthermore, two-way ANOVA analysis (P=0.02) revealed
that the reduced BV/TV at the trabecular site in the pOVX
group is due to partial estrogen loss when compared to
sham mice, validating the proposed model for further
study.

In this study, mice deficient for one copy of the IGF-I allele
showed a slight increase in basal BMD and BV/TV at the
cortical and trabecular site, respectively, when compared
to the conftrol-sham group. Consistent with this data, Bikle et
al.'” have demonstrated that frabecular bone volume was
increased by 23% and 88%, respectively, in male and
female IGF-I KO mice compared to wild-type mice. In con-
frast, other studies have demonsirated decreased fra-
becular bone volume in mice with IGF-I disruption.2%2! It
remains fo be determined whether the differences in tra-
becular bone response to IGF-I gene disruption is due to
genetic background of mice used in different studies.

Previously, we have shown that the cortical bone ana-
bolic response induced by mechanical loading is

© 2014 Sichuan University



impaired in mice deficient for osteoblast derived IGF-|
using a conditional knockout approach.'® Likewise, other
groups have shown that loss of estrogen signaling via dis-
ruption of the estrogen receptor in KO mice resulted in a
reduced loading-induced cortical bone response in
mice.'? Therefore, we anticipated a reduced bone res-
ponse to loading in mice with loss of partial IGF-l and estro-
gen signaling compared to pOVX or H IGF-I KO mice if
there was an active IGF-I and estrogen crosstalk in the
mechanical signaling pathway. Accordingly, 2 weeks of
mechanical loading at the fibia cortical site increased
BMD and cortical thickness by 7%—13% in control sham, H
IGF-1 KO sham and the control pOVX group. By confrast, in
the H IGF-I KO mice with pOVX, both BMD and cortical
thickness were increased only by 4%—6% in response to
loading. Two-way ANOVA analysis (P=0.02) revealed that
the interaction between IGF-I and estrogen deficiency on
the mechanical loading induced cortical bone response
was significant (Table 1). However, in mice with partial loss
of estrogen or IGF-, the bone response to loading was sim-
ilar to that of confrol, thus confirming an estrogen-IGF-|
crosstalk in cortfical bone response to mechanical strain.
In ferms of mechanism, we have shown that the
reduced bone forming osteoblast cell function was the
cause for the impaired bone response to mechanical
loading in the IGF-I cKO mice.'° Similarly, other studies also
have shown that estrogen receptor (ER) primarily affects
osteoblast cell function in mediating the mechanical
effect on bone.?? Therefore based on this we predict that
the IGF-l-estrogen crosstalk mediated mechanical effects
on cortical bone is primarily through osteoblast cell; how-
ever, further study is necessary to validate this prediction.
In addition to corfical bone, we also measured loading
induced changesin frabecular bone, a site more relevant
to osteoporotic manifestation. As shown in Figure 3, inres-
ponse to 2 weeks of axial loading, BV/TV, trabecular thick-
ness and trabecular BMD were increased by 5%—23% in all
four groups of mice (Figure 3). The mechanism by which
axial loading increased new bone formation at the tra-
becular site occurs largely by increasing the thickness of
existing trabeculae rather than by generating new tra-
beculae and this is consistent with our earlier findings.'®
However, there was no significant difference in the fra-
becular bone response between the groups. There are
several potential explanations for the lack of IGF-I and
estrogen crosstalk at trabecular sites which include: (i)
recent studies have shown that mice deficient for ERa or
ERB had no effect on the trabecular bone response to
loading. Therefore, in our study, it is possible that estrogen
loss may not be having any effect on the trabecular bone
response to loading; (ii) the signaling pathway involved in
franslating the mechanical signal into an anabolic effect
on bone at the frabecular site may be different from that
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of corticalssite; (i) we have used only one load dose in our
study. Further studies with other loads as well as different
amounts of IGF-I and estrogen loss are necessary to test if
the trabecular bone response to mechanical loading is
also influenced by estrogen-IGF-| crosstalk.

The limitations of this study are as follows. (i) Recent stud-
ies have shown that ERa is involved in mediating the cor-
fical bone response to loading. While the findings of this
study demonstrate that IGF-l and estrogen act togetherin
amplifying the cortical bone response to loading, it does
not address if this effect is going through ERa or ERB. (i) In
our study, we detected only a small reduction in trabecu-
lar bone volume in response to pOVX. It remains to be
determined if the use of older mice orlonger duration after
pOVX would produce larger effects on trabecular bone
loss. (iii) Studies in male mice are needed to determine if
there is a similar crosstalk between testosterone and IGF-|
in amplifying the mechanical strain effect on bone forma-
fion. (iv) In our study, pOVX was performed at 5 weeks
of age in mice. Since skeletal growth is rapid during
5-10 weeks of age, it remains to be determined if the
observed synergism between IGF-l and estrogen occurin
the adult mice when peak BMD has been achieved. (v) In
our study conditional disruption of IGF-l gene using Colla2
Cre driver would disrupt IGF-I not only in osteoblasts but
also in osteocytes. However, our study cannot determine
the relative conftribution of osteoblast- vs. osteocytes-
derived IGF-I interaction with estrogen in mediating the
mechanical effects on cortical bone.

In conclusion, partial loss of both estrogen and IGF-I sig-
nificantly reduced corfical but not the trabecular bone
response to loading, suggesting that the IGF-l-estrogen
signaling interaction is involved in amplifying the anabolic
effect of mechanical loading on bone formation at the
cortical site. Further studies involving a larger number of
mice are needed o confirm the above conclusion.
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