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This study evaluated the effects of deficient IGF-I expression in osteocytes on fracture healing. Transgenic mice
with conditional knockout (cKO) of Igf1 in osteocytes were generated by crossing Dmp1-Cre mice with Igf1
flox mice. Fractures were created on the mid-shaft of tibia of 12-week-old male cKO mice and wild-type (WT)
littermates by three-point bending. At 21 and 28 days post-fracture healing, the increases in cortical bonemineral
density, mineral content, bone area, and thickness, as well as sub-cortical bone mineral content at the fracture
site were each greater in cKO calluses than in WT calluses. There were 85% decrease in the cartilage area and
N2-fold increase in the number of osteoclasts in cKO calluses at 14 days post-fracture, suggesting a more rapid
remodeling of endochondral bone. The upregulation of mRNA levels of osteoblast marker genes (cbfa1, alp,
Opn, and Ocn) was greater in cKO calluses than in WT calluses. μ-CT analysis suggested an accelerated bony
union of the fracture gap in cKO mice. The Sost mRNA level was reduced by 50% and the Bmp2 mRNA level
was increased 3-fold in cKO fractures at 14 days post-fracture, but the levels of these twomRNAs inWT fractures
were unchanged, suggesting that the accelerated fracture repairmay in part act through theWnt and/or BMP sig-
naling. In conclusion, conditional deletion of Igf1 in osteocytes not only did not impair, but unexpectedly en-
hanced, bony union of the fracture gap. The accelerated bony union was due in part to upregulation of the
Wnt and BMP2 signaling in response to deficient osteocyte-derived IGF-I expression, which in turn favors
intramembranous over endochondral bone repair.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Bone has an amazing ability to regenerate itself without a scar after
injuries, such as fractures. The repair of long bone fractures is mediated
by endochondral bone repair, which is divided into four major overlap-
ping stages: 1) the initial inflammatory response, 2) the formation of
soft callus, 3) the formation of hard callus, and 4) the bone remodeling
and bony union of the fracture gap [1]. The remodeling phase involves
resorption of cartilage and conversion of the cancellous callus bone
into cortical bone that is indistinguishable from native bone. This
phase also includes neovascularization to re-establish blood flow to
the fracture site [2]. The mechanism responsible for fracture repair is
highly complex and involves actions of the various cell types (including
osteoblasts, osteoclasts, chondrocytes, osteocytes, endothelial cells, and
mesenchymal stem cells) through local expression of the variety of
growth factors and signaling molecules that lead to coordinated devel-
opment of cartilaginous callus, bony remodeling of the callus, bony
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union of the gap, and the eventual restoration of the bone structure
and strength.

The osteocyte, which is the most abundant cell type in the cortical
bone, has an extensive network of dendrites extending to and making
contact with other osteocytes, periosteal and endosteal lining cells,
bone surface osteoblasts and osteoclasts, and bone marrow cells
through a widespread, interconnected canaliculi system [3]. This net-
work of canaliculi allows soluble osteocyte-derived paracrine signaling
molecules to migrate freely from the osteocyte to act on other bone
cells [4]. Hence, the osteocyte is strategically well positioned within
the bone matrix to sense physical and biochemical signals that regulate
bone metabolism, remodeling, and local regeneration. There is now in-
creasing evidence that the osteocyte and its secretory factors, such as
sclerostin (Sost), may play key regulatory roles in fracture repair. For in-
stance, earlier studies have suggested that surviving osteocytes at frac-
ture sites are important for robust cellular recruitment of the various
cell types and the release of osteopontin during the initial phase of frac-
ture healing [5] and that osteocytes participate in the periosteal callus
cartilage formation and bone regeneration during fracture healing [6].
More recent studies have shown that during hip fracture healing, the
expression of Sost by osteocytes at the fracture site was downregulated
[7]. Mice lacking the Sost gene accelerated fracture healing [8,9].
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Administration of the sclerostin neutralizing monoclonal antibody en-
hanced fracture repair andbone strength [10–14]. There is also evidence
that conditional deletion of the connexin 43 gene in osteocytes delayed
bone formation and impaired fracture repair [15].

We are interested in the regulatory role of osteocyte-derived IGF-I in
fracture repair for the following reasons: first, fracture repair requires
bone regeneration, and IGF-I promotes bone formation, regeneration,
and fracture repair [16,17]. Second, the expression and bone cell pro-
duction of IGF-I were greatly increased at the fracture site during the
early healing phase [18,19]. Third, IGF-I is a key mediator of the skeletal
response to PTH [20], which has shown to promote fracture healing [16,
21]. Fourth, local IGF-I treatment [17,22] or systemic treatment with
IGF-I-expressing mesenchymal stromal cells [23,24] promoted fracture
healing in a number of animal models. Moreover, it is generally accept-
ed that moderate axial mechanical loading enhances fracture repair by
stimulating formation of periosteal callus and increases the rate of
healing [25–28]. Conditional disruption of Igf1 gene in osteocytes
completely abolished the bone formation response to mechanical load-
ing [29]. Accordingly, we anticipate that deficient expression of osteo-
cyte-derived IGF-I would also impede the fracture repair process.

In this study, we sought to test the hypothesis that osteocyte-de-
rived IGF-I plays an essential role in fracture repair by comparing the
healing of a simple closed tibial fracture in osteocyte Igf1 conditional
knockout (cKO) mice with that in wild-type (WT) littermates. Surpris-
ingly, this study shows that conditional deletion of Igf1 in osteocytes
not only did not impede, but in fact promoted, fracture callus remodel-
ing and accelerated bony union of the fracture gap. These unexpected
findings indicate that osteocyte-derived IGF-I may have a novel inhibi-
tory role in fracture repair.

2. Materials and methods

2.1. Animals

All animal procedures were reviewed and approved by the Institu-
tional Animal Care and Use Committee (IACUC) of the Loma Linda Uni-
versity and also by the Animal Care and Use Review Office (ACURO) of
theDepartment of the Army of theUnited States. In conducting research
using animals, the investigators adhered to the AnimalWelfare Act Reg-
ulations and other Federal statutes relating to animals and experiments
involving animals and the principles set forth in the current version of
the guide for Care and Use of Laboratory Animals, National Research
Council. With the exception of μ-CT analyses that were performed at
the Jerry L. Pettis Memorial VA Medical Center (Loma Linda, CA, USA),
all experiments were carried out in the AALAC accredited Animal Care
Facility and the laboratory space of the Department of Medicine of the
Loma Linda University. Animals were housed in groups of 4 per cage
under a 12-h light/dark cycle and provided water and regular rodent
chow ad libitum.

Osteocyte Igf1 cKOmice were generated by crossing Igf1flox/flox mice
with Dmp1-Cremice as previously described [30]. Briefly, theDmp1-Cre
mice (in mixed genetic background of 50% C57BL/6 and 50% CD1) were
first bred with the Igf1flox/flox mice (in C57BL/6 genetic background) to
generate heterozygous mice with the genetic background of Igf1flox/−/
Dmp1-Cre at F1 generation (all with a mixed genetic background of
75% C57BL/6 and 25% CD). The F1 heterozygous mice were then cross-
bred with each other to produce 25% homozygous cKO mice (Igf1flox/
flox/Dmp1-Cre), 50% heterozygous cKO mice (Igf1flox/−/Dmp1-Cre), and
25% WT littermates (Igf1−/−/Dmp1-Cre). Only male homozygous cKO
mice and WT littermates were used for this study.

2.2. Closed tibial mid-shaft fractures

Standard transverse closed fractures were produced on the cortical
cortex at the midshaft of the right tibiae (above the tibiofibular junc-
tion) of 12-week-old male mice by the three-point bending technique
as previously described [31]. The left tibiae served as respective internal
intact controls. Briefly, animals were anesthetized by isoflurane inhala-
tion. A mid-line skin incision over the knee joint was made to gain ac-
cess to the proximal tibial metaphysis, and a pilot hole was made
using a 30-gauge needle at a position just medial to the patella tendon.
A stainless steel pin (25-gauge) was inserted into the intramedullary
space of the tibia for internal fixation and fracture stabilization. A small-
er pin (27-gauge) was used for cKO mutant mice due to their 8–12%
smaller bone size than WT mice [30]. The appropriate placement of
the pin was confirmed by X-ray. The exposed end of the pin was cut
proximally at the level of the bone. Wounds were closed with surgical
sutures, and the tibia was held in a fixed position. A single complete
fracture was then created by three-point bending using an Instron Me-
chanical tester (Norwood, MA). Fracture bones were harvested for the
examination of fracture healing at 14, 21, and 28 days post-fracture, be-
cause endochondral bone repair and remodeling are maximal at these
time points [2,32,33]. Early time points were not examined because
we were interested in the functional aspects of the healing (i.e., callus
remodeling and bony union). Fracture healing was assessed by X-ray,
pQCT, μ-CT, histology, histomorphometry, and gene expression
analyses.

2.3. Peripheral quantitative computed tomography (pQCT) analysis

Fractured tibiae after dissection were immediately fixed in 10% for-
malin overnight and were stored in phosphate buffer saline at 4 °C
until analyses. The area of the tibiae corresponding to the fracture cal-
luses was scanned and analyzed by the pQCT (STRATEC XCT). The
outer and inner thresholds were set at 230 and 630 mg/cm3 to distin-
guish the woven and cortical bone compartments, respectively. The
scanned bone slides were analyzed with a software program (version
6.00) provided by the manufacturer.

2.4. Micro-computed tomography (μ-CT) analysis

Micro-CT analysis of fracture healing was accomplished using a
Scanco Viva-CT 40 instrument. Scans were performed at 55 keV, and
the analysis of the fracture calluseswas conducted using density thresh-
olds that resolved the higher density native cortical bone (570–
1000 mg/cm3 HA) from the lower density callus woven bone (220–
570mg/cm3HA). This approachmight include some intramedullary tra-
becular bone, which is expected to be minimal at the midshaft where
the fracture is produced.

2.5. Torsional bone strength measurement

The fractured tibia at 21 days post-fracture and corresponding con-
tralateral tibiawere torsion tested for torsional stiffness using an Instron
55MT1 rotary tester. Briefly, the epiphyses were cast into a dental resin
that adheres to the bone and allowed each end of the tibia to be secured
in the opposing jaws of the torsional tester. Torsional force was applied
at 1°/s until failure. Torsional stiffness (in N-mm/°), whichwas used as a
measure of torsional bone strength, was calculated from the linear por-
tion of the force vs angle curve prior to the yield point. To normalize for
the 8–12% smaller bone size seen in cKO mutants, the relative return of
torsional bone strength to pre-injury strength of each fractured bone
was shown as the ratio of torsional stiffness of the fractured bone to
that of the contralateral intact bone. A ratio of 1.0 indicates the full re-
turn of its torsional strength.

2.6. Bone histology

Briefly, the isolated bone section containing the fracture callus was
immersion-fixed in ice-cold 4% paraformaldehyde for 16 h. After the re-
moval of surgical pins, specimens were decalcified in 14% EDTA for 3-
4 weeks at 4 °C with changes of decalcification solution every two
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days. Muscle and connective tissues surrounding the bone were not
completely removed in order to preserve cellular structures at the peri-
osteal surface of the bones. Tissue was subsequently infiltrated, embed-
ded into paraffin wax, and sectioned using a Leica Microtome. Paraffin-
embedded sections of 5 μm in thickness were kept at 4 oC until staining.
The fracture callus was examined for evidence of cartilage formation by
Alcian blue staining and also by Masson's trichrome staining. Cartilage
area in fracture calluses was quantified as percentage of the total callus
area in the Alcian blue (or Masson's trichrome) stained sections using
the OsteoMatrics software. Measurements were performed in a blinded
manner to avoid unintended biases.

2.7. Periosteal bone formation parameters

Tetracycline and demeclocycline were injected into animals on 8
and 2 days, respectively, prior to euthanasia as previously described
[34]. At euthanasia, the fractured tibiae were isolated, cleaned and
fixed with formalin. The formalin-fixed bone was then dehydrated in
ethanol and embedded into methylmethacrylate. The cross-sections
(80–100 μm in thickness) of the region corresponding to the fracture
callus, marked by a pencil, were prepared by Precision Diamond Wire
Saw (Delaware Diamond Knives, Wilmington, DE) and cover slipped
in 70% glycerol for measurements of periosteal bone formation param-
eters, which were obtained with an Olympus fluorescent microscope
BX51 (Tokyo, Japan) and the Osteomeasure digitalized system
(OsteoMetrics, GA).

2.8. Quantitative real-time PCR (qRT-PCR) for gene expression

Briefly, the fracture site and corresponding region of the contralater-
al intact tibia were each pulverized under liquid nitrogen and stored at
−80 °C until use. Total RNA was extracted using the RNeasy mini kit
(Qiagen, Valencia, CA). The RNA quality was assessed by an Agilent
2100 Bioanalyzer and Agilent 2100 Expert Software (Santa Clara, CA).
Total RNAwas immediately reverse-transcribed into cDNA using a com-
mercial kit (Invitrogen). The SYBR Green-based qPCR reaction was per-
formed with a commercial kit (Applied Biosystems) in an ABI 7500/
7500 Fast Real Time PCR System (Applied Biosystems, Foster City, CA).
Each PCR was run in duplicate according to the standard protocol pro-
vided by ABI. The sequence of the PCR primer set of each test gene is
shown in Supplemental Table S1.

2.9. Statistical analysis

The group size was determined by power analysis, based on stan-
dard deviation estimates from μ-CT measurements in previous studies
of similar nature. The group size of 6–8 mice would detect a 20% differ-
ence in trabecular bone parameters between the test and control
groups. Results are shown as means ± standard error of the mean
(SEM). Statistical significance was determined by two-tailed Student's
t-test with uneven sample size. A difference was considered significant,
when P b 0.05.

3. Results

3.1. Conditional deletion of Igf1 in osteocytes did not affect basal cortical
and trabecular bone densities

Before we initiated fracture studies in osteocyte Igf1 cKO mice, we
compared basal cortical bone parameters at the mid-shaft as well as
basal trabecular bone parameters at the proximal metaphysis of intact
tibiae of cKO mice with those of WT littermates by μ-CT. Consistent
with the previous reports [29,30,35], the femur length ofmale osteocyte
Igf1 cKO mice at 12 weeks of age was 4.6% shorter than that of corre-
sponding male WT littermates (Fig. 1A). The total cortical tissue
(Ct·TV) and bone volume (Ct·BV) in these cKOmicewere each reduced
by 25%, resulting in no differences in Ct·BV/TV between the twomouse
strains (Fig. 1B). Similarly, despite the significant reduction in both
Tb·TV and Tb·BV in cKO mice, there were no significant differences in
Tb·BV/TV, Conn-Dens, Tb·N, Tb·Th, or Tb·Sp between the two mouse
strains (Fig. 1C). Thus, deficient Igf1 expression in osteocytes did not
alter basal cortical and trabecular bone densities or trabecular
architecture.

3.2. Igf1 osteocyte cKO mutant mice formed smaller fracture calluses than
WT mice

To monitor the healing of tibial fractures in Igf1 cKO mutant mice
and in WT littermates, we first followed the time course of the healing
by X-ray densitometry (Fig. 2A). All six WT mice, but only one of the
six cKO mice, still showed clear X-ray evidence for the fracture gap at
28 days post-fracture. The average size of mineralized fracture calluses
in cKO mice at 21 days and 28 days post-fracture (measured by pQCT)
was significantly smaller than that in WT calluses by 16% and 12%, re-
spectively (Fig. 2B).

To confirm the smaller callus size, the volume ofmineralized calluses
of cKO and WT mice at 21 days post-fracture was determined by μ-CT.
The total bony callus volume of cKO mice was smaller than that of WT
littermates by N40% (Fig. 3A). When bone mineral content (BMC)
within the fracture calluses was separated into lower-density (220–
570 mg/cm3 HA) woven bone and higher-density (570–1000 mg/cm3

HA) cortical bone, the bone volume in each sub-fraction within fracture
calluses of cKO mice was significantly less than that of corresponding
sub-fraction ofWT littermates (Fig. 3B). Intriguingly, despite the smaller
callus volume, the average bone mineral density (BMD) in the fracture
callus of cKO mice was significantly higher than that of WT littermates
(Fig. 3C). Three-dimensional reconstruction of the longitudinal, midline
cut-away view of healing fractures at 21 days post-fracture confirms
that there was indeed more newly formed lower-density (220–
570 mg/cm3 HA) callus woven bone (shown in yellow color) as well
as more higher-density (570–1000 mg/cm3 HA) cortical bone (shown
in white color) in cKO mice than in WT fractures (Fig. 3D). Thus, mice
with deficient Igf1 expression in osteocytes formed significantly smaller
but denser bony calluses than WT littermates during fracture healing.

3.3. Fractures of Igf1 osteocyte cKO mice had less callus cartilage than WT
fractures

The formation and subsequent bony remodeling of the cartilaginous
callus are two key phases of endochondral bone repair [1]. To evaluate
the effects of deficient expression of Igf1 in osteocytes on the amount
of cartilaginous callus, we histochemically stained cartilaginous callus
on longitudinal thin sections of the fracture site of cKO and of WT cal-
luses at 14 days post-fracture with Alcian blue that stains proteoglycan,
a major component of cartilage. There was relatively little cartilage (oc-
cupying only N5% of the total callus area) in cKO calluses, while N30% of
the callus area in WT fractures was occupied by cartilage (Fig. 4A). The
cKO calluses also showed N80% reduction each in the abundance of
Col2α1 mRNA (Fig. 4B) and Col10α1 mRNA (Fig. 4C) [two well-known
marker genes of cartilage] thanWT calluses. Thus, cKO fractures formed
significantly less callus “cartilage-like” tissues thanWT fractures during
the early healing phase, suggesting that endochondral bone formation
was greatly reduced and/or endochondral remodeling was enhanced
in cKO fractures compared to WT fractures.

3.4. Conditional disruption of Igf1 in osteocytes enhanced bony remodeling
of callus cartilage

To evaluate whether cKO fractures also exhibited an increased re-
modeling of the cartilaginous callus, we counted and compared the
number of tartrate-resistant acid phosphatase (TRAP)-positive, multi-
nucleated, osteoclasts in the calluses of cKO mutants with those of WT



Fig. 1. Comparison of femur length (A), and tibial basal cortical (B) and trabecular (C) bone parameters of 12-week-oldmale adult osteocyte Igf1 cKOmice with those of age- and gender-
matchedWT littermates. Femur lengthwasmeasuredwith a digital caliper. Cortical and trabecular bone parameters were determined by μ-CT at themidshaft and proximalmetaphysis of
the tibia, respectively. N.S. = not significant (P N 0.05).
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littermates at 14 days post-fracture. There was significantly greater
TRAP-stained area in cKO fracture calluses than in WT control calluses
(Fig. 5A). This increase was accompanied by ~35% increase in the num-
ber of osteoclasts permm2 callus surface (Fig. 5B). The qRT-PCR analysis
confirmed the three- to fourfold increase in Acp5b mRNA level in cKO
calluses compared to WT calluses (Fig. 5C). Thus, the cKO fractures
also had an accelerated bony remodeling of fracture cartilage-like tis-
sues compared to WT fractures.

3.5. Igf1 osteocyte cKO mutants did not show detectable reduction in IGF-I
expression in chondrocytes within the fracture callus

Inasmuch as the 10-kb Dmp1 promoter is considered to be a promot-
er specific for osteocytes or late osteoblasts [36–41], this promoter is
“leaky” in that the Dmp1-Cre-mediated recombination has also been re-
ported to occur in the brain and muscle of the cKOmice [30,36]. Chen et
al., [42] have also recently reported that weak Cre recombinase expres-
sion was found in growth plate chondrocytes of their conditional consti-
tutive activated β-catenin transgenic mice generated with the same
Dmp1-Cre mice, suggesting that the Dmp1-Cre-mediated recombination
might also occur in chondrocytes. Because IGF-I plays an important role
in maintaining normal growth and differentiation of growth plate
chondrocytes, there is the possibility that the observed reduction in the
amounts and accelerated remodeling of callus cartilage in our cKO mice
could be due to the reduced IGF-I production in callus chondrocytes as
the consequence of unintended deletion of the Igf1 gene in chondrocytes.

To determine whether Dmp1-Cre-mediated deletion of Igf1 in
chondrocytes also occurred in chondrocytes of our cKO mutants, espe-
cially those within fracture calluses, we first performed the IHC staining
for Cre on longitudinal thin sections of tibiae of 12-week-old male Igf1
cKO mice and WT littermates for Cre protein. As shown in Suppl. Fig.
S1A, there was no detectable Cre expression in chondrocytes at either
the proliferative or hypertrophic zones, whereas positive Cre immuno-
staining was found in the few osteocytes and mature osteoblasts at
the edge of the growth plate (indicated by arrows).

Our previous IHC studies have shown no obvious differences in IGF-I
expression levels in either proliferating or hypertrophic chondrocytes
between Igf1 cKO mutants and WT littermates [30]. To ascertain that
Dmp1-Cre-mediated recombination did not reduce IGF-I expression
level in chondrocytes within the fracture calluses of cKO mutants, we
next performed IHC for IGF-I on longitudinal thin sections of tibiae con-
taining the fracture callus of cKO mutants andWT littermates at 7 days
post-fracture (Suppl. Fig. S1B). Consistent with our previous findings of
relatively low IGF-I expression in the growth plate chondrocytes [30],
the Igf1 expression level in hypertrophic chondrocytes in the healing cal-
luseswas extremely low. Also, in agreementwith a previous IGF-I immu-
nolocalization study in a rat femoral fracture study [19], IGF-I staining in
both the WT and cKO fracture calluses at 7 days post-fracture was seen
primarily in the proliferating chondrocytes and osteoblasts (Suppl. Fig.
S1B). Importantly, because we detected no reduction in the relative
amount or intensity of the IGF-I IHC staining in callus chondrocytes of
cKO fracture calluses, the apparent lack of suppression effect of the
Dmp1-Cre-mediated deletion of Igf1 on IGF-I expression in callus
chondrocytes did not support the contention that the reduced amounts
and accelerated remodeling of callus cartilage-like tissues in Igf1 cKO
fractures were due to reduced expression of IGF-I in chondrocytes.

3.6. Deficient expression of Igf1 in osteocytes accelerated bone formation
and bony union of fracture gap

As shown in Fig. 3C &D, the cKO fracture calluses at 21 days post-
fracture had significantly higher BMD than the WT calluses, suggesting



Fig. 2. Effects of deficient Igf1 expression on the time-dependent fracture healing (A) and
on the fracture callus size (B). In A, fracture healing of six Igf1 cKO mice and six WT
littermates at 14-, 21-, and 28-day post-fracture was monitored by X-ray densitometry.
Five out of six of the cKO mice, but none of the six WT mice, showed X-ray evidence for
bony union of the fracture gap. The fracture sites are indicated by the arrows. In B, the
cross-sectional area of fracture calluses at day 14, 21, and 28 post-fracture of cKO and
WTmice was measured by pQCT (n=6mice per group). N.S. = not significant (P N 0.05).
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that cKO fractures may have significantly greater bone formation than
WT fractures. To assess this possibility, we performed pQCT analyses
of BMC and BMD at the fracture site of cKO mice and WT littermates
at 14, 21, and 28 days post-fracture. This analysis confirms that the
cKO fractures at both 21 and 28 days post-fracture (but not at
14 days) have significantly greater total BMD (t·BMD), sub-cortical
(Sub–Ct·BMC) and cortical BMC (Ct·BMC), cortical bone area
(Ct·B·Pm), and cortical thickness (Ct·Th) than the WT fractures
(Suppl. Fig. S2).

To determine whether deficient Igf1 expression in osteocytes would
promote bony union, we next performed more detailed μ-CT scanning
of bony tissues at the fracture site of cKO mice and WT littermates at
21 days post-fracture. Three-dimensional reconstruction of the fracture
site showed that therewere large amounts of high-density bony tissues,
which covered almost the entire fracture gap of cKOmice (right panel of
Fig. 6A). Similar findings were seen in all six cKO fractures. Conversely,
the fracture gap of WT mice were covered mostly by low-density and
apparently porous woven bony tissues (left panel of Fig. 6A). Quantita-
tive measurements of the newly formed bone at the fracture gap con-
firm that cKO fracture calluses had significantly higher Tb·BV/TV than
WT fracture calluses (Fig. 6B). The Tb·N was also significantly greater
in cKO calluses than that in WT calluses (Fig. 6C), whereas Tb·Sp of
cKO calluses was significantly lower than that in WT calluses (Fig. 6E).
However, there were no significant differences in Tb·Th (Fig. 6D) or in
trabecular connectivity density (Fig. 6F) between cKO and WT calluses.

We also performed torsional stiffness testing on the healing frac-
tured tibia and contralateral intact tibia on WT littermate (n = 7) and
cKO mutants (n = 5) at 21 days post-fracture. Because of the 8–12%
smaller bone size in these cKOmutants [30], the basal torsional stiffness
of intact contralateral tibia of cKO mice was 14% lower than WT litter-
mates [0.0165 ± 0.002 N-mm/° (n = 5 cKO mice) vs. 0.0192 ±
0.002 N-mm/° (n = 7 WT littermates)]. Therefore, we normalized the
torsional stiffness of the fractured bone against that of each correspond-
ing contralateral intact bone to determine the return of torsional bone
strength (i.e., the ratio of 1.0 would indicate a complete return of tor-
sional bone strength). Intriguingly, the return of torsional stiffness of
healing fractured tibiae of cKO mice was 37% [0.56 ± 0.17 (cKO mu-
tants, n = 5) vs. 0.41 ± 0.09 (WT mice, n = 7)] greater than that of
healing WT fractured bones. However, neither of these differences
was statistically significant, since our power analysis indicated that it
would require 37 mice per group to detect a 30% difference. Nonethe-
less, the apparent greater return of torsional stiffness is consistent
with an improved fracture healing in the cKOmutants compared to cor-
responding WT littermates.

We next compared the mRNA levels of several osteoblastic marker
genes, such as Cbfa1 (also known as Runx2), alkaline phosphatase
(Alp), osteopontin (Opn), and osteocalcin (Ocn), at the fracture site of
cKO mice with those at the fracture site of WT control mice at 14 days
post-fracture. Each of these genes in cKO fractures was increased two-
to fourfold in expression when compared to those in WT fractures
(Fig. 7), suggesting an enhanced bone formation in the cKO fractures
at this time point. These findings together are consistent with our
contention that the abridged endochondral bone repair process in
osteocyte Igf1 cKO fractures was attended by an increase in
intramembranous bone formation that resulted in an accelerated bony
union of the fracture gap.

3.7. Potentialmechanism for the enhanced fracture healing in Igf1 osteocyte
cKO mutant mice

To rule out the possibility that the accelerated fracture healing in
cKO mutants is due to an intrinsic greater basal periosteal bone forma-
tion rate (BFR), we compared basal BFR and mineralization apposition
rate (MAR) on the periosteal surface at the site corresponding to the
fracture site of the intact bone of 12-week-old male cKO mice with
those of age- and gender-matched WT mice. We found no significant
differences in basal periosteal MAR (Fig. 8A) or in basal periosteal BFR/
B·Pm (Fig. 8B) between cKO mutants and WT littermates. We have
also previously determined the basal endosteal bone formation param-
eters of our cKO mice and corresponding age-and gender-matched WT
littermates at 4 weeks or 8 weeks of age, and found that cKO mice at
8 weeks of age (but not at 4 weeks of age) exhibited ~20% reduction
in tetracycline labeling surface and bone formation rate [30]. However,
because the periosteum and periosteal bone formation are generally be-
lieved to be essential for the endochondral bone repair during fracture
repair, and because the periosteal bone formation parameters were
not significantly different between cKO and WT littermates, the ob-
served accelerated fracture healing in cKO mutants was probably not
due to intrinsic differences in basal periosteal bone formation.

There is emerging evidence that canonical Wnt signaling, which is a
major anabolic pathway that stimulates bone formation [43], is involved
in fracture repair [44]. Accordingly, Sost is a key osteocyte-derived para-
crine regulatory factor that inhibit bone formation by suppressing the
canonical Wnt signaling. Deficiency in Sost expression or functional ac-
tivity, via genetic knockout [8,45] or anti-SOST antibody treatment [12,
13], has been shown to promote fracture repair. Because our previous
studies have reported that young adult (8-week-old) Igf1 osteocyte
cKO mutants had 40% lower basal levels of Sost mRNA in their bone
[35], we compared the SostmRNA level in the fracture callus of cKOmu-
tants with that in WT calluses at 14 days post-fracture. The Sost mRNA
level was slightly, but not significantly, increased in WT calluses; but it
was reduced by ~50% in cKO calluses compared to the contralateral in-
tact bone (Fig. 8C). This 50% reduction was on top of the already 40%
lower basal level in the cKOmutantmice [35]. To confirm these gene ex-
pression results, we stained SOST protein by IHC on thin sections of the
fracture calluses and found a drastic reduction in the SOST immuno-
staining (primarily inside the osteocytes) in cKO calluses compared to
that in WT fracture calluses (Fig. 8E).



Fig. 3. Effects of deficient Igf1 expression in osteocytes on the volume (A), bonemineral content (B), and bonemineral density (C) of the fracture calluses, and the μ-CT three-dimensional
reconstruction of the longitudinal, midline cut-away view of the fracture calluses (D). In A, B, & C, the callus volume, BMC, and BMD of the healing calluses of cKO and WT mice were
measured by μ-CT at 21-day post-fracture. Total callus BMC and BMD, respectively, was measured with the threshold of 220–1000 mg/mm3. The low density, woven bone-containing
callus tissues and the high density, cortical bone-containing callus tissues were each measured separately with threshold settings of 220–570 mg/mm3 and of 570–1000 mg/mm3,
respectively. N.S. = not significant (P N 0.05). In D, the reconstruction of the longitudinal midline cut-away view was done on fracture calluses at 21 days post-fracture. The low
density callus woven bone is shown in yellow color; whereas the high-density lamellar cortical bone is shown in white color.
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It has also been reported that the fracture healing process increased
expression of Bmp2 and Bmp4 and activated the BMP signaling in both
osteoblasts and osteocytes in the newly formed bony tissue of the
Fig. 4. Effects of deficient expression of Igf1 in osteocytes on the relative amount of cartilage i
sections of the tibial facture of five cKO mice and five WT littermates was stained with Alcian
cartilage area (in relationship to the total callus area) of cKO fractures with that of WT litter
(normalized against the housekeeping gene, Actb mRNA) in four cKO fractures was compared
basal level of respective mRNA species in the contralateral intact tibia.
fracture callus [46]. The Bmp2 expression has recently been shown to
play an essential role in fracture repair [47]. The basal Bmp2 mRNA
level in bones of Igf1 cKO mutants was not significantly different from
n fracture calluses at 14 days post-fracture. In A, the callus cartilage on thin longitudinal
blue (indicated by arrows on the top panel). Bottom panel compares the percentage of
mates. In B & C, the relative increase in Col2α1 mRNA and Col10α1 mRNA, respectively,
with those in four WT fractures. Results are shown in relative fold of the corresponding



Fig. 5. Effects of deficient expression of Igf1 in osteocytes on the TRAP-positively stained
osteoclast surface (A), number of osteoclasts per callus surface (B), and TRAP mRNA
expression level (C) in fracture calluses at 14 days post-fracture. In A, a representative
longitudinal section of a WT fracture callus (left) and that of a cKO fracture callus (right)
stained for TRAP activity are shown. TRAP-stained areas are indicated by arrows. In B,
the number of TRAP-positive, multinucleated (N2 nuclei) osteoclasts on six WT fracture
calluses and on five cKO fracture calluses was counted. The results are normalized
against mm2 callus surface. In C, the TRAP (Acp5b) mRNA (normalized against Actb
mRNA) in the fracture calluses of three cKO mutants and of three WT littermates was
measured by qRT-PCR. Results are shown as fold of the TRAP mRNA level of
corresponding contralateral intact tibia control.
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that in bones of WT littermates (data not shown). Importantly, at
14 days of healing, the Bmp2mRNA level in fracture calluses of cKO cal-
luses was increasedmore than threefold compared to that in intact con-
tralateral tibia; whereas there was no difference in the Bmp2 mRNA
level between the fractured and intact contralateral tibia of WT litter-
mates (Fig. 8D). IHC staining of BMP2 protein confirms that there was
a marked increase in BMP2 immunostaining in osteoblasts and
chondrocytes within the cKO fracture callus when compared to WT
fracture calluses (Fig. 8F). These findings together suggest that the en-
hanced fracture repair in osteocyte Igf1 cKO mice may in part be medi-
ated through downregulation of Sost expression along with
upregulation of the Bmp2 signaling at the fracture site.

4. Discussion

The total economic burden to the United States alone is approxi-
mately one billion dollars per year as a consequence of bone fractures.
Accordingly, scientific advances to shorten the fracture healing time
would have important consequences on both economy and patient
morbidity. There is an abundance of information to suggest that the an-
abolic growth factor, IGF-I, would accelerate fracture healing [16,19,21,
22] and that osteocytes play an essential role in fracture healing [6,8,15].
We undertook the present study to test the hypothesis that osteocyte-
derived IGF-I plays an enhancing role in the fracture repair process by
evaluating the consequence of conditional deletion of Igf1 in osteocytes
on the healing of tibial fractures inmice. Of all the disciplines of biology,
the one that produces the most unexpected results is genetics. This
study with the osteocyte Igf1 cKO mice fulfilled that prophecy. Accord-
ingly, we did not find an impaired fracture healing in our cKO mice as
expected. Evenmore surprisingwas thefinding that the fracture healing
as assessed by the valid criterion (i.e., bony union of the fracture gap)
was actually accelerated. These surprising results were reproducible
and were confirmed in repeat experiments. Bony union is a valid histo-
logical surrogate of fracture healing. Thus, it appears that conditional
deletion of Igf1 in osteocytes not only did not impede, but in fact unex-
pectedly accelerated, fracture healing. We should also note that
although IGF-I is known to be essential for normal cartilage growth
and development, the reduced formation of the cartilaginous callus
and the accelerated fracture repair seen in cKO mutants were probably
not due to reduction in local production of chondrocyte-derived IGF-I in
fracture calluses, since there was no apparent reduction in the IGF-I ex-
pression in fracture callus chondrocytes between osteocyte Igf1 cKO
mutants and corresponding WT littermates (Suppl. Fig. S1B).

This surprising but exciting result provided us with a unique
opportunity. The disruption of a single gene (i.e., Igf1) in a single cell
type (i.e., osteocyte) that provided a positive effect on fracture healing
has the potential to disclose important healing mechanisms for future
therapeutic targeting. We previously introduced the concept that it
would be an advantage to have fracture healing by intramembranous
bone formation as opposed to endochondral bone formation, because
it would eliminate the cartilage formation phase and thereby
accelerates bony union [2]. This concept was based in part on our obser-
vations that the Cox-2 gene therapy of fractures accelerated bonyunion,
and it did so by shortening the endochondral bone formation process
along with an increase in intramembranous bone formation [33]. Our
concept is also supported by recent findings that activation of Wnt
signaling, either through inhibition of GSK3 [48] or via deletion of Wnt
inhibitory genes (Sost [9] or sFrp1 [49]), promoted fracture healing
and accelerated bony union through enhancing intramembranous
bone formation and at the same time curtailing endochondral bone for-
mation. In the present study, we found strong suggestive evidence that
targeted disruption of Igf1 alone in osteocytes appeared to shift the frac-
ture healing process from a slower endochondral process to the more
rapid intramembranous process. In this regard, the intramembranous
process is obviously characterized by less cartilage-like tissues, which
was found in the present study (Fig. 4). Additionally, intramembranous
bone repair yields a smaller callus, which was again documented in the
present study (Fig. 2). Incidentally, the Cox-2 gene therapy, which
favors intramembranous bone formation over endochondral bone
formation, also yielded smaller cartilaginous calluses [33].

From the foregoing, it would appear that the acceleration of bony
union of the fracture gap in our mouse tibial fracture model was due
to a shift from endochondral toward intramembranous bone formation.
The molecular mechanisms responsible for this shift are not entirely
clear; however, there are data, which allow us tomake tenable explana-
tions for this shift. A pivotal clue generated from this studywith respect
to our proposed mechanism in which the fracture of osteocyte Igf1 cKO
mutant mice was healed primarily through the intramembranous bone
formation was the highly significant, 50% reduction in Sost expression
(Fig. 8). Sost is a potent inhibitor of the canonical Wnt signaling,
which has shown to be essential for fracture repair [50,51]. It is
reasonable to assume that the canonical Wnt signaling at the fracture
site was activated in our cKO mutant mouse. In this regard, activation
of Wnt signaling has been shown to promote fracture healing through
primarily intramembranous bone formation [8–14].

It is particularly interesting that Wnt signaling favors osteogenesis
and tends to inhibit chondrogenesis [9,45,48]. This would be consistent
with our finding that our cKOmutant mouse expresses phenotypic fea-
tures of intramembranous bone formation in contrast with the control
mouse. That there was an increase in intramembranous bone formation
is firmly established by elevated expression levels of bone formation
marker genes, including Cbfa1, alkaline phosphatase, osteocalcin, and
osteopontin (Fig. 7). The latter parameters are ameasure of differentiat-
ed cell function, and in this regard, we found N3-fold increase in Bmp2
mRNA and protein expression in osteoblasts and chondrocytes within
the fracture callus. BothWnts and BMPs are thought to be essential me-
diators of fracture healing [44,47]. However, the mechanism for the es-
sential increase in the Bmp2 expression during fracture healing has not
been established. This is probably a local mechanism in the local milieu,
and not a consequence of the Wnt signaling per se. This is a consistent
fact that when signaling promotes cell proliferation in the intestinal
crypt, this process is followed by a decrease in Wnt expression and an



Fig. 6. Effects of deficient expression of Igf1 in osteocytes on the μ-CT trabecular bone parameters at the fracture site at 21 days post-fracture. Panel A shows the three-dimensional
reconstruction of the fracture site of a representative cKO mutant and that of a representative WT littermate. Panels B–F compare the trabecular bone volume (tb·BV/TV), number
(Tb·N), thickness (Tb·Th), spacing (Tb·Sp), and connectivity density (Conn-Dens), respectively, inside fracture calluses of six Igf1 osteocyte cKO mutants with those inside fracture
calluses of five WT littermates. N.S. = not significant (P N 0.05).
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increase in Bmp expression, which promotes differentiation of the crypt
cells [52,53]. Although the exact mechanisms for the increase in Bmp2
expression during fracture healing in our cKO mice require further
study, we have incorporated the BMP2 signaling in our model of the
mechanism for the shift of endochondral bone formation to
intramembranous bone formation, which is described in detail in
Suppl. Fig. S3.

In this model, we postulate that the bone fracture induces the sur-
viving osteocytes to secrete IGF-I during the early healing phase in WT
animals [19]. The secreted osteocyte-derived IGF-I then acts as an auto-
crine factor to increase osteocytic production and release of Sost and at
the same time as a paracrine factor on nearby bone cells to suppress
Bmp2 expression. Consistent with this premise is the previous finding
of large increases of sclerostin protein in the fracture hematoma of pa-
tients with bone fractures [54]. This would then lead to downregulation
of the Wnt and BMP2 signaling, respectively (indicated by the dashed
arrows in Suppl. Fig. S3A). The coordinated downregulation of Wnt
and BMP2 signaling during early healing phases would allow for a pre-
cise and balanced regulation of the differentiation of MSCs (recruited to
the fracture site during early healing phases [2]) to favor chondrocytic
differentiation. This precise regulation of MSC differentiation is critical
for an optimal endochondral bone formation required for formation of
a functional cartilaginous callus [44]. At later phases of the healing, the
amount of the released osteocyte-derived IGF-I is drastically reduced
[19], resulting in a marked reduction in local Sost expression and the
corresponding upregulation of the canonical Wnt signaling. This pre-
mise is supported by the significant reduction in Sost expression in frac-
ture callus at later healing phases [7]. TheWnt signaling would then act
on osteoblasts to promote intramembranous bone formation, leading to
bony union of the fracture gap. In osteocyte Igf1 cKO mutant mice
(Suppl. Fig. S3B), deficient expression of osteocyte-derived IGF-I drasti-
cally reduces the local concentration of sclerostin and increases BMP2
level, which then led to upregulation of the Wnt signaling in MSCs
and osteoblasts, and the BMP2 signaling in MSCs, osteoblasts, and oste-
oclasts. During early healing phases, the upregulation of the Wnt and
BMP2 signaling in MSCs shifted the MSC differentiation to favor osteo-
blastic over chondrocytic differentiation, leading to the suppression of
formation of cartilage-like tissues at the fracture gap. The sustained ac-
tivation of the Wnt and BMP2 signaling at the later healing phases
would then work together to speed up intramembranous bone forma-
tion to complete the union of the fracture gap. An additional comple-
mentary mechanism in the process of fracture repair, which was



Fig. 7. Effects of deficient expression of Igf1 in osteocytes on the relative expression level of Cbfa1, Alp,Ocn, andOpnmRNA in fracture calluses at 14 days post-fracture. The bone containing
the entire fracture callus was isolated from cKOmice or correspondingWTmice at14 days post-fracture. Total mRNA was isolated and reversed transcribed to cDNA. The mRNA levels of
respective osteoblastic genes were determined by qPCR and normalized against each corresponding level of ActbmRNA. Results are shown as the relative fold of changes from the basal
level of corresponding contralateral intact tibia (mean ± SEM). The dashed line in each panel represents the corresponding basal level (i.e., 1-fold) of each indicated gene. *P b 0.05,
compared to corresponding basal levels.
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accelerated in our cKOmutantmousemodel, was an increase in remod-
eling of the fracture callus during the later phases of the healing process.
That therewas an actual increase in remodeling of cartilaginous callus is
based on decreased measurements of callus size vs control between 14
and 28 days of healing time (Fig. 2), whichwas attended by increases in
osteoclast number and TRAP (Acp5b)mRNAexpression (Fig. 5). Because
BMP2 can activate osteoclasts directly or indirectly [55,56], the in-
creases in osteoclast number and activity may be mediated through
BMP2 (Suppl. Fig. S3). In addition, the mechanism by which osteo-
cyte-derived IGF-I regulates osteocytic Sost expression is unclear and
will be the subject of future studies. We do know that osteocyte IGF-I
expression changes substantially during fracture repair with very high
expression levels early on and then a gradual progressive decline [18,
19], but it remains to be determined as to whether this mirrors the acti-
vation of Wnt signaling during fracture repair.

We should also note that the histology and morphology of the carti-
lage-like tissues in cKO fractures at 7 days (Suppl. Fig. S1B) or 14 days
(Fig. 8F) post-fracture appeared to be different from those of the carti-
lage tissues in WT calluses, in that the cartilage tissues in cKO calluses
were stained much weaker for proteoglycans (Fig. 4A), expressed sig-
nificantly less type II and X collagens (Fig. 4B&C), and contained fewer
numbers of hypertrophic chondrocytes (Suppl. Fig. S1B), than WT cal-
luses. The reason for this apparent difference in the cartilage histology
and morphology is unclear. On the one hand, because it is our premise
that deficient expression of Igf1 in osteocytes accelerates fracture
healing, we speculate that the relative healing stage of the cKO fracture
callus at any given time point is comparativelymore advanced than that
of correspondingWT fractures. Accordingly, we suggest that the appar-
ent differences in the cartilage histology may simply reflect the more
advanced healing stage in cKO fractures compared to WT fractures at
each time point. Relevant to this speculation is the finding that
conditional disruption of Igf1 in osteocytes not only did not diminish,
but in fact increased, the IGF-I expression in the cKO fracture callus at
7 days post-fracture (Suppl. Fig. S1B). Since the cKO fractures healed
much faster than WT fractures, we propose that the healing stage of
the cKO fractures at 7 days post-fracture might be equivalent to that
of the WT fractures at 14 days of post-fracture or later. In this regard,
since a previous study of differential gene expression and immunolocal-
ization of IGFs in a rat femoral fracture model has shown a time-depen-
dent increase in IGF-I expression in the fracture callus with healing [19],
the higher IGF-I expression level seen in cKO calluses than in WT cal-
luses at 7 days post-fracture could be due to a more advanced stage of
the healing. In the future, we will confirm this speculation with a
time-course study. If our speculation is confirmed, this would lend fur-
ther support for our argument that the apparent difference in cartilage
histology between cKO and WT fracture calluses reflects the more ad-
vanced healing stage in cKO fractures than in WT fractures.

On the other hand, conditional deletion of Igf1 in osteocytes could
also affect the cellular or molecular process of the fracture healing,
which could then lead to the formation of a different type of callus car-
tilage (e.g., some form of “primordial” cartilage-like soft tissues) in the
cKO fractures. This type of “primordial” cartilage-like tissue may then
permit an accelerated angiogenic invasion into the soft callus mass in
a manner akin to that occurring in the hypertrophic zone of growth
plate cartilage, which may speed up the endochondral remodeling and
the subsequent acceleration in bony bridging of the fracture gap. This al-
ternativemechanismhasmerits and cannot be ruled out. Consequently,
our future studies will evaluate this alternative mechanism by charac-
terizing the cartilage-like soft tissues in cKOmutantmice and determin-
ing their role in the accelerated fracture repair in cKO mutant mice.

In summary, ourmodel describes the concept that a deficiency of os-
teocyte-derived IGF-I leads to a decrease in SOST production, which in



Fig. 8. Effects of deficient expression of Igf1 in osteocytes on the basal periosteal mineral apposition rate (A), basal periosteal bone formation rate per bone surface (B), on the relative
expression level of Sost mRNA (C) and Bmp2mRNA (D), and on IHC staining of Sost (E) and BMP2 (F), respectively, in calluses at 14 days post-fracture. In A & B, basal periosteal MAR
and BFR/B·Pm were determined in 12-week-old male cKO mice and corresponding WT littermates before fracture by dynamic bone histomorphometry. In C and D, the Sost and Bmp2
mRNA levels (normalized against Actb mRNA) were determined by qPCR. Results are shown as the relative fold of changes from the basal level of corresponding contralateral intact
tibia (mean ± SEM). The dashed line in each panel represents the corresponding basal level (i.e., 1-fold) of each indicated gene. *P b 0.05, compared to corresponding basal levels.
N.S. = not significant (P N 0.05). In E and F, IHC was performed on longitudinal thin sections of the fracture calluses, and the IHC staining for a representative fracture each of
osteocyte Igf1 cKO mutant mice and corresponding WT littermates.
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turn increases the canonical Wnt signaling. This signaling process cre-
ates a milieu resulting in increased expression of BMP2, which together
with theWnt signaling promotes intramembranous over endochondral
bone formation, reflected by a smaller callus and less cartilage. This oc-
curs during the early process of fracture healing. Additionally, there is an
accelerating later phase of fracture healing characterized by increased
bone remodeling (increased formation and resorption) to result in frac-
ture union and restoration of bone strength. In conclusion, we have dis-
covered a novel mechanism, which can normally lead to a shift from
slowly progressing endochondral bone formation to rapidly progressing
intramembranous bone formation attended by an increase in bone
strength. The existence of this mechanistic process was heretofore un-
known to occur. Further studies will be required to test several aspects
of our proposed conceptual model.
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