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Abstract

Osteoclasts are abundant within the fracture callus and also localize at the chondro-osseous
junction. However, osteoclast functions during fracture healing are not well defined. Inhibition of
osteoclast formation or resorptive activity impairs callus remodeling but does not prevent callus
formation. Interestingly though, anti-osteoclast therapies differentially affect resolution of callus
cartilage into bone. Treatments that inhibit osteoclast formation or viability tend to impair callus
cartilage resolution, while treatments that target inhibition of bone resorption generally do not
affect callus cartilage resolution. Here we tested whether depletion of osteoclasts by systemic
treatment with clodronate liposomes would similarly impair callus cartilage resolution. ICR mice
were treated by intraperitoneal injections of clodronate-laden liposomes or control liposomes and
subjected to closed femur fracture. Femurs were resected at multiple times after fracture and
analyzed by radiography, histology, and mechanical testing to determine effects on healing.
Clodronate liposome treatment did not prevent callus formation. However, radiographic scoring
indicated that clodronate liposome treatment impaired healing. Clodronate liposome treatment
significantly reduced callus osteoclast populations and delayed resolution of callus cartilage.
Consistent with continued presence of callus cartilage, torsional mechanical testing found
significant decreases in callus material properties after 28 days of healing. The results support a
role for osteoclasts in the resolution of callus cartilage into bone. Whether the cartilage resolution
role for osteoclasts is limited to simply resorbing cartilage at the chondro-osseous junction or in
promoting bone formation at the chondro-osseous junction through another mechanism, perhaps
similar to the reversal process in bone remodeling, will require further experimentation.
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INTRODUCTION

Osteoclasts are abundant in the fracture callus and localize at the callus chondro-osseous
junction during endochondral ossification®. Differentiation of osteoclasts from monocytes by
M-CSF and RANKL stimulation is well established. In addition, trans-differentiation of
macrophages into osteoclasts has been described?—4. The role of osteoclasts in fracture
healing is thought to be limited primarily to resorption of calcified cartilage during callus
endochondral bone formation and to bone resorption during callus remodeling. In fracture
models, treatments that impair osteoclast activity also inhibit callus remodeling. There are 3
main classes of osteoclast inhibitory drugs, bisphosphonates (e.g., alendronate and
zoledronic acid), denosumab which binds RANKL to prevent osteoclastogenesis, and
odanacatib that inhibits cathepsin K°. These drugs differentially affect resolution of callus
cartilage. Alendronate treatment does not appear to reduce callus osteoclast populations, but
does delay cartilage resolution and remodeling®-8. Zoledronic acid does not appear to affect
callus osteoclast populations or callus cartilage resolution but does inhibit callus
remodeling® 0. Denosumab treatment does reduce callus osteoclast populations and delays
cartilage resolution and remodeling®. Odanacatib treatment appears to increase callus
osteoclast populations, does not appear to affect cartilage resolution, but does inhibit
remodeling’ 8. Thus it is unclear whether the delay in callus cartilage resolution is caused
by loss of callus osteoclasts or inhibition of callus osteoclast activity.

We hypothesize that efficient resolution of callus cartilage requires the presence of
osteoclasts, even if the resorptive activity of those osteoclasts is impaired. We tested this
hypothesis by measuring the effects of systemic clodronate liposome (CLD-lip) treatment on
fracture healing in mice. CLD-lips have been used in many studies to deplete monocyte-
derived cell populations1~13, Clodronate is a non-nitrogenous bisphosphonate. Liposome
encapsulated clodronate induces apoptosis in cells that endocytose the liposomes. Thus,
CLD-lip treatment preferentially targets monocytes and monocyte-derived cells such as
macrophages and osteoclasts. Depletion of monocytes also reduces the number of cells
available for osteoclastogenesis. We found that callus formation occurred in the reduced
presence of osteoclasts. However, we also found that resolution of callus cartilage into bone
appeared to be impaired in the osteoclast-depleted fractures leading to a delay in bony
bridging of the fracture. The results suggest that an interaction between callus chondrocytes
and osteoclasts is necessary for efficient endochondral ossification during fracture repair.

MATERIALS & METHODS

Animal Model

Female ICR mice that were 10-12 weeks old and weighed 29.5 + 2.4 g (mean = SEM) were
used (Taconic Farms, Inc. Germantown, NY). All animal procedures were approved by the
Rutgers-New Jersey Medical School Institutional Animal Care and Use Committee. CLD-
lips containing 5 mg/ml disodium clodronate and control liposomes in phosphate buffered
saline (PBS-lip) were obtained from ClodronateLiposome.com (Amsterdam). Liposomes
were injected intraperitoneally at 4 day intervals from 6 days before fracture until the animal
reached its experimental endpoint and at a dose of 0.3 mls of liposomes. A closed,
diaphyseal fracture was created in the right femur using a custom-made, three-point bending
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device (BBC Specialty Automotive Center, Linden, NJ) as described previously except the
mice were allowed to recover for 7 days between insertion of the intramedullary pin and
production of the fracturel4. Mice were euthanized at 4, 10, 14, and 21 days after fracture
for histology and at day 28 for torsional mechanical testing. Femurs collected at 14 and 21
days after fracture were analyzed by micro-computed tomography (UCT) before histological
analysis. No animals died or were euthanized prior to an experimental endpoint. All animals
appeared healthy at the time of euthanization but no final body weight or other measure of
overall animal health was recorded at the time of euthanization.

Femurs were quickly resected from mice, fixed in Streck Tissue Fixative (STF, Streck, Inc.,
Omaha, NE) for one day, and then decalcified in 10% EDTA for a week. Tissues for uCT
analysis were scanned before decalcification. After decalcification, tissues were embedded
in paraffin. Five micrometer thick sections were cut parallel to the long axis of the femur and
through the intramedullary canal. Sections were deparaffinized in three changes of xylene
and rehydrated in a graded alcohol series. Osteoclasts were detected by tartrate-resistant acid
phosphatase (TRAP) staining as described previouslyl. TRAP stained sections were
counterstained with hematoxylin (Sigma-Aldrich, St. Louis, MO). Cartilage was identified
by safranin-O (Sigma-Aldrich) staining, and then counterstained with fast green (Sigma-
Aldrich) and hematoxylin. Bone was identified using aniline blue, and then counterstained
with biebrich scarlet-acid fuchsin and haematoxylin (Masson’s trichrome stain; Sigma-
Aldrich). Sections were mounted using Permount mounting medium (Fisher Scientific,
Waltham, MA).

Image Collection and Analysis

Cartilage area, bone area, and the size of callus area were measured from digital images of
each callus captured using an Olympus SZ-40 microscope (Olympus Corporation of
America, Center Valley, PA) and a SPOT ldea camera (Diagnostic Instruments, Inc., Sterling
Heights, MI). Measurements were made using Image-Pro software (version 9, Media
Cybernetics, Inc., Rockville, MD). To measure TRAP positive (TRAP*) cells per mm?, tiled
images of each histological specimen were captured with a Nikon DS-Fil digital camera
using a Nikon Eclipse E800 microscope (Nikon Instruments Inc., Melville, NY). The tiled
images for each specimen were combined into one continuous image that covered the entire
callus using Adobe Photoshop CS5.1 (Adobe Systems Incorporated, San Jose, CA). TRAP*
cells in the entire callus were manually counted and divided by callus area to generate
number of TRAP positive cells per mm?.

Mechanical Testing

Mice were euthanized at 28 days after fracture and femurs were resected. Femurs with
oblique, comminuted, or infected fractures were not used for mechanical testing. Soft tissue
was removed from the femur while leaving the fracture callus undisturbed. The femurs were
wrapped in saline-soaked gauze and stored in —80°C until mechanical testing®. Femoral
length, maximum and minimum fracture callus diameters, and maximum and minimum mid-
diaphyseal diameters of intact femur were measured. After thawing, the intramedullary pin
was removed and the femoral ends were potted in 1 cm hexagonal nuts using
polymethylmethacrylate cement. The gauge length of the sample was measured after
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potting. Samples were wrapped in saline-soaked gauze to prevent dehydration between
steps. Torsional testing was conducted using a servo-hydraulic testing machine (MTS, Eden
Prairie, Minnesota) with a 20 Nm reaction torque cell (Interface, Scottsdale, Arizona).
Testing was carried out to failure at an actuator head displacement rate of 2° per second and
a data recording rate of 20 Hz. Femurs were tested by internal rotation in proper anatomic
orientation until failure. Internal callus dimensions were measured after torsional testing.
The peak torque and the angle at the time of failure were obtained from the load-
deformation curves. The femoral dimensions were used to calculate shear stress, shear
modulus, and torsional rigidity as described previouslyl4 16: 17,

Radiographic Analyses

Radiographs were made after fracture using a Faxitron MX-20 (Faxitron Bioptics, LLC,
Tucson, AZ) and Kodak MIN-R 2000 mammography film (Carestream Health, Rochester,
NY) to confirm the position and quality of each fracture and to assess healing. Fracture
healing was graded using radiographs blinded for treatment and a 4-point scoring system as
described previously!8. The grading scheme was based on the bridging of the fracture by
callus and the cortical bone at the fracture site. One point was assigned to each aspect of the
fracture (the right callus and cortex and the left callus and cortex) that appeared bridged. A
score of 0 represented the absence of radiographic bridging among all four aspects of the
fracture, indicating a fracture nonunion. A score of 4 represented a fully bridged fracture.

For UCT analysis, femurs were fixed in STF and stored in 70% ethanol until scanning.
Samples were scanned using a Skyscan 1172 (Skyscan, Kontich, Belgium) in saline, at a
voxel size of 5 um, X-ray tube voltage of 60 kV, X-ray tube current of 167 pA, and exposure
time of 590 ms. X-ray projections were collected at 0.6+ intervals over a total angular
rotation of 205.8+ with 2 frames averaged for each rotation. A 0.5 mm aluminum filter was
used to reduce beam-hardening. Sizes for the scanned and reconstructed regions varied for
each specimen but included the entire callus for each femur. Images were reconstructed into
three-dimensional volumes using NRecon software (Skyscan) without Hounsfield correction
using the automated setting of the NRecon software which gave a dynamic range from 0 to
0.125. A sagittal view of each callus was created using the CTVol software (Skyscan).

Statistical Analyses

RESULTS

All statistical analyses were performed using Sigmaplot version 12.5 software (Systat
Software, Inc., San Jose, CA). Callus TRAP™ cells counts were analyzed between groups by
ANOVA and post-hoc Student-Newman-Keuls tests. Radiograph scores between the PBS-lip
and CLD-lip groups were compared using Mann-Whitney Rank Sum Tests for each time
point. Callus area, percent cartilage and percent bone data were analyzed by ANOVA and
post-hoc Holm-Sidak tests.

Clodronate Liposome Treatment Reduces the Fracture Callus Osteoclast Population

Histochemical staining of fracture callus sections was performed to confirm that CLD-lip
treatment reduced callus osteoclast numbers. Sections were prepared from CLD-lip and
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PBS-lip treated mice at 4, 10, 14, and 21 days after fracture and stained for TRAP activity.
At day 4 after fracture, TRAP™ cells within the intramedullary canal adjacent to the fracture
site were abundant in control PBS-lip treated mice but were almost absent in the CLD-lip
treated mice (Figure 1A and B, Supplemental Data Figure S-1). At 14 days after fracture,
fewer TRAP+ cells were apparent in the external fracture callus of the CLD-lip treated mice
as compared to the PBS-lip treated mice (Figure 1C and D, Supplemental Data Figure S-1).
TRAP™ cells in the external callus were counted at days 10, 14, and 21 after fracture (Figure
1E; ANOVA P < 0.001). In the PBS-lip group, external fracture callus TRAP* cells were
abundant on day 10 after fracture and the number peaked on day 14. In the CLD-lip group,
significantly fewer TRAP* cells were observed at days 14 and 21 after fracture compared to
the PBS-lip group. Fewer TRAP™* cells were also observed in non-fractured areas of the
bone in the CLD-lip group as compared to the PBS-lip group (data not shown).

Clodronate Liposome Treatment Impairs Femur Fracture Healing in Mice

UCT analysis was also performed on a subset of the PBS-lip and CLD-lip treated mice at
each time point (3 mice per time point per treatment). Sagittal views from the center of each
callus were compared (Figure 2A-D). In mice treated with PBS-lips, bridging of the fracture
with woven bone was evident by 14 days after fracture (Figure 2A). By 21 days after
fracture, callus size appeared to be reduced in the PBS-lips treated mice indicating that
callus remodeling had occurred (Figure 2B). Apparent differences were observed in CLD-lip
treated mice on day 14 and 21 after fracture. At 14 days after fracture in CLD-lip treated
mice, some woven bone was evident at the peripheral edges of the callus (Figure 2C).
However, the central portion of the callus lacked X-ray dense material indicating that this
portion of the callus was filled with soft tissue. By 21 days, fractures were still not bridged
in the CLD-lip treated mice with a clear gap in the callus still evident (Figure 2D).

Plain radiographs of resected femurs were assessed to determine the extent of callus
bridging using a previously established 0 to 4 point scoring system (Figure 2E). Healing
appeared to progress normally in the PBS-lip treated mice with apparent complete callus
bridging occurring by 21 days after fracture. In contrast, apparent callus bridging was
significantly reduced at all time points in the CLD-lip treated mice.

Torsional mechanical testing confirmed that CLD-lip treatment impaired healing (Table 1).
Femurs were resected 28 days after fracture and tested to failure in torsion as previously
described!®. Consistent with the larger callus dimensions in the CLD-lip treated mice and
apparent partial bridging of the fracture callus (Table 1 and Figures 2E and 3E), callus
structural properties (peak torque and maximum rigidity) were similar between PBS-lip and
CLD-lip treated mouse calluses. In contrast, callus material properties (maximum shear
stress and shear modulus) were significantly reduced in the CLD-lip treated mouse calluses.

Clodronate Liposome Treatment Delays Callus Cartilage Resorption

Histological sections of fracture calluses collected at 10 (not shown), 14, and 21 days after
fracture were stained with safranin-O to identify cartilage (Figure 3). Large areas of fibrous
tissue filled with mesenchymal cells were seen adjacent to the safranin-O stained callus
cartilage in the CLD-lip group on days 14 and 21 after fracture but not in the PBS-lip group.
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On day 21 post fracture, fractures appeared healed and remodeled in the PBS-lip group with
no cartilage apparent within the callus. In comparison, fracture calluses from CLD-lip group
appeared to show less bone formation at day 14 (Figure 3C). By 21 days after fracture, the
CLD-lip group showed persistence of cartilage within the callus and bone formation in the
peripheral edge of the callus (Figure 3D).

Histomorphometry was performed on the histological sections. Callus size and bone area
and cartilage area as a percentage of total callus area were measured using images collected
from trichrome stained and safranin-O stained sections, respectively (Figure 3E-G). No
significant effect of CLD-lip treatment on callus area was detected by ANOVA (P = 0.102).
However, direct comparison of the day 21 callus areas found that the CLD-lip group (12.3 +
3.6 mm?) was significantly greater than the PBS-lip group (6.6 + 3.3 mm?2; P = 0.017, t-test).
ANOVA identified significant differences in callus percent bone (P < 0.001) and percent
cartilage (P < 0.001). Callus percent bone area was higher at 21 days after fracture than at 10
or 14 days (P < 0.001), but no significant difference between the PBS-lip and CLD-lip
groups was found at any time point. In the PBS-lip group, callus cartilage area was greatest
at 10 days after fracture before becoming undetectable by 21 days (P < 0.001 vs. 10 or 14
day time points). In contrast, callus cartilage area increased from 10 to 14 days in the CLD-
lip treatment group (P = 0.013) before decreasing at 21 days after fracture (P < 0.003 vs. 10
or 14 day time points). Cartilage area was different between the PBS-lip and CLD-lip groups
at day 14 after fracture (P = 0.012).

DISCUSSION

The results of systemic CLD-lip treatment indicate that callus osteoclasts are important for
endochondral ossification during fracture healing. The reduction in callus osteoclasts was
associated with impaired callus remodeling and with delayed callus cartilage resolution in
support of the study hypothesis. The impaired cartilage resolution appeared to limit callus
endochondral ossification leading to impaired fracture healing (Figures 2 and 3, Table 1).
Callus bone volume is a function of bone formation and resorption. Since bone remodeling
is impaired in the CLD-lip treated mice, the similar levels of callus bone observed between
the PBS-lip and CLD-lip groups (Figure 3G) support the conclusion that callus
endochondral ossification is inhibited in the CLD-lip treated mice. Reduction in callus
osteoclasts by RANK:Fc or denosumab treatment also prevents callus cartilage resolution in
other fracture models®: 19, An obvious potential mechanism is simply that osteoclast activity
is necessary to resorb callus cartilage. However, in so doing, the osteoclasts would remove
the substratum onto which osteoblasts secrete osteoid. Indeed, an elevated callus osteoclast
population has been associated with rapid callus cartilage resorption and impaired fracture
healing in streptozotocin-induced diabetic mice20. In contrast, inhibition of osteoclast bone
resorptive activity by cathepsin K inhibition with odanacatib did not reduce the number of
osteoclasts in the callus or prevent resolution of callus cartilage in a rabbit ulna osteotomy?®.
Similar results were observed during femur fracture healing in Ctsk null mice?L. In
unfractured bone, targeted deletion of Ctskin mouse osteoclasts increased bone mass even
though osteoclast numbers were elevated?2. These results could be accounted for by at least
3 possibilities. First, an osteoclast resorptive activity that does not require cathepsin K could
be responsible for callus cartilage resorption. For example, growth plate cartilage resolution
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and bone growth are normal in mice lacking Dock5 even though bone resorption is
impaired23. Conversely, callus cartilage resolution is impaired by alendronate treatment,
which inhibits the mevalonate pathway in osteoclasts and can inhibit matrix
metalloproteinase activity required for callus cartilage resolution®8: 24: 25 Second, an
osteoclast-subtype not specifically involved in bone resorption, such as chondroclasts or
septoclasts, is responsible for callus cartilage resolution?®. Third, an unidentified osteoclast
activity is required for promoting callus cartilage resolution. For instance, recent studies
have indicated that during the reversal phase of bone remodeling, canopy cells associated
with osteoclasts are the source of pre-oste oblasts necessary for bone formation?7: 28,
Furthermore, glucocorticoid treatment appears to reduce the association of canopy cells with
osteoclasts which may underlie bone loss associated with glucocorticoid use and
demonstrates that bone resorption and reversal can be de-coupled?®. In fracture healing,
osteoclasts may not be necessary for specifically resorbing the callus cartilage matrix but
may be necessary for recruiting pre-osteoblasts to the site of endochondral ossification as
canopy cells. Thus, when osteoclast resorption is inhibited without reducing callus osteoclast
numbers, callus cartilage resolution and endochondral ossification still occur because the
resorption-impaired osteoclasts can still recruit pre-osteoblasts as canopy cells for bone
formation. However, when osteoclasts are absent, cartilage resolution and endochondral
ossification are impaired because there are no osteoclasts to recruit pre-osteoblasts for bone
formation.

A limitation of the present experimental approach is that the CLD-lips may have had a direct
effect on the chondrocyte differentiation or progression into hypertrophy. However, other
studies using models of impaired osteoclast activity also noted delayed resolution of callus
cartilage. Specifically, fractures in mice homozygous for null mutation of Dap12have fewer
callus osteoclasts and delayed resolution of callus cartilage3. Further, RANK:Fc or
denosumab treatment that reduces osteoclast numbers by inhibiting RANKL also causes a
delay in callus cartilage resolution® 1931, Thus in 3 different approaches that reduced callus
osteoclast populations, callus cartilage resolution was impaired. Therefore, it is unlikely the
delayed cartilage resolution observed in the CLD-lip treated mice is caused by a direct effect
of the CLD-lips on chondrocytes.

Determining the precise role and mechanism by which callus osteoclast promote fracture
healing will require additional experimentation. Functional interaction between osteoblasts
and osteoclasts is well established for promoting osteoclastogenic activity32. Conversely, a
recent study showed that sphingosine-1-phosphate production by osteoclasts promotes
osteoblast activity and bone formation in mice?2. Similarly, osteoclasts were found to
produce sphingosine-1-phosphate, BMP-6, and Wnt10b in vitro that stimulated osteoblast
activity33. Other studies also have suggested or demonstrated functional interactions
between osteoclasts and chondrocytes, particularly hypertrophic chondrocytes, during
endochondral ossification. Hypertrophic chondrocytes produce VEGF which can stimulate
osteoclast activity and inhibition of VEGF impairs osteoclast resorption of cartilage during
endochondral ossification34-37. Chondrocytes also can express RANKL and OPG to control
osteoclast formation during endochondral ossification38: 39, Finally, a recent study suggests
that Ephrin B2 expression by chondrocytes is important for promoting osteoclast activity
and resolving cartilage during endochondral ossification40.
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A critical limitation of this experimental approach is that CLD-lip treatment reduces both
osteoclast and macrophage populations®!. Therefore, these experiments do not specifically
distinguish between the effects of reduced osteoclasts, macrophages, or both. Several reports
support a role for macrophages in promoting bone formation and fracture callus
formation42-45, Indeed, Raggat et al. reported that femur fracture callus formation is
prevented when macrophages are depleted in the macrophage Fas-induced apoptosis
(MAFIA) mouse model co-incident with fracture production, though osteoclasts also should
have been depleted5: 47, In contrast, fracture callus formation was not affected in the CLD-
lip treated mice (Figure 2). If both models equally depleted macrophages and osteoclasts,
then callus formation should have been inhibited in both models. As this did not occur, the 2
methods for macrophage and osteoclast depletion must have produced different effects on
the efficiency of target cell depletion or the duration of depletion. Cho et al. showed that
depletion of monocyte-derived cells by CLD-lip treatment or by using the MAFIA mouse
model had significantly different effects on skeletal homeostasis*8. Induction of target cell
apoptosis in the MAFIA mice caused a reduction in tibia fractional bone volume that was
refractory to the anabolic effects of PTH treatment. However, CLD-lip treatment caused a
small but significant increase in tibia fractional bone volume and the CLD-lip treated mice
responded to PTH treatment by almost doubling fractional bone volume. Cho et al. also
found that several genes were differentially expressed in the bone marrow of the 2 mouse
models that would be consistent with the increased bone formation observed in the CLD-lip
treated mice. Whether the differences in fracture healing phenotype between the 2 models
relates to specific effects on gene expression, differences in target cell depletion efficacy, or
differential depletion of monocytes, macrophages, tissue resident macrophages, and
osteoclasts will require additional experimentation. Still, all the experimental results support
a critical role for monocyte-derived cells in promoting bone regeneration.

Distinguishing between macrophages and osteoclasts can be challenging*®. Common
phenotypic markers used to detect macrophages are also expressed by osteoclasts. For
instance, both cell types express TRAP, colony stimulating factor-1 receptor (Csf1r), and
EMR-1 (F4/80 antigen). Morphological criteria can distinguish the 2 cell types since
osteoclasts are multi-nucleated and are usually found associated with sites of bone or
cartilage resorption. Practically, artifacts associated with tissue processing and sectioning for
histology can make using morphological criteria to assign the identity of TRAP* cells as
macrophages or osteoclasts difficult. Thus defining the roles that macrophages, tissue
resident osteal macrophages, and osteoclasts may have in bone growth, homeostasis, and
repair will require more precise tools for analyzing each cell population.
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Figure 1. Clodronate liposome treatment reduces fracture callus osteoclasts.
Mouse fracture callus specimens collected at 4, 10, 14, and 21 days after fracture from PBS-

lip treated (n=3, 4, 6, and 6, respectively) and CLD-lip treated (n =3, 5, 6, and 6,
respectively) mice were processed for paraffin histology. Shown are sections stained for
TRAP activity to identify osteoclasts (red color) at days 4 (A and B) and 14 (C and D) after
fracture in PBS-lip (A and C) and CLD-lip (B and D) treated mice. Panels are marked to
show the external fracture callus (ec), cortical bone (cb), muscle (m), and fracture site (X).
The mean (+SE) number of TRAP* cells from the 10, 14, and 21 day specimens of the PBS-
lip (black) and CLD-lip (gray) treated specimens are shown. Significant differences between
treatment groups are noted with associated p values.
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Figure 2. Clodronate liposome treatment impair s fracture healing.
A subset of fracture callus specimens from the PBS-lip and CLD-lip treated mice were

analyzed by UCT. Shown are longitudinal sections through the callus and femoral canal for
PBS-lip treated (A and B) and CLD-lip treated mice (C and D) at 14 (A and C) and 21 (B
and D) days after fracture. Callus specimens collected at days 14, 21, and 28 days after
fracture were radiographed and the X-rays were scored to identify and deficit in apparent
healing. As shown in E, X-rays scores were significantly lower for the CLD-lip specimens
(gray) at all time points as compared to the PBS-lip treated specimens (black).
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Figure 3. Resolution of callus cartilageisimpaired in clodronate liposome treated mice.
Histomorphometry was performed on fracture callus specimens collected at 10, 14, and 21

days after fracture from PBS-lip treated mice (n = 4, 6, and 6, respectively) and from CLD-
lip treated mice (n =5, 6, and 6, respectively). Cartilage was identified by safranin-O
staining and histological appearance. Bone was identified by aniline blue staining and
histological appearance (not shown). Panels A and B: PBS-lip treated mouse specimens at
14 and 21 days, respectively. Panels C and D: CLD-lip treated mouse specimens at 14 and
21 days, respectively. Shown are callus cartilage (ca), the external fracture callus (ec),
muscle (m) and fracture site (X). Callus area (Panel E), callus percent cartilage (Panel F),
and callus percent bone (Panel G) were measured from digital images of each specimen and
are shown as mean values (x SE) for PBS-lip (black) and CLD-lip (gray) treated mouse
specimens. Statistically significant differences between the PBS-lip and CLD-lip treated
specimens within a time point are indicated by the associated p value.
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Table 1.
Torsional Mechanical Testing Analysis
Max. Callus Peak Torque Max. Rigidity Max. Shear Shear Modulus
N gy Polar Moment oy Stress

Diameter (mm) (Nmm) (Nmm?/rad) (MPa) s(MPa)
PBS-Lips | 14 3.65+0.15 5.05+0.8 35.3+3.7 3119+358 17.3+3.08 1027259

CLD-Lips | 13 4.56+0.17 15.92+4.6 35.0+4.8 4038+527 6.6+1.08 358+58

P value <0.001 0.024 0.965 0.156 0.002 0.027
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