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Diabetic trauma patients exhibit delayed postsurgical wound, bony healing, and dysregulated bone devel-
opment. However, the impact of diabetes on the pathologic development of ectopic bone or heterotopic
ossification (HO) following trauma is unknown. In this study, we use leptin-deficient mice as a model for type
2 diabetes to understand how post-traumatic HO development may be affected by this disease process. Male
leptin-deficient (ob/ob) or wild-type (C57BL/6 background) mice aged 6–8 weeks underwent 30% total body
surface area burn injury with left hind limb Achilles tenotomy. Micro-CT (mCT) imaging showed signifi-
cantly lower HO volumes in diabetic mice compared with wild-type controls (0.70 vs. 7.02 mm3, P < 0.01) 9
weeks after trauma. Ob/ob mice showed evidence of HO resorption between weeks 5 and 9. Quantitative real
time PCR (qRT-PCR) demonstrated high Vegfa levels in ob/ob mice, which was followed by disorganized
vessel growth at 7 weeks. We noted diminished chondrogenic gene expression (SOX9) and diminished
cartilage formation at 5 days and 3 weeks, respectively. Tartrate-resistant acid phosphatase stain showed
increased osteoclast presence in normal native bone and pathologic ectopic bone in ob/ob mice. Our findings
suggest that early diminished HO in ob/ob mice is related to diminished chondrogenic differentiation, while
later bone resorption is related to osteoclast presence.

Introduction

Recovery from trauma is a tightly regulated process
requiring specific local and systemic signals to restore

normal form and function. Disruption or dysregulation at any
stage leads to a range of pathologic states. Heterotopic ossi-
fication (HO) is a disorder of wound healing characterized by
the anomalous development of ectopic bone in the extra-
skeletal tissue [1–3]. Patients at risk for HO development
include those with pressure ulcers, trauma, burns, spinal cord/
brain injury, joint replacements, and long bone fractures. In
these patients, HO may result in limited range of motion,
nerve entrapment, chronic pain, and nonhealing wounds.
Despite its prevalence among patients with severe trauma,
effective treatment strategies addressing the growth of ec-
topic bone remain elusive.

Similar to normal fracture healing, HO is believed to de-
velop through an endochondral intermediary [4,5]. Metabolic
derangements, including diabetes, can result in decreased

bone mineral density and impaired fracture site healing in
normal bone [6–8]. Leptin-deficient mice, which exhibit hy-
perglycemia and obesity similar to patients with type 2 dia-
betes, are known to exhibit diminished bone volume and
osteoporosis [9,10]. Mesenchymal stem cells (MSCs) cul-
tured in the presence of high-glucose exhibit diminished
chondrogenesis [11]. Additionally, osteoclast upregulation
may contribute to bone turnover in diabetic patients [12,13].
Understanding how diabetes affects HO could elucidate new
strategies for inhibiting or limiting this debilitating condition.

We have previously described a mouse model of HO
using a systemic 30% total body surface area (TBSA)
partial-thickness burn with Achilles tenotomy of the hind
limb [14]. Wild-type mice (C57BL/6) develop heterotopic
cartilage within 3 weeks post-trauma and undergo endo-
chondral ossification by 5 weeks. In this study, we investi-
gate the impact of leptin deficiency, as a model of type 2
diabetes, on heterotopic bone formation using our in vivo
mouse model of burn with tenotomy in ob/ob and wild-type
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mice and our in vitro model of adipose-derived mesenchy-
mal stem cell (adMSC) culture [14].

Materials and Methods

Mice

Animal procedures were carried out in accordance with
guidelines from the Guide for the Use and Care of La-
boratory Animals: Eighth Edition, approved by the Institu-
tional Animal Care and University Committee on the Use
and Care of Animals of the University of Michigan
(UCUCA PRO0001553). Young (10–12 weeks), male,
leptin-deficient diabetic mice (ob/ob) [15,16] on a C57BL/6
background and wild-type C57BL/6 mice purchased from
Jackson Laboratory were used for all experiments. Mice
were housed three per cage at 72F (–4F) with 12 h of light
exposure daily (325 lux) and fed 5LOD chow.

Burn injury and tenotomy

All mice intended for in vivo development of HO under-
went 30% TBSA partial-thickness burn injury to the dorsum
under 3% inhaled isoflurane [2]. A metal block was heated to
60�C in a water bath and placed over the shaved dorsum for
18 s. Following burn injury, mice received a left hind limb
Achilles tenotomy using sterile surgical scissors, and the in-
cision was closed with a single 5-0 vicryl suture. Animals
were housed in UCUCA-supervised facilities, three per cage,
receiving 12 h of light exposure daily, with no restrictions to
diet. All mice were housed in the same facility.

Osteogenic differentiation of adMSCs

Ob/ob and wild-type mice were prepared for harvest of
adMSCs [17]. Mice underwent 30% TBSA burn without
tenotomy or no burn injury at all. After 2 h, mice were eu-
thanized and adMSCs were harvested from the bilateral
inguinal regions. AdMSCs were chosen as a proxy for the
still unidentified mesenchymal cell responsible for HO for-
mation [14] and have shown capacity for bone formation
in vivo and in vitro [2].

MSCs were seeded in triplicate onto 6- and 12-well plates
and cultured in the osteogenic differentiation medium
(DMEM with 10% FBS, 1% penicillin/streptomycin, 10 mM
b-glycerophosphate, 100 mg/mL ascorbic acid. Invitrogen).
Early osteogenic differentiation was assessed by an alkaline
phosphatase (ALP) stain after 7 days [2]. Alizarin red
staining for bone mineral deposition was completed at 2
weeks [2].

lCT imaging and analysis

In vivo development of HO was assessed with longitudinal
mCT scans at 5, 7, and 9 weeks after trauma for each mouse
(n = 3 for ob/ob and for wt/wt mice) (mCT: GE Healthcare
Biosciences, using 80 kVp, 80 mA, and 1,100 ms exposure).
Images were reconstructed and HO volume was computed
using a calibrated imaging protocol [18]. Heterotopic bone
was calculated between Hounsfield units of 1,250 and 1,800.
The voxel size for all scans is 48.08mm, and the field of view
is 38.47 · 38.47 cm. Scans were performed from the most
distal aspect of the foot to the mid-thigh. The region of in-
terest evaluated for HO extended from the knee to the foot.

MICROFIL imaging and analysis

In vivo collateral vessel formation was assessed using
MICROFIL [19]. At week 7, ob/ob and wild-type mice
(n = 3 each) were euthanized and perfused through the des-
cending thoracic aorta MICROFIL (MV120-blue; Flow
Tech Inc.) until it flowed out through the vented inferior
vena cava. MICROFIL was allowed to polymerize overnight
at 4�C within the vasculature. mCT imaging was performed
to assess vasculature. Total MICROFIL volume was com-
puted using a calibrated imaging protocol [20].

Histology

Before injury, or at 5 days (n = 2), 3 weeks (n = 2), and 3
months (n = 5) after burn injury/tenotomy, animals were
euthanized and the tenotomized legs from mid-thigh onward
were fixed, decalcified in 19% EDTA, paraffin embedded,
and sectioned at 5mm. Slides were stained with penta-
chrome for cartilage and ectopic bone and Tartrate-resistant
acid phosphatase (TRAP) for osteoclast presence [14,21].
Immunohistochemical staining was performed with the
following primary antibodies at 1:100 dilutions: anti-HIF-
1a, anti-VEGF-A, anti-SOX9, and anti-CD31.

RNA collection and qRT-PCR from histologic slides

Histologic sections of the left hind limbs from burned ob/ob
and wild-type mice were collected 5 days post-trauma (n = 2).
Additionally, the histologic section of the left hind limb from
uninjured unburned ob/ob and wild-type mice was also col-
lected. Local soft tissue at the tenotomy site posterior to tibia/
fibula was isolated at 20· magnification and digested in Pro-
teinase K, followed by QIAzol lysis buffer (Qiagen) and chlo-
roform extraction. mRNA was treated with DNAse Turbo
(ThermoFisher Scientific) and reverse transcribed to cDNA us-
ing TaqMan Reverse Transcription Reagents (Applied Biosys-
tems). Quantitative real time PCR was completed using SYBR
Green PCR Master Mix (Applied Biosystems). Specific primers
for these genes corresponded to their PrimerBank sequences.
Transcript levels were standardized to internal gapdh transcript
levels. All reactions were run in triplicate.

Statistical analysis

Data were analyzed using SPSS software (v21, IBM).
Means and standard deviations were calculated, and statis-
tical analysis was performed using Student’s t-test. In fig-
ures, bar graphs represent means, whereas error bars
represent one standard deviation. For all assays, significance
was defined as P < 0.05.

Results

Ob/ob mice produce significantly less HO
after injury

mCT imaging was performed at 5–9 weeks after injury to
quantify total HO volume. The HO volume in ob/ob mice
was significantly lower than wild-type mice at each time
point with the greatest difference existing at 9 weeks. At 9
weeks, the HO volume in ob/ob mice was 0.70 mm3 (SD
0.23 mm3) versus 7.02 mm3 (SD 1.42) in wild-type mice
(P < 0.01) (Fig. 1A, B).
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AdMSCs were harvested from ob/ob and wild-type mice
2 h after burn injury. Both ALP and alizarin red staining
confirmed significantly diminished osteogenic differentia-
tion of adMSCs from burned ob/ob mice at 7 and 14 days
after initiation of osteogenic culture, respectively (Fig. 1C,
D). Similarly, we noted that unburned wild-type adMSCs
were more osteogenic with respect to ALP expression
compared with ob/ob adMSCs (Supplementary Fig. S1;
Supplementary Data are available online at www.liebertpub
.com/scd). Interestingly, we found that while burn injury has
been reported to increase osteogenic differentiation of
adMSCs from wild-type mice, the opposite was true of
adMSCs from ob/ob mice, which decreased in osteogenic

differentiation upon burn injury (Fig. 1 and Supplementary
Fig. S1).

Ob/ob exhibit evidence of hyperglycemia
and hyperinsulinemia

To confirm that the ob/ob mice in our study approximated
type 2 diabetes, we assessed serum glucose and insulin
(Supplementary Fig. S2). Using serum analysis of the spe-
cific mice in our study, we found that at both 5 days and 3
weeks after injury, the ob/ob mice had significantly higher
serum glucose levels compared with wild-type mice at the
same time points after injury (day 5: 700 mg/dL vs. 281 mg/dL,

FIG. 1. (A) Micro-CT imaging of representative ob/ob and wild-type hind limbs at 5, 7, and 9 weeks post-trauma. Areas
of HO are indicated in gray. (B) Total quantified HO volume at 5, 7, and 9 weeks post-trauma in ob/ob and wild-type mice
(* P < 0.05). (C) Alkaline phosphatase staining of adipose-derived mesenchymal stem cells (adMSCs) from burned ob/ob
and wild-type mice at 7 days. (D) Alizarin red staining of adMSCs from burned ob/ob and wild-type mice at 14 days. HO,
heterotopic ossification.
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P < 0.05; week 3: 663 mg/dL vs. 273 mg/dL, P < 0.05).
Serum insulin levels were also significantly higher in ob/ob
mice compared with wild-type mice (day 5: >300mM/mL
vs. 7.3 mM/mL, P < 0.05; week 3: >300mM/mL vs. 10.3mM/
mL, P < 0.05). Additionally, we found that the hind limbs of
ob/ob mice weighed significantly more compared with wild-
type mice (1.41 g vs. 0.63 g, P < 0.05). Finally, we noted that
the uninjured right hind limb of ob/ob mice exhibited sub-
stantially more adipose tissue compared with the uninjured
right hind limb of wild-type mice.

Ob/ob mice exhibit more angiogenic signaling
at the trauma site compared with wild type

Mean vessel volumes (MVV) in the injured hind limb of
burned diabetic and wild-type mice at 7 weeks after injury
were compared (Fig. 2A). MVV in diabetic mice were
significantly greater than wild type (9.47 mm3 vs.
3.22 mm3, P < 0.01). Although difficult to quantitate, the
vessels in ob/ob mice are narrower and more disorganized.

When adjusting for limb mass, diabetic limbs continued
to have increased MVV (6.87 mm3/g vs. 5.31 mm3/g,
P < 0.01) (Fig. 2B). At 3 weeks, we found more small
vessels in diabetic mice based on CD31 staining (Fig. 2C).
Upon staining of wild-type and ob/ob hind limbs in the
absence of burn/tenotomy, we found more CD31+ vessels
in wild-type mice suggesting that baseline vessel presence
is elevated in uninjured wild-type mice (Supplementary
Fig. 3A, B).

At 5 days post-trauma, there was similar staining for
Hif1a at the hind limb of diabetic and wild-type mice (Fig.
2D). RNA transcript levels of Hif1a were higher in histo-
logic sections of the diabetic hind limb at the injury site
(Fig. 2E). A similar comparison of Vegfa levels showed
more Vegfa staining in the ob/ob hind limb, again confirmed
based on RNA transcript levels at 5 days post-trauma (Fig.
2F, G). We found elevated Vegfa immunostaining in unin-
jured wild-type mice compared with uninjured ob/ob mice,
although RNA analysis did not suggest a significant differ-
ence (Supplementary Fig. 3C, D).

FIG. 2. (A) Vessel reconstruction after MICROFIL injection at 7 weeks of ob/ob and wild-type hind limbs depicts more
vessel growth with disorganization in ob/ob mice. Cross sections taken from the top third, middle third, and bottom third of
both legs are depicted to the right. Gray arrowheads = MICROFIL dye in vessels. (B) Mean vessel volume standardized to
hind limb mass. (C) Staining for CD31 (black arrowheads) shows comparable amount of staining in both ob/ob and wild-
type hind limbs after 3 weeks. (D) Staining for Hif1a (black arrowheads) is comparable between ob/ob and wild-type mice
after 5 days. (E) Higher Hif1a RNA transcript level in the diabetic hind limb compared with wild type after 5 days,
standardized to internal Gapdh levels [normalized ratios 3.33 (SD 1.44) vs. 1.00 (SD 0.52)]. (F) VEGF staining is increased
in the ob/ob hind limb 5 days postinjury. (G) Vegfa RNA transcript levels are higher in the ob/ob hind limb after 5 days,
standardized to internal Gapdh levels [normalized ratios 2.38 (SD 0.83) vs. 1.00 (SD 0.59)]. *P < 0.05.
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Decreased cartilage formation in ob/ob mice
at 3 weeks and 3 months postinjury

Despite increased angiogenic signaling based on the RNA
transcript level, protein expression, and final vessel growth,
pentachrome and SOX9 staining confirmed that ob/ob mice
exhibit diminished cartilage formation. At the level of te-
notomy, we found robust alcian blue staining representative
of cartilage after 3 weeks in pentachrome-stained sections of
wild-type mice only (Fig. 3A). Ob/ob mice exhibited less
SOX9 staining compared with wild type at the site of future
HO development 3 weeks after injury, coinciding with areas
of blue stain in our pentachrome-stained sections (Fig. 3B).
RNA analysis did not indicate a significant difference in
Sox9 expression early after trauma, however (Fig. 3C).

Ectopic bone has diminished collagen
and osteoblast presence in ob/ob mice

Ectopic and normal cortical bone from wild-type and
ob/ob mice was stained with aniline blue. Both ectopic bone
and normal cortical bone from ob/ob mice had diminished

osteoid staining compared with respective bone from wild-
type mice (Fig. 4). Furthermore, osteoblast presence was
diminished within the ectopic bone of ob/ob mice compared
with wild-type mice by osteocalcin immunofluoresence
(Fig. 4).

Ectopic bone resorbs during the initial weeks
after injury in ob/ob mice

Upon further evaluation of the mCT images, we noted
decreases in HO volume from weeks 5 to 7, and again from
weeks 7–9, indicative of bony resorption in ob/ob mice (Fig.
5A). HO resorption was not observed in wild-type mice at
any time point [14].

Increased osteoclast presence in heterotopic bone
from ob/ob mice

Tartrate-resistant acid phosphatase (TRAP) staining of
ob/ob and wild-type mice was performed at 5 days, 3 weeks,
and 3 months post-trauma to assess osteoclast presence.
While wild-type HO had no evidence of osteoclast activity,

FIG. 3. (A) Pentachrome
staining of injured ob/ob and
wild-type hind limbs at 3 weeks
shows strong alcian blue pres-
ence in wild-type mice indica-
tive of cartilage deposition
(black arrowheads). (B) SOX9
staining confirms the presence
of chondrocytes (black arrow-
heads) and chondrogenic pre-
cursors (gray arrowheads) to a
higher degree than seen in ob/
ob mice. (C) Sox9 gene ex-
pression is not significantly el-
evated early after trauma in
wild-type mice compared with
ob/ob mice.
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FIG. 4. (A) Aniline blue stain of wt/wt and ob/ob sections 3 months after injury with regions of HO indicated (gray
arrowheads) (4· magnification). (B) Aniline blue stain of normal bone and HO 3 months after injury in wt/wt and ob/ob
mice (10·). (C) Representative osteocalcin immunofluorescent staining in normal bone and HO in wt/wt and ob/ob mice 3
months after injury (20·). (D) Increased osteocalcin staining per high-powered field in normal bone and HO of wt/wt mice
compared with ob/ob mice (n = 3 sections for wt/wt and ob/ob mice).

FIG. 5. (A) Decreasing trend in
HO volume of ob/ob mice over
time compared with wild-type mice
(gray arrowheads). (B) Increased
osteoclast activity based on TRAP
staining of ob/ob and wild-type HO
regions.
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we found robust osteoclast presence at the 3-month time point
in HO from ob/ob mice (Fig. 5B). This osteoclastogenesis is
not seen even if wild-type mice are followed out to 15 weeks
demonstrating dysregulated bone homeostasis in our ob/ob
mice.

Discussion

In this study, we use leptin-deficient mice (ob/ob) as a
model of type 2 diabetes to determine the impact on HO
following trauma. HO is a condition characterized by ec-
topic bony lesions within soft tissues. This condition often
develops in patients with severe trauma such as large surface
area burns, blast injuries, or surgical procedures. As a result,
patients develop chronic pain, open wounds, restricted range
of motion at joints, and nerve impingement [1–3]. Our in-
terest in studying HO in the context of a model of type 2
diabetes was driven by previous studies demonstrating in-
creased fracture risk and impaired fracture healing in dia-
betic patients and animal models, as well as less incidence
of HO in diabetes patients [6–8]. No studies have examined
the impact of diabetes on the production of pathologic
heterotopic bone post-trauma. By identifying the impact of a
pathologic metabolic condition on pathologic bone forma-
tion, we may begin to identify potential targets to prevent or
limit HO in patients.

Our model of post-traumatic HO reliably produces ra-
diographically evident HO as early as 5 weeks after injury in
wild-type mice and closely resembles patients at risk for
HO—those with large burns and/or significant trauma. By
using a leptin-deficient model (ob/ob), we focused on a
model of diabetes closely resembling the metabolic syn-
drome experienced by type 2 diabetic patients, which has
been shown to closely resemble pathologic wound healing
in diabetic patients [22]. Serum glucose and insulin analyses
of the mice included in our study confirm that these mice
demonstrate some of the components of type 2 diabetes.

We found that ob/ob mice produce significantly less HO
compared with wild type. Furthermore, HO, which forms
initially in the ob/ob mouse, slowly resorbs over time.
Overall, our study demonstrates that leptin deficiency may
limit pathologic bone formation.

In vitro osteogenic differentiation

Our findings indicate that the osteogenic differentiation of
adMSCs derived from burned wild-type mice is elevated
compared with adMSCs derived from burned ob/ob mice.
However, our finding that burn injury actually caused a
decrease in the osteogenic differentiation of adMSCs from
ob/ob mice was interesting, given previous reports that burn
injury increases osteogenic differentiation of wild-type
adMSCs [2]. This suggests that burn injury may actually
decrease the osteogenic capacity of mesenchymal cells,
which may be responsible for HO in ob/ob mice.

Diabetes, angiogenesis, and pathologic HO

Hif1a induces Vegfa expression, which directs vessel
growth. We noted slightly increased Hif1a transcript and
staining in the ob/ob mouse hind limb. We also found ele-
vated Vegfa transcript and staining in the ob/ob hind limb,
indicative of robust angiogenic signaling. Our findings were

confirmed by the presence of robust angiogenesis at 7 weeks
post-trauma in the ob/ob mouse. Therefore, decreased HO
volume seen early in leptin-deficient mice is likely not re-
lated to decreased angiogenic signaling. Importantly, this
difference was not present at baseline when comparing un-
injured wild-type and ob/ob mice; rather, it appeared that
there was a trend toward increased VEGF expression in
wild-type mice. We did note that vessels in ob/ob mice were
narrower and more disorganized. Whether this contributes to
diminished HO is difficult to confirm.

Endochondral ossification and leptin deficiency

Normal bone healing occurs through endochondral ossifi-
cation. During this process, undifferentiated MSCs condense
at the site of future bone growth. These MSCs differentiate
into chondrocytes, which hypertrophy and produce matrix
proteins [23,24]. In this study, we chose to use MSCs derived
from the inguinal fat pad to study differences in osteogenic
potential between wild-type and ob/ob mice. We chose to
study these cells as opposed to osteoblasts from wild-type and
ob/ob mice because we are interested in understanding how
leptin deficiency alters osteogenic potential of HO precursor
cells and not of mature osteoblasts.

Osteoblasts and vessels invade the surrounding matrix,
forming bone. SOX9 is a transcription factor known to play
a central role in chondrogenic signaling. Incidentally, Hif1a
also regulates SOX9 expression. Although Hif1a levels were
elevated in ob/ob mice, and there was more downstream
proangiogenic signaling (Vegfa) in ob/ob mice, SOX9 levels
were actually diminished in the ob/ob mice at both 5 days
and 3 weeks after injury. This suggests that Hif1a was un-
able to induce SOX9 expression with the same efficiency in
ob/ob mice as in wild-type mice. Pentachrome staining at
3 weeks confirmed diminished cartilage production in the
ob/ob mouse compared with wild type. These findings
strongly suggest that the diminished chondrogenic differ-
entiation contributes to diminished HO as early as 3 weeks
post-trauma.

Next, we performed aniline blue and osteocalcin immu-
nofluorescent staining of ob/ob and wild-type HO sections at
3 months after trauma. We found that aniline blue staining
was much deeper in the wild-type mice for both HO and
normal bone compared with the HO or normal bone of ob/ob
mice. The fact that even normal bone appears to have di-
minished osteoid in the ob/ob mice compared with wild-type
mice suggests that the effect of leptin deficiency on normal
bone may be similar to its effect on developing HO (Fig. 4).
Furthermore, these results are consistent with our penta-
chrome stain, which showed more red stain indicative of
immature collagen deposition. In addition, HO from wild-
type mice had more osteocalcin staining on immunofluo-
rescence, suggesting more osteoblast presence within wild-
type HO.

Increased osteoclast presence in ob/ob mice

Between 7 and 9 weeks, ob/ob mice showed decreased
ectopic bone volume over time, in stark contrast to wild-
type mice. Previous studies demonstrated that osteoclast
function is upregulated in the setting of diabetes, prompting
our interest in osteoclast presence in our model [12,13].
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Osteoclast activity is one mechanism believed to contribute
to osteoporosis in diabetic patients. We stained sections of
HO in ob/ob and wild-type mice with TRAP to assess for
osteoclast presence. We noted robust osteoclast presence at
3 weeks in ob/ob mice with persistent activity at 11 weeks
postinjury. We noted no osteoclast presence in the HO of
wild-type mice. This finding suggests a mechanism by
which HO is resorbed in the ob/ob mouse model of diabetes.

Limitations

In this study, we use leptin-deficient ob/ob mice as a model
for type 2 diabetes. Serum from ob/ob and wild-type mice in our
study confirms that the ob/ob mice have significantly higher
glucose and insulin levels, similar to type 2 diabetes. However,
it is also possible that leptin deficiency itself is responsible for
decreased HO in the ob/ob mouse. To study this, it may be
required to determine whether leptin deficiency is sufficient to
decrease HO in the absence of hyperglycemia or hyper-
insulinemia. Previously, it has been shown that ob/ob mice
without hyperglycemia have a very low rate of bony turnover.

Conclusions

We demonstrate that pathologic bone formation after
trauma, or HO, is limited in the setting of diabetes. Our
study using the ob/ob mouse model suggests that this may
be secondary to impaired early SOX9 activation and chon-
drogenic differentiation, followed by late bone resorption by
osteoclasts. Diabetic mouse models serve as a promising
tool to study targets for the prevention or treatment of HO.
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