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ABSTRACT

Angiogenesis is a vital process during the regeneration of bone tissue. The aim of this
study was to investigate angiogenesis at the fracture site as well as at distal locations
from obesity-induced type 2 diabetic mice that were treated with bone morphogenetic
protein-2 (BMP-2, local administration at the time of surgery) to heal a femoral critical
sized defect (CSD) or saline as a control. Mice were fed a high fat diet (HFD) to induce
a type 2 diabetic-like phenotype while low fat diet (LFD) animals served as controls.
Endothelial cells (ECs) were isolated from the lungs (LECs) and bone marrow (BMECS)
3 weeks post-surgery, and the fractured femurs were also examined. Our studies
demonstrate that local administration of BMP-2 at the fracture site in a CSD model
results in complete bone healing within 3 weeks for all HFD mice and 66.7% of LFD
mice, whereas those treated with saline remain unhealed. At the fracture site, vessel
parameters and adipocyte numbers were significantly increased in BMP-2 treated
femurs, irrespective of diet. At distal sites, LEC and BMEC proliferation was not altered
by diet or BMP-2 treatment. HFD increased the tube formation ability of both LECs and
BMECs. Interestingly, BMP-2 treatment at the time of surgery reduced tube formation in
LECs and humeri BMECs. However, migration of BMECs from HFD mice treated with
BMP-2 was increased compared to BMECs from HFD mice treated with saline. BMP-2
treatment significantly increased the expression of CD31, FLT-1, and ANGPT2 in LECs
and BMECs in LFD mice but reduced the expression of these same genes in HFD mice.
To date, this is the first study that depicts the systemic influence of fracture surgery and
local BMP-2 treatment on the proliferation and angiogenic potential of ECs derived from

the bone marrow and lungs.
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1. Introduction

The prevalence of type 2 diabetes mellitus (T2D) increases with obesity and age [1].
T2D patients have an increased 1.4% relative risk of fracture compared to non-diabetic
patients [2-6] and an increased risk of fragility fractures in the presence of coexisting
osteoporosis [7]. Furthermore, the secondary manifestations of T2D, such as
neuropathy, hypoglycemic episodes, retinopathy, and heart disease, all increase the
risk of falls that cause traumatic fractures [6, 8, 9]. Once fractures occur, T2D-mediated
complications lead to impaired bone healing and increased frequency of partial-,
delayed-, or nonunion bone defects [10-12]. More specifically, an imbalance between
osteoclasts and osteoblasts, local growth factors, mechanical stress, and impaired
vasculogenesis prolongs the healing period by up to 87% [10, 13]. Thus, bone healing is
dependent upon the synergistic actions of cells, cytokines, and growth factors. Various
growth factors involved in bone regeneration have been identified and are already being
used in clinical settings. For instance, bone morphogenetic protein-2 (BMP-2), a
mediator of osteogenesis, and vascular endothelial growth factor (VEGF), a mediator of

angiogenesis, are the most studied growth factors in this context [14, 15].

Angiogenesis can be regarded as a rate-limiting factor for appropriate bone repair
[16, 17]. This process is vital for developing new bone tissue, remodeling, and
maintaining homeostasis [18]. The formation of new blood vessels brings oxygen and
nutrients to the highly metabolically active callus and also brings in inflammatory and
precursor cells necessary for bone formation [19, 20]. The major components of
angiogenesis include endothelial cell (EC) proliferation, migration, adhesion, and tube
formation regulated by proangiogenic factors [21]. Although previous studies have
shown organ/tissue-specific EC heterogeneity [22], EC heterogeneity between bones
and lungs has not been reported. In this study, we examined ECs isolated from humeri
bone marrow and compared them with ECs isolated from lungs, and also examined in

Vivo angiogenesis at the site of the bone fracture.

Secretion of VEGF from bone cells can trigger signaling responses in ECs to form
blood vessels [23-25]. ECs residing in bone also release factors that can act upon
chondrocytes and cells of the osteoblast lineage [26, 27]. For instance, ECs secrete



osteogenic factors, such as BMP-2, that support osteoblast differentiation [28]. ECs are
also involved in the maintenance and differentiation of bone marrow hematopoietic stem
cells (HSCs) [29]. Thus, angiogenesis plays a major role in the healing and repair of
fractures [19, 30]. Indeed, altered vasculature is associated with the progression of
numerous bone diseases, such as osteoporosis, osteonecrosis, rheumatoid arthritis,

bone cancer, and metastasis [31].

Critical sized defect (CSD) models have been established to study nonunion and
large bone defects, particularly those that do not heal during the lifetime of an animal
[32]. The CSD model impedes fracture healing due to a lack of blood flow at the fracture
site. This model allows researchers to study various aspects of fracture healing. The
effect of BMP-2 on healing CSDs has been abundantly studied. However, to the best of
our knowledge, there has not been a study that compares the systemic effects of local
BMP-2 treatment in a murine CSD model on ECs. Therefore, in this study, we also
investigated the effect of BMP-2 treatment in a CSD mouse model on the proliferation
and angiogenic potential of ECs obtained from humeri bone marrow and lungs in HFD-

induced type 2 diabetic mice three weeks post-surgery.



2. Materials and methods
2.1. Overview of experimental design and type 2 diabetic mouse model

Supplemental Fig. 1 is a timeline of our study design and Supplemental Fig. 2
shows the distribution of mice into our experimental groups. All animal studies were
approved by the Indiana University School of Medicine Institutional Animal Care and

Use Committee.

A total of fifty-five (n = 55) male Tie2-CreER;Td-Tomato (Tie2CreERT") mice
were used in this study (Supplemental Fig. 2). The description of the original generation
and characterization of these mice was previously reported [33]. The mice used in these
studies have been backcrossed to the C57BL/6J background for more than 10
generations. At 6 weeks of age, the mice were placed on a low-fat diet (LFD) of Rodent
Diet 10 kcal% fat (Research Diets, Inc., New Brunswick, NJ). Mice were assessed for
total, lean, and fat body mass using an EchoMRI™-100H Body Composition Analyzer
(EchoMRI, LLC, Houston, TX) and baseline glucose tolerance testing (GTT) at 7 weeks
of age. At 8 weeks of age, baseline insulin tolerance testing (ITT) was completed. For
GTT, mice were fasted for 6h and injected with glucose at a concentration of 2g/kg body
weight. Blood was subsequently drawn from the tail vein, and glucose concentration
was measured at 0-, 10-, 20-, 30, 60-, and 120-min. For ITT, mice were fasted for 2h,
followed by Humulin R insulin (Eli Lilly, Indianapolis, IN) injection at 0.75 1U/kg body
weight. Blood was drawn from the tail vein and glucose concentration measured at
15min intervals for 1h. Subsequently, the mice were split into two groups, with half
remaining on LFD (n=27) and half switched to a high fat diet (HFD) (n=28) of Rodent
Diet 45 kcal% fat (Research Diets, Inc., New Brunswick, NJ) (Supplemental Fig. 2).
After 11 weeks on diet, mice were injected (intraperitoneal) with 10mg/kg tamoxifen for
three consecutive days to induce Cre-recombinase and Td-Tomato expression in Tie2"
ECs. Note that we first completed a pilot study which showed that administration of
tamoxifen in this manner allows for Cre recombination but does not impact bone
phenotype as assessed by UCT (Supplemental Figs. 3 and 4), whereas administration

at 100mg/kg tamoxifen, while allowing for Cre recombination, increased some



trabecular and cortical bone parameters, thus our selection of 10mg/kg tamoxifen

dosing.

After 12 weeks on diet, GTT/echoMRI was repeated (20 week old mice), and at
13 weeks (21 week old mice), ITT was repeated to confirm T2D phenotype. A week
later, mice underwent CSD surgery as described below (22 week old mice). Therefore,

mice remained on the respective diets for 14 weeks total prior to surgery.
2.2. Critical size defect (CSD) mouse model and BMP-2 treatment

All surgical procedures were performed under sterile conditions. The LFD and HFD
animals were randomly sub-divided by cages into 2 groups based on treatment with
either saline (Aqualite System, Hospira Inc, Lake Forest, IL) or recombinant human
BMP-2 (Medtronic Sofamor Danek Inc, Memphis, TN) (Supplemental Fig. 2). Briefly,
mice were anesthetized by isoflurane (Patterson Veterinary, Greeley, CO). Eyes were
protected with Eye Lubricant Major® LubriFresh™ P.M. eye ointment (Major
Pharmaceuticals, Indianapolis, IN). The right hind limb was shaved and disinfected with
triplicate ethanol (Decon Laboratories, Inc, King of Prussia, PA) and Betadine (Purdue
Products, LP, Stamford, CT) scrubs. To develop a CSD, a 1 cm skin incision was made
laterally over the right thigh. The femur was exposed through blunt dissection and the
knee was held in a flexed position to split the patellar tendon with the help of a 27-
gauge needle. A 2 mm femoral diaphyseal defect was created with a sterile 200 Two
Speed Rotary Tool (DREMEL, Racine, WI) and the needle was passed through a 2 mm
synthetic graft and the greater trochanter [34]. The needle was secured in its position by
bending inferiorly on itself and by pulling the needle taut against the greater trochanter
in an anterograde direction. Either normal saline (negative control) or 5 ug recombinant
human BMP-2 treated RCM6 Resorbable Collagen Membranes (ACE Surgical Supply
Co., Inc., Brockton, MA) were wrapped around the synthetic graft and sutured into place
using 3-0 polyglycolic acid suture (J215H, Ethicon, Somerville, NJ). The muscle fascia
was closed using 3-0 polyglycolic acid suture and the skin was closed using standard 7
mm wound clips (RF7CS, Braintree Scientific, Braintree, MA). X-ray images were taken

immediately after surgery and biweekly to ensure proper placement of the pin and



healing of the defects, respectively. Mice were euthanized three weeks post-surgery to

isolate ECs and to examine in vivo vascularization and bone union.
2.3. Micro-computed tomography imaging and analysis of CSD bone union

For the tamoxifen dosing pilot study, femurs were imaged using a desktop SkyScan
1172 uCT imaging system (SkyScan, Kontich, Germany, 60 kV, 5.9 um voxel), and
image reconstructions of each specimen were obtained via NRecon v.1.7.3. For
trabecular analysis of the femur, the ROI started at 0.25 mm proximal of the distal
growth plate and extended an additional 0.5 mm proximally. Reported variables include
BV/TV, Tb.Th, Th.N, Th.Sp, and Conn.D. For cortical analysis of the femur, a 1 mm ROI
was centered on the midshaft of the femur. Reported variables include BV/TV, Cortical
T.Ar, Cortical B.Ar, Cortical M.Ar, Cortical MMI Polar, and Cortical Thickness.

For the CSD femur imaging, a desktop SCANCO uCT35 imaging system (SCANCO
Medical, Brittisellen, Switzerland, 55 kV, 12 um voxel) was used. For fracture callus
analysis, the ROI was centered at the midpoint of the scaffold and extended until the
callus ended in each direction.

Bone union was quantitated using the Radiographic Union Score for Tibial Fractures
(RUST) method [35] but was adapted and applied to the femora [36, 37] as a semi-
guantitative method for analysis. Here, orthogonal images were selected, which
approximated the medial, lateral, anterior, and posterior cortices on the 3D
reconstructions of the callus region in the femur. Then, each cortex was given a score of
1 (callus absent), 2 (callus present, incomplete bridging), or 3 (callus present, complete
bridging). The scores for all 4 cortices were added to provide a final score ranging from
4 (not healed) to 12 (maximally healed). Supplemental Fig. 5 contains annotated uCT

images depicting this scoring system.

2.4. Histological imaging and analysis of vasculature within the defect region

Both the fractured femurs and the contralateral femurs were collected 3 weeks after
the fracture surgery. All the femurs were fixed in 10% neutral buffered formalin (NBF,
Thermo Fisher Scientific, Waltham, MA) for 48 hours, transferred to 70% ethanol, and

stored at 4°C. Following uCT scanning, femurs were demineralized in Immunocal



Decalcifier (Statlab, Mckinney, TX) for 48 hours at 4°C. The femurs were then
processed and embedded in paraffin. 5-um thick longitudinal sections were cut and
mounted on glass slides. Some sections were stained with Alcian Blue/Picrosirius Red

to better visualize the fracture site and cartilage area as described elsewhere [38].

Other sections were deparaffinized, treated with 3% H,O, to inhibit endogenous
peroxidase activity, and blocked with 3% bovine serum albumin (BSA, Sigma-Aldrich,
St. Louis, MO). Antigen retrieval was performed with 10mM citrate buffer for 20 minutes.
Samples were incubated with 1:100 dilution of Rat monoclonal anti-Endomucin antibody
(SC-65495, Santa Cruz Biotechnology, Santa Cruz, CA) in blocking buffer at 4°C
overnight. Following three washes in 1X PBS, sections were incubated with 1:200
dilution of biotinylated anti-rat IgG secondary antibody, and color was developed with a
diaminobenzidine substrate chromogen system (VectaStain ABC kit, Vector
Laboratories, Burlingame, CA). Non-immune IgD was used as a negative control. A
0.2% methyl green solution was used as a counterstain. Vessel area and perimeter
were measured and vessel number was counted in the periosteal callus area using a
semiautomatic analysis system (Bioquant OSTEO, Bioquant Image Analysis Co.,
Nashville, TN) attached to a Leica microscope. The measurements were carried out at
upper and lower bony callus regions above and below the scaffold (Supplemental Fig. 6
depicts the regions from which micrographs were obtained). Vessel number, area, and
perimeter were calculated for each region and presented as the average of those 3
regions per callus area. Adipocytes were counted in the same regions and were
presented as the average number of adipoctyes per microscopic field.

2.5. Isolation of endothelial cells from lungs and bone marrow

ECs were isolated from lungs (LECs) and bone marrow (BMECs) as described
previously with slight modifications [39, 40]. Briefly, lung tissue was isolated and
harvested in a sterile environment, finely minced into small pieces, and then digested
with 225 U/ml collagenase type 2 solution (Worthington Biochemical Corporation,
Lakewood, NJ) for 1 h at 37°C and 5% CO,. Simultaneously, Dynabeads (Thermo
Fisher Scientific) were conjugated with biotin rat anti-mouse CD31 antibody (BD

Pharmingen™, San Jose, CA). The minced tissue was filtered through a 70 pum mesh



strainer and the cell suspension was incubated with the CD31-conjugated Dynabeads
for 1h at 4°C. Later, CD31" cells were separated by magnetic field using a Dynamag 2
(Thermo Fisher Scientific). Isolated cells were plated in collagen | coated 6-well plates
(Corning®, Corning, NY) at a density of 3 x 10° cells/ml in EC Growth Medium 2
(PromoCell, Heidelberg, Germany) supplemented with Growth Medium 2
SupplementMix (PromoCell) and Penicillin-Streptomycin-Glutamine (Thermo Fisher

Scientific). LECs at passage 2 were used in all experiments.

BMECs were isolated from the humeri. Briefly, soft tissues were removed
thoroughly, epiphyses were removed, and the bone marrow was isolated by
centrifugation in Complete EC Growth Media supplemented with 5% fetal bovine serum
(FBS), EC Growth Supplement, and 1% Penicillin/Streptomycin (ScienCell, Carlsbad,
CA). Isolated ECs were plated in a 12-well plate coated with 4 ug/mL fibronectin
(Thermo Fisher Scientific) in Complete EC Growth Media and were used after 7 days in

culture.

Of note, from a feasibility perspective, 3-4 mice/group were euthanized at any
particular time. This was repeated 3-4 times to obtain sufficient cell numbers for all
assays and technical replicates for each biological replicate (individual mice for BMECs

and pooled mice for LECs).
2.6. Immunofluorescence for CD31 expression

Cultured LECs and BMECs at 70-80% confluence were fixed with 10% NBF,
washed with 1X phosphate buffered saline (PBS) (IBI Scientific, Cubuque, IA), and
stained overnight with anti-CD31/PECAM-1, DyLight 488, Clone: MEC 7.46, antibody
(Novus Biologicals™, Centennial, CO) at 4°C at a dilution of 1:500 in 1% BSA. Nuclei
were stained with 1 pg/ml 4',6-diamidino-2-phenylindole (DAPI) solution (Thermo Fisher
Scientific). The images were taken with EVOS® FL Cell Imaging System (Thermo
Fisher Scientific).

2.7. Analysis of proliferation

The proliferation of LECs was assessed by seeding cells in a 24-well plate at a

density of 5x10° cells/well. Cells were fixed with 10% NBF and staining the nuclei with 1



pg/ml DAPI solution. The images were taken with EVOS® FL Cell Imaging System and

DAPI positive cells were counted manually.

The proliferation of BMECs was examined by seeding the cells in a 96-well plate at a
density of 5x10° cells/well. Cells were fixed with 10% NBF at room temperature for 20
min, then stained with 0.05% crystal violet for 30 min. Later, cells were washed under
tap water and dried overnight. The images were taken with EVOS® FL Cell Imaging

System and counted using ImageJ.1.52a software [41].
2.8. Tube formation assay

Tube formation was assessed by Matrigel tube formation assay as described
previously [42]. Briefly, Matrigel basement membrane matrix (Corning®, Corning, NY)
was polymerized in 96-well plates (50 pl/well) at 37°C for 45 minutes. LECs at passage
2 and BMECs at passage 1 were plated on the polymerized basement membrane
matrix at a density of 10,000 cells/well suspended in their respective growth medium.
Cells were incubated at 37°C and 5% CO,, and images were taken after 6h and 8h for
lung and bone marrow cells, respectively. Tube formation was quantified using
ImageJ.1.52a software. The parameters analyzed for tube formation included the
number of nodes, number of meshes, number of complete tubes, and total tube length.
The number of nodes and the number of meshes were analyzed by the automated
Angiogenesis Analyzer plugin using ImageJ.1.52a. The number of complete tubes and
the total tube length were measured manually by three independent double-blinded
readers using the Simple Neurite Tracer plugin within the ImageJ.1.52b Fiji software
[43]. Supplemental Figure 7 shows a representative Matrigel tube formation micrograph

with annotations showing the measured parameters.
2.9. Wound migration assay for BMECs

BMECs were seeded in 96 well plates at a density of 1 x 10° cells/well and grown for
24 h until 100% confluence. A wound was created in the middle of each well using
IncuCyte® WoundMaker (Essen BioScience, Ann Arbor, MI). Images were taken at time
0 and consecutively every 2h until 48h at 10X magnification using the IncuCyte ZOOM®
Live-Cell Analysis System (Essen BioScience). Images were analyzed using the



IncuCyte™ Scratch Wound Cell Migration Software (Essen BioScience). The
parameters for migration assessed were relative wound density (%), wound confluence

(%), and wound width (um).
2.10. Gene expression analysis

RNA was isolated from the cells using an RNeasy Mini kit (QIAGEN, Hilden,
Germany). The Transcriptor First Strand cDNA Synthesis Kit (Roche, Basel,
Switzerland) was used to prepare cDNA from 1 ug of total RNA. Quantitative real-time
PCR was performed using Power SYBR™ Green PCR Master Mix (Thermo Fisher
Scientific, Waltham, MA) on a CFX96 Touch Real-Time PCR Detection System (Bio-
Rad, Hercules, CA). The following primer genes were analyzed: CD31 Antigen (CD31),
Fms Related Tyrosine Kinase 1 (FLT-1), Angiopoietin 1 (ANGPT1), and Angiopoietin 2
(ANGPT2) (Table 1). Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) gene
served as the internal control. Relative gene expression was calculated using the 224¢T

method.

Table 1
Quantitative PCR primers used in the study

Gene Orientation Sequence (5'-3")
GAPDH Forward CGTGGGGCTGCCCAGAACAT
Reverse TCTCCAGGCGGCACGTCAGA
CD31 Forward ACGCTGGTGCTCTATGCAAG
Reverse TCAGTTGCTGCCCATTCATCA
FLT-1 Forward CCACCTCTCTATCCGCTGG
Reverse ACCAATGTGCTAACCGTCTTATT
ANGPT1 Forward CACATAGGGTGCAGCAACCA
Reverse CGTCGTGTTCTGGAAGAATGA
ANGPT2 Forward CCTCGACTACGACGACTCAGT
Reverse TCTGCACCACATTCTGTTGGA

2.11. Statistical analysis



Statistical analyses were performed using GraphPad Prism version 8.0.0 for

Windows (GraphPad Software, San Diego, California USA, www.graphpad.com).

ANOVA followed by Bonferroni's post-hoc multiple-comparisons test was completed to
evaluate the significance of differences found between all groups when there were more
than two present, whereas a Student’s t-test was performed to evaluate the significance
of a difference found between two groups. Three-way ANOVA was performed to
analyze the migration data. Statistically significant differences were those where p <
0.05. Unless otherwise specified, the data are presented as the mean * standard
deviation (SD). All experiments were conducted with 3 or more biological replicates (as
detailed in each figure/legend), and triplicate or quadruplicate wells or technical

replicates were averaged for each biological replicate.

3. Results

3.1. HFD resulted in T2D-like phenotype in mice

Mice fed with HFD for a 12-week time period developed a T2D-like phenotype (Fig.
1). HFD fed mice gained a considerable amount of weight over time irrespective of
treatment (Fig. 1A). Blood glucose levels were recorded for a total of 41 animals when
they were 7 and 8 weeks of age for baseline GTT and ITT tests, respectively, and were
repeated at the 20 and 21 weeks of age, respectively. It was evident that HFD resulted
in impaired glucose and insulin tolerance in mice (Fig. 1B and C and Supplemental Fig.
8). Moreover, HFD mice had a significantly higher total body mass compared to LFD
mice (Fig. 1D). A slight difference was observed in the lean mass of HFD mice (Fig.
1E). The fat mass was considerably higher in HFD fed mice (Fig. 1F). These data show
that HFD induced a T2D-like phenotype in mice.
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Fig. 1. T2D-like phenotype induced in mice fed with HFD. Average body weight of 27
LFD and 28 HFD fed mice over the course of 25 weeks (A). GTT data showing average
blood glucose levels of 20 LFD and 21 HFD fed mice after being on the diet for 12
weeks compared to the average baseline blood glucose level. The baseline is a
combined total of 41 mice measured when they were 7 weeks of age (B). ITT data
showing average blood glucose levels of 20 LFD and 21 HFD fed mice after being on
diet for 12 weeks as compared to the average baseline blood glucose level. The
baseline is a combined total of 41 mice measured at 8 weeks of age (C). Total body
mass (D), lean mass (E), and fat mass (F) of LFD and HFD fed mice. Data are
expressed as mean = SD. *p < 0.05 and ***p < 0.001 as compared to LFD mice.

3.2. CSD healing in diabetic mice 3 weeks post-surgery

Bone healing was examined 3 weeks post-surgery for mice fed a LFD or HFD and
treated locally at the time of surgery with either saline or BMP-2. This is the same time
that LECs and BMECs were isolated from the mice for in vitro studies detailed below.
Fig. 2 shows representative uCT reconstructions of the injured femurs from these mice
and Fig. 3 shows the quantitated uCT data obtained as well as RUST scoring as a
measure of bone union. As detailed in Fig. 2 and Fig. 3E, irrespective of diet, bridging



was not observed in any of the saline treated mice. Specifically, the LFD+Saline group
had a RUST score of 5.0 = 0.9 and the HFD+Saline group had a RUST score of 5.9 +
2.7 (p>0.05). On the other hand, BMP-2 treatment increased bone union/bridging in
both LFD (RUST: 9.0 £ 3.6) and HFD (RUST: 11.1 + 1.8) mice (p=0.05). With regard to
MCT parameters, mineralized callus volume (BV/TV) and trabecular number (Tb.N)
followed similar trends. Of importance, as detailed in Fig. 2, 3 of 9 (1/3) of LFD mice
treated with BMP-2 had not completely healed by 3 weeks post-surgery. Thus, we also
separated healed and unhealed specimens for additional analysis of the uCT data and
RUST scoring data (Supplemental Fig. 9). When LFD+BMP-2 mice that healed were
compared with HFD+BMP-2 mice, no significant differences in any parameters were
observed (p > 0.05). Thus, it appears that in a femoral CSD model, that BMP-2

improves bone healing, irrespective of diet.

Saline BMP-2

Not Healed Not Healed Healed
n=7 n=3 n=6

Not Healed Healed
n=11 n=10

Fig. 2. Representative pCT reconstructions from mice that underwent a femoral CSD
surgery, were treated locally at the time of surgery with either saline or BMP-2, and

were fed either a HFD or LFD. Below each image, the n-value represents the number of



mice in each group that were considered healed (average of 3 or more cortices

receiving a score of 3, RUST = 10) or not healed (average of 2 or more cortices

receiving a score of 1, RUST <6).
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Fig. 3. Reconstructed pCT images were analyzed and several parameters were
examined within the fracture callus region, including: mineralized callus volume (BV/TV)
(A), trabecular number (Tb.N) (B), trabecular thickness (Tb.Th) (C), trabecular
separation (Tb.Sp) (D), and RUST scoring (E) for each group. For RUST scoring, each
cortex of the fracture callus as observed on the reconstructed images (orthogonal
views) were given a score of 1 (callus absent), 2 (callus present, incomplete bridging),
or 3 (callus present, complete bridging), and the scores for all 4 cortices were combined
to provide a final score ranging from 4 (not healed) to 12 (maximally healed). Data are
expressed as mean = SD (n=7-11/group). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <
0.0001.

3.4. Histological analysis at the fracture site

Following uCT analysis, femurs were decalcified, paraffin-embedded, and sectioned.
To confirm the bone union/bridging observed in mice treated with BMP-2, some
sections were stained with Alcian Blue/Picrosirius Red as per published protocols [38].
Representative images from each group are shown in Supplemental Fig. 10. Other
sections underwent immunohistochemical staining for endomucin and were
subsequently quantitated (Fig. 4 and Supplemental Fig. 11). As would be expected
when examining the fracture callus, in the saline treated mice, where complete bridging
did not occur, there is reduced callus for which vessel parameters can be measured (no
vessels are present in the middle callus section (section #2) described in Supplemental
Fig. 6). Therefore, these vessel parameters were overall lower in saline treated mice as
compared to that observed in BMP-2 treated mice. No significant differences were

observed based on diet.
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Fig. 4. Representative microscopic images showing microvascular vessels inside bony
callus as indicated by ECs immunostained with endomucin (dark brown) three weeks
after fracture surgery (A). Adipocytes () were also observed. Original magnification =

20X, Scale bar = 100 pum. The total vessel number/callus area (B), total vessel



areal/callus area (C), and total vessel perimeter/callus area (D) were measured. Data
are expressed as mean + SD (n=5-7/group). *p < 0.05, *p < 0.01, **p < 0.001, and
**xxn < 0.0001.

As we were interested in understanding whether local administration of BMP-2 at the
fracture site could impact vessel formation at distal sites, we also examined endomucin
stained vessels within the bone marrow at the midshaft of the contralateral limb from all
of these mice. As shown in Supplemental Fig. 12, virtually no differences were observed
in any of the vessel parameters measured in contralateral limbs based on diet or based

on treatment.

While our goal was to examine vessel parameters, we observed (Fig. 4A) that BMP-
2 treated mice, irrespective of diet, had significantly more adipocytes in the callus area

(Supplemental Fig. 13), but not in the contralateral bone marrow area (data not shown).

3.5. Characterization of ECs in vitro and induction of TdTomato expression

In order to examine the systemic effect of bone healing on ECs, ECs were isolated 3
weeks after surgery. LECs exhibited typical EC morphology in culture (Supplemental
Fig. 13A). Tamoxifen injections (10mg/kg) resulted in the induction of TdTomato
expression in LECs that express Tie2-specific Cre recombinase (Supplemental Fig. 4
and 14B). Furthermore, the LECs used in this study expressed characteristic CD31
markers on the surface of the cell membrane (Supplemental Fig. 14D&F). The LECs
retained TdTomato expression following the formation of tubes (Supplemental Fig. 13G-
H). Thus, LECs used in this study were characterized based on surface expression of
CD31, induced expression of TdTomato, and/or functional ability to form tube-like

structures on the Matrigel matrix.

The BMEC isolation initially provides a more heterogenous cell population than that
of the CD31 separated LECs. However, this method has been validated by several

groups via flow cytometric analysis [44] and immunocytochemistry [45] and has also



been compared to other EC cell lines [46]. Specifically, this method reproducibly results
in a high percentage of CD31+ cells that are able to form tube-like structures on
Matrigel, a hallmark of ECs. Here we validate these findings qualitatively, showing in
Supplemental Fig. 15B that 3 daily injections of 10 mg/kg of tamoxifen resulted in
TdTomato expression in BMECs that express Tie2-specific Cre recombinase. In
Supplemental Fig. 15, we also observe their ability to form tubes (C) and their
expression of CD31 (D&F). Finally, in Supplemental Fig. 15G we present
representative flow cytometry data showing that 63% of CD45-Terl19-TdTomato+
(Tie2+) cells are CD31+CD105+ ECs.

3.6. Proliferation of ECs isolated from lungs and bone marrow

Irrespective of diet or treatment, no significant differences were observed in the

proliferation of ECs isolated from lungs or humeri (Fig. 5).
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Fig. 5. Proliferation of ECs isolated from lungs (A) or humeri bone marrow (B). Data are
expressed as the mean + SD (n=3-4 biological replicates/group). No significant

differences were detected.

3.7. Angiogenesis of EC in vitro

Angiogenic potential of ECs was evaluated by tube formation (Fig. 6). Tube

formation was assessed by numbers of nodes, meshes, and tubes, as well as total tube



length. LECs showed enhanced angiogenic potential in the HFD group as compared to
the LFD group (Fig. 6 A,C,E,G). In terms of treatment, irrespective of the diet, the LECs
isolated from saline treated mice formed significantly more nodes, tubes, and total tube
length as compared to LECs isolated from diet-matched BMP-2 treated mice. BMECs
isolated from humeri showed a similar tube formation pattern as LECs (Fig 6 B,D,F,H).
Specifically, the humeri BMECs isolated from the HFD, saline treated group showed the
highest angiogenic potential followed by those isolated from the HFD, BMP-2 treated
mice. In LFD mice, treatment of humeri BMECs with BMP-2 resulted in no difference in
the number of nodes and the number of tubes, but resulted in a significant decrease in
the number of meshes and total tube length. Overall, the tube formation data suggested
that angiogenesis of LECs and BMECs was enhanced by HFD, but was reduced with in

vivo BMP-2 treatment.
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Fig. 6. Angiogenesis parameters associated with ECs isolated from the lung (A, C, E,
G) or humeri bone marrow (B, D, F, H). The number of nodes (A, B), the number of
meshes (C, D), the number of tubes (E, F), and the total path length (G, H) were
guantified. Data are expressed as the mean + SD (n=3-4 biological replicates/group).
*p <0.05, *p < 0.01, **p < 0.001, and ****p < 0.0001.



3.8. Effect of migration in BMECs

Migration was evaluated in BMECs to examine the effect of HFD and BMP-2
treatment at the systemic level. Graphical results are shown for relative wound density
(Fig. 7A), wound confluence (Fig. 7B), and wound width (Fig. 7C). 3-way ANOVA
results for humeri BMECs showed significant effects in all 3 migration parameters by
time, diet, and treatment, as well as a diet by treatment effect. Most notably, the HFD
mice treated with BMP-2 showed significant increases in relative wound density and

decreases in wound width.
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3.9. Gene expression analysis of ECs



MRNA expression of CD31, FLT-1, ANGPT1, and ANGPT2 were examined in ECs
isolated from lungs and humeri (Fig. 8). In the LFD group, saline versus BMP-2
treatment of LECs did not alter the expression of CD31 and ANGPT1 genes. However,
in the LFD LECs, BMP-2 treatment significantly increased the expression of FLT-1 and
ANGPT2 compared to saline treatment. In the HFD LECs, BMP-2 significantly
decreased the expression level of CD31, FLT-1, ANGPT1, and ANGPT2 compared to
that observed in the saline treated group. With regard to humeri BMECs, in the LFD
group, BMP-2 significantly increased the expression of CD31, FLT-1, ANGPT1, and
ANGPT2. On the other hand, in the HFD BMEC group, BMP-2 significantly reduced the
expression of CD31, FLT-1, and ANGPT2, but no difference was seen for ANGPT1
expression. Interestingly, as observed with the tube formation assays, the general
expression trends for CD31, FLT-1, and ANGPT2 were similar for humeri BMECs and
LECs.
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Fig. 8. Real-time PCR analysis of ECs isolated from the lungs (A, C, E, G) or humeri
bone marrow (B, D, F, H). Relative mRNA expression was measured and calculated for
the following genes: CD31 (A, B), FLT-1 (C, D), ANGPT-1 (E, F), and ANGPT-2 (G, H).
LFD saline control expression was set to 1.0 and expression in all other samples are
shown relative to the LFD saline control. Data are expressed as mean + SD (n=3-4
biological replicates/group). Note the error on (D) is small and falls within the bolded
outline of the bar. *p < 0.05, *p < 0.01, *p < 0.001, and ****p < 0.0001. Data are
expressed as the mean + SD.



4. Discussion

Numerous studies have shown that persons with either type 1 diabetes (T1D) or
T2D are at higher risk of fracture compared to the general population [11, 47, 48]. There
are some distinct differences between persons with T1D and T2D with respect to their
bone properties. Individuals with T1D tend to have a lower bone mineral density (BMD)
than the general population, and their risk of fracture is significantly greater than the
increased risk of fracture observed in individuals with T2D [11]. On the other hand,
persons with T2D have a higher BMD than the general population. Yet, even with a
higher BMD they have a higher risk of fracture, especially in the hip, compared to the
general population [2]. Indeed, reports of up to a 69% increase in fracture risk compared
to persons without T2D have been documented [49]. This discrepancy between BMD
and fracture risk for persons with T2D suggests that properties other than bone quantity,
such as bone quality as well as peripheral nerve, kidney, and vascular function, are
critically important when examining fracture risk [48, 50, 51]. The latter, vascular
function, is a primary focus of this study.

Although it should be noted that a few reports have shown either reduced fracture
risk or no difference in fracture risk between individuals having T2D and the general
population [52, 53], the majority of studies identify that T2D is a risk factor for fracture
despite higher BMD. In fact, the World Health Organization’s fracture assessment tool
(FRAX) was shown to underestimate the fracture risk of persons with T2D, and
therefore, diabetes is being considered as a risk factor for inclusion in future FRAX
iterations [54].

Regardless of the magnitude of increased fracture in persons with T2D, impaired
fracture healing is an established sequela of the disease. Indeed, one study examining
ankle fractures indicated the rate of nonunion/delayed union to be 43% in persons with
diabetes vs. 16% in persons without diabetes [55]. Clinical studies have shown that
diabetic patients have impaired bone healing in long bones, the hip, and even the
mandible [48, 51, 56, 57]. Another study showed that persons with either T1D or T2D
were more likely to have fracture-healing complications (malunion, nonunion, delayed

union) and suggested that the micro and macro-vascular disease associated with



diabetes may be responsible for the increased risk of fracture healing complications
[58]. In the same vein, well-known complications of T2D include: diabetic retinopathy,
foot ulcers, neuropathy, and delayed wound healing, all of which share compromised
micro- and macrovascular performance as part of their pathophysiology [48, 50, 51].

Graves et al. [51] summarized the known changes observed in diabetic fracture
healing at the tissue level: reduced bone formation, cartilage formation, and
vascularity/angiogenesis. At the molecular level, the primary change was reduced
growth factor expression. It is this combination of findings that led us to undertake a
comprehensive examination of the impacts of HFD and local delivery of BMP-2 on bone
healing and angiogenesis at the fracture site, as well as at distal locations (lung and

humeri).

To accomplish this, we first needed to validate that our HFD model would result in a
T2D-like phenotype. Here, mice were fed a HFD for 12 weeks and developed a T2D-like
phenotype as expected (Fig. 1) [59]. Specifically, HFD animals gained significantly more
weight compared to LFD animals. The T2D-like metabolic profile of HFD-fed mice was
further confirmed by GTT and ITT [60]. Since the T2D-like mouse model used in this
study is based on the induction of obesity, we observed increases in total body-, lean-,
and fat-mass in HFD mice as compared to LFD mice [61]. These observations

established that the HFD mice exhibited a T2D-like phenotype prior to surgery.

BMP-2 belongs to the transforming growth factor-B (TGF-) superfamily of proteins
and acts as a disulfide-link homodimer. BMP-2 regulates vital steps in the bone
induction cascade such as mitosis, chemotaxis, and differentiation of mesenchymal
stem cells (MSCs) during bone healing [62, 63]. BMP-2 also induces bone formation in
CSDs [64]. Therefore, BMP-2 has served as a substitute to autografts for nonunion of
bone defects, spinal fusion, fracture healing, and open tibial fractures [65, 66]. The
European Medicines Agency (EMA) approved recombinant human BMP-2 (rhBMP-2)
(InductOs®) for the treatment of single-level lumbar spine fusion and acute tibial
fractures [67]. The U.S. Food and Drug Administration (FDA) approved rhBMP-2
(INFUSE® Bone Graft Device) for the treatment of open tibial fractures after

stabilization with intramedullary nail (IM) fixation [67]. Like others [68, 69], in our



previous studies, we demonstrated that BMP-2 delivered locally at the time of surgery
can robustly heal a rat femoral CSD [42]. Here, we observed that BMP-2 administration
locally at the time of surgery resulted in bridging, robust callus formation, and union of
fracture in all 10 HFD mice and 6 of 9 LFD mice 3 weeks post-surgery (Fig. 2 and Fig.
3E). At first glance, this finding seems somewhat counterintuitive to data suggesting that
patients with T2D have impaired fracture healing. However, when considering that
weight-bearing improves fracture healing [36, 70, 71] and that BMP-2 signaling is
responsive to mechanical loading [72], it is understandable that fracture healing could
be improved in mice with a higher body weight as they would exert more loading on the

surgical limb.

To our knowledge, this is the first report where animal fracture healing with BMP-2
treatment is being studied in the context of HFD. Additionally, there have been only a
small number of rodent investigations published using a HFD model. Chronologically, in
2012, Pirih et al [73], provided C57BL/6 male mice with a 37 kcal% HFD for 13 weeks.
They created 3 mm cranial defects and investigated bone repair 5 weeks post-surgery.
They observed a > 50% reduction in the bone volume fraction (BV/TV) and the bone
surface/tissue volume (BS/TV) in HFD mice. In 2014, Brown et al. [74] provided
C57BL/6 male mice with a 60 kcal% HFD for 12 weeks. They created open tibial
fractures by using a scalpel blade and an intramedullary (IM) pin for stabilization. Mice
on the HFD experienced significantly impaired bone healing in their model. Specifically,
they observed a significant decrease in woven bone (up to 30% reduction), callus bone
volume (up to 50% reduction), and torsional rigidity (up to a 28% reduction). Of
importance, they also found a 44% reduction in vascular volume within the fracture
callus in HFD mice. While this finding did not reach statistical significance, this
observation highly suggests that impairments in vasculature may be part of the
pathology observed at the site of healing in mice on HFD. More recently, Histing et al.
[75] also provided C57BL/6 male mice with a 60 kcal% HFD, but for 20 weeks prior to
creating closed femur fractures (3-point bending with IM pin stabilization). Femurs were
examined 2 and 4 weeks post-surgery. In this study, no significant differences were
reported with respect to fracture healing, which conflicts with the previous reports in the

literature but is consistent with our findings in the saline treated mice. Indeed, as shown



in Fig. 3, no significant differences were observed between LFD and HFD, saline
treated mice, 3 weeks post-surgery. While different mouse strains, bones, or methods
of creating the fracture could certainly impact differences, it could also be the earlier
time points with which both our data and Histing’s data [75] were collected. Ongoing
investigations in our laboratory will address whether differences are observed with

longer follow-up post-surgery.

Angiogenesis is vital for bone repair and ECs play a significant role during
angiogenesis [16, 17]. Therefore, our main goal was to determine the effect of HFD and
BMP-2 treatment in vivo on ECs. Moreover, we asked whether the angiogenic potential
of ECs would be different if isolated from different tissues, such as lung and bone
marrow. With respect to angiogenesis at the fracture site, decalcified fractured femurs
were stained for endomucin (Fig. 4A). As shown in Fig. 4 and Supplemental Fig. 11,
BMP-2 treatment, along with enhancing bone healing, resulted in higher vessel
parameters than did saline treatment, irrespective of diet. Thus, it appears that 3 weeks
post-surgery, in a CSD model, angiogenesis at the fracture site appears unchanged
based on diet but is robustly elevated based on BMP-2 treatment. Of note, the
contralateral femur was also examined following endomucin staining and virtually no
differences in vessel parameters were observed between groups (Supplemental Fig.
12).

Although BMP-2 is well known for its ability to stimulate differentiation of MSCs
along the osteogenic pathway [76], here we see not only increases in bone formation
but also an unexpected, robust upregulation in adipocytes within the fracture callus of
BMP-2 treated mice irrespective of diet (Supplemental Fig. 13). While further studies
are required to better understand this observation, it is possible that BMP-2 is acting to
stimulate the in vivo proliferation of MSCs in general or bipotential osteo-/adipo-
progenitor cells in particular. This idea is also consistent with research showing that
BMP-2 treatment can increase adipogenesis in the presence of dexamethasone [77].
Whether the increase in adipogenesis within the fracture callus persists as time post-

fracture increases remains to be determined, but it is something important to



understand due to the use of BMP-2 for several bone regeneration indications in

humans.

As mentioned above, we were interested in not only examining angiogenesis at the
fracture site but also at distal sites. With respect to the latter, ECs were isolated from
the lungs and humeri of HFD and LFD mice treated with either saline or BMP-2
following a CSD surgery, were investigated for their proliferation, angiogenic potential,
migration (or wound closure), and gene expression in vitro 3 weeks post-surgery. These
ECs were studied to determine the systemic effects of BMP-2 treatment in vivo on the

angiogenic potential of ECs and organ/tissue differences between lung and humeri ECs.

The ECs were characterized primarily based on their cell surface expression of
CD31 [78] or of Tie2 as observed by expression of TdTomato following Cre
recombination after mice were injected with tamoxifen (Supplemental Figs. 4, 14, and
15), confirming the phenotype of ECs isolated from the experimental animals.
Furthermore, ECs were able to undergo functional tube formation, suggesting the tube
forming ability was not affected by the expression of TdTomato (Supplemental Figs. 14
and 15).

Proliferation of ECs was previously shown to be enhanced in HFD animals and
reduced in diabetes [79-81]. For instance, proliferation of ECs isolated from the
epididymal white adipose tissue of HFD mice was increased compared to those isolated
from LFD mice. On the other hand, proliferation of aortic ECs isolated from diabetic
rabbits was severely decreased in vitro. Similarly, exposure of human umbilical vein
endothelial cells (HUVECs) to high-glucose conditions resulted in impaired cell
proliferation. Here, we found no significant difference in the proliferation of LECs or
BMECs isolated from LFD versus HFD fed mice (Fig. 5). Furthermore, localized BMP-2
treatment in vivo 3 weeks prior to isolation of ECs did not affect the proliferation of lung
or humeri derived ECs cultured in vitro. This may indicate that 3 weeks following local
BMP-2 treatment, no significant systemic effects of BMP-2 treatment on EC proliferation

exist.

In this study, tube formation in LECs and humeri BMECs was higher in the HFD
group as compared to the LFD group for matched treatment groups (i.e. saline and



BMP-2 treated groups) (Fig. 6). A previous study reported an increase in tube formation
of HUVEC cells treated with conditioned medium from epididymal fat tissue explants
isolated from HFD mice [82]. Moreover, the study showed increased angiogenesis of
solid tumors formed in HFD mice injected with CT26 colon cancer cells as compared to
controls. Therefore, our results are consistent with these studies, showing HFD

increases angiogenesis in ECs derived from both the lung and the humeri bone marrow.

On the other hand, we observed that BMP-2 treatment caused decreases in most of
the angiogenic parameters examined for both LEC and humeri BMEC cultures,
irrespective of diet, even though treatment was in vivo and 3 weeks prior to euthanasia
of the mice, and the cells were cultured without further supplementation of BMP-2 (Fig.
6). We speculate this might be due to an inhibitory effect of matrix Gla protein (MGP) on
BMP-2 associated angiogenesis, as MGP is known to be present in higher amounts in
lungs and kidneys [83]. It may also be possible that angiogenesis is altered at a
systemic level to allow more angiogenesis at or near the injury site in those that
successfully heal (BMP-2) as compared to those that do not heal (saline).

Furthermore, we evaluated migration, an important characteristic of ECs [84] in
BMECs to determine if localized treatment of BMP-2 at the time of surgery impacts the
wound healing potential of BMECs 3 weeks later. Interestingly, humeri BMECs have
more profound migration in HFD groups, particularly after BMP-2 treatment (Fig. 7). Of
note, relative wound density is measured by normalizing the changes in cell density
caused by proliferation and/or treatment effects. Thus, our conclusions are mainly
based on wound confluence and wound width, which showed BMP-2 treatment
enhanced migration potential in both LFD and HFD groups. Interestingly, tube formation
was impaired with BMP-2 treatment irrespective of diet. Taken together, these data may
suggest that BMP-2 treatment in vivo may promote in vitro EC migration at the expense

of tube formation, especially in ECs isolated from BMP-2 treated, HFD-fed mice.

The role of CD31 in angiogenesis and migration is well known through a series of
experiments that showed the inability of ECs grown on Matrigel to form tube-like
structures due to inhibition by anti-CD31 antibody [85-88]. In our study, LECs showed

that CD31 gene expression was significantly decreased in the HFD group treated with



BMP-2. This decrease might be related to a potential enrichment of MGP in lungs [83].
However, we did not observe a decrease in CD31 gene expression in the LFD group
treated with BMP-2. Although not tested here, we speculate that the T2D-like phenotype
might decrease the expression level of CD31 as MGP has been shown to be increased
in human T2D patients’ blood [89]. The fact that humeri BMECs also showed similar
CD31 gene expression might indicate the influence of systemic factors that would need

exploring in future studies to elucidate the mechanisms of action.

Although some studies demonstrate that FLT-1 can act as a negative regulator of
angiogenesis, especially in the embryo [90-92], other studies demonstrate that FLT-1 is
a positive regulator for angiogenesis and migration in ECs [93-95], suggesting its role in
angiogenesis is likely context dependent. Here, we observed significant increases in
FLT-1 mRNA expression in LECs as well as BMECs for LFD mice treated with BMP-2
compared to those treated with saline. However, a significant decrease in FLT-1
expression was observed in the HFD group treated with BMP-2 compared to saline
treatment for LECs and BMECs. This might be due to aberrant VEGF signaling in the
diabetic phenotype as has been previously suggested [96] and is consistent with the
reduction in tube formation parameters reported here in HFD, BMP-2 treated mice
compared to HFD, saline treated mice [96]. Along these lines, since VEGFR2/FLK1 is
also an important receptor for VEGF, an examination of expression differences in the
groups tested here could be important [97]. This is especially true in light of our findings
that in the fracture callus, we observed that BMP-2 treatment, irrespective of diet,
increased the vessel parameters (Fig. 4 and Supplemental Fig. 11). This may suggest
that BMP-2 can increase sprouting in vivo regardless of diet. Notably, soluble VEGF
regulates directionality of tip growth [98, 99]. In vitro our FLT-1 (VEGFR1) data show
that BMP-2 treatment in LFD mice resulted in an ~7-fold increase in FLT-1 mRNA
expression in humeri BMECs compared to BMECs from saline treated mice fed a LFD.
However, BMECs from BMP-2 treatment of HFD mice had lower FLT-1 expression
(~0.8 fold compared to LFD+Saline). Also, this decrease in FLT-1 expression is
reflected in the increased migration and decreased wound width (Fig. 7). Taken
together, this suggests that in vitro, BMP-2+LFD may be promoting an increase in more

tip and/or stalk cells as has been reported by others [100], that are more directed and



able to form tubes in vitro from ECs isolated from LFD mice as compared to those
isolated from HFD mice. While future studies are required to better dissect these
possible mechanisms, examination of Notch-mediated signaling is likely important in
this process.

ANGPT1 is a member of the angiopoietin family of growth factors and is the major
agonist for the tyrosine kinase receptor Tek, which is found primarily on ECs [101]. We
found that BMP-2 treatment did not alter the mRNA expression of ANGPT1 in LECs
isolated from the LFD mice. However, we observed a significant decrease in the
expression of ANGPTL1 in LECs isolated from BMP-2 treated, HFD mice. The decrease
in ANGPTL1 in diabetic nephropathy has been previously reported [102]. Moreover, the
combination of cartilage oligomeric matrix protein-angiopoietin 1 (COMP-Angl), a
synthetic variant of ANGPT1, and BMP-2 has been reported to heal craniofacial bone
defects in C57BL/6 mice [103]. It is possible that the dose of BMP-2 used in our study
was inadequate to increase the gene expression of ANGPT1 at a systemic level 3
weeks following treatment. Furthermore, it has been reported that streptozotocin
injected mice showed decreased ANGPT1 mRNA expression in kidneys after 8 weeks.
Thus, the time point at which we collected the tissues may be another factor

contributing to the results observed in this study.

The role of ANGPT2 is context-dependent in ECs [104]. Endogenously, it acts as an
antagonist to ANGPT1 in ECs [105]. The exogenous ANGPT2 activates Tie2 in ECs in
the absence of ANGPT1 [106]. Interestingly, we observed in LECs that ANGPT2 mRNA
expression was increased in LFD mice treated with BMP-2 as opposed to no change in
expression for ANGPTL1. However, there was a decrease in tube formation parameters
in this group (LFD/BMP-2 vs. LFD/Saline) that lead us to conclude that ANGPT2 may
act as an antagonist in this case. Further, serum ANGPT2 is a vital marker for T2D
[107]. Due to the fact that we observed an antagonistic action of ANGPT2 in our study,
it is possible that the decreased gene expression of ANGPT2 in the HFD group treated
with BMP-2 might be due to protective effects of BMP-2 against the antagonist property
of ANGPT2.

5. Conclusions



As fracture healing and angiogenesis are impaired in T2D, but BMP-2 is known to
promote angiogenesis and fracture healing, here we sought to examine the impacts of
BMP-2 treatment on fracture repair and angiogenesis with BMP-2 treatment in mice fed
either a LFD or HFD. Our studies demonstrate that local administration of BMP-2 at the
fracture site in a CSD model results in complete bone healing within 3 weeks for all HFD
mice and 66.7% of LFD mice, whereas those treated with saline remain unhealed. We
show that when LECs or BMECs are isolated from HFD mice, they have significantly
improved tube formation properties compared to cells isolated from LFD mice. In vivo,
differences based on diet are less pronounced. However, in vivo, BMP-2 treatment
significantly increased vessel parameters at the fracture site, but not in the contralateral
femur. This contrasts with the reduction in tube formation properties observed in ECs
isolated from the lungs and bone marrow of these same mice but cultured in Matrigel.
However, changes in FLT-1 expression along with increased migration of ECs derived
from HFD fed mice treated with BMP-2 suggest that BMP-2 may be impacting tip and/or
stalk cells and that directionality is differentially influenced by diet changes. Finally,
contrary to the large body of evidence suggesting that fracture healing is impaired in
those with T2D, we found that 3 weeks post-fracture, BMP-2 treatment promoted more
robust fracture healing in HFD mice as compared to LFD mice. However, mechanical
loading has been found to act synergistically with BMP signaling pathways and is able
to amplify early, immediate steps of the Smad pathway [72]. Considering the heavier
weights of the HFD mice, and thus the increased load placed on the injured limb, these

findings, therefore, seem reasonabile.

Importantly, these findings are only 3 weeks post-surgery and longer timepoints may
demonstrate the deleterious impacts of HFD on the fracture repair process. Taken
together, our data seem to suggest there may be benefits of using BMP-2 treatment for
bone healing in patients with T2D, that they may experience a reduction in
delayed/nonunion compared to those without T2D. However, in addition to the known
side effects associated with BMP-2, additional possible side effects may be decreased
vessel formation at some distal sites and increase adipogenesis within the fracture
callus. While more work is needed to clarify these possibilities, continued investigations

are critical, especially given the worldwide increased prevalence of diabetes and other



conditions related to abnormal angiogenesis (i.e., aging, hypertension, sedentarism).
Especially, as use of BMP-2 may offer improvements to the treatment of fractures in
T2D patients, which can have a significant impact on morbidity and quality of life for the

present and future generations.
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Highlights

e Mice fed HFD for 12 weeks acquired a T2D-like metabolic phenotype

e BMP-2 treatment enhanced fracture healing in HFD mice 3 weeks post-surgery

e BMP-2 promotes vessel and adipocyte formation in the fracture callus

e ECs isolated from lungs and bone marrow of HFD mice have enhanced tube
formation

e BMP-2 treatment in vivo 3 weeks prior to EC isolation inhibits tube formation in vitro





