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Abstract

Stress fractures occur as a result of repeated mechanical stress on bone and are commonly
found in the load-bearing lower extremities. Macrophages are key players in the immune
system and play an important role in bone remodeling and fracture healing. However, the role
of macrophages in stress fractures has not been adequately addressed. We hypothesize that
macrophage infiltration into a stress fracture callus site promotes bone healing. To test this, a
unilateral stress fracture induction model was employed in which the murine ulna of four-month-
old, C57BL/6J male mice was repeatedly loaded with a pre-determined force until the bone was
displaced a distance below the threshold for complete fracture. Mice were treated daily with
parathyroid hormone (PTH, 50 pg/kg/day) starting two days before injury and continued until
24 hours before euthanasia either four or six days after injury, or treated with trabectedin (0.15
mg/kg) on the day of stress fracture and euthanized three or seven days after injury. These
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treatments were used due to their established effects on macrophages. While macrophages have
been implicated in the anabolic effects of PTH, trabectedin, an FDA approved chemotherapeutic,
compromises macrophage function and reduces bone mass. At three- and four-days post injury,
callus macrophage numbers were analyzed histologically. There was a significant increase in
macrophages with PTH treatment compared to vehicle in the callus site. By one week of healing,
treatments differentially affected the bony callus as analyzed by microcomputed tomography. PTH
enhanced callus bone volume. Conversely, callus bone volume was decreased with trabectedin
treatment. Interestingly, concurrent treatment with PTH and trabectedin rescued the reduction
observed in the callus with trabectedin treatment alone. This study reports on the key involvement
of macrophages during stress fracture healing. Given these observed outcomes on macrophage
physiology and bone healing, these findings may be important for patients actively receiving either
of these FDA-approved therapeutics.
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1. Introduction

The skeletal system relies on impact and gravitational forces for optimal health, as
evidenced by the loss of bone mineral density during space flight and bed rest.(1) Activity
(walking, running, jumping) and gravity lead to changes in the bony architecture. Under
normal conditions, bone can respond to mechanotransduction signals appropriately, resulting
in maintenance of bone mass.(2) However, if the forces applied to the bone outpace the
cellular ability to respond, resulting in creation or propagation of microdamage, stress
fractures can occur.(3, 4) Stress fractures are especially common in athletes and military
personnel who experience excessive bone loading forces, and most often occur in weight-
bearing bones of the lower extremity.(5) Although wide ranges are reported in the literature,
stress fractures affect up to 20% of new military recruits during basic training and account
for up to 20% of sports medicine injuries.(6, 7)

Following bone fracture, there are three phases of healing: inflammation, repair, and
remodeling. All three phases are important to restore the function of bone, but the
inflammatory phase is a key initiator of this process.(8) During injury, blood vessel

rupture signals the recruitment of immune cells and secretion of cytokines.(9) Macrophages
direct the injury site through the inflammatory cascade. Following infiltration into the
fracture site, they polarize to an M1-like phenotype. After clearing the area of dead cells
and debris, macrophages acquire a pro-repair M2-like phenotype. During each segment,
macrophages secrete key cytokines and act as regulator to the fracture microenvironment.
(10, 11) Macrophage depletion has been shown to compromise endochondral models of
fracture repair (12, 13) and intramembranous models of bone healing (13, 14) that disturb
the macrophage-rich marrow environment. Repetitive cyclic loading of the skeleton can
also stimulate a bone healing response on the periosteal surface without gross injury to

the macrophage-rich marrow microenvironment, mimicking a stress fracture.(15, 16) While
monocyte chemoattractant protein 1 (MCP-1) gene expression is upregulated during murine
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models of stress fracture healing,(17) the presence of macrophages and their impact on this
periosteal model of bone healing has not been explored.

Parathyroid hormone (PTH) is an FDA-approved bone anabolic agent that has been used
since 2002 for the treatment of osteoporosis. While the exact mechanism responsible for
intermittent PTH-induced anabolism is unknown, advances in studies examining PTH in
genetically modified animals has generated some insight.(18) Osteoblast-lineage cells have
been widely considered for this anabolic effect, but there is an increasing appreciation that
PTH indirectly targets and acts on numerous other cell types including macrophages. The
effects of PTH treatment in macrophage-depleted mice are dependent on the model used
for depletion. In MAFIA mice, in which apoptosis of macrophages and dendritic cells is
induced using the colony stimulating factor 1 receptor (Csflr) promotor, there is a decrease
in the PTH anabolic response, while in contrast clodronate liposome-induced macrophage
apoptosis leads to the recruitment of more macrophages and an increase in the anabolic PTH
response.(19)

Trabectedin, an FDA approved chemotherapeutic, has been shown to induce apoptosis of
macrophages /n vitro and /n vivo, which plays a critical role in its anti-tumorigenic effects.
(20) Mechanistically, trabectedin induces apoptosis in macrophages via binding to the
TNF-related apoptosis-inducing (TRAIL) receptors, of which macrophages are particularly
sensitive to compared to other immune cells such as T and B lymphocytes.(20) Previously,
we investigated the role of ablating macrophages by trabectedin and found similar negative
impacts on macrophages /n vitro, osteal macrophages /7 vivo, and bone formation and bone
mass.(21, 22)

While stress fracture healing with PTH treatment has been reported to be enhanced in

rats (23) and humans,(24) the effect of macrophages has not been shown. Therefore, the
objective of this study was to determine the importance of macrophages during stress
fracture healing using two models. Given that PTH and trabectedin have opposing effects on
macrophages in bone, and that both PTH and trabectedin are FDA approved therapies, there
is strong clinical motivation to understand how these therapies may impact healing outcomes
in patients at risk for fracture.

2. Materials and Methods

2.1 Mice and Stress Fracture Model

All animal experiments were performed with the approval of the Institutional Animal

Care and Use Committee (IACUC) at the University of Michigan, Ann Arbor, and were
conducted in accordance with ARRIVE guidelines. Male C57BL/6J mice (four month) were
used. Stress fractures were induced using an established cyclic fatigue stress fracture model
(16) in which 80% of the ultimate force required for complete fracture was repeatedly
loaded at 2Hz with a haversine wave force using a Bose Enduratec 3200 with a 101b load
cell (Transducer Techniques MDB-10). Loading continued until the ulna displaced 60% of
the total displacement needed for complete fracture. To establish baseline ultimate force and
displacement, a subset of each cohort (n=2-3) was used to first determine the ultimate force
under axial monotonic loading in the left forearm (4.3-4.6 N). The right forearms of these
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same mice were then loaded with 80% of the ultimate force (3.4-3.7 N) until complete
fracture, where displacement was recorded (0.9-1.1 mm). These mice were immediately
euthanized while still under isoflurane anesthesia.

2.2 PTH Treatment

PTH (Bachem 4011474) was prepared in a sterile solution of 0.9% saline to a stock
concentration of 10 pg/mL and stored at —20°C until use. Animals were treated daily with
PTH (50 pg/kg) or vehicle (0.9% saline) by subcutaneous injection starting two days before
induction of stress fracture and continued for four more days (six days total) or six more
days (eight days total) post fracture. The PTH dose was chosen to optimize the response
guided by our previous work (18). Mice were euthanized 24 hours after the final dose of
vehicle or PTH.(21)

2.3 Trabectedin Treatment

Trabectedin (PharmaMar) was dissolved in dimethyl sulfoxide (DMSO) at a stock
concentration of 1ImM and stored at —20°C until use. Animals were treated with trabectedin
(0.15mg/kg) or vehicle (0.9% saline and DMSO) by retro-orbital intravenous injection
several hours after induction of stress fracture. This dose was previously established in
cancer models (20) and more recently used to test changes in skeletal homeostasis.(21)

2.4 Microcomputed Tomography (microCT)

The right forearms (radius and ulna) of mice were dissected with the muscle left intact (to
avoid further bone damage), immediately fixed overnight in 4% paraformaldehyde at 4°C,
and stored in phosphate buffered saline (PBS) until scanned by microCT (Scanco pCT-100)
ata 12 ym isotropic voxel size in agarose gel. For microCT analysis, the total volume

was defined by manually outlining a region of interest encompassing the callus. A global
threshold was set to 120 mgHA/cc to separate bone from background.

2.5 Histology and Macrophage (F4/80), Osteoclast (TRAP), and Osteoblast (OCN) Staining

After microCT scanning of the fixed right forearm, bones were decalcified in 14% EDTA
then placed in 30% sucrose overnight. Forearms were cryo-embedded (TissueTek O.C.T)
and sectioned transversely at 16—-18 pm. The position of the callus was guided by the
microCT scan, as well as by visual inspection of the sections. Hematoxylin and eosin (H&E)
staining was performed using routine protocol.

To determine if macrophages were present in the callus, immunostaining for F4/80 was
performed with a rat anti-mouse F4/80 clone Cl:A3-1 antibody (Bio-Rad MCA497RT and
Abcam ab6640). Briefly, for the antibody sourced from Bio-Rad (MCA497RT), samples
were blocked with 5% heat-inactivated donkey serum in 1x PBS for two hours, then

stained with F4/80 rat anti-mouse antibody at 1:100 dilution in blocking solution and
visualized with a Cy3 goat anti-rat secondary antibody (Thermo Fisher A1434) with a

1:500 dilution. Sections were cover-slipped with Prolong Gold with DAPI and imaged on

a Nikon microscope with a fluorescent source. When Abcam ab6640 was used, sections
were treated with trypsin for antigen retrieval, followed by blocking with Background Sniper
(Biocare Medical BS966). The primary antibody was diluted at 1:250 in DaVinci Green
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Diluent (Biocare Medical PD900) and visualized with an Alexa Fluor 647 goat anti-rat
secondary antibody (Biolegend 405416) using a 1:200 dilution. Sections were cover-slipped
with Prolong Gold with DAPI and imaged on a Leica Thunder DMi8 microscope. Analysis
was done using ImageJ (National Institutes of Health, NIH).

Osteoclasts were visualized following a tartrate-resistant acid phosphatase (TRAP) stain
protocol as previously described (25) with an additional pre-incubation in 0.2 M tris
hydrochloride for 1 hour at 37°C. Color variations are hematoxylin dependent.

For osteoblast detection, osteocalcin (OCN) staining was performed. Slides were subjected
to antigen retrieval by warmed (37°C) proteinase K (Thermo Fisher AM2546) in TEN

buffer followed by several washes with tris buffered saline (TBS). Next, blocking was
performed with a 10% heat-inactivated fetal bovine serum and 10% heat-inactivated normal
goat serum in TBS for one hour at room temperature. Sections were exposed to the primary
antibody (rat anti-mouse osteocalcin 1:300, Thermo Fisher PA5-78870) for two hours at
room temperature, followed by washes, and exposure to the secondary goat anti-rabbit Alexa
Fluor 680 (Thermo Fisher A21076) antibody in a 1:200 dilution. Slides were cover-slipped
with Prolong Gold with DAPI. Images were taken on a Leica Thunder DMi8 and analyzed
with ImageJ.

2.6 Statistical Analysis

All data are reported as the mean + standard deviation. Graphs are plotted with each

point representing a biological replicate. Statistics were performed using GraphPad Prism 9.
Treatment versus vehicle outcomes were tested using an unpaired, two-tailed t test with p set
at 0.05.

3. Results

3.1 Repeated ulnar loading leads to callus formation and macrophage infiltration.

To induce a stress fracture, mice were anesthetized with isoflurane, and their right forearm
was placed between a load cell and a cup (Figure 1A, B). To characterize the model and
determine if macrophages were present in the callus, n=4 mice were loaded and euthanized
after one week with half (n=2) embedded in paraffin (hematoxylin and eosin, H&E) and half
(n=2) embedded for cryosections (immunofluorescence). H&E staining of vehicle-treated
mice showed a callus of woven bone that forms around the ulna (Figure 1D, E) and is not
seen in the contralateral, non-loaded ulna (Figure 1C). Macrophage staining using F4/80
showed infiltration of macrophages into the callus site (Figure 1G, H). This validated the
presence of macrophages at the injury site itself following stress fracture.

3.2 PTH treatment enhances macrophage infiltration into the callus and results in
increased callus bone volume following stress fracture induction.

The role of macrophages in the callus site following a stress fracture has not been reported.
To prime the mobilization of macrophages, mice were treated with 50 pg/kg PTH or vehicle
starting two days before stress fracture induction. Treatment continued daily until 24 hours
before mice were euthanized, four days post injury (for a total of six days of PTH or vehicle
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treatment) (Figure 2A). Infiltration of macrophages in the callus was significantly higher
with PTH treatment as evidenced by a higher number of F4/80 positive cells relative to
the callus area (PTH = 896.01 + 215.13 cells/mm?, vehicle = 642.10 + 210.65 cells/mm?,
p<0.05, Figure 2B-D). At this early time point, bony callus formation was limited. There
were no significant differences between treatment groups for callus bone volume per total
volume (vehicle = 0.84 + 0.10, PTH = 0.86 £ 0.09) or callus bone volume (vehicle = 7.14
x 107 £2.34 x 107 mm3, PTH = 9.22 x 107 + 6.48 x 104 mm3) (Figure 2 E-H),
suggesting that macrophage infiltration into the injury site precedes callus formation in
response to injury.

Our next question was to understand the impact of PTH treatment on stress fracture healing
at a later time point. Bony callus was evaluated six days post-injury (eight days of treatment)
(Figure 3A). When samples were stained for macrophages, there was no difference between
PTH (517.83 + 199.72 cells/mm?2) and vehicle (579.80 + 173.03 cells/mm?) treatments

on the number of F4/80 positive cells per callus area (Figure 3B-D). However, microCT
analysis of the callus site showed a significantly larger BV/TV with PTH (mean = 0.63 +
0.05) compared to vehicle (0.54 + 0.08, p<0.001) (Figure 3E-G). The total bone formed in
the injured ulna was also larger in mice treated with PTH (vehicle = 0.20 + 0.10 mm3, PTH
=0.36 + 0.15 mm3, p<0.01) (Figure 3H). At the time of euthanasia, serum procollagen type
I N-terminal peptide (P1NP) was assessed as a marker of bone formation and confirmation
of PTH activity. PLNP was higher in PTH treated mice (40.04 + 17.68 ng/mL, vehicle =
23.57 + 7.37 ng/mL, p<0.01) (Figure 3I).

Osteocalcin expression was examined to evaluate osteoblasts within the callus area (Figure
3J-L). PTH treatment had no impact on the osteocalcin positive area in the callus (vehicle =
1.14 £ 0.85%, PTH = 0.94 + 1.22%). Osteoclasts were assessed within the callus by staining
for TRAP and quantifying the area of the callus and TRAP-positive cells per bone surface
area, but no differences were noted (vehicle = 4.98 + 1.84 cells/mm PTH =4.33 £ 1.31
cells/mm; Figure 3M-0).

3.3 Macrophage infiltration and callus bone volume was reduced with trabectedin

treatment.

To reduce macrophage infiltration during healing, mice were treated with 0.15 mg/kg of
trabectedin or vehicle on the day of stress fracture (Figure 4A). Trabectedin has been shown
to be cytotoxic to mononuclear phagocytes and can induce selective macrophage depletion.
(20) Although the number of F4/80 positive cells did not change when normalized to the
callus area (vehicle = 127.70 + 53.74 cells/mm?, trabectedin = 95.03 + 46.67 cells/mm?;
Figure 4B-D), the total number of F4/80 positive cells was significantly reduced with
trabectedin treatment (vehicle = 94.00 * 35.45 cells, trabectedin = 41.50 + 29.14, p<0.01;
data not shown). Contrary to the positive impact of PTH on callus bone volume, trabectedin
treatment resulted in a smaller hard callus as analyzed by microCT (0.09 + 0.05 mm?,
vehicle = 0.21 + 0.06 mm3) (Figure 4H). The callus BV/TV was not significantly different
between the treatment groups (vehicle = 0.64 £ 0.07, trabectedin = 0.61 £ 0.10) (Figure 4E—
G), suggesting that the extent of callus size, not organization of bone within, was affected by
trabectedin.
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3.4 PTHrescues trabectedin inhibited stress fracture healing.

Given the differing results of stress fracture healing when treated with PTH or vehicle, a
cohort of mice were treated with either vehicle or PTH + trabectedin. The same regimen
was followed as previously described, with PTH treatment starting two days before and
trabectedin treatment started on the day of stress fracture induction (Figure 5A). After
one week of healing, right ulnae were scanned by microCT (Figure 5E-H). Analysis of
the callus shows that there was increased bone fraction in the callus with both PTH +
trabectedin treatment (vehicle = 0.51 + 0.07, PTH + trabectedin = 0.62 + 0.04, p<0.0001)
with similar values to PTH treatment alone (Figure 5G). Interestingly, serum P1NP was
unchanged between the two groups (vehicle = 45.92 + 20.90 ng/mL, PTH + trabectedin
=59.28 + 20.55 ng/mL; Figure 51). The osteoblasts, reported as the area of the callus
fluorescently labeled with osteocalcin, and the number of osteoclasts, reported as TRAP
positive cells per bone surface, were unchanged between the two treatment groups (Figure
5J-0).

4. Discussion

This study focused on the role of macrophages in bone and adds new data describing

their presence and role during stress fracture repair. While significant contributions have
been made highlighting the impact of macrophages in bone homeostasis and bone repair,
this study is unique in several respects. First, we highlight the presence of macrophages
during the stress fracture repair process. In addition, we utilize two different FDA-approved
treatments to activate and target macrophages and show the resultant impact that this
treatment has on bone healing. PTH treatment led to enhanced callus macrophage infiltration
and greater callus bone volume. In contrast, trabectedin treatment reduced macrophage
number and a smaller callus bone volume was observed. However, the macrophage ablation
is resolved by administration of PTH and trabectedin.

Bone healing occurs through two mechanisms: endochondral ossification and/or
intramembranous ossification. Many studies focused on long bone healing have used
fixed, complete fracture models, which heal via both endochondral and intramembranous
pathways.(26) Other models have been employed, such as the cortical drill hole model,

to focus on intramembranous ossification.(27) Murine stress fracture models have been
developed more recently, and there has been a series of work which characterizes the
healing on the periosteal surface (15, 16, 28). We did not stain histological sections for
chondrocytes, therefore results are limited to intramembranous bone healing models in the
periosteum only.

This study highlights changes in macrophage number as a function of time during stress
fracture repair. Although the effect of PTH in stress fracture healing has been studied in rats,
the earliest reported results are one-week post injury, (23) making the present study novel

in evaluating the mouse callus at an early time point with PTH treatment. The histological
focus of this study was the evaluation of macrophages. While PTH treatment induced

a significant increase in macrophages, trabectedin significantly decreased the number of
macrophages in the injury site at an early time point (3—4 days post injury). Interestingly,
the bony callus was not affected by PTH treatment until one week after stress fracture
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induction. By that time, there was increased callus bone volume per total volume and
callus bone volume in response to PTH. In contrast to the PTH treatment, trabectedin
treatment significantly reduced the callus bone volume after one week, but this response
was rescued by concurrent administration of both therapeutics. Neither osteoblasts nor
osteoclasts were affected by PTH treatment alone or PTH and trabectedin treatment after
one week of healing; however, differences may occur at other timepoints that were not
evaluated. Alternatively, the activity of these cells may be altered. It is possible that other
cell types, such as B cells, T cells, and osteoprogenitor cells differ in these models as well.

When interpreting this data, it is important to note how macrophage function can differ

and drive healing outcomes. Macrophages exist on a continuum from M1-like, or pro-
inflammatory, to M2-like, or pro-resolving, although the present study did not evaluate
macrophage polarization. Macrophages infiltrating the callus of older mice , in which
fracture healing is delayed, express more M1 related genes than younger mice.(28) In

tibial fracture studies, Alexander et. al. have shown two distinct macrophage populations
throughout bone healing: tissue-resident osteomacs and inflammatory macrophages, with
osteomacs being a key contributor to collagen deposition during intramembranous
ossification healing.(14) Importantly, osteomacs are also found on the periosteal surface

of bone, (29) where stress fracture callus formation takes place in our model. Given this
information, paired with the stress fracture model having a reduced inflammatory response,
(30) fatigue loading was the optimal model to study macrophage contribution to healing.

In the context of stress fractures, Coates et al. reported minimal F4/80 positive macrophage
contribution to the callus. However, they observed a more robust F4/80 presence in a full
fracture model (30). The disparities in our data may be attributed to different models of
stress fracture induction (Coates et al. used both a smaller force and displacement) and plane
of sectioning (evaluation was focused on the bone marrow space using sagittal sections as
opposed to transverse, used here).

A primary function of macrophages is phagocytosis and the clearance of dead cells,

which is enhanced in M2-like cells.(31) Schlundt et. al. have shown that enrichment of
M2-like macrophages with interleukin 4 and 13 enhanced bone formation using a femoral
fracture model.(32) PTH has been shown to increase resolvins in murine bone marrow, and
macrophage treatment with resolvins enhances phagocytic activity.(33) We have previously
shown that macrophages from mice treated with trabectedin had a reduced ability to
phagocytose apoptotic cells.(21)

PTH has been prescribed since 2002 for the treatment of osteoporosis in patients with a
high risk for fracture and has been shown to reduce the risk of vertebral and nonvertebral
fractures.(34-36) Although it is currently used off-label, early evidence supports the
administration of PTH for fracture healing (37-39) and there is ongoing work to evaluate
PTH in stress fracture healing specifically (40). The FDA approved trabectedin in 2015 as
a second-line treatment option for advanced soft tissue sarcomas.(41) It is also used for
recurrent ovarian cancer treatment, (42) and is under investigation in a phase 11/111 trial

for metastatic uterine leiomyosarcoma (NCT05633381). The skeletal system has not been
characterized in patients treated with trabectedin; however, ~ 5% of primary soft tissue
sarcomas metastasize to bone (43) and these patients can experience skeletal complications,
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including fracture.(44) Taken together, evidence of fracture repair for patients taking these
medications is lacking.

This study features clinical relevance by using two FDA-approved therapeutics to examine
macrophages during stress fracture healing. We have shown, for the first time, macrophage
infiltration into the stress fracture callus site. Using PTH and trabectedin as tools to

impact macrophages, we were able to study the effect on callus formation and observe a
correlation between macrophages and bone callus volume. In summary, this work highlights
the growing body of literature that supports the critical role of macrophages during bone
healing.
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Highlights:
Macrophages are present during stress fracture repair.
PTH enhances stress fracture callus macrophage infiltration and bone volume.
Trabectedin reduces stress fracture callus macrophage number bone volume.

Effects of trabectedin are resolved by co-administration with PTH.
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Non-loaded Ulna Stress Fracture

Cup
Macrophage (F480) Macrophage (F480) M3crophage (F480)

Figure 1. Repeated ulnar loading led to stress fracture and formation of a callus containing
macrophages.
(A, B) The mouse was positioned with the ulna in a vertical position between the load cell

and cup for stress fracture induction. (C-E) Hematoxylin and eosin staining was performed
one week post injury in the ulna when non-loaded (C) or loaded to induce stress fracture
(D,E). (F-H) Immunofluorescence with an F4/80 antibody was used to identify macrophages
in an unloaded (F) and stress fracture callus (G, H). The boxes in panels D and G outline to
the location of panels E and H, respectively. n=2
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Figure 2. PTH treatment for six days, with stress fracture loading on day three, resulted in
increased macrophage infiltration into the callus site.

(A) Experimental design with vehicle or PTH treatment started two days before loading
the ulna for a stress fracture. Mice were euthanized 24 hours after the last treatment. (B,C)
Sections stained with F4/80 antibody to quantify macrophage infiltration within the callus
(outlined) with either vehicle or PTH treatment. (D) Quantification of F4/80 positive cell
numbers per callus area. (E, F) Representative images (chosen by values closest to mean
BV/TV) of stress fracture callus microCT renderings treated with either vehicle or PTH.
(G, H) Callus bone volume per total volume (BV/TV) and callus bone volume analyzed
by microCT are reported. Data was analyzed by T-tests using Prism software. *p<0.05,

n=7-9/group
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Figure 3. PTH treatment for eight days increased the callus size of hard callus formed in
response to stress fracture.

(A) Experimental design with vehicle or PTH treatment starting two days before loading
the ulna for a stress fracture. Mice were euthanized 24 hours after the last treatment. (B,

C) Sections were stained with F4/80 antibody to quantify macrophage presence within the
callus (outlined) with either vehicle or PTH treatment. (D) Quantification of F4/80 positive
cells per callus area. (E, F) Representative images (chosen by values closest to the mean
BV/TV) of stress fracture callus microCT renderings treated with either vehicle or PTH.
(G, H) Callus bone volume per total volume (BV/TV) and callus bone volume analyzed

by microCT are reported. (I) An ELISA was used to quantify the concentration of bone
formation marker, PLNP in serum collected at the time of euthanasia. (J-L) Callus sections
were stained with an antibody for osteocalcin (OCN; red) and quantified. Representative
samples treated with vehicle (J) or PTH (K) are shown. (M-O) Osteoclasts were assessed
with TRAP staining and reported as the number of TRAP positive cells per millimeter of
bone surface with representative images shown for vehicle (M) and PTH (N) treatment. Data
was analyzed by T-tests using Prism software. **p<0.01; n=8-15/group
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Figure 4. Trabectedin treatment decreased bone volume in a stress fracture callus.
(A) Experimental design with vehicle or trabectedin treatment starting on the day of stress

fracture loading. Mice were euthanized on either day four or eight. (B, C) Samples from

day four were stained with F4/80 to quantify macrophage infiltration with either vehicle or
trabectedin treatment. (D) Quantification of the number of F4/80+ cells in the callus area
following vehicle or trabectedin treatment. (E, F) Representative images (chosen by values
closest to the mean BV/TV) of stress fracture callus microCT renderings treated with either
vehicle or trabectedin. (G, H) Callus bone volume per total volume (BV/TV) and callus
bone volume analyzed with microCT are reported. Data was analyzed by T-tests using Prism
software. **p<0.01, trabec = trabectedin, n=7-10/group
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Figure 5. When treated with combination treatment of PTH and trabectedin, the callus is
rescued from trabectedin alone.

(A) Experimental design with vehicle or PTH + trabectedin treatment following the same
regime as previously described. Mice were euthanized 24 hours after the last PTH dose. (B,
C) Sections were stained with F4/80 antibody to quantify macrophage presence within the
callus (outlined) with either vehicle or PTH + trabec treatment. (D) Quantification of F4/80
positive cells per callus area. (E, F) Representative images of stress fracture callus microCT
renderings treated with either vehicle or PTH + trabec. (G, H) Callus bone volume per total
volume (BV/TV) and callus bone volume analyzed by microCT are reported. (1) An ELISA
was used to quantify the concentration of bone formation marker, PLNP in serum collected
at the time of euthanasia. (J-L) Callus sections were stained with an antibody for osteocalcin
(OCN) and quantified. Representative samples treated with vehicle (J) or PTH + trabec (K)
are shown. (M-0O) Osteoclasts were assessed with TRAP staining and reported as the number
of TRAP positive cells per millimeter of bone surface with representative images shown

for vehicle (M) and PTH + trabec (N) treatment. Data was analyzed by T-tests using Prism
software. **p<0.01; n=7-13/group; trabec = trabectedin

Bone. Author manuscript; available in PMC 2024 March 13.



	Abstract
	Introduction
	Materials and Methods
	Mice and Stress Fracture Model
	PTH Treatment
	Trabectedin Treatment
	Microcomputed Tomography microCT
	Histology and Macrophage (F4/80), Osteoclast (TRAP), and Osteoblast (OCN) Staining
	Statistical Analysis

	Results
	Repeated ulnar loading leads to callus formation and macrophage infiltration.
	PTH treatment enhances macrophage infiltration into the callus and results in increased callus bone volume following stress fracture induction.
	Macrophage infiltration and callus bone volume was reduced with trabectedin treatment.
	PTH rescues trabectedin inhibited stress fracture healing.

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.

