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Abstract: Glucocorticoids delay fracture healing and induce osteoporosis. However, the mechanisms
by which glucocorticoids delay bone repair have yet to be clarified. Plasminogen activator inhibitor-1
(PAI-1) is the principal inhibitor of plasminogen activators and an adipocytokine that regulates
metabolism. We herein investigated the roles of macrophages in glucocorticoid-induced delays in
bone repair after femoral bone injury using PAI-1-deficient female mice intraperitoneally administered
with dexamethasone (Dex). Dex significantly decreased the number of F4/80-positive macrophages
at the damaged site two days after femoral bone injury. It also attenuated bone injury-induced
decreases in the number of hematopoietic stem cells in bone marrow in wild-type and PAI-1-deficient
mice. PAI-1 deficiency significantly weakened Dex-induced decreases in macrophage number and
macrophage colony-stimulating factor (M-CSF) mRNA levels at the damaged site two days after bone
injury. It also significantly ameliorated the Dex-induced inhibition of macrophage phagocytosis at the
damaged site. In conclusion, we herein demonstrated that Dex decreased the number of macrophages
at the damaged site during early bone repair after femoral bone injury partly through PAI-1 and
M-CSF in mice.

Keywords: glucocorticoids; bone repair; plasminogen activator inhibitor-1; macrophage

1. Introduction

Glucocorticoids regulate numerous physiological processes [1,2]. They have been
widely used to treat chronic inflammatory diseases due to their potent anti-inflammatory
effects [3,4]. Osteoporosis is one of the well-known side effects of glucocorticoids; its
pathogenesis mainly involves a decrease in osteoblastic bone formation, and treatment with
high-dose glucocorticoids transiently increases bone resorption [5–7]. Previous findings
suggested that excess glucocorticoids delay bone repair [5–8]; however, the underlying
mechanisms remain unclear.

Three phases, the inflammatory, restoration, and bone remodeling phases, are included
in the bone repair process after bone injury or fractures [9]. Neutrophils, macrophages, and
lymphocytes accumulate at bone injury sites and participate in some immune reactions
in the inflammatory phase. Exclusion of cell debris and damaged cells, the release of
cytokines, or growth factors, vessel formation, and tissue repair are some of the actions of
macrophages in bone repair [10]. Regarding the roles of macrophages in bone, extensive
evidence suggests crucial roles for bone-specific macrophages, osteomacs, in osteoblastic
bone formation and fracture healing [11–14]. In our research, we showed that the tissue
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fibrinolysis system was involved in the bone repair process after a bone defect in mice
and was related to macrophages at the damaged site [15,16]. These findings indicated that
macrophages play crucial roles in the bone repair process after a bone defect or fractures at
the damaged site of bone injury.

The pathogenesis of delayed bone repair in the diabetic state has been attributed to various
factors, including the impaired mobilization of mesenchymal and hematopoietic stem cells
(HSCs), chondrogenesis, osteoblastic bone formation, and vessel formation [17–19]. We previ-
ously reported that plasminogen activator inhibitor-1 (PAI-1), an inhibitor of plasminogen
activators, contributed to delayed bone repair and osteopenia induced by streptozotocin
in female diabetic mice [20–22]. Moreover, we recently revealed that PAI-1 played a role
in delayed bone repair induced by glucocorticoids in mice [8]. In that study, PAI-1, as
an adipocytokine negatively affecting bone, appeared to affect osteoblast differentiation
and apoptosis during the restoration phase of bone repair after a femoral bone defect in
mice. These findings indicated that macrophages and PAI-1 are involved in glucocorticoid-
induced delays in bone repair.

Therefore, we herein investigated the roles of macrophages in delayed bone repair
after bone injury induced by glucocorticoids using dexamethasone (Dex), an active glu-
cocorticoid. We also examined the impact of PAI-1 on the role of macrophages in bone
repair using PAI-1-deficient (PAI-1 KO) mice and their wild-type (WT) counterparts treated
with Dex.

2. Results
2.1. Effects of Dex and PAI-1 Deficiency on Macrophage Number after Femoral Bone Injury

Consistent with our previous findings, the Dex treatment for three weeks elevated
plasma PAI-1 levels without increasing fasting blood glucose levels in mice [8]. PAI-1
deficiency significantly lessened Dex-induced delays in bone repair in mice [8]. We then
investigated the number of macrophages at the damaged site after femoral bone injury using
the same glucocorticoid-treated mouse model. The Dex treatment significantly decreased
the number of F4/80-positive cells at the damaged site two days after femoral bone injury
in mice, while PAI-1 deficiency significantly lessened this reduction (Figure 1A,B). However,
PAI-1 deficiency and the Dex treatment did not affect the number of F4/80-positive cells
four days after bone injury in mice (Figure 1B).

2.2. Effects of Dex on the Number of HSCs in Bone Marrow after Femoral Bone Injury

Our previous study indicated that femoral bone injury induces a decrease in bone
marrow HSC number in mice [23], which might partly influence macrophage number at
the damaged site. We therefore examined the effects of Dex on bone marrow HSC number
after femoral bone injury in mice. The prevalence of HSCs in bone marrow from damaged
and contralateral intact femurs after femoral bone injury in WT and PAI-1 KO mice was
evaluated using a flow cytometric analysis. HSCs were defined as cells that were CD34−,
c-Kit+, Sca-1+, and Lin−. As shown in Figure 2, the number of HSCs harvested from the
bone marrow of damaged femurs was significantly lower than that from the bone marrow
of contralateral intact femurs two days after femoral bone injury in WT mice. The Dex
treatment lessened the decrease in the number of HSCs induced by bone injury in WT mice;
however, in comparisons with the control, the Dex treatment significantly reduced the
number of HSCs in intact femurs (Figure 2A). Similar results were obtained for PAI-1 KO
mice (Figure 2A). PAI-1 deficiency did not affect the Dex-induced reduction in the ratio of
HSC numbers in the bone marrow of damaged femurs two days after femoral bone injury
(Figure 2B).
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Figure 1. Effects of PAI-1 deficiency on Dex-induced decreases in macrophage number after femoral
bone injury. (A) Microphotographs of F4/80-positive cells at damaged sites 2 days after femoral bone
injury in control and Dex-treated WT and PAI-1 KO mice. Scale bars indicate 50 µm. (B) Number of
F4/80-positive cells at damaged sites 2 and 4 days after femoral bone injury in control and Dex-treated
WT and PAI-1 KO mice. Data represent the mean ± SEM: n = 5 mice in each group. * p < 0.05. Cont,
control; DAPI, 4′,6-diamidino-2-phenylindole.
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CD34−, c-Kit+, Sca-1+, and Lin− cells (HSCs) harvested from the bone marrow of the contralateral intact 
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2.3. Effects of Dex on Macrophage-Related Gene Expression at the Damaged Site  
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Figure 2. HSCs in bone marrow from damaged femurs after femoral bone injury. (A) The numbers of
CD34−, c-Kit+, Sca-1+, and Lin− cells (HSCs) harvested from the bone marrow of the contralateral
intact (intact) and damaged (injury) femurs 2 days after femoral bone injury in WT (left panel) and
PAI-1 KO (right panel) mice, as assessed by flow cytometry. Data represent the means ± SEM of
5 experiments (10 mice) in each group. * p < 0.05. BMC, bone marrow cell; Cont, control. N.S., not
significant (B) Ratio of the bone marrow HSC number in Dex-treated/untreated WT and PAI-1 KO
mice 2 days after femoral bone injury assessed by flow cytometry. Data represent the mean ± SEM of
5 mice.
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2.3. Effects of Dex on Macrophage-Related Gene Expression at the Damaged Site after Bone Injury

Macrophages secrete various cytokines and regulators into the microenvironment
during inflammation and tissue repair. Tumor necrosis factor-α (TNF-α), interleukin (IL)-1β,
inducible nitric oxide synthase (iNOS), and IL-6 are M1 macrophage-synthesized factors,
while IL-10, CD206, arginase 1, and transforming growth factor-β (TGF-β) are M2 macrophage-
synthesized factors [10]. We examined the expression of macrophage-related genes in
bone tissues at the damaged site two, four, and seven days after femoral bone injury in
WT and PAI-1 KO mice. The Dex treatment significantly decreased the mRNA levels of
macrophage colony-stimulating factor (M-CSF), monocyte chemoattractant protein (MCP)-1, and
stromal cell-derived factor-1 (SDF-1), but not macrophage inflammatory protein (MIP)-1α or IL-4,
at the damaged site two days after bone injury in WT mice (Figure 3). PAI-1 deficiency
significantly lessened Dex-induced decreases in M-CSF mRNA levels at the damaged site
(Figure 3), but did not affect the mRNA levels of MCP-1, MIP-1α, IL-4, or SDF-1 in bone
tissues at the damaged site two, four, and seven days after femoral bone injury (Figure 3).
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Figure 3. Effects of Dex and PAI-1 deficiency on the expression of macrophage-related factors at the
damaged site after femoral bone injury. A real-time PCR analysis of M-CSF, MCP-1, MIP-1α, IL-4,
SDF-1, and β-actin mRNA at damaged sites 2, 4, and 7 days after femoral bone injury in WT and
PAI-1 KO mice. Data are expressed relative to β-actin mRNA values. Data represent the mean ± SEM:
n = 5. * p < 0.05.

Regarding the factors related to the phenotypes of M1 and M2 macrophages, the Dex
treatment significantly increased TNF-α mRNA levels at the damaged site four days after
bone injury in WT mice, but significantly decreased IL-1β mRNA levels at the damaged site
two days after bone injury. PAI-1 deficiency appeared to weaken Dex-induced increases in
TNF-α mRNA levels and decreases in IL-1β mRNA levels at the damaged site (Figure 4).
Neither PAI-1 deficiency nor Dex affected the mRNA levels of iNOS, IL-6, IL-10, CD206, or
arginase 1 in bone tissues at the damaged site two, four, or seven days after femoral bone
injury (Figures 4 and 5).
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IL-1β, iNOS, IL-6, and β-actin at damaged sites 2, 4, and 7 days after femoral bone injury in WT and
PAI-1 KO mice. Data are expressed relative to β-actin mRNA values. Data represent the mean ± SEM:
n = 5. * p < 0.05.
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Figure 5. Effects of Dex and PAI-1 deficiency on the expression of M2 macrophage-producing factors
at damaged sites after femoral bone injury. A real-time PCR analysis of the mRNA levels of IL-10,
CD206, arginase 1, and β-actin at damaged sites 2, 4, and 7 days after femoral bone injury in WT and
PAI-1 KO mice. Data are expressed relative to β-actin mRNA values. Data represent the mean ± SEM:
n = 5.
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2.4. Effects of Dex and PAI-1 Deficiency on Factors Produced from Macrophages Derived from the
Bone Marrow of Damaged Femurs

To examine the effects of glucocorticoids and PAI-1 deficiency on the factors pro-
duced from macrophages, we examined the expression of macrophage-related factors in
F4/80 and CD11b double-positive cells (putative macrophages) derived from the bone
marrow of damaged femurs in mice two days after bone injury using fluorescence-activated
cell sorting. Although the Dex treatment significantly decreased IL-1β mRNA levels in
F4/80 and CD11b double-positive cells from the bone marrow of damaged femurs in WT
mice, PAI-1 deficiency appeared to lessen Dex-induced reductions in IL-1β mRNA levels
(Figure 6A). The Dex treatment did not affect the mRNA levels of TNF-α, iNOS, IL-6, IL-10,
CD206, or arginase 1 in F4/80 and CD11b double-positive cells from the bone marrow of
damaged femurs in WT and PAI-1 KO mice (Figure 6A). FACS data of F4/80 and CD11b
double positive cells are shown in Figure 6B. F4/80 and CD11b double positive cells were
45.8 ± 3.5% in whole bone marrow cells (Figure 6B).
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Figure 6. Effects of Dex and PAI-1 deficiency on the expression of macrophage-related factors in
macrophages derived from the bone marrow of damaged femurs. (A) A real-time PCR analysis of
TNF-α, IL-1β, iNOS, IL-6, IL-10, CD206, arginase 1, TGF-β, and β-actin mRNA in F4/80 and CD11b
double-positive cells derived from the bone marrow of damaged femurs 2 days after bone injury in
mice using fluorescence-activated cell sorting. Data are expressed relative to 0 mRNA values. Data
represent the mean ± SEM of 5 mice in each group. * p < 0.05. (B) Flow cutometric analysis was used
to identify F4/80 and CD11b double-positive cells from damaged femurs 2 days after bone injury.

2.5. Effects of Dex and PAI-1 Deficiency on the Phagocytosis of Macrophages at Damaged Femurs

We then investigated the phagocytosis of macrophages at the damaged site two days
after femoral bone injury using transmission electron microscopy in WT and PAI-1 KO
mice. As shown in Figure 7A, recruited macrophages with well-extended pseudopodia
were observed at the damaged site in WT and PAI-1 KO mice. These macrophages engulfed
erythrocytes or cellular debris at the damaged site in WT and PAI-1 KO mice. Although the
Dex treatment significantly reduced the ratio of macrophage phagocytosis at the damaged
site in WT mice, PAI-1 deficiency significantly weakened the Dex-induced decrease in the
ratio of macrophage phagocytosis in mice (Figure 7A,B).
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posed crucial roles for the bone’s resident macrophage population, osteomacs, in bone for-
mation and bone repair after injury [11–14]. Moreover, recent evidence showed the func-

Figure 7. Effects of Dex and PAI-1 deficiency on macrophage phagocytosis after femoral bone injury.
(A) Transmission electron microscopic photographs of macrophages in WT and PAI-1 KO mice
treated with or without Dex at the damaged site 2 days after femoral bone injury. Results represent
experiments performed on 4 mice in each group. Arrowheads indicate erythrocytes in macrophages.
Scale bars indicate 5 µm. N, nucleus. (B) The activity of macrophage phagocytosis was calculated as
the number of phagocytosing macrophages divided by the number of subject macrophages (ratio
of macrophage phagocytosis) at the damaged site 2 days after femoral bone injury, assessed by
transmission electron microscopy. Data represent the mean ± SEM of 4 mice in each group. * p < 0.05.

3. Discussion

In the present study, we showed that Dex suppressed the number and phagocytosis
of macrophages as well as the expression of M-CSF, MCP-1, IL-1β, and SDF-1 at the
damaged site two days after femoral bone injury during bone repair in mice. Moreover,
PAI-1 deficiency attenuated Dex-induced decreases in the number and phagocytosis of
macrophages as well as M-CSF expression at bone tissues in mice.

Previous studies suggested that glucocorticoids influence macrophage functions un-
der pathophysiological conditions. They were shown to efficiently inhibit the tissue re-
pair process by down-regulating pro-inflammatory mediators from macrophages and
monocytes [24], but induced aberrant macrophage immune functions and apoptosis [25].
Glucocorticoids also inhibited macrophage differentiation towards a pro-inflammatory
phenotype upon wounding, without affecting their migration [26]. In the present study,
Dex suppressed the number of macrophages at the damaged site two days after femoral
bone injury during bone repair in mice, which is consistent with previous findings showing
the regulation of tissue repair and immune responses by glucocorticoids [23–25]. Previous
studies proposed crucial roles for the bone’s resident macrophage population, osteomacs, in
bone formation and bone repair after injury [11–14]. Moreover, recent evidence showed the
functional involvement of osteomacs in bone repair or regeneration. Macrophage-lineage
tartrate-resistant acid phosphatase-positive cells participate in periosteal osteogenesis and
regeneration through the recruitment of periosteum-derived cells in mice [27]. Macrophage-
secreting low-density lipoprotein receptor-related protein 1 or macrophage-expressed G-
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protein-coupled receptor-interacting protein 1 was shown to play a role in the fracture
repair process in mice [28,29]. Qiao et al. reported that the sequential activation of heteroge-
nous macrophage phenotypes, such as M1 and M2 macrophages, was necessary for the
bone regeneration process in rats [30]. These findings suggest that macrophages are key
players in the bone repair process, such as the inflammatory, restoration, and remodeling
phases. Taken together, the present results indicate that glucocorticoids delayed bone repair
after bone injury by affecting macrophages during the bone repair process.

Macrophages and neutrophils are important in tissue repair, particularly in the early
phase [9]. On the other hand, a change in neutrophil accumulation was not observed at the
damaged site after bone injury during the bone repair process, which was delayed by the
diabetic state in our mouse study [31]. Moreover, we previously revealed that femoral bone
injury induced a decrease in HSC numbers in the bone marrow during the bone repair
process in mice [23], which is consistent with the present results. These findings suggest
that the mobilization and recruitment of HSCs to damaged sites for the acceleration of bone
repair after bone injury reduced HSC numbers in the bone marrow. We also previously
indicated that HSC population changes by bone injury were blunted by the diabetic state
in mice [31]. The impaired mobilization of stem cells in the bone marrow was suggested to
be induced by glucocorticoids; however, this phenomenon may be related to a tissue repair
reaction, inflammation, and vessel formation [32–35]. In the present study, macrophages
and osteoclasts were differentiated from transplanted HSCs in bone marrow during the
bone repair process after a femoral bone defect in mice [24]. Based on these findings, we
speculate that glucocorticoids inhibit the mobilization and migration of bone marrow HSCs,
leading to the impaired accumulation of macrophages at damaged sites during the bone
repair process in mice. Alternatively, Dex treatment reduced HSC number in both intact
and injured femurs in our data, suggesting that Dex might exert much more profound
effects on HSC number than bone injury. Dex might therefore mask the effect of bone injury
on the HSC number, instead of weakening it.

PAI-1 has been implicated in numerous inflammatory, metabolic, and endocrinological
disorders as well as diabetes or estrogen deficiency-induced osteopenia [36]. We previously
revealed that PAI-1 contributed to the diabetic state, osteopenia, and muscle wasting
induced by a continuous pellet treatment with 1.5 mg of corticosterone, a glucocorticoid, in
mice [37,38]. Moreover, we recently reported that PAI-1 deficiency lessened Dex-induced
delays in bone repair after femoral bone injury in mice, indicating a role for PAI-1 in
glucocorticoid-induced delays in bone repair after bone injury in mice. In the present
study, PAI-1 deficiency significantly attenuated Dex-induced decreases in the number and
phagocytosis of macrophages at the damaged site two days after femoral bone injury in
mice, indicating that PAI-1 is involved in the glucocorticoid-mediated suppression of the
number of macrophages and phagocytosis at the injured site during bone repair. Since
PAI-1 deficiency did not affect Dex-induced decreases in the number of HSCs in bone
marrow during bone repair in mice, the effects of PAI-1 on macrophage number at the bone
injury site may not be due to its effects on the mobilization of HSCs from bone marrow
to macrophages at the bone injury site. Our findings also suggested that the effects of
glucocorticoids on osteoporosis were due to elevated serum PAI-1 levels secreted from
adipose tissues, but not local PAI-1 production by bone tissues in mice; however, hepatic
tissue appeared to be more important as the secretory organ for circulating PAI-1 in type 1
diabetic bone loss in female mice [21,37]. Excess glucocorticoids may elevate circulating
PAI-1 levels, partly through an increase in the secretion of PAI-1 from adipose tissues
resulting in delayed bone repair after bone injury in mice, because plasma levels of PAI-1,
as well as its expression in adipose tissues and muscles, but not bone or the liver, were
increased by Dex in mice.

M-CSF and IL-4 are important factors for macrophage differentiation and proliferation,
respectively [11,39]. MCP-1 and MIP-1α are crucial for the accumulation of macrophages [39].
Macrophages are classified into two subtypes, M1 and M2. M1 macrophages are related
to the inflammation process in tissue repair, and alternatively activated M2 macrophages
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participate in tissue regeneration [10,39]. However, inflammatory macrophages were
recently proposed to participate in the bone repair process [9,30]. In the present study,
Dex significantly decreased the expression of M-CSF in bone tissues at the damaged site
two days after bone injury in mice. These results suggest that M-CSF is involved in
glucocorticoid-induced decreases in macrophage accumulation at the damaged site after
femoral bone injury, possibly through a decrease in the differentiation of macrophage
precursor cells into macrophages. On the other hand, Dex significantly suppressed the
expression of MCP-1, IL-1β, and SDF-1 in bone tissues at the damaged site two days after
bone injury in mice in the present study, but significantly up-regulated TNF-α expression at
the damaged site four days after bone injury. Since bone tissues include various cell types
other than macrophages, and the expression of cytokines may not be caused by macrophage-
derived cells, we examined the expression of M1 and M2 macrophage-related factors
in F4/80 and CD11b double-positive cells (putative macrophages) in the bone marrow
of damaged bone two days after bone injury in mice. We found that Dex significantly
decreased the expression of IL-1β in macrophages at damaged bone marrow two days after
bone injury in mice. These results suggest that glucocorticoids modulate the production
of factors from macrophages at the damaged site in the inflammation phase during bone
repair after bone injury in mice.

The present results revealed that PAI-1 deficiency significantly blunted the number
of macrophages and M-CSF expression decreased by Dex at the damaged site two days
after bone injury in mice. These results suggest that glucocorticoids delay bone repair by
decreasing macrophage number partly through PAI-1 and suppressing M-CSF produc-
tion from damaged bone tissues in mice. However, further studies using bone-specific
M-CSF-deficient mice are needed to clarify the involvement of M-CSF in the regulation of
the bone repair process by endocrine and metabolic disorders, including excess glucocor-
ticoids. On the other hand, PAI-1 deficiency slightly reversed Dex-induced decreases in
the expression of MCP-1 and IL-1β at the damaged site two days after bone injury in mice.
Therefore, we cannot rule out the possibility that other factors, such as MCP-1 and IL-1β, are
involved in glucocorticoid-induced delays in bone repair by decreasing the accumulation
of macrophages partly through PAI-1 in mice.

MacCauley et al. recently reported that the percentage of M1 macrophages is elevated
seven days after femoral fractures in mice [40], although the number of macrophages and
expressions of macrophage-related genes other than TNF-α at the damaged site were not
altered four days after femoral injury in our study. These differences might be due to the
differences of time course for bone repair after bone injury between fracture model and
pinhole bone defect method in mice, since bone repair after fracture slowly progresses in
general, compared to that after pinhole bone defect. Otherwise, the differences in assay
sensitivity of immune stain or the bone marrow samples from the damaged site might
influence the differences in the results from different methods.

In conclusion, this is the first study to demonstrate that Dex decreased the number and
phagocytosis of macrophages at the site of bone injury during early bone repair through
PAI-1 in mice. Macrophages and PAI-1 may be targets for the treatment of delayed bone
repair as a side effect of glucocorticoids.

4. Materials and Methods
4.1. Animal Experiments

Female PAI-1 KO mice and their WT counterparts, initially provided by D. Collen
(University of Leuven, Leuven, Belgium), each weighing between 18 and 25 g, aged 9 weeks
old, and with a mixed C57BL/6J (81.25%) and 129/SvJ (18.75%) background, were used.
Nine-week-old female WT and PAI-1 KO mice were intraperitoneally administered 2 mg/kg
Dex (Wako, Tokyo, Japan) and normal saline once a day for three weeks [8]. Animals were
maintained in metabolic cages under a 12-h light/dark cycle and received food and water
ad libitum.
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4.2. Murine Bone Injury Model

Bone injury was induced in mice according to a previously described method [8].
Briefly, under anesthesia induced by 2% isoflurane, a 5-mm-long longitudinal incision was
made in the anterior skin over the mid-femur of the right leg. After splitting the muscle,
the surface of the femoral bone was exposed. Thereafter, a hole was made using a drill
with a diameter of 0.9 mm. The hole was irrigated with saline to prevent thermal necrosis
of the margins. Incised skin was then sutured in a sterile manner, and anesthesia was
discontinued.

4.3. Histological Analysis

Mice were anesthetized using 2% isoflurane on day zero, two, four, or seven after
femoral bone injury. Femurs were removed, fixed in 4% paraformaldehyde, demineralized
in 22.5% formic acid and 340 mM sodium citrate solution for 24 h, and embedded in paraffin.
Immunostaining was performed as previously described [15]. To evaluate the number of
osteoblastic cells at the bone surface, sections were incubated with an anti-F4/80 antibody
(AbD Serotec, Raleigh, NC, USA) at a dilution of 1:20, followed by an incubation with
an appropriate horseradish peroxidase-conjugated secondary antibody. Positive signals
were visualized using the tyramide signal amplification system (PerkinElmer, Waltham,
MS, USA), and sections were counterstained with 4′,6-diamidino-2-phenylindole and
photographed using an All-in-One Fluorescence Microscope (KEYENCE, Osaka, Japan).

4.4. Flow Cytometric Analysis

Bone marrow cells were obtained from mice as previously described [23]. Hank’s
balanced salt solution buffer with 2% fetal bovine serum (FBS) was used to flush bone
marrow cells from the harvested femurs of two mice. Bone marrow cells were added to an
equivalent volume of Ficoll-Paque PLUS (GE Healthcare Bio-Sciences, Uppsala, Sweden)
and harvested by centrifugation at 630× g at 4 ◦C for 15 min. Cells were resuspended in
phosphate-buffered saline supplemented with 3% FBS and then analyzed with a FACS Aria
II cell sorter (BD Biosciences, San Jose, CA, USA) HSCs were identified in bone marrow
cell populations with Alexa 700 conjugated anti-CD34, BV711-conjugated anti-c-kit, and
PE-Cy7-conjugated anti-Sca-1 antibodies and the peridinin-chlorophyll protein complex-
Cy5.5-conjugated anti-lineage antibodies cocktail (BD Biosciences, San Jose, CA, USA). The
numbers of HSCs harvested from the bone marrow of the contralateral intact and damaged
femurs on day two after femoral bone injury were enumerated by flow cytometry.

4.5. Quantitative Real-Time Polymerase Chain Reaction (PCR)

Total RNA was isolated from tissues and cells using an RNeasy Mini Kit (Qiagen,
Hilden, Germany). The incorporation of SYBR Green into double-stranded DNA was
assessed by quantitative real-time PCR using an ABI StepOne Real-Time PCR System
(Applied Biosystems, Carlsbad, CA, USA), as previously described [8]. The PCR primers
used are listed in Table 1. The mRNA levels of the target genes were normalized with
β-actin mRNA levels.
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Table 1. Gene names and primer sequences used in this study.

Gene Name and Symbol Forward Primer Reverse Primer

Macrophage colony-stimulating factor (MCSF) GACTTCATGCCAGATTGCC GGTGGCTTTAGGGTACAGG
Monocyte chemoattractant protein-1 (MCP-1) CCACTCACCTGCTGCTACTCA TGGTGATCCTCTTGTAGCTCTCC

Macrophage inflammatory protein-1α (MIP-1α) CCTCTGTCACCTGCTCAACA GATGAATTGGCGTGGAATCT
Interleukin-4 (IL-4) ACAGGAGAAGGGACGCCAT GAAGCCCTACAGACGAGCTCA
Interleukin-6 (IL-6) GTTCTCTGGGAAATCGTGGA GGAAATTCGGGGTAGGAAGGA

Tumor necrosis factor-α (TNF-α) CCCAGACCCTCACACTCAGATC GCCACTCCAGCTGCTCCTC
Interleukin-1β (IL-1β) GGTCAAAGGTTTGGAAGCAG TGTGAAATGCCACCTTTTGA

Inducible nitric oxide synthase (iNOS) TTTGCTTCCATGCTAATGCGAAAG GCTCTGTTGAGGTCTAAAGGCTCCG
Interleukin-10 (IL-10) GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG

CD206 TTTGGAATCAAGGGCACAGAG TGCTCCACAATCCCGAACC
Arginase1 CTCCAAGCCAAAGTCCTTAGAG AGGAGCTGTCATTAGGGACATC

Transforming growth factor-β1 (TGF-β1) GCAACAATTCCTGGCGTTACC CGCTGAATCGAAAGCCCTGTA
Stromal-derived factor-1 (SDF-1) CTGTGCCCTTACGATTGTTG TCAGCCTTCCTCGGGGGTCT

β-actin TACCACAGGCATTGTGATGG TTTGATGTCACGCACGATTT

4.6. Isolation of F4/80 and CD11b Double-Positive Cells from the Femur

Bone marrow cells were flushed out into Dulbecco’s modified Eagle medium (DMEM)
with 1% penicillin streptomycin. Cells were labeled at 4 ◦C for 30 min with the optimal di-
lution of a phycoerythrin-conjugated anti-F4/80 antibody (AbD Serotec, Raleigh, NC, USA)
and peridinin-chlorophyll protein-Cy5.5-conjugated anti-CD11b antibody (BD Biosciences,
San Jose, CA, USA). After the lysis of erythrocytes, F4/80 and CD11b double-positive cells
(5.0 × 105) were isolated with an FACS Aria II cell sorter (BD Biosciences, San Jose, CA,
USA) and analyzed by real-time PCR, as previously described [15].

4.7. Transmission Electron Microscopy

A transmission electron microscopy analysis was performed as previously described [16].
Briefly, mice were transcardially perfused with physiological saline, and then with 2.5%
glutaraldehyde in phosphate buffer (pH 7.4), on day two after femoral bone injury. Fe-
murs were removed, demineralized in 22.5% formic acid and 340 mM sodium citrate
solution, and postfixed in the same fixative at 4 ◦C overnight. After fixation in 1% buffered
osmium tetroxide and prestaining with 0.5% uranyl acetate, small pieces of the femurs
were embedded in epoxy resin, and 70-nm-thick sections were obtained from the dam-
aged site. Ultrathin sections were stained with 3% uranyl acetate at room temperature for
20 min. Stained sections were photographed with an electron microscope (HT-7700; Hitachi
High-Technologies Co., Tokyo, Japan) at an accelerating voltage of 100 kV. The activity of
macrophage phagocytosis at the damaged site of the femur was quantitatively analyzed
as previously described [16]. Briefly, ≥25 macrophages at the damaged site of the femur
were photographed in each mouse, and the number of phagocytosing macrophages with
erythrocytes or cellular debris >2 µm in diameter was quantified in a blinded manner. The
ratio of phagocytosing macrophages to subject macrophages was calculated in each mouse
for the assessment of phagocytosis activity.

4.8. Statistical Analysis

Data are presented as means ± standard errors of the mean (SEM). Statistical analyses
were performed by the Mann–Whitney U test for comparisons of two groups. A two-way
ANOVA followed by Tukey’s test was conducted for multiple comparisons. Differences of
p < 0.05 were considered to be significant. All statistical analyses were performed using
StatView v5.0 software (Statistical Analysis System (SAS) Institute Inc.; Cary, NC, USA).
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