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Abstract

Previous studies suggest that fracture healing is impaired in diabetes; however, the underlying mechanism remains unclear.
Here, we investigated the roles of plasminogen activator inhibitor-1 (PAI-1) in the impaired bone repair process by using
streptozotocin (STZ)-induced diabetic female wild-type (PAI-1+/+) and PAI-1-deficient (PAI-12/2) mice. Bone repair and the
number of alkaline phosphatase (ALP)-positive cells at the site of a femoral bone damage were comparable in PAI-1+/+ and
PAI-12/2 mice without STZ treatment. Although the bone repair process was delayed by STZ treatment in PAI-1+/+ mice, this
delayed bone repair was blunted in PAI-12/2 mice. The reduction in the number of ALP-positive cells at the site of bone
damage induced by STZ treatment was attenuated in PAI-12/2 mice compared to PAI-1+/+ mice. On the other hand, PAI-1
deficiency increased the levels of ALP and type I collagen mRNA in female mice with or without STZ treatment, and the
levels of Osterix and osteocalcin mRNA, suppressed by diabetic state in PAI-1+/+ mice, were partially protected in PAI-12/2

mice. PAI-1 deficiency did not affect formation of the cartilage matrix and the levels of types II and X collagen and aggrecan
mRNA suppressed by STZ treatment, although PAI-1 deficiency increased the expression of chondrogenic markers in mice
without STZ treatment. The present study indicates that PAI-1 is involved in the impaired bone repair process induced by
the diabetic state in part through a decrease in the number of ALP-positive cells.
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Introduction

The risk of fracture is increased in diabetic patients mainly due

to impairment of the bone formation process [1,2]. It is well

accepted that type 1 diabetes is associated with a significant

decrease in skeletal mass and an increase in fracture risk [1,2]. The

detrimental skeletal effects of glucose toxicity, insulin deficiency

and diabetic complications might partly explain the association

between type 1 diabetes and osteoporosis [3–5]. Previous findings

suggest that a decrease in osteoblastic bone formation is a major

contributor to diabetic osteoporosis [4,6]. However, the patho-

genesis of this skeletal fragility and impaired bone formation in

type 1 diabetic patients remain to be fully clarified.

The recruitment of bone marrow-derived mesenchymal stem

cells to the site of injury is impaired in diabetic patients [7].

Impaired mobilization and a reduced number of endothelial

progenitor cells in diabetic patients prevent vasculogenesis and

delay the healing process [8]. Cells that are critical to wound

healing, such as fibroblasts, keratinocytes, and endothelial cells,

become functionally impaired when exposed to a diabetic high-

glucose environment in vitro [9,10]. In human studies, hematopoi-

etic stem cell and proangiogenic cell mobilization in response to

granulocyte colony-stimulating factor is impaired in diabetes,

which might be related to the impaired tissue repair [11]. Several

studies indicate that diabetes leads to impaired fracture healing

[12–16], and this abnormal repair is insulin-dependent, because it

was reversed by insulin treatment [13,17]. More recent studies

have shown that the impaired fracture healing observed in diabetic

state might be due to the loss of cartilage caused by increased

apoptosis and osteoclastogenesis, which is followed by a reduction

in the cartilaginous template for endochondral bone formation

[13–15]. Increased chondrocyte and osteoblast apoptosis is tumor

necrosis factor (TNF)-a-mediated, along with increased osteoclast

survival, leading to destruction of early callus tissue and impeding

fracture healing [13–15]. However, the details in mechanism of

impaired bone repair and fracture healing in diabetic state still

remain unclear.

Plasminogen activator inhibitor-1 (PAI-1) is the principal

inhibitor of plasminogen activator, and hence fibrinolysis. Several

reports have shown that circulating PAI-1 levels are elevated in

type 1 and type 2 diabetic patients and animals [18–20]. PAI-1 has

various functions, including regulation of extracellular matrix

(ECM) degradation, cell migration, and apoptosis [21]. Daci et al.

previously reported that PAI-1 deficiency partially protects against

bone loss in estrogen-deficient mice [22]. Our recent study also

showed that PAI-1 deficiency protects against diabetic bone loss in

female mice [20]. Clarifying the mechanism of bone repair and

regeneration is important to meet the clinical demand for bone

reconstruction. We recently showed that plasminogen is crucial for

bone repair in mice [23], indicating that the tissue fibrinolytic

system is important for bone repair and fracture healing. These

findings suggest that PAI-1 may play a crucial role in the bone
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repair process. However, the role of PAI-1 in impaired bone repair

process observed in diabetes is unknown.

In the present study, we therefore examined the effects of PAI-1

deficiency on the impaired bone repair in diabetes by using a

mouse model of diabetes induced by streptozotocin (STZ) in

female wild-type (PAI-1+/+) and PAI-1- deficient (PAI-12/2) mice.

Materials and Methods

Ethics statement
All mouse experiments were performed according to the Guide

for the Care and Use of Laboratory Animals from the National

Institutes of Health and the institutional guidelines for the use and

care of laboratory animals at Kinki University. The protocol was

approved by the Experimental Animal Welfare Committee of

Kinki University (permit numbers: KAME-23-023 and KAME-

24-009). All surgeries and the collection of quantitative computed

tomography (qCT) images were performed under 2% isoflurane.

The mice were euthanized with pentobarbital sodium (over

50 mg/kg, intraperitoneally). All efforts were made to minimize

suffering.

Animals
Female PAI-1+/+ and PAI-12/2 mice, 10 weeks old, with a

mixed C57BL/6J (81.25%) and 129/SvJ (18.75%) background,

were used. These mice were kindly provided by Professor D.

Collen (University of Leuven, Belgium).

Diabetic mouse model
Diabetes was induced in female PAI-1+/+ and PAI-12/2 mice by

daily intraperitoneal injections of STZ (50 mg/kg body weight, in

saline) (Sigma, St Louis, MO, USA, # S0130), a pancreatic b-cell

cytotoxin, for 4 days, as previously described [20]. Controls were

injected with saline. Four days after the last injection (day 4), non-

fasting blood glucose levels were measured with a glucometer

(Glutest Ace, Sanwa Kagaku Kenkyusyo, Nagoya, Japan) by using

blood obtained from the tail vein. Mice with blood glucose levels

greater than 300 mg/dl were considered diabetic. At 2 weeks after

induction of diabetes, a bone defect surgery was performed in the

right femur of the mice. Animals were maintained in metabolic

cages on a 12-h light/dark cycle, and they received food and water

ad libitum.

Blood measurements
Blood was obtained from mice at 4 weeks after induction of

diabetes. Plasma total PAI-1 was measured using a Murine Total

PAI-1 ELISA kit (Molecular Innovations, MI, USA, # MPAIKT-

TOT).

Bone defect model
A bone defect was induced in the mice according to a previously

described method [23]. Briefly, under anesthesia induced by 2%

isoflurane, the anterior skin over the mid-femur of the right leg was

incised longitudinally for 5 mm in length. After splitting the

muscle, the surface of femoral bone was exposed. Then, a hole was

made using a drill with a diameter of 0.9 mm during the saline

irrigation to prevent thermal necrosis of the margins. The incised

skin was then sutured in a sterile manner, and anesthesia was

discontinued. Body temperature was maintained at 37uC during

surgery by a heating pad.

In vivo quantitative computed tomography (qCT) analysis
The mice were anesthetized using 2% isoflurane, and the femur

was scanned using an X-ray CT system (Latheta LCT-200;

Hitachi Aloka Medical, Tokyo, Japan). Parameters for the CT

scans were as follows: tube voltage, 50 kVp; tube current, 500 mA;

integration time, 3.6 ms; axial field of view, 48 mm, with an

isotropic voxel size of 48 mm. Images were generated by

integration of 2 signal averages for the femur. Total scan time

was approximately 5 min. Volume-rendered 3-dimensional CT

pictures were reconstructed using the VGStudio MAX2.2 software

(Nihon Visual Science, Tokyo, Japan). The area of the bone defect

in the femur was quantified using an image processing program

(ImageJ, http://rsbweb.nih.gov/ij/download.html).

Histological analysis
Mice were anesthetized using pentobarbital sodium (50 mg/kg,

intraperitoneally) on day 7 after surgery. The femur was removed,

fixed in 4% paraformaldehyde, demineralized in 22.5% formic

acid and 340 mM sodium citrate solution for 24 h, and then

embedded in paraffin. Thereafter, 4-mm-thick sections were

obtained. Immunostaining was performed as described previously

[23]. Briefly, the sections were incubated with an anti-alkaline

phosphatase (ALP) antibody (Abnova, Taipei, Taiwan, #
PAB12279) at a dilution of 1:100 followed by incubation with

Figure 1. Effects of streptozotocin (STZ) treatment on body
weight, blood glucose, and plasma PAI-1 levels in female mice.
(A) Growth curve during experiments in control (Cont) and STZ-treated
female PAI-1+/+ and PAI-12/2 mice. Results are expressed as the means
6 SEM. **p,0.01 vs. the PAI-1+/+ control group, {{p,0.01 vs. PAI-12/2

control group. (n = 5 in each group). (B) Blood glucose in control and
STZ-treated female PAI-1+/+ and PAI-12/2 mice. Results are expressed as
means 6 SEM. **p,0.01 (n = 5 in each group). (C) Plasma total PAI-1
levels in control and STZ-treated female PAI-1+/+ mice. Results are
expressed as means 6 SEM. **p,0.01 (n = 5 in each group).
doi:10.1371/journal.pone.0092686.g001
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the appropriate secondary antibody conjugated with horseradish

peroxidase (Nichirei Biosciences Inc., Tokyo, Japan, # 414341).

Positive signals were visualized using a tyramide signal amplifica-

tion system (PerkinElmer, Waltham, MS, USA, #
NEL744B001KT). The number of ALP-positive cells per

0.1 mm2 in the microscopic fields of the damaged site of femur

was quantified in a blinded evaluation, as described previously

[23]. The number of ALP-positive osteoblast-like cells per 1 mm

of bone surface (N.Ob/BS) and osteoblast surface per bone surface

(Ob.S/BS) were measured according to the guidelines of the

American Society of Bone and Mineral Research [24]. The

sections were stained with tartrate-resistant acid phosphatase

(TRAP) by using a TRAP staining kit (Wako Pure Chem., Osaka,

Japan, # 294-678001). The number of TRAP-positive multinu-

cleated cells per 1 mm of bone surface was measured at the

damaged site of the femur in a blinded evaluation. The sections

were processed for Alcian blue and toluidine blue staining. The

areas of the cartilage matrices that included proteoglycans and

glycosaminoglycans were quantified by measuring the Alcian blue-

positive areas and the metachromatic areas in the sections stained

with toluidine blue using image processing software (Mac SCOPE;

Mitani Co., Fukui, Japan) in a blinded evaluation.

Real-time polymerase chain reaction (PCR) analysis
Bone samples were crushed in liquid nitrogen, and total RNA

was extracted from the homogenized samples using an RNeasy

mini kit (Qiagen, Tokyo, Japan, # 74104). Real-time PCR was

performed with a StepOne Plus cycler using Fast SYBR GREEN

PCR Master Mix (Life Technologies Japan, Tokyo, Japan, #
4385610). The primer sets used are shown in Table S1. The

mRNA levels of target genes in the mouse tissues were normalized

relative to the levels of glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) mRNA.

Statistical analysis
Data are expressed as means 6 SEM. Statistical significance

was assessed using unpaired 2-tailed t-tests and one-way ANOVA.

Differences with p values less than 0.05 were considered

statistically significant. All statistical analyses were performed

using StatView version 5.0 software (SAS Institute; Cary, NC,

USA).

Results

Effects of STZ treatment in female mice
STZ treatment decreased the body weight of PAI+/+ and PAI2/

2 mice from 7 days after the last injection of STZ (Fig. 1A). Four

days after the final STZ injection, blood glucose levels were

markedly elevated in PAI+/+ and PAI2/2 mice (Fig. 1B), indicating

that STZ induced diabetes in the mice. Consistent with the

elevation in blood glucose levels, circulating PAI-1 levels were

elevated by STZ treatment in PAI+/+ mice (Fig. 1C). These data

were compatible with those obtained in our previous study [20].

Figure 2. Bone repair after a femoral bone defect. (A) Three-dimensional images of the damaged site on days 1 and 7 after a femoral bone
defect in female PAI-1+/+ and PAI-12/2 mice with or without STZ treatment, as assessed by qCT. The arrowheads indicate the damaged site. (B)
Quantification of the area at the damaged site on days 1, 4, and 7 after a femoral bone defect in female PAI-1+/+ and PAI-12/2 mice with or without
STZ treatment. Data represent the mean 6 SEM of 5-6 mice. *p,0.05, **p,0.01. Cont, control.
doi:10.1371/journal.pone.0092686.g002
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Bone repair after a femoral bone defect
The damaged site on the femur was progressively and similarly

repaired in PAI-1+/+ and PAI-12/2 mice without STZ treatment

until day 7, as assessed by qCT (Fig. 2A, B). Conversely, the

damaged site significantly remained on day 7 in PAI-1+/+ mice

with STZ treatment (Fig. 2A, B). This delay in bone repair was

blunted in PAI-12/2 mice with STZ treatment.

Figure 3. Histological analysis of the damaged site after a femoral bone defect. (A) Microphotographs of ALP-positive cells at the damaged
site on day 7 after a femoral bone defect in female PAI-1+/+ and PAI-12/2 mice with or without STZ treatment. (B) The number of ALP-positive cells per
0.1 mm2 of the microscopic field in the damaged site on day 7 after a femoral bone defect in female PAI-1+/+ and PAI-12/2 mice with or without STZ
treatment. (C) The number of ALP-positive osteoblast-like cells per 1 mm of bone surface (N.Ob/BS) at the damaged site on day 7 in female PAI-1+/+

and PAI-12/2 mice with or without STZ treatment. (D) Osteoblast surface per bone surface (Ob.S/BS) at the damaged site on day 7 in female PAI-1+/+

and PAI-12/2 mice with or without STZ treatment. (E) The number of TRAP-positive multinucleated cells (MNCs) per 1 mm of bone surface at the
damaged site on day 7 in female PAI-1+/+ and PAI-12/2 mice with or without STZ treatment. (F) Microphotographs of Alcian blue-stained sections at
the damaged site on day 7 after a femoral bone defect in female PAI-1+/+ and PAI-12/2 mice with or without STZ treatment. The sections were
counterstained with nuclear fast red. Asterisks indicate the Alcian blue-positive region. (G) Quantification of the Alcian blue-positive area at the
damaged site on day 7 in female PAI-1+/+ and PAI-12/2 mice with or without STZ treatment. (H) Microphotographs of toluidine blue-stained sections
at the damaged site on day 7 after a femoral bone defect in female PAI-1+/+ and PAI-12/2 mice with or without STZ treatment. Asterisks indicate the
metachromatic region. (I) Quantification of the area of the metachromatic region in the sections stained with toluidine blue at the damaged site on
day 7 in female PAI-1+/+ and PAI-12/2 mice with or without STZ treatment. The results are from experiments performed on 5-6 mice in each group (A,
F, H). Scale bars indicate 50 (A) and 300 mm (F, H). The arrows indicate the edge of the damaged site in the inner cortex (F, H). Data represent the
mean 6 SEM of 5-6 mice (B-E, G, I). *p,0.05, **p,0.01. Cont, control. Ct, cortical bone.
doi:10.1371/journal.pone.0092686.g003
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Histological analysis of the damaged site after a femoral
bone defect

The number of ALP-positive cells at the damaged site on day 7

was similar in both PAI-1+/+ and PAI-12/2 mice without STZ

treatment (Fig. 3A, B). STZ treatment significantly reduced the

number of ALP-positive cells at the damaged site in female PAI-

1+/+ mice (Fig. 3A, B). However, consistent with the decreased

bone repair observed in the diabetic state, PAI-1 deficiency

significantly blunted the reduction in the number of ALP-positive

cells at the damaged site in diabetic PAI-12/2 mice (Fig. 3A, B).

N.Ob/BS and Ob.S/BS at the damaged site were similar on day 7

in PAI-1+/+ and PAI-12/2 mice without STZ treatment (Fig. 3C,

D). Although STZ treatment significantly reduced the N.Ob/BS

and Ob.S/BS at the damaged site in female PAI-1+/+ mice, PAI-1

deficiency significantly blunted the reductions in N.Ob/BS and

Ob.S/BS induced by the diabetic state (Fig. 3C, D). Conversely,

the number of TRAP-positive multinucleated cells per bone

surface was not significantly different between PAI-1+/+ and PAI-

12/2 mice on day 7 regardless of STZ treatment (Fig. 3E).

PAI-1 deficiency significantly increased the formation of the

cartilage matrix at the damaged site on day 7 after a femoral bone

defect in sections stained with Alcian blue and toluidine blue

(Fig. 3F–I). STZ treatment significantly reduced the formation of

cartilage matrix in PAI-1+/+ and PAI-12/2 mice. PAI-1 deficiency

did not affect the formation of cartilage matrix suppressed by STZ

(Fig. 3F–I).

Analysis of osteogenic, bone resorption, osteoclast,
chondrogenic, and adipogenic marker gene expression
in bone tissues at the damaged site

Next, we examined the levels of osteogenic marker mRNA in

the bone tissues at the damaged site after a femoral bone defect in

female PAI-1+/+ and PAI-12/2 mice. The levels of Runx2, ALP,

and type I collagen mRNA were significantly increased in

PAI-12/2 mice, compared to those in PAI-1+/+ mice without

STZ treatment (Fig. 4). The levels of Osterix and osteocalcin

mRNA were similar in PAI-1+/+ and PAI-12/2 mice without STZ

treatment on day 7 (Fig. 4). STZ treatment significantly reduced

the levels of Runx2, Osterix, ALP, type I collagen, and osteocalcin

mRNA in PAI-1+/+ mice, and PAI-1 deficiency significantly

blunted the levels of Osterix, ALP, type I collagen, and osteocalcin

mRNA that were suppressed by STZ treatment. (Fig. 4).

We examined the levels of bone resorption markers in bone

tissues at the damaged site after a femoral bone defect in female

mice. The levels of TRAP, receptor activator of nuclear factor kB

ligand (RANKL), and osteoprotegerin (OPG) mRNA as well as the

ratio of RANKL/OPG were similar in PAI-1+/+ and PAI-12/2

mice without STZ treatment on day 7 (Fig. 5A–D). STZ treatment

significantly reduced the levels of RANKL mRNA in PAI-1+/+ and

PAI-12/2 mice (Fig. 5B), although it did not affect the levels of

TRAP mRNA (Fig. 5A). STZ treatment seemed to reduce the

levels of OPG mRNA and the ratio of RANKL/OPG in PAI-1+/+

mice, although the differences were not statistically significant

Figure 4. Effects of PAI-1 deficiency on osteogenic differentiation during bone repair in female mice. The levels of Runx2, Osterix, ALP,
type I collagen (Col I), and osteocalcin (OCN) mRNA at the damaged site on day 7 after a femoral bone defect in female PAI-1+/+ and PAI-12/2 mice
with or without STZ treatment. Data are expressed relative to GAPDH mRNA values, and are expressed as the mean 6 SEM. *p,0.05, **p,0.01 (n = 5–
7 in each group). Cont, control.
doi:10.1371/journal.pone.0092686.g004
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(Fig. 5C, D). PAI-1 deficiency did not affect the levels of RANKL

mRNA suppressed by STZ treatment (Fig. 5B).

Finally, we examined the levels of chondrogenic and adipogenic

markers in bone tissues at the damaged site after a femoral bone

defect in female PAI-1+/+ and PAI-12/2 mice. As shown in Fig. 6A,

PAI-1 deficiency significantly enhanced the levels of type II

collagen and aggrecan mRNA in bone tissues at the damaged site

after a femoral bone defect, although it did not affect the levels of

type X collagen mRNA. STZ treatment significantly reduced the

levels of chondrogenic markers in PAI-1+/+ mice, and PAI-1

deficiency did not affect the levels of chondrogenic markers

suppressed by STZ treatment (Fig. 6A). In contrast, PAI-1

deficiency decreased the levels of peroxisome proliferator-activated

receptor c (PPAR-c) mRNA, but not adipocyte protein-2 (aP-2)

mRNA at the damaged site after a femoral bone defect (Fig. 6B).

STZ treatment enhanced the levels of aP-2 mRNA, but not

PPAR-c mRNA in PAI-1+/+ mice. PAI-1 deficiency did not affect

the levels of adipogenic marker genes in mice with STZ treatment

(Fig. 6B).

Discussion

PAI-1, as a pivotal component of fibrinolytic system, belongs to

the serine protease inhibitor (serpin) superfamily [25]. It is

synthesized in several tissues, including bone, and is the principal

inhibitor of plasminogen activators (PA) [26]. The fibrinolytic

system participates in a wide variety of functions in mammals

beyond its proteolytic effect on thrombi. Several studies have

suggested the involvement of the PA/PAI-1 system in bone

metabolism [27,28]. Our recent study using plasminogen-deficient

mice showed that plasminogen deficiency decreases cartilage

formation and osteoblastogenesis at the damaged site of femur

after bone defect [23]. These findings imply that the tissue

fibrinolytic system is involved in the bone repair process.

PAI-1 deficiency protects from increased bone turnover and

trabecular bone loss in pathological states, such as estrogen

deficiency [22]. Moreover, we recently demonstrated that PAI-1

deficiency protects against diabetic bone loss in female mice [20].

These observations suggest a specific role for PAI-1 in the

regulation of trabecular bone turnover and osteoblastic bone

formation, especially in some specific pathological conditions. The

present study showed that diabetic wild-type mice displayed an

obvious delay in bone repair, compared to non-diabetic wild-type

mice from qCT analysis, which was compatible with previous

evidence on fracture repair [16]. Moreover, PAI-1 deficiency

rescued the impaired bone repair caused by the diabetic state,

indicating that PAI-1 is involved in the delayed bone repair

induced by the diabetic state in female mice. Our previous study

suggested that the diabetic state increases PAI-1 expression in the

liver, resulting in elevation of circulating PAI-1 levels in female

mice [20]. The increased levels of circulating PAI-1 induced by the

diabetic state might be responsible for the impaired bone repair,

and the enhancement of the PA/plasminogen system induced by

inactivation of PAI-1 might compensate the bone repair process

suppressed by the diabetic state. These findings are consistent with

our previous findings that plasminogen deficiency impairs bone

repair [23]. Further studies will be necessary to clarify the

mechanisms, by which PAI-1 impairs bone repair.

We previously revealed that the induction of diabetes decreases

bone mineral density (BMD) and bone strength index and

suppresses the expression of osteogenic genes in female wild-type

mice, but not in PAI-1-deficient mice [20]. In the present study,

we revealed that PAI-1 deficiency blunted the decrease in the

number of ALP-positive osteoblastic cells induced by the diabetic

state. Moreover, the levels of osteogenic genes, such as Osterix,

ALP, type I collagen, and osteocalcin, were decreased at the

damaged site of femur in female diabetic wild-type mice. These

effects seemed to be reversed by PAI-1 deletion. In addition, our

previous study revealed that active PAI-1 treatment reduces the

levels of Runx2, Osterix, and ALP mRNA as well as ALP activity

and mineralization in primary osteoblasts obtained from female

wild-type mice [20]. These findings suggest that PAI-1 deficiency

alleviates the impairment of bone repair associated with the

diabetic state partly by protecting against diabetes-impaired

osteoblastogenesis at the damaged site.

PAI-1 might impair osteoblast function by directly affecting

osteoblasts in the diabetic state in female mice during bone repair.

Accumulating evidence suggests that the diabetic state impairs

stem cell function and negatively regulates tissue repair [6,11,29].

Extrinsic signaling from the surrounding ECM plays a pivotal role

in converting mesenchymal stem cells into commitment osteogenic

lineage, then terminally differentiating into osteoblasts [30]. PAI-1

inhibits the function of PA, hence suppresses activations of pro-

matrix metalloproteinases (MMPs), which finally interfere with

ECM remodeling, in pathological conditions. Previous studies

revealed that MMPs activity is increased in the fibrotic liver and

asthmatic lung in PAI-1-deficient mice [31,32]. Moreover, Krause

et al. showed that the decrease in the levels of active MMP-9 in

diabetic mice was restored by systemic treatment with a PAI-1

inhibitor, suggesting that the increase in PAI-1 levels induced by

the diabetic state suppresses the activation of pro-MMPs [33].

Based on this knowledge, we can speculate that the protective

Figure 5. Effects of PAI-1 deficiency on bone resorption
markers during bone repair in female mice. (A–C) The levels of
TRAP, RANKL, and osteoprotegerin (OPG) mRNA at the damaged site on
day 7 after a femoral bone defect in female PAI-1+/+ and PAI-12/2 mice
with or without STZ treatment. Data are expressed relative to GAPDH
mRNA values, and are expressed as mean 6 SEM. (D) The ratio of
RANKL/OPG mRNA at the damaged site on day 7 after a femoral bone
defect in female PAI-1+/+ and PAI-12/2 mice with or without STZ
treatment. **p,0.01 (n = 5–7 in each group). Cont, control.
doi:10.1371/journal.pone.0092686.g005

Diabetes, PAI-1, and Bone Repair

PLOS ONE | www.plosone.org 6 March 2014 | Volume 9 | Issue 3 | e92686



effects of PAI-1 deficiency on the delayed bone repair induced by

the diabetic state could be explained by the activation of MMPs,

which modify the surrounding ECM microenvironments, conse-

quently promoting mesenchymal stem cell differentiation into

osteoblasts. Moreover, decreased growth factors such as insulin-

like growth factor-I and fibroblast growth factor-2 are related to

diminished bone formation during bone repair in diabetes [16].

The details of mechanism, by which PAI-1 is involved in the

impaired bone repair process in the diabetic state, remain

incompletely understood.

In the present study, PAI-1 deficiency significantly elevated the

levels of Runx2, ALP, and type I collagen mRNA at the damaged

site after a femoral bone defect in female mice without STZ

treatment. Moreover, PAI-1 deficiency blunted the reduction in

the number of ALP-positive cells induced by STZ treatment at the

damaged site in mice. Our previous study showed that PAI-1

suppressed the levels of Runx2, ALP, and type I collagen mRNA

in primary osteoblasts from mouse calvaria [20]. These findings

suggest that PAI-1 suppresses osteoblast differentiation in both

physiological and pathological states.

The fracture healing process can be divided into 3 stages: acute

inflammation, repair, and remodeling. In the repair phase, the

fracture site is repaired through the process of endochondral

ossification, i.e., the formation of cartilage and the replacement of

the cartilage by bone accompanied with the invasion of blood

vessels [34]. Rundle et al. suggested that PAI-1 deficiency does not

adversely affect the overall fracture healing process, but signifi-

cantly enlarges the fracture callus in the non-diabetic state [35].

Our study showed that PAI-1 deficiency does not accelerate the

bone repair process in female mice without diabetes, but it

increases the cartilage matrix and the levels of chondrogenic

marker mRNA such as type II collagen and aggrecan at the

damaged site in female mice without diabetes. These results are

consistent with the previous report by Rundle et al. [35]. However,

their study showed that remodeling of the fracture callus was

accelerated in PAI-1-deficient mice than in wild-type mice [35].

These data suggest enhancement of the tissue fibrinolytic system

by PAI-1 deficiency that stimulates fracture healing through

facilitation of ECM remodeling. The present study showed that

PAI-1 deficiency rescued the impaired bone repair caused by the

diabetic state. Taken together, PAI-1 might be involved in ECM

remodeling during fracture healing in the diabetic state. Diabetes

impairs cartilage formation during fracture healing through

decreased chondrocyte differentiation and proliferation [17].

However, the diabetic state reduced the cartilage matrix and the

levels of these chondrocyte markers in both wild-type and PAI-1-

deficient mice in the present study, suggesting that PAI-1

Figure 6. Effects of PAI-1 deficiency on chondrogenic or adipogenic differentiation during bone repair in female mice. (A) The levels
of type II collagen (Col II), type X collagen (Col X), and aggrecan mRNA at the damaged site on day 7 after a femoral bone defect in female PAI-1+/+

and PAI-12/2 mice with or without STZ treatment. Data are expressed relative to GAPDH mRNA values, and are expressed as mean 6 SEM. *p,0.05,
**p,0.01 (n = 5–7 in each group). (B) The levels of PPAR-c and aP-2 mRNA at the damaged site on day 7 after a femoral bone defect in female PAI-1+/+

and PAI-12/2 mice with or without STZ treatment. Data are expressed relative to GAPDH mRNA values, and are expressed as mean 6 SEM. *p,0.05,
**p,0.01 (n = 5–7 in each group). Cont, control.
doi:10.1371/journal.pone.0092686.g006
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deficiency could not compensate for the suppression of chondro-

genesis induced by the diabetic state.

Mesenchymal stem cells have the ability to differentiate into

chondrogenic and adipogenic lineage cells. Several studies

revealed that an altered mesenchymal stem cell lineage selection

toward adipocytes rather than osteoblasts is related to the

mechanism of diabetic bone loss [6]. Bone marrow adiposity is

observed in aged and type 1 diabetic bone tissues, which may be

associated with a decrease in BMD [36]. Meanwhile, PAI-1

deficiency blunted the change in the levels of adipogenic genes that

were increased with diabetes in tibia from female mice [20],

suggesting that PAI-1 deficiency restores bone formation by

promoting the differentiation of mesenchymal stem cells into

osteoblasts instead of adipocytes. However, the present study

revealed that the diabetic state did not induce PPAR-c at the

damaged site in wild-type female mice. Moreover, the levels of aP-

2 mRNA were similar between diabetic wild-type and PAI-1-

deficient mice, although the levels of aP-2 mRNA, known as an

adipokine associated with the adipocyte phenotype, were increased

in diabetic mice. These findings suggest that an altered mesen-

chymal stem cell lineage selection toward adipocytes rather than

osteoblasts is not important for the bone repair process impaired

by the diabetic state, compared to that in diabetic bone loss,

because PPAR-c is considered a key transcriptional factor that

regulates adipogenesis [19,20,36].

In conclusion, our study showed that PAI-1 deficiency

attenuates diabetic impaired bone repair in female mice partly

through a reverse of the reduction in the number of osteoblasts

induced by diabetic state, suggesting that PAI-1 is involved in the

impaired bone repair induced by type I diabetes in female mice.

Diabetic patients exhibit reduced BMD, an increase risk of

fracture, and impairment in the fracture healing process. Our

observations therefore provide a novel promising approach to

ameliorate fracture healing impairment and promote bone

regeneration in patients with diabetes.
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