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Role of plasminogen activator inhibitor-1 in muscle
wasting induced by a diabetic state in female mice

Hiroki Ehara. Yoshimasa Takafuji. Kohei Tatsumi, Kiyotaka Okada, Yuya Mizukami, Naoyuki Kawao,

Osamu Matsuo and Hiroshi Kaji

Department of Physiology and Regenerative Medicine, Kindai University Faculty of Medicine, Osaka-Sayama 589-8511, Japan

Abstract. Muscle wasting is a complication in patients with diabetes and leads to a reduced quality of life. However. the

detailed mechanisms of diabetes-induced muscle wasting remain unknown. Plasminogen activator inhibitor-1 (PAI-1). a serine

protease inhibitor that suppresses plasminogen activator activity. is involved in the pathophysiology of various discases.

including diabetes. In the present study. we examined the role of endogenous PAI-1 in the decrease in muscle mass and the
impaired grip strength induced by the diabetic state by employing streptozotocin (STZ)-treated PAI-1-deficient female mice.

The analyses of skeletal muscles and grip strength were performed in PAl-1-deficient and wild-type mice 4 weeks after the

induction of a diabetic state by STZ administration. PAI-1 deficieney did not affect muscle mass in the lower limbs measured

by quantitative computed tomography or tissue weights of the tibialis anterior. gastrocnemius and soleus muscles of female

mice with or without STZ treatment. On the other hand. PAI-1 deficiency significantly aggravated grip strength decreased by

STZ in female mice. PAI-1 deficiency did not affect the mRNA levels of Pax7. MyoD. myogenin or myosin heavy chain in

either the tibialis anterior or soleus muscles of (emale mice with or without STZ treatment. In conclusion. we revealed for the

first time that PAI-1 deficiency aggravates grip strength impaired by the diabetic state in female mice. although it did not

affect diabetes-decreased muscle mass.

Keywords: Plasminogen activator inhibitor-1. Muscle. Diabetes, Grip strength. Myokine

DIABETES induces various complications, such as
nephropathy, retinopathy. neuropathy. peripheral angio-
pathy and cardiovascular diseases [1]. In addition to
these complications, the diabetic state is related to mus-
cle wasting [2-5]. Diabetic muscle wasting can increase
the risk of falls and fractures, which may lead to a
reduced quality of life and an increased risk of death.
Morphologically asymptomatic myofiber atrophy was
observed in type | diabetic patients with neuropathy [6].
suggesting that diabetic conditions affect skeletal muscle
through metabolic changes prior to neuropathy complica-
tions. Muscle mass is regulated by muscle differentiation
and muscle protein amount. It has been suggested that
diabetic sarcopenia is caused by impaired muscle differ-
entiation and an imbalance between protein synthesis
and degradation caused by metabolic changes, such as
hyperglycemia, decreased insulin action and increased
advanced glycation end products [3]. However, the
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detailed mechanisms of diabetes-induced muscle wasting
are not fully understood.

Plasminogen activator inhibitor-1 (PAI-1) is a serine
protease inhibitor that suppresses plasminogen activator
activity and inhibits fibrinolysis [7]. PAI-1 is also known
to be involved in several metabolic disorders, such as
cardiovascular diseases, diabetes and osteoporosis, as an
adipokine [7]. PAI-1 has been reported to participate in
the response to skeletal muscle injury and myopathic
conditions [8-10]. Krause er «l. reported that PAI-039, a
pharmacological PAI-1 inhibitor, improves muscle repair
after muscle injury impaired by diabetes in mice [9]. We
previously revealed in PAI-1-deficient mice that PAI-1 is
involved in osteopenia and delayed bone repair induced
by diabetes in female mice [11-13]. Moreover, we
showed that PAI-1 is involved in glucose metabolism
abnormalities. muscle wasting. osteopenia and delayed
bone repair induced by glucocorticoid excess in mice
[14-16]. Taken together. PAI-1 might participate in mus-
cle wasting induced by diabetes. However, there have
been no reports available about the relationships between
diabetic muscle wasting and PAI-1.

In this study, therefore, we investigated the roles of
PAI-1 in muscle wasting induced by diabetes using
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streptozotocin  (STZ)-treated PAl-l-deficient female

mice.

Materials and Methods

Materials

STZ was purchased from Sigma-Aldrich Japan
(Tokyo, Japan). All other chemicals used were of analyti-
cal grade.

Animal experiment

Eight-week-old female or male PAI-1-deficient (KO)
mice and their wild-type counterparts [C57BL/6J
(81.25%) and 129/Sv) (18.75%) background] were used.
These mice were provided by Professor D. Collen
(University of Leuven, Leuven, Belgium). Diabetes was
induced four times in 8-week-old mice by intraperitoneal
injection of the pancreatic f-cell toxin STZ (200 mg/kg
body weight in saline) twice weekly [13]. Controls were
injected with saline alone. Four days after the last injec-
tion (day 4), the nonfasting blood glucose level was
measured with a glucometer (Glutest Ace. Sanwa
Kagaku Kenkyusyo, Nagoya, Japan) by using blood
obtained from the tail vein. Mice with blood glucose
tevels greater than 300 mg/dL were considered diabetic.
Blood glucose levels were confirmed at least twice.
Animals were maintained in metabolic cages on a 12-h
light, 12-h dark cycle, and they received food and water
ad libitum. At 4 weeks after the induction of diabetes,
quantitative computed tomography (qCT) analysis was
performed to measure lower limb muscle mass, and all
mouse (placebo- and STZ-treated groups) muscle tissues
were obtained. All animal experiments were performed

according to the guidelines of the National Institute of

Health (NIH) and the institutional rules for the use and
care of laboratory animals of Kindai University.

In vivo quantitative computed tomography (¢CT)
analysis

Mice were scanned using a LaTheta (LCT-200) exper-
imental animal CT system (Hitachi-Aloka Medical,
Tokyo, Japan), as previously described [I17]. Briefly.
regions of interest (ROIs) were defined as the whole
body for the assessment of the muscle mass around the
tibia. The parameters used for the CT scans were as fol-
lows: tube voltage, 50 kVp; tube current, 500 pA; inte-
gration time, 3.6 ms; axial field of view, 48 mm; voxel
size, 96 < 192 x 1,008 pum. Muscle mass was analyzed
using LaTheta software (version 3.40).

Histological analysis
After euthanization, the muscles were collected
from the dead mice, fixed in 4% paraformaldehyde in
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phosphate buffer (pH 7.4) for 16 h at 4°C, and further
fixed for 7 days in 80% ethanol. The muscles were
embedded in paraffin. Four-micrometer-thick sections
were obtained and stained with hematoxylin/eosin. The
hematoxylin/eosin-stained sections were photographed
with a microscope, and cross-sectional areas of at 250
(soleus muscle) or 500 (tibialis anterior muscle) myo-
fibers were quantified by using Imagel.

Measurement of grip strength

We measured grip strength with a pull bar attached to
a grip strength meter (1-27SM, Columbus Instruments,
Columbus, OH, USA), as described previously [18]. A
pull bar attachment was grasped by the four limbs of a
mouse and was then pulled at approximately 2 cm/sec.
The test was repeated 5 times, and the data represented
the average of each mouse.

Real-time polymerase chain reaction (PCR) analysis

Total RNA was extracted from homogenized samples
of the muscle tissues (and the cultured cells) using an
RNeasy mini kit for fibrous tissue (Life Technologies
Japan, Tokyo, Japan). Real-time PCR was performed
using StepOne Plus and Fast SYBR Green PCR Master
mix (Life Technologies Japan. Tokyo, Japan) as previ-
ously described [13]. The following primer sets were
used: Pax7, forward: 5-CCCTCAGTGAGTTCGATTAG
CC-3', reverse: 5-GGTCGGGTTCTGATTCCACA-3
MyoD, forward: 5'-~AGCACTACAGTGGCGACTCAG-3";
reverse: 5-AGGCGGTGTCGTAGCCATTC-3'; myo-
genin, forward: 5'-GCTGCCTAAAGTGGAGATCCT-3',
reverse:  5-GCGCTGTGGGAGTTGCAT-3"; myosin
heavy chain 1 (MHC-1), forward: $'“-CTCTTCCCGCTT
TGGTAAGTT-3", reverse: 5'-CAGGAGCATTTCGATT
AGATCCG-3"; myosin heavy chain 2b (MHC-2b),
atroginl, forward: 5-GCAGAGAGTCGGCAAGTC-3',
reverse: S-CAGGTCGGTGATCGTGAG-3"; insulin-like
growth factor-1 (IGF-1), forward: 5-CAAGCCCACAG
GCTATGGC-3, reverse: 5'-TCTGAGTCTTGGGCATG
TCAG-3'; fibroblast growth factor2 (FGF2), forward: 5'-
GCGACCCACACGTCAAACTA-3', reverse: 5'-CCGTC
CATCTTCCTTCATAGC-3"; FNDCS, forward: 5'-TCAT
TGTTGTGGTCCTCTTC-3, reverse: 5-GCTCGTTGTC
CTTGATGATA-3'"; PAI-1, forward: 5-“TTCAGCCCTTG
CTTGCCTC-3', reverse: 5'-ACACTTTTACTCCGAAG
TCGGT-3"; p-actin, forward: 5"TACCACAGGCATTGT
GATGG-3', reverse: 5-TTTGATGTCACGCACGATT
T-3'. The mRNA levels in the tissues of mice were nor-
malized relative to the amount of f3-actin.

Statistical analysis
Data are represented as the means + standard errors of
the mean (SEM). Statistical analyses were performed by
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PAL-1 and diabetic muscle wasting

the Mann-Whitney U test for comparisons of 2 groups.
Two-way ANOVA followed by Tukey's test was per-
formed for multiple comparisons. Differences of p < 0.03
were regarded as significant. All statistical analyses were
performed using StatView version 5.0 software (Statisti-
cal Analysis System (SAS) Institute Inc.; Cary, NC,
USA).

Results

Effect of PAI-1 deficiency on muscle mass decreased
by diabetic state

PAI-1 deficiency did not affect body weight or blood
glucose levels with or without STZ administration in
female mice (Fig. 1A, B). STZ did not affect PAI-1
mRNA levels in the tibialis anterior and soleus muscles,
although PAI-1 expression was not detected in PAI-1 KO
mice (Fig. 1C). We examined the effects of PAI-1 defi-
ciency on muscle mass in mice with or without diabetes.
As shown in Fig. 1D, PAI-1 deficiency did not affect
muscle mass or body weight-adjusted muscle mass in the
lower limbs of mice with or without STZ administration,
as measured by qCT (Fig. 1D). Moreover, PAI-1 defi-
ciency did not affect the tissue weights of the tibialis

anterior, gastrocnemius and soleus muscles of mice,

(&8 ]

which were decreased by the diabetic state (Fig. 1E).
PAI-1 deficiency did not affect the appearance and cross-
sectional areas of muscle fibers in either the tibialis ante-
rior or soleus muscles of mice with or without diabetes
(Fig. 2A. B).

Effect of PAI-1 deficiency on muscle strength
Sarcopenia and muscle wasting induced by the patho-
logical state are influenced by a decrease in muscle mass
and function. Muscle strength is one of the most impor-
tant components of muscle function. We next examined
the effects of PAI-1 deficiency on limb grip strength to
cvaluate the role of PAI-1 in muscle strength in female
mice. As shown in Fig. 3A, STZ administration signifi-
cantly decreased the grip strength of mice. PAI-1 defi-
ciency significantly aggravated grip strength decrease in
the diabetic state in female mice (Fig. 3A). Since blood
glucose levels might influence grip strength, we evalu-
ated the relationships between blood glucose levels and
grip strength of female mice with STZ treatment using
simple regression analysis. However, grip strength did
not correlate with blood glucose levels in mice adminis-
tered STZ (Fig. 3B). Obvious hemorrhage as well as
changes in appearance, size, behavior and food intake
were not observed. On the other hand, PAI-1 deficiency
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Fig. 1 Effect of PAI-1 deficiency on muscle mass decreased by diabetic state

Body weight (A) and blood glucose level (B) in wild-type (WT) and PAI-1 KO female mice with or without STZ treatment. The
results are expressed as means = SEM, . p < 0.01. compared to STZ-untreated WT mice (1 = 6-8). (C) Total RNA was extracted
from the tibialis anterior and soleus muscles of WT and PAl-1 KO female mice with or without STZ treatment. Real-time PCR

analysis of PAI-1 or f-actin was performed. Data are expressed relative to the levels of ff-actin. Data represent the mean + SEM in
cach group. *, p = 0.01 (7= 6-8). (1)) Muscle mass and body weight-adjusted muscle mass in the lower limbs of WT and PAI-1
KO female mice with or without STZ treatment were assessed by qCT. Data represent the mean = SEM in each group. . p < 0.01
(n = 6-8). (1) The tibialis anterior. gastracnemius and soleus muscles of W and PAI-1 KO female mice with or without §T7Z

treatment were weighed. Data represent the mean + SEM in cach group. . p < 0.05. ", p < 0.01 (n = 6-8).
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(A) Hematoxylin-eosin stained sections of the tibialis anterior and soleus muscles of WT and PAI-1 KO female mice with or
without STZ treatment. (B) Cross-sectional arca of muscle fibers of the tibialis anterior and soleus muscles of WT and PAI-1 KO
female mice with or without 8TZ treatment. Data represent the mean + SEM in each group. Scale bar: 50 pm.
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Fig. 3 Effect of PAI-1 deficiency on muscle strength

(A) The grip strength of the four limbs was measured by a
grip strength meter in WT and PAl-1 KO female mice
with or without STZ treatment. Data represent the mean =
SEM in each group. ™. p < 001 (n = 6-8). (B)
Relationships  between blood  glucose level and  grip
strength. A simple regression analysis was performed on
blood glucose levels and grip strength in WT and PAI-1
KO female mice treated with STZ.

did not affect the decrease in muscle mass in the lower
limbs or the decrease in grip strength in male mice with
or without diabetes (Fig. 4).

Effects of PAI-1 deficiency on muscle differentiation

Muscle differentiation regulates muscle mass in phys-
iological and pathophysiological states. Pax7 is a muscle
satellite cell-specific marker, and muscle difterentiation

is accelerated by myogenic regulatory factors. such as
MyoD and myogenin [19]. Myotubes express MHC
abundantly [20]. We examined the effects of PAI-1 defi-
ciency on the expression of Pax7, MyoD. myogenin,
MHC-1 and MHC-2b in the tibialis anterior and soleus
muscles of female mice with or without STZ treatment.
STZ significantly suppressed the mRNA levels of MyoD
and myogenin in both the tibialis anterior and soleus
muscles of mice, although STZ did not affect the mRNA
levels of MHC-1 and MHC-2b in either muscle (Fig. 5).
In addition, STZ significantly suppressed Pax7 mRNA
levels in the soleus muscles of mice but not in the tibialis
anterior, PAI-1 deficiency did not affect the mRNA lev-
els of Pax7. MyoD. myogenin, MHC-1 or MHC-2b in
either the tibialis anterior or soleus muscles of mice with
or without diabetes (Fig. 5).

Effect of PAI-1 deficiency on the expression of
FNDCS, IGF-1 and FGF2 in muscles

Our previous study suggested that the diabetic state
might affect the expression of some myokines, such as
irisin, 1GF-1 and FGF2, in female mice [21]. We there-
fore examined the effects of PAI-1 deficiency on the
expression of irisin, a proteolytic product of FNDCS5, as
well as IGF-1 and FGF2 in the tibialis anterior and so-
leus muscles of female mice with or without STZ treat-
ment. As shown in Fig. 6. PAI-1 deficiency significantly
reduced FNDC5 mRNA levels, although it did not affect
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Fig. 4 Role of PAI-1 in muscle wasting induced by the diabetic state in male mice
Body weight (A) and blood glucose level (B) in WT and PAI-1 KO male mice with or without 8TZ treatment. The results are
expressed as means = SEM. 7. p < 0,01, compared to STZ-untreated WT mice (n = 6-11). (C) Muscle mass and body weight-
adjusted muscle mass in the lower limbs of WT and PAI-1 KO male mice with or without STZ treatment was assessed by qCT.
Data represent the mean + SEM in cach group. ™. p < 0.01 (n = 6=11). (D) The grip strength of the four limbs was measured by a
erip strength meter in WT and PAT-1 KO male mice with or without STZ treatment. Data represent the mean = SEM in cach
group. . p < 0.01 (n=06-11).
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Fig. 5 LEftect of PAI-1 deficiency on muscle differentiation
Total RNA was extracted from the tibialis anterior and soleus muscles of WT and PAI-1 KO female mice with or without STZ
treatment. Real-time PCR analysis of Pax7. MyoD, myogenin, MHC-1. MHC-2b or f-actin was performed. Data are expressed

relative to the levels of f-actin. Data represent the mean = SEM in each group. ", p < 0.05: %, p < 0.01 (n = 6-8).

FNDC5 mRNA levels suppressed by the diabetic state in - deficiency significantly enhanced FGF-2 mRNA levels
either the tibialis anterior or soleus muscles of mice.  with or without STZ treatment in the tibialis anterior
PAI-1 deficiency significantly enhanced IGF-1 mRNA  muscles of mice, although it significantly reduced FGF2
levels in the diabetic state only in the tibialis anterior  mRNA levels in the soleus muscles in the state without
muscles but not the soleus muscles. Moreover, PAI-1 STZ treatment (Fig. 6).
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treatment, Real-time PCR analysis of FNDC3. IGF-1. FGF2 or B-actin was performed. Data are expressed relative to the levels of
[B=actin. Data represent the mean + SEM in cach group. % p < 0.05: 7% p < 0.01 (n = 6-8).

Discussion

Sarcopenia is characterized by decreased muscle mass
and impaired muscle strength and function [22]. We pre-
viously revealed that PAI-1 deficiency blunts muscle
mass and that MyoD expression is suppressed by gluco-
corticoid excess in the type lIb muscle fiber-dominant
gastrocnemius of mice but not in the type I muscle fiber-
dominant soleus muscles [14, 15]. Since excess GC in-
duces glucose metabolism abnormalities, we speculated
that PAI-1 might be involved in decreased muscle mass
induced by the diabetic state. However, we showed that
PAI-1 deficiency does not affect the lower limb muscle
mass or tissue weight of tvpe 1Ib muscle fiber-dominant
tibialis anterior/gastrocnemius muscles and type | mus-
cle fiber-dominant soleus muscles decreased by STZ
treatment in female mice in the present study. Morcover,
PAI-1 deficiency did not affect the expression of MyoD.
and myogenin decreased by STZ treatment in both the
tibialis anterior and soleus muscles of female mice.
These findings indicate that PAI-1 is not involved in the
decrease in muscle mass induced by the diabetic state in
female mice. Although PAI-1 is involved in various dis-
eases as an adipokine produced by adipose tissues [7]. it
is well known that STZ-treated mice possess less adipose
tissue than glucocorticoid-treated or obese mice. More-
over, our previous study suggested that adipose tissue-
derived PAI-1 might be related to glucocorticoid-induced
muscle wasting and bone loss in mice [14]. We therefore

cannot rule out the possibility that PAI-1 might be related
to decreased muscle mass induced by the diabetic state in
obese mice. In our data, PAI-1 deficiency significantly
decreased Pax7 expression in the soleus muscles of
PAI-1-untreated control mice, and this effect was not
observed in STZ-treated mice. This finding is not com-
patible with previous evidence showing that pharmaco-
logical inhibition of PAI-1 restores muscle regeneration
after injury in mice, although gene-deleted mice were not
used in that study [9]. Despite the fact that the reason for
this discrepancy remains unknown and is not the topic of
our study, further studies using PAI-1-deficient mice will
be necessary to clarify the role of PAI-1 in muscle regen-
eration after injury,

Grip strength is the most useful measurement of
muscle strength for the evaluation of sarcopenia in
humans and mice. The present study showed that PAI-1
deficiency significantly aggravates the decrease in grip
strength induced by STZ treatment in female mice. Pre-
vious studies indicate that skeletal muscles produce
PAI-1 locally [8, 22, 23]. Since the relationships between
blood glucose level and grip strength in STZ-treated
mice were not significant in the simple regression analy-
sis. we speculated that the effects of PAI-1 deficiency on
decreased grip strength are not due to an elevation in
blood glucose levels. The physiological roles of endoge-
nous PAI-1 in muscle strength remain unknown in our
study. Although circulating PAI-1 elevated by pathologi-
cal states. such as diabetes, glucocorticoid excess and
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inflammation, negatively affects various tissues, includ-
ing the musculoskeletal system, there has been previous
evidence about the protective roles of endogenous PAI-1
in the musculoskeletal system in physiological and
pathological states [24-27]. PAI-1 transgenic mice have
increased bone size, and pharmacological PAI-1 inhibi-
tion suppresses the differentiation of mesenchymal stem
cells into chondrocytes in vitro [24, 25]. Moreover, we
revealed that PAI-1 is involved in the differentiation of
mesenchymal stem cells into osteoblasts in an in vitro
study using cells from PAI-i-deficient mice [27]. In
addition, we reported that PAI-]1 deficiency enhances
subchondral osteopenia after the induction of osteoarthri-
tis in mice, suggesting that PAI-1 might play a protective
role in the subchondral bone in knee osteoarthritis [26].
We speculated that endogenous PAI-1 fulfills a protec-
tive role in diabetes-induced disturbance of muscle func-
tion in female mice.

It has been recently noted that myokines produced
from skeletal muscles play some physiological and path-
ophysiological roles in the skeletal system [28, 29]. We
previously showed that a diabetic state decreases the
expression of IGF-1, FGF-2 and irisin in the gastrocne-
mius muscles of mice [21]. In the present study. PAI-1
deficiency enhanced IGF-I expression in the tibialis ante-
rior muscles of female mice treated with STZ. Moreover,
PAI-1 deficiency significantly enhanced FGF-2 expres-
sion in the tibialis anterior muscles of female mice with
or without STZ treatment. Considering that PAI-l defi-
ciency enhances a decrease in muscle strength but not a
decrease in muscle mass induced by the diabetic state in
female mice, the regulation of muscle-derived factors,
such as IGF-1 and FGF-2, might partly contribute to the
inhibition of some protective effects of endogenous
PAI-1 on muscle mass. For irisin expression, we showed
that PAI-1 deficiency significantly suppresses FNDC5
expression. Moreover, STZ treatment suppressed
FNDC5 expression with or without PAI-1 deficiency in
both the tibialis anterior and soleus muscles of female
mice. These findings suggest that endogenous PAI-1 is
partly related to irisin production in the muscles of
female mice, although its physiological significance is
unknown. Since the diabetic state did not affect PAI-1
expression in muscles in our study, it is not likely that the
diabetic state suppresses the effects of endogenous PAI-1
on irisin expression. The diabetic state might suppress
irisin production independently of PAI-1 in mice.

Sex differences exist in muscle size, muscle develop-
ment and muscle mass. There is evidence suggesting sex

differences in bone metabolism. A previous study sug-
gested that differences in osteoblast phenotypes between
male and female osteoblasts might exist at the genetic
level, but not at sex hormones [30]. We recently identi-
fied Serpina3n, which has inhibitory activity on the phe-
notypes of differentiated osteoblasts as the most female
osteoblast-dominant gene in mice [31]. As for PAI-1, we
previously reported that PAI-1 is involved in diabetes-
induced osteoporosis in female mice, but not in male
mice [11]. In that study, PAI-1 inhibited osteoblast differ-
entiation, alkaline phosphatase activity and mineraliza-
tion in mouse primary osteoblasts from female mice, but
not in those from male mice. In the present study, PAI-1
deficiency aggravated grip strength decreased by STZ in
female mice, but not in male mice, which was similar
with the etfects of PAI-1 on bone in mouse. Alterna-
tively, the effects of PAI-I deficiency itself might antag-
onize their augmentation of the decrease in grip strength
induced by diabetes in male mice, because PAI-1 defi-
ciency slightly increased grip strength in male mice, but
not in female mice, in our data. Further study is neces-
sary to clarify the mechanism of sex differences for the
role of PAI-1 in sarcopenia.

PAI-1 plays various physiological and pathophysiolog-
ical roles in numerous diseases, including diabetes [7].
Therefore, the effects of PAI-1 deficiency on muscle in
our study might be due to factors other than PAI-I,
although PAI-1 deficiency did not affect the body
weight, blood glucose level, hemorrhage, appearance,
size, behavior or food intake of mice with or without
diabetes.

In conclusion, we showed that PAI-1 deficiency aggra-
vates grip strength impaired by the diabetic state in
female mice, although it did not affect diabetes-
decreased muscle mass. PAI-1 might protect against
diabetes-induced muscle dysfunction in mice.
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