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ABSTRACT

Aging-related sarcopenia and osteoporosis are musculoskeletal disorders characterized by accelerated muscle
and bone loss. Plasminogen activator inhibitor-1 (PAI-1), a fibrinolysis inhibitor, is involved in various
pathological conditions, including sarcopenia and osteoporosis; however, its roles in aging-related sarcopenia
and osteoporosis have yet to be fully investigated. Therefore, we investigated the roles of PAI-1 in aging-
related sarcopenia and osteoporosis using PAI-1-gene-deficient and wild-type mice. Aging-related changes in
muscle and bone were assessed by comparing the values in 24-month-old mice to those in 6-month-old mice.
Regardless of sex, differences in muscle and bone parameters were observed between 24-month-old and 6-
month-old mice. Aging increased PAI-1 expression in the gastrocnemius and soleus muscles of both female and
male mice. PAI-1 deficiency significantly blunted aging-related decreases in lower limb muscle mass, muscle
tissue weights, and grip strength in female mice but not in males. Moreover, PAI-1 deficiency significantly
blunted aging-related cortical bone loss at the femurs and tibias of female but not male mice. These results
indicate that PAI-1 is partly involved in aging-related sarcopenia and osteopenia in female mice, although the
corresponding mechanisms remain unknown.

INTRODUCTION pathophysiology of osteoporosis, with evidence

suggesting an increase in the prevalence of osteo-
Sarcopenia, a disorder characterized by a decrease in porosis with aging and menopause. The prevalence of
skeletal muscle mass and strength, can be caused by aging-related sarcopenia also differs between males
various factors, including aging, [1, 2]. In aging- and females [4—7]. Given the increase in the elderly
related sarcopenia, fast-twitch muscles are more population worldwide, establishing countermeasures
susceptible to atrophy than slow-twitch muscles, with against aging-related sarcopenia and osteoporosis has
the pathophysiological changes in skeletal muscles become an urgent matter. The progression of aging-
increasing the risk for falls, fractures, and frailty and related sarcopenia involves multiple factors, such as
decreasing quality of life [2, 3]. In contrast, neuromuscular junction degeneration, mitochondrial
osteoporosis is a skeletal disorder characterized by a dysfunction, oxidative stress, and/or cellular
decrease in bone strength. Enhanced bone turnover senescence [3, 8]. Hence, a more detailed under-
and/or low mineralization decreases bone mineral standing of the mechanisms underlying sarcopenia
density (BMD) and deteriorates the bone micro- and osteoporosis is needed to develop -effective
architecture, consequently increasing the risk for interventions for the prevention and treatment of these
fractures. Aging and sex play a crucial role in the diseases.
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Cellular senescence is induced when cells are exposed
to various stressors, such as oncogene activation,
mitochondrial dysfunction, and persistent DNA
damage, which irreversibly suppresses cell pro-
liferation. It has shown that cyclin-dependent kinase
(Cdk) inhibitors, p21 (also known as Cdknla) and/or
pl6 (also known as Cdkn2a), are responsible for cell
cycle arrest in cellular senescence [8§—10]. Interventions
targeting cellular senescence have the potential
to prevent tumorigenesis and various diseases [11, 12].
Additionally, senescent cells secrete various pro-
inflammatory cytokines and growth factors, a
phenomenon called senescence-associated secretory
phenotype (SASP), which contributes to aging-related
diseases [8—10]. Previous studies have reported that the
expression of p21 and pl6 is upregulated in aged
skeletal muscles of humans and mice; however, a
considerable amount of evidence suggests that p16 has
limitations as a marker of cellular senescence in mice
[13, 14]. Cellular senescence in aged skeletal muscles
may contribute to sarcopenia by inducing muscle stem
cell dysfunction and SASP [8, 14]. Accumulating
evidence has also suggested that cellular senescence
plays a role in bone metabolism [15-17]. Taken
together, these findings suggest that cellular senescence
is crucially involved in the pathophysiology of
sarcopenia and osteoporosis; however, the detailed
mechanisms by which it does so have yet to be fully
elucidated.

Plasminogen activator inhibitor-1 (PAI-1) has been
shown to negatively regulate the fibrinolysis system by
inhibiting plasmin production through the inactivation
of plasminogen activators [18, 19]. Moreover, PAI-1 is
known as a multifunctional factor involved in the
regulation of cellular senescence [20, 21], apoptosis [22,
23], and inflammation [24, 25]. In fact, studies show
that systemic and/or local increases in PAI-1 levels are
involved in numerous pathological conditions, such as
cancer, cardiovascular disease, diabetes mellitus, and
muscle damage [18, 19]. Additionally, PAI-1 is one of
the proteins produced in the SASP [26-29].

Our previous study in mice demonstrated that PAI-1
contributed to osteopenia and sarcopenia resulting
from diabetes and glucocorticoid excess [18].
Moreover, a recent study showed that aging-related
bone metabolic disruption was mitigated in PAI-1-
deficient mice [30]. Genetic deletion or pharmaco-
logical inhibitors of PAI-1 have been found to partially
suppress aging-related pathophysiological changes in
humans and mice [31-33]. Khan et al. reported that
heterozygous carriers of the null PAI-1 mutation had a
longer life span compared to noncarriers of the null
PAI-1 mutation, which appeared to be associated with a
longer leukocyte telomere length, lower fasting insulin

levels, and lower prevalence of diabetes mellitus [33].
Another study found that PAI-1 gene deficiency and
oral administration of the PAI-1 inhibitor, TM5441, to
Klotho gene-deficient mice impeded the progression of
the aging-like phenotype by protecting organ structures
and functions, thereby prolonging their life span [32].
Furthermore, Aihemaiti et al. showed that long-term
administration of the small-molecule PAI-1 inhibitor,
TM5484, prevented aging-related sarcopenia in male
C57BL/6J mice [31]. They also found that oral TM5484
administration preserved the muscle fiber size and the
isometric tension development of the gastrocnemius
muscles in 12-month-old mice. Taken together, these
findings suggest that PAI-1 might play a crucial role in
aging-related sarcopenia and osteopenia; however, the
underlying mechanisms have yet to be comprehensively
elucidated.

The present study therefore examined the involvement
of PAI-1 in aging-related sarcopenia and osteopenia
using female and male PAI-1 gene-deficient (PAI-17")
and wild-type (PAI-1"*) mice. We considered 6- and
24-month-old mice as young and old mice, respectively,
and compared the aging-related phenotypes in the fast-
twitch gastrocnemius and slow-twitch soleus muscles or
femurs and tibias.

RESULTS

Effects of PAI-1 deficiency on aging-related
decreases in muscle mass and grip strength in mice

None of the mice died until the age of 6 months. The
survival rates of 24-month-old male PAI-1"*, female
PAI-1™*, male PAI-17, and female PAI-1”~ mice
were 45%, 49%, 42%, and 75%, respectively. Body
weights and daily food intakes were similar in 6- and
24-month-old PAI-I*"" and PAI-17~ mice; however, 24-
month-old male PAI-1""* mice had a significantly higher
body weight than did 6-month-old male PAI-I*"" mice
(Figure 1A, 1B). PAI-1 mRNA levels increased
significantly with aging in the gastrocnemius and soleus
muscles of both male and female PAI-I""*" mice (Figure
1C, 1D). Plasma PAI-1 levels increased significantly
with aging in both male and female PAI-I"* mice
(Figure 1E). Muscle mass of the lower limbs decreased
significantly with aging in both male and female PAI-
I mice (Figure 2A). Consistently, tissue weights of
the gastrocnemius and soleus muscles significantly
decreased with aging in both male and female PAI-1"*
mice (Figure 2B, 2C). Moreover, grip strength
decreased significantly with aging in both male and
female PAI-1"* mice (Figure 2D). PAI-1 deficiency
significantly blunted the decreases in both lower limb
muscle mass and grip strength in 24-month-old female
mice (Figure 2A, 2D). Aging-related changes in muscle
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Figure 1. Aging-related changes in body weight, food intake, and PAI-1 mRNA levels in the gastrocnemius and soleus muscles
of male and female mice. The figure shows the body weight (A), daily food intake (B), and PAI-1 mRNA levels in the gastrocnemius (C) and
soleus (D) muscles of 6- and 24-month-old mice with PAI-1 gene deficiency (PAI-17/-) and their wild-type counterparts (PAI-1*/*) (n = 9-10 in
each group). Results of real-time PCR analysis for PAI-1 mRNA, expressed as a ratio to 185 rRNA, are shown. Plasma PAI-1 levels (E) in 6- and

24-month-old PAI-1*/*and PAI-17/- mice are shown (n = 10 in each group). Data are presented as mean * standard error of the mean. P <
0.01 and "P < 0.05.
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Figure 2. Aging-related changes in muscle parameters in male and female mice. Lower limb muscle mass assessed using qCT (A),
tissue weights of the gastrocnemius (B) and soleus (C) muscles, and grip strength (D) in 6- and 24-month-old mice with PAI-1 gene deficiency
(PAI-17/-) and their wild-type counterparts (PAI-1*/*) are shown (n = 10 in each group). Data are presented as mean * standard error of the
mean. **P < 0.01 and "P < 0.05.
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Table 1. Effects of PAI-1 deficiency on aging-related changes in muscle parameters of male and female mice.

Male mice Female mice
PAI-T*™ PAI-T7 PAI-T™™ PAI-T7
Lower limb muscle mass -16.8+2.2 -219+3.0 —21.6+2.7 -14.0+0.8"
Gastrocnemius muscle tissue weight —-19.1+2.38 —219+26 —22.7+22 -17.1£0.7"
Soleus muscle tissue weight —21.1+33 —23.1+26 -18.1+2.1 -102+2.6"
Grip strength —21.9+3.7 —234+338 —21.8+£23 -13.0£1.4"

Aging-related changes in lower limb muscle mass, gastrocnemius and soleus muscle tissue weights, and grip strength in mice
with PAI-1 gene deficiency (PAI-17/") or wild-type mice (PAI-1*/*) are shown as the ratio of values for the 24-month-old mice to
those for the 6-month-old mice. Data are presented as mean + standard error of the mean, n = 10 in each group. P < 0.01

and "P < 0.05 vs. PAI-1** mice.

parameters were evaluated as the ratio of values in 24-
month-old mice to those in 6-month-old mice (Table 1).
As shown in Table 1, PAI-1 deficiency significantly
blunted aging-related changes in lower limb muscle
mass, gastrocnemius and soleus muscle tissue weights,
and grip strength in female but not male mice.

Effects of PAI-1 deficiency on aging-related changes
in the bone microarchitecture of mice

Trabecular BMD, the ratio of the segmented trabecular
bone volume to the total tissue volume of the region of
interest (BV/TV), trabecular number (Tb.N),
connectivity density (Conn.D), cortical thickness
(Ct.Th), and cortical bone area (Ct.Ar) in the femurs but
not trabecular thickness (Tb.Th) and cortical tissue
mineral density (TMD), significantly decreased with
aging in male PAI-1""" mice (Figure 3A, 3B). Trabecular
BMD, BV/TV, Tb.N, Tb.Th, Conn.D, cortical TMD,
Ct.Th, and Ct.Ar in the tibias also significantly
decreased with aging in male PAI-1""* mice (Figure 3C,
3D). Trabecular BMD, BV/TV, Tb.N, Tb.Th, Conn.D,
cortical TMD, Ct.Th, and Ct.Ar in both the femurs
and tibias significantly decreased with aging in female
PAI-I""" mice (Figure 3A-3D). PAI-1 deficiency
significantly blunted aging-related decreases in Conn.D,
Ct.Th, and Ct.Ar in the femurs and cortical TMD,
Ct.Th, and Ct.Ar in the tibias of female mice (Table 2A,
2B) and significantly prevented aging-related decreases
in Tb.Th in the femurs of male mice (Table 2A).

Effects of PAI-1 deficiency on muscle-related
parameters in the gastrocnemius muscles of female
mice

Muscle protein synthesis is mainly regulated by the
Akt/mechanistic target of the rapamycin (mTOR)
pathway [34], whereas muscle protein degradation is
regulated by the ubiquitin—proteasome and autophagy—
lysosome systems [34, 35]. Additionally, previous
studies have shown that aging mainly affects fast-twitch
(type II) muscle fiber-dominant muscles [2, 3].

Consistently, our results indicated that the effects of
aging and/or PAI-1 deficiency on muscles were more
pronounced in the gastrocnemius muscles of female
mice. We therefore examined the effects of aging
and/or PAI-1 deficiency on Akt/mTOR pathway
activation and gene expression levels of muscle-specific
ubiquitin ligases and autophagy-related factors in the
gastrocnemius muscles of female mice. Accordingly,
PAI-1 deficiency did not affect the protein levels of
phosphorylated Akt (Ser473) or total Akt in the
gastrocnemius muscles of female mice at either 6 or
24 months of age (Figure 4A). However, aging
significantly decreased phosphorylated Akt (Ser473)
levels and increased total Akt levels, which significantly
decreased the phosphorylation rates of Akt (Ser473) in
the gastrocnemius muscles of female mice (Figure 4A).
However, the protein levels of total and phosphorylated
(Thr389) S6K, a downstream component of the
Akt/mTOR pathway, in the gastrocnemius muscles did
not differ between 6- and 24-month-old female mice or
between PAI-I"* and PAI-1”~ mice (Figure 4A).
Although the mRNA levels of ubiquitin ligases, atrogin-
1 and MuRF1, appeared to increase with aging in the
gastrocnemius muscles of female mice with or without
PAI-1 deficiency, significant differences were only
observed in atrogin-1 mRNA levels between 6- and 24-
month-old female PAI-17"~ mice and in MuRF1 mRNA
levels between 6- and 24-month-old female PAI-1**
mice (Figure 4B). Additionally, no differences in the
mRNA levels of autophagy-related genes, beclinl and
LC3B, were observed in the gastrocnemius muscles of
PAI-I™ and PAI-17~ female mice; however, LC3B
mRNA levels in these muscles significantly increased
with aging in PAI-1""" mice (Figure 4C).

Skeletal muscle tissue fibrosis affects muscle function
and aging-related sarcopenia [36], we therefore
examined the effects of aging and/or PAI-1 deficiency
on muscle tissue fibrosis by performing Picro-Sirius
Red staining on cross-sections of the gastrocnemius
muscles from female mice. Notably, we found that
aging significantly increased the fibrous tissue areas
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Figure 3. Aging-related changes in the microarchitecture of long bones in male and female mice. Trabecular and cortical bone
parameters in the femurs (A, B) and tibias (C, D) of 6- and 24-month-old mice with PAI-1 gene deficiency (PAI-17/-) and their wild-type
counterparts (PAI-1*/*) are shown (n = 5-10 in each group). The distal metaphyseal regions of the femur and proximal metaphyseal regions
of the tibia were analyzed using UCT. Trabecular bone parameters: trabecular bone mineral density (BMD), ratio of the segmented
trabecular bone volume to the total tissue volume of the region of interest (BV/TV), trabecular number (Tbh.N), trabecular thickness (Tb.Th),
and connectivity density (Conn.D). Cortical bone parameters: cortical tissue mineral density (TMD), cortical thickness (Ct.Th), and cortical
bone area (Ct.Ar). Data are presented as mean * standard error of the mean. **P < 0.01 and "P < 0.05.
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Table 2. Effects of PAI-1 deficiency on aging-related changes in bone microarchitecture in the long bones of

male and female mice.

A
Male mice Female mice
PAI-T™ PAI-T7- PAI-T™™ PAI-T7-
The trabecular bone parameters of the femurs

Trabecular BMD —435+34 —44.0 + 8.1 —66.4+4.6 —-57.6+59
BV/TV -59.0+4.9 —53.0+5.0 —81.2+28 -69.0+6.2
Tb.N —53.5+4.5 —49.8+2.9 =722+24 —-61.4+49
Tb.Th —2.2+33 11.6 +4.6* —-17.1+4.7 —10.0 + 4.1
Conn.D —62.8+5.4 —63.2+2.9 ~70.2+3.0 —52.5+7.8"

The cortical bone parameters of the femurs
Cortical TMD -2.8+1.1 —-47+1.1 -59+1.1 —-5.1+£0.6
Ct.Th -27.6+23 —24.6+2.6 —351+14 -30.1+1.6"
Ct.Ar -182+1.5 -10.9+4.6 —27.1+0.9 —21.7+25"

B
Male mice Female mice

PAI-T™ PAI-T7- PAI-T™™ PAI-T7-

The trabecular bone parameters of the tibias
Trabecular BMD —389+2.7 —349+24 —32.7+23 —234+52
BV/TV —-69.2+3.3 —66.0+3.4 —-83.0+3.8 —80.5+8.6
Tb.N -60.2+3.3 —-579+3.5 —56.0 + 8.7 —66.3+6.5
Tb.Th -14.4+32 -6.8 +2.7 -32.1+£5.0 -14.8+9.5
Conn.D —61.1£3.5 —60.0+3.0 —51.4+46 —52.9+242

The cortical bone parameters of the tibias

Cortical TMD —-5.8+0.6 -6.8+1.3 —-6.8+£0.7 -4.6+0.7
Ct.Th -31.0+2.1 —31.1+£2.9 -36.3+2.1 -29.1+2.1"
Ct.Ar -27.0+1.7 —-269+2.5 —314+20 —24.0+22"

Aging-related changes in the trabecular and cortical bone parameters in the femurs (A) and tibias (B) of mice with PAI-1 gene
deficiency (PAI-17") or wild-type mice (PAI-1*/*) are shown as the ratio of values for 24-month-old mice to those for 6-month-
old mice. Trabecular bone parameters: trabecular bone mineral density (BMD), the ratio of the segmented trabecular bone
volume to the total tissue volume of the region of interest (BV/TV), trabecular number (Th.N), trabecular thickness (Th.Th),
and connectivity density (Conn.D). Cortical bone parameters: cortical tissue mineral density (TMD), cortical thickness (Ct.Th),
and cortical bone area (Ct.Ar). Data are presented as mean + standard error of the mean, n = 5-10 in each group. "P < 0.05 vs.

PAI-1** mice.

stained with Picro-Sirius Red in the gastrocnemius
muscles of female mice, whereas PAI-1 deficiency had
no effect on aging-related enhancement of fibrous tissue
areas (Figure 5A, 5B).

Effects of PAI-1 deficiency on the expression of
cellular senescence markers in gastrocnemius
muscles of female mice

Aging significantly increased p21 expression in the
gastrocnemius muscles of female mice, regardless of
PAI-1 deficiency (Figure 6A). We then examined the

gene expression levels of SASP markers, IL-1B, TNFa,
and IL-6 [8-10], in the gastrocnemius muscles of
female mice (Figure 6B). Accordingly, aging
significantly increased the mRNA levels of IL-6 but not
IL-1p or TNFa in the gastrocnemius muscles of female
PAI-1"" mice. PAI-1 deficiency tended to blunt the
aging-related increase in IL-6 mRNA levels, with no
significant difference between 24-month-old female
PAI-1""" and PAI-17" mice (P = 0.0757, Figure 6B). IL-
6 protein levels increased significantly with aging in the
gastrocnemius muscles of female PAI-I"* mice,
whereas the aging-related increase in IL-6 protein levels
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was significantly suppressed in the muscles of 24-
month-old female PAI-1~/~ mice (Figure 6C). Similarly,
plasma IL-6 levels increased significantly with aging in
female PAI-1""" mice (Figure 6D). PAI-1 deficiency
tended to reduce the aging-related increase in plasma
IL-6 levels in female mice, whereas no significant
difference in plasma IL-6 levels was observed between
female PAI-1"" and PAI-1”~ mice at 24 months of age
(Figure 6D).

A Gastrocnemius muscles (Female)

DISCUSSION

Aging has been found to induce sarcopenia and
osteopenia in both sexes. The present study found that
lower limb muscle mass, gastrocnemius and soleus
muscle tissue weights, and grip strength were
significantly lower in 24-month-old male and female
wild-type mice than in their 6-month-old counterparts.
Moreover, trabecular and cortical bone parameters in
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Figure 4. Aging-related changes in gene or protein expression levels of protein synthesis and degradation markers in the
gastrocnemius muscles of female mice. Results of the Western blot analyses for components of the Akt/mechanistic target of the
rapamycin (mTOR) pathway, Akt and p70S6 kinase (S6K), in the gastrocnemius muscles of 6- and 24-month-old female mice with PAI-1 gene
deficiency (PAI-17-) and their wild-type counterparts (PAI-1*/*) (A) are shown (n = 9-10 in each group). The protein expression levels of
phosphorylated Akt (Ser473), total Akt, phosphorylated S6K (Thr389), and total S6K are expressed as a ratio to GAPDH. Additionally, the
phosphorylation rates of Akt (Ser473) and S6K (Thr389) are expressed as a ratio of phosphorylated to total protein levels. pAkt:
phosphorylated Akt; pS6K: phosphorylated S6K. Results of real-time PCR analyses for the muscle-specific ubiquitin ligases (B), atrogin-1 and

MuRF1, and autophagy-related genes (C), beclinl and LC3B, in the

gastrocnemius muscles of 6- and 24-month-old female PAI-1*/* and PAI-

17/~ mice are shown (n = 9-10 in each group). The expression levels of atrogin-1, MuRF1, beclin1, and LC3B mRNA are expressed as a ratio
to 18S rRNA. Data are presented as mean + standard error of the mean. **P < 0.01 and "P < 0.05.
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the femurs and tibias were significantly lower in 24-
month-old male and female wild-type mice than in their
6-month-old counterparts. These results indicate that
aging-induced both sarcopenia and osteopenia in mice.
Furthermore, p21 levels in the gastrocnemius muscles
were higher in 24-month-old female wild-type mice
than that in their 6-month-old counterparts. These
results indicate that the comparison between 6- and 24-
month-old mice was appropriate for examining the
effects of aging on skeletal muscles and bones.

A previous study found that the PAI-1 inhibitor,
TM5484, effectively improved aging-related patho-
physiological changes in the skeletal muscles of mice
[31]. Furthermore, another study found that the PAI-1
inhibitor, PAI-039, exerted positive effects on the
delayed repair of skeletal muscle injury in diabetic
mice [37]. Additionally, our previous studies had
demonstrated that PAI-1 was involved in glucocorticoid
excess-induced sarcopenia in mice [38, 39], which
suggests that PAI-1 negatively affects muscle mass and
function. The results obtained herein revealed that aging
significantly upregulated PAI-1 expression in the
gastrocnemius and soleus muscles of both male and
female mice. Moreover, PAI-1 deficiency significantly
blunted aging-related loss in lower limb muscle mass,

Gastrocnemius muscles (Female)

A

gastrocnemius and soleus muscle weights, and grip
strength in females. These findings suggest that PAI-1
was partly involved in aging-related sarcopenia in
female mice. Unfortunately, the present study was
unable to identify PAI-I-producing cells in the skeletal
muscles of mice; however, previous studies have
suggested that PAI-1 was produced by vascular
endothelial cells, fibroblasts, and macrophages rather
than by myocytes in skeletal muscle tissues [26, 40, 41].
Therefore, vascular endothelial cells, fibroblasts, and
monocytes/macrophages in muscle tissues may have
contributed to the increase in PAI-1 mRNA levels in the
skeletal muscles of mice observed in the present study.

The mechanisms by which PAI-1 facilitates aging-
related sarcopenia in female mice remain unknown. The
net balance between protein synthesis and degradation
regulates skeletal muscle mass [34, 35]. However, the
present study showed that regardless of PAI-1
deficiency, aging similarly affected parameters related
to muscle protein synthesis, muscle protein degradation,
and autophagy in the gastrocnemius muscles of female
mice. Additionally, PAI-1 deficiency did not affect
aging-induced fibrosis in the gastrocnemius muscles of
female mice. Therefore, PAI-1 might not be associated
with aging-related decrease in skeletal muscle mass and
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Figure 5. Aging-related tissue fibrosis in the gastrocnemius muscles of female mice. Picro-Sirius Red-stained cross-sections of the
gastrocnemius muscles from 6- and 24-month-old female mice with PAI-1 gene deficiency (PAI-17/-) and their wild-type counterparts (PAI-
1*/*) are shown (A). Photomicrographs of four regions in each muscle section were analyzed, and the mean occupancy of collagen-
containing fibrotic areas in tissue sections was calculated (B) (n = 3 in each group). Scale bars = 100 um. Data are presented as mean *

standard error of the mean. "P < 0.05.

www.aging-us.com

AGING



A Gastrocnemius muscles (Female)

— 20 kDa Es * * %
p21 - 5‘.‘34
— 15 kDa gg
g32
GAPDH — 37 kDa Q
0 (s] (s] (] (o]
h& ,"h‘o ‘a& ’IP'&
AR T AT

."h ©
PAI-1"* PAI-‘I"'

B Gastrocnemius muscles (Female)

6 2 P 0.0757
Ea ZE a%2
i’} (] -0
52 521 5@
o3 e 23
=22 £z 5=z 1
4 = ¥
£ £ E
° & L& L ° & &f LS & s & @
© .1}- © q'h ) q.h © '1."
PAI-1**  PAI-1" PAI-1**  PAI-1™ PAI-T*"‘ PA!-1"'
C Gastrocnemius muscles (Female)
*
— 37 kDa 2 %k —
IL-6 — 25 kDa S
— 20 kDa : JE
—50kDa % ,;; ]
— 25 kDa e
0
(2] (] (o] (2]
é\m‘*& %& Wu& o e ¢
PAI- 1+/+ PAI- 1-/- PAI-1**  PAI-T"
D Female
. 20 lii
E
> 15
e
[i=]
410
]
E 5
K
o

e O © ©
o "IE'@ & "l."'@

PAI-1T"* PAI-1"

Figure 6. Aging-related changes in the gene or protein expression levels of cellular senescence and senescence-associated
secretory phenotype (SASP) markers in the gastrocnemius muscles of female mice. The protein expression levels of the cellular
senescence marker, p21, in the gastrocnemius muscles of 6- and 24-month-old female mice with PAI-1 gene deficiency (PAI-17/-) and their
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strength through muscle protein synthesis and
degradation systems or muscle tissue fibrosis.
Considerable evidence has shown that cellular senes-
cence increases the expression levels of cell cycle
inhibitors, such as p21, and SASP markers [8-10].
Similarly, the present study showed that aging
upregulated p21 levels in the gastrocnemius muscles of
female mice with or without PAI-1 deficiency,
indicating the accumulation of senescent cells in these
muscles with aging. However, we found that PAI-1
deficiency significantly attenuated the aging-related
increase in the protein expression levels of IL-6, a
SASP marker, in the gastrocnemius muscles of female
mice. Additionally, although PAI-1 deficiency tended to
blunt the aging-related increase in plasma IL-6 levels in
female mice, no significant difference was observed
between PAI-1** and PAI-17~ female mice at 24
months of age. Similarly, PAI-1 deficiency suppressed
increases in the plasma levels of IL-6 and IGFBP3 in
Klotho-deficient mice [32]. These results suggest that
PAI-1 could potentially mediate inflammation and
positively regulate IL-6 expression in the gastrocnemius
muscles of old female mice.

Extracellular IL-6 acts on cells via a cis- or trans-
signaling mechanism, depending on whether the IL-6
receptors are membrane-bound or soluble, respectively,
and activates the Janus kinase/signal transducer and
activator of transcription pathway in cells [42, 43]. The
functional roles of IL-6 in skeletal muscles are
complex. In particular, acute exposure to IL-6
stimulates skeletal muscle growth, myogenesis, and
energy production, whereas chronic IL-6 exposure
results in skeletal muscle wasting [42—46]. Huang et al.
demonstrated that the administration of tocilizumab, an
anti-membrane-bound and soluble IL-6 receptor
antibody, suppressed the increases in the expression of
muscle-specific ubiquitin ligases and autophagy-related
proteins induced by sciatic nerve transection in the
tibialis anterior muscles, thereby preventing muscle
atrophy in mice [44]. Meanwhile, Petersen et al.
reported that IL-6 secreted by tumor cells accelerated
the autophagic flux in skeletal muscle fibers via
a trans-signaling mechanism, thereby potentially
contributing to skeletal muscle wasting in patients with
cancer cachexia [45]. Furthermore, Zanders et al. found
that the skeletal muscle-specific deletion of the Il6st
gene, which encodes an essential transmembrane
protein (gp130) for the cis- and trans-signaling of 1L-6,
attenuated sepsis-induced muscle atrophy in mice [46].
Based on the available evidence, we can speculate that
local increases in IL-6 levels in aged gastrocnemius
muscles of female mice may have accelerated the
progression of aging-related sarcopenia through PAI-1.
Together with previous evidence suggesting that PAI-1
could be a SASP marker [26-29], SASP might be

partly associated with aging-related sarcopenia through
PAI-1. However, the present study showed that PAI-1
deficiency did not affect aging-related changes in the
expression of markers of protein synthesis and
degradation in the gastrocnemius muscles of female
mice. Therefore, further extensive studies with
different approaches are required to clarify the
mechanism by which PAI-1 is involved in aging-
related sarcopenia.

Recent studies have demonstrated that senescent cell
depletion in bones blunted aging-induced osteopenia in
mice, suggesting that cellular senescence and SASP are
involved in the development of aging-related osteo-
porosis [15-17]. A considerable amount of evidence has
shown that PAI-1 negatively regulates bone metabolism
[18]. We had previously reported that PAI-1 plays a
crucial role in the pathogenesis of osteopenia and
delayed bone repair in mice with diabetes or
glucocorticoid excess [39, 47-50]. Moreover, we had
recently found that PAI-1 was associated with renal
dysfunction-induced changes in the microstructure of
the femoral trabecular bone in female but not male mice
[51]. The present study found that PAI-1 deficiency
blunted aging-related loss of cortical but not trabecular
bone in female mice. Taken together, these findings
suggest that aging-related cortical bone loss in female
mice could occur partly through PAI-1. Our findings
contradict the results presented in a previous study,
which showed that PAI-1 deficiency significantly
blunted aging-related trabecular bone loss in the femurs
and lumbar spine of male mice [30]. However, the
aforementioned study evaluated the influence of PAI-1
deficiency on aging-related osteopenia by comparing 6-
and 18-month-old male mice. Accordingly, their
findings revealed that PAI-1 deficiency decreased and
increased trabecular bone parameters in the femurs and
lumbar spine of 6- and 18-month-old male mice,
respectively, suggesting differences in the effects of
PAI-1 on trabecular bone between young and adult male
mice. Furthermore, PAI-1 may play varying roles in
cortical and trabecular osteopenia depending on the
strain and age of the mice examined.

Our study revealed that PAI-1 deficiency partly blunted
aging-related decreases in muscle mass, grip strength,
and cortical bone parameters in female but not male
mice, whereas aging similarly increased PAI-1
expression in the skeletal muscles of both male and
female mice. We had previously reported on the
presence of sex differences in the effects of PAI-1
deficiency on the musculoskeletal system of mice with
diabetes [47, 52]. PAI-1 deficiency exacerbated the
decrease in the grip strength of streptozotocin-injected
female but not male mice [52]. PAI-1 deficiency
suppressed streptozotocin-induced osteopenia in female
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but not male mice [47]. Additionally, in vitro
experiments in the aforementioned study revealed
that active PAI-1 treatment decreased osteogenic
differentiation and mineralization in primary osteoblasts
derived from female mice but not in osteoblasts derived
from males [47]. Therefore, sex differences in the
effects of PAI-1 deficiency may also be attributed to
differences in responses between male and female cells
to PAI-1, although the underlying mechanisms remain
unknown. Considering that proteins encoded by genes
on the sex chromosomes had been associated with sex
differences in osteoporosis [53, 54], these proteins may
also contribute to the differences in responses to PAI-1
in the muscles and bones of female and male mice. A
study by Basurto et al. [55] showed that post-
menopausal women had elevated circulating PAI-1
levels, presumably due to metabolic changes with aging
rather than hormonal changes. We had previously
reported that plasma PAI-1 levels and PAI-1 mRNA
levels in the tibias were significantly higher in 14-week-
old female mice than in their male counterparts,
whereas PAI-1 mRNA levels in the gastrocnemius
muscles were comparable between females and males
[47]. These findings suggest that estrogen was not
responsible for the aging-related increases in muscle
PAI-1 expression, which were observed in the present
study. Metabolic changes associated with aging may
trigger the activation of PAI-1 gene transcription in
various tissues, including skeletal muscles, in
postmenopausal female mice [56]. Furthermore, aging-
related metabolic changes in skeletal muscles of both
humans and mice are dependent on sex [57, 58].
Therefore, the metabolic changes that occurred with
menopause may have partly contributed to the sex
differences in the effects of PAI-1 deficiency on muscle
and bone observed in the present study. Further studies
are certainly needed to clarify the mechanisms
responsible for the sex differences in the role of PAI-1
in aging-related sarcopenia and osteopenia.

Several technical limitations of the current study
warrant discussion. First, we cannot exclude the
possibility that the characteristics of group-housed male
mice may have masked the effects of PAI-1 deficiency
on aging-related sarcopenia and osteopenia in male
mice, resulting in the lack of significant differences
having been observed. The larger standard error of the
mean in the muscle parameters of 24-month-old male
mice than in their female counterparts may be attributed
to individual differences in food consumption and
locomotor activity caused by intra-group ranking in
group-housed male mice.

After comparing the muscle and bone parameters of 6-
and 24- month-old PAI-1"" and PAI-1”~ mice, we
conclude that PAI-1 deficiency partly blunted aging-

related muscle loss, decreased grip strength, and cortical
bone loss in female mice. These results suggest that
PAI-1 is partly involved in aging-related sarcopenia and
cortical osteopenia in females. Nonetheless, further
studies are needed to clarify the mechanisms of these
actions of PAI-1.

MATERIALS AND METHODS
Animals

PAI-1"" and PAI-1”~ mice that have a mixed genetic
background of C57BL/6J (81.25%) and 129/Sv]
(18.75%) were kindly provided by Professor D. Collen
of the University of Leuven, Belgium [59]. Pairs of
male and female mice of each strain were bred in a
specific pathogen-free room with a 12/12-h light/dark
cycle at the animal facility in Kindai University Faculty
of Medicine. At the age of 4 weeks, male and female
mice born from the parents of each strain were
separated and three or four mice were housed in a cage
(length: 15 cm, depth: 22 cm, height: 12 cm). Room
temperature and humidity were maintained 20°C—24°C
and 40-70%, respectively, with mice having ad libitum
access to water and food (CE-2; Nihon CLEA, Tokyo,
Japan). The CE-2 diet contained moisture (7.83%),
crude protein (24.96%), crude fat (4.76%), crude fiber
(4.84%), and crude ash (7.07%). The present study
used 6- and 24-month-old mice to investigate the
effects of PAI-1 deficiency on aging-related changes in
skeletal muscle and bone. Prior to sample collection,
the mice were individually caged for 2 weeks, and the
daily food intake of each mouse was measured in the
last week.

Quantitative computed tomography (qCT)

Lower limb muscle mass of the mice was measured via
qCT, as previously described [60, 61]. Regions from the
proximal end to the distal end of the tibia were scanned
to quantify lower limb muscle volume using an X-ray
CT system in vivo (Latheta LCT-200; Hitachi Aloka
Medical, Tokyo, Japan) and LaTheta software (version
3.41). The following formula was used to calculate
muscle mass: Muscle mass (g) = Muscle volume (cm?)
x Muscle density (1.06 g/cm?).

Sample collection

Blood samples from 6- and 24-month-old mice were
collected via cardiac puncture under isoflurane
anesthesia. Blood clotting was inhibited by immediately
mixing nine parts blood with one part 3.8% sodium
citrate solution (FUSO Pharmaceutical Industries,
Osaka, Japan). Plasma samples were then collected after
centrifugation (1,500 x g at 4°C for 10 min). After
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euthanizing the mice via exsanguination under
isoflurane anesthesia, the gastrocnemius and soleus
muscles were isolated, measured for wet weights, and
snap-frozen using liquid nitrogen. All samples were
stored at —80°C until analyzed.

Enzyme-linked immunosorbent assay (ELISA)

Plasma PAI-1 and IL-6 levels were assessed using a
mouse total PAI-1 enzyme-linked immunosorbent
assay kit (Cat. No. IMSPAIIKTT, Innovative
Research, Novi, MI, USA) and a mouse IL-6 enzyme-
linked immunosorbent assay kit (Cat. No. ELM-IL6-1,
RayBiotech, Norcross, GA, USA), respectively.
The procedures were conducted according to the
manufacturers’ instructions.

Real-time polymerase chain reaction (PCR)

Real-time PCR analysis was performed using an ABI
StepOne Real-Time PCR System (Applied Biosystems,
Foster city, CA, USA) with the Fast SYBR Green
Master Mix (Applied Biosystems), as previously
described [60, 61]. mRNA levels of the target genes
were analyzed using the AACt method. Data were
presented as normalized values with 18S ribosomal
RNA (r1RNA) levels.

The following real-time PCR primer sets were used in
the analysis: PAI-1, forward 5'-TTCAGCCCT
TGCTTGCCTC-3', reverse 5'-ACACTTTTACTCCGA
AGTCGGT-3"; IL-1B, forward 5-GCCACCTTTTG
ACAGTGATGAG-3', reverse 5-GCTCTTGTTGA
TGTGCTGCT-3’; 1L-6, forward 5'-GGATACCAC
TCCCAACAGACC-3', reverse 5-GCCATTGCACA
ACTCTTTTCTCA-3"; TNFa, forward 5'-ATGGCCTC

CCTCTCATCAGT-3', reverse 5'-CTTGGTGGT
TTGCTACGACG-3'; Atrogin-1, forward 5'-GTCG
CAGCCAAGAAGAGAAAGA-3', reverse 5'-TGC
TATCAGCTCCAACAGCCTT-3'; MuRF1, forward
5'-TAACTGCATCTCCATGCTGGTG-3’, reverse
5'-TGGCGTAGAGGGTGTCAAACTT-3’;  Beclinl,

forward 5'-TGAAATCAATGCTGCCTGGG-3’,
reverse 5'-CCAGAACAGTATAACGGCAACTCC-3';
LC3B, forward 5-CTGGTGAATGGGCACAGCATG-
3’ reverse 5'-CGTCCGCTGGTAACATCCCTT-3"; 18S
rRNA, forward 5'-CGGCTACCACATCCAAGGAA-3/,
reverse 5'-GCTGGAATTACCGCGGCT-3'.

Grip strength test

A grip strength meter (1027SM, Columbus Instruments,
Columbus, OH, USA) was used to measure the grip
strength of mice as previously described [51, 52, 60, 62].
Using its four limbs, the mice grasped the pull bar
attachment, which was then pulled horizontally at a rate

of ~2 cm/s. The maximum strength exerted while the
mice grasped the bar was recorded. This test was
performed five times for each mouse, and the average
value was calculated.

Micro-computed tomography (uCT)

The microarchitectures of the trabecular and cortical
bones in the femurs and tibias of mice were assessed
using puCT, as previously described [51, 62]. According
to the guidelines of the American Society for Bone and
Mineral Research [63], the distal metaphyseal segments
of the femur and the proximal metaphyseal segments of
the tibia in mice were scanned using CosmoScan GXII
(Rigaku Corporation, Yamanashi, Japan). The micro-
architecture of the femurs and tibias were analyzed
using the software, Analyze 14.0 (AnalyzeDirect, Inc.,
Overland Park, KS, USA). To assess trabecular BMD,
BV/TV, Tb.N, Tb.Th, and Conn.D of femurs and tibias,
a 1-mm-thick region from the end of the growth plate to
the diaphysis was set as the region of interest. To assess
cortical TMD, Ct.Th, and Ct.Ar of femurs and tibias, a
I-mm-thick region in the mid-diaphysis was set as the
region of interest.

Western blot analysis

Western blot analyses were performed as previously
described [60, 61]. The following primary antibodies
obtained from Cell Signaling Technology were used for
analyses: anti-phospho-Akt (Ser473) rabbit monoclonal
antibody (4060S, 1:1000); anti-Akt rabbit monoclonal
antibody (4691S, 1:1000); anti-phospho-p70S6 kinase
(Thr389) rabbit monoclonal antibody (9234S, 1:1000);
anti-p70S6 kinase rabbit monoclonal antibody (344758,
1:1000); anti-IL-6 rabbit monoclonal antibody (129128,
1:1000); anti-GAPDH rabbit monoclonal antibody
(51748S, 1:10000). Anti-p21 rabbit monoclonal antibody
(ab188224, 1:1000; Abcam, Cambridge, UK) was also
used.

Histological analysis

The right gastrocnemius muscles of female mice were
embedded in optimum cutting temperature compound
(Sakura Finetek Japan, Tokyo, Japan), immediately
frozen in isopentane cooled using liquid nitrogen, and
stored at —80°C. Muscle cross-sections (10-pm-thick)
were then sliced in a cryostat (CM3050 S; Leica
Biosystems, Nussloch, Germany). To assess muscle
tissue fibrosis, the frozen sections were stained using
the Picro-Sirius Red Stain Kit (For Cardiac Muscle,
SRC-1; ScyTek Laboratories, Inc., PA, USA)
according to the manufacturer’s instructions. Muscle
sections were incubated in 0.2% phosphomolybdic
acid solution for 5 min and rinsed in distilled water.
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Afterward, they were incubated in Picro-Sirius Red
solution for 60 min and then rinsed in 0.5% acetic
acid solution. Muscle sections were subsequently
dehydrated in 99.5% ethanol (057-00451; FUJIFILM
Corporation, Tokyo, Japan) and mounted in
PARAmount-N (308-400-3; Falma, Inc., Tokyo,
Japan). Images of Picro-Sirius Red-stained sections
were obtained using a microscope (BZ-X710;
Keyence, Osaka, Japan). Images of the four regions in
each muscle section were analyzed using the BZ-X-
Analyzer (Keyence), and the mean occupancy of
collagen-containing fibrotic areas in the tissue sections
was calculated in a blinded manner.

Statistical analysis

All data were presented as mean + standard error of the
mean. Comparisons between four groups were
performed using two-way analysis of variance and the
Tukey—Kramer multiple comparison test, whereas
comparisons between two groups were performed using
an unpaired #-test. All statistical analyses were
performed using GraphPad Prism version 7.02 software
(GraphPad Software, La Jolla, CA, USA). In all

analyses, P-values < 0.05 indicated statistical
significance.
AUTHOR CONTRIBUTIONS

T.O., N.K., and H.K. contributed to the conception and
design of the present study; T.O., N.K., Y.M., K.O,,
AN., HY., and A'Y. performed the experiments; all
authors interpreted the results; T.O. prepared the
figures; T.O. drafted the manuscript; all authors revised
and approved the final version of the manuscript.

ACKNOWLEDGMENTS

The authors wish to thank Dr. Osamu Matsuo (Kindai
University) for his support of this work.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest related to
this study.

ETHICAL STATEMENT

All of the experimental procedures for mice were
conducted in accordance with the Guide for the Care
and Use of Laboratory Animals of the Japanese
Physiological Society and the National Institutes of
Health (USA). This study protocol was approved by the
Experimental Animal Welfare Committee of Kindai
University (Permit Number: KAME-2024-037).

FUNDING

This study was supported by Japan Society for the
Promotion of Science KAKENHI Grant Numbers to
JP23K 10947 (to T.O.) and JP23K08642 (to H.K.), and
by a grant from the Salt Science Research Foundation,
No. 23CI (to H.K.).

REFERENCES

1. Cruz-Jentoft AJ, Bahat G, Bauer J, Boirie Y, Bruyére O,
Cederholm T, Cooper C, Landi F, Rolland Y, Sayer AA,
Schneider SM, Sieber CC, Topinkova E, et al, and
Writing Group for the European Working Group on
Sarcopenia in Older People 2 (EWGSOP2), and the
Extended Group for EWGSOP2. Sarcopenia: revised
European consensus on definition and diagnosis. Age
Ageing. 2019; 48:16-31.
https://doi.org/10.1093/ageing/afy169
PMID:30312372

2. Cruz-Jentoft AJ, Sayer AA. Sarcopenia. Lancet. 2019;
393:2636-46.
https://doi.org/10.1016/50140-6736(19)31138-9
PMID:31171417

3. Demontis F, Piccirillo R, Goldberg AL, Perrimon N.
Mechanisms of skeletal muscle aging: insights from
Drosophila and mammalian models. Dis Model Mech.
2013; 6:1339-52.
https://doi.org/10.1242/dmm.012559
PMID:24092876

4. de Jong JCB, Caspers MPM, Worms N, Keijzer N,
Kleemann R, Menke AL, Nieuwenhuizen AG, Keijer J,
Verschuren L, van den Hoek AM. Translatability of
mouse muscle-aging for humans: the role of sex.
Geroscience. 2024; 46:3341-60.
https://doi.org/10.1007/s11357-024-01082-7
PMID:38265577

5. Kitamura A, Seino S, Abe T, Nofuji Y, Yokoyama Y,
Amano H, Nishi M, Taniguchi Y, Narita M, Fujiwaray,
Shinkai S. Sarcopenia: prevalence, associated factors,
and the risk of mortality and disability in Japanese
older adults. J Cachexia Sarcopenia Muscle. 2021;
12:30-8.
https://doi.org/10.1002/jcsm.12651
PMID:33241660

6. Mizuno T, Matsui Y, Tomida M, Suzuki Y, Nishita Y,
Tange C, Shimokata H, Imagama S, Otsuka R, Arai H.
Differences in the mass and quality of the quadriceps
with age and sex and their relationships with knee
extension strength. J Cachexia Sarcopenia Muscle.
2021; 12:900-12.
https://doi.org/10.1002/jcsm.12715
PMID:34009738

www.aging-us.com

2405

AGING


https://doi.org/10.1093/ageing/afy169
https://pubmed.ncbi.nlm.nih.gov/30312372/
https://doi.org/10.1016/S0140-6736(19)31138-9
https://pubmed.ncbi.nlm.nih.gov/31171417/
https://doi.org/10.1242/dmm.012559
https://pubmed.ncbi.nlm.nih.gov/24092876/
https://doi.org/10.1007/s11357-024-01082-7
https://pubmed.ncbi.nlm.nih.gov/38265577/
https://doi.org/10.1002/jcsm.12651
https://pubmed.ncbi.nlm.nih.gov/33241660/
https://doi.org/10.1002/jcsm.12715
https://pubmed.ncbi.nlm.nih.gov/34009738/

10.

11.

12.

13.

14.

15.

. Petermann-Rocha F, Balntzi V, Gray SR, Lara J, Ho FK,

Pell JP, Celis-Morales C. Global prevalence of
sarcopenia and severe sarcopenia: a systematic
review and meta-analysis. J Cachexia Sarcopenia
Muscle. 2022; 13:86-99.
https://doi.org/10.1002/jcsm.12783
PMID:34816624

. He Y, Xie W, Li H, Jin H, Zhang Y, Li Y. Cellular

Senescence in Sarcopenia: Possible Mechanisms and
Therapeutic Potential. Front Cell Dev Biol. 2022;
9:793088.
https://doi.org/10.3389/fcell.2021.793088
PMID:35083219

. Di Micco R, Krizhanovsky V, Baker D, d'Adda di

Fagagna F. Cellular senescence in ageing: from
mechanisms to therapeutic opportunities. Nat Rev
Mol Cell Biol. 2021; 22:75-95.
https://doi.org/10.1038/s41580-020-00314-w
PMID:33328614

Gorgoulis V, Adams PD, Alimonti A, Bennett DC,
Bischof O, Bishop C, Campisi J, Collado M, Evangelou
K, Ferbeyre G, Gil J, Hara E, Krizhanovsky V, et al.
Cellular Senescence: Defining a Path Forward. Cell.
2019; 179:813-27.
https://doi.org/10.1016/j.cell.2019.10.005
PMID:31675495

Wang X, Fukumoto T, Noma KI. Therapeutic strategies
targeting cellular senescence for cancer and other
diseases. J Biochem. 2024; 175:525-37.
https://doi.org/10.1093/jb/mvae015

PMID:38366629

Yamauchi S, Takahashi A. Cellular senescence:
mechanisms and relevance to cancer and aging.
J Biochem. 2025; 177:163-9.
https://doi.org/10.1093/jb/mvae079
PMID:39551937

Ogrodnik M, Carlos Acosta J, Adams PD, d'Adda di
Fagagna F, Baker DJ, Bishop CL, Chandra T, Collado M,
Gil J, Gorgoulis V, Gruber F, Hara E, Jansen-Diirr P, et al.

Guidelines for minimal information on cellular
senescence experimentation in vivo. Cell. 2024;
187:4150-75.

https://doi.org/10.1016/j.cell.2024.05.059
PMID:39121846

Zhang X, Habiballa L, Aversa Z, Ng YE, Sakamoto AE,
Englund DA, Pearsall VM, White TA, Robinson MM,
Rivas DA, Dasari S, Hruby AJ, Lagnado AB, et al.
Characterization of cellular senescence in aging
skeletal muscle. Nat Aging. 2022; 2:601-15.
https://doi.org/10.1038/s43587-022-00250-8
PMID:36147777

Farr JN, Xu M, Weivoda MM, Monroe DG, Fraser DG,
Onken JL, Negley BA, Sfeir JG, Ogrodnik MB,

16.

17.

18.

19.

20.

21.

22.

23.

24,

Hachfeld CM, LeBrasseur NK, Drake MT, Pignolo RJ,
etal. Targeting cellular senescence prevents age-
related bone loss in mice. Nat Med. 2017; 23:1072-9.
https://doi.org/10.1038/nm.4385

PMID:28825716

Khosla S, Farr JN, Monroe DG. Cellular senescence
and the skeleton: pathophysiology and therapeutic
implications. J Clin Invest. 2022; 132:e154888.
https://doi.org/10.1172/JCI154888

PMID:35104801

Mi B, Xiong Y, Knoedler S, Alfertshofer M, Panayi AC,
Wang H, Lin S, Li G, Liu G. Ageing-related bone and
immunity changes: insights into the complex
interplay between the skeleton and the immune
system. Bone Res. 2024; 12:42.
https://doi.org/10.1038/s41413-024-00346-4
PMID:39103328

Kaji H. Adipose Tissue-Derived Plasminogen Activator
Inhibitor-1 Function and Regulation. Compr Physiol.
2016; 6:1873-96.
https://doi.org/10.1002/cphy.c160004
PMID:27783862

Rahman FA, Krause MP. PAI-1, the Plasminogen
System, and Skeletal Muscle. Int J Mol Sci. 2020;
21:7066.

https://doi.org/10.3390/ijms21197066
PMID:32993026

Vaughan DE, Rai R, Khan SS, Eren M, Ghosh AK.
Plasminogen Activator Inhibitor-1 Is a Marker and a
Mediator of Senescence. Arterioscler Thromb Vasc
Biol. 2017; 37:1446-52.
https://doi.org/10.1161/ATVBAHA.117.309451
PMID:28572158

Samarakoon R, Higgins SP, Higgins CE, Higgins PJ. The
TGF-B1/p53/PAI-1  Signaling Axis in  Vascular
Senescence: Role of Caveolin-1. Biomolecules. 2019;
9:341.

https://doi.org/10.3390/biom9080341
PMID:31382626

Balsara RD, Ploplis VA. Plasminogen activator
inhibitor-1: the double-edged sword in apoptosis.
Thromb Haemost. 2008; 100:1029-36.
PMID:19132226

Lademann UA, Rgmer MU. Regulation of programmed
cell death by plasminogen activator inhibitor type 1
(PAI-1). Thromb Haemost. 2008; 100:1041-6.
PMID:19132228

Aso Y. Plasminogen activator inhibitor (PAI)-1 in
vascular inflammation and thrombosis. Front Biosci.
2007; 12:2957-66.

https://doi.org/10.2741/2285

PMID:17485272

www.aging-us.com

2406

AGING


https://doi.org/10.1002/jcsm.12783
https://pubmed.ncbi.nlm.nih.gov/34816624/
https://doi.org/10.3389/fcell.2021.793088
https://pubmed.ncbi.nlm.nih.gov/35083219/
https://doi.org/10.1038/s41580-020-00314-w
https://pubmed.ncbi.nlm.nih.gov/33328614/
https://doi.org/10.1016/j.cell.2019.10.005
https://pubmed.ncbi.nlm.nih.gov/31675495/
https://doi.org/10.1093/jb/mvae015
https://pubmed.ncbi.nlm.nih.gov/38366629/
https://doi.org/10.1093/jb/mvae079
https://pubmed.ncbi.nlm.nih.gov/39551937/
https://doi.org/10.1016/j.cell.2024.05.059
https://pubmed.ncbi.nlm.nih.gov/39121846/
https://doi.org/10.1038/s43587-022-00250-8
https://pubmed.ncbi.nlm.nih.gov/36147777/
https://doi.org/10.1038/nm.4385
https://pubmed.ncbi.nlm.nih.gov/28825716/
https://doi.org/10.1172/JCI154888
https://pubmed.ncbi.nlm.nih.gov/35104801/
https://doi.org/10.1038/s41413-024-00346-4
https://pubmed.ncbi.nlm.nih.gov/39103328/
https://doi.org/10.1002/cphy.c160004
https://pubmed.ncbi.nlm.nih.gov/27783862/
https://doi.org/10.3390/ijms21197066
https://pubmed.ncbi.nlm.nih.gov/32993026/
https://doi.org/10.1161/ATVBAHA.117.309451
https://pubmed.ncbi.nlm.nih.gov/28572158/
https://doi.org/10.3390/biom9080341
https://pubmed.ncbi.nlm.nih.gov/31382626/
https://pubmed.ncbi.nlm.nih.gov/19132226/
https://pubmed.ncbi.nlm.nih.gov/19132228/
https://doi.org/10.2741/2285
https://pubmed.ncbi.nlm.nih.gov/17485272/

25.

26.

27.

28.

29.

30.

31.

32.

Samad F, Ruf W. Inflammation, and
thrombosis. Blood. 2013; 122:3415-22.
https://doi.org/10.1182/blood-2013-05-427708

PMID:24092932

obesity,

Cesari M, Pahor M, Incalzi RA. Plasminogen activator
inhibitor-1 (PAI-1): a key factor linking fibrinolysis and
age-related subclinical and clinical conditions.
Cardiovasc Ther. 2010; 28:e72-91.
https://doi.org/10.1111/j.1755-5922.2010.00171.x
PMID:20626406

Kortlever RM, Higgins PJ, Bernards R. Plasminogen
activator inhibitor-1 is a critical downstream target of
p53 in the induction of replicative senescence. Nat
Cell Biol. 2006; 8:877-84.
https://doi.org/10.1038/ncb1448

PMID:16862142

Kuilman T, Peeper DS. Senescence-messaging
secretome: SMS-ing cellular stress. Nat Rev Cancer.
20009; 9:81-94.

https://doi.org/10.1038/nrc2560

PMID:19132009

Shaikh SB, Balaya RDA, Dagamajalu S, Bhandary YP,
Unwalla H, Prasad TSK, Rahman I. A signaling pathway
map of plasminogen activator inhibitor-1 (PAI-
1/SERPINE-1): a review of an innovative frontier in
molecular aging and cellular senescence. Cell
Commun Signal. 2024; 22:544.
https://doi.org/10.1186/s12964-024-01910-5
PMID:39543686

Aobulikasimu A, Liu T, Piao J, Sato S, Ochi H, Okawa A,
Tsuji K, Asou Y. SIRT6-PAI-1 axis is a promising
therapeutic target in aging-related bone metabolic
disruption. Sci Rep. 2023; 13:7991.
https://doi.org/10.1038/s41598-023-33297-7
PMID:37198221

Aihemaiti A, Yamamoto N, Piao J, Oyaizu T, Ochi H,
Sato S, Okawa A, Miyata T, Tsuji K, Ezura Y, Asou Y. A
novel PAI-1 inhibitor prevents ageing-related muscle
fiber atrophy. Biochem Biophys Res Commun. 2021;
534:849-56.
https://doi.org/10.1016/j.bbrc.2020.10.089
PMID:33213843

Eren M, Boe AE, Murphy SB, Place AT, Nagpal V,
Morales-Nebreda L, Urich D, Quaggin SE, Budinger
GR, Mutlu GM, Miyata T, Vaughan DE. PAI-1-
regulated extracellular proteolysis governs
senescence and survival in Klotho mice. Proc Natl
Acad Sci U S A. 2014; 111:7090-5.
https://doi.org/10.1073/pnas.1321942111
PMID:24778222

34.

35.

36.

37.

38.

39.

40.

Heiman M, Miyata T, Gupta S, Shapiro AD, Vaughan
DE. A null mutation in SERPINE1 protects against
biological aging in humans. Sci Adv. 2017;
3:eaaonl617.

https://doi.org/10.1126/sciadv.aa01617
PMID:29152572

Sartori R, Romanello V, Sandri M. Mechanisms of
muscle atrophy and hypertrophy: implications in
health and disease. Nat Commun. 2021; 12:330.
https://doi.org/10.1038/s41467-020-20123-1
PMID:33436614

Sandri M. Protein breakdown in muscle wasting: role
of autophagy-lysosome and ubiquitin-proteasome. Int
J Biochem Cell Biol. 2013; 45:2121-9.
https://doi.org/10.1016/j.biocel.2013.04.023
PMID:23665154

Shang GK, Han L, Wang ZH, Liu YP, Yan SB, Sai WW,
Wang D, Li YH, Zhang W, Zhong M. Sarcopenia is
attenuated by TRB3 knockout in aging mice via the
alleviation of atrophy and fibrosis of skeletal
muscles. J Cachexia Sarcopenia Muscle. 2020;
11:1104-20.

https://doi.org/10.1002/jcsm.12560

PMID:32096609

Krause MP, Moradi J, Nissar AA, Riddell MC, Hawke
TJ. Inhibition of plasminogen activator inhibitor-1
restores skeletal muscle regeneration in untreated
type 1 diabetic mice. Diabetes. 2011; 60:1964-72.
https://doi.org/10.2337/db11-0007

PMID:21593201

Tamura Y, Kawao N, Shimoide T, Okada K, Matsuo O,
Kaji H. Role of plasminogen activator inhibitor-1 in
glucocorticoid-induced muscle change in mice. J Bone
Miner Metab. 2018; 36:148-56.
https://doi.org/10.1007/s00774-017-0825-8
PMID:28321652

Tamura Y, Kawao N, Yano M, Okada K, Okumoto K,
Chiba Y, Matsuo O, Kaji H. Role of plasminogen
activator inhibitor-1 in  glucocorticoid-induced
diabetes and osteopenia in mice. Diabetes. 2015;
64:2194-206.

https://doi.org/10.2337/db14-1192

PMID:25552599

Saleh KK, Xi H, Switzler C, Skuratovsky E, Romero MA,
Chien P, Gibbs D, Gane L, Hicks MR, Spencer MJ, Pyle
AD. Single cell sequencing maps skeletal muscle
cellular diversity as disease severity increases in
dystrophic mouse models. iScience. 2022; 25:105415.
https://doi.org/10.1016/].isci.2022.105415
PMID:36388984

33. Khan SS, Shah SJ, Klyachko E, Baldridge AS, Eren M, 41. Zorio E, Gilabert-Estellés J, Espafia F, Ramdn LA, Cosin
Place AT, Aviv A, Puterman E, Lloyd-Jones DM, R, Estellés A. Fibrinolysis: the key to new
www.aging-us.com 2407 AGING


https://doi.org/10.1182/blood-2013-05-427708
https://pubmed.ncbi.nlm.nih.gov/24092932/
https://doi.org/10.1111/j.1755-5922.2010.00171.x
https://pubmed.ncbi.nlm.nih.gov/20626406/
https://doi.org/10.1038/ncb1448
https://pubmed.ncbi.nlm.nih.gov/16862142/
https://doi.org/10.1038/nrc2560
https://pubmed.ncbi.nlm.nih.gov/19132009/
https://doi.org/10.1186/s12964-024-01910-5
https://pubmed.ncbi.nlm.nih.gov/39543686/
https://doi.org/10.1038/s41598-023-33297-7
https://pubmed.ncbi.nlm.nih.gov/37198221/
https://doi.org/10.1016/j.bbrc.2020.10.089
https://pubmed.ncbi.nlm.nih.gov/33213843/
https://doi.org/10.1073/pnas.1321942111
https://pubmed.ncbi.nlm.nih.gov/24778222/
https://doi.org/10.1126/sciadv.aao1617
https://pubmed.ncbi.nlm.nih.gov/29152572/
https://doi.org/10.1038/s41467-020-20123-1
https://pubmed.ncbi.nlm.nih.gov/33436614/
https://doi.org/10.1016/j.biocel.2013.04.023
https://pubmed.ncbi.nlm.nih.gov/23665154/
https://doi.org/10.1002/jcsm.12560
https://pubmed.ncbi.nlm.nih.gov/32096609/
https://doi.org/10.2337/db11-0007
https://pubmed.ncbi.nlm.nih.gov/21593201/
https://doi.org/10.1007/s00774-017-0825-8
https://pubmed.ncbi.nlm.nih.gov/28321652/
https://doi.org/10.2337/db14-1192
https://pubmed.ncbi.nlm.nih.gov/25552599/
https://doi.org/10.1016/j.isci.2022.105415
https://pubmed.ncbi.nlm.nih.gov/36388984/

42.

43.

44,

45.

46.

47.

48.

49.

pathogenetic mechanisms. Curr Med Chem. 2008;
15:923-9.
https://doi.org/10.2174/092986708783955455
PMID:18473800

Kistner TM, Pedersen BK, Lieberman DE. Interleukin 6
as an energy allocator in muscle tissue. Nat Metab.
2022; 4:170-9.
https://doi.org/10.1038/s42255-022-00538-4
PMID:35210610

Mufoz-Canoves P, Scheele C, Pedersen BK, Serrano
AL. Interleukin-6 myokine signaling in skeletal muscle:
a double-edged sword? FEBS J. 2013; 280:4131-48.
https://doi.org/10.1111/febs.12338

PMID:23663276

Huang Z, Zhong L, Zhu J, Xu H, Ma W, Zhang L, Shen Y,
Law BY, Ding F, Gu X, Sun H. Inhibition of IL-
6/JAK/STAT3 pathway rescues denervation-induced
skeletal muscle atrophy. Ann Transl Med. 2020;
8:1681.

https://doi.org/10.21037/atm-20-7269
PMID:33490193

Pettersen K, Andersen S, Degen S, Tadini V, Grosjean
J, Hatakeyama S, Tesfahun AN, Moestue S, Kim J,
Nonstad U, Romundstad PR, Skorpen F, Sgrhaug S,
etal. Cancer cachexia associates with a systemic
autophagy-inducing activity mimicked by cancer cell-
derived IL-6 trans-signaling. Sci Rep. 2017; 7:2046.
https://doi.org/10.1038/s41598-017-02088-2
PMID:28515477

Zanders L, Kny M, Hahn A, Schmidt S, Wundersitz S,
Todiras M, Lahmann |, Bandyopadhyay A,
Wollersheim T, Kaderali L, Luft FC, Birchmeier C,
Weber-Carstens S, Fielitz J. Sepsis induces interleukin
6, gp130/JAK2/STAT3, and muscle wasting. J Cachexia
Sarcopenia Muscle. 2022; 13:713-27.
https://doi.org/10.1002/jcsm.12867

PMID:34821076

Tamura Y, Kawao N, Okada K, Yano M, Okumoto K,
Matsuo O, Kaji H. Plasminogen activator inhibitor-1 is
involved in streptozotocin-induced bone loss in
female mice. Diabetes. 2013; 62:3170-9.
https://doi.org/10.2337/db12-1552

PMID:23715621

Okada K, Niwa Y, Fukuhara K, Ohira T, Mizukami Y,
Kawao N, Matsuo O, Kaji H. Plasminogen activator
inhibitor-1 is involved in glucocorticoid-induced
decreases in angiogenesis during bone repair in mice.
J Bone Miner Metab. 2024; 42:282-9.
https://doi.org/10.1007/s00774-024-01510-w
PMID:38704516

Okada K, Okamoto T, Okumoto K, Takafuji Y, Ishida
M, Kawao N, Matsuo O, Kaji H. PAI-1 is involved in

50.

51.

52.

53.

54.

55.

56.

57.

delayed bone repair induced by glucocorticoids in
mice. Bone. 2020; 134:115310.
https://doi.org/10.1016/j.bone.2020.115310
PMID:32142912

Shimoide T, Kawao N, Tamura Y, Okada K, Horiuchi Y,
Okumoto K, Kurashimo S, Ishida M, Tatsumi K, Matsuo
O, Kaji H. Role of Macrophages and Plasminogen
Activator Inhibitor-1 in Delayed Bone Repair in Diabetic
Female Mice. Endocrinology. 2018; 159:1875-85.
https://doi.org/10.1210/en.2018-00085
PMID:29534207

Mizukami Y, Kawao N, Ohira T, Okada K, Yamao H,
Matsuo O, Kaji H. Effects of plasminogen activator
inhibitor-1 deficiency on bone disorders and
sarcopenia caused by adenine-induced renal
dysfunction in mice. PLoS One. 2024; 19:e0311902.
https://doi.org/10.1371/journal.pone.0311902
PMID:39388484

Ehara H, Takafuji Y, Tatsumi K, Okada K, Mizukami Y,
Kawao N, Matsuo O, Kaji H. Role of plasminogen
activator inhibitor-1 in muscle wasting induced by a
diabetic state in female mice. Endocr J. 2021;
68:1421-8.
https://doi.org/10.1507/endocrj.EJ21-0142
PMID:34248092

Karasik D, Ferrari SL. Contribution of gender-specific
genetic factors to osteoporosis risk. Ann Hum Genet.
2008; 72:696-714.
https://doi.org/10.1111/j.1469-1809.2008.00447.x
PMID:18485052

Wallace JM, Rajachar RM, Chen XD, Shi S, Allen MR,
Bloomfield SA, Les CM, Robey PG, Young MF, Kohn
DH. The mechanical phenotype of biglycan-deficient
mice is bone-and gender-specific. Bone. 2006;
39:106-16.
https://doi.org/10.1016/j.bone.2005.12.081
PMID:16527557

Basurto L, Diaz A, Rodriguez A, Robledo A, Vega S,
Garcia-Vega J, Martinez-Murillo C. Circulating levels
of plasminogen activator inhibitor-1 are associated
with  metabolic syndrome rather than with
menopause. Gynecol Endocrinol. 2019; 35:909-12.
https://doi.org/10.1080/09513590.2019.1604658
PMID:31023101

Goto T, Hagihara M, Miyamichi K. Dynamics of
pulsatile activities of arcuate kisspeptin neurons in
aging female mice. Elife. 2023; 12:e82533.
https://doi.org/10.7554/elife.82533

PMID:37223988

Bresilla D, Habisch H, PritiSanac |, Zarse K,
Parichatikanond W, Ristow M, Madl T, Madreiter-
Sokolowski CT. The sex-specific metabolic signature

www.aging-us.com

2408

AGING


https://doi.org/10.2174/092986708783955455
https://pubmed.ncbi.nlm.nih.gov/18473800/
https://doi.org/10.1038/s42255-022-00538-4
https://pubmed.ncbi.nlm.nih.gov/35210610/
https://doi.org/10.1111/febs.12338
https://pubmed.ncbi.nlm.nih.gov/23663276/
https://doi.org/10.21037/atm-20-7269
https://pubmed.ncbi.nlm.nih.gov/33490193/
https://doi.org/10.1038/s41598-017-02088-2
https://pubmed.ncbi.nlm.nih.gov/28515477/
https://doi.org/10.1002/jcsm.12867
https://pubmed.ncbi.nlm.nih.gov/34821076/
https://doi.org/10.2337/db12-1552
https://pubmed.ncbi.nlm.nih.gov/23715621/
https://doi.org/10.1007/s00774-024-01510-w
https://pubmed.ncbi.nlm.nih.gov/38704516/
https://doi.org/10.1016/j.bone.2020.115310
https://pubmed.ncbi.nlm.nih.gov/32142912/
https://doi.org/10.1210/en.2018-00085
https://pubmed.ncbi.nlm.nih.gov/29534207/
https://doi.org/10.1371/journal.pone.0311902
https://pubmed.ncbi.nlm.nih.gov/39388484/
https://doi.org/10.1507/endocrj.EJ21-0142
https://pubmed.ncbi.nlm.nih.gov/34248092/
https://doi.org/10.1111/j.1469-1809.2008.00447.x
https://pubmed.ncbi.nlm.nih.gov/18485052/
https://doi.org/10.1016/j.bone.2005.12.081
https://pubmed.ncbi.nlm.nih.gov/16527557/
https://doi.org/10.1080/09513590.2019.1604658
https://pubmed.ncbi.nlm.nih.gov/31023101/
https://doi.org/10.7554/eLife.82533
https://pubmed.ncbi.nlm.nih.gov/37223988/

58.

59.

60.

of C57BL/6NRj mice during aging. Sci Rep. 2022;
12:21050.
https://doi.org/10.1038/s41598-022-25396-8
PMID:36473898

Campbell MD, Djukovic D, Raftery D, Marcinek DJ.
Age-related changes of skeletal muscle metabolic
response to contraction are also sex-dependent. J
Physiol. 2025; 603:69-86.
https://doi.org/10.1113/JP285124

PMID:37742081

Carmeliet P, Kieckens L, Schoonjans L, Ream B, van
Nuffelen A, Prendergast G, Cole M, Bronson R, Collen
D, Mulligan RC. Plasminogen activator inhibitor-1
gene-deficient mice. |I. Generation by homologous
recombination and characterization. J Clin Invest.
1993; 92:2746-55.
https://doi.org/10.1172/JCI116892

PMID:8254028

Kawao N, Kawaguchi M, Ohira T, Ehara H, Mizukami Y,
Takafuji Y, Kaji H. Renal failure suppresses muscle
irisin expression, and irisin blunts cortical bone loss in
mice. J Cachexia Sarcopenia Muscle. 2022; 13:758-71.
https://doi.org/10.1002/jcsm.12892

PMID:34997830

61.

62.

63.

Ohira T, Ino Y, Kawao N, Mizukami Y, Okada K,
Matsuo O, Hirano H, Kimura Y, Kaji H. Plasminogen
deficiency exacerbates skeletal muscle loss during
mechanical unloading in developing mice. J Appl
Physiol (1985). 2024; 136:643-58.
https://doi.org/10.1152/japplphysiol.00300.2023
PMID:38328826

Ohira T, Kawao N, Takafuji Y, Mizukami Y, Kaji H.
Effects of Growth Hormone on Muscle and Bone in
Female Mice: Role of Follistatin. Exp Clin Endocrinol
Diabetes. 2023; 131:228-35.
https://doi.org/10.1055/a-2003-5704
PMID:36549337

Bouxsein ML, Boyd SK, Christiansen BA, Guldberg RE,
Jepsen KJ, Miiller R. Guidelines for assessment of
bone microstructure in rodents using micro-
computed tomography. J Bone Miner Res. 2010;
25:1468-86.

https://doi.org/10.1002/jbmr.141

PMID:20533309

www.aging-us.com

2409

AGING


https://doi.org/10.1038/s41598-022-25396-8
https://pubmed.ncbi.nlm.nih.gov/36473898/
https://doi.org/10.1113/JP285124
https://pubmed.ncbi.nlm.nih.gov/37742081/
https://doi.org/10.1172/JCI116892
https://pubmed.ncbi.nlm.nih.gov/8254028/
https://doi.org/10.1002/jcsm.12892
https://pubmed.ncbi.nlm.nih.gov/34997830/
https://doi.org/10.1152/japplphysiol.00300.2023
https://pubmed.ncbi.nlm.nih.gov/38328826/
https://doi.org/10.1055/a-2003-5704
https://pubmed.ncbi.nlm.nih.gov/36549337/
https://doi.org/10.1002/jbmr.141
https://pubmed.ncbi.nlm.nih.gov/20533309/

