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Critical limb ischemia (CLI) is the most severe complication of peripheral arterial disease (PAD).  
Understanding the molecular mechanisms underlying tissue repair after CLI is necessary for preventing 
PAD progression.  Y-box binding protein-1 (YB-1) regulates the expression of many genes in response to 
environmental stresses.  We aimed to determine whether YB-1 is involved in ischemic muscle regeneration.  
A mouse ischemic hind-limb model was generated; namely, the femoral, saphenous, and popliteal arteries 
in the left hind limb were ligated.  The right hind limb, with skin incisions alone, served as control.  Hind 
limbs (n = 3-5 for each time point) were examined on day 0 (before the operation) and on postoperative 
days 1, 2, 7, 10, and 14, and the biceps femoris, adductor, rectus femoris, and gracilis muscles were 
subjected to histopathological and immunohistochemical analyses.  In ischemic limbs, myogenesis, 
triggered by an increase in myotubes, began on day 7; thereafter, regenerated muscles gradually increased 
in volume.  RT-PCR analysis showed that YB-1 mRNA levels were increased in the limbs after ischemic 
injury, peaked on day 2, and subsequently decreased.  On day 7, expression levels of MyoD and alpha-
smooth muscle actin (αSMA) mRNAs were significantly higher in ischemic muscles than in control muscles.  
Immunohistochemical analysis revealed increased YB-1 immunoreactivity in myoblasts and myotubes on 
day 7, which was decreased by day 14.  The immunoreactive αSMA and smooth muscle myosin heavy 
chain were transiently increased in myotubes.  This is the first report showing the increased expression of 
YB-1 during muscle regeneration after ischemic injury.
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Introduction
Peripheral arterial disease (PAD) is a common athero-

sclerotic syndrome affecting more than 25 million individu-
als in Europe and the United States (McDermott et al. 2001; 
Belch et al. 2003; Norgren et al. 2007); moreover, its inci-
dence has been increasing in Japan (Suzuki and Iso 2013).  
Critical limb ischemia (CLI) is the most severe complica-
tion of PAD, and approximately 1% of PAD patients 
develop CLI, which is associated with poor prognosis.  To 
prevent PAD progression, pharmacotherapy to manage 
underlying diseases such as hypertension, diabetes, and 
dyslipidemia is prescribed, and therapy to improve blood 
flow with antiplatelet agents and vasodilators is adminis-
tered (Weitz et al. 1996; Rowlands and Donnelly 2007).  
The prognosis of patients with PAD and those with CLI is 
unfavorable, and the 1-year mortality and major amputation 

rates are estimated to be approximately 25% and 30%, 
respectively (Norgren et al. 2007).  To date, surgical thera-
pies such as bypass grafting or endarterectomy (or conven-
tional revascularization therapies such as angioplasty, intra-
vascular stents, or intra-arterial thrombolysis) are 
considered the most promising treatment options for isch-
emic limbs; however, these methods can be used to treat 
only approximately 5% of patients with PAD or CLI.  
Furthermore, persistent effects are observed in approxi-
mately 25% of patients after revascularization (Kawamoto 
et al. 2009).  Hence, the development of a novel therapeutic 
strategy to improve the prognosis of patients with PAD and 
those with CLI is required.

The process of tissue repair after acute CLI is highly 
complicated and finely regulated.  The restoration of isch-
emic tissue is a very complicated event wherein angiogene-
sis, myogenesis, and inflammation proceed simultaneously 
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and interact with one another.  During ischemic injury 
repair, various cells can interact with one another; however, 
the molecular mechanisms underlying tissue repair are 
unclear.

Y-box binding protein-1 (YB-1) belongs to the highly 
conserved Y-box family of proteins (Wolffe et al. 1992).  
YB-1 was initially identified as a transcription factor that 
interacts with inverted CCAAT boxes (Y boxes) in eukary-
otic promoters (Didier et al. 1988; Furukawa et al. 1998; 
Kohno et al. 2003).  It is primarily localized in the cyto-
plasm but can be translocated to the nucleus in response to 
various environmental stresses.  YB-1 regulates the tran-
scription of genes involved in proliferation and differentia-
tion, as well as chemotherapeutic resistance in cancer cells 
(Kohno et al. 2003; Fujita et al. 2005; Hyogotani et al. 
2012; Ito et al. 2012).

Kamalov et al. (2005) reported that early YB-1 expres-
sion stimulates the proliferation and migration of myofibro-
blasts at the site of myocardial infarction in a rat model, 
suggesting that YB-1 upregulation promotes rapid bursts in 
cell proliferation during the early stages of healing.  At the 
later stages of wound healing, YB-1 might be involved in 
extracellular matrix remodeling through the regulation of 
collagen and renin synthesis (Kamalov et al. 2005).  Thus, 
numerous studies have suggested the possibility that YB-1 
is involved in wound healing and tissue remodeling after 
ischemic injury.  The present study aimed to determine 
whether YB-1 is involved in wound healing and remodeling 
of limb tissue after ischemic injury.

Materials and Methods
Animals

We used adult male BALB/c mice, aged 6-7 weeks (Japan 
Charles River Laboratories, Tokyo, Japan).  The study protocol con-
formed to the Guidelines for the Handling of Animals of the Research 
Committee of Shinshu University and was approved by the 
Committee on the Ethics of Animal Experiments of the Shinshu 
University (Permit Number: 210057).  The mice were anesthetized or 
euthanized through intraperitoneal injection of chloral hydrate, and 
all efforts were made to minimize animal suffering.

The mice were positioned in dorsal recumbency with their hind 
limbs externally rotated.  A skin incision was made over the femoral 
artery beginning at the inguinal ligament and this continued caudally 
to the popliteal bifurcation.  The femoral artery, saphenous artery, and 
popliteal artery in the left side hind limb of each mouse were isolated 
below the level of the popliteal bifurcation, and ligated using a 7-0 
Prolene (Ethicon, Somerville, NJ, USA) suture.  The right side hind 
limb, with skin incisions alone, was used as a control.  Hind limbs (n 
= 3-5 for each time point) were harvested for examination on day 0 
(before the operation) and on postoperative days 1, 2, 7, 10, and 14 
(Fig. 1).  The biceps femoris, adductor, rectus femoris, and gracilis 
muscles in the harvested limbs were subjected to histopathological 
and immunohistochemical analyses.

Histopathological and immunohistochemical analyses
Hind limb tissues were fixed in 20% formalin, decalcified using 

K-CX (FALMA, Tokyo, Japan), embedded in paraffin, and cut into 
3-μm-thick slices.  The sections were deparaffinized with xylene and 
ethanol and subjected to hematoxylin and eosin staining using stan-
dard methods.  After deparaffinization, the sections were irradiated in 
a microwave oven in 10 mmol/L citrate buffer (pH 6.0) for 15 min 

Fig. 1.  Diagrammatic representation of mouse hind limb ischemic model.
	 The femoral artery, saphenous artery, and popliteal artery were isolated below the level of the popliteal bifurcation and 

ligated using a 7-0 Prolene suture.  Hind limbs were harvested at day 0 (before the operation) and postoperative days 1, 
2, 7, 10, and 14.  Hind limbs with skin incisions alone were used as control.
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and pre-incubated with 0.3% hydrogen peroxide to eliminate non-
specific reactions.  The sections were then incubated at 4°C with rab-
bit-derived primary anti-CD31 antibody (Spring Bioscience, 
Pleasanton, CA, USA) or anti-YB-1 antibody (Abcam, Tokyo, Japan) 
for 24 h in a moist chamber.  The sections were then incubated with 
biotinylated anti-rabbit antibody (Vector, Burlingame, CA) for 60 
min.  Antibody-biotin conjugate was detected using an ABC kit 
(Vector) in accordance with the manufacturer’s instructions.  For pri-
mary antibodies against MyoD (Abcam), alpha-smooth muscle actin 
(αSMA) (Sigma, St. Louis, MO), and smooth muscle myosin heavy 
chain (SMemb/MHC-B; Abcam), we used the Vectastain MOM 
Immunodetection Kit (Vector) in accordance with the manufacturer’s 
instructions.

Real-time RT-PCR assay for mRNA quantification
Hind limbs were rapidly dissected out and snap frozen in liquid 

nitrogen.  Before homogenizing the frozen tissue, the skin and bone 
were removed from the specimen.  Thereafter, total RNA was isolated 
from hind limb muscles, using the RNeasy Fibrous Tissue Mini Kit 
(Qiagen, Hilden, Germany) in accordance with the manufacturer’s 
instructions.  The relative mRNA levels for the genes of interest were 
assessed by RT-PCR using a 7300 Real-Time PCR System (Applied 
Biosystems, Foster City, CA, USA).  TaqMan® Gene Expression 
Assays for mouse YB-1 (Mm00850878_g1), MyoD (Mm01203489_
g1), and αSMA (Mm01204962_gH) were purchased from Applied 
Biosystems (Carlsbad, CA, USA).  mRNA levels were quantified in 
triplicate.  The expression levels of interest mRNA were normalized 
to mRNA of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
(#4308313), using the ΔΔCt comparative method.

Statistical analysis
Data are expressed as the mean ± SD.  Differences were com-

pared using the Student’s t-test.  P < 0.05 was considered significant.

Results
Regenerated muscle volume is increased via myogenesis on 
day 7

Histopathological findings were compared between 
hind limbs subjected to ischemic injury (Fig. 2A-F) and 
control limbs with skin incisions alone (Fig. 2G-L) after 14 
days.  The control group displayed no remarkable histo-
pathological changes; however, the migration and infiltra-
tion of mononuclear inflammatory cells between muscular 
fibers were initially observed between days 1 and 2 in isch-
emic limbs.  Thereafter, normal muscles decreased in vol-
ume, which was accompanied by an increase in adipose 
degeneration at day 7.  Simultaneously, myogenesis, caused 
by an increase in myotube number, was initially observed 
on day 7 in ischemic limbs; subsequently, the regenerated 
muscles gradually increased in volume.

MyoD, αSMA, and YB-1 mRNA levels are increased tempo-
rally in ischemic limbs

We next tested alterations in YB-1, MyoD, and αSMA 
mRNA levels in mouse limbs after ischemic injury by per-
forming RT-PCR (Fig. 3).  YB-1 mRNA levels were 
increased in the ischemic limbs immediately after injury, 

peaked on day 2, and decreased temporally thereafter.  The 
expression levels of MyoD and αSMA mRNAs in the isch-
emic limbs were peaked on day 7 after injury; they were 
significantly higher on day 7 in the ischemic limbs than in 
the control limbs (p < 0.05).

YB-1, αSMA, SMemb, and MyoD are expressed in the myo-
tubes of ischemic hind limbs

The expression of YB-1 and markers of endothelial 
cells and muscle differentiation were visualized through 
immunohistochemical staining to analyze microenviron-
mental changes that occur during regeneration after isch-
emic injury.  One day after ischemic injury (day 1), YB-1 
was localized mostly to histiocytes, macrophages, osteo-
blasts, and mononuclear inflammatory cells in the ischemic 
hind limbs and was not detected in the muscles until day 2.  
From day 7 to day 10, YB-1 levels increased temporally in 
the myoblasts and myotubes.  Thereafter, YB-1 levels in the 
regenerated muscles decreased on day 14 (Fig. 4A-F).

CD31, an endothelial cell marker, was localized to the 
endothelial cells of the existing small arteries in the isch-
emic lesion alone until day 2 after injury.  After day 7, 
CD31 levels increased in the regenerated lesion, which 
indicated the migration and proliferation of capillary endo-
thelial cells to the injured area (Fig.  4G-L).

MyoD belongs to a family of myogenic regulatory fac-
tors and plays a key role in regulating muscle differentia-
tion.  It is considered one of the earliest markers of myo-
genic commitment and is expressed in the myosatellite 
cells, myoblasts, and myotubes.  After ischemic injury, 
MyoD was localized to the myosatellite cells beneath the 
basal lamina of the myofiber alone until day 2.  After day 7, 
MyoD levels increased in the newly generated myoblasts 
and myotubes (Fig. 5A-F).

αSMA, a marker of smooth muscle and myofibroblas-
tic cells, was localized to the existing normal vascular 
smooth muscle cells until day 2.  However, it was localized 
to myotubes on day 7, and its levels in the regenerated mus-
cles were reduced on day 14 (Fig. 5G-L).

The embryonic form of SMemb/MHC-B, a marker of 
proliferating embryonic smooth muscle cells, was localized 
to the regenerated myotubes in the ischemic limbs in a 
manner similar to that of αSMA (Fig. 6).

Upon analyzing serial sections of the ischemic limb on 
day 10, YB-1, αSMA, and SMemb were co-localized in the 
myotubes expressing MyoD (Fig. 7).

Discussion
This study reports the transient upregulation of YB-1 

simultaneously with MyoD and αSMA in the ischemic 
limbs of a murine model of hind limb ischemia.  To our 
knowledge, this is the first study to report an alteration in 
YB-1 expression in ischemic limbs during the acute phase 
of injury.  The present findings suggest that this transient 
upregulation of YB-1 is involved in the regeneration of 
skeletal muscles after ischemic injury.
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YB-1 regulates the transcription of various genes in 
response to cellular stress such as drug toxicity, reactive 
oxygen, UV damage, and low temperature (Kohno et al. 
2003; Fujita et al. 2005; Hyogotani et al. 2012; Ito et al. 
2012).  In addition, several genes important for wound heal-
ing and cellular proliferation and survival are regulated by 
YB-1, including collagen alpha1 and alpha2 (Norman et al. 
2001; Higashi et al. 2003), matrix metalloproteinase 2 
(Mertens et al. 1997), the B-chain isoform of platelet-
derived growth factor (Stenina et al. 2000), vascular endo-
thelial growth factor (Coles et al. 2004), granulocyte–mac-
rophage-colony stimulating factor (Coles et al. 2000), and 
Fas death receptor (Lasham et al. 2000); moreover, YB-1 
can also regulate αSMA and human pulmonary myofibro-

blasts (Zhang et al. 2005).  Takahashi et al. (2010) reported 
that YB-1 is increased in the angiogenic endothelial cells of 
various tumors and is involved in the growth of endothelial 
cells.  These previous findings suggest the possibility that 
YB-1 is involved in tissue regeneration in various situations 
in vivo, including tissue regeneration after ischemic injury.

Miwa et al. (2006) analyzed YB-1 expression in vari-
ous tissues at different stages of the mouse life cycle and 
reported that its expression is regulated with growth or 
aging in a tissue-specific manner and that it is markedly 
expressed at the prenatal stage, and then completely down-
regulated suddenly in the skeletal muscles after birth.  In 
the present study, YB-1 localized to the regenerated myo-
tubes that expressed MyoD from 7 days after ischemic 

Fig. 2.  Histopathological findings comparing the ischemic limbs to the control limbs.
	 (A-F) Hematoxylin-eosin (HE) staining of the ischemic limbs on day 0 (A), 1 (B), 2 (C), 7 (D), 10 (E), and 14 (F) and 

control limbs on day 0 (G), 1 (H), 2 (I), 7 (J), 10 (K), and 14 (L).  Arrowheads indicate the infiltrating mononuclear  
inflammatory cells in the ischemic limbs.  Scale bar = 100 μm.
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Fig. 3.  Time-dependent changes in YB-1, MyoD, and αSMA mRNA levels in ischemic limb muscles.
	 Relative mRNA levels of YB-1 (A), MyoD (B), and αSMA (C) in the ischemic limb muscles (dark bars) and the control 

limb muscles (gray bars) from day 0 to day 14 were determined by RT-PCR analysis.  Significant differences in mRNA 
levels between the ischemic limbs and the control limbs on the same day are indicated as *(p < 0.01) and **(p < 0.05).  
Significant differences in mRNA levels compared with those in the corresponding limbs on day 0 are indicated as  
***(p < 0.01) and ****(p < 0.05).
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injury.  The present findings, along those of Miwa et al. 
(2006), suggested the possibility that YB-1 is involved in 
the maturation of muscle from myoblasts.

αSMA is one of the few genes for which expression is 
relatively restricted to vascular smooth muscle cells.  αSMA 
is a transient component of stress fibers, which are struc-
tures that play an important role in cell adhesion and ten-
sion.  αSMA associates with stress fibers to increase cell 
traction force under specific physiological conditions, and it 
has also been reported to be expressed in myofibroblasts 
and myoepithelial cells.  SMemb is also a marker of prolif-
erating embryonic smooth muscle cells.  Notably, both 
αSMA and SMemb were transiently increased in the myo-

tubes of regenerated skeletal muscles after ischemic injury 
in our model.  Lu et al. (2011) reported the successful dif-
ferentiation of muscle-derived cells, isolated from human 
skeletal muscles, into smooth muscle cells.  Thus, our find-
ings together with those of the previous study suggest the 
potential of myoblasts in skeletal muscle tissues to differen-
tiate into smooth muscle cells.

In contrast, David et al. (2012) reported that YB-1 is 
involved in the de-differentiation of cardiomyocytes after 
transplantation by upregulating αSMA in a murine hetero-
topic heart graft model.  In addition, they reported that the 
phosphorylated form of YB-1 is expressed in the human 
ventricular cardiomyocytes of transplanted hearts obtained 

Fig. 4.  Immunohistochemical staining for YB-1 and CD31 in ischemic limbs.
	 Immunohistochemical staining for YB-1 in the ischemic hind limbs on day 0 (A), 1 (B), 2 (C), 7 (D), 10 (E), and 14 (F).  

Arrowheads in (B) and (C) indicate the mononuclear inflammatory cells.  Arrows in (D), (E), and (F) indicate myoblasts 
and myotubes.  Immunohistochemical staining for CD31 in the ischemic hind limbs on day 0 (G), 1 (H), 2 (I), 7 (J), 10 
(K), and 14 (L).  Arrowheads in (G), (J), (K), and (L) indicate endothelial cells.  Scale bar = 100 μm.
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after endomyocardial biopsy, indicating the indispensable 
role of YB-1 in the remodeling of cardiac tissue in trans-
planted hearts (David et al. 2012).  αSMA-expressing myo-
fibroblasts have been detected in the stroma of non-malig-
nant tissues during wound repair, and the dysregulation of 
αSMA-positive myofibroblasts has been associated with 
various fibrotic diseases including atherosclerosis.  αSMA 
is expressed in various myogenic soft tissue tumors includ-
ing leiomyomas and leiomyosarcomas, among others.  
Thus, it is believed that αSMA is essential for the normal 
differentiation and function of myofibroblasts.  The present 
findings, together with those of David et al. (2012), suggest 

that YB-1 is an important factor involved in the regulation 
of αSMA.

MyoD belongs to the family of myogenic regulatory 
factors and plays a key role in the regulation of muscle dif-
ferentiation.  MyoD has also been reported to play a role in 
the regulation of muscle repair (Berkes and Tapscott 2005).  
In the present study, MyoD was localized to the myosatel-
lite cells and myoblasts during the acute phase of ischemic 
injury, and its levels in the newly generated myotubes 
peaked on day 7.  Moreover, MyoD levels decreased drasti-
cally on day 10, which was accompanied by a gradual 
reduction in YB-1 levels in the ischemic limbs.  Conversely, 

Fig. 5.  Immunohistochemical staining for MyoD and αSMA in ischemic limbs.
	 Immunohistochemical staining for MyoD in ischemic hind limbs on day 0 (A), 1 (B), 2 (C), 7 (D), 10 (E), and 14 (F).  

Arrowheads in (D) indicate newly generated myoblasts and myotubes.  Immunohistochemical staining for αSMA in the 
ischemic hind limbs on day 0 (G), 1 (H), 2 (I), 7 (J), 10 (K), and 14 (L).  Arrowheads in (G), (J), and (L) indicate vascu-
lar smooth muscle cells.  Arrows in (J) and (K) indicate the myotubes in the regenerated muscles.  Scale bar = 100 μm.
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Song and Lee (2010) reported a novel function for YB-1 as 
a regulator of skeletal muscle differentiation.  They reported 
that YB-1 binds to the MyoD core enhancer region and neg-
atively regulates MyoD transcription, which in turn prevents 
C2C12 myoblast cells from undergoing terminal differentia-
tion through interactions with cell type-specific regulators 
such as Msx1 homeoprotein (Song and Lee 2010).  Hence, 
long-term expression of YB-1 might terminate the MyoD-
mediated differentiation of myocytes after forming myo-
tubes in ischemic limbs.

Recently, the YB-1 was reported to directly regulate 

hypoxia-inducible factor (HIF) 1α, a critical transcription 
factor that regulates adaptive responses to hypoxia and 
plays a pivotal role in wound healing (El-Naggar et al. 
2015; Xu et al. 2017).  Although the association between 
YB-1 and HIF1α was not investigated in the present study, 
it is possible that the increased expression of YB-1 after 
ischemic injury could enhance wound healing via increased 
expression of HIF1α.

In conclusion, to our knowledge, the present study is 
the first to report the increase in YB-1 expression in isch-
emic limbs, which was associated with alterations in the 

Fig. 6.  Immunohistochemical staining for SMemb in ischemic limbs.
	 Immunohistochemical staining for SMemb in ischemic hind limbs on day 0 (A), 1 (B), 2 (C), 7 (D), 10 (E), and 14 (F).  

Arrowheads indicate the regenerated myotubes in the ischemic limbs.  Scale bar = 100 μm.

Fig. 7.  Histopathological examination of ischemic limbs on day 10.
	 (A) Hematoxylin and eosin staining, (B–E) immunohistochemical staining for YB-1 (B), MyoD (C), αSMA (D), and 

SMemb (E) in ischemic hind limbs on day 10.  Arrowheads indicate the regenerated myotubes in the ischemic limbs.  
Scale bar = 100 μm.
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expression of several molecules that are important for mus-
cle regeneration.  Although further studies are required to 
elucidate the direct interaction between YB-1 and these 
myogenic molecules, the present study, together with previ-
ous studies, suggests an indispensable role for YB-1 in the 
regeneration of muscles in various situations.
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