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Wound healing in the oral and maxillofacial region is a complicated and interactive process. Severe

Received in revised form 31 August 2021
Accepted 13 September 2021

mucosal or skeletal muscle injury by trauma or surgery induces worse healing conditions, including
delayed wound closure and repair with excessive scar tissue. These complications lead to persistent
functional impairment, such as digestive behavior or suppression of maxillofacial growth in infancy.
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Osteopontin (OPN), expressed in a variety of cells, is multifunctional and comprises a number of func-
tional domains. Seven amino acids sequence, SVVYGLR (SV peptide), exposed by thrombin cleavage of
OPN, has angiogenic activity and promotes fibroblast differentiation into myofibroblasts and increased
expression of collagen type IIl. Additionally, synthetic SV peptide shows faster dermal and oral mucosal
wound closure by facilitating cell motility and migratory activities in dermal- or mucosal-derived ker-
atinocytes and fibroblasts. Moreover, cell motility and differentiation in myogenic cell populations are
accelerated by SV peptide, which contributes to the facilitation of matured myofibers and scarless healing
and favorable functional regeneration after skeletal muscle injury. SV peptide has high affinity with TGF-
{3, with potential involvement of the TGF-3/Smad signaling pathway. Clinical application of single-dose
SV peptide could be a powerful alternative treatment option for excessive oral and maxillofacial wound

care to prevent disadvantageous events.
© 2021 The Authors. Published by Elsevier Ltd on behalf of The Japanese Association for Dental
Science. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Oral and maxillofacial regions participate in producing many
rhythmically coordinated functional activities, including chewing,
sucking, swallowing, and articulation. Above all, skeletal muscles,
which are involved in the construction of the orofacial structure,
mainly function to form balanced jaw movements and to finely
adjust the force of movements in those activities. Skeletal mus-
cles, by themselves, have high self-renewal potency and can be
healed without issue from damage caused by exercise or minor
injury. However, serious damage by injury or surgery and progres-
sive diseases such as oral cancer may lead to muscle necrosis and
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the formation of intramuscular scar tissue, which often result in
insufficient muscular regeneration and long-lasting oral functional
impairment [1-3].In addition, excessive wounds of the oral mucosa
and orofacial skin can cause dysregulation or delay in the healing
process, leading to discomfort with rough texture or oral functional
impairment, primarily because of the development of hypertrophic
scarring. Furthermore, as occasionally seen in primary cleft palate
repair for infants with cleft palate, open mucosal wounds with
denuded bone in the growth period have often been associated with
disadvantageous effects of maxillary growth because of the excess
production of fibrosis in the raw surface region, which results in
malocclusion and midfacial deformity [4].

To obtain a natural wound appearance and prevent functional
impairment, adequate tissue regeneration with regression of scar-
ring is necessary [5]. As a current standard treatment option for
skeletal muscle injury, surgical intervention including suture repair
of lacerated mucosa/skin and muscle tissue or autologous tis-
sue reconstruction for the complex volumetric soft-tissue defects

1882-7616/© 2021 The Authors. Published by Elsevier Ltd on behalf of The Japanese Association for Dental Science. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.jdsr.2021.09.002
http://www.sciencedirect.com/science/journal/18827616
http://www.elsevier.com/locate/jdsr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jdsr.2021.09.002&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:stanaka@dent.osaka-u.ac.jp
https://doi.org/10.1016/j.jdsr.2021.09.002
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

S.Tanakaetal.

by free vascularized flap transplantation are commonly applied.
In addition, the combined use of physical therapy such as exer-
cise and various forms of rehabilitation are believed to enhance
angiogenesis and accelerate muscle fiber formation, especially in
surgically transplanted cases to some extent. For superficial or deep
widespread dermal or mucosal defects, dermal graft or dermal
fat grafting are frequently used, which compromise rapid wound
healing; however, the transposed skin often results in discom-
fort and oral dysfunction [6]. Alternative options are the use of
invitro-engineered mucosal cell sheets or an ex vivo—produced oral
mucosa equivalent, as they demonstrate rapid oral wound healing
with less fibrosis [7,8]. Nevertheless, these treatment options have
some limitations, such as the need for a certain period of time and
dedicated facilities to prepare a transplant sheet, the risk of onset of
unknown side effects due to transplantation of cultured cells, and
the issue of medical costs.

To improve mucosal or muscle regeneration, biological scaffolds
have been investigated in preclinical injured models. Collagen-
gelatin scaffolds retaining basic fibroblast growth factor, thymosin
4, and leptin have demonstrated accelerating mucosal wound
repair through enhancement of angiogenesis in the earlier phase
of healing process [9].

Recently, studies have reported the use of cell-based thera-
pies using induced pluripotent stem cell-derived cells, a local
injection of a mixture containing muscle-specific miRNAs, or the
delivery of growth factors including basic fibroblast growth factor,
insulin growth factor, nerve growth factor, transforming growth
factor beta-1(TGF-31), and platelet-derived growth factor to accel-
erate muscle regeneration in animal models [10-15]. However,
these treatment options have not yet reached clinical application
because of emerging problems, such as the spontaneous, malig-
nant transformation of stem cells [16,17]; restriction of the route
of administration; instability of effective concentration owing to
their short biologic half-life in vivo [11,18]; resistance to degrada-
tion; the immune response; off-target effect by therapeutic miRNA
[19]; and high-cost issues in manufacturing and quality control.

2. Osteopontin and osteopontin-derived SVVYGLR sequence

Extracellular matrix (ECM) constituents are critical components
of tissue regeneration during the course of wound healing via the
production of scaffolding, creation of a temporary matrix, and reg-
ulation of cellular function, such as the adhesion or migration of
cells during the healing process [20,21]. Osteopontin (OPN) is one
of the constituents of the ECM and is present in a wide variety
of cells [22,23]. OPN is upregulated at sites of inflammation and
tissue repair and is expressed in the skin during the fibrotic pro-
cesses in wound healing [23-25]. A previous study reported that
OPN plays a key role in the activation, adhesion, and migration of
myogenic cells as well as in the process of fibrosis after muscle
degeneration and inflammation, similarly to other compounds in
the ECM, such as collagen and fibronectin [24,26]. OPN consists of a
number of functional domains [27] that interact potently with var-
ious kinds of cells, including endothelial cells and smooth muscle
cells. The tripeptide arginyl-glycyl-aspartic acid (RGD) sequence is
involved, as in many other ECMs, such as fibronectin, collagen, and
laminin, and it is well known to mediate interactions via integrins
composed of oy 31, ayB1, oy B3, ayB5, oy 36, g B1, and a5 31 [28].
In addition, upon thrombin cleavage, Ser-Val-Val-Tyr-Gly-Leu-Arg
(SVVYGLR: SV peptide) sequence (SLAYGLR in mice) consecutive to
the C-terminal side of the RGD could be exposed at the C-terminus
of the N-terminal fragmented OPN (Fig. 1) [29]. The SVVYGLR motif
has also been revealed to mediate the interactions with integrins
composed of other subunits, ®931, 431, and a437 [30]. Upon der-
mal/mucosal wound or skeletal muscle injury, there is an increase
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Fig. 1. Schematic diagram of the structure of osteopontin (OPN).

Full OPN has a site of proteolytic cleavage by thrombin. Thrombin-cleaved N-
terminal OPN (N-OPN) fragment exposes seven amino acids sequence, SVVYGLR, at
the C-terminus. Inset shows the three-dimensional structure of seven amino acids.

in acute induction of OPN and the expression of thrombin associ-
ated with inflammatory responses; thus, fragmented OPN exposing
the SV motifon the C-terminusis believed to be accumulated during
the early phase of the wound-healing process. Likewise, thrombin-
cleaved N-terminal OPN induces enhanced adhesive properties and
is thought to have a different function as compared with full-length
OPN [29,31,32]. Those characteristics were considered to be, in part,
due to the exposed seven-amino-acid sequence. Because of the bio-
logical potency of this short peptide, the SV peptide, it should be
useful and beneficial for tissue engineering and regeneration, as it
can be easily metabolized, and the decomposition products might
be identifiable with lower molecular weight than growth factors.
To investigate the possible bioactivity and usefulness of the SV
peptide for tissue engineering and regeneration, researchers have
conducted a series of in vitro and in vivo studies using the synthetic
peptide SVVYGLR [33-44]. The salient features of the obtained find-
ings thus far are put forth in the following text.

3. Novel functional properties of the synthetic SV peptide
3.1. Angiogenic activity of the synthetic SV peptide

Angiogenesis is critically involved in a variety of pathologic
processes, including cancer progression, rheumatoid arthritis, and
arteriosclerosis [45,46]. Fast and functional vascularization is
important during the early phase of epithelial or muscle wound
repair to supply nutrients and oxygen to the wound area. In general,
vascular endothelial growth factor (VEGF), TGF-31, and fibroblast
growth factor are well-known potent proangiogenic agents that
exert angiogenic activity [47,48]. Herein, wound angiogenesis is
considered to be regulated by interactions among endothelial cells,
growth factors, and ECM constituents, including OPN. Previous
studies have revealed the potency of angiogenesis in OPN [49].
Interestingly, OPN-derived synthetic SV peptide activates adhesion
to endothelial cells and potentiates endothelial cell migration and
can induce tube formation comparable with that of VEGF, one of the
strongest angiogenic factors, indicating that SV peptide can appro-
priately differentiate endothelial cells in an in vitro angiogenesis
assay [33]. Further investigation using an in vivo dorsal air sac assay
consistently revealed comparable angiogenic responses between
VEGF and SV peptide [34]. Carbonate substituted apatite-collagen
sponges combined with SV peptide also enable their function as a
proper environment to recruit vascular endothelial cells and facil-
itate proliferation of bone marrow stromal cells in the graft [35].

3.2. Induction of smooth-muscle actin and collagen type Il by SV
peptide

During the proliferation phase of the wound-healing process,
fibroblasts migrate into the wound area and produce granulation
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tissue and then differentiate into myofibroblasts or produce ECM
components [50,51]. These events finally result in the wound con-
traction or the production of scar tissue [51]. Myofibroblasts, which
were first described in 1971 [52], are well known to share mor-
phological features with fibroblasts and smooth muscle cells, and
they are characterized by the expression of alpha-smooth-muscle
actin (a-SMA) [53]. A previous study revealed that the expression
of OPN is highly increased during fibroblast differentiation into
myofibroblasts, suggesting a possible role of OPN in the function
of myofibroblasts in tissue repair [54]. Supporting this idea, the
expression of ®-SMA is increased by the addition of SV peptide into
cardiac fibroblasts [36]. Conversely, nonfunctional SV (GYRVLSV:
random SV) peptide, which has the same molecular weight but a
different sequence from that of SV peptide, does not change the
expression of a-SMA in cardiac fibroblasts [36]. Consistent with
these findings, transplantation of an SV-expressing myoblast sheet
or SV peptide-release collagen gels into the myocardium in an
infarcted or dilated rat model demonstrates a significant increase
in the expression of SMA-positive cells and smooth muscle myosin
heavy chain type 2-positive cells, indicating cardiac fibroblasts in
the infarcted area are more likely to differentiate into the myofi-
broblasts [36-38]. The capillary density in the infarcted region is
increased, suggesting that the SV peptide promotes angiogenesis,
as seen in the endothelial cells [38].

In addition, the expression level of collagen type III (Col III)
and the Col IlI/collagen type I (Col I) ratio in the transplanted
tissue is significantly increased by SV peptide [37,38,40]. Herein,
as compared with undifferentiated cardiac fibroblasts, myofibrob-
lasts have great contractile capability and participate, in part,
in maintaining the structural integrity of healing scars. More-
over, the amount and distribution of Col I and Col III contribute
to the mechanical properties of the heart [55], in which Col
Il provides elasticity to the ECM, whereas Col I causes ten-
sile force by stiff fibrillar protein [56]. Upon cardiac injury, Col
Il is increased as the initial collagen, which is replaced by Col
I and consequently causes left ventricular systolic dysfunction
[37]. SV peptide-induced histological changes thus improve the
cardiac contractile property and inhibit the dilation of the left
ventricular chamber by facilitating fibroblasts to SMA-positive
myofibroblasts and the increased expression of Col III [38]. Con-
sistent with those findings, Col IlI-secretory fibroblast sheets and
recombinant thrombin-cleaved N-terminal osteopontin (N-OPN)
fragments demonstrate substantially equal effects. N-OPN and
other many ECM proteins are composed of the RGD sequence,
which is well known to influence cell motility, migration, prolif-
eration, and differentiation via its interaction with integrin [40].
Interestingly, RGD sequence-removed N-OPN also prevents car-
diac dysfunction, whereas SVVYGLR sequence-removed N-OPN and
thrombin-cleaved C-terminal OPN have demonstrated no effec-
tiveness on cardiac functional properties, indicating the functional
significance of the SV peptide [40].

3.3. SV peptide facilitates dermal and oral mucosal wound
healing

The same healing pathway is involved in dermal and oral
mucosal injury, including keratinocytes and fibroblasts in the ear-
lier phase and wound contraction promoted by myofibroblasts in
the later phase, respectively [57,58]. In particular, resident and
migrated fibroblasts are believed to play a critical role in the deposi-
tion and remodeling of the provisional ECM [59]. Based on previous
findings that SV peptide promotes angiogenesis and differentia-
tion of cardiac fibroblasts into active myofibroblasts, this peptide is
likely to have some effects on the dermal or oral mucosal wound-
healing process as well. Consistent with those findings, the SV
peptide facilitates cell motility and migratory activities of der-
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Fig. 2. SVVYGLR (SV peptide) facilitates mucosal wound healing in vivo.
Photographs taken during the healing process of the punch wound prepared at the
buccal mucosa show the acceleration of wound closure in the SV peptide group
compared with the PBS group [42].

mal fibroblasts and keratinocytes [39]. In general, oral fibroblasts
and keratinocytes differ in terms of phenotype and intrinsic char-
acteristics, such as the expression of fibroblast-derived growth
factors in response to inflammatory stimuli upon the injury, which
might contribute to faster and scarless healing of oral wounds as
compared with that in dermal wounds [5,57,60]. A recent study
demonstrated that the SV peptide also increases the cell migration
ability and the cell motility of both oral-derived cell populations
[42]. In vivo experiments using a rat skin wound model and oral
mucosal wound model showed faster wound healing accompa-
nied by an increased rate of wound contraction (Fig. 2) [39,42].
Both fibroblasts and keratinocytes are believed to participate in
wound healing by adhesion to the ECM and cytoplasmic elongation
and contraction [61,62]. Taken together, the SV peptide-induced
facilitation of migration of these cells should contribute to an accel-
erated wound closure. In addition, an immunohistochemical study
found that treatment of dermal or oral mucosal wounds with SV
peptide increases the number of heat shock protein-47 positive
fibroblasts, a-SMA-positive myofibroblasts, and von Willebrand
factor-positive new capillaries in the prepared region in an earlier
period (days 1-3 after injury) in both animal models [39,42]. These
results suggest that SV peptide-induced angiogenesis also, in part,
stimulates and accelerates the wound-healing process [42,63].

3.4. SV peptide promotes cell motility of myogenic cells and
facilitates differentiation

Skeletal muscle has self-renewal capabilities upon damage
induced by exercise or minor injury and can be healed with-
out issue. Herein, some myogenic cellular populations participate
in the regenerative process. Satellite cells, which are precursor
cells normally present in a dormant state, are activated upon
injury, proliferate, and partly differentiate into myoblasts and
embryonic progenitor cells. Myoblasts undergo terminal differ-
entiation into multinucleated myotubes by fusing with other
myoblasts; myotubes then form new muscle fibers to regenerate
[3,13,41-43,64].

Recent studies have evaluated human-derived skeletal muscle
satellite cells (HSkMSC) and myoblasts (HSMM) for the effects of
the SV peptide on their biological properties [43]. Both HSkMSC
and HSMM showed no significant difference in the pattern of pro-
liferation or quantification of cell adhesion to fibronectin in the
condition treated by SV peptide as compared with treatment with
random SV or phosphate buffered saline (PBS) [43]. Conversely, the
SV peptide significantly increased the number of migrated cells and
cell motility in both cell groups as compared with random SV or PBS
[43]. During muscle regeneration, activated satellite cells migrate
from a distant undamaged region, and a portion of them differen-
tiate into myoblasts, which further migrate into the injured region

176



S.Tanakaetal.

and fuse with each other to form myofibers. The migration of myo-
genic cells is thus critically important, and the SV peptide-induced
elevation of migration activities and cell motilities in HSkMSC and
HSMM suggests the facilitation of differentiation for myogenesis

The expression of myogenic regulatory transcription factors is
critical for maintaining normal muscle activity and repairing dam-
aged muscle [65]. MyoD and myogenin are types of transcription
factors, and MyoD functions to promote the proliferation of satel-
lite cells and the transition of cells into differentiation and later has
a role in myogenin induction, whereas myogenin participates in
the terminal determination and fusion of myoblasts and their dif-
ferentiation into myotubes, respectively [66,67]. As expected, the
expression of myogenin-positive nuclei is significantly increased
in HSMM treated with the SV peptide, as compared with those
of immunoreactivity treated with random SV or PBS. Histologi-
cal evaluation also revealed more immunoreactive cells MyoD and
myogenin in the regenerated tissue treated by the SV peptide as
compared with random SV or PBS [43], which provides support
for the idea that the SV peptide modulates the biological proper-
ties of myogenic cells by increasing the expression of myogenic
transcription factors.

Myosin heavy chain (MHC) is a late-stage differentiation marker
of myogenesis in myotube and mature fiber formation. A recent
immunohistochemical study demonstrated that the number of
MHC-positive nascent myotubes with multinucleated cells was
highly promoted from cultured HSMM treated by the SV peptide
in comparison with other cultured conditions treated by random
SV or PBS [44]. Taken together, during skeletal muscle regenera-
tion, the SV peptide facilitates myogenic cell differentiation and
preferably increases the efficiency of myotube formation.

3.5. SV peptide has potent utility in oral functional recovery via
facilitation of matured skeletal muscle regeneration and scarless
healing

Based on the findings obtained from the SV peptide-induced
functions on the biological properties of myogenic cell popu-
lations [43,44], this novel synthetic peptide should also have
some beneficial effects on functional regeneration after exten-
sive skeletal muscle injury. Volumetric muscle loss (VML) models,
which impede muscle regeneration because of denervation, pro-
tein degradation, and proliferation of scar tissue, leading to motor
dysfunctions, are typically used to assess muscle regeneration, par-
ticularly in the lower extremities [68,69]. To evaluate the effect
of the SV peptide on the VML model with oral and maxillofacial
dysfunction, a rat model with volumetric excision of the bilat-
eral masseter muscles has been used [41]. A single dose of the SV
peptide or PBS was locally injected into the cut end of the mus-
clesimmediately after injury, and electromyogram (EMG) activities
were recorded from the injured muscles during the chewing phase,
which demonstrated greater recovery of the maximum amplitude
and duration of each burst in the SV peptide group than in the
PBS group. These effects gradually increased and persisted for a
long period of time after injury (Fig. 3A) [41]. The Lissajous figure,
obtained by synthesizing two simple vibrations that are orthogonal
to each other, is useful for analyzing the coordination of bilateral
masticatory muscle activities by tracing the chewing cycles [70,71].
In the above VML model, wherein a single dose of the SV peptide
was injected into only one side, the Lissajous figures synthesized
from the bilateral masseter muscle activities showed a significant
change in the slope of the regression line, reflecting a substantial
increase in the magnitude of the muscle activity by the SV pep-
tide (Fig. 3B) [41]. The total feeding time tended to decrease in
the SV peptide group, resulting in an increase in the calculated
feeding rate over time, supporting the results of the EMG and
Lissajous figure analyses. Microscopic findings revealed the sup-
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pression of the formation of granulation tissue in the earlier period
of the wound-healing process in the group treated with SV pep-
tide, thereby subsequently producing less fibrotic scar tissue in the
later period as compared with those treated by PBS (Fig. 4) [41].
In general, the diameter of the myofiber could be influenced by
pathological conditions, and VML tends to cause atrophic changes
with a decreased diameter by denervation and protein degradation
[72]. Interestingly, the local administration of the SV peptide clearly
shows a significant increase in the average diameter of the regen-
erated muscle fiber in comparison with the PBS and the untreated
VML groups. Those results suggest that a single dose of the SV pep-
tide hastens injured muscle functional recovery accompanied by
facilitative effects on protein synthesis related to myofiber regen-
eration, which potentially contributes to the sustained suppressive
effects on fibrotic changes observed during the healing process after
excessive loss of muscle over the long-term period, unlike other
agents [11].

3.6. Involvement of the TGF-B1/Smad signaling pathway
underlying the SV peptide-induced effects on tissue regeneration

During the wound-healing process, fibroblasts migrate into
the wound space and synthesize and remodel the ECM [59].
Herein, the activation of the TGF-3/Smad signaling pathway is
believed to be associated with the differentiation of fibroblasts
into a-SMA-positive myofibroblasts, such as the SV peptide or
thrombin-cleaved N-OPN-exposed SVVYGLR motif[73]. TGF-{3 also
regulates angiogenesis via the activation of vascular endothelial
and smooth muscle cells [73,74]. OPN, by itself, has a potency
for angiogenesis, as described above [49] and is also required for
the differentiation of myofibroblasts [54]. Consistent with those
findings, a previous study revealed that the SV peptide, but not
random SV, has a great affinity for TGF-3 receptor II [36]. Phos-
phorylation of TGF-f receptor 1, Smad2, and Smad3 are induced in
cardiac fibroblasts exposed to the SV peptide or TGF-31 to the same
degree, suggesting the same mechanism could be involved in SV
peptide-induced myocardium-protecting actions through promot-
ing angiogenesis, differentiation of fibroblasts into a-SMA-positive
myofibroblasts, and overexpression of Col IIl [37]. In support of
this idea, the TGF-31 receptor inhibitors, SB431542 or SB505124,
substantially suppress the SV peptide-induced migration activities
of gingival fibroblasts and oral mucosa keratinocytes [42]. Upon
skeletal muscle injury, TGF-f3 interacts with other diffusible sig-
naling proteins, such as growth factors or environmental elements,
and regulates the biological properties of myogenic cells, influ-
encing muscle repair. The TGF-31 receptor inhibitor substantially
suppresses the SV peptide-induced migration activities of HSkMSC
and HSMM [44]. The expression of phosphorylation of Smad3 is
consistently increased in both myogenic cells treated by the SV
peptide in comparison with random SV and PBS [44]. Although
TGF-f signaling is considered to be involved in the SV peptide-
induced facilitative effects on mucosal wound healing and muscle
regeneration (Fig. 5), TGF-31 also participates in fibrotic change in
the later period of the healing process by promoting ECM preser-
vation [4,75,76]. In fact, TGF-31 levels in skeletal muscle cells
increase by age and are believed to contribute to aging-associated
fibrosis. With regard to TGF-3-related conflicting actions, previ-
ous studies described the application of a single dose of SV peptide
to the VML animal model or oral mucosal wound animal model
[41,42], in which this short-length peptide was rapidly degener-
ated and lost its potency to activate TGF-3 receptors during the
later phase of the healing process, resulting to less scar forma-
tion and beneficial effects on tissue regeneration and functional
recovery.

The SVVYGLR motif by thrombin’s proteolytic cleavage of full-
length OPN has the capability of binding to integrin a431, a9f31,
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Fig. 3. SV peptide accelerates the functional recovery of impaired skeletal muscle activities in vivo.

(A) Representative raw electromyography (EMG) traces recorded at 1, 4, and 8 weeks after the masseter muscle injury treated by SV peptide show higher EMG amplitude
post-treatment as compared to that treated by PBS [41]. (B) Lissajous figures synthesized from bilateral masseter muscle activities in the VML model recorded 8 weeks after
PBS or SV peptide treatment. Each graph presents tracing of the voltage trajectory, with each peak voltage value normalized by the maximum value within 50 bursts recorded
from the injected (left) side on the X-axis and the non-injected (right) side on the Y axis. The slope of the fitted line, obtained by regression analysis, shows a significant

decrease in the SV peptide group compared with the PBS group [41].

Fig. 4. SV peptide facilitates the regenerative process of skeletal muscles in the VML model.
Sirius red staining, 8 weeks after the injury was treated with PBS (A) or SV peptide (B), respectively (x200 magnification; scale bars = 1 mm) [41].

and 437 in a non-RGD-dependent manner [29]. Human-derived
myoblasts express integrin av[33, which is believed to regulate
the proliferation and differentiation of mouse-derived satellite
cells [77]. In addition, the 31 subunit might be related to the
proliferation, differentiation, and fusion of myoblasts [78]. As
a general concern, integrins directly regulate the activation of
TGF-$ or influence TGF-B-induced signal transduction. Fibrosis
during the wound-healing process is considered to be regulated
by integrin-TGF-[3 crosstalk; that is, TGF-3 induces the expres-
sion of integrins such as «1B1 or a231 and mediates remodeling
of collagen and contraction of myofibroblasts [79]. The possibility

that integrin-TGF-[3 crosstalkis involved in the SV peptide-induced
facilitative effects on cell motility, migration activities, and cell
differentiation should be informative and warrants further inves-
tigation.

4. Conclusion: therapeutic implication of SV peptide

The induction of OPN expression after injury or surgical invasion
functions to mediate diverse biological functions such as inflamma-
tory responses [21], and a deficiency of OPN has been reported to
result in delayed inflammatory responses and muscle regeneration
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Fig. 5. Schematic for the upregulation of cell motility and expression of myogenic markers by SV peptide based on our previous reports [37,41-44].

Synthetic SVVYGLR binds to the TGF-3 receptor, which results in the phosphorylation of Smad2 and Smad3. The phosphorylated Smad2/3 translocates to the nucleus to
regulate gene expression and upregulates migratory activities in mucosal keratinocytes, gingival fibroblasts, satellite cells, and myoblasts accompanied by the increased
expression of myogenic markers such as MyoD, myogenin, and MHC. As a result, SV peptide accelerates mucosal wound healing or skeletal muscle regeneration upon injury.

Table 1
Comparison of therapeutic approaches to skeletal muscle repair and healing.

Cell-based therapy (iPS-derived
cell/stem cell sheet)

Gene therapy (microRNA)

Growth factor therapy (bFGF, IGF,
NGF, PDGF, TGF-(3)

Peptide therapy (SVVYGLR)

Requires many cells Direct administration
Scaffolding material required

(Thoracotomy required for heart)

Route of
administration

Safety/toxicity/ Risk of malignant transformation

metabolism mutation
Risk of bacterial or viral infections  Off-target effects
and transmission

High cost in terms of productivity

Synthesis/cost and quality control,

low

time-consuming process (culturing High-cost issue in terms of quality

and adjusting transplanted cells in
a sterilized environment)

control

(Scaffold material required)
Excellent operability by use of viral
vector and lipid nanoparticles

Risk of immune response and gene

Manufacturing cost is relatively

Direct administration

(Scaffold material not required)
Low molecular weight and
applicable to various dosage
forms (emulsion, ointment, etc)

Direct administration
(Scaffold material required)
Short biologic half-life in
vivo/instability of effective
concentration

(Need for multiple factors)
Risk of immune

response and

adverse effects

Small molecules with fast
metabolism/lower risk of
immune response

Possible to synthesize in large
quantities with lower cost (highly
efficient synthesis methods have
been established)

High-cost issue

(Time restriction from dispensing
to administration to avoid
denaturation and decreased
activity)

[80]. Increased expression of thrombin, as one of the proinflam-
matory features, causes cleavage of resident full-length OPN and
promotes N-terminal fragment, which gains multifunctional effects
including angiogenesis and the increased expression of Col III via
the SVVYGLR motif on its C-terminus, as described in this study
[33-40]. Additional local administration of synthetic SV peptide
augments the local expression level of SVWYGLR motifin the injured
site, leading to an acceleration of subsequent cellular reactions
related to tissue regeneration, including cell motility, migration,
and differentiation in myogenic and epidermal cell populations. In
most cases of wound healing in extensive tissue defects by injury
or surgery, complete recovery via morphological reconstruction by
the original structural components is compromised because of sec-
ondary developed fibrosis [71]. The overexpression of OPN has been
reported to reduce the regenerative response to injury or decreased
muscle strength in aged muscle [81,82]. The application of a single
dose of synthetic SV peptide into an open wound immediately after

surgery, such as in cleft palate repair, might facilitate wound closure
and produce more mature myofibers via stimulation of biological
properties of epidermal or myogenic cells in the earlier phase of
the healing process. As a novel feature of this short peptide, small
molecules with fast metabolism will prevent excessive production
of myofibroblasts with a contractile property via the TGF-[3 receptor
activation in the later period of the healing process. Consequently,
the SV peptide favorably improves injured skeletal muscle func-
tions with less production of scar tissue, which might also help
to avoid the secondary impairment of bone growth in pediatric
surgery.

The use of the alanine scan assay has revealed that the fourth
amino acid Y (tyrosine) in this short-length peptide plays a key role
in the emergence of angiogenesis and that both terminal amino
acids S (serin) and R (arginine) are not required for functional
expression. In addition to faster metabolism, lower risk of immune
response, and lower cost owing to low molecular weight, these
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characteristics provide another advantage: the possibility of devel-
oping more effective mutant peptides by substituting Y for other
amino acids or the possibility that terminal amino acids can be
used as conjugating sites with carrier proteins or scaffold materials
(Table 1) [33,34]. Further investigations to determine the opti-
mal administration in clinical applications should be beneficial and
informative.
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