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Abstract Interpretation on the effectiveness of potential
substances to enhance skeletal muscle regeneration is diffi-
cult if an inappropriate vehicle is administered, since vehicle
administration can directly enhance or suppress regenerative
capacity. In the current study, intramuscular administration
of lipid-soluble and water-soluble vehicles into regenerating
muscle at the distinct phases of skeletal muscle regeneration
(regenerative vs. remodeling) were investigated. Tested vehi-
cles included lipid-soluble [olive oil, (0.1, 1, 5, and 40%)
dimethyl sulfoxide (DMSO), and 40% propylene glycol
(PG)] and water-soluble [0.9% NaCl, PBS, 0.1% ethanol, and
distilled water]. Skeletal muscle regeneration was induced
by 1.2% BaCl, injection to the tibialis anterior muscle of
10-week-old C57BL/6 male mice. Histological features,
skeletal muscle stem cell activity, regenerating muscle fiber
formation, angiogenesis, extracellular matrix remodeling,
and macrophage infiltration were examined. The results
revealed repeated administration of 40% DMSO and 40%
PG causes significant recurrent muscle injury, which is
pronounced during the remodeling phase compared to the
regenerative phase. These findings were supported by (1)
massive infiltration of F4/80" macrophages; (2) significant
increase of skeletal muscle stem cell re-activation and nas-
cent regenerating muscle fiber formation; (3) excess fibrous
formation; and (4) decreased regenerating muscle fiber
cross-sectional area. These deleterious effects were compa-
rable to 2% trypsin (degenerative substance) administration
and less pronounced with a single administration. Neverthe-
less, recurrent muscle injury was still presented with 5%
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DMSO administration but it can be alleviated when 0.1%
DMSO was administered during the remodeling phase. In
contrast, none of the tested vehicles enhanced regenerative
capacity compared with IGF-1 administration. Altogether,
intramuscular administration of vehicle containing high con-
centration of DMSO or PG could impair skeletal muscle
regenerative capacity and potentially affect validation of the
investigational substance.
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Introduction

Skeletal muscle contains a well-characterized process to
repair damaged muscle fibers after injury. This healing pro-
cess requires the function of satellite cells, which are the res-
ident skeletal muscle stem cells that become activated after
muscle injury [1-4]. Skeletal muscle regeneration can be
classified into two distinct phases: regenerative and remod-
eling. The regenerative phase involves a significant increase
of myogenic regulatory factors (i.e., MyoD and myogenin)
[5] and rapid differentiation of satellite cells that develop
into nascent muscle fibers expressing embryonic myosin
heavy chain (EbMHC) [6]. At this phase, angiogenesis is
crucial and works to enhance regenerative muscle formation
[7]. In contrast, the remodeling phase is a later event that
coincides with the maturation of regenerating muscle fibers
accompanied by extracellular matrix remodeling to organize
the structural components. The significant up-regulation of
extracellular matrix regulating gene transcriptional profiles
after muscle injury support the importance of extracellular
matrix remodeling during skeletal muscle regeneration [8].
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Administrations of drugs [9-11], natural compounds
[12, 13], growth factors [14—17], and potential substances
[18-20] have been extensively investigated to test their
beneficial effects on skeletal muscle regenerative capacity.
However, administration of the investigational substance to
the regenerating muscle requires the appropriate vehicle.
Local administration, i.e., intramuscular administration,
is beneficial, if prevention of the undesired effect of the
investigational substance on non-target tissues is required.
In addition, intramuscular administration enhances rate of
delivery and rapid absorption of the testing substance [21]
to the regenerating muscle compared to systemic admin-
istration routes, i.e., subcutaneous and intraperitoneal
administrations.

Lipid-soluble and water-soluble vehicles for intra-
muscular administration are routinely used in biomedical
research and clinical application. However, the direct effects
of these vehicles on skeletal muscle regenerative capacity
after intramuscular administration are currently unknown.
Skeletal muscle regeneration is a complex process that
involves satellite cell function, regenerative muscle forma-
tion, angiogenesis, extracellular matrix remodeling, and the
up-regulation of various growth factors and cytokines all of
which can influence the reparative process [1]. Therefore,
it is likely that the vehicle itself could enhance or suppress
the regenerative capacity through interaction with these
regenerative components. Hence, the interpretation of the
investigational substance can be influenced if an inappropri-
ate vehicle is administered. Moreover, the administration
frequency of the vehicle is directly related to the half-life
of the investigational substance. Nevertheless, the effects
of administration of vehicle at different frequencies during
the distinct phases of skeletal muscle regeneration have not
been explored. Therefore, the present study aims to delineate
the effects of intramuscular administration of lipid-soluble
and water-soluble vehicles on skeletal muscle regenerative
capacity at the distinct phases of regeneration (regenerative
vs. remodeling) with different administration frequencies
(single injection vs. multiple injections).

Materials and methods
Animals

Male C57BL/6 mice were obtained from the National Labo-
ratory Animal Centre, Salaya, Nakhon Pathom, Thailand.
Mice were housed at the Laboratory Animal Facilities
(Faculty of Science, Mahidol University) under 12:12-h
light—dark cycle in a temperature- and humidity-controlled
room. Experimental procedures in animals were conducted
in accordance with institutional guidelines for the care and
use of laboratory animals which was approved by the Faculty
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of Science, Mahidol University Animal Care and Use Com-
mittee (SCMU-ACUC) (Protocol No. MUSC57-014-309).

Chemicals and reagents

All chemicals and reagents were purchased as listed fol-
lows: olive oil (01514), LONG®R? IGF-I human recom-
binant analog (I1271), 2-methylbutane (M32631), Triton®
X-100 (X100), mouse monoclonal anti-dystrophin anti-
body (D8168), and rabbit polyclonal anti-laminin antibody
(L9393) (Sigma, St Louis, MO, USA); mouse monoclonal
anti-myogenin (sc-12732), anti-MYH3 (F1.652) (sc-53091),
and anti-vimentin (sc-32322) antibodies (Santa Cruz Bio-
technology, CA, USA); rabbit polyclonal anti-CD31
(ab28364), rat monoclonal anti-F4/80 (ab6640), and goat
anti-rat Alexa Fluor® 488 (ab150157) antibodies (Abcam,
Cambridge, UK); dimethyl sulfoxide (DMSO) (102952), eth-
anol (EtOH) (108543), acetone (100014), hematoxylin solu-
tion modified acc. to Gill IT (105175), eosin Y (C.I. 45380)
(115935), and ImmunoPen™ (402176) (Merck Millipore,
MA, USA); normal goat serum (PCN5000), goat anti-mouse
Alexa Fluor® 568 (A-11004), and goat anti-rabbit Alexa
Fluor® 488 secondary antibodies (A-11008) (Invitrogen, CA,
USA); mouse IgG blocking reagent (MKB-2213) and anti-
fade containing DAPI mounting medium (H-1200) (Vec-
tor Laboratories, CA, USA); Tissue-Tek O.C.T. Compound
(4583) (Sakura Finetek, CA, USA); Xylene (X/0250/17)
and Permount™ Mounting Medium (SP15) (Fisher Scien-
tific, NJ, USA); paraformaldehyde (PFA) (15713) (Electron
Microscopy Science, PA, USA); sterile phosphate-buffered
saline (PBS) (10010023) and trypsin solution, no phenol
red (15090046) (Gibco, NY, USA); Attane™ Isoflurane,
USP (Piramal Critical Care, Inc., PA, USA); barium chlo-
ride (AJAS81) and propylene glycol (PG) (AJA427) (Ajax
Finechem Pty Ltd, NSW, Australia).

Skeletal muscle regeneration study model

Young adult male mice (10-week-old) were anesthetized
with isoflurane prior intramuscular administration of 50 ul
of 1.2% BaCl, solution to the tibialis anterior (TA) muscle.
During injection, 1.2% BaCl, solution was slowly released
into the TA muscle to induce extensive injury and skeletal
muscle regeneration. Thereafter, mice were assigned into
two groups to investigate the phases of skeletal muscle
regeneration. Characteristics of regenerative and remod-
eling phases were determined according to the expression
levels of EEMHC and myogenin (myogenic regulatory fac-
tor) proteins. Skeletal muscle cross-sectional area (CSA) and
fiber size distribution were examined to verify the changes
of histological perspective at these distinct phases of skeletal
muscle regeneration.
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Intramuscular administration of vehicles

Mice were randomly allocated into four groups to investigate
the effects of intramuscular administration of lipid-soluble
and water-soluble vehicles on skeletal muscle regenerative
capacity. Regenerating TA muscles received intramuscular
administration of 50 ul of lipid-soluble vehicles [olive oil,
(0.1, 1, 5, and 40%) DMSO, and 40% PG] or water-soluble
vehicles (0.9% NaCl, PBS, 0.1% EtOH, and distilled water)
at the distinct phases of skeletal muscle regeneration with
different administration frequencies including (1) single
injection at regenerative phase (single administration on day
4 after BaCl, injection); (2) multiple injections at regenera-
tive phase (repeated administration once a day for 4 days
during day 4-7 after BaCl, injection); (3) single injection
at remodeling phase (single administration on day 11 after
BaCl, injection); and (4) multiple injections at remodeling
phase (repeated administration once a day for 4 days during
day 11-14 after BaCl, injection). DMSO (0.1, 1, 5, and 40%)
and PG (40%) were prepared in 0.9% NaCl and distilled
water, respectively. No vehicle administration (needle punc-
ture) serves as a respective control in this study. Moreover,
two substances that have been proven to act as a growth
factor (insulin-like growth factor-1; IGF-1) and trypsin
(degenerative substance) on skeletal muscle regenerative
process were investigated in the current study to interpret
the effects of different vehicles on skeletal muscle regenera-
tive capacity. IGF-1 is a growth factor that has been reported
to promote skeletal muscle regeneration after injury [15, 17,
22] and its effective dose for intramuscular administration
was 100 ng/injection [23]. In contrast to IGF-1, 2% trypsin
can induce an impairment on skeletal muscle regeneration
process by its destructive effect on the basal lamina of skel-
etal muscle fibers [24]. The administrations of IGF-1 and
2% trypsin were performed according to the experimental
design as described for vehicle administrations.

Muscle sample collection

Regenerating TA muscles were collected on 8 days (regen-
erative phase) and 15 days (remodeling phase) after
BaCl,-induced muscle injury, TA muscle was finely dis-
sected and muscle wet weight was determined using a digi-
tal weight scale (Mettler Toledo, MS204S). Normalization
of TA muscle wet weight (mg) to mouse body weight (g)
represents the muscle wet weight to body weight ratio.

Histological analysis

Muscle samples were placed in O.C.T. compound, snap
frozen in pre-cooled 2-methylbutane, and sectioned at
10 um thickness with cryostat (CM1850; Leica, Wetzlar,
Germany). Histological features were determined using

hematoxylin and eosin staining for an evaluation of regen-
erating muscle fiber morphology. For regenerating muscle
fiber CSA quantification, six images were randomly cap-
tured through the entire regenerating tibialis anterior section
at X200 magnification using Olympus microscope (Model
BX53) connected with a digital camera (DP73) (Olympus,
Tokyo, Japan). Regenerating muscle fiber CSA was analyzed
using ImagelJ 1.50i (National Institutes of Health, Bethesda,
MD, USA).

Immunohistochemical analysis

All immunostaining steps for EEMHC (encoded by the
MYH3 gene), myogenin, CD31, and vimentin were per-
formed as previously described [25]. Laminin and dystro-
phin antibodies were applied for double-labeling study to
delineate regenerating muscle fiber structure. For F4/80 and
dystrophin double-labeling, sections were pre-fixed with ice-
cold acetone for 10 min. After washed with PBS, the sections
were blocked with mouse IgG blocking reagent for 1 h to
reduce non-specific staining that could develop when apply
the primary antibody raised from mouse on mouse tissue.
Thereafter, sections were washed with PBS, 10% normal
goat serum was applied for 1 h followed with simultaneous
incubation of primary rat anti-F4/80 antibody (1:100) and
mouse anti-dystrophin antibody (1:100) overnight at 4 °C.
For immunofluorescence signal visualization, the stained-
sections were washed with PBS followed with simultaneous
incubation of goat anti-rat Alexa Fluor® 488 (1:500) and
goat anti-mouse Alexa Fluor® 568 (1:500) secondary anti-
bodies for 1 h in the dark. Thereafter, the stained-sections
were extensively washed with PBS + 0.01% Tween®20 to
washout excess secondary antibodies. Anti-fade containing
DAPI was applied for nuclear visualization and preserving
the fluorescent-stained signal. For quantitative analysis, the
mid-belly portion of regenerating TA muscle was used to
analyze. Six images were obtained from randomly captured
through the entire regenerating tibialis anterior section
using Olympus Microscope (Model BX53) connected with
a digital camera (DP73) (Olympus) at X200 magnification.
The quantitative area of expressions of EEMHC, CD31, and
vimentin proteins, and F4/80* cell infiltration were analyzed
using segmentation method while myogenin* nuclei were
counted using single point measurement tool of cellSens
Dimension Desktop software version 1.14 (Olympus).
EbMHC, CD31, and vimentin area of expressions, F4/80"
cell infiltration, and number of myogenin™ nuclei from vehi-
cle, IGF-1, and 2% trypsin administered groups were nor-
malized with the data of no vehicle group and expressed
as fold change for quantitative analysis. The representative
immunostaining images were illustrated with either X200 or
%400 magnification.
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Statistical analysis

Data are presented as mean + SEM. Normal distribution
and the homogeneity of variance were analyzed with Sha-
piro—Wilk and Levene’s test, respectively. Independent ¢
test, Mann—Whitney U test, one-way ANOVA with Dun-
nett or Dunnett’s T3 post hoc test were used to compare
the differences between groups. The significant differ-
ences among groups were analyzed with SPSS version
18.0 and the statistical significant was set at p < 0.05.

Results

Characteristics of regenerative and remodeling phases
of skeletal muscle regeneration

Regenerative and remodeling phases of skeletal muscle
regeneration are distinct processes related to EbMHC protein
expression and satellite cell activity. Regenerative phase is
classified as the stage that robust EEMHC protein expres-
sion accompanies the rapid differentiation of satellite cells
(myogenin* nuclei, arrowheads) (Fig. 1a, b, left panel). On
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Fig. 1 Characteristics of regenerative and remodeling phases of skel-
etal muscle regeneration. a Representative images of EbBMHC immu-
nostaining and b myogenin* nuclei (arrowheads) during regenerative
and remodeling phases, scale bars = 50 um. Laminin and DAPI were
applied to delineate regenerating muscle fiber structure and nuclei,
respectively. Arrows indicate centrally nucleated muscle fibers (hall-
mark of skeletal muscle regeneration). ¢, d Quantitative analysis of
EbMHC and myogenin protein expression. ***p < 0.001 compared
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to regenerative phase (n = 5 mice/group). e Histogram analysis of
regenerating muscle fiber CSA during regenerative and remodeling
phases. The average number of measured regenerating muscle fiber
CSA during regenerative and remodeling phases were 1240 and 797
fibers/mice (n = 5 mice/group). f Quantitative analysis of regenerat-
ing fiber CSA during regenerative and remodeling phases, **p < 0.01
compared to regenerative phase (n = 5 mice/group). Regen regenera-
tive phase, Remodel remodeling phase
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the other hand, the remodeling phase is characterized as
the stage that barely detectable of EbMHC protein expres-
sion and low satellite cell differentiation (Fig. 1a, b, right
panel). This remodeling phase represents the maturation of
regenerating muscle fibers and extracellular matrix remod-
eling. To verify these distinct processes of skeletal muscle
regeneration, significantly lower of EEMHC protein expres-
sion (0.01 + 0.01-fold) (p < 0.001) (Fig. 1c) and myogenin
protein expression (0.09 + 0.03-fold) (p < 0.001) (Fig. 1d)
in the remodeling phase compared to regenerative phase is
apparent. In histological perspective, the sharing characteris-
tic between these two phases of skeletal muscle regeneration
is the presence of centrally nucleated regenerating muscle
fibers as illustrated in Fig. 1b (arrows). Nevertheless, the
difference in regenerating muscle fiber CSA between the
regenerative and remodeling phases was evident. As histo-
gram analysis revealed a significant increase in regenerating
muscle fiber size (rightward shift) in the remodeling phase
compared to the regenerative phase (Fig. 1e) that associ-
ated with a significant increase of regenerating fiber CSA
(784 + 41.7 vs. 1321.0 + 92.4 um?) (p < 0.01) (Fig. 1f).

Impact of intramuscular administration of vehicles
during the regenerative phase

To investigate the effects of intramuscular administration
of vehicles during the regenerative phase, regenerating
TA muscles received daily intramuscular administration
of vehicle compounds during days 4-7 after 1.2% BaCl,
injection. Four to seven days after injury induction repre-
sents the regenerative phase closely related to the substantial
expression of skeletal muscle regeneration regulatory pro-
teins (EbMHC and myogenin) and angiogenesis. This phase
occurs following the degenerative phase that involves an
extensive degeneration of the damaged muscle fibers. In this
experiment, histological analysis demonstrated an increase
in small nascent regenerating muscle fibers in 40% DMSO,
40% PG, and 2% trypsin administered groups compared to
no vehicle (Fig. 2a). These changes were correlated with
the tendency to increase in EbMHC and myogenin protein
expression in 40% DMSO (1.4 + 0.1-fold and 1.7 = 0.3-fold)
and 40% PG (1.5 + 0.2-fold and 1.5 + 0.2-fold) administered
groups (Fig. 2b, c). Moreover, intramuscular administration
of these vehicles tended to alter CD31 protein expression
(0.8 £ 0.1-fold and 0.9 + 0.1-fold) (Fig. 2d) but failed to
change muscle wet weight to body weight ratio compared
to no vehicle (Fig. 2e). On the other hand, EEMHC pro-
tein expression was decreased after IGF-1 administration
compared to no vehicle group (0.4 + 0.1-fold) (p < 0.05)
(Fig. 2b). Furthermore, there was a significant increase in
EbMHC (1.6 + 0.2-fold) and a decrease in CD31 (0.8 £ 0.1-
fold) protein expression in 2% trypsin administered group
compared to no vehicle (p < 0.05) (Fig. 2b, d). However,

daily intramuscular administrations of olive o0il, 0.9% NaCl,
PBS, 0.1% EtOH, and distilled water at the regenerative
phase did not impact skeletal muscle regulatory protein
expression (Fig. 2b, c¢), angiogenesis (Fig. 2d), or muscle
wet weight to body weight ratio (Fig. 2e).

Immunohistochemical perspectives of intramuscular
administrations of 40% DMSO, 40% PG, IGF-1, and 2%
trypsin during the regenerative phase

The representative images of EbMHC, myogenin, and CD31
protein expression after daily intramuscular administrations
of 40% DMSO, 40% PG, IGF-1, and 2% trypsin compared
to no vehicle during the regenerative phase are illustrated in
Fig. 3a. The small nascent regenerating muscle fibers with
robust EbMHC protein expression (arrows) were apparent in
40% DMSO, 40% PG, and 2% trypsin administered groups.
These changes were related with a tendency to increase
myogenin (arrowheads) and decrease CD31 protein expres-
sion (Fig. 3a). In contrast, barely detection of EEMHC and
decreased CD31 protein expression was evident in IGF-1
and 2% trypsin administered groups, respectively. Repre-
sentative double-labeling images of EbMHC, myogenin,
and CD31 protein expression with laminin/dystrophin at
the defective area that comparably observed in 40% DMSO,
40% PG, and 2% trypsin administered groups are illustrated
in Fig. 3b.

Impact of intramuscular administration of vehicles
during the remodeling phase

In contrast to a rapid repair of damaged muscle fibers dur-
ing the regenerative phase, the remodeling phase accounts
for the enlargement of the regenerating muscle fibers and
extracellular matrix remodeling to re-organize the structural
components. In this subsequent experiment, regenerating TA
muscles received daily intramuscular administration of vehi-
cle compounds for 4 consecutive days during days 11-14
after muscle injury. This administration schedule encom-
passes the remodeling phase of skeletal muscle regenera-
tion. After multiple intramuscular administrations of vehicle
compounds were applied at this phase, massive increased of
nascent regenerating muscle fibers in 40% DMSO, 40% PG,
and 2% trypsin administered groups was evident (Fig. 4a).
These results suggest intramuscular administration of 40%
DMSO, 40% PG, and 2% trypsin leads to a significant recur-
rent muscle injury. To support this notion, skeletal muscle
regeneration regulatory proteins (EbMHC and myogenin)
were significantly increased in 40% DMSO [27.0 + 2.8-fold
and 8.5 + 1.2-fold (p < 0.01)], 40% PG [33.3 + 5.2-fold and
6.4 + 0.9-fold (p < 0.01)], and 2% trypsin [53.5 + 3.6-fold
and 7.4 + 1.4-fold (p < 0.01)] administered groups com-
pared to no vehicle (Fig. 4b, c). Moreover, muscular fibrosis
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Fig. 3 Impact of intramuscular
administrations of 40% DMSO,
40% PG, IGF-1, and 2% trypsin
on skeletal muscle regenerative
capacity during the regenerative
phase. a Representative images
of skeletal muscle regeneration
regulatory proteins (EbMHC
and myogenin) and CD31
protein expression compared

to no vehicle. Images were
captured at X200 magnification,
scale bars = 50 um. b Repre-
sentative images of EbOMHC,
myogenin, and CD31 protein
expression in the defective
areas at X400 magnification
(serial sections are denoted by
asterisks), scale bars = 50 um.
Arrows and arrowheads indicate
the localization of nascent
regenerating muscle fibers with
robust EEMHC and myogenin
protein expression, respectively.
Laminin and dystrophin were
applied to delineate regenerat-
ing muscle fiber structure and
nuclei were visualized with
DAPI

£

No Vehicle

40% DMSO

Regenerative Phase of Skeletal Muscle Regeneration

EbMHC Myogenin CD31
A
»

associated with increased vimentin protein expression was  there was a significant reduction in muscle wet weight to
evident in 40% DMSO (2.2 + 0.2-fold), 40% PG (2.1 +0.1-  body weight ratio following administration of 40% DMSO
fold), and 2% trypsin (2.6 + 0.3-fold) administered groups (0.87 + 0.03-fold, p < 0.05), 40% PG (0.87 + 0.03-fold,
(p < 0.001) (Fig. 4d). In conjunction with these changes, p < 0.05), and 2% trypsin (0.85 + 0.03-fold, p < 0.01)
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(Fig. 4e). Nevertheless, no significant differences in histo-
logical features, skeletal muscle regeneration regulatory pro-
tein expression, fibrous formation, and muscle wet weight
to body weight ratio in 0.9% NaCl, PBS, and distilled water
administered groups existed when compared to no vehicle
(Fig. 4a—e). In contrast, multiple administrations of 0.1%
EtOH at the remodeling phase induced a small degenerative
area (Fig. 4a) that was paralleled with a tendency to increase
EbMHC protein expression (6.3 & 1.9-fold) and a significant
increase of myogenin protein expression (2.6 + 0.4-fold)
(p < 0.05) (Fig. 4b, c). Moreover, excess oil accumulation
in the subcutaneous (extramuscular space) after repeated
administration of olive oil was observed. This condition
lead to the tendency to reduce muscle wet weight to body
weight ratio (0.93 + 0.02-fold) compared to no vehicle group
(Fig. 4e).

Immunohistochemical perspectives of intramuscular
administrations of 40% DMSO, 40% PG, IGF-1, and 2%
trypsin during the remodeling phase

The representative images of 40% DMSO, 40% PG, IGF-1,
and 2% trypsin administered groups during the remodeling
phase compared to no vehicle are illustrated in Fig. 5a. In
contrast to the regenerative phase, EEMHC and myogenin
protein expression were barely detected in the no vehicle
group. However, a significant increase in EbLMHC protein
expression in the nascent regenerating muscle fibers (arrows)
and myogenin protein expression (arrowheads) associated
with increased vimentin protein expression were evident in
40% DMSO, 40% PG, and 2% trypsin administered groups
(Fig. 5a). Representative double-labeling images of EbMHC,
myogenin, and vimentin protein expression with laminin at
the defective area that comparably observed in 40% DMSO,
40% PG, and 2% trypsin administered groups are illustrated
Fig. 5b. In contrast, IGF-1 administration had no signifi-
cant impact on regenerating muscle fiber maturation at the
remodeling phase as indicated by no significant differences
of EbLMHC and myogenin protein expression compared to
no vehicle group (Fig. 5a).

Effects of administration frequency of vehicles
at the regenerative and remodeling phases

Administration frequency is determined by the half-life of
the testing substance; however, the effect of intramuscular
administration of vehicle compounds with different frequen-
cies at the distinct phases of skeletal muscle regeneration on
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regenerative capacity is not yet known. Hence, comparison
of the effects of single administration and multiple adminis-
trations of vehicle compounds on skeletal muscle regenera-
tive capacity at regenerative and remodeling phases were
verified. In this analysis, the single administration of vehicle
was performed at the initial period of regenerative phase
or remodeling phase, respectively. The results revealed sig-
nificant impact of administration frequency in 40% DMSO,
40% PG, and 2% trypsin administered groups compared to
no vehicle at the remodeling but not regenerative phase.
Multiple administrations of 40% DMSO, 40% PG, and 2%
trypsin at the remodeling phase lead to a significant increase
of EbMHC protein expression 2.3- and 2.6-fold (p < 0.01),
and 5.4-fold (p < 0.001), myogenin protein expression (3.4-,
2.7-, and 6.4-fold) (p < 0.01), and vimentin protein expres-
sion (1.5-, 1.3-, and 1.9-fold) (p < 0.05) compared to single
administration.

Recurrent muscle injury after intramuscular
administrations of 40% DMSO, 40% PG, and 2%
trypsin

Previous experiments showed recurring muscle injury
and impeded skeletal muscle regeneration after repeated
administration of 40% DMSO, 40% PG, and 2% trypsin
during the remodeling phase. To confirm these observa-
tions, the abundance of macrophage infiltration that asso-
ciated with the presence of nascent regenerating muscle
fiber was analyzed (Fig. 6a). F4/80" macrophage infil-
tration (arrowheads) was explicitly seen in 40% DMSO,
40% PG, and 2% trypsin administered groups compared
to no vehicle (Fig. 6b). Quantitative analysis confirmed
a significant increase in F4/807 infiltrated cells in 40%
DMSO (21.7 + 5.0-fold), 40% PG (19.0 + 5.5-fold), and
2% trypsin (29.2 + 4.1-fold) administered groups com-
pared to no vehicle group (p < 0.001) (Fig. 6¢). These
changes were paralleled with a decrease in regenerating
muscle fiber CSA in 40% DMSO (777.8 + 47.7 um?), 40%
PG (988.7 + 86.4 um?), and 2% trypsin (921.2 + 72.7 um?)
administered groups compared to no vehicle group
(1371.0 + 77.1 um?) (p < 0.01). To support this notion,
a leftward shift of regenerating muscle fiber CSA in 40%
DMSO, 40% PG, and 2% trypsin administered groups
was evident as illustrated in Fig. 6d. Altogether, these
results provide solid evidence supporting recurrent mus-
cle injury after repeated intramuscular administration of
40% DMSO, 40% PG, and 2% trypsin during the remod-
eling phase of skeletal muscle regeneration. In contrast, no
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significant difference of F4/80% infiltrated cells in olive oil,
NaCl, PBS, distilled water, and IGF-1 administered groups
compared to no vehicle group, however, tend to increase
F4/807 infiltrated cells in 0.1% EtOH administered group
was demonstrated (Fig. 6c¢).

Impact of intramuscular administration of low
concentrations of DMSO during the remodeling phase

Since DMSO is widely used as a vehicle for skeletal muscle
regeneration study, however, intramuscular administration
using high concentration of DMSO (40%) is highly toxic to
the regenerating muscle during the remodeling phase. There-
fore, the safety concentration of DMSO that has no delete-
rious effect to the regenerating muscle was further investi-
gated. In this experiment, low concentrations of DMSO (0.1,
1, and 5%) were intramuscular administered to the regenerat-
ing muscle during the remodeling phase of skeletal muscle
regeneration. The results revealed that 0.1% DMSO adminis-
tration had no significant effects on EbMHC (Fig. 7a), myo-
genin (Fig. 7b), and vimentin (Fig. 7c) protein expression,
F4/807 infiltrated cells (Fig. 7d), and regenerating muscle
fiber CSA (Fig. 7e) compared to no vehicle group. When the
concentration of DMSO was increased up to 1%, no signifi-
cant impact on EbMHC, myogenin, and vimentin protein
expression (Fig. 7a—c) still observed but F4/80* infiltrated
cells was significantly increased (5.6 + 1.1-fold) (p < 0.05)
(Fig. 7d) compared to no vehicle. Nevertheless, recurrent
muscle injury was evident after 5% DMSO was intramuscu-
lar administered. Significantly increased of ELMHC protein
expression (8.4 + 1.5-fold) (p < 0.01) (Fig. 7a), myogenin
protein expression (2.5 + 0.4-fold) (p < 0.05) (Fig. 7b),
vimentin protein expression (1.5 + 0.04-fold) (p < 0.001)
(Fig. 7c), and F4/80% infiltrated cells (11.3 + 1.9-fold)
(p < 0.01) (Fig. 7d) were demonstrated. These changes
were related to a significant decreased of regenerating mus-
cle fiber CSA (965.4 + 24.6 pmz) (p < 0.01) (Fig. 7e) and
a leftward shift of regenerating muscle fiber size distribu-
tion compared to no vehicle group (Fig. 7f). Taken together,
these results suggest that recurrent muscle injury during the
remodeling phase could be alleviated when very low concen-
tration of DMSO was intramuscular administered.

Discussion

In the current study, the impact of intramuscular administra-
tion of lipid-soluble and water-soluble vehicles on skeletal
muscle regenerative capacity was investigated. The major
findings are (1) the phase of skeletal muscle regeneration
(regenerative vs. remodeling) is a crucial factor for determi-
nation of the impact of intramuscular administration of vehi-
cle compounds into regenerating muscle; (2) intramuscular
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administration of high concentrations of DMSO and PG into
regenerating muscle leads to recurrent muscle injury that
was comparable to 2% trypsin administration. These delete-
rious effects were pronounced during the remodeling phase
and associated with infiltration of F4/80% macrophages,
skeletal muscle stem cell re-activation, nascent regenerat-
ing muscle fiber formation, excess fibrous formation, and
decreased regenerating muscle fiber CSA; (3) none of the
tested vehicles enhanced the regenerative capacity at any
phase of skeletal muscle regeneration compared to IGF-1
administration.

Repairing damaged muscle fibers is a spontaneous event
after injury that requires skeletal muscle stem cells [1-4] and
contributing factors including angiogenesis [7] and extracel-
lular matrix remodeling [8]. These regenerative components
act together to ensure complete skeletal muscle regeneration
and proper functional recovery. In the present study, there
were no significant differences in regenerative muscle fiber
formation, satellite cell differentiation, angiogenesis, and
fibrous formation in almost tested vehicles when applied at
any phase of skeletal muscle regeneration. However, sign of
recurrent muscle injury was evident during skeletal muscle
regeneration at both regenerative and remodeling phases
after 40% DMSO and 40% PG administrations and similar
in nature with 2% trypsin administration that served as a
degenerative control [24]. In contrast, this deterioration was
not observed with 0.9% NaCl and distilled water which were
the solvents used for preparation of 40% DMSO and 40%
PG in this study. To support this notion, the myotoxicity of
DMSO at high concentration or pure compound was previ-
ously tested in isolated EDL muscle of rats using in vitro
assays to develop an in situ forming drug delivery system
using biodegradable polymers in which the result showing
substantial creatine kinase release after administration [26].
Additionally, intramuscular administration of DMSO com-
pound that served as a vehicle induced significant skeletal
muscle fiber damage with advanced sarcoma development in
treated mice has been reported [27]. Whilst injectable drug
formula commonly contains PG as an organic cosolvent, a
local muscle damage after intramuscular administration of
high concentration or pure compound of PG was demon-
strated in rabbit and piglet muscles [28, 29]. This myotoxic-
ity of PG was proposed to be related to the mobilization of
Ca®" homeostasis inside the muscle cell [30]. Nonetheless,
all previous studies reported the effects of high concentra-
tions of DMSO and PG on normal skeletal muscle that had a
different growth dynamic compared to regenerating muscle
[31].

The major finding of this study was that the phase
of skeletal muscle regeneration is crucial to determine
the effect of the vehicle on modulating skeletal muscle
regenerative capacity. Since the impact of recurrent mus-
cle injury after 40% DMSO and 40% PG administrations
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Fig. S Impact of intramuscular
administration of 40% DMSO,
40% PG, IGF-1, and 2% trypsin

Remodeling Phase of Skeletal Muscle Regeneration

on skeletal muscle regenerative (A) EbMHC Myogenin Vimentin
capacity during the remodeling
phase. a Representative images K
of skeletal muscle regeneration o
regulatory proteins (EbMHC -S
and myogenin) and vimentin >
protein expression compared (]
to no vehicle. Images were 4
captured at X200 magnification,
scale bars = 50 um. b Repre-
sentative images of EbOMHC, < A
myogenin, and vimentin protein o v
expression in the defective g v I3
areas at X400 magnification a
(serial sections are denoted by °
asterisks), scale bars = 50 pm. c’c »
Arrows and arrowheads indicate - bY;
the localization of nascent
regenerating muscle fibers with
robust EEMHC and myogenin
protein expression, respec-
tively. Laminin was applied to 9_
delineate regenerating muscle <
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visualized with DAPI N
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were increased during remodeling compared to regenera-  differentiation of satellite cells during the regenerative
tive phase of skeletal muscle regeneration, and an exac-  phase [4] may compensate for the loss of muscle fibers due
erbated effect was evident when multiple administra-  to the recurrent muscle injury at an early phase of repair.

tions were applied. According to these findings, the rapid = Nevertheless, destruction of regenerating muscle fibers
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Fig. 6 Recurrent muscle injury
after 40% DMSO, 40% PG,
and 2% trypsin administrations
during the remodeling phase
of skeletal muscle regenera-
tion. a Representative images
of the association of F4/80%
macrophage infiltration (arrow-
heads) and nascent regenerat-
ing muscle fiber formation
(EbMHC-stained fibers; arrows)
(serial sections are denoted
by asterisks). b Representative
images of F4/80" macrophage
infiltration (arrowheads) after
multiple intramuscular admin-
istrations of 40% DMSO, 40%
PG, and 2% trypsin compared
to no vehicle. a, b Laminin or
dystrophin staining was applied
to localize regenerating muscle
fiber structure and counter-
stained with DAPI to visualize
nuclei, scale bars = 50 pm. ¢
Quantitative analysis of F4/80*
infiltrated cells, ***p < 0.001
compared to no vehicle (n =5
mice/group). d Histogram
analysis of regenerating muscle
fiber CSA between no vehicle
vs. 40% DMSO, no vehicle vs.
40% PG, and no vehicle vs. 2%
trypsin administered groups.
The average number of meas-
ured regenerating muscle fiber
CSA of no vehicle, 40% DMSO,
40% PG, and 2% trypsin
administered groups were 646,
865, 850, and 763 fibers/mice,
respectively (n = 5 mice/group)
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Fig. 7 Impact of repeated intra-
muscular administration of 0.1,

Remodeling Phase of Skeletal Muscle Regeneration

1, and 5% DMSO on skeletal
muscle regenerative capacity
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from massive infiltration of F4/80% macrophages was
unable to be fully mitigated during the remodeling phase
because of reduced activated/differentiated satellite cells
at this period [32]. Additionally, a pronounced increase in
fibrous formation after intramuscular administrations of
40% DMSO and 40% PG at the remodeling phase suggest
insufficient of satellite cell activity to repair the damaged
muscle fibers. The imbalance between the satellite cell and
fibroblast populations during skeletal muscle regeneration
could impair proper extracellular matrix remodeling and
lead to increased muscular fibrosis [33]. Nevertheless,
the deleterious effects of high concentration of DMSO
on regenerating muscle fibers during remodeling phase
of skeletal muscle regeneration could be alleviated using

Fiber Cross-Sectional Area (pmz)

very low concentration of DMSO (0.1%). Since recurrent
muscle injury was still presented when 5% DMSO was
intramuscular administered into regenerating muscle as
demonstrated in the current study.

Besides degenerative effects of high concentration of
DMSO and PG administrations, repeated intramuscular
administration of 0.1% EtOH during the remodeling phase
induced a trivial degenerative area. Indeed, this concen-
tration of ethanol is routinely used in skeletal muscle cell
culture experiments in vitro without reported myotoxicity
[34-36]. These results suggest a dissimilar effect between
in vitro and in vivo studies, however, the deleterious effect
of 0.1% EtOH on skeletal muscle regenerative capacity was
minor compared to high concentration of DMSO and PG
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administrations. Furthermore, excess oil accumulation in the
subcutaneous (extramuscular space) after multiple adminis-
trations of olive oil was observed at the remodeling phase.
Extramuscular accumulation of oil could retard regenerat-
ing muscle growth as the tendency of decreased muscle wet
weight to body weight ratio was evident without the pres-
ence of degenerative muscle fibers. Therefore, long-term
intramuscular administration of olive oil in the regenerat-
ing muscle during remodeling phase should be used with
caution.

On the other hand, none of the tested vehicles increased
skeletal muscle regenerative capacity at any phase of skel-
etal muscle regeneration compared to IGF-1. The bene-
ficial effect of IGF-1 on regenerative capacity has been
reported elsewhere [15, 17, 22]. In the present study, intra-
muscular administration of IGF-1 enhanced skeletal mus-
cle regenerative capacity by lowering the levels of EbEMHC
protein expression during the regenerative phase, suggest-
ing its capability to enhance the maturation of regenerat-
ing muscle fibers. However, no significant difference of
EbMHC protein expression was detected when IGF-1 was
administered at the remodeling phase. The absent effect of
IGF-1 at the late stage of regeneration could relate to the
point that remodeling phase of skeletal muscle regenera-
tion contains almost 99% of matured regenerating muscle
fibers, therefore, the explicit effect of IGF-1 on enhance-
ment of regenerating muscle fiber maturation is disappear.
These results suggest that the beneficial effect of IGF-1
was restricted to the regenerative phase rather than remod-
eling phase of skeletal muscle regeneration.

Altogether, the phase of skeletal muscle regeneration is
a crucial factor for determination of impact of intramus-
cular administration of vehicles into regenerating muscle.
Although none of the tested vehicles in this study had
an effect to enhance skeletal muscle regenerative capac-
ity, administration of vehicle compound containing high
concentration of DMSO or PG could impair regenerative
capacity and potentially affect the validation testing of
the investigational substance. Moreover, the findings of
this study revealed an important caveat for immunohisto-
chemical-based analysis of skeletal muscle regenerative
capacity. The techniques that rely solely on analysis of
whole muscle homogenates (i.e., Western blotting, real-
time PCR, microarray, etc.) may not be sensitive enough to
detect unexpected muscle damage induced by intramuscu-
lar administration of an inappropriate vehicle, which could
alter typical expressions of the regulatory genes/proteins
during skeletal muscle regeneration study.
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