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ABSTRACT

Background: Despite the high regenerative capacity of skeletal muscle, volumetric muscle loss (VML) is
an irrecoverable injury. One therapeutic approach is the implantation of engineered biologic scaffolds.

Objective: To investigate the simultaneous effect of high intensity interval training (HIIT) and the use
of decellularized human amniotic membrane (dHAM) scaffolds on vascularization, growth factor, and
neurotrophic factor gene expression, and muscle force generation in the tibialis anterior (TA) of rats after

VML injury.

Methods: VML injury was created in the TA of 24 rats, which were randomly divided into two groups—12
animals with and 12 without the use of a dHAM scaffold. After injury, each group was further divided
into two groups of 6 animals each—sedentary and HIIT. Blood vessels were visualized and counted by
hematoxylin and eosin staining. The PowerLab converter assay was used to evaluate isometric contrac-
tion force. The relative expression of neurotrophic factors and growth factor genes was measured with

reverse transcription PCR (RT-PCR).

Results: The number of blood vessels in the whole regenerating areas showed a significant difference in
the dHAM-HIIT and dHAM-sedentary groups compared to the sedentary group without dHAM (p=0.001
and p=0.003, respectively). BDNF and GDNF mRNA levels in the dHAM-HIIT group were significantly
(p<0.05) higher than those in other groups; NGF mRNA levels did not differ significantly among groups.
Isometric contraction force in the dHAM-HIIT group was significantly (p=0.001) greater compared to the

sedentary group without dHAM.

Conclusion: Combined use of dHAM scaffoldsand HIIT would improve the structure of the injured muscle
during regeneration after VML by better vascular perfusion. HIIT leads to greater force generation and
innervation by modulating neurotrophic factor synthesis in regenerating muscles.

KEYWORDS: Tissue engineering; Vascularization; Neurotrophic factors; High intensity interval training;

Scaffold

INTRODUCTION

olumetric muscle loss (VML) is de-
fined as the loss of a large portion of

skeletal muscle tissue due to trauma
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during civilian accidents or military actions,
surgery, or congenital defects [1]. Despite the
self-regenerating ability of skeletal muscle,
regeneration after VML injury is inadequate
because of the large volume of myofibrils re-
moved [2]. Following injury, long-term dys-
function can cause permanent disability and
cosmetic handicap. Routine therapies such as
surgical repair with muscle flap transposition
or autologous tissue transfer are limited to
scar tissue debridement, yet provide some cos-
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metic improvement. However, these clinical
methods are ineffective in improving muscle
structure and function. Moreover, the innate
immune responses are a major challenge in
these modes of therapy [2, 3]. Tissue engi-
neering technologies have emerged as promis-
ing strategies for regenerative skeletal muscle
repair. In this approach, the use of biological
scaffolds and extracellular matrices has been
proposed [4].

The human amniotic membrane (HAM) is
the inner layer of the fetal membranes, and
consists of three parts: epithelium, basement
membrane, and stroma. The structure of this
membrane is characterized by consistency and
strength since it is made of type III collagen,
proteoglycan, and various structural proteins
[5]. HAM, which is used as a biological cov-
ering for different types of superficial burns
and wounds, has minimal antigenicity, which
reduces the risk of infection and increases the
speed of wound healing. In addition, HAM is
an abundant and readily available option that
is not subject to ethical constraints [6].

VML injury not only leads to cosmetic handi-
caps and structural problems in the skeletal
muscle, but also destroys the nerves and blood
vessels in the affected area, resulting in a de-
crease in force generation and partial loss of
tunction in the atfected limb [77]. For example,
when 20% of the tibialis anterior (TA) mass
1s defective, the TA exhibits a functional defi-
cit of' 29% [87]. Therefore, to regenerate the
structure and function of skeletal muscle, the
damaged tissue must be vascularized and re-
innervated. Decellularized human amniotic
membrane ({HAM) provides an appropriate
support for cell adhesion and improves blood
tlow to the underlying tissue by accommodat-
ing dense capillary networks at its surface [97.
Due to the decellularization process, cells on
the surface of the amniotic membrane are de-
stroyed, which prepares the scattold for trans-
plantation on the wound [67]. Therefore, a
dHAM scaftfold was used in this study.

Exercise training is an effective method to im-
prove the function and rehabilitation of injured
skeletal muscle [3, 10, 11]. It has been reported

that exercise training improves innervation in
the injured skeletal muscle and improves force
generation by the repaired muscle [3, 117]. It
was also reported that exercise training in-
creases capillary network densities in skeletal
muscles [127].

The intensity and volume of exercise training
are major determinants of the type of exercise.
High intensity interval training (HIIT) is a
specific training model that includes high in-
tensity exercise frequencies and active rest pe-
riods with low intensity [187]. It was reported
that long-term HII'T increases the synthesis of
muscle protein, and stimulates muscle growth
by stimulating growth factors and improving
the number and activation of satellite cells in
injured muscles 14, 157. Neurotrophic factors
and glial cells are involved in muscle commu-
nication with the nervous system, and with
the stimulation of synaptic plasticity and neu-
rogenesis. Neurotrophic factor is also released
by contracting muscle cells in skeletal muscles
during exercise training, and is able to stimu-
late neurogenesis in damaged muscle tissue.
The eftects of HII'T on neurotrophic factors
and glial cell function have been investigat-
ed. However, the available evidence is scarce.
Current evidence shows a positive impact of
HII'T compared to the traditional training on
the expression of neurotrophin secreted from
skeletal muscles. Moreover, HIIT is associ-
ated with angiogenesis and increased capil-
lary density, and consequently increased blood
tlow to the injured muscle tissue [12, 167].

The objective of this study was to investigate
the simultaneous effect of HII'T and the use
of dHAM scatfolds on vascularization, neuro-
trophic factor and growth factor gene expres-
sion, muscle function and force generation in
the TA of rats after VML injury.

MATERIALS AND METHODS

Animals

Twenty-four adult Wistar rats were obtained
from the animal laboratory of Shahid Cham-
ran University of Ahvaz, and maintained at
a temperature of 2241 °C and humidity of
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65+5% with a 12-h dark/12-h light cycle. The
animals were fed standard pellets and had un-
restricted access to water and food. All animal
care and handling procedures were in accor-
dance with the guidelines of the National Re-
search Committee (USA) on the Care and Use
of Laboratory Animals, 8" edition. All stages
of the study were approved by the Research
Ethics Committee of Shahid Chamran Univer-
sity of Ahvaz (EE/97.24.370024/scu.ac.ir).

Experimental Design

VML injury was induced in the TA muscle
of all 24 rats. The animals were randomly di-
vided into two groups of 12 animals—12 with
and 12 without the membrane scatfold. The
animals recovered for two weeks after VML
injury; then each group was subdivided into
two groups of six animals—sedentary group
and HIIT group. The HIIT group animals
were trained on the treadmill for 8 weeks,
then anesthetized and killed with CO_ to mea-
sure isometric contractility in their injured
muscles. Tissues were removed and stored in
liquid nitrogen at -80 °C for molecular assays.

In Vitro Studies

Preparation of biological scaffolds

Human amniotic membrane was dissected
according to a protocol designed by Shi, et
al [177]. Amniotic membrane specimens were
obtained from mothers who underwent cesar-
ean delivery, and who provided their informed
consents in writing to donate this material for
the study. At the time of tissue donation, sero-
logical tests were performed to screen moth-
ers for diseases such as syphilis, HIV, and vi-
ruses such as hepatitis B and C. The amniotic
membrane was mechanically separated from
the placenta and then washed three times
with PBS. The membrane was sterilized in
75% alcohol/water for 10 sec and then washed
with shaking in PBS containing penicillin and
streptomycin (200 U/mL) for 1 day. For the
decellularization process, HAM was treated in
sequence with 1% Triton X-100 for 14 h, 2000
U/L lipase PBS for 10 h at 87 °C, and 2000
U/L DNAase PBS for 8 h at 37 °C. Finally,
the dHAM was cut into slices about 2.0X2.0
cm and stored at 4 °C.

Characterization of dHAM
Decellularization of HAM was confirmed by
hematoxylin and eosin (H&E) staining. Sam-
ples were fixed in 10% neutral-buffered for-
malin, then dehydrated with a graded series of
ethanol and embedded in paraffin wax. After
sectioning, they were examined with a Nikon
E-200 microscope (Nikon, Tokyo, Japan).

DNA quantification assay

To assess the total DNA contents within each
of the test articles, the dHAM scaffold materi-
als were cut into thin strips and digested with
Proteinase K at 87 °C for up to 144 hrs or until
no visible scaffold material remained. Digest-
ed scaffolds were then centrifuged at 2980 g
for 30 min to precipitate any remaining pro-
teins. Supernatants were purified with phenol-
chloroform-isoamyl alcohol (25:24:1) followed
by centrifugation at 9000 g for 30 min. Aque-
ous layers were removed and ethanol precipi-
tated at -20 °C for at least 8 hours to isolate
any DNA present. Samples were dehydrated in
a vacuum manifold and rehydrated in 1X TE
butfer. DNA content was quantified using the
Picogreen DNA assay (Invitrogen) following
manufacturer’s instructions.

Vessel and capillary formation

New vessels and capillaries in intact and re-
generating tissues were identified in H&E-
stained slides (Thermo Fisher Scientitic, Mas-
sachusetts, USA). In brief, the tissues were
sectioned, embedded in paraftin and cut into
5-um-thick sections. The sections were exam-
ined with a Nikon E-200 microscope and digi-
tal camera; the areas of interest were quanti-
tied with Image J software (NIH, Bethesda,
MD, USA) using a color deconvolution plugin.
New vessels and capillaries were quantitied as
the percentage of the area they occupied with-
in 500 pm of the scaffold periphery [11].

Quantitatrve reverse transcription PCR

Total RNA was extracted from frozen TA
muscle tissue specimens that contained ap-
proximately 50—-100 mg of the regenerating
area, using Trizol according to the manu-
facturer’s protocol for reverse transcription
to obtain ¢cDNA. Then 2 pl. ¢cDNA was
combined with SYBR Green Ex Taq II (Th

www.ijotm.com

Int J Org Transplant Med 2021; Vol. 12 (1)

35



M. R. Izadi, A. Habibi, et al

Table 1: Primer sequences used for gene expression analysis

Target gene Primer sequences (5-3’) Amplicon length (bp)
Forward TTGAGCACGTGATCGAAGAGC

BDNF 238
Reverse GTTCGGCATTGCGAGTTCCAG
Forward GACTCCAATATGCCCGAAGA

GDNF 178
Reverse TAGCCCAAACCCAAGTCAGT
Forward ACCTCTTCGGACACTCTGGA

NGF 168
Reverse GTCCGTGGCTGTGGTCTTAT
Forward ACTCCAGGGCTTCATCATTG

VEGF 224
Reverse AATTGAGACCCTGGTGGACA
Forward TCAACAGCAACTCCCACTCTTCC

GAPDH 242
Reverse ACCCTGTTGCTGTAGCCGTATTC

Abbreviations: BDNF, Brain-derived neurotrophic factor; GDNF, Brain-derived neurotrophic factor; NGF, Nerve growth factor; VEGF, Vas-
cular endothelial growth factor; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase

RNaseH Plus, Bio-Rad, Hercules, CA, USA)
and 200 nM forward/reverse primers using a
Rotor-Gene Q 5plex system (Qiagen, Hilden,
Germany). Glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) expression (housekeep-
ing gene) was used as an internal control to
determine the ACT value. Expression levels
for mRNA were determined with the 244
method by normalizing each group to the un-
treated sedentary group. Primer pairs were
synthesized with the DNA Oligos design tool
(Sigma-Aldrich, Missouri, USA) (Table 1).

In Vivo Studies

VML injury model and recovery

One hour before the surgery, the animals were
given 20 mg/kg ibuprofen by oral gavage.
They were then anesthetized by an intraperi-
toneal injection of 5 mg/kg ketamine and 2
mg/kg xylazine. The surgery and creation of
the VML injury were carried out according to
the protocol of Wu, et al [1]. Briefly, a long in-
cision was made along the lateral aspect of the
shin through the skin and muscle fascia. Then,
in the bulk of the TA muscle, two parallel lon-
gitudinal incisions 10-mm long, and two hori-
zontal incisions 7-mm wide and 3-mm deep,
were made with a sterile size no. 11 scalpel.
Approximately 20% of the total muscle mass
was removed.

In the dHAM groups, bio-scaffolds were im-

mediately transplanted into the site of the
muscle defect. Each piece of dHAM scatfold
was carefully inserted in the wound; the ex-
cess portions were cut away. The fascia and
skin were then closed with a prolene suture (0-
6). The animals were kept at body temperature
for recovery with a manual heating plate. In
the group without dHAM, the defect site was
closed without dHAM.

The animals recovered for 2 weeks after sur-
gery. In the first 24 hrs, 20 mg ibuprofen was
given to the animals every 6 hrs as an analge-
sic by oral gavage. All rats received systemic
antibiotics—10—20 mg/kg enrofloxacin every
24 hr via drinking water for 10 days.

Exercise training program

Animals in the experimental groups were fa-
miliarized with the treadmill during 2 weeks
of recovery. The animals in the exercise group
were placed on the treadmill for 8 days a week
and walked at a speed of 5 m/min for 10 min.
At the end of recovery, each group with and
without the dHAM scaffold was randomly
divided into two subgroups—HII'T or seden-
tary. Exercise training was used 5 days per
week for 8 weeks, and each session consisted
of three sets of HII'T which included: 1) Warm
up: running for 5 min at 30-40% VO, ; 2)
Main training: 32 min interval running (8 in-
tervals). Each interval consisted of 3 min of
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Figure 1: (a) H&E staining of fresh HAM, and (b) successful decellularization of HAM
tissue. The photos were taken at 1500% magnification with a Nikon Plan Fluor 40x% oil

immersion objective

running at 85—90% VO, and 2 min at 30—
85% VO, for active recovery; and 3) Cool
down: 5 min at 30—40% VO, .
Exercise intensity estimates for each week
were adjusted based on previous studies in-

dicating a strong relationship between speed
and VO, in rats. Therefore, the intensity of
training was increased by 0.02 m/s each week

r18].
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Figure 2: Magnified view of the engineered scaffold. The dotted yellow line marks the interface between na-
tive skeletal muscle tissue and regenerating tissue repaired with the dHAM bio-scaffold. Black arrows indicate
new surface vessels and capillary networks. All images were taken at 400x magnification. (a) Vascularization
without the scaffold in the sedentary group with few small vessels. (b) Vascularization without the scaffold in
the HIIT group with significant number of vessels and capillary networks. (c) dHAM in the sedentary group.
Despite the lack of training, the appearance of blood vessels due to the use of scaffolds is evident. (d) dHAM
bio-scaffold in the HIIT group with the greatest growth of large number of blood vessels. The vascular network

appeared to be denser than in all other groups.

Functional tests

Isometric contraction force of the TA muscle
was measured in vivo in anesthetized rats. The
body temperature of the rats was maintained
at 36—37 °C. The lower limbs were fixed with
pins and bars at right angles to the ankle and
knee joint. For in vivo measurements, the TA
was isolated by tenotomizing the agonist dor-
siflexor muscles. The maximum isometric
contraction strength was determined by stim-
ulating the peroneal nerve and calculating the
average value of three contractions. Muscle
strength signals were recorded at approxi-
mately 150 Hz with a pulse width of 0.1 mg at
a range of voltages (2—8 V) with a PowerLab
converter (ADInstrumentes, Nagoya, Japan).

Statistical Analysis

The target gene expression was quantified
with the 244¢* formula. Data were analyzed
with one-way ANOVA and Tukey post-hoc
tests. All data were reported as the mean®SD.
A p value <0.05 was considered statistically
significant. All statistical analyses and graphs
were plotted with GraphPad Prism ver 8 soft-
ware.

RESULTS

Cell and Tissue Morphology, and
Characterization of the VML Model
Fresh dHAM scaffolds stained with H&E are
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shown in Figures 1a and 1b. Cells were suc-
cessfully removed from the HAM tissue. To
characterize the muscle defect, we compared
the ablated TA muscle with the same unin-
jured muscle from the opposite hind limb. Our
surgical ablation model was compatible with
the standard method reported by Wu, et al. In
each surgically created defect, approximately
30% of the TA muscle mass was lost [17].

Quantification of Residual DNA Following
Decellularization

The mean+SD DNA content of human am-
niotic membrane before decellularization
was 191£25 ng/mg; after decellularization, it
dropped significantly (p=0.001) to 33+£5.2 ng/

mg (Fig. 1c).

Histological Characterization

The number of blood vessels in the regener-
ating area of the scaffold periphery was sig-
nificantly (p=0.001) different between the two
HIIT groups and the sedentary group with-
out the scaffold. In both the HII'T and seden-
tary groups that received the bio-scaftold, the
number of blood vessels in the regenerating
area was significantly (p=0.003) greater than
in the sedentary group without the bio-scat-
told (Fig 2).

Neurotrophic Factor and VEGF Gene
Expression

Levels of neurotropic factor gene expression
were compared in the sedentary and HIIT
group. One-way ANOVA for the GAPDH
mRNA expression ratio showed that the
dHAM group that received HIIT had sig-
nificantly higher BDNF mRNA levels than
the sedentary group without the scaftfold
(p=0.001) and the sedentary group with the
scaffold (p=0.004). GDNF gene expression
was significantly higher in the dHAM-HIIT
group than the no-dHAM-sedentary group
(p=0.001), and was also significantly higher in
the no-dHAM-HIIT group than the dHAM-
sedentary group (p=0.002). The levels of nerve
growth factor (NGF) mRNA did not difter
significantly in any of the groups. The levels
of VEGF gene expression were significantly
higher in the dHAM-HIIT group (p=0.0001),
the dHAM-sedentary group (p=0.003) and

the no-dHAM -HIIT group (p=0.01) com-
pared to the no-dHAM-sedentary group (Fig

Maximal Isometric Force

In vivo force production measurements
showed that the HII'T protocol in the dHAM
group resulted in larger increases in the force
production and transmission in regenerat-
ing muscle tissue after VML compared with
the sedentary group without the bio-scaftfold
(p=0.001). The force production was also
significantly (p=0.005) greater in the HII'T
group without the scaffold compared to sed-
entary group without the scatfold (Fig 3).

DISCUSSION

The present study investigated the effect of
combined exercise training and the use of bio-
logical scaftolds on skeletal muscle structure
and function after VML injury. In this study,
for the first time, decellularized HAM scaf-
folds were used to repair a VML injury. Other
innovations in the present study include the
use of HII'T for the first time for rehabilitation
and repair after a VML injury. The advantag-
es of using the dHAM scaffold compared to
other scaffolds are its natural origin, availabil-
ity and abundance.

The mean number of H&E-stained blood ves-
sels was determined in sample areas of the re-
generating tissue. The number of blood vessels
in the dHAM-HIIT group was significantly
higher than that in the other three groups. In
addition, vessel diameter was thicker in the
dHAM-HIIT group than the other groups.
Although earlier studies suggested that scaf-
folds can regenerate injured skeletal muscle
when co-cultured with differentiated stem
cells [2, 4, 197, some researchers such as Ba-
dylak and his group believe that decellularized
scaffolds alone can improve regeneration in in-
jured skeletal muscles [20]. Previous studies
show that transplantation of a dHAM scaftold
in superficial wounds alone increases blood
vessel numbers and is associated with the pro-
gression of angiogenesis [9, 17 . Similarly, the
present results show that regardless of exer-
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cise training, the number of vessels in the two
dHAM groups was significantly higher than
in the non-scatfold groups. This suggests that
the dHAM scaftold alone improved angiogen-
esis and vascularization.

Expression of vascular endothelial growth
tactor (VEGF') gene, which is an indicator of
increased angiogenesis, was increased in the
HIIT groups with or without the scaftold,
and also in the dHAM-sedentary group. Ex-
ercise training generally increases capillary
density by increasing VEGF and endothelial
progenitor cells [12, 217. A possible mecha-
nism by which HIIT enhances angiogenesis
is increased blood flow to the capillaries,
amplification of shear stress, and the conse-
quent positive regulation of endothelial nitric
oxide synthase (eNOS) and NADPH oxidase
2 (NOXZ2) levels. It was reported that HII'T—
more than other types of training—increases
the expression of proteins involved in angio-
genesis and stimulates the secretion of VEGF
and endothelial progenitor cells [12, 16, 227.
Therefore, the combination of HII'T and the
dHAM scaffold may act synergistically to
improve skeletal muscle vascularization after
VML injury.

The present study also investigated the expres-
sion of neurotrophic factor genes. The results
showed that regardless of whether the dHAM
scaffold was used or not, BDNF and GDNF
gene expression was significantly greater only
in the HII'T group. The expression of NG did
not differ significantly in any groups. Another
notable finding is that the dHAM scatfold was
not associated with differences in the expres-
sion of BDNF and GDNF genes in the two
HIIT groups. Previous studies suggested that
neurotrophic factors directly and indirectly in-
tluence skeletal muscle regeneration [23, 24.
A possible mechanism underlying this effect
is the ability of these factors to favor survival,
growth and differentiation of new neurons in
regenerating muscle tissue [257].

The mechanism by which neurotrophic fac-
tors respond to exercise training and espe-
cially HII'T remains to be elucidated. But it is
thought that muscle contraction during exer-

cise training stimulates a biochemical signal-
ing cascade, which increases BDNF levels in
the brain or leads to increased BDNF secre-
tion in skeletal muscle tissue [267]. However,
BDNF and GDNF are more active in trau-
matic conditions than NGF, whereas NGF is
more active in pathological conditions. The
lack of statistical significance for the differ-
ences between groups in NGF expression in
the present study may be related to this situ-
ation [24].

Another outcome investigated in the present
study was the change in isometric contraction
strength and force generation in the injured
muscle after an 8-week HIIT intervention.
Because of the direct relationship between in-
nervation and muscle strength during reha-
bilitation of the injured muscle, force genera-
tion was greater in the HII'T groups than the
sedentary groups. Although few studies have
investigated the effect of HII'T on neural as-
pects and functional adaptations, it has been
reported that HII'T can increase motor unit
power by stimulating neuromuscular adapta-
tions [27].

The main limitation of the present study was
the ethics problem to use other scaffolds or
other treatment. A further potential limitation
was the use of exogenous scaffolds that were
not derived from skeletal muscle. The limited
number of animals and the lack of immuno-
histochemical staining such as myosin heavy
chain (MHC), Neurofilament and PECAM1
were other limitations of this study. In future
studies it would be informative to test the use of
difterentiated mesenchymal stem cells, which
are one of the main contributors to muscle re-
generation, in co-cultures with the scaftold.
The use of multilayer amniotic membrane to
repair VML injury is another approach that
should be investigated. In addition, nanotiber
coatings or electrospun fibers could be tested
for their ability to provide greater strength
and favor cell adhesion in bio-scatfolds. Al-
though tissue engineering technology is being
investigated for the treatment of VML inju-
ries in large muscles, it can also be potentially
used to treat congenital problems such as cleft
lip or small-muscle defects.
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Our study showed that when human amniotic
membrane scaffolds were combined with HII'T,
muscle structure and function were likely to
show more improvement after VML injury
in rats than when either HII'T or the dHAM
scaffold were used alone. Vascularization and
innervation are two basic mechanisms in skel-
etal muscle repair and regeneration. High in-
tensity interval training may amplify some
physiological processes in injured muscles by
increasing the expression of angiogenesis-
related and neurotrophic factors. The present
tindings are potentially useful for the develop-
ment of tissue engineering technologies and
rehabilitation programs after traumatic mus-
cle loss.
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