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Abstract

The aim of this study was to analyze muscle regeneration after cryoinjury in the tibialis anterior muscle of young rats
that were malnourished and then recovered. Forty Wistar rats were divided into a nourished group that received a
normal protein diet (14% casein) for 90 days and a malnourished and recovered rats group (MR) that was submitted to
45 days of malnutrition with a hypoproteic diet (6% casein) followed by 45 days of a normal protein diet (14% casein).
After the recovery period, all of the animals underwent cryoinjury in the right tibialis anterior muscle and euthanasia
after 7, 14 and 21 days. The amount of connective tissue and the inflammation area was higher in the malnutrition
recovered injury MR group (MRI) at 14 days post-injury (p < 0.05). Additionally, the cross-sectional area (CSA) of
the regenerated fibers was decreased in the MRI (p < 0.05). The MyoD and myogenin protein levels were higher in
the nourished injury group. Similar levels of TGF-f1 were found between groups. The proposed malnutrition protocol
was effective in showing delayed changes in the regeneration process of the tibialis anterior muscle of young rats.
Furthermore, we observed a delay in muscle repair even after nutritional recovery.

Keywords: skeletal muscle, protein malnutrition, cryolesion, myogenic regulatory factors, muscle healing process.

Avaliacdo da regeneraciao do musculo esquelético em modelo
experimental apés desnutricao

Resumo

O objetivo do presente estudo foi analisar a regeneragdo muscular apos criolesdo no musculo tibial anterior de
ratos jovens desnutridos e recuperados. Foram utilizados 40 ratos da linhagem Wistar, divididos em 2 grupos: ratos
nutridos receberam dieta normoproteica (14% de caseina) por 90 dias; e ratos desnutridos e recuperado submetidos a
duas fases nutricionais pds-desmame, correspondendo a 45 dias de desnutri¢do com dieta hipoproteica (6% caseina),
seguida por 45 dias de dieta normoproteica (14% caseina). Ao completar a fase de recuperagdo, todos os animais
foram submetidos a criolesdo no musculo tibial anterior direito e a eutanasia ocorreu 7, 14 e 21 dias apos a lesao.
A quantidade de tecido conjuntivo e a area de inflamacédo 14 dias p6s-lesdo foi maior no grupo desnutrido, recuperado
¢ lesado (MRI — malnourished, recovered and injured group) (p < 0,05). A area de seccdo transversa (AST) das fibras
regeneradas do grupo MRI foi menor (p < 0,05). O conteudo das proteinas MyoD e Miogenina foi maior no grupo
nutridos e lesados. A citocina TGF-f1 ndo apresentou diferenga entre os grupos. O protocolo proposto foi eficaz
para demonstrar alteracdes no processo de regeneracdo do musculo tibial anterior de ratos jovens, atrasando o reparo
muscular mesmo apos a recuperagao nutricional.

Palavras-chave: musculo esquelético, desnutrigdo proteica, criolesdo, fatores de regulagdo miogénica, processo de
recuperagdo do musculo.

1. Introduction

Undernutrition is a pathological condition of nutritional ~ undernourished people in the world is extremely high and
imbalance due to insufficient intake of calories, protein,  reached almost 1 billion in 2010 (FAO, 2010). Malnutrition
vitamins, minerals and/or other nutrients. The number of  in developing countries has mostly been attributed to a low
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protein diet (Themelandu, 1985; Ge and Chang, 2001) or
a low quality of food consumed (Morgane et al., 2002).

Alack of protein intake affects growth, differentiation
and regeneration of cells because of interference in the
immune function, protein synthesis and collagen breakdown
(Silveira et al., 1997). In children, protein-malnutrition
slows physical growth and metabolic development, which
persists even after a return to healthy nutritional status
(Themelandu, 1985; Diaz-Cintra et al., 2007; Hernandez et al.,
2008; Mifiana-Solis and Escobar, 2008).

The structural and functional properties of skeletal
muscles can be adapted according to environmental conditions
by changing the amount and type of proteins (Michael,
2000; Baldwin and Haddad, 2002; Capitanio et al., 2006).
Furthermore, skeletal muscles have the extraordinary capacity
for regeneration after injury (Lopes-Martins et al., 2006).
The muscle regeneration process occurs in four stages:
degeneration, inflammation, remodeling and regeneration
(Crisco et al., 1994). Degeneration is present within the first
few hours after injury, and it is characterized by myofilaments
and sarcolemma disruption, cell necrosis and hematoma
formation followed by the inflammatory response (Sverzut
and Chimelli, 1999; Tidball, 2005; Jarvinen et al., 2005).
In the inflammatory stage, neutrophils phagocytize cellular
debris and macrophages remove dead tissue and stimulate
the production of cytokines that activate satellite cells in
the injury site (Fielding et al., 1993; Belcastro et al., 1996;
Jérvinen et al., 2000; Kannus et al., 2003). This activation
leads to the expression of myogenic lineage markers such
as myogenic differentiation (MyoD) and myogenin. MyoD
regulates the early stage of regeneration with the activation
and proliferation of satellite cells. Myogenin is required
for the fusion of myogenic precursor cells to new or
previously existing fibers during process differentiation and
maturation of myoblasts. (Fiichtbauer and Westphal, 1992;
Rantanen et al., 1995; Creuzet et al., 1998; Jarvinen et al.,
2000). During the remodeling phase, restoration of the
functional capacity of the injured muscle occurs by
maturation and organization of the extracellular matrix
(Tidball, 1995; Jarvinen et al., 2000; Kannus et al., 2003;

Table 1. Composition of experimental diets.

Goetsch et al., 2003). The repair and remodeling phases
generally overlap. After 21 days of injury, the damaged
muscle is almost totally regenerated.

The success of muscle repair depends on the nature
and the extension of injury. However, in all cases, the
process involves the four stages of regeneration. External
factors, such as physical therapy, accelerate the regeneration
process and leads to the rapid return of function (Carlson
and Faulkner, 1989; Jarvinen et al., 2000; Ferrari et al.,
2005). In addition, muscle regeneration depends on
nutrients for activation of the immune system and muscle
fiber synthesis. Undernutrition impairs the proliferation of
satellite cells resulting in muscle atrophy and myonuclei
decrease (Carlson and Faulkner, 1988; Dedkov et al., 2001).
Because skeletal muscle regeneration can be influenced by
undernutrition, we examined the effect of a low-protein
diet followed by nutritional recovery on the regeneration
process after cryoinjury in the tibialis anterior muscle of
young rats.

2. Material and Methods

2.1. Animals

Forty young Wistar rats (obtained from the rat
breeding colony of the Faculdade de Ciéncias da Satide
(FACIS-UNIMEP)) were housed under controlled temperature
conditions with a 12/12-h light/dark cycle and permitted
free access to food and water. All of the experiments were
performed in accordance with the guidelines of the use of
animals set forth by our institution.

2.2. Experimental groups

The newly weaned animals (21 days old) were
randomly divided into two groups: the nourished group
(N, n=20) was given only a normal protein diet (14% casein;
AIN 93M - PragSolucdes Servigos e Comércio Ltda) for
90 days, and the Malnutrition Recovery group (MR, n=20)
was given a low protein diet (6% casein; AIN PragSolucdes
Servicos e Comércio Ltda) for 45 days and recovery for
another 45 days with a normal protein ration (Table 1).

Normal-protein diet AIN 93M (g)

Low-protein diet AIN 6 (g)

Ingredients (14% protein) (6% protein)
Corn starch 465.7 508.0
Casein 140.0 66.0
Dextrin 155.0 166.5
Saccharose 100.0 121.0
Soybean oil 40.0 40.0
Fiber (microcellulose) 50.0 50.0
L-Cysteine 1.8 1.0
Choline chorine 2.5 2.5
Mineral mix G 35.0 35.0
Vitamin mix 10.0 10.0
TOTAL 1000.0 1000.0
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At 111 days, all of the animals were submitted to
muscle cryoinjury in the right tibialis anterior (TA) muscle
to evaluate the potential of regeneration in normal or under
malnutrition conditions. Thus, the groups were defined as
Nourished Injury (NI) and Malnutrition Recovery Injury
(MRI). The groups were used for morphological analysis
14 days after injury (n=5 for the group) and for molecular
analysis at 7, 14 and 21 days after injury (n=15 for the
group). The left TA was used for the control.

2.3. Monitoring of body weight and food intake

The control feed intake box was analyzed weekly by
calculating the proportional feed intake per animal and
body weight of each rat using a digital balance (GEHAKA,
BG 1000). For the data analysis, the two most important
stages of work were selected (66 days, which is the end
of the malnutrition protocol and 111 days, which is the
end of the recovery phase).

2.4. Cryoinjury

The animals were anesthetized by intraperitoneal injection
of ketamine hydrochloride (1.16 g/10 mL) and Xylazine
(2 g/100 mL) at a 3:2 ratio and at a dose 0of 0.09 mL/100 g
body weight. After showing signs of anesthesia, the right
TA was exposed, and a metal bar of 1 cm/0.5 cm cooled
in liquid nitrogen (196 °C) for 30 seconds was pressed
in the muscle belly for 10 seconds. The cryoinjury was
repeated two times according the Miyabara et al. (2006)
protocol. Later, the muscle fascia and skin were sutured.

2.5. Cryosection and analysis

Cryostat transverse-sections (8 wm) of the right and left
TA were stained with hematoxylin-eosin (HE) or Masson’s
trichrome. Using a light microscope (Olympus, Optical
Co. Ltd, Tokyo, Japan) and Pro-Plus™ 6.2 Image software
(Media Cybernetics), two random sections from each
animal were analyzed quantitatively through a 4X and 20X
objective. In the analysis of the inflammation/regeneration
area, we measured the area of muscle in the stages of
inflammation and regeneration, which were characterized
by intense inflammatory infiltrate and the presence of fibers
in regeneration. The results were obtained by calculating
the proportion of this area with the section of the entire
muscle. Another performed analysis was the quantification
of the cross-sectional area (CSA) of the fibers to verify
their regeneration maturation. Muscle fibers that had a
centralized nucleus were indicative of regeneration (right
tibialis muscle) and were measured and compared with
normal fibers (left tibialis muscle). During this analysis,
400 fibers in the phase of regeneration and 200 normal
fibers were measured per animal (Pertille et al., 2012).

The connective tissue sections stained with Masson’s
trichrome were quantified with images acquired through a
20X objective, and 12 images were analyzed, which were
chosen randomly. The images were superimposed and
contained a 210 intersection grid, which accounted for
the connective tissue, and then the result was transformed
into a percentage.
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2.6. Western blotting

The transformation levels of growth factor-beta
(TGF-B), MyoD and Myogenin were quantified using
Western blots from the Nourished injury group (NI, n=15)
and malnutrition recovery injury group (MRI, n=15)
at 7, 14 and 21 days. Western blots were performed as
previously described (Taniguti et al., 2011). Briefly, the
muscles were lysed in assay lysis buffer (1% Triton, 10 mM
sodium pyrophosphate, 100 mM NaF, 10 g/ml aprotinin,
1 mM PMSF and 0.25 mM Na 3 VO). The samples were
centrifuged at 12,581 x g for 20 min, and the soluble
fraction was re-suspended in Laemmli loading buffer
(2% SDS, 20% glycerol, 0.04 mg/ml bromophenol blue,
0.12 M Tris-HCI, pH 6.8 and 0.28 M-mercaptoethanol).
An aliquot (30 pg) of the total protein homogenate from
NI and MRI was loaded onto 12% SDS polyacrylamide
gels. The proteins were transferred to a nitrocellulose
membrane (electrotransfer apparatus from Bio-Rad
Laboratories, Hercules, CA). The membranes were
then blocked with 3% skim milk-Tris-HCl-buffered
saline Tween buffer (TBST; 10 mM Tris-HCL, pH 8,
150 mM NacCl and 0.05% Tween 20) and incubated
with the primary antibodies overnight at 4 °C, washed in
TBST, incubated with peroxidase-conjugated secondary
antibodies and developed using the SuperSignal West Pico
Chemiluminescent Substrate kit (Pierce Biotechnology,
Rockford, IL). To control for Western blot transfer and
non-specific changes in protein levels, the blots were
stripped and re-probed with glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). The luminescent signal was
captured (G: Box iChemi camera, Syngene, Cambridge,
UK), and the band intensities were quantified using the
analysis software that was provided by the manufacturer
(Gene Tools Version 4.01, Syngene, Cambridge, UK).
The following primary antibodies were used for Western
blotting: 1) TGF-p (mouse monoclonal; Sigma-Aldrich,
St Louis, Missouri, USA); 2) MyoD (rabbit polyclonal
M-318; sc-760, Santa Cruz Biotechnology); 3) Myogenin
(mouse monoclonal, Sigma, M5815) and 4) GAPDH
(rabbit polyclonal; Santa Cruz Biotechnology, Santa Cruz,
CA). The corresponding secondary antibody used for
Western blotting was an appropriate peroxidase-labeled
affinity-purified IgG antibody (H+L) (KPL, Gaithersburg,
MD). The bands were captured in the G-box system
(GeneSys), saved as an image and quantification of the
densitometry was performed using Image J®. The data
are expressed as arbitrary units obtained by the studied
protein values divided by the GAPDH.

2.7. Statistical analysis

All of the data are expressed as the means + standard
deviation (SD). The statistical analysis for direct comparison
between the means of the two groups was performed using
Student’s #-test, and a one way ANOVA was used for
multiple statistical comparisons between groups, followed
by a Tukey-Kramer. A value of p < 0.05 was considered
statistically significant.
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3. Results

At the end of the malnutrition period (66-day-old rats),
the body weight of the MR group was 67.8% lower than
the N group (p <0.05). After the recovery period with the
introduction of a normal protein diet (111-day-old rats),
the body mass was similar in the two groups (Table 2).
The food intake was lower in the MR group (at 66 days
old) during the malnutrition period compared with the N
group (p<0.05). In the recovery period, the consumption
of a normal protein diet was similar between the groups
(Table 2).

After 14 days of muscle injury, the inflammation /
regeneration area was twice the size in the MRI compared
with NI (p <0.05) group. Additionally, the percentage of
connective tissue was higher in the MRI group (p < 0.05)
(Figures 1 and 2).

To evaluate CSA, the fibers were analyzed in the
post-injury healing process (fibers with central nuclei,
right tibialis muscle) and the normal fibers (with peripheral
nuclei, left tibialis muscle). In the MRI group 14 days
after injury, the CSA of regenerated fibers decreased 26%
compared with normal fibers in the same group (p <0.05).
In the NI group, post-injury regenerated fibers showed
no statistical difference compared with the normal fibers
(Figure 3). Additionally, the CSA in fibers with peripheral
and central nuclei was smaller in the MRI group compared
with the NI group (p < 0.05) (Figure 3).

At seven days after the injury, MyoD protein levels
were higher in the NI group compared with the MRI group

(Figures 4A, B). The myogenin levels were 45.2% higher in
the NI group (p < 0.05) 14 days after the injury compared
with the NI muscles 21 days after the injury. Conversely,
in the MRI group, there was no difference in the periods
studied (Figures 4A, D). The levels of TGF-f1 were similar
between the NI and the MRI groups. Seven days after the
injury, higher levels of TGF-B1 were shown in both groups
(p<0.05) compared with the periods 14 and 21 days after
the injury (Figures 4A, C).

4. Discussion

The malnutrition and nutritional recovery protocol
proposed in this study showed muscle changes resulting
from the protein restriction period. The MRI animals
showed higher inflammation and connective tissue area
14 days after injury, which resulted in an impaired muscle
regeneration process with decreased CSA, MyoD and
myogenin protein levels.

Feed restriction significantly affects the growth and
differentiation of cells, and the earlier the malnutrition, the
greater the impairment in tissues and organs (Themelandu,
1985). Studies in rats, dogs and monkeys showed that protein
restriction during pregnancy affects body weight and the
number of muscle fibers of offspring (Nascimento et al.,
1990; Oliveira et al., 1999; Nunes et al., 2002). In this
study, animals began the period of malnutrition at 21 days
of life, and after 45 days, they showed reduced food intake
and body weight compared with the nourished group.
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Figure 1. The percentage of connective tissue and inflammation area in the malnutrition recovery injured group (MRI) and
normally nourished injured group (NI). *Differs from the respective NI group, p < 0.05.

Table 2. Body weight and food intake per day in 66 and 111-day-old rats.

Malnutrition Malnutrition Normally nourished Normally nourished
recovery group (MR) recovery group (MR) group (N) group (N)
66 days old 111 days old 66 days old 111 days old
Body weight (g) 74.2+13.1 279.9 +18.1 230.2 £ 15.3* 348.2+25.4
Food intake/day 6.36+0.9 28.84 +3.7 16.4 £2.7* 25.7+6.7
(®

*Significantly different from the malnutrition recovery group (MR) at 66 days old (p < 0.05).
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Figure 2. Cross sections of the tibialis anterior muscle stained with HE. Normally nourished group (N): control fibers;
Normally nourished injured group (NI): fibers in regeneration process; Malnutrition recovery group (MR): control fibers;
Malnutrition recovery injured group (MRI): fibers in the regeneration process. The arrows indicate the position of the central

nuclei. Bar = 100 micron.
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Figure 3. Cross-sectional area (CSA) of muscular fibers
in the malnutrition recovery injured (MRI) and normally
nourished injured (NI) groups. Injury: CSA of fibers with
central nuclei (right tibialis muscle); Control: CSA of fibers
with peripheral nuclei (left tibialis muscle). *Differs from
the respective NI group, p < 0.05; #Differs from control
MRI, p <0.05.

Escriva et al. (1991) observed the body weight gain
reduction associated with functional alterations in insulin
action in tissues in young rats subjected to protein restriction
for four weeks. Latorraca et al. (1998) evaluated the offspring
of rats undernourished during pregnancy and breastfeeding.
The animals exposed to a low protein diet had a reduction
in insulin secretion, probably as a consequence of deficient
Ca*" absorption in pancreatic cells. Anselmo et al. (2009)

Braz. J. Biol., 2017, vol. 77, no. 1, pp. 83-91

evaluated rats subjected to a multi-deficient diet during
pregnancy and observed a reduction in insulin levels and
cortisol compared with the control group (18% casein).

After the recovery period (45 days), the MR group
had similar food intake and body weight compared with
the N group. However, the histological analysis showed
that the CSA of left tibialis anterior fibers (control) was
44% lower than the nourished group, indicating that food
restriction affects the development of skeletal muscle.
The decrease in the number and diameter of fibers in
malnourished young animals occurs due to the loss of
myofibril and consequently loss of fibers. Myotube needs
protein to synthetize actin and myosin after the fusion of
myoblasts during growth (Themelandu, 1985).

Bedi et al. (1982) evaluated malnutrition by CSA, type
and total number of muscle fibers in extensor digitorum
longus (EDL) and soleus muscles of rats. The animals were
subjected to malnutrition during pregnancy and lactation
or after weaning. All of the animals were then permitted
to nutritionally recover for a long period. The results
indicated that malnutrition during the early stages affect
body mass, which causes weight reduction and CSA
muscle decrease, even after 5 months of recovery to a
normal diet. However, malnourished post-weaning rats
followed with a normal diet for seven months showed
muscle recovery. In our study, tibialis anterior muscles of
malnourished post-weaning rats were analyzed after two
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Figure 4. Western blotting of MyoD, Myogenin, TGF-1 and GAPDH in the malnutrition recovery injured (MRI) and
normally nourished injured (NI) groups at 7, 14 and 21 days after cryoinjury. (A) Immunoreactive bands; (B) MyoD levels,
*Differs from NI7 group, p < 0.05; (C) TGF-B1 levels, *Differs from the respective group 7 days after injury, p < 0.05;

(D) Myogenin levels, *Differs from NI21, p < 0.05.

months of nutritional recovery, but a reduction in muscle
mass was still demonstrated.

Yamaguchi et al. (1993) showed that dietary
restriction also reduced muscle weight and CSA in rats
from 5 to 11 weeks old but did not interfere in the type
of muscle fibers. Ruiz-Rosado et al. (2013) evaluated the
type fiber in the EDL by histoenzymatic techniques and
noted the possible adaptation of muscle fibers in adult
rats that underwent chronic food restriction. The EDL
muscle of undernourished young rats (15-45 days) showed
a predominance of oxidative fibers, but when the rats
reached adulthood (130-365 days), the proportion of the
fiber type of control animal fibers (normal feed) and the
malnourished rats was similar. These results indicate that
the body tries to offset the changes caused by chronic food
restriction in the long term.

To evaluate the muscle regeneration process in
malnourished and recovered rats, all of the animals were
subjected to cryoinjury. Considering that at 14 days after
injury the muscle presents an advanced regeneration
process with reduced inflammation and tissue connective
area (Jarvinen et al., 2005), our histological analysis was
performed at this time. A study in two month old mice
subjected to protein-energy malnutrition (4% protein diet)
concluded that the nutritional status affects macrophage
activation and the body’s ability to establish an immune
response (Fock etal., 2007). However, Barreto etal. (2012)
showed that intrauterine malnutrition causes changes in
the inflammatory response progress of offspring. In the
malnourished group, the paw edema volume, C-reactive
protein serum, albumin serum and cytokine levels were
lower in the acute inflammation phase.

88

After the inflammatory phase, skeletal muscle regeneration
consists of myofiber regeneration and connective tissue
production. These two processes are simultaneous and
competitive because excessive production of connective
tissue completely inhibits muscle regeneration (Lehto etal.,
1986). In this study, the inflammation / regeneration area
was twice the MRI group, and there was also an increase
in connective tissue compared with the NI group. These
results indicate that the MRI group showed a delay in muscle
regeneration because the inflammatory phase was longer.

TGF-B1 is an important cytokine for the synthesis of the
extracellular matrix and remodeling and is used to investigate
the formation of fibrosis (Heldin et al., 1997). The aim
of the study was to determine whether the malnourished
animals would present a tendency to form fibrosis during
the muscle regeneration process. The TGF-B1 level was
similar in all groups, and the level increased 7 days after
injury. In the NI group, TGF-B1 reduction at 14 and 21 days
after injury was associated with a decrease in connective
tissue found by the histological analysis. However, the
TGF- B1 reduction in the MRI group at 14 and 21 days, and
the increase in connective tissue found by the histological
analysis, cannot be used to conclude whether there is a
tendency in the formation of fibrosis.

Another indication of the delay in muscle regeneration
is reduction of CSA in regenerated fibers of the MRI group,
which reached 74% of the normal muscle fibers (left TA).
The NI group showed similar CSA fibers compared with
normal fibers at 14 days post-injury.

The initial phase of activation and proliferation of
satellite cells is characterized by MyoD expression, which
increases at the initial stage of the regeneration process and

Braz. J. Biol., 2017, vol. 77, no. 1, pp. 83-91
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reaches its maximum three days after injury (Tidball and
Villalta, 2010). In this study, the samples were collected
at 7, 14 and 21 days after injury and the MyoD levels
were increased 7 days after injury in the NI compared
with the MRI group.

Myogenin is expressed in advanced phases of regeneration.
Myogenin is a satellite cell differentiation marker for the
repair or formation of myoblasts. In young animals, the
myogenin level started to increase at the third day after
injury, reached its peak at the seventh day, and then returned
to normal levels (Srikuea et al., 2010; Corbu et al., 2010).
However, these data were not similar to the findings in
the present study; myogenin levels increased in the N114
compared with the NI21 group, which indicated that
14 days after injury, the fibers were in a more advanced
regeneration phase in the NI compared with the MRI
group. In the MRI group, the myogenin level was similar
in all of the periods.

The reduction of MyoD and myogenin levels, the
reduction of CSA muscle fibers, and the increase of
inflammation and connective tissue area in the MRI group
suggest that the muscle regeneration process occurred
slower in post-weaning malnourished individuals followed
by nutritional recovery than in animals fed normally.
Nutritional recovery over the long term (for 5 or 7 months)
reveals different data compared with the results found in
this study because intrauterine malnutrition generates
higher damage than post-weaning malnutrition.

To gain a better understanding of the malnutrition
consequences in muscles, other experiments should be
performed in offspring of malnourished rats and recovered
animals over an extended period. Other techniques to
characterize the histological and molecular dysfunction
of muscle should be used such as muscle CSA, the total
number of muscle fibers and inflammation markers such
as TNF-a.

5. Conclusion

The proposed protocol of post-weaning malnutrition
followed by nutritional recovery was effective in causing
changes in the muscle regeneration process of young rats.
A delay was observed in muscle repair with increased
inflammation and connective tissue and reduced muscle
fiber cross-sectional area and MyoD and myogenin levels.
TGF-B1 levels did not change with dietary protein restriction.
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