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Moderate intensity physical training
accelerates healing of full-thickness
wounds in mice

F.G. Zogaib and A. Monte-Alto-Costa

Laboratério de Reparo Tecidual Cutaneo, Centro Biomédico,
Universidade do Estado do Rio de Janeiro, Rio de Janeiro, RJ, Brasil

Abstract

Physical training influences the cells and mediators involved in skin wound healing. The objective of this study was to determine
the changes induced by different intensities of physical training in mouse skin wound healing. Ninety male C57BL/6 mice (8
weeks old, 20-25 g) were randomized into three physical training groups: moderate (70% VO2max), high (80% VO2max), and
strenuous intensity (90% VOzmax)- Animals trained on a motorized treadmill for 8 weeks (Ejesion: physical training until the day
of excisional lesion, N = 10) or 10 weeks (Eeuthan: physical training for 2 additional weeks after excisional lesion until eutha-
nasia, N = 10), five times/week, for 45 min. Control groups (CG) trained on the treadmill three times/week only for 5 min (N =
10). In the 8th week, mice were anesthetized, submitted to a dorsal full-thickness excisional wound of 1 cm2, and sacrificed
14 days after wounding. Wound areas were measured 4, 7, and 14 days after wounding to evaluate contraction (d4, d7 and
d14) and re-epithelialization (d14). Fragments of lesion and adjacent skin were processed and submitted to routine histological
staining. Immunohistochemistry against alpha-smooth muscle actin (a-SMA) was performed. Moderate-intensity training (M)
until lesion (M/E|esion) led to better wound closure 7 days after wounding compared to controls and M/Egythan (P < 0.05), and
both moderate-intensity groups showed better re-epithelialization rates than controls (M/Ejegion = 85.9%, M/Egythan = 96.4%
and M/CG = 79.9%; P < 0.05). Sections of M/E|gsion and M/Egythan groups stained with hematoxylin-eosin, Picrosirius red and
a-SMA showed the most mature granulation tissues among all trained groups and controls. Thus, moderate-intensity physical
training improves skin wound healing.
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Introduction

Physical training is responsible for many adaptations
in connective tissue structure by its influence on collagen
synthesis (1) as well as the production and secretion of
growth factors (2) and inflammatory mediators (3-5). It is
known that regular physical training influences the constitu-
tion of the skin. Previous studies (6) submitted young mice
to daily physical training sessions of treadmill running for
22 weeks and observed that hydroxyproline concentration
was higher in the skin samples of trained animals when
compared to control animals. These investigators showed
that the effects of physical training are not restricted to
the connective tissue of the locomotor system. Another
study attempted to determine the effects of a few weeks
of endurance-type training on the metabolism of collagen,
calcium and glycosaminoglycans in bone, muscle, tendon,

and skin of young mice, and showed that collagen metabo-
lism was accelerated by physical training in the connective
tissues studied, including the skin (7).

On this basis, we may hypothesize that physical train-
ing may be able to improve the skin healing when a lesion
occurs, since cutaneous wound healing is a complex physi-
ological event designed to reestablish tissue integrity after
trauma and involving a number of cells and mediators,
which can be influenced by physical training.

Wound healing is usually divided into three different
phases, which include inflammation, granulation tissue
formation and remodeling (8). In the inflammatory phase,
a clot consisting of platelets, thrombin and fibronectin is
formed immediately after the injury (9). This clot releases
several chemotactic substances such as vascular endothe-
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lial growth factor (VEGF), epithelial growth factor (EGF),
platelet derived growth factor (PDGF), transforming growth
factor-B (TGF-), and immunoregulatory cytokines, provid-
ing a provisional matrix that allows cell migration (10). Some
investigators divide the inflammatory phase into two distinct
stages: 1) early inflammation (24 to 48 h after wounding)
characterized by the massive presence of neutrophils, and
2) later inflammation (48 to 72 h after wounding) character-
ized by the influx of monocytes and macrophages to the
wound site in order to remove germs and debris (11). In
the phase of granulation tissue formation, the secretion
of VEGF (by keratinocytes, macrophages, fibroblasts,
platelets, and endothelial cells) attracts endothelial cells
that begin to form new capillary tubes (12). These new
blood vessels are important for the maintenance of the
granulation tissue that is being formed. Later in the phase
of granulation tissue formation, platelets and macrophages
send signals (PDGF and EGF) to fibroblasts in order to
activate these cells to produce collagen and to proliferate
(12). Recent studies have suggested that EGF is essential
to the intracellular pathways, which regulate the epithelial-
mesenchymal transition, an important phenotype switch
that must be well regulated for successful wound healing
(13). Fibroblastic cells then acquire some morphological
and biochemical smooth-muscle cell characteristics and dif-
ferentiate into myofibroblasts, leading to wound contracture
(14). When the wound reaches full re-epithelialization, the
fibrotic scar produced by fibroblasts gradually degenerates
within 3 to 6 months, and the scar matures and softens (15).
This is the remodeling phase, which is a typical feature of
the end of wound healing, and has the deposition of type
| collagen in the wound as its main characteristic. In this
phase, the imbalance between deposition and degradation
of the extracellular matrix (ECM) components is essential
for successful healing (16).

In a previous study conducted on humans (17), healthy
older adults were trained to observe the role of physical
training in wound healing. The participants in the study were
engaged in a moderate-intensity aerobic training program
including one daily hour of physical training, three times/
week, for 3 months. One month after the beginning of physi-
cal training, the participants underwent an experimental
wound procedure and had their wounds measured three
times/week until complete healing. Skin wound healing
occurred at a faster rate in trained individuals than in the
non-trained ones.

Keylock et al. (18) have assessed cutaneous wound
healing and wound inflammation by training young and old
mice on a motorized treadmill at a moderate intensity of
30 min/day for 8 days. In that study, the authors examined
whether the exercise-induced alteration in wound healing
in aged mice was related to a reduction in inflammatory
cytokines and chemokines in the early phase of the heal-
ing process (inflammation phase). Exercise was started 3
days prior to wounding and lasted for 5 days thereafter. The
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results suggested that acute moderate exercise accelerates
wound healing in old mice as a result of its anti-inflammatory
effect on the wound.

Since different training programs have been applied in
the literature (17,18), the present study sought to observe
whether the training-induced changes in skin wound healing
were derived from acute or chronic adaptations to physical
training. Thus, we decided to challenge the animals with
two different training paradigms: physical training until
lesion (to observe the chronic effects caused by exercise
prior to wounding) or physical training until euthanasia
(to observe if the acute effects of exercise would alter the
wounded skin of trained subjects). We still considered it
necessary to investigate the role of exercise in the whole
wound healing process since the effects of training may
also alter other parameters such as the phase of granula-
tion tissue formation, whose main characteristicis collagen
synthesis.

In addition, in some studies (7), animals trained at higher
intensities (running twice daily, for 40 min, at approximately
90% VO2max), While in others (18), animals trained at moder-
ate intensities (at approximately 70% VO2max), mimicking
the amount of exercise often prescribed to promote health
in the general population.

Thus, the aim of the present study was to investigate
macro- and microscopic changes induced by three differ-
ent intensities of physical training in skin wound healing of
C57BL/6 male mice, and to evaluate wound contraction,
re-epithelialization, inflammatory infiltrate, organization of
collagen fibers, elastic system fiber assembly, and myofi-
broblastic cells.

Material and Methods

Physical training

The study was conducted following national and in-
ternational protocols for the care of experimental animals
and was approved by the Ethics Committee for animal use
of the State University of Rio de Janeiro (CEA/194/2007).
Young male C57BL/6 mice (8 weeks) weighing 20-25 g
were used. Animals were housed in individual cages under
a 12-h light/dark cycle, with free access to food and water
and weighed once a week.

Animals were randomly divided into three groups accord-
ing to physical training intensity: moderate-intensity physical
training (M; N = 30), high-intensity physical training (H; N
= 30), and strenuous physical training (S; N = 30). Since
some studies (7) have imposed high training intensities (ap-
proximately at 90% VOzmax), While others (18) have applied
moderate intensities (approximately at 70% VOomax), we
chose to study three different training intensities.

After randomization by training intensity, animals were
randomized again into three other groups, according to the
exercise paradigm: control group (CG) untrained = animals
trained only three times/week for 5 min; trained until lesion
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(Ejesion) = animals that trained until the day of excisional
lesion (8-week training); trained until euthanasia (Eeythan)
= animals that trained for 2 weeks more than the previous
group (after excisional lesion) until the day of euthanasia
(10-week training). These two different training paradigms
were applied to investigate the effects of acute and chronic
adaptations induced by the physical training program on
skin wound healing.

In the training protocol adapted from Kohut et al. (19),
mice ran on a motorized rodent treadmill five times/week
for 8 weeks (Ejesion groups) or 10 weeks (Egythan groups).
Treadmill speed and physical training duration were pro-
gressively increased until achieving target duration (45 min)
and target workload (based on the estimated maximum
oxygen consumption - VOomax - calculated for the groups):
moderate-intensity (M/E|esion and M/Egythan): 0.5 km/h (70%
VOomax); high-intensity (H/Ejesion and H/Egythan): 0.7 km/h
(80% VO2max), and strenuous-intensity (S/Ejesion and S/
Eeuthan): 1.0 km/h (90% VOsmax). The maximum oxygen
uptakes estimated for the training loads were calculated by
linear regression as described elsewhere (20).

Wounding procedure

Mice were anesthetized with intraperitoneal injections of
ketamine (5 mg/kg) and xylazine (2 mg/kg). The dorsal skin
of the animals was shaved and a full-thickness excisional
wound (1 cm2) was made. A transparent sheet was used
to trace the edges of the lesion and to evaluate wound
contraction and re-epithelialization. Excisional wounds
were traced 4, 7, and 14 days after wounding. The sheet
was then digitalized and analyzed using the Zeiss Image
Processing System KS-400 (Zeiss-Vision, Germany)
(21,22). Data are reported as means + SD percentage of
the initial wound areas.

Wound re-epithelialization was estimated by the dif-
ference between the total lesion area and the wound area
still uncovered by neoepidermis. The re-epithelialized area
was expressed as percentage of lesion area 14 days after
wounding (23).

Tissue processing and analysis

Mice were euthanized 14 days after wounding by CO»
exposure. Portions of the wound and adjacent normal skin
were harvested, fixed in formalin, pH 7.2, and embedded
in paraffin.

Sections of paraffin-embedded wound fragments were
stained with hematoxylin-eosin to observe the general orga-
nization of the tissue. Picrosirius red (PS) staining was used
to identify collagen fibers. In PS-stained sections observed
under polarized light, thick collagen fibers appear strongly
birefringent and yellow to red in color, whereas thin collagen
fibers are weakly birefringent and appear greenish in color
(24). Weigert's resorcin-fucsin staining with oxidation was
used to identify fibers of the elastic system in the normal
skin sections.
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Immunohistochemistry

Myofibroblasts expressing a-smooth muscle actin
(a-SMA) were identified by immunohistochemistry. Some
adaptations of the standard technique were performed to al-
low the use of a mouse monoclonal antibody in mouse tissue,
as previously described (25). Sections were deparaffinized,
hydrated, washed in phosphate-buffered saline (PBS), and
incubated with the Envision system (Dako, USA) for 50 min
to allow anti-mouse IgG to bind to tissue. Endogenous and
polymer-linked peroxidase was inhibited by incubation in
3% H202 in methanol for 30 min. Sections were incubated
with a solution of a monoclonal antibody against a-SMA
(Dako) (1:1000) and Envision (1:20) in 1% PBS/BSA for 2
h. Diaminobenzidine was used as chromogen and sections
were counterstained with Delafield’s hematoxylin. Negative
controls were performed by replacing primary antibody with
PBS/BSA and no labeling was observed.

Statistical analysis

Data are reported as means = SD. Data concerning
body weight, wound contraction and re-epithelialization
were analyzed by the unpaired t-test with Welch correction.
The GraphPad Instat software (version 3.01) was used for
statistical analysis (GraphPad Software Inc., USA).

Results

Body weight

There were no differences among groups (CG, E/jesion
and E/eythan) assigned to moderate, high and strenuous
physical training intensities at the beginning of the experi-
ments (Table 1). Both moderate-intensity and high-intensity
physical training groups showed similar patterns of body
weight: mice trained until lesion (M/Ejesion and H/Ejesion)
presented a decreased body weight compared to control
animals on dp.

No differences in body weight were found between M/
Ejesion, H/Ejesion, and S/Ejesion Mice and their respective
controls on dq4. These animals probably gained weight
because their training sessions ended when they suffered
the excisional wound on dg. The M/Egythan, H/Eeuthan, and
S/Eeuthan groups presented decreased body weight when
compared to their controls on dg and d14; on d14, the animals
of these three groups were lighter than M/E|esjon, H/Ejesion,
and S/Ejesion Mice. All physical training intensities applied
in this study promoted weight loss in the animals, serving
as a parameter to ensure that the animals’ engagement in
the training program was successful.

Wound closure

Wound closure of the M/Egythan, H/Eeuthan, @and S/Eeuthan
groups was delayed when compared to their respective
controls and trained counterparts on d4 (Figures 1A, B, and
C). The M/Ejesion group presented a better rate of wound
closure than the M/CG and M/Egythan groups on dz, sug-

Braz J Med Biol Res 44(10) 2011



1028

gesting that this result could express an effect of the animals’
conditioning at a moderate-intensity physical training. No dif-
ferences in wound closure were observed between the M/CG
and M/Egthan groups on d7, confirming that the better wound
closure of the M/Ejggjon group could be a chronic adaptation
of moderate-intensity physical training (Figure 1A).

H/Ejesion and H/Egythan presented delayed wound
closure when compared to H/CG on d7 (Figure 1B). The
same occurred with the S/Ejesion @and S/Eeythan groups,
which showed delayed wound closure when compared to
S/CG 7 days post-wounding (Figure 1C). These findings
suggest that physical training intensities of 80% VO2max
or higher were responsible for delayed wound contracture
on dz7. Physical training did not influence wound closure of
the groups that trained at moderate, high and strenuous
intensity on dq4 (Figure 1A, B, and C).

Re-epithelialization

With moderate-intensity physical training, the M/Eg¢ythan
group showed the best re-epithelialization rate, followed by
the M/E|gsion group. Both M/E|gsion and M/Egythan presented
higher re-epithelialized areas than M/CG (Figure 1D). It
seems that an improved neo-epidermis formation can be
a chronic effect of moderate-intensity physical training that
can be reinforced as the training program continues. Thus,
moderate-intensity physical training affected the re-epithe-
lialization of the M/Egythan group in a positive manner.

With high-intensity physical training, the H/E|esjon group
showed improved re-epithelialization when compared to
H/CG and H/Egythan (Figure 1E). With strenuous-intensity
physical training, no differences in re-epithelialization were
observed among groups (Figure 1F).

General histology

The control groups of the three different physical training
intensities presented numerous inflammatory and fibroblas-
tic cells distributed homogeneously in both superficial and
deep regions of granulation tissue. A thick neo-epidermis
could be observed in these sections (Figure 2A, D, and G).
Both groups trained at moderate intensity presented less
inflammatory infiltrate and a decreased number of fibroblasts
compared to the control group. Numerous hair follicles and
well-developed dermal papillae were observed in M/E|gsion
and M/Egythan sections (Figure 2B and C).

Animals trained at high intensity presented a microscopic
pattern of granulation tissue similar to that observed in
groups trained at moderate intensity. Sections of the H/
Elesion and H/Egythan groups still showed reduced amounts
of inflammatory and fibroblastic cells compared to control.
A thinner neo-epidermis and numerous hair follicles and
dermal papillae could be observed in both groups that
trained at high intensity (Figure 2E and F).

Sections of both groups of strenuous-intensity physi-
cal training (S/Ejesion @and S/Eeythan) showed a thickened
neo-epidermis and a greater amount of fibroblasts. S/
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Table 1. Body mass of C57BL/6 male mice (N = 90) submitted to
moderate-, high-, and strenuous-intensity physical training.

Body weight (g)
Initial weight do dig

Moderate-intensity physical training (N = 30)

M/CG 206+1.66 259+1.22 26.3+1.0

M/Ejesion 20.7+156 24.2+144* 250+ 1.85%

M/Eeythan 204+164 236+127* 233+£165%
High-intensity physical training (N = 30)

H/CG 253+110 278+150 282+1.50

H/Elesion 249+139 26.0+125* 27.3+1.40%

H/Eeuthan 251+145 255+130 25.3+1.65%
Strenuous-intensity physical training (N = 30)

S/ICG 232+191 255+138 258+1.44

S/Elesion 2284230 245+£140 258+1.31%

S/Eeuthan 23.7+175 23.4+199* 239%1.16*

Data are reported as means + SD. *Confidence interval (95%Cl)
for differences between trained and control (Student t-test with
Welch correction); #95%ClI for differences between the trained
groups Ejesion/Eeuthan (Student t-test with Welch correction). M =
moderate-intensity physical training; H = high-intensity physical
training; S = strenuous-intensity physical training; CG = control
group; Ejesion = trained until lesion; Egythan = trained until eutha-
nasia; dg = day of excisional lesion; d4 = euthanasia.

Elesion sections showed a smaller amount of inflamma-
tory cells than S/Egyihan and S/CG sections. Hair follicles
and dermal papillae were almost absent in sections from
animals submitted to strenuous-intensity physical training
(Figure 2H and ).

Organization and distribution of collagen fibers

Collagen fibers were thin, reddish (some greenish fibers
could be observed, although they were not the majority) and
fragmented in the sections from control animals. Control
sections showed a disorganized arrangement of collagen
fibers (Figure 3A, D, and G).

Sections of the M/E|gsjon and M/Egthan groups showed a
greater amount of collagen fibers than did M/CG and exhib-
ited more thickened and elongated fibers than their controls.
In the deep region of the granulation tissue, collagen fibers
were horizontally organized, parallel to each other. In the
superficial region of moderate-intensity sections, fibers were
more fragmented and organized in a “basket-like” arrange-
ment. Although some greenish fibers could be observed in
the superficial region, collagen fibers in both M/E|esjon and
M/Eguthan groups were mainly reddish, arranged homoge-
neously in the deep region (Figure 3B and C).

Sections of both high-intensity-trained groups (H/Ejesion
and H/Egthan) showed an increased amount of collagen
fibers when compared to the sections of H/CG mice. Col-
lagen fibers of H/E|gsion and H/Egythan Mice were longer and
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thicker than in control mice. High-intensity physical training  gion of the granulation tissue presented disorganized fibers
sections were mainly reddish, though some greenish fibers  and the deep region presented denser fibers organized
could be observed spread in the tissue. The superficial re-  parallel to the surface (Figure 3E and F).

A Wound contraction D Re-epithelialization
Moderate-intensity physical training Moderate-intensity physical training
P <0.05
P <0.05
. P<0.05 =
60 P <0.05 100 T
50 P <0.05 =] M/Elesion g T
0 M/Egythan < 80
g 40 P<0.05 3
; P <0.05 s 607
= 201 g
o jo)
4 T 20+
| i T
0 T T ] 0 T T
d4 d7 d14 M/CG M/Elesion M/Eeuthan
B High-intensity physical training E High-intensity physical training
P <0.05
—_— P <0.05
607 p<oos O H/CG P <0.05
50 B H/Eggion s 100 '|' T
§ 40- P <0.05 O H/Egithan g 80 -
s P <0.05 =
S 30 e — ‘s 601
o (9]
= 201 £ 40+
B 5}
10 - € 201
B
0 T 0 : :
d, d; dig H/CG H/Ejesion H/Eeuthan
C Strenuous-intensity physical training F Strenuous-intensity physical training
60 - ; P <0.05 0 S/CG m-loo_ T 1
50 - P<005 P <0.05 B S/Ejesion § 804
g 40 - P <0.05 O S/Eeuthan B
s 5 60
% 30 A E’
2 20 3 4]
® @
10 C 20+
B
0 . | | E . .
d4 d7 d14 S/CG S/Elesion S/Eeuthan

Figure 1. Effects of different physical training intensities on wound contraction 4, 7, and 14 days after wounding (A, B, C) and re-epithe-
lialization 14 days after wounding (D, E, F). Data are reported as means + SD. N = 10 animals/group. The M/E|esjon group presented a
better rate of wound closure than the M/CG and M/Egythan groups on d7 (A). The H/Egythan group presented larger wound areas than
the H/CG and H/Ejesjon groups on dg. Wound closure of both H/E|egjon and H/Egythan groups was delayed when compared to H/CG on
d7 (B). With strenuous-intensity physical training, the S/Egythan group presented an increased wound area when compared to S/CG
and S/Ejegion 0N dg. Both S/Ejesion and S/Egythan groups showed delayed wound contracture when compared to S/CG animals on d7
(C). The M/Egythan group showed the best re-epithelialization rate, followed by M/Ejesion group. Both M/Ejesion and M/Egythan groups
presented larger re-epithelialized areas than M/CG (D). The H/Ejesion group showed improved re-epithelialization when compared to
H/CG and H/Egythan (E). In the strenuous-intensity physical training, no differences were observed in re-epithelialization among groups
(F). Student t-test with Welch correction (Cl = 95%). M = moderate-intensity physical training; H = high-intensity physical training; S =
strenuous-intensity physical training; CG = control group; Eesion = trained until lesion; E¢ythan = trained until euthanasia; d = day.
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Both strenuous-intensity-trained groups presented a
dense deposition of collagen fibers. Sections of S/Ejggjon
and S/Egythan showed reddish-colored, thickened and
elongated fibers arranged roughly in parallel, either in the
superficial or in the deep regions of the granulation tissue
(Figure 3H and ).

These observations suggest that animals that trained at
moderate intensity presented the most organized collagen
network, followed by the groups that trained at high intensity,
whereas groups trained at strenuous intensity presented an
increased amount of poorly organized fibers. Sections of
both moderate- and high-intensity-trained groups showed
more mature granulation tissues than strenuous-intensity-
trained groups. Regardless of intensity, all trained groups
showed a higher amount of collagen fibers than control ani-

F.G. Zogaib and A. Monte-Alto-Costa

mals (Figure 3B, C, E, F, H, and I).

Myofibroblast analysis

Control sections showed a large amount of fusiform myo-
fibroblasts parallel to the surface and spread throughout the
granulation tissue (Figure 4A). Moderate-intensity-trained
groups (M/Ejesion and M/Egythan) presented some myofi-
broblasts arranged into the deep region of the granulation
tissue (Figure 4B). In the high-intensity-trained animals (H/
Elesion @and H/Eeuthan), Sections presented a pattern closely
similar to that of moderate-intensity-trained groups (Figure
4C). Numerous fusiform myofibroblasts could be observed
all over the granulation tissue of the strenuous-intensity-
trained animals (S/E|esjon and S/Egythan groups), similar to
control sections (Figure 4D).

Figure 2. Effects of different physical training intensities on the formation of granulation tissue and the appearance of
neo-epidermis 14 days after wounding. Sections were stained with hematoxylin-eosin. Magnification bar = 50 ym. Control
groups showed numerous inflammatory and fibroblastic cells in the granulation tissue and a thick neo-epidermis (A, D, and
G; arrowheads). M/Ejesion, M/Eeythan, H/Ejesion, @and H/Eeyuthan Sections presented less evidence of inflammatory infiltrate
and decreased numbers of fibroblasts when compared to their respective controls, showing a similar pattern of granula-
tion tissue. Numerous hair follicles and well-developed dermal papillae were observed in these groups (B, C, E, and F,
respectively; arrows). S/Ejesion and S/Eeuthan Showed a thickened neo-epidermis (arrowheads) very similar to the control
group. Hair follicles and dermal papillae were almost absent in strenuous-intensity physical training sections (H and /). For

abbreviations, see legend to Figure 1.
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Elastic system fibers

Control sections of normal skin showed some dispersed
and fragmented fibers of the elastic system. In the deep
region of the control sections, some scarce thick fibers
could be perceived (Figure 5A, D, and G).

In the moderate-intensity-trained animals there was
a greater amount of superficial elongated fibers in the M/
Ejesion and M/Egythan groups than in M/CG, even though
there were no specific arrangements of these fibers in
animals submitted to this physical training intensity. Some
thick fibers appeared in the deep area of the tissue, as also
observed in M/CG (Figure 5B and C).

There was an increase of fibers in the superficial region

1031

of the tissue in high-intensity-trained groups compared to
H/CG and to the M/E|ggion and M/Egythan groups. In both
groups trained at high intensity, more thick elongated fibers
were observed in the transition of the intermediate to the
deep regions of the skin sections (Figure 5E and F).

Remarkable changes of the elastic system were ob-
served in the strenuous-intensity-trained groups. In the
superficial region of the normal skin sections of both S/
Ejesion and S/Eguthan groups, there were elongated and
numerous thin fibers (“candlestick-like” arrangement).
Sections of these groups showed many elongated and
thickened fibers spread in both regions of the tissue
(Figure 5H and I).

Figure 3. Effects of different physical training intensities on the organization and distribution of collagen fibers in the granu-
lation tissue 14 days after wounding. Sections were stained with Picrosirius red. Magnification bar = 50 um. Thin, reddish
and fragmented collagen fibers could be observed in the granulation tissue of control groups, which showed a disorganized
arrangement (A, D, and G; arrows). Sections of the M/Ejgsjon and M/Egythan groups exhibited collagen fibers organized in a
“basket-like” arrangement in the superficial region (arrows); inside the deep region of the granulation tissue of the M/E|gsjon
and M/Egythan groups, collagen fibers were horizontally organized and parallel to each other (B and C; arrowheads). Col-
lagen fibers of the H/Egsion and H/Egythan groups were longer and thicker than in control sections. The superficial region
of the granulation tissue of high-intensity-trained groups presented disorganized collagen fibers (arrows) and the deep
region presented denser fibers organized parallel to each other (E and F; arrowheads). Strenuous-intensity-trained groups
presented a dense deposition of collagen fibers; S/Ejegion and S/Egythan sections showed thickened and elongated fibers
arranged roughly in parallel either in the superficial or in the deep regions of the granulation tissue (H and /; arrows). For

abbreviations, see legend to Figure 1.

www.bjournal.com.br

Braz J Med Biol Res 44(10) 2011



1032

Discussion

This study is the first to describe the effects of different
intensities of physical training on mouse skin wound healing.
Macroscopic changes induced by physical training included
a better wound closure in moderate-intensity-conditioned
animals, delayed wound contraction in the high and strenu-
ous groups on d7, and an enhanced re-epithelialization
in moderate and high-intensity-trained groups. Several
microscopic findings confirm macroscopic data.

Recent studies (17,18) have described the influence of
physical training on cutaneous wound healing. Emery et al.
(17) showed that older adults who engaged for three months
in a moderate-intensity aerobic activity healed their standard
wounds than their sedentary controls. Those authors attrib-
uted this finding to an enhanced neuroendocrine response
and suggested further evaluation of pro-inflammatory
cytokines in the wound environment.

In another study (18), aged mice were trained for 30

F.G. Zogaib and A. Monte-Alto-Costa

min per day at 70% VOzmax (physical training began 3 days
prior to wounding and lasted 5 days thereafter); trained
aged animals presented smaller wound areas than their
untrained aged controls. The authors (18) observed effects
of physical training in the early phases of wound healing
(up to 6 days after wounding) and showed that moderate-
intensity exercise reduced TNF-a, KC, and MCP-1 levels
and allinflammatory cytokines that were elevated in wounds
of aged mice. These results may be observed in a physical
training program of greater duration, since moderate physi-
cal conditioning is known to reduce the anti-inflammatory
response as a chronic adaptation to training (26).

Inthe present study, better wound closure was observed
in animals trained at moderate intensity seven days after
wounding, in agreement with previous reports (17,18),
although these studies did not analyze wound closure and
re-epithelialization separately. Thus, it is difficult to know
if these investigators (17,18) observed a smaller wound
area because of a higher rate of wound closure or because

Figure 4. Effects of different physical training intensities on the distribution of myofibroblasts in the granulation tissue 14
days after wounding. Myofibroblasts expressing a-SMA were localized by immunohistochemistry. Magnification bar = 50
pum. Control sections showed a large amount of fusiform myofibroblasts spread throughout the granulation tissue (A; ar-
rows). Moderate-intensity-trained groups (M/Ejgsijon and M/Egythan) presented some myofibroblasts arranged inside the
deep region of the granulation tissue (B; arrows). In the high-intensity-trained animals (H/Ejesion and H/Egythan), sections
presented a pattern closely similar to that of moderate-intensity-trained groups (C; arrows). Numerous fusiform myofibro-
blasts could be observed all over the granulation tissue of the strenuous-intensity-trained animals (S/Ejesion @and S/Eeythan
groups), similar to control sections (D; arrows). For abbreviations, see legend to Figure 1.
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of a larger re-epithelialized area. Our data also showed
enhanced re-epithelialization of both moderate-intensity-
trained groups and the high-intensity group that trained
for 14 days after wounding. We suggest that physical
conditioning prior to wounding has positive effects on both
moderate- and high-intensity-trained animals.

Cytokines systemically released during physical train-
ing could influence the wounds locally. It is possible that
the anti-inflammatory cytokine balance experienced by the
animals trained at moderate intensity (27) would be able to
reduce the amount of inflammatory cells in the granulation
tissue. In fact, animals that trained at 80% VO2max (H/Ejesion
and H/Egythan) also presented a reduction of the inflamma-
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tory infiltrate in the granulation tissue. On the other hand,
strenuous physical training may induce inflammatory reac-
tions and immune disturbances because of the increased
concentrations of pro-inflammatory mediators (27).
According to Gokhale et al. (28), strenuous-physical
activity increased serum TNF-a and IL-6 levels. This might
have caused an increase in the amount of inflammatory
cells in the strenuous-physical training group that trained
until euthanasia. Possibly, the reduction of the inflammatory
condition in the S/E|esjon group was due to the cessation of
the pro-inflammatory stimuliin the strenuous-intensity physical
training because of the conclusion of the training program.
Physical training is also responsible for the increased

- a Ve /7\' - B ‘
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Figure 5. Effects of different physical training intensities on the elastic system assembly of normal skin sections. Sections
were stained with resorcin fucsin Weigert with previous oxidation. Magnification bar = 50 ym. Control sections of normal
skin showed some dispersed and fragmented fibers of the elastic system (A, D, and G; arrows). Weigert's normal skin sec-
tions showed an increased amount of thin fibers of the elastic system without any specific arrangement in the superficial
area of the tissue of the M/E|ggjon and M/Egythan groups (B and C; arrowheads). H/E|ggion @and H/Egythan groups presented
the same pattern of thin and elongated fibers in the superficial region, but showed larger amounts of these fibers than
moderate-intensity-trained groups. The H/E|gsjon and H/Egythan groups also showed more elongated fibers in the transition
from the intermediate to the deep regions of the skin sections (E and F; arrowheads). The S/E|gsion and S/Eeythan groups
showed elongated and numerous thin fibers organized in a “candlestick-like” arrangement in the superficial region of the
normal skin sections of these groups (arrows). In the intermediate and deep regions of these sections, many elongated
and thickened fibers were present (H and /; arrowheads). For abbreviations, see legend to Figure 1.

www.bjournal.com.br

Braz J Med Biol Res 44(10) 2011



1034

collagen turnover in connective tissue structures such as
tendons, ligaments, bone, and muscle (2). Physical training
results in an increased turnover of collagen type | in the
local connective tissue of the peritendinous region (29).
The skin might not be different from all other components of
connective tissue when subjects are submitted to physical
training. The present data agree with the findings of other
studies (6,7), which demonstrated that the amount of col-
lagen is increased in the skin of trained mice. In the present
study, all trained groups, regardless of intensity, presented
a higher quantity of collagen fibers; the feature that suffered
change was the arrangement of these fibers. M/Ejesjon and
M/Eeuthan Showed the best arrangement of collagen fibers,
followed by H/E|esion and H/Eeythan-

Finally, the present study was the first to describe the
microscopic characteristics of the elastic system fibers in
the normal skin of trained young mice submitted to different
physical training intensities. Strenuous physical training
induced a higher amount and better arrangement of thin
and thick fibers of the elastic system in the normal skin of
trained mice. These findings suggest that, although some
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