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Cryotherapy Reduces Inflammatory
Response Without Altering
Muscle Regeneration Process and
s Extracellular Matrix Remodeling of
e ™ Rat Muscle

Gracielle Vieira Ramos?, Clara Maria Pinheiro?, Sabrina Peviani Messa?, Gabriel Borges
Delfino?, Rita de Cassia Marqueti', Tania de Fatima Salvini? & Joao Luiz Quagliotti Durigan?

. The application of cryotherapy is widely used in sports medicine today. Cooling could minimize
secondary hypoxic injury through the reduction of cellular metabolism and injury area. Conflicting
results have also suggested cryotherapy could delay and impair the regeneration process. There are
no definitive findings about the effects of cryotherapy on the process of muscle regeneration. The
aim of the present study was to evaluate the effects of a clinical-like cryotherapy on inflammation,
regeneration and extracellular matrix (ECM) remodeling on the Tibialis anterior (TA) muscle of rats
3, 7 and 14 days post-injury. It was observed that the intermittent application of cryotherapy (three
30-minute sessions, every 2 h) in the first 48 h post-injury decreased inflammatory processes (ImMRNA
levels of TNF-a, NF-kB, TGF-3 and MMP-9 and macrophage percentage). Cryotherapy did not alter
regeneration markers such as injury area, desmin and Myod expression. Despite regulating Collagen |
and Il and their growth factors, cryotherapy did not alter collagen deposition. In summary, clinical-like

. cryotherapy reduces the inflammatory process through the decrease of macrophage infiltration and

. the accumulation of the inflammatory key markers without influencing muscle injury area and ECM

. remodeling.

. Skeletal muscle lesions are responsible for the majority of the functional limitations observed in sports and occu-

© pational medicine’. After primary injury, muscle regeneration occurs in a highly orchestrated process that involves

- the activation of muscle satellite cells to proliferate and differentiate into a new muscle fiber’ with a constant pattern

. irrespective of the cause (contusion, strain, or laceration). After muscle injury it is possible to observe four inde-

pendent phases, despite their etiology: degeneration, inflammation, regeneration, and fibrosis?*. The activation
and differentiation of satellite cells is characterized by the rapid upregulation of myogenic differentiation 1 (MyoD)
and insulin-like growth factor 1 (IGF-1)>%. In addition, in vitro and in vivo studies indicate that anti-inflammatories
such as interleukin-10 (IL-10) and transforming growth factor beta (TGF-3) and pro-inflammatory cytokines such
as tumor necrosis factor alpha (TNF-a) and nuclear factor- kB (NF-xB) produced by macrophages could activate
satellite cells, stimulating myoblast proliferation and differentiation into myotube formation”?.

The fibrosis and remodeling phases of muscle regeneration involve the deposition of Collagen I and III fibers
and reorganization of the tissue, which could be induced by TGF-f3°, IGF-I'°, and connective tissue growth factor
(CTGF)'!. In addition, matrix metalloproteinases (MMPs) cooperatively degrade all components of the extra-
cellular matrix (ECM)'2. MMP-2 (or gelatinase A) activity is concurrent with the regeneration of new myofib-

. ers probably due to degradation of type IV collagen of the basement membrane during myoblast proliferation,
. migration, and fusion. MMP-9 (or gelatinase B) activation is related to the early inflammatory phase and to the
activation of satellite cells'>,
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The primary role of cryotherapy post-injury in sports medicine is to reduce pain, swelling, degeneration and
inflammation*'>-"”. Cryotherapy is applied in clinical practice with a duration of 20 to 30 minutes, at least 3 times
per day in the first 72 hours after soft injury*®!. Some studies have demonstrated that cryotherapy minimizes sec-
ondary hypoxic injury through the reduction of cellular metabolism and injury area'”2°->*, Nuno and colleagues?
also showed that intermittent cryotherapy reduced injury area approximately 25% compared to untreated rat
muscle. Another study demonstrated that cryotherapy for six consecutive hours reduced macrophage infiltration,
edema formation, and myonecrosis (desmin ratio) of rat muscle?®. However, excessive or prolonged cooling would
be damaging in clinical practice?.

On the other hand, previous studies suggest that cryotherapy, despite decreasing inflammation**?°, might delay
the muscle regeneration process*. Cryotherapy could retarded the migration of macrophages in the injured area
and the secretion of growth factors such as TGF-31 and IGF-I expression, which might be harmful for muscle
regeneration®. They speculated that macrophages play important roles not only for degeneration, but also for muscle
regeneration, and therefore the influence of cryotherapy on macrophage activities might be closely related to a
delay in muscle regeneration, impairment of muscle regeneration, and redundant collagen synthesis*.

Collectively, few studies have evaluated the effects of cryotherapy on muscle regeneration with intermittent and
clinical-like protocols related to those used in humans*?>%. Moreover, no study used cryotherapy for 20 minutes
in the first 72 hours after muscle injury, as recommended in clinical practice. Our hypothesis was that clinical-like
cryotherapy, applied to the tibialis anterior (TA) muscle immediately after injury, would minimize the inflammatory
process, secondary injury area and harmful collagen adaptation. Therefore, the aim of this study was to evaluate
the effects of cryotherapy on inflammation (TNF-a, macrophages, NF-B, TGF-3 and MMP-9), regeneration
(MyoD, IGF-1 and desmin), the extracellular matrix (Collagen I and III, CTFG, and MMP-2), the injury area and
muscle morphology of rat TA post-injury.

Methods

Experimental Design. Three-month-old male Wistar rats (n=42; 301.28 & 17.85 g) were studied. The ani-
mals were housed in plastic cages under controlled environmental conditions (12-hour light/dark cycle) with free
access to water and standard chow (Socil, Sdo Paulo). The University of Sdo Carlos Ethics Committee approved
the experimental procedures (number 059/2010) and the study was conducted in accordance with the National
Guide for the Care and Use of Laboratory Animals (National Research Council, 1996). This study was divided
into 3 experimental analysis periods: 3, 7 and 14 days after muscle lesion. The rats were randomly distributed into
seven experimental groups of 6 animals for each time period: (1) (control group) animals with no interventions;
(2) TA muscle injured and analyzed 3 days after injury (L3); (3) TA muscle injured, treated with cryotherapy and
analyzed 3 days after injury (L3 4- C); (4) TA muscle injured and analyzed 7 days after injury (L7); (5) TA muscle
injured, treated with cryotherapy and analyzed 7 daysafter injury (L7 + C); (6) TA muscle injured and analyzed
14 days after injury (L14) and (7) TA muscle injured, treated with cryotherapy and analyzed 14 days after injury
(L14+ Q).

24,26

Freezing muscle injury. The rats were anesthetized with an intraperitoneal injection of xylazine (12 mg/kg)
and ketamine (95 mg/kg) for the surgical procedures. To induce muscle injury in the middle belly of the right TA,
the skin around the muscle was trichotomized and cleaned. Then, a transversal skin incision (about 1 cm) over the
muscle middle belly was performed, exposing the TA muscle. A rectangular iron bar (40 x 20 mm?) was frozen
in liquid nitrogen and then kept for 10s on the muscle belly. The same procedure was repeated two consecutive
times with a time interval of 30s. After that, the skin was sutured®”**. This model induces a homogeny injury area
and restricts the surface region of muscle belly?>*”?%, which is similar to mechanism of muscle contusion model®.
Moreover, it is a model of easy applicability that allows a good reproducibility of experiment and less variability
in the extension of muscle damage among animals?>?"%.

Cryotherapy. Under anesthesia, cryotherapy was performed immediately after muscle injury. The animals
were maintained in a horizontal position on a plastic table, and the ankle of right hindlimb was maintained by
tape for the exposition of the TA muscle skin. The sessions of cryotherapy consisted of the application of a plastic
pack filled with crushed ice, maintained by the tape directly on the skin of the right TA muscle*>?*. The first cry-
otherapy treatment was performed immediately after the TA injury (three sessions of 30 minutes, applied every
2h). Similar treatment was performed 24 h and 48 h post-lesion.

Skin Temperature. An infrared thermometer was used to quantify skin temperature over the TA muscle
(range: —18°C and 260 °C; Wurth Temp, Cotia, Brasil). The measurements were performed during cryotherapy
treatment and 30 minutes post-cryotherapy.

Muscle Sample Collection.  After the experimental periods, the animals were anesthetized and weighed.
Then, the right TA muscles were carefully removed and weighed. The muscles were then divided into two parts
at the middle of the belly: the proximal fragment was used for the histological and immunofluorescence analysis
and the distal one for the mRNA analysis. For the histological evaluation, the muscle fragment was immediately
frozen in isopentane, pre-cooled in liquid nitrogen and stored in a freezer at —80°C (Forma Scientific, Marietta,
Ohio). For the mRNA analysis, the muscle fragment was frozen in liquid nitrogen and stored at —80°C.

Muscle injury area. Histological serial muscle cross-sections were obtained (one section of 10pum for every
100 um) in a cryostat microtome (Microm HE 505, Jena, Germany) along with the TA middle belly muscles. One
image of all muscle cross-sections was acquired at low magnification, and centralized nuclei were counted as a
percentage of total muscle fibers. Since the primary injury was standardized for all damaged muscles, possible
differences in the final area of injury were considered because of different extensions in the secondary muscle
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injury. The qualitative analysis of histological sections stained with Toluidine Blue included a description of the
stages of tissue repair, involving the presence and type of inflammatory infiltrate, edema, necrosis and immature
fibers of all experimental groups?>?7.

Immunofluorescence Analysis. The muscle preparation for immunofluorescence assay was previous
described?!. The primary antibody used for immunostaining was: a) rabbit Desmin (1:100 dilution), catalog
no. AB-15200 (Abcam, Cambridge, MA), and the secondary antibody was rhodamine red goat anti-rabbit IgG
(1:200 dilution), catalog no. Rb394; (Molecular Probes, Eugene, OR); b) rat laminin (1:100 dilution), catalog no.
AB-17792 (Abcam, Cambridge, MA), and the secondary antibody was Alexa-Fluor-488- IgG anti-mouse (1:200
dilution), catalog no. A11029 (Molecular Probes, Eugene, OR); ¢) mouse anti rat CD68 (1:100 dilution), catalog
no. MCA341R (ABD Serotec, Kidlington), and the secondary antibody was Alexa-Fluor-488- IgG anti-mouse
(1:200 dilution), catalog no. A11029 (Molecular Probes, Eugene, OR); d) rabbit anti-TNFa (1:200 dilution), cat-
alog no. NBP1-19532 (Novus Biologicals, Littleton, CO), and the secondary antibody was rhodamine red goat
anti-rabbit IgG (1:200 dilution), catalog no. Rb394 (Molecular Probes, Eugene, OR); €) mouse Anti-Collagen,
Type III (1:100 dilution), catalog no. C7805 (Sigma-Aldrich, St. Louis, MO) and the secondary antibody was
Alexa-Fluor-488- IgG anti-mouse (1:200 dilution), catalog no. A11029 (Molecular Probes, Eugene, OR); f) mouse
Anti-Collagen, Type I (1:100 dilution), catalog no. C2456 (Sigma-Aldrich, St. Louis, MO) and the secondary
antibody was Alexa-Fluor-488- IgG anti-mouse (1:200 dilution), catalog no. A11029 (Molecular Probes, Eugene,
OR).

For quantitative measurements of immunoreactivity, images of five different regions from the middle-belly
of the TA muscles were captured (Axiocam, Carl Zeiss, Jena, Germany) at a final magnification of 20 x, with the
microscopic setting kept the same for all slides. Regions categorized as degenerative were those which included
fibers with hypercontraction, delta lesion, vacuolated and ghost cells, whereas regenerative regions included myo-
blasts, myotubes and central-nucleate myofibers. In both, the area occupied by fibers positive for the CD68 and
TNF-a-labeled antibodies was determined by computer aided image analysis (Image-Pro Express software, Media
Cybernetics, Silver Spring, MD, USA) and calculated as percentage. The percentage of CD68 and TNF-«-labeled
area (degenerative or regenerative ones) was assessed by multiplying them by 100 and dividing them by the total
number of TA muscle fibers. The interstitial space was not considered when the degenerated and regenerated
areas were calculated®. The ratio of desmin immunostaining cells/total of muscle fibers was used to quantify the
area characterized by the presence of regenerating myofibers and calculated as the percentage (Image-Pro Express
software, Media Cybernetics, Silver Spring, MD, USA)*. Quantification of Collagen I and Collagen III was per-
formed by Image]J software using the tool color histogram (version 1.41; Wayne Rasband, National Institutes of
Health, Bethesda, MA, USA)3!.

RNA Isolation and Analysis. RNA was isolated from one frozen fragment of the distal ends of each TA
muscle using 1 ml of Trizol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. The
extracted RNA was dissolved in hydroxymethyl-aminomethane-hydrochloride (tris-HCI) and ethylenediamine-
tetracetic acid (TE), pH 7.6, and quantified by spectrophotometry. The purity was assessed by determining the
ratio of the absorbance at 260 nm and 280 nm. The integrity of the RNA was confirmed by inspection of ethidium
bromide stained 18S and 28S ribosomal RNA under violet ultra-light. Total RNA was reverse transcribed into
complementary deoxyribonucleic acid (cDNA) as previous described®'.

Oligonucleotide Primers. Primers used for the amplification of products were as follows: GAPDH
(forward: CCACCAACTGCTTAGCACC; reverse: GCCAAATTCGTTGTCATACC); RPLPO (for-
ward: AGGGTCCTGGCTTTGTCTGTGG; reverse: AGCTGCAGGAGCAGCAGTGG) Myo-D (for-
ward: GGAGACATCCTCAAGCGATGC; reverse: AGCACCTGGTAAATCGGATTG); NF-kB
(forward: CATTGAGGTGTATTTCACGG; reverse: GGCAAGTGGCCATTGTGTTC ); TNF-a (for-
ward: ACCCCCTGAGTCTGCTCAAT; reverse: CCTGGTGGGACTTGGTTGTA); TGF-3 (forward:
CCCCTGGAAAGGGCTCAACAG; reverse: TCAACCCAGGTCCTTCCTAAAGTC); Collagen I (forward:
ATCAGCCCAAACCCCAAGGAGA; reverse: CGCAGGAAGGTCAGCTGGATAG); Collagen III (for-
ward: TGATGGGATCCAATGAGGGAGA; reverse: GAGTCTCATGGCCTTGCGTGTTT); CTGF (for-
ward: CAGGCTGGAGAAGCAGAGTCGT; reverse: CTGGTGCAGCCAGAAAGCTCAA); IGF-1 (forward:
GGAGGCTGGAGATGTACTGTGCT; reverse: TGTGTTCTTCAAGTGTACTTCCTTCTG); MMP-2 (for-
ward: CTGGGTTTACCCCCTGATGTCC; reverse: AACCGGGGTCCATTTTCTTCTTT); MMP-9 (forward:
GGATGTTTTTGATGCCATTGCTG; reverse: CCACGTGCGGGCAATAAGAAAG); genes.

Analysis by Quantitative Polymerase Chain Reactions (QPCR). Detection of mRNA for the differ-
ent experimental and control samples were performed in a Rotor Gene 3000 (Cobert’s, Sydney, Australia). The
amplification mixes contained 1 pl of cDNA sample, 25 pl of SYBR Green fluorescent dye, Master mix (Applied
Biosystems, Foster City, CA) and 180 nM of each primer in a final volume of 50pl. Thermal cycling conditions
included 10 min at 95°C, and then 40 cycles every 15s at 94°C, 30s at 48 °C for MMP-2, MMP-9 and Myo-D, at
56°C for TNF-a, NF-kB and GAPDH, and at 48 °C for Collagen I, Collagen III, IGF-1, CTGE, TGF-3 respectively,
and then 1 min at 72°C, and finally 10 min at 72 °C. For each gene, all samples were amplified simultaneously in
duplicate in one assay run. Data were analyzed using the comparative cycle threshold (Ct) method according to
the manufacturer’s guidelines (Bulletin No. 2, Applied Biosystems). The GAPDH mRNA was used as internal
control?”*,

Statistical analysis. The Shapiro-Wilk and Levene's tests were used to investigate whether the data were
normally distributed. As all included variables were normally distributed, a two-way ANOVA (treatment X time
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Figure 1. Alterations of the temperatures at the surface of the tibialis anterior (TA) muscle during
cryotherapy. Vertical axis shows the temperature in degree Celsius. Horizontal axis shows the time (minutes).
Data are expressed as mean =+ standard deviation. *p < 0.05: all cryotherapy groups compared to the Control
group.

interaction) followed by a Tukey HSD post hoc test was performed to compare treatments. Differences were
considered significant when p < 0.05. Statistical analysis was performed using the Statistica 7.0 software package
(StatSoft Inc., Tulsa, OK, USA).

Results

Surface temperature of TA muscle. Cryotherapy groups showed a linear decrease in the surface tem-
perature of the TA muscle during its application. Initially, the muscle temperature decreased significantly after
5 minutes of cryotherapy treatment (p < 0.05; Fig. 1). The lowest temperature was observed after 30 minutes of
cryotherapy in all different periods when compared to the control group and respective lesion group (L3, L7, L14;
p < 0.05). On average, the temperature decreased by 16.19 £ 1.07 °C in the first session, and 17.83 & 0.89 and
19.06 + 0.9°C at 24 h and 48 h, respectively, after 30 minutes of treatment when compared to the initial tempera-
ture (p < 0.05; Fig. 1). After cryotherapy sessions, the surface temperature of the TA muscle gradually increased,
returning to baseline levels 60 minutes after the first application in all periods. There was no difference in the
surface temperature of the TA in the non-treated groups (L3, L7, L14) compared to the control group (p > 0.05).
The temperature of the control group decreased 1.83 & 0.05 °C after 30 minutes of the application and returned to
baseline levels after 60 minutes (Fig. 1).

Animal weight, muscle weight and injury area. There was no statistical difference in animal weight,
as well as TA weight in all analyzed groups (p > 0.05; Table 1). The injury area was greatest up to 3 days after the
muscle injury compared to the 7 and 14 day groups (p < 0.05; Table 1). Interestingly, cryotherapy did not change
muscle injury area among treatment periods (p > 0.05; Table 1).

Histology of regeneration muscles. Cross-sections of TA muscle evaluated 3 days after cryolesion
showed several stages of myonecrosis: presence of necrotic muscle fibers, intense presence of cellular infiltration
and clear areas among the muscle fibers (Fig. 2b) compared to control muscle fibers (Fig. 2a). As expected, the
7 days-after-injury group showed fewer inflammatory signs, observed by a decrease in cellular infiltration. In
this period, it is also possible to note an intense regeneration process through the presence of many small fibers
with centralized nuclei, as well as the presence of a large nucleus and prominent nucleolus in basophilic fibers
featuring ribosomal activity (Fig. 2d). Regeneration fibers with basophilic and centralized nucleus fibers after 14
days of cryolesion were also noted. In this time, fibers with similar morphology compared to control group were
also observed (Fig. 2f,a). Interestingly, cryotherapy had decreased cellular infiltration 3 and 7 days after injury
(Fig. 2¢,e) compared to injury group at the same time point (Fig. 2b,d). There is no difference in the cellular infil-
tration of the cryotherapy group after 14 days of muscle injury (Fig. 2f,g). Cryotherapy did not alter morpholog-
ical aspects of the regeneration process in any evaluated groups (Fig. 2).

Percentage of muscle fibers with centralized nuclei (%). Three days after muscle injury, a low number
of injured cells with centralized nuclei was observed compared to the control group (p < 0.05; Table 1). However,
7 days after injury this number increased significantly compared to the 3-day period (p < 0.05; Table 1), showing
no significant difference compared with cryotherapy treatment (p > 0.05, Table 1). The groups analyzed after 14
days showed the lowest percentage of centralized nuclei (p < 0.05; Table 1) and cryotherapy did not change these
results compared with the injured groups (p > 0.05; Table 1; Fig. 2).

Gene expression by RT-PCR.  MyoD, IGF-1 and Inflammatory Markers. Compared to control, the L3
and L3 4 C groups showed increased mRNA levels of MyoD (L3: 4.1 fold, L3 + C: 3.8 fold, p < 0.001; Fig. 3a) and
returned to baseline values 7 days post-lesion. These data demonstrate cryotherapy did not modify regulation of
MyoD observed 3 days after injury. Moreover, cryotherapy groups did not alter MyoD mRNA levels compared to
injured muscles in other evaluated periods (p > 0.05; Fig. 3a).
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Muscle
Animal weight Total area Injury area Desmin Centralized

Groups sweight (g) (mg) (mm?) (mm?) negative (%) nuclei (%) CD 68 (%) TNF-ax (%) Col I(%) Col IT1(%)
Control 295,83 £ 8,56 0,56+ 0,04 72,79+ 4,15 — — 0,07+ 0,06 — — 534142 12,1£5,7
L3 299,4+11,3 0,57 40,04 68,77 £12 29,54+7,94 34,46+ 5,7 7,29+ 4,23a 13,21+4,2 31,74+ 44 7,5£55 14,14+4,2
L3+C 273,2+23,36 0,54+0,08 | 71,70+ 13,75 28,018 35,48+3,2 7,67+ 3,8a 6,194+0,94b | 18,74+2,8b 7,4+3,6 13,5+7

L7 325,6+20,10 0,57£0,07 | 68,05+11,14 16,12+ 6,21b 23,02+ 2,1b 27,1+ 3,6b 2,134 0,6b 9,89 £2,6b 13,1£0,8a,b 22,8+ 5,6a,b
L7+C 290,6 +37,25 0,53+0,05 | 65,914+9,48 17,54+ 6,48¢ 22,03+ 2,36¢ 29+ 1,6ac 0,304 0,12¢d | 10,79 + 1,26¢ 15,3+ ,5a,¢ 24,54+39a,c
L14 318+16,04 0,58+£0,01 | 63,83+11,13 4,4+3,47bd 1,26+ 0,56bd 9,724+1,06abd | 0,09+0,02bd | 1,05+ 0,16bd 8,6+22 11,5+6,5
L14+C 309,8+£9,23 0,554+0,03 | 64,544 8,91 4,44+2,53ce 1,71£0,17ce | 10,35+ 2,27ace | 0,134+0,06ce | 0,85+ 0,18ce 9,1+3,7 15,3+5,1

Table 1. Animals weight, Muscle weight and injury and uninjured cross-sectional area of TA

muscle middle belly (mm?), desmin negative muscle fibers (%), fibers with centralized nuclei (%),
percentage of CD68 and TNF-ow immunolabelling per muscle fibers and total area of Collagen I and III
immunoreactivity. Data are expressed as mean =+ standard deviation . Normal TA muscle (control); 3 days
post-injury(L3); 3 days post-injury treated with cryotherapy (L3 + C); 7 days post-injury (L7); 7 days post-
injury treated with cryotherapy (L7 4 C); 14 days post-injury (L14); 7 days post-injury treated with cryotherapy
(L14+ C).*A = compared to the control group;-B = compared to the L3 group; C = compared to the L3+ C
group; D = compared to the L7 group; E = compared to theL7 + C (P < 0,05).

IGF-1 mRNA levels were positively increased only at 3 days post-lesion compared to the control group (L3: 74.4
fold, p < 0.001; Fig. 3h). Interestingly, cryotherapy decreased IGF-1 mRNA levels compared to L3 group (L3 + C:
10.3 fold, p < 0.001; Fig. 3h). However, IGF-1 mRNA levels did not change for other periods of treatment compared
with the same period without treatment.

In the muscle injury group NF-xB mRNA levels increased at 3, 7 and 14 days post-lesion compared to control
group (L3: 7.8 fold; L7: 8.6 fold and L14: 8.2 fold, p < 0.001; Fig. 3b). Cryotherapy reduced NF-xB mRNA levels at
3 and 14 days compared to L3 and L14, respectively (L3 + C: 6 fold; L14+ C: 8 fold, p < 0.001; Fig. 3b).

The L3 group showed increased mRNA levels of TNF-a (L3: 5.2 fold, p < 0.001; Fig. 3¢) compared to the control
group and returned to baseline values 7 days post-lesion. L3 + C reduced TNF-oae mRNA levels compared to L3
(L3+ C: 3.9 fold, p < 0.001; Fig. 3¢).

The muscle injury group increased TGF-3 mRNA levels at 3 and 7 days compared to the control group (L3 day:
22 fold; L7 days: 14 fold, p < 0.001; Fig. 3d), and it returned to baseline values 14 days post-lesion. Cryotherapy
reduced TGF-3 mRNA levels only in the L3 + C group compared to the L3 group (L3 + C: 17.5 fold, p < 0.001;
Fig. 3d).

Collagen I, Collagen III and MEC transcription factors. Collagen I mRNA levels increased in the L7 group com-
pared to the control group (L7: 67.7 fold, p < 0.001), and returned to baseline values 14 days post-lesion (Fig. 3i).
Cryotherapy reduced Collagen I mRNA levels only for L7 4+ C compared to L7 group (L3 + C: 51.7 fold, p < 0.001;
Fig. 31).

The muscle injury group increased Collagen IIT mRNA levels at 3 and 7 days compared to the control group
(L3: 98 fold; L7: 116.4 fold, p < 0.001; Fig. 3j), and returned to baseline values 14 days post-lesion. Cryotherapy
reduced Collagen III mRNA levels at 3 and 7 days post-lesion compared to L3 and L7 groups, respectively (L34 C:
48.1.5 fold; L7 4 C: 55.9 fold, p < 0.001; Fig. 3j).

Only the L3 group increased CTGF mRNA levels compared to the control group (L3: 16.1 fold, p < 0.001), but
returned to baseline values 7 days post-lesion (Fig. 3g). Moreover, only the L3 + C group observed a reduction
in CTGF mRNA levels, possibly from treatment, compared to the L3 group (L3 + C: 9.8 fold, p < 0.001; Fig. 3g).

MMP-2 mRNA levels increased compared to controls in the L3, L3+ C, L7 and L7 4 C groups (L3: 15.4 fold;
L3+ C:14.2 fold; L7: 16 fold; L7+ C: 15 fold, p < 0.001; Fig. 3e) and returned to baseline values 14 days post-lesion.
Cryotherapy groups did not alter MMP-2 mRNA levels compared to injury muscles in all evaluated periods Fig. 3e).
Muscle injury increased MMP-9 mRNA levels only at 3 days post-lesion compared to control group (L3: 5.9 fold,
p < 0.001). The L3 4 C group reduced MMP-9 mRNA levels compared to the L3 group (L3 + C: 5.8 fold, p < 0.001;
Fig. 3f). It was noted in both 7 and 14 days post-lesion, as well as for cryotherapy in the same periods, that mRNA
levels of MMP-9 returned to baseline values, similar to control (Fig. 3j).

Immunofluorescence. Percentage of Desmin Negative muscle fibers (%). The quantitative analysis of the
percentage of desmin negative fibers showed the L3 group had higher values when compared to other groups
(p < 0.05; Table 1). It was also possible to note presence of desmin negative fibers in some fibers, possibly in the
process of regeneration. (Fig. 4a). L7 and L7 4+ C groups showed a significant reduction in this percentage when
compared to 3-day period (p < 0.05; Table 1), and L14 and L14 + C groups showed lower values when compared
to the other groups (p < 0.05; Table 1). There was also no significant difference between cryotherapy and injury
groups in all periods (p > 0.05; Table 1). The negative control showed no staining.

Percentage of CD68 and TNF-o in muscle fibers (%).  The percentage of cells that expressed CD68 significantly
increased in the L3 groups when compared to L7 and L14 groups (p < 0.05; Table 1). Interestingly, the percentage
of CD68 presented lower values in L3 4+ C when compared to the L3 group (p < 0.05; Table 1, Fig. 5a/b). Similar
results were found in the L7 + C group with the lowest percentage of CD68 compared to the L7 group (p < 0.05;
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Figure 2. Photomicrographs of cross-section anterior tibialis (TA) muscle of rats evaluated 3, 7 and 14 days
(b,d and f) after single injury and evaluated 3, 7 and 14 days (c,e and g) after single injury + criotherapy
stained with Toluidine Blue. (a) control group without injury. (b) signs of muscle tissue damage were
identified 3 days after cryolesion by presence of necrotic muscle fibers (NF) and intense presence of cellular
infiltration (asterisks). (d) note presence of small muscle fibers in intense regeneration process with centralized
nucleus (head arrows) and basophilic fibers showing prominent nucleolus (#), also note presence of cellular
infiltration (asterisks) 7 days after cryolesion, however with less intensity compared to 3 days. (f) muscle fibers
in regeneration process 14 days after cryolesion, but still is possible note presence of centralized nuclei fibers
(head arrows), basophilic fibers (#) and a minimum presence of cellular infiltration (asterisk) compared with

3 and 7 days after injury. Observe at 3 and 7 days injury + criotherapy groups a evident decrease of cellular
infiltration (c,e) compared to injury group without treatment by cryotherapy in the same time point (b,d).
Injury and injury + criotherapy groups were not showed difference with 14 days after cryolesion showing
similar regenerative process (f,g). (400x ). Bar: 50 um.

Table 1, Fig. 5¢/d). In regards to 14 days after injury, injured muscle presented the lowest value of CD68 and cry-
otherapy did not affect these levels (p > 0.05, Table 1). The negative control showed no staining.

Regarding the percentage of cells that expressed TNF-q, levels were found to be significantly increased in the
L3 compared to L7 and L14 groups (p < 0.05; Table 1). The L3 + C group decreased the expression of TNF- as
compared to the L3 group (p < 0.05; Table 1). It was also noted that cryotherapy prevented TNF-« from infiltrating
muscle fibers as well as the injured area (Fig. 6a/b). There were no differences in the percentage of positive TNF-a
between L7 and L7 4 C groups (p > 0.05; Table 1). In the 14 days after injury group, the lowest values of TNF-
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Figure 3. The mRNA levels of MyoD, NF-kB, TNF-o,, MMP-9, MMP-2, TGF-3, CTGF, IGF-1, Collagen

I and Collagen III of Tibialis anterior (TA) muscle. Data are expressed as mean =+ standard deviation.

(a) =p < 0.05: compared to Control group; b= p < 0.05: compared to L3 group; c=p < 0.05: compared to L7
group; d = p < 0.05: compared to L14 group. Data are expressed as mean = standard deviation.
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Figure 4. Desmin immunofluorescence in regenerating tibialis anterior (TA) muscles. Frozen muscle
sections were immunostained for desmin (red), Laminin (green) and nuclei (blue). Micrographs are
representative of muscle cross sections observed on day 3 after muscle damage (L3 group) (a) and days 7 after
muscle damage (L7 group) (b). Serial muscle sections stained for desmin indicate desmin-positive fibers
(arrow) and the bundle organization of myofibers was not preserved in injury area (asterisk). Bar, 100 um.

Figure 5. Macrophages (CD68) immunofluorescence in regenerating tibialis anterior (TA) muscles.

Frozen muscle sections were immunostained for CD68 (green), desmin (red) and nuclei (blue). Micrographs
are representative of muscle cross sections observed on day L3 (a), L3+ C (B), L7 (c) and L7+ C (d). Serial
muscle sections stained for CD68 indicate that muscle fibers has been infiltrated by macrophages (CD68 + cells)
(arrows). Cryotherapy treatment reduced the percentage of muscle fibers infiltrated by macrophages in 3 and 7
days post-lesion. Bar, 100 um.

were observed compared to 3 days after injury and there was no difference from the L14 4 C group (p < 0.05;
Table 1). The negative control showed no staining.

Collagen I and III.  Qualitative analysis of the immunofluorescence staining for Collagen I and III showed a pos-
itive immunoreactivity in all experimental groups. The muscle fibers expressing Collagens I and III were detected
in the endomysium and perimysium area of the TA muscle. Collagen I and Collagen IIT have increased immuno-
reactivity only in L7 and L7 4 C groups compared to the control (p < 0.05; Table 1; Fig. 7). Compared to Collagen
L, it could be seen that Collagen III is more active than Collagen I 7 days after cryolesion (Fig. 7c/d). Cryotherapy
treatment did not change these results compared with the injured group. The negative control showed no staining.

Discussion

These results provide new information about the effects of clinical-like cryotherapy on the molecular pathways
involved in TA during muscle. They were characterized by a decreased in inflammatory process, however cryother-
apy did not enhance muscle repair and collagen content. The reduction in inflammatory processes could associated
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Figure 6. TNF-o immunofluorescence (red) and nuclei (blue) in regenerating tibialis anterior (TA)
muscles. Micrographs are representative of muscle cross sections observed on day L3 (a) and L3+ C (b). C
figure are computer-generated merged image (20x of magnification) of the individually captured image of L3
group (a). Serial muscle sections stained for TNF-a indicate that muscle fibers has been infiltrated by TNF-«
(CD68 + cells) (arrows) and TNF-o are positive stained in injury area (asterisk) Cryotherapy treatment reduced
the percentage of muscle fibers infiltrated by TNF-« in 3 days post-lesion. Bar, 100 um.

to attenuation of pain after muscle injury and could promote structural and functional restoration, which in turn
facilitates rehabilitation®>%. Nevertheless, studies in humans are also necessary to examine this hypothesis, since
the physiological significance of this reduction in inflammation, in the face of a lack of effect on repair must be
clinically determined.

Although cryotherapy was hailed as advantageous in terms of reducing pain, swelling, degeneration and inflam-
mation post-injury in sports medicine>'>~'7, the results of studies comparing the effectiveness of cryotherapy on
muscle regeneration are inconsistent and do not confirm this claim. Schaser et al.?* found that continuous cryo-
therapy for six hours applied in closed soft-tissue injury to the left TA compartment attenuated muscle injury and
restored functional capillary density associated with markedly reduced intramuscular pressures. Merrick et al.'”
also showed that the application of cryotherapy for five hours after crushing injury reduced the injured area of the
sural triceps of rats. Despite the biological contribution from the effects of cryotherapy, those protocols used by
Schaser et al.** and Merrick et al.' are not useful in clinical practice. In addition, continuous cryotherapy lasting
for several hours is associated with a certain risk of adverse effects, such as local skin injury®>*.

Therefore, we only found three studies with results comparable to ours that used intermittent and clinical-like
protocols related to those used in humans**>?*. Oliveira and colleagues*** examined the effect of three sessions
of cryotherapy (30 min of ice pack every 2h), applied after TA muscle injury. The authors concluded that the
intermittent sessions of cryotherapy minimized the citrate synthase (responsible for the mitochondrial Krebs’s
cycle) and Lactate Dehydrogenase (LDH) activities (terminal enzyme of the anaerobic glycolysis) at 4h30 and 24h
periods post-lesion, which could be related to the reduction of secondary muscle injury inherent to cryotherapy
treatment*?>?*. Data from the present study showed that cryotherapy did not alter the muscle-injured area and the
expression of related factors for muscle regeneration (Desmin and MyoD) at 3, 7 and 14 days post-injury. These
results are interesting when compared with those of Oliveira and colleagues?*?*. The differences between the present
study and Oliveira’s reports are likely related to the cryotherapy protocol and time-point of assessment, since the
present study applied cryotherapy in the first 72 hours (3 days of sessions) after lesion, whereas Oliveira evaluated
muscle regeneration 4% hours after muscle injury (one session). The absence of cryotherapeutic effects on muscle
injury and markers for muscle regeneration in the present study could be also attributed to the period (3 days, 7
and 14 days after post-lesion) of evaluation in comparison to those studies. Perhaps the period of assessment in
Oliveira’s*>? studies was not long enough to observe long-term changes in muscle regeneration processes, i.e.,
they assessed only the positive effects of cryotherapy immediately after muscle lesion.

Interestingly, the negative effects of cryotherapy on muscle regeneration showed by Takagi et al.* are related
to decreases in resident macrophages in the injury area. Some studies observed that macrophages are crucial in
myoblast proliferation and differentiation for forming myotubes”®. Satellite cell activity could be also regulated
by growth factors and cytokines secreted by neutrophils and macrophages, such as IGE, TNF-«, and TGF-33%%,
According to Takagi et al., cryotherapy retarded TGF-31 and IGF-1 expression secreted by macrophages and
impaired muscle regeneration. The present study also observed that cryotherapy decreased TGF-31 and IGF-1
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CollagenT ~ ~ =+ 7 Collagen II

Figure 7. Collagen (green), desmin (red) and nuclei (blue) in regenerating tibialis anterior (TA) muscles.
Micrographs are representative of muscle cross sections observed for control group of collagen I (a) and collage
III (b) and for L7 groups collagen I (c) and for collagen III (d). The muscle fibers expressing collagen I and III
were detected in the endomysium and perimysium area of the TA muscle of control group (A and B-arrows).
Injury area are positive stained for both collagens 7 days post-lesion (c and d - asterisks). Cryotherapy
treatment did not alter the percentage of collagen immunoreactivity fibers in all periods. Bar, 100 um.

expression, as well as the percentage of CD68 cells (macrophages) at 3 and 7 days post-injury. In spite of demon-
strating that cryotherapy decreased macrophage infiltration in injury area, we did not observe differences in the
muscle regeneration process. These results were strengthened by MyoD mRNA levels, which are an important
marker of activity of satellite cells>®, and they were it was not altered during any time points of cryotherapy
treatment.

Surprisingly, the results presented here are in contrast to others**** in terms of macrophage infiltration being an
important regulator of satellite cell activity and muscle regeneration. The complex behavior of satellite cells during
skeletal muscle regeneration is tightly regulated through the dynamic interplay between intrinsic and extrinsic
factors within satellite cells®. Satellite cells are also present in a highly specified niche, which consists of ECM,
vascular and neural networks, different types of surrounding cells, and various diffusible molecules. Furthermore,
satellite cells, as one of the niche components, also influence each other by means of cell-cell interaction, i.e., inte-
grin cells signaling, and autocrine or paracrine signals®®, which was not evaluated in the present study. Despite of
being assessed the key factors of satellite cell activation here; we did not exclude the participation of Pax7, Myf5
and Myogenin during muscle regeneration process®. Then, it is difficult to infer the spatial and temporal details
of satellite cells activity from macrophage infiltration and cytokines signaling patterns due to the regulatory com-
plexity of satellite cells®. More studies are necessary to address the possibility of crosstalk of muscle regeneration
signaling pathways, such as cDNA arrays and in vitro analyses focusing on the interaction between cryotherapy
and macrophage modulation involving different myoblast cell populations.

The success of the regenerative processes of myofibers are not only related to the activation of satellite cells,
but also the control of collagen deposition in the ECM*. The increase of collagen in the ECM could minimize
the availability of growth factors and migration of satellite cells, which are required for muscle regeneration®'. It
is well known that exposure to pro-inflammatory cytokines, such as TNF-a, up-regulates TGF-31, which in turn
increases CTGF expression and regulates Collagen I and III turnover'**2. Our results showed that cryotherapy
reduced the expression of type I and III Collagens at 3 and 7 days post-injury, as well as growth factors responsible
for their stimulation such as TNF-«, TGF-31, CTGF and IGF-1 mainly 3 days after lesion. Interestingly, despite
cryotherapy decreasing mRNA levels of collagen in the present study, the treatment did not modify the amount of
Collagen I and IIT assessed by immunofluorescence. Taken together, cryotherapy may be a suitable strategy for the
recovery of muscle tissue after injury, since the protocol has maintained collagen deposition and ECM remodeling,
while reducing inflammation without modifications in muscle regeneration process.
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We also showed that muscle lesions increased MMP-2 and MMP-9 mRNA levels. These overall results strongly
demonstrate that MMPs up-regulation of mRNA correlates with muscle regeneration, suggesting that ECM remod-
eling mediated by MMP-2 and MMP-9 is a key process in skeletal muscle fiber degeneration and regeneration.
Interestingly, cryotherapy did not alter the MMP-2 expression in agreement with the absence of effects in muscle
regeneration, however it was observed a decrease in the MMP-9 expression 3 days post-injury in the cryotherapy
group. MMP-9 activity is extensively up-regulated during the first 3 days following cardiotoxic injury in TA muscle,
whereas after 3 days following injury, the amount of MMP-9 mRNA and protein begins to decay'*%, which is in
agreement with our results. Previous studies have showed that MMP-9 is secreted by inflammatory cells identified
as polymorphonuclear leucocytes and macrophages!*. According to Kherif'¥, MMP-9 might be associated not
only with ECM degradation during inflammation, but also during the initiation of muscle regeneration, probably
activating satellite cells™.

The decrement in macrophages infiltration could be partially explained by the reduction of MMP-9 expression 3
days post-lesion due cryotherapy'*. However, it is possible that responsiveness of cytokines by cryotherapy through
MMP-9 expression and others inflammatory markers, such as NF-kB and TNF-q, have distinct mechanism, since
we did not observe effects on morphology of regenerating muscle as previous described by Takagi*. Moreover, it is
speculative to mention this relation because satellite cells are modulated by diverse factors>®, and we only evaluated
the expression of MyoD. Despite of this crosstalk of muscle regeneration signaling pathways, cryotherapy did not
alter muscle injury area, desmin protein expression and centrally nucleated (immature) muscle fibers remained
at the same level compared to non-treated groups. Curiously, cryotherapy has a different action within the same
gelatinase family of MMPs, and this specificity of cryotherapy in altering only MMP-9 expression remains to be
elucidated.

Finally, it is important to point that freeze injury model is well recognized to induce necrosis, and subsequently
regeneration, in a well-delineated area of skeletal muscles*>**. Several studies have demonstrated that freeze model
induces a homogeny injury area and restrict to surface region of muscle belly?>*”-?°. Therefore, cryolesion model
cold mimics the mechanism of muscle contusion, since there are superficial and easy applicability that allows a
good reproducibility of experiment and less variability in the extension of muscle injury among animals. Despite
not having the best model to induce muscle injury, it is possible to consider cryolesion as an excellent method
to induce a standardized and clinical-like muscle lesion area, and therefore a useful model to study the effects of
treatments in an attempt to recover muscle damage, as cryotherapy?»?7%,

Conclusion

In summary, clinical-like cryotherapy reduced the inflammatory processes thought to decrease macrophage infil-
tration and the accumulation of TNF-a, NF-kB, TGF-3 and MMP-9 mRNA levels. However, cryotherapy did
not change injury area, desmin expression or Collagen I and III protein levels. Our study confirmed the initial
hypothesis that cryotherapy could have a beneficial effect on inflammatory process, without affecting the regen-
eration process after TA injury.
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