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Abstract—Bothrops snakes cause around 80% of snakebites in Brazil, with muscle tissue da-
mage as an important consequence, which may cause dysfunction on the affected limb.
Bothropstoxin-1 (BthTX-I) from Bothrops jararacussu is a K49-phospholipase A,, involved
in the injury and envenomation’s inflammatory response. Immune system components act in
the resolution of tissue damage and regeneration. Thus, macrophages exert a crucial role in the
elimination of dead tissue and muscle repair. Here, we studied the cellular influx and presence of
classical and alternative macrophages (M1 and M2) during muscle injury induced by BthTX-1
and the regeneration process. BthTX-I elicited intense inflammatory response characterized by
neutrophil migration, then increased influx of M1 macrophages followed by M2 population that
declined, resulting in tissue regeneration. The high expressions of TNF-« and IL6 were changed
by increased TGF-[3 expression after BthTX-I injection, coinciding with the iNOs and arginase
expression and the peaks of M1 and M2 macrophages in muscle tissue. A coordinated sequence
of PAX7, MyoD, and myogenin expression involved in muscle regenerative process appeared
after BthTX-I injection. Together, these results demonstrate a direct correlation between the
macrophage subsets, cytokine microenvironment, and the myogenesis process. This informa-
tion may be useful for new envenomation and muscular dysfunction therapies.

KEY WORDS: bothropstoxin-I (BthTX-I); innate immunity; inflammation; M1/M2 macrophages; muscle
regeneration.
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role in the tissue regeneration [1]. Envenoming by
snakebites is considered a public health problem and
classified as a tropical neglected disease by the WHO
[2, 3]. One of the most important consequences of the
envenoming by viper snakes is the local tissue damage.
In this sense, the envenomation by viper snakes from
the Bothrops genus results in a complex local reaction
with myonecrosis, hemorrhage, edema, blisters, and
inflammation that can evolve to complete tissue regen-
eration or even in a dysfunction of the affected organ
[3-5]. Therefore, the understanding of the tissue dam-
age resultant of the snakebites and the mechanisms
involved in the tissue regeneration represent a relevant
issue to propose new strategies of treatment.

Bothrops venoms are composed of a rich mixture of
enzymes and non-enzymatic components in which pre-
dominate proteinases, phospholipase A,, and C-type lec-
tin-like molecules. Among these components, snake ven-
om metalloproteinases (SVMPs) and phospholipase A,
(PLA,) are the main toxins involved in the local tissue
injury. However, distinct mechanisms are described for
local tissue damage induced by each of these two groups
of molecules [6-8].

The envenomation by Bothrops jararacussu, as all
Bothrops venoms, also induces strong local and systemic
pathophysiological manifestations. The PLA, from the
B. jararacussu venom are important myotoxic components
with degenerative events in muscle cells [9, 10]. The
bothropstoxin-1 (BthTX-I) isolated from the
B. jararacussu venom is a lysine-49 phospholipase A,,
non-enzymatically active with molecular weight of
13.7kDa[11, 12]. BthTX-I promotes myonecrosis, edema,
pain, inflammation, cytotoxicity, and neurotoxicity as well
as anti-coagulant effect [9—11, 13] contributing to the pa-
thology of the envenomation. The mechanisms of
myotoxic K-49 PLA,s include their binding to acceptors
in plasma membrane of target cells resulting in disruption
of the membrane integrity. This change in the plasma
membrane causes a series of events such as a rapid depo-
larization with influx of calcium (Ca*), which triggers
hyper myofilament, mitochondrial damage, and activation
of proteases and PLA, intracellular Ca*-dependent, which
together contribute to the necrotic process [14—17].

In this context, myotoxic PLA,s are keys in establish-
ing the local tissue damage in the envenomation, and
therefore are targets for studies aimed to elucidate its
mechanisms of action to improve the envenomation treat-
ment [18, 19].

After the muscular tissue injury, myogenic cells
are activated, differentiated into myoblasts, and, after
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several rounds of replication, merge into multinucleate
myotubes that become mature myofibers [20, 21]. The
inflammatory reaction is closely associated with the
muscular tissue regeneration. As shown in several ex-
perimental models, the macrophages develop a crucial
role for the appropriate regenerative process [1]. As
previously shown, cytokines and microbial products
differentially affect the activation and consequent func-
tion of the macrophages in the immune response [1,
22, 23]. In this sense, the macrophages have been
classified into two subpopulations according to their
phenotype and functions [24, 25]. The MI1-type mac-
rophages (M1) present a pro-inflammatory profile with
strong microbicidal activity, high expression of induc-
ible nitric oxide synthase (iNOS), production of reac-
tive oxygen and nitrogen species, and secretion of
TNF-«, IL-8, IL-1f3, IL-6, and IFN-y. These cells are
mainly present in the inflammatory phase of the reac-
tion and therefore involved in the elimination of path-
ogens or tumor cells [23]. In contrast, the alternative
M2-type macrophages (M2) show high expression of
the arginase enzyme and develop a regulatory role in
the immune response, predominantly by secreting IL-4,
IL-10, and TGF-f3. These M2 cells act in controlling
the inflammatory response and promoting angiogene-
sis, tissue repair, and remodeling [25]. Experimental
findings show that in acute muscle injury, the immune
response profile is characterized by a dominant pro-
inflammatory response mediated by neutrophils and
M1 macrophages, which also cause further damage
by secretion of cytokines and nitric acid. These cells
eliminate the death tissue and stimulate the prolifera-
tive phase of myogenesis. Following this inflammatory
phase, the presence of M2 macrophages attenuates the
M1 population and, through the secretion of anti-
inflammatory cytokines, promotes the growth and mus-
cle regeneration. Therefore, as observed in chronic
muscle injuries, an imbalance in these kinetics of the
immune response may compromise the appropriate
regeneration [1, 26-30].

Considering the action of PLA,s in the muscle
injury observed in the Bothrops envenomation, here
we analyzed the kinetics of the macrophage popula-
tions and consequent regeneration process elicited by
BthTX-I injection in gastrocnemius muscle of mice.
Thus, this study contributes to the understanding of
the effect of isolated toxin on the muscle tissue as well
as the functional subsets of macrophages that regulate
the temporal muscle regeneration process, which can
provide relevant information to effective therapeutic
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approaches for treating snakebite envenomation and
diseases associated with muscular dysfunctions.

MATERIALS AND METHODS

Mice

For the experiments, male mice of BALB/c mice,
weighing between 20 and 22 g, were bred from the animal
house facilities of the Butantan Institute, Sdo Paulo, Brazil.
The animals were maintained under controlled tempera-
ture, 12/12 light/dark cycle, and standard food and water
ad libitum. The experimental protocols were approved by
the Butantan Institute Ethical Committee for Animal Re-
search (CEUAIB-879/12 and 1286/14).

B. jararacussu Venom

The venom of B. jararacussu was obtained from the
pool of venoms extracted from snakes kept in captivity in
the central animal facility of the Herpetology Laboratory,
Butantan Institute, Sdo Paulo, SP. The BthTX-I was isolat-
ed from the whole venom according to Moura-da-Silva
[31].

Experimental Groups

Groups of mice (n=4) received in the right gastroc-
nemius muscle 50 pg of BthTX-1 (50 pL/animal) diluted in
sterile saline. As a control, one group of mice received
50 uL of sterile saline. Four hours after the toxin injection,
four mice from each group were bled to obtain plasmas and
detection of creatine kinase levels using the UV kinetic CK
(BioClin). Other animal groups received the toxins at dif-
ferent time intervals (4 h, 24, 48, 72, and 96 h, 7 and
28 days) and were euthanized to obtain the muscle region
injected with the toxin. This tissue was used for the histo-
logical analysis, preparation of cell suspension for analysis
of flow cytometry, or RNA extraction for real-time PCR
(RT-PCR).

Histological Analysis of Muscle Tissue

A small portion of the gastrocnemius muscle was
carefully removed and fixed in 10% formaldehyde in
PBS (v/v) for 24 h at room temperature. Then, the tissues
were dehydrated in 100% ethanol and dipped in xylene,
and the samples were embedded in Paraplast-Histosec
(Merck) resin. Sections of 5-mm thickness were adhered
to glass slides previously coated with poly-L-lysine and
subsequently used for histochemical procedures, and,

finally, stained with hematoxylin-eosin solution for mor-
phological studies of tissues.

Analysis of the Cellular Infiltrate in Muscle Tissue by
Flow Cytometry

The cellular migration in the gastrocnemius muscle
after different time points of BthTX-I injection was ana-
lyzed by flow cytometry. Groups of mice (n=4) were
euthanized, and a small portion of the muscle was collect-
ed and placed in culture medium (RPMI 1640, Invitrogen)
containing 0.02% trypsin followed by incubation for
30 min at 37 °C. After this, the tissues were macerated
in sterile homogenizer in culture medium and centrifuged
for 5 min at 1200 rpm at 4 °C and the cell pellet re-
suspended in RPMI 1640 medium supplemented with
2 mM L-glutamine, 50 uM 2-ME, and 5% fetal bovine
serum (FBS) (RPMI-S). The cell count and the viability
were performed in a Neubauer chamber using Trypan blue
0.2%. The cell suspensions were incubated with erythro-
cyte lysis buffer for 1 min at RT, centrifuged (5 min/
1200 rpm/4 °C), re-suspended in RPMI medium, and
incubated with anti-FcyRII/III for 30 min at 4 °C. After-
wards, the cell suspensions were centrifuged (5 min/
1200 rpm/4 °C) and re-suspended in culture medium
(10° cells/well) followed by incubation with anti-
leukocyte antibodies (CD45-APC), anti-neutrophil
(Ly6G-PE) and anti-macrophage (F4/80-FITC) or anti-
macrophage (F4/80-FITC), anti-CD68 (PE), and anti-
CD206 (Alexa-Fluor 488) monoclonal antibodies (BD
bioscience) for analysis of M1 and M2 macrophages,
respectively, followed by incubation for 30 min at 4 °C.
The cell samples were washed and re-suspended in PBS
containing 0.1% paraformaldehyde (Merck). All samples
were analyzed in the flow cytometer (FACSCanto II,
Becton Dickinson). The data were analyzed with FlowJo
software 7.5 and expressed as the mean of the cell num-
bers of individual mice/group =+ standard deviation (SD).

Gene Expression by PCR-RT

Cell suspensions prepared from the macerated gas-
trocnemius muscle were adjusted to a concentration of 1 x
107 and centrifuged for 8 min, 1200 rpm at 4 °C. The
supernatants were removed and the cells re-suspended in
1.0 mL of Trizol (Invitrogen) at RNase-free conditions.
The ¢cDNA was transcribed from RNA using 200 U/pL
of SuperScript III RT (Invitrogen) in the presence of 50 pM
Oligo(dT), 10 mM dNTP mix, 5% first-strand buffer,
100 mM DTT, and Rnase OUT inhibitor (40 U/uL) at
50 °C for 60 min. The reaction was inactivated by warming
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to 70 °C for 15 min, and the quantitative RT-PCR was
performed using LineGene K Thermal Cycler (Hangzhou
Bioer Technology Co.) and the fgdpcr-4.2.20 software. For
this, the reactions were performed using the qPCR-Rox
SYBR Green Plus (LGC Biotechnology) kit. Pairs of spe-
cific primers for the transcriptions gene (myogenin, Pax-7,
MyoD), arginase, iNOS, and cytokines (IL-6, TNF-«x, and
TGF-3) were designed and synthesized (Thermo Fisher
Scientific) specifically for this reaction [32, 33]. Relative
quantification of gene expression was performed by com-
parison with the endogenous (3-actin control. For each
reaction, it was used 1 pL ¢cDNA (250 ng), 1 uL forward
primer and reverse primer (10 uM), 6.5 uL Platinum
SYBR, 0.25 uL Rox Dye, and 2.25 uL. H,O. The follow-
ing thermal cycling protocol was used: 50 °C for 2-min
hold (UDG incubation), 95 °C for 2-min hold, followed by
40 cycles of 95 °C, 15 s and 60 °C, 30 s (60 s for the
7900HT). To determine the melting curve of each ampli-
fied product, the temperature was decreased from 95 to
65 °C, with a decrease of 0.5 °C every 20 s.

The data were normalized using 3-actin as a house-
keeping gene and then analyzed by comparative threshold
cycle (Ct) method to calculate fold changes of expression
in cell suspensions at different time points of toxin injec-
tion, where ACr = Ct of gene of interest minus Cr of 3-
actin and AACt = ACy of cell suspensions minus ACr of
cell suspensions from saline group. Fold changes in gene
expression for cell cultures incubated with the different
toxins in the presence or not of LPS were then calculated
as 2°2CT. The efficiency for each set of primer was 100%.
All real-time experiments were performed in triplicate of
three independent cell culture experiments.

Statistical Analysis

Statistical analysis was performed by one-way
ANOVA followed by Tukey or Bonferroni test (GraphPad
Prism 5.0, GraphPad Software). p values <0.05 were
considered statistically significant. All data were represen-
tative of at least two or three independent experiments.

RESULTS

Histological Analysis of Muscle Tissue Injected with
BthTX-I

As previously shown, the local tissue injury with
muscle necrosis is one of the deleterious effects in the
Bothrops envenomation. Thus, we evaluated the local in-
jury induced by BthTX-I injection in gastrocnemius
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muscle and regeneration process. For this, mice received
the toxin in gastrocnemius muscle, and after different time
points, the tissue damage, cellular infiltration, and fiber
regeneration were analyzed in histological sections.

Twenty-four hours after saline injection, control tis-
sues presented normal skeletal muscle without inflamma-
tory infiltrate and necrotic area (Fig. 1a). In contrast, 24 h
after BthTX-I injection, we observed large areas of
myofiber necrosis, edema, and predominance of neutro-
philic inflammatory infiltrate (Fig. 1b). At 48 h after toxin
injection, we detected large areas of myofiber necrosis,
presence of neutrophils, and scarce macrophages (Fig.
1c). Figure 1d shows few neutrophils present in contrast
with large amounts of macrophages near to necrotic muscle
fibers as well as the presence of myoblasts, indicating that
the repair was initiated at 72-h post-toxin injection (Fig.
1d). Ninety-six hours after BthTX-I injection, there was
myoblast proliferation and the beginning of muscle fiber
formation. It was still observed large amounts of necrotic
muscle fibers and presence of several macrophages (Fig.
1e). Seven days after toxin injection, it was observed the
presence of newly formed myofibers centrally nucleated
and several macrophages and still multinucleated giant
cells phagocyting the debris of necrotic muscle fibers
(Fig. 1f). On day 28 post-toxin injection, it was verified
few necrotic muscle and inflammatory cells in focal areas
(Fig. 1g); however, most of the muscle tissue was already
repaired (Fig. 1h).

Inflammatory Cell Profile in Gastrocnemius Muscle
Induced by BthTX-I Injection

In order to determine the cellular profile infiltrated in
the gastrocnemius muscle after BthTX-I injection, we an-
alyzed the cell populations by flow cytometry. For this, at
4, 24, 48, 72, 96 h, or 7 and 28 days after the BthTX-I
injection, the cell suspensions were prepared from the
gastrocnemius muscle, stained with different fluorescent
monoclonal antibodies followed by flow cytometry
analysis.

Figure 2a represents the gate strategy used to
analyze the leucocyte infiltration in the gastrocnemius
muscle induced by BthTX-I injection. As shown in Fig.
2b, BthTX-I elicited predominant neutrophil (CD45*/
Ly6G") migration at the initial times evaluated
compared with the saline group. Furthermore, higher
macrophage (CD45*/F4/80") infiltration was observed
in the BthTX-I group compared with control group at
48-96 h after the toxin injection (Fig. 2¢). No differ-
ence in the number of neutrophils and macrophages on
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L
Fig. 1. Muscle histology at different time points of BthTX-I injection. Hematoxylin and eosin staining. a Twenty-four hours after saline injection. b Twenty-
four hours, ¢ 48 h, d 72 h, e 96 h, f 7 days, and g, h 28 days after BthTX-I injection in gastrocnemius muscle. Myonecrosis (asterisk), neutrophilic
inflammatory infiltrate (arrowhead), macrophages (black arrow), myoblasts (rectangle), myofibers (stars), myofibers with central nuclei (oval shape),

multinucleated giant cells (square). The images are representative of three to four mice/group. Bar 20 um.

gastrocnemius muscle was observed between the Evaluation of M1 and M2 Macrophages in the
BthTX-I group and saline group at 28 days. Therefore, Gastrocnemius Muscle After BthTX-I Injection
the data demonstrate a sequential migration of neutro-
phils and macrophages in the muscle tissue over the
time of the toxin injection.

As mentioned, macrophages with distinct phenotypes
(M1 and M2) play different roles in the inflammatory
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Fig. 2. Kinetics of leukocyte migration in gastrocnemius muscle of BALB/c mice injected with BthTX-1. Cell suspensions were prepared from muscle
macerates after 4, 24, 48, 72,96 h, 7, 14, and 28 days of the injection of BthTX-1 (50 ng) in gastrocnemius muscle. The control group was injected with sterile
saline. All samples were analyzed by flow cytometry. The data represent the mean of the absolute number of the positively labeled cells of the individual
animal (n=4)/group + SD. a Gate strategy used in the experiment, with exclusion of doublet cells. b Absolute number of positively labeled cells in
suspensions obtained from the different experimental groups (1 x 10° cells) and incubated with anti-leukocytes (CD45-APC) and anti-Ly6G (PE) antibodies.
¢ Number of double-labeled cells in suspensions obtained from the different experimental stained with anti-CD45 (APC) and anti-F4/80 (FITC) antibodies.
Statistical analysis was performed by ANOVA, followed by the Bonferroni test. #p < 0.05 BthTX-I group compared with control group.

response and tissue regeneration [1, 27, 34]. Thus, we ana- by flow cytometry. In addition, we analyzed—by real-time
lyzed the M1 (F4/80*/CD68%) and M2 (F4/80%/CD206") PCR—the expression of iNOS as an indicator of M1 and
macrophage profile in response to the injection of the toxin,
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Fig. 3. Phenotypes of macrophages and gene expression of iNOS, arginase, IL-6, TNF-«, and TGF-{3 in gastrocnemius muscle of BALB/c mice injected
with BthTX-I. Cell suspensions were prepared from macerate muscle after 4, 24, 48, 72, 96 h, 7, and 28 days of injection of BThTX-I (50 pg) in
gastrocnemius muscle. The control group was injected with sterile saline. All samples were analyzed by flow cytometry. The data represent the mean of the
absolute number of the positively labeled cells of the individual animal (n = 4)/group + SD. a Absolute number of cells positively labeled with anti-F4/80 and
anti-CD68. b Absolute number of cells positively labeled with anti-F4/80 and anti-CD206. Statistical analysis was performed using the ANOVA test
(followed by the Bonferroni test). *p < 0.05 BthTX-I group compared with control group. ¢ Relative gene expression of iNOs and arginase in the muscle
macerate of individual BALB/c mice injected with BthTX-I (n=4)+ SD; the 3-actin gene expression was used as constitutive gene control. *p <0.05
arginase expression compared with iNOS expression in macerate muscle of BthTX-I-injected mice. d Gene expression of IL-6, e TNF-c, and f TGF-f3 in the
macerate muscle of BALB/c mice injected with BthTX-I (n=4)+SD. *p <0.05. Samples of macerate muscle of 48 h compared with 96 h of BthTX-I-

injected mice.

arginase for M2 macrophages in cell suspensions prepared
from the site of the toxin injection [25, 35].

The results in Fig. 3a show a peak of M1 macro-
phages at 48—72 h after BthTX-I injection compared with
the control group. In addition, the expression of iNOs by
the cell suspension was higher at 48 h after the BthTX-I
injection compared with the arginase expression (Fig. 3c).

The results also show higher number of M2
macrophages after 48 h remaining elevated up to

7 days after the toxin injection in comparison with
saline group (Fig. 3b). Furthermore, increased expres-
sion of arginase was detected in cell suspension after
96 h of BthTX-I injection in comparison with iNOS
expression (Fig. 3d). The data also demonstrate a
predominant expression of IL-6 and TNF-o« in cell
suspension of mice injected with BthTX-I at 48 h
compared with the TGF-3 expression. In contrast, at
96 h after the toxin injection, the expression of pro-
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inflammatory cytokines was downregulated in com-
parison with the increased expression of TGF-f3 (Fig.
3d-9).

Evaluation of Gene Expression Involved in Muscle
Repair and Regeneration

After an injury, sequential events are developed for
the appropriate muscle regeneration including the expres-
sion of transcription factors that regulate the myogenesis
and generation of new fibers [36-38]. In this sense, we
analyzed the Pax-7 expression as a marker of myogenic
satellite cells [39] and the transcription factors MyoD and
myogenin that are activated during the muscle regeneration
process after the BthTX-I injection.

Figure 4a shows high expression of Pax-7 in cell
suspensions obtained after 4 h of the BthTX-I injection.
The expression of PAX-7 was also increased on day 28,
suggesting the presence of satellite cells in freshly
regenerating muscle tissue in the BthTX-I group.

The expression of RNAm for MyOD that regulates
the proliferation and differentiation of the muscle cells [40]
was also analyzed, and the results show increased expres-
sion of this factor in cell suspensions obtained after 48—
72 h of the toxin injection (Fig. 4b).

As verified in Fig. 4c, the expression of myogenin,
which is important for the fusion process of myotubes [41],
was enhanced at 72 h after the toxin injection and remain-
ing for up to 28 days in BthTX-I group.

DISCUSSION

Several studies have highlighted the relevant role of
PLA,s in the local pathology observed in envenomation
[9-11, 13, 42-45]. It is known that innate immune cells
participate in both the local inflammatory reaction and
muscle regeneration [46]. However, the correlation be-
tween the local damage induced by snake toxins and the
appropriate tissue regeneration is not completely clarified.
In this context, here we demonstrate the close relationship
between the coordinated predominance of subsets of mac-
rophage (M1 and M2), cytokine microenvironment, and
the time course of the myogenesis in an injured muscle by
the K49-PLA, myotoxin injection.

Studies on the cellular infiltrate kinetics in acute mus-
cle lesions show that neutrophils are the first inflammatory
cells to reach the lesion site. These cells release MPO,
cytokines, bradykinin, prostaglandin, and histamine caus-
ing vasodilation and increased permeability of small
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vessels and migration of other cells to the tissue local.
The neutrophil infiltration decreases after about 2 days
followed by the macrophage influx. Thus, macrophages
presenting different phenotypes also participate in this
phase as well as in subsequent steps modulating cell pro-
liferation and tissue repair processes [1].

Particularly, the injection of carrageenan (Cg), as
a pro-inflammatory agent, induces skeletal muscle in-
flammation in vivo similar to that seen in exercise
muscle damage, and therefore has been strongly used
to evaluate the relationship between inflammatory re-
sponse and pain [47-50]. The inflammation induced by
Cg is characterized by accumulated neutrophils in the
perivascular space followed by the presence of macro-
phages, which are accompanied by the local release of
soluble molecules, such as cytokines and lipid media-
tors, which contribute for hyperalgesia and/or weak-
ness [51]. However, in these studies, the subsets of
macrophages and their relevance for the pain observed
after the Cg injection were not evaluated.

In addition, currently, muscle injury provoked by
myotoxic toxins, chemical agents, and physical procedures
has been also used to study the mechanisms involved in the
muscle regeneration. Despite the fact that all of them
started with severe necrosis, differences in the intensity
and kinetics of the tissue repair have been reported [52].
In this context, Hardy and collaborators compared the
regenerative process with muscle injury induced by (a)
freezing (FI) or (b) or injection of barium chloride
(BaCL,), notexin (NTX, a PLA, neurotoxin), and
cardiotoxin (CTX, PKC-specific inhibitor). The authors
described that the initial phase is critical for the regenera-
tion outcome; however, all of them restored the muscle
tissue. Furthermore, they verified that, differently from the
FI model, the intramuscular injection of CTX, NTX, and
BaCL, provoked a monophasic necrosis followed by the
sequential infiltration of neutrophils and macrophages.
Although the kinetics appeared to be identical, differences
in the production of cytokines were observed, as well as the
regeneration kinetics. Therefore, the authors’ data indicate
that, despite of all compounds being able to induce an
initial inflammation, the biological activity of the molecule
should be considered such as the toxins themselves, which
not only injure the muscle but might also affect inflamma-
tory cells and consequent tissue repair.

Our data of flow cytometry confirm the histological
findings of early neutrophilic infiltration followed by mac-
rophage presence after the BthTX-I injection simulta-
neously to the necrosis of muscle fibers and release of
creatine kinase (CK), which are consequences of the potent
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Fig. 4. mRNA expression for myogenic transcription factors in macerate muscle of BALB/c mice injected with BthTX-I. Cell suspensions were prepared
from gastrocnemius muscle of BALB/c mice after 4, 24,48, 72,96 h, 7, and 28 days after injection of BthTX-I. The expression of the transcription factors was
done by real-time PCR as described in “Materials and methods” section. The results were expressed as relative amount of cDNA using the 3-actin as gene
constitutive expression. p < 0.05. a PAX-7 mRNA expression. *p <0.05 4-h BthTX-I group compared with other groups post-BthTX-I; #p < 0.05 BthTX-I
28-day group compared with the other groups. b MyoD mRNA expression. *p < 0.05 BthTX-I 48-h group group compared with the other groups; #p < 0.05
BthTX-I 72-h group compared with the other groups; +p < 0.05 BthTX-I 28-day group compared with the other groups. ¢ Myogenin mRNA expression.
*p <0.05 BthTX-I 72-h group compared with the other groups; #p < 0.05 BthTX-1 96-h group compared with the other groups; ~ p < 0.05 BthTX-I 7-day
group compared with the other groups; (*)p < 0.05 BthTX-I 28-day group compared with the other groups.

myotoxic activity of the toxin [11, 14, 43, 53]. These
observations are in agreement with those described by
Gutierrez et al. [54] that demonstrated the direct effect of
a PLA, isolated from Bothrops asper venom on muscle
fibers at the first few hours of toxin injection resulting in
tissue necrosis. In addition, these authors verified intense
influx of neutrophils and macrophages after 24 to 72 h after
the toxin injection. At 7 days after BthTX-I injection, we
verified an intense regenerative process, and on 28th day,
almost complete muscle regeneration was verified, simi-
larly to the data reported by Gutierrez et al. [55] when
evaluating the effect of the bothropstoxin-II (BthTX-II), a
myotoxic Asp-49 PLA, isolated from B. jararacussu.
Similar results were also showed by Teixeira et al. [56]
in muscle damage induced by the injection of crude B. asper
venom and its isolated myotoxin I. Furthermore, the data
obtained in neutropenic mice in contrast with control mice,
both injected with the venom or myotoxin I, showed that the
neutrophils are involved in the phagocytosis of necrotic cells

and may play a role in the recruitment and activation of
macrophages and consequent muscle regenerating process.
Several studies have shown that distinct macrophage
subsets modulate the skeletal muscle regeneration process
in different experimental models [19, 23, 46]. Phagocytic
macrophage CD68" is recruited to the inflammatory site,
and in the course of the muscle repair, they are replaced by
CD206" macrophages [57]. Similar balances in
macrophage populations were also observed in the
inflammatory reaction and regeneration that follows
BthTX-I injection. In our experiments, we verified the time
course of changes in macrophage populations, as observed
by the presence of F4/80"/CD68* cells and high expression
of iNOS in cell suspension after 48 h followed by F4/80*/
CD206" cells, as well as the arginase expression in cellular
suspensions obtained in latter times of the toxin injection.
In agreement with these findings, the expression of
inflammatory cytokines (IL-6 and TNF-«) was enhanced
in cell suspension obtained at 48 h after BthTX-I injection
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followed by the high expression of TGF-f3 at 96-h time
point. Thus, as shown, we observed that myeloid cells at
different stages of activation produced distinct soluble
molecules, as cytokines, which are involved in distinct
phases of the regenerating process [1]. In addition, our data
show that the M2 macrophages are predominant in the later
times post-BthTX-I injection coincidently with the regen-
erative phase observed in histological analysis. These find-
ings are supported by published data that the elimination of
cell debris in injured muscle coincides with the replace-
ment of M1 macrophages to M2 profile, indicating that the
phagocytosis of the necrotic cells promotes a switch in
their phenotype to acquire an anti-inflammatory function
[46]. These M2 macrophages are activated by Th2 cyto-
kines and also secrete IL-4, IL-10, and TGF-f3, which
induces the synthesis and accumulation of extracellular
matrix components [58].

Arnold and collaborators [46] using CXCR3°FP*
mouse demonstrated a predominant CX3CR1"/Ly6C*
cells exhibiting inflammatory profile in the muscle injury
after 24 h of the NTX injection followed by the switch for
CX3CRI1™/Ly6C ™ anti-inflammatory cells, which persist
up to 7 days post-injury. The analysis of the cytokine
expression of isolated Ly6C* and Ly6C™ cells at 4 days
after injury showed higher expression of IL-1{3 and lesser
TNF-o in Ly6C* than Ly6C™ cells. On the other hand,
TGFf3 and IL-10 transcripts were stronger in LyC6  than
Ly6C™ cells indicating that these populations exhibit
distinct functional profiles. Furthermore, the authors
demonstrated in the muscle that LyC6" cells switch their
phenotype to anti-inflammatory with the phagocytosis of
cellular debris and consequent initiation of the regeneration
process. Our results are in agreement with those finding,
since we verified the close relation between the macro-
phage subsets (M1 and M2) and cytokine microenviron-
ment throughout the different phases of process developed
in the muscle injured after the K49-myotoxin injection.

Following the tissue injury, concomitant with the
immune cell influx, the myogenesis is displayed by the
activation of the myogenic cells through sequential expres-
sion of transcription factors and activation of genes that
culminate with the tissue regeneration [59]. Our data dem-
onstrate an upregulation of MyoD expression at 48-72 h
followed by later expression of myogenin in cell suspen-
sion obtained from muscle tissue after BthTX-I injection.
Our data are in agreement with other injury models, as the
cardiotoxin injection, that demonstrated increased expres-
sion of MyoD after 2-3 days post-injury in mouse muscle
followed by an enhancement of myogenin and other tran-
scripts during the regeneration process [1, 60, 61].
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The role of factors, as cytokines, released by distinct
macrophage populations on the muscle regenerative pro-
cess has been confirmed in different in vivo and in vitro
experimental models, as example, the finding that condi-
tioned media from J774 macrophage cultures are able to
induce increased of MyoD expression in myoblasts as well
as the expression of myogenin when added in muscle cell
cultures at later phases of differentiation [1, 13]. Besides
the effect of the TNF-a and IL-6 on the inflammatory
reaction, several findings have demonstrated their direct
effect on muscle cells. In this sense, it was showed elevated
expression of TNF-« receptors by muscle cells in conse-
quence the tissue damage and during the regenerative
process. Moreover, TNF-o null mutants and TNF-« recep-
tor mutants mice presented lower levels of MyoD and
MEF-2 expression in muscle cells post-injury compared
with wild-type mice [1, 14, 62, 63]. Furthermore, the
addition of IL-6 to myoblasts in culture induces prolifera-
tion, but not fusion of muscle cells indicating the role of
this cytokine in the muscle growth [1, 64]. We also verified
increased expression of IL-6 and TNF-« at the first times
of BthTX-I injection indicating the role of these cytokines
in the acute inflammatory phase and also the initiation of
the regenerative process as the MyoD expression by satel-
lite cells.

Several models have been substantiating the rele-
vance of M2 macrophages on the later muscle regenerative
phases, as demonstrated by the diminished muscle repair,
differentiation, and regeneration in a model of depletion of
the late invading macrophage population post-injury [1]. In
agreement with this, M2 macrophages (Arg"&"/IL-4R*/
CD206") producing IL-10 and TGF-{3 that are prevalent
in the regenerative muscle play a role in the deactivation of
M1 macrophages and modulation of the muscle cell acti-
vation and differentiation [63]. TGF-f3 is implicated in the
regeneration process influencing the activity of inflamma-
tory cells in the damage tissue, interfering with the myo-
genic differentiation and also promoting the connective
tissue formation [65]. Thus, in our data, we also verified
that the increased expression of TGF- was coincident
with the prevalence of M2 macrophage population in the
muscle tissue post-BthTX-I injection that was confirmed
by the later mononuclear infiltration observed in the histo-
logical analysis at 72 and 96 h. In addition, we observed
high expression of PAX-7 on cell suspension post-BthTX-1
injection indicating the presence of satellite
cells—precursor myogenic cells (MPCs) at quiescent state.
At 48-72 h, a decreased PAX-7 expression was coincident
with the enhancement of MyoD expression and the high
expression of myogenin at 72-96 h that represents the
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proliferating and differentiation phases of regeneration, as
previously confirmed in distinct experimental models of
muscle injury [66]. At 28 days after the BthTX-I injury, it
was also verified the PAX-7 expression representing the
presence of new quiescent satellite cells, as well as the
expression of myogenin indicating the nascent muscle
fibers and the restoration of the muscle tissue.

The effective muscle regeneration depends on se-
quential events triggered after the damage tissue including
the development of the inflammation and its downregula-
tion, restoration of the vascular tissue, and innervation
associated with a synthesis of extracellular matrix compo-
nents, which restore the muscle architecture [65, 67, 68].
Thus, the set of our results allow us to demonstrate that the
tightly regulated interaction between the immune system
and myogenesis process triggered by a K49-PLA, isolated
from snake venom follows the normal patterns of regener-
ation process that ensures the success of tissue
regeneration.
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