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Abstract: Crotamine is a single-chain polypeptide with cell-penetrating properties, which is
considered a promising molecule for clinical use. Nevertheless, its biosafety data are still scarce.
Herein, we assessed the in vivo proinflammatory properties of crotamine, including its local effect
and systemic serum parameters. Sixty male Wistar rats were intradermically injected with 200,
400 and 800 µg crotamine and analyzed after 1, 3 and 7 days. Local effect of crotamine was
assessed by determination of MPO and NAG activities, NO levels and angiogenesis. Systemic
inflammatory response was assessed by determination of IL-10, TNF-α, CRP, NO, TBARS and
SH groups. Crotamine induced macrophages and neutrophils chemotaxis as evidenced by the
upregulation of both NAG (0.5–0.6 OD/mg) and MPO (0.1–0.2 OD/mg) activities, on the first
and third day of analysis, respectively. High levels of NO were observed for all concentrations
and time-points. Moreover, 800 µg crotamine resulted in serum NO (64.7 µM) and local tissue
NO (58.5 µM) levels higher or equivalent to those recorded for their respective histamine controls
(55.7 µM and 59.0 µM). Crotamine also induced a significant angiogenic response compared to
histamine. Systemically, crotamine induced a progressive increase in serum CRP levels up to the third
day of analysis (22.4–45.8 mg/mL), which was significantly greater than control values. Crotamine
(400 µg) also caused an increase in serum TNF-α, in the first day of analysis (1095.4 pg/mL), however
a significant increase in IL-10 (122.2 pg/mL) was also recorded for the same time-point, suggesting
the induction of an anti-inflammatory effect. Finally, crotamine changed the systemic redox state
by inducing gradual increase in serum levels of TBARS (1.0–1.8 µM/mL) and decrease in SH levels
(124.7–19.5 µM/mL) throughout the experimental period of analysis. In summary, rats intradermally
injected with crotamine presented local and systemic acute inflammatory responses similarly to
histamine, which limits crotamine therapeutic use on its original form.
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Key Contribution: Crotamine has been considered a promising carrier for drug delivery, but data
on its biosafety is still scarce. Herein crotamine has shown to induce systemic oxidative stress,
proinflammatory effects and proangiogenic response, thus demonstrating that this molecule can
regulate part of the immune system.
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1. Introduction

Crotamine is a basic polypeptide toxin found in the venom of the rattlesnake Crotalus durissus
terrificus and a member of the α-myotoxin family. Its three-dimensional structure αβ1β2β3 is similar
to that of other human proteins intrinsically related to antimicrobial activity, such as β-defensins.
Furthermore, positively charged regions distributed throughout the structure and a small area of
negative charge optimize electrostatic interactions between crotamine and diverse cell membranes [1–5].

This toxin displays different cellular and molecular targets as well as several activities, including
neurotoxicity and myotoxicity. Its myotoxic potential is related to the electrophysiological changes in
sodium and potassium channels, changes in mitochondrial calcium homeostasis and degeneration of
myofibrils, with consequent structural damage to muscle fibers [6–9]. Moreover, studies have shown
that the mechanism of action of crotamine is not restricted to the muscle tissue, involving other tissues,
mainly liver and kidneys or involving other cells such as fibroblasts, neural and embryonic stem
cells [2,10].

In addition to its toxic effect, crotamine has been shown to potentiate insulin release [11] and
to have a strong antimicrobial activity [9,12–15]. Other properties, still poorly understood, include
analgesic and hemolytic activities, as well as stimulation of the immune system by interfering with the
activity of mast cells, macrophages, lymphocytes and monocytes. [12,16–18].

Crotamine also has cell-penetrating ability and nuclear specificity, acting through independent
mechanisms of energy expenditure from interaction with extracellular matrix proteoglycans [10,19].
Therefore, crotamine has been studied as a nucleolar targeting peptide (NrTP) for biomolecules and
antitumor agents on different tumoral strains [3,17,20,21]. The cytotoxic effects of crotamine have been
demonstrated in vivo and in vitro using tumor cell lines, allowing the study of the mechanisms by
which the molecule can alter cellular homeostasis by inducing damage to cytoplasmic organelles such
as lysosomes and mitochondria [19,22].

Due to its pharmacological potential, crotamine is considered a promising molecule for clinical
use in different biomedical fields [2,3,23]. However, data on its local and systemic safety in biological
models are scarce [16,24,25]. Thus, to better understand the in vivo proinflammatory activity of
crotamine, we assessed the effects of this toxin on different immunological parameters.

2. Results

2.1. Crotamine Induced C-Reactive Protein Production

C-reactive protein (CRP) is an important marker of acute inflammation in response to various
stimuli caused by infectious agents or tissue damage and it was thus used to evaluate the inflammatory
effect of crotamine. A progressive increase in serum CRP levels was observed up to the third day of
analysis for all groups treated with crotamine. However, the highest average serum CRP level recorded
was 45.8 mg/L after treatment with 200 µg crotamine, while an average CRP level of 31.5 mg/L was
recorded after treatment with 400 µg crotamine, on the third day of analysis (Figure 1). All doses of
crotamine resulted in average serum levels of CRP equal to or greater than those induced by 1000 µg
histamine on the respective days of analysis. Unlike histamine treatment, which induced a sudden
peak of CRP equal to 21.3 mg/L on the first day followed by a gradual decrease in serum CRP levels
up to the seventh day, administration of 200 µg crotamine increased serum CRP levels by the third day
(45.8 mg/L) and decreased thereafter until the seventh day (22.4 mg/L). In addition, crotamine had a
more intense and more prolonged effect than histamine but this effect decreased with the highest dose.
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Figure 1. Serum levels of C-reactive protein (CRP). Effect of Crotamine (200, 400 and 800 µg Ctm) 
intradermal injection after 1, 3 and 7 days on serum CRP levels, determined spectrophotometrically 
(λ540nm). Positive control: 1000 µg histamine. Negative control: sterile H2O (vehicle). Results are 
reported as mean ± standard deviation. As appropriate, p < 0.05 was set as significance level. *** p < 
0.001 in relation to the positive control and between groups (n = 4 animals / analysis / time). 
Comparison between data was done by one-way ANOVA and Tukey post-test using GraphPad Prism 
6.0 software (GraphPad Software, Inc., San Diego, CA, USA). 

2.2. Crotamine Affected Pro- and Anti-Inflammatory Systemic Cytokines 

In response to an aggressive stimulus there is a release of inflammatory mediators (products 
from activated leukocyte and platelets, arachidonic acid metabolism, coagulation and complement 
cascades) that act locally or systemically depending on the intensity and duration of the injury. Such 
mediators are soluble molecules derived from cells, plasma or matrix proteins that act on target 
inflammatory cells through specific receptors and are responsible for vascular and cellular responses, 
both in acute and chronic stimuli. To study this effect, cytokines TNF-α and IL-10 were determined 
in animals treated with crotamine and compared to the control groups. The results presented in 
Figure 2A show that there was an increase in the levels of serum TNF-α in animals treated with doses 
of crotamine ranging from 200 to 800 µg, followed by a reduction at a later stage. However, animals 
treated with 400 µg crotamine showed a significantly greater level of serum TNF-α after the first day 
of treatment (1095.4 pg/mL), when compared to the level of serum TNF-α in animals treated with 
1000 µg histamine (633.4 pg/mL). The results also showed a significant increase in IL-10 serum levels 
within the first three days of analysis (ranging from 58.5 to 122.2 pg/mL), in animals treated with 200 
and 400 µg crotamine, followed by a decrease in serum concentration of IL-10 on the seventh day of 
assessment (Figure 2B). Interestingly, the highest dose of crotamine (800 µg) resulted in lower serum 
levels of TNF-α and IL-10 (163.1 and 24.0 pg/mL, respectively), on the first day after crotamine 
administration. In contrast, histamine treatment induced the highest level of TNF-α on the third day 
of assessment (1211.2 pg/mL) and a lower level of serum IL-10 (23.0 pg/mL), when compared to 
groups treated with different concentrations of crotamine. 

1d 3d 7d 1d 3d 7d 1d 3d 7d 1d 3d 7d 1d 3d 7d 
0

20

40

60

Vehicle Histamine Ctm 200 Ctm 400 Ctm 800

***

***

Figure 1. Serum levels of C-reactive protein (CRP). Effect of Crotamine (200, 400 and 800 µg Ctm)
intradermal injection after 1, 3 and 7 days on serum CRP levels, determined spectrophotometrically
(λ540nm). Positive control: 1000 µg histamine. Negative control: sterile H2O (vehicle). Results are
reported as mean ± standard deviation. As appropriate, p < 0.05 was set as significance level.
*** p < 0.001 in relation to the positive control and between groups (n = 4 animals/analysis/time).
Comparison between data was done by one-way ANOVA and Tukey post-test using GraphPad Prism
6.0 software (GraphPad Software, Inc., San Diego, CA, USA).

2.2. Crotamine Affected Pro- and Anti-Inflammatory Systemic Cytokines

In response to an aggressive stimulus there is a release of inflammatory mediators (products from
activated leukocyte and platelets, arachidonic acid metabolism, coagulation and complement cascades)
that act locally or systemically depending on the intensity and duration of the injury. Such mediators
are soluble molecules derived from cells, plasma or matrix proteins that act on target inflammatory
cells through specific receptors and are responsible for vascular and cellular responses, both in acute
and chronic stimuli. To study this effect, cytokines TNF-α and IL-10 were determined in animals
treated with crotamine and compared to the control groups. The results presented in Figure 2A show
that there was an increase in the levels of serum TNF-α in animals treated with doses of crotamine
ranging from 200 to 800 µg, followed by a reduction at a later stage. However, animals treated with
400 µg crotamine showed a significantly greater level of serum TNF-α after the first day of treatment
(1095.4 pg/mL), when compared to the level of serum TNF-α in animals treated with 1000 µg histamine
(633.4 pg/mL). The results also showed a significant increase in IL-10 serum levels within the first
three days of analysis (ranging from 58.5 to 122.2 pg/mL), in animals treated with 200 and 400 µg
crotamine, followed by a decrease in serum concentration of IL-10 on the seventh day of assessment
(Figure 2B). Interestingly, the highest dose of crotamine (800 µg) resulted in lower serum levels of
TNF-α and IL-10 (163.1 and 24.0 pg/mL, respectively), on the first day after crotamine administration.
In contrast, histamine treatment induced the highest level of TNF-α on the third day of assessment
(1211.2 pg/mL) and a lower level of serum IL-10 (23.0 pg/mL), when compared to groups treated with
different concentrations of crotamine.
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Figure 2. Serum levels of TNF-α and IL-10. Effect of intradermal injection of crotamine (200, 400 and 
800 µg Ctm) after 1, 3 and 7 days on (A) serum TNF-α, determined by ELISA (λ540nm); and (B) serum 
IL-10, determined by ELISA (λ540nm). Positive control: 1000 µg histamine. Negative control: sterile H2O 
(vehicle). Results are reported as mean ± standard deviation. As appropriate, p < 0.05 was set as 
significance level. * p < 0.05 and *** p < 0.001 in relation to the positive control and between groups (n 
= 4 animals / analysis / time). Comparison between data was done by one-way ANOVA and Tukey 
post-test using GraphPad Prism 6.0 software (GraphPad Software, Inc., San Diego, CA, USA). 

2.3. Crotamine Induces Increased Levels of Nitric Oxide and Cellular Markers 

In the immune system, high levels of NO inhibit neutrophil functions, thus, displaying an anti-
inflammatory effect. N-acetylglucosaminidase (NAG) and myeloperoxidase (MPO) are biomarkers 
of macrophage and neutrophil activity, respectively. In this study, crotamine and histamine 
significantly induced NO production when compared with the negative control. The increase of NO 
levels in both homogenized tissue (Figure 3A) and serum (Figure 3B) was achieved at all crotamine 
and histamine concentrations tested, during the seven days of analysis. Treatment with 800 µg 
crotamine resulted in serum NO (64.7 µM) and local tissue NO (58.5 µM) levels higher or equivalent 
to those recorded for their respective histamine controls (55.7 µM serum NO and 59.0 µM tissue NO), 
as observed in Figure 3A,B. In addition, doses of crotamine ranging from 200 to 800 µg induced 
upregulation of NAG activity in tissue samples (0.5 to 0.6 OD/mg tissue) on the first day of analysis, 
followed by a gradual decrease in enzyme activity up to the seventh day. Conversely, the lowest 
concentration of crotamine (200 µg), induced the highest MPO activity (0.2 OD/mg tissue), while the 
highest concentration of crotamine (800 µg) had the opposite trend (0.1 OD/mg tissue) on the third 
day of analysis (Figure 3D). MPO elevation in tissues corroborates neutrophil infiltration observed in 
tissue sections from the injured dorsal skin, by light field microscopy (Figure S1). 

 T
N

F-
 (p

g/
m

L)
IL

-1
0 

(p
g/

m
L)

Figure 2. Serum levels of TNF-α and IL-10. Effect of intradermal injection of crotamine (200, 400 and
800 µg Ctm) after 1, 3 and 7 days on (A) serum TNF-α, determined by ELISA (λ540nm); and (B) serum
IL-10, determined by ELISA (λ540nm). Positive control: 1000 µg histamine. Negative control: sterile
H2O (vehicle). Results are reported as mean ± standard deviation. As appropriate, p < 0.05 was set as
significance level. * p < 0.05 and *** p < 0.001 in relation to the positive control and between groups
(n = 4 animals/analysis/time). Comparison between data was done by one-way ANOVA and Tukey
post-test using GraphPad Prism 6.0 software (GraphPad Software, Inc., San Diego, CA, USA).

2.3. Crotamine Induces Increased Levels of Nitric Oxide and Cellular Markers

In the immune system, high levels of NO inhibit neutrophil functions, thus, displaying an
anti-inflammatory effect. N-acetylglucosaminidase (NAG) and myeloperoxidase (MPO) are biomarkers
of macrophage and neutrophil activity, respectively. In this study, crotamine and histamine significantly
induced NO production when compared with the negative control. The increase of NO levels in both
homogenized tissue (Figure 3A) and serum (Figure 3B) was achieved at all crotamine and histamine
concentrations tested, during the seven days of analysis. Treatment with 800 µg crotamine resulted
in serum NO (64.7 µM) and local tissue NO (58.5 µM) levels higher or equivalent to those recorded
for their respective histamine controls (55.7 µM serum NO and 59.0 µM tissue NO), as observed in
Figure 3A,B. In addition, doses of crotamine ranging from 200 to 800 µg induced upregulation of NAG
activity in tissue samples (0.5 to 0.6 OD/mg tissue) on the first day of analysis, followed by a gradual
decrease in enzyme activity up to the seventh day. Conversely, the lowest concentration of crotamine
(200 µg), induced the highest MPO activity (0.2 OD/mg tissue), while the highest concentration of
crotamine (800 µg) had the opposite trend (0.1 OD/mg tissue) on the third day of analysis (Figure 3D).
MPO elevation in tissues corroborates neutrophil infiltration observed in tissue sections from the
injured dorsal skin, by light field microscopy (Figure S1).
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Figure 3. Cont.
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Figure 3. Serum and tissue levels of NO and cellular markers. Effect of intradermal injection of 
crotamine (200, 400 and 800 µg Ctm) after 1, 3 and 7 days on nitric oxide in (A) previously 
homogenized tissue and (B) serum, determined by the Griess reaction (λ570nm). (C) NAG: N-
Acetylglicosaminidase (macrophage activity marker); (D) MPO: myeloperoxidase (neutrophil activity 
marker). Positive control: 1000 µg histamine. Negative control: sterile H2O (vehicle). Results are 
reported as mean ± standard deviation. As appropriate, p < 0.05 was set as significance level. ** p < 
0.01 and *** p < 0.001 in relation to the positive control and between groups (n = 4 
animals/analysis/time). Comparison between data was done by one-way ANOVA and Tukey post-
test using GraphPad Prism 6.0 software (GraphPad Software, Inc., San Diego, CA, USA). 

2.4. Crotamine Changed the Systemic Redox State 

In order to understand the relationship between crotamine-induced inflammatory process and 
oxidative stress, serum levels of lipid peroxidation products (MDA-TBARS) and sulfhydryl groups 
(-SH) were determined. The serum levels of TBARS in animals injected intradermally with either 
crotamine (200 to 800 µg) or histamine (1000 µg) gradually increased, suggesting that the stress 
trigger remained active throughout the experimental period of analysis. The mean serum levels of 
TBARS in the experimental groups of animals treated with 200, 400 and 800 µg crotamine increased 
from 1.0 to 1.8 µM/mL, 0.8 to 1.5 µM/mL and 0.7 to 1.5 µM/mL, respectively, while 1000 µg histamine 
induced a rise in TBARS levels from 1.5 to 2.3 µM/mL over a seven-day period of analysis (Figure 
4A). On the other hand, the mean serum levels of sulfhydryl groups in the experimental groups of 
animals treated with 200, 400 and 800 µg crotamine gradually decreased from 81.8 to 19.5 µM/mL, 
87.6 to 48.6 µM/mL and 124.7 to 84.5 µM/mL, respectively, while 1000 µg histamine induced a drop 
in sulfhydryl groups levels from 285.2 to 77.2 µM/mL over the same period of analysis (Figure 4B). 
Although crotamine was able to alter oxidative stress parameters significantly, the pro-oxidant effect 
of this toxin was lower than that recorded for histamine, in the established experimental conditions. 
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Figure 3. Serum and tissue levels of NO and cellular markers. Effect of intradermal injection of
crotamine (200, 400 and 800 µg Ctm) after 1, 3 and 7 days on nitric oxide in (A) previously homogenized
tissue and (B) serum, determined by the Griess reaction (λ570nm). (C) NAG: N-Acetylglicosaminidase
(macrophage activity marker); (D) MPO: myeloperoxidase (neutrophil activity marker). Positive
control: 1000 µg histamine. Negative control: sterile H2O (vehicle). Results are reported as mean ±
standard deviation. As appropriate, p < 0.05 was set as significance level. ** p < 0.01 and *** p < 0.001
in relation to the positive control and between groups (n = 4 animals/analysis/time). Comparison
between data was done by one-way ANOVA and Tukey post-test using GraphPad Prism 6.0 software
(GraphPad Software, Inc., San Diego, CA, USA).

2.4. Crotamine Changed the Systemic Redox State

In order to understand the relationship between crotamine-induced inflammatory process and
oxidative stress, serum levels of lipid peroxidation products (MDA-TBARS) and sulfhydryl groups
(-SH) were determined. The serum levels of TBARS in animals injected intradermally with either
crotamine (200 to 800 µg) or histamine (1000 µg) gradually increased, suggesting that the stress trigger
remained active throughout the experimental period of analysis. The mean serum levels of TBARS in
the experimental groups of animals treated with 200, 400 and 800 µg crotamine increased from 1.0 to
1.8 µM/mL, 0.8 to 1.5 µM/mL and 0.7 to 1.5 µM/mL, respectively, while 1000 µg histamine induced a
rise in TBARS levels from 1.5 to 2.3 µM/mL over a seven-day period of analysis (Figure 4A). On the
other hand, the mean serum levels of sulfhydryl groups in the experimental groups of animals treated
with 200, 400 and 800 µg crotamine gradually decreased from 81.8 to 19.5 µM/mL, 87.6 to 48.6 µM/mL
and 124.7 to 84.5 µM/mL, respectively, while 1000 µg histamine induced a drop in sulfhydryl groups
levels from 285.2 to 77.2 µM/mL over the same period of analysis (Figure 4B). Although crotamine
was able to alter oxidative stress parameters significantly, the pro-oxidant effect of this toxin was lower
than that recorded for histamine, in the established experimental conditions.
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Figure 4. Serum levels of oxidative stress markers. Effect of intradermal injection of crotamine (200, 
400 and 800 µg Ctm) on redox state after 1, 3 and 7 days. (A) Analysis of thiobarbituric acid reactive 
substances (TBARS) in serum by spectrophotometric determination (λ532nm). (B) Analysis of sulfhydryl 
groups (SH) in serum by spectrophotometric determination (λ412nm). Positive control: 1000 µg 
histamine. Negative control: sterile H2O (vehicle). Results are reported as mean ± standard deviation. 
As appropriate, p < 0.05 was set as significance level in relation to the positive control and between 
groups (n = 4 animals/analysis/time). Comparison between data was done by one-way ANOVA and 
Tukey post-test using GraphPad Prism 6.0 software (GraphPad Software, Inc., San Diego, CA, USA). 
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density was lowered, although values for crotamine-treated groups were still greater than or equal 
to those recorded for the control groups. 
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Figure 4. Serum levels of oxidative stress markers. Effect of intradermal injection of crotamine (200, 400
and 800 µg Ctm) on redox state after 1, 3 and 7 days. (A) Analysis of thiobarbituric acid reactive substances
(TBARS) in serum by spectrophotometric determination (λ532nm). (B) Analysis of sulfhydryl groups (SH) in
serum by spectrophotometric determination (λ412nm). Positive control: 1000 µg histamine. Negative control:
sterile H2O (vehicle). Results are reported as mean± standard deviation. As appropriate, p < 0.05 was set
as significance level in relation to the positive control and between groups (n = 4 animals/analysis/time).
Comparison between data was done by one-way ANOVA and Tukey post-test using GraphPad Prism 6.0
software (GraphPad Software, Inc., San Diego, CA, USA).

2.5. Crotamine Stimulated Angiogenesis

Figure 5A shows representative photomicrographic images of cross-sections obtained from the
dorsal skin of animals euthanized 1, 3 and 7 days after intradermal injections of 800 µg crotamine,
1000 µg histamine (positive control) and sterile water as vehicle (negative control). Crotamine-induced
angiogenesis and VEGF expression were measured by morphometric and immunohistochemical
analysis of skin biopsies from treated animals, 1, 3 and 7 days post intradermal injection of 200, 400
and 800 µg toxin and compared with data from control groups, as shown in Figure 5B. Crotamine
(200, 400 and 800 µg) significantly induced upregulation of VEGF, 24 h after intradermal injection when
compared to its respective negative control. However, this event was followed by downregulation
of VEGF between the 3rd and 7th day of analysis, as the blood vessels density was lowered,
although values for crotamine-treated groups were still greater than or equal to those recorded
for the control groups.



Toxins 2019, 11, 39 8 of 18Toxins 2019, 11, x FOR PEER REVIEW  8 of 17 

 

 

 

Figure 5. Crotamine-induced local angiogenesis. (A) Photomicrographies of cross-sections from the 
dorsal skin (deep dermis) of Wistar rats 1, 3 and 7 days after intradermal injections of 800 µg 
crotamine: newly formed blood vessels were evidenced by immunohistochemical analysis of VEGF 
expression (final magnification, ×200). (B) Vascular density analysis of treatment and control groups. 
Treatment: crotamine (200, 400 and 800 µg Ctm); Positive control: 1000 µg histamine; Negative 
control: sterile H2O (vehicle). The Plugin "Color Deconvolution,” by ImageJ 1.48 v software (National 
Institutes of Health, Bethesda, MD, USA) was used for VEGF quantification. The sections were 
counterstained with Harris's hematoxylin method and analyzed by light field microscopy. Bar = 100 
µm. Results are reported as mean ± standard deviation. As appropriate, p < 0.05 was set as significance 
level. ** p < 0.01 and *** p < 0.001 in relation to the positive control and between groups (n = 4 
animals/analysis/time). Comparison between data was done by one-way ANOVA and Tukey post-
test using GraphPad Prism 6.0 software (GraphPad Software, Inc., San Diego, CA, USA). 

3. Discussion 

1d 3d 7d 1d 3d 7d 1d 3d 7d 1d 3d 7d 1d 3d 7d 
0

10
20
30
40
50
60
70
80
90

100

Vehicle Histamine Ctm 200 Ctm 400 Ctm 800

B

***
***

**

Bl
oo

d 
ve

ss
el

s 
(%

 a
re

a)

Figure 5. Crotamine-induced local angiogenesis. (A) Photomicrographies of cross-sections from the
dorsal skin (deep dermis) of Wistar rats 1, 3 and 7 days after intradermal injections of 800 µg crotamine:
newly formed blood vessels were evidenced by immunohistochemical analysis of VEGF expression
(final magnification, ×200). (B) Vascular density analysis of treatment and control groups. Treatment:
crotamine (200, 400 and 800 µg Ctm); Positive control: 1000 µg histamine; Negative control: sterile
H2O (vehicle). The Plugin "Color Deconvolution,” by ImageJ 1.48 v software (National Institutes of
Health, Bethesda, MD, USA) was used for VEGF quantification. The sections were counterstained
with Harris’s hematoxylin method and analyzed by light field microscopy. Bar = 100 µm. Results are
reported as mean± standard deviation. As appropriate, p < 0.05 was set as significance level. ** p < 0.01
and *** p < 0.001 in relation to the positive control and between groups (n = 4 animals/analysis/time).
Comparison between data was done by one-way ANOVA and Tukey post-test using GraphPad Prism
6.0 software (GraphPad Software, Inc., San Diego, CA, USA).
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3. Discussion

Snake venoms contain a diversity of biologically active polypeptides with remarkable applications
in biotechnology due to their ability to cause physiological and biochemical changes on different
biological systems [26]. In addition to their use in cancer cells, cardiovascular system and in
neurochemistry, advances have been made on the composition and toxicity of poisons for the
development of antivenoms [27–31]. Thus, a number of toxins and peptides isolated to date has
been found to interact with ion channels, enzymes and components of the cell membrane [26,29,32],
resulting in activities such as analgesic [26], antimicrobial [33–35], antihypertensive [32], antiviral [36],
antiparasitic [37,38] and antitumor [39–43].

The pharmacological properties of crotamine on different biological models include its analgesic
potential [16], insulin release potential [11], memory persistence enhancement without psychomotor
alterations [44] and antimicrobial and antiparasitic actions in several species [5,12–15,23]. Moreover, due to
its cell-penetrating capacity and site-specific interactions, crotamine has been studied as a drug-mediating
peptide and as a model for the discovery of new antitumor molecules [10,17,19,21–23]. However, data on
crotamine safety for local and systemic application in biological models are scarce [24,25].

In this study, the intradermal (id) route of administration was evaluated, considering the ability
of crotamine to penetrate cells and also considering the presence of many lymphatic structures in
the dermis, which contribute to the drainage and diffusion of molecules [45]. We demonstrated
that a single id injection of crotamine, at all studied concentrations and time-points, induced acute
changes in immunological parameters and promoted oxidative stress but did not present a dose- or
time-dependent response.

Although assessed separately, the metabolic and immune pathways are interdependent, since
hormones, cytokines, transcription factors and signaling proteins act in both pathways to maintain the
body’s homeostasis. The innate and the adaptive immune systems have numerous components with
protective functions [46]. The inflammatory response, on the other hand, is initiated by inflammatory
cytokines such as IL-1, TNF-α and IL-6 released from an affected tissue inducing hepatic synthesis of
acute phase proteins, such as CRP [47].

In this study, crotamine increased CRP levels on the third day after intradermal injection (Figure 1).
CRP is an acute inflammation signaling protein, mainly produced by the liver but also by adipocytes
and arterial tissue and regulated by cytokines IL-6, TNF-α and IL-1 [48]. CRP levels are increased in
response to active infections and acute inflammatory processes [48]. Thus, our results suggest that
crotamine stimulates the production of CRP either in response to the local aggression or via TNF-α
signaling, whose levels were also shown to be high (Figure 2A).

The elevated TNF-α level on the first day of analysis after intradermal injection of crotamine
indicates its potential effect on an initial inflammatory response and the increase of other
immunological markers involved in the process. TNF-α is mainly responsible for the recruitment
and activation of neutrophils and monocytes in the injury site. In low concentrations, it acts on
endothelial cells promoting vasodilation and stimulating the secretion of other chemotactic cytokines
and fibroblasts [49–51].

In contrast, our results showed that crotamine might exert two opposite effects on the synthesis
and signaling of cytokines in inflammatory and immunological processes. Animals injected with lower
crotamine doses (200 and 400 µg) showed significantly increased levels of IL-10 when compared to
histamine control group (Figure 2B). IL-10 has an anti-inflammatory action by regulating the activity
and production of pro-inflammatory cytokines by macrophages, monocytes, mast cells and dendritic
cells, thus limiting the inflammatory and immunological response [46,49].

Levels of proinflammatory cytokines, such as IL-6, were correlated with the myotoxic and
edematogenic effects of crotamine isoforms isolated from C. d. cumumensis in the study by
Ponce-Soto et al. [52]. Studies on the proinflammatory effects of crotamine demonstrated that this
peptide increased the phagocytic activity in macrophages associated with NO, TNF-α and IL-1β, which
are strictly related to inflammatory responses [18].
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The cell response to stimuli depends on a complex signaling process. The stimuli are transmitted
from the extracellular medium to the intracellular medium through an orderly sequence of reactions,
some of them dependent on oxidation reactions, generally referred to as redox-sensitive signaling [53].
Thus, along with the analysis of cytokines and signaling molecules that mediate an inflammatory
response, oxidative stress biomarkers can provide information on the relationship between oxidative
damage, macromolecules (DNA, lipids and proteins) and various inflammatory and immunological
processes [54].

Herein, crotamine was shown to induce systemic oxidative stress, which was evidenced by the
higher serum levels of MDA-TBARS, when compared with the histamine control group (Figure 4B).
However, this effect diminished with increasing doses of crotamine, suggesting a positive correlation
between crotamine-induced pro-oxidant profile and the high serum levels of MPO (Figure 3D),
since increased levels of MPO activity represent an important marker of inflammation and oxidative
stress [51]. On the other hand, our results suggest that the highest concentration of crotamine (800 µg)
stimulated the anti-oxidant system in order to reduce the oxidative damage, as indicated by the high
serum levels of -SH groups (Figure 4B). Consequently, TNF-α and IL-10 levels appear to peak at
medium dose and then decrease with a higher concentration of crotamine (Figure 2), suggesting an
anti-inflammatory activity of this toxin.

Regarding to the NAG activity, an opposite trend was observed, as presented in Figure 3C.
Upregulation of NAG was observed on the first day of analysis demonstrating that anti-inflammatory
activity of crotamine was not persistent. Additionally, an expressive increase of NO levels was
recorded along the seven days of analysis, at all crotamine concentrations tested (Figure 3A,B). NO is
a potentially toxic agent, whose toxicity could be particularly denoted in stress oxidative conditions.
Thus, our results suggest that NO may play a key role in the activity of macrophages [55–57].

Using an intra-hippocampal application route, Gonçalves et al. [25] observed that crotamine
altered the oxidative parameters in the serum of animals after 21 days. These results suggest that
crotamine has the ability to induce an imbalance in the systemic redox system for a long time, regardless
of the route of administration. Previous studies on Crotalus durissus terrificus venom and its main
component, crotoxin, have shown that NO is closely related to antinociceptive effect [58], modulation
of macrocytic activity [41,59,60] and the myotoxic effect of the venom [61].

Defensins and cathelicidins are the best characterized antimicrobial peptides which act as effectors
of the innate immune response [62]. In addition, several antimicrobial peptides appear to initiate the
process of tissue repair, mainly by inducing an angiogenic response at the site of injury [63]. Crotamine
has a heterogeneous cytotoxic profile on different microorganisms, as well as structural and/or genetic
similarities with antimicrobial peptides such as β-defensins [64].

Morphometric analysis of immunohistochemistry data presented in Figure 5A,B showed an
upregulation of VEGF 24 h after the intradermal injection of crotamine. It was also observed that
between the 3rd and 7th day of analysis there was a downregulation of the number of newly formed
blood vessels. These values, however, were still greater than or equal to those determined for the
histamine-treated control group.

To date, little is known about the immunomodulatory and immunogenic properties of venom
components. Cell-penetrating peptides (CPPs) have attracted considerable attention as a new class of
ligands for delivery of specific therapeutic and diagnostic agents mainly due to several advantages
compared to conventional antibodies, such as easier synthesis, smaller sizes, lower immunogenicity
and cytotoxicity, besides offering simpler and improved conjugation to nanocarriers. Immunogenicity
is the main cause of failure of biological products in clinical trials and therefore it is imperative that drug
development studies include an immunogenicity risk assessment, leading to a clinical strategy [64–68].
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4. Conclusions

Although muscle necrosis is the most significant medical problem associated with small
myotoxins, our observations suggest that the biological significance of these molecules is associated
to their ability to cause local and systemic damage, depending on their pharmacokinetic properties.
In view of the above, we conclude that the intradermal injection of crotamine in rats induced local
and systemic acute inflammatory responses that limit the therapeutic use of this peptide in its original
form. In addition, we demonstrated that this toxin has a similar effect to histamine in vivo.

5. Materials and Methods

5.1. Materials and Venom

The yellowish venom of Crotalus durissus terrificus was purchased from Koemitã serpentary
(Mococa, SP, Brazil). All other reagents used in this study were of analytical grade and purchased from
BD Bioscience® (San Jose, CA, USA), Sigma Chem. Co® (St. Louis, MO, USA), Merck® (Darmstadt,
Germany), Leica® (Wetzlar, Germany) and Sinapse Biotechnologia® (São Paulo, SP, Brazil).

5.2. Purification of Crotamine

Crotamine was isolated from Crotalus durissus terrificus venom by using Heparin-Sepharose
affinity chromatography. Heparin-Sepharose FF (HiTrap, heparin (HP), 5 mL) column was previously
equilibrated with 0.01M sodium phosphate, pH 7.0. The protein was eluted by a NaCl gradient
(0–1.5 M) at a flow rate of 2.5 mL/min and 3 mL fractions were collected. Next, crotamine was
subjected to functional characterization. All purification and identification procedure of crotamine
were performed according to the methodology previously described by Batista da Silva et al. [9].

5.3. Animals

Sixty male Wistar rats (Rattus norvegicus albinus) of 250 ± 50 g were used in this study. Animals
were housed in polycarbonate cages under constant temperature (23 ◦C) and humidity (55%), with a
12 h light/dark cycle and access to food and water ad libitum. All procedures were approved by the
Animal Ethics Committee of the Institution (protocol n◦ 058/2016), which follows the guidelines of the
Brazilian College of Animal Experimentation (COBEA) as well as Brazilian law for scientific use of
animals (Law n◦. 11,794, of 8 October 2008).

5.4. Experimental Design and Sample Collection

Animals were randomly divided into five groups of twelve as follows: negative control group
(injected intradermally with vehicle (sterile water)), positive control group (injected intradermally
with 1000 µg histamine) and three crotamine-treated groups (injected intradermally with sublethal
doses of 200, 400 and 800 µg crotamine). Each experimental group received a single intradermal
injection (100 µL) according to the good practice guide for substance administration [69]. After 1, 3
and 7 days, the animals were anesthetized by IM administration of xylazine hydrochloride/ketamine
hydrochloride solution, tissue samples were collected from the injection site and blood was collected by
cardiac puncture at each time-point. Samples were stored at −80 ◦C for further analysis. Inflammatory
and immunological parameters were assessed by immunoenzymatic assays for Interleukin-10 (IL-10)
and tumor necrosis factor-α (TNF-α) or by biochemical assays for C-reactive protein (CRP), nitric
oxide and redox level. Tissue samples were subjected to biochemical analysis for myeloperoxidase,
N-acetylglucosaminidase and nitric oxide activities.



Toxins 2019, 11, 39 12 of 18

5.5. Clinical Parameters for Immunological and Inflammatory Evaluation

5.5.1. C-Reactive protein (CRP) and Cytokines Measurements

A 5-mL blood sample was collected from each animal by cardiac puncture. Serum was obtained
by centrifugation at 1000× g for 10 min, aliquoted and then frozen at −80 ◦C. Serum IL-10 and TNF-α
levels were measured by Enzyme-Linked Immunosorbent Assay (ELISA) using commercially available
monoclonal antibodies and biotinylated polyclonal antibodies (BD Bioscience®), according to the
manufacturer’s recommendations. The absorbance was measured spectrophotometrically (λ540nm) in
an automatic microplate reader system ELx 800 (BioTek Instruments, Inc., Winooski, VT, USA). Assays
were performed in triplicate for each parameter assessed. Concentration levels of IL-10 and TNFα
cytokines were presented in pg/mL of serum with a detection sensitivity limit of 1 pg/mL.

Serum CRP levels were measured using the reagent kit Turbiquest® Plus CRP (Labtest Diagnóstica
S.A., Lagoa Santa, MG, Brazil), according to the manufacturer’s recommendations. Presence of CRP
in the test specimen results in the formation of an insoluble complex producing a turbidity, which is
measured at 540 nm. Data were calculated as the absorbance change per minute (1 and 5 min) and
reported in mg CRP/mL serum.

5.5.2. Nitric Oxide (NO) Assay

Nitric oxide levels in biopsy lysates and serum were determined indirectly as the total content
of nitrite and nitrate (NO3

−/NO2
−) by spectrophotometry using the Griess method [70]. Aliquots

(80 µL) of each sample (tissue samples/blood samples) were incubated with 100 µL of Griess reagent
(1% sulfanilamide in 1% phosphoric acid and 0.1% naphthalene diamine dihydrochloride in water)
and left at 25 ◦C for 10 min. Optical densities were measured spectrophotometrically (λ540nm) in an
automatic microplate reader system ELx 800 (BioTek Instruments, Inc., Winooski, VT, USA). Nitrite
concentrations in the samples were determined according to a standard curve generated by different
concentrations of sodium nitrite (0.1–100 mM). Assays were performed in triplicate and NO levels
were presented in µM of nitrite.

5.5.3. Systemic Redox State

Changes in the systemic redox state were determined by the levels of thiobarbituric acid reactive
substances (TBARS) according to the methodology described by Esterbauer and Cheeseman [71].
The production of MDA-TBA complex was determined spectrophotometrically (λ535nm) and presented
in µM/mL of serum, using the molar extinction coefficient (ε = 1.56 × 105 M−1cm−1). The levels of
sulfhydryl groups (-SH) in serum were determined spectrophotometrically (λ412nm) by reaction with
5,5′-dithiobis-2-nitrobenzoic acid (DTNB), using the molar extinction coefficient (ε = 13600 M−1cm−1),
as described by Faure and Lafond (1995) [72].

5.5.4. Myeloperoxidase and N-Acethyglycosaminidase Assays

Neutrophil activation in animal inflammatory skin reaction was determined by assessing
myeloperoxidase activity in skin biopsy homogenate supernatants, as previously described [73]
with some modifications. Briefly, a portion of skin of animals that had undergone intradermal injection
with different concentrations of crotamine were removed and frozen at −80 ◦C. Upon thawing, tissue
specimen was homogenized (0.1 g/ mL of buffer) at 13,000 rpm by Polytron® homogenizer (Kinematica,
Kinematica AG, Luzern, Switzerland) in pH 4.7 buffer (NaCl 0.1 M, NaPO4 0.02 M, Na-EDTA 0.015 M),
centrifuged at 260× g for 10 min and the pellet was subjected to hypotonic lysis: 1.5 mL of 0.2% NaCl
solution, followed by addition of an equal volume of a solution containing NaCl 1.6% and glucose 5%,
30 s later. After centrifugation, the pellet was resuspended in 0.05 M NaPO4 buffer (pH 5.4) containing
0.5% hexadecyltrimethylammonium bromide (HTAB) (Sigma-Aldrich®, St. Louis, MO, USA) and
re-homogenized; 1-mL aliquots of the suspension were transferred to 1.5 mL polypropylene tubes
followed by three freeze-thaw cycles using liquid nitrogen. Aliquots were then centrifuged for 15 min
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at 10,000× g and pellets were resuspended in buffer (0.05 mL) and assayed by measuring the change
in optical density at 450 nm using tetramethylbenzidine (1.6 mM) and H2O2 (0.5 mM). Results were
presented as optical density (OD) of MPO/mg tissue [73,74].

Macrophage infiltration/activation in animal inflammatory skin reaction was determined by
assessing N-acetylglucosaminidase (NAG) activity in skin biopsy homogenate supernatants, according
to the method described by Moscard et al. [73]. Briefly, 0.05-mL supernatant obtained from tissue
homogenate was added to 30 µL p-nitrophenyl-2-acetamide-β-D-glucopyranoside (Sigma-Aldrich),
diluted in 50 µL of 50 mM citrate buffer. Finally, 0.05 mL of 0.2 M glycine was added. Optical densities
were measured spectrophotometrically (λ540nm) in an automatic microplate reader system (ELx 800,
BioTeK) and results were presented as optical density (OD) of NAG/mg tissue [73].

5.5.5. Histological Analysis

Animals were euthanized by deep anesthesia 1, 3 and 7 days after intradermal injections of
crotamine, histamine (positive control) or sterile water (vehicle, negative control) and tissue samples
from the injured dorsal skin were surgically collected. The biopsies were kept in 10% buffered
formaldehyde solution, for 24 h, followed by histological processing and paraffin embedding. Sections
of 5 µm were submitted to hematoxylin, eosin and Gomori trichrome staining for evaluation and
quantification of inflammatory infiltrate, fibroblasts, blood vessels and collagen.

Paraffin sections of tissues were dewaxed in xylene, dehydrated in graded alcohols and washed
in 0.01 M phosphate-buffered saline (PBS), pH 7.2–7.4. Endogenous peroxidase was blocked with
hydrogen peroxide 0.3% in absolute methanol for 30 min. The immunolabeling procedure included
negative control group injected with sterile H2O instead of crotamine. Primary antibody was diluted
in phosphate-buffered saline (PBS) and applied overnight at 4 ◦C. After 2 washes in PBS, samples
were incubated for 30 min at room temperature in dark chamber, and immunostained with Novolink
max polymer detection system (RE7280-CE, Leica Biosystems, Wetzlar, Germany). Immunolabeling
was revealed by incubation with the chromogen DAB (diaminobenzidinetetrahydrochloride) and
immunohistochemical analysis was performed.

Histological sections were observed on a LEICA® DM-2000 optical microscope coupled with a
LEICA® DFC-280 camera and LAS® version 3.3.0 software (Leica Microsystem, Wetzlar, Germany).
Images were captured at 200× magnification, under standardized microscopy parameters. The Plugin
“Cell Counter” from ImageJ software was used for counting of blood vessels on 5 images of skin samples
from each animal. In addition, the Plugin “Color Deconvolution” from ImageJ 1.48 v software (National
Institutes of Health, Bethesda, MD, USA) was used to decompose the three colors of trichrome for
VEGF quantification on 5 images of skin samples, as described above and the percentage of blood
vessels per total area of each image was determined [73].

5.6. Statistical Analysis

The Kolmogorov-Smirnov and Shapiro-Wilk normality tests were run for all variables in the
current study. One-way ANOVA and Tukey’s post-test were used in comparing groups. All data were
presented as mean ± SD and p < 0.05 indicated a significant difference between groups. Graphs and
statistics were performed in the GraphPad Prism 6.0 software (GraphPad Software, Inc., San Diego,
CA, USA).
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Figure S1: Increased tecidual neutrophils induced by intradermal injection of crotamine after 1, 3, and 7 days.
Representative photomicrograph (HE-200 ×magnification) highlighting the inflammatory infiltrate (black arrow).
The sections were stained with hematoxylin method and analyzed by light field microscopy.

Author Contributions: Data curation, M.V.M.; Formal analysis, T.A.M.d.A., M.F.M. and A.A.P.; Investigation,
A.V.P.S.; Methodology, L.H.d.M.; Project administration, M.V.M.; Writing—review & editing, A.V.P.S. and M.V.M.

Funding: This research was supported by the National Council of Technological and Scientific Development
(Conselho Nacional de Desenvolvimento Científico e Tecnológico—CNPq) (process n◦ 124223/2016-8) and
Hermínio Ometto Foundation.

Acknowledgments: We acknowledge Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP) for
providing support on data publication.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Nicastro, G.; Franzoni, L.; De Chiara, C.; Mancin, A.C.; Giglio, J.R.; Spisni, A. Solution structure of crotamine,
a Na+ channel affecting toxin from Crotalus durissus terrificus venom. Eur. J. Biochem. 2003, 270, 1969–1979.
[CrossRef] [PubMed]

2. Kerkis, A.; Kerkis, I.; Radis-Baptista, G.; Oliveira, E.B.; Vianna-Morgante, A.M.; Pereira, L.V.; Yamane, T.
Crotamine is a novel cell-penetrating protein from the venom of rattlesnake Crotalus durissus terrificus.
FASEB J. 2004, 18, 1407–1409. [CrossRef] [PubMed]

3. Kerkis, I.; Silva, F.D.S.; Pereira, A.; Kerkis, A.; Radis-Baptista, G. Biological versatility of crotamine—A
cationic peptide from the venom of a South American rattlesnake. Expert Opin. Investig. Drugs 2010, 19,
1515–1525. [CrossRef] [PubMed]

4. Coronado, M.A.; Gabdulkhakov, A.; Georgieva, D.; Sankaran, B.; Murakami, M.T.; Arni, R.K.; Betzel, C. Structure
of the polypeptide crotamine from the Brazilian rattlesnake Crotalus durissus terrificus. Acta Cryst. D 2013, 69,
1958–1964. [CrossRef] [PubMed]

5. Sieber, M.; Bosch, B.; Hanke, W.; de Lima, V.M.F. Membrane-modifying properties of crotamine, a small
peptide-toxin from Crotalus durissus terifficus venom. Biochim. Biophys. Acta 2014, 1840, 945–950. [CrossRef]
[PubMed]

6. Cameron, D.L.; Tu, A.T. Chemical and functional homology of myotoxin a from prairie rattlesnake venom
and crotamine from South American rattlesnake venom. Biochim. Biophys. Acta Protein Struct. 1978, 532,
147–154. [CrossRef]

7. Ownby, C.L.; Aird, S.D.; Kaiser, I.I. Physiological and immunological properties of small myotoxins from the
venom of the midget faded rattlesnake (Crotalus viridis concolor). Toxicon 1988, 26, 319–323. [CrossRef]

8. Peigneur, S.; Orts, D.J.; Prieto da Silva, A.R.; Oguiura, N.; Boni-Mitake, M.; de Oliveira, E.B.; Zaharenko, A.J.;
de Freitas, J.C.; Tytgat, J. Crotamine pharmacology revisited: Novel insights based on the inhibition of KV
channels. Mol. Pharmacol. 2012, 82, 90–96. [CrossRef]

9. Batista da Cunha, D.; Silvestrini, A.V.; Gomes da Silva, A.C.; Estevam, D.M.P.; Pollettini, F.L.; de Oliveira
Navarro, J.; Alves, A.A.; Beretta, A.L.R.Z.; Bizzacchi, J.M.A.; Pereira, L.C.; et al. Mechanistic insights into
functional characteristics of native crotamine. Toxicon 2018, 146, 1–12. [CrossRef] [PubMed]

10. Hayashi, M.A.; Nascimento, F.D.; Kerkis, A.; Oliveira, V.; Oliveira, E.B.; Pereira, A.; Rádis-Baptista, G.;
Nader, H.B.; Yamane, T.; Kerkis, I.; et al. Cytotoxic effects of crotamine are mediated through lysosomal
membrane permeabilization. Toxicon 2008, 52, 508–517. [CrossRef] [PubMed]

11. Toyama, M.H.; Carneiro, E.M.; Marangoni, S.; Barbosa, R.L.; Corso, G.; Boschero, A.C. Biochemical
characterization of two crotamine isoforms isolated by a single step RP-HPLC from Crotalus durissus
terrificus (South American rattlesnake) venom and their action on insulin secretion by pancreatic islets.
Biochim. Biophys. Acta 2000, 1474, 56–60. [CrossRef]

12. Oguiura, N.; Boni-Mitake, M.; Affonso, R.; Zhang, G. In vitro antibacterial and hemolytic activities of
crotamine, a small basic myotoxin from rattlesnake Crotalus durissus. J. Antibiot. 2011, 64, 327–331. [CrossRef]
[PubMed]

13. Yamane, E.S.; Bizerra, F.C.; Oliveira, E.B.; Moreira, J.T.; Rajabi, M.; Nunes, G.L.; de Souza, A.O.; da Silva, I.D.;
Yamane, T.; Karpel, R.L.; et al. Unraveling the antifungal activity of a South American rattlesnake toxin
crotamine. Biochimie 2013, 95, 231–240. [CrossRef] [PubMed]

http://www.mdpi.com/2072-6651/11/1/39/s1
http://dx.doi.org/10.1046/j.1432-1033.2003.03563.x
http://www.ncbi.nlm.nih.gov/pubmed/12709056
http://dx.doi.org/10.1096/fj.03-1459fje
http://www.ncbi.nlm.nih.gov/pubmed/15231729
http://dx.doi.org/10.1517/13543784.2010.534457
http://www.ncbi.nlm.nih.gov/pubmed/21062230
http://dx.doi.org/10.1107/S0907444913018003
http://www.ncbi.nlm.nih.gov/pubmed/24100315
http://dx.doi.org/10.1016/j.bbagen.2013.10.031
http://www.ncbi.nlm.nih.gov/pubmed/24513454
http://dx.doi.org/10.1016/0005-2795(78)90457-9
http://dx.doi.org/10.1016/0041-0101(88)90223-1
http://dx.doi.org/10.1124/mol.112.078188
http://dx.doi.org/10.1016/j.toxicon.2018.03.007
http://www.ncbi.nlm.nih.gov/pubmed/29574214
http://dx.doi.org/10.1016/j.toxicon.2008.06.029
http://www.ncbi.nlm.nih.gov/pubmed/18662711
http://dx.doi.org/10.1016/S0304-4165(99)00211-1
http://dx.doi.org/10.1038/ja.2011.10
http://www.ncbi.nlm.nih.gov/pubmed/21386851
http://dx.doi.org/10.1016/j.biochi.2012.09.019
http://www.ncbi.nlm.nih.gov/pubmed/23022146


Toxins 2019, 11, 39 15 of 18

14. Macedo, S.R.A.; de Barros, N.B.; Ferreira, A.S.; Moreira-Dill, L.S.; Calderon, L.A.; Soares, A.M.; Nicolete, R.
Biodegradable microparticles containing crotamine isolated from Crotalus durissus terrificus display
antileishmanial activity in vitro. Pharmacology 2015, 95, 78–86. [CrossRef] [PubMed]

15. El-Chamy-Maluf, S.; Dal Mas, C.; Oliveira, E.B.; Melo, P.M.; Carmona, A.K.; Gazarini, M.L.; Hayashi, M.A.
Inhibition of malaria parasite Plasmodium falciparum development by crotamine, a cell penetrating peptide
from the snake venom. Peptides 2016, 78, 11–16. [CrossRef]

16. Mancin, A.C.; Soares, A.M.; Andriao-Escarso, S.H.; Faça, V.M.; Greene, L.J.; Zuccolotto, S.; Pela, I.R.;
Giglio, J.R. The analgesic activity of crotamine, a neurotoxin from Crotalus durissus terrificus (South American
rattlesnake) venom: A biochemical and pharmacological study. Toxicon 1998, 36, 1927–1937. [CrossRef]

17. Rodrigues, M.; de la Torre, B.G.; Andreu, D.; Santos, N.C. Kinetic uptake profiles of cell penetrating peptides
in lymphocytes and monocytes. Biochim. Biophys. Acta 2013, 1830, 4554–4563. [CrossRef]

18. Lee, K.J.; Kim, Y.K.; Krupa, M.; Nguyen, A.N.; Do, B.H.; Chung, B.; Vu, T.T.T.; Kim, S.C.; Choe, H. Crotamine
stimulates phagocytic activity by inducing nitric oxide and TNF-α via p38 and NFκ-B signaling in RAW
264.7 macrophages. BMB Rep. 2016, 49, 185–190. [CrossRef]

19. Nascimento, F.D.; Hayashi, M.A.; Kerkis, A.; Oliveira, V.; Oliveira, E.B.; Rádis-Baptista, G.; Nader, H.B.;
Yamane, T.; Tersariol, I.L.S.; Kerkis, I. Crotamine mediates gene delivery into cells through the binding to
heparin sulfate proteoglycans. J. Biol. Chem. 2007, 282, 21349–21360. [CrossRef]

20. Radis-Baptista, G.; Kerkis, I. Crotamine, a Small Basic Polypeptide Myotoxin from Rattlesnake Venom with
Cell-Penetrating Properties. Curr. Pharm. Des. 2011, 17, 4351–4361. [CrossRef]

21. Chen, P.-C.; Hayashi, M.A.F.; Oliveira, E.B.; Karpel, R.L. DNA-Interactive Properties of Crotamine, a
Cell-Penetrating Polypeptide and a Potential Drug Carrier. PLoS ONE 2012, 7, e48913. [CrossRef] [PubMed]

22. Pereira, A.; Kerkis, A.; Hayashi, M.A.; Pereira, A.S.; Silva, F.S.; Oliveira, E.B.; Prieto da Silva, A.R.; Yamane, T.;
Rádis-Baptista, G.; Kerkis, I. Crotamine toxicity and efficacy in mouse models of melanoma. Expert Opin.
Investig. Drugs 2011, 20, 1189–1200. [CrossRef] [PubMed]

23. Kerkis, I.; Hayashi, M.A.; Prieto da Silva, A.R.; Pereira, A.; De Sá Júnior, P.L.; Zaharenko, A.J.;
Rádis-Baptista, G.; Kerkis, A.; Yamane, T. State of the art in the studies on crotamine, a cell penetrating
peptide from South American rattlesnake. Biomed. Res. Int. 2014, 2014, 67598. [CrossRef] [PubMed]

24. Hernandez-Oliveira e silva, S.; Rostelato-Ferreira, S.; Rocha-e-Silva, T.A.A.; Randazzo-Moura, P.;
Dal-Belo, C.A.; Sanchez, E.F.; Borja-Oliveira, C.R.; Rodrigues-Simioni, L. Beneficial effect of crotamine
in the treatment of myasthenic rats. Muscle Nerve 2013, 47, 591–593. [CrossRef] [PubMed]

25. Gonçalves, R.; Vargas, L.; Lara, M.; Güllich, A.; Mandredini, V.; Ponce-Soto, L.; Mello-Carpes, P.
Intrahippocampal infusion of crotamine isolated from Crotalus durissus terrificus alters plasma and brain
biochemical parameters. Int. J. Environ. Res. Public Health 2014, 11, 11438–11449. [CrossRef] [PubMed]

26. Chan, Y.S.; Cheung, R.C.F.; Xia, L.; Wong, J.H.; Ng, T.B.; Chan, W.Y. Snake venom toxins: Toxicity and
medicinal applications. Appl. Microbiol. Biotechnol. 2016, 100, 6165–6181. [CrossRef] [PubMed]

27. Baldi, A.; Mordoh, J.; Medrano, E.E.; Bonaparte, Y.P.; Lustig, E.S.; Rumi, L. Special report: Studies to
determine the possible antitumoral properties of cobra venom and crotoxin complex A and B. Medicina 1988,
48, 337–344.

28. Iglesias, C.V.; Aparicio, R.; Rodrigues-Simioni, L.; Camargo, E.A.; Antunes, E.; Marangoni, S.; Toyama, M.H.
Effects of morin on snake venom phospholipase A2 (PLA2). Toxicon 2005, 46, 751–758. [CrossRef]

29. Calvete, J.J.; Sanz, L.; Angulo, Y.; Lomonte, B.; Gutiérrez, J.M. Venoms, venomics, antivenomics. FEBS Lett.
2009, 583, 1736–1743. [CrossRef]

30. Lomonte, B.; Calvete, J.J. Strategies in “snake venomics” aiming at an integrative view of compositional,
functional and immunological characteristics of venoms. J. Venom. Anim. Toxins 2017, 23, 26. [CrossRef]

31. Tasoulis, T.; Isbister, G.A. Review and Database of Snake Venom Proteomes. Toxins 2017, 9, 290. [CrossRef]
[PubMed]

32. Koh, C.Y.; Kini, R.M. From snake venom toxins to therapeutics—Cardiovascular examples. Toxicon 2012, 59,
497–506. [CrossRef] [PubMed]

33. De Lima, D.C.; Alvarez Abreu, P.; de Freitas, C.C.; Santos, D.O.; Borges, R.O.; dos Santos, T.C.; Castro, H.C.
Snake Venom: Any Clue for Antibiotics and CAM? Evid. Based Complement. Altern. Med. 2005, 2, 39–47.
[CrossRef] [PubMed]

http://dx.doi.org/10.1159/000371391
http://www.ncbi.nlm.nih.gov/pubmed/25633844
http://dx.doi.org/10.1016/j.peptides.2016.01.013
http://dx.doi.org/10.1016/S0041-0101(98)00117-2
http://dx.doi.org/10.1016/j.bbagen.2013.05.020
http://dx.doi.org/10.5483/BMBRep.2016.49.3.271
http://dx.doi.org/10.1074/jbc.M604876200
http://dx.doi.org/10.2174/138161211798999429
http://dx.doi.org/10.1371/journal.pone.0048913
http://www.ncbi.nlm.nih.gov/pubmed/23145017
http://dx.doi.org/10.1517/13543784.2011.602064
http://www.ncbi.nlm.nih.gov/pubmed/21834748
http://dx.doi.org/10.1155/2014/675985
http://www.ncbi.nlm.nih.gov/pubmed/24551848
http://dx.doi.org/10.1002/mus.23714
http://www.ncbi.nlm.nih.gov/pubmed/23460475
http://dx.doi.org/10.3390/ijerph111111438
http://www.ncbi.nlm.nih.gov/pubmed/25380458
http://dx.doi.org/10.1007/s00253-016-7610-9
http://www.ncbi.nlm.nih.gov/pubmed/27245678
http://dx.doi.org/10.1016/j.toxicon.2005.07.017
http://dx.doi.org/10.1016/j.febslet.2009.03.029
http://dx.doi.org/10.1186/s40409-017-0117-8
http://dx.doi.org/10.3390/toxins9090290
http://www.ncbi.nlm.nih.gov/pubmed/28927001
http://dx.doi.org/10.1016/j.toxicon.2011.03.017
http://www.ncbi.nlm.nih.gov/pubmed/21447352
http://dx.doi.org/10.1093/ecam/neh063
http://www.ncbi.nlm.nih.gov/pubmed/15841277


Toxins 2019, 11, 39 16 of 18

34. Santamaría, C.; Larios, S.; Angulo, Y.; Pizarro-Cerda, J.; Gorvel, J.-P.; Moreno, E.; Lomonte, B. Antimicrobial
activity of myotoxic phospholipases A2 from crotalid snake venoms and synthetic peptide variants derived
from their C-terminal region. Toxicon 2005, 45, 807–815. [CrossRef] [PubMed]

35. Perumal Samy, R.; Gopalakrishnakone, P.; Thwin, M.M.; Chow, T.K.V.; Bow, H.; Yap, E.H.; Thong, T.W.J.
Antibacterial activity of snake, scorpion and bee venoms: A comparison with purified venom phospholipase
A2 enzymes. J. Appl. Microbiol. 2007, 102, 650–659. [CrossRef] [PubMed]

36. Muller, V.D.; Soares, R.O.; dos Santos-Junior, N.N.; Trabuco, A.C.; Cintra, A.C.; Figueiredo, L.T.; Aquino, V.H.
Phospholipase A2 isolated from the venom of Crotalus durissus terrificus inactivates dengue virus and other
enveloped viruses by disrupting the viral envelope. PLoS ONE 2014, 9, e112351. [CrossRef] [PubMed]

37. Deolindo, P.; Teixeira-Ferreira, A.S.; Melo, E.J.; Arnholdt, A.C.V.; de Souza, W.; Alves, E.W.; DaMatta, R.A.
Programmed cell death in Trypanosoma cruzi induced by Bothrops jararaca venom. Memórias do Instituto
Oswaldo Cruz 2005, 100, 33–38. [CrossRef] [PubMed]

38. De Melo Alves Paiva, R.; de Freitas Figueiredo, R.; Antonucci, G.A.; Paiva, H.H.; de Lourdes Pires Bianchi, M.;
Rodrigues, K.C.; Sampaio, S.V. Cell cycle arrest evidence, parasiticidal and bactericidal properties induced
by l-amino acid oxidase from Bothrops atrox snake venom. Biochimie 2011, 93, 941–947. [CrossRef] [PubMed]

39. Corin, R.E.; Viskatis, L.J.; Vidal, J.C.; Etcheverry, M.A. Cytotoxicity of crotoxin on murine erythroleukemia
cells in vitro. Investig. New Drugs 1993, 11, 11–15. [CrossRef]

40. Donato, N.J.; Martin, C.A.; Perez, M.; Newman, R.A.; Vidal, J.C.; Etcheverry, M.E. Regulation of epidermal
growth factor receptor activity by crotoxin, a snake venom phospholipase A2 toxin. A novel growth
inhibitory mechanism. Biochem. Pharmacol. 1996, 11, 1535–1543. [CrossRef]

41. Costa, L.A.; Miles, H.A.; Diez, R.A.; Araujo, C.E.; Coni, M.C.M.; Cervellino, J.C. Phase I study of VRCTC-310,
a purified phospholipase A2 purified from snake venom, in patients with refractory cancer: Safety and
pharmacokinetic data. Anticancer Drugs 1997, 9, 829–834. [CrossRef]

42. Sampaio, S.; Brigatte, P.; Sousa-e-Silva, M.C.; dos-Santos, E.; Rangel-Santos, A.; Curi, R.; Cury, Y. Contribution
of crotoxin for the inhibitory effect of Crotalus durissus terrificus snake venom on macrophage function. Toxicon
2003, 41, 899–907. [CrossRef]

43. Calderon, L.A.; Sobrinho, J.C.; Zaqueo, K.D.; de Moura, A.A.; Grabner, A.N.; Mazzi, M.V.; Soares, A.M.
Antitumoral Activity of Snake Venom Proteins: New Trends in Cancer Therapy. BioMed Res. Int. 2014, 2014,
203639. [CrossRef] [PubMed]

44. Vargas, L.S.; Lara, M.V.S.; Gonçalves, R.; Mandredini, V.; Ponce-Soto, L.A.; Marangoni, S.; Mello-Carpes, P.B.
The intrahippocampal infusion of crotamine from Crotalus durissus terrificus venom enhances memory
persistence in rats. Toxicon 2014, 85, 52–58. [CrossRef]

45. Skobe, M.; Detmar, M. Structure, function and molecular control of the skin lymphatic system. J. Investig.
Dermatol. Symp. Proc. 2000, 5, 14–19. [CrossRef]

46. Parslow, T.G. Immunogens, antigens and vaccines. In Medical Immunology, 10th ed.; Parslow, T.G., Stites, D.P.,
Terr, A.I., Imboden, J.B., Eds.; Lange Medical Books/McGraw-Hill Medical Pub. Division: New York, NY,
USA, 2001; pp. 72–81.

47. Mayer, L.E.; De Bona, K.S.; Abdalla, F.H.; de Almeida, F.L.; Pozzobon, R.C.R.; Charão, M.F.; Moretto, M.B.;
Moresco, R.N. Perspectives on the laboratory evaluation of the inflammatory response. Rev. Bras. Farm.
2010, 91, 149–161.

48. Aguiar, F.J.B.; Ferreira-Júnior, M.; Sales, M.M.; Cruz-Neto, L.M.; Fonseca, L.A.M.; Sumita, N.M.; Duarte, A.J.S.
C-reactive protein: Clinical applications and proposals for a rational use. Rev. Assoc. Med. Bras. 2013, 59,
85–92. [CrossRef]

49. Zhang, J.-M.; An, J. Cytokines, inflammation and pain. Int. Anesthesiol. Clin. 2007, 45, 27–37. [CrossRef]
[PubMed]

50. de Oliveira, C.M.B.; Sakata, R.K.; Issy, A.M.; Gerola, L.R.; Salomão, R. Citocinas e dor. Rev. Bras. Anestesiol.
2011, 61, 260–265. [CrossRef]

51. Khan, J.; Noboru, N.; Young, A.; Thomas, D. Pro and anti-inflammatory cytokine levels (TNF-α, IL-1β, IL-6
and IL-10) in rat model of neuroma. Pathophysiology 2017, 24, 155–159. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.toxicon.2004.09.012
http://www.ncbi.nlm.nih.gov/pubmed/15904676
http://dx.doi.org/10.1111/j.1365-2672.2006.03161.x
http://www.ncbi.nlm.nih.gov/pubmed/17309613
http://dx.doi.org/10.1371/journal.pone.0112351
http://www.ncbi.nlm.nih.gov/pubmed/25383618
http://dx.doi.org/10.1590/S0074-02762005000100006
http://www.ncbi.nlm.nih.gov/pubmed/15867960
http://dx.doi.org/10.1016/j.biochi.2011.01.009
http://www.ncbi.nlm.nih.gov/pubmed/21300133
http://dx.doi.org/10.1007/BF00873905
http://dx.doi.org/10.1016/0006-2952(96)00097-4
http://dx.doi.org/10.1097/00001813-199710000-00003
http://dx.doi.org/10.1016/S0041-0101(03)00069-2
http://dx.doi.org/10.1155/2014/203639
http://www.ncbi.nlm.nih.gov/pubmed/24683541
http://dx.doi.org/10.1016/j.toxicon.2014.04.017
http://dx.doi.org/10.1046/j.1087-0024.2000.00001.x
http://dx.doi.org/10.1590/S0104-42302013000100016
http://dx.doi.org/10.1097/AIA.0b013e318034194e
http://www.ncbi.nlm.nih.gov/pubmed/17426506
http://dx.doi.org/10.1590/S0034-70942011000200014
http://dx.doi.org/10.1016/j.pathophys.2017.04.001
http://www.ncbi.nlm.nih.gov/pubmed/28462800


Toxins 2019, 11, 39 17 of 18

52. Ponce-Soto, L.A.; Martins-de-Souza, D.; Marangoni, S. Structural and pharmacological characterization of
the crotamine isoforms III-4 (MYX4_CROCu) and III-7 (MYX7_CROCu) isolated from the Crotalus durissus
cumanensis venom. Toxicon 2010, 55, 1443–1452. [CrossRef] [PubMed]

53. Finkel, T.; Holbrook, N.J. Oxidants, oxidative stress and the biology of ageing. Nature 2000, 408, 239–247.
[CrossRef] [PubMed]

54. Dalle-Donne, I.; Rossi, R.; Colombo, R.; Giustarini, D.; Milzani, A. Biomarkers of oxidative damage in human
disease. Clin. Chem. 2006, 52, 601–623. [CrossRef] [PubMed]

55. Kendall, H.; Marshall, R.; Bartold, P. Nitric oxide and tissue destruction. Oral Dis. 2001, 7, 2–10. [CrossRef]
[PubMed]

56. Dusse, L.M.S.; Vieira, L.M.; Carvalho, M.d.G. Revisão sobre óxido nítrico. J. Bras. Patol. Med. Lab. 2003, 39,
343–349. [CrossRef]

57. Cury, Y.; Picolo, G.; Gutierrez, V.P.; Ferreira, S.H. Pain and analgesia: The dual effect of nitric oxide in the
nociceptive system. Nitric Oxide 2011, 25, 243–254. [CrossRef] [PubMed]

58. Picolo, G.; Cury, Y. Peripheral neuronal nitric oxide synthase activity mediates the antinociceptive effect
of Crotalus durissus terrificus snake venom, a δ- and κ-opioid receptor agonist. Life Sci. 2004, 75, 559–573.
[CrossRef]

59. Costa, E.S.; Faiad, O.J.; Landgraf, R.G.; Ferreira, A.K.; Brigatte, P.; Curi, R.; Sampaio, S.C. Involvement of
formyl peptide receptors in the stimulatory effect of crotoxin on macrophages co-cultivated with tumour
cells. Toxicon 2013, 74, 167–178. [CrossRef]

60. Farias, L.H.S.; Rodrigues, A.P.D.; Coêlho, E.C.; Santos, M.F.; Sampaio, S.C.; Silva, E.O. Crotoxin stimulates an
M1 activation profile in murine macrophages during Leishmania amazonensis infection. Parasitology 2017,
144, 1458–1467. [CrossRef]

61. Miyabara, E.; Tostes, R.; Selistre-de-Araújo, H.; Aoki, M.; Moriscot, A. Role of nitric oxide in myotoxic activity
induced by crotoxin in vivo. Toxicon 2004, 43, 425–432. [CrossRef]

62. Bulet, P.; Stocklin, R.; Menin, L. Anti-microbial peptides: From invertebrates to vertebrates. Immunol. Rev.
2004, 198, 169–184. [CrossRef] [PubMed]

63. Frantz, S.; Vicent, K.A.; Feron, O.; Kelly, R.A. Innate Immunity and Angiogenesis. Circ. Res. 2004, 96, 15–26.
[CrossRef] [PubMed]

64. Paul, S.; Kolla, R.V.; Sidney, J.; Weiskopf, D.; Fleri, W.; Kim, Y.; Peters, B.; Sette, A. Evaluating the
immunogenicity of protein drugs by applying in vitro MHC binding data and the immune epitope database
and analysis resource. Clin. Dev. Immunol. 2013, 2013, 467852. [CrossRef] [PubMed]

65. Kropshofer, H.; Singer, T. Overview of Cell-Based Tools for Pre-Clinical Assessment of Immunogenicity of
Biotherapeutics. J. Immunotoxicol. 2006, 3, 131–136. [CrossRef] [PubMed]

66. Wolbink, G.J.; Aarden, L.A.; Dijkmans, B. Dealing with immunogenicity of biologicals: Assessment and
clinical relevance. Curr. Opin. Rheumatol. 2009, 21, 211–215. [CrossRef] [PubMed]

67. Brinks, V.; Jiskoot, W.; Schellekens, H. Immunogenicity of therapeutic proteins: The use of animal models.
Pharm. Res. 2011, 28, 2379–2385. [CrossRef] [PubMed]

68. Parenky, A.; Myler, H.; Amaravadi, L.; Bechtold-Peters, K.; Rosenberg, A.; Kirshner, S.; Quarmby, V. New FDA
draft guidance on immunogenicity. AAPS J. 2014, 16, 499–503. [CrossRef]

69. Diehl, K.-H.; Hull, R.; Morton, D.; Pfister, R.; Rabemampianina, Y.; Smith, D.; Vorstenbosch, C.V.D. A good
practice guide to the administration of substances and removal of blood, including routes and volumes.
J. Appl. Toxicol. 2001, 21, 15–23. [CrossRef]

70. Green, L.C.; Wagner, D.A.; Glogowski, K.; Skipper, P.I.; Wishnok, J.S.; Tannenbaum, S.R. Analysis of nitrate,
nitrite and [15N] nitrate in biological fluids. Anal. Biochem. 1982, 126, 131–138. [CrossRef]

71. Esterbauer, H.; Cheeseman, K.H. Determination of aldehydic lipid peroxidation products: Malonaldehyde
and 4-hydroxynonenal. Methods Enzymol. 1990, 42, 407–421. [CrossRef]

72. Faure, P.; Lafond, J.L. Measurement of plasma sulfhydryl and carbonyl groups as a possible indicator of
protein oxidation. In Analysis of Free Radicals in Biological Systems; Favier, A., Cadet, J., Kalyanaraman, B.,
Fontecave, M., Pierre, J.L., Eds.; Birkhäuser Verlag: Basel, Switzerland, 1995; pp. 237–248.

http://dx.doi.org/10.1016/j.toxicon.2010.02.024
http://www.ncbi.nlm.nih.gov/pubmed/20206199
http://dx.doi.org/10.1038/35041687
http://www.ncbi.nlm.nih.gov/pubmed/11089981
http://dx.doi.org/10.1373/clinchem.2005.061408
http://www.ncbi.nlm.nih.gov/pubmed/16484333
http://dx.doi.org/10.1034/j.1601-0825.2001.70102.x
http://www.ncbi.nlm.nih.gov/pubmed/11354916
http://dx.doi.org/10.1590/S1676-24442003000400012
http://dx.doi.org/10.1016/j.niox.2011.06.004
http://www.ncbi.nlm.nih.gov/pubmed/21723953
http://dx.doi.org/10.1016/j.lfs.2003.12.024
http://dx.doi.org/10.1016/j.toxicon.2013.08.057
http://dx.doi.org/10.1017/S0031182017000944
http://dx.doi.org/10.1016/j.toxicon.2004.02.012
http://dx.doi.org/10.1111/j.0105-2896.2004.0124.x
http://www.ncbi.nlm.nih.gov/pubmed/15199962
http://dx.doi.org/10.1161/01.RES.0000153188.68898.ac
http://www.ncbi.nlm.nih.gov/pubmed/15637304
http://dx.doi.org/10.1155/2013/467852
http://www.ncbi.nlm.nih.gov/pubmed/24222776
http://dx.doi.org/10.1080/15476910600845625
http://www.ncbi.nlm.nih.gov/pubmed/18958693
http://dx.doi.org/10.1097/BOR.0b013e328329ed8b
http://www.ncbi.nlm.nih.gov/pubmed/19399992
http://dx.doi.org/10.1007/s11095-011-0523-5
http://www.ncbi.nlm.nih.gov/pubmed/21744171
http://dx.doi.org/10.1208/s12248-014-9587-6
http://dx.doi.org/10.1002/jat.727
http://dx.doi.org/10.1016/0003-2697(82)90118-X
http://dx.doi.org/10.1016/0076-6879(90)86134-h


Toxins 2019, 11, 39 18 of 18

73. Moscardi, L.C.; Espíndola, T.P.; Ferreira, A.A.; Alves, N.; Amaral, M.E.C.; Aro, A.A.; Dalia, R.A.;
Esquisatto, M.A.M.; Mendonça, F.A.S.; Santos, G.M.T.; et al. Lasertherapy as a strategy for treatment
Healing under Caloric Restriction–Study in Rats. J. Pharm. Pharmacol. 2018, 6, 647–658.

74. Souza, D.G.; Cassali, G.D.; Poole, S.; Teixeira, M.M. Effects of inhibition of PDE4 and TNF-α on local and
remote injuries following ischaemia and reperfusion injury. Br. J. Pharmacol. 2001, 134, 985–994. [CrossRef]
[PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/sj.bjp.0704336
http://www.ncbi.nlm.nih.gov/pubmed/11682446
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Crotamine Induced C-Reactive Protein Production 
	Crotamine Affected Pro- and Anti-Inflammatory Systemic Cytokines 
	Crotamine Induces Increased Levels of Nitric Oxide and Cellular Markers 
	Crotamine Changed the Systemic Redox State 
	Crotamine Stimulated Angiogenesis 

	Discussion 
	Conclusions 
	Materials and Methods 
	Materials and Venom 
	Purification of Crotamine 
	Animals 
	Experimental Design and Sample Collection 
	Clinical Parameters for Immunological and Inflammatory Evaluation 
	C-Reactive protein (CRP) and Cytokines Measurements 
	Nitric Oxide (NO) Assay 
	Systemic Redox State 
	Myeloperoxidase and N-Acethyglycosaminidase Assays 
	Histological Analysis 

	Statistical Analysis 

	References

