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Silva Santos, Hamida Macêdo Calacina, Ismael Feitosa Lima, Daniela Cajado-Carvalho,

Emer Suavinho Ferro, Milton Yutaka Nishiyama-Jr and Leo Kei Iwai

Bothrops Jararaca Snake Venom Modulates Key Cancer-Related Proteins in Breast Tumor Cell
Lines
Reprinted from: Toxins 2021, 13, 519, doi:10.3390/toxins13080519 . . . . . . . . . . . . . . . . . . 281

Fabiana V. Campos, Helena B. Fiorotti, Juliana B. Coitinho and Suely G. Figueiredo

Fish Cytolysins in All Their Complexity
Reprinted from: Toxins 2021, 13, 877, doi:10.3390/toxins13120877 . . . . . . . . . . . . . . . . . . 309

Vanessa Moreira, Elbio Leiguez, Priscila Motta Janovits, Rodrigo Maia-Marques, Cristina

Maria Fernandes and Catarina Teixeira

Inflammatory Effects of Bothrops Phospholipases A2: Mechanisms Involved in Biosynthesis of
Lipid Mediators and Lipid Accumulation
Reprinted from: Toxins 2021, 13, 868, doi:10.3390/toxins13120868 . . . . . . . . . . . . . . . . . . 329

Guilherme Rabelo Coelho, Daiane Laise da Silva, Emidio Beraldo-Neto, Hugo Vigerelli,

Laudiceia Alves de Oliveira, Juliana Mozer Sciani and Daniel Carvalho Pimenta

Neglected Venomous Animals and Toxins: Underrated Biotechnological Tools in Drug
Development
Reprinted from: Toxins 2021, 13, 851, doi:10.3390/toxins13120851 . . . . . . . . . . . . . . . . . . 357

Miryam Paola Alvarez-Flores, Renata Nascimento Gomes, Dilza Trevisan-Silva, Douglas

Souza Oliveira, Isabel de Fátima Correia Batista, Marcus Vinicius Buri, Angela

Maria Alvarez, Carlos DeOcesano-Pereira, Marcelo Medina de Souza and Ana Marisa

Chudzinski-Tavassi

Lonomia obliqua Envenoming and Innovative Research
Reprinted from: Toxins 2021, 13, 832, doi:10.3390/toxins13120832 . . . . . . . . . . . . . . . . . . 381

vii





Citation: Moura-da-Silva, A.M.

Celebrating 120 Years of Butantan

Institute Contributions for

Toxinology. Toxins 2022, 14, 76.

https://doi.org/10.3390/

toxins14020076

Received: 11 January 2022

Accepted: 19 January 2022

Published: 21 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the author.

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 (https://

creativecommons.org/licenses/by/

4.0/).

toxins

Editorial

Celebrating 120 Years of Butantan Institute Contributions
for Toxinology

Ana M. Moura-da-Silva

Laboratório de Imunopatologia, Instituto Butantan, Av. Vital Brasil, 1500, São Paulo 05503-900, SP, Brazil;
ana.moura@butantan.gov.br

A hundred and twenty years ago, the Butantan Institute was founded by the Brazilian
physician and scientist Vital Brazil, combining, in the same institution, medical research,
and the transfer of results to society in the form of health products. Its foundation was a
reaction to the outbreak of bubonic plague in the city of Santos, São Paulo State of Brazil,
but the Institution soon also showed its specialization in the study of venomous animals,
their venoms, and the production of antivenoms. More than a century after its foundation,
the Institute maintains its tradition and initial mission regarding important contributions
for collective health. Today, Butantan is an outstanding biomedical research center, which
integrates basic research, technological development, the production of immunobiological,
and scientific divulgation, seeking the permanent updating and integration of its resources.
Butantan is internationally known for its research on venomous animals, and houses one of
the largest collections of snakes in the world. Butantan scientists have published countless
studies on the characterization of the composition of venoms, the mechanisms of action
of their toxins, and the use of toxins as lead molecules for the development of new drugs.
The Butantan Institute also operates the “Hospital Vital Brazil”, which is specialized in
accidents involving venomous animals. The dissemination of scientific knowledge occurs
at different levels and media; the institution is a pioneer in the training of graduate students
in the field of Toxinology for MSc and PhD degrees.

This Special Issue of Toxins celebrates the 120th anniversary of the Butantan Institute,
in recognition of their contribution to international Toxinology, highlighting the current
production by house scientists and collaborators from other institutions. We selected
19 original articles and 4 reviews approaching several points of Toxinology. The venom
of snakes was approached in different aspects as the structural and functional variability
in the composition of venoms from individual snakes [1], the mechanisms of action of
whole venoms [2,3], the mechanisms of action of individual components as crotoxin [4],
phospholipases A2 [5], metalloproteinases [6–8], and the oral immunity induced by whole
venoms and their components [9]. Venoms from other animals are also reported; the
venoms of centipedes [10], scorpions [11,12], fishes [13,14], and caterpillars [15], including
microbial toxins [16]. The great potential for molecules derived from animal venoms as
drug leads was also reviewed [17], and the antimicrobial [18], anticoagulant [19,20], and
analgesic [21,22] effects have been highlighted in original studies reported here.

In conclusion, this is a small recognition of the institute’s contribution to the field of
Toxinology that demonstrates its continued and relevant role in this field. I hope you enjoy
reading this, and congratulations to the Butantan Institute, scientists, and collaborators, on
their 120th anniversary.

Funding: The publication fees of this issue were sponsored by Fundação Butantan.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: TmC4-47.2 is a toxin with myotoxic activity found in the venom of Thalassophryne maculosa, a
venomous fish commonly found in Latin America whose envenomation produces an injury character-
ized by delayed neutrophil migration, production of major pro-inflammatory cytokines, and necrosis
at the wound site, as well as a specific systemic immune response. However, there are few studies on
the protein structure and functions associated with it. Here, the toxin was identified from the crude
venom by chromatography and protein purification systems. TmC4-47.2 shows high homology with
the Nattectin from Thalassophryne nattereri venom, with 6 cysteines and QPD domain for binding to
galactose. We confirm its hemagglutinating and microbicide abilities independent of carbohydrate
binding, supporting its classification as a nattectin-like lectin. After performing the characterization
of TmC4-47.2, we verified its ability to induce an increase in the rolling and adherence of leukocytes
in cremaster post-capillary venules dependent on the α5β1 integrin. Finally, we could observe the
inflammatory activity of TmC4-47.2 through the production of IL-6 and eotaxin in the peritoneal
cavity with sustained recruitment of eosinophils and neutrophils up to 24 h. Together, our study char-
acterized a nattectin-like protein from T. maculosa, pointing to its role as a molecule involved in the
carbohydrate-independent agglutination response and modulation of eosinophilic and neutrophilic
inflammation.

Keywords: Thalassophryne; nattectin; reverse-phase HPLC; MALDI-ToF; hemagglutinating activity;
antibacterial activity; inflammation; toxinology; animal toxins

Key Contribution: Nattectin-like lectin regulates eosinophils and neutrophils recruitment.

1. Introduction

Lectins are a comprehensive group of proteins with carbohydrate-binding properties.
Due to their binding singularity, many natural lectins, purified from several sources such as
plants, algae, and fungi, have prospective applications in biotechnology, medical research,
and crop protection. Additionally, many groups have identified lectins in organs and
tissues (gills, eggs, electric organ, stomach, intestine, liver, skin, mucus, and plasma)

Toxins 2022, 14, 2. https://doi.org/10.3390/toxins14010002 https://www.mdpi.com/journal/toxins

3



Toxins 2022, 14, 2

of various fish species [1]. Lectins have been reported to have a wide array of functions,
including immune-relevant ones such as pathogen recognition, agglutination, opsonization,
complement activation, phagocytosis, and other functions such as splicing of RNA, protein
folding, trafficking of molecules, control of cell proliferation, and roles in development [2,3].

Interestingly, our group has previously described a lectin, named Nattectin, in the
venom gland of the fish Thalassophryne nattereri [4]. Nattectin is a basic monomeric protein,
non-glycosylated, galactose-specific lectin from the C-type family, presenting remarkable
pro-inflammatory activity. T. nattereri and Thalassophryne maculosa are venomous toadfish
that belong to the family Batrachoididae. They are benthic ambush predators that favor
from sandy or muddy substrates where their cryptic coloration, or the habit of burying
under sand and mud, helps them avoid detection by their prey. Their omnivorous diet
is composed of sea worms, crustaceans, mollusks, and other fish. They are found in
temperate and tropical waters throughout the coast of America, Europe, Africa, and India.
These species present one of the most adapted teleost venom apparatus composed of four
canaliculated spines coupled to venom glands at their base capable of delivering a painful
wound to predators. Thus, the venom apparatus has more of a defense function rather
than predation.

Studies on T. nattereri envenomation and its venom composition have been carried
out in Brazil by our group since 1998 at the Butantan Institute [5,6]. T. nattereri stands out
among the venomous animals of medical importance in Brazil for the number of accidents
it causes in the North and Northeast regions and the seriousness of the cases [7–9]. One
of the main symptoms of T. nattereri envenomation is the immediate, intense pain that
persists over 24 h. Erythema and edema are also shortly noticed with the efflorescence
of bubbles with serous content. These lesions evolve to long-remaining necrosis with a
delayed healing process devoid of specific drug treatment [10–13].

However, few studies have been conducted with T. maculosa, mainly found in Venezuela,
Colombia, and the islands of Aruba, Curaçao, and Trinidad and Tobago. It is known that
its venom presents a mixture of bioactive toxins differently expressed in females and
males [14]. T. maculosa venom induces a significant necrotic lesion characterized by de-
layed neutrophil influx to the footpad of mice. An acute production of IL-1β, IL-6, and
later secretion of TNF-α, MCP-1, KC, and mediators from arachidonic acid metabolism
such as LTB4 and PGE2 were detected in the exudate of inflamed footpads [15]. In addi-
tion, we demonstrated that bone marrow-derived macrophages and dendritic cells were
strongly stimulated by the venom, which demonstrates its ability to stimulate a specific
and systemic immune response [16]. Furthermore, Sosa-Rosales et al. [17] performed a
partial identification of two proteins with myotoxic activity in T. maculosa venom using
reverse-phase HPLC and named them according to column retention time as TmC4-47.2.
SDS-Page analysis of the crude venom showed a few weighty bands (one located above
97 Mw, one between 68 and 97 Mw, one major band between 29 and 43 Mw, and the last
one located below 18.4 Mw). Then, it seems that the isolated nattectin-like protein is one
of the main components of the venom, which includes a significant mixture of bioactive
molecules involved in the local inflammatory lesion [17].

We understand that the advance in the knowledge of the pattern of ischemic and
necrotic lesions induced by T. maculosa and the description of the main toxins can lead
to the identification of targets for therapeutic intervention. Therefore, the study of the
TmC4-47.2 toxin becomes an important tool for understanding the mechanisms of action
involved in envenomation. In the present study, we performed the characterization of the
TmC4-47.2 protein sequence using sequential C18 and C8 affinity column chromatography
and mass spectrometry and determined its functions as a lectin.

2. Results

2.1. Purification of TmC4-47.2 Toxin from Thalassophryne maculosa Venom

Initially, the solution of T. maculosa venom chromatographed on a C18 column coupled
to a high-pressure liquid chromatography system (Figure S1) generated 3 fractions, with
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the presence of the toxin mainly in fraction 2 that was subsequently re chromatographed
3 times on a reverse-phase C8 column. The first passage of fraction 2 through the C8
column generated 5 new fractions, with the toxin present in fractions 3, 4, and 5 (Figure S2).
The second passage through the C8 column of the 3 previous pooled fractions generated 6
more fractions with the protein present only in fractions 3 to 5 (Figure S3).

These 3 pooled fractions were finally rechromatographed on C8 and generated 3 frac-
tions with the toxin with a molecular mass of 15 kDa as shown on the 12% SDS-PAGE gel
(Figure 1A). To determine the exact mass and purity of the toxin obtained, we collected
the 3 fractions and applied 10 μL of the toxin to an LC/MS system by direct infusion
and the deconvolution of the mass spectrum revealed two distinct proteins with very
close molecular masses, one with 15,135.9 and the other with 15,634.3 Da, as observed in
Figure 1B. Next, the number of cysteines in each protein was determined in the reduced
and alkylated samples, a process that adds 57 Da to each cysteine residue present in the
native proteins. We can observe in Figure 1C that the treatment generated proteins with
masses of 15,484.8 and 15,982.8. By the difference of the masses of the pure samples and
the reduced/alkylated samples, we prove the presence of 6 cysteine residues in each of the
proteins according to Yang, Liu, and Liu [18].

 

Figure 1. The raw venom of Thalassophryne maculosa was submitted to a sequence of fractionation in
a high-pressure liquid chromatography (HPLC) system using a C18 followed by C8 reversed phase
HPLC columns, according to the scheme in (A) (top left). The gradient applied was 20–80% of buffer
B in 35 min, in a 1 mL min−1 flux. The absorbance was measured at 214 nm and the last pooled
fractions containing the isolated toxin are presented in the chromatogram and highlighted in the 12%
SDS-PAGE gel with a molecular mass of 15 kDa. 10 μL of the toxin collected from the last 3 fractions
were applied to an Liquid Chromatography Mass Spectrometry (LC/MS) system by direct infusion
to determine the mass and purity (B). The number of cysteines in each protein was determined by
LC/MS in the reduced and alkylated samples (C).
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2.2. TmC4-47.2 Is a Galactose-Binding Nattectin-Like Lectin

Subsequently, the pool of the 3 fractions containing the toxin obtained after the
last C8 column chromatography was also used for mass determination by MALDI-ToF
spectrometry. After digestion, we found 9 peptides with masses ranging from 867.439 to
2065.025 (Figure 2A), which were sequenced and compared to the sequence of Nattectin
present in the venom of the fish T. nattereri (GenBank LECG_THANI Galactose-specific
lectin Q66S03). In Figure 2B, in red, we can observe the sequences of the internal peptides
overlapping in the Nattectin sequence with 100% homology and the conserved galactose-
binding domain QPD (Gln-Pro-Asp) [19].

Figure 2. The last pool of the fractions containing the toxin obtained in the C8 column chromatog-
raphy was used for mass determination and identification of internal peptides by MALDI-ToF
spectrometry (A). The found peptides were sequenced and overlapped to the Thalassophryne nattereri
Nattectin (GenBank LECG_THANI Galactose-specific lectin Q66S03) (B). Enzymatic deglycosyla-
tion was tested to check the effect on the electrophoretic mobility of the native protein in a 12%
gel (C).
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The glycan structure of nattectin-like lectin was further studied by enzymatic deglyco-
sylation [20]. We confirmed that treatment with O-glycosidase or N-glycosidase did not
alter the electrophoretic mobility of the proteins compared to the native protein, which
shows a single band of 15 kDa (Figure 2C).

After identifying the sequences similarities of the internal peptides of the toxin to
those of Nattectin from T. nattereri, we confirmed the ability of serum from mice immu-
nized with T. nattereri venom or Nattectin to recognize T. maculosa toxin (Figure 3A) as
the recognition of Nattectin itself from T. nattereri venom, which indicates that it is a
nattectin-like protein. The high affinity and narrow specificity of the nattectin-like lectin of
T. maculosa for defined oligosaccharide structures were evaluated using the digoxigenin
(DIG) Glycan Differentiation Kit, a competition assay (Figure 3B). The toxin/carbohydrate
binding revealed by incubation with different DIG-labeled lectins demonstrated a weak
interaction of both Nattectin and nattectin-like protein of T. maculosa with PNA, indicative
that both Nattectin proteins recognized Gal-β(1–3)-N-acetylgalactosamine, which forms
the core 1 structure of many O-glycans [21].

Figure 3. The nattectin-like toxin from Thalassophryne maculosa is specifically recognized by Anti-
venom and Anti-Natectitn antibodies from Thalassophryne nattereri. Serum from mice immunized with
T. nattereri venom-VTN or Nattectin were tested to check their ability in recognizing T. maculosa toxin-
TmC (A). 10 μg of nattectin-like toxin and T. nattereri venom were subjected to 12% SDS-PAGE gel and
transferred to a nitrocellulose membrane. The membrane was incubated with T. nattereri anti-Natectin
anti-venom serum. They were subsequently incubated with peroxidase-labeled mouse anti-IgG and
revealed with 4-α-chloro-naphtol. A digoxigenin (DIG) glycan differentiation competition assay
kit (Roche Applied Science, Germany) was used to identify the binding specificity of the toxin.
Toxin/carbohydrate binding was revealed by incubation with different DIG-labeled lectins and
alkaline phosphatase-conjugated anti-DIG antibody (B).
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2.3. Hemagglutinating and Antimicrobial Activities of T. maculosa Nattectin-Like Toxin

To confirm the lectin activity of the nattectin-like protein, hemagglutinating activity
was evaluated (Figure 4). Nattectin-like protein agglutinated A type-tested human erythro-
cytes at a dose of 10 μg. Moreover, when this dose of nattectin-like toxin was previously
incubated with D-galactosamine or D-Mannose, the agglutination capacity of erythrocytes
by nattectin-like was preserved.

 

Figure 4. Assessment of the hemagglutinating activity of Thalassophryne maculosa toxin-TmC on
human erythrocytes (A). TmC pre-incubation with D-galactosamine or D-Mannose was tested to
confirm the permanence of the hemagglutinating pattern (B). Negative and positive controls were
made by the respective addition of phosphate-buffered saline—PBS and distilled water—H2O.

Antimicrobial activity of nattectin-like toxin was performed against Micrococcus luteus
A270, Escherichia coli SBS 363, and Candida albicans strains and the Nattectin from T. nattereri
was tested in parallel as an intern control. We found that 10 μg of nattectin-like toxin
did not inhibit the growth of the Gram-negative bacteria (E. coli) tested. Furthermore,
corroborating the Nattectin effect (that inhibited the growth of all three strains evaluated
at 10 μg), this dose of nattectin-like lectin showed an inhibitory effect on M. luteus and
C. albicans.

2.4. TmC4-47.2 Toxin-Induced Alterations in the Microcirculation

The ability of nattectin-like toxin to induce changes in the microcirculation was evalu-
ated using intravital microscopy assay in cremaster muscle of mice using the intra-scrotal
application of 10 μg of the toxin and evaluation after 3 h of the injection. We observed
in Figure 5 an intense leukocyte recruitment and rolling in the post-capillary venules
immediately after the 3 h rest period (0 min.) that increased with time or stayed intense up
to 30 min, as it can see from Figure 5B–E. Additionally, we registered a decrease in vessel
flow after 10 min, followed by a complete stop of flow in venules and arterioles, possibly
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due to fibrin thrombus formation after 20 min. Nattectin-like lectin did not induce changes
in the caliber of arterioles or damage to muscle fibers.

 

Figure 5. Evaluation of changes in the cremaster muscle microcirculation by intravital microscopy
after 3 h of the application of 10 μg of TmC4-47.2 toxin, according to the summarized protocol
illustrated in the top-left corner. The tissue microvasculature was evaluated by an optical microscope
coupled to a photographic camera in the control group treated with PBS (A) and in the set times of 0,
10, 20, and 30 min after the 3 h of exposure (B–E). An intense migration and rolling of leukocytes
have been observed. In the 6E inset, arrows evidence the leukocytes in venules. Ar: arterioles; Vn:
venules.

Our results presented in Figure 6A demonstrate that the intense and prolonged rolling
of leukocytes induced by the nattectin-like toxin was followed by adhesion in the post-
capillary venules, indicating the toxin’s ability to promote extravasation of leukocytes into
the surrounded interstitial tissue [22].
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Figure 6. The number of rolling and adherent leukocytes controlled by 10 μg of the nattectin-like
toxin TmC4-47.2 (Tmc) were counted in the post-capillary venules of mice at 0 to 30 min after 3 h of
exposure using bright field intravital microscopy (A). The process of leukocyte recruitment, rolling (B),
and adherence (C) was visualized in the cremaster vasculature of mice with inhibited alpha and
beta integrins by neutralizing antibodies before intrascrotal toxin injection. The “*” represents a
statistically significant difference with negative control (non-treated) represented by the dashed basal
line (B,C), and the “#” represents statistically significant difference of integrins-treated groups with
the Thalassophryne maculosa toxins (Tmc), p < 0.05.

Integrins are a family of ubiquitous αβ heterodimeric receptors which combine with
various ligands in physiological processes and disease, playing a crucial role in cell prolif-
eration, tissue repair, inflammation, infection, and angiogenesis [23]. Next, using bright
field intravital microscopy, we visualized the process of leukocyte recruitment in the
cremaster vasculature of mice with alpha and beta integrins inhibited by neutralizing
antibodies before intra-scrotal toxin injection. We found that treatment of mice with anti-
CD29 (beta 1 integrin), anti-CD49e (alpha 5 integrin), and anti-CD49b (alpha 2 integrin)
blocked 83%, 57%, and 69%, respectively, of the rolling leukocytes compared to untreated
mice (Figure 6B). No inhibition was induced in mice pre-treated with anti-CD49a (alpha
1 integrin) or anti-CD106 (VCAM-1) neutralizing Abs (Figure 6B). Furthermore, the ad-
herent leukocytes induced by nattectin-like lectin were entirely inhibited by anti-CD29,
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anti-CD49e, and anti-CD49a neutralizing Abs (Figure 6C). In contrast, anti-CD49b or
anti-CD106 did not inhibit the adherence of leukocytes to venules.

2.5. Induction of Acute Inflammation by Nattectin-Like Protein

We used a mouse model of peritonitis to evaluate the inflammatory response profile
induced by the nattectin-like toxin TmC4-47.2. Balb/c mice received 10 μg of the toxin
intraperitoneally diluted in 500 μL of sterile phosphate-buffered saline (PBS), and control
mice received only sterile PBS. Six, 16, and 24 h after the exposure, the animals were
sacrificed, and the peritoneal cavity was washed to obtain the cell suspension. We analyzed
the leukocyte influx recruited to the peritoneum by labeling surface molecules typical for
each cell population and the dosage of cytokines (IL-1β, IL-6, and TNF-α) and chemokines
(MCP-1, KC, and eotaxin) involved in the inflammatory process.

Our results in Figure 7A show that mice injected with the nattectin-like toxin exhibited
intense leukocyte extravasation into the peritoneal cavity after 6 h of injection that was
persistent for 24 h. The acute phase (6 h) of inflammation was characterized by the influx
of eosinophils (Figure 7B) and mainly neutrophils (Figure 7C). After 16 h, macrophages
(Figure 7D) entered the inflamed peritoneal cavity and remained for 24 h in the presence of
a large number of both granulocytes.

Figure 7. The inflammatory response profile induced by the Thalassophryne maculosa toxin TmC4-47.2
(Tmc) was evaluated in a Balb/c mice model of peritonitis. The toxin was applied intraperitoneally
at 10 μg in 500 μL of sterile phosphate-buffered saline (PBS). Control mice received sterile PBS. At
six, 16, and 24 h after the exposure, the cell suspension from the peritoneal cavity was collected.
The total cell number (A), the leukocyte influx to the peritoneum (B–D), and the dosage of IL-6 (E)
and eotaxin (F) involved in the inflammatory process was analyzed.The “*” represents a statistically
significant difference with negative control (non-treated), p < 0.05.
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Finally, we observed the production of IL-6, an important cytokine involved in the
inflammatory process, only within 6 h after the 10 μg toxin injection (Figure 7E). Eotaxin, a
chemotactic for eosinophils, was produced 6 h after injection, and increasing levels were
observed up to 24 h (Figure 7F). In contrast, the injection did not promote the secretion
of the cytokines IL-1β and TNF-α, as well as the neutrophil chemotactic factor, KC (data
not shown).

3. Discussion

The T. nattereri envenomation in humans and the recapitulation of the injury in mice
have been extensively studied by our group [24–26]. We identified in the Natterin group
of venom toxins the aerolysin proteins being responsible for the main effects of enven-
omation [27,28], and their immunopharmacological activities were determined [29–32].
Besides the Natterin proteins, T. nattereri venom also contains Nattectin, a lectin with Ca2+-
independent hemagglutinating and immunomodulatory activities [4]. Nattectin shows the
particular potential to bind types I and V collagen and improve integrin-mediated HeLa
cell adhesion and apoptosis protection by its binding to RGD-dependent integrins, mainly
the β1 subunit [33]. We further demonstrated its ability to activate antigen-presenting
cells [34] and trigger Th1-type immune response with IgG1 production [35].

On the other hand, just a few studies have been conducted with T. maculosa, one of
the T. nattereri’s closest relatives. Sosa-Rosales et al. [17] partly identified a biologically
active protein by chromatography. To obtain the toxin TmC4-47.2 from the venom of the
T. maculosa, we used reverse-phase HPLC-based workflow with the application of the crude
venom to the chromatography system coupled to a semi-preparative reverse-phase C18
column, followed by subsequent chromatography of the fractions containing the toxin
with a molecular weight of 15 kDa on a reverse-phase C8 analytical column. Finally, the
protein was purified into three lyophilized fractions for verification of purity and exact
mass by LC/MS. Interestingly we confirmed the presence of two proteins with very close
molecular weights, one with a calculated molecular weight of 15,135.9 Da and the other
with 15,634.3 Da, unlike the migrated single band ~15 kDa via reducing SDS-PAGE.

To determine the number of cysteine residues and, consequently, of disulfide bridges,
we proceeded with the reduction and alkylation of the toxins. After applying the sample
to the same LC/MS system, we once more detected the presence of two proteins, now
with 15,484.8 Da and 15,982.8 Da, respectively. From the difference in the masses of the
pure proteins, we inferred that both proteins have 6 cysteines each and consequently form
3 disulfide bridges, as described in the sequence of Nattectin from T. nattereri [28]. Our
findings that the anti-venom serum and the anti-Nattectin serum from T. nattereri recognize
the TmC4-47.2 toxin from T. maculosa support the similarity of the sequences.

The sequencing of internal fragments of the toxins generated by enzymatic diges-
tion with trypsin and analysis by MALDI-ToF revealed 100% similarity of the sequenced
fragments with the Nattectin sequence, which correspond to 40% of its entire sequence.
The high homology rate might reflect a relatively small evolutionary divergence between
the two congeneric species and the fact that they harbor the same biological properties.
Batrachoididae, the only family in the ray-finned fish order Batrachoidiformes, arose on
Earth in the Miocene, which is the first geological epoch of the Neogene Period that ex-
tends from about 23 to 5 million years ago (mya). There are about 83 species of toadfishes
grouped into 21 genera. The subfamily Thalassophryninae has six phenotypically alike
species in the genus Thalassophryne, which suggests the time of divergence among species
within this genus must be little, although there is no precise description of the time of
divergence in the literature. Using peptide mass fingerprinting, we identified a unique
carbohydrate recognition domain composed of the amino acids glutamine, proline, and
aspartate (QPD), a specific galactose-binding site [36]. We have designated the TmC4-47.2
toxin as a galactose-binding protein.

Glycan structures are common post-translational modifications of proteins, assisting in
protein folding and defining the timing for protein disposal as a part of the quality control
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function in the early secretory pathway [37]. Our data shows that the nattectin-like protein
of T. maculosa is non-glycosylated since we determined the absence of GlcNAc-β-Ser/Thr
or N-linked glycan residues.

Among the distinct post-translational modifications, glycosylation is the most recur-
rent, and virtually 50% of all known proteins are thought to be glycosylated. In contrast,
the galectins are generally small, soluble, non-glycosylated proteins and, unlike the C-Type
lectins, do not require structural stabilization via Ca2+ complexing for their activity. How-
ever, many C-type lectins are Ca2+-independent and may not necessarily bind to sugar
ligands [38]. Our findings showing the nattectin-like lectin as a non-glycosylated protein
with the ability to interact with the core and terminal galactose-type ligands point to a
functional similarity with proto-type galectins that contains only one CRD. Galectins, a
family of animal lectins with an affinity for β-galactosides, can form multivalent complexes
with cell surface glycoconjugates and trigger several intracellular signals to modulate cell
activation, differentiation, and survival [39].

Literature has portrayed the protective role of galectins against infections when bind-
ing to the glycoconjugates on the surface of invasive microbes (virus, bacteria, fungi, and
parasites) acting as pattern recognition receptors in innate immunity [40]. In fish, they
have also been demonstrated to participate in pathogen recognition. Gal-1, a proto-type
galectin, from rock bream (Oplegnathus fasciatus) bound and agglutinate many bacteria [41]
and the Gal-1 of zebrafish bound infectious hematopoietic necrosis virus (IHNV) in a
carbohydrate-dependent way [42]. AJL-1, a proto-type galectin of Japanese eel (Anguilla
japonica), was reported to hinder the biofilm formation of Aggregatibacter actinomycetem-
comitans [43]. The galectin-8 and -9 of mandarin fish (Siniperca chuatsi) were shown to
inhibit the growth of some pathogens [44]. Our results corroborate these findings, and
through functional analogies we confirmed the ability of nattectin-like protein to induce
carbohydrate-independent agglutination of human erythrocytes and exert antimicrobial
activity against gram-negative and gram-positive bacterial pathogens as well as against
C. albicans.

A substantial number of lectins have been identified in other fish. Notably the
galectins, which is unusual compared to venom from other animals, like snakes, that
commonly present C-type lectins [45]. Probably due to the complex environment, fish
have evolved natural immune modulators, such as galectins and C-type lectins. In the
fish lectins, evolution likely led to the acquisition of galectin-like properties. Thus, the
functional similarities between Nattectins and Galectins studied herein might be the re-
sult of convergent evolution and because Nattectin belongs, from an evolutionary and
structural perspective, to the C-type lectin family. This is also corroborated by the simi-
larity of T. maculosa’s and T. nattereri’s Nattectin that present highly conserved residues of
carbohydrate-recognition domains found in the C-type lectins.

In addition to the role of galectins in microbial death, several reports show their im-
portance in the transendothelial migration of neutrophils and eosinophils [46,47]. Intravital
imaging has yielded relevant understandings into the regulation of inflammatory responses
to pathogens and sterile insults in a variety of tissues [48]. Such imaging approaches were
useful in characterizing individual steps of the leukocyte recruitment cascade. Moreover,
our data show that nattectin-like lectin modulates leukocyte rolling and adherence to vas-
cular endothelium dependent on α5β1 integrin. This crucial adhesion molecule mediates
the adherence of many cell types to the extracellular matrix by recognizing its classic ligand
fibronectin [49]. It has been reported that the increased expression of α5β1 integrin and
fibronectin enrichment in the epidermis are seemingly features of chronic neutrophilic
inflammation [50]. Furthermore, polymorphonuclear neutrophils (PMNs) express several
surface integrins, including α5β1 [51].

Additionally, we noted that nattectin-like toxin increased eosinophil recruitment to
the peritoneal cavity of mice and the production of the pro-inflammatory chemokine,
eotaxin. The trafficking of primed mature eosinophils from the bloodstream into inflamed
tissues is finely regulated by adhesion molecules, several cytokines, and chemokines with
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overlapping functions. Studies with mouse and human eosinophils have shown that
rolling along the vascular endothelium and the activation-dependent stable adhesion to
the vascular endothelium are supported by β1 integrins. Trans-endothelial migration is
under the control of eotaxin and its receptor, CCR3 [52].

Together, our findings show that T. maculosa possesses two non-glycosylated nattectin-
like proteins with similar galactose-binding specificity. Nattectin-like lectin retained their
ability to induce carbohydrate-independent agglutination of human erythrocytes. Further-
more, it exerted potent antimicrobial activity against gram-negative and gram-positive
bacterial pathogens, as well C. albicans. The non-glycosylation status of nattectin-like
proteins did not impact protein function since lectins showed a substantial effect on leuko-
cytes rolling and adherence to the endothelial wall of the mice’s cremaster muscle. This
interaction was dependent on β1 integrin binding. The inflammation of the peritoneal
cavity was characterized by eosinophils and neutrophils influx recruited in response to
IL-6 and eotaxin mediators produced by nattectin-like protein. Our results point to an
immune function of nattectin-like toxin participating in the antimicrobial response through
the recognition of pathogens via carbohydrate-binding and modulation of eosinophil and
neutrophil infiltration in inflammation.

4. Materials and Methods

4.1. Thalassophryne maculosa Venom and Isolation of TmC4-47.2 Toxin

All necessary permits for the capture of T. maculosa and to collect the venom were ob-
tained from the Escuela de Ciencias Aplicadas del Mar, Núcleo Nueva Esparta, Universidad
de Oriente, Isla Margarita; Venezuela (Permit Number: 30/07). T. maculosa individuals were
transported to the laboratory and were anesthetized with 2-phenoxyethanol before sacrifice.
Venom was shortly obtained from the tip of the spines by applying pressure at their bases.
After centrifugation, venom was pooled and stored at −80 ◦C before use. Protein content
was examined using bovine serum albumin (Sigma Chemical Co., St Louis, MO, USA) as
standard. Endotoxin content was evaluated (resulting in a total dose < 0.8 pg LPS) with
QCL-1000 chromogenic Limulus amoebocyte lysate assay (Bio-Whittaker) according to
the manufacturer’s instructions. Aliquots of crude venom from T. maculosa (5 mg mL−1)
was submitted to a reversed-phase (RP) LC10A high-performance liquid chromatogra-
phy system (HPLC) Shimadzu (Äkta, Amersham Biosciences, Sweden) starting in a C18
semi-preparative column (Shimadzu-Shim Pack-CLC-ODS: 4.6 mm ID × 25 cm, 5 μm, and
100 Å). For elution, a binary gradient of 0.1% TFA aqueous solution (A) and 0.1% TFA
90% acetonitrile solution (B) was used, with a flow rate of 5.0 mL/min for 60 min, and
detection at 214 nm absorbance. The chromatographic fractions were manually collected,
vacuum dried, and stored at −20 ◦C. All fractions containing the toxin were identified by
12% SDS-PAGE [53]. The chromatographic fraction containing the toxin was submitted
to 3 chromatographic steps using a Jupiter C8 4.60 mm × 250 mm, 10 μm, 300 Å, col-
umn (Phenomenex). The elution method was 20% to 80% B solution from 0 to 35 min at
1 mL/min, followed by a gradient of 10% B solution per minute until reaching a maximum
concentration of 50% acetonitrile. The presence of the toxin in the eluates was confirmed
by absorbance and SDS-PAGE.

4.2. TmC4-47.2 Toxin Mass Determination

To determine the toxin mass, we used 10 μL of the sample injected into an LC-MS
Surveyor MSQ Plus system (Thermo Finnigan) by direct infusion in a flow of 50 μL/min
of aqueous acetonitrile solution (1:1) containing 0.1% formic acid under capillary voltage
conditions 3.1 kV, 75 V cone, scan lasting 1 s in the m/z range 200–2000. The equipment
was previously calibrated with sodium iodide (m/z range 22.98 to 1971.61). To obtain the
molecular weight of the sample, the deconvolution of the mass spectrum obtained was
performed using the Mag Tran program version 1.0 beta 8 [54]. For MALDI-ToF mass
spectrometry, analyzes were performed in a MALDI-ToF/PRO instrument (Amersham).
The samples in solution were mixed 1:1 (v/v) with a supersaturated matrix solution for
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proteins (sinapic acid), deposited on the sampling plate (0.4–0.8 μL), and allowed to dry at
room temperature. The spectrometer was operated in reflection mode, and P14R ([M+H+]+

1533.85) and angiotensin II ([M+H+]+ 1046.54) (Sigma, St. Louis, MO, USA) were used as
external calibrants.

4.3. Reduction, Alkylation, and Digestion of TmC4-47.2 Toxin

The purified toxin was used for the identification of disulfide bridges, according
to Yang, Liu, and Liu [18]. The toxin was reduced by 10 μL of 5 mM DTT in 25 mM
ammonium bicarbonate (Sigma-Aldrich, St. Louis, MO, USA) and heated at 60 ◦C for
30 min. For alkylation, 10 μL of 100 mM iodoacetamide in 25 mM ammonium bicarbonate
(Sigma-Aldrich, St. Louis, MO, USA) was added and kept for 30 min in the dark. For
enzymatic digestion, 2 μL of ultra-grade trypsin (Proteomics grade; Sigma, St. Louis, MO,
USA) solution at 40 ng·μL−1 was added to 8 μL of the toxin solution and incubated 18 h at
37 ◦C. The samples were analyzed using a nanoflow LC/MS/MS system customized with a
PepFinder Kit. Aliquots of 10 μL were initially charged onto a reversed-phase peptide trap
column in a of 10 μL/min flow rate for 3 min. Then peptides were eluted and partitioned
on a reversed-phase capillary column (PicoFritTM; 5 μm BioBasic® C18, 300 Å pore size;
75 μm × 10 cm; tip 15 μm, New Objective, Woburn, MA, USA). Solution A comprised 0.1%
formic acid, and Solution B acetonitrile and 0.1% formic acid. The flow rate began at 100%
A at 10 μL/min for 3 min. Next, it was raised to 70 μL/min for 6.9 min at 100% A and the
gradient commenced at 100% A and 0% B. The gradient was increased to 50% B in 60 min,
then to 90% B in 5 min and later diminished to 0% B in 5 min and sustained at 100% A for
10 min. The complete program duration was 110 min. By the PepFinder Kit, the flow was
separated in a 1:100 ratio. Hence, the factual flow rate injected into the mass spectrometer
was 0.5 μL/min. The HPLC was coupled to a Finnigan LCQ Deca XP Plus ion trap mass
spectrometer supplied with a nanospray ionization font. Spray voltage was established
at 2.5 kV, and the equipment was managed in a data-dependent method, in which one
MS scan was captured in the 300−1600 m/z range followed by MS/MS acquisition using
collision-induced segregation of the 10 most intense ions from the MS scan. Dynamic peak
exclusion was used to avoid the same m/z being chosen for the following 120 s. Tandem
mass spectra were extracted by Xcalibur software (version 2.0; Thermo scientific, Waltham,
MA). The subsequent MS/MS spectra were searched through a MASCOT search engine
(Matrix Science, London, UK) against the NCBI NR database in the taxa Chordata with
a 1.20 Da parent tolerance and 0.60 Da fragment tolerance. Iodoacetamide derivatives
of cysteine and oxidation of methionine were detailed in MASCOT as fixed and variable
modifications, respectively. Scaffold (version Scaffold_2_04_00, Proteome Software Inc.,
Portland, OR) was used to confirm MS/MS-based peptide and protein description. Peptide
distinguishing were credited if they exceeded certain database search engine thresholds.
MASCOT descriptions required ion scores higher than the associated identity scores and
20, 30, 40, and 40 for singly, doubly, triply, and quadruply charged peptides. X! Tandem
identifications needed at least –Log (Expect Scores) scores of greater than 2.0. Protein
identifications were considered if they had at least 2 identified peptides.

4.4. Enzymatic Deglycosylation

In denaturing conditions, for protein deglycosylation, toxin (3.4 μg) were set in 20%
SDS for 1 min at 95 ◦C. After adding 0.2 M sodium phosphate buffer, 0.08% sodium azide,
0.5 M EDTA pH 8, 10% nonidet P-40, incubation was prolonged for 2 min at 95 ◦C. After
cooling, 1 U.μL−1 of N-glycosidase F (Roche, Mannheim, Germany) or 25 mU.50 μL−1

O-glycosidase was added, and the mixture was incubated for 18 h at 37 ◦C. The deglycosy-
lation profiles were evaluated by SDS-PAGE.

4.5. Immunoblotting

The purified protein (10 μg) of T. maculosa venom was analyzed by 12% SDS-PAGE
under non-reducing conditions. Venom from T. nattereri (VTn) was used as a control.
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After SDS-PAGE and transfer to nitrocellulose membrane (pore size = 0.2 μm, Schleicher
and Schüll, Dassel, Germany), the toxin was detected using plasma from mice sensitized
with T. nattereri venom (1:20 dilution) or from Nattectin-sensitized mice followed by Goat
anti-mouse IgG HRP (sc-2005 Santa Cruz, at 1:2000) as a secondary antibody (Ab).

4.6. Determination of TmC4-47.2 Toxin Binding Specificity to Carbohydrates

The toxin was cut from 12% SDS-PAGE gel and eluted in PBS to identify toxin binding
specificity using a competition assay performed according to Haab [55] using the DIG
Glycan Differentiation Kit (#11210238001, Roche Applied Science, Germany). The pure
control glycoproteins: carboxypeptidase Y, transferrin, fetuin, and asialofetuin or after
pre-incubated with 1 μg of the toxin TmC4-47.2 for 1 h at 37 ◦C were administered in a 12%
SDS–PAGE gel and transferred to a nitrocellulose membrane. Toxin/carbohydrate binding
was revealed by incubation with different DIG-labeled lectins and alkaline phosphatase-
conjugated anti-DIG antibodies (Roche Molecular Biosciences). Characteristics of specific
binding of lectins to carbohydrate moieties used to identify these structures in this study:
GNA: Galanthus nivalis agglutinin specific to mannose: α(1–2), α(1–3), or α(1–6) linked
to mannose; SNA: Sambucus nigra agglutinin specific to Sialic acid: α(2–6) to GalNAc;
MAA: Maackia amurensis agglutinin specific to Sialic acid: α(2–3) to galactose N-linked
α(2–3) to galactose O-linked; PNA: Arachis hypogaea Peanut agglutinin specific to Core
and terminal galactose: Gal-β(1–3)-N-acetylgalactosamine; and DSA: Datura stramonium
agglutinin specific to Core galactose: Gal-β(1–4)-N-acetylglucosamine.

4.7. Hemagglutinating and Antimicrobial Activities

Human erythrocytes (type A) were collected in 0.15 M citrate buffer, pH 7.4, and
washed 3 times by centrifugation with 0.15 M PBS, pH 7.4. To assess the hemolytic activity,
aliquots of 10 μL of the selected toxin at 0.01, 0.1, 1, or 10 μg were put in 50 μL in a
3% suspension of erythrocytes in wells of U-shaped bottom plates and incubated for 3 h
at room temperature. Solutions of isolated toxin at 10 μg previously incubated with D-
Galactosamine (12662, Sigma) or D-Mannose (M2069, Sigma) both at 10 or 30 mM for 1 h
were also usedThe hemagglutinating activity was verified by reading the absorbance at
595 nm of each well in a plate reader. Erythrocytes incubated with water were used as
positive control (100% hemolysis). Antimicrobial potential was monitored by a liquid
growth inhibition assay against M. luteus A270, E. coli SBS 363, and C. albicans MDM8, as
described by Rossi et al. [56]. Pre-inoculum of the strains was prepared in Poor Broth (PB
broth, 1.0 g peptone in 100 mL of H2O containing 86 mM NaCl at pH 7.4; 217 mOsM for
M. luteus and E. coli and 1.2 g potato dextrose in 100 mL of H2O at pH 5.0; 79 mOsM for
C. albicans), at 37 ◦C under agitation. The absorbance at 595 nm was set on, and one aliquot
of this solution was taken to get cells in logarithmic growth (A595 nm ~0.6) and diluted
600 times (A595 nm = 0.0001). The isolated toxin or Nattectin, both at 10 μg, was dissolved
in sterile Milli-Q water to 100 μL of PB broth. Tetracycline and Gomesin were used as
inhibitor controls. After 18 h of incubation at 30 ◦C, the inhibition of bacterial growth was
determined by measuring absorbance at 595 nm.

4.8. In Vivo Experimental Protocol for Intravital Microscopy

Initially, Balb/c mice were injected by the intrascrotal route with 50 μL of TmC4-47.2
at 10 μg and rested for 3 h. Independent groups of mice were pre-treated with 500 μL
of intraperitoneal (i.p.) injection of the purified rat anti-mouse CD29 (beta 1 integrin,
14-0299-82, eBioscience), hamster anti-mouse CD49a (alpha 1 integrin, PA5-95563, Thermo
Fisher eBioscience), rat anti-mouse CD49b (alpha 2 integrin, ab238665, Abcam), rat anti-
mouse CD49e (alpha 5 integrin, ab221606, Abcam), and rat anti-mouse CD106—VCAM-1,
14-1061-82, Thermo Fisher eBioscience) monoclonal antibodies at 10 μg mL−1, 30 min
before TmC4-47.2 injection. Control animals received the same amount of control isotype
IgG. Negative control was injected with intrascrotal sterile PBS. The study of the microvas-
cular system was performed with an optical microscope (Axio Imager A.1, Carl-Zeiss,
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Oberkochen, DE ) coupled to a photographic camera (IcC 1, Carl-Zeiss, Germany) through
a 10/025 longitudinal distance objective/numerical aperture and 1.6 optovar. The surgical
cremaster preparation was handled as described previously [12]. Mice were anesthetized
by an i.p. injection of 2% Xylazine—(Calmiun®, Agener União, São Paulo, Brazil) and
with 0.5 g Kg−1 of ketamine (Holliday-Scott SA, Buenos Aires, Argentina). The scrotum
was exposed, and the cremaster muscle reached. Following the incision with cautery
and spreading the muscle over a cover glass, the epididymis and testis were mobilized
and pinned aside, allowing the microscopic access to the muscle microcirculation. The
exposed tissue was superfused with 37 ◦C warmed bicarbonate-buffered salines, pH 7.4.
The post-capillary venules with a diameter of 25–40 μm were chosen, and the interaction of
leukocytes with the luminal surface of the venular endothelium was evaluated, counting
the number of rolling leukocytes every 10 min after application of inflammatory agent for
30 min. Rolling leukocytes were defined as those moving at a velocity less than erythrocytes
and demonstrated a clear rolling motion. The number of adherent cells was expressed
as the number per 100 μm length of venule. The experiments were carried out under
the National Council for Animal Experiment Control (CONCEA) and approved by the
Butantan Institute’s Animal Use Ethics Commission (CEUAIB #275/06).

4.9. Acute Inflammation Induced by TmC4-47.2

Balb/c mice were intraperitoneally injected with TmC4-47.2 at 10 μg in 500 μL, accord-
ing to Lima et al. [32]. As a negative control, mice were injected i.p. with PBS. After 2, 16,
and 24 h, the peritoneum exudates were harvested for total and differential cell count and
protein determination. IL-6, TNF-α, IL-1β, KC, eotaxin, and MCP-1 were analyzed using a
specific two-site sandwich ELISA with OpEIA Kits (BD-Pharmingen, San Diego, CA, USA).
The total leukocyte count was performed in Turk solution, and for differential counts,
neutrophils (Ly6G+), eosinophils (CCR3+), and macrophages (F4/80+) were identified
by flow cytometry and based on staining and morphologic characteristics using a light
microscope Axio Imager A1 (Carl Zeiss, Germany) with an AxioCam ICc1 digital camera
(Carl Zeiss).

4.10. Statistical Analysis

All values were expressed as mean ± SEM. Experiments using 3 to 5 mice per group
were performed independently two times. Parametric data were evaluated using analysis
of variance, followed by the Bonferroni test for multiple comparisons. Non-parametric
data were assessed using the Mann-Whitney test. Differences were considered statistically
significant at p < 0.05 using GraphPad Prism (Graph Pad Software, v6.02, 2013, La Jolla,
CA, USA).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/toxins14010002/s1. Figure S1: (A) Fractionation process of the Thalassophryne maculosa
venom. A total of 5 mg of venom was applied to a semi-preparative reversed-phase C18 column
coupled to a high-pressure liquid chromatography (HPLC) system. The gradient used was from
20 to 80% buffer B in 60 min under 5 mL/min flow rate. The absorbance was monitored at 214 nm.
(B) The protein content was evaluated by 12% SDS-PAGE electrophoresis in polyacrylamide gel
(10 μg/well). Samples 1, 2, and 3 correspond to the fractions obtained by chromatography. MW
corresponds to molecular mass markers, and the band circled in red refers to the TmC4-47.2.;
Figure S2: (A) Second fractioning step for toxin purification. Fraction 2 (1 mg mL−1) obtained
in the first chromatography was applied to a reversed-phase analytical C8 column coupled to a
high-pressure liquid chromatography (HPLC) system. The gradient used was 20 to 80% of buffer
B over 35 min under a flow rate of 1 mL/min. The absorbance was monitored at 214 nm. (B) The
protein content of fractions 1, 2s, 2d, 3 and 4 was evaluated by 12% SDS-PAGE electrophoresis
on polyacrylamide gel (10 μg/well). MW corresponds to molecular mass markers. The bands
highlighted in red refer to TmC4-47.2 toxin; Figure S3: (A) Third fractionation for purification of
Thalassophryne maculosa TmC4-47.2 toxin. Fractions 2s, 2d and 3 were mixed and 1 mg mL−1 of
the pool was applied to a reversed-phase analytical C8 column coupled to a high-pressure liquid
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chromatography (HPLC) system. The gradient used was 20 to 80% buffer B over 35 min under
1 mL min−1 flow rate. The absorbance was monitored at 214 nm. (B) The protein content of
fractions 1, 2s and 2d was evaluated by 12% SDS-PAGE electrophoresis on polyacrylamide gel
(10 μg/well). MW corresponds to molecular mass markers and the bands highlighted in red refer to
TmC4-47.2 toxin.
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Abstract: β-defensins are antimicrobial peptides presenting in vertebrate animals. They participate
in innate immunity, but little is known about them in reptiles, including snakes. Although several
β-defensin genes were described in Brazilian snakes, their function is still unknown. The peptide
sequence from these genes was deduced, and synthetic peptides (with approximately 40 amino acids
and derived peptides) were tested against pathogenic bacteria and fungi using microbroth dilution
assays. The linear peptides, derived from β-defensins, were designed applying the bioisosterism
strategy. The linear β-defensins were more active against Escherichia coli, Micrococcus luteus, Citrobacter
freundii, and Staphylococcus aureus. The derived peptides (7–14 mer) showed antibacterial activity
against those bacteria and on Klebsiella pneumoniae. Nonetheless, they did not present activity against
Candida albicans, Cryptococcus neoformans, Trychophyton rubrum, and Aspergillus fumigatus showing
that the cysteine substitution to serine is deleterious to antifungal properties. Tryptophan residue
showed to be necessary to improve antibacterial activity. Even though the studied snake β-defensins
do not have high antimicrobial activity, they proved to be attractive as template molecules for the
development of antibiotics.

Keywords: β-defensins; snakes; antimicrobial activity; bioisosterism; peptides

Key Contribution: We tested many snake β-defensins against bacteria from oral flora, Micrococcus
luteus, and Escherichia coli. This work is the first testing of the antibacterial activity of snake β-
defensins besides crotamine. A bioisosterism approach was used to design the derived peptides
from β-defensins from Lachesis muta, Bothrops jararaca, and Crotalus durissus snakes. Our results have
shown that (i) the defensin’s C-terminal portion seems to be crucial against bacteria; (ii) the presence
of tryptophan residue into the derived peptide’s sequence plays an important role for the antibacterial
activity; and (iii) the Cys to Ser substitution has abolished the derived peptides’ antifungal activity.

1. Introduction

With the frightening advent of the global increase of microbial resistance to conven-
tional antibiotics, the search for alternatives has become of utmost importance, and the
industry, as well as the regulatory authorities, are realizing the potential of antimicro-
bial peptides. Since the last decade, antimicrobial peptides have been trialed in clinical
phases [1].

In drug development, peptides’ properties have been considered more convenient due
to their high affinity for the target and selective biological activities [2]. Bacterial resistance
is a global health problem due to the indiscriminate use of antibiotics in humans, as well
as in animals and in agricultural production that needs multipronged solutions [3]. To
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contribute to this campaign, many antimicrobial peptides have been discovered and some
are in the clinical development phase [4]. For instance, molecules from innate immunity,
such as cathelicidins present in snake venoms, have been reported as potentially active
against some bacterial strains [5–10], including antibiofilm activity [11,12].

Snakes have developed many active peptides for predation and in their venom com-
position, many classes of proteins as phospholipases A2 (PLA2) [13], L-amino-acid oxidase
(LAAO) [14], metalloproteases [15], cathelicidins [8] and crotamine [16–18] are also de-
scribed as showing antimicrobial activity. Many attempts have been made to shorten these
proteins and discover the active site [19–22]. Crotamine is a small basic myotoxin present
in the venom of the rattlesnake C. durissus terrificus and has a β-defensin structure [23,24]
and antimicrobial activity [16–18]. Crotamine and small basic myotoxins from this family
are unique and only present in rattlesnake venom [23].

β-defensins from various vertebrates have been studied, and little is known about
these molecules and the innate immunity in snakes. β-defensin-like genes with unknown
functions have also been described in Brazilian snakes using a PCR approach [25–27].
In the current study, we evaluated the antimicrobial activity of snake β-defensins, both
from rattlesnake venom (crotamine) and non-venom β-defensins. Its primary sequences
were deduced from genomic sequences and synthesized, except for crotamine purified
from rattlesnake venom. Moreover, the amino acid sequences were used to design shorter
derived peptides, which can be obtained using simpler and more economical procedures.
The snake β-defensins and derived peptides were assayed against microorganisms relevant
to the snake’s biology and human health because they can cause opportunistic infections.

2. Results

The sequences of mature peptides were deduced from gene codifying sequences
and synthesized, except crotamine purified from venom. They were tested in linear
form because the linearization could not affect the antibacterial activity, and the linear
form facilitates the development of shorter peptides. The alkylation was done to avoid
the dimerization and the intramolecular cyclization of peptides with free thiol groups.
Besides, the linear form facilitates the development of shorter peptides. Alkylated peptides
were purified by high-performance liquid chromatography (HPLC) and analyzed by
MALDI-TOF-MS.

The β-defensins were tested using a microbroth dilution assay. It consists of incubating
the bacteria (4.105 colony-forming unit—CFU/mL) and the peptide (from 1 to 512 μg/mL)
in liquid broth. After the incubation at 37 ◦C during the night, the bacterial growth
was detected by spectrophotometry at 600 nm. If the measure is similar to the broth, it
indicates bacterial growth. The molarity was calculated only to defensins that showed
antibacterial activity to compare with the derived peptides. The β-defensins were tested
against B. jararaca oral flora because it would be of biological and medical interest. In
addition, we tested on E. coli ATCC 25922 and M. luteus that are common Gram-negative
and Gram-positive bacteria used in antibacterial tests.

Table 1 shows the antibacterial effect of the snake β-defensins from venom (crotamine)
and tissues indicating the minimal inhibition concentration that is the lowest concentration
of peptide that results in no visible bacterial growth. It was possible to observe that the
linearization of crotamine did not modify its antibacterial activity significantly. These
β-defensins did not inhibit the bacterial growth of Providencia rettgeri, Serratia marcescens,
Morganella morganii, and Klebsiella pneumonia up to 512 μg/mL, so the results were not
shown in the table. M. luteus was the most sensitive bacterium to these peptides. The
most active defensins present the highest cationic net charge, DefBm02 (+11), DefbBm03
(+10), DefbLm02 (+8), and crotamine (+7). On the contrary, the β-defensins DefbBju01 (+7),
DefbBn02 (+2), and crotasin (−1) did not show antibacterial activity against any strains
used in this study. In addition, the substitution in 32nd position, Arg (defbBm02) for Gln
(defbBm03), has caused the loss of activity against Staphylococcus aureus.
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Table 1. Antibacterial effect expressed by the minimal inhibitory concentration (MIC) of snake
β-defensins on bacteria.

MIC (μM)

Samples E. coli M. luteus C. freundii S. aureus

Crotamine (+7) 13.3 1.7 6.7 >105

Linear crotamine 26.6 1.7 26.7 >105

DefbBm02 (+11) 3.2 0.8 1.6 12.8

DefbBm03 (+10) 1.6 1.6 3.2 >103

DefbBd03 (+6) >115 0.9 >115 >115

DefbBj01 (+4) >105 3.2 >105 >105

DefbBju01 (+7) >111 >111 >111 >111

DefbBn02 (+2) >113 >113 >113 >113

DefbLm01 (+2) >113 28.4 >113 >113

DefbLm02 (+8) 3.4 0.9 3.4 6.8

DefbPm (+6) >109 6.8 >109 >109

DefbTs (+3) >122 15.3 >122 >122

hBd02 (+6) 15.6 2 >124 >124

Crotasin (−1) >108 >108 >108 >108

The MIC was determined to be the lowest concentration, resulting in no visible bacterial growth in microbroth
dilution assay [28]. The assays were performed in three independent experiments. All the β-defensins tested did
not inhibit the growth of Providencia rettgeri, Serratia marcescens, Morganella morganii, and Klebsiella pneumonia.

The snake β-defensins crotamine, defbBm02, defbBm03, and defbLm03 were chosen
to design the derived peptides for the next step due to their performance in the antibacterial
assay. The crotamine 3D model was used as a template for designing the derived peptides
because the 3D structure deposited in PDB presented a better resolution (1.70 Å). The
software used to build the peptides has a tool to mutate, grow or delete amino acid
residues, based on the sequence to be constructed. Furthermore, many algorithms clean
the geometry to get a minimum energy structure to start the properties’ calculations. These
peptides are presented in Table 2. They derived from the C-terminal portion of chosen
β-defensins (Table 1). The design considered the bioisosterism strategy [29], for instance,
the substitution of SH group (Cys) to OH group (Ser). Linear peptide constructions of
different sizes (7 to 14 aa) were considered to verify which minor sequence would retain
the antimicrobial activity. The peptides were commercially purchased, and their purities
were tested by HPLC and mass spectrometry.

Table 2. Peptides derived from β-defensins applying the bioisosterism strategy.

Peptide Derived from Sequence Hidrofobicity (Kcal/mol) Net Charge MW (Da)

PS1 (13 aa) Crotamine SRWRWKSSKKGSG +19.88 +5 1549

PS2 (14 aa) defbBm02 SQMGRMSSRRRFGK +19.34 +5 1683

PS3 (12 aa) defbLm02 SGPGRRSSRRRK +23.57 +6 1399

PS4 (14 aa) defbBm03 SQMGQMSSRRRFGK +18.30 +4 1655

PS5 (13 aa) PS3 SGPGRRSSRRRWK +21.48 +6 1585

PS6 (7 aa) PS1 SRWRWKS +11.06 +3 1005

The primary structure does not illustrate a structure of interaction. The molecular
surfaces translate the molecular form since the calculations consider a water molecule
running through the van der Waals radius of each atom of the molecule. The molecular
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form property, consequently, is dependent on the 3D structure and can be used to visualize
those differences.

The coordinates of the polypeptide crotamine from the Brazilian rattlesnake C. durissus
terrificus [24], retrieved from Protein Data Bank (PBD ID 4GV5; resolution at 1.70 Å) [30],
were used as starting geometry to construct the three-dimensional (3D) molecular models of
the defensins derived peptides. The crotamine C-terminal portion, containing the fragments
Cys30-Gly42 (13 aa), was used to build up the peptides’ 3D molecular models (see Material
and Methods section). For instance, the Cys residues (SH group) were mutated into Ser
(OH group), generating the peptide PS1, and the PS6 peptide was obtained by extracting
Ser37-Gly42 from PS1. PS6 (7 aa) corresponds to the minor sequence assayed in this
study. The molecular model of each peptide and its respective calculated solvent-accessible
molecular surface are shown in Figure 1.

Figure 1. Solvent accessible molecular surfaces using a probe of 1.4 Å (water molecule radius). The
peptides are presented in stick models, where hydrogen atoms are in white, oxygens in red, nitrogen
atoms in blue, sulfur in orange, and carbon atoms in gray. The molecular surfaces are translucid
and presented in yellow color (Discovery Studio Visualizer 4.0 program, Accelrys Software Inc.,
2005–2013, San Diego, CA, USA).

The peptide PS1 (SRWRWKSSKKGSG) is a bioisoster of the crotamine terminal portion
(substitution of SH(Cys) to OH(Ser) group), and PS6 (SRWRWKS) shares the same sequence
of PS1 from the 1st to 7th positions. The calculated solvent accessible surface area and
molecular volume values were 1295. 61 Å2 and 1551.53 Å3 for PS1; 838.26 Å2 and 1013.05 Å3

for PS6, respectively. As mentioned above, PS6 is the minor peptide of this set. The peptides
PS2 (SQMGRMSSRRRFGK) and PS4 (SQMGQMSSRRRFGK) have 14 amino acid residues
and differ from one another only in the fifth position. PS2 has an arginine (positively
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charged) in the fifth position, whereas PS4 has a glutamine (polar; non-charged residue).
The solvent-accessible surface area and molecular volume values found for PS2 were
1385.25 Å2 and 1672.60 Å3; and for PS4 were 1356.84 Å2 and 1633.52 Å3, respectively. The
peptides PS3 (SGPGRRSSRRRK) and PS5 (SGPGRRSSRRRWK) share the same amino acid
sequence from the 1st to 11th positions. PS5 has a tryptophan residue before the last residue,
lysine (K). The solvent-accessible surface area and molecular volume values found for PS3
were 1179.24 Å2 and 1387.56 Å3; and for PS5 were 1355.29 Å2 and 1562.72 Å3, respectively.
Concerning the solvent-accessible molecular surface or surface area values, the peptides
can be classified in the following crescent order: PS6 < PS1 < PS3 < PS5 < PS4 < PS2. This
property is related to both molecular shape and solvation process, which are important in
the ligand–target recognition process.

These β-defensin-derived peptides were tested against bacteria using the microbroth
dilution assay from 2.75 to 700 μg/mL. The results showed that these peptides were not
active against M. morganii and P. rettgeri but presented various antibacterial properties
against Gram-positive and Gram-negative bacteria (Table 3).

Table 3. Antibacterial effect expressed by the minimal inhibitory concentration (MIC) of short
peptides derived from snake β-defensins on bacteria.

MIC (μM)

Peptides E. coli S. aureus M. luteus K. pneumoniae C. freundii

PS1 56.5 56.5 28.4 >452 113

PS2 415 415 26.1 >415 >415

PS3 >500 125 31.5 >500 >500

PS4 >423 >423 26.6 >423 >423

PS5 55.2 27.7 13.9 27.7 110

PS6 697 349 43.8 >697 >697
The MIC was determined as the lowest concentration that results in no visible bacterial growth in microbroth
dilution assay [28]. The assays were performed in three independent experiments. All the short peptides tested
did not inhibit the growth of Providencia rettgeri, Serratia marcenses, and Morganella morganii.

The derived peptides were also tested against fungi species using the classical re-
sazurin microtiter assay plate method. It is based on the color change of the rezazurin dye
that in blue indicates the absence of growth in at least 90%, and pink refers to microorgan-
ism growth. MIC is determined as the minimal concentration of the sample that can prevent
the color change from blue to pink and refers to the inhibition of 90% of microorganisms.
The samples did not inhibit the fungal growth and were considered ineffective until the
highest assayed concentrations (250 μM) (Table 4).

Observing the molecular shapes (Figure 1) expressed by the obtained solvent surface
area values, peptides PS2 and PS4 (14 aa) are the most related and showed similar activities.
The replacement of amino acid residues at the fifth position, R5Q, to a polar non-charged
residue showed to be deleterious to maintain the antibacterial activity against E. coli and
S. aureus (Table 3). These results indicate the importance of the basic residue to retain
the activity. On the other hand, the PS2 and PS4 inhibitory activity values on M. luteus
were practically the same (Table 3), suggesting the R5Q substitution is not crucial for that
interaction profile.

The PS3 (12 aa) and PS5 (13 aa) peptides differ from one another by the tryptophan
(W) insertion at the 12th position, and the PS5 sequence modification can be visualized
through the molecular shape (Figure 1). The sequence change has provided a significant
improvement in the PS5 activity profile in comparison to PS3. PS5 has presented interesting
MIC values against E. coli (55.2 μM), S. aureus (27.7 μM), M. luteus (13.9 μM), and K.
pneumoniae (27.7 μM). Regarding C. freundi, the MIC value was higher (110 μM). The map
of electrostatic potential (MEP) was calculated onto the molecular surface of both peptides,
and the changes related to the electronic density distribution are presented in Figure 2. The
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insertion of tryptophan has contributed to exposing the positively charged region of PS5
(intense blue, lower electronic density distribution; arrow in Figure 2).

Table 4. Antifungal effect expressed by the minimal inhibitory concentration (MIC90) of short
peptides derived from snake β-defensins on yeasts and filamentous fungi.

MIC90 (μM)

Peptides Candida albicans Cryptococcus neoformans Trichophyton rubrum Aspergillus fumigatus

PS1 >250 >250 >250 >250

PS2 >250 >250 >250 >250

PS3 >250 >250 >250 >250

PS4 >250 >250 >250 >250

PS5 >250 >250 >250 >250

PS6 >250 >250 >250 >250

MIC The minimal inhibitory concentration (MIC90) was defined as the lowest concentration that prevents the
rezazurin’s change in color from blue to pink due to the inhibition of at least 90% of the microorganism’s
growth [31]. The assays were performed in three independent experiments.

Figure 2. Maps of electrostatic potential (MPEs) were calculated onto the molecular surface of PS3
and PS5 peptides. Regarding the color range, higher electronic density distribution regions are
displayed as intense red color (−0.159), and lower electronic density distribution regions are shown
in intense blue color (+0.169) (Gaussian 03W, Gaussian, Inc., Pittsburgh, PA, USA, 2003; GaussView
05, Gaussian, Inc., Pittsburgh, PA, USA, 2002–2008).
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The PS1 peptide (13 aa) has presented interesting antibacterial activity against E. coli
(56.5 μM), S. aureus (56.5 μM), and M. luteus (28.4 μM). As for PS5, regarding C. freundi,
the MIC value was higher (113 μM). In comparison to PS1, the PS6 peptide (7 aa), having
the sequence core SRWRWKS, did not show any activity against C. freundi. The minor
sequence has retained indeed some antibacterial activity.

Unfortunately, none of the derived peptides have shown antifungal activity against
the tested fungi, suggesting that the presence of Cys residues in the sequence is important
to that kind of activity profile.

3. Discussion

The β-defensins were tested against B. jararaca oral flora because it would be of
biological and medical interest. It is known that microorganism infection is one of the
snakebite complications due to bacteria or fungi found in the snake’s oral cavity [32,33].
In Brazil, over 80% of snake envenomations are caused by Bothrops snakes, and around
10% of the snakebites evolve to infections [34]. Among bacteria isolated from abscesses,
the most reported were M. morganii, E. coli, Providencia sp., Klebsiella sp. [34]. Interest-
ingly, no β-defensins tested in this study showed antibacterial activity against M. morganii
nor K. pneumoniae. Although bacteria were also isolated from the venom of C. durissus
terrificus [35], envenomations by this species (C. durissus terrificus) do not usually cause
infection or macroscopic necrosis in the bite site [34]. The toxins present in C. durissus
terrificus venom: crotamine, PLA2, LAAO [36], and cathelicidins [22] could help the asepsis
snakebite wound.

The linearization did not abolish the antibiotic activity of crotamine and the majority
of snake β-defensins studied herein. The MIC against Gram-positive and -negative bacteria
is shown in Table 1. The β-defensins presenting lower net charge values (crotasin, −1,
defbBn02, +2) did not show antibacterial activity against any bacteria tested or showed a
weak antibacterial effect with high MIC (defbLm01, +2). On the other side, the β-defensins
defbBm02 (+11) and defbLm02 (+8) showed the best antibacterial activity against the
bacteria E. coli, C. freundii, M. luteus, and S. aureus with MIC in the range of 0.8 to 12.8 μM.
Interestingly, DefbBju, with a net charge of +7, did not inhibit any bacteria tested in this
study, indicating that the 3D structure could be essential to its antibacterial activity. The
Gram-positive bacteria M. luteus was the most sensitive to snake β-defensins while S.
aureus was inhibited only by defbBm02 and defbLm02. The Gram-negative bacteria E.
coli and C. freundii were inhibited by β-defensins with a net charge higher than +7. The
basicity of AMPs is related to antibacterial activity, the higher the positive charge higher the
inhibition of bacteria growth, but there are indications that the disulfide bridges modulate
the antimicrobial activity [37] and the balance of hydrophilic and hydrophobic surfaces [38].
The net charge of β-defensins was thoroughly discussed by Huang et al. [39]. The activity
of linear crotamine corroborates the antibacterial activity of reduced crotamine [17] as well
as antifungal activity [18].

Although S. aureus is sensitive to several toxins from snake venoms such as PLA2 [13,40–45],
LAAO [46–48], and cathelicidins [8]; crotamine did not inhibit the growth of this bacterium;
however, the β-defensins from snakes defbLm02 and defbBm02 showed antibacterial
activity with MIC of 32 and 64 μg/mL respectively. Although native crotamine did
not show activity against S. aureus, fragments of this toxin inhibited the growth of this
bacterium [18].

Although K. pneumoniae is inhibited by cathelicidins [5,49,50], PLA2 [40–43,45], and
LAAO [51–53], no β-defensin tested in this work showed antibacterial activity against
this species. The same was true for S. marcensens, sensitive to LAAO [53,54], but not to
cathelicidins [5,50]. M. morganii, sensitive to the venom of Montivipera bornmuelleri [55],
was also resistant to snake β-defensins and crotamine.

As most of the bacteria tested were isolated from the oral flora of B. jararaca, the
lack of antibacterial activity or even weak activity of these molecules may be because
these β-defensins only control the coexistence of animals with these microorganisms and
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the tested snake β-defensin could have other functions in the animal. Many biological
functions are described to antimicrobial peptides such as modulation of inflammatory
responses, wound healing, angiogenesis promotion [56], regeneration of a lizard tail [57,58],
and sperm function in mammals [59], but these biological activities depend on the 3D
structure of the β-defensins [60].

The goal of the design of short peptides based on our β-defensins is to get more
accessible and cheaper manufacturing as the advantages of small molecules [61]. Peptides
P1 to P6 (14 to 7 residues) were tested against bacteria and fungi.

The use of β-defensin fragments caused the decrease of antibacterial activity (see MIC
values in Table 3), which was expected since the isolated fragments did not have the same
behavior as a conformational organized protein structure. However, it also led to positive
results: PS1 showed antibacterial activity against C. freundii and S. aureus differently from
crotamine, as well PS5 that inhibited the growth of K. pneumoniae, unlike defbLm02. The
decreased antibacterial activity presented by smaller analogs in comparison to the original
was also reported to the β-defensin HBD3 [60,62]. A probable cause of the decrease may
be the proteolysis that these peptides may be subject to since they were not structurally
protected [63]. The peptide with the highest performance was PS5, its only difference to
PS3 being an introduction of Trp between basic residues, which may have improved the
charge net facilitating the interaction with the bacterial membrane, as happened with the
decamer derived from HBD28 [64]. Wessolowski et al. [65] observed that introducing Trp
residue in the sequence increases the antibacterial activity, and the cyclization increases the
antibacterial activity and the selectivity of peptides. Interestingly, the substitution of Arg
for Gln (defbBm02 to defbBm03) did not alter the activity against E. coli, M. luteus, and C.
freundii, but it seemed essential to inhibit S. aureus by defbBm02. On the other hand, the
same substitution was critical for PS4 (derived from defbBm03) to inhibit S. marcenses.

It is known that fungi are sensitive to toxins from snake venoms, and LAAO [48],
PLA2 [43], cathelicidins [5,50], and crotamine [18] were already evaluated on C. albicans.
Other sensitive fungi are Aspergillus niculans [5] and Cryptococcus neoformans [18]. In
contrast, C. neoformans was resistant to cathelicidins [51]. Despite the crotamine fragment
(residues 27–39) having inhibited the growth of C. neoformans [18], the substitution of Cys
by Ser in crotamine fragments was deleterious for the antifungal activity [66] in the same
way this substitution also abolished the activity against C. albicans [67]. Unfortunately,
this was true to all the peptides designed in this work showing that this substitution is
deleterious to antifungal activity.

We observed that the C-terminal segment of β-defensins is essential to antimicrobial
activity, as also observed by Mandal et al. [68]. Additional molecular modifications seem to
be necessary to improve the conformational arrangement and to aid the establishment of
the structure–property/activity relationships. Based on that, novel promising peptides can
be designed to have better antibacterial activity (higher potency). However, to improve the
antibacterial activity of derived peptides, it is necessary to protect them from proteolysis
by chemical alteration, C-terminal amidation [64], or cyclizing the peptide by disulfide
bonds [63], as also the inclusion of Trp in the sequence to ameliorate the balance between
hydrophobicity and hydrophilic or to stabilize the peptide structure favoring the membrane
interaction. The substitution of Cys residue by Ala should be also considered, since it
has been reported to increase the antibacterial activity of short peptides, as well as the
substitution of Leu and Ile by Trp [69].

A feature of the β-defensin family is the 3D structure conserved by the disulfide
bridges of the cysteine motif and a significant variation of amino acid sequences [70].
These molecules are good templates for development studies since biological targets have
already been selected by nature [71].Furthermore, its mechanism of action, which causes
the rupture of the bacterial membrane and can bind to different targets as DNA, makes it
difficult for the bacteria to develop resistance [56,70].

In summary, the studied snake β-defensins do not have optimum antimicrobial activ-
ity, but they proved to be attractive as template molecules for the development of antibiotics.
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Our data indicate that the short peptides show specific activity on prokaryote cells but not
on eukaryote cells. Based on that, the snake β-defensins C-terminal portion, if optimized,
could be indeed used as a bioactive agent.

4. Material and Methods

Twelve peptides (GenBank Accession number is shown in Table 5) were synthesized
by Biomatik (Wilmington, NC, USA) and coded as crotasin, DefbBd03, DefbBj01, DefbBju01,
DefbBm02, DefbBm03, DefbBn02, DefbLm01, DefLm02, DefbPm, DefbTs and hBd02. The
amino acid sequences were deduced from genes and are presented in Table 3. The synthetic
peptides were treated with 45 mM DTT by 15 min at 50 ◦C [72] followed by alkylation
using 100 mM IAA (iodoacetamide) 15 min, at room temperature. Alkylated peptides were
purified by high performance liquid chromatography (HPLC) and analyzed by MALDI-
TOF-MS. This step was performed at the Laboratory of Applied Toxinology—Instituto
Butantan with the supervision of Dr. Pedro I. da Silva Jr.

Crotamine was purified from the C. durissus terrificus venom (purchased from CEVAP,
Botucatu, SP, Brazil) and purified as described [73]. Briefly, crotamine was purified from
crude venom by size exclusion on a Sephacryl S200 column (GE Healthcare, Uppsala,
Sweden), followed by cation exchange chromatography on a 1-mL Resource S on FPLC
system (Akta Purifier System, GE Healthcare). The identity and purity of crotamine were
confirmed by MS analysis. The reduction and alkylation were proceed as described above.

Table 5. β-defensins sequences deduced from genes and biochemical characteristics.

Peptide/
Snake

GenBank
Accession
Number

Amino Acid Sequence
Hidrofobicity

Kcal/mol
Net Charge

at pH 7
MW
Da

Crotamine/
C. durissus YKQCHKKGGHCFPKEKICLPPSSDFGKMDCRWRWKCCKKGSG +49.14 +8 4886

Crotasin/
C. durissus AF250212 QPQCRWLDGFCHSSPCPSGTTSIGQQDCLWYESCCIPRYEK +28.91 −1 4708

defbBd03/
B. diporus KC117160 QPECLRQGGMCRPRLCPYVSLGQLDCQNGHVCCRKKPRK +37.08 +5 4456

defbBj/
B. jararaca KC117163 QEECLQQGGFCRLIRCPFGYDSLEQQDCRKGQRCCIRKPRK +45.05 +4 4874

defbBju/
B. jararacussu KC117165 QRRCHQKGGMCLPGPCPPGYDSLGQQDCRRGQKCCIKRFGK +43.85 +7 4591

defbBm02/
B. mattogrossensis KC117167 QRRCRQRRGICRPRPCPPENFSLGRLDCQMGRMCCRRRFGK +39.97 +11 4978

defbBm03/
B. mattogrossensis KC117168 QRRCRQRRGICRPRPCPPENFSLGRLDCQMGQMCCRRRFGK +38.93 +10 4950

defbBn02/
B. neuwiedi KC117169 QPECCQEGGICHSKQCPLGYSSLGRLDCQLGQRCCIRIFGK +33.65 +2 4513

defbLm01/
L. muta KC117171 QEWCRGLGGFCSFYQCRPGHDLGPQDCWPERRCCRWGK +33.69 +2 4515

defbLm02/
L. muta KC117172 QGQCHQQRGRCFLHQCPLSHYFLGRLDCGPGRRCCRRRK +36.90 +8 4655

defbPm/
P. mertensis KX664436 QRICLGGRGFCHSTPCPRSTIDYGKKDCWGSLRCCEPKRPGK +42.13 +6 4695

defbTs/
T. strigatus KX664429 QDLCHNLGGRCFRNRCSWSLRNHGGQDCPWGSVCCKP +31.16 +3 4188

hBD02/
Human AF071216 DPVTCLKSGAICHPVFCPRRYKQIGTCGLPGTKCCKKP +31.07 +6 4104

Brazilian pitvipers Crotalus (C.), Bothrops (B.), Lachesis (L.) and the colubrides Phalotris (P.), and Thamnophis (T.). The
codifying sequences of genes were used to deduce the amino acid sequence and the Signal P software [74] used to
determine the mature β-defensins. The hidrofobicity, net charge, and Molecular Weight were theoretical calculated
using PepDraw software [http://pepdraw.com/ by Thomas C. Freeman, Jr. Accessed on 27 September 2021].
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Crotamine, defbm02, defBm03, and defbLm02 were chosen to design the short pep-
tides due to the best antibacterial activity among the β-defensins tested. Previous studies
have indicated the C-terminal of the human β-defensin HBD3 and crotamine as the manda-
tory region of antimicrobial activity [18,22,60,66,67].

The short peptides, derived from β-defensins (Table 2), were designed applying the
bioisosterism strategy [29]; for instance, the substitution of SH group (Cys) by OH group
(Ser), regarding the C-terminal portion of the β-defensins (crotamine, defbBm02, defbLm02,
defbBm03). Bioisoster groups or substituents share chemical or physical similarities,
producing similar biological properties. It was considered linear peptide constructions
having different sizes (7 to 14 aa) to verify which would be the minor sequence able to
retain the defensins biological activity exploited. The designed peptides were synthesized
by GenOne Biotechnologies. The amino acid sequences are presented in Table 1.

4.1. Molecular Modeling and Molecular Properties Calculation

The coordinates of the polypeptide crotamine from the Brazilian rattlesnake C. duris-
sus terrificus [24] were retrieved from Protein Data Bank (PBD ID 4GV5; resolution at
1.70 Å) [30] and used as starting geometry to extract the fragment Cys30-Gly42 (13 aa),
which were employed to build up the peptides’ 3D molecular models. The Cys residues
were mutated into Ser, generating the peptide PS1. The PS6 peptide was obtained by ex-
tracting Ser37-Gly42 from PS1. PS6 (7 aa) corresponds to the minor sequence designed and
assayed in this study. The other fragments were constructed using the tool build-mutate or
build-grow available in the Discovery Studio Visualizer 4.0 software (Accelrys Software
Inc., 2005–2013). The geometries were optimized, and partial atomic charges were assigned
using the CHARMM force field [63], included in Discovery Studio (Accelrys Software Inc.,
2005–2013).

Furthermore, the electrostatic potential (EP) property was calculated for the PS3 and
PS5 peptides to visualize the changes in electronic density distribution concerning the
amino acid substitution patterns (PS5 has one more residue, Trp, in comparison to PS3).
The charges from electrostatic potential using a grid-based method (CHELPG [64]) were
calculated employing the ab initio method Hartree-Fock/3-21G* basis set (Gaussian 03W
software; Gaussian, Inc., Pittsburgh, PA, USA, 2003). The EP maps were calculated onto
the peptides’ molecular surfaces using GaussView 05 software (Gaussian, Inc., Pittsburg,
PA, USA, 2002–2008). The interpretation of EP maps is based on a color scheme, where
regions having higher electronic density distribution are presented as an intense red color
(negatively charged), whereas regions with lower electronic density distribution are shown
as an intense blue color (positively charged). Since the EP property has been calculated onto
the PS3 and PS5 molecular surfaces, their molecular shapes were also assessed. Moreover,
the molecular volume (intrinsic molecular property) of each peptide considering the van
der Waals radii was also calculated employing Discovery Studio Visualizer 4.0 software
(Accelrys Software Inc., 2005–2013). Of note, the molecular shape and electronic properties
are among the primary molecular properties in the ligand–receptor recognition process.

4.2. Antibacterial Activity

The antibacterial activity of the alkylated peptides was tested against Gram-negative
(G−) bacteria (Klebsiella pneumonia, Serratia marcescens, Morganella morganii, Providencia
rettgeri, Citrobacter freundii, Escherichia coli ATCC 25922 and Gram-positive (G+) bacteria
(Micrococcus luteus A270 and Staphylococcus aureus) using microbroth assay [28]. In a 96-well
plate, 90 μL of 10% tryptone soy broth (TSB) with 4 × 105 colony-forming unit (CFU/mL)
were mixed with serial twofold dilutions of β-defensins duplicate in concentrations from
512 to 1 μg/mL. The derived peptides coded as PS1, PS2, PS3, PS5, and PS6 (Table 1)
were tested against these bacteria in serial twofold dilutions with concentrations bellow
700 μg/mL. After overnight incubation at 37 ◦C, the turbidity of the bacterial culture was
read at 600 nm (Epoch microplate reader, Biotek). The minimal inhibitory concentration
(MIC) of each peptide was determined as the lowest concentration that results in no visible
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bacterial growth. The MIC resulted from three independent experiments. The bacteria K.
pneumonia, S. marcescens, M. morganii, P. rettgeri, C. freundii, M. luteus A270 and S. aureus
were isolated from Bothrops jararaca buccal flora and kindly provided by Dr. Márcia R.
Franzolin (Laboratory of Bacteriology—Instituto Butantan). M. luteus was kindly provided
by Dr. Pedro I. da Silva Jr. (Laboratory of Applied Toxinology—Instituto Butantan).

4.3. Antifungal Activity

The antifungal activity was evaluated by the microdilution assay as previously de-
scribed [31] on clinical strains of Candida albicans (IOC 4525), Cryptococcus neoformans (IOC
4528), Trichophyton rubrum (IOC 4527) and Aspergillus fumigatus (IOC 4526). The fungi
were cultivated in potato dextrose agar at 28 ◦C according to the Clinical and Laboratory
Standards Institute recommendations [75]. Fungal suspensions were prepared in RPMI
1640 culture media; the CFU/mL was adjusted to 0.5–2.5 × 103 for yeasts (C. albicans and
C. neoformans) and 0.4–5 × 104 CFU/mL for filamentous fungi (T. rubrum e A. fumigatus),
by comparison with a standard curve previously stablished in our laboratory.

The peptides PS1, PS2, PS, PS3, PS4, PS5 and PS6 at 1 mM in acetic acid at 0.01%
were diluted in RPMI 1640 culture media at concentrations ranging from 1 to 250 μM.
Amphotericin B (AMB) at concentrations below 15 μg/mL (16 μM) and acetic acid from
0.0002 to 0.0025% was used as control.

The fungi suspensions were added to a 96 well plate (100 μL/well) and the samples
(100 μL) in different concentrations were added to each well. The plate was incubated
at 28 ◦C for 24–72 h, and 24 h before the end of the assay 25 μL of the rezazurin dye at 0.02%
were added to each well. The minimal inhibitory concentration (MIC90) was defined as the
lowest concentration that prevents the rezazurin’s change in color from blue to pink due to
the inhibition of at least 90% of the microorganism’s growth. The assays were performed
in three independent experiments.
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Abstract: Hemostatic disorders are caused either by platelet-related dysfunctions, defective blood
coagulation, or by a combination of both, leading to an increased susceptibility to cardiovascular dis-
eases (CVD) and other related illnesses. The unique specificity of anticoagulants from hematophagous
arthropods, such as ticks, suggests that tick saliva holds great promise for discovering new treat-
ments for these life-threatening diseases. In this study, we combined in silico and in vitro analyses to
characterize the first recombinant serpin, herein called Dromaserpin, from the sialotranscriptome
of the Hyalomma dromedarii tick. Our in silico data described Dromaserpin as a secreted protein
of ~43 kDa with high similarities to previously characterized inhibitory serpins. The recombinant
protein (rDromaserpin) was obtained as a well-structured monomer, which was tested using global
blood coagulation and platelet aggregation assays. With this approach, we confirmed rDromaserpin
anticoagulant activity as it significantly delayed plasma clotting in activated partial thromboplastin
time and thrombin time assays. The profiling of proteolytic activity shows its capacity to inhibit
thrombin in the micromolar range (0.2 to 1 μM) and in the presence of heparin this inhibition was
clearly increased. It was also able to inhibit Kallikrein, FXIa and slightly FXIIa, with no significant
effect on other factors. In addition, the rDromaserpin inhibited thrombin-induced platelet aggre-
gation. Taken together, our data suggest that rDromaserpin deserves to be further investigated as
a potential candidate for developing therapeutic compounds targeting disorders related to blood
clotting and/or platelet aggregation.

Keywords: Hyalomma dromedarii; salivary glands; serpin; anticoagulants; thrombin inhibitor

Key Contribution: rDromaserpin is a new anti-hemostatic serpin from the salivary glands of the
H. dromedarii tick. It was able to inhibit blood coagulation mainly through its action on thrombin, in
addition to modulating thrombin activity on platelet aggregation.

1. Introduction

Despite the emergence of new diseases, cardiovascular diseases (CVD) such as stroke,
heart attack, and deep vein thrombosis remain the leading causes of death worldwide [1],
and are increasing exponentially given today’s modern unhealthy lifestyle [2]. They

Toxins 2021, 13, 913. https://doi.org/10.3390/toxins13120913 https://www.mdpi.com/journal/toxins

35



Toxins 2021, 13, 913

are multifactorial and are caused mainly by hemostasis disorders [3]. In a normal state,
hemostasis serves to maintain the fluidity of blood within the veins and arteries, preventing
excessive blood loss after injury through clot formation [4]. This system involves a set of
well-regulated processes, including blood coagulation, platelet aggregation, and vasocon-
striction, led by a complex series of cascade enzymatic reactions [5]. These reactions involve
several serine proteases controlled by endogenous molecules including serine protease
inhibitors (serpins) [6,7]. Several pathogeneses can ensue when serine protease activity
or serpin-mediated regulation becomes unbalanced or dysfunctional [8]. For instance, a
failure in the regulation of the blood coagulation may cause abnormal bleeding, causing
either hemorrhage or thrombosis [9,10]. Anticoagulants and antiplatelet compounds are
commonly used as antithrombotic drugs for the prevention and treatment of many cardio-
vascular disorders [11]. Apart from the CVD, some cases of severe thrombosis and vascular
disorders have been related to the coronavirus disease 2019 (COVID-19) complications [12].
More recently, anticoagulant therapy has been applied to patients with coagulopathy as-
sociated with severe COVID-19, and the treatment has shown a decrease in the mortality
rate [12]. Today’s treatment options for blood clotting dysfunction include naturally de-
rived compounds [13]. With their high target specificity, they are not expected to have
many side effects [13]. The search for alternative anticoagulants is still ongoing. Currently,
several studies have screened natural resources, aiming to find potential antithrombotic
biomolecules, worthy of competition or improvement to those currently available, with
higher target specificity and/or lower side effects [14].

Serine protease inhibitors, termed serpins, are the most widely represented protein
superfamily of protease inhibitors [15]. Admittedly, serpins have a pleiotropic function,
regulating wide spectrums of proteolytic processes from thrombosis, thrombolysis, in-
flammation, and immune response, to cellular invasion in tissue remodeling, hormone
transport, and even tumor growth and development [16]. Despite their multiple functions,
serpins share a structurally conserved fold, including three β-sheets and seven to nine
α-helices with a reactive center loop (RCL), recognized by target enzymes [17]. The RCL
is a solvent-exposed adjustable stretch of 21–22 amino acid residues in length, which acts
as a target for individual proteases [17]. Structural dynamic studies of serpins have un-
veiled the distinct conformational states adopted by the RCL, including the native intact
RCL [18], the cleaved inactive form [19], the partially inserted RCL forms [20], and the
latent form [21]. These studies have proved that the RCL must change its configuration to
bind successfully to target proteases. While most serpins inhibit serine proteases, some of
them inhibit cysteine proteases as well [17]. They function in a suicide inhibitory mecha-
nism in which, once the serpin binds to the target protease, both molecules are permanently
inactivated [15]. Through this inhibition, serpins toggle between normal physiology and
pathology, guaranteeing normal biological function or leading to diseases, respectively [22].
Indeed, serpinopathies, where genetic mutations lead to inactive or aberrant serpins, and
other disorders where serpin levels become unbalanced, cause thrombotic or thrombolytic
cascades, triggering excess clotting or bleeding, respectively [23]. Restoring overall stability
can be managed through the application of serpin protein treatments as therapeutics [24].
Given their central involvement, both in normal physiology and in pathological condi-
tions, studies are increasing to better understand the roles of serpins in some physiological
processes and to develop new therapeutic approaches.

Hematophagous animals, such as leeches, mosquitoes, and ticks employ serpins as
a weapon to counter the host defense system and guarantee a successful blood meal [25].
These species represent an attractive natural source for the development of novel anti-
hemostatic serpins. Particularly, proteins from tick salivary glands have been proven to
target several blood coagulation components [26]. Several tick serpins have been described
in numerous sequencing projects [27]; however, roughly a dozen of them are functionally
described [28]. More specifically, to our knowledge, there is no previous characterization
of serpins from the sialotranscriptome of H. dromedarii.
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In the present study, we combined bioinformatics analyses and experimental as-
says to characterize a new serpin, named Dromaserpin, from the sialotranscriptome of
H. dromedarii. Its recombinant form (rDromaserpin) was obtained by expression in Es-
cherichia coli, was characterized using biochemical and biophysical tools, and tested in
various in vitro assays. Its anticoagulant effect was demonstrated by its ability to sig-
nificantly prolong the intrinsic coagulation pathway, acting primarily on thrombin and
Kallikrein, two trypsin-like serine proteases central in the processes of hemostasis and
thrombosis. Its antiplatelet activity was proven by inhibiting platelet aggregation induced
by thrombin. Overall, our results suggest that rDromaserpin is a novel protease inhibitor
that deserves further in-depth investigation, primarily its molecular and kinetic mecha-
nism. Further in vivo studies could be the object of future studies initiating a path for the
development of a new potential antithrombotic drug.

2. Results

2.1. Bioinformatic and Phylogenetic Analysis on Dromaserpin Sequence

The composite full-length Dromaserpin cDNA sequence was 1371 nucleotides long
with a single open reading frame (ORF) of 1209 bases. The 5′ non-coding region was 27 bp,
and the 3′ non-coding region was 135 bp (data not shown). The ORF coded for a protein
with 403 amino acid residues, including a 21 residues signal peptide, which suggests the
protein is secreted and acts extracellularly (Figure 1).

Figure 1. Analysis of the predicted amino acid sequence of Dromaserpin. The predicted signal
peptide is underlined. N-glycosylation and O-glycosylation sites are identified by hashtag and
asterisk, respectively. Conserved s3a domain is boxed and conserved reactive center loop (RCL)
domain is indicated between square brackets. A poly-histidine tag and two residues, indicated
in bold, were added to the C-terminal of the sequence. Numbers indicate amino acid residue
positions in the sequence. The rDromaserpin sequence extends from residue 22 to residue 409. In the
rDromaserpin, the signal peptide was removed and changed by a methionine.

The predicted rDromaserpin has 391 amino acid residues, including the histidine tag
sequence, with a theoretical molecular weight of 43,159.27 Da. The predicted protein has
a single potential N-glycosylation site at the position N109, and five O-glycosylation sites
at the positions T205, S314, S360, S363 and S366 (Figure 1). The predicted protein presents
the serine protease inhibitor-associated domains s3a and RCL (Figure 1) and, indeed, its
membership in the serpin superfamily was confirmed by SMART software (Figure 1).
Since the RCL consensus critical residues for serpin inhibitory activity were previously
described [29], we aligned the predicted RCL of the newly identified serpin with the
corresponding amino acid sequence of inhibitory and non-inhibitory serpins (Figure 2).
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Figure 2. Comparison between RCL sequence in Dromaserpin and inhibitory and non-inhibitory
serpins. RCL amino acid sequences alignment between α-Antitrypsin (Uniprot: P01009) and
Antithrombin-III (P01008) from human, Ovalbumin from chicken (Uniprot: P01012), and Dromaser-
pin was obtained using ClustalW. The consensus critical residues for inhibitory activity have been
described elsewhere [29]. P notation was applied according to a pervious study [30].

The RCL sequence extends from P17 to P4′. P′ residues are numbered from the
cleavage site to the C-terminus. P residues are numbered from the cleavage site to the
N-terminus. Dromaserpin’s RCL was similar to both inhibitory serpins α-1 Antitrypsin
and Antithrombin-III, unlike the non-inhibitory serpin ovalbumin (Figure 2). Particularly,
the consensus restudies described as crucial for the inhibitory activity were present in
Dromaserpin among these: Glu347, Gly348, Thr349, Ala351, and were perfectly conserved,
except Val354. Comparison of the aligned RCLs in Figure 2 hypothesizes that Dromaserpin
may be an inhibitory serpin.

As proteins sharing sequence similarities are quite likely to have similar or close activ-
ity [31], we aligned the Dromaserpin amino acid sequence with 25 tick serpins (Table S1).
These serpins have >30% homology with the Dromaserpin and most have been experi-
mentally proven to act as anti-hemostatic proteins [32]. Sequence comparison showed
that amino acid patterns related to the inhibitory propriety (mainly the RCL domain and
s3a domain) were present in Dromaserpin and were conserved among all the compared
tick serpins (Figure 3b). In the evolutionary analyses, the resulting phylogenetic tree re-
vealed two separate groups of serpins (Figure 3a). Dromaserpin was clustered together
with the larger one, composed of 18 serpins (Figure 3a). Dromaserpin was closer to the
serpins of genus Rhipicephalus. Indeed, the BLASTP search identified two tick serpins, from
Rhipicephalus genus, whose sequences were very similar to the Dromaserpin sequence.

Dromaserpin shares the highest sequence identity 83.33% (99% coverage) with RHS-1
(accession: AFX65224.1), an anticoagulant serpin from Rh. haemaphysaloides presenting
anti-chymotrypsin activity [32]. Dromaserpin presents 81.94% identity (97% coverage)
with RmS5 (accession: AHC98656.1), from Rh. microplus, which has not been functionally
characterized [34]. In the tree, Dromaserpin formed a small branch with RHS-1 and RmS5,
both presenting a basic amino acid (lysine) in the position P1, similar to Dromaserpin
(Figure 3a). The aligned RCLs of the serpins used in the phylogenetic analysis are described
in (Figure 3b). The serpins grouped in the same cluster had highly conserved RCLs
compared to other tick serpins, which showed fewer similarities.
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Figure 3. Molecular phylogenetic analysis of 25 tick serpins and Dromaserpin. (a) The evolutionary phylogenetic tree of
Dromaserpin and the chosen tick serpins. Antithrombin III was utilized as an outgroup. The tree with the highest log
likelihood (−12,179.3074) is shown, drawn to scale, with branch lengths measured in the number of substitutions per site
(next to the branches). Evolutionary analyses were conducted in MEGA7 [33]. (b) Alignment of the RCL regions of the
selected serpins was carried out using MEGA7.

2.2. Expression and Purification of the Recombinant Dromaserpin (rDromaserpin)

rDromaserpin has 391 amino acid residues, including the histidine tag sequence, a
predicted molecular weight of 43,159.27 Da, and a predicted isoelectric point (pI) of 8.03.
These features dictated the purification strategy adopted. rDromaserpin was success-
fully expressed using the E. coli BL21 (DE3) system in the optimal expression condition
(1 mM IPTG, 30 ◦C, 3 h incubation). It was obtained in both soluble and insoluble forms
(Figure 4a).

Although rDromaserpin mostly aggregates as inclusion bodies, it was possible to
use the soluble fraction for the purification procedure and still obtain an acceptable yield
(1.73 mg/L). As expected, purified rDromaserpin migrates at an apparent molecular weight
of ~43 kDa on 12.5% SDS-PAGE (Figure 4b). After the purification steps, rDromaserpin was
obtained with a high level of purity, observed after Coomassie Blue staining. The purified
protein was used for subsequent experiments.
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Figure 4. Expression and purification of rDromaserpin. cDNA coding for rDromaserpin was cloned
into pET28a expression vector and the recombinant protein was expressed in E. coli BL21 (DE3) in
2YT medium. Whole cell lysates of non-induced or induced (IPTG 1 mM, 3 h, 30 ◦C) cultures were
analyzed by SDS-PAGE (12.5%). (a) Both soluble and insoluble fractions were analyzed. Lanes M,
−IN, +IN, IS, and S represent protein marker, not induced, induced, insoluble and soluble fractions,
respectively; (b) SDS-PAGE of fractions from three chromatography steps. Lanes M, TP, and SP
represent protein marker, total protein and soluble protein respectively. Lanes P1, P2, and P3
represent eluted purified proteins pooled from IMAC chromatography, Q sepharose ion-exchange
chromatography, and size exclusion chromatography, respectively.

2.3. Structural Characterization of the rDromaserpin
2.3.1. Analysis of the Secondary Structure of rDromaserpin

The purified rDromaserpin was obtained as a monomer, according to an analytical gel
filtration analysis (Figure 5). According to the calibration curve obtained with standards,
(Figure 5), the calculated molecular weight of rDromaserpin was 37.025 kDa.

Figure 5. Separation of rDromaserpin and five standard proteins by size exclusion chromatography. Loading of the
100 μL of rDromaserpin (labeled in red) or the following standards (labeled in black): Conalbumin (75 kDa), Ovalbumin
(44 kDa), Carbonic anhydrase (29 kDa), Ribonuclease A (13.7 kDa), Aprotinin (6.5 kDa), as well as blue dextran (for the void
volume V0). A calibration curve was obtained with standards to calculate the molecular weight of rDromaserpin using the
equation (log (MW) = −0.1615 Ve + 3.4268).
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Its secondary structure content was investigated by carrying out circular dichroism
(CD) analyses in the Far-UV region, which makes possible estimations of the protein’s
α-helical, β-sheet and random coil content (Figure 6).

Figure 6. Far-UV CD spectra obtained for rDromaserpin. The ellipticity was expressed as the
mean-residue molar ellipticity (θ) in degree cm2 dmol−1.

The Far-UV CD spectrum presented characteristics of a structured protein, and showed
one positive peak at 194 nm and two minimums at 211 nm and 220 nm (Figure 6), a pattern
related to an α/β rich protein [35]. The deconvolution of the CD spectrum, using the BestSel
program, indicates the secondary structure content of rDromaserpin as approximately 54%
α-helices, 21% β-strands and 25% random coils (Figure S1).

2.3.2. Comparative Modeling

The predicted amino acid sequence of Dromaserpin was used to search for homolo-
gous proteins, with experimentally-solved 3D structures to serve as templates for structure
homology modeling, using the Swiss-Model workspace. Conserpin, which shares 40.62%
identity (92% coverage) with Dromaserpin, was the protein selected as a template, and had
its 3D structure solved in both RCL open/uncleaved (PDB code: 5cdx) and closed/cleaved
(PDB code: 5cdz) conformations. Two three-dimensional model structures of Dromaserpin
were thus constructed using each of the conserpin conformations as templates (Figure 7).

Figure 7. Cartoon representations of the three-dimensional models of Dromaserpin. (a) A cartoon
representation of Dromaserpin 3D model 1 with an exposed RCL, based on the structure of Conserpin
(PDB: 5cdx). (b) A cartoon representation of the Dromaserpin 3D model 2 with an inserted RCL,
based on the structure of Conserpin (PDB: 5cdz). The RCL (in yellow) is inserted in the 5-sheet
β-strand (in red). Loops are colored grey.
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According to the obtained models, the overall structure of Dromaserpin adopts a
typical serpin fold composed of eight α-helices (Figure S2a) and three large β-sheets (A,
B, and C) (Figure S2b). An uncleaved RCL model, based on the structure of Conserpin
(5cdx), shows an intact RCL (Figure 7a) (yellow). As observed in other serpins [36], RCL
in this configuration is located as a flexible loop outside the Dromaserpin structure core
and can act as bait for target proteases. Additionally, a second model was built based on
the structure of Conserpin in the latent state (PDB code: 5cdz) (Figure 7b). In this model,
the RCL is cleaved and inserted into the central β-sheet A (Figure 7b) (S1, S2, S3, S5, and
S6 indicated in red) as a strand, S4 (indicated in yellow on Figure 7b). Thus, according to
Ramachandran plot, 97.6% (5cdz) (Figure S3) and 98.5% (5cdx) (Figure S4) of the residues
from Dromaserpin 3D models are in favored and/or allowed regions. Neither model had
residues located in the disallowed regions of the Φ, Ψ angle pairs of the Ramachandran plot,
indicating correct stereochemistry. The percentage of secondary elements in Dromaserpin
models was predicted by STRIDE, and was compared to those obtained experimentally by
analyzing CD spectra, using the BestSel tool (Table 1).

Table 1. Comparison of the secondary structure content obtained theoretically (exposed RCL and
inserted RCL) and experimentally (CD data).

Elements from the Models Elements from CD
DataExposed RCL Inserted RCL

Total aligned residues (100%) 372 372 391
Helix (%) 29.83 30.11 54.20

Strand (%) 30.65 33.60 21.40
Other (Coil, bridge, Turn) (%) 39.52 36.29 24.40

2.4. Functional Characterization of the rDromaserpin
2.4.1. Global Blood Coagulation Assays

The effect of rDromaserpin was investigated on blood clotting using assays that inde-
pendently target the extrinsic, intrinsic and common coagulation pathways. Prothrombin
Time (PT) assay, designed to monitor the extrinsic coagulation [37], detected no significant
effect upon the addition of 1 μM of rDromaserpin, and only a very slight increase of clotting
time with 5 μM of rDromaserpin (2 s) in the tested conditions (data not shown). Thus,
the protein, under these conditions, has minimal or no effect on the extrinsic coagulation
pathway. As well, the Thrombin Time (TT) assay conducted on PPP (Platelet-poor plasma)
did not show any significant differences under these conditions (data not shown). However,
when tested with prothrombin deficient plasma (FII-DP), 5 μM of rDromaserpin signifi-
cantly increased TT by ~10.97 s, when 2 mU of FIIa was added without pre-incubation
(Figure 8a). Similarly, clotting time was increased by ~9.83 s, when rDromaserpin was
pre-incubated with FII-DP for 1 h (Figure 8a). The plasma became incoagulable when
rDromaserpin was pre-complexed with thrombin, preventing thrombin from converting
the fibrinogen to fibrin (Figure 8a).

On the other hand, by using the activated partial thromboplastin time (APTT) assay, a
statistically significant delay was shown in blood clot formation when plasma was treated
during 20 min with 0.5, 1 or 5 μM rDromaserpin, prolonging the intrinsic coagulation
time by 7.4 s, 13.06 s and 42.56 s, respectively (Figure 8b). Our results therefore suggest
that rDromaserpin is probably able to inhibit serine protease(s) involved in the intrinsic
pathway of blood coagulation.
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Figure 8. Effect of rDromaserpin on the intrinsic pathway of blood coagulation. (a) In vitro TT assay performed on FII-DP
in the presence of 5 μM rDromaserpin and 2 mU FIIa. The assay was tested without pre-incubation or by pre-incubating
samples in brackets for 1 h at room temperature. (b) In vitro APTT evaluation in isolated human plasma incubated for
20 min with 0.2, 0.5, 1, or 5 μM rDromaserpin. (-) refers to plasma used as control in the experiments containing the same
volume of buffer. The results correspond to the mean ± SEM values acquired in three independent experiments; the asterisk
indicates a significant difference between groups; * (p < 0.05) ** (p < 0.005) **** (p < 0.0005).

2.4.2. Protease Inhibition Profiling of rDromaserpin

As evidenced by its capacity to prolong the clotting time of human plasma, the ability
of purified rDromaserpin to inhibit different serine proteases derived from human blood
(FIIa, Kallikrein, FIXa, FXIa, FXIIa and FXa) involved in coagulation pathways was tested
(Figure 9).

Figure 9. Inhibition of serine proteases by rDromaserpin. The ability of rDromaserpin (1 μM and
5 μM) to inhibit the activity of FIIa (2U), Kallikrein (10 nM), FXIa (3.7 nM), FXIIa (15 nM), FXa (10 nM),
and FIXa (306 nM), using correspondent synthetic substrates (0.2 μM) was evaluated at 37 ◦C for
15 min. The results are acquired in three independent experiments. Proteases labelled with an asterisk
were inhibited with statistical significance (p < 0.05).

Residual proteolytic activity of the tested proteases was measured using the appro-
priate synthetic chromogenic substrates (see materials and methods section). Statistically
significant reductions in enzymatic activity among the tested proteases were observed
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only for thrombin (FIIa), Kallikrein, and FXIa. At concentrations of 1 μM and 5 μM,
rDromaserpin significantly decreased thrombin catalytic activity by 87% (p < 0.001) and
89% (p < 0.001), respectively. At the concentration of 5 μM, rDromaserpin significantly
decreased Kallikrein catalytic activity by ~76% (p < 0.001), while 1 μM slightly inhibited
the enzyme by ~30% (p < 0.01). Five μM of rDromaserpin inhibited FXIa (~48%, p < 0.01)
and slightly FXIIa (~29%, p = 0.014). However, 1 μM of the inhibitor was unable to affect
the activity of both factors. As opposed to FXa and FIXa which showed no significant
activity in presence of rDromaserpin up to 5 μM. These data suggest that rDromaserpin is
a functional thrombin inhibitor, able to target Kallikrein and FXIa, and it might play multi-
ple roles in the tick-host interface. We further recorded thrombin activity using different
concentrations of the inhibitor (ranging from 0.02 to 1 μM) (Figure 10a).

Figure 10. The effect of rDromaserpin on thrombin. (a) Residual activity of thrombin in the presence
of increasing concentrations of rDromaserpin. Error bars represents the mean ± S.E.M values
registered in three independent experiments. An estimate is given of the half maximal inhibitory
concentration (IC50 = 0.16 μM). (b) A covalent complex was formed between rDromaserpin and
thrombin. Lanes 1 and 2 represent rDromaserpin and thrombin, respectively. The major band in
lane 2 corresponds to BSA (Bovine Serum Albumin) present in thrombin buffer. Lane 3 corresponds
to rDromaserpin and thrombin loaded after 1 h incubation. Lane M represents the protein marker
(Precision Plus Protein™ Dual Color Standars, BioRad). The covalent complex between rDromaserpin
and thrombin is indicated with red arrow. Proteins were resolved on 5–10% SDS-PAGE and visualized
by Coomasie Blue staining.

We observed a decrease in thrombin residual activity as the amount of rDromaserpin
increased, inferring a dose-dependent inhibition (Figure 10a). At concentrations less
than 0.1 μM, rDromaserpin did not affect thrombin (FIIa) activity. Indeed, it was able to
significantly inhibit thrombin with an IC50 = 0.16 μM.

For a better understanding of its mechanism of action, we investigated the possibility
of forming a covalent inhibitor-enzyme complex. With thrombin (36 kDa), rDromaserpin
forms an SDS- and heat-resistant complex which migrates above 50 kDa (Figure 10b),
proving a mechanism of suicide inhibition.

2.4.3. Effect of Heparin on the Rate of Thrombin Inhibition by rDromaserpin

Glycosaminoglycans are known to improve the inhibitory activity of plasma ser-
pins [38]. We therefore investigated whether heparin, a common serpin activator, is able
to enhance rDromaserpin activity toward thrombin. To locate the heparin binding site
in the Dromaserpin model in its predicted active state (exposed RCL) (Figure 11a), we
examined possible basic residues in revealed binding sites of other heparin-binding ser-
pins. Our in silico analysis showed a single extended basic patch located on the top of
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the β-sheet A, near β-sheet C, and surrounding the RCL region in the active model of
Dromaserpin (Figure 11a). Under the tested conditions, rDromaserpin did not bind to
the heparin-sepharose resin (Figure 11c). In contrast, when it was pre-complexed with
thrombin, the covalent complex was able to bind to the resin, indicating ternary complex
formation (Figure 11c).

Figure 11. Effect of heparin on thrombin inhibition by rDromaserpin. (a) Electrostatic surface of Dromaserpin in the
exposed RCL model. Colors relate to the electrostatic surface potential (blue is positive, and red is negative, −2 to 2 kBT)
calculated by APBS (37). The surface charge distribution reveals a prominent basic patch located on top of the β-sheet
A and in RCL region. Side chains of basic residues located and surrounding the basic path (Arg196–197, Arg189, Arg328,
Arg335 and Lys169) are labeled in green and shown as sticks. (b) Thrombin residual activity was assessed in the presence
of 0.2 μM Dromaserpin and an increased concentration of heparin in μM range. Bar error represents the mean ± S.E.M
values registered in three independent experiments. (c) Binding of rDromaserpin-thrombin complex to heparin. IN, input.
E, eluted. Proteins eluted with 1 M NaCl are indicated by the red arrows. Antithrombin III was used as control, known to
bind to heparin-sepharose resin.

Experimentally, rDromaserpin induces accelerated thrombin inhibition in the presence
of heparin, as evidenced by a U-shaped dose-response curve (Figure 11b). In the absence of
heparin, thrombin was inhibited by 0.2 μM of rDromaserpin, showing a residual activity of
48.11% (Figure 11b). Using a range of heparin, the rate of inhibition appears to increase by
around 25-fold in an optimal heparin concentration of 2.4 μM, reaching 12.5% of residual
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activity (Figure 11b). However, heparin-mediated acceleration of thrombin inhibition by
rDromaserpin was progressively reduced upon a concentration of 5.6 μM (Figure 11b).

2.4.4. Dromaserpin Inhibits the Function of Thrombin in Activating Platelet Aggregation

Platelet aggregation is one of the host’s first lines of anti-tick defense [5]. Knowing that
ticks use serpins to hijack host hemostasis [39], and after discovering that rDromaserpin is
an efficient inhibitor of thrombin in its action on blood clotting, it was necessary to verify
whether it would also be able to inhibit platelet aggregation when thrombin is the agonist.
Washed platelets were used in platelet aggregation assays in the presence of 1 μg/mL of
thrombin as an agonist, and pre-incubated with 10 μM of rDromaserpin (Figure 12). Our
results showed that rDromaserpin was able to inhibit the platelet aggregation function of
thrombin by reducing platelet aggregation by 88.16% (±2.84%), compared to the control
(Figure 12).

Figure 12. Effect of rDromaserpin on thrombin-induced platelet aggregation. The platelet aggregation
assay was performed using washed platelet approach described in Material and Methods section.
The trace below (labeled “control”) corresponds to platelet activated by thrombin in the presence
of rDromaserpin buffer. The traces above (labeled “+ rDromaserpin”) correspond to triplicates of
10 μM rDromaserpin pre-incubated with thrombin prior to platelet activation. Data are presented as
mean ± S.E.M. of triplicate platelet aggregation assays.

3. Discussion

Tick serpins attract considerable attention in the field of drug discovery and develop-
ment because of their anti-hemostatic and immunomodulatory properties [27]. The current
study was prompted by our previous investigations describing the sialome of H. dromedarii
tick, highlighting a variety of putative proteins, including serpins, with potentially ther-
apeutic features [40,41]. Our strategy was to combine computational and experimental
analysis to characterize a new serpin that could target and modulate the hemostasis system.

Our bioinformatics analysis described Dromaserpin as a serpin of ~43 kDa and
403 amino acids long with a signal peptide, suggesting its secretion and extracellular
activity in H. dromedarii. The inhibitory activity of serpins is mainly executed by its RCL
domain [36]. Noting that the RCL is not the only region to predict inhibitory serpins,
other consensus sequences that are well preserved during the evolution have been studied
elsewhere [29]. Here, we focus on the RCL region as it is directly involved in the serpin’s
inhibition mechanism. The RCL sequence in Dromaserpin is located near its C-terminus. It
is composed of 21 amino acids, as are most serpins [15]. It is noteworthy that some serpins
do not have classical inhibitory activity [15]. These non-inhibitory serpins contain the RCL
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domain, but there is no evidence that it is involved in their physiological activity. For
instance, they may serve in hormone transport [42] and corticosteroid-binding globulin
production [43]. Given this information, we found it important to compare RCL sequences
in Dromaserpin, inhibitory and non-inhibitory serpins. The RCL of Dromaserpin shares
the highest homology with inhibitory serpins α-1 Antitrypsin and Antithrombin-III. These
in silico predictions lead us to believe that Dromaserpin might act as an inhibitory serpin,
which we subsequently proved with functional assays. While revealing the first high-
resolution structure of the serpin α-1 Antitrypsin, Engh et al. unveiled striking evidence
about residues in RCL that are proposed to interact with target proteases [19]. Interestingly,
Dromaserpin preserves residues essential for inhibitory activity (Figure 2). Moreover, the
RCL sequence includes a cleavable reactive center, defined as the P1-P1′ bond, in which the
protease cleaves and forms a covalent complex with the serpin [15]. Lys-Ser is the scissile
P1-P1′sequence in Dromaserpin. Where the serpin’s target protease may not be accurately
predicted based on their P1 amino acid residue [8], several previous studies have provided
relevant information about the nature of P1 residue in relation to targeted protease [44,45].
Most related investigations report that serpins with inhibitory functions against trypsin or
thrombin have polar basic (Arg and Lys) residues at the P1 site, whereas those with aro-
matic (Phe, Tyr and Trp) residues at the P1 site are more likely to inhibit chymotrypsin [8].
Dromaserpin has a lysine residue at the P1 site, identical to RHS-1 and RmS5, the closest ser-
pins in the evolutionary tree, which inhibit chymotrypsin, thrombin and FXa [32]. Similar
observations were reported for AAS19, which has Arg at the P1 site, and targets numerous
protease including FXa, FXIIa, thrombin, tryptase, and chymotrypsin [46]. HLserpin-A has
also a basic (Arg) in that position; however, it is reported to inhibit the serine proteases
cathepsin G, and FXa, and the cystein proteases papain and Cathepsin B, with no effect
on thrombin [47]. Experimentally, we proved that rDromaserpin can inhibit thrombin,
Kallikrein and, slightly, FXIIa and FXIa, but neither FXa nor FIXa. Overall, we consider
that in silico analyses are not sufficient to predict Dromaserpin targets. Apart from the
P1-P1′ sequence, dynamic studies on serpins demonstrate that the RCL domain changes its
state in order to bind to target proteases [48,49]. Using comparative modeling, we showed
Dromaserpin in two conformations: an exposed RCL and an inserted RCL in the β sheet
A. Both conformations have been described for other tick serpins in previous structural
analyses [50,51]. In these analyses, they assume the use of a suicide inhibition mechanism
to inhibit proteases. Experimentally, rDromaserpin forms an SDS and heat-stable complex,
with thrombin proving a suicide inhibition mechanism. Apparently, thrombin cleaves the
RCL of rDromaserpin in its P1 amino acid residue, forming the obtained covalent complex
in the SDS-PAGE gel (Figure 11c). Through this inhibition mechanism Dromaserpin binds
to thrombin, and both molecules are permanently inactivated.

To gain functional insight on this new serpin, a recombinant form (rDromaserpin)
was overexpressed using an E. coli expression system, to prove its potential inhibitory
activity in vitro. The feasibility of serpin interaction with targeted proteases depends on
their 3D structure and conformation in the solution [16]. A serpin’s inhibition mechanism
is defined by their ability to switch between distinct structural configurations and interplay
between kinetic stability and thermodynamic instability [8]. As described above, we
investigated, computationally, the conformational stability of Dromaserpin by predicting
its tertiary structure. Here we consider that active rDromaserpin adopts the conformation
of the model where the RCL is exposed to the solvent, ready to interact with the target
protease. We have deduced from this model 29.83% α-helices, 30.65% β-strands and 39.52%
random coils. CD spectroscopy was used for secondary structural content analysis of the
predicted models and to determine the rDromaserpin conformation. According to CD data,
the active rDromaserpin is well folded; however, the experimental secondary structural
content findings differed slightly to that from the theoretical prediction. This discrepancy
between the CD results and the model might be explained by the fact that the model was
built based on only 372 residues, while CD measures consider the entire protein sequence
(391 residues). In fact, 4.9% of the recombinant protein (19 residues: 9 C-terminal and
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10 N-terminal) analyzed by CD, were not aligned during the modeling. Moreover, 3.8% of
the model sequence (two inserts of 14 residues) were not modeled by Swiss-MODEL and
were assigned as random coils by the software. These two percentages account for 8.7% of
the residues randomly indicated as coil whereas they may be α helices. This assumption
may explain the observed difference in our results.

Serpins generally function as serine proteinase inhibitors, hence their name. In mam-
mals, serpins participate in the regulation of many complex proteolytic pathways [36].
Arthropod serpins are characterized by their hemostatic and anti-inflammatory effects in
mammalian blood [52]. Accordingly, we investigated the implication of rDromaserpin in
hemostasis. We first tested the effect of rDromaserpin on blood coagulation pathways.
Initially, blood clotting was described as two converging enzymatic cascades, the extrinsic
and the intrinsic coagulation pathways, stimulated either by exposure of blood to a dam-
aged vessel surface or by blood-borne components of the vascular system, respectively [5].
Over the last century, major advances have been made in the field of hemostasis, promot-
ing cell-based models of coagulation and explaining the hemostatic process as it occurs
in vivo [53]. However, the cascade model has helped improve the understanding of coagu-
lation in plasma-based in vitro assays and has allowed for clinically useful interpretations
of laboratory tests for plasma coagulation anomalies [53]. We described our in vitro results
using the cascade model to explain the involvement of rDromaserpin in blood clotting
(Figure 13).

Figure 13. Schematic representation of rDromaserpin effect on hemostasis in the host interface.

Here, we showed that rDromaserpin significantly prolonged the intrinsic pathway by
7.4 s, 13.06 s, and 42.56 s upon adding 0.5, 1, or 5 μM of inhibitor, respectively. In contrast,
under the same condition, these amounts do not affect the extrinsic coagulation pathway
(data not shown). In TT assay, the rDromaserpin prolonged the common coagulation
pathway and significantly increased clotting time by ~10.97 s. It also increased clotting time
by 9.83 s when pre-incubated with prothrombin deficient plasma. In contrast, the plasma
became incoagulable when rDromaserpin was pre-incubated with thrombin. During the
incubation time, the covalent complex formed and rDromaserpin prevented thrombin
from converting fibrinogen to fibrin. We suggest, therefore, that rDromaserpin is likely
to inhibit serine protease(s) involved in the intrinsic and the common pathway of blood
coagulation. The anti-coagulation property of the camel tick salivary glands is already well
documented [54]. Indeed, in an earlier investigation, five anticoagulants prolonging APTT
were resolved from the salivary gland crude extract of H. dromedarii with no effect on PT [54].
However, the molecular identity of the main anti-coagulant molecules in H. dromedarii
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saliva is not fully known. Given its potential anticoagulant activity, we found it imperative
to identify the rDromaserpin target(s) among certain factors involved in the intrinsic path-
way of blood clotting. Interestingly, in vitro profiling of rDromaserpin’s proteolytic activity
shows its capacity to inhibit thrombin and Kallikrein, to slightly affect FXIa and FXIIa
activity without any relevant effect on FIXa or FXa. The intrinsic pathway is triggered by
the activation of FXII when blood comes in contact with a negatively charged surface [6].
FXIIa (activated FXII) promotes its own activation in turn by stimulating Kallikrein forma-
tion and activating the upstream factor, FXIa [6]. Under the tested conditions, the effect of
rDromaserpin on Kallikrein, FXIa, and FXIIa activity does not appear to be physiologically
relevant. To verify its effectiveness in vivo, further experiments should be conducted under
various conditions. Once these serine proteases (Kallikrein, FXIIa, and FXIa) are shown to
be inhibited in vivo, coagulation time is prolonged, which might assist H. dromedarii in the
initial stages of the feeding process. By targeting plasma Kallikrein, Dromaserpin could
also help the tick avoid the formation of edema by inhibiting local bradykinin releases [55].
Nevertheless, it appears that Dromaserpin has a better efficacy on the common pathway
of blood clotting, as it inhibits thrombin significantly. Indeed, among the serine pro-
teases tested in this study, the strongest inhibition was observed with thrombin where the
IC50 = 0.16 μM. In hemostasis, thrombin plays a key role in blood clotting, involved in
the last steps of the common pathway, and in activating platelet aggregation. Indeed,
due to its inhibitory activity on thrombin, we investigated whether rDromaserpin would
affect platelet aggregation in addition to plasma clotting. Platelet aggregation is a complex
process stimulated by several agonists including thrombin, cathepsin G, collagen and
ADP [56]. Previous studies considered thrombin to be the most efficient platelet aggre-
gation agonist [57,58]. In the present study, we showed that rDromaserpin significantly
reduced platelet aggregation induced by thrombin.

Overall, these results suggest that Dromaserpin may play a crucial role during the
tick fixation on the camel. Camels have a particularly active hemostatic mechanism with
a short bleeding time and thrombocytosis [59]. They are known for their high level of
FVIII in plasma (eight times more than humans), which is a very resistant factor to high
temperatures [60]. This promotes hypercoagulability, where the intrinsic pathway is
directly involved in high rates of thrombin generation. In this work, we present a tick
molecule whose direct host is the camel. The camel’s parasites are likely to have powerful
compounds in their saliva, such as Dromaserpin, that can keep its blood incoagulable to
ensure successful feeding.

The exact mechanism of thrombin inhibition by Dromaserpin remains unclear. Never-
theless, Dromaserpin seems to damage their target protease after forming a stable complex,
as proven with the rDromaserpin-thrombin covalent complex (Figure 11c). Usually, the
visible consequence of this interaction is a dose-dependent reduction of the enzymatic
activity of candidate proteases [61]. As a suicide inhibitor, rDromaserpin reduced residual
enzyme activity of thrombin in a dose-dependent manner. On the other hand, serpin
activity can be enhanced by cofactors, mainly glycosaminoglycans [38]. For several serpins,
heparin interacts and modulates their activity by increasing the level of inhibition toward
the targeted proteases [62]. Accordingly, we found it necessary to study whether heparin
modulates the activity of Dromaserpin towards thrombin. Structurally, these interactions
are mediated by defined and specific amino acid residues present in most heparin-binding
proteins (BPH) [63]. In our in silico analysis, the Dromaserpin active model (exposed
RCL) reveals an important basic patch located on top of the β-sheet A, near β-sheet C,
and surrounding the RCL region. Indeed, electrostatic interactions play a major role in
the binding process of heparin to serpins [63]. Molecular docking and computational
approaches have revealed the usual consensus sequences, rich of basic residues, suitable to
bind heparin [64–66]. As heparin is highly anionic, the basic amino acids, such as Arg196-197,
Arg189, Arg328, Arg335 and Lys169 (respecting the numbering in the model), in the region of
the basic patch in Dromaserpin could be included in the heparin-binding site. It important
to emphasize that these data are not sufficient to confirm the exact heparin-binding site
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in Dromaserpin, but the presence of this basic patch might support our hypotheses. Our
preliminary investigations have shown that rDromaserpin alone is not able to bind heparin
under the conditions tested. However, when complexed with thrombin, heparin-sepharose
resin could capture the complex, proving the possibility of forming a ternary complex.
The structural aspect of this interaction between rDromaserpin, thrombin, and heparin is
under investigation.

The in vitro effect of heparin on thrombin inhibition by rDromaserpin was demon-
strated by the increased inhibition rate in a certain range of heparin concentrations. Two
mechanisms have been suggested to explain how heparin enhances protease activity and
whether or not it binds to serpin only [38]. When only serpin binds to heparin, a saturation
effect is usually observed with a range of heparin concentrations [38]. In contrast to our
case, at high heparin concentrations, the curve obtained (Figure 11b) is probably consistent
with the formation of a ternary complex (Figure 13). Heparin enhances several plasma
serpins by using this template mechanism, such as SCCA1 [38], nexin-1 [67], and An-
tithrombin III [68]. By binding to antithrombin III, heparin acts as an anticoagulant, causing
a conformational change in serpin which acts more effectively on coagulation factors and
thrombin [68]. Similarly, a tertiary complex, including heparin, is probably formed when
thrombin is inhibited by rDromaserpin. However, in-depth structural investigations are
necessary to verify this hypothesis.

4. Conclusions

Gathering computational and experimental results, we were able to characterize a
novel anti-hemostatic serpin, Dromaserpin, from the salivary glands of H. dromedarii. We
believe that this is the first recombinant serpin identified from the Hyalomma genus which
inhibits thrombin in both blood coagulation and platelet aggregation. We also suggested
an inhibition mechanism implicating heparin as a cofactor. Future research will explore its
molecular mechanisms and kinetics as an anticoagulant candidate. Besides, its effectiveness
must be verified in vivo to testify its feasibility as a potential of medicinal applications
mainly in treatment of blood clotting disorders.

5. Materials and Methods

5.1. Reagents and Chemicals

All chemicals and reagents were purchased from Sigma-Aldrich, Merck or Fisher,
unless otherwise indicated, and were analytical grade or better. Human thrombin and
factor Xa were purchased from Promega (Madison, WI, USA), human Kallikrein plasma
was purchased from Sigma Aldrich (Saint Louis, MO, USA), and factor XIIa was purchased
from HTI (Haematologic Technologies, Essex Junction, VT, USA). The activity of both factor
XIa and factor IXa was tested using BIOPHENTM factor XIa (HYPHEN biomed, Neuville-
sur-Oise, France) and BIOPHEN factor IXa, respectively. The chromogenic substrates S-
2238 (H-D-Phe-Pip-Arg-pNA•2HCl) for thrombin, S-2765 (Z-D-Arg-Gly-Arg-pNA•2HCl)
for factor Xa and S-2302 (H-D-Pro-Phe-Arg-pNA•2HCl) for FXIIa and Kallikrein were
purchased from Chromogenix (Chromogenix, Milano, Italy). All solutions and buffers
were prepared with Milli-Q water (Merck Millipore, Darmstadt, Germany).

5.2. Bioinformatics Analysis on Pedicted Dromaserpin Sequence

The sialotranscriptome of the H. dromedarii tick was recently described and anno-
tated [41]. Among the deposited sequences, a cDNA sequence that codes for Dromaserpin
was selected for expression. The nucleotide sequence was translated into an amino acid
sequence using a TransDecoder, confirmed later with Expasy translate (https://web.expasy.
org/translate/ (accessed on 1 April 2020)), and the predicted sequence was used for the
following in silico analysis. A homologous search of the full-length Dromaserpin sequence
was performed using BLAST programs (https://blast.ncbi.nlm.nih.gov/Blast.cgi (accessed
on 5 October 2021)), through which the conserved domain was also identified. Localization
of the identified RCL domain was done by SMART software (http://smart.embl-heidelberg.
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de/ (accessed on 1 April 2020)). Later, we performed a comparison between the RCL
amino acid sequence in Dromaserpin and the RCL sequence of the inhibitory serpins α-1-
antitrypsin (P01009) and Antithrombin-III (P01008), and a non-inhibitory serpin Ovalbumin
(P01012), available in Uniprot. Full-length amino acid sequence was submitted to the signal
4.1 server (http://www.cbs.dtu.dk/services/SignalP-4.1/ (accessed on 1 April 2020)) and
the signal peptide was removed from the protein sequence for subsequent analysis. The pre-
dicted molecular weight (MW) and isoelectric point (pI) were determined using ProtParam
tools from ExPASy server (https://web.expasy.org/protparam/ (accessed on 1 April 2020)).
To determine potential N- or O-linked glycosylation sites, Dromaserpin amino acid was
scanned using NetNGlyc 1.0 (http://www.cbs.dtu.dk/services/NetNGlyc/ (accessed on
1 April 2020)) and NetOGlyc 4.0 servers (http://www.cbs.dtu.dk/services/NetOGlyc/
(accessed on 1 April 2020)). For phylogenetic analysis, protein sequences of 25 serpins from
tick species and one human serpin were retrieved from GenBank. Accession numbers of
these sequences, the percentage of identity and coverage with Dromaserpin are described
in Supplementary Table S1. Multiple sequence alignments were performed using ClustalW
algorithm (https://www.genome.jp/tools-bin/clustalw (accessed on 5 October 2021)) and
sequences were edited manually. The evolutionary history was inferred by using the Maxi-
mum Likelihood method based on the JTT matrix-based model [69]. Human Antithrombin
III was utilized as outgroup to root the tree. The initial tree was obtained automatically by
applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances, estimated
using a JTT model, and then selecting the topology with superior log likelihood value. The
tree is drawn to scale, with branch lengths measured in the number of substitutions per
site. Evolutionary analyses were conducted in MEGA7 [33].

5.3. Plasmid Construction-Expression and Purification of the Recombinant Dromaserpin

All manipulation of microorganisms was developed in the BSL-2 area, as authorized
by CIBio-IBu (Internal Biosafety Committee of Butantan Institute, Brazil) and CTNBio
(National Technical Biosafety Commission, Brazil) (Registration number CQB-039/98 of 13
February 2014). The chosen full coding cDNA sequence was used for plasmid construction
after the deletion of the sequence coding for signal peptide. Codon optimization, gene
synthesis and molecular cloning of rDromaserpin coding sequence into plasmid pET28a
(Novagen/EMD Millipore, Darmstadt, Hesse, Germany) were conducted by GenOne
(GenOne Inc. Rio de Janeiro, RJ, Brazil). Recombinant pET28a_Dromaserpin plasmid,
coding for the C-terminal His-tagged protein, was transformed into chemically competent
E. coli BL21 (DE3) strain. The E. coli cultures were inoculated in 1 L of 2 YT culture medium
(supplemented with 20 μg/mL kanamycin) at 30 ◦C with 250 rpm agitation. Protein expres-
sion was induced with 1 mM isopropyl β-D-Thiogalactoside (IPTG), at OD600 0.6, and cells
remained incubated for 3 h at 30 ◦C following the induction. Expression was confirmed
by resolving samples on a 12.5% SDS-PAGE. Bacterial cells were harvested, washed with
150 mM NaCl and re-suspended in lysis buffer (50 mM Tris-HCl pH = 8; 500 mM NaCl,
1% Triton; 10 mM β-mercaptoethanol). Whole cell extracts were obtained through a Panda
Plus 2000 (GEA NIRO, Erie, PA, USA) high pressure homogenizer disrupter, three times at
1000 bars, and the suspension was clarified through centrifugation at 16,000× g rpm for 1 h
at 4 ◦C. Histidine tagged protein was subsequently purified from the soluble fraction using
a HisTrap HP (5 mL; GE Healthcare, GE Healthcare, Uppsala, Uppland, Sweden) column
of Immobilized Metal Affinity Chromatography (IMAC) (AKTA AVANT; GE Healthcare
GE Healthcare, Uppsala, Uppland, Sweden). Fractions containing the eluted protein were
pooled and subjected to Q-sepharose ion-exchange chromatography (AKTA AVANT; GE
Healthcare, GE Healthcare, Uppsala, Uppland, Sweden) using a HiTrap Q FF (1 mL; GE
Healthcare, GE Healthcare, Uppsala, Uppland, Sweden) column. The purified protein
was applied to a Superdex 75 (1 mL; GE Healthcare, GE Healthcare, Uppsala, Uppland,
Sweden) column used to exchange the buffer to 1 × Phosphate-buffered saline (PBS), pH
7.4 supplied with 10% glycerol. To evaluate its purity, the purified protein was resolved on
a 12.5% SDS-PAGE and stained with Coomassie Brilliant Blue. Finally, rDromaserpin con-
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centration was determined by its absorbance at 280 nm using a Biodrop spectrophotometer
(Biochrom™ BioDrop μLite Micro-Volume, Braeside, Australia).

5.4. Structural Characterization of the rDromaserpin
5.4.1. Determination of Molecular Size by Gel Filtration

Gel Filtration experiments were performed with purified rDromaserpin using Su-
perdex™ 75 HR 10/300 column (GE Healthcare, Uppsala, Uppland, Sweden) on an ÄKTA
purifier liquid-chromatography system. Chromatography was carried out at 4 ◦C in
1× PBS pH 7.4 and 10% glycerol, at a flow of 0.5 mL/min. Protein elution was monitored
by measuring absorbance at 280 nm. Apparent molecular masses of protein eluted from
the column were deduced from a calibration curve obtained by loading 100 μL of the
following standards: Conalbumin (75,000 Da), Ovalbumin (44,000 Da, 30.5 Å), Carbonic
anhydrase (29,000 Da), Ribonuclease A (13,700 Da, 16.4 Å), Aprotinin (6500 Da), as well
as blue dextran (for the void volume V0). According to the calibration curve obtained
with standards, we calculated the molecular weight of rDromaserpin as described in the
Equation (1).

log(MW) = −0.1615 Ve + 3.4268 (1)

5.4.2. Circular Dichroism (CD) Spectroscopy

CD spectra were recorded on a JASCO J-810 spectropolarimeter, equipped with a
thermoelectric sample temperature controller (Peltier system) equilibrated to 20 ◦C. The
rDromaserpin samples at 0.73 μM were diluted 10 × in Milli-Q water. The diluted buffer
without protein was used to calibrate the equipment. The scans were collected at Far-UV
region (from λ = 190 nm to λ = 260 nm) after seven accumulations, using a pathlength quartz
cuvette of 1.0 mm. Spectra were corrected by subtracting a buffer blank, normalized to
residue molar absorption, measured in mdeg (M−1 cm−1), and adjusted to the input buffer.
The mean molar residual ellipticity θλ (deg cm2 dmol−1) was calculated as described in
the Equation (2), based on a molecular mass of 43,159.27 Da, where θRaw

λ is ellipticity in
millidegrees, C is molar rDromaserpin concentration in M, N is number of amino acid
residues, and l is the path length of the cuvette in mm.

θλ =
θRaw
λ × 106

C × N × L
(2)

The estimation of secondary structure was performed by BeStSel website algorithm
(http://bestsel.elte.hu/index.php (accessed on 9 April 2021)) using the CD spectra values
ranging from 190 nm to 250 nm.

5.4.3. Comparative Modeling and Structural Analysis of Dromaserpin

The three-dimensional structure (3D) model of Dromaserpin was predicted using a
comparative modeling approach. Using its predicted amino acid sequence, we performed
a homology search among the 3D structures available in PDB database (https://www.
rcsb.org/ (accessed on 22 March 2020)) using BLAST from NCBI (https://blast.ncbi.nlm.
nih.gov/Blast.cgi (accessed on 22 March 2020)). For homology modeling, we selected
the crystal structure of Conserpin in an uncleaved (PDB code: 5cdx) and a latent (PDB
code: 5cdz) state, which presents 40.62% identity with Dromaserpin, covering 94% of the
sequence. Aligned regions were selected using 5cdx as template on Swiss-Model online
tool (https://swissmodel.expasy.org/ (accessed on 22 March 2020)). A 3D model was
generated by PyMOL software (http://www.pymol.org/ (accessed on 22 March 2020)).
Subsequently, the overall quality of the Serpin 3D-structure models was evaluated by
analyzing each correspondent Ramachandran plot, calculated by MolProbity program
(http://molprobity.biochem.duke.edu/ (accessed on 30 September 2021)). From these
generated models, we determined the content of the secondary structure using Stride
(http://webclu.bio.wzw.tum.de/cgi-bin/stride/stridecgi.py (accessed on 22 March 2020)).
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5.5. Functional Characterization of the rDromaserpin
5.5.1. Global blood Coagulation Assays

All experimental procedures were conducted as per the guidelines for the care and
use of laboratory subjects of the Butantan Institute. The study on human blood was
approved by the National Human Research Ethics Committee, Plataforma Brasil, CAAE:
33013220.4.0000.0086. Informed consent was obtained from the volunteers conferring to
the declaration of Helsinki Convention and the Brazilian Department of Health. Blood
was drawn from healthy human volunteers and collected in a test tube preloaded with
3.2% sodium citrate. Plasma was harvested immediately by centrifugation of blood at
3000× g rpm at 19 ◦C for 15 min. APTT, PT, and TT assays were performed by incubating
rDromaserpin with the plasma for 20 min as described elsewhere [70]. These assays
were performed using commercially available kits (STA-PTT Automate 5 for APTT, STA-
Neoplastine® CI Plus for PT and STA-Thrombin 2 for TT–STAGO, Asnières-sur-Seine,
France), using Semi-automatic coagulation analyzer START STAGO®. Alternatively, TT
assay was also performed using FII-DP (Haematologic Technologies, Essex Junction, VT,
USA). TT was measured after pre-incubating rDromaserpin with the plasma or with 2 mU
thrombin for 1 h at room temperature. Clotting times were determined in triplicate in the
absence or presence of 0.2, 0.5, 1, and 5 μM of rDromaserpin for APTT assay and 1 and
5 μM of rDromaserpin for PT and TT assays.

5.5.2. Protease Inhibition Assays

Inhibitory activity of rDromaserpin was tested against six mammalian serine proteases
related to host defense pathways against tick feeding. The mammalian proteases tested
(per reaction) included: human factor XIIa (15 nM), human thrombin (2U), human factor
Xa (10 nM), human plasma Kallikrein (10 nM), human factor XIa (3.7 nM) and human
factor IXa (306 nM) (Enzyme Research Laboratories). Substrates were used at 0.2 mM
final concentration, including S-2238 for thrombin, S-2302 for factor XIIa and Kallikrein,
and substrate S-2765 for factor Xa. Reagents were mixed at room temperature in technical
triplicates. Two concentrations of rDromaserpin (1 μM and 5 μM) were pre-incubated
separately with indicated amounts of the proteases listed above for 15 min at 37 ◦C in
20 mM Tris-HCl, 150 mM NaCl, BSA 0.1%, pH 7.4 buffer. The corresponding substrate
for each protease was added in a 100 μL final reaction volume, and substrate hydrolysis
was measured at OD405 nm every 11 s for 15 min at 37 ◦C using Epoch™ Microplate
Spectrophotometer (BioTeck). The inhibitory activity on factor XIa and factor IXa was
tested according to the guidelines of their correspondent kits (HYPHEN biomed, Neuville-
sur-Oise, France). Acquired OD405 nm data are subjected to one-phase decay analysis in
Prism 8 software to determine plateau values as proxies for initial velocity of substrate
hydrolysis Vmax or residual enzyme activity. The percent enzyme activity inhibition level
is determined using the Equation (3), where VmaxVi is activity in presence of rDromaserpin
and VmaxV0 is activity in absence of rDromaserpin. Data are presented as mean ± S.E.M
of three independent replicate readings.

100 −
(

VmaxVi
VmaxV0

)
× 100 (3)

As thrombin was the most strongly inhibited protease, its activity was later tested
with rDromaserpin at different concentrations (1, 0.5, 0.25, 0.2, 0.1, 0.05, and 0.02 μM)
using the protocol described above. The covalent complex was visualized by incubating
1.7 μM rDromaserpin and 2U Thrombin for 1 h at room temperature. After one hour of
incubation, 10 μL of 5 × loading buffer (62.5 mM Tris –HCl pH 6.8, 3% SDS, 10% glycerol,
1.25% β-mercaptoethanol, 0.001% blue of bromophenol) were added to the mixture, and
samples were boiled for 10 min. Finally, samples were resolved on a 5–10% SDS-PAGE and
stained with Coomassie Brilliant Blue.
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5.5.3. Thrombin Inhibition by rDromaserpin in the Presence of Heparin

For assays in the absence or presence of heparin, the concentration of thrombin was
held at 2U, and the concentration of rDromaserpin was maintained at 0.2 μM. The stock
of unfractionated heparin concentration of 10 μg/mL used in this assay represents a
concentration of ~400 μM (taking an average molecular mass of 25,000 g/mol). Heparin
was added to the reaction in a range of 0.8–7.2 μM. Reactions were incubated for 15 min
at 37 ◦C in thrombin assay buffer. The chromogenic substrate S-2238 was used at a final
concentration of 0.2 mM, and residual activity was followed at OD405 nm.

5.5.4. Evaluation of Binding to Heparin-Sepharose Resin

The ability of rDromaserpin, thrombin and the covalent complex to bind to heparin
was evaluated using Heparin-Sepharose 6 Fast Flow affinity resin (Cytiva, Marlborough,
MA, USA). First, 50 μL of the resin was equilibrated with 200 μL of buffer A (20 mM Tris
pH 7.4, 150 mM NaCl, 0.1% BSA). In four different tubes, 32 μg rDromaserpin, 133 U
thrombin, rDromaserpin-thrombin complex, or 50 μg antithrombin III were added to the
resins in a final volume of 250 μL. The samples were incubated for 30 min with gentle
shaking. The resins were washed three times with 200 μL of buffer A to remove unbound
proteins. For elution, 1 M NaCl was added and incubated for 10 min. The resins were
pelleted by centrifugation at 1000× g rpm for 5 min, and the supernatants were analyzed
by 10% SDS-PAGE.

5.5.5. Effect of rDromaserpin on Platelet Aggregation

The effect of rDromaserpin on the function of thrombin in platelets was also investi-
gated on washed platelets. To prepare washed platelets, approximately 20 mL of freshly
human blood collected from healthy donors, in a tube containing 3.8% sodium citrate,
was centrifuged at 900× g rpm for 20 min at room temperature. Platelet rich plasma
(PRP) was recuperated and 2% EDTA was added at a ratio of 1:100, followed by 2000 rpm
centrifugation for 15 min at room temperature. The pellet containing platelets was resus-
pended in 10 mL of wash buffer (140 mM NaCl, 10 mM NaHCO3, 2.5 mM KCl, 0.49 mM
Na2HPO4, 1 mM MgCl2, 22 mM Sodium Citrate, 52.23 mM BSA-dissolved in 100 mL
of water, pH adjusted to 6.5 with HCl), and centrifuged at 2000× g rpm for 15 min at
room temperature. The wash step was repeated twice under the same conditions. The
supernatant was discarded and the pellet resuspended in 2 mL of Tyrode buffer (1 mM
CaCl2, 134 mM NaCl, 12 mM NaHCO3, 2.9 mM KCl, 0.34 mM Na2HPO4, 1 mM MgCl2,
10 mM HEPES-pH adjusted to 7.4 with HCl. Add glucose 1% at the time of use). The
aggregometer (CHRONO-LOG® Model 700, Havertown, PA, USA), was calibrated with
Tyrode buffer containing glucose. To determine the effect of rDromaserpin on platelet ag-
gregation, 10 μM rDromaserpin or equal volume of 1 × PBS buffer pH 7.4, 1, 10% glycerol
were pre-incubated for 10 min at 37 ◦C, with agonist 1 μg /mL NIH-U thrombin in a 50 μL
reaction. Platelet aggregation was induced following the addition of pre-warmed washed
platelets in a final volume of 500 μL. Platelet aggregation was monitored for 6 min and the
percentage of platelet aggregation inhibition was deduced using The AGGRO/LINK®8
program. Data are presented as mean ± S.E.M. of triplicate platelet aggregation assays.

5.6. Statistical Analysis

Data are presented as the mean ± S.E.M unless indicated otherwise and statistical
significance was calculated for at least three independent experiments employing the
Student’s t-test, using GraphPad Prism 8.0 software (GraphPad Software, Inc., San Diego,
CA, USA). p-values < 0.05 were considered to be statistically significant.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/toxins13120913/s1. Table S1: GenBank accession numbers of serpins used in the phylogenetic
analysis; Figure S1: CD spectrum analysis by the BesSel program; Figure S2: Cartoon represen-
tations of the secondary elements in the active model of Dromaserpin; Figure S3: Ramachandran
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plot of Dromaserpin Model with an exposed RCL, generated by MolProbity program; Figure S4:
Ramachandran plot of Dromaserpin Model with an inserted RCL, generated by MolProbity program.
References [32,34,47,50,71–78] are cited in the supplementary materials.
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IRS-2 from the hard tick Ixodes ricinus. Acta Crystallogr. Sect. F Struct. Biol. Cryst. Commun. 2010, 66, 1453–1457. [CrossRef]

52. Meekins, D.A.; Kanost, M.R.; Michel, K. Serpins in arthropod biology. Semin. Cell Dev. Biol. 2017, 62, 105–119. [CrossRef]
[PubMed]

53. Smith, S.A. The Cell-based model of coagulation. J. Vet. Emerg. Crit. Care 2009, 19, 3–10. [CrossRef] [PubMed]
54. Ibrahim, M.A.; Masoud, H.M.M. Thrombin inhibitor from the salivary gland of the camel Tick Hyalomma dromedarii. Exp. Appl.

Acarol. 2018, 74, 85–97. [CrossRef]
55. Francischetti, I.M.B.; Sa-Nunes, A.; Mans, B.J.; Santos, I.M.; Ribeiro, J.M.C. The role of saliva in tick feeding. Front. Biosci. 2009, 14,

2051–2088. [CrossRef] [PubMed]
56. Rumbaut, R.E.; Thiagarajan, P. Platelet Aggregation; Morgan & Claypool Life Sciences, Texas Medical Center: Houston, TX, USA,

2010.
57. Davì, G.; Patrono, C. Platelet activation and atherothrombosis. N. Engl. J. Med. 2007, 357, 2482–2494. [CrossRef] [PubMed]
58. Furman, M.I.; Liu, L.; Benoit, S.E.; Becker, R.C.; Barnard, M.R.; Michelson, A.D. The cleaved peptide of the thrombin receptor is a

strong platelet agonist. Proc. Natl. Acad. Sci. USA 1998, 95, 3082–3087. [CrossRef]
59. Al Ghumlas, A.K.; Gader, A.G.M.A. Characterization of the aggregation responses of camel platelets. Vet. Clin. Pathol. 2013, 42,

307–313. [CrossRef] [PubMed]
60. Abdel Gader, A.G.M.; Al Momen, A.K.M.; Alhaider, A.; Brooks, M.B.; Catalfamo, J.L.; Al Haidary, A.A.; Hussain, M.F. Clotting

factor VIII (FVIII) and thrombin generation in camel plasma: A comparative study with humans. Can. J. Vet. Res. 2013, 77,
150–157.

61. Schechter, N.M.; Plotnick, M.I. Measurement of the kinetic parameters mediating protease-serpin inhibition. Methods 2004, 32,
159–168. [CrossRef]

62. Gray, E.; Hogwood, J.; Mulloy, B. The anticoagulant and antithrombotic mechanisms of heparin. In Heparin—A Century of Progress;
Springer: Berlin/Heidelberg, Germany, 2012; pp. 43–61. [CrossRef]

63. Varki, A.; Cummings, R.D.; Esko, J.D.; Freeze, H.H.; Stanley, P.; Bertozzi, C.R.; Hart, G.W.; Etzler, M.E. Essentials of Glycobiology,
2nd ed.; Cold Spring Harbor Laboratory Press: Woodbury, NY, USA, 2009; 784p.

64. Forster, M.; Mulloy, B. Computational approaches to the identification of heparin-binding sites on the surfaces of proteins.
Biochem. Soc. Trans. 2006, 34, 431–434. [CrossRef] [PubMed]

65. Handel, T.M.; Johnson, Z.; Crown, S.E.; Lau, E.K.; Sweeney, M.; Proudfoot, A.E. Regulation of protein function by
glycosaminoglycans—As exemplified by chemokines. Annu. Rev. Biochem. 2005, 74, 385–410. [CrossRef]

66. Fromm, J.R.; Hileman, R.E.; Caldwell, E.E.O.; Weiler, J.M.; Linhardt, R.J. Pattern and spacing of basic amino acids in heparin
binding sites. Arch. Biochem. Biophys. 1997, 343, 92–100. [CrossRef] [PubMed]

67. Li, W.; Huntington, J.A. Crystal structures of protease Nexin-1 in complex with heparin and thrombin suggest a 2-Step recognition
mechanism. Blood 2012, 120, 459–467. [CrossRef] [PubMed]

68. Li, W.; Johnson, D.J.D.; Esmon, C.T.; Huntington, J.A. Structure of the antithrombin-thrombin-heparin ternary complex reveals
the antithrombotic mechanism of heparin. Nat. Struct. Mol. Biol. 2004, 11, 857–862. [CrossRef]

69. Jones, D.T.; Taylor, W.R.; Thornton, J.M. The Rapid generation of mutation data matrices from protein sequences. Comput. Appl.
Biosci. 1992, 8, 275–282. [CrossRef]

70. Batista, I.F.C.; Ramos, O.H.P.; Ventura, J.S.; Junqueira-de-Azevedo, I.L.M.; Ho, P.L.; Chudzinski-Tavassi, A.M. A new Factor Xa
inhibitor from Amblyomma cajennense with a Unique Domain Composition. Arch. Biochem. Biophys. 2010, 493, 151–156. [CrossRef]
[PubMed]

71. Bock, S.C.; Wion, K.L.; Vehar, G.A.; Lawn, R.M. Cloning and Expression of the cDNA for Human Antithrombin III. Nucleic Acids
Res. 1982, 10, 8113–8125. [CrossRef] [PubMed]

72. Mulenga, A.; Khumthong, R.; Blandon, M.A. Molecular and Expression Analysis of a Family of the Amblyomma americanum Tick
Lospins. J. Exp. Biol. 2007, 210, 3188–3198. [CrossRef] [PubMed]
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Abstract: Crotalphine (CRP) is a structural analogue to a peptide that was first identified in the
crude venom from the South American rattlesnake Crotalus durissus terrificus. This peptide induces a
potent and long-lasting antinociceptive effect that is mediated by the activation of peripheral opioid
receptors. The opioid receptor activation regulates a variety of intracellular signaling, including
the mitogen-activated protein kinase (MAPK) pathway. Using primary cultures of sensory neurons,
it was demonstrated that crotalphine increases the level of activated ERK1/2 and JNK-MAPKs
and this increase is dependent on the activation of protein kinase Cζ (PKCζ). However, whether
PKCζ-MAPK signaling is critical for crotalphine-induced antinociception is unknown. Here, we
biochemically demonstrated that the systemic crotalphine activates ERK1/2 and JNK and decreases
the phosphorylation of p38 in the lumbar spinal cord. The in vivo pharmacological inhibition of
spinal ERK1/2 and JNK, but not of p38, blocks the antinociceptive effect of crotalphine. Of interest,
the administration of a PKCζ pseudosubstrate (PKCζ inhibitor) prevents crotalphine-induced ERK
activation in the spinal cord, followed by the abolishment of crotalphine-induced analgesia. Together,
our results demonstrate that the PKCζ-ERK signaling pathway is involved in crotalphine-induced
analgesia. Our study opens a perspective for the PKCζ-MAPK axis as a target for pain control.

Keywords: analgesic peptide; protein kinase C; hyperalgesia; cell-signaling

Key Contribution: Crotalphine-induced analgesia is mediated by down-regulation of p38-MAPK
and up-regulation of PKCζ-MAPK signaling pathway.

1. Introduction

Crotalphine, a structural analogue to an antinociceptive peptide that was first identi-
fied in the crude venom from the South American rattlesnake Crotalus durissus terrificus,
induces a potent and long-lasting antinociceptive effect, mediated by the activation of
peripheral opioid receptors [1]. Unlike opioids, treatment with crotalphine for several days
does not induce tolerance and withdrawal symptoms. Crotalphine is not an opioid receptor
agonist, however, this peptide induces the release of dynorphin A that activates peripheral
kappa opioid receptors (KOR) [2]. More recently, attempting to identify the direct molecu-
lar targets of crotalphine in pain pathways, it was demonstrated that this peptide partially
activates and desensitizes the TRPA1 ion channel at subnanomolar concentrations and this
effect is critical for the peptide’s analgesic effect [3].

Mitogen-activated protein kinases (MAPKs) transduce a multiple extracellular stim-
ulus into intracellular effects by modifying the transcription, as well as inducing post-
translational changes in target proteins. There are three major members in the MAPK
family: extracellular signal-regulated kinases (ERK) 1/2, C-Jun N-terminal kinase (JNK)
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and p38, which represent three different signaling pathways [4]. The emerging evidence
suggests that MAPKs are involved in nociception and in the development of side effects
of drugs, such as morphine. In this regard, peripheral inflammation or nerve injury are
followed by spinal activation of ERK1/2, JNK and p38 that seems to increase neuronal
excitability and up-regulate transcriptional factors involved in nociception [5]. However,
the ERK1/2-signaling activation is essential for morphine and KOR agonists-mediated
analgesia in rodents, suggesting that ERK activation may also positively affect the pain
outcome [6,7].

It is known that crotalphine increases the level of activated ERK and JNK in cultured
sensory neurons from the dorsal root ganglia (DRG) and the ERK levels increase is depen-
dent on the activation of KOR and the protein kinase Cζ (PKCζ) [8]. However, whether the
PKCζ-MAPK signaling pathway is involved in crotalphine-induced antinociception has
not yet been evaluated in vivo. Considering that crotalphine has a potent and long-lasting
analgesic effect in rodents, identifying the intracellular signaling mechanisms responsible
for the peptide effects may provide insights to guide the development of better analgesics.
Thus, using biochemical and pharmacological strategies, we sought to investigate the role
of MAPK in crotalphine-induced antinociception.

2. Results

2.1. PGE2 Is Responsible for the Long-Lasting Antinociceptive Effect Induced by Crotalphine

The data show that the magnitude of the crotalphine antinociceptive effect depends on
tissue inflammation [8]. Therefore, we first characterized the effect of one single systemic
administration of crotalphine on naïve rats and rats sensitized with an intraplantar injection
of Prostaglandin E2 (PGE2) at day one. The mechanical threshold was assessed 1 h after
crotalphine (3 h after PGE2) and every day for 8 days (192 h) (Figure 1A). The intraplantar
injection of PGE2 (100 ng/paw) induced a significant decrease in the mechanical threshold
with a peak response occurring 3 h after the administration, compared with the basal
values obtained before any treatment, which characterize hypersensitivity. The systemic
administration of crotalphine (20 ng/kg or 1 μg/kg, p.o.) blocked the PGE2-induced
hypersensitivity and increased the nociceptive threshold of the animals when compared
with the basal values (analgesia). This effect is detected at 3 h and lasts until 120 h (5 days)
after one single administration of crotalphine (Figure 1B). Next, we tested the crotalphine
effect in non-sensitized (naïve) rats. A single administration of crotalphine (20 ng/kg
and 1 μg/kg, p.o.) induces a significant increase in the mechanical nociceptive threshold
(analgesia), starting at 3 h and lasting until 5 h after treatment, when compared with the
baseline. A lower dose of crotalphine (8 pg/kg, p.o.) did not change the mechanical
threshold (Figure 1C). As expected, no difference in the nociceptive threshold was detected
in rats treated with saline (control). Together, these results demonstrate that a single
administration of PGE2 enhances and prolongs crotalphine-induced analgesia.

2.2. Crotalphine Increases the Spinal ERK and JNK and Decreases p38 Activation

In order to investigate the potential mechanisms involved in the antinociception
induced by systemic crotalphine, we sought to determine whether crotalphine interferes
with the expression and phosphorylation of ERK, JNK and p38 (Figure 2A). Importantly,
since the inhibition of MEK, an up-stream MAPK kinase, blocks PGE2 induced hyperalgesia,
the following experiments were conducted in naïve rats, i.e., without sensitization to focus
on the mechanism involved in crotalphine-induced analgesia [7]. Moreover, we selected
the 1 μg/kg dose of crotalphine for the next experiments.
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Figure 1. Effect of crotalphine in the mechanical nociceptive threshold of sensitized and non-sensitized rats. (A) Schematic
representation of treatment and rat paw pressure test. (B) PGE2 (100 ng/paw) was injected 2 h before the oral crotalphine
administration and nociceptive threshold was assessed before (0) and 3, 24, 48, 72, 96, 120, 144, 168 and 198 h after the PGE2

injection. Data are presented as mean ± SEM. * significantly different from baseline. # significantly different from the saline
+ PGE2 group, n = 6 per group (p < 0.05). (C) Nociceptive threshold was obtained before (0) and 1, 3, 5, 24, 48, 72, 96, 120,
144, 168 and 198 h after the oral administration of crotalphine. Data are presented as mean ± SEM. * significantly different
from the saline group, n = 5 per group (p < 0.05). The observer was blinded to the experimental conditions.

Figure 2. Systemic crotalphine administration increases ERK1/2 and JNK and decreases p38 phosphorylation levels
in the spinal cord. (A) Schematic representation of treatment and immunoblot. (B) Representative blots showing the
phosphorylated and total ERK1/2, JNK and p38 levels in the total lysate of spinal cord. Changes in protein expression of
ERK 1/2 (C), JNK (D) and p38 (E) MAPKs at different time points were determined by Western blot analysis in lumbar
spinal cord extracts from crotalphine or saline-treated rats. Graphs represent the ratio between the phosphorylated protein
and the total amount of the targeted protein. Data are presented as mean ± SEM and expressed as % of control (saline)
animals. * significantly different from mean values of saline treated animals, n = 6 per group (p < 0.05). ** significantly
different from mean values of saline treated animals, n = 6 per group (p < 0.01). *** significantly different from mean values
of saline treated animals, n = 6 per group (p < 0.001). The observer was blinded to the experimental conditions.
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Crotalphine increases the activation of ERK1/2 in the lumbar spinal cord at 1, 3 and
5 h after administration, when compared with saline-treated rats (Figure 2B,C). Crotalphine
also increases the levels of JNK phosphorylation at 1 and 5 h (Figure 2B,D). Conversely,
crotalphine decreased the phosphorylation of p38 for up to 96 h after administration
(Figure 2B,E). Together, these data indicate that ERK1/2 and JNK are activated in the period
in which crotalphine is inducing analgesia, whereas p38 is repressed for a longer period.

2.3. Spinal ERK and JNK Activation Participates in Crotalphine-Induced Analgesia

To evaluate the functional significance of the increased MAPKs activation in the
antinociceptive effect of crotalphine, we used a pharmacological MEK inhibitor (MAPK-I,
PD98059) (Figure 3A). First, to investigate whether the peripheral MAPKs participate in
crotalphine-induced analgesia, the inhibitor was injected by an intraplantar route in two
different doses (15 and 30 μg/paw). MAPK-I did not interfere with crotalphine-induced
antinociception (Figure 3B). However, the intrathecal MAPK-I injection (30 μg) completely
reversed crotalphine-induced mechanical analgesia, showing that spinal MAPKs, but not
intraplantar, are involved in crotalphine’s beneficial effects (Figure 3C). We next examined
which MAPK would be responsible for the crotalphine effects.

Figure 3. Spinal MAPKs are involved in crotalphine-induced analgesia. (A) Schematic representation of treatment
and behavior assay. Nociceptive threshold was obtained in the rat paw pressure test before (0) and 3 h after systemic
administration of crotalphine (CRP, 1 μg/kg). MEK inhibitor (MAPK-I) was administered immediately after crotalphine (B)
intraplantarly or (C) intrathecally. Data represent mean values ± SEM. * significantly different from baseline (dotted line),
n = 6 per group (p < 0.05). The observer was blinded to the experimental conditions.

The ERK-I and JNK-I intrathecal administration prevented the antinociceptive effect of
crotalphine. Nevertheless, the p38 inhibitor did not interfere with crotalphine-induced analgesia
(Figure 4B). The control animals injected with the inhibitors alone did not display changes in
the nociceptive threshold [7]. Together, these results indicate that crotalphine-induced ERK and
JNK activation is responsible, at least in part, for the analgesic effect of this peptide.

2.4. Spinal PKCζ Is Involved in the Antinociceptive Effect of Crotalphine

The activation of the κ-opioid receptor increases the phosphorylation of MAPKs
(ERK1/2 and JNK) in neuronal and non-neuronal cells [6,9]. In addition, pretreatment of
sensory neurons (DRG cells) with a PKCζ pseudosubstrate abolishes crotalphine-mediated
ERK1/2 and JNK phosphorylation [8]. Based on this data and on the results showing
that spinal ERK1/2 and JNK are involved in crotalphine-induced analgesia, we further
investigated whether PKCζ plays a role in crotalphine effects. To examine the PKCζ

participation on the mechanical nociceptive threshold, we used the PKCζ pseudosubstrate,
which selectively inhibits the atypical PKCζ isozyme [8,10]. The PKCζ pseudosubstrate
was injected by an intrathecal route (3 μg) [11] before the crotalphine administration
(Figure 5A). As shown in Figure 5B, the analgesia induced by crotalphine was completely
abolished by the PKCζ pseudosubstrate.
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Figure 4. ERK1/2 and JNK inhibitors prevent crotalphine-induced analgesia. (A) Schematic representation of the experi-
mental procedure. (B) Nociceptive threshold was assessed in the rat paw pressure test before (0) and 3 h after systemic
administration of crotalphine (1 μg/kg) with concomitant intrathecal injection of the ERK inhibitor (ERK-I, 30 μg/30 μL),
JNK inhibitor (JNK-I, 30 μg/30 μL) or p38 inhibitor (p38-I, 30 μg/30 μL). Data represents mean values ± SEM. * significantly
different from baseline (dotted line), n = 6 per group (p < 0.05). The observer was blinded to the experimental conditions.

Figure 5. PKCζ mediates crotalphine-induced ERK1/2 activation and antinociception. (A) Schematic representation of
paw pressure test and experimental procedure. (B) PKCζ pseudosubstrate (ζΨ substrate; 3 μg/30 μL) was intrathecally
injected 15 min before systemic crotalphine administration (1 μg/kg) and nociceptive threshold was assessed before PKCζ

pseudosubstrate injection and 1 h after crotalphine treatment. Data represents mean values ± SEM. *significantly different
from baseline (dotted line), n = 6 per group (p < 0.05). (C) Representative blots showing the phosphorylated and total
ERK1/2 and JNK levels in the total lysate of the spinal cord. ERK1/2 (D) and JNK (E) MAPKs were determined by Western
blot analysis in lumbar spinal cord extracts from rats treated with crotalphine and the PKCζ pseudosubstrate. Graphs
represent the ratio between the phosphorylated protein and the total amount of the targeted protein. Data are presented as
mean ± SEM and expressed as % of control (TAT + saline) animals. * significantly different from mean values of TAT + saline
treated animals, n = 6 per group (p < 0.05). ** significantly different from mean values of TAT + saline treated animals, n = 6
per group (p < 0.01). The observer was blinded to the experimental conditions.
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Finally, to examine the direct role that PKCζ plays in the activation of the MAPKs by
crotalphine, we used the PKCζ pseudosubstrate and performed the biochemical studies.
Our results show that PKCζ inhibition prevents crotalphine-induced ERK1/2 activation
(Figure 5D), without interfering with the JNK (Figure 5E). These data suggest that spinal PKCζ
activation mediates crotalphine-induced ERK1/2 activation that culminates in analgesia.

3. Discussion

Crotalphine, a 14-amino acid peptide isolated from C. d. terrificus venom, has a potent,
long-lasting and KOR-mediated antinociceptive effect [1,8,12,13]. In the present study, we
showed that a single systemic administration of crotalphine induces analgesia for 5 h in
non-sensitized rats. Moreover, when the peptide is administered in PGE2 sensitized rats, a
potent antinociceptive effect is detected for 5 days. Importantly, the peptide did not induce
delayed hypersensitivity, which is a decrease in the nociceptive threshold that follows the
analgesic effect, a side effect frequently produced by systemic morphine [7,14]. Together,
these results confirm the previous finding showing that a peripheral sensitization enhances
the antinociceptive effects of opioid-like drugs [8].

Several preclinical studies have shown that opioids activate the MAPK pathway [9,15–17]
and this activation is usually associated with cellular stress, inflammation and activation of
the sensory neuron that ultimately contribute to nociception [18,19]. However, the use of
MAPK inhibitors as analgesics in humans is controversial [20] and the clinical trials involve
mainly p38 inhibitors [21,22]. Here, we revealed that spinal ERK1/2 and JNK are activated
at the same time period that crotalphine induces analgesia. Importantly, the pharmacologi-
cal disruption of these kinases is sufficient to blunt the antinociceptive effect. Although
several studies have shown that the activation of opioid receptors leads to ERK1/2 and
JNK activation [23,24], there are few studies correlating the MAPK pathway with analgesia.
Recently, Abraham and co-workers (2018) showed that the ERK1/2 signaling is required
by KOR agonists to induce analgesia, since the agonist efficacy was reduced in females
with estrogen-induced ERK1/2 impairment [6]. Of interest, one systemic dose of morphine
in rats promotes analgesia through spinal ERK activation [7], however, whether this effect
is mediated by KOR is unknown. Together, these studies suggest that regardless of its
up-stream signaling, the same MAPK can activate different signaling pathways simultane-
ously (essential and detrimental) and therefore affects the effectiveness of MAPK inhibitor
as analgesics.

As mentioned before, crotalphine activates ERK1/2 and JNK in cultured sensory
neurons mediated by KOR since the selective opioid receptor antagonist, Nor-BNI, pre-
vents this effect [8]. In the present study, we did not check whether KOR is involved in
crotalphine-induced ERK1/2 and JNK activation; however, crotalphine induces the release
of dynorphin A that activates KOR in vivo [2].

Unlike what was observed for ERK and JNK, the basal levels of spinal p38 phospho-
rylation were decreased for at least 96 h after crotalphine administration. As expected,
the p38 inhibitor did not interfere with the peptide effect. The phosphorylation of p38 is
crucial for the activation of the transcription factors that are involved with the synthesis of
pro-inflammatory cytokines and neuromediators, such as calcitonin gene-related peptide
(CGRP) and substance P [25–27]. Aiming to investigate the mechanisms involved in the
crotalphine long-lasting effect, we tracked the MAPK levels in the spinal cord for 96 h.
Our biochemical data confirm the behavioral results showing that crotalphine may have
a prolonged inhibitory effect that lasts up to 96 h. However, there is a limitation in our
study since the phosphorylation levels in PGE2-sensitized animals was not determined.
However, we can speculate from the results obtained with naïve rats that p38 inhibition
may contribute to the long-lasting crotalphine-induced analgesia in sensitized rats. Further
studies are needed to address this interesting effect.

PKC activation represents an early signaling element in the opioid pathways to
ERK and the PKCζ isoform is responsible for mediating KOR-induced ERK phospho-
rylation [9,15,28]. Additionally, cell culture assays have shown that crotalphine-induced
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phosphorylation of ERK1/2 and JNK requires PKCζ activation [8]. Thus, to confirm the con-
tribution of PKCζ in crotalphine-induced antinociception, we injected the PKCζ pseudosub-
strate intrathecally, which selectively inhibits the atypical PKCζ isozyme, in non-sensitized
rats. Our results demonstrate that PKCζ activation is involved in crotalphine-induced
analgesia since the PKCζ pseudosubstrate prevented the antinociception. Moreover, West-
ern blot analyses showed that the PKCζ pseudosubstrate decreased the levels of ERK1/2
phosphorylation, but not of JNK, which was increased in the lumbar spinal cord of rats
treated with crotalphine. These results are consistent with the previous data showing that
crotalphine activates ERK via PKCζ in cultured sensory neurons [8]. The absence of effect
on JNK phosphorylation does not exclude that this pathway is modulated by PKCζ, since
in sensitized sensory neuron cultures this kinase is inhibited by crotalphine. Moreover, it
is important to mention that, given the short half-life of the PKCζ pseudosubstrate, the
crotalphine effects were assessed at 1h after treatment.

Additional studies are required to understand which molecules and/or signaling
pathways are being modulated by these kinases. However, it is possible that crotalphine
and maybe KOR-agonists use PKCζ/ERK1/2 signaling pathway to regulate transcription
factors that are essential for the expression of receptors/channels and/or activation of
others signaling pathways, which are involved with antinociception [19,23,29,30]. For
example, MAPK phosphorylation activates transcription factors, such as cAMP responsive
element binding protein (CREB), which regulates dynorphin gene expression [30,31].

A number of limitations to our study should be noted; for example, we did not
investigate whether crotalphine crosses the blood–brain barrier and directly acts on the
spinal cord. We also did not demonstrate whether the effect detected in spinal cord
tissue is a consequence of a peripheral action, for example, the peptide acting on sensory
fiber synapses with the spinal cord neurons. Further studies are necessary to address
these questions.

Taken together, our findings show that crotalphine induces analgesia by down-
regulating p38 signaling pathways and activating ERK and JNK in the spinal cord via
PKCζ. These results contribute to the understanding of the molecular mechanisms that are
involved in the analgesic effect of drugs with opioid activity and opens a perspective for
the PKCζ-MAPK axis as a target for pain control.

4. Conclusions

In conclusion, our findings demonstrate that a single analgesic dose of crotalphine
results in activation of ERK and JNK, and this phenomenon is mediated by PKCζ activation.
Targeting the PKCζ-MAPK axis may become an interesting therapeutic alternative to
induce analgesia.

5. Materials and Methods

5.1. Animals

In this study, we used male Wistar rats weighting between 170 and 190 g. The rats
were housed in an environment with temperatures of 21 ± 2 ◦C, and light-controlled with
a 12 h/12 h light/dark cycle. Standard food and water were available ad libitum. The
procedures were performed according to the guidelines for the ethical use of conscious
animals in pain research, following the International Association for the Study of Pain [32].
This study was approved by the Institutional Animal Care Committee of the Butantan
Institute (CEUAIB, protocol number 9766020419 (date of approval 19 March 2014) and
1245/14 (date of approval 17 April 2019)). The ARRIVE guidelines was followed while
conducting the study.

5.2. Chemicals and DrugAadministration

Crotalphine (<E-F-S-P-E-N-C-Q-G-E-S-Q-P-C, where <E is pyroglutamic acid and a
disulfide bond between 7C-14C) was synthesized as described by Konno et al. (2008) [1]
by the American Peptide Co. (Sunnyvale, CA, USA). The peptide was stored lyophilized
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at −20 ◦C until use. For the stock solutions, the peptide was dissolved in sterile distilled
water and then diluted in sterile saline immediately before the experiments. Crotalphine
at doses of 8 pg/kg, 20 ng/kg or 1μg/kg (oral route) was administered 60 min before the
first nociceptive evaluation. PGE2 was purchased from Sigma Chemical Co. (St. Louis,
MO, USA) and was prepared as previously described [7]. The PGE2 was injected (100
ng/paw) in a volume of 100 μL with 0.2% of ethanol [8]. ERK inhibitor (ERK-I), p38
inhibitor (SB20358; p38-I) and JNK inhibitor (SP660125; JNK-I), were dissolved in 5%
dimethyl sulfoxide (DMSO) and administered intrathecally (i.t.) at the dose of 30 μg.
PD98059, a MEK inhibitor, was dissolved in 5% DMSO and administered intraplantarly
(i.pl.) (10 or 30 μg/paw) or intrathecally (30 μg) [33]. The peptide ζ-pseudosubstrate
([C]SIYRRGARRWRKLYRAN; amino acids 105-121 in ζ-PKC) was synthesized by Zhejiang
Ontores Biotechnologies Co. (Hangzhou, Zhejiang, China) and fused to the cell permeable
TAT peptide (YGRKKRRQRRR) transduction domain peptide. The control group received
the TAT peptide (American Peptide Co., Sunnyvale, CA, USA). Stock solutions were made
in sterile distilled water and diluted in sterile saline. This peptide was administered
intrathecally at the dose of 3 μg. In summary, for these intrathecal injections, the animals
were anesthetized with 2% isoflurane and the needle was placed in the subarachnoid space
on the midline between L4 and L5 vertebrae [34], with a maximum volume of 50 μL. The
animals recovered consciousness approximately 1 min after discontinuing the anesthetic.

5.3. Behavioral Assessment
Evaluation of the Antinociceptive Effect

The behavioral tests were performed between 9:00 am and 4:00 pm. To assess the
mechanical nociceptive threshold, we used the rat paw pressure test [35] (Ugo Basile, VA,
Italy). The pressure was recorded before and for up to 192 h after the crotalphine treatment
or PGE2 injection. Testing was conducted blind to the group designation. To reduce stress,
the rats were habituated to the testing procedure a day before experimentation. In this test,
an increasing amount of force (measured in g) was applied to the hind paw of the rat and
interrupted when the animal withdrew the paw. The force necessary to induce this reaction
was recorded as the mechanical nociceptive threshold. A maximum pressure of 250 g (i.e.,
cut-off) was established to avoid damage to the paw.

5.4. Biochemical Studies
Western Blot Analysis

Spinal cord tissues (L4–L6) were collected and homogenized in a lysis buffer contain-
ing a protease and phosphatase inhibitor cocktail (Sigma-Aldrich). Protein concentrations
of the samples were determined using a Bradford assay [36]. Total protein of 30 μg was
separated on SDS-PAGE gel (10% gradient gel) and transferred to nitrocellulose membranes
(BioRad, Santo Amaro, SP, Brazil). The membranes were blocked for 120 min with 5%
bovine serum albumin (BSA) or non-fatty milk and incubated overnight at 4 ◦C with a pri-
mary antibody against phospho-ERK, phospho-JNK, phospho-p38 or non-phosphorylated
forms of these proteins (1:1000; Cell Signaling Technology, Danvers, MA, USA). The
membranes were then incubated in the correspondent peroxidase-conjugated secondary
antibody (1:5000; antirabbit or antimouse, Sigma-Aldrich, St. Louis, MO, USA, cat. num-
bers A0545 and A8919, respectively) for 120 min at room temperature. The enhanced
chemiluminescence method was used to develop the filters (Amersham GE Healthcare
Bio-Sciences Corp.; Piscataway, NJ, USA). The densitometric data were analyzed using the
UVITEC Cambridge software (UVITEC Cambridge, Cambridge, UK) and normalized to
the total protein (not phosphorylated).

5.5. Statistical Analyses

Statistical analysis was performed using GraphPad Prism 8 program (GraphPad
Software Inc., San Diego, CA, USA). The results are presented as the mean ± SEM. The sta-
tistical evaluation of the data was performed using two-way analysis of variance (ANOVA)
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with post hoc testing by Tukey for Figures 1, 3, 4 and 5B. Figures 2 and 5D,E were ana-
lyzed using One-way ANOVA followed by Tukey’s post hoc test. A value of p < 0.05 was
considered significant.
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Abstract: Bitis arietans is a snake of medical importance found throughout sub-Saharan Africa and in
savannas and pastures of Morocco and western Arabia. The effects of its venom are characterized by
local and systemic alterations, such as inflammation and cardiovascular and hemostatic disturbances,
which can lead to victims’ death or permanent disability. To better characterize the inflammatory
process induced by this snake’s venom, the participation of eicosanoids and PAF (platelet- activating
factor) in this response were demonstrated in a previous study. In addition, edema and early
increased vascular permeability followed by an accumulation of polymorphonuclear (PMN) cells
in the peritoneal cavity were accompanied by the production of the eicosanoids LTB4, LTC4, TXB2,
and PGE2, and local and systemic production of IL-6 and MCP-1. In this context, the present study
focused on the identification of inflammatory mediators produced by human macrophages derived
from THP-1 cells in response to Bitis arietans venom (BaV), and Kn-Ba, a serine protease purified
from this venom. Here, we show that Kn-Ba, and even the less intensive BaV, induced the production
of the cytokine TNF and the chemokines RANTES and IL-8. Only Kn-Ba was able to induce the
production of IL-6, MCP-1, and IP-10, whereas PGE2 was produced only in response to BaV. Finally,
the release of IL-1β in culture supernatants suggests the activation of the inflammasomes by the
venom of Bitis arietans and by Kn-Ba, which will be investigated in more detail in future studies.

Keywords: Bitis arietans venom (BaV); Kn-Ba; inflammation; cytokines and chemokines; PGE2;
THP-1 macrophages

Key Contribution: Inflammation is closely related to the development of local and systemic delete-
rious effects due to snake envenomation. Therefore, comprehension of the molecular mechanisms
involved in this process is a valuable tool to establish efficient complementary therapies. In this
context, this study showed, for the first time, that BaV and Kn-Ba induced the production of different
inflammatory mediators, such as cytokines, chemokines, and lipid mediators by THP-1 macrophages.
Among these mediators, the production and release of the cytokine IL-1β must be highlighted, as it
indicates the possible involvement of inflammasomes in Bitis arietans envenomation.

1. Introduction

The global burden of snake envenoming is estimated at around 400,000 cases/year,
with 20,000 deaths/year. Due to poor notifications, 1,800,000 envenomations/year and
94,000 deaths/year may occur [1]. It is estimated that, on the African continent, more
than 60% of these accidents happen in sub-Saharan Africa, of which 95% occur in rural
regions, leading to about 12,000 to 32,000 deaths and more than 9000 amputations related
to post-envenoming complications [1,2].
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Except in some islands, at high altitudes, and in regions with long-lasting snow sea-
sons, venomous snake species are distributed worldwide, living naturally in intimate
contact with human populations [3]. In the different global regions, the number of ven-
omous snake species is large and varied. In the Middle East and North Africa, 17 snake
species are found, and in sub-Saharan Africa, encompassing the Central, East, South, and
West regions of the African continent, 26 species are found. Among these snakes, the
Bitis genus includes six species, which, due to the number and severity of envenomation
incidents, are important: B. arietans, B. somalica, B. parviocula, B. gabonica, B. rhinoceros,
and B. nasicornis [4–6]. B. arietans is found in North Africa and in all sub-Saharan regions
and is considered one of the most relevant snakes of medical importance in the African
continent [4,7–9].

Local and systemic symptoms are observed in human victims of Bitis arietans bite.
Intense pain, blistering, edema, ecchymosis, hemorrhage, draining lymph node hyper-
trophy, and necrosis are the common local symptoms. The systemic symptoms are fever,
neutrophilic leukocytosis, thrombocytopenia, hemolysis, and bleeding. These systemic
symptoms result in anemia, lower resistance to infections, diffuse hemorrhages, myocardial
injury, coagulopathy, blood hypotension, and sometimes permanent injury of the affected
body regions. All of these can cause death [9–13].

The Bitis arietans venom (BaV) is a complex mixture of proteins (±90–95%), peptides,
carbohydrates, nucleic-acid-derived segments, metallic cations, biogenic amines, lipids,
and free amino acids. Among the proteins, there are substantial quantities of enzymes,
such as snake venom serine proteases (SVSPs), snake venom metalloproteases (SVMPs),
and phospholipase-A2. Aside from some non-enzymatic proteins such as disintegrins,
type-C lectins, cystatins, and type-Kunitz protease inhibitors are also found [14–17]. More
recently, our group showed the presence of some new and already known proline-rich
peptides in BaV, also known as bradykinin-potentiating peptides (BPPs) [18].

Among the most common components of BaV are proteases, specially SVSPs and
SVMPs, which represent 58% of the venom composition [15–17]. These two protease
classes, already studied in other snake venoms, such as Bothrops atrox [19–21] and Bothrops
jararaca [22–24], have been identified as important toxins for the local and systemic effects
observed in envenomation.

Due to the importance of these molecules, our group has been working on the purifi-
cation and characterization of SVSPs and SVMPs present in the BaV. Thus, initially, a serine
protease with fibrinogenolytic and kinin-releasing activities, named Kn-Ba, was purified
and characterized in vitro. Kn-Ba is also recognized by antibodies (Abs) present in the
horse-serum anti-Bitis spp. venoms [25].

Based on the importance of the inflammatory process in snake envenomation [11,23,26–29],
the in vivo inflammation induced by BaV was studied in mice peritoneal cavities. BaV
induced local tissue vessel dilatation followed by plasma infiltration; erythrocytes and
neutrophils accumulation with simultaneous production of the eicosanoids LTB4, LTC4,
TXB2, and PGE2; as well as the local and systemic production of IL-6 and MCP-1. In general,
this study demonstrated that the BaV contains toxins that trigger the inflammatory process,
which is partially dependent on lipid mediators [30].

In this context, aiming to better understand the inflammatory mechanisms involved in
Bitis arietans envenomation, the present study focused on the identification of inflammatory
mediators induced by BaV and Kn-Ba in human macrophages differentiated from THP-1
cells (THP-1 macrophages).

2. Results

2.1. THP-1 Macrophage Differentiation

Human non-adherent pre-monocytes of the THP-1 lineage were cultured in supple-
mented RPMI medium at a density of 2–8 × 105 cells/mL (Supplementary Figure S1A).
In these conditions, the cells grew in clumps and showed a high rate of proliferation,
doubling the number of cells within 2–3 days. When the cells reached high concentra-
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tions, not exceeding 1 × 106 cells/mL, live cells were differentiated in macrophages using
PMA (Supplementary Figure S1B). In contrast to monocytes, differentiated macrophages
become adherent and relatively larger than undifferentiated cells, stopping proliferation
and spreading.

To confirm the differentiation, the expression of CD11b was evaluated by flow cytom-
etry. CD11b, which together with CD18 forms the inactive C3b (iC3b) receptor, known
as CR3 receptor, has been reported to be induced during differentiation of monocytes
into macrophages. CR3 has important functions both as an adhesion molecule and a
membrane receptor mediating recognition of different ligands [31–33]. As showed in
Supplementary Figure S1C, only differentiated macrophages expressed CD11b, confirming
the differentiation of these cells for further treatments.

2.2. Total Protein and Endotoxin Contents Determination in BaV and Kn-Ba

For THP-1 macrophage treatments, stimuli stock solutions were prepared at a concen-
tration of 5 mg/mL (BaV) and 26 μg/mL (Kn-Ba) in sterile PBS, pH 7.2. The determined
endotoxin concentrations were <0.1 UE/μg in both samples, which can be considered as
an acceptable endotoxin level [34].

2.3. Effects of BaV and Kn-Ba on THP-1 Macrophage Viabilities

To evaluate the cytotoxic effects caused by treatments with BaV and Kn-Ba, the
release of lactate dehydrogenase (LDH) in culture supernatants was evaluated. After the
incubation with 0.5–15 μg of BaV and 0.5–1 μg of Kn-Ba for 24 h, 48 h, and 72 h, cell viability
was greater than 90% (Supplementary Figure S2).

2.4. BaV Induces the Production of TNF and IL-1β in THP-1 Macrophages

The concentration of cytokines IL-1β, IL-6, IL-10, IL-12, and TNF were evaluated
on cell-free supernatants by CBA (Cytometric Bead Array) after 24 h, 48 h, and 72 h of
treatments with BaV. As shown in Figure 1, BaV induced the production of TNF and IL-1β
in a concentration-dependent manner. The production of TNF was detected only after 24 h
in response to the two highest doses of BaV (10 μg and 15 μg/well). On the other hand,
the maximum production of IL-1β, also in response to the two highest doses of BaV, was
reached in 24 h, then decreased after 48 h and 72 h of treatment. BaV did not induce the
production of IL-6, IL-10, or IL-12.

Figure 1. Cont.
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Figure 1. Cytokine production in THP-1 macrophages induced by BaV. THP-1 macrophages (2 × 105 cells/well) were
treated with different concentrations of BaV (0.5 to 15 μg/well) to induce cytokine production. Cells incubated only
with culture medium were used as control. After 24 h, 48 h, and 72 h, the cytokine production was evaluated in culture
supernatant by CBA. (a) TNF and (b) IL-1β. Results expressed as mean of duplicates ± SEM and analyzed by one-way
ANOVA followed by Tukey’s post-test (each period compared with respective control) or two-way ANOVA followed by
Tukey’s post-test (comparison between different periods of treatment). (*) Significant difference in relation to the respective
control. (#) Significant difference between concentrations of BaV on each period. Symbols indicate differences between
periods of treatment: (α) difference of 48 h or 72 h compared to 24 h; (β) difference from 72 h to 48 h. p < 0.01 (**);
p < 0.001 (***); and p < 0.0001 (**** and ####).

2.5. BaV Induces the Production of RANTES and IL-8 in THP-1 Macrophages

As the two highest doses of BaV (10 and 15 μg/well) were able to induce the cytokines
production without affecting the cell viability, these doses were selected to evaluate the
production of chemokines CXCL8/IL-8, CCL5/RANTES, CXCL9/MIG, CCL2/MCP-1,
and CXCL10/IP-10 in cell-free supernatants by CBA after 24 h, 48 h, and 72 h of treatments
with BaV. BaV induced the production of RANTES and IL-8. RANTES was produced
in a dose-dependent manner after 24 h, decaying thereafter. IL-8, in contrast, started to
be produced—also in a dose-dependent manner—mainly after 48 h and continuing after
72 h (Figure 2). BaV did not induce the production of CXCL9/MIG, CCL2/MCP-1, and
CXCL10/IP-10.

2.6. Kn-Ba Induces the Production of TNF, IL-6, and IL-1β in THP-1 Macrophages

The concentrations of cytokines IL-1β, IL-6, IL-10, IL-12, and TNF were evaluated on
cell-free supernatants by CBA after 24 h, 48 h, and 72 h of treatments with Kn-Ba. Kn-Ba
induced the production of TNF and IL-1β, and, unlike BaV, it was also able to induce IL-6
production. At the two doses used (0.5 and 1 μg), Kn-Ba induced the production of these
chemokines in concentration-dependent manners. The TNF and IL-6 production were
detected after 24 h, decreasing thereafter, whereas the production of IL-1 β was accentuated
after 48 h and maintained after 72 h (Figure 3). Kn-Ba did not induce the production of
IL-10 or IL-12.

2.7. Kn-Ba Induces the Production of IP-10, MCP-1, RANTES, and IL-8 in THP-1 Macrophages

The concentrations of chemokines CXCL8/IL-8, CCL5/RANTES, CXCL9/MIG, CCL2/
MCP-1, and CXCL10/IP-10 were evaluated in cell-free supernatants by CBA after 24 h,
48 h, and 72 h of treatments with Kn-Ba (0.5 and 1 μg). Just like BaV, Kn-Ba induced the
production of RANTES and IL-8, but was also able to induce the production of IP-10 and
MCP-1, in time- and concentration-dependent manners (Figure 4).
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Figure 2. Chemokine productions in THP-1 macrophages induced by BaV. THP-1 macrophages
(2 × 105 cells/well) were treated with two concentrations of BaV (10 and 15 μg/well). Cells incubated
only with culture medium were used as control. After 24 h, 48 h, and 72 h, the production of
chemokines were evaluated in culture supernatant by CBA. (a) RANTES and (b) IL-8. Results
expressed as mean of duplicates ± SEM and analyzed by one-way ANOVA followed by Tukey’s
post-test (each period compared with respective control) or two-way ANOVA followed by Tukey’s
post-test (comparison between different periods of treatment). (*) Significant difference in relation
to the respective control. (#) Significant difference between concentrations of BaV on each period.
Symbols indicate differences between periods of treatment: (α) difference of 48 h or 72 h compared
to 24 h; (β) difference from 72 h to 48 h. p < 0.05 (*); p < 0.01 (##); p < 0.001 (*** and ###); and
p < 0.0001 (**** and ####).

Figure 3. Cont.
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Figure 3. Cytokine production in THP-1 macrophages induced by Kn-Ba. THP-1 macrophages
(2 × 105 cells/well) were treated with two concentrations of Kn-Ba (0.5 and 1 μg/well). Cells incu-
bated only with culture medium were used as control. After 24 h, 48 h, and 72 h the production of
cytokines were evaluated in culture supernatant by CBA. (a) TNF, (b) IL-6 and (c) IL-1β. Results
expressed as mean of duplicates ± SEM and analyzed by one-way ANOVA followed by Tukey’s
post-test (each period compared with respective control) or two-way ANOVA followed by Tukey’s
post-test (comparison between different periods of treatment). (*) Significant difference in relation
to the respective control. (#) Significant difference between concentrations of Kn-Ba on each period.
Symbols indicate differences between periods of treatment: (α) difference of 48 h or 72 h compared to
24 h; (β) difference from 72 h to 48 h. p < 0.01 (** and ##); p < 0.001 (###); and p < 0.0001 (**** and ####).

Figure 4. Cont.
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Figure 4. Chemokine productions in THP-1 macrophages induced by Kn-Ba. THP-1 macrophages (2 × 105 cells/well) were
treated with two concentrations of Kn-Ba (0.5 and 1 μg/well). Cells incubated only with culture medium were used as
control. After 24 h, 48 h, and 72 h, the production of chemokines were evaluated in culture supernatant by CBA. (a) IP-10,
(b) MCP-1, (c) RANTES and (d) IL-8. Results expressed as mean of duplicates ± SEM and analyzed by one-way ANOVA
followed by Tukey’s post-test (each period compared with respective control) or two-way ANOVA followed by Tukey’s
post-test (comparison between different periods of treatment). (*) Significant difference in relation to the respective control.
(#) Significant difference between concentrations of Kn-Ba on each period. Symbols indicate differences between periods of
treatment: (α) difference of 48 h or 72 h compared to 24 h; (β) difference from 72 h to 48 h. p < 0.01 (**); p < 0.001 (###); and
p < 0.0001 (**** and ####).

2.8. Kn-Ba Induced High Levels of TNF and IL-6, Whereas BaV Is Involved in the IL-1β
Production in THP-1 Macrophages

The cytokine concentrations produced in response to highest doses of BaV (15 μg/well)
and Kn-Ba (1 μg/well) were compared. As shown in Figure 5, the increased productions of
TNF and IL-6 in response to Kn-Ba were evident. However, the highest concentration of
IL-1β was detected mainly in response to BaV, suggesting that this important inflammatory
cytokine is produced in response to other components present in BaV.

Figure 5. Cont.
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Figure 5. Comparison between cytokine productions induced by higher doses of BaV and Kn-Ba.
THP-1 macrophages (2 × 105 cells/well) were treated with higher concentrations of BaV (15 μg/well)
and Kn-Ba (1 μg/well). Cells incubated only with culture medium were used as control. After
24 h, 48 h, and 72 h, the production of cytokines was evaluated in culture supernatant by CBA.
(a) TNF, (b) IL-6 and (c) IL-1β. Results expressed as mean of duplicates ± SEM and analyzed by
one-way ANOVA followed by Tukey’s post-test (each period compared with respective control) or
two-way ANOVA followed by Tukey’s post-test (comparison between different periods of treatment).
(*) Significant difference in relation to the respective control. (#) Significant difference between stimuli
on each period. Symbols indicate differences between periods of treatment: (α) difference of 48 h or
72 h compared to 24 h; (β) difference from 72 h to 48 h. p < 0.01 (**); and p < 0.0001 (**** and ####).

2.9. Kn-Ba Induced the Production of Highest Levels of all Evaluated Chemokines in
THP-1 Macrophages

The chemokine concentrations produced in response to the highest doses of BaV
(15 μg/well) and Kn-Ba (1 μg/well) were compared. As depicted in Figure 6, the higher
productions of the chemokines IP-10, MCP-1, RANTES, and IL-8 were detected in response
to Kn-Ba.

Figure 6. Cont.
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Figure 6. Comparison between chemokine productions induced by higher doses of BaV and Kn-Ba.
THP-1 macrophages (2 × 105 cells/well) were treated with higher concentrations of BaV (15 μg/well)
and Kn-Ba (1 μg/well). Cells incubated only with culture medium were used as control. After 24 h,
48 h, and 72 h, the production of chemokines was evaluated in culture supernatant by CBA. (a) IP-10,
(b) MCP-1, (c) RANTES and (d) IL-8. Results expressed as mean of duplicates ± SEM and analyzed
by one-way ANOVA followed by Tukey’s post-test (each period compared with respective control) or
two-way ANOVA followed by Tukey’s post-test (comparison between different periods of treatment).
(*) Significant difference in relation to the respective control. (#) Significant difference between stimuli
on each period. Symbols indicate differences between periods of treatment: (α) difference of 48 h or
72 h compared to 24 h; (β) difference from 72 h to 48 h. p < 0.001 (***); and p < 0.0001 (**** and ####).

2.10. BaV, But Not Kn-Ba, Induced the Production of PGE2

The concentrations of the eicosanoids PGE2 and LTB4 were evaluated in cell-free
supernatants by competitive ELISA after 30 min of treatments with higher doses of BaV
(15 μg/well) and Kn-Ba (1 μg/well). BaV, but not Kn-Ba, induced the production of PGE2
(Figure 7). No stimulus was able to induce the production of LTB4 (data not shown).

Figure 7. Production of PGE2. THP-1 macrophages (2 × 105 cells/well) were treated with higher
concentrations of BaV (15 μg/well) and Kn-Ba (1 μg/well). Cells incubated only with culture
medium were used as control. After 30 min, the production of PGE2 was evaluated by ELISA. Results
expressed as mean of duplicates ± SEM and analyzed by one-way ANOVA followed by Tukey’s
post-test. (Asterisk) Significant difference from control and Kn-Ba. p < 0.01 (**).

77



Toxins 2021, 13, 906

3. Discussion

Inflammation is the hallmark of envenomation by snakes in the Viperidae family.
The activation of the inflammatory process and its cascade of events play an important
role in the pathogenesis of envenomation, in the clinical picture, and in the outcome of
the accident. In this sense, the envenomation by Bothrops asper [35,36], B. atrox [37,38],
and B. jararaca [39,40], which, among other characteristic changes such as hemostatic and
cardiovascular disorders, induce a prominent inflammatory response, which has been
associated not only with local damage but also with systemic disturbances caused by
Viperidae venoms [11,29]. Therefore, given the importance in understanding the inflam-
matory response induced by the BaV as a tool for the development of complementary
therapies, or the improvement of B. arietans antivenoms, we show that this venom was
capable of inducing, in vitro, the production of several inflammatory mediators, including
cytokines, chemokines, and lipid mediators.

Our previous in vivo results demonstrated that BaV induces inflammation with the
participation of diverse endogenous inflammatory mediators produced by residents or
derivatives of recently migrated blood cells [30]. Among these cells, macrophages became
candidates for target cells in the present study of cell inflammation induced by BaV and
Kn-Ba, since macrophages play a key role in inflammation [41] and also participate in
the inflammatory response related to other snake envenomations [22,23,42]. In this sense,
studies have shown that in the absence of macrophages, the recruitment of immune cells to
the site of inflammation, especially neutrophils, is impaired [22,23].

Macrophages express, on their cell surface, receptors named pattern-recognizing recep-
tors (PRRs), which recognize the molecular domains such as pathogen-associated molecular
patterns (PAMPs) expressed by pathogens, virus, fungus, bacteria; and damage-associated
molecular patterns (DAMPs), which are expressed by host-damaged molecules [43–45]. In
addition, the PRRs can also recognize venom-associated molecular patterns, also known as
VAMPs. The term VAMP was coined by Brazilian researchers, who showed that mice defi-
cient in TLR (Toll-like receptor)-2 and TLR-4, two important PRRs, as well as the adapter
molecule CD14, produce fewer inflammatory mediators in response to the Tityus serrulatus
scorpion venom, including decreased levels of IL-6 and TNF-α [46].

In view of the important role of macrophages in the inflammatory process, we used
THP-1 macrophages to evaluate the in vitro pro-inflammatory properties of BaV and
Kn-Ba. To support the homogeneity of the experiments, the human monocytes of the
THP-1 lineage were differentiated in vitro into macrophages with PMA, as described in
the literature [33,47]. There are different protocols using PMA for the differentiation
of THP-1 monocytes to macrophages, but in some cases the differentiation profile may
be not comparable to primary monocyte-derived macrophages [48]. To overcome this
inconvenience, macrophages treated with PMA were kept at rest for 4 days in culture media
without PMA, which was shown to be a good alternative to induce a differentiation pattern
similar to primary monocyte-derived macrophages [33]. This differentiation was evaluated
by morphological analyzes such as adhesion to the support surface, spreading and emission
of pseudopods, and loss of proliferation. In addition to the morphological alterations, the
differentiated macrophages, but no undifferentiated THP-1 monocytes, expressed CD11b,
an important surface marker of monocyte-to-macrophage maturation [31–33]. CD11b
forms the molecular complex CD11b-CD18, known as CR3 receptor, which is expressed in
macrophages and in other leucocytes and binds to several ligands, such as iC3b adhered to
pathogens. These promote phagocytosis [49] and expanding the macrophages’ biological
activities [33]. After differentiation, the THP-1 macrophages were used as target cells in the
studies with BaV and its purified serine protease, Kn-Ba.

In sequence, the effects of BaV and Kn-Ba as inflammation-inducers were demon-
strated by the production of the cytokines TNF, IL-6, IL-1β; and the chemokines IP-10,
MCP-1, RANTES, and IL-8; besides the lipid mediator PGE2.

The role of purified SVSP on the inflammation induced by snake venoms has been
extensively studied [50–52]. However, although SVSPs presents a high degree of similarity
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between their amino acids sequences, their functions may differ [53], so that not all are
involved with the inflammatory response. In this sense, two SVSPs purified from Bothrops
pirajai venom, named BpirSP27 and BpirSP41, seem to be not involved in the inflammatory
events related to B. pirajai envenomation, such as edema, pain, and leukocyte recruit-
ment [54]. In contrast, it was showed that SVSPs from the venoms of Bothrops alternatus
and B. moojeni are able to promote edema and pain, two classic signs of inflammation [50].
SVSPs from Bothrops asper can also activate endogenous matrix metalloproteases [51], while
SVSPs from Crotalus durissus terrificus venom induced edema and the increased expression
of COX-2 and PGE2 production [52]. In agreement with these finds, here we show that Kn-
Ba induces the production of inflammatory cytokines and chemokines by THP-1-derived
human macrophages, indicating its participation in BaV-induced inflammation.

Our results show differences between the type and concentration of some inflamma-
tory mediators produced in response to treatments with BaV or purified Kn-Ba. In this
sense, it can be suggested that the mediators produced only after stimuli with BaV, but not
with Kn-Ba, as in the case of PGE2, were generated by other components present in the
venom. However, here we also show that some mediators, more precisely IL-6, IP-10, and
MCP-1, were produced only after stimulation with Kn-Ba. This is a complex issue involving
both the composition of the venom itself and the immune response triggered against the
components of the whole venom. It is well known that BaV is a complex mixture of proteins
(±90–95%), which includes, besides enzymes such as SVSP and SVMPs, non-enzymatic
proteins as Kunitz-type proteases inhibitors [14–17]. Therefore, it can be suggested that
the activity of some proteases could be hindered by endogenous inhibitors present in the
venom itself. Thus, it is possible that purified Kn-Ba inducing the production of different
inflammatory mediators, in a greater degree than BaV, may be due to the absence of these
inhibitors. In addition, the different components of BaV can act in a different way in
immune cells, making the inflammatory response diverse from the one developed only
against purified Kn-Ba.

Among the inflammatory mediators produced in response to BaV and Kn-Ba, the cy-
tokine IL-1β is noteworthy. According to literature data, after the activation of macrophages
via TLRs, a cascade of intracellular signaling begins. This cascade may culminate in the
activation of an important transcription factor named NF-κB, which is responsible for
the expression of diverse inflammatory genes, including TNF-α, IL-6, iNOS, and also pro
IL-1β [45,55,56]. Pro IL-1β is a zymogen whose activation and later secretion depends on
the inflammasomes’ activation, a multiprotein complex formed due to cell activation by the
recognition of patterns via cytosolic PRRs of the NLR family (NOD-like receptors) [57,58].
An important subfamily of NLRs, called NALP, is involved in the induction of the in-
flammatory response via cytokines of the IL-1 family, including IL-1β, IL-8, and IL-33.
Recognition via NALP promotes the formation of inflammasomes, which are responsible
for the activation of inflammatory caspases 1, 4, and 5 in humans, and caspases-1, 11,
and 12 in mice, which can convert pro-IL-1β into mature IL-1β [59,60]. IL-1β is a highly
inflammatory cytokine produced during various inflammatory conditions, which mediates
innate and adaptative immune responses by promoting acute phase response and recruit-
ing inflammatory cells [61,62]. The overproduction of IL-1β is harmful and can trigger
autoimmune diseases [63,64].

Here, we show that both BaV and Kn-Ba induced the production and secretion of IL-1β
in the supernatant of macrophage cultures, suggesting the participation of inflammasomes
in the inflammatory process related to the Bitis arietans envenomation. In addition, as
higher concentrations of this cytokine were detected after treatment with BaV, our results
indicate there are other components present in BaV, besides Kn-Ba, which may be involved
in the possible inflammasome activation.

IL-1β can act synergistically with other cytokines produced by human macrophages
to amplify Bitis-arietans-related inflammations, such as with TNF-α, activating the en-
dothelium and inducing vasodilation and increased vascular permeability, and, with IL-6,
activating hepatocytes and inducing the production of acute phase proteins, which can acti-
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vate the complement system and act as opsonins, facilitating phagocytosis by macrophages
and neutrophils [45].

Summing up, our study showed that BaV and Kn-Ba are able to induce the activation
and the production of inflammatory mediators in THP-1-derived human macrophages,
and this is the first suggestion that the inflammasomes may play a role in Bitis arietans
envenomation.

4. Conclusions

Our study showed, for the first time, the pro-inflammatory effects of BaV and Kn-Ba
upon THP-1 derived human macrophages. Both stimuli are responsible for the production
of the cytokines TNF and the chemokines RANTES and IL-8. However, the significant
production of these mediators occurred in response to Kn-Ba. Only Kn-Ba was able to
induce the production of IL-6, MCP-1, and IP-10, whereas PGE2 was produced only in
response to BaV. Finally, although both stimuli induced the production of IL-1β, suggesting
that the inflammasomes may play a role in BaV envenomation, the highest production of
this cytokine in response to BaV suggests the participation of other venom components in
this process (Figure 8). These results together with previous data published by our group
describing the biological actions of Kn-Ba and BaV-induced inflammation in vivo help us
to better understand the inflammatory mechanisms involved in this envenomation, and to
list important toxins for the future development of antivenoms.

 

Figure 8. Comparative overview of the inflammatory profiles induced by BaV and Kn-Ba in THP-1 macrophages. THP-1
macrophages were treated with BaV (left; blue) and Kn-Ba (right; red) resulting in the synthesis and secretion of the
indicated cytokines, chemokines, and PGE2. The mediators highlighted in larger size were produced by both stimuli, but at
higher levels at the evidenced side. Both stimuli induced the production and release of IL-1β, indicating the inflammasomes
pathway activation during BaV envenomation. However, the highest production of this cytokine in response to BaV
indicated the participation of other venom components in this process. The schematic art pieces used in this figure were
provided by Servier Medical art. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 4.0
Unported License.
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5. Materials and Methods

5.1. BaV

Lyophilized B. arietans venom (BaV) was purchased from Venom Supplies, Tanunda,
Australia. The venoms were obtained from male and female snakes of different ages,
captured in South Africa and maintained in captivity. Stock solutions were prepared in
sterile phosphate-buffered saline (PBS, 8.1 mM Na2HPO4; 1.5 mM KH2PO4; 137 mM NaCl;
2.7 mM KCl, pH 7.2) and stored at −80 ◦C.

5.2. Kn-Ba

Kn-Ba was purified from BaV as previously described [25]. Purified Kn-Ba was diluted
in sterile PBS pH 7.2 and stored at −80 ◦C.

5.3. Total Protein Quantification

Total protein concentration of BaV and Kn-Ba were measured by the bicinchoninic
acid method [65] using the Pierce BCA Protein Assay kit (Pierce Biotechnology, Waltham,
IL, USA), according to manufacture instructions. A standard curve was prepared using
increased concentrations (0–2000 μg/mL) of pure bovine serum albumin (BSA, Sigma
Aldrich, St. Louis, MO, USA) diluted in sterile PBS pH 7.4. Absorbances were obtained in
the plate spectrophotometer (ELX 800, Biotek Instruments, Winooski, VT, USA) at 540 nm.

5.4. Endotoxin Contents Determination

Samples of BaV (20 μg/mL) and Kn-Ba (1 μg/mL) were diluted in sterile PBS, pH 7.2,
and the endotoxin presence was analyzed by the Microbiological Quality Control of Butan-
tan Foundation using the PYROGENT TM Gel clot LAL Assays kit (Lonza, Walkersville,
MD, USA), according to manufacture instructions. Endotoxin concentration was estimated
by comparing with an Escherichia coli LPS standard (0.125 UE/mL).

5.5. Human THP-1 Pre-Monocyte Culture

The non-adherent human pre-monocyte of the THP-1 cell lineage was acquired from
the Rio de Janeiro Cell Bank (Rio de Janeiro, RJ, Brazil, cat.: BCRJ: 0234) and cultured
according to the manufacture instructions. The suspension cells were cultured in 75 cm3

culture flasks (Corning Inc., New York, NY, USA) with RPMI-1640 medium (Gibco, Invitro-
gen Corp., Waltham, MA, USA) supplemented with 23 mM NaHCO3, 13 mM C6H12O6,
10 mM Hepes, 2 mM L-glutamine, 1 mM sodium pyruvate, 10% FBS (Fetal Bovine Serum,
Cultilab, São Paulo, SP, Brazil), 100 U/mL of penicillin, and 100 μg/mL of streptomycin
(Gibco, Invitrogen Corp., Waltham, MA, USA). The cell was maintained at 37 ◦C in an
atmosphere containing 5% CO2 at a density of 2–8 × 105 cells/mL, not exceeding the
concentration of 1 × 106 cells/mL. Total cell number and cell viability were periodically
monitored in a Neubauer chamber by Trypan blue exclusion (Trypan blue 0.4% in PBS
pH 7.2; 1:1; v/v).

5.6. Human THP-1 Pre-Monocyte Differentiation into THP-1 Macrophages

Human pre-monocytes were differentiated into macrophages using Phorbol 12-
Myristate 13-Acetate (PMA, Sigma Aldrich, St. Louis, MO, USA), according to proto-
col described by Daigneault and colleagues (2010) [33]. Briefly, live cells were transferred to
24 culture wells plates containing 1 mL/well of supplemented RPMI medium containing
PMA (100 ng/mL) at a density of 2 × 105 cells/well. The cell was incubated at 37 ◦C in
an atmosphere containing 5% CO2 during 72 h. After the fourth day, PMA-containing
medium was replaced by medium without PMA (2 mL/well), and the cells were kept at
rest for 4 more days. At the end of the rest period, macrophage adhesion was visualized
under a phase contrast microscope (Leica DM2500, Wetzlar, Germany) and photographed.
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5.7. CD11b Expression in Differentiated THP-1 Macrophages

The CD11b expression by differentiated THP-1 macrophages was evaluated by flow
cytometry, according to the literature [32], with some modifications, as described be-
low. THP-1 monocytes were cultured in 75 cm3 culture flasks until reaching a density of
8 × 105 cells/mL, according to what is described in 5.5. At this time, the culture medium
was replaced with medium containing 100 ng/mL of PMA, and differentiation was con-
ducted as described in 5.6. The adherent macrophages were carefully detached with cell
scraper and centrifuged (260× g) for 10 min at 10 ◦C. Contents of viable cells were de-
termined by Trypan blue exclusion, and the cell pellet was resuspended in FACS buffer
(PBS with 1% BSA and 0.01% sodium azide) at the density of 20 × 106 cells/mL. Cells
were transferred to 96 round-well-bottom microplates (50 μL/well) and were incubated
protected from light for 30 min at 4 ◦C with anti-CD11b PE-labelled antibody (IgG1κ PE,
Clone VIM 12, BD, Becton Dickinson, San Jose, CA, USA) or with isotypic control (IgG1κ
PE, BD) diluted at 1:5 (v/v) in FACS buffer. After incubation, the cell suspensions were
centrifuged (305× g) for 5 min at 4 ◦C, washed three times with FACS buffer and resus-
pended in 300 μL/well of FACS buffer with 1% paraformaldehyde. The data acquisition
was performed in flow cytometer (FACS Aria III, Becton Dickinson, San Jose, CA, USA). In
parallel, the CD11b expression was also evaluated in THP-1 monocytes as control.

5.8. Incubation of THP-1 Macrophages with BaV and Kn-Ba

THP-1 differentiated in 24-well plates, according to what is described in 5.4, were
treated with BaV (0.5 μg, 1 μg, 10 μg, and 15 μg/well) or with Kn-Ba (0.5 μg and 1 μg/well)
diluted in 500 μL/well of supplemented RPMI medium without FBS and incubated at 37 ◦C
in an atmosphere containing 5% CO2 during 24 h, 48 h, and 72 h [66]. The supernatants
were collected, centrifuged (405× g) for 5 min at 4 ºC for removal of cell debris, aliquoted,
and stored at −80 ◦C.

5.9. Release of Lactate Dehydrogenase (LDH)

The cytotoxic effects after BaV and Kn-Ba treatments were evaluated by the quantifica-
tion of lactate dehydrogenase (LDH) enzyme in cell-free supernatants using the kit CytoTox
96® Non-Radioactive Cytotoxicity Assay (Promega, Madison, WI, USA) [67], according
to the manufacturer’s instructions. Cell-free supernatants of THP-1 macrophages treated
during 45 min with lysis buffer were used as a positive control of LDH release, and cells
treated only with culture medium were used as LDH release background.

5.10. Quantification of Cytokines and Chemokines Produced by THP-1 Macrophages

The cytokines and chemokines produced by THP-1 macrophages in response to the
treatments with BaV and Kn-Ba were evaluated in cell-free supernatants. For quantifi-
cation of inflammatory cytokines IL-1β, IL-6, IL-10, IL-12, and TNF-α, the CBA Human
Inflammatory Cytokines kit was used (BD, Bioscience, Franklin Lakes, NJ, USA), and for
quantification of the chemokines CXCL8/IL-8, CCL5/RANTES, CXCL9/MIG, CCL2/MCP-
1, and CXCL10/IP-10, the CBA Human Chemokines kit was used (BD, Bioscience, Franklin
Lakes, NJ, USA), according to the manufacturer’s instructions. The data acquisition was
performed in a flow cytometer (FACS Aria III, Becton Dickinson, San Jose, CA, USA) and
analyzed by the software FACS Diva, version 6.1.3.

5.11. Quantification of Lipid Inflammatory Mediators Produced by THP-1 Macrophages

The concentration of the lipid mediators LTB4 and PGE2 in cell-free supernatants was
quantified by competitive ELISA using specific kits (EIA, Cayman Chemical, Ann Arbor,
MI, USA), according to the manufacturer’s instructions. The absorbances were determined
in a spectrophotometer at λ 405/420 nm (VersaMax, Molecular Devices, San Jose, CA,
USA). The eicosanoids concentrations were calculated by the interpolation on the kits’
standard curve.
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5.12. Statistical Analysis

Data are presented as means ± standard error (SEM) and analyzed by Graph Pad
Prism, version 6.0 for Windows (Graph Pad Software, San Diego, CA, USA). One-way
ANOVA test and multiple comparisons by Tukey HSD were used for comparisons of
one variable in more than two groups. For comparisons of two or more variables, two-
way ANOVA followed by Tukey HSD were used. For all tests, the values p < 0.05 were
considered significant. The assays were conducted in duplicate and repeated at least twice
in independent days.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/toxins13120906/s1, Figure S1. Differentiation of THP-1 macrophages. (A) Human pre-
monocytes of the THP-1 lineage were cultured in 75 cm3 bottles containing supplemented RPMI
medium. The cells were kept in an incubator at 37 ◦C and 5% CO2, at a concentration of
2–8 × 105 cells/mL. (B) Macrophages were differentiated from THP-1 pre-monocytes with 100 ng/mL
PMA for 3 days, followed by a 4-day rest period in the absence of PMA. 200× magnification. (C)
CD11b expression in differentiated THP-1 macrophages. Adherent THP-1 macrophages differentiated
with PMA and pre-monocytes in suspension were analyzed for CD11b expression by flow cytometry.
Result expressed as mean of duplicates ± SEM and analyzed by two-way ANOVA followed by
Tukey’s post-test. (*) Significant difference in relation to the respective controls (p < 0.0001). Figure S2.
Cell cytotoxicity. Differentiated THP-1 macrophages was treated with 0.5–15 μg/well of BaV or with
0.5 and 1 μg/well Kn-Ba for 24 h, 48 h, and 72 h, and cell viability was evaluated by the quantification
of lactate dehydrogenase (LDH) enzyme in cell-free supernatants. Results expressed as mean of
duplicates ± SEM and analyzed by one-way ANOVA followed by Tukey’s post-test. (*) Significant
difference in relation to the respective control. p < 0.01 (**), and p < 0.0001 (****).
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Abstract: Oral tolerance is defined as a specific suppression of cellular and humoral immune re-
sponses to a particular antigen through prior oral administration of an antigen. It has unique
immunological importance since it is a natural and continuous event driven by external antigens. It is
characterized by low levels of IgG in the serum of animals after immunization with the antigen. There
is no report of induction of oral tolerance to Bothrops jararaca venom. Here, we induced oral tolerance
to B. jararaca venom in BALB/c mice and evaluated the specific tolerance and cross-reactivity with the
toxins of other Bothrops species after immunization with the snake venoms adsorbed to/encapsulated
in nanostructured SBA-15 silica. Animals that received a high dose of B. jararaca venom (1.8 mg)
orally responded by showing antibody titers similar to those of immunized animals. On the other
hand, mice tolerized orally with three doses of 1 μg of B. jararaca venom showed low antibody
titers. In animals that received a low dose of B. jararaca venom and were immunized with B. atrox or
B. jararacussu venom, tolerance was null or only partial. Immunoblot analysis against the venom of
different Bothrops species provided details about the main tolerogenic epitopes and clearly showed a
difference compared to antiserum of immunized animals.

Keywords: oral tolerance; Bothrops jararaca; snake venom; ELISA

Key Contribution: We describe the induction of oral tolerance by administration of Bothrops jararaca
venom through an original approach, showing the main tolerogenic epitopes in B. jararaca venom
and other species of Bothrops.

1. Introduction

Snake venoms are composed of a high diversity of proteins and peptides with biologi-
cal activities, allowing these animals to defend themselves and immobilize their prey [1].
The composition of snake venoms among species displays high variability, both in qualita-
tive and quantitative aspects and complexity [2]. Accidents with snakebite envenoming
cause local and systemic effects and represent a public health problem in developing
countries, where they reach lower socio-economic segments and kill >100,000 people each
year [3]. The primary treatment for the systemic effects of snake envenoming is the in-
travenous administration of antivenom against specific venoms. Antivenoms specifically
neutralize the venoms used in their production and those of related species, which means
that antivenoms are produced regionally depending on demand [3]. Indeed, there is a crisis
related to the supply of antivenoms, especially in sub-Saharan Africa and parts of Asia;
the development of new treatments for patients with snakebite envenoming should be
promoted on the basis of recent scientific knowledge related to snake venoms [3]. Recently,
several studies have reported that antivenom serum antibodies, generated against specific
snake venoms, are cross-reactive with venoms from other species, considering homologous
and heterologous snake venoms [4–7].
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Most snakebites in Brazil occur because of the genus Bothrops and are considered a
serious public health problem. Bothrops venom components mainly cause local damage
and systemic effects targeting blood hemostasis, endothelial microcirculation, extracellular
matrix, and the cardiovascular system [1,8].

Oral tolerance is the induction of peripheral immune tolerance by the oral admin-
istration of the antigen and is characterized by the inhibition of the specific immune
response to this antigen due to prior oral exposure [9–14]. It is a natural and continuous
process driven by external antigens. It has a unique immunological importance, as it
develops unresponsiveness to ingested food and potential insults from the environment
to maintain host homeostasis by protecting against food allergies and colitis caused by
autoimmunity [12,13,15]. The gut is regularly exposed to multiple types of antigens, and
the associated immune system has specialized immune cells and lymph nodes to balance
responses to commensal bacteria (microbiome), innocuous antigens, and harmful microor-
ganisms [11]. Depending on the properties of the antigen, such as size and solubility, the
orally administrated antigen that reaches the intestinal epithelium is transported by differ-
ent routes and can lead to the induction of tolerance or immunity [14]. The oral tolerance
induction mechanism has been extensively studied using animal models, mainly for food
allergens [11]. It involves multiple factors, and it is known that the dose of the administered
antigen and the consumption time are decisive. Administration of a single high dose of
antigen leads to the mechanisms of anergy or depletion, whereas exposure to multiple
low doses favors the development of regulatory T cells [11,16]. Anergy induction means
obtaining antigen-unresponsive T cells, while depletion induction refers to apoptosis of
antigen-specific T cells [14]. Previous studies have shown that genetic and environmental
factors are involved in the induction of oral tolerance, demonstrating that this characteristic
is a process under the influence of multiple factors [17–19].

Oral tolerance induction by the administration of one kind of antigen/allergen has
been extensively investigated, as has been the mechanism of this process involving immune
cells and pathways [11,13,20]. This process has not been explored by the administration
of a complex mixture of proteins. Snake envenomation by the oral route does not occur
in nature; instead, snakes inject their venoms when there is a dangerous situation and/or
they need to defend themselves. Oral antigen application of this kind to induce oral
tolerance represents a novel experimental approach. To our knowledge, there is no report
of oral tolerance induction using B. jararaca venom as an antigen. We propose a method for
inducing oral tolerance to B. jararaca venom in mice, followed by evaluation of serum cross-
reactivity with the toxins from other Bothrops species compared to the serum generated by
the immunization process.

2. Results

2.1. Induction of Oral Tolerance by B. jararaca Venom Is Dependent on Dose Administed

Oral tolerance is characterized by low IgG levels in the antiserum of animals after
immunization with the antigen previously administered orally. Initially, the induction of
oral tolerance by administering B. jararaca venom was tested using two conditions and
the results are summarized in Figure 1. Group I did not receive venom orally. Briefly, one
group of mice orally received a single dose of 1.8 mg of the venom (Group II) and other
groups received 1 μg of snake venom on the first, third and fifth day (Groups III and IV).
At 12 days after the last low dose of 1 μg, all groups were immunized with snake venom
combined with silica adjuvant. Groups I, II and III received venom from B. jararaca, while
Group IV was challenged with venom from B. atrox. Antisera corresponding to 7 days after
immunization were analyzed, and no difference in antibody titers between all groups of
mice was observed (data not shown). Antisera were then collected on the 35th day after
immunization and titers determined (Figure 1), followed by analysis based on ANOVA.
According to our results, animals that received high doses of B. jararaca venom orally were
not tolerized (Group II), with antibody titers being similar to those of mice immunized
only (Group I). No statistically significant differences were found between Groups I and II
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and Groups I and IV. Interestingly, mice given a low dose of venom orally and immunized
with the same antigen (Group III) had the lowest antibody titer showing the induction of
oral tolerance with a statistically significant difference compared to other groups. On the
other hand, animals that received a low oral dose of B. jararaca and were immunized with
B. atrox venom (Group IV) showed no tolerance induction. Our results suggest that oral
tolerance to snake venom appears to be dose-dependent and is specific for the venom of
each snake species.

Figure 1. Induction of oral tolerance by administration of B. jararaca venom evaluated by antibody
titer of mouse antiserum after immunization. Group I was not subjected to oral tolerance. The mice
were orally tolerized with a single high dose of venom (Group II) or with low doses of venom on the
first, third and fifth day (Group III and IV). Twelve days after receiving the last oral dose, Groups
I, II and III were immunized with B. jararaca venom, and group IV received B. atrox venom. Serum
antibody titers corresponding to 35 days after immunization were determined by ELISA. Error bars
represent the standard deviation of an experiment (n = 3). ANOVA with 95% confidence intervals was
used to determine significant differences between each group of mice. ns: not significant; ****: p-value
was <0.0001.

2.2. Characterization of Antisera from Orally Tolerized Animals Reveals Specificity for Other
Snake Venoms

To characterize the specificity and cross-reactivity of the antiserum after induction of
oral tolerance with B. jararaca venom, another experiment was carried out with induction
of oral tolerance by administering three doses of 1 μg of the B. jararaca venom (Groups I
and III). Eight days after the last dose, all groups of mice were immunized intraperitoneally
with snake venom combined to adjuvant. Groups I and II were immunized with B. jararaca,
while Groups III and IV received B. jararacussu venom. Antiserum was collected 12, 25
and 45 days after immunization to analyze the specificity of response to B. jararaca and
B. jararacussu venoms. The specificity of antiserum for the venom of B. jararaca, using this
venom as the antigen is shown in Figure 2, while Figure 3 shows the specificity for the
venom of B. jararacussu. Our results showed that Group I, orally tolerized and immunized
with B. jararaca venom, was tolerized for snake venom in view of the low IgG level in all
analyzed antisera (Figures 2A and 3A). Group III was tolerized orally and immunized
with B. jararacussu venom and the antibody titer increased on the 45th day after venom
injection when specificity for B. jararaca venom was evaluated (Figure 2C), while the
same phenomenon was observed on day 25 for the specificity of B. jararacussu venom
(Figure 3C). Antiserum from groups of mice immunized with snake venom only (Groups
II and IV) had high antibody titers for both snake venoms 25 days after immunization
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(Figures 2B,D and 3B,D). Furthermore, antisera from mice immunized with B. jararacussu
venom (Group IV) showed reactivity with B. jararaca venom (Figure 2B) and antisera from
mice immunized with B. jararaca venom (Group II) showed reactivity with B. jararacussu
venom (Figure 3B). In the case of specificity for B. jararacussu venom, mice immunized
with B. jararaca venom (Group II) showed a reduction in antibody titer 45 days after
immunization (Figure 3B).

Figure 2. Antiserum specificity for B. jararaca venom from mice subjected or not to oral tolerance
followed by immunization with snake venom. Microplate wells were coated with 1 μg of B. jararaca
venom, and serial dilutions of antiserum of Groups I–IV corresponding to 12, 25 and 45 days after
snake venom immunization were applied; antibody titer was determined by ELISA. (A) Group I: mice
tolerized with B. jararaca venom and immunized with the same snake venom; (B) Group II: mice
immunized with B. jararaca venom; (C) Group III: mice tolerized with B. jararaca venom and immu-
nized with B. jararacussu venom; (D) Group IV: mice immunized with B. jararacussu venom. The
mean and standard deviation (n = 5) of each antibody titer obtained were plotted. ANOVA with 95%
confidence intervals was used to determine significant differences between each group of mice group.
ns: not significant; *: p-value was 0.01–0.05; **: p-value was 0.001–0.01; ****: p-value was <0.0001.

IgG1 and IgG2a titers were determined for antisera obtained 45 days after immuniza-
tion for Groups I, II, III and IV (Figure 4). Orally tolerized mice had lower antibody titers
than immunized mice and no difference between IgG1 and IgG2a titers was observed.
IgG1 antibody titers from mice immunized with snake venoms (B. jararaca or B. jararacussu
venom) were higher than IgG2a titers. IgE was not found in any of the four groups (data
not shown).
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Figure 3. Antiserum specificity for B. jararacussu venom from mice subjected or not to oral toler-
ance followed by immunization with snake venom. Microplate wells were coated with 1 μg of
B. jararacussu venom, and serial dilutions of antiserum of Groups I–IV corresponding to 12, 25 and
45 days after snake venom immunization were applied; antibody titer was determined by ELISA.
(A) Group I: mice tolerized with B. jararaca venom and immunized with the same snake venom;
(B) Group II: mice immunized with B. jararaca venom; (C) Group III: mice tolerized with B. jararaca
venom and immunized with B. jararacussu venom; (D) Group IV: mice immunized with B. jararacussu
venom. The mean and standard deviation (n = 5) of each antibody titer obtained were plotted.
ANOVA with 95% confidence intervals was used to determine significant differences between each
mice group. ns: not significant; *: p-value was 0.01–0.05; **: p-value was 0.001–0.01; ***: p-value was
0.0001–0.001; ****: p-value was <0.0001.

Next, we evaluated the reactivity of antisera from mice subjected to oral tolerance with
venoms of some Bothrops species and Bitis anetans by Western blotting. Protein profiles of
the snake venoms under non-reducing conditions are shown in Figure 5; venoms differed
in composition and band intensity.

Snake venoms subjected to electrophoresis were transferred to PVDF membranes,
the membrane was incubated with a pool of antisera corresponding to 45 days after
the immunization of Groups I, II, III and IV and revealed by chemiluminescent reagent
(Figure 6). Antisera from orally tolerized animals showed lower reactivity with snake
venom proteins compared to antisera obtained from mice immunized with snake venom.
Antisera of mice tolerized with B. jararaca venom and immunized with the same snake
venom (Group I) recognized some proteins from the venom of B. jararaca, and a protein band
from the venom of B. alternatus, B. jararacussu and B. atrox amazonia (Figure 6A). On the other
hand, the antisera from mice immunized with the venom of B. jararaca recognized venom
proteins of the Bothrops species analyzed (Bothrops jararaca, B. alternatus, B. jararacussu and
B. atrox amazonia), and a wide range of reactivity was found for the venoms of B. jararaca
and B. alternatus (Figure 6B). Interestingly, some protein bands recognized by both tolerized
and non-tolerized mouse antisera (Groups I and II) were very similar (Figure 6A,B). When
antisera from mice orally tolerized or not and immunized with B. jararacussu venom
(Groups III and IV) were evaluated, at least one protein of the snake venom was recognized
by antisera from Group III (Figure 6C), and antisera from immunized mice (Group IV)
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showed higher reactivity with B. jararacussu and B. jararaca venoms and low reactivity with
other snake venoms (Figure 6D). The reactivity of Groups III and IV antisera was tested for
Bitis anetans venom, and antisera from tolerized or not mice showed reactivity with this
venom. Each antiserum recognized a distinct protein (Figure 6C,D). Our results showed
that antisera from mice tolerized orally with B. jararaca venom and immunized with snake
venoms had reactivity with venoms from other species at different levels. Interestingly,
antisera from orally tolerized mice demonstrated cross-reactivity with different venom
epitopes in comparison to the antisera of immunized animals.

Figure 4. IgG1 and IgG2a antibody titers of groups of mice subjected to oral tolerance induction with
B. jararaca venom followed by immunization. Microplate wells were coated with 1 μg of B. jararaca
venom, and serial dilutions of Groups I-IV antiserum, as previously described in “Section 4”, cor-
responding to 45 days after immunization with snake venom, were applied; antibody titer was
determined by ELISA using mouse anti-IgG1 or anti-IgG2a antibodies conjugated to HRP. Error bars
represent the standard deviation of one experiment (n = 5). 2-way ANOVA with 95% confidence
intervals was used to determine significant difference between IgG1 and IgG2a antibody titers for
each group. ns: not signigficant; ****: p-value was < 0.0001.

 

Figure 5. Electrophoretic profiles of snake venoms under non-reducing conditions. 12% SDS-PAGE
of 5 μg of each snake venom. Coomassie blue staining. M: Rainbow marker high range (Cytiva);
snake venom from 1: B. jararaca; 2: B. alternatus; 3: B. jararacussu; 4: B. atrox amazonia; 5: Bitis anetans.
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Figure 6. Analysis of the reactivity of the pool of antisera from animals subjected or not to oral tolerance induction with
B. jararaca venom followed by immunization with snake venom. Snake venoms were subjected to electrophoresis and
transferred to PVDF membrane according to Figure 5. The membrane was incubated with a pool of antisera correspond-
ing to 45 days after immunization. (A): 1/400 dilution of Group I antisera; (B): 1/1000 dilution of Group II antisera;
(C): 1/400 dilution of Group III antisera; (D) 1/1500 dilution of Group IV antisera. Peroxidase-conjugated anti-mouse IgG
was then added, and the membrane was revealed with ECL reagent.

3. Discussion

Oral tolerance is an immunological process in which the specific immune response
is inhibited by prior oral administration of antigen. The induction of this process can be
assessed after antigen immunization and measured by determination of antibody titer or
by the decrease in allergic symptoms after allergen challenge [14].

The ability of the immune system to adapt to dietary antigens and commensal bac-
teria is important and prevents the development of food allergies, celiac disease, and
autoimmune diseases [20]. Most studies related to oral tolerance have been carried out in
animal models to establish the safe dose and duration of the process and to understand the
immune cells and pathways involved, because of the risk of testing in humans [20]. These
studies are of crucial importance for understanding the mechanisms involved and can
promote strategies for the development of natural oral tolerance and prevent intoxication,
allergies, and autoimmune diseases.

There is a report of daily oral administration for 14 days of Crotalus durissus terri-
ficus snake venom (200 μg/kg) in male Swiss mice (17–21 g) that induced tolerance to
the antinociceptive effect, and no antibody titers were measurable after prolonged treat-
ment [21]. The expected effect was obtained by administering a dose of venom higher than
that in our study, and mice were not immunized after receiving the oral dose. The cited
study had a different purpose in relation to the present work and a different approach
was taken.
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Most incidences of snakebites in Brazil, considering all regions, are related to Bothrops
species [22] and, therefore, constituted the objective of this study. They are also extensively
investigated because they are responsible for more fatality cases in Central and South
America than other groups of snakes [1]. So far, oral tolerance by administering B. jararaca
venom in animal models has not been published and we have successfully established
a protocol in BALB/c mice. The antibody titers were measured in the antisera after
immunization with snake venoms to understand the mechanism involved.

We observed that mice receiving a single dose of 1.8 mg of B. jararaca venom orally
did not develop tolerance and that the antibody titer was similar to that of the group of
mice that was only immunized (Figure 1). These results are in agreement with those found
in the literature for other antigens [11,16]. We have shown that repeated exposure to a dose
of 1 μg of B. jararaca venom induced tolerance (Figure 1). We also found that tolerance
was more effectively induced when animals received the same snake venom during oral
administration and immunization (Figures 1–3), showing that it is specific for one type of
antigen, even when the antiserum showed cross-reactivity with venom from other snakes.

There was no reference concerning an immunization protocol with snake venom after
oral administration, and we established that immunization would be performed about
7 days after the last dose. In the first protocol, mice were immunized 12 days after the last
dose, while in the second protocol it was 8 days, and under both conditions, the oral toler-
ance induction was verified by low antibody titer. We think that the immunization protocol
could be applied in this period of time to induce oral tolerance with B. jararaca venom.

In the first protocol of oral tolerance induction, mice received a low dose of B. jararaca
venom and were immunized with B. atrox venom, and no tolerance induction was ob-
served (Figure 1). On the basis of this result, we excluded this condition in the next
protocol of oral tolerance induction and challenged the immunization with the venom of
another Bothrops species (B. jararacussu). Partial oral tolerance induction was observed
(Figures 2 and 3) with B. jararacussu venom immunization, showing that this tolerance can
be induced with another Bothrops venom. Variations in venom composition and biological
activities of Brazilian snakes from Bothrops genus were observed [23] and these differences
could be influenced on oral tolerance induction when immunization with heterologous
venom was applied. Further studies involving different conditions for establishing oral
tolerance induction with B. jararaca venom and other Bothrops species could elucidate
these observations.

We also performed immunoblot analysis of the venom of different species of Bothrops
incubating with antisera from animals tolerized with administration of B. jararaca venom
or only immunized with snake venom. The epitopes recognized by each antiserum were
clearly different (Figure 6), showing that the reactivity profile of antisera in relation to
venom components changed according to the protocol used to induce tolerance. To see if
proteins in snake venom from species other than Bothrops are recognized by antisera from
mice orally tolerized or not, reactivity with Bitis anetans venom was evaluated. Antisera
from mice partially tolerized (Group III) and from animals immunized with B. jararacussu
venom (Group IV) were tested and each antiserum recognized different proteins in Bitis
anetans venom, showing that reactivity with other snake venoms could be explored in
future studies.

The application of oral tolerance has advantages because it is non invasive and uses a
simple route. New knowledge and in-depth understanding of this process could contribute
to the application of oral tolerance in prophylaxis and treatment of diseases [20].

Most of the studies related to oral tolerance induction involve the administration
of one antigen [11,13,20]. The present work is an experimental study of oral tolerance
induction developed with B. jararaca venom that is composed of a complex of proteins with
biological activity. This process does not happen in the nature, and thus, the observation
of oral tolerance induction represented a novel experimental approach. To demonstrate
oral tolerance induction in our approach, the immune response was evaluated by the
determination of the antibody titer, and then, the epitopes recognized by antiserum from
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orally tolerized or not tolerized mice were compared. Our results showed that it is possible
to induce oral tolerance by administration of the complex mixture of the proteins, such
as B. jararaca venom. Investigations related to the modulation of immune response and
the mechanisms involved in this process were not part of the scope of the present work.
The administration of a single high dose of B. jararaca venom was not lethal to the animals
but did not induce oral tolerance. Further experimental studies should be conducted
with other snake venoms to confirm this phenomenon as this approach would be used
to develop vaccines by oral administration. The protocol established for oral tolerance
induction should also be applied to other snake venoms in future studies together with
the investigation of the mechanisms involved in this process. Therefore, the present work
opened new perspectives to explore the process of oral tolerance induction.

4. Materials and Methods

4.1. Animals

BALB/c mice, female, aged 2–4 months, were used and maintained at the ani-
mal facilities of the Immunochemistry Laboratory, Butantan Institute, and they were
caged and handled according to the International Animal Welfare Recommendations and
in line with the guidelines for the use of animals in biomedical research [24]. Ethics
Committee on Animal Use of the Butantan Institute approved the experiment protocol
(Protocol IBU 454/08; 9 April 2008).

4.2. Snake Venoms

Lyophilized venoms (Bothrops jararaca, B. alternatus, B. jararacussu, B. atrox amazonia
and Bitis anetans) were obtained from the Laboratory of Herpetology, Butantan Institute,
São Paulo, Brazil, and stored at −20 ◦C. Venoms were resuspended in phosphate-buffered
saline (PBS).

4.3. Protein Quantification

Protein concentration of the snake venom samples was determined by a microtiter-
based Bradford Protein Assay (BioRad) in microplates using bovine serum albumin
(BSA—Sigma–Aldrich, St. Louis, MO, USA) for the standard curve [25].

4.4. Induction of Oral Tolerance and Immunization

To establish the oral tolerance induction protocol, BALB/c mice were subdivided
into 4 groups of animals (n = 3). Group I did not receive venom orally. Oral tolerance
was induced by gavage administration of B. jararaca venom, and the mice received a
single high dose of 1.8 mg (Group II) or 3 doses of 1 μg on the first, third and fifth day
(Groups III and IV). At 12 days after the last low dose (Groups III and IV), all groups
were intraperitoneally immunized with 1 μg of snake venom adsorbed to/encapsulated in
nanostructured SBA-15 silica [26]. Groups I, II and III received B. jararaca venom, while
Group IV was immunized with B. atrox venom. Antiserum corresponding to the 7th and
35th day after immunization was collected by bleeding from the retroorbital plexus and
the antibody titer was determined by ELISA. Animals that did not undergo any procedure
(n = 3) were considered the control group, and sera were added to the antibody titer assay.

Another oral tolerance induction protocol was then carried out. BALB/c mice were
subdivided into 4 groups of animals (n = 5). Oral tolerance was induced by gavage
administration of 1 μg of the B. jararaca venom on the first, third and fifth day (Groups I
and III). Groups II and IV did not receive venom orally. Eight days after the last dose, mice
were intraperitoneally immunized with 1 μg of snake venom adsorbed to/encapsulated
in nanostructured SBA-15 silica. Groups I and II were immunized with B. jararaca, while
Groups III and IV received B. jararacussu venom. Antiserum was collected by bleeding from
the retroorbital plexus at 12, 25 and 45 days after immunization, and the antibody titers
were determined by ELISA. Sera from mice of control group were also added. The cross-
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reactivity of serum after induction of oral tolerance with B. jararaca venom was analyzed
by Western blotting.

4.5. ELISA Procedure

IgG titer of mouse sera was determined by ELISA. B. jararaca or B. jararacussu venom
was diluted to 10 μg/mL in carbonate buffer (50 mM Na2CO3/NaHCO3, pH 9.6), and
100 μL/well were added to a 96-well EIA/RIA Clear Flat Bottom Polystyrene High Bind
Microplate (3590, Corning, NY, USA). The plate was incubated at 4 ◦C overnight, washed
3 times with PBS/0.05% Tween and then incubated with the PBS/5% BSA blocking solution
at 37 ◦C for 2 h. The blocking solution was replaced with a serial twofold dilution of anti-
serum in PBS/1% BSA, starting at an appropriate dilution for each one. Sera from animals
that did not receive any venom was used as negative control, and samples were incubated
at 37 ◦C for 1 h. Wells were washed 5 times with PBS/0.05% Tween to remove unbound
antibodies. HRP-conjugated anti-mouse IgG (H + L) (Promega, Madison, WI, USA) was
used as secondary antibody at 1/2500 dilution, and incubation was at 37 ◦C for 1 h. The
plate was washed again, and the substrate used was OPD (o-phenylenediamine) (Sigma–
Aldrich) in phosphate-citrate buffer with H2O2. After 5 min incubation, the reaction was
stopped by adding 0.2 M citric acid. The absorbance at 450 nm was measured with a
microplate reader. Antibody titers were expressed as log2 maximum serum dilution giving
a positive reaction at which the absorbance was equal to two times the control value of the
control serum.

Immunoglobulin isotypes, IgG1 and IgG2a, were evaluated in mouse antisera. For this
purpose, HRP rat anti-mouse IgG1 (BD Biosciences, San Jose, CA, USA) at 1/400 dilution
and HRP rat anti-mouse IgG2a (BD Biosciences) at 1/1000 dilution were used as secondary
antibody. Antibody titer was determined as described above.

4.6. Electrophoresis and Western Blotting

Venom samples of 5 μg were prepared by adding non-reducing sample buffer and
were separated by electrophoresis on 12% SDS-PAGE gel. Amersham ECL High-Range
Rainbow Molecular Weight Markers (Cytiva, Marlborough, MA, USA) was also included.
The gel was stained with Coomassie Blue or transferred to Amersham Hybond-P PVDF
Membrane (Cytiva) for 1 h at 10 V using a BioRad Trans-blot SD semi-dry transfer cell.
The membranes were stained with 0.5% Ponceau S, washed with ultrapure water and then
blocked with PBS/5% BSA at 37 ◦C for 2 h. Next, the membranes were washed twice with
PBS/0.1% Tween 20 for 20 s and were incubated overnight with an appropriate dilution
of pooled antisera (Groups I, II, III and IV corresponding to 45 days after immunization)
at 4 ◦C. The membranes were washed 4 times for 5 min and incubated with anti-mouse
IgG (whole molecule)-HRP (Sigma) at 1/30,000 dilution in PBS/1% BSA for 1 h at room
temperature. After washing, the blots were developed using Amersham ECL Prime
Western Blotting Detection Reagent (Cytiva).

4.7. Statistical Analysis

Statistical analysis was performed by GraphPad Prism software. ANOVA (Tukey’s
multiple comparison test) was used to compare average antibody titer obtained between
antisera of animal groups, orally tolerized or not with B. jararaca venom. The sera obtained
at different times after immunization were submitted to analyses. Two-way ANOVA with
95% confidence intervals was used to determine significant differences between IgG1 and
IgG2a antibody titers for each mouse group.
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Abstract: Among the Chilopoda class of centipede, the Cryptops genus is one of the most associated
with envenomation in humans in the metropolitan region of the state of São Paulo. To date, there is
no study in the literature about the toxins present in its venom. Thus, in this work, a transcriptomic
characterization of the Cryptops iheringi venom gland, as well as a proteomic analysis of its venom,
were performed to obtain a toxin profile of this species. These methods indicated that 57.9% of the
sequences showed to be putative toxins unknown in public databases; among them, we pointed out a
novel putative toxin named Cryptoxin-1. The recombinant form of this new toxin was able to promote
edema in mice footpads with massive neutrophils infiltration, linking this toxin to envenomation
symptoms observed in accidents with humans. Our findings may elucidate the role of this toxin in
the venom, as well as the possibility to explore other proteins found in this work.

Keywords: Cryptops iheringi; centipede; venom; toxin; transcriptome; proteome; recombinant protein;
venomics; chilopoda

Key Contribution: The first transcriptome profile of the venom gland of Cryptops iheringi species and
the characterization of a new recombinant toxin named Cryptoxin-1, which may play an important
role in envenomation.

1. Introduction

The Centipedes of the Chilopoda class are venomous arthropods that are widely
distributed throughout the world [1–3]. The pair of glands, located in each jaw, produce
venom that is used to kill or immobilize its prey by inoculation [4–6]. These animals
are well adapted to urban areas and are commonly found in backyards and other home
areas, and because of this, they often pose a danger to humans by injecting their venom
as a defense [2]. The symptoms and complications induced by the envenomation caused
by centipedes indicate that its venom comprises a natural set of proteins, peptides, and
enzymes with a rich diversity of biological activities [7]. Most of the recent studies of the
genus Scolopendra have indicated that the venom of a single centipede contains more than
500 proteins [8–10].

Centipedes’ venoms have been used for hundreds of years in traditional Chinese
medicine, as well as in Korea and other countries in East Asia to treat many disorders
such as stroke, hemiplegia, epilepsy, cough, tetanus, burns, cardiovascular diseases, and
myocutaneous disease, among others [11,12]. These historical and ethnopharmacological
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practices indicate that these animals’ toxins could be explored for therapeutic uses and
drug development. Despite this, the pharmacological properties of the toxins and the
accidental envenomation of humans have not been studied extensively.

In Brazil, epidemiological data on accidents with centipedes are also very scarce.
However, two retrospective studies that include occurrences recorded at the Vital Brazil
Hospital of the Butantan Institute, São Paulo, Brazil, showed that the majority of accidents
with centipedes were caused by the Cryptops and Otostigmus genus, with the first being
responsible for more than 60% of the cases reported [2,13]. The envenomation symptoms are
characterized by burning pain, paresthesia, edema, and local hemorrhage, and can develop
into superficial necrosis [2,13,14]. A systemic reaction, although rare, may occur [15–20].

The toxicology of centipede venom has been understudied in Brazil, and the scarce
literature that does exist generally refers to species of the Scolopendridae family, especially
the genus Scolopendra [21–23]; this is mainly due to the difficulties of obtaining sufficient
amounts of venom to conduct biological activities. In this context, the extraction of cen-
tipede venom can be time-consuming, and the yields are typically very low, even when it
is extracted through electrostimulation [24].

To date, only Malta, et al. (2008) [25] have explored this class of venom in the literature,
demonstrating nociception induction, edema, and myotoxicity in mice. However, this
study was unable to further characterize the venom due to the difficulty of isolating the
venom’s toxins. Therefore, the identification of proteins and peptides responsible for the
symptoms in human envenomation is highly important for the development of better
treatments. In addition, these molecules may have applications in toxinology, immunology,
ecology, agriculture, and pharmacy. Thus, the present study, based on the transcriptome
and proteome approaches, reports the gene expression profile of the venom gland, identifies
novel toxins and characterizes a new toxin that has been named Cryptoxin-1.

2. Results

2.1. Identification of Toxins from Transcriptomic and Proteomic Analysis

In this study, we used a proteotranscriptomic approach to characterize the venom
from C. iheringi, since no protein or gene sequence was available in public databases.
Therefore, the venom was submitted for proteome analysis while the venom gland mRNA
was extracted and submitted for transcriptome investigation.

The C. iheringi’s venom gland mRNA was extracted and sequenced by Illumina
HiSeq 1500 technology (Figures S1 and S2 of the supplementary material). A total of
15,904,398 paired-end reads were generated. The relevant pre-processing quality control,
filtering, and trimming steps were applied, resulting in 14,964,551 (94.1%) high-quality
reads. The transcriptomic profile of the C. iheringi venom gland generated 88,774 assembled
transcripts with an average length of 766 bp, a Transcript N50 of 1104 and contained
16,266 (18.3%) transcripts with a length of greater than 1 Kb (Table 1). We evaluated
the completeness of the C. iheringi transcriptome assembly using BUSCO (Benchmarking
Universal Single-Copy Orthologs), searching against the 954 metazoa ortholog groups, and
identified 934 (97.8%) of the conserved groups in metazoa; of these, 885 (92.7% of total)
were complete, and 49 (5.1%) genes were fragmented.

For the alignment of C. iheringi transcriptome assembly against the 106,197 transcripts
from 10 species from the Scolopendromorpha orders (Table 2) (C. anomalans, H. marginata,
S. alternans, S. cingulata, S. dehaani, S. morsitans, S. subspinipes, S. virirdis, S. rubiginosus,
S. sexspinosus) we obtained a total of 5328 (6%) C. iheringi hits, with the Cryptops anomalans
having the highest rate of identification, of 4272 (4.83%). The sequence similarity surveys,
by BLASTx alignment, resulted in 71.4% of unknown transcripts. Therefore only 28.6% of all
transcripts presented at least one protein homolog against the Uniprot and TSA databases.

To further characterize the toxins sequences, the crude venom was analyzed by LC-
MS/MS, and then, we performed automatic peptide matching against the predicted pro-
teins from the C. ihering’s transcriptome. The sequences identified by this approach were
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labeled as putative known toxins if they were present in a public database, and if not, they
were referred to as putative unknown toxins.

Table 1. Description of Transcriptome sequencing and Assembly of Cryptops iheringi and the tran-
scriptome completeness analysis by BUSCO.

Description Number (%)

Total Raw Paird-end Reads 15,904,398
Total High-quality Paird-end Reads 14,964,551

Total transcripts 88,774
Percent GC Content 42.76%

Transcript N50 1104
Median transcript length 416
Average transcript length 766.27
Longest transcript length 23,855

Number of transcripts >1 kb 16,266 (18.3%)
Shortest transcript length 209

Total assembled bases 68,024,656

Complete BUSCOs 885 (92.7%)
Complete and single-copy BUSCOs 713 (74.7%)
Complete and duplicated BUSCOs 172 (18%)

Fragmented BUSCOs 49 (5.1%)
Missing BUSCOs 20 (2.2%)

Total BUSCO groups searched 954 (100%)

Table 2. The number of transcripts from TSA/NCBI for each species from Scolopendromorpha orders
and the number of hits from C. iheringi transcriptome assembly against the orders.

Description Total Transcripts Number (%)

Total Cryptops iheringi Hits - 5328 (6%)

Cryptops anomalans 33,662 4272

Scolopocryptops rubiginosus 28,965 575

Scolopendra cingulata 23,301 283

Scolopocryptops sexspinosus 1540 117

Scolopendra subspinipes 648 32

Scolopendra viridis 520 29

Hemiscolopendra marginata 764 17

Scolopendra morsitans 662 3

Scolopendra alternans 51 0

Scolopendra dehaani 16,084 0

Furthermore, the predicted proteins from the C. ihering’s transcriptome that were
not identified in the approach above were labeled as non-toxins, aligned with the Gene
Ontology (GO) database, and classified according to their main biological category, in
accordance with the GO nomenclature. The remaining sequences that were not identified
as a match within the searched databases, and which were not identified through the
association between the transcriptome and total venom proteome, were called unknown
transcripts and they were no longer explored.

Among the non-toxins transcripts, around 6877.9 transcripts (27%) belong to the
Biological Process, 10,953.7 transcripts (43%) to the Cellular Component, and 7642.12 tran-
scripts (30%) to the Molecular Function, the five most representative categories for each
GO term were represented as the percentage of transcripts in Figure 1.

The proteomic analysis of the crude venom revealed that 454 predicted proteins of the
transcriptome could be classified as unknown venom components or as putative venom
toxins, which were further classified into 24 different protein families (Figure 2). In terms of
relative expression in TPM (transcript per million), putative unknown toxins and putative
known toxins represented 24.97% of the transcriptome.
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Figure 1. Non-toxins distribution of the five most representative categories of ontologies in the total number of transcripts
from the transcriptome analysis of C. ihering’s venom gland. Annotation was performed according to the Gene Ontology
terms for cellular component, biological process, and molecular function categories.

Figure 2. Distribution of the diversity of transcripts encoding putative known toxins found in the proteotranscriptomic
approach of the venom gland of C. iheringi. Percentages correspond to the relative expression in TPM of each category.
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2.2. Novel Toxins Identified by the Mass Spectrometry

In order to identify the major proteins of C. ihering’s venom, their approximate molec-
ular masses, and relative abundances, the crude venom was submitted for an SDS-PAGE,
followed by a mass spectrometry analysis of the selected gel bands. The results revealed
bands with apparent molecular masses ranging from 15 to 200 kDa, with proteins of the
high molecular mass showing a higher intensity (Figure 3).

Figure 3. SDS-PAGE of the crude venom extracted from C. iheringi. Venom proteins were separated
on a 12.5% SDS-PAGE gel and stained with Coomassie Brilliant Blue. The molecular mass (kDa)
marker is shown on the right. The Selected groups of bands (from 1 to 6, on the left) were excised
from the gel and processed for LC/MS-MS analysis.

Six groups of protein bands were selected and removed from the gel to be analyzed.
The proteins were identified by matching the resulting mass spectra peptides to the deduced
molecular masses of tryptic peptides, derived from full-length proteins as predicted from
the transcriptome assembly. Matches of at least three peptides were considered valid.
To identify a robust set of abundant venom toxins we focused on those sequences that
exceeded the threshold value of 100 TPM. This allowed us to generate a list of 11 putative
venom toxins that are highly abundant and likely play an important role in the venom
(Table 3 and supplementary material Excel Table S1).

Table 3. Toxin identification of the major bands of C. iheringi venom based on the transcriptome and proteomic data. The
numerical identifications correspond to the group of bands where the protein was found.

Band Group
Accession
Number

Unique
Peptides

Proteome
Coverage

Molecular
Weigth

Best Hit Species
Identity and

Acession Number

1 Ciheringi01366 32 53% 152 kDa uncharacterized
protein

Centruroides
sculpturatus

25.07%
XP_023226371.1

2 Ciheringi05450 78 77% 76 kDa Hemocyanin Scolopendra
dehaani

55.99%
SMH67860.1

3 Ciheringi11581 10 36% 37 kDa No hit - -

3 Ciheringi14246 8 29% 27 kDa Lipase Centruroides
sculpturatus

29.74%
XP_023229615.1

3 Ciheringi16405 4 14% 28 kDa Venom
allergen

Scolopendra
subspinipes

42.92%
QEE04219.1

3 Ciheringi21566 5 34% 22 kDa No hit - -
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Table 3. Cont.

Band Group
Accession
Number

Unique
Peptides

Proteome
Coverage

Molecular
Weigth

Best Hit Species
Identity and

Acession Number

4 Ciheringi38643 12 56% 11 kDa No hit - -

4 Ciheringi10323 4 53% 10 kDa Lipase Branchiostoma
floridae

37.39%
XP_035699465.1

5 Ciheringi24930 3 22% 15 kDa No hit - -

5 Cryptoxin-1 12 68% 12 kDa No hit - -

6 Ciheringi05125 7 74% 14 kDa Profilin Orussus
abietinus

80.95%
XP_012283556.1

2.3. Cloning and Expression of Cryptoxin-1

After the venom proteotranscriptomic analysis, three putative unknown toxins that
showed best proteome coverage (Ciheringi14246, Ciheringi38643, and Cryptoxin-1) were
selected to be cloned and expressed in the recombinant form to study their biological
activities. However, after initial evaluations, only the protein Cryptoxin-1 was obtained in
a soluble form and with a satisfactory yield (8.5 mg/L of culture) after its expression in
E. coli. This putative toxin, Cryptoxin-1, was characterized as described below.

Cryptoxin-1 is composed of 119 amino acids (Figure 4), with a predicted molecular
mass of 12,769.33 Da, and a theoretical pI of 5.76. It also showed a predicted signal peptide,
indicating that this toxin is secreted. In addition, it showed a GRAVY (Grand average of
hydropathicity) index of −0.392, indicating its hydrophilic characteristics and the absence
of a predicted glycosylation site.

Figure 4. Nucleotide sequence of Cryptoxin-1 found in the transcriptome and its amino acid translation. The nucleotides in
bold were changed to optimize expression in E. coli. The coverage of peptides found in the proteome is highlighted in grey.
Underlined amino acids indicate the predicted signal peptide (SignalP-5.0), (*) indicates the stop codon.

The cDNA of Cryptoxin-1 was codon-optimized and cloned into the pET-24b (+)
expression vector and then transformed into E. coli BL21 (DE3). The SDS-PAGE protein
expression analysis revealed a single major band at around 16 kDa (Figure 5a, line 3). The
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mass spectrometry analysis (MALDI-TOF-MS) of purified Cryptoxin-1 showed a molecular
mass of 14,138.5 Da (Figure 5c), which corresponds to the combination of Cryptoxin-1
(12,769.33 Da), a C-terminal tail of six histidines for IMAC purification, and additional
residues encoded by the cloning vector (1360.67 Da). Its expression was also confirmed by
polyclonal anti-histidine antibody immunoblotting, as shown in Figure 5b.

Figure 5. (a) 12% SDS-PAGE gel stained with Coomassie Brilliant blue. MW—Molecular mass marker in kDa; 1—E. coli
sediment before IPTG induction; 2—E. coli sediment after IPTG induction; 3—Cryptoxin-1 purified by nickel-sepharose’s
affinity. (b) Recognition of the recombinant protein by immunoblotting using the polyclonal antibody anti-histidine (Sigma–
Aldrich, St. Louis, MO, USA). Arrow indicates protein height; (c) MALDI-TOF—Mass spectrometry analysis of purified
Cryptoxin-1 showing its molecular mass of 14,138.51 Da. (d) ELISA, IgG anti—C. iheringi venom against crude venom,
Cryptoxin-1, and GST (unrelated recombinant protein). Fixed antibody dilution used was 1:200 (7.5 ug/mL) versus serial
protein dilution starting at 1 μg/mL.

To further confirm the presence of Cryptoxin-1 in the venom, its recombinant form,
as well as the whole venom and a recombinant non-related protein (negative control)
glutathione protein S-Transferase (GST) from Schistosoma mansoni were tested by ELISA,
using a purified polyclonal IgG anti- C. ihering’s venom. As can be seen in Figure 5d, the
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anti-venom IgG recognized both the venom and Cryptoxin-1, while the negative control
(GST) was not recognized.

2.4. Crypotoxin-1 Induces Edema in Mice Footpad

As previously demonstrated, local tissue inflammation is one of the deleterious ef-
fects in C. iheringi envenomation [25]. Thus, we evaluated the local injury induced by
Cryptoxin-1 injection in the footpad of BALB/c mice.

Mice were injected, through the right footpad, with either PBS (negative control),
45 μM of recombinant proteins Cyptoxin-1, or GST (negative protein control). The edema
was measured through the thickness of the footpad at different time intervals, including: 1,
24, 48, and 72 h. The group injected with Cryptoxin-1 experienced a marked presence of
edema during all the measurement times with a statistical difference when compared to
the control groups (Figure 6a).

Figure 6. (a) Cryptoxin-1 induced footpad edema in mice. Groups of BALB/c mice were injected
with 30 μL (45 μM) of Cryptoxin-1, GST (negative protein control), or 30 uL PBS (negative control).
Edema was determined by thickness difference, at times 1, 24, 48, and 72 h. The results represent the
± S.E.M compared with the negative control group (Cryptoxin-1 vs PBS and Cryptoxin-1 vs GST), (n
= 5). Statistical analysis was performed by ANOVA, followed by the Bonferroni test, *** p < 0.0001.
(b) Histological analysis of the footpad of mice at 24 h after protein injection or PBS. All samples
were analyzed with hematoxylin and eosin staining. 1. and 2.: Cryptoxin-1, bar 20 μm (40×) and 10
μm (100×) respectively; 3. and 4.: GST, bar 20 and 10 μm respectively; 5. and 6.: PBS, bar 20 and 10
μm, respectively. Neutrophilic inflammatory infiltrates (arrow). The images are representative of five
mice/groups.
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The cellular infiltration was then analyzed using the histological sections. Twenty-four
hours after the injection, the GST and PBS groups presented normal tissue without an
excess of inflammatory infiltration (Figure 6b, images 3, 4, 5, and 6). In contrast, 24 h after
the Cryptoxin-1 injection, we observed the predominance of neutrophilic inflammatory
infiltration (Figure 6b, images 1. and 2.).

2.5. Cryptoxin-1 Induces Potent Neutrophil Migration in Mice Footpad

Since we verified the peak of the edema induced by Cryptoxin-1 injection, as well
as neutrophil infiltration in the histological analysis at 24 h, we confirmed this cellular
profile by flow cytometry. Thus, at the peak of the edema (24 h), cellular suspensions
were prepared from the footpad of the different mice groups and stained with anti-CD45,
anti-CD11b, and anti-Ly6G mAbs conjugated to fluorochromes followed by flow cytometry.
As shown in Figure 7, Cryptoxin-1 induced a significant level of neutrophils infiltration
compared to that achieved in the other groups.

Figure 7. Neutrophil migration in the footpad of BALB/c mice injected with Cryptoxin-1, GST (45 μM), or PBS. (a) Flow
cytometry gate strategy. Cells suspensions were prepared from footpad macerates after 24 h of the injection. Samples of cells
(1 × 106 cells) were incubated with anti-CD 45- APC, anti-CD 11b-PE-Cy7, and anti-Ly6G (PE) antibodies followed by flow
cytometry analysis. (b) The mean of the percentage of CD45+CD11b+Ly6G+ cells of individual mice/group (n = 5) ± S.E.M.
Statistical analyses was performed by ANOVA, followed by Bonferroni test, *** p < 0.05 Cryptoxin-1 group compared with
PBS or GST groups.

3. Discussion

Centipedes are well adapted to urban areas and are very commonly found in gardens
and other residential areas. As a consequence, there is a great risk of accidents occurring
for humans [2,13,26]. Although their venom may cause undesirable effects, centipedes
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have been used in traditional eastern medicine for centuries [11]. However, individual
substances have rarely been refined [27,28].

The vast majority of studies of centipede venom are restricted to the Scolopendra
genus [8–10,27,29–33]. In addition, some studies use the whole centipede instead of the
whole venom for their proteomics analyses, making a more specified comparison invi-
able [34,35]. Five comparative studies have demonstrated that centipede venoms are
complex cocktails, encompassing more than 60 phylogenetically distinct protein fami-
lies [10,32,36–38]. Among them, there exist, enzymes, protease inhibitors, a great diversity
of cysteine-rich proteins, and unknown proteins that are yet to be functionally character-
ized. Therefore, in this study, we aimed to contribute to the understanding of the toxin
genes present in centipedes by generating a gene expression profile of the venom gland of
Cryptops iheringi species.

Since literature for this species is scarce, we followed the transcriptome and proteomic
approaches that were effective to identify toxins for other related species. In this regard,
Ward, et al. (2018) [33], using these techniques, were able to identify 39 new toxins in the
venom gland of the Scolopendra viridis, while Liu, et al. (2020) [8] found more than 400 toxin-
like unknown sequences in the venom gland of Scolopendra mojiangica. Similarly, we found
as high as 57.9% of the proteins to be uncharacterized from the C. iheringi centipede and
454 protein sequences that could only be characterized as putative unknown toxins or
known toxins due to the proteomic approach. Among them, 263 proteins showed no
similarity with the available sequences in public databases, indicating a great diversity of
components with an unknown structure and function.

The putative venom toxins of C. iheringi revealed diversely distributed proteins with
novel structures and biological activities that need to be further investigated. The majority
of the venom proteins are putatively functional enzymes. Most notably, lipases and other
hydrolases (8.8%), which include a large group of different proteins, such as phospholi-
pases, are frequently reported as venom components of several other arthropods, such as
centipedes, spiders, and scorpions [25,34,39–43], contributing to prey digestion and venom
toxicity [42].

Trypsin domain proteins were also found in this venom (5.8%). Food protein degra-
dation is crucial for digestion and is catalyzed by trypsin enzymes. Trypsin appeared
early in evolution, and it became the most abundant proteinase in the digestive systems of
invertebrates [44]. Trypsin performs two main functions, namely, the hydrolysis of protein
and the activation of other digestive proteases, although it also plays a role in the innate
immunity of these animals [45]. Some trypsin domains proteins have also been found in
the centipede S. subspinipes dehaani venom gland transcriptome [29].

Peptidases (4.6%) were found to be another relevant group, comprised of endopepti-
dases, carboxypeptidases, and esterases that are among the reported protein components
of some centipedes [30]. These kinds of proteins have an effect on amino acid production
for digestive purposes and may be responsible for the tissue deleterious effects of the
envenomation [46]. Several classes of peptidases, for which activities were not yet clarified,
have also been found in the venom proteome and transcriptome of the scorpion Hadrurus
spadix [47].

Putative neuron cell adhesion toxins were also present in this venom (4%). Findings
on black widow spider venom indicate that such toxins can modulate a neuronal adhesion
receptor, which stimulates strong neuronal exocytosis in vertebrates, and, interestingly,
may perform functions in synapse development [48,49]. In the context of venom activity,
interesting studies exist showing that a toxin from the snakes Bothrops atrox and Bothrops
moojeni is capable of improving spatial memory disorder in temporal ischemic rats through
its effects on the neural cell adhesion molecule [50]. Regarding the other putative venom
toxin found here, more studies are necessary to propose and define its function in the
venom of arthropods, especially from C. iheringi.

In addition to the whole venom proteome, C. ihering’s crude venom was subjected to
a protein separation by SDS-PAGE to better visualize the main bands and their relative
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expression. In this gel, the venom showed an electrophoretic profile with a wide range
of proteins between 15 and 200 kDa, with a large amount located above 70 kDa. The
main bands of the venom were excised from the gel and subjected to LC-MS/MS mass
spectrometry, in a strategy successfully utilized for the proteome decomplexation of other
venoms [51]. The proteomic analysis returned several peptides with good spectra quality,
which allowed us to classify 11 toxins, five of which ranged in size between 17 and 37 kDa,
whose sequences did not show any similarity to the public databases, and therefore, repre-
sent new C. iheringi specific toxins. In order to unravel the function of unknown putative
toxins, one, named Cryptoxin-1, was cloned and expressed in E. coli. The presence of this
toxin in the venom was further confirmed by ELISA, where it was strongly recognized by
IgG anti- C. iheringi’s venom, indicating its presence in the venom.

As it is known from the literature, envenomation by centipedes usually causes pain,
erythema, and edema formation in humans and mice [13]. However, the characterization of
the inflammatory activities induced by the venom is poorly described in the literature. For
the centipede C. iheringi, there is only one published article showing that the venom induces
strong pro-inflammatory activity able to induce edema and nociception, in addition to
being myotoxic for mice [25]. Similarly, previous studies showed that the crude venom of
the centipede species S. viridicornis, and O. pradoi induced edema in mice’s footpads, which
progressively diminished by 72 h [25,52]. In this respect, the injection of Cryptoxin-1 into
mice’s footpads was able to cause an edema of rapid evolution and progressive decay after
72 h. In addition, the injected animals were prostrate, bristly, with low temperature, and
showed erythema at the injection site (data not shown).

After considering the results obtained with the edematogenic activity, we performed
a histological analysis of the mice footpad injected with Cryptoxin-1 to characterize the
cellular influx in the peak of the edema. The histological sections demonstrated the pre-
dominance of neutrophil infiltration, and flow cytometry analysis confirmed this result.
Following these findings, Fung et al. (2011) [26] reported that 40% of patients who have
been admitted to Hong Kong Emergency Hospital with centipede bites (species not speci-
fied), showed an increased neutrophil-predominant leukocytosis in their blood tests with
an edema and erythema at the bite site, and strong pain. We also observed that the neu-
trophil infiltration lasted up to 72 h, which was also reported for the crude venom of
S. viridicornis [53]. Taking these observations together, the results indicate that Cryptoxin-1
may contribute to the symptoms observed in envenomation. It is important to point out
that in all the experiments, the recombinant GST, which was subjected to the same expres-
sion and purification procedures as Cryptoxin-1, was used as a non-related protein control
to exclude any effect related to the protein purification steps.

Kinetics cellular infiltrate studies show that neutrophils are the first inflammatory cells
to reach the lesion site and that edematogenic activity may occur due to the neutrophils
release of cytokines, prostaglandin, myeloperoxidase, bradykinin, and histamine, causing
increased vasodilation and the permeability of small vessels, resulting in the migration
of other cells to the local tissue [54,55]. Although it is already known that innate immune
cells participate in the local inflammatory response [27], the correlation between the local
edema induced by C. iheringi venom and cellular infiltration is not completely understood.
Therefore, further investigation is necessary to elucidate the complex interplay of the toxins
present in its venom.

In this work, we described the profile of toxins present in the C. iheringi venom gland
using transcriptome and proteome approaches that may contribute to understanding the
venom composition and its effects in envenomation. In addition, new toxin genes were
identified that may allow for the characterization of their role in this venom, and possibly
for other toxins in related species. Furthermore, a new recombinant toxin named Cryptoxin-
1 was also characterized as showing a proinflammatory activity, suggesting that it is likely
to be one of the components responsible for the envenomation symptoms observed in
accidents with humans. Additional studies are being conducted with this toxin as well
as the other unknown toxins to understand their role in envenomation. Keeping this in
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mind, we understand the potential of novel developments for further studies concerning
this centipede species and its venom.

4. Materials and Methods

4.1. Specimen Collection and Venom Extraction

Seven C. iheringi adult specimens were collected in the metropolitan area of the city
of São Paulo, Brazil with the permission of SISBIO (15222-2) and kept in the Arthropod
Laboratory of the Butantan Institute. To obtain the venom, the animals were anesthetized
by anoxia, and the venom was extracted through electrical discharges (12 V) in the ventral
region of the head (coxo sternum) with an electroshock device. The venom obtained
through the forcipules was aspirated with an automatic micropipette and deposited in
a microcentrifuge tube in an ice bath. The venom obtained was stored at −80 ◦C for a
subsequent proteome analysis. The extraction was performed every 30 days.

4.2. RNA Isolation, Library Preparation, and Illumina Sequencing

The heads of seven specimens of Cryptops iheringi were submitted for the dissection
the of venom glands for transcriptomics. The total RNA was extracted with TRIZOL
Reagent (Invitrogen, Life Technologies Corp., Carlsbad, CA, USA), a method based on
the procedure described by Chomczynski et al. (1987) [56]. The total RNA was quantified
by its absorbance at a wavelength of 260 nm in a NanoDrop 2000 device (Thermo Fisher
Scientific, Waltham, MA, USA). Beginning with an amount of total RNA ranging from 75
to 77 μg for each sample, the purification of mRNA was performed through an affinity to
magnetic microspheres containing oligo (dT), using the protocol of the Dynabeads® mRNA
DIRECT kit (Invitrogen, Life Technologies Corp.), with reagents to reduce the number of
ribosomal RNA (rRNA). The quantification of mRNA was performed using the Quant-iT
RiboGreen® reagent (Invitrogen, Life Technologies Corp.), according to the manufacturer’s
specifications. All RNA procedures were performed using RNAse-free tubes and tips
with a filter and water, treated with diethylpyrocarbonate (DEPC, Sigma–Aldrich, St.
Louis, MO, USA). After the extraction of mRNA, its integrity was assessed using the
2100 Bioanalyzer, pico chip series (Agilent Technologies Inc. Santa Clara, CA, USA). The
mRNA was then subjected to a purification and concentration step using the MinElute®

PCR Purification Kit (Qiagen) protocol. To confirm that mRNA was not lost of during this
purification and concentration step, a further quantification of the mRNA was performed
through its absorbance at a wavelength of 260 nm in a NanoDrop 2000 device (Thermo
Fisher Scientific, Waltham, MA, USA).

A cDNA library was generated by TruSeq RNA Sample Prep Kit protocol (Illumina,
San Diego, CA, USA). The cDNA was synthesized from fragmented mRNA using ran-
dom hexamer primers, followed by ligation with appropriate sequencing adaptors. The
size distribution of the cDNA libraries was measured with a 2100 Bioanalyzer using
DNA1000 assay (Agilent Technologies Inc. Santa Clara, CA, USA). An ABI StepOnePlus
Real-Time PCR System with KAPA Library Quantification was used for library sample
quantification before sequencing. The cDNA library was then sequenced on Illumina
HiSeq 1500 System, in a Rapid Run mode in a 2-lane paired-end flowcell, run for 300 cycles,
generating 2 × 151 bp paired-end reads for each fragment, according to the manufacturer’s
protocol (Illumina).

4.3. RNA-Seq Raw Data Pre-Processing, De Novo Assembly, and Functional Annotation

After large-scale sequencing of the cDNA, using Illumina HiSeq1500 equipment,
bioinformatics analyses were performed. Thus, the sequencing platform generated se-
quencing images, which were converted to BCL format, after the CASAVA software was
used to demultiplex the samples through the identification of the indexes (barcodes). The
demultiplexing step generates the FASTQ file format, with a quality control of Q30.

For the pre-processing of the reads, an in-house pipeline was used to analyze the raw
reads with a read filter by quality, eliminating reads with homopolymer and low complexity
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regions, poly-A/T/N tails, removal of adapters, indexes, and low-quality edges using the
software FASTQ-mcf, [57] and bowtie2 [58]. The criteria used for filtering were as follows:
the removal of homopolymer regions and a low complexity above 90% of the sequence,
trimming tip regions with an average quality lower than 25. Only reads at a minimum size
of 40 bp were kept. The raw reads were filtered by PhiX contaminants using the software
Bowtie2 [58] standard parameters.

The transcriptome was assembled using the rnaSPAdes [59] with a K-mer size of 55.
The TransDecoder software version 3.0.1 (http://transdecoder.sourceforge.net/; ac-

cessed on 15 January 2018) was used to identify Open Reading Frames (ORFs) from the
assembled transcripts with protein lengths higher than 60 amino acids. The program
SignalP version 5.0 [60] was used for signal peptide predictions.

The completeness of the transcriptome was also estimated by the presence of se-
quences belonging to the set of ultraconserved eukaryotic proteins, tested using the BUSCO
approach based on metazoa database [61].

Using TSA/NCBI, we downloaded the transcriptome assemblies from 10 species
from the Scolopendromorpha orders (Table 2) (Cryptops anomalans (GERT01.1), Hemis-
colopendra marginata (GHBY01.1), Scolopendra alternans (GASK01.1), Scolopendra cingulate
(GCAP01.1), Scolopendra dehaani (GBIM01.1), Scolopendra morsitans (GHKQ01.1), Scolopen-
dra subspinipes (GGDW01.1), Scolopendra virirdis (GGNE01.1, Scolopocryptops rubiginosus
(GCIY01.1), Scolopocryptops sexspinosus (GHBZ01.1)) summarizing 106197 transcripts used
to create the database for Blast alignment. The C. iheringi were aligned against the Scolopen-
dromorpha database using the BlastN alignment tool with a cutoff of 1 × 10−15.

The predicted amino acid sequences were aligned using the BLASTx and BLASTp
programs [62] against NCBI’s Uniprot/Swissprot protein databases, and Transcriptome
Shotgun Assembly (TSA), to access sequence similarity with proteins in other species
with a cutoff e-value of 1 × 10−5. The hmm search tool [63] allowed us to identify the
conserved PFAM domains [64], with a cut-off e-value < 1 × 10−3. The priority order of
the UniProt/Swissprot, PFAM, and TSA-NCBI protein hits was used to select the best
candidate for each transcript.

The sequencing reads were aligned against the C. iheringi transcriptome with the
bowtie2 program [58]. The method was used to estimate the transcript abundance. Further
computing of the abundance for each transcript was performed by RSEM [65], along
with a Maximum Likelihood abundance estimate, using the Expectation-Maximization
algorithm for its statistical model. Final abundance estimates were calculated as Expected
counts, Fragments Per Kilobase of exons per Million fragments mapped (FPKM) and
Transcripts Per Million (TPM) values. Functional annotation was performed using the
Blast2GO program [66], which is a tool used for analyzing a set of sequencing tags that
makes it possible to understand the physiological meaning of a large number of genes.
Transcript sequences were used as input sequences for the Blast2GO program. BLASTx
was used to find counterparts in the NCBI database NR with a cut-off value of 1 × 10−5.
Furthermore, the analysis was performed using the first 20 hits, a minimum alignment
length of 33 amino acids, and a low complexity filter activation. The program then extracted
the Gene Ontology (GO) terms for each hit obtained by mapping the existing annotation
associations, after an annotation rule assigns the GO term to the sequence in question.
After the BLAST, mapping, and annotation steps, the graphs, tables, and organization
charts provided by the program were analyzed. For the distribution data of the GO terms
provided by the program, tables with raw data were used instead of the graphs provided,
since this allowed for greater formatting flexibility for the presentation of the data.

Bioinformatics analyses were performed using the computational infrastructure of
the Center of Toxin, Immune response and cell signaling (CeTICS), and the Bioinformatics
and Computational Biology Core in the Butantan Institute. The raw data generated in
this project was deposited in the NCBI BioProject section under the accession code PR-
JNA763193, BioSample SAMN21432369 and SRA SRR1608688.This Transcriptome Shotgun
Assembly was deposited in NCBI TSA under the accession GJOG00000000.
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4.4. SDS-PAGE and LC-MS/MS Analysis of C. iheringi

C. iheringi venom was analyzed by SDS-PAGE (12% acrylamide resolution and Pierce,
USA) under reducing conditions [67]. After protein separation by electrophoresis, the gels
were stained with Coomassie Brilliant Blue R-250 (GE Healthcare) (0.1% coomassie R-250,
40% ethanol; 10% acetic acid) and bleached with a bleach solution (20% methanol, 5% acetic
acid) for which a molecular weight standard for proteins (Middle Range protein Ladder,
ready-to-use—Thermo Fisher Scientific, Waltham, MA, USA) was used. Electrophoresis
occurred at room temperature, using a voltage of 150 V and a current of 40 mA per gel. The
regions of interest were cut out from the gel manually with the aid of a sterile scalpel on a
clean surface and placed in Eppendorf tubes washed with methanol and Milli-Q water. To
remove the Coomassie dye, the gel bands containing the venom proteins were incubated
under agitation for 10 min in a bleaching solution (50% acetonitrile; 25 mM NH4HCO3;
pH 8), followed by a 10 min rest; the procedure was repeated until complete dye removal.
After removing the dye, the fragments were washed with 100% acetonitrile and dried in a
vacuum centrifugation system for 25 min.

During enzymatic digestion, the gels were rehydrated with trypsin solution
(10–15 μg/mL trypsin; 25 mM NH4HCO3). The enzymatic solution was incubated
(4 ◦C), the samples remained in an ice bath for 30 min, then 25 mM NH4HCO3 was
added and kept at 37 ◦C for 20 h. After this period, the digestion tube supernatant was
transferred to a methanol treated Eppendorf tube. To extract the peptides, the gel fragments
were covered with a 50% acetonitrile solution; 5% TFA, and gently homogenized for 30 min,
the supernatants were reduced to a volume of 5 μL in a vacuum centrifugation system and
then purified in C18 ZIP TIPs micro columns following the manufacturer’s instructions.

The total venom was filtered through a 0.22-micron filter solubilized in ammonia bi-
carbonate (Sigma–Aldrich, St. Louis, MO, USA # A-6141) pH 8.0, containing a phosphatase
inhibitor. The protein content of the samples was quantified using the BCA kit (Thermo
Fisher Scientific, Waltham, MA, USA). The protein disulfide bridges were reduced by
adding 10 mM DTT (Sigma–Aldrich, St. Louis, MO, USA # D-5545), followed by incubation
for 30 min at 56 ◦C. The proteins were alkylated with 55 mM IAA (Sigma–Aldrich, St.
Louis, MO, USA # I-1149), at room temperature, in the dark, for 30 min. Protein digestion
was performed using trypsin (Promega # V5111), in a 1:20 ratio, at 37 ◦C, for 18 h. Columns
C 18 (Harvard Apparatus, Holliston, MA, USA) were used for cleaning and the desali-
nation of the sample. Digestion products were loaded onto a tandem system containing
a pre-column that separates the products and passes the effluent automatically into an
LTQ-Orbitrap Velos mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The
enzymatic digestion with trypsin and desalination of the gel bands, as well as the crude
venom were carried out at CEFAP: Center for research support facilities at the University
of São Paulo, USP.

4.5. LC-MS/MS Data Analysis

After analyzing the samples by LC-MS/MS, the raw data were collected and passed
through the Mascot platform (Matrix Science, Boston, MA, USA), using carbamidomethyla-
tion and methionine oxidation as variable modifications. The resulting files were exported
in the .dat extension and processed in the Scaffold Q + software version 4.0 (Proteome
Software, Portland, OR, USA), using as selection criteria of the presence of at least three
peptide fragments, a probability rate of 95% for protein identification and a false discovery
rate (FDR) of 5%. In addition, for the analysis carried out on the Scaffold Q + and Mascot
platforms, a FASTA database was built containing the amino-acid sequences obtained
through the predicted proteins from assembled transcripts of the transcriptome venom
gland, together with sequences of possible sample contaminants such as trypsin and hu-
man keratin, to avoid alignment and coverage errors. Based on the data on the probability
of protein identification and percentage of coverage, a contig for each band of venom
was identified.
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4.6. Protein Expression and Purification

The nucleotide sequence of Cryptoxin-1 was optimized for expression in E. coli and
the construction pET24b-Cryptoxin-1 was performed using Invitrogen™ Gene Synthesis
(GeneArt™ Thermo Fisher Scientific, Waltham, MA, USA).

For their expression, chemically competent E. coli BL21 Star™ (DE3) (Invitrogen®)
were transformed with pET24b-Cryptoxin-1 construction or pET-42a (Novagen) contain-
ing the sequence of glutathione S-transferase (GST). For each experiment, a cell colony
grown overnight from LB-agar plates was transferred into a liquid LB medium and grown
overnight at 30 ◦C in the presence of 50 μg/mL kanamycin. This culture was diluted 1:50
into 200 mL of fresh LB broth/kanamycin. When the cell suspension reached an optical
density of 0.6 at 30 ◦C (OD 600 nm) it was induced with a final concentration of 1 mM of
isopropyl-b-D-thiogalactoside (IPTG). Cells were then grown for four hours after which the
cells were collected by centrifugation at 10,000× g for 10 min at 10 ◦C (ultracentrifuge Beck-
man). The whole-cell pellets were then resuspended in a binding buffer (20 mM sodium
phosphate pH 7.4 and 500 mM NaCl) and lysed on ice by an ultrasonication device (ampli-
tude of 20% with 3 s pulse and 4 s interval between each pulse) for 60 s, and the process
was repeated 5 times. Cell debris were removed from the protein solution by centrifugation
at 10,000× g for 10 min in a Beckman ultracentrifuge. The entire amount of the supernatant
containing the soluble protein was purified with high-performance immobilized metal
affinity chromatography (IMAC) using HisTrapHP 5 mL column pre-packed (Cytiva™,
Marlborough, MA, USA) coupled to the ÄKTA™ start protein purification system and
then desalted into phosphate-buffered saline (PBS) buffer pH 7.4 with HiTrap® Desalting
Columns (Cytiva™, Marlborough, MA, USA). The endotoxin was removed with Pierce™
High-Capacity Endotoxin Removal Spin Columns (Thermo Fisher Scientific, Waltham, MA,
USA) following the manufacturer’s protocol. Quantification of recombinant proteins was
performed using the BCA Pierce™ Protein Assay Kit (Thermo Fisher Scientific, Waltham,
MA, USA) following the manufacturer’s protocol.

4.7. Mass Spectrometry Analysis

Mass spectrometry of Cryptoxin-1 was performed on the MALDI-TOF Autoflex Speed
(Bruker Corporation, Billerica, MA, USA) equipment following pre-established protocols
for protein analysis. In summary, 0.5 μL of a saturated solution of sinapinic acid in ethanol
was mixed with 100 ng of Cryptoxin-1. After drying, 1 μL of a TA30 (0.1% trifluoroacetic
acid/acetonitrile in a proportion of 70/30) was added to the mixture and applied to the
Ground Steel plate for analysis. Data acquisition was performed in a linear mode with
positive polarity, with the following parameters: Ion Source 1—19.50 kV, Ion Source 2—
17.60 kV, Lens—9.0 kV, Pulsed Ion Extraction 170 ns, Mass Range 5—70 kDa, Laser Frequency
500 Hz, Gain Detector 10.0×. The results were analyzed using the online software mMass
version 5.5.0, 2013 (Martin Strohalm© Open Source Mass Spectrometry Tool).

4.8. Rabbit Specific Antivenom Production

The anti-venom serum from the C. iheringi centipede was obtained by immunization
of rabbits. Two hundred micrograms of the venom and 2.5 mg of aluminum hydroxide
(Brenntag Specialties, Inc., South Plainfield, NJ, USA) were added to a final volume of
1 mL of PBS. After this, 250 μL of this mixture was injected intramuscularly. After 1 month,
the rabbits received five consecutive boosters of antigen with 15-day intervals. Blood was
collected and sera were separated and stored at 20 ◦C until use. Antibodies present in
the hyperimmune serum were purified on HiTrapProtein G HP 5 mL column pre-packed
with high-performance protein G-Sepharose (GE Healthcare, Little Chalfont, UK) and
quantified by BCA (QuantiProBCA Assay Kit, Sigma-Aldrich, St. Louis, MO, USA). To
characterize the polyclonal anti-venom, ELISA and immunoblotting assays were performed.
The experimental protocols were approved by the Butantan Institute Ethical Committee for
Animal Research (certified by CEUAIB n◦ 8172250816).
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4.9. ELISA Immunoassay

Microplates of 96-well (Sarstedt, Germany) were sensitized with 100 μL/well of the
heterologous proteins in the serial 1:2 dilution from 1 to 0.008 μg/mL and incubated in
a humid chamber at 4 ◦C for 18 h. Crude venom and GST protein were used as controls
under the same conditions. Subsequently, blocking was performed with PBS containing
1% bovine serum albumin (BSA) for 30 min. After blocking, the addition of 1:200 (7.5 μg)
of polyclonal IgG anti-C. iheringi venom antibody diluted in PBS + 1% BSA at 37 ◦C for 1 h.
Subsequently, the microplates were incubated with a peroxidase-conjugated anti-rabbit
IgG antibody (1:5000) at 37 ◦C for 45 min. After this, a revelation solution of OPD (ortho-
phenylenediamine) was added (1 mg of OPD, 2 mL of citrate/phosphate buffer, and 1 μL
of hydrogen peroxide). Then, the microplates were statically incubated, in the dark, at
24 ◦C for 15 min, and sulfuric acid (H2SO4) 2 N was used to stop the reaction and the plate
was read in an ELISA reader (Labsystems Multiskan, Thermo Fisher Scientific, Waltham,
MA, USA) at 492 nm.

4.10. Mice

For the experiments, BALB/c male mice (between 18 and 20 g) were bred from the
animal house facilities of the Butantan Institute, São Paulo, Brazil. The animals were kept
in a controlled temperature, 12/12 light/dark cycle, and were provided with standard food
and water ad libitum. The experimental protocols were approved by the Butantan Institute
Ethical Committee for Animal Research (certified by CEUAIB n◦ 4300061120).

4.11. Evaluation of Paw Edema

Mice (n = 6) were injected (30 μL) with Cryptoxin-1 (45 μM), GST (45 μM), or PBS
(negative control) in the right hind paw. The edema-forming activity was studied after
1, 24, 48, and 72 h, by pachymeter. The results were expressed as the difference in paw
thickness before (control) and after (experimental) injection (mean ± S.E.M).

4.12. Histological Analysis

Mice (n = 5) were injected in the right paw with Cryptoxin-1 45 μM/30 μL, GST
45 μM/30 μL or PBS (negative control) and 24 h after the injection, the animals were
euthanized, and the right paws were collected for footpad skin removal. The samples
were then fixed in 4% paraformaldehyde in PBS, pH 7.2, for 24 h. After dehydration in
a crescent ethanol series up to 95%, the samples were embedded in glycol methacrylate
(Leica Microsystems Nussloch GmbH, Heidelberg, Germany). Sections of 4 μm were
obtained in a Microm HM340 microtome and stained with the hematoxylin-eosin solution
for morphological studies of tissues.

4.13. Analysis of the Neutrophil Infiltrate in Footpad Tissue by Flow Cytometry

The Neutrophil migration in the footpad after 24 h of Cryptoxin-1 injection was
analyzed by flow cytometry. Groups of mice (n = 5) were euthanized, and the right
paws were removed at the tibiotarsal joint and macerated. The debris was resuspended
into 1 mL of PBS and then centrifuged (5 min/1200 rpm/4 ◦C). The cell pellets were
recovered and counted by Trypan blue exclusion (Sigma–Aldrich, St. Louis, MO, USA)
using a hemocytometer. The cells that were resuspended in an RPMI-1640 cell culture
media (Gibco Thermo Fisher Scientific, Waltham, MA, USA), were then incubated with
anti-FcγRII/III mAb for 30 min at 4 ◦C. Afterward, the cell suspensions were centrifuged
(5 min/1200 rpm/4 ◦C) and resuspended in the culture medium (106 cells/well) and
incubated with anti-leukocyte (CD45-APC) and anti-neutrophil (Ly6G-PE/CD11b-PeCy7)
monoclonal antibodies (BD Biosciences, Franklin Lakes, NJ, USA) for 30 min at 4 ◦C. The
cells were then washed and resuspended in PBS containing 0.1% paraformaldehyde (Merck,
Darmstadt, Germany). All samples were acquired in the flow cytometer (FACS Canto
II, BD Biosciences, Franklin Lakes, NJ, USA). Around 20,000 events were collected for
each sample The data were analyzed using FlowJo software 7.5 (BD Biosciences, Franklin
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Lakes, NJ, USA). The forward and side scatter density plots (FSC × SSC) were used to
exclude the debris and select the cell population, followed by the selection of the single
cells. After this, the CD45+ cells were selected and then, using the fluorescent minus
one (FMO) methodology, the CD45+CD11b+Ly6G+ cells were determined. The results
were expressed as the mean of the percentage of CD45+CD11b+Ly6G+ cell population of
individual mice/group ± standard error of the mean (S.E.M).

4.14. Statistical Analysis

All statistical analyses and graphical representations were analyzed using the Graph-
Pad Prism 9.1.2 program. Statistical tests performed using ANOVA followed by the
Bonferroni test and t Student’s test. The p values followed the pattern recommended by
the software: * p < 0.05; ** p < 0.001; *** p < 0.0001; **** p < 0.00001.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/toxins13120858/s1, Figure S1: Capillary electrophoresis of the RNA sample extracted from
C. iheringi; Figure S2: Size distribution of C. iheringi cDNA library evaluated in Agilent 2100 Bioana-
lyzer; Table S1: Cryptops iheringi transcriptome data.
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Abstract: Cathepsin L (CatL) is a lysosomal cysteine protease primarily involved in the terminal
degradation of intracellular and endocytosed proteins. More specifically, in humans, CatL has been
implicated in cancer progression and metastasis, as well as coronary artery diseases and others. Given
this, the search for potent CatL inhibitors is of great importance. In the search for new molecules to
perform proteolytic activity regulation, salivary secretions from hematophagous animals have been
an important source, as they present protease inhibitors that evolved to disable host proteases. Based
on the transcriptome of the Haementeria vizzotoi leech, the cDNA of Cystatin-Hv was selected for this
study. Cystatin-Hv was expressed in Pichia pastoris and purified by two chromatographic steps. The
kinetic results using human CatL indicated that Cystatin-Hv, in its recombinant form, is a potent
inhibitor of this protease, with a Ki value of 7.9 nM. Consequently, the present study describes, for
the first time, the attainment and the biochemical characterization of a recombinant cystatin from
leeches as a potent CatL inhibitor. While searching out for new molecules of therapeutic interest, this
leech cystatin opens up possibilities for the future use of this molecule in studies involving cellular
and in vivo models.

Keywords: leech; Haementeria vizottoi; cysteine proteases inhibitor; recombinant cystatin; cathepsin L

Key Contribution: Cystatin-Hv is the first cysteine protease inhibitor described from leeches and
obtained in its recombinant form, allowing its biochemical characterization. It was discovered in the
transcriptome of the salivary complexes from Haementeria vizottoi leeches, obtained in recombinant
form and characterized biochemically. It was able to strongly inhibit the human cathepsin L with a
Ki of 7.9 nM.

1. Introduction

Human cysteine proteases participate in several physiological processes, such as
the degradation of peptides and proteins [1], and constitute the major components of
lysosomes [2]. In this group of enzymes, cathepsin L (CatL) is an endopeptidase that
degrades intracellular and endocytosed proteins in the lysosome. Recent studies have
suggested that this protease plays many critical roles in diverse cellular settings. Thus,
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overexpression of CatL has been reported in several human diseases, such as liver fibrosis,
Type I and II diabetes, cardiac, bone, immune, and kidney disorders [3–5]. Additionally,
membrane-bound or released CatL mediates the cleavage of the S1 subunit of the corona-
virus surface spike glycoprotein, participating in the invasion into human host cells via
the so-called late pathway [6,7]. Although the preferred pathway for infection is via the
serine protease TMPRSS2 (early pathway), CatL, together with TMPRSS2, present tempting
targets for pharmacological inhibition [7].

The endogenous inhibitors named cystatins are the most effective mechanism for
controlling the activity of cathepsin L [1,2]. It is interesting to note that CatL inhibitors
can also be found in several organisms, such as hematophagous animals, where they play
an important role in their survival. Cystatins from hematophagous animals participate in
the immunological modulations [8], reducing the processing capacity and presentation of
antigens by the host’s antigen-presenting cells. The production of cytokines by the host’s
macrophages is also affected, resulting in an anti-inflammatory response [9]. Tick cystatins
have been characterized as capable of inhibiting several cathepsins involved in blood
digestion, embryonic development of the tick, and the immune response of the host [10,11].
Cystatins that specifically inhibit CatL have also been described, such as sialostatin L,
present in the Ixodes scapularis tick. Sialostatin L inhibits the protective proteolytic activity
of host cells at infestation sites, thus promoting tick survival [12]. In addition, it also
holds anti-inflammatory and immunosuppressive activities through the inhibition of killer
T cells [13].

Tick cystatins have been described as potent and specific protease inhibitors, expand-
ing their potential to be used further as new vaccine antigens and anti-tick drugs of medical
importance [10,14]. Furthermore, studies of cystatins in cell models, such as cancer [15],
inflammation [16], and immunomodulation [17], demonstrate the significant potential
of cystatins as new drugs or prototypes for developing new drugs for veterinary and
human use.

Similar to ticks, leeches are hematophagous parasites that possess interesting com-
pounds in their saliva capable of assisting the maintenance of blood flow for successful
feeding. Thus, many anticoagulant and antiplatelet molecules have been characterized for
this purpose [18–21]. However, cysteine protease inhibitors have rarely been studied in
the literature, and, until now, no cystatin—native or recombinant—was characterized for
leeches apart from the cystatin B gene first characterized in Theromyzon tessulatum leeches.
It was demonstrated that the innate immune response in the leech involves a cysteine
protease inhibitor not previously detected in other invertebrate models, highlighting the
need for further study of the innate immunity mechanism in these animals [22].

The present work is the first of its kind to characterize the recombinant cystatin of
leeches attained through the sequence of the Hviz00340 transcript from the transcriptome of
Haementeria vizottoi [23]. Cystatin-Hv was successfully expressed in Pichia pastoris, and after
purification, was characterized for its ability to inhibit cathepsin L. The present study of the
first recombinant cystatin derived from leeches will allow a more detailed investigation of
its role in feeding the parasite. In addition, the molecule itself can be further investigated
in cellular and in vivo models to better understand its potential role in the search for new
molecules of therapeutic interest.

2. Results

2.1. Selection and Purification of Cystatin-Hv

The cystatin-Hv cDNA sequence, coding for the predicted cysteine protease inhibitor
derived from the leech Haementeria vizottoi, is composed of 396 nucleotides, resulting in
131 amino acids. The signal peptidase cleavage site of Cystatin-Hv predicted by SignalP
and Expasy was located between the 19th and 20th amino acid residue. To express and
secrete the recombinant protein in Pichia pastoris, the DNA fragment corresponding to the
mature protein was cloned into pD912-AK. The calculated molecular mass of this predicted
protein is 12,487.92 Da, and the pI is 5.23.
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This protein presents domain and typical cystatin active sites, such as the highly
conserved first hairpin loop QVVAG and the second hairpin loop PW [24], associated with
cystatins type C (Figure 1). The highest identity is found with a hypothetical protein of
the leech Helobdella robusta (47% identity, access number: XP_009012188.1), presenting low
identity with the preliminary characterized cystatin B of the leech Theromyzon tessulatum
(21% identity, access number: AAN28679) [25], the Sialostasin of the tick Ixodes scapularis
(19% identity, access number: Q8MVB6) [26], the Iristasin of the tick Ixodes ricinus (14%
identity, access number: 5O46_A) [16], the OmC2 of the tick Ornithodoros moubata (21%
identity, access number: 3L0R_B) [27], and with the cystatin 2a of the tick Rhipicephalus
(Boophilus) microplus (21% identity, access number: AGW80657.1) [28].

 

Figure 1. Multiple alignments of cystatin-Hv with other cystatins from leeches and ticks. Regions highlighted in red
show the first hairpin loop and the second hairpin loop. The black arrow indicates the signal peptide cleavage site. The
conservation of the sequences is shown in yellow bars, and the score values 9 and 10 (or asterisk) indicate total conservation
of the aligned sequences; the consensus sequence is shown in black bars (Clustal Omega).

For the expression of the recombinant Cystatin-Hv, the selected expression vector
carries a secretion signal derived from S. cerevisiae (SS alpha-factor), located upstream of
the insert, which fused to the recombinant protein, promotes its secretion out of the cell.
The production of Cystatin-Hv using P. pastoris (X33) was performed as described, with
four 100 mL replicates, beginning the expression step with OD600nm around 5, going up to
OD600nm 69 after 44 h of assay (average values), as shown in Figure 2.

Culture supernatant after 44 h of expression was recovered, concentrated, dialyzed,
submitted to ion-exchange chromatography, and pooled fractions were analyzed on SDS-
PAGE and used for inhibition assays against papain (Figure 3). Inhibitory activity was
detected relative to pool 2 (eluted within 10% to 15% of NaCl 1 M buffer), evidenced by
the decrease in fluorescence emission (the result of proteolysis) when compared to other
pooled fractions and positive control (reaction without pooled fractions). Inhibition of
papain occurred in a dose–response manner, as shown in Figure 4.
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Figure 2. Growth curve of P. pastoris (X-33) pD912-AK: Cystatin-Hv during the assay of recombinant
protein expression (a) and Coomassie-stained SDS-PAGE (15%) of proteins recovered from culture
supernatant collected during the experiment (b). Vertical arrows: points of methanol feeding and
supernatant collection; lane M: low molecular weight protein markers “Precision Plus Protein™ Dual
Color Standards” (Bio-Rad); lane BMMY: fresh culture medium; lanes 0 h to 44 h: proteins recovered
at different incubation times; horizontal arrow: expected sized protein band.

 
Figure 3. Chromatogram showing the elution profile of culture supernatant proteins from MonoQ resin, using 1 M NaCl as
elution buffer, whose fractions were pooled 1–6 for analysis (a) SDS-PAGE of pooled fractions (b) and inhibition assay of
papain activity (papain 10.7 nM, zFR-MCA substrate 5 μM) in the presence of protein pools (250 ng) (c). (b) Lane M: low
molecular weight protein markers “SDS standards low range” (Bio-Rad); O: culture supernatant; lanes 1 to 6: proteins
recovered from pools; vertical arrow indicates protein band compatible with Cystatin-Hv. (c) Here C+ indicates the positive
control (papain and substrate), and C− indicates negative control (substrate).
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Figure 4. Inhibition assay of Cystatin-Hv (1 μg, 5 μg, 10 μg e 15 μg of pool 2 from ion-exchange
chromatography) against papain (21.4 nmol/L or 50 ng) using 5 μM of Z-FR-MCA substrate. An
estimate of the half maximal inhibitory concentration (IC50) is given, considering the dominance of
Cystatin-Hv in pool 2.

Once the inhibitory activity was detected, pooled fractions (referred to as pool 2)
were further purified by size-exclusion chromatography, leading to a single band named
Cystatin-Hv (Figure 5). Mass spectrometry analysis (LC-MS/MS) was performed to confirm
the accuracy of the molecular mass and allowed the identification of Cystatin-Hv with eight
unique peptides, covering 89% of the mature protein sequence (Supplementary Figure S1).

 

Figure 5. Size exclusion chromatography of pool 2 (from previous ion-exchange chromatography),
highlighting protein bands into fractions B10 and B11 (purified Cystatin-Hv), on SDS-PAGE, related
to inhibitory activity against papain and cathepsin L (a), SDS-PAGE analysis of purified Cystatin-Hv
under reducing (1) and nonreducing (2) conditions (b). Molecular markers used were “Precision Plus
Protein™ Dual Color Standards” (Bio-Rad) (a) and “SDS standards low range” (Bio-Rad) (b).

2.2. Inhibition Studies

Enzymatic kinetics assays were performed with three different concentrations of
Cystatin-Hv (8 nM, 16 nM, and 24 nM respectively), cathepsin L (0.4 nM) and two concen-
trations of Z-FR-MCA substrate (1 Km and 2 Km). Experimental data of reaction rates were
linearized and treated further as proposed by Dixon [29] (Figure 6), thus allowing us to
determine the inhibition constant, Ki, of 7.9 nM.
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Figure 6. Dixon diagram presenting kinetic enzymatic assays of cathepsin L inhibition by Cystatin-
Hv. Two substrate concentrations (1 Km or 2.65 μM and 2 Km or 5.3 μM) and three cystatin-Hv
concentrations (8 nM, 16 nM, and 24 nM) were used. The inhibition constant was set as 7.9 nM. The
graphic was made using the software GraphPad Prism 5. Slope value: 7.964 × 10−5 to 9.909 × 10−5

(2.65 μM) and 2.496 × 10−5 to 4.547 × 10−5 (5.3 μM) for a 95% confidence interval. UF: Units
of Fluorescence.

3. Discussion

The present work was carried out to assess biodiversity and contribute to developing
new molecules that can generate and inspire new therapeutic possibilities. In this context,
the search for molecules from animal secretions related to feeding is rather compelling
since, from the evolutionary perspective, the proteins present in such secretions have been
subjected to selective pressure for better efficiency to ultimately facilitate the animal’s
survival and perpetuation [30]. Hence, it is expected that proteins present in the saliva of
hematophagous animals should have a specific action on the host or prey, and it is up to
the researchers to isolate these components, identify their actions, and study how these
molecules can be used for our benefit.

Cystatins present in hematophagous have the key function in inhibiting endogenous
cysteine proteases of the animal and in helping the feeding process as well. The saliva of
these animals contains not only inhibitors that reduce host blood clotting and premature
blood clotting inside the gut but also molecules that interfere and inhibit the performance
of the host’s immune system [17,24] and allow the hematophagous to keep feeding for an
extended period.

An important dimension in the discussion on cystatins present in the salivary com-
plexes of leeches relates to the issue of the innate immune response. It is reported that
symbiotic bacteria, antimicrobial peptides, and phagocytic immune cells play a protec-
tive role in defending from harmful agents and preventing premature degradation of
the ingested blood meal, which is concentrated and maintained over a period of many
weeks inside the digestive tract [31]. Although the leech defense system has been poorly
investigated, studies with cystatin B have demonstrated the involvement of this cysteine
protease inhibitor in the innate immunity of Theromyzon tessulatum leeches since an increase
in cystatin B gene expression has been shown in large circulating coelomic cells after bac-
terial challenge [22,25]. While more studies are needed to further elucidate the function
of cysteine protease inhibitors for leeches, it is likely that these molecules also work as
immunoregulators, given the major implication of cathepsins in immunity [22], similarly
to what has been described for ticks, a better characterized group of hematophagous.

In ticks, this group of inhibitors has been extensively explored. It was noted that in
tick saliva, the majority (84%) of cystatin transcripts belong to a group that is secreted
extracellularly, suggesting a predominantly immunoregulation function [32]. Cystatin
OmC2, from the Ornithodoros moubata tick, for example, targets two lysosomal cathepsins,
S and C, which perform the function of processing antigens in antigen-presenting cells,
apart from affecting the maturation of dendritic cells [17]. Cystatin Iristatin, identified
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from the tick Ixodes ricinus, inhibited the proteolytic activity of cathepsins L and C and
decreased the production of several inflammation inducers (IL-1, IL-4, IL-9, IFN-γ) by
different populations of T cells, among other anti-inflammatory activities [16].

Cystatins are also present in humans, where, as in other animal species, they act as
inhibitors of endogenous cysteine proteases, such as cathepsins. Overexpression of these
enzymes has been observed in a number of tumorous cells, such as breast, lung, brain, head,
neck, and melanoma cancers, where they act on the degradation of the extracellular matrix
enabling tumor growth, invasion of other tissues, and migration into the bloodstream [2,8].
In particular, cathepsin L is a lysosomal endopeptidase widely expressed and involved
in the degradation of intracellular or phagocyted proteins that can also be found in a
variety of extracellular media as well as in the cell nucleus [33,34]. In this way, positive
regulation of the lysosomal endopeptidase cathepsin L has often been observed in a
number of human cancers, and its levels of expression in tumor tissues or their presence
in the environment adjacent to the tumors is considered to be largely correlated with
their aggressiveness [2,34–36].

There is little information available about cystatins regarding leeches, most of which
are the results of transcriptomic analyses suggesting the participation of these molecules in
the immune response [25]. Functional studies with cystatins present in the leeches have
not yet been reported in the literature.

The present study started with the library of transcripts of the salivary complexes of
the leech Haementeria vizottoi, where 1204 Isotigs were obtained, and among them, 123 were
identified as related to feeding [23]. After further screening, one Isotig was selected for this
study, starting with the gene sequence, through the cloning and recombinant production of
the protein, Cystatin-Hv, to its functional characterization.

In general, the benefits of protein production by P. pastoris system include appropriate
folding, especially for cysteine-rich proteins (in the endoplasmic reticulum) and secretion
(by Kex2 as signal peptidase) of recombinant proteins to the supernatant environment of
the expression [37]. In the case of Cystatin-Hv, a protein with five cysteines, the expression
occurred satisfactorily, as expected, with compatible quality acceptable to the scalability of
the process. Furthermore, the use of the P. pastoris expression system, due to its limited
production of endogenous secretory proteins, is known to favor an easy purification
protein process [37]. In this sense, the isolation in two chromatography steps was sufficient
to achieve a pure form of recombinant Cystatin-Hv, similar to the purification process
performed by Cardoso [38], characterizing a tick cystatin that presented an inhibitory effect
against the activity of a hemoglobin lytic enzyme.

The inhibition assays allowed us to confirm the activity of Cystatin-Hv, in its recombi-
nant form, as a strong inhibitor of cathepsin L. Further, results plotted in the Dixon diagram
(Figure 6), with curves intercept on the X-axis, suggest a noncompetitive mechanism of
action for this inhibitor. Although cystatins are usually described as competitive inhibitors,
the noncompetitive mechanism was observed for soybean [39], corn [40], and chestnut
seed [41] plant cystatins, as well as for human Cystatin SA [42]. In order to improve
Cystatin-Hv characterization and understanding of its mechanism, complementary assays
are to be performed, also against other known cathepsins. The inhibition constant (Ki)
in the order of nM (7.9 nM) is compatible with the one found in the literature for the
dissociation constant of cathepsin L with human cystatins [1]. Similar Ki values were
obtained related to cystatins of hematophagous animals such as the bovine ectoparasite
Rhipicephalus microplus, whose protein identified as Rmcystatin-4 was cloned, expressed,
and purified, and has demonstrated inhibitory activity against cathepsin L with a Ki of
11.1 nM [38]. The cystatin OmC2 from the tick genus Ornithodoros also presented similar Ki
values in the range of nM against lysosomal cathepsins S and C [17].

Although the Ki value in relation to papain has not been obtained, the IC50 value of
approximately 0.12 μM, considering Cystatin-Hv dominant in pool 2, indicates a greater
potency of cystatin-Hv for the inhibition of cathepsin L. However, future studies should

125



Toxins 2021, 13, 857

be carried out with papain and other cathepsins to assess the specificity of cystatin-Hv in
relation to a particular protease.

The character of recombinant Cystatin-Hv as an inhibitor of cysteine proteases, espe-
cially human cathepsin L, opens interesting possibilities for its potential biological function
as an immunoregulator and an anti-inflammatory molecule, justifying our efforts to study
this protein in its recombinant form. Inhibition of CatL has also been recognized as having
a significant role in the prevention of cell invasion by viruses of the coronavirus family
in vitro. Given the recent emergence of the novel SARS-CoV-2, calls for more attention
to inhibitors of this cysteine protease are well justified [7]. Thus, the first recombinant
cystatin from leeches will allow a more detailed investigation of its role in feeding the para-
site. In addition, the molecule itself can be investigated in cellular and in vivo models to
understand its significance in the possible search for new molecules of therapeutic interest.

4. Conclusions

The present work is the first of its kind to characterize the recombinant cystatin of
leeches attained through the sequence of the transcript Hviz00340 from the transcriptome
of Haementeria vizottoi [23]. Cystatin-Hv was successfully expressed in Pichia pastoris, and
after purification, it was characterized for its ability to inhibit cathepsin L. Kinetic studies
have indicated that recombinant Cystatin-Hv is a potent inhibitor of cathepsin L, with
a Ki of 7.9 nM. Thus, a rigorous study of this molecule could be promising, and future
work will be carried out in this direction to better characterize the therapeutic potential
of Cystatin-Hv.

5. Materials and Methods

5.1. Strains, Plasmids, Enzymes

The expression vector pD912-AK with the synthesized insert of interest (codon-
optimized) was purchased from ATUM 2.0 (Newark, NJ, USA), and P. pastoris strain X-33
(Invitrogen, Waltham, MA, USA) was used as the expression host. The Escherichia coli strain
DH5α and restriction enzyme SacI were purchased from Thermo Fisher (Waltham, MA, USA).
E. coli cells with plasmids were cultured at 37 ◦C in Luria–Bertani medium (yeast extract,
5 g/L; tryptone, 10 g/L; NaCl, 10 g/L; agar, 15 g/L) containing 25 μg/mL Zeocin (Invitro-
gen, Waltham, MA, USA). Papain was purchased from Sigma-Aldrich (St. Louis, MO, USA)
and human cathepsin L from R&D Systems (Minneapolis, MN, USA).

5.2. Sequence Source and In Silico Characterization

The Cystatin-Hv cDNA sequence (transcript Hviz00340) was obtained from the sialo-
transcriptome of Haementeria vizzotoi leech [23]. The signal peptide sequence, determined
by SignalP 4.0 [43], was excluded from further analysis and from the insert synthesis.
Theoretical pI and Mw were determined using the Expasy platform. Identity and similarity
percentages of the full-length amino acid sequence were obtained by BLAST search (NCBI
database), and multiple sequence alignments were performed on a sequence of Cystatin-Hv
versus known cystatins, using Clustal Omega [44].

5.3. Expression and Purification of Recombinant Protein

The vector pD912-AK: Cystatin-Hv was linearized with SacI and electroporated into
competent P. pastoris X-33 cells. Transformants were screened on YPD medium plates
containing 25 μg/mL Zeocin, and the presence of Cystatin-Hv insert was confirmed by
PCR. Expression was carried out in replicates inoculating 50 mL of BMGY medium [1.0%
yeast extract, 2.0% peptone, 100 mM potassium phosphate pH 6.0, 1.34% YNB, 4 × 10−5%
D-biotin (w/v), and 1% glycerol (v/v)] and cultivated under the influence of 350 rpm orbital
shaking at 28 ◦C for 24 h. Cells were harvested by centrifugation at 450× g for 5 min at 4 ◦C
and resuspended in 50 mL of BMMY medium [1.0% yeast extract, 2.0% peptone, 100 mM
potassium phosphate pH 6.0, 1.34% YNB, 4 × 10−5% D-biotin (w/v), and 0.5% methanol
(v/v)] to absorbance at 600 nm of 5.0. Incubation was carried out at 30 ◦C and 350 rpm
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orbital shaking for 44 h, with further additions of methanol to a final concentration of
0.5% every 12 h, approximately. Samples (1 mL) were taken during the assay, submitted to
protein precipitation with methanol/chloroform [45], and analyzed by SDS-PAGE.

Cells were removed from the supernatant by centrifugation (3500× g for 15 min at
4 ◦C) and filtration (0.45 μm). The supernatant was dialyzed (5 kDa molecular exclusion)
and concentrated with 20 mM Tris-HCl pH 8.0 using Cogent μScale TFF System (Merck,
Darmstadt, Germany) and submitted to ion-exchange chromatography in a Mono Q 5/50
GL (GE Healthcare) 1 mL column connected to an AKTA Avant system (GE Healthcare),
equilibrated with 20 mM Tris-HCl pH 8.0. The sample was added, and the column was
washed with 15 CV (column volume) of 20 mM Tris-HCl pH 8.0 (0.5 mL/min), followed
by the elution step supported by a crescent linear gradient of 20 mM Tris-HCl pH 8.0,
1.0 M NaCl along 30 CV (0.5 mL/min). Fractions (~500 μL) were pooled, analyzed by
SDS-PAGE, and the one presenting inhibitory activity towards papain was applied on
Superdex 75 10/300 column (GE Healthcare), being eluted with 20 mM Tris-HCl pH 8.0
along 2 CV (1 mL/min). Fractions with expected molecular weight, single band, were
pooled, quantified using the bicinchoninic acid (BCA) Protein Assay Kit (Pierce, WA, USA)
and further analyzed for inhibitory activity against papain and cathepsin L.

5.4. Mass Spectrometry for Sequence Confirmation

A purified sample of the recombinant Cystatin-Hv was submitted to in-solution
trypsin digestion prior to mass spectrometry analysis by LC-MS/MS. The generated
tryptic peptides were desalted, dried, and dissolved in 20 μL of 0.1% (v/v) formic acid,
and 2 μL were automatically injected into a 2 cm C-18 trap column (3 μm particle size,
100 Å pore size, 75 μm I.D., Thermo Fisher Scientific, Waltham, MA, USA) by an Easy
nanoLC 1200 coupled to a QExactive plus (Thermo Fisher Scientific, Waltham, MA, USA)
mass spectrometer. Chromatographic separation of tryptic peptides was performed on
a 15 cm long analytical column (Acclaim PepMap, 2 μm particle size, 100 Å pore size,
50 μm I.D.—Thermo Fisher Scientific, Waltham, MA, USA). Peptides were eluted with a
linear gradient of 5–100% Buffer B (80% acetonitrile in 0.1% formic acid) at 200 nL/min for
30 min. The spray voltage was set to 2.4 kV, and the mass spectrometer was operated in
positive, data-dependent mode, in which one full MS scan was acquired in the m/z range of
300–1500 followed by MS/MS acquisition using high-energy collisional dissociation (HCD)
of the seven most intense ions from the MS scan using an isolation window of 2.0 m/z.

The obtained MS and MS/MS spectra were analyzed using PEAKS Studio X, and
the searches were performed against a customized database. Briefly, the database used
included all Pichia pastoris protein sequences downloaded from UniProt (a total of
16,348 sequences, downloaded on 14 October 2021) and the translated amino acid sequence
of Cystatin-Hv (without the signal peptide sequence). This reference database was concate-
nated with common contaminants for mass spectrometry experiments (116 sequences), and
the decoy sequences were used for false discovery (FDR) rate control. The search engine
was set to detect specific tryptic peptides at an FDR of 1%, allowing two missed cleavages.
Methionine oxidation, acetylation of the protein N-termini, and deamidation of asparagine
and guanidine were set as variable modifications, and carbamidomethylation of cysteine
was set as a fixed modification.

5.5. Inhibitory Assays

Papain was utilized to select the chromatographic fractions that contained Cystatin-
Hv, and, after obtaining the inhibitor in its homogeneous form, cathepsin L was used to
determine the value of the inhibition constant (Ki). The assays were implemented according
to Portaro et al. (2000) [46] with some minor modifications. Enzymes were preactivated
for 15 min at room temperature with 6 mM DTT in 50 mM sodium phosphate, 200 mM
NaCl, 5 mM EDTA, and pH 5.5 (final volume 100 μL). For the pool selection steps, 10 ng of
papain, 5 μM of fluorogenic substrate Z-FR-AMC (Sigma-Aldrich, St. Louis, MO, USA) and
250 ng of protein from pooled purification fractions were used. Cathepsin L (0.4 nM) was
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employed against three concentrations of purified Cystatin-Hv (8 nM, 16 nM and 24 nM)
and two concentrations of the fluorogenic substrate Z-FR-AMC (1 Km and 2 Km, where the
Km = 2.6 μM, ref. [47]) to determine the Ki value [48]. Control reactions were carried out in
the same conditions but without Cystatin-Hv. The activity was measured (fluorescence at
λEM 480 nm and λEX 360 nm) in a Victor 3 (Perkin Elmer, Boston, MA, USA) plate reader.
The temperature remained constant at 37 ◦C, and one reading per minute was performed
for 15 min, the plates being shaken before each measurement. The residual activity of
human cathepsin L in the presence of Cystatin-Hv in different amounts was determined,
and the inhibition constant (Ki) of Cystatin-Hv towards human cathepsin L was determined
by the Dixon Plot equation (1/V vs. [I]) [49], using the software GraphPad Prism 5.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/toxins13120857/s1, Figure S1: Amino acid sequence of the mature Hviz340 recombinant
protein and the tryptic peptides identified by LC-MS/MS analysis using a QExactive plus mass
spectrometer and database search in PEAKS Studio X.
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Andersen, J.F.; et al. Crystal structure and functional characterization of an immunomodulatory salivary cystatin from the soft
tick Ornithodoros moubata. Biochem. J. 2010, 429, 103–112. [CrossRef] [PubMed]

28. Parizi, L.F.; Githaka, N.W.; Acevedo, C.; Benavides, U.; Seixas, A.; Logullo, C.; Konnai, S.; Ohashi, K.; Masuda, A.;
da Silva Vaz, I., Jr. Sequence characterization and immunogenicity of cystatins from the cattle tick Rhipicephalus (Boophilus)
microplus. Ticks Tick-Borne Dis. 2013, 4, 492–499. [CrossRef]

29. Copeland, R.A. Enzymes: A Practical Introduction to Structure, Mechanism, and Data Analysis, 2nd ed.; Viley-VCH: New York, NY,
USA, 2000.

30. King, G.F. Venoms as a platform for human drugs: Translating toxins into therapeutics. Expert Opin. Biol. Ther. 2011, 11, 1469–1484.
[CrossRef] [PubMed]

31. Silver, A.; Graf, J. Innate and procured immunity inside the digestive tract of the medicinal leech. Invertebr. Surviv. J. ISJ 2011, 8, 173–178.
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Abstract: Few data are available in the literature describing the long-term effects of envenoming in
the perinatal period. In this study, the relationship between envenoming of lactating rats and possible
behavioral changes in the mother and in her offspring were investigated. Lactating Wistar rats
received a single dose of T. serrulatus crude venom on postnatal days 2 (V2), 10 (V10) or 16 (V16), and
had their maternal behavior evaluated. The seizure threshold was evaluated in adulthood offspring.
A decrease in maternal care during envenoming was observed in V2 and V10 groups. The retrieval
behavior was absent in the V2 group, and a lower seizure threshold in the adult offspring of all
groups was observed. During envenoming, mothers stayed away from their offspring for a relatively
long time. Maternal deprivation during the early postnatal period is one of the most potent stressors
for pups and could be responsible, at least in part, for the decrease in the convulsive threshold
of the offspring since stress is pointed to as a risk factor for epileptogenesis. Furthermore, the
scorpionic accident generates an intense immune response, and inflammation in neonates increases
the susceptibility to seizures in adulthood. Therefore, maternal envenoming during lactation can
have adverse effects on offspring in adulthood.

Keywords: scorpion accidents; lactation; maternal care; seizure threshold

Key Contribution: Maternal envenoming during lactation can have adverse effects on offspring.
Maternal deprivation and inflammation can decrease the convulsive threshold of the offspring
in adulthood.

1. Introduction

Scorpions are terrestrial arthropods, which inhabit different biomes and are distributed
worldwide, except in Antarctica [1].

Scorpionism is the main cause of accidents with venomous animals in Brazil having
overcome snakebite since 2004 [2]. Tityus serrulatus, popularly known as yellow scorpion,
has been described in 1922 by Lutz and Mello and is responsible for most of the serious
accidents with scorpions in Brazil [3–5].

Scorpion accidents are classified according to symptoms into: mild, characterized
by local signs such as edema, erythema, sweating, numbness and twitching; moderate,
in which, in addition to the previous symptoms, vomiting, abdominal pain, tachypnea,
tachycardia or bradycardia, hypertension, agitation, hypersalivation and priapism can
also occur; and severe, in which the main symptoms are cardiovascular and pulmonary
complications such as heart failure and pulmonary edema, and neurological symptoms
such as encephalopathy, coma and convulsion [6].

The number of scorpion accidents has increased in the last few decades and most of
the victims consist of people of reproductive age, so pregnant and lactating women are
becoming possible targets [4,5]. In the state of São Paulo, between 2007 and 2019, pregnant
women comprised 3% of female victims of scorpionism, with the majority during the
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second trimester of gestation [7]. However, there are no data on the number of lactating
victims, and it is difficult to estimate the real proportion of victims in the perinatal period.

Experimentally, some effects of pre- or post-natal injection of Brazilian scorpion
venoms in rats have been demonstrated. Prenatal injection of T. serrulatus venom in
mothers increased the number of post-implantation losses, altered some reflex and physical
parameters of the pups, and caused an increase in the weight of the placentas, liver and
lungs of the pups [8–10]. Prenatal injection of T. bahiensis venom also increased the weight of
some organs in the pups and altered physical and behavioral parameters both in childhood
and in adulthood [11–13] and, when injected during lactation, it caused a delay in physical
and reflex development in childhood, and reduced anxiety in adulthood [14].

Pregnancy and breastfeeding are very important for the adequate development of
the pups, both from a physical and a behavioral point of view. Particularly, the quality
of care offered to the newborns is important for the maturation of cerebral architecture,
especially the hippocampal areas responsible for cognitive functions and stress responsive-
ness [15–17]. Clinical studies have demonstrated that adverse conditions such as stress
early in life predispose the individual to developing several psychiatric disorders such
as anxiety, depression, and epilepsy [18–20]. Experimentally, a relationship was observed
between stress in perinatal period and a decrease in neurogenesis [21,22]. In addition,
stress is relevant to the process of epileptogenesis, both in childhood and in adult life [23].
Hormones and neurotransmitters mediating the influence of early-life stress on excitability
may create a permanent vulnerability for the development of epilepsy [20].

It is of utmost importance that the short and long term effects of scorpionism during
pregnancy and lactation are well elucidated, in order to minimize the damage to the health
of affected mothers and children.

Previous empirical observations conducted in our laboratory revealed a change in the
pattern of care provided by mothers envenomed by scorpions during breastfeeding.

Maternal care is responsible for the proper development of the central nervous sys-
tem [15,17]. Therefore, it is necessary to investigate whether the correct development of the
offspring is affected by the envenomation of the mothers. We believe that the stress caused
by a single dose of scorpion venom can cause changes in the behavior of the mothers,
resulting directly or indirectly in altered development of the offspring.

Therefore, the present study aimed to evaluate the effect of moderate maternal en-
venoming on the development of the offspring’s central nervous system, with particular
attention paid to the susceptibility to seizures.

Pentylenetetrazole (PTZ), widely used as seizure-inducing drug, is a GABAA antag-
onist and suppresses the function of inhibitory synapses, leading to increased neuronal
activity and consequently causes generalized seizures in animals [24]. In small doses, PTZ
has been used as a model for absence seizures and in higher doses it produces convul-
sive seizures [25]. Here, it was used to test the convulsive threshold of the offspring of
envenomed rats.

2. Results

2.1. Maternal Behavior

The mothers in the Ct group spent most of the time in an arched-back nursing pos-
ture and the care offered to the pups decreased over the days (Figure 1). In the V2 and
V10 groups, the time spent in the arched-back nursing posture is significantly reduced on
the day of envenoming (Figure 1). In the V16 group, there was no change, because at this
stage this behavior is almost extinguished (Figure 1).
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Figure 1. Time spent in arched-back nursing posture after the treatment. Ct injected with 0.9% NaCl
in PN2, PN10 and PN16. V2 injected with T. serrulatus venom in PN2 and 0.9% NaCl in PN10 and
PN16. V10 injected with T. serrulatus venom in PN10 and 0.9% NaCl in PN2 and PN16. V16 injected
with T. serrulatus venom in PN16 and 0.9% NaCl in PN2 and PN10. (n = 6 females per group). Data
are expressed as means ± SEM. (*) p < 0.001 compared to the control group (Two-way ANOVA).

2.2. Retrieval Test

The test was performed only on PN2 because, over the first week postpartum, the
pups are able to move around and the mother ceases to exhibit the behavior of picking them
up, and the frequency of licking/grooming and arched-back nursing decreases [15,26].

In the V2 group, dams that failed to group the litter during the test period demon-
strated higher latencies to retrieve pups. In V10 and V16 groups, the mothers behaved
similarly to the control group (Figure 2).

Figure 2. Assessment of mothers in retrieval test after the treatment. Ct injected with 0.9% NaCl in
PN2, PN10 and PN16. V2 injected with T. serrulatus venom in PN2 and 0.9% NaCl in PN10 and PN16.
V10 injected with T. serrulatus venom in PN10 and 0.9% NaCl in PN2 and PN16. V16 injected with T.
serrulatus venom in PN16 and 0.9% NaCl in PN2 and PN10. (n = 6 females per group). (a) Latency to
retrieve the first pup. (b) Latency to retrieve the last pup. (c) Number of retrieved pups. Data are
expressed as means ± SEM. (*) p < 0.001 compared to the control group (Two-way ANOVA).

133



Toxins 2021, 13, 853

2.3. Seizure Threshold

In all groups, females and males obtained similar results, with no gender distinction.
The V2 group developed seizure behavior earlier in relation to the control group, requiring
fewer booster doses (Figure 3).

In addition, in all experimental groups the animals showed more intense convulsions
than in the control group (Figure 3).

Figure 3. Assessment of seizure threshold (n = 6 females and 6 males per group). (a) Number of doses needed to reach
the seizure threshold. (b) Average intensity of seizure behavior. Data are expressed as means ± SEM. (*) p < 0.01 and
(**) p < 0.05 compared to the control group (Kruskal Wallis test).

3. Discussion

Despite the increase in the number of scorpion accidents in the last few years, there is
insufficient information on the effects of scorpion envenomation on pregnancy, lactation,
and neonatal outcomes, and unfortunately the available data are controversial.

Experimental studies provide clues as to what might happen in an accident in humans.
Thus, in the present study, we used lactating rats to evaluate the possible consequences for
the offspring after a scorpion sting in the mother during breastfeeding.

A possible scorpion accident was simulated through a single subcutaneous injection
of T. serrulatus venom, which is the most common method of inoculation in accidental
bites. The dose of 4.0 mg/kg was determined in previous experiments in our laboratory
(unpublished data) as causing symptoms observed in moderate to severe envenoming cases
such as severe local pain, piloerection, respiratory perturbation and increased lacrimal and
salivary secretions. The days of injection were chosen based on the different periods of brain
maturation [27]. The development of the mammalian brain begins in embryogenesis, and
its maturation continues in the postnatal period [27,28]. In rats, the neurogenesis in cortical
regions starts on the ninth day of gestation and extends until the fifteenth postnatal day.
The growth spurt of the brain corresponds to the period in which this organ increases in
weight most rapidly. In rodents this event peaks around postnatal day 7, reviewed by [29].

Our results demonstrated a decrease in maternal care on the days of the venom
injection, and offspring that were more susceptible to convulsion in adulthood. It is relevant
to note that the earlier the envenoming, the lower the seizure threshold in the offspring.

In mammals, maternal care is the care that the mother provides to the offspring, and
it is essential for the adequate development of the nervous system [15,17,30]. Maternal
care modulates the expression of various genes and neurochemical content in one or more
regions of the brain and changes in this process can cause variations in behavioral responses
and the development of mood disorders [17,31].

Studies in animals and humans have shown that, during early childhood, the brain
is particularly sensitive to stress [32], probably because in this period the system is still
developing [19].

Maternal deprivation during the early postnatal period is one of the most potent
stressors for pups [32] and it was experimentally demonstrated that it can affect behavior,
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ACTH and neurotrophin levels in rats, which persist into adulthood [33]. A stressful
status can lead to permanent neurobehavioral alterations and an increased susceptibility to
psychiatric disorders [34].

Epidemiological studies point to stress as a risk factor for epileptogenesis in adults
and young people [20,35]. Experimentally, it was demonstrated that early-life stress in
rats has long-lasting effects on brain excitability and may promote age-specific seizures
and epilepsy [36]. On the other hand, increased maternal care makes mice genetically
predisposed to epilepsy less susceptible to seizures [37].

In our experiments, we observed that mothers from groups V2, V10 and V16 remained
away from the pups for a long period after venom injection. This is probably due to
the fact that they were experiencing the symptoms of envenoming, mainly pain, as we
could see from the vocalization that occurs with minimal contact by either the pups or the
observers, with the mother, as well as frequent licking at the injection site. The symptoms
of envenoming last for a few hours, creating a long period of separation between mothers
and pups, which remained without maternal care.

In addition, mothers in group V2 did not collect the offspring during the observation
period in the retrieval test. Retrieval is a common behavior displayed by rodents [38] and,
usually, the assessment of maternal behavior is performed in the first week after delivery,
as the offspring during this period are exclusively dependent on maternal care [15]. The
time spent licking/grooming the pups decreases over the days, as does the time spent in
contact with the pups. In the first 10 days after the delivery, the mothers stay longer in the
nest and the pups grow, and maternal care tends to gradually decrease and the mother
becomes less responsive towards her offspring [15,30]. Thus, the test was performed only
in the V2 group, and was not performed in V10 and V16 groups.

Based on the above considerations, we believe that the stress of maternal depriva-
tion could be responsible, at least in part, for the decrease in the convulsive threshold
of the offspring.

However, we cannot disregard the possibility that, due to the physiological effects
of the venom on the mother, some alteration occurs in the composition of the milk (milk
components that could be in higher or lower concentrations), directly affecting the nervous
system of the offspring, and studies are being developed in this regard in our laboratory.

It is also possible that some component of the venom or some cytokines produced
by the mother are directly passed on, since scorpion accidents are capable of inducing
an intense immune response in the injured individual. Several cytokines are increased
in the plasma of envenomed patients, such as IL1-α, IL1-β, IL-6, IL-8, IL-10 TNF-α and
IFN-γ [39–41]. In addition, it has been shown that scorpion venom can also alter some
cytokines in pups of envenomed mothers [14].

These cytokines could affect the nervous system of the pups and be responsible for
the decreased seizure threshold, as it is believed that inflammatory processes may be
related to epileptogenesis [42]. Inflammation in neonates has already been shown to
increase their susceptibility to seizures in adulthood and the induction of an inflammatory
response was able to decrease the seizure threshold when performed between days 7 and
14 postnatally [43].

Evidence supports the hypothesis that cytokines not only act as inflammatory me-
diators, but also have neuromodulatory action. IL1-β is described as having excitatory
effects in several brain regions [44]. In the hippocampus, TNF-α can increase the expression
of AMPA receptors [45]. Concomitantly, this cytokine may be associated with decreased
expression of GABAA receptors [46]. Epidemiological analyses have demonstrated that
central nervous system infections are a major cause of acquired epilepsy revised by [47]. It
is due to changes in the physiological properties of neurons within the hippocampus [48].

Thus, the inflammatory process resulting from the envenoming could also be respon-
sible for the decrease in the convulsive threshold of the offspring.
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4. Conclusions

This study provides evidence of the interference caused by scorpion envenoming on
maternal behavior and on the development of the central nervous system of the pups. A
decrease in the care provided to immature pups is clear. Furthermore, it was possible to
observe a lower seizure threshold in the offspring of injured mothers. Our results highlight
the importance of the perinatal context in the individual’s health, even in adulthood.

5. Materials and Methods

5.1. Venom and Drugs

Dried venom of T. serrulatus obtained from the Strategic Nucleus of Venoms and
Antivenoms of Butantan Institute (São Paulo, Brazil) was dissolved in 0.9% NaCl and
injected (4.0 mg/kg, s.c.) into the back of lactating rats. The control group was injected
with 0.9% NaCl (1.0 mL/kg s.c.).

Pentylenotetrazole (PTZ; Sigma-Aldrich™, St. Louis, MO, USA) was dissolved in 0.9%
NaCl and injected in the adult offspring (initial dose of 20 mg/kg i.p., and booster doses of
10 mg/kg every 10 min).

5.2. Animals

Twelve male and twenty-four female Wistar rats (250–300 g), maintained under con-
trolled conditions (food and water was permitted ad libitum, and the animals were main-
tained on a 12:12 light/dark schedule with lights on at 7 a.m.), were used for mating. All
the experimental procedures were approved by our Institutional Ethics Committee for
Experiments on Animals (No. 1927030818).

5.3. Animal Mating and Pregnancy Diagnosis

For mating, two females and one male were housed overnight. The impregnation was
confirmed the next morning by the presence of spermatozoa in the vaginal smear. Pregnant
females were housed individually until delivery.

5.4. Weaning

At weaning, the littermates were separated and housed by sex until 2 months of age,
when the animals were submitted to the convulsive threshold test (two males and two
females from each litter).

5.5. Experimental Groups

Lactating rats were divided into four groups (n = 6) that received the following
treatments on post-natal (PN) day 2 (PN2), 10 (PN10) and PN16:

• CT group: 0.9% NaCl on PN 2, PN10, and PN16 (1 mL/kg, s.c.);
• V2 group: venom (4 mg/kg, s.c.) on PN2 and 0.9% NaCl on PN10, and PN16

(1 mL/kg, s.c.);
• V10 group: venom (4 mg/kg, s.c.) on PN10 and 0.9% NaCl on PN2, and PN16

(1 mL/kg, s.c.);
• V16 group: venom (4 mg/kg, s.c.) on PN16 and 0.9% NaCl on PN2, and PN10

(1 mL/kg, s.c.).

All the mothers were submitted to injections in PN2, PN10 and PN16, with 0.9%
NaCl or venom according to the treatment group, so that all went through the same
handling stress.

5.6. Evaluation of Maternal Behavior

Each female was provided with shredded paper one day before delivery for nest
making. Maternal care was recorded with a digital camera (Canon Vixia HF R800, Tokyo,
Japan) for 2 h after venom or 0.9% NaCl injection on PN2, PN10, and PN16. The time
of arched-back nursing posture was recorded. Statistical analyses were performed by
two-way ANOVA, and the level of significance was set at p < 0.001.
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5.7. Retrieval Test

The same animals used in previous experiment were submitted to the retrieval test as
described by [49]. Immediately after the maternal behavior observation session, the pups
were removed from their mothers for 5 min. After this period, the whole litter was placed
back in the housing cage in a dispersed manner. The mother was then observed for 10 min
and the latency to pick up the first pup, the latency to pick up all the pups, and the number
of pups picked up, were observed.

Statistical analyses were performed by two-way ANOVA, and the level of significance
was set at p < 0.001.

5.8. Seizure Threshold

At 60 days of age, one male and one female from each litter received an initial dose of
20 mg/kg PTZ, and a booster of 10 mg/kg every 10 min until the occurrence of score 5 or
more according to the score scale adapted from that proposed by [50] (Table 1).

Table 1. Score scale adapted from that proposed by Fischer and Kittner (1998).

Score Behavior

0 no evidence of convulsive activity
1 mouth and facial movements
2 myoclonic body jerking
3 jaw clonus
4 head and forelimb clonus
5 head and forelimb clonus with full rearing
6 head and forelimb clonus and falling
7 run with generalized tonic clonic convulsion
8 death

The total injected volume of PTZ varied approximately between 0.6 mL (initial dose
plus a booster) and 1.2 mL (initial dose plus three boosters).

After the observation, the average score in each experimental group was computed.
Statistical analyses were performed by the Kruskal–Wallis test, and the level of signifi-

cance was set at p < 0.001 and p < 0.05.
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Abstract: The Tityus serrulatus scorpion is considered the most dangerous of the Brazilian fauna due
to the severe clinical manifestations in injured victims. Despite being abundant components of the
venom, few linear peptides have been characterized so far, such as hypotensins. In vivo studies have
demonstrated that hypotensin I (TsHpt-I) exerts hypotensive activity, with an angiotensin-converting
enzyme (ACE)-independent mechanism of action. Since experiments have not yet been carried out to
analyze the direct interaction of hypotensins with ACE, and to deepen the knowledge about these
peptides, hypotensins I and II (TsHpt-II) were studied regarding their modulatory action over the
activities of ACE and neprilysin (NEP), which are the peptidases involved in blood pressure control.
Aiming to search for indications of possible pro-inflammatory action, hypotensins were also analyzed
for their role in murine macrophage viability, the release of interleukins and phagocytic activity.
TsHpt-I and -II were used in kinetic studies with the metallopeptidases ACE and NEP, and both
hypotensins were able to increase the activity of ACE. TsHpt-I presented itself as an inhibitor of NEP,
whereas TsHpt-II showed weak inhibition of the enzyme. The mechanism of inhibition of TsHpt-I
in relation to NEP was defined as non-competitive, with an inhibition constant (Ki) of 4.35 μM.
Concerning the analysis of cell viability and modulation of interleukin levels and phagocytic activity,
BALB/c mice’s naïve macrophages were used, and an increase in TNF production in the presence of
TsHpt-I and -II was observed, as well as an increase in IL-6 production in the presence of TsHpt-II
only. Both hypotensins were able to increase the phagocytic activity of murine macrophages in vitro.
The difference between TsHpt-I and -II is the residue at position 15, with a glutamine in TsHpt-I
and a glutamic acid in TsHpt-II. Despite this, kinetic analyzes and cell assays indicated different
actions of TsHpt-I and -II. Taken together, these results suggest a new mechanism for the hypotensive
effects of TsHpt-I and -II. Furthermore, the release of some interleukins also suggests a role for these
peptides in the venom inflammatory response. Even though these molecules have been well studied,
the present results suggest a new mechanism for the hypotensive effects of TsHpt-I

Keywords: Tityus serrulatus; venom components; hypotensins; NEP inhibition; cytokines

Key Contribution: Despite the great similarity in primary structures between hypotensins, different
activities were demonstrated. Both hypotensins increase ACE activity at different levels, while only
TsHpt-I has shown a non-competitive inhibition over NEP activity, suggesting other alternative
hypotensive mechanisms for this peptide. Furthermore, the release of some cytokines may suggest a
role for these peptides in the inflammatory response induced by the venom.
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1. Introduction

The image of the scorpion has long been connected to human history, being repre-
sented in cults, legends, philosophy and arts, as it is one of the oldest animals on the planet.
Dating from the Silurian period, more than 400 million years ago, scorpions are organisms
that have long intrigued human beings [1,2].

The order Scorpiones is represented by 2200 species and, through taxonomic studies,
have been grouped into 20 families and 165 genera of scorpions. The most dangerous, and
capable of causing fatal accidents in humans, belong to the Buthidae family, represented by
the following genera: Androctonus and Leiurus (North Africa and Middle East), Centruroides
(Mexico and the United States) and Tityus (South America and Trinidad) [3].

In Brazil, the scorpions Tityus serrulatus, T. bahiensis and T. stigmurus are the animals
responsible for serious accidents. Among these, the T. serrulatus scorpion, popularly known
as the “Brazilian yellow scorpion”, is the one with the highest Medical and Scientific
relevance in Brazil. It is mainly distributed among the states of Bahia, Goiás (including the
Federal District), Paraná, Espírito Santo, Rio de Janeiro, Minas Gerais and São Paulo [4].

T. serrulatus reproduces by parthenogenesis, and each female is able to generate about
70 offspring during its life. They are commonly found in sewers, cemeteries and wastelands,
where they find safe shelter and plenty of food. Therefore, in addition to the potency of
its venom, their adaptation to urban centers may explain the significant increase in the
number of accidents caused by this scorpion in Brazil [4–6].

In this scenario, accidents caused by T. serrulatus stings are considered a public health
problem in Brazil due to its potential to cause severe clinical manifestations, which might
bring a prognosis of death, especially on children aged from 0 to 14 years. Although most
of the cases have been classified as mild, the biggest concern is related to the high number
of cases that are reported annually in Brazil, since scorpion stings represent 41% of all
venomous animal accidents, including snakes, spiders, bees and others, as reported in
2016 [7].

Generally, the T. serrulatus venom (TsV) is composed of mucus, inorganic salts, lipids,
amines, nucleotides, enzymes, kallikrein inhibitors, natriuretic peptides, high molecular
weight proteins, peptides, amino acids and neurotoxins [8]. Current studies carried out by
Oliveira and colleagues [9] involving the transcriptome of the venom glands have shown
that more than 30% of the venom is made up of enzymes and, approximately, 40% of pep-
tides. The peptides present in the TsV can be classified as structured—which are stabilized
by disulfide bonds—or linear [8]. The so-called structured peptides have been the most
studied components, classified as neurotoxins that interact with ion channels (Na+ and K+)
and are related to the most serious effects caused by the venom. On the other hand, linear
peptides, although found with some abundance in the venom, are still poorly character-
ized. The peptidomic analysis performed by Rates and colleagues [10] demonstrated the
existence of a great diversity of peptides in the TsV, all of them not yet characterized. Many
could not be found in the database, and as this information is scarce, this requires de novo
sequencing. Other studies using “omic” techniques have demonstrated the complexity
of the venom in relation to linear peptides from post-translational modifications of larger
proteins, generating lists with hundreds of components [11–13].

Among the linear peptides we have the hypotensins (TsHpt), identified from TsV
proteomic analyzes. Both peptides are made up of 25 amino acid residues that contain two
consecutive prolines in their C-terminal portion and a punctual difference between TsHpt-I
and -II, which is the residue at position 15, being a glutamine in TsHpt-I and a glutamic acid
in TsHpt-II. Studies with TsHpt-I, also known as Ts14, showed that this peptide was able to
exert hypotensive activity in normotensive Wistar rats by potentiating bradykinin. The
hypothesis is that the vasodilation effect is related to the release of NO by an independent
mechanism of ACE inhibition [14].

In order to increase knowledge about hypotensins and their biological activities, the
present work demonstrates, for the first time, the interaction of these peptides with human
vasopeptidases, ACE (EC 3.4.15.1) and NEP (EC 3.4.24.11), alongside with cellular assays,
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which were carried out in order to verify the possible action of hypotensins as inflammatory
or anti-inflammatory peptides.

2. Results

2.1. Modulation of ACE and NEP Activities by Hypotensins

For the initial kinetic tests, the synthetic hypotensins were incubated with the met-
allopeptidases ACE and NEP and their fluorescent substrates, Abz-FRK(Dnp)P-OH and
Abz-RGFK (Dnp)-OH, respectively. These enzymes were chosen for the studies because
they are considered of medical importance, where their modulations caused by venom
peptides may be related to some symptoms present in serious accidents, such as hypoten-
sion/hypertension. As shown in Table 1, the hypotensins showed different activities in
relation to the modulations of the peptidases studied.

Table 1. Modulations of ACE and NEP activities by interaction with synthetic hypotensins.

Metallopeptidases

ACE NEP

Activation (%) Inhibition (%) Activation (%) Inhibition (%)

TsHpt-I 64 - - 75

TsHpt-II 44 - - 11

The results were obtained by incubating the enzymes with their FRET substrates
(10 μM) in a final volume of 100 μL. For the ACE assays, the used buffer was Tris HCl
100 mM, NaCl 50 mM and ZnCl2 10 μM, pH 7.0. For NEP, the assays were made in Tris
HCl 50 mM, pH 7.5 buffer. All reactions occurred at 37 ◦C, in a Victor 3 fluorimeter (Perkin–
Elmer) adjusted for excitation and emission readings at 320 and 420 nm, respectively, for
15 min (one reader per minute). Results were obtained in triplicate and analyzed on GraFit
5 software.

Both peptides increased the catalytic activity of ACE, and TsHpt-I was more effective
than TsHpt-II in activating the enzyme. Contrary to that observed with ACE, the results
involving the peptides tested with NEP revealed the presence of inhibitors of this enzyme.
As a highlight, TsHpt-I was able to reduce by 75% the hydrolysis of the FRET substrate used.

As already mentioned, the suggested mechanism of action on hypotension caused
by TsHpt-I in vivo is the release of NO, together with the agonistic effect on bradykinin
B2 receptors [15]. Taken together, our results with TsHpt-I seem to indicate a second
hypotensive mechanism for this peptide, which involves the inhibition of NEP. Interestingly,
TsHpt-I showed a strong inhibition of NEP’s catalytic activity, in contrast with TsHpt-II.
This fact is probably the result of a single difference between the primary structures between
the hypotensins; that is, the presence of glutamine at position 15 in TsHpt-I, instead of a
glutamic acid present in TsHpt-II.

2.2. Stability of Hypotensins against Metallopeptidases ACE and NEP

As hypotensins showed interactions, even if opposite, in relation to the studied
vasopeptidases, tests to determine the susceptibility to hydrolysis of both synthetic peptides
were carried out. For this, the hypotensins were incubated with the enzymes, in their
respective buffers, and later analyzed in an HPLC-C18 system.

Both hypotensins were resistant to hydrolysis and, therefore, did not behave as
substrates for ACE and NEP, even after 4 h of incubation at 37 ◦C (Figure 1).
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Figure 1. Analysis of the susceptibility to hydrolysis of the hypotensins over the vasopeptidases NEP and ACE. Incubations
were carried out in Tris HCl 100 mM, NaCl 50 mM and ZnCl2 10 μM, pH 7.0, for the ACE assays, and, for the NEP assays,
in Tris HCl 50 mM, pH 7.5 buffer, for four hours at 37 ◦C. (A) TsHpt-I control (black line) and after incubation with NEP
(red line). (B) TsHpt-II control (black line) and TsHpt-II incubated with NEP (red line). (C) TsHpt-I control (black line) and
incubated with ACE (red line). (D) TsHpt-II control (black line) and after incubation with ACE (red line). The samples of
negative and experimental controls (A) TsHpt-I and (B) TsHpt-II are shown on the left and right, respectively. The hydrolysis
products were considered ≤5%. The gradient used was 20% to 60% solvent B in 20 min, and 60% to 100% solvent B in 5 min
(flow 1 mL/min, absorbance at 214 nm). Restek Ultra C-18 5 μm column, 250 × 4.6 mm.

Since TsHpt-I demonstrated inhibition of NEP catalytic activity, and was resistant to
hydrolysis, kinetic analyses to determine the inhibition constant (Ki) and the mechanism of
inhibition of NEP by TsHpt-I were carried out.

TsHpt-I behaved as a non-competitive inhibitor of NEP, presenting an inhibition
constant (Ki) of 4.35 μM (Figure 2). The determination of the mechanism and Ki of TsHpt-II
on neprilysin activity were not performed as this peptide showed weak interaction with
the peptidase (Table 1).
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Figure 2. Lineweaver–Burk plot of NEP inhibition by TsHpt-I. The inhibition constant (Ki) was
determined using four Abz-RGFK-EDDnp substrate concentrations (4 μM, 6 μM, 8 μM and 10 μM),
with variation in the concentration of TsHpt-I (3 μM and 4 μM), keeping the amount of enzyme fixed
(1.5 ng). The experiment was performed in triplicate.

TsHpt-I is the second neprilysin inhibitor from the Tityus serrulatus venom described
in the literature. Previous observations by our group revealed the presence of a peptide
capable of inhibiting human NEP and an NEP-like present in cockroaches, the [des-Arg1]-
Proctolin [16]. [des-Arg1]-Proctolin was characterized as a competitive inhibitor of NEP,
with an inhibition constant of 0.94 μM [16]. Thus, there may be a synergistic action between
these two peptides present in TsV, TsHpt-I and [des-Arg1]-Proctolin, for the inhibition of
NEP, and this fact may be related to hypotension associated with scorpionism.

2.3. In Vitro Pro-Inflammatory Effects of TsHpt I and -II on Mouse Macrophages

After 24 h of incubation, TsHpt-I and -II exerted intermediate cytotoxicity on naïve
murine peritoneal macrophages in vitro, as demonstrated by the statistically significant
decrease in cell viability, to about 75% and 60%–70% at concentrations of 10 μg/mL
and 50 μg/mL, respectively, when compared to 100% in the control group (medium),
as determined by the MTT method (Figure 3). Cytotoxicity was not shown to be dose-
dependent (Figure 3).

Despite the moderate cytotoxic effect in the concentrations of 10 μg/mL and 50 μg/mL,
TsHpt-I and -II were not able to decrease cellular viability in the higher concentration of
100 μg/mL. Interestingly, in this same concentration, both peptides were able to promote
the release of significant levels of TNF, and TsHpt-II also induced the release of IL-6
(Figure 4). None of the peptides were able to induce the release of IL-10, IL-12p70, IFN-γ
and MCP-1 (data not shown).

In order to confirm the pro-inflammatory effects of both peptides on the biological
function of macrophages, the phagocytic activity of macrophages, cultured for 24 h in the
presence of TsHpt-I and -II, were analyzed, and compared to the negative and positive
controls. Both treatments with TsHpt-I and -II promoted a significant increase in the
phagocytic index (Figure 5), demonstrating that the pro-inflammatory action of these
peptides also affects the biological function of macrophages.
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Figure 3. Cytotoxic effect of hypotensins I and II on murine peritoneal macrophages in vitro. Peri-
toneal exudate macrophages from naïve BALB/c mice were cultured for 24 h in the presence of
TsHpt-I (A) and -II (B) at concentrations of 10 μg/mL, 50 μg/mL and 100 μg/mL. Cells cultured
with medium alone or in the presence of 5 μg/mL LPS were used as the controls. Cell viability
was determined by the MTT method. The results represent the mean ± SD of two independent
experiments performed in triplicate. * p < 0.05.
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Figure 4. Cytokine production by murine peritoneal macrophages stimulated in vitro with TsHpt-I and
-II. Peritoneal exudate macrophages from naïve BALB/c mice were cultured for 24 h in the presence of
TsHpt-I (A,C) and -II (B,D), at concentrations of 10 μg/mL, 50 μg/mL and 100 μg/mL. Cells cultured
with medium alone or in the presence of 5 μg/mL LPS were used as negative and positive controls,
respectively. The concentrations of TNF (A,B) and IL-6 (C,D) were determined by the CBA method,
according to the manufacturer’s instructions. The results represent the mean ± SD of three independent
experiments performed in triplicate. * p < 0.05.

Figure 5. Phagocytic activity of the murine peritoneal macrophages stimulated in vitro with TsHpt-I
and -II. Peritoneal exudate macrophages from naïve BALB/c mice were cultured on glass coverslips
for 24 h in culture medium or in the presence of LPS (5 μg/mL) or TsHpt-I and -II (100 μg/mL). After
this period, the cells were incubated for 1 h with a suspension of Saccharomyces cerevisiae. Coverslips
were washed, fixed and stained by Giemsa. (A) Phagocytosis images in 400× magnification. (B) The
phagocytic index was calculated based on the percentage of phagocytic cells and on the average number
of yeasts per cell, by counting approximately 200 cells per coverslip in 1000× magnification. The results
represent one of two reproducible experiments performed in duplicate (mean ± SD). * p < 0.05.
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3. Discussion

Identified from the proteomic analyses on the venom of Tityus serrulatus (TsV), the
hypotensins are peptides made up of 25 amino acid residues that contain two consecutive
prolines in their C-terminal portion. Hypotensins are a family of peptides with small
structural differences between them, with TsHpt-I being the best-studied member—both
the natural molecule and its synthetic counterpart. Tests involving the natural or synthetic
TsHpt-I demonstrated that this peptide was able to exert hypotensive activity in normoten-
sive Wistar rats through bradykinin potentiation. The hypothesis about the vasodilation
effect is related to NO release, which is a mechanism independent of ACE inhibition [14].

Focusing on clinical conditions related to blood pressure alterations observed in
accidents caused by T. serrulatus, the present study investigated the possible interaction
of TsHpt-I and -II with the metallopeptidases angiotensin converting enzyme (ACE) and
neprilysin (NEP). ACE is considered an important molecule in the regulation of blood
pressure, as it generates angiotensin II (Ang II) from the cleavage of angiotensin I (Ang I),
in addition to degrading bradykinin (Bk) [17]. NEP also acts to control blood pressure
through the excretion of Na+ and water, as it is capable of degrading natriuretic peptides
(ANP, BNP and CNP) [18,19]. Thus, both ACE and NEP are known as vasopeptidases.
The third vasopeptidase is the endothelin-converting-enzyme I (ECE-1, EC 3.4.24.71), a
metallopeptidase capable of releasing endothelin-I (ET-I), a vasoconstrictor peptide, from
the big-endothelin [20].

Regarding TsV, data from the literature describe the presence of an ACE-like one [9,21],
capable of converting Ang I to Ang II, and degrading Bk. Hence, the presence of this va-
sopeptidase in TsV may collaborate with the hypertension observed in accidents involving
humans. The possible presence of an NEP-like in TsV has also been described, as well as
an inhibitor of this metallopeptidase, called [des-Arg1]-Proctolin [16]. This peptide was
characterized as a competitive inhibitor of human NEP, presenting an inhibition constant of
0.94 μM [16]. Proteomic studies also reported the presence of an ECE-like enzyme in TsV [9].
Moreover, high levels of ET-I were observed in the sera of patients after envenomation
with the scorpion Androctonus australis hector, indicating that molecules of scorpion venoms
also have an effect on the endothelin axis. [22]. Therefore, the presence of vasopeptidases
and their inhibitors in scorpion venoms may contribute to acute changes caused in the
cardiovascular system observed in cases of envenomation [23].

Although the preferred prey of the Tityus serrulatus scorpion are insects, such as
crickets and cockroaches, its venom is dangerous to humans. According to data from
proteomics and transcriptomics studies [9], the toxic effect of TsV in humans may be the
result of evolutionarily preserved molecules present in both insects and mammals. This
suggestion may explain the presence of ACE-like, ECE-like and NEP-like enzymes in TsV,
together with neprilysin inhibitors and hypotensins. [23].

Interestingly, both hypotensins were able to increase the catalytic activity of ACE, but
in different ways. While TsHpt-I activated ACE by 64%, TsHpt-II increased by 46% the
hydrolysis of the substrate Abz-RGFK-EDDnp. In fact, in studies on the determination
of the hypotensive mechanism of TsHpt-I, ACE activation can also be observed; however,
the results were not discussed [14]. Studies with NEP also indicated different interactions
with hypotensins, and results with TsHpt-I showed that this peptide is a non-competitive
inhibitor of NEP, with a Ki value of 4.35 μM. As TsHpt-I is the second NEP inhibitor
described in the T. serrulatus venom, it is possible that there is a combined action between
hypotensin I and [des-Arg1]-Proctolin [16], which may be related to the hypotension caused
by the envenomation. In contrast, TsHpt-II displayed a low interaction with NEP, and
the different results are, probably, the effect of a single difference between the primary
structures of the hypotensins. However, future studies of circular dichroism will be needed
to clarify this matter.

As hypotensins demonstrated new activities in vitro, cytotoxicity and possible pro- or
anti-inflammatory actions were investigated in order to increase our knowledge of these
molecules. Both hypotensins have immunomodulatory potential, with pro-inflammatory
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effects on murine peritoneal macrophages, when used at a concentration of 100 μg/mL.
Interestingly, at this concentration, both hypotensins did not exert cytotoxic activity on
the tested cells, which makes the two molecules even more interesting, due to their phar-
macological potential for the long-term development of new immunostimulants and/or
adjuvants. Pucca and collaborators [24] demonstrated the pro-inflammatory effect of three
peptides derived from the TsV venom on a strain of murine macrophages, with increased
production of IL-6. Similar to the results presented in this work, the effects were subtle
compared to LPS, although significant in relation to the negative control. In our study, we
observed increased TNF production in the presence of both peptides and increased IL-6
production in the presence of TsHpt-II. As for the mechanism of molecules as hypotensives,
it is important to emphasize that both TNF and IL-6 induce vasodilation, and its massive
release can even lead to shock.

Cassini-Vieira and colleagues suggested an anti-inflammatory role for TsHpt-I from T.
serrulatus venom, based on its ability to reduce neutrophil infiltration and TNF production
in a murine model of sponge implant-induced inflammation. On the other hand, in-
creased macrophage infiltration was observed in this model, indicating a pro-inflammatory
role, which demonstrates the need for further studies on the mechanisms of action of
TsHpt-I [25].

Interestingly, both treatments with both peptides promoted a significant increase in
the phagocytic index, demonstrating that the pro-inflammatory action of these peptides
also affects the macrophages’ biological function. This phenomenon is interesting, consid-
ering the possible development of immunomodulators. It is known that adjuvant and/or
immunostimulant molecules generally induce a pro-inflammatory environment that favors
the activation of antigen-presenting cells and, consequently, the development of adaptive
immunity against specific antigens. Increased macrophages’ phagocytic capacity by hy-
potensins may reflect increased microbicidal activity and/or antigen presentation. The
anti-candida and anti-biofilm activities of TistH, a hypotensin present in the venom of the
Tityus stigmurus scorpion, were recently described and confirmed [26], but functional anti-
gen presentation assays are needed to deepen our knowledge of the immunomodulatory
action of these peptides.

Despite the biotechnological potential of hypotensins, the activities already described
for these peptides, and the new results showed in the present work, indicate that both
molecules do not have a specific target or mechanisms of action. Considering that they are
multifunctional toxins present in the Tityus serrulatus venom, new studies aiming at drug
development should be very carefully carried out in order to minimize unexpected effects.

4. Conclusions

Despite the great similarity between the primary structures of hypotensins, different
levels of interactions with the vasopeptidases ACE and NEP were observed. Hypotensins
increase ACE activity at different levels while TsHpt-I is a non-competitive inhibitor of
NEP, suggesting other hypotensive mechanisms for this peptide in addition to those
already described. Furthermore, the release of some interleukins may suggest a role for
these peptides in the inflammatory response induced by the venom. Hypotensins are
multifunctional toxins, and further studies are needed to clarify the potential of these
molecules for biotechnological use.

5. Material and Methods

5.1. Reagents

The synthetic peptides TsHpt-I and TsHpt-II were obtained by the solid-phase peptide
synthesis method, and purchased from GenOne Biotechnologies (Rio de Janeiro, Brazil).
Angiotensin Converting Enzyme (ACE) from rabbit lung, RPMI 1640 medium, LPS from
E. coli 0127:B8, Trypan Blue, Giemsa stain and glutaraldehyde solution were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Neprilysin and the Fluorescence Resonance
Energy Transfer (FRET) substrates, Abz-FRK (Dnp) P-OH and Abz-RGFK (Dnp)-OH, were
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provided by Prof. Adriana Carmona, from the Department of Biophysics of UNIFESP-
EPM, São Paulo, SP, Brazil. Acetonitrile and TFA used in RP-HPLC were acquired from
J. T. Baker (Avantor, Radnor, PA, USA). Fetal cow serum (FCS) and penicillin and strep-
tomycin antibiotics were purchased from Cultilab (Campinas, SP, Brazil). Tetrazolium
salt 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide (MTT) was purchased
from Invitrogen (Waltham, MA, USA). DMSO was purchased from Merck (Darmstadt,
Germany). BD Cytometric Bead Array Mouse Inflammation Kit was purchased from BD
Biosciences (San Jose, CA, USA). The Saccharomyces cerevisiae suspension was obtained
from washing and adjusting the concentration of bread yeast (Fleischmann – Petrópolis, RJ,
Brazil) in RPMI.

5.2. Interactions of Hypotensins with Vasopeptidases ACE and NEP

For ACE assays, 10 μM of each peptide was incubated with 3.0 ng of peptidase and
10 μM of Abz-FRK (Dnp) P-OH substrate, in Tris HCl 100 mM, NaCl 50 mM and ZnCl2
10 μM, pH 7.0 buffer. For NEP, 10 μM of TsHpt-I or -II was incubated with 1.5 ng of
peptidase, 3.5 μM Abz-RGFK (Dnp)-OH in Tris HCl 50 mM, pH 7.5 buffer. All reactions
occurred at 37 ◦C, in a final volume of 100 μL, in a Victor 3 fluorimeter (Perkin–Elmer,
Waltham, MA, USA) adjusted for excitation and emission readings at 320 and 420 nm,
respectively, for 15 min (one reader per minute). Results were obtained in triplicate and
analyzed using GraFit 5 (Erithacus software, East Grinstead, West Sussex, UK).

5.3. Stability Test of the Synthetic Peptides

The synthetic peptides TsHpt-I and TsHpt-II (30 μM) were incubated with ACE (3.0 ng),
in Tris HCl 100 mM, NaCl 50 mM and ZnCl2 10 μM, pH 7.0 buffer, and NEP (1.5 ng), in Tris
HCl 50 mM, pH 7.5 buffer, at 37 ◦C for 4 h. Samples containing only the synthetic peptides
were used as the negative control. After incubation, samples were analyzed by reverse
phase chromatography on RP-HPLC (Shimadzu, Kyoto, Japan), using a Restek Ultra C-18
column (5 μm, 250 × 4.6 mm). Solvents used were 0.1% TFA in water (solvent A), and
acetonitrile plus solvent A (9:1) as solvent B. Separations were performed at a flow rate
of 1 mL/min and a 20–60% gradient of solvent B over 20 min. In all cases, elution was
followed by the measurement of ultraviolet absorption (214 nm).

5.4. Characterization of TsHpt-I as a NEP Inhibitor

To determine the inhibition constant (Ki) of TsHpt-I over NEP, four concentrations
of Abz-RGFK (Dnp)-OH (4 μM, 6 μM, 8 μM and 10 μM) and 3 μM and 4 μM of TsHpt-I
were tested using 1.5 ng of peptidase in 100 μL of final volume of Tris HCl pH 7.5. The
Km value of the substrate used was determined to be 14 μM [27]. Controls without the
TsHpt-I were also performed in all assays. The reactions were monitored as described
above (item 5.2). The Lineweaver–Burk plot was constructed (1/V × 1/(S)) according to
the presented mechanism. The Ki was calculated as described by Segel [28]. All assays
were performed in triplicate.

5.5. Cell Assays
5.5.1. Murine Peritoneal Macrophages Obtainment

Male young, between 8 and 12 weeks of age and weighing between 20 and 22 g,
BALB/c mice adults were used. Mice were obtained from the Central Animal Facility of the
Butantan Institute and housed in the Laboratory of Immunochemistry bioterium, Butantan
Institute. The mice were kept in boxes lined with shavings, containing 3 animals per box,
under natural light, full-time ventilation and exhaustion, filtered water and commercial
feed ad libitum. After a period of 2 to 3 days of acclimatization of the animals, they were
euthanized in a CO2 chamber. All experimental procedures involving animals were in
accordance with the ethical principles in animal research adopted by the Brazilian Society
of Animal Science and the National Brazilian Legislation no.11.794/08. Animal care and
experimental procedures were approved by the Institutional Committee for the Care and

150



Toxins 2021, 13, 846

Use of Laboratory Animals from Butantan Institute (CEUAIB protocol number 5396310517,
approved on 21 June 2017).

Peritoneal exudate cells (BALB/c naïve mice, n = 6) were collected by two washes
with 5 mL of RPMI medium. The cells obtained were washed twice with RMPI medium,
at 400 g, for 10 min, at 18 ◦C, and resuspended in R10 medium (RPMI + 10% fetal cow
serum). After counting in a Neubauer chamber, in the presence of Trypan blue, the
cell concentration was adjusted to 2 × 106 cells/mL. Cells were distributed into 96-well
culture plates (2 × 105 cells/100 μL/well) and incubated for 2 h at 37 ◦C and 5% CO2.
After incubation, non-adherent cells were discarded, and adherent cells (macrophages)
were resuspended in R10 medium containing the respective tested stimuli, at different
concentrations, in triplicates, in a final volume of 200 μL/well. Cells resuspended in R10
medium were used as a negative control, and cells stimulated with LPS (5 μg/mL) as a
positive control. Cells were then incubated for 24 h at 37 ◦C and 5% CO2. After this period,
the culture supernatants were collected and stored at −80 ◦C, for subsequent dosage of
cytokines, and cell viability was determined by MTT assay.

5.5.2. Effect of Hypotensins on the Cell Viability and Production of Inflammatory
Mediators by Murine Peritoneal Macrophages Stimulated In Vitro with Hypotensins

After a 24-h period of incubation of cells with hypotensins (10 μg/mL, 50 μg/mL and
100 μg/mL), MTT assays were performed, consisting of the addition of 100 μL of R10 con-
taining 0.5 mg/mL of tetrazolium salt 3-(4.5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) in all wells, followed by a new incubation, under the same conditions,
for 4 h. Then, the supernatants were discarded, and 100 μL/well of DMSO were added
to dissolve the formed crystals. Absorbance was determined in a spectrophotometer at
540 nm. Cell viability was calculated based on the absorbances of the samples and the
negative control (cells cultivated only with R10).

The concentration of pro- and anti-inflammatory cytokines (IL-6, IL-10, IL-12p70,
IFN-α, MCP-1 and TNF) in the samples incubated with both hypotensins (10 μg/mL,
50 μg/mL and 100 μg/mL) was determined by the CBA method (BD Cytometric Bead
Array Mouse Inflammation Kit), according to the manufacturer’s instructions. The samples
were acquired in a BD FACSCanto II flow cytometer, and the data were analyzed using BD
FCAP Array version 3.0 software.

5.5.3. Effect of TsHpt-I and -II on Phagocytic Function of Murine Peritoneal Macrophages

Peritoneal macrophages from naïve BALB/c mice (n = 6) were obtained as described
above (item 5.5.1). Cells were distributed in 24-well culture plates (5 × 105 cells/500 μL/well),
with glass coverslips inside, and incubated for 2 h at 37 ◦C and 5% CO2. After incubation,
non-adherent cells were discarded, and adherent cells (macrophages) were stimulated in vitro
with hypotensins, in duplicate, at a concentration of 100 μg/mL, for 24 h at 37 ◦C and 5% CO2.
After this period, the culture supernatants were discarded, and the cells were incubated for 1 h
with a suspension of Saccharomyces cerevisiae at a concentration of 1.5 × 106 yeasts/mL/well.
Coverslips were washed 10 times with PBS, fixed with 0.5% glutaraldehyde and stained
by Giemsa. Phagocytosis was evaluated by immersion optical microscopy (1000×) and
quantified by counting approximately 200 cells per cover slip. The percentage of phagocytic
cells and the average number of internalized yeasts per phagocytic cell were calculated. The
phagocytic index was obtained by multiplying the two values (percentage × mean) and
represents the total phagocytic capacity of each cell population.

5.6. Statistical Analysis

The results were statistically analyzed using the GraphPad Prism 5 program, using
the one-way ANOVA test followed by Tukey’s post-test. Results with a p-value < 0.05 were
considered significant.
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Abstract: Epithelial–mesenchymal transition (EMT) occurs in the early stages of embryonic develop-
ment and plays a significant role in the migration and the differentiation of cells into various types of
tissues of an organism. However, tumor cells, with altered form and function, use the EMT process to
migrate and invade other tissues in the body. Several experimental (in vivo and in vitro) and clinical
trial studies have shown the antitumor activity of crotoxin (CTX), a heterodimeric phospholipase
A2 present in the Crotalus durissus terrificus venom. In this study, we show that CTX modulates the
microenvironment of tumor cells. We have also evaluated the effect of CTX on the EMT process in
the spheroid model. The invasion of type I collagen gels by heterospheroids (mix of MRC-5 and A549
cells constitutively prepared with 12.5 nM CTX), expression of EMT markers, and secretion of MMPs
were analyzed. Western blotting analysis shows that CTX inhibits the expression of the mesenchymal
markers, N-cadherin, α-SMA, and αv. This study provides evidence of CTX as a key modulator of
the EMT process, and its antitumor action can be explored further for novel drug designing against
metastatic cancer.

Keywords: crotoxin; epithelial–mesenchymal transition; spheroid model; tumor stroma

Key Contribution: We demonstrated for the first time the modulatory effect of CTX on tumor–
stroma interaction in a 3D model by showing its inhibitory capacity on crucial events of EMT and
provide evidences that CTX is a potential modulator of the signaling cascade involved in the tumor
progression.

1. Introduction

Events of metastasis begin with epithelial–mesenchymal transition (EMT), whereby
epithelial cells lose their inherent characteristics, including apicobasal polarity, and acquire
invasive and infiltrating mesenchymal properties [1–4]. The EMT program involves the
loss of expression of E-cadherin. In contrast, the expression of N-cadherin is switched on
along with upregulation of other mesenchymal markers, including vimentin, fibronectin,
and metalloproteases [5–9]. Cancer-associated fibroblasts (CAFs), activated fibroblasts
commonly found in the tumor microenvironment, are characterized by higher expression
of myofibroblastic markers, including α-smooth muscle actin (α-SMA). CAFs are among
the predominant cells within solid tumors and secrete several soluble growth factors,
including transforming growth factor-β1 (TGF-β1), interleukin-6 (IL-6), fibroblast growth
factor (FGF), platelet-derived growth factor (PDGF), stromal cell-derived factor-1 (SDF-1),
and hepatocyte growth factor (HGF). Some of these growth mediators can induce EMT in
carcinoma cells [10–12].

The majority of data that highlight the importance of EMT in carcinogenesis have
been obtained using in vitro cell line models. Over the last decade, three-dimensional (3D)
cancer cell culture systems in vitro have been developed to understand the interactions
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and crosstalk between cell–cell and cell–matrix that drives tumor progression [13–15]. The
activation of EMT is mostly studied in various cancer spheroid models [16]. Therefore, the
development of novel drugs that can inhibit the onset of EMT is one of the goals of cancer
research. In this direction, several compounds derived from animal venoms are considered
critical scientific tools. Firstly, animal venoms have practical therapeutic applications as
they provide structural templates for the development of new drugs. Secondly, studies on
animal venoms have contributed significantly to understanding the regulatory mechanisms
guiding cell functions under normal and pathophysiological conditions, such as cancer [17].

Snake venoms are complex mixtures of bioactive molecules [17–19]. Phospholipase
A2 enzymes (PLA2; EC 3.1.1.4) are among the most well-characterized components of
known snake venoms. Among these, crotoxin (CTX), the major toxin from Crotalus durissus
terrificus venom, is a heterodimer comprised of a basic subunit (CB), responsible for the
phospholipase activity, and neurotoxic and myotoxic properties of the molecule. The CB
subunit is associated non-covalently with crotapotin, an acidic, non-enzymatic peptide
(CA). The CTX complex is a potent neurotoxin, while isolated subunits present low lethal-
ity [20–25]. Sixteen CTX isoforms were identified, resulting from a random combination
of four CA isoforms (CA1, CA2, CA3, and CA4) and four CB isoforms (CBa2, CBb, CBc,
and CBd) [22]. These combinations between the isoforms determine the formation of
different complexes, responsible for the different pharmacological and biological proper-
ties reported for CTX [21]. Several studies have shown that CTX has in vivo and in vitro
anti-inflammatory, immunomodulatory, and antitumoral properties [26–31]. Cura and
colleagues (2002) suggested that CTX may have greater selectivity on solid tumors since
CTX could inhibit in vivo growth of Lewis lung carcinoma and MX-I human mammary car-
cinoma. However, it has low antitumor activity against HL-60 leukemia cells [32]. Recent
studies have demonstrated that CTX not only inhibits tumor growth but also modulates
stromal cells in the tumor microenvironment, such as the reprogramming of endothelial
cells and macrophages, thus exhibiting an antiangiogenic phenotype [26,28,29,33].

Based on the properties mentioned above of CTX on the tumor microenvironment
we also present, herein, the ability of this toxin to modulate EMT. In this study, we show
for the first time, the modulatory effect of CTX on EMT markers in the 3D-spheroid
model composed of tumor cells and fibroblasts. CTX is a promising target for the future
development of anti-metastasis therapeutics.

2. Results

2.1. Effect of CTX on MRC-5 Cell Differentiation with Different Stimulatory Factors under
2D Condition

We confirmed the expression of α-SMA in differentiating myofibroblasts through
immunostaining. MRC-5 cells, previously incubated with 12.5 nM CTX, were cultured
in the presence of TGF-β1 (2 ng/mL) or conditioned medium (CM) from A549 cells for
3 days. There was an undetectable level of α-SMA in both control and CTX-treated
unstimulated MRC-5 cells (cultured in DMEM with 10% FBS only). We found that TGF-β1
and tumor-CM induced higher α-SMA expression in untreated than in CTX-treated MRC-5
cells (Figure 1A,B). Under the same experimental condition, Calu-3-CM induced α-SMA
expression in MRC-5 cells, while in the presence of CTX this marker was undetectable
(Figure S1).
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Figure 1. Myofibroblast differentiation with various stimulatory factors. (A) Representative im-
munofluorescent images of MRC-5 cells pretreated with CTX (12.5 nM) for 2 h and then incu-
bated in DMEM (with 10% FBS), TGF-β1 (2 ng/mL), or tumor-conditioned media from A549 cells
for 3 days. The control group of cells were untreated and grown in DMEM with 10% FBS only.
(B) Quantification of α-SMA fluorescence intensity. Green fluorescence indicates α-SMA-containing
stress fibers and blue fluorescence indicates the nuclei. Scale bar = 25 μm. The data are presented
from three independent experiments.

2.2. CTX Does Not Interfere in the Spheroid Formation and Prevents Non-Spheroid from
Forming Cells

The human adenocarcinoma cell line A549 was mixed with MRC-5 cells in a ratio
of 1:4 for spheroid formation by the hanging drop method. We observed regular round-
shaped spheroids composed only of MRC-5 cells (Figure 2A); the presence of CTX did not
affect the spheroid formation (Figure 2B). On the other hand, A549 cells were unable to
aggregate to form a spherical structure due to weak intercellular interactions (data not
shown). When A549 cells were mixed with MRC-5 cells, compact spheres were observed
with a small group of tumor cells around them. These tumor cells were unable to integrate
into the spheres (Figure 2C,D). Interestingly, there was a drastic reduction in tumor cells
around the spheroids formed by the CTX treated MRC-5 cells (Figure 2E,F). On the other
hand, MRC-5/Calu-3 spheroids were less compact compared to MRC-5/A549 spheroids
(Figure S2A,B), while in the presence of CTX, fewer tumor cells were observed around the
spheroid (Figure S2C,D). In addition, live/dead staining of MRC-5/A549 cells in spheroids
confirmed that CTX did not affect cell viability (Figure 2E,F).
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Figure 2. Spheroid formation by MRC-5 cells alone or in combination with A549 tumor cells. (A) MRC-5 single spheroid
formation by the hanging drop method. (B) MRC-5 single spheroid constitutively formed in the presence of 12.5 nM of CTX.
(C) MRC-5/A549 spheroid formation by the hanging drop method. (D) A small number of cancer cells did not incorporate
into the cell aggregates (white arrow) (E) MRC-5/A549 spheroid constituted in the presence of 12.5 nM CTX—after 24 h,
cell aggregates formed compact structures. (F) A small number of cancer cells did not incorporate into the cell aggregates
(white arrow). Images obtained from inverted microscope 4X. (E) Live (green)/Dead (red) image of MRC-5/A549 spheroids.
Scale bar = 100 μm. (F) Quantitative analysis from live/dead assay measured by relative fluorescence intensity. All the data
presented here are from three independent experiments.

2.3. Spheroid Cell Invasion of Collagen Gel

To analyze the effect of CTX on the invasive phenotype, MRC-5/A549 spheroids were
embedded into polymerized collagen type I gels for up to 48 h. Invading cells from MRC-
5/A549 spheroids were elongated and spindle-shaped (Figure 3A). Spheroids constituted
in the presence of CTX showed a 50% reduction in the invaded gel region (Figure 3B,C).
On the other hand, the invasion distance of MRC-5/Calu-3 spheroids was shorter and
preserved cell–cell interaction compared to MRC-5/A549 spheroids, while in the presence
of CTX, the invasion area was reduced by invading cells (Figure S3).

Figure 3. Invasion area of spheroids in 3D collagen gels. Representative images are of invasion into
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type I collagen gel (1.2 mg/mL) (A) by cells of MRC-5/A549 spheroids or (B) MRC-5/A549 consti-
tuted with 12.5 nM of CTX. Cell invasion was photographed under phase-contrast microscopy at
48 h. (C) Cell invasion area was measured and analyzed on ImageJ software. * p < 0.05 compared to
the control group. The data presented here are from three independent experiments (n = 5).

2.4. Effect of CTX on the Expression of EMT Markers in Composite Spheroids

To investigate the mechanism underlying the migration ability of MRC-5/A549
spheroids, we performed Western blot analysis for epithelial marker E-cadherin and
mesenchymal markers—N-cadherin, vimentin, and α-SMA. Our results showed that after
3 days, MRC-5/A549 spheroids lost E-cadherin, but the expression of all EMT markers was
elevated. MRC-5/A549 constitutively formed in the presence of CTX showed a significant
reduction in mesenchymal markers, α-SMA (43%), N-cadherin (46%), and integrin αv (41%)
(Figure 4). However, there was no marked difference in vimentin levels. On the other hand,
at the same incubation period, MRC-5/Calu-3 spheroids presented high expression of
E-cadherin and low expression of mesenchymal markers, which means that MRC-5/Calu-3
spheroids need a longer period of incubation to induce EMT. However, the presence of
CTX on this spheroid inhibited only α-SMA expression compared to the control group,
while there was no difference in integrin αv expression (Figure S4).

Figure 4. Expression of EMT-associated proteins. Quantitative analysis of expression of EMT markers.
After three days in culture, MRC-5/A549 and MRC-5/Calu-3 spheroids were lysed, and Western blot
analyses were conducted for E-cadherin, N-cadherin, α-SMA, integrin subunit αv. GAPDH served
as the loading control. *** p < 0.001 compared to the control group. * p < 0.01 compared to the control
group. The data presented are from three independent experiments (n = 4).

2.5. Effect of Crotoxin on MMP-9, MMP-13, and Cytokine Secretions in 3D Collagen Gel Matrix

To determine the effect of CTX on spheroids in the 3D collagen gel, the release of
matrix metalloproteinases, MMP-9 and MMP-13 (ECM-digesting enzymes), in the cul-
ture media were measured. Our results showed that a monolayer of MRC-5, grown in
serum-free media, produced endogenous MMP-9; the enzyme was undetectable in media
harboring A549 cells monolayer (Figure 5A). MMP-13 were produced endogenously by
all cell lines. CTX did not interfere with MMP-9 release by MRC-5 cells, even though CTX
repressed MMP-13 (69%) release by A549 cells (Figure 5B). Interestingly, MRC-5/A549
spheroids embedded in collagen gel promoted secretions of MMP-9 and MMP-13. How-
ever, composite spheroids treated with CTX inhibited MMP-9 and MMP-13 secretions (37%
and 39%, respectively).

In addition, cytokines, chemokines, and growth factors released during the spheroid
invasion of 3D collagen gel were assessed by a membrane-based cytokine array. Our results
showed that the concentrations of 32 out of 80 cytokines had reduced by 1.2- to 5-fold
in the culture media containing CTX-treated spheroid cells (Figure 5C). We found that
CTX inhibits tumor-related cytokines, particularly IL-6, IL-8, HGF, TGF-β1, and IGFBP-1.
CTX also inhibits chemokines that bind to CXCR1 and CXCR2 receptors such as CXCL5,
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CXCL1/2/3, CXCL1a, CXCL6, and CXCL8 (IL-8) that are involved in cancer angiogenesis
and metastasis (Figure 5C).

Figure 5. Effect of crotoxin on the production of MMP-9, MMP-13, cytokines, and chemokines in the 3D collagen gel.
Monoculture of human lung fibroblasts MRC-5 and human lung adenocarcinoma cell line A549 incubated with 12.5 nM
of CTX for three days; invasion of collagen gel by composite spheroids of MRC-5/A549 at 48 h. After this period, spent
media were collected to quantify the volume of MMP-9 (A) and MMP-13 (B) by ELISA. * p < 0.05 compared to the control
group. # p < 0.05 compared to the control group. ** p < 0.01 compared to the control group. (n = 6). In (C), cytokine array
analysis using composite spheroid invaded gel of at 48 h. The graph indicates the decrease in the growth factors by more
than 1.2-folds. A pool of n = 4 was used.

3. Discussion

The present study aimed to investigate the possible modulatory effect of crotoxin, a
toxin with PLA2 activity from the venom of the snake, Crotalus durissus terrificus, on EMT.
Here, we used an in vitro spheroid model composed of human lung adenocarcinoma and
human lung fibroblast cell lines. This model resembles early tumor–stroma interactions,
mimicking an avascular tumor initiation step [13,34,35]. During tumor spheroid formation,
fibroblasts become activated and acquire a myofibroblast-like phenotype referred to cancer-
associated fibroblasts. These CAFs express contractile proteins (particularly α-smooth
muscle actin), synthesize a large amount of ECM components, and secrete various matrix
metalloproteinases [12,36].

In this study, we used a co-culture system to understand the reciprocal crosstalk
between NSCLC tumor cell line, A549, and normal human lung fibroblast cell line, MRC-5.
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We found that tumor-conditioned media promoted the expression of α-SMA in MRC-5
cells, whereas CTX inhibited it. It has already been reported that the TGF-β pathway is
the dominant mediator of crosstalk to initiate the process of CAF activation [37]. Previous
studies have demonstrated the inhibitory effect of CTX on the functions of stromal cells such
as macrophages [29] and endothelial cells [33] when co-cultivated with tumor-conditioned
media. Thus, CTX impairs tumor progression. A recent study demonstrated that when
human skin fibroblast cells were incubated with crude venom (CdtV) from Crotalus durissus
terrificus, cells showed altered protrusions, formed highly polymerized actin filaments, and
produced a high amount of fibronectin [38]. Based on these observations, we suggest that
CTX plays varied roles in different microenvironments and may regulate the process of
tissue repair.

Stadler and colleagues (2018) used different colon cancer cell lines for the spheroid
formation and showed that some of the cells did not integrate into the spheroids. They
hypothesized that the non-spheroid forming (NSF) cells are a subpopulation of tumor cells
that had lost cell–cell adhesion properties and rendered them the ability to migrate [39].
Moreover, Sodek and colleagues (2009) correlated the ability of ovarian cancer cell lines to
form compact spheroids with their migratory and invading capacity in 3D matrices. These
cells exhibited myofibroblast-like features [40]. Our results showed that the presence of
CTX in the composite spheroid prevented the loss of cell–cell adhesion properties of the
cells and reduced the invasion area in a 3D collagen matrix.

To confirm our findings, the expression of a well-defined set of EMT-associated mark-
ers was analyzed by western blotting. Three-day-old MRC-5/A549 spheroids presented
an upregulation of mesenchymal markers (such as N-cadherin, α-SMA, and integrin αv)
and downregulation of E-cadherin in consensus with its rapid progression toward EMT. In
contrast, as shown in the Supplementary Material, MRC-5/Calu-3 spheroids presented no
alterations on EMT markers at the same experimental condition. These findings concur
with a previous study that showed EMT progression in A549 and Calu-3 cells in vitro when
exposed to TGF-β1 and pro-inflammatory cytokines. The authors suggest that differential
cell plasticity and susceptibility to EMT may depend on tissue origin [41]. As fibroblasts
become CAFs during spheroid formation, the interaction between tumor cells and CAFs
leads to invasion strategies; CAFs turn into primary drivers to help tumor cells migrate
by remodeling ECM and creating tracks [42]. Taken together, our data suggest that CTX
significantly inhibits expression of N-cadherin, α-SMA, and integrin αv in MRC-5/A549
spheroids, which correlates with the reduced invasion area in the collagen gel. It also
suggests an involvement of CTX with actin polymerization via integrin-dependent sig-
naling pathway with subsequent impairment of migratory ability, a finding that was also
observed in endothelial cells in the tumor microenvironment [33]. These findings are in
agreement with a similar study conducted with PLA2 (BthTX-II) extracted from the venom
of Bothrops jararacussu. BthTX-II displayed a weak catalytic activity and presented an
inhibitory effect on the adhesion, proliferation, invasion, and migration of human breast
cancer cells. It also inhibited EMT by modulating epithelial and mesenchymal markers [43].
Many studies have shown the inhibitory effect of other PLA2s on tumor cells, however the
findings did not correlate the effect with the enzymatic activity of the molecule. CTX acts
on focal adhesion kinases (FAK), a crucial component of integrin-mediated cell signaling in
endothelial cells [33], and inhibits tyrosine phosphorylation, consequently inhibiting the
activity of proteins involved in the intracellular signaling pathway of macrophages [44].

Our data suggest that CTX affected MMP-9 secretions, which significantly increased
during tumor–CAF crosstalk in the spheroid model. Unsurprisingly, monocultures of
A549 and MRC-5 cells released endogenous levels of MMP-9. It has been shown that
high expression of MMP-9 is associated with the aggressiveness of malignant cells in solid
tumors [45]. MMP-9 has also been reported to activate the bioactive form of TGF-β [46] and
downregulate the expression of E-cadherin [47], thus initiating the process of EMT. More-
over, Eberlein and colleagues (2015) reported that the activation of normal fibroblast during
tumor cell–fibroblast crosstalk occurs through the αvβ6/TGF-β signaling pathway [37].
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We hypothesize that CTX regulates TGF-β activation since our findings showed reduced
secretions of MMP-9 and αv integrin in the spheroid model. Moreover, human MMP-13
is expressed in skin fibroblasts and has a role in acute wound healing by remodeling
fibrillar collagens [48]. In this study, we found an increased secretion of MMP-13 in MRC-5
monoculture incubated with CTX, suggesting its involvement in wound healing. The
modulatory activity of CTX during the healing process in an inflammatory environment
has already been shown in an earlier study [49]. Conversely, MMP-13 secretions were
reduced in A549 monoculture in the presence of CTX as well as in the heterospheroid
model. A study using NSCLC from patients showed that both MMP-9 and MMP-13 were
associated with metastasis, invasion, and prognosis; MMP-13 mainly activates MMP-9 to
participate in the invasion and metastasis of NSCLC [50]. This corroborates our finding of
the microenvironment-dependent modulatory activity of CTX on the release of MMP-9
and MMP-13.

Cytokines released during MRC-5/A549 spheroids’ invasion of collagen gel have
shown that CTX drastically inhibits chemokines that bind to the receptor CXCR1 and
CXCR2, such as CXCL5, CXCL-8 (IL-8), CXCL1/2/3, CXCL1a, and CXCL6. It is well estab-
lished that the CXCL5/CXCR2 and IL-8/CXCR1/CXCR2 axes contribute to carcinogenesis
by promoting tumor cell proliferation, migration, and invasion, and the EMT process of
many tumor cells, including NSCLC [50–53], hepatocarcinoma cells [54], and papillary
thyroid carcinoma cells [55]. Additionally, CTX inhibits primary growth factors involved
with EMT such as HGF [56], TGF-β1 [37,57], and VEGF [53].

4. Conclusions

This is the first scientific report about the modulatory effect of CTX on paracrine sig-
naling during tumor–stroma crosstalk as it inhibits CAFs’ differentiation. In the 3D model,
CTX repressed the expression of mesenchymal markers, chemokines, and growth factors
associated with the EMT process. CTX also suppressed the invasion of collagen gel due to
a decrease in MMP-9 and MMP-13 secretions and activities. We have provided evidence
that CTX is a potential modulator of the signaling cascade involved in the progression of
EMT, a critical phase that results in metastasis.

5. Materials and Methods

5.1. Crotoxin

CTX was obtained from the venom collected from several Crotalus durissus terrificus
and provided by the Laboratory of Herpetology, Butantan Institute. The purification of
this toxin was performed as described previously [58]. The purity of CTX was verified by
non-reducing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (12.5%) [59] and
PLA2 activity was assessed by colorimetric assay using a synthetic chromogenic substrate
as described elsewhere [60].

5.2. Cell Culture

The human non-small cell lung adenocarcinoma A549 cell line was kindly provided
by Dr Durvanei Augusto Maria, Laboratory of Biochemistry and Biophysics, Butantan
Institute. MRC-5 human lung fibroblast cell lines were purchased from Rio de Janeiro
Bank Cells (Banco de Células do Rio de Janeiro, BCRJ code-0180) (Rio de Janeiro, Brazil).
Monolayer cell was cultured in 75 cm2 flasks, containing DMEM (Dulbecco’s Modified
Eagles Medium) supplemented with 10% fetal bovine serum (FBS), 100 units/mL of
penicillin, and 0.1 mg/mL of streptomycin (CultiLab) with 5% CO2 at 37 ◦C for 48 h. Sub-
confluent cells were trypsinized with trypsin/EDTA (Gibco®) for subsequent use. A549
cells from passage 32–37, MRC-5 cells from passage 29–32 were used in our experiments.

5.3. Spheroid Preparation and Culture

Composite spheroids containing a mixture of tumor cells A549 and MRC-5 fibrob-
lasts were prepared based on the hanging drop method as described earlier [13,35]. Sub-
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confluent cells were trypsinized and resuspended in DMEM with 10% FBS to a concentra-
tion of 1 × 106/mL. Cell suspension of fibroblasts and tumor cells were prepared with or
without 12.5 nM of CTX and then mixed at the ratio of 4:1 (4 fibroblasts per 1 tumor cell).
Approximately 40 drops (25 mL/drop, 2.5 × 104 cells) were dispensed onto a lid of a cell
culture dish. The lid was then inverted and placed over a cell culture dish containing a
culture medium for humidity. For spheroid optimization, it was added to suspension cells
0.24% of methylcellulose so that it can contribute to more compact and circular spheroid
morphology. The lid was incubated for 24 h, at 37 ◦C, and 5% CO2.

5.4. Invasion in Three-Dimensional Spheroid Collagen Gel

Type I collagen gel (1.2 mg/mL) was prepared as described by [13]. Type I collagen
gel solution (5 mL of 2X DMEM, 1 mL 10X HEPES (0.2 M, pH 8.0), and 4 mL type I collagen
(3 mg/mL, PureCol, Advanced Biomatrix®)) were prepared and kept on ice before and
during experiments. For this assay, 100 μL/well of collagen gel was added in a 48-well
plate; it was allowed to polymerize for 30 min at 37 ◦C to form the first layer of the gel.
After gel polymerization, the spheroid was embedded into the collagen gel by pipetting
it into the second collagen gel layer (100 μL/well). The collagen–spheroid mixtures were
then left to polymerize in the cell culture incubator, the 400 μL of serum-free DMEM media
were added on top of the wells. After 48 h, the spent media were collected for ELISA
assay. Cell migration from spheroids embedded in collagen gels was monitored under an
inverted light microscope (Leica DMIL®, Wetzlar, Germany) and photographed at different
time points.

5.5. Confocal Immunofluorescence Analysis

A monolayer of MRC-5 (2 × 105/well) was grown in DMEM supplemented with 10%
SFB for 24 h. Fibroblasts were then treated with CTX (12.5 nM) for 2 h and, washed with
PBS and cultured in either DMEM with 1% SFB in the presence of 2 ng/mL of TGF-β1
(Peprotech, cat number 100–21C, Cranbury, NJ, USA) or conditioned media from A549 cells
for three days. After this, cells were fixed in 4% paraformaldehyde for 20 min, rehydrated
with PBS (3 × 10 min), permeabilized in 0.2% Triton X-100 in PBS for 10 min, and kept
overnight in a blocking solution containing PBS with 1% BSA and 0.1% Triton X-100, at 4 ◦C.
The slides were incubated for 1 h with anti-α-SMA (1:250) in PBS with 1% BSA, and 0.1%
Triton X-100 at 37 ◦C. After three washes with PBS containing 0.05% Tween 20, the slides
were incubated with Goat anti-rabbit conjugated with DyLight 549 (1:800) for 1 h at room
temperature. The slides were washed twice and then incubated with DAPI (25 mg/mL;
Sigma Aldrich, Saint Louis, MO, USA) for 2 min. Mounting medium was applied, and the
cells were photographed using a Leica DMi8 confocal microscope (Leica Microsystems,
Mannheim, Germany), equipped with a DFC 310 FX digital camera, 63× magnification
with oil immersion. Images were captured with the LAS AF and processed with the ImageJ
software (National Institutes of Health, Bethesda, MD, USA).

5.6. Western Blotting

Spheroids of MRC-5/A459 were lysed, and total cellular protein was extracted using
RIPA lysis (Sigma Aldrich, R0278) with a protease and phosphatase cocktail (Sigma Aldrich,
P0044; P5726; P8340). Cell lysates were then centrifuged at 12,000 rpm for 30 min at 4 ◦C,
the supernatant containing the soluble proteins was collected and measured by the BCA
protein assay (Novagen®, 71285). The samples containing 30 μg protein were subjected to
SDS/PAGE under reducing conditions on a 4–20% gradient polyacrylamide gel (Bio-Rad,
cat no. 456–1094, Hercules, CA, USA). Following electrophoresis, proteins were transferred
to a nitrocellulose membrane, which was then blocked with TBS-T (20 mM Tris-HCl,
150 mM NaCl, and 0.1% Tween 20) containing 5% nonfat dry milk for 2 h. The membranes
were incubated with primary antibodies: anti-E-cadherin (1:1000), anti-N-cadherin (1:1000),
anti-vimentin (1:5000), anti-α-SMA (1:2000), anti-integrin αv (1:2000), and anti-GAPDH
(1:1000) overnight at 4 ◦C (Abcam). The membrane was subsequently incubated with
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peroxidase-conjugated secondary antibody (anti-mouse IgG and anti-goat IgG) for 2 h.
Detection was performed with an enhanced chemiluminescence kit (Thermo Scientific,
Rockford, IL, USA). The signals were detected with an image acquisition system (Alliance
9.7, Uvitec, Cambridge, UK). Band intensities were measured with Image J software (NIH).

5.7. ELISA Assay

As mentioned earlier, spheroids’ spent media were collected for collagen invasion
assay. Human MMP-9 (ab100610) and MMP-13 (ab100605) were quantified by using specific
ELISA kits following the manufacturer’s instructions. ELISA Kits were purchased from
Abcam Company (Cambridge, UK).

5.8. Human Cytokine Array Assay

The expression levels of chemokines and cytokines were analyzed using a Human
Cytokine Antibody Array (C5) (RayBiotech, Inc., Norcross, GA, USA). As per the man-
ufacturer’s instructions, antibody-embedded membranes were incubated with 1 mL of
conditioned media (CM) at 4 ◦C overnight, followed by incubation with a biotin-conjugated
detection antibody cocktail and diluted HRP-streptavidin at room temperature. Proteins
were then visualized using a chemiluminescent substrate reagent. The intensity of each
spot represents cytokines, which were then quantified densitometrically using ImageJ
software.

5.9. Statistical Analysis

The GraphPad Prism software was used (version 5.0). Student’s t-test and one-way
ANOVA (followed by Tukey’s post test) were used for comparisons, and differences were
considered significant at p < 0.05.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/toxins13110830/s1, Figure S1: Myofibroblast differentiation in Calu-3 conditioned medium.
Figure S2: MRC-5/Calu-3 spheroid. Figure S3: Invasion area of MRC-5/Calu-3 spheroids in 3D
collagen gels. Figure S4: Expression of EMT-related proteins.
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Abstract: Multiple sclerosis (MS) is a demyelinating disease of inflammatory and autoimmune origin,
which induces sensory and progressive motor impairments, including pain. Cells of the immune
system actively participate in the pathogenesis and progression of MS by inducing neuroinflamma-
tion, tissue damage, and demyelination. Crotalphine (CRO), a structural analogue to a peptide firstly
identified in Crotalus durissus terrificus snake venom, induces analgesia by endogenous opioid release
and type 2 cannabinoid receptor (CB2) activation. Since CB2 activation downregulates neuroinflam-
mation and ameliorates symptoms in mice models of MS, it was presently investigated whether
CRO has a beneficial effect in the experimental autoimmune encephalomyelitis (EAE). CRO was
administered on the 5th day after immunization, in a single dose, or five doses starting at the peak of
disease. CRO partially reverted EAE-induced mechanical hyperalgesia and decreased the severity of
the clinical signs. In addition, CRO decreases the inflammatory infiltrate and glial cells activation
followed by TNF-α and IL-17 downregulation in the spinal cord. Peripherally, CRO recovers the
EAE-induced impairment in myelin thickness in the sciatic nerve. Therefore, CRO interferes with
central and peripheral neuroinflammation, opening perspectives to MS control.

Keywords: neurodegenerative disease; neurodegeneration; inflammation; IL-17; glial cells

Key Contribution: CRO ameliorates multiple sclerosis symptoms in mice. CRO controls clinical
signs in an animal model of multiple sclerosis.

1. Introduction

Multiple sclerosis (MS) is a chronic inflammatory and demyelinating disease which
affects more than 2.8 million people worldwide [1]. The autoimmune inflammation that
affects the central nervous system (CNS) progressively results in oligodendrocyte injury
and demyelination. In the early stages, the axons are preserved, however, with the advance
of the disease, the damages are irreversible [2]. The origin of MS is still unclear; however,
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the combination of environmental, such as lifestyle and viral exposure, and genetic factors
may contribute to the development of the disease [3–6].

The literature shows multifocal inflamed regions in gray and white matter, with
oligodendrocyte death and myelin sheath disruption [7,8]. The clinical presentation of
MS is highly variable, making the diagnosis of the disease difficult [9]. The inflammatory
response is mainly mediated by T helper (Th) cells, which play an essential role in the
course of MS [10]. Pro-inflammatory cytokines such as interleukin (IL)-6, IL-17, IL-21,
IL-22, IL-23, and tumor necrosis factor (TNF)-α are produced by Th17 cells [10–13]. IL-17,
which is one of the main cytokines produced by these cells, acts as an inducer of neutrophil
infiltration [13–15]. Th1 cells mediate CNS inflammation by stimulating macrophage
infiltration and producing important cytokines including interferon (IFN)-γ, which plays a
relevant role in spinal neuroinflammation [10]. In addition, B-lymphocytes play a critical
role in tissue damage, propagating inflammation, and spinal demyelination in MS [16,17].

In addition to peripheral immune cells, activation of CNS resident cells also adds to
the pathogenesis of MS, particularly microglia and astrocytes. Microglia cells are activated
when tissue integrity is disturbed, secreting pro-inflammatory or anti-inflammatory cy-
tokines, controlling the expression of anti-inflammatory molecules, regulating phagocytosis
of debris and tissue repair, responses that depend on the changes that occurred in their
specific microenvironment. Astrocytes strengthen and contribute to the maintenance of
the integrity of the blood-brain barrier, restricting the entry of peripheral immune cells
into the CNS [18] and modulating synaptic activity and plasticity [19,20]. These activated
glial cells produce chemokines and cytokines, leading to the recruitment of additional
immune cells to the CNS parenchyma besides producing exacerbated sensitization stages,
including neural hypersensitivity [21]. Pain is one of the sensory alterations presented by
MS patients, and can be of inflammatory, neuropathic or skeletal muscle origin [22]. It also
affects the quality of life, aggravating symptoms such as depression, sleep disturbance,
and mood [23–27]. Importantly, like many other progressive diseases, there is no specific
treatment for MS, and therapies focus on delaying disease progression and promoting
symptom relief, thus improving the patient’s quality of life.

Animal models have provided valuable answers regarding the mechanisms involved
in the development and progression of MS and the efficacy of new drugs with therapeutic
potential [11,28]. These experimental models reproduce CNS inflammation, demyelina-
tion of neurons, and some motor changes observed in MS [28–31], in addition to sensory
alterations. Among the sensory alterations, the literature has demonstrated alterations
in the pain threshold in both humans and animals that, in the MOG35–55-induced exper-
imental autoimmune encephalomyelitis (EAE) model, arise before the onset of motor
alterations [32–34], allowing for the study of pain previous to the first evidence of motor
alterations, which would compromise pain sensitivity assessment.

Considering that MS is a chronic neurodegenerative disease whose treatment only
delays progression and alleviates symptoms without interfering with the pathologic pro-
cess, new therapeutic strategies are needed. Crotalphine (CRO) is a 14-amino acid peptide
(EFSPENCQGESQPC) containing a disulfide bridge and a pyroglutamic acid [35], capable
of inducing a potent and durable antinociceptive effect in acute and chronic pain models
(including cancer pain and neuropathic pain) [35–37]. CRO induces antinociception by
activating CB2 receptors, which, in turn, induces the release of endogenous peptides,
particularly dynorphin A, the endogenous agonist of kappa opioid receptors [38]. It was
also observed that CRO desensitizes transient receptor potential ankyrin ion channels
(TRPA1) [39], a receptor that has a relevant role in the maintenance of inflammatory hyper-
algesia [40]. Based on clinical studies showing the effectiveness of cannabinoids on clinical
symptoms in patients with MS, particularly muscle stiffness and spasms, sleep disorders,
and neuropathic pain [41,42], the CRO effect on clinical symptoms, neuroinflammation,
and axonal demyelination of mice submitted to the MOG35–55-induced experimental au-
toimmune encephalomyelitis, an animal model of MS, is investigated here.
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2. Results

2.1. CRO Caused Analgesia in EAE-Induced Pain and Attenuated Clinical Signs

CRO (10, 50, or 100 μg/Kg) or saline was first administered on the fifth day after
immunization, in a single dose. The immunized animals (EAE) showed decreased noci-
ceptive threshold (termed hypernociception) on the fourth day after immunization when
compared to the complete Freund’s adjuvant (CFA) group (control). The hypernociception
remained until the last day of evaluation. i.e., 10th day, when the assessment of the pain
threshold was stopped due to the onset of motor dysfunctions. The treatment with CRO
with doses of 10, 50, and 100 μg/kg, resulted in a partial reversal of the EAE-induced
hyperalgesia (Figure 1A). The experiments were performed in the morning and the pain
threshold was assessed 1 h after the treatment with CRO.

Figure 1. Evaluation of CRO effect in pain sensitivity and clinical signs of animals immunized with
MOG35–55. Animals with EAE were treated with a single dose of CRO p.o. on the fifth day, in
different doses. Pain sensitivity was measured by the electronic von Frey model (A) and motor
impairment was evaluated according to a visual scale of clinical signs from 0 to 5 (B). For statistical
analysis of clinical signs, the area under the curve was evaluated (C). Data represent mean ± SEM
8–10 animals per group. # p < 0.05 compared to untreated group (EAE). * p < 0.05 compared to the
control group (CFA). The two-way ANOVA test, followed by Bonferroni post-hoc test was used in
the electronic von Frey test, and the One-way ANOVA test was used, followed by Tukey’s post-hoc
test, was used in the area under the curve.

The first motor impairment symptom appeared on the 11th day after immunization
and increased progressively, peaking around the 17–18th day. CRO, at the dose of 50 μg/kg,
reduced the disease severity, represented by lower clinical scores, when compared to the
untreated group (Figure 1B,C). This dose was chosen for subsequent experiments.
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2.2. CRO Reverts EAE-Induced Motor Impairment

To evaluate the efficacy of CRO after the onset of motor impairment, CRO was ad-
ministered for five consecutive days (one dose by day), starting from the 12th day of
immunization. The effectiveness of this protocol was compared with the single-dose pro-
tocol. The EAE groups showed a progressive increment in clinical score from the 11th
day after immunization, peaking at the 16th day. Both groups treated with CRO showed
lower clinical signs scores when compared to the untreated group, showing the potential
of CRO to interfere with motor impairment even after its onset as well as to prevent it
(Figure 2A,B). At this point, the analgesic effect of CRO was not evaluated, since it is not
possible to apply the nociceptive test due to the motor impairment. The body weight of the
animals was measured during the course of the disease and, as expected, EAE interfered
with the weight gain of the animals (Figure 2C). Crotalphine did not alter the EAE-induced
weight loss (Figure 2C).

Figure 2. Evaluation of CRO effect on clinical signs and body weight of animals immunized with
MOG35–55 and treated before or after motor impairment. Animals were immunized with MOG35–55

and treated with CRO in a single dose on the fifth day after immunization (blue arrow), or in
five doses (green arrows, one daily dose for five consecutive days starting on the 12th day after
immunization). Clinical signs were evaluated daily (A), and, for statistical analysis, the area under
the curve was evaluated (B). Body weight (g) was measured during the course of the disease (C).
Data represent mean ± SEM 8–10 animals per group. * p < 0.05 compared to the CFA group. # p < 0.05
compared to the untreated group (EAE). A one-way ANOVA test was used, followed by Tukey’s
post-hoc test in the area under the curve.

2.3. CRO Reduced EAE-Induced Inflammatory Infiltrates in the Spinal Cord 28 Days
after Immunization

Central nervous system inflammation is a hallmark of MS pathogenesis [43]. Therefore,
the effect of CRO in EAE-induced leukocyte migration to the spinal cord was investigated.
The level of cellular infiltrate was scored from 0 (no cellular infiltrate) to 4 (high cellular
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infiltrate) As shown in panel (Figure 3A), HE staining revealed that there was no cell
infiltration in the control group treated with CFA, and the spinal cord of EAE mice displayed
mixed cellular infiltrate with numerous perivascular clusters. Of interest, treatment with
CRO significantly reduces the EAE-induced cell infiltration at the peak of the disease
(Figure 3B), with no difference observed on the 28th day after immunization (Figure 3C).

Figure 3. A single dose of CRO reduces cellular infiltration in the spinal cord. The animals were
sedated and euthanized for spinal cord collection. Representative 20× microscopic fields of transverse
sections of the spinal cord stained with hematoxylin and eosin ((A), panel). Quantification of the
inflammatory score (0–4) in 17th (B) and 28th (C) days. Data represent the mean ± SEM of 3 animals
per group. * p < 0.05 compared to the control group (CFA). # p < 0.05 compared to the untreated
group (EAE). One-way ANOVA was used, followed by Tukey’s post-hoc test.

2.4. CRO Decreased EAE-Induced Glial Cells Immunoreactivity in the Spinal Cord

Besides leucocyte infiltration, activation of resident CNS cells likewise contributes to
the pathogenesis of EAE [44,45]. Next, the effect of CRO on EAE-induced astrocytes and mi-
croglia activation in the dorsal horn of the spinal cord was evaluated. Immunoreactivity for
GFAP (glial fibrillary acidic protein), an astrocyte marker, and for Iba-1, a microglia marker
was evaluated on the17th (clinical signs peak) and 28th (period of stabilization of clinical
signs) days. The results show that EAE increases the reactivity for GFAP (Figure 4A,B) and
Iba-1 (ionized calcium-binding adaptor-1) (Figure 5A,B) when compared with the control
group (CFA), in both periods. On the other hand, the single-dose and five doses CRO
protocol revert astrocyte and microglia activation induced by EAE (Figures 4 and 5).
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Figure 4. CRO effect on immunoreactivity for astrocytes in the spinal cord of EAE animals. Animals
immunized with MOG35–55 and treated or untreated with CRO were perfused for the spinal cord
collection. Representative 20× microscopic field of transverse sections of the spinal cord (L3-L6)
stained with GFAP ((A), panel). Immunohistochemistry analysis on 17th (B) and 28th days (C)
after immunization. Immunoreactivity (IR) was quantified using Image J software. Data represent
mean ± SEM of 3 animals per group. # p < 0.05 compared to EAE group. * p < 0.05 compared to
control group (CFA). A one-way ANOVA test was used, followed by Tukey’s post-hoc test.

Figure 5. Evaluation of immunoreactivity for microglia in the spinal cord of animals with EAE
and treated with CRO. Animals immunized with MOG35–55 and treated or untreated with CRO
were perfused and had the spinal cords (L3-L6) collected. Representative 20× microscopic field of
transverse sections of the spinal cord (L3-L6) stained with Iba-1 ((A), panel). Immunohistochemistry
analysis on the 17th (B) and 28th (C) days after immunization. Immunoreactivity was quantified
using Image J software. Data represent mean ± SEM of 3 animals per group. # p < 0.05 compared to
EAE + sal group. * p < 0.05 compared to control group (CFA). A one-way ANOVA test was used,
followed by Tukey’s post-hoc test.
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2.5. CRO Mitigate EAE-Induced IL-17 and TNF-α Release in the Spinal Cord at the Peak of
the Disease

IL-17 and TNF-α are proinflammatory cytokines that activate T cells and other immune
cells to produce and release a variety of cytokines and chemokines, and to express cell
adhesion molecules [46]. Figure 6 shows that the levels of IL-17 and TNF-α are increased in
the spinal cord of EAE animals at the peak of disease. Of interest, the treatment with CRO
on the 5th day prevents EAE-induced IL-17 and TNF-α release. Moreover, the protocol of
five doses of CRO does not prevent IL-17 and TNF-α release (Figure 6).

Figure 6. CRO effect on cytokine release in the spinal cord of EAE animals. Evaluation of the
expression of IL-17 (A) and TNF-α (B) cytokines was analyzed by multiplex assay. The animals were
immunized, euthanized, and the lumbar portion of the spinal cord was collected on the 17th day
after immunization. Data represent the mean ± SEM of 5–7 animals per group. * p < 0.05 compared
to the CFA group. # p < 0.05 compared to the untreated group (EAE). One-way ANOVA was used,
followed by Tukey’s post-hoc test.

2.6. CRO Not Interfered with the Nerve Growth Factor Expression in the Spinal Cord of Animals
with EAE

Nerve growth factor (NGF) is a neurotrophin associated with the differentiation and
survival of numerous neurons localized in the peripheral and CNS [47]. It was next
investigated if CRO could interfere with the expression of NGF in the lumbar section of
the spinal cord (L3–L6) on the 28th day after immunization. Our data confirm the results
of the literature showing that NGF expression is reduced in the spinal cord of EAE mice;
however, CRO does not change those levels (Figure 7).

Figure 7. Effect of CRO in neurotrophic factor in the spinal cord of animals immunized with
MOG35–55. Animals, on the 28th day after immunization, were sedated and euthanized for the spinal
cord collection. The expression of neural growth factor (NGF) was evaluated by western blotting.
Beta-actin was used as the loading control. Results were normalized by CFA group expression.
Results are expressed as the mean ± SEM of 5 animals per gropu. * p < 0.05 in relation to the CFA
group. One-way ANOVA followed by Tukey’s post-hoc test.
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2.7. CRO Prevented the Peripheral Demyelination of the Sciatic Nerve Induced by EAE

We have previously demonstrated that EAE decreases sciatic nerve myelin thickness
when quantified through the g-ratio estimative (i.e., dividing axon diameter by the fiber
diameter) [48]. Here, we checked whether CRO would have a beneficial effect on EAE-
induced demyelination.

In order to address this question, the distal portion of the sciatic nerve was collected
on the 17th and the 28th days after immunization and its morphology was analyzed
(Figure 8A) by transmission electron microscopy. The results demonstrated the presence
of intact fibers, with a similar distribution of small and large diameter myelinic fibers,
non-myelinic fibers, and Schwann cell nuclei in the control group (CFA). At the peak of
the disease (17th day after immunization), EAE animals showed no reduction in myelin
sheath thickness (Figure 8C). However, on the 28th day after immunization (Figure 8D), a
decrease in the sciatic nerve myelin thickness, defined by an increase in the g-ratio when
compared with control animals, was detected. Importantly, animals treated with a single
dose of CRO on the fifth day after immunization have a thickness of myelin sheaths similar
to the control group. This data shows that CRO prevents EAE-induced demyelination,
which may preserve the nerve conduction and contribute to the analgesic effect.

Figure 8. Effect of CRO on the peripheral nerve myelin sheath of animals with EAE. Animals were sedated, euthanized,
perfused and the sciatic nerve was collected for evaluation by transmission electron microscopy, 7500× magnification.
Representative microscopic fields of transverse sections of the peripheral nerve stained with toluidine blue solution ((A),
panel). The G-ratio (B) was measured using ImageJ software for evaluation of axonal myelin content on the 17th (C) and
28th days (D) after immunization. Data represent the mean ± SEM of 3 animals per group. * p < 0.05 compared to the
control group (CFA). # p < 0.05 compared to the untreated group (EAE). One-way ANOVA was used, followed by Tukey’s
post-hoc test.

3. Discussion

MS is a chronic inflammatory disease of autoimmune origin which, demyelinates
neurons from the CNS. Components of the CNS are recognized as antigens, more specifi-
cally the myelin sheath of the axons. T lymphocyte-mediated CNS aggression is observed
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in MS [49], as well as in the activation of glial cells (microglia and astrocytes) in both
the spinal cord and brain regions [50,51], innate immune cell activation, and cytokines
and chemokines release [52]. This inflammatory response greatly alters the properties
of neurons, leading to demyelination and axonal loss [53], as well as to several motor,
cognitive and sensory alterations [54,55].

Presently, the effect of CRO on disease development was evaluated. CRO is an anal-
gesic peptide, firstly identified in the venom of Crotalus durissus terrificus snake [35], which
induces long-lasting antinociceptive effect in animals, observed in acute and chronic pain
models, which do not induce some of the side effects observed for analgesic drugs, such as
alteration in spontaneous motor and general activity or the development of tolerance to its
antinociceptive effect after prolonged treatment [35–37]. It was previously demonstrated
by our group that CRO induces analgesia mediated by the activation of CB2 cannabinoid
receptors [38]. First, we evaluated the disease development regarding motor impairment
through the observation of clinical signs. The results showing that CRO ameliorates the
EAE-induced clinical signs corroborate data from the literature, where the administration
of a phytocannabinoid, an agonist of CB2 receptors, attenuated the clinical severity of the
disease in mice, both preventively and after the onset of clinical signs [56].

In addition to the motor impairment, central neuropathic pain is observed in animal
models of EAE, occurring due to prolonged inflammation in the spinal cord, resulting in
activation of glial cells and aggression to the myelin sheath, causing painful hypersensitiv-
ity [31,57]. Thus, activation of spinal astrocytes and microglia seems to be a key element in
the generation and maintenance of peripheral neuropathic pain [58,59], reducing the noci-
ceptive threshold of animals before neurological dysfunction occurs [60]. It was presently
shown that CRO partially reverses EAE-induced mechanical hypersensitivity. Importantly,
the analgesic effect was already observed 1 h after its administration. Considering the
rapid analgesic effect observed, as well as the fact that hypernociception is detected before
the onset of clinical signs, it is assumed that the observed pain does not depend on the
onset of central inflammation and that the observed analgesic effect is due to mechanisms
independent of the anti-inflammatory observed effect.

As previously pointed out, central inflammation is a key factor in the progressing of
EAE as well as MS [53–55]. Our data clearly demonstrated that crotalphine is capable of pre-
venting the cell influx to the CNS. However, in addition to migrated cells, resident cells also
play an important role in the onset of disease development. Microglial reactivity is mani-
fested by morphological changes, modifications in the expression of surface molecules, and
secretion of several substances such as cytokines, trophic factors, and chemokines [61–63].
Specifically, in the acute period of EAE, microglia reactivity was detected along with
increased clinical symptomatology. Treatment with a microglial inhibitor or microglia
depletion has been shown to induce beneficial effects on EAE symptoms, demonstrating
that microglial cells play a role in the pathogenesis of EAE [64,65]. In addition, it has been
reported that activated microglia may release a large variety of molecules, which may
contribute to immune cell recruitment and the spread of inflammatory response [64–67].
Astrocytes also play important roles in the development of chronic pain, producing neu-
rotoxic mediators, cytokines, and chemokines, with proinflammatory activity [21,68,69].
Here, the literature findings were reproduced, showing that EAE increases microglial
and astrocytes labeling, both at the peak of the disease and in the late period [31,61]. Im-
portantly, CRO decreased astrocytes and microglia reactivity in both periods, observed
in the dorsal horn of the spinal cord, a region related to the nociceptive pathway [70].
In addition to that, histological analysis of the spinal cord showed that CRO decreases
cell infiltrates in EAE mice, suggesting a correlation with reduced glial activation, TNF-α
cytokine production, and lower clinical signs. These results point to the reduction of the
neuroinflammation induced by CRO as a key factor for the antinociceptive effect and the
improvement of clinical signs.

The contribution of Th17 cells and its effector cytokine signature, IL-17, is well de-
scribed as promoters of the induction and progression of MS/EAE [71–73]. The role of
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Th1 cells in the process is known, but Th17 cells have a greater proliferative capacity than
Th1 cells, in addition to being able to cross the blood-brain barrier (BBB) more easily [71].
Here, it was confirmed that IL-17 levels are up-regulated in the EAE group. Of interest,
CRO prevented the IL-17 increase in the spinal cord (17th day). It is evident that IL-17 is
a key cytokine in the EAE model [74]. In fact, anti-IL17A treatment showed satisfactory
results in attenuating the development of EAE [75], for example, in reducing the clinical
signs and improving the histological findings. In addition, IL-17 knockout mice exhibited
delayed onset, reduced clinical scores, and early recovery after immunization [76]. Data
from our group also demonstrated the importance of the IL-17 to the development of EAE
using crotoxin, the main neurotoxin from the venom of the Crotalus durissus terrificus snake.
In these studies, crotoxin attenuated clinical signs by inhibiting the release of IL-17 and
reducing CD4+IL-17+ cell proliferation in lymph nodes [77]. These data point out that
the reduction of this pro-inflammatory cytokine is one of the main factors that contribute
to CRO attenuation of disease progression. Importantly, although the central release of
IL-17 was decreased, the proliferation of Th17 cells in the lymph nodes, at the onset of
the immune process, was not altered by CRO (data not shown). In addition to IL-17, the
profile of TNF-α was also investigated, since IL-17 and TNF-α are the two major cytokines
involved in MS [78–80]. Our results demonstrated that a single dose of CRO reversed
EAE-induced TNF-α release in the spinal cord at the peak of the disease. The contribution
of TNF-α to the development and progression of MS is well established. However, despite
the pro-inflammatory actions of TNF-α, the use of anti-TNF-α monoclonal antibodies in
MS patients, in addition to being ineffective, promotes an unexpected worsening of the
disease [81], indicating that this cytokine also plays a protective role. Several studies have
shown that the pathogenic and homeostatic activities of TNF-α are mediated by distinct cel-
lular and molecular pathways and depend on the type of TNF-α receptor that is activated.
Astrocytes, oligodendrocytes, and Treg cells express the TNFR2 receptor; the activation of
this receptor mediates neuronal survival, re-myelination, and acts on immunoregulation.
On the other hand, activation of TNFR1 receptors induces neuroinflammation and de-
myelination. Substances that activate CB2 type cannabinoid receptors act on glial cells and
neurons, inhibiting TNF-α release and having antioxidant action [82]. Thus, the decrease
in TNF-α levels presently observed may be a consequence of CB2 receptor activation, and
since this decrease is partial, it is plausible that the remaining TNF-α would continue to
exert its neuroprotective effect.

The increased chemokines levels detected in EAE makes the BBB more permeable to
inflammatory cells; thus peripheral macrophages infiltrate the CNS [83]. Microglia and
macrophages are considered important in the development of EAE and actively contribute
to the pathogenesis and progression of the disease [84], causing the release of proinflam-
matory cytokines and leading to gliosis, inflammation tissue damage, and demyelination,
culminating in neuronal death (neurodegeneration) in the CNS [61,85,86]. During the acute
stage of EAE, NGF and its tyrosine kinase receptor (TrkA) expression are decreased in the
CNS in rats [87]. Furthermore, studies suggest that NGF is responsible for the induction of
axonal regeneration, survival, maintenance, and the differentiation of oligodendrocytes, as
well as for facilitating the migration and proliferation of oligodendrocyte precursors to the
myelin injury sites, a key role in the recovery of demyelinating diseases and stimulating
recovery from neuroinflammatory diseases, including EAE [88–90]. On the 28th day after
immunization, the expression of neurotrophin NGF was analyzed. In our study, corrobo-
rating data from the literature, a reduction of NGF in the spinal cord of the EAE animals
was observed; however, it was not prevented by CRO.

It is noteworthy that MS is a disease that affects the CNS and that the literature is
scarce regarding the effects of EAE on the demyelination of peripheral nerves. To verify
possible peripheral demyelination in this animal model of MS and whether the treatment
with CRO can interfere in this process, the morphology of the sciatic nerve was analyzed by
transmission electron microscopy. This methodology has been applied for the evaluation
of peripheral neurodegeneration, such as demyelination and the effect of neuroprotective
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therapies on these processes [91]. It was presently observed that this autoimmune disease
alters the structure of the sciatic nerve myelin sheath of animals. Our results, together with
results previously published [92], indicate that sciatic nerve demyelination may contribute
to the neuropathic pain detected in this EAE model. In contrast to previous knowledge
about the expression of myelin basic protein (MBP) and MOG exclusively at the CNS, it is
currently known that these proteins are expressed in the peripheral nervous system and can
therefore be attacked by autoantibodies, contributing to peripheral demyelination [93–96].
Interestingly, treatment with a single dose of CRO induces improvement in myelin fiber
thickness. These results are promising and indicate that CRO may prevent demyelination
or promote remyelination. Further studies to confirm these hypotheses are necessary.

4. Conclusions

Our results demonstrated that CRO interferes with the normal course of EAE, acting
on both central and peripheral sites. This process occurs through the inhibition of CRO
with cytokines release and reduction in the activation of glial cells and inflammatory
infiltrate, indicating lower neuroinflammation and central sensitization, thus attenuating
hyperalgesia and clinical signs. These results show the effectiveness of CRO in this animal
model of neurodegenerative disease, indicating important central sites to be controlled in
order to interfere with disease development.

5. Materials and Methods

5.1. Animals

Female C57BL/6J mice were used, supplied by Butantan Institute Central Animal
Facility. The animals were kept with water and feed ad libitum in an appropriate sound-
proof room, controlled temperature (22 ◦C ± 1), and light-dark cycle (12/12 h), with a
maximum of 6 animals per cage. All procedures were performed according to the “Ethical
Guide for the Use of Pain-Sensitive Animals in Pain Testing”, published by IASP [97],
reported following the Animal Research Reporting of In Vivo Experiments (ARRIVE)
guidelines [http://www.nc3rs.org.uk/arrive-guidelines (accessed on 8 September 2021)]
and approved by the Ethics Committee on Animal Use of the Butantan Institute (CEUAIB
protocol number 7334170718).

5.2. Experimental Design

Mice were handled according to Figure 9. Briefly, EAE was induced in female
C57BL/6J mice. Pain sensitivity was evaluated before (day 0) and on the fourth, fifth,
sixth, eighth, and 10th days (as Section 5.4) after immunization (as Section 5.3). Clinical
signs were daily evaluated. CRO was administered in a single dose (on the 5th day after
immunization–1st protocol) or in five repeated doses from the 12th day (one daily dose
for five consecutive days–2nd protocol). At the 17th (peak of disease) and 28th (remission
phase) days after immunization, the spinal cord was collected for inflammatory infiltrate
determination (as Section 5.6), glial cells immunoreactivity evaluation (as Section 5.7),
cytokines release measurement (as Section 5.8), and nerve growth factor expression (as
Section 5.9). At the same periods, the sciatic nerve was removed for myelin thickness
determination (as Section 5.10).
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Figure 9. Experimental design for the evaluation of CRO effect on EAE development.

5.3. Induction of the EAE

The EAE model was induced as previously described [98]. Animals were anesthetized
(isoflurane 1.5–2% in oxygen) and immunized subcutaneously at the base of the tail (s.c.)
with 200 μg of myelin oligodendrocyte glycoprotein (MOG35–55) peptide (Proteimax Tech-
nology, Sao Paulo, SP, Brazil) emulsified in incomplete Freund’s adjuvant (IFA) supple-
mented with Mycobacterium tuberculosis (4 mg/mL, H37Ra, Difco™, Detroit, MI, USA).
Intraperitoneal (i.p.) injection of 300 ng of pertussis toxin (Sigma-Aldrich™, St. Louis, MO,
USA) was performed immediately after immunization and 48 h later. Control animals
were treated with the vehicle (complete Freund’s adjuvant—CFA, s.c. and pertussis toxin,
i.p.). Animals were daily monitored according to the following clinical scores: 0.0, no
symptoms; 0.5, some loss of tail tone; 1.0, loss of tail tone; 1.5, hip weakness upon ambula-
tion; 2.0, hip weakness and partial hind limb paresis; 2.5, partial hind limb paralysis; 3.0,
total hind limb paralysis but still moving on the cage; 3.5, complete hind limb paralysis
and forelimbs weakness; 4.0, total hind limb paralysis and partial forelimbs paralysis; 4.5,
complete hind limb paralysis, partial paralysis of the forelimbs, decreased responsiveness
(consider euthanasia); 5, Immobile and unresponsive, moribund (immediate euthanasia).
In the occurrence of score 3, food and water were turned available inside the cage. In the
occurrence of score 4, animals were evaluated twice a day and if this score persists for
three consecutive assessments, euthanasia was applied and the score of 5 was considered
to the end of the period of evaluation. Body weight was measured during the course of the
disease.

5.4. Evaluation of Pain Sensitivity: Determination of Mechanical Hyperalgesia by Electronic von
Frey Test

The animals were habituated in the experimental room 30 min before the measure-
ments. The mice were individually placed in bottomless acrylic boxes. On the bottom of
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the boxes, a wire mesh allows access to the plantar surface of the hind paw of the animal. A
polypropylene disposable tip of 0.5 mm2 with increasing perpendicular force was applied
on the plantar surface of the hind limb until the animal shows the paw withdrawal reaction,
thus indicating its nociceptive threshold [99]. The tip is coupled to a transducer, which indi-
cates the value in grams of the force applied to the animal’s paw; the accuracy of the device
is 0.1 g and the device records the maximum force applied (Insight Equipamentos Ltda.,
Ribeirao Preto, SP, Brazil). Pain sensitivity was evaluated before (baseline) and at different
periods after immunization with MOG35–55, before they presented motor alterations.

5.5. Pharmacological Treatment with CRO

Crotalphine (<E-F-S-P-E-N-C-Q-G-E-S-Q-P-C, where <E is pyroglutamic acid and 7C-
14C forms a disulfide bond; MW 1534.6 Da) was synthesized by Proteimax Biotecnologia,
Brazil (São Paulo, SP, Brazil) as previously described [35], and was administered by oral
route, diluted in sterile saline (NaCl 0.9% in distilled water). For dose setting of CRO,
animals with EAE were allocated into different groups which received CRO (10, 50 or
100 μg/kg, p.o.) or saline (p.o.), on the fifth day after immunization (1 day after the
onset of nociceptive response, the first symptom of the disease). Administration of CRO
was based on previous assays showing long-lasting analgesic effects in experimental
models of pain [36,37]. CRO (50 μg/kg) was also administered in five repeated doses (one
daily dose for five consecutive days) from the 12th day (one day after motor impairment
manifestation). The protocol of five consecutive doses was based on previous results
demonstrating the greatest difficulty in controlling the symptoms of the disease after the
onset of clinical signs [77]; however, it was performed to determine whether crotalphine
would be able to interfere with the development of the disease even after the motor
impairment trigger.

5.6. Histology of Spinal Cord to Inflammatory Infiltrate Determination (Hematoxylin and
Eosin Stain)

To characterize the cellular infiltrate in the spinal cord, histological analysis was
performed in EAE animals after CRO or saline treatment. The region comprised between
lumbar segments from the spinal cord was removed and fixed in 10% of paraformaldehyde
(PFA) solution for 24 h, at room temperature. After the fixation period, the tissues were
transferred for a 70% ethyl alcohol solution, dehydrated, embedded in paraffin, and cut
into sections of 5 μm thickness. The sections were stained with hematoxylin-eosin (HE).
This classical technique in histological diagnosis has two dyes: hematoxylin, which stains
all the nuclei of all cells, and eosin, which stains the cytoplasm of all cells [100].

5.7. Glial Cells Immunoreactivity Evaluated by Immunohistochemistry Assay

At the 17th (peak of disease) and 28th (remission phase) days after immunization,
animals were anesthetized using ketamine (75 mg/kg i.p.) and xylazine (10 mg/kg,
i.p.) and were transcardially perfused with 0.9% saline followed by 4% of PFA solution.
The spinal cord was collected, and tissues were included in PFA solution for 4 h to be
post-fixed. After that, tissues were kept, for at least 48 h, in a 30% sucrose solution in a
refrigerator (2–8 ◦C). After this period, the regions of the spinal cord corresponding to
the L3-L6 were sectioned (30 μm) in a microtome, collected in an anti-freezing solution
(500 mL of phosphate buffer 0.05 M, 300 mL of ethylene glycol, and 150 g of sucrose)
and kept at −20 ◦C. After washing three times with phosphate buffer (PB 0.1M, pH 7.4),
the material was incubated free-floating for 12–16 h with specific Iba-1 (ionized calcium-
binding adaptor-1, 1:2000, Wako Chemicals, Richmond, VA, USA) and GFAP (glial fibrillary
acidic protein, 1:1000, Sigma-Aldrich™, St. Louis, MO, USA) antibodies in PB containing
0.3% Triton X-100 and 5% normal donkey serum. After that, sections were washed in PB
(3 times), incubated with the biotinylated secondary antibody (anti-rabbit, 1:200 in PB
containing 0.3% Triton X-100) for 2 h, washed 3 times in PB, and incubated with the avidin
complex -biotin peroxidase (ABC Elite, Vector) for 2 h. After the washing process, tissues
were reacted in diaminobenzidine (DAB, Sigma Aldrich™, USA) and 0.01% hydrogen
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peroxide in PB. The slices were mounted on gelatinized slides and kept at 37 ◦C for 48 h,
dehydrated at room temperature, cleaned, and covered with a coverslip. Immunoreactivity
quantification was performed in the dorsal horn of the spinal cord using ImageJ software
(NIH/EUA).

5.8. Evaluation of IL-17 and TNF-α Release by Multiplex Assay

To investigate the IL-17 and TNF-α cytokines release, EAE animals treated with CRO or
saline were euthanized, and the lumbar portion of the spinal cord (L3-L6) was collected on
the 17th day after immunization. Collected tissue was homogenized in RIPA buffer (Sigma-
Aldrich™, USA) containing protease inhibitors cocktail (1:100, Sigma-Aldrich™, USA) and
phosphatase (1:300, Sigma-Aldrich™, USA). The homogenate was centrifuged for 5 min at
10,000× g and 4 ◦C. An aliquot of the supernatant was used for protein determination by
the Bradford method [39,101]. The samples were normalized (3 μg/μL) and the protein
concentration was determined using the commercial kit (Millipore, Burlington, MA, USA)
by xMap method (MULTIPLEX), All the samples were done in duplicate and read using the
Luminex 200 equipment—xPonent software version 4.2 (LEAC lab, Sao Paulo, SP, Brazil).

5.9. Nerve Growth Factor Expression by Western Blotting Assay

On the 17th day after immunization, animals were euthanized under anesthesia and
the L3-L6 regions of the spinal cord were removed. The samples were homogenized in
buffer containing Hepes-NaOH (1M, pH 7.9), EGTA (200 mM), NaCl (0.9%), Triton-X
100 (1%), and phosphatase and protease inhibitor (1:300, Sigma-Aldrich™, USA). The
samples were centrifuged at 12,000× g rpm for 20 min at 4 ◦C. After centrifugation,
an aliquot of the supernatant was used for protein concentration determination using
the method of Bradford (Thermo Fisher Scientific, Waltham, MA, USA) [101]. Aliquots
containing 30 μg of protein were boiled in Laemmli buffer 5× and after that subjected to
polyacrylamide gel electrophoresis (SDS-PAGE), in an Mini-Protean apparatus for mini
gel (BioRad, Hercules, CA, USA). After separation by electrophoresis, the proteins were
transferred to a nitrocellulose membrane (BioRad, Hercules, CA, USA), and subsequently,
the membrane was blocked in TBST (20 mM Tris-HCl, 150 mM NaCl, and 0.1% Tween
20) containing 5% of BSA for 1 h, then washed in TBST, followed by incubation with
antibody NGF (1:1000, Abcam, Boston, MA, USA) overnight at 4 ◦C. Then, membranes were
incubated with anti-IgG from the animal producing the respective peroxidase-conjugated
primary antibody (1:5000, Abcam, USA), for 2 h at room temperature. ECL (Pierce) solution
with a digital image capture system (UVITEC Cambridge) was used for bands visualization
and the UVITEC Cambridge program was used for optical density determination. Results
were normalized by membrane incubation with beta-actin (1:5000, Sigma Aldrich™, USA).

5.10. Transmission Electronic Microscopy

After intraperitoneal anesthesia with urethane (3 g/kg), animals were perfused with
modified Karnovsky fixative solution containing 2.5% glutaraldehyde and 2% PFA in 0.1M
sodium phosphate buffer solution (pH 7.4) [102]. After dissection of the muscles of the
posterior thigh, the sciatic nerve was collected. The samples were post-fixed in 1% osmium
tetroxide solution at 4 ◦C and then immersed in 5% aqueous uranyl acetate solution at
room temperature. After that, the samples were dehydrated using a series of alcohols,
then immersed in propylene oxide, and finally included in Spurr resin. Semi-thin sections
(15 μM) were cut using Reichert Ultra Cut® ultra-microtome (Leica, Wetzlar, Germany)
and stained with 1% toluidine blue solution. Subsequently, the 60 nm ultrathin sections
were collected on 200 mesh copper grids (Sigma-Aldrich™, USA) and contrasted with
4% uranyl acetate solution and 0.4% aqueous lead citrate solution [103]. The grids were
examined using the Jeol 1010 transmission electron microscope (NEP/MEPA/ESALQ) at
the University of São Paulo.
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5.11. Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 6 software (Graph-
Pad, San Diego, CA, USA). Test one-way analysis of variance (ANOVA) followed by
Tukey’s post-test was used for comparisons among three or more groups. Two-way analy-
sis of variance (ANOVA) followed by Bonferroni post-test was used to compare repeated
measures of the electronic von Frey test. The data are expressed as the mean ± SEM and
p < 0.05 was indicative of a significant statistical difference.
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Abstract: Hemolytic Uremic Syndrome (HUS) associated with Shiga-toxigenic Escherichia coli (STEC)
infections is the principal cause of acute renal injury in pediatric age groups. Shiga toxin type 2
(Stx2) has in vitro cytotoxic effects on kidney cells, including human glomerular endothelial (HGEC)
and Vero cells. Neither a licensed vaccine nor effective therapy for HUS is available for humans.
Recombinant antibodies against Stx2, produced in bacteria, appeared as the utmost tool to prevent
HUS. Therefore, in this work, a recombinant FabF8:Stx2 was selected from a human Fab antibody
library by phage display, characterized, and analyzed for its ability to neutralize the Stx activity from
different STEC-Stx2 and Stx1/Stx2 producing strains in a gold standard Vero cell assay, and the Stx2
cytotoxic effects on primary cultures of HGEC. This recombinant Fab showed a dissociation constant
of 13.8 nM and a half maximum effective concentration (EC50) of 160 ng/mL to Stx2. Additionally,
FabF8:Stx2 neutralized, in different percentages, the cytotoxic effects of Stx2 and Stx1/2 from different
STEC strains on Vero cells. Moreover, it significantly prevented the deleterious effects of Stx2 in a
dose-dependent manner (up to 83%) in HGEC and protected this cell up to 90% from apoptosis and
necrosis. Therefore, this novel and simple anti-Stx2 biomolecule will allow further investigation as a
new therapeutic option that could improve STEC and HUS patient outcomes.

Keywords: STEC; Stx2; antibody fragment; monoclonal antibody

Key Contribution: Here we describe the generation, characterization, and efficacy of one Fab anti-
body fragment anti-Stx2 in protecting cells against Stx2 cytotoxic effects and its ability to neutralize
Stx produced by STEC strains, which is demonstrated herein for the first time.

1. Introduction

The hemolytic uremic syndrome (HUS) in children is mostly caused by Shiga toxin-
producing Escherichia coli (STEC) infection, which is also responsible for outbreaks in the
United States, Europe, South America, and Japan [1–3]. In Argentina, where post-diarrheal
HUS is endemic, around 300 new cases are reported each year [4]. Since the early 2000s,
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epidemiologically, the emergence of the non-O157 STEC infection, replacing the tradition-
ally predominant O157 serogroup occurrence [5]. The contamination by STEC strains is
usually by contaminated food or water ingestion, person-to-person transmission, or contact
with ruminants or its contaminated environment [6]. The primary infection symptom is
diarrhea, which is an average incubation phase of three days that could turn bloody in
about 60% of patients. However, Shiga toxins (Stx) released by STEC triggers thrombogenic
and inflammatory microvascular endothelial cell alterations, leading to HUS in 5–15%
of STEC infection cases. HUS is defined by hemolytic anemia, thrombocytopenia, and
acute renal injury [7,8]. Besides death, this syndrome can lead to long-term consequences
such as hypertension and renal disease because of the high sensitivity to the Stx of the
microvascular endothelial cells in the kidney [9].

The Stx toxins produced by STEC are Stx1 and Stx2, they appear to differ significantly
in their effectiveness to induce protein synthesis inhibition and cytotoxicity, with some
subtypes of Stx2 more potent than Stx1, on the other hand, other subtypes have similar
potency [10]. Stxs is AB5 type toxin, consisting of a homo-pentameric B subunit (7.7 kDa
per monomer) which binds to the host receptor globotriaosylceramide (Gb3) and mediate
the enzymatically active A subunit (~32 kDa) endocytosis. Once inside the cell, the A
subunit depurinates the conserved adenine residue of 28S eukaryotic rRNA, stopping
peptide elongation and leading to cell death [11–13]. No specific drug has proved effective
as specific therapy for STEC-HUS, which remains as symptomatic care. The antibiotics
administration in STEC infection and STEC-HUS remains controversial, with some bacte-
riostatic antibiotics having a beneficial effect while others can increase the Stx liberation by
the bacteria [14]. Proofs of evidence of an advantage from complement blockade therapy in
STEC-HUS are also lacking [15]. One alternative treatment for STEC infection and possibly
for HUS is neutralizing anti-Stx antibody therapy.

Monoclonal antibodies (mAb) against Stx have been evaluated in animal models
(reviewed in [16,17]). Moreover, few mAbs candidates have also been tested in healthy
volunteers during phase I studies [18,19]. In addition, a chimeric anti-Stx1 and Stx2 mAb
was challenged in a phase II study in South America, but definite evidence of its therapeutic
efficacy remains vague [20,21].

In addition to conventional antibodies, recombinant antibodies can be an attractive re-
placement to avoid animal immunization and other limitations of hybridoma technology, a
successful, but cumbersome and costly approach to generate monoclonal antibodies [22,23].
In this context, we may include a family of Stx2B-binding VHHs that neutralize Stx2 in vitro
at a nanomolar to the subnanomolar range [24] and the FabC11:Stx2 generated by phage
display technology and produced very efficiently using bacterial protein synthesis sys-
tems which were able to prevent Stx2 toxicity to human kidney cells and in mice [25,26].
Therefore, the generation of such molecules and studies concerning their applicability will
provide new therapeutic options for treating STEC infections to prevent or ameliorate
HUS outcomes.

Herein, also employing phage display antibody library F [27], a monovalent FabF8:Stx2
was generated, and efficiently produced in the bacterial system with neutralizing qualities
against Stx. We introduce a novel and simple antitoxin agent as a new therapeutic option
for STEC infections therapy.

2. Results

2.1. Selection of FabF8:Stx2 from a Human Antibody Fragment Phage Display Library

The FabF8:Stx2 was generated from the selection using purified Stx2a toxin and a
human synthetic antibody phage display library (library F) developed by Persson et al. [27].
The cloning was confirmed by sequencing (Figure 1A). The 48 kDa fragment corresponds
to the purified Fab fragment, however, a 25 kDa protein also appears, which corresponds to
non-assembled variable chains (Figure 1B). As determined by surface plasmon resonance,
the purified FabF8:Stx2 showed an affinity constant (KD) of 13.8 nM (Figure S1). The half-
maximum effective concentration (EC50) was determined as being 160 ng/mL (calculated
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as described in the material and methods) as well as, specificity just for the selected toxin,
with no significant cross-reactivity to Stx1 toxin (Figure 1C).

Figure 1. The FabF8:Stx2 generation. (A) FabF8:Stx2 gene cloning. Electrophoretic profile on 1.5% agarose gel stained
with SYBR (1:1000) of restriction analyzes of FabF8:Stx2 clone. (1) 1Kb molecular weight marker (Invitrogen); (2) Clone
F8 anti-Stx2 (FabF8:Stx2); (B) FabF8:Stx2 purification. Electrophoretic profile on 15% non-denaturing polyacrylamide gel
stained with Coomassie blue of sample eluted from the purifications of Fab fragment. (1) Blueyed molecular weight marker
(GE); (2) Clone F8 anti-Stx2. (C) ELISA assay to assess cross-reaction of ligands against Stx toxins (5 μg/mL) using EC50

concentration of FabF8:Stx2.

2.2. FabF8:Stx2 Neutralizes the Cytotoxic Effect of Supernatants from Different
Stx2-Producing Strains

The FabF8:Stx2 was employed in a gold standard Vero cell assay (VCA) to test its
neutralization ability to the toxicity of the supernatants from different STEC strains pro-
ducing Stx2 or Stx1/2. The ability of this antibody in neutralizing the purified Stx2 was
84% (Table 1). Bacterial supernatant cytotoxicity was tested in the absence and presence of
FabF8:Stx2 (Figure 2). It was observed that 85% of the tested supernatants were neutralized
(from 7 to 100%), in 20 strains this rate was above 20% and this ability was superior to 40%
in 16 strains. Therefore, the FabF8:Stx2 neutralizing ability ranged from 0 to 100%. No
significant differences were observed in its neutralizing ability against Stx2 or Stx1/Stx2-
producing strains. This recombinant antibody failed to neutralize only four strains, none of
them producing just Stx2a (Figure 2, Table 1).

Table 1. Stx-producing strains features.

Strain Serotype Source Stx Subtype Neutralization Rate (%)

EPM 50 O87:H16 Animal Stx2 2b 90
EPM 96 O93:H19 Food Stx2 2a, 2d 86
EPM 82 O112:H21 Animal Stx2 2c 90
EPM 1 O157:H7 Human Stx2 2a, 2c 0
EPM 2 O157:H7 Human Stx2 2a, 2c 97

EPM 94 O157:H7 Animal Stx2 2c 95
Raph/4 O165:H- Human Stx2 2a, 2c 0
EPM O3 O172:NM Animal Stx2 2a 44

EPM O22 ONT:H16 Animal Stx2 2b 46
EPM 59 ONT:H16 Animal Stx2 2d 97
EPM 81 ONT:H38 Animal Stx2 2a 27
BA 1189 ONT:H49 Human Stx2 2a, 2d 24
BA 1132 ONT:H49 Human Stx2 2a, 2c, 2d 7
EPM 79 O22:H16 Animal Stx1/2 1a, 2c, 2d 53
BA 3003 O48:H7 Human Stx1/2 1a, 2a 0

EPM O36 O75:H8 Animal Stx1/2 1c, 2b 0
EPM 4 O93:H19 Human Stx1/2 1a, 2d 78

EPM 53 O98:H17 Animal Stx1/2 1a, 2a, 2c 100
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Table 1. Cont.

Strain Serotype Source Stx Subtype Neutralization Rate (%)

EPM 55 O98:H17 Animal Stx1/2 1a, 2a, 2c 85
EPM 9 O103:H2 Human Stx1/2 1a, 2c 46

EPM 66 O105:H18 Animal Stx1/2 1a, 2a, 2b 7
EPM O55 O146:H21 Animal Stx1/2 1a, 2a, 2b 24
3104-88 O157:H7 Human Stx1/2 1a, 2a 27
C7-88 O157:H7 Human Stx1/2 1a, 2NT 15

EDL 933 O157:H7 Food Stx1/2 1a, 2a 80
EPM 45 O181:H4 Animal Stx1/2 1a, 2a 80
18 (ICB) ND ND Stx1/2 1NT, 2NT 87

Purified Stx2 - - Stx2 2a 84
ND—not determined; NT—not typeable.

Figure 2. Percentage of cytotoxicity of STEC supernatants from strains bearing stx2 or stx1/2 genes; in absence (white bars)
and in presence of FabF8:Stx2 (flared bars). Data represents biological duplicates of three independent experiments.
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2.3. FabF8:Stx2 Protects Cell Viability of Human Glomerular Endothelial Cells (HGEC) from
Stx2 Effects

Considering the deleterious effects of Stx2 on the HGEC viability, we evaluate the
FabF8:Stx2 ability to neutralize Stx2 cytotoxicity on HGEC. In a dose-dependent manner,
the FabF8:Stx2 significantly neutralized the cytotoxic effects caused by 0.5 ng/mL Stx2 in
HGEC (p < 0.05, n = 3) in both tested treatment conditions (pre-incubation or co-incubation).
After the Stx2 treatment, the HGEC viability percentage was 41.0 ± 1.2%. The highest
protection of HGEC viability was observed with 10 μg/mL of FabF8:Stx2 and no significant
differences were found between pre-incubation and co-incubation, since cell viability
percentage with 10 μg/mL FabF8:Stx2 was 89.6 ± 5.0% and 81 ± 1.7% for each condition,
respectively (Figure 3). To calculate the percentage of FabF8:Stx2 protection, we first
calculate the maximum prevention possible to obtain in the HGEC viability by subtracting
the percentage of viability after Stx2 treatment to the viability of controls. Then, we
calculated the additional % of HGEC viability obtained with FabF8:Stx2 by subtracting
the viability % of Stx2 treated cells to pre-incubation and co-incubation. Finally, with
these results, the percentage of protection with FabF8:Stx2 at both experimental conditions
was calculated with the following formula: [(% of cell viability Pre/Co treated with
FabF8:Stx2—% of cell viability in Stx2 treated cells)/(% of control cell viability—% of cell
viability in Stx2 treated cells)] × 100. The protection obtained with 10 μg/mL FabF8:Stx2
was 83.0 ± 5.1% at the pre-incubation condition, and 67.5 ± 1.7% at the co-incubation
condition, without statistical differences (Table 2).

Figure 3. FabF8:Stx2 protects human renal endothelial cells (HGEC) against Stx2 cytotoxicity. HGEC
were pre-treated with different concentrations of FabF8:Stx2 (1 h at 37 ◦C), and Stx2 (0.5 ng/mL)
was then added, or cells were co-treated with FabF8:Stx2 (0.0001 μg/mL to 10 μg/mL) and Stx2
(0.5 ng/mL) simultaneously. Results are expressed as means ± SD of three experiments, pre/co-
incubation vs. Stx2, * p < 0.05.

Table 2. Percentage of FabF8:Stx2 protection against Stx2 in HGEC cells.

FabF8:Stx2 (g/mL) Stx2 Cytotoxicity Prevention (%)

Pre-Incubation Co-Incubation

0 0 0
0.1 30.5 ± 1.5 27.1 ± 4.2
1 58.5 ± 5.4 53.5 ± 2.6

10 83.0 ± 5.1 67.5 ± 1.7
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2.4. FabF8:Stx2 Antibodies Prevent Detachment and Swelling Caused by Stx2 in HGEC

Morphology of HGEC treated with Stx2 in the presence of FabF8:Stx2 antibodies was
evaluated. This recombinant antibody fragment significantly prevented HGEC detachment
and intracellular edema caused by 0.5 ng/mL Stx2 (Figure 4A). The prevention obtained
on cell detachment with pre-incubation and co-incubation conditions was 62.0 ± 4.0 and
45.0 ± 3.0 (p < 0.05, n = 3), respectively. In addition, cell detachment protection was
significantly greater with pre-incubation than co-incubation (Figure 4B). However, when
the cell area was analyzed, practically a total protection from swelling was achieved with
FabF8:Stx2 with both experimental conditions assayed, pre-incubation: 95.0 ± 6.0% and
co-incubation: 90.0 ± 5.5%, p < 0.05, n = 3 (Figure 4C).

Figure 4. FabF8:Stx2 protects human glomerular endothelial cells (HGEC) from Stx2-induced morphological alterations
(A) Cell morphology was evaluated and the number of HGEC (B) were analyzed by light microscopy (×200 and ×400).
HGEC areas (C) were measured using Image J software. The black arrows indicate intracellular edema. Results are expressed
as means ± SD of three experiments. One hundred percent represents the values of controls. Stx2 vs. Ctrl, * p < 0.05.
Pre/co-incubation vs. Stx2, # p < 0.05.

2.5. FabF8:Stx2 Antibodies Avoid Apoptosis Induced by Stx2 in HGEC

Apoptosis is the principal cell death mechanism triggered by Stx2. We previously
showed that this toxin-induced necrosis and apoptosis in HGEC [28]. Following, we
evaluated the ability of FabF8:Stx2 antibodies to avoid necrosis and apoptosis by analyz-
ing HGEC stained with acridine orange/ethidium bromide by fluorescence microscopy
(Figure 5A). The FabF8:Stx2 (1 μg/mL), significantly decreased the apoptosis caused by
0.5 ng/mL Stx2 in both experimental conditions (pre-incubation: 3.3 ± 0.9% and co-
incubation: 11.6 ± 1.4 vs. Stx2: 45.0 ± 2.0%, p < 0.05, n = 3). Furthermore, FabF8:Stx2
at pre-incubation conditions was more effective than co-incubation to prevent apopto-
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sis (93.0 ± 0.90 % vs. 75.0 ± 1.4%, respectively, p < 0.05, n = 3) (Figure 5B). No significant
differences were found for necrosis (Figure 5C).

Figure 5. FabF8:Stx2 prevents apoptosis induced by Stx2 in human glomerular endothelial cells (HGEC). The percentage
of necrotic and apoptotic cells after 72 h of treatments was established morphologically by fluorescence microscopy after
staining with acridine orange/ethidium (×200 and ×400). A representative experiment is shown in panel (A). Results are
expressed as means ± SD of three experiments. Apoptosis (B), * p < 0.05 for pre/co-incubation vs. Stx2. # p < 0.05 for
pre-incubation vs. co-incubation. Necrosis (C), ns.

3. Discussion

Shiga toxin (Stx) is central to the development of hemolytic uremic syndrome (HUS).
The supportive treatment is the current default procedure for STEC-infected patients,
also, the administration of some antibiotic classes could increase the Stx production or
release, which could lead to a risk of catastrophic consequences with HUS development,
making this treatment option highly controversial [6,10]. Therefore, it is mandatory to
develop either an effective treatment or a prevention method for the deleterious effects of
Stx intoxication [19]. The STEC prevention is focused on individual and industry levels,
such as hygiene procedures, meat processing protocols, and slaughterhouse maintenance,
for example. Regarding therapy, it is focused mainly on inpatient supportive care, even
though some strategies are in development aiming at different stages of infection, such as
bacterial growth control without increasing Stx secretion, toxin trafficking interference and
cellular response to the toxin. Moreover, it is worth mentioning the challenges regarding
a therapeutic approach against Stx-induced symptoms, especially for clinical trials, such
as the low incidence of STEC infections and HUS, the lack of highly specific diagnostic
screening, and the narrow therapeutic window (onset of disease 3 days after infection,
HUS development one week after the first symptom), which is also hypothetical [29]. Thus,
despite great achievements towards a therapeutic tool against Stx, a specific treatment
remains elusive.
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Specific antibodies against Stx as a tool either to prevent or treat the HUS disease
process is a promising approach [20]. Indeed, some other recombinant antibodies have
also shown neutralizing ability against Stx2 in vitro or in vivo. Such as, the family Stx2B-
binding VHHs which were constructed with one anti-Stx2B VHH, and two copies were
fused to one anti-human albumin VHH, neutralizing Stx2 in vitro [24]. Another VHH also
protected mice against Stx2 intoxication, but it was not humanized [30]. Concerning scFv,
the one described by Maa et al. [31] and Luz et al. [25], neutralizes the cytotoxic ability
of Stx2 in vivo and in vitro, respectively, however, none of them is a human antibody,
produced in a bacterial system, which impairs their use as therapeutic agents and costs
of production.

The recombinant human Fab and F(ab’)2 fragments characterized by Akiyoshi et al. [32]
showed neutralizing capacity, however, the production was dependable on mammalian
cells (CHO), having a high cost for obtaining as with hybridoma technology. Therefore,
the library F [27] was employed to select specific Fab high binders against Stx toxins. Two
phage clones showed high affinity and binding ability against Stx2. The FabC11:Stx2 was
the first to be characterized and showed cross-reactivity with Stx1 besides being able to
prevent Stx2 toxicity to human kidney cells and in mice [21,22].

Herein, the other Fab selected against Stx2 (FabF8:Stx2) was characterized and em-
ployed in different cell assays. The variety of toxin subtypes that could be expressed by
a diverse set of STEC serotypes able to express one or more toxin types at the same time
is a major challenge for antibody-based Shiga toxin neutralizers, once to be universally
effective, should neutralize multiple Stx1 and Stx2 subtypes [14]. In the present study, using
the gold standard Vero cell neutralization assay, we observed that FabF8:Stx2 neutralized
the cytotoxicity of 23 of 27 supernatants from Stx2 or Stx1/Stx2-producing STEC strains.
These strains belong to different serotypes and present diverse stx subtypes, it is worth men-
tioning that no differences were found with neutralization percentage and its stx subtype,
even though the FabF8:Stx2 was generated against a Stx2a toxin, some strains harboring
stx2a gene were not neutralized whereas two non-Stx2a producing were neutralized. This
kind of investigation is not commonly employed, usually, most neutralization assays are
tested against one type and/or one subtype of the toxin, therefore in this work, for the
first time, we showed how one recombinant monoclonal antibody neutralizes different Stx
combinations obtained from the STEC isolates culture.

The human microvascular endothelial cells are an excellent cell model for in vitro ther-
apeutic studies once it can express 50-fold higher Gb3 levels compared to the endothelial
cells of large vessels [33]. In this sense, previously, we developed human glomerular en-
dothelial cells (HGEC) primary cultures and demonstrated the decrease of cell viability by
apoptosis and endothelial injury like that documented in kidney biopsies of HUS patients
after incubation with Stx2 [28]. In this work, additionally, we assayed FabF8:Stx2 antibodies
on HGEC exposed to Stx2 and we were able to corroborate their great effectiveness on
the protection of Stx2 cytotoxicity on HGEC, in about 80–90% at the pre-incubation condi-
tion. These results were coincident with the high capacity of these antibodies to prevent
HGEC apoptosis in about 75–90% under pre-incubation and co-incubation conditions.
Furthermore, at pre-incubation, cell detachment was avoided in approximately 60–65%
and swelling, in about 90–95%.

Previously, we demonstrated that by using 10 μg/mL FabC11:Stx1/Stx2 we observed
lower protection of the HGEC viability (54.0% and 52.0%, for pre-incubation and co-
incubation, respectively) compared to the same concentration of FabF8:Stx2 when cells
were exposed to a 1 CD50 of Stx2, therefore, preventing Stx2 toxicity on human kidney
cells [26]. Additionally, FabC11:Stx1/Stx2 cell detachment protection was also lower
than FabF8:Stx2, which showed protection levels of 43.5% under pre-incubation and 36%
under co-incubation conditions. With respect to swelling, although we demonstrated good
prevention, pre-incubation: 97.0% and co-incubation: 81.0%, it is noteworthy that this
protection had been obtained with a higher concentration of FabC11:Stx1/Stx2 (10 μg/mL)
compared with FabF8:Stx2 (1 μg/mL). Our results conclusively demonstrate the efficacy of
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FabF8:Stx2 antibodies to avoid the cytotoxic effects of Stx2 on human renal microvascular
endothelial cells, one of the principal target cells for this toxin, raising the possibility of the
development of a new therapeutic molecule against Stx2 toxicity.

4. Conclusions

The present work showed encouraging results about the effectiveness of FabF8:Stx2
antibodies to neutralize the cytotoxic effects of both purified Stx2 and Stx2 or Stx1/Stx2
produced by STEC strains. Thus, they could be a promising therapeutic strategy to prevent
kidney damage and the subsequent development of HUS. Future studies will be focused
on analyzing the efficacy of FabF8:Stx2 in in vivo models.

5. Materials and Methods

5.1. Bacterial Strains, Plasmids, and Antigen

The bacterial Phage-resistant Escherichia coli Omnimax (Invitrogen) was used for
Phage Display assays. For Fab cloning and expression, Escherichia coli DH5a (Thermo
Fisher Scientific) and BL21(DE3) pLysS (Novagen) were used, respectively. The plasmid
vectors used were phagemid HP153 and pFabHis-MBP [25]. The bacterial strains used
in this study were strains previously defined as STEC by gene presence and Stx1 or Stx2
production [34], including the prototype EDL933 (O157:H7) [35] (Table 1). The antigens
Stx2 and Stx1 were commercially available and acquired from Phoenix Laboratory, Tufts
Medical Center, Boston, MA, USA.

5.2. Antibody Generation and Characterization

The FabF8:Stx2 was selected by phage display, using a human synthetic antibody
library (library F), which displays on the M13 bacteriophage surface a Fab antibody
fragment [27]. Selection and panning were performed as described by Sidhu and Fel-
louse [36] using the protocol of selection against immobilized antigens. In summary, it
was used 5 μg/mL toxin (100 μL/well) in phosphate-buffered saline (PBS) to coat a mi-
croplate (Maxisorp, Nunc) in the first round and 2.5 μg/mL toxin (100 μL/well) in PBS
for the followed selection rounds. The same was performed with the negative protein
control (MPB). The coated plate was incubated at room temperature for 2 h or 18 h at 4 ◦C,
followed by blocking for 1 h with 200 μL/well PBS-0.2% BSA. Next, the phage library
solution in PBT buffer (PBS-0.2% BSA-0.05% Tween-20) was added to the negative control
wells (100 μL/well) and the plate was incubated at room temperature for 2 h with gentle
shaking. The content of the control wells containing the phage library solution was re-
moved and placed into the toxin-coated wells. Next, the non-binded phages were removed
by washing them 10 times with PT buffer (PBS-0.05% Tween-20). Toxin-bound phages
were eluted by adding 100 μL/well of 100 mM HCl and incubating at room temperature
for 5 min. To neutralize the pH of the eluent, it was transferred to a new 1.5-mL microfuge
tube containing 1.0 M Tris-HCl, pH 11. Half of the eluted phage solution was added to
10 volumes of actively growing E. coli omnimax (OD600 < 1.0) in 2YT/tet medium, which
was then incubated at 37 ◦C for 20 min with shaking at 200 rpm before M13-K07 helper
phage were added (1010 infectious units (IU)/mL) and the whole culture was incubated at
37 ◦C with shaking for an additional hour. The culture was then transferred to a 30 mL
2YT/carb/kan medium, and cells grew at 37 ◦C overnight before phage was harvested
for the next round of panning. A serial dilution on LB/carb plates was performed to
determine the number of phages eluted and four panning rounds were performed. The
phage selected was sequenced and forwarded to cloning and production. The cloning of
the Fab expression vector, Fab fragment expression, and purification was performed as
previously reported by Luz et al. [25].

FabF8:Stx2 Characterization

Surface Plasmon Resonance—The antibody affinity was determined by surface plasmon
resonance (BIAcore T200, Cytiva, Little Chalfont, UK) following the manufacturer’s rec-
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ommendations. The experiments used HBS-EP buffer, pH 7.4, containing 10 mM HEPES,
150 mM NaCl, 3 mM EDTA, and 0.05% Tween 20 as the running buffer. Briefly, Stx2
(purchased from Tufts University School of Medicine, Boston, MA, USA) at 5 μg/mL in
10 mM sodium acetate buffer, pH 5.5 was immobilized (152 RU) on CM5 sensor chips
activated by mixing equal amounts of N-ethyl-N’-(dimethyl aminopropyl) carbodiimide
(EDC) and N-hydroxysuccinimide (NHS) following the standard immobilization protocol.
The sample preparation was in HBS-EP buffer (0–7.4 μM, twofold dilutions) and the kinetic
study was performed by a multicycle model at 25 ◦C and a flow rate of 30 μL/min (contact
of 120 s and dissociation of 600 s). The sensor chip was regenerated between cycles by a
15 μL pulse of 100 mM glycine containing 2 mM MgCl2, pH 2. The kinetic affinity constant
(KD) was calculated using BIAevaluation version 3.0, using the Langmuir 1:1 binding
model. Stx2 monoclonal antibody was employed as a control [36]. The experiments were
performed in duplicate.

EC50 definition—Half-maximal effective concentration (EC50) was performed as de-
scribed by Luz et al. [25] by coating a 384-well plate (Maxisorp) with 2 μg/well of antigen
and incubating overnight at 4 ◦C with gentle shaking, followed by blocking step with
0.2% PB buffer for 1 h at room temperature with gentle shaking. A log 3 serial Fab/scFv
dilutions, starting with 20 μg/mL, were performed in PBT, and incubated for 30 min at
room temperature with gentle shaking. The assay development was performed after 30 min
incubation with gentle shaking using HRP antibody/anti-Flag conjugated to peroxidase
(1:5000) in PBT followed by addition of TMB (1:1) and stop with 1 M H3PO4. Several washes
with PBT were performed between each incubation. The plate was read with a 450 nm
filter. Specificity and absence of cross-reactivity were performed by ELISA as described by
Luz et al. [25] using a 96-well plate (Maxisorp) coated with different concentration Stx2
or Stx1 purified toxins (5 μg/mL) incubated 18 h at 4 ◦C with gentle shaking, followed
by blocking with 0.2% PB buffer for 1 h at room temperature with gentle shaking. The
EC50 concentration of FabF8:Stx2 was added to the plate and incubated for 30 min at room
temperature with gentle shaking, followed by 8 times washing with PT. Next, it was added
(100 μL/well) into the wells, HRP antibody/anti-Flag conjugated to peroxidase (1:5000) in
PBT, which was then incubated for 30 min at room temperature with gentle shaking. Again,
the plate was washed 8 times with PT. The reaction was developed by adding 30 μL/well
of TMB (1:1) and stopped by adding 30 μL/well of 1 M H3PO4, and the plate was read
with a 450 nm filter.

5.3. Vero Cell Antibody Neutralization Assay

The certified Vero cell lineage was purchased from Instituto Adolfo Lutz (São Paulo,
SP, Brazil). The STEC bacterial supernatant was obtained as described by Shiga et al. [37].
Vero cells (1 × 105 cells/mL) were grown in 96-well plates in Dulbecco’s medium (DMEM)
supplemented with 10% FBS and 30 μg/mL gentamicin, at 37 ◦C in a 5% CO2 atmosphere,
for 24 h. The FabF8:Stx2 neutralizing ability was determined by pre incubating for 2 h the
Stx2 toxin at the CD50, (i.e., 0.5 μg/mL) defined by Rocha et al. [38] or bacterial supernatants
(diluted 1:50) with the same volume of an EC50 concentration of Fab diluted in DMEM
supplemented with 2% of FBS at 37 ◦C for 72 h with 5% CO2. After incubation, the viable
cells were accessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
(Sigma-Aldrich, St Louis, MO, USA) as described by the manufacturer’s instructions. These
assays were performed three times in duplicate.

5.4. Primary Culture

The human glomerular endothelial cells (HGEC) were obtained as previously de-
scribed by Amaral et al. [28] from kidneys of human pediatric patients, under proper
consent and ethical approval (N◦: 035 LUP1S0/19). HGEC were cultivated in M199 media,
supplemented with 20% fetal calf serum (FCS), 3.2 mM L-glutamine, 100 U/mL peni-
cillin/streptomycin (GIBCO, Waltham, MA, USA), and 25 μg/mL endothelial cell growth
supplement (ECGS, Sigma, St. Louis, MO, USA). All the experiments were performed with

198



Toxins 2021, 13, 825

HGEC between 2–7 passages and were previously characterized for positive expression
of von Willebrand factor and platelet/endothelial cell adhesion molecule 1 (PECAM-1).
Moreover, experiments were carried out at growth-arrested conditions using M199 medium
supplemented with 10% FCS without ECGS [28].

5.5. Stx2 Neutralization Assay in HGEC

Neutralization assays were developed according to two procedures: pre-incubation
and co-incubation. The pre-incubation was performed by pre-treat HGEC primary cultures
with different FabF8:Stx2 concentrations (1 h at 37 ◦C) before exposure of cells to Stx2
for 72 h. On the other hand, for co-incubation, cells were treated simultaneously with
FabF8:Stx2 and Stx2 for 72 h. FabF8:Stx2 concentrations used in the experiments ranged
from 0.0001 to 10 μg/mL and Stx2 was assayed at the dilution required to kill 50% of cells
(1 CD50 = 0.5 ng/mL). The molar ratios used ranged from 0.07:5 to 7000:5 for FabF8:Stx2.
Finally, the ability of FabF8:Stx2 to neutralize Stx2 was analyzed by HGEC cell viability as
is described below.

5.6. Neutral Red Viability Assay

The neutral red uptake assay was used to analyze the HGEC cell viability as previously
described [28]. In summary, HGEC cells were grown with a complete medium, until
confluence, in 96-well plates. After 72 h of treatments, freshly diluted neutral red (Sigma
Aldrich, St. Louis, MO, USA) was added to cells to a final concentration of 10 mg/mL,
followed by an additional incubation of 1 h at 37 ◦C in 5% CO2. Then, cells were washed
and fixed with 1% CaCl2/1% formaldehyde, followed by lysis with 1% acetic acid in 50%
ethanol. Absorbance at 540 nm was measured in an automated plate spectrophotometer.
Results were expressed as viability percentage, in which 100% represents cells incubated
under identical conditions but without treatment. The 100% of HGEC viability protection
was considered when Stx2 cytotoxic effects were totally reversed.

5.7. Cell Morphology Analysis

HGEC cells were grown on gelatinized glass coverslips (12 mm) and treated as it was
described above. For cell morphology analysis, FabF8:Stx2 were used at 1 μg/mL. Follow-
ing, cells were fixed with 96% v/v alcohol for 2 h at room temperature and stained with
hematoxylin/eosin (H&E). Subsequently, HGEC were analyzed by light microscopy (×200
and ×400, Zeiss Axiophot, Zeiss, Heidelberg, Germany). The percentage of cells/field was
obtained from photographs of 10 randomly selected fields. Cells were then counted and av-
eraged, and the percentage of cells per field was estimated by considering the average num-
ber of controls as 100% (percentage of cells/field = (number of treated cells × 100)/number
of control cells). Furthermore, the percentage of cell area was calculated from the same
photographs. For that, the cell area was analyzed in each cell by using the Image J software
(NIH) according to the manual instructions. The cell area average was calculated for
each condition and the cell area of controls was considered as 100% (percentage of cell
area/field = (cell area of treated cells × 100)/cell area of control cells [28]. Results were
expressed as means ± standard deviation of the mean (SD). The percentages of protection
from cell detachment and intracellular edema were calculated considering 100% prevention
when these alterations were totally reversed.

5.8. Necrosis and Apoptosis Analysis

HGEC were grown on gelatinized glass coverslips (12 mm) and then treated as it was
described for item 5.7. After treatments, the percentage of necrotic and apoptotic cells were
analyzed morphologically by fluorescence microscopy. For that, cells were stained with
acridine orange/ethidium bromide (1:1, v/v) at a final concentration of 100 μg/mL [28]. In
the analysis, it was considered that live cells have normal nuclei when presented with green
chromatin and organized structures. Apoptotic cells contain fragmented or condensed
chromatin (green or orange). Finally, necrotic cells have similar normal nuclei staining as
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live cells, but with the chromatin in orange instead of green. The percentage of apoptotic
and necrotic cells/field was obtained from photographs of 10 randomly selected fields.
Cells were then counted, and the percentage of necrotic and apoptotic cells was estimated
by considering the total number of cells/field as 100% (percentage of necrotic or apoptotic
cells/field = (number of necrotic or apoptotic cells × 100)/total number of cells). Results
were expressed as means ± standard deviation of the mean (SD). Percentages of prevention
from necrosis and apoptosis were calculated by considering 100% of protection when these
alterations were totally reversed.

5.9. Data Analysis

The data are presented as mean ± SD. ANOVA was used to calculate differences be-
tween groups and Tukey’s multiple comparisons test was used as a posteriori. All Statistical
analysis was performed using Graph Pad Prism Software 5.0 (San Diego, CA, USA).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/toxins13110825/s1, Figure S1: Binding of Fab:F8 to Stx2 measured by Biacore.
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Abstract: Differences in snake venom composition occur across all taxonomic levels and it has been
argued that this variation represents an adaptation that has evolved to facilitate the capture and
digestion of prey and evasion of predators. Bothrops atrox is a terrestrial pitviper that is distributed
across the Amazon region, where it occupies different habitats. Using statistical analyses and
functional assays that incorporate individual variation, we analyzed the individual venom variability
in B. atrox snakes from four different habitats (forest, pasture, degraded area, and floodplain) in
and around the Amazon River in Brazil. We observed venom differentiation between spatially
distinct B. atrox individuals from the different habitats, with venom variation due to both common
(high abundance) and rare (low abundance) proteins. Moreover, differences in the composition of
the venoms resulted in individual variability in functionality and heterogeneity in the lethality to
mammals and birds, particularly among the floodplain snakes. Taken together, the data obtained
from individual venoms of B. atrox snakes, captured in different habitats from the Brazilian Amazon,
support the hypothesis that the differential distribution of protein isoforms results in functional
distinctiveness and the ability of snakes with different venoms to have variable toxic effects on
different prey.

Keywords: Bothrops atrox; individual variability; venom heterogeneity

Key Contribution: This study provides new and important insights about functional differences in
venom, which could influence the expression of the snake venom phenotypes in specimens inhabiting
different habitats, including nearby geographic regions.

1. Introduction

Snake venoms are complex mixtures of toxic components belonging to multipleprotein
families [1], each of which expresses several isoforms that are present in the venoms in
different proportions [2]. The concentration of each isoform present in the venoms is
highly variable and modulates venom function [3] and, as a consequence, the complexity

Toxins 2021, 13, 814. https://doi.org/10.3390/toxinstoxins13110814 https://www.mdpi.com/journal/toxins

203



Toxins 2021, 13, 814

of the venoms is associated with differences in their toxicity to a wide range of prey [4].
In addition, differences in venom composition are argued to be an adaptation that has
evolved to facilitate the capture and digestion of prey and evasion of predators and is
observed across all taxonomic levels, particularly in species with wide distributions [5,6].

Bothrops atrox (common lancehead) is a terrestrial pitviper widely distributed across
the Amazon, from tropical lowlands to the rainforest of northern South America east of the
Andes [7], where it occupies different types of habitats. Variability is widely reported in the
composition of B. atrox venom and has been associated with ontogeny [8–10], geographical
distribution [11–14], and environmental characteristics [15]. This species is responsible for
most of the human envenomations in the Amazon region [16]. In envenomed patients, the
intraspecific variability in B. atrox venom composition may hamper the patients’ prognosis
as venom isoforms are involved in distinct clinical symptoms [17]. In some cases, function-
ally relevant isoforms present in high levels in venoms of a particular group of snakes may
show lower reactivity with antivenoms and reduce the effectiveness of the treatment of
some victims of snakebite [15,18].

Genetic differences among populations may correspond to the expression of different
venom isoforms with distinct or similar functions [2,14]. However, venom variability also
occurs among specimens from the same geographical areas [2] and may occur during
the life span of individuals as ontogenetic variation related to an increase in body size,
allowing capture and digestion of larger prey [19,20].

Large rivers in the Amazon basin contain ecologically diverse habitats and these have
been associated with diversification in specific groups of vertebrates, such as birds [21]. In
the west of Pará State, Brazil, the Amazon River is wide and has distinct habitats, such as
upland forests on either bank and floodplain habitats. These represent distinct habitats
that could generate diversification in venom phenotypes. For the last few years, our stud-
ies have been focusing on the variability in venom composition in this particular region
of the Brazilian Amazon. Snakes have been collected at forest, pasture, and floodplain
areas on both banks of the Amazon river. Using genome-scale RADseq data, we showed
an interesting pattern of gene dispersal, suggesting a role for the Amazon River as a driver
of in situ divergence both by impeding (but not preventing) gene flow and through para-
patric differentiation along an ecological gradient [22]. The transcriptomes of the venom
glands from the snakes collected in the northern or southern banks of the river denoted
the same pattern of transcripts regarding the major toxin groups, but with the expression
of different alleles or paralogs in snakes from the northern or the southern banks [2].
Using the comprehensive transcriptomic annotations described above, we compared the
phenotype of pooled venoms from B. atrox snakes collected forest, pasture, or floodplain
habitats by comparing the major toxic activities with data from free-label proteomics of
the whole pools of venoms and the identification of relevant isoforms separated from
these pools by RP-HPLC chromatographies, also by the proteomics of each fraction [15].
We observed two predominant phenotypes: pooled venoms from the forest, pasture, and
degraded areas were more hemorrhagic, while the venom pool from snakes collected at the
floodplain was more procoagulant. However, these analyses used pooled venom samples
and so the level and significance of venom variation at the level of the individual snake
are not understood. This information could help clarify the relative importance of habitat
compared to individual variation as modulators of the venom variability observed in our
previous report [15].

Here, using individual venom samples extracted from the snakes collected at the
same habitats, and the proteomics information obtained previously, we investigated the
hypothesis that the heterogeneity in venom composition could be higher in more unsettled
environments. We found that the variability in the composition and functional activi-
ties is higher within individual venoms from snakes collected at the floodplain habitat,
an extremely dynamic environment subjected to drastic seasonal changes, thus supporting
our initial assumption. Moreover, our findings provide a deeper view of the main toxins
and biological activities related to the individual venom variability within these B. atrox
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groups and suggest that the functional diversity of the venoms appears to be relevant to
the ability of these snakes to persist in highly variable unsettled environments, such as the
floodplain habitat.

2. Results

2.1. Individual Variation of Venom Composition Is Associated with Habitats

Chromatographic analyses by RP-HPLC were our first approach to investigate the
individual variability of B. atrox venoms among the specimens collected in each habitat:
forest, pasture, degraded area, and floodplain. Overall, similar profiles can be seen in all
chromatograms, although the relative heights or areas of peaks varied greatly between
venoms even among snakes collected at the same habitat (Figure 1 and Supplementary
Figure S1, for individual chromatograms). In all venom chromatographies, the highest
peaks were eluted after 80 min, while peaks eluted between 50 and 70 min showed the
most variable area percentages, being higher in floodplain venoms and lower in pasture
venoms. According to our previous study [15], Snake Venom Metalloproteinases (SVMPs)
are the main components eluted after 80 min, while Phospholipases A2 (PLA2s), C-type
Lectin-like proteins (CTLs), and Snake Venom Serine proteinases (SVSPs) are the prevalent
protein families in the fractions eluted in the intermediate steps (50–70 min).

Figure 1. Chromatographic profiles of B. atrox venoms from different habitats west of Pará State,
Brazilian Amazon. Individual venom samples (5 mg) of B. atrox snakes collected at the forest, pasture,
degraded area, or floodplain were applied to a Vydac C-18 column. Mobile phases used were 0.1%
TFA in water (solution A) or 0.1% TFA in acetonitrile (solution B). Proteins were gradient-eluted
at 2 mL/min (5% B for 5 min, 5–15% B over 10 min, 15–45% B over 60 min, 45–70% B over 10 min,
70–100% over 5 min, and 100% B over 10 min). Separation was monitored at 214 nm.
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2.2. Population-Level Differentiation between Spatially Disparate B. atrox Groups

First, we identified the population-level differentiation among venoms of snakes
collected at the different habitats, based on the individual venom composition of each
group of snakes. The PERMANOVA analysis (Table 1) showed that the environment
explained 22.5% of the total variation in venom peak abundances in the sampled snakes
(df = 3.33, F = 3.2, p < 0.0001). Further exploration of these differences with compositionally
robust PCA (Figure 2, score plots) showed that PC1 largely differentiates floodplain from
pasture venoms. Forest and degraded venoms occupying an intermediate space on the PC1
axis. Components with the most prominent loadings are fraction 10 and the fractions eluted
after 85 min. The highest negative values of PC1, responsible for clustering the pasture
venoms, were fraction 23 (PC1 = −0.7308, PC2 = −0.6035) and fraction 21 (PC1 = −0.5028,
PC2 = −0.6410). These fractions were characterized in our previous study [15] as PIII-class
and PI-class SVMP isoforms, respectively. The highest positive values of PC1, responsible
for clustering the floodplain venoms, were fraction 20 (PC1 = 0.2958, PC2 = −0.3732),
fraction 24 (PC1 = 0.1241, PC2 = 0.2006), and fraction 10 (PC1 = 0.2284, PC2 = −0.0353),
which in our previous study have been characterized as different isoforms of the PIII-class
and PI-class SVMPs, with minor proportions of CTL isoforms, and an SVSP, respectively
(Figure 2, loading plots).

Table 1. Posthoc pairwise PERMANOVA analyses were used to test for significant venom composi-
tional differentiation among all pairs of populations.

Forest Pasture Floodplain Degraded Area

Forest <0.0001 <0.0001 0.34
Pasture 19.4 <0.0001 <0.0001

Floodplain 16.0 23.2 0.01
Degraded area 6.4 17.4 12.2

Values shown are p-values (above diagonal) and R2 values (below the diagonal) for each comparison.

 

Figure 2. Principal component analysis based on peak areas of B. atrox individual venoms according
to their chromatographic profiles by RP-HPLC, using a C-18 column. Score (A) and loading (B) plots
in 2D graphs of the principal components axes (PC1 = 36% and PC2 = 22.5%) of venoms from B. atrox
snakes captured in the forest ( ), pasture ( ), floodplain ( ), and degraded ( ) habitats.

In addition, posthoc comparisons of individual population pairs using PERMANOVA
showed that the spatially proximate degraded and forest habitats were the only locations
between which venom composition did not significantly differ. All other population pairs
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differed significantly, with the greatest degree of differentiation between the spatially
disparate floodplain and pasture populations.

Next, peak-by-peak comparisons showed that several chromatographic peaks con-
tributed to population-level differentiation among venoms. After FDR-correction, nine
peaks showed significant variation: Peaks 1, 3, 5, 7, 8, 12, 20, 21, and 23 (Figure 3).

Figure 3. Variation in the chromatographic fractions in B. atrox snakes from different habitats. The
centered log-ratio mean abundance for each reversed-phase high-performance liquid chromatography
peak was plotted. Negative numbers correspond to low-abundance peaks, whereas positive numbers
correspond to high abundance peaks. (*) Asterisks indicate peaks that show significant population-
level variation. X-axis labels correspond to RP-HPLC peak numbers (1 to 26).

In terms of comparisons between habitats, venoms from the forest or recently degraded
area were similar in relative peak abundances. Pasture venom was distinct with a higher
abundance of Peaks 5 and 7, which correspond to the acidic PLA2s, Peak 12, with CTL
as the major toxin, and Peaks 21 and 23, which include the SVMPs. Significantly lower
abundances were observed in pasture venoms for Peaks 8 and 20, which have as major
toxins PLA2s and PI-SVMPs, respectively. Peak 20 was practically absent in pasture venoms
(Figure 1). Floodplain venoms were distinct in peaks related to SVMPs and PLA2s: Peaks 1,
21, and 23, which contain SVMPs and disintegrins, were present at a lower abundance,
while Peak 20, which contains mostly PI-SVMPs, is at a comparatively higher abundance.
In peaks containing PLA2s, Peak 3, which contains K-49 basic PLA2s, is less abundant,
while Peak 7, which contains acidic PLA2s, and Peak 8, rich in D-49 basic PLA2s, were
proportionally higher in the venoms from the floodplain.

2.3. Venom Differentiation Is Not Limited to Rare (Low Abundance) Proteins

We also investigated whether the venom variability in B. atrox groups would be associ-
ated with the degree to which the venom proteins were expressed in the different habitats.
RP-HPLC peaks for each habitat were classified into two sets: low or high abundance,
based on the clr-transformed mean of each peak and a nonparametric MANOVA analysis,
as previously described [23], where rare proteins = the mean of an individual peak < the
geometric mean, and abundant proteins = mean of an individual peak > the geometric
mean (Figure 4). Proteins showing deviations off the middle line are those in which the
expression levels are different between the compared populations whereas those that are
on the line are similar.
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Figure 4. Comparisons of the degree of differentiation in low vs. high abundance proteins based on
chromatographic peak areas from B. atrox individual venoms. The clr mean was plotted for each
RP-HPLC peak across the different habitat (x-axis) and (y-axis) populations for B. atrox snakes. Bars
indicate the SE, a solid line indicates a perfect agreement, dashed lines indicate the origin (i.e., the
geometric mean), and proteins less than these values were considered low-expression proteins.

In our PERMANOVA analyses, only in the spatially proximate degraded and forest
habitats the venom composition did not significantly differ (Table 1). Accordingly, minor
differences in both rare and abundant proteins were observed between these populations,
which showed only slight differences in the rare proteins. However, in the populations
from the other habitats, the venom differentiation was not constrained to rare proteins.
On the contrary, in some cases, these proteins showed more similarity across populations
from different habitats (for example floodplain vs. forest; pasture vs. forest) than proteins
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classified as abundant. In fact, except for peak 23 (rich in PIII-class SVMPs), abundant
proteins showed differences across all habitats. Interestingly, the abundant proteins would
be closely related to the functional activity of the venom toward their prey. As shown
before [15], the conserved fraction 23 contains Batroxrhagin, a multifunctional PIII-class
SVMP extremely conserved in different samples of B. atrox venom [2]. However, in Figure 4,
we show that other abundant toxins are differentially expressed between the snakes from
different habitats: fraction 21, which predominantly contains a PI-class SVMP, had lower
expression in floodplain venoms; fraction 10, which contains mostly SVSPs, had higher
expression in floodplain venoms; and fraction 20, which predominantly contains a PI-class
SVMP and CTLs, was relatively over-expressed in venoms from pasture compared to the
other areas.

2.4. Specific-Level Differentiation among Venoms of Snakes Collected in the Same Environment

Once the variability among the groups was defined, we quantified intrapopulation
variability in venom composition, among specimens collected in close proximity in the
same areas. As shown in Figure 1, HPLC chromatograms show variable profiles within
venoms from snakes collected in the same environment (for more details see Supplementary
Figure S1). Consistent with this pattern, we found great heterogeneity in the percentage
area of each peak in the groups (Table 2).

In every habitat, individual venoms showed important differences in both their percent
area and the presence/absence of some peaks. Venoms from pasture and floodplain
snakes were again the most distinct among the individuals from the same group (Table 2;
Supplementary Figure S1), with venoms from the floodplain being the most heterogeneous.
From Table 2 we emphasize three regions: In the PLA2-eluting fractions (Peaks 3 and 5),
Peak 3 was absent in several chromatograms, but its absence is offset by the homogeneous
increase of Peak 5 in pasture specimens. Venoms from floodplain specimens showed the
most heterogeneous distribution of both PLA2 fractions. CTL fractions (Peaks 15–17) are
expressed at low but homogeneous levels in pasture venoms with increased variation in
venoms from the forest and degraded area, reaching the highest heterogeneity in venoms
from the floodplain. A notable observation is the high level of variation in the expression of
the peaks containing SVMPs (peaks from 21 to 23) in floodplain specimens. These are the
most abundant and homogeneous fractions in venoms from the other areas, but in venoms
from the floodplain, fraction 21 is very low or even absent in venoms of five specimens
while fraction 22, almost not present in venoms from other areas, is detectable in high
levels in venoms from four specimens from the floodplain, indicating a high variety of
SVMP isoforms venoms from snakes in this environment. It is important to note that the
higher variability observed in venoms from floodplain snakes is not due to the two distant
floodplain spots of snake collection. The differences appointed here can be observed within
the snakes collected at Santarém (ATXV 5, 7, 8, 9, and 16) or Oriximiná (ATXV 10, 11, 12,
and 13), which are approximately 300 km apart.

2.5. Differences in the Composition of Individual Venoms Resulting in Functional Variability

The most variable components among the venoms included SVMPs, SVSPs, and
PLA2s. Our next step was to evaluate some of the main biological activities related to these
protein families. With the goal of reducing the number of experimental animals for toxicity
tests for ethical reasons and due to the limited amounts of some individual venom samples,
venoms from only 16 specimens were evaluated per functional test, comprising four from
each habitat.
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As shown in Figure 5, individual variation was observed in the catalytic activities of
the major enzymatic components (SVMPs, SVSPs, and PLA2s) among the venom samples
from each habitat (Figure 5A,C,E), except in the venoms from the floodplain, in which the
SVMP catalytic activity was similar and low. There were significant differences among the
venoms collected at the same habitat in hemorrhagic (Figure 5B) and myotoxic (Figure 5F)
activities. The four venoms from the floodplain snakes (V5, V8, V13, and V16) induced
hemorrhagic spots comparable to those induced by snake venoms from the other habitats,
with an emphasis on the V8 snake, whose venom had the highest hemorrhagic activity in
the floodplain group. For myotoxic activity, the greatest variation was found among the
venoms from floodplain snakes: this group was the only one in which all tested venoms
showed statistically significant differences in activity (Figure 5F).

Figure 5. Functional assays: (A) SVMP catalytic activity: evaluated by hydrolysis of FRET substrate (Abz-AGLA-EDDnp),
expressed as RFU/min/μg of venom. (B) Hemorrhagic activity: evaluated by the size of the lesions observed 3 h after
venom injection (10 μg) into the dorsal skin of mice, and expressed in cm2. (C) SVSPs catalytic activity: evaluated by
hydrolysis of the chromogenic synthetic substrate (L-BAPNA), and expressed in Abs/min/μg of venom. (D) Pro-coagulant
activity: evaluated the clotting times measured by thromboelastography of recalcified plasma from chickens, and the results
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were expressed in terms of Coagulation Dose 50% (CD50). (E) PLA2s activity: evaluated by hydrolysis of the chromogenic
substrate (NOBA), and the results were expressed in Abs/min/μg of venom. (F) Myotoxic activity: evaluated by the
creatine kinase activity in mice serum 3 h after venom injection, and the results expressed in U/L. The data shown represent
the mean + SD of three independent experiments. Controls: PBS and venom pools from Bothrops jararaca—Jar; Bothrops
jararacussu—Jssu; Bothrops insularis—Ins. (*) Asterisks indicate significant variations among venoms from a same habitat.

The greatest within-group difference was found in procoagulant activity among the
floodplain snakes, in which the DC50 values varied from 0.0035 to 1.965 μg for V8 and V10
snakes, respectively (Figure 5D). No other group showed such a large variation in DC50
values. However, the wide range of activity in this group was mostly due to the very high
DC50 value of only one specimen (V10). On the other hand, pasture venoms were similar
in procoagulant activity with only a small amount of variation observed in the venoms
from the forest and degraded areas.

2.6. Individual Heterogeneity in Venom-Induced Lethality

Finally, to link functional variation to toxicity to specific prey, we decided to investigate
the ability of the venoms from each habitat to kill rodents (mice) or birds (chicks). We also
quantify individual variation in venom-induced lethality within the same habitat. Venoms
from five specimens from each habitat were injected into groups of six mice or six chicks,
and the time of death of the animals was monitored over 48 h (Figure 6).

Figure 6. Time of death induced by individual B. atrox venoms in avian and murine models. Single
doses of selected venom (200 μg) were injected i.p. into groups of six animals (mice or chicks). Next,
the deaths were followed up every hour until 6 h after, then at 12, 24, and 48 h after venom injection.
The data are representative of two independent experiments.
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We observed a great deal of variation in the lethal activity of venoms from individual
venoms from all groups analyzed. In venoms from the forest, degraded area, and pasture
areas, mortality of experimental animals was observed from 1 to 2 h after venom injection,
while in a number of cases, several animals survived through 48 h of observation. Similar
results were observed for both the mice and birds, which matches the generalist diet
preferences of B. atrox. There were some quite interesting patterns of toxicity in floodplain
venoms. These venoms had similar activity to venoms from the forest, pasture, and
degraded area when injected in mice. However, some venoms from the floodplain habitat
(V8 and V16) induced deaths only a few minutes after its inoculation in chicks, a pattern
that was not observed in mice. In addition, one venom (V12) was noticeably more lethal to
chicks, killing half the animals in the first two hours and all animals of the group within
24 h, whereas in mice, the same venom induced the death of only two animals, 12 and
24 h after inoculation. However, not all floodplain venoms were highly lethal to birds. The
V10 snake venom was much more lethal to rodents than to birds, killing all mice within
24 h, and only two chicks until the end of the experiment. The venom of snake V13 killed
the same number of chicks and mice (only 2), although at different time intervals. Similar
to the variations observed in the venom composition, the differential lethality to chicks
observed with floodplain venoms was not due to the two distant floodplain spots of snake
collection. Venoms that preferentially killed chicks were from snakes collected at Santarém
(ATXV 8 and 16) or Oriximiná (ATXV 12 and 13).

3. Discussion

In this study, we analyzed the influence of different environments on the individual
variability of venom samples obtained from B. atrox snakes captured in four different habi-
tats of the Brazilian Amazon: forest, pasture, degraded area, and floodplain. Our analyses
revealed clear differences in both venom composition and its biological activities among
snakes from different habitats. However, major differences were also observed among
venom samples collected from snakes in the floodplain habitat, a dynamic environment,
subject to periods of annual drought and floods.

In a previous report involving B. atrox snakes, the variability in venom composition
was attributed mainly to low-abundance proteins that would be a genetic reservoir for
quick adaptive changes [2], while the most abundant isoforms from each toxin family
were considered as “core toxins”, conserved in venoms of most specimens and responsible
for the major activities of the venom [2]. A similar observation was reported by Mar-
gres and collaborators [23], showing that, in Crotalus adamanteus, Sistrurus miliarius, and
Agkistrodon piscivorus snakes, the differences in the expression levels were present mostly
in the low-expression proteins. However, in the present study, both rare (low expression)
and abundant (high expression) proteins show contribute to venom variation within and
between snakes from different habitats.

For example, our data also showed that Peak 23 was composed mostly of Batroxrhagin,
a P-III class SVMP from B. atrox venom isolated by our group [24], was widely conserved
in all the 37 venoms analyzed, within and across all groups; this confirms a previous
observation [2] that Batroxrhagin would act as a “core toxin” in B. atrox venoms, acting on
important physiological targets of diverse prey types. In contrast, other abundant venom
proteins showed less conservation and could represent more specific or even “adaptive”
variation in these proteins. Clear examples of abundant fractions differentially expressed
between the groups are fraction 21, which contains predominantly a PI-class SVMP and had
lower expression in floodplain venoms; fraction 10, which contains mostly SVSPs and had
higher expression in floodplain venoms; and fraction 20, which contains predominantly
a PI-class SVMP and CTLs and is higher expressed in venoms from pasture compared to
the other areas. Other fractions rich in SVSPs and CLTs were also were variable. These
proteins participate to the hemorrhagic and coagulant activity of B. atrox venom and the
observed differences in expression of the isoforms may alter procoagulant activity and
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to promote differential lethality in rodents and birds, suggesting an important role of the
environment in selecting for venom variation.

Individual variation in the abundance of SVMPs, SVSPs, and PLA2s could have arisen
as a result of environmental differences between habitats. In our previous study [15], we
compared the functional profiles of pools of venoms from B. atrox snakes from the same
habitats and observed a less hemorrhagic and more procoagulant phenotype in the pool
of venoms from floodplain snakes. The pool of venoms from the floodplain snakes was
also significantly faster to induce clotting in several types of plasmas, including avian
plasma [25]. Here, we used similar experimental approaches to investigate the individual
variability within each group of snakes, introducing modifications in the tests of DC50,
which were performed in the presence of calcium, to ensure the detection of coagulotoxins,
dependent or not on this cofactor. In addition, our tests were performed with avian plasma
as previously reported [26,27], which allowed us to construct better dose–response curves
to assess the procoagulant effects of the individual venoms.

Venoms from B. atrox specimens from the floodplain showed low SVMP activity and
higher SVSP catalytic activities. However, the hemorrhagic and procoagulant phenotypes
observed in the pool of venoms were not consistent across all individual venoms collected
from this environment. Some individual venoms such as from V5 and V8 snakes, showed
both a potent procoagulant action on avian plasma and high hemorrhagic activities in mice.
Moreover, the higher DC50 value observed, which corresponds to the less procoagulant
venom, was precisely from a floodplain snake venom (V10), demonstrating that not all
snakes from the floodplain have venoms that induce potent clotting of avian plasma, but
the range of clotting activity was the highest in this environment.

Bernardoni and collaborators [3] analyzed Bothrops neuwiedi venom and found SVMPs
isoforms that are functionally different and capable of affecting different targets in the
hemostatic systems of birds, rodents, and humans. They suggested that some SVMPs
are less selective, guaranteeing the action of the venom on different targets, while other
isoforms are more selective, modulating the action of the venom for specific prey. More
recently, we also investigated the effects of these SVMP isoforms on amphibian plasma
(Rinella marina), demonstrating the coagulotoxic effects of these toxins on different types
of animal plasmas [18]. In the present study, some fractions rich in SVMPs had a very
variable distribution in the B. atrox venoms of all habitats and may be involved in the
variability observed in the coagulotoxic activity observed in these individual venoms.
In contrast, the major SVMP eluted in Peak 23 was very conserved in the venoms of all
37 specimens analyzed, confirming the previous assumption [2] that Batroxhagin is the
core SVMP of B. atrox venom. On the other hand, the strong hemorrhagic action observed
in some floodplain venoms (V5, V8, and V13), is compatible with a prominent increase of
the fractions represent by Peaks 21 and 22 that shows height/area comparable to the ones
observed in venoms from the other habitats. These peaks contain Atroxlisin-Ia, a PI-class
SVMP that induces hemorrhage comparable to the P-III class enzymes [28].

During envenomation, various components present in snake venoms can act syner-
gistically to cause the prey’s organism to collapse, which usually results in rapid death.
The speed to kill/immobilize prey is crucial for food acquisition of terrestrial viperids
during hunting [29,30]. Previous works also report that lethality profiles of snake ven-
oms can be variable in different animal models, such as mammals, birds, reptiles, and
amphibians [5,31]. For this reason, we included the functional characterization of the
individual venoms in two different animal models, birds (chicks) and mammals (mice).
We found substantial differences in venom activities in both, the number of test animals
dying, and the time of deaths in the two models. Forest venoms showed similar lethality
profiles in rodents and birds across individual venom samples, while venoms from pasture
and degraded areas were slightly more lethal to rodents. Of particular note, venoms from
floodplain snakes were highly variable according to their ability to prey on mammals or
birds. For example, the venoms of the snakes V8 and V16 were more toxic to chicks, induc-
ing deaths within few minutes in birds, even more quickly than the venom of B. insularis,
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a snake with a diet specialized in birds [32]. The venom of the snake V10 however was
more lethal to rodents. Interestingly, the venoms with the highest procoagulant activity are
more lethal to birds while V10 venom, the weakest procoagulant, killed predominantly
mice. The limitations imposed by the small available quantities of venom prevented using
the same individual venoms in all the functional tests performed or to carry out dose–
response analyses, hindering a more direct assessment of the relationship between lethality
and the other toxic activities evaluated.

Nevertheless, our findings strongly suggest that the procoagulant activity of the
floodplain venoms contributes significantly to their lethal effects in rodents and birds.
The most striking and differential characteristics of the floodplain venoms are its potent
effects on coagulation in different types of plasma. The venom of the snake V10 (from
floodplain habitat) was more efficient in killing rodents than birds, and this same venom
had the highest EC50 value on avian plasma. A possible explanation for the remarkable
action of some floodplain venoms on hemostasis and velocity to induce death in birds
could be directly linked to the floodplain environment, where these snakes were captured.
Floodplains are periodically flooded by the lateral overflow of waters rich in sediments
from the Amazon River. The floodplain regions alternate cyclical periods of drought and
flood, remaining flooded for a few months during the year, this seasonal variation being
driven by flood and precipitation seasons [33]. Balancing selection pressures could result
in greater venom heterogeneity, as evidenced by the differential lethality to rodents or
birds observed in some floodplain venoms, while the snake venoms from the other habitats
presented a more homogeneous lethality pattern.

In line with our findings, Smiley-Walters et al. [31] showed that variation in the
venom of Sistrurus miliarius at the population level has an adaptive role in terms of toxicity
to prey. Testing adaptive hypotheses requires careful analysis of phenotypic characters
whose variation has clear functional consequences. Venoms directly affect the ability of
an individual snake to immobilize and kill its prey [31,34–37]. For B. atrox, a snake with
a generalist diet that includes arthropods, frogs, lizards, birds, and small mammals [38,39],
the functional diversity of the venoms could represent a local adaptation of individual
venoms in each population to different sets of prey. Within an ecological context, the nature
of the interactions between species, including prey–predator relationships, may change
among populations [40,41], especially for species with a wide geographical distribution. of
the functional versatility and diversity of B. atrox venoms may explain its wide distribution
throughout all Amazon regions [7], reflectinghow this species adapts to prey communities
in different habitats.

4. Conclusions

Individual venom variation of B. atrox snakes, captured in different habitats within
the Brazilian Amazon, support the idea that dynamic environments may select for more
variable venoms. Such differential distribution of protein isoforms leads to differential
function and toxic effects on different prey. The fact that the greater heterogeneity in terms
of composition/toxicity of the venom was found in snakes from the floodplain habitat
suggests that balancing selection for expression of different isoforms could be enacted by
the drastic seasonal changes (drought/flood) present in this type of environment. Variable
selective pressures in different habitats may likely exert localized impacts on the venom
phenotype in a species with a wide geographic distribution, such as B. atrox.

5. Material and Methods

5.1. Snakes and Venoms

Thirty-seven male and female adult specimens of B. atrox snakes, with sizes ranging
from 71.2 to 124.5 cm, were captured in four environments at Santarem and Oriximiná,
in the western region of the state of Pará, Brazil (Supplementary Figure S2) under ICM-
Bio/SISBio license 32098-1 and SISGEN number A78BD88: (1) Pasture: ten adult snakes
were collected from a pasture area in the municipality of Oriximiná (ATXO 1, 2, 3, 5, 6,
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7, 9, 15, 16, 19) on the north shore of the Amazon River. This site was historically Terra
Firme forest characterized by large trees that were cleared for pasture ~20 years earlier.
(2) Floodplain (ATXV): five adults were collected from a seasonally flooded island in the
main course of the Amazon river near Santarem (at Urucurituba: ATXV 5, 7, 8, and 9; at
Tapará: ATXV 16) or Oriximiná (ATXV 10, 11, 12, 13). These areas are typical of floodplain
habitats subject to periodic flooding by the Amazon River and formed by the deposition of
sediments that have led to the formation of many islands. The typical vegetation consists
of grasses that grow on highly fertile alluvial soils. (3) Forest: ten snakes were captured at
the Floresta Nacional do Tapajós, a protected area located in the municipality of Belterra
(ATXF 24, 25, 26, 28, 29, 30, 31, 33, 34, and 35) next to the Tapajos River about 50 km south
of the Amazon River. This site also represents the upland Terra Firme forest. (4) Degraded:
eight snakes were collected at a recently degraded (ATXD 3, 4, 6, 7, 8, 9, and 10) area
contiguous to the forest area at Floresta Nacional do Tapajós, which was cleared for pasture.
After capture, the snakes were transferred to the Herpetarium of Laboratório de Pesquisas
Zoológicas, Universidade da Amazônia (UNAMA), in Santarém, PA. Venom samples were
collected using manual extraction techniques, freeze-dried, and kept at −20 ◦C until use.
Animal care and procedures used in the handling of snakes were undertaken according to
the guidelines and permits (CEUAIB 1244/14, Instituto Butantan, São Paulo, Brazil).

5.2. Chromatographic Analysis

The B. atrox venom samples were individually fractionated by reverse-phase high-
performance liquid chromatography (RF-HPLC) in the Vydac C18 column as previously
described [15]. The fractions had their toxin composition predicted according to peak shape
and retention time comparing to a previous standard chromatography of B. atrox venom
from snakes collected in the same areas from which components present in each fraction
were identified and quantified by free-label mass spectrometry [15].

5.3. Functional Assays
5.3.1. Enzymatic Assays on Synthetic Substrates

SVMP, SVSP, and PLA2 enzymatic activities of individual venoms from B. atrox were
assayed using synthetic substrates according to the procedures previously standardized
in our lab [42]. Briefly, the substrate used for SVMPs was Abz-AGLA-EDDnp substrate
(Peptide International, Gardner, MA, USA), and the results are expressed as Relative Fluo-
rescence Units-RFU/min/μg. The PLA2 activity was assayed using the substrate 4-nitro-
3-[octanoyloxy] benzoic acid (Enzo Life Sciences, New York, NY, USA) and activity were
determined according to the absorbance at 425 nm and expressed as Absorbance/min/μg
of venom. For SVSP catalytic activity, the chromogenic synthetic substrate benzoyl-arginyl-
p-nitroanilide (L-BAPNA) (Sigma-Aldrich®, St. Louis, MO, USA) was used and the hydrol-
ysis of the substrate was expressed as the increase in Absorbance/min/μg of venom. The re-
sults represent the mean ± SD of three independent experiments, undertaken in triplicate.

5.3.2. Procoagulant Activity

The procoagulant activity was evaluated in recalcified chicken (White leghorn) plasma,
obtained under license CEUAIB n◦ 13,710-14, Instituto Butantan, by thromboelastometry
using a four-channel ROTEM® system (Pentapharm, Munich, Germany), as previously
described [26]. The plasma was prepared as 3.2% citrated stock and stored at −80 ◦C until
needed in 1 mL aliquots. For the experiments, an aliquot was defrosted by placing it into
a 37 ◦C water bath for 10 min. Venom samples and controls were dissolved in PBS (60 μL)
and added in the specific cups with 20 μL of CaCl2 (0.02 M) and 260 μL of citrated plasma
(final volume = 340 μL), pipette-mixed, and the clotting time was immediately recorded.
PBS and ellagic acid were used as negative and positive controls, respectively. Under
such conditions, recalcified chicken plasma treated with PBS only is unclottable for at least
30 min (CT value = 1800 s). The results are shown as Coagulant Dose 50% (DC50), defined
as the amount of venom (μg) that reduces the CT parameter to 900 s.
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5.3.3. Venom Activities Using Animal Models

Hemorrhagic and myotoxic activities were carried out as previously described [43]
using male Swiss mice (18–20 g) under the approval of the Butantan Institute Ethics
Committee on Animal Use (Protocol Number: 13710-14). Briefly, for hemorrhagic activity,
samples containing 10 μg of each venom pool, diluted in 50 μL of PBS, were injected
intradermally into the dorsal skin of mice. After 3 h, the animals were euthanized in
a CO2 chamber, the dorsal skin was removed, and the hemorrhagic halos were measured.
Groups of 5 animals were tested, and control group animals were injected with PBS only
or B. jararaca venom (10 μg). Results represent the mean ± SE of the area of hemorrhagic
spots (cm2) from mice tested in at least 2 independent experiments. The myotoxic activity
was assayed using 50 μg of venom pools in 30 μL of PBS, injected intramuscularly into
the gastrocnemius muscle in Swiss mice. After 3 h, the animals were bled via ophthalmic
plexus and the sera were assayed for creatine-kinase activity with a commercial kit CK-UV
(Bioclin), according to the manufacturer’s instructions. Groups of 5 animals were tested,
and animals from the control groups were injected with PBS only or B. jararacussu venom
(50 μg). Results represent the mean ± SE of the CK activity in mice sera (U/mL) from mice
tested in at least 2 independent experiments.

The lethality induced by the venoms was tested in murine (Swiss mice 18–20 g
body weight) and avian (three days old Bovan chicks 20–30 g body weight) models with
protocols approved by the Animal Ethical Use Committees of the Instituto Butantan
(CEUAIB n◦ 13710-14). Groups of 6 mice or chicks were injected intraperitoneally with
a single dose (200 μg) of venom samples, diluted in 500 μL of PBS. Following injection,
the times of death for each group were recorded hourly until the sixth hour, and then
at 12, 24, and 48 h after inoculation of the samples. After 48 h, the surviving animals
were euthanized, using a CO2 chamber for the mice and injection of sodium pentobarbital
overdose for the chicks. The data obtained were graphed on a survival curve plot. The
tests were undertaken in two independent experiments.

5.4. Statistical Analysis

We tested for significant compositional differentiation using a hierarchical multivariate
approach that is robust to the compositional nature of the data [44]. First, we brought
the relative abundance data out of the compositional simplex space using the isometric
log-ratio (ilr) transformation, which also avoids the zero-sum constraint of the centered-log
ratio (clr) transformations but at the cost of one dimension of the data. The ilr-transformed
peak data were then subjected to permutational multivariate analysis of variance based
on distances using the adonis function from the vegan R package [45], with all peak
dimensions as a response and environment as a predictor. Significance and R2 were
estimated using 10,000 permutations of the raw data. We then visualized the venom
phenotype of each snake in multivariate space using robust principal components analysis
(PCA) as implemented in the pcaCoDA function from the robCompositions R package [46].

After detection of a significant global association between environment and venom
composition, we conducted pairwise posthoc PERMANOVA, as described above, between
the venom compositions of all pairs of environments to determine which environments
differed significantly. Lastly, we preserved the full dimensionality of the data but removed
the data from the simplex using the clr-transformation, to determine which peaks specif-
ically varied across environments. To do this, we use the lm function from R stats, with
the clr-transformed abundance of an individual peak as the response and environment of
origin as the predictor. We repeated this test for all 26 peaks and used the false-discovery
rate (fdr) approach to correct the p-values for multiple tests.

For the functional analyses (in vitro and in vivo assays), firstly, the data were evaluated
for a normal distribution (Shapiro–Wilk), and then differences among the means were
evaluated by one-way ANOVA, followed by a Tukey post-test (for multiple comparisons).
Data that did not meet the normality criteria were analyzed using a non-parametric test
(Kruskal–Wallis). Results represent the mean and standard deviation or standard error, as

217



Toxins 2021, 13, 814

appropriate, and the level of significance was set at p ≤ 0.05. Data were analyzed using
the GraphPad Prism statistical program (version 7.00 for Windows, GraphPad Software,
San Diego, CA, USA).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/toxinstoxins13110814/s1, Figure S1: Chromatographic profiles of B. atrox venoms of different
habitats from west of Pará State, Brazilian Amazon; Figure S2: Characteristics and localization of
areas of snake collection.

Author Contributions: Conceptualization, L.F.S. and A.M.M.-d.-S.; formal analysis, L.F.S., M.L.H.,
R.H.V.M., B.P., H.L.G. and A.M.M.-d.-S.; funding acquisition, A.M.M.-d.-S.; investigation, L.F.S.,
T.H.M.D.-R., M.M.T.R., R.H.V.M. and B.P.; methodology, L.F.S., M.L.H., T.H.M.D.-R., M.M.T.R., B.P.
and H.L.G.; project administration, A.M.M.-d.-S.; resources, H.M.C.; software, M.L.H.; supervision,
A.M.M.-d.-S.; writing—original draft, L.F.S.; writing—review and editing, L.F.S., M.L.H., R.H.V.M.,
H.L.G. and A.M.M.-d.-S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Coordenação de Aperfeiçoamento de Pessoal nível superior
(CAPES 063/2010-Toxinology-AUXPE 1209/2011); Fundação de Amparo à Pesquisa de São Paulo
(FAPESP 2016/50127-5; 2014/13124-2; 2017/15170-0) and Conselho Nacional de Desenvolvimento
Científico e Tecnológico (CNPq) (grant number 303958/2018-9). Additional support was provided
by Fundação de Amparo à Pesquisa do Estado do Amazonas-FAPEAM (PRO-ESTADO) to AMMS.
as Manaus Visiting Professor. LFS and THMDR were students in the Science Graduate Program—
Toxinology (Instituto Butantan).

Institutional Review Board Statement: This study was conducted according to the guidelines of
the Declaration of Helsinki. The snakes were captured under ICMBio/SISBio license 32098-1 and
SISGEN number A78BD88 and CEUAIB 1244/14, and its handling was undertaken according to
the guidelines and permits (CEUAIB 1244/14, Instituto Butantan). The procedures involving mice,
chickens, and chicks were approved by the Ethics Committee on Animal Use of the Instituto Butantan
(Protocol Number: 13710-14).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1. Calvete, J.J.; Juárez, P.; Sanz, L. Snake venomics. Strategy and applications. J. Mass Spectrom. 2007, 42, 1405–1414. [CrossRef]
2. Amazonas, D.R.; Portes-Junior, J.A.; Nishiyama-Jr, M.Y.; Nicolau, C.A.; Chalkidis, H.M.; Mourão, R.H.V.; Grazziotin, F.G.;

Rokyta, D.R.; Gibbs, H.L.; Valente, R.H.; et al. Molecular mechanisms underlying intraspecific variation in snake venom.
J. Proteom. 2018, 181, 60–72. [CrossRef] [PubMed]

3. Bernardoni, J.L.; Sousa, L.F.; Wermelinger, L.S.; Lopes, A.S.; Prezoto, B.C.; Serrano, S.M.T.; Zingali, R.B.; Moura-da-Silva, A.M.
Functional Variability of Snake Venom Metalloproteinases: Adaptive Advantages in Targeting Different Prey and Implications for
Human Envenomation. PLoS ONE 2014, 9, e109651. [CrossRef] [PubMed]

4. Holding, M.L.; Strickland, J.L.; Rautsaw, R.M.; Hofmann, E.P.; Mason, A.J.; Hogan, M.P.; Nystrom, G.S.; Ellsworth, S.A.;
Colston, T.J.; Borja, M.; et al. Phylogenetically diverse diets favor more complex venoms in North American pitvipers. Proc. Natl.
Acad. Sci. USA 2021, 118, e2015579118. [CrossRef] [PubMed]

5. Gibbs, H.L.; Mackessy, S.P. Functional basis of a molecular adaptation: Prey-specific toxic effects of venom from Sistrurus
rattlesnakes. Toxicon 2009, 53, 672–679. [CrossRef] [PubMed]

6. Casewell, N.R.; Wüster, W.; Vonk, F.J.; Harrison, R.A.; Fry, B.G. Complex cocktails: The evolutionary novelty of venoms. Trends
Ecol. Evol. 2013, 28, 219–229. [CrossRef]

7. Campbell, J.A.; Lamar, W.W. The Venomous Reptiles of the Western Hemisphere; Cornell University Press: Ithaca, NY, USA, 2004.
8. López-Lozano, J.L.; de Sousa, M.V.; Ricart, C.A.; Chávez-Olortegui, C.; Flores Sanchez, E.; Muniz, E.G.; Bührnheim, P.F.; Morhy, L.

Ontogenetic variation of metalloproteinases and plasma coagulant activity in venoms of wild Bothrops atrox specimens from
Amazonian rain forest. Toxicon 2002, 40, 997–1006. [CrossRef]

9. Saldarriaga, M.M.; Otero, R.; Núñez, V.; Toro, M.F.; Díaz, A.; Gutiérrez, J.M. Ontogenetic variability of Bothrops atrox and
Bothrops asper snake venoms from Colombia. Toxicon 2003, 42, 405–411. [CrossRef]

10. Guércio, R.A.; Shevchenko, A.; López-Lozano, J.L.; Paba, J.; Sousa, M.V.; Ricart, C.A. Ontogenetic variations in the venom
proteome of the Amazonian snake Bothrops atrox. Proteom. Sci. 2006, 4, 11. [CrossRef]

218



Toxins 2021, 13, 814

11. Salazar, A.M.; Rodriguez-Acosta, A.; Girón, M.E.; Aguilar, I.; Guerrero, B. A comparative analysis of the clotting and fib-
rinolytic activities of the snake venom (Bothrops atrox) from different geographical areas in Venezuela. Thromb. Res. 2007,
120, 95–104. [CrossRef]

12. Núñez, V.; Cid, P.; Sanz, L.; De La Torre, P.; Angulo, Y.; Lomonte, B.; Gutiérrez, J.M.; Calvete, J.J. Snake venomics and antivenomics
of Bothrops atrox venoms from Colombia and the Amazon regions of Brazil, Perú and Ecuador suggest the occurrence of
geographic variation of venom phenotype by a trend towards paedomorphism. J. Proteom. 2009, 73, 57–78. [CrossRef] [PubMed]

13. Calvete, J.J.; Sanz, L.; Perez, A.; Borges, A.; Vargas, A.M.; Lomonte, B.; Angulo, Y.; Maria Gutierrez, J.; Chalkidis, H.M.;
Mourao, R.H.V.; et al. Snake population venomics and antivenomics of Bothrops atrox: Paedomorphism along its transamazonian
dispersal and implications of geographic venom variability on snakebite management. J. Proteom. 2011, 74, 510–527. [CrossRef]

14. Moretto Del-Rei, T.H.; Sousa, L.F.; Rocha, M.M.T.; Freitas-de-Sousa, L.A.; Travaglia-Cardoso, S.R.; Grego, K.; Sant’Anna, S.S.;
Chalkidis, H.M.; Moura-da-Silva, A.M. Functional variability of Bothrops atrox venoms from three distinct areas across the
Brazilian Amazon and consequences for human envenomings. Toxicon 2019, 164, 61–70. [CrossRef] [PubMed]

15. Sousa, L.F.; Portes-Junior, J.A.; Nicolau, C.A.; Bernardoni, J.L.; Nishiyama, M.Y., Jr.; Amazonas, D.R.; Freitas-de-Sousa, L.A.;
Mourao, R.H.V.; Chalkidis, H.M.; Valente, R.H.; et al. Functional proteomic analyses of Bothrops atrox venom reveals phenotypes
associated with habitat variation in the Amazon. J. Proteom. 2017, 159, 32–46. [CrossRef]

16. Monteiro, W.M.; Contreras-Bernal, J.C.; Bisneto, P.F.; Sachett, J.; Mendonça da Silva, I.; Lacerda, M.; Guimarães da Costa, A.;
Val, F.; Brasileiro, L.; Sartim, M.A.; et al. Bothrops atrox, the most important snake involved in human envenomings in the amazon:
How venomics contributes to the knowledge of snake biology and clinical toxinology. Toxicon X 2020, 6, 100037. [CrossRef]

17. Moura-da-Silva, A.M.; Contreras-Bernal, J.C.; Cirilo Gimenes, S.N.; Freitas-de-Sousa, L.A.; Portes-Junior, J.A.; da Silva Peixoto, P.;
Kei Iwai, L.; Mourão de Moura, V.; Ferreira Bisneto, P.; Lacerda, M.; et al. The relationship between clinics and the venom of the
causative Amazon pit viper (Bothrops atrox). PLoS Negl. Trop. Dis. 2020, 14, e0008299. [CrossRef]

18. Sousa, L.F.; Bernardoni, J.L.; Zdenek, C.N.; Dobson, J.; Coimbra, F.; Gillett, A.; Lopes-Ferreira, M.; Moura-da-Silva, A.M.; Fry, B.G.
Differential coagulotoxicity of metalloprotease isoforms from Bothrops neuwiedi snake venom and consequent variations in
antivenom efficacy. Toxicol. Lett. 2020, 333, 211–221. [CrossRef]

19. Freitas-de-Sousa, L.A.; Nachtigall, P.G.; Portes-Junior, J.A.; Holding, M.L.; Nystrom, G.S.; Ellsworth, S.A.; Guimarães, N.C.;
Tioyama, E.; Ortiz, F.; Silva, B.R.; et al. Size matters: An evaluation of the molecular basis of ontogenetic modifications in the
composition of Bothrops jararacussu snake venom. Toxins 2020, 12, 791. [CrossRef]

20. Schonour, R.B.; Huff, E.M.; Holding, M.L.; Claunch, N.M.; Ellsworth, S.A.; Hogan, M.P.; Wray, K.; McGivern, J.; Margres, M.J.;
Colston, T.J.; et al. Gradual and Discrete Ontogenetic Shifts in Rattlesnake Venom Composition and Assessment of Hormonal
and Ecological Correlates. Toxins 2020, 12, 659. [CrossRef]

21. Harvey, M.G.; Aleixo, A.; Ribas, C.C.; Brumfield, R.T. Habitat Association Predicts Genetic Diversity and Population Divergence
in Amazonian Birds. Am. Nat. 2017, 190, 631–648. [CrossRef] [PubMed]

22. Gibbs, H.L.; Sovic, M.; Amazonas, D.; Chalkidis, H.; Salazar-Valenzuela, D.; Moura-Da-Silva, A.M. Recent lineage diversification
in a venomous snake through dispersal across the Amazon River. Biol. J. Linnean Soc. 2018, 123, 651–665. [CrossRef]

23. Margres, M.J.; Wray, K.P.; Seavy, M.; McGivern, J.J.; Herrera, N.D.; Rokyta, D.R. Expression Differentiation Is Constrained to
Low-Expression Proteins over Ecological Timescales. Genetics 2016, 202, 273–283. [CrossRef]

24. Freitas-de-Sousa, L.A.; Amazonas, D.R.; Sousa, L.F.; Sant’Anna, S.S.; Nishiyama, M.Y., Jr.; Serrano, S.M.T.; Junqueira-de-Azevedo, I.L.M.;
Chalkidis, H.M.; Moura-da-Silva, A.M.; Mourao, R.H.V. Comparison of venoms from wild and long-term captive Bothrops
atrox snakes and characterization of Batroxrhagin, the predominant class PIII metalloproteinase from the venom of this species.
Biochimie 2015, 118, 60–70. [CrossRef] [PubMed]

25. Sousa, L.F.; Zdenek, C.N.; Dobson, J.S.; Op den Brouw, B.; Coimbra, F.; Gillett, A.; Del-Rei, T.H.M.; Chalkidis, H.M.; Sant’Anna, S.;
Teixeira-da-Rocha, M.M.; et al. Coagulotoxicity of Bothrops (Lancehead Pit-Vipers) Venoms from Brazil: Differential Biochemistry
and Antivenom Efficacy Resulting from Prey-Driven Venom Variation. Toxins 2018, 10, 411. [CrossRef] [PubMed]

26. Oguiura, N.; Kapronezai, J.; Ribeiro, T.; Rocha, M.M.; Medeiros, C.R.; Marcelino, J.R.; Prezoto, B.C. An alternative micromethod to
access the procoagulant activity of Bothrops jararaca venom and the efficacy of antivenom. Toxicon 2014, 90, 148–154. [CrossRef]

27. Prezoto, B.C.; Tanaka-Azevedo, A.M.; Marcelino, J.R.; Tashima, A.K.; Nishiduka, E.S.; Kapronezai, J.; Mota, J.O.; Rocha, M.M.T.;
Serino-Silva, C.; Oguiura, N. A functional and thromboelastometric-based micromethod for assessing crotoxin anticoagulant
activity and antiserum relative potency against Crotalus durissus terrificus venom. Toxicon 2018, 148, 26–32. [CrossRef]

28. Freitas-de-Sousa, L.A.; Colombini, M.; Lopes-Ferreira, M.; Serrano, S.M.T.; Moura-da-Silva, A.M. Insights into the Mechanisms
Involved in Strong Hemorrhage and Dermonecrosis Induced by Atroxlysin-Ia, a PI-Class Snake Venom Metalloproteinase. Toxins
2017, 9, 239. [CrossRef]

29. Greene, H.W. Snakes. In The Evolution of Mistery in Nature; University of Califórnia Press: Berkeley, CA, USA, 1997.
30. Saviola, A.J.; Gandara, A.J.; Bryson, R.W.; Mackessy, S.P. Venom phenotypes of the Rock Rattlesnake (Crotalus lepidus) and the

Ridge-nosed Rattlesnake (Crotalus willardi) from México and the United States. Toxicon 2017, 138, 119–129. [CrossRef] [PubMed]
31. Smiley-Walters, S.A.; Farrell, T.M.; Gibbs, H.L. Evaluating local adaptation of a complex phenotype: Reciprocal tests of pigmy

rattlesnake venoms on treefrog prey. Oecologia 2017, 184, 739–748. [CrossRef]
32. Zelanis, A.; de Souza Ventura, J.; Chudzinski-Tavassi, A.M.; de Fátima Domingues Furtado, M. Variability in expression of

Bothrops insularis snake venom proteases: An ontogenetic approach. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 2007,
145, 601–609. [CrossRef]

219



Toxins 2021, 13, 814

33. McGrath, D.; Castro, F.; Futemma, C.; Amaral, B.; Calabria, J. Fisheries and resource management on the Lower Amazon
floodplain. Human Ecol. 1993, 21, 167–195. [CrossRef]

34. Thomas, R.G.; Pough, F.H. The effect of rattlesnake venom on digestion of prey. Toxicon 1979, 17, 221–228. [CrossRef]
35. Torres-Bonilla, K.A.; Schezaro-Ramos, R.; Floriano, R.S.; Rodrigues-Simioni, L.; Bernal-Bautista, M.H.; Alice da Cruz-Höfling, M.

Biological activities of Leptodeira annulata (banded cat-eyed snake) venom on vertebrate neuromuscular preparations. Toxicon
2016, 119, 345–351. [CrossRef]

36. Zimmerman, K.D.; Gates, G.R.; Heatwole, H. Effects of venom of the olive sea snake, Aipysurus laevis, on the behaviour and
ventilation of three species of prey fish. Toxicon 1990, 28, 1469–1478. [CrossRef]

37. Richards, D.P.; Barlow, A.; Wüster, W. Venom lethality and diet: Differential responses of natural prey and model organisms to
the venom of the saw-scaled vipers (Echis). Toxicon 2012, 59, 110–116. [CrossRef]

38. Martins, M.; Gordo, M. Bothrops atrox (common lancehead). Diet Herpetol. Rev. 1993, 24, 2.
39. Martins, M.; Marques, O.A.V.; Sazima, I.; Schuett, G.; Höggren, M.; Green, H.W. Ecological and phylogenetic correlates of feeding

habits in Neotropicalpitvipers of the genus Bothrops. In Biology of the Pit Vipers; Schuett, G.W., Höggren, M., Douglas, M.E.,
Greene, H.W., Eds.; Eagle Mountain Publishing: Tyler, TX, USA, 2002; pp. 307–328.

40. Harrison, R.A.; Moura-da-Silva, A.M.; Laing, G.D.; Wu, Y.; Richards, A.; Broadhead, A.; Bianco, A.E.; Theakston, R.D.G. Antibody
from mice immunized with DNA encoding the carboxyl-disintegrin and cysteine-rich domain (JD9) of the haemorrhagic metallo-
protease, Jararhagin, inhibits the main lethal component of viper venom. Clin. Exp. Immunol. 2000, 121, 358–363. [CrossRef]

41. Callaway, R.M.; Brooker, R.W.; Choler, P.; Kikvidze, Z.; Lortie, C.J.; Michalet, R.; Paolini, L.; Pugnaire, F.I.; Newingham, B.;
Aschehoug, E.T.; et al. Positive interactions among alpine plants increase with stress. Nature 2002, 417, 844–848. [CrossRef]

42. Knittel, P.S.; Long, P.F.; Brammall, L.; Marques, A.C.; Almeida, M.T.; Padilla, G.; Moura-da-Silva, A.M. Characterising the
enzymatic profile of crude tentacle extracts from the South Atlantic jellyfish Olindias sambaquiensis (Cnidaria: Hydrozoa).
Toxicon 2016, 119, 1–7. [CrossRef] [PubMed]

43. Sousa, L.F.; Nicolau, C.A.; Peixoto, P.S.; Bernardoni, J.L.; Oliveira, S.S.; Portes-Junior, J.A.; Mourao, R.H.V.; Lima-dos-Santos, I.;
Sano-Martins, I.S.; Chalkidis, H.M.; et al. Comparison of Phylogeny, Venom Composition and Neutralization by Antivenom in
Diverse Species of Bothrops Complex. PLoS Negl. Trop. Dis. 2013, 7. [CrossRef] [PubMed]

44. Margres, M.J.; McGivern, J.J.; Seavy, M.; Wray, K.P.; Facente, J.; Rokyta, D.R. Contrasting modes and tempos of venom expression
evolution in two snake species. Genetics 2015, 199, 165–176. [CrossRef] [PubMed]

45. Oksanen, J.; Kindt, R.; O’Hara, B. Vegan: Community Ecology Package. R Package Version 1.17-0. Available online: http:
//cran.r-project.org/web/packages/vegan/ (accessed on 12 September 2021).

46. Templ, M.; Hron, K.; Filzmoser, P. robCompositions: An R-package for Robust Statistical Analysis of Compositional Data. In
Compositiona Data Analysis: Theory and Applications; John Wiley & Sons: Hoboken, NJ, USA, 2011; pp. 341–355.

220



toxins

Article

Modulation of Adhesion Molecules Expression by Different
Metalloproteases Isolated from Bothrops Snakes

Bianca C. Zychar 1,*, Patrícia B. Clissa 2, Eneas Carvalho 3, Adilson S. Alves 4, Cristiani Baldo 5,

Eliana L. Faquim-Mauro 2 and Luís Roberto C. Gonçalves 1,*

Citation: Zychar, B.C.; Clissa, P.B.;

Carvalho, E.; Alves, A.S.; Baldo, C.;

Faquim-Mauro, E.L.; Gonçalves,

L.R.C. Modulation of Adhesion

Molecules Expression by Different

Metalloproteases Isolated from

Bothrops Snakes. Toxins 2021, 13, 803.

https://doi.org/10.3390/

toxins13110803

Received: 18 October 2021

Accepted: 9 November 2021

Published: 15 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 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 (https://

creativecommons.org/licenses/by/

4.0/).

1 Laboratory of Pathophysiology, Butantan Institute, São Paulo 05503-900, Brazil
2 Laboratory of Immunopathology, Butantan Institute, São Paulo 05503-900, Brazil;

patricia.clissa@butantan.gov.br (P.B.C.); eliana.faquim@butantan.gov.br (E.L.F.-M.)
3 Laboratory of Bacteriology, Butantan Institute, São Paulo 05503-900, Brazil; eneas.carvalho@butantan.gov.br
4 Department. of Physiology and Biophysics, Institute of Biomedical Sciences, University of São Paulo,

São Paulo 05503-900, Brazil; adilson@icb.usp.br
5 Department of Biochemistry and Biotechnology, State University of Londrina, Paraná 86051-990, Brazil;

critianibaldo@uel.br
* Correspondence: bianca.zychar@butantan.gov.br (B.C.Z.); luis.goncalves@butantan.gov.br (L.R.C.G.)

Abstract: Snake venom metalloproteinases (SVMP) are involved in local inflammatory reactions ob-
served after snakebites. Based on domain composition, they are classified as PI (pro-domain + proteolytic
domain), PII (PI + disintegrin-like domains), or PIII (PII + cysteine-rich domains). Here, we studied
the role of different SVMPs domains in inducing the expression of adhesion molecules at the mi-
crocirculation of the cremaster muscle of mice. We used Jararhagin (Jar)—a PIII SVMP with intense
hemorrhagic activity, and Jar-C—a Jar devoid of the catalytic domain, with no hemorrhagic activity,
both isolated from B. jararaca venom and BnP-1—a weakly hemorrhagic P1 SVMP from B. neuwiedi
venom. Toxins (0.5 μg) or PBS (100 μL) were injected into the scrotum of mice, and 2, 4, or 24 h
later, the protein and gene expression of CD54 and CD31 in the endothelium, and integrins (CD11a
and CD11b), expressed in leukocytes were evaluated. Toxins induced significant increases in CD54,
CD11a, and CD11b at the initial time and a time-related increase in CD31 expression. In conclusion,
our results suggest that, despite differences in hemorrhagic activities and domain composition of the
SVMPs used in this study, they behave similarly to the induction of expression of adhesion molecules
that promote leukocyte recruitment.

Keywords: Bothrops; metalloproteases; inflammation; microcirculation; adhesion molecules; leukocyte-
endothelium interactions

Key Contribution: We show that SVMPs with different domain compositions can induce the expres-
sion of adhesion molecules into the microvasculature of mouse cremaster muscle; independent of
their hemorrhagic activity, which can contribute to the knowledge of local inflammatory reactions
observed in Bothrops snakebites.

1. Introduction

Snakebite accidents in humans are a severe global health problem that mainly affects
the poor and economically active population, causing significant social issues [1,2]. The
World Health Organization (WHO) estimates that approximately 2.7 million snakebite
accidents occur annually worldwide. As a result of these accidents, an estimated 81,000 to
138,000 deaths occur, and 400,000 survivors experience permanent sequelae [3,4].

In Brazil, an average of 29,000 snakebites occur annually, resulting in approximately
120 deaths/year [5], in addition to underreported cases. Of these 29,000 envenomations,
approximately 90% are caused by snakes of the Bothrops genus [6].

In Bothrops snakebites, severe tissue loss at the site of the bite is observed as a result of
hemorrhage and an exacerbated local inflammatory response induced by the venom.

Toxins 2021, 13, 803. https://doi.org/10.3390/toxins13110803 https://www.mdpi.com/journal/toxins
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Among the components present in these venoms, metalloproteases are considered to
be some of the main factors responsible for local inflammation and necrosis [7–9].

Some of the most abundant proteins found in Bothrops venoms are snake venom
metalloproteinases (SVMPs), zinc-dependent proteinases that belong to the reprolysin
subfamily [10]. Analysis of the gene expression in the venom gland of Bothrops jararaca
(Bj) snakes showed that more than 50% of transcribed genes are SVMPs [10]. SVMPs are
classified as PI to PIII, according to the presence or absence of disintegrin and cysteine-
rich domains together with a typical metalloproteinase domain, at least in the precursor
molecule form [11].

Several hemorrhagic metalloproteases have been isolated from Bothrops jararaca venom
(BjV) [12–14]. One of the best characterized proteins is jararhagin (Jar), a protein with a
molecular weight of 52 kDa that contains PI, metalloproteinase, ECD-disintegrin (ECD:
Glu-Cys-Asp) and cysteine-rich domains [14], which are characteristics of an SVMP of
the PIII class. In general, the toxins belonging to this class are highly hemorrhagic, and
this activity depends on the metalloproteinase domain. However, ECD-disintegrin and
cysteine-rich domains have also been shown to be important for the biological functions of
these toxins [15–17].

Two forms of Jar are present in BjV: the molecule with the three domains, as described
above, and jararhagin-C (Jar-C), a nonhemorrhagic molecule containing only the ECD-
disintegrin and cysteine-rich domains produced by the proteolytic cleavage of Jar [18]. The
absence of the catalytic site in this toxin does not prevent the inflammatory activity of the
toxin. Jar-C triggers the local release of cytokines and induces alterations in leukocyte-
endothelium interactions, similar to the inflammatory response caused by Jar [9,19].

PI-class SVMPs contain only a catalytic domain, have a molecular mass ranging from
20 to 30 kDa, possess fibrin(ogeno)lytic activity, and mostly present weak hemorrhagic ac-
tivity. Metalloproteases isolated from Bothrops neuwiedi venoms (BnV), such as neuwiedase
(PI-class SVMP), degrade fibrinogen, fibrin, type I collagen, fibronectin, and laminin and
induce inflammatory reactions [20].

Two other PI-SVMPs analogous to neuwiedase were isolated from BnV: BnP1 and BnP2.
However, only BnP1 exerts biological effects similar to those of Jar on the hydrolysis of
coagulation factors, the degradation of extracellular matrix components, and the apoptosis
induction in endothelial cells. Nevertheless, Jar possesses strong hemorrhagic activity,
while BnP1 presents weak hemorrhagic activity [21].

The inflammatory response starts with sequential and orchestrated phenomena in the
vascular endothelium, resulting in the loss of vasomotor reactivity and cell recruitment.
Endothelial dysfunction causes an imbalance in microcirculatory homeostasis, activating
the immune response that triggers the production and release of inflammatory media-
tors, such as tumor necrosis factor-alpha (TNF-α), interleukin-1 (IL-1) and interleukin-6
(IL-6) and the subsequent release of vasoactive substances, alteration of blood flow and
increased vascular permeability and leukocyte migration to inflamed tissues after Bothrops
envenomation [19,22].

In addition, the release of these chemotactic agents mediates a sequence of adhesive
contacts between leukocytes and endothelial cells [23]. These adhesive contacts, as well as
the exit of these cells from postcapillary venules, are mediated by the expression of adhesion
molecules [24]. Leukocyte transmigration to tissue is composed of a complex series of
events depending on the time and expression levels of various adhesion molecules through
a precise mechanism with additive/cooperative interaction potential that is mediated by
the opening of junctions of adjacent endothelial cells (via para-cellular) or through the cell
body (transcellular) [25,26].

Cell adhesion molecules are glycoproteins expressed on the cell surface that mediate
contact between two cells or between cells and the endothelium. Three families of adhesion
molecules have been identified: (1) selectins, which are predominantly responsible for the
initial contact of leukocytes with the endothelial vasculature in the leukocyte recruitment
and “rolling” stages [27]; (2) integrins, which are composed of the α subunit, also known
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as CD11, and β subunit and mediate the firm adhesion of leukocytes to the endothelium,
especially integrins of the β2 or CD18 family [28]; and (3) CAMs (cell adhesion molecules),
proteins belonging to the immunoglobulin superfamily that are involved in adhesion and
migration between leukocytes and endothelial cells [27,28].

Few studies have examined the participation of different domains of metalloproteases
in inflammatory reactions, and even fewer have assessed their roles in modulating the
expression of adhesion molecules during the process of leukocyte recruitment and cell
migration after exposure to these toxins. An understanding of the mechanisms that
contribute to the inflammatory response caused by Bothrops envenomation may help
resolve the local reaction observed. Thus, this study investigated the effects of different
SVMP domains on modulating the expression of adhesion molecules on leukocytes and
the microvasculature of mice exposed to three different toxins isolated from Bothrops
venoms: Jar and Jar-C, which are a PIII-SVMP and disintegrin-like protein isolated from
BjV, respectively, and BnP1, a PI-SVMP with weak hemorrhagic action isolated from BnV.

2. Results

2.1. Expression of the ICAM-1 and PECAM-1 Proteins in the Cremaster Muscle

The microcirculation of the cremaster muscle in animals injected with the toxins Jar,
Jar-C, and BnP1 presented positive labeling for both adhesion molecules compared to the
microcirculation of the control group. When the levels of these proteins were quantified
using ELISA, these three toxins induced a similar pattern of protein expression based on
the level of fluorescence and time course of appearance (Figure 1A–E).

Toxins induced an increase ICAM-1 expression in the early stages (2 h and 4 h)
compared with the control group (Figure 1A,B); however, at 24 h postinjection, the group
that received BnP1 did not exhibit a morphological difference from the control group
(Figure 1C). Quantification using the immunoassay confirmed the increase in the expression
of ICAM-1 in groups injected with the toxins 2 and 4 h after the injection compared to
the control group. A statistically significant difference was observed in animals injected
with Jar between 2 and 4 h, and this pattern was exclusively induced by Jar (Figure 1D).
Twenty-four hours after the injection of those three toxins, the concentration of ICAM-1
returned to a value similar to its initial level and did not differ from the control group
(Figure 1D).

PECAM-1 expression in the microvasculature of cremaster muscle was significantly
increased 4 h and 24 h after the injection of the three toxins when compared to the control
group, as evidenced by the results of immunofluorescence assays (Figure 1B,C). The
quantification of PECAM-1 levels using ELISA revealed constitutive expression in the
control group, and an evident increase in the expression of this molecule was induced
by the three toxins over time. This difference was greater at 24 h after toxin injection
(Figure 1E). Notably, no nonspecific immunofluorescence labeling for the primary antibody
was observed, since staining was also conducted using samples from in naive animals
(data not shown).
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Figure 1. Expression of ICAM-1 and PECAM-1 in the cremaster muscle at different time points. The panels present
photomicrographs of immunofluorescence labeling analyzed using confocal microscopy at 2 h (A), 4 h (B) and 24 h (C) after
the subcutaneous injection of PBS, Jar, Jar-C or BnP1 (0.5 μg/100 μL) in the mouse scrotum. Bar, 50 μm. Quantification of the
protein levels of ICAM-1 (D) or PECAM-1 (E) in homogenates of cremaster muscle determined using ELISA. Absorbance
was measured at 492 nm. The results are presented as the means ± S.E.M. (n = 5). * p < 0.05 compared to the PBS group at
any time point. Different letters (a, b, c) in the same group represent significant differences (* p < 0.05).

2.2. Expression of mRNAs Encoding the Adhesion Molecules ICAM-1 and PECAM-1 in the
Cremaster Muscle of Mice

The expression of the mRNAs encoding ICAM-1 and PECAM-1 present on the vascular
endothelium of the cremaster muscle of mice was evaluated in samples obtained at 30 min,

224



Toxins 2021, 13, 803

2, and 6 h after the injection of Jar, Jar-C or BnP1 using real-time PCR and compared with
the nontreated control group (PBS). According to our results, the three toxins increased the
expression of the mRNA encoding the cell adhesion molecule ICAM-1 at 30 min after toxin
injection (Figure 2A).

Figure 2. Expression of mRNAs encoding the adhesion molecules ICAM-1 (A) and PECAM-1 (B) in cremaster muscle. Jar,
Jar-C, BnP1 (0.5 μg/100 μL) or PBS (100 μL) was injected, and the muscle was isolated for total RNA extraction. Gene
expression was quantified using real-time PCR. Graph bars show the relative expression of each mRNA compared with the
PBS group after normalization to the housekeeping gene β-actin. The results are presented as the means ± S.E.M. of three
independent experiments (n = 5) analyzed in triplicate. * p < 0.05 compared to samples treated with the control, # p < 0.05
compared to the BnP1 group.

The PECAM-1 mRNA expression pattern differed from that observed for ICAM-1.
PECAM-1 was expressed later (6 h) (Figure 2B). At the early time points of 30 min and 2 h,
the toxin-injected groups showed no significant differences from the control group. The
profile induced by Jar-C showed a slight but significant difference compared to the PBS
and BnP1 groups, as PECAM-1 expression decreased in the first 30 min (Figure 2B).

2.3. Expression of CD11a and CD11b on the Surface of Leukocytes Present in the Peritoneal
Exudates from Mice Injected with Different Toxins

The expression of the CD11a and CD11b adhesion molecules on the surface of leuko-
cytes present in the mouse peritoneal exudates was investigated using flow cytometry 4 h
after the injection of Jar, Jar-C or BnP1 and compared to the control group (Figures 3 and 4).
Leukocytes from the PBS-treated group showed basal expression of CD11a (Figure 3A,E),
and the number of cells expressing this molecule increased in the groups of mice injected
with the three toxins (Figure 3B–E).

The expression of CD11b was not detected in peritoneal exudate cells from the control
group. However, two other cell populations showed differences in the expression of the
CD11b molecule, i.e., one population exhibited intermediate expression of CD11b and was
designated CD11b+ cells, and the other exhibited high expression of this molecule and was
designated CD11b++ cells (Figure 4A,E,F). In groups injected with the toxins, an increase
in the CD11b+ population was observed compared to that observed in the exudate from
the group injected with PBS (Figure 4A–E), but no differences in the CD11b++ population
were observed (Figure 4F).
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Figure 3. Expression of CD11a on the surface of leukocytes present in the peritoneal exudate of mice injected with different
toxins. Peritoneal exudate cell suspensions were obtained within 4 h after the injection of PBS (A), Jar (B), Jar-C (C) or BnP1
(D) (2 μg/300 μL). Cells were incubated with anti-CD11a-FITC antibodies or isotype control-FITC. All incubations with
anti-CD11a-FITC were performed on duplicate samples and analyzed using flow cytometry. Histograms are representative
of one experiment. The bar graph shows the average numbers of CD11a-positive cells in each experimental group ± SD
from three independent experiments (E). * p < 0.05 compared to the PBS group.
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Figure 4. Expression of CD11b on the surface of leukocytes present in the peritoneal exudate of mice injected with different
toxins. Peritoneal exudate cell suspensions were obtained within 4 h after the injection of PBS (A), Jar (B), Jar-C (C) or BnP1
(D) (2 μg/300 μL). Cells were incubated with anti-CD11b-FITC antibodies or isotype control-FITC. All incubations with
anti-CD11b-FITC were performed on duplicate samples and analyzed using flow cytometry. Histograms are representative
of one experiment. The bar graph shows the average numbers of positively stained cells designated as CD11b+ (E) or
CD11b++ (F) in each experimental group ± SD from three independent experiments. * p < 0.05 compared to the PBS group.

3. Discussion

As shown in our study, three SVMP toxins, Jar, Jar-C, and BnP1, isolated from Bothrops
venoms, induce the expression of adhesion molecules on the microvasculature of murine
cremaster muscle. Each of these toxins shows essential differences in the compositions
of their structural domains. In general, PIII SVMPs (Jar) are more hemorrhagic than PI
SVMPs (BnP1), although both degrade extracellular matrix molecules [29,30]. The stronger
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hemorrhagic activity of PIII SVMPs has been attributed to the presence of a disintegrin-like
domain adjacent to the catalytic domain. This disintegrin domain favors the anchoring of
the molecule to the basement membrane, amplifying the hemorrhagic potential [30]. Some
SVMPs of Bothrops venoms degrade components of the basement membrane, increasing
vascular permeability, and induce the expression of adhesion molecules [30,31]. Although
Jar-C does not contain the catalytic domain, the ECD-disintegrin and cysteine-rich domains
have also been shown to be essential for the inflammatory function of these toxins [9,16].

Unlike the hemorrhagic action of the SVMPs, the toxins Jar, Jar-C, and BnP1 exerted
similar effects on inducing the expression of adhesion molecules responsible for changes
in the leukocyte-endothelium interaction, regardless of the composition of their domains.
Our results reveal the responses of endothelial and leukocyte cells to the presence of toxins
through the expression of the key molecules ICAM-1, CD11a, and CD11b in the early
stages of cellular migration and the expression of PECAM-1 in the late stages studied
(Figures 1–4).

Leukocyte recruitment is regulated by factors that alter microvessels to promote firm
adhesion and cell migration to the site of infection or tissue injury, inducing inflamma-
tion and subsequent tissue repair [25]. A cascade of events occurs to achieve this effect,
including endothelial cell activation, the release of inflammatory mediators and the expres-
sion of adhesion molecules. These processes are often amplified by pathogen-associated
molecular patterns (PAMPs) [32], damage-associated molecular patterns (DAMPs) [33] or
venom-associated molecular patterns (VAMPs) [34] that function as alarmins stimulating
the innate immune response alone or through interactions with cytokines and chemicals.

Bothrops venoms induce inflammatory responses and activate signaling pathways that
culminate in the transcription of inflammatory genes such as cytokines and eicosanoids [35,36],
inducing endothelial activation to promote capture, rolling, firm adhesion and cell migra-
tion [37,38].

Previous studies by our group have identified the critical role for SVMPs in the
proinflammatory cytokine action induced by Bothrops jararaca and Philodryas patagoniensis
venoms; both venoms contain a large amount of metalloproteases [8,39]. Additionally, we
recently reported that Jar, Jar-C, and BnP1 induce cell adhesion and migration in postcapil-
lary venules in the cremaster muscle of mice, as observed using intravital microscopy [9].
These data corroborate the increase in the expression of adhesion molecules observed in
the present study.

Other PIII SMVPs, namely HF3 isolated from Bothrops jararaca venom and patagonfi-
brase isolated from the Dipsadidae snake Philodryas patagoniensis, also induce changes in
leukocyte-endothelial interactions [39,40].

The recruitment of leukocytes to the injured tissues is a characteristic event of the
inflammatory response, and the leukocyte-endothelium interaction is promoted by the
expression of cell adhesion glycoproteins on the surface of leukocytes and endothelial cells.
This event occurs mainly when integrins on leukocytes bind to adhesion molecules on the
endothelium [23–25,41].

Increases in the expression of ICAM-2, PECAM-1, and Jam-A have been described
in the literature after the injection of TNF-α and IL-1β, and the interaction between these
adhesion molecules facilitates the migration of leukocytes to extravascular tissue [25,41].
Notably, the proinflammatory role of Jar might be attributed to its ability to process
the tumor necrosis factor (TNF-α) precursor [7], and it is still capable of inducing the
mRNA expression of proinflammatory cytokines such as TNF-α, IL-6, and IL-1β [42].
Additionally, once the leukocyte adheres to ICAM-1, this binding increases its avidity
through interactions with integrins, facilitating the transmigration process on the leukocyte
surface [43]. This observation might explain the increased expression of ICAM-1, CD11a
and CD11b observed in the first hours evaluated after the injection of the different toxins
(Figures 1, 2A, 3 and 4).

In general, leukocytes are recruited during an inflammatory insult, and this mobility
is essential for the defense of the organism. Neutrophils are more frequently observed
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and are quickly recruited and activated [41], although other circulating leukocytes also
participate in this process, depending on the inflammatory stimulus. Based on our results,
both LFA-1 (CD11a/CD18) and Mac-1 (CD11b/CD18) are expressed after the injection of
toxins, suggesting that both adhesion molecules participate in this leukocyte-endothelium
interaction. However, the differences between these molecules should be highlighted. Both
LFA-1 and MAC-1 are members of the β2 integrin family but are expressed in different cell
types. MAC-1 is present on neutrophils and monocytes [25,42], identifying the two types
of cell populations present in the peritoneal exudate from mice 4 h after the injection of the
different toxins (Figure 4), whereas LFA-1 is expressed on all effector leukocytes (Figure 3).

Phillipson et al. [44] described that the adherence of neutrophils to the activated
endothelium is mainly mediated by LFA-1, but intraluminal crawling, which follows adher-
ence and spreading, depends on MAC-1. Sumagin et al. [45] observed an increase in CD11b
expression in monocytes and a decrease in this expression in neutrophils in postcapillary
venules of the cremaster muscle of mice without inflammatory stimulation. Some authors
have also shown that the MAC-1 blockade prevents leukocyte recruitment [46,47]. The
balance and regulation of this signaling via integrins contribute to leukocyte transmigration
guided by endothelial cells.

PECAM-1 is the central adhesion molecule related to cellular transmigration. This
protein is expressed at high levels in endothelial cells. It accumulates in intercellular
contacts and is associated with the junctional regulation of endothelial complexes such
as β-catenin, VE-cadherin, and adherent endothelial junctions, signaling remodeling of
the cytoskeleton during the transmigration process [44,48]. We observed a significant
increase in the expression of the PECAM-1 mRNA (Figure 2B) and protein (Figure 1E) in
the cremaster muscle of mice injected with all toxins at the later time points compared with
the ICAM-1 molecule that is responsible for firm adhesion, which was expressed in the
first studied periods (Figures 1D and 2A).

These molecules have also been shown to play important roles in other studies exam-
ining Bothrops venoms. L-selectin, ICAM-1, and PECAM-1 molecules participate in the
leukocyte recruitment induced by Bothrops asper venom, or BaP1, a P1 SVMP [31,35]. This
inflammatory effect was related to the actions of inflammatory cytokines and leukotrienes
released by the venom that act on endothelial cells and leukocytes [49].

The results obtained in the present study confirm the importance of metalloproteases in
inducing the local inflammatory response observed in previous studies [49–51], particularly
in microcirculatory changes [8,9]. Nevertheless, our results reveal the initial participation
of the molecules ICAM-1, CD11a, and CD11b and the late expression of PECAM-1. This
expression follows the pattern of cell adhesion and migration in vivo and is compatible
with acute inflammation and consistent with results observed in other studies [9,38]. The
participation of other adhesion molecules in the observed changes should not be excluded.

4. Conclusions

In the present study, we compared different SVMPs: Jar, a PIII with high hemorrhagic
activity, Jar-C, which is devoid of hemorrhagic activity, and BnP1, a PI SVMP with low
hemorrhagic activity. Despite the differences in the composition and hemorrhagic actions
of these toxins, they similarly modulate the expression of adhesion molecules that pro-
mote leukocyte recruitment. In addition, their expression followed a sequential pattern,
consistent with the recruitment and adhesion processes that were observed in previous
in vivo studies performed using intravital microscopy. Therefore, we suggest a possible
mechanism underlying the leukocyte-endothelium interaction after exposure to snake
venom toxins. A similar pattern was observed even in other inflammatory pathologies.
These data contribute to the understanding of local reactions observed after envenomation
induced by Bothrops snakebites. The same approach can be used to evaluate if other toxins,
such as PLA2 and LAAO present in other Bothrops venoms, contribute to the inflammatory
process observed in this envenoming.
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5. Materials and Methods

5.1. Animals

Male Swiss mice weighing 20–25 g supplied by the housing facility of the Instituto
Butantan were used. The animals were maintained for two days in a 12:12 h light: dark cycle
and received water and food ad libitum, before experiments. All experimental procedures
were conducted according to the ethical parameters proposed by the International Society
of Toxinology and the Brazilian College of Experimental Animals and were approved by
the Ethical Committee for the Use of Animals of Butantan Institute (n◦ 466/08).

5.2. Toxins

Venoms of Bothrops jararaca and B. neuwiedi were obtained from snakes housed in
captivity at the Butantan Institute Serpentarium (Laboratório de Herpetologia). Jar and
Jar-C were isolated from B. jararaca snake venom, and BnP1 was isolated from B. neuwiedi
snake venom, as previously described [13,19,21]. The purity of toxins was tested using
12.5% SDS–PAGE under reducing conditions [52], and all samples were subjected to
treatment with Triton X-114 to remove eventual remaining LPS contamination [53]. After
Triton X-114 treatment, LPS absence was confirmed by the Limulus Amebocyte Lysate
test (LAL, Charles River). Jar and BnP1 used for the LAL assay were previously heated at
70 ◦C to inactivate the proteolytic activity, and the biological activities of toxins after Triton
X-114 treatment were tested by determining the hemorrhagic activity (Jar and BnP1) or
by performing a platelet aggregation inhibition assay (Jar-C). All the toxins used in the
experiments were LPS-free. The doses of toxins used were based in a previous study [9].

5.3. Expression of Adhesion Molecules
5.3.1. Evaluation of Protein Expression in Endothelial Cells of the Cremaster Muscle Using
Immunohistochemistry

Adhesion molecules expression was assessed 2, 4, or 24 h after the subcutaneous
administration of toxins (0.5 μg/100 μL) or 100 μL of phosphate-buffered saline (PBS, as
a negative control) in the scrotum (n = 5/group). For the immunohistochemical study,
animals were anesthetized and transcardiacally perfused with PBS followed by a fixative
solution comprising 4% paraformaldehyde (PFA) dissolved in 0.1 M phosphate buffer (PB,
pH 7.4). After perfusion, the cremaster muscle was collected, postfixed with 4% PFA for
6 h, and then transferred to cryoprotectant solution of 30% sucrose in PB for 48 h. The
cremaster muscle was incubated with anti-ICAM-1 and anti-PECAM-1 primary antibodies
(1:100, Biosciences Product) diluted in 0.3% Triton X-100 for 48 h at room temperature
with constant agitation. The tissue was washed with PBS (3 times/10 min) and incubated
with the secondary antibody (FITC-conjugated AffiniPure goat anti-mouse IgG and TRICT-
conjugated AffiniPure, Jackson ImmunoResearch Laboratories; diluted 1:50 in 0.3% Triton
X-100) for 2 h at room temperature. After three washes with PBS, the tissues were mounted
on slides with Vectashield (Vector Labs, Burlingame, CA, USA) [30]. The tissues were
stored at 4 ◦C, and the fluorescence was measured using a Zeiss confocal microscope (Zeiss
LSM Image Browser program version 4.0.0.157).

5.3.2. Evaluation of Protein Expression in Endothelial Cells of the Cremaster Muscle Using
Indirect ELISA Assays

Adhesion molecules expression was also evaluated using indirect ELISA assays [54]
after the same treatment described for the immunohistochemical assay. The cremaster
muscle was removed, placed in 200 μL of 1 M Trisma solution (pH 7.5) containing protease
inhibitors (EDTA 1 mM, PMSF 2 mM and aprotinin 0.3 μM), and disrupted with an
ultrasonic homogenizer. The homogenate was centrifuged at 12,000× g for 20 min at 4 ◦C,
and the protein present in the supernatant was quantified using the Bradford method.
ELISA microplate wells were coated overnight at 4 ◦C with 50 μg of protein diluted in
100 mM carbonate-bicarbonate buffer (pH 9.6). The plates were washed three times with
PBS-Tween (0.05%) and blocked with 1% bovine serum albumin (BSA) for 1 h at 37 ◦C.
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The plates were washed again and incubated overnight at 4 ◦C with anti-ICAM-1 and anti-
PECAM-1 antibodies (1:500, Biosciences Product). Then, after a new series of three washes,
the plates were incubated for 2 h at 37 ◦C with anti-IgG conjugated with peroxidase (1:2000
—Jackson ImmunoResearch Laboratories). The antibodies were diluted in 1% BSA/PBS-
Tween 0.05%. The reaction was visualized using 0.7 mg of OPD (o-phenylenediamine)
diluted in 100 mM phosphate-citrate buffer (pH 5.5) containing 0.05% H2O2, stopped after
10 min by adding 50 μL/well of 8 N H2SO4, and quantified by reading the absorbance
at 492 nm using an ELISA plate reader (Multiskan EX Thermo Scientific). All ELISA
experiments were performed in triplicate in three independent experiments.

5.4. Real-Time PCR Analysis of Gene Expression in Endothelial Cells of the Cremaster Muscle

The expression of adhesion molecule transcripts was measured 30 min, 2 h, and
6 h after the subcutaneous administration of toxins (0.5 μg/100 μL) or PBS (100 mL) as
a negative control into the scrotum. Total RNA was extracted from the dissected cre-
master muscle in TRIzol solution (Invitrogen) using an ultrasonic homogenizer. Five
micrograms of total RNA were reverse transcribed into cDNAs using Superscript III
RT (Invitrogen). Quantitative real-time PCR was performed in a Line Gene K Thermal
Cycler (Hangzhou Bioer Technology Co., Hangzhou, China) using a Platinum Syber
Green qPCR Supermix-UDG kit (Invitrogen) with the following thermal cycling pro-
tocol: 15 min at 95 ◦C followed by 40 cycles of 15 s at 95 ◦C, 30 s at 58 ◦C, and 30 s
at 72 ◦C. All procedures were performed according to the manufacturer’s instructions.
The primer sequences for mouse β-actin (FW: 5′CCCAGGCATTGCTGACAGG3′; RV:
5′TGGAAGGTGGACAGTGAGGC3′) were designed using sequence alignments obtained
from NIH/NCBI based on the published RNA sequence. The primer sequences for mouse
ICAM-1 (FW: 5′AAGGAGATCACATTCACGGT3′; RV: 5′GCCTCGGAGACATTAGAGAA3′)
and PECAM-1 (FW: 5′AGAGACGGTCTTGTCGCAGTA3′; RV: 5′CGCACACCTGGATCGG3′)
were obtained from the literature [55]. The relative mRNA expression level was deter-
mined using the 2−ΔΔCt (cycle threshold) method, and data were normalized to β-actin
mRNA expression levels. All real-time PCR experiments were performed in triplicate using
samples from three independent animals.

5.5. Integrin Expression in Peritoneal Leucocytes

The expression of CD11a and CD11b integrins in leukocytes that migrated to the
peritoneal cavity in response to toxin injection was evaluated using flow cytometry. For
this experiment, the mice were injected (i.p.) with toxins (2.0 μg/300 μL) or sterile PBS
and sacrificed in a CO2 chamber 4 h later. Their peritoneal cavities were washed with
5.0 mL of PBS. The peritoneal fluid was collected and centrifuged (1000× g/10 min at
4 ◦C), and the precipitate was resuspended in red blood cell lysis buffer and centrifuged
(1000× g/10 min at 4 ◦C). The pellet was resuspended in 1 mL of PBS. The total leukocyte
count was determined using an automatic veterinary hematology analyzer (Mindray BC
2800 VET). The peritoneal cells from different animals were pooled to obtain a concentration
of 106 cells/mL. Cells were incubated with anti-mouse FcγRII/RIII at a concentration of
1 μg/106 cells (BD System) for 30 min at 4 ◦C followed by washes with PBS containing
1% serum albumin (BSA) and centrifugation (300× g/10 min). The expression of different
molecules was analyzed by incubating the cells with 1:200 dilutions of Fluorescein (FITC)-
conjugated anti-mouse CD11a and CD11b antibodies for 30 min at 4 ◦C. All cell suspensions
were also incubated with the respective fluorescein-labeled isotype control monoclonal
antibodies (e-Bioscience). The cells were washed and resuspended in PBS containing 0.1%
paraformaldehyde. The flow cytometry analyses (104 events per data acquisition file) were
performed with FACSCalibur using Cell Quest software (Becton Dickinson). All flow
cytometry experiments were performed in triplicate in three independent experiments.
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5.6. Statistical Analysis

The results are presented as the means ± standard errors of the different mice/group
for each experiment and were analyzed using one-way ANOVA followed by Tukey’s test.
Differences in results were considered statistically significant when p < 0.05.
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Abstract: In the Brazilian Amazon, Bothrops atrox snakebites are frequent, and patients develop tissue
damage with blisters sometimes observed in the proximity of the wound. Antivenoms do not seem
to impact blister formation, raising questions regarding the mechanisms underlying blister formation.
Here, we launched a clinical and laboratory-based study including five patients who followed and
were treated by the standard clinical protocols. Blister fluids were collected for proteomic analyses
and molecular assessment of the presence of venom and antivenom. Although this was a small
patient sample, there appeared to be a correlation between the time of blister appearance (shorter)
and the amount of venom present in the serum (higher). Of particular interest was the biochemical
identification of both venom and antivenom in all blister fluids. From the proteomic analysis of the
blister fluids, all were observed to be a rich source of damage-associated molecular patterns (DAMPs),
immunomodulators, and matrix metalloproteinase-9 (MMP-9), suggesting that the mechanisms by
which blisters are formed includes the toxins very early in envenomation and continue even after
antivenom treatment, due to the pro-inflammatory molecules generated by the toxins in the first
moments after envenomings, indicating the need for local treatments with anti-inflammatory drugs
plus toxin inhibitors to prevent the severity of the wounds.

Keywords: Bothrops atrox; blister; local damage; DAMPs; snake venom; antivenom; snakebite

Key Contribution: Blisters are sometimes observed around the wound of patients bitten by the
Bothrops atrox snake. Blisters are associated with a poorer prognosis in local envenomations by
pit vipers as they increase the chance of infection and extensive necrosis of the local wounds, and
antivenoms have usually little impact on preventing blister formation. In this study, using clinical
and laboratory-based observations, we increased the knowledge about the mechanisms underlying
blister formation, which is initiated by the toxins very early in envenomation and continues even
after antivenom treatment, due to the pro-inflammatory molecules generated by the toxins in the first
moments after envenomings. This indicates the need for local treatments with anti-inflammatory
drugs plus toxin inhibitors to prevent the severity of the wounds.
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1. Introduction

Snakebite envenoming (SBE) is classified as a neglected tropical disease that mainly
affects rural areas in developing countries [1]. SBE victims display a wide array of symp-
toms and pathophysiology, largely depending on the type of snake that causes the wound,
as well as intrinsic factors, such as the site of the bite, amount of venom injected, the health
status of the victim, and the time elapsed before antivenom administration [2]. In Brazil,
the northern states, which include the Amazon Forest, have the highest SBE prevalence.
Bothrops atrox is the species responsible for the majority of SBE in the region, causing a
significant detrimental economic and public health impact on the rural communities [3,4].
In this region, the typical local symptoms observed in B. atrox envenomation patients
include edema, erythema, pain, and effects of tissue damage at the site of the bite, such as
necrosis, inflammation and occasionally blistering in the proximity of the wound [5–7].

Blister formation following SBE, particularly in the case of B. atrox, occurs well after
the bite [8,9]. Generally, blisters are related to a poor local prognosis as they increase the
chance of infection and necrosis [10–13]. What is unknown is why there is such a significant
delay in the formation of blisters following envenoming and why it appears antivenom
treatment does not seem to prevent the appearance of blisters. This leads to a further
question of what role venom components play in the pathophysiology of blister formation.
It would seem unlikely that the venom components play a direct role in causing a blister
given the delay in blister appearance, but perhaps it is possible they play an indirect role,
whereby the actions of venom on the host ultimately lead to the production of agents or the
activation of pathways that are known to produce blisters in other pathological conditions.

Some studies have attributed blister formation to snake venom metalloproteinases
(SVMPs) [14]. SVMPs represent a class of zinc-dependent enzymes with molecular masses
ranging from 20 kDa to 110 kDa [15]. This family of venom proteinases has been shown
to give rise to the signature of the local and systemic hemorrhage associated with viperid
SBEs, as well as playing a role in the recruitment of an immune infiltrate and the local
production of cytokines and chemokines [16–18]. These activities are primarily the result
of the proteolytic abilities of the SVMPs to degrade a variety of extracellular matrix (ECM)
components, including laminin, fibronectin, nidogen, and collagen, giving rise to both
structural and functional contributions to the pathophysiology of SBE [19,20]. These toxins
have also been implicated in inflammatory reactions associated with envenomation at
the onset of local tissue damage [18]. Furthermore, it is relevant that viperid venom
in general and its SVMP components, in particular, can produce a wound exudate rich
in damage-associated molecular patterns (DAMPs), which contribute to chemokine and
cytokine production and tissue permeability [12,13,21]. As such, it is possible that this is a
contributing factor by which venom and/or SVMPs may contribute to blister formation.

This report presents clinical and laboratory data derived from five B. atrox-envenomed
patients focusing on blister production in these patients. These data are discussed to
provide insight into blister formation in humans and how this may be important in other
features of post-acute envenomation disabilities, and how this information may be consid-
ered for application in the clinical care of snakebite patients.

2. Results

2.1. Clinical Observations

The clinical descriptions of the patients included in this study are presented in Table 1.
The severity of the envenomation was determined from the patient clinical data, which were
primarily focused on the extent of local edema throughout the bitten limb and systemic
manifestations of the patient [22]. Moderate envenomation is characterized by significant
pain, apparent edema that goes beyond the envenomed anatomical site, and sometimes the
presence of blistering. Severe envenoming is classified by the presence of intense pain and
extensive edema, involving the entire envenomed limb, often accompanied by blistering,
secondary infection, severe bleeding, hypotension, shock, and acute renal failure [22].
Based on these observations, three patients in the cohort (P1, P2, and P3) were clinically
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classified as suffering from “moderate” envenoming and two patients (P4 and P5) from
“severe” envenoming. All patients, except one, were envenomed in the foot and there
was a wide range of times recorded for the period of envenomation to hospitalization
(2 h–11 h). Notably, all patients received antivenom at the time of admission. The times
from envenoming until blister formation ranged from 63 h to 137 h. Surprisingly, a
review of the clinical data did not show any correlation between the time of envenoming,
hospitalization, antivenom administration, or envenoming severity with the time until the
formation of blisters. However, this could simply be a reflection of the small sample size in
this preliminary study.

Table 1. Clinical data of patients.

Clinical Data/Patient Patient 1 Patient 2 Patient 3 Patient 4 Patient 5

Envenomation severity Moderate Moderate Moderate Severe Severe

Gender Male Female Male Male Male

Bite site Foot Foot Foot Leg Foot

Tourniquet use No No No Yes No

Time until hospital admission 5 h 2 h 6 h 11 h 4 h

Time from hospital admission to
blister appearance 58 h 135 h 77 h 111 h 80 h

Time from envenomation to
blister appearance 63 h 137 h 83 h 122 h 84 h

Blister site * Foot Foot Foot Leg Foot

Pain
Time 0 10 8 7 10 10

Time 24 4 7 5 0 5

(0 to 10 scale) ** Time 48 0 5 4 0 0

Time 72 0 5 3 0 7

Time 144 0 4 2 8 0

Edema ***

Time 0 Moderate Moderate Mild Moderate Moderate

Time 24 Moderate Moderate Moderate Moderate Severe

Time 48 Moderate Moderate Moderate Moderate Severe

Time 72 Moderate Moderate Moderate Moderate Moderate

Time 144 Moderate Mild Mild Moderate Moderate

Ecchymosis No After 48 h No No No

Necrosis No No No No No

Infection No Yes Yes Yes Yes

Lactic Dehydrogenase #

Time 0 464 234 715 935 264

Time 24 335 221 501 305 255

Time 48 308 115 281 286 344

Time 72 313 283 302 328 255

Time 144 285 263 289 230 289

C-reactive protein ##

Time 0 6,5 6,5 48 96 6,5

Time 24 96 96 48 96 48

Time 48 96 96 192 24 48

Time 72 24 96 96 48 96

Time 144 48 96 96 12 48

* In all patients, blisters were hemorrhagic and appeared in the perilesional area, next to the bite. ** Pain (0–10) scale of 0 to 10 with 10 as
highest; *** Edema was classified according to its extension, in segments as recommended by the Brazilian Ministry of Health [22]: mild = 1
to 2 segments, moderate = 3 to 4 segments, and severe = 5 affected segments. # Lactic Dehydrogenase normal value 190 UI/l; ## C-reactive
protein normal value 0.8 mg/dL.
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The clinical data also provided insight into the systemic and local symptoms experi-
enced in this patient group. Firstly, from a review of the systemic markers, an increased
inflammatory state after envenomation was observed in all patients, as evidenced by in-
creased levels of C-reactive protein (CRP). All patients experienced increased CRP levels
from time 0 (immediately before antivenom treatment), which confirms that all patients
had an acute inflammatory condition following envenoming (Table 1).

From the analysis of the local symptoms, all five patients reported intense pain on
the day of hospital admission into the following day. All were noted to have the presence
of moderate to severe edema during the time of hospitalization. Interestingly, in this
particular patient cohort, blister formation was not evident until after a minimum of 58 h
from the time of hospital admission (Table 1). Furthermore, at admission, all patients
presented elevated levels of lactic dehydrogenase (LDH) (>190 UI/I), a marker indicative
of tissue damage, suggesting local damage was well underway at the time of admission
and subsequent antivenom administration.

An important aspect common to the northern region of Brazil, and observed in
some of these patients as well, is the long distances and difficulties in medical transport,
hence the time from the accident to the patient being seen at the hospital is often longer
than six hours [2]. The delays in patient care, along with the use of substances from
traditional medicine and inappropriate practices, such as tourniquets, may aggravate the
conditions at the bite site, leading to a high frequency of local complications resulting
from the envenomings [9]. It is important to emphasize that one of our patients reported
the use of tourniquets. Pardal and colleagues (2004) showed that tourniquet use is a
common practice in Bothrops accidents [23]. Our data showed that the patient (Patient 4)
who used a tourniquet before arrival at the hospital showed more severe inflammatory
clinical parameters (Table 1). This observation highlights the importance of avoiding
alternative methods of envenomation treatment, which may aggravate the patient’s clinical
condition [22].

In general, it is considered that antivenom administration is relatively modest in its
effectiveness at preventing local tissue damage from SBEs. The reason for the lower local
efficacy of antivenom has been attributed to the low likelihood of the antivenom reaching
the tissues in time to neutralize the critical venom components involved in local damage.
In this study, all patients received antivenom therapy well after envenomation and all had
delayed blister formation. This suggests that the mechanism through which blisters are
formed, regardless of their delayed appearance, happens very early in envenomation.

2.2. Laboratory Characterization for the Presence of Venom and Antivenom in Patient Serum and
Blister Fluid

Previously, we have shown the presence of venom proteins in human blister fluid
resulting from snakebites [12], and therefore we investigated whether venom proteins and
antivenom were present in this cohort of patients’ blisters, as well as the relative amount of
venom present in their serum. We used enzyme-linked immunosorbent assay (ELISA) to
evaluate the venom protein concentration present in the serum of patients taken at the time
of admission, before antivenom administration, and in their blisters that developed at much
later times (Figure 1A). Not unexpectedly, the patients had varying venom concentrations
in their serum, no doubt reflecting many different factors. Interestingly, patients 1, 3, and 5
who showed higher levels of serum concentration of venom were also the patients who
had the shorter time intervals between envenomation and blister formation suggesting a
higher venom amount injected at the time of the bite and thus potentially a more rapid
and possibly higher production of the agents involved in subsequent blister formation.
Another interesting observation from these data is that Patients 2 and 5 had higher venom
concentrations in their blister fluid compared with their serum, suggesting that venom
proteins were preferentially concentrated in the tissues adjacent to the wound.
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Figure 1. Quantitative analysis of snake venom and antivenom by enzyme-linked immunosorbent
assay (ELISA). (A) Venom concentration in the serum at the time of patient admission and in the blister
fluid. (B) Antivenom concentration in the blister fluid. (C) Comparative analysis of B. atrox venom
and antivenom in the blister fluid. Results are expressed as the mean ± sd of three independent
readings. *—p< 0.1; **—p < 0.05, ***—p < 0.01.

Figure 1B shows the concentrations of antivenom measured in the contents of the
blisters. The presence of antivenom was observed in blister fluids of all patients; however,
the relative amounts of antivenom in the blister fluids were variable with Patients 1 and
4, being significantly higher than Patients 2, 3, and 5. Finally, we compared the protein
concentrations of both venom and antivenom in the blister fluid (Figure 1C). In all cases,
there appeared to be a higher protein concentration of antivenom compared with the
venom in each blister, suggesting that the venom components are likely to be complexed
with antivenom, with a significant amount of uncomplexed antivenom remaining in the
blister. Hence, it is probable that most of the venom components found in the blister
did not play a significant direct role in situ for blister formation, but acted to initiate a
multi-factorial process well before the blister formation.

To determine whether uncomplexed antivenom was present in the blister fluids
as well as to possibly get a sense of what venom components they could detect, we
performed Western blots of the fluid against B. atrox venom. As seen in Figure 2, all
patients’ fluids collected from the blisters contained antibodies able to react with B. atrox
venom components. A closer examination of the Western blots suggested the presence of
antibodies in Patients 1, 2, and 4, which could recognize higher molecular mass targets
consistent with PIII-class SVMPs (~50 kDa). Interestingly, none of the blister fluids had
antibodies that recognized the targets in the region of the PI-class SVMPs (~20 kDa). One
potential explanation for this is that the antibody population in circulation represents the
antibodies that remain after neutralizing venom components early in antivenom infusion.
Thus, it may be that much of the PI-SVMP neutralizing antibodies were depleted from
the antivenom before fluid filling these blisters, which appeared well after envenomation
and antivenom treatment. However, we also have to consider that the Bothrops antivenom
presents a higher reactivity to PIII-class SVMPs, recognizing preferentially epitopes located
at the Disintegrin-like/Cysteine Rich Domains [24]. Regardless, it is fascinating that both
venom, likely in complex with antivenom, and uncomplexed antivenom were detected in
the blister fluid. The role this may play, if any, in blister formation will be discussed below.
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Figure 2. Recognition of B. atrox venom antigens by the antivenom present in the Blister fluids.
B. atrox venom was electrophoresed under reducing conditions in 12% SDS-PAGE gels (Ven). Proteins
contained in the gels were transferred to nitrocellulose membranes, which were incubated with the
patients’ blister fluids (1–5), and the capacity of the antivenom present in the blister content to bind
to venom proteins was detected by chemiluminescence using peroxidase-labeled anti-horse antibody
and substrate. The images were captured after 15 s of membrane exposure. The positive control (C+)
was the commercial antivenom similar to the one used to treat the patients, and the negative control
(C−) was the plasma from a volunteer who never received antivenom as treatment. The numbers at
the left indicate the migration of molecular mass markers and at the right, the bands corresponding to
PIII-class snake venom metalloproteinases (SVMPs), PI-class SVMPs, and Phospholipases A2 (PLA2).

2.3. Proteomic Characterization of Patient Blister Fluids

A total of 647 proteins were identified in the blister fluid from the five patients
(Supplementary Table S1). Cluster analysis of these data did not provide any correlation to
the clinical nor laboratory observations (data not shown). Proteins found in all of the blister
fluids were compared to the control serum and included DAMPs, immunomodulators,
complement, and ECM proteins (Table 2). Most of the complement proteins were of a
lower abundance in the blister fluid than in the control serum, which is not surprising
given that it is likely much of the complement system was activated and consumed by
envenomation [25]. Interestingly, as observed in our previous studies [12,13,21], there was
an increase in a variety of DAMPs in the fluids compared with the control serum, most
notably the S100 protein family. In addition, several patients’ fluids showed an increase in
ECM components, such as the collagens. Another observation was the increase in matrix
metalloproteinase-9 (MMP-9) in four of the five patients’ blister fluids (Table 2). As MMP-9
has been implicated in blister formation, this was to be expected [26,27].
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Table 2. Most abundant extracellular matrix proteins, immunomodulators, and damage-associated molecular patterns
(DAMPs) identified in blister fluids.

Identified Proteins Ac. Number Patient 1 Patient 2 Patient 3 Patient 4 Patient 5
Control
Serum

Complement C3 P01024 106 128 69 264 101 122
Complement factor B P00751 2 4 4 4 5 56

Complement C4-B P0C0L5 0 0 3 28 2 37
Complement component C7 P10643 0 0 0 0 1 25
Complement component C9 P02748 0 0 0 0 1 21

Complement factor H Q03591 0 0 5 0 5 20
Complement factor I P05156 0 0 1 0 0 16

Complement C1s P09871 0 1 2 3 1 16
Complement component C8 P07357 0 0 2 0 1 15

Complement C1r Q9NZP8 1 0 0 4 0 13
Complement factor H-related

protein 1 Q03591 0 0 0 0 1 2

Complement C2 Q8SQ75 4 5 0 22 2 0
Fibrinogen alpha chain P02671 32 37 11 30 14 13

Fibrinogen gamma chain P02679 1 3 9 7 12 0
Fibrinogen beta chain P02675 0 2 12 6 11 0
Serum amyloid A-4 P35542 0 0 2 1 2 9

Proteoglycan 4 Q92954 0 2 0 0 0 2
Heat shock 70 kDa protein 1B P0DMV9 6 25 18 6 37 0

Heat shock protein HSP
90-alpha P07900 0 0 4 0 3 0

Heat shock protein HSP
90-beta P08238 0 0 1 0 2 0

Basement membrane-specific
heparan sulfate proteoglycan

core protein
Q05793 0 0 0 1 0 0

Putative histone H2B type
2-C Q6DN03 0 0 4 2 0 0

Histone H4 P35059 0 8 30 15 0 0
Myosin regulatory light

chain sqh P40423 0 0 1 0 1 0

Myosin-9 P35579 0 6 50 6 84 0
Protein S100-A4 P26447 11 10 6 4 4 0
Protein S100-A6 P06703 3 4 2 0 5 0
Protein S100-A8 P05109 2 5 6 8 23 0
Protein S100-A9 P06702 0 10 19 11 44 0

Protein S100-A12 P80511 0 6 6 6 17 0
Protein S100-A11 P31949 2 3 7 4 8 0

Protein S100-P P25815 3 5 3 3 8 0
Annexin A1 P04083 0 0 0 1 4 0
Annexin A3 P12429 0 5 0 4 56 0
Annexin A5 Q5R1W0 0 0 0 0 19 0
Annexin A6 P08133 0 0 0 0 4 0

Alpha-2-HS-glycoprotein P02765 30 15 5 25 3 39
Vitronectin P04004 2 6 2 4 6 32
Fibronectin P04937 0 1 4 0 2 17

Lumican P51884 7 0 1 14 0 10
Proteoglycan 4 Q92954 0 2 0 0 0 2

EGF-containing fibulin-like
extracellular matrix protein 1 O35568 0 0 1 1 0 2
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Table 2. Cont.

Identified Proteins Ac. Number Patient 1 Patient 2 Patient 3 Patient 4 Patient 5
Control
Serum

Collagen alpha-1(III) chain P02461 0 0 0 1 0 0
Collagen alpha-1(I) chain P02452 1 0 2 12 3 0

Collagen alpha-1(VI) chain P12109 0 0 0 4 0 0
Collagen

alpha-1(XXVII) chain Q5QNQ9 0 0 1 0 0 0

Collagen alpha-3(VI) chain P12111 0 0 1 0 0 0
Matrix metalloproteinase-9 P14780 0 1 6 1 13 0

Olfactomedin-4 Q6UX06 0 0 0 4 21 0
The numbers in each cell are the abundance, according to the normalized spectra count. The red boxes represent values twice higher; blue
boxes represent values twice lower; white boxes represent values without significant difference compared to the normal human serum.

Following the molecular analysis of the endogenous factors, which likely contribute
to local damage, we identified the presence of immunomodulators and DAMPs. These
were generally observed to be at a higher abundance in the blister fluid than the normal
serum (Table 2), reflecting the fact that DAMPs and immunomodulators are well-described
markers associated with a pro-inflammatory effect. The presence of immunomodulators
and DAMPs in blister fluid suggests that the local microenvironment could at some level
be contributing to the blistering phenomenon.

Thus, from the analyses of the local effects, it suggests that blistering is a molecu-
lar process that may involve some snake venom toxins, from which SVMPs are good
candidates. SVMPs are responsible for ECM protein degradation and the subsequent
release of endogenous pro-inflammatory molecules, which increase vessel permeability
and contribute to tissue damage and blister formation [21,28,29]. In this context, in the
blister contents we found some products associated with ECM degradation, DAMPs, and
immunomodulators triggered by snake venom toxins. Rucavado and colleagues (2016)
investigated the presence of proinflammatory molecules in the exudate generated from the
action of snake venoms in experimental models early after venom injection. Proteomics
studies showed the presence of cytokines and DAMPs released after 1 h of snake venom
inoculation. In addition, the injection of these same exudates into mice skin increased
vascular permeability. These findings suggest that DAMPs and cytokines present in the
exudate may interfere with hemostasis through inflammatory pathways, such as Toll-like
receptors (TLRs) [21].

The molecular mechanism for tissue damage and blister formation in SBEs by acti-
vating the cascade of immunomodulators and TLRs can also be related to endogenous
proteinases (MMPs). Endogenous proteinases can be released by infiltrating inflammatory
cells triggering proteolytic and inflammatory cascades, which indicates a crucial role of a
metalloprotease in wounds [27,30]. In bullous pemphigoid disease, an increasing perivas-
cular inflammatory infiltration and activity of endogenous metalloproteinases, especially
MMP-9 enhancing blisters, has been observed [26,27]. The presence of MMP-9 in the
blister content from our patients suggests a combined action of endogenous and exogenous
proteinases in pathophysiological events. MMPs can be up-regulated by the activation
of Toll-like receptor pathways (TLR-4 and TLR-2) [31]. This leads to the speculation that
MMP-9 in the blister may act on local ECM proteins and contribute to the blistering effect.

3. Discussion

In general, there is a paucity of studies on snake venom-induced blistering, although
when observed in patients they can be quite dramatic, even though they do not significantly
contribute to venom morbidity. In one study using an animal model of toxin-induced
blister formation, a PI SVMP, BaP1, from Bothrops asper was shown to cause blister for-
mation within an hour of injection of 80 μg of the toxin into mouse muscle [14]. In the
wound exudate, endogenous MMPs and the toxin were identified along with several
extracellular matrix fragments. This suggested to those authors that the SVMP and the
endogenous MMPs likely were involved in blister formation via proteolytic degradation
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of matrix proteins involved in epidermal/dermal association. Another investigation of
blister formation utilizing the same toxin, but in a mouse ear model, also produced a rapid
formation of blisters [32]. The authors attributed blister formation to the direct proteolytic
action of the SVMP on known substrates at the dermal–epidermal junction, such as col-
lagen type IV and laminin. In spite of the use of these elegant models, it is difficult to
expect that they fully reflect the situation of blister formation in envenomed humans. In
the mouse studies, the authors used a relatively high concentration of the toxin, which
could be why blisters formed so rapidly in those models and thus could be attributed to
a direct effect of the toxin on key proteins involved with dermal/epidermal association.
Furthermore, mouse skin is quite different from human skin, primarily in that human skin
is significantly thicker and firm, whereas mouse skin is thinner and loose, being comprised
of only two or three cell layers in the epidermis compared to five to ten in humans [33].
Therefore, it seems unlikely that the mechanism of blister formation by the direct action of
SVMPs at the dermal–epidermal junction is the same in humans, and thus this warrants
different considerations.

In this study, we identified the presence of immunomodulators and DAMPs in blister
fluid. These were generally observed to be at a higher abundance in the blister fluid in
comparison with normal serum, reflecting the fact that DAMPs and immunomodulators
are typically associated with a pro-inflammatory effect, contributing, at some level, to blis-
tering phenomenon. Another important observation was that both antivenom and venom
reach and remain in the envenomation region for a long period. However, the presence of
antivenom in the blister did not prevent local tissue damage or blister formation. These ob-
servations highlight the immediacy of venom action at the site of envenomation activating
endogenous pathways that promote tissue damage even after antivenom administration.
In this study, it was evident that antivenom reaches the injured limb, and the activation
of such endogenous pro-inflammatory pathways explains the general considerations that
antivenom administration is relatively modest in its effectiveness in preventing local tis-
sue damage in patients. Blister formation could be an independent process of the local
protective effect of antivenom.

In this context, our results suggest that the pathophysiology of blister formation
is more likely related to the generation of proinflammatory molecules (DAMPs and im-
munomodulators) by the toxins before antivenom administration. Although blisters do
not play a significant role in morbidity, our investigation also illustrates how the initial
action of the venom can contribute to pathophysiology that occurs at a relatively long
period after envenoming, regardless of treatment with antivenom. The mechanism by
which blisters are formed may be extended to other effects, leading to tissue damage in
these patients, which may also be induced before antivenom administration. Finally, as has
been long recognized, there remains an urgent need for therapeutic approaches that can
rapidly be deployed at the envenomation site to attenuate the toxic activities that occur
virtually immediately and have long-lasting effects, both locally and systemically. In this
regard, our data strongly support the need for local treatments with anti-inflammatory
drugs plus toxin inhibitors to prevent the severity of the wounds.

4. Materials and Methods

4.1. Ethical Statement and Clinical Data Collection

Patients included in the study (5) were hospitalized due to snakebite, at the Fun-
dação de Medicina Tropical Dr. Heitor Vieira Dourado (FMT-HVD), a reference hospital for
snakebite treatment in Manaus, State of Amazonas, Brazil. Eligible patients were those diag-
nosed with clinical signs of envenomation by Bothrops snakes, which developed blisterings
at the bitten limb during the time of hospital treatment. This study was approved by the
Ethics Review Board of FMT-HVD (approval number CAAE 19380913.6.0000.5016/2013).
All participants signed a consent form after an explanation of the study aims. Upon ad-
mission, epidemiological and clinical information were collected using a standardized
questionnaire. Envenomation was classified as mild, moderate, or severe, according to
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the Brazilian Ministry of Health guidelines [22]. The presence of pain, local bleeding,
ecchymosis, necrosis, and systemic bleeding were also recorded. Patients were treated
according to the Brazilian Ministry of Health protocols [22]. To collect the blister fluids,
the area was cleaned using 2% chlorhexidine, and the fluid was collected using a sterile
needle (13 × 4.5 mm) and a 1mL syringe. Subsequently, blister fluid was aliquoted and
transferred to a sterile microtube and frozen at −80 ◦C until analysis.

4.2. ELISA Quantification of Antivenom and Venom in Blister Contents

For antivenom detection, a 96-well plate was coated for 18 h at room temperature with
10 μg/mL of B. atrox venom in PBS (100 μL/well). The plates were then washed with PBS
containing 0.05% TWEEN 20 solution and then blocked for 2 h at 37 ◦C with 300 μL/well
of phosphate-buffered saline (PBS) containing 2% bovine serum albumin (BSA). After
blocking, the plates were washed and incubated for 2 h at 37 ◦C with the blister fluid
1000 times diluted in PBS containing 1% BSA and 0.05% TWEEN 20 or different dilutions
of the standard curve, prepared with a known concentration of IgG (Fab’2 fragment)
isolated from the same antivenom used for patient treatment. After a new washing step,
peroxidase-labeled anti-horse IgG antibodies (SIGMA) were placed in each well, 2000 times
diluted, and incubated at 37 ◦C for one hour. Antigen/antibody binding was detected by
the addition of ortho-phenylenediamine. The antivenom concentration was calculated by
linear regression of the standard curve. The same methodology was used for the detection
of venom in the blister fluids, in which the plates were coated with Bothrops antivenom
in a PBS buffer. After washing, the plates were incubated for 4 h at 37 ◦C with blister
fluid (diluted 1:5 in PBS containing 1% BSA and 0.05% TWEEN 20) and the standard curve
was prepared with B. atrox venom at known concentrations. The reaction was detected by
rabbit serum anti-B. atrox venom followed by the addition of peroxidase labelled sheep
anti-rabbit IgG (SIGMA) and ortho-phenylenediamine. The plates were read using a
wavelength of 492 nm, and the venom concentration was calculated by linear regression
of the standard curve. Experiments were carried out in triplicate and the results were
expressed as mean ± S.E.M.

4.3. Western Blot of Antivenom in Blister Contents

The reactivity of blister contents with venom proteins was evaluated by Western blot.
Briefly, B. atrox venom was electrophoresed under reducing conditions in 12% dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels. Proteins contained in the gels
were transferred to nitrocellulose membranes, which were blocked for 2 h at 37 ◦C with
500 μL of PBS containing 2% BSA (SIGMA-USA). Then, each membrane was incubated
overnight at 4 ◦C with blister fluids from each patient, diluted at 1:2 in PBS containing
1% BSA. Following incubation, the membranes were washed with PBS containing 0.05%
TWEEN. The capacity of the antivenom present in the blister content to bind to snake venom
proteins immobilized on the nitrocellulose membranes was detected by chemiluminescence
using peroxidase-labeled anti-horse antibody and ®Super Signal West Pico substrate from
Thermo Scientific (Waltham, MA, USA). The images were captured after 15 s of membrane
exposure. The positive control was Butantan commercial antivenom, similar to the one
used to treat the patients, and the negative control was the plasma from a volunteer who
never received antivenom as treatment.

4.4. Proteomic Analyses

The proteins (~10 ug) contained in the patient blisters and the serum of normal volun-
teers were submitted to reduction with 10 mM dithiothreitol (DTT) in 0.1 M ammonium
bicarbonate and alkylation with 50 mM iodoacetamide in 0.1 M ammonium bicarbonate
(both room temperature for 0.5 h). The samples were then digested overnight at 37 ◦C with
1 μg trypsin in 50 mM ammonium bicarbonate. The samples were acidified with acetic
acid to stop digestion and were then spun down. The supernatant was evaporated to 20 μL
for liquid chromatography–mass spectrometry (LC–MS) analysis.
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The LC–MS system utilized for proteomic analyses was a Thermo Electron Q Exactive
HF mass spectrometer system with an Easy Spray ion source connected to a Thermo
75 μm × 15 cm C18 Easy Spray column (through pre-column). Samples of 1 μg were
injected and the peptides eluted from the column by an acetonitrile/0.1 M acetic acid
gradient at a flow rate of 0.3 μL/min over 2.0 h. The nanospray ion source was operated
at 1.9 kV. The analysis produces approximately 25,000 MS/MS spectra of ions ranging in
abundance over several orders of magnitude. The data were then analyzed by database
searching using the Sequest search algorithm against Uniprot Human. An analysis of
the spectra generated was performed using carbamidomethylation on cysteine as a fixed
modification, with oxidation of methionine as a variable modification. For the analysis
of the results and validation of peptide and protein identifications, data obtained were
exported to Scaffold (version 4.3.2, Proteome Software Inc., Portland, OR, USA).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/toxins13110800/s1, Supplementary Table S1: Protein identification in blister fluids of B. atrox
snakebite patients and serum of control volunteers by LC-MS.
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Abstract: Hemorrhage induced by snake venom metalloproteinases (SVMPs) is a complex phe-
nomenon that involves capillary disruption and blood extravasation. HF3 (hemorrhagic factor 3) is
an extremely hemorrhagic SVMP of Bothrops jararaca venom. Studies using proteomic approaches
revealed targets of HF3 among intracellular and extracellular proteins. However, the role of the
cleavage of plasma proteins in the context of the hemorrhage remains not fully understood. The
main goal of this study was to analyze the degradome of HF3 in human plasma. For this purpose,
approaches for the depletion of the most abundant proteins, and for the enrichment of low abundant
proteins of human plasma, were used to minimize the dynamic range of protein concentration, in
order to assess the proteolytic activity of HF3 on a wide spectrum of proteins, and to detect the
degradation products using mass spectrometry-based untargeted peptidomics. The results revealed
the hydrolysis products generated by HF3 and allowed the identification of cleavage sites. A total of
61 plasma proteins were identified as cleaved by HF3. Some of these proteins corroborate previous
studies, and others are new HF3 targets, including proteins of the coagulation cascade, of the comple-
ment system, proteins acting on the modulation of inflammation, and plasma proteinase inhibitors.
Overall, the data indicate that HF3 escapes inhibition and sculpts the plasma proteome by degrading
key proteins and generating peptides that may act synergistically in the hemorrhagic process.

Keywords: Bothrops jararaca; HF3; human plasma; proteolysis; snake venom metalloproteinase

Key Contribution: Application of untargeted peptidomics to identify the degradome of human
plasma proteins incubated with a potent hemorrhagic SVMP, HF3 of B. jararaca. Sixty-one proteins
were identified as cleaved by HF3; in four types of plasma preparations; and are involved in the
systemic effects triggered by the SVMP.

1. Introduction

Among the drastic consequences of viperid snakebite envenomation, manifestations of
local tissue damage, such as hemorrhage and myonecrosis, may result in permanent tissue
damage and sequelae [1,2]. In cases of severe envenomation, bleeding in organs distant from
the site of bite, such as the heart, lungs, kidneys, and brain, may also occur [3–5]. Coagu-
lopathy, including procoagulant, blood-clotting, fibrinolytic, and anticoagulant effects, is
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another cause of morbidity and mortality upon viperid snakebite accidents [6,7]. Local and
systemic effects of viperid envenomation involve the synergistic effects of snake venom met-
alloproteinases (SVMPs) on plasma proteins, connective tissue, platelets, and blood vessels.
SVMPs are zinc-dependent enzymes classified in the M12B subfamily of metallopeptidases,
in which the P-III class protein precursors are comprised pro-, catalytic, disintegrin-like,
and cysteine-rich domains [8]. SVMPs target specific capillary basement components,
cell surface proteins, and extracellular matrix and plasma proteins, thereby promoting
capillary rupture and content extravasation, and resulting in hemostasis disturbance and
hemorrhage [8–11].

HF3 is a very potent P-III class SVMP of Bothrops jararaca venom that induces local
hemorrhage with minimum hemorrhagic doses of 15 ng on rabbit skin, and 160 ng on
mouse skin [12,13]. The precursor of HF3 is composed of 606 amino acid residues, includ-
ing five putative N-glycosylation sites. The calculated molecular mass of the mature form
of HF3 is 46 kDa, whereas on SDS-PAGE, it shows a mobility corresponding to a protein of
~70 kDa, indicating that it is heavily glycosylated [13,14]. HF3 was shown to degrade pro-
teins of the plasma and extracellular matrix, including fibrinogen, fibronectin, vitronectin,
von Willebrand factor, collagens IV and VI, laminin, matrigel, antithrombin III, complement
components C3 and C4, prothrombin, and plasminogen in vitro [9,15]. Moreover, HF3
showed degradation or limited proteolysis of the proteoglycans aggrecan, brevican, bigly-
can, decorin, glypican-1, lumican, mimecan, and syndecan-1 [15]. Proteins extracted from
the hemorrhagic dorsal skin of mice injected with HF3 were submitted to SDS-PAGE and
immunostained with specific anti-proteoglycan antibodies, resulting in the demonstration
of in vivo cleavage of biglycan, decorin, glypican-1, lumican, and syndecan-1 [15]. Interest-
ingly, HF3 cleaved the platelet derived growth factor receptor (PDGFR; alpha and beta),
and PDGF, in vitro, and both receptor forms were also detected as degraded in vivo in the
hemorrhagic process generated by HF3 in the mouse skin [15]. Moreover, the proteolytic
activity of HF3 is not affected by plasma proteinase inhibitors, including α2-macroglobulin,
which is cleaved by HF3 [16]. The disintegrin-like and cysteine-rich domains of HF3 play
a role in its activities upon cells, as reported on their ability to inhibit collagen-induced
platelet aggregation, to activate macrophage phagocytosis mediated by αMβ2 integrin, and
to induce inflammation by increasing leukocyte rolling in the microcirculation [14,17,18].

The potent hemorrhage generated by HF3 on the mouse skin was analyzed using
proteomic approaches, which corroborated the hydrolysis of intracellular, extracellular, and
plasma proteins, including some proteoglycans [19]. Indeed, the cleavage of proteoglycans
suggested a critical role of the destabilization of the mouse skin integrity in the hemorrhagic
process generated by HF3, along with the release of pro-inflammatory fragments acting
in the imbalance of tissue homeostasis [15,19]. Despite the strong evidence of the role of
proteolysis in the local hemorrhage promoted by SVMPs, the full substrate repertoire of
HF3 is unknown. Recently, we reported positional proteomic studies of HF3 cleavage sites
in mouse embryonic fibroblast secreted proteins using terminal amine isotopic labeling
of substrates (TAILS), which revealed a number of substrates, including proteins of the
extracellular matrix and focal adhesions, and the cysteine protease inhibitor cystatin-C [20].
Proteomic identification of cleavage site specificity (PICS) was also used for identifying
cleavage sites and sequence preferences in peptides upon incubation with HF3. Two studies
using tryptic libraries of proteins from human plasma [21] and from THP-1 monocytic
cells [20] revealed a clear preference for leucine at P1′ position and the influence of amino
acid sequences adjacent to the scissile bond in the substrate specificity of HF3, similarly to
other metalloproteinases from viperid venoms [22].

The aim of this study was to gain new insights into the mechanisms of hemorrhage
production by HF3 by expanding the analysis of the substrate repertoire of this SVMP on
plasma proteins. To this end, approaches for the depletion of the most abundant proteins
and for the enrichment of low abundant proteins of the human plasma were used to
minimize the dynamic range of protein concentration. In order to assess the proteolytic
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activity of HF3 on a wide spectrum of proteins, we used untargeted peptidomics to detect
the degradation products by mass spectrometry.

2. Results

The aim of this study was to evaluate the proteolytic activity of HF3 on human plasma
proteins. In order to overcome the large protein dynamic range and complexity of hu-
man plasma [23,24], four different types of human plasma preparations were compared in
in vitro incubations with HF3: whole plasma [P(W)]; plasma depleted of albumin [P(Alb-D)];
plasma depleted of 20 most abundant proteins [P(20-MAP-D)]; and plasma enriched of
low-abundance proteins [P(LAP-E)]. Further, the resulting degradation products present
in the peptide fraction were analyzed by LC-MS/MS and a database search using tools of
Mascot in conjunction with the Trans-Proteomic Pipeline (TPP) and PEAKS Studio. An
overview of the study is provided in Figure 1, as well as the nomenclature used for the
different plasma fractionation methods.

Human plasma

Depletion/Enrichment strategies

Blue Sepharose CL−6B ProteoPrep20 ProteoMiner

P(Alb−D) P(20−MAP−D) P(LAP−E)P(W)

Incubation with HF3 or vehicle (1:100 w/w, 2 h, 37 °C)

Protein precipitation (12 h, −20 °C)

Peptide fraction separation (centrifugation 14,000g, 10 min, 4 °C)

P(Alb−D) P(20−MAP-D) P(LAP−E)P(W)

Peptide fraction LC-MS/MS 

Data validation
TRANS-PROTEOMIC 

PIPELINE
FDR ≤ 1%

Database search and 
validation

PEAKS STUDIO 7
FDR ≤ 1%

Database search
MASCOT

De novo sequencing
PEAKS STUDIO 7

Figure 1. Experimental workflow for the analysis of the proteolytic activity of HF3 on human plasma proteins. Human
plasma was depleted of (i) albumin, or (ii) 20 most abundant proteins, or (iii) enriched of low abundant proteins. Whole
plasma [P(W)], albumin-depleted plasma [P(Alb-D)], plasma depleted of the 20 most abundant proteins [P(20-MAP-D)],
and plasma enriched of low abundant proteins [P(LAP-E)] were individually incubated with HF3, or vehicle, for 2 h at 37
◦C. Peptide fractions from control (C) or HF3-treated (T) samples were obtained and analyzed by LC-MS/MS, and peptides
were identified using Mascot in conjunction with the TPP and PEAKS Studio.
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Three individual experiments of incubation of plasma proteins with HF3 were carried
out with each of the four types of plasma samples, P(W), P(Alb-D), P(20-MAP-D), and
P(LAP-E), and the following criteria were used in the untargeted peptidomic analysis to
accept a protein as being cleaved by HF3: (i) peptides identified in the control samples
were disregarded in the analysis, therefore only proteins that showed peptides identified
exclusively in the sample of plasma treated with HF3 were considered; (ii) only proteins
identified in at least two experiments were considered.

2.1. Electrophoretic Profiles of Plasma Samples Incubated with HF3

As shown in Figure 2, the three methods used for the decomplexation of the plasma
proteome to achieve adequate sampling of proteins resulted in distinct electrophoretic
profiles, containing proteins of 15−250 kDa. The incubation of these plasma samples
with HF3 resulted in protein bands that decreased in intensity in the treated plasma in
comparison to the control plasma, indicating proteins that may have been degraded by
HF3. The bands that increased in intensity in the treated plasma indicated HF3 proteolysis
products derived from proteins of higher molecular mass. In the case of P(W) incubated
with HF3, it was possible to observe an increase in the intensity of bands in the region
above 225 kDa, and a slight variation in the mobility of an intense band in the region of
52 kDa. P(Alb-D) treated with HF3 showed a decrease in the intensity of bands of ~140 kDa
and above, and also a small alteration in the mobility of the ~52 kDa band. On the other
hand, the electrophoretic profile of P(20-MAP-D) treated with HF3 showed only a slight
decrease in the intensity of the bands in the region between 80 kDa and 120 kDa. However,
upon incubation with HF3, P(LAP-E) showed a clear decrease in the intensity of the bands
in of ~55 kDa, 40 kDa, and 25 kDa, and an increase in the intensity of the bands of 34 kDa
and 22 kDa.

M

66  ̶ 
55  ̶ 

36  ̶ 

31  ̶ 

21  ̶ 

14  ̶ 

116  ̶ 
200  ̶ 

kDa

97  ̶ 

C +HF3

76  ̶  

52  ̶ 

38  ̶ 
31  ̶    

24  ̶

17  ̶

102  ̶  
150  ̶ 

kDa M C +HF3
225  ̶ 

102  ̶
150  ̶
kDa

76  ̶ 

52  ̶

38  ̶ 

31  ̶ 

24  ̶ 

17  ̶

M C +HF3
225  ̶ 

M

66  ̶ 
55  ̶ 

36  ̶ 

31  ̶ 

21  ̶ 

14  ̶ 

116  ̶ 
200  ̶ 
kDa

97  ̶ 

C +HF3
P(LAP-E)P(Alb-D) P(20-MAP-D)P(W)

Figure 2. SDS-PAGE profile (12% SDS-polyacrylamide gel) of plasma samples incubated with HF3. M: molecular mass
markers; C: control plasma; +HF3: plasma incubated with HF3. Red rectangles indicate regions showing different staining
intensities between the control and HF3-treated plasma. Proteins were stained with silver.

Overall, all electrophoretic profiles indicated differences between control and treated
plasma samples, evidencing the proteolytic effect of HF3 on plasma proteins in vitro.
Interestingly, the electrophoretic profile of P(LAP-E) showed the most significant differences
between control and treated samples, possibly due to the fact that the method applied for
the enrichment of low abundant proteins of the plasma proteome was more efficient in
minimizing the dynamic range of protein concentration, thus enabling a better visualization
of the degraded proteins.
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2.2. Peptidomic Profiling of Plasma Samples Incubated with HF3

The peptide fractions of control and treated samples of P(W), P(Alb-D), P(20-MAP-D),
and P(LAP-E) were subjected to LC-MS/MS, and analyses of peptide identification and
spectra counting were carried out by: (i) a Mascot database search and validation of results
using the PeptideProphet and ProteinProphet tools of the TPP platform (the results of
this approach were designated as ‘Mascot/TPP’); and (ii) de novo sequencing, a database
search, and validation of results by Peaks Studio 7 program (the results of this approach
were designated as ‘PEAKS’) (Supplementary Tables S1–S8).

Figure 3 shows Venn diagrams comparing the total numbers of plasma proteins
identified as cleaved by HF3 using both identification approaches. The analysis of whole
plasma [P(W)] incubated with HF3 showed 36 proteins as cleaved by HF3 using both
identification approaches (Table 1), whereas five proteins were identified exclusively by
PEAKS. In the plasma depleted of albumin [P(Alb-D)], we identified 21 proteins cleaved
by HF3 using both identification approaches (Table 2), including three proteins exclusively
identified by Mascot/TPP, and two proteins exclusively by PEAKS. In the plasma depleted
of the 20 most abundant proteins [P(20-MAP-D)], 30 proteins were identified as cleaved by
HF3 using both identification approaches (Table 3), with one protein identified exclusively
by Mascot/TPP, and five by PEAKS. The incubation of HF3 with the plasma enriched of
low-abundance proteins [P(LAP-E)] revealed 38 substrates by both approaches (Table 4),
and 16 proteins identified only by PEAKS.

Figure 3. Summary of numbers of plasma proteins identified as degraded by HF3, by LC-MS/MS
analysis of the peptide fraction, using four different plasma preparations. Comparison of results
obtained using Mascot/TPP and PEAKS Studio 7 for peptide identification.
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Table 1. HF3 substrates revealed by the analysis of P(W) peptide fraction by LC-MS/MS. Only proteins that showed
peptides identified exclusively in the sample of plasma treated with HF3 were considered. The boldface indicates the ten
most degraded proteins according to the number of identified spectra.

Number of Spectra *
(exp. 1/exp. 2/exp. 3)

Identification Protein Mascot/TPP PEAKS

ACTB_HUMAN Actin cytoplasmic 1 0/0/0 7/3/0

A1AT_HUMAN Alpha-1-antitrypsin 1/0/1 6/10/5

A2AP_HUMAN Alpha-2-antiplasmin 12/13/13 20/24/18

FETUA_HUMAN Alpha-2-HS-glycoprotein 75/94/92 270/437/391

A2MG_HUMAN Alpha-2-macroglobulin 2/0/2 9/4/8

APOA1_HUMAN Apolipoprotein A-I 9/25/14 43/58/50

APOA2_HUMAN Apolipoprotein A-II 13/30/19 63/70/60

APOA4_HUMAN Apolipoprotein A-IV 5/6/7 23/21/16

APOC1_HUMAN Apolipoprotein C-I 0/0/0 4/5/0

APOC2_HUMAN Apolipoprotein C-II 7/17/11 30/41/30

APOC3_HUMAN Apolipoprotein C-III 9/19/13 34/43/30

APOE_HUMAN Apolipoprotein E 3/4/3 10/9/10

APOF_HUMAN Apolipoprotein F 2/5/3 7/11/12

APOL1_HUMAN Apolipoprotein L1 4/9/5 36/38/35

CLUS_HUMAN Clusterin 17/42/29 89/108/90

FA5_HUMAN Coagulation factor V 0/0/0 3/0/3

C1R_HUMAN Complement C1r subcomponent 1/2/2 18/15/15

C1S_HUMAN Complement C1s subcomponent 3/3/2 26/20/16

CO3_HUMAN Complement C3 9/18/16 20/26/21

CO4A_HUMAN Complement C4-A 19/30/24 61/76/67

CO9_HUMAN Complement component C9 0/2/1 3/4/0

CFAH_HUMAN Complement factor H 1/2/0 3/2/0

FIBA_HUMAN Fibrinogen alpha chain 126/221/163 369/602/462

FIBB_HUMAN Fibrinogen beta chain 16/52/32 39/53/45

FINC_HUMAN Fibronectin 7/12/6 29/29/22

GELS_HUMAN Gelsolin 5/8/7 28/21/25

HRG_HUMAN Histidine-rich glycoprotein 10/10/8 24/55/39

H2BFS_HUMAN Histone H2B type F-S 0/0/0 4/1/0

IGHG1_HUMAN Ig gamma-1 chain C region 0/5/1 6/8/7

IGHM_HUMAN Ig mu chain C region 2/5/2 6/6/6

ITIH1_HUMAN Inter-alpha-trypsin inhibitor heavy chain H1 6/5/6 17/17/19

ITIH2_HUMAN Inter-alpha-trypsin inhibitor heavy chain H2 51/92/79 204/230/224

ITIH3_HUMAN Inter-alpha-trypsin inhibitor heavy chain H3 1/2/1 6/4/5

ITIH4_HUMAN Inter-alpha-trypsin inhibitor heavy chain H4 24/37/28 93/103/94

KNG1_HUMAN Kininogen-1 8/8/10 33/21/30

PEDF_HUMAN Pigment epithelium-derived factor 3/4/3 5/5/4

PZP_HUMAN Pregnancy zone protein 0/1/2 5/5/5
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Table 1. Cont.

Number of Spectra *
(exp. 1/exp. 2/exp. 3)

Identification Protein Mascot/TPP PEAKS

THRB_HUMAN Prothrombin 17/25/20 63/62/65

ALBU_HUMAN Serum albumin 0/0/0 0/3/2

TTHY_HUMAN Transthyretin 6/17/17 43/43/43

VTNC_HUMAN Vitronectin 18/31/24 74/78/71

* Only spectra identified exclusively in the HF3-treated samples were considered.

Table 2. HF3 substrates revealed by the analysis of P(Alb-D) peptide fraction by LC-MS/MS. Only proteins that showed
peptides identified exclusively in the sample of plasma treated with HF3 were considered. The boldface indicates the ten
most degraded proteins according to the number of identified spectra.

Number of Spectra *
(exp. 1/exp. 2/exp. 3)

Identification Protein Mascot/TPP PEAKS

ACTG_HUMAN Actin cytoplasmic 1 0/0/0 1/0/1

A1AT_HUMAN Alpha-1-antitrypsin 1/10/11 16/24/25

A2AP_HUMAN Alpha-2-antiplasmin 10/12/11 17/18/20

FETUA_HUMAN Alpha-2-HS-glycoprotein 84/109/117 219/226/230

APOA1_HUMAN Apolipoprotein A-I 13/0/1 33/8/6

APOA2_HUMAN Apolipoprotein A-II 5/3/1 17/13/11

APOA4_HUMAN Apolipoprotein A-IV 8/5/7 13/13/15

APOC2_HUMAN Apolipoprotein C-II 4/3/2 11/8/8

APOC3_HUMAN Apolipoprotein C-III 6/12/10 21/25/27

APOE_HUMAN Apolipoprotein E 3/2/2 2/4/4

APOL1_HUMAN Apolipoprotein L1 0/4/1 4/8/10

CERU_HUMAN Ceruloplasmin 0/2/3 2/6/9

CLUS_HUMAN Clusterin 1/2/2 5/16/12

CO3_HUMAN Complement C3 0/2/4 0/2/8

FIBA_HUMAN Fibrinogen alpha chain 0/3/14 2/13/41

FIBB_HUMAN Fibrinogen beta chain 7/14/20 13/20/28

FINC_HUMAN Fibronectin 0/1/2 0/0/0

GPX3_HUMAN Glutathione peroxidase 3 0/0/0 5/7/0

IGHG1_HUMAN Ig gamma-1 chain C region 2/1/0 0/0/0

ITIH2_HUMAN Inter-alpha-trypsin inhibitor heavy chain H2 2/7/18 7/26/42

ITIH4_HUMAN Inter-alpha-trypsin inhibitor heavy chain H4 0/4/4 0/8/7

MGAP_HUMAN Isoform 3 of MAX gene-associated protein 4/2/0 0/0/0

KNG1_HUMAN Kininogen-1 1/2/1 2/8/6

THRB_HUMAN Prothrombin 1/2/5 2/6/12

PON1_HUMAN Serum paraoxonase/arylesterase 1 7/15/21 27/36/52

TTHY_HUMAN Transthyretin 27/33/34 44/57/68

* Only spectra identified exclusively in the HF3-treated samples were considered.
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Table 3. HF3 substrates revealed by the analysis of P(20-MAP-D) peptide fraction by LC-MS/MS. Only proteins that showed
peptides identified exclusively in the sample of plasma treated with HF3 were considered. The boldface indicates the ten
most degraded proteins according to the number of identified spectra.

Number of Spectra *
(exp. 1/exp. 2/exp. 3)

Identification Protein Mascot/TPP PEAKS

ACTB_HUMAN Actin cytoplasmic 1 6/0/2 18/0/2

A2AP_HUMAN Alpha-2-antiplasmin 70/28/20 81/39/30

FETUA_HUMAN Alpha-2-HS-glycoprotein 270/150/134 454/232/245

A2MG_HUMAN Alpha-2-macroglobulin 5/4/3 7/6/4

APOA1_HUMAN Apolipoprotein A-I 69/39/36 91/58/62

APOA2_HUMAN Apolipoprotein A-II 39/19/21 56/30/37

APOA4_HUMAN Apolipoprotein A-IV 28/48/15 56/71/31

APOC1_HUMAN Apolipoprotein C-I 0/0/0 2/2/0

APOC2_HUMAN Apolipoprotein C-II 39/4/10 46/6/18

APOC3_HUMAN Apolipoprotein C-III 55/9/10 68/14/17

APOE_HUMAN Apolipoprotein E 4/9/2 8/11/7

APOF_HUMAN Apolipoprotein F 17/7/2 26/4/0

APOL1_HUMAN Apolipoprotein L1 8/4/7 8/3/19

CBPB2_HUMAN Carboxypeptidase B2 0/0/0 1/0/4

CLUS_HUMAN Clusterin 5/2/8 10/4/30

F13A_HUMAN Coagulation factor XIII A chain 5/0/1 5/0/1

C1R_HUMAN Complement C1r subcomponent 5/0/2 0/0/0

CO3_HUMAN Complement C3 5/2/3 5/2/6

CO4A_HUMAN Complement C4-A 6/0/10 9/0/15

ECM1_HUMAN Extracellular matrix protein 1 0/0/0 4/3/0

FIBA_HUMAN Fibrinogen alpha chain 159/50/83 162/0/122

FIBB_HUMAN Fibrinogen beta chain 31/38/14 34/44/17

FINC_HUMAN Fibronectin 4/1/8 6/5/22

GELS_HUMAN Gelsolin 49/18/14 68/23/42

HRG_HUMAN Histidine-rich glycoprotein 2/6/14 5/7/29

IGHG1_HUMAN Ig gamma-1 chain C region 4/0/9 4/0/12

ITIH2_HUMAN Inter-alpha-trypsin inhibitor heavy chain H2 20/18/34 31/23/69

ITIH3_HUMAN Inter-alpha-trypsin inhibitor heavy chain H3 0/0/0 2/0/9

ITIH4_HUMAN Inter-alpha-trypsin inhibitor heavy chain H4 131/44/38 174/56/80

FIBG_HUMAN Isoform Gamma-A of Fibrinogen gamma chain 2/19/0 3/19/0

KNG1_HUMAN Kininogen-1 7/1/3 17/3/9

THRB_HUMAN Prothrombin 1/2/23 1/2/61

SAA4_HUMAN Serum amyloid A-4 protein 0/0/0 7/1/0

TETN_HUMAN Tetranectin 5/2/5 5/2/6

TTHY_HUMAN Transthyretin 9/2/10 10/2/15

VTNC_HUMAN Vitronectin 33/9/11 43/12/15

* Only spectra identified exclusively in the HF3-treated samples were considered.
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Table 4. HF3 substrates revealed by the analysis of P(LAP-E) peptide fraction by LC-MS/MS. Only proteins that showed
peptides identified exclusively in the sample of plasma treated with HF3 were considered. The boldface indicates the ten
most degraded proteins according to the number of identified spectra.

Number of Spectra *
(exp 1/exp 2/exp 3)

Identification Protein Mascot/TPP PEAKS

A1AT_HUMAN Alpha-1-antitrypsin 3/15/1 5/18/3

A2AP_HUMAN Alpha-2-antiplasmin 1/2/0 2/4/0

FETUA_HUMAN Alpha-2-HS-glycoprotein 32/31/30 51/60/49

APOA1_HUMAN Apolipoprotein A-I 80/127/17 171/258/37

APOA2_HUMAN Apolipoprotein A-II 37/69/20 56/132/26

APOA4_HUMAN Apolipoprotein A-IV 52/86/11 124/201/20

APOC1_HUMAN Apolipoprotein C-I 11/17/0 34/45/2

APOC2_HUMAN Apolipoprotein C-II 22/21/5 27/32/9

APOC3_HUMAN Apolipoprotein C-III 19/51/5 43/88/11

APOE_HUMAN Apolipoprotein E 29/9/4 57/30/13

APOF_HUMAN Apolipoprotein F 1/2/0 1/2/0

APOL1_HUMAN Apolipoprotein L1 0/0/0 0/3/2

C4BPA_HUMAN C4b-binding protein alpha chain 0/0/0 3/5/0

CBPB2_HUMAN Carboxypeptidase B2 1/0/1 1/0/1

CLUS_HUMAN Clusterin 1/18/0 7/49/0

CO1A2_HUMAN Collagen alpha-2(I) chain 0/0/0 1/0/1

COL11_HUMAN Collectin-11 0/2/1 3/5/2

C1QB_HUMAN Complement C1q subcomponent subunit B 0/0/0 1/0/1

C1S_HUMAN Complement C1s subcomponent 0/0/0 1/3/0

CO3_HUMAN Complement C3 8/9/7 13/22/21

CO4A_HUMAN Complement C4-A 4/14/4 17/30/11

CFAH_HUMAN Complement factor H 0/3/2 0/7/2

FHR1_HUMAN Complement factor H-related protein 1 0/0/0 3/8/0

FIBA_HUMAN Fibrinogen alpha chain 82/141/40 149/241/63

FIBB_HUMAN Fibrinogen beta chain 160/29/9 84/50/7

FINC_HUMAN Fibronectin 4/7/6 4/10/15

FCN2_HUMAN Ficolin-2 1/2/0 2/4/0

LG3BP_HUMAN Galectin-3-binding protein 0/0/0 2/2/0

GELS_HUMAN Gelsolin 3/2/1 5/6/2

GPX3_HUMAN Glutathione peroxidase 3 1/0/1 1/2/1

HRG_HUMAN Histidine-rich glycoprotein 0/0/0 1/5/0

HABP2_HUMAN Hyaluronan-binding protein 2 2/3/0 2/6/0

IGHG1_HUMAN Ig gamma-1 chain C region 0/2/4 0/6/10

IGKC_HUMAN Ig kappa chain C region 1/9/0 3/14/1

KV309_HUMAN Ig kappa chain V-III region VG (Fragment) 0/0/0 1/6/0

KV402_HUMAN Ig kappa chain V-IV region Len 0/0/0 1/2/0
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Table 4. Cont.

Number of Spectra *
(exp 1/exp 2/exp 3)

Identification Protein Mascot/TPP PEAKS

LV101_HUMAN Ig lambda chain V-I region V 0/0/0 1/3/2

LV403_HUMAN Ig lambda chain V-IV region Hil 0/0/0 0/3/1

LAC2_HUMAN Ig lambda-2 chain C regions 3/4/0 8/12/9

IGLL5_HUMAN Immunoglobulin lambda-like polypeptide 5 0/0/0 0/8/12

ITIH1_HUMAN Inter-alpha-trypsin inhibitor heavy chain H1 2/4/0 3/8/0

ITIH2_HUMAN Inter-alpha-trypsin inhibitor heavy chain H2 23/24/2 35/42/3

ITIH4_HUMAN Inter-alpha-trypsin inhibitor heavy chain H4 10/7/2 21/20/8

FIBG_HUMAN Isoform Gamma-A of fibrinogen gamma chain 8/9/0 19/25/0

KNG1_HUMAN Kininogen-1 2/3/0 6/6/3

PLMN_HUMAN Plasminogen 0/0/0 1/6/0

PRAP1_HUMAN Proline-rich acidic protein 1 0/0/0 4/1/2

THRB_HUMAN Prothrombin 7/20/5 21/43/12

ALBU_HUMAN Serum albumin 1/10/1 2/25/6

SAA4_HUMAN Serum amyloid A-4 protein 4/3/0 14/11/1

TTHY_HUMAN Transthyretin 2/5/0 7/13/3

PROC_HUMAN Vitamin K-dependent protein C 0/0/0 0/1/1

PROS_HUMAN Vitamin K-dependent protein S 2/1/0 4/5/1

VTNC_HUMAN Vitronectin 19/43/13 41/85/20

* Only spectra identified exclusively in the HF3-treated samples were considered.

Regarding the different methods of depletion of abundant plasma proteins and en-
richment of low-abundant proteins, the four-way Venn diagrams displayed in Figure 4
show that the analysis of the peptide fraction of P(LAP-E) provided a higher number of
identified HF3 substrates, with 11 substrates indicated by the approach of Mascot/TPP,
and 19 substrates indicated by PEAKS. Unexpectedly, the analysis of P(W) incubated with
HF3 also provided results on HF3 substrates which were identified exclusively by this
method (six substrates by the Mascot/TPP identification approach, and seven substrates
by PEAKS), however, it is worth mentioning that the initial amount of proteins used in
the incubation of P(W) with HF3 was higher (200 μg) compared to 50 μg for P(Alb-D),
P(20-MAP-D), and P(LAP-E). This result can be attributed to the fact that there was less
manipulation of the whole plasma sample compared to other approaches, which involved
at least one more protein depletion/enrichment step, performed separately (biological
replicates), before incubation with the proteinase.

In general, in each method of preparation of human plasma for incubation with
HF3, most proteins considered as a target of HF3 for proteolysis were identified by both
bioinformatics approaches used, reinforcing the results (Figure 4). Interestingly, both
approaches resulted in a higher number of substrates identified in the P(W) and P(LAP-E)
plasma samples. Moreover, although the PEAKS approach revealed a higher number of
HF3 substrates (70), 53 proteins were identified by both bioinformatics approaches.
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Figure 4. Summary of proteins identified as HF3 substrates. Upper panels: Four-way Venn dia-
grams of substrate identification using four samples of human plasma, and two methods of protein
identification. Lower panel: Summary of proteins identified by each method of protein identification.

2.3. Proteins Degraded by HF3 in the Human Plasma

Table 1 shows the list of 41 proteins identified as substrates of HF3 in the P(W) sample.
The ten most degraded substrates are proteins involved in functions in the coagulation
cascade, complement system, protein transport, and proteinase inhibition.

The identification of substrates of HF3 in the plasma depleted of albumin resulted
in only 26 proteins (Table 2). The ten most degraded substrates are proteins involved
in functions in the coagulation cascade, complement system, lipid transport, hormone
transport, and proteinase inhibition.

In the plasma depleted of the 20 most abundant proteins, 36 proteins were identified
as degraded by HF3 (Table 3), whereas in the plasma submitted to enrichment of the
low-abundant proteins, 54 proteins were detected as cleaved by HF3 (Table 4). Despite
the higher number of substrates identified in the latter, the ten most degraded proteins in
both types of plasma preparations were nearly the same. Considering the bioinformatics
approaches applied for peptide identification, overall, when using PEAKS, higher numbers
of spectra were identified for all degraded proteins.

Overall, a total of 61 proteins (Table 5) were detected as cleaved by HF3, including 18
that were identified in all types of plasma preparations: alpha-2-antiplasmin; alpha-2-HS-
glycoprotein; apolipoproteins A-I, A-II, A-IV, C-II, C-III, E, and L1; clusterin; complement
C3; fibrinogen alpha and beta chains; inter-alpha-trypsin inhibitor heavy chains H2 and
H4; kininogen-1; prothrombin; and transthyretin.
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Table 5. 61 proteins identified as cleaved by HF3 in human plasma.

Actin Cytoplasmic-1 Fibrinogen

Alpha-1-antitrypsin Fibronectin

Alpha-2-antiplasmin Ficolin-2

Alpha-2-HS-glycoprotein Galectin-3-binding protein

Apha-2-macroglobulin Gelsolin

Apolipoprotein A-I Glutathione peroxidase 3

Apolipoprotein A-II Histidine-rich glycoprotein

Apolipoprotein A-IV Histone H2B type F-S

Apolipoprotein C-I Hyaluronan-binding protein 2

Apolipoprotein C-II Ig gamma

Apolipoprotein C-IIII Ig kappa

Apolipoprotein E Ig lambda

Apolipoprotein F Ig mu chain C region

Apolipoprotein L1 Ig lambda-like polypeptide 5

C4b-binding protein alpha chain Inter-alpha-trypsin inhibitor H1−H4 chains

Carboxypeptidade B2 Isoform 3 of MAX gene-associated protein

Ceruloplasmin Kininogen

Clusterin Pigment ephitelium-derived factor

Coagulation factor V Plasminogen

Coagulation factor XIII A chain Pregnancy zone protein

Collagen alpha-2(I) chain Proline-rich acidic protein 1

Collectin 11 Prothrombin

Complement C1q subcomponent subunit B Serum albumin

Complement C1r subcomponent Serum amyloid A-4 protein

Complement C1s subcomponent Serum paraoxonase/arylesterase 1

Complement component C3 Tetranectin

Complement component C4-A Transthyretin

Complement component C9 Vitamin K-dependent protein C

Complement factor H Vitamin K-dependent protein S

Complement factor H-related protein Vitronectin

Extracellular matrix protein 1

We further investigated the newly identified proteins as HF3 substrates in the human
plasma. For this analysis, we selected some proteins that are commercially available and
that were detected as cleaved by HF3 using LC-MS/MS analysis. The proteins were
incubated at a 1:10 (w/w) enzyme-to-substrate ratio with HF3 for 2 h and subjected to SDS-
PAGE (Figure 5). Apolipoprotein A-IV was completely degraded by HF3. Apolipoprotein
E was almost completely degraded by HF3 to generate a fragment of ~15 kDa. After
incubation with HF3, clusterin showed a slight reduction of molecular mass, indicating that
HF3 may have promoted its limited proteolysis. HF3 also promoted the limited proteolysis
of α-2-antiplasmin, resulting in fragments of ~68 kDa and 55 kDa. The 120 kDa band of
high molecular weight kininogen was almost completely degraded by HF3, resulting in
a stable fragment of ~68 kDa. In the case of transthyretin, its dimer and monomer bands
remained unchanged after incubation with HF3.
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Figure 5. Proteolytic activity of HF3 upon isolated plasma proteins. Apolipoprotein A-IV, apolipoprotein E, clusterin,
α-2-antiplasmin, kininogen, and transthyretin were incubated at a 1:10 (w/w) enzyme-to-substrate ratio with HF3 for 2 h, as
described in Materials and Methods, and subjected to SDS-PAGE. Arrows indicate the band of HF3. Numbers on the right
and left indicate molecular mass marker mobility. Proteins were silver stained.

Figure 6 shows the protein-protein interaction network of 61 proteins cleaved by HF3
in the human plasma, visualized using STRING analysis [25], evidencing that most of them
(53) have connected molecular functions related mainly to the activation and control of the
coagulation and complement systems.
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Figure 6. Protein-protein interactions of proteins identified as degraded in human plasma by HF3 according to the STRING
database (61 proteins; 401 edges (expected 27); PPI enrichment p-value < 1.0−16). The connecting lines between protein
nodes indicate protein-protein interactions.

2.4. Mapping the Primary Specificity of HF3 on Plasma Proteins

A large number of peptides derived from the activity of HF3 on plasma proteins were
identified in the experiments performed with P(W), P(Alb-D), P(20-MAP-D), and P(LAP-E),
and these were used for the evaluation of the proteins that were hydrolyzed by HF3, as
well as to carry out the mapping of amino acid sequences adjacent to the cleavage sites,
which are preferential for the proteinase (primary specificity). For this purpose, we used
the amino acid sequences of the peptides, corresponding to the positions P1’–P6’ [26],
identified in the samples treated with HF3, and originating from the proteins considered
as substrate, whereas the complementary amino acid sequences (P6-P1) adjacent to the
cleavage sites of the respective peptides were obtained using a tool available online at
http://clipserve.clip.ubc.ca/pics; accessed on 1 April 2014 [27], which also generated the
graphical representation (heat map) of the proteinase cleavage consensus sequence. The
heat maps representing the occurrence of amino acids at positions P6-P6’ are described
in Figure 7, corresponding to the identification results obtained by the Mascot/TPP and
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PEAKS approaches. It was interesting to verify that, although the number of cleavage sites
identified by the PEAKS approach was higher than that of Mascot/TPP, the heat maps
generated with data from both approaches from data from all plasma samples were very
similar and evidenced a clear preference of HF3 for Leu at the P1’ position.

The analysis of hydrolysis products of plasma proteins incubated with HF3 showed
that fibrinogen was cleaved in the alpha, beta, and gamma chains (Supplementary Material
Tables S1–S8). These data corroborate previous studies that described extensive cleavage
of the alpha chain, followed by more limited beta chain cleavage [9] by HF3, however,
proteolysis of the fibrinogen gamma chain by HF3 was unknown. Here, peptides from
the C-terminal region of the fibrinogen gamma chain were identified as a product of HF3
activity in P(20-MAP-D) and P(LAP-E). Studies have shown that the C-terminal region of
the fibrinogen gamma chain plays important roles in platelet interaction [28] and fibrin
stabilization [29], and that the C-terminal peptide also plays a role in the inhibition of
platelet aggregation [30]. Thus, for the validation of peptides generated by cleavage
of fibrinogen by HF3 in plasma, it was incubated with isolated fibrinogen, followed by
analysis of the resulting peptide fraction by LC-MS/MS. This analysis revealed the peptides
generated by the enzymatic activity of HF3, and indirectly, the cleavage points of HF3
in the protein (Supplementary Material Table S9). Figure 8 shows the location of these
peptides in the fibrinogen sequence, corresponding to 73 peptides of the alpha chain and
15 peptides of the beta chain. Eight fibrinogen gamma chain peptides were also identified,
including two located in the C-terminal region, thus confirming the data obtained by the
incubation of HF3 with plasma.

P(W)

511 cleavage sites 

A P(Alb-D)

227 cleavage sites

P(20-MAP-D)

912 cleavage sites

P(LAP-E)

645 cleavage sites

Figure 7. Cont.

263



Toxins 2021, 13, 764

1077 cleavage sites 

P(W)

436 cleavage sites 

P(Alb-D)B

P(20-MAP-D) P(LAP-E)

1256 cleavage sites 1179 cleavage sites 

Figure 7. Substrate specificity assessed by the identification of peptides generated by the proteolytic activity of HF3
on human plasma proteins. (A) Heat maps showing the relative occurrence (in %) of each amino acid residue and the
fold-change over the natural abundance of amino acids, identified using Mascot/TPP. (B) Heat maps showing the relative
occurrence (in %) of each amino acid residue and the fold-change over the natural abundance of amino acids, identified
using PEAKS. Only peptides derived from proteins identified as HF3 substrates were considered, and peptides identified
both in control and treated samples were excluded. Heat maps were created at http://clipserve.clip.ubc.ca/pics (accessed
on 1 April 2014).
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Figure 8. Amino acid sequence of human fibrinogen alpha (A), beta (B), and gamma (C) chains, indicating the identified
cleavage products (blue bars) generated by the incubation with HF3. Graphical view generated with PEAKS Studio 7.
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3. Discussion

3.1. Human Plasma Preparations for Degradomic Analysis

The application of methods for the depletion of the most abundant proteins in hu-
man plasma, and for the enrichment of low-abundant proteins, resulted in samples with
significantly different electrophoretic profiles, which allowed us to evaluate the prote-
olytic activity of HF3 on a wide spectrum of proteins in concentrations that allowed the
detection of degradation products by mass spectrometry. Regarding the electrophoretic
profile, P(LAP-E) showed the clearest differences in comparison to whole plasma, a fact
that can be directly attributed to the principle of the ProteoMiner technology, which, by
equalizing the proteome of a sample, significantly alters the concentration of proteins
poorly represented in a proteome. Millioni et al., 2011, compared techniques for depleting
the 20 most abundant proteins with the ProteoPrep 20 column and the enrichment of less
abundant proteins with ProteoMiner, for the analysis of the plasma proteome [31]. They
reported that the methods were complementary regarding the identified proteins, however,
a higher number of proteins was identified in the plasma proteome depleted of the 20 most
abundant proteins. Hakimi et al., 2014, tested the efficacy and reproducibility of these
methods for plasma protein depletion/enrichment, and by comparing 18 randomly chosen
proteins, they found that both techniques were reproducible [32]. However, the protein
enrichment approach with ProteoMiner provided a greater number of identified proteins.
It is worth emphasizing that a large part of the studies that employ techniques for the
depletion of the most abundant proteins in the plasma or enrichment of low-abundant
proteins aim to characterize the plasma proteome itself, and more often, the search for
biomarkers [33–37]. Studies aimed at analyzing the repertoire of substrates of a proteinase
on a given proteome are less frequent, and generally employ methods for the depletion of
abundant proteins after the action of the proteinase, in a step prior to one-dimensional or
two-dimensional electrophoresis [18,19,38], or do not employ protein depletion/enrichment
techniques [39–41]. In the present study, plasma protein depletion/enrichment techniques
were used in a step prior to incubation with the proteinase. Thus, it was possible to evaluate
the proteolytic activity of HF3 through the identification of peptides from the cleaved proteins,
for the characterization of the HF3 degradome in the human plasma in vitro.

3.2. Analysis of the Plasma Peptide Fraction

Considering that the peptides identified by mass spectrometry after the incubation of
plasma with HF3, which were absent in their respective control, are probably products aris-
ing from the cleavage of plasma proteins by HF3, the structure of these peptides indicates
the substrates degraded by this proteinase. To elucidate the HF3 cleavage products by the
analysis of the peptide fraction, we used two bioinformatics approaches with restrictive
criteria for peptide identification. In addition, to be considered as HF3 substrate, proteins
whose peptides were identified in the peptide fraction were again subjected to restrictive
criteria for comparing samples treated with HF3 and control: (i) the peptides identified in
the control samples were subtracted from the list of peptides identified in the HF3-treated
samples, as they were potentially not generated by HF3, thus, only peptides identified
exclusively in the treated sample remained in the analysis; (ii) proteins were considered
cleaved by HF3 if their peptides (hydrolysis products) were present in at least two of the
three experiments performed. In view of these criteria, we identified that 70 protein entries
present in the UniProt database (considering individual oligomeric protein chains as differ-
ent entries) were identified as HF3 substrates, and of these, 61 are unique proteins. Some
of these proteins corroborate data described in the literature and others are considered new
substrates of this metalloproteinase.

In general, for each method of preparation of human plasma, a large portion of the
proteins considered as a target of HF3 were identified by both bioinformatics approaches
used. The PEAKS approach provided a greater number of proteins identified in P(W),
P(20-MAP-D), and P(LAP-E), whereas the Mascot/TPP approach provided a greater num-
ber of proteins identified as substrate in the P(Alb-D) approach. Zhang et al., 2012, com-
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pared, for data from LC-MS/MS analysis of trypsin digestion of Pseudomonas aeruginosa,
the number of peptide-to-spectrum match (PSM) identified by PEAKS and Mascot, us-
ing a database search [42]. The study showed that PEAKS provided 30% more PSMs when
compared to Mascot. In the present study, higher numbers of spectral counts and identified
peptides were detected in the analysis of the peptide fraction of the plasma incubated with HF3
by PEAKS, nevertheless, most substrates were identified by both bioinformatics approaches.

The direct incubation of some of the new substrate candidates with HF3 and the
visualization of cleavage products by SDS-PAGE confirmed its proteolytic activity upon
human plasma proteins, as detected by LC-MS/MS analysis. Furthermore, it revealed
different outcomes, i.e., limited proteolysis or degradation, resulting from the hydrolysis of
plasma proteins by HF3. In the case of transthyretin, however, as most peptides identified
as cleavage products derived from the incubation of HF3 with plasma were derived from
its N- and C-terminal regions, its direct incubation with HF3 did not show any change in
the bands corresponding to its dimer and monomer forms, as visualized by SDS-PAGE.

3.3. Analysis of the Primary Specificity of HF3 on Plasma Proteins

The use of peptides generated by the cleavage of plasma proteins by HF3 proved to
be an excellent tool to evaluate its primary specificity, since a large number of cleavage
sites were analyzed (2295 identified by Mascot/TPP and 3948 by PEAKS) and showed
the preference of HF3 for Leu in the P1’ position. In agreement with these results, the
analysis of the primary specificity of HF3, using data resulting from cleavage events in
native proteins present in the secretome of a mouse embryonic fibroblast analyzed by
TAILS technology, showed a predominance of Leu at P1′ position [20]. Interestingly, the
analysis of the activity of HF3 on human plasma peptide substrates by the PICS approach
showed a similar pattern, in which Leu had a higher occurrence at P1′ position, followed
by hydrophobic residues in P2′ [21]. The preference for Leu at the P1′ subsite is a common
feature of metalloproteinases, such as matrix metalloproteases (MMPs) [43]. In the study
by Kleifeld et al., 2010, the primary specificity of matrix metalloproteinase 2 (MMP-2) was
evaluated by the TAILS method, showing a strong preference for Leu at the P1′ position
(more than 45% occurrence) and Pro at the P3 position [44]. Using the same approach,
Prudova et al., 2010, found that MMP-2 had a strong preference for Leu in position P1′
and Pro in P3, whereas MMP-9 exhibited a more relaxed preference for Leu in P1′ and a
very strong preference for Pro in P3, reflecting the differences in the S1′subsites of these
proteinases [45]. MMP-10 also revealed its preference for Leu at the P1′ position and Pro
at the P3 position [46]. Unlike what has been shown in these studies, the results of the
analysis on the primary specificity of HF3 on plasma proteins did not indicate a significant
preference for any amino acid at positions other than P1’, indicating that amino acids
present at positions adjacent to the cleavage site do not have a relevant role in determining
the hydrolysis of peptide bonds in proteins by HF3.

3.4. Plasma Proteins Cleaved by HF3

Fibrinogen peptides (alpha and beta chains), vitronectin, and fibronectin were con-
sidered as cleaved by HF3, corroborating previous studies by our group that showed that
these proteins are hydrolyzed by HF3 in vitro [9]. The results obtained in the present
study also confirm data from Paes Leme et al., 2012 [19], who showed that fibronectin
and fibrinogen were degraded in the plasma of mice injected in the dorsal skin with HF3.
Although fibrinogen alpha and beta chains have already been described as HF3 substrates,
in this study, the fibrinogen gamma chain was also detected as a target of this metallo-
proteinase. Peptides from the fibrinogen gamma chain were identified as a product of
HF3 activity on P(20-MAP-D) and P(LAP-E). In addition, incubation of HF3 with isolated
fibrinogen, followed by analysis of the resulting peptide fraction by LC-MS/MS, confirmed
the presence of these peptides. These analyses revealed the release of peptides from the
C-terminal portion of the fibrinogen gamma chain by HF3. In addition to the important
role of this region in the stabilization of fibrin by cross-linking [29], studies have shown
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that the C-terminal region of the gamma chain is involved in its interaction with the αIIbβ3
integrin in platelets [28,47,48]. Farrell et al., 1992, also found that a recombinant fibrinogen,
which contained an interruption in the C-terminal region of the gamma chain, lost much of
its ability to mediate platelet aggregation [49]. In addition, the C-terminal gamma-chain
fibrinogen peptide (HHLGGAKQAGDV) demonstrated the ability to inhibit platelet ag-
gregation and fibrinogen binding to rabbit platelets, through its direct interaction with
GPIIb-IIIa [30]. Thus, it is possible that the cleavage of the fibrinogen gamma chain by HF3,
detected upon incubation with plasma or isolated fibrinogen, results in the release of the
C-terminal peptide, potentially affecting platelet aggregation.

In the same work by Paes Leme et al., 2012, alpha-1-antitrypsin, a serine proteinase
inhibitor, was found in lower concentration in the skin injected with HF3 in comparison
with the control skin. In the present study, we found that HF3 was able to cleave this protein
in vitro, in agreement with its lower abundance in the skin of mice treated with HF3 [19].
Alpha-1-antitrypsin has anti-apoptotic effects and can act as a negative inflammatory
regulator [50], thus, considering that HF3 and other metalloproteinases from venoms
have pro-inflammatory activity, the degradation of alpha-1-antitrypsin could facilitate
the development of inflammation. Peptides derived from alpha-2-macroglobulin and
transthyretin were detected in the peptide fraction of plasma treated with HF3, indicating
their proteolysis. These proteins were, however, found in higher abundance in the skin
of mice injected with HF3, according to Paes Leme et al., 2012 [19], probably due to the
increase of blood in the hemorrhagic skin. However, in agreement with the present study,
we showed that alpha-2-macroglobulin was not able to inactivate the proteolytic activity of
HF3 in vitro, and instead, was partially hydrolyzed by HF3 [16].

Plasminogen, a component of the fibrinolytic system, was identified as a substrate
for HF3, but its limited cleavage was only detected in P(LAP-E), with a low number of
identified peptides. Plasminogen is a single-chain glycoprotein that circulates in plasma in
zymogen form and, when activated by urokinase (u-PA) or tissue plasminogen activator
(t-PA) by cleavage of the Arg580-Val581 bond, it is converted to plasmin, and thus is able
to cleave fibrin [51]. Angiostatin is an antiangiogenic protein that has been identified as
the primary factor controlling the dormant state of cells in a secondary metastatic tumor,
inhibiting angiogenesis and resulting in decreased blood flow and reduction in tumor
size [52]. Angiostatin is a 38 kDa internal fragment of plasminogen [53], and angiostatin-
like molecules can be generated in a variety of ways, including processing of plasminogen
by various matrix metalloproteinases [54]. Ho et al., 2002, showed that metalloproteinases
from Bothrops venoms, when incubated with plasminogen, were capable of generating
a product of 38 kDa, and whose N-terminal sequencing evidenced the cleavage in the
Ser460-Val461 bond, indicating the generation of an angiostatin-like protein [55]. Here,
peptides identified in the peptide fraction of plasma treated with HF3 indicated cleavages
in plasminogen close to the regions of initiation and termination of angiostatin. Further-
more, in a recent study, the incubation of HF3 with the isolated plasminogen did generate a
product with a molecular mass close to 38 kDa [15], indicating that the limited proteolysis
of plasminogen by HF3 indeed generates a protein similar to angiostatin. As angiostatin
modulates the rate of plasminogen activation through non-competitive inhibition of the
tissue-type plasminogen activator, the cleavage of plasminogen by HF3 and the generation
of angiostatin would result in the decrease of the concentration of plasminogen in plasma,
and as a consequence, its activity in the fibrinolytic system would be compromised. The
impairment in the generation of plasmin, through the decrease of the concentration of plas-
minogen, would significantly affect the negative feedback of the coagulation cascade and,
in turn, would also contribute to the fibrinogen consumption during the coagulopathies
triggered by snake envenomation.

Prothrombin (coagulation factor II) was found in higher abundance in the plasma of
mice injected with HF3 in the dorsal skin, in comparison to the plasma of mice treated
with the control solution [19], by the analysis of plasma proteins subjected to in solution
digestion with trypsin, and spectra count by LC-MS/MS. In the present study, prothrombin
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was identified as cleaved by HF3 by analyzing the plasma peptide fraction. The cleavage of
prothrombin has also been shown by incubating the isolated protein with HF3, followed by
SDS-PAGE, which revealed products of ~ 28, 30, 35, and 50 kDa [15]. The presence of many
peptides from prothrombin in the peptide fraction of plasma treated with HF3 indicates that
this protein is rather degraded and not activated by the proteinase, and as a consequence,
prothrombin would be unavailable to participate in the blood coagulation process, where
it is activated by factor Xa and converted into thrombin. The increase in prothrombin in
the plasma of mice injected with HF3, verified in the study by Paes Leme et al., 2012 [19],
could be explained as an attempt by the organism (mouse) to counteract, not only the
hemorrhagic process, but also the cleavage of the protein itself by HF3, providing more
protein to the coagulation cascade.

Alpha-2-antiplasmin is a serine proteinase inhibitor (serpin) that acts to protect fibrin
clots from plasmin-mediated cleavage [56]. The plasmin inhibition by the serpin occurs
primarily by the binding of the Gln41 residue from its N-terminal region to the Lys342
residue of the fibrin alpha chain, mediated by factor XIIIa. Then, the C-terminal domain of
alpha-2-antiplasmin interacts with plasmin, so that its Arg403 aligns and forms a covalent
bond with the Ser residue present in the active site of plasmin, forming an inactive enzyme-
inhibitor complex [57]. Alpha-2-antiplasmin can be found in plasma either in its mature
form (452 amino acids) or in its propeptide-containing form (464 amino acids) [58]. Pro-
alpha-2-antiplasmin has inhibitory activity on plasmin, however, its ability to cross-link
fibrin is reduced by approximately one third compared to the mature protein [59]. The
peptide products generated from alpha-2-antiplasmin by HF3 indicated that both the
mature protein and pro-protein forms were cleaved. However, no peptide corresponding to
the exact sequence of the pro-domain was identified (M-E-P-L-G-R-Q-L-T-S-G-P), indicating
that HF3 would not be able to activate the pro-protein. Furthermore, we detected that HF3
was able to cleave peptides from the N-terminal region of alpha-2-antiplasmin, containing
the Gln41 residue involved in the crosslinking to fibrin. Moreover, the C-terminal region
was also degraded by the HF3, but the sequence containing the Arg403 residue did not
undergo hydrolysis. In view of these findings, we can suggest that HF3 would prevent
the binding of alpha-2-antiplasmin to fibrin, however, the effect of HF3 on its inhibitory
activity needs further investigation.

In addition to prothrombin, coagulation factor XIII was identified as a substrate of HF3.
However, only two peptides (29TVELQGVVPR38 and 464LIVTKQIGGDGMMDITDT481)
were identified as generated by HF3 from factor XIII (chain A) in P(20-MAP-D), indicating
limited proteolysis. The analysis of the activity of HF3 upon isolated factor XIII by SDS-
PAGE revealed only a weak protein band of ~28 kDa, which could correspond to the
region corresponding to residues 482−732 of the A chain of Factor XIII [15]. Factor XIII
is a transglutaminase that circulates in the human plasma as a heterotetramer of two A
and two B chains [60]. Activated Factor XIII (FXIIIa) is responsible for stabilizing fibrin
by introducing covalent cross-links [61]. FXIIIa is also responsible for cross-linking alpha-
2-antiplasmin and fibrin. The activation of FXIII is catalyzed by thrombin that cleaves
the Arg38-Gly39 bonds of the A chain of the A2B2 tetramer, leading to chain dissociation
and exposure of the cysteine residue of the catalytic site [62]. The identification of the
peptide 29TVELQGVVPR38, which contains the thrombin cleavage site, is an indication of
a possible activation of Factor XIII by HF3, however, as other FXIII A chain peptides were
identified, it is not possible to state whether the effect of HF3 on this protein is degradation
or activation.

Kininogen was identified as a substrate for HF3 in all plasma samples used in this
study, and by both bioinformatics methods for protein identification. Peptides derived from
both high molecular weight and low molecular weight kininogens have been identified
and their extensive proteolysis has been indicated. High molecular weight kininogen par-
ticipates in the coagulation cascade and the kallikrein-kinin system, whereas low molecular
weight kininogen participates only in the latter [63]. These proteins are identical through-
out their heavy chains, in the region containing bradykinin, and in the twelve amino acids
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in the N-terminal region of their light chains. Their heavy chains confer them the function
of cysteine proteinase inhibitors [64]. The peptides bradykinin or lysyl-bradykinin are
released from both kininogen forms when cleaved by kallikreins. In addition to its vasodila-
tory function, bradykinin (R-P-P-G-F-S-P-F-R) is an inflammation-mediating peptide [65].
The clotting activity of high molecular weight kininogen resides in its light chain [66], the
region through which it binds to prekallikrein and factor XI. Furthermore, the same light
chain contains a region rich in histidine, responsible for its binding to negatively charged
surfaces [67]. The peptides identified as hydrolysis products generated by HF3 are located
in the heavy chain of both kininogens, which would compromise their cysteine proteinase
inhibitor function. In addition, the light chain of the high molecular weight kininogen was
also cleaved by HF3, which would compromise its role in the coagulation cascade. Finally,
we found that the region containing the peptide corresponding to bradykinin is cleaved
by HF3, but no peptide corresponding to the exact bradykinin sequence was identified,
so further investigations are needed to evaluate whether proteolysis of this region would
have any effect on the kallikrein-kinin system.

Ceruloplasmin was also identified as a substrate for HF3, although a low number
of peptides was detected as a hydrolysis product, and only in the peptide fraction of
P(Alb-D) after treatment with HF3. This protein has a high degree of homology with the
factor V (A chain) of the coagulation cascade [68]. Ceruloplasmin carries more than 95%
of the copper present in plasma, and its function is related to the regulation of copper
and iron homeostasis, in addition to its role in angiogenesis and antioxidant activity [69].
Ceruloplasmin is also an acute phase protein and its plasma level increases in response to
inflammation [70,71]. Walker and Fay (1990) reported its ability to bind to protein C, thus
protecting factors Va and VIII from inactivation catalyzed by activated protein C. Thus, its
hydrolysis by HF3 could be involved in the hemorrhagic process [72].

The complement system, which is part of the innate immune system, is composed
of more than 30 plasma proteins and cell surface receptors that react with each other in a
range of functions, including direct cell lysis and enhancement of B and T cell responses,
and induce a series of inflammatory responses that contribute to fighting infection [73–75].
Some proteins are proteinases that are activated in a proteolytic cleavage cascade, similar
to the blood coagulation cascade [76]. The activation of the complement system by snake
venom components and its role in the envenomation has been shown with venoms from
the Elapidae and Viperidae families [77,78]. Among other potential new targets for HF3, this
study identified some components of the complement cascade: C1r; C1s; C3; C4 and C9;
C4b binding protein (alpha chain); complement factor H; and factor H-related protein 1.
Cleavage of components C3 and C4 was confirmed by incubation of HF3 with these isolated
proteins [15], indicating that they would not be available in plasma to participate in the
complement cascade activation process, hence HF3 would play a role as a modulator of
this cascade of proteinases.

Peptides from clusterin (apoliprotein J) were identified in the peptide fraction of P(W),
P(Alb-D), P(20-MAP-D), and P(LAP-E) after incubation with HF3, indicating an extensive
degradation of this protein. Clusterin is a chaperone protein with anti-inflammatory and cyto-
protective activity, which inhibits MMP-9, MMP-2, MMP-3, and MMP-7 [79], so its proteolysis
by HF3 could prevent its anti-inflammatory activity. Further, it is possible to suggest that,
opposite to what happens with MMPs, clusterin would not be an inhibitor of HF3.

The results of the present study also showed potential new HF3 targets, such as
alpha-2-HS-glycoprotein, or fetuin-A, which was shown as extensively degraded by HF3.
This protein functions as an important component of several physiological or pathological
mechanisms, including vascular calcification, bone metabolism, insulin resistance, ker-
atinocyte migration, and breast cancer tumor cell proliferative signaling [80]. In response
to acute inflammation, alpha-2-HS-glycoprotein appears to act as an anti-inflammatory
modulator. Alpha-2-HS-glycoprotein has been shown to suppress the excessive release
of tumor necrosis factor from activated macrophages [80–82]. Hence, the proteolysis of
alpha-2-HS-glycoprotein by HF3 would impair its anti-inflammatory activity. Meprins
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are zinc-dependent, astacin-like metalloproteinases that play a pivotal role in inflamma-
tion by activating cytokines, and the potential role of endogenous meprin inhibitor has
also been attributed to alpha-2-HS-glycoprotein [80,83,84]. Guerranti et al., 2010 [38], re-
ported the proteolysis of alpha-2-HS-glycoprotein after incubation of human plasma with
Echis carinatus venom, however, the component of the venom responsible for its degrada-
tion has not been investigated. To our knowledge, there are no reports on the cleavage of
alpha-2-HS-glycoprotein by other venom metalloproteinases, and its degradation by HF3
would potentially have a pro-inflammatory effect.

In the study by Paes Leme et al., 2012 [19], it was found that apolipoprotein A-II,
the second major component of HDL particles, was clearly degraded in the hemorrhagic
process generated by HF3. Here we show that not only apolipoprotein A-II, but also other
proteins of the same family (apolipoprotein AI, A-IV, CI, C-II, C-III, E, F, and L1), were
detected as substrates of HF3. Apolipoproteins bind and transport lipids, and members of
classes A, C, and E play an important role in lipoprotein metabolism and in inflammatory
processes [85]. Previous studies have shown that apolipoproteins AI and E are cleaved by
matrix metalloproteinase 14 (MMP-14) [39], whereas apolipoproteins C-II and A-IV are
cleaved by matrix metalloproteinases 7 and 14 [86–88]. The cleavage of apolipoproteins
A-I and A-II by metalloproteinases from the venom of Cerastes cerastes was observed by
El-Asmar and Swaney (1988) [89], and the cleavage of apolipoprotein A-I by proteinases
in the venom of Echis carinatus was also reported by Guerranti et al., 2010 [38]. However,
the role of proteolysis of these apolipoproteins in the context of envenomation is not well
established, and a hypothesis that can be suggested is that the degradation products of
these proteins could play a role in modulating the pro-inflammatory activity of venom
metalloproteinases. Whether this modulation would be characterized by the increase or by
the limitation of the pro-inflammatory effects is a matter of future investigation.

Gelsolin was identified as a substrate for HF3 in P(W), P(20-MAP-D), and P(LAP-E),
and was extensively degraded. In another study by our group on the degradation of
proteins secreted by fibroblasts, the cleavage of gelsolin by HF3 was also identified by
the TAILS approach [20]. Plasma gelsolin, together with the vitamin D-binding protein,
forms part of the actin scavenger system [90,91]. Excessive release of intracellular actin or
decreased activity of the scavenger system is associated with pathological conditions such
as small blood vessel obstruction, clots, endothelial damage, hepatic necrosis, and septic
shock [92]. Studies using degradomics approaches showed that gelsolin is a substrate of
matrix metalloproteinases, and MMP-3 is able to cleave it more efficiently, followed by
MMP-2, MMP-1, and MMP-14 [93]. Thus, as in the case of MMPs, gelsolin cleavage by HF3
could affect the actin scavenging system and promote pathological conditions induced by
an excess of unremoved extracellular actin.

Many peptides from the H1, H2, H3, and H4 heavy chains of inter-alpha trypsin
inhibitor family proteins were identified in the peptide fraction of plasma after incubation
with HF3, indicating extensive cleavage of these polypeptide chains. Proteins of the inter-
alpha trypsin inhibitor family are composed of a common light chain (the chondroitin
sulfate proteoglycan bikunin), and various heavy chains [94,95]. Bikunin shows inhibitory
activity on a wide spectrum of proteinases, including some of pathological importance,
such as trypsin, chymotrypsin, plasmin, elastase, and cathepsin. Bikunin is also recognized
as an anti-inflammatory mediator [96]. The binding of the heavy chains of the inter-
alpha trypsin inhibitor to hyaluronan may be involved in the stabilization and integrity
of the extracellular matrix, and provides anti-inflammatory properties [97–99]. Catanese
and Kress (1985) reported on the in vitro cleavage of the inter-alpha trypsin inhibitor
by metalloproteinases from viperid, colubrid, and elapid venoms, generating products
still capable of inhibiting trypsin [100]. The degradation of H1−H4 chains of inter-alpha
trypsin inhibitor by HF3 would likely not impair the ability of its light chain to inhibit
serine proteinases, but would affect its anti-inflammatory activity.
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The histidine-rich glycoprotein was also identified as cleaved by HF3, however, this
cleavage was very specific and generated peptides within the sequence HSHGPPLPQGPP-
PLLPM of its proline-rich region [101]. Histidine-rich glycoprotein is found in plasma,
leukocytes, platelet α-granules, and megakaryocytes. It contains various binding domains,
and interacts with the heme group, plasminogen, heparin, fibrinogen, thrombospondin,
immunoglobulin G, complement components, and Zn2+ ions [102]. Histidine-rich glyco-
protein can also interact with cell-associated molecules, including Fcγ receptors, heparan
sulfate, and phospholipids [102]. In the context of this study, the most interesting aspect of
the histidine-rich glycoprotein lies in its ability to modulate components of the coagulation
cascade. It can bind to heparin released by mast cells, preventing it from inhibiting the pro-
coagulant activity of monocytes at the site of inflammation and thrombosis [101,103]. Some
studies have demonstrated the profibrinolytic effect of histidine-rich glycoprotein, by its
ability to bind to plasminogen, stimulating its cleavage by plasmin [104]. Other studies, on
the other hand, have investigated its action as an antifibrinolytic agent, as the histidine-rich
glycoprotein binding to plasminogen could interfere with the interaction of plasminogen
with fibrin clots, thus inhibiting plasmin-mediated fibrinolysis [101,105]. Thus, the cleavage
of histidine-rich glycoprotein by HF3 would have a variety of implications in the context of
hemorrhage, mostly related to its role in regulating hemostasis.

Other proteins were detected as cleaved by HF3, but a low number of peptides were
found as hydrolysis products, and mostly in only one type of plasma preparation: car-
boxypeptidase B2; collectin-11; ficolin-2; galectin-3 binding protein; glutathione peroxidase
3; histone H2B type FS; hyaluronan binding protein; MAX gene-associated protein iso-
form 3; pigmented epithelial-derived factor; pregnancy zone protein; proline-rich acidic
proteins; amyloid A protein -4 serum; immunoglobulins; tetranectin; and serum paraox-
onase/arylesterase. These proteins do not have a defined role in the generation of hemor-
rhage, and thus the implications of their hydrolysis by HF3 need further investigation.

4. Conclusions

The human plasma depletion methods used in this study provided heterogeneous
samples with respect to the range of dynamic protein concentration, which were compatible
with the peptidomic analysis, and generated complementary results for the elucidation of
the HF3 degradome. The two bioinformatics approaches used for the analysis of the peptide
fraction gave robustness to the set of obtained results, since most proteins identified as HF3
substrates were detected by both. The determination of the primary specificity of HF3 on
protein substrates showed that Leu at P1′ is a major determinant of HF3 primary specificity,
which agrees with previous studies using peptides, and reinforces the importance of this
residue at P1′, regardless of the substrate structure.

As a result of this study, knowledge about the HF3 substrate repertoire in human
plasma has been expanded in terms of number, as well as protein classes and functions
(Figure 9). Taken together, the results illustrate the proteolytic signature of human plasma
in the context of HF3-induced hemorrhage. By acting on distinct substrates, which are
part of a highly connected biological circuit, the proteolytic signaling triggered by HF3
may not be fully anticipated by the results of in vitro incubation with single substrates.
Actually, the activated/impaired biological pathways involved in the hemorrhagic and
pro-inflammatory effects of SVMPs are the result of complex signaling circuits, which
are significantly affected by limited proteolysis and protein degradation. In this regard,
it was interesting to note that the hydrolysis of some proteins by HF3 seems to lead to
antagonistic results, such as the hydrolysis of fibrinogen and plasminogen, which play roles
in different steps of blood coagulation and fibrinolysis. In general, the characterization
of HF3 substrate degradome in the human plasma suggests that it acts in a dysregulated
manner, refractory to plasma inhibitors, causing an imbalance in hemostasis.
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Figure 9. Schematic representation of some of the new substrates of HF3 revealed in this study,
according to biological function.

The hydrolysis of human plasma proteins by an uncontrolled, exogeneous metallo-
proteinase has a direct impact in the plasma proteome, and it can be hypothesized that
some hydrolysis products could also play synergistic roles in the pro-inflammatory and
hemorrhagic processes generated by HF3.

5. Materials and Methods

5.1. HF3

HF3 (Uniprot entry Q98UF9) was purified as described previously (Oliveira et al.,
2009) from B. jararaca venom provided by the Laboratory of Herpetology of Butantan
Institute (São Paulo, Brazil), and identified by trypsin digestion and mass spectrometric
(LC–MS/MS) analysis.

5.2. Analytical Procedures

Protein and peptide contents were quantified using, respectively, Bradford assay
(Sigma-Aldrich, St. Louis, MO, USA) and micro-BCA assay (Pierce) kits according to
the manufacturers’ recommendations. SDS–PAGE was carried out according to Laemmli
(1970) [106]. Silver staining was carried out according to Mortz et al., 2001 [107].

5.3. Human Plasma

Procedures using human blood in this study were approved by ethics committee of
Instituto Federal de Educação, Ciência e Tecnologia de São Paulo, Brazil, and registered
under CAAE 19892213.7.0000.5473. Human blood was collected from three volunteers
who declared they had not used painkillers for at least 10 days. In order to obtain human
plasma, blood was collected and anticoagulated with 0.1 vol. of 3.8% sodium citrate and
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centrifuged at 1000× g for 10 min at 4 ◦C. Whole plasma samples (n = 3) were designated
as P(W).

5.4. Albumin-Depleted Human Plasma

To deplete serum albumin from human plasma, we employed Blue Sepharose CL-6B
resin affinity chromatography (Sigma-Aldrich, St. Louis, MO, USA; [108,109]). Three inde-
pendent experiments were carried out with plasma samples from three individuals. The
procedure was performed using a microtube with a filter, according to the manufacturer’s
instructions. In the upper part of the filter microtube, 0.5 mL of resin was added, and steps
for resin conditioning, binding and elution, and resin reconstitution were carried out by
fractioning the total volume required in 0.5 mL aliquots, added to the top of the microtube,
followed by mild manual agitation and centrifugation for 1 min at 150× g, with disposal or
storage of the eluted solution conducted according to the stage. The following solutions
were added: (i) conditioning: 2.5 mL of ultrapure water and 4.0 mL of binding buffer
(20 mM HEPES, pH 7.4), with disposal of the eluted solution; (ii) binding: the lower outlet
duct of the micro tube containing the resin was closed, and 40 μL of plasma diluted in
310 μL of binding buffer was loaded. The tube was kept at room temperature for 30 min
under agitation. After centrifugation, the eluted material, corresponding to the plasma
depleted of albumin, was stored. For the elution of proteins bound to the resin (eluate),
4 mL of 2 M NaCl were added to the resin, and the eluted solution was stored. For resin
reconstitution, 1 mL of 6 M guanidine hydrochloride and 4 mL of binding buffer were
applied to the resin, and the eluted solution was discarded. Albumin-depleted plasma
samples were designated as P(Alb-D).

5.5. Human Plasma Depleted of 20 Most Abundant Proteins

Depletion of the 20 most abundant proteins from human plasma was performed with
the ProteoPrep 20 Plasma Immunodepletion Kit (Sigma-Aldrich, St. Louis, MO, USA),
according to the manufacturer’s instructions. Three independent experiments were carried
out with plasma samples from three individuals. Briefly, samples of 8 μL of human plasma
were diluted to 100 μL with phosphate-buffered saline (PBS) and loaded to a micro-spin
column, previously equilibrated with PBS. After incubation for 20 min at room temperature,
the non-bound protein fraction was recovered by centrifugation at 2000 rpm for 1 min
and the flow-through, containing plasma depleted of the 20 most abundant proteins
P(20-MAP-D), was collected in a clean tube. The remaining unbound proteins were washed
twice by adding 100 μL of PBS, centrifuging, and collecting the wash in the same tube. The
depletion procedure was repeated five times, and flow-throughs were pooled and then
concentrated using a Centricon YM-3 filter (Millipore). After each depletion procedure,
the micro-spin column was regenerated with 2 mL of 0.1 M Glycine-HCl, pH 2.5, and
TWEEN 20 in order to elute bound proteins, and stored at 5 ◦C in 5 mL of PBS with the
addition of 10 μL of ProteoPrep Preservative Concentrate. Human plasma depleted of
20 most abundant proteins was designated as P(20-MAP-D).

5.6. Human Plasma Enriched in Low-Abundance Proteins

The enrichment of low-abundant proteins in human plasma was performed with
the ProteoMiner Protein Enrichment Kit (Bio-Rad) [37] according to the manufacturer’s
instructions. Three independent experiments were carried out with plasma samples from
three individuals. In brief, 200 μL of human plasma was loaded onto the column previously
conditioned with PBS, pH 7.4, and incubated for 2 h at room temperature. After centrifu-
gation, the flow-through fraction was stored for further analysis. The fraction that bound
to the resin, containing the low-abundant proteins, was eluted with 8 M urea containing
2% CHAPS. For desalinization, the proteins in solution were precipitated by the addition
of eight volumes of cold acetone and one volume of cold methanol, and stored for 12 h at
−20 ◦C. After centrifugation for 10 min at 14,000× g at 4 ◦C, the precipitate was washed
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with cold methanol and resuspended in 60 μL of 100 mM NaOH and 340 μL of 50 mM
HEPES, pH 7.5. Plasma enriched of low-abundant proteins was designated as P(LAP-E).

5.7. Proteolytic Activity of HF3 on Human Plasma

For each of the four types of human plasma preparations, three biological replicates
were performed. For each experiment, P(Alb-D), P(20-MAP-D), and P(LAP-E); 50 μg
were separately incubated with 0.5 μg HF3 (1:100; w/w) in 250 mM ammonium acetate
containing CaCl2 1 mM for 2 h at 37 ◦C. P(W) (200 μg) was incubated with 2 μg HF3
under the same conditions. Samples of P(Alb-D), P(20-MAP-D), P(LAP-E), and P(W) were
incubated without HF3, as a control, under identical conditions. Reactions were stopped by
adding eight volumes of cold acetone and one volume of cold methanol, and incubated for
12 h at −20 ◦C. Peptide fractions (supernatant) were obtained by centrifugation at 14,000 g
for 10 min at −4 ◦C, and subsequently dried using a SpeedVac concentrator. The protein
fraction (precipitate) was separated and stored at −20 ◦C until use.

5.8. LC-MS/MS Analysis of the Plasma Peptide Fraction

Previously to LC-MS/MS analysis, plasma peptide fractions containing hydrolysis
products resulting from the proteolytic activity of HF3 were subjected to removal of traces
of detergent using Macro Spin Columns (Harvard Apparatus). Samples were then desalted
with Sep-Pak Light C18 (Waters) cartridges, vacuum dried, and resuspended in 20 μL
of 0.1% formic acid. Aliquots of 10 μL were separated by RP-HPLC on an EASY-nLC II
(Thermo Scientific, Waltham, MA, USA) using a column (75 μm i.d. × 10 cm) packed with
5 μm C18 beads (Phenomenex), and coupled to an LTQ-Orbitrap Velos mass spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA). The gradient was 5–40% acetonitrile in
0.1 M formic acid over 90 min, at a flow rate of 300 nL/min. The mass spectrometer was
operated in data dependent mode, in which one full MS scan was acquired in the m/z
range of 400–2000 at 60,000 resolution, followed by MS/MS acquisition using high-energy
collision dissociation of the six most intense ions from the MS scan, at 15,000 resolution. A
dynamic peak exclusion was applied to avoid the same m/z of being selected for the next
25 s, using a ± 1 Da mass tolerance window around the precursor ion mass.

5.9. Mass Spectrometry Data Analysis

Two strategies were employed for the identification of peptides originated from HF3
cleavage of plasma proteins. In the first, we used the Mascot program, and validated the
results using the PeptideProphet and ProteinProphet tools of the Trans-Proteomic Pipeline
(TPP) platform (Mascot/TPP). In the second, de novo sequencing, searching the database,
and validating the results were carried out using the Peaks Studio 7 program (Peaks).

Mascot/TPP: Acquired MS/MS raw data were converted to the mgf and mzXML for-
mat using MS-Convert. Database searches were performed against the human UniProtKB/
Swiss-Prot protein database (available at http://www.uniprot.org; accessed on 3 February 2014)
using Mascot 2.4.1 (Matrix Science) with the following parameters: no enzyme speci-
ficity indicated; 10 ppm precursor tolerance; 20 mmu fragment ion tolerance; variable
Met oxidation (+15.9949 Da); variable N terminal acetylation (+42.0105 Da); and variable
Asn and Gln deamidation (+0.9840 Da). Mascot search results were further processed
using the Trans-Proteomic Pipeline (TPP, version 4.6) (Keller and Shteynberg, 2011). Pep-
tides were included in the analysis if they were identified at a false discovery rate (FDR)
of ≤1% at peptide level (PeptideProphet), and (ii) proteins at an FDR of ≤1% at protein
level (ProteinProphet).

Peaks: Acquired MS/MS raw data were imported into Peaks Studio 7 software
(Ma et al., 2003). De novo analysis was performed with the following parameters: no enzyme
specificity indicated; 10 ppm precursor tolerance; 0.02 Da fragment ion tolerance; variable
Met oxidation (+15.9949 Da); variable N terminal acetylation (+42.0105 Da); and variable Asn
and Gln deamidation (+0.9840 Da). After de novo sequencing, a database search (Peaks
DB) was performed against the human UniProtKB/Swiss-Prot protein database (available
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at http://www.uniprot.org; accessed on 10 February 2014), using the same parameters.
Peptides were included in the analysis if they were identified at a Peaks DB FDR of ≤1%.

5.10. Identification of Peptides Generated the Incubation of Fibrinogen with HF3

Fibrinogen (50 μg) was incubated with HF3 (0.5 μg) in 0.025 M Tris-HCl, pH 7.5, 5 mM
CaCl2 for 2 h at 37 ◦C. The reaction was stopped by adding eight volumes of cold acetone
and one volume of cold methanol, and stored for 12 h at −20 ◦C. After centrifugation at
14,000× g for 10 min at 4 ◦C, the supernatant, corresponding to the peptide fraction, was
dried in a SpeedVac concentrator, subjected to desalination procedures using Sep-Pak Light
C18 cartridges, vacuum dried, and resuspended in 20 μL of 0.1% formic acid for analysis by
LC-MS/MS, as described above, and a database search using the Peaks Studio 7 program.

5.11. Validation of HF3 Substrates in Human Plasma by Incubation with HF3

Apolipoprotein A-IV, clusterin, α-2-antiplasmin, kininogen, and transthyretin (2 μg;
Sigma-Aldrich, St. Louis, MO, USA) were incubated with HF3 (200 ng) (1:10 (w/w) enzyme-
to-substrate ratio) in 0.05 M Tris-HCl, pH 8.0, 1.0 mM CaCl2 for 2 h at 37 ◦C. Apoliprotein E
(4 μg; Sigma-Aldrich, St. Louis, MO, USA) was incubated with HF3 (400 ng) (1:10 (w/w)
enzyme-to-substrate ratio) in the same buffer. A sample of each protein was incubated
without enzymes under identical conditions. Reactions were stopped by adding a Laemmli
sample buffer, and subjected to SDS-PAGE.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/toxins13110764/s1, Supplementary Tables S1–S8: Peptides identified by LC-MS/MS analysis of the
peptide fraction of human plasma after incubation with HF3. Supplementary Table S9: Peptides identified
by LC-MS/MS analysis of the peptide fraction of human fibrinogen after incubation with HF3.
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Abstract: Cancer is characterized by the development of abnormal cells that divide in an uncontrolled
way and may spread into other tissues where they may infiltrate and destroy normal body tissue.
Several previous reports have described biochemical anti-tumorigenic properties of crude snake
venom or its components, including their capability of inhibiting cell proliferation and promoting
cell death. However, to the best of our knowledge, there is no work describing cancer cell pro-
teomic changes following treatment with snake venoms. In this work we describe the quantitative
changes in proteomics of MCF7 and MDA-MB-231 breast tumor cell lines following treatment with
Bothrops jararaca snake venom, as well as the functional implications of the proteomic changes. Cell
lines were treated with sub-toxic doses at either 0.63 μg/mL (low) or 2.5 μg/mL (high) of B. jararaca
venom for 24 h, conditions that cause no cell death per se. Proteomics analysis was conducted
on a nano-scale liquid chromatography coupled on-line with mass spectrometry (nLC-MS/MS).
More than 1000 proteins were identified and evaluated from each cell line treated with either the
low or high dose of the snake venom. Protein profiling upon venom treatment showed differential
expression of several proteins related to cancer cell metabolism, immune response, and inflammation.
Among the identified proteins we highlight histone H3, SNX3, HEL-S-156an, MTCH2, RPS, MCC2,
IGF2BP1, and GSTM3. These data suggest that sub-toxic doses of B. jararaca venom have potential to
modulate cancer-development related protein targets in cancer cells. This work illustrates a novel
biochemical strategy to identify therapeutic targets against cancer cell growth and survival.

Keywords: mass spectrometry; proteome; snake venom; Bothrops jararaca; breast cancer

Key Contribution: We describe that B. jararaca snake venom modulates specific protein pathways
related to cancer cell growth and invasion, which could be a useful approach to identify novel
therapeutic targets for cancer treatment.

1. Introduction

Ophidian accidents constitute a serious public health problem in Brazil, with an av-
erage of 29,000 cases and 125 deaths reported every year (Brazilian Ministry of Health,
2019) [1]. Approximately 80% of ophidian accidents are caused by snakes of the Viperidae
family, more specifically of the Bothrops genus [2]. Among them, about 25% lead to death
or sequels capable of generating temporary or permanent incapacity for work and custom-
ary activities. Venom from the Bothrops jararaca (B. jararaca) snake is a complex mixture
composed of proteins, peptides, amino acids, nucleotides, lipids, and carbohydrates that
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present a range of different actions when they are isolated or together [3–7], leading to
hemotoxic, cardiotoxic, cytotoxic, or neurotoxic effects [8,9]. Several previous reports
have defined the proteomics composition of Bothrops venoms [5,10–16]. These studies
have shown that Bothrops venoms are composed of various classes of toxin, including
metalloproteinases, serine proteinases, phospholipases A2, and C-type lectins, the most
abundant components participating in the local and systemic envenomation effects.

The venom of B. jararaca engenders three main activities: proteolytic, coagulant, and
hemolytic. The proteolytic activity causes degradation of extracellular matrix proteins,
plasma, and cell surface [17], which represents an important factor for the clinical charac-
terization of a bothropic accident [2,18]. In addition, venom can cause local tissue lesion,
myonecrosis, edema, cardiovascular alterations, hypovolemic shock, coagulation alteration
and renal alterations, resulting from the combined action of the enzymatic and toxic ac-
tivity of the venom [19]. About 90 to 95% of the dry weight of the B. jararaca venom is
composed of a complex mixture of proteins, mainly metalloproteinases, serine proteinases,
phospholipases (PLA2), and L-amino acid oxidases. The metalloproteinases comprise
most of the venom composition [20,21]. They are proteolytic enzymes associated with
fibrinolysis and coagulation, and they are involved in cell migration and tissue repair,
besides being related to pathological effects such as cancer [22,23]. In terms of therapeutic
interventions, protease inhibitors have been shown to inhibit homeostasis and thrombosis
by acting on the coagulation cascade [24]. The third major component of the venom, PLA2,
is an enzyme capable of hydrolyzing the ester bonds at the sn2 position of glycerolphos-
pholipids, releasing arachidonic acid, important for the biosynthesis of many mediators
involved in inflammation, such as prostaglandins, thromboxanes, and leukotrienes [25].
Finally, the L-amino acid oxidases (LAAOs), which make up about 1 to 9% of the venom
composition [26], are flavoenzymes belonging to the class of oxidoreductases, which pro-
duce alpha-keto acid, hydrogen peroxide, and ammonia [27,28]. However, when there is a
high production of hydrogen peroxide, it has been found that L-amino acid oxidases can
induce apoptosis in mammalian endothelial cells [29].

Snake venom constituents have been isolated and studied for their therapeutic poten-
tial in the treatment of various diseases. One example is Eptifibatide, marketed as Integrilin,
derived from the Echis carinatus snake venom and produced by Millennium Pharmaceu-
ticals and Schering-Plow. It is used as an antiplatelet drug [30]. Another example is the
angiotensin I converting enzyme inhibitor Captopril produced by Bristol-Myers Squibb
whose active component was derived from B. jararaca venom. It is used for the treatment
against hypertension and renal insufficiency [31,32]. In addition to the potential use of the
derivatives of snake venom toxins in the treatment of non-malignant diseases [33], several
studies have described anti-tumorigenic characteristics of snake venom, stating that snake
venom may be capable of inhibiting cell proliferation and promoting cell death by different
means: inducing apoptosis in cancer cells by increasing the influx of Ca2+, inducing the
release of cytochrome C, decreasing or increasing the expression of proteins that control the
cell cycle, and causing damage to cell membranes [26,34–36]. With the goal of searching
novel therapy against cancer, studies have characterized the proteins, peptides or enzymes
derived from snake venom to identify components that are capable of interfering with the
transport of substances or signal transduction across the membrane or disrupting the cell
membrane [35,37].

With the rapid advances of nano-scale liquid chromatography (nLC) and mass spec-
trometry (MS) technologies in the last two decades, nLC-MS/MS-based proteomics analysis
has been widely applied as a powerful tool for biomarker discovery to improve cancer
therapy [38,39]. A number of studies have characterized the biochemical and physiological
action of venom or isolated venom derivatives on cell lines or tissues [40–43]. In addition,
several works have shown proteomic changes of cancer cell lines upon drug treatment that
suggest molecular mechanisms of drug action, including diverse effects on proteasome
regulation, metabolic processes, and oxidative stress [44,45].
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However, to the best of our knowledge, there has been no report that describes the
effects of B. jararaca snake venom treatment on breast cancer-related cell proteome. In
the present study, nLC-MS/MS was used to characterize the effects of sub-toxic doses of
B. jararaca snake venom on two different breast cancer cell lines MCF7 and MDA-MB-231.
MCF7 and MDA-MB-231 are non-metastatic and metastatic tumor cell lines, respectively.
They are characterized by a high degree of glycolytic efficiency that promotes the interaction
between the tumor cell and the extracellular matrix [46]. Although both cell lines are from
breast origin, they are molecularly distinct. MCF7 are estrogen and progesterone receptors
positive and HER2 negative, while MDA-MB-231 are triple negative (estrogen receptor,
progesterone receptor, and HER2 negatives) and prone to cytotoxic agents because of their
impaired DNA repairing capability which is in part due to mutation in the p53 gene [47,48].
Proteomic changes observed herein upon treatment with B. jararaca snake venom in these
cell lines highlight proteins and cell pathways that could be targeted in cancer therapy.

2. Results

2.1. The Cytotoxicity of B. jararaca Snake Venom in MCF7 and MDA-MB-231 Cells

The B. jararaca venom cytotoxicity assay on MCF7 and MDA-MB-231 cell lines was
monitored using the WST-1 reagent. This analysis showed that although cell viability
was similar between both MCF7 and MDA-MB-231 cell lines, they had different venom
resistance profiles where MDA-MB-231 cells showed to be more resistant to the venom
when compared to the MCF7 cells. Although both cell lines started to die at doses higher
than 2.5 μg/mL, at the 5.0 μg/mL of venom, only about half of the MDA-MB-231 cells
have died while most of the MCF7 have died at this venom concentration (Figure 1). Lethal
concentration 50 (LC50) was determined as 4.50 μg/mL for MCF7 and 4.76 μg/mL for
MDA-MB-231 cell line. Interestingly, the treatment of cells with the low dose at 0.5 μg/mL
of venom also killed more MCF7 cells compared to the MDA-MB-231 cells when compared
to the venom doses of 0.63 μg/mL and 1.25 μg/mL (Figure 1).

  

(a) (b) 

Figure 1. Cytotoxicity assay of (a) MCF7 and (b) MDA-MB-231 cell lines treated with B. jararaca snake venom ranging from
0 to 20 μg/mL for 24 h. Experiment was performed using the WST-1 reagent kit.

2.2. Optical Microscopy Analysis of MCF7 and MDA-MB-231 Cells under B. jararaca
Venom Treatment

Optical microscopy analysis at 10× magnification of MCF7 and MDA-MB-231 cell
lines treated with concentrations higher than 2.5 μg/mL of B. jararaca snake venom showed
cellular morphological changes such as cell shrinkage and cell birefringence change (Figure
S1). At the 20 μg/mL of venom treatment all MCF7 cells detached from the plate, whereas
the MDA-MB-231 cell line continued to show morphological death-like changes, but the
cells did not detach from the plate (Figure S1).

Based on the cytotoxicity assays and visualization of cell morphology changes through the
microscope images, two working concentrations, representing a low dose of 0.63 μg/mL and
a high sub-toxic dose of 2.5 μg/mL of venom, were selected for further proteomics analysis.
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2.3. Mass Spectrometry-Based Proteomics of MCF7 and MDA-MB-231 Cells Treated with
B. jararaca Venom

Protein identification was performed analyzing the raw data using the MaxQuant
software against the Homo sapiens database downloaded from Uniprot. Analysis of the
MCF7 cell line treated with different venom concentrations allowed the identification of
789 proteins from which 704 proteins were identified in the control group (non-venom
treatment), 725 proteins were identified in cells treated with 0.63 μg/mL of venom, and
713 proteins were identified in the cells treated with 2.5 μg/mL of venom. Comparative
analysis of the identified proteins showed that among all of the 789 proteins identified,
637 proteins were in common to all conditions, 657 proteins were in common between
the control and the 0.63 μg/mL venom treatment, 656 proteins were in common between
control and the 2.5 μg/mL venom treatment, and 677 proteins were in common between
the 0.63 μg/mL and 2.5 μg/mL venom treatments (Figure 2a, Table S1a). In addition,
we also identified exclusive proteins in each condition: 28 proteins in the control group,
28 proteins in 0.63 μg/mL venom treatment, and 17 proteins exclusive in the 2.5 μg/mL
venom treatment (Figure 2a, Table S1a).

 

(a) MCF7 (b) MDA-MB-231 

Figure 2. Diagrammatic representation of the comparative analysis of identified proteins under the three conditions: no
venom control group, low venom dose at 0.63 μg/mL and high venom sub-toxic dose of 2.5 μg/mL of B. jararaca venom.
(a) MCF7 and (b) MDA-MB-231.

In the MDA-MB-231 cell line, mass spectrometry-based proteomics analysis allowed
us to identify a total of 1093 proteins from which 1006 proteins in the control group,
992 proteins in the cells treated with 0.63 μg/mL of venom, and 978 proteins in the cells
treated with 2.5 μg/mL of venom. Comparative analysis of the identified proteins showed
893 proteins identified in common to all conditions, 949 proteins in common between the
control group and 0.63 μg/mL venom treatment, 912 proteins were in common between
control group and 2.5 μg/mL venom treatment, and 915 proteins were in common between
the 0.63 μg/mL and 2.5 μg/mL venom treatments (Figure 2a, Table S1a). We also observed
38 exclusive proteins in the control group, 21 proteins in 0.63 μg/mL venom treatment,
and 44 proteins exclusive in the 2.5 μg/mL venom treatment (Figure 2b, Table S1b).

2.4. Semi-Quantitative Proteomics Analysis: MCF7 and MDA-MB-231 Cell Line Protein
Abundance Variation

In general, we observed a higher number of proteins whose abundance had changed
more than 1.5× or less than 0.67× in MCF7 cell lines when compared to the MDA-MB-231
cell lines. The semi-quantitative analysis of the MCF7 cell line (Table S2a,) treated with
2.5 μg/mL venom allowed us to identify 137 proteins, whose abundance changed over
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1.5× (fold change FC ≥ 1.5, marked in light red) when compared to the control group,
from which 55 proteins presented FC ≥ 2.0 (marked in red). We highlight 12 highly
abundant proteins with FC ≥ 3.0, marked in dark red: Sorting nexin-3 (SNX3), Purine
nucleoside phosphorylase (HEL-S-156an), Peroxisome proliferator activated receptor inter-
acting complex protein (PRIC295), Small nuclear ribonucleoprotein component (SNRP116),
Eukaryotic translation initiation factor 4B (EIF4B), Methylcrotonoyl-CoA carboxylase beta
chain (MCCC2), 26S proteasome non-ATPase regulatory subunit 5 (PSMD5), Heteroge-
neous nuclear ribonucleoprotein R (HNRNPR), Full-length cDNA clone CS0DJ015YJ12 of T
cells (PSME2), Isoleucyl-tRNA synthetase (IARS), Large proline-rich protein BAG6 (BAG6),
and Glutathione S-transferase (GSTM3). In addition, we identified 23 proteins with FC ≤
0.67 (marked in light green) from which five proteins presented FC ≤ 0.5 (marked in dark
green): Histone H4 (HIST1H4J), ATP synthase subunit d, mitochondrial (ATP5PD), Voltage-
dependent anion-selective channel protein 2 (VDAC2), 4a-hydroxytetrahydrobiopterin
dehydratase (PCBD), and Histone H3 (H3F3B). At the low 0.63 μg/mL venom treatment,
we identified 25 proteins with FC ≥ 1.5 (marked in light red) from which only two proteins
presented FC ≥ 2.0 (marked in red): Anterior gradient 2 homolog (AGR2) and Leucine-rich
PPR-motif containing protein (LRPPRC); and 19 proteins with FC ≤ 0.67 (marked in light
green) from which two proteins with FC ≤ 0.5 (marked in dark green): PCBD and 40S
ribosomal protein S29 (RPS29). The description of the highlighted proteins is shown in
Table 1.

Semi-quantitative proteomic analysis of the MDA-MB-231 cell line (Table S2b) treated
with 2.5 μg/mL allowed the identification of 34 proteins whose abundance changed (FC)
≥1.5 over the control (marked in light red), nine proteins with FC ≥ 2 (marked in red)
from which we highlight three proteins with FC ≥ 3 (marked in dark red): Histone H3.2
(H3C15/HIST2H3), 14 kDa phosphohistidine phosphatase (HEL-S-132P), and Mitochon-
drial carrier homolog 2 (MTCH2). Moreover, 41 proteins presented FC ≤ 0.67 (light green)
from which we highlight four proteins with FC ≤ 0.5 (marked in dark green): DnaJ ho-
molog subfamily A member 1 (DNAJA1), Insulin-like growth factor 2 mRNA-binding
protein 1 (IGF2BP1), Cysteine-rich angiogenic inducer 61 (CYR61), and Thrombospondin-1
(THBS1). At the lower 0.63 μg/mL venom treatment, 16 proteins presented FC ≥ 1.5
(marked in light red) from which we highlight H3C15/HIST2H3 with FC = 3.8 and MTCH2
with FC = 2.3 (marked in red); and 28 proteins with FC ≤ 0.67 (marked in light green)
from which 12 proteins with FC ≤ 0.5 (marked in dark green): 60S ribosomal protein L37
(RPL37), D-3-phosphoglycerate dehydrogenase (HEL-S-113), ATPase inhibitor, mitochon-
drial (ATP5IF1), Non-histone chromosomal protein HMG-14 (HMGN1), RCC2 protein
(RCC2), Serine/threonine-protein phosphatase PP1-gamma catalytic subunit (PPP1CC),
D-dopachrome decarboxylase (DDT), Ran GTPase-activating protein 1 (RANGAP1), dCTP
pyrophosphatase 1 (DCTPP1), IGF2BP1, THBS1, and CYR61 (Table 1).
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2.5. Hierarchical Clustering Analysis

Hierarchical clustering analysis of differentially expressed proteins with FC ≥ 1.5
identified in both MCF7 and MDA-MB-231 cell lines characterized those proteins in seven
major clusters (Figure 3, Table S3). Clusters 1–4 had proteins with fold change (FC)
increased at 2.5 μg/mL of venom treatment in MCF7 cells and presented no change in
MDA-MB-231 cell lines. Proteins in these clusters include HEL-S-156 and PRIC295 in
cluster 1 and PSMD5 and PSME2 in cluster 2. Cluster 5 identified proteins that decreased
in FC at 2.5 μg/mL of venom treatment in both cell lines including HIST1H4J, VDAC1, and
VDAC2. Cluster 6 identified proteins that increased FC at 2.5 μg/mL of venom treatment in
MDA-MB-231 cell line including H3F3B, LAP3, and KRT1, and cluster 7 identified proteins
that did not change when cells were treated with low and high venom treatment, but they
presented higher FC change in MDA-MB-231 when compared to MCF7 cell line such as
RPS29 (Table 1).

2.6. Principal Component Analysis

PCA was applied to the differentially expressed proteins identified from both MCF7
and MDA-MB-231 cell lines based on the log2 FC of cells treated with low and high
B. jararaca venom compared to the PBS treatment control group (Figure 4). The projection
into the component space shows a distinct coordinated activity of proteins between the cell
lines conditions. Orthogonal vectors show highly positive correlation between both venom
concentrations in MDA-MB-231 cell line which may represent similar cell line responses
to the different venom concentrations, but they present a highly negative correlation to
both venom concentrations in MCF7 and respective set of expressed proteins. In the
MCF7 cell line, however, we observe a negative correlation between the 0.63 μg/mL and
2.5 μg/mL venom treatment, indicating a differential response upon low and high dose
venom treatment. PCA also shows differential correlation between both cell lines where
the first two components showed 40% variation in the PC1 and 26.7% variation in the
PC2 between the MCF7 and MDA-MB-231 cell lines. In addition, we observed clusters of
proteins positively correlating with both low and high venom treatment in MDA-MB-231
cell line such as LAP3, H3F3B, and KRT1. On the other hand, we also observed proteins
such as H2AC20 and TUFM correlating with low venom treatment, and proteins such as
HEL-S-156an correlating with high venom treatment on MCF7 cell line (Table 1).

2.7. Gene Ontology Functional Analysis

The most enriched protein families and functional categories were analyzed based on
highly abundant proteins with FC ≥ 1.5 for each cell line and treatment at low and high
B. jararaca venom conditions (Figures S2–S5). The functional ontology classification analysis
of these sets of proteins showed that both MCF7 and MDA-MB-231 venom-treated cell
lines showed similar enriched categories. In addition, the most prominent enrichment was
identified for treated cells with the sub-toxic dose of 2.5 μg/mL of venom. The molecular
function enrichment analysis in both the MCF7 and MDA-MB-231 cell lineages showed
an enrichment of proteins related to binding, structural molecule activity, and catalytic
activity. In addition, the MCF7 cells had enriched, albeit in a lower amount, proteins related
to function and transcriptional regulatory activity and carrier activity (Figure S2). The
functional classification analysis related to biological processes showed enriched proteins
related to the metabolic process and the cellular component organization or biogenesis.
Moreover, the analysis of proteins identified in the MCF7 cell line presented proteins related
to the cellular process, localization, biological regulation, stimulus response, developmental
process, multicellular organismal process, and the immune system process (Figure S3).
The analysis of protein distribution by cellular components showed an enrichment related
to the “cell”, protein complex, and organelle (Figure S4), and the enrichment analysis
of protein family classification showed an enrichment of cytoskeleton proteins, ligase,
nucleic acid binding, signaling molecule, modulating enzyme, calcium binding protein,
and hydrase (Figure S5).
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(a) (b) 

Figure 3. Hierarchical clustering of differentially expressed proteins detected in both MCF7 and
MDA-MB-231 cells treated with low (0.63 μg/mL) and high (2.5 μg/mL) B. jararaca venom for 24 h.
(a) Heatmap representation of the hierarchical clustering of proteins detected in both cell lines with
quantification in at least two replicates showing the changes in protein abundance. The protein
fold change is log2 transformed and normalized with mean-centering scale. (b) Protein Clusters
extracted from the hierarchical clustering. X axis: Cell types treated with different B. jararaca venom
concentrations (MCF7 0.63 μg/mL; MCF7 2.5 μg/mL, MDA-MB-231 0.63 μg/mL, MDA-MB-231
2.5 μg/mL); Y axis: mean-centered log2 Fold Change. Grey lines: individual proteins; Black line:
average expression values per cluster.
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Figure 4. Comparison of protein log2 Fold Change profiles across treated cell lines. Principal component analysis in
a 2D graph represented by the first two components PC1 and PC2 explains 67.7% of the protein variability among the
different conditions. Vectors that are closer are highly correlated. Vectors representing the conditions which are orthogonal
or well-spaced in terms of the observed proteome indicate that those proteins can be closely related to each specific cell
line condition.

2.8. Protein–Protein Interaction Analysis

STRING protein–protein interaction network analysis tool was used to evaluate
protein–protein interactions identified among proteins with FC ≥ 1.5 from each cell line
treated with B. jararaca venom. According to Doncheva and colleagues [114], STRING
indicates interactions according to co-expression analyzes and evolutionary signals in
all genomes based on data described in the literature between genes or proteins using
functional classification systems such as Gene Ontology, KEGG (Kyoto Encyclopedia of
Genes and Genomes), and Reactome.

Analysis of protein–protein interactions (PPIs) of proteins whose abundance increased
more than 1.5× in the MCF7 cell line treated with 2.5 μg/mL of venom showed a high
interconnection of proteins related to metabolic process (in red) and metabolism path-
ways (in blue) (Figure 5a). Interestingly, among the proteins identified in the MCF7, we
observed clusters of highly connected proteins related to proteasome pathway (in green)
and mRNA splicing (in yellow). We highlight the proteins PSMD2 and PSMD11 (26S
proteasome non-ATPase regulatory subunit 2 and 11, respectively), PSME1 and PSME2
(Proteasome activator complex subunit 1 and 2, respectively), PSMC1, PSMC4, and PSMC5
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(26S proteasome regulatory subunit 4, 6B, and 8, respectively), TXNL (Thioredoxin-like
protein 1), and USP14 (Ubiquitin carboxyl-terminal hydrolase 14), which are all members
of the proteasome pathway (in green) and proteasome complex, and, together with MST4
(Serine/threonine-protein kinase 26) and PSMD5 (26S proteasome non-ATPase regulatory
subunit 5) they are all related to apoptosis (Figure 5a). PPI analysis of proteins identified
in the MDA-MB-231 in the same conditions showed less interaction among the proteins
identified with FC ≥ 1.5 (Figure 5b).

PPI analysis of the MCF7 cell lines with FC ≥ 1.5 treated with 0.63 μg/mL and FC ≤
0.67 when cells were treated with 0.63 μg/mL and 2.5 μg/mL of venom are shown in Figure
S6. Additionally, PPI analysis of proteins identified in the MDA-MB-231 at 0.63 μg/mL and
2.5 μg/mL venom treatment presenting FC ≤ 0.67 and FC ≥ 2.5 are shown in Figure S7.

 
Red: Biological Process of Metabolism. Blue: Metabolism Pathways (Reactome). Yellow: mRNA 
Splicing local network cluster (STRING). Green: Proteasome pathway (KEGG). Number of nodes: 
125, Number of edges: 327, Average node degree: 5.23, Avg. local clustering coefficient: 0.47, 
Expected number of edges: 120, PPI enrichment p-value: < 1.0 × 10 16. 

(a) 

Figure 5. Cont.
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Red: Biological Process of Metabolism. Blue: Histone H3 complex (SMART, Simple Modular 
Architecture Research Tool). Green: apoptosis (Reactome pathways). Number of nodes: 31, 
Number of edges: 11, Average node degree: 0.71, Avg. local clustering coefficient: 0.387, Expected 
number of edges: 5, PPI enrichment p-value: 0.0192 

(b) 

Figure 5. Protein–protein interaction of proteins identified in (a) MCF7 and (b) MDA-MB-231 cell lines presenting FC ≥ 1.5
at 2.5 g/mL B. jararaca venom treatment.

2.9. Exclusive Proteins

We further analyzed proteins exclusively identified in one or two of the three condi-
tions in both MCF7 cell line (Table S4a, Figure S8) and MDA-MB-231 cell line (Table S4b,
Figure S8). Proteins identified only on PBS treated cells (control group), suggesting that the
expression of the proteins was inhibited with the addition of venom, allowed us to identify
28 proteins in the MCF7 cell line from which we highlight proteins: eukaryotic peptide
chain release factor subunit 1 (ETF1), serine/arginine repetitive matrix protein 2 (SRRM2),
PHD finger-like domain containing protein 5A (PHF5A), and lamina-associated polypep-
tide 2 (TMPO). The analysis of the MDA-MB-231 cell line allowed us to identify 41 proteins
exclusively expressed at the control group from which we highlight Plasminogen activator
inhibitor 1 (SERPINE1), MHC class I antigen (HLA-C), Transcription factor BTF3 (BTF3L4),
Cytochrome c oxidase subunit 6C (COX6C), Myb-binding protein 1A (MYBBP1A), and
MYCBP protein (MYCBP) (Figure S8a, Table S4).

Of the proteins identified exclusively when cells were treated with 0.63 μg/mL of
venom there were 28 proteins from MCF7 cell line, from which we highlight Cytochrome
b-c1 complex subunit 1, mitochondrial (UQCRC1), Latexin (LXN), Vesicle-associated mem-
brane protein-associated protein B/C (VAPB), Cysteine and glycine-rich protein 1 (CSRP1),
and DDB1- and CUL4-associated factor 7 (DCAF7). From MDA-MB-231 cell line, 20 pro-
teins were identified from which we highlight Eukaryotic translation initiation factor 2
subunit 2 (EIF2S2), low molecular weight phosphotyrosine protein phosphatase (ACP1),
Transcription factor A, mitochondrial (TFAM), and Rae1 protein homolog (RAE1) (Table 1
and Table S4, Figure S8b).

Proteins identified exclusively at the high dose treatment of 2.5 μg/mL of venom
included 17 proteins detected in the MCF7 cell line, from which we highlight 26S protea-
some non-ATPase regulatory subunit 6 (PSMD6) and 60S ribosomal protein L36 (RPL36).
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Similarly, we identified 44 proteins in MDA-MB-231 cell line from which we highlight
protein Ubiquitin carboxyl-terminal hydrolase (HEL-117) (Figure S8c, Table S4).

We also identified proteins that were expressed exclusively when cells were treated
with low and high doses of B. jararaca venom. From the MCF7 cell line, we identified
40 proteins from which we highlight: Serine/threonine-protein kinase ATR (ATR) and
Jupiter microtubule-associated homolog 1 (JPT1). From the MDA-MB-231 cell line, we
identified 22 proteins from which we highlight Angiomotin (AMOT) and Small nuclear
ribonucleoprotein G (SNRPG) (Table 1, Tables S3 and S4, Figure S8d).

Among the proteins that were identified in the control group and at the 2.5 μg/mL
venom treatment, we highlight: Small nuclear ribonucleoprotein Sm D1 (SNRPD1) in MCF7,
and Epididymis secretory protein Li 71 (Hel-S-71) and Isoform Far upstream element-
binding protein 3 (FUBP3) in MDA-MB-231 cell line (Figure S8e, Table S4). Of proteins
that were identified in the control group and low 0.63 μg/mL dose of venom, we highlight
Serine/arginine-rich splicing factor 10 (SRSF10) in MCF7 cell line, and Histone H2B type
2-E (HIST2H2BE), 60S ribosomal protein L34 and L37a (RPL34, RPL37A) in MDA-MB-231
cell line (Figure S8f, Tables S3 and S4).

3. Discussion

The present study successfully identified cancer-related proteins that undergo sig-
nificant changes upon B. jararaca venom treatment of MCF7 and MDA-MB-231 cells, in-
cluding SNX3, HEL-S-156an, UQCRC1, RPL36, and ATR identified in MCF7 cell line and
H3C15/HIST2H3, HEL-S-132P, MTCH2, TFAM, KCTD12, RPL34, and RPL37A identified
in MDA-MB-231 cell line, and histone H3F3B and LAP3 in both cell lines.

With the discovery of rattlesnake venom’s antitumor activity in 1931 by Essex and
Priestley [115] and later the angiotensin-converting enzyme inhibitor drug Captopril in
1981, developed originally from B. jararaca snake venom [116–118], several groups have
been focusing on to the therapeutic potentials of bioactive compounds in snake venoms by
isolating and characterizing components of the venom and analyzing their pharmacological
potential that may lead to the development of more efficacious drugs [119,120].

Snake venoms have a complex mixture of proteins that can account for 95% of the
total dried weight. Metalloproteases, serine proteases, LAAOs, and PLA2s are some of
the most abundant proteins present in bothropic venoms, and the toxic action of these
proteins are responsible for myotoxic effects, disruption in the coagulation cascade through
thrombin-like proteins (serine proteases), imbalance in the blood homeostasis by the action
of some metalloproteinases, apoptosis induction, and changes in the protein expression in
oxidative stress and energy metabolism by the increase of Ca2+ influx. Several studies have
revealed that these enzymes are critical regulators of cancer pathologies in several types of
cancers including breast cancer [121–127]. Moreover, it has been previously shown that
B. jararaca venom may have an important antitumor effect on Ehrilich ascites tumor cells
in vivo and in vitro [36].

Aiming at the drug development, several groups have used proteomics approach
to observe up- or down-regulated effects of proteins resulting from disease activity or
side effects of the treatments [44,45,128–131]. Moreover, the quest for the identification
of biological markers or biomarkers using venom that may help in the early detection
of pathologies such as cancer, and the quest for products able to evaluate the metastatic
potential and propose new forms of treatment to tumors, remains an important goal of
research groups and pharmaceutical companies.

Proteomics studies using tumor cell lines has been performed to systematically charac-
terize protein complexes that may be important in disease or drug development, comparing
the protein levels of cells in normal versus pathological situations [132]. Studies have shown
that venoms from several snakes such as Calloselasma rhodostoma, Macrovipera lebetina and
Bothrops mattogrossensis significantly inhibit cell viability, either with crude or fraction-
ated venoms and in different tumor cell lines such as LS174T (colorectal adenocarci-
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noma), HCT116 (colorectal carcinoma), HT29 (colorectal adenocarcinoma), HEL92.1.7
(erythroleukemia), and SK-BR-3 (breast adenocarcinoma) cell lines [133,134].

To evaluate the cytotoxicity of B. jararaca venom, we tested two different invasive
breast cancer cell lines with different phenotypic and genotypic differences, MCF7 and
MDA-MB-231 cell lines. They were treated with different venom concentrations ranging
from 0.32 μg/mL to 20 μg/mL. When treated with over 10 μg/mL of venom both MCF7
and MDA-MB-231 cell lines showed rounded and irregular morphologies and the MCF7
cell line detached from the plate. These results are similar to the results observed by
Bernardes-Oliveira et al. (2016) when testing 50 μg/mL of venom from B. jararaca and
Bothrops erythromelas for 48 h on SiHa HPV-16 and HeLa cells, both derived from cervical
tumors. They observed that the cells became more rounded, with gradual size reduction
and detachment from the cell monolayer [135]. In addition to the morphological analyses,
we evaluated cell viability through mitochondrial cell activity using WST-1 assay for cell
proliferation and viability. We observed that cell death of both MCF7 and MDA-MB-231 cell
lines started with 2.5 μg/mL of B. jararaca venom treatment. Based on both morphological
and cell viability analyses, we selected the concentrations of 0.63 μg/mL (low sub-toxic
dose) and 2.5 μg/mL (high sub-toxic dose) for further proteomic analyses.

Semi-quantitative proteomics analysis of the MDA-MB-231 cell line treated with the
low 0.63 μg/mL and the sub-lethal dose of 2.5 μg/mL of B. jararaca venom presented less
proteins with FC ≥ 1.5 when compared to the MCF7 cell line. We identified 137 proteins
with FC ≥ 1.5 at 2.5 μg/mL venom treatment in MCF7 while 34 proteins in MDA-MB-231
at 2.5 μg/mL venom treatment. At the low 0.63 μg/mL venom treatment, 25 proteins
in MCF7 presented FC ≥ 1.5 and 16 proteins in MDA-MB-231. However, MDA-MB-231
showed more proteins with FC ≤ 0.67 compared to MCF7 cell lines. MDA-MB-231 showed
28 proteins presenting FC ≤ 0.67 at 0.63 μg/mL venom treatment and 19 proteins in MCF7;
and 41 proteins with FC ≤ 0.5 at 2.5 μg/mL venom treatment in MDA-MB-231 cell lines
compared to 23 proteins in MCF7 cell line. Among these proteins, our data showed that
B. jararaca venom was able to modulate, up or down, the abundance of several proteins
playing essential roles in tumorigenicity. For example, the venom treatment increased
the abundance of SNX3, HEL-S-156, MCCC2, and GSTM3 in the MCF7 cell line, and
H3C15/HIST2H3 and MTCH2 in the MDA-MB-231 cell line whose overexpression has
been related to increase in tumorigenicity (Table 1). Furthermore, among the proteins
that decreased the abundance presenting FC ≤ 0.67, we highlight PCBD, PSMD5, RPS29,
H3F3B, VDAC1 and VDAC2, ATP5PD, and HIST1H4J in MCF7 cell line and IGF2BP1,
THBS1, and CYR61 in MDA-MB-231 cell line. These proteins have also been described to
be related to several mechanisms and pathways in the onset of different types of cancer
(Table 1). Additionally, cytotoxicity analysis performed in our laboratory (data not shown)
evaluated the effects of B. jararaca venom on non-tumor HEK293 and HUVEC cell lines,
which showed relatively less sensitivity to cell-death induction by snake venoms compared
to MCF7 and MDA-MB-231 cancer cells. These data suggest that cancer cells could be more
sensitive to snake venom components than non-cancer cells in certain situations.

Proteomic analysis also revealed exclusive proteins, i.e., proteins that were only
identified in one or two of the three conditions analyzed. Among these proteins, we
highlight the UQCRC1, identified in the MCF7 cell line only when these cells were treated
with 0.63 μg/mL venom. High expression of this protein was observed in 74% of cases
of breast cancer and 34% of ovarian cancer [104] (Table 1). Among proteins identified
exclusively in the MCF7 cell line we highlight ATR (serine/threonine-protein kinase ATR)
which plays important roles for cell survival and is considered a major mediator of DNA
response in human cells, preventing cells with damaged or incompletely replicated DNA
from entering mitosis when cells are damaged by radiotherapy or chemotherapy during
cancer treatment [53]. In the MDA-MB-231 cell line, we highlight AMOT (angiomotin)
protein identified only when cells were treated with either low or high concentration venom
treatment and is known to play a critical role in angiogenesis, proliferation, and migration
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of cancer cells and is also known to promote proliferation and invasion of several types of
tumor cells, including breast, prostate, colon, cervical, and liver cancer (Table 1).

Semi-quantitative proteomics analysis of proteins with FC ≥ 1.5 after addition of
venom in both MCF7 and MDA-MB-231 cell lines also identified enrichment of proteins
related to protein metabolism pathways as well as cellular stress response pathway. The
protein metabolism pathway ranges from protein synthesis to post-translational protein
modification and degradation [136]. It is likely that the set of modifications undergone in
the protein metabolism pathway undermine the tumorigenic activity of the cell line MCF7
and MDA-MB-231. Therefore, the activation of the apoptotic pathways using snake venom
may be a potential treatment approach aiming at tumor degradation preferentially over
the normal cells. The ribosome pathway enrichment was also observed in both cell lines.
The lack of ribosomes in the cell impairs cell growth even under optimal conditions for
it to happen [137]. Protein enrichment in ribosome pathway suggests increased protein
synthesis, which may be related to damage repair mechanisms and cellular responses to
external stimuli. Alterations in ribosomal pathways are related to cellular alterations and
susceptibility to cancer. However, there is still no consensus if deregulation of ribosomes
alteration is a cancer consequence or cause [138]. In addition, downregulation of cell
maintenance-related proteins may also be related to tumorigenicity, thus opening the door
for debate on the role of ribosomes in tumor cell lines [139].

The increase of terms involved in cellular stress response pathway, the metabolic path-
way, the proteasome pathway, and the spliceosome pathway in MCF7 cell line suggests
that the cells activated the metabolic pathways in response to stress, mRNA transcription
and spliceosome activation, and ultimately activation of the proteasome. The proteasome
is a cell apparatus that has several cellular functions, such as cell cycle regulation, differ-
entiation, signal transduction pathway, antigen processing for immune responses, stress
signaling, inflammatory responses and apoptosis, the latter being mediated by ubiquiti-
nation [140–142]. Since the inhibition of proteasome is related to cancer onset (i.e., p53
stability), proteolytic activity of the proteasome and its role in both biology and cancer
treatment suggest an effective way to treat cancer [143,144].

In the MCF7 cell line treated with B. jararaca snake venom, a higher number of proteins
changed in abundance when compared to the MDA-MB-231 cell line. Some of our observa-
tions showed that B. jararaca venom was able to up or down modulate the abundance of
proteins that plays essential roles in tumorigenicity, conversely to what has been frequently
described in the literature to decrease or increase cell tumorigenicity [113,145]. For exam-
ple, the venom treatment was able to increase abundance of SNX3, HEL-S-156, MCCC2,
and GSTM3 in the MCF7 cell line and H3C15/HIST2H3 and MTCH2 in the MDA-MB-231
cell line whose overexpression is related to increase in tumorigenicity. Although we cannot
explain the mechanism on how the increase in abundance of these already overexpressed
proteins is contributing to cell death of MCF7 and MDA-MB-231 cells, we have clues based
on a recent published manuscript by Dias and colleagues (2019). The authors demonstrated
that overloading the cell stress pathway in Y1 adrenocortical mouse tumor cell line under
the effect of FGF-2 growth factor disrupted the cell homeostasis and sensitized the Y1 tumor
cells to stress-oriented therapeutic inhibitors. Dias concludes that further stimulation of
the same signaling pathways may further increase mobilization and dependence on stress
response pathways in tumor cells, improving the efficacy and selectivity of therapeutic
interventions [146]. This data suggests that B. jararaca snake venom or some of its content
may be used to down-modulate already known overexpressed proteins in cancer or over-
express oncogenic proteins that lead cells to stress, by disrupting the tumor homeostasis
leading cells to death. This is particularly interesting for cancer types that are more resistant
to the chemotherapeutic agents, such as the MCF7 cells. In this case, B. jararaca snake
venom would work as an adjuvant treatment of cancer, making cells more sensitive to the
cytotoxic agents.

Moreover, due to the complexity of B. jararaca venom and the complex response
of different cell lines, this snake venom is also a promising candidate in the prognostic
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aid of different tumors, assisting in the assessment of tumor level, as highlighted for
the several overexpressed proteins. For example, targeted-knockdown of some of these
proteins may result in tumor growth inhibition. In addition, B. jararaca venom has induced
overexpression of proteins related to pathways that impairs antitumor activity such as the
protein metabolism pathways, proteasome, and cellular stress response pathways.

It is possible that many responses observed here were due to specific or multiple
venom components. Nevertheless, the current approach of applying nLC-MS/MS pro-
teomics to cancer cells treated with crude snake venom is a promising strategy for the
identification of proteins with potential application in cancer cell therapy. Overall, this
study was able to identify several cancer-related proteins that undergo significant changes
upon venom treatment of MCF7 and MDA-MB-231 cells. Future studies should address
specific mechanisms by which the snake venom and some of its content may contribute to
MCF7 and MDA-MB-231 cell death and survival.

4. Conclusions

Quantitative proteomic analysis of breast cancer cell lines allowed us to identify several
proteins whose abundance (FC) increased more than 1.5×, and proteins that abundance
decreased less than 0.67×, after 24 h treatment with B. jararaca at either low sub-toxic
dose of 0.63 μg/mL or high sub-toxic dose of 2.5 μg/mL. Most of these proteins identified
suggest that the treatment with the venom may activate mitochondrial apoptotic pathways
leading cells to death. In addition, several of the identified proteins play important roles
related to cell proliferation, invasion, metastasis, apoptosis, and stress response. Therefore,
these data show that B. jararaca venom or some of its toxin or components can inhibit tumor
cell proliferation and survival and can potentially be used to identify novel targets for
cancer therapy.

5. Materials and Methods

5.1. Cell Culture and Maintenance

MCF7 and MDA-MB-231 breast cancer cell lines were previously acquired from ATCC
(Manassas, VA, USA) and maintained at our laboratory cell bank. Cells were thawed and
cultured at 37 ◦C in 5% CO2 in RPMI 1640 culture medium (Gibco, Life Technologies,
Grand Island, NY, USA) supplemented with 10% inactivated fetal bovine serum (Cultilab,
Campinas, Brazil) and 25 mg/mL ampicillin and 100 mg/mL streptomycin antibiotics.
Cells were split when the confluence reached 80%.

5.2. Bothrops jararaca Venom

The venom of B. jararaca (lot 01/09-2) used in this study was a pool made from
the extraction of 697 snakes collected at various Brazilian locations (in the states of São
Paulo, Paraná, and Santa Catarina). Extracted venom were pooled and lyophilized at the
department of herpetology at Butantan Institute under the coordination of Dr. Marisa Maria
Teixeira da Rocha, and assigned for use and testing at the Laboratory of Applied Toxinology
at Butantan Institute. The methods and use of venom in this work were approved by
Butantan Institute Ethics Committee under the certification CEUAIB #9766150719 (2019).

5.3. Cell Viability Assay

The cytotoxicity assays were carried out by treating the cells with different concentra-
tions of venom in the range from 0.1 μM to 20 μM. The cytotoxicity tests were performed
using the colorimetric method of cell viability analysis using the WST-1 cell proliferation
reagent kit (Roche, Mannheim, Germany) according to manufacturer’s instructions. Briefly,
104 cells were plated in each well of a flat bottom 96-well microtiter plate. Cells were
cultured at 37 ◦C in 5% CO2 and on the day prior to analysis (70–80% confluency), culture
medium from each well was exchanged to 100 μL of medium in the absence or presence
of venom in different concentrations. After 24 h, 10 μL of the WST-1 reagent previously
dissolved into an Electro Coupling Solution (ECS) were added to each well and incubated
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for 4 h at 37 ◦C in 5% CO2. The absorbance at 450 nm of each well was measured using a
microplate reader FlexStation 3 spectrophotometer (Molecular Devices, San Jose, CA, USA).
The determination of the absorbance and the quantification of viable cells were calculated
using SoftMax Pro (version 5.1, Molecular Devices) and Microsoft Excel software.

5.4. Cell Treatment with B. jararaca Venom

In a six-well plate, 2 × 105 cells were plated and after the cells had reached a confluence
of 70–80% (2–3 days), different concentrations of B. jararaca venom were added to the culture
medium, starting from the cell cytotoxicity threshold up to a 1000-fold dilution for 24 h.
For mass spectrometry analysis, cells were washed with ice-cold PBS and lysed with 1 mL
ice-cold 8 M urea supplemented with cOmpleteTM protease and phosphatase inhibitors
cocktail (Merck Millipore, Burlington, MA, USA). Fifty microliters of the cell lysate were
separated for protein quantification using BCA (Bicinchoninic acid assay, Thermo Pierce,
Walthan, MA, USA) and the lysate were stocked at −80 ◦C until further preparation of
the sample for mass spectrometry analysis. Both cytotoxicity and proteomics experiments
were performed in three biological replicates.

5.5. Sample Preparation for Proteomic Analysis

To the cell lysates, four microliters of 10 mM dithiothreitol (DTT) were added to reduce
the disulfide bonds and incubated at 56 ◦C for 1 h. After incubation with DTT, 40 μL of
iodoacetamide (IAA) was added for the alkylation of the cysteines for 1 h in the dark at
room temperature. After incubation, 2.5 mL of ammonium acetate and 20 μL of trypsin
(Sigma Aldrich, St. Louis, MO, USA) were added enough to have an enzyme:protein ratio
of 1:50 and incubated at 37 ◦C overnight. The reaction was stopped by adding 30 μL of
100% acetic acid. Samples volume were reduced in a SpeedVac (Hetovac VR-1, Heto Lab
Equipment, Allerød, Denmark) until the volume has lowered to 50 μL and were further
desalted on in-house manufactured stop-and-go extraction tips (Stage-Tip) with three SDB-
XC (styrene-divinylbenzene, Empore, 3M, Royersford, PA, USA) membranes as previously
described [147]. The stage-tips were initially conditioned with 100% methanol followed by
0.1% formic acid. Samples were applied to the stage-tips and the peptides bound to the
membranes were eluted with 50% acetonitrile, 0.1% formic acid. The eluate was lyophilized
for further analysis in the mass spectrometer.

5.6. Mass Spectrometry Analysis

Dried samples were resuspended in 0.1% formic acid and analyzed on LTQ-Orbitrap
Velos mass spectrometer (Thermo Scientific, Bremen, Germany) coupled to an EASY
II nano liquid chromatographer (Thermo Scientific) using the shotgun approach. The
spectrometer was equipped with a nanospray source connected to an in-house prepared
analytical column (10 cm × ID 75 μm × OD 360 μm) packaged with 7 cm of 5 μm C18 resin
(Jupiter, Phenomenex, Torrance, CA, USA). Precolumn (7 cm × ID 75 μm × OD 360 μm)
was also prepared in-house packed with 5 cm of 10 μm C18 resin (Acqua, Phenomenex).
The LC-MS/MS analyses were carried out by injecting 5 μg of the peptide extract and
the peptides eluted from the column with a gradient of 5–40% in 100 min of solvent B
(acetonitrile 90%, formic acid 0.1%) at a flow rate of 200 nL/min. The nanospray source
was operated at 1.8 kV. The peptide mixture was analyzed by the acquisition of spectra
in the full scan mode at a resolution of 30,000 for the determination of molecular masses
(MS) of up to 10,000 Da. The 10 most intense peaks were automatically selected via data
dependent acquisition (DDA) for the subsequent acquisition of spectra of the ions product
to MS/MS for amino acid sequence determination at a resolution of 7500, a maximum
injection time of 30 ms, a range of 200 to 2000 m/z, and a dynamic exclusion of 70 s.
Protein identification was performed using Mascot (Matrix Science, version 2.4.0, Boston,
MA, USA), MaxQuant (version 1.4.1.2, www.maxquant.net accessed on 1 October 2019),
and Peaks Studio (version 10, Bioinformatic Solutions Inc, Toronto, Canada) against the
Homo sapiens database downloaded from the Uniprot in March 2019 (www.uniprot.org
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accessed on 1 October 2019). As search parameters, oxidation of methionine was set as a
variable modification and carbamidomethylation of cysteine was set as a fixed modification.
Searches were performed with mass error tolerance of 10 ppm for MS and 0.3 Da for
MS/MS, and trypsin was selected as the proteolytic enzyme used in the digestion of
proteins, and up to two miscleavages were allowed. Mass spectrometry-based proteomic
analysis of MCF7 and MDA-MB-231 cell lysates, treated or not treated with low or high
doses of B. jararaca venom were performed in triplicate. All raw data files for these analyses
were uploaded and are available at: http://massive.ucsd.edu/MSV000084138/ accessed
on 5 July 2021.

5.7. Proteome Functional and Enrichment Analysis

The entire proteome was analyzed to classify protein profiles by biological processes,
molecular function, cellular components, and cellular pathways using Gene Ontology
(geneontology.org accessed on 1 October 2019) and PantherDB (pantherdb.org accessed
on 1 October 2019). The proteins presenting different profiles in the venom conditions were
also analyzed using KEGG (www.genome.jp/kegg accessed on 1 October 2019) canonical
pathways to determine the protein group or pathways that have undergone changes with
different concentrations of the venom treatment. The PANTHER Classification System
(Protein ANalysis THrough Evolutionary Relationships) is a research tool that covers
evolutionary and functional information on protein family genes and has been widely used
to understand protein evolution and its functional classification [148,149]. We conducted
the functional classification for the molecular function, cell component, biological process,
and protein family classification profiles [150,151] of the different proteins in each cell
line and treatment at low and high B. jararaca venom that presented FC ≥ 1.5 in order to
identify an enrichment pattern of protein families and pathways affected by the venom in
the cell lines.

5.8. Semi-Quantitative Proteomics Analysis

Semi-quantitative protein analysis was performed using the Label Free Quantification
MaxLFQ algorithm from MaxQuant software with an FDR rate of ≤1% to compare relative
abundance of proteins in each of the cell lines [152]. Data generated by MaxQuant were
entered into the Perseus program to further perform statistical and bioinformatics ana-
lyzes [153]. Proteins identified in the contaminant database and the decoy database were
removed. As a protein identification criterion, it was considered that only peptides identi-
fied with the posterior error probability (PEP) ≤ 0.01 in at least one biological replicate, the
minimum identification of eight ions belonging to the b and y ion series in the MS/MS spec-
tra, and the occurrence of at least one unique peptide. We considered the intensity values
of the LFQ that are normalized by the Maxquant software based on the sum of the intensity
of all peptides of all identified proteins. LFQ data was considered for calculation, when
the intensity data were present in at least two out of three replicates. Protein abundance
or fold change (FC) analysis was performed using Microsoft Excel software. In addition,
proteins that had a zero value in two of the three conditions were analyzed separately.
The breast cancer cell lines treated with the whole B. jararaca venom for two different
doses were compared according to the differentially expressed proteins with FC ≥ 1.5 by
hierarchical clustering using as variables the average log2 fold change for the three repli-
cates for each treatment, normalized with mean-centering. The Clustering analysis was
performed using R statistical software version 3.6.3 (http://www.R-project.org accessed
on 1 October 2019). The set of protein dissimilarities were computed using the “Euclidean”
distance with the function “dist” to the hierarchical clustering based on the package and
function “hclust”. There was employed the agglomerative method with “ward.D2”. The
fold change and the protein–protein interactions provided by information from the String
database [154] was used to explore the biological interactions of proteins identified as
differentially abundant between control and cells treated with B. jararaca venom using the
Homo sapiens reference genome.

300



Toxins 2021, 13, 519

5.9. Principal Component Analysis

Principal component analysis (PCA) was applied to find which linear combinations
of the differentially expressed proteins with ≥1.5 would explain most of the variability
for the different cell lineage conditions. The PCA analysis was performed using the
R-statistics packages FactoMineR (accessed on 1 November 2020) [155] and Factoextra
(http://www.sthda.com/english/rpkgs/factoextra accessed on 1 November 2020) for
graphical visualization.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/toxins13080519/s1, Figure S1: Optical microscopy analysis of breast cancer cell lines treated
with different concentrations of B. jararaca snake venom. MCF7 (a) and MDA-MB-231 (b) cell
lines (10× magnification), Figure S2: Functional classification of the proteins presenting fold change
(FC) ≥ 1.5 according to Molecular Function GO enrichment analysis. (a) MCF7 cell line. (b) MDA-MB-
231 cell line, Figure S3: Functional classification of the proteins presenting FC ≥ 1.5 according to the
Biological Process GO enrichment analysis. (a) MCF7 cell line. (b) MDA-MB-231 cell line, Figure S4:
Functional classification of the proteins presenting FC ≥ 1.5 according to the Cellular Component GO
enrichment analysis. (a) MCF7 cell line. (b) MDA-MB-231 cell line, Figure S5: Functional classification
of the proteins presenting FC ≥ 1.5 according to Protein Family Classification GO enrichment analysis.
(a) MCF7 cell line. (b) MDA-MB-231 cell line, Figure S6a: Protein-protein interaction of proteins
identified in MCF7 cell line presenting FC ≤ 0.67 in cells treated with 2.5 μg/mL of B. jararaca venom
compared to control, Figure S6b: Protein-protein interaction of proteins identified in MCF7 cell
line presenting FC ≥ 1.5 in cells treated with 0.67 μg/mL of B. jararaca venom compared to control,
Figure S6c: Protein-protein interaction of proteins identified in MCF7 cell line presenting FC ≤ 0.67
when in cells treated with 0.63 μg/mL of B. jararaca venom compared to control, Supplemental
Figure S7a: Protein-protein interaction of proteins identified in MDA-MB-231 cell line presenting
FC ≤ 0.67 in cells treated with 2.5 μg/mL of B. jararaca venom compared to control, Figure S7b:
Protein-protein interaction of proteins identified in MDA-MB-231 cell line presenting FC ≤ 0.67 in
cells treated with 0.63 μg/mL of B. jararaca venom compared to control, Figure S7c: Protein-protein
interaction of proteins identified in MDA-MB-231 cell line presenting FC ≥ 2.5 in cells treated
with 0.63 μg/mL of B. jararaca venom compared to control, Figure S8: Intensity plots of proteins
identified exclusively in one or two of the conditions tested (Control, 0.63 μg/mL or 2.5 μg/mL
of B. jararaca venom) in both MCF7 and MDA-MB-231 cell lines (Values presented in Table S4).
(a) Proteins identified exclusively in the control group. (b) Proteins identified exclusively in the
0.63 μg/mL of venom treatment. (c) Proteins identified exclusively in the 2.5 μg/mL of venom
treatment. (d) Proteins identified exclusively in the 0.63 and 2.5 μg/mL of venom treatments. (e)
Proteins identified exclusively in the control group and 2.5 μg/mL of venom treatments. (f) Proteins
identified exclusively in the control group and 0.63 μg/mL of venom treatment, Table S1a: Mass
spectrometry-based proteomics analysis of MCF7 cell line treated with PBS (CTRL), 0.63 μg/mL and
2.5 μg/mL of B. jararaca snake venom, Table S2a: Mass spectrometry-based proteomics analysis of
MCF7 cell lines treated with PBS (CTRL), 0.63 mg/mL and 2.5 μg/mL of B. jararaca snake venom.
Fold change based on the control LFQ intensity, Table S1b: Mass spectrometry-based proteomics
analysis of MDA-MB-231 cell line treated with PBS (CTRL), 0.63 μg/mL, and 2.5 μg/mL of B. jararaca
snake venom, Table S2b: Mass spectrometry-based proteomics analysis of MDA-MB-231 cell lines
treated with PBS (CTRL), 0.63 μg/mL and 2.5 μg/mL of B. jararaca snake venom. Fold change based
on the control LFQ intensity, Table S3: Protein list of each of the seven clusters corresponding to
Figure 3, Table S4a: MCF7 proteins identified exclusively at one or two of the conditions tested: PBS
(CTRL), 0.63 μg/mL and 2.5 μg/mL of B. jararaca snake venom, Table S4b: MDA-MB-231 proteins
identified exclusively at one or two of the conditions tested: PBS (CTRL), 0.63 μg/mL and 2.5 μg/mL
of B. jararaca snake venom.
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Abstract: The majority of the effects observed upon envenomation by scorpaenoid fish species
can be reproduced by the cytolysins present in their venoms. Fish cytolysins are multifunctional
proteins that elicit lethal, cytolytic, cardiovascular, inflammatory, nociceptive, and neuromuscular
activities, representing a novel class of protein toxins. These large proteins (MW 150–320 kDa) are
composed by two different subunits, termed α and β, with about 700 amino acid residues each,
being usually active in oligomeric form. There is a high degree of similarity between the primary
sequences of cytolysins from different fish species. This suggests these molecules share similar
mechanisms of action, which, at least regarding the cytolytic activity, has been proved to involve pore
formation. Although the remaining components of fish venoms have interesting biological activities,
fish cytolysins stand out because of their multifunctional nature and their ability to reproduce the
main events of envenomation on their own. Considerable knowledge about fish cytolysins has been
accumulated over the years, although there remains much to be unveiled. In this review, we compiled
and compared the current information on the biochemical aspects and pharmacological activities
of fish cytolysins, going over their structures, activities, mechanisms of action, and perspectives for
the future.

Keywords: fish venoms; cytolysins; multifunctionality; pore formation

Key Contribution: In this review, we discussed the current knowledge on structural and physio-
pharmacological properties of fish cytolysins, the multifunctional toxins responsible for the major
symptoms observed upon envenomation by fish. In addition, we attempted to provide some insights
into unknown aspects of their multi-mechanistic mode of action, which may be useful for future
studies on these interesting molecules.

1. Introduction

Hundreds of venomous ray-finned fish species (Actinopterygii) are distributed in
tropical and temperate marine and freshwater environments worldwide, being commonly
associated with human injuries. Although this significant biodiversity translates into a
promising source of bioactive compounds, the study of fish venoms is rather underrepre-
sented in the literature [1]. Nevertheless, the number of accidents caused by venomous
fish is by no means small, and some can have serious consequences and even be fatal [2,3].

Venomous fish species belonging to the order Scorpaeniformes, which includes the
families Synanceiidae (e.g., stonefish and devil stinger), Scorpaenidae (e.g., scorpionfish
and lionfish), and Tetrarogidae (e.g., waspfish) [4] have been frequently associated with
envenomation events [3]. Weeverfish from the family Trachinidae, order Perciformes, are
also worthy of note [5] (Figure 1).
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Figure 1. Phylogeny of venomous ray-finned fish families. The families included in the tree were
listed based on the minimum estimate of venomous species according to [1]. Families belonging to
the order Scorpaeniformes are highlighted in red, and so is the family Trachinidae from the order
Perciformes. Numbers refer to NCBI taxonomic IDs. The phylogenetic tree was generated using the
Interactive Tree of Life (iTOL–https://itol.embl.de; last accessed on 3 November 2021) tool [6]. The
images adjacent to the phylogenetic tree depict a specimen of the scorpionfish Scorpaena plumieri, a
member of the Scorpaenidae family, zooming in its dorsal venomous spines.

The venom apparatus of these fish is similar, and so are the biological activities
associated with their venoms. The apparatus invariably consists of mucous-covered spines
that can be located in different regions of the fish, being more common in the dorsal
region (Figure 1), although several species have pectoral fins modified as a venom injection
system. The secretory system is found in the anterolateral cavities of the spines, and
may comprise well-defined glands or a set of more primitive, specialized secretory cells.
Envenomation occurs when the victim threads or touches the spines, tearing the mucous
sheath by mechanical pressure and causing the venom to be released into the wounds [7–9].

Excruciating pain is the most prevalent symptom of envenomation by fish, although
local inflammation and a number of systemic responses, of which the most severe are
cardiovascular and respiratory disturbances, are also observed [3,9,10]. Although enveno-
mation by fish is rarely fatal to humans, under certain experimental conditions fish venoms
are invariably lethal to animals [11–15].

Fish use their venoms mostly for defensive purposes, and the molecular composi-
tion of these venoms—combined with the evolution of strategies, such as mimicry and
aposematism—reflects this fact [16]. Several bioactive compounds, including enzymes,
such as hyaluronidases and proteases, large proteinaceous toxins, lectins, and peptides,
among others, have been identified in fish venoms [17,18]. However, these venoms are
somewhat unique in the sense that the biological activities underlying the major symptoms
of envenomation are all induced by members of a high-molecular weighted protein family
present in these venoms.

When first described, these extremely labile toxic components were referred to as
“lethal factors” [12,19]. Physio-pharmacological studies on these lethal factors confirmed
their multifunctional nature. These toxins reproduce the pain, inflammation, neurotoxic,
myotoxic, and cardiotoxic effects induced by the crude venoms (for review, see [20,21]). In
spite of this multifunctionality, the lethal activity associated with these toxins is attributed
mainly to cardiac collapse and respiratory arrest [15,19,22].

In addition to the aforementioned effects, the multifunctional lethal factors also show
strong hemolytic activity in vitro—a common feature in scorpaenoid fish venoms [13,19,23–28];
therefore, they are more accurately called membrane-damaging toxins or cytolysins [25]. A few
cytolysins have been successfully identified in fish venoms and had some of their structural
and functional features described (Table 1).
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Table 1. Venomous fish and their cytolysins.

Family Species Cytolysin Activity Described

Synanceiidae

Estuarine stonefish Synanceia horrida SNTX *-Stonustoxin

Lethal [12]
Hemolytic [12]
Cardiovascular [22,29,30]
Neuromuscular [31]
Edematogenic [12]

Synanceia trachynis TLY *-Trachynilysin

Lethal [25]
Hemolytic [32]
Cardiovascular [33]
Neuromuscular [32,34,35]

Reef stonefish Synanceia verrucosa VTX *-Verrucotoxin
neoVTX *-Neoverrucotoxin

Lethal [19]
Hemolytic [19]
Cardiovascular [36–38]
Lethal [39]
Hemolytic [39]

Devil stinger Inimicus japonicus IjTx **-I. japonicus toxin Hemolytic [40]

Scorpaenidae

Scorpionfish Scorpaena plumieri Sp-CTx *-S. plumieri cytolytic toxin

Lethal [15]
Hemolytic [41,42]
ardiovascular [15,41,42]
Edematogenic [43]
Nociceptive [43]

Scorpaena guttata Unnamed toxin ** Lethal [44]
Sebastapistes strongia SsTx ***-S. strongia toxin [45] -
Scorpaenopsis oxycephala SoTx ***-S. oxycephala toxin [45] -
Dendrochirus zebra DzTx ***-D. zebra toxin [45] -
Sebasticus marmoratus SmTx ***-S. marmoratus toxin [45] -

Lionfish Pterois volitans PvTx ***-P. volitans toxin [14] -
Pterois antennata PaTx ***-P. antennata toxin [14] -
Pterois lunulata PlTx **-P. lunulata toxin Hemolytic [40]

Trachinidae

Greater weeverfish Trachinus draco Dracotoxin * Lethal [13]
Hemolytic [13]

Lesser weeverfish Echiichthys vipera # Trachinine * Lethal [11]

Tetrarogidae

Waspfish Hypodytes rubriprinnis HrTx **-H. rubriprinnis toxin Hemolytic [40]

(*) purified protein; (**) semi purified lethal/hemolytic large protein; (***) identified at the cDNA level only; (#) also known as Trachi-
nus vipera.

The wide spectrum of biological activities displayed by fish cytolysins implies that
they play a major role in the envenomation process, which makes them subjects worthy of
investigation. In this review, we will present a detailed overview of the biochemical and
functional features of the known fish cytolysins. These toxins will be compared as to their
structural and functional differences and similarities, and what has been put forward so
far regarding their mechanisms of action will be discussed.

2. The Search for the Lethal Factor: Identification and/or Purification of
Fish Cytolysins

Fish venoms can be collected through different methods, which may vary depending
on the presence of defined glands or more primitive secretory systems. For those with
defined glands—e.g., stonefish—the venom can be collected through puncture of the
gland after removal of the tegument [46]. For those with primitive secretory cells—e.g.,
scorpionfish—the venom is usually obtained through the batch method, in which the
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spines are stripped and immersed in buffered solution, or the aspiration method, in which
the spines are stripped and the venom aspirated from the grooves [44]. More recent
methods, such as the sponge-in-a-tube method [47], in which a microtube containing a
sponge is pressed against the spine to rupture the tegument and collect the venom, have
the advantage of not requiring the removal of the spines and the sacrifice of specimens.

The search for a lethal factor in fish venoms started with the study of stonefish species,
the most venomous of them all. The nature of the molecule responsible for the lethal
activity associated with the venom of Synanceia horrida was first glimpsed in 1961, when
it was found that only one of the seven protein fractions obtained through starch gel
electrophoresis of the venom contained the heat-labile lethal material [46]. This fraction
was almost twice as lethal as the crude venom when injected intravenously (i.v.) into mice
tails (LD50: 18 versus 30 μg of nitrogen/kg). Ten years later, the lethal activity of the venom
of the scorpionfish Scorpaena guttata was associated to a semi-purified instable fraction,
which was almost three times as lethal as the crude venom (LD50: 0.9 versus 2.8 mg/kg,
i.v.) [44]. The extreme lability of these fractions hindered the establishment of isolation
processes, representing a major bottleneck for their research, which remained stagnant for
many years.

By the end of the 20th century, when some of the difficulties imposed by the aforesaid
lability of fish cytolysins were overcome through the establishment of proper purification
and storage conditions [13,25,41,43], the biochemical and pharmacological characterization
of these toxins was greatly accelerated. In addition, the combination of different methods,
including liquid chromatography, cDNA cloning, automated Edman degradation, mass
spectrometry (MS), and X-ray crystallography resulted in significant advances in the
biochemical characterization of these molecules.

Cytolysins have been successfully purified from fish venoms through chromatographic
steps using gel filtration, ion exchange, hydrophobic interaction, or adsorption, combined
or not with fractionation by saline precipitation. Hemolytic and/or lethal activities were
usually employed as a way of tracking the success of the purification process of these
proteins [11–13,19,32,39,41].

From the venoms of the stonefish S. horrida and Synanceia trachynis, were purified
stonustoxin (SNTX) [12] and trachynilysin (TLY) [32], respectively. The native molecular
weights of SNTX and TLY were estimated in 148 kDa and 158 kDa, respectively. Both are
heterodimeric proteins composed of two distinct subunits, named α and β, with masses
of 71 kDa and 79 kDa for SNTX, and 76 kDa and 83 kDa for TLY. SNTX accounted for 9%
of the protein content of the crude venom and was 22 times more lethal to mice (LD50
0.017 μg/g; i.v.) [12,25,32].

Two different cytolysins, verrucotoxin (VTX) and neoverrucotoxin (neoVTX), were
isolated from the venom of the reef stonefish Synanceia verrucosa [19,39]. VTX is a 320-kDa
glycoprotein that in native form is organized in a tetrameric scaffold comprising two
83-kDa α and two 78-kDa β subunits [19]. It was twice as potent as the crude venom, being
immediately lethal to mice at less than 60 ng/g (i.v.). NeoVTX, on the other hand, is a
dimeric 166-KDa protein that comprises two distinct subunits (75-kDa α and 80-kDa β)
and lacks carbohydrate moieties, showing structural features comparable to those of SNTX
and TLY, while considerably differing from VTX [39]. It was also lethal to mice, with an
LD50 of 47 μg/kg (i.v.).

The venom of the spotted scorpionfish Scorpaena plumieri, although considerably less
harmful to humans than that of stonefish, also contains a lethal factor, named S. plumieri
cytolytic toxin (Sp-CTx), which was first purified with very low yields (1%) [41]. Sp-CTx
was then shown to be 12.3-fold more hemolytic (EC50 56 ng/mL) than the crude venom. A
molecular mass of 121 kDa was estimated for the native Sp-CTx, while a mass of 65,251 Da
m/z was revealed by its mass spectrum, pointing to it having a dimeric nature with subunits
of very similar molecular masses, much like SNTX and TLY [41]. However, unlike TLY
and SNTX, Sp-CTx is a glycoprotein, displaying typical N- and O- linked glycoconjugate
residues [41,43]. Three years later, the same group optimized the purification protocol
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of Sp-CTx and this new method increased the final yield by 13-fold when compared
to the previous one [42]. The dimeric nature of Sp-CTx was then confirmed by cross-
linking studies using bis-(sulfosuccinimidyl) suberate (BS3). Although lethality was not
directly assessed in either of these previous reports, Sp-CTx was proved to be lethal when
experiments conducted on anesthetized rats revealed that the animals eventually died
upon receiving 70 μg/kg (i.v.) of the toxin [15].

In addition to the aforementioned toxins—which are the best chemically and func-
tionally characterized fish cytolysins—a few such molecules have been purified from the
venoms of other fish species.

From the lesser (Echiichthys vipera—also known as Trachinus vipera) and greater (Tra-
chinus draco) weeverfish venoms were purified the cytolysins trachinine [11] and draco-
toxin [13], respectively. Trachinine was purified by preparative electrophoresis and shown
to be a 324-kDa molecule of tetrameric nature (81-kDa subunits), similar to VTX. It showed
an LD100 of < 100 μg/kg in mice (i.v.) [11]. Dracotoxin, unlike all the other known fish
cytolysins, is a monomeric protein with MW estimated in 105 kDa both by SDS-PAGE and
gel filtration. It was purified with high yields (36%) and it was lethal to mice (minimum
lethal dose of 11 μg/g; i.v.) and ∼20-fold more hemolytic than the crude venom of T.
draco [13].

Semi-purified hemolytic fractions were obtained from lionfish (Pterois lunulata), devil
stinger (Inimicus japonicus), and waspfish (Hypodytes rubripinnis) species. Based on the data
obtained through gel filtration, immunoblotting, and cDNA cloning, these toxins were
determined to be 160-kDa heterodimers composed of 80-kDa α and β subunits [40].

In spite of some variation as to the oligomeric functional state assumed by fish cy-
tolysins purified so far, they are all high-molecular-mass proteins that appear to be active
when assembled into oligomers, which could explain their extreme lability. Regarding the
quaternary scaffold of these toxins, it is worthy of note that those described as dimeric had
their native masses estimated by gel filtration chromatography, while, incidentally, those
deemed tetrameric had their masses estimated by gel electrophoresis using the method
described by [48].

Lethal and hemolytic activities have also been described in the venoms of the lionfish
species Pterois antennata and Pterois volitans [14], although the actual molecules responsible
for these activities have not yet been purified. Nevertheless, both venoms contain toxins
identified through cDNA cloning and immunoblotting that share high sequence identity
with stonefish cytolysins [14]. The venoms of the scorpaenoid fish species Sebastapistes
strongia, Scorpaenopsis oxycephala, Sebasticus marmoratus, and Dendrochirus zebra also contain
toxins, whose sequences were deduced from cDNA and genomic DNA data, that showed
similarity with known fish cytolysins [45].

Finally, several studies have reported antigenic cross-reactivity between fish venoms.
The antivenom raised against the venom of S. trachynis (SFAV)—the only commercially
available fish antivenom—is effective in neutralizing not only the in vivo and in vitro
effects of S. trachynis venom, but also those of other fish venoms [24,49–51]. In addition,
it has been shown that the cytolysins isolated so far cross-react with SFAV and their
effects can be neutralized by this antivenom [41,51], suggesting a close similarity between
these molecules.

3. Analyzing the Structural Features of Fish Cytolysins

Before comparing and discussing the biological activities of different fish cytolysins,
we will describe what is known so far regarding their structures. This overview should
provide a useful background for a better understanding of such activities, particularly
regarding the hemolytic activity associated with these toxins.

The complete amino acid sequences of several fish cytolysins were determined by
cDNA cloning and/or genomic sequencing [13,14,39,40,45,52–54] (Figure 2).
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Figure 2. Primary sequence alignment of α and β chains of the cytolysins SNTX [A (Q98989); B
(Q91453)] from S. horrida, VTX [A (CAA69254.1-partial); B (Q98993)] and neoVTX [A (A0ZSK3), B
(A0ZSK4)] from S. verrucosa, HrTx [A (BAM74459.1); B (BAM74460.1)] from H. rubriprinnis, IjTx
[A (BAM74457.1); B (BAM74458.1)] from I. japonicus, SmTx [A (AIC84040.1); B (AIC84041.1)] from
S. marmoratus, SsTx [A (AIC84036.1); B (AIC84037.1)] from S. strongia, SoTx [A (AIC84038.1); B
(AIC84039.1)] from S. oxycephala, DzTx [A (AIC84042.1–partial); B (AIC84043.1–partial)] from D.
zebra, trachinine [A (AHY22717.1)] from E. vipera, Sp-CTx [A (A0A2P1BRQ0), B (A0A2P1BRP3)]
from S. plumieri, PlTx [A (BAM74455.1); B (BAM74456.1)] from P. lunulata, PvTx [A (BAK18814.1);
B (BAK18815.1)] from P. volitans, and PaTx [A (BAK18812.1); B (BAK18813.1)] from P. antennata.
Alignments were performed on Muscle server. The sequence of dracotoxin from T. draco was not
found. The species S. trachynis has been reclassified as a synonym of S. horrida, so that the sequence of
TLY is reported as an alternative name for SNTX, under the same access code. Trachinine is referred
to as echiitoxin on NCBI and only the α chain was found. Amino acid residues mentioned at the
text are colored as yellow (nonpolar side chain); pink (polar side chain); blue (negatively charged
side chain); red (positively charged side chain); and cyan (aromatic side chain) and marked with *.
Domain marking was performed based on SNTX structure [55].

These sequences, along with others totaling one hundred sequences (cover > 83%),
were acquired by submitting the primary sequences of the α and β subunits of SNTX to the
BLASTP algorithm [56] on the NCBI webserver (https://blast.ncbi.nlm.nih.gov/Blast.cgi;
last accessed on 6 October 2021), employing the non-redundant protein sequences (nr)
database from fish (taxid 7898).

Fish cytolysins share high primary sequence similarity, with identity ranging from
45 to 94% and ∼20% of residues present at conserved positions (Figure 2), suggesting
a strong structural correlation between these molecules. However, only SNTX had its
three-dimensional structure determined [55]. The crystallographic model (3.1 Å resolution)
of SNTX (Figure 3A) showed that the α and β chains form a stable dimer with an extensive
parallel interface along its longitudinal axis, maintained through polar interactions, such
as hydrogen bonds and electrostatic interactions.
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Figure 3. Crystallographic model of stonustoxin (SNTX). (A)—SNTX heterodimer showing the α

(SNTXA-orange) and β (SNTXB-green) chains. (B)—SNTX domains: N-terminal MACPF/CDC
domain (residues 1–265-orange); FAT domain (residues 266-385-blue); THX domain (residues 386-
517-red), and C-terminal PRISPY domain (residues 518-703-green). Figure produced on Pymol using
the model 4wvm deposited in the Protein Data Bank [55].

Fold recognition searches [55] showed that SNTX belongs to a branch of the “perforin-
like” superfamily and revealed the presence of four domains (Figures 2 and 3B) in each
chain: (i) N-terminal MACPF/CDC domain (residues 1–265), homologous to the Membrane
Attack Complex -Perforin/Cholesterol-Dependent Cytolysin domain. This domain is found
in several species and represents a superfamily of pore-forming toxins; (ii) FAT domain
(residues 266–385), with high structural similarity to the focal adhesion-targeting domain
of human kinase-1. This domain is also found in several proteins and plays a role in the
assembly of signaling complexes; (iii) THX domain (residues 386–517), with high structural
similarity with thioredoxin-3 (THX-3) from Saccharomyces cerevisiae; and (iv) C-terminal
domain (residues 518–703), which is similar to the PRYSPRY (PRY SPla and the RYanodine
Receptor) domain, member of the tripartite motif family (TRIM) that participates in immune
recognition in intracellular bacteria and viruses.

The sequences of the other fish cytolysins were analyzed using the Conserved Domains
tool of the NCBI server (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi; last
accessed on 6 October 2021) (Figure 2). Much like SNTX, they all showed the presence of
the C-terminal SPRY (residues from 500 to 700, approximately) and the THX (residues from
380 to 500, approximately) domains on each subunit.

The similarity between these cytolysins and SNTX allows us to infer that some of
the features described for the latter are shared among them all. For instance, the THX
domain—which is usually associated with redox reactions—most likely plays a structural
role, as the key cysteines of the THX catalytic motif are not conserved in these molecules.
In addition, there appears to be electrostatic complementarity between the α and β chains
through highly conserved charged residues (D314 and Q310 in SNTX-α; R269, N273, R272,
and E276 in SNTX-β), which most likely participate in the polar interactions that take
place in the interface between the chains. These interactions can be disrupted under the
conditions used in purification and mass estimation processes, which may also account for
the differences observed in the quaternary arrangements of fish cytolysins. Finally, four
cysteine residues are conserved in all cytolysins analyzed, pointing to a possible role in
heterodimer stability through disulfide bridges. However, the formation of these bonds
was not observed in the three-dimensional structure of SNTX [55].
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4. The Ubiquitous Hemolytic Activity of Fish Cytolysins: From the Definition of the
Pore-Forming Mechanism to its Structural Confirmation

The cytolytic activity of almost all fish cytolysins isolated so far has been extensively
characterized against erythrocytes, hence their being referred to as hemolysins in some
instances. In spite of some divergence in the literature as to the potency and the species—
specificity of the hemolytic activity of fish cytolysins, which can by at least partly explained
by different experimental conditions—they are all most potent against rabbit erythro-
cytes [13,24,25], although the reason for such marked sensitivity remains unknown. In
addition, a weak hemolytic activity against rat, mice, and cattle erythrocytes has been
reported for some fish cytolysins, while those from human, sheep, pig, and chicken appear
to be resistant to the lytic activity of these toxins [12,13,25].

There is also some evidence as to the lytic activity of fish cytolysins against other cell
types. For instance, the prolonged exposure of neuro-glioblastoma NG108-15 cells to TLY
led to an irreversible increase in membrane permeability [57]. In addition, SNTX lysed the
membranes of platelets in rabbit blood in a dose-dependent way [58].

Cytolytic activity is often associated with the action of enzymes such as proteases
and phospholipases and, in some cases, of C-type lectins such as CEL-III from the sea
cucumber Cucumaria echinata [59,60]. However, fish venoms lack phospholipase activ-
ity [24,26,27,61–63] and, although enzymatic activity such as proteolytic and hyaluronidase
has been described in these venoms, no such activity was associated with the purified
lethal/hemolytic factors [12]. As to C-type lectins, although such molecules have been de-
scribed in fish venoms [64], they are not associated with the hemolytic activity induced by
these venoms [65]. Therefore, fish cytolysins were very soon believed to lyse erythrocytes
through a direct, non-enzymatic mechanism [26].

The formation of non-selective transmembrane pores was soon shown to be the mech-
anism by which fish cytolysins destroy cells [42,57,66]. The pore-forming activities of SNTX
and Sp-CTx were demonstrated through osmotic assays, in which the kinetics of the hemol-
ysis was evaluated in the presence of osmotic protectants of different sizes [42,66]. While
the smaller compounds raffinose and saccharose failed to prevent hemolysis, polyethylene
glycols (PEGs) of ∼1000–2000 reduced the rate of hemolysis induced by the toxins and
PEGs > 3000 conferred almost full protection against it [42,66]. The pores formed by SNTX
in the membrane of rabbit erythrocytes were estimated to be 2.5–3.2 nm in diameter [66].

The search for what mediates the interaction between fish cytolysins and the cell
membrane began as soon as the first such toxins were purified. For instance, the hemolytic
activity of the T. draco venom was found to be preceded by the binding of its hemolytic
component to a protein receptor (glycophorin) on the surface of erythrocytes [13]. From
then on, it became clear that cationic amino acid residues present in fish cytolysins are
essential for their interaction with anionic, neutral or zwitterionic lipids in the membrane
of erythrocytes, eventually leading to hemolysis.

In 1997, it was observed that SNTX no longer induced hemolysis when positively
charged lysine and arginine residues in its surface were chemically modified, although
the toxin’s secondary structure remained unaffected [66]. The modification of cationic
residues also inhibited the lethal activity associated with SNTX [67]. These data are in
agreement with structural motifs observed in these toxins, for instance, an amphiphilic,
∼20-residues long α-helix flanked by regions rich in basic residues was predicted in both
α- and β-subunits of SNTX, and it is believed to be the cationic site crucial for the toxin’s
hemolytic activity [52].

As expected, the hemolytic activity of SNTX and neoVTX against rats and rabbit
erythrocytes, respectively, was competitively inhibited by negatively charged lipids, most
potently by cardiolipin and less so by phosphatidylserine and the gangliosides GM1 and
GM2 [39,66]. Although cardiolipin was the most potent inhibitor, it is not present in
the erythrocyte membrane, thus the hemolytic activity must be actually triggered by the
electrostatic interaction between the toxins’ cationic residues and anionic phospholipids
such as phosphatidylserine, which is abundant in the membrane of erythrocytes [39]. It
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stands to reason that the species-specificity of the hemolytic activity of fish cytolysins could
be related to the density of these lipids in the erythrocyte membrane.

The electrostatic interaction between anionic lipids and toxins is influenced by the number
of negative charges and the pKa of acidic groups in the lipids, as indicated by the different
inhibitory potencies of different lipids [66]. This conclusion is further supported by the
fact that the maximal hemolytic activity of Sp-CTx is achieved between pH 8 and 9 [43].
Although the neutral lipids phosphatidylcholine, phosphatidylethanolamine, sphingomyelin,
and cholesterol did not affect the hemolytic activity of SNTX and neoVTX [39,66], that which
was induced by Sp-CTx in rabbit erythrocytes was inhibited by phosphatidylethanolamine,
phosphatidylglycerol, and cholesterol [43]. Similar results regarding the role of differently
charged lipids on the hemolytic activity were found for the venomous extract of the lionfish P.
volitans [68], which is yet another indication that this venom contains cytolysins homologous
to those identified in other fish species.

The presence of the MACPF/CDC domain in fish cytolysins [53,55] and the inhibitory
effect of cholesterol on the hemolytic activity of Sp-CTx [43] suggest that this lipid is also
required for the interaction between these toxins and the erythrocyte membrane, much like
the MACPF/CDC proteins found in bacteria.

The hemolytic activity of fish cytolysins is influenced by factors other than the cationic
residues present in their surfaces. That of Sp-CTx, for instance, is calcium dependent, being
abolished by zinc ions [43]. Furthermore, five of the 15 cysteine residues and 10 of the 18
cysteine residues of SNTX and neoVTX, respectively, are free, and these free thiol groups,
much like the tryptophan residues in the surface of SNTX, also play an important role in
the hemolytic activity induced by these toxins [39,52,69].

All this evidence pointing to a pore-formation mechanism being responsible for the
hemolytic activity of fish cytolysins was corroborated by the three-dimensional structure
of SNTX. Pore-formation was shown to be the result of an interaction between the α-
and β-chains along their longitudinal axis through charge complementarity between the
MACPF/CDC domains. These domains—which are formed by twisted four-stranded
antiparallel β-sheets with two adjacent bundles of α-helices (transmembrane helices—
TMH)—interact on the heterodimer to form a soluble early pre-pore. After that, the TMH
from each chain unwind to form a large, continuous β-sheet that comprises the β-barrel of
the pore (Figure 4).

Figure 4. Transmembrane pore formation mechanism. The SNTX heterodimer represents an early and
soluble phase of the pore formation mechanism (A). After the interaction between chains α and β, the
MACPF/CDC domain helices undergo a conformational change to form the continuous β-sheet of the
transmembrane pore (B). (A) was produced on Pymol using the model 4wvm deposited in the Protein
Data Bank [55] and (B) was adapted from [55]. TMH—transmembrane helices; M—membrane.
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This arrangement is in agreement with the complementarity between MACPF/CDC
monomers described for other perforins, which directs initial oligomerization events (pre-
pore assembly). In SNTX, this pre-pore contains 20 SNTX subunits (or 10 SNTX-α/β
heterodimers) that line up along a horizontal plane [55].

Furthermore, the PRYSPRY domain was shown to be responsible for the initial inter-
action of SNTX with the cell surface. Consistent with this function, this domain is located
in the solvent-exposed face of SNTX, in a position analogous to the Ig and C2 domains of
CDC and perforins, which mediate protein–protein and protein–lipid interactions in the
recognition of pathogens by TRIM immune proteins [55].

The high sequence similarity and the presence of conserved domains in the other fish
cytolysins identified so far allows us to predict that these proteins perform their cytolytic
functions through the same mechanism. For instance, the residues G208 (α-chain) and
G209 (β-chain) of SNTX, reported as necessary for pre-pore formation, are present in all
cytolysins. So are the residues F206 (α-chain) and F54, I56, and S52 (β-chain), related to
the formation of hydrogen bonds between the β4-strand of SNTX-α and the β1-strand of
SNTX-β, which are also involved in pre-pore formation (Figure 3).

Moreover, the pairs K205 (α-chain)-E55 (β-chain) and K54 (α-chain)-E206 (β-chain)
present in SNTX’s β4 (α-chain) and β1 (β-chain) strands form ionic pairs analogous to a
partially closed zipper, which contributes to pore formation. These ionic pairs are conserved
in almost all cytolysins, in spite of exchanges as to which residue belongs to each chain.

In addition to the structural evidence, the formation of large ring-shaped pores was
visualized in rabbit erythrocytes by transmission electron microscopy (outer dimension:
257 ± 5.7 Å (mean ± SEM); lumen i.d.: 117 ± 4.5 Å) [55], in agreement with what had been
predicted for the pores formed by SNTX and Sp-CTx [42,66].

5. Pharmacological Activities Associated to the Multifunctional Fish Cytolysins

5.1. Cardiovascular Activity

The most potent and best-studied pharmacological activity associated with the venoms
of Scorpaeniformes is that on the cardiovascular system [9,23,28]. The profound cardiovas-
cular alterations induced by these venoms are attributed to the action of cytolysins, being
closely related to the lethality of these toxins [15,19,22].

The molecular mechanisms underlying the cardiovascular effects induced in vivo and
in vitro by cytolysins from the venoms of stonefish and scorpionfish have been fairly well
documented. Despite some variability, which could simply reflect the fact that different
studies employed different doses and experimental models, it is a consensus that these
toxins cause drastic changes in blood pressure, which are the result of their effects on the
blood vessels and heart.

When the purification of VTX from the venom of S. verrucosa was first described, it was
observed that the injection of this cytolysin (∼16 μg/kg, i.v.) into anesthetized rats induced
an immediate hypotensive effect that evolved to cardiac arrest [19]. A drastic, irrecoverable
fall in the blood pressure of anesthetized rats has also been described for SNTX (20 μg/kg,
i.v.) and Sp-CTx (70 μg/kg, i.v.), although a biphasic response characterized by an increase
followed by a decrease on arterial pressure was observed in these instances [15,22].

Consistent with the hypotension observed in vivo, a significant vasorelaxation has
been associated with the action of fish cytolysins on vascular preparations [22,29,30,41]. In
addition, a biphasic response on rat aortic rings pre-contracted with phenylephrine, charac-
terized by an endothelium- and dose-dependent relaxation followed by a contractile phase,
was associated with both SNTX and Sp-CTx, albeit with different intensities. Regardless,
the fact that both toxins induced relaxation of isolated aortic rings in the picomolar range
(68 pM and 1 pM for SNTX and Sp-CTx, respectively), attests to the high hypotensive
potency of these molecules [22,29,41].

The vasorelaxant phase of the effect induced by SNTX and Sp-CTx was irreversibly
abolished by 25 and 10 μM of the nitric oxide (NO) synthesis inhibitor NG-nitro-L-arginine
methyl ester (L-NAME), respectively [22,41]. In addition, the relaxant response associated
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with SNTX was reversibly inhibited by the guanylate cyclase inhibitors methylene blue
(10 μM) and hemoglobin (5 mM) [22]. It was also reduced by the H2S inhibitors DL-
propargylglycine (PAG; 1 mM) and β-cyano-L-alanine (BCA; 1 mM), being potentiated
when these inhibitors were individually combined with L-NAME (1 μM) [30]. The K+

channel blocker tetraethylammonium (TEA; 3 mM) and the substance P (SP) receptor
antagonist N-acetyl-L-tryptophan-3,5-bis(trifluoromethyl)-benzyl ester (NATB; 0.5 mM)
also reduced the SNTX-induced vasorelaxation, which was completely blocked by the
iNOS inhibitor AMT-HCl (0.5 mM) [29].

Based on these results, it has been proposed that SNTX acts by binding directly to the
SP receptor in the endothelial cell or by promoting SP release. The consequent increase in
intracellular [Ca2+] stimulates iNOS and increases the production of NO, which will be
released by the endothelial cell and absorbed by the smooth muscle cell. There, it increases
the levels of cGMP, which will then positively modulate K+ channels, hyperpolarizing
the membrane and causing relaxation [29]. The SNTX-induced relaxation also involves
the synergistic action of H2S and NO [30]. The high sequence identity and structural
similarities between fish cytolysins, as well as the antigenic cross-reactivity displayed
by these toxins [14,40,41], suggest that the aforementioned mechanism of action can be
extended to cytolysins other than SNTX.

The effect of fish cytolysins on the heart itself has also been explored to a certain
extent. In 1997, the cardiotoxicity of the freshly purified but unstable VTX (1 μg/mL)
and an impure but more stable fraction named p-VTX (0.001–1 μg/mL) was assessed [36].
Both exerted negative inotropic and chronotropic effects on the peak contraction and
accelerated the relaxation phase in frog atrial fibers [36]. The negative inotropic effect
induced by p-VTX was reduced in higher external [Ca2+], while the chronotropic effect
remained unaffected in these conditions. Moreover, p-VTX hyperpolarized the fibers
and decreased the duration of both the plateau and the hyperpolarizing phase of action
potentials recorded in these fibers. Both muscular and electrical activities of the atrial
fibers was counteracted by glibenclamide, an ATP-sensitive K+ channel (KATP) blocker.
The nature of these responses suggests p-VTX acts by inhibiting Ca2+ influx into the
fibers, possibly by negatively modulating Ca2+ channels, and by positively modulating
KATP channels.

On the other hand, studies conducted in guinea pig ventricular myocytes, employ-
ing electrophysiology and various pharmacological strategies, showed that, unlike what
had been observed in atrial fibers, VTX inhibits KATP currents via the activation of the
muscarinic M3 receptor-PKC pathway and increases L-type Ca2+ currents by activating
the β-adrenergic-cAMP-PKA pathway [37,38]. As pointed out by [37], this discrepancy
regarding the effects of VTX on frog atrial fibers and guinea pig ventricular cells could be
simply the consequence of different species having different cardiac regulatory mechanisms.
Accordingly, TLY (1 μg/mL) acted much like VTX in frog atrial fibers, hyperpolarizing the
membrane, shortening the action potentials, and inducing a negative inotropic effect, in
addition to a contracture due to acetylcholine release. However, this negative inotropic
effect associated with TLY, although Ca2+-dependent, was not blocked by Cd2+, indicating
it does not involve voltage-dependent Ca2+ channels [33].

In addition to its effects in vivo and on isolated vessels, Sp-CTx had its cardiotoxic
activity assessed in rat isolated hearts and papillary muscles [15]. The toxin (10−9 to
5 × 10−6 M) induced a transient, concentration-dependent positive inotropic effect, charac-
terized by a drastic increase in left ventricular pressure. It also induced vasoconstriction on
the coronary bed by increasing vascular perfusion pressure. The biphasic pattern described
in anesthetized rats and rat aortic rings [15,41] was not observed in isolated hearts.

In isolated papillary muscle, Sp-CTx (0.1 μM) increased myocardial contractility
through a pathway involving the activation of β-adrenoreceptors, as the pre-treatment
with the β-blocker propranolol and the catecholamine releasing agent tyramine inhibited
this response [15]. Post-rest contraction experiments suggested that the cardiac response
induced by Sp-CTx involves an increase in sarcolemmal Ca2+ influx, which was corrobo-
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rated by the reversible 18% increase in L-type Ca2+ currents induced by 1 nM of this toxin
in isolated ventricular myocytes [15]. Taken together, these results point to Sp-CTx acting
by increasing Ca2+ influx into cardiac cells via modulation of L-type Ca2+ channels through
the activation of the β-adrenergic signaling pathway, much like what had been described
for VTX in guinea pig ventricular myocytes [38].

It has been suggested that the pore-forming mechanism underlying the hemolytic
activity of fish cytolysins might also account for some of the other pharmacological ac-
tivities associated with these toxins [22,55,57,66]. However, the aforementioned studies
showing that SNTX, TLY, VTX, and Sp-CTx mediate their cardiovascular effects through
complex pathways involving the release of vasorelaxant mediators and the modulation
of membrane receptors and/or ion channels [15,33,36–38], point to pore-formation not
being the underlying cause of these responses. It is also important to stress that, although
seemingly conflicting depending on the experimental conditions, these pathways could
actually contribute in a synergistic way to potentiate the cardiovascular toxicity attributed
to these cytolysins.

5.2. Neuromuscular Activity

In addition to the cardiovascular effects induced by fish venoms, symptoms observed
after envenomation, such as weakness, muscle spasms, and even paralysis, are an evident
sign of neurotoxicity. Indeed, under experimental conditions, the crude venoms of S.
verrucosa, S. horrida (trachynis), P. volitans, and T. draco have had their neurotoxic effects
demonstrated [13,70–72].

At least for the estuarine stonefish venom, the neuromuscular activity could be associ-
ated directly to its cytolysins—SNTX and TLY. In 1994, the effects of SNTX (8 to 50 μg/mL)
on the neuromuscular function were investigated in mouse and chick skeletal muscles
in vitro and rat skeletal muscle in vivo [31]. SNTX produced an irreversible, concentration-
and time-dependent block of nerve- and muscle-evoked twitches of the mouse hemidi-
aphragm. Similar effects were observed in the chick biventer cervicis muscle, in which
nerve-evoked twitches and the contractures induced by acetylcholine (200 μM), carbachol
(8 μM), and KCl (40 mM) were blocked by SNTX (22 and 44 μg/mL). The ability of SNTX to
block muscle-evoked twitches, as well as the marked blockade of this effect by dantrolene
sodium (6 μM)—a muscle relaxant that inhibits Ca2+ release from intracellular stores—but
not by the nicotinic receptor antagonist tubocurarine (15 μM), suggested that SNTX acts
directly on the muscle to inhibit neuromuscular function, inducing contractures via a
Ca2+-dependent rather than an acetylcholine-dependent mechanism. In addition, SNTX
did not block conduction in the frog sciatic nerve, which also points to the conclusion that
the toxin affects neuromuscular function via myotoxicity [31].

On the other hand, TLY—which had its neuromuscular activities rather well explored—
was reported to act presynaptically by causing the release and depletion of neurotrans-
mitters from nerve terminals [32], as had been previously shown for the crude venom
itself [71]. This cytolysin (2 to 20 μg/mL) irreversibly increased the frequency of miniature
end plate potentials in frog cutaneous pectoris preparations, indicating it stimulated the
quantal release of acetylcholine [32]. A similar outcome was found in Torpedo marmorata
neuromuscular junction, in which TLY (30 to 60 nM) increased the spontaneous quantal
neurotransmitter release in an irreversible way [34].

This neurosecretory role attributed to TLY was supported by the observation that
botulinum toxin—a neurotoxin that disturbs exocytosis—inhibits the release of cate-
cholamines induced by this cytolysin (60 nM) in bovine adrenal chromaffin cells [35].
However, unlike in motor nerve endings, where TLY depleted the number of small vesicles
almost completely (86%) without affecting that of large-dense core vesicles [32], in chro-
maffin cells, this cytolysin mediated a soluble N-ethylmaleimide-sensitive fusion protein
attachment protein receptor (SNARE)-dependent release of catecholamines from large core
vesicles [35].
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As expected, this neurosecretory effect was Ca2+-dependent, although voltage-gated
Ca2+ channels do not seem to participate in the process, as the specific inhibition of various
Ca2+ channel isoforms failed to affect this response in both neuromuscular junction and
chromaffin cells [34,35]. Nevertheless, fluorescence-based evidence showed that TLY does
promote a transient influx of Ca2+ into chromaffin cells in some other way, and its effect on
neurosecretion was in fact blocked by the non-specific inhibitor La3+. In addition, the toxin
induced a more sustained, localized increase in intracellular Ca2+ levels through release
from caffeine-sensitive intracellular stores [35].

Further evidence as to how TLY affects membrane permeability came to light in
2002, when the voltage-clamp technique was used to investigate the mechanism of action
underlying the neurosecretory effects induced by this cytolysin [57]. The perfusion of
neuroblastoma/glioma cells (NG108-15) with TLY (12 nM) for ∼1 min increases mem-
brane conductance, by means of an inward cationic current that was inhibited by anti-TLY
antibodies and La3+. A lack of ionic selectivity was confirmed by the current reversing
around 0 mV. The rather complex nature of the macroscopic current induced by TLY, which
comprises both distinct steps and low fluctuations, and the unusually high single channel
conductance associated to the current steps, point to the target of TLY being other than
pre-existing channels. In addition, TLY-induced currents were also recorded in membrane
patches free from channels. Taken together, these results, and the fact that, once bound, the
toxin cannot be washed out, indicate pore-formation as the most likely mechanism under-
lying the increase in conductance promoted by TLY in neuroblastoma/glioma cells [57].
The fact that the membrane must be exposed to a certain amount of toxin for some time in
order to suffer permeability changes supports this conclusion, being in fact a requirement
predicted by the pore-forming model proposed for SNTX [55,66].

5.3. Pain-Inducing and Inflammatory Activities

Immediate pain is the most distressing feature of envenomation by fish venoms, being
disproportionate to the resulting wound in the absence of notable secondary tissue injury.
In fact, counteracting pain is usually the main focus of treatment when the envenomation
does not progress to systemic complications. Some experimental evidence points to the
participation of cytolysins in the pain as well as in the local inflammatory process that
rapidly develops on the site of injury caused by fish venoms.

The first association between fish cytolysins and these local effects was made when
SNTX was first isolated in 1991 [12]. It was then observed that the toxin (0.15–0.4 mg,
intraplantar injection—i.pl.) induced a dose-dependent edema (a minimum edema dose
of 0.15 μg) within 1 h of injection into mouse hind paws, which lasted for more than 24
h and could not be blocked by pre-treatment with the antihistamine diphenhydramine
(50 mg/kg, intraperitoneal injection—i.p.). No reference was made then as to the possible
nociceptive effects induced by SNTX.

On the other hand, nocitoxin, a mildly hemolytic toxin isolated from the venom of
the bullrout Nothestes robusta, was deemed to be the pain-causing protein in this venom,
as only the fraction containing it could reproduce the algesic effect induced by the crude
venom in human subjects [27]. There is, however, some doubt as to its falling into the fish
cytolysin category, as it did not cross-react with the stonefish antivenom.

The nociceptive and inflammatory activities of Sp-CTx have been relatively well
described when compared to those of other fish cytolysins. The first indication that Sp-CTx
was at least partly responsible for the pain and swelling induced by the venom of S. plumieri
came from the fact that these responses were blocked by the stonefish antivenom, which,
as previously mentioned, reacted against a protein with the biochemical characteristics
of this toxin [51]. The confirmation came in 2018, when [43] showed that the injection
of Sp-CTx into mouse hind paws (0.1–3 μg, i.pl.) caused a dose-dependent nociceptive
response and an intense, sustained, and also dose-dependent edema response that reached
its peak within 60 min and persisted for up to 4 days.
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Further insights into the mechanism underlying the local inflammatory reaction
induced by fish cytolysins were obtained when these same authors reported that the
swelling induced by Sp-CTx was reduced by pre-treatment with the bradykinin B2 receptor
antagonist HOE-140 (100 nm/kg, i.p.) or the serine-proteases inhibitor aprotinin (8 mg/kg,
i.p.) [43]. These findings indicate that the kallikrein-kinin system participates in this
response, as had been already proposed when the inflammatory activity of the crude
venom of S. plumieri was investigated a few years earlier [73]. However, these drugs did
not prevent the edema response completely [43], suggesting that additional pathways
might contribute to the onset of the inflammatory response. Moreover, the nociceptive
activity induced by Sp-CTx could not be blocked by either drug, which indicates that it
does not share the same mechanism described for the inflammatory activity [43].

That is, in fact, one of the biggest gaps in the study of fish venoms, and, by proxy, of
fish cytolysins: the mechanisms behind the pain-inducing activity associated with these
molecules remain largely unknown. It has been suggested that pore formation might be the
underlying cause [43,55], but there is also evidence against this hypothesis. For instance,
while investigating the pain caused by the lionfish P. volitans venom, [74] found that
the heat-labile, protein components responsible for this activity appear to act specifically
on neuropeptidergic nociceptors, although the identity of these components has yet to
be determined.

6. Conclusions

Fish cytolysins stand out among other animal toxins because they alone can reproduce
the main in vitro and in vivo effects induced by the venoms in which they are contained.
These multifunctional toxins account for the extreme pain and inflammatory events ex-
perienced by the victims of envenomation by fish and affect the neuromuscular and car-
diovascular systems in a significant way, potentially leading to death. Not to mention the
species-specific hemolytic activity that, although seemingly irrelevant where envenomation
is concerned, characterizes this type of toxin.

Although intriguing, this multifunctionality also adds to the complexity surrounding the
mechanisms of action underlying the different activities displayed by these toxins (Figure 5). At
this point, it is established that fish cytolysins destroy cells by forming non-selective pores in the
membrane, but how much this pore-forming ability actually contributes to the pharmacological
activities induced by these molecules is a matter for discussion.

Ample evidence points to fish cytolysins affecting the cardiovascular and neuromus-
cular systems through the modulation of signaling pathways that might vary in different
tissues and species. However, that does not exclude the possibility that these toxins might
also be able to form pores in the membrane of the cells that compose these systems. Based
on the data gathered so far, we propose it to be a function of dose, time of exposure, and—
naturally—the presence of proper recognition sites in the aforesaid membranes. Future
studies on fish cytolysins should take this possibility into account.

All in all, much has been done regarding the investigation of biochemical and phar-
macological features of fish cytolysins, considering how very labile and complex these
molecules are. Nevertheless, as exposed in this review, there are still considerable gaps and
contradictions, especially where what we believe to be their multi-mechanistic mode of
action is concerned. The major role played by fish cytolysins in the envenomation process,
added to the many questions raised by their multifunctionality, fully justifies the quest for
a better understanding of how these molecules act.
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Figure 5. Fish cytolysins: multifunctional toxins. The various pharmacological activities displayed by multifunctional fish
cytolysins and what has been determined regarding the mechanisms of action underlying each activity.
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Abstract: Phospholipases A2s (PLA2s) constitute one of the major protein groups present in the ven-
oms of viperid and crotalid snakes. Snake venom PLA2s (svPLA2s) exhibit a remarkable functional
diversity, as they have been described to induce a myriad of toxic effects. Local inflammation is an
important characteristic of snakebite envenomation inflicted by viperid and crotalid species and
diverse svPLA2s have been studied for their proinflammatory properties. Moreover, based on their
molecular, structural, and functional properties, the viperid svPLA2s are classified into the group IIA
secreted PLA2s, which encompasses mammalian inflammatory sPLA2s. Thus, research on svPLA2s
has attained paramount importance for better understanding the role of this class of enzymes in snake
envenomation and the participation of GIIA sPLA2s in pathophysiological conditions and for the
development of new therapeutic agents. In this review, we highlight studies that have identified the
inflammatory activities of svPLA2s, in particular, those from Bothrops genus snakes, which are major
medically important snakes in Latin America, and we describe recent advances in our collective
understanding of the mechanisms underlying their inflammatory effects. We also discuss studies that
dissect the action of these venom enzymes in inflammatory cells focusing on molecular mechanisms
and signaling pathways involved in the biosynthesis of lipid mediators and lipid accumulation in
immunocompetent cells.

Keywords: Bothrops phospholipases A2; inflammation; lipid mediators; signaling pathways

Key Contribution: This review provides an overview and recent advances in the understanding
of inflammatory mechanisms triggered by svPLA2s with a focus on their actions on lipid mediator
biosynthetic pathways and lipid accumulation in immunocompetent cells.

1. Introduction

Bothrops spp. snakes are responsible for the majority of snakebites in Latin Amer-
ica. Envenomation by these snakes induces severe pathological alterations at the site of
venom injection, characterized by an intense local inflammatory reaction associated with
myonecrosis, pain, and hemorrhage, potentially leading to permanent tissue damage and
disability [1–6]. The local inflammatory response to bothropic envenomation involves a set
of events including an increase in vascular permeability, edema formation, hyperalgesia,
the activation and infiltration of immunocompetent cells, and a complex network of inflam-
matory mediators driving the inflammatory response [2]. These events are caused by the
activation of critical host defense mechanisms of the victims by direct and indirect actions of
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the toxins present in the snake venom. Proteomic studies of Bothrops snake venoms revealed
that the phospholipases A2 (PLA2s) are ubiquitous components of these venoms and play
an important role in the pathophysiology of envenoming by these snakes [7–11]. During
envenomation, in addition to aiding prey digestion, these toxins have been described to
display myotoxic, cytotoxic, hemolytic, hypotensive, anticoagulant, platelet aggregation
inhibition/activation, and proinflammatory effects [12–14]. Regarding inflammation, in
addition to exerting direct effects on cell membranes, these lipolytic enzymes can recruit
mammalian PLA2s analogs of similar activity and trigger endogenous signaling systems
that display and amplify the cell injury and host defense mechanisms triggered by the
whole venom. This amplification is responsible for many acutely important consequences
of Bothrops envenoming. Yet, as discussed below, studies with in vitro and in vivo models
aiming to understand the inflammatory action of isolated venom PLA2s can contribute to
the knowledge of the local inflammatory mechanisms induced by Bothrops snake venoms
and those from the Viperidae family [3,15–17]. These studies might lead to the discovery of
new therapeutic targets for a more efficient treatment of envenoming by viperid snakes,
since the currently available antivenoms have low effectiveness to neutralize the local
events promoted by their venoms [18]. Finally, due to the structural and functional simi-
larities to mammalian group (G) IIA PLA2, the Bothrops PLA2s can constitute useful tools
for studies on the roles of human GIIA PLA2s in inflammatory diseases. In this regard,
the effectiveness of varespladib, an inhibitor of svPLA2s [19] in attenuating inflammatory
events caused by Viperidae snake venoms has been demonstrated in mice experimental
model [20].

1.1. Phospholipases A2

Phospholipases A2 constitute a group of enzymes with diverse biological functions,
ranging from homeostasis and membrane remodeling to the generation of metabolites
and second messengers involved in biological processes and signal transduction. These
enzymes hydrolyze the acyl ester bond at the sn-2 position of phospholipids, generating
free fatty acids, such as arachidonic acid (AA) and oleic acid, and lysophospholipids,
such as lyso-PAF [21,22]. Currently, PLA2s are classified into close families, including
secretory PLA2 (sPLA2), cytosolic phospholipase (cPLA2), and Ca2+-independent PLA2
(iPLA2); platelet activating factor acetylhydrolase (PAF); and lysosomal PLA2 (LPLA2),
PLA/acyltransferase (PLAAT), α/β hydrolase (ABHD), adipose-PLA2 (AdPLA), and gly-
cosylphosphatidylinositol (GPI)-specific PLA2 [23–25]. This classification of PLA2s is based
on the cell location, amino acid sequence, molecular weight, presence of intramolecular
disulfide bridges, calcium requirement, and catalytic activity, including the hydrolysis at
the sn-2 position of glycerophospholipids [22,26]. The sPLA2 family is largely distributed
in nature, and its components are classified into I, II, III, V, IX, X, XI, XII, XIII, and XIV
groups. They are present in high concentrations in snake, bee, and wasp venoms and in
several mammalian organs, cells, and pancreatic juice [21,27]. Among them, we highlight
group I PLA2s, comprising the secreted enzymes found in the snake venoms of the Elapidae
and Hydrophiidae families and in the pancreas secretion of mammals. Meanwhile, group
II consists of sPLA2s found in snake venoms of the Viperidae family and in mammalian
tissues and are expressed in inflammatory processes [13,28].

For a long time, the pathophysiological activities of sPLA2s were related exclusively
to their enzymatic activity, capable of providing a substrate for the synthesis of second
messengers and inflammatory mediators. However, alternative mechanisms of action have
been associated with the ability of sPLA2 to interact with receptors or even specific domains
present on cell membrane surfaces, such as heparan sulfate proteoglycans, which have
already been described to be important for triggering the activation of other sPLA2s in the
target cells [29–32]. The identification of sPLA2s binding proteins was initially achieved
by Lambeau et al. (1989) [33], who used the sPLA2 from the Oxyuranus scutelatus snake
venom, called OS2. Due to its prevalence in brain tissue, this protein was denominated an
N (neuronal) type receptor. Then, through screening in various tissues and cells, for studies
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of other OS2 binding proteins, a second type of PLA2 receptor was described, present
in rabbit skeletal muscles, called an M (muscle) type receptor [34]. The presence of this
latter receptor was identified in several tissues and in neutrophils, monocytes, and human
alveolar macrophages [35,36], but not in murine peritoneal macrophages [37]. The M-type
phospholipase A2 receptor has a high degree of homology (~30%) to mannose receptors,
a member of the lectin receptor family, constitutively expressed in macrophages [38,39].
Mannose receptors are involved in phagocytosis, antigen processing [29,38,40], and the
production of inflammatory cytokines by macrophages [40–42]. Additionally, this receptor
has been demonstrated to play a role in cell proliferation and AA release, via MAPKs
(protein kinase activated by the mitogens family), induced by the group IB sPLA2s [43–45].
Furthermore, it has been revealed that group IIA sPLA2s can bind to mannose receptors
and promote the release of IL-6 by human alveolar macrophages [46].

Investigations into the biological role of mammalian group IIA PLA2, also known
as inflammatory PLA2, in the development of several pathologies of inflammatory and
immunological origin have been described. Several studies have revealed that group IIA
sPLA2s are present in high levels in rheumatoid arthritis [47–50], acute pancreatitis [51–53],
septic shock [54,55], Crohn’s disease and ulcerative colitis [56–58], respiratory distress
syndrome [59–61], bronchial asthma and allergic rhinitis [59,62], atherosclerosis [63,64],
autoimmune diseases [65], and cancer [66–69]. These observations imply that both local
and systemic inflammation are associated with the release of sPLA2s in vivo, thus raising
the unclear question of the role of these PLA2s in inflammatory reactions. Additionally, it
was found that proinflammatory cytokines, such as interleukin (IL)-1β, IL-6, and tumor
necrosis factor alpha (TNF-α), induce, in a variety of tissues, the gene transcription of
sPLA2s and the subsequent increase in their secretion, thus, supporting the hypothesis of
the involvement of sPLA2s in inflammation [70–73]. In addition, sPLA2s activate intracel-
lular signaling events in cells that participate in inflammatory processes, caused by the
generation of second messengers, and the phosphorylation of kinases as of MAPK [74–77].
Thus, sPLA2s represent an important target for investigations regarding the mechanisms
of inflammatory events.

1.2. Inflammation—General Concepts and Signaling Pathways

Inflammation is a response of body tissues to noxious conditions for restoring home-
ostasis, setting the stage for the healing and reconstitution of injured tissue. The acute
inflammatory response to injury involves functional alterations of microvessels that occur
early after injury and develop at varying rates. The major features of these alterations
include transient vasoconstriction, followed by vasodilation, then, leakage of protein-rich
fluid from the microcirculation leading to edema formation, and movement of phagocytic
leukocytes into the site of injury followed by local pain [78]. Immunocompetent cells, such
as neutrophils and monocytes, found in blood circulation are capable of rapidly infiltrating
tissues; macrophages and dendritic cells reside within tissue and play key roles in tissue
surveillance and antigen presentation [79,80]. The vascular and cellular reactions are trig-
gered and highly regulated by chemical factors, called inflammatory mediators, which
include cytokines, chemokines, vasoactive amines, and eicosanoids and are produced by
plasma components or are released in close proximity to the injury by endothelial cells,
tissue-resident leukocytes such as mast cells, and macrophages at the early stages, followed
by infiltrated leukocytes. The effects of inflammatory mediators involve the engagement
of specific receptors, which then display signaling pathways responsible for the immune
response [81–83]. Parallel to changes in blood flow, the margination of leukocytes begins,
and leukocytes adhere to the microvascular endothelium through rolling and firm adhesion,
and then moving through the vascular wall into the interstitial tissue. The various steps
in the leukocyte migration are regulated by different subsets of cell-adhesion molecules
expressed by both leukocyte and endothelial cells [84,85]. Thereafter, the phagocytosis of of-
fending agents by migrated leukocytes occurs, followed by a release of lysosomal enzymes
and an increase in the oxidative metabolism in leukocytes, known as respiratory burst,
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resulting in the production of microbicidal agents, such as superoxide anion (O2
−) and

hydrogen peroxide (H2O2) [86,87]. Four major classes of receptor-mediated phagocytosis
exist: receptors of complement that recognize complement-coated particles; Fcg receptors,
which are constitutively active for phagocytosis of IgG-coated particles; mannose receptors
that recognize mannose and fucose on the surface of pathogens; and β-glucan receptors
that recognize β-glucans-bearing ligands [87]. Furthermore, receptors for the Fc portion of
immunoglobulin G and mannose/fucose residues lead to the release of proinflammatory
mediators and reactive oxygen [88].

Despite the stereotyped features associated with an inflammatory response, the signal
pathways involved in this response are determined by the nature of the inflammatory
trigger, the sensors that detect them, the inflammatory mediators released, and the tissue
affected. A number of surface and cytosolic receptors expressed in innate immune cells
can sense pathogen-associated molecular patterns (PAMPs), damage-associated molecular
patterns (DAMPs), or venom-associated molecular patterns (VAMPs) with high sensitivity
and specificity. The recognition of these molecules is achieved by interacting with pat-
tern recognition receptors (PRRs) [89]. These sensing receptors include Toll-like receptors
(TLRs) [90,91], C-type lectin receptors (CLRS), RIG-I-like receptors (RLRs), and nucleotide-
binding domain leucine-rich repeat (NLRs) or nucleotide-binding and oligomerisation do-
main (NOD)-like receptors [92,93]. Among them, TLRs (TLR1-TLR10) are highly conserved
transmembrane proteins that play an important role in recognizing microbial pathogens
and endogenous damage molecules, thereby triggering the generation of signals for the
production of proinflammatory proteins and cytokines, via cooperation of adaptor proteins
(MyD88, TIRAP, TRIF, and TRAM) [94,95]. The recognition of specific molecular patterns
by NLRs induces the oligomerisation of proteins in the cytosol, generating platforms called
inflammasomes [96]. The inflammasome is a high molecular weight protein complex that
elicits the activation of inflammatory caspases and the processing of pro-interleukin-1β
(pro-IL-1β) and pro-IL-18, generating the mature biologically active cytokines and a rapid
inflammatory form of cell death termed pyroptosis [97]. Several distinct inflammasomes
have been identified, including NLR and the pyrin domain containing receptor 1 (NLRP1),
NLRP3, and NLR; the caspase recruitment domain containing receptor 4 (NLRC4); and
the AIM2-like receptors (ALR) family [98,99]. These receptors positively regulate genes re-
lated to inflammatory mediators, including cytokines and key enzymes in the biosynthetic
pathways of lipid mediators known as eicosanoids [100].

The early induction of most inflammatory transcripts depends on networks of tran-
scription factors whose activation is coupled to pathways of signal transduction. The
nuclear factor-kappa B (NF-κB) is a major and the best-studied transcription factor of
inflammatory response [101,102]. The binding of activated NF-κB to the nuclear promoter
region of diverse inflammatory factors leads to the transcriptional activation and expression
of inflammatory mediators and enzymes. Currently, the major signaling pathways involved
in inflammation are mediated by the cascade phosphorylation of protein kinases, such as
the mitogen activated kinases (MAPKs) encompassing ERK1/2, SAPK, c-Jun NH2-terminal
or JNK and p38MAPKs, phosphatidylinositol 3 kinase (PI3K), protein kinase C (PKC),
and protein tyrosine kinase (PTK). These kinases mediate distinct intracellular signaling
pathways associated with cytokines production, cytokine receptors, growth factors, mobi-
lization of intracellular Ca2+, and regulate a variety of functions of immunocompetent cells,
including cell migration, phagocytosis, degranulation, respiratory burst, and programmed
cell death [103–112].

An effective acute inflammatory response results in the removal of noxious factors
followed by the resolution and repair stages [113]. The shift in inflammatory markers,
including the switch from proinflammatory mediators to anti-inflammatory, resolution-
inducing mediators (lipoxins, maresins, protectins, and resolvins), is vital for the change
from inflammation to resolution [114]. This switch drives the transition from neutrophil
to monocyte recruitment into the affected sites, resulting in the clearance of dead cells
and other debris, assisted by the lymphatic system, and the initiation of tissue repair at
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the damaged site [115]. However, if the acute events are not properly controlled, the
inflammatory response becomes detrimental to the host. Yet, if the acute response does
not succeed in neutralizing the injurious stimulus, the resolution phase might not be
appropriately induced, and a chronic inflammatory state may ensue, leading to several
inflammatory-mediated diseases [116,117].

2. Inflammatory Effects of sPLA2 from Bothrops spp. Venoms

2.1. Bothrops svPLA2s Induce Inflammatory Events and Activate Defense Functions in Leukocytes

Phospholipases A2 of GIIA are major components of Bothrops spp. snake venoms and
play important roles in the pathophysiology of envenoming by these snakes, including
the inflammatory response. Although these enzymes conserve a chemistry and catalytic
structure, the natural evolution of viperid venoms introduced alterations in their primary
amino acid residues, generating various other biological and toxicological effects [118]. In
general, the GIIA sPLA2s found in viperid snake venoms are classified as sPLA2s, known
as ‘classic’, containing an amino acid aspartate at position 49 (Asp49) and catalyzing the
hydrolysis of the ester bond at position sn-2 of glycerophospholipids in a Ca2+ dependent
manner. Meanwhile, the other type of sPLA2s is described as ‘variant’ and contains a
lysine at the same position 49 (Lys49), with or without low catalytic activity [119]. Such
a substitution affects the ability of these proteins to bind to Ca2+, an essential cofactor
for the stabilization of tetrahedral intermediate, which occurs in the catalytic reaction
performed by the Asp49-sPLA2s [120]. Despite the lack of enzymatic activity, sPLA2s-
Lys49 homologues maintain their damaging capacity in membranes through a mechanism
that is not completely understood and independent of Ca2+ [12,121,122].

It has long been demonstrated that viperid sPLA2s are potent inductors of inflam-
mation. Although they present differences in their catalytic activity, both viperid Asp49
and Lys49 PLA2 homologues are capable of inducing local inflammation in diverse ex-
perimental models [123–125]. As such, this group of enzymes is considered to be a major
component responsible for the severe local edema in envenomings by Bothrops spp. The
inflammatory response to venom PLA2s is characterized by edema and the marked infiltra-
tion of leukocytes into the site of toxin injection. Studies on the mechanism of local edema
induced by viperid sPLA2s (svPLA2s) have demonstrated an early increase in vascular
permeability and a local release of inflammatory mediators, which act synergistically to
cause the initiation and development of the inflammatory events. Among these mediators
are vasoactive amines, including histamine, serotonin, and substance P, as well as vasodi-
lating prostaglandins. Yet, in vivo studies employing a pharmacological approach have
demonstrated that antagonists of serotonin and H1 receptors of histamine reduced the
progression of edema induced by both catalytically active and inactive variants of sPLA2
isolated from B. asper [126], B. neuwiedii [127], B. jararacussu [128,129], or B. insularis [130]. In
support of these reports, the release of histamine and serotonin by mast cells was observed
following stimulation with bothropic sPLA2s from B. jararacussu [128,131]. Consistent
with this evidence, the contribution of mast cells to edema formation induced by viperid
PLA2s was further observed in in vitro experimental models demonstrating the ability of
sPLA2s isolated from B. pirajai, B. jararacussu, and B. atrox snake venoms to degranulate
mast cells [125,128,131,132]. It is well known that upon activation, mast cells secrete and
synthesize an array of inflammatory mediators, which trigger the earliest events of inflam-
mation [133,134]. Moreover, the contribution of the catalytic activity for the edematogenic
effect of the enzymatic active Asp49 from bothropic PLA2s was suggested by studies,
revealing that the chemical modification of this sPLA2 by p-bromophenacyl bromide inhib-
ited edema formation induced by these viperid PLA2s [126–128]. In addition, the role of
lipid mediators, such as PAF and eicosanoids, for hyperalgesia induced by catalytic active
venom PLA2s was highlighted by studies using a pharmacological approach [135]. These
authors suggested that the enzymatic hydrolysis of membrane phospholipids played a role
in these events by directly releasing the precursors of lipid mediators, such as lyso-PAF
and AA.
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As mentioned previously, leukocytes are central components of inflammation. An
important cellular component exists in the inflammatory response to Bothrops sPLA2s.
As such, the stimulatory effect of piratoxin-I, bothropstoxin-I, and -II from B. pirajai and
B. jararacussu, respectively, on neutrophil chemotaxis was demonstrated in an in vitro ex-
perimental model [136]. This effect was revealed to involve the interaction of these sPLA2s
with surface heparan binding sites of neutrophils, followed by the release of chemotactic
mediator leukotriene B4 (LTB4) and PAF, and is independent of enzyme activity. Fur-
thermore, the ability of these venom PLA2s to recruit an endogenous PLA2 through the
activation of GTP-binding protein and PKC was added to the mechanisms by which they
cause neutrophil migration [137]. Moreover, studies conducted using in vivo experimental
models have demonstrated the ability of Bothrops sPLA2s to induce a marked influx of
polymorphonuclear and mononuclear cells into the site of their injection, as demonstrated
for both catalytic active and non-catalytic venom PLA2s, such as MT-III and MT-II from
B. asper snake venom [123,138]. A similar effect was reported by other authors, investigating
various sPLA2s isolated from different Bothrops spp. snake venoms, such as Bothropstoxin
(BthTX)-I and BthTX-II; B. jararacussu [131], BnSP-7, a catalytically inactive PLA2 from
B. pauloensis [139], BatroxPLA2 from B. atrox [140] and BJ-PLA2-I from B. jararaca [141]
in in vivo experimental models. The sPLA2-induced leukocyte migration was linked to
the upregulation of adhesion molecules, such as l-selectin, LFA-1, and CD18, which in
turn was associated with the release of inflammatory cytokines IL-1β, IL-6, and TNF-α
with chemotactic activity by resident leukocytes, primarily macrophages [123]. Cytokines,
chemokines, and leukotriene B4 are among the major mediators regulating the expression
of adhesion molecules and chemotaxis of leukocytes [142–144]. Consistent with this infor-
mation, increased serum levels of IL-6, IL-1, and TNF-α induced by Bbil-TX from B. bilineata
snake venom were observed in a mouse experimental model [145]. In addition, there are
reports that two Lys49 PLA2s isolated from B. mattogrossensis (BmaTX-I and BmaTX-II)
venom were able to induce the release of IL-1β by murine neutrophils in culture [146] and
that BatroxPLA2, an acidic sPLA2 from B. atrox venom, induced the release of IL-6, PGE2,
and LTB4 from murine macrophages in culture [140]. In this context, the involvement
of inflammasomes in the production of IL-1β induced by Bothrops sPLA2s was recently
investigated. The participation of NLP3 inflammasome via the activation of caspase 1 in the
production of IL-1β induced by BthTX-I, a Lys49-PLA2 from B. jararacussu venom, injected
into mouse gastrocnemius muscle was reported [147]. In addition, the participation of
inflammasomes in BthTX-I-induced production of IL-1β was demonstrated in peritoneal
macrophages. This effect was demonstrated to be dependent on caspase 1/11, ASC, and
NLRP3 and was associated with the release of ATP and activation of P2X7 receptors [148].
Despite the importance of cytokines, chemokines, and eicosanoids in orchestrating the
events of inflammation and the potent proinflammatory effects triggered by viperid sPLA2s,
including those from Bothrops genus, a complete picture of the inflammatory mediators
released by immunocompetent cells upon stimulus by Bothrops sPLA2s has yet to be further
investigated. Moreover, the mechanisms involved in the production and release of these
mediators and the possible crosstalk between them remain to be better clarified. Regard-
ing the mechanisms involved in the biosynthesis of lipid mediators induced by Bothrops
sPLA2s, the progress made is presented in this review as a separate item (Section 2.2).

It is well recognized that the activation of innate effector functions, such as phago-
cytosis, and the production of microbicidal substances in leukocytes are critical for host
defense and tissue repair. Regarding phagocytosis, studies have demonstrated the activity
of Bothrops sPLA2s to induce phagocytosis following the activation of distinct receptors
in immune-competent cells. In this sense, it was demonstrated that MT-II and MT-III,
isolated from B. asper snake venom, can directly stimulate phagocytosis by macrophages
in culture. MT-II significantly increased phagocytosis mediated by all classes of recep-
tors, whereas MT-III increased phagocytosis via only mannose and beta-glucan receptors.
This suggests that although the catalytic activity of Bothrops sPLA2s is not an essential
requirement for enhancing macrophage phagocytosis, it may drive the class of phago-
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cytosis receptors involved in this process. Molecular regions distinct from the catalytic
network are likely involved in this effect [138]. In addition, the signaling pathways medi-
ating zymosan phagocytosis, induced by both MT-II and MT-III, were investigated, with
a focus on lipid second messengers. This study demonstrated that whereas the effect of
MT-III, catalytically active, was dependent on the activation of endogenous iPLA2, the
effect of MT-II was dependent on both endogenous iPLA2 and cPLA2. Likewise, COX-2
and 5-LO-derived metabolites in addition to PAF were involved in the signaling events
required for phagocytosis induced by both venom sPLA2s [138]. In line with these data,
BaltTX-I, devoid of catalytic activity and isolated from B. alternatus snake venom, was re-
ported to activate the phagocytosis of serum-opsonized zymosan by murine macrophages,
indicating the involvement of complement receptors. In addition, the participation of PKC
was demonstrated. Nonetheless, BaltTX-II, a catalytically active sPLA2 isolated from the
same venom did not stimulate phagocytosis in macrophages, lending support to previous
findings that the catalytic activity of Bothrops sPLA2s is not essential for the stimulation
of phagocytosis via complement receptor [149]. In addition, the sPLA2s isolated from
Panamanian B. asper snake venom, pMTX-III (catalytically active Asp49) and pMTX-II and
-IV, two enzymatically inactive Lys49 isoforms, were described to induce phagocytosis
via mannose receptor and superoxide production in macrophages [150]. The mechanisms
underlying the differences between the catalytic and non-catalytic active Bothrops PLA2s,
regarding the activation of phagocytosis in macrophages and the participation of distinct
receptors in their effects, require further clarification.

Concomitantly with phagocytosis, there is an increase in the oxidative metabolism,
also referred to as respiratory burst, in leukocytes. In this context, the literature reveals
that viperid sPLA2s can trigger the respiratory burst in immunocompetent cells. In the
first study describing the ability of Bothrops sPLA2 to induce the release of microbicidal
agents, the authors demonstrated that MT-II and MT-III, isolated from B. asper snake venom,
induced the release of H2O2 by macrophages, with MT-III being the more potent stimu-
lator [151]. In agreement with this evidence, it has been demonstrated that BaltTX-I and
BaltTX-II from B. alternatus snake venom induced superoxide production by macrophages
in culture in a process mediated by PKC [149]. In addition, other authors have revealed that
the three sPLA2s from B. atrox venom, namely BaTX-I, a Lys49 variant devoid of catalytic
activity; BaTX-II, a catalytically active Asp49; and BaPLA2, an acidic Asp49 sPLA2 induced
the release of the superoxide anion by the J774A.1 lineage macrophages in culture [152].
BaTX-I was the only sPLA2 able to stimulate complement receptor-mediated phagocytosis,
but all studied sPLA2s could increase the macrophage lysosomal volume [152]. These data
demonstrate the ability of Bothrops PLA2s to trigger the respiratory burst, which is an essen-
tial process for the elimination of harmful agents. Although the structural determinants of
such an effect were not investigated, it is likely that neither the enzymatic activity nor the
basic or acidic characteristic of PLA2 is essential for the activation of the respiratory burst.

An additional defensive strategy important for host defense is the neutrophil extra-
cellular trap, or ‘NET’. The formation of NET (NETosis) occurs through the release of
nuclear DNA, forming a sticky ‘net’ of extracellular fibers that can halt the dissemination
of pathogens and toxins [153,154]. Despite its importance in the inflammatory response,
little attention has been paid to the involvement of this defense mechanism in the effects of
viperid sPLA2s. Yet, a report indicates that BaTX-II, an Asp49 PLA2 isolated from B. atrox
snake venom, can activate human neutrophils in culture to produce hydrogen peroxide
via the PI3K signaling pathway. Furthermore, this sPLA2 stimulated neutrophils to secrete
MPO, NETs, and inflammatory mediators, including IL-1β, IL-8, and LTB4 [155]. There-
fore, the activation of neutrophilic functions, including toxin trapping and inactivation, is
likewise involved in the inflammatory response to Bothrops sPLA2s. Further studies are
necessary to amplify the knowledge regarding the participation of NETs in inflammation
induced by Bothrops spp. sPLA2s. Interestingly, in contrast to the reported ability of Both-
rops sPLA2s to activate distinct inflammatory functions in leukocytes, a report revealed
that CB (Crotoxin B), a catalytically active sPLA2 isolated from Crotalus durissus terrificus,
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which is a subunit of crotoxin complex [156,157], could, per se, display inhibitory effects
in macrophage functions, including spreading and phagocytosis [158]. Such an inhibitory
effect suggests an anti-inflammatory activity for this particular viperid sPLA2 [159]. In
agreement with this idea, CB was reported to reduce the release of inflammatory cytokines,
including IL-6 and TNF-α, and increase the release of PGE2 and lipoxin A4, both im-
munomodulatory lipid mediators, in dendritic cells [160]. A summary of the inflammatory
activities of svPLA2s is illustrated in Figure 1. In Table 1, the svPLA2s-induced inflam-
matory responses are summarized according to the amino acid residue at position 49 and
basic and acidic characteristics.

Figure 1. Scheme of inflammatory activities of svPLA2s. The svPLA2s induce inflammatory events, characterized by
activation of innate immune cells and endothelial cells and release of several inflammatory mediators that interfere in
the vascular dynamic. svPLA2s induce mast cells degranulation and activation of resident macrophages with release of
inflammatory mediators such as prostaglandins (PGs), histamine, serotonin, and substance P, which lead to vasodilation,
increase of vascular permeability, culminating in edema formation and pain. In addition, svPLA2s activate phagocytosis
by macrophages and increase the local production of oxygen reactive species (ROS). Furthermore, svPLA2s, along with
vascular alterations and produced inflammatory mediators, increase the expression of adhesion molecules such as LFA,
CD-18 and L-selectin. These adhesion molecules, in turn, promote chemotaxis and leukocyte migration. The svPLA2s
induce production of myeloperoxidase (MPO) and release of NETs by neutrophils. Both neutrophils and macrophages
release proinflammatory mediators such as platelet-activating factor (PAF), IL-8, LTB4, IL-1β, IL-6, and TNF-α. These last
three mediators are involved in the upregulation of COX-2 isoform, and release of PGs, thus amplifying the inflammatory
response induced by svPLA2s.
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Table 1. Inflammatory activities of basic and acidic svPLA2s isoforms.

PLA2 Origin
Basic or

Acid
Type of PLA2

Variant
Inflammatory Activity/
Experimental Model

Refs.

Piratoxin-I B. pirajai Basic Lys49
Increase in vascular permeability (in vivo)

Mast cell degranulation, neutrophil
chemotaxis (in vitro)

[125,136]

P-1 B. neuwiedii Acidic nd Edema (in vivo) [126]

P-2 B. neuwiedii Acidic nd Edema (in vivo) [126]

SIIISPIIA B. jararacussu Acidic Asp49 Edema (in vivo) [129]

SIIISPIIB B. jararacussu Acidic Asp49 Edema (in vivo) [129]

SIIISPIIIA B. jararacussu Acidic Asp49 Edema (in vivo) [129]

SIIISPIIIB B. jararacussu Acidic Asp49 Edema (in vivo) [129]

BintTX-I B. insularis Acidic Asp49 Edema (in vivo) [130]

Bothropstoxin-I
(BthTX-I) B. jararacussu Basic Lys49

Edema, leukocyte
migration, mast cell degranulation

(in vivo)
Neutrophil chemotaxis, activation of

inflammasome (in vitro)

[128,131,136,147,
148]

Bothropstoxin-II
(BthTX-II) B. jararacussu Basic Asp49

Edema, leukocyte
migration, mast cell degranulation

(in vivo)
Neutrophil chemotaxis (in vitro)

[128,131,136]

Myotoxin-II
(MT-II) B. asper Basic Lys49

Increase in vascular
permeability, leukocyte migration, release

of mediators, hyperalgesia, eicosanoid
production, COX-2 expression (in vivo)
Phagocytosis, H2O2 production COX-2

expression, lipid droplet formation
(in vitro)

[123,126,135,138,
161–167]

Myotoxin-III
(MT-III) B. asper Basic Asp49

Increase in vascular
permeability, leukocyte migration, release

of mediators, hyperalgesia, eicosanoid
production; COX-2 expression (in vivo)
Phagocytosis, H2O2 production, COX-2

expression, lipid droplet formation,
preadipocyte activation (in vitro)

[123,126,135,138,
162–166,168–170]

BnSP-7 B. pauloensis Basic Lys49 Edema (in vivo) [139]

BatroxPLA2 B. atrox Acidic Asp49
Leukocyte chemotaxis,

mediators release (in vivo)
Mast cell degranulation (in vitro)

[140]

BJ-PLA2-I B. jararaca Acidic Asp49 Leukocyte migration, mediators release
(in vivo) [141]

Bbil-TX B. bilineata Basic nd Neutrophil migration, mediators release
(in vivo) [145]

BmaTX-I B. mattogrossensis Basic Lys49 Mediator release (in vitro) [146]

BmaTX-II B. mattogrossensis Basic Lys49 Mediator release (in vitro) [146]

BaltTX-I B. alternatus Basic Lys49 Phagocytosis,
superoxide production (in vitro) [149]

BaltTX-II B. alternatus Basic Asp49 Superoxide production (in vitro) [149]

pMTX-II B. asper Basic Lys49 Phagocytosis,
superoxide production (in vitro) [150]

pMTX-III B. asper Basic Asp49 Phagocytosis,
superoxide production (in vitro) [150]

pMTX-IV B. asper Basic Lys49 Phagocytosis,
superoxide production (in vitro) [150]

BaTX-I B. atrox Basic Lys49 Superoxide production,
lipid droplet formation (in vitro) [155]
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Table 1. Cont.

PLA2 Origin
Basic or

Acid
Type of PLA2

Variant
Inflammatory Activity/
Experimental Model

Refs.

BaTX-II B. atrox Basic Asp49
Superoxide and H2O2 production, MPO

release, NET formation, lipid droplet
formation (in vitro)

[155]

BaPLA2 B. atrox Acidic Asp49 Superoxide production,
lipid droplet formation (in vitro) [140,155]

BaPLA2I B. atrox Basic nd Mast cell degranulation, edema (in vivo) [132]

BaPLA2III B. atrox Neutral nd Mast cell
Degranulation, edema (in vivo) [132]

nd, not described.

2.2. Influence of Bothrops svPLA2s on Pathways of Arachidonic Acid Metabolism

It is well established that sPLA2s play key modulatory roles in numerous cellular
processes in physiological and pathological conditions by regulating the release of AA from
membrane phospholipids [27,171]. It has long been recognized that the AA-derived lipid
mediators are potent mediators of inflammation [83]. The AA is rapidly metabolized by
several enzyme complexes, including cyclooxygenases (COX), lipoxygenases (LOX), and cy-
tochrome P450 (CYP450). These enzymatic pathways promote the synthesis of oxygenated
and bioactive products, generically called eicosanoids, which include prostaglandins (PG),
leukotrienes (LT), hydroperoxyeicosatetraenoic acids (HPETEs), hydroxyeicosatetraenoic
acids (HETEs), epoxides (EETs), and lipoxins (LX) [172–178]. A summary of the cascades
involved in biosynthesis of eicosanoids is shown in Figure 2.

It is important to emphasize that COX-1 is a constitutive isoform present in most
tissues and is responsible for generating PGs for diverse physiological functions [179–182].
In contrast, COX-2 is upregulated by inflammatory cytokines and growth factors [183,184]
and is constitutively expressed in some tissues [185,186].

Regarding the production of inflammatory eicosanoids by Bothrops svPLA2, studies
have demonstrated that the intraperitoneal injection of MT-III [187] and MT-II [162] in mice
induced an early and transient release of PGD2, followed by a rapid and sustained release
of PGE2. Likewise, in mice injected with BatroxPLA2 [140], from B. atrox snake venom,
and BJ-PLA2-I from B. jararaca [141], an early release of PGE2 was observed. The in vivo
experimental models of previous studies have revealed that B. asper sPLA2s induce the
release of other eicosanoids, such as thromboxane A2 (TXA2) and LTB4 [123]. Moreover,
an Asp49 svPLA2 from B. atrox venom [140] stimulated the production of LTB4, lipoxin,
and PGE2.

PGE2 and PGD2 are important modulators of vasodilation, and PGE2 can potentiate
an increase in vascular permeability, promoted by mediators of this phenomenon, with a
consequent formation of edema [188,189]. Studies using pharmacological treatment with
non-steroidal anti-inflammatory compounds were crucial in demonstrating the participa-
tion of these COXs-derived lipid mediators on edema [126,190] and hyperalgesia [135],
induced by B. asper sPLA2s. In addition, studies demonstrating that MT-III and MT-II upreg-
ulated COX-2 protein expression in peritoneal leukocytes without altering the constitutive
expression of COX-1 evidenced the ability of these venom PLA2s to influence downstream
cyclooxygenase isozymes and suggested this as a mechanism by which these sPLA2s in-
duced the production of prostaglandins [162,163]. Moreover, these findings suggested that
the catalytic activity of these bothropic PLA2s did not contribute to the induction of PG
biosynthesis, since MT-II, devoid of catalytic activity, caused the same effect.

In this regard, studies have demonstrated that the IκB phosphorylation inhibitor TPCK
effectively prevented both MT-II- or MT-III-induced COX-2 expression, suggesting that the
activation of NF-κB was critical for the induction of COX-2 expression by these bothropic
svPLA2s. The involvement of NF-κB as the mechanism underlying this venom sPLA2s-
induced upregulation of COX-2 expression was further confirmed by results that revealed
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the inhibition of the NF-κB nuclear translocation site, markedly reduced svPLA2s-induced
COX-2 expression and, as a consequence, reduced PGE2 production by macrophages in
culture [162,164].

 

Figure 2. Scheme of arachidonic acid metabolism by several enzymatic pathways leading to production of bioactive lipid mediators.
Abbreviations: (PLA2) phospholipase A2, (Lyso-PAF) lysophospholipid-platelet-activating factor, (COX-1) cyclooxygenase-1,
(COX-2) cyclooxygenase-2, (5-LO) 5-lipoxygenase, (15-LO) 15-lipoxygenase, (12-LO) 12-lipoxygenase, cytochrome P450
(CYP450), (PGG2) prostaglandin G2, (PGH2) prostaglandin H2, (TXA2) thromboxane A2, (PGE2) prostaglandin E2,
(PGD2) prostaglandin D2, (PGJ2) prostaglandin J2, (PGF2α) prostaglandin F2 alpha, (PGI2) prostacyclin, (15-HPETE)
15-hydroperoxyeicosatetraenoic, (15-HETE) 15-hydroxyeicosatetraenoic acid, (12-HPETE) 12-hydroperoxyeicosatetraenoic,
(12-HETE) 12-hydroxyeicosatetraenoic acid, (5-HPETE) 5-hydroperoxyeicosatetraenoic, (5-HETE) 5-hydroxyeicosatetraenoic
acid, (LTA4) leukotriene A4, (LTB4) leukotriene B4, (LTC4) leukotriene C4, (LTD4) leukotriene D4, (LTE4) leukotriene E4,
(LXA4) lipoxin A4, (LXB4), lipoxin B4, (19-HETE) 19-hydroxyeicosatetraenoic acid, (20-HETE) 20-hydroxyeicosatetraenoic
acid, (EETs) epoxyeicosatrienoic acids.

Studies employing mouse resident peritoneal macrophages or neutrophils in culture
revealed that viperids sPLA2s induced a marked release of PGE2 in cell supernatants,
accompanied by the release of AA [162,165,166,191]. These data support the results in vivo
and serve as evidence that immune innate leukocytes, such as resident macrophages and
neutrophils, are important sources of PGs under in vivo stimuli by sPLA2 from Bothrops
spp. snake venoms. Interestingly, studies have demonstrated that the incubation of resident
peritoneal macrophages with MT-II or MT-III significantly increased the concentration of
AA [162,164]. Although the release of AA induced by the Asp49 sPLA2 was approximately
20 times greater than that induced by MT-II, it demonstrated that the catalytic activity
of viperid sPLA2s was not an essential requirement for inducing COX-2 expression and
PGE2 production. According to Kini and Evans (1995) [192], in mechanisms independent
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on catalytic activity, as in the case of MT-II, the interaction of sPLA2s to acceptor regions
can cause the biological effect or interfere with the interaction of target proteins with
their physiological ligands. Furthermore, some effects may result from combinations of
both enzymatic and non-enzymatic mechanisms [192], leading to the activation of several
signaling pathways; this should be considered when interpreting the effects of group IIA
Lys49 svPLA2s. In this context, since crosstalk among sPLA2, cPLA2, and iPLA2s has been
demonstrated to occur in several physiological and inflammatory conditions [193–196], the
contribution of prey/victim cPLA2 and/or iPLA2 to the increased production of PGs and
upregulation of COX-2 protein expression induced by svPLA2 variants was evaluated in
diverse in vitro experimental models [162,165,187]. Thus, the pharmacological treatment of
cells with the cPLA2 inhibitor but not the iPLA2 inhibitor decreased the release of AA and
the production of PGE2 and PGD2 induced by svPLA2. In contrast, these pretreatments
did not modify the MT-III-induced COX-2 expression but reduced the COX-2 expression
induced by MT-II. These results demonstrate that cPLA2 is required for distinct actions
of MT-II in the PG biosynthetic pathway in macrophages [162,187]. This is consistent
with the reported functional cooperation between intracellular PLA2s and GIIA sPLA2
for PG biosynthetic responses in several other cell systems [171,197–199]. The role of
cPLA2 as a key enzyme in supplying AA for COX-2-dependent PGs production is well
established [171,200,201]. Taken together, the available data demonstrate that the Asp49
svPLA2s are functionally coupled with cPLA2, since prior activation of cPLA2 is required
for MT-III to act with downstream enzymes for PG biosynthesis in macrophages and
neutrophils [165,187]. Interestingly, the association of Lys49 sPLA2 with cPLA2, in addition
to being important for the supply of AA for the production of PG, appears to modulate the
transcription and protein expression of COX-2 inflammatory isoform. The mechanisms
involved in the coupling between the venom GIIA sPLA2s and mammalian cPLA2 have yet
to be investigated. One possibility is that GIIA svPLA2s activate cPLA2 by distinct signaling
cascades that mimic the transducing mechanism conveyed by physiological activators of
cPLA2, such as MAPKs, since this enzyme family is likewise important for the activation of
NF-κB [202]. In line with this concept, the Asp49 svPLA2, MT-III, in addition to Lys49 PLA2,
MT-II, from B. asper snake venom, were revealed to stimulate the phosphorylation of protein
kinases, including the MAPKs, such as p38MAPK and ERK1/2 [167,169,171]. Moreover,
other protein kinases, including PI3K, PKC, and PTK, were reported to be phosphorylated
in macrophages stimulated by both MT-III and MT-II [162,164]. In this regard, studies
have demonstrated that MT-III (Asp49 sPLA2) stimulates PKC and p38MAPK pathways
to positively modulate PGE2 production and COX-2 expression via NF-κB, while MT-II
(Lys49 PLA2) displays similar effects by activating PKC, ERK1/2, and PTK in murine
peritoneal macrophages [167,169,171]. Since PTK is involved in the activation of MAPKs,
which, in turn, are essential for cPLA2 activation, this signaling protein might be involved
in the activation of cPLA2 by MT-II [202–204]. Furthermore, another pathway implicated
in the release of PGE2 and the expression of COX-2 induced by MT-III was demonstrated
to be independent of NF-κB activation. This pathway involved the activation of ERK1/2
by the 12-HETE pathway, the main product of 12-LO [166]. The involvement of another
transcription factor in these MT-III-induced effects was suggested by the authors. Together,
these findings reveal the variety and complexity of the mechanisms involved in the effects
of svPLA2 leading to the generation of lipid mediators. The signaling molecules and
pathways acting in an innate immune cell (macrophage) upon stimulus either by Asp49 or
Lys49 svPLA2 are summarized in Figure 3.

Although the participation of the M-type PLA2 receptor or another type of interaction
of Bothrops sPLA2 with membrane sites for the stimulation of signal transduction pathways
has not yet been demonstrated, a study revealed for the first time the involvement of
the TLRs in the inflammatory response induced by MT-III (Asp49-PLA2) from B. asper
in macrophages [205]. The involvement of TLR2 and MyD88 adapter molecules was
demonstrated to be critical in producing PGs, COX-2 protein expression, and cytokines
IL-1β and IL-10 induced by this svPLA2. An indirect mechanism for the activation of
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TLRs through the release of DAMPs was suggested by the authors, since the analysis of
the fatty acids released by the hydrolysis of membrane phospholipids by MT-III revealed
high levels of oleic and palmitic acids. In this context, it is known that arachidonic, oleic,
and palmitic acids produced by membrane cleavage by sPLA2s are important bioactive
mediators involved in the induction and release of COX-2 and PGE2, respectively, through
the activation of intracellular signaling mechanisms in several cell types [206–209].

Figure 3. Schematic representation of signaling pathways stimulated by Asp49 and Lys49 PLA2s from B. asper snake venom
to produce prostaglandins in macrophages. Asp49 PLA2 induces AA and fatty acids release from macrophage membrane.
Free fatty acids can act as DAMPs and activate TLR2 or other TLRs (still unknown), via activation of adapter protein MyD88,
leading to COX-2 protein expression and release of PGs, Asp49PLA2 upregulates the 12-LO pathway, culminating the
release of 12-HETE. 12-HETE, in turn, activates the ERK1/2 pathway, leading to COX-2 protein expression and PG release,
independent on NF-κB translocation. Asp49PLA2 also activates the signaling protein PI3K leading to COX-2 expression and
production of PGs independent on NF-κB activation. Asp49 PLA2 also activates PKC and p38 MAPK pathways promoting
COX-2 expression and production of PGs via NF-κB activation. In addition, Asp49PLA2 provides AA for activation of
COX-1 activity which is followed by production of proinflammatory PGs. Asp49 and Lys49 PLA2s both produce PGs by
pathways independent on iPLA2. Although both sPLA2 from bothropic venom produce PGs via crosstalk with cPLA2, only
Lys49PLA2 induces COX-2 expression dependent on this cytosolic PLA2. Lys49PLA2 activates signaling pathways mediated
by p38 MAPK, PTK, PKC, and ERK1/2. All these kinase pathways, except for p38 MAPK, are involved in NF-κB activation
and COX-2 protein expression and PG production. Full arrows indicate actions already studied and demonstrated. Dotted
arrows indicate hypothesized or unknown effects.

2.3. Bothrops svPLA2s Trigger Lipid Accumulation in Immunocompetent Cells

As mentioned, the high enzymatic activity exhibited by ophidian sPLA2 provides a mi-
croenvironment rich in free fatty acids that exert stimulating effects in immunocompetent
cells, leading to the biosynthesis of lipid mediators. Moreover, excess free fatty acids exert
cytotoxic effects that trigger the activation of cellular mechanisms capable of converting
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free fatty acids into metabolites of lower toxicity, known as neutral lipids (triacylglycerol
and cholesterol—energetic body reserve) [210]. In recent decades, numerous studies have
demonstrated the activation of intracellular metabolic pathways responsible for the me-
tabolization of free fatty acids in neutral lipids and the consequent formation of dynamic
organelles called lipid droplets (LDs) [211,212]. These organelles are composed of a hy-
drophobic neutral lipid core surrounded by a phospholipid monolayer membrane, which
contains numerous proteins related to cellular activation in addition to structural proteins,
such as perilipin 2 (PLIN2), which plays an important role in LD assembly and the forma-
tion of foam macrophage [213], marker cells in metabolic diseases, such as atherosclerosis
and obesity [214]. LDs are commonly present in adipocytes due to the already-established
role of these cells in the supply of energy in mammalian organisms [215]. In addition to
the relevance regarding lipid homeostasis, the direct relationship between increased LD
formation and inflammatory processes was evidenced by numerous studies [216–218]. In
this sense, mammalian group IIA sPLA2s have been identified as potential plasma biomark-
ers for diseases related to lipid imbalance, such as atherosclerotic cardiovascular disease
and obesity [219]. Alongside a marked inflammatory reaction, these metabolic diseases
are characterized by lipid accumulation in immunocompetent cells [220,221]. In line with
the ability of svPLA2s to elicit an inflammatory response characterized by a high level
of inflammatory mediators and free fatty acids, it was demonstrated that MT-III (Asp49
PLA2), isolated from B. asper venom, induced LD formation enriched by PLIN2 protein
in mice peritoneal macrophages [170]. This effect was likewise observed in rat vascular
smooth muscle cells isolated from the thoracic aorta stimulated by MT-III [168]. Moreover,
the ability of MT-II, a Lys49 PLA2 homologue devoid of catalytic activity from B. asper
venom, to directly activate macrophages to form LDs was reported [167]. This effect was
reproduced by a synthetic peptide corresponding to the C-terminal sequence 115–129 of
MT-II, evidencing the critical role of C-terminus for the MT-II-induced effect [167]. Simi-
larly, BaTX-I, a catalytically inactive Lys49 variant; BaTX-II, a catalytically active Asp49;
and BaPLA2, an acidic catalytically active Asp49 PLA2, isolated from B. atrox snake venom,
increased the number of LDs on murine macrophages cell line J774A.1 [152]. The forma-
tion of LDs upon stimulus by MT-III was likewise demonstrated in human monocytes of
peripheral blood [222].

Considering the above information, LD formation induced by svPLA2s in phagocytes
proved to be inherent to the action of sPLA2s regardless of the catalytic activity. The capa-
bility of Bothrops svPLA2s to induce the formation of LDs is related to the activation of PRRs
of an innate immune response, kinase proteins, and intracellular PLA2 signaling pathways
involved in cellular metabolism, proliferation, and differentiation [170,205]. Hence, by
using gene knockout mice cells and a pharmacological approach, the participation of TLR2,
MYD 88 adaptor protein, and CD36 in LD formation in macrophages in culture has been
reported [170,205]. In addition, the upregulation of CD36 receptors was observed in these
cells. Considering the participation of the MYD 88 adaptor molecule, the involvement of
other TLRs has yet to be investigated. In line with the reported Asp49 svPLA2 action on
PRRs, the upregulation of both SRA-1, from the scavenger receptor family, and LOX-1, an
LDL receptor, was demonstrated in mouse aortic smooth muscle cells (VSMCs) [168]. These
findings demonstrate that the inflammatory response elicited by Asp49 svPLA2 likewise
involved the upregulation of PRRs associated with lipid uptake in immunocompetent cells.
This fact indicates that svPLA2s can be useful tools in studies aiming to understand the
diseases associated with lipid imbalance.

In addition to providing the synthesis of mediators, TLR2 activation elicited by MT-III
action was related to cytoskeleton activation [205], a critical step in the transport of struc-
tural proteins into LDs, such as PLIN2. Cytoskeletal activation involves the activation of
kinase proteins [223]. Consistent with this information, the participation of kinase proteins
in LD formation induced by both Asp49 and Lys49 svPLA2s from B. asper venom has been
demonstrated through a pharmacological approach and the detection of phosphorylated
kinase proteins. Yet, MT-II- and MT-III-induced LD biogenesis is dependent on the ac-
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tivation of PKC, PI3K, p38MAPK, and ERK1/2 signaling pathways in mice peritoneal
macrophages [224]. It is well known that PKC regulates a variety of processes associ-
ated with lipid droplet biology, such as adipocyte differentiation [225], magnolol-induced
lipolysis [226], cholesterol-induced targeting of caveolin to lipid droplets [227], and the
expression of the PAT family [228]. Hence, the activation of the PKC signaling pathway in
macrophages stimulated by the Bothrops PLA2s MT-II and MT-III in peritoneal macrophages
may be implicated in an increase in PLIN2 protein expression, since LD formation induced
by both svPLA2s has always been accompanied by an increase in PLIN2 protein expression
in macrophages.

PI3K/AKT is a classical pathway involved in insulin resistance, cell growth, and
lipid metabolism associated with the inhibition of cholesterol efflux leading to LD forma-
tion [229]. In this sense, the participation of the PIK3 signaling pathway in MT-III-induced
LDs in macrophages and vascular smooth muscle cells stimulated with MT-III has been
demonstrated [167,224]. In the case of vascular smooth muscle cells, the activation of PI3K
was related to the uptake of fatty acids to LDs by macropinocytosis [167]. Furthermore, the
findings that MT-III increases phagocytic activity and upregulates macrophage markers in
VSMCs reinforce the importance of this class of enzymes as inducers of factors implicated
in the formation of foamy cells in both mononuclear phagocytic cells and VSMCs, which
are key elements in the development of metabolic diseases.

The MAPK signaling pathway has been revealed to mediate the activation of intracel-
lular PLA2s in physiologic and inflammatory contexts [230,231]. It has been demonstrated
that the ERK1/2 signaling pathway is implicated in LD formation via the activation of
phospholipase D (PLD) and phosphorylation of dynein [232,233]. Consistent with this
information, the critical role of ERK1/2 for LD formation induced by MT-II and MT-III
in macrophages and VSMCs was reported [167,224]. Regarding p38 MAPK, the literature
evidenced its importance in the development of atherosclerosis [234] and the apoptosis
of foam macrophages. Macrophage death is a feature of atherosclerotic plaque linked to
necrosis and plaque destabilization [235]. Interestingly, although MT-III has been demon-
strated to activate apoptotic pathways, including the p38 MAPK signaling pathway, DGAT,
ACAT, cPLA2, and LD formation in macrophages, no change in cell viability was observed.
Further studies may clarify this lack of apoptotic effect.

It is known that the MAP kinases signaling pathway is implicated in intracellular
PLA2 activation, including the Ca2+-dependent cytosolic group IVA PLA2 (cPLA2α) and
the Ca2+-independent group VIA PLA2 (iPLA2) involved in both physiological and patho-
physiological conditions [236,237]. The biogenesis of LDs in CHO-K1 cells submitted to an
enriched environment of fatty acids demonstrated ERK, p38, and JNK signaling pathway
activation, with JNK cascade being responsible for cPLA2α phosphorylation in this event.
Of note, cPLA2 was likewise implicated in LD biogenesis stimulated by MT-III associated
with the activation of ERK and the p38 MAPK signaling pathway [224]. Considering the
ability of cPLA2 to mobilize cell membrane fatty acids [238], the aforementioned activation
should amplify the action of MT-III and provide a greater substrate for the metabolization
and formation of LDs. Moreover, the biogenesis of LDs induced by the svPLA2s MT-III
and MT-II is dependent on the activation of iPLA2 signaling pathways [167,224]. This
signaling pathway was associated with the processing of fatty acids into triacylglycerol,
a relevant component in the constitution of LDs [214]. Hence, the crosstalk already evi-
denced between intracellular PLA2 and svPLA2 to elicit inflammatory conditions [169]
might contribute to elucidating mechanisms related to the formation of LDs.

The peroxisome proliferator-activated receptors (PPARs) are transcription factors be-
longing to the family of nuclear receptors that regulate glucose homeostasis, inflammation,
and lipid metabolism. Three proteins, encoded by distinct genes, have been identified:
PPAR-α, PPAR-β/δ, and PPAR-γ, which control gene expression by binding to PPREs
in the promoters [239]. The activation of PPARs is a tightly regulated process implicated
in the control of lipid homeostasis, which involves the biogenesis of LDs and protein
expression involved in lipid uptake, including PRRs and structural protein PLIN2, and
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enzymes implicated in neutral lipid synthesis (triacylglycerol and cholesterol) [240]. PPARs
have been demonstrated to increase in foam macrophages [241]. In this sense, it was
revealed that MT-III induced the upregulation of the transcription factors PPAR-γ and
PPAR-β/δ, in addition to the translocation of these factors to the nucleus of mouse peri-
toneal macrophages. The pharmacological blockage of the PPAR-β/δ transcription factor
abolished the increase in PLIN2 and CD36 protein expression induced by MT-III. Moreover,
the PPAR-γ blockage caused a reduction in LD formation and abolished CD36 receptor
protein expression induced by MT-III. Since an increased expression of CD36 and PLIN2 is
related to macrophage differentiation into foam cells [242,243], these findings suggest that
MT-III induces foam cell formation by this route. In addition, MT-III caused an increase
in the levels of triacylglycerol and cholesterol due to the uptake of free fatty acids. These
effects were mediated by DGAT and ACAT enzymes, which are involved in the synthe-
sis of triacylglycerol and cholesterol, respectively [244]. In agreement with this study, a
significant increase in triacylglycerol and cholesterol levels was observed in human mono-
cytes under MT-III stimulation [222]. This effect was dependent on fatty acid reacylation.
Moreover, the fatty acid composition of triacylglycerol and cholesterol induced by MT-III
was compatible with fatty acids released by the enzymatic action of this svPLA2 on cell
membranes. According to the above information, the mechanisms triggered by MT-III, in
both mice peritoneal macrophages and human monocytes, align with macrophages dif-
ferentiation into foamy cells, a cell type characteristic of inflammatory metabolic diseases,
such as atherosclerosis [245]. Similarly, MT-III could stimulate LD formation in VSCMs.
This lipid accumulation was likewise mediated by the activation of transcription factors
PPAR-γ and PPAR-β/δ and DGAT and ACAT enzymes. Moreover, it is noteworthy that
VSCMs under stimulation of MT-III exhibited an increase in the protein levels of PRRs,
SRA-1 (scavenger receptor type 1), and LOX-1 (lectin-like oxidized low-density lipoprotein
receptor-1). Interestingly, the blockage of these receptors did not alter the formation of
LDs induced by MT-III, but the upregulation of LOX-1 was associated with an increased
uptake of acetylated-low density lipoprotein (acLDL) in VSMCs stimulated by this svPLA2.
This higher uptake of acLDL by VSMCs identifies new pathways involved in the accumu-
lation of lipids triggered by a sPLA2 that is not directly linked to the reacylation of free
fatty acids. In addition, lipid accumulation induced by MT-III in VSCMs was related to
the expression of ATP-binding cassette transporters ABCA1 and ABCG1, responsible for
the efflux of cholesterol of macrophage-derived foam cells [242]. Although the signaling
pathway by which MT-III induces an increased expression of the factors implicated in lipid
homeostasis has not been fully elucidated, these studies have broadened the knowledge
about the actions of svPLA2s on the formation of LDs and the synthesis of lipid mediators
and provided new insights into the actions of group IIA sPLA2s in diseases related to lipid
imbalance. The pathways and factors involved in lipid accumulation in an innate immune
cell (macrophage) upon stimulus by svPLA2s are summarized in Figure 4.

Another aspect related to the metabolism of free fatty acids is the biosynthesis of
lipid mediators [246–248]. On the one hand, it is known that the synthesis of eicosanoids is
closely related to the triggering of the inflammatory process induced by svPLA2s, regardless
of the catalytic activity on the cell membranes [13]. In this sense, the immunofluorescence
approach has demonstrated that LDs stimulated by svPLA2s synthesize PGE2 [167,249].
On the other hand, some eicosanoids are implicated in the resolution of inflammatory
processes, such as PGJ2. This mediator was co-located in LDs in macrophage peritoneal
mice stimulated by MT-II [161], indicating, for the first time, that the LDs not only are
related to the production of inflammatory mediators but also might play a role in regulating
this process.

Adipose tissue is the principal organ responsible for balancing energy metabolism in
the mammalian body. An imbalance in adipose tissue functions is linked to the triggering
of the inflammatory process observed in metabolic diseases, including obesity [250,251].
Recently, it has been demonstrated that MT-III activated proinflammatory mechanisms in
3T3-L1 preadipocytes, including the biosynthesis of PGE2 and PGI2, lipid mediators impli-
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cated in preadipocytes differentiation into mature adipocytes, and IL-6 and MCP-1 [169].
In these cells, PGE2 production induced by MT-III was dependent on cPLA2 activation, the
upregulation of COX-2 and mPGES-1, and the engagement of the PGE2 EP4 receptor. In ad-
dition, the release of IL-6 and MCP-1 was dependent on EP4 or EP3 activation, respectively.
These data indicate that the production of PGE2 is critical for the activation of proin-
flammatory pathways associated with cytokine production in preadipocytes stimulated
by this svPLA2. Furthermore, MT-III upregulated the gene expression of the adipokines
leptin and adiponectin in preadipocytes [169]. These mediators have been described as
regulating appetite and satiety, glucose and lipid metabolism, inflammation, and immune
functions [252–255]. Although the mechanisms related to the release of adipokines and the
ability of MT-III to induce lipid accumulation in adipocytes have not yet been investigated,
these data offer new directions for investigating the actions triggered by svPLA2s and
mammalian GIIA sPLA2s.

Figure 4. Schematic representation of the mechanisms and factors involved in lipid accumulation induced by svPLA2s, in
macrophages. svPLA2 acts on membrane phospholipids generating free fatty acids, which are ligands of and may activate
the TLR2, CD36, and cytoplasmic transcription receptors and factors PPARs. svPLA2 induces the activation of transcription
factors PPAR-γ and PPAR-δ/β and increases protein expression of PPARs and CD36. PPAR-γ, PPAR-β/δ, TLR2/MyD88,
and CD36 receptors, as well as DGAT and ACAT enzymes are involved in the lipid droplets formation stimulated by MT-III.
PPAR-β/δ, but not PPAR-γ, is implicated in upregulation of PLIN2 protein expression, induced by MT-III. Moreover, TLR2
and the Myd88 adaptor molecules participate in the recruitment of the PLIN2 protein via cytoskeleton activation stimulated
by MT-III. In addition, LD formation induced by svPLA2 is dependent on activation of PKC, PI3K, p38MAP, ERK, cPLA2,
and iPLA2 signaling pathways.

3. Conclusions

The existing literature demonstrates that the svPLA2s trigger a cascade of inflamma-
tory events including edema formation, leukocyte recruitment into tissues, release of a
complex network of inflammatory mediators, and increased oxidative stress in experi-
mental animal models that mimic the inflammatory responses elicited by viperid snake
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venoms, especially those from the Bothrops genus, in the victims. The catalytic activity
of the svPLA2s is not strictly required by these proteins for the triggering of all the in-
flammatory responses, since the catalytically inactive Lys49 PLA2 variants can display
inflammatory events that are qualitatively similar to those of Asp49 PLA2s. In addition
to cell migration, the svPLA2s can activate distinct functions of immunocompetent cells
that include phagocytosis, the respiratory burst, NET formation, production of cytokines,
chemokines and multiple reactive cleavage products such as lysophospholipids, polyun-
saturated fatty acids and eicosanoids, as well as formation of LDs. The highly complex
network of mediators, particularly lipid mediators, modulates a variety of inflammatory
events triggered by this class of snake venom toxins. The effects triggered by svPLA2s in
inflammatory cells that lead to generation of lipid mediators has been associated with the
activation of distinct signaling pathways of inflammatory kinase proteins by mechanisms
dependent and independent of NF-kB. Moreover, the inflammatory response elicited by
svPLA2s in leukocytes also involves upregulation of PRRs of innate immune response, the
crosstalk between the svPLA2 and intracellular PLA2s, and upregulation of factors impli-
cated in lipid homeostasis. Although much has been learned regarding the inflammatory
actions of svPLA2s, many knowledge gaps still exist and need to be addressed. There is
still considerable work to be done before we fully understand the complex interactions that
occur among svPLA2s and immunocompetent cells and tissues that lead to inflammation.
The cell acceptors and/or receptors involved in the actions of svPLA2s in these cells and
the signaling pathways elicited and how they interact with each other remain to be clarified.
In addition, the actual types and subtypes of receptors activated by the principal mediators
produced by svPLA2s and the mechanisms involved in coupling between the svPLA2s
and endogenous PLA2s have yet to be investigated. Recently, the stimulatory activity
of a svPLA2 on adipose tissue cells leading to increased biosynthesis of PGE2 and other
inflammatory mediators including adipokines was demonstrated. This information offers
new directions for investigating the actions triggered by svPLA2s and mammalian GIIA
sPLA2 and gives insights into the potential role of the adipocytes as target cells for viperid
snake venoms. Finally, a deeper and comprehensive understanding of the mechanisms
underlying the inflammatory actions of svPLA2s will give new insights into (i) the actions
of group IIA sPLA2s in diseases related to lipid imbalance and inflammation and (ii) a
better understanding of the pathophysiology of Bothrops envenomation. Within this frame,
the acquired knowledge might pave the way for the development of novel therapeutic ap-
proaches aimed at counteracting the prominent inflammation caused by Bothrops snakebite
envenoming.
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Abstract: Among the vast repertoire of animal toxins and venoms selected by nature and evolution,
mankind opted to devote its scientific attention—during the last century—to a restricted group of
animals, leaving a myriad of toxic creatures aside. There are several underlying and justifiable reasons
for this, which include dealing with the public health problems caused by envenoming by such
animals. However, these studies became saturated and gave rise to a whole group of animals that
become neglected regarding their venoms and secretions. This repertoire of unexplored toxins and
venoms bears biotechnological potential, including the development of new technologies, therapeutic
agents and diagnostic tools and must, therefore, be assessed. In this review, we will approach such
topics through an interconnected historical and scientific perspective that will bring up the major
discoveries and innovations in toxinology, achieved by researchers from the Butantan Institute and
others, and describe some of the major research outcomes from the study of these neglected animals.

Keywords: toxins; venoms; skin secretion; drug discovery

Key Contribution: This review brings up the issue of the limitations in current toxinology, that is the
poor appraisal of the poisonous animals, opposed to the venomous ones. It is meant to expand the
readers’ perspective on venoms and toxins and the possible scientific developments associated with
these thematic lines of research.

1. Introduction

“Around 1896, a modest physician that used to practice medicine in Botucatu became
notorious due to his strange fascination with snakes and their venoms. It was Dr Vital Brazil
that, from the tranquility of the countryside, was taking the initial steps on the brilliant
research that would make him famous not only in Brazil but also all over the educated world”.
This free translation of the beginning of the first paragraph (Figure 1C) of the book “Memória
Histórica do Instituto Butantan” (Figure 1A; Historic memory of Butantan Institute, in free
translation) written by Dr Vital Brazil himself (Figure 1B) [1] refers to published news in 1914
reporting the inauguration of ‘new facilities’ in the Institute (Figure 1C).

Over one hundred years after the news reported above, some of the authors of this
review have worked, conducted research, performed experiments, and published papers
in this exact same building. Since then, a lot has changed in the Institute, including
its slogan, but not the building (Figure 2). Our slogan is now “at the service of life”, a
humbler commitment to the institutional mission, and the research laboratories have been
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decommissioned from this building, which is currently undergoing restoration and will be
dedicated to cultural activities only.

Figure 1. Selected reproductions of (A) the book written by Vital Brazil in 1941. This and other classic books are available at
https://bibliotecadigital.butantan.gov.br/, accessed on 19 November 2021. Please note the institute logo in (B). It is the
depiction of the main-laboratory building, underneath a microscope, bearing the motto “peritas super omnia”, meaning
“expert in everything” in Latin. (C) News advertising the inauguration of new facilities at the Institute, in 1914.

Figure 2. (A) A recent photograph of the main-laboratory building, in a similar framing as depicted
in Figure 1. (B) Current Institute logotype, bearing the slogan ‘A serviço da vida’ (at the service of
life, in free translation).

1.1. The Origins of Negligence

There are twenty (tropical) diseases that are officially classified as ‘neglected tropical dis-
eases’ by the World Health Organization (WHO) [2]. Neglected tropical diseases persist under
conditions of poverty and are concentrated almost exclusively in impoverished populations in
the developing world. They are: Buruli ulcer, Chagas disease, Dengue and Chikungunya (only
WHO, not CDC), Dracunculiasis, Echinococcosis, Yaws, Fascioliasis, African trypanosomiasis,
Leishmaniasis, Leprosy, Lymphatic filariasis, Onchocerciasis, Rabies, Schistosomiasis, Soil-
transmitted helminthiasis, Cysticercosis, Trachoma, Scabies and other ectoparasites, Snakebite
envenoming, Mycetoma and deep mycoses. These diseases are common in 149 countries,
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affecting more than 1.4 billion people (including more than 500 million children) and costing
developing economies billions of dollars every year.

The importance of neglected tropical diseases has been underestimated since many
are asymptomatic and have long incubation periods. The connection between a death
and a neglected tropical disease that has been latent for a long period of time is not often
realized. Additionally, neglected tropical diseases are often associated with some kind of
social stigma, making their treatment more complex.

From the toxinology perspective, one can also consider that there are ‘neglected’ ven-
omous and poisonous animals by employing very similar criteria to justify such negligence:
Human accidents occur with individuals who are often amongst the poorest populations,
living in remote, rural areas, urban slums or conflict zones; the accident causes no rapid
death of the victim and/or such animals are stigmatized (cause bad luck, carry evil spells
or are cursed).

Depending on the nature and origin of the venom or toxin, one can clearly perceive that
there are ‘preferred’ subjects and matters in the field of toxinology (Table 1). Probably due
to historical and/or epidemiological factors, some animals and venoms—normally the ones
that elicit acute, severe lesions due to some pronounced biological activity—were selected
(or elected) as ‘more relevant’ to the field and have been thoroughly studied throughout
the years. Endemic animals, such as spiders and scorpions that have adapted to urban
environments, have also ‘deserved’ more attention than other species. All the consulted
databases indicated that there is more literature on snakes, spiders and scorpions (the triad)
than the others. Interestingly, Scopus and Web of Science present the same publications
ratio for triad:neglected (7.8), whereas Google and PubMed display lower ratios (5.5 and 1.8
respectively), probably due to the differences in indexed publications queried.

Table 1. Total results retrieved according to the searched terms in different academic databases.

Term PubMed Scopus Web of Knowledge Google Scholar

Snake 29,272 56,112 44,467 771,000
Scorpion 7030 10,362 8834 91,000

Spider 15,988 42,351 39,343 1,180,000
TOTAL 52,290 108,825 92,644 2,042,000

Amphibian (skin) 1 7714 3549 3338 134,000
Sea urchin (toxin) 2 314 183 170 19,300

Mollusk 3 3688 902 290 19,800
Stingray 813 1717 1817 2160

Cnidarian (toxins) 2389 913 162 17,700
Insects (toxins) 12,879 6663 6037 175,000

TOTAL 27,797 13,927 11,814 367,960
Proportion 1.8× 7.8× 7.8× 5.5×

Search performed in 11 September 2021. 1 Limited to skin, in order to exclude ecological studies; 2 Limited to toxin, in order to exclude
developmental/reproductive models; 3 Limited to toxins and excluding dinoflagellates.

The aim of this review is, therefore, to shed a light upon such amazing animals
and their venoms and secretions, presenting a non-anthropocentric view of their venom
composition and the (few, but consistent) biomedical ‘cases’ derived from the study of
such species, and review the literature and the biotechnological developments derived
from venoms and secretions from toxic animals that have not received proper attention
from the scientific community over the past years and cast a light on their unique features
and interesting molecules. Afterall, just like the neglected tropical diseases, it was never
about the ‘importance’ of these animals, only their ‘relevance’, i.e., their economic impact,
geopolitical localization, affected population, endangerment status and profit potential, in
addition to formerly listed reasons.
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1.2. Biodiversity

Earth’s existing biodiversity is a direct consequence of Darwin’s Natural Selection, i.e.,
the survival of the fittest, in a constant struggle to survive [3]. With an estimated 8.7 million
species inhabiting our planet, the mere 1.2 million (mostly insects) that have already been
identified and described have all—or are still in the process of—adapted and evolved so
that, after numerous breeding cycles, poorly suited individuals are filtered out by nature.

One particularly interesting adaptation which emerged millions of years ago was
the biochemical weaponry utilized for defense and/or predation by some organisms as a
means of guaranteeing survival [4]. These so called ‘toxins’ can be found in procaryotic
species, such as Staphylococcus aureus and Klebsiella pneumoniae [5,6], plants (Cicuta maculate
(Socrates committed suicide by drinking cicuta, circa 399 B.C.) and Nicotiana tabacum
(homage to Jean Nicot de Villemain, who introduced snuff to the French court in 1560))
and, obviously, animals.

For animals, these toxins are believed to have originated from ancestral house-keeping
genes that underwent variation and neofunctionalization [4,7], resulting in molecules dis-
playing an ‘increased’ biological activity, normally targeted to major biological systems
that when unbalanced may result in severe risk of death, such as the hemostatic-interfering
molecules. The toxins were then specifically expressed in venom-secreting cells that even-
tually became specialized venom glands [8]. Such specialization became an evolutionary
advantage, due to unique pharmacokinetic properties that these (typically) peptides and
proteins granted to such animals [9,10].

1.3. Toxins: Snakes, Spiders and Scorpions as Classical as It Can Be

Toxinology has its origins long associated with venomous animals and not poisonous
ones. There might be some controversy in this separation, but it is commonly accepted that
venomous animals would possess an inoculating apparatus capable of delivering toxins into
the prey/aggressor. On the other hand, poisonous animals would secrete toxins in their skin
or body organs and would have to be actively eaten/beaten/attacked/poked/colonized
(bacteria) in order for to the toxins exert their effect.

Nevertheless, mystical, magical, medical and/or lethal uses of some animals’ venoms
are well known throughout history. For example: Cleopatra may have committed suicide
by letting herself be bitten by a snake (Naja haje probably). In the Bible there are nine
verses citing scorpions (Luke 10:19 and 11:12, Kings 12:11 and 12:14, Deuteronomy 8:15,
Ezekiel 2:6, Revelation 9:3, 9:5 and 9:10). Greek mythology presents us the Lernaean
Hydra, a serpentine water monster with many heads (depending on the myth source)
with poisonous breath and blood so virulent that even its scent was deadly, as well as
the Medusa, one of the three monstrous Gorgons, generally described as winged human
females with living venomous snakes in place of hair.

These venomous animals are still present in modern-day fiction, such as the famous
Spiderman, whose superpowers derived from mutations resulting from the bite of a
radioactive spider. Even Harry Potter was forced to deal with the Basilisk, a giant snake
capable of instant kill just by gazing at the victim’s eyes. There are also urban legends and
local habits, such as the well-known North American arachnophobia.

On the other hand, poisonous animals share a less glamorous role in human his-
tory. They have participated, for example, in human (sacrificial) rituals and attempted
pharmaceutical developments throughout history. There were Maya human bloodletting
rituals that employed the sting of marine stingrays as blades, due to a ‘more efficient’
bleeding [11]. Hunters have long sought the Central and South American Dendrobatidae
‘poison arrow frogs’ (self-explanatory) to use their toxic skin secretion for hunting [12].
Traditional Chinese medicine uses the ‘all healing’ Chan’Su (dried Bufo bufo skin) for mostly
any illness [13]. Amazon tribes traditionally used Kambo (or Kampum) in their purification
rituals [14]. This medicine is extracted from Phyllomedusa bicolor skin secretion and has
become known as the ‘frog vaccine’ in urban environments. The Bible also cites such
animals in the infamous passage in Exodus 8:1–4, in which the “great LORD says: Let my
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people go, so that they may worship me. If you refuse to let them go, I will plague your whole
country with frogs. The Nile will teem with frogs. They will come up into your palace and your
bedroom and onto your bed, into the houses of your officials and on your people, and into your
ovens and kneading troughs. The frogs will go up on you and your people and all your officials”.
Unfortunately, the poisonous animals are presented from a more neglected, less charming
perspective, as presented above.

All this glamour associated with venomous animals has led to the establishment
of what can be considered the ‘greatest-hits’ of (classical) toxinology: snakes, spiders,
and scorpions (the triad). Undoubtedly, studying these animals’ venoms has yielded a
myriad of relevant scientific papers [15–19] produced by highly committed international
scientific groups. The molecular dissection of the venom constituents has made it possible
that effective sera could be manufactured [20–22], thus reducing mortality and morbidity
associated with envenomation [23,24]. Moreover, one of the world’s most administered
antihypertensives (Captopril) is a direct derivative of one viper toxin [25].

Another example is a tumor-labeling molecule (tozuleristide), currently undergoing
clinical phase 1 studies, that is being used in surgeries as marker and diagnostics for glioma
and other tumors. This molecule is an analogue of a chlorotoxin isolated from the venom
of the scorpion Leiurus quinquestriatus [26–28].

It is noteworthy to mention that there is young blood trying to join the party. Even
though the marine mollusks of the Conus genus do not belong to the classic triad, they are
becoming more and more famous since the discovery of ziconotide (Prialt), the strongest
analgesic ever described: a calcium channel blocker, purified from the Conus magnus
venom [29]. These animals are discussed below.

However, even for such well-studied animals there are still ‘neglected’ molecules
present in their venoms, such as L-amino acid oxidase, crotapotin, crotamine that ‘simply’
for not killing or harming the animal models are put aside, turning the spotlight to the
super-toxic metallopeptidases, phospholipases (A2 and D) and ionic channel blockers.

Still, a number of other animals can (and do) cause accidents upon human encounters,
displaying broad variation in terms of the clinical outcome. Marine animals are good
examples: sea urchins can be solely painful [30] whereas mollusks can instantly kill [31].
Yet, for some reason, such animals have not been able to attract the attention of major
research groups in toxinology, remaining in ‘neglect’ for the past couple of decades.

The modern reptiles are a group comprised of the Crocodila, Lepidossaura, Rhyno-
hocephalia, Squamata, Testudines and Aves. With the exception of snakes, no other true
venomous reptile (i.e., with a specialized venom inoculation apparatus) is currently known.
The venomous living dinosaurs, i.e., birds pitohui, ifrita and rufous [32], and the Komodo
dragon are considered to be poisonous [33,34].

However, in the end, snakes are the most classical venomous animals. Since ancient
times, their behavior has been considered to be mischievous—even tempting—and their
venom has been associated to magic spells and even cures. Not surprisingly, The Rod of
Asclepius, i.e., the Medicine symbol (Figure 3A), is a snake serpentizing around a rod [35].
Nevertheless, the caduceus—the traditional symbol of Hermes—represented by two snakes
serpentizing around a winged rod (Figure 3B) is often mistakenly used as a symbol of
medicine instead of the Rod of Asclepius, especially in the United States, as a consequence
of documented mistakes, misunderstandings and confusion in the late 19th and early 20th
centuries. However, the two-snake caduceus design has ancient and consistent associations
with trade, eloquence, negotiation, alchemy, and wisdom. Last, but not least, the current
Butantan Institute logotype (created in 1983) is a clever design in which the capital ‘I’ and
‘B’ are fused and the ‘B’ serif becomes the snake serpentizing around the ‘I’, which serves
as the rod (Figure 3C).
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Figure 3. (A) Rod of Asclepius, (B) the caduceus and (C) Butantan Institute logotype.

Jumping a few centuries ahead, there is indeed current medicine based on snake
venoms, such as Captopril [25,36,37], Aggrastat, Intergillin and Aggretin [30,33], proving
that ancient wisdom may be old, but never outdated. Not only that, but this particular
Toxins issue that celebrates the 120th anniversary of Butantan corroborates this. At the
same time, one can easily note the iconic fascination that the snake has exerted over the
local scientific community, that has—and still does—followed Vital Brazil’s initial steps.

1.4. Lizards

Lizards’ biting has long been discussed among the toxinology field due to the lack of
an inoculating venom apparatus. Heloderma bites have been reported since 1882 [38,39], and
the first toxic activities were described in 1900–1950. At that time, authors were aware that
such lizards’ toxins included neurotoxins, causing respiratory depression. Inflammation,
edema and pain have also been described. However, once this animal bites ‘as strong
as a bulldog’ according to the authors, these symptoms may not be exclusively toxin-
derived [40]. Moreover, its hemolytic activity is mild, when compared to snakes, and seems
to be species-specific [41].

Later, between 1950–1990, a wide range of biological activities were described, such as
phospholipasic, hyaluronidasic, proteolytic [42], L-amino acid oxidase, fibrinolytic, [43]
esterase, 5′-nucleotidase [44], secretagogue [45] and nerve growth factor activity [46].
Furthermore, new venom components (at the time) were isolated and identified, such
as: kallikrein [47,48], Helospectins 1–2 (acting as secretagogues) [49], Gilatoxin (serine
peptidase) [50], Helodermin (vasoactive peptide) [51], and Helothermine (CRISP) [52].
Hyaluronidase [53], a Phospholipase A2 [54], Helodermatin (hypotensive toxin) [55], and
Exendin-3 (secretagogue) [56] were also described. Such myriad of toxins could, then, be
correlated to the many established envenomation symptoms, such as hypotension and
respiratory difficulties [57], smooth muscle contraction [58] and anticoagulant effect [59].

In 1992, Exendin-4 identification was a major event and Heloderma venom studies sky-
rocketed from this year onwards [60]. Several research projects have evaluated the antidiabetic
potential of this molecule, which gave rise to exenatide, a new drug for the treatment of dia-
betes [61]. A few years later, the inhibition of platelet aggregation by a phospholipase isolated
from a Helodermatid lizard was described [62]. Even though it was already known that
Heloderma venom presents at least five anionic phospholipases, being the most abundant
similar to Apis mellifera phospholipase [63], it was another important event.

In the following years, Helokinestatin, a toxin that acts as an antagonist of the
bradykinin B2 receptor, was described [64]. Moreover, Helofensin was identified by Fry
and co-workers by genetic and functional analysis [65], and classified together with a class
of lethal toxins firstly described by Komori at al. in 1988 [66]. The presence of a natriuretic
peptide in Heloderma venom was pointed out by different authors [67,68].
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A work comparing the venom proteome of Heloderma suspectum with the venom of
H. exasperatum and H. horridum presented an interesting result. Although H. suspectum
was evolutionarily separated from the other species 30 million before, the venom composi-
tion was basically the same for the three species, presenting the same toxins with slight
differences in their relative proportions [69]. Moreover, authors could also describe two
new molecules: semaphorin and a bactericidal/permeability-increasing (BPI) molecule.
Another study that characterized the H. suspectum venom proteome relates to the presence
of a neuroendocrine convertase 1 homolog, and proposes that this protein is responsible
for the cleavage of the proforms of exendins. In the same study, the authors also point out
the high presence of phospholipase propeptides in the venom proteome [70]. Recent works
allowed access to different classes of proteins, and also new biological activities from Helo-
derma venom. The venom gland transcriptome analysis from H. horridum horridum revealed
the presence of metalloproteases, lipases, vespryns, waspryns, lectins, cystatins and serine
peptidase inhibitors, but none of these proteins were actually isolated from the venom [71].
Furthermore, Heloderma contains neurotoxins in its venom, and these toxins are able to
bind sodium and calcium channels [72]. An important work by Fry et al. [73] evaluated
phylogeny between snakes and lizards and demonstrated that the venom delivery system
of these animals could have evolved from the same common ancestor. This was the first
study that biochemically evaluated the venom of a lizard from the Varanidae family. The
crude venom from Varanus varius displays a hypotensive effect and an isolated PLA2 from
the venom inhibits platelet aggregation, via adrenaline pathway. The LC-MS analysis
indicates the presence of natriuretic peptide, PLA2, CRISP, and Kallikrein. cDNA libraries
analyses indicated the presence of AVIT, cobra venom factor, cystatin, crotamine, nerve
growth factor and vespryn. Later studies demonstrated that the venom of V. komodensis
(Komodo Dragon) also induces a hypotensive action, and that the venom is composed of
toxins, such as PLA2, kallikrein, natriuretic peptide, CRISP, and AVIT [74].

A cDNA libraries analysis conducted by Fry et al. [67], comparing different lizards,
was able to reveal new classes of toxins presents in the Varanidae family, such as lectin,
veificolin, hyaluronidase, Cholecystotoxin (binds to CCK-A), Celestoxin (hypotensive),
epididymal secretory protein and Goannatyrotoxin (hypertensive/hypotensive effect).

Then, the venoms of Lanthanotus, Varanus and Heloderma genus were compared through
proteomic approaches and enzymatic activities profiling [69]. Interestingly, the only ubiqui-
tous protein was Kallikrein and, different from Heloderma, which presents a conservation of
venom constitution and actions in different species, the Varanus genus presents a variability
in venom proteins and enzymatic activities such as serine peptidases, phospholipase activity
and differential potential to cleavage alpha and beta chains from fibrinogen.

Venoms from different species of the Varanus genus were evaluated for the ability
to prevent blood clotting by thromboelastography, and the venoms differ regarding the
activity; the most potent effects were found in arboricole species, probably due to the
selective pressure, according to the authors [75]. Similar to Heloderma, Varanid lizards
possess neurotoxins that are able to bind sodium and calcium channels [72].

1.5. Amphibian

Although a witch’s recipe benefits from venomous animals, the toe of a frog and the
eye of a newt would definitely spice things up. Shakespeare’s Macbeth (Act 4, Scene 1)
contains a recipe for a witch’s brew that goes as follows:

“Fillet of a fenny snake,
In the cauldron boil and bake;
Eye of newt and toe of frog,
Wool of bat and tongue of dog,
Adder’s fork and blind-worm’s sting,
Lizard’s leg and owlet’s wing,
For a charm of powerful trouble,
Like a hell-broth boil and bubble.”
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Although most of the above referred ingredients can be traced back to herbs (eye of
newt = mustard seed (Sinapis alba); toe of frog = buttercup (Ranunculus acris L.); wool of bat
= holly leaves (Ilex aquifolium); tongue of dog = gypsyflower from the genus hound’s tounge
(Cynoglossum officinale L.); adder’s fork = least adder’s-tongue (Ophioglossum lusitanicum
L.); blind-worm = slowworm (Anguis fragilis)), a really mighty witch might as well as go
on literally, seeing the true herpetological powers needed for the spell.

According to Table 1, published papers on amphibian venoms are less common than
the triad. The similar figure to scorpion papers is due to two characteristics belonging to
the study of the amphibian skin secretion: (i) the discovery of magainin, the first antibiotic
peptide by [76], which boosted the literature by making several researchers seek other
antibiotic peptides in other species, and (ii) the vast Chinese literature on Chan’Su, the all
healing Chinese traditional medicine. These two events have undoubtfully contributed
to these numbers. However, in general, amphibian literature on accidents is scarce in
comparison to venomous animals.

The amphibian defense strategy against predators/aggressors is the “passive” defense
(with the exception of Rhaebo guttatus, which is capable of voluntarily compressing its
parotoid glands and ejecting its contents [77]), and the chemical nature of their venom is
mainly protein/peptide toxins and low-molecular-mass compounds (such as alkaloids,
steroids and their respective derivatives).

Some of the authors of the current review have been working with amphibian skin
secretion for almost twenty years. As a consequence, they have been able to produce
consistent literature on the subject that encompasses the different classes of bioactive
molecules commonly found on the amphibian skin secretion. A compilation of these results
will be presented below, together with the related literature.

Conceição, et al. [78] have evaluated the skin secretion of the tree frog Phyllomedusa
hypochondrialis and described that this secretion presents proteins ranging between 68 and
14 kDa, and that proteolytic and phospholipase A2 activities could be detected in vitro.
Moreover, authors also report that the injection of 0.6 ug of the venom in mice induced
myotoxicity, as evaluated by the increase of creatinine-kinase activity in plasma. The same
dose of the skin secretion also elicited vasoconstriction (for 20 min) and leukocyte rolling,
as assayed by intravital microscopy. Edema and nociception, in a dose–response manner,
could also be observed. Interestingly, the observed vascular permeability alterations
displayed a different mechanism, in which the lowest tested concentration caused the most
intense effect, in comparison to larger concentrations. This phenomenon is mostly likely
due to the presence of different molecules, in distinct relative concentrations, acting on
independent biological systems.

As a consequence of the described leukocyte rolling effect, a subsequent study was
performed [79] that assessed the mechanisms involved in that effect. Experiments revealed
that the toxins could lead to edema formation, within 2 h, which lasted for 24 h. Moreover,
authors also described that the numbers of rolling and adherent leukocytes were augmented
in post-capillary venules. Cytological analysis showed that macrophages were the main
cells present 2 h after the injection, whereas neutrophils were the cells present after 24 h.
The cytokine profiles indicted elevated levels of chemokines MCP-1 and KC, and also IL-6
and PGE2.

Mendes et al., 2016 [80], studied the casque-headed tree frog Corythomantis greening,
a frog bearing a cranial bone adaptation used in phragmosis. The cutaneous secretion
of this animal was able to induce inflammation (edema, for 96 h after the injection) and
nociception. Moreover, relevant enzymatic activities were detected in the skin secretion,
such as fibrinogenolytic, hyaluronidasic and metallopeptidasic. Enzymes presenting such
activities have already been described as important toxins for snake venoms [81,82] and
were also described in some amphibians from different genus, for example phospholipase
in Pithecopus azureus [83] and serine peptidases in Duttaphrynus melanostictus [84]. Further-
more, Fusco et al. 2020 [85] studied the epidermal secretion of Argenteohyla siemersi and
described both phospholipasic and hemolytic activities. They also reported that that venom
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is cytotoxic and capable of promoting necrosis which is independent of the proteolytic
activity, a different activity pattern from C. greeningi (included in the same genus).

Targeting antibiotic peptides—a consequence of Zasloff’s study—Conceição et al., 2006 [86],
screened the skin secretion of P. hypochondrialis for antimicrobial peptides against Gram-positive
and -negative bacteria and successfully described Phylloseptin-7 and Dermaseptin (DPh-1).
These peptides were active over common pathogens, such as Staphylococcus aureus, Escherichia
coli, Pseudomonas aeruginosa and Micrococcus luteus. In a complementary study, Huang and
collaborators identified a new Dermaseptin from the same P. hypochondrialis (Dermaseptin-PH),
which was active against Gram-positive/-negative bacteria and inhibited biofilm formation.
This peptide was also effective against Candida albicans.

Other authors also reported complementary phylloseptins. For example, Wu et al.,
2017 [87], isolated PNS-PC from P. camba the PNS-PC. This peptide displays inhibitory
action against Methicillin-resistant Staphylococcus aureus. They also isolated PBa1–3 from
P. Burmeister, a peptide with antibacterial and antifungal activities [88]. A recent study
by Liu et al., 2020 [89], reported the antibacterial activity of PV-1, a Phylloseptin from
P. vaillantii in vitro and in vivo. In spite of observed hemolysis (in vitro), this peptide was
not toxic to hepatic and renal tissues in vivo, indicating the possible therapeutical potential
of this peptide for bacterial infection.

Zhang et al., 2010 [90], isolated Phylloseptin-1 (PSN-1) from P. sauvagei. This peptide
was active against Staphylococcus aureus in vitro, including bacterial biofilm formation
inhibition. A few years later, Raja et al., 2013 [91], described five more Phylloseptins
displaying antimicrobial activity from this species. Their work proved that the structural
differences among those peptides were responsible for the different observed bactericidal
potency, suggesting that the alpha-helix amphipathic conformation leads to microbial
membrane disruption.

Using Zasloff’s classic strategy, Conlon et al. 2007 [92] stimulated Hylomantis lemur skin
secretion with norepinephrine and successfully purified Dermaseptin-L1 and Phylloseptin-
L1, which were active against Gram-negative bacteria and Batrachochytrium dendrobatidis, a
fungus that infect frogs.

In 2009, an unexpected antimicrobial peptide was described by Sousa et al. [93].
Leptoglycin, a peptide comprised basically by Leu and Gly (with an import Pro at the
center of the sequence) was isolated from the skin secretion of Leptodactylus pentadactylus
and was active against Gram-negative bacteria.

Bradykinin-potentiating peptides are protagonists of the most important example
of drug discovery from animal venoms. Rocha e Silva’s discovery of bradykinin [94]
ultimately led to the discovery of the bradykinin-potentiating peptides (BBPs) from snake
venoms. Such a peptide, on the other hand, led to the development of Captopril, the first
drug belonging to angiotensin-converting enzyme inhibitor (ACEi) class, widely used
around the world to treat arterial hypertension. In another unexpected study, Conceição
et al., 2007 [78], described the first canonical BPP isolated from another source than snake
venoms. Phypo-Xa, a decapeptide isolated from P. hypochondrialis, inhibited ACE and
potentiated bradykinin both in vivo and in vitro. A few years later, those authors [95]
also isolated three bradykinin-related peptides from P. nordestina skin secretion: two were
vasodilators (Pnor3 and Pnor7) and one was a vasoconstrictor (Pnor5).

Some amphibians, particularly toads, can be considered major biological sources
of low-molecular-mass compounds, such as alkaloids and steroids. Tempone et al. [96],
through biomonitored assays, have isolated two bufadienolidc steroids displaying antipara-
sitic activity from the skin secretion of Rhinalla jimi. Telecinobufagin and hellebrigenin were
not new molecules at that time; however, the activity against Leishmania sp. promastigotes
and amastigotes in macrophage culture (without NO production modulation) and the
anti-Trypanossoma cruzi trypomastigotes activity were the novelties they reported in their
paper. The mechanism of action of these molecules seems to be related to the disturbance
of cellular membrane and mitochondrial function. Neither steroid presented hemolytic or
cytotoxic activities in the tested conditions.
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That same group of authors [97] later assayed the skin secretion of P. nordestina on
antiparasitic models. They were able to demonstrate that four antimicrobial peptides
(Dermaseptins 1 and 4, and Phylloseptins 7 and 8) were able to decrease the in vitro
viability of T. cruzi, with a high theoretical therapeutic index. The proposed mechanism of
action of the peptides is cell death induction, through cellular membrane permeabilization.
Phylloseptin-7 was also effective against Leishmania sp.

Such results (selective membrane permeation) convinced Sciani et al. [98] to investigate
the possible antitumor activities of the skin secretion of some Brazilian toads. MCF-7
and MDA-MB-231 lineages (breast tumor) displayed reduced proliferation and apoptosis
induction when treated with eight different amphibian skin secretions. Among them,
the most promising results came from R. guttatus, R. margaritifera and P. hypochondrialis.
Moreover, R. guttatus and R. marina displayed selective antitumor activity over HL-60
(leukemia lineage), without toxicity to human leukocytes. It is believed that the observed
antiproliferative effect is due to the known presence of bufadienolides in this toad secretion.

Schemda-Hirschmann in 2014 [99] related the presence of argininyl bufadienolides
in R. schneideri dermic secretions, which were active on different tumor lineages AGS,
SK-MES-1, J82 and HL-60 (gastric adenocarcinoma, lung carcinoma, bladder carcinoma
and leukemia, respectively). Later, the same group showed similar activity in the Peruvian
R. marina venom, and the mechanism of action seems related to ROS production and cell
cycle arrest, for breast cancer lineages [100]. Antitumor properties were also described
for the Paraguayan Rhinella sp. Such skin secretion is traditionally used by locals in folk
medicine to treat skin lesions and tumors [101].

The crude extract of Physalaemus nattereri is cytotoxic for the B16F10 melanoma cell line.
Carvalho et al. [102] observed that the secretion was able to induce conformational changes
in cells, exposure of phosphatidylserine on cell membrane, reduction of mitochondrial
membrane potential and arrest of cell cycle in S phase, indicating that apoptosis is the
probable mechanism of action that explains the antitumor activity. RP-HPLC fractionated
P. nattereri extract points out that this biological action is due to peptides

Skin venom from the Malaysian toad B. asper was active against HCT 116 colorectal
tumor line by apoptosis induction, via caspase 3/7 activation and mitochondrial membrane
potential disruption [103]. Bufadienolides also possess the ability to inhibit Na+/K+ ATPase
and trigger caspase-induced apoptosis, being more selective to cancer cells than normal
cells [104]. The venoms of two Turkish Salamandrine amphibians were tested against
cancer cell lineages. The venoms, which presented proteins in their biochemical content,
were active against cervix, alveolar, colon colorectal, pancreas, prostate, astrocytoma and
breast carcinoma lines. However, these secretions were also toxic to human fibroblasts
(HEK 293) [105].

Marinobufagin is a molecule present on R. marina venom displaying activity against
leukemic cells without being toxic to normal blood cells. According to Machado et al. [106],
this steroid induces toxicity via apoptosis, antimitotic action and cycle cell arrest at inter-
phase in leukemia cells, without any genotoxicity.

The bufadienolides, bufotoxins, alkaloids and arginiyl derivatives from R. jimi cyto-
toxicity effects on cancer cell lineages were studied by Filho et al. [107], whereas Spinelli
et al. [108] revaluated the antitumor action of 11 different Argentine amphibians: 6 Hyli-
dae/Microhylidae and 5 Leptodactylidae. These venoms induced apoptosis and autophagy.
Interestingly, Leptodactylidae skin secretion induced aggregation on cancer cells.

Finally, we present bufotenine: a tryptamine alkaloid found in many species and
genera across nature (animals and plants), particularly in R. crucifer, R. granulosa, R. schnei-
deri, R. icteria and R. jimi [109]. This molecule was selected in biomonitored assays and
has the capacity to inhibit the penetration of rabies virus in mammalian cells, through
an apparent competitive mechanism [110]. Complementary studies conducted by those
authors [111] showed that this molecule was active in vivo, by increasing the survival
rate of intracerebrally virus-infected mice from 15 to 40%. The safety of bufotenine was
then evaluated [112] and no significant effects on mice could be detected at the effective
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antiviral dose. Interestingly, bufotenine acts synergically with ocellatin-F1—an antimicro-
bial peptide obtained from the frog Leptodactylus labyrinthicus skin secretion—in the rabies
virus model [113]. Finally, recent in vitro assays showed that bufotenine has no antiviral
action against canine coronavirus (CCoV), canine adenovirus type 2 (CAV-2) or herpesvirus
type 1 (HSV-1), indicating some specificity against distinct types of viruses [114]. The
mechanism of action of this alkaloid remains unclear (although the evaluation of its effects
in the immune system is being assayed by these authors), but bufotenine is the perfect
example of the potential of bioactive molecules isolated from a neglected venom, serving
as biotechnological tool for a neglected disease drug development study.

1.6. Marine Animals

Oceans dominate planet Earth: approximately 70% of the Earth’s surface is covered by
water, and from that, 96.5% of this water is from the oceans [115]. More than 480,000 species
of marine animals have been discovered and identified according to the World Register
of Marine Species [116]. However, such a figure may be even larger: the Ward Appeltans
of the Intergovernmental Oceanographic Commission of UNESCO (https://en.unesco.
org/news/ocean-life-marine-age-discovery-0, accessed 19 November 2021) estimates that
oceans may hold 700,000 species. These data represent what the ocean can become: a
molecular library! Molecules that belong to an organism’s physiology, act on hunting
and prey digestion and/or chemical defense may ultimately lead to the discovery of new
compounds with biotechnological or pharmaceutical uses.

Regarding bioprospection, marine animals have provided several molecules for a
wide range of therapeutic applications. Some of them have already been approved by
regulatory agencies and are being commercialized. The most known is ziconotide (Prialt),
a ω-conotoxin peptide from Conus magus, applied by intrathecal route as analgesic for
chronic and intense pain, whose mechanism of action is the selective blocking of neuronal
N-type voltage-sensitive calcium channels [117,118]. Another known drug from marine
animals is trabectedin (Yondelis), initially isolated from the marine ascidian Ecteinascidia
turbinata, used to treat sarcomas and ovary cancer [119].

For cancer, other drugs have been developed, such as Ara-C (Cytarabine), a nucleoside
isolated from a Caribbean sponge, Cryptotheca crypta. It is used for certain types of leukemia,
including acute myeloid leukemia, acute lymphocytic leukemia and chronic myelogenous
leukemia [120].

Brazilian sponges and cnidarians, such as Zoanthus sociatus, Exaiptasia pallida and Carijoa
riisei, have yielded promising molecules active on cancer cells. Some of these authors have
showed that C. riisei and the porifera Tedania brasiliensis extracts were effective in reducing the
cell viability of glioblastoma, and that C. riseii also acts on breast and ovary cancer. Moreover,
Z. sociatus and E. pallida were able to diminish leukemic cell viability [121]. Regarding the
envenomation field, some of these authors have contributed for the understanding of marine
animal venoms, from a biochemical and pathophysiological perspective.

1.7. Sea Urchins

Sea urchins are the most abundant animals in Brazilian shores. They are also responsi-
ble for the majority of reported marine animal accidents [122]. Echinometra lucunter—the
rock boring urchin—can be easily found in rocky shores. Human accidents are frequent
and can be associated with the animal’s manipulation by bathers, or by people stepping
on the animals while walking on the shore. More severe cases (in terms of the number
of spines punctures) can result from people being dragged onto rocky walls by wave
action. Still, the most common route that the spines penetrate the skin is through the
foot or hand. This event causes local inflammatory reactions, characterized by edema,
erythema and pain [123,124]. Facing this problem, the authors have wondered: is this
accident solely mechanical due to the spine’s penetration, or does the sea urchin have a
venom that contributes to the described symptoms?
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To answer that question, ‘toxins’ from E. lucunter spines were extracted, immersing
the excised appendices in a physiological buffer (to avoid cell lyses by osmotic shock),
followed by animal inflammation test models. Authors described that the extract induces
a pro-inflammatory reaction, by increasing rolling, adhered and migrated leukocytes.
Moreover, the spines extract decreased the pain threshold and induced paw edema [30].
In another study, these authors were able to isolate one molecule responsible for those
effects, including its partial molecular characterization [125]. However, it was clear that
there was more than one single molecule eliciting such activities; therefore, the clinical
observed symptoms clearly surpass the mechanical trauma aroused by spine penetration.

This mechanism is a very successful adaptation: the venom (i.e., the ‘toxins’) dimin-
ishes the pain threshold—making the victim more susceptible to painful stimuli—at the
same time that the spines puncture the skin. As a consequence, the mechanical accident
becomes more aggressive, due to this synergism (resulting in inflammation).

E. lucunter spines do not contain typical venom glands, in the same way venomous
animals do, but it is a living structure, full of granular cells, which are most likely to
produce and secrete these toxins along the entire spine, particularly at in the spine tip,
a region more susceptible to mechanical stress by contact (with possible predators and
aggressors) [126]. Moreover, although the spine is composed mainly of calcium and/or
magnesium carbonate, the myriad of cells embedded would significantly contribute to
spine regeneration. It has been demonstrated that the spine secretes cathepsins B and/or X,
an enzyme associated with matrix remodeling processes, contributing to the spine growth
and regeneration, but also to the toxicity.

Besides spines accidents, consumption of sea urchins may elicit undesirable/toxic
effects for the consumer, as they are usually eaten raw. Therefore, these authors have
investigated the coelomic fluid of E. lucunter, searching for toxins (pro-inflammatory
molecules, in particular). A bioactive peptide, termed ‘echinometrin’, capable of reducing
rolling cells and increasing adhered and migrated ones—concomitant to edema induction—
was identified. Moreover, this peptide induced mast cell degranulation, which makes
us think that histamine was responsible for the observed inflammatory reaction [127].
Actually, many consumers present allergies after the consumption of raw sea urchin, and
there are studies suggesting the participation of vitellogenin in such process, by increasing
IgE levels [128,129]. Echinometrin is, in fact, a cryptide [130], i.e., an internal fragment
of vitellogenin. Moreover, its N- and C-termini match the amino acid specificity for (the
previously reported) cathepsin B/X, suggesting a local toxin generation system, in which
both substrate and processing enzyme are present and ready to act.

Once the biomonitored assay reported above proved successful in the identification
of one bioactive peptide, these authors decided to performed an untargeted peptidomic
approach on sea urchins’ peptides. The secreted peptides from E. lucunter, Lytechinus
variegatus and Arbacia lixula were analyzed. It was possible to observe that coelomic fluids
of all three species are full of peptides. On the other hand, peptides could be identified
only in the spines of L. variegatus and A. lixula, whereas E. lucunter spines contain mainly
low molecular mass compounds. Database mining suggests that some peptides may
display relevant biological effects, such as antibiotic, anticancer, antiviral, phospholipase
A2 inhibitor and neuroprotective properties, making sea urchin molecules a source of new
therapeutic compounds [131].

1.8. Mollusks

Peptides are abundant in marine mollusks from the Gastropoda class. They are usually
referred as ‘conopeptides’ and are responsible for prey paralysis due to their specific action on
the neuromuscular ionic channels [132,133]. The genus Conus is a well-known source of these
conopeptides. The Tox-Prot database from Uniprot/Swiss-Prot describes that 1.370 toxins are
manually annotated for 117 snail species, most of them from genus Conus [134,135]. On the
other hand, the database platform for conopeptides, ConoServer, shows that 119 Conus
species already have at least one protein sequence/structure elucidated. Besides that,
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this platform shows that conopeptides can be categorized in 12 pharmacological families
or in 33 cysteine frameworks. More than 2900 mature conotoxins can be found in this
database [136,137].

Conus can be classified into three main groups, according to their feeding behavior:
worm-hunting, molluscivorous and fish-hunting snails [138]. One of them—C. regius—a
species that dwells the USA, Central America, and Brazil, including the Fernando de
Noronha archipelago, has been studied by these authors [139]. As feeding behavior is
often related with venom composition, the authors have investigated what would be the
feeding habits of these animal, since they were not known at the time. They found that C.
regius preferentially preys on fire-worms, thus being categorized as a vermivorous species.
Authors have also evaluated the homogeneity of the venom and have determined that,
regardless of gender, size and season of the year, there was no significant variation on
venom composition (as determined by RP-HPLC peak area and similarity). Under these
conditions, they have found the major peak, isolated and characterized it, which led to the
identification of rg11a, a conotoxin presenting the cysteine pattern C-C-CC-CC-C-C and
~5 kDa [140]. Later, these authors also described α-RgIB: a 2.7 kDa peptide bearing the
CC-C-C pattern, which is an antagonist of neuronal acetylcholine receptor and is capable
of inducing hyperactivity in mice and breathing difficulties [141].

1.9. Stingrays

Stingrays accounted for 69% of aquatic animal accidents in Brazil from 2007 to 2013.
Most cases (88.4%) were reported in the north region and correspond to accidents caused
by freshwater stingrays [142].

In general, symptoms of freshwater stingray accidents include skin necrosis, edema,
erythema and intense pain, mainly at the lower limbs, which are the most common accident
site. Several studies have focused on the mechanism of action of stingray toxins. One
explanation is the release of proinflammatory interleukins that lead to the inflammatory
reaction and pain, besides the direct participation of mast cell degranulation and histamine
release [143,144]. The presence of inflammatory cells in the necrotic tissues was reported,
most lymphoid, CD3+ and CD4+ cells, as well as the presence of eosinophils [145].

Although less frequent, marine rays also cause human accidents, but few works report
them. In this sense, some of these authors have studied Hypanus americanum’s mucus,
searching for toxins [146]. It is noteworthy to mention that a marine stingray’s whole body
is covered by mucus produced by epithelial cells. Some animals possess a calcified spine
(‘sting’) on their tail, which is covered by an epithelium that secretes mucus. This secretion
is rich in molecules involved in the chemical defense and skin homeostasis maintenance,
including establishing a barrier against microorganisms.

These authors observed that the mucus is labile, denaturating in function of the
temperature and storage time after collection. Moreover, the classical scratching method
for mucus collection results in the attainment of a mucus rich in cellular debris and,
consequently, intracellular content that masks the ‘actual’ mucus. Authors were forced to
develop a new method: the whole animal was submerged—for 40 s—in a tank containing
only freshwater. After the animal was removed, the water was acidified (0.1% final
concentration) and the solution was filtered. This large volume was directly pumped
into the C18-RP-HPLC column via system pump ‘A’. After total sample loading, standard
chromatography was performed [146].

Nevertheless, the chemical nature of the mucus revealed itself to be more complex than
initially imagined by those authors. Several proteins, peptides and low-molecular-mass
compounds could be detected. The mucus elicits inflammatory reactions, such as edema
and leukocyte recruitment in mice. The performed zymograms displayed proteolytic
activity. Moreover, authors describe the antimicrobial effect of molecules fractionated from
the mucus. The proteomic analyses revealed proteins that are involved in the immune
response, and are very similar to the proteins related to the sting, and also similar to
proteins described in fishes from Teleostei class, indicating that the epidermal secretions of
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stingrays could be more related to an innate immune system than with a venom delivery
system [146]. This hypothesis was recently reinforced in a work that analyzed the genomic
data of a venomous fish and associated the presence of aerolysin (considered as a toxin)
with the immune system [147].

1.10. Cnidarians

The phylum Cnidaria comprises more than 10,000 species and is considered the
most ancient venomous animal lineage, having emerged approximately 650 million years
ago [148,149]. To the contrary of other venomous animals, cnidarians have the unique
characteristic of lacking a centralized venom system [150]. Instead of a venom gland, these
animals present little organelles distributed throughout their bodies, called cnidaes. Such
structures are produced by the Golgi apparatus of specialized cells: the cnidoblasts [151]. It
is divided into three main lineages: 1. Anthozoa, formed by Anthozoa class; 2. Medusozoa,
comprised of Scyphozoa, Staurozoa, Cubozoa and Hydrozoa classes; 3. Endocnidozoa,
comprising Myxozoa and Polypodiozoa classes. Cnidaria is a diverse phylum, rich in
bioactive molecules, known to be used mainly for predation, defense and intraspecific
competition [152].

Cnidaria early studies began in 1903 on Anemonia sulcata and Actinia equina tentacles
extracts. Since then, several studies on sea anemones have been developed, leading to
more than a century of research on these animals’ venoms [150,153,154]. Sea anemones are
exquisite sources of toxins and represent the greatest diversity in Anthozoa, having around
1200 species distributed in 46 families [150].

These cnidarians can cause envenomation through their nematocysts, specialized
structures that inoculate venom. One particular case report of a human accident caused
by anemones belonging to the Stichodactyla genus describes local skin irritations with
blistering, edema and hemorrhage, mild symptoms when compared to the actual target of
the toxin, prey, which is instantly killed by neuro- and cardiotoxins [155]. The anemone
toxins molecular scaffolds are diverse: at least 17 different structural motifs are known [150].

The peptide neurotoxins found in sea anemones may act over different ion channels.
ShK toxins, for example, bind to Kv type 1; some types of β-defensins can modify the
action of Kv type 3 and Nav type 1, 2 and 4; while the inhibitor cystine-knot (ICK) can act
over Kv type 5 and acid-sensing ion channels [150]. In this context, a study published in
2004, by some of these authors, investigated the differential selectivity between three sea
anemones toxins against a wide range of Nav channels subtypes (Nav 1.1–1.6). The authors
observed that for Nav1.3, the three toxins (ATX-II, AFT-II and Bc-III) were active only when
at high concentrations. Additionally, it was observed that although ATX-II (from A. sulcata)
and AFT-II (from A. fuscoviridis) exhibit similar sequences, a single amino difference was
enough to alter the ion channels specificity. Lysine36 (ATX-II) seems to be fundamental for
its action over Nav1.1 and Nav1.2 channels; meanwhile, AFT-II mainly exerts effects on
Nav 1.4 and Nav 1.5. Moreover, the slight changes in amino acids between similar Nav
channels can have a crucial role in toxins binding. For example, AFT-II had a more potent
effect over Nav1.4 than Nav 1.5. These two channels are only marginally different and the
presence of a Leucine at position 1611 in Nav1.4, instead of an Isoleucine at in Nav1.5 right
after a neighboring Asparagine, may indicate the importance of these residues for the toxin
binding [156].

In another evaluation of sea anemones venoms, Zaharenko et al. reported, for the first
time, the proteomics analysis of the neurotoxic fraction of the sea anemone Bunodosoma
cangicum. Authors processed by RP-HPLC such a fraction and identified at least 81 different
molecules, distributed along 41 chromatographic peaks. Mass spectrometric analysis by
MALDI-TOF and ESI-Q-TOF shows that that fraction is composed of low-molecular-mass
(280–450 Da) as well as heavier molecules (4–5 kDa). Major fractions were purified and
sequenced by Edman degradation, revealing nine novel peptides. Three peptides clearly
presented the typical cysteine scaffold found in type 1 sodium channel toxins, and six of
them presented new cysteine scaffolds belonging to two new classes of toxins. Additionally,
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when tested on extracellular crab leg nerve, the new peptides called Bcg31.16 and Bcg30.24
showed that, at very low concentrations (40–50 nM), those neurotoxins were able to
diminish the amplitude of CAPs (compound action potentials) and increase its duration,
showing a high potency and suggesting that these toxins target sodium channels [157].

Compared to other cnidarians, the Anthozoa (anemones included) is a well-studied
group, in terms of toxins investigation. ToxProt lists 256 toxins belonging to 48 species
of sea anemones (manually curated; accessed October, 2021). On the other hand, only
five toxins from Cubozoa; four from Hydrozoa and one from Scyphozoa classes are de-
posited [134]. Of particular interest, three Cubozoa toxins (caTX-A, cqTX-A, crTX-A, cfTX-1
and cfTX-2) belong respectively to four species of box jellyfishes: Carybdea alata, Chirop-
soides quadrigatus, Carybdea rastonii; and Chironex fleckeri (the Australian box jellyfish, one
of the most dangerous species of cnidarians) [134,158]. Regardless of the small number
of curated toxins, 327 proteins from Cubozoa—computationally analyzed and available
at TrEMBL—still remain to be reviewed. The literature refers to Cubozoa toxins being
enzymes (phospholipases A2, metallopeptidases and serine peptidases), CRISPs, lectins,
pore-forming toxins and protease inhibitors [159]. For Hydrozoa, the four proteins manu-
ally curated and described as Hydralysin toxins belong to only two different species: Hydra
viridissima and H. vulgaris [134,135].

The challenge of better knowing the toxins found in Cubozoa and Hydrozoa is not lim-
ited to the proteins and peptides; little is known about the low-molecular-mass molecules
from these organisms [160]. In order to increase knowledge on the biotechnological po-
tential of Cubozoa and Hydrozoa, two studies were recently performed. The first one,
conducted by Bueno et al. [161], investigated the effects of the methanolic extracts of
hydromedusa Olindias sambaquiensis and jellyfish Chiropsalmus quadrumanus over the au-
tonomic neurotransmission. In this study, researchers employed a classical model to
sympathetic co-transmission: a myographic evaluation of rat vas deferens bisected in two
portions (prostatic and epididymal) for purinergic or adrenergic responses. Throughout
the study, both methanolic extracts were demonstrated to be of low complexity and rich in
low molecular mass molecules.

Authors report that a low concentration (0.1 μg/mL) of C. quadrumanus extract blocked
the predominantly noradrenergic contraction of the epididymal end. On the other hand, only
high concentrations (1 and 10 μg/mL) of O. sambaquiensis extract were capable of leading to
the blockade of muscle contraction. Nevertheless, both extracts did not present significant
differences concerning the phasic contractions in the prostatic portion (purinergic response),
when compared to the control group. Moreover, the histological analysis showed that none of
the extracts promote major tissue damage in the prostatic and epididymal vas deferens ends,
showing the same unaltered morphology as the control group, which indicates their effects
only on the neurotransmission, not causing toxic tissue damages [161].

Another study, published by Arruda et al. [160], focused on C. quadrumanus tentacles
methanolic extract and its biological activity over neurite growth. In this work, the extract
was tested on a human SH-SY5Y neuroblastoma cell line, a neuronal cell culture model
commonly used for neurodegenerative disease investigations. Authors report alterations
on neurite-related structures of neurons, without affecting cell proliferation or inducing
necrosis or apoptosis [160]. The specific neurite length outgrowth observed in all cells
exposed to the toxins was associated with a translin-like protein (hyccin cryptein) cryptide,
as well as to small molecules acting synergically to promote the neurite/branches formation,
elongation and facilitating neurotransmission. Neurite formation can happen either via
microtubule and motor proteins [162] or PI4P regulation—acting on plasma membrane
identity and myelin development [162]. Moreover, toxins present in the methanolic extract
showed no effect on the straightness of neurite’s growth or cell body area, but increased
branching junctions connected to cells. More than 14 low molecular mass molecules related
to neuritogenesis were found through LC-MS fingerprinting and at least 4 peptides related
to neuronal function [160].
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1.11. Insects

Although insects are the largest group within the arthropod phylum, and most of them
are well studied due to their importance, there is always room for new research. Insects
are known to create the biological foundation for most of the terrestrial ecosystems by
pollinating plants, dispersing seeds, controlling populations of other organisms (including
decomposing dead material to recycle nutrients) and being a major food source for other
taxa. On the other hand, insects also spread diseases and can compromise a significant
amount of food (grains, for example).

Among the notorious insects, there is the honeybee (Apis mellifera). There are reports
of beekeeping as old as 10,000 years. Bee domestication started in Egypt 4500 years ago,
when probably human accidents must have become more frequent, as well.

Bee stinging is mischievous: one single sting may provoke allergy and the subject may
die from anaphylaxis. On the other hand, one may be stung several times and, in spite of
intense pain and significant swelling, no significant harm occurs. However, when a few
dozen bees sting, one may become envenomed. This event is not related to allergy and is a
consequence of the bee toxins acting on the victim’s body, especially in the kidneys.

The difference between poison and medicine is the dose, and apitherapy is a rather
popular branch of alternative medicine which includes live bee acupuncture. Such a
procedure may heal some, but is not free of risks at all! Adverse reactions to bee venom
therapy are frequent. Constant exposure to the venom may lead to arthropathy, for example.
In sensitized individuals, allergic reactions vary from mild, local swelling to severe systemic
reactions, anaphylactic shock and even death. Yet, there are claimed cosmetic uses of the
bee venom. Rumor has it that the Duchess of Cambridge has used bee venom to keep
her skin looking flawless and even applied the secret ingredient to ensure a glowing
complexion when she wed Prince William in 2011.

In a more practical context, a few groups have explored the possibility of developing
an antiapilic serum, for treating those patients that have suffered multiple bee stings
and have not suffered anaphylactic shock. Among those, authors from this group have
successfully developed an efficient antiapilic serum that is currently under clinical trial
(phase III). Further details can be found in the works of Ferreira Jr et al., 2010 [163], and
Sciani et al., 2010 [164], who set the basis for the preclinical and clinical studies summarized
by Barbosa et al., 2021 [165].

2. Conclusions

Animal venoms and toxins comprise a diverse repertoire of fascinating proteins,
peptides and other bioactive molecules that have evolved through natural selection, driven
by adaptive pressure and the survival of the fittest. Their biological role is—mainly—
predation and defense. Mankind—and its anthropocentric perspective of nature—have
always tried to develop ways to use and study these venoms and toxins as pharmacological
prototypes for the research and development of novel therapeutics. Such a quest has
opened new venues to the identification of an unprecedented number of new molecules
and/or biological effects.

According to our view, ‘classic’ toxinology (as we have termed the continuous study
of snakes, scorpions and spiders) will lessen in the near future and the ‘new’ venoms
and toxins will prevail, due to subject saturation. Research of unexplored—or neglected—
species of animals and their venoms and secretions should become dominant, since they
contain a myriad of molecules displaying relevant biological effects on human illnesses,
diseases, degenerative disorders, injuries, pain, tumors and infections (viral, bacterial and
fungal), either as medicines or diagnostics tools.

Therefore, we consider that the currently reviewed literature on lizards, amphibians,
and marine animals is just the beginning of a new thematic approach that we hope will
become dominant in the following years. Such veiled potential currently hidden in the
neglected animal venoms and toxins can set the instrumental and scientific basis for the
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development of new molecules with innovative potential, which could shape a “new era”
in toxinology.
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Abstract: As a tribute to Butantan Institute in its 120th anniversary, this review describes some of the
scientific research efforts carried out in the study of Lonomia envenoming in Brazil, a country where
accidents with caterpillars reach over 42,000 individuals per year (especially in South and Southeast
Brazil). Thus, the promising data regarding the studies with Lonomia’s toxins contributed to the
creation of new research centers specialized in toxinology based at Butantan Institute, as well as to
the production of the antilonomic serum (ALS), actions which are in line with the Butantan Institute
mission “to research, develop, manufacture, and provide products and services for the health of the
population”. In addition, the study of the components of the Lonomia obliqua bristle extract led to the
discovery of new molecules with peculiar properties, opening a field of knowledge that could lead to
the development and innovation of new drugs aimed at cell regeneration and inflammatory diseases.

Keywords: Lonomia; envenoming; innovation

Key Contribution: This review highlights the current knowledge of Lonomia envenoming and
treatment, in addition to already identified bioactive molecules and future perspectives on innovative
research with new derived molecules.

1. Introduction

Although lepidopteran species are widely distributed around the world, only a few
of them cause severe damage to humans or animals that have had contact with adult
animal hairs (lepidopterism) or with the bristles of caterpillars (erucism) [1]. Locally,
accidental contact with hair or bristles leads to a skin reaction, and systemic symptoms
can be treated using oral antipruritic and antihistamines [2]. However, some caterpillar
species of the Lonomia genus cause serious injuries, which are sometimes irreversible,
leading to death. Patients that develop clinical manifestations of disseminated intravascular
coagulation (DIC) and consumptive coagulopathy can progress to hemorrhagic syndrome
with serious consequences if the antilonomic serum (ALS) produced by the Butantan
Institute (SP/Brazil) is not administered in due time [3–8]. Although treatment with ALS
is effective for Lonomia’s envenoming, deaths resulting from contact with caterpillars are
still a public health problem in Brazil [9,10]. The literature reports that, between 2007 and
2017 a total of 42,264 accidents were caused by caterpillars in Brazil, among them 248 were
severe cases and five evolved to deaths. Most accidents occurred in the states of south and
southern Brazil between December and April, a period corresponding to an increase in
temperature and rainfall [10].
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Over the years, Brazil has gained significant knowledge in the field of toxinology
that benefits the politics of public health. One example is the existence of Toxicological
Information and Assistance Centers (CIATox), created for the Brazilian Unified Health
System (SUS) to provide specific information on poisoning and treatment to health profes-
sionals and to the community. Furthermore, the creation of special programs and centers
for research in the study of animal toxins contributed to the innovation in the development
of new molecules derived from animal toxins or secretions, accelerating the interaction be-
tween science and industry. Therefore, this review highlights the current knowledge about
Lonomia envenoming, as well as its treatment and already identified bioactive molecules,
approaching the future perspectives on innovative research with new derived compounds
as potential drugs for the treatment of inflammatory diseases (Figure 1).

Figure 1. Overview of Lonomia obliqua epidemiology, treatment, and research over the years. Since 1989, a burst of accidents
with hemorrhagic manifestations were reported in Brazil to be caused by L. obliqua (Walker, 1855) (orange asterisks), mainly
in Santa Catarina (SC), Rio Grande do Sul (RS), and Paraná (PR). In Venezuela and northern Brazil [Amapá (AP) and Pará
(PA)], caterpillars were identified as L. achelous (Cramer) (red asterisks). Other cases were registered in the states of Goiás
(GO), Minas Gerais (MG), São Paulo (SP), Mato Grosso do Sul (MS), and Rio de Janeiro (RJ) (orange asterisks). In 1996, an
antivenom against L. obliqua toxins was developed [3]. Today, the treatment of patients is based on the administration of ALS,
produced at the Butantan Institute, which has been shown to be effective in reversing hemostatic and hemorrhagic disorders.
Photograph (Dr. Marlene Zannin) showing the reduction in hematuria of urine samples of a patient with treatment started
with ALS after 24 h of having an accident with L. obliqua caterpillars. In 2000, the State of São Paulo Research Foundation
(FAPESP) started a program to create Research, Innovation, and Dissemination Centers (RIDC) leading to the creation
of the “Center for Applied Toxinology (CAT)”, the “Center of Toxins, Immune Response, and Cell Signaling (CETICS)”,
and the “Center of Excellence in New Target Discovery (CENTD)”, with the latter aiming at not only the study of toxins
from poisons and animal secretions, but also the development of new molecules based on toxins and, in public–private
partnerships, their use as tools for studying molecular targets for several diseases.

2. Lonomia spp. Epidemiology and Impact on Public Health

The occurrence of hemorrhage after contact with South American caterpillars was first
reported by Alvarenga and collaborators [11]. Although 26 species of the genus Lonomia
(Saturniidae family) are distributed in the American continent, the most studied species
are L. obliqua (Figure 2a) and Lonomia achelous caterpillars; both are capable of inducing
hemorrhagic effects in humans after contact with their broken spines [8,12–20].

Accidents involving L. achelous caterpillars have been reported in Venezuela since
1967 [21] and in Brazil since 1982, in the state of Amapá and Ilha de Marajó (state of
Pará) [15,22]. Accidents related to L. achelous have been characterized by a hemorrhagic
syndrome attributed to the fibrinolytic activity of the venom [23]. On the other hand,
accidents involving L. obliqua specimens have been reported since 1989 in southern Brazil
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in Santa Catarina, Rio Grande do Sul, and Paraná, also affecting states in the southeast
region [10,15,16,24–26].

In Brazil, accident notifications are registered and informed by the Brazilian Ministry
of Health through the Information System for Notification of Diseases (SINAN). Data from
SINAN between 2007 and 2017 [10] indicate that most cases of accidents involving caterpil-
lars occurred in southern and southeast states during the warm and rainy season [9,10],
representing ideal conditions for the hatching of eggs and subsequent development of lar-
vae. A study performed with 105 patients in the State of Santa Catarina (between December
1998 and June 2000), showed that most accidents occur in rural areas (85%), during work
activities (55%) [8]. Envenoming by L. obliqua caterpillars is considered a public health
problem in southern Brazil [10,27,28]. The relevance of the accident is due not only to the
increase in the number of accidents, but also to the expansion of the caterpillar population
to other areas of the country and to the hemorrhagic syndrome that affects the victims.

3. Clinical Manifestations and Complications

Immediately after contact with the caterpillar bristles (Figure 2b), an urticating dermati-
tis occurs, accompanied by pain and swelling. Some general and nonspecific manifestations
may appear later, such as holocranial headache, general malaise, nausea and vomiting, anx-
iety, myalgia, and, less frequently, abdominal pain, hypothermia, and hypotension. After a
period that can vary from 1 to 48 h, blood dyscrasia appears, accompanied or not by hem-
orrhagic manifestations that usually appear 8 to 72 h after contact [7,8,27–30]. Ecchymoses
can be found, which can reach extensive hemorrhagic dysfunctions, hematomas caused by
trauma or healed lesions, hemorrhages from mucosal cavities (gingivorrhagia, epistaxis,
hematemesis, and enterorrhagia), macroscopic hematuria, bleeding from recent wounds,
intraarticular, abdominal (intra- and extraperitoneal), pulmonary, and glandular (thyroid,
salivary glands) hemorrhages, and intraparenchymal cerebral hemorrhage [15–19,27,28]
(Figure 2b). Lonomism is the term used to designate the severe hemorrhagic disease related
to Lonomia accidents [31].

The main complication of L. obliqua envenomation is acute renal failure, which can
occur in up to 12% of the cases, being frequent in patients over 45 years old and in
those with heavy bleeding [24,28–30,32]. Moreover, some deaths related to hemorrhage
and renal failure have been reported [9,10,15,16,29]. However, the early diagnosis and
proper treatment with ALS within 12 h of contact can prevent severe coagulopathy and
hemorrhage events [8,15,19,33–35].

Considering that caterpillars have gregarious habits, the severity of symptoms may
be influenced by the number of caterpillars crushed on contact, the extent of the exposed
body area, the depth of wound, and the amount of venom inoculated [31].

According to the intensity of the hemostatic disturbances [8,27,28], accidents can be
classified as follows:

(a) Mild: patient with local envenomation and without coagulation changes or bleeding
within 12 h after the accident, confirmed with the identification of the agent.

(b) Moderate: patient with local manifestations, alterations in global coagulation tests,
or hemorrhagic manifestations in the skin and/or mucous membranes (gingivor-
rhagia, ecchymosis, hematoma), and hematuria, without hemodynamic alterations
(hypotension, tachycardia, or shock) (see Figure 2b).

(c) Severe: patient with impaired coagulation, hemorrhagic manifestations in the viscera
(hematemesis, hypermenorrhagia, pulmonary bleeding, and intracranial hemorrhage),
hemodynamic changes, and/or failure of multiple organs or systems.
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Figure 2. L. obliqua and clinical manifestations. (a) L. obliqua caterpillar. This photograph shows a caterpillar at the sixth
stage or instar; and (b) Initial symptoms. This photograph shows some clinical manifestation that begin 12 to 24 h after the
accident involving contact with broken bristles. Edema (hands), erythema, heat, and blisters (arm), in addition to systemic
symptoms, have been reported. Ecchymosis, after 3 days of contact, of variable intensity and hematuria (abdominal bruises,
after 24 h), may occur (Photographs: (a) Dr. Miryam P. Alvarez-Flores; (b) Dr. Marlene Zannin).

4. The Importance of Butantan Institute in Antilonomic Serum Treatment

The hemostatic disturbances observed in the envenoming by L. obliqua caterpillars
result in a consumption coagulopathy (resembling a DIC) and secondary fibrinolysis,
which can lead to the hemorrhagic syndrome [8,19,28,36]. Treatments with antifibrinolytic
drugs such as aprotinin and ε-aminocaproic acid associated with whole blood, fresh-
frozen plasma, or cryoprecipitates were initially used to treat patients; however, rather
than reverting symptoms, the treatment exacerbated them [3,6,7,14,16,28]. In 1996, Da
Silva and collaborators [3] developed the ALS from horses immunized with four doses of
Lonomia obliqua bristle extract (LOCBE), producing antibodies capable of neutralizing the
components responsible for typical noncoagulated blood induced by contact with Lonomia
caterpillars in rats. The developed antivenom is composed of specific immunoglobulin
F(ab’)2 fragments purified from horse plasma [4].

Clinical studies showed that hemostasis alteration in this kind of accident could be
severe within the first 6 h, with intense fibrinogen reduction [8,19]. The patients with the oc-
currence of abnormal coagulation in screening tests, such as thrombin time (TT), fibrinogen
(Fg) concentration, and whole-blood clotting time (WBCT) or hemorrhage manifestations
must be hospitalized to receive treatment with ALS according to the Guidelines of the
Ministry of Health of Brazil. After the introduction of ALS therapy, the number of deaths
resulting from lonomism was reduced. Currently, ALS is the only specific therapy used to
treat victims of L. obliqua envenomation and is widely distributed by the Ministry of Health
in Brazil. Fibrinolytic agents are not recommended for treatment as the venom mainly
contains procoagulant agents [7,8,27,28,36]. The correction of anemia due to blood loss
should be instituted through the administration of packed red blood cells [27]. Whole blood
or fresh plasma are contraindicated, since intravascular coagulation can be accentuated.
The recommended doses of ALS in the treatment, according to severity, are shown in
Table 1.
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Table 1. Classification of the severity of accidents by L. obliqua and therapeutic guidance according to the Brazilian Ministry
of Health [27,28].

Manifestations
of Severity

Clinical Local
Picture

Coagulation Time Bleeding Treatment

Mild Present Normal Absent No ALS required

Moderate Present or absent Altered Absent or present in
skin/mucous membranes

Serotherapy:
5 ampoules of ALS

Severe Present or absent Altered Present in viscera.
Life-threatening

Serotherapy:
10 ampoules of ALS

5. Blood Coagulation Alterations

One of the main clinical manifestations of Lonomia envenoming is the consumption
of coagulopathy due to depletion of coagulation factors, as well as a secondary activation
of fibrinolysis accompanied by bleeding into the skin or mucosa, as described by Zannin
and collaborators [8]. Hemostatic changes were observed in patients who have had contact
with larvae of 5 cm or more corresponding to the last larval instars shortly before entering
the pupal stage [36].

The hemorrhagic syndrome developed by patients is a consequence of a type of
DIC [8,28]. DIC is defined as a pathological syndrome that results in thrombin formation,
activation and consumption of some coagulation factors, and fibrin clot formation [37].

According to Zannin and collaborators [8], the global clotting times (thrombin time—
TT, prothrombin time—PT, and activated partial thromboplastin time—aPTT) were pro-
longed in most cases and were related to an intense reduction in plasma fibrinogen. The
levels of von Willebrand factor (vWF), Protein S, tissue plasminogen activator (tPA), and
urokinase were not altered, while the levels of factors V and VIII and prekallikrein (PK)
were reduced, and this reduction can be attributed to consumption suffered in the activa-
tion of coagulation. Factors XII, II, and X levels were unchanged. These results indicate
that the consumption coagulopathy developed in this envenomation is different from that
observed in DIC associated with other clinical conditions, in which these factors are usually
reduced [37–39]. On the other hand, activation of the contact phase of coagulation is
unlikely since factor XII levels were normal, although PK levels were shown to be reduced.
Zannin and collaborators [8] suggested that PK could be activated by some component
of the venom. A subtle reduction in factor XIII was observed in patients envenomed by
L. obliqua, different from L. achelous envenoming where a drastic reduction in this fac-
tor is observed, attributed to a factor that degrades FXIII, present in the hemolymph of
L. achelous, which was called “Lonomin V” [40]. The generation of fragments 1 and 2 of
prothrombin (F1+2) and the thrombin/antithrombin complex (TAT) was also observed,
like DIC. Although the generation of F1+2 and TAT confirms the formation of thrombin,
the number of platelets was not altered in the blood of the patients. Regarding coagulation
inhibitors, there was a marked reduction in the levels of Protein C, and there was no signif-
icant consumption of antithrombin (AT), as observed in other cases of DIC. Moreover, the
formation of thrombin and the TAT complex was observed mainly in patients with severe
coagulopathy. These results suggest that AT activity does not depend on coagulation acti-
vation. Thrombocytopenia in patients is rare, and its absence can be explained by the high
generation of fibrin degradation products (PDFn) suggested by the extremely high levels
of D-dimers (DD) [8,19,41,42]. In patients with high levels of DD, a reduction in proteins
involved in the fibrinolytic system such as plasminogen, plasminogen activator inhibitor
(PAI), and α2-antiplasmin (α2-AP) was observed. In blood coagulation, DD is generated
by the action of plasmin on crosslinked fibrin, while the action of plasmin on fibrinogen is
observed by the generation of another class of degradation products (PDFg) [43]. Thus,
the high increase in DD in patients envenomed by L. obliqua suggests that the observed
fibrinolysis is an event secondary to the formation of intravascular fibrin [8,19].
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In summary, LOCBE induces consumption coagulopathy, depletion of some coagula-
tion factors and inhibitors, and secondary fibrinolysis. It induces a special form of DIC,
different from that observed in other clinical situations such as trauma, neoplasia, and
sepsis [8,19,28,37,39].

6. Toxins Identified in LOCBE

In vitro studies with LOCBE revealed that it has mainly procoagulant activity [43–48].
However, several studies have identified in bristles or hemolymph many biological activi-
ties that could be associated with the effects observed in patients such as inflammation,
leukocyte migration, degradation of extracellular matrix, or even pain. Table 2 lists the
main biological activities, toxins, or transcripts identified in L. obliqua tissues and secretions.

Table 2. Complexity of L. obliqua caterpillar venom and secretions.

Toxin/Biological Activity Source Method of Detection/Characteristic References

Lipocalin

LOCBE
Hemolymph

Edman sequencing
cDNA library

More abundant
[47,49]

LOCBE Proteome [50]

Tegument
Cryosecretion Edman sequencing [49]

Hemolin LOCBE Edman sequencing
cDNA library [47,49]

Serpin

LOCBE

Edman sequencing
cDNA library [49,51]

Proteome [50]

Tegument Edman sequencing
cDNA library [49]

Hemolymph
Cryosecretion Edman sequencing [49]

Kininogen LOCBE cDNA library [49,51]

Trypsin LOCBE Edman sequencing [49,51]

Lectin
LOCBE Edman sequencing

cDNA library [49,51]

Tegument cDNA library [49]

Transferrin

LOCBE
Tegument

Hemolymph
Cryosecretion

Edman sequencing [49]

Laminin LOCBE Edman sequencing [49]

Protease inhibitor
Hemolymph Edman sequencing [49]

Tegument cDNA Library [49]

Serine proteases LOCBE cDNA Library [49]

Phospholipase A2
(PLA-2)/hemolytic activity

LOCBE
cDNA Library [49,51]

Purified protein with Indirect
hemolytic activity [52–55]

Tegument cDNA Library [49]

386



Toxins 2021, 13, 832

Table 2. Cont.

Toxin/Biological Activity Source Method of Detection/Characteristic References

Lopap LOCBE

Proteoma
cDNA library

Native and recombinant protein
Lipocalin-like

Prothrombin activator
Cytoprotector

[45–47,56,57]

Bilin-binding proteins
(BBP) LOCBE

Recombinant Lipocalin
Similar to Lopap

No prothrombinase activity
[58]

Losac LOCBE

Native and recombinant protein
Hemolin-like

Factor X activator
Neuroprotection

Antiapoptotic

[59–63]

Factor Xa-like LOCBE
Sequence similar to Lopap

Enzymatic activity on S-2222
chromogenic substrate

[64]

Lonofibrase Hemolymph Fibrinogenolytic activity [48,65]

Lonoglyases LOCBE Hyaluronidase
Degradation of ECM [66]

Antiapoptotic/proliferative
LOCBE Activity on several cell cultures [56,60,62,63,67]

Hemolymph Activity on Spodoptera frugiperda (Sf-9) [68]

Antiviral Hemolymph Recombinant protein
Effect of several virus [69,70]

Nociceptive and
edematogenic LOCBE

Prostaglandins favors nociception
Kallikrein inhibitor or bradykinin B2

receptor antagonists reduces the
edema and hypotension

[35,71]

Kallikrein–kinin system
activation LOCBE In vitro and in vivo studies showed

activation of kinin system [32,35,71]

Proinflammatory response LOCBE
Proinflammatory phenotype in

macrophages and endothelial cells
NF-κB pathway activation

[72–74]

Modulation of cell
adhesion/cytoskeleton

dynamics
LOCBE Changes in cell–ECM interaction [74,75]

Platelet adhesion and
aggregation LOCBE Platelet aggregation in vitro inhibited

by PLA-2 inhibitors [76–78]

Transcriptome and proteome approaches have shown the complexity of LOCBE at
the molecular level. However, these approaches did not provide a clear identification of
procoagulant molecules or toxins equivalent to well-known coagulation activators [31,48].
The most studied toxins isolated from LOCBE are two procoagulant proteins: the Lono-
mia obliqua Stuart factor activator (Losac) and the Lonomia obliqua prothrombin activator
protease (Lopap). Both proteins, far from being similar to known clotting factors, were
identified as belonging to the hemolin and lipocalin families, respectively [43,47].
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6.1. Expressed Genes in LOCBE

Strategies based on expressed sequence tags (EST) were commonly used for identify-
ing a large number of genes in species of interest until the development of high-throughput
methods [79]. This approach was used to identify and characterize the major transcripts
present in LOCBE [51,53]. Reis and collaborators [47] identified and submitted to GenBank
in 2004 sequences from 1270 independent clones assembled into 702 clusters of distinct
genes and corresponding proteins such as lipocalins, hemolins, serpins, and other pro-
teins (Table 2). The Lopap whole sequence is identified in GenBank by access number
AY908986 [47,51].

Aiming to maximize the identification of putative toxins in L. obliqua tissues, Veiga
and collaborators constructed separate cDNA libraries from both bristle and tegument
mRNAs [49]. These libraries correspond to mRNA isolated from L. obliqua bristles and from
tegument. A catalog for the transcripts from L. obliqua structures showed that lipocalin
is the most abundant transcript in this genome. Both cDNA libraries of L. obliqua contain
sequences with homology to lipocalins. A total of 1152 independent clones from the
tegument library and 960 from the bristle library were identified as expressed, yielding 938
and 730 sequences, respectively [49].

In the L. obliqua bristles library, over 50% of cDNAs code for a lipocalin, followed
by kininogen (16.5%), serine proteases (14.7%). and lectin (5.5%) [49]. Concerning the
tegument library, the number of clusters found for serpins is the most abundant (25.8%),
followed by serine proteases (16.1%), lipocalin (16%). and lectin (12.9%). These gene
sequences from both cDNA libraries were applied independently in GenBank. and they
are complementary [47,49,51]. Sequence analysis also showed that Lopap is a member
of the lipocalin family of proteins, since it presents an identity of 20% to 59% with other
lipocalins [47,51]. Lopap has a serine protease-like activity and acts on prothrombin, such as
FXa, in the absence of prothrombinase components [47]. Characterization of the transcripts
present in LOCBE showed several kinds of components that distinctly take part in the
envenoming. However, the exact toxins involved in the envenomation are not entirely clear
so far.

6.2. Proteomic Analysis of LOCBE

Proteomic analyses of LOCBE are scarce, and studies are focused on specific bioactive
molecules related to the hematological disturbances observed during envenomation rather
than an in-depth description of the bristles extract protein content [50]. A protein profile
of LOCBE analyzed through 2D electrophoresis revealed the presence of 159 to 129 spots
under nonreducing or reducing conditions, respectively. Most of the spots were detected
at acidic to neutral isoelectric point values (4 < pI > 7) distributed in a wide molecular
mass range (<10 to 105 kDa). This complexity was predominantly diminished at low
molecular mass range under reducing conditions, suggesting the presence of dimers
or oligomers, and its monomers were not retained on the acrylamide gel mesh used.
According to Coomassie blue staining and immunogenic potential, 25 spots were submitted
to mass spectrometry analysis, and three protein categories were identified: lipocalins (eight
spots), cuticle proteins (five spots), and serpin (one spot). Twelve spots were described
as unknown proteins; some of them were immunodetected using ALS or anti-Lopap
rabbit serum, suggesting the presence of interesting immunogenic molecules to be further
investigated [50].

6.3. Procoagulant Toxins from LOCBE

Losac is the first factor X activator purified as a monomer of 45 kDa from LOCBE [43,63].
The cloning, heterologous expression, and characterization of recombinant Losac (rLosac)
was described by Alvarez-Flores and collaborators [43,48]. rLosac specifically activates
factor X in the absence of calcium and phospholipids, although the presence of these
cofactors accelerates its activity. Its enzymatic characterization was performed, revealing
that this protein has no homology to known procoagulant proteases. Instead, Losac
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belongs to the hemolin family of proteins, a group of multifunctional proteins exclusively
expressed by Lepidoptera order insects involved in several cell interactions, but mainly
in immunity [43,80]. The tertiary structure model of rLosac was built through homology
modeling using the crystal structure of H. crecopia hemolin as a template, and it shares
the multidomain structure D1–D4 and its conserved motifs. In addition, the multiple
amino-acid sequence alignment of rLosac showed up to 76% identity with other hemolin
protein families [43].

Studies were conducted to evaluate its effects on endothelium. rLosac inhibited apop-
tosis in serum-deprived human umbilical vein endothelial cells (HUVECs) and induced
cell proliferation [63]. This reduction in cell death under nutrient deprivation conditions
was also observed in mouse cortical neurons and human dermal fibroblasts, showing
an effective prevention of reactive oxygen species generation and loss of mitochondrial
membrane potential, suggesting an antioxidant activity [60–62]. An in vivo experimental
model in rats demonstrated that rLosac improved wound healing by increasing the epider-
mal proliferation, as well as by preserving the extracellular matrix organization through
collagen type I, fibronectin, and laminin expression. Thus, rLosac was indicated as a very
promising molecule, potentially useful as a bioactive agent to develop new formulations
for wound healing [59].

Lopap is a 69 kDa prothrombin activator that shares with LOCBE its role in inflam-
matory processes and belongs to the lipocalin protein family, being the most abundantly
studied isolated toxin from the LOCBE [47,48,51,57]. The recombinant form of Lopap
(rLopap) recognizes and hydrolyzes prothrombin, which in turn leads to an active throm-
bin generation, showing a proteolytic activity similar to native Lopap [47,57]. Lopap
displayed a Ca2+-activating serine protease activity that was included into the group I of
prothrombin activators [36,45,47]; the infusion of native Lopap produced intravascular
coagulation and thrombosis in the post capillary vessels of mice [46].

Properties of rLopap were evaluated in an in vivo model of leukocyte–endothelial cell
interaction, revealing that rLopap as the native Lopap induced NO production and ICAM-1
expression in both neutrophils and endothelial cells. In addition, it induced antiapoptotic
effects mediated by NO production [81]. The study of its effects in human platelets showed
that there is not a direct effect on platelet function, since Lopap showed no effect on platelet
aggregation induced by collagen ADP or thrombin. On the other hand, Lopap induced the
expression of adhesion molecules ICAM-1 and E-selectin of human endothelial cells [56].
In those cells, Lopap promotes survival mechanisms since it induces the release of nitric
oxide and prostaglandin I2, along with the release of inflammatory cytokine IL-8 and
t-PA. Moreover, synthetic peptides based on lipocalin motif 2, which is found in a primary
sequence of Lopap, showed cytoprotective and antiapoptotic activity in vitro and in vivo
approaches, suggesting the involvement of that lipocalin motif in cell protection [82–85].
This knowledge brought new perspectives on the use of these synthetic molecules since
they do not exhibit hemostatic functions.

7. Effect of LOCBE and Toxins in the Inflammatory Response

Dermatitis and skin reactions such as urticaria are well-known signs after accidental
contact with the spines and bristles of venomous lepidopteran caterpillars [1]. Generally,
the consequences of these reactions are limited to local inflammation, with no systemic
or tissue damage. In the case of the envenomation caused by L. obliqua, the process is
characterized by triggering an intense inflammatory response in victims followed by
coagulation, complement, and kallikrein–kinin systems [36,48,51]. In recent years, several
studies have been carried out aiming to clarify and describe the role of the venom-induced
inflammatory response in the clinical symptoms characteristic of lonomism.

L. obliqua proinflammatory effects are first manifested by pain, burning sensation,
edema, and erythema formation [8,19,28]. The first pharmacological studies showed that
venom-induced nociception in animal models is largely facilitated by the production
of prostaglandins, and later edematogenic symptoms are induced by prostanoids and
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histamines [48,71]. The kallikrein–kinin system is also involved in the edematogenic and
hypotensive responses triggered by the venom. Bohrer and collaborators demonstrated
that administration, prior to treatment with LOCBE, of plasma kallikrein inhibitor reduces
the volume of venom-induced edema in a mouse paw model [35].

Envenomed patients presented low levels of plasma prekallikrein [8,19], indicating
that kallikrein was activated and released into the blood circulation. The kallikrein–kinin
system is composed of proteolytic enzymes and their substrates, being able to generate
potent vasoactive and proinflammatory molecules that are involved in the control of blood
pressure, vascular permeability, vascular smooth muscle cell contraction or relaxation,
and pain [86]. One of the common consequences of lonomism is the sudden loss of basic
renal functions. Kidneys and urine from envenomed animals were enriched with proteins
related to inflammatory stress, tissue damage, oxidative stress, coagulation, complement
system activation, and kinin system [87,88]. When simultaneously treated with kallikrein
inhibitors and antilonomic serum, envenomed rats showed improvements in renal and
vascular function, reducing tubular necrosis and renal inflammation [32]. The mechanism
underlying these effects was associated with lowering renal inflammation, with a decrease
in proinflammatory cytokines and matrix metalloproteinase expression, reduced tubular
degeneration, and protection against oxidative stress.

An increase in the permeability of the endothelium allows greater infiltration of cells
of the immune system, effectors, and regulators of acute inflammation into tissues [89].
Increased vascular tissue permeability is a characteristic event of the inflammatory re-
sponse and can be induced by several proinflammatory and vasoactive substances such
as bradykinin, histamine, thrombin, cytokines, prostaglandins, and free radicals [74,90].
Activation of the vascular tissue was observed after a single subcutaneous injection of
LOCBE in rats [91]. Envenomed animals demonstrated neutrophilic leukocytosis in several
tissues, where their histological sections provided evidence of inflammatory cell infiltrates
in the heart, lungs, and kidneys, characterizing a systemic acute inflammatory response
induced by the venom [92]. Furthermore, an increase was observed in leukocyte rolling
and adhesion of these circulating blood cells to the endothelium of hamster cheek pouch
tissue that was previously incubated with low doses of LOCBE [72]. The ability of LOCBE
to induce an increase in the permeability of the vasculature and immune cell infiltration
may provide a favorable environment for hemorrhages, especially in microvessels in
the brain.

Due to the important relationship between inflammation and vasculature, studies
were carried out seeking to elucidate the direct effect of LOCBE on vascular tissue. In vitro
studies showed that non-hemorrhagic concentrations of LOCBE modify the cytoskeleton
dynamics and increase focal adhesion in endothelial cells [72]. Furthermore, low doses of
the LOCBE can induce activation of the nuclear transcription factor κB (NF-κB) pathway in
these cells [73]. The NF-κB pathway is a critical signaling in several events associated with
triggering acute inflammation and immune system cell recruitment [93]. Consequently,
LOCBE also induced significant increases in the expression of COX-2, NOS-2, HO-1,
MMP-2, and MMP-9, enzymes related to prostaglandin production, oxidative stress, and
extracellular matrix degradation [72,74].

Additionally, the LOCBE was also shown to be a potent activator of vascular smooth
muscle cells, being able to induce cell chemotaxis, exacerbated proliferation, and production
of reactive oxygen species. Smooth muscle cell dysfunction is characterized by increased
cell migration and proliferation, events that are amplified by the release of inflammatory
mediators [91]. Furthermore, researchers also carried out a broad analysis of the gene
expression profile of fibroblasts treated with LOCBE. The results show an upregulation
of several proinflammatory mediator genes, such as IL-8, IL-6, and CCL2, as well as the
adhesion molecule ICAM-3 and COX-2 [74]. Recently, our group showed a direct effect of
LOCBE upon macrophage activation. The LOCBE directly induces THP-1 macrophages to
a proinflammatory phenotype by activating NF-κB pathway, leading the cells to release
proinflammatory cytokines and chemokines such TNFα, IL-1β, IL-6, IL-8, and CXCL10 [73].
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The role of isolated toxins present in the venom triggering inflammatory responses
is still to be investigated. In addition to its procoagulant activity, in vivo studies show
that injection of a high concentration of recombinant L. obliqua prothrombin activator
protease (rLopap) in rats promotes neutrophil and monocyte infiltration in pulmonary
microcirculation vessels. In HUVECs, rLopap stimulates the increase of IL-8, ICAM-1,
and E-selectin, proteins involved in the recruitment of immune cells to the tissue [56,75].
In contrast, there is no evidence that Losac presents proinflammatory activity beyond its
cytoprotective and proliferative effects.

Taken together, the evidence indicates that LOCBE can induce a local acute inflamma-
tory response that can evolve into a systemic response. Many studies have characterized the
role of the kinin–kallikrein system and the liberation of other proinflammatory mediators
by the affected tissues, related to several clinical stomps. The isolated effect of the toxins
present in the LOCBE, such as Lopap, and their roles in the activation of prekallikrein, the
ability to directly induce cell responses, and the molecular mechanism underlying these
effects still need to be clarified.

8. Innovation in Toxinology: Research Centers and New Molecule Development

8.1. Research Centers Specialized in Toxinology

Created in 1962, the State of São Paulo Research Foundation (FAPESP) has robust
programs of fellowships and research aiming to promote scientific research in the state
of São Paulo. Focusing on the production of multidisciplinary scientific knowledge with
high-impact science, in 2000, FAPESP started a program to create Research, Innovation,
and Dissemination Centers (RIDC). The “Center for Applied Toxinology (CAT)”, dedicated
to studying animal and microbial toxins, based at Butantan Institute in São Paulo, Brazil
was one of the 17 RIDC selected projects (https://fapesp.br/cepid/pasta_cepid.pdf?t=1;
(accessed on 31 August 2001). The CAT’s scientific findings enrolled in toxin-based drugs
affecting the blood clotting, cardiovascular system, pain perception, antiproliferative
compounds, and immune suppression resulted in the filing of eight patents, and the
technology was transferred to three Brazilian pharmaceutical companies [94].

Motivated by the knowledge and technological innovation resulted from CAT experi-
ence along its 10 years, the assembled researchers started another ambitious project and
created the “Center of Toxins, Immune Response, and Cell Signaling (CETICS)”, a center
of excellence in toxins, immune response, and cell signaling, also based at Butantan Insti-
tute and supported by FAPESP (https://bv.fapesp.br/pt/auxilios/58571/cetics-centro-de-
toxinas-imuno-resposta-e-sinalizacao-celular/; (accessed on 31 August 2001).

Again, according to the rules of an FAPESP program, Butantan Institute initiated
a long-term research program enrolling Research Institutes and companies. Created in
the public–private partnership (PPP) model, the “Center of Excellence in New Target
Discovery (CENTD)” resulted from a partnership among the Butantan Institute, FAPESP,
and GlaxoSmithKline Pharmaceutical (GSK). As a multidisciplinary center inaugurated
in 2017, the CENTD focus is to use venoms and secretions to validate new therapeutic
targets for inflammatory diseases, such as rheumatoid arthritis, metabolic syndrome, and
neurodegenerative diseases. Recently renewed, CENTD has so far achieved eight patents
and many scientific publications.

8.2. New Molecular Entities for the Study of Anti-Inflammatory Diseases

Lopap is the most studied lipocalin isolated from L. obliqua, and the activity of its
derived peptides has been the aim of several studies.

Lipocalins are known by their role as protective factors with participation in devel-
opment, regeneration, and tissue repair [95–97]. Moreover, several lipocalins have been
involved in the mediation of cell regulation, such as cell growth and differentiation [98,99].
Lipocalins share three main structures: structurally conserved region 1 (SCR1) is the highest
conserved region with the 3–10 helix and adjacent strand leading into a loop. SCR2 is
formed by two strands, and the loop that connects them varies across proteins; however,
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the essential features of the loop are retained, despite the unfavorable main chain. Lastly,
SCR3 contains a strand with arginine as the last residue and part of the loop linking it to
the C-terminal α-helix [100].

Synthetic peptides based on these three conserved motifs found in Lopap—pM1,
pM2a/pM2b, and pM3 (the numbers are related to the motif)—were studied to determine
their capability to promote cell survival. Motif 2-related peptides showed a cytoprotective
activity, in which pM2b was found to be the shortest peptide with similar activity to Lopap,
despite not containing the residues supposedly involved in the catalytic activity of Lopap.
This peptide triggers cell survival of neutrophils and endothelial cells via nitric oxide [82].
The effect of peptide pM2b was also evaluated in the modulation of extracellular matrix
(ECM) proteins using both in vitro and in vivo approaches and showed an increased
production of ECM, as well as a modulation of mediators involved in apoptosis, anti-
apoptosis, and proliferation in human fibroblasts. Additionally, an increased production
of collagen was observed in vivo [83]. Peptide pM2b also displayed modulating effects in
an in vivo model of wound healing. Furthermore, the increased production of collagen,
glycosaminoglycans, and metalloproteinases along with improvement of wound closure
was observed [84]. Those studies suggest an involvement of motif 2 in cell protection.
Moreover, using a peptide mapping approach and tertiary structure comparison, a lipocalin
sequence signature able to modulate cell survival was identified [82]. A computational
analysis of the peptide sequence signature YAIGYSC, later called pM2c, revealed great
similarity with antiapoptotic lipocalins [85]. Alignment of the Lopap sequence with other
lipocalins showed that this peptide sequence was highly conserved, and yet few different
patterns could be observed. Ten aligned peptides, along with pM2c, were modeled in
3D structures, followed by the analysis of molecular descriptors. This study showed
that, even with the amino-acid modifications, the calculated molecular properties were
generally maintained, especially the molecular shape and electronic density distribution,
highlighting the importance of these two properties for molecular recognition process,
while the lipophilicity was more related to the pharmacokinetic profile, validating the
lipocalin sequence signature previously reported [85].

Other peptides have been isolated from Lopap (Table 3). The peptide CNF011.05D,
along with three peptides comprising an amino-acid sequence of at least 70% identity, was
described and patented for being capable of stimulating the production of ECM proteins in
human fibroblast cells (Patent No. P4US88374OB2 in the USA and No. EP2245149B1 in
Europe). The ECM proteins evaluated were fibronectin, tenascin, procollagen, and collagen.
In addition, it was demonstrated that this peptide induced the production of nitric oxide,
and a wound healing model in rats and pigs showed a faster rate of reduced wound size.

Regarding Losac, the structural analysis revealed that it shares the conserved motifs
and immunoglobulin-like domains scattered throughout their four domains (D1 to D4)
with hemolins from different Lepidoptera species [43]: N-glycosylation and protein kinase
C in D3 and cAMP/cGMP in D2; furthermore, the conserved Lys–Gly–Asp (KDG) motif is
found in domains D1 and D3 [101]. The KDG motif is related to cell adhesion, and previous
studies in hemocytes revealed that hemolin could be involved in cell differentiation or
regeneration of wounded tissue, acting as a cell attachment component, suggesting its par-
ticipation in cellular immune response and morphogenesis [102,103]. This also resembles
the function of cell adhesion molecules such as selectins and cadherins; they are important
in lymphocyte homing during the inflammatory response and morphogenesis, as well as
in the development of neural systems [103–105].
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Table 3. Patents applied and granted regarding Lonomia toxins and derived peptides.

Molecule Patent Number Claim

Lopap

INPI (PI0200269-8, Brazil, 26 July 2016).

Lopap obtention process

WO03/070746 (WIPO)
AU2003208190 (Australia)
CAN2,471,410 (Canada)

EP1482969 (German)
JP2003-569653 (Japan)
MX04007344 (Mexico)
US10/501,238 (USA)

P4

INPI (PCT/IB2009/05023, Brazil, 21 July 2010)

Tissue remodeling and tissue repair
101965398B, 2015 (China)
JP5777886B2, 2015 (Japan)

EP2245149B1, 2015 (German)
US8,883,740 B2, 2014 (USA)

Losac-derived peptides INPI (BR10201901866, Brazil, 9 September 2019) Anti-inflammatory agents

Despite advances involving the pathogenesis of inflammatory diseases and new
therapeutic strategies, the progression of inflammatory diseases has become a public health
problem in recent years, mainly due to new viruses and resistant bacteria [106], along with
inflammatory diseases related to aging [107]. Therefore, studies on new molecular targets
are needed for development of more effective drugs and therapeutic approaches that can
benefit the health and quality of life of patients. Accordingly, allied with the promising
results from Lonomia peptides, several other peptides were engineered and assayed in
several in vitro models of inflammatory diseases, such as arthritis. Some of these peptides
had anti-inflammatory effects on several cellular models developed at CENTD (Table 3),
reversing the expression of molecules associated with the inflammatory mechanism of cells,
in addition to decreasing pain markers in the neuron model and inducing regenerative
proteins in different cell models. Those peptides were chosen as a powerful tool for the
discovery of new inflammatory targets against arthritis, associating omics approaches with
the developed cell models and LOCBE.

9. Concluding Remarks

The hemorrhagic syndrome is one of the most serious complications in patients who
have contact with the L. obliqua caterpillar bristles. After the burst of accidents with
hemorrhagic manifestations in 1989 in the states of south and southeast Brazil, many
efforts were put into finding a solution to the public health problem that reached alarming
proportions. Fortunately, the treatment with ALS produced at the Butantan Institute
drastically reduced the consequences of the envenoming. All these efforts have resulted
in substantial knowledge about the pathophysiology of the envenoming and the toxins
contained in the venom.

Over the years, research has diversified, addressing not only the hematological alter-
ations of the venom but also the role of toxins in each observed manifestation (Table 2).
New molecules identified demonstrate peculiarities, such as hemolin and lipocalin struc-
tures with enzymatic or cellular activities that have never previously been reported for
these types of proteins. This opened new perspectives for the use of those molecules in
several applications, as diagnostic agents, for example, to detect dysprothrombinemias, as
in the case of Lopap, which resulted in several patents granted, or as therapeutic agents
for use in defibrinogenating and antithrombotic therapy (Lopap) or for promoting wound
healing (Lopap- and Losac-derived peptides) (Table 3).

The creation of multidisciplinary research centers specialized in the study of animal
envenomation and animal toxins promoted the interaction of partnerships with the phar-
maceutical industry, e.g., CENTD, taking the study of molecules derived from venoms
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and toxins to another level, favoring the development and innovation of new molecules.
High-throughput screening technologies for new drugs or target discovery are extensively
used at CENTD using toxin-derived peptides as tools for identifying new targets for
inflammatory diseases.

Therefore, it is clear that the efforts of distinct groups at Butantan Institute have
not only contributed to accumulated knowledge about the toxinology of Lonomia, but
also created the basis for the development of ALS, essential in reducing the deaths due
to lononism, and prompted the institute to develop innovative initiatives with toxin-
derived peptides.
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