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Abstract

Background

Bothrops venom consists primarily of metalloproteinase and phospholipase A2 toxins,
which are responsible for the acute inflammatory, coagulant and hemorrhagic action follow-
ing snakebite. The local effects of snakebite envenomation by Bothrops species are particu-
larly prevalent yet poorly studied, but include pain, edema, erythema, blistering, bleeding,
and ecchymosis.

Methods and findings

In this study, we describe the dermatopathological findings observed in a series of 22
patients diagnosed with Bothrops envenomation treated in a tertiary hospital of Manaus, in
the Brazilian Amazon. Clinically, pain and edema were observed in all patients, followed by
fang marks (63.6%), secondary infection (36.3%), ecchymosis (31.8%), erythema (22.7%),
blister (13.6%), and necrosis (4.5%). Regarding histopathological findings, epidermal alter-
ations such as spongiosis, acanthosis and hyperkeratosis were the most observed charac-
teristics in our cases series, with isolated cases of hyperplasia, hemorrhagic intraepidermal
blister and severe necrosis. Changes in dermis and hypodermis consisted mainly of hemor-
rhage, inflammatory infiltrate, edema, congestion, and vascular damage, whereas cases of
collagen damage, necrosis, abscess, and signs of tissue repair, indicated by the presence
of granulation tissue, were also observed, with a persistence of inflammatory and hemo-
static alterations even days after antivenom administration. Therefore, the tissue damage
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resulting from Bothrops envenomation could be related to both direct venom activity as well
as inflammatory response or presence of infectious process. The histopathological analysis
of human skin injury can enlighten the pathological and endogenous effects of local enven-
omation and could underpin new strategies, including novel treatments, adjuvants or
changes in clinical management, that lead to better outcomes in snakebite patients.

Author summary

After inoculation of the venom by a snake of the genus Bothrops, a series of changes occur
around the site of the bite, as a direct effect of toxins producing tissue damage and changes
in blood flow to the site associated to coagulation disorders. Current knowledge about his-
topathological changes resulting from snakebites is almost exclusively derived from exper-
imental animal models. In this study, we describe the dermatopathological findings
observed in a series of 22 patients diagnosed with Bothrops atrox envenomation treated in
a tertiary hospital of Manaus, in the Brazilian Amazon. We found relevant changes in all
strata of the skin, with emphasis on hemorrhage, inflammatory infiltrate, edema, conges-
tion, and vascular damage. Interestingly, we observed a persistence of inflammatory and
vascular alterations days after antivenom administration, suggesting that antivenom may
have limited efficacy in reversing or preventing local injury mechanisms, and that inflam-
mation following those pathological processes plays a major role in the progression of tis-
sue damage.

Introduction

Snakebite envenomation results from the inoculation of toxins in the venom of snakes into
humans or animals and is considered a major public health issue, mainly in countries of Asia,
Africa, Oceania and Latin America [1-3]. In the Brazilian Amazon, Bothrops snakebites stand
out due to the large number of cases reported annually, and predominately affects rural work-
ers involved in farming, forestry and hunting [4,5].

Bothrops envenomation is characterized by local and systemic effects. Venom-induced con-
sumption coagulopathy is a hallmark of systemic envenomation, resulting in ischemic and
hemorrhagic manifestations [6]. Local tissue damage can occur through direct action of
venom toxins on the tissue, as well as through the acute inflammatory activity promoted by
such components, leading to pain and edema [7-10]. Local complications such as blisters and
necrosis are relatively common and may cause permanent damage to the patient [11-13]. Fur-
thermore, secondary bacterial infections affect 40% of Bothrops envenomations in the Brazilian
Amazon [12].

Bothrops venom consists of a complex mix of toxins composed primarily of snake venom
metalloproteinases (SVMPs), serine proteases (SPs), phospholipases A2 (PLA,) that lead to the
pathophysiological effects of envenomation [14]. MPs are the major components of Bothrops
atrox venom and act mainly by degrading extracellular matrix components, causing damage to
the basement membrane of capillaries and the dermal-epidermal junction, while others acti-
vate components of the coagulation system and trigger the release of inflammatory mediators
[9,15-18].

The local tissue damage caused by Bothrops venom leads to important histological changes.
Studies carried out in animal models showed the action of the venom in destroying muscle
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tissue and peripheral nerves [19-21]. In addition, the inoculation of the venom into the skin
of mice demonstrated the rapid action of the venom in the destruction of components of
the dermis and dermal-epidermal layer [22]. However, studies reporting pathological find-
ings from patients are scarce and focused on systemic effects. For example, in a case of a
patient bitten by Bothrops jararacussu, alveolar hemorrhage and edema with multiple fibrin
thrombi present in microcirculation of lungs were reported [23]. Additionally, a case series
of 29 B. jararacussu snakebites presented, among microscopical findings, acute tubular and
bilateral renal cortical necrosis, diffuse glomerulonephritis, thrombi in small arteries, arteri-
oles and glomerular capillaries of the kidney, as well as infiltration of polymorphonuclear
cells in hepatic sinusoids and portal tracts [24]. However, few studies have reported on the
local effects of envenomation in snakebite patients in the region. Consequently, in this
study, we describe the dermatopathological findings observed in a series of 22 patients diag-
nosed with Bothrops atrox envenomation treated in a tertiary hospital of Manaus, in the
Brazilian Amazon.

Material and methods
Ethics statement

This study was approved by the ethics committee of the Fundag¢ao de Medicina Tropical Dr.
Heitor Vieira Dourado (FMT-HVD), the reference hospital for the treatment of animal enven-
omation in Manaus, Western Brazilian Amazonia (CAAE: 19380913.6.3001.0005). Partici-
pants gave written consent after receiving information about the study objective and
procedures.

Study design and participants

This is a retrospective case series of dermatopathological findings using clinical, laboratory
and histopathological data observed in 22 patients diagnosed with Bothrops atrox envenom-
ation at FMT-HVD from August 2014 to August 2016. Patients were eligible if admitted to the
hospital with less than 24 hours after the bite, without antivenom therapy in another hospital
and without any sign of secondary infection at that time. On admission, Bothrops atrox snake-
bites were diagnosed based on clinical and epidemiological characteristics or, when the patient
brought the snake responsible for the envenomation. Snake identification was performed by a
zoologist from the FMT-HVD research group using a validated taxonomic key [27]. B. atrox is
the only species of this genus in the study region [25,26]. Antivenom treatment was given to all
patients according to clinical severity following the guidelines of the Brazilian Ministry of
Health [28] and cases were classified as (1) mild: local pain, swelling, and bruising; (2) moder-
ate: local manifestations without necrosis and minor systemic signs (coagulopathy and bleed-
ing, no shock); or (3) severe: life-threatening snakebite, with severe bleeding, hypotension,
shock, and/or acute kidney failure. Antivenom treatment was given 30 minutes after premedi-
cation with intravenous hydrocortisone (500 mg), intravenous cimetidine (300 mg), and oral
dexchlorpheniramine (5 mg) (standardized according to local guidelines). Patients underwent
local wound care, i.e., daily cleaning with 0.9% saline. Per the hospital protocol for pain, 1 g of
intravenous metamizole every 6 hours was given on demand. Persistent intense pain was
treated with 100 mg of intravenous tramadol.

The affected limb was treated in the most comfortable position, according to patient prefer-
ences. When present, blisters were aspirated, necrotic tissue was surgically debrided, abscesses
were drained, and antibiotic treatment was given accordingly.
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Epidemiological and laboratory data collection

After inclusion of the patient, demographic and epidemiological data were collected using a
standardized form. Baseline data included information on sex, age (in years), area of occur-
rence (urban or rural), anatomical site of the bite, time elapsed from bite to medical assistance
(in hours), and preadmission treatments (use of topical or oral medicines, use of tourniquet
and other procedures).

Laboratory tests were performed according to FMT-HVD service routine and the Brazilian
National Program of Quality Control (NPQC) and included the following variables and its ref-
erence values: leukocyte count (4.000 to 10.000/mm?), platelet count (150.000 to 450.000/
mm?), hemoglobin (12,5 to 15,5 g/dl), creatine kinase (24 to 190 U/L), lactate dehydrogenase
(211 to 423 U/L), Lee-White clotting time (5 to 10 minutes) and fibrinogen (180 to 350 mg/
dL). All demographic, clinical, and laboratory information was collected through a standard-
ized clinical registration form (REDCap, Vanderbilt University).

Clinical evaluation

A clinical characterization was performed on admission and over the course of patient follow
up. The presence of pain, fang marks, edema, erythema, ecchymosis, serum secretions, and
perilesional bleeding was assessed. The extent of edema in the affected limb was also evaluated
by measuring the distance between the distal and proximal points showing swelling. Edema
was classified as mild (affecting 1-2 limb segments), moderate (affecting 3-4 segments) and
severe (affecting more than 5 limb segments). Also, patients’ clinical evolution regarding
emerging of local complications such as necrosis, blisters, secondary infection (defined as the
presence of cellulitis and/or abscess) and compartment syndrome were also collected. Any sys-
temic signs and symptoms, such as systemic bleeding, acute kidney failure, headache, dizzi-
ness, and vomiting, were recorded.

Skin sample collection

Skin biopsies were collected from the bite and local tissue damage area of all individuals
included, but only after reversal of venom-induced consumption coagulopathy (where pres-
ent) to mitigate the risk of bleeding and if the patient presented suggestive signs of local com-
plications (e.g., necrosis, secondary infection). After local asepsis and antisepsis, lidocaine 2%
was applied as a topical anesthesia. Then, a punch biopsy of 4 mm was performed. In patients
who underwent surgical procedures such as debridement or placement of Penrose drain, a
sample of tissue was collected at that moment by a dermatologist. Tissue samples were then
immersed in formalin 10% for fixation.

Histopathological data

Tissue slides were reviewed by two blinded pathologists (L.C.L.F and M.F.d.R) and a severity
grading was applied based on the number of cells and other alterations that comprised the
microscopic field, divided into 3 equal parts, at 200x magnification using 0500R microscope
from OPTICOM. Severity grade of inflammatory infiltrate, fibrin thrombi, edema, congestion,
and hemorrhage were classified as mild (1/3 of microscopic field comprised), moderate (2/3)
and severe (3/3).

Sections were stained with hematoxylin-eosin and microscopical variables considered in
evaluation, based on available dermatopathology textbook data, experimental and review liter-
ature data on snakebite envenomation local pathology [8,29,30]. These were as follows:
changes in the epidermis (hyperkeratosis; acanthosis; exocytosis; spongiosis; blister formation;
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thinning and detachment of the epidermis), as well as in the dermis and hypodermis (hemor-
rhage; inflammatory infiltrate—presence of histiocytes, lymphocytes, eosinophils, other granu-
locytes, or plasma cells—edema, congestion; collagen alterations; vascular damage; fibrin
thrombi; necrosis, signs of infection and signs of tissue repair).

Data analysis and presentation

Descriptive analysis was performed using Stata (v13.0). Median and interquartile range was
used in continuous data and percentile frequency distribution was used for categorical vari-
ables presented in text. Tables were used to present an individual description of all patients’
demographic, clinical, laboratory and histopathological data. Figures were constructed based
on patients who presented a variety of clinical and histopathological (macroscopical and
microscopical) features.

Results
Participant characteristics

The study population consisted of 22 patients who underwent biopsy. Table 1 summarizes the
features of the study population. Males were predominant (77.3%), the mean age was 37 years
(range, 18-63 years), and most participants lived in rural areas (90.9%). Lower limbs were the
most affected region by the bite (72.3%). The average time from bite to medical care was 4
hours (IQR 3-5 hours) and 15 (68.2%) patients used a product and/or did a procedure on the
bite site prior to arrival at medical care.

All patients presented pain and edema on admission. Edema was classified as moderate in
11 cases (50%), mild in 8 (36.4%) and severe in 3 (13.6%). Other frequent local findings were
perilesional bleeding (72.3%) and ecchymosis (22.7%). Systemic alterations were observed in
13 patients (59.1%). Headaches were the most common (40.9%), followed by nausea (18.2%).
Moreover, vomiting, sweating, and dizziness were present in 2 cases each (9.1%), and tachycar-
dia and anuria, each observed in 1 case (4.5%). Seven cases (31.8%) presented systemic bleed-
ing, with 4 cases (18.2%) of gum bleeding, and hematuria, hemoptysis, and hematochezia
observed in 1 case each (4.5%). Most cases were classified as moderate (63.6%), followed by
mild (22.7%) and severe (13.7%). Regarding laboratory findings, blood was incoagulable in 13
patients (59.1%), and fibrinogen was below the reference value in 14 (63.3%) cases. Creatine
kinase and lactate dehydrogenase activities were above the reference value in 11 (50%) and 4
(18.2%) patients, respectively. Hemoglobin levels were below the reference value in 1 patient
(4.5%) and values above the reference range of leukocyte counts were observed in 16 patients
(72.3%). Additionally, 2 patients (9.1%) presented with thrombocytopenia and 1 (4.5%) with
thrombocytosis.

Clinical and laboratory findings on the day of tissue collection

Table 2 presents the laboratory and clinical features of Bothrops snakebite patients on the day
of tissue collection, as well as their histological alterations. On the time between snakebite and
biopsy, although there was variation among patients, most procedures were performed during
the first 4 days (90.9%) after the snakebite (6 patients on days 1 and 2, and 4 patients on days 3
and 4) (Figs 1, 2 and 3). One patient underwent biopsy on day 5 and another on day 8 (Figs 4
and 5). Most patients had no systemic alterations, but in 2 cases we observed acute kidney
injury (50%) and diarrhea (50%). Laboratory findings showed normal clotting time (CT) in all
patients. Moreover, 17 (77.2%) patients had fibrinogen levels evaluated on biopsy day, and 8/
17 (47%) presented levels above the reference values, whereas 1 (5.88%) patient had lower
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Table 1. Epidemiological and clinical data of Bothrops envenomations on admission.

ID | Sex/
Age
(years)

1 M/52

2 | M/21

3 | F/26

4 | M/19

5 | F/18

6 | M/56

7 | M/36

8 | M/63

9 | M/23

Snakebite
classification

Mild

Moderate

Moderate

Moderate

Moderate

Moderate

Moderate

Mild

Moderate

Antivenom
vials

Time from bite to |Self-care procedures

treatment (hours)

4h

3h

3h

3h

5h

2h

5h

3h

8h

Garlic

Tourniquet and tucuma
pulp (Astrocaryum
aculeatum)

Saline solution and
tourniquet

Alcohol

Bite
site

Left
foot

Left
hand

Left leg

Right
foot

Right
ankle

Right
leg

Both
hands

Left
foot

Right
ankle

Clinical and laboratory findings

Local manifestations: Pain, mild edema, lymphadenomegaly
and fang marks.

Systemic manifestations: Headache and nausea.

Laboratory tests: Incoagulable blood; Fibrinogen: undetectable;
CK: 67 TU/L; LDH: 303 IU/L; Hemoglobin: 16.3 g/dl;
Leukocytes: 15,020/mm?; Platelets: 262,000/mm?>.

Local manifestations: Pain, mild edema, bleeding, and fang
marks.

No systemic manifestations.

Laboratory tests: Increased clotting time; Fibrinogen: 198 mg/
dL; CK: 135 TU/L; LDH: 270 TU/L; Hemoglobin: 16.3 g/dl;
Leukocytes: 12,070/mm?; Platelets: 198,000/mm?>.

Local manifestations: Pain, moderate edema, bleeding, and
fang marks.

No systemic manifestations.

Laboratory tests: Normal clotting time; Fibrinogen:
undetectable; CK: 161 IU/L; LDH: 318 IU/L; Hemoglobin: 13.5
g/dl; Leukocytes: 10,800/mm?; Platelets: 225,000/mm?>.

Local manifestations: Pain, mild edema, bleeding,
lymphadenomegaly and fang marks.

Systemic manifestations: Headache and gum bleeding.
Laboratory tests: Incoagulable blood; Fibrinogen: *na; CK: 416
IU/L; LDH: 395 IU/L; Hemoglobin: 14.9 g/dl; Leukocytes:
15,780/mm’; Platelets: 215,000/mm”.

Local manifestations: Pain, moderate edema, local bleeding,
erythema, blood crust and blister.

No systemic manifestations.

Laboratory tests: Increased clotting time; Fibrinogen: 152 mg/
dL; CK: 92 TU/L; LDH: 237 IU/L; Hemoglobin: 11.3 g/dl;
Leukocytes: 15,170/mm?; Platelets: 204,000/mm?>.

Local manifestations: Pain, moderate edema, and fang marks.
No systemic manifestations.

Laboratory tests: Increased clotting time; Fibrinogen: 272 mg/
dL; CK: 222 IU/L; LDH: 349 IU/L; Hemoglobin: 14.9 g/dl;
Leukocytes: 8,010/mm?; Platelets: 221,000/mm”.

Local manifestations: Pain, moderate edema, ecchymosis, and
local bleeding.

Systemic manifestations: Tachycardia, sweating, vomiting.
Laboratory tests: Incoagulable blood; Fibrinogen: *na; CK: 98
IU/L; LDH: 337 IU/L; Hemoglobin: 15.69 g/dl; Leukocytes:
18,290/mm’; Platelets: 188,000/mm”.

Local manifestations: Pain, mild edema, bleeding, serum
secretion and fang marks.

Systemic manifestations: Headache.

Laboratory tests: Incoagulable blood; Fibrinogen: undetectable;
CK: 199 IU/L; LDH: 255 IU/L; Hemoglobin: 14.9 g/dl;
Leukocytes: 7,360/mm?; Platelets: 191,000/mm>.

Local manifestations: Pain, moderate edema, bleeding, and
fang marks.

Systemic manifestations: Gum bleeding.

Laboratory tests: Incoagulable blood; Fibrinogen: undetectable;
CK: 491 IU/L; LDH: 383 IU/L; Hemoglobin: 16.06 g/dl;
Leukocytes: 20,000/mm?; Platelets: 90000/mm”.

(Continued)
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Table 1. (Continued)

ID | Sex/

10

11

12

13

14

15

16

17

18

Age
(years)
F/60

M/27

M/22

M/59

M/46

M/59

M/36

M/21

M/38

Snakebite
classification

Moderate

Mild

Severe

Moderate

Moderate

Moderate

Severe

Moderate

Mild

Antivenom
vials

10

12

Time from bite to |Self-care procedures

treatment (hours)

17h

2h

1h

4h

3h

6h

6h

4h

3h

Alcohol

Alcohol and lemon juice

No

Gasoline

Cooking oil

Coffee, lemon juice, and
salt

Todine

Cooking oil

Bite
site

Right
ankle

Left
foot

Right
ankle

Left
ankle

Left
hand

Right
leg

Left
hand

Left
foot

Left
foot

Clinical and laboratory findings

Local manifestations: Pain, moderate edema,
lymphadenomegaly, ecchymosis, and blister.

Systemic manifestations: Headache, nausea, vomiting,
sweating, hematuria, hematochezia, and acute kidney injury.
Laboratory tests: Incoagulable blood; Fibrinogen: undetectable;
CK: 232 IU/L; LDH: 911 IU/L; Hemoglobin: 13.7 g/dl;
Leukocytes: 14,550/mm?’; Platelets: 180,000/mm”.

Local manifestations: Pain, mild edema, bleeding, paresthesia,
and serous secretion.

No systemic manifestations.

Laboratory tests: Normal clotting time; Fibrinogen:
undetectable; CK: 122 TU/L; LDH: 303 IU/L; Hemoglobin: 14.7
g/dl; Leukocytes: 7,010/mm’; Platelets: 227,000/mm”.

Local manifestations: Pain, severe edema, bleeding,
lymphadenomegaly, erythema, ecchymosis, serous secretion,
and fang marks.

Systemic manifestations: Headache, nausea, hemoptysis.
Laboratory tests: Incoagulable blood; Fibrinogen: 102 mg/dL;
CK: 185 IU/L; LDH: 206 IU/L; Hemoglobin: 14.8 g/dl;
Leukocytes: 15,870/mm?; Platelets: 480,000/mm?,

Local manifestations: Pain, moderate edema, and fang marks.
No systemic manifestations.

Laboratory tests; Increased clotting time; Fibrinogen:
undetectable; CK: 72 IU/L; LDH: 310 IU/L; Hemoglobin: 14.0
g/dl; Leukocytes: 6,980/mm?; Platelets: 201,000/mm”.

Local manifestations: Pain, moderate edema, bleeding, and
fang marks.

Systemic manifestations: Headache, gum bleeding, and
dizziness.

Laboratory tests: Normal clotting time; Fibrinogen: 314 mg/dL;
CK: 415 IU/L; LDH: 327 IU/L; Hemoglobin: 14.1 g/dl;
Leukocytes: 5,120/mm?; Platelets: 380,000/mm?>.

Local manifestations: Pain, severe edema, erythema, and
bleeding.

Systemic manifestations: gum bleeding and acute kidney
injury.

Laboratory tests: Normal clotting time; Fibrinogen: *na; CK:
399 IU/L; LDH: 347 IU/L; Hemoglobin: 14.9 g/dl; Leukocytes:
11,000/mm’; Platelets: 136,000/mm”.

Local manifestations: Pain, severe edema, ecchymosis, local
bleeding, lymphadenomegaly, and fang marks.

Systemic manifestations: acute kidney injury.

Laboratory tests: Incoagulable blood; Fibrinogen: undetectable;
CK: 645 IU/L; LDH: 560 IU/L; Hemoglobin: 15.7 g/dl;
Leukocytes: 14,500/mm?; Platelets: 226,000/mm?>.

Local manifestations: Pain, moderate edema, erythema, local
bleeding, and fang marks.

Systemic manifestations: Headache and nausea.

Laboratory tests: Normal clotting time; Fibrinogen: *na; CK:
217 IU/L; LDH: 383 IU/L; Hemoglobin: 16.0 g/dl; Leukocytes:
16,620/mm’; Platelets: 268,000/mm”.

Local manifestations: Pain, mild edema, bleeding, and bite
marks.

Systemic manifestations: Headache.

Laboratory tests: Incoagulable blood; Fibrinogen: *na; CK: 308
IU/L; LDH: 469 IU/L; Hemoglobin: 15.6 g/dl; Leukocytes:
5,510/mm?; Platelets: 223,000/mm”.

(Continued)
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Table 1. (Continued)

ID | Sex/ Snakebite Antivenom | Time from bite to |Self-care procedures Bite Clinical and laboratory findings
Age classification | vials treatment (hours) site
(years)
19 | F/57 Moderate 8 20h Cooking oil, onion and Right Local manifestations: Pain, moderate edema, and fang marks
tourniquet hand | No systemic manifestations.

20 | M/20 Mild 8 5h
21 | M/28 | Moderate 8 4h
22 | F/29 Severe 12 6h

Laboratory tests: Incoagulable blood; Fibrinogen: 61 mg/dL;
CK: 64 IU/L; LDH: 336 IU/L; Hemoglobin: 14.8 g/dl;
Leukocytes: 10,080/mm?; Platelets: 257,000/mm”.

Pirarucu’s fat (Arapaima | Leftleg | Local manifestations: Pain, mild edema, bleeding, and fang
gigas) marks.
Systemic manifestations: Dizziness.
Laboratory tests: Incoagulable blood; Fibrinogen: undetectable;
CK: 180 IU/L; LDH: 297 IU/L; Hemoglobin: 15.3 g/dl;
Leukocytes: 11,670/mm?; Platelets: 299,000/mm>.

Tourniquet Left Local manifestations: Pain, mild edema, and erythema.
foot Systemic manifestations: Headache.
Laboratory tests: Incoagulable blood; Fibrinogen: undetectable;
CK: 289 IU/L; LDH: 500 IU/L; Hemoglobin: 14.2 g/dl;
Leukocytes: 14,530/mm?; Platelets: 156,000/mm?>.

Balsam (infusion of Right Local manifestations: Pain, moderate edema, ecchymosis,
different plants in vegetal | hand | erythema, and blister.
oil) No systemic manifestations.

Laboratory tests: Incoagulable blood; Fibrinogen: undetectable;
CK: 351 IU/L; LDH: 368 IU/L; Hemoglobin: 13.8 g/dl;
Leukocytes: 30,530/mm?>; Platelets: 384,000/mm>.

M: Male; F: Female. No = not observed in patients. *na = data not available. CT = clotting time. CK = creatine phosphokinase. LDH = lactate dehydrogenase.
Reference values: Lee-White clotting time <10 min; Fibrinogen: 180-350 mg/dL; Creatine kinase: 24-190 IU/L; Lactate dehydrogenase: 211-423 IU/L; Hemoglobin:
12.5-15.5 g/dl; Leukocytes: 4,000-10,000/mm?; Platelets: 150,000-450,000/mm>.

https://doi.org/10.1371/journal.pntd.0012704.t001

values. Creatine kinase and lactate dehydrogenase were above normal range levels in 9/22
(40.9%) and 4/21 (19%) patients, respectively. Leukocytosis was observed in 7 (21.8%), and
thrombocytopenia in 2 (9%). Also, hemoglobin levels were increased in 3 patients (13.6%) and
below reference values in 6 (27.2%) cases. Regarding clinical local features, edema was
observed in all patients, varying from mild (54.5%), to moderate (27.7%) and severe (18.1%).
Other common findings were fang marks (63.6%), secondary infection (36.3%), ecchymosis
(31.8%) and erythema (22.7%), while blistering and necrosis were also present in a small num-
ber of patients, specifically 3 (13.6%) and 1 (4.5%), respectively (Figs 1A-5A).

Histopathological findings in Bothrops snakebite patients

On histopathological evaluation, out of 22 patients only 9 (40.9%) showed epidermal alter-
ations. Spongiosis was observed in 3 cases (33.3%), with hyperkeratosis and acanthosis in 2
(22.2%) cases each (Figs 2, 4 and 5). Also, hyperplasia was found in 1 (11.1%) patient, as well as
hemorrhagic intraepidermal blister with neutrophil exocytosis (11.1%) (Fig 2C) and severe
epidermis necrosis (11.1%). One case had no epidermis but was attributed to technical artifacts
rather than a consequence of snakebite envenomation. Changes in dermis and hypodermis
consisted mainly of hemorrhage, inflammatory infiltrate, vascular injury, edema, and conges-
tion, although there were cases of collagen damage, necrosis, abscess, and presence of granula-
tion tissue signalizing repair (Table 2).

Hemorrhage was found in 15 out of 22 (68.1%) patients and could be observed as mild
(46.6%), moderate (20%) or severe (33.4%). Edema and congestion were described in 18 cases
(81.8%), classified as mild (44.4%), moderate (44.4%) and severe (11.2%). Moreover,
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Table 2. Clinical data of Bothrops envenomation patients on biopsy day.

ID | Time from |Systemic
findings

bite to
biopsy
(hours)

1 24

2 24

3 |24

4 |24

5 |24

6 |24

7 |48

8 |48

9 |48

No

No

Laboratory findings

Normal clotting time and fibrinogen levels,
CK: 47 IU/L, LDH: 245 IU/L,
Hemoglobin:16.4 g/dl, Leukocytes: 10,030
/mm®, Platelets: 224,000/mm”.

Normal clotting time and fibrinogen levels,
CK: 218 IU/L, LDH: 549 IU/L,
Hemoglobin: 15.6 g/dl, Leukocytes: 16,440/
mm’, Platelets: 190,000/mm”.

Normal clotting time and fibrinogen levels,
CK: 87 IU/L, LDH: 224 IU/L, Hemoglobin:
13.2 g/dl, Leukocytes: 12,000/mm>,
Platelets: 211,000/mm”>.

Normal clotting time and fibrinogen levels,
CK: 390 IU/L, LDH: 528 IU/L,
Hemoglobin: 16.3 g/dl, Leukocytes: 15,510/
mm?, Platelets: 133,000/mm”.

Normal clotting time and high fibrinogen
levels (376 mg/dL), CK: 83 IU/L, LDH: 419
IU/L, Hemoglobin: 13.1 g/dl, Leukocytes:
13,140/mm’, Platelets: 194,000/mm”.

Normal clotting time and fibrinogen levels,
CK: 234 IU/L, LDH: 223 IU/L,
Hemoglobin: 13.8 g/dl, Leukocytes: 6,840/
mm?, Platelets: 163,000/mm?>.

Normal clotting time and fibrinogen levels,
CK: 57 IU/L, LDH: 212 IU/L, Hemoglobin:
12.9 g/dl, Leukocytes 9,050/mm°, Platelets:
143,000/mm”.

Normal clotting time and fibrinogen levels,
CK: 346 IU/L, LDH: 187 IU/L,
Hemoglobin: 13.8 g/dl, Leukocytes: 7,980/
mm?, Platelets: 173,000/mm°.

Normal clotting time and high fibrinogen
levels (487 mg/dL), CK: 1187 IU/L, LDH:
383 IU/L, Hemoglobin: 13.5 g/dl,
Leukocytes: 14,110/mm”, Platelets:
147,000/mm”.

Biopsy site

Between 3rd
and 4% left
toes

5th digit of
left hand

Distal third
of lower left
leg

Right foot

Right ankle

Right calf

2nd digit of
both hands

2nd toe of
left foot

Medial
malleolus of
right foot

Local findings

Mild edema

Mild edema

Moderate edema

Mild edema

Moderate edema

Moderate edema and
secondary infection
(abscess and cellulitis)

Left: edema and
ecchymosis.

Right: moderate edema,
erythema, ecchymosis,
and blister with blood
content

Mild edema and
ecchymosis

Moderate edema,
ecchymosis, and
secondary infection
(abscess)

Hystopathological findings

Severe hemorrhage, mild inflammatory
infiltrate (granulocytes, neutrophils), mild
edema and congestion, and mild vascular
injury on hypodermis

Spongiosis; mild hemorrhage, moderate
edema and congestion, moderate mixed
inflammatory infiltrate (granulocytes,
neutrophils, histiocytes and lymphocytes),
moderate vascular injury and fibrin thrombi
on deep dermis and hypodermis; moderate
signs of tissue repair.

Severe hemorrhage on deep dermis, mild
congestion and edema, moderate
inflammatory infiltrate (granulocytes,
neutrophils) and mild vascular injury on
hypodermis.

Severe inflammatory infiltrate of
granulocytes and neutrophils, moderate
hemorrhage, mild edema and congestion,
and moderate collagen fibers necrosis

Mild inflammatory infiltrate (histiocytes and
lymphocytes) on dermis.

Severe hemorrhage and mild fibrin thrombi
formation on deep dermis and hypodermis.

Left finger: normal skin without any
alterations.

Right finger: moderate edema and
congestion, moderate vascular injury, and
moderate fibrin thrombi formation; severe
inflammatory infiltrate of granulocytes and
neutrophils and mild presence of histiocytes
and lymphocytes.

Severe epidermis’ necrosis; mild edema and
congestion, mild mixed inflammatory
infiltrate (granulocytes, neutrophils,
histiocytes and lymphocytes), mild vascular
injury and mild thrombi formation on
dermis; mild tissue repair process can also be
observed.

Dermis and hypodermis showing severe
hemorrhage, moderate edema, and
congestion; severe inflammatory infiltrate of
granulocytes and neutrophils and mild
presence of histiocytes and lymphocytes;
moderate vascular injury and mild fibrin
thrombi formation.

(Continued)
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Table 2. (Continued)

ID | Time from

10

11

12

13

14

15

16

17

18

19

bite to

biopsy

(hours)
48

48

48

72

72

72

72

96

96

96

Systemic
findings

Acute
kidney
injury

No

No

Acute
kidney
injury

Acute
kidney
injury

No

Laboratory findings

Normal clotting and high fibrinogen levels
(416 mg/dL), CK: 111 IU/L, LDH: 616 IU/
L, Hemoglobin: 12.4 g/dl, Leukocytes:
8160/mm”, Platelets: 15,1000/mm”.

Normal clotting time and fibrinogen levels,
CK: 71 IU/L, LDH: 240 IU/L, Hemoglobin:
15.1 g/dl, Leukocytes: 6,650/mm?>, Platelets:
196,000/mm”’.,

Normal clotting time and fibrinogen levels,
CK: 123 1U/L, LDH: 184 IU/L,
Hemoglobin: 14.2 g/dl, Leukocytes 7,400/
mm?’, Platelets: 96,000/mm”.

Normal clotting and high fibrinogen levels
(457 mg/dL),CK: 47 IU/L, LDH: 263 IU/L,
Hemoglobin: 14.4 g/dl, Leukocytes: 8,180/
mm?, Platelets: 192,000/mm”.

Normal clotting time and fibrinogen levels,
CK: 279 1U/L, LDH: 265 IU/L,
Hemoglobin: 14.8 g/dl, Leukocytes: 5,760/
mm’, Platelets: 301,000/mm?.

Normal clotting time and fibrinogen levels,
CK: 713 IU/L, LDH: 257 IU/L,
Hemoglobin: 11.9 g/dl, Leukocytes: 6,900/
mm?, Platelets: 111,000/mm?>.

Normal clotting time and high fibrinogen
levels (446 mg/dL), CK: 200 IU/L, LDH:
488 IU/L, Hemoglobin: 10.9 g/dl,
Leukocytes: 8,220/mm?°, Platelets: 151,000/
mm’.

Normal clotting time and fibrinogen levels,

CK: 163 IU/L, Hemoglobin: 14.4 g/dl,

Leukocytes: 6,390/mm?, Platelets: 214,000/
3

mm”.

Normal clotting time and fibrinogen levels,
CK: 107 IU/L, LDH: 358 IU/L,
Hemoglobin: 15.3 g/dl, Leukocytes: 6,180/
mm?, Platelets: 192,000/mm°.

Normal clotting time and fibrinogen levels,
CK: 44 IU/L, LDH: 274 IU/L, Hemoglobin:
11.8 g/dl, Leukocytes 8,660/mm”, Platelets:
225,000/mm”.

Biopsy site

Right ankle

Left foot near
the 1st toe

Distal third
of lower left
leg

Medial
malleolus of
left foot

Dorsum of
left hand

Middle third
of lower right
leg

Inner surface
of left hand

2nd toe of
left foot

4th toe of left
foot

Ist digit of
right hand

Local findings

Mild edema and
ecchymosis

Mild edema and
ecchymosis

Severe edema, erythema,
and secondary infection
(cellulitis)

Mild edema and fang
marks

Moderate edema and fang
marks

Severe edema, secondary
infection (abscess and
cellulitis) and
compartment syndrome

Severe edema,
ecchymosis, erythema,
and secondary infection
(cellulitis)

Mild edema, erythema,
ecchymosis, blister, and
secondary infection

Mild edema and fang
marks

Mild edema and fang
marks

Hystopathological findings

Severe spongiosis and hemorrhagic blister,
and mild exocytosis on epidermis; mild
hemorrhage, severe edema and congestion,
severe inflammatory infiltrate of
granulocytes and neutrophils and mild
presence of histiocytes and lymphocytes,
severe vascular injury, and severe fibrin
thrombi on dermis.

Mild hemorrhage, mild edema and
congestion, moderate inflammatory
infiltrate (granulocytes and neutrophils) and
moderate collagen hyaline necrosis.

Severe hemorrhage, severe inflammatory
infiltrate (granulocytes, neutrophils),
moderate edema and congestion, mild
vascular injury, and mild thrombi
formation; mild collagen fibers lysis, hyaline
and skin appendage necrosis.

Mild hemorrhage, moderate edema and
congestion, mild vascular injury and severe
inflammatory infiltrate of granulocytes and
neutrophils, mild presence of histiocytes and
lymphocytes, and mild vascular injury on
dermis.

Hyperkeratosis; mild inflammatory infiltrate
(histiocytes and lymphocytes) on dermis.

Mild edema and congestion, mild
inflammatory infiltrate of granulocytes and
neutrophils and mild vascular injury on
dermis.

Hyperkeratosis and acanthosis; on dermis
mild inflammatory infiltrate of histiocytes
and lymphocytes.

Hyperplasia on epidermis; moderate
hemorrhage, moderate edema and
congestion, severe inflammatory infiltrate
(granulocytes and neutrophils) on dermis;
severe necrosis, severe eosinophilic infiltrate,
and moderate abscess present on
hypodermis.

No epidermis; mild hemorrhage, severe
edema and congestion, and severe
inflammatory infiltrate of neutrophils and
eosinophils on dermis.

Mild edema and congestion, and mild mixed
inflammatory infiltrate of granulocytes,
neutrophils, histiocytes and lymphocytes on
dermis.

(Continued)
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Table 2. (Continued)

ID |Time from |Systemic | Laboratory findings Biopsy site | Local findings Hystopathological findings
bite to findings
biopsy
(hours)
20 | 96 No Normal clotting and high fibrinogen levels | Left calf Mild edema and fang Moderate hemorrhage, moderate edema and
(602 mg/dL), CK: 126 IU/L, LDH: 185 IU/ marks congestion, moderate inflammatory
L, Hemoglobin: 13.8 g/dl, Leukocytes infiltrate of granulocytes, neutrophils and
8,360/mm”, Platelets: 218,000/mm”. mild presence of histiocytes and

lymphocytes, mild vascular injury and
moderate necrosis in hypodermis.

21 | 120 No Normal clotting time and high fibrinogen | Dorsum of | Mild edema, erythema, Spongiosis; mild hemorrhage, mild edema
levels (613 mg/dL), CK: 114 IU/L, LDH: left foot and secondary infection | and congestion, severe inflammatory
383 IU/L, Hemoglobin: 13.0 g/dl, (cellulitis) infiltrate of granulocytes, neutrophils, and
Leukocytes: 9760/mm?>, Platelets: 247,000/ mild presence of histiocytes and
mm?, lymphocytes, moderate vascular injury, and

thrombi formation. Severe abscess present
on hypodermis.

22 192 No Normal clotting and high fibrinogen levels | Lateral Severe edema, erythema, | Irregular acanthosis; mild hemorrhage,
(637 mg/dL), CK: 89 IU/L, LDH: 393 IU/L, | surface of necrosis, blister, and moderate edema and congestion, and
Hemoglobin: 10.1 g/dl, Leukocytes 12,550/ | right hand secondary infection moderate mixed inflammatory infiltrate
mm?, Platelets: 288,000/mm°. (abscess) (granulocytes, neutrophils, histiocytes and

lymphocytes). The presence of granulation
tissue indicates intense tissue repair.

M: Male; F: Female. No = not observed in patients. *na = data not available. CT = clotting time. CK = creatine phosphokinase. LDH = lactate dehydrogenase.
Reference values: Lee-White clotting time <10 min; Fibrinogen: 180-350 mg/dL; Creatine kinase: 24-190 IU/L; Lactate dehydrogenase: 211-423 TU/L; Hemoglobin:
12.5-15.5 g/dl; Leukocytes: 4,000-10,000/mm?; Platelets: 150,000-450,000/mm

https://doi.org/10.1371/journal.pntd.0012704.t1002

inflammatory infiltrate (II) was present in 21 (95.4%) patients as mild (33.4%), moderate
(23.8%) and severe (42.8%) (Figs 1B and 4D). Regarding the type of I, in 8 (38%) cases granu-
locytes and neutrophils were the most common cell types, with 2 (9.5%) cases of eosinophilic
infiltration, whereas in 3 (14.2%) patients, histiocytes and lymphocytes were the main charac-
ter. Also, 10 (47.6%) cases revealed a mixed type of inflammatory infiltration (Fig 5B3)

(Table 2).

B

Fig 1. Patient #9, male, 23, classified as a moderate case. The time elapsed between snakebite and antivenom
treatment was 8 hours. A. Lower right limb presenting moderate edema, ecchymosis, and biopsy suture (black circle)
on day 4 after envenomation. B. Skin biopsy showing severe inflammatory infiltrate (black arrow), hemorrhage (blue
arrow) and moderate vascular damage (inset) on hypodermis (HE, 100X). C. A magnified view of the erythrocytes
(black arrow) and vascular damage (blue arrow) is shown in the inset (HE, 400X).

https://doi.org/10.1371/journal.pntd.0012704.9001
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Fig 2. Patient #10, female, 60, classified as a moderate case. Alcohol was used as a self-care procedure at the bite
site and the time elapsed between snakebite and antivenom treatment was 17h30min. A. Lower right limb
presenting hemorrhagic blister (black circle) on day 4 after envenomation. B. Skin biopsy showing severe spongiosis
that evolved to hemorrhagic blister and neutrophil exocytosis (HE, 100X). C. A magnified view of the neutrophil
exocytosis (black arrow) is shown in the inset (HE, 400X). D. Vascular damage (black arrow) in the dermis (HE, 400x).
E. Dermis and hypodermis presenting severe inflammatory infiltrate (black arrow) (HE, 100x). F. Inset showing a
magnified view of fibrin thrombi (black arrow) in the deep dermis (HE, 400x).

https://doi.org/10.1371/journal.pntd.0012704.9g002

In 12 (54.5%) patients some variety of vascular injury, e.g vasculitis, thickening of wall
blood vessel, and/or microvascular damage, was observed (Figs 1-4), and formation of fibrin
thrombi in vessel lumen was also present in 8 cases (36.3%) (Figs 2D and 4D), classified as
mild (50%), moderate (37.5%) and severe (12.5%). Furthermore, other histopathological find-
ings of the collected biopsies included collagen alterations (13.6%), in addition to necrosis
(18.1%) (Fig 3B), abscess on the hypodermis (9%) (Fig 4C), and signs of tissue repair (13.6%)
(Fig 5B4) (Table 2).

The histopathological findings described above could be observed separately or simulta-
neously in patients. For example, patient #12, a severe case of envenomation whose biopsy was
performed 2 days after snakebite, presented with hemorrhage, inflammatory infiltrate, edema,
congestion, vascular injury with thrombi formation and collagen damage such as fibers lysis,
hyaline necrosis, and skin appendage necrosis. Likewise, patient #22, also a severe case but
with biopsy performed 8 days after envenomation, showed irregular acanthosis, hemorrhage,
edema, congestion, mixed inflammatory infiltration and granulation tissue, this last feature
probably related to the later time in which the biopsy procedure was performed (Table 2 and
Fig 6).

The histopathological features described in this study were non-specific in relation to
snakebite classification or the time elapsed between envenomation and biopsy. Interestingly,
persistence of distinctive histological patterns could be observed in almost all patients. Hemor-
rhage and inflammatory infiltrate were among the most common alterations and were found
even 8 days after snakebite and antivenom administration, as well as dermal edema and con-
gestion. Vascular damage and fibrin thrombi were also present in 12 and 8 patients, respec-
tively, on different days of evaluation and degrees of severity. Furthermore, necrosis was
observed in a small number of patients, as well as abscess formation, established as a sign of
infection in dermis or hypodermis. Lastly, granulation tissue was observed in patient #22 at
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Fig 3. Patient #20, male, 20, classified as a mild case. Pirarucu’s fat (Arapaima gigas) was used as a self-care
procedure at the bite site and the time elapsed between snakebite and antivenom treatment was 5 hours. A. Lower
left limb presenting mild edema and bleeding (black circle) on hospital admission. B. Hypodermis presenting severe
necrosis (black arrow) (HE, 200X). C. Skin biopsy showing moderate dermal edema (black arrow), vascular damage
(blue arrow), moderate hemorrhage and inflammatory infiltrate on hypodermis (HE, 100X). D. A magnified view of
the inflammatory cells (black arrow) and erythrocytes (blue arrow) is shown in the inset (HE, 400X).

https://doi.org/10.1371/journal.pntd.0012704.g003

day 8 (196 hours) after envenomation, which was expected as the processes of tissue repair are
already in place. However, in patients #2 and #8, whose biopsy took place within 2 days after
snakebite, signs of tissue repair could also be observed; a circumstance that requires further
investigation (Fig 6).

The stratification of the 22 patients included in this study into subgroups for comparison
did not allow us to observe any significant difference in histopathological findings according
to sex, age, severity classification, time to medical assistance, time from bite to biopsy, first aid
used, clinical manifestations, and CK and LDH increase.

Discussion

Tissue damage is an important feature in Bothrops envenomation, especially when it comes to
human envenomation. Manifestations such as pain, edema, erythema, bleeding, and ecchymo-
sis are relatively common and the emerging of complications like secondary infection, blisters,
necrosis and compartment syndrome can lead to important consequences to the victims
[12,31-33]. Here we presented a case series of dermatopathological findings in patients of
Bothrops snakebites that occurred in the Brazilian Amazon.

Local and systemic manifestations in Bothrops envenomation may result from cytotoxic
activities of venom toxins or the inflammatory process in response to tissue damage [34].
Direct action of venom includes degradation of extracellular matrix and/or components of the
basement membrane, and hemostatic effects that contribute to bleeding disorders, vascular
damage, and tissue destruction. Such effects also induce the production and activation of
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Fig 4. Patient #21, male, 28, classified as a severe case. A tourniquet was applied as a self-care procedure near the
bite site and the time elapsed between snakebite and antivenom treatment was 4 hours. A. Lower left limb
presenting cellulitis (black circle) on day 6 after envenomation. B. Skin biopsy showing moderate spongiosis (black
arrow) (HE, 200X). C. Deep dermis presenting severe abscess (black circle), vascular damage and fibrin thrombi (HE,
100X). D. Vascular damage (black arrow) and severe inflammatory infiltrate (blue arrow) in the deep dermis (HE,
400x).

https://doi.org/10.1371/journal.pntd.0012704.9004

endogenous mediators that aim to act in regenerative process but can also enhance harmful
tissue alterations [9,15-17,35,36]. These actions contribute to the pathophysiological effects
observed in envenomation and changes in laboratory parameters presented by patients, which
reflect both its systemic dynamics and extensive local damage promoted by the venom.

As a consequence to hemostatic effects caused by Bothrops venom, altered clotting time and
low, or undetectable, fibrinogen levels are common features observed in patients on the first
hours after envenomation and tend to normalize by 24 hours after antivenom administration
[37], a similar situation observed in our study. Although, on biopsy day, fibrinogen levels pre-
sented higher levels than normal range. Fibrinogen is an acute phase protein, and its serum
concentration may be increased in inflammatory and infectious conditions that are associated
to vascular damage [38]. Furthermore, leukocytosis is also normally observed and is possibly
related to the onset of inflammation caused by snakebite envenomation [39]. Changes in val-
ues of creatine kinase (CK) and lactate dehydrogenase (LDH) are relatively common findings
in Bothrops envenomation. In our study, alterations in these parameters were observed both at
admission and biopsy day. Previous studies carried out in Amazonas State reported high levels
of CK and LDH in the first moments after envenomation, and LDH may reflect tissue damage
in patients evaluated at extended time intervals [12,40,41].

Results reported in our case series regarding local manifestations are similar to other clini-
cal studies of Bothrops envenomation conducted in Acre and Amazonas States, in which pain

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012704 December 26, 2024 14/22


https://doi.org/10.1371/journal.pntd.0012704.g004
https://doi.org/10.1371/journal.pntd.0012704

PLOS NEGLECTED TROPICAL DISEASES Dermatopathological findings of Bothrops atrox snakebites in Brazilian Amazon

Fig 5. Patient #22, female, 29, classified as a severe case. An infusion of different plants in vegetal oil, known as
“balsam”, was made as a self-care procedure at the bite site and the time elapsed between snakebite and
antivenom treatment was 6 hours. Tissue damage evolution and microscopical alterations observed after
envenomation. Al. 2 days after snakebite presenting severe edema (from hand to upper arm) snakebite marks (black
circle), serum secretion and blister formation. A2. Day 3 with severe edema, blisters on dorsal region spreading to
hand palm and necrotic area (black circle). A3. Day 4 with edema, blisters, and necrosis on snakebite side (black
circle). A4. Day 6 with edema, blisters with pus, necrosis on the snakebite site (black circle). A debridement was made
to remove necrotic area on day 8. Tissue samples for histological analysis were obtained at that moment. B1. Biopsy
presenting severe irregular acanthosis (black arrow) (HE, 100x). B2. Mixed inflammatory infiltrate (black arrow) and
formation of new capillaries (blue arrow) responsible for collagen production in tissue repair process (HE, 100x). B3.
Mixed inflammatory infiltrate (black arrow) and formation of new capillaries (blue arrow) (HE, 200x) B4. Activated
fibroblasts (black arrow) (HE, 200x).

https://doi.org/10.1371/journal.pntd.0012704.9g005

and edema were present in 40% of cases [12]. Blisters were observed in 10.2% of patients, as
well as necrosis in 2.5%, and high frequence of secondary infection, reported in 40% of enven-
omation cases [12,42-44]. Local damage is a distinctive characteristic of Bothrops snakebites,

Patients 1|2‘3‘4‘5‘6‘7‘8‘9‘10‘11‘12[13[14[15[ | ‘ ‘
Time from bite to biopsy (hours) | 24 | 24 | 24 | 24 | 24 | 24 | 48 |48 | 4s | 4s |48 [ 48 | 12 | 72 [ 72 [ 712 [ 96 [ 96 | 96 | 96 | 120 [ 196
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Fig 6. Histopathological findings of Bothrops envenomation patients according to severity grade: absent, mild,
moderate, and severe. Patients were distributed in ascending order of time (in hours) from bite to the day of biopsy
procedure.

https://doi.org/10.1371/journal.pntd.0012704.g006
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with acute signs, like pain and edema, making an early appearance and others, such as blister
formation, emerging well after envenomation. Nevertheless, all manifestations represent
important findings and its evolution should be evaluated at all moments to establish patients
conditions and recovery [45,46].

Regarding histological findings, epidermal alterations such as spongiosis, acanthosis and
hyperkeratosis were the most common signs observed in our cases series, with isolated cases of
hyperplasia, hemorrhagic intraepidermal blister and severe necrosis. These findings are similar
to those reported in animal models and other types of envenomation [47,48]. As regarding
humans, a case report on a fatal envenomation by Naja kaouthia have shown postmortem skin
histopathology. The patient presented puncture wound in the forearm, that reached the epi-
dermis layer, with necrosis of the epidermis and necrosis of the underlying dermis. Micro-
scopic examination revealed areas of necrosis and acute inflammation in the skin and
subcutaneous tissue sections. Acute vascular congestion was apparent in multiple separate tis-
sue sites, with focal necrosis in vessels [49].

On hyperkeratosis and hyperplasia, this finding may be related to both envenomation,
biopsy site and patients’ habits, since many of them work in the field and the friction generated
by this type of activity, as well as exposure to chemical aggressive compounds, can lead to an
increase in the stratum corneum and/or other nonkeratinized skin layers [50]. In vitro and ani-
mal model studies have already reported the cytotoxic effect of L-amino acid oxidase
(LAAOs), which is present in Bothrops venom, on human keratinocytes [51] and the destruc-
tion of the ECM that forms the dermo-epidermal junction by SVMPs [22,52]. Therefore, the
presence of acanthosis may be related to the hyperproliferation of keratinocytes in response to
envenomation [53]. Spongiosis probably occurred due to the increase in vascular permeability
promoted by the release of inflammatory mediators after ECM destruction, while formation of
subepidermal blisters is likely mainly due to the degradation of basement membrane (BM)
components that connect epidermis to dermis, as already reported in human and experimental
studies using Bothrops venom, and other types of envenomation [8,22,54-56].

Regarding our observed changes in the dermis and hypodermis, erythrocyte extravasation
and influx of leukocytes, causing infiltration in the tissue, are commonly reported in animal
model studies as well as human envenomation [13,30,53,57]. These changes occur from the
hydrolysis of BM components of microvasculature which, combined with normal biophysical
forces, lead to blood capillary destruction. Furthermore, the inflammatory response that
results from envenomation contributes to the accumulation of leukocytes in situ, and produc-
tion of bioactive molecules, such as cytokines, chemokines, growth factors and reactive oxygen
species (ROS), that play an important part in local deleterious effects. Also, local hypoxia due
to capillary obstruction or destruction may also be responsible for such alterations [13,15,57-
61].

Collagen modifications, which were also reported in our study, may result from direct
action of the venom as well as the action of endogenous proteinases, mainly matrix metallo-
proteinases (MMPs), which participate in physiological processes, but can have increased
activity in response to inflammation following envenomation. Degradation of fibrillar colla-
gens, mainly collagen types I and III, that compose connective tissue are most likely to happen
by the latter process [13,62]. Furthermore, other alterations such as vascular damage, may
originate from venom hemorrhagins (i.e. SVMPs) disrupting microvascular structure and
stimulating acute inflammatory responses, leading to leukocytes infiltration in situ. Also, for-
mation of fibrin thrombi was reported, and probably appears due to a prothrombotic state
induced by hypercoagulability related to venom activity. In Bothrops envenomation, bleeding
and thrombosis can appear simultaneously, a characteristic that was also observed in our
patients [6,10,57,63,64].
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Finally, formation of granulation tissue, an important component of the wound healing
process, was also observed. Generally, tissue repair can occur with effective epithelial
regeneration and revascularization resulting in restored skin integrity. However, in some
cases, a deficient process may be present leading to fibrosis and scarring, as well as loss of
function or nonhealing chronic wounds, e.g. as seen in diabetic foot ulcers. A study carried
out in Sri Lanka with patients presenting with chronic wounds more than one month old
after envenomation by the vipers Daboia russelii and Hypnale spp. and the cobra Naja naja
concluded that granulation tissue and vascular proliferations were more present in snake-
bite wounds, when comparing them to other wounds of different etiology [65-67].
Although our work did not report patients with any chronic wounds, these literature find-
ings reinforce the role of snakebite envenomation as a cause of disability and highlight the
need for easy and rapid access to antivenom therapy, along with better clinical manage-
ment of local tissue damage.

Currently the only treatment for snakebite envenomation is antivenom therapy, which
effectively neutralizes systemic alteration [68]. On the other hand, local tissue damage resulting
from envenomation may continue to progress even after treatment [11]. In a study conducted
in patients with blisters formed after Bothrops envenomation, Gimenes et al. demonstrated the
presence of antivenom and venom in blister fluids, with a higher concentration of antivenom,
suggesting that there is complex formation in a local setting [11]. Therefore, the local damage
observed in patients initially may be related to venom action, but later may be carried out by
pro-inflammatory endogenous pathways, that are activated after envenomation [69]. This fea-
ture also highlights the importance of immediate treatment after snakebite, since this time gap
may play an important role in the clinical prognosis of patients [70,71]

The authors understand the importance of identifying clinic-epidemiological variables
associated to the histopathological findings, however the design of our study is a case series,
with descriptive results from a limited number of cases. Our observations do not necessarily
mean that dermatopathological alterations are not dependent on the characteristics mentioned
above, but they may reflect a type II error likely to occur when sample sizes are too small.
Although case series design is not considered the strongest source of evidence for clinical deci-
sions, those are particularly important to provide descriptive novelty and contributes to build-
ing knowledge and generating hypotheses. The results presented here are essential to
understand local injury at a clinical and histological level and serve as a basis for future studies
concerned to the cause, development and structural/functional changes of the local Bothrops
envenomation.

Conclusion and perspectives

Tissue damage caused by Bothrops envenomation leads to important histopathological alter-
ations in patients, which could be related to both direct venom activity as well as inflammatory
responses resulting from envenomation, or the establishment of an infectious process. Even
though the histopathological features show non-specific patterns corresponding to snakebite
classification or time window of envenomation and biopsy, the persistence of findings such as
hemorrhage, inflammatory infiltrate, dermal edema and congestion, even days after anti-
venom administration, could indicate that after the first stimuli of venom, inflammation plays
a major role in the progression of tissue damage. Nonetheless, histopathological analyses of
human skin lesions can enlighten the pathological, and endogenous, effects of local envenom-
ation and possibly open ways to novel treatments, adjuvants or changes in clinical manage-
ment that lead to better outcomes for patients.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012704 December 26, 2024 17/22


https://doi.org/10.1371/journal.pntd.0012704

PLOS NEGLECTED TROPICAL DISEASES Dermatopathological findings of Bothrops atrox snakebites in Brazilian Amazon

Acknowledgments

We would like to thank the Dermatology and Pathology Departments and Emergency Service
at Fundagao de Medicina Tropical Dr. Heitor Vieira Dourado.

Author Contributions

Conceptualization: Fabiane Bianca Albuquerque Barbosa, Rima de Souza Raad, Hiochelson
Najibe Santos Ibiapina, Jacqueline Sachett, Marco Aurélio Sartim, Wuelton Monteiro, Ally-
son Guimarées Costa, Luiz Carlos Lima Ferreira.

Data curation: Fabiane Bianca Albuquerque Barbosa, Rima de Souza Raad, Hiochelson Najibe
Santos Ibiapina, Monique Freire dos Reis, Rosilene Viana Andrade, Thais Pinto Nasci-
mento, Fabio Francesconi Valle, Nicholas R. Casewell, Jacqueline Sachett, Marco Aurélio
Sartim, Wuelton Monteiro, Allyson Guimaraes Costa, Luiz Carlos Lima Ferreira.

Formal analysis: Fabiane Bianca Albuquerque Barbosa, Hiochelson Najibe Santos Ibiapina,
Monique Freire dos Reis, Juliana Costa Ferreira Neves, Thais Pinto Nascimento, Jacqueline
Sachett, Marco Aurélio Sartim, Wuelton Monteiro, Allyson Guimarées Costa, Luiz Carlos
Lima Ferreira.

Funding acquisition: Jacqueline Sachett, Wuelton Monteiro, Allyson Guimaries Costa.

Investigation: Fabiane Bianca Albuquerque Barbosa, Rima de Souza Raad, Hiochelson Najibe
Santos Ibiapina, Monique Freire dos Reis, Fabio Francesconi Valle, Nicholas R. Casewell,
Jacqueline Sachett, Marco Aurélio Sartim, Wuelton Monteiro, Allyson Guimaraes Costa,
Luiz Carlos Lima Ferreira.

Methodology: Fabiane Bianca Albuquerque Barbosa, Rima de Souza Raad, Hiochelson Najibe
Santos Ibiapina, Rosilene Viana Andrade, Jacqueline Sachett, Marco Aurélio Sartim, Wuel-
ton Monteiro, Allyson Guimaraes Costa, Luiz Carlos Lima Ferreira.

Project administration: Fabiane Bianca Albuquerque Barbosa, Jacqueline Sachett, Wuelton
Monteiro, Allyson Guimaraes Costa, Luiz Carlos Lima Ferreira.

Resources: Jacqueline Sachett, Wuelton Monteiro, Allyson Guimaraes Costa, Luiz Carlos
Lima Ferreira.

Software: Fabiane Bianca Albuquerque Barbosa, Wuelton Monteiro, Allyson Guimaraes
Costa, Luiz Carlos Lima Ferreira.

Supervision: Fabiane Bianca Albuquerque Barbosa, Jacqueline Sachett, Marco Aurélio Sartim,
Wouelton Monteiro, Allyson Guimaraes Costa, Luiz Carlos Lima Ferreira.

Validation: Fabiane Bianca Albuquerque Barbosa, Monique Freire dos Reis, Rosilene Viana
Andrade, Fabio Francesconi Valle, Nicholas R. Casewell, Jacqueline Sachett, Wuelton Mon-
teiro, Allyson Guimaraes Costa, Luiz Carlos Lima Ferreira.

Visualization: Fabiane Bianca Albuquerque Barbosa, Jacqueline Sachett, Marco Aurélio Sar-
tim, Wuelton Monteiro, Allyson Guimaraes Costa, Luiz Carlos Lima Ferreira.

Writing - original draft: Fabiane Bianca Albuquerque Barbosa, Jacqueline Sachett, Marco
Aurélio Sartim, Wuelton Monteiro, Allyson Guimaraes Costa, Luiz Carlos Lima Ferreira.

Writing - review & editing: Fabiane Bianca Albuquerque Barbosa, Hiochelson Najibe Santos
Ibiapina, Monique Freire dos Reis, Juliana Costa Ferreira Neves, Rosilene Viana Andrade,
Thais Pinto Nascimento, Fabio Francesconi Valle, Nicholas R. Casewell, Jacqueline Sachett,

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012704 December 26, 2024 18/22


https://doi.org/10.1371/journal.pntd.0012704

PLOS NEGLECTED TROPICAL DISEASES Dermatopathological findings of Bothrops atrox snakebites in Brazilian Amazon

Marco Aurélio Sartim, Wuelton Monteiro, Allyson Guimaraes Costa, Luiz Carlos Lima
Ferreira.

References

1.

10.

11.

12.

13.

14.

15.

16.

Warrell DA. Snake bite. Lancet [Internet]. 2010; 375(9708):77—-88. Available from: https://doi.org/10.
1016/S0140-6736(09)61754-2 PMID: 20109866

Gutiérrez JM, Calvete JJ, Habib AG, Harrison RA, Williams DJ, Warrell DA. Snakebite envenoming.
Nat Rev Dis Prim. 2017; 3(1).

Longbottom J, Shearer FM, Devine M, Alcoba G, Chappuis F, Weiss DJ, et al. Vulnerability to snakebite
envenoming: a global mapping of hotspots. Lancet. 2018; 392(10148):673—-84. https://doi.org/10.1016/
S0140-6736(18)31224-8 PMID: 30017551

de Oliveira SS, de Souza Sampaio V, de Aimeida Gongalves Sachett J, Campos Alves E, da Silva VC,
Alcantara de Lima JA, et al. Snakebites in the Brazilian Amazon: Current Knowledge and Perspectives.
2018;73-99.

Magalhaes SFV, Peixoto HM, Moura N, Monteiro WM, De Oliveira MRF. Snakebite envenomation in
the Brazilian Amazon: A descriptive study. Trans R Soc Trop Med Hyg. 2019; 113(3):143-51. https://
doi.org/10.1093/trstmh/try121 PMID: 30476298

Larréché S, Chippaux JP, Chevillard L, Mathé S, Résiére D, Siguret V, et al. Bleeding and thrombosis:
Insights into pathophysiology of Bothrops venom-related hemostasis disorders. Int J Mol Sci. 2021; 22
(17). https://doi.org/10.3390/ijms22179643 PMID: 34502548

Oliveira SS, Alves EC, Santos AS, Pereira JPT, Sarraff LKS, Nascimento EF, et al. Factors associated
with systemic bleeding in Bothrops envenomation in a tertiary hospital in the brazilian amazon. Toxins
(Basel). 2019; 11(1).

Gutiérrez JM, Rucavado A, Chaves F, Diaz C, Escalante T. Experimental pathology of local tissue dam-
age induced by Bothrops asper snake venom. Toxicon. 2009; 54(7):958-75. https://doi.org/10.1016/j.
toxicon.2009.01.038 PMID: 19303033

De Almeida MT, Freitas-De-Sousa LA, Colombini M, Gimenes SNC, Kitano ES, Faquim-Mauro EL,

et al. Inflammatory reaction induced by two metalloproteinases isolated from Bothrops atrox venom and
by fragments generated from the hydrolysis of basement membrane components. Toxins (Basel).
2020; 12(2).

Moreira V, Dos-Santos MC, Nascimento NG, da Silva HB, Fernandes CM, D’Império Lima MR, et al.
Local inflammatory events induced by Bothrops atrox snake venom and the release of distinct classes
of inflammatory mediators. Toxicon [Internet]. 2012; 60(1):12—20. Available from: https://doi.org/10.
1016/j.toxicon.2012.03.004 PMID: 22465491

Gimenes SNC, Sachett JAG, Colombini M, Freitas-De-Sousa LA, Ibiapina HNS, Costa AG, et al.
Observation of Bothrops atrox snake envenoming blister formation from five patients: Pathophysiologi-
cal insights. Toxins (Basel). 2021; 13(11):1-13. https://doi.org/10.3390/toxins13110800 PMID:
34822585

Sachett JAG, da Silva IM, Alves EC, Oliveira SS, Sampaio VS, do Vale FF, et al. Poor efficacy of pre-
emptive amoxicillin clavulanate for preventing secondary infection from Bothrops snakebites in the Bra-
zilian Amazon: A randomized controlled clinical trial. PLoS Negl Trop Dis. 2017; 11(7):1-21. https://doi.
org/10.1371/journal.pntd.0005745 PMID: 28692641

Herrera C, Macédo JKA, Feoli A, Escalante T, Rucavado A, Gutiérrez JM, et al. Muscle Tissue Damage
Induced by the Venom of Bothrops asper: Identification of Early and Late Pathological Events through
Proteomic Analysis. PLoS Negl Trop Dis [Internet]. 2016; 10(4):1-22. Available from: https://doi.org/10.
1371/journal.pntd.0004599 PMID: 27035343

Sousa LF, Nicolau CA, Peixoto PS, Bernardoni JL, Oliveira SS, Portes-Junior JA, et al. Comparison of
Phylogeny, Venom Composition and Neutralization by Antivenom in Diverse Species of Bothrops Com-
plex. PLoS Negl Trop Dis. 2013; 7(9). https://doi.org/10.1371/journal.pntd.0002442 PMID: 24069493

Gutiérrez JM, Escalante T, Rucavado A, Herrera C, Fox JW. A comprehensive view of the structural
and functional alterations of extracellular matrix by snake venom metalloproteinases (SVMPs): Novel
perspectives on the pathophysiology of envenoming. Toxins (Basel). 2016; 8(10). https://doi.org/10.
3390/toxins8100304 PMID: 27782073

Bernardoni JL, Sousa LF, Wermelinger LS, Lopes AS, Prezoto BC, Serrano SMT, et al. Functional vari-
ability of snake venom metalloproteinases: Adaptive advantages in targeting different prey and implica-
tions for human envenomation. PLoS One. 2014; 9(10). https://doi.org/10.1371/journal.pone.0109651
PMID: 25313513

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012704 December 26, 2024 19/22


https://doi.org/10.1016/S0140-6736%2809%2961754-2
https://doi.org/10.1016/S0140-6736%2809%2961754-2
http://www.ncbi.nlm.nih.gov/pubmed/20109866
https://doi.org/10.1016/S0140-6736%2818%2931224-8
https://doi.org/10.1016/S0140-6736%2818%2931224-8
http://www.ncbi.nlm.nih.gov/pubmed/30017551
https://doi.org/10.1093/trstmh/try121
https://doi.org/10.1093/trstmh/try121
http://www.ncbi.nlm.nih.gov/pubmed/30476298
https://doi.org/10.3390/ijms22179643
http://www.ncbi.nlm.nih.gov/pubmed/34502548
https://doi.org/10.1016/j.toxicon.2009.01.038
https://doi.org/10.1016/j.toxicon.2009.01.038
http://www.ncbi.nlm.nih.gov/pubmed/19303033
https://doi.org/10.1016/j.toxicon.2012.03.004
https://doi.org/10.1016/j.toxicon.2012.03.004
http://www.ncbi.nlm.nih.gov/pubmed/22465491
https://doi.org/10.3390/toxins13110800
http://www.ncbi.nlm.nih.gov/pubmed/34822585
https://doi.org/10.1371/journal.pntd.0005745
https://doi.org/10.1371/journal.pntd.0005745
http://www.ncbi.nlm.nih.gov/pubmed/28692641
https://doi.org/10.1371/journal.pntd.0004599
https://doi.org/10.1371/journal.pntd.0004599
http://www.ncbi.nlm.nih.gov/pubmed/27035343
https://doi.org/10.1371/journal.pntd.0002442
http://www.ncbi.nlm.nih.gov/pubmed/24069493
https://doi.org/10.3390/toxins8100304
https://doi.org/10.3390/toxins8100304
http://www.ncbi.nlm.nih.gov/pubmed/27782073
https://doi.org/10.1371/journal.pone.0109651
http://www.ncbi.nlm.nih.gov/pubmed/25313513
https://doi.org/10.1371/journal.pntd.0012704

PLOS NEGLECTED TROPICAL DISEASES Dermatopathological findings of Bothrops atrox snakebites in Brazilian Amazon

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Menaldo DL, Bernardes CP, Pereira JC, Silveira DSC, Mamede CCN, Stanziola L, et al. Effects of two
serine proteases from Bothrops pirajai snake venom on the complement system and the inflammatory
response. Int Immunopharmacol [Internet]. 2013; 15(4):764—71. Available from: https://doi.org/10.
1016/j.intimp.2013.02.023 PMID: 23499645

Neiva M, Arraes FBM, de Souza JV, Radis-Baptista G, Prieto da Silva ARB, Walter MEMT, et al. Tran-
scriptome analysis of the Amazonian viper Bothrops atrox venom gland using expressed sequence
tags (ESTs). Toxicon. 2009; 53(4):427-36. https://doi.org/10.1016/j.toxicon.2009.01.006 PMID:
19708221

Lomonte B, Gutiérrez JM. Phospholipases A2 from Viperidae snake venoms: How do they induce skel-
etal muscle damage? Acta Chim Slov. 2011; 58(4):647-59. PMID: 24061112

Santos Barreto GNL, de Oliveira SS, dos Anjos IV, Chalkidis H de M, Mourdo RHV, Moura-da-Silva
AM, et al. Experimental Bothrops atrox envenomation: Efficacy of antivenom therapy and the combina-
tion of Bothrops antivenom with dexamethasone. PLoS Negl Trop Dis. 2017; 11(3):1-18. https://doi.
org/10.1371/journal.pntd.0005458 PMID: 28306718

De Souza Queirdz L, Marques MJ, Santo Neto H. Acute local nerve lesions induced by Bothrops jarara-
cussu snake venom. Toxicon. 2002; 40(10):1483-6. https://doi.org/10.1016/s0041-0101(02)00166-6
PMID: 12368118

Jiménez N, Escalante T, Gutiérrez JM, Rucavado A. Skin pathology induced by snake venom metallo-
proteinase: Acute damage, revascularization, and re-epithelization in a mouse ear model. J Invest Der-
matol. 2008; 128(10):2421-8. https://doi.org/10.1038/jid.2008.118 PMID: 18449209

Benvenuti LA, Franca FOS, Barbaro KC, Nunes JR, Cardoso JLC. Pulmonary haemorrhage causing
rapid death after Bothrops jararacussu snakebite: A case report. Toxicon. 2003; 42(3):331—4. https:/
doi.org/10.1016/s0041-0101(03)00167-3 PMID: 14559086

Milani R. Jr1, Jorge M.T, Ferraz De Campos F.P, Martins F.P, Bousso A, Cardoso J.L.C, Ribeiro L.A,
Fan H.W, Franca F.O.S, Sano-Martins |.S, Cardoso D, De Cassia Oliveira Ferreira Fernandez I, Fer-
nandes J.C, Aldred V.L, Sandoval M.P, Puort RD G. Snake bites by the jararacugu (Bothrops jarara-
cussu): clinicopathological studies of 29 proven cases in Sa o Paulo State, Brazil. Q J Med. 1997;323—
34.

Fraga R De, Lima AP, Prudente ALDC, Magnusson WE. Guide to the snakes of the Manaus region—
Central Amazonia. Vol. m. 2013. 303 p.

Nogueira CC, Argdlo AJS, Arzamendia V, Azevedo JA, Barbo FE, Bérnils RS, et al. Atlas of Brazilian
Snakes: Verified Point-Locality Maps to Mitigate the Wallacean Shortfall in a Megadiverse Snake
Fauna. South Am J Herpetol. 2019; 14(Sp1):S1-274.

Martins M, Oliveira ME. Natural history of snakes in forests of the Manaus region, Central Amazonia,
Brazil. Herpetol Nat Hist. 1998; 6(2):78—150.

Rocha GDS, Farias AS, Alcantara JA, Machado VA, Murta F, Val F, et al. Validation of a Culturally Rele-
vant Snakebite Envenomation Clinical Practice Guideline in Brazil. Toxins (Basel). 2022; 14(6):1-14.
https://doi.org/10.3390/toxins 14060376 PMID: 35737037

Rivitti EA. Manual de Dermatologia Clinica de Sampaio e Rivitti. Angewandte Chemie International Edi-
tion, 6(11), 951-952. 2014. 547 p.

Feola A, Marella GL, Carfora A, Della Pietra B, Zangani P, Campobasso C Pietro. Snakebite envenom-
ing a challenging diagnosis for the forensic pathologist: A systematic review. Toxins (Basel). 2020; 12
(11):1-19. https://doi.org/10.3390/toxins12110699 PMID: 33153179

Monteiro WM, Contreras-Bernal JC, Bisneto PF, Sachett J, Mendoncga da Silva |, Lacerda M, 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.

Silva FS, Ibiapina HNS, Neves JCF, Coelho KF, Barbosa FBA, Lacerda MVG, et al. Severe tissue com-
plications in patients of Bothrops snakebite at a tertiary health unit in the Brazilian Amazon: Clinical
characteristics and associated factors. Rev Soc Bras Med Trop. 2021; 54:1-5.

Sachett J de AG, Val FF, Alcantara JA, Cubas-Vega N, Montenegro CS, da Silva IM, et al. Bothrops
atrox Snakebite: How a Bad Decision May Lead to a Chronic Disability: A Case Report. Wilderness
Environ Med. 2020; 31(3):317-23. https://doi.org/10.1016/j.wem.2020.03.001 PMID: 32456876

Resiere D, Mehdaoui H, Neviere R. Inflammation and Oxidative Stress in Snakebite Envenomation: A
Brief Descriptive Review and Clinical Implications. Toxins (Basel). 2022; 14(11):1-13. https://doi.org/
10.3390/toxins 14110802 PMID: 36422976

Kohlhoff M, Borges MH, Yarleque A, Cabezas C, Richardson M, Sanchez EF. Exploring the proteomes
of the venoms of the Peruvian pit vipers Bothrops atrox, B. barnetti and B. pictus. J Proteomics [Inter-
net]. 2012; 75(7):2181-95. Available from: https://doi.org/10.1016/j.jprot.2012.01.020 PMID: 22300577

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012704 December 26, 2024 20/22


https://doi.org/10.1016/j.intimp.2013.02.023
https://doi.org/10.1016/j.intimp.2013.02.023
http://www.ncbi.nlm.nih.gov/pubmed/23499645
https://doi.org/10.1016/j.toxicon.2009.01.006
http://www.ncbi.nlm.nih.gov/pubmed/19708221
http://www.ncbi.nlm.nih.gov/pubmed/24061112
https://doi.org/10.1371/journal.pntd.0005458
https://doi.org/10.1371/journal.pntd.0005458
http://www.ncbi.nlm.nih.gov/pubmed/28306718
https://doi.org/10.1016/s0041-0101%2802%2900166-6
http://www.ncbi.nlm.nih.gov/pubmed/12368118
https://doi.org/10.1038/jid.2008.118
http://www.ncbi.nlm.nih.gov/pubmed/18449209
https://doi.org/10.1016/s0041-0101%2803%2900167-3
https://doi.org/10.1016/s0041-0101%2803%2900167-3
http://www.ncbi.nlm.nih.gov/pubmed/14559086
https://doi.org/10.3390/toxins14060376
http://www.ncbi.nlm.nih.gov/pubmed/35737037
https://doi.org/10.3390/toxins12110699
http://www.ncbi.nlm.nih.gov/pubmed/33153179
https://doi.org/10.1016/j.wem.2020.03.001
http://www.ncbi.nlm.nih.gov/pubmed/32456876
https://doi.org/10.3390/toxins14110802
https://doi.org/10.3390/toxins14110802
http://www.ncbi.nlm.nih.gov/pubmed/36422976
https://doi.org/10.1016/j.jprot.2012.01.020
http://www.ncbi.nlm.nih.gov/pubmed/22300577
https://doi.org/10.1371/journal.pntd.0012704

PLOS NEGLECTED TROPICAL DISEASES Dermatopathological findings of Bothrops atrox snakebites in Brazilian Amazon

36.

37.

38.

39.

40.
41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Amazonas DR, Portes-Junior JA, Nishiyama MY Jr, Nicolau CA, Chalkidis HM, Mourdo RHV, et al.
Molecular mechanisms underlying intraspecific variation in snake venom. J Proteomics [Internet]. 2018;
181(March):60—72. Available from: https://doi.org/10.1016/j.jprot.2018.03.032 PMID: 29621647

Silva de Oliveira S, Campos Alves E, dos Santos Santos A, Freitas Nascimento E, Tavares Pereira JP,
Mendonga da Silva |, et al. Bothrops snakebites in the Amazon: recovery from hemostatic disorders
after Brazilian antivenom therapy. Clin Toxicol [Internet]. 2019; 58(4):266—74. Available from: https://
doi.org/10.1080/15563650.2019.1634273 PMID: 31264481

Wellmann IAM, Ibiapina HNS, Sachett JAG, Sartim MA, Silva IM, Oliveira SS, et al. Correlating Fibrino-
gen Consumption and Profiles of Inflammatory Molecules in Human Envenomations by Bothrops atrox
in the Brazilian Amazon. Front Immunol. 2020; 11(August):1-12.

Coelho KF, Neves JCF, Ibiapina HNS, Magalhdes-Gama F, Barbosa FBA, Silva FS, et al. Exploring the
Profile of Cell Populations and Soluble Immunological Mediators in Bothrops atrox Envenomations.
Toxins (Basel). 2023; 15(3):1-17. https://doi.org/10.3390/toxins 15030196 PMID: 36977086

Barraviera B, Lomonte B, Tarkowski A, HANSON L, MEIRA DA. No Title. J Venom Anim Toxins. 1995;

Alves EC, Gongalves JDA, Sousa DDB, Oliveira S, Nascimento F, Santos S, et al. Predicting acute
renal failure in Bothrops snakebite patients in a tertiary reference center, Western Brazilian Amazon.
PLoS One. 2018; 13(8):1-16.

de Oliveira Pardal PP, Souza SM, da Costa Monteiro MR de C, Fan HW, Cardoso JLC, Franca FOS,

et al. Clinical trial of two antivenoms for the treatment of Bothrops and Lachesis bites in the northeastern
Amazon region of Brazil. Trans R Soc Trop Med Hyg. 2004; 98(1):28—42. https://doi.org/10.1016/
s0035-9203(03)00005-1 PMID: 14702836

Mise YF, Lira-da-Silva RM, Carvalho FM. Envenomation by Bothrops in the State of Bahia: Epidemio-
logical and clinical aspects. Rev Soc Bras Med Trop. 2007; 40(5):569-73.

da Silva AM, Colombini M, Moura-Da-Silva AM, de SOUZA RM, Monteiro WM, Bernarde PS. Epidemio-
logical and clinical aspects of snakebites in the Upper Jurua River Region, Western Brazilian Amazonia.
Acta Amaz. 2020; 50(1):90-9.

Moura-Da-silva AM, Contreras-Bernal JC, Gimenes SNC, Freitas-De-Sousa LA, Portes-Junior JA,
Peixoto PS, et al. The relationship between clinics and the venom of the causative amazon pit viper
(Bothrops atrox). PLoS Negl Trop Dis. 2020; 14(6):1—17. https://doi.org/10.1371/journal.pntd.0008299
PMID: 32511239

Mamede CCN, de Sousa Simamoto BB, da Cunha Pereira DF, de Oliveira Costa J, Ribeiro MSM, de
Oliveira F. Edema, hyperalgesia and myonecrosis induced by Brazilian bothropic venoms: overview of
the last decade. Toxicon [Internet]. 2020; 187(August):10-8. Available from: https://doi.org/10.1016/].
toxicon.2020.08.016 PMID: 32846146

Ahmadi S, Pachis ST, Kalogeropoulos K, McGeoghan F, Canbay V, Hall SR, et al. Proteomics and his-
tological assessment of an organotypic model of human skin following exposure to Naja nigricollis
venom. Toxicon. 2022; 220(October). hitps://doi.org/10.1016/j.toxicon.2022.106955 PMID: 36309071

Tranca S, Cocis M, Antal O. Lethal case of Vipera bersus bite. Clujul Med. 2016; 89(3):435—7. https://
doi.org/10.15386/cjmed-581 PMID: 27547066

Paniagua D, Crowns K, Montonera M, Wertheimer A, Alagon A, Boyer L. Postmortem histopathology
and detection of venom by ELISA following suicide by cobra (Naja kaouthia) envenomation. Forensic
Toxicol. 2020; 38:523-8.

Bashir S, Hassan |, Wani RT, Zeerak S SF. Pattern of Skin Diseases and Occupational Dermatoses
among Paddy Field Workers in Kashmir Valley: A Cross-Sectional Study from North India Shahnawaz.
Indian J Community Med. 2021; 46(1):610-3.

Costal-Oliveira F, Stransky S, Guerra-Duarte C, Naves de Souza DL, Vivas-Ruiz DE, Yarlequé A, et al.
L-amino acid oxidase from Bothrops atrox snake venom triggers autophagy, apoptosis and necrosis in
normal human keratinocytes. Sci Rep. 2019; 9(1):1-14.

Freitas-de-Sousa LA, Colombini M, Lopes-Ferreira M, Serrano SMT, Moura-da-silva AM. Insights into
the mechanisms involved in strong hemorrhage and dermonecrosis induced by atroxlysin-la, a Pl-class
snake venom metalloproteinase. Toxins (Basel). 2017; 9(8). hitps://doi.org/10.3390/toxins9080239
PMID: 28767072

Gniadecki R. Regulation of keratinocyte proliferation. Gen Pharmacol Vasc Syst. 1998; 30(5):619-22.
https://doi.org/10.1016/s0306-3623(97)00419-9 PMID: 9559309

Gutiérrez JM, Rucavado A, Escalante T, Herrera C, Fernandez J, Lomonte B, et al. Unresolved issues
in the understanding of the pathogenesis of local tissue damage induced by snake venoms. Toxicon.
2018; 148:123-31. https://doi.org/10.1016/j.toxicon.2018.04.016 PMID: 29698755

Lakkis NA, Maalouf GJ, Mahmassani DM. Jellyfish Stings: A Practical Approach. Wilderness Environ
Med. 2015; 26(3):422-9. https://doi.org/10.1016/j.wem.2015.01.003 PMID: 25935311

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012704 December 26, 2024 21/22


https://doi.org/10.1016/j.jprot.2018.03.032
http://www.ncbi.nlm.nih.gov/pubmed/29621647
https://doi.org/10.1080/15563650.2019.1634273
https://doi.org/10.1080/15563650.2019.1634273
http://www.ncbi.nlm.nih.gov/pubmed/31264481
https://doi.org/10.3390/toxins15030196
http://www.ncbi.nlm.nih.gov/pubmed/36977086
https://doi.org/10.1016/s0035-9203%2803%2900005-1
https://doi.org/10.1016/s0035-9203%2803%2900005-1
http://www.ncbi.nlm.nih.gov/pubmed/14702836
https://doi.org/10.1371/journal.pntd.0008299
http://www.ncbi.nlm.nih.gov/pubmed/32511239
https://doi.org/10.1016/j.toxicon.2020.08.016
https://doi.org/10.1016/j.toxicon.2020.08.016
http://www.ncbi.nlm.nih.gov/pubmed/32846146
https://doi.org/10.1016/j.toxicon.2022.106955
http://www.ncbi.nlm.nih.gov/pubmed/36309071
https://doi.org/10.15386/cjmed-581
https://doi.org/10.15386/cjmed-581
http://www.ncbi.nlm.nih.gov/pubmed/27547066
https://doi.org/10.3390/toxins9080239
http://www.ncbi.nlm.nih.gov/pubmed/28767072
https://doi.org/10.1016/s0306-3623%2897%2900419-9
http://www.ncbi.nlm.nih.gov/pubmed/9559309
https://doi.org/10.1016/j.toxicon.2018.04.016
http://www.ncbi.nlm.nih.gov/pubmed/29698755
https://doi.org/10.1016/j.wem.2015.01.003
http://www.ncbi.nlm.nih.gov/pubmed/25935311
https://doi.org/10.1371/journal.pntd.0012704

PLOS NEGLECTED TROPICAL DISEASES Dermatopathological findings of Bothrops atrox snakebites in Brazilian Amazon

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Ibiapina HNS, Costa AG, Sachett JAG, Silva IM, Tarragd AM, Neves JCF, et al. An immunological stair-
way to severe tissue complication assembly in Bothrops atrox snakebites. Front Immunol. 2019; 10
(AUG):1-12. https://doi.org/10.3389/fimmu.2019.01882 PMID: 31474982

Suga M, Okuda M, Ogasawara Y, Yokoyama E, Hamamoto Y, Muto M. The histopathology of enven-
omation by Japanese viper bite [13]. Br J Dermatol. 2004; 151(1):249-50.

Gutiérrez JM, Rucavado A, Escalante T, Diaz C. Hemorrhage induced by snake venom metalloprotei-
nases: Biochemical and biophysical mechanisms involved in microvessel damage. Toxicon. 2005; 45
(8):997—1011. https://doi.org/10.1016/j.toxicon.2005.02.029 PMID: 15922771

Leon G, Sanchez L, Hernandez A, Villalta M, Herrera M, Segura A, et al. Inmune Response Towards
Snake Venoms. Inflamm Allergy—Drug Targets. 2011; 10(5):381-98. https://doi.org/10.2174/
187152811797200605 PMID: 21824081

Ghosh S, Mondai SK. Gross and Histopathological Dermal Changes at Site of Snakebite: Report from
Autopsy Series. Hamdan Med J. 2023;248-53.

Zuliani JP, Soares AM, Gutiérrez JM. Polymorphonuclear neutrophil leukocytes in snakebite envenom-
ing. Toxicon. 2020; 187(July):188-97. https://doi.org/10.1016/j.toxicon.2020.09.006 PMID: 32956681

Herrera C, Escalante T, Rucavado A, Fox JW, Gutiérrez JM. Metalloproteinases in disease: identifica-
tion of biomarkers of tissue damage through proteomics. Expert Rev Proteomics [Internet]. 2018; 15
(12):967-82. Available from: https://doi.org/10.1080/14789450.2018.1538800 PMID: 30348024

Hofmann H, Bon C. Blood Coagulation Induced by the Venom of Bothrops atrox. 2. Identification, Purifi-
cation, and Properties of Two Factor X Activators. Biochemistry. 1987; 26(1 977):780-7. https://doi.org/
10.1021/bi003772019 PMID: 3552032

Rucavado A, Escalante T, Teixeira CFP, Fernandes CM, Diaz C, Gutiérrez JM. Increments in cytokines
and matrix metalloproteinases in skeletal muscle after injection of tissue-damaging toxins from the
venom of the snake Bothrops asper. Mediators Inflamm. 2002; 11(2):121-8. https://doi.org/10.1080/
09629350220131980 PMID: 12061424

Cariedo-Dorantes L, Cafiedo-Ayala M. Skin acute wound healing: A comprehensive review. Int J Inflam.
2019; 2019. https://doi.org/10.1155/2019/3706315 PMID: 31275545

Ajith Dissanayake D. Description of the Histological Features in Wounds of Snake Bite Aetiology. Adv
Surg Sci. 2017; 5(4):57.

Harrison RA, Hargreaves A, Wagstaff SC, Faragher B, Lalloo DG. Snake envenoming: A disease of
poverty. PLoS Negl Trop Dis. 2009; 3(12). https://doi.org/10.1371/journal.pntd.0000569 PMID:
20027216

Warrell DA. WHO/SEARO Guidelines for the clinical management of snake bites in the Southeast
Asian region. Southeast Asian J Trop Med Public Health. 1999; 30 Suppl 1:1-85.

Bittenbinder MA, van Thiel J, Cardoso FC, Casewell NR, Gutiérrez JM, Kool J, et al. Tissue damaging
toxins in snake venoms: mechanisms of action, pathophysiology and treatment strategies. Commun
Biol. 2024; 7(1). https://doi.org/10.1038/s42003-024-06019-6 PMID: 38519650

Feitosa EL, Sampaio VS, Salinas JL, Queiroz AM, Da Silva IM, Gomes AA, et al. Older age and time to
medical assistance are associated with severity and mortality of snakebites in the Brazilian Amazon: A
case-control study. PLoS One. 2015; 10(7):1-15. https://doi.org/10.1371/journal.pone.0132237 PMID:
26168155

Cristino JS, Salazar GM, Machado VA, Honorato E, Farias AS, Vissoci JRN, et al. A painful journey to
antivenom: The therapeutic itinerary of snakebite patients in the Brazilian Amazon (the QUALISnake
study). PLoS Negl Trop Dis. 2021; 15(3):1-23. https://doi.org/10.1371/journal.pntd.0009245 PMID:
33661895

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012704 December 26, 2024 22/22


https://doi.org/10.3389/fimmu.2019.01882
http://www.ncbi.nlm.nih.gov/pubmed/31474982
https://doi.org/10.1016/j.toxicon.2005.02.029
http://www.ncbi.nlm.nih.gov/pubmed/15922771
https://doi.org/10.2174/187152811797200605
https://doi.org/10.2174/187152811797200605
http://www.ncbi.nlm.nih.gov/pubmed/21824081
https://doi.org/10.1016/j.toxicon.2020.09.006
http://www.ncbi.nlm.nih.gov/pubmed/32956681
https://doi.org/10.1080/14789450.2018.1538800
http://www.ncbi.nlm.nih.gov/pubmed/30348024
https://doi.org/10.1021/bi00377a019
https://doi.org/10.1021/bi00377a019
http://www.ncbi.nlm.nih.gov/pubmed/3552032
https://doi.org/10.1080/09629350220131980
https://doi.org/10.1080/09629350220131980
http://www.ncbi.nlm.nih.gov/pubmed/12061424
https://doi.org/10.1155/2019/3706315
http://www.ncbi.nlm.nih.gov/pubmed/31275545
https://doi.org/10.1371/journal.pntd.0000569
http://www.ncbi.nlm.nih.gov/pubmed/20027216
https://doi.org/10.1038/s42003-024-06019-6
http://www.ncbi.nlm.nih.gov/pubmed/38519650
https://doi.org/10.1371/journal.pone.0132237
http://www.ncbi.nlm.nih.gov/pubmed/26168155
https://doi.org/10.1371/journal.pntd.0009245
http://www.ncbi.nlm.nih.gov/pubmed/33661895
https://doi.org/10.1371/journal.pntd.0012704

