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A B S T R A C T

Acute kidney injury (AKI) is one of the most important complications of bothropic poisoning and its early
identification remains challenging. The nephrotoxicity of Bothrops insularis venom (BinsV) was previously de-
scribed by our research group. In this study, we continued to evaluate the effect of BinsV on kidney function in
mice and LLC-MK2 proximal tubule cells, evaluating KIM-1 protein as an early AKI biomarker. Male Swiss mice
were inoculated with BinsV intramuscularly and observed for 24 h in a metabolic cage model. Urine and blood
were collected for biochemical analyses and the kidneys were examined for oxide-reducing balance and sub-
mitted to histological analysis. LLC-MK2 cells incubated with BinsV were assessed for cell viability and cell death
mechanism by flow cytometry. Histological analysis of the kidneys indicated AKI and the oxide-reducing ana-
lyses demonstrated a decreasing in reduced glutathione (GSH) levels and an increasing on Malondialdehyde
(MDA) levels. BinsV was cytotoxic to LLC-MK2 and the cytometry analyses suggested necrosis. Within 24 h after
the envenomation, urinary creatinine did not increase, but the urinary levels of KIM-1 increased. In conclusion,
we found AKI evidence in the kidney tissue and the increase in the KIM-1 levels suggest it can be used as an early
AKI biomarker.

1. Introduction

Annually, there are many cases of snake envenomation in Brazil,
most of them associated with the Bothrops genus (Queiroz et al., 2008).
The venom of Bothrops insularis, commonly known as the golden lan-
cehead or jararaca-ilhoa has similar characteristics to that of other Bo-
throps species, causing local damage and systemic lesions, with a
fourteen-fold greater potency (Valente et al., 2009). Systemic compli-
cations occur in the absence of or late antivenom administration,
leading to more severe cases associated with intense bleeding, shock
and Acute Kidney Injury (AKI), which are closely related to death
(Sgrignolli et al., 2011).

AKI is a serious complication, which has devastating short- and
long-term consequences. Despite standardization of AKI definition and
staging, the kidney function marker is the serum creatinine level, which
is unspecific and later, so the early identification remains challenging.
Furthermore, the delay in serum creatinine level increase after glo-
merular filtration loss also impairs the detection of decreased kidney
function in patients with AKI. During the past decade, numerous

clinical investigations have evaluated the usefulness of several bio-
markers in AKI early diagnosis and risk stratification (Vijayan et al.,
2016).

Kidney injury molecule-1 (KIM-1, also named TIM-1 and HAVCR-1)
was identified as the most highly upregulated protein in the renal
proximal tubule after injury. It is a type-1 membrane protein of which
ectodomain is released into the tubule lumen. The ectodomain is
heavily glycosylated and stable and appears in the urine after the injury
(Bonventre, 2014). B. insularis venom has been reported and char-
acterized by its nephrotoxic effects on renal distal tubular epithelial
cells (Mello et al., 2014) and kidney in situ (Braga et al., 2006, 2007,
2008). The nephrotoxicity caused by Bothrops venom in vivo was eval-
uated in this study, as well as the cytotoxicity in renal proximal tubular
epithelial cells, aiming to evaluate KIM-1 as an early biomarker of
snakebite-induced AKI in mice.
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2. Methods

2.1. Animals and Bothrops insularis venom

The experimental protocol was approved by the Ethical Committee
on Animal Research of Federal University of Ceara (UFC) (n. 40/2016)
in accordance with the ethical guidelines. Male Swiss mice, obtained
from the central vivarium of UFC, weighed 18–22 g, and were main-
tained under controlled conditions (25 ± 2 °C ambient temperature,
12 h light-dark cycle). Food and water were offered ad libitum. B. in-
sularis venom (BinsV) was kindly donated by Dr. Marcos H. Toyama,
from Universidade Estadual Paulista (UNESP).

2.2. Experimental procedure

Swiss mice (18–33 g, twelve: six for group) where lightly anesthe-
tized with ether and injected intramuscularly (i.m.) in the gluteus, with
3.5 mg/kg of BinsV and observed for 24 h in a metabolic cage model.
The venom was previously diluted in sterile saline. Mice injected in the
same muscle with saline were used as control. During the 24 h, urine
samples were obtained through a metabolic cage. At the end of this
period, animals were anesthetized with Thiopental (Cristália
Pharmaceutical and Chemical, São Paulo, Brazil) (50mg/kg i.p.) to
obtain blood samples for biochemical tests. Additionally, the left kid-
neys were collected for histological evaluation. Euthanasia was per-
formed on anesthetized animals by administration of saturated solution
of potassium chloride intravenously, as described by the ethical
guidelines.

2.3. Histological analysis

The removed renal tissue was placed in a 10% solution of buffered
formaldehyde and 24 h later, it was transferred to a 70% ethanol so-
lution. After tissue processing, 3 μm median-sagittal paraffin sections
were stained with hematoxylin–eosin for histological evaluation.

2.4. Determination of TBARS levels

For tissue analyzes, the left kidney was removed and symmetrically
divided with a scalpel. One half was submitted to histological analysis
and the other was fully used to produce the homogenate for oxidative
stress analysis. The samples were kept in an ice bath. The homo-
genization was performed cautiously aiming to prevent overheating
and overexposure to atmospheric air and light. Malondialdehyde
(MDA) levels in kidney tissue were determined as an indicator of lipid
peroxidation, as previously described, using the Thiobarbituric Acid
Reactive Substances (TBARS) method (Mihara et al., 1980). Fragments
of the left kidney were homogenized with 1.15% KCl in an ice bath,
followed by the addition of 1% phosphoric acid and 0.6% thiobarbituric
acid. The mixture was incubated at 96 °C for 20min. Absorbance was
measured by spectrophotometry at 532 nm (Asys UV 340, Biochrom,
Cambridge, UK). The results were expressed in μg/g of tissue.

2.5. Determination of GSH levels

For the determination of reduced glutathione (γ-glutamy-l-cystei-
nylglycine, GSH) levels, a homogenate was prepared with 0.02M EDTA
in an ice bath. The samples were mixed with 50% trichloroacetic acid,
centrifuged (30 0 0 rpm, 15min), and 400 μL of the supernatant was
added to 800 μL of Tris–HCl buffer (0.4M, pH 8.9) and 20 μL of DTNB
(5,5 -dithiobis-(2-nitrobenzoic acid)). Finally, the absorbance was
measured by spectrophotometry at 412 nm (Asys UV 340, Biochrom,
Cambridge, UK). The results were expressed in μg/g of tissue.

2.6. Measurement of biochemical parameters

Blood samples were collected in tubes containing lithic heparin, and
then centrifuged (4500 rpm for 10min) to collect plasma. Urinary and
plasmatic levels of creatinine were measured using an automatic ana-
lyzer (Roche Diagnostics Limited, Rotkreuz Switzerland). Creatinine
clearance (CrCl) was calculated using the formula: CrCl = (V
min×uCr)/sCr, where V min is urinary volume per minute, uCr and
sCr are, respectively, urinary and serum creatinine (Darling and Morris,
1991). Urinary KIM-1 was determined by sandwich enzyme-linked
immunosorbent assay (ELISA) (R&D Systems, Inc–Cat. RKM100). The
detection range for KIM-1 was 7.8–500 pg/mL and the intra-assay
coefficient of variation is 3.2% and expressed as ratios to urinary
creatinine concentration.

2.7. Culture of tubular kidney cells assays

LLC-MK2 cells (Hull et al., 1962), proximal tubular epithelial cells,
were kindly donated by the Department of Biochemistry of São Paulo
University and cultured in Dulbecco's modified Eagle's medium
(DMEM, Invitrogen, USA), supplemented with 10% fetal bovine serum
(FBS) and antibiotics in standard conditions until confluence was
reached. The cells were plated at 105 cell/mL in 96-well plates for 24 h
and treated with BinsV at several concentrations (200; 100; 50; 25;
12.5; 6.25; 3.12 μg/mL). After 24 h, cell viability recovery was mea-
sured by MTT assay (Vanden Berghe et al., 2013).

2.8. Multiparametric flow cytometry analysis to assess cell death
mechanism

LLC-MK2 cells were plated and treated with BinsV at their IC50
concentrations for 24 h of exposure, at 37 °C and 5% of CO2. Next, these
cells were dislocated, washed and stained with FITC-labeled annexin V
(AX) and 7-aminoactinomycin D (7-AAD), according to the manufac-
turer's instructions (BD Pharmingen, California, USA) aiming at iden-
tifying cell death mechanism either by apoptosis or necrosis, respec-
tively. In separate experiments, the loss of mitochondrial
transmembrane potential and the outburst of reactive oxygen species
(ROS) were also investigated. LLC-MK2 cells were treated with BinsV
(IC50) for 24 h and stained with Rhodamine 123 (10 μg/mL) or DCFH-
DA (20 mMol/L), according to the manufacturer's instructions
(Sigma–Aldrich™, St. Louis, USA), respectively. At the end of each in-
cubation period, the cells were washed and run in a FACSCalibur flow
cytometer (Becton-Dickinson, San Jose, CA). A total of 10,000 live
events were analyzed using the Cell Quest software and the results were
established by determining the fold change (treated/non-treated cell
ratio) of the geometric mean of fluorescence. Cells without treatment
with BinsV were used as controls and experiments were carried out in
triplicate.

2.9. Statistical analysis

All data were expressed as mean ± standard error mean (SEM). For
statistical comparisons between groups, Student's t-test or one-way
and/or two-way ANOVA were used, followed by Bonferroni test.
Significance was set at p < 0.05. Statistical analyses were performed
using GraphPad Prism5.0 (USA).

3. Results and discussion

AKI has been described in injury by toxins from a variety of animals
(Sitprija and Sitprija, 2012). The nephrotoxicity of B. insularis venom
has been previously described by our group (Braga et al., 2006; Mello
et al., 2014), but in vivo studies have not been performed. In this study,
we evaluated the nephrotoxic effect of this venom in mice through
histological analyses, determination of TBARS and GSH levels. We also
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performed measurement of biochemical parameters, assessing KIM-1 as
a biomarker in the early diagnosis and risk stratification of AKI, eval-
uating the cytotoxicity of BinsV on LLC-MK2 proximal tubular renal
cells.

A previous study that demonstrated the histopathological changes
induced in avian kidney by the intramuscular injection of Bothrops in-
sularis venom resulted in significant structural damage to the kidneys of
chicks, indicating that the venom acted on the renal tubules and glo-
meruli (da Cruz Höfling et al., 2001). In this study, the histological
analyses of the effects of an intramuscular injection of BinsV showed
mesangial tissue swelling, glomerular shrinkage and degeneration, hy-
dropic degeneration, tubular interstitial edema and renal cortex swel-
ling. In the medulla, inflammatory cell infiltration, small congested
vessels, tubular hydropic degeneration with Tamm- Horsfall protein
secretion and presence of inflammatory cells in the interstitium were
observed, indicating Acute Kidney Injury (AKI) (Fig. 1).

The kidney is a highly vascularized organ and thus, it is vulnerable
to toxin injury. Multiple factors including hemodynamic changes, in-
flammatory reactions and nephrotoxic effects of venoms can be in-
volved with this injury (Sitprija and Sitprija, 2012). Inflammation plays
an important role in the development of snake venom toxicity. BinsV
was previously described as its inflammatory effect (Menezes et al.,
2016), and in this work we observed the accumulation of inflammatory

cells on kidney of mice treated with BinsV.
Overall, AKI diagnosis has used creatinine levels as its biomarker.

However, it is not a specific, sensible and early predictor of damage.
Significant nephron damage is necessary to obtain an increase in
plasma creatinine levels and creatinine could be reabsorbed or secreted
in the renal tubule, under- or overestimating the glomerular filtration
rate. Thus, we have sought to establish a sensitive detection biomarker
and with high specificity (Bellomo et al., 2012). KIM-1 meets the re-
quirements for an ideal marker for proximal tubular damage. In this
study, we did not observe an increase in urinary creatinine (Fig. 2A),
but KIM-1 release was observed in the urine of mice with AKI induced
by inoculation of BinsV (Fig. 2B). Furthermore, Pearson's correlation
also showed that KIM-1 had a directly proportional positive correlation
with plasma creatinine (Fig. 2C).

The tissue changes indicate mild changes with some tubular epi-
thelial cells were injured. In contrast, serum creatinine levels were in-
creased to 1.18mg/dL while the basal creatine levels were 0.4mg/dL,
suggesting severe injury. Bothrops venom causes decrease in the blood
pressure (Sciani and Pimenta, 2017) and functional injuries such as
vasospasm might be existed on the kidney. Also, BinsV might induce
muscle injures as the other toxins (White, 2000) and this could increase
serum creatinine, which are unspecific marker (Debelmas et al., 2018).
They might be the reasons of the discrepancy of serum creatinine and

Fig. 1. Histological analysis of changes induced in mouse kidney by the intramuscular injection of Bothrops insularis venom. No changes were observed in renal
glomeruli and cortex in controls (A – 400X); glomerular shrinkage (1) and hydropic degeneration (2) (B), tubular interstitial edema (3) and degeneration of glomeruli
(4) (C – 400X) were observed in the mesangial tissue. Inflammatory cell infiltration (5), small congested vessels (6) (D – 400X), tubular hydropic degeneration with
secretion of Tamm-Horsfall protein (7) (E – 400X) and presence of inflammatory cells in interstitium in the cord (8) were observed (F – 100X). H/E.
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renal pathologies observed in this study. These findings also corrobo-
rate with the needing of more specific biomarkers of AKI in this case,
such KIM-1.

KIM-1 is a transmembrane glycoprotein consisting of an im-
munoglobulin and a mucin domain, working as a phosphatidylserine
receptor, which is externalized during cell death. The ectodomain of
KIM-1 is cleaved by metalloproteinases during the formation of apop-
totic bodies and oxidized lipids related to oxidative stress (Lahoud
et al., 2015).

The increase in ROS after damage could cause cell death, but the
antioxidant system consisting of catalase, superoxide dismutase and
glutathione peroxidase act against ROS (Razvickas et al., 2013). The
unbalance of antioxidant defenses and ROS formation can cause a dis-
ruption in the mitochondrial electron transport chain, deregulating
oxidative phosphorylation. In this study, glutathione peroxidase de-
creased (Fig. 2D) in the renal tissue of mice inoculated with BinsV.

TBARS, here expressed mainly by MDA, are markers of oxidative
stress, more specifically of lipid oxidation. In this study, we observed
the increase in MDA levels (Fig. 2E) related to the AKI onset, as shown
previously by Da Costa et al. (2015), Sampaio et al. (2016) and
Kadkhodaee et al. (2014). MDA and GSH levels were measured in renal
tissue to indirectly assess oxidative stress. Reactive oxygen species can

result in further renal damage by inducing tubular cell death, in-
flammation and mitochondrial damage (Zhou et al., 2008; Ye et al.,
2010).

BinsV was also characterized by its direct nephrotoxicity in MDCK
tubular distal cells (Mello et al., 2014) and electrolyte transport al-
terations in an isolated renal perfusion model (Braga et al., 2008). The
proximal tubule is particularly susceptible to injury, attributed in part
to a sensitive, high metabolic rate and a higher exposure to intracellular
concentrations of toxic compounds. This level of exposure is caused
mainly by a high level of blood flow to the kidney (Crean et al., 2015).
Thus, we evaluated BinsV toxicity in proximal tubular renal LLC-MK2
cells and it showed an IC50 of 116.2 μg/mL.

Aiming to evaluate the cell death pathway in LLC-MK2 cells, cyto-
metry flow assays were performed, using 7-AAD and AX labelling to
evaluate membrane damage and phosphatidylserine externalization.
Additionally, Rhodamine 123 was used to evaluate mitochondrial
transmembrane potential and DCF-DA to evaluate ROS production. It
An increase in cell labeling with 7AAD+/AX (Fig. 2F) was observed,
suggesting membrane damage and necrosis; ROS overproduction
(Fig. 2G), corroborated these findings. The associated loss of mi-
tochondrial transmembrane potential (Fig. 2H) could indicate necrosis
cell death pathway and could be associated to increase of ROS and Kim-

Fig. 2. Bothrops insularis venom (BinsV) effects after its intramuscular injection in mice (A–E) and its incubation with LLC-MK2 proximal tubular cells after 24 h (F–I).
(A) Urinary creatinine in mice. (B) Urinary Kidney Injury Molecule (KIM-1) levels in mice. (C) Pearson's correlation of KIM-1 x plasma creatinine in mice. (D)
Evaluation of reduced glutathione (GSH) and (E) malondialdehyde (MDA) in mouse kidney tissue. Results are shown as mean ± SEM; *p < 0.05 compared to the
vehicle control groups. Analysis of cell death mechanism by flow cytometry after treatment with IC50 of BinsV after 24 h of incubation: (F) Apoptosis and necrosis
evaluation by 7AAd and AX labeling (G) Production of ROS by DCF-DA assay. (H) Mitochondrial transmembrane potential analysis by rhodamine 123 labeling. The
data expressed as fluorescence ratio are related to control± SEM. ∗p < 0.05 vs. group control.
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1 ectodomain externalization (Gandhi et al., 2014).
Oxidative stress is associated with snakebite-induced renal damage

(de Morais et al., 2013; Mello et al., 2014; Marinho et al., 2015), which
could be evaluated in vivo through KIM-1 release in urine. Altogether,
KIM-1 is an early biomarker of AKI diagnosis that could be used as a
tool to evaluate early renal damage induced by snakebites.

Transparency document

Transparency document related to this article can be found online at
http://dx.doi.org/10.1016/j.toxicon.2018.06.074.
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