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Naja haje envenomation is one of the leading causes of death due to snakebite. Antiserum therapy
sometimes fails to provide enough protection against venom toxicity. In this study, we investigated
the protective effects of melatonin against N. haje venom in rats. The animals were injected with venom
(0.25 mg/kg) and/or melatonin (10 mg/kg) and compared with vehicle-treated rats. There was oxida-
tive/nitrosative damage and apoptosis in the liver, heart, and kidneys of venom-injected rats. Melatonin
counteracted the increased lipoperoxidation and nitric oxide, prevented decreased glutathione per-

gzgyzgj;:venom oxidase and reductase activity, reduced the glutathione disulfide/glutathione (GSSG/GSH) ratio, and
Melatonin maintained the GSH pool. Furthermore, melatonin administration was associated with a reduction of
Oxidative damage apoptosis, which was increased in venom-injected rats. Overall, these results suggest that melatonin
Apoptosis mitigates oxidative/nitrosative stress in venom-induced cardio-hepato-renal injury in rats. Our results

suggest that melatonin treatment may ameliorate some of the effects of N. haje envenomation.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Snakebite is a critical public health problem faced by many trop-
ical countries (Chippaux, 1998). It has been reported that over 1
million humans are bitten annually by various types of snakes,
resulting in more than 95,000 deaths (Mohapatra et al., 2011).

Local necrosis and hemorrhagic lesions can occur after snake
envenomation (Gutierrez et al., 2006). Hemorrhage damages the
vascular endothelium, leading to bleeding from vital organs. The
lethal effects of snake venom are largely attributed to phospho-
lipase A2s (PLA2s), which are commonly found in snake venoms.
These enzymes hydrolyze phospholipids, resulting in the forma-
tion of lipid peroxides and subsequent lipid peroxidation (LPO).
The PLA2s in venoms have been implicated in multiple pathologies,
including hepatotoxicity (Mukherjee and Maity, 1997), cardiotoxi-
city, (Cher et al., 2005) and nephrotoxicity (de Castro et al., 2004a).
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Furthermore, a complex array of venom cytotoxins penetrate the
cells (Yap et al., 2014) and interact with intracellular targets, such
as the mitochondria (Wang and Wu, 2005). Mitochondrial impair-
ment can produce reactive oxygen/nitrogen species (ROS/RNS) that
in turn reduce mitochondrial bioenergetics, leading to cell damage
and death (Escames et al., 2012). The persistence of oxidative stress
damages vital organs, such as the liver and kidneys, resulting in
multiple organ failure.

Antiserum, which contains antibodies against some of the com-
ponents of snake venom, is the only agent available to treat
envenomation; it appears to ameliorate some of the toxic effects
of venom but fails to provide protection against venom-induced
necrosis, hemorrhage, and renal failure (Venkatesan et al., 2014).
Moreover, antiserum is often associated with hypersensitivity reac-
tions that may be lethal (Devi et al., 2002), and it is expensive
and thus out of reach of many patients in rural areas. More-
over, a lack of information about the biting species in most cases
and the correct antiserum dosage and stability restricts its effi-
cacy (Shashidharamurthy et al., 2010). Therefore, there are clinical
and economic reasons to identify novel and effective therapies
for snakebite. Melatonin (N-acetyl-5-methoxytryptamine) is an
indolamine produced by the pineal gland (Lerner et al., 1958)
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and by many other peripheral tissues and organs (Stefulj et al.,
2001; Venegas et al., 2012; Acuia-Castroviejo et al., 2014). It is a
potent free radical scavenger that possesses antioxidant and anti-
inflammatory properties (Poeggeler et al., 1994; Tan et al., 1998;
Crespo et al., 1999; Tan et al., 2001; Escames et al., 2006; Tan et al.,
2007; Reiter et al., 2009; Galano et al., 2011; Galano, 2013). When
scavenging free radicals, melatonin is transformed into a series of
metabolites that are also free radical scavengers (Hardeland et al.,
2009).

In addition to its direct scavenger activity, melatonin has a
genomic effect, inducing the expression of antioxidant enzymes
such as glutathione peroxidase (GPx), glutathione reductase (GRd),
and superoxide dismutase (SOD) (Antolin et al., 1996; Rodriguez
et al., 2004). Melatonin also exhibits immunomodulatory proper-
ties, such as inhibiting the expression of cyclooxygenase 2 (COX-2)
and inducible nitric oxide synthase (iNOS) and reducing inflamma-
tion (Crespo et al., 1999; Deng et al., 2006).

Melatonin has been shown to exert marked anti-inflammatory
effects against crude venom of the jellyfish Pelagia noctiluca
by inhibiting apoptosis and attenuating the expression of iNOS
(Marino et al., 2009). It also mitigates the oxidative stress and vital
organ damage induced by venom of the viper Echis carinatus in mice
(Katkar et al., 2014). Because of the previously reported protective
effects of melatonin against venom from a variety of sources, we
investigated whether melatonin would be effective against N. haje
venom-induced toxicity in the liver, kidneys, and heart of rats.

2. Materials and methods
2.1. Venom source

Pooled venom samples from N. haje were milked from 10 spec-
imens collected from the West Delta in Egypt. The snake venom
was diluted in deionized water and centrifuged at 10,000xg for
15 min; the pellet was discarded. The supernatant was dried under
vacuum and stored at —20 °C. Before use, the venom was reconsti-
tuted in saline and centrifuged at 3000xg for 10 min at 4°C; the
supernatant was used in the present study. The concentration of
venom is expressed in terms of dry weight.

The LDs5y (mg/kg body weight of mice) was determined by
the method of Meier and Theakston (1986) and was found to be
0.25mg.

2.2. Animals

All of the experiments were conducted in accordance with
the University of Granada’s Ethical Committee, the Spanish (R.D.
53/2013) and European Convention for the Protection of Verte-
brate Animals used for Experimental and Other Scientific Purposes
(CETS # 123), and the National Institutes of Health Guide for the
Care and Use of Laboratory Animals (National Research Council,
National Academy of Sciences, Bethesda, MD, USA). Three-month-
old male Wistarrats (220-250 g) obtained from Harlan Laboratories
(Barcelona, Spain) were maintained in the University of Granada
and housed in wire-bottomed cages under 12-h light-dark cycles
(lights on at 08:00 am) at 25+ 1°C. The rats were provided with
water and a balanced diet ad libitum.

2.3. Experimental protocol

To study the effect of the venom LD5g on the heart, liver, and kid-
neys, rats were randomly assigned into the following three groups
(n=7 per group): control (vehicle-treated rats), venom (intraperi-
toneal injection of venom), and venom + melatonin (intraperitoneal
injection of melatonin and venom). Melatonin was administered
20 min before the venom to ensure that it reached all of the tissues.

The rats were killed 5h after the venom or vehicle was adminis-
tered. They were first anesthetized with halothane and then killed
by cervical dislocation. The heart, liver, and kidneys were rapidly
removed, washed in cold saline, and processed for histological
assessment or stored at —80 °C until they were used.

2.4. Lactate dehydrogenase assay

Lactate dehydrogenase (LDH) activity was determined by using
a spectrophotometer to follow the decrease in NADH at 340 nm
(Shvedova et al., 2013). LDH activity is expressed as U/mg protein.

2.5. Nitrite determination

Tissues were weighed and homogenized in ice-cold distilled
water. The homogenate was centrifuged at 800xg for 10 min at
4°C. Aliquots of the supernatant were either stored at —80°C for
total protein determination (Lowry et al., 1951) or used to calcu-
late nitrite (NOx) levels following the Griess reaction (Green et al.,
1981). The amount of nitrite in the supernatant was measured fol-
lowing the Griess reaction by incubating 100 .l of sample with
100wl of Griess reagent (0.1% N-(1-naphthyl)ethylenediamine
dihydrochloride; 1% sulfanilamide in 5% phosphoric acid; 1:1) at
room temperature for 20 min. The absorbance at 550 nm was mea-
sured with a Bio-Tek EL 800 microplate reader (IZASA, Seville,
Spain). Nitrite concentration was calculated by comparison with
the absorbance of a standard solution of known sodium nitrite
concentration, and the results are expressed as nmol nitrite/mg
protein.

2.6. Lipid peroxidation measurement

Tissues were weighed and homogenized in ice-cold 50 mM
Tris-HCl buffer (pH 7.4). The homogenate was centrifuged at 800 x g
for 10 min at 4°C. Aliquots of the supernatant were used for
total protein determination (Lowry et al., 1951) or used for LPO
measurement with a commercial kit (Bioxytech LPO-568 assay
kit; OxisResearch, Portland, OR, USA) able to determine both
malondialdhehyde (MDA) and 4-hydroxy-2(E)-nonenal (4-HNE)
(Esterbauer and Cheeseman, 1990) based on the condensation reac-
tion of the chromogene 1-methyl-2-phenylindole with either MDA
or 4-HNE. The stable chromophores were determined at 586 nm.
LPO levels are expressed as nmol/mg protein.

2.7. Measurement of glutathione and glutathione disulfide

Glutathione (GSH) and glutathione disulfide (GSSG) were mea-
sured by an established fluorometric method (Hissin and Hilf,
1976). Tissues were weighed and homogenized in ice-cold 50 mM
Tris—HCl buffer (pH 7.4). The homogenate was centrifuged at 800x g
for 10 min at 4 °C. Aliquots of the supernatant were deproteinized
with ice-cold 10% trichloroacetic acid and centrifuged at 20,000xg
for 15 min. For GSH measurement, supernatant aliquots were incu-
bated with an ortho-phthalaldehyde/ethanol solution (1 mg/mL)
and phosphate buffer (100 mM sodium phosphate and 5 mM EDTA-
Na,, pH 8.0) at room temperature for 15 min. The fluorescence of
the samples was then measured at 340 nm excitation and 420 nm
emission wavelengths in a plate-reader spectrofluorometer (Bio-
Tek Instruments, Inc., Winooski, VT, USA).

For GSSG measurement, aliquots of supernatants were prein-
cubated with N-ethylmaleimide solution (5mg/ml) at room
temperature for 40 min and then alkalinized with 0.1 N NaOH.
Aliquots of these mixtures were then incubated with ortho-
phthalaldehyde solution (1mg/ml) and 0.1N NaOH at room
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temperature for 15 min. The fluorescence was then measured. GSH
and GSSG concentrations are expressed as nmol/mg protein.

2.8. Measurement of glutathione peroxidase and glutathione
reductase activities

Tissues were thawed, suspended in buffer A (potassium-
phosphate 50 mM and EDTA-K2 1 mM, pH 7.4), and homogenized.
To measure GPx activity, samples were added to a working solution
containing buffer A plus 4 mM sodium azide, 4mM GSH, 0.2 mM
NADPH, and 0.5 U/ml GRd. After incubation at 37 °C for 4 min, the
reaction was started with the addition of cumene hydroperoxide
(0.3%) and GPx activity was determined by following the oxida-
tion of NADPH at 340nm for 3min in a UV spectrophotometer
(Shimadzu Deutschland GmBH, Duisburg, Germany) (Jaskot et al.,
1983). GRd activity was measured in samples added to a working
solution containing buffer A plus 2 mM GSSG. After incubation at
37°C for 4 min, the reaction was started by adding 9.5 mM NADPH
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solution and GRd activity was measured following the oxidation of
NADPH at 340 nm for 3 min. In both cases, nonenzymatic NADPH
oxidation was subtracted from the overall rates. GPx and GRd activ-
ities are expressed as nmol/min/mg protein.

2.9. Western blot analysis

Tissues were thawed and homogenized with a Polytron homog-
enizer (Kinematic, Switzerland) at 4 °C in HEPES buffer (20 mM, pH
7.4) containing 0.02% (w/v) bacitracin, 0.4 mM PMSF, 1 mM benza-
midine, 1.5 WM pepstatin, and 0.1 mM aprotinin. The homogenates
were then centrifuged at 4000xg for 10 min at 4°C, and super-
natants were collected to assay the protein content (Lowry et al.,
1951) and expression. For protein expression assays, samples
(75 g) were eluted from the supernatant directly into sodium
dodecyl sulfate (SDS) sample buffer, applied to 7.5% SDS-PAGE gels,
and transferred onto nitrocellulose membranes (Hoeffer, San Fran-
cisco, CA, USA). The membranes were then incubated in blocking
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Fig. 1. Lipoperoxide (LPO) (a) and NOx (b) levels in homogenates of liver, heart, and kidney tissue from control rats (C), rats treated with venom (V), and rats treated with
venom + melatonin (+aMT). Data are expressed as mean + SEM (n=6). **P<0.01, ***P<0.001 vs. control. ##P<0.01, #*##P<0.001 vs. venom.
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buffer (PBS, 0.1% Tween 20 and 5% dry milk) and shaken at room
temperature for 2 h. Once the blocking process was complete, the
membranes were incubated with anti-Bax rabbit antibody (1:200,
SC526; Santa Cruz Biotechnology) or anti-Bcl2 rabbit antibody
(1:200, SC492; Santa Cruz Biotechnology) at 4°C overnight. The
next day, membranes were washed and incubated with 1:5000
horseradish peroxidase-conjugated goat anti-rabbit immunoglob-
ulin G (H+L) (31460; ThermoScientific) at room temperature
for 60 min. The proteins were visualized with a chemilumines-
cence kit (Western Lightning Plus-ECL; Perkin-Elmer, Billerica, MA,
USA) according to the manufacturer’s protocol and analyzed with
Kodak equipment (Image Station 2000R; Eastman Kodak Company,
Rochester, NY, USA).

2.10. Histological studies

Samples were fixed in 10% formaldehyde 3.7-4% buffered to
pH 7 and stabilized with methanol DC (Panreac, Barcelona, Spain)

for 48 h and then embedded in paraffin. Multiple sections (4 um
thickness) were deparaffinized with xylene and stained with hema-
toxylin and eosin (H&E).

2.11. Statistical analysis

Results are expressed as the mean + standard error of the mean
(SEM). Data for multiple variable comparisons were analyzed by
one-way analysis of variance (ANOVA). Duncan’s test was used as a
post-hoc test to determine significant differences between groups.
The software program SPSS version 17.0 was used for the analyses.

3. Results

3.1. Oxidative stress

Venom administration was associated with a significant
increase in LPO in the liver and kidneys, but not in the heart, of
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Fig. 2. GPx (a)and GRd (b) activities, and GSSG/GSH in homogenates of liver, heart, and kidney tissue from control rats (C), rats treated with venom (V), and rats treated with
venom +melatonin (+aMT). Data are expressed as mean + SEM (n=6). *P<0.05, **P<0.01, ***P<0.001 vs. control. #*P<0.05, ##P<0.01, ##P<0.001 vs. venom.
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Fig. 3. Western blot (WB) analysis and densitometric quantification of Bax (a), Bcl2 (b), and Bax/Bcl2 ratio (c) in homogenates of liver, heart, and kidney tissue from control
rats (C), rats treated with venom (V), and rats treated with venom + melatonin (+aMT). Data are expressed as mean + SEM (n=4). *P<0.05, **P<0.01, ***P<0.001 vs. control.

#P<0.01, *##P<0.001 vs. venom.

the rats (Fig. 1a). In rats that were administered melatonin, LPO
levels were similar to those of the vehicle-treated rats.

After venom administration, only the liver and heart, but not
the kidneys, showed a significant increase in NOx (Fig. 1b), a marker
for NO* levels. Melatonin administration counteracted these effects
and even reduced NOX levels to below the basal values in kidney
tissue.

Venom injection increased the activity of GPx in the liver and
kidneys, but not in the heart (Fig. 2a), reflecting the changes in
LPO in these organs (Fig. 1a). Melatonin increased the activity of
GPx to above that of the controls (Fig. 2a). In contrast, in rats
administered venom alone, GRd activity in the liver, heart, and
kidneys was reduced. This effect was completely prevented by

melatonin administration (Fig. 2b). These findings reflect the oxi-
dizing response of these tissues to venom exposure, which was
further supported by the increase in the GSSG/GSH ratio (Fig. 2c).
The data also support the antioxidant activity of melatonin, which
increased GSH and normalized the GSSG/GSH ratio (Fig. 2c).

3.2. Apoptosis and cytotoxicity

The effects of N. haje snake venom and melatonin administra-
tion on Bax and Bcl2 levels are shown in Fig. 3. Venom upregulated
Bax and downregulated Bcl2 protein levels, increasing the Bax/Bcl2
ratio in the liver, heart, and kidneys (Fig. 3a-c, respectively). These
effects were counteracted by melatonin administration, which
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Fig. 4. LDH activity in homogenates of liver, heart, and kidney tissue from control rats (C), rats treated with venom (V), and rats treated with venom + melatonin (+aMT).
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Fig. 5. H&E staining of liver from control rats (C), rats treated with venom (V), and rats treated with venom + melatonin (+aMT). Necrotic cells are indicated with black arrows.

decreased Bax levels and increased Bcl2 levels. Moreover, LDH
activity, a biomarker of tissue damage, increased with venom
administration, and melatonin counteracted this effect (Fig. 4).

3.3. Histopathology

H&E staining revealed significant histological changes in the
liver (Fig. 5), but not in the other tissues (data not shown), after
venom injection. Degenerated hepatocytes with reduced staining
were evident adjacent to the centrolobulillar vein. There were also
hemorrhagic regions and a loss of normal morphology of the sinu-
soids due to infiltration by pleomorphic cells. There was also an
increase in necrotic cells. In the melatonin-treated group, there
were significantly fewer histopathological lesions compared to the
venom group. We observed only a slight reduction in staining
around the centrolobulillar vein.

4. Discussion

According to the results of our study, melatonin may have sig-
nificant protective effects against Egyptian cobra snake venom.

Oxidative stress and cellular toxicity appear to be involved
in the multiple organ damage that follows snake envenomation.
We selected melatonin as a potential therapeutic agent to neu-
tralize N. haje venom because of its cell-protecting role in the
body (Martin et al., 2000a; Acufia-Castroviejo et al., 2011). In the
present study, snake venom increased LPO in the liver and kid-
neys and NO°* levels in the liver and heart. These results may
explain the multiple organ dysfunction observed following snake

poisoning (Ali et al., 1981; de Castro et al., 2004b; Al et al., 2006).
The increased LPO in various organs following venom injection
may depend upon the increased availability of fatty acids, which
are mobilized from adipose tissue (El-Asmar et al., 1979). Treat-
ment with melatonin significantly ameliorated the increase in LPO
and NO* levels induced by venom. The protective effects of mela-
tonin have also been demonstrated under various conditions of
oxidative stress (Garcia et al., 2014) including1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP)-induced oxidative damage in
nigrostriatal neurons (Sewerynek et al., 1995; Khaldy et al., 2003)
and gentamicin-induced nephrotoxicity (Sewerynek et al., 1995;
Khaldy et al., 2003).

To counteract excessive ROS, cells have an antioxidant system
that includes the GSH cycle. We found that venom increased the
activity of GPx while reduced the activity of GRd, impeding recovery
of the GSH pool, which is required for normal GSH cycle functions
(Martin et al., 2000b). These findings reflect an oxidizing response
to venom, further supported by the increase in the GSSG/GSH ratio
(Griffith, 1999), which was more evident in the liver and heart than
in the kidneys. Melatonin increased GRd and GPx activity, which
resulted in normalization of the GSSG/GSH ratio in all organs tested.
Thus, melatonin appears to protect lipids against venom-induced
oxidation via ROS/RNS scavenging and the antioxidant activity of
indolamine (Acuna-Castroviejo et al., 2011).

Generation of ROS and NO* causes defects in mitochondrial
function associated with the induction of apoptosis (Garcia-Corzo
et al., 2013). In the current report, venom upregulated the pro-
apoptotic protein Bax and downregulated the anti-apoptotic
protein Bcl2 in all of the studied tissues. These conditions favor the
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opening of the mitochondrial permeability transition pore, releas-
ing cytochrome c to the cytosol and activating caspase-3, implying
that a caspase-dependent cell death pathway was activated. The
antiapoptotic effect of melatonin observed in this study is probably
linked to its function in reducing oxidative damage (Chen and
Chuang, 1999). Moreover, some snake venoms contain toxins that
induce cell death in vivo and selectively damage certain types
of cells (Mukherjee and Maity, 2002). In the present study, LDH
activity was significantly higher in tissue from envenomated rats
compared to vehicle-treated rats, while melatonin administration
counteracted these effects. However, histological observation of
the tissues of envenomated rats only revealed significant histolog-
ical changes in the liver. We observed necrotic cells and congestion
of blood vessels, which may cause liver dysfunction (Venkatesan
et al., 2014). In small foci of necrosis, typically cells are swollen
and there is loss of membrane integrity; usually not rounded
and less intensely stained than apoptotic bodies. However, in
apoptosis, affected hepatocytes have condensed hypereosinophilic
cytoplasm and a somewhat outline. Also, apoptotic bodies are
usually rounded with condensed cytoplasm and typically sur-
rounded by a clear halo. In the picture, the arrowed cells not
present hypereosinophilic cytoplasm, the cell membrane is lost
and apoptotic bodies are not present.

Venom showed variable cytotoxic effects against the different
tissues that we studied. This variability may be due to the fact that
snake venoms contain various enzymes and toxic proteins that
represent the most sophisticated integrated weapons systems in
the natural world (Fry, 2005). Moreover, there are marked differ-
ences in the effects of different cytotoxins on various mammalian
cell types (Konshina et al.,, 2011). The complexity of in vivo sys-
tems often makes it difficult to interpret effects measured at the
molecular level.

In conclusion, our results provide evidence of the beneficial
effects of melatonin in combating snake venom-induced cellular
damage. The lack of toxicity of melatonin even at high doses and
with chronic administration (Rodriguez et al., 2007; Kolli et al.,
2013) makes it of interest for clinical applications, and it may
potentially be of use as part of the treatment protocol for snake
envenomation.
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