
Comparative Biochemistry and Physiology, Part C 179 (2016) 29–36

Contents lists available at ScienceDirect

Comparative Biochemistry and Physiology, Part C

j ourna l homepage: www.e lsev ie r .com/ locate /cbpc
Biomarkers of oxidative damage and antioxidant defense capacity in
Caiman latirostris blood
Gisela L. Poletta a,b,c,⁎, María Fernanda Simoniello a, Marta D. Mudry c

a Cátedra de Toxicología, Farmacología y Bioquímica Legal, Facultad de Bioquímica y Ciencias Biológicas, Universidad Nacional del Litoral, Ciudad Universitaria, Paraje el Pozo, CP 3000, Santa Fe,
Argentina
b “Proyecto Yacaré”—Laboratorio de Zoología Aplicada: Anexo Vertebrados (FHUC-UNL/MASPyMA), Aristóbulo del Valle 8700, CP 3000, Santa Fe, Argentina
c Grupo Investigación Biología Evolutiva (GIBE), IEGEBA-DEGE (CONICET-UBA), FCEyN, Pab. II, Ciudad Universitaria, Intendente Güiraldes 2160, CP 1428EGA, Buenos Aires, Argentina
Abbreviations: ROS, Reactive oxygen species; AOD, An
stress; SOD, Superoxide dismutase; CAT, Catalase
Malondialdehyde; FPG, Formamidopyrimidine DNA glyc
III; TBARS, Thiobarbituric acid reactive substances; H2O
5,5ʹ-dithiobis-2-nitrobenzoic acid; TCA, Trichloroacetic a
BHT, Butylated hydroxytoluene; EDTA, Ethylenediami
assay; DI, Damage index; DIR, Damage index of repair.
⁎ Corresponding author at: Cátedra de Toxicología, Fa

Facultad de Bioquímica y Ciencias Biológicas, Universid
Universitaria, Paraje El Pozo S/N, CP 3000, Santa F
4575206x155.

E-mail addresses: gpoletta@fbcb.unl.edu.ar, gisepoletta

http://dx.doi.org/10.1016/j.cbpc.2015.08.003
1532-0456/© 2015 Elsevier Inc. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 9 June 2015
Received in revised form 7 August 2015
Accepted 10 August 2015
Available online 20 August 2015

Keywords:
Crocodiles
Oxidative stress
Biomarkers
Xenobiotics
Reptiles
Several xenobiotics, and among them pesticides, can produce oxidative stress, providing a mechanistic basis for
their observed toxicity. Chronic oxidative stress induces deleterious modifications to DNA, lipids and proteins
that are used as effective biomarkers to study pollutant-mediated oxidative stress. No previous report existed
on the application of oxidative damage and antioxidant defense biomarkers in Caiman latirostris blood, while
few studies reported in other crocodilians were done in organs or muscles of dead animals. The aim of this
studywas to characterize a new set of oxidative stress biomarkers in C. latirostris blood, through themodification
of conventional techniques: 1) damage to lipids by thiobarbituric acid reactive substances (TBARS), 2) damage to
DNA by comet assay modified with the enzymes FPG and Endo III, and 3) antioxidant defenses: catalase, super-
oxide dismutase and glutathione; in order to apply them in future biomonitoring studies. We successfully
adapted standard procedures for CAT, SOD, GSH and TBARS determination in C. latirostris blood. Calibration
curves for FPG and Endo III showed that the three dilutions tested were appropriate to conduct the modified
comet assay for the detection of oxidized bases in C. latirostris erythrocytes. One hour of incubation allowed a
complete repair of the damage generated. The incorporation of these biomarkers in biomonitoring studies of cai-
man populations exposed to xenobiotics is highly important considering that this species has recovered from a
serious endangered state through the implementation of sustainable use programs in Argentina, and represents
nowadays a relevant economic resource for many human communities.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

As a consequence of aerobic life, organisms must deal with the con-
tinuous production of reactive oxygen species (ROS: O2−, H2O2, •OH),
generated by products of biological molecule metabolism; the rate of
ROS generation is closely related to oxygen consumption and is propor-
tional to the amount of mitochondria in the tissue (Costantini and
Verhulst, 2009). Besides, ROS are derived from other cellular activities
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including the autoxidation of various small molecules, the microsomal
cytochromes P450 and b5, microsomal flavoprotein reductases, and su-
peroxide leakage from the electron transport chain (Storey, 1996;
Costantini and Verhulst, 2009). In addition, animals encounter
exogenously generated ROS, which are either natural (e.g. UV radiation,
ozone exposure) or of anthropogenic origin (e.g. pollutants; Monaghan
et al., 2009).

In order to counterbalance ROS-mediated injury, endogenous anti-
oxidant defense (AOD) systems exist and function by quenching and
clearing intracellular ROS activity and accumulation, thus maintaining
redox equilibrium. The enzymatic antioxidant defenses exist as a coor-
dinated system and include superoxide dismutase (SOD) which catabo-
lizes superoxide radicals, and catalase (CAT) and glutathione peroxidase
which degrade hydrogen peroxide and hydroperoxides, respectively;
while non-enzymatic antioxidants include glutathione (GSH), alpha-
tocopherol (vitamin E), ascorbic acid, β-carotene, and uric acid, among
others (Ziech et al., 2010).

When ROS and AOD are in balance, cells are in a dynamic redox
state; typically, if ROS moderately increase, the AOD systems respond
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and reset the former oxidative balance. However, in excess, ROS can
overwhelm the normal antioxidant buffering capacity of the cell, caus-
ing oxidative damage, a situation defined as Oxidative Stress — OS
(Sies, 1993; Somogyi et al., 2007; Costantini and Verhulst, 2009). In
some instances, the destructive actions of ROS are actually beneficial
to an organism; for example, phagocytic cells generate bursts of ROS
to kill engulfed microorganisms or other kinds of cells (Robinson,
2009; Dupré-Crochet et al., 2013); however, ROS must be rapidly elim-
inated to minimize their destructive nature, as all cellular components
are susceptible to attack by ROS. The occurring damage to cellular mac-
romolecules (DNA, lipids and proteins) depends on their susceptibility
andwill result in irreversiblemodifications of cellular viability and func-
tion which can have a wide range of downstream functional conse-
quences and may be the cause of subsequent cellular dysfunctions and
tissue damage (Pamplona, 2008; Costantini and Verhulst, 2009;
Monaghan et al., 2009). Damage to lipids is of great significance, as
this can have major consequences for the membrane structure and
function in particular; peroxidized membranes become rigid and lose
permeability and integrity. Furthermore, oxidative damage to lipids
has widespread effects, as lipid peroxidation triggers a complex chain
reaction involving a range of reactive intermediates that can then also
cause protein and DNA damage (Hulbert et al., 2007), and both
malondialdehyde (MDA) and 4-hydroxynonenal constitute the major
aldehyde products of lipid peroxidation. DNA damage induced by ROS
occurs by oxidative modification of the bases in nucleic acids, and re-
garding this, a simple modification of the widely used comet assay, in-
corporating the digestion of DNA with a lesion-specific endonuclease,
makes it possible to measure oxidized bases with high sensitivity.
Thus, formamidopyrimidine DNA glycosylase (FPG) allows to recognize
oxidized purines, while Endonuclease III (Endo III) detects oxidized py-
rimidines (Collins, 2009, 2014).

Oxidation of proteins changes their formation and eventually im-
pairs their function. The magnitude of the damage will depend in part
on the location of the proteins relative to the site of ROS generation,
and their composition and structure (Hulbert et al., 2007). The
tripeptide GSH is extremely important in the antioxidant defenses of
the cell and has multiple roles: as a substrate for antioxidant enzymes,
as an independent scavenger of hydroxyl and singlet oxygen, having a
function in the reactivation of some enzymes inhibited under oxidizing
conditions, and a role in vitamin E regeneration (Storey, 1996).

A great amount of evidence suggests that several xenobiotics, and
among them pesticides, can augment ROS production that, in turn, pro-
vides amechanistic basis for their observed toxicity, so they are referred
to as pro-oxidants. These compounds are capable of interruptingnormal
mitochondrial oxidation by diverting the electron flow away from the
electron transport chain and toward ROS generation. This property, to-
gether with their ability to act as redox agents, shifts the steady state
redox equilibrium, overwhelms the intracellular antioxidant defense
mechanisms and consequently results in the generation of an oxidative
state. Chronic and accumulative oxidative stress induces deleterious
modifications to DNA, lipid peroxidation products, and modifications
in endogenous oxygen free radical scavengers, including SOD, CAT
and GSH, that are used as effective biomarkers to study pollutant-
mediated oxidative stress (Limón-Pacheco and Gonsebatt, 2009; Ziech
et al., 2010).

No previous report existed on the application of oxidative damage or
antioxidant defense biomarkers in C. latirostris blood and only a few re-
ports were found in crocodilians, including C. yacare (Furtado Filho
et al., 2007; Hermes-Lima et al., 2012) and Alligator mississippiensis
(Gunderson et al., 2004; Lance et al., 2006), but all of them were con-
ducted in organs ormuscles, so that animalswere sacrificed or found re-
cently dead to obtain the sample. Taking into account that one of the
main probed mechanisms of pesticide toxicity is the production of
ROS, and considering our previous findings showing clear evidence of
the genotoxic and immunotoxic effects of pesticides and pesticide mix-
tures on C. latirostris (Poletta et al., 2009, 2011; Latorre et al., 2013;
López González et al., 2013; Siroski et al., in press), the possibility to in-
clude OS biomarkers in biomonitoring studies conducted routinely by
our research group on caiman populations exposed to pesticides, repre-
sents a noteworthy advance, as we can obtain blood samples without
causing any damage to the animals. Therefore, the aim of this study
was to characterize a new set of biomarkers of oxidative stress in
C. latirostris blood through themodification of conventional techniques:
1) damage to lipids by thiobarbituric acid reactive substances (TBARS),
2) damage to DNA by comet assay modified with the enzymes FPG and
Endo III, and subsequent repair 3) antioxidant defenses: CAT, SOD and
GSH; in order to apply them in future biomonitoring studies on xenobi-
otics effects.

2. Materials and methods

2.1. Chemicals

Hydrogen peroxide (H2O2), 5,5′-dithiobis-2-nitrobenzoic acid
(DTNB), trichloroacetic acid (TCA), 2-thiobarbituric acid (TBA), butylat-
ed hydroxytoluene (BHT), acridine orange and SOD Kit (19160-1KT)
were from Sigma-Aldrich (St. Louis, MO, USA). Potassium dihydrogen
phosphate (KH2PO4), potassiumhydrogen diphosphate (K2HPO4), sodi-
um chloride (NaCl), 1,1,3,3′-tetraethoxypropane, ethylenediaminetet-
raacetic acid (EDTA), Tris–HCl, and sodium hydroxide (NaOH) were
fromCicarelli (Argentina). RPMI-1640was fromGibco® (Life Technolo-
gies Argentina), and normal and low melting point agarose were from
Invitrogen® (Life Technologies Argentina).

2.2. Blood samples

This study was evaluated and approved by the ‘Institutional Com-
mittee of Animal Use and Care of Universidad Nacional del Litoral
(Santa Fe, Argentina)’ (N° 05-11) and is in accordance with the ‘EU Di-
rective 2010/63/EU for animal experiments’.

Blood samples were obtained from the spinal vein of ten juvenile
caimans (18 months old, five males and five females) from Proyecto
Yacaré (Yacare Project; Gob. Santa Fe/MUPCN), with heparinized syrin-
ges. Peripheral blood was used immediately for the modified comet
assay and repair assay. For the rest of the techniques, blood was centri-
fuged, and erythrocytes were washed with saline solution twice, then
lysedwith ice-cold demineralized ultrapure water (Milli-Q plus reagent
grade) and stored at −20 °C until analysis. Three different dilutions of
erythrocytes (1:10, 1:20, and 1:40) were tested in order to determine
the most appropriate way of conducting each technique in this species.

3. Oxidative damage

3.1. Lipid peroxidation in erythrocytes (TBARS)

MDA as a marker of lipid peroxidation in red blood cells was deter-
mined bymeasuring the formation of the color produced during the re-
action of TBA with MDA (TBARS Assay), according to a modification of
the method of Buege and Aust (1978) (Simoniello et al., 2010) with
some variations for this species: lysed erythrocytes dilution (50 μl)
was mixed with potassium chloride buffer (0.154 M) plus protease in-
hibitors (100 μl; Sabatini et al., 2011) and distilled water (100 μl).
Then it was thoroughly mixed with four volumes of the solution: 15%
w/v TCA, 0.375% w/v TBA, 0.25 mol l−1 HCl acid and 4% BHT to inhibit
peroxidation stimulated by Fe3+, without affecting the formation of
the MDA–TBA chromogen. The mixture was heated in a dry bath at
95 °C for 45 min. After cooling, the flocculent precipitate was removed
by centrifugation at 6700×g for 10min. The sample absorbancewas de-
termined at 535 nm and TBARS concentration was calculated using the
extinction coefficient 1.56 x 105M−1cm−1. To avoid interferences, iron-
free tubes and deionizedwaterwere used for the assay.MDA concentra-
tion in erythrocytes is expressed as nmol/mg Hb.
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3.2. Determination of oxidized bases through the FPG and Endo III-modified
comet assay

The alkaline comet assay (CA) was performed as previously de-
scribed by our group for C. latirostris erythrocytes (Poletta et al., 2008),
introducing modifications in order to determine oxidized bases. As no
previous data exists on the application of the modified CA with FPG or
Endo III in C. latirostris or any other reptile species, different dilutions
of the enzymes were tested and calibration curves were established
for them using 25 μM H2O2 as an oxidative genotoxic agent. Dilutions
tested for FPG were 1:120, 1:240 and 1:480 while for Endo III were
1:30, 1:300 and 1:3000, considering reference data from previous stud-
ies conducted by our group (unpublished results). So, for each animal
eight slides were prepared and different treatments were applied to
each of them as shown in Table 1. Exposure to 25 μM H2O2 was done
on seven of the slides (C+) by adding 50 μl of the solution and a
cover slip during 5 min at room temperature (25 °C), whereas one
remained as a negative control (C−). After lysis, slides were washed
three times with enzyme buffer and excess liquid was dabbed off with
tissue. Then, 50 μl of FPG or Endo III enzyme solution, or enzyme buffer
alone as control (Table 1) were placed on the gel, covered with a cover
slip, and incubated into a moist box (to prevent desiccation) for 30 min
at 37 °C.

Unwindingwas carried out in alkaline buffer during 10min and then
electrophoresis was performed in the same buffer during 15 min at
0.90 V/cm. One hundred randomly selected comet images were ana-
lyzed, classified into five arbitrary classes, and a single DNA damage
index (DI = n1 + 2 n2 + 3 n3 + 4 n4) was calculated for each animal
(Poletta et al., 2008). An increase inDI after incubationwith the enzyme,
compared with incubation with buffer alone, indicates the presence
of oxidized bases. So oxidative damage to DNA was calculated
by subtracting breaks with buffer from breaks with FPG or ENDO III as
follows:

FPG=Endo III sites
¼ DI with FPG=Endo III – DI with enzyme buffer alone Collins; 2009ð Þ:

3.3. DNA damage repair assay

In order to test the time necessary for C. latirostris erythrocytes to re-
pair DNAdamage, we exposed them in vitro to 25 μMH2O2. Briefly, 50 μl
of whole blood was diluted in 925 μl RPMI 1640 medium, and 25 μl of
H2O2 solution (1 mM) was added to obtain a final concentration of
25 μM, and allowed to damage the DNA for 20min at 25 °C. The reaction
was quenched using 2% DMSO solution in PBS. Each sample was centri-
fuged at 600 ×g, washed again with RPMI, and then resuspended in
RPMI supplemented with 10% fetal bovine serum. Samples were incu-
bated at 29 °C for different periods to evaluate the time necessary for
DNA damage to repair: 30min, 1, 2, 4, 8 and 24 h. Immediately after in-
cubation time, we prepared the slides following the standard procedure
Table 1
Different treatments applied for FPF and Endo III calibration. C− B: negative
control without enzymes; C+ B: positive control without enzymes; C+ FPG
1–3: treatments with different dilutions of FPG; C+ Endo 1–3: treatments
with different dilutions of Endo III.

Slides Treatment applied

C− B enzyme buffer
C+ B 25 μM H2O2 + enzyme buffer
C+ FPG 1 25 μM H2O2 + FPG 1:120
C+ FPG 2 25 μM H2O2 + FPG 1:240
C+ FPG 3 25 μM H2O2 + FPG 1:480
C+ Endo 1 25 μM H2O2 + Endo 1:30
C+ Endo 2 25 μM H2O2 + Endo 1:300
C+ Endo 3 25 μM H2O2 + Endo 1:3000
for comet assay application in C. latirostris (Poletta et al., 2008) and
damage index of repair (DIR) was calculated as explained for DI.

4. Antioxidant defense systems

4.1. Catalase (CAT) activity in erythrocytes

CAT activity in lysed erythrocyteswasmeasured spectrophotometri-
cally bymonitoring the decrease in H2O2 concentration over time (Aebi,
1984). The specific activity of each sample was calculated on the basis
that one unit of enzyme activity is defined as the activity required to de-
grade 1 mole of hydrogen peroxide during 60 s/g Hb, considering that
the signal continues being linear over that period of time (Simoniello
et al., 2010). An aliquot (10 μl) of lysed erythrocytes (1:10; 1:20 or
1:40) was diluted again in Milli Q water (1:10), and then added to
3 ml 50 mM phosphate buffer, pH 7.0, in a quartz cuvette. H2O2 was
added to a final concentration of 54 mM and absorbance wasmeasured
at 240 nm, 25 °C during 60 s in the spectrophotometer. Results are
expressed in arbitrary units as the Activity of CAT (KU/gr Hb).

4.2. Superoxide dismutase (SOD) activity in erythrocytes

SODwas determined using the commercial kit 19160-1KT (SIGMA).
SOD Assay Kit-WST utilizes a highly water-soluble tetrazolium salt,
WST-1 (2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-
2H-tetrazolium, monosodium salt) that produces a water-soluble
formazan dye upon reduction with a superoxide anion. The rate of the
reduction with O2 is linearly related to the xanthine oxidase (XO) activ-
ity, and is inhibited by SOD. Therefore, the IC50 (50% inhibition activity
of SOD or SOD-like materials) can be determined by a colorimetric
method. Since the absorbance at 440 nm is proportional to the amount
of superoxide anion, the SOD activity, as an inhibition activity, can be
quantified by measuring the decrease in the color development at
440 nm. The three erythrocytes dilutions were tested for the assay.

4.3. Glutathione concentration (GSH).

GSH was determined by a modification of the technique of Ellman
(1961). Different dilutions of lysed erythrocytes (1:10; 1:20 and 1:40)
were mixed with 5% trichloroacetic acid and centrifuged at 6700 ×g.
Then DTNB was added to the supernatant, absorbance read at 412 nm,
and GSH concentration was calculated from a standard curve and
expressed as μmol mg−1 Hb.

5. Statistical analysis

Statistical analysis was performed using the Software SPSS 15.0 for
Windows. Data were tested for normality with Kolmogorov–Smirnov
test and homogeneity of variances between groups was verified by
Levene's test. Results obtained for CAT, SOD, GSH and TBARS at the dif-
ferent dilutions tested in each case were analyzed by Kruskal–Wallis
followed by Mann–Whitney test (nonparametric data). Results from
themodified comet assaywith FPG and Endo III and from theDNA dam-
age repair assay were done by one-way ANOVA followed by Dunnet
test. Data from males and females were compared through T-test or
Mann–Whitney test, depending on the variable analyzed.

6. Results

Different modifications made to the technique protocols allowed us
to obtain good results for all biomarkers applied in C. latirostris blood.
Table 2 shows the results of CAT, SOD, TBARS and GSH (mean ± stan-
dard deviation) obtained from each dilution of lysed erythrocytes test-
ed. No statistically significant differences were observed among the
three dilutions tested in any of the parameters analyzed (p N 0.05;



Table 2
Results obtained from CAT, TBARS, GSH and SOD from different dilutions of Caiman
latirostris lysed erythrocytes tested (1:10; 1:20; 1:40).

Dilutions CAT
(KU/gr Hb)

TBARS
(nmol/g Hb)

GSH
μmol/mg Hb

SOD
(% activity)

1: 10 591.87 ± 132.74 827.45 ± 196.54 1.66 ± 0.02 31.12 ± 7.34
1: 20 457.17 ± 219.06 769.32 ± 204.90 1.88 ± 0.6 27.68 ± 7.64
1: 40 511.53 ± 308.37 990.67 ± 248.66 1.45 ± 0.8 29.49 ± 19.46
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Mann–Whitney U-Test). No differences were observed between males
and females in any of the parameters analyzed (p N 0.05).

In the case of FPG and Endo III, calibration curves showed that
the three dilutions tested in each case were appropriate to conduct
the modified comet assay for the detection of oxidized bases in
C. latirostris erythrocytes, as all of them showed an increase in DNA
damage in comparison to the enzyme buffer (p b 0.001 ANOVA–
Dunnet; Figs. 1 and 2). The FPG sites were as follows: C+ FPG1:71 ±
22.48; C+ FPG2: 52 ± 20.14; C+ FPG3: 67 ± 19.6; while Endo III
sites were: C+ Endo1: 56 ± 25.0; C+ Endo2: 69 ± 23.94; C+ Endo3:
65 ± 19.20.

Fig. 3 depicts the results obtained from the DNA damage repair
assay. As can be seen, H2O2 induced a statistically significant increase
in DNA damage with respect to the basal DI (BDI; p = 0.009, ANOVA–
Dunnet). Allowing damage to repair for different periods of time
showed that, at 30 min, repair is already taking place, but it is not
enough to repair all the damage generated by H2O2 and we still
observed statistically significant differences with BDI (p = 0.036,
ANOVA–Dunnet). All the other repair periods tested (1, 2, 4, 8 and
24 h) allowed a complete repair of the damage generated, with DI
returning to values similar to the BDI (p N 0.05 ANOVA–Dunnet).

7. Discussion

In recent years, ecologists have taken to study antioxidants and oxi-
dative stress in free-ranging organisms and have integrated principles
of oxidative stress into several core evolutionary concepts, such as life-
history trade-offs (e.g. survival vs. reproduction), senescence and sexual
selection (Costantini et al., 2010). The crocodilians comprise many of
the largest extant ectothermic species. As such, their success through
Fig. 1.Calibration curve for DNA damage obtained with formamidopyrimidine DNA glycosy
imens. C− B: Negative control plus enzyme buffer; C+ B: exposed to H2O2 plus enzyme buff
1:240 FPG dilution; C+ FPG 3: exposed to H2O2 plus 1:480 FPG dilution. *Statistically significa
recent geologic time is of special interest. All the studies previously
made on oxidative stress biomarkers in crocodilians were applied in tis-
sues from kidney,muscles, gonads or liver, so animals were slaughtered
or samples were obtained from animals that have recently died
(Gunderson et al., 2004; Lance et al., 2006; Furtado Filho et al., 2007).
In our study, we successfully adapted standard procedures for CAT,
GSH, SOD and TBARS to be applied in C. latirostris blood, without any
suffering to the animals. Even though there were no statistical differ-
ences among dilutions tested for any parameter, taking into account
the data dispersion we consider that the better dilution for conducting
CAT and GSH is 1:10, while in the case of TBARS and SOD both 1:10
and 1:20 can be used. As it is more practical to make only one dilution
of the sample before freezing it, we recommended the dilution to be
1:10, which demonstrated to be suitable for all OS determination. Be-
cause many tissues are inaccessible to sample, or sampling process
could be harmful for the organism, blood is considered a substitute tis-
sue suitable to study the effects of xenobiotic exposure, both in vitro and
in vivo (Carballo and Mudry, 2006). Blood is generally easy to obtain
without damage to the individual and is in constant interchange with
most of the other tissues and organs of the body. Methods utilizing
blood or other body fluids are favored in studies onwild species because
they are less invasive and do not require terminal sampling. Considering
that these techniques are going to be used as biomarkers in natural pop-
ulations of caimans environmentally exposed to xenobiotic, especially
pesticides, and because we need to obtain sampleswithout any damage
to the animals, this alternative is particularly interesting. Besides, all the
biomarkers we applied routinely to the evaluation of these compounds
are made in blood.

Nowadays, it is possible tomeasure all four components of oxidative
stress (free radical production, antioxidant defenses, oxidative damage
and repair mechanisms), but not equally easily. However, many ecolog-
ical studies have only quantified a single component, usually an indica-
tor of antioxidant capacity, as this is relatively easy, on the erroneous
assumption that by itself this can provide information on levels of oxi-
dative stress. On the contrary, the antioxidant capacity is not a simple
additive function of the concentration of individual antioxidants in a
sample because of the synergistic and antagonistic interactions among
antioxidants (Somogyi et al., 2007). Moreover, high levels of ROS do
not necessarily result in oxidative stress if this can be balanced by an
up regulation of defenses; nor does it follow that individuals having
lase (FPG) in Caiman latirostris erythrocytes. Values are mean DI ± SD from ten spec-
er; C+ FPG 1: exposed to H2O2 plus 1:120 FPG dilution; C+ FPG 2: exposed to H2O2 plus
nt with respect to C− B (p ˂ 0.001, ANOVA–Dunnet).



Fig. 2. Calibration curve for DNA damage obtained with Endonuclease III in Caiman latirostris erythrocytes. Values are mean DI± SD from ten specimens. C− B: Negative control plus en-
zyme buffer; C+ B: exposed to H2O2 plus enzyme buffer; C+ Endo 1: exposed to H2O2 plus 1:30 Endo III dilution; C+ Endo 2: exposed to H2O2 plus 1:300 Endo III dilution; C+ Endo 3:
exposed to H2O2 plus 1:3000 Endo III dilution. *Statistically significant with respect to C− B (p ˂ 0.001, ANOVA–Dunnet).
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relatively high levels of antioxidants are necessarily in a better redox
state than those with lower levels, as this will depend on the level of
ROS that these defenses have to deal with (Storey, 1996). Therefore, ox-
idative stress cannot be inferred simply by measuring just one side of
the delicate balance that generally exists between ROS generation and
damage limitation by the antioxidant system. In practice, researchers
infer oxidative stress from measuring either damage or the presence
of increased levels of ROS that suggest quenching is inadequate. In
terms of the consequences for the organism, it is the outcome of oxida-
tive stress that matters, i.e. the level of impaired function as a
Fig. 3. Results from the DNA damage repair assay on Caiman latirostris erythrocytes. Values are
in vitro exposure to 25 μMH2O2 during 20min (positive control); DIR 0.5–24h: damage index ob
H2O2. *Statistically significant with respect to BDI (p ˂ 0.01, ANOVA–Dunnet).
consequence of oxidative damage (Monaghan et al., 2009). In fact, spe-
cies may greatly differ in their tolerance to stressors generating oxida-
tive stress, so, it is suggested that a marker of antioxidant capacity
should always be associated with at least a marker of oxidative damage,
when the aim is to make inferences about oxidative stress (Costantini
and Velhurst, 2009). In the present study, we adapted a complete bat-
tery of biomarkers of oxidative stress, including damage to lipids and
DNA, enzymatic (CAT and SOD) and non-enzymatic (GSH) antioxidants
and DNA damage repair, for their application in the blood of a native
reptile species, which is one of the two living crocodilians in Argentina.
mean DI ± SD from ten specimens. BDI: basal damage index; DIC+: damage index after
tained after different periods of repair (0.5, 1, 2, 4, 8 and 24h)of DNAdamage produced by
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The consequent loss-of-function and structural integrity of modified
bio-molecules through oxidative stress can have a wide range of down-
stream functional consequences and may be the cause of subsequent
cellular dysfunctions and tissue damage (Pamplona, 2008). Lipids are
one of the major targets of oxidative stress. As mentioned earlier, lipid
peroxidation gives rise to a number of secondary, highly damaging
products, known to further perpetuate ROS production. The two most
used as biomarkers of lipid peroxidation are F2-isoprostanes and
MDA. Both are important secondary decomposition products of polyun-
saturated fatty acid (PUFA). Membrane phospholipids of aerobic organ-
isms are continually subjected to oxidant challenges from endogenous
and exogenous sources, while peroxidized membranes and lipid perox-
idation products represent constant threats to aerobic cells (Storey,
1996; Monaghan et al., 2009). Furtado Filho et al. (2007) reported that
lipid peroxidation products determined in Caiman yacare by three dif-
ferent assays were generally highest in brain, liver and kidney (in com-
parison with all other organs: 37–66 nmol/g wet wt.), and lower in
white muscles from the tail and hind legs (5–10 nmol/g wet wt.). In
eastern Pacific green turtles (Chelonia mydas agassizii), TBARS levels de-
termined in different organs were between 45 and 110 nmol/g tissue,
approximately. The highest level was found in hepatic tissue, being
47% higher than in the heart, 57.1% higher than in the kidney, and
64.2% above the levels found in the lung. TBARS levels in muscle were
intermediate (63.7 ± 7.4 nmol/g), and not significantly different from
any other tissues (Valdivia et al., 2007). In Trachemys scripta elegans
TBARS in muscle was 9.54 ± 0.9 nmol/g, while those in the kidney
and the liver were higher, with values of 20.7 ± 1.4 and 71.0 ± 14.1
nmol/g, respectively (Willmore and Storey, 1997). In the present work
we determined basal lipid peroxidation by TBARS in C. latirostris
blood, without differences betweenmales and females. The comparison
between our values and all the other studies available in reptile species
is not possible, as they were conducted in organ tissues or muscle.

Available evidence suggests that long-lived species, evolved by re-
ducing the relative abundance of those structural components that are
highly susceptible to oxidative damage, but without renouncing them,
thus conferring to the cellular constituents a higher structural stability
and lower susceptibility to oxidative damage. In addition, long-lived
species also show low rates ofmitochondrial ROS generation and oxida-
tivemolecular damage. In this scenario,membrane phospholipids play a
causal role in aging and longevity by modulating oxidative stress and
molecular integrity (Pamplona, 2008).

GSH is probably the most active antioxidant in biological systems,
and is especially effective at neutralizing the destructive hydroxyl radi-
cals against which there is no enzymatic neutralization (Finkel and
Holbrook, 2000). Higher levels of GSH can not only function as an
“extra” non-enzymatic antioxidant defense, but can also increase
the in situ activities of glutathione S-transferase (GST), Se-glutathione
peroxidase (Se-GPX) and some peroxiredoxins, as GSH is a substrate
of these enzymes. GSH was reported in skeletal muscle (0.240 ±
0.029 μmol/g tissue) and liver (1.4 μmol/g wet wt) of wild summer-
captured juvenile C. yacare (Hermes-Lima et al., 2012), a caiman species
that shares awide area of the geographic distributionwith broad-snout-
ed caiman in the north of Argentina, south of Bolivia, Paraguay and
Brazil. Similar values were found in muscle of control garter snakes
(0.45 ± 0.04 μmol/g wet wt) but those in liver (1.02 ± 0.09 mol/g
wet wt; Hermes-Lima and Storey, 1993) were three OM higher.

Activity of CAT in tissues of turtles, crocodiles and lizards varies from
70 to 240 U/mg protein in liver and kidney and from10 to 47 U/mg pro-
tein in skeletal muscle (Hermes-Lima and Storey, 1993; Valdivia et al.,
2007; Hermes-Lima et al., 2012).

In the few studies available in the literature about SOD activity in
reptiles, all of them are informed in arbitrary units, and are highly vari-
able, from8 to 48U/mgprotein in liver and from3 to 24U/mg protein in
the skeletal muscle of snakes and turtles (Hermes-Lima and Storey,
1993; Valdivia et al., 2007; Willmore and Storey, 1997). In the lizard
Lacerta vivipara values reported were extremely lower in both tissues
(0.0055 U/mg protein in muscle and 0.023 U/mg protein in liver;
Voituron et al., 2006).

As can be seen, enzymatic and non-enzymatic antioxidant values
found in tissues of different reptile species are extremely variable at
inter and intra specific levels, including the tissue, the season and espe-
cial situation of the sampling. Again, we cannot make any comparison
between these and our values, as we applied all biomarkers in blood,
precisely to avoid animal sacrifice.

When comparedwith other non-mammalian vertebrates, reptile or-
gans in general displayed high antioxidant enzyme activities and large
cellular pools of GSH. Moreover, activities of antioxidant enzymes and
GSH levels are mostly in the range of those found in mammals despite
the much lower aerobic metabolic rate of these ectothermic animals
(Storey, 1996; Hermes-Lima and Zenteno-Savín, 2002). This may be a
consequence of metabolic adjustments to deal with oxidative stress
during recovery in animals that repeatedly experience prolonged pe-
riods of anoxia or ischemia, as part of their strategy for survival
(Storey, 1996). In accordance to this, C. latirostris seem to have high an-
tioxidant enzyme activity and concentration of GSH to deal with ROS.

Biomarkers of oxidative DNA damage are of significant importance
since ROS can directly attack the deoxyribosyl backbone and/or the de-
oxyribose residues and thus forming oxidative DNA lesions. ROS can
also mediate an indirect attack to DNA primarily by reacting with
other cellular components resulting in the generation of secondary re-
active intermediates that irreversibly couple to DNA bases, forming
DNA adducts. To this end, MDA is suggested to have both mutagenic
and carcinogenic effects (Ziech et al., 2010). Recent evidence has impli-
cated MDA as a key molecule in DNA adduct formation by interacting
with DNA bases, thus forming adducts all capable of inducing DNA–
DNA inter-strand cross-links and/or DNA-protein cross-links. Lipid per-
oxidation induced formation of DNA-protein cross-links is one of the
many mechanisms by which protein oxidative damage is generated. If
the adducts formed escape cellular repair mechanisms and persist,
they may lead to miscoding and ultimately to mutations (Ziech et al.,
2010; Azqueta et al., 2009). In its various forms, the comet assay is
now an invaluable tool in genotoxicity testing and human biomonitor-
ing as it can be used tomeasure not only DNA damage, but also tomon-
itor the cellular repair of strand breaks or oxidized bases. With
modifications, the comet assay has become the most popular method
formeasuringDNAdamage of various sorts, including oxidative damage
inflicted by ROS. Endo III is specific for oxidized pyrimidines, while FPG
acts on oxidized purines, mainly 8-oxo-7,8-dihydroguanine (8-
oxoGua). For this technique, both enzyme concentration and incubation
time need to be optimized, and this is done by a series of titration exper-
iments with different concentrations of enzyme and different times. A
plateau should be reached at a certain concentration, indicating full le-
sion detection (Collins, 2014). Among the studies that applied the
comet assay to assess genotoxicity in wild species, only a few of them
use lesion-specific enzymes to detect specifically oxidized bases
(Azqueta et al., 2009). It is highly noteworthy that, up to our knowledge,
this is the first study to evaluate oxidative damage to DNA through the
modified CA in any reptile species.

The final line of defense against the damaging effects of oxidants is
the removal or repair of damaged molecules; repair of DNA is very im-
portant to cell function, and several complex damage recognition and
repair pathways exist. Similarly, damaged proteins and lipids are either
repaired, or destroyed and replaced, but these processes are less well
understood (Halliwell and Gutteridge, 2007; Hulbert et al., 2007). Re-
pair of damaged DNA, lipids and proteins is essential to cell function
and ultimately the fitness of the organism; several methods are avail-
able to estimate repair capacity or repair enzyme activity (Monaghan
et al., 2009).

Oxidative stress has also been implicated in inducingmutations that
debilitate the normal functioning of a variety of repair mechanisms
(base excision, transcription-coupled repair, mismatch repair, etc.)
and thus allow for the loss-of-function of cell cycle control genes.
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Under normal physiological conditions, base excision repair mecha-
nisms are responsible for the repair of modified bases; however,
under conditions of oxidative stress generation such repair is not
favored and the resulting DNA lesions could potentially serve as bio-
markers of detection. In this context, accrued amounts of unrepaired ox-
idative DNA lesions are directly proportional tomutagenic potential and
as repair mechanisms decay with age such lesions tend to accumulate
(Collins, 2009; Ziech et al., 2010).

A hypothesis exists on the fact that long-lived organisms have either
better repair mechanisms or more efficient repair than short-lived or-
ganisms (Bronikowski, 2008). The relative contributions of genetic var-
iation and environmental induction have yet to be resolved. A high
intrinsic repair capacity might be expected to lead to a low steady
state level of DNA damage; but on the other hand, a high repair rate
might be a reflection of exposure to a high level of DNA-damaging
agent (Collins, 2014; Monaghan et al., 2009).

Recent evidence has suggested that xenobiotics can augment ROS
production that, in turn, provides a mechanistic basis for their observed
toxicity. Their capacity to interrupt normal mitochondrial oxidation by
diverting electron flow away toward ROS generation together with
their ability to act as redox agents, provides for a wide variety of toxico-
logical effects. The cyclic and continuous reduction–oxidation of one xe-
nobiotic molecule leads to the reduction of numerous superoxide
anions, which can shift the steady state redox equilibrium, overwhelm
the intracellular antioxidant defense mechanisms and consequently re-
sult in the generation of an oxidative state (Ziech et al., 2010).

Life stage and metabolic rate are extremely important for oxidative
stress indicators, due to the higher rate of ROS production that can ac-
company greater cellular activity (Hermes Lima et al., 1998; Monaghan
et al., 2009). Hermes Lima et al. (2012) and Furtado Filho et al. (2007)
found that the fast growth in Paraguayan juvenile caimans (with an in-
crease of approximately 100-fold in body size compared to hatchlings)
may be accompanied by an increasedmetabolic rate –which is normal-
ly proportional to body size in reptiles – and by a rise in oxidative stress
indicators. Such changes are likely tomake juvenilesmore suited to face
environmental conditions that promote a greater generation of ROS,
suggesting that a physiologically functional antioxidant protection is
achieved in the juvenile stage. Embryos however, can be in a chronic
state of oxidative stress, which could be caused by a mild hypoxic envi-
ronment inside the eggs. Exposure to low oxygen tensions increase mi-
tochondrial ROS formation in some biological systems, leading to
oxidative stress, thus, a putative increase in ROS formation plus the
low levels of hepatic antioxidant defenses would favor GSH oxidation
and a rise in lipid peroxidation in embryos (Hermes Lima et al., 2012),
considering them as an especially vulnerable stage under high risk. Dif-
ferences in oxidative stress markers were also observed in relation to
seasonal changes, being more elevated in summer, so it is necessary al-
ways to minimize seasonal and diurnal variation.

8. Conclusions

Taking into account our previous studies on the genotoxicity,
inmunotoxicity and developmental effects of pesticides and pesticides
mixtures on C. latirostris embryos and yearlings (Poletta et al., 2009,
2011; Latorre et al., 2013; López González et al., 2013; Siroski et al., in
press), the incorporation of multiple response non-destructive bio-
markers that includes oxidative damage, antioxidant defenses, DNA ox-
idative damage and repair mechanisms, is highly important considering
that this species has recovered from a serious endangered state through
the implementation of sustainable use programs during the last
25 years in Argentina, and represents nowadays a relevant economic re-
source for many human communities.
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