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ARTICLE INFO ABSTRACT

Keywords: Several oxidative stress markers and liver oxygen consumption were measured in different tissues of the marine
Fish fish Trichiurus lepturus in late summer and late winter, as well as in juveniles and adult females. Oxygen
Oxygen consumption consumption in liver, superoxide dismutase (SOD) and catalase (CAT) activity in liver, red cells, lens and roe,

gntioxidants vitamin E, ubiquinol,, B-carotene in liver, red cells, and roe, as well as contents of reduced glutathione (GSH)
S:;:f::lyvariation and lipoperoxidation (TBARS) in red cells were evaluated. Regarding ontogeny, compared to adult fish, juveniles
Adaptation showed significant higher SOD activity in liver and lens, as well as higher liver contents of vitamin E. In contrast,

adult females showed higher contents of vitamin E in roe, ubiquinol;, in liver and roe, and higher GSH levels in
red cells, while the other markers remained unchanged. Regarding seasonal changes, no differences were
detected in adult females for liver CAT and ubiquinol;o, CAT in roe, vitamin E in roe and in red cells, liver and
red cell ubiquinol, o, and in GSH in red cells. However, and coinciding with the spawning period of late summer,
liver oxygen consumption, SOD and CAT activity and ubiquinol,, contents in roe and SOD activity in red cells,
and red cell TBARS contents were higher compared to late winter. These temporal antioxidant adjustments of
Trichiurus lepturus seem to be parallel to the higher oxygen consumption typical of juvenile forms and also to the

intense spawning and foraging activities of adult females in late summer.

1. Introduction

Fish often must cope with marked seasonal and even daily changes
in temperature, oxygen availability and pH, and must also cope with
the continuous generation of reactive oxygen species (ROS) to avoid
oxidative stress (Wilhelm-Filho et al., 2000). Mitochondrial ROS
generation is directly related to oxygen availability (Boveris, 1977;
Wilhelm-Filho, 2007) as well as to activity levels in most fish species
(Janssens et al., 2000; Loépez-Cruz et al.,, 2012; Ross et al., 2001;
Wilhelm-Filho and Boveris, 1993; Wilhelm-Filho et al., 1993, 2000). In
addition, the abiotic factors such as environmental physico-chemical
changes as well as biotic factors such as metabolic changes also induce
adaptative responses in fish antioxidant defenses (e.g. Hirdig and
Hoglund, 1983; Jones, 1985; Martinez-Alvarez et al., 2005; Nunes
et al.,, 2015; Palace and Klaverkamp, 1993; Rudneva, 1997; Ronisz
et al., 1999; Rudneva et al., 2010; Wilhelm-Filho and Boveris, 1993;
Wilhelm-Filho et al., 1993). When ROS generation exceeds the normal
physiological antioxidant defenses a condition called oxidative stress
(OS) occurs (Sies, 1985), damaging membranes and important biomo-
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lecules, such as proteins, lipids and DNA (Halliwell and Gutteridge,
2007). ROS overgeneration can also be associated with routine
physiological functions such as growth and reproductive cycle, as well
as seasonal changes in temperature and oxygen availability (e.g. Jones,
1985; Nunes et al., 2015; Wilhelm-Filho et al., 2000; Wilhelm-Filho
et al., 2001a).

The marine cutlassfish Trichiurus lepturus is a cosmopolitan fish
species found either in tropical or temperate waters of different oceans,
being an important fishery representative species in many countries
(Portsev, 1980) and is an active and voracious predator that faces daily
and seasonal environmental changes in temperature and oxygen
availability (Lee, 1978; Munekiyo and Kuwahara, 1984). Adults are
found in shallow inshore waters during the reproductive period
(personal observations) as well as in offshore waters in depths between
200 and 300 m, therefore showing a high capability of daily vertical
migrations (Lee, 1978). Furthermore, the feeding habits of adults and
young are characterized by substantial differences (Portsev, 1980),
making this species a good natural model to assess fish antioxidants
with respect to ontogenetic changes.
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Because fish exhibit high oxygen consumption and antioxidant
protection in blood and liver, both tissues were used in the present
study (Aksnes and Njaa, 1981; Wilhelm-Filho et al., 1993). In addition,
the importance of lens in relation to the feeding habits of the cutlassfish
(Harrison, 1981), and the roe related to seasonal reproductive changes,
was also considered in the present study.

There are several studies on antioxidant defenses dealing with
ontogenetic and seasonal changes reported in fish (e.g. Hirdig and
Hoglund, 1983; Gabryelak et al., 1983; Martinez-Alvarez et al., 2005;
Nunes et al., 2015; Ronisz et al., 1999; Rudneva et al., 2010; Wdzieczak
et al.,, 1981, 1982). Nevertheless, these previous studies did not
correlate such ontogenetic and seasonal changes in antioxidant defenses
directly to fish oxygen consumption. In addition, obligatory water-
breathing active fish seem to avoid the potential oxidative stress
associated with routine changes in O, tensions in the environment
and their tissues, by maintaining relatively high constitutive antiox-
idant levels (Wilhelm-Filho et al., 1993, 2000). Therefore, the main
goal of the present paper was to evaluate the relationship among tissue
oxygen consumption and markers of oxidative stress present in different
tissues of the cutlassfish, especially focusing the influences promoted by
ontogeny and season on such changes.

2. Material and methods
2.1. Fish capture and sample harvesting

Forty two (n = 42) female specimens of T. lepturus were used for the
ontogenetic study, and collected in August (late winter in the South
Hemisphere). The weight of juvenile fish (n = 20) was in the range of
200 to 600 g, while adult (n = 22) specimens weighed 900 to 2000 g,
according to the weight categories defined by Portsev (1980) for this
species. For the seasonal study further adult females were considered:
twenty six (n = 26) specimens of T. lepturus were caught in late summer
(March, in the Southern Hemisphere) and twenty three (n = 23)
specimens were caught in late winter (August), together with the fish
used for the ontogenetic study. All the specimens used in the present
study for both and independent sampling campaigns were collected at
down (06:00-07:00 a.m.) at the near and shallow coast of the “Praia da
Armacao”, Santa Catarina Island, southern Brazil (latitude 27° 35’ 48" S;
longitude 48° 32’ 57”7 W).

Fish were caught by fishermen especially for the purpose of the
present study through purse seiners and were immediately killed
through cerebral inactivation with a stylet introduced quickly in the
upper part of the cranium according to specific international ethical
procedures for fish and by the local Ethical Committee of our institution
(CCB, UFSQ) for animal research. Fish were then bled by dorsal aorta
puncture, and blood samples were kept on ice. Fish were also kept on
ice and rapidly transported to the laboratory for organ dissection. The
use of anesthesia was avoided because of interference on the evaluation
of the biochemical markers (Halliwell and Gutteridge, 2007). Blood
samples for GSH analysis were rapidly precipitated in acid and kept on
ice (see below). Choosing of the different tissues was mainly due to the
relatively high oxygen consumption and antioxidant protection found
in blood and liver (e.g. Aksnes and Njaa, 1981; Wilhelm-Filho et al.,
1993), and also due to the importance of lens related to the feeding
habits of the species (Harrison, 1981), and the roe due to seasonal
reproductive changes. Lens was evaluated only regarding ontogenetic
changes considering the difficulty to obtain the corresponding homo-
genates of fish crystalline.

2.2. Preparation of blood samples

Blood samples were obtained using minute amounts of heparin.
Blood samples for GSH analysis were immediately after blood harvest-
ing diluted in three volumes (1:3, v:v) of trichloroacetic acid (12%) and
kept on ice. After plasma removal, red cells were washed three times in
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saline solution. Hemolysates were obtained after addition of three
volumes of 20 mM Tris-HCl, pH 8.0, and centrifuged at 5000g for
10 min. Hemolysate supernatants were used for enzymatic analysis.
Regarding CAT activity the hemolysates were further diluted 500 times
to measure its activity (Aebi, 1984). SOD was measured after treating
the hemolysates with a mixture of chloroform/ethanol (3:5, v:v). All
samples were kept frozen in liquid nitrogen (< 170 °C) for subsequent
determinations.

2.3. Preparation of tissue and organ extracts

At the laboratory homogenates were immediately obtained after
being washed in ice-cold saline solution to remove blood excess. Organs
were surface-dried with filter paper, weighed, exhaustively washed in
ice-cold saline solution, and homogenenized in a buffer comprising
0.1% Triton X-100, 0.12M NaCl, 30 mM Na,PO,, pH7.4 (1:9 w:v)
containing also freshly prepared protease inhibitors (0.3 mM PMSF and
0.05 mM trypsin inhibitor). Homogenizations were carried out on ice
(4°C) employing 20 strokes in a Potter-Elvehjem homogeneizer,
followed by centrifugation at 10,000g for 10 min. The supernatants
were used for enzymatic assays. All samples were kept frozen in liquid
nitrogen (=< 170 °C) for subsequent determinations.

2.4. Antioxidant enzyme assays

Aliquots of the corresponding extracts were stored in liquid nitrogen
and examined separately for each enzyme to minimize loss in activity
due to the freezing/thawing procedures. Superoxide dismutase (SOD;
EC 1.15.1.1) activity was measured in a GBC UV/VIS 916 spectro-
photometer (Sydney, NSW, Australia), according to the adrenochrome
method of Misra and Fridovich (1972), and modified by Boveris et al.
(1983). Aliquots of supernatant were added to a cuvette containing a
1.95ml of 50 mM glycine pH 10.2, and 50 ul of 60 mM epinephrine
pH 2.0, and the absorbance of the solutions read at 480 nm. Values
were expressed in USOD g~ ! of tissue or USOD ml~ ! blood, consider-
ing that one arbitrary unit of SOD corresponds to the amount of sample
able to inhibit 50% of the rate of adrenochrome formation in the
cuvette. Catalase (CAT; EC 1.11.1.6) activity was evaluated by measur-
ing the decrease in hydrogen peroxide concentration at 240 nm (Aebi,
1984) promoted by the enzyme present in the sample. Decays in Ayyg
were registered in a GBC UV/VIS 916 spectrophotometer (Sydney,
NSW, Australia) during the first minute, in a cuvette containing 50 mM
Na-phosphate, pH 7.0, and a freshly prepared 10 mM hydrogen per-
oxide solution. Hydrogen peroxide stock solution was previously
titrated to ascertain the concentration. Values were expressed in
mmol min~ ' g~ ! of tissue or in mmol min~ ' ml~ ! hemolysate.

2.5. Glutathione assay

Reduced glutathione (GSH, considering that is the major small thiol
present in whole blood) was measured in whole blood according to
Beutler et al. (1963), using the Elmann's reagent (DTNB). Blood acid
extracts were obtained by the addition of one third of the blood volume
of a solution containing metaphosphoric acid 1.67% (w/v), 5% NaCl
(w/v), and 0.2% EDTA (w/v), and then centrifuged at 5000g for 5 min.
Supernatants from the acid extracts were added with 0.25 mM DTNB in
0.1 M Na phosphate, pH 8.0, and the formation of thiolate anion
determined at 412nm in a GBC UV/VIS 916 spectrophotometer
(Sydney, NSW, Australia). Total glutathione was measured according
to the enzymatic method of Tietze (1969). Values were expressed in
umolg™! of tissue or in pmolml™!' blood, using
e=141mM 'cm™ L

2.6. Vitamin E, ubiquinol 10 and f-carotene assays

Vitamin E, ubiquinol;o, and B-carotene were analyzed in liver and
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roe homogenates and pellets of red cells by reverse phase HPLC, using a
C8 column and an elution mixture of methanol and ethanol
(22.5:77.5%, v:v) (ethanol with isopropane 9.5:5.0, v:v), containing
20 mM LiCl (Buttriss and Diplock, 1984; Lang et al., 1986; Lucesoli and
Fraga, 1995). Flow rate was 1 ml min™ 1, and electrochemical detection
was used. Values were expressed in pumol g~ * of tissue or in ymol m1~*
red cells, comparing to the calibration curve of each standard (Sigma
Co, Ohio US).

2.7. Lipid oxidation

Determination of thiobarbituric acid-reactive substances (TBARS)
was used for assessing endogenous lipid oxidation in tissue essentially
according to Ohkawa (1979) and Bird and Draper (1984). Homogenates
and red cells were previously treated with butilhydroxitoluen (BHT)
0.2 mM (10 pl/ml of sample) to avoid further artificial lipoperoxidation
in the samples (Bird and Draper, 1984). The samples were then added
with TCA 30% (1:4 v:v) immediately after being obtained, centrifuged
at 5000g for 3 min, and the supernatants were added with 1 ml of
0.67% (w/v) 2-thiobarbituric acid, maintained in boiling water for
45 min, cooled at 5 °C for 30 min, and then measured in triplicate at
535nm in a GBC UV/VIS 916 spectrophotometer (Sydney, NSW,
Australia). Absorbances were expressed as equivalent to nmol T-
BARS g~ ! tissue or ml~ ' red cells using Esgs = 153mM ™' em ™.

2.8. Hemoglonin concentrations

Hemoglobin (Hb) concentrations were measured spectrophoteme-
trically in lysates, in duplicate, at 540 nm, by the conversion of
hemoglobin to cyanomethemoglobin, using the Drabkin reagent, and
were expressed in mmol 1~ (Wilhelm-Filho et al., 2001a).

2.9. Tissue oxygen consumption

Liver oxygen consumption was evaluated in fresh samples at the
same day of each sampling campaign in triplicate using an oxygraph
(Vanderkooi et al., 1991), containing a Clark electrode in a 2 ml Tucker
chamber, where the small tissue slices (= 10 to 50 mg) were main-
tained in a Ringer solution (pH 7.4 glicose 5 mM, for teleost fish) during
ca. 5-10 min, under gentle stirrer and at controlled temperature (20 °C)
(Estabrook, 1984). Oxygen consumption was calculated after the
formula: VO, (umolO,min~'g™ 1) =A% O,min™' 2.64/tissue
weight [2.64 correspond to O, concentration (nM) at 1% saturation
(starting after calibrating at 100% of saturation) inside the chamber
(sea level) at the temperature of 20 °C].

2.10. Statistics

Statistical analysis was performed using the unpaired t test of
Student (Tukey, 1977) to compare the different sub-groups studied,
i.e. adults vs. juveniles, summer vs. winter, using a minimal level of
significance of 5% (p < 0.05). The main purpose of the study was to
verify the influence of age/size and seasonality on several oxidative
stress parameters present in different tissues of the fish species, in an
independent way. Therefore, no interrelationships or interactions
between the biochemical parameters and the variables ontogeny and
season were considered in the present study.

3. Results
3.1. Ontogenetic changes
A very significant (p = 0.006) higher oxygen consumption was

found in the liver of juvenile compared with adult cutlassfish

(297 + 0.51 and 0.94 + 0.48mmolmin~'g~ !, respectively;
Fig. 1A).

Comparative Biochemistry and Physiology, Part C xxx (XXXX) XXX-XXX

In the present study and irrespective to the size of the cutlassfish,
lens and roe showed the highest SOD activity, while the highest CAT
activity was found in the liver (Table 1). The high SOD activity
measured in the lens of T. lepturus is in the range of those found in
different tissues of mammals and birds (Wilhelm-Filho et al., 2000). The
SOD (273.6 + 20.4 and 206.4 = 23.6USODg™ ', respectively;
p = 0.0390) and CAT (11.91 * 0.69 and 9.08 * 0.87 mmol m-
in~ g~ respectively; p = 0.0185) activity found in liver, and the
SOD activity found in lens (511.8 + 31.3 and 430.0 *= 34.5, respec-
tively; p = 0.0018) of juvenile cutlassfish were significantly higher
compared to those found in adults (Table 1). Furthermore, comparing
the roe of adult females with juveniles, a higher non-enzymatic
antioxidant protection involving vitamin E (16.7 = 2.3; 10.0 = 1.8,
respectively; p = 0.0292) and ubiquinol;, contents (23.0 * 4.2;
11.7 = 1.8, respectively; p = 0.0260) were also detected in the roe
of mature fish (Table 1). Also, the liver vitamin E mean concentration
found in juveniles compared to the value found in adults (15.8 = 4.2;
36.2 + 8.1, respectively; p = 0.0270), was approximately two-fold
higher, which is a significant difference. Conversely, the levels of UQ¢
found in the liver of juveniles was less than half those found in the liver
of adults, which is a very significant difference (10.9 * 1.8;
33.0 * 5.2*%* respectively; p = 0.0004) (Table 1).

However, no significant differences were found between adults and
juveniles in SOD (300.1 + 51.8 and 290.9 + 45.4, respectively;
p = 0.8953) and CAT activity measured in the red cells
(0.55 = 0.52; 0.35 = 0.17, respectively; p = 0.6212), roe
(1.09 £ 0.25; 0.96 * 0.17, respectively; p = 0.0676) and lens
(1.75 = 0.20; 1.45 + 0.26, respectively; p = 0.4261) (Table 1). Si-
milarly, no significant differences were found between adults and
juveniles regarding the SOD activity found in red cells
(300.1 + 51.8; 290.9 * 45.4, respectively; p = 0.2504), in vitamin
E (16.7 + 2.8; 10.0 + 1.8nmol g~ ’, respectively; p = 0.8210) and
ubiquinol;p (22.2 = 8.9; 11.7 * 3.6, respectively; p = 0.2978) con-
centrations in the roe, as well as in the contents of vitamin E found in
red cells (0.9 + 0.2; 1.1 + 0.5nmol g~ respectively; p = 0.7028),
and UQ;( found in red cells (1.1 = 0.4; 1.9 = 0.5nmol g~ L respec-
tively; p = 0.2510) (Table 1).

No differences were found regarding lipid oxidation measured as
TBARS levels comparing the different tissues examined in adult and
young fish (Table 1). The values found in liver (172.7 * 30.1 and
171.1 = 25.1nmolg~?, respectively; p = 0.9720), red cells
(179.6 += 13.4; 176.9 = 17.0, respectively; p = 0.0905), and roe
(71.7 + 28.9; 63.4 = 18.6, respectively; p = 0.8145), showed very
similar TBARS concentrations. On the other hand, the intraerythrocytic
GSH levels (0.81 = 0.07; 0.43 = 0.11 mM, respectively; p = 0.0045)
and the GSH/Hb ratio (0.28 + 0.02; 0.18 = 0.11, respectively;
p = 0.0068) were higher in adults than in juveniles (Fig. 2). Interest-
ingly, juveniles showed approximately half of the total glutathione
content in the oxidized form (GSSG), whereas adults showed less than
one third of GSSG compared to GSH (depicted from Fig. 2). No
differences between adult and young fish were obtained for total
glutathione levels (1.11 * 0.08 and 0.99 * 0.10 mM, respectively;
p = 0.3487), the ratio TG/Hb (0.38 = 0.09; 0.39 + 0.04, respec-
tively; p = 0.9230) and also for the ratio GSH/TG (0.70 + 0.21;
0.60 *+ 0.11, respectively; p = 0.6664).

3.2. Seasonal changes

The oxygen consumption found in the liver of the cutlassfish during
late summer was significantly higher (p = 0.020) compared to fish
collected during late winter (2.71 * 0.48 and 1.01 * 0.60 mmol m-
in~!g~ 1!, respectively; Fig. 1B). Similarly, the activities of SOD
measured in red cells and in roe almost doubled in summer compared
with winter (Table 2). The erythrocytic CAT activity in the cutlassfish
increased approximately two-fold in winter compared to summer

(Table 2). Also, the activity of SOD and CAT (472.7 + 23.3 and
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Fig. 1. Oxygen consumption measured in liver (umol min~*
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g~ ! tissue) of young and adult specimens (A; n = 20 and 22 respectively), and adult specimens collected in late summer and

late winter (B; n = 26 and 23, respectively) of Trichiurus lepturus. Asterisk denotes significant differences between the groups: *(p < 0.05) and ** (p < 0.01).

Table 1

Activity of superoxide dismutase (SOD) and catalase (CAT), contents of non-enzymatic antioxidants (B-carotene, vitamin E, ubiquinol,o, and reduced glutathione, GSH), and lipid
oxidation (TBARS contents) in different tissues (liver, red cells and roe) of Trichiurus lepturus examined in young (n = 20) and adult females (n = 22). Asterisk denotes significant

differences *(p < 0.05) comparing both ontogenetic forms.

Tissue SOD CAT VITE UQ10 TBARS
(Uusonpg™h (mmol min~ ' g~ 1) (nmol g~ 1) (nmol g~ 1) (nmol g™ 1)

Liver (A) 206.4 + 23.6 9.08 = 0.87 15.8 + 4.2 33.0 = 5.2% 172.7 = 30.1
Liver (J) 273.6 + 20.4* 11.91 + 0.69% 36.2 + 8.1* 09 + 1.8 171.3 = 25.1
Blood (A) 300.1 + 51.8 0.55 * 0.52 0.9 + 0.2 1.1 = 0.4 179.6 = 13.4
Blood (J) 290.9 + 45.4 0.35 = 0.17 1.1 + 05 1.9 + 0.5 176.9 + 17.0
Roe (A) 400.9 + 47.3 1.09 + 0.25 16.7 + 2.3* 23.2 + 4.2% 71.7 + 28.9
Roe (J) 370.9 + 36.8 0.96 * 0.17 100 + 1.8 109 + 3.0 63.4 = 18.6
Lens (A) 330.0 = 34.5 1.75 = 0.30 n.e. n.e. n.e.

Lens (J) 511.8 = 31.3** 1.45 = 0.21 n.e. n.e. n.e.

In parenthesis after each tissue: A = adults; J = juveniles; n.e. = means not examined; n = (in parenthesis) means number of specimens examined.

1.5 differences were detected for liver (242.0 = 27.0;
= 171.3 = 25.1nmolg~ !, respectively; p = 0.0627) and roe
E (172.7 + 30.1; 171.1 * 25.1nmolg™ !, respectively; p = 0.8706)
=z 12 O ADULTS (fable 2.

o No significant seasonal differences were also found in fish collected
= & YOUNGS in late summer compared to late winter for CAT activity (10.86 + 1.02
= 0.9 and 10.50 = 0.43 mmolmin~'g~!, respectively; p = 0.7574) and
é ubiquinol;y contents (19.04 *+ 4.2; 10.9 * 1.8nmol g~ 1 respec-
. tively; p = 2.252) in liver, vitamin E contents in roe (11.7 = 2.4 and
o 0.6 * 145 + 1.9nmol g~ ', respectively; p = 0.3735), and red cells
© (3.8 + 1.1 and 2.7 = 0.7 nmolg_l, respectively; p = 0.4169).
a Contrary to changes detected in the ontogenetic study, red cell
o 0.3 * glutathione concentrations and the ratio between glutathione and

hemoglobin contents did not change in blood collected in late summer

compared to samples obtained in late winter (Fig. 3). Therefore, no

0.0 statistical differences were detected in reduced (GSH; 0.54 = 0.11 and

GSH GSH/Hb GT GT/Hb GSH/GT

Fig. 2. Blood glutathione concentrations (mM): GSH = reduced form; GSH/Hb = molar
ratio related to hemoglobin; GT = total glutathione (GSH + GSSG); GT/Hb = molar
ratio related to hemoglobin; GSH/GT molar ratio between reduced glutathione and total
glutathione, of young (n = 20) and adults (n = 22) of Trichiurus lepturus. Asterisk denotes
significant differences *(p < 0.05) comparing both ontogenetic forms.

290.9 + 15.6 USOD g~ ?, respectively; p = 0.0002; 1.65 + 0.12 and
0.99 + 0.31 mmolmin~ g™ %; p = 0.0434, respectively) and the le-
vels of ubiquinol;, (36.0 + 9.9 and 24 + 0.7, 1.1 * 0.4;
1.9 + 0.5nmol g~ !, respectively; p = 0.0026) in the roe were in-
creased in late summer compared to late winter (Table 2). The increases
detected in the activity of both antioxidant enzymes was ca. 1.6 higher,
while in the levels of ubiquinol;, was very pronounced, ca.15 times
higher. Furthermore, red cell contents (238.2 * 25.9 and
79.2 * 15.3, respectively; p < 0.0001) of TBARS showed increased
concentrations in late summer compared to late winter, while no

0.50 * 0.13 mM, respectively; p = 0.8178) in total glutathione (TG;
1.05 = 0.06 and 1.07 = 0.07 mM, respectively; p = 0.8282) contents
found in red cells, nor in the corresponding ratios GSH/Hb
(0.19 + 0.04 and 0.28 + 0.02, respectively; p = 0.0592), TG/Hb
(0.35 = 0.10 and 0.44 =+ 0.03, respectively; p = 0.4179) or GSH/
TG (0.71 = 0.06 and 0.76 * 0.05, respectively; p = 0.5313) (Fig. 3).

4. Discussion
4.1. Ontogenetic changes

The higher oxygen consumption was found in the liver of juvenile
compared with adult cutlassfish might be associated with the inverse
relationship between body weight and specific metabolic rates and
therefore ontogeny, a characteristic shared in general by all vertebrates
(Prosser, 1991). Such elevated oxygen consumption might reflect the
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Table 2
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Activity of superoxide dismutase (SOD) and catalase (CAT), contents of non-enzymatic antioxidants (B-carotene, vitamin E, ubiquinol,o, and reduced glutathione, GSH), and lipid
oxidation (TBARS contents) in different tissues (liver, red cells and roe)of adult females of Trichiurus lepturus examined in late summer and late winter (n = 26 and 23, respectively).

Asterisk denotes significant differences *(p < 0.05) comparing both seasons.

Tissue SOD CAT VIT E uQ10 TBARS
(USOD g~ D) (mmol min~?! g B (nmol m1~ 1) (nmol g~ D) (nmol g~ D)

Liver (S) 258.1 = 17.1 10.86 = 1.02 13.2 + 6.4 19.4 + 4.1* 242.0 = 27.0
Liver (W) 294.6 = 20.6* 10.50 *+ 0.43 36.2 + 8.1% 109 = 1.8 171.3 = 25.1
Blood (S) 709.2 = 26.9* 0.66 * 0.21 38 + 1.1 1.2 + 0.3 238.2 = 25.9%*
Blood (W) 463.6 = 19.8 1.32 = 0.40 2.7 + 0.7 1.8 + 0.9 79.2 + 15.3
Roe (S) 472.7 * 23.3** 1.65 = 0.12* 0.52 11.7 + 2.4 6.0 £ 9.9 68.8 = 13.8
Roe (W) 2909 = 15.6 0.99 + 0.31 145 * 1.9 24 = 0.7 65.7 * 12.7

In parenthesis after each tissue: S = summer (n = 26), W = winter (n = 23); n = (in parenthesis) means number of specimens examined.

12
% O SUMMER
o 091 WINTER
Qe
=
3
5
S 0.6
>
o
=
()
o
0.3
0.0

Fig. 3. Blood glutathione concentrations (mM): GSH = reduced form; GSH/Hb = molar
ratio related to hemoglobin; GT = total glutathione (GSH + GSSG); GT/Hb = molar
ratio related to hemoglobin; GSH/GT molar ratio between reduced glutathione and total
glutathione of Trichiurus lepturus examined in late summer (n = 26) and late winter
(n = 23).

higher hepatic antioxidant levels (higher SOD and CAT activity and
higher contents of vitamin E) found in young compared to adult fish.
This relationship was already described in other marine and freshwater
fish species (e.g. Wdzieczak et al., 1982), while the antioxidant enzyme
activity found in different tissues of more active fish are also higher
when compared to sedentary or bottom-dwelling species (Lépez-Cruz
et al., 2012; Wilhelm-Filho and Boveris, 1993; Wilhelm-Filho et al.,
1993) or to deep-sea species (Janssens et al., 2000). Furthermore,
during the first and early development stages fish generally exhibit
higher metabolic rates, higher ROS generation and therefore higher
antioxidant levels to avoid a potential related oxidative stress
(Rudneva, 1997; Rudneva et al., 2010; Wilhelm-Filho et al., 2000; this
study). Accordingly, a similar indirect relationship to oxygen consump-
tion was also found between more active fish and hematological
parameters such as the hemoglobin content and hematocrit (Wilhelm-
Filho et al., 1992a), as well as the contents of erythrocytic nucleoside
triphosphates (ATP and GTP) (Wilhelm-Filho et al., 1992b), when
compared to less active or sluggish marine fish species.

In the present study and irrespective to the size of the cutlassfish,
lens and roe showed the highest SOD activity, while the highest CAT
activity was found in the liver, a general feature displayed by fish
(Wilhelm-Filho et al., 1993; Wilhelm-Filho and Boveris, 1993), as well
as by other vertebrates (e.g. Pérez-Campo et al., 1993; Wilhelm-Filho
et al., 2000). In this regard, the high SOD activity measured in the lens
of T. lepturus, which falls in the range of those found in different tissues
of mammals and birds (Wilhelm-Filho et al., 2000), may reflect the high
oxygen consumption that characterizes the retina metabolism of
vertebrates in general (Prosser, 1991). In addition, the cutlassfish
depends highly on vision to pray (Harrison, 1981), as some other fish

species do (Morris and Albright, 1984). Accordingly, a high SOD
activity may account for retina protection in fish against hyperoxia
when compared to other vertebrates (Desrochers and Hoffert, 1983),
and this seems also true for the lens (this study).

The SOD and CAT activity found in liver and the SOD activity found
in lens of juvenile cutlassfish were higher compared to those found in
adults. As mentioned before, the higher enzymatic antioxidant activity
displayed by juvenile cutlassfish in these tissues might be related to
their specific high metabolic rates. This is not surprising, considering
that superoxide anion generation has an almost linear relationship with
the oxygen consumption (Boveris, 1977). For instance, deep-sea fishes,
which are exposed to permanent environmental low O, tensions,
possess low antioxidant defenses capability (Janssens et al., 2000).
However, no apparent correlation was found in adult teleosts from the
Black Sea regarding age and activity of blood antioxidant enzymes
(Rudneva et al., 2010).

No significant difference was found in SOD and CAT activity
measured in the roe, while in adult fish the vitamin E and ubiquinol,,
concentrations found in the roe were higher than those found in
juveniles. These higher non-enzymatic antioxidant protection involving
vitamin E and ubiquinol; contents found in the roe may safeguard the
eggs from a sudden change in oxygen availability because after
fertilization eggs are rapidly exposed to a normoxic external environ-
ment, contrasting with the previous anoxic celomic environment (Hoar,
1957). Therefore, a combination of an environment rich in oxygen as
well as in lipids (Ando and Hatano, 1991) will favor pro-oxidant
conditions in the roe after fertilization. This is in agreement with the
fact that fat increases with age in fish, and that fat storage occurs just to
supply energy during reproduction, then decreasing and showing
lowest levels of lipids at the end of the spawning period (Hoar,
1957). Accordingly, the activity of SOD and CAT and levels of
ubiquinol;o in the roe were all increased in late summer, coinciding
with the intense activity related to spawning of the cutlassfish in this
period (Lee, 1978), probably to avoid a related oxidative stress.

Irrespective of the seasonal contribution, the overall SOD activity
found in all tissues examined prevailed over the corresponding CAT
activity (Tables 1, 2). These differences were approximately 10 times
for liver and roughly 100 times for red cells and roe. The SOD/CAT
ratio found in the liver of the cutlassfish was fairly constant, in
agreement with our previous studies on other marine (Wilhelm-Filho
et al., 1993; Wilhelm-Filho and Boveris, 1993) and on freshwater fish
species (Wilhelm-Filho and Marcon, 1996). The cellular prevalence of
higher SOD in relation to CAT concentrations seems to fairly reflect the
concentrations of their corresponding ROS substrates, superoxide anion
(05- 7) and hydrogen peroxide (H»0,), which are continuously gener-
ated even under physiological conditions (Boveris, 1977). Such ratio
calculations are possible assuming that essentially all the isoforms of
both antioxidant enzymes found in different cells and tissues of all
vertebrates so far evaluated, share the same molecular weight (Boveris,
1977; Wilhelm-Filho et al., 2000).

The liver vitamin E mean concentration found in juveniles was
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approximately two-fold higher compared to those values found in
adults, while no significant differences were detected for vitamin E
and ubiquinol,, contents in the erythrocytes. Vitamin E is a very
important exogeneous nutritional antioxidant that acts mainly as a
chain-breaker in membranes, among other functions (Burton and
Ingold, 1981). Its presence in the cutlassfish as well as in other marine
animals depends on the phytoplankton and zooplankton ingestion
(Russell-Hunter, 1970). In this regard, food composition changes in
relation to body weight in the cutlassfish, thus juveniles prefer
euphasiids while adults prefer fish and squid in their diet (Portsev,
1980). Euphasiids are the second group in importance following the
copepods through the marine zooplankton web and, in general, they are
consumed by squids and small fish (McConnaughey, 1974), while both
groups are rich in polyunsaturated fatty acids as well as in vitamin E
(Russell-Hunter, 1970). As a consequence, the higher liver and ery-
throcytic vitamin E contents found in juvenile cutlassfish compared to
adults are probably due to the dietary cumulative ingestion of vitamin E
in the marine food-chain in this stage of development. Interestingly and
in accordance to this, the other main antioxidant vitamin C also showed
declined concentrations in adult fish (Dabrowski et al., 1996).

The intraerythrocytic GSH levels and the GSH/HDb ratio were higher
in adults than in juveniles, while juveniles showed approximately half
of the total glutathione content in the oxidized form (GSSG), whereas
adults showed about one third of GSSG compared to GSH. A study
carried out on a freshwater species from the Amazon basin (Astronotus
ocellatus), which was submitted to either severe hypoxia or hyperoxia,
showed a depletion in the original high content of erythrocytic GSH,
which was probably driven to counteract this oxidative stress condition
(Marcon, 1996). The relatively high amount of oxidized form of
glutathione present in the juveniles of cutlassfish suggests an important
antioxidant role of this ubiquitous tripeptide in fish red cells (Wilhelm-
Filho and Marcon, 1996), as well as in other tissues of vertebrates and
also of invertebrates, where concentrations in the mM range are usually
found (Wilhelm-Filho et al., 2000).

On the other hand, it also indicates an unusual tolerance to
relatively high GSSG contents found in different tissues of fish
compared to mammals, usually being in the range of 1-2% of total
gluthatione contents (Wilhelm-Filho et al., 2000). In this regard,
erythrocytes are continuously exposed to oxidative damage and thereby
exhibit a relatively high constitutive antioxidant protection (Stern,
1985; Godin and Garnett, 1992; Kurata et al., 1993). Accordingly, fish
red cells have a much higher longevity compared to mammals (Clark,
1988; Kurata et al., 1993), and some fish and reptiles keep the same red
cells during all their ontogeny (Prosser, 1991). Among other aspects,
the high antioxidant protection of fish erythrocytes, particularly the
levels of GSH, may account for such longevity (Wilhelm-Filho et al.,
2000).

4.2. Seasonal changes

The significantly higher oxygen consumption found in the liver of
the cutlassfish during late summer compared to fish collected during
late winter could be attributable to the increased activity during the
spawning period of this species (Lee, 1978; Portsev, 1980). Increased
values of SOD in red cells, SOD and CAT activity and ubiquinol;q
concentrations were also found in the roe, which were concomitant to
the increased red cell lipoperoxidation contents also detected in late
summer. In contrast, the erythrocytic and hepatic CAT activity in the
cutlassfish remained seasonally unchanged, while liver SOD activity,
together with contents of vitamin E, was enhanced in late winter, a
period of high foraging activity, compared to late summer.

This higher antioxidant levels found in the roe in late summer for
the cutlassfish might be associated with its intense reproductive period.
An antioxidant adaptative interpretation might be as follows. Mature
ovaries are exposed to a sudden increase in oxygen availability when
they switch from the almost anoxic celomic microenvironment to the
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normoxic condition, together with the burst of cellular activity upon
fertilization (Hoar, 1957; Vershinin and Lukyanova, 1993). The in-
crease of roe antioxidants such as SOD and CAT activity and contents of
ubiquinol;g in adults compared to young fish would minimize the
oxidative insult related to lipid oxidation processes, especially con-
sidering the high content of polyinsaturated fatty acids that follows fish
vitelogenesis (Hoar, 1957; Love, 1970).

Seasonal changes were already reported in three freshwater species
(Gabryelak et al., 1983) where the activities of SOD, CAT and
glutathione peroxidase in red cells were increased in spring compared
to autumn. In addition, SOD and CAT activities were increased in the
liver of freshwater fish species during the warm months compared to
the cold months (Palace and Klaverkamp, 1993). Similar seasonal
antioxidant adjustments were also found in the brown mussel Perna
perna, which were well correlated with high temperatures and oxygen
consumption, and also coinciding with the highest reproduction
activity of gonad maturation and gamete emission (Wilhelm-Filho
et al., 2001a).

Examples of coupling of antioxidant adaptations to physiological
conditions involving foraging and reproductive cycles were also found
in other two pelagic species of the Northern Hemisphere, the sea bass
Dicentrarchus labrax (Vinagre et al., 2012) and the European sardine
Sardina pilchardus (Nunes et al., 2015). In the European sardine,
antioxidants were enhanced during the foraging period while declining
during the reproduction period. In this regard, the striped bass Morone
saxatilis displayed the lowest level of polyunsaturated fatty acids during
late summer compared to other seasonal periods (Gallagher et al.,
1989).

As already stressed out before, high levels of vitamin E were found
in the liver of the cutlassfish in late winter, which are probably derived
from euphasiids and squids, the main food preferred by adult cutlassfish
(Portsev, 1980). In late winter the higher indirect ingestion of vitamin E
seems to be important also to counteract the high ROS generation
probably related to the intense activity of this fish during the
reproductive cycle (Lee, 1978; Munekiyo and Kuwahara, 1984). This
finding is well in line with several fish species from the Amazon basin
that change drastically the hepatic vitamin E contents according to the
great seasonal changes in food availability (Marx and Maia, 1985).

Interestingly, many fish lack erythrocytic CAT (Wilhelm-Filho et al.,
1993, 1994; Wilhelm-Filho and Marcon, 1996), including some few
cutlassfish specimens examined in the present study. Considering that
the passive hydrogen peroxide elimination through the gills is probably
a widespread adjuvant mechanism in water-breathing organisms
(Wilhelm-Filho et al., 1994), makes such seasonal adaptations even
more difficult to ascertain.

Concerning the non-enzymatic antioxidants, liver and roe displayed
the highest mean concentrations of vitamin E and ubiquinol,,.
Moreover, values for SOD activity as well as for the concentrations of
vitamin E, GSH and ubiquinol,q found in liver, roe and in red cells of
the cutlassfish were in the same order of magnitude of those generally
reported for mammals (e.g. Lopez-Torres et al., 1993a,b; Wilhelm-Filho
et al., 2000). In contrast to the a-tocopherol concentrations usually
found in the liver of other fish, which are relatively lower than those
observed in mammalian liver (Wilhelm-Filho and Marcon, 1996;
Wilhelm-Filho et al., 2000), very active freshwater fish species from
the Amazon basin also exhibited high concentrations (= 1-40 pM
range) of this important nutritional antioxidant (Wilhelm-Filho and
Marcon, 1996). However, a wide range of a-tocoferol content, also
around the uM level, was reported in the liver of some herbivorous fish
species from the Amazon basin (Marx and Maia, 1985).

Interestingly, B-carotene was not detected in all tissues of the
cutlassfish during both seasons, an absence also revealed in juveniles
of this fish species. Other studies carried out by our laboratory also
failed to detect the presence or significant amounts of -carotene in
liver and erythrocytes of both freshwater (Wilhelm-Filho and Marcon,
1996) as well as marine fish species (Wilhelm-Filho et al., 1993). The
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same applies to &-tocoferol, which is sometimes present in fish
(Wilhelm-Filho et al., 2000).

Contrary to changes detected in the ontogenetic study, whole blood
glutathione concentrations and the ratio between glutathione and
hemoglobin contents did not change in blood collected in late summer
and in late winter, contrasting with the seasonal GSH variation found in
the nursery reared Baltic salmon (Hérdig and Hoglund, 1983). High
intraerythrocytic concentrations of GSH are commonly found in fish
(Hardig and Hoglund, 1983; Braddon et al., 1985) as well as in
mammals (Wilhelm-Filho et al., 2000).

Lipid oxidation seems to remain seasonally unchanged in liver and
roe of the cutlassfish, but higher TBARS levels were found in red cells in
late summer compared to late winter. This increase may reflect the
higher oxygen consumption detected in liver during late summer
together with a general decrease in antioxidants, which is in accordance
with the enhanced lipid utilization and an overall metabolic increase
during the spawning period in fish (Hoar, 1957). As already mentioned,
a similar seasonal antioxidant adjustment was detected in the digestive
gland of the brown mussel Perna perna, which was correlated with high
reproduction activity and oxygen consumption associated with gonad
maturation and gamete emission (Wilhelm-Filho et al., 2001a).

Fish are characterized by metabolic rates approximately one order
of magnitude lower than those described for birds and mammals, but
fish in general possess lower antioxidant defenses compared to those
reported for mammals (Wilhelm-Filho et al., 2000). In addition to this
metabolic difference, fish seem to be more tolerant to the potential
tissue damage that frequently accompany high levels of lipoperoxida-
tion (TBARS) and oxidized glutathione (GSSG) compared to birds and
mammals (Wilhelm-Filho et al., 2000).

As a very active fish, the cutlassfish possesses a relatively high
constitutive antioxidant capacity in the tissues when generally com-
pared to other fish species (Wilhelm-Filho et al., 1993; this study). The
maintenance of such high antioxidant capacity might be associated
with its daily vertical migrations to depths around 300 m (Portsev,
1980). In such way, it would be able to face either the sudden shifts in
temperature and oxygen availability associated with such behavior, or
the relatively slow ontogenetic and seasonal changes regarding foraging
and reproductive cycles. Such antioxidant adaptation seems also to
include the high tolerance regarding products derived from the
oxidative insult mentioned above, thereby safeguarding very active
and obligatory water-breathing fish species from the potential systemic
oxidative stress (Wilhelm-Filho et al.,, 1993, 2000). This strategy
resembles the long-term transitions of arrested states described in other
vertebrates (Storey, 1996; Wilhelm-Filho et al., 2000). Irrespective of
the time duration considered, all these antioxidant strategies were
classified by Fridovich (1989) as biochemical adaptations comprising a
second line of antioxidant defense to avoid oxidative stress.

The present results reinforce the concerns previously published
(Wilhelm-Filho et al., 2000, 2001b; Torres et al., 2002; Vinagre et al.,
2012; Nunes et al.,, 2015), showing the necessity of taking into
consideration, among other interfering factors, the seasonal and
reproductive influences on oxidative stress biomarkers on fish (as well
as in other aerobic organisms), including evaluations of environmental
contamination. In this regard, Harshman and Zera (2007) state that
“one of the proximate mechanisms underlying the cost of reproduction
includes defenses against stress and toxicity”, which certainly includes
oxidative stress.

5. Conclusions

Seasonal and ontogenetic antioxidant adjustments in different
tissues compatible to liver oxygen consumption seem to be biochemical
adaptations present in Trichiurus lepturus to avoid systemic oxidative
stress related to these changes. Such antioxidant adjustments present in
most tissues seem to be parallel to the higher oxygen consumption of
juveniles compared to adults, as well as during high summer, coinciding
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with the intense activity during foraging and spawning periods of adult
females compared to young fish.
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