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			ABSTRACT

			The hypothesis of this study was that oxidative damage in the lipid phase of the gonad of the sea urchin Loxechinus albus increased during gametogenesis. Six different male and female reproductive conditions (reproductive stages) were described: (a) immature, (b) growing, (c) premature I, (d) premature II, (e) mature, and (f) spawned. The content of the lipid-soluble antioxidants, as well as the damage to lipids (assessed as the content of 2-thiobarbituric acid reactive substances (TBARS) and the content of lipid radicals) were analyzed. The content of the lipid-soluble antioxidants α-tocopherol (α-TH), β-carotene, and echinenone decreased during gametogenesis. In contrast, the content of both TBARS and lipid radicals increased. However, the consumption of lipid-soluble antioxidants was not sufficient to efficiently control lipid damage since the ratio of TBARS content/α-TH content, taken as an index of damage/protection ratio, significantly increased during the mature stage. Therefore, an active food intake to incorporate antioxidants to the diet is required to adequately prepare the gonad for the next reproductive cycle.
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			RESUMEN

			La hipótesis de este estudio fue que el daño oxidativo en la fase lipídica de las gónadas en el erizo Loxechinus albus se incrementa durante la gametogénesis. Se describieron seis condiciones reproductivas (estadios reproductivos) en machos y hembras: (a) inmaduros, (b) crecimiento, (c) premaduro I, (d) premaduro II, (e) maduro y (f) desove. Fueron analizados el contenido de los antioxidantes liposolubles, así como el daño a lípidos (estimados como el contenido de sustancias reactivas al ácido 2-tiobarbitúrico (TBARS) y el contenido de radicales lipídicos). El contenido de los antioxidantes liposolubles α-tocoferol (α-TH), β-caroteno y equinenona disminuyó durante la gametogénesis. En contraste, tanto el contenido de TBARS como el de los radicales lipídicos aumentó. Sin embargo, el consumo de antioxidantes liposolubles no resultó suficiente para controlar en forma eficiente el daño a lípidos, ya que el índice contenido de TBARS/contenido de α-TH, tomado como un indicador de la relación daño/protección, aumentó significativamente durante la madurez gonadal. Por lo tanto, se requiere una activa alimentación que permita la incorporación de antioxidantes mediante la dieta para preparar adecuadamente a la gónada para el próximo ciclo reproductivo.

			Palabras claves: α-tocoferol, β-caroteno, equinenona, peroxidación de lípidos, condición reproductiva.

			INTRODUCTION

			Reproduction can be one of the most physiologically demanding periods in an animal’s life span (Speakman, 2008), and even variations in the environmental conditions could be reflected in the reproductive cycle (Pérez et al. 2010) and in the allocation of energy (Pérez et al. 2008) of Loxechinus albus. The generation of reactive oxygen species (ROS), such as superoxide anion (O2-), hydrogen peroxide (H2O2) and hydroxyl radical (-OH), takes place continuously in living cells, mainly as a by-product of respiration (Halliwell & Gutteridge, 1989). Once produced, ROS may damage cellular components and tissues, particularly targeting proteins, lipids and nucleic acids, often leading to cumulative organ injury (Lushchak & Bagnyukova, 2006). There is little direct evidence on the connection between oxidative stress and reproduction, even though free radical-dependent reactions are known to play an important role in cell differentiation (Brewster & Wheldrake, 1989). Regarding antioxidant defences, endogenous antioxidants are synthesized by the animal, but exogenous antioxidants, such as lipid-soluble α-tocopherol (a-TH) and carotenoids (β-carotene, echinenone, astaxanthin) are obtained from food (Miller et al. 1996; Tummeleht et al. 2006). During reproduction of zebra finches, the concentration of specific antioxidants (Wiersma et al. 2004) or the overall antioxidant capacity of the blood decreased (Alonso-Álvarez et al. 2004, 2006; Bertrand et al. 2006). Alonso-Álvarez et al. (2004) suggested that reproduction might generate oxidative stress, which conversely could reduce reproductive potential. In addition, it was reported that as male mammals get older they produce more ROS in their testicular tissues and have lower antioxidant defenses. Thus, age-related increases in the rate of oxidative damage and consequent reductions in steroid production were observed (reviewed by Martin & Grotewiel, 2006). Moreover, oocyte quality in females also declines with age, possibly due to oxidative stress (Martin & Grotewiel, 2006).

			Loxechinus albus (Molina, 1782) is a species with a wide geographic distribution, from Ecuador (6º S) to the Beagle Channel, south of Tierra del Fuego (54º S) (Bernasconi, 1953; Dayton, 1985). The Beagle Channel population represents the southernmost extension of this species, exposed to temperature variations (5-10ºC, winter-summer average temperatures), day-length variations (7 to 18 h), and marked seasonal fluctuation in primary productivity (Hernando, 2006). Among other factors, seasonal variations in the tissue metabolic rate are assumed to affect the formation of ROS in marine ectotherms (Abele & Puntarulo, 2004), including various mussel species (Viarengo et al. 1991; Power & Sheehan, 1996; Wilhelm Filho et al. 2001; Malanga et al. 2007) as well as in L. albus (Malanga et al. 2009).

			The hypothesis of this study was that oxidative damage in the lipid phase of the gonad of the sea urchin L. albus increased during gametogenesis. The content of the lipid-soluble antioxidants α-TH, β-carotene, and echinenone, as well as the damage to lipids were analyzed as a fluction of the described reproductive conditions.

			MATERIALS AND METHODS

			Study site and sampling

			A sample of 30 adult specimens of the sea urchin Loxechinus albus (Echinodermata: Echinoidea) was collected once a month by SCUBA divers off the Bridges Islands, Beagle Channel (54° 52’ S, 68° 11’ W) from May 2004 to May 2005. Specimens from 65 to 85 mm test diameter were selected to minimize the variation in reproductive parameters due to differences in body size (Gonor, 1972). The sea urchins were transported to the Eco-physiology Laboratory of CADIC, and kept in sea water at 7°C for 24 h.

			Histological determinations

			One gonad from each specimen was fixed in Bouin’s solution over 12 h, water washed and transferred to 70% (v/v) alcohol. A cross-section block was dehydrated in alcohol series, cleared in benzene, embedded in Paraplast, sectioned at 5 μm and stained with Groat’s hematoxylin and eosin. Sections were examined microscopically and each individual was assigned to one of six male and female reproductive conditions: (a) immature, (b) growing, (c) premature I, (d) premature II, (e) mature, and (f) spawned according to Pérez et al. (2010) and grouped for subsequent analysis.

			Content of lipid-soluble antioxidants

			The content of α-TH, β-carotene and echinenone in the gonads was quantified by reverse-phase HPLC with electrochemical detection using a Bioanalytical Systems LC-4C amperometric detector with a glassy carbon working electrode at an applied oxidation potential of 0.6 V (Desai, 1984). D,L-α-TH and β-carotene (Sigma) and echinenone (CaroteNature GmbH) were used as standard.

			Content of 2-thiobarbituric acid reactive substances (TBARS)

			Homogenates (150 mg wet weight (WW)/ml) were treated with 30% (w/v) trichloroacetic acid and 50 mM potassium phosphate buffer (pH 7.0). After centrifugation, the content of TBARS was determined in the supernatant according to Malanga et al. (2004).

			Determination of lipid radical content by Electron Paramagnetic Resonance (EPR)-spin trapping

			Lipid radical content was detected by EPR employing a spin trapping technique using N-t-butyl-a-phenyl nitrone (PBN). A 40 mM PBN stock solution was prepared in DMSO immediately prior to use. The homogenates (20 mg WW/ml) were prepared in DMSO-PBN (stock solution). EPR spectra were obtained at room temperature using a Bruker spectrometer ECS 106, operating at 9.81 GHz with 50 kHz modulation frequency. EPR instrument settings for the spin trapping experiments were: microwave power, 20 mW; modulation amplitude, 1.194 G; time constant, 81.92 ms; scans number, 5; center fields, 3480 G; modulation frequency, 50 kHz; and receiver gain, 2 104 (Lai et al. 1986). Quantification was performed according to Kotake et al. (1996).

			Statistical analysis

			Differences in the content of α-TH, β-carotene and echinenone in the gonads among reproductive conditions were analyzed using a non-parametric test (Kruskal-Wallis). Pairwise differences were analyzed using the unplanned Dunn’s multiple comparisons test. Differences in lipid radical content between mature and immature stages were tested using the unpaired t test. Differences in the TBARS content and in the TBARS content/α-TH content ratio among the tested reproductive conditions were analyzed using a one-way analysis of variance (ANOVA). The assumptions of normality (Kolmogorov-Smirnov test) and homogeneity of variances (Levene´s test) were also tested. Significant differences were analyzed using the unplanned Tukey-Kramer multiple comparisons test (Sokal & Rohlf, 1995). Statistical analyses were performed with Statistica 6.0 and GraphPad InStat packages.

			RESULTS

			A standard mix of non-enzymatic antioxidants α[image: ]-TH, β-carotene and echinenone was analyzed by HPLC, and a typical chromatogram is shown in Fig. 1. Identical profile of elution was observed in samples from L. albus gonads. The concentration of lipid-soluble antioxidants was assessed in each group of the sea urchin gonads. Data shown in Fig. 2 indicated that the concentration of α-TH and echinenone varied significantly among the reproductive conditions (Kruskal-Wallis H = 19.27, P = 0.0017 and H: 14.6, P = 0.012, respectively). Values were higher in immature and spawned stages (Dunn’s Multiple Comparisons Test P < 0.05), as compared to the other stages. No significant differences were found between immature and spawned stages (P > 0.05). The minimum values were obtained for growing, premature I, premature II, and mature stages (P < 0.05), and no significant differences were found among them (P > 0.05). The concentration of β-carotene did not vary significantly among the reproductive conditions (Kruskal Wallis H: 3.72, P = 0.58), although the described profile was similar to that shown by the other lipid-soluble antioxidants.
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			The content of TBARS is the most currently used parameter as index of lipid peroxidation (Lattuca et al. 2009). TBARS content in the gonads was significantly increased during gametogenesis (One-way Analysis of Variance F: 2.41, P = 0.049), showing a higher value in the mature stage as compared to the immature stage (Tukey-Kramer Multiple Comparisons Test P < 0.05) (Fig. 3). Lipid radicals from the isolated gonads combined with the spin trap PBN resulted in adducts that gave a characteristic EPR spectrum (Fig. 4, traces b and c) in agreement with computer spectral simulated signals obtained using the same EPR parameters (Fig. 4 trace d). No spin adduct was observed in the presence of DMSO-PBN (Fig. 4, trace a). Even though EPR signal-constants could be assigned to lipid radicals (Buettner, 1987), spin trapping studies cannot readily distinguish between peroxyl-, alkoxyl- and alkyl-radical adducts, owing to the similarity of the corresponding coupling constants (Buettner, 1987). In agreement with the observed increase on the TBARS content, the lipid radical content was significantly higher in mature gonads (2.1±0.4 pmol/mg WW) as compared to values in immature gonads (1.2±0.1 pmol/mg WW) (Unpaired t test t: 2.91, P= 0.017).
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			For the lipophilic compartment, the TBARS content/a-TH content ratio can be understood as an indicator of the balance between free radical-dependent damage and the antioxidant protection (Galleano et al. 2002). This index showed significant differences among the reproductive stages (One-way Analysis of Variance F: 6.74, P = 0.0005) (Fig. 5). At the mature stage, this index increased significantly as compared to the values recorded in samples collected for immature, growing, premature I and spawned stages (Tukey-Kramer Multiple Comparisons Test P < 0.01).
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			DISCUSSION

			Previous data from Malanga et al. (2009) suggested a differential behavior between the oxidative-dependent pathways triggered at the lipophilic and hydrophilic milieu in L. albus gonads at the last stages of the spawning period. The data reported here is the first evidence in echinoderms, such as L. albus, that the content of lipid-soluble antioxidants could be associated with gametogenesis. a-TH is considered one of the most critical factors to control lipid peroxidation in biological membranes (Yamamoto et al. 1988), and its [image: ] concentration has been used in many biological systems as an indicator of the membrane protection ability against harmful oxidants (Malanga et al. 2009). The decline in a-TH content over gametogenesis strongly indicates an active generation of ROS over this period leading to the antioxidant consumption. However, carotenoids should also be taken into account. The functions of carotenoids are currently being intensively studied, since they are found among marine invertebrates and are frequently the reason for their coloration (Karnaukhov, 2000). Carotenoid pigments that can bind to singlet oxygen and convert them into less-damaging H2O2 (Krinsky, 1989) showed strong influence on the growth and survival of the organisms (Tsushima & Matsuno, 1998; George et al. 2001). In addition, the high content of these pigments in the gonads of many species of animals suggested the need for carotenoids in the reproductive cycle (Goodwin, 1980). Tsushima et al. (1993) reported that the bioconversion of b,b-carotene into echinenone via b-isocryptoxanthin in sea urchins mainly takes place in the viscera (gut wall), and the resulting echinenone is incorporated into the gonad (ovary and testis), where it may play an important role in the biological antioxidant protection network of the sea urchins (Kawakami et al. 1998). Carotenoids are incorporated from the diet in most animals (Buchecker, 1982). In the sea urchins, carotenoids are transferred to the growing oocyte through nutritive phagocytes (Walker et al. 2001; Plank et al. 2002). The relative amount of each carotenoid varies among species (Matsuno & Tsushima, 2001). Echinenone is the main final carotenoid and the most important in the gonads of many animals (Tsushima & Matsuno, 1990; Tsushima et al. 1997; Kawakami et al. 1998; Matsuno & Tsushima, 2001), where it showed antioxidant functions (Miller et al. 1996; Mortensen et al. 1997). The content of carotenoids in Strongylocentrotus intermedius is the highest at the spawned stage of gonad maturation for both sexes, meanwhile for S. nudus, the content of these pigments is the highest at stages of active gametogenesis and spawning for males and at growing stage for females (Borisovets et al. 2002). However, in both S. intermedius and S. nudus, Borisovets et al. (2002) reported that the carotenoid content suddenly decreased after spawning by the loss of pigments through gametes. Eggs from both species are pigmented; however, in males where pigments are not accumulated in the gametes, a decrease in the carotenoid content was observed. Moreover, Lamare & Hoffman (2004) reported that four species of Strongylocentrotus increased gonadal concentration of carotenoids after spawning. The data reported here employing L. albus clearly showed that the accumulated carotenoids decreased during gametogenesis and increased after spawning. This profile could respond to the fact that the pigment was consumed over the gametogenesis, followed by a phase of accumulation after spawning. Moreover, diet could alter L. albus gonads lipid composition and subsequently the nature of lipid radical generation (Brazão et al. 2003) and affect the effectiveness of the lipid-soluble antioxidants. Changes in saturation of fatty acids seem to depend also on temperature, and many authors consider them to be adaptive reactions to support membrane fluidity (Lukyanova & Khotimchenko, 1995). An increase in the oxidative condition in the lipophilic phase could be predicted in the mature stage as a consequence of the increased metabolic activity and the changes in the physiological status. Lipid peroxidation could be postulated as a required physiological event for the gonadal maturation (e.g. release of eggs and sperm from the organ) by making the lipids available and thus, oxidation could contribute to the process. This hypothesis supports the model previously postulated where low temperatures lead to higher degrees of unsaturation in fatty acids (Abele & Puntarulo, 2004). On the other hand, it is known that all synthetic processes slow down in the pre-spawning stage including protein synthesis (Lukyanova & Khotimchenko, 1995) and accordingly, a decrease in lipid peroxidation in this period has been previously described in M. galloprovincialis digestive organs (Viarengo et al. 1991). After spawning, a period characterized by the absence of gametogenetic activity, reabsorption of unshed gametes and membrane lysis, along with reparation of damaged tissue and formation of new membranes structures has been described (Lukyanova & Khotimchenko, 1995).

			Taken as a whole the data presented here confirmed the hypothesis that there is an increase in the oxidative damage in the lipid phase in the gonads of the sea urchin L. albus, accompanied by a significant decrease in the content of the lipid-soluble antioxidants (a-TH and echinenone) during gametogenesis. The consumption of the lipid-soluble antioxidants does not seen to be sufficient to efficiently control lipid damage since the TBARS content/a-TH content ratio significantly increased during the mature stage. Overall, this data strongly supports the strict requirement of an active food intake to recover lost antioxidants before starting the next reproductive cycle, suggesting a close interaction between the organism and the nature of the environment.
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Fig. 3. Content of TBARS in gonads from L albus during gametogenesis. Data are expressed as
‘median=SEM: ANOVA, P =0.04. Significant differences in the content of each antioxidant
are indicated by the same capital aad small lefter

Reproductive conditions: I (mmatue), G (growing), P I (premarure 1), P I (prematuce ), M
(matuce), and S (spavmed)

Fig. 3. Contenido de TBARS en génadas de L albus durante Ia gametogénesis. Los datos son
expresados como media = SEM.; ANOVA. P =0.04, Las diferencias significativas en el conte-
nido de cada antiosidante son indicadas con 12 misma lera en maylscula y minfscula

Condiciones reproductivas: | (inmaduros), G (crecimiento), P I (premaduco 1), P Il (premaduro
. M (maduro). y S (desove)
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Fig. 1. Determiation of the lipid-soluble antioxidants conteat by the bigh-performance liquid
chromatogaphy (HPLC) method. Eluticn time fr the fested standards were: 5.5 i for o TH
(). 7 min for echinenone (b, znd 12 min for P-carotene (<)
Fig 1. Detemminacid del contenido de anticxidantes liposolubles por cromatografia liquida de
alfa sesoiucion (HPLO). Los tiempos de elocion para los estdndares foeron para- -TH 5.5 min
(@). equinencn 7 (5)y P-caroteno 12 min (6)
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Fig 2. Content of lipid-soluble antioxidants: 0-THL P-carotene, and echinenons i gonads from
L albus during gametogenesis. Data ae expressed as median = S.EM.: K-W a.THP = 0,001
cchinenone P=0.012. Signsficant diferences o the content of each antiovidant are indicated by
the same capital and smnall leter

Reproductive conditions: 1 (amatuce), G (zrowing), P 1 (prematuse 1), P T (prematuce ), M
(matuee), and S (spavned)

Fig 2 Contenido delos antioxidantesliposolubles: a.TH, f-caroteao y equinenons en génadas
de L albus durante Ia gametogenesis. Los datos son expresados como media = SEM.: K-W
a-TH P=0.0017: equinenona P = 0.012. Las diferencis significativas en el contenido de cada
antosidanteson indicadas con a misma lera en mayiscula y miniscola

Condicicnes reproductivas: 1 (amaduscs). G (crecimieato), P 1 (premaduro 1), P T (premaduco
. M (anaduro) 'S (desarve)
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Fig. 5. The TBARS content/a-TH content ratio in gonads fom L. albus during gamefogenesis
Data are expressed as median = S.EM: ANOVA P =0.0005. Significant differences in the con-
tent of each antioxidant are indicated by the same capital and small letter

‘Reproductive conditions: I (ammatuse), G (growing), P I (premaruse 1), P I (prematuce I), M
(matuce), and S (spavmed)

Fig. 5. Relacitn contenido de TBARS contenido de o-TH en génadas de L. albus durante la
gametogénesis. Los datos son expresados como media = SEM.: ANOVA. P = 0.0005. Las
diferencias significativas en el contenido de cada anfioxidante son indicadas con 1a misma letra
en mayiscula y minscula

Condiciones reproductivas: | (inmaduros). G (crecimiento), P I (premaduro 1), P Il (premaduso
. M (maduro). y S (desove)
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Fig. 4. EPR detection of lipid radicals in gonads from L. albus. Spectra in the presence of PBN

of: (a) DMSO by itself, (b) immature gonads, (c) mature gonads, and (d) computer-simulated for

PBN-lipid radical adduct exhibiting hyperfine splittings a, = 15.56 G and a,; = 2.79 G, are shown

Fig. 4. Deteccion por EPR de radicales lipidicos en gonadas de L. albus. Espectros en presencia

de PBN de: (a) DMSO solo, (b) gonadas inmaduras, (c) gonadas maduras, y (d) espectro simula-
do del aducto por computadora caracterizado por a, = 15.56 Gy a; =2.79 G





