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Abstract

Artemia nauplii catabolise polyunsaturated fatty acids (PUFA); in particular, they
retroconvert docosahexaenoic acid (DHA, 22:6n-3), so enrichment is a continuous quest
towards increasing PUFA through the use of PUFA-rich enrichment products. However,
optimal conditions during enrichment (aeration, illumination and temperatures around
28 °C) tend to accelerate autoxidation of PUFA, and the formation of potentially toxic
oxidation products. Water-soluble antioxidants like the polyphenolic compound
hydroxytyrosol (3,4-dihydroxyphenylethanol), a polar molecule found in the water
fraction resulting after the milling process of olives, arise as promising compounds to
prevent oxidation during Artemia enrichments. We investigated the antioxidant activity
and lipid peroxidation in Artemia nauplii during enrichment, and the effect of adding an
external antioxidant based on hydroxytyrosol during the enrichment with a PUFA-rich
emulsion (M70). For this purpose, the activity of antioxidant enzymes (catalase,
superoxide dismutase, glutathione-S-transferase, glutathione peroxidase), as well as
lipid peroxidation, were determined in enriched and unenriched Artemia nauplii. To
validate antioxidant activity and lipid peroxidation, in a first experiment, nauplii were
enriched with microalgae (Tetraselmis suecica), yeast (Saccharomyces cerevisiae) and
M70 emulsion. In a second experiment, enrichment with a commercial emulsion (DC
Super Selco), M70, and a combination of M70 and hydroxytyrosol (Hytolive, HYT)
added as an external antioxidant was performed. The combination of M70 with HYT
produced the best results, in terms of activity of antioxidant enzymes. The analysis of
the fatty acids from total lipids showed that the addition of hydroxytyrosol preserved the

DHA percentage of enriched nauplii.
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1. Introduction

Adequate provision of polyunsaturated fatty acids (PUFA) is important in the diet of
marine organisms, in particular during early life stages, where these compounds
accumulate in rapidly developing tissues such as brain and eye (Bell et al., 1995, 2003;
Benitez-Santana et al., 2007; Tocher, 2010). Thus, enrichment of live preys like
Artemia, which are naturally deficient of essential PUFA such as docosahexaenoic acid
(22:6n-3, DHA), is critical for the survival and normal development of larval stages of
marine organisms, and thus the production of good quality fingerlings (Hamre &

Harboe, 2008; Tocher, 2010).

McEvoy et al. (1995) investigated the stability of PUFA in lipid emulsions throughout
the enrichment process since optimal enrichment conditions such as vigorous aeration,
illumination and temperature of 28 °C, tend to accelerate autoxidation of PUFA and the
formation of potentially toxic oxidation products. It was found that, at later stages of the
enrichment process, all the emulsions tested showed autoxidation associated to notable
decreases in the concentration of PUFA in the lipids of Arfemia nauplii, particularly for
eicosapentaenoic acid (EPA, 20:5n-3) and DHA. Interestingly, it was reported that
autoxidation of enrichment diets occurred even in commercial emulsions that are
formulated with antioxidants. Beyond the decrease in the enrichment efficiency
described above, the study of autoxidation in enrichment diets is also important because
it implies that Artemia nauplii can accumulate potentially toxic oxidation products that
can compromise the health and survival of fish and crustacean larvae. In fact, McEvoy
et al. (1995) recommended that Artemia enrichments, particularly those with DHA-rich
emulsions, should be shortened so that the alluded to accumulation of potentially toxic

compounds in nauplii could be reduced.
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We have recently investigated the efficiency of a DHA-rich oil emulsion (M70) as
enrichment diet for Artemia nauplii (Viciano et al., 2015). M70 consists of a 1:1 (v/v)
oil/water suspension, based on the synthetic oil DHA Algatrium (Brudy Technology,
Barcelona, Spain) that contains 70% of total fatty acids as DHA in the form of ethyl
esters (Viciano et al., 2015). Additionally, the emulsion M70 is also formulated with
Tocobiol Plus (BTSA Biotecnologias Aplicadas, Madrid, Spain), a liposoluble
antioxidant. Considering the particular aspects derived from its DHA-rich nature, a
series of experiments were carried out to optimise the use of M70 under different
enrichment conditions including oxygenation regime, incubation temperature, nauplial
density and enrichment product concentration and dosage mode, which have been
regarded as important factors determining the enrichment efficiency (Van Stappen,
1996; Han et al., 2000, 2001; Monroig et al., 2006a, b; Sui et al., 2007; Hamre &
Harboe, 2008; Figueiredo et al., 2009). Importantly, our results suggested that, despite
the likely preservative action of the liposoluble antioxidant Tocobiol Plus, oxidation of
DHA contained in M70 could not be ruled out as suggested by relatively low DHA

incorporation in Artemia nauplii (Viciano et al., 2015).

Pro-oxidative conditions during enrichment could partly explain massive mortalities
events reported in the literature during enrichments (Monroig et al., 2006b), since they
can alter the capacity of live preys for catalyzing oxidative reactions, leading to the
production of reactive oxygen species (ROS) as a general pathway of toxicity causing
oxidative stress (Livingstone, 2001; Barata et al., 2005b). ROS include superoxide
anion radical (Oy"), hydrogen peroxide (H2O;) and hydroxyl radical (OH") (Correia et
al., 2003), compounds that are involved in cellular damage and with the capacity to
promote morphological and physiological failures and peroxidation of PUFA, all this

leading to pathologies and compromising normal development (Tovar-Ramirez et al.,
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2010). To minimize oxidative damage to cellular components, organisms have
developed key antioxidant enzyme defences that can be used as biomarkers (Barata et

al., 2005a, b).

Water-soluble antioxidants appear to have potential for preventing DHA oxidation
during Artemia enrichments. In a number of studies, the polyphenolic compound
hydroxytyrosol (3,4-dihydroxyphenylethanol) (Hao et al., 2010), has been shown to be
more efficient than antioxidant vitamins and synthetic antioxidants (Gordon et al., 2001;
Gonzalez, 2005; Deiana et al., 2008; Fernandez-Bolanos et al., 2008). Hydroxytyrosol is
a polar molecule found in the water fraction resulting after the milling process of olives
(Schaffer et al., 2007). Several studies have investigated the potent activity of
hydroxytyrosol to neutralize free radicals and slow oxidative stress (Chimi et al., 1991;
Visioli et al., 1998, 2000). To the best of our knowledge, there are no data available
concerning its potential role as protective agent of oil emulsions used for live prey

enrichments.

The global aim of the present study was to investigate the protective effects of the
addition of an external water-soluble natural olive fruit extract, rich in the polyphenol
hydroxytyrosol (HYT, Hytolive Protect, Genosa I+D S.I., Malaga, Spain), to the
enrichment of Artemia nauplii with a DHA-rich oil emulsion (M70). For this purpose,
key enzymes (superoxide dismutase, catalase, glutathione peroxidase, glutathione-S-
transferase) as biomarkers of antioxidant activity, and the lipid peroxidation of enriched
Artemia nauplii were determined. To the best of our knowledge, such an approach has
never been used before to study the effects of oxidation during enrichment. Two
experiments were performed. Experiment 1 aimed at establishing the baseline of lipid
oxidation in the enrichment of Arfemia nauplii. We analyzed the antioxidant activity

and lipid peroxidation of Artemia nauplii enriched with M70, and compared them with
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those of nauplii enriched with yeast Saccharomyces cerevisiae or the green microalgae
Tetraselmis suecica, as well as those of non-enriched nauplii. Yeast and green
microalgae are known to have antioxidant properties (Greetham & Grant, 2009; Lee et
al., 2009). Experiment 2, aimed at studying the effect of the external antioxidant HYT
during enrichment with high PUFA emulsions. For this purpose we determined the
antioxidant activity, lipid peroxidation and fatty acid composition of: a) non-enriched
nauplii, used as a control; b) nauplii enriched with a commercial emulsion (DC Super
Selco, DCSS, Inve, Dendermonde, Belgium), as reference of conventional enrichment;
c¢) nauplii enriched with M70; and d) nauplii enriched with M70 plus the water-soluble

antioxidant HYT.
2. Materials and methods
2.1 Experimental design

Artemia nauplii were obtained from the hatching of EG grade cysts (Inve,
Dendermonde, Belgium). After an incubation period of 23 h at 28 °C, nauplii were
collected and rinsed with tap water to remove the hatching debris and metabolites.
Newly hatched nauplii were thereafter placed in 1 L cylinder-conical vessels containing

seawater.

The Artemia enrichments were performed for 21 h with incubation temperatures of 28 +
1 °C, low/moderate aeration (1 L min™), the air diffusion system consisting of a 25 cm
long and 0.5 cm-diameter section glass tube applied from the bottom of the vessel.
Nauplial densities were 300 nauplii mL™ (Monroig et al., 2006a, b), and illumination
was 1500 lux (Viciano et al., 2015). The temperature was kept (£1 °C) constant by
placing the hatching and enrichment vessels in a thermostatic bath. The enrichment

product was dispensed in a single dose at the beginning of the incubation.



150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

All the enrichment treatments were run in triplicates (n=3). After an enrichment period,
samples of Artemia nauplii were collected by filtering the enrichment medium through a
100 pm mesh carefully washed with tap water and subsequently rinsed with distilled

water.
Experiment 1: Baseline of M70 oxidation

Antioxidant activity and lipid peroxidation levels were determined in Artemia nauplii
enriched with: a) 0.6 g L Saccharomyces cerevisiae (fresh yeast (Levital, Lesaffre
Ibérica S.A., Valladolid, Spain) dispersed in sea water using a mixer for 2 minutes), b)
Tetraselmis suecica (algal culture stock from IATS facilities, at 300000 + 20000 cells
mL™), ¢) 0.8 g L' M70 emulsion (dispersed in sea water using a mixer for 2 minutes in
a single dose at the beginning of the enrichment period), and d) a control group

consisting of unenriched Artemia nauplii kept in the same conditions.
Experiment 2: External antioxidant

Antioxidant activity, fatty acid profile and lipid peroxidation of Artemia nauplii
enriched with 0.6 g L™ commercial emulsion DCSS, 0.8 g L' M70 emulsion, 0.8 g L™
M70 in combination with 0.04 g L™ of exogenously added water-soluble antioxidant
HYT (hereafter named M70+HYT treatment) and a control group of unenriched
Artemia nauplii were compared. All enrichment media were dispersed in sea water

using a domestic blender for 2 min.
2.2 Sample preparation for antioxidant enzymes

After enrichment, nauplii were filtered through a 100 um mesh, washed with distilled
water and kept at -80 °C until analysis. Samples were processed as soon as possible and

always within 3 h of the end of the enrichment period to avoid possible oxidation during
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the storage. Artemia samples were homogenized in a 1:4 wet weight: buffer volume
ratio in 100 mM phosphate buffer, pH 7.4 at 4 °C, containing 100 mM KCl and 1 mM
ethylenediaminetetrasacetic acid (EDTA). Homogenates were further centrifuged at
10000 g for 10 min, and supernatants were immediately used as enzyme sources.
Supernatant proteins were measured by the Bradford method (Bradford, 1976) using

bovine serum albumin as standard.

2.3 Enzymatic activities

The following enzymatic activities were measured in Arfemia homogenates: Superoxide
dismutase, SOD (EC 1.15.1.1, converts O,  to H,0,); catalase, CAT (EC 1.11.1.6,
reduces H,O, to water); glutathione peroxidise, GPx (EC 1.11.1.9, detoxifies H,O, or
organic hydroperoxides produced e.g. by lipid peroxidation); and Glutathione-S-
transferase, GST (EC 2.5.1.18, plays a role preventing oxidative damage by conjugating
breakdown products of lipid peroxides to glutathione (GSH)) (Barata et al., 2005a, b;

Tovar-Ramirez et al., 2010).

All the enzymatic assays were measured as described by Barata et al. (2005a, b). The
final results for enzymatic activities were normalized by protein content. Assays were

run at least in duplicate.

2.4 Lipid peroxides

Another factor affecting the potential oxidative damage is the level of target molecules
like PUFA, which are easily oxidized by ROS in lipid peroxides (Di Giulio et al., 1995).
Lipid peroxidation was evaluated analysing the lipid peroxidation levels (LPO).
Malondialdehyde (MDA) is a common substance produced in lipid peroxidation. LPO
method is based in the reaction of MDA with N-methyl-2-phenylindole (NMPI) to form

a coloured complex with known absorbance (586 nm) (Esterbauer et al., 1991). By this
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method the interference from other lipid peroxidation products (such as 4-

hydroxyalkenals) is minimized.

2.5 Fatty acid analysis

Fatty acid analyses were performed to check any protective effect of the external
antioxidant (mainly on PUFA). Thus, in Experiment 2, two samples of each replicate of
every treatment (Artemia enriched with the different diets) were obtained, one was
assigned to the analysis of enzymatic activity (processed as specified above), and the
other was freeze-dried to proceed with the analysis of total lipids and fatty acids. Total
lipids were extracted following the method of Folch et al. (1957), and analyses of fatty

acids were carried out following the methods described in Viciano et al. (2015).

2.6 Statistical analysis

Analytical data were expressed as means + standard deviation (SD) (n=3). When more
than two means were compared, differences with control group were analysed by
Dunnett test (Dunnett, 1964). Dunnett test is a multiple comparison procedure and is
performed by computing a Student t-statistic for each experimental or treatment group,
where the statistic compares the treatment group to a single control group. When
significance was P<0.05, means were considered statistically different. For pair-wise

comparisons a Student t test was used.

Enzyme activities analytical data, and highly unsaturated fatty acids (HUFA), fatty
acids of 20 or more atoms of carbon and two or more double bonds, which are
considered to have the highest oxidative potential (Barata et al., 2005c), were included
as variables in multivariate Principal Component Analyses (PCA), to highlight the
effects of the different treatments on the patterns of enzyme activities and on the fatty

acid profiles composition. With such a parsimonious approach, the dataset of variables

10
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is reduced into a smaller set of factors or components. Parsimony is achieved by
explaining the maximum amount of common variance in a correlation matrix using the
smallest number of explanatory concepts. Factors are statistical entities that can be
visualized as classification axes along which measurement variables can be plotted,
providing an idea of their correlation with the corresponding factor (loading). Score
plots are a graphical representation of individual (treatment groups) scores in the new
subset of measurement variables (factors). They illustrate the relationship among
individual cases (treatment groups), and the variables, and help in the analysis of data
by showing graphical display. Statistical analyses were performed using the SPSS

statistical package (SPSS Inc., Chicago, IL, USA).

3. Results

Experiment 1: Baseline of M70 oxidation

Figure 1 illustrates the levels of enzymatic activities and LPO measured in the control
group and in the Arfemia nauplii enriched with different treatments. The Tetraselmis
group was not significantly different from control group in any of the enzymatic
activities or LPO measured. Yeast treatment presented lower activities of SOD, GPx-
Tot and GPx-Se, but a high GST activity. M70 group showed a decreased activity of
SOD and GPx-Tot and a significant (P<0.05) increase, near two-fold relatively to

control animals, in LPO.

The component plot (Figure 2a) obtained from PCA shows variables that were
responsible for separation along the two principal components. The first two
components of the PCA explained more than 68% of total variance (43.9% and 24.2%
for the first and second component, PC1 and PC2, respectively). The factor score plot

(Figure 2b) showed groups separated in the second component on the basis of lipid
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peroxidation. M70 treatment appeared to be related with high loads of LPO and clearly
separated from the other treatments. Control and Tetraselmis treatments appeared very
close to each other and on the opposite side of M70 treatment, indicating less lipid
peroxidation, and higher activities of GPx-Tot, GPx-Se and SOD than M70. The Yeast
treatment was related to high GST activity. This graph allowed us to establish the
baseline of antioxidant activity for the M70 emulsion, and to investigate the effect of

including an external antioxidant into the enrichment media.

Experiment 2: External antioxidant

Figure 3 shows the enzyme activities and levels of LPO of the control and enriched
Artemia nauplii with and without the antioxidant HYT. Observed patterns of antioxidant
enzyme activities and LPO levels for M70 versus controls were quite similar to those
reported in Figure 1, except for GST. Artemia nauplii incubated with the two tested
enriched media (DCSS and M70) showed similar enzymatic activity and LPO patterns.
The addition of the antioxidant HYT decreased the activities of CAT and GST, and

increased those of GPx-Tot of Artemia nauplii enriched with M70.

LPO were significantly (P<0.05) higher in nauplii enriched with DCSS and M70

treatments. Adding an external antioxidant (HYT) dramatically reduced LPO.

Table 1 lists the main fatty acids (% of total fatty acids) from total lipids of Artemia
nauplii enriched with different treatments. EPA values were significantly (P<0.05)
higher in DCSS treatment (12.2 + 2.6) compared to all other treatments. The n-3 HUFA
increased in all treatments when compared with the control group, but n-6 HUFA were
only significantly (P<0.05) higher in M70+HYT treatment. DHA levels were
significantly (P<0.05) higher in M70+HYT treatment compared to other treatments, and

this result is reflected in the highest DHA/EPA ratio among all treatments.
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Figure 4a illustrates the component plot for the enzymatic activity and HUFA data. The
two first components of PCA accounted for the 66.9 % of variation, PC1 explaining
45.0% and PC2 explaining 21.9% of the variation of the data set. Figure 4b shows the
factor score plot based on enrichment and antioxidant scores from the constituent
variables. All treatments were clearly separated from each other, with control treatment
to the left, DCSS and M70+HYT in the middle, and M70 to the right. The PCA
grouping indicates that M70 treatment has higher LPO than the other treatments. Figure
4 also shows that the scores of M70+HYT treatment were associate to both n-3 and n-6

HUFA variables pointing at the protective role of HYT during enrichment.

Analysing the PCA results of both experiments, the M70 group is always linked to lipid
peroxidation as evidenced by the association of the scores to the location of the LPO
variable in the components graph. The association is lost by adding HYT to the
enrichment. The separation of the two groups (M70 and M70+HYT) was achieved, with
the LPO values of M70+HYT treatment approaching those of the commercial emulsion

DCSS and control group.

Discussion

High levels of DHA are important in the development of nervous and sensory system
during early development of vertebrates, including fish (Hamre & Harboe, 2008;
Tocher, 2010). For that reason, enrichment of live preys including Artemia that
naturally lack DHA is critical for the successful rearing of fish larvae, particularly those
from marine species (Tocher, 2010). DHA levels achieved in Artemia nauplii with the
M70 and M70+HYT treatments were different. The DHA/EPA ratio is a common
biochemical parameter used to evaluate the nutritional suitability of diets for marine
finfish larviculture (Evjemo et al., 1997), and high DHA/EPA ratios were also reported

as important to promote growth, stress resistance and pigmentation (Mourente et al.,
13
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1993; Reitan et al., 1994; Sorgeloos et al., 2001). Rodriguez et al. (1997) observed
significantly higher growth rates in sea bream larvae fed rotifers with a DHA/EPA ratio
of 1.5 compared to those fed DHA/EPA ratio < 0.6. In natural preys such as copepods,
this ratio is around 2.0 (Fraser et al., 1989; Sorgeloos et al., 2001; Van der Meeren et
al., 2011). Currently satisfactory results in an enrichment process with Artemia nauplii
is achieved with DHA/EPA ratios of 2 and higher (Dhert et al., 1993; Sorgeloos et al.,
2001) but, on the other hand, this has been acknowledged as a major challenge due to an
apparent inability of Arfemia nauplii to retain DHA (Evjemo et al., 1997). In fact,
Artemia nauplii actively retroconvert DHA to EPA during and after enrichment
(Navarro et al., 1999). Thus, enrichment of Artemia nauplii is a continuous quest
towards increasing PUFA and DHA, and despite the use of high DHA emulsions like
M70 which consistently produces Artemia DHA/EPA ratios higher than 1 (Viciano et
al., 2015), the fact that it only produces moderate levels of DHA in the enriched nauplii

(5-8 % of total fatty acids) illustrates the problems of DHA retroconversion in Artemia.

Artemia nauplii possess antioxidant enzymes required to metabolize O, (SOD), H,0,
(CAT and GPx) and organic hydroperoxides activity (GPx-Se) (Nunes et al., 2006).
These enzymes allow the organism to prevent, intercept and repair the damage caused
by the free radicals (Olsen et al., 2013). However, during live feed enrichments, it is
possible that these endogenous protective mechanisms are not sufficient to prevent
oxidative damage as HUFA contained in the enrichment diet are very prone to
oxidation, particularly under physical-chemical conditions set up during the enrichment
procedures (McEvoy et al., 1995; Monroig et al., 2007), thus contributing to the low

efficiency in HUFA enrichment in general and DHA in particular.

SOD is the first defence mechanism in the detoxification process and, along with CAT,

is regarded as playing an important antioxidant role in aquatic invertebrates
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(Livingstone, 1991; Barata et al., 2005b). In Experiment 1, SOD activity was inhibited
in the nauplii enriched with yeast and M70, in comparison with those enriched with
Tetraselmis, and the control group (unenriched nauplii). These differences can be
explained by SOD modus operandi, with SOD activity increasing in early stages of
oxidative stress when ROS abundance increases. If the oxidative stress persists, SOD
becomes depleted and unable to cope with free radicals (Lukaszewicz-Hussan &
Moniuszko-Jakoniuk, 2004). This is consistent with increased LPO levels achieved in
Artemia nauplii enriched with M70 and yeast in Experiment 1. In Experiment 2
differences in SOD activity were not observed, although lipid peroxidation in M70
treatment was very high. Inter experiment difference in SOD supports the previous
argument that antioxidant enzyme activities are transient (Livingstone, 1991; Barata et

al., 2005b).

The response to oxidative stress has been related to increased CAT activities (Tovar-
Ramirez et al., 2010) and therefore, the activity of this enzyme is expected to increase
with the presence of substrates that enhance or produce ROS (Barata et al., 2005a;
Tovar-Ramirez et al., 2010). In this study, CAT activity in Artemia nauplii from the
control group remained at low levels, increasing in those nauplii enriched with yeast,
Tetraselmis, DCSS or M70 emulsion. Nauplii enriched with a combination of the DHA-
rich emulsion M70 and the antioxidant Hytolive (HYT) treatment showed significantly
lower CAT activities than those enriched with the same emulsion (M70) without
antioxidant, and a commercial emulsion (DCSS). Clearly, these results strongly suggest
the protective effect of Hytolive added to the enrichment diet. CAT and GPx have
complementary roles in the detoxification of hydrogen peroxides, but have different
subcellular localization (peroxisomal and cytosolic, respectively) and affinity for H,O»

levels. Thus, high levels of H,O, produce an increased affinity for CAT, whereas low
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levels of H,O, produce an increased affinity for GPx (Orbea et al., 2000; Barata et al.,
2005b). Interestingly, GPx activity (GPx-Tot and GPx-Se) reached the highest values in
unenriched nauplii (control). On the contrary, Artemia nauplii enriched with M70
showed low activity values for both GPx enzymes, suggesting high levels of H,O, and
oxidative stress. Addition of the antioxidant HYT increased the GPx activity in nauplii
enriched with M70 and, together with the decreased CAT activity mentioned above,
made the nauplii enriched with M70+HYT exhibit the best antioxidant status among all
enrichment diets tested and most closely resembled the control Artemia. These results
clearly indicate that the Hytolive exerts an effective antioxidant effect during Artemia
enrichment and, in addition to lipophilic antioxidants that are commonly used in the
formulation of enrichment diets, inclusion of water-soluble antioxidants may also help

live preys to cope with exposure to toxic oxidized compounds.

GSTs are a family of Phase II detoxification enzymes that catalyze the conjugation of
glutathione (GSH) to a wide variety of endogenous and exogenous electrophilic
compounds (Townsend & Tew, 2003). GST activity detoxifies endogenous compounds
such as peroxidized lipids and enables the breakdown of xenobiotics (Sherrat & Hayes,
2001). GST activity was higher than the experimental control in nauplii enriched with
yeast, DCSS, M70 (Expt. 2) and M70+HYT treatment. This is consistent with previous
reports showing that GST activity increases in response to exogenous chemical sources
including those promoting ROS (Barata et al., 2005b). Increased GST activity indicates
indirect conjugation to its endogenous substrate during Phase II detoxification, which
would help eliminate toxic metabolites (Townsend & Tew, 2003). Phenolic compounds
from olive oil can restore redox balance by free radical quenching (El-Azem, 2013). By
neutralizing the free radicals formed, the amount of antioxidant enzymes such as GSH

is preserved in the body (Masella et al., 2004; El-Azem, 2013). The previous effect may
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explain the slight but significant reduction of GST in Artemia nauplii co-exposed to

M70 and HYT.

Because ROS have extremely short half-lives, they are difficult to measure directly and
therefore oxidative stress can be inferred through measurement of several products of
the damage produced (Pryor, 1991). Lipid peroxidation (LPO) can be considered an
index of oxidative damage to lipids produced by toxic compounds (Ferndndez et al.,
2012). Results from this study showed that Arfemia nauplii enriched with M70 and
DCSS emulsions presented significantly higher LPO levels than those supplemented

with HYT and the control group.

It is reasonable to assume that lipid peroxides and other potentially toxic oxidation
products are filtered by Artemia nauplii during the enrichment procedure (McEvoy et
al., 1995). Artemia enrichment is largely regarded as a “bioencapsulation” process
whereby the Artemia ingest enrichment diet particles until the gut is full (Figueiredo et
al., 2009). The supplementation of M70 enrichments with HYT was hypothesised to
decrease the lipid peroxidation and therefore the presence of oxidized lipid available in
the enrichment media. Consequently, the PCA results strongly suggest that such a
protective action from HYT took place, as the HYT-supplemented treatment clearly
separated from the M70 group, the latter containing higher levels of the oxidation
biomarker LPO. There are no previous studies using hydroxytyrosol on live prey
enrichment. In humans, hydroxytyrosol is rapidly absorbed in a dose-dependent manner
in the small intestine and colon by bidirectional passive diffusion (El-Azem, 2013), and
then is mostly conjugated as glucuronoconjugates, the most abundant form found in
plasma. From this conjugated form, it displays its antioxidant potential. Hydroxytyrosol
is rapidly metabolized and, after five minutes of administration, it is possible to find

derivatives in plasma (Miro-Casas et al., 2003). McEvoy et al. (1995) demonstrated
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autoxidation in three enrichment emulsions when Arfemia were present, however the oil
emulsions in the control media without Artemia did not show autoxidation within the
experimental period. It is expected that once introduced into the enrichment media, with
the brine shrimp present, the protective effect of hydroxytyrosol begins due to its water
soluble nature, protecting against oxidation of the fatty acids. Thereby oxidation may be
reduced before the fatty acids entrance in the digestive tract of Artemia, ensuring that
the enzymatic system is not oversaturated and remains active. This is shown in the
improvement of the enzymatic activity when hydroxytyrosol was added in the

enrichment medium.

In conclusion, the addition of a natural water-soluble olive fruit extract with a high
amount of hydroxytyrosol to the lipid emulsion enrichment improves the antioxidant
defence of Artemia nauplii and decreases the levels of the oxidative biomarker LPO.
Moreover, the addition of this olive fruit extract makes the activity of all antioxidant
enzymes in Artemia enriched with a DHA-rich oil emulsion resemble those of
homeostasis as defined by unenriched nauplii. Such an antioxidant protective role of
hydroxytyrosol is reflected in the lipid profile of Artemia, since higher levels of DHA
and a higher DHA/EPA ratio were found in nauplii enriched in the presence of
hydroxytyrosol. As a first approach, here, only a concentration of 0.04 g L™ was tested
and, although the benefits prove significant, probably higher concentrations would
produce even better results, since there is evidence of an inhibitory effect of HYT in
LPO at increasing concentrations (Gargouri et al., 2011). Thus further dose dependent
studies are advisable in order to establish if the antioxidant potential can be further
enhanced and to verify how this improvement may be applicable in large-scale

enrichments.
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Figure 1. Activity of Catalase (CAT), superoxide dismutase (SOD), total glutathione
peroxidase (GPx Total), Selenium dependent glutathione peroxidase (GPx Se-dep),
glutathione-s-transferase (GST) and lipid peroxidation (LPO) in whole body of Artemia
nauplii enriched with M70 emulsion, Tetraselmis suecica algae, yeast (Saccharomyces
cerevisiae) and non-enriched Artemia. Asterisk shows statistical differences between the

different treatments and the control group (Dunnett test).
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617  Figure 2. Component plot (a) and factor score plot (b) of the multivariate Principal
618  Components Analysis of lipid peroxidation (LPOprot) and antioxidant enzymes
619  (Catalase (CAT), glutathione-s-transferase (GST), superoxide dismutase (SOD), total

620  glutathione peroxidase (GPxTot), Selenium dependent glutathione peroxidase (GPxSe))
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621  of enriched Artemia nauplii with M70 emulsion, Tetraselmis suecica algae (Tetra),

622  yeast (Saccharomyces cerevisiae) and non-enriched Artemia from Experiment 1.
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Figure 3. Activity of Catalase (CAT), superoxide dismutase (SOD), total glutathione
peroxidase (GPx Total), Selenium dependent glutathione peroxidase (GPx Se-dep),
glutathione-s-transferase (GST) and lipid peroxidation (LPO) in whole body of non-
enriched Artemia nauplii and Artemia nauplii enriched with commercial emulsion
DCSS, M70 emulsion and M70 emulsion in combination with an external antioxidant
HYT, M70+HYT treatment. Asterisk shows statistical differences between the
treatment and the control group (Dunnett test) and lowercase letter superscript shows

statistical differences between M70 and M70+HYT treatment (Student t-test).
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Figure 4. Component plot (a) and factor score plot (b) of the multivariate Principal

Components Analysis of lipid peroxidation (LPOprot), antioxidant enzymes (Catalase

(CAT), glutathione-s-transferase (GST), superoxide dismutase (SOD), total glutathione

peroxidase (GPxTot), Selenium dependent glutathione peroxidase (GPxSe)) and total

HUFA (n-3 and n-6 series) of enriched Artemia nauplii with commercial emulsion

DCSS, M70 emulsion, M70 emulsion in combination with an external antioxidant, HYT

(M70+HYT treatment) and non-enriched Artemia from Experiment 2.
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Table 1. Selected fatty acids (percentage of total fatty acids) from enriched Artemia

nauplii from Experiment 2. Data represent means + SD (n=3). Treatments with asterisk

are significantly different (P < 0.05) from control treatment (Dunnett test). If no

superscript appears, values are not different. T-Student test was performed between

M70 and M70+HYT treatments, and statistical differences were marked with a capital

letter superscript (A, B)

% Fatty acids Control  DCSS M70 M70+HYT
14:0 1.120.1  1.0+0.1 1.2+0.2 1.120.1
16:0 12.240.7 10.0+0.5"  10.8+0.3°  10.8+0.4°
16:1n-9 0.6£0.1  0.5+0.1 0.7+0.1 0.7+0.2
16:1n-7 24+0.1  2.3+0.2 2.440.1 2.340.1
18:0 6.740.0  5.040.1°  5.0+0.1°  5.0+0.1"
18:1n-9 175409 16.4+0.8  15.7+0.7  15.5+0.3"
18:1n-7 8.6£0.4 6.7+0.5°  7.1+0.5° = 6.8+0.2°
18:2n-6 5.4+0.1  5.9+0.4 5.1+0.3 4.9+0.1
18:3n-3 25.140.6 22.0+0.8°  25.5+0.7% 23.8+0.4"°
18:4n-3 3.240.1 2.8+0.2 3.1+0.3 3.0+0.0
20:0 0.2+0.0  0.2+0.0 0.2+0.0 0.2+0.0
20:2n-6 0.2+0.0  0.3+0.0 0.2+0.0 0.2+0.0
20:3n-6 0.2+0.0  0.2+0.0 0.2+0.0 0.2+0.0
20:4n-6 0.8+0.1  1.0+0.2 1.120.17 1.2+0.0"
20:3n-3 0.7£0.0  0.6+0.0 0.7+0.1 0.6+0.0
20:4n-3 0.6£0.0  0.840.0°  0.6+0.0 0.6+0.0
20:5n-3 22404  12.0+2.6°  4.3+0.7 4.6+0.2
22:0 0.4+0.0 0.3+0.0°  0.3+0.0°  0.3£0.0"
22:5n-3 0.0+0.0 0.4+0.1"  04+0.1"  0.5£0.0"
22:6n-3 0.140.0 2.44+03"  5.1+0.8"*  84+0.5®
Saturated 22.840.8 18.140.8°  19.5+0.4°  19.0+0.6°
Monounsaturated ~ 31.0+0.9 28.6+1.0° 27.4+12"  26.7+0.5"
Polyunsaturated 40.0£1.4 48.042.5°  47.9+0.9°  49.1+1.0"
HUFA n-3 3.640.5 15.5#52°  12.0£3.0° 14.3+1.3
HUFA n-6 14403  1.6+0.2 1.9+0.2 2.2+0.2"
DHA/EPA ratio 0.0+0.0  0.2+0.1" 1.240.1*  1.8+0.0°®
Total FAME (mgg') 43.7+7.9 138.3+12.1° 105.7+17.1° 121.3+9.2"
% Lipid (DW) 20.9+40.4 27.8+1.3  27.4+0.5  26.2+0.4

HUFA n-3: >20:3n-3; HUFA n-6: >20:2n-6; DHA/EPA:
docosahexaenoic/eicosapentaenoic fatty acid ratio.
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