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Abstract

Astaxanthin concentration in the blood of rainbow trout was studied in a feeding trial with two
different astaxanthin sources. green algae Haematococcus pluvialis and commercia beadlets of
8% astaxanthin content (CAROPHYLL® Pink), and two different dietary lipid levels. The green
algae contained 1.4% of carotenoids on a dry matter basis: free astaxanthin (< 1%), astaxanthin
monoester (24.3%); astaxanthin diester (70.2%) and lutein (4.8%). Algal biomass was mechani-
caly ground to disrupt the cell wall before incorporation in the feed. Hydrolysis of astaxanthin
esters from agae occurred during the pelletization even at a low process temperature (43°C).
Rainbow trout with an initial mean body weight of 150 g were fed experimental diets supple-
mented at a rate of 100 mg pigment /kg diet combined with two different lipid levels (9 and 24%)
during 5 days. Astaxanthin concentration in the serum ranged from 5.3 pg/ml (8.9 nmol /ml) to
9.0 wg/ml (15.1 nmol /ml). Astaxanthin concentration in the serum was higher for fish fed high
lipid level diets, independently of the astaxanthin source. No differences in the astaxanthin serum
concentration were found for fish fed diets supplemented with either natural or synthetic
astaxanthin, respectively 9.0+ 1.9 and 8.4 4+ 2.4 g astaxanthin/ml serum, when dietary lipid
level was high (24%). On the other hand, there was a higher blood astaxanthin concentration in
fish fed diets supplemented with algal biomass (7.0 + 2.4 g astaxanthin/ml serum) compared to
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synthetic astaxanthin (5.3 + 2.0 g astaxanthin/ml serum) when dietary lipid level was low (9%).

1. Introduction

Carotenoids are the main pigments of many aquatic animals. In salmonids, astaxan-
thin is responsible for the typical red colour of the flesh. Salmonids cannot synthetise
carotenoids de novo and therefore depend entirely on dietary supplements to achieve
their natural pigmentation. Astaxanthin and canthaxanthin are commonly used in the
diets of farmed salmonids to produce coloration similar to wild fish. Astaxanthin is
preferable to canthaxanthin because it produces nature-identical pigmentation and is
more efficiently deposited (Foss et al., 1984; Torrissen, 1986; Storebakken et al., 1987).

The freshwater, unicellular green alga Haematococcus pluvialis has been recognised
for many years as an accumulator of the carotenoid astaxanthin (Goodwin and Jamirkon,
1954; Czygan, 1968; Kobayashi et al., 1991). Under certain stress conditions, such as
high irradiance and nitrogen limitation, cells of this alga form cysts and accumulate
massive amounts of astaxanthin in their cytoplasm to the extent that their colour changes
from green to red (Goodwin and Jamirkon, 1954; Borowitzka et al., 1991; Yong and
Lee, 1991; Boussiba et al., 1992; Fan et al., 1994). This alga has recently received much
attention due to its capability to synthetise and accumulate large amounts of astaxanthin
during and at the end of the growth phase (> 1% of dry weight) (Czygan, 1968; Johnson
and An, 1991; Sommer et a., 1991, 1992; Choubert and Heinrich, 1993; Cordero et al.,
1996).

Trout flesh pigmentation depends not only on the occurrence of carotenoids in the
feed, but also on other factors such as absorption and transport in the blood that limit as
well the amount of astaxanthin retained in the muscle. The muscle retention of
astaxanthin represents only 3—18% of the ingested pigment (Storebakken and Choubert,
1991; Choubert et al., 1995; Nickell and Bromage, 1998) which may be explained in
part by the low digestibility of astaxanthin (Foss et al., 1987). A better understanding of
astaxanthin absorption may allow for a better utilisation of this compound by fish and
lead to a reduction of production costs as pigment supplementation represents as much
as 10-15% of the total feed costs (Torrissen et al., 1990).

As carotenoids are fat soluble compounds, the effect of dietary lipid level on
astaxanthin absorption is of interest as it might increase the absorption. In humans it is
known that the absence of dietary fat or very low levels of fat in the diets, substantialy
reduces human carotenoid absorption (Erdman, 1988; Erdman et al., 1993; Prince and
Frisoli, 1993). Dietary lipid effect on muscle retention has been investigated in fish and
contradictory results have been reported (Abdul-Malak, 1975; Seurman et al., 1979;
Choubert and Luquet, 1983; Torrissen, 1985; Nickell and Bromage, 1998). However,
serum astaxanthin concentration in fish, in response to different dietary lipid levels, has
not yet been studied and it could help to clarify the effects of lipid on astaxanthin
utilisation by rainbow trout.



The current experiment was designed to study astaxanthin concentration in the blood
of rainbow trout fed diets supplemented with different sources of astaxanthin: green
algae H. pluvialis and synthetic astaxanthin (CAROPHYLL® Pink), at two different
dietary lipid levels (9 and 24%). Relative serum concentrations of astaxanthin were
taken as an indication of differences in pigment absorption (March and MacMillan,
1996).

2. Materials and methods
2.1. Carotenoid sources

The microalga H. pluvialis strain CCAP H35 was cultivated in Bold basal medium
(Nichols and Bold, 1964). The culture grew in a 10 | plexyglass cylinder into which air
was bubbled agitating the culture for 2 weeks. Temperature was maintained at 21 + 1°C
with a 12 h dark:12 h light cycle. lllumination was provided by cool white fluorescent
lamps (L36 W /21 Hellweiss Luminux Coolwhite, Osram, Lisbon, Portugal) at an
irradiance of 46 wmol photons/m? per s. In order to stimulate astaxanthin production,
the cultivated algae were moved to another temperature controlled chamber for 3 days
where the temperature was 30 + 1°C and light intensity to 80 wmol photons/m? per s.
The 12 h dark:12 h light cycle was maintained. Algae were harvested by centrifugation
(XL-80 ultracentrifuge, Beckman Instruments, Fullerton, USA) at 1000 X g for 5 min,
washed with distilled water and centrifuged for another 5 min. The biomass was then
recovered and put in a biofreezer (Model 8417 S/N 85162-2127, Forma Scientific,
Marietta, USA) at —80°C for 24 h after which it was lyophilised for 3 days (CHRIST
ALPHA 1-4, Biotech, Osterode, Germany) and finally stored under nitrogen at — 18°C.
Before incorporation into experimental diets, the algal biomass was mechanically ground
in a bal grinder (grinder Dangoumeau, Prolabo, Paris, France) for 5 min to disrupt the
cell walls. Grinding efficiency was assessed by microscope observation.

Astaxanthin was added to the feed as water dispersable beadlets (CAROPHYLL®
Pink, F. Hoffmann-La Roche, Basel, Switzerland) of 8% (w/w) astaxanthin content.
The beadlet formulation consisted of emulsified droplets of astaxanthin in peanut oil
encased in a matrix of gelatin, sucrose and food starch, and stabilised by addition of
ascorbyl palmitate and all-rac-a-tocopherol as antioxidants (Klaui and Bauernfeind,
1981).

Four diets were prepared using the two astaxanthin sources and two different lipid
levels (9 and 24%). The basal composition of each diet was that of Boujard and Méedale
(1994). Astaxanthin supplements were thoroughly mixed with the feed at a rate of 100
mg carotenoid/kg of feed before pelletization. Diets were pelleted using a dry,
steamless pelleting machine (Regina Supernova, Italy) through a 4.5 mm dye. The
pelleted diets thus obtained were allowed to dry at 38°C for 22 h and were stored at
+4°C prior to use in the week after. The proximate composition of the experimental
dietsis given in Table 1.



Table 1
Proximate composition of the experimental diets (mean of two determinations)

Diets?

AXHE ALHE AXLE ALLE
Dry matter (DM) (%) 95.3 95.6 94.3 95.6
Protein (% DM) 39.3 385 383 37.8
Lipid (% DM) 24.4 251 9.6 9.3
Ash (% DM) 10.7 10.3 9.9 9.9
Astaxanthin (mg/kg of feed DM) 110.1 129.8 119.7 142.0

®Diets were designed by their carotenoid source (two first letters) and lipid level (two last letters):
AX = synthetic astaxanthin, AL = microalgal astaxanthin; HE = high lipid content; LE = low lipid content.

2.2. Fish and experimental conditions

The experiment took place at the INRA experimental fish farm of Donzacq (Landes
department, France). Rainbow trout (Oncor hynchus mykiss) 16 months old and from the
same parental stock were provided by the INRA hatchery of Lees-Athas (Pyrénees
Atlantiques department, France). Eighty fish with a mean weight of 150 g were divided
among eight different groups and held in a 0.5 m® fiber glass tank supplied by spring
water (pH: 7.4, Cl~:22.5 mg/l, Ca®*:75 mg/|) at a constant temperature (17 + 1°C)
and a rate of 5 volume changes per hour. Fish were maintained on a commercial
non-pigmented trout feed (Trouw France, Fontaine-les-Vervins, France) for 11 days
prior to feeding the four experimental diets, tested in duplicate. Fish were hand-fed
twice a day a weighed quantity of feed during 5 days and complete feed ingestion was
assessed visually. Astaxanthin intake per experimental diet is reported in Fig. 2.

2.3. Sampling and analytical methods

Blood sampling was carried out at the end of the experiment. The time elapsed
between the last meal and blood sampling was within 2 h. Blood was collected from the
80 fish from the caudal artery with 2 ml non-heparinized disposable syringes fitted with
0.6 X 25 mm disposable needles (Becton Dickinson France, Le Pont de Claix, France).
Blood samples (approx. 2 ml /fish) were held overnight at +4°C to clot. Samples were
centrifuged at 1000 X g (Model T52.1, MLW, Engelsdorf, Germany) for 5 min. The
serum was then removed with a Pasteur pipette.

Carotenoid analyses were carried out in duplicate, and the genera precautions
recommended for isolation and handling of carotenoids (Fiasson et al., 1969) were
followed.

For astaxanthin analyses, serum (0.2 ml) was vortexed with 0.4 ml of ethanol (95°)
for 30 s, then 1 ml of hexane was added, and the mixture was vortexed for 1 min. The
hexane was separated by centrifuging at 1000 X g for 5 min. Absorbance was measured
at 480 nm in n-hexane by UV —visible spectrophotometry (UV-160A, Shimadzu, Tokyo,
Japan). Astaxanthin concentration was calculated using a specific extinction coefficient
EF = 2100 in n-hexane (Weber, 1988).
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Table 2
Carotenoid pigments in the alga H. pluvialis (mean of two determinations)

Carotenoid Percent of total carotenoids (DM)?
Astaxanthin diester 70.2

Astaxanthin monoester 24.3

Free astaxanthin <1

Lutein 4.8

4Dry matter basis.

For carotenoid extraction from the microalgal biomass, a sample of algal powder was
weighted into a glass flask (Virtis, New York, USA) and 45 ml of acetone were added.
The mixture was homogenized with a homogenizer (Virtis ‘45 Homogenizer, Virtis) for
2 min at 20000 rpm and the homogenate was vacuum-filtered through glass microfibre
filters (GF/A, Whatman International, Maidstone, England). Silica was added to the
filter to avoid fouling. The procedure was repeated three times until the filtrate was
colourless. The extract was pooled and mixed with 50 ml of petroleum ether (b.p.
40-60°C) and 37.5 ml of sodium chloride solution 0.73% in a 250 ml separatory funnel.
Phase separation was allowed, epiphase was recovered into a round flask and an equal
volume of water was added to the remaining solution. After mixing and phase
separation, the epiphase was again recovered into the same balloon and dried under
vacuum in a rotary evaporator (Biichi rotavapor, Biichi Laboratoriums-Technik, Flawil,
Switzerland) at 40°C. The extracts were then redissolved in acetone. Total carotenoid
concentration was calculated from the peak absorbances using a specific extinction
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Fig. 1. Changes in astaxanthin forms during pelleting process. Astaxanthin diester /74, astaxanthin monoester
O and free astaxanthin |.



coefficient EJ* = 2100 in n-hexane (Weber, 1988), after scanning the algal extracts
between 380—600 nm by UV -visible spectrophotometry (UV-160A, Shimadzu).

The major carotenoids in the alga powder were identified and quantified by
thin-layer chromatography (Goodwin, 1955) on TLC plated silica gel, 20 X 20 ¢cm layer,
thickness 0.25 mm (TLC plated silica gel 60, Merck, Darmstadt, Germany) with
authentic standards for canthaxanthin and astaxanthin (F. Hoffmann-La Roche). The
developing mixture was petroleum ether (b.p. 40-60°C) /acetone (3:1, v /v) (Fiasson et
al., 1969). In a diffused light, the different TLC bands were scrapped off, eluted with
acetone and vacuum filtered. Each filtrate was dried under vacuum in a rotary evapora
tor (Buchi rotavapor, Blchi Laboratoriums-Technik) and redissolved in n-hexane prior
to quantification in a spectrophotometer (UV-160A, Shimadzu). Each carotenoid con-
centration was calculated from the peak absorbances using the extinction coefficient
Ef% = 2100 for free, monoester and diester astaxanthin in n-hexane and Ei% = 2500
for lutein in ethanol (Weber, 1988).

Synthetic astaxanthin in the diets was analysed according to Osadca et al. (1972).
Microalgal astaxanthin in the diets was extracted with the lipids following the method of
Folch et al. (1957) and quantified by spectrophotometry.

Group comparisons between the different diets were made for carotenoid absorption
by Student’s t-test (Zar, 1984). A significance level of P < 0.05 was used to determine

statistically significant differences between means.

3. Results

The total amount of carotenoid pigments in the algal biomass was 1.4% on a dry
weight basis. The major pigments of the algae are reported in Table 2. Ketocarotenoids
comprised 95.5%. Diets containing microalgal astaxanthin were formulated taking into

Astaxanthin ( ug/ml)
(anon/Bur) oxeIuT UTYIUBXEISY

ALHE ALLE AXHE

Experimental diets

Fig. 2. Serum astaxanthin concentration of rainbow trout fed either microalgal astaxanthin (AL) or synthetic
astaxanthin (AX) a two different lipid levels: HE 24% and LE 9% %, (n=20; mean+SD) and
astaxanthin intake (mg/trout) O. Means with no common letters differ significantly (P < 0.05).



account the astaxanthin profile of the algae. Analyses of extracts from the diets
supplemented with algal biomass gave the following composition: free astaxanthin
58.0%, astaxanthin monoester 10.3%, astaxanthin diester 23.8%, and lutein 7.8% (Fig.
1.

Results for serum astaxanthin concentration and carotenoid intake are given in Fig. 2.
Levels of serum astaxanthin concentration ranged from 5.3+ 2.0 pg/ml to 9.0+ 1.9
pg/ml.

Astaxanthin concentration in the serum was higher (P < 0.05) for fish fed high lipid
level diets, independent of the astaxanthin source. The concentration of astaxanthin in
the serum was higher (P < 0.05) in fish fed diets supplemented with microalgal
astaxanthin (7.0 + 2.5 p.g astaxanthin /ml) compared to synthetic astaxanthin (5.3 + 2.0
pg astaxanthin/ml) when dietary lipid level was low (9%). However, there were no
significant differences between astaxanthin concentration in the serum in fish fed either
synthetic or microalgal supplemented diets, respectively 8.4+ 2.4 and 9.0+ 1.9 ng
astaxanthin/ml serum when dietary lipid level was high (24%).

4, Discussion

The major pigments found in H. pluvialis are generally B-carotene and its keto-de-
rivatives echinenone, canthaxanthin and astaxanthin. These additional pigments are
found outside the chloroplast, in the aplanospores (Czygan and Kessler, 1967). This can
explain some of the discrepancies observed in the carotenoid composition between algae
used in this study and previous results reported for algae of different strains and
cultivated under different conditions (Kuhn et al., 1939; Czygan, 1968, 1970; Renstram
et al., 1981). Nevertheless, analyses of the algae used in this study confirmed the
presence of astaxanthin as the major red carotenoid pigment in an amount as high as
95.5% of total carotenoids.

Highly pigmented cells of the microalga occur in an encysted form surrounded by a
thick cell wall and this barrier may impede the absorption of pigments by fish (Johnson
and An, 1991; Choubert and Heinrich, 1993). Therefore, carotenoids are available to fish
only if the algal cell is broken mechanically or chemically, since fish do not possess
enzymes capable of breaking the alga cell wall. The non or incomplete breakage of the
cell wall may explain the low levels obtained for microalgal astaxanthin deposition in
the fish flesh compared to synthetic astaxanthin (Sommer et al., 1991, 1992; Choubert
and Heinrich, 1993). Therefore, the algal biomass used in this experiment was mechani-
cally ground before incorporation in the feed.

Degradation of algal carotenoids occurred during the pelleting process (3.4% of total
astaxanthin as a percentage of total carotenoids) which may be due to an increase in
temperature and pressure in the pelleting machine even at a low temperature (43°C)
(Wornick, 1960). This finding is in agreement with Choubert and Heinrich (1993).
However, the increase of free astaxanthin in the feed after pelletization may be due to
hydrolysis of astaxanthin esters during the process.

Astaxanthin concentration was measured in the serum since it has been reported that
plasma extract showed up to 10% lower carotenoid concentrations as compared with the



serum extract (Nierenberg, 1984; Stacwicz-Sapuntzakis et al., 1987). Fish were fed over
5 days to assure that astaxanthin serum concentration was maximum, since a plateau of
concentration is reached after 1 day of astaxanthin intake (Choubert et al., 1994).

The time elapsed between the meal and blood sampling was 2 h since it has been
reported that the decrease of astaxanthin in the serum is a fast phenomenon (Choubert et
al., 1994).

Astaxanthin concentrations in the serum at the end of experiment in al the fish fed
the four experimental diets were in the range of serum/plasma carotenoid values
reported in the literature for immature rainbow trout (Choubert et al., 1987, 1992) and
higher than that obtained by March et al. (1990). However, reported values refer to
synthetic astaxanthin. No work has been conducted on algal astaxanthin. Considerable
interindividual variations in the amount of astaxanthin in the serum appeared. This
variability has been reported in other fish carotenoid studies (Choubert et al., 1987;
March et a., 1990; Guillou et a., 1992; Gobantes et al., 1997).

Results obtained in this experiment, concerning the effect of dietary lipid level on
astaxanthin serum concentration, showed that astaxanthin concentration was higher for
fish fed high dietary lipid level, independent of the astaxanthin source. These results
were expected since carotenoids are fat soluble compounds. The results are in agreement
with those of Erdman (1988) and Prince and Frisoli (1993), who reported that the
absence or very low levels of fat in diets substantially reduced human carotenoid
absorption. In humans, dietary fat stimulates bile flow from the gall bladder, which
facilitates the emulsification of fat and fat-soluble compounds into lipid micelles within
the smdll intestine. Without micelle formation, carotenoids are poorly absorbed (Erd-
man, 1988).

Regarding the two astaxanthin sources, no difference in astaxanthin serum concentra-
tion was found in fish fed diets supplemented with either natural or synthetic astaxanthin
when dietary lipid level was high.

A higher astaxanthin serum concentration was found in fish fed diets supplemented
with algal biomass when dietary lipid level was low. The reason why algal astaxanthin
concentration in the serum is higher than that of synthetic astaxanthin only in fish fed
low lipid levels is not known and remains hypothetical. The esterified forms of
astaxanthin present in algal biomass, even though at lower quantities after pelleting,
were better absorbed than the synthetic astaxanthin (free form). This finding supports the
idea that the cleavage of the astaxanthin esters is not a limiting step for microalgal
astaxanthin absorption since only free astaxanthin is found in the serum, this indicated
that astaxanthin esters are hydrolysed in the digestive tract and that astaxanthin is
absorbed in the free state (Khare et al., 1973; Hata and Hata, 1975; Schiedt et al., 1986).
However, the free form of astaxanthin was reported to be more efficiently utilized than
the dipalmitate ester (Storebakken et al., 1987). The presence of phospholipids in the
alga may increase the absorption of carotenoids since dietary phospholipids stimulated
the absorption of dietary fatty acids in post-larval turbot (Geurden et a., 1998).
Moreover, a specific enhancement of the secretion of intestinal lipoproteins by phos-
phatidylcholine was reported in rat cell lines by Field and Mathur (1995).

In conclusion, whatever the astaxanthin source, the high dietary lipid level increased
serum astaxanthin concentration in fish.



Results concerning pigment effect on serum astaxanthin concentrations showed that
microalgal and synthetic astaxanthin were used by fish at the same extend when lipid
level in the diet was high. Nevertheless, microalgal astaxanthin was better used than
synthetic astaxanthin when dietary lipid level was low.
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