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Of the total carotenoids in respective algal samples, f5-carotene in Spirulina platensis was 69.5%,
astaxanthin and its esters in Haematococcus pluvialis was 81.38%, and lutein in Botryococcus
braunii was 74.6%. The carotenoids were characterized by mass spectrometry. A time—course
study of carotenoids in rats after administration of microalgal biomass showed peak levels in
plasma, liver, and eyes at 2, 4, and 6 h, respectively. f-Carotene accumulation in Spirulina-fed rats
was maximum in eye tissues at 6 h. Similarly, levels of astaxanthin and lutein in Haematococcus-
and Botryococcus-fed rats were also maximal in eye tissues. Astaxanthin from H. pluvialis showed
better bioavailability than g-carotene and lutein. The antioxidant enzymes, catalase, superoxide
dismutase, peroxidase, and TBARS were significantly high in plasma at 2 h and in liver at 4 h,
evidently offering protection from free radicals. This study implies that microalgae can be a good

source of carotenoids of high bioavailability and nutraceutical value.
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INTRODUCTION

There is an increasing interest in the use of antioxidative
molecules in health foods since they have the capacity to quench
free radicals, thereby protecting cells and tissues from oxidative
damage (/). They are also useful in preventing deterioration of
food products during processing and storage (2). Carotenoids
also influence cellular signaling and may trigger sensitive regula-
tory pathways. More than 600 naturally occurring carotenoids
have been characterized; among them, 8-carotene is recognized as
the most prominent antioxidant (3).

Spirunlia platensis is a multicellular, filamentous cyanobacterium,
or a blue-green alga of cyanophyta. S. platensis contains f-carotene,
vitamins, and minerals, and it has received attention as a most
promising and highly nutritious food source (¢, 5). Spirulina was
proven to exhibit various biological activities such as lowering
plasma cholesterol levels and blood pressure and improving the
vitamin A levels in blood (6, 7). Biological properties of Spirulina
are attributed to components including w-3 or w-6 fatty acids,
p-carotene, o-tocopherol, phycocyanin, and phenolic compounds
(8). The bioavailability of Spirulina carotenoids has been demon-
strated in both rats and chicken (9, 10). Spirulina has been
commercialized in several countries for its use in health foods
and for therapeutic purposes, particularly for its valuable consti-
tuents, proteins, and vitamins (/7). It is also a potential thera-
peutic agent in oxidative stress-induced diseases (12, 13).
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Haematococcus pluvialis is a unicellular green alga belong-
ing to the family chlorophyceae. It is known to accumulate
carotenoids under stress conditions (/4). Astaxanthin is the major
carotenoid in Haematococcus, and it exists mainly as Astaxanthin
esters (AE) (70% monoester, 15—20% diester, and 4—5% free
form) (15). Astaxanthin has gained nutraceutical and pharma-
ceutical importance because of its high antioxidant activity (15).
It is commercially available as an antioxidant food supplement
and approved by the Swedish Health Food Council Advisory
Board (/6). Bioavailability of esterified astaxanthin in human
volunteers has been investigated (/6, /7). In the United States,
astaxanthin is permitted for use as a food color additive by the
Food and Drug Administration (/8) via induced pigmentation of
cultured salmons. Because of demand for the natural astaxanthin
in the fast-growing nutraceutical market, H. pluvialis is being
cultivated on a large scale as a rich source of natural astaxan-
thin (19).

Botryococcus braunii is a green colonial microalga belonging to
the family chlorophyceae. It is known for the production of
hydrocarbons, exopolysaccharides, and carotenoids. This alga is
grouped into three different races, A, B, and L, depending on the
type of hydrocarbons that they synthesize (20). The presence of
carotenoids is more pronounced in races B and L (20). Both of the
races produce almost equal amounts of S-carotene, echinenone,
canthaxanthin, lutein, violaxanthin, loroxanthin, and neoxanthin.
However, lutein is the major carotenoid (22—29%) reported in
the linear phase of these races. Canthaxanthin (46%) together
with echinenone (20—28%) are the dominating carotenoids in the

Published on Web 07/13/2010 pubs.acs.org/JAFC



8554  J. Agric. Food Chem., Vol. 58, No. 15, 2010

stationary phase (27). Grung et al. (22) reported the presence of
adonixanthin in the “L” race in the stationary phase. Carotenoids
such as botryoxanthin-A (23), botryoxanthin-B, a-botryox-
anthin (24), and braunixanthin 1 and 2 (25) isolated from the B
race may contribute to the color of the algal colonies. The present
study was undertaken to evaluate the bioavailability of caro-
tenoids and their antioxidant properties from S. platensis,
H. pluvialis, and B. braunii biomasses in an experimental rat model.

MATERIALS AND METHODS

Source of Chemicals. High-performance liquid chromatography
(HPLC) grade acetonitrile, methanol, and dichloromethane were pur-
chased from Rankem Chemicals Ltd. (Mumbai, India). Analytical grade
acetone, hexane, chloroform, methanol, and petroleum ether were pur-
chased from Sisco Research Laboratories, Pvt, Ltd., (Mumbai, India).
Nitroblue tetrazolium (NBT), trichloroacetic acid (TCA), thiobarbituric
acid (TBA), butylated hydroxyanisole (BHA), butylated hydroxytoluene
(BHT), Tris-HCI buffer, standard astaxanthin, xanthophylls (lutein and
zeaxanthin), and S-carotene were obtained from Sigma Chemicals Co. (St.
Louis, MO).

Microalgae Culture and Quantification of Carotenoids. S. platensis
was grown in modified Zarrouk’s medium (26). The cultures were
incubated at 25 £ 1 °C under 1.2 £ 0.2 klux light intensity with a 16
h:8 h photoperiod. H. pluvialis was obtained from Sammlung von
Algenkulturen, Pflanzen Physiologisches Institut, Universitat Gottingen
(Gottingen, Germany), and it was maintained on autotrophic medium and
agar slants (27). H. pluvialis grown in modified autotrophic Bold basal
medium (28) and carotenoid formation was obtained under salinity stress
as reported earlier by Sarada et al. (27). The encysted red cell biomass rich
in carotenoids was harvested, lyophilized, and stored at 4 °C. B. braunii
(CFTRI-K) was isolated from Indian fresh water bodies of Kodaikanal
(latitude 10.31N and longitude 77.32E), India, and identified as race
“A” (29), and the stock culture was maintained in modified CHU13
medium (30). B. braunii was grown in liquid medium for the biomass. The
cultures were incubated at 25 + 1 °C under 1.5 £ 0.2 klux light intensity
with a 16 h:8 h light:dark cycle. After 4 weeks of growth, the culture was
harvested by centrifugation (20), and the biomass was lyophilized and used
for the extraction of total carotenoids.

A known quantity (1 g) of S. platensis, H. pluvialis, and B. braunii
biomasses were homogenized and extracted repeatedly with acetone,
chloroform, methanol, and petroleum ether separately. Extracts were
pooled, evaporated using a rotavopar (Buchi, Germany), and redissolved
in acetone. The absorbance of extracts was measured at 450, 470, 645, and
661.5 nm to estimate the content of total carotenoid and chlorophyll using
Lichtenthaler equations (37). Astaxanthin was determined at 480 nm using
an extinction coefficient of 2500 at 1% level by the method of Davies (32).

Bioavailability of Carotenoids. Animal experiments were performed
after due clearance from the Institutional Animal Ethics Committee of
CFTRI, Mysore (IAEC No. 116/08). Male Wistar rats [OUTB Wistar,
IND-Cft 2c] weighing 41 £ 2 g were housed individually in steel cages at
room temperature (28 & 2 °C). A 12 h light/ dark cycle was maintained,
and the rats received daily a fresh pellet diet (Amrut feeds, Sangli, India)
and had free access to tap water. The leftover diets were weighed and
discarded. After 7 days of acclimatization, rats were deprived of food
for 12 h and administered a single dose of S. platensis, H. pluvialis, and
B. braunii biomass as a source of f-carotene, astaxanthin, and lutein,
respectively. Diet samples were processed for the analysis of three
carotenoids by HPLC (33).

Group of rats (n = 25) were administered by intubations to the stomach
a single dose (134, 33, 328 mg/rat) of S. platensis or H. pluvialis, or B. braunii
biomass solubilized in olive oil as source of 200 uM equivalent of
p-carotene, astaxanthin, and lutein. Each group was divided into five
subgroups (n = S5/subgroup) to measure the time—course response of
carotenoids in plasma and tissues for 9 h. A separate group (n = 5) not
fed either of the biomasses was considered as 0 h. Rats in 0 h and in each
treatment group (n = S/time point) at 2, 4, 6, and 9 h after gavage were
exsanguinated under mild ether anesthesia, blood was collected from the
heart into heparinized tubes, and plasma was separated immediately by
centrifugation at 1000g for 15 min at 4 °C. Liver and eyes were dissected and
washed with ice cold saline and immediately stored at —70 °C until analyzed.
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HPLC Analyses of Carotenoids. Analyses of individual carotenoids
viz. f-carotene, astaxanthin, and lutein from plasma, liver, and eyes of rats
were done by HPLC using the method of Baskaran et al. (34). In brief, to
the plasma (0.8 mL), 3 mL of dichloromethane:methanol (1:2, v/v)
containing a-tocopherol (2 mM) was added. After the solution was mixed,
hexane (1.5 mL) was added, stirred, and centrifuged at 1000g for 15 min,
and the resulting upper hexane/dichloromethane phase was collected. This
extraction was repeated for the lower phase two more times using 1 mL of
dichloromethane and 1.5 mL of hexane. The hexane extracts were pooled
and evaporated to dryness under a stream of nitrogen. The residue was
redissolved in 100 4L of mobile phase and used for HPLC analysis of
p-carotene, astaxanthin, and lutein.

Liver and eye samples (1 g) were homogenized separately with nine
parts of ice-cold isotonic saline with a Potter—Elvehjem homogenizer.
p-Carotene, astaxanthin, and lutein were extracted from 0.8 mL of the
homogenate and analyzed by HPLC with the same procedure used for
plasma.

In the case of the groups fed with the B. braunii biomass (lutein source),
the liver extract was further saponified by incubating in 2 mL of 10 M
potassium hydroxide at 60 °C for 45 min. Subsequently, lutein was extra-
cted and analyzed by HPLC with the same procedure used for plasma.
Samples were handled on ice under dim yellow light to minimize isomeri-
zation and oxidation of carotenoids by light irradiation.

Liquid Chromatography—Mass Spectrometry (LC-MS) of
Carotenoids. The carotenoids were further confirmed in S. platensis,
H. pluvialis, and B. braunii biomasses by using the Waters 2996 modular
HPLC system (autosampler, gradient pump, thermo-regulator, and diode
array detector), coupled to a Q-Tof Ultima (UK) mass spectrometer. In
brief, the atmospheric pressure chemical ionization (APCI) source was
heated at 130 °C, and the probe was kept at 500 °C. The corona (5kV), HV
lens (0.5 kV), and cone (30 V) voltages were optimized. Nitrogen was used
as the sheath and drying gas at 100 and 300 L/h, respectively. The
spectrometer was calibrated in the postitive mode, and [M + H]" ions
were recorded. Mass spectra of carotenoids were acquired with an mj/z
400—600 scan range.

Antioxidant Enzymes. The catalase assay was carried out by the
method of Aebi (35). Plasma (0.2 mL) from each group was diluted with
1.9 mL of phosphate buffer (125 mM, pH 7.4). The reaction was initiated
by the addition of 1 mL of hydrogen peroxide (H,0,) (30 mM). Blank
without plasma was prepared with 2.1 mL of phosphate buffer and 1 mL of
H,0, (30 mM). The decrease in absorbance due to the decomposition of
H,0, was measured at the end of 1 min against the blank at 240 nm. Units
of catalase activity were expressed as the amount of enzyme that decom-
poses 1 uM H,0, per minute at 25 °C. The specific activity was expressed in
terms of units per mg protein.

The assay of superoxide dismutase (SOD) was measured on the
reduction of NBT to water insoluble blue formazan, as described by
Fedovich (36). To the plasma (0.2 mL), 125 mM sodium carbonate
(I mL), 24 uM NBT (0.4 mL), and 0.1 mM ethylenediaminotetraacetic
acid (EDTA) (0.2 mL) were added. The reaction was initiated by adding
1 mM hydroxylamine hydrochloride (0.4 mL). Zero time absorbance was
taken at 560 nm followed by recording of the absorbance after 5 min at
25 °C. Units of enzyme required for the reduction of NBT by 50% were
determined. The specific activity was expressed in terms of units per mg
protein.

The peroxidase assay was carried out as per Nicholas (37). To the liver
homogenate (0.5 mL), 10 mM potassium iodide (KI) (I mL) and 40 mM
sodium acetate (1 mL) solution were added. The absorbance of KI was
read at 353 nm, which indicates the amount of peroxidase. To the reaction
mixture, 20 uL of HyO, (15 mM) was added, and the change in the
absorbance in 5 min was recorded. Units of peroxidase activity were
expressed as the amount of enzyme required to bring about a one OD per
minute. The specific activity was expressed in terms of units per milligram
protein.

Lipidperoxidation Assay. TBA reacts with malondialdehyde (MDA)
to form a diadduct, a pink chromogen, which can be detected spectro-
photometrically at 532 nm (38). The TBA reactive substances were
measured in terms of MDA and expressed as MDA equivalent. To the
plasma and liver homogenate (0.5 mL), I mL of 0.15 M potassium chloride
(KCl) was added, and the peroxidation was initiated by adding 250 uL of
0.2 mM ferric chloride. The reaction mixture was incubated at 37 °C for
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Table 1. Components and Carotenoids in Microalgal Biomasses®
%

components/carotenoids S. platensis H. pluvialis B. braunii
biomass yield 1.51+0.04 2.2+0.02 2.5+0.05
total carotenoids 2.0+0.08 23+0.12 0.35+0.06
total phenolics 0.2+0.01 0.28+0.03 0.17 £0.02
astaxanthin (1) ND 3.8+0.25 0.4+0.02
lutein (2) 14.4+0.58 1.4+£0.20 746+23
zeaxanthin (3) 27+0.16 42+0.38 1.4+0.18
[-carotene (4) 69.5 +2.65 1.7+0.98 1.5+0.10
AE ND 77.58 +3.12 ND
ul 13.4+0.07 11.32£0.16 22.1£0.41

@Twenty-one day old cultures analyzed for various parameters. Values are
means + SDs (n=5); ND refers to not detected. One to four refers to carotenoids, Ul
refers to unidentified peaks in Figure 1, and AE refers to astaxanthin esters.

30 min. The reaction was stopped by adding 2 mL of an ice-cold mixture of
0.25 N HCI containing 15% TCA, 0.30% TBA, and 0.05% BHT and
heated at 80 °C for 60 min. The samples were cooled, and results were
expressed as MDA equivalent, which was calculated by using an extinction
coefficient of 1.56 x 10° M~ cm™". One unit of lipid peroxidation was
defined as the amount of enzyme required to convert 1 mole of TBA into
thiobarbituric acid reactive substances (TBARS). The specific activity was
expressed in terms of units per milligram protein.

Estimation of Protein Content. Protein was determined as per the
method of Lowry et al. (39)

Statistical Analysis. Data were tested for the homogeneity of var-
iances by the Bartlett test. When homogeneous variances were confirmed,
the data were tested by repeated measures analysis of variance (ANOVA),
and significant differences in means among groups and at different time
points were evaluated by Tukey’s test. The percent differences between
groups were calculated and considered significant at the level of p < 0.05.

RESULTS

Biomass Yield, Total Carotenoid, and Phenolic Content in Micro-
algae. The yield of biomass, total carotenoid, and phenolic contents
in microalgae from 21 day old cultures are shown in Table 1. The
biomass yield was 1.5,2.2, and 2.5 g/L in S. platensis, H. pluvialis,
and B. braunii. The total carotenoid content was found to be 2,
2.3, and 0.35%, whereas the total phenolic content was 0.2, 0.28,
and 0.17% in S. platensis, H. pluvialis, and B. braunii, respectively.

Identification of Carotenoids by HPLC and LC-MS (APCI).
The HPLC profiles of carotenoids in the S. platensis, H. pluvialis,
and B. braunii are shown in Figure 1A—C. Algal biomass
contained three classes of pigments such as xanthophylls, chloro-
phylls, and carotenoids, which were eluted through a C;g column
and separated within 30 min. The detectable xanthophylls com-
prised of astaxanthin (peak 1), lutein (peak 2), zeaxanthin (peak 3),
and f-carotene (peak 4) and few unidentified peaks. These
carotenoids were eluted under isocratic conditions and confirmed
by their retention times and the absorption spectra of the
respective reference standards. The carotenoid compositions of
S. platensis, H. pluvialis, and B. braunii are shown in Table 1.

In S. platensis, p-carotene (69.5%) was the major one, and
others include lutein (14.4%), zeaxanthin (2.7%), and unidenti-
fied peaks (13.4%). The H. pluvialis biomass contained astax-
anthin esters (AE, 77.58%), and others are astaxanthin (3.8%),
lutein (1.4%), zeaxanthin (4.2%), f-carotene (1.7%), and uni-
dentified peaks (11.32%). The relative percentage of carotenoids in
B. braunii was determined for astaxanthin (0.4%), lutein (74.6%),
zeaxanthin (1.4%), -carotene (1.5%), and unidentified (22.1%).

MS (APCI) was applied to confirm the carotenoids from
S. platensis, H. pluvialis, and B. braunii. The molecular mass of
each carotenoid peak was identified with their respective mass
spectra. Neoxanthin, violaxanthin, a-carotene, and f-carotene
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Figure 1. HPLC profile of carotenoids from S. platensis (A), H. pluvialis (B),
and B. braunii(C) biomasses. Peaks: 1, astaxanthin; 2, lutein; 3, zeaxanthin;
4, B-carotene; AE, astaxanthin esters; and Ul, unidentified peaks.

are isomers having similar molecular masses. On the basis
of the fragmentation data, various carotenoids were identified in
S. platensis, H. pluvialis, and B. braunii biomasses (Figure 2A—C).

Bioavailability of Carotenoids. The time-course response of
p-carotene in plasma, liver, and eyes of rats over 0—9 h after
gavage of Spirulina was examined. -Carotene was not detected in
the plasma, liver, and eye of the 0 h group, but after gavage of
the S. platensis biomass, its maximum level recorded at 2 h was
70.56 4+ 3.14 pmol/mL, at4 h was 100.35+4.91 pmol/g,and at6 h
was 146.29 £ 6.12 pmol/g in plasma, liver, and eyes respectively
(Figure 3A). The f-carotene (146.29 + 6.12 pmol/g) accumulation
in the eyes was higher at 6 h than in liver tissues.

Astaxanthin levels in plasma, liver, and eyes of rat over 0—9 h
after gavage of the H. pluvialis biomass is presented in Figure 3B.
Astaxanthin was not detected in the 0 h group, but after gavage,
however, it was detected in plasma (128.49 £ 2.58 pmol/mL), liver
(131.23 4+ 4.58 pmol/g), and eye (281.45 4 5.12 pmol/g). The eye
astaxanthin level was markedly higher at 6 h and lower at 9 h than
those observed in liver. The mean astaxanthin values of eyes were
higher by 3-fold as compared to liver tissues.

Similar to earlier experiments for S-carotene and astaxanthin,
lutein levels were determined in samples of plasma, liver, and eyes
of rats fed with B. braunii. Lutein was not detected in the zero time
group; however, it was detectable in 2 h (43.27 4 2.57 pmol/mL),
4 h (54.63 £ 3.41 pmol/g), and 6 h (259.23 £+ 4.81 pmol/g) in
plasma, liver, and eyes, respectively (Figure 3C). Eye tissues
accumulated lutein more than in liver.

Antioxidant Property of Carotenoids. Antioxidant enzymes
catalase, SOD, and peroxidase were measured in plasma and
liver samples mainly to elucidate the activity of these en-
zymes upon feeding of algal biomass. Feeding of S. platensis,
H. pluvialis, and B. braunii biomasses as a source of -carotene,
astaxanthin, and lutein, respectively, over 0—9 h to rats influ-
enced plasma antioxidant enzymes such as catalase, SOD, and
peroxidase (Table 2). Results showed maximum plasma catalase,
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Figure 2. LC-MS (APCI) profile of S. platensis (A), H. pluvialis (B), and B. braunii(C). Peaks: 1, neoxanthin; 2, violaxanthin; 3, astaxanthin; 4, lutein; 5,
zeaxanthin; 6, B-cryptoxanthin; 7 and 8, o- and f3-carotene; and Ul, unidentified peaks.

SOD, and peroxidase activity (116.48, 70.27, and 100.34%) at 2 h
after intubation of the S. platensis biomass, when compared to the
0 h group. Similarly, the maximum activities of catalase, SOD,
and peroxidase (134.06, 60.10, and 104.76%) were observed at 2 h
in H. pluvialis treatment as a source of astaxanthin, when com-
pared to the 0 h group. Catalase and peroxidase activities were 2.2-
and 1.7-fold higher, when compared to SOD. As in the other two
groups, the maximum catalase, SOD, and peroxidase activities
(101.85, 46.49, and 88.29%) were found at 2 h after intubation of
B. braunii as a source of lutein, when compared to the 0 h group.
Upon intubation of S. platensis, H. pluvialis, and B. braunii as a
source of -carotene, astaxanthin, and lutein to rats, the hepatic
antioxidant enzymes, catalase, SOD, and peroxidase (Table 3)
were analyzed. The results showed that the maximum catalase
(52.06%), SOD (66.4%), and peroxidase (114.2%) activities were
noticed at 4 h. As like S. platensis, the maximum activities of
catalase, SOD, and peroxidase, 52.30, 66.24, and 118.81%, respec-
tively, were also found at 4 hin H. pluvialis treatment. Antioxidant
enzyme levels were also higher in the B. braunii treatment.

Changes of lipid peroxidation in plasma and liver of algal
biomass-treated rats are shown in Table 4. The lipid peroxidation
was found to be 0.71 nmol/mg protein at 2 h in S. platensis
biomass-treated rats. Similarly, the H. pluvialis biomass showed
the maximum lipid peroxidation of 0.57 nmol/mg protein at 2 h.
As in the other two groups, the B. braunii biomass also exhibited
0.79 nmol/mg protein lipid peroxidation at 2 h. In the case of liver,
the lipid peroxidation was found to be higher in Spirulina fed rats
as compared to the other two algae treatments.

DISCUSSION

The present study was conducted to elucidate the bioavail-
ability of f-carotene, astaxanthin, and lutein from microalgae
S. platensis, H. pluvialis, and B. braunii biomasses by monitoring
the postprandial plasma, liver, and eye response in rats over 9 h
after their administration. The results showed that the bioavail-
ability of astaxanthin and its esters from H. pluvialis was higher
followed by S-carotene and lutein from S. platensis and B. braunii,
respectively. The concentration of all of the carotenoids after a
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Figure 3. Carotenoids in plasma, liver, and eye in S. platensis- (A),
H. pluvialis- (B), and B. braunii- (C) fed rats. Values represent the mean +
SD of five analyses. Values are significant at p < 0.05 as compared to the
0 h group.

single dose of microalgal biomass reached a maximum level at 2 h
in plasma in all of the groups, although their concentration levels
varied among carotenoids significantly (Figure 3A—C). This
study indicates that the plasma astaxanthin level in rats from
H. pluvialis biomass was 1.8- and 3.0-fold higher than f3-carotene
and lutein, whereas the level of -carotene was 1.6-fold higher
than lutein. The peak carotenoid concentration in the eye
of experimental rats reached maximum levels at 6 h in all of
the groups; however, the concentration varied significantly
(Figure 3A—C). Evidently, the astaxanthin level in eyes from
the H. pluvialis biomass was 1.9- and 2.1-fold higher than §-
carotene and lutein. Also, the level of S-carotene was 1.1-fold
higher than that of lutein. The presence of astaxanthin and its
estersin H. pluvialis might be an added advantage to influence the
higher bioavailability of astaxanthin in rats. The only study on
humans to date confirmed the bioavailability of astaxanthin
supplied in a single high dosage of 100 mg and its transport in
the plasma by lipoproteins (/7). Lutein and zeaxanthin are
reported to be concentrated in the macula of the eye (40). The
bioavailability of trans-f-carotene is reported to be three times
more than that of cis-f-carotene (47). Natural -carotene has
been shown to have a higher bioavailability as compared to
synthetic ones (42).

The influence of the algal carotenoids on the activities of
catalase, peroxidase, and SOD was profound. The animals fed
with microalgal biomass resulted in an increase in activity of the
liver and plasma antioxidant enzymes (Tables 2 and 3), and they
possibly act as potent free radical scavengers. Particularly, a high
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Table 2. Activity of Catalase, SOD, and Peroxidase in the Plasma of Rats
after a Single Dose of S. platensis, H. pluvialis, and B. braunii Biomass as
a Source of 3-Carotene, Astaxanthin, and Lutein®

U/mg protein
time (h) S. platensis H. pluvialis B. bruanii
catalase
0 106.85+3.59a 106.85+3.59a 106.85+3.59a
2 231.31+8.93b 250.10 +12.03b 215.68 +5.67b
4 221.67+£5.95b 243.58 + 8.03b 198.99+8.07¢
6 176.06 +£3.42¢ 199.23+ 5.47¢ 185.03+11.01¢
9 140.16 +2.73d 178.55+ 15.42¢ 168.17 +12.17d
SOD
0 757+121¢ 757+121c 757+121¢
2 12.89+2.65a 1212 £3.25a 11.09+1.97a
4 8.48+1.65b 11.14 £ 6.32a 10.35+29a
6 9.46+0.35b 10.01+0.54a 105+22a
9 11.59+2.72a 9.09+251b 9.86 £0.74b
peroxidase

0 7.35+155¢ 735 +155¢ 7.35+155¢
2 14.95+1.76a 15.054+0.92 a 13.84+1.0a
4 1428 £3.43a 12.86 £0.61b 1227 £3.4b
6 12.53+0.95b 10.51+0.61b 10.53+0.91b
9 10.34 £1.99b 9.95+1.14b 9.79 £0.30b

?Rats were fed with a single dose of biomass containing 200 «M equivalent
of carotenoids from the respective biomass and killed at 0, 2, 4, 6, and 9 h after
the dose. Values are means =+ SD (n = 5). Values not sharing a similar letter within
the same column in a group over 0—9 h are significantly different (P < 0.05) as
determined by ANOVA.

Table 3. Antioxidant Enzymes (Catalase, SOD, and Peroxidase) in the Liver
of Rats after a Single Dose of S. platensis, H. pluvialis, and B. brauniiBiomass
as a Source of 3-Carotene, Astaxanthin, and Lutein?

U/mg protein

time (h) S. platensis H. pluvialis B. bruanii
catalase
0 251.52+2.10¢ 251.52+2.10¢ 251.52+2.10¢c
2 358.46 £4.40a 336.67 +£4.51b 328.11+£6.36b
4 382.48+6.73a 383.08+ 1.81a 37129 +5.68a
6 37052 +£5.26a 37445+ 4.34a 356.83+2.15a
9 331.76 £7.29b 366.44 + 4.34a 34472 +6.34a
SOD
0 10.34 +£0.54¢ 10.34 £0.54¢ 10.34 £0.54 ¢
2 13.41+4.75b 13.80 +4.47b 12.91+2.58a
4 1721 +£1.19a 17.19 £3.87a 16.30 £4.54a
6 15.03+291a 1629+ 1.21a 15.64+1.81a
9 14.46 +2.96b 15.65+0.85a 13.92+0.78b
peroxidase
0 744 +264c 744 +264c 744 +264c
2 9.22+4.39¢ 1011+ 147¢ 8.42+2.83¢c
4 15.94+2.84a 16.28+2.25a 13.34 £4.34a
6 14.94+6.33a 14.63+3.99a 126+5.95a
9 11.38 £5.2b 11.32+2.37b 9.43 +£1.54c

@ Experimental details are the same as in Table 2.

level of carotenoids may act as a strong antioxidant by donating
the electrons and reacting with free radicals to convert them to
more stable product and terminate free radical chain reaction (43).
Our earlier studies have shown inhibition of lipid peroxidation
by B. braunii extracts in vitro in brain, kidney, and liver tissues
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Table 4. Antilipid Peroxidation after a Single Dose of S. platensis, H. pluvialis,
and B. braunii Biomass as a Source of Astaxanthin, 3-Carotene, and Lutein?

TBARS (nmol/mg protein)

time (h) S. platensis H. pluvialis B. braunii
plasma
0 1.3440.05b 1.34 £0.05b 1.34+0.05b
2 0.71+0.04d 0.57+0.06 d 0.79+0.02d
4 0.83+0.09¢ 0.59+0.08d 0.81+0.06d
6 0.87£0.06¢ 0.78+£0.02¢c 0.90+£0.03d
9 0.91 £0.09¢ 0.82+0.05¢ 1.01 +0.08¢
liver
0 1.87+0.08a 1.87+0.08a 1.87+0.08a
2 0.91+0.05¢ 0.84+0.06¢ 1.06 +0.07¢
4 0.85+0.01c 0.72+0.05¢ 0.90 £0.02d
6 112+ 0.04b 0.97 +0.03b 1.21+0.03b
9 1.27+0.06b 1.02+0.04b 1.344+0.02b

@ Experimental details are the same as in Table 2.

of rats (44). Antioxidant principles from red seaweed Kappa-
phycus and Dunaliella salina that produce [-carotene were also
reported (45, 46).

In conclusion, it was evident that an algal biomass is a potential
source of carotenoids exhibiting bioavailability in experimental
animals. The results also showed increased levels of antioxidant
enzymes and prevention of lipid peroxidation through scaveng-
ing free radicals and hydroxyl radicals in living cells when
the micoalgae biomass was fed to rats. This implies that the
S. platensis, H. pluvialis, and B. braunii biomass can be used as
source of carotenoids and also as nutritional or nutraceutical
supplements.

ABBREVIATIONS USED

Butylated hydroxyanisole; butylated hydroxytoluene; EDTA,
ethylenediaminotetraacetic acid; MDA, malondialdehyde; H,O,,
hydrogen peroxide, TBARS, thiobarbituric acid reactive sub-
stances; HPLC, high-performance liquid chromatography; LC-
MS, liquid chromatography—mass spectrometry; APCI, atmos-
pheric pressure chemical ionization.
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