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Commercial potential for Haematococcus
microalgae as a natural source of astaxanthin
R. Todd Lorenz and Gerald R. Cysewski
As a result of high production costs, commercial products from microalgae must command high prices. Astaxanthin produced
by liaematococcus is a product that has become a commercial reality through novel and advanced technology. Cultivation
methods have been developed to produce Haematococcus containing 153.0% astaxanthin by dry weight, with potential
applications as a pigment source in aquaculture, poultty feeds and in the worldwide nutraceutical market.

M

icroalgae are a potential source of single-cell
protein, a means of sequestering carbon dioslde from stack gas, and can be used in effluent
purification and for producing biofuels. However,
microalgae are expensive to produce, with direct production costs of US$5-20 kg dry weight-1. High
production costs preclude the use of microalgae as
commercial sources of commodity products that can
be produced ineupensively on a vast scale by plants.
Nevertheless, small microalgae industries have been
developed for the production ofhigh-value products’.‘.
Spidinr~ is produced for the health and nutrition industry in the USA. China, India and Cuba. In Australia
and Israel, the carotenoid p-carotene is produced t?om
Dunaliella.
Astaxanthin is another high-value carotenold produced fiom microalgae that is achieving commercial
success. Astaxanthin is ubiquitous in nature, especially
in the marine environment, and is probably best known
for elicitmg the pinkish-red hue to the flesh of
salmonids, as well as shrimp, lobsters and craytish.

Because these animals are unable to synthesize
astaxanthin ne WUO, carotenoid pigments must be supplied
in their diet3.J. In the marine environment. astaxmthm
is biosynthesized m the food chain, within microalgae
or phytoplankton, as the primary production level.
Microal-gae are consumed by zooplankton. insects or
crustaceans that accumulate the astaxanthin and. in
turn, are ingesteds.6.
The major market for astaxanthin is as a pigmentanon
source m aquaculture, primarily in salmon and trout.
Asaxanthin sells for -US$2500 kg-1 with an annual
worldwide market estimated at US million.
Although >95% of this market consumes svntheacallv
dermed astaxanthin. consumer demand &r naturai
products makes che synthetic pigments much less desirabk and provides an opportunity for the producñon ot’
natural astaxanthin bv Huematococcus.
Before Haematomu~s became commerciallv available.
natural sources of astaxanthin included krti oil and
meal. cra&h oil and Phufia yeast. However. these
sources have low astaxanthin concentrations ranging
&om 0.15% in the oils to 0.40% in Ph@a yeast. As a
result, the quantities required in the feeds for efficient
pigmentation add deleterious bulk and ash to the final
feeds. By contrast. Haematucoccus contams between
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Structure of astaxanthin with a numbering scheme.
1.5-3.0% astaxanthin and has gained acceptance in
aquaculture and other markets as a ‘concentrated’ form
of natural astaxanthin.

Chemistry of astaxanthin

Carotenoids are a group of over 700 natural lipidsoluble pigments that are prlmarily produced within
phytoplankton, algae and plants. These pigments are
responsible for the broad variety of colours Seen in
nature; the most conspicuous are the brilliant yellow,
orange and red colours of íí-bits. leaves and aquatic animals. Arnongst all of the numerous classes of natural
colours. the carotenoids are the most widespread and
structurally diverse pigmenting agents. Only plants.
algae and some fungal and bacterial species synthesize
carotenoids, thus they must be supplied in the diet of
animals3.4.7. Carotenoids are absorbed in animal diets,
sometimes converted into other carotenoids and are
incorporated into various tissues. Some fish species,
such as koi and various crustaceans (Penueus juponicus
and Penaeus monodon), have the enzymatic mechanisms
required to convert carotenoids into other forms such
as astaxanthin’J.
In nature, algae synthesize the carotenoid pigment
astaxanthin and concentrate it into the food chain
through zooplankton and crustaceans, which are prey
for salmon, trout and other aquatic animals3.51h. The
astaxanthin molecule has two asymmetric carbons
located at the 3 and 3’ positions of the benzenoid rings
on either end of the molecule. Di&erent enantiomers
of the molecule result hrn the way that the hydroxyl
groups are attached to the carbon atoms at these

centres of asymmetry (Fig. 1). When the hydroxyl
group is attached so that it projects above the plane of
the molecule, it is said to be in the ‘R configuration’,
and when the hydroxyl group is attached to project
below the plane of the molecule, it is said to be in the
‘S configuration’.
Thus, the three possible enantiomers
are designated: 3R,3R’; 3S,3S’; and 3R,3S’ (meso).
Haematococfus primarily contains monoesters of astaxanthin linked to 3 6:0, 18: 1 and 18:2 fatty acids. All of
the kee astaxanthin and its monoesters and diesters in
Haematococcus have optically pure (3S.3’S) chirality’,‘“.
Fatty acids are estertied onto the 3’ hydroxyl group(s)
of astaxanthin afier biosynthesis of the carotenoid,
thereby increasing its solubility and stability in the celMar lipid enwonment. Studies now support a major
role of astaxanthin accumulation in Haematococcus as
a form of protection against high light and oxygen
lXh2l.S.

Astaxanthin is biosynthesized through the isoprenoid
pathway, which is also responsible for the vast array
of lipid-soluble molecules such as sterols, steroids,
prostaglandins, hormones and vitamins D, K and E.
The pathway initiates at acetyl-CoA and proceeds
through phytoene, lycopene, B-carotene and canthaxanthin before the last oxidative steps to astaxanthin4,7J0. The carotenoid fraction of green vegetative
cells consists mostly oflutein (7540%) and B-carotene
(lO-20%). whereas in red cysts, astaxanthin accounts
for -80% of the carotenoid f?actionlO~ll. The change in
Haematococcus
morphology can be dramatic when
haematocysts accumulate astaxanthin (Fig. 2).
The composition of astaxanthin esters in Huematococcus is similar to that of crustaceans, the natural dietary
source of salmonids.
That is, the astaxanthin pool
of encysted Haematococcus is approximately 70%
monoesters, 25?/0 diesters and 5% fiee. Wild rainbow
trout caught in the alpine lakes of Austria are intensely
pigmented with astaxanthin, and a qualitative analysis
of the carotenoids in the skin and flesh reveals only the
presente of the 3S,3S’ isomer. Because salrnonids are
unable to epimerize the 3-hydroxy groups, it follows
that their crustacean diet also contained 3S,3’SastaxanthinQ’3.
Another study revealed that fish caught
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haematocysts thai have accumulated astaxanthm as a result
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fiom the wild in Scotland, Ireland and Nonvay contained >80% 3S,3’S astaxanthin in their fleshi4. HPLC
separaaon of astaxanthin isomers has also been used to
identify the eggs of escaped salmon because wild frsh
contain -80% 3S,3’S astaxanthin and farmed fish contain less thanisib. Thus, H~ematoco~s
algde included in
aquaculture feeds provide the same con6guration of
astaxanthin as their natural counterparts. By contrast,
Phajiu yeast contain pure 3R,3’R astaxanthin; synthetic
astaxanthin is a mixture of all three isomersi6.
Industrial applications
Haematococ~us algae meal has been approved in Japan
as a natural red food colour and as a pigment for fish
feeds. In addition, the Canadian Food Inspection
Agency has recently granted approval for Haematococcus
algae to be used as a pigment in salmonid feeds, and
approval IÍom the US Food and Drug Administration
(FDA) for its use as a colour additive in salmonid feeds
is expected early in the year 2000. Haematocourrs algae
have been recently cleared by the US FDA for marketing as a dietary-supplement ingredient and have been
approved in several European countries for human
consumption.
It appears that the use of carotenoids as pigments
in aquaculture have broader lúnctions, including
as: (1) an antioxidant, (2) hormone precursor; and in:
(3) immune enhancement, (4) provitamin A activity,
(5) reproduction, (6) growth, (7) maturation and
(8) photoprotection. Researchers stress the vital role
that carotenoids play in physiology and in overall
health, and suggest that carotenoids are essential nutrients that should be included in all aquatic diets at a
minimum leve1 of 5-10 par0 per million (ppm).

Salmon and trout faming

Perhaps the largest potential use of natural astaxanthm produced by Haematococnrs is for salmonid aquaculture feeds. The continued growth of salmonid farming has created an enormous demand for pigments.
The flesh colour of salmonids is the result of the absorption and deposition of dietary astaxanthin; salmonids
are unable to synthesize astaxanthin de nouo, therefore
carotenoid pigments must be supplied in their artificial
aquaculture dieGJ.
The harvesting of wild salmon has been declining
over the past 10 years and has probably reached its
maximum sustainable leve1 at -800 000 tons annually.
Conversely, salmon and trout farming have increased
substantially during this period. The world production
of all farmed salmon (in 1999) is estimated to be
>750 000 metric tons annually. These figures are
expected to reach one million metric tons by the year
2001 and 1.3 million tons by the year 2005. Although
for many years Norway has been a leading producer of
farmed salmon, its share of the total production might
decline, however, it is still expected to produce
-620 000 tons by 2005. More recently, Chile has
entered into salmon farming and ideal conditions in
Southern Chile will allow for significant expansion,
estimated to be -350 000 tons by 2005.
Interestingly, a recent study in Norway demonstrated
that Atlantic salmon fiy have a definitive growth and
survival requirement for astaxanthin in their dietl’. Fish
fed astaxanthin c5.3 ppm in their diet were found to

have marginal growth; those fed levels B5.3 ppm had
normal growth and signihantly higher lipid levels.
When salmon 6-y were fed astaxanthin concentrations
<l ppm. survival rates decreased significantly. More
than 50% of the f?y that were fed diets with < 1 .O ppm
astaxanthin died; survival rates of those groups receiving higher concentrations were >90%. Thus. Atlantic
salmon have the distinction of being the first species for
which astaxanthin has been shown to be an essential
vitamin, with minixnum levels of -5.1 ppm. However,
higher astaxanthin levels of 13.7 ppm in the feed
increased the fish lipid levels by 20% and gave a better
overall performance compared with the 5.3 ppm feeds.
These results also indicate a provitamin A function for
astaxanthin over the same periodi’.
There are several reports on the use of Haematocou-us
algae meal for pigrnenting sahnonids, although numerous studies have demonstrated
equal or superior pigmentation compared with synthetic astaxanthin. One
of the first investigarions involved a lOO-day feeding
trial in which intact or homogenized Haematocouus
algae meal was compared with synthetic astaxanthin.
The mean total camtenoid and astaxanthin levels were
measured and these demonstrated the necessity of
cracked (homogenized)
cells for bioavailabiliry of the
pigment; the bioavailability
of astaxanthin trom
uncracked cells was poor. Unfommately, the disruption of the homogenized spores was only -60% and
probably reduced
its total bioavailability and absorption
fiom the gut. No significant differences were seen in
the growth rate or levels of mortality in the trout, and
the carotenoid levels and ester distribution measured in
both flesh and skin were consistent
with values for wild
and farmed trout. The study established that Haemarococas algae meal caused signi&ant astaxanthin deposition in flesh and skin, as well as a visual enhancement
of flesh colouration, and concluded that it is a safe and
effective pigment source for rainbow troutls.
Another study used non-homogenized Haematococcus
cells fed to rainbow trout in order to compare the pigmentation of muscle tissue with svnthetic camtenoids.
Approximately 6% of the trout’s diet consisted of algae
and no major effect on growth or mortality was
observed. The report reiterated the importance of
cracking the algal cells to increase the bioavailability of
the camtenoids and it established that astaxanthin
and canthaxanthin, which represented 85% of total
carotenoids, caused significant pigment deposition in
che muscle tissue. The final muscle carotenoid was
6.2 mg kg-1, which is considered acceptable for
market production. Thus, it was similarly concluded
that Haematocouus algae is a safe and effective source
of pigment for rainbow trouti9.
It has also been demonstrated that there is little d&
ference between astaxanthin esters tiom krill and fiee
astaxanthin in their absorption and deposition by Coho
salmon. Neither is there a significant difference between
the optical isomers of astaxanthin in the deposition efficiency in the flesh of Coho salmon that are fed diets
containing astaxanthin esters fiom Antarctic kri.W**.
Sea bwam
Sea bream (Chysophys majar, Pups majar, tai, red
snapper) are highly prized for the pigmentation of their
skin. which is prima+ owing to astaxanthina*. It was

tirst discovered that the reduced colour of cultured sea
bream was caused by the lack of astaxanthin in their
artificial diet. Sea bream that are cultured without a
supply of astaxanthin contain only 5% of the astaxanthin content of their wild counterpart. The stomach
contents of wild sea bream were found to contain
Squilla oratoria and other crustacea that supply the necessary astaxanthirG3. Sea bream that were provided with
other dietary carotenoids, such as B-carotene.
lutein,
canthaxanthin and zeaxanthin, were unpigmented’ aird
tmable to convert these pigments to astaxanthin.
Carotenoids are lost from the flesh and the skin as a
result of insufficient dietary intake, metabohc degradation and excretion. Thus, to obtain the reddish pigmentation of cultured sea bream, it is necessary to
provide a source of dietary astaxanthin2~-~~.
In one investigation, sea bream were fed diets containing either B-carotene, zeaxanthin, lutein, canthaxanthin, f?ee astaxanthin or astaxanthin ester. Feeding
B-carotene or canthaxanthin resulted in a decrease in
the carotenoid leve1 of the integuments. It was concluded that one could reduce the intake of astaxanthin
ester by -50% and still obtain a 2.3-fold higher
carotenoid deposition than free astaxanthinas.
Another study compared sea bream fed 1 OO ppm fiee
astaxanthin with those fed with astaxantbin ester. In the
group fed fi-ee astaxanthin, the carotenoid content of
the skin improved for one month, but reached a saturation point and drd not increase íúrther. In the group
fed astaxanthin ester, the carotenoids in the skin were
significantly higher after both sampling periods. After
two months, the group fed astaxanthin esters had a
1.7-fold higher astaxanthin content in the skin than the
group fed í?ee astaxanthin (13.23 mg kg-’ compared
with 7.94 mg kg-l). Thus, it appears that dietary astaxanthin esters are more e5ciently utilized in sea bream
than free astaxanthir~*~.

Omamental_Fk

The luminous carotenoid colours of tropical fish are
not only the keys for species identification and mating
signals but they might also have sign&ant physiological roles. Ornamental &h obtain carotenoids í?om
feeding upon algae, coral or prey that have accumulated these pigments. The copepod and euphausid
microcrustaceans are by tár the most abundant of all
marineanimalsandactastheprimaryfoodforawide
variety oflarger animals. Astaxanthin and tunaxanthin,
either in a complexed or non-complexed form, are the
most abundant carotenoids found in all marine animals.
One of the greatest challenges in the tropical marine
ornamental industry is to accurately replicate the natural colour of fish that are maintained in captivity.
Numerous operations that have mastered the art and
science of propagation have failed to succes&lly market their fish as a result of the loss of pigmentation.
Various products have been introduced
to alleviate this
problem, but none have performed as efhectively and
consistently as natural astaxanthin f?om Haematocouws.
On a commercial scale, an inclusion rate of 30 ppm
astaxanth.in is used to supplement live and flaked foods
resulting in a sign&ant colour improvement in most
species of tetras, cichlids, gouramis, goldfish, koi and
damos. In a recently published study, 100 ppm astaxanthin was incorporated into the diet of the clown
TBTECHAPRLXXXJIVOI.
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anemone fish (Amphripion ocellaris and Premnas biaculeatus). Within a period of one week. the yellow, maroon
and black pigmentation of the cultured clown fish
intensi6ed significandy. Subsequently,
1% Haematococw
algae meal was used to augment the diet of red velvet
swordtaih, rainbowfish, 24K mollies, topaz cichlids.
discus, rainbow sharks, pink kissing gouramis and rosy
barbs. Within one week, in each of the species, there
were significant improvements in pigmentation, and
some species had faster growth rates. Although a relatively high concentration of Haematococrus
algae was
used in the feed, many commercial producers prefer to
use an acute pigmentation treatment to prepare fish for
the market. Much lower dosages could effectively be
used to mamtain pigmentanona~.

Poultry

Natural astaxanthin derived fiom Haematococcus has
been successfully used to pigment egg yolks. White
leghorn hens were fed on a basal diet for two weeks to
deplete their carotenoid levels; at the initiation of the
feeding experiment, they had eggs with an average
colour score of 4 on the Roche colour fan. New diets
were then prepared that were supplemented with 0.5,
1 .O, 1.5, 2.0 and 3.0 ppm of astaxanthin frorn homogenized Haematococcus algae meal; these were fed for a
period of four weeks. Aster approximately seven days,
the egg yolk pigments reached steady states of 5.8, 7.9,
9.4, 10.1 and ll .8 on the colour scale, respectively. The
increased colour scores correlated with increased astaxanthin, zeaxanthin and lutein concentrations in the
yolks. The hens were then returned to the carotenoid&ee diet for an additional two weeks and each group
decreased to the basal colour score of 4 within the period.
It was shown that the deposition rate of the carotenoids,
calculated íiom feed intake and retention in egg yolks,
was -16% with 2-20 ppm astaxanthin supplementation. In addition, the importance of feeding cracked
algal cells (compared with intact cells), which allowed
a 20-fold increase in bioavailability, was demonstratedas.
In a study carried out to investigate the effects of
Haematocouus algae meal on the e5cacy and deposition
of carotenoids in diBerent broiler-chicken tissues, it was
found that camtenoid concentrations increased in the
liver, adipose tissue and breast muscle with increasing
algae meal in the diets. In addition, the birds had
increased yellow pigment in their skin, feet and beaks
compared with the control group. The broilers on the
algae meal diet gained weight faster, had significantly
higher breast-muscle weights and higher feed efficiency, and there were no significant differences in
mortalities or incidence of yolk sac infections. Further
studies on the fertihty of broiler breeders demonstrated
a 5% increase in hatchability rates when Haematococcus
algae meal was incorporated into the diets*9Jc’.
A trial at the University of New England (Armidale
NSW, Australia) was conducted in 1998 to assess the
suitability of NatuRose Haematococcus algae meal as a
yolk pigment additive in a typical commercial wheatbased layer diet. The birds received feeds containing 0,
4, 8 or 12 ppm astaxanthin fiom Haematocouus algae
meal in their feeds, and eggs were collected for one
month to assess various quality parameters. The increase
in egg yolk pigmentation became apparent after only 5
days and reached an equilibrium after 15 days with egg
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yoIk colour scores of 3.86, 7.68, 12.10 and 12.74 for
the four groups, tespectively. There were no significant
differences in eggshell quality, egg weight, yolk weight,
yoIk percentage, shell reflectivity or breaking strength
within the four groups, although observations revealed
that eggs fkom the highest leve1 of Haematowccus algae
meal had a thicker periviteil;ne membrane compared
with the control group. A subsequent study demonstrated that astaxanthin at 6 ppm resulted in average egg
yoIk colour scores of 10.75 after 15 days, which is the
preferred range for the Australian consumer
(J. Roberts,
unpublished). These results have been corroborated by
poultry trials utilizing natural esterified astaxanthin
hom crawíish waste products.
In this study, astaxanthin
produced a linear increase in egg yolk colouration and
1 ppm astaxanthin gave optimal egg yolk colour scores
of 10-l 1. Astaxanthin concentrations of more than 5
ppm with any leve1 ofyelIow corn in the feed produced
yolks with a deep-red coloutii.
Shrimp faming
The kuruma prawn (Penaeur japonims) and tiger
prawn (Penaeur monodon) are cultured worldwide, and
their demand and production have steadily increased.
The market value of these shrimp is predominately
based on the visual appeal of their body colour. Astaxanthin has been identified as the dominant pigment
isolated IÍom the Penaeus shrimp and is responsible for
the desirable body colour that appears upon cooking.
Specifically, the body colour of crustaceans is dependent on the qualitative and quantitative presente of
carotenoids in the hypodermal chromophores and the
pigmented layer of the epidermal exoskeletorG2. The
majority of the astaxanthin within the epidermal tissue
is in the mono-esterified form; complexes of carotenoids
and proteins (carotenoproteins and carotenohpoproteins) dominate in the exoskeleton. Astaxanthin appears
as a red pigment, but when complexed with other
proteins, the light-absorbance shifts and causes the
crustaceans to vary in colour fiom blue-green to
brown. Thus, despite the fact that astaxanthin is the
chromophore prosthetic group ofthe different carotenoproteins, many d&erent colours can be achieved. The
red colour of cooked crustaceans is produced
by
the release of the individual astaxanthin prosthetic
groups hom the carotenoproteins when denatured by
.
heat.
The lack of dietary astaxanthin in cultured P monodon
has been shown to be the cause of ‘blue color syndrome’ or ‘blue disease’. At?.er four weeks of feeding a
diet containing 50 ppm of astaxanthin, prawn su&ering
fi-om blue color syndrome resume their normal greenish-brown pigmentation. Analysis of their tissues
revealed >300% increase in carotenoid content and a
normal appearance; those fed on a commercial diet
without astaxanthin had a carotenoid increase of only
14% and maintained a blue hue. A total carotenoid
concentration of 26.3 ppm was isolated fiom the
exoskeleton of wild and farmed shrimp supplemented
with sufficient astaxanthin. By contrast, specimens
displaying blue disease had carotenoid concentrations
in the exoskeleton of 4-7 ppm. Upon cooking, shrimp
with blue disease assume a pale-yellow colour and are
not as marketable, compared with the bright-red
colouration characteristic of wild shrimpjs.

The efZect of dietary carotenoids on pigmentation has
been srudied by feeding 100 ppm of various carotenoids
(@xotene, canthaxanthin and astaxanthin) to f? japonicus. It was found that all three carotenoids
were
deposited in the tissues, however. those fed dietary
astaxanthin had the highest levels of tissue astaxanthin
(16.5 mg kg body weight-‘) This result was -23%
higher than those fed on canthaxanthin and 43% higher
than those fed B-carotene, demonstrating that astaxanthin was the most e&ctive carotenoid source for pigmentation. In addition, it was established that as the
dietary astaxanthin increased up to 200 ppm. deposition also increased to a maximum of 29.1 mg kg body
weight-1. Additionally, there was a signiticant decrease
in the mortality of adult shrimp fed a carotenoidenriched diet, in comparison with individuals receiving carotenoid-tÍee diea. A survival rate of 91% was
observed with shrimp fed a diet suppkmented with 1 OO
ppm astaxanthin, compared with 57% in the control
group that were not f& astaxanthin~.
Chien and Jeng found that astaxanthin was the most
effective pigment for colouration of P japonicus, compared with @-catotenea.
Survival was higher in prawns
fed an astaxanthin diet, and a positive correlation
between survival and the pigment concentration in tissues suggested that asntxanthin can serve as an intracelMar oxygen reserve; this would enable the shrimp to
survive under the hypoxic conditions that are common
in pond cultures. Shrimp that were fed with 100 mg
kg-1 astaxanthin in their diet had an average survival
rate of 77%, in connast to -40% in shrimp supplemented
with B-carotene9.
Metabolic an¿ hcdth c&t.s
There is an increasing amount of evidente to suggest
that astaxanthin surpasses the antioxidant benefits of
p-carotene, zeaxanthin, canthaxanthin, vitamin C and
vitamin E. Studies have also shown that astaxanthin can
protect skin from the damaging effects of ultraviolet
radiation, amehorate age-related macular degeneration,
protect against chemically induced cancers, increase
high-density lipoproteins and enhance the immune system. Epidemiological studies have demonstrated a
correlation between increased carotenoid intake and
reduced incidence of coronary heart disease and certain
canten, macular degeneration and increased resistance
to vinal, bacterial, fimgal and parasitic tiections. Studies indícate that the mechanism for tlus protective
attribute is partly owing to the direct enhancement of
the immune response by carotenoids. Anticarcinogenic
effects of carotenoids are likely to be attributable to its
antioxidant effect, insomuch as oxygen radicals are related
to the process of cancer mitiation and propagation.
Numerous studies have demonstrated the potent radical scavenging and singlet oxygen quenching properties of astaxanthin. As a result of its particular molecular structure, astaxanthin has a potent neutralizing or
‘quenching’ effect against singlet oxygen, as well as a
powerfid scavenging ability for free radicals, and it
set-ves as an extremely potent anhoxidant against these
reactive species. Within the ce& it can effectively scavenge lipid radicals and effectively destroys peroxide
chain reactions to protect fatty acids and sensitive
membranes)5-37.
It has been demonstrated that astaxanthin is significantlv more effective than B-carotene

in neutralizing fiee radicals and gives better protection
against the perotidation of unsaturated fatty acid
methyl esters than canthaxanthin, B-carotene or zeaxanthin31.3. The antioxidant activities of astaxanthin
have been shown to be approximately ten times greater
than other carotenoids, such as zeaxanthin, lutein, canthaxanthin and B-carotene, over 500 times greater than
alpha-tocopherol, and astaxanthin has been proposed
to be the ‘super vitamin E’ (ReG 37,39,40).
Astaxanthin might also be usefül in preventing ‘agerelated macular degeneration (AMD). which causes irreversible blindness. When high-energy blue light waves
interact with the reana, they can cause peroxide damage
of the lipids through photo-oxidation, which in turn
creates singlet oxygen and fiee radicals. Carotenoids
within the macula absorb the high-energy blue light
thereby quenching these damaging oxygen species.
Clinical studies have indicated that light injury is a cause
of Ah4D because of the cumulative insult leading to a
gradual loss of photoreceptor cells. Unlike B-c;irotene,
astaxanthin is able to readily cross the blood-retinal-brain
barrier and can protect the retina against photo-oxidation
and loss of photoreceptor cells. Furthermore, astaxanthin has the ability to protect the neurons of the retina.
as well as the central nervous system, espec@lly the brain
and spinal cord, from damage caused by fiee radicals.
It appears that astaxanthin can also decrease the oxidation of lipid carriers and thereby reduce the risk of
atherosclerosi?‘. In rat kidney fibroblasts, the addition
of astaxanthin confers greater protection against ultraviolet (UV-A)-light-induced oxidative stress compared
with lutein and p-carotene. When cell cultures were
grown in carotenoid-supplemented media and exposed
to UV-A hght, B-carotene at a leve1 of 1000 ny and
lutein at 100 ny returned catalase activity to control
levels, whereas it only required 5 ny of astaxanthin’:.
In rats, azoxymethane (AOM) has been used to
induce colon cancer. which can then be used to study
the effect of anticancer agents. In a recent study, animals were treated with AOM by three weekly injections and then fed dies with or without astaxanthin at
100 and 500 ppm for a fürther 34 weeks. At the end
of the 37-week study, 63% of the chemically induced
group had cancerous intestinal neoplasms with an average 0.97 neoplasm per rat. However, the chemically
induced group that were subsequently treated with 1 0 0
ppm astaxanthin had a 41% incidence of neoplasms
with an average of 0.48 per rat. Groups treated with
500 ppm of dietary astaxanthin had a reduced cancer
rate of 31% with an average of 0.41 neoplasrns per rat.
It was concluded that the administration of astaxanthin
during the post-initiation phase significantly inhibited
the appearance of AOM-induced colon carcinogenesis in a dose-dependent
marme+“, reduced the appearante of bladder carcinomas in rat.P and depressed the
appearance of tongue neoplasma in ratsd5. It was speculated that the chemoprotective effects of astaxanthin
might be partly owing to its antiproliferative effect on
the epithelium cells, as well as enhancing the immune
response. Additionally, an increase in the expression of
a major gap-junction gene connexin43 might explain
the suppressive effects of astaxanthin on carcinogenesis”. Mice fed benzopyrene to induce stomach tumorigenesa and subsequently fed various concentrations of
astaxanthm-enriched egg yolks developed -66% less
TIBTECH

APRL 2000 (Vd. 18)

Inooulation
system
CIosed photobioreactors

Air, CO, +

c
i7
Air, CO2
+l

Waste water

~
Harvest
System

I

‘Creoking’

-

mill

l-75
I

1

Product

‘Reddening’
system
Closed or open
bioreactors

1

s t o r a g e

___~
tren&
in Bntechnology

Figure 3
Typical process flowsheet for the commencal
Haematococcus.

productin of natural astaxanthln

by

neoplasms per animal and fewer incidences compared
with the control animals&.
There is also strong evidente to suggest that astaxanthin modulates the humoral and non-humoral immune
system. Astaxanthin enhances the release of interleukm-1 and tumor necrosis factor Q in mice. greater
than canthaxanthin or B-carotene, and has the _greatest
cytokine-inducing activiv7. Astaxanthin has a significant enhancing action on the production of immunoglobulins A, M and G, and on T-helper cell antibody
production even when suboptimal amounts of antigen
are present48*49. Consequently, at the initial stage of a
pathogen invasion, doses of a particular antigen may be
suboptimal for eliciting an effective immune reaction;
astaxanthin appears to enhance this response.
Production technology
Recently, new techniques have been developed for
the pmduction ofnatural astaxanthin &om Haematococcw.
In Sweden, completely enclosed
photobioreactors
(with artificial Iight) are being used for astaxanthin production; in Hawaii, a combination of closed photobioreactors and open culture ponds are being successq
used to commercially produce Haematococcus.
In the large-scale, outdoor system, the production of
astaxanthin-rich Haematococms is a two-step process
(Fig. 3). First, vegetative cells must be produced under
near-optimal growth conditions with carefül control of
pH. temperature and nutrient levels. Regulation of pH
can be controlled automatically with metered solenoide
and carbon dioxide fed on.demand.
Temperature control can also be maintained automatically with metered
solenoids and thermocouples. In Hawaii, deep otean
water at 14°C is utilized to co01 culture systems using
heat exchangers.
tier a sufficient volume of vegetative cells is pmduced, the culture is subjected to envimnmental and
nutrient stress. Commercial systems induce astaxanthin
165

Conclusion
Although the production of natural astaxanthin by
Haematococcus requrres advanced technology, it has
already become a commercial reality. As a source of
natural astaxanthin. Haematococms algae meal has a large
potential rnarket in the salmonid and poultry feed
industries. and as a nutraceutical in the dietary-supplement
industry.
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Genetic modulation of tumor antigen
presentation
Minzhen Xu, Gang Qiu, Zhong Jiang, Eric von Hofe and Robert E. Hurnphreys
An effective cancercell vaccine is created by expressing major-histocompatil%y-complex m ZQSZ Il molecU= QC
the invariant chain protein (li) that normally blocks the antigenicpeptidebi~g
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thesis in the endoplasmic reticulum. Such tumorcell constructs are created either by the trabo& 3 gereS fOr M-fT zz 1
and p chains, or by the induction of MHC class ll molecules and li protein with a transacting faccr dw by li ~JXEFZ?X
using antisense methods. Preclinical validation of this approach is reviewed with the goal oi ryrls ti Immunm T
metastatic human cancers.
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everal approaches create effective tumor-cell
vaccines for cancer patients. These methods include:
genetically engineering tumor cells to express and
secrete cytokines, engineering tumor celIs to express
M. Xu. C. Qui. E. von -fe and R.E. Humphrrys
(antigenexp
f&ol.com/ an ar Antigen Express, One Innovation Dnve, Wotrester,
MA 01605, L’SA. Z.Jiang IS ut the Department
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Utuverstty ofMassachusetts
Medtcal Center. U ‘omwer. MA 0 1655. LSA.
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costimulatory, cell-surke molecules r: ~*acc r lyn+
phocytes, and creating DNA vaccine .Q ww-zisociated antigensl-5. ‘T%cse methods ark-1~ the
host’s immune system or modify tumrr .-ds ~1-n~
their tumor anfigens chrectiy for immm ~ukion.
Although early studm in this field fwrrcr* thactivity of cytotoxic CD$- T cek, more-w--z@& have
targeted CD4+ T-h- cells forre- nwrnor
immunotherapy. Inti stu&es us.+ .‘;Y r %eiper
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