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Abstract: Carotenoid bioactivity, namely the quenching of reactive oxygen species (ROS) and other excited-state oxi-
dants, suggests significant clinical potential for these natural products. However, a thorough therapeutic evaluation of the
carotenoids has been hampered by limited water-solubility and/or water-dispersibility (“hydrophilicity”) as well as poor
bioavailability. Hydrophilic carotenoid derivatives have been designed and prepared for parenteral administration. Syn-
thetic methods, selected physical characteristics, and potential biological applications of these novel therapeutics will be

discussed.
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1. INTRODUCTION

Carotenoids are a group of about 750 pigments ranging in
color from yellow to red [1]. Widespread in nature, they are
responsible for the colors of many fruits, vegetables, and
flowers, as well as bird plumage, fish, and crustaceans. Ca-
rotenoids are produced by bacteria, algae, and some plants,
whereas animals including humans cannot synthesize them,
and must assimilate carotenoids from the diet [2, 3]. A typi-
cal human diet consists of about 40 carotenoids; some of the
most prevalent are shown in Fig. (1) [4, 5]. All carotenoids
are based on the C40 acyclic, hydrocarbon chain of lyco-
pene, and possess great structural diversity, including cyclic
end groups, allenic or acetylenic moieties, and a variety of
oxygen-containing functional groups [6]. Based on their
chemical composition, carotenoids are divided into carotenes,
which are the non-oxygenated hydrocarbons, and xantho-
phylls, which contain at least one oxygen atom [7]. The high
degree of unsaturation gives rise to multiple possible cis/trans
(Z/E) isomers. Although carotenoids tend to isomerize in
chemical solutions, the all-trans form is the predominant
isomer in nature [8]. Of the many naturally-occurring caro-
tenoids, only a few are amphiphilic compounds, possessing
hydrophilic head groups attached to the hydrophobic polyene;
therefore, few carotenoids are water soluble or water dis-
persible. The C20 carboxylic acids crocetin and norbixin
(annatto and saffron pigments, respectively), and the C20
glycosylester crocin (saffron pigment) are the most water
soluble natural carotenoids [9].

Carotenoids contain a highly unsaturated, conjugated
chromophore responsible for their physicochemical and
biological properties. Carotenoids act as supplemental light
receptors in photosynthesis by absorbing light of wave-
lengths only weakly absorbed by chlorophyll. They protect
the tissues in green plants, algae, and photosynthetic bacteria
from light damage [7], especially singlet oxygen. Plant
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extracts containing carotenoids (e.g. saffron, anatto, and
palm oil) have been used as food colorants and in folk medi-
cine for centuries [8, 10]. Today, a number of carotenoids are
commercially important in the food and feed industries
where they are used as colorants (e.g. in poultry and swine;
aquaculture of salmon; and egg production) [8, 11]. Many of
the fragrances used in modern perfumes are carotenoid-
derived aroma compounds (e.g. p-ionone and dihydro-f3-
ionone) extracted from plants and flowers, formed by de
novo enzymatic cleavage [12].

In humans, about 50 carotenoids posessing a f-ionone
ring are bioconverted to retinoids (“provitamin A caro-
tenoids™), compounds essential for vision, cell growth, and
differentiation [7, 13]. The major scientific focus of the ca-
rotenoids has historically been their antioxidant mechanism:
quenching of reactive oxygen species (ROS) and radical
chain-breaking. ROS are generated in the human body
through normal metabolic activity, and can be also intro-
duced exogenously through diet and lifestyle. Their poten-
tially harmful reactivity with cellular components such as
lipids, proteins, and DNA are directly related to aging and
chronic diseases such as atherosclerosis, age-related macular
degeneration (ARMD), and some cancers. A number of epi-
demiological studies have revealed a decreased incidence of
such disease states in those populations with diets rich in
carotenoids, suggesting a significant clinical potential for
this class of polyenic compounds [14, 15]. Carotenoids pro-
tect human cells and tissues additionally by other mecha-
nisms, including the regulation of the expression of genes
that protect against carcinogenesis and inflammation, as well
as stimulation of the immune system (e.g. increase in natural
killer (NK) cell activity) [4, 5, 16]. Specific carotenoids ap-
pear to possess specific functions in vivo, in that certain ca-
rotenoids exhibit protective effects against targeted disease
states such as ARMD and prostate cancer [17]. Intervention
trials with B-carotene supplements have shown mixed re-
sults; some studies have shown increased cancer incidence in
high risk groups (e.g. smokers). One potential explanation
for the negative results obtained in clinical studies of f3-
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Fig. (1). Some of the most abundant carotenoids in the human diet.

carotene involves the pro-oxidant activity of p-carotene and
other carotenoids observed at high partial oxygen pressures
and concentrations in vitro [16, 18]. Whether carotenoids can
act as pro-oxidants in the human body, however, is a matter
of dispute [19].

Carotenoids are absorbed together with dietary fat in
mammals through passive diffusion into intestinal cells.
They are initially carried in blood by chylomicrons, then
transported to different organs by lipoproteins [13, 17]. The
amount of carotenoids absorbed from food intake varies
from a few percent for raw vegetables (in the intact food
matrix), to 50% or more after grinding and thermal process-
ing into juice or paste. Increased absorption can also be
achieved using micellar solutions, commercial beadlets, or
oil-based suspensions [4, 13, 20]. Carotenoids are found in
almost all tissues and tend to accumulate in the liver and
adipose tissues [13, 17]. However, slight differences in
chemical structure can greatly affect organ preference [21],

NN

astaxanthin
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zeaxanthin o)
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with distinct tissue tropism observed for lutein, zeaxanthin,
and lycopene in particular. All carotenoids are metabolized
in vivo, resulting in cleaved and oxidized products (e.g. apo-
carotenoids) that can be physiologically active as well [19,
22]. High supplemental intakes of -carotene (more than 20
mg per day) and canthaxanthin have been shown to cause a
yellowing of the skin (“carotenodermia™), and in the case of
canthaxanthin, formation of carotenoid crystals in the mam-
malian retina. However, there have been few other reports of
potentially toxic effects of carotenoids that do no possess
pro-vitamin A activity [4].

In clinical medicine, the therapeutic use of carotenoids
remains largely untapped. Some carotenoids are common
ingredients in tanning preparations and sun screens because
of their capacity to reduce photo-induced damage of the skin
[4]. Derivatives of retinoic acid (RA) have been used to treat
psoriasis and eczema, while p-carotene is effective in the
treatment of erythopoietic protoporphyrea [23, 24]. Until
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recently, the preclinical evaluation and clinical application of
carotenoids have been hampered by their limited water solu-
bility and/or water dispersibility (hereafter “hydrophilicity”)
and poor bioavailability in many test animals (e.g. mice, rats,
rabbits, dogs, and pigs—the so-called “white fat” animals)
[25]. Previously, pharmaceutical administration was mainly
limited to oral methods, and has recently been facilitated by
imparting hydrophilicity to the lipophilic scaffold. To this
end, co-solvent formulations (e.g. aqueous THF) [26], lipo-
somal systems [27], microemulsions [28], and complexation
with macromolecules such as cyclodextrins [29] have been
effectively used. In addition, the use of additives such as
penetration enhancers [28] and stabilizers [30] have been
explored. Overall, limited increases in bioavailability and
purported toxicity have limited the in vivo utility of such
formulations. Until recently, chemical derivatization of ca-
rotenoids had scarcely been reported in the literature [31-35].
One characteristic shared by many of these novel carotenoid
derivatives is their propensity to form supramolecular as-
semblies (aggregates) in aqueous solutions [31], a physical
property at once imparting shelf-life stability to aqueous
formulations, yet potentially limiting their capacity as anti-
oxidants in the aqueous phase [36]. Aggregate size and type
(J- and/or H-form) appear to be features that can be modu-
lated with appropriate medicinal chemistry.

Using retrometabolic drug design techniques [37], sev-
eral classes of hydrophilic carotenoid derivatives have been
prepared for parenteral (as well as oral) administration. The
novel compounds were designed to be effective antioxidants
in the derivatized state (“soft drugs”), contrasting with inac-
tive “pro-drugs” of other antioxidants such as the vitamin E
esters. These derivatives are readily soluble or dispersible in
water, without the need for addition of heat, detergents, co-
solvents, or other additives. In several cases, the point at
which molecular solutions of the novel compound(s) become
dispersions of aggregates has been elucidated. The com-
pounds prepared and investigated thus far have demonstrated
potent aqueous-phase radical scavenging abilities in vitro, as
well as efficacy in model systems of cardiovascular disease,
chronic liver injury, and cancer chemoprevention. They will
likely find utility in those clinical applications where rapid
parenteral delivery of potent antioxidant, anti-inflammatory
compounds is necessary to achieve desired therapeutic ef-
fects. In this review, we will describe the derivatization of
symmetric and asymmetric, cyclic and acyclic carotenoids
using principles of retrometabolic medicinal chemistry. The
methods of synthesis, achieved hydrophilicity, aggregation
behavior, and potential biological applications of several
classes of novel, amphiphilic derivatives will be discussed.

2. DESIGN AND SYNTHESIS OF CAROTENOID AM-
PHIPHILES

Hawaii Biotech, Inc. (HBI) has successfully derivatized
several C40 xanthophylls to yield “bolaform” amphiphiles—
possessing one hydrophilic head group for each end of the
hydrophobic chromophore, the rigid internal spacer of the
molecule. Significant increases in hydrophilicity over the
natural carotenoids were achieved, sufficient for parenteral
administration of aqueous formulations [38-41] into test
animals. The carotenoids astaxanthin, lutein, zeaxanthin, and
lycophyll were used as scaffolds, their hydroxyls used as
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handles for derivatization. In specific model systems, these
carotenoids have shown both superior ROS quenching ability
[42] and lipid antioxidant capacity compared to completely
hydrocarbon carotenoids in previous studies [43]. As stated
earlier, the oxygen-substituted p-ionone ring does not pos-
sess pro-vitamin A activity, a feature also shared by the ly-
cophyll parent compound. These polar carotenoids can be
more efficiently absorbed, and metabolized more rapidly in
humans, when compared to the carotenes [44, 45]. Addition-
ally, the selective accumulation of particular carotenoids in
specific tissues [21] suggests a protective evolutionary role
in humans against ROS and associated disease states, in-
cluding ARMD, certain cancers, as well as non-specific
chronic inflammation.

The various carotenoid scaffolds were derivatized with
naturally-occurring compounds including short chain organic
acids, sugars, amino acids, and other antioxidants, and con-
jugated using ester, glycoside, carbamate, and carbonate
linkages (Schemes 1-7). The derivatizing moieties were se-
lected to impart distinct physical and chemical characteristics
to the resulting soft drug. In nature, many oxygen-substituted
carotenoids are stabilized by esterification with one or two
medium- to long-chain fatty acids [4, 46]. Esterified caro-
tenoids are effectively hydrolyzed before gastrointestinal
absorption in the human body [21]; esterification does not
appear to impair bioavailability of the free carotenoids, and
may in fact improve overall fractional absorption [47]. Gly-
cosidic (anomeric ether) linkages are present in carotenoid
saccharides extracted from various microorganisms and al-
gae [48]. Carotenoids esterified with small end groups may
exhibit higher antioxidant activity due to favorable steric
and/or electronic considerations [49]. Natural linkages (e.g.
esters, glycosides) are enzymatically cleaved to free caro-
tenoids in vivo, after both oral and parenteral administration.
Derivatization of natural scaffolds with naturally-occurring
conjugating moieties has so far retained the inherent antioxi-
dant activity, as well as the safety, of the parent compounds.

Astaxanthin-Based Derivatives

Astaxanthin, one of the most abundant carotenoids in
nature, is the main pigment in marine animals and seafood
(e.g. salmon, shrimp, lobster, and fish eggs) [46]. For dec-
ades, astaxanthin has been used as a feed additive in aquac-
ulture [11]. More recently, it has become evident that astax-
anthin possesses many beneficial biological properties for
humans [46]. Consequently, astaxanthin is now commer-
cially available as a health supplement in several countries
including the United States [50]. Astaxanthin has demon-
strated potent antioxidant activity in many studies, superior
to _-carotene and the major antioxidant found in lipids, vi-
tamin E. In particular, astaxanthin has shown to be very effi-
cient in protection against lipid peroxidation in cell mem-
branes [51-53]. Among several natural and synthetic caro-
tenoids tested in a model system, astaxanthin was termed a
“class 111" antioxidant, that is, demonstrating strong antioxi-
dant activity—perfectly quenching excited molecular states—
without evidence of pro-oxidant activity [49]. Its favorable
antioxidant properties have been attributed to its polarity and
unique structure: a-hydroxy keto groups conjugated to the
polyene chromophore [51]. Astaxanthin is believed to play a
key therapeutic role in several disease states including in-



956  Mini-Reviews in Medicinal Chemistry, 2006, Vol. 6, No. 9

flammation, liver and heart diseases, and some cancers [46].
Astaxanthin is readily absorbed and incorporated into human
plasma lipoproteins, relatively evenly between HDL and
LDL, with the balance found in VLDL [54]. Recently, short-
chain oxidative metabolites of astaxanthin were identified in
human plasma [55]. The favorable bioavailability, potent
antioxidant and anti-inflammatory properties, and desirable
safety profile of astaxanthin supported its use as a suitable
candidate scaffold in retrometabolic therapeutic (soft drug)
design.

Synthesis of Astaxanthin Derivatives

Through esterification of astaxanthin (1:2:1 statistical
mixture of 35,3"S, meso, and 3R,3"R isomers of astaxanthin)
with succinic acid, Cardax (3) was synthesized in multi-gram
scale, according to Scheme (1) [38]. The esterification was
performed under thermodynamic conditions (at room tem-
perature), keeping the amount of cis-isomerization to a
minimum (< 3%). Salt formation was afforded by treating
the disuccinic acid with sodium isopropoxide. After work-
up, Cardax was obtained in 59% overall yield from astaxan-
thin. The synthesis was also successfully applied to astaxan-
thin’s individual sterecisomers, which had been first sepa-
rated by preparative chromatography.

The highly hydrophilic dilysinate conjugate of astaxan-
thin (lys,AST (5)) was prepared using standard carbodiimide
methods and a suitably protected form of lysine, as illus-
trated in Scheme (2) [39]. Astaxanthin was first esterified,
then lysine’s amine protecting groups were removed with
dry HCI to afford lys,AST in 64% yield over two steps.

Astaxanthin diphosphate (7)—pAST—was synthesized
as illustrated in Scheme (3) [40]. Astaxanthin was diphos-
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phorylated to yield a bis-(2-cyanoethyl)-protected diphos-
phate. Basic removal of the phosphate protecting groups,
followed by sodium ion exchange afforded pAST in 28%
yield.

As seen in Schemes (4) and (5), a focused chemical li-
brary of astaxanthin conjugates was prepared, utilizing as-
taxanthin or astaxanthin disuccinate as starting materials
[41]. Using standard methods, non-toxic natural materials
such as amino acids, sugars, and antioxidants were coupled
to astaxanthin’s scaffold. Amide, carbonate, carbamate, and
ester-containing derivatives were prepared.

Lutein and Zeaxanthin-Based Derivatives

Lutein and zeaxanthin are oxygenated carotenoids found
in green leafy vegetables and fruits, and are therefore among
the major carotenoids humans obtain from diet. They exist in
free, glycosylated, and esterified forms, e.g. their mono- and
diesters are present in peaches and squash [21]. Lutein and
zeaxanthin have demonstrated comparable singlet oxygen
guenching abilities to B-carotene in apolar organic solutions
[33]. Zeaxanthin was found to be nearly as effective as a-
tocopherol in protecting model membranes from induced
oxidative stress [56]. Zeaxanthin has been shown to stabilize
biomembrane systems, suggesting a protective role against
oxidative damage in cell membranes [57]. Likewise, lutein
has been found to correlate with protection against athero-
sclerosis [58]. An inverse correlation between risk of ARMD
and lutein and zeaxanthin intake indicates a probable protec-
tive function of both carotenoids in the eye. Interestingly,
lutein and zeaxanthin exclusively comprise the macular pig-
ment of the human retina. In fact, the concentration of lutein
and zeaxanthin in the center of the macula lutea is up to
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Conditions: a. succinic anhydride, DMAP, CH,Cl,. b. Na'OPr, 'PrOH.

Scheme (1). Synthesis of the sodium disuccinate of astaxanthin, Cardax (3).
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Scheme (2). Synthesis of the dilysinate conjugate of astaxanthin, lys,AST (5).
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c. ag. dimethylamine. d. IR-120 resin (Na*).

Scheme (3). Synthesis of the sodium diphosphate of astaxanthin, pAST (7).
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chloroformate, DMAP, mannitol, CH,Clo/DMF. c. DIPEA, aconitic anhydride, DMAP, CH,CIl,/DMF. d. citric acid,
DIPEA, DIC, DMAP, then 1, CH,Cl,. e. 4-(dimethylamino)butyric acid hydrochloride, DIPEA, DMAP, HOBt-H,0, DIC,
1, CH,Cl,/DMF. f. glutathione, DIPEA, DMAP, HOBt-H,0, DIC, 1, CH,Cl,/DMF. g. tartaric acid, DIPEA, DMAP,

HOBt-H,0, 1, CH,Cl,/DMF.

Scheme (4). Synthesis of astaxanthin—natural compound conjugates.

1000-fold greater than in other human tissues including
plasma, suggesting a concentrative uptake mechanism in the
eye as yet incompletely characterized [59].

Lutein supplements are often high in diesters and must be
hydrolyzed before oral absorption for effective bioavailabil-
ity [21]. However, ester hydrolysis does not appear to be the
rate-limiting step, rather the dissolution characteristics of
supplement formulations seem to be the most important fac-
tors regulating bioavailability [47]. In addition, dose-pro-
portionality appears to be a problem after oral administration
of both lutein and zeaxanthin [60, 61]. Parenteral adminis-
tration—with 100% bioavailability by definition—over-
comes these problems associated with oral bioavailability,
and may allow effective therapeutic concentrations and the
subsequent salutatory clinical effects to be achieved in se-
lected populations.

Synthesis of Lutein and Zeaxanthin Derivatives

Amphiphilic lutein and zeaxanthin derivatives, including
disuccinate, diphosphate, and diglycosyl esters have been
designed and prepared (Scheme 6) [62, 63]. Standard syn-
thetic methods were employed to effect esterifications, de-
blocking of protecting groups, and salt formation. The prepa-
ration of these compounds is highlighted by work-up proce-
dures that effectively maintain the sensitive chromophores,
yielding target derivatives in good purity. To date, disucci-
nate salts of both carotenoids (dZEA(28), dLUT(29)), lutein
disuccinate diglucosyl ester (gluLUT(31)), and lutein diphos-
phate salt (pLUT(35)) have been prepared. Due to the pro-
hibitive cost of commercial, neat zeaxanthin, synthesis of
glycosyl ester and diphosphate derivatives of this scaffold
await acquisition of adequate quantities of sufficient purity.
However, given its chemical similarities with lutein, syn-
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Conditions: a. DIPEA, HOBt-H,0, DIC, tris(hydroxymethyl)aminomethane, DMAP, CH,Cl,/DMF. b. DIPEA,
HOBt-H,0, DIC, maltose-H,0, DMAP, CH,Cl,/DMF. c. DIPEA, HOBt-H,0, DIC, resveratrol, DMAP, CH,CIl,/DMF. d.

DIPEA, HOBt-H,0, DIC, sorbitol, DMAP, CH,Cl,/DMF.

Scheme (5). Synthesis of astaxanthin disuccinate—natural compound conjugates.

thetic methods as elaborated for lutein (Scheme 6) should be
easily amenable to this medicinally-relevant carotenoid.

Lycophyll-Based Derivatives

Lycopene, the primary carotenoid in natural tomato pro-
ducts, has shown promising protective effects against pros-
tate cancer [64]. Lycopene also prevents oxidation of low-
density lipoprotein (LDL) cholesterol, and may reduce the
risk of developing atherosclerosis and coronary heart disease
[65]. These latter effects may be associated with lycopene’s
potent antioxidant activity and singlet oxygen quenching
ability. Commercially-available lycopene is utilized cur-
rently in nutritional supplements [11]. Lycopene is also the
predominant carotenoid in human plasma, and tends to se-
lectively accumulate in tissues such as testes, adrenal glands,
and prostate. A number of oxygenated metabolites with pos-
sible physiological roles per se have been found in plasma
and tissues [16]. Whether lycopene is the primary efficacious

substance, or if other natural constituents in tomatoes (e.g.
lycoxanthin and lycophyll) show bioactivity as well, is cur-
rently under investigation. Lycophyll, also known as lyco-
pene-16,16'-diol [66], is an analog of lycopene, and therefore
belongs to the same carotenoid class as astaxanthin, lutein,
and zeaxanthin. Its efficient total synthesis, and facile purifi-
cation of selected geometric isomers, have recently been
reported [67, 68]. Lycophyll possesses the same chromo-
phore as lycopene and most likely exhibits comparable anti-
oxidant activity. Hence, it was also chosen as a suitable scaf-
fold for designing potential chemopreventive/chemothera-
peutic agents with retrometabolic synthesis, in particular
targeting prostate cancer.

Synthesis of Lycophyll Derivatives

As seen in Scheme (7), amphiphilic lycophyll disuccinate
salt (dLYC(37)), disuccinate diglucosyl ester (gluLYC(38)),
and diphosphate salt (pLYC(40)) have been prepared [69].
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Conditions: a. succinic anhydride, DMF, CH,ClI,. b. dibenzyl phosphoroiodidate, pyridine, CH,Cl,. c. bromotrimethylsilane,
pyridine, CH,Cl,. d. sodium methoxide, methanol. e. (i). carbonyldiimidazole, DMF. (ii). sugar, sodium hydride, pyridine.

Scheme (6). Synthesis of lutein and zeaxanthin diesters.

The propensity of the lycopene chromophore to easily iso-
merize and/or decompose under mild chemical conditions
make the preparation of sufficiently pure lycophyll deriva-
tives a challenging endeavor. Recently, synthetic methods
originally developed for lutein derivatives have been suc-
cessfully applied to lycophyll’s scaffold [69]. The medicinal
investigation of novel, hydrophilic analogs of lycopene is
currently ongoing.

3. AQUEOUS AGGREGATION AND DISPERSIBILITY

Of the novel amphiphilic carotenoids we have investi-
gated, all form clear, orange- to red-colored dispersions in
water. As seen in Table (1), the reported maximum dispersi-
bilites of the novel analogs range from 2.6 to 181.6 mg/mL
[38-40, 62, 70], demonstrating that hydrophilicity of caro-
tenoids can be improved by varying the conjugated group
(for in-depth discussions of critical aggregate concentration
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Conditions: a. succinic anhydride, DIPEA, CH,ClI,. b. dibenzyl phosphoroiodidate, pyridine, CH,Cl,. c. bromotrimethylsilane, pyridine, CH,Cl,.
d. sodium methoxide, methanol. e. (i). carbonyldiimidazole, DMF. (ii). sugar, sodium hydride, pyridine.

Scheme (7). Synthesis of lycophyll diesters.

and other surface- and aggregation parameters, the reader is
directed to the primary published articles). The diphosphate
esters of lutein and astaxanthin demonstrated comparable
hydrophilicity, while a small difference was observed for the
disuccinate ester series, perhaps attributable to astaxanthin’s
keto groups. Of particular note is the impressive hydrophil-
icity of lys,AST (186.6 mg/mL), largely attributed to the
lysine esters containing two ammonium moieties each [39].

In collaboration with others, it has been shown that the
prepared novel carotenoid amphiphiles exhibit self-assembly
properties similar to natural carotenoids [39, 71-74]. In polar
organic solutions (e.g. acetone, ethanol, and methanol) most
carotenoids display a fine 3-peak absorption curve in the
visible spectral region (420-500 nm). Upon addition of wa-
ter, self-assembly leads to pronounced changes in the UV-
VIS spectrum. Aggregation of carotenoids generates the ap-
pearance of a blue-shifted peak (from 370 to 410 nm) which
is believed to arise from “card-pack” or “H-type” orientation
of the polyene chains. Sometimes a red-shifted absorption
band near 510 nm is also observed, the result of “head-to-
tail” or “J-type” polyene orientation. Aggregates in aqueous

solutions are held together by weak non-covalent forces, and
can be disrupted by an increase in temperature or by addition
of co-solvent. Both chemical structure and experimental
conditions seem to dictate the type of carotenoid aggregation
observed. While the parent compounds are readily destroyed
by irradiation or oxidation, aggregation serves to protect and
preserve the sensitive chromophore [75-78].

The hydrophilic lys,AST forms non-spontaneous, blue-
shifted aggregates in water (22 nm), increasing in size with
increasing ionic strength (47 nm in Ringer buffer). Astaxan-
thin dilysinate exhibits card-pack or H-type aggregates in
aqueous dispersions, investigated using circular dichroism
(CD) spectroscopy [39, 74]. UV-VIS spectra of Cardax in
water revealed blue-shifted spectra (50 nm), suggesting card-
pack (H-type) aggregate formation; no evidence was ob-
tained for the presence of head-to-tail aggregation. Prelimi-
nary investigation of disodium disuccinate lutein (dLUT) by
UV-VIS spectroscopy indicated head-to-tail (J-type) aggre-
gation in aqueous solution, while evidence of card-pack ag-
gregation (18 nm blue shift) was observed for the diphos-
phate ester (pLUT) [62, 79].

Table 1.  Hydrophilicities of Novel Carotenoid Amphiphiles
dLUT (C40) Cardax (C40) PAST (C40) pLUT (C40) lys,AST (C40)
Water dispersibility (mg/mL) 29 8.6 25.2 29.3 181.6
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In collaboration with others, the physicochemical prop-
erties of aqueous dispersions of Cardax have been compre-
hensively studied by determination of critical micelle con-
centration (cmc), surface activity, surface concentration,
molecule area, free energy of adsorption and micellation,
adsorption-aggregate energy relationship, and equilibrium
constants [71, 72]. Dynamic light scattering revealed that
Cardax formed large aggregates (1.3 pm at 0.06 mg/mL).
The charge of the polar end groups and the rigid spacer of
Cardax was thought to prevent the formation of small,
curved aggregates; rather, self-assembly of Cardax was be-
lieved to create large, extended monolayer structures. Larger
aggregates were observed in solutions of increasing ionic
strength. Cardax also formed aggregates below the critical
micelle concentration (cmc). Due to the long hydrophobic
chromophore, it was hypothesized that the derivatives ex-
isted as monomers and smaller aggregates below cmc, and
formed larger aggregates over cmc, as was suggested for
lysophophocholines with long fatty acids [80]. In contrast,
the neutral and relatively short-chain (C20) glycoside crocin
only formed aggregates over its cmc [81]. By adding a co-
solvent to the aqueous dispersions, the self-assemblies of
these derivatives were disrupted into monomeric solutions;
41% aqueous ethanol was sufficient to disaggregate Cardax
[71, 73]. Monomeric aqueous solutions of carotenoids are
favored therapeutic vehicles for use in certain model system
efficacy studies.

4. BIOLOGICAL APPLICATIONS OF NOVEL HY-
DROPHILIC CAROTENOID AMPHIPHILES

Activity Against Aqueous-Phase Reactive Oxygen Species
(ROS)

Free radicals and reactive oxygen species (ROS), such as
singlet oxygen (*O,) and superoxide anion (O,"), are major
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contributors to the process of oxidative stress in the human
body [5]. In developing potential therapeutic “soft drug”
antioxidants, a first critical step involves investigating aque-
ous-phase singlet oxygen quenching or superoxide anion-
scavenging abilities. The aggregation behavior of most ca-
rotenoids at even low water concentrations inhibits their in-
teraction with aqueous-phase radicals [36]. Antioxidant ac-
tivity has traditionally been measured in organic solvents or
micellar systems; the water-soluble carotenoids crocin and
crocetin being the two exceptions [82, 83]. Radical quenching
capacity of antioxidants is related to chemical structure, spe-
cifically the degree of conjugated unsaturation and the pres-
ence of heteroatom functional groups [51, 84].

The direct superoxide anion scavenging abilities of a
number of prepared carotenoid amphiphiles have been evalu-
ated in an in vitro human neutrophil assay utilizing spin-trap
(DEPMPO) electron paramagnetic resonance (EPR) spec-
troscopy. Each novel derivative was tested in either neat
water or in an ethanolic formulation, summarized in Table
(2) [39, 62, 73, 85]. The scavenging ability of each deriva-
tive was dose-dependent, and near complete quenching of
the induced superoxide anion signal was achieved at milli-
molar concentrations for all derivatives. Over 90% of the
superoxide anion was scavenged by an aqueous dispersion of
lys,AST at 100 pM. A 3 mM dispersion of Cardax and a
5mM dispersion of pLUT were required to achieve compa-
rable superoxide anion quenching. Superior scavenging abil-
ity was observed using the aqueous ethanolic solutions. Such
findings indicate that supramolecular assembly reduces the
interaction of carotenoid polyenes with aqueous-phase radi-
cals. Interestingly, studies with B-carotene indicated no in-
teraction between aqueous-phase radicals and the hydropho-
bic carotene [36].

Table 2. Mean Percent (%) Inhibition of Aqueous Superoxide Anion (O,") by Hydrophilic Carotenoids
Carotenoid Derivative Solvent Concentration (mM) Mean Inhibition (%)
Astaxanthin (C40) DMSO 0.1 28.0
Cardax (C40) Water 0.1 19.3
(3S, 3’S, meso, and 3R,3'R / 1:2:1) | EtOH (33%) 0.1 38.0

EtOH (33%) 0.5 60.1
EtOH (33%) 1.0 78.0
EtOH (33%) 3.0 95.0
lys,AST (C40) water 0.001 10.3
water 0.01 46.7
water 0.05 86.0
water 0.1 95.7
dLUT (C40) water 1.0 13.0
water 3.0 61.7
water 5.0 74.5
EtOH (40%) 0.1 5.0
pLUT (C40) water 1.0 9.3
water 3.0 72.3
water 5.0 91.0
EtOH (40%) 0.1 18.0
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Chromophore length and achieved hydrophilicity are
directly related to aqueous-phase radical scavenging, as evi-
denced when comparing the mean scavenging abilities of
Cardax and lys,AST. The highly hydrophilic lys,AST (~182
mg/mL) demonstrated the most effective superoxide anion
scavenging activity in aqueous solutions. Near complete
scavenging (95.7%) was achieved with only a 100 uM water
solution without the addition of a co-solvent [39]; Cardax,
contrastingly, required mM concentrations and addition of
EtOH to completely suppress the measured superoxide anion
signal. These results demonstrated that the prepared novel,
hydrophilic carotenoid amphiphiles exhibit acceptable aque-
ous-phase, direct scavenging ability of superoxide anion
(O,") produced from isolated human neutrophils, and may be
potent scavengers of other ROS and free radicals in biologi-
cal systems. The hydrophilic derivatives demonstrated in-
creased scavenging ability over the parent carotenoids, ad-
vancing the potential utility of carotenoids in various in vi-
tro, in vivo, and clinical applications. Enzymatic cleavage of
Cardax and lys,AST in vivo yields free astaxanthin, main-
taining the antioxidant activity of the parent scaffolds in the
lipid layers of cell membranes. A dual-phase protective
mode of action of such novel amphiphilic carotenoid deriva-
tives lends precedence to broad clinical therapeutic applica-
tions in both acute and chronic conditions mediated by oxi-
dative and inflammatory processes.

Plasma Protein Binding Studies

Supramolecular assembly, a form of aqueous self-formu-
lation, may stabilize aqueous formulations from oxidation
and enhance storage capability. However, large aggregates
(> um size) may complicate parenteral administration in vivo
and delivery to in vitro model systems. The latter was over-
come by using the co-solvent ethanol, which totally disag-
gregated the assemblies into monomers and was non-toxic at
the concentrations used in cell-based systems [85]. Prior to
parenteral administration in relevant animal models, it was
necessary to investigate possible aggregate lability of poten-
tial clinical carotenoid therapeutics, facilitated by plasma
protein binding. Human serum albumin (HSA) is the major
plasma protein in humans, and was previously shown to bind
the water-soluble natural carotenoid, crocetin [86]. The in
vitro plasma protein binding with fatty acid-free human se-
rum albumin (HSA) was investigated for both meso-Cardax
and lys,AST using circular dicroism (CD), UV-VIS spec-
troscopy, and fluorescence quenching [74, 87]. Induced CD
bands obtained in buffered solutions demonstrated that both
derivatives preferentially bound to albumin in monomeric
form at low ligand per protein (L/P) ratios (1:1 up to 1:5). A
greater HSA affinity for the dilysinate astaxanthin compound
than for the disuccinate astaxanthin compound was believed
to be a result of their differences in hydrogen donor and ac-
ceptor abilities. At higher L/P ratios, a tendency toward
HSA-induced chiral aggregation was observed. Fluorescence
quenching of HSA upon addition of the individual deriva-
tives showed that meso-Cardax and lys,AST both bound to
sites distinct from the more common small molecule binding
sites of HSA. These results suggested that the bonds that
allow supramolecular assemblies to form (van der Waals and
hydrogen bonds) would be readily overcome in the complex,
dynamic biochemical conditions of the in vivo biological
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environment. Based on these findings, prospective parenteral
use of such hydrophilic derivatives was postulated to result
in carotenoid-plasma protein associations and binding at sites
that would not appreciably compete with substances pos-
sessing affinities for HSA, such as fatty acids or other thera-
peutics. Further, possible interactions with circulating blood
cells or other lipoproteins might produce disaggregated,
monomeric, highly efficacious blood-borne reservoirs of
carotenoids.

Cardiovascular Applications

Coronary heart disease is the major cause of morbidity
and mortality in Western countries. Epidemological and
clinical data indicate that dietary antioxidants such as caro-
tenoids might protect against cardiovascular disease [5, 16].
Oxidative damage of low-density lipoprotein (LDL) is one of
the main factors implicated in the initiation and progression
of atherosclerosis [88]. Astaxanthin has demonstrated pro-
tective effects for LDL against oxidation in humans [89], as
well as increasing blood levels of animal high-density lipo-
protein (HDL), the form of blood cholesterol inversely cor-
related with coronary heart disease [46]. Studies in rodents
have shown an accumulation of free astaxanthin in the heart
after chronic administration of esterified, natural source as-
taxanthin, suggesting tissue-specific distribution [90]. There-
fore, therapeutic administration of astaxanthin or astaxan-
thin-based soft drugs might represent an approach for the
treatment and/or prevention of cardiovascular disease in hu-
mans.

Ischemia/reperfusion (I/R) injury is damage in ischemic
tissue caused by restoration of blood flow, and may occur
after myocardial infarction (M) or during medical interven-
tions. Such damage is the result of the release of reactive
oxygen and nitrogen species from mitochondria, neutrophils,
and other leukocytes that are found in the ischemic tissue or
the reperfusate. Radical scavenging and lipid peroxidation
chain-breaking antioxidants have been suggested as potential
preventive agents for I/R injury [91]. Administration of ef-
fective concentrations of antioxidants such as carotenoids
during the reperfusion period, or as a pre-treatment to at-risk
patients, may prevent or inhibit I/R injury. Studies in rats
treated with an amphiphilic a-tocopherol derivative have
shown promising protective effects [92]; vitamin E shares
the dual antioxidant role with carotenoids, but may not be
effective at low oxygen tension or low physiologic concen-
tration [93].

Cardax’s demonstrated potent aqueous ROS scavenging
ability [85] and association with the human plasma protein
HSA [87] supported the examination of its cardioprotective
efficacy in animal experimental infarction studies. In the
seminal study, Cardax was given intravenously (i.v.) as an
aqueous formulation to male Sprague-Dawley rats at one of
three doses (25, 50, or 75 mg/kg) each day for four days,
prior to the induced infarct carried out on day 5. On the fifth
day, the rats underwent thirty minutes of left anterior de-
scending coronary artery occlusion, followed by two hours
of reperfusion. All doses of Cardax resulted in mean reduc-
tions of infarct size, with significant mean reductions at the 2
higher doses translating to 41% salvage and 56% salvage,
respectively. In addition, a significant dose-dependent cor-
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relation was observed between plasma concentrations of
free, non-esterified astaxanthin and myocardial salvage at the
end of reperfusion. The linear correlation between plasma
levels of non-esterified astaxanthin and measured infarct size
allowed extrapolation of therapeutic target levels to larger,
more physiologically relevant animals. The results are sum-
marized in Table (3) [94].

Such promising initial results facilitated similar studies
performed with dogs and rabbits [95, 96]. In both studies,
one chronic dose (50 mg/kg, i.v.) was given for four days
prior to the experimental infarction performed on day 5, af-
fording a mean myocardial salvage of 51% for rabbits and
68% for dogs. The degree of protection was again directly
correlated with the serum concentrations of free astaxanthin,
which reached approximately 200 nM in rabbits and 600 nM
in dogs. These results parallel the antioxidant and radical
scavenging EDsy of astaxanthin, reported to be 200 nM in a
model system [52]. One hundred percent (100%) cardiopro-
tection was achieved in a chronic treatment group of dogs (2
out of 3 animals) having plasma concentrations of non-
esterfied astaxanthin above 1.0 pM. The observed mean
myocardial tissue concentration in rabbits was several-fold
higher than in plasma, suggesting a highly favorable myo-
cardium to serum ratio after subchronic i.v. administration of
Cardax in these animals. In canines, acute cardioprotection
by Cardax was also tested by single dose i.v. administration
two hours prior to occlusion. Single dose i.v. treatment at 50
mg/kg significantly reduced the infarct size, resulting in
mean salvage of 47%. As summarized in Table (4), as ani-
mal size increased, so too did mean myocardial salvage,
demonstrating appropriate pharmacokinetic scaling across
the species. Taken together, these results show that protec-
tive levels of non-esterified, free astaxanthin can be achieved
in both plasma and heart after i.v. delivery of aqueous for-
mulations of Cardax. These studies indicate significant acute
and chronic cardioprotection from damage due to myocardial
infarction in the I/R injury setting.

Most recently, oral administration of Cardax in the rat
model of experimental infarction showed protective effects
of 2 supplementary concentrations of drug administered ad
libitum in feed for 7 days prior to experimental infarction
[97]. Dose-dependent increases in non-esterified astaxanthin
were achieved in heart tissue, and reflected dose-dependent
mean myocardial salvage after infarction. Plasma markers of
oxidative stress (molecular fingerprints of the oxidative
modification of arachidonic and lineleic acid, respectively)
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were also significantly reduced at the higher dose of Cardax
tested. These results effectively extend the pharmacologic
profile of Cardax in this setting to oral pre-treatment clinical
paradigms, for which the statin medications are currently
utilized.

Tissue damage resulting from myocardial ischemia and
reperfusion is not only caused by ROS, but also promoted by
myocardial inflammation mediated by activation of the in-
flammatory complement system. Selective inhibitors of the
complement system have shown great potential in limiting
reperfusion injury [98-100]. Astaxanthin itself has shown
potent anti-inflammatory activity in rodents, including inhi-
bition of the expression of various inflammatory mediators
(e.g. nitric oxide, prostaglandin E2, and cyclooxygenase 2)
[101]. To evaluate the anti-inflammatory effects of Cardax,
complement activity was assessed at the end of reperfusion
in a rabbit experimental infarction model using a red blood
cell lysis assay [96]. An immunofluorescence method was
used to determine the presence of tissue-bound C-reactive
protein (CRP) and membrane attack complex (MAC), known
participants in the inflammation cascade [98, 102]. Cardax
was shown to significantly reduce tissue deposition of CRP
and MAC in the infarcted area [96]. Such findings indicate
that the mechanism of action by which Cardax reduces the
tissue damage associated with I/R injury includes both anti-
oxidant and anti-inflammatory (anti-complement) compo-
nents.

Cardioprotection using a carotenoid soft drug such as
Cardax may be extended to other carotenoid scaffolds. Lu-
tein has shown protective effects against the development of
early atherosclerosis in epidemiological, in vitro, and mouse
model studies [58]. In a recent pharmacokinetic and I/R in-
jury study, lutein was administered (i.v. and orally) at a sin-
gle 0.5 mg/kg dose to male Wistar rats six hours before in-
duced intestinal I/R. Protective effects against oxidative
stress caused by intestinal I/R were observed, as evidenced
by the recovered deciduation of enterocytes, lessened dam-
age of villi, and suppressed lipid peroxidation [103]. Future
infarct studies with hydrophilic lutein derivatives could po-
tentially validate lutein-based compounds as alternative car-
dioprotective agents.

Hepatitis

Of the four major types of hepatitis (A-D), hepatitis C is
the most prevalent liver disease in the world, considered an
epidemic by The World Health Organization. Patients with

Table 3.  Correlation Between Dose and Mean Infarct Size (IS/AAR,%), Myocardial Salvage, and Plasma Concentrations of Non-
Esterified Astaxanthin in Sprague-Dawley Rats After i.v. Administration of Cardax (Disodium Disuccinate Astaxanthin)

Dose (mg/kg) 0 25 50 75
IS/AAR (%) 59.0 47 35 26
Myocardial salvage (%) 0 20 41 56
Mean plasma concentra-

tion of free astaxanthin - 107 333 612
(nM)
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Table 4. Mean Infarct Size (IS/AAR,%), Myocardial Salvage, and Plasma Concentrations of Non-Esterified Astaxanthin in Three
Different Animal Experimental Infarction Models After i.v. Administration (50 mg/kg) of Cardax (Disodium Disuccinate
Astaxanthin)

Species Rats Rabbits Dogs
Weight (kg) 0.2 25 9.0
ISIAAR (%) 35+3 258 +4.7 6.6 +2.8
Myocardial salvage (%) 41 52 68

Mean plasma goncentration of 335 + 56 229 4+ 51 632 + 333
free astaxanthin (nM)

chronic hepatitis C demonstrate evidence of increased oxi-
dative stress and elevated lipid peroxidation products in liver
tissue, in turn leading to fibrosis and irregular regeneration
of hepatocytes, primary causes of serious liver damage in
these patients. ROS release can cause increased DNA dam-
age, and therefore chronic hepatitis C infection is considered
a major progenitor of liver cancer (hepatocellular carcinoma,
or HCC). Unfortunately, there are no vaccines or cures for
chronic hepatitis C infection [104, 105]. A promising treat-
ment would be to protect and support the liver against the
smoldering, recurrent oxidative damage in chronic infection.
Hepatitis C patients supplemented with both lycopene (10
mg/day) and vitamin E for a year exhibited a significant re-
duction in the incidence of hepatocellular carcinoma [106],
promising initial data on the protective effects of liver-
specific antioxidants.

To achieve efficacious levels in target tissues, preferen-
tial tissue accumulation of a therapeutic is essential. Tissue
tropism, oral bioavailability, and pharmacokinetics of astax-
anthin disuccinate were evaluated in C57BL/6 mice [107].
Both single and multiple oral doses (500 mg/kg) of a lipo-
philic emulsion of astaxanthin disuccinate (Heptax) were
administered, where an apparent solubility of greater than 50
mg/mL was achieved. Free plasma and tissue levels of astax-
anthin were monitored over 72 hours. Single oral admini-
stration of the test compound resulted in maximum concen-
tration after six hours. Free astaxanthin was measured in
heart (694 nM ), liver (1735 nM), and plasma (381 nM). A
slight increase in mean peak levels of astaxanthin in both
liver and plasma after multiple dosing (11-day regimen) was
observed in comparison to the concentrations achieved after
single dosing. These results suggest that protective levels (>
200 nM) can be obtained with once-daily dosing. Addition-
ally, it was noted that therapeutic levels of carotenoid per-
sisted for at least 24 h after multiple dosing, indicating a fa-
vorable accumulation effect.

Animal infarct and pharmacokinetic studies discussed
above show that protective levels of non-esterified, free as-
taxanthin can be achieved in both plasma and target tissues
(heart and liver), after oral and/or i.v. delivery of the sodium
salt of astaxanthin disuccinate. An effective organ tissue
tropism and desirable plasma clearance of non-esterified,
free astaxanthin was achieved; hepatic and cardioprotection
against induced oxidative stress, as manifested during infarct

or hepatitis, can be achieved using a subchronic dosing
schedule.

Cancer Chemoprevention

Carotenoids have been shown to prevent oxidative dam-
age to DNA, a condition known to promote carcinogenesis.
Additionally, a number of studies have shown that caro-
tenoids may exert cancer chemoprevention by other mecha-
nisms. Experimental animal and cell culture carcinogenesis
studies have demonstrated that carotenoid cancer chemopre-
ventive activity is strongly correlated with an ability to in-
crease gap junctional intercellular communication (GJIC)
through the up-regulation of connexin 43 (Cx43) gene ex-
pression. This chemopreventive activity is independent of
any provitamin A or lipid-phase antioxidant properties. Ap-
proximately 20 different connexins are expressed in mam-
mals, and form aqueous gap junction channels (connexons).
Connexons assemble into large clusters (or gap junction
plaques) in the adjacent membranes of communicating cells,
enabling direct transfer of cellular signals, nutrients, and
waste products between contacting cells. Connexons are be-
lieved to be important for normal cell development and
growth regulation. Connexin 43 is the most widely expressed
member of the gap junction family of genes and is strongly
down-regulated in human cancers and in several premalig-
nant conditions. Carotenoids have been shown to stimulate
GJIC in a dose-dependent manner. In contrast, a-tocopherol
does not upregulate Cx43 expression [26, 108].

Until recently, experimental animal and cell culture
studies of carotenoid carcinogenesis were problematic due to
poor carotenoid bioavailability and a lack of suitable in vitro
carotenoid delivery vehicles. As well, carotenoid availability
was largely limited to only those obtainable in beadlet form
(e.g. lycopene, canthaxanthin, and -carotene). Investigation
of other carotenoids was made possible by using tetrahydro-
furan (THF) as a co-solvent, however THF is not considered
optimal for animal and clinical studies [26, 108]. Alterna-
tively, the use of hydrophilic carotenoids can be used to
achieve desired clinical experimental conditions. As an ex-
ample, cells treated with aqueous ethanolic formulations of
Cardax assembled Cx43 into immunoreactive plaques in
regions of cell-cell contact, consistent with the formation of
gap junctions [108, 109]. Cardax was shown to both
upregulate the expression of the tumor suppressor gene Cx43
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and increase GJIC. After treatment with a micromolar Car-
dax aqueous ethanolic formulation, the induction levels of
Cx43 were higher than with cells treated with a neat water
formulation of Cardax. Interestingly, a higher potency in the
up-regulation of Cx43 was observed for neat water formula-
tions of Cardax than for free carotenoids in organic vehicles.
Aqueous ethanolic formulations of pAST likewise demon-
strated enhanced upregulation of Cx43 protein expression
and induced functional GJIC, compared to astaxanthin deliv-
ered in THF. Astaxanthin diphosphate (pAST) completely
inhibited carcinogen-induced neoplastic transformation in
10T1/2 cells at micromolar concentrations, while Cardax
demonstrated only 40% inhibition at this concentration range
[40].

Upregulation of GJIC has been hypothesized to be an
important indicator of chemopreventive potential, supported
by studies in both Cx32 or Cx43-deficient mice more sus-
ceptible to liver and lung cancer, respectively [110, 111].
The ability of carotenoids to upregulate Cx43 as well as gap
junctional intercellular communication (GJIC) is well docu-
mented [26]. Cardax and pAST share these abilities with the
parent carotenoid astaxanthin and may prove to be more po-
tent than astaxanthin alone. Astaxanthin diphosphate (pAST)
demonstrated 100% efficacy in preventing carcinogen-induced
neoplastic transformation. Following such promising in vivo
results, the chemopreventive activity of several hydrophilic
carotenoid derivatives is currently being explored.

Macular Degeneration

Age-related macular degeneration (ARMD) is the major
cause of irreversible blindness in the elderly. A significant
prevalence is found after the age of 55, with heightened risk
in patients with Type I and Il diabetes (42 and 53%, respec-
tively) [47]. Elevated dietary intake and serum levels of lu-
tein and zeaxanthin have been correlated with a decreased
risk of ARMD. However, because of variable bioavailability
from different food sources, the correlation between lutein
and zeaxanthin intake and incidence of ARMD remains
problematic. In post-mortem retinas diagnosed with ARMD,
the amount of macular pigment was less than in control do-
nor groups. The role and function of lutein and zeaxanthin in
the macular pigment was reviewed recently. These caro-
tenoids are believed to filter high energy, short wavelength
blue light, protecting polyunsaturated lipids in the photore-
ceptor membranes against associated oxidative damage
[112]. Uptake, stabilization, and effective antioxidant activ-
ity of lutein and zeaxanthin in the retina is thought to be
achieved and mediated by specific xanthophyll-binding pro-
teins [59]. A normal western diet consists of 1.3-3 mg/day
combined lutein and zeaxanthin. Average serum values for
lutein and zeaxanthin were reported to be approximately 250
nM and 90 nM, respectively. A combined intake of supple-
ments of more than 5.8 mg/day, affording serum level con-
centrations of over 670 nM, corresponded to the lowest risk
of ARMD [112]. Lutein and zeaxanthin antioxidant and radi-
cal scavenging EDs, values were calculated at 700 and 400
nM, respectively [52]. The administration of hydrophilic
lutein and zeaxanthin derivatives in aqueous formulation will
most likely provide desirable therapeutic levels in human
plasma, and overcome the problems with oral bioavailability
of lutein and zeaxanthin mentioned previously. These plasma
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concentrations may then translate into increased macular
pigment in affected individuals, with the potential to amelio-
rate progression of disease and impact visual acuity in the
short term in these patients.

Prostate Cancer

Prostate cancer is one of the most prevalent diseases as-
sociated with mortality among men [113]. High intake of
tomato products is associated with low incidence of prostate
cancer [64], and lycopene has therefore been suggested as a
chemopreventive candidate. A randomized clinical trial of
lycopene supplementation (15 mg twice a day) three weeks
before radical prostatectomy resulted in decreased growth of
prostate tumor and reduced indices of proliferation in treated
individuals—thus suggesting a chemotherapeutic role for
lycopene as well. Upregulation of tumor suppressor protein
Cx43 and increased GJIC are some of the mechanisms by
which lycopene is believed to protect against prostate cancer
beyond strict antioxidant function. In the prostatectomy trial,
carotene levels in prostatic tissue increased by 47% com-
pared to the control group. Additionally, no significant
change in plasma concentrations was observed, indicating a
marked tissue-specific differentiation [114]. Although lyco-
pene in tomatoes can be absorbed more efficiently if proc-
essed into tomato juice, sauce, paste or ketchup, the overall
bioavailability is low; the absorption of lycopene is less effi-
cient than the polar carotenoid astaxanthin [115]. Delivery of
a highly potent radical scavenger to prostatic tissue, aimed at
restoring or augmenting endogenous antioxidant levels, could
prove to be a promising area of prostate cancer research
[116]. Further, hydrophilic lycopene derivatives should fa-
cilitate parenteral delivery of lycopene analogs to prostatic
tissues, again overcoming the dose-proportionality issues
inherent with oral delivery of many carotenoids. As demon-
strated for Cardax, therapeutic levels of astaxanthin are
readily achieved after either oral delivery in a lipid-based
vehicle or in feed, as well as i.v. administration of hydro-
philic formulations. Recently, the lycopene analog lycophyll
was succesfully prepared [67], and novel, amphiphilic de-
rivatives of lycophyll are currently being developed.

CONCLUSIONS

Until recently, chemical derivatization of carotenoids to
produce novel hydrophilic derivatives have been sparingly
reported. By utilizing retrometabolic drug design, Hawaii
Biotech, Inc. has succesfully prepared several classes of bo-
laform carotenoid amphiphiles that are effective aqueous-
phase antioxidants in the derivatized state (soft drugs). These
novel derivatives are readily formulated in water without
need of heat, detergents, co-solvents, or other additives.
They exhibit hydrophilicity of up to 181.6 mg/mL, and are
sufficient for parenteral administration in aqueous formula-
tions. The self-assembly behavior and biophysical behav-
ior(s) in aqueous solutions were studied for a number of the
novel derivatives. Total disruption of aggregates is afforded
by addition of less polar solvents. Aqueous monomeric solu-
tions of several of the bolaform amphiphiles have been char-
acterized as potent direct scavengers of aqueous-phase su-
peroxide anion. In vitro interaction of the sodium disuccinate
of astaxanthin (Cardax) and the dilysinate conjugate of as-
taxanthin (lys,AST) with human serum albumin (HSA), us-
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ing circular dichroism spectroscopy, demonstrated immedi-
ate and preferential binding to HSA at molar ratios of ligand
to HSA of 1:1 and 1:5, respectively, suggesting a desirable in
vivo distribution of both soft drugs. Cardax demonstrated
cardioprotective efficacy after both i.v. and oral administra-
tion in three different animal experimental infarction models.
In dogs, nearly 70% mean myocardial salvage was achieved
with subchronic dosing, with 100% cardioprotection ob-
served when therapeutic serum thresholds of drug metabolite
are achieved. Tissue accumulation and plasma clearance of
non-esterified, free astaxanthin after parenteral administra-
tion suggests effective target organ tissue delivery to heart
and liver using the prepared astaxanthin derivative. Protec-
tive levels of non-esterified, free astaxanthin were achieved
in both plasma and target tissues (heart and liver) based on
the reported EDs, value of astaxanthin (200 nM). Cell stud-
ies of Cardax and astaxanthin diphosphate (pAST) demon-
strated upregulation of the expression of connexin 43
(Cx43), increase in the size and number of Cx43 immunore-
active gap junctional plaques, and functional increase in gap
junctional intercellular communication (GJIC)—and for
pAST, 100% suppression of neoplastic transformation in the
model system study—strongly suggesting potential chemo-
preventive properties in vivo. After administration of Cardax
and pAST, detection of free astaxanthin in plasma, cells, and
target tissues demonstrates the success in the design and in-
tended application of these novel carotenoids. The work
summarized in the current review validates present and fu-
ture chemical, biological, and medicinal investigations of
novel, hydrophilic carotenoid derivatives utilizing astaxan-
thin, lutein, zeaxanthin, lycophyll, and other carotenoid scaf-
folds conjugated to natural, non-toxic substances such as
amino acids, sugars, antioxidants, and other nutritive sub-
stances. It is hoped that such efforts will serve to effectively
combat those diseases and disease states associated with oxi-
dative stress and inflammation.
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ABBREVIATIONS

ARMD = Age-related macular degeneration
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Boc = Benzyloxy carbonyl

Cardax = Disodium disuccinate astaxanthin

CD = Circular dichroism

CRP = C-reactive protein

Cx43 = Connexin 43

DEPMPO = 5-(diethoxyphosphoryl)-5-methyl-1-pyrroline
N-oxide

DIC = 1,3-diisopropylcarbodiimide

DIPEA = N,N-diisopropylethylamine

dLUT = Disodium disuccinate lutein

dLYC = Disodium disuccinate lycophyll

dZEA = Disodium disuccinate zeaxanthin

DMF = N,N-dimethylformamide

EPR = Electron paramagnetic resonance (spectros-
copy)

GJIC = Gap junctional intercellular communication

gluLUT = Disuccinate diglucosyl ester of lutein

gluLYC = Disuccinate diglucosyl ester of lycophyll

HDL = High density lipoprotein

HOBt = 1-hydroxybenzotriazole

HSA = Human serum albumin

LDL = Low density lipoprotein

lys,AST = Dilysinate astaxanthin

MAC = Membrane attack complex

NMR = Nuclear magnetic resonance (spectroscopy)

pAST = Tetrasodium diphosphate astaxanthin

pLUT = Tetrasodium diphosphate lutein

pLYC = Tetrasodium diphosphate lycophyll

pLUT = Tetrasodium diphosphate lutein

ROS = Reactive oxygen species

THF = Tetrahydrofuran

UV-VIS = Ultraviolet-visible spectroscopy
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