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Carotenoids are unstable and susceptible to disruption by environmental factors such as heat, light,
and solvents. However, there is little information on the effect of metal ions on stability of carotenoids,
especially those essential elements in human nutrition. Astaxanthin is one of the few carotenoids
containing four oxygen donors. Usually, these oxygen donors can coordinate with heavy metal ions
such as Cu(ll) and Fe(lll). In the present study, the interaction of trans-astaxanthin with Cu(ll) was
examined. It was found that Cu(ll) markedly induces the conversion of frans-astaxanthin to its cis
forms, which mainly consist of 9-cis-astaxanthin and 13-cis-astaxanthin as suggested by UV—visible
spectra and HPLC measurements. Increasing either incubation time of Cu(ll) and trans-astaxanthin
in ethanol or the Cu(ll)/astaxanthin ratio results in an increased percentage of cis isomers derived
from trans-astaxanthin. All these results provide important information on the effects of dietary factors
on the bioavailability and bioactivity of trans-astaxanthin.
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INTRODUCTION as heat, light, and oxygei§, 16). For example, high temper-

Carotenoids have received considerable attention because ofituré markedly promotes the isomerizatiorirahs-astaxanthin
their potential clinical use in treatment for cancer associated (18; 19). Effects of different organic solvents on the isomer-
with reactive oxidative specieg) Anti-cancer activity of these ization oftrans-astaxanthin in solutions have _beer_l mvestlgated
carotenoids seems to be independent of pro-vitamin A activity @1d the results showed thamns-astaxanthin dissolved in
(1). Of these, astaxanthin (3;8ihydroxy-3,3-carotene-4,4 organic solvent also easily isomerized to its cis analogues,
dione) occurs in certain marine animals and plants (salmon, Mainly 13<is-astaxanthinl9, 20). Moreover, iodine can be used
trout, shrimp, lobster, and algae) (2—5). Although it lacks the &S & catal_yst t_O promote the isomerizatiortrahs-astaxanthin
pro-vitamin A activity, astaxanthin has been found to be more (17) and its diacetate2(). However, to our knowledge, there
effective thang-carotene in preventing lipid peroxidation in IS little information about the effect of metal ions on the
solution and various biomembrane systerfiy 4nd is more  ISCOmerization of astaxanthin. _
potent in the prevention of carcinogen-induced neoplastic 17ace amounts of certain metal elements such as copper, iron,
transformation in 10T1/2 cells than any of the previously studied @1d zinc are nutritionally required for organisms, including
carotenoids7). Recent studies suggest that astaxanthin exhibits 'umans, in their diets. These metal ions serve a variety of
about 108-500 times higher antioxidant activity thantocoph- functions in vitro, th_e_ most important _of \_/vhlch are to enha_nce
erol (8—10). Due to its attractive pink color, it has been used the structural sFablht_y of the_ protein in the conform_atlon
as a colorant in aquaculture. Moreover, increasing studies onecessary for biological function and/or to take part in the
food, cosmetic, and medical application of astaxanthin have beenc@t@lytic processes of enzyme2}. Some of these metal ions
made because of its high antioxidant activitg(11) and other ~ Such as Cu(ll) and Fe(lll) have the ability to coordinate with
biological functions (12—14). oxygen atom donors. Astaxanthin is one of few carotenoids that

Cis isomers of carotenoids may be naturally formed in certain ¢Ontains four oxygen atoms: two from hydroxyl groups and
organisms (1516); however frans-astaxanthin is the biologi- two _from carbonyl groups. ThIS raises the question of wheth_er
cally favored form, possibly becausss-astaxanthin is not nutritionally essential metal ions can interact with astaxanthin
utilized to the same’ extent &mns-astaxanthin17). In contrast and, if so, how this interaction influences on the isomerization
to cis-astaxanthintrans-astaxanthin is unstable and readily ©f astaxanthin. To answer these questions, Cu(ll) was chosen
isomerized to its cis analogues, especially the 9-cis and 13-cisto determine its interaction wittrans-astaxanthin in ethanol.

unhindered isomerd={gure 1) by environmental factors such MATERIALS AND METHODS

* Corresponding author: tet86-10-62737434; fax-86-10-62737434; Chemicals.HPLC-grade methanol, acetonitrile, ethanol, dichloro-
e-mail gzhao318@yahoo.com.cn. methane, and chloroform were purchased from Kangkede Chemical
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OH

9-cis-astaxanthin (2) OH 13-cis-astaxanthin (3)
Figure 1. Structures of trans-astaxanthin (1), 9-cis-astaxanthin (2), and 13-cis-astaxanthin (3).

Co. (Tianjin, China).trans-Astaxanthin was purchased from Sigma

Chemical Co. (St. Louis, MO). 061 A
Measurement of UV/Vis Spectra.The reaction of CuGlwith trans- 0.5

astaxanthin (4.58M) was carried out in ethanol at”C. To examine

the effect of Cu(ll) on the isomerization tfans-astaxanthin, a series 0.4-

of reaction mixtures with different molar ratio of Cu(ll) to astaxanthin "

(4/1, 8/1, 16/1, 32/1, 64/1, and 128/1) were kept for 0.5, 1, 2, 4, 8, and S 031 4 nearisosbestio

12 h. Then the mixtures were scanned by a model UV-190 UV/vis < 02] P \ ‘

spectrophotometer (Beijing Puxi Universal Instrument Co.) from 300 ’

to 700 nm. The concentration of astaxanthin used wasM5Jased 0.1 J

on its molar absorptivity, so that its absorbance at 480 nm changes S 4

between 0.2 and 0.8 upon interaction with Cu(ll), the range that is the 0.0+

most sensitive for UV/vis spectrophotometry. w0 a0 s e 700
Determination of trans-Astaxanthin Concentration. A stock
solution (635.3uM) was made by dissolving 37.92 mg ofans- Wavelength (nm)

astaxanthin in 100 mL of chloroform. A series of dilutions was 06
.6 0

prepared: 1.588, 3.176, 6.353, 12.706, 19.06, 25.413, and 3&iM66 471 Cullypigment
with ethanol. These solutions were quantitatively analyzed by a LC- o5] B p?
10AT HPLC (Shimadzu, Kyoto, Japan) equipped with a RID-10A ' 1671 Cufllypigment
photodiode array detector (Shimadzu, Kyoto, Japan) at 480 nm. On 0.4 8211 Cullhjpigment
the basis of a standard curvetadins-astaxanthin concentration versus 6471 Cullhypigment
HPLC peak area, the concentrations of thens-astaxanthin in the 8 03 A near isosbestic 128/1 Cu(ll)pigment
mixtures were determined by HPLC at the same condition as standard < point

samples after therans-astaxanthin was mixed with CuGit different 0.2 \

incubation times (0—12 h) or molar ratios of Cu(ll)/pigment (4/1

128/1). The concentration dfans-astaxanthin between 1.588 and 0.14

31.766uM exhibits good linear dependence on the peak aR8a<(

0.9999). The detection limit is 0.0168M. The chromatography 009 : i . d
conditions were 250x 4.6 mm i.d. Kromasil C18 column (Eka 300 400 500 600 700
Chemicals, Bohus, Sweden), a mixture of dichloromethane, methanol, Wavelength(nm)

tonitrile, and water (5:85:5:5) as mobile phase; flow rate (1 mL . .
amciﬁ)(,)deteec‘tion?/vavetleen(gth ?48(?)nms); azg foﬁm?ﬁ?em%eratu?‘é:% / Figure 2. UV spectra from 300 to 709 nm of thg re{actlon mixture of
Separation and Identification of Isomers of Astaxanthin. The CuCl, and trans-astaxanthin as a function of reaction time (A) or of the
isomers of astaxanthin were separated under the same conditions agolar ratio of Cu(ll)/trans-astaxanthin (B).
above. The UV/vis spectra of all peaks were recorded by the photodiode
array detector from 190 to 800 nm. Isomers of astaxanthin were assigne
according to their retention times and spectra (19,20, 23).

staxanthin was examined. It was found that the UV/vis
spectrum ofrans-astaxanthin (4.58M) was unchanged during
its 12 h incubation with ethanol (data not shown), suggesting
RESULTS AND DISCUSSION thattrans-astaxanthin is stable in ethanol within 12 h. In contrast,

Interaction of Cu(ll) with trans-Astaxanthin. Since some marked changes were observed in the UV spectrurtneofs-

organic solvents have been reported to induce the conversionastaxanthin (Figure 2A) aftetrans-astaxanthin (4.58M) was
of trans-astaxanthin to its cis forms and ethanol is used as treated with a 16/1 molar ratio of Cu(ll)/astaxanthin for different
solvent during the interaction of Cu(ll) witttans-astaxanthin times. As the time of the interaction of Cu(ll) wittrans-
(19, 20), the effect of ethanol on isomerization tfans- astaxanthin increased from 0.5 to 12 h, the maximum absorbance
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at 480 nm, characteristic dfans-astaxanthin, significantly 12
decreased while the absorbance at 373 nm, which is character-
istic of cis isomers of astaxanthii, 19, 20, 23), gradually
increased, resulting in a near-isosbestic point-d4t0 nm as
shown inFigure 2A. The lack of a pure isosbestic point suggests
that trans-astaxanthin is replaced by more than one product.
When the interaction time was kept constant at 0.5 h, the UV/
vis spectra were also recorded as a function of the molar ratio
of Cu(ll) to trans-astaxanthinKigure 2B). It was observed that

as the ratio of Cu(ll) totrans-astaxanthin increased, the
absorbance at 480 nm decreased whereas the absorbance at 373
nm increased, again producing a near-isosbestic poirtad 64
nm. Thus, both results strongly indicate that Cu(ll) can induce
the conversion ofrans-astaxanthin to its cis forms. Although
the exact mechanism remains to be determined, the coordination
of Cu(ll) with the trans-astaxanthin may trigger the isomeriza-
tion. In support of this proposal comes from the structures of
trans-astaxanthin and its 9-cis and 13-cis forms. As shown in
Figure 1, four oxygen donors are at the same side of the two
cis isomers while they are symmetrically distributed at two sides
of trans-astaxanthin. Since the four oxygen donors of the two
cis isomers are in a more compact array with respect to those
of trans-astaxanthin, complexes from the coordination of the
cis forms with Cu(ll), respectively, are more stable than that
from trans-astaxanthin with Cu(ll). Such a different stability
possibly results in the isomerization wans-astaxanthin to its

cis analogues in the presence of Cu(ll).

Change oftrans-Astaxanthin Concentration upon Interac- 20 0 20 40 60 80 100 120 140
tion with Cu(ll). The absorbance at 480 nmtadns-astaxanthin Cu(Il)/trans-Astaxanthin
decreased as both the interaction time and the Cu(ll)/pigment
molar ratio increaserjgure 2), implying that the concentration
of trans-astaxanthin decreases with increasing interaction time
or molar ratio. To confirm this conclusion, the concentration 120 1
of trans-astaxanthin as a function of the reaction time or the ]
Cu(ll)/pigment molar ratio was determined by HPLC, and the
results are shown ifigure 3. It was observed that theans- ]
astaxanthin concentration decreased in two phases when the 04—~
reaction time of Cu(ll) withtrans-astaxanthin increased while 804
the Cu(ll)/ pigment molar ratio is fixed at 16/1. The original ]
concentration ofrans-astaxanthin was 11.3Q8M. As the time 2 40
of its interaction with C&" increased, thdrans-astaxanthin 1
concentration rapidly decreased %$0%, corresponding to the 01—
first fast phase; then it continued to decrease b¥$5%, 80 -
representing the second slow phaséy(re 3A). Thus after :
12 h of incubation with Cu(ll), the concentration tfans- 40+
astaxanthin decreased to 6.2Bl, a result in accord with the /\ 4
above UV measurements (Figure 2A). In contrast to Cu(ll), —
organic solvents exhibited a slower isomerization induction of 0 2 4 6 8 10 12 14 16
trans-astaxanthin and only one phase was observed after 12 h Retention Time (min)
of incubation of thetrans-astaxanthin with different organic
solvents at 20C or higher (9, 20), suggesting that Cu(ll) is
more effective in inducing the isomerization wans-astaxan-

114 A

10

[trans-Astaxanthin] (uUM)
w

[trans-Astaxanthin] (uM)
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Figure 3. trans-Astaxanthin concentration versus either reaction time (A)
or molar ratio of Cu(ll)/trans-astaxanthin (B).
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Figure 4. Chromatogram of trans-astaxanthin and the mixture of CuCl,
with astaxanthin: (A) trans-astaxanthin; (B) 16/1 Cu(ll)/trans-astaxanthin;
(C) 128/1 Cu(ll)/trans-astaxanthin.

thin.

Likewise, a similar profile of the decreasetains-astaxanthin incubation, and their corresponding chromatograms are dis-
concentration was obtained with increasing ratio of Cu(ll) to pjayed inFigure 4. As expected, only one peak appeared at
trans-astaxanthin (Figure 3B). The concentration of trans- 6.2 min in the HPLC chromatogram of the control sample; this
astaxanthin decreased from 11.31 to 4.188 upon addition  corresponds terans-astaxanthinigure 4A). This assignment
of Cu(ll) to trans-astaxanthin solution with a ratio of 128/1,in \as further confirmed by its UV spectrunFigure 5A)
agreement with the UV measurements (Figure 2B). exhibiting a maximum absorbance at 480 n8+20,24). In

Identification of Products Isomerized from trans-Asta- contrast, there were three peaks appearing at 6.2, 9.5, and 10.4

xanthin. To determine how many species were generated from min for the 16/1 molar ratio Cu(ll)/pigment samplEigure
isomerization oftrans-astaxanthin by Ct, 16/1 and 128/1 4B). Besides the three peaks, the fourth peak appeared next to
molar ratio Cu(ll)/pigment samples with standarens-asta- peak 1 for the 128/1 molar ratio Cu(ll)/pigment samgtey(re
xanthin as a control were analyzed by HPLC after a 30 min 4C). With increasing ratio of Cu(ll) térans-astaxanthin from
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Figure 5. UV/Vis spectra of peaks of chromatogram of trans-astaxanthin
and the mixture of CuCl, with astaxanthin: (A) peak 1 of Figure 4A; ( B)
peak 2 of Figure 4C; (C) peak 3 of Figure 4C.

0to 16/1 to 128/1, the intensity of peak 1 significantly decreased,

while the intensities of peaks 2 and 3 increased gradually, a ) )
result directly suggesting that two new species corresponding (12) Chew, B. P.; Park, J. S.; Wong,

to peaks 2 and 3 are derived frotrans-astaxanthin. This
observation coincided with UV measurements showing the
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(4) Osterlie, M.; Bjerkeng, B.; Liaaen-Jensen, S. Accumulation of

astaxanthin all-E, 2and 13Zgeometrical isomers and 3 and 3

RSoptical isomers in rainbow troutOncorhynchus mykiss) is

selective.J. Nutr.1999,129, 391—398.

Hagen, C.; Braune, W.; Birckner, E.; Nuske, J. Functional aspects

of secondary carotenoids productiorHdematococcus plialis

(Girod) Rostafiniski (VolvocalesNew Phytol1993 125 625—

633.

Goto, S.; Kogure, K.; Abe, K.; Kimata, Y.; Kitahama, K.

Yamashita, E.; Terada, H. Efficient radical trapping at the surface

and inside the phospholipid membrane is responsible for highly

potent antiperoxidative activity of the carotenoid astaxanthin.

Biochim. Biophys. Act2001,1512, 251—258.

Hix, L. M.; Lockwood, S. F.; Bertram, J. S. Upregulation of

connexin 43 protein expression and increased gap junctional

communication by water soluble disodium disuccinate astaxan-

thin derivativesCancer Lett.2004,211, 25-37.

(8) Miki, W. Biological functions and activities of animal carot-
enoids.Pure Appl. Chem1991,63, 141—146.

(9) Shinidzu, N.; Goto, W.; Miki, W. Carotenoids as singlet oxygen
guenchers in marine organisntssh. Sci.1996,61, 134—137.

(10) Naguib, Y. M. A. Antioxidant activity of astaxanthin and related
carotenoidsJ. Agric. Food Chem2000,48, 1150—1154.

(11) Terao, J. Antioxidant activity g8-carotene-related carotenoids
in solution. Lipids 1989,24, 659—661.

®)

(6)

@)

M. W.; Wong, T. S. A
comparison of the anticancer activities of dietglhcarotene,
canthaxanthin and astaxanthin in mioevivo. Anticancer Res.
1999,19, 1849—1853.

appearance of a near-isosbestic point at 410 nm upon addition (;3y jyonouchi, H.; Sun, S.: lijima, K.; Gross, M. D. Antitumor

of Cu(ll) to trans-astaxanthin at different times or with different
Cu(ll)/pigment ratios (Figure 2). To identify the two species
appearing at 9.5 (peak 2) and 10.4 min (peak 3), theirUV

visible spectra are obtained by photodiode array detection and

are displayed inFigure 5B,C. The assignments of the two
species generated frotmans-astaxanthin are based on previous
work on astaxanthinl®—20, 24). The UV/vis spectrum of peak
2 had a maximum absorbance~a470 nm and is assigned to

9-cis-astaxanthin. In contrast to peaks 1 and 2, there were two (

maximum absorbances appearing-@70 and~373 nm in the
spectrum of peak 3, which is identified as &i3-astaxanthin.

The overlap of peak 4 with peak 1 excludes assignment of peak

4. In addition, it is worth noting that peak 3 is larger than peak
2 in Figure 4A,C, a finding indicating thatrans-astaxanthin is
converted to 13-cis-astaxanthin more thawgig-astaxanthin,
agreeing with recent observations showing thatik3astaxan-
thin was the main cis isomer produced frarans-astaxanthin
through isomerization induced by all tested organic solvents
(29).

The present studies demonstrate that Cu(ll) significantly
induces the conversion tfans-astaxanthin to its analogues in
which 9-cis-astaxanthin and X3s-astaxanthin are the major
cis isomers. The isomerization increases proportionately with
increasing Cu(ll)/pigment ratio or interaction time.
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