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Abstract

Epidemiologic and clinical studies have shown that a high intake of vegetables and fruit, with consequently high intakes
and circulating concentrations of carotenoids, is associated with reduced risk of cardiovascular and other chronic diseases.
The antioxidant properties of carotenoids are thought to contribute to these effects. The analysis of carotenoids in plasma,
foods and tissues has thus become of interest in studies examining the role of diet in chronic disease prevention and
management. High-performance liquid chromatography with ultra-violet or photodiode array detection is most often
employed in routine use. We review these and other current methods for carotenoid analysis and information on sample
stability relevant to epidemiological studies. The carotenoids remain an important and intriguing subject of study, with
relevance to prevention of several important “lifestyle-related” diseases. Research into their physiological functions and
their use as dietary markers requires sensitive, accurate and precise measurement. Further advances in these methodologic
areas will contribute to basic, clinical and public health research into the significance of carotenoid compounds in disease
prevention.
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1. Introduction

1.1. Epidemiological and clinical studies of
carotenoids

cancer mortality have been reported [7,12,13].
Population-based cohort studies have identified

inverse associations of plasma carotenoids with risk

of chronic disease [22-24]. Case-control studies

400

trations of carotenoids and cardiovascular disease or

Epidemiologic studies have shown that a high
vegetable intake is associated with reduced risk of
chronic degenerative disease, such as cancer [1,2],
cardiovascular disease [3-7], and age-related eye
disease [8-10]. Reactive oxygen species and other
free radicals are thought to be important in the
aetiology of such diseases. Vegetables are a major
source of carotenoids and, because of their anti-
oxidant properties, these compounds are thought to
contribute to the beneficial effects of vegetable
consumption [11-14]. This hypothesis is consistent
with studies examining chronic disease risk in rela-
tion to dietary carotenoid intake [15-19], although
not all studies have found such associations [20,21].
Consistent with these observations, inverse associa-
tions across populations between plasma concen-

have demonstrated similar inverse associations of
plasma carotenoid levels with chronic disease risk.
Table 1 summarizes a number of such studies,
including two longitudinal studies of cardiovascular
events, one of which found an inverse association of
risk with certain carotenoids [25] and one of which
reported no association [26]. A population-based
nested case-control study from the European Anti-
oxidant Myocardial Infarction and Breast Cancer
(EURAMIC) study showed that increased adipose
tissue lycopene levels were associated with lower
incidence of myocardial infarction [27]. Other
studies found low plasma lev@safotene to be
associated with risk of cardiovascular events
[23,25,28] or cancer [31-33]. Brennan and co-work-
ers [34] have examined the role of dietary patterns



Q. Suetal. / J. Chromatogr. B 781 (2002) 393-418 395

Table 1

Case-control studies of circulating carotenoids in relation to chronic disease risk

Study and Location n, case/ Study finding

reference control

Street et al. USA 123/123 Low carotenoids predictive of subsequent
(1994) [25] myocardial infarction among smokers
Evans et al. USA 240/480 No significant association of “total
(1998) [26] carotenoids” with subsequent fatal

or non-fatal CHD in high-risk men

Hsueh et al. Taiwan 7471193 Lower and B-carotene in arsenic-
(1998) [27] associated ischaemic heart disease
Kontush et al. Germany 34/40 a- And B-carotene lower in the
(1999) [28] presence of CHD

Kardinaal et al. 10 European 683/727 Adipose tisBugarotene inversely
(1993) [29] countries associated with risk of myocardial

infarction in smokers

Kohlmeier et al. 10 European 662/717 Adipose tissue lycopene inversely
(1997) [30] countries associated with myocardial infarction
Malvy et al. France 418/632 B-Carotene inversely associated
(1993) [31] with cancer risk in children

Torun et al. Turkey 208/156 B-Carotene lower in newly
(1995) [32] diagnosed cancer cases

Nagata et al. Japan 156/156 a-Carotene and lycopene
(1999) [33] inversely associated with risk

of cervical dysplasia

and specific dietary nutrients in the etiology of lung largely proven supplementation to be ineffective
cancer among non-smokers, using a multicenter [40—45]. Thep-carotene arm of at least one of these
case-control approach. Protective effects against lung studies resulted in an increased risk of lung cancer
cancer were observed for high consumption of among smokers. In contrast, several studies using
tomatoes, lettuce, carrots, margarine and cheese. antioxidant-rich diets have shown large benefits in
Only weak protective effects were observed for high reducing the risk of cardiac events [46,47]. These
consumption of all carotenoidg-carotene and re-  studies imply thata-tocopherol orp-carotene, in
tinol. Protective effects for high levels of fruit isolation, are less important than the food sources
consumption were restricted to squamous cell car- from which they are derived, and that it may be their
cinoma and small cell carcinoma, and were not interactions with other phytochemicals such as the
apparent for adenocarcinoma. Low plasma carot- co-ingested carotenoids that are more relevant.
enoid levels have been reported in the presence of Hence studies of the role of nutrition in chronic
angina pectoris [35,36], diabetes [37] and intimal- disease need to consider a wider range of antioxidant
medial thickening of the carotid artery [38], but not molecules. Several recent review papers [48-51]
age-related maculopathy [39]. concluded that further studies are necessary to define
Thus a number of observational, cohort and case- the populations that can benefit from carotenoids and
control studies provide consistent data suggesting to define the proper doses, lengths of treatment, and
that consumption of foods rich in antioxidant vita- whether mixtures, rather than single carotenoids, are
mins and carotenoids may reduce the risk for car- more advantageous. The intervention studies cited
diovascular disease and certain cancers. However,above have been carried out in generally well-
several large-scale randomized controlled trials of nourished populations, and it is possible that greater
vitamin E and/oB-carotene supplementation for the gains may be made in populations with more margi-
prevention of cardiovascular events and cancer havenal nutritional status. Despite the lack of a clear
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demonstrated benefit, there has been a rapid increase MG

in the consumption of these micronutrient supple- ‘oo /?\/\/‘?\v\/\/\ N
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1.2.1. Sructure and function zeaxanthin
Carotenoids are naturally occurring colored com- e
pounds that are abundant as pigments in plants. HiCo Gt s e /\/\/\Q
Between 500 and 600 specific carotenoids have been Q/\&/\M/\&/\ e -
identified. They have been identified in photo- o
synthetic and non-photosynthetic organisms: in
plants, algae, fungi, bacteria, and in at least one o
species of animal [52]. However, a far smaller "¢ C““/\/‘“\’/\/Q/\/\/\
number of carotenoids are found in human blood and @L ot
tissues, the major ones beingcarotene 3-carotene, a-carotene
lutein, zeaxanthin, lycopene and cryptoxanthin (Fig.
1; for structures of other carotenoids and their po o, " " |
isomers, see Refs. [52-54]). Carotenoids have the |/\ WMM NN
capacity to trap not only lipid peroxyl radicals, but o o

cryptoxanthin

H:C CHa

HaC:

also singlet oxygen species [55]. The essential role B-carotene

of carotenoids as a major dietary source of vitamin A

has been known for many years. Although all L~ £ XS~ ~ NN
carotenoids contain extensive conjugated double

bonds (see Fig. 1), individual carotenoids differ in lycopene

their antioxidant potential in humans [56]. Carot- Fig. 1. Chemical structures of major carotenoids appearing in the
enoids also have remarkable effects on the immune nyman circulation.

response and intercellular communication [57-59].
Some have no measurable antioxidant potential in
vitro. The true antioxidant capacity of the most

revalent carotenoids in vivo is still in question. . . .
P d uptake and/or differences in metabolism between

carotenoids [61].

1.2.2. Carotenoids in human blood and tissues The carotenoids of fruit, vegetables and animal

The hydrocarbon carotenoids- and B-carotene products are usually fat soluble and are associated
and lycopene, the monohydroxy xanthophyf: with lipid fractions. They may also be esterified or
cryptoxanthin, and the dihydroxy xanthophylls, lu- complexed with protein [62]. During proteolytic
tein and zeaxanthin, are among the main carotenoids digestion, carotenoids are released from associatec
present in human plasma and tissue [60]. During proteins and aggregate with other lipids. In humans,
normal dietary intake, the hydrocarbon carotenoids it has been reported that between 5 and 50% of
(mainly p-carotene and lycopene) and the oxy- carotenoids are absorbed [63]. Absorption efficiency
carotenoids (mainly lutein) each account for about of carotenoids is known to be affected by the
half of the total plasma carotenoids, with a total presence or absence of other components in the diet
serum carotenoid concentration of about lol/ such as dietary fat and protein [64,65] and by bile
L. This apparent difference in carotenoid profile salts [66]. Carotenoids in foods are usually less well
between food products and biologic matrices (such absorbed from the intestine than is preformed vita-

as plasma and tissues) is suggestive of selective min A [67]. As the amount of carotenoids in the diet
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increases, the absorption efficiency decreases [68].
After absorption, provitamin A carotenoids are
cleaved in the mucosal cells to form retinal, which is
then reduced to retinol. Some unconverted carot-
enoids are directly absorbed and pass into the blood
where their composition reflects the diet. They may
be deposited in the liver or elsewhere, such as fat
depots and various organs [69].

1.2.2.1. Lutein and zeaxanthin. These xanthophylls

exist in the retina, plasma and other tissues. In the
retina, they function to protect photoreceptor cells
from light-generated oxygen radicals, and may thus
play a key role in preventing advanced macular

degeneration [70-74]. Lutein possesses chemop-

reventive activity, induces gap junction communica-
tion between cells and inhibits lipid peroxidation in
vitro more effectively than do carotenes and
lycopene [75]. Lutein and zeaxanthin are also preva-

tissue and pancreas [83,84]. The red color of fruits
and vegetables such as tomatoes, pink grapefruit, the
skin of red grapes, watermelon and red guavas is due
to lycopene. Other dietary sources include papaya
and apricots. Lycopene is not converted to retinol in
vivo. It has attracted attention due to its biological
and physicochemical properties, especially related to

its effects as a natural antioxidant. Tomatoes and
related tomato products are the major source of
lycopene compounds, and are also considered an

important source of other carotenoids in the human

diet. Lycopene in fresh tomato fruits occurs essen-
tially in thetralhs configuration. Lycopene bio-
availability in processed tomato products is higher
than in unprocessed fresh tomatoes [53]. Food
processing would improve lycopene bioavailability
by breaking down cell walls, which weakens the

bonding forces between lycopene and the fruit

matrix.

lent in ovaries and adipocyte tissue. Lutein occurs in 1.2.2.3. B-Cryptoxanthin. B-Cryptoxanthin is ca-

high concentrations in green leafy vegetables and
also in mango, papaya, oranges, kiwi fruit, peaches,

squash, peas, lima beans, green beans, broccoli,

pable of quenching singlet oxygen [79]. It occurs in
oranges, mango, papaya, cantaloupe, peaches
prunes, squash, and is used to color butter [85,86].

brussel sprouts, cabbage, kale, lettuce, prunes, pum-B-Cryptoxanthin exhibits provitamin A activity.

pkin, sweet potatoes and honeydew melon. Commer-
cial sources are obtained from the extraction of

marigold petals. Lutein does not possess provitamin
A activity. Lutein and zeaxanthin also have protec-

tive effects against lipid peroxidation [76,77].

1.2.2.2. Lycopene. The alltrans isomer of this carot-
enoid is typically quantified in serum, although
signals for the 9-, 13- and 1&s isomers are
detectable and account for as much as 50% of total
lycopenes [78]. In experiments performed in vitro,
lycopene quenched singlet oxygen more efficiently
than a-carotene,B-carotene, zeaxanthin, lutein and
cryptoxanthin [79]. Serum levels of lycopene have
been inversely related to the risk of cancer of the
bladder, pancreas and digestive tract [80,81]. In the
study of Goodman and coworkers [82] involving 147
confirmed cervical cancer patients and 191 non-
cancerous subjects, lycopene was found to be sig-
nificantly lower in the cancer patients. This carot-
enoid has been identified in various tissues: thyroid,
kidney, adrenal, spleen, liver, heart, testis, adipose

Wingerath et al. [87] studied the uptdke of
cryptoxanthin after ingestion of tangerine juice and
found increasing amoungscfptoxanthin in
chylomicrons and serum. Concentrations in liver are

four times greater than in serum [88].

1.2.2.4. B- And «-carotene. Six times as muclg-
carotene ascarotene is found in the body. A study
by Dugas et al. [89] showed3tHearotene appears
to function as an antioxidant in protecting LDL from

cell-mediated oxidation. The three- to six-fold en-
richment of LDL wigicarotene achieved by
dietary supplementation was more effective in inhib-
iting oxidation than were the 11- to 12-fold enrich-
ment achieved in vitro. A study by Kontush and
co-workers [28] found thaarotene andvy-
tocopherol were significantly lower in plasma of
CHD patients compared to controls. Carrots are the
only rich source-edrotene.p-Carotene andx-
carotene have been identified in tissues of the
thyroid, kidney, spleen, liver, heart, pancreas, adi-
pose tissue, ovary, adrenal gland and mucosal cells
[27,78,83,90,91].
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2. Methods of analysis
2.1. Conventional chromatography

Open-column and thin-layer chromatography
methods were originally used for analysis of carot-
enoids [92]. Historically, much of the “carotene”
data in tables of food composition has been obtained
by measuring absorption at a specified wavelength
and quantified against @-carotene standard; or,
more usually, by open-column chromatography to
separate carotenoid pigments, which are then quan-
tified spectrophotometrically. Open-column and thin-
layer chromatography methods need large amounts
of sample and there are difficulties with total re-
covery of the carotenoids from TLC plates [93,94].
Compared to more modern methods, resolution and

creamed corn, tomatoes, beef, orange juice, papaya
juice, creamed spinach and powdered infant formula)
over a run time of 35 min. Although peak area
reproducibility was not assessed, retention time

reproducibility was typically 5% relative standard
deviation. Separation efficiency for lycopene isomers

was lower compared to other carotenoid isomers,

probably because of reduced electro-osmotic flow
with the mobile phase composition (acetone—buffer,

99:1, v/v) [105]. The combination of high efficiency

and high selectivity, enabling better separation of
carotenoid mixtures, was demonstrated. Roed et al.
[107] developed a CEC method usigg a C  column
for retinyl ester analysis. The separation and quantifi-
cation of retinyl palmitate, heptadecanoate, stearate,
oleoate and linoleoate in liver extracts of Arctic seals
was completed in less than 30 min using 30 cm

assay speed are poor. Research into the structure of columns.

carotenoids has been greatly advanced by the rapid

development of spectroscopic techniques, nuclear 2.3. High-performance liquid chromatography
magnetic resonance (NMR) [95] and mass spec- (HPLC)

trometry (MS), in particular [96—100]. The develop-
ment of high-performance liquid chromatography
(HPLC) has greatly improved the isolation and

quantification of carotenoids [101-104].

HPLC offers significant advantages in terms of
simplicity, speed, cost (depending on detection meth-
od), sensitivity, specificity, precision and sample

preservation. HPLC methods use isocratic or gra-
dient mobile phases in either reversed-phase or
normal-phase mode [93,108-113]. Since carotenoids

2.2. Capillary electrochromatography (CEC)

Interest in capillary electrochromatography con-
tinues to grow at a rapid pace as refinements in the
technique are reported. The motivation for this
interest is the promise of high separation efficiencies
comparable to those obtained with gas chromatog-
raphy or capillary electrophoresis. Sander et al. [105]
first reported the use of polymeric,iC stationary
phases in CEC for the separation of carotenoid
isomers in baby food, an®unaliella algae. The
polymeric C,, stationary phase was prepared on
either Rainin or ProntoSIL 30 nm pore size,p3n
silica particles [105,106]. Isocratic CEC separations
were carried out using a Hewlett-Packard 3D capil-
lary electrophoresis instrument with vial pressuriza-
tion modification. Absorbance detection at 450 nm
was employed with acetone and Ivhborate buffer

as mobile phase. This method was able to separate

lycopene isomersB-carotene isomersp-carotene
isomers, lutein isomers, zeaxanthin isomers gad
cryptoxanthin isomers in food samples (including:

are easily oxidized, it is useful to add antioxidants

such as butylated hydroxytoluene (BHT) to the
extraction solvent and mobile phase and to keep the
column temperature low and constant [114,115].
Infrared spectroscopy gives information on the na-
ture of the bonds and atoms in the analysed com-
pound, while nuclear magnetic resonance (NMR) of

proton and carbon permits the assigning of these

atoms to a specific structure [116,117]. HPLC cou-

pled to mass spectrometry (MS) has been used in

several studies to identify carotenoids from bio-

logical samples [54,97,111,118,119].

2.3.1. Analytical methods using HPLC

2.3.1.1. UV-visible absorbance. Standard ultraviolet

(UV) and visible single wavelength absorbance

detectors have been used for many years as com-
ponents of HPLC systems for quantitation of carot-

enoids. UV absorbance detection allows sufficient
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sensitivity for many routine purposes. Coupling a
photodiode array (PDA) detector to the HPLC allows
for a continuous collection of spectrophotometric
data during analysis [120], which greatly aids de-
termination of peak purity and identification of
unknown compounds in some cases. However, the
complexity of the carotenoid profile in many bio-

logical samples requires more sophisticated methods

for definitive peak identification.

2.3.1.2. Electrochemical array detection (ED). Elec-
trochemical array detection has been successfully

successfully applied in biomedical research [126].
TLS was applied to the detection of carotenoids in
plasma [127,128] and fish oil [129]. This combined
HPLC-TLS method was validated by comparison

with  HPLC-UV-Vis analysis of plasma under

identical chromatographic conditions. Detection
limits for plasma samples were 70, 85, 100 and 120
pg/ml, respectively, for cryptoxant@amtene,

B-carotene and lycopene [127]. This represents a
100-fold improvement in sensitivity compared to
HPLC analysis with UV detection.

applied to significantly increase sensitivity for both 2.3.1.4. Mass spectroscopy (MS). HPLC-MS sys-

hydrocarbon {§-carotene ancdx-carotene) and oxy-
genated (lutein and zeaxanthin) carotenoids [121—
123]. A method for measuring the lipophilic anti-
oxidants a-tocopherol, y-tocopherol, ubiquinol-10,
ubiquinone-10-cryptoxanthin, ang-carotene in 5

or 10 pl neonatal plasma samples was developed by
Finckh et al. [121]. This highly sensitive method
enabled routine use of capillary microsamples and
avoided long HPLC runs, while enabling measure-
ment of the most important lipophilic antioxidants.
Recently, Ferruzzi and colleagues [124,125] de-
scribed two G, HPLC-ED methods optimized for
the separation dfans-lycopene and several of itss
isomers. Separation of 13 lycopene isomers, includ-
ing prolycopene (a novel tetms-lycopene found in
tangerine tomatoes), was accomplished with both
isocratic and gradient methods using different pro-
portions of methanol, methyert.-butyl ether, water
and 1M ammonium acetate buffer. The method was
successfully applied in the analysis of small quan-
tities of plasma, buccal mucosal cells, prostate and
cervical tissues. Limits of detection fotrans-
lycopene by ED were found to be 50 fmol, represent-
ing a 10—-100-fold increase over conventional UV—
Vis absorbance methods. The methods take into
account several distinctive chromatographic and
physicochemical properties of lycopene compared to
other common dietary carotenoids. Separation of

these analytes was achieved in less than 30 min.

tems have a number of advantages over UV de-

tection: sample quantity required for analysis is very
small, with limits of detection around 500 fmol for

individual carotenoids [130]. LC—MS provides in-
formation on carotenoid molecular mass, and frag-

mentation patterns allow determination of the carot-
enoid structure. Much effort has been devoted to
developing HPLC-MS methods with mainly atmos-
pheric pressure ionization interfaces (APCI) or
electrospray ionization interfaces (ESI) [130-132].
Dachtler et al. [133] have reported that, using
HPLC-MS with atmospheric pressure chemical ioni-

zation, the lutein stereoisomers can be distinguished

from zeaxanthin stereoisomers in the upper picogram

range within one chromatographic run. Recently, the

matrix-assisted laser desorption ionization technique
was used and its detection limits are in the femtomo-

lar—attomolar range [132,134]. LC-MS has been

used in several studies to identify carotenoids from
biological samples [54,111,136].

2.3.1.5. Nuclear magnetic resonance (NMR). The

identification and determination of unknown caro-
tenoid stereoisomers from biological samples is
possible by using coupled HPLC-MS and HPLC-
NMR. Dachtler et al. [133] have reported using
HPLC-MS with atmospheric pressure chemical ioni-
zation, whereas HPLC—-NMR coupling allows the
unequivocal identification of each sterecisomer with

a concentration in the upper nanogram range.
Strohschein et al. [95] have shown that with the
3pm C,, stationary phase a better separation ef-
ficiency for the diff@emarotenecis/trans iso-
mers can be achieved, resulting in sharper peaks and

Reproducibility was not reported.

2.3.1.3. Thermal lens spectrometry (TLS). TLS, one
of the laser photothermal detection methods, has
proven to be an ultra-sensitive detection method,
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better resolution, which greatly facilitated the struc-
ture determination of the carotenoid isomers. Mea-
surement of NMR spectra requires a very pure
compound in higher amounts than for UV-visible
and MS detection. The isolation of carotenoids
usually employs column chromatography (CC) or
thin-layer chromatography (TLC), while the final

purification step is carried out by HPLC.

2.3.1.6. Resonance Raman excitation spectroscopy.

mitted the study of carotenoids in biological systems.
Ruban and coworkers [137] first undertook a sys-
tematic search for the characteristic features of
isolated carotenoids that are found in the photo-
synthetic membrane. They have obtained for the first
time the resonance Raman spectra of violaxanthin
and zeaxanthin in vivo. Their work established a new
approach to the study of complex carotenoid-con-

cal array detection resolve or partially resolve these
isomers [124]. However, most routine HPLC meth-
ods do not separate lycopene isomers (Table 2).
For routine assessment of vitamin A activity and
for characterization of retinoids and carotenoids in
biological samples, HPLC is clearly the best ana-
lytical technique. For clinical purposes and large
epidemiological studies using human plasma, re-

versed-phase HPLC with UV detection using,C

columns is an optimal approach. It is quick, simple,
relatively cheap, shows good recovery (90—-105%),
Resonance Raman excitation spectroscopy has per-

low limits of deteetibd (g/L) and has good
reproducibility (inter-assay<®9%). For foods
and complex biological samples, HPLC—-ED, HPLC—
MS and HPLC-NMR usjng C  columns may be the
better techniques. They would be able to separate,
identify and quantitate unknown carotenoids and
their complex isomers in biological samples.

taining systems and offers a broad range of applica- 2.3.2.1. Extraction of retinol, tocopherols and carot-

tions, from identification and assessment of xantho-
phyll configuration in reconstituted/isolated com-
plexes to in vivo investigation in order to establish
their role in photoprotective mechanisms.

enoids from plasma and serum. The steps required

for carotenoid studies are extraction, separation,
identification, and quantitation. Carotenoids are usu-
ally soluble in lipids or in non-polar solvents, except

when they exist as complexes with proteins and
sugars. The review paper by Wyss [150] describes in
detail the extraction methods for biological fluids and

2.3.2. HPLC methods for measurement of
carotenoids in plasma or serum

Table 2 summarizes a number of published HPLC
methods for quantitation of carotenoids in plasma or
serum. The list is not exhaustive and includes only
selected methods that were well characterized with
respect to precision, recovery and detection limits.
Most published methods use reversed-phase HPLC
to separate major carotenoids, but do not resolve
their geometric isomers [92,146,147]. Some workers
have focussed on the separation of j@starotene
isomers [148] or isomers or boik- and B-carotene
[90,143]. Hess and coworkers [138] and Sowell et al.
[141] separated retinol, tocopherols;carotene,B-
carotene, lycopenep-cryptoxanthin and some of
their isomers in human serum, and measured them
with both UV absorbance and fluorescence detection.
However, they were unable to resolve lutein and
zeaxanthin.

Lycopene in serum is reported to exist as several
different isomers. Use of £ NIST silicon phase
columns, selected solvent systems and electrochemi-

tissues. In general, extraction must be carried out
very quickly, avoiding exposure to light, oxygen and
high temperatures in order to minimize degradation
[151,54]. Most extraction methods for carotenoids in
plasma and serum use hexane as solvent
[85,103,113,152—-156]. Generally, the process in-
cludes precipitation of protein materials with a polar
solvent (usually ethanol containing an internal stan-

dard) and extraction of retinol, tocopherols and
carotenoids into a non-polar solvent (usually hexane).

Since carotenoids are light-sensitive compounds, all

experimental procedures should be carried out in a
darkened room under red lighting. We have found

that optimal recovery is obtained when the extracted
residue was first reconstitutedsin &0chloro-
form, vortexed for 40 s, then diluted jrl 7f

acetonitrile—methanol (1:1; mobile phase) solution

and vortexed again for 40 s. Under these conditions,
the recovery for the individual carotenoids ranged
from 90 to 102%.
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Table 2
Selected HPLC methods for analysis of carotenoids in plasma and serum
Ref. Method  Mobile Column Detector  Analysis CV. LOD Recovery External
phase (%) (%) QC e.g. [149]
[138] Isocratc CH CN G, uv a-Carotene 11.8 - - -
CHCI, (Nova Pak) B-carotene 10.4 - - -
CH,OH B-cryptoxanthin 11.6 - - -
lycopene 12.7 - - -
[139] Isocratc CH CN  ODS uv a-Carotene 10.0 1Qg/L 100 -
THF (Ultrasphere) B-carotene 9.3 1Qug/L 101 -
CH,OH B-cryptoxanthin 5.8 1Qug/L 95 -
lycopene 6.6 Sug/L 97 -
[92] Isocratic CH CN  ODS uv a-Carotene 7.4 1og/L - -
THF (Zorbax) B-carotene 7.6 129/L 77 -
CH,OH lutein 104 4.0ng/L 84 -
cryptoxanthin 7.9 8.Qug/L - -
lycopene 6.4 23.g9/L - -
[140] Isocratc CH CN G, uv a-Carotene 11.3 - 96 -
THF (Nucleosil) B-carotene 10.5 - 101 -
CH,OH lutein 45 - 99 -
trans-lycopene 10.9 - 99 -
[141] Isocratc CH CN  ODS uv a-Carotene 8.2 6.,g/L - Yes
CH,OH  (Ultramex) B-carotene 6.4 6.ug/L -

lutein/zeaxanthin ~ 10.8 40g/L -
B-cryptoxanthin 7.7 5.5g/L -

lycopene 6.7 6.4.9/L -
[142] Isocratic CH OH ODS1 uv Lutein, 6.9 0.749/L 94 Yes
CH,CN  (Nucleosil) cryptoxanthin 7.3 0.74g/L 96
THF lycopene 9.0 l.4gg9/L 89
a-carotene 7.6 1.489/L 87
B-carotene 7.6 1.48.9/L
[143] Gradient CH OH ODS1 uv B-Carotene 3.4 7.Qg/L 100 Yes
CH,CN  (Spherisorb) lutein/zeaxanthin  12.3 @g/L -
H,O0 B-cryptoxanthin 6.5 7.Qug/L -
lycopene 8.0 15.9/L -
[144] Gradient CH CN ODS uv a-Carotene 8.5 3.ug/L 96 -
CH,OH  (Supelcosil) B-carotene 5.2 9.41g/L 95 -
CH,CI,
[103,229] Gradient CH CN  S5-ODS2 uv a-Carotene 8.1 1.5g/L 99 Yes
CH,OH  (Spherisorb) B-carotene 5.6 1.mg/L 99
CHCI, lutein/zeaxanthin 7.4 2.8g/L 98
NH,AC B-cryptoxanthin 5.4 2.Qug/L 98
trans-lycopene 7.8 3.Qug/L 99
cis-lycopene 9.2 3.3g/L -
[145] Gradient G H, Gs uv Lycopene 6 268g/L 93 -

CH,CI,  (Aluspher Al)
Dioxane
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Ref. Method  Mobile Column Detector  Analysis CV. LOD Recovery External
phase (%) (%) QC e.g. [149]
[121] Isocratic  LiCl C IGg ED Ubiquinol-10 3-T4 10.2ng/L 105 -
CH,OH  Super Pac Ubiquinone-10 12 ng/L 97 -
C,H,OH Pep-S RP a-tocopherol 4-12 ng/L 103 -
vy-tocopherol 105 -
B-cryptoxanthin 105 -
B-carotene 102 -
[124] Gradient CH OH G, ED 13 lycopene 7.7 3 ng/L 90 -
MTBE (NIST) isomers
NH,AC
[127] Isocratc CH OH G, TLS B-Carotene 5 100 ng/L - -
THF (Wdac a-carotene 5 85 ng/L - -
218TP54) lycopene 12 120 ng/L - -
cryptoxanthin 5 70 ng/L - -
[129] Isocratc CH OH G TLS B-Carotene 4.1 580 ng/L 101 -
THF (Wdac
218TP54)
[133] Isocratic GHO G, APCI-MS  Lutein, zeaxanthin — 13ng/Lto - -
H,O Silica NMR a-carotene 8.8 3 ng/L - -
B-carotene 6.5 - -
lycopene 11.2 - -
[130] Gradient G H O G ESI-MS Lycopene isomers — - - -
H,O Silica B-carotene, - 15 ng/L - -
canthaxanthin - 30 ng/L - -
[97] Isocratic CH,CN  ODS APCI-MS Lutein isomers 1.8 125 ng/L - -
CH,OH  Silicon Cj4 zeaxanthin 1.8 12ng/L - -
CHCI, Spherisorb ¢ B-carotene 3 15.1 ng/L - -
Heptane  Nucleosil G B-cryptoxanthin 2.4 8.7 ng/lL - -
[119] Isocratc G H O Gs APCI-MS «o-Carotene 8.8 3 ng/mL 89 -
CH,OH (ODS-5) B-carotene 6.5 3 ng/mL 102 -
lycopene 11.2 3 ng/mL 92 -

®Intra-assay CV. (%).

2.3.3. HPLC methods for measurement of
carotenoids in food

Carotenoids from fruits and vegetables or from
mixed foods may be routinely assayed by HPLC
with PDA detection. Other methods for food analysis
are often subject to overestimation of vitamin A,
because biologically inactive carotenoids are difficult
to completely remove from the provitamin A carot-
enoid by the open-column chromatography employed
in colorimetric or spectrophotometric methods [157].
Furthermore, such methods cannot clearly identify
individual carotenoids. More recently, interest has

occurring carotenoids other than those normally
quantified in blood. Scott [115] reported two main
problem areas: (i) the reaction between carotenoids
and metal surfaces with particular reference to the
stainless steel frits in HPLC systems; and (ii) the
reaction between carotenoids, injection solvents and
the mobile phase. These may result in peak distortion
and the production of artifacts. Carotenoid measure-
ment in natural products involves extraction and
chromatography with organic solvents, with the
potential for loss during sampling, extraction and
saponification. There are many HPLC methods re-

been extended to the possible importance of naturally ported in the literature (Table 3) which differ in their
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Table 3
Selected HPLC methods for analysis of carotenoids in foods
Food Analyte Extraction Column Mobile phase Detection Ref.
Raw tomatoes  «-, B-Carotene, CHO OoDSs ¢ CH CN-CHC¢I uv [158]
lycopene petroleum Partisil PX5-5
(5 pm)
Corn grain Lutein,3-carotene, G H OH, G C HOH-C H, uv [159]
B-cryptoxanthin, KOH, G H, Ultrasphere-Si
zeaxanthin G H O (10:8) (um)
Palm-pressed a-, B-, y-Carotene, G H, . ODS ¢ CEl CN-CH Gl uv [160]
fiber lycopene, phytoene, CHCI Zorbax
tocopherols, tocotrienols Cco ®m)
Green a-, B-, y-Carotene, THF CH CN-CH OH uv [161]
vegetables lutein, zeaxanthin Spherisorb-S -CH ClI
B-cryptoxanthin, (5um)
phytoene, phytofluene
Spice red Violaxanthin, lutein, CH ¢l - G CH CN-CH OH uv [162]
pepper B-cryptoxanthin,3-carotene, CH OH (6:1) Chromsil -CH OH
capsanthin, autheroxanthin, (am)
tocopherols, ascorbic acid
Olive oll Tocopherol,3-carotene G H OH, ODS-G CH OH-H O PDA [163]
KOH, C.H,,; Tracer Extrasii -G H OH
EtOAc (5 pm)
Tomato juice, a-, B-Carotene, lutein, THF G CH CN-CH OH PDA [164]
paste, puree, lycopeng@;cryptoxanthin, Spherical —-C H OH
sauce phytoene, phytofluene 3n)
Tomato paste, «-, B-Carotene, CH Cl G CH CN-CH Cl PDA [165]
juice lycopene, Spherical -CH
B-cryptoxanthin (5um)
Tomato paste Lycopeng-carotene SC-CQ , G CH OH-THF PDA [166]
waste KOH Symmetry -H O
Ce¢H,,—C,H,0- (5p.m)
C,H,OH-C;H,O
Green beans, Lycopeng;cryptoxanthin,  THF G CH CN-CH CI PDA [85]
vegetables, a-, B-carotene, Spherisorb -C.H
fruits, tomatoes lutein, zeaxanthin isomers B
Rose mosqueta  Rubixanthin, zeaxanthin, (CH,CH ) O ODS$R-C 5, CH CNs-CH OH PDA [167]
hips B-cryptoxanthin, lycopene, Spherisorb —CH,CI
gazaniaxanthinB-carotene (5wm)
Red paprika Violaxanthing-, B-carotene, CH OH, G CH CN-CH OH PDA [168]
B-cryptoxanthin, lutein, (CHCH)O Chromsyl -HO
capsanthin, autheroxanthin, KOH (am)
antheraxanthin and several
cis isomers
Wild green B-Cryptoxanthin, lycopene,  THF, CHCI oDSs2;C GH CN-CH OH PDA [169]
vegetables, a-, B-carotene, lutein —CH OH Spherisorb —CHCI
figs, olive oil (5 pm)
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Table 3. Continued

Food Analyte Extraction Column Mobile phase Detection Ref.
Processed Violaxanthin, lutein, ,C,HO £ (GHCH ) O-GH OH  PDA [170]
green beans neochrome;, B-carotene, Lihrospher -HO
chlorophyll and several (pm)
isomers
Tomato products, Luteim-, B-carotene, THF Silica G CHCN-CHGI-CH UV-MS [97]
vegetables, B-cryptoxanthin CH OH Nucleosil G CH OH
broccoli, zeaxanthin Techsphere ODS
carrot, kale Spherisorb £
(3 pm, 5 pm)
Milk Lycopene, B-cryptoxanthin,  PBS solution G CH CN-CH ¢I — Uv-MS [111]
a-, B-carotene, G H, Spherical LCH -CHOH NMR
lutein, zeaxanthin isomers Bm
Gardenia fruits,  Carotenoids-glycosyl (GHGH ) O 1L GH OHyH O UV-MS [173]
saffron esters Nitrile NMR
(5 pm)
Annatto seeds Lycopenoate isomers, Ethyl acetate ,; C , L HO:LCH LC-MS [172]
methyl-8-apof- t-BME Nucleosil -H O
carotene (5wm) ethyl acetate
Mango B-Carotene, zeaxanthin, ,CHO Spherisorh,C , G H Q-G,H UV-MS [136]
luteoxanthin isomers (CHCH,) O
B-cryptoxanthin,
violaxanthin, neoxanthin
Tomato Lycopeneq-tocopherol CcQ, G (2 CH OH- ¢ H OH- ECD [173]
processed CHGI Luna ammonium acetate
by-product (Bpum)
Orange juice a-, B-Cryptoxanthin, K Fe(CN) Silica ¢ t-BME— CH OH- PDA [174]
lutein, zeaxanthin isomers, ,C,H O Spheres , HO
auroxanthin, phytofluene, (Bm)
a-, B-, y-carotene, etc.
Guava B-Carotene isomers, CH & Wdac CH OH-t-BME PDA [54]
lycopene,B-cryptoxanthin, (CHCH) O G YMC MS
rubixanthin, lutein, NMR
neochrome, phytofluene
Spinach Lutein, zeaxanthin and THF Silica,,C ,GHOsHO uUv-mMs [133]
B-carotene isomers Pronto Sil HPLC-NMR
(3 pm)
Tomato juice, Tocopherol isomers, GH .CI Silica, C ,CHOzHO Uv-Ms [130]
infant food canthaxanthin, echineone, Pronto Sil
lycopene,a-, B-carotene, (3um)
zeaxanthin, lutein,
Vegetable Astaxanthin, zeaxanthin, t-BME Silicg,C £H OH- t-BME Uv-MSs [98]
juice canthaxanthin, echineone, 3n)
lycopene,3-carotene
Orange, Neochromey-, B-carotene,  ZnSQ Silica & t-BME-CH OH- PDA [175]
mandarin a-, B-cryptoxanthin, lutein, K Fe(CN) — (pm) H,O
mutatoxanthin, CHO
antheroxanthin, unknown (CHCH,) O

autheroxanthin
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Table 3. Continued

Food Analyte Extraction Column Mobile phase Detection Ref.
Fresh and a-Carotene isomers, CH OH t-BME—CH OH PDA [176]
processed B-carotene isomers, CH -CHO (NIST)
vegetables B-cryptoxanthin isomers (pm)
Orange juice Valenciaxanthin, neochrome, ZnSO 2 C t-BME—,CH OH-H O  PDA [177]
a-, B-cryptoxanthin, lutein, K Fe(CN) Silica
mutatoxanthin A and B, cCHO (pm)
antheraxanthin, trolichrom, petroleum ether
neoxanthin, auroxanthin, (CHCH,)O
leutoxanthin, phytofluene
Flowers Neoxanthing-cryptoxanthin, G H, -G H OH  Silica G, CH OH-CH Gl PDA [178]
lutein, -, B-carotene, —-CHO-CKHO (hm) —C,H,OH

violaxanthin, violeoxanthin
and severatis isomers

(10:6:6:7), KOH

analytical conditions, making it difficult to choose
the most appropriate technique. Careful selection of
the mobile phase, column and extraction solvent is
likely to improve resolution [170].

2.3.3.1. Extraction methods. Up to now, no single
solvent has been found optimal for the extraction of
all carotenoids from food samples. Carbon disulfide
is the best solvent, but volatility, flammability,
toxicity, and degradation limit its use [52]. Other

solvents such as hexane, heptane, and isooctane are

not as efficient for extraction, but possess other
favorable characteristics. In addition, it must be
considered that polar solvents (such as acetone,
methanol, ethanol) are good for extraction of xantho-
phylls but not for carotenes. As a general rule, the
extraction process consists of the removal of hydro-
phobic carotenoids from a hydrophilic medium.
Thus, complete extraction was reported from sam-
ples with low moisture content, using slightly polar
plus non-polar solvents [178]. For the isolation of
carotenes, it is useful to extract the sample first with
a highly polar solvent (e.g. methanol) that removes
water and the xanthophylls partially, both of which
are discarded, after which the carotenes may be
extracted with a suitable, less-polar solvent.

Many methods are reported in the literature for the
extraction of food samples (Table 3) using solvents
such as acetone, petroleum ether, diethyl ether,
tetrahydrofuran (THF), methanol, hexane and di-
chloromethane [85,111,171,179,180]. Most methods
for the extraction of vegetables use THF

[86,161,166,179,181]. We have found (Su et al.,

unpublished) that chloroform—methanol (2:1) ex-
tracted lycopen@-aadtene from tomatoes with

greater efficiency than did THF. Compared to ex-
traction with THF, chloroform—methanol extraction
gave a four-fold greater value for lycopene content

of tomatoes and a two-fold greater valyge for
carotene. For extraction of luteirg-aatbtene

from green leafy vegetables, THF gave higher results
than did chloroform—methanol (2:1).

In foods that contain a significant amount of
water, it is desirable to use an organic solvent that is
miscible with water in an attempt to facilitate the

denaturing of carotenoid—protein complexes and to
prevent the formation of emulsions [165]. Acetone
and THF can be employed as extracting solvents.
However, lycopene has a higher solubility in di-
chloromethane or chloroform and poor solubility in
other organic solvents. Therefore, lycopene-rich
foods, such as tomatoes, need to be extracted with a
solvent containing chloroform or dichloromethane.
The food matrix in which the carotenoids are held
also affects extraction efficiency. There are large
differences reported in the measurement of caro-
tenoids in fruits and vegetables, such as lycopene in
raw tomato (116—©60100 g); B-carotene in
pumpkin (490-20 Q90100 g), kale (2840-
14 @100 g) and carrot (1830-14 70@g/
100 g); and cryptoxanthin in orange
(14-48pg/100 g) and fresh oranges
(12389100 g) [158,183-185]. These results
indicate that polar and non-polar carotenoids have

juice
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different solubilities in different solvents and the ucts of lutein and zeaxanthin in human and monkey
choice of solvent is critical for food analysis. Spe- retinas. Furthermore, Bernstein et al. [74] have
cific solvents for optimal extraction of carotenoids demonstrated that the tissues of the uveal tract—the
from fruits and vegetables may be required for retinal pigment epithelium/choroids (RPE/choroids),
quantification of each carotenoid. The addition of the ciliary body, and the iris—are enriched in lutein,
sodium, magnesium or calcium carbonate (0.1 g/g zeaxanthin, and their metabolites. Nierenberg and
sample) and antioxidants (BHT) is recommended to Nann [91] reported on tissue samples prepared using
neutralize tissues containing acids and to avoid enzymatic digestion followed by mechanical homog-
oxidation, respectively. enization; saponification was avoided and tocopherol

nicotinate was used as an internal standard. This
2.3.3.2. Columns and mobile phase. With reversed- method is of interest for the quantitative assessment
phase HPLC, ¢ and & bonded phase columns of carotenoids in solid tissue samples because it
have proved to be well suited for the solution of a avoids the usual saponification step required in other
myriad of separation problems. For the separation of reported techniques. Table 4 summarizes extraction
naturally occurring carotenoids, as well as for caro- and detection methods for the analysis of carotenoids
tenoid isomers, ¢ bonded silica exhibits a higher in tissues.

selectivity than the conventionally used, C and,C
materials [133,156]. Since the initial introduction of 2.3.4.1. Extraction of carotenoids from tissues. De-

the G,, stationary phase by Sander, their synthesis Igado-Vargas et al. [52] in their recent review paper
has been further improved and this,[C stationary suggested that “if the tissue is previously dried, then
phase is very useful for the analysis of plant extracts, water-immiscible solvents are used such as petro-
biological tissues, and mixtures of geometric isomers leum or ether; with fresh materials acetone or ethanol
[100,117,186]. G, bonded phases allow baseline are used as solvents, which have two functions,
separation of carotenoid stereoisomers, even that of extraction and dehydration. Solvents used in ex-
similar stereoisomers such as 19 and (9-2)- traction must be pure (without oxygen, acids,
lutein [133]. Fig. 1 and Refs. [52—-54,59] show the halogens) to avoid degradation”. Various homogeni-
structure of the identified carotenoid stereoisomers of zation and extraction methods have been reported in
B-carotene, zeaxanthin, and lutein separated using the literature (Table 4). For a further discussion of
HPLC-MS and a G, column. Dachtler and col- methods applicable to tissue samples, see the Wyss
leagues [133] reported that,iC stationary phases, review [150].

coupled to HPLC—-NMR, combine two advantages.

First, the increased selectivity of ,C  versusC

phases results in sharper peak shapes with higher3. Stability of carotenoids during sample
sample concentrations, and, secondly,, C phaseshandling

have a higher sample loading capacity than, C

phases. 3.1. Problems with carotenoid assay

In our analyses of fruits and vegetables [169] we
have used two different columns: Spherisorb ODS-2, The carotenoids are extremely reactive and conse-
5 wm and Discovery G , 5um. Using the guently unstable due to their long chain of conju-
Spherisorb  ODS-2 column, we could separate gated double bonds (Fig. 1). Several precautions
lycopene and carotene isomers. However, the Dis- should be taken during isolation and chromatog-
covery G, column was able to resolve lutein raphy, such as protection against light and oxygen,
isomers better than did the Spherisorb ODS-2 col- use of low temperature and antioxidants, with analy-
umn. sis in the shortest possible time. Scott [115] reported

that using an acetonitrile—dichloromethane (ACN-—

2.3.4. HPLC methods for detection of carotenoids DCM, 80:20, v/v) mobile phase with a Zorbax ODS
in tissues column, although initially giving a lutein and zea-

In 1997, Khachick et al. [101] reported the xanthin combined peak without complete separation,

isolation and identification of several oxidation prod- as the chromatography continued a considerable
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Table 4
Selected HPLC methods for the analysis of carotenoids in tissues
Sample Analyte Procedure Detector Ref.
Human lung, skin, a-, B-Carotene, Homogenization of sample in phosphate- HPLC-UV [91]
breast, colon lutein, lycopene, buffered saline, with or without detergent
B-cryptoxanthin, (no enzymatic digestion or saponification)
retinol, a-tocopherol saponification in 5% methanolic KOH
Human buccal a-, B-Carotene, Homogenization of sample in 1% protease HPLC-UV [206]
mucosal cells lutein, lycopene, solution, incubated 30 min, 1% sodium
B-cryptoxanthin, dodecyl sulfate in ethanol, hexane
v-, a-tocopherol, extracted
retinyl palmitate,
retinol
Rat colon a-, B-Carotene, Colon was cut open along its length with HPLC-ED [123]
mucosa lycopene cold 0.9% NaOH, the distal colon placed
in 4% neutral formalin solution
Monkey retinas Lutein, zeaxanthin Homogenization of sample in THF containing HPLC-UV [101]
isomers and 0.1% BHT, THF phase evaporated and
oxidation product dissolved in 10% sodium chloride and mixture
of C¢H,,—CH,Cl,—C,H,OH (75:25:0.25)
Rat liver, Lycopene Homogenization of sample in acetone HPLC-UV [145]
spleen, brain, heart, containing 0.25% BHT, acetone phase
intestine, lung, evaporated and dissolved in ethanol-water
muscle, skin, eye, extracted twice with hexane
testis, adrenal,
thyroid gland
Human prostate, v-, a-, B-carotene, Homogenization of sample in 1% protease HPLC-ED [124]
cervical, buccal lycopene solution, incubated 30 min, 1% sodium
mucosal cells dodecyl sulfate in ethanol, hexane—acetone
(1:1) extracted
Bovine retinas, Lutein, zeaxanthin Homogenization of tissue sample in ethanol HPLC-APCI-MS [135]
chicken retinas and isomers, —water (1:1), extracted twice with hexane NMR
v-, a-, B-carotene
Bovine retinas, lutein, zeaxanthin Homogenization of tissue sample in ethanol HPLC-UV [135]
chicken retinas and isomers —water (1:1), extracted twice with hexane
Human and rat Retinoids, tocopherols, Homogenization of tissue sample in HPLC-UV [187]
liver, intestine, lycopene-carotene 2-propanol-CH ¢l (2:1) and kept
spleen, brain, heart, under argon overnight
skeletal muscle,
kidney, lung
Free living gulls Lutein, zeaxanthin, Homogenization of sample in 5% NacCl HPLC-UV [188]
liver, breast muscle, canthaxanthin, with ethanol-water (1:1), extracted
heart, lung, brain, echinenone, twice with hexane
kidney, pancreas, B-carotene,
abdominal fat cryptoxanthin
Human macular Lutein, zeaxanthin Homogenization of sample in hexane HPLC-UV [73]
anterior sclera, and isomers, containing 0.5% BHT, extracted twice
peripheral retina, xanthophyll, lycopene, with hexane
ciliary body, canthaxanthin,
iris, lens «-, B-carotene
Human eyes, Lutein, zeaxanthin Homogenization of sample in methanol HPLC-UV [74]
RPE/choroid, and their metabolites, containing 0.1% BHT, extracted twice
peripheral retina, a-, B-cryptoxanthin, with 0.5% BHT in CH Gl —hexane
ciliary body, tocopherols, lycopene, (30:70)
iris, lens v-, a-, B-carotene
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reduction of the lutein response accompanied by
peak distortion was observed. Separation and peak
shape were only temporarily restored by washing the
column with 100% methanol and re-equilibrating
with mobile phase. They suggested that this deterio-
ration could be resolved by including 5% methanol
in the solvent mixture (ACN-DCM-MeOH,
75:20:5). Also, the concentration of a stotlans-
lycopene standard in chloroform solution (stored at
—20 °C) progressively decreased over a 20-day
period by 48%, as measured by absorbance at 472
nm. Inclusion of 0.1% BHT reduced the loss to 11%.
Froescheis et al. [145] reported that stock solutions
of lycopene (3 mg of carotenoid together with 250
mg BHT in 20 ml DCM) stored in an amber flask at
—20 °C were stable for at least 3 weeks with only
minor isomerization observed. The contribution of
trans-lycopene to the sum of all isomers declined by
2-3% within 4 weeks and the percentage @i (
isomers increased by roughly the same amount. To
check the stability of lycopene during the maximum
analysis time of a run sequence, lycopene standards
in a completely filled autosampler tray at room
temperature were measured. The contribution of
individual isomers to the total lycopene concen-
tration changed with time. The decline dfans-
lycopene in favor of (13)-lycopene was roughly
4-5% within 12 h. These results concur with the
findings of Schierle et al. [189], who reported
isomerization of the alE to (137) isomers during
analytical sample preparation. Details of lycopene
bioactivity, bioavailability, degradation and stability
have been reported by Shi and Le Maguer [53] using
various analytical methods.

Ozone is a strong antimicrobial agent and com-
monly used in place of chlorine to increase the
microbiological safety of foods [190]. The effect of
ozone and oxygen on the degradation of carotenoids
in an agueous model system has been reported [191]:
“All- trans-p-carotene, is-B-carotene, B-crypto-
xanthin and lycopene were adsorbed onto,g C solid
phase and exposed to a continuous flow of water
saturated with oxygen or ozone at 30. Approxi-
mately 90% of alltrans-B-carotene, is-B-carotene
and B-cryptoxanthin were lost after exposure to
ozone for 7 h. A similar loss of lycopene occurred in
only 1 h. The degradation of all the carotenoids

B 781 (2002) 393-418

followed zero-order reaction kinetics with the fol-

lowing relative rates: lycgpengtoxanthin-
tralis-B-carotene-9-cis-B-carotene. The major
degradation producf-adrotene were tentatively
identified by LC-MS. Predominant isomgss of
carotene wereisl®-cis and a dieis isomer.”

3.2. Sandardization of carotenoid analysis

Scott et al. [192] reported on collaborative studies
involving 17 European laboratories to assess the
accuracy of HPLC procedures for the measurement
of lutein, zeaxanthin, lycoperaptene and3-
carotene in a vegetable mix. The studies investigated
possible problem areas, including chromatographic
systems, standardization of carotenoid stock solu-
tions, extraction procedures and data handing. The
results suggested that the effect of the chromato-
graphic system is probably not a major contributor to
inter-laboratory variation, although some systems
achieved a more discrete separation of carotenoid
isomers than did others. In the more experienced
laboratories, variation in standardization of the caro-
tenoid solution was not thought to be a significant
problem. However, there were greater variations for
lycopene calibration and measurement.
In our laboratory, we have foughdarotene,a-
carotene, lutein, zeaxanthirg-angtoxanthin in
hexane with 0.1% BHT stock solutions were stable
for up to 10 days at20 °C. Lycopene in hexane
with 0.1% BHT stock solutions were stable for up to
3 days-&20 °C. We have previously published the
characteristics of our HPLC-UV detection method
for the routine analysis of lipid-soluble antioxidants
in plasma [103]. The availability of a stable freeze-
dried human serum matrix material, Standard Refer-
ence Material 968 [149,193,194], from the NIST in
the USA should go a long way to improving the
agreement of results of antioxidant vitamin and
carotenoid assays. This material has certified con-
centration valuasaferretinol, 3-tocopherol,y-
tocopheitolcopherol and totgb-carotene. Refer-
ence concentration values which do not meet the
stringent accuracy criteria for certified values are
also available ti@mns-lutein, total lutein, total
zeaxanthin, tptatyptoxanthin,trans-a-carotene,
tatatarotenetrans-lycopene and total lycopene.
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3.3. Photosensitivity and stability of carotenoids in and 4 h, however this was not statistically significant.
plasma and after extraction They did not report the stability of extracted analytes
for periods longer than 24 h.
We have previously reported that carotenoids, as
measured by reversed-phase gradient HPLC, are
stable in plasma exposed to laboratory lighting 3.4. Sability of carotenoids in whole blood
conditions for at least 24 h [103]. In plasma samples

held at room temperature under fluorescent lighting The stability of carotenoids in whole blood under
for up to 72 h, we found no significant variation in various conditions is also of interest, as this is a
measured concentrations @fcarotene,a-carotene, common circumstance for samples collected as part
cryptoxanthin orcis-lycopene. However, the vari- of clinical and epidemiological studies. We have
ation in the luteir-zeaxanthin concentration ap- extended our previous observations of stability to
proached statistical significanc®=0.054) and the cover a range of storage and handling conditions
trans-lycopene concentration fell significantly over commonly encountered.
this period, with a 10% decrease after 48 h. This The stability of analytes during storage of whole
study examined the stability of small volumes (300 blood was tested under three typical laboratory
L) in standard 2 mL polypropylene storage vials. condition§C4n darkness, room temperature (19—
Hence, the samples had a relatively large surface- °Q2and elevated temperature (35) exposed to
area-to-volume ratio, and were exposed to greater light [196]. The last condition was chosen to repre-
oxidative stress than samples of a larger volume. The sent field conditions in tropical areas. There were no
stability of carotenoids is probably enhanced by their significant changes in the measured concentrations of
interactions with proteins and lipids in plasma [59]. retinol, tocopherols and individual carotenoids in
In contrast to the situation in plasma, carotenoids blood held ‘@& # the dark, except for lycopene
become unstable once extracted into organic sol- which was 8% lower after 24 h. At room temperature
vents, particularly on exposure to light and heat. We during exposure to light, there were no significant
have reported that, at20 °C, there were statistically changes in the measured concentrations of analytes,
significant variations in the levels of-carotene, but the reduction in lycopene again approached
a-carotene and lutein/zeaxanthin over time in sam- statistical significance. Regitzmopherol andx-
ples extracted from plasma into hexane containing carotene appear to be stable when héld ah@5
0.01% BHT [103]. ForB- and a-carotene, these exposed to light for up to 72 h. However,
changes were small in magnitude and random, and tocoph@rotyptoxanthin, lutein/zeaxanthing-
are likely to represent fluctuations due to methodo- carotene and lycopene were all unstabf€ ah 35
logical variability. For lutein/zeaxanthin, the results whole blood under these conditions. At 72 h, these
suggested a downward trend in measured levels after analytes were 10, 11, 16, 15 and 22% lower than
24 h. Similar observations were made for extracts baseline, respectively. Hence (not surprisingly), stor-
held at 4°C. At room temperature, the variability in age at I5is not recommended. However, collec-
measurement, as indicated by a greater standard tion in the field with storag€ and subsequent
deviation, was greater than in samples kept cold. transfer within 24 h is a feasible operation that will
Thus, storage of extracts at room temperature is not not compromise results.
recommended. In the collection and processing of whole blood,
The study by Cavina and coworkers [195] de- Gross and coworker [197] showed that carotenoids
termined the stability of individual carotenoids in were generally stable in samples that were (a)
extracted plasma left at room temperature for 0, 4, exposed to air and light, (b) exposed to air but
12, and 24 h. They too observed no significant protected from light, or (c) protected from air and
changes in the measured concentrations of retinol, light. Blood specimens were protected from air by
tocopherol, or individual carotenoids. For lycopene, flushing plasma aliquots with nitrogen within a few

an apparent downward trend was observed between 0 minutes of their removal from the collection tubes.
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Protection from fluorescent light was by the use for 5 months [202]; Thomas et al. [203] observed

amber storage vials in a darkened room. The blood losspscafotene of 10 mg/L per year in serum at

was centrifuged at 1509 for 20 min in a cooled —25 °C. Retinol,a-tocopherol, ang-carotene were

(4 °C) centrifuge, and aliquots of EDTA—plasma less stable 25 °C in frozen serum than they were

were placed in clear or amber glass 2-mL crimp-top in lyophilized serum. Ocke et al. [204,205] studied

vials. All samples were stored frozen-a0 °C for 8 the effect of frozen storage on (pro)vitamin con-

weeks. Comparisons between carotenoids and  centrations in 55 samples of EDTA-plasma and

tocopherol concentrations of samples collected and whole blood. The samples were analyzed before

processed under the three sample processing pro- storage and after 3, 6, 12, 24, 36 and 48 months a

cedures did not reveal any significant differences in —20°C. Dramatic decreases occurred for the plasma

concentration. Key and coworkers [198] also re- concentration of vitamin E between 6 and 12

ported that storage of whole blood at’@ for 24 h months, and for vitamin A, total carotenoids and

before freezing does not result in significant changes B-carotene after 1 year. We have also found evidence

in retinol, tocopherols and carotenoid concentrations. of degradation of these compounds over 20 months
In order to identify differences between plasma stored—20 or —30 °C: in a sample of pooled

and serum in the measured concentration of lipid- serum the concentrationsx-totopherol, -

soluble antioxidants, triplicate plasma and serum tocophdsetryptoxanthin, lutein/zeaxanthing-

samples were prepared from each of four subjects caropecarotene and lycopene decreased by 13,

and the antioxidant concentrations in plasma versus 15, 31, 16, 30, 33 and 24%, respectively (Su et al.,

serum were compared using pairetkst. There were unpublished result).

no significant differences in the measured concen- Peng et al. [206] found that lutein, zeaxanthin,

trations of retinol, tocopherolg3-cryptoxanthin,3- cryptoxanthin, lycopeneg-carotene,3-carotene,y-

carotenep-carotene or lycopene between serum and tocopheroloatatopherol in plasma and buccal

plasma (Su et al., unpublished data). mucosal cells storeB@t’C were stable for up to

8 months. At—70 °C, plasma carotenoid levels were
reported to be stable for up to 28 months [202]. It

3.5. Sability of carotenoids in frozen serum or has been reported that retinel;tocopherol and3-
plasma carotene concentrations in serum stored-&0 °C
were not affected by two freeze—thaw cycles over a

By far the largest study relating to the loss of 1-week period [207]. Six to 10 freeze—thaw cycles
B-carotene during storage is that by Smith and over a 5-8-year period were reported to have no
Waller [199], who collected serum from 2073 per- effect on retinol stored 2@ °C [208].
sons. Specimens were frozen-a20 °C and analysed Retinok-tocopherol,trans-lycopene, andrans-
for B-carotene after storage ranging from 1 month to B-carotene in reconstituted lyophilized serum stored
2.75 years. For the first 6 months, there was no —-&0 °C were stable for at least 3 days with
detectable loss. By 9 months, about 30% had been minimal (less than five) freeze—thaw cycles [203].
lost; this was followed by a subsequent slow decline Long-term storage of lyophilized serum pools at
in the serump-carotene concentration of approxi- room temperatur25, —80 and 4°C was studied
mately 50p.g/L per year. Similarly, Comstock et al. at the National Institute of Standards and Technology
[200] concluded that, in assaying-carotene, and (NIST) in 1985. These materials were analyzed
possibly other carotenoids as well, storing serum at periodically to determinate the stability of retinol,
—20 °C for more than 6 months is unwise. They «-tocopherol, and3-carotene, which are part of the
periodically assayed aliquots of several large plasma NIST-managed Micronutrients Measurement Quality
pools [201] and reported that-tocopherol, - Assurance Program [209], and to provide informa-
tocopherol, B-cryptoxanthin, lutein/zeaxanthin@- tion regarding the potential stability and handing
carotenep-carotene and lycopene were all stable at conditions for NIST Standard Reference Materials
—77 °C for 4 years. In other studies, plasma caro- and other related samples [149,193,194]. They found

tenoid levels were reported to be stable-&20 °C that B-carotene levels were stable for up to 3 years,
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and retinol anda-tocopherol appeared stable in
lyophilized serum for at least 5 years-aB0 or —25

°C. Retinal appeared stable in samples stored’& 4
for at least 7 years, but-tocopherol and, especially,
B-carotene showed evidence of degradation after 3
years [203]. The concentration of retinoky-
tocopherol, andp-carotene in lyophilized serum
stored at—80 °C has been monitored over 10 years
[203] and there was no evidence of degradation of
any of these compounds over the 10-year period.

3.6. Summary of sample handling requirements

The results of these studies indicate that, during
storage of whole blood at room temperature (19-22
°C) for up to 72 h, lipid-soluble antioxidants are
generally stable (with the possible exception of

lycopene) and therefore the results of analyses can be

considered suitable for inclusion in retrospective
studies. However, storage of whole blood at higher
temperature (35°C) is not recommended due to
degradation of these analytes. We found no signifi-
cant difference between human serum and plasma in
the measured concentration of retinol, tocopherols, or
carotenoids. Thus, the analyses of carotenoid levels
from human serum or plasma are likely to be
comparable. In plasma exposed to laboratory lighting
conditions, carotenoids were generally stable, with
lycopene again the exception. However, once ex-
tracted, samples should be kept in the dark, cold and
analysed within 24 h for optimal accuracy. For long-
term storage;—20 to —30 °C does not appear to be
suitable: storage at70 °C or lower is necessary to
preserve carotenoids in plasma or serum for extended
periods.

3.7. Effects of food processing on carotenoid
content and bioavailability

Lycopene in fresh tomato fruits occurs essentially
in the trans configuration. The main causes of
tomato lycopene degradation during processing are
isomerization and oxidation. Heat induces isomeriza-
tion of the trans to cis forms and cis isomers
increase with temperature and processing time [53].
The bioavailability ofcis-isomers in food is higher
than that of alltrans isomers. Lycopene bioavail-
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ability in processed tomato products is higher than in
unprocessed fresh tomatoes [210]. The composition
and structure of the food also has an impact on the

bioavailability of lycopene and may affect the release

of lycopene from the tomato tissue matrix. Food
processing may improve lycopene bioavailability by
breaking down cell walls, which weakens the bond-
ing forces between lycopene and the tissue matrix,
thus making lycopene more accessible and enhancing
cihésomerization [53]. Lycopene is very stable in
frozen and heat-sterilized foods, but not in dehy-
drated tomatoes [53].

We have found no significant difference in con-
centrations of lutein op-carotene between vegetable
soup and the fresh vegetables from which it was
prepared (Su et al., unpublished data). Thus, lutein
and B-carotene in vegetables appear to be stable
during cooking. The study of the effects of various
means of cooking on the levels of carotenoids in raw
and cooked (microwaved, boiled, steamed, stewed)
green vegetables and tomatoes by Khachik and
coworkers [110] also showed that lutetcarotene,
B-carotene, lycopene, phytofluene and phytoene were
stable during the various heat treatments. However,
carotenoid epoxides were sensitive to heat treatment
[110,211].

Most studies have focused on the changes in the
levels of allirans-a- and B-carotene and subsequent
losses in vitamin A activity due to thermal degra-
dation and isomerization of these compounds [182].
Khachik and coworkers [85,110] examined the effect
of various methods of cooking and processing on a
number of yellow/orange vegetables. They reported
that the destruction of the hydrocarbon carotenoids
such asa- and p-carotene as a result of heat
treatment is about 8—10%. In green beans subjected
to various cooking conditions (microwave for 4 min;
boiled for 9 min, boiled for 1 h), luteinp- and
B-carotene were quite heat resistant. After 1 h
boiling of green beans, the levels of lutein, and

@ncarotene remained unchanged [85], consistent
with our finding for green leafy vegetables. Given
the many variables that food preparation presents
(temperature, duration, presence of oils, mechanical
stirring) it is difficult to predict the extent of
degradation of the various carotenoids and, if re-
quired, these data must be determined experimentally
for each situation. In addition, the growing con-
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ditions of the fruit and vegetables can materially of deaths among indigenous males and 67% of

affect their carotenoid content. deaths among indigenous females occur before age
65. Among non-indigenous people, by contrast, only
27% males and 16% females die before age 65

4. Biological relevance of analytical results [212]. Indigenous Australians have higher rates of
some CVD risk factors, including diabetes [213], and
4.1. Comparison of plasma antioxidant status the leading cause of death in Australian Aboriginal
across populations people is CVD [214]. We have found circulating
carotenoid concentrations among Aboriginal people
At the very least, carotenoids are markers of a to be very low compared to Anglo-Celtic Australians
dietary intake which confers protection against car- and other populations (Table 5) [220,226], as are the
diovascular disease and probably certain cancers. As reported fruit and vegetable intakes [215,216].
such, they are useful plasma markers of dietary Hence, dietary factors probably make a substantial
quality and disease risk for use in epidemiological contribution to the excess risk of premature mortality
and clinical studies. As part of risk factor screening in these populations.
and health program evaluation, we have determined Greek migrants also have high rates of certain
circulating carotenoid and antioxidant vitamin con- CVD risk factors. However, the CVD mortality of
centrations in several Australian population groups. Greek migrants is substantially lower than that for
Average levels for Australian Aboriginal people are Australian-born people [217], and much lower than
shown in Table 5, together with comparable data that of indigenous Australians. Greek migrants living
from several other populations. in Melbourne have largely maintained the traditional
Aboriginal and Torres Strait Islander people in Mediterranean diet from the 1950s and 60s, the
Australia die at a greater rate and at younger ages period during which the majority migrated to Aus-

than the general Australian population. About 76% tralia [218,219]. This dietary regimen includes high

Table 5
Average concentrations of lipid-soluble antioxidants in Australian and other populations. Data are medians except for NHANES Ill, which
are geometric means

Australia USA Finland Japdh

Aboriginal peoplé NHANES IIf
Men
B-Carotene 4 18 20 19
a-Carotene 2 5 3 6
Lycopene 11 23 6 16
B-Cryptoxanthin 2 8 7 20
Lutein+ zeaxanthin 5 24 10 35
a-Tocopherol 980 - 1602 990
Retinol 50 - 56 83
Women
B-Carotene 7 25 - 34
a-Carotene 2 6 - 9
Lycopene 9 21 - 27
B-Cryptoxanthin 3 9 - 33
Lutein+zeaxanthin 6 23 - 39
a-Tocopherol 1030 - - 1040
Retinol 40 - - 67

® Pre-intervention, 15 ¥, Rowley et al. [215].
® Ford et al. [35].

“Male smokers, Albanes et al. [227].

47 y+, Ito et al. [228].
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intakes of fresh vegetables and fruit, particularly
green leafy vegetables, which is reflected in their
relatively high plasma lutein, lycopene and cryptox-
anthin concentrations [220,226]. Greek migrants also
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accurate, precise and efficient measurement. Further
advances in these methodological areas will contrib-
ute to basic, clinical and public health research

projects dealing with prevention and management of

exhibited higher concentrations of several uniden-
tified compounds eluting between lutein and cryptox-
anthin in our assay [103]. These unidentified carot-

chronic disease through nutritional intervention.

enoids may be oxidative metabolites of lutein, zea- 5 Nomenclature

xanthin and/or lycopene [86,101], or may be oxi-
dized metabolites of other components in fruits and aAcN
vegetables. In our analyses of several wild green amac
leafy vegetables commonly consumed by Greek gyt
persons in Melbourne, we could not detect com- (gMmE
pounds with the same spectral properties as thosecgp
unidentified compounds appearing in plasma, al- pcm
though a number of other unidentified carotenoid \jeoH
compounds were observed [169]. Specific roles for gion
these compounds, and even for those carotenoidspyon
usually quantified, remain to be determined. They are g;,0H
potentially important mediators of the protective aco
effects against cardiovascular disease of the tradi- 4y
tional Mediterranean diet. TOL

Evidence is emerging of a role for carotenoids in pgg
modulating physiological functions important in  chp
chronic disease risk. The current concept of vascular ¢ g5
disease is that it arises from the interactions of ¢\,
oxidative stress, inflammation, dyslipidaemia and c\p
endothelial dysfunction. We have identified inverse gp
relationships of certain carotenoids with markers of gioac
vascular damage and inflammation, including urinary yp|c
albumin excretion [221], and positive relationships g
with paraoxonase activity, an enzyme thought to N|sT
partly mediate the protective function of HDL
cholesterol [222]. Other workers have reported in-
verse associations of carotenoids with markers of
lipid and DNA oxidation [223]. Carotenoids may
also have hypocholesterolaemic effects [224] and pgg
modulate cellular interactions. For example, Tga
lycopene has been shown to inhibit binding of THE
monocytes to endothelial cells (a primary step in the (v
atherosclerotic process [225]). Carotenoids may also
modulate immune responses and intercellular com-
munication [57-59].

The carotenoids thus remain an important and
intriguing subject of study, with relevance to the
prevention of several important “lifestyle-related”
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