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ABSTRACT 

This article reviews advances on carotenoid analysis, carotenoid composition 
of foods and influencing factors, alterations during processing and storage, 
and the role of food carotenoids in human health. Substantial progress has 
been achieved in refining analytical methods to assure the accuracy of 
carotenoid data. Although carotenoid analysis is inherently difficult and error 
prone, more complete and reliable databases are now available, especially of 
carotenoids considered important to human health. The carotenoid composi- 
tion of foods vary qualitatively and quantitatively. Even in a given food, 
compositional variability occurs because of factors such as maturity, 
varietylcultivar, climate or season, part of the plant consumed, production 
practices, post-harvest handling, processing and storage conditions. During 
processing, isomerisation of trans-carotenoids to the cis-forms occurs, with 
consequent alteration of the carotenoids' bioavailability and bioconversion. 
The principal cause of carotenoid loss during processing and storage of food is 
enzymatic or non-enzymatic oxidation. The bioavailability of carotenoids is 
influenced by many factors, and studies on this important topic have been 
confounded by wide variation in individual response and the existence of 
non-responders. In spite of reported evidence to the contrary and some weak- 
nesses in earlier studies, the weight of evidence favours improvement of the 
vitamin A status of deficient children and adults on consumption of food 
sources of provitamin A. This is supported by more recent studies. More 
evidence has also been presented for the role of carotenoids, provitamins A or 
not, in reducing the risk of degenerative diseases such as cancer, cardiovascu- 
lar diseases, cataract and macular degeneration. 

INTRODUCTION alterations during food processing and 
storage, kinetics and mechanism of degra- 

Among the bioactive phytochemicals, dation, biosynthesis and metabolism, 
carotenoids have been the most studied carotenogenic food product development, 
from various aspects, including structure chemical synthesis, biotechnological 
elucidation, analysis and composition, production, formulation and properties as 
physico-chemical properties, stability and natural food colourants, implications in 
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human health and structure-function rela- 
tionship. Numerous papers about these 
compounds are published each year, and 
there is a need to integrate the findings so 
that the knowledge acquired and the prac- 
tical significance of the results are 
focalised. The present article focuses on 
the following topics: (a) progress achieved 
in carotenoid analysis to guarantee the 
accuracy of compositional data, (b) the 
carotenoid composition of foods and the 
factors responsible for variation in compo- 
sition, (c) effects of processing and storage 
of food, and (d) the different roles of food 
carotenoids in human health. 

Carotenoids are natural pigments 
synthesised by plants, algae, fungi, yeasts 
and bacteria, but are merely accumulated 
from the diet, unchanged or slightly 
modified, in some animals. Carotenoids in 
foods are C40 tetraterpenoids formed from 
eight C5 isoprenoid units joined head-to- 
tail, except at the center where a tail-to-tail 
linkage reverses the order and results in a 
symmetrical molecule. Lateral methyl 
groups near the center are separated by six 
carbon atoms and the others by five. The 
most prominent feature, responsible for 
their special properties and functions, is a 
centrally located, extended double-bond 
system. The basic skeleton may be modi- 
fied in many ways, such as cyclisation, 
hydrogenation, dehydrogenation, intro- 
duction of oxygen-containing functions, 
rearrangement, chain shortening or com- 
binations thereof, resulting in an immense 
array of structures. More than 650 
carotenoids, exclusive of cis and trans iso- 
mers, have been isolated and characterised 
from natural sources (Kull & Pfander, 
1995). These compounds are broadly 
classified into carotenes (hydrocarbons) 
and xanthophylls (carotenoids with one or 
more oxygen substituents). 

In foods, about a hundred 
carotenoids have been found. Typically a 
food would have one to five major 
carotenoids with a series of minor 
carotenoids in trace or very small amounts 

(Rodriguez-Amaya, 1999a). The caro- 
tenoids most investigated in terms of 
human health are p-carotene (P,P- 
carotene), a-carotene (&&-carotene), p- 
cryptoxanthin (P,P-caroten-3-01), lycopene 
(\lr,\lr-carotene), lutein (P,E-carotene-3,3'- 
diol) and zeaxanthin (P,P-carotene-3,3'- 
diol). These are also the principal 
carotenoids encountered in human blood 
(Epler, Ziegler & Craft, 1993) and, except 
for zeaxanthin, the carotenoids most com- 
monly found in foods. Also widely distrib- 
uted is violaxanthin (5,6,5',6'-diepoxy- 
5,6,5',6'-tetrahydro-P, P-carotene-3,3'-diol), 
but it is highly labile (i.e. it can be easily 
degraded during analysis and food pro- 
cessing and storage) and its human health 
implications have yet to be investigated. 

CAROTENOID ANALYSIS 

The need for reliable data on food 
carotenoids is widely acknowledged in the 
international literature in different fields. 
Some of the discrepant results in studies 
on the bioavailability and the effect of 
dietary carotenoids on vitamin A status, as 
well as in epidemiological studies correlat- 
ing carotenoid intake and the incidence of 
diseases, can be attributed, at least in part, 
to unreliable data on the carotenoid 
contents of foods. Accurate carotenoid 
analysis has been pursued for years. 
Refinement of analytical methods, identifi- 
cation of sources of errors and means to 
avoid them, and implementation of quali- 
ty assurance have been undertaken. 

Trends in carotenoid analysis of 
foods reflects not only advances in analyt- 
ical methodology and instrumentation, 
but also greater understanding of the role 
of these compounds in human health. 
Total carotenoids, used in earlier years 
mostly to assess carotenoids as natural 
colourants, is not adequate for health pur- 
poses. For a long time carotenoid analysis 
involved quantification of only the major 
provitamin A carotenoids. With the 
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mounting evidence on the importance of 
carotenoids in reducing the risk of degen- 
erative diseases, such an action being inde- 
pendent of the provitamin A activity, both 
provitamin A and nonprovitamin A 
carotenoids are now being quantified, 
sometimes up to the separation of trans- 
and cis-isomers. 

Several factors make this analysis 
inherently difficult: (a) existence of a large 
number of carotenoids, (b) qualitative and 
quantitative variation of the carotenoid 
composition of foods, (c) wide differences 
in carotenoid levels in a given food, (d) 
uneven distribution of carotenoids within 
a sample and between samples of a given 
food, (e) variation in the nature of the 
matrix, and (d) susceptibility of caro- 
tenoids to isomerisation and oxidation 
during analysis and during storage of 
samples prior to analysis (Rodriguez- 
Amaya, 1989, 1999a; Rodriguez-Amaya & 
Amaya-Farfan, 1992). 

Typical sources of errors in 
carotenoid analysis are: analytical samples 
not representing the food lots under inves- 
tigation, incomplete extraction, physical 
losses during the different steps, incom- 
plete chromatographic separation, erro- 
neous identification, faulty measurement 
and calculation, isomerisation and oxida- 
tive degradation during analysis and/or 
storage of the sample before analysis. The 
main problem in carotenoid analysis arises 
from their instability, thus, precautionary 
measures to avoid artifact formation and 
quantitative losses should be standard 
practice in the laboratory. 

The current method of choice for 
carotenoids is high performance liquid 
chromatography (HPLC). Recent review 
articles cite the different HPLC methods 
that have been developed for qualitative 
and quantitative analyses of carotenoids in 
foods (Su, Rowley & Balazs, 2002; Quir6s 
& Costa, 2006). But even this technique is 
subject to several sources of errors: (a) 
incompatibility of the injection solvent and 
the mobile phase, (b) erroneous identifica- 

tion, (c) impurity, instability and unavail- 
ability of standards, (d) quantification of 
highly overlapped peaks, (e) low recovery 
from the HPLC column, (f) inaccuracy in 
the preparation of standard solutions and 
in the calibration procedure, (g) calcula- 
tion errors (Khachik et al., 1988; Craft, 
1992; Epler et al., 1992, 1993; Scott, 1992; 
Hart & Scott, 1995; Kimura & Rodriguez- 
Amaya, 1999; Rodriguez-Amaya & 
Kimura, 2004). 

The physico-chemical properties and 
the biological activities of carotenoids are 
intimately related to their structures. Thus, 
conclusive identification is a fundamental 
part of carotenoid analysis. Since inconclu- 
sive or even erroneous identifications 
could be found in the literature, Pfander, 
Riesen and Niggli (1994) and Schiedt and 
Liaaen-Jensen (1995) recommended the 
following minimum criteria for the identi- 
fication of carotenoids: (1) the visible (or 
ultraviolet for shorter chromophores) 
absorption spectrum (hmax and fine struc- 
ture) in at least two different solvents must 
be in agreement with the chromophore 
suggested; (2) chromatographic properties 
must be identical in two systems, prefer- 
ably TLC (RF ) and HPLC (tR), and 
co-chromatography with an authentic 
standard should be demonstrated; and (3) 
a mass spectrum should be obtained, 
which allows at least the confirmation of 
the molecular mass. The inclusion of a 
mass spectrum as a minimum requirement 
for identification will, however, limit 
carotenoid analysis to a very few laborato- 
ries around the world, precluding its 
execution in places where it is urgently 
needed. 

Carotenoids with known structure 
can be conclusively identified by the com- 
bined use of chromatographic behavior, 
UV-visible absorption spectra and specific 
group chemical reactions to confirm the 
type, location and number of functional 
groups in xanthophylls (Azevedo-Meleiro 
& Rodriguez-Amaya, 2004). Alternatively, 
for well-equipped laboratories, conclusive 
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identification of these carotenoids can be 
achieved by the combined use of the reten- 
tion times, co-chromatography with 
authentic carotenoid standards, the UV- 
visible spectra obtained with a photodiode 
array detector and the mass spectra 
obtained with a mass detector. The reten- 
tion time together with co-chromatogra- 
phy with standards cannot be used as sole 
identification criteria. Mass spectrometry 
and nuclear magnetic resonance spec- 
troscopy are indispensable in the elucida- 
tion of the structure of an unknown 
carotenoid. 

Three interlaboratory studies on 
food carotenoids have been published. In 
an extensive study involving European 
laboratories experienced in carotenoid 
analysis, which spanned three years, 
analytical variability in the different stages 
of the analytical procedure was systemati- 
cally verified (Scott et al., 1996). A 
lyophilised vegetable mix was used as 
potential reference material and the labo- 
ratories employed both a common method 
and their own ("in-house") methods. 
Saponification was not carried out. The 
results suggested that the preparation of 
the extract might account for about 13% of 
the overall variance of around 23%. 
Analytical variability differed with differ- 
ent carotenoids, being highest with 
lycopene. 

Another study organised by the US 
National Institute of Standards and 
Technology (NIST) (Sharpless et al., 1999) 
used a baby food composite as reference 
material, and certified and reference 
values were obtained for several 
carotenoids. The relative expanded uncer- 
tainties were higher than those generally 
expected for certified values. The 
carotenoid concentrations obtained 
differed with different HPLC columns. 
Repeatibility of measurements made on 
directly saponified test material was better 
than that for test material that was saponi- 
fied after extraction. 

In a second European study, 0- 
carotene and its cis-isomers were deter- 
mined in commercial foods (margarine, 
vitamin drink, pudding powder, natural 
mixed vegetable) chosen according to type 
of matrix, range of concentration and 
availability in food stores (Schuep & 
Schierle, 1997). The supplemented drink 
showed the best repeatability and repro- 
ducibility while the pudding powder gave 
the worst results. Considerable differences 
were observed between total 0-carotene 
and trans-p-carotene. These differences 
varied among laboratories, depending on 
the separation efficiency of the HPLC 
system used. 

The analytical efforts through the 
years have resulted in better knowledge of 
the nature, distribution and levels of 
carotenoids in foods. Reliable databases 
are now available, although analytical 
errors can still be perceived in the litera- 
ture. 

FOOD SOURCES OF CAROTENOIDS 

Because plants are able to synthesise 
carotenoids de novo, carotenoids are 
widely distributed in plant-derived foods 
and the composition is enriched by the 
presence of small amounts of biosynthetic 
precursors and derivatives of the major 
carotenoids (Rodriguez-Amaya, 1993). 
Incapable of carotenogenesis, animals 
depend on dietary carotenoids, thus the 
occurrence of these compounds is limited 
and the levels are much lower in foods of 
animal origin. 

Some examples of food sources of the 
six carotenoids considered important to 
human health are shown in Table 1 
(Holden et al., 1999; Rodriguez-Amaya, 
199913; O'Neill et al., 2001). p-Carotene is 
the most widespread food carotenoid. It is 
accompanied by a-carotene in a few foods, 
generally at much lower concentrations. 
P-Cryptoxanthin is the principal 
carotenoid of orange-fleshed fruits other 
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Table 1. Food sources of carotenoids considered important to human health1 

I Carotenoid 1 ~ood  sources2 

a-carotene buriti (Mauritia vinifeva), carrot, Cucurbita moschata, red palm 1 oil 

p-carotene acerola (Malpighia glabra), apricot, bocai6va (Acronomia 
makayliyba), broccoli, buriti, cantaloupe, carrot, Cucurbita max- 
ima, Cucurbita moschata, green leafy vegetables, mamey 
(Mammea Americana), mango, peach palm (Bactris gasipaes), 
pink grapefruit, red palm oil, red pepper, yellow and orange- 
fleshed sweet potato, tucum5 (Astrocayum vulgare) 

caja (Spondias lutea), pitanga (Eugenia uniflora), red pepper, 
tree tomato (Cyphomandra betacea) 

lycopene pink grapefruit, pink-fleshed guava, red-fleshed papaya, 
pitanga (Eugenia uniJora), tomato, watermelon 

1 lutein green leafy vegetables, broccoli, Brussels sprout, corn, 
Cucurbita maxima 

1 zeaxanthin 1 Buriti, corn I 
- - -  - 

lCompiled from Holden et al. (1999), Rodriguez-Amaya (1999b) and O'Neil et al. (2001). 
20nly foods containing 10 yglg or more of the carotenoid are included. The scientific 
names are given for foods which are not so common. 

than those mentioned in the table, such as 
nectarine, orange-fleshed papaya, orange 
and peach but at concentrations lower 
than 10 pglg. Lutein, the dihydroxy 
derivative of p-carotene, is more widely 
distributed in foods than zeaxanthin, the 
dihydroxy derivative of p-carotene, con- 
trary to the occurrence of their parent 
compounds. Zeaxanthin is the main 
carotenoid of the Brazilian fruit piqui 
(Cariocar vilosium) but the level is low. 
Although tomato and tomato products are 
the lycopene sources most focalised in 
terms of human health, lycopene is the 
predominating carotenoid in several 
fruits. 

Carotenoids are invariably found in 
photosynthetic tissues in which they 

perform the dual role of being accessory 
light-harvesting pigments at wavelengths 
where chlorophyll is not absorbed, and of 
protecting chlorophyll from photodegra- 
dation. Dark green leafy or non-leafy 
vegetables are therefore rich sources of 
carotenoids with a defined qualitative 
pattern. Lutein predominates, followed by 
p-carotene, violaxanthin and neoxanthin 
as the major carotenoids. An exception is 
lettuce, where lactucaxanthin is also a 
principal carotenoid, and the lutein level is 
only slightly higher or almost the same as 
that of p-carotene (Kimura & Rodriguez- 
Amaya, 2002, 2003). Lutein had been 
underestimated in many published papers 
to date because it can be easily lost during 
analysis, especially in the saponification 



106 Rodriguez-Amaya, Rodriguez & Amaya-Fafan 

step (Kimura, Rodriguez-Amaya & 
Godoy, 1990; SEi & Rodriguez-Amaya, 
2004). 

The carotenoid composition of fruits 
and fruit vegetables is much more com- 
plex and variable, with variations even in 
the principal carotenoids. The hydroxy- 
carotenoids are mostly esterified with fatty 
acids. Carotenes predominate in the few 
carotenogenic roots (i.e. carrot, sweet 
potato). Lutein and/or zeaxanthin are 
major carotenoids in egg yolk, depending 
on the feed, and astaxanthin (3,3'-dihy- 
droxy-P,P-carotene-4,4'-dione) is the red 
carotenoid of crustaceans, salmon and 
trout. 

The importance of analysing indige- 
nous foods is highlighted in Table 1. Many 
native Brazilian fruits and vegetables 
included in this table, e.g. acerola, bocaic- 
va, buriti, tucumg, pitanga, indigenous 
green leafy vegetables, indigenous vari- 
eties of squash and pumpkin, have higher 
carotenoid contents than internationally 
known commercial crops (Rodriguez- 
Amaya, 1999b). 

COMPOSITIONAL VARIATION 
ALONG THE FOOD CHAIN 

There is growing recognition that the 
composition of carotenoids and other 
bioactive compounds in foods can be opti- . 
mised through agriculture (van den Berg 
et al., 2000). This has to be complemented 
by post-harvest handling, processing and 
storage procedures that avoid loss of the 
desired food components (Rodriguez- 
Amaya, 1997). To put this strategy into 
practice, the compositional variation 
throughout the food chain has to be 
known. It is also important, for the accura- 
cy of carotenoid data, that natural variabil- 
ity be distinguished from analytical 
inaccuracy. 

Aside from the remarkable variation 
between foods, there is now ample 
demonstration that the carotenoid compo- 
sition of a given food varies because of 

factors such as cultivar/variety, part of the 
plant consumed, maturity at harvest, 
climate / geographic site of production, 
farming practices, harvesting and post- 
harvest handling, processing method and 
conditions, storage conditions. 

Maturation or ripening in fruits and 
fruit vegetables are generally accompa- 
nied by enhanced carotenogenesis, the 
carotenoids increasing markedly both in 
number and quantity (Rodriguez-Amaya, 
1993,1999b). In leafy vegetables, the ripen- 
ing pattern is not as defined. The principal 
carotenoids of kale, endive and lettuce 
increased on maturation, but in New 
Zealand spinach, the young leaves had 
slightly higher carotenoid levels than the 
mature leaves (Azevedo and Rodriguez- 
Amaya, 2005a,b). 

Exposure to sunlight and high tem- 
perature enhances carotenoid biosynthe- 
sis. Thus, tropical fruits are generally 
coloured by carotenoids, contrary to fruits 
from colder regions that owe their colour 
mostly to anthocyanins. Moreover, fruits 
(e.g. acerola, papaya and mango) of the 
same cultivar produced in the hot 
Northeastern states of Brazil were all 
shown to have markedly higher 
carotenoid contents than those produced 
in the temperate Southeastern state of S5o 
Paulo (Rodriguez-Amaya, 1999b). 

Sunlight and high temperature, how- 
ever, can also promote photodegradation. 
Leafy vegetables grown in open fields, for 
example, were found to have lower 
carotenoid levels in the summer than in 
the winter (Heinonen et  al., 1989; Ramos 
and Rodriguez-Amaya, 1987), indicating 
that photodegradation prevailed over 
increased carotenogenesis. On the other 
hand, leafy vegetables cultivated in plots 
protected with polyethylene roofing 
(Azevedo-Meleiro and Rodriguez-Amaya, 
2005b) had higher carotenoid contents in 
the summer than in the winter. It is possi- 
ble that the plants were protected from 
excessive sunlight during the summer, but 
might have restricted exposure to sunlight 
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in winter. In hydroponic curly lettuce, also 
cultivated under a polyethylene covering, 
the lutein, p-carotene, violaxanthin and 
neoxanthin contents were lower than 
those of the same variety of lettuce, at the 
same maturity, taken from a neighboring 
open field, both samples being collected at 
the same time in winter (Kimura & 
Rodriguez-Amaya, 2003). Tomatoes pro- 
duced in greenhouses in winter had only 
one-third of the total carotenoid content of 
out-door produce (Muller, 1997). 

Most fruits and fruit vegetables have 
higher carotenoid levels in the peel than in 
the pulp, with the exception of fruits like 
pink-fleshed guava, in which lycopene is 
concentrated in the pulp (Rodriguez- 
Amaya, 1993,1999b). 

Farming practices may also influence 
the carotenoid composition. For example, 
comparison of kale of the same cultivar at 
the same stage of maturity produced in 
neighbouring farms revealed significantly 
higher concentrations of all constituent 
carotenoids in samples collected from an 
organic farm than from a conventional 
farm where agrochemicals were utilised 
(Mercadante and Rodriguez-Amaya, 
1991). In contrast, a study comparing con- 
ventionally produced and hydroponic 
leafy lettuce found no significant differ- 
ence in the constituent carotenoids 
(Kimura and Rodriguez-Amaya, 2003). , 

During post-harvest transport or 
storage, carotenoid biosynthesis may 
continue, raising the carotenoid content, 
provided that the fruit, fruit vegetable or 
root is kept intact, preserving the enzyme 
system responsible for carotenogenesis 
(Rodriguez-Amaya, 1997). In leaves and 
other vegetables, post-harvest degradation 
of carotenoid may prevail, especially at 
high storage temperature and under con- 
ditions that favour wilting. 

In processed foods, aside from the 
above factors that influence the raw mate- 
rial, the carotenoid composition will 
depend on the type and conditions of pro- 
cessing and storage. 

ALTERATIONS DURING PROCESS- 
ING AND STORAGE OF FOODS 

Alteration or loss of carotenoids 
occur during processing and storage of 
foods through physical removal (e.g. 
peeling), geometric isomerisation, and 
enzymatic or non-enzymatic oxidation 
(Rodriguez-Amaya, 1997, 1999c, 2002). ' 
Thus, retention of carotenoid is a major 
concern. Attention is often focused on 
industrial processing, but home prepara- 
tion can also cause carotenoid losses, 
sometimes to a greater extent. 

Being highly unsaturated, caro- 
tenoids are prone to isomerisation and 
oxidation during processing and storage 
of foods. Transformation of the trans- 
carotenoids, their usual form in nature, to 
the cis-isomers, is now well documented. 
It is promoted by acids, heat and light, and 
results in loss of provitamin A activity and 
alteration of bioavailability / metabolism. 

% 

The release of organic acids during slicing, 
shredding, pulping or juicing is sufficient 
to provoke trans-cis isomerisation, but this 
isomerisation occurs to a greater extent 
during thermal processing. 

Cis-provitamins A have long been 
attributed with lower vitamin A activity 
than their trans-isomers. More recently, 
trans-p-carotene was reported to be prefer- 
entially absorbed over 9-cis-p-carotene in 
humans (Gaziano et al., 1995; Stahl et al., 
1995; Ben-Amotz & Levy, 1996) and ferrets 
(Erdman et al., 1998). On the other hand, 
the cis-isomer of the vitamin A-inactive 
lycopene was found to be more bioavail- 
able than trans-lycopene in ferrets (Boileau 
et al., 1999). 

The major cause of carotenoid loss is 
enzymatic or non-enzymatic oxidation, 
which depends on the availability of 
oxygen and the structure of the 
carotenoid. It is stimulated by light, heat, 
metals, enzymes and peroxides and is 
inhibited by antioxidants. Oxidative 
degradation is known to increase with the 
destruction of the food cellular structure, 
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greater surface area or porosity, length 
and severity of the processing conditions, 
length and temperature of storage, as well 
as use of packaging permeable to oxygen 
and light. Enzyme-catalysed oxidation can 
occur to a greater extent than thermal 
degradation. Typically, carotenoid loss in 
enzymatic oxidation happens rapidly, 
immediately after tissue disruption, after 
which the carotenoid concentrations 
stabilise. Non-enzymatic oxidation is 
usually characterised by a lag phase, 
followed by rapid decrease of carotenoids, 
coherent with a free radical mechanism. 

Enzymatic oxidation can occur prior 
to heat treatment, during peeling, slicing, 
shredding, pulping or juicing. It is recom- 
mended that foods be consumed or 
thermally processed immediately after 
these operations. Enzyme-catalysed oxida- 
tion can also take place in minimally 
processed (Azevedo-Meleiro & 
Rodriguez-Amaya, 2005a,b) and in 
unblanched, frozen foods. 

Contrary to lipid oxidation, for 
which details of the process are known, 
carotenoid oxidation is not well under- 

stood. Oxidation of both trans- and cis- 
carotenoids takes place, epoxidation and 
cleavage to apocarotenals being the initial 
steps (Figure 1). Subsequent fragmenta- 
tions result in a series of low mass com- 
pounds. Completely losing their colour 
and biological activities, the carotenoids 
give rise to volatile compounds which con- 
tribute to the aroma / flavour, desirable in 
wine and tea, but undesirable in dehydrat- 
ed carrot. 

The cellular structure that protects 
carotenoids in nature limits their bioavail- 
ability. Recent studies have shown that 
processing (i.e. mechanical matrix disrup- 
tion and/or heat treatment) can increase 
the bioavailability of carotenoids (Stahl & 
Sies, 1992; Gartner, Stahl & Sies, 1997; 
Rock et al., 1998; van het Hof et al., 2000a) 
by softening or breaking the cell walls and 
denaturing proteins complexed with 
carotenoids, thus facilitating the release of 
carotenoids from the food matrices. Thus, 
processing conditions should be optimised 
to increase bioavailability without much 
degradation of the carotenoids. 

isomerization 

oxidation 
Cis-CAROTENOIDS 

oxidation D 
EPOXY CAROTENOIDS 
APOCAROTENOIDS 
HYDROXY CAROTENOIDS + + + 
LOW MOLECULAR MASS 
COMPOUNDS 

Figure 1. Possible scheme for the degradation of carotenoids (Rodriguez-Amaya, 1999c) 
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BIOAVAILABILITY, 
BIOCONVERSION, VITAMIN A 
STATUS 

The provitamin A activity of some 
carotenoids has been known for a long 
time. Structurally, vitamin A (retinol) is 
essentially one-half of the molecule of - 
carotene with an added molecule of water 
at the end of the lateral polyene chain. 
Thus, this carotenoid is the most potent 
provitamin A, to which 100% activity has 
been attributed. The minimum require- 
ment for a carotenoid to have provitamin 
A activity is an unsubstituted P-ring with a 
polyene chain of 11 carbon atoms. Thus, a- 
carotene and P-cryptoxanthin have about 
50% of the activity of b-carotene while 
lutein and zeaxanthin are vitamin 
A-inactive. 

There have been intense investiga- 
tions into, and discussions of, the bioavail- 
ability of carotenoids, principally provita- 
min A carotenoids. Bioavailability refers to 
the amount of provitamin A that is 
absorbed from the gut and becomes avail- 
able to target tissues. Conversion of 
absorbed provitamin A to retinol is called 
bioconversion. Adequate absorption of 
carotenoids from the diet requires: (a) 
digestion of the food matrix, (b) formation 
of lipid micelles in the gastrointestinal 
tract, (c) uptake of carotenoids by intestin- 
al mucosal cells, and (d) transport of 
carotenoids and their metabolic products 
to the lymph and portal circulation 
(Erdman, Bierer & Gugger, 1993; 
Castenmiller & West, 1998). 

The study of bioavailability is highly 
complicated because of the many factors 
that can affect it. Food-related factors are: 
the quantity and structure of the 
carotenoid, the nature of the matrix and 
the physical state of the carotenoid, food 
preparation or processing method, compe- 
tition/ interaction with other carotenoids, 
and the presence of other components of 
the diet (e.g. fat increases while fibre 
decreases bioavailability) (Castenmiller & 

West, 1998; van het Hof et  al., 2000b; Yeum 
& Russell, 2002). In relation to the individ- 
ual, the influencing factors are nutritional 
state (e.g. vitamin A deficiency increases 
while protein deficiency lowers bioavail- 
ability), poor absorption of lipids, infec- 
tions, parasite infestation and genetic 
factors. Bioavailability studies are 
confounded by very large variations in 
inter-individual responses and the 
existence of non-responders. 

In 1995, de Pee et  al. (1995) reported 
that the consumption of stir-fried leafy 
vegetables by Indonesian lactating 
mothers with low or marginal levels of 
serum retinol failed to improve the vita- 
min A status. Many studies previous to 
that of de Pee et  al. showed improvement 
in the vitamin A status of vitamin 
A-deficient children in different countries 
with the consumption of provitamin 
A-rich foods (dark green leafy vegetables, 
buriti, carrot, red palm oil, papaya). De 
Pee and West (1996) pointed out weak- 
nesses in these earlier studies: lack of 
negative and/or positive control groups, 
high drop-out rate, small number of indi- 
viduals per treatment group with very 
variable response, no baseline data. 
Nevertheless, as grouped by Nestel and 
Trumbo (1999), of the 21 studies carried 
out with children from 1968 to 1994, 
improvement of vitamin A status was 
found in: 7 out of 9 studies that did not 
have adequate control groups; 4 out of 5 
studies with positive control group; 1 out 
of 1 study with negative control group; 5 
out of 6 studies with both negative and 
positive control groups. Of the only 4 
studies that showed no effect, 2 included 
children who were overall not vitamin 
A-deficient. All of the above studies 
involved measurement of plasma retinol, 
which is homeostatically controlled. Thus, 
in spite of the experimental flaws, the 
weight of evidence favours P-carotene-rich 
fruit and vegetable intake improving 
vitamin A status in deficient children. 

Subsequently, Jalal e t  al. (1998) 
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reported increased serum retinol in 
Indonesian children with the incorpora- 
tion in the meals of p-carotene sources, 
principally sweet potato. Takyi (1999) 
found that consumption of dark green 
leafy vegetables with added fat-enhanced 
serum retinol in Ghanian children. 
Supplementation with dried mango and a 
source of fat resulted in a small increase in 
plasma retinol in Gambian children 
(Drammeh et al., 2002). Using the modi- 
fied-relative-dose-response test, van 
Jaarsveld et al., (2005) observed that South 
African children had better vitamin A 
status after consumption of boiled and 
mashed orange-fleshed sweet potato. 

Red palm oil supplementation 
improved the vitamin A status of pregnant 
women in Tanzania (Lietz et al., 2000), and 
of both pregnant / lactating mothers and 
their infants in India (Radhika et al., 2003) 
and Honduras (Canfield & Kaminsky, 
2000). The latter authors found that the 
positive effect achieved with palm oil con- 
sumption was comparable to that from 
supplementation with purified p-carotene. 

Studies using isotope dilution to 
determine vitamin A status, a more accu- 
rate assessment method than blood retinol 
levels, have also been concluded. Tang et 
al. (1999) confirmed that green-yellow 
vegetables maintained total body stores of 
vitamin A in Chinese children. In Filipino 
children, the bioconversion of plant 
carotenoids to vitamin A varied inversely 
with vitamin A status, improvement in 
status after dietary intervention being 
strongly influenced by total body stores of 
vitamin A but little or not at all by serum 
reti1101 (Ribaya-Mercado et al., 2000). Daily 
consumption of cooked, pureed Indian 
spinach (Basella alba) or canned sweet 
potato had a positive effect on the total 
body stores in Bangladeshi men (Haskell 
et al., 2004). 

Studying anaemic Indonesian chil- 
dren, de Pee et al. (1998) calculated the 
relative vitamin A equivalency of P- 
carotene to be: 26 pg of p-carotene from 

leafy vegetables and carrots corresponded 
to 12 pg of p-carotene from fruit, and 
equaled 1 pg of pre-formed vitamin A in 
vitamin A-rich foods. Boileau et al. 
(1999) presented a bioavailability ranking 
scheme in which the highest bioavailabili- 
ty was attributed to formulated 
carotenoids in water-dispersible beadlets 
(formulated natural or synthetic 
carotenoids), followed in decreasing order 
of bioavailability by carotenoids in oil 
form (natural or synthetic), fruits (e.g., 
papaya, peach, melon), tubers (e.g., 
squash, yam, sweet potato), processed 
juice with fat containing meal (e.g., tomato 
juice), mild cooked yellow / orange vegeta- 
bles (e.g., carrot, pepper), raw juice 
without fat (e.g. tomato) raw 
yellow / orange vegetables (e.g. carrot, 
pepper) and raw green leafy vegetables 
(e.g. spinach) with the lowest bioavailabil- 
ity. Bioavailability obviously varies with 
different foods, but it also depends on how 
the food is prepared. Interestingly, the 
recent study of Haskell et al. (2004), which 
used the deuterated-retinol dilution tech- 
nique with. Bangladeshi men, estimated 
the vitamin A equivalency factors (P- 
carotene:retinol, wt:wt) to be about 13:l for 
sweet potato, 10:l for Indian spinach and 
6:l for synthetic p-carotene. 

As a consequence of the reported 
lower bioavailability of provitamin A 
carotenoids than previously thought, the 
conversion factors were increased from 6:l 
to 12:l for p-carotene [12 P-carotene = lpg 
retinol = 1 retinol activity equivalent 
(RAE)] and from 12:l to 24:l for a- 
carotene, y-carotene and P-cryptoxanthin 
(24 pg of other provitamin A carotenoid = 

1 pg retinol = 1 RAE) (Institute of 
Medicine, 2001). However, the possibility 
of future changes in equivalency is recog- 
nised and it is recommended that the 
actual concentrations of the carotenoids be 
given in food composition tables (Trumbo 
et al., 2001), as we have suggested earlier 
(Rodriguez-Amaya, 1989). Moreover, con- 
sidering the wide variation in the bioavail- 
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ability of carotenoids in different foods, it 
is an oversimplification to have a single 
conversion factor for p-carotene and a 
single factor for the other provitamin A 
carotenoids (Rodriguez-Amaya, 1989, 
1996). It is impossible to establish a factor 
for each food, but factors can be estab- 
lished for different food groups (e.g., 
fruits, raw leafy vegetables, cooked leafy 
vegetables). Since the factors cited above 
are estimated for healthy populations, and 
considering that bioavailability and 
bioconversion depend on the vitamin A 
status (Nestel and Trumbo, 1999; Ribaya- 
Mercado et al., 2000), another issue is the 
applicability of these factors in developing 
countries. This issue merits in-depth study 
and discussion in the developing world. 

CAROTENOIDS AND 
DEGENERATIVE DISEASES 

In more recent years, food 
carotenoids have been credited with other 
health-promoting effects: immuno- 
enhancement and reduction of the risk of 
developing degenerative diseases such as 
cancer, cardiovascular diseases, cataract 
and macular degeneration (Gaziano and 
Hennekens 1993; Krinsky 1993; Bendich 
1994; Olson & Krinsky, 1995; Astorg, 1997; 
Olson, 1999). These physiological activities 
are unrelated to the provitamin A activity 
and have been attributed to an antioxidant 
property, specifically to the ability to 
quench singlet oxygen and interact with 
free radicals (Palozza and Krinsky, 1992). 
However, other mechanisms of action 
against chronic diseases have been 
demonstrated for carotenoids such as 
modulation of carcinogen metabolism, 
inhibition of cell proliferation, enhance- 
ment of cell differentiation, stimulation of 
cell-to-cell communication and filtering of 
blue light (Olson and Krinsky, 1995; 
Astorg, 1997; Olson, 1999; Stahl, Ale-Agha 
& Polidori, 2002). 

Because of the overwhelming 

emphasis on the antioxidant activity as the 
mode of action in relation to diseases, the 
antioxidant capacity of foods have been 
widely determined in uitro, sometimes 
correlated to the concentrations of the 
bioactive compounds in the food, and 
used to predict human health effects. 
Antioxidants, however, have different 
modes of action and the assays measure 
different actions and are carried out under 
different conditions. For example, the 
antioxidant capacities of nectarine, peach 
and plum cultivars were measured and 
the contribution of phenolic compounds to 
the antioxidant activity was found to be 
greater than those of vitamin C and 
carotenoids (Gil et al., 2002). The two 
assays used, however, evaluated free radi- 
cal scavenging and iron-reducing capaci- 
ties but not singlet oxygen quenching. 
Carotenoids are the most efficient singlet 
oxygen quenchers while phenols are excel- 
lent chain-breaking antioxidants (Beutner 
et al., 2001). Moreover, extrapolation of the 
results of the simple assays to human 
health effects is increasingly being ques- 
tioned (Becker, Nissen & Skibested, 2004). 
Also, assessment of the antioxidant effect 
in the food itself and of the health effects of 
antioxidants should be clearly distin- 
guished. 

Similar considerations have been 
raised regarding antioxidant capacity 
measurement in biological samples (e.g. 
plasma antioxidant capacity) and it is 
admitted that no single in viuo assay of 
antioxidant status can be considered suffi- 
cient, several measurements being neces- 
sary to adequately assess oxidative stress 
in biological systems (Prior & Cao, 1999). 

In the 1980s and early 1990s, 
numerous retrospective case-control and 
prospective cohort epidemiological stud- 
ies in various countries had consistently 
and strongly shown that dietary intake of 
b-carotene or its plasma concentration was 
inversely associated with the incidence of 
cancer, particularly lung cancer (Ziegler 
1991; Block, Patterson & Subar, 1992; van 
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Poppel and Goldbohm, 1995). This inverse 
relation was also seen with cardiovascular 
diseases (Gaziano and Hennekens, 1993; 
Manson et al., 1993; Kohlmeier and 
Hasting, 1995). b-Carotene, however, fell 
into disrepute when intervention studies 
gave the unexpected finding that this 
carotenoid given to smokers and asbestos 
workers enhanced rather than reduced the 
incidence of lung cancer and cardiovascu- 
lar disease (ATBC Study Group, 1994; 
Omenn et al., 1996). These findings led 
Mayi~e (1996) to conclude that while the 
recommendation for increased consump- 
tion of carotenoid-rich fruits and vegeta- 
bles still appeared to stand, the pharmaco- 
logical use of supplemental b-carotene for 
the prevention of cardiovascular disease 
and lung cancer, particularly in smokers, 
could no longer be recommended. 

It was later recognised that 0- 
carotene was administered in the interven- 
tion studies at doses (20-30 mg) much 
higher than the optimum daily intake in 
the epidemiological studies (about 4 mg), 
in which the diets consisted of other 
carotenoids and other food constituents 
that could act jointly with p-carotene 
(CARIG, 1996). Moreover, the participants 
in the intervention studies were heavy 
smokers or workers exposed to asbestos 
for a long time; the oxidative stress or 
cancer process might have reached a stage 
at which the carotenoid could no longer be 
effective. 

With the above considerations, 
carotenoids regained their prominence but 
the current emphasis is on carotenoids 
other than 0-carotene. Moreover, it is 
increasingly recognised that the protective 
effect of foods against diseases is due not 
to a single class of compounds but to a 
number of bioactive components found in 
the food. The possibility of synergism 
between or among these components has 
been raised (Young & Lowe, 2001). But 
even if synergism does not exist, consider- 
ing that the health-promoting food sub- 
stances have varied modes of action, there 

would at least be complementation of the 
various actions, the different compounds 
acting in different manners and/or at 
different stages in the development of the 
d' isease. 

The increase in lung cancer incidence 
in cigarette smokers and asbestos workers 
taking high supplemental doses of P- 
carotene mentioned above (ATBC Study 
Group, 1994; Omenn et al., 1996) led sever- 
al authors to consider a possible prooxi- 
dant behavior of this carotenoid. 
According to Palozza (1998) there was 
available evidence for a prooxidant activi- 
ty of p-carotene and other carotenoids in 
vitro and in vivo, these compounds shifting 
from being antioxidants to prooxidants, 
depending on the redox potential of the 
carotenoid molecule and its biological 
environment. The prooxidant potency 
would be determined by several factors, 
including oxygen tension, carotenoid 
concentration and interactions with other 
antioxidants. The high oxygen tension and 
high carotenoid concentration that pro- 
moted prooxidant action in vitro are, how- 
ever, much higher than those found under 
physiological conditions (Krinsky, 2001). 
Young and Lowe (2001) found no evidence 
to support the hypothesis that carotenoids 
may behave as prooxidants within a bio- 
logical system. They found it more proba- 
ble, on the basis of carotenoid performance 
in vitro, that a number of factors may 
reduce their antioxidant effectiveness in 
vivo, rendering them ineffective against 
certain reactive oxygen species. 

The capacity of carotenoids to 
quench singlet oxygen has been associated 
with the conjugated double bond system, 
the maximum protection being given by 
those having nine or more double bonds 
(Foote, Chang & Denny, 1970). The acyclic 
lycopene was found to be more efficient 
than the dicyclic p-carotene (di Mascio, 
Kaiser & Sies, 1989), although both have 11 
conjugated double bonds. Carotenoids can 
quench singlet oxygen in two ways. It can 
occur by a physical transfer of the excita- 
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tion energy from singlet oxygen to the 
carotenoid, resulting in the formation of 
triplet carotenoid; the subsequent dissipa- 
tion of this energy as heat regenerates the 
original carotenoid molecule (Krinsky, 
1989). It can also happen by a chemical 
reaction between singlet oxygen and the 
carotenoid, resulting in the irreversible 
destruction of the latter. 

The role of lycopene in human health 
has drawn considerable attention in recent 
years (Stahl and Sies, 1996; Gerster, 1997; 
Kohlmeier et al., 1997; Clinton, 1998; 
Giovannucci 1999; Rao & Agarwal, 1999; 
Hadley et al., 2002; Khachik et al., 2002; 
Rissanen et al., 2002), the scientific evi- 
dence being stronger in relation to lung, 
oesophagus and prostate cancer. Lycopene 
was found to be a more potent inhibitor of 
the proliferation of various human cancer 
cells than a- or p-carotene (Levy et al., 
1995). A multi-center case-control study, 
involving 10 European countries, conclud- 
ed that lycopene or some substance highly 
correlated might contribute to the protec- 
tive effect of vegetable consumption on 
myocardial infarction risk, but associa- 
tions for a-  and p-carotene were largely 
eliminated (Kolhmeier et al., 1997). A 
recent 12-year prospective study in the US, 
however, found that higher intake of foods 
rich in a- or p-carotene was associated 
with a reduction in the risk of coronary 
artery disease but no significant relation 
with intakes of lycopene, P-cryptoxanthin 
or lutein / zeaxanthin in women (Osganian 
et al., 2003). 

Lutein and zeaxanthin make up the 
yellow pigment in the macula of the 
human retina (Bone et al., 1988; 
Handelman et al., 1988; Landrum & Bone, 
2001) and are believed to be responsible 
for the protective ophthalmologic effect of 
carotenoids, acting both as antioxidant 
and as filter of high energy blue light. 
Although not all studies showed such a 
relationship, dietary intake (e.g. consump- 
tion of spinach, collard greens, corn, eggs) 
and serum levels of these carotenoids were 

found to have inverse relation with the 
risk of age-related macular degeneration 
(EDCC, 1993; Seddon et al., 1994; 
Snodderly, 1995; Moeller, Jacques & 
Blumberg, 2000), the principal cause of 
irreversible blindness in the elderly. It was 
also shown in a study that actually meas- 
ured lutein and zeaxanthin in the central 
regions of the retina, that individuals 
possessing the highest concentrations 
were 82% less likely to have macular 
degeneration (Bone et al., 2001). As 
reviewed by Moeller et al. (2000) and 
Alves-Rodrigues and Shao (2004), lutein 
has also been consistently linked to the 
lowering of the risk for cataract develop- 
ment, despite differences in study design, 
case definition and exposure measure- 
ment. Cataract extraction is one of the 
most frequently performed surgeries in 
the elderly. 

Because of some inconsistencies in 
research findings and the apparent differ- 
ences in the efficacy of the different 
carotenoids, along with the possibility of 
synergy or at least an additive effect, the 
prudent recommendation remains to be 
the increased consumption of a variety of 
carotenoid-rich fruits and vegetables. 

CONCLUDING REMARKS 

Food carotenoids will continue to be 
intensely investigated in the coming years. 
Although good results can be obtained 
with HPLC, less expensive, faster and 
simpler techniques, which do not generate 
so much used solvent waste (especially 
potentially toxic waste), are being sought. 
The need for determining the carotenoid 
composition of foods, especially in devel- 
oping countries, is increasingly recog- 
nised, considering the diversity of 
carotenogenic foods in these regions that 
are not found in developed countries. 
Even with common foods, because of the 
natural variation in carotenoid composi- 
tion, data obtained in one country may not 
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be relevant in another. Greater utilisation 
of indigenous carotenoid-rich crops is 
warranted. More studies will be carried 
out on the effects of processing and 
storage, especially with the emerging 
technologies. Many more studies on 
bioavailability and the health benefits of 
carotenoids are anticipated, hopefully 
clarifying current inconsistencies in 
research findings. 
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