Spinachasasourceof
carotenoids,folateand
antioxidant activity

JacquelineJ.M.Castenmiller

Promotoren:

DrJ.G.A.J. Hautvast
Hoogleraar indevoeding en gezondheidsleer,
Wageningen Universiteit
C. E.West, PhD DSc
Universitair hoofddocent aandeafdeling HumaneVoeding en
Epidemiologie,Wageningen Universiteit
Visiting Professor of International Nutrition, Rollins School of
Public Health,Emory University, Atlanta GA, U.S.A.

Spinachasasourceof
carotenoids,folateand
antioxidant activity

Jacqueline Jozefine Maria Castenmiller

Proefschrift
ter verkrijging vandegraadvan doctor
opgezag vande rector magnificus
vanWageningen Universiteit,
drC.M. Karssen,
innetopenbaar te verdedigen
opwoensdag 5januari 2000
des namiddagsom 13.30uur indeAula

fylolto

Theresearchdescribedinthisthesiswascarriedoutwithsupportfromthe
CommissionoftheEuropeanCommunities,AgricultureandFisheries(FAIR)
specificRTDprogrammeCT95-0158,' Improvingthequalityandnutritionalvalueof
processedfoodsbyoptimaluseoffoodantioxidants' andUnileverResearch
Vlaardingen.ThestudieswereconductedattheDivisionofHumanNutritionand
EpidemiologyaspartoftheresearchprogrammeoftheGraduateSchoolVLAG
(FoodTechnology,Agrotechnology, NutritionandHealthSciences).Additional
financialsupportforpublicationofthethesisbytheWageningen Universityis
greatlyacknowledged.

Spinachasasourceofcarotenoids,folateandantioxidantactivity
JacquelineJ.M.Castenmiller

ThesisWageningen University -With ref. -With summaryinDutch
ISBN90-5808-160-5

Coverdesign:KeesSchuurenJacquelineCastenmiller
Printing:GrafischServiceCentrumVanGilsB.V.,Wageningen
©2000J.J.M.Castenmiller
BiBUOTHEEK
LANDBOUWUNIVERSITETT
WAGENINGEN

ZD\.

^ l

3

^

Stellingen
1. De relatieve biobeschikbaarheid van (J-caroteen in spinazie is laag, maar kan
wordenverbeterd door netverder bewerkenvan heel-bladspinazie.
Ditproefschrift
2. Over de antioxidative rol van de hoeveelheid (J-caroteen in het Nederlandse
voedingspatroon kan noggeen duidelijke uitspraakwordengedaan.
Ditproefschrift
3. No supplements should be recommended without solid evidence of safety
and efficacy.
Gebaseerdop:Mares-PerlmanJA.Toosoonforluteinsupplements.AmJClinNutr
1999;70:431-2
4. In retrospect, it was naieve to think that one food component, (J-carotene,
would be a universal protector against epidermal cancers and/or
cardiovascular disease.
RussellRM.Physiologicalandclinicalsignificanceofcarotenoids.InternatJVitNutr
Res1998;68:349-53
5. Vele kruiden en specerijen verfijnen de smaak en bevorderen de oxidatieve
stabiliteit vanvoedingsmiddelen.
FAIRprojectCT95-0158'Naturalantioxidantsinfoods'
6. Personen,dieverslaafd zijnaanwortels,zijn alien rokers.
KaplanR.Carrotaddiction.Aust NZJPsychiatry 1996;30:698-700;CernyL,Cerny
K.Cancarrotsbeaddictive?Anextraordinaryformofdrugdependence.BrJ Addict
1992;87:1195-7
7. Er bestaat een duidelijk verschil tussen onderzoek uitgevoerd op een
zaterdagmiddagen onderzoek datvele zaterdagen heeft gekost.
Naar aanleiding vaneenopmerkingvan professor JGAJ Hautvast in'Detoekomst
vanKarel:Detoekomstvaneten',uitgezondendoordeAVROop23oktober1999
8. The reason why we have two ears and only one mouth is that we may listen
the more andtalk the less.
ZenoofCitium,ca300 BC

9. Opvoeden isde kunstzichzelf inprincipe overbodig te maken.
10. Het waren niet de mannen die voor de grote sprong in de evolutie van ons
brein ongeveer twee miljoenjaar geleden hebben gezorgd. Het geheim zit in
het koken door de vrouwen: plantaardige voeding werd daardoor in een klap
tot eengemakkelijk verteerbare engoedkopeenergiebron.
Wrangham RW,e.a. The raw andthe stolen. Cooking andthe ecology of human
origin.CurrentAnthropology 1999;40:567-94
11. Het terugdringen van chemische bestrijdingsmiddelen zoals aanbevolen in
het meerjarenplan 'Gewasbescherming' is onvoidoende tot zijn recht
gekomen door degrote vrijblijvendheid van het gewasbeschermingsbeleid.
12. Issues affecting women are not soft or marginal, but are central to decisions
involving all nations.
Hillary Rodham Clinton, 1996

Stellingen behorend bij het proefschrift:
'Spinach as asource ofcarotenoids,folate and antioxidant activity'
Jacqueline J.M. Castenmiller
Wageningen, 5januari 2000

ABSTRACT
Spinach as a source of carotenoids, folate and antioxidant activity
PhD thesis by Jacqueline J.M. Castenmiller, Division of Human Nutrition and
Epidemiology, Wageningen University, TheNetherlands, 5January 2000
Fruits and vegetables are generally considered important contributors to a healthy
diet andan increased intake offruits andvegetables is relatedto a decreased risk
of cancers, cardiovascular disease, and other diseases. Inthis thesis two aspects
of spinach, a dark-green, leafy vegetable, are examined. The first aspect is the
bioavailability ofthe carotenoids andfolate present inspinach.The second aspect
is the antioxidant activity of spinach consumption in humans and the antioxidant
capacity of spinach products. The literature on carotenoid bioavailability and
bioconversion was reviewed for each of the SLAMENGHI factors. These factors
include: Species of carotenoid; molecular Linkage; Amount of carotenoid
consumed in a meal; Matrix in which the carotenoid is incorporated; Effectors of
absorption; Nutrient status of the host; Genetic factors; Host related factors; and
Interactions.
A dietary intervention study with 70 healthy human subjects divided over six
treatment groups was conducted to examine the effect of the food matrix on the
bioavailability of carotenoids and folate and to evaluate the effect of spinach
intake on biomarkers of antioxidant activity. Four groups received a basic diet
plus a spinach product (whole-leaf, minced, enzymatically liquefied, and liquefied
spinach plus added dietary fibre), one group received the basic diet plus a
carotenoid supplement of p-carotene, lutein and a small amount of zeaxanthin
dissolved in oil, and one group received the basic diet only. Consumption of
spinach (20 g/MJ), containing the carotenoids p-carotene and lutein, increased
serum concentrations of p-carotene, lutein, a-carotene and retinol and decreased
the serum concentration of lycopene compared with the control group. Compared
with the synthetic carotenoid supplement, the relative bioavailability of p-carotene
was low, 5.1-9.5%, but much higher for lutein, 45-55%. Serum p-carotene
responses differed significantly between the whole-leaf and liquefied spinach
groups and between the minced and liquefied spinach groups. The plasma folate
response was significantly greater in the spinach groups compared with the
control group. Intake of minced and liquefied spinach resulted in greater plasma
folate responses than consumption of whole-leaf spinach. Thus, disruption of the
food matrix (cell wall structure) and loss of cellular structure had an effect on the

bioavailability of p-carotene and folate, whereas the bioavailability of lutein was
not affected. Addition of dietary fibre to the liquefied spinach to compensate for
the fibre that was broken down during liquefaction had no effect on serum
carotenoid or plasmafolate responses.
Consumption of spinach orthe carotenoid supplement resulted inan increased
erythrocyte glutathione reductase activity, and decreased erythrocyte catalase
activity and serum a-tocopherol concentration. These changes were related to
serum lutein concentrations. The antioxidant capacity of the differently processed
spinach products was determined indifferent oxidation systems. Correctedfor the
total phenolics content of the spinach, the whole-leaf spinach extract showed the
strongest inhibition of hydroperoxide formation,followed by extracts from liquefied
and mincedspinach.Thecalculated amount of lutein inthe spinach samples used
(amounts were adjusted for the total phenolics content of spinach) was correlated
with the inhibition of hydroperoxide formation. Ina meatball model at 100 and 200
g spinach/kg meat, whole-leaf and minced spinach were prooxidative (increased
the formation of thiobarbituric acid-reactive substances); the liquefied spinach
became antioxidative at 200 g/kg. Minced and liquefied spinach were
antioxidatively active with respect to the mean inhibition of hexanal formation,
whereaswhole-leaf spinach showed prooxidant activity.
In conclusion, the results of the studies described in this thesis demonstrated
an effect of the food matrix on p-carotene and folate, but not on lutein,
bioavailability and support the finding that p-carotene is not a good antioxidant in
manor infoods, but indicatethat lutein may play arole as antioxidant.
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General introduction

Chapter 1

HEALTH EFFECTS OF FRUITS AND VEGETABLES
Cancer and cardiovascular disease are major causes of chronic disease deaths
and arethus major public health problems. Apart from genetic and environmental
factors, life-style is considered to influence the aetiology of chronic diseases. Lifestyle factors include diet, smoking, drinking and physical activity. Fruits and
vegetables are generally considered important contributors to a healthy diet and,
for some years now, health professionals have been advising the general public
to increase their intake of fruits and vegetables to reduce the risk of specific
cancers, cardiovascular disease, neural tube defects, and cataracts. Although the
mechanisms are not fully understood, carotenoids, folic acid and dietary fibre
appear to play important roles in the prevention of these diseases (Kushi et al.
1995).
Estimates have been made of the proportion of cancer cases and
cardiovascular deaths that could be prevented by increasing fruit and vegetable
consumption. For cancer incidence, the best estimate is 19% (7-28%); CHD
mortality risk could be reduced by 20-40%, whereas stroke mortality could be
reduced by 0-25% with high intake of fruits and vegetables (Klerk et al. 1998).
Law & Morris (1998) have tried to quantify the relationship between fruits and
vegetables consumption and the incidence of ischaemic heart disease. They
conclude that the risk of ischaemic heart disease is about 15% lower at the 90th
than atthe 10thcentile offruit andvegetable consumption.
A diet high in fruits and vegetables provides a variety of food components,
which promote health. Table 1 lists a number of nutrients and nonnutrients
present in fruits and vegetables. However, fruits and vegetables further contain
natural substances that may have adverse effects on human health: nitrate,
aflatoxin and other mycotoxins, and goitrogens. There may also be some adverse
Table 1.Nutrients and nonnutrients infruits and vegetables
Nutrients
Nonnutrients
Carotenoids
Dietaryfibre
Ascorbic acid
Glucosinolates
Fat-solublevitamins suchastocopherols Phenols, including flavonoids
B-vitamins suchasfolic acid
Organosulfides/organo sulfur compounds
Traceelements suchasselenium
Phytoestrogens/isoflavones
Potassium
Protease inhibitors
Phytosterols
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effects of fruit and vegetable consumption, due to contamination of food with
heavy metals and pesticides.

CAROTENOIDS AND HEALTH
Carotenoids are widespread in nature. They are a group of fat-soluble pigments
found in fruits and vegetables, insects, birds, and other plant-eating animal
species, including humans. Carotenoids have light absorbing properties. Light
absorption occurs in the low-energy, visible range of the spectrum, giving fruits
and plants their brilliant yellow, orange, red and green colours. Carotenoids are
also found in all green plant tissues, where they occur in the photosynthetic
pigment-protein complexes of the chloroplasts (in leaves). In these tissues, the
colour of carotenoids is masked by the green of the chlorophyll, but is revealed
during the degradation of chlorophyll.This phenomenon can be seenfor example
during the ripening of fruits and in leaves with the onset of autumn. Also, many
yellow or orange flowers owe their colour to carotenoids, which are located in
chromoplasts (Britton et al. 1995b). Most carotenoids can be described by the
general formula C4oH560nwhere nis 0-6. Only few carotenoids can bedetected in
human blood, including a-carotene, p-carotene, lutein, zeaxanthin, pcryptoxanthin, lycopene and canthaxanthin (see Figure 1). Carotenoids such as
a-carotene, p-carotene and p-cryptoxanthin are precursors of retinol (vitaminA).
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p-Cryptoxanthin

Lycopene

Canthaxanthin
Figure 1. Structureofmajor carotenoidsfoundinhumanblood
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Those carotenoids containing oxygen are also referred to as oxycarotenoids or
xanthophylls.
Based on intake or biomarkers of intake, carotenoids have been postulated to
play a protective role in angina pectoris (Riemersma et al. 1991), heart disease
(Kardinaal et al. 1993, van Poppel 1994) and cancer (Stahelin et al. 1991),
particularly cancer of epithelial tissues (van Poppel 1996), lung (Dartigues et al.
1990, Knekt et al. 1990, Smith & Waller 1991) and stomach cancer (Chen et al.
1992, Cipriani et al. 1991). The hypothesis that p-carotene plays a role in cancer
prevention is based on studies suggesting that carotenoids function as
antioxidants, as enhancers of immune function, as precursors of retinoids and/or
by stimulation of cell-cell communication. Epidemiological studies reveal
associations but not cause and effect. Inorderto determine whether p-carotene is
the active phytochemical in cancer prevention, four major intervention trials in
humans have been completed, all of which included p-carotene supplementation
with or without other nutrients. Two studies, provided evidence suggesting that pcarotene increased the risk of lung cancer in high-risk groups of male Finnish
smokers (ATBC Cancer Prevention Study Group 1994) and of smokers or
workers who had been occupationally exposed to asbestos (CARET study;
Omenn et al. 1996). Another study showed neither negative nor positive effects
onthe incidence of cancer ina healthy population supplemented for 12years with
p-carotene (The Physicians Health Study; Hennekens et al. 1996). One study,
which involved combined supplementation of p-carotene with tocopherol (vitamin
E) and selenium to marginally malnourished people, showed lower mortality from
gastric and total cancers inthe supplemented group (Blot et al. 1993). Thus, with
respect to the chemopreventive effect of fruits and vegetables, these intervention
trials indicated that p-carotene alone is probably not the active phytochemical in
the prevention of cancer.
With respect to cardiovascular disease, the clinical trials in which p-carotene
was given without other antioxidants found no evidence that supplementation had
a protective effect. The trials included the ATBC study (Rapola et al. 1997); the
Physicians Health Study (Hennekens et al. 1996); the trial involving those
exposed to asbestos or heavy smoking (Omenn et al. 1996, Rimm et al. 1993);
and a study involving patients at high risk for recurrent nonmelanoma skin cancer
(Greenberg et al. 1996). Three of the four studies found increases in
cardiovascular disease mortality in the supplemented groups ranging from 12 to
26%. The Physicians Health Study found no difference (Kritchevsky 1999, Russell
1998).
There are a number of associations reported between carotenoid intake and
12
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disease. The inverse associations between lycopene intake and prostate cancer
and between lutein intake and age-related macular degeneration (AMD) are each
supported by one main study that has examined specifically these carotenoids but
are not corroborated by other similar studies (Cooper et al. 1999). A number of
possible confounding factors may explain the inconsistencies between the trials
and observational epidemiological evidence. The intake and serum
concentrations of other carotenoids, which are correlated with serum p-carotene
concentrations, might be important factors, as might other phytochemicals or
nutrients (Kritchevsky 1999). Dietary intakes of the carotenoids lutein and
zeaxanthin, which are primarily obtained from dark-green, leafy vegetables, have
been found to be most strongly associated with reduced risk for age-related
macular degeneration (Seddon etal. 1994).
With regardtothe health effect offruits andvegetables, with emphasis ofthe
possible role of p-carotene and other carotenoids, smoking and alcohol intake
may play a role and should betaken intoaccount infuture studies. Boththe
ATBC and CARET populations included personswhowere inthe initialstage of
developing lung cancer prior to beginning p-carotene supplementation. The gas
phase of cigarette smoke isa richsource offree radicals and is highly oxidative.
Under conditions of high oxidative stress and phagocyte-mediated inflammatory
responses, p-carotene and other carotenoids may beoxidisedto epoxides and
other reactive derivatives, whichthen act aspro-oxidants andas chemical
messengers that stimulate cellular proliferation,especially in carcinogen-altered
epithelial cells (Boosalis et al. 1996, Irribarren et al. 1997). Insuch a situation, pcarotene or its metabolites could have promotedthe latter stages ofcancer. Thus,
itcould be hypothesised that p-carotene or its metabolites protect against cancer
initiation (van Poppel et al. 1992) but act as promoters inthe later stages of
cancer development.
Studies in humans have shown that for a given p-carotene intake, alcohol
consumption and plasma p-carotene concentrations are correlated (Ahmed et al.
1994). Whereas alcoholics generally have low plasma p-carotene concentrations,
presumably reflecting a low intake, alcohol intake per se might in fact increase
serum concentrations of p-carotene in humans evenwith asfew astwo drinks per
day (Forman et al. 1995). The combination of an increase in serum p-carotene
concentrations and a relative lack of a corresponding rise in retinol concentrations
suggest a block in the conversion of p-carotene to retinol by ethanol. Because
alcohol increases p-carotene concentrations, and because cardiovascular
complications are apparently associated with elevated p-carotene concentrations,

13
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Leo & Lieber (1999) suggest that it is possible that p-carotene is cardiotoxic, a
possibility that is still largely unexplored. Furthermore, the hepatotoxicity of the
combination of alcohol and p-carotene was found to be exacerbated when the
latter is given as beadlets (Leo et al. 1997). Beadlets resulted in a proliferation of
the smooth endoplasmic reticulum and in leakage of mitochondrial glutamate
dehydrogenase into plasma, reflecting mitochondrial injury (Leo et al. 1997). The
reason for this toxicity is not clear. The composition of the beadlets is proprietary;
of the known ingredients, none have been identified as toxic. Indeed
subsequently, the data oftheATBC study and CARET showedthat the increased
incidence of pulmonary cancer was related tothe amount of alcohol consumed by
the participants (Albanes et al. 1996,Albanes etal. 1997,Omenn et al. 1996).

FOLICACIDAND HEALTH
The term folate refers to a group of compounds that exhibit vitamin activity similar
to that of pteroyl-L-glutamic acid (folic acid). Pteroic acid and hydrogenated and
methylated derivatives can be conjugated to one glutamyl residue (monoglutamyl
folates) or to more glutamyl residues (polyglutamylfolates). Folate is essential for
haematopoiesis but is now receiving attention in other areas. Folates are
abundant in many of the same fruits and vegetables that are rich in carotenoids.
Folic acid is a leading candidate for being primarily responsible for reducing
plasma homocysteine concentrations. A low intake of folate is associated with
increased plasma homocysteine levels (Selhub et al. 1993), cardiovascular
disease (Rimm et al. 1998) and colon cancer (Giovannucci et al. 1995). An
elevated plasma homocysteine concentration is a risk factor for neural tube
defects (Steegers-Theunissen et al. 1991) and cardiovascular disease (Graham
et al. 1997, Kang et al. 1992, Nygard et al. 1995, Pancharuniti et al. 1994,
Verhoef et al. 1996). Folic acid, vitamin B12, methionine, and choline are
intimately interrelated in methyl group metabolism. Inadequate folate intake first
leads to a decrease in plasma folate concentration, then to a decrease in
erythrocyte folate concentration, a rise in homocysteine concentration, and
ultimately to megaloblastic changes inthe bone marrow and other rapidly dividing
cells. Folate deficiency causes extensive incorporation of uracil instead of thymine
into human DNA, leading to chromosomal breaks. This mechanism is the likely
cause of the increased cancer risk, and perhaps the cognitive defects associated
with lowfolate intake (Ames 1998).
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BIOAVAILABILITY OF FOOD CONSTITUENTS
Accurate information on the bioavailability of nutrients and nonnutrients is needed
in order to devise food-based strategies for long-term alleviation of deficiency
and/ortodevisefood or supplement-based interventions to reduce riskfor chronic
diseases, which appear linked to these food constituents. Thus, it is important to
be able to estimate the uptake of the food constituents from the gastrointestinal
tract; the extent of their metabolism in the intestinal wall and in other tissues of
the body, including conversion to the active form of a nutrient; the concentrations
reached and maintained in various organs and tissues of the body; and the rate
and mode of excretion from the body. Vitamin toxicity is a growing problem and
here, too, bioavailability and bioconversion is important. For example, the selflimiting conversion of carotenoids to retinol apparently prevents retinol toxicity
(Bates 1989), although very high intakes of some carotenoids can lead to
hyperpigmentation oftissues (Dimitrovet al. 1988, Diplock 1995).
The term bioavailability is used by a variety of investigators in various fields of
research. The following series of definitions is used to clarify the situation,
especially since the well-established toxicological/pharmacological definition of
bioavailability is not compatible with the nutritional use of the term. Bioavailability
can be defined as the proportion of a nutrient ingested which becomes available
to the body for metabolic processes (Macrae et al. 1993) or the proportion of a
nutrient being capable of being absorbed and available for useor storage or more
briefly the proportion of a nutrient that can be used (Bender 1989). In order for a
nutrientto be capable of being used-oravailable - it must either be present inthe
diet in a form that can be transported across the mucosa, or the ingested forms
must be capable of being transformed into transportable forms and the nutrient
must be absorbed in a form that can be utilised in normal metabolism. More
recently bioavailability has been defined as the fraction of an ingested nutrient
that is available for utilisation in normal physiological functions or for storage
(Jackson 1997). The term bioconversion is used to refer to the conversion to the
active form of a nutrient. The overall process from ingestion tothe formation of an
active form of a nutrient istermed bioefficacy although this is often referred to as
bioconversion.
Factors affecting bioavailability and bioconversion
Thefactors that affect nutrient, and nonnutrient, bioavailability, and insome cases
bioconversion, include: Species of carotenoid; molecular Linkage; Amount of
carotenoid consumed in a meal; Matrix in which the nutrient is incorporated;
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Effectors of absorption and bioconversion; Nutrient status of the host; Genetic
factors; Host related factors; and Interactions. By using the capitalised letter, the
mnemonic SLAMENGHI has been introduced to order these factors (Castenmiller
& West 1998, de Pee & West 1996, West & Castenmiller 1998). The
bioavailability of iron has been examined thoroughly (Benito & Miller 1998, Hurrell
1997), whereas little information is available on the bioavailability and
bioconversion of other food components, especially nonnutrients. Current
knowledge of each of the SLAMENGHI factors for carotenoids is discussed in
Chapter 2. Some of the factors can be manipulated, for example, the amount
consumed,thefood matrixorthe amount offat or dietary fibre inameal.

BIOAVAILABILITY OF CAROTENOIDS
Absorption and transport of carotenoids
Carotenoids are absorbed in a similar manner to other fat-soluble compounds.
They are incorporated into mixed micelles, which areformed from triacylglycerols,
phospholipids, other fat-soluble compounds and bile salts. The carotenoids are
then absorbed intact in the small intestine by passive diffusion into the
enterocytes or cleaved in the intestinal mucosa, forming retinyl esters, and
subsequently incorporated inchylomicrons and transported in chylomicrons to the
liver. Carotenoids, and tocopherols, can be resecreted from the liver with
lipoproteins for transport by plasma to other tissues. In man,about 75-80% of the
carotenoid hydrocarbons (p-carotene and lycopene) is transported in large, less
dense low-density lipoproteins (LDL), 12%invery low-density lipoproteins (VLDL)
and 8% in high-density lipoproteins (HDL) (Krinsky et al. 1958, Lowe et al. 1999,
Mathews-Roth & Gulbrandsen 1974), whereas lutein and zeaxanthin are more
evenly distributed between the smaller, more dense LDL particles and high
density lipoproteins (Cornwell et al. 1962, Lowe et al. 1999). Among all
lipoproteins,transfer of p-carotene may occur (Johnson & Russell 1992).
Carotenoids may interact with each other during intestinal absorption,
metabolism and serum clearance (Gaziano et al. 1995, Kostic et al. 1995). The
concentration of various carotenoids in serum and other tissues depends not only
on their absorption but also on differential uptake and subsequent metabolism,
including the conversion of provitamin A carotenoids to retinol, by various tissues.
For example, after ingestion of p-carotene, both p-carotene and retinol are found
in serum, liver and adipose tissue (Krinsky et al. 1990). Lutein has been shown to
accumulate in the eye (Nussbaum et al. 1981), while a-carotene, p-carotene,
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lycopene, zeaxanthin, and cryptoxanthin accumulate in a variety of tissues
(Kaplanetal. 1990).
Provitamin A carotenoids are converted to retinol by the action of 15-15'carotenoid dioxygenase. This process occurs primarily in the enterocytes
although enzyme activity is found in other tissues such as the liver. It is not yet
established beyond doubt whether just one enzyme exists and whether the
cleavage of p-carotene is central or not (Wolf 1995). The formation of p-apo-13carotenone and beta-apo-14'-carotenal provides direct evidence for an enzymatic
eccentric cleavage mechanism (Tang et al. 1991). Parker et al. (1993) used Relabelled p-carotene in humans and recovered most of the label in retinyl esters.
This finding would suggest that p-carotene cleavage is central; central oxidation
of p-carotene theoretically yields two molecules of retinol. Other provitamin A
carotenoids apparently yield 1 mol retinol per mol carotenoid undergoing
metabolism.
Methods to determine bioavailability of carotenoids
Various methods have been used up until now to measure carotenoid
bioavailability and bioconversion. The balance method compares the amount of
carotenoid recovered inthe faeces with that fed. Studies from India indicated that
between one quarter and a half of p-carotene in amaranth was recovered in
faeces suggesting that the remainder was absorbed andconverted to retinol (Lala
& Reddy 1970). Three to five year old children absorbed 75% of a single dose of
1200 ug p-carotene from an alga (Annapurna et al. 1991) and 45% of a
supplement of 14 mg carotene with oil was absorbed in a placebo controlled
experiment with 9-16 year old boys (Roels et al. 1958). Shiau et al. (1994)
assessed the retention time of p-carotene during transit through the intestine by
using the total gut washout method. For subjects receiving no meal, 83% of
ingested p-carotene was recovered in rectal effluent collected within 24 hours
post-p-carotene administration, whereas the quantity of p-carotene in faeces of
individuals receiving meals was 49-71%. Goodman and colleagues (1966)
administered 14C-labelled to subjects and recovered 9 and 17% of the
radioactivity of p-carotene in lymph over a 20-h period. This result suggests that
balance studies overestimate absorption. Probably, carotenes are broken down in
the large intestine. Nowadays medical ethical committees are reluctantto approve
studies using radioactive isotope-labelled compounds, such as 14C-labelled pcarotene and retinol, in human subjects. More recently, uniformly labelled 13C-pcarotene (Parker et al. 1993) and 2H-labelled d8-p-carotene (Dueker et al. 1994,
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Novotny et al. 1995) have been used to measure relative p-carotene
bioavailability and conversion to retinol. However, without the administration of
labelled retinol it is not possible to quantify the contribution, which p-carotene
makes to retinol synthesis. At the Division of Human Nutrition and Epidemiology
(Wageningen University), a method has been developed using 13Cio-P-carotene
and 13C10-retinyl palmitate to quantify the bioavailability and bioconversion of pcarotene (van Lieshout et al. 1999).
Most studies on bioavailability and bioconversion have measured p-carotene
and retinol concentrations inserum or plasma. With the methods used, itwas not
possible to study the metabolism of p-carotene. Relative bioavailability can be
measured by comparing the serum response of a carotenoid-rich food relative to
a synthetic supplement of the carotenoid dissolved in oil (Brown et al. 1989,
Jensen et al. 1986, Masaki et al. 1993, Micozzi et al. 1992).Another modification
of the serum response is to measure the concentration of p-carotene and retinyl
esters and other carotenoids invarious lipoprotein fractions (vanVliet et al. 1995,
van den Berg 1998). Results from several studies comparing weighed intakes of
carotenoids and mean plasma concentrations suggest that plasma carotenoid
concentrations are indicative of dietary intake, but the large intra-individual
variation in plasma concentrations indicates that any assessment of longer-term
status from data at any one time-point should be treated with caution (Scott etal.
1996).

BIOAVAILABILITY OF FOLATE
Based on a review of the literature, Brouwer et al.(1999) concluded that the food
matrix and the amount of folic acid consumed are the main factors influencing
folate bioavailability.
Absorption and transport of folate
Natural folates are present primarily inthe polyglutamateform. Before absorption,
glutamate moieties distant tothe proximal glutamate residue must be removed by
the enzyme conjugase pteroylpolyglutamate hydrolase. After hydrolysis to
monoglutamates, two different transport systems are present. Folates can be
bound to membrane-associated folate binding proteins and transported across
the brush border membrane by a carrier-mediated mechanism. Active mucosal
transport is accelerated by glucose and galactose and impaired by unidentified
factors present in many foods. At high intraluminal concentrations of folate (>10
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|JM) a nonsaturable diffusion-mediated transport system plays a major role in
folate absorption (Mason et al. 1990). Folic acid absorbed from the intestine at
physiological concentrations is largely converted to reduced forms and then
methylated or formylated, whereas at higher concentrations, it is transported
through the enterocytes without such modifications (Herbert & Das 1994). Folate
is delivered to bone marrow cells, reticulocytes, liver, cerebrospinal fluid, and
renal tubular cells. Prior to tissue storage or use as a coenzyme, folate
monoglutamate isconverted tothe polyglutamateform.
Methods to determine bioavailability of folate
Folate bioavailability can be determined by measuring urinary excretion of
labelled folate (Gregory et al. 1991, Gregory et al. 1992) and area-under-thecurve (AUC) of serum folate (Bailey et al. 1988, Pfeiffer et al. 1997, Tamura &
Stokstad 1973). The primary indicator of folate adequacy selected is red cell
folate, which reflects tissue folate stores and is an indicator of long-term status.
Plasma homocysteine concentration increases when inadequate quantities of
folate are available to donate the methyl group that is required to convert
homocysteine to methionine. Serum or plasma folate concentration is considered
a sensitive indicator of dietary folate intake (Jacques et al. 1993). High intakes of
500 ug of folic acid or more have no additional effect on improving the functional
parameter offolate status, plasmatotal homocysteine concentration. Itis not clear
whether highdoses offolic acid pose health risks (Brouwer etal. 1999).

ROLEAND MECHANISM OFACTION OF ANTIOXIDANTS
It isdifficult to interpret whether the apparent benefits offruit and vegetable intake
are due to antioxidant vitamins, other nutrients, nonnutrients, dietary habits or
other lifestyle characteristics. Foods and the human body are under constant
oxidative stress from free radicals, reactive oxygen and nitrogen species and
other prooxidants. Antioxidants are needed to prevent the formation and oppose
the actions of reactive oxygen and nitrogen species, which are generated in vivo
and cause damage to DNA, lipids, proteins, and other biomolecules. It is
however, important to emphasise that not all reactions in living systems that
involve free radicals are damaging; thus, several normal biological processes in
vivo depend on free radicals (Diplock et al. 1994). Cells have intact
prooxidant/antioxidant systems that function continuously to generate and to
detoxify oxidants during normal aerobic metabolism. Oxidative stress is an
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imbalance between prooxidants and antioxidants infavour of the prooxidants and
has been demonstrated to play a role in many diseases, including cancer,
cardiovascular and pulmonary diseases (Bast et al. 1998). Radicals of oxygen
(superoxide anion and hydroxyl, alkyoxyl, and peroxyl radicals), reactive
nonradical oxygen species (hydrogen peroxide and singlet oxygen) and radicals
of carbon, nitrogen, and sulfur constitute the variety of reactive molecules that
cause oxidative stress to cells. Radicals are defined as any atom or molecule that
contain one or more orbital electrons with unpaired spin states;the radical may be
a very small molecule such as oxygen or it may be a part of a large biomolecule
such as a protein, carbohydrate, lipid, or nucleic acid (Diplock 1994, Thomas
1994). They are in many instances highly reactive because the unpaired state is
thermodynamically unstable. The effectiveness of an antioxidant against oxidative
stress depends on its ability to counteract the specific molecules causing the
stress andthe cellular or extracellular location ofthe source ofthese molecules.
In response to oxidative stress, biological tissues have developed
multicomponent, multiphasic antioxidants (Decker 1998). Antioxidants might act
through donation of electrons or hydrogen atoms (Bast et al. 1998). However, the
first line of defence, which is largely enzymatic, is to prevent the generation of
radical species derived from molecular oxygen. The enzymes superoxide
dismutase, catalase and glutathione peroxidase are ubiquitously distributed in all
aerobic organisms (Madhavi et al. 1996). Superoxide dismutase prevents the
accumulation of superoxide anion (0 2 *), which is not membrane-permeable, by
converting it to hydrogen peroxide (H 2 0 2 ), which is metabolised by catalase or
glutathione peroxidase towater. The second line of defence isto reverse damage
or prevent further damagetocellular constituents such as lipids and nucleic acids.
To support both the first and second line of defence, a pool of antioxidants is
required. These include endogenous constituents, such as serum proteins and
their thiol groups, bilirubin, urate andglutathione and dietary constituents, such as
ascorbic acid, tocopherols, carotenoids and flavonoids. The second line of
oxidative defence can most clearly be seen in the case of lipid peroxidation. The
polyunsaturated fatty acids (PUFA:H) of cell membranes are susceptible to free
radical attack. A free radical (OH') can extract a hydrogen atom from PUFA:H,
forming a PUFA radical (PUFA*). In combination with oxygen, a peroxyl radical is
produced (PUFAiOO*) which reacts with PUFA:H to form a hydroperoxide
(PUFA:OOH) and another PUFA*. Moreover in the presence of iron or copper
PUFA:OOH can undergo one electron reduction to form more free radicals
(PUFA:0* and OH*) (Duthie 1993). Primary antioxidants can react with peroxyl
radicals before they react further with unsaturated lipid molecules and convert
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them to more stable products. The best-known primary antioxidants are phenolics
and tocopherols. Secondary antioxidants are compounds that retard the rate of
chain initiation by various mechanisms other than the pathway followed by the
primary antioxidants. The secondary antioxidants reduce the rate of autoxidation
of lipids by such processes as binding metal ions, scavenging oxygen,
decomposing hydroperoxides to nonradical products, absorbing UV radiation, and
deactivating singlet oxygen (Madhavi et al. 1996). Some of the major antioxidant
defence mechanisms withinthe cellaredepicted inFigure2.
There is no doubt that antioxidants are ofgreat importance inthe aetiology ofa
number of different human diseases. It is critical to provide evidence that a diet
with a high antioxidant capacity and activity from fruits and vegetables can either
increase the overall antioxidant capacity or change the relative balance between
individual antioxidant components in the human body; otherwise, any antioxidant
hypotheses related to the protection of fruits and vegetables against diseases
would not be sustained. Antioxidants may act synergistically. Palozza & Krinsky
(1992) showed that p-carotene can act synergistically with a-tocopherol in rat liver
microsomes: p-carotene regenerated a-tocopherol from the a-tocopheroxy
radical. Tocopherol functions synergistically with ascorbic acid, which can react
with tocopherol radicals to regenerate tocopherol. Glutathione reduces the
ascorbyl free radical and ascorbate can regenerate a-tocopherol from the atocopherol free radical (Haenen & Bast 1983) or repair the p-carotene radical
(Bohm et al. 1998). Tocopherol, especially together with ascorbic acid, destroys
nitrite, an essential component in the food chain associated with cancer of the
stomach, oesophagus and liver (Weisburger 1991).
Carotenoids as antioxidants
Carotenoids have been shown to possess antioxidant activity in vitro.
Nevertheless, there is no convincing evidence that carotenoids possess
antioxidant activity in humans. Carotenoids such as a-carotene, p-carotene,
lycopene, and some oxycarotenoids, such as zeaxanthin and lutein, exert
antioxidant functions in lipid phases by physical or chemical quenching of singlet
oxygen (102) or by reacting with a variety of free radicals (Burton & Ingold 1984,
Sies & Stahl 1995). The antioxidant action is limited to low oxygen partial
pressures, less than 150 torr, and at higher oxygen pressures p-carotene may
become prooxidant (Krinsky 1993).
In plant chloroplasts, carotenoids are important scavengers of singlet oxygen
generated by an excited state of chlorophyll. The ability to quench singlet oxygen
is related tothe number of double bonds inthe molecule. Carotenoids with 9to 11
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Figure 2. Major antioxidant defence mechanisms withinthe cell.
R*, free radical;PUFA:H,polyunsaturatedfattyacid;PUFA:OOH,fatty
acid hydroperoxide; PA2, phospholipase A2; X, can beeither ascorbic
acid or a carotenoid while X* is the corresponding radical; GSH,
reduced glutathione; GSSG, oxidised glutathione; GPx, glutathione
peroxidase; GR, glutathione reductase; Cat, catalase; SOD,
superoxide dismutase

conjugated double bonds, which includes all the carotenoids in Figure 1, are
electron-rich andcanabsorbthe energy fromthe singlet oxygenanddistribute it
over all the single and double bonds in the molecule. These carotenoids are
reportedtobebetterquenchersthanthosewitheightorfewerconjugateddouble
bonds are (Hirayama et al. 1994). Thus, carotenoids are able to take over and
absorb the energy from molecules inhigh-energy states. Inthis way carotenoids
can quench the higher-energy form of oxygen, singlet oxygen (102). After this
reaction,theoxygenreturnstoitsbasictripletstate(302):
1

22

0 2 +1carotenoid->3 0 2+ 3carotenoid

General introduction

The 'energised' carotenoid (3carotenoid)then releases the absorbed energy inthe
formofheat,thereby restoring itto itsnormalenergylevel.
3

carotenoid -> carotenoid + heat

Carotenoids are therefore not destroyed during the process and can repeat the
process with additional singlet oxygen molecules (Bast et al. 1998, Britton 1995a,
Krinsky 1994, Madhavi et al. 1996).
The proposed antioxidant mechanisms of carotenoids against free radicals, as
in lipid oxidation, includes electron transfer, which results in the formation of
carotenoid radical cations, addition reactions forming carotenoid-adduct radicals
and further radical reactions, in which carotenoids act as hydrogen atom donors
forming neutral carotenoid radicals (Bast et al. 1998, Haila 1999). Electron
transfer results intheformation of acarotenoid radical cation,asfollows:
carotenoid -> carotenoid** +e'
The resulting electron might be usedto neutralise free radicals (R*):
R* +e"-» R
The carotenoid radical cation might also undergo a dismutation reaction,whereby
a radical termination occurs:
2 carotenoid** -> carotenoid +carotenoid2*
Different carotenoid structures will differ in their ability to participate in electron
transfer reactions. Addition reactions form carotenoid-adduct radicals, which can
reactfurther toform a non-radical product:
ROO*+carotenoid -> ROO-carotenoid*
ROO-carotenoid* + ROO* -> ROO-carotenoid-ROO
Hydrogen abstraction leadstoformation ofthe neutral carotenoid radical:
R*+carotenoid -> RH+carotenoid*
At higher oxygen pressure, carotenoid-adduct radicals can react with oxygen to
23

Chapter 1

generate acarotenoid-adduct peroxylradical:
ROO-carotenoid* +0 2 -> ROO-carotenoid-OO*
This latter compound might havea prooxidant activity.
From this short description itcan beconcluded that the possible antioxidative role
ofcarotenoids in nutrition iscomplex.

OUTLINE OFTHE THESIS
The objective ofthis thesis isto study the bioavailability of carotenoids andfolate,
with special emphasis onthe effect ofthe food matrix oncarotenoid bioavailability
and to obtain insight in the antioxidant or prooxidant activity of various spinach
products in manand inspinach products.
In Chapter 2, an overview of the literature is given on the state of our
knowledge with regard to factors affecting the bioavailability and bioconversion of
carotenoids. As indicated by the mnemonic (SLAMENGHI) the bioavailability of
carotenoids is influenced by extrinsic and intrinsic factors while dietary and
nutrient interactions may also play a role.The effect ofthe food matrix and dietary
fibre on the bioavailability of carotenoids and folate was examined in a controlled
dietary intervention study described in Chapters 3 and 4, respectively. Whether
the bioavailability or intake of carotenoids ((3-carotene and lutein) has an effect on
markers of enzymatic and non-enzymatic antioxidant activities in human blood is
examined in Chapter 5. And in Chapter 6 the antioxidant activity of differently
processed spinach products wastested indifferent models.
Spinach was selected as the experimental vegetable because in Europe,
spinach is the most popular frozen vegetable. The mean intake of carotenoids in
the Netherlands is estimated to be for a-carotene, (3-carotene and lutein plus
zeaxanthin, 0.7, 3.0, and 2.5 mg/d, respectively. The most important foods
contributing to the intake of p-carotene were carrots, while spinach, endive and
kale contributed to the intake of p-carotene and lutein plus zeaxanthin (Goldbohm
et al. 1998). The results are discussed and the conclusions are presented in
Chapter 7.
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ABSTRACT
Factors that influence the bioavailability of carotenoids and their bioconversion to
retinol are species of carotenoids, molecular linkage, amount of carotenoids
consumed in a meal, matrix in which the carotenoid is incorporated, effectors of
absorption and bioconversion, nutrient status of the host, genetic factors, hostrelated factors, and mathematical interactions. Inthis paper, current knowledge of
thesefactors isexamined.Although dataare notsufficiently comparable toallowan
extensive systematic comparison of results, a number of conclusions can be drawn
fromthe information nowavailable.

INTRODUCTION
Carotenoids are importantto manandother animals asprecursors ofvitaminAand
retinoids. In addition, they act as antioxidants, immunoenhancers, inhibitors of
mutagenesis and transformation, inhibitors of premalignant lesions, screening
pigments in primate fovea, and nonphotochemical fluorescence quenchers.
Increased dietary intake of carotenoids is associated with decreased risk of (a)
macular degeneration and cataracts, (b) some cancers, and (c) some
cardiovascular events (Krinsky 1993).Carotenoids also have awidespread function
or use incoloration.
Naming
Mostcarotenoids can bedescribed bythe generalformula C4oH56Onwhere nis0-6.
Hydrocarbons {n= 0) aretermed carotenes andoxygenated carotenoids are called
xanthophylls. According to the International Union of Pure and Applied Chemistry
(IUPAC 1959) recommendation for semi-systematic names, the trivial names for
carotenes, such as a-carotene and (3-carotene, should be replaced by p,e-carotene
and p,p-carotene respectively. However, the trivial names are well-established and
moreconvenientto use,sothetrivial names ratherthanthe IUPAC semi-systematic
namesareused inthis paper.
Bioavailability
Bioavailability isthe fraction of an ingested nutrient that is available for utilisation in
normal physiologicalfunctions orfor storage (Jackson 1997). Published information
on carotenoid bioavailability is based mainly on measurement of carotenoids in
serum or plasma after ingestion. It should be noted that at steady state, plasma
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