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1. “Natuurliik® wordt vaak ten onrechte verward met gezond; wat betreft de
biobeschikbaarheid van carotenoiden zijn juist de “onnatuurlijke” en technologisch
bewerkte bronnen beter (dit proefschrifi).

2. Optimalisatie van de biobeschikbaarheid van carotenoiden is geen geldig excuus voor
een vetrijke maaltijd {dit proefschnft).

3. Homogenisatie verbetert de biobeschikbaarheid van carotenciden uit groenten. De
Holtandse stamppot is daarom zo slecht nog niet (dit prosfschrift).

4. Een beperking in de aanwezigheid van gevalideerde biomarkers en gevoelige
analysemethoden is een limiterende factor voor de vooruitgang in de
voedingswetenschap.

5. Het gebruik van functional foods noopt tot een verdergaande individualisering van het
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meer stress dan zijn vertragingen.
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Abstract

Dietary factors that affect carotenoid bioavaitability

PhD thesis by Karin H. van het Hof, Department of Human Nutrition and Epidemiology,
Wageningen Agricultural University, the Netherlands, June 4 1999,

Carotenoids are thought to contribute to the beneficial effects of increased vegetable consumption,
To better understand the potential benefits of carotenoids, we investigated the bicavailability of
carotenoids from vegetables and dietary factors which might influence carotenoid bioavailability.

In a four weeks intervention trial, we found that the increases in plasma concentrations of p-
carotene and lutein after consumption of a high vegetable diet were 14% and 67%, respectively, of
those after consumption of the same amount of carotenoids, supplied in their purified form. in
another study, it appeared that the bioavailability of p-carotene was particularly low from spinach.
Broceoli and green peas were more effective in enhancing plasma concentrations of (-carotene
after four days consumption {relative bicavailability ca. 3%, 74% and 98% for spinach, broccoli and
green peas, respectively). Disruption of the vegetable matrix by mechanical homogenisation
significantly improved the bioavailability of lutein from spinach by 14% and of lycopene from
tomatoes by 20 to 60%. One hour additional heating of the tomatoes (100°C) also enhanced the
bioavailability of lycopene but this effect lacked significance.

Carotenoids are absorbed in association with dietary fat and therefore the presence of dietary
fat is thought crucial for carotenoid absorption. Four weeks cansumption of a full-fat margarine
(80% fat), supplemented with a-carotene and p-carotene, effectively enhanced blood
concentrations of these carotenoids. In a further study, we found that in healthy adult volunteers,
only a small amount of fat (i.e. 3-5 g per meal) was sufficient to ensure uptake of a-carotene and p-
carotene. For lutein supplied as lutein esters, however, the amount of fat required for optimal
uptake was greater. Daily consumption of an unabsorbable fat replacer, sucrose polyester, with
the main meal for four weeks, significantly reduced the bioavailability of carotenoids. Plasma
concentrations of B-carotene and lycopene were reduced by 20% and 38% if 3 gfd sucrose
polyester was consumed.

Interaction among carotenoids appeared to interfere with carotenoid bicavailability in some but
not all cases. Simultaneous ingestion of a-carotene and B-carotene did not affect the bicavailability
of p-carotene whereas four weeks supplementation with p-carotene and lutein significantly
reduced the plasma concentration of lycopene by 39%.

In conclusion, the type of food matrix in which carotenoids are located largely determines their
bicavailability. Processing, such as mechanical homogenisation or heat treatment, has the
potential to enhance the bicavailability of carotencids from vegetables. The amount of dietary fat
needed to ensure carotenoid absorption seems low, although it depends on the physico-chemical
characteristics of the carotenoids ingested. Unabsorbable, fat-soluble compounds reduce
carotenoid absorption and interaction among carotenoids may also result in a reduced carotenoid
bioavailability.

Research into the functional benefits of carotencids should consider the fact that the
bioavailability of p-carotene in particular is one order of magnitude higher when provided as pure
compound added to foods than when naturally present in foods.
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CHAPTER 1

INTRODUCTION

The importance of fruit and vegetable consumption has been linked in the past 50-100
years to the prevention of micronutrient deficiencies. More recently, epidemiological
studies have indicated that a high intake of fruits and vegetables is also associated with a
reduced risk of chronic diseases, such as some types of cancer and cardiovascular
disease (Steinmetz & Potter, 1991; Block et al, 1992; Ness & Powles, 1987; Willet &
Trichopoulos, 1997; Law & Morris, 1998). These beneficial effects of fruits and vegetables
cannot fully be explained by their established role as a source of micronutrients. It has
been suggested that other plant compounds, such as carotenoids, which are abundantly
present in fruits and vegetables, contribute to the beneficial effects of fruit and vegetable
consumption (Peto et al, 1981; Gey, 1995; Kohlmeier & Hastings, 1895; Van Poppel,
1996).

Carotencids belong to a large class of fat-soluble, yellowish-red pigments which are
synthesised by bacteria, algae, fungi and plants, but not by animals, including humans.
More than 600 carotenoids have been identified in nature. In contrast, only seven
carotenoids are found in appreciable amounts in humans. These include «-carotene, -
carotene, lutein, zeaxanthin, lycopene, o-cryptoxanthin and p-cryptoxanthin (Figure 1).
These carotenoids are found in a wide range of foods, among which fruits and vegetables
are the richest dietary sources (Mangels et al, 1993; Heinonen et al, 1989; Ollilainen et al,
1989). Carrots are particularly rich in o-carotene and p-carotene, green vegetabies are
highest in lutein, maize in zeaxanthin and tomatoes and tomato products are the major
dietary sources of lycopene. Cryptoxanthin is mainly provided by cranges and tangerines
(Chug-Ahuja et al, 1993; Mangels et al, 1993; Scott et al, 1996; Heinonen et al, 1989).
Average dietary intake of carotenoids in the US and European countries is about 6-8 mg/d
of total carotenoids and 0.5-3 mg/d of individual carotenoids, among which the intake of -
carofene, lycopene and lutein is highest (Chug-Ahuja et al, 1993; Jarvinen et al, 1995;
Nebeling et al, 1996; Scott et al, 1996; Goldbohm et al, 1998).

The function of carotenoids in plants is related to light energy collection and
photoprotection in photosynthetic membranes of the leaves {Cogdell & Gardiner, 1993). In
humans, some of the carotencids, such as a-carotene, B-carotene and B-cryptoxanthin,
can be converted into vitamin A. Other functions of carotencids may be related to their
antioxidant properties (Burton and Ingold, 1984; Sies and Stahl, 1995), ability to interfere
with inter-cellular communication (Zhang et al, 1991) and/or immunomodulation (Santos
et al, 19986).
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Figure 1 Structures of major carotenoids found in human plasma.

Currently, the role of carotencids in the prevention of chronic diseases is still a
hypothesis and is not yet confirmed by intervention trials on the effects of carotenoid
supplementation at dietary intake levels (IARC, 1998; Kritchevsky, 1999). To increase our
understanding of the possible beneficial effects of carotencids, it is important to obtain
more knowledge of the bioavailability of these compounds. in addition, it may be of
interest to identify options to enhance the contents or bioavailability of carotenoids
present in fruits and vegetables, in order to optimise their health potential. In particular
increasing the bicavailability seems relevant for carotenoids. De Pee et al (1995) showed
that the bioavailability of p-carotene from green leafy vegetables was lower than
previously thought (Hume & Krebs, 1949). They therefore questioned the effectiveness of
programmes stimulating home gardening of green leafy vegetables as a way to reduce
the prevalence of vitamin A deficiency in developing countries. Consumption of foods
enriched or fortified with carotencids may be an easier approach than increasing total fruit
and vegetable consumption to improve the health status of the population. To ensure the
effectiveness, the choice of the food carrier is very important and requires knowledge of
the factors that may interfere with the bioavailability and bioefficacy of carotenoids.

The term “bioavailability” is used above as a descriptor of the processes that occur
after consumption of a nutrient, which include absorption at the intestinal level, and
subsequent distribution and metabolism or storage of the nutrient in the body. A working
definition of bioavailability that is often used originates from pharmacology, i.e.. “the
proportion of a nutrient ingested that becomes available for usage or storage in a target
tissue”. This introductory chapter describes the current knowledge of the processes
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CHAPTER 1

underlying carotenoid bioavailability, i.e. carotenoid absorption, distribution, metabolism
and excretion, At the end of this introduction, the outline of this thesis and the research
questions that will be addressed, are presented.

CAROTENOID ABSORPTION

Absorption process

Carotenoids are fat-soluble compounds which are absorbed along with dietary fat.
Therefare, their absorption process resembles that of fat absorption. Figure 2 shows a
schematic overview of carotenoid absorption. The first step after ingestion includes
disruption of the food matrix, mechanically and by digestive enzymes, and the subsequent
release of the carotenoids from this matrix and from protein complexes (Britton, 1995).
After solubilisation in lipid droplets, the carotencids released are incorporated into mixed
micelles which are formed from triglycerides, phospholipids and cholesteryl esters and
their hydrolysis products together with conjugated and unconjugated bile salts.
Subsequently, carotenoids are taken up, most likely by passive diffusion, into the
enterocytes of the intestinal wall. Within the enterocytes, a proportion of the provitamin A
carotenoids is enzymatically cleaved and converted to retinol and eventually to retinyl
esters. These cleavage products and intact carotenoids are then incorporated into
chylomicrons and transported via the lymph into the blood. Chylomicrons contain
triacylglycerol, phopholipids, cholesteryl esters, carotenoids, retinyl esters, and other fat-
soluble compounds. Triacylglycerols in chylomicrons are lipolysed, mediated by
lipoprotein lipase in extrahepatic tissues, resulting in the uptake of lipolysis products by
these tissues and formation of chylomicron remnants which still contain the carotenoids
absorbed. The majority of these chylomicron remnants are cleared from the plasma by
the liver, and a small part is directly taken up by other tissues (Erdman et al, 1993; Olson,
1994; Parker, 1996; Furr & Clark, 1997).

Quantification of carotenoid absorption

Only few data are available on the extent of B-carotene absorption in humans and no
data are available on carotenocids other than B-carotene. Using B-carotene (0.04 - 40 mg)
labelled with radicactive or stable isotopes and dissolved in oil, it was shown that 13-23%
is absorbed after ingestion of a single dose (Goodman et al, 1966; Blomstrand & Werner,
1967; Novotny et al, 1995). There are certain limitations to these studies, as only a small
number of volunteers (n=1-4) was included, some of whom were patients, and because it
was necessary to make assumptions with respect to kinetics of absorption and
distribution. In comparison with the extent to which fat is absorbed, i.e. 95-98% (Small,
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1991), the findings suggest that the uptake of p-carotene is rather low. The reason for this
difference is not clear and it may be related to the poor solubility of -carotene {Borel et
al, 19986),

Liver

&

intestine

Peripheral tissue

Figure 2 Schematic overview of carotenoid absorption and distribution in humans

The extent to which carotenoids from natural foods are absorbed may be even lower as
the matrix in which the carotenoids naturally occur has been shown to be a limiting factor.
p-Carotene located in a complex matrix, such as vegetables, is less bioavailable than p-
carotene dissolved in oil or added to a fat-rich matrix (Micozzi et al, 1992; De Pee et al,
1995). In addition, disruption of the vegetable matrix improves the bioavailability of
carotenoids, as the uptake of lycopene from tomato paste was superior to that of
lycopene from fresh tomatoes (Gartner et al, 1997). Furthermore, the physical form of
carotenoids may be an important factor. Crystalline p-carotene has been shown to be less
available than dissolved p-carotene (Bierer et al, 1995; Zhou et al, 19986). In carrots, -
carotene is present as crystals and this may also explain the low bioavailability of p-
caratene from carrots as compared to p-carotene dissolved in oil (Micozzi et al, 1992,
Zhou et al, 1996).
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There are some indications that the extent of absorption may also vary among different
carotenoids. Serum responses to a single ingestion of lutein or canthaxanthin were larger
than those found after ingestion of a similar amount of B-carotene (2.3-fold larger area
under the serum concentration curve for lutein; 72% higher maximum increase in serum
concentration of canthaxanthin) (Kostic et al, 1995; Paetau et al, 1997). The observed
differences may however be affected by differences in serum clearance and rates of
tissue uptake between the carotenoids investigated and thus not reflect true differences in
absorption, On the other hand, Paetau et al (1997) found the same difference in
carotenoid responses in the triglyceride-rich lipoprotein fraction of serum.

In addition to the variation in extent of carotenoid absomption, caused by the type of
carotenoid and/or dietary factors interfering with carotencid absorption,.é substantial
interindividual variation may be present also. De Pee & West (1996) have summarised
factors related to genetics and other characteristics of the "host”, such as gastrointestinal
infections and parasites, which may influence carotenoid uptake from the diet. In healthy,
well-nourished populations, a large variability of in particular responses of plasma or
sefum B-carotene concentrations to supplementation has been reported (Brown et al,
1989; Nierenberg et al, 1991). Some volunteers have even been identified as so-called
non-responders; people who show no or a very small increase in p-carotene
concentration in chytomicrons or plasma following p-carotene supplementation (Johnson
& Russell, 1992; Stahl et al, 1995). The mechanism underlying this variation may not only
be related to differences in carotenoid absorption but also to differences in lipoprotein
metabolism among people (Borel et al, 1998).

In summary, although the pathway of carotenoid absorption is largely known, the extent
to which carotenocids are absorbed is less clear and may depend on their nature as well
as on external factors in the diet. In addition, the extent of carotenoid absorption varies
among individuals.

CAROTENOID DISTRIBUTION

After absorption and incorporation in chylomicrons within the enterocytes and
subsequent uptake in the blood stream via the lymph, carotenocids are released from
chylomicron remnants into the liver and other tissues. In the liver, provitamin A
carotenoids can be converted to retinoids as the cleavage enzyme is not only present in
enterocytes but also in liver cells. Alternatively, carotenoids as such can be stored in the
liver or incorporated in very low density lipoprotein (VLDL) and be resecreted into the
blood. VLDL is subsequently transformed into low density lipoprotein (LDL) and
carotenoids located in LDL are transported to tissues. This is analogous to the role of LOL
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in delivering cholesterol to peripheral tissues (Figure 2). High density lipoproteins (HDL)
on the other hand, transport cholesterol from peripheral tissues to the liver and
carotenoids located in HDL are thus transported along with this reverse cholesterol
transport. Johnson & Russell (1992) confirmed these processes as they showed that after
consumption of a -carotene supplemented meal (120 mg), the g-carotene concentration
initially increased in chylomicrons, with maximum concentrations 3 h post ingestion,
followed by an increase in VLDL carotenoid concentration, reaching peak concentrations
after 9 h. After an initial reduction, a significant increase in cancentrations of p-carotene in
LDL and HDL was observed from 12 h to 3 days following pB-carotene ingestion.

During fasting, LDL and HDL are the major carriers of carotenoids in plasma as
chylomicrons and VLDL are formed only after consumption of dietary fat and cleared
rapidly within 12 hours. Generally, 60-70% of the carotenoids is found in LDL and 10-30%
in HDL when subjects have been fasting for at least 12 hours (Johnson & Russell, 1992;
Manago et al, 1992; Romanchik et al, 1995; Traber et al, 1994). This distribution is
however dependent on the type of carotenoid as lutein, which is less lipophilic than p-
carotene and lycopene, was shown to be equally distributed over LDL and HDL in fasting
subjects (44% and 38% respectively) (Romanchik et al, 1995). Due to this direct
association of carotenoids to lipoproteins, plasma or serum concentrations of carotenoids
are positively related to total cholesterol concentrations {Brady et al, 1996; Vogel et al,
1997).

Carotenoids are found in various organs. Examples of tissues which specifically
accumulate lutein (and zeaxanthin) are the corpus luteum and the yellow spot in the retina
(macula lutea). The mechanism and importance of this accumulation is not clear, although
lutein and zeaxanthin may accumulate in the macula to filter blue light and to prevent
photo-oxidative stress and thus reduce the risk of age-related macular degeneration {(Eye
Disease Case-Control Study Group, 1993; Seddon et al, 1994). The concentrations of
carotenocids reported to be present in various tissues are shown in Table 1. Adipose
tissue, liver and the adrenals seem to be the major sites of deposition, although tissue
distribution varies among the different types of carotenoids.

As indicated above, LDLs transport carotenoids from the liver to peripheral tissues,
concurrent with cholesterol transport. Therefore, the number of LDL receptors on tissue
cells has been suggested to be related to the tissue content of carotenoids because
tissue uptake of carotenoids may be mediated by these receptors (Parker, 1989). This is
in line with the relatively high carotenoid concentrations in the liver and adrenals.
However, the mechanisms underlying the acocumulation of specific carotenoids in certain
tissues has not yet been revealed.
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CHAPTER 1

CAROTENOID METABOLISM

The metabolism of p-carotene and other provitamin A carotenoids (i.e., o-carotene and
p-cryptoxanthin} to retincids has been studied most extensively. Estimates of the
conversion of labelled p-carotene to retinoids at the intestinal level in vitamin A sufficient
humans vary widely among different studies and among subjects, ranging from 10% to
98% (Goodman et al, 1966; Blomstrand & Werner, 1967; Parker et al, 1993; Novotny et
al, 1995). As indicated before, these studies have some limitations with respect to the
number of patients included, the use of hospitalised patients and calculations based on
assumptions related to kinetics of absorption and tissue distribution of p-carotene and
retinoids. However, more recent studies, in which the postprandial response of p-carotene
and retinyl esters in triglyceride-rich lipoproteins was monitored in healthy subjects, also
reported that the proportion of B-carotene converted varies substantially among
individuals. The proportion of B-carotene converted was estimated to range between 28%
and 80% {Van Viiet et al, 1995; O’Neill & Thurnham, 1998).

Very few data are available on the conversion of (non-)provitamin A carotenoids to
compounds other than thése related to retinoids. Metabolites of lutein, zeaxanthin and
lycopene have been found in plasma (Khachik et al, 1992, Khachik et al, 1995). It was
speculated that these metabolites resulted from oxidation of the parent carotenoids.

In summary, the conversion of provitamin A carotenoids to retinoids is well documented
whereas, in contrast, little is known about the formation of other metabolites and the
metabolism of non-provitamin A carofenoids.

CAROTENOID EXCRETION

Excretion of carotenoids or their metabolites may occur via different pathways although
the nature of excretion of absorbed carotenoids has not yet been revealed and data are
scarce. Certainly a considerable proportion of the ingested carotenoids is not absorbed
and excreted in the faeces, either as intact carotenoids or after metabolism by microfiora
in the colon. As discussed above, the proportion excreted is expected to generally exceed
77%. Absorbed carotenoids are metabolised and they are thought to, either after
conversion to vitamin A or as intact carotenoids, be oxidised andfor conjugated in the
liver, secreted into the bile and excreted via the faeces. Another pathway is utilisation in
tissues and ultimately excretion in the urine or as carbon dioxide in respired air (Qlson,
1994).

18



GENERAL INTRODUCTION

OUTLINE OF THE THESIS

The objective of this thesis is to obtain insight in the bioavailability of carotenoids from
different food matrices and to identify dietary factors that may interfere with carotenoid
bioavailability. The mnemonic "SLAMENGHI" has been introduced by De Pee and West
{1996) to describe the factors that may interfere with the bioavailability of carotenoids and
their provitamin A value. The factors include: Species of carotenoids, Linkages at
molecular level, Amount of carotenoid, Matrix, Effectors, Nutrient status, Genetics, Host-
related factors and Interactions among these factors (De Pee & West, 1996; Castenmiller
& West, 1998). In this thesis, we primarily determine the effect on carotenoid
bicavailability of the type and intactness of the food matrix (Matrix), of the digestibility and
amount of dietary fat (Effectors) and of the interaction among carotenoids (Effectors).

Disruption of the food matrix is the first step in the process of carotenoid absorption, as
shown in Figure 2. Therefore, incomplete disruption of the food matrix and thus the type
or intactness of the matrix in which carotenocids are located upon ingestion, may be a
limiting factor of carotenoid bioavailability. As discussed above, the presence of dietary fat
is thought crucial for carotenoid absorption, as carotenoids need to be incorporated in
mixed micelles and subsequently absorbed along with dietary fat. The amount and type of
fat present may thus be another factor affecting the bioavailability of carotenaoids. The
step(s) of carotenoid absorption, during which interaction among carotenoids may take
place and affect their bioavailability, may include solubilisation in lipid droplets and uptake
in micelles or in the enterocytes. in addition, carotenoids may compete for incorporation in
chylomicrons, after being absorbed. Such competition between carotenoids can be
regarded as the influence of the Amount of carotenoids. However, as also a positive effect
may occur if carotenoids spare each other, e.g. by protection against oxidation, we here
evaluate the possible interaction among carotencids as Effectors of carotenoid
bioavailability.

We choose to study the effect of the factors mentioned above in healthy human
volunteers. Although various in vitro and animal models have been propcsed as valuable
medels to study carotenoid bioavailability (Poor et al, 1987, Wilson, 1890; Scita et al,
1992; Wang et al, 1992; Bierer et al, 1995; Moore et al, 1996; Snodderly et al, 1997; Clark
et al, 1998; Lee et al, 1998) and most of our knowiedge about the mechanism of
carotenoid absorption actually originates from in vifro studies (El-Gorab et al, 1975;
Hollander et al, 1978), the uncertainty about the value of extrapolation of the results
obtained to the human in vivo situation remains. However, studies in humans involve
practical problems which have to be considered also. One important limitation is the
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access to body tissues. We used changes in plasma carotenoid concentrations after four
days to four weeks intervention as a measure of carotenoid bioavailability. In the following
chapters of this thesis, bioavailability is thus determined as the availability of carotenoids
ingested to the blood stream. It may be assumed that an increase in blood carotenoid
concentrations relates to an increase in availability of the carotenoid to tissues. Another
limitation is the control of free living individuals. Approximately three to four weeks are
needed to induce a new steady state of plasma carotenoid concentrations (Micozzi et al,
1992). Such a long period requires a major effort of the volunteers to comply with the
instructions of the study as well as of the investigators to organise such a longer term
intervention. in the present thesis, we tried to find altematives for long term studies. In
addition to four weeks interventions (Chapters 2, 5, 7), we used four to seven days
protocols during which volunteers received instructions which limited the variation in their
background diet, thus increasing the contrasts among groups or treatments (Chapters 3,
4, 6, 8). We determined the value of these short term protocols by comparing the changes
in fasting plasma carotenoid concentrations observed after four days intervention with the
postprandial response of carotenoids in triglyceride-rich lipoproteins following single
consumption of the test products (Chapter 4). This fraction of blood contains newly
absorbed carotenoids and comparison of the carotenoid content of this fraction following
different sources of carotenoids is thus an indicator of differences in carotenoid
absorption.

The following research questions will be addressed:

Does the bioavailability of carotenoids vary among different food matrices and
does disruption of the matrix enhance the bicavailability of carotenoids from
vegetables?

Previous studies have indicated that the bicavailability of p-carotene from carrots and
green leafy vegetables is low as compared to purified p-carotene ingested as supplement
or added to a wafer (Brown et al, 1989; Micozzi et al, 1992; De Pee et al, 1995).
Furthermore, yellow-orange fruits are more effective sources of -carotene than green
leafy vegetables {De Pee et al, 1998). Chapter 2 describes a study in which we
determined the relative bioavailability of g-carotene and lutein from a mixed vegetable
diet. In another study, described in Chapter 3, we compared the effectiveness of broccoli,
green peas and spinach in increasing p-carotene and lutein concentrations in plasma.

The first step of carotenoid absorption includes disruption of the food matrix in which
they are located (Figure 2). It has been suggested that the intactness of the vegetable
matrix is an important limiting factor in the bioavailability of carotenoids. For example,
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Gértner et al (1997) found that consumption of tomato paste induced a larger lycopene
response in triglyceride-rich lipoproteins than fresh tomatoes. The effects of mechanical
homogenisation and/or heat treatment of spinach and tomatoes on the bioavailability of B-
carotene, lutein and/or lycopene were addressed in two studies, described in Chapters 3
and 4.

Does the amount and digestibility of dietary fat affect the bioavailability of
carotenoids?

Previous studies have shown that the bioavailability of carotenoids ingested without
any dietary fat or any foods is significantly reduced (Dimitrov et al, 1988; Henderson et al,
1989; Prince & Frisoli, 1993; Shiau et al, 1994). However, the minimum amount of dietary
fat required is not clear and has been investigated in vitamin A deficient children only
(Jayarajan et al, 1980). Therefore, we determined the impact of a full-fat margarine,
enriched with palm oil carotencids on plasma carotenoid levels (Chapter 5) and we
compared the bioavailability of carotenocids added to a low fat meal (3 g fat) with those
added to a high fat meal (35 g fat} in healthy adults (Chapter 6).

Sucrose polyester is an effective fat replacer which mimics the organoleptic and
satiating properties of fat, but does not provide the energy (Hulshof et al, 1995; De Graaf
et al, 1996; Peters et al, 1997). It is a large molecule which is indigestible and is thus
excreted unmodified. Carotenoids are absorbed along with dietary fat and sucrose
polyester may interfere with their uptake into mixed micelles from absorbable dietary fat
and thereby reduce their bicavailability. This has been investigated in the studies
described in Chapter 7.

Do individual carotenoids affect the hioavailability of other carotenoids?

Various studies have investigated whether individual carotenoids affect the absorption
of other carotenoids. There are indications, for example, that lutein reduces the
appearance of (-carotene in triglyceride-rich lipoproteins (Van den Berg & Van Vliet,
1998). Such an interaction may also occur between other carotenoids. We compared the
bioavailability of B-carotene from a palm oil carotenoids supplement, containing both «-
carotene and f-carotene, with that of synthetic p-carotene (Chapter 8). in addition, we
assessed the effect of supplementation with purified p-carotene and lutein on plasma
concentrations of other carotenoids (Chapter 2).

The results described in this thesis are discussed in a review of the current knowledge
on dietary factors that affect carotencid bioavailability {Chapter 9). The answers to the
research questions mentioned above and the overall conclusion of this thesis are also
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presented in this chapter. Although other compounds and research topics have been
investigated in the research described in Chapters 2-8, the discussion and conclusions of
this thesis focusses on the dietary factors that affect carotenoid bioavailability.

Seven of the nine chapters were written by the author of this thesis and two chapters
(Chapters 6 and 7) were co-authored by her because she provided an essential
contribution to the design, execution and reporting of the studies. As the research
described closely relates to the subject of this thesis, it was decided to also include these
chapters.
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ABSTRACT

Background: Carotenoids may contribute to the inverse association between vegetable
consumption and the risk of chronic diseases. To obtain more insight into this relationship,
it is important to determine the bioavailability of carotenoids from vegetables and the
impact of vegetable consumption on suggested biomarkers of chronic diseases.
Objectives: To assess the bioavailability of B-carotene and lutein from vegetables and
the effect of increased vegetable consumption on the ex vivo oxidizability of low-density
lipoproteins (LDL).

Design: During four weeks, 22 healthy adult volunteers consumed a high vegetable diet
(490 g/d), 22 volunteers consumed a low vegetable diet (130 g/d) and 10 volunteers
consumed a low vegetable diet supplemented with pure B-carotene (6 mg/d) and lutein (9
mg/d).

Results: Plasma levels of vitamin C and carotenoids (i.e., a-carotene, p-carotene, lutein,
zeaxanthin and p-cryptoxanthin) were significantly increased following the high vegetable
diet as compared to the low vegetable diet. In addition to an increase in plasma levels of
p-carotene and lutein, the pure carotenoid supplemented diet induced a significant
decrease in plasma concentration of lycopene (mean (95%CI): -0.11 pymol/L (-0.21, -
0.0061)). The plasma B-carotene and lutein responses to the high vegetable diet were
14% and 67%, respectively, of those to the pure carotenoid supplemented diet.
Conversion of B-carotene into retinol may have attenuated its plasma response as
compared to lutein. There was no significant effect on the resistance of LDL to oxidation
ex vivo.

Conclusion: Increased vegetable consumption enhances plasma levels of vitamin C and
carotenoids substantially, but not resistance of LDL to oxidation. The relative
bioavailability of lutein from vegetables is five times higher than that of p-carotene.
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INTRODUCTION

Epidemiological studies have shown that a high vegetable intake is associated with
reduced risk of free radical-mediated degenerative diseases, such as epithelial cancers
{Willet & Trichopoulos, 1997), cardiovascular disease {Ness & Powles, 1987) and age-
related eye diseases (Jacques & Chylack, 1991; Hankinson et al, 1992; Seddon et al,
1994). Vegetables are a major source of carotenoids and mainly due to their antioxidant
properties, carotenoids are thought to contribute to the beneficial effects of vegetable
consumption {(Seddon et al, 1994; Sie & Stahl, 1995; Van Poppel & Geldbohm, 1995).

Various studies have shown a significant correlation between habitual vegetable intake
and plasma concentration of carotenoids (Campbell et al, 1994; Drewnowski et al, 1997,
Palsinelli et al, 1998). In addition, increased vegetable consumption results in increased
levels of carotenoids in blood (Yeum et al, 1998; Rock et al, 1997; Zino et al, 1997).
However, the effectiveness of vegetables as a source of carotenoids has been
questioned because studies have shown that the bioavailability of p-carotene from
vegetables is tess than previously thought (De Pee & West, 1996; Castenmiller & West,
1998). This has been shown maost conclusively for green leafy vegetables (De Pee et al,
1995). The bioavailability of p-carotene may however vary among different types of
vegetables, as a difference was also found between fruits and green leafy vegetables (De
Pee et al, 1998). Green leafy vegetables are not the sole type of vegetables in many diets
and it is therefore of interest to determine the relative bioavailability of p-carotene from a
mixed vegetable diet.

Furthermore, it is necessary to obtain more information on the bicavailability of
carotenoids other than f-carotene, because evidence is accumulating that these may also
have important health benefits (Seddon et al, 1994; Giovannucci et al, 1995; Ziegler et al,
1996). Lutein is a major carotenaid in vegetables and it has been implicated in the
etiology of age-related macular disease (Seddon et al, 1984). No information is however
available on the relative bicavailability of lutein from vegetables.

Therefare, we performed a 4-weeks dietary controlled intervention study in which we
investigated the relative bioavailability of p-carotene and lutein from mixed vegetables as
compared to purified f-carotene and lutein. In addition, we determined the impact of
increased vegetable consumption on the resistance of low-density lipoproteins (LDL) to
oxidation ex wvivo. Witztum and Steinberg (1991) have suggested that oxidative
modification of LDL is an important step in the etiology of atherosclerosis. Although the
impact of f-carotene supplementation on the susceptibility of LDL to oxidation ex vivo was
shown to be limited (Princen et al, 1992; Reaven et al, 1984; Meraji et al, 1997),
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increased vegetable consumption may be more effective as a range of antioxidants is
supplied.

SUBJECTS AND METHODS

Volunteers

Fifty-five apparently healthy, non-smoking men and women, aged between 18 and 45 y,
were selected for participation in the present study. They did not use dietary supplements
containing vitamins or minerals, malaria prophylactics or anti-convulsants in the three
months prior to selection and they reported no gastro-intestinal problems which could
interfere with nutrient uptake. None of the women were pregnant or lactating. The
volunteers were recruited among inhabitants of Wageningen and surrounding areas. The
study protocol was explained to the volunteers before they gave their written informed
consent.

Study design

In a four week strictly controlled dietary intervention study, 22 volunteers received a low
vegetable diet (130 g/d vegetables; control group), 23 volunteers received a high
vegetable diet (490 g/d; vegetable group) and 10 volunteers received a low vegetable diet
(130 g/d vegetables) supplemented with pure B-carotene and lutein (carotenoid
supplemented group). As this experiment was designed to also investigate the
bioavailability of folate from fruits and vegetables, an additional group of 22 volunteers
was included to receive supplemental folic acid. This part of the study will be reported
separately. The treatment groups were stratified for total energy intake, sex and number
of vegetarians. Fasting blood samples were taken before the start and at the end of the
study for analysis of plasma concentrations of retinol, carotenoids and other antioxidants
(i.e. vitamins C and E), total antioxidant activity and resistance of LDL to oxidation ex vivo.
For practical reasons, we limited the number of volunteers in the carotenoids
supplemented group. Power calculations based on data of previous studies, showed that
n=10 would be sufficient to show a 33-50% difference in plasma responses of B-carotene
and lutein and a 15% difference in LDL oxidizability (lag phase) («=0.05; $=0.20). The
study was executed at the Department of Human Nutrition and Epidemiology of
Wageningen Agricultural University from November - December 1996. The study protocol
was approved by the medical ethical committee of the Department.
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Diets

During the intervention period, the major part of the diet was supplied to the volunteers.
Diets were individually tailored to meet each volunteer's energy requirement (£0.5 MJ/d),
which was estimated by questicnnaire before the start of the study (Feunekes et al,
1993). Body weight was measured twice per week and, if necessary, energy intake was
adjusted to prevent further changes in body weight. About 90% of total energy intake was
supplied to the volunteers. They were allowed to choose a limited number of additional
food items, iow in carotencids, vitamin C, vitamin E and fat. From the food diaries that
were kept during the study, it was calculated that these foods provided on average (SD)
11% (1.3) of the total energy intake (Stichting NEVO, 1993).

The diets were provided as a six-day menu cycle and comprised conventional foods
and drinks. All volunteers received the same basic diet, which was supplemented with a
fixed amount of additional vegetables and fruits, independent of the volunteers’ total
energy requirements. The control and carotenocid supplemented groups were provided
with the same additional products (depending on the day of the menu cycle: a rice or
pasta salad, a soup containing little or no vegetables, a pear or apple and apple juice or
grape juice). For the carotencids supplemented group, purified B-carotene (all-trans p-
carotene 30% FS (E160a), 30% suspension in vegetable oil, Hoffmann-La Roche, Basel,
Switzerland) and Iutein (Flora GLO™ all-trans lutein, 20% suspension in safflower oil,
Kemin Foods LC, Des Moines, lowa, USA) were added to the salad dressing. The
vegetable group received, in addition to the basic diet, 185 g/d of cooked vegetables
(depending of the day of the menu cycle: green beans, broccoli, spinach, green peas,
Brussels sprouts or a vegetable mix) and a salad and soup based on vegetables. Instead
of an apple or pear they received an orange or two tangerines, and instead of the apple or
grape juice they were supplied with orange juice. The "low” vegetable diet provided on
average 130 g/d of vegetables, whereas the total daily amount of vegetables in the high
vegetable diet was 480 g. The amount of vegetables provided by the "low” vegetable diet
(130 g/d) is comparable with the average vegetable intake in the Dutch population
(Voorlichtingsbureau voor de Voeding, 1993), whereas the amount of vegetabie in the
high vegetable diet (490 g/d) was chosen as a high but acceptable amount for
consumption during a four week period. The additional vegetables provided to the
vegetable group were frozen vegetables, obtained from Birds Eye Walls (United Kingdom)
Langnese-lglo (Germany), Frudesa (Spain) and Sagit (ltaly}). The fruit juices were from
Albert Heijn (Zaandam, The Netherlands} and fresh vegetables and fruits were obtained
from a local supermarket.

Hot meals (including the additional cooked vegetables) were consumed under
supervision at lunch-time at the university from Monday to Friday. Foods for the rest of the
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day (including additional salad, soup, fruit juice and fruit) and for the weekend were taken
home by the volunteers. Volunteers were carefully instructed how to prepare these foods.
Compliance was checked by diaries,

Analysis of diets

Duplicate portions of the diets were taken on each day of the six-day menu cycle. One
pooled sample was prepared and stored at -20°C for analysis of fat, protein, carbohydrate
and dietary fiber. To assess the amount of carotenocids and vitamin C in the diets, one
sample from each day of the m- u cycle was analyzed and results were averaged per
treatment. For these analyses, samples were stored at -80°C. For vitamin C, 5%
metaphosphoric acid was added for stabilization. Carotencid content was determined by
reversed phase HPLC. Samples were extracted with methanolftetrahydrofuran (1:1, viv).
An aliquot of the filtrate was saponified in boiling ethanolic 2 mol/L KOH after addition of a
sodium ascorbate (10%)/sodiumdisulfide-glycerol mixture (2:1, viv). After cooling, the
saponification mixture was extracted with di-isopropylether. The extract was washed three
times with water. The solvent was evaporated and the residue was dissolved in di-
isopropylether. Carotenoide and a-tocopherol were separated on a Hypochrome column
filled with nucleosil 120-3C,3 (Sandon Southern Products, UK) with
acetonitrile/methanol/methylene chloride/ammonium acetate (900/50/40/10, v/iv) as
maobile phase at a flow rate of 1 mL/min and room temperature. Calibration was
performed using external standards. Recovery tests of this method showed 86-103%
recovery of the carotenoids and the coefficient of variation ranged between 5.4% and
15.3%, depending on the type of carotenoid. For analysis of the vitamin C content, the
samples were extracted with metaphosphorib acid/acetic acid (60/80, w/v). Vitamin C
content was subsequently determined fluorimetrically as ascorbic acid plus dehydro-
ascorbic acid (Vuilleumier & Keck, 1989). The composition of the diets is shown in Table
1. As we planned to replace the vegetables from the high vegetable diet by other fiber-rich
foods (e.g. rice or pasta), the difference in fiber content between the high and low
vegetables diets was only 0.7 g/MJ. Differences in carotenoid and vitamin C levels among
the diets were generally as expected. However, the lycopene content of the low
vegetables and carotenoids supplemented diets was higher than that of the high
vegetable diet. Two of the ready-to-eat soups that were provided in the six days menu
cycle to the low vegetable and carotenocid supplemented groups but not to the high
vegetable group apparently contained more lycopene than we expected. The diets were
calculated to provide ca. 500-600 pg/d of preformed vitamin A (Stichting NEVO, 1993).
The B-carotene, a-carotene and p-cryptoxanthin in the control, high vegetable and
carotencid supplemented diets hypothetically provided an additional 300, 1000 and 1219
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Hg retinol equivalents/d, respectively (based on data of Table 1 and the assumption that 6
pg p-carotene or 12 g a-carotene or p-cryptoxanthin equals 1 pg retinol equivalents).

TABLE 1 Composition of the diets'?.

Intervention group

Low vegetable diest  High vegetable diet Carotenoid supplement

Fat (energy%) 305 37 30.7
Protein (energy%) 13.6 14.1 13.7
Carbohydrate (energy%) 559 53.0 55.7
Fiber {g/MJ} 4.1 48 41
Vitamin G {mg/d) 27.5 (6.3) 169 (70) 28.4 (5.4)
a-Carotene (mg/d) 0.31 (0.25) 0.92 (1.2} 0.23(0.07)
B-Carotene {mg/d) 1.5(1.4) 51(3.2) 7.2{(1.5)
Lutein (mg/d) 2.7(3.3) 10.7 (9.4) 12.0(3.1)
Zeaxanthin (mgfd) nd® nd® nd®
B-Cryptoxanthin {mg/d} 0.21 (0.04) 0.84 (0.55) nd®
Lycopene (mg/d) 2.1(2.9) 1.1{0.89) 22(2.1)
a-Tocopheral (mg/d) 20.9 (2.8) 27.4(2.9) 23.6(2.9)

! Values are based on analysis of duplicate portions of complete daily menus plus the calculated
contribution from the free choice items (see methods section). As the amount of additional
vegetables or carotencids was the same for all volunteers, irrespective of their total energy intake
{see methods section), differences in vitamin C, carotenoid and a-tocopherol content among the
groups are the same for all volunteers.

%Values are presented as mean (SD)

3 Not detectable: <0.2 mgid

Analysis of blood samples

Venous blood samples were obtained while subjects were fasting before the start and at
the end of the study. Blood samples were collected into heparinized tubes for analysis of
vitamin C and into sodium EDTA coated tubes for the other analyses. Plasma was
prepared by centrifugation at 3000 x g for 10 minutes {4°C). Before storage, 5%
metaphosphoric acid was added for the analysis of vitamin C (9/1, v/v). Plasma samples
for LDL isolation were stabilized with 6 g sucrose/l. It has been reported that freezing
LDL in this way does not inﬂuence oxidation variables (Ramos et al, 1995). Samples were
stored at -80°C until analysis.

Vitamin C concentration in trichloroacetic acid treated plasma was determined
fluorimetrically as ascorbic acid plus dehydro-ascorbic acid (Vuilleumier & Keck, 1989).
Plasma levels of carotenoids, retinol and o-tocopherol were assessed by reversed phase
HPLC on a 201TP54 Vydac column {Separations Group, Hesperia CA, USA) with retinyl
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