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Abstract

Carotenoids are an excellent example of where poor understanding of food structure, complexity of behaviour during digestion, and inter-

individual differences in response, lead to misinterpretation of study results. Four challenges associated with understanding and measuring

carotenoid bioavailability are discussed: release of carotenoids from food structure and processing into an absorbable form (bioaccessibility),

passage of carotenoids from gut lumen into the body (absorption), interpreting plasma response and inter-individual variation.

Bioaccessibility of carotenoids is governed by characteristics of the food matrix, which affect the efficiency of physical, enzymic and

chemical digestion. Carotenoids used as colorants are likely to be better absorbed because of the form in which they are dispersed in food.

Extent of absorption of carotenoid supplements will depend on the proximity of dosing to the consumption of a fat-containing meal. Release

of carotenoids from food plants occurs only when the plant cell is fractured and this occurs only during food preparation, processing and/or

mastication, not during digestion. Following release from the food matrix, the major limiting factor is solubility of carotenoids in digesta.

Absorption studies are best carried out by measuring chylomicron carotenoid excursion, with modelling of chylomicron turnover rate. In

this way, inter-individual differences in lipoprotein metabolism can, in part, be taken into account before formulating conclusions on the rate

and extent of absorption.

D 2004 Elsevier B.V. All rights reserved.

Keywords: Carotenoid; Bioavailability; Digestion; Absorption
1. Introduction

The carotenoids serve as an excellent example of where

too little understanding of food structure, the complexity of

their behaviour during digestion and tissue dispersion, and

the nature and cause of inter-individual differences in

response, can lead to misinterpretation of study results.

This may lead to confusion in our understanding of the

relevance of these compounds to human health. It is

essential that all those utilising the output from bioavail-

ability studies are conversant with the challenges and

uncertainties in measuring carotenoid bioavailability, to

ensure that dietary strategies are soundly based and that
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model systems for the investigation of functional response

are realistic.

This review briefly outlines the chemical and physical

characteristics of carotenoids and discusses the four main

challenges associated with understanding and measuring

carotenoid bioavailability. These are (i) release of carotenoids

from the food structure and processing into a potentially

absorbable form (bioaccessibility), (ii) passage of carotenoids

from gut lumen into the body (absorption), (iii) interpreting

plasma response and (iv) inter-individual variation.
2. Carotenoids, their occurrence and physical form

The carotenoids found in foods are generally linear all-

trans (E) form C40 polyenes formed from eight isoprenoid

units. They may be wholly linear (lycopene) or have

undergone ring closure at one or both ends. The ring

structure(s) may carry hydroxy or keto groups. In all cases,
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the molecules are predominantly hydrophobic and are

usually found in lipid domains of plant and animal tissues.

Of the wide range of animal and vegetable foods that

comprise the human diet, most contribute at least trace

amounts of some of the 600 identified carotenoids and

related compounds. However, only a few carotenoids,

primarily in fruits and vegetables, are ingested in sufficient

quantity to be detected in human plasma [1] the most

abundant being beta-carotene, lutein, lycopene, alpha-

carotene, beta-cryptoxanthin and zeaxanthin, along with

their more common cis-isomers (sometimes referred to a (Z)

isomer) and some degradation products.

In the plant, the carotenoids serve as accessory pigments

in photosynthesis and contribute to photoprotection. In most

cases, the carotenoid (normally present as the all-trans

form) is associated intimately with the light-harvesting

complex in the thylakoid membranes of the chloroplast. In

the case of the carrot root and tomato fruit, the beta-carotene

and lycopene, respectively, occur as membrane bounded

semicrystalline structures derived from plastids. [2] It might

be expected that in plants the lipophilic carotenoids would

be found in association with subcellular lipid structures but

it is also known that they are associated with binding

proteins [3] Such a complex environment has major

implications for their extraction, analysis and behaviour

during digestion.

Lycopene (tomatoes) and lutein and beta-carotene (green

leaves) appear to be quite stable in the fresh tomato and green

leaf, even when exposed to intense sunlight. During

processing, the protection of the native environment is lost

and the carotenoids are readily oxidised, isomerised and

photo-bleached and a number of physical and chemical

changes take place that impact on bioavailability. Thermal

processing is normally undertaken to preserve the food and

make it more palatable and microbiologically safe but

cooking also softens the cell walls so that they are easily

separated or broken mechanically. The carotenoids, normally

stable within the original structure, are then exposed to the

external environment. It has been shown that excessive

thermal processing may create cis-isomers, particularly 5-

cis-lycopene, although isomerisation can also occur at

positions 9, 13 and 15 [4,5]. Cis-isomers with their kinked

structure tend to be more soluble in organic solvents [6] and

this change in physical property may have an influence on

the ease with which they are absorbed by the gut, their

partitioning between the various lipoprotein carriers and half

life in the plasma.

Losses of carotenoid that occur after thermal processing

and storage in anaerobic and light-free conditions (e.g.,

canning) are normally slight and may be as a result of

oxidation by compounds formed enzymically or thermally

during processing. However, processing in the presence of

lipid increases the availability of lycopene for absorption

[7,8] with a similar effect also likely for other carotenoids. It

is also recognised that co-ingested dietary fat improves

carotenoid bioavailability [9–12].
3. Challenges

Four principal challenges, associated with measuring and

understanding carotenoid bioavailability, are outlined below.

3.1. Challenge 1: release

The first challenge is release of carotenoids from the

matrix in which they are contained, so that they are

potentially absorbable in the gastro-intestinal tract (bio-

accessible). The complexity of the process by which the

carotenoids become bioaccessible varies from relatively

simple free carotenoid through encapsulated supplements to

the more complex drealT food.
In the case of carotenoids in complex foods, whether they

are part of a protein–carotenoid complex as in a green leaf

vegetable, or semicrystalline as in carrots and tomato, they

need to be transferred, or dissolved into a hydrophobic

domain (bulk lipid emulsion, or mixed micelles) before they

are potentially absorbable. The mass transfer of carotenoids

from the predominantly aqueous environment of food

particles to either bulk lipid, or mixed micelle requires a

hydrophobic continuum. In addition, there is a need to

overcome the energy barrier between states, e.g., crystal/

complex and solute. Such a hydrophobic continuum

requires the very close proximity of the carotenoid and the

lipid and this is not only impossible where the carotenoid is

deeply embedded in a piece of tissue, it may also be difficult

because the surface of the lipid emulsion may have

interfacial characteristics (e.g., surface active proteins) or

an electric charge (zeta-potential) that prevent a close

approach [13,14].

The use of carotenoids as food additives or as food

supplements is widely permitted. In foods where carote-

noids are used as colorants, they may already be dissolved

or dispersed in a lipophilic carrier or formulated to be water

dispersible, in which case there may be little inhibition to

the carotenoid becoming bioaccessible during digestion. In

the case of lutein esters, these are de-esterified by brush

border esterases prior to absorption.

3.2. Challenge 2: solubility

Absorption, and therefore in vivo bioactivity, starts when

the carotenoid is absorbed by the enterocyte irrespective of

whether it ever appears on the serosal side or is re-excreted

back into the gut lumen. The absorption of carotenoids in

humans is passive and parallels that of lipid and as such the

carotenoids must be present in the mixed micelles of lipid

digestion products (mainly fatty acids) and bile salts.

Because the carotenoids are hydrophobic, they are predom-

inantly associated with the lipid domains of food and

digesta. However, despite their hydrophobic nature, they are

not very soluble in the bulk triglycerides commonly found

in foods (vegetable oil, animal fat and dairy fat). The

estimated solubility of the apolar carotenoids in bulk
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triglyceride is between 112 and 141 mg/100 g and the polar

carotenoids is 22–88 mg/100 g [15].

Despite the relatively low solubility of carotenoids, as

cited above, the amount of lipid normally consumed in a

Western-type meal (20–50 g, based on 40% of energy from

fat) could potentially dissolve up to 70 mg of apolar and 44

mg of polar carotenoids. However, the amount of carotenoid

normally ingested in food is only a few mg/day [16]; thus,

even low-fat diets contain enough lipid to dissolve the

bioaccessible carotenoids. Lipid intakes in excess of about

10 g/meal do not increase carotenoid absorption [9].

Carotenoids dissolved in triglyceride (1 mg/g) are almost

completely absorbed, at least up to doses of 10 mg [17];

thus, it would be expected that the absorption of isolated

carotenoids present in supplements, usually less than 10 mg,

whether dry tablets, oily capsules, oleoresins or beadlets,

would be highly bioaccessible if consumed with a normal

meal. If consumed away from a meal, the amount absorbed

could be exceedingly small (if any), depending on the time

since the last meal. The effectiveness of supplementation is

therefore highly dependent on the provision of clear

guidelines to consume the dose with a fat-containing meal.

The efficient absorption of a relatively large physiolog-

ical dose of carotenoid (10 mg) in a relatively small amount

of lipid (10 g) would indicate that most, if not all, of the

carotenoid that is transferred to the mixed micelle phase is

absorbed when the micelles disassociate at the brush border

of the enterocytes, unlike the bile salts that are not absorbed

in the upper gastro-intestinal tract. However, there have

been many absorption/metabolism studies reported in the

literature where carotenoid doses up to 200 mg have been

administered. In these cases, absorption is likely to be far

from complete due to the lack of sufficient lipid, even

assuming that enterocyte absorption and transport mecha-

nisms do not become saturated.

3.3. Challenge 3: measuring and interpreting plasma

response

Once carotenoids are absorbed by the enterocyte, they

continue to be transported with the lipid. In the enterocyte,

the fatty acids are re-synthesised into triacylglycerols,

packaged into chylomicrons and secreted into the thoracic

duct and hence into the blood. Thus, newly absorbed

carotenoids appear in the plasma chylomicron fraction.

This mechanism means that, unlike water-soluble

nutrients that are transported directly to the liver via the

portal vein, the lipid and carotenoids enter the general

circulation and thus dseeT the extra hepatic capillary bed

first. In this way, the chylomicrons are depleted of lipid by

the endothelial lipoprotein lipases and the remnants cleared

by the liver. It is, however, not clear if during the removal of

lipid to the tissues how much of the carotenoid also travels

this route or how much stays with the chylomicron remnants

to be cleared by the liver. Once sequestered by the liver, the

carotenoid is re-exported in LDL and so quickly finds its
way into all the plasma lipoproteins where it is indistin-

guishable from endogenous plasma carotenoids unless it has

been isotopically labelled.

For the pro-vitamin A carotenoids, extent of conversion

to retinol must also be taken into account. In general, the

main dietary carotenoid that is potentially convertible to

retinol in the enterocyte is all-trans-beta-carotene. Setting

aside how much of an oral dose is absorbed, the

stoichiometry of the central cleavage of beta-carotene to

retinol gives a 1:2 molar ratio (1:1 w/w ratio), and

asymmetrical cleavage a molar ratio of 1:1 (2:1 w/w) ratio;

thus, it was decided [18] to use an absorption of 30% and a

conversion factor of 50% w/w so that 1 mg of dietary beta-

carotene has the same biological value as 0.167 mg retinol.

Potentially all absorbed beta-carotene could be converted to

retinol; thus, no beta-carotene would be observed to have

been absorbed. In practice, much of the beta-carotene in

milligram oral doses does appear on the serosal side clearly

indicating that conversion in the enterocyte is far from

complete. In fact, high intakes of beta-carotene over

extended periods may cause yellowing of the skin (car-

otenoderma) without significantly altering the plasma

retinol concentration [19] or inducing any signs of toxicity

[20]. The conversion of beta-carotene to retinol is therefore

tightly regulated and may only approach the 1:2 ratio in

retinol-deficient individuals fed very small (Ag) amounts of

beta-carotene [21]. Thus, 1 mg beta-carotene being equiv-

alent to 0.167 mg retinol has been criticised [22]. In

practice, the conversion to retinol in well-nourished

individuals is much less; nevertheless, it is advisable, if at

all possible, to measure conversion if an absolute beta-

carotene absorption figure is required.

At some stage between ingestion and plasma appearance

isomerisation [4,23], or selective absorption [24,25] may

take place so that the plasma and chylomicron carotenoid

isomer profile is not the same as that fed [19]. Thus, a

plasma beta-carotene cis:trans ratio of 5:95 was found when

volunteers were fed a beta-carotene supplement with a

cis:trans ratio of 20:80 and in studies of lycopene

supplementation it is common to find a plasma cis:trans

ratio of 50:50 when the food or supplement only contains

around 5% of the cis isomer [4]. In absorption studies, even

if the carotenoid is isotopically labelled, all the isomers

should be taken into account.

An additional problem that may arise, particularly with

large lipid loads, is the shape and duration of the

chylomicron response. It is frequently observed that

ingested lipid gives rise to a bi-modal plasma lipid response

and hence a bi-modal carotenoid response with peaks at

around 3 h and 6 h post test meal. This is because lipid can

be temporarily stored in the enterocyte from where it can be

released rapidly on the ingestion of a second meal. Thus,

when a carotenoid-containing breakfast is fed to overnight

fasted volunteers who subsequently eat lunch and evening

meals, the first peak (3 h) is caused by carotenoid appearing

during the course of gastric emptying and the second peak
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(6 h) within about 1 h of a second meal, long after the first

meal has left the stomach. Some of the newly absorbed

chylomicron carotenoid from the breakfast may still be

present in the plasma beyond 12 h [26] making complete

Area Under the Curve (AUC) difficult to measure

accurately.

Although cannulation of the thoracic duct has been used,

the most accessible dpoolT is venous blood, which can be

treated subsequently to obtain serum or plasma or further

fractionated to obtain the lipoproteins. Plasma carotenoid

concentration measured in overnight fasted individuals is

generally accepted as a satisfactory measurement of

dhabitualT intake but several baseline measurements should

be made to establish baseline variations, essential for the

statistical assessment of any subsequent changes. For the

simple monitoring of the effects of dietary interventions or

long-term supplementation, plasma or serum carotenoid

profiles measured by HPLC may be all that is required to

measure dstatusT and to compare two or more different

regimens. However, frequency of sampling and the

duration of the study should be considered carefully to

obtain a full picture of any changes (carotenoid–carotenoid

interactions) and the time for individuals to reach a

dplateauT (several weeks).
Chronic carotenoid intervention studies may utilise

different or matched groups, or may use individuals as their

own controls (allowing sufficient washout period between

treatments). In all cases, such studies can indicate only that

one regimen provides more or less absorbable carotenoid

than another regimen, or that one group absorbs more or less

than another group, i.e., provide qualitative data. This is

useful for comparing population groups, sources, process

variables, ingredients or the effects of co-ingested foods.

The study cannot be used to quantify rate and extent of

carotenoid absorption.

Furthermore, if a test food provides more than one

carotenoid, for example, beta-carotene and lutein from green

leafy vegetables, or isomers of the same carotenoid, it is not

valid to compare the bioavailability of the two carotenoids

on the basis of maximum plasma excursion or AUC unless

it has been established that clearance kinetics are the same

for both compounds.

The situation is more complex for single acute doses

administered to measure absolute absorption. As well as

considering conversion, isomerisation, dose response and

delivery profile, it is also necessary to discriminate between

newly absorbed and endogenous carotenoid and to consider

the clearance kinetics, because all these factors will impact

on the AUC, which in turn is used to quantify absolute

absorption.

Carotenoids, in common with all other compounds in

the body, need to reach their dtargetT site in sufficient

concentration and duration to perform their chemical and

biochemical role. When measuring dose response in terms

of change in plasma concentration against oral load

(within physiological limits), the relationship may be
linear; however, in terms of efficacy (function), linear

relationships are the exception rather than the rule, and

different dfunctionsT will show different sensitivity to

concentration.

In terms of plasma, the carotenoids are almost exclu-

sively carried (passively) by the lipoproteins. Around 80%

of plasma beta-carotene and lycopene is carried by Low

Density Lipoproteins (LDL) [27–29] whereas the more

polar lutein and zeaxanthin is more equally distributed

between LDL and the High Density Lipoproteins (HDL)

[28]. It is believed that the lipoproteins, including chylomi-

crons, are the main mechanism for distribution to the tissues.

The rate and extent of dispersal of carotenoids from blood to

remote tissues can be calculated by modelling chylomicron

carotenoid clearance rate [26] following a single dose.

With the exception of the eye and the enzyme 15,15V
dioxygenase (responsible for cleaving carotenoids with at

least 1 beta-ionone ring to retinol) no specific binding or

carrier proteins have been demonstrated; thus, the hydro-

phobic carotenoids are constrained to lipid domains where

they passively adopt the most thermodynamically favour-

able location and orientation [15]. The presence of a

carotenoid molecule within a lipid structure may also induce

localised changes in structure and concentration of lipid.

3.4. Challenge 4: interpreting differences in inter-individual

response

In the past, most carotenoid davailabilityT studies have

been based on oral–faecal mass balance but over the last 25

years other methods have been used to assess their

absorption. Methods vary from the simple plasma response

following an oral dose [30] to analysing plasma fractions,

most commonly, the Triglyceride Rich Lipoproteins (TRL)

[31] chylomicron fraction [15,26], the use of radio [32,33]

and stable isotopes [34,35] and mass balance techniques

[17,36].

It was soon noted, on the basis of plasma response, that

human volunteers tended to fall into groups of drespondersT
and dnon-respondersT [30] and human volunteers who

habitually have a low plasma carotenoid concentration

show a much smaller (but proportional) response than

volunteers who have a high fasting plasma carotenoid

concentration. However, there is a high degree of intra-

individual consistency [19,37]. These results have been

interpreted as reflecting differences in absorption.

However, a more detailed study [37] concluded that the

plasma response also depends on the rate of clearance of the

chylomicrons. Inter-individual differences in plasma

response therefore cannot be interpreted as differences in

the rate and extent of absorption unless chylomicron

clearance rates are taken into account. It must also be

emphasised that the absence of a change in plasma

concentration following a meal/dose cannot be interpreted

as no, or very low, absorption. In a mass balance study in

ileostomists, coupled with plasma carotenoid excursions
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[17] none of the volunteers showed a plasma response, yet

they all apparently absorbed significant amounts of carote-

noid, indicating that both the size of the dose and the

clearance kinetics are crucial to seeing a significant change

in plasma concentration on top of the endogenous plasma

carotenoids.

Newly absorbed carotenoid is most easily detected in the

chylomicron or TRL plasma fraction, even in the absence of

a whole-plasma response [26] partly because this fraction is

small and devoid of carotenoid in fasted volunteers, is the

most responsive pool and does not contain carotenoids

sequestered and re-exported by the liver. The only dis-

advantage to this method is the necessity of obtaining fairly

large plasma samples (5 ml) and the time taken to density

adjust the plasma, ultracentrifugation and the quantitative

recovery of the chylomicron fraction. A shorter and less

demanding protocol for the isolation of chylomicrons has

now been described [37].
4. Summary

The measurement of carotenoid bioavailability is fraught

with difficulties and riddled with assumptions and is

therefore not a trivial matter. If treated as such, inappropriate

conclusions can be drawn in terms of amounts absorbed,

post-prandial metabolism, rate and extent of tissue and cell

delivery, and the underlying basis for inter-individual

variation.

Although all of a nutrient in a food is potentially

bioaccessible, in reality almost no nutrient is 100%

converted to a potentially absorbable (bioaccessible) form.

In almost every case, the bioaccessibility of a nutrient is

governed by the physical properties of the food matrix,

which fundamentally affect the efficiency of the physical,

enzymic and chemical digestion processes. Carotenoids

used as colorants are likely to be relatively better absorbed,

because of the form in which they are dispersed in the food,

whilst the extent of absorption of carotenoid supplements

will depend on the size of the dose and proximity of dosing

to the consumption of a fat-containing meal. The release of

carotenoids from food plants only occurs when the plant

cell is fractured and this only occurs during food

preparation, processing and/or mastication, not during

digestion (at least in the ileum of man). Following release

from the food matrix, the major limiting factor governing

the extent of absorption is the solubility of carotenoids in

digesta.

Definitive absorption studies are best carried out by

measuring the chylomicron carotenoid excursion and

modelling this with some measure of the turnover rate

(t1/2) of the chylomicrons, normally taken to be in the

range 2–11 min [38,39]. In this way, inter-individual

differences in lipoprotein metabolism can, at least in part,

be taken into account before formulating conclusions on

the rate and extent of carotenoid absorption.
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