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9.1   Introduction
Carotenoids are among the most abundant lipophilic secondary plant 
compounds consumed in the diet. Carotenoids include mostly C-40 tetra-
terpenoids, though also C-30 tri-1 and C-50 pentaterpenoids2 have been 
reported, at least in various bacteria, though due to their minute intake, 
they are not of dietary relevance. However, their dietary variety is increased 
when also counting the many apo-carotenoids (i.e. carotenoid metabolites 
derived from oxidative cleavage of carotenoids, which may occur in bacteria, 
fungi and plants, but also in animals).3 Major plant-derived apo-carotenoids 
include, for example, bixin, crocin, picrocrocin, abscisic acid, strigolactone 
and mycorradicin.4

Though several hundreds of carotenoids have been described in nature, 
it is estimated that only a few dozen or so predominate in our daily diet.5,6 
Their dietary intake as well as circulating blood levels have been related to 
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the reduced risk of several chronic diseases, including certain cardiometa-
bolic conditions such as the metabolic syndrome7 and certain types of can-
cer,8,9 but also allergies10 and asthma.11 a carotenoid health index based on 
total plasma carotenoids has been proposed by Donaldson, with <1 µM total 
carotenoids constituting a very high health risk12 regarding total mortality 
(lower threshold), and less so for metabolic syndrome and cancer (higher 
threshold).

some compounds such as beta- and alpha-carotene as well as beta- 
cryptoxanthin possess a beta-ionone ring, and these compounds can be 
cleaved by the human body into vitamin a active compounds such as retinal.  
In addition, lutein and zeaxanthin, belonging to the oxygen-carrying xan-
thophylls (as opposed to the oxygen-free carotenes), have been related to 
improved vision aspects in subjects with age-related macular degenera-
tion (aMD),13 the major cause of blindness in the elderly. While in the past, 
most health benefits have been attributed to the radical-scavenging prop-
erties14 and light-absorbing properties15 of the native carotenoids, more 
recent reports have rather emphasized the potential of carotenoids and their 
metabolites to interact with nuclear transcription factors, such as with nF-κB 
and nrf2,16,17 influencing gene expression following their binding to nuclear 
receptors, which then regulate many inflammatory agents such as cytokines 
(IL-6, IL-1β) and antioxidant-related enzymes, including superoxide dis-
mutase (soD), catalyze (CaT) and heme-oxygenase (Ho-1).

These latter mechanisms have therefore been highlighted as relating to 
reduced inflammation and strengthening the body's own antioxidant defense 
system. However, it has also been suggested that concentration-dependent 
effects could occur, with lower physiological concentrations fostering these 
health-beneficial effects, while higher concentrations may bear the risk of 
pro-inflammatory, pro-oxidant and thus adverse health effects.18,19 such 
negative effects were found in several supplementation trials in which beta- 
carotene was given concomitantly with vitamin e and a, as in the aTBC20 and 
CareT trials,21 respectively, and were found to increase, not decrease, the 
lung cancer rate, possibly due to pro-carciongenic intermediate formation 
following reaction with cytochrome oxidases. Thus, these results have not 
only questioned the dose-related effects, but also the nature of the bioactive 
constituents (i.e. native carotenoids vs. their metabolites and/or degradation 
products).

In fact, carotenoids have only low bioavailability – the amount that is 
absorbed and used for physiological functions and or storage (Table 9.1) – of 
approximately between 5% and 30%. The majority of carotenoid absorption 
is thought to take place in the small intestine. absorption in the stom-
ach, due to their lipophilic nature requiring micellization, is thought to be 
non-existent, while absorption from the colon remains an open question, 
but has never been shown.18 Most bioavailability trials show absorption 
occurring between 2 and 8 hours following their intake, as measured by their 
appearance in the chylomicron-rich fraction of the plasma.22–24 The low bio-
availability of carotenoids is mostly due to the low solubility of these highly 
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Table 9.1    Concentration of carotenoids in human blood plasma/serum and various 
tissues.

Carotenoid Tissue
Concentration (nmol g−1 
or nmol mL−1)a reference

Beta-carotene plasma, male/female 0.36 ± 0.01/0.54 ± 0.01 56
Lycopene plasma, male/female 0.74 ± 0.01/0.71 ± 0.01 56
Lutein plasma, male/female 0.38 ± 0.01/0.44 ± 0.01 56
Zeaxanthin plasma, male/female 0.09 ± 0.01/0.09 ± 0.01 56
alpha-carotene plasma, male/female 0.12 ± 0.01/0.20 ± 0.01 56
Beta-cryptoxanthin plasma, male/female 0.23 ± 0.01/0.34 ± 0.01 56
Total carotenoids plasma, male/female 1.94 ± 0.02/2.35 ± 0.03 56
Zeta-carotene plasma, females 0.11 ± 0.09 57
phytoene plasma, females 0.04 ± 0.02 57
phytofluene plasma, females 0.17 ± 0.07 57
Lutein + zeaxanthin retina 65–225 pmol 58
Beta-carotene adipose tissue 0.32 ± 0.10 reviewed in 

ref. 6
Lycopene adipose tissue 0.36 ± 0.23 reviewed in 

ref. 6
Lutein/zeaxanthin adipose tissue 1.19 ± 0.56 reviewed in 

ref. 6
Beta-carotene Liver 5.9 ± 6.3 reviewed in 

ref. 6
Lycopene Liver 8.4 ± 11.5 reviewed in 

ref. 6
Lutein/zeaxanthin Liver 2.2 ± 1.6 reviewed in 

ref. 6
Total carotenoids skin 0–0.7 59
Total carotenoids Lung 1.95 ± 2.82 53
Beta-carotene Lung 0.35 ± 0.44 53
alpha-carotene Lung 0.23 ± 0.27 53
Beta-cryptoxanthin Lung 0.42 ± 0.75 53
Lycopene Lung 0.57 ± 1.11 53
Lutein Lung 0.48 ± 0.66 53
Total carotenoids Kidney 3.05 ± 4.21 53
Beta-carotene Kidney 0.55 ± 0.73 53
alpha-carotene Kidney 0.30 ± 0.40 53
Beta-cryptoxanthin Kidney 0.45 ± 1.04 53
Lycopene Kidney 0.62 ± 0.62 53
Lutein Kidney 1.21 ± 2.83 53
Beta-carotene prostate 0.54 ± 0.09 (seM) 60
Lycopene prostate 0.80 ± 0.08 (seM) 60
Lutein Various brain tissuesb 0.02–0.08 61
Zeaxanthin Various brain tissues 0.01–0.03 61
Beta-cryptoxanthin Various brain tissues <0.01 61
Beta-carotene Various brain tissues 0.01–0.03 61
Total carotenoids adrenals 9.4 ± 7.8 (seM) 62
Beta-cryptoxanthin adrenals 0.66 (0.01–2.90) 62
Lycopene adrenals 1.90 (0.19–5.60) 62
alpha-carotene adrenals 1.22 (0.11–7.52) 62
Beta-carotene adrenals 5.60 (0.68–31.83) 62

a Unless otherwise stated, mean ± sD.
b Infants: prefrontal cortex, frontal cortex, hippocampus, auditory cortex and occipital cortex.
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apolar constituents (log p values ∼8–12 25) in the gut and limited availability for 
absorption (i.e. poor bioaccessibility).26 In addition, following cellular uptake 
into the enterocyte, carotenoids may be further metabolized by beta-caro-
tene oxygenases 1/2 (BCo1/2) to produce several apo-carotenoids.27–29 These 
may then be re-esterified30,31 prior to their further sequestration by chylomi-
crons, as is known for retinol, and later experience tissue distribution via 
low-density lipoproteins/high-density lipoproteins in particular.

However, little information exists regarding potential metabolites, their 
concentrations in various tissues and also the fate of the large fraction of 
intestinally non-absorbed carotenoids, as these may be further fermented by 
the microbiota, similarly to, for example, polyphenols, though this remains 
unknown.18 In addition, recent studies on naturally occurring apo-carotenoids 
such as on norbixin or bixin from annatto seeds or crocetin from safflower 
suggest that these compounds appear to be highly bioavailable32,33 and may 
also be very bioactive, as has been shown for abscisic acid, a plant hormone 
derived from carotenoids, which was shown to improve glucose tolerance34 
and inflammation-related aspects in inflammatory bowel diseases (IBD).35 
For several of these apo-carotenoids, it is also not known whether they can be 
produced in the human body or if they are entirely derived from consuming 
plant-based foods.

This is of importance, as it appears that several of the carotenoid metabo-
lites may be bioactive – in fact, more than the native compounds, a fact that 
may be ascribed to their better cytosolic solubility and potential to interact 
with transcription factors, as well as their higher electrophilicity, resulting 
in better binding to, for example, cysteine residues of nF-κB36 and nrf2.37 In 
addition, other metabolites, such as those of lycopene, have been reported to 
interact with retinoic acid receptor (rar)38,39 and retinoid X receptor (rXr) 
nuclear receptors,40 thus mimicking the immune-related functions of vita-
min a active compounds. However, the further fate of these more polar carot-
enoid derivatives remains largely speculative.

This review tries to summarize our current knowledge regarding the met-
abolic fate of both bioaccessible and non-bioaccessible carotenoids and to 
point out the boundaries of our knowledge regarding the metabolism of these 
mostly colorful dietary constituents and their relation to health aspects.

9.2   Carotenoid Concentrations: from Diet to Tissue 
Levels

The most frequently consumed carotenoids in the diet include beta-carotene, 
lycopene, lutein, alpha-carotene, beta-cryptoxanthin, phytofluene, phytoene, 
neoxanthin, violaxanthin and zeta-carotene, though the sequence of intake 
may change according to dietary habits. For example, in the Usa and Italy, 
due to the intake of tomato products including ketchup, lycopene appears to 
constitute the most frequently consumed carotenoid, with an intake of up to 
approximately 10.5 and 7.5 mg day−1 in those countries, respectively.41,42 Total 
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carotenoid dietary intake ranges typically between 10 and 20 mg day−1.43–46 
In plant-based food items, concentrations vary widely, but can reach up to  
20 mg/100 g in some cases, such as for spinach and tomatoes,47 though other 
leafy vegetables such as cabbages,48 as well as carrots,49 sweet potatoes50 
and a few animal foods such as eggs and salmon47 constitute important and  
frequently consumed dietary carotenoid sources.

as not all carotenoids and their food sources have comparable bioavail-
ability, human tissue and plasma levels do not necessarily reflect total 
dietary intake (Table 9.1), though significant and reasonably strong correla-
tions between various tissue carotenoid concentrations have been reported, 
such as for plasma with skin and buccal cells51 as well as dermal levels,52 
and also between various organs such as kidney, liver and lung,53 suggesting 
that plasma may serve as a reasonable indicator for comparing and perhaps 
assessing carotenoid status. at least for several tissues, only limited discrim-
ination occurs between the concentration in the circulatory system and the 
tissues (Table 9.1), though certain tissues such as the liver and retina appear 
to store carotenoids at higher concentrations (see Chapter 8).

It is also interesting to note that, compared to other frequently consumed 
phytochemicals such as polyphenols, which are consumed in much higher 
amounts (up to 1 g day−1), plasma concentrations are at least equally high, 
even when taking into account polyphenol metabolites such as glucuron-
ides/sulfates.54 In fact, carotenoids appear to constitute the most predom-
inant phytochemicals in human plasma, owing to their reasonably long 
half-life, due to their more limited metabolism compared to, for example, 
polyphenols. In a human depletion study by Burri et al.55 with 18–42 year-
old females, half-lives of 27 days (lycopene), 35 days (beta-carotene) and 76 
days (lutein) were found, likely reflecting losses from deeper body pools such 
as the liver and adipose tissue, perhaps suggesting increased metabolism of 
the carotenes compared to the xanthophylls. similar half-lives were corrobo-
rated in other studies, as reviewed by Bohn et al.6

9.3   Carotenoid Bioaccessibility During 
Gastrointestinal Digestion

9.3.1   Overview of Factors Influencing Bioaccessibility
In order to come into contact with the small intestinal epithelium, where 
carotenoid absorption takes place, these very lipophilic molecules need to be 
solubilized in the aqueous environment (i.e. packaged into mixed micelles of 
approximately 5–10 nm in diameter).25,63 These are formed during intestinal 
digestion and consist of a mixture of partially digested lipids (free fatty acids, 
mono- and di-glycerides), bile salts, phospholipids and other liposoluble 
micro-constituents from the diet, such as cholesterol or vitamin e.64,65 Fol-
lowing their formation, mixed micelles can then diffuse through the mucus 
layer66 to the unstirred water layer of the epithelium, where they interact with 
the cell membrane, following liberation of carotenoids and their cellular 
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uptake via either transporters or passive diffusion (see Chapter 4). The fac-
tors fostering adhesion to the epithelium and uptake include adhesion (gov-
erned by surface charges) and mobility in particular, with negatively charged 
particles resulting in generally higher transport rates.67 This solubilization 
and becoming available for further absorption is also termed bioaccessibility.

Thus, micellization is a crucial step and a prerequisite for carotenoid bio-
availability. Though only constituting the first important step of bioavail-
ability after matrix release, several studies have reported a good correlation 
of carotenoid bioaccessibility with carotenoid bioavailability measures in 
human subjects,68,69 also highlighting the pivotal role of carotenoid bio-
accessibility (reviewed by Biehler and Bohn70).

Consequently, all factors that impinge on bioaccessibility are likely fac-
tors that can alter carotenoid bioavailability. These factors have often being 
summarized by the mnemonic term “sLaMenGHI,” comprising carotenoid 
species, their molecular/chemical linkage, amount of carotenoids, dietary 
matrix, effectors of absorption/bioconversion, nutrient status of the host, 
genetic factors, other host factors such as diseases, and their interactions.71 
regarding the metabolic fate of carotenoids, a first important consideration 
is therefore their bioaccessibility. While an extensive review of dietary and 
host-related factors is beyond the scope of this book chapter, and the reader 
is referred to other more comprehensive reviews,5,6,26,72 the most important 
considerations that determine carotenoid bioaccessibility will be briefly 
highlighted in the following.

9.3.2   Matrix-related Factors, Bioaccessibility and Carotenoid 
Fate

In order to become bioaccessible, carotenoids first have to be released from 
the food matrix. In the following, they then have to be packed into mixed 
micelles. Consequently, all factors that influence these two steps determine 
whether carotenoids will be absorbed or, alternatively, passed on to the colon. 
The major factors influencing carotenoid release from the food matrix and 
their transfer to mixed micelles are shown in Tables 9.2 and 9.3, respectively, 
and include the type of carotenoid, type of matrix, food processing aspects, 
preparatory aspects and the amount of dietary fat and fiber present in the 
carotenoid containing meal. Food processing in particular appears to be a 
double-edged sword, as there is a critical balance between heat application 
that may macerate the matrix and contribute to the release of carotenoids 
and the negative influence via facilitating air and oxygen access, which 
together with heat may result in carotenoid oxidative degradation.

However, when summarizing the most crucial factors, it can be stated that 
softer food matrices with macerized cells wall, those containing carotenoids 
in rather oily droplets compared to crystalline forms, low amounts of dietary 
fiber, sufficient presence of dietary lipids and small particle size are the main 
factors enhancing carotenoid absorption5,73,74 and reducing the amounts of 
unabsorbed carotenoids that are passed on to the colon. additional dietary 
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factors that may play a role but require more studies are dietary minerals, com-
pounds competing for micellization, such as phytosterols and other lipophilic 
vitamins, and proteins. Dietary minerals may reduce carotenoid solubilization 
in the gut due to binding of released fatty acids and bile salts,75 though the two 
human studies conducted thus far remain somewhat contradictory.76,77 other 
lipophilic constituents such as cholesterol and phytosterols may also compete 
for micellization and therefore reduce carotenoid bioaccessibility. This was 
shown for high concentrations of cholesterol in vitro,78,79 phytosterols limiting 
beta-carotene80 but not beta-cryptoxanthin availability in humans,81 and also 
according to a recent meta-analysis where plant sterol and plant stanol intake 
lowered carotene and, less so, xanthophyll concentrations in human blood 
plasma,82 and vitamin e lowered canthaxanthin absorption in rats.83 proteins 
may produce peptides with emulsifying properties during digestion that could 
aid in the transition of carotenoids from lipid droplets to mixed micelles,84,85 
and their emulsifying properties have been employed for encapsulating carot-
enoids to enhance both shelf-life stability and also bioavailability aspects.86 
However, no human trials investigating the effects of proteins on carotenoid 
absorption have been reported.

also, due to a typically lower aqueous solubility and the higher tendency to 
aggregate (especially lycopene) and to be present in the matrix in crystalline 
form, carotenes tend to be of lower bioaccessibility compared to xanthophylls 
(reviewed by Desmarchelier and Borel5 and Bohn87), and this appears to cause 
their generally lower fractional absorption and bioavailability expressed as per-
centage of ingested dose,24,88,89 resulting in a larger proportion of carotenes vs. 
xanthophylls reaching the colon. For xanthophylls, lower bioaccessibility and 
bioavailability of the densely packed H-aggregates compared to more loosely 
packed J-aggregates (present in the absence of hydrogen bonds between 
molecules such as at lower pH or when esterified) have been proposed.90 In 
addition, cis-isomers of carotenoids appear to be of higher bioaccessibility, 
most likely due to their more bent structures and shorter apparent molecu-
lar lengths, which improve micellization91,92 and often bioavailability.24,93–95  
For this reason, the rather apolar phytoene and phytofluene, predominantly 
present in their 15-cis form and as variable cis-isomers,96 respectively, were 
found to be highly bioaccessible91 and also bioavailable (almost 60%), as 
shown in a postprandial study with isotopically labeled phytoene,97 though 
the nature of the isomer(s) given was not revealed. a high bioavailability was 
also shown for a cis-product of lycopene, tetra-cis lycopene or prolycopene, 
which showed an almost eight to ten-times higher area under the curve (aUC) 
than all-trans lycopene from tangerines compared to red tomato sauces93,98

9.3.3   Degradation in the Gastrointestinal Tract
Most carotenoids are present in the all-trans form in fruits and vegetables 
and their products, though through heat, light and oxygen exposure, trans–cis  
isomerization as well as oxidation to certain apo-carotenoids (mostly 
apo-carotenals) can occur, as reviewed previously.27,112 In a recent study by 
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Kopec et al.,113 it was investigated whether there were digestive losses of 
beta-carotene, lutein and lycopene dissolved in sunflower oil, as studied 
by a gastrointestinal (GI) in vitro digestion system from a simulated meal 
containing mostly sucrose and additional phospholipids. While trans–cis 
isomerization was found to be insignificant, losses of lutein, lycopene and 
beta-carotene during GI digestion with digestive enzymes (pepsin, pancre-
atin) were 40%, 20% and 40%, respectively. Metmyoglobin further increased 
losses of lycopene and beta-carotene to approximately 30% and 80%, respec-
tively, possibly due to oxidative degradation as triggered by iron. It is possible 
that the formed microcrystals of lycopene protected it from further oxida-
tion and thus losses were lower compared to beta-carotene. The absence of 
digestion enzymes even enhanced degradation, perhaps as proteins digested 
with enzymes conferred some protection by forming a protective layer. sim-
ilar losses of 20% and 30% for lycopene and beta-carotene, respectively, 
during simulated digestion in a dynamic model were reported earlier by 
Blanquet-Diot et al. based on tomato-rich meals.114 In another study, losses 
of beta-carotene from digested spinach of up to 70% after the small intes-
tinal phase were reported,115 based on digested spinach (Table 9.3), while 
lutein losses were lower (25%), perhaps due to higher micellization and thus 
protection form degradation. Losses of carotenoid standards dissolved in 
acetone/oil were also considerably higher compared to carotenoids in juice, 
demonstrating that the matrix could have protective effects, preventing 
carotenoid oxidation. other studies reported virtually no detectable losses 
of lutein during simulated digestion.114,116 It is likely that differences in test 
meals (matrix vs. solvents), time and pH of digestion or even mechanical 
factors such as shaking speed did contribute to the observed differences. 
The absence of significant isomerization was in line with previous studies 
with lutein,117 beta-carotene118 and lycopene92,119 in vitro, and also in vivo for 
beta-carotene.69 In the study by Kopec et al.,113 no further oxidation prod-
ucts were detected, which was different from an earlier report by the same 
authors employing artificial emulsifiers120 and the presence of iron, where 
several epoxides and apo-carotenals were detected (Table 9.4). Thus, though 
losses of carotenoids appear to be quite variable, mostly depending on the 
original matrix and co-digested food constituents, typically 50% or more are 
expected to reach the site of absorption. Indeed, it can be postulated that a 
matrix that releases carotenoids rapidly during digestion ensures rapid tran-
sition of the lipid droplets to mixed micelles and is able to bind iron (other-
wise triggering degradation), which would be associated with only minimal 
carotenoid degradation.

exceptions regarding digestive stability exist for carotenoids that are 
unstable under acidic conditions, as these are more prone to structural 
changes during the gastric phase, where the pH could drop to as low as 2 
(absence of meal). This has been shown for the epoxycarotenoids violaxan-
thin and neoxanthin, which undergo, at least partly, epoxide–furanoid tran-
sition during digestion.75 nevertheless, their bioaccessibility appeared to be 
high, at around 49% and 30% in the latter study, respectively. In another 
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study, recovery of violaxanthin from raw spinach was below 10% in an  
in vitro digestion system. However, the pH of both models was adjusted to 2, 
which does not reflect a postprandial pH in the stomach, when the pH could 
rise to as high as pH 5.121 However, following epoxide–furanoid transition, 
violaxanthin would react to form auroxanthin and luteoxanthin, and neox-
anthin to from neochrome; epimers of these compounds can likewise be 
formed. These compounds have been shown to be taken up by Caco-2 cells as a  
model of the intestinal epithelium, following in vitro digestion with a gastric  
pH of 3.111,122 However, concentrations in the human bloodstream123 were 
shown to be very low, possibly supporting the fragility of the original epoxy-
carotenoids. In another human study with three subjects, none of the orig-
inal compounds or breakdown products of violaxanthin and neoxanthin 
could be found in the plasma following 50 mg bolus doses.124 It is also possi-
ble that these compounds react to form further unknown metabolites or are 
shuffled out of the epithelial cell back into the gut lumen.

Taken together, losses from test meals have been reported to average 
around 20–30% for most carotenoids. The absence of cis-isomer formation 
during digestion suggests that only minor isomerization occurs or that iso-
mers quickly further degrade, which appears less likely as cis-isomers appear 
to be generally as stable during digestion as the all-trans form.114 several 
metabolites have been reported during GI digestion, as summarized in Table 
9.4. Whether these can be further absorbed is unclear. studies that have inves-
tigated more polar carotenoid metabolites from plants indicate that shorter, 
more polar apo-carotenoids can be absorbed. For example, in a human post-
prandial study with crocetin from saffron from crocus flowers,32 plasma aUC 
following doses of 7.5, 15 and 22.5 mg were 670, 1130 and 1840 ng hour−1 
mL−1 (100, 200 and 250 ng mL−1 peak concentrations), respectively, appar-
ently not saturable at these doses, and bioavailability levels were comparable 
to native carotenoids (e.g. 250 ng hour−1 mL−1 following the consumption of 
19 mg lycopene from tomato soup76), though plasma appearance was slower 
for lycopene. also, doses of 16 mg of bixin and 0.5 mg of norbixin were well 
bioavailable, reaching 12 and 58 ng mL−1 plasma peak concentrations.33 In a 
very recent study, various apo-carotenals were show to be taken up by Caco-2 
cells, also emphasizing that these appear to be absorbable.125 Likewise, in a 
mouse study, apo-10′-lycopenoic acid, a tentative in vivo metabolite of lyco-
pene, was shown to be bioavailable in mice and stored in the liver, while 
acting on sIrT1 and decreasing hepatic fat accumulation.126

9.4   Host-related Factors Governing Carotenoid 
Digestion, Cellular Uptake and Absorption

9.4.1   Carotenoids during GI Digestion
Host-related factors predominantly include the available intestinal surface 
area for absorption, which can be diminished via various diseases such as 
IBD132 or surgically removed short bowel syndrome following, for example, 
cancer surgery and factors that influence the amount of digestion enzymes 
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and bile salts needed for carotenoid absorption, such as pancreatitis.133 
also, older age may contribute to decreased intestinal surface134 and result 
in lower circulating carotenoid concentrations. recently, these factors have 
been reviewed and found to contribute to inter-individual variation of plasma 
carotenoid concentrations.6

again, during intestinal digestion, lipase and bile salts appear to constitute 
the most crucial agents fostering carotenoid solubilization, and several genetic 
aspects (i.e. single-nucleotide polymorphisms [snp]) have shown to be associ-
ated with altered carotenoid bioavailability as measured by plasma or plasma- 
triacylglycerol-rich lipoprotein (TrL) fractions. These included PNLIP (encod-
ing pancreatic lipase) and CLPS (encoding colipase), which were shown to be 
related to lycopene23 and cholesterol absorption,135 respectively. several in vitro 
studies have shown that without either bile or pancreatin, carotenoid bioacces-
sibility was severely compromised. While some studies emphasized that the 
absence of pancreatin had a more drastic effect,78 others emphasized that the 
absence of bile more drastically reduced carotenoid bioaccessibility,122,136 possi-
bly differing due to specific interactions with the matrix or digestion conditions.

not much is known regarding the importance of gastric lipase, which  
presumably digests about 25% of ingested lipids,121 thus contributing to 
carotenoid transfer from lipid droplets to mixed micelles, due to the fact that this 
enzyme has not been commercially available. also in the gastric phase, low 
pH (due to an empty stomach) again may foster the degradation of epoxy- 
carotenoids (violaxanthin, neoxanthin) to their furanoid forms. pepsin is not 
known to have any significant influence on carotenoid bioaccessibility, as 
most carotenoid-containing food items are rather low in total protein con-
tent, though in one study, higher pepsin concentrations enhanced lycopene 
bioaccessibility from a tomato puree in vitro,137 perhaps due to the formation 
of emulsifying peptides.

esters from xanthophylls, such as those present in several fruits (mango 
and papaya, rich in, for example, beta-cryptoxanthin esters) and also some 
leafy vegetables (mangold, rich in lutein esters) are even more apolar than the 
non-esterified carotenoids and likewise rely on micellization for their absorp-
tion. It remains unclear to what extent cleavage by carboxyl-ester lipase (also 
termed cholesterol esterase) or also triacylglycerol lipase occurs, which are 
both secreted by the pancreas,138 with the latter also present in intestinal 
cells139 and possibly active at the brush border, as reviewed by reboul.30 In 
vitro, cholesterol esterase does not seem to constitute an effective enzyme for 
cleaving xanthophyll esters,140 while in vivo cleavage appears complete, per-
haps suggesting the involvement of other enzymes. However, as native esters 
of carotenoids in the plasma appear only at very low concentrations,141 it is 
assumed that esters are cleaved prior to absorption.142 on the other hand, 
esters have been found to be taken up by Caco-2 cell models.140 It is thus pos-
sible that they are further cleaved intracellularly or are not further absorbed 
and/or re-secreted in the GI tract, though more research is needed here. It is 
also worth noting that there are indications that xanthophylls, upon absorp-
tion, may be re-esterified, perhaps when present at high concentrations, as 
shown earlier with lutein in humans.141
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9.4.2   Carotenoid Cellular Uptake

It is likely that at lower, rather physiological concentrations, uptake via trans-
porters predominates, while higher (supplemental) concentrations may 
favor passive diffusion. In fact, a saturable absorption curve (for doses from 
10 to 120 mg) has been determined for lycopene, for example,143,144 support-
ing the notion that at these concentrations the transporter uptake predomi-
nates. Meanwhile, several transporters have been identified or suggested to 
participate in carotenoid cellular uptake from the small intestine, including 
scavenger receptor class B type 1 (srB1), cluster of differentiation 36 (CD36), 
niemann-pick C1-like 1 (npC1L1) and aTp binding cassette subfamily a 
member 1 (aBCa1) for further uptake to the basolateral site.

several gene association studies were conducted by Borel et al. and other 
researchers, and several snp of transport enzymes were found to be associ-
ated with newly absorbed carotenoids, as determined by their concentration 
in the plasma-TrL fraction: SCARB1 (encoding for srB1; transport of lutein/
zeaxanthin, beta-cryptoxanthin, lycopene, beta-carotene, alpha-carotene 
likely), CD36 (lycopene, alpha-carotene, lutein/zeaxanthin, beta-cryptoxanthin 
transport likely), ABCA1 (beta-carotene, lycopene, lutein/zeaxanthin transport 
likely) and NPC1L1 (lycopene, lutein/zeaxanthin transport likely), as reviewed 
recently.6 Despite the fact that the selectivity of some of these transporters 
remains to be further elucidated, it is not quite clear whether at this step of 
absorption a huge discrimination between the various carotenoids exists. 
not considering micellization, compared to all-trans-beta-carotene, beta- 
carotene cis-forms were shown to be poorly taken up, at least in Caco-2 cell 
experiments,145 similarly to lutein and lycopene. The higher cellular uptake of 
beta-carotene compared to lycopene in such cell models was found earlier,146 
also observed by o'sullivan et al.147 when comparing beta-carotene and lutein 
Caco-2 cellular uptake, though secretion was not effected systematically. How-
ever, differences in cellular uptake/absorption efficacy may be lower between 
other carotenoids, such as between lycopene and astaxanthin cellular uptake 
into HT-29 cells.148 In another study by o'sullivan et al., astaxanthin and also 
lutein showed high cellular uptake into Caco-2 cells.149 Differences in cell 
lines, passage number, time of incubation, dosing and preparation of artifi-
cial micelles may contribute to such obtained differences.

as several of these transporters also accept other substrates, these may, at 
least at higher concentrations, compete for one another. For example, srB1, 
CD36 and aBCa1 are all also cholesterol transporters, while npC1L1 has also 
shown some selectivity for vitamins e, K and D, CD36 for vitamins D and K 
and srB1 for vitamins e, K and D, as reviewed by reboul and Borel150 and 
Yamanashi et al.151 However, no human postprandial studies have investi-
gated the interactions of high doses of vitamins with carotenoid absorption, 
though it has been observed in an intervention that high doses of plant ste-
rols and sterol esters reduced beta-carotene absorption in humans by approx-
imately 50%.80 as these sterols (2.2 g day−1) are normally poorly absorbable, 
however, it is also more likely that their negative influence originates from 
competition for micelle incorporation (Table 9.2).
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In summary, carotenoid cellular uptake is at least in part occurring via trans-
porters, and thus higher doses are expected and have been shown to result in 
lower fractional absorption, also questioning the intake of high doses of indi-
vidual carotenoids at the same time, such as in high-dose supplements.

9.4.3   Further Carotenoid Metabolism in the Enterocytes and 
Other Tissues

once taken up by the enterocyte, carotenoids may be further cleaved, either 
centrally by BCo1 or eccentrically by BCo2. While BCo1 is present in the 
cytosol, BCo2 is present in the mitochondria.152 While beta-carotene appears 
to be a particular target for BCo1, resulting in the production of provitamin 
a active retinal, BCo2 has shown to be able to produce apo-carotenals from 
beta-carotene, at least apo-10′-beta-apo-carotenal, as shown in HepG2 liver 
cells153 and in mice studies.154 BCo2 has further been suggested to cleave 
lycopene into apo-10′-lycopenal,38,155 but also apo-8′- and apo-12′-lycope-
nal156 were found in the livers of rats. While BCo1 thus appears to favor 
full-length provitamin a carotenoids (beta-carotene, alpha-carotene and beta- 
cryptoxanthin, though not lycopene, lutein and 9-cis-beta-carotene157), BCo2 
favors the cleavage of xanthophylls.158 However, cleavage is far from being 
complete and species dependent, and has been estimated for xanthophylls 
and BCo2 to be 10–40-times weaker than in mice.159 It is also noteworthy 
that longer apo-carotenoids are themselves substrates for BCo1/2, as shown 
for beta-apo-4′-carotenal, beta-apo-8′-carotenal, beta-apo-10′-carotenal and 
beta-apo-12′-carotenal in chickens and rats, as reviewed by Kim et al.3

The further fate of these metabolites is not entirely clear. While retinal can 
react to form retinol and is then likely to be re-esterified by LraT prior to fur-
ther absorption, this is not the case for uncleaved carotenes and xanthophylls. 
BCo2 metabolites are potentially further metabolized via hydroxylation, 
as some hydroxylated compounds were detected earlier in vivo (Figure 9.1), 
though their origin (plant vs. in vivo) could not be clearly differentiated.57,160,161 
It also is possible that these compounds can then be further conjugated to 
form sulfated and glucuronidated metabolites, as glucuronidation has been 
shown for retinol.162 This was demonstrated following the administration of 
isotopically labeled all-trans beta-carotene in rats, upon which the majority 
of radioactively labeled compounds were studied in bile, and 73–96% were 
water-soluble compounds that yielded retinol or retinoic acid following cleav-
age by glucuronidase.163 retinoyl-beta-glucuronide (raG) was also found in the 
plasma of humans, though at rather low concentrations (i.e. ∼2.4 ng mL−1).164 
Further glucuronidated metabolites such as 9-cis-4-oxo raG were identified in 
subjects treated with 9-cis retinoic acid.165 These findings would also be in line 
with excretion of beta-carotene via urine, which was detected via isotopic stud-
ies (6.5% of the administered dose),166 though the nature of the compounds 
was not determined at that time. However, it is apparent that BCo1 and BCo2 
are among the most important carotenoid metabolism steps in humans.

In addition to further metabolism, carotenoids or their metabolites may 
also be re-secreted back into the intestinal lumen. This may happen via 
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cellular abrasion of the enterocytes or via shuttling carotenoids back via 
transporters. Whether, how and to what extent this happens is unclear. as 
highlighted in a review by reboul,30 srB1 has been shown to be able to act 
as a transporter in both directions, and vitamin e167 and D168 efflux to the 
apical side was shown for Caco-2 cells, and a similar phenomenon could 
also be assumed for carotenoids. However, other transporters, including 
other aTp binding cassette subfamily proteins such as aBCG5,169 aBCB1 23 
and aBCG8,170 may also play a role, as suggested for lutein and aBCG5 for 
beta-carotene171 in human trials investigating genetic polymorphisms.

In summary, the further metabolism following a potential cleavage by 
BCo1/2 remains unclear, but is likely to include further reactions with phase 
II enzymes, such as glucuronidation and perhaps sulfation, though a number 
of other oxidation products such as the formation of keto-compounds172,173 
and penta-cyclic compounds57 have also been suggested (Figure 9.1).

Figure 9.1    simplified metabolic pathway of carotenoids – examples lycopene57 and 
beta-carotene.27,162,174 Main isomers would be 9-cis, 13-cis and 15-cis iso-
mers for beta-carotene62 and 9-cis, 13-cis and 15-cis isomers for lyco-
pene.62,175 Fa: fatty acid; HsL: hormone-sensitive lipase. reH: retinyl 
ester hydrolysis enzymes. aCis–trans-isomerization not considered here.



183Metabolic Fate of Bioaccessible and Non-bioaccessible Carotenoids

9.5   Colonic Fate of Carotenoids
all carotenoids that are not absorbed in the small intestine will eventually 
reach the colon, either in bioaccessible form (emulsified) or precipitated. 
In addition to non-absorbed carotenoids, carotenoids are also re-excreted 
via bile and the pancreas back into the intestinal lumen (i.e. following their 
original absorption), as shown by, for example, isotopic studies in salmon.176 
as absorption of carotenoids is only approximately 10–40%, the remaining 
60–90% should reach the colon, not counting potential endogenous losses 
of carotenoids or metabolites. several in vitro studies have shown that carot-
enoids, following colonic fermentation, are not completely recovered, but 
that they are degraded (i.e. fermented) by the microbiota. For example, in a 
study with fermented plum and cabbage carotenoids, only 4–25% of carot-
enoids were recovered following colonic fermentation.177 In another study 
by Goni et al., colonic recovery of lutein, lycopene and beta-carotene were 
19/19%, 17/3% and 24/21%, respectively, for digested fruits/vegetables.178 In 
another study by those authors, losses of pure beta-carotene standard were 
as high as 98%,130 though no metabolites were reported (Table 9.5).

However, the nature of these microbiota-fermented carotenoids is not 
known. Unlike for polyphenols, which are known to undergo numerous reac-
tions in the gut, including ring fission, deglycosylation, hydrolysis, deglucu-
ronidation and demethylation, no literature exists on carotenoid products 
in the large intestine. Though it is possible that more polar degradation 
products are produced, this is speculative at present. some carotenoid metab-
olites originating from the body, however, are also expected, as retinoyl- 
glucuronide excreted via the bile following beta-carotene administration 
may be de-glucuronidated.

Furthermore, it remains unknown whether carotenoids can be absorbed 
from the colon. In an earlier human trial, it was found that maximum carot-
enoid concentrations in colonic cells trailed behind that of blood plasma by 
5–7 days, suggesting insignificant direct absorption from the luminal con-
tent,179 but rather absorption via the small intestine followed by carotenoid 
distribution via the circulatory system. In an insightful rat study by oshima 
et al.,180 rats received intracolonic doses of lycopene, and low amounts were 
detected in serum and higher amounts in the liver, suggesting that colonic 
uptake does play a role. However, mixed micelles are present in the colon, 
and there is indirect evidence of absorption of other lipophilic compounds 
(e.g. of vitamin K with long side chains [phylloquinone, log p: 10.9, https://
www.phenomenex.com/Compound?id=Vitamin+K]), as these were found in 
the livers of humans,181 though their availability is possibly low as deduced 
following colorectal administration in rats.182 Finally, as BCo1 has been 
detected in colonic cells, at least in the mouse,183 carotenoid metabolism is 
also expected to occur in colonic epithelial cells. In summary, more research 
is warranted on potential colonic degradation products or possible colonic 
uptake of native carotenoids or their products, which may be low, but per-
haps not zero.
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9.6   Further Metabolism of Carotenoids Following 
Cellular Uptake

9.6.1   Conversion into Vitamin A
Clearly, the fraction of provitamin a carotenoids that can be absorbed and 
then be cleaved and turned into vitamin a active compounds, a term also 
called “bioconversion,” is very variable, depending, as emphasized above, 
on the food matrix and factors influencing the absorption of beta-carotene, 
and finally host factors such as BCo1 cleavage activity. In a study by Leung  
et al.,184 it was shown that bioconversion differed between variants of BCo1, 
with a double mutant of the snp r267s:rs12934922 and a379V:rs7501331 
showing 57% reduced catalytic cleavage activity. In a human clinical study by 
Lietz et al.,185 three polymorphisms of the BCO1 gene (rs6420424, rs11645428 
and rs6564851) hampered BCo1 catalytic activity by 59%, 51% and 48%, 
respectively. The expression of BCo1 appears to be regulated by the intes-
tine-specific homeobox transcription factor (IsX), as retinoic acids appear to 
stimulate its expression, which in turn reduces expression of BCo1, limiting 
vitamin a formation in the intestinal cell.186 Thus, the fate of beta-carotene 
(i.e. its conversion to retinal) is influenced by genetic factors, which is possi-
bly the cause of some people being rather high converters of beta-carotene 
to vitamin a, while others (∼45% in Westernized countries) are low convert-
ers187. However, for more detailed reviews on carotenoids as sources of vita-
min a, the reader is referred to other articles188–190

9.6.2   Intracellular Transport and Sequestration of 
Carotenoids into Chylomicrons

Following carotenoid cellular uptake, potential cleavage and/or further  
re-esterification, carotenoids are secreted via chylomicrons into the lymphatic 
system. This appears to be the case for all compounds with a log P > 5 (which 
would include all major dietary carotenoids), below which compounds can 
be further transported via the portal vein.191 as apo-carotenoids also have a 
log P value of approximately 5 or slightly higher (http://foodb.ca/compounds/
FDB022576), these are also assumed to be sequestered via the portal path-
way, at least to some extent, though they have not been detected so far. In a 
study by Kopec et al. with orally administered 13C-beta-carotene, 13C-retinol 
was observed in whole plasma but not in the TrL fraction, while no non- 
vitamin a active 13C-beta-apo-carotenals, 13C-beta-apo-carotenols or 13C-beta- 
apo-carotenoic acids were observed in the plasma or TrL samples. Thus, at 
least for beta-carotene metabolism, apo-carotenoids are not secreted via 
chylomicrons to a measurable extent.192

The details of chylomicron sequestration in the enterocyte are not com-
pletely elucidated, but possibly include binding of carotenoids to some intra-
cellular transport proteins (due to their otherwise low cytosolic solubility)  
and their carrying to the endoplasmic reticulum, followed by the Golgi 
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apparatus for sequestration into chylomicrons. regarding the binding pro-
teins, potential candidates include fatty acid binding protein (FaBp), and also 
BCo1 itself, as reviewed previously.6 a human postprandial study found an 
association between a snp in FaBp and lycopene in the plasma TrL fraction,193 
supporting a potential role for its participation in intracellular transport.

However, carotenoids are eventually assembled, by the aid of apolipopro-
tein a1 (apoa1),194 into chylomicrons. They are then released via exocytosis 
to the lacteals and the lymphatic system. another route has been speculated 
upon, which includes secretion of carotenoids to the basolateral site directly 
via apoa1, by lipid transfer to high-density lipoprotein (HDL) from the mem-
brane protein aBCa1. This is supported by a study showing direct transport 
of xanthophylls via aBCa1 to apoa1 in hamsters.195

It is interesting to note that after consumption of a carotenoid-rich meal, 
carotenoids appear to be stored for a certain time in the enterocytes and are 
sequestered following the consumption of a later meal rich in lipids, which 
appears to foster the formation and secretion of carotenoid-loaded chylomi-
crons,22,24 and thus follow-up meals could influence the kinetics, if not the 
bioavailability, of carotenoids.

9.7   Carotenoid Biodistribution, Target Tissues and 
Excretion

Following their sequestration into chylomicrons and transport in the lymph, 
carotenoids reach the bloodstream and are transported to the liver. Chylo-
microns are partly stripped of their triglycerides along the way to react with 
chylomicron remnants, not affecting carotenoids. While the liver appears 
partly to constitute a storage organ for carotenoids, and more so for vitamin 
a, carotenoids are also redistributed into various lipoproteins. While xantho-
phylls appear to be distributed about evenly between HDL and low-density 
lipoprotein (LDL), carotenes appear to be associated primarily with the LDL 
fraction.196

Carotenoids are then released via the lipoproteins to different tissues. 
Carotenoids have been detected in many different tissues and, based on 
the concentrations encountered (Table 9.1), there does not appear to exist 
a dominating primary target tissue, although the adipose tissue appears to 
be an important if not the major storage organ for carotenoids, and liver 
concentrations are typically higher than those of other organs. It is plausi-
ble that tissues expressing a larger number of especially LDL receptors are 
candidates for storing higher concentrations of carotenoids, such as adipose 
tissue,197 prostate tissue60 or adrenal tissue,62 which appears to be the case 
(Table 9.1), at least for adipose tissue and adrenal tissue. as many tissues 
contain both BCo1 and BCo2,27 similar metabolites as in the enterocytes 
may be formed, though few data are available on tissue metabolites. Because 
of the relation of carotenoids to aMD, the macula constitutes an important 
target tissue for lutein, zeaxanthin and meso-zeaxanthin (a stereoisomer 
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of zeaxanthin produced in vivo from lutein and present to some extent in 
seafood) – for further information, please consult further reviews.198 also, a 
non-enzymatic oxidation product of lutein, 3′-oxolutein, has been related to 
the human retina.199

Following administration of isotopically labeled phytoene (13C-labeled), 
Moran et al.97 developed a compartment model (Figure 9.2) highlighting 
major body pools of phytoene. a similar model was developed for 13C-la-
beled lycopene,97 also highlighting ongoing trans → cis isomerization in the 
human body. These studies also demonstrated that the largest pools were 
slow-turnover pools, possibly representing various body tissues of slow 
exchanges such as the adipose tissue, followed by fast-turnover pools, which 
may include liver metabolism.

Hardly any data are available regarding carotenoid excretion pathways. as 
Zile et al. found that the majority of vitamin a active compounds following 
administration of isotopic aTra to rats163 were present in the water-soluble 
fraction in the bile as retinol and retinoic acid glucuronides (in all-trans 
and 13-cis forms), it can be assumed that, at least for beta-carotene, biliary 

Figure 9.2    Human compartmental kinetic model of non-provitamin a carotenoids 
based on measurements in plasma following dosings as carried out by 
Diwadkar-navsariwala144 and stable isotope administration by Moran 
et al.97,202 for lycopene and phytofluene. arrows represent the direction 
of exchange between the different pools and ovals are compartments 
(kinetically homogenous pools). Gastric motility delay likely represents 
GI transit time. More details on beta-carotene compartment models 
can be found in the thesis by park.203
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excretion as glucuronides is one main pathway of excretion. as urinary 
excretion was also demonstrated following the radioactive administration 
of 14C-beta-carotene,166 it could be speculated that glucuronides or other 
polar metabolites such as apo-carotenoids are partly secreted in the urine. 
In the study of Ho et al.,166 approximately 6.5% (range 1.7–15.8%) of the 
orally administered dose was excreted in urine within 30 days. Interest-
ingly, mono- and di-glucuronides of crocetin were also found in plasma 
of rats following oral administration at higher concentrations than the 
free molecule, also suggesting that glucuronidation could be a fate of 
apo-carotenoids.200

By contrast, the cumulative dose excreted in feces ranged between 28% 
and 100% (mean 56%) within 14 days.166 similar results were found by Hick-
enbottom et al.201 following administration of a small dose of radiolabeled 
beta-carotene, demonstrating cumulative recoveries in urine and stool of 
4% and 45%, respectively. as the latter constituted mostly non-absorbed 
beta-carotene detected within the first 2 days of test meal intake, and only 
1% in addition was recovered later due to endogenous losses, urinary excre-
tion appeared to be the major route of excretion in this trial.

9.8   Interrelation of Carotenoid Degradation 
Products, Metabolites and Health Aspects

9.8.1   Health Benefits Associated with Native Carotenoids
It ought to be emphasized that our current gaps in knowledge regarding fur-
ther carotenoid metabolism coincide with our lacking a grasp on carotenoid 
health-beneficial aspects, and this failure to characterize the true bioactive 
constituents of carotenoid-rich food items, if any, will impede any further 
meaningful intervention trials aimed at ameliorating ailments related to low 
intake and circulating carotenoids.

While direct antioxidant effects of the native carotenoids clearly have 
been shown in vitro, including quenching of singlet oxygen,204,205 protection 
against UV light as reviewed previously206 and quenching of peroxyl radicals 
originating, for example, from lipid oxidation,207 it is unclear whether these 
effects can be translated as such to the in vivo situation. However, oxidative 
stress measured by the dichlorofluorescein method in cell culture (Caco-2)  
following exposure to H2o2 and astaxanthin at 10 µM reduced oxidative 
stress, indicating that such high but intestinally reachable concentrations 
of native carotenoids can have beneficial effects.208 as the cleavage rate into 
derivatives (via BCo1/2) is slow, it could be assumed that carotenoids may 
also protect the cell membranes from oxidative stress in vivo. In this respect, 
carotenes are likely to be situated in the more apolar area of the fluid mosaic 
model of the cell membrane (i.e. in the middle part209), while xanthophylls 
may span the membrane, occupying the outer domains with the polar parts 
of their molecules.210
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9.8.2   Health Benefits Associated with Carotenoid In Vivo 
Metabolites

as most studies did not investigate carotenoid degradation products and their 
concentrations in tissues following in vivo studies, it is difficult to ascribe any 
observed effects of carotenoids to either the native compounds or their metab-
olites. several studies have pointed out that carotenoid metabolites (e.g. the 
resulting apo-carotenals) have a higher affinity to interact with transcription 
factors in the cytosol due to their higher solubility and higher electrophilic-
ity. In a study by Linnewiel et al.,37 several apo-carotenals obtained from the 
oxidation of lycopene with potassium permanganate were tested in several 
transfected cell lines (MCF-7 breast cancer cells, T47D mammary cancer cells 
and LnCap prostate cancer cells) regarding their interaction with nrf2. It was 
found that: (1) aldehydes, not acids, were most active; (2) the activity of the 
compounds depended on the relative position of the methyl group 3 to the 
terminal aldehyde; and (3) the optimal length of the dialdehyde derivative 
was 12 carbons in the main chain. In another study by the same authors,36 
the authors investigated the effect of synthetic apo-carotenals on T47D, Hos 
and MC3T3-e1 osteoblast-like cells transfected with an nF-κB reporter gene. 
again, while native lycopene was found to be rather ineffective, apo-carotenals 
strongly influenced nF-κB activation, possibly by binding to cysteine residues 
of nF-κB via the reaction of α,β-unsaturated carbonyls with nucleophilic pro-
tein thiols to a Michael adduct. similarly, in a rat study with lutein,211 photo- 
oxidative degradation products reduced lipopolysaccharide (Lps)-triggered 
inflammation, including nF-κB downstream products such as malondialde-
hyde, prostaglandin e2, TnF-α and IL-6, more strongly than lutein in serum.

In several studies, it was suggested that lycopene metabolites could inter-
act with rXr and rar, which are important for regulating immune system 
functions, among others. In a recent study by aydemir et al.,39 it was shown 
that lycopene fed to mice regulated genes affected by vitamin a deficiency, 
bringing their expression back to levels seen in rats without vitamin a defi-
ciency. This was ascribed – though it was not directly detected – to lycopene 
metabolites such as to apo-15′-lycopenoid acid,212 highlighting the potency 
of these metabolites, suggesting that these have vitamin a-like properties.

In a recent review by Bonet et al.,213 it has been proposed that apo-carote-
nals of beta-carotene and possibly other carotenoids influence peroxisome 
proliferator-activated receptors (by acting as agonists or antagonists) in adi-
pose tissue, thereby regulating proliferation of adipose tissue. In support of 
this, several human studies have found that obese subjects typically have 
lower levels of circulating carotenoids,214,215 though it is not clear whether 
this is due to rather low intake of carotenoids, increased storage of carot-
enoids in adipose tissue or increased turnover in other tissues.

Finally, several plant-derived apo-carotenoids have been shown to be bio-
active in humans. For example, the plant hormone abscisic acid has been 
shown to ameliorate experimental IBD in an animal model,216 to act as a cyto-
kine in humans, positively influencing systemic sclerosis markers in vitro,35 
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and to improve glucose tolerance in humans in small quantities (0.5–1 µg 
kg bodyweight−1),34 possibly via enhancing insulin production and GLUT4- 
related glucose cellular uptake.

In summary, though more confirmation is needed, many studies point out 
that carotenoid metabolites (such as those produced by BCo1/2) can be very 
bioactive and may be more potent than their native precursors, effecting many 
inflammation, oxidative stress and cell proliferation pathways via interacting 
with transcription factors and nuclear receptors. Thus, understanding the 
metabolism of carotenoids is key to our understanding of their health-related 
benefits or risks, and more research in this domain is needed. at present, 
research regarding carotenoid metabolites is limited, at least in part due to 
methodological limitations. Firstly, not many carotenoid metabolites are com-
mercially available, and even if they are available, they are quite expensive. The 
same is true for isotopically labeled carotenoids for following the metabolism 
of orally administered tracers. secondly, their sensitive and selective analysis 
requires sophisticated and likewise expensive analytical instrumentation (i.e. 
chromatographic separation techniques coupled to mass-spectrometry, such 
as atmospheric-pressure-ionization based liquid chromatography-mass spec-
trometry ([apCI-]LC-Ms-Ms), which many laboratories do not have access to, 
even though this technique has become more available in recent years).

9.9   Conclusions
The metabolic fate of carotenoids depends on several factors (Figure 9.3). 
When carotenoids can be released from the matrix and are bioaccessible, 
they may enter the body pool of carotenoids, while their colonic fate remains 
unknown. Their release from the diet is dependent on both the food matrix 
and food constituents, foremost the presence of lipids, and host factors such 
as the availability of sufficient bile and pancreatin. Following their cellular 
uptake, which depends on the expression of active transporters (srB1, CD36, 
npC1L1 and aBCa1) related to snps, provitamin a carotenoids may then be 
preferably cleaved by BCo1 into retinal, while non-provitamin a carotenoids 
may be preferentially cleaved by BCo2 into several apo-carotenals, if at all.

In what follows, carotenoids and their metabolites and retinyl esters 
(produced from retinol) will be transported to the liver, where they may be 
stored or further distributed in the body by HDL and very-low-density lipo-
protein/LDL. apo-carotenoids may likewise be transported to target tissues, 
though their transport is not understood and the transport of the free form 
in the bloodstream appears limited. Though no single specific target tissue 
of carotenoids exists, the liver appears to constitute a major storage tissue, 
especially for vitamin a, while a large part of carotenoids is stored in adi-
pose tissue. The macula of the retina is a target for lutein and zeaxanthin. 
Further metabolism in tissues expressing BCo1/2 appears likely. The result-
ing apo-carotenoids are expected to interact with transcription factors in the 
cytosol of the cell, including nF-κB, nrf2 and some metabolites such as ret-
inal, and some lycopeneoids may interact with the nuclear receptors rar 
and rXr. In the process that follows this, it is likely that apo-carotenoids 
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are eventually metabolized by phase II enzymes (sulfotransferases and UDp- 
glucuronosyltransferases). The resulting sulfates and glucuronides are more 
water soluble and can be excreted via the kidneys, while native carotenoids 
may be secreted back into the gut via bile.
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