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B-Carotene intake and tissue/blood concentrations have been associated with reduced inci-
dence of several chronic diseases. Further bioactive carotenoid-metabolites can modulate
the expression of specific genes mainly via the nuclear hormone receptors: retinoic acid
receptor- and retinoid X receptor-mediated signalling. To better understand the metabolic
conversion of B-carotene, inter-individual differences regarding B-carotene bioavailability
and bioactivity are key steps that determine its further metabolism and bioactivation and
mediated signalling. Major carotenoid metabolites, the retinoids, can be stored as esters
or further oxidised and excreted via phase 2 metabolism pathways. In this review, we aim
to highlight the major critical control points that determine the fate of p-carotene in the
human body, with a special emphasis on f-carotene oxygenase 1. The hypothesis that higher
dietary B-carotene intake and serum level results in higher B-carotene-mediated signalling is
partly questioned. Alternative autoregulatory mechanisms in B-carotene / retinoid-mediated
signalling are highlighted to better predict and optimise nutritional strategies involving f-
carotene-related health beneficial mediated effects.

Micellisation: Absorption: SNPs: Apo-carotenoids: Retinoic acid: Vitamin A:
Nuclear hormone receptor

Introduction as well as its blood concentrations, and have been further
also associated with reduced incidence or disease biomar-
B-Carotene is a tetra-terpenoid consisting of a C40 kers of several chronic co g]))110.':1‘[1ons such as type-2 dia-
structure including two B-ionone rings. Together with betes®® and other CVD":
lycopene, it is among the most frequentlz/ consumed diet- However, highly dosed supplemental use of B-carotene
ary carotenoids in human subjects'" ™, also rankmg has been correlated with smokers with negative out-
among the hlghest in blood / plasma concentrations®. comes, 1ncreds1n% total mortality®'? and enhancing
B-Carotene is the most important source of non- lung cancer rate"""'?. While nutritional relevant levels
preformed vitamin A, as this molecule can, following of B-carotene have been in the range of 0-1-8-8 (median
absorption, be cleaved to form vitamin A (retinal). The 3-9) mg/d as reviewed recently''?, isolated administered
maintenance of normal vision, enhancement of growth, B-carotene at rather high doses (>30 mg/d) may initiate
tissue differentiation and reproduction was associated previously mentioned negative effects. The reasons for
with B-carotene’s dietary intake via fruits and vegetables these negative effects are not entirely clear but indicate
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that such high levels of B-carotene, which are usually
non-harmful, may affect precancerous lesions, which
are a hallmark of cancer development, and result from
smoking!'?. Studies in ferrets indicated altered non-
beneficial retinoid signalling in the lung"'¥. These studies
suggest prudency with regards to form and dosing of
B-carotene, while smoking appears as the major trigger
of disease formation.

While earlier studies have emphasised direct antioxi-
dant effects of B-carotene, including quenching singlet
oxygen and lipid peroxides'*!®!” more recent studies
have especially highlighted that besides carotenoids,
mainly carotenoid-metabolites obtain a role in altering
gene expression'® reviewed in Kaulmann and Bohn'?,
mainly via the interaction of the B-carotene- / retinol-
metabolite all-rrans-retinoic  acid (ATRA)®?  with
nuclear receptors, including retinoic acid receptor
(RAR) and retinoid X receptor (RXR)?"*?. Nuclear
hormone-mediated signalling is not directly but indir-
ectly related to pB-carotene intake. Initially, further cleav-
age and cleavage metabolites, especially the active
vitamin A compounds (ATRA) are formed by
B-carotene oxygenase 1 (BCO1) centric cleave or follow-
ing eccentric cleavage by BCO2*®, which underlie a
complex regulation in the organism, as explained further
in the present paper. In addition and with an unclear
nutritional and physiological relevance, transcription
factors such as NF-«xB and nuclear factor erythroid
2-related factor 2 (Nrf2) may also be involved in
B-carotene-mediated signalling.

Recent studies, including gene-association stud-
ies®* 29, have suggested that the bioavailability and bio-
activity of B-carotene are related to key steps determining
B-carotene absorption, distribution, metabolism and
excretion (ADME), and are summarised as following:

(a) the dietary release of B-carotene from the food
matrix and its micellisation;

(b) its cellular uptake into the enterocytes;

(c) transport and metabolism of B-carotene, i.e.

(cl) the intracellular metabolism of B-carotene in
the enterocyte;

(c2) or alternatively, the further transport of
B-carotene within the organism and metabol-
ism in target tissues;

(d) further transport and bio-distribution of carote-
noids or carotenoid-metabolites;

(e) transmission and regulation of biological-mediated
functions;

(f) excretion.

Consequently, there is a large variability of B-carotene
bioavailability in human subjects, due to both
nutritional- and host-related factors, including genetic
variations®’-*®).

In the present review and position paper, we aim to
pinpoint and highlight these critical steps in the metabol-
ism of B-carotene, which likely constitute the strongest
levers regarding bioavailability and bioactivity.
Focusing on gaps of knowledge, especially the further
metabolism following cleavage by BCOIl and
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transmission of biological-mediated signalling and regu-
lation/autoregulation of these pathways, are in the
focus of this review.

p-Carotene during digestion

The majority of B-carotene in native plant matrices is
: (29) .

present in the all-trans form*’. Following food process-
ing and especially heat treatment, various cis-isomers are
formed®?, such as the 9-cis, 13-cis and 15-cis isomers®”,
while other isomers are much less abundant. Processes
such as novel emerging non-thermal food processing
technologies, such as high-pressure processing, high-
intensity pulsed electric fields and ultrasonication®"
can cause some structural changes in carotenoids such
as trans—cis isomerisation, potentially altering their solu-
bility and their micellisation efficacy.

Following ingestion and mastication of the food
matrix in the oral phase of digestion, the bolus is passed
on to the stomach where the food matrix is further mixed
and plant cells further macerated. Using in vitro studies,
human mastication was determined to enhance the
release of P-carotene from the plant matrix in one
study by approximately 35 % during in vitro gastric and
intestinal digestion. The particle size and the type of
chewing had more impact on carotenoid bioaccessibility
than cell wall presence, with smaller particle size and
more fine chewing significantly enhancing bioaccessibil-
ity®®, presumably due to enhanced access of digestion
enzymes. In line with these results, emulsions with
small droplet diameters (0-2 v. 23 um) improved
B-carotene transfer from lipid droplets to mixed micelles
and bioaccessibility from approximately 35-60 %),

To a low extent, the acidic pH (3-5) of the stomach
may lead to small losses of B-carotene, resulting in the
formation of carotenoid-cations (CarH™) first®®, which
may then result in trans—cis isomerisation. However,
most studies investigating digestion do not suggest that
significant isomerisation takes place under physiological

I (35-37) . . .
conditions . Losses of B-carotene during digestion
were reported from in vitro studies to range in the area
of 30-70 %539, especiall?/ in the presence of oxidising
compounds such as iron®”, likely resulting in the forma-
tion of p-apo-carotenals and epoxides™'**?. However, a
recent clinical study using C;3 B-carotene supports the con-
clusion of the only published clinical study dedicated to
this topic, i.e. that B-carotene is fairly robust to human
digestive conditions, with total losses <2 %*¥. Regarding
host-produced enzymes, gastric lipase has been reported
to be responsible for the digestion of approximately 5—
40 % of ingested lipids“?, breaking down TAG, which
are present together with carotenoids in lipid droplets.
To which extent variations in gastric lipase concentrations
translate into altered B-carotene bioaccessibility is not
known. A practical limitation to study such effects is the
non-availability of recombinant gastric-lipase or a suitable
replacement which would allow studying effects more real-
istically in vitro™®.

In the small intestine, under the influence of bile acids,
free fatty acids (FFAs), mono- and di-acylglycerols and
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phospholipids, originating mostly from the diet following
digestion and under the influence of pancreatic lipase,
lipid droplets are further processed to allow for mixed
micelles formation of about 3-8 nm diameter™*),
Proteins may aid in emulsification®”, but may also act
as inhibitors thereof, preventing their transfer to mixed
micelles“®. A hiéher content of lipase and bile likely fos-
ter micellisation™®*?). Likewise, the presence of lipids in
a meal rather foster micellisation®*>", while fibre®® or
high minerals may hamper micelle formation®**¥. The
more apolar carotenoids, including p-carotene, are
hypothesised to accumulate in core of the mixed micelle.
The mixed micelles then diffuse through the mucus layer
to the unstirred water layer of the enterocytes in the small
intestine, where p-carotene may be taken up (Fig. 1).

Though micellisation of cis-isomers is higher than their
all-trans forms®, cellular uptake appears higher for the
all-trans-form®>. Whether and to what extent cellular
uptake depends on the mucus layer is still unclear, but
the mucus layer does not appear to constitute a barrier
to absorption®®. While B-carotene absorption was earl-
ier thought to occur mostly by passive diffusion®”, the
involvement of several apical membrane proteins (trans-
porters), including scavenger-receptor class B-type I
(SR-BI(Sg)g, also known as SR-BI®” as well as
CD36%?7%% has meanwhile strongly been suggested, fol-
lowing studies with compounds inhibiting these proteins
or in models over-expressing them. Genetic association
studies have indeed found that SNP in SCARBI®® and
ABCAI® were correlated with p-carotene bioavailabil-
ity as determined by plasma and plasma-triglyceride-
rich lipoproteins appearance, respectively (summarised
in Supplementary table 1). However, it is not known
whether these proteins have a direct or an indirect effect
on B-carotene absorption. Indeed, recent results suggest
that CD36 may indirectly modulate the apical to intracel-
lular flux of B-carotene by modulating the synthesis rate
of chylomicrons®® in which B-carotene is incorporated.
A recent candidate gene association study has suggested
that ABCGS5, and thus the heterodimer ABCGS5/GS,
could be involved in the efflux of a fraction of absorbed
B-carotene back to the intestinal lumen®. It is not clear
if and to which extent Niemann-Pick disease, type Cl,
gene-like 1 or other membrane proteins participate in
B-carotene absorption®”.

Finally, following gastro-intestinal digestion, a large
proportion of non-absorbed f-carotene reaches the
colon (as much as 50-95 %). It is unclear what happens
under the influence of the gut microbiota®®, but it has
been shown that a large proportion of B-carotene is
degraded into unknown compounds®®®?, as much as
98 % for pure p-carotene®. However, a report by Mosele
et al.®” points out to a high stability of p-carotene following
in vitro colonic fermentation. The remainder, according to a
report up to 83 %®), is thus excreted in the faeces. It is likely
that the matrix and microbiota differences add significantly
to this variation. However, at present, there is no evidence
that the colon plays a significant part in the absorption of
B-carotene or its metabolites.

In summary, all factors that influence micellisation are
likely to influence further B-carotene bioavailability and
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ADME aspects. The crucial part that micellisation
plays for bioaccessibility is also well reflected by the
high correlation between in vitro derived bioaccessibility
and measures of bioavailability in vivo®”-%?.

Intracellular metabolism and basolateral secretion of
B-carotene by enterocytes

After having crossed the apical membrane, B-carotene
must cross the polarised intestinal cell to be secreted at
its basolateral side (Fig. 2A). Little is known about the
intracellular transport and metabolism of f-carotene in
the enterocyte. Nevertheless, since B-carotene is insoluble
in water, intracellular binding protein(s) is/are likely to be
involved’”. This protein could be BCO1, which is mainly
localised in the cytosol of mature enterocytes from
the jejunum”", as it is the main enzyme cleaving
B-carotene®> > and because it has a great affinity
for B-carotene. An intracellular transport protein could
also be BCO2, although we assume that its mitochondrial
localisation”® is not compatible with its involvement as
an intracellular transporter of B-carotene. An intracellular
B-carotene transporter could also be a fatty acid binding
protein (FABP), more likely liver FABP (L-FABP /
FABPI), which is also present in the intestine and displays
high-affinity binding for various hydrophobic ligands"®.

At this step, it is important to emphasise that only a
fraction of absorbed B-carotene is metabolised in the
enterocyte. The importance of this fraction, which was
estimated at about 70 % by using stable isotope meth-
ods"”, likely depends on the vitamin A status of the
body (see the next section). The secretion mechanism of
B-carotene at the basolateral side of the enterocyte likely
depends on its centric cleavage by BCOI1, producing ret-
inal, which is then, following conversion to retinol,
mainly re-esterified by lecithin-retinol acyl-transferase
(LRAT). It is assumed that the parent molecule is incor-

. . (78) .

porated in nascent chylomicrons'’®, while the less apolar
B-carotene metabolites, which are produced by eccentric
cleavage by BCO?2, are secreted in the portal blood.
Indeed, one genome-wide association study'’® and two
candidate gene association studies®**" have shown
that SNP in BCOI, the main B-carotene metabolising
enzyme, were associated with blood plasma B-carotene
concentration. Other gene-association studies involving
SNP in BCOI and postprandial B-carotene and retinyl
palmitate responses®*¥ confirmed that this gene and its
variants are key regulators of blood concentrations of
these vitamin A forms.

The mechanisms responsible for the incorporation of
B-carotene in chylomicrons are poorly understood. It is
hypothesised that they involve enzymes/Apo responsible
for the assembly of chylomicrons, e.g. microsomal TAG
transfer protein (MTP), apoA-IV, secretion associated
Ras-related GTPase 1B (SAR1B) and apoB48. A recent
candidate gene association study®> has also suggested
that the protein involved in intestinal HDL secretion®?,
i.e. ATP binding cassette subfamily A member 1
(ABCA1), may also be involved in B-carotene secretion
in intestinal HDL.
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Fig. 1. (Colour online) Processing of p-carotene during digestion. All factors that impinge on matrix-release, transfer from lipid droplets
to mixed micelles, and their diffusion to the enterocyte surface can alter bioaccessibility and thus bioavailability of p-carotene. By
contrast, the influence of the colon and its microbiota remains unclear.

Finally, we suggest that the secretion of B-carotene metabolites, e.g. ATP binding cassette subfamily B mem-
metabolites in the portal blood might involve basolateral ber 1 (ABCBI), which encodes for P-glycoprotein®>.
membrane proteins that can aid in the efflux of these Furthermore, several candidate gene association studies
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Fig. 2. (Colour online) (A) Candidate proteins for B-carotene metabolism within the enterocyte. When genetic variants have been
associated with B-carotene bioavailability®®, the encoded proteins are coloured in grey. Dotted lines indicate regulations, i.e. regulation
of BCO1 and SR-BI expression by ISX and regulation of chylomicron synthesis by SR-Bl and CD36. (B) Candidate proteins that can
modulate postprandial blood chylomicron B-carotene concentrations. When genetic variants have been associated with postprandial
chylomicron p-carotene response to dietary p-carotene®®, the encoded proteins are coloured in grey. The dotted line indicates that this
pathway is assumed but not demonstrated. (C) Proteins involved in the liver metabolism of B-carotene. Note that, to focus on B-carotene
and for improved clarity, the fate of chylomicron retinyl esters in the liver is not shown, as well as the liver metabolism of retinol that
involves numerous proteins®®®. The liver is the hub of B-carotene metabolism: it is the main organ that stores p-carotene and distributes
it to the peripheral tissues. p-Carotene reaches the liver mainly as B-carotene and retinyl esters, mainly RP, originating from B-carotene
cleavage in the enterocyte and incorporated in chylomicrons. B-Carotene is then mostly stored in hepatic stellate cells. When genetic
variants have been associated with blood p-carotene concentrations®81239), the encoded proteins are coloured in grey. BC: B-carotene,
ABCA1: ATP binding cassette subfamily A member 1, ABCB1: ATP-binding cassette, sub-family B (MDR/TAP), member 1, ABCG5/G8:
ATP-binding cassette, sub-family G member 5 and 8, ATRA: all-trans-retinoic acid, BCO1: B-carotene oxygenase 1, BCO2: B-carotene
oxygenase 2, BCO2: B-carotene oxygenase 2, CD36: CD36 molecule, CXCL8: C-X-C motif chemokine ligand 8, ELOVL2: elongation of
very long chain fatty acids protein 2, FABP: fatty acid binding protein, GPIHBP1: glycosylphosphatidylinositol-anchored high density
lipoprotein binding protein 1, HL: hepatic lipase (encoded by LIPC), HSPGs: heparan sulphate proteoglycans, ISX: intestine specific
homoeobox (transcription factor under the control of retinoic acid, regulating expression of SR-Bl and BCO1), LDLR: LDL-receptor, LPL:
lipoprotein lipase, LRP1: LDL-receptor-related protein 1, MTP: microsomal TAG transfer protein, NPC1L1: Niemann Pick C1-like 1,
PKD1L2: polycystin 1-like 2 (gene/pseudogene), RBP4: serum retinol-binding protein, ROL: retinol, RP: retinyl palmitate and other retinyl
esters coming from BC cleavage in the enterocyte, RPE65: retinal pigment epithelium-specific 65 kDa protein, SAR1B: secretion
associated Ras-related GTPase 1B, SOD2: superoxide dismutase 2, SR-BI: scavenger receptor class B type |, TCF7L2: transcription
factor 7-like 2, TTR: transthyretin.

have shown that genetic variants in elongation of very
long chain fatty acids protein 2 (ELOVL2, also termed
ELOVL fatty acid elongase 2) play a significant role in
carotenoid absorption®* %, This is possibly due to the
inhibitory effect of EPA, Wthh is further elongated to
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docosapentaenoic acid and DHA by ELOVL2, on
B-carotene absorption®®

It is now acknowledged that vitamin A status can
regulate P-carotene absorption and cleavage efficiency
via a negative feedback loop: the higher the vitamin A
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status, the lower B-carotene absorption efficiency and
cleavage, and inversely. The mechanism involves an
intestinal transcription factor termed intestine specific
homoeobox (ISX), which acts as a repressor of
SCARBI and BCOI upon ATRA activation®*®.
Following vitamin A uptake, the intracellular concentra-
tions of ATRA increase, inducing ISX expression.
Consequently, less B-carotene is taken up by the entero-
cyte, and less B-carotene can be converted to retinal.
When the intracellular concentration of ATRA drops,
which is assumed to be the case when dietary vitamin
A intake is low, ISX exerts less repressor activity towards
SCARBI and BCO! and consequently B-carotene uptake
and conversion increase. A study in Zambian children
with hypervitaminosis A supports this regulation.
Indeed, these children had high serum carotenoid con-
centrations®” and many of them experienced hypercaro-
tenodermia during mango season, a period of high
provitamin A carotenoid intake. This might indicate as
a possible explanation that conversion of provitamin A
carotenoids to retinal by BCO1 was more inhibited by
the hypervitaminosis A than their absorption via
SR-BI, which is encoded by SCARBI. This is not sur-
prising, as provitamin A carotenoid absorption involves
not only SR-B1 but also CD36°®, which is not assumed
to be regulated by ISX. In a recent candidate genes asso-
ciation study a SNP in ISX together with SNP in other
genes, was associated with the variability in B-carotene
bioavailability®. It was also reported in another study
that a SNP in the ISX binding site in the BCO!I promoter
(rs6564851) was associated with decreased conversion
rates of B-carotene by 50 % and increased fasting blood
concentrations of B-carotene®”. These associations sup-
port that genetic variations in this gene are key determi-
nants of blood B-carotene concentrations.

In summary, it is assumed that the interplay between
the B-carotene metabolising enzymes BCO1/2 and poten-
tial intracellular transporters possibly in conjunction
with yet unidentified efflux transport proteins and those
involved in chylomicron synthesis are among the most
crucial actors influencing B-carotene bioavailability.
Furthermore, the host vitamin A status which is detected
by ISX and likely further mediated via retinoic acid sig-
nalling pathways also constitutes a paramount ‘critical
control point’ in the metabolism of B-carotene.

Postprandial blood transport of newly absorbed
B-carotene from the intestine to the liver

The enterocytes are assumed to secrete most of the newly
absorbed B-carotene into chylomicrons, though it has
been suggested that water-soluble B-carotene metabo-
lites, e.g. apo-carotenals, could be secreted in the portal
circulation and therefore directly reach the liver
(Fig. 2B®). In general, it is assumed that for com-
pounds with a log P below agpyroximately 5, portal
absorption would predominate®, which would be the
case for some of the B-apo-carotenoids. Chylomicrons
also contain retinyl esters, mainly retinyl palmitate®",
which originate either from esterification of retinol
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produced by the BCOIl-mediated cleavage of
B-carotene, or from re-esterification of preformed vita-
min A present in the diet. It has been shown that most
retinyl palmitate and p-carotene are not exchanged
between lipoproteins and remain in chylomicrons and
their remnants during their intravascular metabol-
ism®*°?_ Thus, most B-carotene incorporated into chylo-
micron remnants, which are produced during vascular
lipolysis of chylomicron TAG by both lipoprotein lipase
(LPL) and glycosylphosphatidylinositol anchored high
density lipoprotein binding protein 1 (GPIHBP1)®?, is
taken up by hepatocytes during the postprandial per-
iod®>. This uptake involves several proteins, e.g. the
LDL-receptor (LDLR), the LDL-receptor-related pro-
tein 1 (LRP1), SR-B1 and heparan sulphate proteogly-
cans (HSPGs)®®. Candidate gene association studies
have also found that SNP in LPL®® were associated
with blood B-carotene concentration.

The fact that B-carotene is carried in the blood by chy-
lomicrons during the postprandial period implies that its
metabolism is closely related to that of these TAG-rich
lipoproteins. This is supported by a recent study that
has shown that genetic variants in genes involved in
chylomicron metabolism, i.e. transcription factor 7-like
2 (TCF7L2), ApoB, LIPC (which encodes hepatic lipase)
and ABCAI modulate the postprandial chylomicron
B-carotene response to a meal that contained dietary
B-carotene®. Note also that a SNP in LIPC®? was
also associated with fasting blood B-carotene concentration.

In short, the transport from the intestine to the liver is
mostly governed by proteins involved in chylomicron
metabolism in the blood (e.g. ApoB and hepatic lipase)
and likely also by proteins involved in chylomicron
uptake by the liver (e.g. LRP1 and LDLR).

Liver metabolism and blood transport of p-carotene and
its metabolites from the liver to extra-hepatic tissues

The liver is the main storage organ for vitamin A mainly
in the form of retinyl esters. It has been estimated that for
healthy, well-nourished individuals, approximately 70 %
of vitamin A present in the body is stored in the
liver®®. Following chylomicron-remnant uptake by the
liver, which involves cell surface receptors (see the previ-
ous section), it is assumed that chylomicron remnant reti-
nyl palmitate and B-carotene are released in hepatocytes
during chylomicron remnant metabolism (Fig. 2C). They
are then assumed to follow different metabolic pathways.
Retinyl palmitate is assumed to be hydrolysed by a reti-
nyl ester hydrolase to retinol. Retinol is then assumed to
bind to cellular retinol-binding protein, type I (CRBPI /
RBP1)®” and to be transported to either the site where it
is transferred to retinol-binding protein 4 (RBP4) or to
hepatic stellate cells (also known as fat-storing cells, lipo-
cytes or Ito cells) where it is re-esterified by LRAT!%0D,
Interestingly, hepatic LRAT expression is regulated by
vitamin A status®”. This regulation likely involves
ATRA and its respective response elements activated by
the liganded nuclear hormone receptors RAR and RXR
and further interaction with DNA. This regulation is
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proposed to give rise to a positive feedback loop when cel-
lular ATRA concentrations are high, turning on hepatic
stellate cell LRAT expression!*? and increasing the syn-
thesis of retinyl esters®® in these cells"**1%?. These cells
store approximately 70-90 % of liver vitamin A®®.

Contrarily to chylomicron retinyl palmitate, the fate of
chylomicron B-carotene in the liver is barely known.
How B-carotene is released from chylomicrons and how
it is transported into hepatocytes remains unanswered.
Concerning its cleavage, it is assumed that it is either
cleaved to retinal by BCOI1, which is highly expressed
in hepatic stellate cells""’?, or by BCO2, which is appar-
ently more expressed in hepatocytes!’>. The fraction of
B-carotene that does not undergo this cleavage is either
incorporated into VLDL and secreted into the blood,
or stored in li&)id droplets in parenchymal and hepatic stel-
late cells'*>'%?. The mechanism involved in the mobilisa-
tion of B-carotene stores is not known, but we hypothesise
that it requires the hydrolysis of lipid droplet TAG.

The liver secretes vitamin A in the form of retinol
either into the bile partly also as oxidised and/or further
conjugated, i.e. glucuronidated metabolites!”'®, or
directly into the blood. The liver secretes retinol into
the blood arising partly from B-carotene metabolism
but also as pro-vitamin A carotenoids, mainly
B-carotene. Retinol is bound to serum retinol binding
protein (RBP4), which in turn binds to transthyretin
(TTR), stabilising the complex"!*. p-Carotene is incor-
porated in VLDL. Retinol associated with RBP4/TTR
is taken up by two structurally related membrane recep-
tors: stimulated by retinoic acid 6 (STRA6)''? and the
recently discovered STRAG6-like receptor, also known
as RBP4 receptor-2 (RBPR2)!''D. Retinol uptake via
STRAG6 de(li)ends on a functional coupling with intracellu-
lar LRAT!'®. STRA6 and RBPR?2 exhibit different tis-
sue expression patterns: STRAG6 is expressed in numerous
tissues but not in the liver and intestine, where RBPR2 is
mostly expressed’'"”. VLDL-B-carotene and LDL-p-
carotene, which originate from VLDL metabolism, are
most likely taken ug by tissues via LDL-receptor depend-
ent mechanisms''¥), requiring the tissue to express the
LDL-receptor. However, candidate gene association stud-
ies have also found SNP associated with blood B-carotene
concentration for SR-BI''¥, also participating in the cel-
lular uptake of HDL!"', in addition to cellular uptake
of B-carotene by enterocytes®*¢%5%,

In summary, B-carotene can be stored mainly in the liver
or alternative organs within the organism (and further
cleaved by BCOI1/2), secreted into the blood or into the
bile. Bile excretion occurs via single or multiple oxidations
at various locations of the derivative and further glucuro-
nidation. Secretion into the bloodstream may follow tar-
geted P-carotene cleavage at various locations or further
incorporation and transport by VLDL.

p-Carotene metabolism, biodistribution, bioactivation
and excretion

B-Carotene intake depends on the individual food intake
in addition with an important influence of the individual
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food matrix and well as the food quality as outlined earl-
ier. Further B-carotene metabolism includes isomerisa-
tion of the conjugated double bond system to various
geometric isomers such as 9-cis- and 13-cis-p-carotene
(Fig. 3). These cis-isomers are present in minor amounts
in the raw food matrix''*''® and isomer concentration
may increase also due to food processing including sim-
ple heat based cooking®. It may further be induced in
the human organism by various processes'''*1?D,
where cis-isomers seem to be preferred v. all-trans-iso-
mers. Whether this accumulation is due to favourable
biophysical properties or by targeted and preferred
uptake of cis-isomers is currently not known. For reti-
noids with a cis-isomeric structure, some enzymes were
found which mediate targeted and non-targeted iso-
merisation, such as retinal pigment epithelium-specific
65 kDa protein'?>!*® conversion to 11-cis-isomers, and
Sphingolipid delta(4)-desaturase / desaturase 1 (DES1) 2%
to 9-cis- | 13-cis-isomers. In addition, binding proteins
such as RBP1 and RLBP1 and retinol dehydrogenases
RDHA4/5 have specific cis-isomer preferred binding/trans-
porter and synthesis mechanisms"'>> 2", If these tar-
geted isomerisation and isomer-binding properties also
exist for carotenoids and apo-carotenoids seems likely
via the same or alternative enzymes and binding proteins
but has not been studied so far.

Following absorption, a large proportion of caroten-
oid and later retinoid metabolism is under control of
nuclear hormone receptor signalling, as a partly auto-
regulatory homoeostatic regulated process. Many steps,
involving receptors such as RARp, to anabolic enzymes
including BCO1""?®, BCO2 and aldehyde dehydrogenase
1 family, member A3 (ALDHI1A3), catabolic enzymes
including CYP26A1 and LRAT and binding proteins,
including RBP1, RBP4 and cellular-retinoic acid binding
protein 2 (CRABP2) are under control of RAR-RXR- and
PPAR-RXR-mediated signalling'?>'*®. RAR-RXR-
and PPAR-RXR-mediated signalling also controls vari-
ous other important lipid metabolic processes and places
carotenoids as precursors of important regulators of
general lipid metabolism as reviewed earlier’*". This
auto-regulation of general lipid metabolism and nuclear
hormone-mediated signalling includes various target
genes and several of these specific target genes are key
for eliciting beneficial health effects of pB-carotene, espe-
cially regarding cancer, allergic inflammatory disorders
such as asthma and various CVD. As a consequence,
carotenoid metabolism and usage towards bioactive reti-
noids for further bioactive signalling seems to be likely
dependent on: (a) sufficient levels of available carote-
noids in the human organism and (b) a targeted meta-
bolic bioactivation pathway to elicit beneficial activities
of carotenoids.

A long list of enzymes and binding proteins (sum-
marised in Fig. 3) is responsible for the metabolism of
carotenoids to bioactive retinoids in a temporal and spa-
tial highly controlled manner. The initial steps are the
cleavage of carotenoids by the two known human
carotenoid-oxygenases BCO1 and 2'%%13%_ The resulting
apo-carotenals (named retinal in the case of apo-15'-car-
otenal), can then further be reduced to alcohols and
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Fig. 3. (Colour online) Metabolism of B-carotene with major metabolites formed in vivo. Involved enzymes, binding proteins, receptors
and target genes involved in B-carotene metabolism towards bioactive retinoids. Derivatives marked with “«’ have been conclusively
identified to be endogenously present. At — all-trans; SCARB1 - scavenger receptor class B type |; CD36 - cluster of density 36;
ABCG5 / 8 — ATP binding cassette member 5 / 8; BCO1 — B-carotene oxygenase 1; BCO2 - B-carotene oxygenase 2; LRAT1 / 2 -
lecithin retinol acyltransferase, DGAT1 / 2 — diacylglycerol O-acyltransferase 1 / 2; ISX — intestinal transcription factor; STRA6 — stimulated
by retinoic acid 6; RBPR2 - retinol-binding protein receptor 2; RDH 5 / 10 - retinol dehydrogenase 5 / 10; DHRS3 / 9 - short-chain
dehydrogenase/reductase 3 / 9; RBP1 / 2 / 4 — retinyl-binding protein 1 / 2 / 4; REH - retinyl-esterase; RETSAT - all-trans-retinol 13,14-
reductase; ALDH1A1 / 2 / 3 — aldehyde dehydrogenase 1 family, member A1 / 2 / 3; CRABP1 / 2 — cellular-retinoic acid binding protein
1/ 2; RPE6B5 - retinal pigment epithelium-specific 65 kDa protein; DES1 - sphingolipid delta(4)-desaturase; RLBP1 — retinal-binding
protein 1; RAR - retinoic acid receptor; RXR - retinoid-X receptor; TG2 - transglutaminase 2; SCD1 - stearoyl-CoA desaturase / (A—9-)
desaturase-1; ELOVL6 - elongation of very long chain fatty acids protein 6; HOXB6 / 8 — homoeobox protein 6 / 8, HBEGF — heparin-
binding-epidermal growth factor; RARRES2 - retinoic acid receptor responder protein 2 / chemerin; ADIPOQ - adiponectin; UCP1 -
uncoupling protein 1, UGT2B7 — UDP-glucuronyltransferase-glucuronosyltransferase-2B7.

esterified to store retinoids as retinyl esters, a reaction
mediated by LRAT and diacylglycerol O-acyltransferase
12 (DGATI1/2)"3*137 " Retinyl-esters can further be
de-esterified by esterases (REHs) to alcohols and espe-
cially retinol to serve as precursors for later bioactiva-
tion!*%139_ Retinol can later be transported by various
retinol binding proteins and further be oxidised in target
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tissues by retinol dehydrogenases, mainly RDH4/5 and
10 as well as short-chain dehydrogenase / reductase 3
and 9 (DHRS 3 and 9) MY fnser- and intra-cellular
transport of various forms of retinals and retinols is
mediated by specific binding proteins including RBPI,
2 and 4 and RLBP1"*?. The physiological and nutri-
tional relevance of additional apo-carotenals and
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apo-carotenoic acids remains unclear, and they were
described as low affinity activators / competitive antago-
nists of nuclear hormone receptors, as reviewed previ-
ously"*¥. Unfortunately, a clear link between the low
physiological and nutritional relevant levels in human
subjects or high level and further dependent biological-
mediated signalling were not described yet, and thus no
nutritional or physiological relevance can currently
clearly be associated with these derivatives.

The major intermediate bioactive precursor is retinal,
the visual pigment, which can be obtained possibly
from multiple sources: (a) direct cleavage of carotenoids
via BCO1"*Y or (b) via a physiological unclear and
indirect cascade via BCO2®® or (c) via oxidation from
retinol"*¥. Retinol is present at low levels in the food
matrix and in highly homoeostatically regulated levels
in blood. However, retinal becomes also significantly
available via cleavage of retinyl-esters, the major dictary
relevant and major storage form, which can be cleaved to
retinol and oxidised to retinal in target tissues!#>!14®)
The oxidation of retinal to ATRA is the key step to
yield the lipid-hormone ATRA. Retinoic acid dehydro-
genases (aldehyde dehydrogenase 1 family, member Al,
A2 and A3), in association with cellular retinoic acid
binding proteins 1 and 2 are strictly controlling this
bio-activation"*®. All-frans retinoic acid (ATRA) can
further initiate, via ligand activation of the RARa, B, v,
transcrigtional signalling of a large array of target
genes"*” (Fig. 5) including: TG2 — transglutaminase 2;
HBEGF - heparin-binding-epidermal growth factor;
RARRES2 - RAR responder protein 2 / chemerin;
ADIPOQ - adiponectin; UCP1 — uncoupling protein 1,
as well as the afore-mentioned auto-regulated targets in
the retinoid metabolism cascade.

While ATRA as the endogenous RAR-ligand is well
accepted!*”, the existence of an endogenous RXR-
ligand has largely been mysterious'**'*?. The ATRA
isomer 9-cis-retinoic acid (9CRA) has been described to
be ‘the’ endogenous ligand for this crucial heterodimer
nuclear hormone receptor>*'3?. Unfortunately, the
endogenous, physiological and nutritional relevance
of 9CRA has been questioned and remained
unclear>* 1% Recently, the lipid hormone 9-cis-13,14-
dihydroretinoic acid (9CDHRA) has been identified as
the endogenous and physiological relevant RXR lig-
and"**!%9 " Further examinations about the nutritional
relevance are currently under investigation'*”. 9CDHRA
can activate RXR and via this route also initiate non-
permissive heterodimers, such as RXR-PPAR, RXR-liver
X receptors (LXRs), RXR-farnesoid receptors (FXR)
and RXR-nuclear hormone receptor 4A (NR4A) protein,
involved in the expression of a wide array of genes involved
in inflammation and lipid metabolism, as reviewed in
Desvergne'®". A large overlap was found between benefi-
cial anti-inflammatory effects of carotenoids in general and
lipid metabolism for many RXR-heterodimer-mediated
signalling pathway targets!>!:161-169),

The precise metabolic pathway leading to 9CDHRA is
not known yet and likely involves retinol-saturase
(RETSAT!>*!°? ‘and / or DES-1) and the binding pro-
tein RBP1!?%!°¥ a5 well as retinaldehyde binding
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protein 1 (RLBP1 / CRALBP!"*!%9)  Additionally,
novel still non-identified carotenoids are speculated to
be more direct precursors for 9CDHRA (postulated
and also outlined in Fig. 5).

Other retinoids such as 13-cis- or 9,13-dicis-
RAWOI701TD = all-trans-13,14-dihydroretinoic  acid!">!7®
and phase 1 metabolites including 4-hydroxy- or
4-oxo-retinoic acid, or other hydroxyl- / oxo-metabolites
are likely of minor importance for RAR- or RXR-
mediated signalling processes!>>!7417) " Alternative
phase 1 metabolism may also occur for B-carotene and
would result in epoxidation and hydroxylation to
produce a large array of epoxy-, hydroxyl- and oxo-
carotenoids (examples shown in Fig. 3, reviewed earl-
ier'”). These hydroxy- / oxo-retinoids can further be
conjugated via phase 2 metabolism by UDP-glucuronyl-
transferase-glucosyltransferase to yield water-soluble
excretion metabolites such as retinyl-, retinoic acid (reti-
noyl) and oxo-retinoic acid glucuronides, which were
found in serum, faeces and urine!!”18D)

BCOL1 as a critical bottleneck for the cleavage of
p-carotene and enabling RAR- / RXR-mediated signalling

Human subjects centrally cleave B-carotene to retinal and
following oxidation and reduction a larger array of
multi-functional retinoids are created which have been
detected endogenously (Fig. 31%). This BCO1-mediated
conversion of f-carotene to retinal is therefore an import-
ant bottleneck, which is highly controlled and mediated
by various factors: (A) availability of the substrate and
saturation of the enzymatic conversion potential, (B)
presence and relative levels of food derived inhibitors,
(C) spatial and temporal regulation and localisation of
the enzyme, (D) sex-specific regulations, (E) feedback
regulations by bioactive products transcriptionally con-
trolling BCO1-expression and (F) the previously reported
polymorphisms of BCOL1 as well as assisting proteins.

Starting with the overall conversion in the human
organism, B-carotene was reported to vary largely in
absorption efficiency (30-70 %) upon intestinal uptake,
as explained earlier. This variation is in part due to the
variation in BCO1 cleavage potency, partly explainable
by frequently occurring polymorphisms of BCO1®%#9),
Alternatively, many factors which are summarised here
describe the inter- and auto-regulatory pathways in
BCOl-mediated cleavage to retinoids, enabling RAR-
or / and RXR-mediated signalling.

The main question is how BCOI1 and its mediated
cleavage to centric cleavage metabolites are regulated
in the human organism. As described earlier, six major
steps (A-F) have been reported and identified. First,
the availability of the substrate is usually a major factor
for increased conversion and resulting product levels
(Fig. 4A). This conversion was presented as a saturating
curve, plateauing at f-carotene levels in the range of 15
00040000 and 80000-240000 nm for B-crypto-
xanthin'*?. For comparison, the endogenous levels for
B-carotene were in average range of 360 nM in serum
and up to 31830 nm in organs, while being highest in


https://doi.org/10.1017/S0029665118002641

Proceedings of the Nutrition Society

90
oo

https://d

B-Carotene bioactivation pathway

retinal
(MM x min)
(UM x min)

retinal and 3-hydroxyretinal

0 80 160 240
-carotene (uM) B-cryptoxanthin (uM)
(B) . (©)
Lo - children - 2y & . - adults -
20 - . oo ¢
= E 15 40 y = -0.0003x + 1.0111
b= * * r=-0.14
| =
g < 1_" ‘,’ p=0.38
<
2 e
< 05 - S
* *
L
0 ‘_."l ’ . T 1

0 500 1000 1500 2000

ATBC in nM ATBC in ng/ml
= W ‘(G‘
(D) 555 g 28
28 2 3 g
w» Ums %E gg =
E [= = 7]
§525 c53 5 e t8 g, &
5888258355 322 0vp=c , ctBc2BB, =8
858855878388 SEEfTEiz FResiissises
O o222 gos 8L A E5236580 5268EF=E26a3a
kb
9.5
7.5

4.4
2.4
1.35-

- BCO1

ATRA in ng/ml

0.24-

-B-Actin

=

|

Fig. 4. (Colour online) BCO1 localisation and metabolic properties. (A) In vitro kinetic analysis of purified
recombinant human BCO1 with B-carotene and B-cryptoxanthin, as published earlier from Lindqvist and
Andersson‘'*¥. (B) Direct correlation newly calculated based on of serum ATBC to ATRA in children in
Germany with different ethical backgrounds('®184, (C) Direct correlation based on serum ATBC to ATRA
levels in Hungarian adults (1 40, Lucas et al.('®") This figure is just present in the original study in ng/ml,
while 1 ng/ml ATRA corresponds to 3.3 nM and 1 ng/ml ATBC to 1.86 nM. (D) Distribution of BCO1
mRNA expression in human tissues, as published previously in Lindqvist and Andersson*¥ (PBL —
peripheral blood lymphocytes). (E) Differentially expressed genes and pathways by B-carotene v. control
diet. Gene expression analysis of different tissues on a control diet supplemented with SC v. control diet
(containing adequate vitamin A)-fed mice. A description of the mouse study can be found in van Helden
et al.'. The global transcriptome data were extracted from Gene Expression Omnibus (GEO, Superseries
GSE98847), containing lung (GSE98845), liver (GSE98846) and inguinal white adipose tissue (i\WAT;
GSE27271) and were normalised per tissue and genotype with both sexes included for comparison
between sexes. Sex-specific number of differential expressed genes (P <0-05) are given in number and
fold change (FC) of males v. females. (F) ATRA levels in serum (nm) and lung ((pmol/ml / 10=2 m) of control
treated (CTRL), low-B-carotene (BC)-diet supplemented (LBC) and high-BC supplemented ferrets (HBC)
adapted from Liu et al.?®*”. Panels A, B, D and F are adapted from van Helden et a/." and Lindqvist and
Andersson'*¥ and were permitted to reproduction under copyright.
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the adrenals and B-cryptoxanthin in the average range of
230 nm in serum and with highest tissue levels of 2900 nm
in adrenals, as reviewed recently'®. We can thus con-
clude that these active ranges were not reached in
serum, while tissue levels approach the saturation of
enzyme conversion!>'*Y. It should be noted that
serum and tissue levels do not represent freely available
carotenoids, but mainly carotenoids attached to binding
proteins and carotenoids associated in lipid vesicles in the
membranes and lipid accumulating vesicles such as in
the adipose tissue'®. In one study examining chil-
dren"®>718% 3 direct correlation between all-frans-
B-carotene (ATBC) and ATRA serum levels was
observed, resulting in a linear correlation with r 0-68,
while in adults"®*>'*” no such correlation was observed
(r —0-14), likely due to auto-regulative processes. The
highest relevant level of ATBC in serum of children was
756 nm (Fig. 4B) and 1628 ng/ml (3031 nm) in adults
(Fig. 4C), displaying no plateau for conversion to
ATRA, based on endogenous relevant B-carotene levels
(Fig. 4B and C).

The second modification factor are other carotenoids
such as canthaxanthin, lutein and zeaxanthin7>!%®),
which can inhibit BCO1-mediated conversion partly in
a competitive manner. The specific mechanisms of
these phenomena were not investigated deeper, and nei-
ther have nutritional relevant ranges and relevant ratios
been examined. It is likely that these three carotenoids
can attach and bind to the active site of the BCOI,
thereby inhibiting the binding and enzymatic conversion
of known pro-vitamin A carotenoid BCOI1 substrates
(B-carotene, a-carotene, B-cryptoxanthin, apo-8'-carote-
nal and lycopene). In in vitro studies, it was reported
that three times higher levels of lutein (compared with
B-carotene) interfered with [p-carotene conversion.
These ratios reflect relevant physiological conditions'*®),
which can be obtained after targeted lutein/zeaxanthin
supplementation or dietary intake of fruits and vegeta-
bles high in these carotenoids, as reviewed recently'?.
Additionally assisting proteins such as RBP1 and
RBP2, acting as intracellular sensors of endogenous
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retinoid status are thereby important contributors for
ATBC conversion to ATRA!S-1D,

The third modifying factor is the specific spatial and
temporal re%ulation of BCOI1 expression in the human
organism'*?. Highest BCO1 expression was found in
different parts of the intestine, with highest expression
levels in the jejunum (Fig. 4D). Other relevant tissues
are reproduction organs testis and prostate in males as
well as ovaries in females, comparable with levels
found in kidney, liver, skeletal muscle and stomach
(Fig. 4D). Not displayed in this figure are the relatively
high expression levels observed in the eye' ).

As a fourth modification, sex specific regulations were
observed. In male mice and rats, a connection between
testosterone and carotenoid as well as BCO1-expression
was found'?*"!%% while oestrogen / testosterone corre-
lated in older woman with carotenoid levels!"?®. If
non-reproduction-related organs also display this regula-
tion, depending on sexual steroid hormones, was not fur-
ther investigated. One indicator are higher ATRA and
lower retinol serum levels in women v. men"””, likely
as a consequence of higher levels of B-carotene in their
serum / plasma, mainly due to the less healthy nutritional
status! 198199 or higher BCO1 presence and activity.

Recently, also gene expression microarray studies were
conducted, using wild type (WT) and BCOI1-knockout
male and female mice, on a low but sufficient vitamin
A diet with or without additional B-carotene supplemen-
tation!*+?92%2) " which were used to provide further
insights into the differential effects of dietary p-carotene
supplementation. It was observed that B-carotene supple-
mentation alters only a small number of overlapping
genes in the lung of wild-type male and female mice (n
20, Fig. 4E), while a larger number of the genes altered
by B-carotene supplementation were sex specific, n 631
in female and n 306 in male mice"'* (Fig. 4E). This dif-
ference was even more striking in the BCO1 knockout
mice, where 1433 genes were specifically affected in
females and 1385 in males, with only 89 being affected
in both sexes and, strikingly, for 85 of these, the direction
of expression was oppositely regulated between the sexes
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Fig. 5. Transcriptional regulation of BCO1 metabolism and
affected biological processes. Schematic summary of metabolism
of the endogenous RAR-activator ATRA starting from ATBC, via
all-trans-retinal (ATRAL) to ATRA, which can further activate RAR-
RXR-mediated transcriptional signalling. In parallel the newly
identified endogenous RXR-ligand 9-cis-13,14-dihydroretinoic acid
(9CDHRA) can be created starting from putative carotenoid via
putative retinal-analogues to 9CDHRA, which can further activate
RXR-hepatocyte nuclear factor (HNF)4a, -PPAR o or -PPARy-
mediated transcriptional signalling. These three receptors (HNF4a,
PPARo and PPARy) can be activated by their ligands, free fatty
acids (FFAs) and other metabolites originating from fatty acids.
The RAR- or RXR-mediated signalling can positively or negatively
alter transcriptional regulated BCO1-expression. LUT, lutein; CAN,
canthaxanthin; ZEA, zeaxanthin.

(Fig. 4E). The number of genes affected by B-carotene in
the liver of BCO1 knockout mice was less than that of the
lung (Fig. 4E).

In inguinal white adipose tissue (iIWAT) a different
pattern emerged with a large number of genes being spe-
cifically regulated upon B-carotene exposure in WT
female mice (4840) (Fig. 4E). The number of genes spe-
cifically regulated by p-carotene exposure in males of
WT (276) and BCOI1 knockout (1168) genotype was
comparable between iWAT v. lung, while BCO1 knock-
out females showed a reduced number (567 v. 1433) in
iWAT. This was strikingly also the case for the much lar-
ger number (33 WT v. 130 KO) of common genes in WT
mice, and is likely explained by the important role of
WAT in steroid hormone metabolism, especially for oes-
trogens and progestogens in females®*> %,

Detailed analysis of the effects of dietary p-carotene
supplementation identified a strong down-regulation of
RXRa, as well as the pro-adipogenesis trigger PPARy
and its target genes in iWAT of WT female mice>*?.
This effect was likely dependent on BCO1-mediated reti-
noid production, since it was not observed in BCOI
knockout female mice and this effect was associated
with a reduction in WAT mass, resulting in a reduced
adiposity index. This adiposity lowering effect is in line
with observations that show that oral ATRA administra-
tion induces energy expenditure and fat mass lowering in
mice, with WAT being one of the contributing
tissues®"”,

The fifth modifying effect is the regulation of BCO1 on
the transcriptional level. A feedback mechanism was
identified, partly already before a clear identification,
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characterisation and expression of BCOI in mice, rats
and chicken and human subjects!8%1°0-208-210 The con-
version and ratio of ATBC to retinoids, especially all-
trans-retinal, was used to identify BCOI1 activity!?*-*!D,
Feedback mechanisms were claimed as a direct involve-
ment of ATRA-RAR-interaction and transcriptional
modification of BCO1 expression was shown. ATRA-
RAR-mediated signalling is suggested to regulate
BCOI1 expression identified, either indirectly by retinal
conversion per homogenate ratio or directly by mRNA
quantification, as a negative feedback mechanism?®.
Treatments of rats with ATRA, retinyl acetate, 3-caro-
tene or a synthetic RAR-agonist (Ro41-5253) signifi-
cantly reduced BCOI1 activity identified by retinal
conversion'*®. Focusing on ATRA, retinyl acetate and
B-carotene treatments to rats, it was found that also
serum retinoic acid levels increased and partly negativel;/
correlated with reduced intestinal BCO!1 activity!*®.
This mechanism was thereby identified as an important
negative feedback regulation for retinoid and mainly
RAR-mediated signalling. It is noteworthy that nutri-
tional supplementation with high B-carotene can result
even in decreased local levels of ATRA with potential
negative effects and increased vulnerability towards car-
cinogenesis as shown in f-carotene-supplemented ferrets
(Fig. 4F"). This highlights the limits of B-carotene-
signalling mediated autoregulation using non-nutritional
relevant to high B-carotene stimuli, with even previously
reported negative side effects in human subjects as found
in the ATBC and Carotene and Retinol Efficacy Trial
(CARET) studies""""'®. That high retinoid stimuli can
induce ne%ative side effects was recently described in
mice®'>?1, and seems also relevant for high-nutritional
relevant p-carotene sup(plementation in ferrets and
human subjects82 184210219 "I consequence, low /
moderate B-carotene supplementation seems to be a tol-
erable nutritional stimulus to which the mammalian /
human organism can respond. Recently it was reported
that glucocorticoid regulated pathways and hepatocyte
nuclear factor (HNF)la and HNF4a Pathways are
important regulators of BCO1 expression**?.

In addition, RXR-PPARa and -PPARy-mediated sig-
nalling was identified as an alternative mechanism, pro-
viding positive feedback®!'?*?. The PPARa and
PPARYy nuclear hormone receptor heterodimers can be
either activated by an RXR-ligand or alternatively by
the respective PPAR ligand. For PPARs and HNF4a
FFAs and fatty acid metabolites have been identified as
natural ligands (Fig. 5¢%*Y). After a high-dietary
intake of fat this important regulatory pathway is
initiated by increased levels of FFAs as a direct result
of the diet rich in fat and results further in increased
BCOl-expression as a direct feedback to this high-fat
diet. These two nuclear hormone receptor heterodimers
need either an RXR-ligand as well as / or a PPAR-lig-
and. Dietary transglutaminases can provide PPAR
ligands, thus synchronising fat, and concomitantly carot-
enoid, uptake / availability with BCO1 up-regulation. It
was described that the main BCOIl-metabolite ATRA
is regulating via ATRA-RAR-mediated signallin vari-
ous important steps in lipid metabolism@°°**>*29 with
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a focus also on counteracting fat accumulation via
energy dissipation in adipose tissue®**>*” and regula-
tion of insulin secretion®**Y. The second possibility
for negative feedback is the potential synthesis of the
endogenous RXR-ligand 9CDHRA, starting from still
non-identified carotenoid precursors (Riihl et al., unpub-
lished results '°?). This means that the endogenous RAR
ligand ATRA and the endogenous RXR-ligand
9CDHRA obtain potential opposite regulation on their
own synthesis via positive or negative feedback control
mechanism of BCOIl expression and further activity
(Fig. 5). As a consequence, levels and dietary intake of
specific carotenoid precursors may influence or even con-
trol BCOl-mediated synthesis of endogenous RAR- or
RXR-ligands and further controlling metabolic processes
associated with lipid metabolism with relevance for obes-
ity and diabetes.

In summary, BCOI1 represents a bottleneck for
B-carotene-conversion to bioactive retinoids and further
RAR-mediated transcriptional activation and signalling.
A food matrix high in different natural occurring carote-
noids leads to metabolism from pro-vitamin A carote-
noids (B-carotene and p-cryptoxanthin) to retinoids,
while additional carotenoids such as lutein, zeaxanthin
and canthaxanthin may inhibit this conversion. This
balanced carotenoid mixture, which is mainly present
in fruits and vegetables as a balanced diet, is likely result-
ing in a much lower conversion to retinoic acids, than an
equimolar supplementation with B-carotene as a nutri-
tional supplement. In addition, a diet high in fat induces
a strong activation of PPARa-, PPARy-RXR / HNF4o-
mediated signalling, following increased BCO1-expres-
sion and increased ATRA levels. Furthermore, this
ATRA can induce increased RAR-RXR-mediated sig-
nalling as a natural feedback mechanism to stimulate
lipid catabolism and blocking fat accumulation. In con-
clusion, a balanced diet rich in carotenoids originating
from fruits and vegetables or alternatively a balanced
carotenoid supplementation as present in fruit and vege-
table extracts or to be developed ‘smart’ carotenoid sup-
plements and not artificial single high carotenoid
supplementation should result in moderate retinoid syn-
thesis with the potential of balancing fat accumulation
and stimulating fat usage in the human organism.

Conclusions

B-Carotene availability from the diet, as well as BCO1-
mediated cleavage towards bioactive ATRA under con-
sideration of tissue and sex dependent regulation are
the two main bottlenecks for enabling retinoid-mediated
signalling, as the most well-known processes of
B-carotene’s metabolic action. Serum B-carotene levels
are affected by various aspects concerning our diet and
human polymorphisms. Further bioactive signalling
starting from serum and tissue ATRA levels is highly
homoeostatically auto-regulated by various mechanisms,
including nutritional stimuli and sex hormonal regula-
tory pathways. A strong deficiency of B-carotene in the
diet or strong nutritional / supplemental pB-carotene
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stimuli can result in altered retinoic acid levels but with-
out any reported significantly altered further biological-
mediated s'(%nalling (reviewed in Bohm et al.'¥ and
Watzl et al.®3723%),

How short-term or long-term B-carotene or alternative
stimuli affecting BCOl-cleavage and further can alter
RAR- / RXR-mediated signalling must be further
evaluated in human supplementation trials additionally
examining known or postulated B-carotene-dependent
health-biomarkers especially including novel omics-
based disease marker.

As a final conclusion, the human organism seems to
have a high flexibility balancing high and low dictary
B-carotene availability based on a complex homoeostatic
regulation for maintaining physiological crucial RAR-
mediated signalling. The optimal dietary range of
B-carotene in concert with other nutrients is highlighted
in an additional review'?.
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The supplementary material for this article can be found
at https:/doi.org/10.1017/S0029665118002641.
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