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Abstract
In this study, we investigated the effects of eccentric cleavage products of β-carotene, i.e. β-
apocarotenoids (BACs), on retinoid X receptor alpha (RXRα) signaling. Transactivation assays
were performed to test whether BACs activate or antagonize RXRα. Reporter gene constructs
(RXRE-Luc, pRL-tk) and RXRα were transfected into Cos-1 cells and used to perform these
assays. None of the BACs tested activated RXRα. Among the compounds tested, β-apo-13-
carotenone was found to antagonize the activation of RXRα by 9-cis-retinoic acid and was
effective at concentrations as low as 1nM. Molecular modeling studies revealed that β-apo-13-
carotenone makes molecular interactions like an antagonist of RXRα. The results suggest a
possible function of BACs on RXRα signaling.
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INTRODUCTION
Carotenoids are C40 polyisoprenoids that are biosynthesized from eight isoprene units
followed by cyclization, isomerization, and oxidation [1]. Approximately 600 carotenoids
have been characterized in nature [2]. Among them, 50–60 display provitamin A activity [3–
4]. In order to exhibit a provitamin A activity, the carotenoid molecule must have at least
one unsubstituted β-ionone ring and the correct number and position of methyl groups in the
polyene chain [5]. Two pathways have been described for the cleavage of BC in mammals
[6]. β,β-Carotene-15,15′-oxygenase (BCO1) catalyzes the central cleavage of BC to yield
retinal (the initial product of symmetric or central cleavage of BC). BCO1 enzymes from
fruit fly [7], chicken [8], mouse [9] and human [10] have been cloned and biochemically
characterized. The second pathway of BC metabolism is the eccentric cleavage which occurs
at double bonds other than the central 15,15’ double bond of the polyene chain of BC to
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produce β-apocarotenals and β-apocarotenones. Little is known about the biological
function of β-apocarotenoids (BACs) in higher animals.

The retinoid X receptor (RXR) is a member of the nuclear receptor superfamily of ligand
dependent transcription factors and consists of three distinct subtypes (α, β, and γ) [11–13].
RXRs are nuclear receptor proteins which can modulate the transcriptional activity of target
genes by binding as RXR heterodimeric complexes or RXR homodimers to gene promoters.
The first identified RXR, referred to as RXRα, was initially described as an orphan receptor
[14]. 9-cis-Retinoic acid, a stereoisomer of all-trans retinoic acid (ATRA) is a high-affinity
ligand for RXRα, as well as for the two additional related subtypes, RXRβ and RXRγ, that
were later identified [14–20]. RXRs form heterodimers with a number of orphan and nuclear
hormone receptors including retinoic acid receptors (RARs), thyroid receptor (TR), vitamin
D receptors (VDRs), peroxisome proliferator activator receptors (PPARs), liver X receptors
(LXRs), farnesoid X receptors (FXRs), and pregnane X receptors (PXRs) [16, 21–23].
RXRs can also form homodimers in vitro, indicating the existence of a RXR-specific
signaling [24–25]. It was observed that liver-specific inactivation of RXR in mice was
associated with abnormalities in major metabolic pathways which supports the pleiotropic
role of this receptor [26]. RXR-selective synthetic retinoids, i.e. rexinoids, are valuable in
elucidating the role of RXRs. One particular rexinoid, LGD 1069, is currently used for the
treatment of refractory advanced-stage cutaneous T-cell lymphoma [27–32].

The purpose of the present study was to test BACs as potential ligands for RXRα. We
utilized a transient cotransfection (receptor/reporter) assay to screen these compounds as
agonists or antagonists of RXRα. Our data indicate that β-apo-13-carotenone acts as a
potent antagonist of activated (liganded) RXRα. Molecular modeling studies suggest that β-
apo-13-carotenone makes molecular interactions which are similar to those made by ATRA
bound as an antagonist to RXRα.

MATERIALS & METHODS
The preparation of β-apocarotenoids

β-Cyclocitral and β-ionone were purchased (Sigma-Aldrich; Milwaukee, WI, USA) and
purified (preparative TLC) prior to use. β-apo-8’-carotenal (Sigma-Aldrich) and β-apo-12’-
carotenal (CaroteNature; Lupsingen, Switzerland) were purchased and used as obtained. β-
Cyclogeranic acid was prepared by air oxidation of β-cyclocitral and crystallization of the
product. In the other instances where a β-apocarotenal precursor was purchased, the
aldehyde group was converted to its methyl ester (KCN/acetic acid/MnO2/methanol)
according to the procedure of Corey and co-workers [33], followed by saponification to the
acid (β-apo-12’- and β-apo-8’carotenoic acid). For preparation of the remaining β-
apocarotenoids, the ethyl ester of β-ionylideneacetic acid was prepared (as an 80:20 trans/cis
isomer mixture about the newly formed double bond) by the Wadsworth-Emmons reaction
of β-ionone with triethylphosphonoacetate. In addition to saponifying this ester to β-
ionylideneacetic acid, reduction to the alcohol (DIBAL-H) followed by allylic oxidation
(MnO2/dichloromethane) produced β-ionylideneacetaldehyde (BIA). BIA was converted to
apo-13-carotenone (C13 ketone) by Wittig reaction with 2-oxopropyltriphenylphoshonium
chloride [34]. Prior to any conversions of BIA, its cis/trans isomers were separated by
column chromatography. Wadsworth-Emmons reaction of retinaldehyde with
triethylphosphonoacetate provided essentially isomerically pure β-apo-14’-carotenoic acid
after saponification. Two stage reduction-oxidation (DIBAL-H; MnO2/dichloromethane)
provided β-apo-14’-carotenal. Wadsworth-Emmons reaction as for the conversion of retinal
to ethyl-β-apo-14’-carotenoic acid converted β-apo-12’-carotenal to β-apo-10’-carotenoic
acid after saponification. All reactions and compound handling were performed under gold
fluorescent lights in oven dried glassware under a dry argon atmosphere. All products were
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purified by appropriate column or preparative thin layer chromatography and analyzed by
HPLC for purity (Model 127 pump and 166 detector, Beckman Instruments, San Ramon,
CA, USA; Metachem Polaris 5 um C18, 250 × 4.6 mm column, Varian Inc., Palo Alto, CA,
USA). Chemical and structural characterization was carried out using ultraviolet
spectrophotometry (Beckman DU-40 spectrophotometer), NMR spectroscopy (Bruker
DRX400; Billerica, MA, USA) and electrospray mass spectrometry (Micromass QTOF;
Milford, MA, USA).

Cell Culture
Cos-1 cells (ATCC CRL-1650 from the American Type Culture Collection, Manassas, VA)
were cultured in Dulbecco's modified Eagle medium (Sigma), supplemented with 10% fetal
bovine serum (FBS), 100 U/ml penicillin, 100 mg/ml streptomycin, and 0.2 ml /100 ml
fungizone (antifungal reagent). The cells were maintained in an incubator at a high
humidity, 5% CO2, and 37°C.

Plasmid Constructs
The control reporter plasmid pRL-TK was obtained from Promega (Madison, WI, USA). It
contains the herpes simplex virus thymidine kinase (HSV-TK) promoter region upstream of
cDNA encoding the native Renilla (Renilla reniformis) luciferase enzyme [36]. This plasmid
was used as an internal control in cotransfection experiments to normalize for transfection
efficiency. The pRXRE-tk-Luc and pSG5-RXRα expression vectors were kind gifts from
Dr. Noa Noy (Case Western Reserve University School of Medicine, Cleveland, OH, USA).
The experimental reporter plasmid pRXRE-tk-Luc contains five tandem repeats of a 35-bp
sequence (DR-1) from the promoter of the mouse CRBP-II gene [24].

RXRα Transactivation Assay
Cos-1 cells were plated at 1.5 × 105 cells/35-mm2 tissue-culture plate in DMEM with 10%
FBS. The cells were grown overnight at 37°C with 5% CO2. The next day, the cells were
transfected in serum-free medium with three plasmids mixed in the following amounts per
well, 0.05 µg of pRL-TK, 2 µg of pRXRE-luciferase, 2.5 µg of pSG5-RXRα in triplicates
using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. Following
transfection, the plates were incubated at 37°C in 5 % CO2 for 4 h. The medium was then
changed to complete DMEM. Note that complete DMEM contains 10% charcoal stripped
FBS instead of 10% FBS. Charcoal stripped FBS has been treated with activated carbon to
adsorb lipophilic compounds including retinoids. Twenty hours after transfection, cells were
treated with test compounds that were dissolved in ethanol or 0.1% ethanol alone for an
additional 24 h. Cells were washed once with PBS and lysed by incubation with 500 µl
passive lysis buffer (Promega) for 15 min at room temperature. A 20-µl aliquot of cell lysate
was then assayed for luciferase activities using a GloMax 96 Microplate Luminometer
(Promega) and the Dual Luciferase Reporter (DLR) assay system (Promega), according to
the supplier's recommendations. For each experiment, the firefly luciferase activity
(experimental reporter) was normalized to Renilla luciferase (control reporter) activity. The
change in normalized firefly luciferase activity was calculated relative to that for cells that
were transfected with vehicle (ethanol), which was set as 1.

Fold Activation = Average (Firefly/Renilla) from test compound / Average (Firefly/
Renilla) from vehicle (Ethanol treated cells)

Molecular Modeling and Docking
Structures of proteins and their co-crystallized ligands were recalled from the protein data
bank and were displayed, along with test ligands that were built and manipulated, using
Sybyl 7.1 (Tripos, Inc.; St. Louis, MO). The RXRα which binds all-trans retinoic acid in an
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antagonist tetrameric form [36] is available as PDB entry: 1G5Y, while the dimeric RXRα
which binds 9-cis-retinoic acid in the agonist form [37] is recalled from PDB entry 1FBY.
Computational docking of the C13 ketone (β-apo-13-carotenone) to these proteins was
conducted using Surflex-Dock v. 2.11 [38] which is available from Tripos, Inc. Surflex-
Dock allows ring and acyclic structure flexibility and all-atom optimization during
determination of the docked ligand poses and uses specific information about molecular
interactions between known ligands and the target protein to guide the search process for
docked poses. Thus, in the case of both protein structures, ligand was extracted from the
protein crystal structure and re-docked to the protein to determine if the program
successfully finds the original docked pose of the crystallized ligand. Subsequently, the C13
ketone, built to resemble the native bound ligand was then docked to the protein structure
and inspected for the quality of the match relative to the ligand in the crystal structure.

RESULTS & DISCUSSION
The eccentric cleavage products of β-carotene: β-apocarotenoids

β-Carotene, the most potent dietary provitamin A carotenoid, can be metabolized in
mammals via two enzymatic pathways. BCO1 catalyzes the cleavage of the 15,15’ double
bond resulting in two retinaldehyde molecules, and the eccentric cleavage takes place at
double bonds other than the central 15,15’ double bond of the polyene chain of β-carotene to
produce β-apocarotenals and β-apocarotenones, i.e. β-apocarotenoids (BACs) with different
chain lengths (Figure 1). Presumably the aldehydes can be oxidized to the corresponding
carboxylic acids or reduced to the alcohols. β-apo-10’-Carotenal and β-ionone were shown
to be products of β,β-carotene-9′,10′-oxygenase (BCO2) [39]. β-apo-13-Carotenone and β-
apo-14'-carotenal were identified as enzymatic cleavage products of β-carotene in
homogenates of intestinal mucosa of rat [40] but the enzyme responsible was not
determined. Another study using tissue homogenates from human, monkey, ferret and rat
which were incubated with β-carotene found β-apo-8'-,10'-, and 12'-carotenals, retinal, and
all-trans retinoic acid [41]. More recently, β-apo-8'-carotenal was detected in plasma after
digestion of β-carotene in a healthy human subject [42]. There is no doubt that the formation
of BACs occurs; however, it is not known whether the products of this pathway are
biologically active. We have tested all possible eccentric cleavage products of β-carotene
(except the 10’-aldehyde) for their ability to transactivate RXRα.

Effects of β-apocarotenoids on transactivation of RXRα
The biological properties of the BACs were characterized using a cell-based receptor/
reporter cotransfection (transactivation) assay [24, 43–44] in which the full length RXRα in
a eukaryotic expression vector was co-transfected with two reporter plasmids, a firefly
luciferase reporter (experimental reporter) containing the RXRE from CRBPII and renilla
luciferase (control reporter) which serves an internal control to normalize for transfection
efficiency. Initially, assays using 9-cis-RA for transactivation of RXRα were used to ensure
that the assay was reproducible. Dose response experiments employed a range of 10−5 M
(10 µM) to 10−10 M (0.1 nM) 9-cis-RA. As expected, the receptor was activated with
increasing concentrations of 9-cis-RA (data not shown) with half maximal activation
observed at 10−8 M. Maximal fold induction at 10−5 M 9-cis-RA varied from 2.2 – 5.1 in
individual experiments. We next screened all BACs at 1 µM+ 10 µM for activation of
RXRα. None of the BACs activated RXRα (data not shown).

Antagonist effects of β-apocarotenoids on activated (liganded) RXRα
Next, we tested whether any of the BACs could act as antagonists of 9-cis-RA activation in
RXRα. We screened the BACs in our assays to test antagonistic behavior by incubating 9-
cis-RA alone or equimolar mixtures of 9-cis-RA and the test compound. The results shown
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in Table 1 are expressed as a percent of the activation observed with 9-cis-RA alone that is
set to 100%. The maximal, normalized fold induction for 9-cis-RA alone varied from 2.2 to
3.8 (2.9 average). The data shown in Table 1 are a compilation of multiple experiments in
each of which the compounds used were tested in triplicate wells. β-apo-13-Carotenone was
the most potent antagonist of the compounds tested under the conditions of these
experiments.

Following the screening experiments shown in Table 1, we tested more completely the
effects of β-apo-13-carotenone on 9-cis-RA-induced gene expression. A classic antagonist is
defined as a compound that shifts the concentration-response curve of an agonist to the right
[45–46]. To characterize the interaction between both 9-cis-RA and β-apo-13-carotenone, a
cumulative concentration-response curve of the agonist was established in the absence or
presence of increasing fixed concentrations of the antagonist. As shown in Figure 2,
increasing concentrations of β-apo-13-carotenone shifted the curves to the right in a
concentration-dependent manner. Importantly, concentrations as low as 1 nM shifted the 9-
cis-RA dose response curve.

Molecular Modeling Experiments to identify interaction between β-apo-13-carotenone and
RXRα

Computational docking experiments were performed to determine if the antagonistic activity
observed for β-apo-13-carotenone might be due to direct association with the ligand binding
site of RXRα. ATRA has been crystallized with a tetrameric form of RXRα that
antagonizes RXR signaling [36]. Shown in Figure 3 is the ligand binding domain of this
tetramer (in green) with bound ATRA (in white). When ATRA is removed from the protein
and redocked using Surflex-Dock, the rebound ATRA assumes the same position as in the
crystal structure (not shown). More importantly, when β-apo-13-carotenone is constructed
using the bound ATRA as template, its docked structure with RXRα (shown in yellow) is
virtually coincident with the bound ATRA. Alternatively, 9-cis-RA binds as an agonist to a
dimeric form of RXRα but in a twisted, high energy conformation [37] we find to be ca. 70
kcal/mol above a calculated low energy ligand conformation. Shown in Figure 4 is a
simplified view of efforts to dock β-apo-13-carotenone with this agonist-bound form of
RXRα. In white is the structure of the bound 9-cis-RA crystallized in the RXRα ligand
binding site. In yellow is the best pose found by Surflex-Dock in attempts to dock β-apo-13-
carotenone into this binding site when it was built in a conformation resembling that of the
9-cis-RA. The RXR protein structure has been removed to facilitate observing the very
different position β-apo-13-carotenone assumes in the docking experiment. It should be
noted that a similar result was obtained if the β-apo-13-carotenone conformation from
Figure 3 was docked (not shown) or even when redocking of the extracted 9-cis-RA was
attempted (not shown), perhaps reflecting the effects of the highly strained structure of the
bound 9-cis-RA. Regardless, the results of these modeling experiments suggest that β-
apo-13-carotenone should be capable of as an antagonist to the RXRα protein.

Implications
The biological activities of BACs are well understood in plant biology but there is limited
information regarding their role in mammals. β-Ionone is a pollinator attractant and β-
cyclocitral and β-ionone contribute to fruit or vegetable flavor [47–48]. β-apo-13-
Carotenone blocks the growth of root hairs by interfering with PIN2-mediated auxin
transport [49]. Also, this compound is believed to be the precursor of the well-known fungal
pheromone trisporic acid [50]. Previous work by others has demonstrated that β-apo-14’-
carotenal can function to inhibit RXRα at 10 µM concentrations. The results reported here
suggest that β-apo-13-carotenone, the other product of the oxidative cleavage of β-carotene
at the 13,14 double bond may affect gene expression mediated by RXRs in mammals. The
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pathways for the production of these cleavage products are not fully known and may involve
enzymatic or non-enzymatic processes. These compounds are also likely present in the
plant-derived foods consumed by mammals.
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Abbreviations used

BC β-carotene

BAC β-apocarotenoid

BCO1 β,β-carotene-15,15′-oxygenase

BCO2 β,β-carotene-9’,10’-oxygenase

ATRA all-trans-Retinoic Acid

RXR retinoid-X receptor

TR thyroid receptor

VDR vitamin D receptor

PPAR peroxisome proliferator activator receptor

LXR liver X receptor

FXR farnesoid X receptor

PXR pregnane X receptor
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Figure 1. The cleavage products of β-carotene
β-carotene can be cleaved either symmetrically (denoted as “e” cleavage) by β,β-
carotene-15,15′-oxygenase (BCO1) yielding all-trans retinaldehyde that can be further
oxidized to all-trans retinoic acid (ATRA) by retinal dehydrogenases. The second pathway
of β-carotene cleavage is called the eccentric cleavage (denoted as “a”, “b”, “c”, “d”
cleavages) and it occurs at double bonds other than the central 15,15’ double bond of the
polyene chain of β-carotene to produce β-carotenals and β-apo-carotenones with different
chain lengths.

Eroglu et al. Page 10

Arch Biochem Biophys. Author manuscript; available in PMC 2012 December 07.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 2. The antagonistic effect of β-apo-13-carotenone on RXRα, dose response curve of 9-cis-
RA alone (♦), and increasing concentrations of β-apo-13-carotenone: 10−9 M (●), 10−8 M (✖),
10−7 M (▲), and 10−6 M (■)
The fold induction of 10−5 M 9-cis-RA (the absolute fold induction of this point was 2.29
over the vehicle treated cells) was set to 100% and the other experimental points were
calculated relative to this.
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Figure 3. Docking of β-apo-13-carotenone with the RXRα tetramer
Shown is the structure of the ligand-binding domain of the tetrameric RXRα (in green) from
PDB entry 1G5Y with: (a) the bound crystallized all-trans retinoic acid (ATRA) isomer (in
white) and the Surfle-Dock docked structure of β-apo-13-carotenone (yellow) when built in
a conformation resembling that of the bound ATRA; (b) same as in (a) with the protein helix
3 removed to facilitate visualization of the quality of docking in the binding site; (c) as in (a)
with the RXR protein removed to show details of the similarity of the crystallized ATRA
ligand and the docked pose of β-apo-13-carotenone.
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Figure 4. Docking of β-apo-13-carotenone with the RXRα dimer
Shown is the structure of 9-cis-retinoic acid (9-cis-RA) (in white) crystallized in the binding
site of the RXRα from PDB entry 1FBY, along with the docked structure of β-apo-13-
carotenone (in yellow) in the ligand binding site after its construction in a conformation that
resembles that of the bound 9-cis-RA (the protein structure has been removed to facilitate
appreciation of the significant difference between the bound and docked structures).
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Table 1
Inhibition of 9-cis-Retinoic Acid Induced Transactivation of RXRα by β-Apocarotenoids

Transactivation assays were carried out in the presence of 10 µM 9-cis RA and 10 µM of the indicated β-
apocarotenoids in triplicate wells. Results are expressed as the percent activation observed with 9-cis RA
alone that is defined as 100%. For most compounds two or more independent experiments were conducted.

COMPOUND %ACTIVATION of 9-cis-RA ALONE

β-cyclocitral (“a” cleavage) 83

β-cyclogeranic acid (“a” cleavage) 93

β-ionone (“b” cleavage) 83, 106

β-ionylideneacetaldehyde (“c” cleavage) 87, 98

β-ionylideneacetic acid (“c” cleavage) 99

β-apo-13-carotenone (“d” cleavage) 7, 9

retinaldehyde (“e” cleavage) 31, 78

β-apo-14’-carotenal (“d” cleavage) 75, 75

β-apo-14’-carotenoic acid (“d” cleavage) 87

β-apo-12’-carotenal (“c” cleavage) 69, 114

β-apo-12’-carotenoic acid (“c” cleavage) 96

β-apo-8’-carotenal (“a” cleavage) 73, 78

β-apo-8’-cartenoic acid (“a” cleavage) 73, 84, 86
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