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■ Summary Carotenoids are im-
portant micronutrients in the hu-
man diet and are present in human
serum at micromolar concentra-
tions. In addition to their antioxi-
dant potential, carotenoids obtain
physiologically relevant properties
such as influencing cellular signal
pathways, gene expression or in-
duction of detoxifying enzymes. In
this study, we determined the
transactivation of PXR by cotrans-
fection with the full-length recep-
tor and a PXR-responsive reporter
gene. Carotenoids and retinol re-
vealed a 5–6-fold reporter gene ac-
tivity in HepG2 cells in comparison
to a 7-fold induction by the well
known PXR agonist rifampicin
whereas apo-carotenals and
lycopene exerted less or no activa-

tion potential. The inductive effi-
cacy was hereby concentration-de-
pendent. In addition, carotenoid or
retinol mediated gene expression
of PXR responsive genes like
CYP3A4/CYP3A7, CYP3A5, MDR-1
and MRP-2 has been determined in
HepG2 cells by RT-PCR with up-
regulative properties of β-carotene
or retinol being comparable or
even higher than that of rifampicin.
In conclusion, PXR-mediated up-
regulation of CYP3A4/CYP3A7 and
CYP3A5 as well as MDR1 and
MRP2 by carotenoids points to a
potential interference on the me-
tabolism of xenobiotic and endoge-
nous relevant compounds.

■ Key words β-carotene – retinol –
PXR – nuclear receptor – carotenoid

Introduction

Carotenoids are a substance class which is widely dis-
tributed in flora and fauna. Plenty of plants and a few
animals serve as human nutrients containing high con-
centrations of carotenoids. Several carotenoids are me-
tabolized to retinoids in the mammalian organism
either by central cleavage via the β,β-carotene-15,15’-
oxygenase [1] or by an exocentric cleavage mediated by
a lipoxygenase or free radicals, and hence represent a
source for vitamin A [2]. Chylomicron remnants in
plasma carry the carotenoids which may be converted to
retinoids in the liver or are incorporated into very low
density lipoproteins (VLDL), and thus be again trans-
ported to peripheral cells [3]. Carotenoids are capable of

scavenging free radicals, inhibition of lipid peroxidation
[4], modulation of immune functions [5] and activation
of various cytochromes [6, 7].

In addition to the antioxidant properties of
carotenoids, their metabolites and vitamin A derivates
are able to serve as ligands for nuclear hormone recep-
tors and thereby control gene expression [8]. All-trans
and 9-cis-retinoic acid are known to activate the retinoic
acid receptor (RAR) and the retinoid X receptor (RXR),
which are transcription factors interacting with retinoic
acid response elements (RARE) in the promotor region
of retinoic acid-sensitive genes [3]. As structurally re-
lated ligands, phytol metabolites like phytanic acid or
phytenic acid, are also able to stimulate the RXR at phys-
iological relevant concentrations [9].

The RXR has the ability to heterodimerize with sev-
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eral other receptors of the nuclear hormone receptor su-
perfamily including the pregnane X receptor (PXR), the
constitutive androstane receptor (CAR), the peroxisome
proliferator-activated receptors (PPARs) and the vita-
min D receptor (VDR) [10, 11]. The PXR is a promiscu-
ous nuclear receptor that has evolved to protect the or-
ganism from toxic substances. In vertebrate species,
PXR is abundantly expressed in liver and, to a lesser ex-
tent, in colon, lung and intestine [12]. These are the same
tissues in which CYP (cytochrome P450) 3A genes are
mainly expressed. PXR mediates the effects of a wide
range of structurally diverse xenobiotics as well as en-
dogenous substances on CYP3A gene induction result-
ing in hydroxylation of various drugs and endogenous
substances [13]. Frequently, these xenobiotics are also
substrates for the inducible CYPs,and therefore enhance
their own metabolism via autoregulation [14]. The di-
verse collection of xenobiotics activating the PXR in-
cludes also lipophilic compounds like bile acids and
steroids [15]. PXR also regulates ABC transporters in-
cluding MDR (multidrug resistance protein) 1 [16] and
MRP (multidrug resistance-associated protein) 2 [17,
18] as well as glutathione S-transferase A2 [19] and sul-
fotransferases [20].

The aim of the study was to investigate whether β-
carotene, lycopene, retinol and apo-carotenals obtain
activating potential comparable to other nutritionally
relevant substances like vitamin E [21] on the PXR using
transiently transfected PXR reporter cell lines. In addi-
tion to the PXR receptor activating potential the media-
tion of several PXR responsive genes will be determined
in HepG2 cells by PCR (polymerase chain reaction)
techniques to clarify the involvement of carotenoids in
cytochrome induction [6, 7] via PXR responsive path-
ways.

Materials and methods

■ Materials

Cell culture media and fetal calf serum were purchased
from Biochrom AG (Berlin, Germany). All carotenoids
were kindly provided by K. Krämer and H. Ernst (BASF,
Ludwigshafen, Germany). CAT (chloramphenicol
acetyltransferase) assay was purchased from Molecular
Probes (Leiden, The Netherlands). Additional com-
pounds were purchased from Merck KGaA (Darmstadt,
Germany) if not indicated otherwise. PCR primers were
purchased from Sigma-Ark GmbH (Darmstadt, Ger-
many). PCR materials were purchased from Eppendorf
AG (Hamburg, Germany).

■ Cell culture

HepG2 cells were maintained in RPMI 1640 medium
supplemented with 10 % fetal calf serum. The cell line
was cultured in 150 cm2 tissue culture flasks at 37 °C in
5 % CO2 atmosphere with a relative humidity of 95 %.

■ Expression and reporter plasmids

The plasmid pSG5-hPXR contains the human PXR
cloned into the pSG5 expression vector (Stratagene,
Amsterdam, The Netherlands). The reporter plasmid
pCAT-DR3 containing the CAT was constructed by
cloning two copies of the CYP3A1 PXR binding site
followed by a tk promoter into the pBL-CAT2 basic vec-
tor. Both plasmids were kindly provided by S. Kliewer
(Southwestern Medical-Center, University of Texas, Dal-
las, TX). The plasmid pCH110 (Amersham, Freiburg,
Germany) expressing β-galactosidase was used as inter-
nal control for normalizing transfection efficiency.

■ Transient transfections and reporter gene assays

Cells were transiently transfected in 24 well plates by us-
ing 3 µl TfX-20 reagent (Promega, Hamburg, Germany)
per µg DNA according to the manufacturer’s instruc-
tion; in detail 0.5 µg/well PCH110, 0.17 µg/well pCAT-
DR3 and 0.17 µg/well pSG5-hPXR were used.After 1 h of
incubation at 37 °C, normal medium enriched with
carotenoids, retinol or apo-carotenals (each 10 µM) was
added up to 1 ml and incubation continued for 48 h. β-
Carotene and lycopene were applicated as beadlets dis-
solved in water, apo-carotenals and retinol in DMSO so-
lution. Control experiments using DMSO or beadlets as
a vehicle without carotenoids or retinol exerted an
equivalent base level induction indicated as control in
the figures. The beadlets powder consists of the embed-
ded carotenoid-nano-particles (~10 %) in a matrix of
fish-gelatin, glucose sirup and d,l-alpha tocopherol,
sodium ascorbate as antioxidants in an overall amount
of 1.5 %, respectively, for the antioxidants. The amounts
of d,l-alpha tocopherol was shown to be nonrelevant for
PXR mediated activation [21].

Cells were harvested by using 100 µl reporter lysis
buffer (Promega, Hamburg, Germany) per well. To 40 µl
lysate 10 µl component A (1/10) and 10 µl acetyl coen-
zym A (7.8 mg/ml) were added according to the manu-
facturer’s instructions (FAST CAT Green, Molecular
Probes,Leiden,The Netherlands).After 3 h incubation at
37 °C the samples were extracted with ethyl acetate and
evaporated to dryness. The residue was redissolved in
the HPLC eluent containing 55 % acetonitrile and 45 %
water. The amounts of fluorescence-labeled acetylated
chloramphenicol were subsequently measured by a
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HPLC system using a 1046A fluorescence detector
(Hewlett Packard, Waldbronn, Germany) and a 250 �

4 mm RP18 column with a flow of 0.6 ml/min (SepServ,
Berlin, Germany) as described [21].

For the β-galactosidase assay 40 µl lysate and 150 µl
assay buffer (100 mM sodium phosphate buffer pH 7.5;
1 mM magnesium chloride; 50 mM 2-mercaptoethanol;
2.92 mM 2-nitrophenyl-β-D-galactopyranoside) were
added to a translucent 96 well plate followed by 3 h in-
cubation at 37 °C. The plate was subsequently analyzed
in a BioRad 550 microplate reader measuring absorp-
tion at 405 nm (BioRad, Munich, Germany).

■ RT-PCR

HepG2 cells were seeded in 6 well plates and grown to
80 % confluency. Cell culture medium enriched with
carotenoids or rifampicin (all 10 µM) was added and in-
cubation continued for 48 h. Total RNA was isolated us-
ing the RNAGold solution from PeqLab (Erlangen, Ger-
many). The first strand cDNA was synthesized in a 25 µl
reaction from 3 µg RNA by reverse transcription with
MMLV-RT (Promega, Hamburg, Germany) using 100 ng
random hexamers. Subsequently, 2 µl of the cDNA was
amplified using a Taq-Polymerase system (Promega,
Hamburg,Germany).PCR samples were denaturized for
4 min at 94 °C, then cycled at 94 °C for 40 s, annealed at
58 °C or 60 °C for 1 min and elongationed at 72 °C for 2
min. The details are presented in Table 1.All mRNA am-
plifications were tested to be in the linear range. The
degree of CYP3A4/CYP3A7, CYP3A5, MRP2 and MDR1
induction was calculated relative to β-actin mRNA ex-
pression of the respective sample measured by densito-
metry of ethidium bromide stained PCR products in
1.5 % agarose gel (MultiAnalyst, Biorad, Munich, Ger-
many). Experiments with 0.1 % DMSO as a control sam-
ple were set as 100 % relative expression. Control exper-
iments using DMSO or beadlets as a vehicle without
carotenoids or retinol exerted an equivalent base level
induction indicated as control in Fig. 5.

■ Statistics

Standard deviations have been calculated with MS-Excel
using student’s t-test, a value of P < 0.05 indicated statis-
tical significance.

Results

■ Transcriptional activation of PXR by carotenoids 
in HepG2 cells

We investigated the transactivational effect of several
carotenoids (Fig. 1) on the PXR response element re-
porter construct pCAT-DR3, co-transfected with plas-
mids expressing the human PXR and the β-galactosidase
as internal control in HepG2 cells. Incubation for 48 h
with 10 µM carotenoid,retinoid or rifampicin as positive
control revealed a significant (P < 0.05) stimulation of
CAT activity except for lycopene in the following rank-
ing: rifampicin > β-carotene > retinol > apo-8-carotenal
> apo-12-carotenal ≈ apo-4-carotenal > lycopene (Fig. 2).
β-Carotene and retinol revealed the strongest effects
with a 5–6.5-fold induction,respectively.In contrast apo-
carotenals formed from β-carotene exerted a lower in-
duction on PXR (2.5- to 3.5-fold), whereas lycopene
showed no significant induction at all. Omitting PXR in
the transfected system decreased the total induction
level of transcription but did not alter the relative induc-
tions because of the sufficient amount of endogenous
PXR in HepG2 cells (Fig. 3). Overexpression was not
necessary but increased the sensitivity of the assay. Dose
response experiments elucidated a slower decline of
induction for rifampicin compared to β-carotene and
retinol, which lost their induction at 0.5 µM (Fig. 4).

■ mRNA expression in HepG2 cells in response 
to carotenoids

A most reliable indicator of PXR activation is the induc-
tion of CYP3A-type enzymes. The induction of the hu-
man relevant subtypes CYP3A4/CYP3A7 and CYP3A5

Gene Cycles Tm Sequence Position GenBank Ref.

β-Actin 23 60°C caagagatggccacggctgct 714–734 X00351 [50]
tccttctgcatcctgtcggca 968–988

MDR1 25 58°C aaaaagatcaactcgtaggagtg 2108–2131 AF016535 [51]
gcacaaaatacaccaacaa 2250–2269

MRP2 30 58°C cttcggaaatccaagatcctgg 4391–4412 NM_000392 [52]
tagaattttgtgctgttcacattct 4650–4674

CYP3A4/CYP3A7 32 60°C gggaagcagagacaggcaag 553–572 M14096 [53]
gagcgtttcattcaccacca 1141–1160

CYP3A5 28 60°C gaagaaaagtcgcctcaac 855–873 J04813 [54]
aagaagtccttgcgtgtcta 1533–1552

Table 1
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Fig.1 Metabolic pathway of β-
carotene to retinol via central cleavage
by a 15,15’-β,β-carotene oxygenase or
to apo-carotenals via asymmetric cleav-
age by a different carotene oxygenase, a
lipoxygenase or free radicals and the
carotenoid lycopene

Fig. 2 Transactivation of PXR by several carotenoids. HepG2 cells were transiently transfected with plasmids expressing the human PXR (pSG5hPXR), the (CYP3A1)2-tk-CAT
reporter and β-galactosidase (pCH110) as transfection control. Cells were treated with 10 µM of different carotenoids and rifampicin. Data are means ± SD from 4 different
experiments each performed in triplicate (* indicates P < 0.05 versus control). A Most inducing carotenoids β-carotene and retinol in comparison with rifampicin and con-
trol without carotenoid. B Rifampicin and apo-carotenals relative to control without carotenoid

A B
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by β-carotene, retinol and lycopene was tested in com-
parison to rifampicin. Primers chosen for CYP3A4/7
mRNA additionally recognize CYP3A7 mRNA. After
48 h exposure to several chemicals the expression of the
CYP3A genes was analyzed using standard RT-PCR. The
expression of CYP3A4 mRNA increased significantly
(P < 0.05) in HepG2 cells exposed to β-carotene and ri-
fampicin relative to the endogenous levels of expression
(control). β-Carotene, rifampicin and retinol had signif-
icant (P < 0.05) effects on the expression of CYP3A5
mRNA (Fig. 5).

Additionally, the mRNA induction of multi-drug re-

sistance protein 1 (MDR1) as well as the multidrug re-
sistance-associated protein 2 (MRP2) was examined by
RT-PCR. Treatment with rifampicin and β-carotene en-
hanced significantly (P < 0.05) the expression of MDR1
mRNA in HepG2 cells. In contrast, the expression of
MRP2 mRNA was elevated significantly (P < 0.05) by ly-
copene as well as rifampicin overtopped by β-carotene.

Discussion

PXR represents an important component in the body’s
defense mechanism against hydrophobic xenobiotics
and endogenous substances such as bile acids [22]. Me-
tabolizing enzymes like CYP3A4 and CYP3A5 are well
known regulated targets of PXR activation. In addition
target genes like MDR1 [16], MRP2 [18], glutathione S-
transferase A2 [19] and sulfotransferase A2 [20] are reg-
ulated by PXR. Our data have shown the first time that
β-carotene or retinol are able to activate PXR compara-
ble to the well known PXR-inducer rifampicin. PXR can
be activated also by various chemicals including preg-
nenolone 16α-carbonitrile (PCN), phenobarbital [23] as
well as vitamin E [21]. PXR and other nuclear receptors
like CAR (constitutive androstane receptor) cross talk
and serve as xenobiotic sensors to form a safety net
against toxic effects of harmful substances [24].

Concentrations in human serum are between
0.34–0.54 µM for β-carotene [25] and between 1.37–2.18
µM for retinol [26]. An average liver concentration of
4.4 µM (range from 0–19.4 µM) for β-carotene [27] and
between 1.57–4.84 µM for retinol [28] has been ob-
served. From these data it could be postulated that en-
dogenous and nutritionally relevant concentrations of
β-carotene and retinol in the organism have the ability
to induce PXR (Figs. 2 and 3) dependent transcription of
PXR-regulated genes. Due to a weak knowledge of hu-
man β-carotene levels after β-carotene supplementation

Fig. 3 Transactivation of the (CYP3A1)2-tk-CAT re-
porter construct without the PXR expressing plasmid
in comparison to Fig. 2. To compare the sensitivity of
the assays the control from Fig. 2 was added to this
figure (control with PXR). β-galactosidase expressing
plasmid (pCH110) was used as transfection control (*
indicates P < 0.05 versus control without PXR)

Fig. 4 Concentration-dependent activation of PXR with lycopene (black rhombs),
β-carotene (black squares), rifampicin (open triangles) and retinol (open circles).
HepG2 cells were treated as described in Fig. 2. Data represent means ± SD from 3
different experiments, each performed in triplicate



R. Rühl et al. 341
Carotenoids and PXR

the human in vivo relevance of β-carotene mediated al-
teration of PXR responsive genes remains elusive.

β-Carotene could be converted mainly by two diffe-
rent types of β-carotene oxygenases, a cyclic [1, 29, 30]
and an acyclic [31] cleavage enzyme. β-Carotene
metabolites found in the organism or in cell culture are
mainly retinal, retinoic acid or retinol (Fig. 1) or acyclic
cleavage products like apo-carotenals [32]. Due to the
low or undetectable concentrations of apo-carotenals
and low induction properties of retinol possible activa-
tion of PXR in vivo may mainly be mediated directly or
indirectly by β-carotene.

Xenobiotic metabolism plays a crucial role for hu-
man health. Cytochromes are the major enzymes in the
activation or deactivation of xenobiotica or endogenous
substances. The data presented in this paper demon-
strate that expression of CYP3A4/7 and CYP3A5 in
HepG2 cells is markedly induced by β-carotene and
retinol indicating possible positive health effects of β-
carotene or retinol on the activation/deactivation of a
wide array of xenobiotica [33].Additional regulated tar-
get genes of the PXR are the ABC transporters MDR1
and MRP2 which are involved in cellular drug excretion
[16, 18]. ABC transporters are involved in the transport
of various xenobiotics, various glutathione, glucuronate
and sulfate conjugates and peptides [34–38].

Carotenoids have not yet been shown to be metabol-
ized by CYP3A enzymes, but carotenoid metabolites 
like all-trans-retinoic acid are a target for this class of
enzymes [39–41]. Retinoic acid metabolism is enhanced
by coadministration of the PXR-inducer rifampicin, in-
dicating a potential mechanism via PXR activated path-
ways [39]. In addition supplementation of β-carotene to
ferrets enhances in vitro all-trans-retinoic acid catabo-
lism via induction of CYPs [42]. In contrast CYP3A4 has
also been associated with an increased generation of all-
trans-retinoic acid by retinol [43].

In contrast to the beneficial effects also prooxidative
effects of carotenoids could be explained. In the ATBC
[44] and CARET study [45] tobacco smokers with addi-
tional β-carotene supplementation showed higher inci-
dence of lung cancer. In contrast moderate and high
dose supplementations with lycopene substantially
inhibited smoke-induced squamous metaplasia [46].
PXR expression in the lung [47] and possible upregula-
tion of CYPs [48] after β-carotene supplementation
could be related with high concentrations of CYP in-
duced stable or semi-stable substrate radicals [49]. An
alternative pathway of adverse effects of CYP3A activa-
tion by carotenoids in humans would be the induction
of high levels of CYPs that predispose an individual to
cancer risk by metabolizing more tobacco-smoke xeno-
biotics to harmful carcinogens [7]. Lycopene has shown
no effect on PXR mediated increase of CYP3A expres-
sion and additionally shown no increased risk for to-
bacco smoke induced squamous metaplasia [46]. In

Fig. 5 Expression of mRNA in HepG2 cells treated with several carotenoids; A
representative agarose gel of the result of RT-PCR stained with ethidium bromide
(CTRL control; βCAR β-carotene; LYC lycopene; RIF rifampicin; ROL retinol); B, C den-
siometric analysis from different RT-PCR experiments (n = 4) representing mean ±
SD (* indicates P < 0.05 versus control)

A

B

C
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summary, beneficial or adverse effects of β-carotene via
PXR mediated mechanisms on human health are possi-
bly relevant and should be clarified in detail in in vivo
experiments.

In summary, β-carotene and retinol activate PXR re-
sponsive pathways such as the xenobiotica and endoge-
nous substance metabolising cytochromes CYP3A4/
CYP3A7 and CYP3A5 and the ABC transporters (MDR1/
MRP2).Retinol and β-carotene have been determined as

possibly important nutritionally relevant PXR activators
interfering with the metabolic system of the organism.
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