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Dietary xenobiotics may interact with drug metabolism in humans.
Food–drug interactions occur through induction of P450 enzymes via xenoreceptors.
We examined effects of 6 anthocyanidins on AhR-CYP1A1 pathway.
Human hepatocytes and cell lines HepG2 and LS174T were used as in vitro models.
Pelargonidin induced CYP1A1 and activated AhR by ligand dependent mechanism.
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a b s t r a c t
We examined the effects of anthocyanidins (cyanidin, delphinidin, malvidin, peonidin, petunidin,
pelargonidin) on the aryl hydrocarbon receptor (AhR)-CYP1A1 signaling pathway in human hepatocytes, hepatic HepG2 and intestinal LS174T cancer cells. AhR-dependent reporter gene expression in
transfected HepG2 cells was increased by pelargonidin in a concentration-dependent manner at 24 h.
Similarly, pelargonidin induced the expression of CYP1A1 mRNA up to 5-fold in HepG2 and LS174T cells
relative to the induction by 5 nM 2,3,7,8-tetrachlorodibenzodioxin (TCDD), the most potent activator of
AhR. CYP1A1 and CYP1A2 mRNAs were also increased by pelargonidin in three primary human hepatocytes cultures (approximately 5% of TCDD potency) and the increase in CYP1A1 protein in HepG2 and
LS174T cells was comparable to the increase in catalytic activity of CYP1A1 enzyme. Ligand binding
analysis demonstrated that pelargonidin was a weak ligand of AhR.
Enzyme kinetic analyses using human liver microsomes revealed inhibition of CYP1A1 activity by
delphinidin (IC50 78 M) and pelargonidin (IC50 33 M).
Overall, although most anthocyanidins had no effects on AhR-CYP1A1 signaling, pelargonidin can bind
to and activate the AhR and AhR-dependent gene expression, and pelargonidin and delphinidin inhibit
the CYP1A1 catalytic activity.
© 2013 Elsevier Ireland Ltd. All rights reserved.

1. Introduction
Anthocyanidins and anthocyanins are naturally occurring
ﬂavonoid compounds that are responsible for typical color (bluishred, orange-red, orange) and biological effects of many fruits,
berries and vegetables. Anthocyanidins are aglycon (sugar-free)

Abbreviations: AhR, aryl hydrocarbon receptor; EROD, ethoxyresoruﬁn-Odeethylase; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin.
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E-mail address: moulin@email.cz (Z. Dvorak).
0378-4274/$ – see front matter © 2013 Elsevier Ireland Ltd. All rights reserved.
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backbones of anthocyanins, which are conjugated with various sugars, such as xylose, arabinose, glucose, galactose and rhamnose
in the latter compounds (Welch et al., 2008). The most commonly occurring anthocyanidins in higher plants are pelargonidin,
peonidin, cyanidin, malvidin, petunidin and delphinidin (Kong
et al., 2003). Anthocyanidins are liberated from anthocyanins in
the gastrointestinal tract mainly due to action of the intestinal
microﬂora (Keppler and Humpf, 2005). Although the bioavailability of anthocyanins and anthocyanidins is generally low, they can
be absorbed in the gastrointestinal tract and have been detected
in human plasma (McGhie and Walton, 2007). Anthocyanins and
anthocyanidins possess antioxidant, antitumor and antimutagenic
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properties in vivo (Kong et al., 2003). The aglycones generated
from the most abundant anthocyanins have been shown to inhibit
the growth of human stomach, colon, lung, breast and CNS cancer cells (Zhang et al., 2005). Both the human intestine and liver
are organs rich in drug-metabolizing enzymes, which interact
with drugs and food constituents. Among the drug-metabolizing
enzymes, cytochromes P450 (CYPs) are the most important and
most generally distributed enzymes responsible for more than two
thirds of metabolic processes with known mechanisms (Pavek and
Dvorak, 2008). Cytochromes P450 1A, namely, CYP1A2 (present
mainly in the liver) and CYP1A1 (mostly extrahepatic, but present
in the liver after induction) are the evolutionary oldest and beststudied forms of this enzyme and they are known for their roles
in activation of carcinogens (e.g. polycyclic aromatic hydrocarbons and heterocyclic amines), and in the metabolism of drugs
(e.g. tricyclic antidepressants and theophylline) (Anzenbacher and
Anzenbacherova, 2001; Monostory et al., 2009). Both CYP1A1 and
CYP1A2 are transcriptionally regulated by the aryl hydrocarbon
receptor (AhR), and they are inducible by a variety of xenobiotic
AhR ligands, including drugs (e.g. omeprazole), natural compounds
(e.g. berberine), synthetic chemicals (e.g. speciﬁc inhibitor of cjun-N-terminal kinase SP600125) and environmental pollutants
(e.g. polyhalogenated biphenyls, polycyclic aromatic hydrocarbons,
dioxins) (Denison and Nagy, 2003; Stejskalova et al., 2011).
Besides its role in CYP1A genes induction, the AhR plays
many physiological functions and it is involved in chemicallyinduced carcinogenesis (Abel and Haarmann-Stemmann, 2010).
Therefore, it is of topical interest to identify chemicals that affect
the AhR-CYP1A signaling pathway and resulting enzymatic activities, with regard to putative food–drug interactions and effects
on human health. Anthocyanins are contained in common food,
beverages and dietary supplements. Structurally, they are considered as polyphenolic compounds together with ﬂavonoids, ﬂavones
and isoﬂavones. While the effects of ﬂavonoids, ﬂavones and
isoﬂavones on AhR-CYP1A have been broadly studied (Amakura
et al., 2008; Hodek et al., 2002), there are no reports of interactions
between anthocyanins and the AhR-CYP1A signaling pathway. In
the present paper, we have examined the effects of the anthocyanidins cyanidin, delphinidin, malvidin, peonidin, petunidin and
pelargonidin, on the aryl hydrocarbon receptor (AhR)-CYP1A1
signaling pathway in primary human hepatocytes and, in human
hepatic HepG2 and intestinal LS174T cancer cell lines. We found
that pelargonidin activates the AhR and induces CYP1A genes by a
ligand-dependent mechanism, and that pelargonidin and delphinidin can inhibit CYP1A1 catalytic activity. The other anthocyanidins
did not affect AhR-CYP1A1 signaling.

HEP220670 (F, 64 years) (Biopredic International, Rennes, France). Hepatocytes
were treated in a serum-free medium for 24 h or 48 h with the tested compounds,
TCDD (5 nM) and/or vehicle (DMSO; 0.1%, v/v). Cultures were maintained at 37 ◦ C
and 5% CO2 in a humidiﬁed incubator.
2.3. Cancer cell lines
Human Caucasian hepatocellular carcinoma cells HepG2 (ECACC no. 85011430)
and human Caucasian colon adenocarcinoma cells LS174T (ECACC no. 87060401)
were purchased from ECACC and were cultured as recommended by manufacturer.
Cells were maintained at 37 ◦ C and 5% CO2 in a humidiﬁed incubator.
2.4. Gene reporter assay
Experiments were performed in a stably transfected gene reporter cell line AZAHR, which was derived from HepG2 cells transfected with a construct containing
several AhR binding sites upstream of a luciferase reporter gene (Novotna et al.,
2011). Following plating, cells were stabilized for 16 h and then incubated for 24 h
with tested compounds, TCDD (5 nM), resveratrol and/or vehicle (DMSO; 0.1%, v/v).
After the treatments, cells were lysed using Reporter Lysis Buffer (Promega, Madison, WI, USA) according to manufacturers’ instructions, and luciferase activity was
measured.
2.5. Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR)
Total RNA was isolated using TRI Reagent® and cDNA was synthesized according
to the common protocol, using M-MLV Reverse Transcriptase F-572 (Finnzymes) and
random hexamers 3801 (Takara). qRT-PCR was carried out on Light Cycler apparatus
480 II (Roche Diagnostic Corporation, Prague, Czech Republic). The levels of CYP1A1,
CYP1A2 and GAPDH mRNAs were determined as described elsewhere (Dvorak et al.,
2008). The measurements were performed in triplicates. Gene expression levels
were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a housekeeping gene. Data were processed by delta-delta method.
2.6. Protein detection and Western blotting
Total protein extracts were prepared as described elsewhere (Pavek et al.,
2007). Following SDS-PAGE separation and Western-blot transfer, blots were probed
with antibody against CYP1A1 (goat polyclonal; sc-1616), purchased from Santa
Cruz Biotechnology (Santa Cruz, USA). Chemiluminescent detection was performed
using horseradish peroxidase-conjugated secondary antibody and an Amersham
(GE Healthcare) ECL kit.
2.7. 7-Ethoxyresoruﬁn-O-deethylase (EROD) activity of CYP1A1/2 in cell cultures
HepG2 cells and/or LS174T cells were seeded in 96-well plates at a density
of 2.4 × 104 cells/cm2 in DMEM supplemented with 10% FCS and stabilized for
24 h. Cells were then incubated for 48 h with test compounds, TCDD (5 nM) and/or
vehicle (DMSO; 0.1%, v/v). The 7-ethoxyresoruﬁn-O-deethylase (EROD) activity in
cell cultures was measured as described elsewhere (Donato et al., 1993). Brieﬂy,
monolayers were washed with PBS and the serum-free medium containing 8 M
7-ethoxyresoruﬁn and 10 M dicumarol was applied to cells. Following 30 min of
incubation at 37 ◦ C, an aliquot of 75 L of the medium was mixed with 125 L of
methanol and ﬂuorescence was measured in a 96-well plate with 530 nm excitation
and 590 nm emission ﬁlters. The data were expressed as the ratio of treated over
control values (DMSO-treated cells).

2. Materials and methods

2.8. Enzyme activity of CYP1A1 and CYP1A2 in human liver microsomes

2.1. Compounds and reagents

Pooled human liver microsomes were obtained from Biopredic (Rennes, France)
in accordance with ethical regulations of the country of origin (France). They were
from twenty-six donors (twenty males and six females) with a protein content of
25 mg/ml; the CYP1A1/2, CYP2A6, CYP2B6, CYP2C9, CYP2C19, CYP2E1 and CYP3A4/5
enzyme activities were veriﬁed before the experiment.
Activity of CYP1A1/2 was measured either as EROD (see above) with 7ethoxyresoruﬁn as substrate according to established method (Leclercq et al.,
1996) or by a luciferase based assay with CYP1A1 speciﬁc substrate Luciferin-CEE
(www.promega.com, Promega, Hercules, CA). Amount of product of the reaction
was determined by HPLC (Shimadzu Class VP, Tokyo, Japan) with ﬂuorescence
detection or by measuring the luminescence using Inﬁnite M200 spectrophotometer/spectroﬂuorometer/luminometer (TECAN Austria, Vienna). Anthocyanidins
were dissolved in aqueous solution of pH 3.5 to concentration of 1 mM.
Incubation mixture contained 100 mM potassium phosphate buffer (pH 7.4),
NADPH-generating system (0.8 mM NADP+ , 5.8 mM isocitrate, 0.3 unit/ml of isocitrate dehydrogenase and 8 mM MgCl2 ), 35 pmol human liver microsomes and
2.6 M 7-ethoxyresoruﬁn. Final incubation mixture volume was 100 l. Inhibition
experiments were performed with ﬁve concentrations of anthocyanidins (10, 20, 40,
80, 100 M). Experimental conditions were the same as above. Reaction mixtures
were pre-incubated with inhibitors at 37 ◦ C for 30 min. With luciferin-CEE luminogenic substrate, microsomes with 22 pmol total CYP were preincubated with 60 M

Dimethylsulfoxide (DMSO), resveratrol and hygromycin B were purchased
from Sigma–Aldrich (Prague, Czech Republic). The anthocyanidins, cyanidin chloride (ref.#0909S; purity ≥ 96%), delphinidin chloride (ref.#0904S; purity ≥ 97%),
malvidin chloride (ref.#0913S; purity ≥ 97%), peonidin chloride (ref.#0906S;
purity ≥ 97%), petunidin chloride (ref.#0942S; purity ≥ 95%) and pelargonidin
chloride (ref.#0912S; purity ≥ 97%) were purchased from Extrasynthese (Lyon,
France). Luciferase lysis buffer and P450-Glo CYP1A1 assay were from Promega
(www.promega.com; Hercules, CA). 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD)
was from Ultra Scientiﬁc (RI, USA). Oligonucleotide primers used in RT-PCR reactions
were from Invitrogen. LightCycler FastStart DNA MasterPLUS SYBR Green I was from
Roche Diagnostic Corporation (Intes Bohemia, Czech Republic). All other chemicals
were of the highest quality commercially available.
2.2. Human hepatocytes
Human hepatocytes were obtained from two sources: (i) human liver obtained
from multiorgan donors LH44 (F, 57 years) and LH45 (M, 46 years); tissue acquisition
protocol was in accordance with the requirements issued by local ethical commission in the Czech Republic; (ii) Long-term human hepatocytes in monolayer Batch

A. Kamenickova et al. / Toxicology Letters 218 (2013) 253–259

10

255

AhR-dependent luciferase acvity in AZ-AHR cells

9
8

*

5 × 10 -9 M TCDD
fold inducon = 1253 ± 23

fold inducon

7
6

cyanidin
malvidin
delphinidin
petunidin
peonidin
pelargonidin

5
4

*

3
2

*

*

1
0
-8

-7.5

-7

-6.5

-6

-5.5

-5

-4.5

-4

log c
120

AhR-dependent -TCDD-inducible luciferase acvity in AZ-AHR cells

% of maximal inducon

100
80

*

cyanidin
malvidin
delphinidin
petunidin
peonidin
pelargonidin
resveratrol

60
40
20

*
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luciferin-CEE and pelargonidin or delphinidin (same ﬁnal concentrations as above)
for 30 min at 37 ◦ C; then, NADPH-generating system was added (same as above) and
the system was incubated for 10 min. Detection reagent was then added and the
reaction mixture was incubated for 20 min according to the recommended protocol
(www.promega.com). Two independent experiments were done with duplicates,
which did not differ by more than 10%. Inhibition of CYP1A activities was in all
cases evaluated by plotting the respective remaining activity versus the inhibitor
concentration.
2.9. AhR ligand binding assay
[3 H]TCDD was kindly provided by Dr. Steven Safe (Texas A&M university) and
2,3,7,8-tetrachlorodibenzofuran (TCDF) was from Accustandard (New Haven, CT,
USA). The competitive displacement of [3 H]TCDD from guinea pig hepatic cytosol
was as previously described (Korashy et al., 2011). Brieﬂy, hepatic guinea pig cytosol
diluted to 8 mg/ml protein in MEDG (25 mM MOPS-NaOH, pH 7.5, 1 mM EDTA, 1 mM
DTT, 10% (v/v) glycerol) was incubated with different concentrations of pelargonidin
chloride or 200 nM TCDF for 30 min at room temperature or on ice, and further incubated for 1 h at room temperature in the presence of 2 nM [3 H]TCDD. The amount of
[3 H]TCDD speciﬁc binding was determined by hydroxyapatite protocol, and speciﬁc
binding was determined as the difference between the ‘no competitor’ and TCDF
reaction (Denison et al., 2002).

3. Results
3.1. Effects of anthocyanidins on transcriptional activity of AhR in
AZ-AHR reporter cell line
In the ﬁrst series of experiments, we examined the effects of
the various anthocyanidins (chemical structures shown in Fig. 1)
on transcriptional activity of AhR. Experiments were performed in
recombinant AZ-AHR cells, which are HepG2 cells that had been
stably transfected with an AhR-responsive luciferase reporter plasmid (Novotna et al., 2011). In agonist experiments, the cells were
incubated for 24 h with increasing concentrations (10 nM–50 M)
of anthocyanidins (cyanidin, delphinidin, malvidin, peonidin, petunidin, pelargonidin), TCDD (5 nM) or vehicle (0.1%, v/v DMSO).
Luciferase activity was increased 1253-fold by TCDD, the most
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Fig. 2. Effects of anthocyanidins on transcriptional activity of AhR in AZ-AHR
reporter cell line. AZ-AHR cells were seeded in 96-well plates and stabilized for
16 h. Thereafter, the cells were treated for 24 h with anthocyanidins (10 nM–50 M;
i.e. cyanidin, delphinidin, malvidin, peonidin, petunidin, pelargonidin), 2,3,7,8tetrachlorodibenzo-p-dioxin (TCDD; 5 nM) and/or vehicle (DMSO; 0.1%, v/v). Upper
panel: Agonist mode, i.e. incubation with individual compounds; lower panel:
antagonist mode, i.e. combined incubation of 5 nM TCDD plus tested compounds
and/or resveratrol in increasing concentrations. After the treatments, cells were
lysed and luciferase activity was measured. The data are the mean from triplicate measurements and are expressed either as fold induction over DMSO-treated
cells (agonist mode) or as percentage of the induction by TCDD (antagonist mode).
Experiments were performed in three different passages of AZ-AHR cells. The differences between individual measurements were lower that 5%. * – values signiﬁcantly
different from the vehicle value (p < 0.05) as determined by the Student’s t-test.

potent activator of AhR. Pelargonidin produced a concentrationdependent induction of luciferase activity, which was signiﬁcantly
different from vehicle at concentrations of 10 M and higher (Fig. 2,
upper panel). Although the magnitude of induction by 50 M
pelargonidin was 9-fold greater than that of the vehicle (DMSO)
control, the magnitude of the induction response was very low
when compared to TCDD (i.e. less than 1% of the maximal level
of induction by TCDD). While very low, but signiﬁcant level of
induction of luciferase activity was observed for 50 M cyanidin (Fig. 2, upper panel), no signiﬁcant induction of luciferase
activity was observed with delphinidin, malvidin, peonidin or
petunidin. In antagonist experiments, the cells were incubated
with increasing concentrations of anthocyanidins and/or resveratrol in the presence of TCDD. While the induction of luciferase
activity was not signiﬁcantly altered by any of the anthocyanidins tested, resveratrol, a known antagonist of AhR, produced
a concentration-dependent decrease of TCDD-induced luciferase
activity to a maximum of 95% inhibition at 50 M resveratrol (Fig. 2,
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Fig. 3. Effects of anthocyanidins on CYP1A1 expression in HepG2 and LS174T cells. Panel A: cells were treated with cyanidin (25 M and 50 M), delphinidin (25 M and
50 M), malvidin (25 M and 50 M), peonidin (25 M and 50 M), petunidin (25 M and 50 M), pelargonidin (0.1 M, 1 M, 5 M, 10 M, 25 M and 50 M), TCDD
(5 nM) and vehicle (DMSO; 0.1%, v/v). Bar graph shows representative RT-PCR analyses (3 independent experiments) of CYP1A1 mRNA after 24 h treatment. The data are the
mean from triplicate measurements and are expressed as percentage of maximal induction attained in TCDD-treated cells. The data were normalized per GAPDH mRNA levels.
* – value is signiﬁcantly different from DMSO-treated cells (p < 0.05) as determined by the Student’s t-test. Panel B: cells were treated with cyanidin (50 M), delphinidin
(50 M), malvidin (50 M), peonidin (50 M), petunidin (50 M), pelargonidin (10 M, 25 M and 50 M), TCDD (5 nM) and vehicle (DMSO; 0.1%, v/v) for 48 h. Western
blots show a representative analysis of CYP1A1 protein. Similar proﬁles were observed in three independent experiments. As a loading control, the blots were probed to
actin (data not shown). Panel C: cells were treated with pelargonidin (10 M, 25 M and 50 M), TCDD (5 nM) and vehicle (DMSO; 0.1%, v/v) for 48 h. Catalytic activity of
CYP1A1 (EROD) was measured as described in detail in Section 2. The data are mean from triplicate measurements and are expressed as fold induction over DMSO-treated
cells. * – value is signiﬁcantly different from DMSO-treated cells (p < 0.05) as determined by the Student’s t-test.

lower panel). Taken together, these results indicate that pelargonidin is a weak AhR agonist with no apparent antagonist activity.
3.2. Effects of anthocyanidins on CYP1A1 expression in cancer
cells HepG2 and LS174T
A typical target gene of ligand- and AhR-dependent signal
transduction is CYP1A1. Therefore, we studied the effects of
anthocyanidins on the expression of CYP1A1 mRNA, protein and
enzyme catalytic activity in hepatic HepG2 and intestinal LS174T
human cancer cells. Cells were incubated with anthocyanidins,
TCDD (5 nM) and DMSO (0.1%, v/v) for 24 h and 48 h. TCDD
strongly induced CYP1A1 mRNA after 24 h of incubation in HepG2

cells (588-fold and 611-fold) and in LS174T cells (1319-fold and
7940-fold). While cyanidin, delphinidin, malvidin, peonidin and
petunidin did not inﬂuence CYP1A1 mRNA, protein and enzyme
activity levels, pelargonidin increased CYP1A1 mRNA expression
in concentration-dependent manner in both cell lines. However,
pelargonidin was a relatively weak inducer of CYP1A1 mRNA in
HepG2 and LS174T cells increasing CYP1A1 mRNA levels by only
about 2% and 4% of that observed with a maximal inducing concentration of TCDD, respectively (Fig. 3A). Pelargonidin (50 M)
incubation did increase CYP1A1 protein levels in HepG2 and LS174T
cell lines after 48 h incubation (Fig. 3B). EROD activity in HepG2
and LS174T cells was induced 36-fold and 17-fold by TCDD after
24 h of incubation, respectively. Similarly to its effect on CYP1A1
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Table 1
Effects of anthocyanidins on the expression of CYP1A1 and CYP1A2 mRNAs in primary human hepatocytes treated for 24 h with tested compounds. Results are expressed as
fold induction over the vehicle-treated cells. Data are mean ± S.D. from triplicate measurements. nd = not determined.
Compound

HH 44

HH 45

CYP1A1
DMSO
TCDD
Cyanidin 10 M
Cyanidin 50 M
Malvidin 10 M
Malvidin 50 M
Delphinidin 10 M
Delphinidin 50 M
Peonidin 10 M
Peonidin 50 M
Petunidin 10 M
Petunidin 50 M
Pelargonidin 10 M
Pelargonidin 50 M

1.00
159.79
2.29
2.11
0.90
1.35
1.20
0.96
1.64
3.52
1.40
2.35
14.62
22.24

CYP1A2
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.06
10.5
0.07
0.23
0.05
0.03
0.20
0.20
0.01
0.80
0.32
0.13
1.64
3.06

1.00
63.34
4.71
4.96
1.89
2.29
2.47
013
1.05
1.61
0.69
0.67
0.53
0.73

±
±
±
±
±
±
±
±
±
±
±
±
±
±

HEP220670

CYP1A1
0.06
0.93
0.61
1.35
0.01
0.08
0.14
0.02
0.05
0.19
0.01
0.02
0.02
0.07

1.00
330.84
0.95
0.96
1.51
1.83
2.19
1.16
0.84
1.11
2.58
1.48
3.43
15.3

mRNA and protein levels, pelargonidin increased EROD activity
∼3-fold in concentration-dependent manner in both cell lines
(Fig. 3C). Collectively, these results further support the conclusion
that pelargonidin is an AhR agonist, albeit relatively weak compared to TCDD.
3.3. Effects of anthocyanidins on CYP1A1 and CYP1A2 expression
in primary human hepatocytes
In the next series of experiments, we tested the effects of
anthocyanidins on the expression of CYP1A genes in primary
human hepatocytes. In contrast to the cell lines, human hepatocytes express a full panel of drug-metabolizing enzymes, hence,
the mixed effects of the parent compounds and their metabolites
are examined. Three different primary human hepatocytes cultures
were used (HH44, HH45 and HEP220670). Dioxin strongly induced
the expression of CYP1A1 and CYP1A2 mRNAs in all human hepatocytes cultures at 24 h, and the magnitude of induction ranged
between 160 and 331 fold and 52 and 144 fold, respectively.
Pelargonidin induced CYP1A1 and CY1A2 mRNAs in concentrationdependent manner in all of the primary hepatocytes cultures
(Table 1). While slight induction of CYP1A1 and CYP1A2 mRNAs was
observed for other tested anthocyanidins, these increases occurred
in a culture dependent manner, i.e. they were not systematic. The
levels of CYP1A proteins in two human hepatocytes cultures were
moderately increased only by incubation with 50 M pelargonidin
for 48 h, as compared to the vehicle-treated cells (Fig. 4).

CYP1A2
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.36
57.4
0.26
0.10
0.03
0.15
0.27
0.19
0.12
0.10
0.15
0.18
0.39
0.34

1.00
51.62
1.42
2.02
1.51
2.96
1.99
1.26
1.07
1.53
2.12
2.57
2.13
2.61

±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.36
9.13
0.40
0.26
0.06
0.38
0.25
0.38
0.13
0.13
0.14
0.29
0.25
0.11

CYP1A1

CYP1A2

1.00 ± 0.14
229.13 ± 6.74
nd
1.80 ± 0.20
nd
1.11 ± 0.03
nd
1.13 ± 0.03
nd
1.57 ± 0.08
nd
1.13 ± 0.07
1.59 ± 0.03
5.90 ± 0.09

1.00 ± 0.13
143.51 ± 0.70
nd
1.90 ± 0.21
nd
1.40 ± 0.05
nd
1.33 ± 0.02
nd
1.82 ± 0.08
nd
0.85 ± 0.03
1.89 ± 0.04
5.41 ± 0.06

3.4. Ligand binding assay
Activation of AhR may occur by ligand-dependent or ligandindependent mechanisms. Therefore, we tested whether the effects
of pelargonidin on AhR-CYP1A1 signaling pathway involved binding of pelargonidin to the AhR. For this purpose, we performed AhR
ligand binding assays using guinea pig hepatic cytosol. Pelargonidin competitively inhibited [3 H]-TCDD binding to the AhR when
present in the binding incubation at 50 M (13–16% inhibition)
or 100 M (25% inhibition), when cytosol was pre-incubated with
pelargonidin on ice or at room temperature; there were no consistent differences between pre-incubation conditions (Fig. 5). These
data are consistent with the previous results which suggest that
pelargonidin is a weak ligand/agonist of the AhR, and that the
effects of pelargonidin on AhR-CYP1A1 signaling pathway likely
occur via a ligand-dependent mechanism.
3.5. Effects of anthocyanidins on CYP1A1 and CYP1A2 catalytic
activity in human liver microsomes
Given the ability of many AhR ligands to also bind to and be
metabolized by the coordinately induced CYP1A1/2, we directly
examined the effects of anthocyanidins on the activities of two drug
metabolizing enzymes by determining their effects on CYP1A1/2
catalytic (EROD) and to CYP1A1-speciﬁc luciferin activating activity using human microsomes. Results of these competitive kinetic
analyses revealed a weak concentration-dependent inhibition of

Fig. 4. Effects of anthocyanidins on CYP1A protein expression in primary human hepatocytes. Cells were treated with cyanidin (10 M and 50 M), delphinidin (10 M and
50 M), malvidin (10 M and 50 M), peonidin (10 M and 50 M), petunidin (10 M and 50 M), pelargonidin (10 M and 50 M), TCDD (5 nM) and vehicle (DMSO; 0.1%,
V/V) for 48 h. Western blots show analyses of CYP1A proteins from two different primary human hepatocytes cultures. As a loading control, the blots were probed to actin
(data not shown).
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77 M for pelargonidin and delphinidin, respectively. These results
thus document the ability of at least two anthocyanidins to interact
with drug metabolizing system of CYP1A1/2.
4. Discussion

Fig. 5. Ligand binding assay. Pelargonidin chloride is a weak AhR ligand. Guinea pig
hepatic cytosol was pre-incubated with indicated concentrations of pelargonidin
chloride or TCDF for 30 min at room temperature or on ice, followed by addition of
2 nM [3 H]TCDD and further incubation for 1 h at room temperature. Ligand binding
to the cytosolic proteins was determined by the hydroxyapatite binding protocol
and scintillation counting. Speciﬁc binding was determined as a difference between
total and non-speciﬁc (TCDF) reactions. The values are presented as mean ± SD of
three independent reactions. * – values signiﬁcantly different from the ‘no competitor’ reaction at p < 0.05 as determined by the Student’s t-test. The results are
representative of two independent experiments.

CYP1A1/2 EROD activity (the EROD deethylating activity is not speciﬁc either to CYP1A1 or CYP1A2 as both enzymes share this activity
with CYP1A1 being more active) following the addition of petunidin, cyanidin, peonidin and malvidin, albeit to a relatively low
extent (to 80–95% of the original activity at the highest concentration (i.e. 100 M) of the respective anthocyanidin). In contrast,
delphinidin inhibited CYP1A1/2 EROD activity down to 28% and
pelargonidin to 75% of the initial activity (data not shown). This was
why with these two anthocyanidins the second, luciferin-based
activity speciﬁc for CYP1A1 has been followed. CYP1A1 has been
chosen for detailed study on the basis of results with AhR activation and CYP1A1 expression in cancer cells (see the respective
paragraphs). The data (Fig. 6) clearly show the inhibition of CYP1A1
activity down to 22% and 40% of the initial activity (i.e. without
anthocyanidin added) corresponding to IC50 values of 33 M and

Fig. 6. Effects of anthocyanidins on CYP1A1 catalytic activity in human liver microsomes. Inhibition of human microsomal CYP1A1 catalytic activity by pelargonidin
and delphinidin expressed as the amount of activity remaining relative to control
(without anthocyanidin) in percent. Concentration of respective anthocyanidins in
the reaction mixture was 0, 10, 20, 40, 80 and 100 M. For experimental details, see
the Section 2.

The phenomenon of food–drug interactions has emerged in the
last few years. It comprises pharmacokinetic and toxicokinetic
interactions between food constituents and drugs that modify their
relative potency and efﬁcacy. While drug–drug interactions may be
effectively managed by a physician who prescribes the drugs, the
food–drug interactions are not subject to such control. Therefore,
it is of value to search for food constituents that may cause or contribute to food–drug interactions. These compounds may be natural
food constituents (e.g. alkaloids, polyphenolics, terpenes), artiﬁcial food additives (e.g. sweeteners, preservatives, taste and ﬂavor
enhancers, colorings, stabilizers etc.) and even contaminants (e.g.
persistent organic pollutants). Food–drug interactions may occur
in two main ways, i.e. by inhibition or induction of drug metabolizing enzymes. Recently, we described the effects of extracts from
ready-to-drink teas (Kamenickova et al., 2012) and ﬂavored mineral waters (Kamenickova and Dvorak, 2012) on the AhR-CYP1A1
signaling pathway in human hepatocytes and human cancer cell
lines. We found that extracts from some of non-alcoholic beverages activated AhR and induced CYP1A1/2 and CYP3A4 genes.
In the present paper, we studied the effects of six major anthocyanidins on AhR-dependent gene expression and on CYP1A1/2
expression, production and enzymatic activity. Analysis of inhibition of the CYP1A1/2 activity revealed that the effects of the
majority of these compounds on metabolic pathways mediated by
CYP1A1/2 enzymes are not likely. However, pelargonidin and delphinidin were shown to interfere with CYP1A1/2 drug metabolizing
system (Fig. 6), although this effect occurred at concentrations
higher than those corresponding to the average values reached in
human plasma after fruit or juice consumption, i.e. 274 nmol/L and
1220 ng/L for pelargonidin (Mullen et al., 2008) and delphinidin
glycosides (Frank et al., 2005), respectively. Since CYP1A enzymes
are responsible for activation of many pro-carcinogens (e.g. polycyclic aromatic hydrocarbons) and detoxication of many others
(Anzenbacher and Anzenbacherova, 2001; Monostory et al., 2009),
interference of anthocyanidins present in food with these enzymes
may be even beneﬁcial.
The major ﬁnding of the current paper is that pelargonidin is
a weak ligand/agonist of the AhR, as revealed by ligand binding
assay in guinea pig cytosols (Fig. 5) and gene reporter assays in
recombinant human AZ-AHR cells (Fig. 2), respectively. Pelargonidin also induced CYP1A1 mRNA, protein and catalytic activity in
human hepatic HepG2 and human intestinal LS174T cancer cells
(Fig. 3) and also induced CYP1A1 mRNA and to a lesser extent
that of CYP1A2 mRNA in three different primary human hepatocytes cultures (Table 1). The levels of CYP1A proteins were slightly
elevated by 50 M pelargonidin in human hepatocytes (Fig. 4).
While we also observed slight induction of CYP1A1/2 mRNAs in
human hepatocytes by 50 M cyaniding these effects were not
consistent, possibly due to the metabolic transformation of cyanidin in human hepatocytes. Other antocyanidins, i.e. delphinidin,
peonidin, petunidin and malvidin did not display signiﬁcant and
systematic effects on AhR transcriptional activity and CYP1A1
expression. Regarding structure–activity relationship, pelargonidin
is the only anthocyanidin mono-substituted (monohydroxylated)
at the phenyl group bound at 2-position of the chromenylium
backbone. Speculatively, this feature may be one of the explanations for the unique activity of pelargonidin towards the AhR,
because other anthocyanidins are either di-substituted (cyanidin, peonidin) or tri-substituted (malvidin, petunidin, delphinidin)
(Fig. 1).
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Taken together, pelargonidin activates AhR through a ligand
dependent mechanism, and induces CYP1A and AhR-dependent
reporter genes expression in human cancer cell lines and human
hepatocytes, which may be of toxicological signiﬁcance, with
respect to multiple roles of AhR in human organism.
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