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The aim of the present study was to evaluate in vitro effects of dietary phytochemicals naringenin, quercetin, and sesamin on the
activities of ethoxy- (EROD; CYPIA) and benzyloxy- (BROD; CYP3A) resorufin O-dealkylases after the exposure to the cocktail of
persistent organic pollutants (POPs). CD-1 mice were exposed from weaning, through gestation and lactation to a defined mixture
of POPs. Hepatic microsomes were prepared from their female offspring at postnatal day 42. Hepatic EROD and BROD activity
were evaluated in the presence of quercetin, naringenin, and sesamin at nine concentrations from 5 to 100000 nM. EROD activity
was strongly inhibited by quercetin with Ki values from 1.7 to 2.6 uM. BROD activity was inhibited by quercetin with Ki values
from 64.9 to 75.3 uM and naringenin with Ki values from 39.3 to 45.8 uM. The IC,, and Ki values did not differ between the groups
of mice with different levels of POPs exposure in any of the experimental sets. Sesamin did not inhibit either EROD or BROD. We
concluded that the interactions of quercetin and naringenin with CYP1A and CYP3A in mice liver were not affected by the levels

of POPs exposure.

1. Introduction

One of the greatest problems that the world is facing today is
increased contamination of global environment by persistent
organic pollutants (POPs). These compounds generally are
not biodegradable and bioaccumulate in food chains, exert-
ing adverse health effects in both humans and animals such
as cancer risk, reproductive disorders, endocrine disruption,
and genotoxicity [1].

Many pollutants act as inducers of several hepatic
cytochrome P450 enzymes (CYP450) [1], which are respon-
sible for metabolism of various endogenous compounds and
xenobiotics. Thus, CYP450 activity can be used as a marker
of contaminants in several species [2]. Among the CYP450s,
CYPIA, CYP2EL and CYP3A are involved in the activation
of precarcinogens to highly reactive products which cause

carcinogenicity in humans and experimental animals and
thus are at least partly related to cancer formation [3, 4]. Some
studies suggest that induction of catalytic activity of these
enzymes is associated with increased risk of various forms
of cancer (reviewed by [5, 6]). Humans are permanently
exposed to several hundred anthropogenic chemicals at the
same time, which are also known to modulate activities of
CYP450 enzymes. Environmental pollutants often influence
the expression of various genes by modulating inducible
sequences in promoter regions, called responsive elements
[6]. It is likely that organisms exposed to CYP450-inducing
chemicals have an enhanced metabolism of drugs that are
metabolized by the induced enzymes.

A number of plant-originated phytochemicals have been
identified as inhibitors of CYP450 activity. These naturally
occurring chemicals are usually associated with beneficial
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FIGURE 1: In vitro inhibition of CYPIA by quercetin, naringenin, and sesamin in the microsomes from mice exposed to different levels of
POPs (n = 6 mice per group). CYPIA activity was measured by the rate of 7-ethoxyresorufin O-deethylation. Data are presented as the mean
percentage of remaining activity and standard error of the enzyme activity in 6 mice.

effects and low toxicity. Moreover, some studies demon-
strated that they can be effective in cancer prevention [7].
For example, bergamottin, imperatorin, and isopimpinellin
inhibited human CYP450 and block benzo[a]pyrene and 7,12-
dimethylbenz[a]anthracene DNA adduct formation [8]. In
mammals, quercetin and naringenin inhibited CYP1A and
CYP3A activities in both in vivo and in vitro studies [9-
12]. Sesamin, one of the major lignans from sesame seeds,
inhibited human CYP2C9 [13] and fish CYP1A [14].

We hypothesized that induction of major drug-
metabolizing enzyme activities by a mixture of POPs
can be suppressed by phenolic compounds. Specifically, the
aim of the present study was to evaluate in vitro effects of the
dietary phytochemicals naringenin, quercetin, and sesamin
on CYPIA and CYP3A activities in mice exposed to POPs.
These two enzymes were chosen because of their importance
in the metabolism of pollutants (especially CYP1A) and in
drug metabolism (CYP3A).

2. Material and Methods

2.1. Animals and Sampling. Liver samples from CD-1
mice were obtained from the Section for Experimental
Biomedicine at The Norwegian University of Life Sciences in
Oslo, Norway. The unit is licensed by the Norwegian Food
Safety Authority (NFSA; https://www.mattilsynet.no/dyr_
og_dyrehold/dyrevelferd/forsoksdyr/) and accredited by the
Association for Assessment and Accreditation of Laboratory
Animal Care (https://www.aaalac.org). The study was
approved by the unit’s animal ethics committee (Institutional
Animal Care and Use Committee/TACUC) and NSFA. The
CD-1 F1 generation was exposed, through feed, to a defined
mixture of POPs with the ratio of individual POP levels
representing reported ratios in a Scandinavian diet. The
exposure groups received either a low- or high-dose diet,
estimated as 5000 times or 100,000 times human daily intake,
respectively. Both control and exposure groups were fed from
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FIGURE 2: Michaels-Menten kinetics of 7-ethoxyresorufin O-dealkylation with or without quercetin in the microsomes from mice exposed

to different levels of POPs.

weaning, through gestation and lactation. The F2 generation,
exposed in utero and during lactation, were euthanized by
necropsy at postnatal day 42.

Liver samples were taken immediately after necropsy,
frozen in ethanol and dry ice, and stored at —80°C until
use. The microsomal fractions were prepared using a calcium
aggregation method. Microsomal protein concentration was
determined with a commercially available kit (Bio-Rad labo-
ratories Inc., Hercules, CA, USA) according to the manufac-
turer’s instructions.

2.2. CYP450 Activity Assays. In mice, O-dealkylation of 7-
ethoxyresorufin is catalyzed by CYPIAl and CYPIA2 [15],
and O-dealkylation of 7-benzyloxyresorufin by CYP3All
enzyme [16]. The activities of CYPIA and CYP3A were
determined as a rate of ethoxy- (EROD) and benzyloxy-
(BROD) resorufin O-dealkylation, respectively. Incubation
mixtures contained microsomal protein (0.2 mg), phosphate
buffer (pH 7.4, 50 mM), and appropriate substrate (1M of
7-ethoxyresorufin or 2 uM of 7-benzyloxyresorufin). Reac-
tions were initiated by the addition of 0.5mM NADPH.

The reaction mixture, in a final volume of 500 uL, was
incubated in a water bath at 37°C for 5min (EROD) or
7 min (BROD), and afterwards the reactions were terminated
with ice-cold methanol (500 uL), followed by centrifugation
at 7500 xg. Resorufin concentrations were measured as
previously described [11,12]. EROD and BROD activities were
expressed as pmol of resorufin per milligram protein and
minute. Incubation conditions were linear with respect to
incubation times and microsomal protein concentrations.

2.3. Inhibition Assays. EROD and BROD activities were
initially evaluated in the presence of quercetin, naringenin,
and sesamin at nine concentrations from 5 to 100000 nM. To
examine the inhibition mode, the activities were determined
in the presence of 2 or 3 inhibitor concentrations over the
substrate concentration ranges 0.005 to 4.0 uM for EROD and
0.05 to 8 uM for BROD, respectively. The stock solutions of
quercetin, naringenin, and sesamin were prepared in DMSO
and added to incubations to yield final concentrations of 5,
10, 50, 100, 500, 1000, 2000, 1000, and 100000 nM. The final
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FIGURE 3: In vitro inhibition of CYP3A by quercetin, naringenin, and sesamin in hepatic microsomes from mice exposed to different levels
of POPs (n = 6 mice per group). CYP3A activity was measured by the rate of 7-benzyloxyresorufin O-debenzylation. Data are presented as
the mean percentage of remaining activity and standard error of the enzyme activity in 6 mice.

TABLE I: Activities of CYP1A (EROD) and CYP3A (BROD) (pmol/min/mg pf protein) in the hepatic microsomes from mice of the unexposed,

low-exposed, and high-exposed groups.

Level of exposure
Enzyme ) P value
Unexposed Low High
CYPIA (EROD) 21.2° £1.22 32.7% +1.22 46.5° +1.22 0.078
CYP3A (BROD) 2.9 +2.15 16.8* +2.15 240.1° +2.15 0.018

EROD, 7-ethoxyresorufin O-dealkylase; BROD, 7-benzyloxyresorufin O-dealkylase. The activities were measured using a single substrate concentration (1M
of 7-ethoxyresorufin for EROD, and 2 uM of 7-benzyloxyresorufin for BROD). EROD and BROD activities were expressed as pmol of resorufin per minute
and milligram protein. Data are presented as geometric means and standard errors. P value shows the overall effect of treatment on enzyme activity. Within a

row mean values with different superscripts significantly differ (P < 0.05).

DMSO content in the incubations was 0.5%. The control
incubations contained the same concentration of DMSO.

2.4. Data Analysis. Comparison of enzymatic activities in
the absence of the inhibitors between studied groups was
performed on logarithmically transformed values using a

mixed model with fixed effect of treatment (SAS version 9.3,
SAS Institute Inc., Cary, NC, USA). The ICs, (concentration
causing 50% reduction of control activity) and Ki values for
inhibitors were calculated by nonlinear regression analysis
using GraphPad prism version 4.0 for Windows (GraphPad,
San Diego, CA, USA). Comparisons of ICs, and Ki values
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FIGURE 4: Michaels-Menten kinetics of 7-benzoxyresorufin O-dealkylation with or without quercetin in the microsomes from mice exposed
to different levels of POPs.

TaBLE 2: IC;, and Ki values (M) for naringenin, quercetin, and sesamin calculated for mice from the unexposed, low-exposed, and high-
exposed groups.

Level of exposure

Enzyme Phytochemical ) P value
Unexposed Low High
Quercetin
IC,, 5.4 (1.5-19.6) 5.1(1.7-15.8) 5.8 (3.2-10.5) 0.819
CYP1A (EROD) Ki 1.7 1.2-2.3) 2.6 (1.9-3.4) 2.6 (1.8-3.2) 0.721
Naringenin No inhibition
Sesamin No inhibition
Quercetin
IC,, 30.2 (10.4-41.7) 271(9.3-28.7) 35.7 (20.4-83.2) 0.266
Ki 671 (50.3-83.7) 64.9 (34.3-76.3) 75.3 (29.1-93.8) 0.893
CYP3A (BROD) Naringenin
1Cs, 40.3 (9.5-112.3) 49.1 (11.5-98.4) 43.1(20.2-98.5) 0.925
Ki 42.1(30.3-78.9) 45.8 (25.6-82.1) 39.3 (28.5-64.9) 0.271
Sesamin No inhibition

EROD, 7-ethoxyresorufin O-dealkylase; BROD, 7-benzyloxyresorufin O-dealkylase. Data are presented as geometric means and confidence interval in brackets.
P value shows the overall effect of group on IC5, and Ki values.
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FIGURE 5: Michaels-Menten kinetics of 7-benzoxyresorufin O-dealkylation with or without naringenin in the microsomes from mice exposed

to different levels of POPs.

between the studied groups were performed on logarithmi-
cally transformed values using one-way analysis of variance,
followed by the Tukey multiple-comparisons test. Differences
were regarded as significant when P < 0.05.

3. Results

The activities of EROD and BROD in mice without addition
of phytochemicals differed and were highest in the offspring
of mice that received the highest concentrations of POPs
(Table 1).

EROD activity was competitively inhibited by quercetin
(Figures 1 and 2; Table 2). Neither ICs, nor Ki values differed
between the groups of mice with different levels of POPs
exposure (Table 2). Neither naringenin nor sesamin inhibited
EROD activity at the concentrations tested (Figure 1, Table 2).

BROD activity was noncompetitively inhibited by
quercetin and naringenin (Figures 3, 4, and 5). The ICs,
and Ki values of quercetin and naringenin were similar in

all groups (Table 2). Sesamin did not inhibit BROD activity
(Figure 3, Table 2).

4. Discussion

A wide array of plant-derived polyphenols decrease toxicant-
induced oxidative stress and inflammation in various cell
types, tissues, and animal species [17-20] and have been
suggested to be protective against POP-mediated oxidative
stress, inflammation, and toxicity [20]. It is likely that dietary
flavonoids may play a role in protecting against POPs-related
health disorders. Bearing in mind that CYP450 enzymes
play an important role in carcinogenesis, identification of
inhibitors of these enzymes is of huge interest.

A large number of studies investigated modulation of
CYP450 activity by a single foreign compound, either drug,
pollutant, or food-derived component [21]. However, expo-
sure to a single compound does not reflect real life expo-
sures. In the present study we investigated the ability of
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quercetin, naringenin, and sesamin to affect two major drug-
metabolizing enzymes CYPIA and CYP3A after exposure
to a mixture of POPs relevant to human exposure scenar-
ios. Activity of both enzymes was previously shown to be
induced by the presence of POPs [22]. It is well known
that CYP1A-dependent EROD activity is induced by var-
ious toxicants including polycyclic aromatic hydrocarbons
(PAH), polychlorated biphenyl (PCB), or polychlorodibenzo-
p-dioxine (PCDD) [23-25]. As expected, EROD activity in
the present study was higher in mice exposed to high POPs
concentrations. Additionally, CYPIA activity is affected by
the presence of bioactive compounds such as quercetin [26].
In the present study, the inhibitory potency of quercetin was
compared in offspring of mice exposed to low and high levels
of POPs. EROD activity was inhibited by quercetin with a
similar magnitude in the control and exposed mice indicating
that quercetin can interact with CYPIA and probably alter
metabolism of CYP1A substrates independently of the levels
of POPs exposure. Similarly, quercetin inhibited CYP3A-
dependent BROD activity in mice independently of the levels
of POPs exposure.

Naringenin inhibited CYP3A-dependent BROD activity
somewhat stronger in the offspring of mice with high level
of exposure of POPs. However, similarities in IC;, values
imply no relevant effect of exposure to POPs on the ability of
naringenin to affect CYP3A activity. Thus, we concluded that
the interactions of quercetin and naringenin with CYPIA and
CYP3A in mice liver were not affected by the levels of POPs
exposure.

It should be emphasized that in vitro inhibition does
not necessarily translate to physiologically relevant in vivo
reduction of hepatic CYP1A activity. The fact that we used an
in vitro approach in this study can be regarded as a limitation.
Indeed, in vitro results cannot entirely reproduce a complex
in vivo situation. However, we believe that in vitro studies
provide a sound basis for in vivo approaches and is in agree-
ment with a 3R (reduction, refinement, and replacement)
strategy advocating use of a minimum number of animals.

In conclusion, the results of the present study demon-
strated that the interactions of quercetin and naringenin with
CYPIA and CYP3A in mice liver were not affected by the
levels of POPs exposure.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This study was supported by the Norwegian Research Coun-
cil, Project no. 204361, the Norwegian University of Life
Sciences, and the Swedish University of Agricultural Sciences,
NJ Faculty. Support was given to Nadezhda Pilipenko by the
EU-Programme Erasmus Mundus, Action 2 Partnership.

References

[1] S. M. Bandiera, “Cytochrome P450 enzymes as biomarkers of
PCB exposure and modulation of toxicity;” in Recent Advances

(10]

(11

(12]

in the Environmental Toxicology and Health Effects, P. L. W.
Robertson and L. G. Hansen, Eds., pp. 185-192, University Press
of Kentucky, Lexington, Ky, Kentucky, 2001.

S. Tabrez and M. Ahmad, “Cytochrome P450 system as a
toxicity biomarker of industrial wastewater in rat tissues,” Food
and Chemical Toxicology, vol. 48, no. 3, pp. 998-1001, 2010.

D. W. Nebert and T. P. Dalton, “The role of cytochrome P450
enzymes in endogenous signalling pathways and environmental
carcinogenesis,” Nature Reviews Cancer, vol. 6, no. 12, pp. 947-
960, 2006.

C. Rodriguez-Antona and M. Ingelman-Sundberg, “Cyto-
chrome P450 pharmacogenetics and cancer,” Oncogene, vol. 25,
no. 11, pp. 1679-1691, 2006.

U. M. Zanger and M. Schwab, “Cytochrome P450 enzymes
in drug metabolism: regulation of gene expression, enzyme
activities, and impact of genetic variation,” Pharmacology &
Yhempeutics, vol. 138, no. 1, pp. 103-141, 2013.

S. Tabrez, M. Priyadarshini, S. Priyamvada, M. S. Khan, N.
A. Arivarasu, and S. K. Zaidi, “Gene-environment interac-
tions in heavy metal and pesticide carcinogenesis,” Mutation
Research—Genetic Toxicology and Environmental Mutagenesis,
vol. 760, pp. 1-9, 2014.

J. Cuiand S. Li, “Inhibitors and prodrugs targeting CYP1: a novel
approach in cancer prevention and therapy,” Current Medicinal
Chemistry, vol. 21, no. 5, pp. 519-552, 2014.

H. E. Kleiner, M. J. Reed, and J. DiGiovanni, “Naturally
occurring coumarins inhibit human cytochromes P450 and
block benzo[a]pyrene and 712-dimethylbenz[a]anthracene
DNA adduct formation in MCE-7 cells;,” Chemical Research in
Toxicology, vol. 16, no. 3, pp. 415-422, 2003.

S.-C. Shin, J.-S. Choi, and X. Li, “Enhanced bioavailability of
tamoxifen after oral administration of tamoxifen with quercetin
in rats,” International Journal of Pharmaceutics, vol. 313, no. 1-2,
pp. 144-149, 2006.

S. N. Umathe, P. V. Dixit, V. Kumar, K. U. Bansod, and M. M.
Wanjari, “Quercetin pretreatment increases the bioavailability
of pioglitazone in rats: involvement of CYP3A inhibition,”
Biochemical Pharmacology, vol. 75, no. 8, pp. 1670-1676, 2008.
B. Ekstrand, M. K. Rasmussen, F. Woll, V. Zlabek, and G.
Zamaratskaia, “In vitro gender-dependent inhibition of porcine
cytochrome P450 activity by selected flavonoids and phenolic
acids,” BioMed Research International, vol. 2015, Article ID
387918, 7 pages, 2015.

V. Burkina, V. Zlabek, R. Halsne, E. Ropstad, and G. Zama-
ratskaia, “In vitro effects of the citrus flavonoids diosmin,
naringenin and naringin on the hepatic drug-metabolizing
CYP3A enzyme in human, pig, mouse and fish,” Biochemical
Pharmacology, vol. 110-111, pp. 109-116, 2016.

K. Yasuda, S. Ikushiro, M. Kamakura, M. Ohta, and T. Sakaki,
“Metabolism of sesamin by cytochrome P450 in human liver
microsomes,” Drug Metabolism and Disposition, vol. 38, no. 12,
pp. 2117-2123, 2010.

L. Wagner, V. Zlabek, S. Trattner, and G. Zamaratskaia, “In
vitro inhibition of 7-ethoxyresorufin-O-deethylase (EROD)
and p-nitrophenol hydroxylase (PNPH) activities by sesamin
in hepatic microsomes from two fish species,” Molecular Biology
Reports, vol. 40, no. 1, pp. 457-462, 2013.

I. B. Tsyrlov, I. S. Goldfarb, and H. V. Gelboin, “Enzyme-
kinetic and immunochemical characteristics of mouse cDNA-
expressed, microsomal, and purified CYP1Al and CYP1A2)
Archives of Biochemistry and Biophysics, vol. 307, no. 2, pp. 259-
266,1993.



(16]

(17]

,—
N
=

(22]

[25]

(26]

C. E. Hagemeyer, C. Biirck, R. Schwab, R. Knoth, and R.
P. Meyer, “7-Benzyloxyresorufin-O-dealkylase activity as a
marker for measuring cytochrome P450 CYP3A induction in
mouse liver;” Analytical Biochemistry, vol. 398, no. 1, pp. 104-111,
2010.

M. Kampa and E. Castanas, “Human health effects of air
pollution,” Environmental Pollution, vol. 151, no. 2, pp. 362-367,
2008.

Y. Zheng, A. Morris, M. Sunkara, J. Layne, M. Toborek, and
B. Hennig, “Epigallocatechin-gallate stimulates NF-E2-related
factor and heme oxygenase-1 via caveolin-1 displacement,”
Journal of Nutritional Biochemistry, vol. 23, no. 2, pp. 163-168,
2012.

O. Ciftci, M. Aydin, I. Ozdemir, and N. Vardi, “Quercetin
prevents 2,3,7,8-tetrachlorodibenzo-p-dioxin-induced testicu-
lar damage in rats,” Andrologia, vol. 44, no. 3, pp. 164-173, 2012.
M. C. Petriello, B. J. Newsome, T. D. Dziubla, J. Z. Hilt, D. Bhat-
tacharyya, and B. Hennig, “Modulation of persistent organic
pollutant toxicity through nutritional intervention: emerging
opportunities in biomedicine and environmental remediation,’
Science of the Total Environment, vol. 491-492, pp. 11-16, 2014.

J. Liu, J. Sridhar, and M. Foroozesh, “Cytochrome P450 family
1 inhibitors and structure-activity relationships,” Molecules, vol.
18, no. 12, pp. 14470-14495, 2013.

C. Mulligan, S. Kondakala, E. J. Yang et al., “Exposure to an envi-
ronmentally relevant mixture of organochlorine compounds
and polychlorinated biphenyls Promotes hepatic steatosis in
male Ob/Ob mice;” Environmental Toxicology, vol. 32, no. 4, pp.
1399-1411, 2017.

S. M. Arena, E. H. Greeley, R. S. Halbrook, L. G. Hansen, and
M. Segre, “Biological effects of gestational and lactational PCB
exposure in neonatal and juvenile C57BL/6 mice,” Archives of
Environmental Contamination and Toxicology, vol. 44, no. 2, pp.
272-280, 2003.

S. Tabrez and M. Ahmad, “Cytochrome P450 system as poten-
tial biomarkers of certain toxicants: comparison between plant
and animal models,” Environmental Monitoring and Assessment,
vol. 185, no. 4, pp. 2977-2987, 2013.

S. P. Jones, R. Farmahin, and S. W. Kennedy, “Ethoxyresorufin-
O-deethylase (EROD) induction by TCDD, PeCDFand PCB 126
in bobwhite quail hepatocytes,” Ecotoxicology, vol. 23, no. 5, pp.
802-808, 2014.

J. Xiao, W-H. Huang, J-B. Peng et al., “Quercetin significantly
inhibits the metabolism of caffeine, a substrate of cytochrome
P450 1A2 unrelated to (-2964G>A) and (734C>A) gene poly-
morphisms,” BioMed Research International, vol. 2014, Article
ID 405071, 6 pages, 2014.

BioMed Research International



