
Příloha č. 1 

Tvorba aduktů s DNA vzniklých aktivací ellipticinu potkaními jaterními (A), plicními 

(B) a ledvinnými (C) mikrosomy 

A RAL
a 
(průměr/10

7
 nukleotidů) 

  adukt 1 adukt 2 adukt 6 adukt 7 Total 

nepremedikovaní potkani                                               

jaterní mikrosomy bez 

kofaktorů 

n.d. 0.080.01         n.d. n.d. 0.080.01 

jaterní mikrosomy + 

NADPH 
6.841.31 0.260.03 0.290.02 0.280.03 17.61.39 

jaterní mikrosomy + 

NADPH + -NF 
6.190.45 0.130.02 0.100.01 0.050.01 6.470.48 

jaterní mikrosomy + 

NADPH + furafylline 
7.910.62 0.120.02 0.190.02 0.080.01 8.300.69 

jaterní mikrosomy + 

NADPH + ketokonazol 
1.000.1 0.150.01 0.080.01 0.020.01 1.250.11 

jaterní mikrosomy +  

arachidonová kyselina 
1.010.1 0.0150.01 0.0170.01 0.0170.01 1.060.12 

jaterní mikrosomy +  

arachidonová kyselina +IM 
0.220.02 n.d. n.d. n.d. 0.220.02 

jaterní mikrosomy +  H2O2 1.10 0.1 0.020.01 0.020.01 0.020.01 1.160.12 

potkani premedikovaní 

ellipticinem (40 mg/kg t.h.)                                                    

jaterní mikrosomy bez 

kofaktorů 

n.d. 0.110.01 n.d. n.d. 0.110.01 

jaterní mikrosomy + 

NADPH 
33.032.52 0.420.03 0.400.03 0.480.03 34.392.87 

jaterní mikrosomy + 

NADPH + a-NF 
2.500.18 0.030.01 0.030.01 0.040.01 2.600.19 

jaterní mikrosomy + 

NADPH + furafyllin 
6.280.51 0.080.01 0.070.01 0.070.01 6.500.59 

jaterní mikrosomy + 

NADPH + ketokonazol 
6.500.58 0.200.02 0.400.03 0.400.03 7.500.61 

jaterní mikrosomy +  

arachidonová kyselina 
0.870.06 0.080.01 0.100.01 0.100.01 1.150.10 

jaterní mikrosomy +  

arachidonová kyselina +IM 
0.170.01 0.020.01 0.020.01 0.020.01 0.230.02 

jaterní mikrosomy +  H2O2 0.920.07 0.080.01 0.120.01 0.100.01 1.230.10 

 

 

 

 

 

 

 



B RAL
a 
(průměr/10

7
 nukleotidů) 

  adukt 1 adukt 2 adukt 6 adukt 7 Total 

nepremedikovaní potkani                                                 
plicní mikrosomy bez 

kofaktorů 
0.030.01 0.030.01 

    

0.030.01 
0.020.01 0.110.01 

plicní mikrosomy + NADPH 0.640.04 0.150.01 0.120.01 0.100.01 1.010.10 

plicní mikrosomy + NADPH 

+ -NF 
0.330.02 n.d. n.d. n.d. 0.330.027 

plicní mikrosomy + NADPH 

+ ketokonazol 
0.520.041 0.100.01 0.090.01 0.080.01 0.790.08 

plicní mikrosomy +  

arachidonová kyselina 
0.03001 0.030.01 0.300.03 0.140.01 0.500.05 

plicní mikrosomy +  

arachidonová kyselina + IM 
n.d. n.d. n.d. n.d. n.d. 

potkani premedikovaní 

ellipticinem (40 mg/kg t.h.)        

plicní mikrosomy bez 

kofaktorů 

0.600.04 0.030.01 0.200.02 0.100.01 0.930.11 

plicní mikrosomy  + 

NADPH 
1.920.17 0.300.03 0.220.02 0.200.02 2.640.19 

plicní mikrosomy  + 

NADPH + -NF 
0.340.03 0.060.01 0.160.01 0.160.01 0.720.06 

plicní mikrosomy  + 

NADPH + ketokonazol 
1.050.10 0.250.02 0.200.02 0.200.02 1.700.15 

plicní mikrosomy +  

arachidonová kyselina 
1.300.10 0.230.02 0.280.02 0.230.02 2.040.21 

plicní mikrosomy + 

arachidonová kyselina + IM 
0.600.05 0.030.01 0.100.01 0.050.01 1.150.10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



C RAL
a 
(průměr/10

7
 nukleotidů) 

  adukt 1 adukt 2 adukt 6 adukt 7 Total 

nepremedikovaní potkani                                                 
ledvinné mikrosomy bez 

kofaktorů 

n.d. n.d. 
    

0.010.01 
0.010.01 0.020.01 

ledvinné mikrosomy + 

NADPH 
0.210.02 0.030.01 0.080.01 0.030.01 0.350.04 

ledvinné mikrosomy + 

NADPH + a-NF 
0.040.01 n.d. n.d. n.d. 0.040.01 

ledvinné mikrosomy + 

NADPH + ketokonazol 
0.100.01 0.020.01 0.080.01 0.050.01 0.230.03 

ledvinné mikrosomy+  

arachidonová kyselina 
n.d. n.d. 0.020.01 0.020.01 0.040.01 

ledvinné mikrosomy +  

arachidonová kyselina + IM 
n.d. n.d. n.d. n.d. n.d. 

potkani premedikovaní 

ellipticinem (40 mg/kg t.h.)        

ledvinné mikrosomy bez 

kofaktorů 

0.120.01 0.030.01 0.050.01 0.030.01 0.330.04 

ledvinné mikrosomy  + 

NADPH 
0.420.03 0.120.01 0.080.01 0.050.01 0.670.07 

ledvinné mikrosomy  + 

NADPH + a-NF 
0.230.02 0.090.01 0.050.01 0.030.01 0.400.04 

ledvinné mikrosomy  + 

NADPH + ketokonazol 
0.400.03 0.100.01 0.080.01 0.050.01 0.630.08 

ledvinné mikrosomy +  

arachidonová kyselina 
0.200.02 0.060.01 0.080.01 0.060.01 0.400.05 

ledvinné mikrosomy + 

arachidonová kyselina + IM 
0.100.01 0.040.01 0.040.01 0.020.01 0.200.03 

 

 

 
a 

průměr 
 

RAL (relative adduct labeling) ze dvou nezávislých měření, n.d. - 

nedetekováno (detekční limit RAL byl 1/10
10

 nukleotidů). 
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Abstract

Ellipticine is an antineoplastic agent, which forms covalent DNA adducts mediated by cytochromes P450 (CYP) and peroxidases. We evaluated the
role of hepatic versus extra-hepatic metabolism of ellipticine, using the HRN (Hepatic Cytochrome P450 Reductase Null) mouse model, in which
cytochrome P450 oxidoreductase (POR) is deleted in hepatocytes, resulting in the loss of essentially all hepatic CYP function. HRN andwild-type (WT)
mice were treated i.p. with 1 and 10mg/kg bodyweight of ellipticine.Multiple ellipticine–DNA adducts detected by 32P-postlabelling were observed in
organs from both mouse strains. Highest total DNA binding levels were found in liver, followed by lung, kidney, urinary bladder, colon and spleen.
Ellipticine–DNA adduct levels in the liver of HRNmice were up to 65% lower relative toWTmice, confirming the importance of CYP enzymes for the
activation of ellipticine in livers, recently shown in vitrowith human and rat hepatic microsomes.When hepatic microsomes of both mouse strains were
incubatedwith ellipticine, ellipticine–DNA adduct levelswithWTmicrosomes were up to 2.9-fold higher thanwith those fromHRNmice. The ratios of
ellipticine–DNA adducts in extra-hepatic organs betweenHRN andWTmice of up to 4.7 suggest that these organs can activate ellipticine and that more
ellipticine is available in the circulation. These results and the DNA adduct patterns found in vitro and in vivo demonstrate that both CYP1A or 3A and
peroxidases participate in activation of ellipticine to reactive species forming DNA adducts in the mouse model used in this study.
© 2007 Elsevier Inc. All rights reserved.
Keywords: Anticancer drug; Ellipticine; Cytochrome P450; Peroxidase; DNA adducts; 32P-postlabelling
Introduction

Ellipticine (5,11-dimethyl-6H-pyrido[4,3-b]carbazole, Fig. 1),
an alkaloid isolated fromApocyanaceae plants, exhibit significant
antitumor and anti-HIV activities (for a summary see Stiborová
et al., 2001). The main reason for the interest in ellipticine and its
Abbreviations: α-NF, α-naphthoflavone; COX, cyclooxygenase; CYP,
cytochrome P450; HRN, hepatic cytochrome P450 reductase null; HPLC,
high-performance liquid chromatography; i.p., intra-peritoneal; LPO, lactoper-
oxidase; MPO, myeloperoxidase; PEI-cellulose, polyethylenimine-cellulose;
POR, cytochrome P450 oxidoreductase; RAL, relative adduct labeling; r.t.,
retention time; TLC, thin layer chromatography; WT, wild-type.
⁎ Corresponding author. Fax: +420 221951283.
E-mail address: stiborov@natur.cuni.cz (M. Stiborová).

0041-008X/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
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derivatives for clinical purposes is their high efficiencies against
several types of cancer, their rather limited toxic side effects,
and their complete lack of haematological toxicity (Auclair,
1987). Nevertheless, ellipticine is a potent mutagen. Most ellip-
ticine derivatives are mutagenic to Salmonella typhimuriumAmes
tester strains, bacteriophage T4, Neurospora crassa, and mam-
malian cells and induce prophage lambda in Escherichia coli
(for an overview see Stiborová et al., 2001).

The prevalent mechanisms of ellipticine antitumour, muta-
genic and cytotoxic activities have been suggested to be (i)
intercalation into DNA (Auclair, 1987; Singh et al., 1994) and (ii)
inhibition of DNA topoisomerase II activity (Auclair, 1987;
Monnot et al., 1991; Fossé et al., 1992; Froelich-Ammon et al.,
1995). We have demonstrated that ellipticine also covalently

mailto:stiborov@natur.cuni.cz
http://dx.doi.org/10.1016/j.taap.2007.09.017


Fig. 1. Metabolism of ellipticine by peroxidases and human CYPs showing the characterized metabolites and those proposed to form DNA adducts. The compounds
shown in brackets were not detected under the experimental conditions and are the electrophilic metabolites postulated as ultimate arylating species or the postulated
N2-deoxyguanosine adducts.
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binds to DNA after being enzymatically activated with cyto-
chromes P450 (CYP) or peroxidases (Stiborová et al., 2001;
2003a,b, 2004, 2006a, 2007a,b, Poljaková et al., 2006),
suggesting a third possible mechanism of action.

Understanding which enzymes are involved in the meta-
bolic activation of ellipticine is important in the assessment of
susceptibility to this drug. Human and rat CYP1A and 3A are
the predominant enzymes catalyzing oxidation of ellipticine
in vitro either to metabolites that are excreted (7-hydroxy- and
9-hydroxyellipticine) or that form DNA adducts (12-hydroxy-
and 13-hydroxyellipticine) (Stiborová et al., 2001, 2003a,b,
2004, 2006a). Of the peroxidases, human cyclooxygenase
(COX)-2, ovine COX-1, bovine lactoperoxidase (LPO), human
myeloperoxidase (MPO) and horseradish peroxidase efficiently
generated ellipticine-derived DNA adducts (Fig. 1) (Poljaková
et al., 2006; Stiborová et al., 2007a). The sameDNA adducts were
also detected in cells in culture expressing enzymes activating
ellipticine (CYP1A1, COX-1 and MPO), such as human breast
adenocarcinoma MCF-7 cells (Bořek-Dohalská et al., 2004),
leukaemia HL-60 and CCRF-CEM cells (Poljaková et al., 2007)
and V79 Chinese hamster lung fibroblasts transfected with human
CYP3A4, 1A1 and 1A2 (Frei et al., 2002). On the basis of these
data, ellipticine might be considered a drug, whose pharmaco-
logical efficiency and/or genotoxic side effects are dependent on
its activation by CYPs and peroxidases in target tissues.

However, additional factors such as route of administration,
absorption and renal clearance make it difficult to extrapolate
from in-vitro data to the in-vivo situation. After i.p. adminis-
tration of ellipticine to rats, the highest levels of DNA adducts
were found in liver, followed by kidney and lung (Stiborová
et al., 2003a, 2007b). Liver is a tissue rich in CYP enzymes,
while kidney and lung contain high levels of peroxidases such
as COX (Eling et al., 1990; Eling and Curtis, 1992; Stiborová
et al., 1991, 2005; Culp et al., 1997). Knowledge about the
participation of these enzymes in ellipticine activation in in-
dividual rat tissues is, however, scarce. Although previous
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results indicate that CYP3A1 and 1A participate in formation of
DNA adducts by ellipticine in rats in vivo (Stiborová et al.,
2003a), it is unclear whether CYP or peroxidases are more
important in ellipticine activation in different organs.

Gene knock-out and transgenic mice have been developed to
study the role of specific enzymes in drug metabolism (Gonzalez
and Kimura, 2001; Henderson and Wolf, 2003). Although CYP
knock-out mouse models have yielded important data on the
effect of single CYP enzymes on the metabolism of drugs and
chemical carcinogens (Buters et al., 1999, 2002; Kimura et al.,
1999, 2003; Tsuneoka et al., 2003; Uno et al., 2004), the func-
tional redundancy inevitably found in the large CYP family of
isoenzymes makes it difficult to determine the role of CYPs as a
whole in metabolism of xenobiotics (Henderson et al., 2006). To
overcome these limitations a mouse line, HRN (Hepatic Cyto-
chrome P450 Reductase Null), has been developed in which
cytochrome P450 oxidoreductase (POR), the unique electron
donor to CYPs, is deleted specifically in hepatocytes, resulting in
the loss of essentially all hepatic CYP function (Henderson et al.,
2003). The HRN mouse as a model has been used to establish
the role of hepatic versus extra-hepatic CYP-mediated metabo-
lism and disposition of drugs such as cyclophosphamide (Pass
et al., 2005; Henderson et al., 2006). With this model we found
that the carcinogen 3-nitrobenzanthrone is predominantly acti-
vated in vivo by cytosolic nitroreductases rather than microsomal
POR, whereas the oxidative activation of 3-aminobenzanthrone,
the main metabolite of 3-nitrobenzanthrone, is CYP-dependent,
both in vitro and in vivo (Arlt et al., 2003, 2004, 2005, 2006).

In this study, we have used the HRN mouse model to
examine the hepatic CYP-dependent metabolism of ellipticine.
DNA adduct formation in vivo in hepatic and extra-hepatic
tissues was investigated using 32P-postlabelling. In addition, we
examined ellipticine metabolism and DNA adduct formation in
vitro using hepatic microsomes.

Materials and methods

Animals. HRN (Porlox/lox+CreALB) mice on a C57BL/6 background used in this
study were constructed as described previously (Henderson et al., 2003). Mice
homozygous for loxP sites at the Por locus (Porlox/lox) were used as wild-type (WT).
All procedures were carried out under the Animal (Scientific Procedures) Act (1986)
in accordance with UK law, and following local ethical review.

Treatment of HRN mice and WT mice with ellipticine. Male HRN (Henderson
et al., 2003) and WT mice (25–30 g; n=3/group) were treated with a single intra-
Fig. 2. Autoradiographs of TLCmaps of 32P-labelled digests of calf thymusDNA reacted
reacted with 13-hydroxyellipticine (B) (Stiborová et al., 2004) and 12-hydroxyellipticin
treated with 10 mg ellipticine/kg body weight, from livers of rats treated with 40 mg ellip
nuclease P1 version of the 32P-postlabelling assay. Exposure times of the TLC plates in
peritoneal (i.p.) dose of 1 or 10 mg/kg body weight of ellipticine by intraperitoneal
injection. Ellipticine was administered dissolved in 1% acetic acid at a
concentration of 2.5 mg/ml. Control mice (n=3/group) received the solvent only.
Animals were killed 24 h after treatment. Six organs (liver, lung, kidney, spleen,
bladder and colon) were removed and stored at −80 °C until DNA isolation by
standard phenol/chloroform extraction.

Measurement of ellipticine–DNA adducts. 32P-postlabelling analysis with
nuclease P1 enrichment, thin-layer chromatography (TLC) and high perfor-
mance liquid chromatography (HPLC) of 32P-labelled 3′5′-deoxyribonucleoside
bisphosphate adducts were done as reported recently (Stiborová et al., 2003a,
2004, 2007a).

Preparation of microsomes and assays. Microsomes were isolated from the
pooled livers of each strain as described (Stiborová et al., 2003b). Pooled
microsomal fractions were used for further analyses.

Preparation of POR antibodies. Rabbit liver NADPH:CYP reductase was
purified as described (Yasukochi et al., 1979). Leghorn chickens were
immunised subcutaneously three times (with one-week intervals) with rabbit
hepatic POR (0.1 mg/animal) emulsified in complete Freund's adjuvant for the
first injection and in incomplete adjuvant for boosters. The immunoglobulin
fraction was purified from pooled egg yolks using fractionation by polyethylene
glycol 6000 (Stiborová et al., 2002).

Determination of POR protein levels in hepatic microsomes. Immunoquanti-
tation of hepatic microsomal POR was done essentially as described previously
using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Stiborová et al.,
2002, 2006b). The POR proteinwas probedwith the chicken polyclonal antibodies
as reported (Stiborová et al., 2002, 2006b). The antigen–antibody complex was
visualised with an alkaline phosphatase-conjugated rabbit anti-chicken IgG
antibody and 5-bromo-4-chloro-3-indolylphosphate/nitrobluetetrazolium as the
chromogenic substrate (Stiborová et al., 2002, 2006b).

Determination of POR enzymatic activity in hepatic microsomes. Hepatic
microsomal samples were characterized for POR activity using cytochrome c as a
substrate, by the procedure reported previously (Arlt et al., 2003).

Microsomal incubations. Incubation mixtures used to generate DNA adduct
formation by ellipticine in vitro consisted of 50 mM potassium phosphate buffer
(pH 7.4), 1 mM NADPH, pooled hepatic microsomal fraction (0.5 mg protein)
fromHRN orWTmice, 0.1mM ellipticine (dissolved in 7.5 μl methanol) and 0.5
mg of calf thymusDNA in a final volume of 750 μl. Incubations were also carried
out in the presence of a COX cofactor, arachidonic acid (Eling and Curtis, 1992;
Stiborová et al., 2005). Mixtures then contained 0.1 mM arachidonic acid as
cofactor instead of NADPH, and additionally 5 mM magnesium chloride.
Incubations were carried out at 37 °C for 30 min; ellipticine–DNA adduct
formation was found to be linear up to 30 min of incubation (Stiborová et al.,
2001). Control incubations were carried out (i) without microsomes, (ii) without
NADPH or arachidonic acid, (iii) without DNA and (iv) without ellipticine. After
the incubation, DNA was isolated by a standard phenol–chloroform extraction
method.
with ellipticine and hepaticmicrosomes fromWTmice (A), from calf thymusDNA
e (C) (Stiborová et al., 2007a), of DNA from livers of WT (D) and HRN (E) mice
ticine/kg body weight (F) (Stiborová et al., 2007b). Analyses were performed by the
Instant Imager were 40 (A), 5 (B), 10 (C), 20 (D), 40 (E) and 10 min (F).



Table 1
DNA adduct formation by ellipticine activated by hepatic microsomes from HRN and WT mice

RALa (mean/108 nucleotides)

Spot 1 Spot 2 Spot A Total

HRN mice hepatic microsomes+NADPH 5.9±0.3 2.3±0.2 6.7±0.3 14.9±0.8
HRN mice hepatic microsomes+NADPH+α-lipoic acid 1.2±0.1 1.7±0.1 0.9±0.1 3.8±0.3
HRN mice hepatic microsomes+NADPH+α-NF 2.8±0.2 2.2±0.2 1.0±0.1 6.0±0.5
HRN mice hepatic microsomes+NADPH+ketoconazole 2.5±0.2 2.0±0.2 1.0±0.1 5.5±0.4
HRN mice hepatic microsomes+arachidonic acid 2.9±0.2 2.4±0.2 ND 5.3±0.4
HRN mice hepatic microsomes without cofactor 0.2±0.04 1.9±0.2 ND 2.0±0.2
WT mice hepatic microsomes+NADPH 13.0±0.9 3.2±0.2 4.8±0.4 21.0±1.5
WT mice hepatic microsomes+NADPH+α-lipoic acid 7.6±0.6 2.7±0.2 0.7±0.1 11.0±0.9
WT mice hepatic microsomes+NADPH+α-NF 6.5±0.5 2.7±0.2 1.2±0.1 10.4±0.8
WT mice hepatic microsomes+NADPH+ketoconazole 6.0±0.5 2.1±0.2 1.0±0.1 8.1±0.7
WT mice hepatic microsomes+arachidonic acid 5.7±0.4 4.6±0.3 ND 10.3±0.8
WT mice hepatic microsomes without cofactor 0.3±0.02 2.0±0.2 ND 2.3±0.2
aMean RAL (relative adduct labeling) of four determinations (duplicate analyses of two independent in vitro incubations). ND — not detected (the detection limit of
RAL was 1/1010 nucleotides).
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Incubation mixtures used to form the ellipticine metabolites contained 50 mM
potassium phosphate buffer (pH 7.4), 1 mM NADP+, 10 mM D-glucose 6-
phosphate, 1 U/ml D-glucose 6-phosphate dehydrogenase (NADPH-generation
system), 0.2mgprotein of pooled hepaticmicrosomal fraction and10μMellipticine
(dissolved in 5 μl methanol) in a final volume of 500 μl. The reaction was initiated
by adding the substrate. In the control incubation, ellipticine was omitted from the
incubationmixture.After incubation in openglass tubes (37 °C, 20min) the reaction
was stopped by adding 100μl of 2MNaOH. The oxidation of ellipticine is linear up
to 30 min of incubation (Stiborová et al., 2006a). After incubation, 5 μl of 1 mM
phenacetine in methanol was added as an internal standard and the ellipticine
metabolites were extracted twice with ethyl acetate (2×1 ml). Analyses of
ellipticine metabolites were performed by HPLC as described (Stiborová et al.,
2004, 2006a). Recoveries of ellipticine metabolites were around 95% in the
presence of microsomes without a CYP cofactor (NADPH-generation system).

Inhibition studies. The following chemicals were used to inhibit the activation
of ellipticine to formDNA adducts in the presence of mouse hepatic microsomes:
Fig. 3. DNA adduct formation by ellipticine activated with microsomes isolated from
higher DNA adducts levels in microsomes fromWT mice compared to HRN mice. Co
figure represent total levels of DNA adducts of four determinations (duplicate a
AA=arachidonic acid; α-NF=α-naphthoflavone; α-LA=α-lipoic acid. ND=not de
α-naphthoflavone (α-NF), which inhibits CYP1A1 and 1A2 (Arlt et al., 2004;
Rendic and DiCarlo, 1997; Stiborová et al., 2005), ketoconazole, an inhibitor of
CYP3A, andα-lipoic acid, which inhibits POR (Slepneva et al., 1995). Inhibitors
were dissolved in 7.5 μl of methanol, to yield final concentrations of 0.1 mM in
the incubation mixtures. Mixtures were then incubated at 37 °C for 10 min with
NADPH prior to adding ellipticine, and then incubated for a further 30 min at
37 °C. After the incubation, DNAwas isolated as described above.

Results

Hepatic microsomes of HRN mice are capable of activating
ellipticine

In order to evaluate the role of the mouse hepatic POR-
dependent CYP in the activation of ellipticine, we first performed
livers of HRN and WT mice as determined by TLC 32P-postlabelling. F=fold
lumns: Mean RAL (relative adduct labelling)±standard deviations shown in the
nalyses of two independent in vitro incubations). Control=without cofactor;
tected.



Fig. 4. Levels of ellipticine metabolites formed by hepatic microsomes (0.2 mg
protein) of HRN and WT mice from 10 μM ellipticine. Levels of ellipticine
metabolites were determined by HPLC (Stiborová et al., 2004, 2006a) and are
averages±standard deviations of triplicate incubations. Values significantly
different from HRN mice: ⁎⁎Pb0.01, ⁎⁎⁎Pb0.001.

Fig. 5. Total levels of ellipticine–DNA adducts determined and quantified by
32P-postlabelling analysis of DNA isolated from organs of HRN and WT mice
treated i.p.with (A) 1mg ellipticine/kg bodyweight or (B) 10mg ellipticine/kg body
weight. F=fold higher and/or lower DNA adducts in HRN than WT mice. Col-
umns, mean; bars, S.D. (n=3); each DNA sample was analysed twice. ⁎Pb0.05,
⁎⁎Pb0.01, ⁎⁎⁎Pb0.001. RAL, relative adduct labelling. ND=not detected.
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in-vitro experiments.Microsomes isolated from livers ofHRNand
WT mice used for such experiments were characterized for POR
expression by Western blotting. Hepatic POR expression was
detected in WT mice, while as expected, its levels in HRN mice
were very low, but still detectable, by immunostaining. Hepatic
POR levels in HRN mice were estimated to be less than 1.5% of
the levels in WTmice. POR activity measured with cytochrome c
as a substrate was, however, not detectable in hepatic microsomes
of HRN mice.

The activation of ellipticine by mouse hepatic microsomes
was determined by 32P-postlabeling. The adduct pattern obtained
is shown in Fig. 2A. The DNA adduct pattern generated by
ellipticine consisted of at least two adducts (spots 1 and 2), which
were identical to those formed in vivo in rats treated with ellip-
ticine (Fig. 2F), each a product of 13-hydroxyellipticine (Fig. 2B)
or 12-hydroxyellipticine (Fig. 2C) metabolites, generated by CYP
and peroxidase (see scheme in Fig. 1). Chromatographic analysis
of spots 1 and 2 onHPLC confirmed that these adducts are derived
from 13-hydroxy- and 12-hydroxyellipticine, respectively, by
their coelution with prepared reference compounds (data not
shown). An additional ellipticine-derived DNA adduct, spot A,
was found in DNA that had been incubated with ellipticine and
mouse hepatic microsomes (Fig. 2A), predominantly in micro-
somes isolated from HRN mice (Table 1). This ellipticine–DNA
adduct was not formed by either human or rat hepatic microsomes
(Stiborová et al., 2001, 2003b, 2004) or in rats (Stiborová et al.,
2003a, 2007b) (Fig. 2F) ormice (Figs. 2D, E). Control incubations
without microsomes were free of adduct spots 1 and A, but adduct
spot 2 was always detected (data not shown). This finding is
consistent with our previous results showing that this adduct is
formed also non-enzymatically (Stiborová et al., 2001, 2003b,
2004, 2007a). In the presence of microsomes without NADPH, a
low but detectable amount of adduct 1 was found (Table 1).

Because CYPs and peroxidases were found to activate
ellipticine (Stiborová et al., 2001; 2003b, 2004, 2007a), we
investigated the modulation of ellipticine–DNA adduct forma-
tion by cofactors and selective inhibitors of these enzymes using
hepatic microsomes isolated both from HRN and WT mice. In
the presence of NADPH, a cofactor of POR- and CYP-depen-
dent enzyme systems, hepatic microsomal samples of both mice
strains were capable of activating ellipticine to form DNA
adducts (Fig. 3). Surprisingly, levels of DNA adducts 1 and 2
formed by hepatic microsomes from HRN mice were only one
half of levels formed by this hepatic subcellular fraction from
WT mice (Table 1), even though POR expression in livers of
HRN mice was two orders of magnitude lower.

α-Lipoic acid, a selective inhibitor of POR (Slepneva et al.,
1995), decreased ellipticine–DNA adduct formation by 50–75%
with hepatic microsomes from both strains of mice, with a greater
extent of inhibition with HRN microsomes than with those from
WT livers. Therefore, some of the activity in HRN mice is POR-
dependent. Likewise, α-NF, an inhibitor of CYP1A1 and 1A2
(Rendic and DiCarlo, 1997) and ketoconazole, a selective inhi-
bitor of CYP3A enzymes (Rendic and DiCarlo, 1997; Ueng et al.,
1997), decreased the levels of ellipticine–DNA adducts generated
by hepatic microsomes of both mice strains to essentially equal
extent (Fig. 3, Table 1). These results point additionally to CYP
enzymes, namely of the 1A and 3A subfamilies, as having a role in
ellipticine–DNA adduct formation in mouse livers. Arachidonic
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acid, a cofactor for COX-dependent oxidation (Eling et al., 1990;
Eling and Curtis, 1992; Stiborová et al., 2004, 2005; Arlt et al.,
2006), mediated formation of DNA adducts 1 and 2 by ellipticine
in hepatic microsomes of both mice strains, but was less effective
than NADPH (Fig. 3). The ratio of adduct levels betweenWTand
HRNmice was similar to that observed with NADPH as cofactor.

The profile of ellipticine metabolites in hepatic microsomes
from both mouse lines was similar (Fig. 4). The levels of indi-
vidual metabolites were, however, different; 9-hydroxyellipticine
levels were only one sixth, while the amounts of 13-hydroxy- and
12-hydroxyellipticine, were about one half in incubations with
HRN microsomes compared with the levels in incubations with
WT microsomes.

There might be at least two reasons for the above findings:
(i) the low residual levels of POR are still sufficient to mediate
CYP-catalyzed ellipticine oxidation or (ii) additional enzymes,
besides CYPs, may be present in hepatic microsomes of HRN
mice that activate ellipticine. Therefore, we also considered other
ellipticine-activating enzymes such as COX (Stiborová et al.,
2007a).

DNA adduct formation by ellipticine in HRN mice

To evaluate the importance of hepatic CYP enzymes in the
oxidative activation of ellipticine to DNA adducts in vivo we
treated HRN and WT mice i.p. with a single dose of 1 or 10 mg
ellipticine/kg body weight. We chose i.p. injection as the route of
administration to achieve high levels of ellipticine in the liver.
Table 2
DNA adduct formation in various organs of HRN and WT mice treated with 1 or 1

Strain Organ Dose
(mg/kg bw)

RALa (mean/108 nucleotides)

Spot 1 Spot 2 S

WT Liver 1 2.6±0.3 0.3±0.04 0
HRN Liver 1 1.0±0.7 0.03±0.05 0
WT Lung 1 0.19±0.04 0.05±0.01 N
HRN Lung 1 0.47±0.09 0.06±0.01 N
WT Kidney 1 0.21±0.04 0.04±0.02 N
HRN Kidney 1 0.65±0.24 0.05±0.03 N
WT Bladder 1 0.35±0.04 0.12±0.02 N
HRN Bladder 1 1.0±0.24 0.21±0.02 N
WT Spleen 1 ND ND N
HRN Spleen 1 ND ND N
WT Colon 1 ND ND N
HRN Colon 1 ND ND N
WT Liver 10 47.3±3.1 1.8±0.4 2
HRN Liver 10 16.3±2.3 0.7±0.04 1
WT Lung 10 3.4±0.3 0.2±0.04 0
HRN Lung 10 15.0±5.6 0.9±0.03 0
WT Kidney 10 1.51±0.45 0.23±0.09 N
HRN Kidney 10 5.54±1.24 0.56±0.06 N
WT Bladder 10 0.67±0.3 0.34±0.15 N
HRN Bladder 10 2.4±0.6 0.88±0.4 N
WT Spleen 10 0.24±0.07 0.1±0.04 N
HR Spleen 10 0.65±0.1 0.57±0.02 N
WT Colon 10 0.63±0.2 0.17±0.05 N
HRN Colon 10 3.0±0.4 0.5 0±0.08 N

aRAL, relative adduct labeling. All results are presented as the mean±S.D. from thr
bND — not detected.
In bothmouse lines treatedwith ellipticine essentially the same
pattern of up to seven ellipticine-specific DNA adducts as that
found in vivo in rats (Fig. 2F) (Stiborová et al., 2003a, 2007b)
was observed in liver, lung, kidney and bladder (see Figs. 2D, E
for liver). No ellipticine-derived DNA adducts were observed in
spleen and colon at the lower dose (Fig. 5) or in any of the organs
of control animals treated with vehicle only (data not shown).
Adduct spots 1 and 2 (Fig. 2) were the predominant adducts in all
the other tissues of mice exposed to 1 or 10 mg/kg ellipticine
(Table 2). Co-chromatographic analyses of these adduct spots
on HPLC confirmed that they were identical to adducts derived
from 13-hydroxy- and 12-hydroxyellipticine, respectively, and
deoxyguanosine.

Besides these adducts, up to five additional adducts were
detected in DNA of liver, lung, kidney, colon and urinary bladder
(see Fig. 2 and Table 2). The low levels of these adducts
prevented HPLC co-chromatographic analysis or their further
characterization.

Quantitative 32P-postlabeling DNA adduct analysis is shown
in Fig. 5 and Table 2. Even though the adducts 1, 2 and 3 were
not well resolved on TLC plates (Fig. 2), their quantitation
using different exposure times of the TLC plates on the Instant
Imager allowed us to see these adducts as separated spots. DNA
adduct formation was dose- and organ-specific (Fig. 5). The
main target organ for DNA adduct formation was the liver in
both mouse strains. The levels of three ellipticine–DNA adduct
in the livers of HRN mice (adduct spots 1–3, Table 2) were
substantially lower (by up to 65%) than in the livers of WTmice
0 mg ellipticine/kg body weight

pot 3 Spot 4 Spot 5 Spot 6 Spot 7

.34±0.08 0.53±0.03 0.34±0.08 NDb ND

.13± 0.06 0.08±0.03 0.25±0.14 ND ND
D 0.14±0.03 ND ND ND
D 0.12±0.03 ND ND ND
D ND ND ND ND
D ND ND ND ND
D ND ND ND ND
D ND ND ND ND
D ND ND ND ND
D ND ND ND ND
D ND ND ND ND
D ND ND ND ND
.9±0.6 2.8±0.1 1.7±0.6 0.5±0.2 0.5±0.2
.2±0.07 3.5±0.9 1.3±0.4 0.6±0.3 0.3±0.2
.31±0.02 0.32±0.06 0.15±0.03 ND ND
.8±0.03 1.3±0.6 0.7±0.5 0.3±0.1 0.2±0.03
D 0.12±0.04 ND ND ND
D 0.34±0.03 ND 0.32±0.09 ND
D ND ND ND ND
D ND ND 0.57±0.14 ND
D ND ND ND ND
D ND ND ND ND
D ND ND ND ND
D 0.31±0.15 ND ND ND

ee mice; each DNA sample was determined by two postlabelling analyses.
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at both doses, indicating that CYP enzyme activity is important
for the oxidative activation of ellipticine to metabolites
generating these adducts. Significantly lower levels of adduct
4 were also found in livers of HRN mice treated with the lower
ellipticine dose, but no significant differences in levels of
adducts 4–7 were found in livers of the two mouse strains
treated with the higher dose (Table 2).

Up to 4.7-fold higher levels of DNA adducts were found in
extra-hepatic organs of HRN mice than of WT mice, suggesting
that these tissues have the metabolic capacity to oxidize
ellipticine and, more importantly, that the same reactive species
forming DNA adducts are produced, probably independently of
CYP-catalyzed ellipticine activation in the liver. Even though
adducts 6 and 7, both known to be generated in vitro mainly by
peroxidase-mediated oxidation (Poljaková et al., 2006; Stibor-
ová et al., 2007a), were not found in any organ of HRN and WT
mice treated with the lower dose, they were both detected in
liver and lung and adduct 6 was detected in kidney and urinary
bladder of HRN mice treated with 10 mg ellipticine/kg body
weight. In WT mice, however, these adducts were only detected
in liver (Table 2).

Discussion

Ellipticine is an anticancer agent, whose biological effects
such as pharmacological efficiencies and its potential genotoxic
side effects may depend on its CYP- and peroxidase mediated
metabolism leading to formation of DNA adducts (Stiborová
et al., 2001; 2003a,b, 2004, 2007a; Frei et al., 2002; Poljaková
et al., 2006, 2007). Although the physiological disposition and
DNA adduct formation by this anticancer prodrug have been
studied in several animal models (Chadwick et al., 1978;
Branfam et al., 1978; Stiborová et al., 2003a, 2007b), the
balance between CYPs and peroxidases in the activation of
ellipticine in vivo is not known. In order to evaluate the contri-
bution and importance of hepatic CYP enzymes to the bio-
activation of ellipticine in vivo we treated HRN mice with
ellipticine. These mice carry a deletion of the POR gene in the
liver (Henderson and Wolf, 2003; Henderson et al., 2003), and
thus lack CYP function in hepatocytes.

We found that ellipticine is metabolized in this animal model,
generating ellipticine–DNA adducts in several organs of both
HRN and WT mice. Highest total DNA binding levels were
always found in liver, followed by lung, kidney, urinary bladder,
colon and spleen for both ellipticine doses tested. The pattern
and levels of ellipticine–DNA adducts in the organs of WTmice
were similar to those found in rats treated with this drug
(Stiborová et al., 2003a, 2007b). These data indicate that rats and
mice have a similar susceptibility to ellipticine. The adduct
pattern consisted of at least two DNA adducts accounting for up
to 82% of total levels in the liver of WT mice. These adducts
are formed from two reactive species, ellipticine-13-ylium and
ellipticine-12-ylium (Fig. 1), which we had suggested earlier to
react with one of the nucleophilic centers in the deoxyguanosine
residue in DNA (e.g. the exocyclic amino group of guanine,
Fig. 1) (Stiborová et al., 2004, 2007a; Poljaková et al., 2006).
The low amount of each DNA adduct recovered from digests of
DNA treated with 13-hydroxyellipticine or 12-hydroxyellipti-
cine (Fig. 2), however, prevented their further structural char-
acterization. Synthetic approaches are currently being followed in
our laboratory to prepare authentic ellipticine–DNA adduct stan-
dards. Besides these adducts, up to five additional adduct spots
were found in some of the organs analysed.

The finding that ellipticine–DNA adducts are formed in all
organs we tested in the study suggest that ellipticine or its
metabolites are distributed via the blood stream to different organs
and that these tissues have the metabolic capacity to oxidatively
activate ellipticine. As found by Chadwick and coworkers
(Chadwick et al., 1978; Branfam et al., 1978), ellipticine is very
rapidly distributed from the blood, and its excretion is essentially
complete by 24 h in several species including mice, rats, dogs and
monkeys. The rate of ellipticine elimination from blood was
found to reflect the rate of metabolism of this drug (Chadwick
et al., 1978). The main organ responsible for its biotransformation
was found to be the liver, forming predominantly 9-hydroxyel-
lipticine, which is excreted mainly in bile as its glucuronide or
sulfate conjugate (Chadwick et al., 1978; Branfam et al., 1978).
Other in-vivo pathways involving hydroxylation at as yet
unknown positions have also been found (Chadwick et al.,
1978; Branfam et al., 1978). In in-vitro experiments, ellipticine
was metabolized by CYP-mediated reactions by hepatic micro-
somes of a variety of species, such as humans, rats, rabbits
(Stiborová et al., 2004; 2006a) and mice (this study) to se-
veral hydroxylated derivatives, with 9-hydroxy-, 12-hydroxy-
and 13-hydroxyellipticine being the major metabolites in most
species. However, because 13-hydroxy- and 12-hydroxyellipti-
cine are reactive and have been found to form the two major
ellipticine–DNA adducts (Stiborová et al., 2004, 2007a;
Poljaková et al., 2006), they will not be easily detectable in
vivo. In addition, radioactively labelled ellipticine was found to be
deposited in a number of organs with the highest levels in the
liver, followed by kidney, lung, intestine and spleen, and was
located primarily in the nuclear fraction (Chadwick et al., 1978).
One of the explanation for this may be the ellipticine–DNA
binding we found in these tissues.

The levels of the two major ellipticine–DNA adducts were
significantly lower in livers of HRN mice, confirming the
importance ofCYP enzymes in the ellipticine activation to species
responsible for DNA adduct formation in this organ in vivo. It is
remarkable from in vitro incubations with hepatic microsomes
that the highest effect of the lack of hepatic PORwas on the levels
of the 9-hydroxyellipticine, the major detoxication product of
ellipticine, while the metabolites which form DNA adducts were
less affected. Inhibition of NADPH-dependent ellipticine activa-
tion to DNA binding species in hepatic microsomes of HRN and
WTmice by α-NF and ketoconazole suggests that enzymes from
the CYP1A and 3A subfamilies play amajor role in this process in
mouse liver, as it was found in human and rat liver (Stiborová
et al., 2001, 2003b, 2004). The ratio of 13-hydroxyellipticine
formed in hepaticmicrosomes fromWTandHRNmice correlated
well with the ratio of ellipticine–DNA adduct 1 formed not only
in vitro, but also in vivo. A new ellipticine-derived DNA adduct
(see adduct A in Fig. 2A), undetectable in incubations with
hepatic microsomes from human or rat (Stiborová et al., 2001,
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2003a, 2004) or in vivo in rats (Stiborová et al., 2003a, 2007b) or
mice treated with ellipticine (present paper), was found in DNA
incubated with ellipticine and mouse hepatic microsomes. The
metabolite, as well as the enzymes responsible for its formation,
remains to be investigated.

Although POR was deleted in hepatocytes of HRN mice the
formation of DNA adducts in livers of these mice was not
completely eliminated, but occurred at 35% of the level in WT
mice. In vitro the ratio was somewhat higher with levels of the
two major ellipticine–DNA adducts amounting to 50% of WT
levels. In addition, inhibitors of POR and CYPs led to a decrease
in levels of these two major DNA adducts in hepatic microsomes
of both mouse lines of 40–65%. All these results suggest that
either other enzymes also activate ellipticine in livers of themouse
model used or the substantial induction in the expression of
CYP3A and CYP1A in the liver of HRN mice (Henderson et al.,
2003), the enzymes that play a significant role in ellipticine
activation, contributes to metabolic activation of this drug in the
HRN liver. The results with added arachidonic acid confirm
earlier results that in vitro COXmight be another enzyme system
capable of activating ellipticine (Poljaková et al., 2006; Stiborová
et al., 2007a). It is however conspicuous that ellipticine activation
with a cofactor of COX (arachidonic acid) inmicrosomes of HRN
mice is not as high as in WT mice, on the contrary, the ratio of
levels of DNA adducts was similar with arachidonic acid as with
NADPH. In vivo a similar observation was made in that the levels
of “peroxidase-catalysed” adducts 6 and 7 in livers of HRN mice
were not higher than inWTmice, as might have been expected as
a compensatory reaction of the organism to POR deletion. The
reason for low arachidonic acid-dependent activity in hepatic
POR knock-out mice is not known.

In contrast to the liver, up to 4.7-fold higher DNA adduct
levels were observed in extra-hepatic tissues of HRN mice
analysed in this study. Ellipticine delivered i.p. is absorbed
via the mesenteric veins and lymphatic systems, and passes
through the liver, where most of its metabolism occurs. In the
absence of CYP-mediated oxidation in the liver, however, more
ellipticine reaches the blood circulation and all distal tissues,
where it is activated to DNA adducts, leading to higher levels in
HRN than in WT mice. In a future study, the pharmacokinetic
profiles of ellipticine in the two mouse lines shall be investigated
to provide evidence of increased ellipticine plasma concentra-
tions in HRN mice. An alternative explanation for higher DNA
adduct levels in extra-hepatic tissues of HRN mice might be a
possible induction of non-CYP/POR-dependent metabolic activ-
ities towards ellipticine in these tissues, such as peroxidases.

The question whether CYPs or peroxidases or both of these
enzymes are responsible for ellipticine activation in extra-
hepatic organs remains to be answered, but the pattern of the
ellipticine–DNA adducts found in individual organs as well as
knowledge on expression of CYPs and peroxidases in these
tissues can help to evaluate their relative importance. In contrast
to low constitutive expression of CYPs in extra-hepatic tissues,
lung, kidney and urinary bladder are rich in peroxidases such as
COX-1, COX-2 and LPO (Eling et al., 1990; Eling and Curtis,
1992). The role of peroxidases in ellipticine activation in vitro
was studied by us recently, utilising both pure peroxidases
(LPO, MPO, COX-1 and -2) (Poljaková et al., 2006; Stiborová
et al., 2007a) and microsomes from human kidney, in which
peroxidases such as COX are expressed (Stiborová et al.,
2007a). All these systems activated ellipticine to ellipticine-13-
ylium and ellipticine-12-ylium species generating the two major
DNA adducts 1 and 2 (Fig. 1) (Poljaková et al., 2006; Stiborová
et al., 2007a). Since these reactive species are the same as those
formed by ellipticine oxidation by CYPs, the DNA adducts 1
and 2 cannot serve as markers for either enzyme. The formation
of the two minor DNA adducts 6 and 7 (Fig. 2) in vitro is,
however, mainly peroxidase-catalysed (Stiborová et al., 2007a).
These adducts were detected in lung, kidney and urinary
bladder of HRN mice treated with 10 mg ellipticine/kg body
weight, but not in those of WT mice. These results suggest
strongly that peroxidases such as COX and LPO might par-
ticipate significantly in ellipticine activation in these organs.
Therefore, the objective of our future work is to analyse the
participation of peroxidases in the metabolic activation of ellip-
ticine in vivo. For instance, MPO-knockout mice may help to
evaluate the involvement of this enzyme in the bioactivation of
ellipticine in vivo (Noguchi et al., 2000).

Although expression of CYP enzymes in extra-hepatic
organs is much lower than in the liver (Rendic and DiCarlo,
1997), it can be induced by ellipticine not only in the liver, but
also in extra-hepatic tissues such as lung and kidney, as we found
in rats for CYP1A (Aimová et al., 2007). As a consequence,
ellipticine oxidation both to metabolites generating DNA
adducts (13-hydroxy- and 12-hydroxyellipticine) and to those
leading to its excretion (9-hydroxy- and 7-hydroxyellipticine) is
increased (Aimová et al., 2007). Therefore, participation of
CYPs in ellipticine activation in extra-hepatic organs cannot be
excluded, and awaits further investigation.

In conclusion, despite hepatic POR knock-out, ellipticine–
DNA adducts are still detected in vitro with HRN hepatic
microsomes and in vivo in HRN mice treated with single doses
of ellipticine. The major difference between the HRN and WT
lines is a considerable increase in levels of extra-hepatic DNA
adducts in HRN mice. The reason for relatively high levels of
liver DNA adducts could be residual POR, e.g. in non-paren-
chymal cells, or other enzymes like peroxidases. Furthermore,
the major effect of POR is on ellipticine detoxication (formation
of 9-hydroxyellipticine by microsomal CYPs), and less on its
oxidative activation to 12-hydroxy and 13-hydroxyellipticine.
Therefore, more unmetabolized ellipticine might be distributed
among extra-hepatic tissues. Our results reveal that ellipticine
metabolism and DNA adduct formation in vitro correspond well
to levels of DNA adducts in vivo in the HRN mouse model used
in the study.
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Abstract OBJECTIVES: Ellipticine is a potent antineoplastic agent exhibiting multiple 
mechanisms of its action. Recently, we have found that 13-hydroxyellipticine, 
formed from ellipticine as the predominant metabolite in human livers, is bound 
to deoxyguanosine in DNA, generating the major DNA adduct in vivo and in vitro. 
The development of the methods suitable for the preparation of this adduct in the 
amounts sufficient for identification of its structure and those for its isolation and 
partial characterization is the aim of this study. 
METHODS: High performance liquid chromatography (HPLC) was employed 
for separation of 13-hydroxyellipticine-mediated deoxyguanosine adduct. The 
32P-postlabeling technique was utilized to detect this adduct in DNA. 
RESULTS: The formation of the 13-hydroxyellipticine-derived deoxyguanosine 
adduct in DNA in vitro was increased under the alkaline pH of the incubations 
and by the formation of the sulfate and acetate conjugates of 13-hydroxyellipticine 
generated by reactions with 3’-phosphoadenosine-5’-phosphosulfate (PAPS) or 
acetyl-coenzyme A (acetyl-CoA) catalyzed by human sulfotransferases (SULTs) 
1A1 and 1A2 and N,O-acetyltransferases (NATs) 1 and 2. The HPLC method 
suitable for separation the 13-hydroxyellipticine-derived deoxyguanosine adduct 
from other reactants, deoxyguanosine and 13-hydroxyellipticine, was developed. 
The structure of this adduct is proposed to correspond to the product formed 
from ellipticine-13-ylium with the exocyclic 2-NH2 group of guanine in DNA. 
CONCLUSIONS: The data are the first report on HPLC isolation of the deoxygua-
nosine adduct formed by 13-hydroxyellipticine in DNA and its partial characteri-
zation. 
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Abbreviations

Acetyl-CoA -acetyl-coenzyme A
CYP - cytochrome P450
HPLC - high performance liquid chromatography
NAT - N,O-acetyltransferase
PAPS - 3’-phosphoadenosine-5’-phosphosulfate
RAL - relative adduct labeling
r.t. - retention time
SULT - sulfotransferase

INTRODUCTION
Ellipticine (Figure 1), an alkaloid isolated from Apocy-
anacea plants, exhibits significant antitumor activities 
(for a summary, see [10]). Ellipticine has been reported 
to arrest cell cycle progression, to induce apoptotic cell 
death by the generation of cytotoxic free radicals, an 
increase of wild-type p53, the rescue of mutant p53 
activity and the initiation of mitochondrial pathway 
(for a summary, see [15]). Chemotherapy-induced cell 
cycle arrest was shown to result from various DNA 
damages caused by a variety of chemotherapeutics. In 
the case of ellipticine, it was suggested that the prevalent 
DNA-mediated mechanisms of their antitumor, muta-
genic and cytotoxic activities are (i) intercalation into 
DNA [1,15] and (ii) inhibition of DNA topoisomerase 
II activity [1,15]. We have demonstrated that ellipticine 
also covalently binds to DNA in vitro and in vivo after 
being enzymatically activated with cytochromes P450 
(CYP) or peroxidases [7,9–11,13,14,16,17], suggesting 
a third possible mechanism of action.

Human and rat CYP1A, 1B1 and 3A are the pre-
dominant enzymes catalyzing oxidation of ellipti-
cine in vitro either to metabolites that are excreted 
(7-hydroxy- and 9-hydroxyellipticine) or that form 
DNA adducts (12-hydroxy- and 13-hydroxyellip-
ticine) [6,10,11,16,17]. Of the mammalian peroxi-

dases, cyclooxygenase-1 and -2, lactoperoxidase and 
myeloperoxidase efficiently generated ellipticine-
derived DNA adducts (Figure 1) [7,13]. The same DNA 
adducts were also detected in cells in culture express-
ing enzymes activating ellipticine (CYP1A1, cyclooxy-
genase-1 and myeloperoxidase), such as human breast 
adenocarcinoma MCF-7 cells [2], leukemia HL-60 and 
CCRF-CEM cells [8] and V79 Chinese hamster lung 
fibroblasts transfected with human CYP3A4, 1A1 and 
1A2 [5]. On the basis of these data, ellipticine might be 
considered a drug, whose pharmacological efficiency 
and/or genotoxic side effects are dependent on its acti-
vation by CYPs and peroxidases in target tissues. 

13-Hydroxyellipticine formed as the predominant 
metabolite by CYP3A4 in human livers was identi-
fied to bind to deoxyguanosine in DNA, generating 
the major DNA adduct in vitro and in vivo (Figure 1) 
[6,9,11,13,16,17]. We have suggested earlier that the 
reactive carbenium ion formed spontaneously from 
13-hydroxyellipticine, ellipticine-13-ylium, might react 
with one of the nucleophilic centers in the deoxyguanos-
ine residue in DNA (e.g. the exocyclic amino group 
of guanine, Figure 1) to form the adduct [7,9,13,16]. 
The low amount of this DNA adduct recovered from 
digests of DNA treated with 13-hydroxyellipticine, 
however, prevented its further structural character-
ization. Therefore, to prepare this adduct in amounts 
sufficient for its further characterization, we investi-
gated how to increase its formation in vitro. To increase 
the levels of the 13-hydroxyellipticine-derived DNA 
adduct, we investigated the modulation of the reaction 
of 13-hydroxyellipticine with DNA (or deoxyguanos-
ine) by pH and/or by its conjugation with PAPS or 
acetyl-CoA catalyzed by the phase II biotransformation 
enzymes, human SULT1A1/2 and NAT1 and NAT2. 
Moreover, the HPLC isolation procedure to obtain the 
adduct was developed. 

Figure 1. Metabolism of ellipticine by 
human CYPs and peroxidases showing the 
characterized metabolites found to form 
the major DNA adduct 
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MATERIAL AND METHODS
Ellipticine, deoxyguanosine, acetyl-CoA, PAPS and calf 
thymus DNA were from Sigma Chemical Co (St Louis, 
MO, USA). 13-Hydroxyellipticine was synthesized as 
described [4]. Cytosolic extracts, isolated from insect 
cells transfected with baculovirus constructs containing 
cDNA of human SULT1A1*2, -1A2*1 were obtained 
from Oxford Biomedical Research Inc. (Oxford, MA, 
USA), and those containing cDNA of human NAT1*4 
or NAT2*4 from Gentest Corp. (Woburn, MA, USA). 
Enzymes and chemicals for the 32P-postlabeling assay 
were obtained from sources described [10,12]. All these 
and other chemicals were reagent grade or better. The 
incubation mixtures in a final volume of 500 μl con-
sisted of 0.1 mM phosphate buffer (pH 6.0, 7.4 or 8.4), 
1 mg calf thymus DNA or 1 mM deoxyguanosine and 
50 μM 13-hydroxyellipticine either in the presence or 
absence of 39 nmol human SULT1A1/2 or NAT1 or 2 
and SULTs and NATs cofactors (2 mM acetyl-CoA or 
100 μM PAPS). Mixtures were incubated at 37 °C for 
1–24 h. Aliquots of the mixtures (50 μl) were applied 
onto a HPLC column, where components of the incu-

bation mixtures were separated. The HPLC was per-
formed with a reversed phase column (Ultrasphere, 
ODS, 250 × 4.6 mm, 5 μM; Beckman-Coulter, USA) 
using a linear methanol – acetic acid (32 mM in dis-
tilled water) gradient of 0% methanol rising to 100% in 
70 min and isocratic elution of 100% methanol in 5 min 
(flow rate of 1 ml/min, detection at 250 and 318 nm). 
Deoxyguanosine, 13-hydroxyellipticine and the 
13-hydroxyellipticine-derived deoxyguanosine adduct 
were eluted with retention times (r.t.) of 10.0, 42.2 and 
23.8 min, respectively, and identified by mass spectros-
copy. 32P-postlabeling assays of the 13-hydroxyellipti-
cine-mediated adduct were performed using nuclease 
P1 enrichment [10].

RESULTS 
The effect of pH on formation of deoxyguanosine 
adduct from 13-hydroxyellipticine in DNA 
13-Hydroxyellipticine incubated with DNA in vitro
generates the major deoxyguanosine adduct, which 
was detected and quantified by the nuclease P1 ver-
sion of the 32P-postlabeling technique (see adduct spot 
1 formed in DNA in Figure 2). The yield of formation 
of this ellipticine-DNA adduct is pH-dependent. Only 
low levels of this DNA adduct was detectable at pH 6.0, 
while increasing pH resulted in a pronounced increase 
in formation of this adduct (Figure 2, Table 1). The 
13-hydroxyellipticine-derived adduct is also formed by 
incubation of 13-hydroxyellipticine with deoxyguano-
sine (Figure 3). In order to isolate the 13-hydroxyellip-
ticine-derived deoxyguanosine adduct, a novel HPLC 
procedure was developed. The reversed-phase HPLC 
was found to be appropriate to isolate this adduct from 
residual deoxyguanosine and 13-hydroxyellipticine, 
the adduct eluted with r.t. of 23.8 min (Figure 3). An 
increase in pH of the incubation mixture leads again to 
an increase in formation of this adduct. Whereas adduct 
was formed at pH 8.4, no detectable levels of this adduct 
were found at pH 7.4 (Figure 3).

The effect of conjugation of 13-hydroxyellipticine 
with PAPS and acetyl-Co A catalyzed by 
SULT1A1/2 and NAT1/2 on formation of 
13-hydroxyellipticine-derived DNAadduct 
The levels of 13-hydroxyellipticine-derived DNA adduct 
were significantly increased by incubation of 13-hydrox-
yellipticine and DNA with the human SULT1A1 and 
1A2 conjugation enzymes and their cofactor, PAPS, by 
1.7- and 26-fold, respectively (Figure 4). Likewise, NAT1 
and NAT2 in the presence of their cofactor, acetyl-CoA, 
stimulated the formation of the 13-hydroxyellipticine-
derived DNA adduct, by 33- and 288-fold (Figure 4). 
An increase in its formation was detected both by the 
32P-postlabeling assay (Figure 4) and by HPLC (see the 
adduct peak eluted at 23.8 min in Figure 5). 

A B C

Figure 2. Autoradiographic profiles of 13-hydroxyellipticine-derived 
DNA adduct levels in relation to pH, analyzed with 32P-postlabeling 
assay. (A) pH 6.0; (B) pH 7.4; (C) pH 8.4.

Table 1. The effect of pH on levels of the adduct formed by 
reaction of 13-hydroxyellipticine with DNAa , detected by 
32P-postlabelingb

pH RALc (mean ± SD/107 nucleotides) 

6.0 1.3 ± 0.3

7.4 23.3 ± 2.0

8.4 49.7 ± 3.2

aSee adduct spot 1 in Figure 2. bExperimental conditions were 
as described in Material and methods excerpt that 50 μM 
13-hydroxyellipticine and 1 mg calf thymus DNA (37 °C, 90 min) 
were used. cRAL, relative adduct labeling, and standard deviations 
were obtained from triplicate determinations.
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deoxyguanosine
13-hydroxyellipticine

deoxyguanosine

13-hydroxyellipticine

Figure 3. HPLC of 13-hydroxyellipticine-
derivated DNA adduct formed by 
incubation of 13-hydroxyellipticine with 
deoxyguanosine at pH 7.4 and 8.4 
1 – incubation of 13-hydroxyellipticine with 
deoxyguanosine at pH 8.4; 2 – incubation of 
13-hydroxyellipticine with deoxyguanosine 
at pH 7.4; 3 – 13-hydroxyellipticine; 
4 – deoxyguanosine.

Figure 4. The effect of SULT1A1/2 and NAT1 
and 2 on formation of deoxyguanosine 
adduct in DNA by its incubation with 
13-hydroxyellipticine

Figure 5. HPLC of 13-hydroxyellipticine-
derivated DNA adduct formed by 
incubation of 13-hydroxyellipticine with 
deoxyguanosine at pH 7.4 in the presence 
of SULT 1A1/2 and NAT1 and NAT2 in the 
presence of their cofactors, PAPS and acetyl-
CoA, respectively. 
1 – incubation of 13-hydroxyellipticine with 
deoxyguanosine at pH 7.4; 2 – incubation of 
13-hydroxyellipticine with deoxyguanosine 
at pH 7.4 with PAPS and SULT1A1; 
3 – incubation of 13-hydroxyellipticine 
with deoxyguanosine at pH 7.4 with 
PAPS and SULT1A2; 4 – incubation of 
13-hydroxyellipticine with deoxyguanosine 
at pH 7.4 with acetyl-CoA and NAT1; 
5 – incubation of 13-hydroxyellipticine with 
deoxyguanosine at pH 7.4 with acetyl-CoA 
and NAT2.
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DISCUSSION 
The present paper shows the results which might 
increase our knowledge on the mechanism of DNA 
adduct formation by the anticancer drug ellipti-
cine. Here, we demonstrate that the formation of 
the major DNA adduct by ellipticine in vitro and in 
vivo, 13-hydroxyellipticine-derived DNA adduct, is 
increased by an increase in pH of the incubation mix-
ture. This adduct was proposed to be formed from the 
reactive species, carbenium ion (ellipticine-13-ylium), 
formed in the ellipticine oxidation with CYPs and per-
oxidases (through 13-hydroxyellipticine and/or ellipti-
cine methylene-imine) [13] (Figure 1). Such a species 
was proposed to react with one of the nucleophilic cent-
ers in the deoxyguanosine residue (i.e. the 2-NH2 group 
of guanine) in DNA [9,12]. The finding that the levels 
of this deoxyguanosine adduct significantly decreased 
under acidic conditions strongly supported the above 
suggestion. A decrease in pH leads to protonation of 
the NH2 group of guanine in the DNA chain, causing 
a decrease in its nucleophilicity, essential for binding 
of ellipticine-13-ylium. The basic pH might also facili-
tate the second electron transfer to form the ellipticine 
methylene-imine (Figure 1). 

The formation of the 13-hydroxyellipticine-derived 
DNA adduct was also significantly increased by con-
jugation of 13-hydroxyellipticine with PAPS or acetyl-
CoA to the sulfate and acetate esters catalyzed by SULTs 
and NATs. This finding might have physiological sig-
nificance. Some of these conjugation enzymes were 
found to be expressed in the target tumors for ellipti-
cine action (e.g. human breast cancer) [18]. Therefore, 
by stimulation of the formation of the 13-hydroxyellip-
ticine-derived DNA, by 13-hydroxyellipticine conjuga-
tion to sulfate and acetate esters, the pharmacological 
efficiency of ellipticine should be increased.

We can conclude that the results found in this work 
support the proposed mechanism of the reaction 
responsible for formation of the major deoxyguanosine 
adduct formed in DNA by ellipticine (Figure 1). Ellipti-
cine is bound to deoxyguanosine by its 13-methyl group, 
which is activated after hydroxylation due to CYP-
mediated oxidation to alcohol (13-hydroxyellipticine). 
Namely, this hydroxylated methyl group either alone or 
as the sulfate or acetate ester acts as the precursor of the 
vinylogous imine intermediate or the carbenium ion. 
Michael-type addition of the intermediates to external 
amino group of deoxyguanosine then leads to formation 
of the adduct found in DNA [3]. The study targeted to 
confirm this suggestion is under way in our laboratory.
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ABSTRACT
Two compounds known to covalently bind to DNA after their activation with cytochromes P450 (CYPs), carcinogenic benzo(a)pyrene 
(BaP) and an antineoplastic agent ellipticine, were investigated for their potential to induce CYP and NADPH:CYP reductase (POR) 
enzymes in rodent livers, the main target organ for DNA adduct formation. Two animal models were used in the study: (i) rats as 
animals mimicking the fate of ellipticine in humans and (ii) mice, especially wild-type (WT) and hepatic POR null (HRN™) mouse lines. 
Ellipticine and BaP induce expression of CYP1A enzymes in livers of experimental models, which leads to increase in their enzymatic 
activity. In addition, both compounds are capable of generating DNA adducts, predominantly in livers of studied organisms. As 
determined by 32P postlabelling analysis, levels of ellipticine-derived DNA adducts formed in vivo in the livers of HRN™ mice were 
reduced (by up to 65%) relative to levels in WT mice, indicating that POR mediated CYP enzyme activity is important for the activation 
of ellipticine. In contrast to these results, 6.4 fold higher DNA binding of BaP was observed in the livers of HRN™ mice than in WT mice. 
This finding suggests a detoxication role of CYP1A in BaP metabolism in vivo. In in vitro experiments, DNA adduct formation in calf 
thymus DNA was up to 25 fold higher in incubations of ellipticine or BaP with microsomes from pretreated animals than with controls. 
This stimulation effect was attributed to induction of CYP1A1/2 enzymes, which are responsible for oxidative activation of both 
compounds to the metabolites generating major DNA adducts in vitro. Taken together, these results demonstrate that by inducing 
CYP1A1/2, ellipticine and BaP modulate their own enzymatic metabolic activation and detoxication, thereby modulating their either 
pharmacological (ellipticine) and/or genotoxic potential (both compounds). 
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A COMPARATIVE STUDY

Introduction

Ellipticine and benzo[a]pyrene (BaP) are compounds 
exhibiting significant biological activities. Ellipticine is an 
efficient anticancer agent (for a summary, see Stiborová et 
al., 2006b), while BaP is a strong carcinogen (for a summary, 
see Arlt et al., 2008). Therefore, both two compounds were 
employed by us for studies concerning their phatmacologi-
cal and toxicological effects.

Ellipticine, an alkaloid isolated from Apocyanaceae 
plants, and its derivatives exhibits significant antitumor 
and anti-HIV activities, characterized by high efficiencies 
against several types of cancer and rather limited toxic side 
effects, including complete lack of hematological toxicity. 
Nevertheless, ellipticines are potent mutagens. Several 
mechanisms of their antitumor, mutagenic and cytotoxic 
activities have been hitherto suggested: (i) intercalation 
into DNA; (ii) inhibition of DNA topoisomerase II activity; 
(iii) selective inhibition of p53 protein phosphorylation; 
(iv) disruption of the energy balance of cells by uncoupling 
mitochondrial oxidative phosphorylation (for a summary, 
see Stiborová et al., 2001; 2006b). Recently, we have shown 
that ellipticine also binds covalently to DNA in vitro and in 
vivo, after being enzymatically activated with cytochromes 
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P450 (CYP) (Figure 1) or peroxidases, suggesting a third pos-
sible mechanism of action (Stiborová et al., 2001; 2003a,b; 
2004; 2007a).

On the basis of in vitro studies, human and rat CYPs 
of 1A and 3A subfamilies seem to be the predominant 
enzymes oxidizing ellipticine either to metabolites that are 
excreted (7- or 9-hydroxyellipticine) or form DNA adducts 
(12- or 13-hydroxy-ellipticine) (Stiborová et al., 2001; 2003b; 
2004; 2006; Kotrbová et al., 2006). Besides these CYPs, 
peroxidases such as mammalian cyclooxygenases (COX-1 
and -2), lactoperoxidase and myeloperoxidase, efficiently 
generate the same ellipticine-derived DNA adducts in vitro 
(Stiborová et al., 2007a; Poljaková et al., 2006). Identical 
DNA adducts were also detected in cells in culture, in which 
both CYPs and peroxidases are expressed, such as human 
breast adenocarcinoma MCF-7 cells (Bořek-Dohalská et al., 
2004), leukemia HL-60 and CCRF-CEM cells (Poljaková et 
al., 2007) and V79 Chinese hamster lung fibroblasts trans-
fected with human CYP3A4, 1A1 and 1A2 (Frei et al., 2002). 
After i.p. administration of ellipticine, the ellipticine-DNA 
adduct levels seem to be related to CYP3A1 and 1A content 
in different tissues of rat, but the real impact of CYPs or 
peroxidases in this process could not be still exactly evalu-
ated (Stiborová et al., 2003a, 2007b). 

BaP, as the second model compound in this comparative 
study is, similarly to the other polycyclic aromatic hydro-
carbons (PAHs), mutagenic and carcinogenic (IARC, 1983; 
Phillips 1999, 2002). PAHs are produced mainly by incom-
plete combustion or pyrolysis of organic matter and are 
ubiquitous in the environment, leading to measurable back-
ground levels of exposure in the general population (IARC, 
1983). Beside the inhalation of polluted air, the main routes 
of exposure are through tobacco smoke, diet (Phillips 1999, 

2002) and occupational exposition throughout e.g. coal, coke 
or coal-tar processing and use of coal-tar products (IARC, 
1983). Prior to the reaction with DNA, BaP analogously to 
ellipticine requires metabolic activation (Figure 2), which is 
an essential step in the mechanism by which BaP exerts its 
genotoxic effects. CYP1A1 and CYP1B1 are widely accepted 
to be the most important enzymes in the metabolic activa-
tion of BaP (Baird et al., 2005). However, current studies 
show that BaP-induced DNA damage was increased in mice 
lacking CYP1A1, indicating that in vivo the CYP1A1 enzyme 
plays a detoxification role, and protects mice against BaP 
toxicity (Uno et al., 2004, 2006). PAHs affect the expression 
of numerous enzymes involved in metabolism of xenobiotics 
(including CYP1A1) mainly via the aromatic hydrocarbon 
receptor (AhR). AhR-dependent inducibility was correlated 
to the predisposion to some types of cancer (Kouri et al., 
1973).

The detailed knowledge on the role of CYP enzymes in 
activation and/or detoxication of BaP and ellipticine and that 
on their induction mediated by these xenobiotics, is crucial 
for the possibility to modify their carcinogenic and/or the 
therapeutic efficiency. Therefore, this field was extensively 
investigated in our laboratory. To investigate the real role 
of CYPs in metabolism of both compounds, we have used 
several animal models, such as rats, rabbits and/or mice in 
our previous studies (Stiborová et al., 2001; 2003a; b; 2004; 
2006; 2007b; 2008; Kotrbová et al., 2006; Arlt et al., 2008). 
In the case of mice, the HRN™ (Hepatic Cytochrome P450 
Reductase Null) mice, the mouse line lacking the hepatic 
NADPH:CYP oxidoreductase (POR), the unique electron 
donor to CYPs, which results in the loss of essentially all 
hepatic CYP function (Henderson et al., 2003, 2006), was 
utilized (Stiborová et al., 2008; Arlt et al., 2008). 

 

Figure 1. Metabolism and activation of ellipticine (5,11-dimethyl-6H-pyrido[4,3-b]carbazole) by cytochromes P450.
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Here, we summarize the results obtained with rats and 
mice previously, and present novel data obtained with these 
animal models. Such a study is necessary to evaluate results 
found till the present time and to suggest which further 
studies are necessary to improve our knowledge in this field.

Material and methods

Animal models 
The study was conducted in accordance with the 
Regulations for the Care and Use of Laboratory Animals 
(311/1997, Ministry of Agriculture, Czech Republic), which 
complies with Declaration of Helsinki. Rats, the animal 
model found to be suitable to mimic the fate of ellipticine in 
humans (Stiborová et al., 2003a; 2006), and two mouse lines, 
namely,.(i) „Hepatic Reductase Null“ (HRN™ ) mice based on 
a C57BL/6 background (CXR Bioscience Ltd, Dundee, UK), 
in which NADPH:cytochrome P450 reductase (POR) is spe-
cifically deleted in the liver (Porlox/lox + CreALB) (Henderson 
et al., 2003, 2006) and (ii) mice homozygous for loxP sites at 
the Por locus (Porlox/lox) as wild-type (WT) mice, were used 
in this study.

Treatment of animals with ellipticine and benzo(a)pyrene
Male and female Wistar rats (~100 g) were treated with a 
single dose of 4, 40 or 80 mg/kg body weight (n = 3) of ellipti-
cine by intraperitoneal injection as described (Aimová et al., 
2007). Ellipticine was dissolved in sunflower oil/dimethyl 

sulphoxide (1:1, v/v) at a concentration of 6 mg/ml, control 
animals (n = 3) received solvent only. The doses of ellipticine 
used for the treatment of rats are in the range of dosage in 
human therapy (80–100 mg/m2). 

Groups (n = 3) of female HRN™ and WT mice (3 months 
old, 25–30 g) were treated intraperitoneally with a single 
dose of 10 mg ellipticine per kg body weight as described 
previously (Stiborová et al., 2008). Ellipticine was adminis-
tered as 10 mg/ml solution in distilled 1% acetic acid, control 
animals (n = 3) received solvent only.

To evaluate the BaP-mediated induction of CYP1A, 
groups (n = 3) of HRN™ and WT female mice were treated 
with 125 mg BaP per kg body weight once daily for five days 
by intraperitoneal injection. BaP was dissolved in corn-oil 
at a concentration of 12.5 mg/ml, control animals (n = 3) 
received solvent only (Arlt et al., 2008).

Preparation of microsomes and assays
Microsomes were isolated from pooled rodent livers as 
described (Stiborová et al., 2003b). Protein concentrations 
in the microsomal fractions (bicinchoninic acid protein 
assay with bovine serum albumin as a standard), the activi-
ties of hepatic microsomal CYP1A1/2 (7-ethoxyresorufin 
O-deethylation, EROD) and POR (using cytochrome c) as 
well as the protein levels of these enzymes (Western Blot) 
were determined as described previously (Stiborová et al., 
2003a,b, 2005).

Oxidation of ellipticine by hepatic microsomes. 
Incubation mixtures contained 50 mM potassium phosphate 

Figure 2. Metabolic activation and DNA adduct formation by benzo(a)pyrene: The typical 3-step activation process with contribution of CYP1A1 
or CYP1B1 and epoxide hydrolase leads to the formation of the ultimately reactive species, benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide (BPDE) 
that can react with DNA, forming adducts preferentially at guanine residues.
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buffer (pH 7.4), NADPH-generating system (1 mM NADP+, 
10 mM D-glucose 6-phosphate, 1 U/ml D-glucose 6-phos-
phate dehydrogenase), 0.2 mg microsomal protein, 10 μM 
ellipticine (dissolved in 5 μl methanol) in a final volume of 
500 μl. The reaction was initiated by adding the substrate. 
After incubation in open glass tubes (37°C, 20 min) the 
reaction was stopped by adding 100 μl of 2 M NaOH, 5 μl 
of 1 mM phenacetine in methanol was added as an internal 
standard. Ellipticine metabolites were extracted twice with 
ethyl acetate (2 × 1 ml) and analyzed by HPLC as described 
(Stiborová et al., 2006; 200ß). 

Activation of ellipticine or BaP by hepatic microsomes
Incubation mixtures (final volume of 750 μl) used to asses 

DNA adduct formation consisted of 50 mM potassium phos-
phate buffer (pH 7.4), 1 mM NADPH, 0.5 mg of microsomal 
proteins and 0.5 mg of calf thymus DNA. Incubations were 
also carried out in the presence of a COX cofactor, 0.1 mM 
arachidonic acid instead of NADPH, and additionally 5 mM 
magnesium chloride. The reaction was initiated by adding 
0.1 mM ellipticine (dissolved in 7.5 μl methanol) or 0.1 mM 
BaP (dissolved in 7.5 μl dimethyl sulphoxide). Incubations 
at 37°C were carried out for 30 or 90 min with ellipticine 
or BaP, respectivelly. DNA was isolated from the residual 

water phase by the phenol/chloroform extraction method as 
described (Stiborová et al., 2001). 

Inhibition studies
The following chemicals were used to inhibit the activa-
tion of ellipticine and BaP by mouse hepatic microsomes: 
α-naphthoflavone (α-NF), which inhibits CYP1A1 and 1A2; 
indomethacin, a selective inhibitor of COX; α-lipoic acid 
(α-LA), which inhibits POR; ellipticine, frequently utilized 
as competitive inhibitor of CYP1A1 enzyme. Inhibitors were 
added to incubation mixture in 7.5 μl of methanol to yield 
final concentrations of 0.1 mM and pre-incubated at 37 °C 
for 10 min with NADPH prior to adding substrate (ellipticine 
or BaP) and then incubated for as described above. After the 
incubation, DNA was isolated as described above.

Measurement of DNA adducts
32P-postlabeling analysis with nuclease P1 enrichment, 
thin-layer chromatography (TLC) and high performance 
liquid chromatography (HPLC) of 32P-labelled 3’5’-deoxy-
ribonucleoside bisphosphate adducts with ellipticine were 
done as reported recently (Stiborová et al., 2001; 2003a; 
2004; 2007a). DNA adducts formed by BaP were analyzed 

 
Figure 3. Induction of CYP1A1 (A,C) and 1A2 (B,D) proteins in livers of male (A,B) and female (C,D) rats, uninduced or treated with 4, 40 or 80 mg 
of ellipticine per kg of body weight. Inset in A and C: immunoblots of microsomal CYP1A1 and 1A2 from untreated and ellipticine-treated male 
and female rats, respectively, stained with antibody against rat CYP1A1. Mean values shown in fi gure represent results obtained from livers of 
three rats (n=3), SD < 15%. Values signifi cantly diff erent from the control: *p<0.05, **p<0.01, ***p<0.001.
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analogously, using the 32P-postlabeling technique as 
described previously (Arlt et al., 2008).

Results

Induction of hepatic CYP1A by ellipticine and BaP
Ellipticine and BaP induced expression of CYP1A1 and 1A2 
proteins, which leads to an increase their enzymatic activi-
ties in livers of animal models used in the experiments (rats 
for ellipticine and mice for BaP) (Figures 3 and 4). 

As shown in Figure 3, the induction of CYP1A by 
ellipticine was dose-dependent. The increase in expression 
of CYP1A proteins correlated with that in specific CYP1A-
mediated activity, EROD (Table 1). 

In the case of BaP, mouse models, HRN™ and its parental 
WT-line, were utilized for the induction experiments. HRN™ 
mice were found to be more susceptible to BaP-mediated 
CYP1A induction than the WT mouse line (Figure 4A). 
Using this model, lacking hepatic POR, we also evaluated 
whether expression of this enzyme is influenced by treat-
ing animals with BaP. Treatment of mice with BaP led to 
a moderate increase in expression of hepatic POR in both 
WT (1.2-fold increase) and HRN™ mice (1.4-fold increase). 

In spite of POR deficiency, CYP1A activity (EROD) was 
restored by BaP treatment in HRN™ mice, representing the 
73-fold increase in EROD activity in microsomes of unin-
duced WT mice and 30 % of this activity in BaP-induced 
WT mice (Figure 4B). 

DNA adduct formation in vivo
In further part of the study, we evaluated the potential of 
ellipticine and BaP to induce DNA adduct formation in vivo. 
Mice were used as models in these experiments. Treatment 
of individual mouse strains with ellipticine and BaP resulted 
in DNA adduct formation (Figure 5–7). The livers of all 
animal models were the major target organ for DNA adduct 
formation. Comparative analyses on TLC and HPLC have 
shown that DNA adduct formation in vivo proceeds via 
the reactive metabolite BPDE bound to the N2 position of 
guanine (dG-N2-BPDE) for BaP (Figures 2 and 6) and via 
13-hydroxy- and 12-hydroxyellipticine in the case of the 
two major ellipticine-derived DNA adducts (spots 1 and 2 
in Figures 1 and 5). 

The experiments employing the mouse models helped us 
to improve our knowledge on the efficiency of CYPs to acti-
vate ellipticine and BaP. Levels of ellipticine-derived adducts 
in livers of HRN™ mice (Figure 5E) were reduced (by up to 

 

Figure 4. Induction of CYP1A (A,B) and POR (C,D) protein levels (A,C) and activities (B,D) in livers of female mice with deleted (HRN™) or intact (WT) 
liver POR, uninduced or treated (i.p.) with 5 × 125 mg of BaP per kg of body weight. Inset in A: immunoblots of microsomal CYP1A1/2 stained with 
chicken antibody against rat CYP1A1. Inset in C: immunoblots of microsomal POR stained with chicken antibody against rabbit POR. Microsomes 
were pooled from livers of 3 animals. Mean and SD evaluated from three separate experiments (n=3). ND = not detectable at used conditions.
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65%) relative to levels in WT mice (Figure 5D), indicating 
that POR-mediated CYP enzyme activity is important for 
the oxidative activation of ellipticine to metabolites generat-
ing these adducts. 

In contrast to these results, the highest DNA binding of 
BaP was observed in livers of HRN™ mice (Figure 6A) which 
was 6.4-fold (p<0.01) higher than DNA binding in WT mice 
(Figure 6B). This unexpectable finding indicates increasing 
the CYP-mediated activation of BaP by lack of POR in the 
liver.

Activation of ellipticine and BaP by hepatic microsomes 
In order to further investigate the participation of CYPs in 
activation of ellipticine and BaP and which of these enzymes 
play the major role, the in vitro experiments were carried out. 
First, incubations of DNA with BaP and/or ellipticine with 
microsomes isolated from livers of HRN™ and WT mice, 
untreated or treated with BaP, were performed. In all cases, 
the patterns of DNA adducts formed by ellipticine and BaP in 
these experiments were essentially the same as those found 
in vivo (Figures 5 and 6), generated by the pathways shown in 
Figures 1 and 2. The identity of adducts formed by both com-
pounds in vitro with those formed in vivo was proved using 
the TLC and HPLC-cochromatography (data not shown).

Hepatic microsomes isolated from animals treated 
with ellipticine or BaP were always more effective to form 
ellipticine- and BaP-derived DNA adducts (Figures 5 and 
7) than microsomes from untreated animals. A decrease in 
levels of ellipticine-derived adducts formed by microsomes 
from HRN™ mice compared with WT-mice (Figure 7C–D) 
correlated with almost 2-fold lower levels of 13-hydroxy- 
and 12-hydroxyellipticine, the metabolites generating the 
ellipticine-DNA adducts, formed by these microsomes 
(Stiborová et al., 2008).

NADPH-dependent activation of BaP was even 4- to 
7-fold lower in HRN™ compared to WT mouse microsomes 
(Figure 7A–B). The study investigating the pattern of BaP 
metabolites formed by microsomes from livers of all mouse 
groups (control HRN™ and WT-mice as well as these mice 
treated with BaP), which might explain this feature is under 
way in our laboratory. Preliminary results suggest that the 

treatment of WT mice with BaP influenced only the rela-
tive metabolites ratio instead of the total efficiency of BaP 
metabolite formation.

In all model systems, the use of POR-inhibitor (α-lipoic 
acid), CYP1A-inhibitors (α-naphthoflavone, ellipticine) and a 
CYP3A-inhibitor (ketoconazole) decreased the DNA-adduct 
formation by both compounds (Figure 7). These results sug-
gest that even very low levels of the POR enzyme in livers 
of HRN™ mice are still sufficient to mediate CYP-catalyzed 
activation reactions.

In order to determine which CYPs and/or other enzymes 
are responsible for DNA adduct formation by both com-
pounds, modulation of microsome-mediated activation 
with cofactors and inhibitors of individual enzymes was 
utilized. Addition of NADH, a cofactor of microsomal 
NADH:cytochrome b5 reductase, acting as second electron 
donor for CYP-dependent systems, lowered the differ-
ence between HRN™ and WT microsomal BaP-activation 
(Figure 7A–B). Arachidonic acid (AA), a cofactor of COX-
dependent oxidation, was effective to activate ellipticine 
to species forming DNA adducts (Figure 7C–D), but not 
to mediate the BaP-DNA adduct formation (Figure 7A–B). 
On the contrary, an inhibitor of COX, indomethacin (IM) 
decreases BaP activation in incubations with hepatic 
microsomes from BaP-treated HRN™ mice, by 30–40% 
(Figure7B). These results may indicate the participation 
of COX in activation of both compounds, but with lower 
efficiency than CYPs. 

Table 1. Specific CYP1A activity (EROD) in hepatic microsomes of con-
trol and ellipticine-treated rats.

CYP 
activity Control rats Ellipticine-treated rats

Male Female Male Female

EROD 80.7 ± 2.0 225.8 ± 50.5 551.4 ± 92.2 1737.5 ± 161.3

a Each value (pmol of reaction product/min/nmol CYP) represents the 
mean ± standard deviation of data from two rats in two separate assays 
(n=4). 

 
Figure 5. Autoradiographic profi le of ellipticine-derived DNA adducts: 
- in vivo in liver DNA of ellipticine-treated rats (A); HRN™ (D) and WT (E) mice. 
- in vitro in calf thymus DNA after ellipticine activation with hepatic microsomes of untreated (B) 
and ellipticine-treated (C) male rats and wild-type mice (F)
- in vitro in calf thymus DNA reacted directly with ellipticine metabolites 13-hydroxyellipticine (G) or 12-hydroxyellipticine (H) (without enzymatic 
activation). Analyses were performed by the nuclease P1 version of the 32P-postlabelling assay.
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Figure 6. Autoradiographic profi les of BaP-derived DNA adducts in vivo in liver DNA of HRN™ (A) and WT (B) mice treated with 5 times 125 mg 
of BaP/kg body weight and in vitro in salmon testis DNA modifi ed with BPDE (C) (without enzymatic activation). Analyses were performed by the 
nuclease P1 version of the 32P-postlabelling assay.

Figure 7. DNA adduct formation after activation of BaP (A,B) or ellipticine (C,D) with microsomes from livers of HRN™ and WT mice, untreated 
(A,C), or treated with 5 × 125 mg/kg BaP (B,D). Each value represents the mean of two separate analyses (n=2). F = fold increase, WT mice: 
HRN™ mice; ND = not detected. Control = microsomes + DNA without cofactor; AA = arachidonic acid; IM = indomethacin; E = ellipticine; 
α-NF = α-naphthofl avone; α-LA = α-lipoic acid. 

Discussion

As shown in several studies published previously, ellipticine 
and BaP are two xenobiotics that react with DNA forming 
covalent DNA adducts (for a summary, see Stiborová et al., 
2006b; Arlt et al., 2008). This genotoxic effect is mediated 
by their CYP-mediated metabolism. Although the CYP 

enzymes activating ellipticine and BaP to species binding to 
DNA in vitro have already been identified (Baird et al., 2005; 
Stiborová et al., 2001; 2003a; 2004; 2006a; 2008; Kotrbová 
et al., 2006; Arlt et al., 2008), the knowledge on the real 
impact of these CYPs on the activation of these compounds 
in vivo is limited. Likewise, the effects of repeated exposure 
of organisms to these compounds on enzyme-mediated 
activation process are scarce.
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To evaluate the contribution and importance of hepatic 
CYP enzymes to the activation of ellipticine and BaP in vivo, 
we have used in our former and present studies the rats 
and especially the HRN™ mice, lacking POR and thus also 
POR-mediated CYP enzyme activity in the liver (Henderson 
et al., 2003; 2006), as model organisms. The use of the HRN™ 
mouse model has already contributed to resolve the in vivo 
enzymatic activation of several environmental toxicants, 
including carcinogenic 3-nitrobenzanthrone, activated by 
cytosolic nitroreductases rather than microsomal POR, and 
its reductive metabolite 3-aminobenzanthrone (Svobodová 
et al., 2007), whose activation is CYP-dependent (Arlt et al., 
2003, 2004, 2005, 2006). 

Ellipticine and BaP significantly induced expressions of 
CYP1A1 and 1A2 proteins as well as their enzymatic activ-
ity such as EROD in rodent livers. The CYP1A induction 
resulted in a significant increase in levels of ellipticine- and 
BaP-derived DNA adducts in vitro, in incubations of ellip-
ticine or BaP with microsomes from rats treated with these 
compounds than in incubations with control microsomes. 
This is an important finding, because CYP1A enzymes are 
essential for ellipticine and BaP metabolism. Indeed, the 
importance of POR-mediated CYP1A1 activation of both 
compounds in vitro was confirmed by inhibition studies 
using a specific POR inhibitor, α-lipoic acid, and a CYP1A 
inhibitor, α-naphtoflavone. 

Analogously to the results found in vitro, the levels of 
two major DNA adducts in animals treated with ellipticine 
were significantly decreased in liver DNA of HRN™ mice, 
confirming the importance of CYP enzymes in ellipticine 
activation in this organ in vivo. Inhibition of NADPH-
dependent ellipticine activation in hepatic microsomes of 
HRN™ and WT mice by α-NF and ketoconazole suggests 
that CYPs of 1A and 3A subfamilies play a major role in this 
process in mice livers, analogously to human and rat livers 
(Stiborová et al., 2001; 2003a, b). Nevertheless, the reduction 
of DNA adduct formation in the liver of HRN™ mice was 
not absolute, being ~65%. Likewise, the decrease in levels of 
these two ellipticine-DNA adducts in hepatic microsomes 
of HRN™ mice caused by inhibitors of POR and CYPs was 
between 40–65%. These results suggest that other enzymes 
may also activate ellipticine in mice livers. A potential of 
arachidonic acid, a cofactor of COX enzymes, to increase 
the formation of these adducts in mice hepatic microsomes 
in vitro indicate that COX might be one of such enzymes. 

On the contrary, BaP-induced DNA adduct formation in 
vivo was significantly increased in liver of HRN™ compared 
to WT mice, indicating that the real function of POR-
mediated CYPs reactions is the BaP detoxification. Taken 
our results together with those from the CYP1-deletion 
studies (Uno et al., 2004, 2006), there is a remarkable 
discrepancy between the in vivo DNA adduct levels and in 
vitro BaP activation, which is still very difficult to explain. 
Although hepatic CYP enzyme activity has been essentially 
inactivated by the conditional deletion of hepatic POR, 
in non-parenchymal liver cells, the POR deletion may be 
incomplete. This residual POR activity, in combination with 
more pronounced induction of CYP enzymes (and probably 
also by induction of POR) in livers of HRN™ mice liver may 

explain these in vitro findings. Another explanation could 
be the induction of other metabolizing enzymes. 

Taken together, these results show evidence of the cru-
cial role of CYP1A enzymes in ellipticine and BaP genotoxic 
effect in vivo. By inducing CYP1A1/2, both compounds 
modulate their either pharmacological (ellipticine) and/or 
genotoxic potential (both chemicals); ellipticine increases 
its own metabolism leading to enhanced formation of reac-
tive species forming DNA adducts and BaP enhances its 
detoxification process. 
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ABSTRACT
A simple and sensitive method was developed to separate the carcinogenic polycyclic aromatic hydrocarbon (PAH), benzo[a]pyrene 
(BaP), and six of its oxidation metabolites generated by rat hepatic microsomes enriched with cytochrome P450 (CYP) 1A1, by high 
pressure liquid chromatography (HPLC). The HPLC method, using an acetonitrile/water gradient as mobile phase and UV detec-
tion, provided appropriate separation and detection of both mono- and di-hydroxylated metabolites of BaP as well as BaP diones 
formed by rat hepatic microsomes and the parental BaP. In this enzymatic system, 3-hydroxy BaP, 9-hydroxy BaP, BaP-4,5-dihydrodiol, 
BaP-7,8-dihydrodiol, BaP-9,10-dihydrodiol and BaP-dione were generated. Among them the mono-hydroxylated BaP metabolite, 
3-hydroxy BaP followed by di-hydroxylated BaP products, BaP-7,8-dihydrodiol and BaP-9,10-dihydrodiol, predominated, while 
BaP-dione was a minor metabolite. This HPLC method will be useful for further defining the roles of the CYP1A1 enzyme with both in 
vitro and in vivo models in understanding its real role in activation and detoxification of BaP.

KEY WORDS: benzo[a]pyrene; metabolism; HPLC 

associated with developments of cancer, primarily in the 
skin, stomach, and lungs as target tissues (IARC, 1983). BaP 
requires metabolic activation (Figure 1) prior to reaction 
with DNA, which is an essential step in the mechanism, by 
which BaP exerts its genotoxic effects. 

Cytochrome P450 (CYP) enzymes in a combination with 
epoxide hydrolase are the major enzymes activating BaP to 
species binding to DNA. First, the CYP enzymes oxidize 
BaP to form an epoxide that is additionally converted to a 
dihydrodiol by epoxide hydrolase (Baird et al., 2005; Luch 
and Baird, 2005) (Figure 1). Further bioactivation step cata-
lyzed by CYPs leads to the formation of the reactive species, 
benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide (BPDE) that 
can react with DNA, forming adducts preferentially at 
guanine residues. The 10-(deoxyguanosin-N2-yl)-7,8,9-tri-
hydroxy-7,8,9,10-tetrahydrobenzo[a]pyrene (dG-N2-BPDE) 
adduct is the major adduct formed from BPDE in DNA in 
vitro and in vivo (Phillips, 2005) (Figure 1). Among CYP 
enzymes, CYP1A1 and 1B1 are widely accepted as the most 
important enzymes in such BaP metabolic activation (Baird 
et al., 2005; Luch and Baird, 2005). Nevertheless, controver-
sial results have been found recently in several laboratories, 
showing a more important role of CYP1A1 in vivo in BaP 
detoxification than in its activation (Uno et al., 2004; 2006; 

Introduction

Benzo[a]pyrene (BaP) is the prototype compound of poly-
cyclic aromatic hydrocarbons (PAH). BaP and other PAHs 
are produced mainly by incomplete combustion or pyrolysis 
of organic matter and are ubiquitous in the environment, 
leading to measurable background levels of exposure in 
the general population (IARC, 1983). Beside the inhalation 
of polluted air, the main routes of exposure are through 
tobacco smoke, diet (Phillips, 1999; 2002) and occupational 
exposition throughout, e.g. coal, coke or coal tar process-
ing and use of coal tar products (IARC, 1983). BaP has 
been shown to cause cytotoxic, teratogenic, genotoxic, 
mutagenic, and carcinogenic effects in various tissues and 
cell types in organisms (Nebert, 1989; Ellard et al., 1991). 
Chronic exposure of laboratory animals to BaP has been 
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Arlt et al., 2008). In order to explain such findings, activa-
tion and detoxification metabolism of BaP in vitro and in 
vivo should, therefore, be carefully re-evaluated. For such 
studies, appropriate methods separating and quantifying 
all BaP metabolites generated by CYPs in combination with 
epoxide hydrolase, besides methods evaluating the DNA 
adduct formation by this carcinogen, are necessary. 

A variety of high pressure liquid chromatography 
(HPLC) procedures [reverse phase (RP)-HPLC] separating 
BaP metabolites was described by several authors for the last 
several decades (Selkirk et al., 1974; Selkirk, 1977; Angener 
et al., 1997; Gündel and Angerer, 2000; Hecht, 2001; Sasaki 
et al., 2002; Toriba et al., 2003; Wang et al., 2003; Sagredo et 
al., 2006; Jiang et al., 2007; Zhu et al., 2008). In the 1970 ś, 
HPLC was used for separating BaP metabolites combined 
with UV or scintillation counter detection. However, UV 
detection in these studies was not sufficient to detect all 
BaP metabolites (Selkirk, 1977). Therefore, quantitation by 
measuring fluorescence as detection method was devel-
oped (Krahn et al., 1984). However, BaP diones, do not 
exhibit fluorescence, and the method does not quantitate 
individual metabolites prohibiting application of fluores-
cence detection for a detailed study of BaP metabolism. 
Thereafter, on-line or off-line radioactivity detection 
played a major role in the study of BaP metabolism (for 
summary see Zhu et al., 2008). The disadvantages of the 
radioactive method include cost, radiolabeled individual 
metabolites are not available, and it cannot be used for 
the analysis of environmental samples. The improvement 
of chromatographic separation methods have allowed for 
significantly better separation of BaP metabolites during 

the 1990 ś (James et al., 1995; 1997; Kim et al., 1998). 
From 2000, HPLC coupled with mass spectrometry was 
introduced in the study of BaP metabolism, though there 
were still problems associated with high detection limits 
for BaP diones (van Schanke et al., 2001). Recently, ultra-
performance liquid chromatography has been introduced 
with improved performance over traditional HPLC (Zhu et 
al., 2008). However, there are still several disadvantages in 
all these methods, predominantly cost of analyses, which 
prohibit them to be suitable for general use in most of labo-
ratories. Therefore, the aim of this study was to improve 
the HPLC procedure to be effective for separation of BaP 
metabolites generated by BaP oxidation with rat hepatic 
microsomes and sensitive enough to be able to detect BaP 
metabolites with UV detection. 

Materials and methods

Chemicals 
Chemicals were obtained from the following sources: 
methanol (MetOH; HPLC supergradient) from Lachner 
(Czech Republic); acetonitrile (HPLC grade) from Merck 
(Darmstadt, Germany); benzo[a]pyrene (≥ 96% based on 
HPLC), NADP+, glucose-6-phosphate, phenacetine and 
bicinchoninic acid (2,2 -́biquinoline-4,4 -́dicarboxylic acid) 
from Sigma Chemical Co. (St. Louis, MO, USA) and glu-
cose-6-phosphate dehydrogenase from Serva (Heidelberg, 
Germany). All these and other chemicals used in the experi-
ments were of analytical purity or better. 
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Figure 1. Metabolic activation and DNA adduct formation by benzo[a]pyrene. The typical three- step activation process 
with contribution of CYP1A1 or CYP1B1 and epoxide hydrolase leads to the formation of the ultimately reactive spe-
cies, benzo[a]pyrene-7,8- dihydrodiol-9,10-epoxide (BPDE) that can react with DNA, forming adducts preferentially at 
guanine residues.
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Preparation and characterization of microsomes
The animal experiment was conducted in accordance 
with the Regulations for the Care and Use of Laboratory 
Animals (311/1997, Ministry of Agriculture, Czech 
Republic), which is in compliance with the Declaration 
of Helsinki. Microsomes from rats pretreated with Sudan 
I were isolated from pooled livers of ten rats as described 
previously (Stiborová et al., 2003). Protein concentration in 
the microsomal fraction was measured using bicinchoninic 
acid protein assay (Wiechelman et al., 1988) with bovine 
serum albumin as a standard. The content of CYPs was 
determined by differential spectroscopy based on utilizing 
a characteristic absorption of the complex of this hemthio-
late protein in reduced state with carbon oxide at 450 nm 
(Omura and Sato, 1964).

Incubations
Incubation mixtures used for studying BaP metabolism 
contained 100 mM sodium phosphate buffer (pH 7.4), 
NADPH-generating system (1 mM NADP+, 10 mM 
D-glucose-6-phosphate, 1 U/ml D-glucose-6-phosphate 
dehydrogenase), 0.5 mg of microsomal protein, 50 μM 
BaP (dissolved in 5 μl methanol) in a final volume of 
500 μl. The reaction was initiated by adding 50 μl of the 
NADPH-generating system. Control incubations were car-
ried out either without enzymatic system (microsomes) or 
without NADPH-generating system or without BaP. After 
incubation in open tubes (37 °C, 20  min), 5 μl of 1 mM 
phenacetine in methanol was added as an internal standard. 
BaP metabolites were extracted twice with ethyl acetate 
(2  ×  1 ml) and evaporated to dryness. The samples were 
dissolved in 25 μl methanol and BaP metabolites formed in 
this system separated by HPLC.

HPLC instrument used for HPLC analysis of BaP metabolites
HPLC analyses of BaP metabolites were performed using a 
Dionex system consisting of a Dionex pump P580, a UV/VIS 
Detector UVD 170S/340S, an ASI-100 Automated Sample 
Injector, a termobox COLUMN OVEN LCO 101 and an 
In-Line Mobile Phase Degasser Degasys DG-1210 Dionex 
controlled with Chromeleon™ 6.11 build 490 software. 
Chromatographic separation was performed on two types 
of reversed phase columns, Ultrasphere® ODS, C18, 5 μm, 
250  ×  4.6 mm (Beckman-Coulter, USA) and Nucleosil® 
100-5 C18, 5 μm, 250 × 4 mm (Macherey Nagel, Germany). 

Chromatographic conditions 
Four different conditions to separate BaP metabolites were 
used. The first one was analogous to that used by Selkirk et 
al., 1974. Mobile phase A: 30% methanol (30:70 methanol: 
water, v/v), mobile phase B: 70% methanol (70:30 methanol: 
water, v/v), flow rate: 0.6 ml/min at operation temperature of 
35 °C, detection at 254 nm. The 20 μl sample was injected for 
HPLC analysis. BaP metabolite separation was performed 
using a Nucleosil® C18 reverse phase column, (250 × 4 mm, 
5 μm; Macherey Nagel). Linear gradient system started from 
30% methanol to 70% methanol in 33 min and followed by 
isocratic elution of mobile phase B in 32 min (Procedure 1, 
Figure 2A).

In the second procedure (Procedure 2) the same condi-
tions as in Procedure 1 were used except that separation of 
BaP metabolites was performed using an Ultrasphere®, ODS, 
C18 reverse phase column (250 × 4.6 mm, 5 μm) (Figure 2B).

In the Procedure 3 the experimental conditions were as 
follows: mobile phase: 85% acetonitrile (85:15 acetonitrile: 
water, v/v), flow rate: 0.6 ml/min at operation temperature 
of 35 °C, detection at 254 nm. The 20 μl sample was injected 
for HPLC analysis.

BaP metabolite separation was performed using the 
isocratic elution of mobile phase in 55 min, on a Nucleosil® 
C18 reverse phase column, (250 × 4 mm, 5 μm; Macherey 
Nagel) (Figure 3).

In the Procedure 4 the experimental conditions were 
as follows: mobile phase A: 50% acetonitrile (50:50 aceto-
nitrile: water, v/v), mobile phase B: 85% acetonitrile (85:15 
acetonitrile: water, v/v). Initial elution conditions were 50% 
acetonitrile with a linear gradient to 85% acetonitrile in 35 
min, then an isocratic elution of 85% acetonitrile in 5 min, 
a linear gradient from 85% acetonitrile to 50% acetonitrile 
in 5 min, followed by an isocratic elution of 50% acetoni-
trile in 5 min. Total run time was 50 min. BaP metabolite 
separation was performed on a Nucleosil® C18 reverse phase 
column, (250 × 4 mm, 5 μm; Macherey Nagel). The used 
gradient program is shown in Table 1. The BaP metabolite 
peaks (Figure  4) were collected and analyzed by mass 
spectrometry. 

Mass spectrometry
Mass spectra were measured on a matrix-assisted laser 
desorption/ionisation reflectron time-of-flight MALDITOF 
mass spectrometer ultraFLEX (Bruker-Daltonics, Bremen, 
Germany). Positive spectra were calibrated externally using 
the monoisotopic [M+H]+ ion of bradykinin 757.399 m/z and 
CCA matrix peaks 190.050, 379.092 m/z. A 10 mg/ml solu-
tion of α-cyano-4-hydroxy-cinnamic acid or 2,5-dihydro-
benzoic acid in 50% acetonitrile/0.3% acetic acid was used as 
a MALDI matrix. A 0.5 μl of sample dissolved in acetonitrile 
was premixed with a 0.5 μl of the matrix solution on the tar-
get and allowed to dry at ambient temperature. The MALDI-
TOF positive spectra were collected in reflectron mode.

Results and discussion 

In order to receive the BaP metabolites, which are formed 
by a combination of CYP- and epoxide hydrolase-mediated 
reactions, rat hepatic microsomes used in the experiments. 
Because CYP1A1 is one of the most efficient enzymes 
metabolizing BaP in vitro, hepatic microsomes of rats 
treated with a CYP1A1 inducer, Sudan I (Lubet et al., 1983; 
Martínek and Stiborová, 2002; Stiborová et al., 2002), were 
employed. Using such microsomes, formation of a spectrum 
of mono- and di-hydroxylated BaP metabolites as well as 
quinones (diones) of BaP that were found to be formed by 
CYP1A1 with epoxide hydrolase (Baird et al., 2005; Luch 
and Baird 2005) was expected.

To improve the existing HPLC chromatographic method 
analyzing BaP metabolites and to make them sensitive 
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enough to be detected with UV detection, we investigated 
various elution systems and chromatographic procedures. 
In addition, two different HPLC analytical columns were 
examined to evaluate their efficiencies to separate BaP 
metabolites. The columns Ultrasphere® and Nucleosil® 
obtained from Beckman-Coulter and Macherey-Nagel, 
respectively, were utilized for such a study. Constant flow 
rate of 0.6 ml/min under 35 °C was used. To detect BaP and 
its metabolites, a spectrum of different wavelengths were 
tested to detect BaP (data not shown). The highest sensitiv-
ity to detect BaP and its metabolites separated by HPLC was 
at 254 nm. Four procedures (Procedures 1, 2, 3 and 4, see the 
Materials and Methods section) were tested in this work.

Because several methods described in the former studies 
used methanol/water or acetonitrile/water as mobile phases 
in HPLC for separation of BaP metabolites, we tested both 
these mobile phases in different arrangements. First we tried 
methanol/water as mobile phase with gradient program 
(30% to 70% methanol), which was analogous to mobile 
phase used previously by Selkirk et al., 1974, but even after 
optimization and using two chromatographic columns 
(Nucleosil® C18 and Ultrasphere® reverse phase columns), we 
were unable to detect any BaP metabolites or even BaP itself 
under these conditions (see Figure 2 showing the results 
found using the Procedures 1 and 2). Chromatographic 
profiles were as almost baseline without elution of BaP and 
metabolites (Figure 2), probably by retaining the BaP and its 
metabolites on the resin under such conditions. 

Since the methanol/water mobile phase was found to be 
inappropriate for elution of BaP and its metabolites, we uti-
lized acetonitrile/water as mobile phase in further studies. 
In this case, we first tried 85% acetonitrile in water (v/v) with 
an isocratic elution using the Nucleosil® C18 reverse phase 
column (Procedure 3), however, even after optimization, we 
did not achieve ideal separation of BaP metabolites formed 
by rat hepatic microsomes (Figure 3). BaP metabolites eluted 
between 4 to 11 min, while BaP at 18.6 min (Figure 3). When 
we changed the elution conditions with acetonitrile/water 
as mobile phase to the gradient program shown in Table 1 
(Procedure 4), six BaP metabolites were almost perfectly 
separated using the same chromatographic column (a 
Nucleosil® C18 reverse phase column, Figure 4). The BaP 
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Figure 2. HPLC separation of the BaP metabolites generated by rat hepatic microsomes using Nucleosil® C18 (A) and Ultrasphere® C18 reverse phase 
columns (B). A linear gradient elution from 30% methanol to 70% methanol in 65 min. Flow rate 0.6 ml/min, UV detection at 254 nm. 

Table 1. HPLC conditions used for a step gradient elution of BaP 
metabolites on a Nucleosil® C18 reverse phase column

Time [min]
Mobile phase A 

50% acetonitrile
Mobile Phase B

85% acetonitrile Flow rate

0 100% 0%

0.6 ml/min

35 0% 100%

40 0% 100%

45 100% 0%

50 100% 0%
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metabolites formed by rat hepatic microsomes, assigned in 
Figure 4 as metabolites M1-M6 and eluted at retention times 
of 8.3 (M1), 11.9 (M2), 12.9 (M3), 23.6 (M4), 24.1 (M5) and 
26.1 min (M6), were characterized by mass spectrometry 
and tentatively identified to be BaP-9,10-dihydrodiol (M1), 
BaP-4,5-dihydrodiol (M2), BaP-7,8-dihydrodiol (M3), one of 
the BaP diones (1,6 or 3,6 or 6,12-BaP-dione, M4), 9-hydroxy 
BaP (M5) and 3-hydroxy BaP (M6). Parental BaP was eluted 
at 41 min. The study resolving which of BaP diones is a 
metabolite M4 is under way in our laboratory. 

Conclusion

The new HPLC method developed in this work allows for 
separation of BaP metabolites with increased resolution, 
simple procedure and high detection sensitivity. Because 
of controversial results suggesting a more important role of 
CYP1A1 in vivo in BaP detoxification than in its activation 
(Uno et al., 2004; 2006; Arlt et al., 2008), BaP metabolism 
and DNA adducts formation should be re-investigated in 
more details. The developed HPLC method will be useful 

Figure 3. HPLC separation of the BaP metabolites generated by rat hepatic microsomes using a Nucleosil® C18 reverse phase column. An isocratic 
elution of 85% acetonitrile in 55 min. Flow rate 0.6 ml/min, UV detection at 254 nm. 

Figure 4. HPLC separation of the BaP metabolites generated by rat hepatic microsomes using a Nucleosil® C18 reverse phase column. A linear gradi-
ent elution from 50% methanol to 85% methanol in 50 min. Flow rate 0.6 ml/min, UV detection at 254 nm. PA, phenacetine, M1-M6, BaP metabolites 
[BaP-9,10-dihydrodiol (M1), BaP-4,5-dihydrodiol (M2), BaP-7,8-dihydrodiol (M3), one of the BaP diones (1,6 or 3,6 or 6,12-BaP-dione, M4), 9-hydroxy 
BaP (M5) and 3-hydroxy BaP (M6)]. 
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for such additional studies, to further define the real roles of 
the CYP1A1 enzyme both in vitro and in vivo in activation 
and detoxification of BaP.
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Abstract OBJECTIVE: Ellipticine is a potent antineoplastic agent exhibiting multiple mecha-
nisms of action. This anticancer agent should be considered a pro-drug, whose 
pharmacological efficiency and/or genotoxic side effects are dependent on its 
cytochrome P450 (CYP)- and/or peroxidase-mediated activation to species forming 
covalent DNA adducts. The target of this study was to investigate a role of CYP 
and peroxidase enzymes in ellipticine oxidative activation in rats, a suitable model 
mimicking the fate of ellipticine in humans, in details. The contribution of pulmo-
nary and renal CYP- and peroxidase enzymes to ellipticine metabolic activation 
is investigated and compared with that found in the liver. METHODS: Ellipticine 
oxidation and DNA adduct formation in vitro were investigated using microsomes 
isolated from liver, lung and kidney of rats, either control (untreated) or treated 
i.p. with a single dose of 40 mg of ellipticine per kg of body weight. HPLC with 
UV detection was employed for the separation and characterization of ellipticine 
metabolites. Inhibitors of CYPs and cyclooxygenase (prostaglandin H synthase, 
COX) were used to characterize the enzymes participating in ellipticine oxidative 
activation in rat liver, lung and kidney. Ellipticine-derived DNA adducts were 
detected by 32P-postlabeling. RESULTS: Using α-naphthoflavone, furafylline and 
ketoconazole, inhibitors of CYP1A, 1A2 and 3A, respectively, we found that the 
CYP1A and 3A enzymes play a major role in ellipticine activation to species forming 
DNA adducts in liver microsomes. Because of lower expression of these enzymes in 
lungs and kidneys, even after their induction by ellipticine, they play a minor role 
in ellipticine activation in these extrahepatic tissues. Arachidonic acid, a cofactor 
of COX, increased ellipticine activation in the microsomes of extrahepatic tissues. 
In addition, indomethacin, an inhibitor of COX, efficiently inhibited formation of 
ellipticine-derived DNA adduct in these microsomes. Based on these results, we 
attribute the higher activation of ellipticine in lung and kidney microsomes to COX 
than to CYP enzymes. CONCLUSION: The results demonstrate that whereas CYP 
enzymes of 1A and 3A subfamilies are the major enzymes activating ellipticine in rat 
livers, peroxidase COX plays a significant role in this process in lungs and kidneys.
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Abbreviations:
 
α-NF  - α-naphthoflavone 
COX - cyclooxygenase 
CYP  - cytochrome P450
HPLC  - high performance liquid chromatography
LPO  - lactoperoxidase
MPO  - myeloperoxidase
S.E.M.  - standard error medium
NADPH  - nicotinamidadeninedinucleotide phosphate (reduced)
RAL  - relative adduct labeling
TLC  - thin-layer chromatography
 

INtroDuctIoN

Ellipticine (5,11-dimethyl-6H-pyrido[4,3-b]carbazole, 
Figure 1), an alkaloid isolated from Apocyanaceae 
plants, exhibit significant antitumor and anti-HIV 
activities (for a summary see Stiborova et al. 2001). The 
main reason for the interest in ellipticine and its deriva-
tives for clinical purposes is their high efficiencies 
against several types of cancer, their rather limited toxic 
side effects, and their complete lack of haematological 
toxicity (Auclair 1987). Nevertheless, ellipticine is a 
potent mutagen. Most ellipticine derivatives are muta-
genic to Salmonella typhimurium Ames tester strains, 
bacteriophage T4, Neurospora crassa, and mammalian 
cells and induce prophage lambda in Escherichia coli 
(for an overview see Stiborova et al. 2001). 

Ellipticine has been reported to arrest cell cycle pro-
gression by regulating the expression of cyclin B1 and 
Cdc2 as well as phosphorylation of Cdc2 (Kuo et al. 
2005a,b), to induce apoptotic cell death by the genera-
tion of cytotoxic free radicals, the activation of Fas/Fas 
ligand system, the regulation of Bcl-2 family proteins 
(Kuo et al. 2005a,b; 2006), an increase of wild-type 
p53, the rescue of mutant p53 activity and the initia-
tion of the mitochondrial apoptosis pathway (Garbett 
& Graves 2004; Kuo et al. 2005a,b; 2006). Ellipticine 
also activates the p53 pathway in glioblastoma cells; its 
impact on these cancer cells depends on the p53 status. 
In a U87MG glioblastoma cell line expressing p53wt, 
ellipticine provoked an early G0/G1 cell cycle arrest, 
whereas in a U373 cell line expressing p53mt it caused 
arrest in S and G2/M phase (Martinkova et al. 2010). 

Ellipticine and 9-hydroxyellipticine also cause selec-
tive inhibition of p53 protein phosphorylation in several 
human cancer cell lines (Ohashi et al. 1995; Sugikawa 
et al. 1999), and this correlates with their cytotoxic 
activity. However, the precise molecular mechanism 
responsible for these effects has not been explained yet. 
Chemotherapy-induced cell cycle arrest was shown to 
result from DNA damage caused by a variety of che-
motherapeutics. In the case of ellipticine, it was sug-
gested that the prevalent DNA-mediated mechanisms 
of its antitumor, mutagenic and cytotoxic activities are 
(i) intercalation into DNA, and (ii) inhibition of DNA 
topoisomerase II activity (Auclair 1987; Garbett & 
Graves 2004; Stiborova et al. 2006c; 2010). 

We have demonstrated that ellipticine also covalently 
binds to DNA after being enzymatically activated with 
cytochromes P450 (CYP) or peroxidases (Stiborova et 
al. 2001; 2003a,b; 2004; 2006a; 2007a,b; Poljakova et al. 
2006), suggesting a third possible mechanism of action. 
Two major DNA adducts generated from 13-hydroxy- 
and 12-hydroxyellipticine during the ellipticine CYP- 
and peroxidase-mediated metabolism are formed 
in vitro and in vivo in rats and mice treated with this 
anticancer drug (Stiborova et al. 2001; 2003a,b; 2004; 
2006a; 2007a,b; 2008, Frei et al. 2002; Poljakova et al. 
2006). The same DNA adducts were also detected in 
cancer cells in culture, such as human breast adenocar-
cinoma MCF-7 cells (Borek-Dohalska et al. 2004), leu-
kaemia HL-60 and CCRF-CEM cells (Poljakova et al. 
2007), neuroblastoma cells (Poljakova et al. 2009) and 
glioblastoma cells (Martinkova et al. 2009) in vitro, and 
in rat breast adenocarcinoma in vivo (Stiborova et al. 
2010). Toxic effects of ellipticine to these cancer cells 
correlate with levels of ellipticine-derived DNA adducts 
and are dependent on expression of CYP1A1, 1B1, 3A4 
and peroxidases LPO, COX and MPO in these cells 
(Borek-Dohalska et al. 2004; Poljakova et al. 2007; 2009; 
Martinkova et al. 2009). On the basis of these data, 
ellipticine might be considered a drug, whose pharma-
cological efficiency and/or genotoxic side effects are 
dependent on its activation by CYPs and peroxidases 
in target tissues.

All these results indicate that understanding which 
enzymes are involved in the metabolic activation of 
ellipticine is important in the assessment of suscep-
tibility to this drug. Human and rat CYP1A and 3A 
were found to be the predominant enzymes catalyzing 
oxidation of ellipticine in vitro either to metabolites 
that are excreted (7-hydroxy- and 9-hydroxyellipti-
cine) or that form DNA adducts (12-hydroxy- and 
13-hydroxyellipticine) (Stiborova et al. 2001; 2003a,b; 
2004; 2006a; 2008; Moserova et al. 2008). Of the mam-
malian peroxidases, human cyclooxygenase (COX)-
2, ovine COX-1, bovine lactoperoxidase (LPO) and 
human myeloperoxidase (MPO) efficiently generated 
ellipticine-derived DNA adducts (Figure 1) (Poljakova 
et al. 2006; Stiborova et al. 2007a). However, the actual 
impacts of these enzymes in-vivo depend on several 
additional factors (Stiborova et al. 2008). One of them 
might be the presence of various patterns of individual 
CYP and peroxidase enzymes and/or even the pres-
ence of other proteins influencing their activities in 
target and non-target tissues. The CYP and peroxidase 
enzyme patterns depend also on a known phenomenon 
that ellipticine is a strong inducer of CYP1A enzymes 
in several tissues including cancer cells, which catalyze 
its own metabolism (Gasiewicz et al. 1996; Aimova et 
al. 2007; Martinkova et al. 2009). This feature might 
finally dictate the pharmacological efficiencies of 
ellipticine. 

After i.p. administration of ellipticine to rats and 
mice, the highest levels of DNA adducts were found 
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in liver, followed by kidney and lung (Stiborova et 
al. 2003a; 2007b; 2008). Liver is a tissue rich in CYP 
enzymes, while kidney and lung contain high levels of 
peroxidases such as COX (Eling et al. 1990; 1992; Sti-
borova et al. 1991; 2005a; Culp et al. 1997). Knowledge 
about contributions of these enzymes to ellipticine 
activation in individual rat tissues are, however, scarce. 
Although previous results indicate that CYP3A1 and 
1A participate in formation of DNA adducts by ellipti-
cine in rats in vivo (Stiborova et al. 2003a), the impact 
of these CYPs or that of peroxidases in ellipticine acti-
vation in individual organs is not known. 

In this study, we have used the Wistar rat model, 
known to be suitable to mimic the fate of ellipticine 
in humans (Stiborova et al. 2003; 2006a), to examine 
actual contributions of CYPs and peroxidases to DNA 
adduct formation by ellipticine in liver, lung and kidney 
of these rats.

MAtErIALS AND MEtHoDS
Chemicals 
NADP+, NADPH, ellipticine, D-glucose 6-phosphate, 
D-glucose 6-phosphate dehydrogenase and calf thymus 
DNA were obtained from Sigma Chemical Co (St 
Louis, MO, USA); 9-hydroxyellipticine (5,11-dimethyl-
9-hydroxy-6H-pyrido[4,3-b]carbazole) were from Cal-
biochem (San Diego, CA, USA). All these and other 
chemicals from commercial sources used in the experi-
ments were reagent grade or better. 7-Hydroxyellipti-
cine and the N2-oxide of ellipticine were synthesized 
as described (Wijsmuller et al. 1986; Boogaard et al. 
1994) by J. Kucka (Charles University, Prague, Czech 
Republic); their purity was >99.5% as estimated by 
high-performance liquid chromatography (HPLC). 
Enzymatically prepared 12-hydroxy- and 13-hydroxy-
ellipticine were obtained from multiple HPLC runs of 
ethyl acetate extracts of incubations of ellipticine with 
human and/or rat hepatic microsomes as described 
(Stiborova et al. 2004). 

Animal experiments
The study was conducted in accordance with the Regu-
lations for the Care and Use of Laboratory Animals 
(311/1997, Ministry of Agriculture, Czech Republic), 
which is in compliance with the Declaration of Hel-
sinki. Male Wistar rats (~100 g) were treated with a 
single dose of 40 mg/kg body weight (n=3) of ellipticine 
by intraperitoneal injection. Ellipticine was dissolved in 
sunflower oil/DMSO (1:1, v/v) to give a concentration 
of 6 mg/ml. Three control animals received an equal 
volume of solvent only. Rats were placed in cages in 
temperature and humidity controlled rooms. Standard-
ized diet and water were provided ad libitum. The ani-
mals were killed 48 hours after treatment by cervical 
dislocation. Livers, lungs and kidneys were removed 
immediately after death and used for isolation of 
microsomal fractions. 

Preparation of microsomes
Microsomes were isolated from the livers, kidneys and 
lungs of rats as described (Stiborova et al. 2003b). Pro-
tein concentrations in the microsomal fractions were 
assessed using the bicinchoninic acid protein assay with 
bovine serum albumin as a standard (Wichelman et al. 
1988). The concentration of CYP was estimated accord-
ing to Omura and Sato (1964) based on the absorption 
of the complex of reduced CYP with carbon monox-
ide. Specific content of CYP in hepatic, pulmonary and 
renal microsomes of control and ellipticine-treated rats 
(40 mg/kg) is shown in our former work (Aimova et 
al. 2007). Hepatic, renal and pulmonary microsomal 
preparations from rats that had been pre-treated with 
ellipticine were analyzed for the presence of ellipticine 
or its metabolites by HPLC as described (Stiborova et 
al. 2004). Neither ellipticine nor any of its metabolites 
were detectable in microsomal fractions from tissues of 
rats that had been pretreated with ellipticine.

Microsomal incubations
Incubation mixtures used to asses DNA adducts formed 
by ellipticine consisted of 50 mM potassium phosphate 
buffer (pH 7.4), 1 mM NADPH, pooled microsomal 
samples from liver, kidney and lung (0.5 mg protein) 
from 3 male rats, either control or treated with 40 mg/kg 
body weight of ellipticine, 100 µM ellipticine (dissolved 
in 7.5 l methanol) and 0.5 mg of calf thymus DNA in 
a final volume of 750 µl. The reaction was initiated by 
adding ellipticine. Incubations were also carried out in 
the presence of COX cofactors, arachidonic acid and/
or hydrogen peroxide (Eling et al. 1992; Stiborova et al. 
2005a). Mixtures then contained 0.1 mM arachidonic 
acid and/or 0.1 mM hydrogen peroxide as cofactors 
instead of NADPH, and additionally 5 mM magne-
sium chloride. Incubations were carried out at 37 °C 
for 30 minutes; ellipticine-DNA adduct formation was 
found to be linear up to 30 min of incubation (Stibo-
rova et al. 2001). Control incubations were carried out 
(i) without microsomes, (ii) without NADPH or arachi-
donic acid, (iii) without DNA and (iv) without ellipticine. 

Incubation mixtures used to study the ellipticine 
metabolites contained 50 mM potassium phosphate 
buffer (pH 7.4), 1 mM NADP+, 10 mM D-glucose 
6-phosphate, 1 U/ml D-glucose 6-phosphate dehydro-
genase (NADPH-generation system), 0.2 mg protein of 
pooled hepatic microsomal fraction from 3 male rats, 
either untreated or treated with 40 mg/kg body weight 
ellipticine and 10 µM ellipticine (dissolved in 5 µl meth-
anol) in a final volume of 500 µl. The reaction was initi-
ated by adding the substrate. In the control incubation, 
ellipticine was omitted from the incubation mixture. 
After incubation in open glass tubes (37 °C, 20 min) the 
reaction was stopped by adding 100 µl of 2 M NaOH. 
The oxidation of ellipticine is linear up to 30 min of 
incubation (Stiborová et al. 2004; 2006a). After incuba-
tion, 5 µl of 1 mM phenacetine in methanol was added 
as an internal standard and the ellipticine metabo-
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lites were extracted twice with ethyl acetate (2 × 1 ml). 
Analyzes of ellipticine metabolites were performed by 
HPLC as described (Stiborova et al. 2004). Recoveries 
of ellipticine metabolites were around 95%. 

Inhibition studies
The following chemicals were used to inhibit the activa-
tion of ellipticine in hepatic microsomes of male rats: 
α-naphthoflavone (α-NF), which inhibits CYP1A1 and 
1A2, being more efficient to inhibit CYP1A1 (Rendic 
& DiCarlo 1997; Stiborova et al. 2005a,b), furafylline, 
which inhibits CYP1A2, ketoconazole, which inhibits 
CYP3A (Rendic & DiCarlo 1997; Ueng et al. 1997; Sti-
borova et al. 2005b) and indomethacin, which inhibits 
COX (Eling et al. 1992; Stiborova et al. 2005a). Inhibi-
tors were dissolved in 7.5 µl of methanol, to yield final 
concentrations of 100 µM in the incubation mixtures 
used to asses DNA adducts formed by ellipticine (see 
above). Mixtures were then incubated at 37 °C for 10 
min with NADPH prior to adding ellipticine, and then 
incubated for a further 30 min at 37 °C. After the incu-
bation, DNA was isolated as mentioned above.

32P-Postlabeling analysis and HPLC analysis of 
32P-labeled 3’,5’-deoxyribonucleoside bisphosphate 
adducts 
The 32P-postlabeling of nucleotides using nuclease P1 
enrichment procedure, found previously to be appro-

priate to detect and quantify ellipticine-derived DNA 
adducts formed in vitro (Stiborova et al. 2001, 2003c, 
2004, 2007a, b) and in vivo (Stiborova et al. 2003a, 
2007b, 2008), was employed in the experiments. The 
TLC and HPLC analyzes were done as reported recently 
(Stiborova et al. 2001, 2003a, c, 2004, 2007a, b).

rESuLtS AND DIScuSSIoN
Hepatic, pulmonary and renal microsomes of rats are 
capable of activating ellipticine
To evaluate the role of the rat hepatic, pulmonary and 
renal CYPs and peroxidases in the activation of ellip-
ticine, we performed in vitro experiments employing 
microsomes isolated from livers, lungs and kidneys of 
either control (untreated) rats or animals treated with 
40 mg of ellipticine per kg of body weight. 

The DNA adduct pattern generated by ellipticine 
activated with microsomes and NADPH, a cofactor of 
the NADPH:CYP reductase-dependent CYP enzyme 
system, consisted of one major and three minor 
adducts (see spots 1, 2, 6 and 7 in Figure 2), which 
were identical to those formed in vivo in rats treated 
with ellipticine (Figure 2C). Adducts spots 1 and 2 
are products of 13-hydroxyellipticine (Figure 2D) and 
12-hydroxyellipticine (Figure 2E) metabolites, respec-
tively, generated by CYP and peroxidase (see scheme in 
Figure 1). Chromatographic analysis of spots 1 and 2 on 

Tab. 1. DNA adduct formation by ellipticine activated with rat hepatic (A), pulmonary (B) and renal (C) microsomes 

A
RALa (mean/107 nucleotides)

Spot 1 Spot 2 Spot 6 Spot 7 Total

Untreated rats

hepatic microsomes without cofactor n.d. 0.08±0.01 n.d. n.d. 0.08±0.01

hepatic microsomes + NADPH 6.84±1.31 0.26±0.03 0.29±0.02 0.28±0.03 17.6±1.39

hepatic microsomes + NADPH + a-NF 6.19±0.45 0.13±0.02 0.10±0.01 0.05±0.01 6.47±0.48

hepatic microsomes + NADPH + furafylline 7.91±0.62 0.12±0.02 0.19±0.02 0.08±0.01 8.30±0.69

hepatic microsomes + NADPH + ketoconazole 1.00±0.1 0.15±0.01 0.08±0.01 0.02±0.01 1.25±0.11

hepatic microsomes +  arachidonic acid 1.01±0.1 0.015±0.01 0.017±0.01 0.017±0.01 1.06±0.12

hepatic microsomes +  arachidonic acid + IM 0.22±0.02 n.d. n.d. n.d. 0.22±0.02

hepatic microsomes +  H2O2 1.10 ±0.1 0.02±0.01 0.02±0.01 0.02±0.01 1.16±0.12

Rats treated with ellipticine (40 mg/kg b.w.)

hepatic microsomes without cofactor n.d. 0.11±0.01 n.d. n.d. 0.11±0.01

hepatic microsomes + NADPH 33.03±2.52 0.42±0.03 0.40±0.03 0.48±0.03 34.4±2.87

hepatic microsomes + NADPH + a-NF 2.50±0.18 0.03±0.01 0.03±0.01 0.04±0.01 2.60±0.19

hepatic microsomes + NADPH + furafylline 6.28±0.51 0.08±0.01 0.07±0.01 0.07±0.01 6.50±0.59

hepatic microsomes + NADPH + ketoconazole 6.50±0.58 0.20±0.02 0.40±0.03 0.40±0.03 7.50±0.61

hepatic microsomes +  arachidonic acid 0.87±0.06 0.08±0.01 0.10±0.01 0.10±0.01 1.15±0.10

hepatic microsomes +  arachidonic acid + IM 0.17±0.01 0.02±0.01 0.02±0.01 0.02±0.01 0.23±0.02

hepatic microsomes +  H2O2 0.92±0.07 0.08±0.01 0.12±0.01 0.10±0.01 1.23±0.10
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HPLC confirmed that these adducts are derived from 
13-hydroxy- and 12-hydroxyellipticine, respectively, 
by their coelution with prepared reference compounds 
(data not shown). Additional minor DNA adducts 
formed by ellipticine are adducts 6 and 7 (Figure 2). 
The low levels of these adducts prevented HPLC co-
chromatographic analysis or their further characteriza-
tion. Control incubations without enzyme cofactors, 
but in the presence of hepatic microsomes, were free of 

adduct spots 1, 6 and 7, but adduct spot 2 was always 
detected (Table  1). However, in control incubations 
containing renal and pulmonary microsomes without 
enzyme cofactors, ellipticine-derived DNA adducts 1, 
2, 6 and 7 were found (Table 1B,C). This finding indi-
cates that other enzymes than only CYPs dependent on 
NADPH:CYP reductase might activate ellipticine in 
lung and kidney. This is consistent with results found 
in our former study with the HRN (Hepatic Cyto-

B
RALa (mean/107 nucleotides)

Spot 1 Spot 2 Spot 6 Spot 7 Total

Untreated rats     

lung microsomes without cofactor 0.03±0.01 0.03±0.01 0.03±0.01 0.02±0.01 0.11±0.01

lung microsomes + NADPH 0.64±0.04 0.15±0.01 0.12±0.01 0.10±0.01 1.01±0.10

lung microsomes + NADPH + a-NF 0.33±0.02 n.d. n.d. n.d. 0.33±0.03

lung microsomes + NADPH + ketoconazole 0.52±0.041 0.10±0.01 0.09±0.01 0.08±0.01 0.79±0.08

lung microsomes +  arachidonic acid 0.03±001 0.03±0.01 0.30±0.03 0.14±0.01 0.50±0.05

lung microsomes +  arachidonic acid + indomethacin n.d. n.d. n.d. n.d. n.d.

Rats treated with ellipticine (40 mg/kg b.w.)

lung microsomes without cofactor 0.60±0.04 0.03±0.01 0.20±0.02 0.10±0.01 0.93±0.11

lung microsomes + NADPH 1.92±0.17 0.30±0.03 0.22±0.02 0.20±0.02 2.64±0.19

lung microsomes + NADPH + a-NF 0.34±0.03 0.06±0.01 0.16±0.01 0.16±0.01 0.72±0.06

lung microsomes + NADPH + ketoconazole 1.05±0.10 0.25±0.02 0.20±0.02 0.20±0.02 1.70±0.15

lung microsomes +  arachidonic acid 1.30±0.10 0.23±0.02 0.28±0.02 0.23±0.02 2.04±0.21

lung microsomes +  arachidonic acid + indomethacin 0.60±0.05 0.03±0.01 0.10±0.01 0.05±0.01 1.15±0.10

C
RALa (mean/107 nucleotides)

Spot 1 Spot 2 Spot 6 Spot 7 Total

Untreated rats

kidney microsomes without cofactor n.d. 0.004±0.001     0.01±0.01 0.01±0.01 0.02±0.01

kidney microsomes + NADPH 0.21±0.02 0.03±0.01 0.08±0.01 0.03±0.01 0.35±0.04

kidney microsomes + NADPH + a-NF 0.04±0.01 n.d. n.d. n.d. 0.04±0.01

kidney microsomes + NADPH + ketoconazole 0.10±0.01 0.02±0.01 0.08±0.01 0.05±0.01 0.23±0.03

kidney microsomes +  arachidonic acid n.d. n.d. 0.02±0.01 0.02±0.01 0.04±0.01

kidney microsomes +  arachidonic acid + indomethacin n.d. n.d. n.d. n.d. n.d..

Rats treated with ellipticine (40 mg/kg b.w.)

kidney microsomes without cofactor 0.12±0.01 0.03±0.01 0.05±0.01 0.03±0.01 0.33±0.04

kidney microsomes + NADPH 0.42±0.03 0.12±0.01 0.08±0.01 0.05±0.01 0.67±0.07

kidney microsomes + NADPH + a-NF 0.23±0.02 0.09±0.01 0.05±0.01 0.03±0.01 0.40±0.04

kidney microsomes + NADPH + ketoconazole 0.40±0.03 0.10±0.01 0.08±0.01 0.05±0.01 0.63±0.08

kidney microsomes +  arachidonic acid 0.20±0.02 0.06±0.01 0.08±0.01 0.06±0.01 0.40±0.05

kidney microsomes +  arachidonic acid + indomethacin 0.10±0.01 0.04±0.01 0.04±0.01 0.02±0.01 0.20±0.03

Experimental conditions are described in Materials and methods. Mean RAL ± standard deviations shown in the figure represent DNA 
adducts of three parallel in vitro incubations. ND, not detectable (the detection limit of RAL was 1 adducts/1010 nucleotides).
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Fig. 1. Metabolism of ellipticine by peroxidases and human CYPs showing the characterized metabolites and those 
proposed to form DNA adducts. The compounds shown in brackets were not detected under the experimental 
conditions and are the electrophilic metabolites postulated as ultimate arylating species or the postulated 
N²-deoxyguanosine adducts.
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Figure 2. Autoradiographic profile of DNA adducts generated in calf thymus DNA by ellipticine after its activation with 
hepatic microsomes of untreated (A) and ellipticine-treated (40 mg/kg) male rats (B), of 32P-labeled digests of DNA from 
liver of male rats treated with the same dose of ellipticine (C), from calf thymus DNA reacted with 13-hydroxyellipticine 
(D) or 12-hydroxyelipticine (E). Analyses were performed by the nuclease P1 version of the 32P-postlabeling assay.

chrome P450 Reductase Null) mouse model, in which 
NADPH:CYP reductase is deleted specifically in hepa-
tocytes, resulting in the loss of essentially all hepatic 
CYP function (Stiborova et al. 2008), which indicate 
that ellipticine activation should, at least partially, be 
catalyzed also by enzymes, whose activities are not 
dependent on NADPH:CYP reductase (Stiborova et al. 
2008). Besides peroxidases that were found to activate 
ellipticine (Stiborova et al. 2007a), the CYP2S1 enzyme, 

which is abundantly expressed in several tissues (Saa-
rikoski et al. 2005; Downie et al. 2005; Bui et al. 2009a) 
might be such an enzyme. Namely, it was shown that it 
catalyzes the oxidation of compounds having polycyclic 
aromatic structures similar to ellipticine without partic-
ipation of NADPH:CYP reductase (Bui et al. 2009a,b). 
While a role of peroxidases is investigated in this study, 
the participation of CYP2S1 in ellipticine activation still 
awaits further examination. Therefore, the efficiency of 
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Fig. 3. DNA adduct formation by ellipticine activated with 
microsomes isolated from livers (A), lungs (B) and kidneys 
(C) of rats, control (uninduced) or pretreated with 40 mg/kg 
ellipticine and the effect of inhibitors of CYP1A, 3A and COX on 
ellipticine-DNA adduct formation in these microsomes. Mean 
RAL ± standard deviations shown in the figure represent total 
levels of DNA adducts of three parallel in vitro incubations. ND, 
not detectable (the detection limit of RAL was 1 adducts/1010 
nucleotides). NM, not measured. 

Fig 4. Ellipticine metabolism in rat liver (A), lung (B) and kidney 
microsomes (C) of control animals and those treated with 40 
mg/kg ellipticine. Microsomes containing 0.2 mg microsomal 
protein, and 10 µM ellipticine were used in all experiments. 
Levels of ellipticine metabolites are averages ± standard 
deviations of triplicate incubations. Values significantly different 
from control: *p<0.05, **p<0.01, ***p<0.001 (Student’s t-test). 
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CYP2S1 to oxidize ellipticine is planned to be investi-
gated in our future work.

In order to evaluate the contribution of CYP1A, 3A 
and peroxidases, found previously to activate ellipti-
cine in vitro (Stiborova et al. 2001, 2003b, 2004, 2008), 
to ellipticine activation in liver, lung and kidney, we 
investigated the modulation of ellipticine-DNA adduct 
formation by cofactors and selective inhibitors of these 
enzymes. Among microsomes of control (untreated) 
rats and those of rats pre-treated with ellipticine tested 
in this study, hepatic microsomes in the presence of 
NADPH were the most effective in activation of ellip-
ticine. Pulmonary and renal microsomes also activated 
ellipticine to species forming DNA adducts, but they 
were more than 17- and 50-fold less efficient than 
microsomes isolated from livers (Figure 3, Table 1). 

In the presence of NADPH, hepatic, pulmonary 
and renal microsomes isolated from rats treated with 
ellipticine were up to 2.6-fold more effective to form 
ellipticine-derived DNA adducts than microsomes of 
control (untreated) rats (Figure 3, Table 1). 

In hepatic, pulmonary and renal microsomes of con-
trol (untreated) rats, ketoconazole, a selective inhibitor 
of CYP3A enzymes (Rendic & DiCarlo 1997; Ueng et 
al. 1997; Stiborova et al. 2005b), inhibited formation 
of ellipticine-DNA adducts mediated by the NADPH-
dependent enzymatic system, by 93, 22 and 34 %, 
respectively (Figure 3, Table 1). However, in microsomes 
of rats treated with ellipticine, the impact of this inhibi-
tor to decrease ellipticine activation to species forming 
DNA adducts was lower in liver and kidney. In this case, 
ketoconazole inhibited formation of ellipticine-derived 
DNA adducts by 78 and 6 % in liver and kidney, respec-
tively (Table 1). Such findings indicate that treating 
rats with ellipticine shifts the CYP enzyme expression 
in livers and kidney to another pattern where CYP3A 
enzymes have lower impact on activation of this drug. 
Indeed, CYP1A enzymes are induced by ellipticine on 
mRNA and protein levels in all these tissues (Aimova et 
al. 2007), thereby increasing their own participation in 
ellipticine metabolism (see below). 

α-Naphthoflavone (α-NF), an inhibitor of CYP1A1 
and 1A2 (Rendic & DiCarlo 1997), decreased the levels 
of ellipticine-DNA adducts generated by hepatic, pul-
monary and renal microsomes of both control and 
ellipticine-treated rats, but also to a different extent 
(Figure 3, Table 1). In hepatic and pulmonary micro-
somes of rats treated with ellipticine, α-NF was much 
more efficient to inhibit ellipticine-DNA adduct forma-
tion than in those of control rats (Table 1). Microsomes 
of rat kidneys were, however, the exception; α-NF was 
efficient inhibitor of DNA adduct formation by ellip-
ticine also in control rats (Figure 3, Table 1). Furafyl-
line, an inhibitor of CYP1A2 (Rendic & DiCarlo 1997), 
was also efficient compound decreasing activation of 
ellipticine by hepatic microsomes (Figure 3, Table 1). 
This inhibitor was, however, not tested using pulmo-
nary and renal microsomes, because of low expression 

of CYP1A2 in these organs. The results found using the 
CYP1A inhibitors point to CYP1A enzymes as having 
a role in ellipticine-DNA adduct formation in rat 
livers, lungs and kidneys. Depending on their expres-
sion levels, they activate ellipticine to species binding 
to DNA. In addition, all these results indicate that in 
organisms treated with ellipticine, these CYP enzymes 
might play, because of CYP1A induction, the predomi-
nant role in the ellipticine anticancer activity based on 
covalent modification of DNA in target tissues. 

Arachidonic acid and/or hydrogen peroxide, cofac-
tors for peroxidase (COX)-dependent oxidation (Eling 
et al. 1990; 1992; Stiborova et al. 2004; 2005a; Arlt et al. 
2006), mediated formation of DNA adducts by ellip-
ticine in hepatic, pulmonary and renal microsomes, 
being increased by treating rats with ellipticine, mainly 
in lung (Table 1). Since COX cofactors were much less 
effective than NADPH in livers (Figure 3, Table 1), 
contribution of this enzyme to ellipticine activation in 
this organ is lower than that of CYPs. On the contrary, 
the results showing the effect of arachidonic acid and 
a COX inhibitor, indomethacin, on ellipticine-derived 
DNA adduct formation in microsomes of extrahepatic 
tissues indicate that COX is capable of effective ellipti-
cine activation in these organs. It even more efficiently 
contributes to activation of ellipticine in these tissues 
of rats treated with ellipticine than in those of control 
(untreated) rats. Levels of adducts formed by micro-
somes of lung and kidney of rats treated with ellipticine 
in the presence of arachidonic acid were high; they rep-
resented 77 and 59 % of adduct levels formed by lung 
and kidnay microsomes in the presence of NADPH, 
respectively (Table 1). Therefore, this finding suggests 
a relatively high contribution COX to ellipticine activa-
tion in lung and kidney of organisms treated with this 
anticancer drug. 

Ellipticine as a CYP inducer increases efficiencies of rat 
hepatic, pulmonary and renal microsomes to oxidize 
ellipticine to its hydroxylated metabolites
Ellipticine is oxidized by hepatic, pulmonary and 
renal microsomes to four metabolites, 7-hydroxy-, 
9-hydroxy-, 12-hydroxy and 13-hydroxyellipticine 
(Figure 4). Ellipticine N2-oxide was also produced, but 
this metabolite was not quantitated because of its spon-
taneous rearrangement to 12-hydroxyellipticine. 

The increase in levels of ellipticine-DNA adducts 
(Figure 3, Table 1) correlates with an increase in ellip-
ticine oxidation by hepatic microsomes isolated from 
rats treated with ellipticine (Figure 4). Besides an 
increase in oxidation of ellipticine to 9-hydroxyellip-
ticine and 7-hydroxyellipticine, which was expected, 
because these metabolites are predominantly formed 
by CYP1A1/2 (Stiborova et al. 2004; Kotrbova et 
al. 2006), an up to 2-fold increase in formation of 
13-hydroxy- and 12-hydroxyellipticine, the metabo-
lites generating DNA adducts 1 and 2, was found in 
hepatic microsomes (Figure 4). This finding can be 
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caused by a strong induction not only of CYP1A1/2 
(Aimova et al. 2007), but also of CYP3A in livers of rats 
treated with ellipticine. Indeed, induction of CYP3A4 
by ellipticine has recently been found in glioblastoma 
U87MG cells (Martinkova et al. 2009). In addition, 
ellipticine might also influence expression of another 
protein, cytochrome b5 (Stiborova et al. unpublished 
results), which is a component of the CYP microsomal 
system modulating the enzymatic activities of several 
CYPs, including CYP3A4 (for a summary see Schenk-
man et al. 2003) and CYP1A1 (Stiborova et al. 2006b). 
Hence, its expression might also cause higher forma-
tion of 13-hydroxy- and 12-hydroxyellipticine, thereby 
increasing the formation of ellipticine-DNA adducts.

In contrast to liver microsomes, no increase in for-
mation of 13-hydroxy- and 12-hydroxyellipticine was 
found during oxidation of ellipticine catalyzed by lung 
and kidney nicrosomes of rats treated with ellipticine 
(Figure 4). Only an increase in oxidation of ellipticine 
to 9-hydroxyellipticine and/or 7-hydroxyellipticine was 
found in lung and kidney (Figure 4). Because a more 
than 4- and 10-fold increase in arachidonic acid (COX)-
mediated activation of ellipticine was found in lung 
and kidney microsomes, respectively, as compared to 
activation of ellipticine by liver microsomes (Table 1), 
the peroxidase activity of COX might be responsible 
for increased formation of ellipticine metabolites gen-
erating DNA adducts in these extrahepatic tissues. 
The question whether ellipticine might also act as an 
inducer of COX enzymes such as an inducible COX-2 
enzyme (Soslow et al. 2000; Matsuo et al. 2001; Shono et 
al. 2001), remains to be answered.

coNcLuSIoNS

The results found in this study shed more light on our 
previous data, showing the importance of CYP and 
peroxidase enzymes in ellipticine activation in vivo 
(Stiborova et al. 2003c; 2007a,b; 2008). The importance 
of CYP1A and 3A enzymes in ellipticine-derived DNA 
adduct formation in vitro and in vivo has already been 
demonstrated previously (Stiborova et al. 2001; 2003a; 
2004; 2007a,b; 2008). Here, we show that these enzymes 
play a major role in ellipticine activation in the liver. 
However, because of their lower expression in extra-
hepatic organs such as lung and kidney, even after their 
induction by ellipticine (Aimova et al. 2007), they play 
a minor role in ellipticine activation in these extrahe-
patic tissues. Arachidonic acid (COX)-mediated ellip-
ticine activation has the higher impact in this process 
in rat lung and kidney, predominantly after treatment 
of rats with ellipticine. The results also show that enzy-
matic activity of COX to catalyze ellipticine activation 
was increased in extrahepatic organs by treating rats 
with ellipticine. One of the COX enzymes, COX-2, was 
demonstrated in multiple cancer types (i.e. carcinomas 
and brain tumors) known to be the targets for ellipti-
cine treatment and is even inducible by carcinogenic 

processes and/or by several compounds, including 
anticancer drugs (Soslow et al. 2000; Matsuo et al. 2001; 
Shono et al. 2001). Because of efficiency of COX-2 to 
mediate formation of ellipticine-derived DNA adducts 
in vitro (Stiborova et al. 2007a) and the results found 
in this work (Table 1), its participation in ellipticine 
activation in cells of the extrahepatic tissues, including 
cancer cells should be taken into account. The study of 
the effect of ellipticine on COX-2 expression in healthy 
and cancer tissues of animal models and/or cancer cells 
in culture is therefore under way in our laboratory. 
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Aristolochic acid (AA) causes aristolochic acid nephropathy,

Balkan endemic nephropathy, and their urothelial malignancies.

To identify enzymes involved in the metabolism of aristolochic

acid I (AAI), the major toxic component of AA we used HRN

(hepatic cytochrome P450 [Cyp] reductase null) mice, in which

NADPH:Cyp oxidoreductase (Por) is deleted in hepatocytes. AAI

was demethylated by hepatic Cyps in vitro to 8-hydroxy-

aristolochic acid I (AAIa), indicating that less AAI is distributed

to extrahepatic organs in wild-type (WT) mice. Indeed,

AAI-DNA-adduct levels were significantly higher in organs of

HRN mice, having low hepatic AAI demethylation capacity, than

in WT mice. Absence of AAI demethylation in HRN mouse liver

was confirmed in vitro; hepatic microsomes from WT, but not

from HRN mice, oxidized AAI to AAIa. To define the role of

hepatic Cyps in AAI demethylation, modulation of AAIa

formation by CYP inducers was investigated. We conclude that

AAI demethylation is attributable mainly to Cyp1a1/2. The higher

AAI-DNA adduct levels in HRN than WT mice were the result of

the lack of hepatic AAI demethylation concomitant with a higher

activity of cytosolic NAD(P)H:quinone oxidoreductase (Nqo1),

which activates AAI. Mouse hepatic Cyp1a1/2 also activated AAI

to DNA adducts under hypoxic conditions in vitro, but in renal

microsomes, Por and Cyp3a are more important than Cyp1a for

AAI-DNA adduct formation. We propose that AAI activation and

detoxication in mice are dictated mainly by AAI binding affinity

to Cyp1a1/2 or Nqo1, by their turnover, and by the balance

between oxidation and reduction of AAI by Cyp1a.

Key Words: aristolochic acid; cytochrome P450; metabolism;

DNA adducts; 32P-postlabeling.

The cytochrome P450 (CYP) superfamily consists of a large

number of haem-containing mono-oxygenases that play a

pivotal role in the metabolism of many drugs and carcinogens

(Nebert and Dalton, 2006). Vital information on CYP re-

gulation and function has been obtained by in vitro studies,

however, for extrapolation from in vitro data to in vivo
pharmacokinetics, additional factors such as route of admin-

istration, absorption, renal clearance, and tissue-specific CYP

expression need to be considered (Nebert, 2006). Gene

knockout and transgenic mice have been developed to study

the role of specific enzymes in drug metabolism (Henderson

et al., 2003b). Although knockout mouse models have yielded

important data on the effect of single Cyp enzymes on the

metabolism of drugs and chemical carcinogens (Buters et al.,
1999; Kimura et al., 2003; Tsuneoka et al., 2003; Uno et al.,
2004), the functional redundancy inevitably found in the large

CYP family of isoenzymes make it difficult to determine the

role of CYPs as a whole in the metabolism of xenobiotics

(Henderson et al., 2006). To overcome these limitations

a mouse line, HRN (hepatic cytochrome P450 reductase null),

has been developed in which Cyp oxidoreductase (Por), the

important electron donor to Cyps, is deleted specifically in

hepatocytes, resulting in the loss of essentially all hepatic Cyp

function (Henderson et al., 2003a). The HRN mouse model

has been used successfully to establish the role of hepatic

versus extrahepatic Cyp-mediated xenobiotic metabolism and

disposition (Arlt et al., 2005, 2006, 2008; Pass et al., 2005;

Stiborová et al., 2008a).

The herbal drug aristolochic acid (AA) derived from

Aristolochia species has been shown to be the cause of

so-called Chinese herbs nephropathy (CHN), now termed

aristolochic acid nephropathy (AAN) (Debelle et al., 2008;

Schmeiser et al., 2009). The plant extract AA is a mixture of

structurally related nitrophenanthrene carboxylic acids, the

major components being aristolochic acid I (AAI; Fig. 1) and

aristolochic acid II. AAN is a rapidly progressive renal fibrosis

� The Author 2011. Published by Oxford University Press on behalf of the Society of Toxicology. All rights reserved.
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that was observed initially in a group of Belgian women, who

had ingested weight loss pills containing Aristolochia fangchi
(Vanherweghem et al., 1993). Within a few years of taking the

pills, AAN patients also developed a high risk of upper

urothelial tract carcinoma (about 50%) and, subsequently,

bladder urothelial carcinoma (Lemy et al., 2008; Nortier et al.,
2000). Subsequently, similar cases have been reported

elsewhere in Europe and Asia (Debelle et al., 2008; Lai

et al., 2010; Lord et al., 2001). More recently, exposure to AA

has been linked to Balkan endemic nephropathy (BEN) and its

associated urothelial cancer (Arlt et al., 2007; Grollman et al.,
2007; Nedelko et al., 2009). This nephropathy is endemic in

certain rural areas of Serbia, Bosnia, Croatia, Bulgaria, and

Romania. Exposure to AA was demonstrated by the identifi-

cation of specific AA-DNA adducts in urothelial tissue of AAN

and BEN patients (Arlt et al., 2002; Bieler et al., 1997;

Grollman et al., 2007; Lord et al., 2001; Nortier et al., 2000;

Schmeiser et al., 1996). The most abundant DNA adduct

detected in patients exposed to AA is 7-(deoxyadenosin-

N6-yl)-aristolactam I (dA-AAI), which leads to characteristic

AT/TA transversion mutations. Such AT/TA mutations

have been observed in the TP53 tumor suppressor gene in

tumors from AAN and BEN patients (Arlt et al., 2007;

Grollman et al., 2007; Lord et al., 2004; Nedelko et al., 2009),

indicating the probable molecular mechanism of AA carcino-

genesis in humans (Arlt et al., 2011; Simoes et al., 2008). As a

consequence, AA was recently classified as carcinogenic to

humans (Group 1) by the International Agency for Research on

Cancer (Grosse et al., 2009).

In common with other nitroaromatics, the major activation

pathway for AA is nitroreduction catalyzed by both cytosolic

and microsomal enzymes, cytosolic NAD(P)H:quinone oxido-

reductase (NQO1) being the most efficient (Stiborová et al.,
2002a, 2003a, 2008b, 2011) (Fig. 1). The activation of AAI in

human hepatic microsomes is mediated by CYP1A2 and to

a lesser extent by CYP1A1; POR also plays a minor role

FIG. 1. Pathways of biotransformation and DNA adduct formation of AAI. dA-AAI, 7-(deoxyadenosin-N6-yl)aristolactam I; dG-AAI, 7-(deoxyguanosin-N2-

yl)aristolactam I; NR, nitroreduction; UGT, UDP glucuronyl transferase; SULT, sulfotransferase. Inset: autoradiographic profile of AA-DNA adducts in kidney of

HRN mice treated with 50 mg/kg bw of AAI by using the nuclease P1 enrichment version of the 32P-postlabeling assay. The origin, in the bottom left-hand corner,

was cut off before exposure. Spot 1, dG-AAI; spot 2, dA-AAI; spot 3, 7-(deoxyadenosin-N6-yl)aristolactam II (dA-AAII).
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(Stiborová et al., 2001b, 2001c, 2005a, 2005c). Prostaglandin

H synthase (cyclooxygenase, COX) in human renal micro-

somes has also been shown to activate AAI (Stiborová et al.,
2001a, 2005a). Although the enzymes catalyzing the reductive

activation of AAI leading to covalent DNA adducts have

been widely investigated, those participating in its detoxication

have not been extensively studied so far. Several studies

have indicated that induction of Cyp1a (e.g., by 3-methylcho-

lanthrene and ß-naphthoflavone) protect mice from AAI-induced

acute renal injury (Xiao et al., 2008, 2009; Xue et al., 2008).

One detoxication metabolite identified is 8-hydroxy-aristolochic

acid I (aristolochic acid Ia, AAIa; Fig. 1) that is formed after

demethylation of AAI and is, in turn, subject to conjugation,

forming glucuronide or sulfate esters (Chan et al., 2007;

Krumbiegel et al., 1987; Shibutani et al., 2010). Human CYP1A1

and -1A2 can demethylate AAI to AAIa in vitro (Rosenquist et al.,
2010; Šı́stková et al., 2008), and Cyp1a2 in mice appears to

mediate this reaction in vivo (Rosenquist et al., 2010). Neverthe-

less, because CYP1A1/2 also activate AAI in human and rat livers

(Stiborová et al., 2001a, 2005a, 2005c, 2008b), detailed

knowledge of the catalytic specificities of CYP1A and other

CYP enzymes in the detoxication and activation of AAI in vitro
and in vivo is still lacking.

The aim of the present study was to evaluate the CYP-

mediated oxidative detoxication of AAI. We have used the

HRN mouse model to examine the hepatic Cyp-dependent

metabolism of AAI. DNA adduct formation in vivo and in vitro
was measured by 32P-postlabelling. In addition, the formation

of AAIa by human, rat and rabbit hepatic microsomes, and by

rat recombinant CYPs was determined by high-performance

liquid chromatography (HPLC).

MATERIALS AND METHODS

Animal treatment. HRN (Porlox/lox þ CreALB) mice on a C57BL/6

background (CXR Bioscience Ltd, Dundee, UK) used in this study were

derived as described previously (Henderson et al., 2003a). Mice homozygous

for loxP sites at the Por locus (Porlox/lox) were used as wild type (WT). Groups

of male HRN and WT mice (3 months old; 25–30 g; n ¼ 3/group) were treated

orally with a single dose of 10 or 50 mg/kg body weight (bw) of AAI

(as sodium salt isolated from the natural mixture of AA [38% AAI, 58% AAII;

Sigma Chemical Co, St Louis, MO] by preparative HPLC [Schmeiser et al.,

1984]) at a concentration of 1 or 5 mg/ml, respectively. Control mice received

solvent, water, only. Animals were killed 24 h after treatment. Liver, lung,

kidney, spleen, colon, small intestine, and bladder were removed, snap frozen

and stored at �80�C until analysis. All procedures were carried out under the

Animal (Scientific Procedures) Act (1986) in accordance with UK law and

following local ethical review.

DNA adduct analysis by 32P-postlabeling. DNA from tissues was isolated

by standard phenol/chloroform extraction. 32P-Postlabelling analysis (Phillips

and Arlt, 2007), using the nuclease P1 enrichment version, and thin layer

chromatography (TLC) and HPLC were performed as described (Bieler et al.,

1997; Schmeiser et al., 1996). TLC sheets were scanned using a Packard

Instant Imager (Dowers Grove), and DNA adduct levels (relative adduct

labeling) were calculated as described (Bieler et al., 1997; Schmeiser et al.,
1996). Results were expressed as DNA adducts/108 nucleotides.

Preparation of microsomes and cytosols. Hepatic and renal microsomes

and cytosols from HRN and WT mice were isolated as described (Stiborová

et al., 2003b, 2005a). Hepatic and renal microsomes and cytosols from HRN

and WT mice pretreated (i.p.) with 125 mg/kg bw benzo[a]pyrene (BaP) daily

for 5 days were obtained from a previous study (Arlt et al., 2008). Pooled

microsomal and cytosolic fractions were used for further analysis. Male human

(pooled sample; catalog no. 452172) and human female hepatic microsomes

(pooled sample; catalog no. 452183) were from Gentest Corp. (Woburn, MI).

Microsomes were prepared from livers of ten untreated Wistar rats and three

Chinchilla rabbits by the procedure described previously (Stiborová et al.,

1995, 2002b). Microsomes were also prepared from livers of groups of ten

Wistar male rats pretreated with Sudan I, phenobarbital (PB), ethanol (EtOH),

or pregnenolone-16a-carbonitrile (PCN) as described previously (Stiborová

et al., 2002b, 2003b).

Microsomal incubations used for AAI-DNA adduct analysis. The

deaerated and argon-purged incubation mixtures, in a final volume of 750 ll,

consisted of 50mM potassium phosphate buffer (pH 7.4), 1mM NADPH, 1 mg

mouse hepatic or renal microsomal protein, 0.5 mg calf thymus DNA (2mM

dNp), and 0.5mM AAI as described previously (Stiborová et al., 2005a).

Incubations with microsomes were carried out at 37�C for 60 min, and AAI-

derived DNA adduct formation was found to be linear up to 2 h (Stiborová

et al., 2005a).

Microsomal incubations used for AAI demethylation. Incubation

mixtures, in a final volume of 250 ll, consisted of 100mM potassium

phosphate buffer (pH 7.4), 1mM NADPH, 1 mg human, rat, mouse, or rabbit

hepatic, or mouse renal microsomal protein and 10lM AAI. Incubations with

microsomes were carried out at 37�C for 20 min, and AAI oxidation

(demethylation) to AAIa was linear up to 25 min. Control incubations were

carried out (1) without microsomes, (2) without NADPH, or (3) without AAI.

Supersomes, microsomes isolated from insect cells transfected with

baculovirus constructs containing cDNA of single rat CYPs (CYP1A1,

CYP1A2, CYP2A1, CYP2A2, CYP2B1, CYP2C6, CYP2C11, CYP2C12,

CYP2C13, CYP2D1, CYP2D2, CYP2E1, CYP3A1, and CYP3A2), and

expressing POR and/or cytochrome b5 were obtained from Gentest Corp and

tested for their efficiencies to oxidize AAI. Incubation mixtures, in a final

volume of 250 ll, consisted of 100mM potassium phosphate buffer (pH 7.4),

1mM NADPþ, 10mM MgCl2, 10mM D-glucose 6-phosphate, 1 U/ml D-

glucose 6-phosphate dehydrogenase, to generate NADPH, 50nM CYPs in

Supersomes, and 10lM AAI. Supersomes containing POR alone were used

for control.

Determination of AAIa by HPLC. AAI and its metabolites (i.e., AAIa)

were extracted from incubation mixtures twice into ethyl acetate (2 3 1 ml), the

extracts were evaporated to dryness and the residues redissolved in 30 ll of

methanol and subjected to reverse-phase HPLC. HPLC was performed with

a reversed phase column (Nucleosil 100-5 C18, 25 3 4.0 mm, 5 mm;

Macherey-Nagel) preceded by a C-18 guard column, using a linear gradient of

acetonitrile (20–60% acetonitrile in 55 min) in 100mM triethylamonium acetate

with a flow rate of 0.6 ml/min. HPLC was carried out with a Dionex HPLC

pump P580 with UV/VIS UVD 170S/340S spectrophotometer detector set at

254 nm, and peaks were integrated with CHROMELEON 6.01 integrator. A

product of AAI metabolism and AAI itself eluted with retention times (r.t.) of

28.3 and 36 min, respectively. The product eluting at 28.3 min was identified as

AAIa using mass-spectroscopy analyses. Mass spectra were measured on

MALDI-TOF/TOF ultraFLEX III mass spectrometers (Bruker-Daltonics,

Bremen, Germany). Positive spectra were calibrated externally using the

monoisotopic [MþH]þ ions of PepMixII calibrant (Bruker-Daltonics) or matrix

peaks. A 10 mg/ml solution of a-cyano-4-hydroxy-cinnamic acid or 50 mg/ml

solution of 2,5-dihydrobenzoic acid in 50% MeCN/0.1% TFA were used as

MALDI matrix. A 0.5-ll sample dissolved in MeCN was directly mixed with

0.5-ll of the matrix solution and allowed to dry at ambient temperature on the

target. For NALDI experiments, a 1-ll sample dissolved in MeCN was allowed

to dry at ambient temperature on NALDI target. The MALDI- or NALDI-TOF

positive spectra were collected in reflector mode.
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Cytosolic incubations used for AAI-DNA adduct analysis. The deaerated

and argon-purged incubation mixtures, in a final volume of 750 ll, consisted of

50mM Tris-HCl buffer (pH 7.4), containing 0.2% Tween 20, 1mM NADPH,

1 mg murine hepatic, or renal cytosolic protein, 0.5 mg calf thymus DNA

(2mM dNp) and 0.5mM AAI as described previously (Stiborová et al., 2003a).

Incubations with human cytosols were carried out at 37�C for 60 min, and

AAI-derived DNA adduct formation was found to be linear up to 2 h (Stiborová

et al., 2003a).

Inhibition studies. a-Naphthoflavone (a-NF), which inhibits Cyp1a1 and

-1a2 (Stiborová et al., 2001b, 2005c); ellipticine (E), which competes with

Cyp1a1 substrates, thus inhibiting Cyp1a1-mediated oxidation of other

substrates (Stiborová et al., 2003b, 2004); furafylline (FF), which inhibits

Cyp1a2 (Stiborová et al., 2001b); ketoconazole (KC), which inhibits Cyp3a4

(Stiborová et al., 2001b); and a-lipoic acid (a-LA), which inhibits Por

(Arlt et al., 2003; Stiborová et al., 2005b) were used to inhibit the activation of

AAI in murine microsomes. Dicoumarol was used to inhibit the activation

of AAI by Nqo1 in mouse hepatic cytosols. The inhibition studies were

performed as described (Arlt et al., 2005; Stiborová et al., 2001b, 2003a).

Determination of NQO1 activity and protein levels by Western

blotting. NQO1 antibodies were prepared as described previously (Stiborová

et al., 2002b, 2005b, 2006). Immunoquantitation of cytosolic NQO1 was

carried out by SDS-polyacrylamide gel electrophoresis (Stiborová, 2006).

Human recombinant NQO1 (Sigma) was used to identify the band Nqo1 in

murine cytosols. NQO1 activity was measured essentially as described by

Ernster (1967), but the method was improved by addition of cytochrome

c (Mizerovská et al., 2011).

RESULTS

DNA Adduct Formation by AAI in HRN Mice

In order to evaluate the role of hepatic Por-dependent Cyp

enzymes in the detoxication of AAI in vivo, we treated HRN

and WT mice with a single dose of 10 or 50 mg/kg bw of AAI

by oral gavage. The formation of AAI-DNA adducts in various

organs (liver, lung, kidney, spleen, colon, small intestine,

and urinary bladder) was determined by 32P-postlabeling.

Essentially, the same DNA adduct pattern as that found in vivo
in humans (Bieler et al., 1997; Schmeiser et al., 1996) and rats

(Schmeiser et al., 1988; Stiborová et al., 1994), in incubations

using rat and human hepatic microsomes (Stiborová et al.,
2001b, 2005a), and human hepatic and renal cytosols

(Stiborová et al., 2003a) was observed in all tissues analyzed

(see Fig. 1 inset for kidney of mice treated with 50 mg/kg bw

AAI). Adducts were indentified to be 3#,5#-bisphospho-7-

(deoxyguanosin-N2-yl)-aristolactam I (dG-AAI, spot 1), 3#,5#-
bisphospho-7-(deoxyadenosin-N6-yl)-aristolactam I (dA-AAI,

spot 2), and 3#,5#-bisphospho-7-(deoxyadenosin-N6-yl)-

aristolactam II (dA-AAII, spot 3) (Pfau et al., 1990; Schmeiser

et al., 1996; Stiborová et al., 1994; Fig. 1). The identities of the

individual AAI-derived DNA adducts were confirmed by

cochromatographic analysis on TLC and HPLC as described

previously (Schmeiser et al., 1996) (data not shown). No DNA

adducts were observed in DNA isolated from the tissues of

control animals (data not shown).

AAI-DNA adduct formation was concentration dependent

and organ specific (Fig. 2 and Supplementary table S1). Adduct

levels in WT mice were highest in the small intestine, followed

by liver, colon, bladder, lung, spleen, and kidney, where

adducts were only observed after 50 mg/kg (Fig. 2B). In HRN

mice treated with either AAI dose, higher levels of AAI-DNA

adducts were found than in WT mice in all organs analyzed,

with the highest levels and largest differences in kidney

(Fig. 2B). The latter finding indicates that the lack of Por-

dependent Cyp-mediated detoxication of AAI in liver of HRN

mice increased the effective concentration of AAI in this organ

and in extrahepatic tissues.

Human, Mouse, Rat, and Rabbit Hepatic Microsomes Oxidize
AAI to AAIa

In vitro experiments were performed to further examine the

role of the mouse hepatic Cyps in the detoxication of AAI.

Microsomes were isolated from livers of HRN and WT mice,

either untreated or pretreated with BaP (i.e., HRN-BaP and

FIG. 2. Quantitative TLC32P-postlabeling analysis of DNA adducts

formed by AAI in organs of HRN and WT mice treated orally with 10 (A)

or 50 mg AAI/kg bw for 24 h (B). F, fold increase in DNA adducts in

HRN mice compared with WT mice. RAL, relative adduct labeling; ND, not

detected. Values are given as means ± SD (n ¼ 3). Values significantly

different from WT mice: *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s

t-test).
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WT-BaP mice, Arlt et al., 2008). For comparison, human,

rabbit, and rat hepatic microsomes were utilized.

Hepatic microsomes of WT, WT-BaP, and HRN-BaP mice

were capable of metabolizing AAI to one metabolite detectable

by HPLC analysis (see peak with r.t. of 28.3 min in Fig. 3 for

microsomes of WT mice). MS (NALDI- and MALDI-TOF-

TOF, Fig. 4) was used to identify the structure of this

metabolite. Negative NALDI-TOF-TOF MS detected a peak at

m/z 325.803 (Fig. 4A), representing the molecular ion [M-H]�

of 8-hydroxy-aristolochic acid (AAIa) (for structure, see

Fig. 1). Positive MALDI-TOF-TOF detected peaks at m/z
328.043 and 327.029, representing the molecular ions [M-H]þ

and [M]þ of AAIa, respectively (Fig. 4B). The peaks at m/z
283.021 and 311.031, representing ions of AAIa fragments,

were also found (Fig. 4B). These results show that the detected

metabolite is the demethylation product of AAI, 8-hydroxy-

aristolochic acid (AAIa) (for structure, see Fig. 1), which was

found to be a detoxication metabolite of AAI (Shibutani et al.,
2010). In contrast to hepatic microsomes of WT, WT-BaP and

HRN-BaP mice, microsomes of HRN mice did not oxidize

AAI (Figs. 3C and 5A). Pretreatment of mice with BaP, a

potent CYP1A1/2 inducer (Arlt et al., 2008) greatly stimulated

AAI demethylation to AAIa. Even hepatic microsomes of HRN

mice treated with BaP were capable of demethylating AAI

FIG. 3. HPLC chromatograph of AAIa metabolite (peak r.t. at 28.3 min) and AAI (peak r.t. at 36 min) produced by hepatic microsomes of WT mice incubated

with AAI and NADPH (A), by hepatic microsomes of WT mice incubated with AAI without NADPH (B), and by hepatic microsomes of HRN mice incubated

with AAI and NADPH (C). The peaks with the characterized AAI metabolite (AAIa) and the parent AAI are indicated in the chromatograms.
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FIG. 4. Identification of AAI metabolite as AAIa. Negative NALDI-TOF/TOF (A) and positive MALDI-TOF/TOF (B) of AAIa. The peaks at m/z 348.736 and

366.765 in panel A are matrix peaks.
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(Fig. 5A). These results correlated well with the protein

expression of Cyp1a1/2 and the EROD activity in the hepatic

microsomes (Arlt et al., 2008; compare Fig. 5B).

In contrast to mouse hepatic microsomes, renal microsomes

from WT and HRN mice did not oxidize AAI to AAIa under

the same experimental conditions (data not shown).

The efficiency of hepatic microsomes from WT mice to form

AAIa was compared with that of human, rat, and rabbit hepatic

microsomes (Supplementary fig. S1). Hepatic microsomes from

all these species oxidized AAI to AAIa. Whereas human and rat

hepatic microsomes oxidized AAI with similar efficiency,

a 1.3-fold lower oxidation of AAI was found in mouse hepatic

microsomes compared with human microsomes and even lower

activity in microsomes of rabbits (Supplementary fig. S1).

The capacity of different CYPs to demethylate AAI to AAIa

was studied using hepatic microsomes of rats treated with CYP

inducers. As shown in Figure 6A, hepatic microsomes of rats

treated with Sudan I (which induces CYP1A) and PB (which

induces CYP2B and -2C) were 1.3 and 1.1 times more efficient

to oxidize AAI to AAIa than uninduced microsomes. In

contrast, other CYP inducers such as ethanol (which induces

CYP2E1) and PCN (which induces CYP3A) decreased AAIa

formation. Collectively, these findings strongly suggest that

CYP1A1/2 enzymes are predominantly responsible for AAI

demethylation to AAIa in mouse and rat liver microsomes.

Oxidation of AAI to AAIa by Rat Recombinant CYPs in
Supersomes

Further experiments were conducted using microsomes of

Baculovirus transfected insect cells (Supersomes) containing

recombinantly expressed rat CYPs, POR, and/or cytochrome b5

(Fig. 6B). Only rat CYPs could be utilized as Supersomes

containing individual mouse Cyps are not available. Rat

CYP1A2 was the most efficient enzyme at demethylating AAI

to AAIa, followed by CYP1A1 (Fig. 6B). Rat recombinant

CYP2C enzymes were also capable of demethylating AAI but

to a lesser extent (Fig. 6B). No AAIa formation occurred in

control incubations with Supersomes containing POR alone.

FIG. 5. Oxidation of AAI to AAIa by murine hepatic microsomes isolated from livers of HRN and WT mice, control mice (untreated) or mice pretreated (i.p.)

with 125 mg BaP/kg bw daily for 5 days (Arlt et al., 2008) (A); Cyp1a enzymatic activity (EROD activity) in hepatic microsomes (B). DNA adduct formation by

AAI activated with hepatic microsomes as determined by TLC32P-postlabeling (C). RAL, relative adduct labeling; ND, not detected. All values are given as means ±

SD (n ¼ 3). Values significantly different from control (untreated) WT mice: ***p < 0.001 (Student’s t-test).

FIG. 6. Oxidation of AAI by rat hepatic microsomes (A) or recombinant CYPs of rat (B). Values are given as means ± SD (n ¼ 3). Values significantly

different from hepatic microsomes of control (untreated) rats: *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s t-test). Sudan I, phenobarbital (PB), ethanol (EtOH),

and pregnenolone-16a-carbonitrile (PCN) were used as inducers of rat CYPs. One milligram microsomal protein or 50lM rat recombinant CYPs and 10lM AAI

were used in incubations (see Materials and Methods). Control, control Supersomes containing POR alone (50nM). ND, not detected.
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Hepatic Microsomes of WT, WT-BaP, and HRN-BaP but
Not of HRN Mice Activate AAI to Species Forming
DNA Adducts

In order to evaluate the role of Por-dependent Cyp-mediated

activation of AAI in DNA adduct formation, we carried out

in vitro incubations using the same hepatic mouse microsomes

as those used in the experiments above, except that incubations

were performed under hypoxic conditions. Incubation mixtures

were purged with a stream of argon for 3 min before the addition

of AAI. Although most of the oxygen was removed, we cannot

exclude its presence in the membranes and lumen of microsomes

present in the mixtures. AAI was activated by hepatic micro-

somes of WT, WT-BaP, and HRN-BaP mice, generating the

same cluster of three DNA adducts as those obtained in vivo in

mice (spots 1, 2, and 3 shown in Fig. 1), identified to be dG-AAI

(spot 1), dA-AAI (spot 2), and dA-AAII (spot 3). Pretreatment of

mice with BaP increased the levels of AAI-DNA adducts

catalyzed by hepatic microsomes of both WT and HRN mice

(Figs. 5C and 7C and Supplementary table S2). Because this

increase corresponded to an increase in Cyp1a1/2 protein

expression and their enzymatic activities (Arlt et al., 2008;

compare Fig. 5B), our findings indicate that mouse Cyp1a1/2

participate in the metabolic activation of AAI to form DNA

adducts. Control incubations carried out in parallel without

microsomes, or without DNA, or without AAI, were free of

adduct spots in the region of interest (data not shown). Renal

microsomes of both mouse strains (WT and HRN) also activated

AAI to form the same AAI-DNA adducts, both with similar

efficiencies. However, renal microsomes of WT mice were less

effective than hepatic microsomes (Figs. 7A and 7B and

Supplementary tables S2 and S3).

Whereas hepatic microsomes of WT, WT-BaP, and HRN-

BaP mice activate AAI to species forming DNA adducts, those

of HRN mice were not active (Figs. 5C and 7). This finding

that again parallels Cyp1a1/2 enzyme activity (EROD)

(Fig. 5B) might be caused either by the lack of Por-mediated

or Por-dependent Cyp1a1/2-mediated activation of AAI.

To further investigate the role of Por-dependent-Cyp-

mediated DNA adduct formation by AAI in mouse hepatic

microsomes, inhibitors of several Cyps and Por were utilized.

In hepatic microsomes, AAI-DNA adduct formation was

inhibited with a-NF (which inhibits Cyp1a1/2), ellipticine

(which inhibits Cyp1a1), and furafylline (which inhibits

Cyp1a2) but not with ketoconazole (which inhibits Cyp3a) and

a-lipoic acid (which inhibits Por) (Figs. 7A and 7C and

Supplementary table S4). These results corroborate the sug-

gestion that Cyp1a enzymes play an important role in AAI-DNA

adduct formation in mouse liver, whereas participation of Por or

other Cyps such as Cyp3a is negligible in this process. The major

role of mouse hepatic microsomal Cyp1a1/2 in AAI activation

is in accordance with former findings showing participation

of these enzymes in this process in human and rat hepatic

microsomes (Stiborová et al., 2001b, 2005a, 2005c).

In contrast to hepatic microsomes, AAI-DNA adduct

formation catalyzed by renal microsomes was inhibited by

ketoconazole and a-lipoic acid but not by a-NF, ellipticine, or

furafylline (Fig. 7B and Supplementary table S5). An increase

in AAI-DNA adduct levels was even produced by a-NF, the

compound known to stimulate oxidation of several substrates

catalyzed by Cyps of the 3a subfamily (Bořek-Dohalská et al.,
2001; Bořek-Dohalská and Stiborová, 2010; Rendic and

DiCarlo, 1997; Ueng et al., 1997). Moreover, a-NF was also

found to stimulate reduction of some substrates by POR

including AAI, thereby increasing levels of AAI-DNA adducts

(Hodek et al., 2009; Stiborová et al., 2001b, 2005a). Therefore,

these results indicate that Cyp3a and Por might participate in

AAI-DNA adduct formation in mouse kidney.

Whereas POR was found to catalyze AAI-DNA adduct

formation in human kidney microsomes (Stiborová et al.,
2005a), human CYP3A4, the most abundant CYP enzyme in

human livers (Rendic and diCarlo, 1997), was inactive

(Stiborová et al., 2001b, 2005a, 2005c). Human recombinant

CYP3A5, the enzyme that is expressed in human kidney, was

tested in this work to investigate its potential to activate AAI.

As shown in Supplementary figure 2 and table S6, CYP3A5

expressed in Supersomes increases levels of AAI-derived DNA

adducts when incubated with DNA in vitro, indicating its role

in the activation process. This conclusion was also supported

by the inhibition of AAI-DNA adduct formation in this system

by ketoconazole.

Metabolic Activation of AAI Mediated by Mouse Hepatic and
Renal Cytosols In Vitro

In initial experiments, we investigated the efficiency of

hepatic and renal cytosolic samples of WT and HRN mice to

generate adduct forming species from AAI. Incubations were

carried out in the presence of NADPH, a cofactor of Nqo1, the

enzyme shown to be most efficient in AAI activation

(Stiborová et al., 2002a, 2003a, 2011). Similarly, to human

hepatic and renal cytosols (Stiborová et al., 2003a, 2011),

cytosols of both organs and of both mouse strains were capable

of activating AAI to form DNA adducts (see Fig. 8A and

Supplementary table S7 for hepatic cytosols and Supple-

mentary table S8 for renal cytosols), but mouse renal cytosols

were less effective than hepatic cytosols (Supplementary

tables S7 and S8). Interestingly, hepatic cytosolic samples of

HRN mice were more than 3-fold more efficient in activating

AAI to DNA adducts than those of WT mice (Fig. 8A and

Supplementary table S7).

In hepatic cytosols, we also tested whether pretreatment of

WT and HRN mice with BaP, a Nqo1 inducer (Elovaara et al.,
2007; Hockley et al., 2007; Vondráček et al., 2009), influences

the formation of AAI-DNA adducts. Indeed, more than 3- and

6-fold higher levels of AAI-DNA adducts catalyzed by hepatic

cytosols of HRN-BaP and WT-BaP mice than untreated mice

were determined, respectively (Fig. 8A and Supplementary
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table S7). This was paralleled by an increase in Nqo1 protein

expression and enzyme activity in these samples (Figs. 8B and

8C). These results demonstrate that Nqo1 plays an important

role in livers of both WT and HRN mice, analogous to its role

in human and rat liver cytosols (Stiborová et al., 2002a, 2003a,

2011). Indeed, participation of Nqo1 in AAI-DNA adduct

formation with mouse hepatic cytosols was confirmed by the

effect of dicoumarol, an Nqo1 inhibitor, in reducing DNA

binding (Supplementary fig. 3 and Supplementary table S9).

DISCUSSION

A large body of evidence indicates that metabolic activation

and detoxication of AAI influences its nephrotoxic and

carcinogenic effects. Demethylation of AAI to AAIa is

believed to be detoxication reaction because AAIa was found

to be much less toxic than AAI (Shibutani et al., 2010). In

addition, AAIa or its conjugates, the glucuronide, the acetate,

and the sulfate esters, are readily excreted in urine (Chan et al.,
2006, 2007).

Formation of AAIa was recently found to be catalyzed

mainly by human CYP1A1 and -1A2 in vitro (Rosenquist

et al., 2010; Šı́stková et al., 2008) and by mouse Cyp1a2

in vivo (Rosenquist et al., 2010). However, CYP1A1 and -1A2

are the enzymes that also activate AAI (Stiborová et al., 2001b,

2005a, 2005c). We therefore investigated participation of

these and other CYPs both in detoxication and in activation of

AAI in detail.

HRN mice carry a deletion of the Por gene in hepatocytes

(Henderson and Wolf, 2003; Henderson et al., 2003b) and thus

lack Cyp activity in the liver. AAI-DNA adducts were formed

in all organs of both WT and HRN mice treated with AAI.

These findings suggest that AAI is distributed via the blood

stream to other organs and that these tissues have the metabolic

capacity to reductively activate this carcinogen. Moreover, our

results demonstrate that Por-dependent, Cyp-mediated metab-

olism of AAI in the liver dictates the formation of DNA

adducts by this compound also in extrahepatic organs in mice

in vivo. Besides such an in vivo study, we performed in vitro
experiments utilizing subcellular systems (i.e., microsomes and

cytosols) of the liver, the organ that is predominantly

responsible for the biotransformation of many xenobiotics,

as well as the kidney, the target organ for AAI toxicity. We

demonstrated that hepatic Cyps oxidize AAI, thereby

decreasing its concentrations in liver of WT mice, and lower

amounts of AAI are distributed to extrahepatic organs than in

HRN mice. Indeed, lower levels of AAI-DNA adducts were

found in tissues of WT mice relative to HRN mice. Absence of

AAI demethylation activity (i.e., detoxication) in livers of HRN

mice was also shown by in vitro experiments. Whereas hepatic

microsomes isolated from WT mice oxidized AAI to AAIa,

those from HRN mice were not capable of catalyzing this

reaction. These results fit well with the proposed scheme of

FIG. 8. DNA adduct formation by AAI activated with hepatic cytosols isolated from livers of HRN and WT mice, control mice (untreated), or mice pretreated

(i.p.) with 125 mg/kg bw BaP daily for 5 days (Arlt et al., 2008) as determined by TLC32P-postlabeling (A). RAL, relative adduct labeling. Nqo1 protein

expression in hepatic cytosols as determined by Western blotting (see insert) (B). Nqo1 enzymatic activity in hepatic cytosols (C). Human recombinant NQO1

(Sigma; NQO1 stan, see insert B) was used to identify the Nqo1 band in murine cytosols. All values are given as means ± SD (n ¼ 3). Values significantly different

from control (untreated) mice: ***p < 0.001 (Student’s t-test).

FIG. 7. Effect of different inhibitors on DNA adduct formation by AAI activated with hepatic or renal microsomes isolated from HRN and WT mice as

determined by TLC32P-postlabeling. Hepatic (A) and renal microsomes of control mice (untreated) (B). (C) Hepatic microsomes of mice pretreated (i.p) with 125

mg/kg bw BaP daily for 5 days (Arlt et al., 2008). Inhibitors a-NF, a-naphthoflavone; E, ellipticine; FF, furafylline; KC, ketoconazole; a-LA, lipoic acid were used

in the experiments. F, fold increase in DNA binding in hepatic or renal microsomes from WT mice compared with HRN mice. RAL, relative adduct labeling.

Control, without cofactor. ND, not detected. Values are given as means ± SD (n ¼ 3). Values significantly different from incubations without inhibitors: ***p <

0.001 (Student’s t-test).
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AAI metabolism (see Fig. 1). If AAI is not oxidized to AAIa in

the liver, it is activated by several enzymes with nitroreductase

activity (for a review, see Stiborová et al., 2008b, 2008c) to

form a cyclic acylnitrenium ion generating DNA adducts

(Fig. 1). Our results are in accordance with another study

showing that mice that lack hepatic Por-dependent Cyp

activity (also HRN mice but a different strain) are extremely

sensitive to AA toxicity (Xiao et al., 2008). Together with the

present study, these results demonstrate that the HRN mouse

model used in the study is an excellent model not only to

further investigate the toxic effects of AAI but also of other

toxic agents.

We found that the hepatic CYP enzymes of the 1A

subfamily of mice and rats are crucial for in vitro demethy-

lation of AAI in rodents, similar to its role in human systems

(Rosenquist et al., 2010; Šı́stková et al., 2008). Inducers of

these enzymes such as BaP (Arlt et al., 2008) and Sudan I

(Stiborová et al., 2002b) increased demethylation of AAI

catalyzed by mouse and rat hepatic microsomes. The results

found in in vitro experiments using mouse hepatic microsomes

correspond well to the situation in vivo; as shown by

Rosenquist et al. (2010), treatment of mice lacking Cyp1a2

protein expression (Cyp1a2 knockout mice) with AAI led

to elevated levels of AAI-DNA adducts in the renal cortex and

to an increase in microalbuminuria, an indicator of renal tubule

dysfunction, relative to WT mice. A major role of CYP1A in

AAI demethylation was also confirmed in the present work by

utilizing rat recombinant CYP enzymes; rat CYP1A2, followed

by CYP1A1, were the most efficient in AAI demethylation to

AAIa. In addition to rat CYP1A1/2, rat CYP enzymes of the

2C subfamily were also capable of demethylating AAI but with

much lower efficiencies than CYP1A. But because CYP2C

enzymes in rat hepatic microsomes constitute 55% of all CYP,

whereas CYP1A only 2% (Nedelcheva and Gut, 1994; Rolsted

and Kissmeyer, 2008), the contributions of CYP2C enzymes to

AAI demethylation in rat livers might be important.

The increase in AAI-DNA adduct formation found in HRN

mice is the combined result of the lack of AAI detoxication by

demethylation catalyzed by hepatic Cyps and the reductive

activation of AAI by Nqo1, the most effective activating

enzyme in human and rat liver and kidney (Stiborová et al.,
2002a, 2003a, 2011). Expression and activity of this enzyme in

the liver of HRN mice were higher than in the liver of WT

mice. This higher Nqo1 activity results in better activation of

AAI to DNA adduct formation with hepatic cytosol of HRN

mice. Likewise, increased AAI-DNA adduct formation was

found with renal cytosol of HRN mice as compared with WT

mice. Of note, it was reported that polymorphisms in the

human NQO1 gene are important in AAI-induced nephropathy

(i.e., BEN, a disease that is associated with dietary exposure

to AA [Arlt et al., 2007; Grollman et al., 2007]) and/or

carcinogenicity (Atanasova et al., 2005; Toncheva et al.,
2004). Indeed, one of the NQO1 polymorphisms, the genotype

NQO1*2/*2, was shown to predispose patients suffering from

BEN to develop urothelial cancer (OR ¼ 13.75, 95% CI 1.17–

166.21) (Toncheva et al., 2004). This finding together with the

demonstration of the importance of NQO1 in AAI activation

could be an explanation for cancer induction by AAI in only

some of the AAN and BEN patients. The results found in this

and former (Stiborová et al., 2002a, 2003a, 2011) studies

strongly support the hypothesis (Stiborová et al., 2008c) that

a key point determining the carcinogenic and nephrotoxic

effects of AAI lies in the balance of activities of reductases

such as NQO1, catalyzing AAI-DNA adduct formation, and

enzymes such as CYPs, which detoxify AAI to AAIa.

It should be emphasized, however, that under the hypoxic

(anaerobic) conditions, mouse hepatic Cyp1a enzymes were

also capable of reducing AAI to adduct forming species

in vitro. Whereas hepatic microsomes of WT mice catalyzed

activation of AAI to form AAI-DNA adducts, only hepatic

microsomes of HRN mice pretreated with BaP, an inducer of

Cyp1a, were able to catalyze this reaction but not microsomes

from untreated HRN mice. The major role of Cyp1a in AAI-

DNA adduct formation by hepatic microsomes was also demon-

strated using selective inhibitors. Inhibitors of Cyp1a1 and -1a2,

but not of Por and Cyp3a, decreased levels of AAI-DNA adducts

formed by hepatic microsomes. These findings demonstrate

that besides the levels of Cyp1a expression in the liver,

the in vivo oxygen concentration in tissues will affect the

balance between nitroreduction and demethylation of AAI,

thereby influencing its toxicity and carcinogenicity. Taking

into account all available data, we propose that the pathways

of AAI metabolism are mainly dictated by the binding

affinities of AAI to CYP1A or NQO1, and their enzymatic

turnover as well as by the balance between the efficiency of

CYP1A to oxidize and reduce AAI.

In contrast to mouse hepatic microsomes, Por and Cyp3a

enzymes seem to be more important in AAI-DNA adduct

formation in renal microsomes. Previously, POR was found to

be an efficient enzyme catalyzing activation of AAI in human

kidney (Stiborová et al., 2005a). However, the participation of

renal mouse Cyp3a in AAI-DNA adduct formation was

initially rather surprising because human CYP3A4 that was

tested previously for its efficiency to activate AAI was found to

be ineffective (Stiborová et al., 2005a). CYP3A5, another

human enzyme of the CYP3A subfamily, predominantly

expressed in human kidney, was herein found to activate

AAI. This finding might explain the results of a pilot genetic

study (Atanasova et al., 2005), which found a weak association

between human CYP3A5*1 allele and BEN.

In conclusion, although the impact of individual metabolic

enzymes on the nephrotoxicity and carcinogenicity of AAI is

still not entirely resolved, one question was unambiguously

answered by our present work and other recent studies

(Rosenquist et al. 2010; Xiao et al., 2008), namely that hepatic

Cyp1a enzymes detoxify AAI in mice, thus decreasing its renal

toxicity. The evaluation of interindividual variations in the

human enzymes that play a major role in AAI activation and
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detoxication, including their genetic polymorphisms, remain

a major challenge to explain human individual susceptibility

to AAI and to predict the risk of cancer among the AAN and

BEN patients.
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Stiborová, M., Frei, E., Hodek, P., Wiessler, M., and Schmeiser, H. H. (2005a).

Human hepatic and renal microsomes, cytochromes P450 1A1/2, NADPH:-

cytochrome P450 reductase and prostaglandin H synthase mediate the

formation of aristolochic acid-DNA adducts found in patients with urothelial

cancer. Int. J. Cancer. 113, 189–197.
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A B S T R A C T

Ellipticine is a pro-drug, whose activation is dependent on its oxidation by cytochromes P450 (CYP) and

peroxidases. Cytochrome b5 alters the ratio of ellipticine metabolites formed by isolated reconstituted

CYP1A1 and 1A2, favoring formation of 12-hydroxy- and 13-hydroxyellipticine metabolites implicated

in ellipticine–DNA adduct formation, at the expense of 9-hydroxy- and 7-hydroxyellipticine that are

detoxication products. Cytochrome b5 enhances the production of 12-hydroxy and 13-hydroxyellipti-

cine. The change in metabolite ratio results in an increased formation of covalent ellipticine–DNA

adducts, one of the DNA-damaging mechanisms of ellipticine antitumor action. This finding explains

previous apparent discrepancies found with isolated enzymes and in vivo, where CYP1A enzymatic

activation correlated with ellipticine–DNA-adduct levels while isolated CYP1A1 or 1A2 in reconstituted

systems were much less effective than CYP3A4. The effect of cytochrome b5 might be even more

pronounced in vivo, since, as we show here, ellipticine increases levels of cytochrome b5 in rat liver. Our

results demonstrate that both the native 3D structure of cytochrome b5 and the presence of the heme as

an electron transfer agent in this protein enable a shift in ellipticine metabolites formed by CYP1A1/2.

� 2011 Published by Elsevier Inc.
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1. Introduction

Ellipticine (5,11-dimethyl-6H-pyrido[4,3-b]carbazole, Fig. 1),
an alkaloid isolated from Apocynaceae plants, exhibits significant
antitumor and anti-HIV activities (for a summary see [1–3])]. The
main reasons for the interest in ellipticine and its derivatives for
clinical purposes are their high efficiencies against several types of
cancer, their limited toxic side effects, and their lack of
haematological toxicity [4]. Nevertheless, ellipticine is a potent
mutagen. Many ellipticine derivatives are mutagenic to Salmonella

typhimurium Ames tester strains, bacteriophage T4, Neurospora

crassa, and mammalian cells and induce prophage lambda in
Escherichia coli for overview (for overview, see [1–3]).
36
37
38
39
40
41
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43
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45

Abbreviations: COX, cyclooxygenase; CYP, cytochrome P450; HRN, hepatic cyto-

chrome P450 reductase null; GAPDH, glyceraldehyde phosphate dehydrogenase;

HPLC, high-performance liquid chromatography; i.p., intra-peritoneal; LPO,

lactoperoxidase; MPO, myeloperoxidase; PEI-cellulose, polyethylenimine-cellu-

lose; RAL, relative adduct labeling; r.t., retention time; TLC, thin layer chromatog-

raphy.
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The precise molecular mechanism responsible for anticancer
effects of ellipticine has not yet been explained. It was suggested
that the major mechanisms of its antitumor, mutagenic and
cytotoxic activities are (i) intercalation into DNA [4,5], and (ii)
inhibition of DNA topoisomerase II activity [2–7].

We have demonstrated that ellipticine also covalently binds to
DNA after being enzymatically activated by cytochromes P450 (CYP)
or peroxidases [1–3,8–13], suggesting a third DNA-damaging
mechanism of action. Two major DNA adducts generated from
13-hydroxy- and 12-hydroxyellipticine (Fig. 1) during the CYP- and
peroxidase-mediated ellipticine metabolism are formed in vitro and
in vivo in DNA of healthy organs of rats and mice treated with this
anticancer drug [1,3,8–13]. Human CYP3A4 and rat CYP3A1 are the
major enzymes oxidizing ellipticine to the reactive metabolites
binding to DNA (13-hydroxy- and 12-hydroxyellipticine) in vitro

[3,9,10]. The same DNA adducts were also detected in human cancer
cells in culture, such as breast adenocarcinoma MCF-7 [14], the
leukaemias HL-60 and CCRF-CEM [15], neuroblastoma [16] and
glioblastoma cells [17], and in rat mammary adenocarcinoma in vivo

[3]. Toxic effects of ellipticine in these cancer cells correlated with
levels of ellipticine-derived DNA adducts and were dependent on
expression of CYP1A1, 1B1, 3A4 and lactoperoxidase (LPO),
cyclooxygenase (COX) and myeloperoxidase (MPO) in these cells
hifts oxidation of the anticancer drug ellipticine by cytochromes
lating its pharmacological efficacy. Biochem Pharmacol (2011),
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4–17]. Based on these data, ellipticine might be considered a drug,
hose pharmacological efficiency and/or genotoxic side effects are
pendent on its activation by CYPs and peroxidases in target
sues.
Concerning formation of ellipticine-derived DNA adducts in

althy organs, the risk of treating patients with this compound
ight be considered. Nevertheless, our in vivo studies using the rat
perimental model mimicking the fate of ellipticine in human
Please cite this article in press as: Kotrbová V, et al. Cytochrome b5

P450 1A1 and 1A2 from its detoxication to activation, thereby mod
doi:10.1016/j.bcp.2011.06.003
[8,12] demonstrated that ellipticine–DNA adducts did not persist
in healthy tissues of rats treated with ellipticine [12]. Therefore,
these results suggest a relatively low risk of the genotoxic side
effects of ellipticine during the cancer treatment in human.

Studies correlating levels of individual ellipticine–DNA adducts
to CYP enzyme expression determined in organs of rats treated
with ellipticine showed good correlations of major adduct levels
with CYP1A1/2 and CYP3A1 levels [8]. This finding is in contrast to
shifts oxidation of the anticancer drug ellipticine by cytochromes
ulating its pharmacological efficacy. Biochem Pharmacol (2011),
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the metabolite patterns and DNA adduct levels seen with pure CYP
enzymes of rat and human origin reconstituted with NADPH:CYP
reductase [3,10,18]. Here CYP1A isoforms did not activate
ellipticine, but 9-hydroxy- and 7-hydroxyellipticine, the detoxica-
tion products (Fig. 1), were the major metabolites, and as a
consequence ellipticine–DNA adduct levels were very low.

In isolated microsomes, in cells and in intact organs cytochrome
b5 might influence CYP-catalyzed reactions [19]. The lack of
cytochrome b5 in our reconstituted systems could therefore be a
reason for the low activating capacity of isolated CYP1A1/2. We
therefore investigated the role of cytochrome b5 on CYP catalyzed
oxidation of ellipticine. A reconstituted system consisting of pure
CYP1A1 or 1A2 enzymes with NADPH:CYP reductase in liposomes
with or without cytochrome b5 was used.

Many studies have investigated whether cytochrome b5 can
change the rates of CYP-mediated oxidation of substrates.
Depending on the individual CYP involved, the experimental
conditions and the substrate utilized, cytochrome b5 has been
shown to stimulate, inhibit or have no effect on CYP mediated
reactions (for a summary, see [19–22]). This work is, to our
knowledge, the first study showing that cytochrome b5 can alter
not only the amounts but also the types of metabolites produced
from a single substrate by one CYP.

Mechanistic studies of the action of cytochrome b5 on the
catalysis of CYP1A1/2 were also performed using the holoprotein of
cytochrome b5, its apo-form (devoid of heme) or apo-cytochrome
b5 reconstituted with manganese protoporphyrin IX (Mn-cyto-
chrome b5).

2. Materials and methods

2.1. Chemicals

NADP+, NADPH, ellipticine, D-glucose 6-phosphate, D-glucose 6-
phosphate dehydrogenase, b-naphthoflavone (b-NF), dilauroyl
phosphatidylcholine, dioleyl phosphatidylcholine, and dilauroyl-
phosphatidylserine, lysozyme, hemin, cytochrome c, horse heart
myoglobin, human serum albumin and calf thymus DNA were
obtained from Sigma Chemical Co. (St. Louis, MO, USA); Sudan I
from BDH (Poole, UK); 7-ethoxyresorufin and 7-methoxyresorufin
from Fluka Chemie AG (Buchs, Switzerland); superoxide dismutase
from Roche Diagnostics (Mannheim, Germany); 9-hydroxyellipti-
cine (5,11-dimethyl-9-hydroxy-6H-pyrido[4,3-b]carbazole) were
from Calbiochem (San Diego, CA, USA). All these and other
chemicals from commercial sources used in the experiments were
reagent grade or better. 7-Hydroxyellipticine and the N2-oxide of
ellipticine were synthesized as described [10] by Kučka (Charles
University, Prague, Czech Republic); their purity was >99.5% as
estimated by high-performance liquid chromatography (HPLC).
Enzymatically prepared 12-hydroxy- and 13-hydroxyellipticine
were obtained from multiple HPLC runs of ethyl acetate extracts of
incubations of ellipticine with human and/or rat hepatic micro-
somes as described [10].

2.2. Animal experiments

The study was conducted in accordance with the Regulations
for the Care and Use of Laboratory Animals (311/1997, Ministry of
Agriculture, Czech Republic), in compliance with the Declaration of
Helsinki. Male Wistar rats (�100 g) were treated with a single dose
of 4 or 40 mg/kg body weight (N = 3) of ellipticine by intraperito-
neal injection. Ellipticine was dissolved in sunflower oil/DMSO
(1:1, v/v) to give a concentration of 6 mg/ml. Three control animals
received an equal volume of solvent only. Rats were placed in cages
in temperature and humidity controlled rooms. Standardized diet
and water were provided ad libitum. The animals were killed 48 h
Please cite this article in press as: Kotrbová V, et al. Cytochrome b5 s
P450 1A1 and 1A2 from its detoxication to activation, thereby modu
doi:10.1016/j.bcp.2011.06.003
after treatment by cervical dislocation. Livers were removed
immediately after death and immediately used for preparation of
microsomal fractions.

2.3. Preparation of microsomes

Microsomes were isolated from fresh livers of rats as described
[9]. Protein concentrations in the microsomal fractions were
assessed using the bicinchoninic acid protein assay with bovine
serum albumin as a standard [23]. Hepatic microsomal prepara-
tions from rats that had been pre-treated with ellipticine were
analyzed for the presence of ellipticine or its metabolites by HPLC
as described [10]. Neither ellipticine nor any of its metabolites
were detectable in microsomal fractions from tissues of rats that
had been pretreated with ellipticine. Microsomes from the livers of
three male rabbits pretreated with 80 mg/kg day of b-NF i.p. for
four consecutive days were isolated as described [9].

2.4. Isolation of CYPs, NADPH:CYP reductase, cytochrome b5 and apo-

cytochrome b5

Recombinant rat CYP1A1 protein was purified to homogeneity
from membranes ofE. coli transfected with a modified CYP1A1 cDNA
[24], in the laboratory of H.W. Strobel (University of Texas, Medical
School of Houston, Texas, USA) by P. Hodek (Charles University,
Prague, Czech Republic). CYP1A2 was isolated from liver micro-
somes of rabbits induced with b-NF by procedures described by
Haugen and Coon [25]. Rabbit liver NADPH:CYP reductase was
purified as described [26]. Cytochrome b5 was isolated from rabbit
liver microsomes by the procedure described by Roos [27]. The apo-
cytochrome b5 protein was prepared using heterologous expression
in E. coli as described in our earlier work [28]. Briefly, the gene for
rabbit cytochrome b5 was constructed from synthetic oligonucleo-
tides using polymerase chain reaction (PCR), cloned into pUC19
plasmid and amplified in DH5a cells. The gene sequence was
verified by DNA sequencing. The sequence coding cytochrome b5

was cleaved from pUC19 by NdeI and XhoI restriction endonucleases
and subcloned into the expression vector pET22b. This vector was
used to transform E. coli BL-21 (DE3) Gold cells by heat shock.
Expression of cytochrome b5 was induced with isopropyl b-D-1-
thiogalactopyranoside (0.05 mM for 4 h). The cytochrome b5

protein, produced predominantly in its apo-form, was purified to
homogeneity from isolated membranes of E. coli cells by chroma-
tography on a DEAE-Sepharose column [28].

2.5. Incorporation of heme into apo-cytochrome b5

The preparation of hemin chloride solution and its incorpo-
ration into apo-cytochrome b5 were performed by the procedure
described elsewhere [29]. Solutions of heme were prepared by
adding 2.6 mg of hemin chloride to a solution of 50% ethanol in
water (4 ml) to give a final concentration of 1 mM. A small
increment (10 ml) of 1 M NaOH was added and mixed to dissolve
the hemin. The solution was then allowed to stand for several
minutes so particulates could settle. A 10-ml aliquot was removed
and diluted into 990 ml of 20 mM Tris, 1 mM EDTA, pH 8.0, at 25 8C
and the absorbance of the Tris-ligated heme was measured at
385 nm. The process was repeated five-times, always by adding
10 ml of 1 M NaOH, until NaOH addition caused no further increase
in absorbance at 385 nm. The hemin solution was further filtered
through 0.2 mm Membrane MF Millipore filter (Millipore, Billerica,
USA). Purified apo-cytochrome b5 was diluted with 20 mM Tris, pH
8.0, containing 1 mM EDTA and 0.4% sodium cholate, to a protein
concentration of 0.25 mg/ml. Aliquots of hemin chloride were
added into the apo-cytochrome b5 sample (1 ml) and the
reconstitution of apo-cytochrome b5 with heme was monitored
hifts oxidation of the anticancer drug ellipticine by cytochromes
lating its pharmacological efficacy. Biochem Pharmacol (2011),
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 absorbance spectroscopy. Absorbance spectra (from 350 to
0 nm) were recorded on Hewlett Packard 8453 UV spectropho-
meter. The reconstitution was considered to be complete when
e Soret peak of cytochrome b5 shifted from 413 to 409 nm and an
crease in absorbance at 385 nm, caused by excess of free Tris-
ated hemin, was observed in the spectrum.
Analogous procedures were utilized to incorporate manganese

otoporphyrin IX (Frontier Scientific, USA) into apo-cytochrome
(Mn-cytochrome b5) [30].

6. Determination of reconstituted cytochrome b5 content

The concentration of apo-cytochrome b5 reconstituted with
me was determined spectrophotometrically (the absolute
sorbance spectrum) using the molar extinction coefficient

13 = 117 mM�1 cm�1 [31,32] or from the difference spectrum
 reduced minus oxidized form, using molar extinction coefficient

24–409 = 185 mM�1 cm�1, respectively [32]. The concentration of
n-cytochrome b5 was determined using an extinction coefficient

 57 mM�1 cm�1 at 469 nm [33].

7. Determination of cytochrome b5 protein levels in rat liver

icrosomes

Immunoquantitation of rat liver microsomal cytochrome b5 was
ne by sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
oresis [24,34]. Samples containing 75 mg microsomal proteins

ere subjected to electrophoresis on SDS/15% polyacrylamide gels.
ter migration, proteins were transferred onto polyvinylidene
fluoride (PVDF) membranes. Cytochrome b5 protein was probed
ith a rabbit polyclonal anti-cytochrome b5 antibody (1:750,
Cam, MA, USA) overnight at 4 8C. Antibody against glyceralde-
de phosphate dehydrogenase (GAPDH) (1:750, Millipore, MA,
A) was used as loading control. The antigen–antibody complex

as visualized with an alkaline phosphatase-conjugated goat anti-
bbit IgG antibody and 5-bromo-4-chloro-3-indolylphosphate/
trobluetetrazolium as chromogenic substrate [24,34] and scanned
ith a computerized image-analyzing system (ElfoMan 2.0, Ing.
mecký, Prague, Czech Republic).

8. Incubations

Unless stated otherwise, incubation mixtures used to study
lipticine metabolism contained the following in a final volume of
0 ml: 100 mM potassium phosphate buffer (pH 7.4), 1 mM
DP+, 10 mM D-glucose 6-phosphate, 1 U/ml D-glucose 6-
osphate dehydrogenase, to generate NADPH, CYP1A1 or CYP1A2
00 pmol) reconstituted with NADPH:CYP reductase (5–
0 pmol) without or with rabbit hepatic cytochrome b5 (0–
00 pmol) and 20 mM ellipticine dissolved in 5 ml methanol. The
zyme reconstitution was performed as described [1,9,18,24,35],
ing different molar ratios of CYP1A1/2 to NADPH:CYP reductase
d cytochrome b5 (see Section 3). Briefly, recombinant rat CYP1A1
d rabbit CYP1A2 were reconstituted with rabbit NADPH:CYP
ductase as follows (2 mM CYPs, 0.1–3 mM NADPH:CYP reductase,
5 mg/ml CHAPS, 0.1 mg/ml liposomes [dilauroyl phosphatidyl-
oline, dioleyl phosphatidylcholine, and dilauroylphosphatidyl-
rine (1:1:1)], 3 mM reduced glutathione, and 50 mM HEPES/
H, pH 7.4). An aliquot containing 100 pmol of reconstituted CYP
zyme was used to oxidize ellipticine. In the control incubation,

ther CYP or ellipticine were omitted. The reaction was initiated
 adding ellipticine. After incubation at 37 8C for 20 min in open

ass tubes (ellipticine oxidation was linear up to 30 min of
cubation [18,36]), the reaction was stopped by adding 100 ml
M NaOH, then 5 ml of 1 mM phenacetine in methanol was added

 an internal standard, and the ellipticine metabolites were
Please cite this article in press as: Kotrbová V, et al. Cytochrome b5
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extracted twice with ethyl acetate (2� 1 ml). The extracts were
evaporated under a stream of nitrogen, dissolved in 50 ml of
methanol and separated by HPLC (5 mm Ultrasphere ODS Beck-
man, 4.6 mm � 250 mm preceded by a C-18 guard column), the
eluent was 64% methanol plus 36% of 5 mM heptane sulfonic acid
in 32 mM acetic acid in water with a flow rate of 0.8 ml/min,
detection was at 296 nm. Five ellipticine metabolites with the
retention times of 6.3, 6.9, 7.8, 8.5 and 11.2 min, were separated
[10,18]. Recoveries of ellipticine metabolites were approximately
95%. To characterize ellipticine metabolites, fractions containing
the metabolites were collected from multiple HPLC runs,
concentrated on a SpeedVac concentrator and analyzed by mass
spectroscopy and/or NMR as described [10,37]. For kinetic studies
1–20 mM ellipticine was incubated with a complete reconstituted
system containing CYP1A1 or CYP1A2, NADPH:CYP reductase and
cytochrome b5 (1:1:5), the metabolites analyzed as above and the
kinetic parameters were determined (see Section 3).

Incubation mixtures used to analyze DNA-adduct formation by
ellipticine were as described above, but contained 1 mM NADPH
instead of the NADPH generating system plus 1 mg calf thymus
DNA in a final volume of 750 ml. The reaction was initiated by
adding ellipticine. Incubations were carried out at 37 8C for 30 min;
ellipticine–DNA adduct formation was linear up to 30 min [1].
Control incubations were carried out either without (i) CYP or (ii)
NADPH, or (iii) DNA, or (iv) ellipticine. After the incubation, DNA
was isolated from the residual water phase by the phenol/
chloroform extraction method as described [1].

2.9. CYP1A enzyme activity assays

The samples containing CYP1A1 or 1A2 reconstituted with
NADPH:CYP reductase (see the procedure described above) were
characterized for CYP1A1 activity using the oxidation of Sudan I for
CYP1A1 [24,34] and 7-methoxyresorufin O-demethylation
(MROD) for CYP1A2 [38,39].

2.10. 32P-Postlabeling analysis and HPLC analysis of 32P-labeled 30,50-

deoxyribonucleoside bisphosphate adducts

The 32P-postlabeling of nucleotides using nuclease P1 enrich-
ment procedure, found previously to be appropriate to detect and
quantify ellipticine-derived DNA adducts formed in vitro and in

vivo [1,3,8–13], was employed in the experiments. The TLC and
HPLC analyzes were done as reported recently [1,3,8–13].

2.11. Molecular modeling and visualization

Model of cytochrome b5 holo-protein was based on coordinates
of soluble domain of rat microsomal cytochrome b5 obtained by
three-dimensional NMR of 15N labeled protein (PDB code 1BFX)
[40]. The model of apo-cytochrome b5 was based on coordinates of
water-soluble domain of rat microsomal apo-cytochrome b5

obtained by three-dimensional NMR of 13C and 15N labeled
protein (PDB code 1I8C) [41]. The models were aligned and
visualized in software package Discovery Studio Visualizer v2.5.
Solvent accessible surface of both proteins was calculated with
probe radius 1.4 Å and colored by mapping the interpolated partial
atom charges to the surface.

3. Results

3.1. Cytochrome b5 modulates ellipticine oxidation catalyzed by

cytochromes P450 1A1 and 1A2

The CYP1A1 and CYP1A2 enzymes oxidize ellipticine to five
metabolites, 7-hydroxy-, 9-hydroxy-, 12-hydroxy-, 13-hydroxyel-
shifts oxidation of the anticancer drug ellipticine by cytochromes
ulating its pharmacological efficacy. Biochem Pharmacol (2011),
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Fig. 2. The effect of increasing NADPH:CYP reductase amounts reconstituted with

CYP in liposomes as described in the Materials and Methods section on rates of

ellipticine oxidation (20 mM) by CYP1A1 (A) and CYP1A2 (B). Incubation time was

20 min at 37 8C, the metabolites were determined after ethyl acetate extraction of

the incubations by HPLC as described. The values are averages and standard

deviations of triplicate incubations. Values significantly different from incubations

containing CYP1A1/2 and NADPH:CYP reductase in a ratio of 1:0.05: *p < 0.001

(Student’s t-test).
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lipticine and N2-oxide of ellipticine (Figs. 2 and 3), found
previously to be formed by human, rat, rabbit and mouse hepatic
microsomes [10,13,18,37]. Rates of ellipticine oxidation by isolated
CYP1A1/2 reconstituted with NADPH:CYP reductase depend on
Table 1
Effect of cytochrome b5 on kinetic parameters of ellipticine oxidation by CYP1A1 and 1

Ellipticine metabolites Km (K0.5)a (mM) Vmax (mM/min�1) 

CYP1A1 without b5

9-Hydroxyellipticine 0.49 � 0.06 0.264 � 0.004 

12-Hydroxyellipticine 0.8 � 0.1 0.102 � 0.002 

13-Hydroxyellipticine 5 � 2 0.057 � 0.009 

7-Hydroxyellipticine 0.50 � 0.02 0.0649 � 0.0004 

CYP1A1 with b5

9-Hydroxyellipticine 0.5 � 0.1 0.100 � 0.003 

12-Hydroxyellipticine 15 � 1a 3.0 � 0.4 

13-Hydroxyellipticine 13.2 � 0.4a 1.8 � 0.1 

7-Hydroxyellipticine 0.4 � 0.2 0.020 � 0.001 

CYP1A2 without b5

9-Hydroxyellipticine 0.24 � 0.04 0.191 � 0.003 

12-Hydroxyellipticine 4 � 1 0.087 � 0.009 

13-Hydroxyellipticine 8 � 2 0.087 � 0.009 

7-Hydroxyellipticine 7 � 1 0.0058 � 0.0004 

CYP1A2 with b5

9-Hydroxyellipticine 0.22 � 0.09 0.115 � 0.004 

12-Hydroxyellipticine 13 � 1 0.49 � 0.03 

13-Hydroxyellipticine 4.1 � 0.6 0.168 � 0.008 

7-Hydroxyellipticine 4.3 � 0.8 0.0067 � 0.0002 

Assays were performed as described under Section 2. Kinetic parameters were determine

cytochrome b5; n, Hill coefficient.
a Sigmoidal data curves were fitted using Hill equation.

Please cite this article in press as: Kotrbová V, et al. Cytochrome b5 s
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molar ratios of CYP to NADPH:CYP reductase in the reconstituted
systems. An increase in the NADPH:CYP reductase content resulted
in an increased oxidation of ellipticine to all metabolites up to a
molar ratio of CYP1A1/2:reductase of 1:1, with negligible changes
in their yields at a ratio of 1:1.5 (Fig. 2). The yield in ellipticine
metabolites was linear with increasing CYP1A1 or 1A2 concentra-
tions up to 0.5 mM. We therefore used 0.2 mM CYP1A1/2 and
reductase in further experiments.

With both CYP1A1 and 1A2, 9-hydroxyellipticine, a detoxica-
tion product of ellipticine [10,18], was the predominant metabolite
(Figs. 2 and 3 and supplemental Tables 1 and 2). The other
metabolites, 12-hydroxy-, 13-hydroxyellipticine and ellipticine
N2-oxide, which are responsible for formation of the major
ellipticine-derived DNA adducts [10,11], and a further detoxication
product, 7-hydroxyellipticine, were formed to a lower extent
(Figs. 2 and 3). The levels of ellipticine N2-oxide were slightly
decreased with increasing ratios of CYP1A2:reductase, probably
because of its spontaneous rearrangement to 12-hydroxyellipti-
cine [10,11,37]. Indeed, the levels of 12-hydroxyellipticine
increased accordingly (Fig. 2, supplemental Table 2).

The patterns and amounts of ellipticine metabolites generated
by CYP1A1 and 1A2 changed significantly when cytochrome b5

was present in the reconstituted system of either CYP1A1 or 1A2
with NADPH:CYP reductase under the optimal molar ratio of one.
Changes in pattern of ellipticine metabolites were dependent on
the molar ratios of CYP and cytochrome b5. If CYP1A1 was used, the
detoxication products of ellipticine (7-hydroxy- and 9-hydro-
xyellipticine) decreased with more added cytochrome b5, while
ellipticine N2-oxide, 12-hydroxy- and 13-hydroxyellipticine in-
creased considerably (Fig. 3A and supplemental Table 2). In the
case of CYP1A2 again 12-hydroxyellipticine became the most
prominent metabolite with increasing cytochrome b5 amounts,
while 9-hydroxyellipticine levels decreased. Here 7-hydroxyellip-
ticine increased concomitant with 12-hydroxy-, 13-hydroxyellip-
ticine and the ellipticine N2-oxide (Fig. 3C and supplemental
Table 2).

If the amount of NADPH:CYP reductase in the incubation was
reduced to one tenth, the effect of cytochrome b5 added into the
reconstituted system containing CYP1A1 or 1A2 was even more
dramatic, with yields of 12-hydroxyellipticine increasing 5–7-fold
(Fig. 3B and D and supplemental Table 3).
A2.

kcat (min�1) kcat/Km (min�1 mM�1) n

1.32 � 0.02 2.7 � 0.3 1

0.51 � 0.01 0.6 � 0.1 1

0.29 � 0.05 0.05 � 0.03 1

0.325 � 0.002 0.64 � 0.03 1

0.50 � 0.01 1.0 � 0.2 1

15 � 2 1.0 � 0.1 4.5 � 0.7a

9.0 � 0.5 0.68 � 0.05 6.3 � 0.9a

0.099 � 0.007 0.3 � 0.2 1

0.93 � 0.04 3.9 � 0.7 1

0.44 � 0.02 0.12 � 0.04 1

0.43 � 0.05 0.06 � 0.02 1

0.029 � 0.002 0.0044 � 0.0008 1

0.58 � 0.02 3 � 1 1

2.5 � 0.1 0.19 � 0.02 1

0.84 � 0.04 0.21 � 0.03 1

0.032 � 0.001 0.008 � 0.002 1

d from initial velocity data as described for N = 3. Average values � SE are shown. b5,
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lating its pharmacological efficacy. Biochem Pharmacol (2011),

http://dx.doi.org/10.1016/j.bcp.2011.06.003


3.

cy

of
CY
ra
CY
N2

th
an
1)
re
ch
cu
lip
fo
tiv
ox
m
Ta

3.

fo

w
el

345
346

347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365

366
367

368
369
370

371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399

1:101:71:51:41:31:21:11:0
0

1

2

3

4

5

6

7

8

CYP1A1: cytochrome b ratio5

9-OH-ellipticine
12-OH-ellipticine
13-OH-ellipticine
7-OH-ellipticine
N2-oxide of ellipticine

* *
*

*
*

*

1:0 1: 1 1: 2 1: 3 1: 4 1: 5 1: 7 1:10
0

1

2

3

4

5

6

7

8

CYP1A2: cytochrome b5 ratio

* *
*

*
* *

1:101:51:0
0.0

0.4

0.8

1.2

1.6

CYP1A1: cytochrom e b5 ratio

*
*

1:0 1: 5 1:10
0.0

0.4

0.8

1.2

1.6

2.0

CYP1A2: cytochrom e b5 ratio

*

*

ni
m.

setilobate
m

enicitpillelo
mn

P
Y
Clo

mn.
-1

-1 ni
m.

setilobate
m

enicitpillelo
mn

P
Y
Clo

mn.
-1

-1

ni
m.

setilobate
m

enicitpillelo
mn

P
Y
Clo

mn.
-1

-1 ni
m.

setilobate
m

enicitpillelo
mn

P
Y
Clo

mn.
-1

-1

A B

C D
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2. Cytochrome b5 affects the kinetics of ellipticine oxidation by

tochromes P450 1A1/2

Further experiments were conducted to investigate the effects
 cytochrome b5 on kinetics of 1–20 mM ellipticine oxidation by
P1A1 and 1A2 to its individual metabolites (Fig. 4, Table 1). The

tio of CYP to NADPH:CYP reductase used was 1:1 and the ratio of
P to cytochrome b5 was 1:5. Because of instability of ellipticine
-oxide, kinetics of its formation was not evaluated.
The presence of cytochrome b5 increased the values of kcat and

e efficiencies (kcat/Km) of ellipticine oxidation to 12-hydroxy-
d 13-hydroxyellipticine catalyzed by both CYP enzymes (Table
. In addition, kinetics of ellipticine oxidation by CYP1A1,
constituted with NADPH:CYP reductase and cytochrome b5

anged completely from a Michaelis –Menten type saturation
rve to a sigmoidal curve for 12-hydroxy- and 13-hydroxyel-
ticine. Indeed, Hill coefficients of 4.6 and 6.3 were determined

r formation of 12-hydroxy- and 13-hydroxyellipticine, respec-
ely (Fig. 4, Table 1). On the contrary, the kinetics of ellipticine
idation by CYP1A2 in presence of cytochrome b5 to these
etabolites exhibited Michaelis –Menten kinetics (Fig. 4,
ble 1).

3. Cytochrome b5 increases the ellipticine-derived DNA adduct

rmation mediated by cytochromes P450 1A1 and 1A2

Using the nuclease P1 version of the 32P-postlabeling assay,
hich was suitable to detect and quantify DNA adducts formed by
lipticine [1,8–12], two ellipticine-derived DNA adducts (see Fig. 1
Please cite this article in press as: Kotrbová V, et al. Cytochrome b5
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for the structures of two deoxyguanosine adducts 1 and 2) were
detected in the calf thymus DNA incubated with this drug and
CYP1A1 or 1A2 reconstituted with NADPH:CYP reductase (Fig. 5A
and B). The two adducts are identical to those found previously
after in vitro incubation of calf thymus DNA with ellipticine,
human, rat, rabbit and mouse hepatic microsomes or human and
rat CYPs [1,9,10], or peroxidases [11] or after treatment of cells in
culture with this anticancer drug [14–17,42] or in vivo (Fig. 5C), in
several organs of rats including mammary adenocarcinoma
[3,8,12] and mice [13] exposed to this agent. These adducts are
generated from ellipticine-13-ylium and ellipticine-12-ylium
(Fig. 1), the reactive species formed from the corresponding
hydroxyellipticines (Fig. 5D and E) as confirmed by co-chro-
matographic analysis using TLC and HPLC [10,11,43]. The increased
levels of 12-hydroxy- and 13-hydroxyellipticine formed by the
reconstituted system containing cytochrome b5 resulted in
corresponding higher levels of these two ellipticine-derived
DNA adducts (Table 2). In the case of CYP1A1, the presence of
cytochrome b5 resulted in 6.2-fold higher levels of the ellipticine–
DNA adduct 1, which correlated with a 6.3-fold increased
formation of 13-hydroxyellipticine, the metabolite generating this
adduct (Table 2, Fig. 3). Likewise, CYP1A2 activation of ellipticine in
presence of cytochrome b5 resulted in 3.9-fold higher levels of DNA
adduct 1 (Table 2) which was consistent with a similar increase
(more than 3.8-fold) in 13-hydroxyellipticine metabolite forma-
tion by this system (Fig. 3). The same was true for the parallel
effects of cytochrome b5 on ellipticine–DNA-adduct 2 levels and
12-hydroxyellipticine yields in incubations with reconstituted
CYP1A1 or 1A2 (Table 2, Fig. 3 and supplemental Table 2).
shifts oxidation of the anticancer drug ellipticine by cytochromes
ulating its pharmacological efficacy. Biochem Pharmacol (2011),
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3.4. Modulation of ellipticine oxidation by cytochromes P450 1A1 and

1A2 is dependent on holo-cytochrome b5

In order to investigate the mechanism of cytochrome b5

mediated-modulation of ellipticine oxidation by CYP1A1 and
Please cite this article in press as: Kotrbová V, et al. Cytochrome b5 s
P450 1A1 and 1A2 from its detoxication to activation, thereby modu
doi:10.1016/j.bcp.2011.06.003
1A2, we also examined the influence of apo-cytochrome b5 and
Mn-cytochrome b5. As shown in Fig. 6, the CYP1A1/2-mediated
oxidation of ellipticine was significantly changed only by holo-
cytochrome b5 or apo-cytochrome b5 reconstituted with heme,
while apo-cytochrome b5 without heme cofactor (see Fig. 7B
hifts oxidation of the anticancer drug ellipticine by cytochromes
lating its pharmacological efficacy. Biochem Pharmacol (2011),
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Fig. 5. Autoradiographic profile of 32P-labeled DNA adducts generated in calf thymus DNA by ellipticine after its activation with reconstituted CYP1A1 without (A) and with

cytochrome b5 (CYP1A1:cytochrome b5 1:5) (B): of 32P-labeled digests of DNA from liver of a male rat treated with 40 mg ellipticine per kg body weight (C): from calf thymus

DNA reacted with 13-hydroxyellipticine (D) or 12-hydroxyelipticine (E). Analyses were performed by the nuclease P1 version of the 32P-postlabeling assay. Adduct spots 1–7

correspond to the ellipticine-derived DNA adducts. Besides adduct 2 formed by 12-hydroxyellipticine, another strong adduct (spot � in panel E), which was not found in any

other activation systems or in vivo was generated.

Table 2
The effect of cytochrome b5 on DNA adduct formation by ellipticine oxidized with CYP1A1 and 1A2.

Activating system RAL (mean � SD/107 nucleotides)

Adduct 1 Adduct 2 Total

CYP1A1 + NADPH:CYP reductase (1:1) 1.6 � 0.2 0.8 � 0.1 2.4 � 0.3

CYP1A1 + NADPH:CYP reductase + cytochrome b5 (1:1:5) 9.9 � 0.6* 1.8 � 0.3* 11.7 � 0.9*

CYP1A2 + NADPH:CYP reductase (1:1) 0.9 � 0.1 0.3 � 0.1 1.2 � 0.2

CYP1A2 + NADPH:CYP reductase + cytochrome b5 (1:1:5) 3.5 � 0.2* 0.8 � 0.2 4.3 � 0.3*

Values are given as means � SD (N = 6). RAL, relative adduct labeling. The total RAL represents sum of RAL values of adducts 1 and 2.
* Values significantly different from control (without cytochrome b5): p < 0.001 (Student’s t-test).
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and D) was essentially without such effects (Fig. 6). We also
employed a structurally similar analogue of cytochrome b5,
known to have limited capability of the electron transfer, Mn-
cytochrome b5 [30,42]. The apo-cytochrome b5 reconstituted
with Mn-protoporphyrin IX should adopt the same 3D confor-
mation as the native cytochrome b5, but it lacks the electron
transfer capability [19,30,44]. Also in the case of Mn-cytochrome
b5, essentially no changes in ellipticine oxidation were found
(Fig. 6).

3.5. Ellipticine increases levels of cytochrome b5 protein in rat livers

Western blots with rabbit polyclonal antibodies raised against
cytochrome b5 were used to investigate the effect of ellipticine on
cytochrome b5 levels in vivo. The levels of hepatic cytochrome b5

protein were increased 4–5-fold in male rats treated with 4 or
40 mg/kg body weight ellipticine (Fig. 8). The mechanism of this
increase in cytochrome b5 levels (i.e. transcriptional or transla-
tional influences, or ellipticine-induced stabilization of cyto-
chrome b5) was, however, not evaluated in this work and awaits
further investigation.

4. Discussion

The results of this study demonstrate for the first time that
cytochrome b5 alters the ratio of ellipticine metabolites formed by
CYP1A1 and 1A2, ‘‘switching’’ oxidation of this anticancer agent
from detoxication (9-hydroxy- and/or 7-hydroxyellipticine) to
DNA-forming metabolites (12-hydroxy- and 13-hydroxyellipti-
cine). These changes resulted in higher covalent DNA adduct levels
by ellipticine, one of the DNA-damaging mechanisms of ellipticine
antitumor action. Therefore, besides stimulating effect of cyto-
chrome b5 on CYP3A4-mediated oxidation of ellipticine to 13-
hydroxyellipticine that was found previously to lead to an increase
in ellipticine–DNA adduct formation [3,10], this heme protein
might play a key role also in the CYP1A1/2-mediated DNA-damage
induced by ellipticine. To further confirm these in vitro results, a
cytochrome b5-knockout cell model is planned to be used to
shifts oxidation of the anticancer drug ellipticine by cytochromes
ulating its pharmacological efficacy. Biochem Pharmacol (2011),
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analyze the oxidation products of ellipticine and ellipticine-
derived DNA adducts.

The findings described herein offer an explanation for previous
discrepancies found in experiments with isolated CYP1A of rat and
human origin reconstituted with NADPH:CYP reductase and in

vivo. The efficiency of CYP1A in activating ellipticine to metabolites
forming DNA adducts in vivo contrasted with the low yield of these
metabolites in vitro [8–10]. The effect of cytochrome b5, causing a
shift in oxidation of ellipticine by CYP1A1/2 from detoxication to
activation may be even more pronounced in vivo, because
ellipticine increases levels of cytochrome b5. Moreover, ellipticine
as a ligand of aryl hydrocarbon receptor [45] also induces
expression of CYP1A1/2, increasing their enzymatic activities
[17,36]. Hence, both these ellipticine-mediated induction effects
produce concerted regulatory effects of this drug on its own
metabolism. Indeed, we have found recently that in hepatic
microsomes of rats treated with ellipticine, contribution of the
CYP1A enzymes to ellipticine–DNA adduct formation is higher
than that of CYP3A [46]. To quantify the involvement of
cytochrome b5 in ellipticine metabolism in vivo we plan to use
cytochrome b5-knockout mice [47,48].

It should be noted that expression levels and activities of
CYP1A1, 1A2 and 3A4 that metabolize ellipticine differ consider-
ably among individuals, because the enzymes are influenced by
several factors, including smoking, drugs and environmental
chemicals [24,39,49]. Furthermore, besides induction of these
Please cite this article in press as: Kotrbová V, et al. Cytochrome b5 s
P450 1A1 and 1A2 from its detoxication to activation, thereby modu
doi:10.1016/j.bcp.2011.06.003
enzymes by several compounds including ellipticine [17,36],
different activities of CYP1A1 and 1A2 are also determined by
genetic polymorphisms, which subsequently might modulate
cancer development and treatment. The polymorphic expression
of CYP1A1 has been attributed to altered expression of the aryl
hydrocarbon (Ah) receptor, the transcription factor that mod-
ulates its regulation, or the Ah receptor nuclear translocator
(Arnt) protein, its associated transcription factor [50,51].
Moreover, the CYP1A1 and CYP1A2 genes are polymorphic
[39,49,52,53]. CYP1A1*2A, CYP1A1*2B and CYP1A1*4 poly-
morphisms have been found that might be associated with
cancers of lung, esophagus or breast and with acute myeloid
leukemia [54–57], while the CYP1A2*1F polymorphism might be
associated with an increased risk of colorectal cancer [52]. In
addition, the CYP1A2*1C allele has been associated with
decreased caffeine 3-demethylation [58], and the CYP1A2*1F

allele was correlated to increased activity [59,60]. The CYP1A2*1F

allele has also been shown to influence the inducibility of the
gene and affect the magnitude of increase of in vivo caffeine
metabolism after both smoking [59,60] and omeprazole treat-
ment [61,62]. Thus, genetic polymorphisms in CYP1A1 and 1A2
enzymes could be important determinants of pharmacological
efficiencies of ellipticine. In contrast to CYP1A1 and 1A2, there is
currently little evidence for a significant contribution of CYP3A4

gene polymorphisms in determining CYP3A4 activity. Besides a
number of rare amino acid variants [63], no polymorphisms with
hifts oxidation of the anticancer drug ellipticine by cytochromes
lating its pharmacological efficacy. Biochem Pharmacol (2011),
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fold increase in cytochrome b5 expression in rats treated with ellipticine compared to

control (uninduced) rats.
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clear genotype–phenotype relationship have so far been
scribed for the CYP3A4 gene [64,65].
It should be emphasized that the effect of cytochrome b5 upon
P1A1/2 catalyzed metabolism resulting in the increase of
rtain metabolites at the expense of others of the same substrate
s to our knowledge not been reported yet. This finding indicates
at cytochrome b5 effects show specificity for different hydrox-
ation sites in the ellipticine molecule. Cytochrome b5-mediated
ecificity for different sites of substrate oxidation seems to occur
so for testosterone hydroxylation by CYP2B6; a 4- and 2.25-fold
crease in 6b- and 16a-hydroxylation of testosterone was
oduced by cytochrome b5, respectively [66,67]. However, in the
se of this substrate, both hydroxylation reactions were
imulated by cytochrome b5. A similar effect of cytochrome b5

as also found for metabolism of midazolam (1- and 4-
droxylation) and metoprolol (formation of a-hydroxymeto-
olol and O-desmethylmetoprolol) in hepatic microsomes
olated from ‘‘hepatic cytochrome b5 null mice‘‘(HBN) compared

 wild-type controls [47]. In such an ex vivo system in which
veral CYPs are expressed in the hepatic microsomes it is not
ssible to determine if cytochrome b5 affects different CYP to

fferent extents.
Generally, two mechanisms of cytochrome b5-mediated

odulation of CYP catalysis have been suggested by several
thors; it can affect the CYP catalytic activities by donating the
cond electron to CYP in a CYP catalytic cycle and/or by acting as

 allosteric modifier of the oxygenase (for reviews see [19–22]).
e mechanism(s) underlying such allosteric effects, based on
ports that apo-cytochrome b5 can stimulate CYP catalysis,
mains uncertain. It does seem clear, however, that cytochrome b5

nding can cause conformational changes to the substrate access
annel and binding pocket in the CYP enzyme [19–22,67,68].
Please cite this article in press as: Kotrbová V, et al. Cytochrome b5
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Here, we show that addition of cytochrome b5 to CYP1A1 alters
the kinetics of ellipticine oxidation by this enzyme. For all
ellipticine metabolites, with the exception of 12-hydroxy- and
13-hydroxyellipticine, the data followed Michaelis–Menten kinet-
ics, and Km values were essentially unchanged by the presence of
cytochrome b5 (Table 1). In contrast, the data for formation of 12-
hydroxy- and 13-hydroxyellipticine did not fit Michaelis–Menten
kinetics, exhibiting positively cooperative binding. These findings
indicate that the presence of cytochrome b5 can cause a
conformational change in the CYP1A1 structure affecting ellipti-
cine binding. The effect of cytochrome b5 upon CYP1A2 catalysis
was not as pronounced as the kinetics still showed Michaelis–
Menten characteristics, but also here the shift to ellipticine
activation from detoxication was prominent.

The results found in this study also show that modulation of
ellipticine oxidation by CYP1A1/2 is induced only by the holo-
cytochrome b5. These findings indicate a high specificity of
interaction of CYP1A1/2 with holo-cytochrome b5 containing
heme, which is necessary not only for electron transfer, but also
for the natural conformation of the cytochrome b5 protein. The
lack of effect of apo-cytochrome b5 on CYP1A1/2 catalysis might
hence be the result of not only the loss of the electron transfer
activity, but may also result from changes in 3D structure of its
protein. While the holo-cytochrome b5 contains four helixes and
three loops, forming the heme binding pocket, apo-cytochrome b5

has only one structural element, a helix of amino acids 39-42
(Fig. 7B). This structural change results in significant alterations in
surface geometry and electrostatic properties of apo-cytochrome
b5 (Fig. 7) preventing adequate protein –protein interactions of
cytochrome b5 with CYP1A enzymes. Moreover, essentially no
changes in ellipticine oxidation were also produced by cyto-
chrome b5 containing manganese protoporphyrin IX (Mn-cyto-
chrome b5), a structural analogue of cytochrome b5 absenting
electron transfer ability. All these results demonstrate that both
the natural 3D structure of the cytochrome b5 protein, dictating
optimal conformational states of CYP1A1 –cytochrome b5 com-
plexes, and the presence of the protoporphyrin IX bonded-Fe ion
as an electron transfer agent are necessary for the observed
effects.

However, it is still questionable whether Mn-cytochrome b5, we
used as a structural analogue of cytochrome b5, is really a suitable
model for mechanistic studies. It was found that affinity of Mn-
protoporphyrin IX toward apo-cytochrome b5 is substantially
lower than the affinity of heme to apo-cytochrome b5 [33]. Under
the conditions typically used in a reconstituted CYP system, free
Mn-protoporphyrin IX and apo-cytochrome b5 co-exist in solution
[33]. Therefore, apo-cytochrome b5 might be present in incuba-
tions instead of Mn-cytochrome b5. Additional studies utilizing
other structural analogues of cytochrome b5 might explain this
feature. The apo-cytochrome b5 reconstituted with porphyrins
containing other metal ions with potentially higher affinity to
cytochrome b5 than Mn-protoporphyrin IX will shed further light
on this question.

In conclusion, the results of this study show for the first time
that cytochrome b5 alters the CYP1A1/2-catalyzed oxidation of the
antitumor agent ellipticine in vitro, favoring formation of the
metabolites producing the reactive species generating DNA
adducts and that this phenomenon leads to similar results as
those seen in vivo. Ellipticine also induces cytochrome b5 (present
work) and CYP1A1/2 enzyme expression [17,36], thereby increas-
ing the contribution of these enzymes to form the DNA adducts
found in vivo [8,46]. Therefore, cytochrome b5 in combination with
CYP1A1/2 can, together with other enzymes known to activate
ellipticine such as CYP3A and/or peroxidases, play a crucial role in
determining the pharmacological and/or genotoxic potential of
this drug.
shifts oxidation of the anticancer drug ellipticine by cytochromes
ulating its pharmacological efficacy. Biochem Pharmacol (2011),

http://dx.doi.org/10.1016/j.bcp.2011.06.003


593

594

595

596
597
598
599

600

601
602

603

604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664

665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750

V. Kotrbová et al. / Biochemical Pharmacology xxx (2011) xxx–xxx 11

G Model

BCP 10927 1–12
Conflict of interest

All authors have no conflict of interest.

Acknowledgements

This work was supported in part by the Grant Agency of the
Czech Republic (grants P301/10/0356, 203/09/0812, 305/09/H008)
and Ministry of Education of the Czech Republic (grants
MSM0021620808 and 1M0505).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bcp.2011.06.003.

References
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