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The imidazoacridinone derivative C-1311 is an antitumor agent in Phase II clinical trials. The mo-
lecular mechanism of enzymatic oxidation of this compound in a peroxidase model system was 
reported earlier. The present studies were performed to elucidate the role of rat and human liver 
enzymes in metabolic transformations of this drug. C‑1311 was incubated with different fractions 
of liver cells and the reaction mixtures were analyzed by RP-HPLC. We showed that the drug 
was more sensitive to metabolism with microsomes than with cytosol or S9 fraction of rat liv-
er cells. Incubation of C-1311 with microsomes revealed the presence of four metabolites. Their 
structures were identified as dealkylation product, M0, as well as a dimer‑like molecule, M1. Fur-
thermore, we speculate that the hydroxyl group was most likely substituted in metabolite M3. It 
is of note that a higher rate of transformation was observed for rat than for human microsomes. 
However, the differences in metabolite amounts were specific for each metabolite. The reactiv-
ity of C‑1311 with rat microsomes overexpressing P450 isoenzymes, of CYP3A and CYP4A  fami-
lies was higher than that with CYP1A and CYP2B. Moreover, the M1 metabolite was selectively 
formed with CYP3A, whereas M3 with CYP4A. In conclusion, this study revealed that C‑1311 
varied in susceptibility to metabolic transformation in rat and human cells and showed selectiv-
ity in the metabolism with P450 isoenzymes. The obtained results could be useful for preparing 

the schedule of individual directed therapy with C-1311 in future patients.

Keywords: antitumor drug, C-1311, imidazoacridinone, in vitro metabolism, microsomes, P450 isoenzymes, Symadex

INTRODUCTION

5-Diethylaminoethylamino-8-hydroxyimidazo-
acridinone, C-1311 (SymadexR), Fig. 1, is an antitu-
mor agent developed in our Department (Cholody 
et al., 1990; 1992; 1996). It is currently undergoing 
Phase II clinical trials for colon and breast cancers. 
Unlike other antitumor agents, C-1311 expresses 
only limited mutagenic potential (Berger et al., 1996) 
and low potency to generate oxygen free radicals, 
which suggests a lack of cardiotoxic properties. Cel-
lular uptake of this agent occurs rapidly (Burger et 
al., 1996) and most of the drug accumulates in the 

nucleus (Skladanowski et al., 1996), which enables its 
fast interaction with DNA.

Previous studies on the biological action of C-
1311 showed that at low doses this drug induced arrest 
of the cell cycle progression in the G2 phase and sub-
sequent apoptosis of murine leukemia L1210 cells (Au-
gustin et al., 1996; Lamb & Wheatley, 1996). In ovarian 
and osteogenic sarcoma cells, G2 arrest resulted only in 
low level of apoptosis (Zafforoni et al., 2001), while in 
human colon carcinoma HT-29 cells, drug-treated cells 
after initial G2 arrest progressed into mitosis but were 
unable to undergo cytokinesis and died in a process 
resembling mitotic catastrophe (Hyzy et al., 2005).
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Studies on the molecular mechanism of the 
antitumor action of C-1311 indicate that C-1311 
traps the cleavable complexes between DNA and 
topoisomerase II (Skladanowski et al., 1996) and in-
tercalates into DNA (Dziegielewski et al., 2002). Un-
der oxidative enzymatic conditions, intercalation of 
C-1311 into DNA is followed by peroxidase-medi-
ated activation of the drug, giving rise to interca-
lated species that might irreversibly bind to DNA 
(Dziegielewski & Konopa, 1998; Mazerska et al., 
2001). Therefore, it was postulated that not only the 
intercalation but also the covalent binding to DNA 
preceded by metabolic activation of C-1311, were 
significant steps in the biochemical mechanism of its 
action. Consequently, the molecular mechanism of 
the enzymatic oxidative activation of this drug was 
investigated in the same model system for which the 
covalent binding to DNA was demonstrated (Maz-
erska et al., 2003). Structural studies of the obtained 
metabolites showed that two of them were products 
of dealkylation of amino groups of the side chain, 
whereas the next two were identified as dimers. 

All the above described elements of the mo-
lecular mechanism of the antitumor action deter-
mined for C-1311 in an enzymatic model system 
were expected to take place also in the cellular en-
vironment in vivo. For that reason the subject of the 
present work is the metabolic transformation of the 
studied drug with a range of human and rat frac-
tions of liver enzymes. We aimed to examine the 
specificity of the enzymatic transformation of C-1311 
with human and rat liver protein fractions as well 
as with microsomal fractions characterized by vari-
ous levels of selected families of cytochrome P450 
isoenzymes. Comparison of the transformation rates 

and of the amount of selected metabolites is pre-
sented and metabolite structures are proposed. The 
obtained results will allow the prediction of meta-
bolic pathways of C-1311 in future patients differing 
in the level of cytochrome P450 isoenzymes and, in 
turn, will help to design directed individual antitu-
mor therapy with this drug.

MATERIALS AND METHODS

Chemicals. C-1311 was synthesized in the 
Department of Pharmaceutical Technology and Bio-
chemistry, Gdańsk University of Technology, as de-
scribed earlier (Cholody et al., 1990). The following 
chemicals were purchased from Sigma Chemical Co. 
(St. Louis, MO, USA): NADPH, MgCl2, and EDTA. 
Amonium formate, mono- and disodium phosphate 
(AnalaR), HPLC grade, were from BDH Ltd (Poole, 
England). Formic acid and methanol HPLC grade 
were obtained from Lab-Scan Analytical Sciences 
(Dublin, Ireland). All chemicals were used without 
further purifications. Ultra pure water, 18 MΩ, used 
in all experiments, was obtained with NANOpure 
water system. Phosphate buffer contained 0.05 M 
Na2HPO4, 1 mM EDTA and 3 mM MgCl2, pH 7.4. 
Stock solutions of NADPH (20 mM) and C-1311 (2 
mM) were freshly prepared with water or phosphate 
buffer.

Enzymes. The following protein fractions 
were purchased from TEBU-Bio (Paris, France): rat 
liver cellular enzyme fraction, S9, R1000.S9; rat liver 
cytosol, R1000.C; rat liver microsomes, R1000; hu-
man liver microsomes, H0610; rat liver microsomes 
phenobarbital-treated, R1078; rat liver microsomes 
3-methylcholanthrene-treated, R1084; rat liver micro-
somes clofibric acid-treated, R1063, and rat liver mi-
crosomes dexamethasone-treated, R1078.

Metabolic transformations with various frac-
tions of liver enzymes. Incubation of C-1311 with 
the liver enzyme fractions listed above was carried 
out in 0.05 M phosphate buffer, pH 7.4. The incu-
bation mixture consisted of 2 × 10–3 M NADPH, en-
zyme protein (2 mg/ml) and 2 or 1 × 10–4 M C-1311. 
The incubation was carried out at 37°C in air. Pre-
incubation of proteins and NADPH for 5 min was 
followed by addition of the drug. After appropriate 
period of time the incubation mixture was placed in 
ice and equal volume of ice-cold methanol was add-
ed. Then the solution was centrifuged for 15 min at 
12 000 × g. The supernatant was analyzed directly by 
HPLC/UV/Vis and HPLC/ESI-MS. All experiments 
were performed in triplicates and two options were 
applied for the result presentation (i) standard de-
viations of the HPLC peak height were marked in 
the figures or (ii) results representative for three in-
dependent experiments were shown.

Figure 1. Chemical structure of C‑1311 antitumor agent 
(SymadexR) (A) and its reference compound 2‑hydroxy-
acridinone (B)

A

B
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HPLC analysis of the reaction mixtures. The 
supernantant obtained according to the procedure 
described above was analyzed by a reversed phase 5 
µm Suplex pKb100 analytical (0.4 × 25 cm) or semi-
preparative (1 × 25 cm) column (Supelco, Bellefonte, 
PA, USA) with Waters Associates HPLC systems. 
One system was equipped with a model 600K sys-
tem controller, Rheodyne injector 7725i and 996 
UV-Vis multidiode array detector controlled with 
Millenium software. The second Waters HPLC sys-
tem contained: binary pump 1535, Rheodyne injec-
tor 7725i and dual lambda absorbance detector 2487 
controlled with Breeze software. The HPLC analyses 
were carried out at a flow rate of 1 mL × min–1 with 
the following eluent system: a linear gradient from 
15 to 80% methanol in ammonium formate (0.05 M, 
pH 3.2) for 25 min, followed by a linear gradient 
from 80 to 100% methanol in ammonium formate 
for 3 min.

HPLC/ESI-MS analyses of the products were 
carried out by electrospray ionization with positive 
ion detection performed on an LC/MSD/Agilent 1100 
mass spectrometer.

RESULTS

Metabolism with different enzyme fractions of rat 
liver cells

Studies on the metabolism of C-1311 were car-
ried out with liver protein S9 fraction, cytosol and 
microsomes. The reactions were performed under a 
wide range of incubation conditions and were moni-
tored by RP-HPLC. The rates of substrate transfor-
mations were calculated as the ratio of the substrate 
HPLC peak height after a given time of incubation 
to the initial peak height of the substrate. A com-
parison of the reactivity of C-1311 observed after in-
cubation with different liver fractions as well as of 
the amounts of the main metabolic products are pre-
sented in Figs. 2 and 3, respectively. The diagrams 
in these figures revealed that the rate of metabolism 
with microsomal enzymes was significantly higher 
than that with cytosol and S9 fraction. Similarly, 
the amounts of the main metabolite were the high-
est with microsomes (not shown), particularly after 
shorter incubations. 

Considering the above results, HPLC analyses 
of the reaction mixture obtained after incubation of 
C-1311 with rat liver microsomes are presented in 
Fig. 3. One can notice that four metabolites result-
ed from the reaction. Three of the chromatographic 
peaks related to metabolites M1, M2 and M4 were 
of significantly lower intensity than the peak of M3. 
The contour graph revealed that the UV-Vis spectra 
of the metabolites were not identical to that of the 

substrate. This indicates that a modification of the 
imidazoacridinone moiety occurs in the structures of 
the metabolites. 

Comparison of metabolic rates between rat and hu-
man microsomes

Incubation of C-1311 with human liver micro-
somes gave chromatographic peaks characterized by 
retention times and UV-Vis spectra identical to those 
formed with rat microsomes (not shown). Next, the 
transformation rates observed with human and rat 
enzymes were compared in Fig. 4A. As shown in 
this figure, C-1311 was much more susceptible to the 
action of rat than of human liver enzymes. Further-
more, amounts of the metabolites formed, compared 
in Fig. 4B, indicated that transformation of C-1311 to 
products M2 and M3 was more efficient in the pres-
ence of rat microsomes. In contrast, the amounts of 
M1 and M4 metabolites were higher after incubation 
with human than with rat enzymes. 

Chemical structures of metabolites

Optimal chromatographic conditions were de-
termined in order to perform ESI-MS analysis of the 
metabolites represented by the HPLC peaks. ESI-MS 
spectra of these metabolic products were performed 
directly on HPLC fractions. Firstly, we examined 
the spectrum of the substrate peak. It is presented 
in Fig. 5. The mass ion m/z 351.1 represents the 
structure of C-1311. We also found the mass ion, m/
z 323.1 of low intensity, which was not observed in 

Figure 2. A comparison of C‑1311 reactivity with differ-
ent fractions of rat liver enzymes.
Rates of substrate transformation were calculated as ra-
tio of substrate HPLC peak height, 380 nm, after given 
time of incubation to initial peak height of the substrate. 
The incubation mixture contained 0.1 mM C-1311, 2 mM 
NADPH and 2 mg/ml proteins in 0.05 M phosphate buff-
er, pH 7.4. Standard deviations were calculated on the ba-
sis of three independent experiments.
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the MS spectrum of native C-1311. An identical val-
ue of m/z was identified earlier for the metabolite C0 
formed after incubation of C-1311 with peroxidase 
(Mazerska et al., 2003). The structure of metabolite 
C0 determined on the basis of ESI-MS/MS and NMR 
spectra indicated that it was a product of C-1311 
deethylation in the aminoalkyl side chain. There-
fore, the mass ion m/z 323.1 that was found in this 
work demonstrates that the metabolite M0 identical 
to C0 was present inside the HPLC peak denoted C-
1311 in Fig. 3. M0 structure is shown in the inset in 
Fig. 5.

The HPLC peak M1 contained mass ions 
identified at m/z 350.1 and 699.3. The ESI-MS spec-
trum is presented in Fig. 6A. The 699.3 m/z value 
indicated the dimer structure of this product. On 
the other hand, this molecular mass value was an 
even number. Therefore, an even number of nitro-
gen atoms should be present in the dimer molecule. 
The mass ion m/z 350.1 was equal to the value of 
(M+2)/2 and resulted from the formation of a double 
charged molecule. This indicates the presence of two 
aminoalkyl side chains in the M1 dimer structure. It 
should be emphasized that the ESI-MS spectrum of 
C-1311 contained only the mass ion equal to M+1, m/
z 351.1, but not one equal to m/z 350 or of the double 
value. Summing up, the M1 metabolite is proposed 
to be a dimer-like molecule, the two components of 
which having the structure of the native compound. 
Dimer-like structures of C-1311 metabolites were 

proven earlier for products formed with peroxidase 
enzymes (Mazerska et al., 2003). Furthermore, the 
peroxidase-mediated metabolite (Mazerska, 2003) 
and the product of electrochemical oxidation (Maz-
erska et al., 2002) found for the reference compound, 
2-hydroxyacridinone (Fig. 1), were also shown to be 
dimer-like with monomers bound by carbon atoms 
at ortho positions to the hydroxyl group. Identical 
binding of monomers is proposed for metabolite M1 
analyzed in these studies, the structure of which is 
proposed in the inset of Fig. 6.

The m/z values 308.1; 600.0; 644.2 observed 
for M2, similarly to m/z 318.1 for M4, were not 
found earlier in ESI-MS spectrum of any products 
of C-1311 transformation. The low intensity of M2 
and M4 peaks did not allow us to obtain MS/MS or 
HR-MS spectra that would be useful for comparison 
with those obtained for the reference products. It 
was also impossible to synthesize these metabolites 
with liver enzymes in an amount, which would be 
sufficient for NMR structural studies. 

HPLC peak M3 presented in Fig. 3 is of con-
siderable intensity. Mass spectrum of M3 shown 

Figure 3. HPLC chromatogram taken after 60 min of in-
cubation of C-1311 with rat liver microsomes.
Panel (A). The chromatogram (reversed-phase, metha-
nol/0.05 M ammonium formate pH 3.2, gradient system) 
at 380 nm. Panel (B). Contour plots of the chromatogram 
collected from 250 to 550 nm. The incubation mixture con-
tained 0.2 mM C-1311, 2 mM NADPH and 2 mg/ml pro-
teins in 0.05 M phosphate buffer, pH 7.4.

Figure 4. A comparison of C‑1311 metabolic profile ob-
served with rat and human liver microsomes.
Panel (A). Transformation rates were calculated as ratio of 
substrate HPLC peak height after 60 min of incubation to 
initial peak height of the substrate. Panel (B). amounts of 
metabolites M1, M2, M3 and M4 were presented as HPLC 
peak area after 60 min of incubation. The incubation was 
performed with 0.2 mM C-1311, 2 mM NADPH and 2 mg/
ml proteins in 0.05 M phosphate buffer, pH 7.4. The re-
sults are representative of three independent experiments 
with the mean standard deviations equal to 8.5%.
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in Fig. 6B contains two main peaks for m/z values 
equal to 367.1 and 733.3. The 367 m/z value of a 
metabolite was also found earlier after incubation 
of C-1311 with murine and human cytosolic en-
zymes (Calabrese at al., 1999). The m/z value 367.1 
is 16 units higher than that of the substrate and was 
proposed to result from the binding of a hydroxyl 
group to the imidazoacridinone ring. A similar situ-
ation is also possible in relation to the M3 metabo-
lite observed here. However, in our MS experiments, 
an intensive peak of a mass ion, of double value, 
m/z 733.3 was also found. In this case the value m/z 
367,1 is equal to (M+2)/2 and reflects the presence of 
a double positively charged molecule. This, in turn, 
indicates the presence of two aminoalkyl side chains 
in the studied metabolite and allows us to postulate 
a dimer-like structure for M3. 

Metabolism with microsomes overexpressing cyto-
chrome P450 isoenzymes

The imidazoacridinone C-1311 was incubated 
with four sets of microsomes isolated from rat liv-
ers expressing increased levels of cytochrome P450 

Figure 5. ESI‑MS spectrum of chroma-
tographic peak C‑1311 and the struc-
ture proposed for M0 metabolite, m/z 
323.1.
The spectrum was collected during 
RP-HPLC analysis in methanol/0.05 M 
ammonium formate pH 3.2, gradient 
system. 

Figure 6. ESI‑MS spectra of peaks M1 (A) and M3 (B) 
collected during RP‑HPLC analysis in methanol/0.05 M 
ammonium formate pH 3.2, gradient system.
Proposed M1 structure is presented in the inset.

Figure 7. A comparison of C‑1311 metabolic profile with 
microsomes expressing higher level of selected CYP 
families.
Panel A. Transformation rates of C-1311 calculated as a 
ratio of substrate HPLC peak height, 380 nm, after given 
time of incubation to initial substrate peak height. Panel 
B and C. amounts of metabolite M1 and M3, respectively, 
calculated as HPLC peak height at 380 nm. The incubation 
mixture contained 0.2 mM C-1311, 2 mM NADPH and 2 
mg/ml protein in 0.05 M phosphate buffer, pH 7.4. The re-
sults are representative of three independent experiments 
with the mean standard deviation 5.5%.
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isoenzymes: CYP1A, CYP2B, CYP3A and CYP4A. 
The differences in CYP expression levels were ob-
tained by treatment of animals with 3-methylcholan-
threne, phenobarbital, dexamethasone and clofibric 
acid, respectively (XenoTech-TEBU). The reaction 
mixtures obtained after incubation of the drug with 
each set of microsome enzymes were analyzed by 
HPLC. The obtained chromatograms were close to 
that presented in Fig. 3 (not shown). The rate of C-
1311 transformations performed under such condi-
tions was compared in Fig. 7A. It is clear that higher 
concentrations of the CYP3A and CYP4A isoenzymes 
resulted in a higher rate of metabolism of the stud-
ied drug. This effect was intensified, particularly, af-
ter longer incubation. As shown in Fig. 7B and 7C, 
the selectivity in the action of CYPs towards C-1311 
is strongly evident when the amounts of M1 and M3 
metabolites are compared. M1 yielded in the highest 
concentration when the CYP3A family was overex-
pressed, whereas M3 dominated when the participa-
tion of CYP4A was principal.

DISCUSSION

The objective of the current investigations was 
to examine the specificity of the enzymatic transfor-
mation of an antitumor agent, C-1311, with a range 
of human and rat fractions of liver enzymes. It was 
postulated earlier that metabolic activation of C-1311 
and its covalent binding to DNA were important 
steps in the biochemical mechanism of action of this 
drug (Dzięgielewski & Konopa, 1998). We studied 
previously the transformation of C-1311 in in vitro 
systems containing peroxidases, where the covalent 
binding to DNA was demonstrated. Structural stud-
ies on the oxidation products formed under such 
conditions allowed us to reveal that two reactive 
regions of the drug molecule (Fig. 1) were formed 
during metabolic transformations (Mazerska et al., 
2003). They are the ortho position to the hydroxyl 
group and both amino groups of the side chain. We 
postulated that the proposed molecular mechanism 
of enzymatic transformations of C-1311 might also 
take place in the cellular environment in vivo. The 
present studies were carried out to verify this hy-
pothesis. 

Metabolic transformations of the drug were 
studied here with rat and human liver enzymes. 
We found five metabolites in the reaction mixture 
and two of them were identical to those identified 
in the enzymatic model system. The first one, M0, 
was the product of dealkylation. It was formed by 
the oxidation of the ethyl group to hydroxyalkyl 
intermediate followed by the release of the related 
aldehyde. Dealkylation is a common type of in vitro 
and in vivo metabolic transformation catalyzed by 

cytochrome P450 enzymes of microsomal fraction 
and is usually considered as an element of detoxi-
cation pathway of xenobiotics (Guengerich, 1990; 
Constantino et al., 1992; Mani et al., 1993). Surpris-
ingly, we did not find in microsomes another com-
mon product of detoxication pathway formed by 
glucuronidation, which was observed previously 
in mouse urine and plasma (Calabrese et al., 1999). 
Most likely the activity of UDP-glucuronosyltrans-
ferases towards C-1311 in rat and human liver mi-
crosomes was too low to yield sufficient amount of 
the corresponding metabolite. 

Two metabolites described in this work were 
proposed to have a dimer-like structure. Formation 
of dimer structures seems to be a general character-
istic feature of acridinone oxidative transformations. 
We identified earlier such a structure for one of the 
products of electrochemical, photochemical (Maz-
erska et al., 2002) as well as of enzymatic oxidation 
(Mazerska, 2003) of 2-hydroxyacridinone, the model 
compound of C-1311, presented in Fig. 1. One can 
add that several dimer-like products of enzymatic 
oxidation have also been found earlier for various 
biologically active compounds with aromatic hy-
droxyl groups (Michon et al., 1997; Favretto et al., 
1998). Likewise, peroxidase-mediated oxidation of 
C-1311 gave rise to a dimer-like product (Mazerska 
et al., 2003). There are two reasons of the strong ten-
dency of imidazoacridinones to form dimers. First, 
this molecule was shown to express high susceptibil-
ity to aggregation in water solutions. Physicochemi-
cal interactions between the planar heterocyclic rings 
were responsible for the formation of such structures 
(Dzięgielewski et al., 2002). Secondly, as it was men-
tioned above, oxidation of C-1311 took place also in 
the imidazoacridinone ring, probably by the reac-
tive carbocation formed in the ortho position to the 
hydroxyl group. The carbocation could be stabilized 
by covalent binding to nucleophiles present in the 
reaction environment. They might be nucleic acids 
or proteins in the cell environment or a second mol-
ecule of the drug under the enzymatic experimental 
conditions applied here. In the latter case, a dimer-
like metabolite is formed and this fact indicates that 
C-1311 undergoes not only the above mentioned de-
toxication but also metabolic activation.

The present results allowed us to compare 
the metabolism of C-1311 carried out with vari-
ous fractions of liver enzymes. We demonstrated 
that microsomal fraction containing enzymatic pro-
teins and fragments of endoplasmic reticullum were 
more active in transformation of the studied drug 
than proteins of the cytosol fraction. Because cyto-
chromes P450 are the major enzymatic constituent 
of microsomes, this group of enzymes seems to be 
responsible for metabolism of C-1311. Moreover, a 
comparison between human and rat fractions of mi-
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crosomes demonstrated a significantly lower rate of 
drug transformation in the former. This is consistent 
with other reports (Hariparsad et al., 2006) and indi-
cates that kinetic data obtained for rat metabolism 
are not applicable to human enzymes. However, in 
this work, the metabolic products were found to 
be identical for both enzyme sources. This fact was 
very useful for evaluation of metabolite structures 
and allowed an insight into the possible metabolic 
pathway of C-1311 in humans. 

Although the total level of liver microsomal 
P450s does not vary considerably among humans, 
genetic polymorphism and susceptibility to induc-
tion of a given P450 isoenzyme result in interindi-
vidual variations in levels of P450 isoforms (CYPs) 
(Guengerich, 1995). What is more, a variability in 
expression of CYPs has been observed between 
various tissues of animal and human organism. 
Significant differences in CYP expression has been 
also found between healthy and  tumor tissues 
(Murray, 2000; Oyama et al., 2004). In this light, 
all data concerning a selectivity in catalytic prop-
erties of various CYPs towards a potent drug are 
desirable (Deeken, 2007). C-1311 presented differ-
ent rates of transformations with rat liver micro-
somes expressing diverse levels of CYP families 
(Fig. 7). Furthermore, the CYP3A and CYP4A fam-
ilies were apparently selective in the formation of 
metabolites M1 and M3, respectively. These results 
might be applied in at least two fields according 
to earlier reports (Gustafson et al., 2005; De Jong et 
al., 2006). Firstly, the metabolic pathway of C-1311 
can be predicted for individual patients with spe-
cific expression of CYP3A and CYP4A isoforms. 
However, further studies on relationships between 
expression levels of CYP3A or CYP4A and antitu-
mor activity and/or toxicity of C-1311 are needed 
to confirm the role of specific CYPs in the biologi-
cal action of the drug. On the other hand, the se-
lectivity of CYP metabolism might allow selective 
direction of the drug action towards tumor cells 
because CYP isoenzymes are expressed in differ-
ent levels in normal and tumor tissues (Murray, 
2000; Oyama et al., 2004). It has been reported that 
the expression of CYP1B1 was higher, while of 
CYP1A1 and CYP3A4 lower, in tumor breast cells 
than in healthy breast tissue (Osborne 1998; Hus-
beck & Powis, 2002). Such differences indicate that 
active metabolites would be formed only within 
tumor tissue with an elevated level of a particular 
CYP. The above discussed possibilities of selective 
metabolism of C-1311 dependent on the expres-
sion of P450 isoenzymes build up a background 
of individualized directed therapy with this drug, 
which is particularly critical in the case of cancer 
chemotherapy. 

Acknowledgements

This work was supported by the Ministry of 
Science and Higher Education (Poland) grants No. 2 
P05A 052 26 and N401 159 32/3045

REFERENCES

Augustin E, Wheatley DN, Lamb J, Konopa J (1996) Im-
idazoacridinones arrest cell cycle progression in the G2 
phase of L1210 cells. Cancer Chemother Pharmacol 38: 
39–44.

Berger B, Marquardt H, Westendorf J (1996) Pharmacologi-
cal and toxicological aspects of new imidazoacridinone 
antitumor agents. Cancer Res 56: 2094–2104.

Burger AM, Double JA, Konopa J, Bibby MC (1996) Pre-
clinical evaluation of novel imidazoacridone deriva-
tives with potent activity against experimental colorec-
tal cancer. Brit J Cancer 74: 1369–1374.

Calabrese CR, Loadman PM, Lim LSE, Bibby MC, Double 
JA, Brown JE, Lamb JH (1999) In vivo metabolism of 
the antitumor imidazoacridinone C1311 in the mouse 
and in vitro comparison with humans. Drug Metab 
Disp 27: 240–245.

Constantino L, Rosa E, Iley J (1992) The microsomal 
demethylation of N,N-dimethylbenzamides. Substitu-
ent and kinetic deuterium isotope effects. Biochem Phar-
macol 44: 651–658.

Cholody WM, Martelli S, Lukowicz J, Konopa J (1990) 
5-((Aminoalkyl)amino]-imidazo(4,5,1-de]acridin-6-ones 
as a novel class of antineoplastic agents. Synthesis and 
biological activity. J Med Chem 33: 49–52.

Cholody WM, Martelli S, Konopa J (1992) Chromophore-
modified antineoplastic imidazoacridinones. Synthesis 
and activity against murine leukemias. J Med Chem 35: 
378–382.

Cholody WM, Horowska B, Martelli S, Konopa J (1996) 
Structure-activity relationship for antineoplastic imida-
zoacridinones: Synthesis and antileukemic activity in 
vivo. J Med Chem 39: 1028–1032.

De Jong FA, De Jonge MJA, Verweij J, Mathijssen RHJ 
(2006) Role of pharmacogenetics in irinotecan therapy. 
Cancer Lett 234: 90–106.

Deeken JF, Figg WD, Bates SE, Sparreboom A (2007) To-
ward individualized treatment: prediction of anticancer 
drug disposition and toxicity with pharmacogenetics. 
Anti-Cancer Drugs 18: 111–126.

Dzięgielewski J, Konopa J (1998) Characterization of cova-
lent binding to DNA of antitumor imidazoacridinone 
C-1311, after metabolic activation. Ann Oncol 9 (Suppl 
1) Abstr. 137.

Dzięgielewski J, Ślusarski B, Konitz A, Składanowski A, 
Konopa J (2002) Intercalation of imidazoacridinones to 
DNA and its relevance to cytotoxic and antitumor ac-
tivity. Biochem Pharmacol 63: 1653–1662.

Favretto D, Bertazzo A, Costa CVL, Allegri G, Donato N, 
Traldi P (1998) The role of peroxidase in the oligomeri-
zation of 5-hydroxytryptamine investigated by matrix-
assisted laser desorption/ionisation mass spectrometry. 
Rap Comm Mass Spectrom 12: 193–97.

Guengerich FP (1990) Enzymatic oxidation of xenobiotic 
chemicals. Crit Rev Biochem Mol Biol 25: 97–153.

Guengerich FP (1995) Human cytochrome P450 enzymes. 
In Cytochrome P450. Structure, Mechanism and Biochem-
istry, Ortiz de Montellano PR, ed, pp 473–536. Plenum 
Press, New York.



838            2007A. Wiśniewska and others

Gustavson DL, Long ME, Bradshaw EL, Merz AL, Ker-
zic PJ (2005) P450 induction alters paclitaxel pharma-
cokinetics and tissue distribution with multiple dosing. 
Cancer Chermother Pharmacol 56: 248–254.

Hariparsad N, Sane RS, Strom SC, Desai PB (2006) In vitro 
methods in human drug biotransformation research: 
Implications for cancer chemotherapy. Toxicol in Vitro 
20: 135-153.

Husbeck B, Powis G (2002) The redox protein thioredoxin-
1 regulates the constitutive and inducible expression of 
the estrogen metabolizing cytochromes P450 1B1 and 
1A1 in MCF-7 human breast cancer cells. Carcinogenesis 
23: 1625–1630.

Hyzy M, Bozko P, Konopa J, Skladanowski A (2005) An-
titumour imidazoacridinone C-1311 induces cell death 
by mitotic catastrophe in human colon carcinoma cells. 
Biochem Pharmacol 69: 801–809.

Lamb J, Wheatley DN (1996) Cell killing by novel imida-
zoacridinone antineoplastic agent, C-1311, is inhibited 
at high concentrations and coincident with dose-differ-
entiated cell cycle perturbation. Brit J Cancer 74: 1359–
1368.

Mani C, Gelboin HV, Park SS, Pearce R, Parkinson A, Kup-
fer D (1993) Metabolism of the antimammary cancer 
antiestrogenic agent tamoxifen 1. Cytochrome P-450-
catalysed N-demethylation and 4-hydroxylation. Drug 
Metab Dispos 21: 645–656.

Mazerska Z, Dziegielewski J, Konopa J (2001) Enzymatic 
activation of a new antitumor drug, 5-diethylamino-
ethylamino-8-hydroxyimidazoacridinone, C-1311, ob-
served after its intercalation into DNA. Biochem Phar-
macol 61: 685–694.

Mazerska Z, Zamponi S, Marassi R, Sowiński P, Konopa 
J (2002) The products of electro- and photochemical 

oxidation of 2–hydroxyacridinone, the reference com-
pound of antitumor imidazoacridinone drivatives. J 
Electroanal Chem 521: 144–154.

Mazerska Z, Sowinski P, Konopa J (2003) Molecular mech-
anism of the enzymatic oxidation investigated for imi-
dazoacridinone antitumor drug, C-1311. Biochem Phar-
macol 66: 1727–1736.

Mazerska Z (2003) Similarity between enzymatic and elec-
trochemical oxidation of 2-hydroxyacridinone, the ref-
erence compound of antitumor imidazoacridinones. 
Acta Biochim Polon 50: 515–525.

Michon T, Chenu M, Kellershon N, Desmadril M, Gueguen 
J (1997) Horseradish peroxidase oxidation of tyrosine-
containing peptides and their subsequent polymerisa-
tion: a kinetic study. Biochemistry 36: 8504–8513.

Murray GI (2000) The role of cytochrome P450 in tumor 
development and progression and its potential thera-
py. J Pathol 192: 419–426.

Oyama T, Kagawa N, Kunugita N (2004) Expression of 
cytochrome P450 in tumor tissues and its association 
with cancer development. Front Biosci 9: 1967–1976.

Osborne CK. (1998) Tamoxifen in the treatment of breast 
cancer. N Engl J Med 339: 1609–1618.

Skladanowski A, Plisov SY, Konopa J, Larsen KL (1996) 
Inhibition of DNA topoisomerase II by imidazoacridi-
nones, new antineoplastic agents with strong activity 
against solid tumors. Mol Pharmacol 49: 772–780.

Zaffaroni N, De Marco C, Villa R, Riboldi S, Daidone MG, 
Double JA (2001) Cell growth inhibition, G2M cell cy-
cle arrest and apoptosis induced by the imidazoacridi-
none C1311 in human tumour cell lines. Eur J Cancer 
37: 1953–1962.


