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A B S T R A C T

Background: The compound 9-(20-hydroxyethylamino)-4-methyl-1-nitroacridine (C-1748), the promis-
ing antitumor agent developed in our laboratory was determined to undergo phase I metabolic pathways.
The present studies aimed to know its biotransformation with phase II enzymes – UDP-
glucuronosyltransferases (UGTs) and its potential to be engaged in drug-drug interactions arising from
the modulation of UGT activity.
Methods: UGT-mediated transformations with rat liver (RLM), human liver (HLM), and human intestine
(HIM) microsomes and with 10 recombinant human isoenzymes were investigated. Studies on the ability
of C-1748 to inhibit UGT were performed with HLM, HT29 colorectal cancer cell homogenate and the
selected recombinant UGT isoenzymes. The reactions were monitored using HPLC-UV/Vis method and
the C-1748 metabolite structure was determined with ESI-TOF-MS/MS analysis.
Results: Pseudo-molecular ion (m/z 474.1554) and the experiment with β-glucuronidase indicated that
O-glucuronide of C-1748 was formed in the presence of microsomal fractions. This reaction was
selectively catalyzed by UGT2B7 and 2B17. High inhibitory effect of C-1748 was shown towards
isoenzyme UGT1A9 (IC50 = 39.7 mM) and significant but low inhibitory potential was expressed in HT29
cell homogenate (IC50 = 84.5 mM). The mixed-type inhibition mechanism (Ki = 17.0 mM; Ki’ = 81.0 mM),
induced by C-1748 was observed for recombinant UGT1A9 glucuronidation, whereas HT29 cell
homogenate resulted in noncompetitive inhibition (Ki = 94.6 mM).
Conclusions: The observed UGT-mediated metabolism of C-1748 and its ability to inhibit UGT activity
should be considered as the potency for drug resistance and drug-drug interactions in the prospective
multidrug therapy.
© 2018 The Authors. Published by Elsevier B.V. on behalf of Institute of Pharmacology, Polish Academy of
Sciences. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/

4.0/).
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Introduction

UDP-glucuronosyltransferases (UGTs) catalyze the glucuroni-
dation reaction of many endogenous and exogenous compounds
leading to the metabolites more polar than aglycones, which can be
readily excreted outside the body [1]. To date, at least 22 human
UGT isoenzymes have been identified, which were classified into
four gene families, UGT1, UGT2, UGT3 and UGT8 [2]. The individual
UGT isoenzymes exhibit distinct, but overlapping, patterns of the
substrates and inhibitor selectivities [3].

For a drug that undergoes UGT-mediated biotransformation,
simultaneous administration of medications and dietary
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supplements can influence the drug metabolism by the inhibition
of enzymes activity. UGT inhibition is regarded as one of the most
important factor for clinical drug-drug and herb-drug interactions
(DDIs, HDI) [4]. Common modulation effect on UGT activity is due
to the fact that glucuronidation accounts for approximately 35% of
phase II drug metabolism reactions [1].

It was shown that UGT-based DDIs were engaged in antidia-
betic rapaglinide metabolism impairment during hypolipidemic
gemfibrozil coadministration [5]. The nonsteroidal anti-inflam-
matory drug niflumic acid, being the substrate for UGT1A1 and to
a lesser extent for several other UGTs is capable of inhibiting both
UGT1A9 and UGT2B7 [6]. Miners et al. demonstrated that niflumic
acid inhibited propofol and acetaminophen glucuronidation by
HLM and recombinant isoenzymes [7]. Antitumor kinase inhib-
itors such as sorafenib, erlotinib and gefitinib were shown to
inhibit UGT1A1 [8]. As a result the significant increase in the
acology, Polish Academy of Sciences. This is an open access article under the CC BY

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pharep.2018.03.007&domain=pdf
mailto:zofia.mazerska@pg.gda.pl
https://doi.org/10.1016/j.pharep.2018.03.007
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.pharep.2018.03.007
http://www.sciencedirect.com/science/journal/17341140
www.elsevier.com/locate/pharep


A. Mróz et al. / Pharmacological Reports 70 (2018) 972–980 973

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

exposure to irinotecan and its active metabolite SN-38 was
observed [9]. Sorafenib exhibited also strong inhibition towards
microsomal UGT1A9 [10].

Recently, many reports related to UGT-based HDIs have been
published. For example licorice flavonoid licochalcone A exhibited
a broad spectrum of inhibition against most of the human UGTs
[11], whereas lactone compounds from Andrographis paniculata
specifically inhibited UGT2B7 isoenzyme [12]. Specific stereo-
selective inhibitory effect on most UGT isoenzymes was demon-
strated for triterpenoid saponins found in ginseng [13].

The studied here compound 9-(20-hydroxyethylamino)-4-
methyl-1-nitroacridine, C-1748 is one of the most promising
antitumor agents developed in our laboratory. It exhibited strong
cytotoxic activity towards colon cancer cell lines [14] as well as
high antitumor activity against prostate carcinoma xenografts in
nude mice [15]. Animal toxicity studies revealed C-1748 to have
very low systemic toxicity, which allowed its selection for
preclinical studies [16,17]. We showed earlier that C-1748
underwent phase I metabolism with human liver microsomes,
human recombinant cytochrome P450 reductase (CPR) and in
HepG2 cell line with the crucial role of hypoxic conditions.
Metabolites identified as 1-aminoacridine derivatives and this one
with an additional 6-membered ring were found. The key role of
CPR, not cytochrome P450 3A4, in the activation mechanism of
C-1748, was demonstrated recently. However, the overexpression
of both CPR and P450 3A4 changed the proapoptotic activity and
sensitized pancreatic cancer cells AsPC-1 to this drug [18,19].

Our current research is focused on phase II metabolism of
C-1748 UGT, as well as to investigate the effect of this compound on
UGT activity. Metabolism of C-1748 catalyzed by UGT in
microsomal fractions and with human recombinant UGT iso-
enzymes was investigated and the structure of C-1748 glucuronide
metabolite was identified. The effect of the drug on UGT activity
was studied with three enzymatic systems: microsomal fraction,
HT29 cell homogenate, and the selected human recombinant UGT
isoenzymes.

Materials and methods

Chemicals and reagents

C-1748 9-(20-hydroxyethylamino)-4-methyl-1-nitroacridine
and C-857 9-(20-hydroxyethylamino)-1-nitroacridine were syn-
thesised according to the method described in Ref [20] 7-ethyl-10-
hydroxycamptothecin (SN-38), 7-hydroxy-4-trifluoromethylcou-
marin (HFC), 7-hydroxycoumarin, alamethicin 5 mg/ml in DMSO
from Trichoderma viride, ammonium formate, dimethyl sulfoxide
(DMSO), epirubicin hydrochloride, formic acid, magnesium
chloride, trifluoperazine dihydrochloride (TFP), Tris hydrochloride,
uridine 50-diphosphoglucuronic acid trisodium salt (UDPGA) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Disodium
hydrogen phosphate, potassium chloride, potassium dihydrogen
phosphate, sodium chloride were obtained from POCH S.A.
(Gliwice, Poland). Methanol of HPLC grade was provided by Merck
(KGaA, Darmstad, Germany).

Enzymes

Pooled microsomal fractions of: rat liver, 20 mg/ml (RLM),
human liver, 20 mg/ml (HLM) and human intestine, 10 mg/ml
(HIM) were purchased from Tebu-bio SAS (France). UGT Super-
somes, 5 mg/ml (UGT1A1, 1A3, 1A4, 1A6, 1A9, 1A10, 2B4, 2B7, 2B15
and 2B17) were purchased from Corning (New York, USA).
β-glucuronidase (GUS) type VII-A from Escherichia coli,
5,000,000–20,000,000 units/g protein was obtained from Sigma-
Aldrich (St. Louis, MO, USA).
Cell culture and homogenate preparation

Human colorectal adenocarcinoma cell line HT29 was obtained
from D. Banerjee from Department of Medicine and Pharmacology,
Cancer Institute of New Jersey, USA. The cells were maintained as
described previously [14]. Confluent cells were trypsinized with
Trypsin-EDTA solution (Sigma-Aldrich, St. Louis, MO, USA) and
centrifuged (1000 rpm, 5 min, 4 �C). The pellet was washed two
times with phosphate-buffered saline (pH 7.4). The cell suspension
was subjected to homogenization for 5 min in glass tissue grinder.
Total cell homogenate protein concentration (28 mg/ml) was
determined using the Bradford assay (Bio-Rad, USA).

Reactions with microsomal and recombinant UGTs

Screening for glucuronidation activity towards C-1748 was
conducted with RLM, HLM, HIM and 10 recombinant human UGT
isoenzymes. The proteins at a final concentration of 1 mg/ml were
incubated with 0.1 mM C-1748 (20 mM stock solution in DMSO
diluted with water) in a buffer containing 50 mM Tris-HCl (pH 7.5),
8 mM MgCl2 and 25 mg/ml alamethicin. After preincubation for
5 min at 37 �C, UDPGA in water (final concentration of 5 mM) was
added to initiate the reaction. The metabolism process was
maintained at 37 �C for incubation times: 0/10/30/60/90/120/180/
240 min and 0/30/60/120/240 min in the case of microsomal
fractions and recombinant UGT isoenzymes, respectively. For
kinetic analyses of C-1748 glucuronidation in HLM and HIM the
substrate concentrations were: 0.01/0.025/0.05/0.1/0.25 mM.
Other reaction mixture components concentrations and reaction
conditions were as described above with the incubation time set at
60 min. The reactions were stopped by adding an equal volume
(50 ml) of ice-cold methanol, which contained 0.025 mM C-857 as
an internal standard in the case of microsomal fractions. In order to
remove the proteins, the samples were centrifuged (13,400 rpm,
10 min). The supernatant fractions were used for HPLC analysis.

β-glucuronidase assay

Hydrolysis with β-glucuronidase (GUS) was used to identify
the glucuronide peak. After incubation of 0.1 mM C-1748 with
0.5 mg/ml RLM and 5 mM UDPGA for 30 min, 1000 U of GUS was
added, and the sample was incubated for the following 90 min. The
reaction was performed and prepared for HPLC analysis as
described above for microsomal and recombinant UGTs.

Investigation of UGT inhibition by C-1748

HFC, a nonselective substrate for UGT, was used as a probe
substrate for HLM, UGT1A9, UGT1A10 and HT29 cells homogenate.
For UGT1A1, UGT1A4 and UGT2B7 selective substrates: SN-38, TFP
and epirubicin were used, respectively. All stock solutions (20 mM)
were prepared in DMSO. The reactions of standard substrates in
the absence or presence of C-1748 were performed and prepared
for HPLC analysis as described above for microsomal and
recombinant UGTs. The reaction conditions are summarized in
Table 1.

Inhibition kinetic assays

Inhibition parameters: IC50 (concentration of inhibitor that
reduces enzyme activity by 50%) and Ki/Ki’ values (inhibition
constants) were investigated for the glucuronidation of HFC
by recombinant UGT1A9 and HT29 cell homogenate. To
determine IC50 value, the glucuronidation rate was measured at
fixed concentration of HFC – 0.1 mM. The concentrations of
UGT1A9/HT29 homogenate was 0.2/0.5 mg/ml and UDPGA – 2 mM.
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Table 1
Reaction conditions for the investigation of C-1748 inhibition potential towards UGTs.

Enzymatic fraction
(conc., mg/ml)

Standard substrate
(conc., mM)

UDPGA
(conc., mM)

C-1748
(conc., mM)

Internal standard
(conc., mM)

Incubation times
(min)

HLM (0.1) HFC (0.1) 0.2 0/0.01/0.1/0.2/0.5 7-hydroxycoumarin (0.01) 0, 10, 20, 30
UGT1A1 (1) SN-38 (0.01) 5 0/0.001/0.01/0.1 C-857 (0.1) 0, 10, 30, 60, 90
UGT1A4 (1) TFP (0.05) 5 0/0.01/0.05/0.1 7-hydroxycoumarin (0.01) 0, 30, 60, 90
UGT1A9 (0.5) HFC (0.1) 5 0/0.01/0.1/0.2 7-hydroxycoumarin (0.01) 0, 10, 30, 60
UGT1A10 (0.5) HFC (0.1) 5 0/0.01/0.1/0.2 7-hydroxycoumarin (0.01) 0, 30, 60, 90
UGT2B7 (1) epirubicin (0.1) 5 0/0.01/0.1/0.2 C-857 (0.1) 0, 30, 60, 90
HT29 homogenate (0.5) HFC (0.1) 2 0/0.01/0.1/0.2 7-hydroxycoumarin (0.01) 0, 10, 30, 60, 90
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The incubation times were 20 and 30 min for UGT1A9 and HT29
homogenate, respectively. The inhibitor concentrations were
0/0.025/0.05/0.1/0.25/0.5 mM. Ki and Ki’ values were determined
by using various concentrations of HFC: 0.025/0.05/0.1/0.25 mM.
Other reaction mixture components concentrations and incuba-
tion times were the same as described above. The reaction was
performed and prepared for HPLC analysis as described above for
microsomal and recombinant UGTs. 7-Hydroxycoumarin
(0.01 mM) was used as an internal standard.

HPLC-UV/Vis analysis

Aliquots (50 ml) of the incubation mixtures were analyzed by
reversed-phase HPLC method with UV/Vis detection as described
previously [21]. Five mm Suplex pKb-100 analytical column
(0.46 cm x 25 cm, C18) (SUPELCO, Bellefonte, PA, USA) with Agilent
1100 (Agilent Technologies, Santa Clara, CA, USA) HPLC system
were applied. Analyses were performed at a flow rate of 1 ml/min
using two eluents: A – ammonium formate (0.05 M, pH 3.4) +5% v/v
methanol and B – methanol +5% v/v water. The elution programme
and detection wavelength depended on the analyte:

� C-1748 and its metabolite (430 nm), SN-38 (380 nm), epirubicin
(480 nm): a linear gradient 15–80% eluent B in eluent A for
25 min, followed by linear gradient 80–100% eluent B in eluent
A for 3 min;

� TFP (303 nm): a linear gradient 40–100% eluent B in eluent A for
30 min

� HFC (330 nm): a linear gradient 30–80% eluent B in eluent A for
20 min, followed by linear gradient 80–100% eluent B in eluent A
for 5 min.

ESI–MS analysis of the metabolite. Reaction mixtures (20 ml)
obtained after 60 min incubation of 0.1 mM C-1748 with 1 mg/ml
RLM and 5 mM UDPGA, were analyzed by HPLC–MS and
HPLC–MS/MS spectra of the substrate and metabolite after
electrospray ionisation (ESI) with positive ion detection in the
range m/z 100–700. Nitrogen was used as the nebulizer,
desolvation and cone gas. MS conditions: gas temperature
325 �C, flow rate 10 l/min, gas pressure 35 psi, and capillary and
fragmentor potentials 3500 and 175 V, respectively [19].

Data analysis

The results are presented as mean � SD of at least two
independent experiments. Statistical analysis was performed
using GraphPad Prism 5 software (GraphPad Software, Inc., La
Jolla, USA). One-way analysis of variance (ANOVA) followed by
Bonferroni test was applied to compare the differences between
groups; *p < 0.05/**p < 0.01/***p < 0.001 were considered signifi-
cant.

The quantitation of the C-1748 glucuronide formed by HLM and
HIM was achieved by calibrating with the substrate as the
glucuronidation does not change the UV–vis spectra of C-1748.
Kinetic parameters of C-1748 glucuronidation: Km (Michaelis-
Menten constant) and Vmax (maximum velocity) as well as
inhibition parameters: IC50 and Ki/Ki’ values (Ki: dissociation
constant of enzyme-inhibitor complex and Ki’: of enzyme-
substrate-inhibitor complex), were determined by fitting the
experimental data to nonlinear regression model using GraphPad
Prism 5 software.

Results

UGT-mediated metabolism of C-1748 with microsomal fractions

Incubations of C-1748 with human liver (HLM) and human
intestine (HIM) microsomes in the presence of UDPGA led to one
identical metabolite, M (Fig. 1A), as indicated the UV–vis spectra.
This metabolite, characterized by a slightly longer, than the
substrate, retention time was observed in HLM at higher
concentration than in HIM. The Michaelis-Menten curves of
the metabolite formation (Fig. 1B) and the kinetic parameters
present in Table 2 indicated 2-fold higher catalytic rate of HLM
than HIM, whereas Km values were 3 fold higher for HLM in
comparison to that for HIM. Therefore, the results indicated that
the substrate affinity was almost 3-fold higher for HIM than HLM,
whereas the calculated intrinsic clearance (CLint) seemed to be
comparable in HLM and HIM with only slight tendency to be
higher in HIM.

Identification of C-1748 metabolite structure

Rat liver microsomes (RLM) were applied to identify the
metabolite structure, because much higher metabolite concen-
tration was observed in this case (Fig. 2A). The analysis of the
reaction mixture containing C-1748 and its metabolite M after the
following β-glucuronidase action showed only the substrate
C-1748 (Fig. 2A). Therefore, the hydrolysis of the metabolite
occurred, what indicated that glucuronide derivative of C-1748
was obtained with microsomal fractions. To confirm this
indication we performed ESI-TOF-MS experiments with the
reaction mixtures containing C-1748 and its metabolite. The
protonated molecular ions [M+H]+ of C-1748 and M metabolite
were present at m/z 298.1212 and 474.1554, respectively,
indicating characteristic mass difference for glucuronic acid
(176 Da). MS/MS spectrum of metabolite M (Fig. 2B) illustrates
the fragmentation giving m/z 298.1193, which was equal to that of
C-1748 mass units. This supports the presence of glucuronide in
the reaction mixture. The next question was whether N- or
O-glucuronidation occurred. Reaction scheme (Fig. 2C) presents
the structure of the proposed product as O-glucuronide on the
C-1748 side chain, because the glucuronidation of an aromatic
9-amino group should give the changes in the metabolite UV–vis
spectrum, which was not observed for C-1748 glucuronide.
Moreover, we have not observed the glucuronidation product of
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Fig. 1. Glucuronidation of C-1748 in human liver microsomes (HLM) and human intestine microsomes (HIM). (A) C-1748 metabolite formation in the presence of microsomal
fractions and UDPGA. The representative chromatograms of the reaction mixtures after selected incubation times. (B) Michaelis-Menten kinetics of C-1748 glucuronidation in
HLM and HIM. IS – internal standard, S – substrate, M – metabolite.
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 C-1748 analog, which possess the amino- instead of the hydroxyl
group in the side chain (data not shown). This result indicated that
N-glucuronidation did not occur and confirmed that only oxygen
atom at C-1748 side chain is able to be glucuronidated.

Human recombinant UGT isoforms involved in C-1748 metabolism

The panel of human recombinant UGT isoenzymes: 1A1, 1A3,
1A4, 1A6, 1A9, 1A10 and 2B4, 2B7, 2B15, 2B17 was applied to test
the glucuronidation susceptibility of C-1748. All tested isoenzymes
of the UGT1A subfamily did not metabolize this compound (data
not shown). Only UGT2B7 and UGT2B17 among UGT2 B family
exhibited slight activity towards C-1748. HPLC chromatograms
(data not shown) indicate the presence of the metabolite with the
characteristic identical to that obtained for metabolite M with
microsomal fractions (Figs. 1A, 2A) and described above as
O-glucuronide of C-1748 (Fig. 2C).
Table 2
Enzyme kinetic parameters of C-1748 metabolite formation with HLM and HIM.

Microsomal fraction Parameter

Vmax [pmol/(min mg protein)] 

HLM 415.7 � 27.9 

HIM 204.6 � 30.2 
Inhibitory potential of C-1748 towards glucuronidation (HLM, HT29
cells, UGT isoenzymes)

The effect of C-1748 on UGTs’ activity was investigated with a
nonselective substrate HFC in two model systems: HLM and HT29
colon cancer cell line homogenate. HT29 cell line was selected due
to high activity of C-1748 observed against this cell line [14] and
because of relatively high UGT expression level [22]. The
conversion rate of HFC was assessed in the absence or presence
of C-1748 at various concentrations (0.01, 0.1, 0.2 mM for both HLM
and HT29 homogenate and one more, 0.5 mM for HLM). Results
indicated that C-1748 inhibited the microsomal glucuronidation
only at high concentration 0.5 mM, whereas 0.1 and 0.2 mM of this
compound were sufficient to reduce the glucuronidation rate in
HT29 homogenate (Fig. 3A). Despite being statistically significant,
this rate reduction was rather low, not higher than 10%, and 20% for
concentrations 0.1 and 0.2 mM, respectively.
KM [mM] CLint [ml/(min mg protein)]

0.21 � 0.03 1.98
0.074 � 0.02 2.76
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Fig. 2. Identification of C-1748 metabolite observed in the presence of rat liver microsomes (RLM) and UDPGA. (A) HPLC-UV/Vis analysis of the reaction mixtures after
incubation of C-1748 with RLM and the following incubation with β-glucuronidase; (B) ESI-TOF-MS/MS spectrum of C-1748 metabolite; (C) Scheme of the reaction proposed
for the glucuronidation of C-1748. GUS – β-glucuronidase, [C–1748 + H]+ – substrate, [M+H]+ – metabolite.
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Inhibition of human recombinant UGT isoenzymes by C-1748
was assessed with the standard substrates (SN-38–UGT1A1, TFP –

UGT1A4, HFC – UGT1A9/1A10 and epirubicin – UGT2B7) in the
absence or presence of C-1748 at several concentrations. Various
impact of C-1748 on the glucuronidation activity for each UGT
isoenzyme was demonstrated (Fig. 3B). No statistically significant
effect of the drug on UGT1A1, 1A4 and 1A10 action was found.
However, UGT1A9 and UGT2B7 gave approximately 50% and 40%
inhibition, respectively, at the longest incubation time with 0.1 mM
C-1748.

UGT inhibition kinetics for HT29 cells and UGT1A9 isoenzyme by
C-1748

Firstly, the IC50 values of C-1748 for HFC glucuronidation
catalyzed by HT29 cell homogenate and human recombinant
UGT1A9 isoenzyme were determined. Secondly, kinetic experi-
ments were performed for further characterization of the
inhibition induced by C-1748 in both enzymatic systems. HT29
cell homogenate and UGT1A9 isoenzyme were selected because
their glucuronidation potentials were the most sensitive to the
inhibitory effect of C-1748 (Fig. 3). IC50 values determined from the
inhibition curves (Fig. 4A) were 84.5 and 39.7 mM for HT29
homogenate and UGT1A9, respectively. Kinetics of HFC glucur-
onidation in the presence of various concentrations of C-1748
obtained by fitting the data to nonlinear regression model (Fig. 4B)
revealed that C-1748 inhibited HFC glucuronidation activity in
HT29 cell homogenates and human recombinant UGT1A9 enzyme
according to non-competitive and mixed mechanism, respectively.
The estimated Ki value for inhibition of HFC glucuronidation
activity in HT29 cell homogenates was 95 mM whereas Ki and Ki’

values for inhibition of HFC glucuronidation activity in human
recombinant UGT1A9 enzyme were 17 and 81 mM, respectively.

Discussion

Currently, two forms of resistance to anticancer chemotherapy
have been proposed: intrinsic and acquired drug resistance.
Intrinsic resistance is a pre-existing feature of tumor cells that
is present prior to the drug exposure, whereas acquired resistance
is developed after exposure of an initially sensitive tumor to the
drug [23]. High level of drug-metabolizing enzymes, which are
engaged in drug detoxification and the following drug excretion
can be responsible for the intrinsic resistance in tumor cells.
Glucuronidation as one of the major deactivation pathway of
antitumor agents was reported to be strongly implicated in this
type of resistance [24]. A therapeutic strategy based on the
reversion of UGT-mediated intrinsic drug resistance by using
selective UGT inhibitors has been proposed [22]. However, it is
rather complex approach. On the one hand it can restore drug
activity, but on the other hand, can impair the detoxification of
other exogenous and endogenous UGT substrates. Therefore, the
prediction of the optimal conditions for the balance between
therapeutic effectiveness and adverse side-effects, both resulted
from UGT-mediated metabolism, is very difficult, but crucial for
the design of effective antitumor therapy.

Considering all above, the purpose of the present work was
focused on two aspects. Firstly, we intended to determine the
susceptibility of C-1748 antitumor agent to UGT-mediated
metabolism in order to predict the possibility of intrinsic drug
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Fig. 3. The effect of C-1748 on UGT activity. The modulation of: (A) HFC glucuronidation with human liver microsomes (HLM) and HT29 cell homogenate; and (B)
glucuronidation activity of human recombinant UGT isoenzymes studied with the specific substrates: SN-38 for UGT1A1, TFP for UGT1A4, HFC for UGT1A9/A10 and epirubicin
for UGT2B7. Enzymatic activities towards standard substrates in the absence or presence of C-1748 are expressed as a conversion rate of the substrate after various incubation
times. *p < 0.05/**p < 0.01/***p < 0.001/ns – non-significant.
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Fig. 4. The inhibitory effect of C-1748 on UGT activity. (A) Inhibitory effect of C-1748 on HFC glucuronidation activity in HT29 cell homogenates and human recombinant
UGT1A9 isoenzyme with IC50 values; (B) Michaelis- Menten plots for the inhibitory effect of C-1748 on HFC glucuronidation activity in HT29 cell homogenates and human
recombinant UGT1A9 enzyme. Data represent the mean � SD.
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resistance. Secondly, we aimed to investigate the influence of
C-1748 on the UGTs activity in the framework of DDIs, which can be
observed in multidrug therapy.

To predict the risk of C-1748 drug resistance we performed
reactions of studied compound with microsomal fractions from
human liver and human intestines (HLM, HIM) in the presence of
UGT cofactor UDPGA. We observed metabolite formation in both
cases and kinetic parameters Km and Vmax as well as the values of
intrinsic clearance, CLint, were determined. There was demon-
strated that HLM were characterized by two times higher catalytic
rate than HIM, whereas HIM showed nearly three times higher
affinity towards studied compound than HLM. Therefore, the
intrinsic clearance of this drug would be expected slightly higher
with intestine than liver enzymes, whereas the majority of
therapeutics undergo UDP-glucuronidation with liver enzymes
[6,22].

Mass spectrometry analyses as well as β-glucuronidase assay
indicated the formation of the O-glucuronide (Fig. 2C). Considering
tissue-specific expression of UGT isoenzymes it was important to
identify the isoforms responsible for drug glucuronidation in order
to predict the drug effect in different organs [25]. The screening of a
panel of UGT human recombinant isoenzymes for glucuronidation
of C-1748 did not detect any metabolite in the presence of six
UGT1A isoenzymes, whereas only two of UGT2B (2B7 and 2B17)
catalyzed C-1748 glucuronidation. However, in both cases the
concentrations of the obtained glucuronides were very low, what
indicated only slight tendency of the studied acridine to
deactivation by human UGT isoenzymes. Therefore, UGT-depen-
dent intrinsic drug resistance would not be observed in the case of
C-1748 giving the chance to keep the antitumor effect after this
drug treatment. In order to explain why the studied compound is
rather marginally metabolized by UGT isoenzymes we have to
consider that the product of C-1748 glucuronidation was formed by
the transfer of glucuronic acid on the aliphatic hydroxyl group of
the side chain of acridine ring (Fig. 2C). In contrast, the UGT
conjugation of aromatic hydroxyl groups usually occurs with much
higher efficiency than aliphatic ones, as it was demonstrated for
17β-estradiol and morphine [26].

The studies on the inhibitory potential of antitumor agents
towards UGTs activity should consider the role of UGT enzymes
in metabolism of endogenous substrates such as bilirubin, bile
acids, lipid acids, steroid and thyroid hormones. Another aspect
is the glucuronidation of xenobiotics, including environmental
pollutants and therapeutic agents [2]. There are also reports on
the role of differences in UGT expression and/or activity in
tumor vs. normal tissue. Thus, we can suppose that drug-
induced changes in UGT level and activity may interfere with
tumor cell growth as well as with the proliferation and
homeostasis in normal cells [27].

The investigation of C-1748 influence on UGT activity demon-
strated the significant, but low inhibitory effect of 0.1 mM C-1748
towards HT29 cell homogenate, whereas approximately 50% and
40% inhibitions were demonstrated for isoenzymes UGT1A9 and
UGT2B7, respectively. The inhibition of HLM-mediated glucuroni-
dation was rather negligible. The IC50 values of C-1748 towards
glucuronidation activity of HT29 cell homogenate and human
recombinant UGT1A9 were 84.5 and 39.7 mM, respectively. The
comparison of these results with other published data allowed to
classify the inhibitory potential of C-1748 as moderate (UGT1A9,
UGT2B7) and almost negligible (HT29) [28,29].
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The inhibition kinetic analysis resulted in rather high Ki value
(95 mM) for HT29 cell homogenate, which indicated that the risk of
DDIs is unlikely during treatment the cell with C-1748 [29].
However, lower Ki value (17 mM) found for recombinant UGT1A9
suggests that DDIs may occur when combining C-1748 with drugs
selectively metabolized by UGT1A9. It is the only isoform that
catalyzes the glucuronidation of anaesthetic agent propofol in the
liver and the most active isoform towards immunosuppressant
mycophenolic acid [30]. Besides, significant contribution of
UGT1A9 to acetaminophen [31] and irinotecan metabolite,
SN-38 [32] glucuronidation was shown.

We also observed the significant inhibitory potential of C-1748
towards UGT2B7, which is responsible for the biotransformation of
35% of drugs undergoing glucuronidation [33]. It should be
assumed that the co-administration of C-1748 with drugs
undergoing UGT2B7-mediated metabolism as antitumor epirubi-
cin [34], opioids [35] and antiretroviral agent zidovudine [36] may
result in DDIs. Recent studies revealed lower glucuronidation
capacities of both UGT1A9 and 2B7 in kidney tumor tissue in
relation to normal tissue [37]. Therefore, the inhibitory effect of
C-1748 on these isoenzymes in tumor tissue should be taken into
account because it would strongly diminish the detoxification of
other therapeutics.

Summing up, our in vitro data demonstrated that the potent
antitumor acridine agent, C-1748, underwent glucuronidation with
microsomal UGTs. Enzymes of UGT1 family were not involved in
metabolism of this drug, whereas isoenzymes UGT2B7 and 2B17
catalyzed this transformation. The significant inhibitory effect of
C-1748 towards UGT-mediated metabolism in HT29 cells as well as
with UGT1A9 and 2B7 recombinant isoenzymes was also
demonstrated. Therefore, the selective influence of C-1748 on
the pathways catalyzed only by isoenzymes UGT1A9 and UGT2B7
created the future potency of this drug. It would be able to inhibit
selectively the glucuronidation of other antitumor drugs only in
the case when they were metabolized selectively with UGT1A9 and
UGT2B7 isoenzymes. The above conclusion is strongly helpful for
the prediction of drug-drug interactions in respect to drug
resistance in the prospective multidrug therapy. The obtained
results provided the background for the further preclinical and
clinical investigations of antitumor potency of C-1748 in respect to
its UGT inhibition properties.
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