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a b s t r a c t

Unsymmetrical bisacridines (UAs) are a novel potent class of antitumor-active therapeutics. A significant
route of phase II drug metabolism is conjugation with glutathione (GSH), which can be non-enzymatic
and/or catalyzed by GSH-dependent enzymes. The aim of this work was to investigate the GSH-
mediated metabolic pathway of a representative UA, C-2028. GSH-supplemented incubations of C-
2028 with rat, but not with human, liver cytosol led to the formation of a single GSH-related metabolite.
Interestingly, it was also revealed with rat liver microsomes. Its formation was NADPH-independent and
was not inhibited by co-incubation with the cytochrome P450 (CYP450) inhibitor 1-aminobenzotriazole.
Therefore, the direct conjugation pathway occurred without the prior CYP450-catalyzed bioactivation of
the substrate. In turn, incubations of C-2028 and GSH with human recombinant glutathione S-transferase
(GST) P1-1 or with heat-/ethacrynic acid-inactivated liver cytosolic enzymes resulted in the presence or
lack of GSH conjugated form, respectively. These findings proved the necessary participation of GST in
the initial activation of the GSH thiol group to enable a nucleophilic attack on the substrate molecule.
Another C-2028-GSH S-conjugate was also formed during non-enzymatic reaction. Both GSH S-conju-
gates were characterized by combined liquid chromatography/tandem mass spectrometry. Mechanisms
for their formation were proposed. The ability of C-2028 to GST-mediated and/or direct GSH conjugation
is suspected to be clinically important. This may affect the patient's drug clearance due to GST activity,
loss of GSH, or the interactions with GSH-conjugated drugs. Moreover, GST-mediated depletion of
cellular GSH may increase tumor cell exposure to reactive products of UA metabolic transformations.
© 2021 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

C-2028 (9-{N-[(imidazo[4,5,1-de]-acridin-6-on-5-yl)amino-
propyl]-N-methylaminopropylamino}-10-nitroacridine, Fig. 1) is a
representative unsymmetrical bisacridine (UA) developed in our
laboratory, patented in Europe [1] and in the United States [2]. This
is a completely novel class of potent antitumor agents highly active
against many experimental cellular and tumor models (i.e., colon,
lung, pancreatic, breast, and prostate) [3,4]. C-2028 molecule con-
sists of imidazoacridinone and 1-nitroacridine monomers, con-
nected by a flexible aminopropyl-N-methylaminopropylamino type
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linker, which together confer unique physicochemical and biolog-
ical properties not observed in the case of single monomers [1e4].

The knowledge about metabolic transformations of a new
chemical entity and its affinity to drug-metabolizing enzymes is
crucial for explaining its biochemical mechanism of action on the
human body [5]. Our previous studies on UA metabolism revealed
their slight susceptibility to metabolic transformations with cyto-
chrome P450 (CYP450) isoenzymes (phase I metabolism) both in
cell-free and cellular systems [6]. Metabolite profiling of UAs in an
electrochemical system indicated that the main metabolism
pathway should be the reduction of the nitroaromatic group [7].
However, UA phase II metabolism, which generally serves as a
detoxifying step in metabolism of drugs and other xenobiotics as
well as endogenous substrates [5], has been studied only to a small
extent.

A significant route of drug detoxification in many species is the
conjugation of xenobiotic with reduced tripeptide glutathione
s is an open access article under the CC BY-NC-ND license (http://creativecommons.
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Fig. 1. Schematic representation of the chemical structure of unsymmetrical bisacri-
dine C-2028.
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(GSH; L-g-glutamyl-L-cysteinyl-glycine) [8]. Due to the high
nucleophilic reactivity of the GSH thiol group, this process can be
non-enzymatic and/or mediated by various GSH-dependent en-
zymes [9,10]. On the other hand, depending on the properties of the
substrate, GSH conjugation may also play an important role in
bioactivation reactions as it can generate toxic conjugates [11].
Thus, the study on GSH conjugation is a crucial factor for the
determination of drug therapeutic efficacy and potential toxicity.
Glutathione S-transferases (GSTs; EC 2.5.1.18) are a family of mul-
tigene and multifunctional dimeric enzymes that catalyze the
conjugation of reduced GSH to a wide range of exogenous and
endogenous substrates, thereby protecting cellular macromole-
cules (i.e., proteins and nucleic acids) from attack by reactive
electrophilic compounds [12,13]. In humans, various GST iso-
enzymes are present in almost all tissues with the liver exhibiting
the highest cytosolic GST activity level, followed by the kidney,
lung, and intestines [12]. However, through direct detoxification,
GSTs participate in the development of resistance toward chemo-
therapeutic agents [13]. Hence, the activity and expression levels of
GSTs in various tumor tissues are known to be a key element in the
success or failure of chemotherapy treatment. The results of initial
studies on the pharmacological activity of UAs indicate that their
promising clinical usage is particularly seen in the prevention and/
or the treatment of human drug-resistant tumors [4]. This obser-
vation may suggest an important role of detoxifying trans-
formations in UA metabolism.

Considering all the above, the present study aimed to investi-
gate the specificity of the conjugation of antitumor bisacridine C-
2028 with the reduced form of GSH in the presence or absence of
various human and rat liver subcellular fractions, the main stores of
GSH-dependent enzymes. We carried out detailed investigations to
reveal the role of GSTs in enzymatic synthesis of C-2028-GSH S-
conjugate. In particular, the possibility to obtain GSH-related
product was explored with human recombinant GSTP1-1
(hGSTP1-1), which is the primary GST isoenzyme expressed in a
wide range of sensitive and resistant tumor cells [14e16]. The
subsequent studies were performed to show whether GSH conju-
gation of C-2028 proceeded with or without prior CYP450-
mediated activation of the parent compound. The structural char-
acterization of the observed products of enzymatic and non-
enzymatic GSH conjugation of C-2028 was conducted by using
combined liquid chromatography/tandem mass spectrometry (LC/
MS/MS). Molecular mechanisms for the formation of specific
mono-GSH S-conjugates were proposed and discussed. In order to
estimate the sites and the likelihood of reactivity for C-2028 with
GSH, we were supported by XenoSite Reactivity Predictor, a
computational model that has the ability to predict preferential
reactions with macromolecules, compared to common screening
traps [17]. The results regarding a novel GSH-mediated metabolic
792
pathway of C-2028were reported here for the first time.We believe
that knowledge presented herein will contribute to the develop-
ment of an optimal strategy for the treatment with this antitumor-
active agent, including achievement of the metabolic balance be-
tween therapeutic efficacy and drug resistance.

2. Materials and methods

2.1. Chemicals

The UA C-2028 (Fig. 1) was synthesized and purified in our
laboratory according to the method described in the relevant pat-
ents [1,2]. 1-Aminobenzotriazole (1-ABT), 1-chloro-2,4-
dinitrobenzene (CDNB), ethacrynic acid (EA, Edecrin, Sigma-
Aldrich, St. Louis, MO, USA), formic acid (HCOOH), GSH in reduced
form, N-(2-hydroxyethyl)piperazine-N0-(2-ethanesulfonic acid)
(Hepes), hydrochloric acid (HCl), magnesium chloride (MgCl2), and
N-acetylcysteine (NAC) were purchased from Sigma-Aldrich (St.
Louis, MO, USA), while ammonium formate (NH4COOH) was or-
dered from Fisher Scientific (Loughborough, UK). Acetonitrile
(CH3CN), methanol (CH3OH) (both of gradient grade quality for LC),
b-nicotinamide adenine dinucleotide 20-phosphate tetrasodium
salt (b-NADPH), and sodium hydroxide (NaOH) were obtained from
Merck KGaA (Darmstadt, Germany). All other chemicals and sol-
vents were of the highest quality commercially available. Ultrapure
water (conductivity 0.056 mS/cm), used in all the experiments, was
passed through a Milli-Q water purification system from Merck
KGaA (Darmstadt, Germany).

2.2. Enzymes

Human pooled liver cytosol (HuCyt), mixed gender (protein
concentration, 10 mg/mL), rat pooled liver cytosol (RCyt) and mi-
crosomes (RLMs) from male Sprague-Dawley rats (protein con-
centration, 10 mg/mL and 20 mg/mL, respectively), and hGSTP1-1
(0.001 mM), expressed in wheat germ cell-free system, were pur-
chased from Tebu-Bio (Le Perray-en-Yvelines, France).

2.3. Experimental procedures

2.3.1. Enzyme catalysis of C-2028 conjugation with GSH
Human/rat liver cytosolic or microsomal incubations (2 mg/mL

protein) were performed with 0.05 mM C-2028, 5 mM GSH, with
and without the presence of 1.2 mM NADPH in 0.1 M Hepes buffer
solution (pH 7.4) at 37 �C for 0, 30, and 60 min, in a total volume of
55 mL. The MgCl2 solution (0.5 mM) was added for enzyme stimu-
lation. C-2028 metabolism with hGSTP1-1 (10-5 mM) was studied
using 0.1 M Hepes buffer solution at pH 6.5 to reduce the rate of
non-enzymatic reaction. The three types of control incubations
were applied for each enzyme system: the first without test com-
pound, the second without NADPH, and the third without GSH. The
incubations were terminated by adding ice-cold 1 M HCl to the
incubation mixtures (10:90, V/V). The samples were then vortexed,
placed in ice for 10 min, and centrifuged at 10,000 g for 10 min.
Aliquots of the supernatants (50 mL) in triplicate were then
analyzed directly by reversed-phase LC with UV-vis detection and/
or diode array and multiple wavelength detection, and monitored
by MS(/MS).

To examine the chemical reactivity of C-2028, GSH in RCyt in-
cubations was replaced by 5 mM NAC. In order to demonstrate the
GST-mediated conjugation, the enzymes had been properly inac-
tivated. This was accomplished by two methods: 1) heat inactiva-
tione RCyt fractionwas incubated at 65 �C for 15min before adding
to the incubation mixture and 2) introduction of EA (0.5 mM), as a
potent reversible GST inhibitor [18], to the incubation mixture.

http://mostwiedzy.pl


Table 1
MS parameters applied in direct LC/MS and LC/Q-TOF-MS/MS experiments for
the determination of accurate masses of product ions and getting ion frag-
mentation patterns.

Parameter Value or setting

Ion source type Dual ESI
Ion polarity Positive
The range of m/z 100e1000
MS operating mode Scan
Rate 1.5 spectra/s
Nebulizing gas (N2) pressure 35 psi
Nebulizing gas flow 1.5 L/min
Drying gas (N2) flow 10 L/min
Drying gas temperature 350 �C
Fragmentor 175 V
Skimmer 45 V
OCT 1 RF Vpp 750 V
Capillary voltage 3500 V
MS/MS method Targeted

Slope 4 m/z
Offset 5 V
Collision energy 30 eV

MS: mass spectrometry; LC/MS: liquid chromatography/tandem mass spec-
trometry; Q-TOF: quadrupole-time of flight; ESI: electrospray ionization;
OCT: octopole; RF: radio frequency; Vpp: peak-to-peak value.

Fig. 2. The representative reversed-phase LC chromatograms (l ¼ 420 nm) of the
reaction mixtures obtained from 30 min incubation of C-2028 (0.05 mM) with GSH
(5 mM) in human (inset) and rat pooled liver cytosol (2 mg/mL). The control contained
no GSH. GSH: glutathione; RCyt: rat pooled liver cytosol; HuCyt: human pooled liver
cytosol.
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Incubation experiments of C-2028 with RLMs were also performed
in the presence of 1 mM 1-ABT, a non-specific CYP450 inhibitor
[19], to establish whether GSH-mediated conjugation pathway re-
quires the prior substrate bioactivation by CYP450 enzymes.

CDNB was used as a GST standard substrate to determine
enzyme activity in liver matrices. The positive controls of RCyt,
HLMs, and RLMs were carried out by incubating 0.1 mM CDNBwith
0.5 mM GSH under the aforementioned reaction conditions.

2.3.2. Non-enzymatic synthesis of GSH S-conjugate
The 0.05 mM C-2028 and 5 mM GSH in 0.1 M Hepes buffer so-

lution (pH 7.4 and pH 6.5) were incubated at 37 �C for 0, 1, and 5 h,
in a total volume of 55 mL. The incubations were terminated by
adding ice-cold 1 M HCl to the incubation mixtures (10:90, V/V).
Aliquots of the supernatants (50 mL) in triplicate were analyzed as
described above.

2.4. Analytical instrumentation

The reaction mixtures were analyzed directly by reversed-phase
LC with electrospray ionization mass spectrometry (ESI-MS). MS/
MS mode was used to provide additional structural information for
the ions of interest.

LC/MS experiments were carried out on a Nexera-I LC-2040C 3D
HPLC system coupled to the LCMS-2020 system through an ESI
interface (Shimadzu Corp., Kyoto, Japan). 50 mL of the mixture ob-
tained after enzymatic/non-enzymatic incubations was separated
on a reversed-phase Suplex pKb-100 analytical C18 column
(Supelco Inc., Bellefonte, PA, USA) with the following dimensions:
250 mm length � 4.6 mm i.d., 5 mm particle size, at room tem-
perature. A gradient at 0.8 mL/min, between solvents A, 0.05 M
aqueous NH4COOH buffer (pH 3.4 adjusted with HCOOH), and B,
CH3OH, was used for chromatographic separation. A linear gradient
from 15% to 85% B in A was kept for 25 min, and then followed by a
linear gradient from 80% to 100% B in A for 3 min. A rate of 100% of
solvent B was kept for 1.5 min before returning to initial conditions
within 0.5 min. These were then kept for 10 min to allow for col-
umn equilibration. The eluates were monitored with UV-vis
detection and/or diode array and multiple wavelength detection.

LC/MS/MS analyses were performedwith an Agilent 6500 Series
Accurate-Mass Quadrupole-Time of Flight (Q-TOF) mass spec-
trometer (Agilent Technologies, Santa Clara, CA, USA) controlled by
Agilent MassHunterWorkstation software. To ensure accuratemass
during the experiment, the mass spectrometer was calibrated daily
using a calibration solution (ES-TOF reference mix, Agilent Tech-
nologies, Santa Clara, CA, USA). The optimized parameters for the
ESI(þ)-ion trap MS(/MS) experiments are listed in Table 1.

2.5. Prediction of chemical reactivity of C-2028 molecule

Simulation of reactivity of C-2028 molecule with GSH (a com-
mon trapping agent for electrophiles) was carried out using Xen-
oSite Reactivity Predictor available at https://swami.wustl.edu/
xenosite/p/reactivity.

3. Results and discussion

3.1. Enzyme catalysis of C-2028 conjugation with GSH

In this study, antitumor bisacridine C-2028 was profiled for its
susceptibility to GSH conjugation in various liver subcellular frac-
tions in the absence or presence of reduced GSH, which was used at
a concentration typical for hepatocytes (5 mM). These cell-free
incubations were followed by the separation and identification of
793
the metabolic products with the application of an optimized LC/
MS(/MS) technique.

C-2028 was initially incubated with the enzymes of HuCyt and
RCyt. The representative reversed-phase LC chromatograms in
Fig. 2 showed that only a single peak of GSH-related metabolite of
C-2028 was detected in GSH-supplemented RCyt incubations but it
was not isolated from HuCyt incubations. The peak position of the
product eluted at tR ¼ 14.70 min suggested its more polar nature
than the parent compound observed at tR ¼ 17.28 min. A high re-
action rate of putative GSH S-conjugate formation, which was
about 95% of the substrate conversionwithin 30min, indicated that
this process may be of particular importance in C-2028 meta-
bolism. A small amount of GSH S-conjugate was also formed in the
absence of exogenous GSH in control incubations that resulted from
the action of GSH naturally present in the commercially available

https://swami.wustl.edu/xenosite/p/reactivity
https://swami.wustl.edu/xenosite/p/reactivity
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cytosolic fraction. Inter-species variations in the concentrations of
drug-metabolizing enzymes can render some metabolic products
undetectable [20]. Therefore, no synthesis of GSH S-conjugate of C-
2028 in HuCyt may be due to the lack or reduced activity of specific
GSH-dependent enzymes involved in conjugation reaction.

To examine the chemical reactivity of C-2028 toward nucleo-
philes, GSH in RCyt incubations was replaced by NAC (5 mM),
another common thiol-based trapping agent for electrophiles [21].
However, no conjugation of C-2028 occurred under these condi-
tions (data not shown), which suggested that the observed product
was specifically formed only in the reaction with GSH. In order to
prove the participation of GSH-dependent enzymes in GSH conju-
gation reaction, the enzymes of RCyt were properly inactivated in
separate experiments. In the presence of heat-inactivated RCyt
(65 �C for 15 min) (Fig. 3A) or EA (0.5 mM) (Fig. 3B), a potent
reversible GST inhibitor [18], the formation of putative GSH S-
conjugate was totally reduced compared to that in control samples.
Fig. 3. The representative reversed-phase LC chromatograms (l ¼ 420 nm) of the
reaction mixtures obtained from 30 min incubation of C-2028 (0.05 mM) with GSH
(5 mM) in RCyt (2 mg/mL), which was (A) heat-inactivated at 65 �C for 15 min and (B)
inactivated by ethacrynic acid (EA, 0.5 mM). The control contained not inactivated
cytosolic fraction.

Fig. 4. The representative reversed-phase LC chromatograms (l ¼ 420 nm) of the
reaction mixtures obtained from 30 min incubation of C-2028 (0.05 mM) with GSH
(5 mM) (A) in rat liver microsomes (RLMs, 2 mg/mL) and (B) with human recombinant
GSTP1-1 (hGSTP1-1) (10-5 mM). The control contained no GSH.
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Thus, we demonstrated that cytosolic GSTs mediated in GSH
conjugation of C-2028.

In addition to liver cytosol, the source of GSH-dependent en-
zymes, including GSTs, is also liver microsomes, which are sub-
cellular fractions derived from the endoplasmic reticulum [9,22]. As
shown in Fig. 4A, the product that eluted at the same retention time
as in RCyt was also detected in RLMs. Next, purified hGSTP1-1 was
also found to catalyze the conjugation reaction (Fig. 4B), but at a
much lower level (below 20%) than that observed in the isolated
liver subcellular fractions. Nevertheless, this finding supported the
role of the GST family of enzymes in the formation of GSH S-con-
jugate of the studied bisacridine. Similarly, GSTs in RLMs displayed
a lower catalytic activity toward GSH S-conjugate formation than
enzymes in RCyt (Fig. 5). Finally, we proved that the observed
enzymatic GSH conjugation was carried out without prior bio-
activation of C-2028 by CYP450s as it was not affected significantly
in the presence of NADPH (a cofactor of CYP450 enzymes) as well as
the non-selective CYP450 inhibitor 1-ABT [19] (inset in Fig. 5). In
both cases, the reaction progress was comparable to that obtained
in RLMs, which did not include NADPH or 1-ABT.

Studies on drug metabolism play important roles in the opti-
mization of metabolic stability, pharmacokinetic/pharmacody-
namic properties, and the safety profiles of drug candidates in drug
discovery and development [5]. In this respect, the significance of
the above work results from the recognition of novel GSH conju-
gation reaction of C-2028, which was catalyzed by cytosolic and
microsomal GSTs but with no requirement for prior bioactivation
by CYP450s. GSTs are extensively distributed in various human
tissues, and, in general, GSH conjugation is regarded as a detoxifi-
cation reaction leading to the formation of chemically less reactive
products [8,9]. However, certain human GST-class enzymes exhibit
genetic polymorphisms that affect the interpatient variability of the
drug clearance [13,23,24]. The polymorphic forms of GSTs are found
among specific types of tumors [25,26]. The differential gene
expression levels relate, for example, to GSTP1-1 which is reported
as the predominant isoform in various human tissues associated
with a wide range of sensitive and resistant tumor cells [27]. Thus,
the confirmation in our study of the GST-mediated conjugation
pathway of C-2028 with GSH is of clinical importance. The key
Fig. 5. Comparison of rates of C-2028-GSH S-conjugate formation in RCyt and RLMs. C-
2028 (0.05 mM) was incubated with various rat liver subcellular fractions (2 mg/mL) in
the presence of GSH (5 mM) over 0, 30, and 60 min. The inset at the top-left corner
shows rates of C-2028-GSH S-conjugate formation in RLMs þ GSH incubations sup-
plemented with nicotinamide adenine dinucleotide 2'-phosphate tetrasodium salt
(NADPH) (1.2 mM) or 1-aminobenzotriazole (1-ABT) (1 mM). Each bar represents the
mean ± standard deviation for three independent experiments.
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implication will be the dependence of C-2028 clearance of GST
activity and GSH stores in the body. In future work, the contribu-
tions of specific GST isoforms to UA metabolism will be studied to
understand their roles in bisacridine metabolism and disposition
in vivo.
3.2. Non-enzymatic synthesis of C-2028-GSH S-conjugate

Non-enzymatic reactions are a widespread and integral part of
xenobiotic metabolism [28]. These can occur spontaneously, pro-
ceed with the participation of small-molecule compounds or be
light-induced. As has been reported for several compounds (i.e.,
isothiocyanates or catecholamines), the reactive GSH thiol-group,
which possesses strong nucleophilic properties, provides the
redox potential also for non-enzymatic conjugation [10,29,30].

As illustrated in Fig. 6, chromatographic separation of reaction
mixtures obtained after the incubation of C-2028with reduced GSH
under near physiological conditions (at 37 �C and pH 7.4) resulted
in the formation of at least two different peaks which intensity
increased as the reaction progressed. Their retention timewas 18.15
and 19.45 min, respectively. Because they were not observed in
GSH-free incubation of C-2028 (control), we considered them to be
putative GSH-related products. The products of a non-enzymatic
reaction of C-2028 with GSH were detectable just after
1 h incubation and their intensities increasedmarkedly by a change
in pH from 6.5 (inset in Fig. 6) to 7.4. It seems that the observed pH-
dependent reactivity of C-2028 with GSH could be associated with
the changes in protonation states of the UA molecule. Interestingly,
no reactionwith GSH was detected for C-2045, an analog of C-2028
with a methyl group at para position toward the nitro group (data
not shown). Hence, we concluded that a methyl substitution on the
aromatic ring could lead to an altered reactivity of the compound
with GSH by steric hindrance and/or electron inductive effects.
3.3. Structural characterization of C-2028-GSH S-conjugates

In efforts to know the mechanistic features of GSH-mediated
metabolic pathways of antitumor bisacridine C-2028, LC/Q-TOF-
MS/MS investigations were performed to characterize the molec-
ular structures of the detected GSH S-conjugates. The results of
these analyses are summarized in Fig. 7 and Table 2.
Fig. 6. The representative reversed-phase LC chromatograms (l ¼ 420 nm) of the
reaction mixtures obtained from 0, 1, and 5 h incubation of C-2028 (0.05 mM) with
GSH (5 mM) at pH 7.4. The control contained no GSH. The inset at the top-left corner
shows the LC separation for a mixture of C-2028 (0.05 mM) with GSH (5 mM) after
1 h incubation at pH 6.5.
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The MS/MS spectrum of C-2028-GSH S-conjugate, which was
formed in the cytosolic/microsomal fractions and with hGSTP1-1,
showed that its accurate mass ([MþH]þ m/z 846.3403) was 260 Da
higher than that of C-2028 (theoretical [MþH]þ m/z 586.2561)
(Fig. 7A). The observed mass defect suggested an elemental
composition of C10H16N2O4S (theoretical molecular weight (MW)
260.0831 Da) consistent with a single molecule of GSH attached to
the parent compound lacking the nitro group. Fragmentation of
product ion at m/z 846 in positive ion mode gave rise to four frag-
ment ions at m/z 212, 347, 485, and 573. The accurate masses of the
proposed structures of these fragments were fully consistent with
their calculated masses. The fragment at m/z 573.2430 can be
attributed to the structure d with the elemental composition of
C34H32N6OS (theoretical [MþH]þ m/z 573.2431), which was the
result of the cleavage of the thiol-carbon bond in GSH molecule. In
turn, the cleavage of the nitrogen-carbon bond in the acridinemoiety
led to the formation of the major fragment at m/z 485.1494. For this
fragment, we proposed the structure c with the elemental compo-
sition of C23H24N4O6S (theoretical [MþH]þ m/z 485.1489). Further
fragmentation of the structures c and/or d yielded fragment at m/z
212.0525 with the possible elemental composition of C13H9NS
(theoretical [MþH]þ m/z 212.0528). The presence of the above
fragment ions indicated that nucleophilic substitution had to occur
to the acridine ring; however, mass spectral data did not reveal the
exact site of attachment of the GSH molecule. The remaining frag-
ment ion at m/z 347.1874 was characterized as the protonated form
of imidazoacridinone monomer with retained aminopropyl-N-
methylaminoallyl (-NH(CH2)3N(CH3)CH2CH¼CH2) side chain (theo-
retical [MþH]þ m/z 347.1866). It has been previously identified as a
product of C-2028 conversion in an electrochemical system [7].

Among the observed products of non-enzymatic GSH conjuga-
tion of C-2028, we have obtained accurate mass and MS/MS ion
data only for the peak at tR ¼ 19.45 min. The MS/MS spectrum
revealed the product ion at [MþH]þ m/z 859.3350 (Fig. 7B), which
was 273 Da higher than that of the substrate. Its fragmentation in
positive ion mode led to the major fragments at m/z 586 and 730.
On the basis of the accurate mass data, we deduced that these
signals might come from structures with the elemental composi-
tion of C34H31N7OS (e) and C39H39N9O4S (f), respectively. The ion at
m/z 586.2407 (theoretical [MþH]þ m/z 586.2383) was formed due
to the fragmentation of the carbon thiol bond of GSH, whereas the
fragment ion at m/z 730.2922 (theoretical [MþH]þ m/z 730.2918)
was consistent with the neutral loss of anhydroglutamic acid
(e129 Da). Thus, we concluded the presence of a single GSHmoiety
in the molecule of the product ion at m/z 859. Based on the
collected values of m/z, the derivative of C-2028 that was conju-
gated with GSH should have the formula of C34H31N7O (theoretical
MW 553.2590 Da). This may correspond to the product with an
extra five-membered ring in the molecule of the parent compound.
Such a structure was evidenced for a key reactive metabolite of the
ledakrin reduction pathway and it was obtained as a result of its
incomplete reduction [31].

UV-vis spectroscopic analysis of C-2028-GSH S-conjugates (data
not shown) demonstrated that both products absorbed light from
250 to 500 nm and, in contrast to the UV-vis spectrum of C-2028,
their first absorbance maximum at about 350 nm was shifted to-
ward higher wavelength values. This may indicate structural
changes within one of the chromophore systems while the struc-
ture of the dimer has been retained.

Fig. 8 presents the proposed metabolic pathways of enzymatic
and non-enzymatic GSH conjugation of C-2028. The sites and the
likelihood of reactivity for C-2028 with GSH were estimated by the
XenoSite Reactivity Predictor. Accordingly, the 1-nitroacridine
moiety seems to be the likely site of GSH conjugation, mainly due
to the presence of electronegative nitrogen atoms of the amino and
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Fig. 7. The representative ESI(þ)-MS/MS fragment spectra of the ions at (A) m/z 846 [MþH]þ and (B) m/z 859 [MþH]þ. Proposed structures of the relevant GSH S-conjugates are
shown. Dashed lines depict suggested sites of fragmentation (aef). ESI: electrospray ionization.
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nitro functional groups that decrease the electron density in the
aromatic ring. In particular, the redox properties of the latter are
usually responsible for the pharmacological and/or toxicological
properties of many compounds of biological significance [32].

For the enzymatic synthesis of GSH S-conjugate of C-2028, we
postulate the GST-catalyzed nucleophilic aromatic substitution with
GSH. This reactionpathway is quite common formanyGSTsubstrates
[33e35]. It is also interesting to note that the mechanisms of GST-
mediated conjugations and reductions are extremely variable and
Table 2
Summary of m/z, fragmentations, and retention time for ions attributed to the respectiv

Conjugates Representative measured m/z [MþH]þ Molecular formula Re

Enzymatic 846.3403 C44H47N9O7S e

Non-enzymatic 859.3350 C44H46N10O7S

a Exact masses were calculated using Molecular Mass Calculator freeware (v2.02).

796
highly depend on the GST class and on the substrate [9]. Biochemical
and structural analyses have shown that the proteins of GST family,
including GSTP1-1 class, exist as dimers [22]. Each subunit of the
dimer contains two ligandbinding sites: theGSHbinding site (G-site),
which is highly specific for GSH, and a hydrophobic substrate binding
site, which can accept awide variety of hydrophobic compounds. The
reaction mechanism reported by Oakley et al. [36] assumes that two
independent structures of the same compound may interact with
different enzyme subunits. In view of the above, C-2028 is likely to
e enzymatic and non-enzymatic GSH S-conjugates of C-2028.

lative mass error a (ppm) Key MS/MS fragment ions Retention time (min)

1.35 212, 347, 485, and 573 14.70
0.70 586 and 730 19.45
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Fig. 8. Proposed GSH-mediated metabolic pathways of C-2028. The frame contains C-2028 structure with an indication of sites susceptible to conjugation with GSH. Simulation of
molecule reactivity was carried out using the XenoSite Reactivity Predictor available at https://swami.wustl.edu/xenosite/p/reactivity. GST: glutathione S-transferase.
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bind to the one of GST active sites with the imidazoacridinone
monomer, whereas the second 1-nitroacridine monomer is simulta-
neously donated to the other GST active site located in the other
subunit of the enzyme. Of the two binding sites of GST enzyme, the
high substrate specificity of the G-site indicates that this site is a
suitable binding site for GST inhibitors [22]. Our early findings
revealed that C-1311 (5-diethylaminoethylamino-8-
hydroxyimidazoacridinone) acts as a potent inhibitor of GST (un-
published data). If this were the case for UAs, it would mean the
possibility to enhance the effect of these agents in antitumor therapy.
The first step of the proposed reaction mechanism seems to be GST-
mediated activation of the GSH molecule to the reactive thiolate
anion (GS-), which performs a nucleophilic attack on the aromatic
moiety of C-2028 that contains the nitro group. This creates Mei-
senheimer complex as a transition state (with the negative charge
delocalized over the entire acridine ring), fromwhich the nitro group
may be easily removed in the form of nitrite anion (NO2

-) [37,38].
Therefore, this did not require an earlier reduction of the nitro group,
whichwould explain the observed lack of CYP450 involvement in the
process. Moreover, the results of our studies also showed that 1-
nitroacridine did not give any enzymatic GSH S-conjugate, while in
the case of 1-nitro-9-aminoacridine and 1-nitro-9-
methylaminoacridine, such products were detected (data not
shown). Thus, the presence of a nitrogen atom from an amino group
797
may be crucial here. Nucleophilic substitution of the nitroaromatic
group by GSH can be facilitated because of the supportive role of
amino acid moieties located in the active site of the GST enzyme and
relatively low bond dissociation energy which is 298.0 kJ/mol [39].

For non-enzymatic GSH S-conjugate of C-2028, we considered
the reductive modification of the parent molecule that gave rise to a
five-membered ring at positions 1 and 9 of the acridine core. The
proximity of nitrogen atoms at these positions seems to enable fast
intramolecular cyclization, through N-hydroxy intermediate, to
adopt such a final structure, which promoted further GSH conjuga-
tion via a thiol linkage. The substitution of electron-donating and
sterically hindered methyl group at para position toward the nitro
group (in bisacridine C-2045) produced an enhancement of the
push-pull effect in the molecule and thus blocked the spontaneous
conjugation reaction. Based on this observation, we conclude that
ortho position toward the nitro group may be the most potential site
of the nucleophilic attack of the GSH molecule.

Although we demonstrated the existence of GSH S-conjugates of
C-2028 and GST-catalyzed reaction, these findings do not suggest a
general reactivity of 1-nitroacridine monomer towards bio-
macromolecules. Further studieswill be required to gain insights into
the structural features of UAs that render them susceptible to GSH
conjugation.

https://swami.wustl.edu/xenosite/p/reactivity
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4. Conclusions

The studies conducted in this work were aimed, for the first
time, to investigate the GSH-mediated metabolic pathway of anti-
tumor bisacridine C-2028. For this purpose, we treated the sub-
strate drug with GSH in the presence or absence of human/rat liver
subcellular fractions, which are the main resources of GSH-
dependent enzymes in the body. Our results showed that C-2028
was conjugated with GSH either non-enzymatically or through the
catalytic action of cytosolic and microsomal GSTs to give two
various GSH-related products. In addition, C-2028 was also proved
to be a substrate for hGSTP1-1. Furthermore, we excluded prior
CYP450-mediated activation of the parent compound for the for-
mation of GSH S-conjugate. Finally, we proposed molecular
mechanisms leading to the observed GSH S-conjugates of C-2028.
We conclude that the modifications of the C-2028 molecule were
located in the ring system containing the nitro group. The findings
regarding a novel GSH-mediatedmetabolic pathway of C-2028may
contribute to the development of an optimal treatment strategy
with this antitumor agent, including achievement of the metabolic
balance between therapeutic efficacy and drug resistance. These
also provide the background for future research that should include
investigations of UA metabolism in tumor cell lines with differen-
tiated GSH concentration or activity of various GSTs.
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