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Correspondence to: Pál Perjési, Institute of Pharma-
ceutical Chemistry, University of Pécs, H-7624, Pécs,
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Abstract: Biotransformation of the antiproliferative (E)-2-[(4’-methoxyphenyl)methylene]-
benzosuberon-1-one (2c) was studied using rat liver microsomes. As a result of the CYP-
catalyzed transformations, one monooxygenated (2c+O) and the demethylated (2c-CH2)
metabolites were identified by HPLC-MS. (E)-2-[(4’-methoxyphenyl)methylene]-benzosuberon-
1-ol, the expected product of rat liver microsomal carbonyl reductase, was not found in the
incubates. Microsomal GST-catalyzed reaction of the compound resulted in formation of di-
astereomeric GST-conjugates. Under the present HPLC conditions, the diastereomeric adducts
were separated into two chromatographic peaks (2c-GSH-1 and 2c-GSH-2).

Keywords: chalcone, benzosuberone, microsome, CYP, chalcone reductase, glutathione, micro-
somal glutathione transferase

1 Introduction
Chalcones (Figure 1) are intermediary compounds of the biosynthetic pathway of a very

large and widespread group of plant constituents known collectively as flavonoids [2]. Among
the naturally occurring chalcones and their synthetic analogs, several compounds displayed
cytotoxic (cell growth inhibitor) activity toward cultured tumor cells. Chalcones are also
effective in vivo as cell proliferating inhibitors, antitumor promoting, anti-inflammatory and
chemopreventive agents [3–5]. The chalcone structure can be divided into three structural units;
the aromatic rings A and B and the propenone linker. Modifying any of them can tune the
main feature of interactions of the synthetic chalcones towards the non-covalent or the covalent
pathway.

Figure 1 Structure and numbering of 4-X-chalcones (1) and (E)-2-[(4’methoxyphenyl)
methylene]-1-benzosuberones (2)

In our previous studies, we have investigated how the substitution of the B-ring and the ring
size (n = 0, 5, 6, 7) of some cyclic chalcone analogs affect their cancer cell cytotoxic effect [6–8].
Comparison of the average IC50 values of the series, the benzosuberone (n = 7) (2) analogs
(Figure 1) displayed the most prosperous data against the investigated murine and human tumor
cell lines. In particular, the (E)-2-[(4-methoxyphenyl)methylene]-1-benzosuberone (2c) had the
most remarkable cytotoxicity [6, 7].

In consecutive publications, we have performed cell cycle analysis of Jurkat cells exposed
to equitoxic doses of 2c and its methyl-substituted counterpart 2b. Compound 2c showed to
cause an immediate G1 lift and G2/M arrest, followed by hypoploidity and aneuploidy. Such
a remarkable effect of 2b on the G1 and G2 checkpoints could not be observed [9, 10]. TLC
and HPLC analysis showed the compounds to have intrinsic reactivity towards GSH [9, 11].
However, the two compounds had different effects on the thiol status of the cells. Compound 2c
significantly increased the oxidized glutathione (GSSG) level. On the contrary, 2b increased the
GSH level, indicating enhanced cellular antioxidant potency [12].

Although chalcones are a family of compounds with several beneficial biological activities,
a limited number of metabolism studies of the compounds can be found in the literature.
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Microsomal oxidation of chalcone and (E)-4-phenyl-3-buten-2-one, for example, resulted
in the formation of aromatic hydroxylated metabolites [13]. In another publication of the
research group, microsomal reduction of the carbonyl function of the compound was reported
[14]. Incubation of the chemoprevention agent licochalcone A with human liver microsomes
also resulted in oxygenated Phase I metabolites [15]. Similar results were obtained while
investigating 8-prenylnaringenin [16].

In an earlier publication, we reported intestinal elimination and Phase 2 metabolism of
4’-hydroxy-4-methoxychalcone and its bis-Mannich analog in the rat. HPLC-MS analysis
of the perfusates indicated the presence of glucuronide, sulfate, and glutathione conjugates
of the parent molecules [17]. To compare GSH reactivity, two bis-Mannich bases of two
4’-hydroxychalcones were synthesized and reacted with GSH under non-cellular conditions.
At pH values below 8.0, the two bis-Mannich bases showed higher GSH reactivity than two
4’-hydroxychalcones [18].

Previously demonstrated intrinsic reactivity of 2b and 2c towards GSH [9, 11] might play a
role in their cancer cell cytotoxic effects. Oxidation of GSH to GSSG or chemical modification
of the SH group of the tripeptide causes a change in the redox potential of the GSSG/2GSH
system. Previously, a correlation has been found between the cell cycle, the condition of the cell
(stressed, apoptotic, etc.), and the GSSG/2GSH ratio. For instance, in cell proliferation (Ehc =
˜-240 mV), in cell differentiation (Ehc = ˜-200 mV), and in apoptosis (Ehc = ˜-170 mV), which
can be applicable for a better understanding of oxidative stress [19, 20]. Thus, changes in the
GSSG/2GSH ratio are fundamental in controlling signal transduction that supports cell cycle
regulation and other cellular processes [21, 22].

To investigate if 2b and 2c or their reactive metabolites react with thiols under cellular
conditions, microsomal incubation of the compounds in the presence of reduced glutathione
(GSH) was performed. The incubations were analyzed for the expected derivatives by HPLC-UV
and HPLC-MS methods.

Microsomes are fragments of endoplasmic reticulum and attached ribosomes that are isolated
together when homogenized cells are centrifuged. Microsomal enzymes are typically found in
the smooth endoplasmic reticulum, primarily in the liver, but also in the kidney, intestinal mucosa,
and lung. There are several microsomal enzymes, including flavin monooxygenases (FMO),
cytochrome P450s (CYP), NADPH cytochrome c reductase, UDP glucuronyl transferases
(UGT), glutathione-S-transferases (GST), epoxide hydrolases, among others. Hence, hepatic
microsomes are commonly used to study the metabolic fate of drugs, as the liver is one of the
major organs responsible for enzymatic drug elimination [23].

2 Materials and methods
2.1 Chemicals and reagents

(E)-2-[(4-methoxyphenyl)methylene]-1-benzosuberone (2c) was synthesized as previously
published [6]. Its structure was characterized by IR and NMR spectroscopy [24]. The purity
and structures of the investigated sample were verified by HPLC-MS (Figure 2 and 3). Male rat
pooled liver microsome 10 mg, magnesium chloride, 25mm syringe filters nylon membrane,
pore size 0.45 µm, and ß-nicotinamide adenine dinucleotide 2’-phosphate reduced tetrasodium
salt hydrate (NADPH) were purchased from Sigma Aldrich (Budapest, Hungary). Alamethicin
and reduced L-glutathione were obtained from Cayman Chemicals and ITW reagents. Methanol
CHROMASOLV HPLC grade was obtained from Honeywell (Hungary). Trifluoroacetic acid
was obtained from VWR (Budapest, Hungary), and formic acid from Fischer Chemicals
(Budapest, Hungary). Deionized water for use in HPLC and HPLC-MS measurements was
purified by Millipore Direct-QTM at the Institute of Pharmaceutical Chemistry (University of
Pécs). Phosphate buffered Saline (PBS) pH 7.4 was prepared freshly on the day of incubation
based on the 2014 Cold Spring Harbor Laboratory press method [25]. Mobile phases used for
HPLC measurements were degassed by an ultrasonic water bath before use.

2.2 Light-initiated isomerization of 2c
Freshly prepared 6.5 × 10−3 M solution of 2c in HPLC-grade methanol was subjected

to scattered laboratory light for one week. The solution was analyzed by HPLC-UV and
HPLC-MS.

2.3 Microsomal incubations
490µL PBS was mixed with 50µL of rat liver microsome (20 mg/mL protein) and 10 µL of

alamethicin in methanol (50 µg/mg protein) and was left on ice for 15 minutes for microsomal
activation. Then 100µL of NADPH solution (2.0 µmol/mL final concentration) was added,
and the solution vortexed to mix well. 25µL of a freshly prepared acetonitrile solution of 2c
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(final concentration 0.25 µmol/mL) and 100µL of MgCl2 solution (final concentration of 5.0
µmol/mL) were added. After each addition, the solution was vortexed. The incubation volume
was set to a total of 980 µL by the addition of 205 µL of PBS and left in a 37◦C water bath for 3
minutes. Then 20 µL of GSH solution in PBS (final concentration of 5.0 µmol/mL) was added
to bring the final volume to 1.0 mL. The mixture was vortex mixed for 10 seconds, taken to a
shaking water bath, and kept in it for the incubation period (120 minutes). 150 µL samples were
taken at 0, 15, 30, 60, and 90-minute timepoints. (The 0-minute points were considered the time
of placement of the incubates into the water bath.) 150 µL ice-cold methanol was used to stop
the reaction at each time point. The 300 µL sample was centrifuged at 6000 rpm for 5 min;
the supernatant was collected using a syringe and passed through a 0.45µm nylon membrane
syringe filter. Control incubation containing all the constituents except the liver microsome was
analyzed at 0, 30, 60, and 90-minute time points.

Figure 2 High resolution, positive mode HESI MS spectrum of (E)-2-[(4-methoxyphenyl)
methylene]-1-benzosuberone (2c). (Protonated m/z 279.1367 and Na+-adduct m/z
301.1187).

Figure 3 High resolution, positive mode HESI MS spectrum of (Z)-2-[(4-methoxyphenyl)
methylene]-1-benzosuberone (2c). (Protonated m/z 279.1368 and Na+-adduct m/z
301.1186).
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2.4 HPLC-UV-MS measurements
HPLC-UV-ESI-MS analyses were performed on an Ultimate 3000 liquid chromatograph

(Dionex, Sunnyvale, CA, USA) coupled with a Thermo Q Exactive Focus quadrupole-Orbitrap
hybrid mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The scan monitored
m/z values ranging from 100 to 1000 Da. Data acquisition was carried out using Q Exactive
Focus 2.1 and Xcalibur 4.2 software (Thermo Fisher Scientific). Analysis of compounds and
adducts was performed in HESI positive and negative ionization modes with the following
parameters: spray voltage, 3500 V; vaporizer temperature, 300 ◦C; capillary temperature, 350
◦C; spray and auxiliary gas flows, 30 and 10 arbitrary units, respectively; resolution, 35,000 at
200 m/z.

The parameters of the gradient were (A) water and 0.1% formic acid and (B) methanol and
0.1% formic acid. The gradient elution was as follows: isocratic elution for 1 min to 10% eluent
B, continued by a linear gradient to 95% in 13 min, followed by an isocratic plateau for 3 min.
Finally, the column was equilibrated to 10% in 0.1 min and continued isocratically for 2.9 min.
The sampler was at room temperature, and the column oven was at 40 ◦C. The diode array
detector was also set at 260, 280, 300, and 350 nm wavelength alongside MS analysis.

3 Results and discussion
Cytotoxic (antimitotic, cell growth inhibitor) effects of α,β-unsaturated carbonyl compounds

are frequently associated with their expected reactivity with the essential thiol groups in living
organisms [3–5, 26, 27]. Such a reaction can alter intracellular redox status (redox signaling),
which can modulate events such as DNA synthesis, enzyme activation, selective gene expression,
and cell cycle regulation [28, 29]. Several biological effects (e.g., NQO1 inducer [30], anti-
inflammatory [31], GST P1-1 inhibitory [32]) of chalcones have been associated with their
Michael-type reactivity towards reduced glutathione.

Microsomal incubation of 2c was performed using alamethicin-activated rat liver microsomes.
Alamethicin is a peptide antibiotic that forms voltage-dependent channels in the lipid bilayers by
oligomerizing various alamethicin molecules [33]. The effect of alamethicin on the implementa-
tion rate for in vitro glucuronidation was previously studied by several authors [34–36]. It was
found that alamethicin leads to an increase in metabolite formation. The authors assumed that
the alamethicin forms a channel through the microsomal (endoplasmic reticulum) membranes,
and the substrates may diffuse more easily into and through it. Accordingly, the formation of
Phase 2 metabolites (such as glucuronides) is enhanced. Further studies showed that using
alamethicin as an activator does not affect the microsomal CYP activities [37, 38].

In the first three minutes of the experiments, 2c were incubated with rat liver microsomes in
the presence of alamethicin. Since the parent compound does not have hydroxyl substituent,
only the oxidation and reduction reactions were expected over this period. Then, GSH was
added to the mixtures. From then on, reaction with GSH of the parent compound and its possible
oxidative metabolites could also occur. These latter derivatives could be formed in spontaneous
or GST-catalyzed reactions.

In earlier work, the non-enzyme-catalyzed reaction of 2c with GSH was investigated by
HPLC-UV. In that reaction, formation of four diastereomeric adducts was expected (Figure
4). Two of them result from a cis-, and another two from a trans-addition of GSH onto the
carbon-carbon double bond. Under the used HPLC conditions, however, only two separated
peaks appeared in the chromatograms. The separated peaks were tentatively assigned to the cis-
and the trans-adducts [11].

Figure 4 Structure and stereochemistry of the 2c-GSH adducts
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HPLC-MS investigation of the control incubates (without adding microsomes) indicated
formation of the expected 2c-GSH adducts (Table 1). Under the present chromatographic
conditions, similar to the previous results, two separated chalcone-GSH peeks appeared in the
chromatograms (Figure 5 lower panel). The structure of the 2c-GSH-adducts (2c-GSH-1 and
2c-GSH-2) was verified by positive mode HR-MS (Figure 6 and 7).

Table 1 HPLC-MS peak areas (AUCs) of the 2c and the 2c-GSH isomeric peak as a function of incubation time

Sample Area 2c-GSH-1 Area 2c-GSH-2 Area 2c-GSH-1
+ 2c-GSH-2 Area (Z)-2c Area (E)-2c

Microsomal incubation (0 min) 2,210,842 4,293,434 6,504,276 856,426,548 8,297,984,438
Microsomal incubation (30 min) 22,983,588 32,617,903 55,601,491 966,438,207 4,610,557,010
Microsomal incubation (60 min) 22,454,721 29,934,874 52,389,595 524,872,308 2,750,174,832
Microsomal incubation (90 min) 50,714,479 61,666,740 112,381,219 550,348,953 3,815,982,269
Control (0 min) 1,466,946 2,493,046 3,959,992 495,826,994 4,093,677,464
Control (30 min) 1,396,532 1,181,043 2,577,575 138,997,108 1,308,801,409
Control (60 min) 9,585,848 5,960,060 15,545,908 161,346,308 1,305,287,139
Control (90 min) 18,724,489 12,017,553 30,742,042 299,494,818 2,215,039,743

Figure 5 High resolution, positive mode HESI MS chromatogram of (E)-2-[(4-meth-
oxyphenyl)methylene]-1-benzosuberone (2c) control incubate (90-minute sample).
Upper panel: tr 13.36 min: (Z)-2-[(4-methoxyphenyl)methylene]-1-benzo suberone;
tr 13.83 min: (E)-2-[(4-methoxyphenyl)methylene]-1-benzosuberone. Lower panel:
2c-GSH-1: 10.49 min.; 2c-GSH-2: 10.94 min.

Besides the GSH conjugates, formation of the respected (Z)-isomer of the parent (E)-2c was
observed. Since the reaction mixtures were kept in the dark, the formation of the (Z)-2c can
only be explained due to the retro-Michael reaction of the formed adducts [39]. The structure of
the (E)-2c and (Z)-2c was verified based on the positive mode HR-MS of the isomeric mixture
obtained by light isomerization f the pure (E)-2c (Figure 3).

Similar HPLC-MS analysis of the microsomal incubates also indicated formation of the
(Z)-2c and the diastereomeric 2c-GSH adducts (Figure 8). The mass spectra of the compounds
formed in the microsomal incubations are shown in Figure 9-11. The sum of the AUC of
the two diastereomeric 2c-GSH peaks was higher at each timepoint than in the respective
control incubate (Table 1). Although the ionization response factors of the four diastereomers
are not known, the significant differences between the AUCs measured in the control and the
microsomal incubates strongly support that the alamethicin-activated microsomes accelerate
the chalcone-GSH conjugation reaction (Table 1). Since compound 2c is a relatively lipophilic
chalcone analog [40], it could be the substrate of both the microsomal glutathione transferases
(MGSTs) [41–44] and the so-called microsome-associated GST enzymes. These latter GST
forms are associated with the outer microsomal membranes, and their characteristics resemble
those of the cytosolic GSTs [45].

Over the first 60 minutes of the incubation period, the total AUC of 2c-GSH was only slightly
changed (Table 1). However, by the end of the incubation, much higher AUC peak values of
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Figure 6 High resolution, positive mode HESI MS spectrum of the 2c-GSH-1 conjugate
formed in the 90-minute sample of the control incubate (m/z 586.2195).

the 2c-GSH conjugates could be observed (Table 2). On longer incubation times, dissolution
of 2c and GSH into the microsomal (ER) membranes can occur. There they can bind to the
overlapping hydrophobic and the GSH binding sites of the MSGT enzymes [46]. In parallel,
the added GSH can react with the enzyme’s Cys49 sensor, resulting in its activation [47]. On
activation of the MSGT enzymes, the reaction rate between the 2c and GSH increased.

Liver microsomes are rich in cytochrome P450 enzymes. CYPs are located in the smooth
endoplasmic reticulum membrane of cells. Thus, they can be recovered in microsomal frac-
tions. Microsomal P450 families 1-3 play a major role in the metabolism of the majority
of pharmaceuticals and a large number of other lipophilic xenobiotics [48]. CYP enzymes
preferentially incorporate one of the oxygen atoms of molecular oxygen at one of the carbon
atoms of the target molecule. Accordingly, chalcone 2c possesses several possible primary sites
for CYP-catalyzed oxidation.

In analysis of the total ion MS spectrum of the microsomal incubates, two products were
found whose formation can be explained by CYP-catalyzed reactions: an oxygenated 2c (2c+O)
(Figure 12 and 13) and the demethylated derivative (2c-CH2) (Figure 14 and 15). The AUC
of both peaks increased over the incubation time (Table 2). The exact structure of the formed
oxygenated metabolite needs further investigation. Lack of formation of a GSH-adduct of the
possible epoxide metabolite, however, it is reasonable to suppose that the formed oxygenated
metabolite is a hydroxyl derivative of 2c. The demethylation reaction of 2c resulted in the
respective 4’-OH derivative (Figure 16).

Earlier studies on the 4’-OH-metabolite (2c-CH2) showed the compound to have a pro-
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Figure 7 High resolution, positive mode HESI MS spectrum of the 2c-GSH-2 conjugate
formed in the 90-minute sample of the control incubate (m/z 586.2200).

nounced effect on the modulation of mitochondrial respiratory functions. Phosphorylation
inhibitory effect and/or partial uncoupling of the compound resulted in stimulation of mitochon-
drial activity and increased formation of ROS [49].

Okamoto et al. reported the reduction of (E)-4-phenyl-3-buten-2-one (a chalcone analog)
by rat microsomal carbonyl reductase. The reduction was stereoselective, yielding R-(E)-4-
phenyl-3-buten-2-ol [14]. Based on this finding, the total ion MS spectrum of the 90-minute
microsomal incubate was screened for the presence of the respective reduced form of 2c. The
analysis didn’t indicate the presence of a signal of the corresponding alcohol.

4 Conclusions
Microsomal biotransformation of the antiproliferative (E)-2-[(4’-methoxyphenyl)methylene]-

benzosuberon-1-one (2c) showed the compound to be metabolized by the CYP and the GST
enzymes. As a result of CYP-catalyzed transformations, one monooxygenated (2c+O) and
the demethylated (2c-CH2) metabolites were identified. Microsomal GST-catalyzed reaction
of the compound resulted in formation of diastereomeric GST-conjugates. Under the present
HPLC conditions, the compounds were separated into two chromatographic peaks. A noticeable
amount of (Z)-2c was also identified in the incubates. Since the (Z)-isomer of the parent com-
pound has a different three-dimensional structure, degree of conjugation, and lipophilicity [50],
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Figure 8 High resolution, positive mode HESI MS chromatogram of (E)-2-[(4-meth-
oxyphenyl)methylene]-1-benzosuberone (2c) microsomal incubate (90-minute sam-
ple). Upper panel: tr 13.33 min: (Z)-2-[(4-methoxyphenyl) methylene]-1-benzo-
suberone; tr 13.80 min: (E)-2-[(4-methoxyphenyl)methylene]-1-benzosuberone.
Lower panel: 2c-GSH-1: 10.45 min.; 2c-GSH-2: 10.88 min.

Figure 9 High resolution, positive mode HESI MS spectrum of (Z)-2-[(4-methoxyphenyl)
methylene]-1-benzosuberone (2c) formed in the 90-minute sample of the microsomal
incubate. (Protonated m/z 279.1368 and Na+-adduct m/z 301.1186).

Table 2 HPLC-MS peak areas (AUCs) of the 2c, the 2c-GSH isomeric peaks, and that of the
oxidative metabolites of 2c as a function of incubation time.

Compound
tr

(min)
Control
(0 min)

Control
(90 min)

Microsome
(0 min)

Microsome
(90 min)

(E)-2c 13.8 4,093,677,464 2,215,039,743 8,297,984,438 3,815,982,269
(Z)-2c 13.32 495,826,994 299,494,818 856,426,548 550,348,953
2c-GSH-1 10.47 1,466,946 18,724,489 2,210,842 50,714,479
2c-GSH-2 10.86 2,493,046 12,017,553 4,293,434 61,264,226
2c-CH2 12.25 N/D N/D 7,206,428 81,441,916
2c+O 11.93 N/D N/D 11,740,789 44,057,081
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Figure 10 High resolution, positive mode HESI MS spectrum of the 2c-GSH-1 conjugate
formed in the 90-minute sample of the microsomal incubate (m/z 586.2197).

Figure 11 High resolution, positive mode HESI MS spectrum of the 2c-GSH-2 conjugate
formed in the 90-minute sample of the microsomal incubate (m/z 586.2198).
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Figure 12 High resolution, positive mode HESI MS chromatogram of the monohydroxylated
derivative of (E)-2-[(4-methoxyphenyl)methylene]-1-benzosuberone (2c) formed
in the 90-minute sample of the microsomal incubate. (tr 11.94 min).

Figure 13 High resolution, positive mode HESI MS spectrum of the monohydroxylated
derivative of (E)-2-[(4-methoxyphenyl)methylene]-1-benzosuberone (2c) formed
in the 90-minute sample of the microsomal incubate. (Protonated m/z 295.1317
and Na+-adduct m/z 317.1135)

Figure 14 High resolution, positive mode HESI MS chromatogram of the O-demethylated
derivative of (E)-2-[(4-methoxyphenyl)methylene]-1-benzosuberone (2c) formed
in the 90-minute sample of the microsomal incubate. (tr 12.26 min).
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Figure 15 High resolution, positive mode HESI MS spectrum of of the O-demethylated
derivative of (E)-2-[(4-methoxyphenyl)methylene]-1-benzosuberone (2c) formed
in the 90-minute sample of the microsomal incubate. (Protonated m/z 265.1213
and Na+-adduct m/z 287.1030).

Figure 16 Structures of the products formed in the microsomal oxidation of 2c

formation of this isomer might be a molecular event that plays a role in the observed biological
effects of the compound. Furthermore, the GSH-reactivity of 2c can also take part in the
previously reported apoptotic effect of the compound.
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