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ABSTRACT

Background/aim: The in vitro microsomal metabolism of (S)-3-((2,4,6-trimethylphenyl)thio)-4-(4-fluorophenyl)-5-(1-(6-
methoxynaphtalene-2-yl)ethyl)-4H-1,2,4-triazole (SGK636), an anticancer drug candidate was studied using pig microsomal 
preparations fortified with NADPH to identify the potential S-oxidation and S-dealkylation metabolites.

Materials and methods: In the present study, the sulfoxide metabolite was synthesized, purified and characterized by chromatographic 
and spectroscopic methods. SGK636, the S-oxidation and S-dealkylation metabolites were then separated by a reversed phase LC-MS, 
with UV detection and with an HP-TLC system. The results from the in-vitro microsomal metabolic experiments showed that SGK636 
produced the corresponding S-oxidation metabolite (sulfoxide) which was observed by LC-MS, LC-MS/MS and HP-TLC with the identical Rt 
and Rfx100 values and UV/MS spectra in comparison with the authentic compounds, but no any S-dealkylation metabolite was detected.

Results: The present results were proved with molecular docking and molecular dynamic studies. Since sulfoxidation process can be 
reversible and it may partly explain the low amount of sulfoxide metabolite in our experiment, we also incubated the sulfoxide. No 
conversion back to the substrate (SGK636) was observed, but it produced the corresponding sulphone metabolite. In order to establish 
if SGK636 is autooxidized, the substrate was also incubated in buffer under standard incubation conditions, but no any autooxidation 
was observed into the corresponding sulfoxide. We also did a stability work for SGK636-SO (sulfoxide) in buffer to see any possible 
autooxidation to sulfone or reduction back to SGK636. No conversion was observed in either way. The substrate seems to be stable to 
metabolic reactions and to autooxidation which could be an advantage in terms of its pharmacological activity.

Conclusion: The present metabolic study indicates that SGK 636 underwent S-oxidation. In order to identify the responsible oxidative 
enzyme, molecular docking and molecular dynamic studies were performed. CYP3A4 was found to be responsible enzyme for S-oxidation.

Keywords: S-oxidation, in vitro metabolism, thioether, 1,2,4-triazole, Naproxen

Bir Tiyoeter-Triazol Hibriti: Güçlü MetAP2 Inhibitörü ve Prostat Kanseri için In Vivo Tümör Baskılayıcı Bileşiğin In Silico 
Çalışmaları ve In Vitro Mikrozomal Metabolizması

ÖZET

Arka plan/amaç: Antikanser bir ilaç adayı bileşik olan (S)-3-((2,4,6-trimetilfenil)tiyo)-4-(4-florofenil)-5-(1-(6-metoksinaftalen-2-)il)
etil)-4H-1,2,4-triazol (SGK636), bileşiğinin in vitro mikrozomal metabolizması çalışılmış ve potansiyel S-oksidasyon ve S-dealkilasyon 
metabolitlerini belirlemek için NADPH ile güçlendirilmiş domuz mikrozomal preparatları kullanılarak incelenmiştir.

Gereç ve Yöntemler: Bu çalışmada, sülfoksit metaboliti kromatografik ve spektroskopik yöntemlerle sentezlenmiş, saflaştırılmış ve 
karakterize edilmiştir. SGK636, S-oksidasyon ve S-dealkilasyon metabolitleri daha sonra ters fazlı bir LC-MS, UV spektroskopisi ve bir 
HP-TLC sistemi ile ayrılmıştır. In vitro mikrozomal metabolik deneylerin sonuçları, SGK636’nın, aynı Rt ve Rfx100 değerleri ve UV/ ile 
LC-MS, LC-MS/MS ve HP-TLC tarafından gözlemlenen karşılık gelen S-oksidasyon metabolitini (sülfoksit) ürettiğini göstermiştir. Otantik 
bileşiklerle karşılaştırıldığında MS spektrumlarında, herhangi bir S-dealkilasyon metaboliti tespit edilmemiştir.

Bulgular: Mevcut sonuçlar moleküler doking ve moleküler dinamik çalışmalarla kanıtlanmıştır. Sülfoksidasyon işlemi tersine çevrilebilir 
olduğundan ve deneyimizdeki düşük miktarda sülfoksit metabolitini kısmen açıklayabildiğinden, sülfoksit bileşiği de inkübe edilmiştir. 
Substrata (SGK636) geri dönüşüm gözlenmemiş olup, karşılık gelen sülfon metabolitinin oluştuğu gözlenmiştir. SGK636’nın otooksidize 
olup olmadığını belirlemek için substrat ayrıca standart inkübasyon koşulları altında tampon içinde inkübe edilmiştir, ancak karşılık gelen 
sülfoksitte herhangi bir oto-oksidasyon gözlenmemiştir. Sülfona herhangi bir olası otooksidasyonu veya tekrar SGK636’ya indirgemeyi 
görmek için tampondaki SGK636-SO (sülfoksit) için bir stabilite çalışması da yapılmıştır. Her iki şekilde de dönüşüm gözlemlenmemiştir. 
Substrat, farmakolojik aktivitesi açısından bir avantaj olabilecek metabolik reaksiyonlara ve otooksidasyona karşı kararlı görünmektedir.

Sonuç: Mevcut metabolik çalışma, SGK 636’nın S-oksidasyonuna uğradığını göstermektedir. Sorumlu oksidatif enzimi belirlemek için 
moleküler yerleştirme ve moleküler dinamik çalışmalar yapılmıştır. CYP3A4’ün S-oksidasyonundan sorumlu enzim olduğu bulunmuştur.

Anahtar kelimeler: S-oksidasyon, in vitro metabolizma, tiyoeter, 1,2,4-triazol, Naproksen.
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Sulphur containing molecules provide a wide range 
of place in medicinal chemistry. Many drug mole-
cules carry sulphur atom and some of them show 

their pharmacological activities depending of sulphur 
structure. One of the most commonly known drugs in this 
area are organophosphates. As they show their activity by 
acetylation of acetyl co-esterases, the metabolic inactiva-
tion of these compounds mostly depends on S-oxidation 
or desulphuration (1). Thioethers (or sulfides) can be inc-
luded in a variety of drugs and potential drug candida-
tes are designed with this group as an isostere of ethers. 
Phase I reactions are S-oxygenation to sulfoxide and sul-
fones and S-dealkylation although the latter is a minor 
metabolic dealkylation reaction compared to the N- or O- 
analogues. Sulfoxide reduction back to the parent sulfide 
is also possible. The conversion of sulfide to sulfoxide is 
important in terms of potential pharmacological and toxi-
cological changes in activity (2). Chlorpromazine sulfoxi-
dation is catalyzed by P450 dependent monooxygenases 
whereas S-oxygenation of H2 receptor blockers cimetidi-
ne, albendazole, ranitidine, and sulindac is catayzed by 
flavin containing monooxygenases (3). Sulfoxidation is 
reported as minor metabolic pathway for the urinary rat 
metabolism of H2 receptor blockers cimetidine, ranitidine 
and nizatidine (4). Earlier studies on sulphur containing 
compounds were performed by using computational stu-
dies with density functional theory. The metabolic profile 
of dimethylsulfoxide (DMSO) and dimethylsulfide (DMS) 
was recorded accordingly. As the ability of oxidation and 
dealkylation reactions high in cytochrome P450 enzyme 
family, it many times depends on the compound’s certa-
in functional groups. The computitonal studies identify 
the most favorable reaction pathway in sulphur carrying 
model molecules. It was also observed that S-oxidation 
is more preferred than S-dealkylation by the experimen-
tal and computational studies on DMSO and DMS  (5). 
Another study showed the metabolic profile of a sulindac 
derivative in different species both in mouse and human. 
It was observed that phospho-sulindac amide undergo-
es hydroxylation reaction to form di-hydroxyl-phospho-
sulindac amide and mono-hydroxyl-phospho-sulindac 
amide. Further investigations with mouse and human li-
ver microsomes showed that phospho-sulindac amide is 
oxidized or reduced. The oxidation and reduction reacti-
ons were observed with the formation of sulfone and sul-
fide derivatives of phospho-sulindac amide respectively 
(6). The metabolic pathway from sulfoxide to sulphide has 
been used on a common non-steroidal anti-inflamma-
tory pro-drug, Sulindac. Sulindac has no cyclooxygenase 
I (COX-1) or cyclooxygenase II (COX-2) inhibitory activity. 
However, it undergoes a reversible reduction reaction via 

biotransformation. The active form of this drug is a thioet-
her derivative (sulindac sulfide). Sulindac also undergoes 
S-oxidation resulting with the formation of a sulfone me-
tabolite which has also no inhibitory activity against COX-
1 and COX-2 isoenzymes (7). Limited studies are available
related to thioether metabolism in the literature. In these
studies, the enzymatic profile of sulphur containing com-
pounds were mentioned. As cytochrome P450 enzyme
family plays a vital role in human and animal metabolism,
some studies hold flavin monooxyganase responsible
for sulfoxide formation. Li and co-workers reported that
Compound I (Cpd I) from iron–oxo porphyrin species is
responsible for sulfoxide formation (8).

The synthesis and anticancer profile of some thioet-
her containing drug candidate molecules were studied 
in our previous experiments. As prostate cancer is the 
second highest incidence of cancer among men, our 
previous study focused on (S)-Naproxen ((+) (S)-2-(6-
methoxynapthalene-2-yl)propanoic acid) derivatives. It is 
an active substance that has been reported to have anti-
cancer activities in recent years (9-13). In addition, researc-
hers have reported anticancer activities of Naproxen deri-
vatives in prostate and breast cancer (14-20). On the other 
hand, many studies have been conducted on compounds 
containing thioether structures, have anticonvulsant, an-
tidepressant, antimalarial, antiviral, vasodilator, antimic-
robial, antiurease and antitumoral activities (19, 21-33). In 
the light of this information, Birgül and co-workers studi-
ed the thioether derivative of Naproxen (16). SGK636 ex-
hibited the best anticancer activity among the tested mo-
lecules. The compound showed no toxic profile on the he-
althy cells, it was found to be valuable to undergo further 
research in terms of metabolic profile. Our previous work 
indicated the in vitro metabolic profile of some active mo-
lecules (34-36). In-vitro and in-vivo metabolic studies are 
needed to identify the potential metabolites of thioether 
structures with potential pharmacological activity. In the 
present work, we therefore planned to study SGK636’s 
in-vitro hepatic microsomal metabolism to observe if it is 
converted to any S-oxidation or dealkylated metabolites. 
We have performed the synthesis of authentic S-oxide 
metabolic standard of compound SGK636 and elucidated 
its structure by using spectroscopic methods. This paper 
also presents for the first time a rapid and simple method 
for the determination of metabolites using HP-TLC.
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MATERIALS AND METHODS
SGK636 and authentic triazole metabolic standard (DT) 
were previously prepared (16). In the present study, 
SGK636-SO was synthesized as described later in the 
text. m-Chloroperoxybenzoic acid (m-CPBA) and all ot-
her chemicals were purchased from Sigma Aldrich and 
Merck. Melting point was recorded on a Stuart SMP50 
Automatic Melting Point apparatus and uncorrected. The 
structure of SGK636-SO were confirmed by FT-IR, LC-MS, 
LC-MS/MS spectra and elemental analysis. FT-IR analysis 
were performed with Thermo Scientific Nicolet IS10 de-
vice. LC-MS separation of SGK636, DT and SGK636-SO 
(authentic standards) were performed by an Agilent 1260 
Infinity II LC-MS chromatographic system comprised of 
a G7115A 1260DAD WR detector, a G7311B 1260 Quad 
Pump system, a G1328C 1260 Manual Injection unit and 
a G6125B LC/MSD detector. An ACE C18 column was used 
as a stationary phase. LC-MS/MS analysis for standards 
and test extracts were performed in an Agilent 1640 seri-
es HPLC system equipped with online degasser, a binary 
pump, an autosampler, and column oven and interfaced 
to an Agilent 6460A triple-quadrupole mass spectro-
meter equipped with an electrospray ionization source 
(Agilent Technologies, Santa Clara, USA). All raw data were 
acquired and analyzed using Agilent Masshunter data 
processing software. A Camag Automatic Developing 
Chamber (ADC-2) device was used for HP-TLC studies. 
Densitometric scanning was performed in fluorescence 
mode using Camag TLC Scanner IV and Vision CATS soft-
ware after derivation. 

Adult male Suffolk white pig was used in this study. 
ß-Nicotinamide dinucleotide phosphate (disodium salt, 
NADP) and glucose-6-phosphate (disodium salt, G-6-P) 
were purchased from Sigma. Glucose-6-phosphate 
dehydrogenase suspension (Reinheit grade II, 10 mg 
per 2 ml; G-6-PD) was obtained from Sigma Aldrich. 
Dichloromethane was obtained from Merck.

Experimental
Synthesis 

S-oxide (SGK636-SO) ((S)-3-((2,4,6-trimethylphenyl)
thioxo)-4-(4-fluorophenyl)-5-(1-(6-methoxynaphtalen-2-
yl)ethyl)-4H-1,2,4-triazole): To synthesize the authentic
S-oxide, the substrate (SGK636, 0.001 mol) was dissol-
ved in ethanol (20 ml) and m-chloroperoxybenzoic acid
(m-CPBA, 0.0012 mol) was added dropwise in an ice bath
(0-5 °C). The mixture was stirred for 4 hours and the reac-
tion was monitored by TLC. After the reaction completed,

ethanol was evaporated under atmospheric pressure and 
the solid was extracted with dichloromethane/water mix-
ture. The organic phase was evaporated. The solid product 
was further purified by column chromatography. M.p 168-
170°C. FT-IR ʋmax (cm-1): 3065 (C-H), 1605 (C=N), 1391 
(S=O). MS (vAPCI): (M+1) 528.5; 520.6; 353.7; 342.9; 338.3; 
327.3. Elemental analysis: C31H30FN3O2S Calculated: 67.94 
(C%); 5.98 (H%); 6.69 (N%); 5.01 (S%). Found: C31H30FN3O2S.
C2H5OH 67.21 (C%); 6.15 (H%); 7.13 (N%); 5.44 (S%).  LCMS: 
(M+1) 528.2 

LC-MS Analysis

An acetonitrile (ACN)/water (70/30, v/v) mobile phase 
mixture was used. The substrate and metabolic standards 
were separated according to their mass/charge ratio and 
their molecular ion peaks were determined in the mass 
spectroscopy section and the retention times (Rt) of the 
substrate and metabolic standards were recorded. A DAD 
detector was also used to compare UV spectra of standard 
and metabolic products.

LC-MS/MS analysis

An acetonitrile (ACN) (100%) mobile phase was used. 
The substrate and the S-oxide metabolic standard were 
directly applied to triple-quad mass spectrometer. The 
substrate (SGK 636), S-oxide metabolic standard (SGK-
636-SO) and incubation extract were analyzed according
to their mass/charge ratio. Their molecular ions and frag-
mentations were recorded.

HP-TLC Analysis

The standard compounds (1mg/ml) were prepared in 
methanol. Each prepared solution was filtered through 
a 0.45 μm syringe filter except the incubates. The samp-
le and standard solutions were applied in bands of 8 mm 
length on silica gel glass HP-TLC plates 60 F254 with Camag 
Automatic TLC Sampler IV. A constant application rate was 
performed, and the gaps between the tracks were 10 mm. 
The mobile phase was petroleum ether/dichlorometane/
ethyl acetate (25:50:25 v/v/v) at 25°C.  The chamber was 
saturated for 20 min, and the plate was pre-conditioned 
for 5 min before the development. The humidity is cont-
rolled by ADC-2 using MgCl2 (33% RH) for 10 minutes. 
Densitometric scanning was performed in fluorescence 
mode using Camag TLC Scanner IV and Vision CATS soft-
ware after derivation. The slit size was kept at 5×0.2 mm, 
the micro and scan speeds were set at 20 mm/s. 
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Biological Studies

The animals were deprived of food overnight prior to sac-
rifice, but were allowed water ad libitum. They were previ-
ously fed on a balanced diet. Hepatic washed pig microso-
mes were prepared as described by Schenkman and Cinti 
(37) and Ulgen (38).

Incubation and Extraction Procedures

Incubations were carried out in a shaking water bath at 
37°C using a standard co-factor solution consisting of 
NADP (2 µmole), G-6-P (10 µmole), G-6-PD suspension (1 
unit) and aqueous MgCl2 (50% w/w) (20 µmole) in phosp-
hate buffer (0.2M, pH 7.4, 2 ml) at pH 7.4. Co-factors were 
pre-incubated for 5 min to generate NADPH, before the 
addition of microsomes (1 ml equivalent to 0.5 g original 
liver) and substrate (5 µmole) in methanol (50 µl). Briefly, 
seven test tubes were prepared (3 for test, 4 for controls) 
and co-factors (2ml in each tube), microsomal fraction (1 
ml for each tube) and substrate (50 µl for each tube) were 
added respectively. The incubation was continued for 30 
min, terminated and extracted with dichloromethane 
(3x5 ml). The organic extracts were evaporated to dryness 
under a steream of nitrogen (3).The residues were recons-
tituted in methanol (200 µl) for LC-MS and LC-MS/MS. The 
reconstituted extracts were analysed using the reverse-
phase LC-MS system described in the text. Test extracts 
were further investigated in LC/MSMS. For HPTLC studi-
es, these samples (dissolved in 50 µl metanol per sample) 
were also analysed using HPTLC equipment.

Autooxidation Studies

Either the substrate (2 µM) (SGK636) or authentic S-oxide 
standard (SGK636-SO) (2 µM)  was dissolved in methanol 
(50 µl). Then, phosphate buffer (0.2 M, pH 7.4) (3ml) was 
added in the same incubation conditions as test experi-
ments. The incubation was continued for 30 min, termi-
nated and extracted with dichloromethane (3x5 ml). The 
organic extracts were evaporated to dryness under a ste-
ream of nitrogen (3).The residues were reconstituted in 
methanol (200 µl) for LC-MS and LC-MS/MS. The recons-
tituted extracts were analyzed using the reverse-phase 
LC-MS system described in the text. Test extracts were 
further investigated in LC-MS/MS. For HP-TLC studies, the-
se samples (dissolved in 50 µl methanol per sample) were 
also analyzed using HP-TLC equipment.

Denaturation of Microsomes

For control experiments, microsomes were denaturated 
using boiling water. The necessary amount of freshly de-
frosted microsomes were taken in a test tube and it was 
placed in boiling water for 5 mins. After the heat-denatu-
ration, the denatureated microsomes were used for cont-
rol experiments. 

In Silico Studies

Our study group aimed to observe how the compound 
binds to P450 CYP3A4 protein, which probably causes its 
S-oxidation, using in silico approaches in the light of ex-
perimentally obtained information. For this purpose, the
X-RAY crystal structure of the protein (PDB ID: 4D7D) was
retrieved from the Protein Data Bank server (www.pdb.
org, accessed 08 September 2022). Schrödinger Maestro
Schrödinger Release 2020-3, Maestro, Schrödinger, LLC,
New York, NY, USA (2020) interface was used for the mo-
lecular docking study and the enzymes crystals were pro-
cessed using the Protein Preparation Wizard protocol of
the Schrödinger Suite 2020. Compounds were prepared
using the LigPrep module Schrödinger Release. 2020-1:
LigPrep 2020, Schrödinger, LLC, New York, NY, USA (2020)
to correctly assign the protonation states (pH=7.4) as well
as the atom types. Bond orders were assigned, and hydro-
gen atoms were added to the structures. The grid gene-
ration was formed using the Glide module Schrödinger
Release 2020-3, Glide, Schrödinger, LLC, New York, NY,
USA (2020), and docking runs were performed in standard 
precision docking mode (SP).

After determining the best pose for ligand-enzyme comp-
lex, we aimed to determine and clarify the changes in the 
interactions during the time and environmental changes 
using molecular dynamic simulation (MDS) technics. Thus, 
an MDS study was performed for 100 ns with the POPE 
transmembrane model system and 3 points (TIP3P) water 
model followed by energy minimization of the complex 
waters. The neutralization of the system was achieved 
using Na+ and Cl− ions and 150 mM NaCl was added. The 
molecular dynamic simulation was performed following 
the completion of the system setup. The radius of gyra-
tion (Rg), root mean square fluctuation (RMSF), and root 
mean square deviation (RMSD) values were calculated 
by the Desmond application Schrödinger Release 2020, 
Desmond, Schrödinger, LLC, New York, NY, USA (2020) and 
perused to previous literatures (39-40).
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RESULTS AND DISCUSSION
The aim of this present study is first to observe and prove 
any qualitative in vitro microsomal metabolite formation 
of the anticancer drug candidate, SGK636. The formation 
of the metabolites was proved in LC-MS, LC-MS/MS and 
HP-TLC analyses. There are limited data available on HP-
TLC and microsomal metabolism studies in the literature. 
This study is the first representative on this field in terms 
of HP-TLC usage in in vitro microsomal metabolism studi-
es (41). 

LC-MS, LC-MS/MS and HP-TLC
Several attempts were made in order to separate SGK636, 
DT and the corresponding S-oxide (SGK636-SO) with LC-
MS and HPTLC. Acetonitrile/water (70:30, v/v) was found 
to be the best mobile phase for the LC-MS separation of 
substrate and its metabolites (Figure 1a) and the best mo-
bile phase for HP-TLC was a mixture of petroleum ether 
(40-60°C)/dichloromethane/ethyl acetate (25:50:25 v/v/v) 
at 25 °C (Figure 4). The retention times and Rfx100 values 
of the compounds were recorded (Table 1). 

Table 1 Chromatographic properties of the substrate and the 
potential metabolites (SGK636, DT and SGK636-SO).

Compound 
(abbreviation)

M.W.
(g/mol)

Molecular 
ion peak 

(M+1) (m/z)

HPTLC 
Rfx100 
values

LC-MS 
retention 
time (min)

Substrate
(SGK636) 512.20 513 35.8 15.05

Dealkylated thiole 
(DT) 379.11 380 74.7 4.68

SGK636 S-oxide  
(SGK636-SO) 527.20 528 16.3 7.66

for HPTLC and LC-MS conditions see text

Following the metabolic experiments using SGK636 as a 
substrate, no S-dealkylation product (DT) was detected by 
using pig liver microsomes following LC-MS (Figure 1b). 
After the incubation, the oxidative metabolite (SGK636-
SO) was observed with LC-MS (Figure 1b) analyses. The 
control experiments with denaturated microsomes or in 
the absence of co-factors were also carried out to estab-
lish whether the S-oxidation reaction is enzymatic and co-
factor dependent (Figure 1c, 1d). S-oxide metabolite was 
only formed in the presence of enzyme and co-factors 
but not in the control experiments (in the presence of de-
naturated microsomes and in the absence of co-factors) 
indicating that the reaction was enzymatic. In order to 
establish any autooxidation into the corresponding sul-
foxide, the substrate SGK636 was also incubated in buf-
fer under standard incubation conditions (but without 
enzyme and co-factors) and no autooxidation into the 
corresponding sulphone was observed.  A stability work 
for SGK636-SO (sulfoxide) in buffer was also performed to 

see any possible autooxidation to sulphone or reduction 
back to SGK636. However, no conversion into SGK636 or 
the corresponding sulphone was observed in either way.

The authentic and metabolically formed SGK636-SO were 
compared with their retention times, UV and MS spectra 
and gave identical Rt and Rfx100 values on LC-MS and HP-
TLC and identical spectra in both UV and MS (Figure 1, 2, 
3, 4). LC-MS/MS analysis also confirmed the formation of 
sulfoxide (S-oxide metabolite). The fragmentations were 
recorded as their m/z values. Both substrate (SGK 636) and 
S-oxide metabolic standard (SGK 636-SO) were found to
be stable in terms of fragmentation (Figure 5, 6, 7).

Further study was performed for the incubation of S-oxide 
metabolic standard compound, SGK636-SO. The result 
presented that the corresponding sulfoxide is further 
oxidized to sulfone derivative. The sulfone formation was 
proved in LC-MS analysis (Figures 8a and 8b). 

The experiments were performed with test and control 
incubation systems. We have also included the autooxida-
tion procedure for both substrate and the authentic me-
tabolic standards (Figure 9). The control incubation pro-
cedures consisted of ‘denaturated microsomes’. The dena-
turation of the microsomes was provided by placing the 
mixture into hot boiling bath for 5 mins. The ‘heat inac-
tivation’ procedure was performed for providing dena-
turated microsomes. Although this study does not cover 
the enzymatic profile, some critical assumptions can be 
made in terms of enzymatic pathways. Sulphur oxidation 
is mainly provided by FMO enzymes rather than CYP enz-
ymes. A few studies indicates the oxidation mechanism of 
sulphur containing molecules regarding biotransformati-
on. A study showed the enzymatic participation of P450 
and FMO in fenthion biotransformation. When recombi-
nant P450s are used, CYP2C19 was found to be responsib-
le for sulfoxide formation. CYP1A1, CYP3A4 and CYP3A7 
was also found to have a significant role in sulfoxide for-
mation (42). When human liver microsomes used at low 
concentration of fenthion, sulfoxidation is predominantly 
P450-mediated. At the high concentrations, FMO’s get on 
the line (43). Rawden and co-workers studied the metabo-
lic sulfoxidation profile of albendazole using human liver 
microsomes. In vivo studies mostly hold CYP enzymes res-
ponsible for sulfoxide formation. Recombinant CYP3A4, 
CYP1A2 and FMO3 produced more sulfoxide of albenda-
zole than control microsomes. This study presented that 
the formation of sulfoxide depends on CYP activation, 
rather than FMO; primarily CYP3A4 was found to be most 
relatively involved in oxidation reaction (44). In our study 
male pig liver microsomes were used as consistent with 
the literature (45). Using this literature data, it may be as-
sumed that the formation of sulfoxide mostly depends 
on CYP activation, as there was no metabolite formed in 
control experiments. 
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Figure 1. (a), HPLC chromatogram of substrate (SGK636: 15.078) and its metabolic standarts (DT: 4.672 and SGK636-SO: 7.656) (b), HPLC chromatogram 
from SGK636 test mixture (c) HPLC chromatogram from SGK636 control experiment without microsomes (d) HPLC chromatogram from SGK636 control 
experiment without co-factors  (see Table 1 for abbreviations)
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Figure 2. (a) UV spectrum of standard and metabolic SGK636-SO; (b) 
standard DT and metabolically formed unknown metabolite (see text for 
abbreviations) (note: although the retention times were the same (4.07 
min), their UV spectra were different indicating the metabolite is different 
from DT)

Figure 3. (a) Mass spectrum of standard SGK636-SO and DT (b) Mass 
spectrum of SGK636-SO metabolite and unknown metabolite from 
SGK636 test mixture following incubation of SGK636 with pig liver micro-
somes fortified with NADPH

Figure 4. HPTLC chromatogram and UV spectra of (a) SGK636, (b) DT, 
(c) SGK636-SO (peak 2: standard compounds, i.e. peak 2 for a is SGK636; 
peak 2 for b is DT; peak 2 for c is SGK636-SO. All other peaks are related 
to solvents used) and (d) in-vitro metabolic extract from SGK636 meta-
bolism with pig liver microsomes fortified with NADPH (peak 2 for d is
SGK636-SO; peak 3 for d is  SGK636, all other peaks are related to solvents 
used) (see Table 1 for specific Rfx100 values).

Figure 5. Metabolic profile of SGK636 and molecular weights of metabo-
lites (see text for abbreviations)
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Figure 6. S-oxidation profile of SGK 636-SO

Figure 7. LC-MS/MS results for SGK636, authentic S-oxide standard and 
test experiment: (a) LC-MS/MS analysis of standard substrate (SGK 636)
(b) LC-MS/MS analysis of SGK 636-SO standard (c) SGK 636 Test (512 is
substrate and 528 is S-oxide metabolite)

Figure 8a. Authooxidation of SGK636 and SGK636-SO; (a) HPLC chroma-
togram of SGK 636-SO test incubation (b) HPLC chromatogram of SGK 
636-SO control (with no microsomes) (c) HPLC chromatogram of SGK
636-SO control (with no co-factor) (d) UV comparison of SGK 636-SO and 
sulfone metabolite

Figure 8b. Authooxidation of SGK636 and SGK636-SO; Mass spectrum of 
SGK 636-SO sulphone metabolite in 6.99 min (544 resulted from sulfone 
metabolite)
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Figure 9. Autooxidation study of SGK636 and SGK636-SO standard; (a) HPLC chromatogram of SGK 636-SO incubation with buffer (b) HPLC chromatog-
ram of SGK636 incubation with buffer

An unknown metabolite was also observed only in the 
test tubes at 4.07 min (Figure 1b). That peak could not 
belong to the S-dealkylated metabolite (DT) since its UV 
and MS spectrum were not identical with the authentic 
standard (Figure 2 and 3). It can not be O-dealkylation me-
tabolite either (Figure 2 and 3) as this unknown product 
has a different molecular weight (MW: 387) compared to 
the calculated value for O-dealkylation metabolite (MW: 
497) (Figure 5).

HP-TLC results also indicated the formation of SGK636-SO 
(Figure 4) (see Table 1 for Rfx100 values). The existence of 
this sulfoxide metabolite was confirmed by the identical 
Rfx100 values and UV spectra of authentic and metaboli-
cally formed SGK636-SO (Figure 4).

According to the previous study (46), the possible bi-
otransformation site (SOM) of the ligands in the ligand-
CYP3A4 enzyme complex can be determined if it is within 
6.0 Å from the iron atom of heme. In fact, the methodology 
behind the determination of possible SOMs is applicated 
using the extra-precision (XP) or induced-fit (IF) docking 
methods because the CYP3A4 is very flexible enzyme.

But in this case, since we have a known metabolite ob-
tained from experimental study and thus not searching 
for possible metabolites, we used the standard precision 
(SP) docking method. The docking result (Figure 10) re-
vealed that SGK636 ligated to the substrate region of the 
enzyme and contacted the iron atom of the HEM protein. 
This was observed as π-cation interaction. Also, there was 
an aromatic H-bond between H3 of 4-fluorophenyl and 
Ser119 amino acid. These two interactions pointed out 
that the ligand and the complex adapted to each other, 
thus, it is also suggested that one of the possible biotrans-
formation mechanisms is probably catalyzed by Cyp3A4. 
Additionally, Ser119 amino acid is described as a key resi-
due to stabilize the complex (47). 

According to the docking study, there were three possib-
le sites on SGK636 to oxidate, one is a sulfur atom, one 
is methyl group of 2,4,6-trimethylphenyl and the other 
one is a methyl group of ethyl bridge. To clarify this issue 
and understand the binding mode versus conformational 
changes by time-dependent and environmental chan-
ges, we also performed a molecular dynamics simulation 
study. The MDS data was shared in Figure 11.
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Figure 10. 2D (A) and 3D (B) representations of the compound at Cyp3A4 substrate pocket (PDBID: 4D7D). The Green dashed lines are used for π-cation 
and the cyan dashed lines are used for the aromatic hydrogen bond.
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Figure 11. MDS results for the compound and CYP3A4 protein complex. A-C: The stability properties of the complex. A: Physicochemical properties of the 
ligand; B: RMSD plot of the protein, the ligand versus protein and the ligand versus ligand; C: RMSF plot of the complex. D-E: The contacts properties of the 
complex. D: Number of interactions and interaction types versus time plot; E: Plot of interaction fractions versus residues with their interaction types during 
the time; F: 2D diagram for contact strength (cutoff = 20%).

The stability criteria (48-49) were found in acceptable ran-
ges. Rg values decreased around 0.5 Å from 0 to 36.60 ns, 
after that, their changes were observed between 0.25 Å. 
RMSD values of protein were observed between 1.00-1.86 
Å (RMSDmax was observed at 58.80 ns). RMSD values of 
ligand were observed between 0.36-3.26 Å and 0.92-4.48 
Å, according to itself and the protein, respectively. And 
the RMSF values were observed as expected, for the rigid 
structures (helixes and strands), they were observed un-
der 1.2 Å, and if there was a contact, then these values 
were under 0.8 Å. Besides that, the RMSF values of inte-
racted flexible structures (loops) were observed under 1.2 
Å. Specifically, the RMSF value of Ser119 was determined 
as 0.54 Å. As a result, all these criteria guaranteed that the 
MDS results are reliable. So, the interactions and their pro-
perties could be evaluated to understand the behavior of 
the complex. Direct H-bonds were observed with Arg105, 
Ser119, and Arg212 amino acids. Aromatic H-bonds for-
med with Ser119, Leu210, Arg212, Phe241, Ala370, and 
HEM1500 residues, and water-mediated H-bonds were 
with Ser119, Leu210 and Arg212 amino acids. The hydrop-
hobic interactions were with Arg105, Phe108, Val111, 
Met114, Ile120, Leu211, Phe213, Val240, Phe241, Ile301,

Phe304, Ala305, Ile369, Ala370, and Leu482 amino acids. 
Furthermore, especially, the interactions with Phe118, 
Ser119, and Arg105 had a pivotal role in ligating to 
CYP3A4 enzyme by SGK636, were noted.

The histograms of the distance values frequency were 
shared in Figure 12 (AH and BH). Also, in MDS video, the 
purple dashed line and its number represent the distance 
between the iron of Hem and the sulfur atom or methyl 
group of SGK636. The distance changes during the time 
(ps) were also plotted in Figure 12 (AP and BP). As seen, 
while the methyl group of 2,4,6-trimethylphenyl digres-
sed from HEM, the sulfur atom was getting closer to iron 
of HEM. Therefore, it’s clearly said that this methyl group 
is not a favorable candidate for SOM. Moreover, as seen in 
the MDS video, the methyl group of ethyl localized outsi-
de to do not contact with the HEM (>10 Å). As mentioned, 
if the maximal distance between SOM and iron of HEM is 
6 Å, the CYP enzymes can catalyze the xenobiotic. In this 
MDS study, the mean value (distance between iron and S 
atom) was calculated as 5.248±0826 Å during the entire 
simulation. (As the mean value (for between iron and CH3 
of the 2,4,6-trimethylphenyl group) was meaningless, it 
was not calculated).
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Figure 12. The fractions of the distances between the iron of HEME and (A) sulfur atom or (B) methyl group. H for histogram of frequency versus distances, 

P for plot of distance versus time.

As a result, this MDS study revealed that there is only 
one possibility, and this possible SOM of SGK636 is upon 
S-oxidation. Since our experimental study also proved the 
obtained metabolite was S-oxide-SGK636, in vitro and in 
silico studies are in harmony.

CONCLUSION
The present metabolic study indicates that an anticancer 
drug candidate, SGK 636 converted to the corresponding 
S-oxide metabolite following its in vitro microsomal me-
tabolism by pig liver microsomes but no any dealkylated
metabolite was observed. The in silico studies also proved
the S-oxidation via CYP3A4 enzyme. Since sulfoxidation
process can be reversible and it may partly explain the
low amount of sulfoxide metabolite, SGK636-SO (sulfo-
xide) was also incubated but no metabolic or chemical
conversion into the SGK636 was observed. However, it
produced the corresponding sulfone metabolite. This was 
established by LC-MS. The findings also indicate that this
substrate is very stable to metabolic S- or O-dealkylation
reactions which could be an advantage in terms of its
pharmacological activity. The S-oxide metabolite was
detected and confirmed by comparison with retention
times, Rfx100 values, UV and MS spectra of authentic and
metabolic product using LC-MS, LC-MS/MS and HP-TLC
techniques. Further study was performed for the incubati-
on of S-oxide metabolic standard compound, SGK636-SO.

The result presented that the corresponding sulfoxide 
is further oxidized to sulfone derivative. The sulfone for-
mation was proved in LC-MS analysis. An unknown pro-
duct was also observed following metabolic experiment 
which did not correspond to the molecular weight of any 
dealkylation metabolite or of any possible metabolic con-
version product. In order to establish if the S-oxidation 
reaction is enzymatic and/or requires co-factors, control 
experiments were carried out using denaturated microso-
mes, buffer instead of co-factors. In additon, the substrate 
was also incubated with buffer under standard incubation 
conditions (but without any enzyme and/or co-factors) to 
find out any autooxidation into corresponding sulfoxide 
and no autooxidation was observed.
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