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Introduction

Abstract

Diallyl sulfide (DAS), a selective inhibitor of CYP2EI, has shown protective
effects against alcohol- and acetaminophen-induced hepatotoxicity in many
studies. However, DAS is also a CYP2E1 substrate that on metabolism produces
toxic metabolites and causes cytotoxicity. The objective of this study was to find
a potent DAS analog as a CYP2EI inhibitor and has the characteristic of pro-
ducing less toxic metabolites. We selected seven commercially available com-
pounds that are similar to DAS (DAS analogs). First, we performed ligand-
CYP2E1 docking study to determine the binding mode and binding energy.
The analysis suggested a relative potential for these DAS analogs as CYP2E1
inhibitor. We then performed a comprehensive inhibition kinetics of DAS ana-
logs and determined the relative I1Cs, K;, and types of inhibition compared to
that of DAS. The results showed that compared to DAS, diallyl ether and allyl
methyl sulfide have lower K; values (3.1 and 4.4 umol/L, respectively, vs.
6.3 umol/L for DAS) and ICs, values (6.3 and 11.4 umol/L, respectively, vs.
17.3 umol/L for DAS). However, allyl methyl sulfide and thiophene showed
similar inhibitory capacities to that of DAS, and four other DAS analogs
showed lower potency than DAS. In conclusion, we have found relatively more
potent inhibitors of CYP2E1, which have lower toxicity than DAS. These com-
pounds can replace DAS not only as a tool for in vitro and in vivo studies that
involve CYP2ELI inhibition, but also can lead the way for their use in preventing
CYP2E1-mediated hepatic toxicity of alcohol and acetaminophen.

Abbreviations

5,1 HA, 5-hexen-1-amine; AES, allyl ethyl sulfide; AMS, allyl methyl sulfide; CYP,
Cytochrome P450; DAS, diallyl sulfide; DE, diallyl ether; PEA, 2-(prop-2-en-1-
yloxy) ethan-1-amine; PEXA, 2-prop-2-enoxyacetamide; ROS, reactive oxygen
species; TP, thiophene.

xenobiotics (Trafalis et al. 2010). CYP2E1-mediated meta-
bolism produces reactive oxygen species (ROS) and toxic

Diallyl sulfide (DAS), a thioether present in garlic extract,
has garnered significant attention from scientific commu-
nities since the early 1990s. Researchers have explored the
use of DAS for its multifarious applications that includes
anticancer, antioxidant and anti-inflammatory properties
(Rao et al. 2015). DAS has been used most frequently in
the prevention against toxicities induced by xenobiotics
such as alcohol and acetaminophen by selectively inhibit-
ing cytochrome P450 2E1 (CYP2E1l) (Rao et al. 2015).
CYP2ELI is involved in the metabolism of more than 85
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metabolites, which causes cytotoxicity. For example,
CYP2E1 metabolism of acetaminophen (APAP) causes
production of a toxic metabolite N-acetyl-p-benzoqui-
none imine, and APAP-induced liver injury accounts for
more than half of overdose-related liver failure in the
United States (Yoon et al. 2016). In addition, ethanol is
known to induce CYP2EIL, which subsequently metabo-
lizes ethanol and causes ROS and acetaldehyde mediated
cellular cytotoxicity and cancer of hepatic and nonhepatic
organs/systems (Lu and Cederbaum 2008; Jin et al. 2013).
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CYP2E1 Inhibition Kinetics of DAS Analogs

DAS, through CYP2E1 inhibition, has shown protective
effects against ethanol- and APAP-mediated hepatoxicities
in several studies (Swaminathan et al. 2013; Zhang et al.
2013; Raza and John 2015). DAS has also been extensively
used both in vitro and in vivo study as a tool to inhibit
CYP2EI in hepatic as well as a number of extrahepatic
cells (Jin et al. 2012).

However, despite DAS being a selective inhibitor of
CYP2EI, it has failed to achieve clinical relevance as a
drug, as well as, its application in chronic in vitro/vivo
study as a tool due to its own potential toxicity. At a rela-
tively high concentration and chronic exposure, DAS is
toxic to hepatic and extrahepatic cells (Rao et al. 2015).
In addition, although DAS is being used as a tool to inhi-
bit CYP2E1, it is poorly characterized with regard to
CYP2E1 inhibition. Our major goal is to find a superior
alternative to DAS, which overcomes the limitations of
DAS, and can be used as a better research tool to inhibit
CYP2E1 in various pathological conditions. Furthermore,
novel DAS analogs have the potential to be used as adju-
vant therapy in various pathological conditions. In this
study, we selected seven commercially available com-
pounds, which resemble DAS structure. These compounds
were characterized for binding affinity using ligand-dock-
ing analysis followed by CYP2EI inhibition study.

Materials and Methods

Chemicals

Diallyl sulfide (DAS), allyl methyl sulfide (AMS), allyl
ethyl sulfide (AES), diallyl ether (DE), thiophene (TP),
2-(prop-2-en-1-yloxy) ethan-1-amine (PEA), and 5-hexen-
I-amine (5,1 HA) were purchased from Sigma-Aldrich (St.
Louis, MO). 2-prop-2-enoxyacetamide (PEXA) was pur-
chased from Aldlab Chemicals (Woburn, MA). The stock
solutions for these compounds were prepared in acetoni-
trile that was bought from Sigma.

Molecular docking study

Molecular modeling studies were performed using the
Schrodinger Molecular Modeling Suite 2015 (Schrédinger,
LLC, NY) as described (Chen et al. 2012; Lu et al. 2014).
The initial models of human CYP2E1 for docking were
taken from the Protein Data Bank. Among the six X-ray
crystal structures available for human CYP2E1, we chose
the 3KOH for docking DAS and all the analogs based on
completeness, resolution, and ligand binding pose
(Porubsky et al. 2010). Protein and grid preparations
were performed using the Protein Preparation Wizard
with default protocol, and the grid of the CYP2E1 active
site containing heme iron was defined. All compounds
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were prepared using the Ligprep module, before they were
docked into the active site with metal constraints using
the Glide module in the software.

CYP2E1 inhibition assay

The inhibition of CYP2E1 activity by DAS or its analogs
was measured using standard para-nitrophenol (p-NP)
hydroxylation assay as described before (Cederbaum
2014). Briefly, the final reaction mixture contained
50 mmol/L  potassium phosphate buffer (pH 7.4),
2 pmol/uL of CYP2E1 baculosomes (Thermo Fisher Sci-
entificc, Waltham, MA), and varying concentration of
p-NP (5, 15, 30, 50, and 100 umol/L) and inhibitors (5,
10, 25, 50, 100, and 200 umol/L). On pre-incubation at
37°C for 5 min, the reaction was initiated by adding
26 mmol/L NADPH and carried out for an hour at 37°C.
On terminating the reaction by 20% (w/v) trichloroacetic
acid, the reaction was neutralized by 2 mol/L NaOH and
absorbance was measured at 535 nm using a microplate
reader (Cytation™ 5 Cell Imaging Multi-Mode Reader,
BioTek, VT). The absorbance without an inhibitor was
normalized to 100% activity of CYP2EI.

CYP2E1 kinetic data analysis

The CYP2El inhibition kinetics were analyzed using
GraphPad Prism 5 software (GraphPad Software Inc., San
Diego, CA). The half maximal inhibitory concentration
(ICsp) was determined by fitting curve to data by nonlin-
ear regression. The Michaelis—Menten constant (K,,) and
maximal reaction velocity (V,,.x) were obtained using the
Michaelis-Menten nonlinear regression equation. The
experimental data were re-analyzed with the appropriate
equation to determine the inhibition type and inhibition
constant (K;). Goodness-of-fit criteria were used to define
the inhibition pattern.

Results and Discussion

Docking study of the analogs with CYP2E1
active site

To find a superior DAS alternative, we performed a struc-
ture activity study. The central sulfur atom in DAS struc-
ture interacts with the heme of CYP2E1l active site,
thereby acting as an inhibitor. However, DAS is also
metabolized at the same position resulting in production
of toxic sulfur metabolites such as diallyl sulfoxide and
diallyl sulfone (Rao et al. 2015). We analyzed seven com-
pounds (AMS, AES, DE, TP, PEA, 5,1 HA, and PEXA)
that resemble DAS, but have slightly different chemical
moieties (Fig. 1A). We chose analogs that altered DAS at
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Figure 1. (A) The structures of the seven commercially available DAS analogs that were purchased and used for this study. (B) Docking of DAS
and analogs with human CYP2E1 crystal structures using Schrodinger Molecular Modeling Suite 2015. All the compounds were prepared using
the Ligprep module and then docked into the active site with metal constraints. The results showed similar binding mode for all DAS analogs.

the central hetero atom by replacing sulfur with oxygen
(DE, PEA, and PEXA), or by completely removing sulfur
(5,1 HA). These alterations should result in DAS analogs
retaining their ability to interact with the heme of CYP2EL
active site, but losing their ability to be oxidized into toxic
metabolites. We also chose DAS analogs that had stronger
nucleophiles at the carbon atom adjacent to the hetero
atom (PEA, PEXA, and 5,1 HA) to increase the binding
strength of the analogs to the active site. Furthermore, we
chose compounds with smaller side chain (AES and AMS),
which is likely to improve the binding affinity as well (Rao
et al. 2015). Low molecular monocyclic aromatic com-
pounds are also a viable option as the binding site of
CYP2E1 (Fig. 1B) exists within a narrow channel, unlike
other CYP active sites (Collom et al. 2008). Therefore, we
chose a cyclic analog of DAS (TP), which is likely to
strengthen the binding as an inhibitor.

To determine the potential binding mode and molecu-
lar interactions between the analogs and CYP2E1 at the
active site, we performed a docking study. All the com-
pounds generally showed similar binding mode, in that
they occupied approximately the same space surrounded
by a group of hydrophobic residues and the “necklace” of
phenylalanine side chains including Phe298, Phell6, and
Phe207, above the heme (Fig. 1B). In each structure, the
heteroatom (oxygen or sulfur) interacts with the heme
iron with distances of 3.15-3.58 A, whereas the alkyl
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chain or aromatic ring extends toward the helix I. Among
all the compounds, TP favors a m-m interaction with the
phenylalanine side and shows the best docking score of
—4.86 (Table 1). However, unlike the thiophene ring, the
alkyl chains in the other compounds are flexible and lack
a m-m interaction with the surrounding residues. There-
fore, the study predicts that introducing aromatic moi-
eties would increase interactions with CYP2EI. We also
observed a higher docking score for AMS (—3.24) than
DAS (—1.56). These results are consistent with our
hypothesis.

Docking score does not always depict ligand—receptor
interactions accurately. In fact, the flaw of the scoring sys-
tem is considered to be a major limiting factor of compu-
tational docking (Ramirez and Caballero 2016), especially
for small ligands for which the number of interactions
between a ligand and its receptor is too small to make
reliable differentiations among different ligands. The
docking programs make simplified assumptions in the
assessment of modeled complexes without accounting for
physical phenomena that play a role in influencing molec-
ular recognition, such as entropic effects (Kitchen et al.
2004). For example, replacing the sulfur atom of the DAS
structure with oxygen (DE) should have resulted in simi-
lar or increased binding affinity. However, interestingly,
we observed lowest docking score for DE, when we would
have expected this compound to be at the least equally
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Table 1. Summary of the CYP2E1 inhibition kinetics of the analogs.

. Rahman et al.

Maximal
Analogs Inhibition type K; (umol/L) ICs0 (umol/L) inhibition (%) Docking score
Diallyl sulfide (DAS) Competitive 6.3+ 1.0 173+ 1.1 97 —1.54
Allyl methyl sulfide (AMS) Competitive 4.4 +£0.9 114 £ 1.1% 100 —3.25
Thiophene (TP) Competitive 77 +£1.2 194 + 1.1 98 —4.86
Diallyl ether (DE) Competitive 3.1 + 0.2* 6.3 + 1.2* 100 —-0.17
5-hexen-1-amine (5, 1 HA) Uncompetitive ~7.3 (ambiguous) 747 £ 1.2% 75 —1.88
Noncompetitive ~10.5 (ambiguous)
2-(prop-2-en-1-yloxy) ethan-1-amine (PEA) Uncompetitive 19.3 £ 2.3* 43.7 £ 1.4% 71 —1.27
Noncompetitive 34.1 + 3.3*
2-prop-2-enoxyacetamide (PEXA) Uncompetitive 246 + 47* 91.4 + 1.6* 20 -1.73
Noncompetitive 363 + 64*

The inhibition kinetic results (ICso and K;) are presented as mean + SE from four experimental replicates. The type of inhibition was also deter-
mined as described in Materials and Methods. The docking scores are also presented in the table.

*P < 0.05 when compared to DAS.

potent to DAS in its activity. Moreover, we expected
increased binding for the compounds in which modifica-
tion have been made at the carbon atom adjacent to the
heteroatom by integrating stronger nucleophiles (e.g.,
PEXA). However, we did not observe much increase in
docking score for such analogs. Nevertheless, this prelimi-
nary docking study provided some rough comparisons
among the chosen ligands.

Inhibition of CYP2E1 activity by DAS and its
analogs

There is very little information about the precise CYP2E1
inhibition capacity of DAS. In a few studies, DAS has
been shown to be a competitive inhibitor of CYP2E1
using human and rat liver microsomes (Brady et al. 1991;
Morris et al. 2004). However, these studies were per-
formed either with insufficient or very low concentrations
of DAS. In these studies, the reported K; values of DAS
therefore differ by a large margin, perhaps due to the lack
of sufficiently varying degree of concentrations of both
the inhibitor as well as the substrate. The study by Morris
et al. used a couple of substrate and inhibitor concentra-
tions and provided a better inhibition kinetic profile.
Moreover, at first, we characterized the DAS inhibition
kinetics with CYP2E1 using multiple concentrations of
both p-NP and DAS (Fig. 2, Table 1).

We used CYP2E1 baculosomes for our study as they
have the unique property of expressing only one type of
CYP isozyme. This gives an advantage over traditional
microsome-based assays in that there will be no interfer-
ence/interactive effects from other CYPs in determining
the inhibition kinetics. First, we established that CYP2E1
activity is linear at 100 umol/L substrate concentration
for 1 h of reaction (Fig. S1). We then conducted the
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inhibition assay at five different p-NP concentrations (5,
15, 30, 50, 100 pumol/L) and six different concentrations
of inhibitors (5, 10, 25, 50, 100, and 200 umol/L). Based
on the reported K, value, 100 umol/L may not be the
saturating p-NP concentration. However, CYP2E1 shows
substrate inhibition at >100 umol/L p-NP (Collom et al.
2008). Therefore, first we performed the inhibition assay
at 100 umol/L to obtain the ICs, values (Table 1). Subse-
quently, we used lower concentrations of the substrate to
determine the ICs, at each substrate concentration as well
as the K; values. Our results showed that DAS has an 1Cs,
of 17.3 = 1.1 umol/L and a K; of 6.3 £ 1.0 umol/L, and
it follows competitive inhibition kinetics. Brady et al.
used acetone-induced rat microsome for their study and
only one concentration of DAS (125 umol/L), and they
observed that inhibition of CYP2E1 by DAS followed
competitive inhibition, which is consistent with our find-
ings (Brady et al. 1991). However, the reported K; value
(188 pumol/L) from their study varies by a large margin
from our results as well as from the study conducted by
another group using human and rat microsome. Morris
et al. reported an ICs, value of 3 umol/L for DAS. How-
ever, they used only two lower concentrations (2 and
8 umol/L) (Morris et al. 2004). The reported K; values
(0.3~1.9 umol/L) were also determined using limited con-
centrations of both DAS (0.25 and 1.0 umol/L for human
CYP2E1; 2 and 6 umol/L for rat CYP2E1) and the sub-
strate. Our results are likely to provide more accurate and
reliable ICsy and K; than the reported values, because we
used multiple substrate and DAS concentrations and used
CYP2El-induced baculosomes.

Furthermore, we performed a complete inhibition
kinetics of seven DAS analogs as described above (Fig. 2,
Table 1). Of the seven compounds, although AES caused
marked inhibition, it did not fit with any inhibition

© 2017 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
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CYP2E1 inhibition at 100 pmol/L PNP
150

a
=]
S

o
S
% CYP2E1 activity

teetdthd

% CYP2E1 activity

0+
0.0

T T T T
0.5 1.0 1.5 20 235

Inhibitor conc. in log (pmol/L)

CYP2E1 inhibition at 30 pmol/L PNP

-

g
A
]
g

DAS

AMS
PEA
PEXA
51HA
DE

a

8
a
5
5]

AR EE RN R

o
=)
% CYP2E1 activity

% CYP2E1 activity

0.0

05 10 15 20 25
Inhibitor conc. in log (pmol/L)

1]
0.0 0.5 1.0

150

-
o
S

73
S

0
0.0

CYP2E1 inhibition at 15 pmol/L PNP

15
Inhibitor conc. in log (pmol/L)

CYP2E1 Inhibition Kinetics of DAS Analogs

CYP2E1 inhibition at 50 pmol/L PNP
DAS

AMS
PEA
PEXA
51HA
DE

tetithd

0.5 1.0 1.5 20 25

Inhibitor conc. in log (nmol/L)

CYP2E1 inhibition at 5 pmol/L PNP
150

£ i
- DAS £ 100 - DAS
- TP E ° -= TP
- AMS w F - AMS
N
- PEA < 50 .\\ - PEA
-+ PEXA © = -+ PEXA
- 51HA = 3 - 51HA
-+ DE o4 T v T , ~+ DE
20 25 00 05 10 15 20 25

Inhibitor conc. in log (umol/L)

Figure 2. Inhibition of CYP2E1 activity at varying p-NP substrate and inhibitor concentrations. The absorbance obtained without any inhibitor
(vehicle only) was considered as 100% CYP2E1 activity for each substrate concentration. The data were analyzed using nonlinear regression curve
fitting. The 1Cso was determined and presented in Table 1. The data were also used to plot Michaelis-Menten kinetics curve, and Ki and type of

inhibition were determined as described in Materials and Methods.

kinetics. Therefore, in subsequent studies, we used only
six compounds for complete inhibition kinetic analysis.
Results show that, contrary to the docking analysis, DE
has significantly lower ICsy and K; values (6.3 &+
1.2*umol/L and 3.1 4+ 0.2*umol/L, respectively) than
DAS (17.3 £ 1.1 umol/L and 6.3 + 1.0 umol/L, respec-
tively). The analog with the highest docking score, TP,
showed the similar inhibitory capacity as compared to
DAS (ICs0 =19.4 £+ 1.1 umol/L and K;=7.7 £ 1.2
umol/L). AMS, which exhibited relatively higher docking
score, showed an ICsy of 11.42 £+ 1.1*umol/L and K; of
4.4 £ 0.9 umol/L, which are lower than DAS. Similar to
DAS, these analogs showed competitive inhibition of the
CYP2E1 activity. Thus, AMS, TP, and DE showed com-
plete inhibition at saturating substrate concentration
(Table 1), suggesting that their nature of inhibition for
CYP2E1 is similar to DAS. Other analogs such as AES,
5,1 HA, PEA, and PEXA, despite having similar binding
conformation and score, did not exhibit desirable inhibi-
tory activity and mostly followed uncompetitive and/or
noncompetitive inhibition kinetics.

As expected, the replacement of oxygen and/or chang-
ing the size of side chain of DAS improved the binding of
oxygen or sulfur with the heme of CYP2EIl, and showed
better inhibition profiles with DE and AES than DAS.
This mode of binding is expected to produce metabolite
by CYP2E1, which may be less toxic to the metabolites
produced by the oxidation of sulfur. It is interesting to
note that compounds that showed higher than or similar
to DAS binding affinity (IC5, or Kj) also showed similar
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inhibition kinetics to DAS. However, the compounds that
showed lower binding affinity than DAS showed very dif-
ferent inhibition kinetics. These compounds appear to
bind the CYP2EI active site in two different modes; one
through oxygen and the other through nitrogen. The two
binding modes appeared to have weaken the overall bind-
ing affinity. We had initially expected that nitrogen moi-
eties on PEA, PEXA, and 5,1 HA is likely to strengthen
the binding of the heme of CYP2EI.

These results are significant in terms of finding a supe-
rior alternative to DAS. Despite having substantial phar-
macological activities and being used in numerous research
studies for many years, DAS has failed to consolidate its
credibility to be a potential drug candidate (Rao et al.
2015). Due to its own toxicity, it is difficult to design any
long-term/chronic  treatment schedule with DAS. The
metabolites, diallyl sulfoxide and diallyl sulfone, by undergo-
ing further metabolic activation to their respective epoxides
can cause considerable toxicity. Moreover, these metabolites
can cause autocatalytic destruction of the CYP2E1 enzyme
(Rao et al. 2015). Zhai et al. has reported that DAS aggra-
vated the isoniazid induced toxic effect by potentiating
increased ROS production in primary rat hepatocytes (Zhai
et al. 2008). Our own group have found that despite rescu-
ing ethanol-mediated cell death to a certain extent, DAS
itself causes ~15% cell death in SVGA astrocytic cell lines in
24 h (Jin et al. 2013). The preliminary results (unpublished
observations) with DAS analogs showed that, even at as
high as 200 umol/L concentrations, TP and DE did not
show any significant toxicities for 6 and 4 days of treatment,
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respectively. However, as expected, DAS caused more than
40% cell death at 200 yumol/L after 2 days of treatment.

In conclusion, this is the first report on a thorough
analysis of CYP2EL inhibition kinetics of DAS and its
seven structural analogs. This study provided two DAS
analogs that have better inhibition characteristics than
DAS, which also appear to show relatively lower toxicity
than DAS in early studies. Our extensive toxicity profile
study of these compounds, and whether these compounds
can rescue alcohol- and acetaminophen-mediated toxicity
in hepatic and extra-hepatic cells, is underway. Overall,
the results are very encouraging in the search for a supe-
rior alternative to the widely used DAS as a selective
CYP2E1 inhibitor as a research tool and/or as a possible
combination/preventive therapy in alcohol- and other
xenobiotic-mediated toxicity.
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Supporting Information

Additional Supporting Information may be found online
in the supporting information tab for this article:

Figure S1. Time kinetics of para nitrophenol hydroxylation.
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