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metabolizing enzymes on the MetaChip. As a result, cytotox-
icity of E-ajoene was significantly augmented in the presence 
of cytochrome P450 (CYP) isoforms, such as CYP2E1 and 
CYP3A5. Both E- and Z-ajoene were drastically detoxified 
in the presence of Phase II enzymes, including major UGTs, 
SULTs, NATs, and GSTs. Interestingly, All Mix, an artificial 
human liver microsome containing representative P450 mix-
ture and phase II enzyme mixture, attenuated P450-induced 
cytotoxicity of ajoenes. Conclusively, we were able to con-
firm the metabolism-medicated toxicity of ajoenes on the 
chip.

Keywords 3D Cellular microarray · Metabolism · 
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Introduction

The human liver contains a variety of oxidative and con-
jugative enzymes that are involved in the metabolism of 
numerous compounds, including therapeutic drugs. Inves-
tigating metabolism-induced toxicity by drug metaboliz-
ing enzymes becomes increasing important in the drug 
discovery processes, because drug candidates can be trans-
formed into cytotoxic metabolites or converted to less toxic 
intermediates in the presence of the enzymes, which will 
eventually affect their human toxicity (Gombar et al. 2003; 
Li 2001; MacCoss and Baillie 2004). For example, aceta-
minophen and troglitazone, which either carries warnings 
for hepatotoxicity or has been withdraw from the market 
due to hepatotoxicity, are known to be converted to cyto-
toxic metabolites by cytochrome P450s (CYP450), even-
tually causing liver failure (MacCoss and Baillie 2004). 
Moreover, individual variability of metabolizing enzyme 
expression in the human liver makes drug metabolism 
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and associated toxicity assessment even more compli-
cated. Therefore, understanding the role of these enzymes 
in drug metabolism is an important area of research that 
impacts human toxicology testing, ultimately drug safety. 
In an effort to address these needs, we had developed 
three-dimensional (3D) cellular microarrays (DataChip) 
and complementary metabolizing enzyme microarrays 
(MetaChip) on functionalized glass slides to evaluate cyto-
toxicity of drugs and their metabolism-induced toxicity in a 
high-throughput manner (Lee et al. 2005, 2008).

In the present work, we demonstrate that the DataChip 
constructed on a micropillar chip (DataChip 2.0) and the 
MetaChip in a microwell chip (MetaChip 2.0) can be used 
to evaluate cytotoxicity of target compounds, ajoenes, and 
their metabolites. The DataChip 2.0 contained Hep3B 
human hepatoma cell line as a screening target, and the 
complementary MetaChip 2.0 contained 23 individual 
drug metabolizing enzymes as well as mixtures of those 
enzymes to assess metabolism-mediated toxicity of com-
pounds on the chip.

Ajoenes, structurally more stable precursors of allicin 
that is an active ingredient in garlic (Allium sativum), were 
selected as model compounds for testing. Some clinical tri-
als and in vitro studies of ajoenes have demonstrated their 
anti-thrombosis, anti-microbial, cholesterol lowering, and 
anticancer activities (Kaschula et al. 2010; Kay et al. 2010a). 
Ajoenes have several isomers (e.g., E and Z form), and their 
anti-oxidative effects are also recently confirmed via cyto-
protective effects through Nrf2-mediated glutamate-cysteine 
ligase induction (Kay et al. 2010a, b). However, toxic effects 
or detoxification pathways of ajoenes are not fully studied, 
yet. Considering broader use of ajoenes with the aforemen-
tioned medicinal efficacy, its toxicity and interactions with 
various drugs, herbs, or vitamins should be studied.

In the present study, we obtained dose response curves 
and corresponding IC50 values for E- and Z-ajoene on the 
DataChip/MetaChip 2.0. The toxicity profiles of ajoenes 
obtained from the chip platform were compared to those 
from conventional in vitro toxicology assays in 96-well 
plates, employing 2D cell monolayers. Overall, the chip 
platform could provide more in vivo-like 3D microenvi-
ronment for cytotoxicity assays, compared to other coun-
terparts with 2D cell monolayers, and was able to mimic a 
variety of metabolizing reactions in the human liver (Lee 
et al. 2008, 2010).

Materials and methods

Synthesis of ajoenes

E- and Z-ajoene were synthesized by the method developed 
by Hunter et al. (2008), and the purity and structure of each 

ajoene were confirmed with NMR spectrum (Methanol-D4, 
CIL Inc., USA) (Supplementary Fig. 1). In brief, propar-
gylation of allyl mercaptan and regioselective radical addi-
tion of thiolacetic acid to terminal alkyne afforded vinylth-
ioacetate. After deprotection of thioacetate, sulfenylation of 
the enethiolate with S-allyl p-toluenesulfonylthioate gave 
vinyl disulfide and subsequent oxidation provided the final 
E/Z-ajoene. The E/Z-mixture of ajoene was purified by 
silica gel column chromatography and assigned by IR and 
NMR spectroscopy: E-ajoene IR (neat, cm−1) 3009, 2962, 
2921, 1634, 1610, 1035, 926, 800; 1H NMR (400 MHz, 
CD3OD3) δ 6.39 (1H, d, J = 14.8 Hz), 5.78–5.98 (3H, m), 
5.39–5.49 (2H, m), 5.17–5.22 (2H, m), 3.48–3.65 (3H, 
m), 3.36–3.45 (3H, m); 13C NMR (100 MHz, CD3OD3)  
δ 134.7, 132.5, 125.5, 123.8, 119.2, 116.7, 54.3, 52.9, 41.3. 
Z-ajoene, IR (neat, cm−1) 3011, 2960, 2912, 1634, 1598, 
1043, 990, 924; 1H NMR (400 MHz, CD3OD3) δ 6.53 
(1H, d, J = 9.2 Hz), 5.69–5.89 (3H, m), 5.37–5.45 (2H, 
m), 5.13–5.18 (2H, m), 3.46–3.65 (4H, m), 3.34–3.40 (2H, 
m); 13C NMR (100 MHz, CD3OD3) δ 138.9, 132.9, 125.9, 
124.2, 119.6, 118.3, 55.2, 49.9, 42.4.

Hep3B cell culture and the preparation of cell suspension 
for spotting

Hep3B human hepatoma cell line (from ATCC) was grown 
in RPMI 1640 (Mediatech, Manassas, VA) supplemented 
with 10 % fetal bovine serum (Sigma-Aldrich, St. Louis, 
MO) and 1 % penicillin–streptomycin (Invitrogen, Grand 
Island, NY) in T-75 cell culture flasks in a humidified 5 % 
CO2 incubator (Thermo Scientific, Asheville, NC) at 37 °C. 
The suspensions of Hep3B cells were prepared by trypsi-
nizing a confluent layer of the cells with 0.6 mL of 0.05 % 
trypsin-0.53 mM EDTA (Invitrogen) from the culture flask, 
and re-suspending the cells in 6 mL of 10 % FBS-supple-
mented RPMI. After centrifugation at 1,200 rpm for 4 min, 
the supernatant was removed and the cell pellets were re-
suspended with 10 % FBS-supplemented RPMI to a final 
concentration of 6 × 106 cells/mL.

The preparation of DataChip/MetaChip to determine 
cytotoxicity of E- and Z-ajoene

To assess metabolism-induced toxicity of ajoenes, we have 
used the DataChip/MetaChip 2.0 platform (Fig. 1) that 
have been developed and extensively tested by Solidus Bio-
sciences Inc., (San Francisco, CA) and Samsung Electro-
Mechanics Co (SEMCO, Suwon, South Korea). Experi-
mental procedures to assess ajoene toxicity via metabolism 
are shown in Fig. 2. Briefly, the DataChip was prepared by 
spotting 50 nL of a mixture of 0.01 % poly-l-lysine (PLL) 
and 0.1 M BaCl2 onto a micropillar chip (532 micropillars 
per chip) using a microarray spotter (SEMCO), followed 
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by dispensing 50 nL of Hep3B cell suspension in 0.75 % 
alginate (3 × 106 cells/mL per spot) on top of the dried 
PLL/BaCl2 spots (see Fig. 2a). While printing Hep3B cell 
spots, the micropillar chip was placed on a chilling slide 
deck at 4 °C to retard evaporation of water in the spots. 
The suspension of Hep3B cells in low-viscosity alginate 
(Sigma-Aldrich) was prepared by mixing 500 μL of the 
Hep3B cell suspension in 10 % FBS-supplemented RPMI 

(6 × 106 cells/mL) with 250 μL of 3 % alginate in distilled 
water and 250 μL of RPMI so that the final concentration 
of cells and alginate was 3 × 106 cells per milliliter and 
0.75 % (w/v), respectively. After 2 min gelation on the 
chilling deck, 50 nL of Hep3B cell spots on the 532 micro-
pillars were immersed in 800 nL of RPMI growth medium 
in a complementary microwell chip (532 microwells per 
chip) by sandwiching two chips together (“stamping”). 

Fig. 1  The DataChip/MetaChip 
platform for metabolism-
induced toxicity assays: a sche-
matics of the micropillar chip 
containing human cells and the 
microwell chip containing com-
pound metabolites generated 
by various drug metabolizing 
enzymes and b a picture of the 
micropillar and microwell chip

Fig. 2  The experimental 
procedure for metabolism-
induced toxicity assays with the 
DataChip/MetaChip
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The stamped DataChip onto the microwell chip contain-
ing RPMI was placed in a gas-permeable incubation cham-
ber (SEMCO) and then incubated in the CO2 incubator at 
37 °C for 18 h prior to toxicity tests.

The MetaChip, a complementary array of encapsulated 
metabolizing enzymes that was designed to emulate metab-
olizing reactions in the human liver, was prepared on the 
microwell chip made of polystyrene. Fresh metabolizing 
enzyme solutions in alginate were prepared in a 96-well 
plate on ice (Lee et al. 2010), and 100 nL of metabolizing 
enzyme mixtures in alginate were printed in the microwell 
chip laid on the chilling slide deck at 4 °C (Fig. 2b). The 
MetaChip was transversely divided into four regions (I–IV 
in Fig. 4a). Specifically, regions I–IV contained baculo-
some® negative control (Invitrogen) as a test compound 
only control, a mixture of human cytochrome P450 iso-
forms (CYP Mix), a mixture of human Phase II metaboliz-
ing enzymes (Phase II Mix), and a mixture of CYP mix and 
Phase II mix (All Mix). Immediately after enzyme dispens-
ing, the MetaChip was placed in a Petri dish (4 MetaChips 
per 150-mm-diameter Petri dish) and stored in a −80 °C 
freezer until use.

Stamping the DataChip onto the MetaChip with ajoenes

Metabolism-based cytotoxicity assays were performed 
by dispensing ajoenes into the MetaChip (Fig. 2b) and 
then stamping the DataChip onto the MetaChip (Fig. 2c). 
Ajoenes stock solutions were prepared by dissolving 
ajoenes in DMSO (final concentration, 50 mM of each 
ajoene). By 3-fold serial dilutions in DMSO, 5 dosages 
(0.6–50 mM) and one control were made. For the con-
trol, 100 % DMSO instead of the compound was used. 
Finally, 300 μL of diluted ajoene solutions were pre-
pared in a round-bottom 96-well plate by mixing 1.5 μL 
of the diluted ajoenes in DMSO with 298.5 μL of RPMI 
(final concentrations, 3–250 μM). Followed by taking 
out the MetaChip from the −80 °C freezer, the MetaChip 
was placed immediately on the cold slide deck at 4 °C, 
and then, 720 nL of the ajoene solutions in RPMI were 
printed on the MetaChip using the microarray spotter. 
After taking out the pre-incubated DataChip from the 
gas-permeable chamber, the microwell chip with RPMI 
was removed and discarded, and then, the DataChip was 
stamped on the top of the MetaChip with ajoenes by 
aligning the edges of the chips. The stamped chips were 
incubated for 24 h in the CO2 incubator at 37 °C for cyto-
toxicity assays. After 24 h incubation, the MetaChip was 
discarded, and the DataChip was stamped onto the pre-
warmed microwell chip with 800 nL of fresh RPMI, and 
then, the stamped chips were incubated in the gas-perme-
able chamber in the CO2 incubator at 37 °C for additional 
48 h.

Cell staining, chip scanning, and data analysis

Hep3B cells are stained by a staining dye solution. The 
staining dye solution was prepared by adding 1.0 μL of 
4 mM calcein AM (Invitrogen) and 4.0 μL of 2 mM eth-
idium homodimer-1 (Invitrogen) in 8 mL of 140 mM NaCl 
supplemented with 20 mM CaCl2. After staining the Data-
Chip for 1 h and drying stained cell spots in the dark for at 
least 2 h, the location of each cell spot where ajoenes added 
was detected by imaging the entire DataChip using blue 
laser (488 nm) and standard blue filter for green dye (PMT 
gain 180 and power 10) and blue laser and 645AF75/594 
filter for red dye (PMT gain: 200 and power: 10) in Gene-
Pix® Professional 4200A scanner (MDS Analytical Tech-
nologies) (Fig. 2d). The green fluorescence intensity, which 
was linearly proportional to the total number of live cells, 
was quantified from the scanned images using S+ Chip 
Analysis (SEMCO). It extracted fluorescent intensity 
from each cell spot and plotted the percentage of live cells 
against the concentration of ajoene tested. The sigmoidal 
dose–response curves (variable slope) and IC50 values (i.e., 
concentration of the compound where 50 % of cell growth 
inhibited) were obtained using the software.

Statistical analysis

To analyze the statistical difference of IC50 values obtained 
from different drug metabolizing enzymes, p values were 
calculated with one-way ANOVA (Analysis of Variance). 
All statistical analyses were done with JMP version 4 (SAS 
Institute, Cary, NC, USA). Statistical significance was 
defined as p < 0.05.

Results

The Hep3B cells on the chip formed 3D spheroidal struc-
ture over time (Fig. 3). To study metabolism-induced tox-
icity of ajoenes, IC50 values of ajoenes and their metab-
olites were determined on the DataChip/MetaChip 2.0 
platform. For example, cell death was occurred where 
Hep3B cells were exposed to high concentrations of 
Z-ajoene (Fig. 3). Figure 4 represents a scanned image 
of the DataChip and corresponding dose response curves 
obtained from the image. Viability of Hep3B cells with 
E-ajoene distinctly decreased in the presence of CYP Mix 
(I), compared to other enzyme conditions such as Phase II 
Mix (II), All Mix (III), as well as no enzyme control (IV). 
On the other hand, viability of Hep3B cells with Z-ajoene 
increased in the presence of Phase II Mix and All Mix, 
compared to CYP Mix or no enzyme control. Similar 
detoxification of E-ajoene was observed on Phase II Mix 
and All Mix. From statistical ANOVA analysis of IC50 
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values, we concluded that CYP Mix can significantly aug-
ment the toxicity of E-ajoene, compared to the no enzyme 
counterpart (Fig. 5a). In addition, Phase II Mix and All 
Mix can significantly detoxify the toxicity of both E- and 
Z-ajoene, suggesting high Phase II enzyme activities (e.g., 
glucuronosyl-, sulfo-, or glutathione transferase activities) 

against the parent compounds or their metabolites (Fig. 5a, 
b). Compared to conventional 2D cell culture systems, the 
results from the DataChip/MetaChip platform clearly pro-
vided evidence for the need of metabolic evaluation for 
compounds (Table 1).

To better understand the role of specific CYP isoforms 
or Phase II metabolizing enzymes on ajoene metabolism, 
additional tests were performed with 23 individual drug 
metabolizing enzymes. After dispensing 23 individual 
drug metabolizing enzymes and no enzyme control into 
the microwell chip, we were able to test the cytotoxic-
ity of ajoenes with a single DataChip coupled with a sin-
gle MetaChip (24 dose response curves and IC50 values 
generated from a single DataChip coupled with a single 
MetaChip with each test compound). As a result, we iden-
tified that CYP2E1 and CYP3A5 among CYPs played an 
important role in increased E-ajoene toxicity (Fig. 6). On 
the other hand, both E- and Z-ajoene were detoxified in 
the presence of most individual Phase II enzymes includ-
ing UDP-glucuronosyltransferase (UGT)1A1, UGT1A3, 
UGT1A4, UGT1A9, UGT2B4, UGT2B7, sulfotransferases 
(SULT)1A1, SULT1A2, SULT1A3, SULT1B1, SULT2A1, 
N-acetyltransferase (NAT)1, NAT2, glutathione S-trans-
ferase (GST)A1, and GSTM1 (Fig. 7).

Discussion

The DataChip, we developed, is a universal platform for 
3D cell cultures on the micropillar chip, which is applica-
ble to a variety of human cells to simulate organ-specific 
toxicity. In addition, the MetaChip is for various combina-
tions of drug metabolizing enzymes that can be spotted into 
the microwell chip and incubated with 3D human cells to 
simulate systematic metabolism of test compounds in the 
human liver on a microscale format. Therefore, the on-chip 
3D cell cultures represent more advanced systems and are 
more physiologically relevant to humans or animals than 
the 2D counterparts, employing 2D cell monolayers in 
multi-well plates (Haycock 2011).

The toxic metabolites of ajoenes, which were formed 
on the chip by reactions with CYPs, were detoxified by 
additional metabolism with phase II enzymes (Fig. 5). 
Their metabolic pattern was distinguished from that of the 
positive control, troglitazone that was transformed into 
toxic metabolites mainly by CYPs (Mohutsky et al. 2010). 
Therefore, we confirmed the aforementioned metabolic fate 
of troglitazone on the DataChip/MetaChip, and the results 
were enzyme specific and highly reproducible (supplement 
II). Thus, our study demonstrated the increased throughput 
and capability of the DataChip/MetaChip system to iden-
tify metabolism-induced toxicity at early stages in com-
pound safety assessment.

Fig. 3  The scanned image of the DataChip containing live Hep3B 
cells (green dots) and dead cells by exposing to different concen-
trations of Z-ajoene (3–250 μM). The dotted circles represent the 
boundary of the micropillars onto which Hep3B cell spots were 
encapsulated. Green dots generated by calcein AM indicate live cells, 
whereas black dots represent dead cells (color figure online)

Fig. 4  Dose response curves of E- and Z-ajoene obtained: One dose 
response curve of a compound (5 dosages and 1 control) under one 
enzyme condition was obtained from the 3 × 6 mini-array. One data 
point was obtained from an average of three green fluorescent inten-
sities from three cell spots. E- and Z-ajoene were tested under three 
different enzyme conditions (CYP mixture, Phase II mixture, and All 
enzyme mixture) and one control (Baculosome® negative control as a 
no enzyme control) (color figure online)
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Fig. 5  Average log IC50 values 
of E-ajoene (a) and Z-ajoene 
(b) obtained from triplicate 
DataChip/MetaChips: *p < 0.05 
by ANOVA between control (no 
enzyme) and each enzyme test 
condition

Table 1  IC50 values (μM) of ajoenes obtained from 96-well plates (2D cell culture) and the present 3D cell-cultured DataChip/MetaChip

Platform 96-Well plate DataChip/MetaChip

Enzyme No enzyme No enzyme CYP mix Phase II mix All mix

E-ajoene 3.6 ± 0.5 74.7 ± 21.4 22.0 ± 5.6a >250a 186.7 ± 45.1a

Z-ajoene 3.1 ± 1.4 31.3 ± 9.9 26.0 ± 8.7 >250a 166.7 ± 45.1a

All data were obtained from triplicate experiments
a p < 0.05 compared to control (non-enzyme)

Fig. 6  Average log IC50 values 
of E-ajoene (a) and Z-ajoene 
(b) on 8 individual P450 iso-
forms obtained from triplicate 
DataChip/MetaChips. Signifi-
cant IC50 difference between 
control and enzyme test condi-
tions is marked * for augmented 
toxicity: *p < 0.05 by ANOVA 
between control (no enzyme) 
and each enzyme test condition

Fig. 7  Average log IC50 values 
of E-ajoene (a) and Z-ajoene 
(b) on 15 individual Phase 
II metabolizing enzymes 
obtained from triplicate 
DataChip/MetaChips: *p < 0.05 
by ANOVA between control (no 
enzyme) and each enzyme test 
condition
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Existing in vitro technologies lack the ability to provide 
information for highly predictive human toxicity assess-
ment by specific metabolizing enzymes, the capability to 
predict idiosyncratic events by metabolizing enzymes, and 
the necessary throughput for early stage use for assessing 
drug metabolism and toxicity screening. Therefore, they do 
not address a critical bottleneck in the drug development 
process. However, the DataChip/MetaChip platform rep-
resents a promising, high-throughput microscale alterna-
tive to conventional in vitro multi-well plate platforms and 
creates new opportunities for rapid and inexpensive assess-
ment of human toxicology at very early phases of drug 
development.

Some of organosulfur compounds, including diallyl 
sulfide, diallyl disulfide, and allylmethyl sulfide, showed 
inhibition or induction of CYP2E1 in animal studies (Dav-
enport and Wargovich 2005; Fukao et al. 2004). In par-
ticular, inhibition of CYP2E1 by allyl sulfides has been 
suggested as to their chemoprevention against carcino-
genic nitrosamine biotransformation (Morris et al. 2004). 
In addition, induction of Phase II enzymes by allylsulfide, 
such as GSTs, quinone reductase, and glutathione per-
oxidase, has been also emphasized as to their antidote or 
anticancer mechanisms (Fukao et al. 2004). Ajoenes were 
known as a covalent inhibitor as well as a substrate of 
human glutathione reductase (Gallwitz et al. 1999). How-
ever, few studies have been performed to clarify meta-
bolic pathways of ajoenes and related toxicity, yet. From 
our present study, we found that the toxicity of E-ajoene 
is increased by CYP isoforms, particularly CYP2E1 and 
CYP3A5, with lower IC50 values (Figs. 4, 5, 6), whereas 
its toxicity was significantly decreased by Phase II metab-
olizing enzymes with higher IC50 values (Figs. 4, 7). 
Therefore, we can estimate that E-ajoene can be a sub-
strate of CYP2E1 and CYP3A5, whose reactions trans-
form ajoene into more toxic metabolites. Interestingly, we 
found that the metabolic sensitivity was different between 
E- and Z-ajoene isomers. As shown in Table 1, Z-ajoene 
was more cytotoxic than E-ajoene in the absence of metab-
olizing enzymes, whereas its toxicity became similar 
to those of E-ajoene in the presence of CYP Mix. Other 
researchers (Kaschula et al. 2010; Yoshida et al. 1998; 
Li et al. 2002) reported different bioactivity (e.g., inhib-
iting in vitro tumor cell growth or antimicrobial activity) 
between E- and Z-ajoene, which support the possibility of 
different metabolic pathways or enzyme-substrate speci-
ficity between the ajoene isomers.

In regard to the stability of the active ingredient in gar-
lic, thermo stability of allicin (the precursor of ajoene) has 
been studied (Fujisawa et al. 2008; Ilic et al. 2012). Fuji-
sawa et al. reported that allicin partially degraded into 
ajoenes and lost antibacterial activity due to its thermo-
instability. Ilic et al. recently reported that most of allicin 

was degraded within 1 h and 4 h at 45 °C and room tem-
perature, respectively. Therefore, thermo-instability of 
ajoenes at enzymatic reaction conditions on the chip was 
also expected. Additionally, we performed analysis with 
HPLC and LC/MS/MS to identify metabolites of ajoenes in 
the various enzyme conditions, including CYP Mix, Phase 
II Mix, and All Mix, but had difficulty to detect major 
ajoene metabolites due to the instability of ajoenes or their 
metabolites as well as poor ionization of ajoenes. What we 
found was that the majority of ajoenes are degraded and 
disappeared within 3 h of the metabolizing enzyme reac-
tions at 37 °C. From the LC/MS/MS analyses, we observed 
that both of m/z 103 and m/z 73 ions were main Q3 ions 
of ajoenes (m/z 234) in the CYP Mix condition. These 
ions are expected as CH2 = CH–CH2–S(=O)–CH2 and 
CH2 = CH–CH2–S, respectively (Supplement III). The m/z 
73 ion was dominant prior to incubation with the enzymes, 
whereas less amount of the m/z 73 ion was detected after 
incubation with CYP Mix. Therefore, we expect ajoenes 
are metabolized by CYP isoforms into a new metabolite, 
which is less ionized into m/z 73 than the parent ajoenes 
(Supplement IV).

Conclusions

In conclusion, we could assess metabolism-mediated cyto-
toxicity of ajoenes with the DataChip/MetaChip 2.0, which 
could be a desirable alternative to conventional 2D counter-
parts and provide reproducible and reliable metabolism and 
toxicity information.

Acknowledgments This study was supported by the National 
Research Foundation of Korea (NRF) funded by the Korea govern-
ment (MEST) (2011–0030702) and Sookmyung Women’s University 
Grant (2012).

References

Davenport DM, Wargovich MJ (2005) Modulation of cytochrome 
P450 enzymes by organosulfur compounds from garlic. Food 
Chem Toxicol 43(12):1753–1762

Fujisawa H, Suma K, Origuchi K, Seki T, Ariga T (2008) Thermo-
stability of allicin determined by chemical and biological assays. 
Biosci Biotechnol Biochem 72(11):2877–2883

Fukao T, Hosono T, Misawa S, Seki T, Ariga T (2004) The effects of 
allyl sulfides on the induction of phase II detoxification enzymes 
and liver injury by carbon tetrachloride. Food Chem Toxicol 
42(5):743–749

Gallwitz H, Bonse S, Martinez-Cruz A, Schlichting I, Schumacher K, 
Krauth-Siegel RL (1999) Ajoene is an inhibitor and subversive 
substrate of human glutathione reductase and Trypanosoma cruzi 
trypanothione reductase: crystallographic, kinetic, and spectro-
scopic studies. J Med Chem 42(3):364–372

Gombar VK, Silver IS, Zhao Z (2003) Role of ADME characteristics 
in drug discovery and their in silico evaluation: in silico screening 



290 Arch Toxicol (2014) 88:283–290

1 3

of chemicals for their metabolic stability. Curr Top Med Chem 
3(11):1205–1225

Haycock JW (2011) 3D cell culture: a review of current approaches 
and techniques. Methods Mol Biol 695:1–15

Hunter R, Kaschula CH, Parker IM, Caira MR, Richards P, Travis S, 
Taute F, Qwebani T (2008) Substituted ajoenes as novel anti-can-
cer agents. Bioorg Med Chem Lett 18(19):5277–5279

Ilic D, Nikolic V, Stankovic M, Nikolić L, Stanojević L, Mladenović-
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