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Abstract

Garlic (Allium sativum) and onion (Allium cepa) are being used in the food industry as
flavoring but also for their antimicrobial activities.These activities are mainly derived from the
organosulfur compounds (OSCs). Propyl propane thiosulfinate (PTS) is an OSC with potential
use in the active packaging, but its safety should be guaranteed before being commercialized.
The aim of this work was to investigate for the first time the cytotoxicity of PTS as well as its in
vitro mutagenic/genotoxic potential using the following battery of genotoxicity tests:(1)the
bacterial reverse-mutation assay in S. typhimurium (Ames test, OECD 471, 1997);(2) the
micronucleus test (MN, OECD 487, 2014);(3) the mouse lymphoma thymidine-kinase assay
(MLA, OECD 476, 2015), and (4)the comet assay (standard and modified with restriction
enzymes). The results revealed that PTS was not mutagenic neither in the Ames test nor in
MLA. However, genotoxic effects were recorded in the MN test on mammalian cells (L5178Y
Tk+/-cells) after PTS exposure at the highest concentration tested (17.25 uM) without S9, and
also its metabolites (+S9, from 20 uM). Moreover, in the comet assay, PTS induced DNA breaks
damage in Caco-2 cells at the highest concentration tested (280 uM) but it did not induce
oxidative DNA damage.

Keywords: propyl propane thiosulfinate (PTS), Ames test, mouse lymphoma TK assay;

micronucleus test; comet assay.



1. Introduction

Garlic, Allium sativum L., is considered one of the twenty most important vegetables
with various uses throughout the world, not only for culinary purposes but also as an
ingredient of traditional and modern medicine (Martins et al., 2016). In addition, onion, Allium
cepa, has similar applications (Corzo-Martinez et al., 2007). They both exhibit a peculiar odour,
which is associated with the presence of organosulfur compounds (OSCs), which are also
responsible of their beneficial properties (Lekshmi et al., 2015). Essential oils (EOs) from garlic
and onion have been studied for their use in the food industry (Mnayer et al., 2014). In fact,
onion EO has been pointed out as a potential source of natural antimicrobial and antioxidant
agents to be applied in food systems, due to its interesting properties (Benkeblia et al., 2004;
Ye et al.,, 2013; Prakash et al., 2015). In this regard, the toxic assessment of extracts from garlic
and onion, as well as their components, need to be addressed. The toxic assessment of OSCs is
of great interest because their content can vary substantially depending on the different
conditions (Benkeblia and Lanzotti, 2007). Previous works from our research group have
studied the cytotoxicity and mutagenicity/genotoxicity of several OSCs such propyl propane
thiosulfonate (PTSO) (Llana-Ruiz-Cabello et al. 2015a; Mellado-Garcia et al. 2015), dipropyl
sulfide (DPS) and dipropyl disulfide (DPDS) (Llana-Ruiz-Cabello et al. 2015b). The obtained
results evidenced a lack of toxic effects at the concentration ranges intended to be used for
food packaging. Nevertheless other authors have reported both genotoxic (Musk et al., 1997)
and antigenotoxic effects (Guyonnet et al., 2000, 2001; Belloir et al., 2006; Arranz et al., 2007,
Chiu et al., 2016) for some OSCs. The contradictory results reported for these OSCs (LLana-
Ruiz-Cabello et al., 2015c) made necessary to evaluate the toxicological profile of them before
their use in food industry, particularly in food contact materials (FCM).

Despite the beneficial effects attributed to Allium plants, growing awareness exist on
the hazards associated with the use of plants and their extracts as antibiotic and chemical feed

additives (Wallace, 2004), as well as actives in food packaging (LLana-Ruiz-Cabello et al., 2015c;



Maisanaba et al., 2016). Among the OSCs, propyl propane thiosulfinate (PTS) is an organosulfur
compound obtained by decomposition of initial components present in Allium plants, that has
been stabilized and characterized by DOMCA Research Center (DMC, Granada, Spain). This
compound has previously shown to have beneficial effects on goats as methanogenesis
inhibitor in the rumen (Martinez-Fernandez et al.,, 2013, 2015). PTS is considered as a
secondary metabolite of garlic, derived of the formation of the sulfenic acids, which nowadays
has been studied for evaluate its antimicrobial activity against the faecal microbiota of pigs
(Ruiz et al., 2015), or as dose-dependently killer of invasive sporozoites and stimulating of
higher spleen cell proliferation in chickens (Kim et al., 2013). Nevertheless, little is known
about its safety for human consumption.

According to the Guidelines of the Scientific Committee on Food for Safety Assessment
of Substances Used in FCM, information on the genotoxic potential is a key component in the
risk assessment of substances used in active packaging (EFSA, 2011; 2016). In the new
European Food Safety Authority (EFSA) Scientific Committee recommendations (EFSA, 2016)
on genotoxicity testing strategies, a basic battery of two in vitro tests, a bacterial reverse
mutation assay (OECD 471, 1997) and an in vitro mammalian cell micronucleus test (MN)
(OECD 487, 2014) are recommended. The bacterial reverse-mutation assay in Salmonella
typhimurium (Ames test) is a short-term mutation study specifically designed to detect a wide
range of chemical substances that can produce genetic damage leading to gene mutation. It is
rapid and relatively easy to perform (Mortelmans and Zeiger, 2000). Concerning the MN test
using mammalian cells, it is one of the preferred methods for assessing chromosome damage
because they enable both chromosome loss and chromosome breakage, together with
chromosome non-disjunction to be measured reliably (Fenech, 2000; EFSA, 2016). In the case
of inconclusive, contradictory or positive results from these two in vitro tests, it may be
appropriate to conduct further in vitro tests to optimize any subsequent in vivo testing, or to

provide additional useful mechanistic information (EFSA, 2011, 2016). In this sense, the in vitro



mammalian cell gene mutation assay (MLA) (OECD 476, 2015) is an assay commonly used, to
evaluate the mutagenicity of chemical and physical agents This can detect a wide range of
genetic alterations, including both point and chromosomal, gene, base pair substitutions and
frame-shift mutations (Wang et al., 2009). Finally, the effect on DNA damage can be studied
through the comet assay which is a reproducible and sensitive test for the detection of DNA
damage (mainly DNA breaks) in eukaryotic cells. Incorporation of oxidative DNA damage repair
enzymes (for example, formamidopyrimidine DNA glycosylase (FPG) and endonuclease Il
(Endolll)) in the standard alkaline comet assay procedure allows the detection and
measurement of oxidatively DNA damaged (Collins, 2004; Pu et al., 2016).

In the present work, a specifically toxicological approach has been carried out on PTS
for the first time. The cytotoxicity of PTS was studied in the Caco-2 cell line by means of three
endpoints: total protein content (TP), neutral red uptake (NRU) and MTS tetrazolium salt
reduction. Afterwards, an in vitro mutagenicity and genotoxicity assessment of PTS has been
performed using a prokaryotic system for the Ames test, and two different mammalian cell
lines, L5178Y Tk™" (for MLA and MN tests) and Caco-2 cells (for the standard and enzyme-

modified comet assay).

2. Materials and Methods
2.1. Supplies and chemicals

Culture medium, cell culture reagents and foetal bovine serum (FBS) were obtained
from BioWhittaker (Spain). PTS (95.5% purity) was kindly supplied by DOMCA S.L. (Granada,
Spain). Cyclophosphamide (CP, CAS No. 6055-19-2), mitomycin C (MMC, CAS No. 50-07-7),
methyl methanesulfonate (MMS, 99% purity; CAS No. 66-27-3), hypoxanthine (99% purity; CAS
No. 68- 94-0), thiazolyl blue tetrazolium bromide (MTT, 99.7% purity; CAS No. 298-93-1), MTS
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulphophenyl)-2H-tetrazolium

salt), and tetrazolium compound (CAS No. 351330-42-2) were purchased from (Promega
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Biotech Ibérica, Madrid, Spain); Coomassie Brilliant Blue G-250 (CAS No. 6104-59-2) was
purchased from (BioRad, Madrid, Spain), trifluorothymidine (TFT, = 99% purity; CAS No. 70-00-
8), thymidine (CAS No. 4449-43-8), THMG medium (thymidine 9 pg/mL, methotrexate 0.3
ug/mL, hypoxantine 15 pg/mL, glycine 22.5 ug/mL) (CAS No. 59-05-2), glycine (299% purity;
CAS No. 56-40-6), cythochalasin B (Cyt-B, 98%, CAS No. 14,930-96-2), Giemsa stain (CAS No.
51,811-82-6), dimethyl sulfoxide (DMSO) (CAS No. 67-68-5), 2-nitrofluoerene (2-NF) (CAS No.
607-57-8), sodium azide (NaN;) (CAS No. 26628-22-8), 2-aminofluorene (2-AF) (CAS No. 153-
78-6), Neutral Red (CAS No. 553-24-2), and trypan blue solution 0.4% (CAS No. 72-57-1) were
purchased from Sigma—Aldrich (Madrid, Spain). RPMI 1640 medium, horse serum, L-glutamine
solution (CAS No. 56-85-9), sodium pyruvate solution (CAS No. 113-24-6),
penicillin/streptomycin solution and amphotericin B solution (CAS No. 1397-89-3) were from
Gibco (Biomol, Sevilla, Spain). S9 fraction was purchased from Moltox (Trinova, Biochem,
Germany). Endo Il (EC 3.1.21.5) was purchased from C-viral S.L. (Sevilla, Spain), and FPG (EC

3.2.2.23) from Sigma-Aldrich (Madrid, Spain).
2.2. Cells and culture conditions

Caco-2 cells, used for the cytotoxicity and for the standard and enzyme-modified
comet assays, are derived from a human colon carcinoma (ATCC® HTB-37). They were
maintained at 37 °C in a humidified incubator gassed with 5% CO, in air at 95% relative
humidity (CO, incubator, NuAire, Spain), in Eagle’s medium supplemented with 1% non-
essential amino acids (NEAA), 2 mM I-glutamine, 1.25 pug/mL fungizone, 1 mM pyruvate, 50
pg/mL gentamicin and 10% FBS. Cell viability and cell number were determined with the

trypan blue exclusion test.

Five S. typhimurium histidine-auxotrophic strains were used for the Ames test,
according to Organisation for Economic Cooperation and Development recommendations

(OECD 471, 1997).



For the MN and MLA tests, L5178Y Tk~ mouse lymphoma cells were used. This cell
line was originally provided by Dr. Olivier Gillardeux (Safoni-Synthélabo, Paris, France). L5178Y
Tk™" cells were cultured according to Mellado-Garcia et al. (2015). Cultures were maintained in
a humidified incubator with 5% CO, at 37 °C. To perform the assays, 2 x 10° cells/mL for the

MN test and 1 x 10 cells/mL for the MLA were seeded.
2.3 Test solutions

The concentration ranges of PTS were selected according the results obtained in the
cytotoxicity assays carried out in Caco-2 and L5178Y Tk*" cells. Stock solution of PTS (400 mM)
was prepared in DMSO, and the different exposure concentration solutions were made by
dilution in MilliQ sterile water (Ames test), RPMI 1640 medium (MN and MLA assays) or MEM
medium (cytotoxicity, standard and modified comet assays). To avoid the toxic effects for the

cells, the final percentages of DMSO were always less than 0.1% in all the assays.
2.4. Cytotoxicity assays.

PTS cytotoxicity was measured in Caco-2 and L5178Y Tk* cells, exposed to different
concentrations of PTS (range 0-500 uM) at two different exposure times (24 and 48 h). Caco-2
cells were plated at density of 7.5 x 10 cells/mL in 96 well tissue-culture plates. The basal
cytotoxicity endpoints were the total protein content (TP), neutral red uptake (NRU) and 3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium

(MTS) inner salt (Puerto et al., 2009).

L5178Y Tk cells were seeded in 24-well tissue culture treated plates at density of 2.0
x 10° cells/mL and exposed to PTS in absence of the S9 metabolic activation system during 24
h, and in presence of S9 during 4 h, according to OECD 487 (2014) procedures. The cytotoxicity

was assessed using the trypan blue exclusion test (Strober, 2001).

The concentrations to be tested in the standard and enzyme-modified comet assay in

the Caco-2 cells, and in the MN test in L5178Y Tk cells were selected according to the half



maximal effective concentration (ECs) calculated from the results obtained in the above

cytotoxicity tests mentioned.
2.5. Ames test

The mutagenicity test was performed following the principles of OECD guideline 471
(1997) and Mellado-Garcia et al. (2015). Briefly, cultures of five Salmonella typhimurium
histidine-auxotrophic strains (TA97A, TA98, TA100, TA102 and TA104) were prepared from
their main strain plates and used in their late exponential growth phase. PTS was assessed in
three independent experiments, which included one positive control for each strain, one
negative control (distilled sterile water), one solvent control (DMSO) and five increasing
concentrations of the test compound (0-280 uM). Each experiment was conducted in the
presence and in the absence of the S9 metabolic activation system from rat livers, using

triplicate plates for all test substance concentrations in each case.
2.6. Micronucleus test

This assay was performed according to the OECD guideline 487 (2014). L5178Y Tk*/~
cells were seeded at a concentration of 2.0x10° cell/mL and treated with five different
concentrations of PTS (0-17.25 puM in the absence of S9 during 24 h, and 0-25 puM in the
presence of S9 during 4 h). As a negative control RPMI medium was used, and CP 8 ug/mL (in
the presence of S9) and MMC 0.0625 pg/mL (in the absence of S9) were used as positive
controls. The exposure of PTS (4 or 24h, in presence and absence of S9 mix, respectively),
exposure of Cyt-B (20h) to induced binucleated cells, hypotonic treatment, fixation, dying and

quantification of the cells were carried out according to Mellado-Garcia et al. (2015).
2.7. Mouse lymphoma thymidine-kinase assay (MLA)

The MLA assay was carried out based on Soriano et al. (2007) and Mellado-Garcia et al.
(2015). As first step, the cells were purified to purge excess possible Tk’ mutants and they

were transferred to THG medium (THMG without methotrexate) for 2 days. Preliminary



experiments were performed to determine the cytotoxicity of PTS by the relative total growth
(RTG) after a treatment of 4 and 24 h with the test substance (0-500 uM) in absence of S9
fraction. The highest concentration selected in the experiment showed a RTG at least of 20%,
according to ICH Expert Working Group (2008). Each main experiment comprised a negative
control (RPMI 1640 medium), a positive control (MMS, 10 pg/mL), and five increasing
concentrations for PTS. RTG values were used to decide on the acceptability of the toxicity at
each dose level. Thereby, the selected ranges for PTS taking into account the RTG values were
0.9-15.65 puM for both exposure times. Then, the cells were plated at a density of 10 cells/mL
in 96-well plates (two replicates/experimental group) to evaluate the viability of cells after an
incubation time of 12 days at 37 °C in a humidified incubator with 5% CO, in air. After this
period, viable colonies were counted. Moreover, other two replicates/experimental group
were plated at the same density and exposed to 4 pg/mL TFT for the mutation analysis. Plates
were also incubated the same period (12 d, 37 °C, 5% CO,). To support the scoring of TFT
mutation colonies, MTT 2.5 mg/mL was added to each well and the plates were incubated for
other 4 h. After this time, the mutant colonies of each plate were counted. Colony size was
estimated taking into account the recommendations described by Honma et al. (1999). The

MLA assay was carried twice by time assayed.
2.8. Standard and enzyme-modified comet assay

Caco-2 cells were seeded at 3.5 x 10° cells/mL into 24-well tissue culture treated
plates (Corning Costar Corporation, New York, USA) and in each well were treated with
increasing concentrations of PTS (70, 140 and 280 uM) for 24 h and 48 h, according to the

value obtained in the most sensitive cytotoxicity endpoint assayed.

The standard and enzyme-modified comet assays were performed, as previously
described by Collins et al. (1997), with slight modifications (Corcuera et al., 2011; Llana-Ruiz-

Cabello et al., 2014). To investigate oxidative DNA damage two different enzymes, Endo Ill and



FPG were applied (Llana-Ruiz-Cabello et al., 2014; Mellado-Garcia et al., 2015). Cells were
treated with H,0, (100 uM) for 5 min as a positive control for the standard comet assay (DNA
strand-breaks) and Endo Ill. About 2 uM of Ro 19-8022 photosensitiser (Hoffman-La Roche,
Switzerland) together with light irradiation (1.5 min) was used as a positive control for FPG.

A fluorescence microscope (Olympus BX61) with comet assay IV software (Perceptive
Instruments, UK) was used to score at least 100 cells per sample, and the results were
expressed as mean % DNA in tail. The percentage of Buffer F and Buffer F + Enzyme was
presented as % of DNA in tail. For each concentration tested only was determined the

difference between Buffer F + Enzyme VS Buffer F.

2.9. Calculations and statistical analysis

The mutagenicity experiment (Ames test) was performed three times in at least
triplicate per concentration. The data are presented as the arithmetic mean percentage *
standard deviation (SD) compared to the control group, which is the unexposed bacterial
strains. Statistical analysis was performed using the analysis of variance (ANOVA) followed by
Dunnett’s multiple comparison tests using GraphPad InStat software (GraphPad Software Inc.,
La Jolla, USA). The normality of the distribution and the homogeneity of variances were

confirmed using Kolmogorov and Smirnov’s test, and Bartletis test, respectively.

In the MN test, the statistical approach included the one-way ANOVA followed by Chi-
square test. Significant differences about nuclear division index (NDI) were calculated by
Kruskal-Wallis test (nonparametric ANOVA) between the control and treated cultures.

In the MLA, the induced mutant frequency (IMF) was determined according to the formula IMF
= MF - SMF, where MF is the test culture mutant frequency and SMF is the spontaneous
mutant frequency. Positive responses are determined as those that for any treatment meet or

exceed the global evaluation factor (GEF, 126 for the microwell assay) and also when a positive



trend test is obtained. The statistical approach was the one-way ANOVA followed by Dunnett’s
test, which was used to evaluate the significance of the difference in MF between the control
and treated cultures.

For the comet assays, the data are presented as the means + SD of three different
independent experiments. The data (% DNA in tail) are presented as the means * SD. The total
scores of the different groups were compared using Tukey-Karmer test (parametric) and
Kruskal-Wallis test (non-parametric).

For all the assays significant differences were considered at P < 0.05.

3. Results
3.1 Cytotoxicity assays

After 24 h of exposure to PTS (Fig. 1a) the protein content of Caco-2 cells was not
dramatically altered, and only significant (P<0.001) reductions were recorded for 300 puM.
Similarly, no significant changes were observed in the NRU assay at the lowest concentrations
used; nevertheless at higher concentrations the viability of cells decreased considerably,
especially between 300 and 500 uM PTS. Finally, MTS metabolization declined in a
concentration-dependent pattern being significant from 200 uM of PTS.

More severe effects could be observed after 48 h of exposure to PTS (Fig. 1b). At this
exposure time all endpoints analysed decreased in a concentration-dependent manner, with
reductions from 200 uM PTS (93% and 83 % in NRU and MTS metabolization, respectively).
Regarding to the TP assay the highest decrease was observed at 500 uM PTS (80% reduction in
comparison to the control). The most sensitive endpoint was NRU, independently of the
exposure time(Table 1), therefore the mean effective concentration (ECs,) value for NRU after
24 h (280 uM) was chosen as the highest exposure concentration for the genotoxicity studies

in Caco-2 cells, along with the fractions ECs,/2 and ECso/4 (140 and 70 uM PTS, respectively).



L5178Y Tk cells exposed to different concentrations of PTS exhibited an ECsy value (in
absence of S9 fraction) of 17.25 uM (24 h) while in the presence of S9 (4 h) this value reached

25 uM (Table 1).

3.2 Ames test

After exposure of bacterial strains to PTS (8.75-280 uM), no increase in the number of
revertants colonies was observed for three of the strains assayed (TA97, TA98 and TA100) at
any of the tested concentrations, either in the presence or absence of S9 (Table 2). However, a
significant decrease of the TA102 colonies was obtained in the absence of S9 metabolic
activation system from 8.75-140 uM PTS, and in the presence of S9 from 8.75-35 uM of PTS.
Furthermore, a significant increase in the number of bacterial colonies of TA104 respect to the
control was showed at the two lowest concentrations tested in the presence of S9. Moreover,
for all the strains the mutagenic index (IM) was below to 2; consequently, the results revealed
that PTS was not mutagenic under the conditions tested. Positive controls produced
statistically significant increases in the number of revertant colonies (P<0.01), as well as the IM

was 22, confirming the sensitivity of the test system and the activity of the S9 mix.

3.3 Micronucleus test

The results of the frequency of binucleated cells with micronuclei (BNMN %) in L5178Y
Tk'" and the NDI in absence and presence of S9 metabolic activation system are shown in
Table 3. PTS induced significant (P<0.001) increase in the frequency of MN in binucleated cells
at the highest concentration tested (17.25 uM) in absence of S9 mix; furthermore, significant
(P<0.01; P<0.001) enhancements were also observed after exposure to 20 and 25 uM of PTS, in
presence of S9. Regarding to the NDI, no significant variations were observed in absence and

presence of S9 at any concentration tested in comparison to the control group. As expected,



treatment with MMC and CP (positive control) induced significant (P<0.001) increases in the

frequency of MN.

3.4 Mouse lymphoma assay (MLA)

The results obtained in the MLA after treatment of L5178Y Tk*cells with PTS for 4 and
24 h are shown in Tables 4 and 5, respectively. After 4 h of exposure to PTS no significant
differences were found under the conditions tested (Table 4). In the same manner, PTS did not
induce mutagenic response at any concentration tested after 24h treatment. A similar
concentration-response pattern in the decreased of RTG was found at both periods of
exposure times (Table 5). Positive controls with MMS (10 pg/mL) were run in parallel,
appearing significantly increased mutant frequencies. A good concordance was observed
between the two conducted experiments for each exposure time.

3.5 Comet assay

In the standard comet assay, PTS did not induce DNA breaks in Caco-2 cells at 70 and
140 uM after 24 and 48 h of exposure (Fig. 2a). However, significant increases (P <0.05; P
<0.001) after both times of exposure were observed at 280 uM PTS compared to the control
group. The percentage of DNA in the tail at 280 uM PTS after 48 h was approximately 2-fold
higher compared to the same concentration of PTS after 24 h (P < 0.05).

According to the results obtained after application of the enzyme digestion of the
nuclei, no increase in DNA damage was observed when Endo Il (Fig. 2b) or FPG (Fig.2c) were
used in the cells exposed to PTS after 24 and 48 h.

In all the experiments, Caco-2 cells treated with the positive controls, significant

increases of % DNA in tail (P <0.001) were observed under the conditions tested, as expected.



4, Discussion

An exhaustive toxicological assessment is needed to elucidate the potential risks
associated with the use of EOs in food industry and in order to limit their incorporation into
food packaging. The study of single compounds from the EOs facilitates establishing a
relationship between the damage observed and the toxic mechanism of EOs (Maisanaba et al.,
2016); moreover, the complex and variable composition of EOs complicates the interpretation
of the results when studying the toxicity directly on them. Only few works have dealt on the
toxicological assessment of different components of Allium EOs, and, specifically, the studies
concerning the mutagenicity/genotoxicity of the main components of garlic and onion EOs are
practically non-existent. In the case of OSCs, the scarce mutagenic/genotoxic studies carried
out revealed the absence of mutagenicity, such is the case of DPS and DPDS in the range of O-
200 pM (Llana-Ruiz-Cabello et al., 2015b), whereas diallyl sulfide (DAS) and diallyl disulfide
(DADS) induced significant chromosomal aberrations (CA) and sister chromatid exchanges in
CHO cells (Musk et al., 1997). In this sense, mutagenic and genotoxic assays are needed to
establish the safety of these compounds, which are required before their approval use in
active packaging (Llana-Ruiz-Cabello et al., 2015c). In the case of PTS, no data are available so
far about its cytotoxicity, mutagenic or genotoxic potential.

In the present work, the results obtained in the cytotoxicity assays revealed that PTS
reduced cell viability from 150 uM in Caco-2 cells and the ECs, values obtained showed that
the most sensitive endpoint after 24 h of exposure was MTS (ECso: 280 uM). Previous studies
have demonstrated that PTSO, another volatile OSC, induced damage from 350 uM in two
mammalian cell lines, Caco-2 and Hep-G2 cells (the latter derived from human hepatocellular
carcinoma), being the most sensitive endpoint NRU (ECsy: 368 uM) (Llana-Ruiz-Cabello et al.,
2015a). In the case of DPDS, DPS and their mixture, neither of the endpoints assayed (TP, NRU,

MTS) have shown remarkable changes respect to the control at the concentrations assayed (0-



200 puM) (Llana-Ruiz-Cabello et al., 2015b). Therefore, according to these results, PTS resulted
to be more cytotoxic than the OSCs above mentioned.

Concerning the mutagenicity/genotoxicity, according to the Scientific Opinion of EFSA
(2016) the starting point should be a combination of the bacteria reverse mutation assay and
the in vitro mammalian cell MN test (EFSA, 2016). With regards to the Ames test, the negative
results obtained for PTS with and without S9 fraction, correlate well with the negative
response showed for PTSO in any of the strains assayed (0-20 uM) (Mellado-Garcia et al.,
2015). Similarly, DPS, DPDS and their mixture 1:1 did not show mutagenic activity under the
same conditions tested up to 200 uM (Llana-Ruiz-Cabello et al, 2015b). In the same manner,
allyl propyl sulphide (APDS) and DAS exhibited no mutagenic potential in the Ames test (TA9S,
TA100, TA1535, TA1537 and TA1538) (Eder et al., 1982). Furthermore, fresh garlic juice and an
extract of garlic demonstrated no evidence of mutagenicity using TA98, TA100, and TA1537 S.
Typhimurium strains (Yoshida et al.,, 1984). And even other authors have evidenced
antimutagenic activity of the digested onion extracts as well as several OSCs (DAS, DADS, DPS
and DPDS) tested by the Ames test (Guyonnet et al., 2000, 2001; Shon et al., 2004). This fact
evidences the dual genotoxic/antigenotoxic effects of the EOS and their main components
(Belloir et al., 2006; Horvathova et al., 2006; Slamenova et al., 2013).

Concerning the genotoxicity/mutagenicity approach, data from the gene mutation test
in bacteria and in the in vitro MN test allow the detection of all the relevant in vivo carcinogens
(Kirkland et al., 2011).The in vitro MN assay is being increasingly used in the evaluation of EOs
(Llana-Ruiz-Cabello et al., 2015c). In the last years, MN test has been recommended as an
alternative to the in vitro CA test (Corvi et al., 2008) due to its advantages compared with this
assay; in fact, the MN test has been incorporated in the core set of genotoxicity studies
recommended by EFSA (EFSA, 2011, 2016). The results showed in the present work indicated
the significant increase in the frequency of MN in binucleated cells in absence (at 17.25 uM)

and presence (20-25uM) of S9 mix, so the potential genotoxic damage could be due to the



parent compound (PTS) and/or its metabolites. Previous studies demonstrated that PTSO
metabolites increased BNMN frequency but not the original OSC (Mellado-Garcia et al., 2015).
These findings highlight the importance of incorporating the cofactor-supplemented S9
fraction in the experiments to mimic human liver metabolism, being microsomal S9 fraction
the most commonly used system (EFSA, 2011). In this regard, Guyonnet et al. (2000) observed
that OSCs have capacity to induce several isoforms of Cyt P450 (CYP) belonging to CYP1A and
2B subfamilies that involved in the activation of different carcinogens.

The lack of agreement between the results obtained in Ames and MN test in the
presence of S9, could be explained by differences in the experimental models employed,
prokaryotes or eukaryotes cells, which have different uptake, metabolism, chromosome
structure and DNA repair processes (EFSA, 2011). In order to clarify the contradictory results
obtained by both assays, and following indications published by EFSA (2011), in vitro MLA
assay was carried out to add information on the potential effects at the mammalian gene
mutation level. Although the MLA mainly detects gene mutation, different types of
chromosomal damage are also detects (Clements, 2000). The negative results obtained in the
present work after 4 and 24 h of PTS treatment (15.65 uM) are in agreement with the data
observed in the bacterial assays, showing an absence of mutagenic potential of PTS in
prokaryotic and eukaryotic systems. By contrast, PTSO induced significant mutation
frequencies from 2.5 to 20 uM after 24 h of exposure (Mellado-Garcia et al., 2015), whereas
negative results were obtained after short time treatment (4h).

Finally, the standard comet assay was performed on Caco-2 cells in order to complete
the assessment of the potential genotoxicity of PTS. The comet assay finds extensive use in the
area of testing new chemicals for genotoxicity, monitoring environmental contamination with
genotoxins, human biomonitoring and molecular epidemiology, diagnosis of genetic disorders
and fundamental research in DNA damage and repair (Ganapathy et al., 2016). In this work,

PTS did not induce DNA strand breaks after 24 and 48 h of exposure to 70 and 140 uM,



although the highest concentrations assayed (280 uM) induced damage after both exposure
times. Our finding would agree with those observed with PTSO which did not induce increase
in the % DNA in tail at any of the assayed concentrations (0-50 uM) in Caco-2 cells (Mellado-
Garcia et al., 2015). Similarly, when HepG2 cells were incubated with allicin, DAS, DADS, S-allyl
cysteine (SAC) and allyl mercaptan (AM) (5-100 uM) for 20 h, no DNA (single and double)
strand breaks were observed (Belloir et al., 2006). In another study, none of the OSCs tested
(DAS, DPS at 1-50 uM, and DADS and DPDS at 1-5 uM) caused DNA damage per se in HepG2
cells after 24 h using comet assay; nevertheless, positive results were obtained at higher
concentrations (>5 uM) for DADS and DPDS (Arranz et al., 2007).

The results obtained in the standard comet assay were completed by the use of
restriction enzymes in order to evidence the possible oxidative damage in DNA caused by PTS,
due to the dual prooxidant/antioxidant potential of EOs and specifically in the case of OSCs. In
general, fewer modified comet assay have been reported on EOs in comparison to other
toxicity studies, and most of them did not show oxidative DNA damage at low concentrations
tested (Undeger et al., 2009; Llana-Ruiz-Cabello et al., 2015c). Different studies have
demonstrated that OSCs possess antioxidant capacities (Fei et al., 2015); hence, consuming
organosulfide rich foods might be beneficial because of their protection of biomolecules from
oxidative damage (Wang and Huang, 2015). Nevertheless, antioxidants at higher
concentrations could react as prooxidants which can oxidize DNA, proteins and lipids (Bakkali
et al., 2008). In the present work, PTS did not induce oxidation of pyrimidines (by Endo Ill) and
purines bases (by FPG) at any concentration tested in Caco2 cells, and these results agree with
previous data reported after exposure to PTSO (Mellado-Garcia et al., 2015). Arranz et al.
(2007) showed that DAD and DPS (1-50 uM) and DADS and DPDS (1-5 uM) in presence of FPG
enzyme did not cause DNA damage in human Hep-G2 cells.

In summary, the results have shown that PTS did not exhibit mutagenic activity neither

in bacterial S. typhimurium nor in mammalian L5178Y Tk cells through the Ames and MLA



tests, respectively. However, in this eukaryotic system L5178Y Tk+/', PTS showed a genotoxic
activity in the MN test in both presence and absence of S9. Moreover, a positive response in
Caco-2 cells at the highest concentration assayed has been also detected in the standard
comet assay, although PTS did not induce DNA oxidative damage. Taking into account all the
obtained results, PTS has demonstrated a clastogenic effect after application of battery of
genotoxicity tests. Following the recommendations of the EFSA Scientific Committee a single
rodent in vivo study combining MN analysis (in bone marrow or blood) and a comet assay in
the liver to know the involvement of liver-specific clastogenic metabolites, should be
considered for further studies (EFSA, 2011). Moreover, these in vivo studies have been useful
to clarify the absence of genotoxicity effects in the case of substances showing contradictory in

vitro results, such as PTSO (Mellado-Garcia et al., 2016).

5. Conclusion

PTS was not mutagenic neither in the Ames test (in the presence/absence of S9)
nor in the MLA (after 4 and 24 h of exposure) at any of the tested concentrations. However,
genotoxic effects were recorded for the MN assay inL5178Y Tk*" cells in both absence and
presence of S9. Similarly, positive results were also found in the comet assay at the highest
concentration tested (280 uM) in Caco-2 cells after 24 and 48 h of exposure. However, any
DNA-oxidative damage (by using the Endo Il and FPG-modified comet assay) was observed. A
substance is only considered negative for genotoxicity if all tests performed are assessed
negative. According to the obtained results further in vivo genotoxic studies are recommended

in order to confirm the genotoxic profile of PTS.
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Table captions

Table 1. Cytotoxicity assays carried out with PTS. ECs, values were determined for Caco-2 and
L5178Y Tk™ cells using different approaches. For Caco-2 cell the endpoints were total protein
content (TP); neutral red uptake (NRU) ; MTS tetrazolium compound (MTS). For L5178Y Tk*"

was trypan blue exclusion test.

Table 2. Ames test results for PTS. In three independent experiments. Milli Q water was used
as negative control and DMSO (10 pl) as solvent for positive controls. Data are given as mean +
SD revertants/plate for three replicates for each concentration in each experiment. Positive
controls without S9 for TA 97A/TA98/TA102/TA104: 2-NF (0.1ug/plate) and for TA100: NaN; (1
ug/plate). Positive control for all strains with S9: 2-AF (20 pg/plate). * P<0.05 significant

differences from controls, ** P<0.01 very significant differences from controls.

Table 3. Percentage of binucleated cells with micronuclei (BNMN%) and the nuclear division
index (NDI) in cultured mouse lymphoma cells (L5178Y Tk™") treated with PTS in the absence or
presence of S9. Values are expressed as mean + SD. ** P<0.0005, *** P<0.0001 significantly

different from negative control.

Table 4. Results obtained for PTS in the MLA (L5178Y Tk*" cells) in two different experiments.
Exposure to PTS last for 4 h. *** pP<0.001 significantly different from negative control. ® Total

mutant frequency divided into small/large (S/L) colony mutant frequencies.

Table 5. Results obtained for PTS in the MLA (L5178Y Tk cells) in two different experiments.
Exposure to PTS last for 24 h. ***P < 0.001 significantly different from negative control. ® Total

mutant frequency divided into small/large (S/L) colony mutant frequencies.



Figure captions
Figure 1. a) Cell viability of PTS. Total protein content (TP), neutral red uptake (NRU) and
reduction of tetrazolium salt (MTS) of Caco-2 cells exposed for 24 h (a) and 48h (b). All values

are expressed as mean +SD. * Significant differences at P < 0.001.

Figure 2. DNA damage measured in Caco-2 cells after 24 and 48 h of exposure to 0, 70, 140,
and 280 uM PTS expressed as the formation of strand breaks (a) and oxidative DNA damage as
Endo lll-sensitive sites (b) and FPG-sensitive sites (c). The levels of DNA strand-breaks (SBs),
oxidized pyrimidines and oxidized purines are expressed as % DNA in tail. All values are
expressed as mean = SD. ***P < 0.001, *P < 0.05 significantly different from negative control; #
P<0.05 significantly different from groups exposed for 48 h in comparison to 24 h;& P<0.05

significant differences between FPG enzyme digested and non digested group.

Table 1
Caco-2 cells L5178Y Tk cells
Endpoints ECsovalues (UM) | Epngint ECso values (uM)
24 h 48 h 4h 24 h
TP - 228
NRU 280 187 Trypan blue 25 17.25
MTS 340 193
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PTS

[uMm]
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Table 3

Absence of S9 Presence of S9
Test Treatment Concentrations BNMN (%) * NDI + SD Treatment Concentrations BNMN (%) NDI + SD
Negative 24 - 1.5+0.7 1.6£0.0 3-6 - 1.7+0.7 1.6+0.1
control

Positive 24 Mitomycin C 6.8+2.1%** 1.4+0.2 3-6 Cyclophosfamide 6.0+2.0%** 1.6+0.0

control 0.0625 pg/mL 8 pug/mL
24 2.1 uM 1.1+0.7 1.5+0.1 3-6 5 uM 1.6+0.8 1.7+0.0
24 4.3 uM 1.2+0.7 1.5+0.1 3-6 10 uM 1.9+1.2 1.740.1
PTS 24 8.6 UM 1.1+0.6 1.6+0.1 3-6 15 uM 2.0+£0.8 1.740.1
24 12.2 uM 1.8+0.6 1.6+0.1 3-6 20 uM 3.5£1.8** 1.7+0.1
24 17.25 uM 3.7£1.6*** 1.8+0.1 3-6 25 uM 5.0£1.8*** 1.6+0.0




Table 4

Concentration (uUM) Pere(;?cir::ti:r:i;lng Muta?)': iroe_%uency Relative total growth MF (S/L)? IMF (MF-SMF)
Experiment 1

0 93 163 100 81/82 -
0.9 95 182 92 69/113 19
1.9 82 179 93 69/110 16
3.9 90 226 70 85/141 63
7.8 90 244 61 92/152 81
15.65 60 276 28 152/124 113
MMS (10 pg/mL) 34 2820*** 42 1944/876 2657
Experiment 2

0 130 149 100 36/113 -
0.9 76 217 86 72/145 68
1.9 87 178 81 62/116 29
3.9 76 194 81 64/130 45
7.8 76 222 71 131/91 73
15.65 80 212 35 81/131 63

MMS (10 pg/mL) 48 2510%** 38 1479/1031 2361




Table 5

Concentration (uUM) Pere(;?cir::ti:r:i;lng Muta?)': iroe_%uency Relative total growth MF (S/L)? IMF (MF-SMF)
Experiment 1

0 124 142 100 67/75 -
0.9 106 99 98 24[76 -43
1.9 111 101 74 46/55 -41
3.9 102 102 70 54/48 -40
7.8 73 111 60 35/76 -31
15.65 85 122 21 42/80 -20
MMS (10 pg/mL) 34 1730*** 30 1013/717 1588
Experiment 2

0 111 153 100 7777 -
0.9 111 80 89 37/43 -73
1.9 93 100 82 56/44 -53
3.9 90 85 85 35/50 -68
7.8 95 80 42 35/45 -73
15.65 102 118 23 42/76 -35

MMS (10 pg/mL) 40 2400%** 26 1273/1127 2247




Figure 1

Figure 1.
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Figure 2

Figure 2.
Comet Assay (SBs)
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