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ARTICLE INFO ABSTRACT

Keywords: Propyl-propane-thiosulfonate (PTSO) is one of the main organosulfur compounds present in Allium essential oils
CytOIOXiFiFY with a widely documented biological activity. For this reason, it could be used as a food and feed additive in the
Genotoxicity agri-food industry. A genotoxicity evaluation of substances and their metabolites present in food is necessary to
Ig:;:f::;ﬁz compounds guarantee the consumer’s health following the recommendations of the European Food Safety Authority (EFSA).
Allium To evaluate the toxicological profile of derivatives of PTSO, the cytotoxicity, an Ames test, a micronucleus test

and the comet assay were performed. Results showed that non-cytotoxic effects were observed in Caco-2 exposed
to s-propyl mercaptocysteine (CSSP) and s-propyl mercaptoglutathione (GSSP) (0-450 pM). The mutagenicity
index remained in the range of 0.6-1.4 for both compounds, showing no mutagenic effects for the concentrations
of 5000-312.5 pg GSSP/plate and 250-15.63 pg CSSP/plate. Moreover, the % binucleated cells with micronuclei
were 1.3-2.2 and 1.6-2.7 for GSSP and GSSP, respectively. For comet assays there was no DNA-genotoxic or
oxidative damage in a concentration range of 112.5-450 pM. Therefore, we can conclude that these compounds
are not genotoxic at the conditions tested. These results support that the presence of CSSP and GSSP in the food/
feed is not of concern, although further studies are needed to complete their safety profile.

Propyl-propane-thiosulfonate

2022a; Mylona et al., 2019). Furthermore, PTSO has shown anti-
methanogenic activity in ruminant feed (Martinez-Fernandez et al.,
2015).

Recently, it has been demonstrated that PTSO added as feed sup-

1. Introduction

Organic sulfur compounds (OSCs) are phytochemical molecules with
sulfur atoms in their structure, found naturally in many plants of the
genus Allium sp., especially in edible species, such as Onion (Allium cepa)
or Garlic (Allium sativum). Although these plants contain flavonoids,
polysaccharides, or glucosinolates (Cozzolino et al., 2021), OSCs are
their most well-known compounds because of their beneficial proper-
ties: antibacterial, antifungal, anti-inflammatory, antidiabetic, etc.
(Marimuthu & Ramasamy, 2020; Farhat et al., 2021; Catanzaro et al.,
2022). These compounds arise as a consequence of an enzymatic
degradation in defense of physical aggressions such as cutting or
crushing the plant, and, for this reason, they are considered secondary
metabolites (Poojary et al., 2017). Propyl-propane-thiosulfonate
(CgH1402S5) (PTSO) is one of these OSCs. Its properties, such as anti-
microbial activity or antioxidant capacity, are of great interest for the
agri-food industry because of the high demand for new natural additives
(Cascajosa-Lira, Prieto, Banos, et al., 2020, 2020b, 2021a, 2021b,
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plement presents beneficial effects such as modulators of the gut
microbiota in farm animals (Guillamon et al., 2021), and increase pro-
ductivity parameters in laying hens and piglets (Abad et al., 2021;
Rabelo-Ruiz et al., 2021). In general, the effectiveness of PTSO as feed
additive has been verified and may be a good natural alternative to
synthetic agents. It has been described that PTSO is capable of reacting
with cysteine (CYS) and glutathione (GLU) forming s-propyl mercapto-
cysteine (CSSP) and s-propyl mercaptoglutathione (GSSP), respectively
(Abad et al., 2016; Guillamon, 2018). These thiosulfates conjugates can
be occurred in processed foods, in the digestive tract, and through in vivo
metabolism (Zhang et al., 2010). In fact, they have been recently found
in food matrixes in a significant concentration when PTSO is used as
additive (Abad et al., 2016).

Moreover, other compounds such as s-allylmercaptocysteine (SAMC)
is produced through the combination of chemical and enzymatic
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Abbreviations

A549 lung cancer cell line
B16/BL6 melanoma cell line

BNMN  binucleated cell with micronucleus
BHK21 renal fibroblast cell line

BKA-B  burkitt lymphoma cell line

Caco-2  colorectal cancer cell line

CSSP s-propylmercaptocysteine

DADS diallyl disulphide

DAS diallyl sulphide

DATS diallyl trisulphide

DPDS dipropryl disulphide

DPS dipropyl sulphide
Endo III endonuclease III
FPG formamidopyrimidine-DNA glycosylase

FS4 foreskin cell line

GSSP s-propyl mercaptoglutathione
HepG2 heapatocarcinome cell line
HT-29 intestinal epithelial cell line
MCF7 epithelial cell line

MN micronucleus

MTS tetrazolium salt reduction
NDI nuclear division index

NR neutral red

L5178Y tk + lymphoma cell line

0osC organosulfur compound

PTS propyl-propane-thiosulfinate
PTSO propyl-propane-thiosulfonate
SB standar break

TP total protein content

V79 lung cell line

reactions during the aging process garlic extract (Fujii et al., 2018).
Important properties have been described in this derivative allyl com-
pound such as inhibition of hepatocarcinogenesis (Xiao et al., 2018) and
reduction of cell viability in human colorectal carcinoma cells (Zhang
et al., 2014).

In addition, as it occurs with allicin derivatives when reacting with
CYS and GLU, both CSSP and GSSP may show interesting immuno-
modulatory, antitumoral, antioxidant, and anti-inflammatory properties
(Imai et al., 2014; Kosuge et al., 2003; Krishnan et al., 2019; Thayu-
manavan et al., 2017). Furthermore, the mechanism of action of CSSP
has been described by several authors. CSSP showed suppression of
protein expression (NF-kB, MAPK, and PKC), which in turn declined
mRNA expression of NOS and COX-2 as well as reduction ROS, nitric
oxide, IL-6, TNF-a, and PGE2, and improved renal functions (Hsu et al.,
2004, 2006; Mong & Yin, 2012; Roy et al., 2017; Tsai et al., 2011).
Besides, GSSP and CSSP possess less sensory impact than the original
compound PTSO, which could be interesting to be used as potential
ingredients for food and feed. Despite of these interesting properties, no
direct use of these derivatives as a food and/or feed additive is currently
described as far as we know. Therefore, since the presence of CYS and
GLU is common in food and feed matrices, it is necessary to delve into
the aspects related to the toxicity of these compounds, in order to ensure
the safe use of PTSO as additive. For this all, it is necessary the char-
acterization of their toxicological profile, considering the consumer’s
exposure, and including genotoxicity assays, to assure the safety of these
substances (EFSA Scientific Committee, 2011). As a first step in the
mutagenicity and genotoxicity evaluation of compounds, EFSA requests
a battery of two in vitro tests to cover the three genetic endpoints (gene
mutations, structural and numerical chromosome aberrations) with the
minimum number of tests: a bacterial reverse mutation assay and an in
vitro mammalian cell micronucleus test (EFSA Scientific Committee,
2011; 2016). Because many antioxidant compounds can exhibit
pro-oxidant effects, in order to evaluate these effects on DNA bases and
to complete this study, the comet assay with and without restriction
enzymes was also included.

Although some preliminary studies performed with PTSO showed a
possible genotoxic effect in vitro (Mellado-Garcia et al., 2015), later in
vivo studies confirmed that this compound was not genotoxic and could
be considered a natural alternative to chemical preservatives used in the
food packaging industry (Cascajosa-Lira, Prieto, Banos, et al., 2020,
2021b, 2022; Mellado-Garcia et al., 2016). In contrast, there are no
toxicity studies on CSSP and GSSP up to date. Moreover, EFSA Panel on
(2012), in its guidance for submission for food additive evaluations, also
considers impurities, metabolites, and degradations products of delib-
erately added substances in food and feed. Also, EFSA (2016) has
remarked that “genotoxicity must be evaluated, even if low exposure is

expected”. Therefore, considering the expected future increased use of
0OSCs as food/feed additives, as well as the future increased human
exposure, to explore the potential muta/genotoxic effects of CSSP and
GSSP is worth of research. For all these reasons, more exhaustive studies
including decomposition products must be carried out in order to
guarantee a safe use of OSCs in the food industry.

Thus, the aim of this study was to evaluate the toxicological profile of
CSSP and GSSP to study for the first time their potential cytotoxic ef-
fects, as well as their potential in vitro mutagenicity/genotoxicity, using
the following battery of genotoxicity tests: (1) the bacterial reverse-
mutation assay in Salmonella typhimurium (OECD 471, 2020); (2) pre-
liminary cytotoxicity assays carried out on the cell lines L5178Y Tk +
and Caco-2; (3) the micronucleus test (OECD 487, 2016) (MN); (4) the
standard and enzyme-modified comet assay with Endonuclease III (Endo
I11) and formamidopyrimidine-DNA glycosylase (FPG) enzymes in order
to determinate the possible oxidation of DNA.

2. Materials and methods
2.1. Synthesis of CSSG and GSSG

The cysteine and glutathione derivatives (CSSP and GSSP), were
synthesized by DMC research center following the procedure described
by Zhang et al. (2010). Once synthesized, they were analyzed by Ultra
performance liquid chromatography coupled to tandem mass spec-
trometry (UPLC-MS/MS) to confirm their purity following the procedure
described by Abad et al. (2016).

2.2. In vitro bacterial reverse mutation test (Ames test)

The Ames test was performed following OECD Guideline 471 (2020)
and Medrano-Padial et al., 2021. Thus, the five recommended strains of
S. typhimurium were grown under appropriate conditions. Distilled
sterile water (negative control), DMSO (solvent control), and the cor-
responding positive controls for each strain were included. The positive
control for TA97A was 9-aminoacridine (50 pg/plate), for TA98 was
2-Nitrofluorene (0.1 pg/plate), for TA100 and TA1535 was Sodium
Azide (1.5 pg/plate), and for TA102 was Mitomycin C (2.5 pg/plate).

2.3. Preliminary cytotoxicity assays

For MN test, a previous trypan blue exclusion assay was performed in
L5178Y Tk +cells for 4 and 24 h. Before the comet assay, the basal
cytotoxicity endpoints total protein (TP) and tetrazolium salt reduction
(MTS) in Caco-2 cells for 24 and 48 h were evaluated. Cell density was
determined with an automated cell counter (Invitrogen®, Thermofisher,
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MA, USA).The MTS(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethox-
yphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt) tetrazolium compound
(Promega Biotech Ibérica, Madrid, Spain) added to the medium is bio-
reduced by cells into a colored formazan compound soluble in culture
medium and is directly measured spectrophotometrically at 490 nm
after 3 h of incubation in the dark (Baltrop et al., 1991). Total protein
assay was performed according to the protocol of Bradford (Bradford,
1976) using Coomassie Brilliant Blue G-250 (BioRad, Madrid, Spain).

2.4. In vitro micronucleus test (MN)

This assay was performed using L5178Y Tk =+ cells according to the
OECD guideline 487 (2016) and Maisanaba et al. (2015); moreover, our
laboratory has an extensive historical database of positive and negative
controls to validate our methodology in this cell line. Concentrations
were selected based on previous cytotoxicity assays.

2.5. Invitro standard and enzyme-modified comet assay

The comet assays were performed to detect DNA strand breaks and
oxidative damage in Caco-2 cells. These assays have been performed in
triplicate in which at least 150 cells have been quantified for each assay
following the protocol of Collins et al. (1997) with modifications (Lla-
na-Ruiz-cabello et al., 2014; Medrano-Padial et al., 2021). Gastrointes-
tinal cells are the first to be in contact with the substances present in
food or feed. For this reason, this model may be the most susceptible to
genotoxic or oxidative damage. In this case, Caco-2 cells were chosen as
in vitro intestinal alternative to understand the complex cellular pro-
cesses, such as toxicity in a simplified format. For this reason, this model
has been extensively used by academia and industry, including our
laboratory, for over 30 years (Medrano-Padial et al., 2021). The en-
zymes Endo III and FPG were used to detect oxidized pyrimidines and
oxidized purine (8-oxoGua, ring-opened purines or for-
mamidopyrimidines), respectively.

2.6. Statistical analysis

The analyses were performed using Graph-Pad Prisma 9 version
9.0.0 software.

The Ames test results were statistically analyzed using analysis of
variance ordinary one-way (ANOVA) followed by Dunnett’s multiple
comparison tests. For MN test, a Kruskal-Wallis (non-parametric) test
followed by Dunn’s multiple comparisons test was performed. Finally,
for the comet assay, significant differences about % DNA in tails were
calculated by analysis of variance ordinary one-way (ANOVA) followed
by Dunnett’s multiple comparison test.

3. Results
3.1. Ames test

Insolubility and cytotoxicity tests were necessary to determine the
maximum concentrations of the products to be evaluated in the main
test, as established by OECD Guideline 471 (2020). Results showed that
both products were soluble in DMSO, and GSSP was more soluble than
CSSP. GSSP was soluble and non-cytotoxic at the maximum concentra-
tion recommended by the OECD (5000 pg/plate), so the selected range
was from 31.25 pg/plate to 5000 pg/plate of GSSP. On the other hand,
CSSP was insoluble from 250 pg/plate and this concentration was
selected as the maximum concentration of the test range (15.63 pg/plate
to 250 pg/plate of CSSP). In this case, no cytotoxicity or scoring inter-
ference was observed.

In addition, none of the compounds tested showed antibacterial ac-
tivity against the S. typhimurium strains used in the test (TA1535, TA102,
TA100, TA98 and TA97A). For any of the strains tested, no significant
increases were observed in the number of reverting colonies at the
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concentrations tested for each substance, GSSP (5000-312.5 pg/plate)
and CSSP (250-15.63 pg/plate) (see Table 1). In addition, the MI of
tested compounds showed values of 0.7-1.4 for GSSP and 0.6-1-2 for
CSSP, always being values less than 2. The positive controls significantly
increased (p < 0.001) revertant colonies and induced a MI > 2 in all
cases, which confirmed the validity and sensitivity of the present work.
Moreover, solvent control (DMSO) did not produce any significant dif-
ferences in comparison to negative controls.

3.2. Cytotoxicity assays

After 4 and 24 h of exposure to both compounds, no significant
changes were observed in the trypan blue exclusion assay of L5178Y Tk
+for GSSP (16.25-260 pM) and CSSP (31.25-500 pM) (Fig. 1A and B).
Similarly, no significant changes were observed in MTS and TP values of
Caco-2 cells exposed to CSSP or GSSP in a concentrations range of
50-450 pM after 24 and 48 h of exposure compared to their respective
control group values (Fig. 1C, D, E, F).

3.3. In vitro micronucleus test (MN)

Table 2 shows the results of the frequency of binucleated cells with
micronuclei (BNMN %) and the nuclear division index (NDI) in L5178Y
Tk + exposed to GSSP or CSSP in absence of S9 metabolic activation
system at two experimental exposure periods (4 and 24 h). In a short
period of exposure, the values of BNMN% were 1.3-1.5 range and
1.6-2.6 range, respectively. Moreover, no significant changes neither in
BNMN% nor in NDI were observed in comparison to the negative control
for any of the products tested. Similar results were obtained for both
compounds after longer exposure periods (24 h) (range of 1.8-2.2 for
GSSP and 2.0-2.7 for CSSP). In addition, no dose-dependent relationship
was observed in the BNMN% values in any of the tests carried out.

Positive controls for clastogens (mitomycin C) and aneugens
(colchicine) showed a significant increase in the frequency of BNMN%
(p < 0.001). Moreover, the NDI values were similar to those of the
negative control in all of the experimental conditions assayed.

3.4. In vitro standard and enzyme-modified comet assays

To study the potential direct genotoxic effects on DNA of GSSP and
CSSP, the standard comet assay was carried out. Results showed that
GSSP and CSSP did not produce genotoxic effects (DNA strand breaks) in
Caco-2 cell line at the concentrations tested (450-112.5 pM) after 24 or
48 h of exposure compared to the control group (Fig. 2). In addition,
significant differences with respect to the positive control groups were
observed in all CSSP and GSSP concentration assays.

In order to evaluate the potential indirect genotoxic effects such as
oxidative DNA damage, the FPG and Endo III enzyme-modified versions
were included. No significant differences were detected after 24 or 48 h
exposure to any of these products in comparison to the negative control
in Caco-2 cells analyzed with FPG or Endo III post-exposure (see Figs. 3
and 4, respectively).

Likewise, significant decreased was observed in all concentration
assayed compared to positive control groups. In both modified comet
assays, a significant increase in DNA oxidation strand breaks was evi-
denced in positive controls (Ro19-8022 or H30) indicating the suit-
ability of the assays. The DNA fragments forming the comet tail can be
clearly observed in the image in Fig. 5B, compared to the absence of the
comet tail in image 5A.

Moreover, the negative and positive controls of both, the standard
assay and the enzyme-modified assay are within the ranges established
in the historical database for comet assay of our laboratory.

4. Discussion

The numerous beneficial effects of PTSO and the demand for natural
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Table 1
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Results of the Ames test without S9 exposed to GSSP and CSSP in three independent experiments by triplicate. Milli Q water was used as negative control (100 pl) and
DMSO (10 pl) as a solvent for positive controls. Data are given as mean =+ SD revertants/plate. Positive controls for TA97A: 9-aminoacridine (50 pg/plate), TA98: 2-
nitrofluorene (0.1 pg/plate), TA100 and TA1535: Azide Na (1.5 pg/plate) and TA102: mitomycin C (2.5 pg/plate). Ordinary one-way ANOVA Dunnett’s multiple

comparison test. Statistical differences: ***when p < 0.001 in comparison to negative controls.

TA97 TA98 TA100 TA102 TA1535
Colonies MI Colonies MI Colonies MI colonies MI Colonies MI
GSSP Negative control 315+ 14 - 16 £ 4 - 107 + 16 - 283 + 37 - 11+£2 -
Solvent Control (DMSO) 254 + 26 0.8 11+1 0.7 83 +29 0.8 298 + 16 1.1 12+1 1.1
5000 pg/plate 265 + 18 0.8 18+3 1.1 80 + 13 0.8 317 £ 30 1.1 14 £ 2 1.3
2500 pg/plate 311 £ 20 1.0 16 +3 1.0 79 £ 12 0.7 314 £ 10 1.1 13+3 1.2
1250 pg/plate 257 + 20 0.8 18+2 1.2 87 +7 0.8 312 £51 1.1 13+3 1.2
625 ug/plate 261 + 25 0.8 18+ 4 1.2 87 + 4 0.8 277 £ 13 1.0 15+2 1.4
312.5 pg/plate 308 £18 1.0 17 +3 1.1 81+2 0.8 320 + 30 1.1 13+3 1.2
Positive controls 708 £ 167*** 2.2 930 £ 61 59.4 615 £ 82+ 5.8 571 4 61%** 2.0 468 £ 99+ 42.5
CSSP Negative control 107 + 29 - 29+3 - 91+2 - 185 + 13 - 15+ 6 -
Solvent Control (DMSO) 108 + 17 1.0 20+ 3 0.7 97 + 24 1.1 135 + 21 0.7 12+2 0.8
250 pg/plate 70 £ 7 0.6 31+5 1.1 86 +7 1.0 220 + 20 1.2 13+1 0.8
125 pg/plate 95 +7 0.9 25+3 0.9 84 +7 0.9 203+ 6 1.1 17+ 4 1.1
62,5 pg/plate 117 £ 1 1.1 27 £2 0.9 80 + 4 0.9 203 +£9 1.1 16 +2 1.0
31,25 pg/plate 96 + 20 0.9 25+2 0.9 88+9 1.0 205 + 30 1.1 17 £2 1.1
15,63 pg/plate 97 £3 0.9 27 £ 2 0.9 89+9 1.0 160 + 24 0.9 16 +£2 1.1
Positive controls 977 4 50%** 9.1 1068 + 118*** 37.3 507 + 24%** 5.6 1060 =+ 53*** 5.7 540 + 53%** 35.2

additives by consumers have led to an increase in the use of these OSCs
in the agri-food industry. In general, the OSCs are reactive and thermally
unstable compounds, so their content tends to be reduced over time
(Putnik et al., 2019). Reactions between thiosulfonates and cys-
teine/glutathione are spontaneous and quicker than the reactions with
other amino acids (Hsu et al., 2004). Despite of these derivatives com-
pounds have been recently found in food matrixes in a significant con-
centration (Abad et al., 2016), there is no published information about
these cysteine and glutathione conjugate compounds in relation to their
safety. Taking into account that EFSA recommends considering metab-
olites and degradation products for the evaluation of food additives
(EFSA Panel on, 2012), the cytotoxicity and genotoxicity evaluation of
CSSP and GSSP present a great interest for a safe application of PTSO in
the agri-food industry. To our knowledge, this is the first work focused
on evaluating the toxic potential of these compounds.

Although the Ames test is one of the assays recommended by the
EFSA for food safety assessment, there are very few mutagenicity studies
of OSCs. In the present work, no significant changes were observed in
the number of reverting colonies at any concentration tested of both
derived products. Therefore, GSSP and CSSP showed no mutagenic po-
tential under these experimental conditions. Similarly, PTSO (1-20 pM)
and PTS (8.75-280 pM) did not produce mutagenic effects by the Ames
test (Mellado-Garcia et al., 2015; Putnik et al., 2019). Moreover,
Dipropyl disulfide (DPDS), Dipropyl sulfide (DPS), and their mixture did
not show any mutagenic effects in a concentration range of 0.1-200 pM
with or without S9 (Llana-Ruiz-Cabello, Maisanaba, et al., 2015). These
authors assayed the same strains (T102, TA100, TA98 and TA97A) than
the present study with the exception of TA1535 strain. Guyonnet et al.
(2000) administered 1 mmol/kg DAS, DADS, DPS or DPDS orally for 4
consecutive days to rats and measured the mutagenic activation capacity
of hepatic S9 and microsome samples of these compounds. DADS
showed antimutagenic effects against dimethylnitrosamine, N-nitro-
sopiperidine and benzoapyrene mutagenicity by Ames test using strains
TA98 and TA100 (Guyonnet et al., 2000). In contrast, DAS, DPS and
DPDS increased the mutagenic effect of cyclophosphamide, N-nitro-
sopiperidine, 5-b-pyridine and benzoapyrene under the same laboratory
conditions (Guyonnet et al., 2000). Likewise, polymer film of Allium cepa
L. (at 75-100 pl/plate) induced a significant increase in the number of
revertant colonies in relation to the respective control groups by the
Ames test in absence of S9 (TA98 and TA102 strain) and in presence of
S9 (TA100 strain) (Rodrigues-Barreto et al., 2019).

Cytotoxicity endpoints showed that the Caco-2 cell viability was not
altered by either of the two compounds (GSSP and CSSP) in a

concentration range of 0-450 uM after exposure times (24 h and 48 h)
for any of the biomarkers used (MTS and TP). Similarly, in L5178Y Tk
+cells, no significant changes in the viability were observed when the
cells are exposed to 0-500 pM for CSSP or 0-260 pM for GSSP after 4 and
24 h of exposure. In relation to the parent compound, similar mean
effective concentration (ECsg) values for the neutral red (NR), MTS and
TP assays for both cell lines (between 350.9 and 388.3 for Caco-2 and
368.1-415.14 pM for HepG2) were obtained for PTSO (Llana-R-
uiz-Cabello, Gutiérrez-Praena, et al., 2015). In this sense, CSSP and GSSP
turned out to be less cytotoxic than their parent compound PTSO, so
their transformation into these derivatives could be a detoxification
process. On the contrary, another potential derivative of PTSO, Propyl
propane thiosulfinate (PTS) produced greater cytotoxic results in
Caco-2 cells exposed for 24 and 48 h, with ECs¢ values of 187-340 uM
for these same assays (MTS, TP and NR) (Mellado-Garcia et al., 2017).
Thus, the spontaneous reactions produced between PTSO and cys-
teine/glutathione to form mixed-disulfide conjugates (CSSP/GSSP)
occurring in the matrix of animal feed, favors the safety of the products
by reducing their cytotoxicity.

With respect to other OSCs, and in agreement to our results, Lla-
na-Ruiz-Cabello et al. (2015) described that other disulfides, such as
DPDS, DPS or DPDS/DPS mixture (0-200 pM), showed no significant
changes in comparison to negative control in Caco-2 cells by MTS
bioassay for the same periods of time (24 and 48 h). By contrast, these
authors reported a significant increase of TP at 200 pM of DPDS after 24
and 48 h of exposure and at DPDS/DPS mix (200 pM) only after 24 h.
Cytotoxicity has been tested mainly by the MTT test using different
cellular models (B16/BL6, MCF-7, BJA-B, BHK21, FS4, HT-29, A549
etc.) being the OSCs investigated potential precursors of GSSP and CSSP:
DADS, DATS, DAS, Allicin and Ajoene. Nevertheless, the main aim of
these studies was not to assess the toxic potential of these compounds,
but to evaluate their antiproliferative effects to justify their potential as
chemoprotectants against carcinogenesis. In general, the ECsy values
obtained were lower than the highest concentration of CSSP and GSSP
tested in the present work (450 pM), which were not cytotoxic. Although
the vast majority of organosulfur compounds of the genus Allium exhibit
a strong cytotoxic effect on cancer cell lines (Cascajosa-Lira, Andreo--
Martinez, et al., 2022; Xiao et al., 2018; Zhang et al., 2014), in this study,
CSSP and GSSP do not show any cytotoxic effect even at high
concentrations.

In relation to BNMN percentage and NDI, the L5178Y Tk =cells
exposed to GSSP or CSSP showed no significant changes compared to the
control group for any exposure period (4 and 24 h). In agreement with
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Fig. 1. Cell viability of CSSP A) trypan blue of L5178Y Tk +for 4 h and 24 h, C) in reduction of tetrazolium salt (MTS) and E) in total protein content (TP) of Caco-2
cells exposed for 24 h and 48 h. Cell viability of GSSP B) trypan blue in L5178Y Tk +for 4 h and 24 h, D) in reduction of tetrazolium salt (MTS) and F) in total protein
content (TP) of Caco-2 cells ex-posed for 24 h and 48 h. All values are expressed as mean + SD. No significant differences were observed between the exposed groups
and their respective controls. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

our results, PTSO did not produce a significant increase in BNMN
L5178Y Tk +cells exposed to a similar concentration range of 5-40 M
under the same laboratory conditions. In our case, even higher con-
centrations (up to 260 for CSSP and 500 pM for GSSP) were tested and
no genotoxicity was detected. However, in the case of their precursor, a
significant increase in BNMN% was shown for the highest concentra-
tions tested in the presence of S9 by these same authors in vitro (Mel-
lado-Garcia et al., 2015), although in vivo PTSO was not genotoxic
(Mellado-Garcia et al., 2016). Therefore, the genotoxic effect could be
due to other compounds generated through the metabolic fraction used
in these assays. In this sense, PTS, derivative from metabolic reduction
of PTSO induced a significant increase in BNMN cells in comparison to
negative control at the maximum concentration tested both with and
without S9 in this same cell line. More recently, Rodrigues-Barreto et al.
(2019) showed non-mutagenic results of an Allium cepa polymer film by
the MN test carried out on HepG2 cells.

In addition, for both studied derived compounds: GSSP and CSSP,
negative results were also found in the present work in the standard
comet assay in Caco-2 cells. Moreover, we also demonstrated that these
derivates did not induce DNA-oxidative damage (by using the Endo-III

and FPG-modified comet assay) in the range of the assayed concentra-
tions (112.5-450 pM). These results agree with those obtained in the
comet assay (both standard and modified, 24 y 48 h) by Mellado-Garcia
et al. (2016) in Caco-2 cells exposed to PTSO in a lower concentration
range than the present study (0-50 pM). On the other hand, Sielick-
a-Dudzin et al. (2012) showed a significant increase in other allium
compound, DATS, which induced DNA damage in PC-3 cells exposed to
40 pM confirming the increase in DNA tail content reported by Bor-
kowska et al. (2012) in the same assay. Similarly, the analogue, DAS,
induced concentration-dependent apoptosis in HeLa cells exposed to
0-100 pM for 24 h assessed by the comet test (Wu et al., 2011).
Furthermore, no oxidative damage on DNA was also demonstrated for
both compounds in the present work (enzyme-modified comet assay).
GSSP and CSSP have previously shown antioxidant properties (Zhang
et al., 2010). Although at high concentrations these compounds could
induce oxidative stress in a similar way that other natural compounds
such as N-Acetylcysteine (Puerto et al., 2009), in this case, none of the
two investigated compounds exerted prooxidant effects on DNA.

In this context, there are very few studies focused on evaluating the
genotoxicity of cysteine and glutathione conjugated compounds.
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Table 2

Percentage of the frequency of binucleated cells with micronuclei (BNMN) and
the nuclear division index (NDI) in cultured L5178-Y =+ cells treated with GSSP
and CSSP. The results are expressed as mean + SD. Clastogen and aneugen
positive controls were mitomycin C (0.186 pM) and colchicine (0.031 pM),
respectively. The significance levels observed are ***p < 0.001 or **p < 0.01 in
comparison to negative control group values.

BNM (%) NDI & BNM (%) NDI +

+ SD SD + SD SD
Exposure 4h 24 h
time
Negative - 1.7 £ 0.4 1.7 £ 2.1+0.1 1.8+
control 0.3 0.1
Positive Mitomycin C 7.3+£0.1 1.8+ 6.2 + 1.9+
control 0.186 M o 0.1 1.1%%* 0.0
Colchicine 7.0+1.1 1.7 + 6.7 £ 1.8+
0.031 pM i 0.0 0.4%** 0.1
GSSP 260 pM 1.3+0.1 1.8+ 2.0+ 0.3 1.7 +
0.1 0.1
130 pM 1.4+0.3 1.8 + 1.8+0.3 1.7 £
0.1 0.0
65 uM 1.3+04 1.6 + 2.2+ 0.6 1.7 +
0.1 0.1
32.50 pM 1.9+0.7 1.7 £ 21+0.1 1.8 +
0.1 0.0
16.25 pM 1.5+ 0.4 1.7 £ 2.0+ 0.6 1.7 £
0.2 .00
CSSP 500 pM 1.8+0.3 1.6 + 2.7+ 0.1 1.8+
0.1 0.2
250 pM 21+0.1 1.7 £ 2.4+ 0.0 1.9+
0.0 0.0
125 uM 2.3+0.4 1.7 + 2.4+0.3 1.8+
0.0 0.1
62.50 pM 1.6 +£ 0.6 1.7 £ 2.0+ 0.3 1.8+
0.2 0.0
31.25 M 2.0+0.3 1.8+ 2.6 £0.3 1.8+
0.1 0.1

Although these conjugation reactions occur generally as a detoxification
process, genotoxic results produced by cysteine and glutathione conju-
gated to other substances have been described. Thus, Zhong et al. (2001)
showed that methylenedi-p-phenyl diisocyanate conjugates (BisGS-MDI
and BisCYS-MDI) induced a significant increase of MN in V79 cells
exposed to 62.5-500 pg/mL during 24 h. Moreover, the cysteine and
glutathione conjugates of haloalkenes (1,1,2-trichloro-3,3,3-tri-
fluoro-1-propene  and trichlorofluoromethane) have showed
concentration-dependent (0-800 nmol/plate) mutagenic effects in
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TA100 and TA98 S. typhimurium strains by the Ames test. It has also been
described that glutathione and cysteine methyleugenol conjugates could
be involved in the carcinogenicity, cytotoxicity, and genotoxicity of
methyleugenol (Yao et al., 2016). In our case, by contrast, this kind of
conjugations suggest that the biotransformation of PTSO in these com-
pounds might result in a detoxification process of OSCs.

Therefore, in the present study, after carrying out a complete battery
of in vitro tests, including the assays required by the EFSA, CSSP and
GSSP compounds are shown to be non-genotoxic, so their presence in
food/feed products is not of concern in relation to this toxicological end-
point. All these results are needed to understand the potential mecha-
nisms of toxicity of these substances and for a correct risk assessment.

5. Conclusion

The compounds CSSP and GSSP derived from Allium did not present
mutagenic effects using the Ames test in 5 strains of Salmonella. More-
over, L5178Y Tk =+cells showed no genotoxic effect in MN assay for
either of the compounds. The derivative products confirmed non-
genotoxic effects on Caco-2 cells in the standard comet assay neither
oxidative DNA damage in the enzyme-modified comet assay. Conse-
quently, CSSP and GSSP present a good profile for use as a food and/or
feed additive due to their biological activities, mainly antioxidant
properties. However, other different studies such repeated dose 90-day
oral toxicity study in rodents, study on ADME, studies on reproduction
and developmental toxicity could be adequate to complete the safety
profile of these compounds before their use as active food or feed
additive.
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Fig. 2. DNA determined in Caco-2 cells after 24 and 48 h of exposure to CSSP (450-112.5 pM) and GSSP (450-112.5 pM) expressed as the formation of strand breaks
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Fig. 5. Fluorescence microscopy (FITC) image of A) nucleus of negative control and B) nucleus of positive control showing DNA in tails.
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