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a Área de Toxicología, Facultad de Farmacia, Universidad de Sevilla, Profesor García González n 2, 41012, Seville, Spain 
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A B S T R A C T   

The organosulfur compounds (OSC) extracted from Allium spp. exhibit antibacterial, antifungal, and antioxidant 
properties. The agri-food industry is taking advantage of these properties by using them as natural feed and food 
additives. In the present work, an acute and a subchronic 90-days toxicity studies have been conducted for the 
first time to assess the safety of the OSC propyl-propane-thiosulfinate (PTS). Both studies were carried out 
following the Organization for Economic Co-operation and Development test guidelines (425 and 408, respec-
tively). The acute study provided a maximum tolerated dose (MTD) of 175 mg/kg and the subchronic study 
established the Non Observed Adverse Effect Level (NOAEL) ≥ 55 mg/kg body weight (b.w.)/day in both sexes. 
In addition, the subchronic study performed on rats exposed to 14, 28 and 55 mg/kg b.w./day PTS, revealed no 
changes in any of the hematological parameters measured as well as no differences in body weight and water/ 
food consumption. However, biochemical parameters were altered in some groups, although they were not 
biologically significant (Ca2+ in female rats, and the thyroids hormones T3 and T4 in rat males). Furthermore, the 
histopathological assessment evidenced no abnormality on the gastrointestinal, respiratory, lymphoid, urinary, 
circulatory, nervous, musculoskeletal, and reproductive systems.   

1. Introduction 

Organic sulfur compounds (OSCs) are phytochemical molecules 
present in many species of the Allium genus. This genus includes more 
than 600 species, among them, the edibles highlight: garlic (A. sativum) 
onion (A. cepa), leek (A. porrum), chive (A. schoenoprasum), shallot 
(A. ascalonicum), and giant flowering onion (A. giganteum). The OSCs are 
well-known for their biological properties, among which antibacterial, 
antifungal, antioxidants, antiviral, antiprotozoal, anti-inflammatory 
properties stand out (Farhat et al., 2021; Putnik et al., 2019; Vezza 
et al., 2019). In onion, the most common OSCs are isoalliin (S-prope-
nyl-L-cysteine sulfoxide) that changes into methiin (S-methyl-L-cysteine 
sulfoxide), also present in garlic; and propiin (S-propyl-L-cysteine sulf-
oxide) that, due to the action of alliinase, leads to 
propyl-propane-thiosulfinate (PTS) (C6H14O1S2) (Guillamón et al., 
2021). Their properties are of great interest to the agri-food industry, in 
which there has recently been a high boom in the demand for additives 

of natural origin (Cascajosa-Lira et al., 2020a). Additionally, in the last 
years the number of research and patents of OSCs have increased: the 
use of dialkyl thiosulfonate or thiosulfinate to reduce the number of 
apicomplexa in animals (Bravo and Lillehoj, 2013) or the use of PTS and 
propyl propane thiosulfonate (PTSO) for the prevention and reduction of 
parasites in aquatic animals (Baños Arjona et al., 2016). PTS has 
demonstrated antifungal activity against Verticillium dahliae in olive 
trees suggested that this compound could be used as natural tool for 
Crop Pest Management (Falcón-Piñeiro et al., 2021). Moreover, PTS has 
shown beneficial effects on goats as an inhibitor of methanogenesis 
(Martínez-Fernández et al., 2013, 2015). Another use for PTS is as 
sensory additive in animal nutrition, improving the palatability of feed 
and being an alternative to the use of antibiotics in farm animals. It has 
been suggested to be used as an alternative of antibiotics (Peinado et al., 
2012, 2013) supporting the decrease in bacteria resistance generated by 
their excessive application in farm animals. The regulation (EC) No 
1831/2003 of the European Parliament and of the Council of 22 
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September 2003 sets the parameters of handling of the additives used in 
animal nutrition. With respect to this legislation, the use of antibiotics as 
growth promoters is forbidden; the development of alternative products 
to replace those antibiotics is expected. In addition, OSCs or essential 
oils are being employed as additives in food and feed (Cascajosa-Lira 
et al., 2021a), either because of their flavoring character or their anti-
oxidant or antimicrobial properties (Llana-Ruiz-Cabello et al., 2015; 
Maisanaba et al., 2017). In this sense, they can be a good alternative for 
additives of chemical origin, such as sulfites, used in meats, wines or 
juices that cause allergic reactions in some consumers (EFSA, 2016a) 
and also could degrade molecules with nutritional value such as thia-
mine or vitamin B1 (Singh et al., 2005). For this reason, there is an 
increased demand of new products that guarantee safety and similar 
production levels, without generating unwanted effects, such as human 
resistances or side effects, being additives of natural origin a good 
alternative. 

In this regard, it is necessary to have a comprehensive knowledge of 
its toxicological profile to guarantee its safety. Regarding the toxico-
logical profile of PTS, at the present time there are available cytotoxicity 
assays in mammalian cells as well as mutagenicity and genotoxicity 
assessment in vitro (Mellado-García et al., 2017) and an in vivo geno-
toxicity study in rats (Cascajosa-Lira et al., 2021). The European Food 
Safety Authority (EFSA) required a 90-days oral toxicity study among 
the toxicological assays for the approval of food and feed additives 
(EFSA 2012; 2016b, 2017) following the guideline 408 of the Organi-
zation for Economic Cooperation and Development (OECD). 

Recently, several subchronic studies in rats treated with OSC such as 
PTSO (Cascajosa-Lira et al., 2020b) and Allium extract (Mellado-García 
et al., 2016) have been published. Moreover, different essential oils have 
shown antioxidant and antimicrobial characteristics that are as well of 
interest in the agri-food industry (Lira et al., 2020; Llana-Ruiz-Cabello 
et al., 2017; Mellado-García et al., 2016; Mishra et al., 2018; Preece 
et al., 2021). However, the acute and subchronic studies of PTS itself has 
not been conducted so far. Therefore, the objectives of this work were to 
carry out, for the first time, an acute toxicity study (OECD 425, 2008) 
and a 90-day subchronic toxicity study by oral route in rats (OECD 408, 
2018) in order to study the possible adverse effects in long terms of PTS 

by establishing the NOAEL (no observed adverse effect level). 

2. Materials and methods 

2.1. Dose preparation and acute toxicity study design 

PTS was supplied by DMC Research Center (Granada, Spain) with a 
76% of purity (cod. 19.10.2020). The results of the PTS analysis by 
UPLC-MS-MS were reported in Cascajosa-Lira et al. (2021a). 

In order to determine the maximum tolerable dose (MTD), the acute 
oral toxicity study (Up and Down procedure, OECD 425, 2008) was 
carried out. Initially, one rat was administered by gastric tube with a 
single dose of 175 mg/kg body weight (b.w.) PTS. Then, the single doses 
to the consecutive rats were administered in increasing/decreasing 
order: 550 and 2000 mg/kg b.w. PTS depending on the morbidity or 
mortality of the animals. Mortality and clinical sign were observed for 
two weeks before sacrifice. If animals showed moribund signs or obvious 
severe pain, then they were humanely sacrificed. Three animals were 
dosed with 175 mg/kg b.w., 3 were exposed to 550 mg/kg b.w., and only 
1 animal was treated with 2000 mg/kg b.w. 

2.2. Subchronic study design 

A total of 80 rats (40 males and 40 females with similar body weight 
mean in a range of ±20% as mentioned in the guideline) were randomly 
distributed into eight groups (10 rats/sex/group of doses). The distri-
bution of rats in this study is described in Fig. 1. The highest dose was set 
at 55 mg/kg b.w. accordingly with the MTD and the palatability of the 
product, and descending doses were selected using a factor of root of ten 
according to the guideline (OECD 408, 2018) recommendations: 14, 28, 
55 mg/kg b.w. Therefore, 3 groups of rats from each sex were exposed to 
14, 28, 55 mg/kg b.w./day PTS. The commercial powder neutral gelatin 
from pork protein was employed as the vehicle for the test substance in 
all groups including the control. The dose was mixed in 3 mL of liquid 
gelatin. PTS was included in the gelatin that solidified at 4 ◦C overnight 
following Cascajosa-Lira et al. (2020b). In addition, the vehicle-control 
group were fed with gelatin without PTS. 

Fig. 1. Flowchart of the subchronic toxicity study.  
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2.3. Animal conditions and husbandry services 

All animals received human care in accordance with the guidelines 
for the protection of animals used for the science purposes (Directive, 
2010/63/EU, Decision, 2020/569/UE, and RD 1386/2018). All pro-
cedures have been approved by the Ethical Animal Experimentation 
Committee of the University of Córdoba and by the Junta de Andalucía 
(project nº 22/12/2020/154). 

The rats, Sprague-Dawley strain, were 7 weeks old. Initially, all of 
them become stable for an acclimatization phase of 7 days. Animals 
were individually housed in type 3H cages with aspen wood bedding and 
food completely available using standard dry pellet diet for rodents. 
They were kept in a room with controlled conditions of hygiene behind a 
barrier system, a range of temperature of 21±2 ◦C with a 10–15 air 
changes per hour and a relative humidity between 30 and 70% under 12 
h light/dark cycle. 

2.4. Clinical observation and ophthalmic examination 

Examination included observations of skin and fur, eye and mucous 
membranes, respiratory and circulatory effects, automatic effects as 
salivation, central nervous system, motor activity, including tremors and 
convulsions, changes in motor activity, gait and posture, reactivity to 
handling or sensory stimuli, and normally or strange behavior. For the 
ophthalmic examination, before and after treatment, the following or-
gans were also observed: cornea, crystalline lens, conjunctivae, sclera, 
iris, and fundus of all animals. 

2.5. Body weight, food, and water consumption 

These three parameters were weekly recorded in order to avoid the 
stress of the animals and the means per groups and sex were calculated. 
The total food consumed per cage was recorded and weekly mean intake 
per rat was calculated, required to determinate feed ratio conversion 
efficiency (FCE) according to Cascajosa-Lira et al. (2020b) by the ratio of 
food intake (g)/weight gained (g). 

2.6. Haematology, biochemistry and, endocrinology 

As recommended OECD 408 (2018), once the animals were sacri-
ficed under anesthesia effects, blood samples were extracted from the 
heart by an intracardiac injection. Then, the hematological parameters 
were determined on an automatic hematological analyzer Cell-Dyn 3700 
(Abbot, GMI, MI, USA): red blood cell count (RBC), hemoglobin (HGB), 
hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular 
hematoglobin (MCH), mean corpuscular hematoglobin concentration 
(MCHC), blood platelet count (PLT), red cell volume distribution 
(RDW), prothrombin time (PT), cefaline time (CT), white blood cell 
count (WBC), neutrophils (NE), lymphocytes (LY), monocytes (MO), 
eosinophils (EO) and basophils (BA). 

The standard serum biochemistry parameters were analyzed with an 
automatic chemistry analyzer Cobas 6000 (Roche Diagnostics, IN, USA), 
to determinate these biochemistry parameters: glucose (GLUC), blood 
urea nitrogen (UREA), creatine (CREAT), bile acids (BILI-T), total 
cholesterol (CHOL), high density lipoprotein (HDL), low density lipo-
protein (LDL), triglycerides (TRIGL), aspartate aminotransferase (AST), 
alanine aminotransferase (ALT), alkaline phosphatase (ALKP), albumin 
(ALB), total protein (TOT PROT), sodium (Na+), potassium (K+) and 
calcium (Ca2+) ions. 

The hormones: triiodothyronine (T3) and thyroxine (T4) were also 
measured using an analyzer Cobas 6000 (Roche Diagnostics, IN, USA). 
Thyroid stimulating hormone (TSH) was measured by a commercial 
ELISA kit from Demeditec (DEV9977 TSH rat ELISA, Demeditec Di-
agnostics GmbH, Germany). 

2.7. Necropsy, organ weight and histopathology 

All animals survived the complete treatment. Then, rats were fasted 
overnight (for 18 h before the sacrifice) and deeply anaesthetized with 
isofluorane. Later, they were euthanized with CO2 and exsanguinated by 
intracardiac injection according to directive 2010/63 UE. All rats 
received a complete pathology examination through the necropsy. The 
following tissues and organs were collected from animals and weighed 
wet in situ after dissection: brain, liver, heart, spleen, kidneys, thymus, 
adrenal glands, uterus with cervix and ovaries (females) and testes, 
epididymis and seminal gland (males). 

For the histopathological assay, tissues from the gastrointestinal 
system (liver, pancreas, glandular and nonglandular stomach, and small 
and large intestines), from the respiratory, lymphoid, urinary, circula-
tory, musculoskeletal, and nervous systems (lung, spleen, kidney, heart, 
skeletal muscle, cerebellum, and cerebrum), and the reproductive sys-
tem (ovary and testes) were taken from the control and the PTS 
administered rats (14, 28 and 55 mg/kg b.w./day). All the tissue sam-
ples were fixed in 10% buffered formalin for 24h and routinely pro-
cessed and embedded in paraffin wax. Tissue sections (4 μm thick) were 
stained with haematoxylin and eosin (H&E). 

2.8. Statistical analysis 

Statistical analysis was carried out using Graph-Pad Prism 9 software 
(GraphPadSoftware Inc., La Jolla, USA). Continuous variables were 
summarized using mean and standard deviation (SD) and were reported 
by sex and dosage. One-way analysis of variance (ANOVA) was carried 
out to test differences in continuous variables. Normality assumption 
was tested using Kolmogorov-Sminorv’s test. If non-normality was 
observed, comparison was performed with Kruskal-Wallis test. If those 
tests were statistically significant, multiple comparisons were performed 
using Tukey-Kramer/Dunn’s Multiple Comparisons Tests. 

3. Results 

3.1. Acute study. LD50 and MTD 

Following the guidelines of the OECD 425, the first dose assayed was 
175 mg/kg b.w. given by gavage. Considering the results obtained in 
each step the dose increased to 550 and 2000 mg/kg b.w. The results 
obtained in each dose were the following. None of the rats orally 
exposed to 175 mg/kg b.w. died or experienced any clinical injury. 
Different responses were recorded in rats exposed to 550 mg/kg b.w.; 
one rat was sacrificed for human reasons; another rat survived with 
severe irreversible signs of toxicity; and the other rat survived showing 
light signs of toxicity. In addition, two out of the three rats exposed to 
550 mg/kg b.w. underwent a decrease in weight gain above 20%. The 
rat dosed with 2000 mg/kg b.w. of PTS died immediately after exposure. 
Consequently, the LD50 of PTS was stablished at 550 mg/kg b.w., and 
MTD at 175 mg/kg b.w. However, due to palatability acceptance of the 
product, the dose for the subchronic study was lowered at 55 mg PTS/kg 
b.w. as previously explained in section 2.2. 

3.2. Clinical and ophthalmological observation 

No changes in gait, posture, or handling response, abnormal, clonic, 
or tonic movements, and stereotypes or bizarre behavior was recorded in 
any group. The ophthalmological examination performed at the end of 
the study showed no abnormalities in all doses and sex groups during the 
study period. Some contact injuries were observed in seven rats in the 28 
and 55 mg/kg b.w./day dose groups on back, face and hands. No other 
clinical observations were noted. 
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3.3. Body weight, body weight gain, food consumption, feed conversion 
efficiency, and water consumption 

There are no significant differences between groups of doses in the 
final body weight, body weight gain, total food intake or feed conversion 
efficiency (Table 1). The mean body weight per week of male and female 
rats exposed to PTS (14, 28 and 55 mg/kg b.w./day) was not signifi-
cantly changed through the complete experiment in males (Fig. 2A) and 

females (Fig. 2B). Similarly, no significant changes were observed in % 
body weight gain in males (Fig. 3A) and females (Fig. 3B). There were 
significant differences in food consumption in control and 14 mg/kg b. 
w./day groups in comparison to 55 mg/kg b.w./day in males for three 
weeks as were shown in Fig. 4A. In contrast, there were no significant 

Table 1 
Effect of 90 days oral exposure to PTS on body weight and food consumption in Sprague Dawley. Values are mean ± SD for 10 rats/sex/group. F: Statistics ANOVA test; 
K.W: Kruskal-Wallis Statistic; N.S.: Not Significant.   

MALE FEMALE 

PARAMETERS Group 1 Group 2 Group 3 Group 4 Group 1 Group 2 Group 3 Group 4 

(0 mg/kg/day) (14 mg/kg/ 
day) 

(28 mg/kg/ 
day) 

(55 mg/kg/ 
day) 

(0 mg/kg/day) (14 mg/kg/ 
day) 

(28 mg/kg/ 
day) 

(55 mg/kg/ 
day) 

N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 

Inicial body weight 
(g) 

360.5 ± 12.18 313.00 ± 31.34 309.80 ± 13.35 317.10 ± 14.12 223.40 ± 12.22 222.00 ± 13.03 229.20 ± 12.15 220.40 ± 13.83 
F(36.3) ¼ 0.5309 p ¼ 0.6640; N.S. F(36.3) ¼ 0.8938 p ¼ 0.4537; N.S. 

Final body weight 
(g) 

647.40 ± 48.14 623.00 ± 63.24 645.00 ± 37.96 658.50 ± 35.15 334.70 ± 23.35 345.00 ± 19.29 351.50 ± 27.50 334.80 ± 17.59 
F(36.3) ¼ 0.9836 p ¼ 0.4118; N.S. KW ¼ 2.697 p ¼ 0.4408; N.S. 

Body weight gain (g) 340.90 ± 43.83 310.00 ± 64.22 335.20 ± 29.85 341.40 ± 30.93 121.30 ± 17.60 123.00 ± 9.78 122.30 ± 18.00 114.40 ± 12.08 
F(36.3) ¼ 1.118 p ¼ 0.3546; N.S. F(36.3) ¼ 0.7174 p ¼ 0.5481; N.S. 

Total feed intake (g) 3241.10 ±
314.04 

3165.60 ±
293.63 

3304.60 ±
249.09 

3485.40 ±
263.36 

2127.80 ±
215.17 

2171.80 ±
219.48 

2210.20 ±
291.03 

2049.40 ±
208.61 

F(36.3) ¼ 2.358 p ¼ 0.0879; N.S. F(36.3) ¼ 0.8560 p ¼ 0.4727; N.S. 
Feed conversion 

ratio 
9.56 ± 0.71 10.55 ± 1.93 9.90 ± 0.77 10.25 ± 0.86 17.79 ± 2.54 17.72 ± 1.99 18.32 ± 3.20 18.00 ± 1.73 
F(36.3) ¼ 1.315 p ¼ 0.2845; N.S. F(36.3) ¼ 0.1258 p ¼ 0.9442; N.S. 

Values are mean ± SD for 10 rats/sex/group. The differences between control and treated groups for male and female rats were evaluated by Kruskal-Wallis test (K.W.) 
or by ANOVA-Tukey test (F values). N.S. not significant. 

Fig. 2. Mean body weights (g) of A) male and B) female rats orally exposed to 
14, 28 and 55 mg/kg b.w./day PTS and control rats for 90 days. Values are 
mean ± standard deviation (SD) for 10 rats/sex/group. The differences between 
control and treated groups for male and female rats were evaluated by ANOVA- 
Tukey tests. Fig. 3. Mean body weight gain (%) of A) male and B) female rats orally 

exposed to 14, 28 and 55 mg/kg b.w./day PTS and control rats for 90-day. 
Values are mean ± SD for 10 rats/sex/group. The differences between control 
and treated groups for male and female rats were evaluated by Kruskal-Wallis 
test or ANOVA-Tukey tests. 
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changes in female groups (Fig. 4B). The water consumption in male rats 
did not show any significant differences (Fig. 5A). But in the other hand, 
female rats exposed to 28 and 55 mg/kg b.w./day showed significant 
differences in comparison with control group in the second week and in 
the eleventh week respectively (Fig. 5B). 

3.4. Biochemistry and haematology 

Haematology parameters are shown in Table 2. There were no sig-
nificant differences in any parameter measured for male and female rats. 
In addition, there were no significant differences in total and differential 
leukocyte counts for rats fed with PTS for both sexes (Table 3). 

Clinical biochemistry parameters of rats exposed to all levels of PTS 
doses (14, 28, 55 mg/kg b.w.) are shown in Table 4. These results 
revealed significant differences in Ca2+ in female rats exposed to 14 mg/ 
kg b.w./day in comparison with control group. In addition, thyroids 
hormones showed significant differences in male rats. T3 levels revealed 
significant increase in rats exposed to 14 mg/kg b.w./day Besides, T4 
levels are also increased in the same group of dosage and additionally in 
55 mg/kg b.w./day in comparison with control group in male rats. 

3.5. Necropsy and organ weights 

The macroscopy examination of the organs and tissue did not show 
any remarkable damage in any dosage level assayed of PTS. The organ 
weight (brain, liver, heart, spleen, kidney, thymus, adrenals, testes, 

epididymis, seminal gland, uterus, and ovaries) of male and female rats 
of control and treated groups are shown in Table 5 as well as the ratio of 
the weight of the organ with respect to the total weight in Table 6 and 
with respect to the brain weight in Table 7. Subchronic administration of 
PTS did not revealed any significant difference in the organ weight or 
ratios. 

3.6. Histopathology 

The histopathology of the organs from the gastrointestinal, respira-
tory, lymphoid, urinary, circulatory, nervous, musculoskeletal, and 
reproductive systems were firstly assessed in the control and 55 mg/kg 
b.w./day PTS groups including male and female rats. The results ob-
tained from the histopathological study revealed no observable patho-
logical features in the rats administered with 55 mg/kg b.w./day PTS 
dose compared with the controls in any studied organs. Moreover, the 
comparative study between male and female rats no displayed histo-
pathological differences neither. 

The representative histological images of the gastrointestinal system 
are included in Fig. 6. Thus, control and 55 mg/kg b.w./day PTS male 
and female rats presented a histologically normal liver with hepatocytes 
extending from the portal spaces to central veins without pathological 
features. In addition, pancreases showed both endocrine and exocrine 
components with normal appearance no displaying any pathological 
change in the samples from the control and 55 mg/kg b.w./day PTS male 
and female rats. Both glandular and non-glandular (squamous) stomachs 
did not display pathological changes in any group studied showing an 

Fig. 4. Mean Food consumption (g) of A) male and B) female rats orally 
exposed to 14, 28 and 55 mg/kg b.w./day of PTS and control rats for 90-day. 
Values are mean ± SD for 10 rats/sex/group. The differences between control 
and treated groups for male and female rats were evaluated by Kruskal-Wallis 
test or ANOVA-Tukey tests. The significance levels observed are α p < 0,05 
when 14 mg/kg b.w./day, and 55 mg/kg b.w/day. groups were compared. & p 
< 0,05 when control group and 55 mg/kg were compared. 

Fig. 5. Mean water consumption (mL) of A) male and B) female rats orally 
exposed to 14, 28 and 55 mg/kg b.w./day of PTS and control rats for 90-day. 
Values are mean ± SD for 10 rats/sex/group. The differences between control 
and treated groups for male and female rats were evaluated by Kruskal-Wallis 
test or ANOVA-Tukey tests. The significance levels observed are #p < 0,05 
when control group and 28 mg/kg b.w./day were compared & p < 0,05 when 
control group and 55 mg/kg b.w./day were compared. 
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intact mucosa. The small and large intestines studied from the male and 
female rats of the control and PTS-exposed group presented the normal 
histology of these organs with enterocytes together with mucous cells 
lining an intact epithelium. 

Fig. 7 showed the histological images of the respiratory, lymphoid, 
urinary, circulatory, nervous, and musculoskeletal systems. Lungs from 
the control and 55 mg/kg b.w./day PTS male and female rats presented 
the normal histological architecture with empty alveoli, bronchioles, 
and bronchi. Spleens from control and PTS administered rats did not 
display pathological features and they were constituted by the red pulp 
showing a physiological small amount of intracytoplasmic pigment 
within the splenic macrophages, and the white pulp with arterioles 
surrounded by lymphoid tissue. Kidneys from both control and PTS 
administered groups showed a normal histology, with glomerulus dis-
playing a Bowman’s space between the Bowman’s capsule and the nest 
of capillaries and proximal and distal tubules presented their normal 

appearance with a brush border in the proximal tubules appearing as a 
full lumen and the distal tubules without brush border appearing as an 
empty lumen. Hearts did not show any pathology neither the control nor 
55 mg/kg b.w./day PTS groups displaying a myocardium with normal 
cardiomyocytes with one or two central nuclei that sometimes are 
enlarged in normal conditions. The skeletal muscle was also histologi-
cally normal presenting long and multi-nucleated myofibers. The eval-
uation of the nervous system sampling such as cerebrum and cerebellum 
from the control and 55 mg/kg b.w./day PTS male and female rats did 
not show any visible pathological feature displaying the normal archi-
tecture of the tissue with neurons with normal morphology. 

The representative images of the reproductive system are shown in 
Fig. 8. Ovaries from control and 55 mg/kg b.w./day PTS female rats 
presented ovarian follicles in different stages that indicate a normal 
functionality of the organ. Testes from control and 55 mg/kg b.w./day 
PTS male rats displayed no pathology and histologically showed tightly 

Table 2 
Haematology parameters of Sprague Dawley male and female rats fed with different doses of PTS in the diet for 90-day. Values are mean ± SD for 10 rats/sex/group. 
The differences between control and treated groups for male and female rats were evaluated by Kruskal-Wallis test (K.W.) or by ANOVA test (F values). N.S. not 
significant.  

HAEMATOLOGY DATA SUMMARY 

PARAMETERS MALE FEMALE 

Group 1 Group 2 Group 3 Group 4 Group 1 Group 2 Group 3 Group 4 

(0 mg/kg/ 
day) 

(14 mg/kg/ 
day) 

(28 mg/kg/ 
day) 

(55 mg/kg/ 
day) 

(0 mg/kg/ 
day) 

(14 mg/kg/ 
day) 

(28 mg/kg/ 
day) 

(55 mg/kg/ 
day) 

N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 

RBC MEAN 9.20 9.23 9.14 9.25 8.40 8.21 8.47 8.78 
106/ 

μl 
ST. 
DEV. 

0.41 0.54 0.79 0.53 0.32 0.66 0.61 1.74  

F(36.3) ¼ 0.0731 p ¼ 0.9740; N.S. KW ¼ 1.730 p ¼ 0.6303; N.S. 
HGB MEAN 15.09 15.50 15.10 15.21 14.60 14.27 14.60 14.27 
g/dL ST. 

DEV. 
0.45 0.94 1.12 0.80 0.55 1.22 0.55 1.22  

KW ¼ 4.772 p ¼ 0.1893; N.S. KW ¼ 3.321 p ¼ 0.3447; N.S. 
HCT MEAN 53.93 54.61 53.97 53.78 52.80 54.84 53.57 52.19 
% ST. 

DEV. 
1.32 3.22 4.03 2.99 3.35 13.31 2.19 4.68  

F(36.3) ¼ 0.1449 p ¼ 0.9323; N.S. KW ¼ 0.2993 p ¼ 0.9602; N.S. 
MCV MEAN 58.66 59.22 59.13 58.20 63.83 63.60 62.42 62.76 
fL ST. 

DEV. 
1.89 0.83 1.97 1.85 1.42 1.88 1.85 2.00  

KW ¼ 0.9939 p ¼ 0.8027; N.S. F(36.3) ¼ 1.511 p ¼ 0.2288; N.S. 
MCH MEAN 16.42 16.50 16.57 16.45 17.39 17.39 17.08 16.36 
pg ST. 

DEV. 
0.49 0.40 0.48 0.36 0.48 0.48 0.42 3.96  

KW ¼ 0.9297 p ¼ 0.8183; N.S. KW ¼ 3.515 p ¼ 0.3188; N.S. 
MCHC MEAN 27.80 27.89 28.00 28.29 27.26 27.36 27.34 26.01 
g/dL ST. 

DEV. 
0.73 0.52 0.41 0.35 0.43 0.20 0.41 5.80  

KW ¼ 4.881 p ¼ 0.1807; N.S. KW ¼ 1.320 p ¼ 0.7244; N.S. 
PLT MEAN 939.20 873.72 912.80 999.40 861.20 786.20 871.55 784.93 
103/ 

μl 
ST. 
DEV. 

142.21 348.62 76.25 97.41 151.21 407.11 288.75 694.09  

F(36.3) ¼ 0.7095 p ¼ 0.5527; N.S. KW ¼ 2.746 p ¼ 0.4324; N.S. 
RDW MEAN 17.99 17.73 17.89 18.56 15.77 15.49 15.66 16.98 
% ST. 

DEV. 
1.34 1.32 1.19 0.89 0.89 1.19 0.67 3.96  

F(36.3) ¼ 0.9070 p ¼ 0.4470; N.S. KW ¼ 5.236 p ¼ 0.1553; N.S. 
T PRO MEAN 20.63 23.57 21.50 21.39 24.01 23.28 24.72 23.53 
seg ST. 

DEV. 
0.49 2.03 0.97 0.67 1.07 1.64 0.95 0.78  

KW ¼ 6.188 p ¼ 0.1028; N.S. KW ¼ 3.514 p ¼ 0.3190; N.S. 
T CEF MEAN 24.55 23.57 21.87 21.79 26.38 21.83 22.42 24.75 
seg ST. 

DEV. 
1.99 2.03 0.70 2.16 5.15 1.83 2.69 0.07  

KW ¼ 9.811 p ¼ 0.0202; N.S. KW ¼ 5.903 p ¼ 0.1164; N.S. 

RBC: Erythrocyte count; HGB: hemoglobin; HCT: hematocrit; MCV: mean corpuscular volume; MCH: mean corpuscular hemoglobin; MCHC: mean corpuscular he-
moglobin concentration; PLT: platelet (thrombocyte) count; RDW: red blood cell distribution width; T PRO: prothrombin time; T CEF: cephalin time. 
Values are mean ± SD for 10 rats/sex/group. The differences between control and treated groups for male and female rats were evaluated by Kruskal-Wallis test (K.W.) 
or by ANOVA-Tukey test (F values). N.S. not significant. 
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packed seminiferous tubules with the Sertoli cells and the germinal 
epithelium with the spermatozoids in the lumen indicating the func-
tional spermatogenesis and presenting the interstitial Leydig cells sur-
rounding the seminiferous tubules. 

4. Discussion 

The increasing use of PTS in the food industry, as well as phyto-
chemical preparations including this compound, has led to the need of 
assuring its safety. The guidance for submission of food additive eval-
uations published by EFSA (EFSA, 2012) describes a tiered approach, 
which consists of three tiers. Within the first tier, a subchronic toxicity 
study should be conducted for a period of at least 90 days (OECD 408, 
2018) in rodents. In the present work, we performed for the first time for 
PTS a repeated dose 90-days oral toxicity study in rats, and according to 
the lack of toxicity observed in all parameters measured, the NOAEL was 
estimated to be ≥ 55 mg/kg b.w./day. Previous subchronic toxicity 
studies of similar compounds to PTS and natural extract containing it 
have been previously conducted. A 90-day study of an Allium-based 
commercial extract (Proallium AP®) has reported no toxicity, estab-
lishing the NOAEL at 400 mg/kg b.w./day in the (Mellado-García et al., 
2016). Likewise, no sign of toxicity was reported in the subchronic study 
performed using the main compound of Proallium AP®, PTSO, which is 
an analogue of PTS. In the latter study, the NOAEL was set at ≥ 55 
mg/kg b.w./day (Cascajosa-Lira et al., 2020b). This finding agrees with 
the ones obtained in the present study, both compounds showed the 
same value of NOAEL. It is worth noting that a higher dose could not be 
assayed due to palatability problems. Therefore, a higher PTS dose could 
have been probably established for NOAEL. 

No significant change was observed in most of the parameters 

measured in the present work (body weight, food and water consump-
tion, FCE, and biochemical and blood parameters). The only value 
showing a significant decrease was Ca2+ in female rats exposed to the 
lowest dose of PTS (14 mg/kg b.w./day). However, although this value 
indicated a significant change from a statistical point of view, this is not 
a remarkable change from a biological perspective since it can be 
considered as a normal value in Sprague-Dawley rats. The value ob-
tained was 9.81 ± 1.1 mg/dL Ca2+. Similar results have been reported in 
control female rats, 9.9 ± 0.7 mg/dL Ca2+ (Matsuzawa et al., 1986) and 
9.6 ± 0.29 mg/dL Ca2+ (An et al., 2019). 

Moreover, our study measured not only total cholesterol but also 
high density lipoprotein (HDL) and low density lipoprotein (LDL) as 
recommended in the OECD guideline 408 (2018). These parameters 
were measured taking into account that the vast majority of OSCs that 
have biological activity affect cholesterol levels (Ghyasi et al., 2019; Liu 
and Yeh, 2000, 2001; Sun et al., 2018). In this sense, mice fed with a 
high-fat diet and orally treated with different doses of PTSO (0.1, 0.5 and 
1 mg/kg b.w./day) for 5 weeks showed beneficial effects of PTSO such as 
decrease of body weight and reduction of the total and LDL cholesterol 
without modifying the HDL cholesterol (Vezza et al., 2021). The values 
of total cholesterol, HDL and LDL found in the present study were similar 
to those obtained in another subchonic study in rats fed with mango 
extract (Tajiri et al., 2021). Although the total cholesterol was higher in 
our study (93.2 ± 11.94 in male rats and 100.3 ± 8.11 in female rats) 
compared to the mango extract study (66 ± 13 male and 101 ± 12 fe-
male), the values obtained for HDL were lower in the present study 
(41.6 ± 13.33 male and 51.90 ± 5.13) in comparison to the other study 
(47.0 ± 9.9 in male and 64.0 ± 8.4). 

All the 90-day toxicity study previously mentioned followed the 
guidelines proposed by EFSA, OECD 408 (2018). However, none 

Table 3 
Differential white blood cells count data of Sprague Dawley male and female rats fed with different doses of PTS in the diet for 90-day. Values are mean ± SD for 10 
rats/sex/group. The differences between control and treated groups for male and female rats were evaluated by Kruskal-Wallis test (K.W.) or by ANOVA test (F values). 
N.S. not significant.  

DIFFERENTIAL WHITE BLOOD CELLS COUNT DATA SUMMARY  

MALE FEMALE  

Group 1 Group 2 Group 3 Group 4 Group 1 Group 2 Group 3 Group 4  

(0 mg/kg/ 
day) 

(14 mg/kg/ 
day) 

(28 mg/kg/ 
day) 

(55 mg/kg/ 
day) 

(0 mg/kg/ 
day) 

(14 mg/kg/ 
day) 

(28 mg/kg/ 
day) 

(55 mg/kg/ 
day)  

N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 

WBC MEAN 14.74 13.27 14.18 14.16 8.49 7.54 7.46 6.90 
103/ 

μL 
ST. 
DEV. 

2.05 4.09 2.96 4.04 1.69 2.66 2.95 3.01   

KW ¼ 0.6582 p ¼ 0.8830; N.S. F(34.3) ¼ 0.6459 p ¼ 0.5908; N.S. 
NE MEAN 18.70 17.51 13.91 15.33 17.41 12.74 13.81 18.99 
% ST. 

DEV. 
7.51 5.89 4.71 6.42 11.70 7.10 3.70 9.22   

F(36.3) ¼ 1.189 p ¼ 0.3270; N.S. F(34.3) ¼ 1.112 p ¼ 0.3573; N.S. 
LY MEAN 74.80 74.64 78.51 77.49 70.89 79.22 80.95 70.64 
% ST. 

DEV. 
8.06 7.70 4.98 8.93 16.23 10.08 3.11 17.92   

KW ¼ 0.6574 p ¼ 0.5836; N.S. F(34.3) ¼ 1.928 p ¼ 0.1430; N.S. 
MO MEAN 1.38 1.55 2.91 1.74 1.85 1.80 0.62 2.02 
% ST. 

DEV. 
1.70 2.04 3.54 2.18 1.69 2.41 0.35 1.80   

KW ¼ 2.321 p ¼ 0.5086; N.S. KW ¼ 6.572 p ¼ 0.0869; N.S. 
EO MEAN 4.01 6.24 3.75 4.88 9.28 5.74 4.14 8.05 
% ST. 

DEV. 
2.63 3.82 1.75 3.82 9.43 4.13 1.64 8.96   

F(36.3) ¼ 1.285 p ¼ 0.2944; N.S. KW ¼ 1.347 p ¼ 0.7179; N.S. 
BA MEAN 0.37 0.46 0.65 0.56 0.55 0.50 0.49 0.29 
% ST. 

DEV. 
0.37 0.29 0.50 0.55 0.57 0.36 0.33 0.40   

F(36.3) ¼ 0.7941 p ¼ 0.5052; N.S. F(34.3) ¼ 0.7351 p ¼ 0.5381; N.S. 

WBC: total leukocyte count; NE: neuthrophil; LY: lymphocyte; MO:monocyte; EO:eosinophil; BA:basophil. 
Values are mean ± SD for 10 rats/sex/group. The differences between control and treated groups for male and female rats were evaluated by Kruskal-Wallis test (K.W.) 
or by ANOVA-Tukey test (F values). N.S. not significant. 
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Table 4 
Clinical biochemistry of Sprague Dawley male and female rats fed with different doses of PTS in the diet for 90-day. Values are mean ± SD for 10 rats/sex/group. The 
differences between control and treated groups for male and female rats were evaluated by Kruskal-Wallis test (K.W.) or by ANOVA test (F values). The significance 
levels observed are *p < 0.05 and **p < 0.01 in comparison to control group values.  

CLINICAL BIOCHEMISTRY DATA SUMMARY 

PARAMETERS MALE FEMALE 

Group 1 Group 2 Group 3 Group 4 Group 1 Group 2 Group 3 Group 4 

(0 mg/kg/ 
day) 

(14 mg/kg/ 
day) 

(28 mg/kg/ 
day) 

(55 mg/kg/ 
day) 

(0 mg/kg/ 
day) 

(14 mg/kg/ 
day) 

(28 mg/ 
kg/day) 

(55 mg/kg/ 
day) 

N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 

GLUC MEAN 119.90 117.90 133.80 122.20 131.40 132.70 132.90 143.70 
mg/dL ST. DEV. 17.87 19.32 46.21 35.76 12.28 23.97 21.69 23.42  

KW ¼ 1.051 p ¼ 0.7889; NS F(36.3) ¼ 0.7508; p ¼ 0.5291; NS 
UREA MEAN 35.22 35.32 35.87 34.56 37.84 34.88 34.12 37.4 
mg/dl ST. DEV. 6.26 4.56 3.97 3.81 8.95 7.98 9.39 4.88  

KW ¼ 0.9968 p ¼ 0.8020; N.S. F(36.3) ¼ 0.5271; p ¼ 0.6665; N.S. 
CREAT MEAN 0.29 0.27 0.27 0.28 0.325 0.29 0.294 0.317 
mg/dL ST. DEV. 0.11 0.03 0.07 0.04 0.04 0.06 0.05 0.02  

KW ¼ 5.580 p ¼ 0.1339; N.S. KW ¼ 6.697; p ¼ 0.0822; N.S. 
BILI-T MEAN 0.07 0.09 0.10 0.10 0.12 0.11 0.09 0.11 
mg/dL ST. DEV. 0.03 0.02 0.03 0.02 0.04 0.02 0.02 0.03  

KW ¼ 7.146 p ¼ 0.0674; N.S. F(36.3) ¼ 2.035 p ¼ 0.1263; N.S. 
CHOL MEAN 93.20 95.10 89.00 98.80 100.3 97.5 99.5 100.3 
mg/dL ST. DEV. 11.94 14.44 10.52 11.98 8.11 13.77 8.66 8.72  

KW ¼ 2.862 p ¼ 0.4133; N.S. F(36.3) ¼ 0.1719; p ¼ 0.9147; N.S. 
HDL MEAN 41.60 40.80 37.70 42.70 51.90 49.70 51.50 51.90 
mg/dL ST. DEV. 12.33 8.04 5.23 7.59 5.13 8.04 5.34 4.33  

KW ¼ 1.817 p ¼ 0.6113; N.S. F(36.3) ¼ 0.3192 p ¼ 0.8114; N.S. 
LDL MEAN 30.48 28.88 26.82 28.84 30.42 32.66 33.75 33.90 
mg/dL ST. DEV. 16.43 5.37 8.59 6.83 3.95 8.18 4.83 4.16  

KW ¼ 0.7147 p ¼ 0.8697; N.S. KW ¼ 1.339 p ¼ 0.7199; N.S. 
TRIGL MEAN 89.9 75.7 71.4 77.5 89.90 

11.97 
75.70 
21.87 

71.40 
11.02 

77.50 
16.56 

mg/dL ST. DEV. 11.97 21.87 11.02 16.56      
F(36.3) ¼ 0.5760; p ¼ 0.6345; N.S. F(36.3) ¼ 2.480; p ¼ 0.0767; N.S. 

AST MEAN 206.35 200.83 197.08 192.64 216.33 241.18 203.15 221.947 
U/L ST. DEV. 5.51 81.36 46.59 29.85 36.33 117.93 74.25 57.80  

KW ¼ 2.109 p ¼ 0.5500; N.S. KW ¼ 2.724; p ¼ 0.4362; N.S. 
ALT MEAN 38.46 40.50 53.75 36.39 51.15 49.66 53.64 47.668 
U/L ST. DEV. 5.51 6.94 43.71 6.54 28.71 23.65 40.31 22.12  

KW ¼ 2.059 p ¼ 0.5604; N.S. KW ¼ 0.3293; p ¼ 0.9544; N.S. 
ALKP MEAN 110.40 92.60 103.80 106.30 80 71.2 79.9 64.1 
U/L ST. DEV. 32.02 21.39 25.99 25.57 17.39 29.45 23.88 17.67  

KW ¼ 2.931 p ¼ 0.4024; N.S. KW ¼ 5.532; p ¼ 0.1367; N.S. 
ALB MEAN 4.27 4.36 4.30 4.42 4.28 4.45 4.49 4.70 
g/dl ST. DEV. 0.16 0.19 0.22 0.06 0.99 0.46 0.24 0.31  

F(36.3) ¼ 1.117 p ¼ 0.3566; N.S. KW ¼ 3.196 p ¼ 0.3624; N.S. 
TOT 

PROT 
MEAN 5.91 6.23 6.02 6.00 6.07 6.02 6.05 6.15 

g/dl ST. DEV. 0.37 0.45 0.42 0.39 0.34 0.53 0.33 0.37  
KW ¼ 3.742 p ¼ 0.2907; N.S. F(36.3) ¼ 0.1923 p ¼ 0.9009; N.S. 

Naþ MEAN 138.20 136.70 137.20 138.40 137.80 136.60 136.40 137.10 
mmol/L ST. DEV. 3.61 5.19 3.43 3.72 3.43 3.10 2.55 4.53  

KW ¼ 0.9696 p ¼ 0.8086; N.S. KW ¼ 0.3218 p ¼ 0.8095; N.S. 
Kþ MEAN 8.33 11.37 10.59 8.78 9.01 10.02 9.82 9.94 
mmol/L ST. DEV. 2.65 1.87 2.34 2.72 2.91 1.81 1.56 2.55  

KW ¼ 6.246 p ¼ 0.1002; N.S. KW ¼ 1.339 p ¼ 0.7199; N.S. 
Caþþ MEAN 11.01 10.43 11.57 11.74 11.5 9.81 * 10.23 10.57 
mg/dL ST. DEV. 1.31 0.68 2.02 1.19 1.83 1.10 1.34 1.15  

KW ¼ 6.676 p ¼ 0.0830; N.S. F(36.3) ¼ 2.689; p ¼ 0.0608 
T3 MEAN 90.50 111.18** 94.90 99.83 91.74 102.98 103.63 103.84 
mcg/dL ST. DEV. 8.25 24.11 6.33 9.42 11.48 8.51 7.58 11.56  

KW ¼ 13.15 p ¼ 0.0043 F ¼ 3.500 p ¼ 0.0254; N.S. 
T4 MEAN 5.68 7.09** 6.48 6.84* 4.20 4.82 5.17 4.34 
mcg/dL ST. DEV. 1.00 0.89 0.96 0.77 0.99 0.86 0.75 0.74  

F(36.3) ¼ 4.598 p ¼ 0.0080; KW ¼ 7.272 p ¼ 0.0637;N.S. 
TSH MEAN 2.39 1.56 1.35 1.79 1.22 1.35 1.00 1.33 
mcg/mL ST. DEV. 1.21 0.80 0.76 1.24 0.76 0.66 0.57 0.42  

F(36.3) ¼ 0.1916 p ¼ 0.1445; N.S F(36.3) ¼ 0.6496 p ¼ 0.5885; N.S 

GLUC: glucose; CREAT: creatinine; Bili-T: Bilirubin. total; CHOL: cholesterol total; HDL: high-density lipoprotein LDL: low-density lipoprotein; TRIGL: triglycerides; 
AST: aspartate aminotransferase; ALT: alanine aminotransferase; ALKP: alkaline phosphatase; ALB: albumin; TOT PROT: protein. total; Na+: sodium; K+: potassium; 
Ca++: calcium; T3: Triiodothyronine; T4: thyroxine, TSH: thyroid stimulating hormone. 
Values are mean ± SD for 10 rats/sex/group. The differences between control and treated groups for male and female rats were evaluated by Kruskal-Wallis test (K.W.) 
or by ANOVA-Tukey test (F values). The significance levels observed are *p < 0.05 and **p < 0.01 in comparison to control group values. N.S. not significant. 
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included the latest additional parameters needed in this kind of studies. 
In the present study, the modified 90-day study has been conducted, 
which includes the measurement of thyroid hormones (T3, T4 and TSH), 
as indicators of endocrine-related effects (EFSA, 2012). In our study, the 
hormone T3 significantly increased in the group of male rats exposed to 
14 mg/kg b.w./day This increase from 90.50 ± 8.25 ng/dl in the control 
group to 111.18 ± 24.11 ng/dl in the treated group had no biological 
significance since the values for the hormone T3 in control 
Sprague-Dawley rats ranges from 80 to 100 ng/dl (Walker et al., 1980) 
and even higher up to 131 ng/dl (Waner and Nyska, 1988). Likewise, the 
statistical differences observed in the hormone T4 are not considered 
toxicologically relevant since differences were only found in one sex and 

it did not follow a dose-dependent pattern. 
In the histopathological study, no discernible alteration was 

observed in any of the organs studied including the gastrointestinal, 
respiratory, lymphoid, urinary, circulatory, nervous, musculoskeletal, 
and reproductive systems. Similarly, Cascajosa-Lira et al. (2020b) did 
not report histopathological damage in rats exposed to 55 mg/kg b. 
w/day of PTSO for 90 days. However, in the acute study carry out in the 
present work, damage was observed in two of the rats exposed to 550 
mg/kg b.w. of PTS, alteration was visible in stomach, cecum, and spleen 
(data not shown). No clinical signs evidencing damage were observed in 
rats exposed to 175 mg/kg b.w PTS. Hence, this dose was established as 
the MTD. Similarly, rats orally exposed to 175 mg/kg b.w., of PTSO 

Table 5 
Organ weight of Sprague Dawley male and female rats fed with different doses of PTS for 90-day. Values are mean ± SD for 10 rats/sex/group. The differences between 
control and treated groups for male and female rats were evaluated by Kruskal-Wallis test (K.W.) or by ANOVA test (F values). N.S. Not significant.  

ORGAN WEIGHT DATA SUMMARY 

MALE FEMALE 

PARAMETERS Group 1 Group 2 Group 
3 

Group 4 PARAMETERS Group 1 Group 2 Group 3 Group 4 

(0 mg/ 
kg/day) 

(14 mg/kg/ 
day) 

(28 
mg/ 
kg/ 
day) 

(55 mg/ 
kg/day) 

(0 mg/kg/ 
day) 

(14 mg/kg/ 
day) 

(28 mg/kg/ 
day) 

(55 mg/kg/ 
day) 

N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 

BODY W. MEAN 629.80 596.90 620.80 640.20 BODY W. MEAN 331.40 437.55 433.02 323.80 
(g) ST. 

DEV. 
48.97 57.65 35.70 31.39 (g) ST. 

DEV. 
23.11 65.26 63.76 17.09  

F(36.3) ¼ 1.710 p ¼ 0.1823; N.S.  F(36.3) ¼ 1.026 p ¼ 0.3926; N.S. 
BRAIN MEAN 2.34 2.27 2.27 2.29 BRAIN MEAN 2.08 2.05 2.09 2.05 
(g) ST. 

DEV. 
0.18 0.10 0.15 0.12 (g) ST. 

DEV. 
0.08 0.12 0.07 0.09  

F(36.3) ¼ 0.5894 p ¼ 0.6259; N.S.  F(36.3) ¼ 0.5587 p ¼ 0.6457; N.S. 
LIVER MEAN 16.87 15.44 16.67 17.42 LIVER MEAN 8.45 8.93 9.05 8.63 
(g) ST. 

DEV. 
1.96 2.28 1.67 1.51 (g) ST. 

DEV. 
0.78 1.33 1.36 1.08  

F(36.3) ¼ 1.977 p ¼ 0.1349; N.S.  F(36.3) ¼ 0.5676 p ¼ 0.6399; N.S. 
HEART MEAN 1.93 1.78 2.01 1.95 HEART MEAN 1.14 1.11 1.15 1.13 
(g) ST. 

DEV. 
0.23 0.23 0.26 0.17 (g) ST. 

DEV. 
0.13 0.11 0.11 0.07  

F(36.3) ¼ 1.930 p ¼ 0.1421; N.S.  F(36.3) ¼ 0.3177 p ¼ 0.8125; N.S. 
SPLEEN MEAN 1.25 1.12 1.26 1.21 SPLEEN MEAN 0.77 0.80 0.77 0.80 
(g) ST. 

DEV. 
0.13 0.11 0.16 0.14 (g) ST. 

DEV. 
0.10 0.09 0.07 0.11  

F(36.3) ¼ 2.089 p ¼ 0.1188; N.S.  F(36.3) ¼ 0.3384 p ¼ 0.7976; N.S. 
KIDNEYS MEAN 3.79 3.74 3.97 4.05 KIDNEYS MEAN 2.03 2.15 2.13 2.06 
(g) ST. 

DEV. 
0.36 0.48 0.43 0.29 (g) ST. 

DEV. 
0.20 0.21 0.26 0.13  

F(36.3) ¼ 1.514 p ¼ 0.2285; N.S.  F(36.3) ¼ 0.7733 p ¼ 0.5390; N.S. 
THYMUS MEAN 0.94 0.90 0.86 1.02 THYMUS MEAN 0.76 0.62 0.78 0.68 
(g) ST. 

DEV. 
0.26 0.21 0.25 0.37 (g) ST. 

DEV. 
0.17 0.09 0.08 0.17  

KW ¼ 1.209 p ¼ 0.7509; N.S.  F(36.3) ¼ 3.077 p ¼ 0.0397; N.S. 
TESTES MEAN 3.97 3.84 3.97 4.10 UTE./ 

CERV. 
MEAN 0.79 0.76 0.80 0.68 

(g) ST. 
DEV. 

0.30 0.24 0.34 0.36 (g) ST. 
DEV. 

0.21 0.26 0.31 0.12  

F(36.3) ¼ 1.147 p ¼ 0.3432; N.S.  KW ¼ 1.253 p ¼ 0.7404; N.S. 
EPIDIDIMS MEAN 2.16 2.21 2.16 2.19 OVARIES MEAN 0.23 0.23 0.24 0.21 
(g) ST. 

DEV. 
0.43 0.38 0.38 0.39 (g) ST. 

DEV. 
0.04 0.05 0.07 0.05  

F(36.3) ¼ 0.0378 p ¼ 0.9900; N.S.  F(36.3) ¼ 0.8214 p ¼ 0.4906; N.S 
ADRENALS MEAN 0.09 0.08 0.09 0.09 ADRENALS MEAN 0.09 0.11 0.12 0.09 
(g) ST. 

DEV. 
0.03 0.02 0.03 0.03 (g) ST. 

DEV. 
0.02 0.03 0.04 0.02  

KW ¼ 0.9271 p ¼ 0.8189; N.S.  F(36.3) ¼ 1.450 p ¼ 0.2445; N.S. 
SEMINAL 

GLANDS 
MEAN 3.76 3.36 3.73 3.70  

(g) ST. DEV. 0.34 0.56 0.37 0.52  
F(36.3) ¼ 1.646 p ¼ 0.1959; N.S. 

Values are mean ± SD for 10 rats/sex/group. The differences between control and treated groups for male and female rats were evaluated by Kruskal-Wallis test (K.W.) 
or by ANOVA-Tukey test (F values). N.S. not significant. 
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damage in the hepatic and intestinal mucosal epithelium was observed 
(Cascajosa-Lira et al., 2020b). 

As previously mentioned, the guidance for submission of food ad-
ditive evaluations published by EFSA (EFSA, 2012) describes a tiered 
approach, within the first tier includes a subchronic toxicity study. In 
addition to this, an in vitro genotoxicity study is also required. Previous 
in vitro studies carried out in our laboratory have evidenced no muta-
genicity of PTS measured by Ames test and mouse lymphoma assay 
(MLA), although genotoxic effects were recorded in the micronucleus 
test (MN) at 17.25 μM without S9 and from 20 μM in presence of S9. 
Moreover, the comet assay detected DNA breaks damage in Caco-2 cells 
induced by PTS at 280 μM (Mellado-García et al., 2017). These contra-
dictory in vitro results justified the need to perform a combined in vivo 
assay of comet assay and MN for PTS, and we have demonstrated that 
PTS was not genotoxic at oral doses assayed up to 55 mg/kg b.w. 

(Cascajosa-Lira et al., 2021b). 
In vivo research on OSCs is very scarce, and in the case of PTS very 

few studies are available, making it difficult to compare the toxicity 
results obtained. Recently, an acute toxicity study of mice intraperito-
neally exposed to a single dose of diallyl sulfide (DAS) reported that a 
dose of 1280 mg/kg had no toxic effect (Dutta et al., 2021). Shipkowski 
et al. (2021) stablished a NOAEL of 300 mg/kg for male and female 
guinea pigs administered sulfolane for 28 days. Both experiments ob-
tained higher toxicity values than the given in the present study. How-
ever, it should be noted that they are different OSCs and experimental 
animals; moreover, lower exposure time were used (1 day and 28 days). 
Martínez-Fernandez et al. (2013, 2015) exposed goats to α-cyclo-
dextrin-PTS complex in order to assess its potential use as anti-
methanogenic additive in feed. Positive but limited antimethanogenic 
effect was described, and additionally, no adverse effect was observed in 

Table 6 
Relative organ weight/body weight of Sprague Dawley male and female rats fed with different doses of PTS in the diet for 90-day. Values are mean ± SD for 10 rats/ 
sex/group. The differences between control and treated groups for male and female rats were evaluated by Kruskal-Wallis test (K.W.) or by ANOVA test (F values). N.S. 
Not significant.  

ORGAN WEIGHT/BODY WEIGHT RATIO DATA SUMMARY 

MALE FEMALE 

PARAMETERS Group 1 Group 
2 

Group 3 Group 4 PARAMETERS Group 1 Group 2 Group 3 Group 4 

(0 mg/kg/ 
day) 

(14 
mg/ 
kg/ 
day) 

(28 mg/kg/ 
day) 

(55 mg/ 
kg/day) 

(0 mg/kg/ 
day) 

(14 mg/ 
kg/day) 

(28 mg/ 
kg/day) 

(55 mg/ 
kg/day) 

N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 

BRAIN MEAN 0.37 0.39 0.37 0.36 BRAIN MEAN 0.63 0.62 0.062 0.63 
(%) ST. 

DEV. 
0.02 0.06 0.04 0.01 (%) ST. 

DEV. 
0.05 0.05 0.05 0.03  

F(36.3) ¼ 1.038 p ¼ 0.3875; N.S.  F(36.3) ¼ 0.3136 p ¼ 0.8154; N.S. 
LIVER MEAN 2.68 2.58 2.68 2.73 LIVER MEAN 2.55 2.69 2.66 2.67 
(%) ST. 

DEV. 
0.23 0.25 0.17 0.28 (%) ST. 

DEV. 
0.20 0.41 0.35 0.31  

F(36.3) ¼ 0.6541 p ¼ 0.5856; N.S.  KW ¼ 0.9906 p ¼ 0.8035; N.S. 
HEART MEAN 0.31 0.30 0.32 0.30 HEART MEAN 0.34 0.33 0.34 0.35 
(%) ST. 

DEV. 
0.04 0.02 0.04 0.03 (%) ST. 

DEV. 
0.03 0.04 0.03 0.02  

F(36.3) ¼ 1.042 p ¼ 0.3856; N.S.  F(36.3) ¼ 0.5525 p ¼ 0.6498; N.S. 
SPLEEN MEAN 0.20 0.19 0.20 0.019 SPLEEN MEAN 0.23 0.24 0.23 0.25 
(%) ST. 

DEV. 
0.01 0.01 0.03 0.02 (%) ST. 

DEV. 
0.02 0.02 0.02 0.03  

F(36.3) ¼ 1.458 p ¼ 0.2424; N.S.  F(36.3) ¼ 1.372 p ¼ 0.2669; N.S. 
KIDNEYS MEAN 0.60 0.61 0.64 0.63 KIDNEYS MEAN 0.61 0.65 0.63 0.64 
(%) ST. 

DEV. 
0.06 0.06 0.05 0.05 (%) ST. 

DEV. 
0.06 0.06 0.06 0.05  

F(36.3) ¼ 0.9699 p ¼ 0.4183; N.S.  F(36.3) ¼ 0.6669 p ¼ 0.5779; N.S. 
THYMUS MEAN 0.15 0.15 0.14 0.16 THYMUS MEAN 0.23 0.19 0.23 0.21 
(%) ST. 

DEV. 
0.03 0.03 0.04 0.06 (%) ST. 

DEV. 
0.05 0.03 0.03 0.05  

F(36.3) ¼ 0.5200 p ¼ 0.5712; N.S.  F(36.3) ¼ 2.765 p ¼ 0.0559; N.S. 
TESTES MEAN 0.63 0.65 0.64 0.64 UTE./ 

CERV. 
MEAN 0.24 0.23 0.24 0.21 

(%) ST. 
DEV. 

0.06 0.06 0.05 0.03 (%) ST. 
DEV. 

0.07 0.07 0.10 0.04  

F(36.3) ¼ 0.1471 p ¼ 0.9309; N.S.  KW ¼ 0.6537 p ¼ 0.8840; N.S. 
EPIDIDIMS MEAN 0.34 0.37 0.35 0.34 OVARIES MEAN 0.07 0.07 0.07 0.06 
(%) ST. 

DEV. 
0.07 0.06 0.06 0.06 (%) ST. 

DEV. 
0.01 0.01 0.02 0.02  

F(36.3) ¼ 0.4606 p ¼ 0.7115; N.S.  F(36.3) ¼ 0.4182 p ¼ 0.7410; N.S. 
ADRENALS MEAN 0.01 0.01 0.01 0.01 ADRENALS MEAN 0.03 0.03 0.03 0.03 
(%) ST. 

DEV. 
0.00 0.00 0.00 0.00 (%) ST. 

DEV. 
0.01 0.01 0.01 0.01  

KW ¼ 0.4327 p ¼ 0.9334; N.S.  F(36.3) ¼ 0.9642 p ¼ 0.4202; N.S. 
SEMINAL 

GLANDS 
MEAN 0.60 0.56 0.60 0.58  

(%) ST. DEV. 0.04 0.07 0.06 0.07  
F(36.3) ¼ 0.9367 p ¼ 0.4330; N.S. 

Values are mean ± SD for 10 rats/sex/group. The differences between control and treated groups for male and female rats were evaluated by Kruskal-Wallis test (K.W.) 
or by ANOVA-Tukey test (F values). N.S. not significant. 
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any of the animals treated with PTS. Also, the use of an Allium extract 
(Garlicon®, DOMCA, Spain) containing PTS and PTSO as phytobiotics 
supplemented in diet of laying hens showed improvements such as in-
creases in egg production and size, enhancing also the beneficial bac-
terial content in intestine (Rabelo-Ruiz et al., 2021a). Similarly, 
supplementation with the same Allium extract (Garlicon®) in the diet of 
weaning piglets, improved productive parameters such as body weight, 
average daily gain, or feed conversion ratio levels with respect to control 
diet by modulating gut microbiota (Rabelo-Ruiz et al., 2021b). How-
ever, none of these works carried out in vivo toxicity studies. Other OSC, 
DAS, has evidenced effects such as hepatotoxicity in rats induced by 200 
mg of DAS (Davenport and Wargovich, 2005). However, most of the 
studies based on OSCs reported beneficial effects such as antioxidant 
activity (Wu et al., 2019) and antimutagenicity (Guyonnet et al., 2000). 
In addition to the scarcity of toxicity studies of OSCs, it is very chal-
lenging to establish a clear relationship between the structure and 
bioactivity of OSCs because of their diverse and complex structure. 
Furthermore, these compounds are prone to enzymatic modifications 

and therefore they may undergo degradation processes (Putnik et al., 
2019). 

In order to perform an accurate risk assessment based on the NOAEL 
obtained in the present study, the use of PTS as well as the content in the 
food should be considered. The most promising use of PTS is as additive 
in food and feed (Guillamón et al., 2021). In the case of its use as feed 
additive, no residue of PTS has been found in meat of animal consuming 
feed containing PTS. However, in the use as food additive, for instance as 
dressings such as garlic sauce, the content of PTS could reach 30 mg/kg. 
In the inquiry into Spanish consumers (AEC, 2021), the percentile 95 
consumes 88.88 g/day of dressing. In this case, a person weighting 70 kg 
would ingests 0.038 mg/kg b.w./day PTS, this is around 1450 times 
lower that the NOAEL (55 mg/kg b.w./day). Therefore, even in the 
worst scenario of high consumers, the use of PTS as additive in food is 
expected to be safe regarding the present subchronic study. 

Table 7 
Relative organ weight/brain weight of Sprague Dawley male and female rats fed with different doses of PTS in the diet for 90-day. Values are mean ± SD for 10 rats/ 
sex/group. The differences between control and treated groups for male and female rats were evaluated by Kruskal-Wallis test (K.W.) or by ANOVA test (F values). N. S. 
Not significant.  

ORGAN WEIGHT/BRAIN WEIGHT RATIO DATA SUMMARY 

MALE FEMALE 

PARAMETERS Group 1 Group 
2 

Group 3 Group 4 PARAMETERS Group 1 Group 2 Group 3 Group 4 

(0 mg/ 
kg/day) 

(14 
mg/ 
kg/ 
day) 

(28 mg/kg/ 
day) 

(55 mg/ 
kg/day) 

(0 mg/ 
kg/day) 

(14 mg/ 
kg/day) 

(28 mg/ 
kg/day) 

(55 mg/ 
kg/day) 

N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 N ¼ 10 

LIVER MEAN 722.90 684.98 740.26 764.88 LIVER MEAN 408.45 437.55 433.02 421.74 
(%) ST. 

DEV. 
97.13 128.98 125.93 82.98 (%) ST. 

DEV. 
47.46 65.62 63.76 55.61  

KW ¼ 3.691 p ¼ 0.2969; N.S.  KW ¼ 0.9906 p ¼ 0.8035; N.S. 
HEART MEAN 82.66 78.55 88.35 85.41 HEART MEAN 55.09 55.35 54.99 54.24 
(%) ST. 

DEV. 
12.06 11.78 8.79 8.53 (%) ST. 

DEV. 
5.11 4.10 6.34 5.99  

F(36.3) ¼ 1.602 p ¼ 0.2059; N.S.  F(36.3) ¼ 0.5525 p ¼ 0.6498; N.S. 
SPLEEN MEAN 53.08 49.41 55.78 53.05 SPLEEN MEAN 37.29 39.34 36.89 39.08 
(%) ST. 

DEV. 
3.37 6.78 11.37 7.32 (%) ST. 

DEV. 
5.16 4.57 3.08 5.43  

F(36.3) ¼ 1.166 p ¼ 0.3361; N.S.  F(36.3) ¼ 1.372 p ¼ 0.2669; N.S. 
KIDNEYS MEAN 162.37 167.41 175.56 177.37 KIDNEYS MEAN 98.09 105.41 101.94 100.73 
(%) ST. 

DEV. 
19.94 20.05 25.55 14.34 (%) ST. 

DEV. 
10.74 12.96 13.28 8.74  

F(36.3) ¼ 3.404 p ¼ 0.3334; N.S.  F(36.3) ¼ 0.6669 p ¼ 0.5779; N.S. 
THYMUS MEAN 40.03 40.00 38.53 45.16 THYMUS MEAN 36.88 30.46 37.33 32.97 
(%) ST. 

DEV. 
9.93 9.60 13.34 17.12 (%) ST. 

DEV. 
8.80 4.59 3.96 7.42  

KW ¼ 0.7873 p ¼ 0.8525; N.S.  F(36.3) ¼ 2.765 p ¼ 0.0559; N.S. 
TESTES MEAN 170.21 169.64 175.61 179.48 UTE./ 

CERV. 
MEAN 38.20 37.57 38.36 33.43 

(%) ST. 
DEV. 

20.37 15.00 21.28 13.20 (%) ST. 
DEV. 

9.99 12.95 14.46 5.90  

F(36.3) ¼ 0.6920 p ¼ 0.5629; N.S.  KW ¼ 0.6537 p ¼ 0.8840; N.S. 
EPIDIDIMS MEAN 92.03 97.15 95.02 95.44 OVARIES MEAN 11.71 10.11 10.99 11.37 
(%) ST. 

DEV. 
16.62 15.38 15.28 14.88 (%) ST. 

DEV. 
3.36 2.78 2.09 2.72  

F(36.3) ¼ 0.1873 p ¼ 0.9044; N.S.  F(36.3) ¼ 0.4182 p ¼ 0.7410; N.S. 
ADRENALS MEAN 3.85 3.67 3.85 3.89 ADRENALS MEAN 5.54 4.53 4.52 5.21 
(%) ST. 

DEV. 
0.90 1.15 1.17 1.28 (%) ST. 

DEV. 
1.97 0.88 0.84 1.46  

KW ¼ 0.5298 p ¼ 0.9123; N.S. KW ¼ 0.9642 p ¼ 0.4202; N.S. 
SEMINAL 

GLANDS 
MEAN 160.88 148.65 165.09 161.96  

(%) ST. DEV. 12.76 26.18 23.55 22.18  
F(36.3) ¼ 1.102 p ¼ 0.3609; N.S.  

Values are mean ± SD for 10 rats/sex/group. The differences between control and treated groups for male and female rats were evaluated by Kruskal-Wallis test (K.W.) 
or by ANOVA-Tukey test (F values). N.S. not significant. 
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5. Conclusions 

Administration of PTS to male and female rats in the diet for 90-days, 
following the OECD 408 guideline, caused no significant changes in any 
hematological and biochemical parameters measured. Moreover, no 
differences in body weight and water/food consumption, as well as none 
histopathological abnormalities were recorded. Therefore, the NOAEL 

Fig. 6. Representative histological images of the gastrointestinal organs 
comparing both control and 55 mg/kg b.w./day PTS rats for 90 days. 
H&E stain. 

Fig. 7. Representative histological images of organs from respiratory, 
lymphoid, renal, circulatory, musculoskeletal, and nervous systems comparing 
both control and 55 mg/kg b.w./day PTS rats. H&E stain. 
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was set≥55 mg/kg b.w./day PTS in both sexes. 
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Molina-Alcaide, E., Yáñez-Ruiz, D.R., 2013. In vitro-in vivo study on the effects of 
plant compounds on rumen fermentation, microbial abundances and methane 
emissions in goats. Animal 7, 1925–1934. https://doi.org/10.1017/ 
S1751731113001699. 

Martínez-Fernández, G., Abecia, L., Martín-García, A.I., Ramos-Morales, E., Denman, S. 
E., Newbold, C.J., Molina-Alcaide, E., Yáñez-Ruiz, D.R., 2015. Response of the 
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